NUMERICAL STUDY OF MORPHOLOGICAL CHANGES BY FAR-FIELD TSUN AMI
IMPACTS

Sangyoung San Patrick Lynett

In this study, we present an integrated numerical model édinsentation by long waves and also investigate mor-
phological changes by far-field tsunami impacts. A set of el®deach of which is responsible for hydrodynamics,
sediment transport and morphological evolutions, areéhtced with a basic concept of morphodynamic physics
and are fully connected through two-way approach. Finiteime scheme, which turns out to be stable and suit-
able for long-term(more than 10 hours) tsunami simulatisnssed in the numerical discretization. An accuracy and
applicability of developed model is evaluated through nricaé tests covering one-dimensional or two-dimensional
sedimentation problems in the shallow region. Then, weiegpleveloped model to a field-scale tsunami, which had
caused a significant bathymetric changes in harbors.
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INTRODUCTION

Either on a short-term or on a long-term basis, a coastlifieet® as the boundary between wet and
dry area on the beach evolves in time in response to manygaiysibcesses. Our knowledge on the beach
evolution process is yet much limited, since it is a comp#ssstematic process such that all of their sur-
rounding physics as hydrodynamics, morphodynamics, meltagy, geology and even ecology are closely
correlated and interact together. Admitting that nearsigdrodynamics tend to be much chaotic and un-
predictable due to the existence of various types of turtadeources(e.g., wave-breaking), relatively great
uncertainty still remains in sediment process(Elfrink &addock (2002)). Therefore, over the past decades
beach erosion and accretion induced by nearshore curreatsrie of great interest to coastal and ocean
engineers because undesirable morphologic changes may aad result in practical and environmental
problem. To improve the capability of predicting coastaliseentation, a number of researches have been
performed through either numerical modeling or experinudrgervations so far. In this study, we devel-
oped an numerical model for sedimentation by long waves.ribeel is composed of a set of sub-models,
each of which is responsible for hydrodynamics, sedimemsport and morphological evolutions. An
accuracy and applicability of developed model has beeruated through numerical tests covering one-
dimensional or two-dimensional sedimentation problemthéshallow region. Firstly, one-dimensional
dam-break flow over the movable bed is simulated by the mattlcampared with the laboratory data
by Fraccarollo and Capart (2002). Secondly, Kobayashi avadrénce (2004)’s laboratory experiments in
a wave flume (L30m, W2.4m and H1.5m) to study beach profile gasmnder breaking solitary waves is
recreated through the present model for the validation wtihgewave-breaking situation(i.e., turbulence-
governing flows). Thirdly, the model is tested through theiplly breached dam-break flow case, which
had been conducted experimentally in Xiao et al. (2010).tl\,a&outiere et al. (2012)’s experiment for
dam-break flows over movable bed with a sudden enlargemettabenged for the model verification
.Throughout these typical sedimentation cases, cal@diatties agree well with the experimental records
when a reasonable parameter is chosen for an empirical farfdeanwide, real-scale simulation on 2011
Tohoku-oki tsunami, one of the most destructive tsunamisistory is finally attempted with a focus on
the localized fects of tsunami waves on sedimentation at the Santa CruoH&B(USA). It has already
been reported through observations that tsunami wavesifaificantly afected morphological features
within the harbor(Wilson et al. (2012))). A multi-grids anallti-physics tsunami model is also used for
the better reproduction of current fields by tsunami wavahénnearshore(Son et al. (2011), Lynett et al.
(2012)). Consistently with the observation that strongemuts were induced by tsunami waves in the har-
bor, large velocity fields have been successfully genethtedgh the model, resulting severe sedimentation
processes of scouring and deposition. Good agreementpih deanges and area coverages for scouring
and deposition are shown between modeled and observedisecor

THEORETICAL APPROACH
In the modeling &ort, we coupled separate sub-models as will be explaindadvieto appropriately
represent a complete modeling system of sediment process.integrated model has three main com-
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ponents; hydrodynamics system, sediment transport systemphodynamic evolution system. Outlined
belows are the model equations along with complete closiged in the models.

Hydrodynamic System

A weakly dispersive and rotational Boussinesq-type modedipproach is used for the hydrodynamic
system in this study. A Boussinesq model is a depth-intedr@hase-resolving equations for mass and mo-
mentum conservation in the shallow water regime and widsgduor nearshore hydrodynamic modeling.
Recently, a number of nontraditional Boussinesq appraalchee been developed, with the goal of includ-
ing horizontal vorticity explicitly in the flow field. Kim etlg2009) has modified equations for rotational
fluid flows through the inclusion of bottom-induced turbudertects as higher-order terms balancing with
dispersive #ects. Throughout various types of demonstrations, it isvehthat the model can be used
for more accurate prediction of nearshore modeling inht@rérvolving complex surf and swash hydrody-
namics (e.g., wave breaking, undular bores, run-up andlown). This promising advance of taking into
account of bottom-induced rotationality into the modelthie respect of sediment modeling, allows more
reliable reconstruction of velocity profile in the nearghadviaking use of rotational Boussinesq equations,
therefore, a precise estimation of bed shear stress reloiresediment transport calculations is achieved.

Mass conservation and momentum equations are given as,
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whereH = ¢ + his total water depthy; is surface elevatiorh is water depth, and, V is x andy component

of velocity at—0.531h. And M, M" represent second-order correction terms by frequencedism and
bottom-induced turbulencefects in the mass continuity. SimilarliX, MY, denote a higher-order term
including frequency dispersion and bottom-induced tuebhoké &ects, respectively ix andy direction
momentum equations. Turbulent eddy viscosity is also ohetlin these terms ad and»y, which denote
decomposed horizontal and vertical components, resmps'mdrib is the shear stress on bed. Finalterm on
the left hand side of both momentum equatidiisandBy add the &ect of turbulent mixing and dissipation
related to turbulent backscattering and wave-breakintjdescriptions for higher-order terms can be found
in references such as Son et al. (2011), while some openssipns will be ‘closed’ by closure models
given in later section.

It is also noted that some source terms are added here to-fi@ddBoussinesq model on the right
hand side of equation 1, among whiehndd are sediment erosion and deposition fluxes respectivaly, an
pis bed porosity(Cao et al. (2004), Xiao et al. (2010)). In¢gaation 2, a conservative form of momentum
equation, a source term on the right hand side is originated the mass-sediment conservation equation 1.
Erosion and deposition fluxes included will be modeled tigtothe sediment transport model as we will
see.

Sediment Transport System

Suspended sediments supplied from bottom boundary lagetransported due to the flow motion,
until settling down by the gravitational force. Within thenlg wave assumption, depth-averaged transport
model can be utilized to calculate sediment distributiorthmy flow(e.g., Kobayashi and Johnson (2001),
Shimozono et al. (2007)). A depth-integrated sedimenspart equation adopted in this study is expressed
as, (Cao et al. (2004))

OHT JdHTU oHTV o agcy o ac
—_— +— = —[(KhH=|+ = (KhH= - 4
ot " 0X " oy 8x( " c’)x)+6y( " 8y)+e d @



COASTAL ENGINEERING 2014 3

wheret is the depth-averaged sediment concentrationkgni the sediment diusion codicient in
horizontal plane, assumed to be the same as the flow eddysitis¢gee Rakha et al. (1997)). Sediments
entrained by the flow field are governed by transport modev@b®@his model is of typical for the scalar
transport, but has additional source or sink terms on th# hignd side, which explain the production and
annihilation of sediments through erosion and depositimegsses, respectively. In this study erosion and
deposition fluxes are calculated by empirical formulas.

Morphodynamic Evolution System
We calculated straightforwardly bathymetric changes tdirsent fluxes by the equation below. It
explains updating process of bathymetry in the Boussinedcsadiment transport models.

oh e-d
- 1-p )

Closures

Bed FrictionFor turbulent, shallow flows, shear stress at the bottom dhayris conventionally estimated
by quadratic equation,

7 = CrpU|U| (6)
where the friction cofficient,C; can be approximated by Manning’s formula as,

P
cr=20% )

wheremis Manning’s roughness ctigient.

Bottom-Induced Turbulent Eddy-Viscosity Modelln the situation where the bottom friction is in ef-
fect to flow fields and generates small to large scale cohstamttures, eddies greater than grid size are
directly computed through the simulation while ones smalan grid size(so-called sub-grid scale ed-
dies) are required to be modeled using an appropriate embuodel. For the horizontal eddy viscosity,
Smagorinsky'’s turbulent eddy viscosity model is utilized a

W = (CsA%)? 4/2S5i;Si (8)

in whichCs is a constantjx; is a grid size and;; is a strain rate.
Elder's model, on the other hand is adopted for the vertiddyeviscosity as,

v} = ChHUP (9)

in which Cy, = «/6 is used following Elder (1959) and von Karman'’s constaiig,set to 0.4 in this study.
And UP refers to a frictional velocity.

Turbulence Back-Scatter ModelTurbulence energy transfer from smaller scale than grid gizlarge
scale is known to be particularly significant in boundaryelaylo appropriately account for thiffect(a.k.a
turbulence back-scattering) in the 2HD model, we adoptédchastic backscatter model(Hinterberger et al.
(2007)) which adds some forcing term in the momentum equoatio

Eddy-Viscosity Based Wave-Breaking Modellt turns out that energetic and chaotic turbulence process
occurs during the wave-breaking and is often calculatealigin eddy-viscosity model. This study utilized
an additional term in the momentum equation to take accaurthé entire procedure of energy dissipation
by wave breaking. Full description on the eddy-viscositgdzhwave-breaking model can be found in
Kennedy et al. (2000)).

Erosion and Deposition FluxSediment exchanges between sediment boundary layer anfidlde/are
estimated through erosion and deposition fluxes. Thergdorerosion flux in conjunction with a deposition
flux is important part of the coastal sediment modeling. Aaggreimber of and various types of formulas
have been developed for erosion and deposition estimaths @ither steady or unsteady flows and are
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mostly founded on experimental data. In the present studgnapirical formula proposed by Cao et al.
(2004) is adopted.
The erosion fluxe can be obtained by

(10)

¢ (0 - 6c) lU|HY(Dsg) %2 if 6>6c
e=
0 else

in which ¢ is empirical parameteé,is Shield’s parameteé, is critical Shield’s parameteDsg is median
grain diameter of sediment.
Here Shield’s parametet|s defined as

()

_ 11
(os/pw — 1) 9Dsg (1)
whereps andp,, mean density of sediment and fluid, respectively.
The deposition fluxgd can be modeled by the following formula.
d = atwy (12)
wherea = min[2, (1 - p)/c], wo is fall velocity defined as,
Wo 49Ds0 (13)

~ 3% 0 20s/m-D

NUMERICAL SCHEME

In order to manipulate éierential equations introduced into discretized ones, voptad finite volume
scheme which turns to be very stable and accurate for lamggienulations. Entire descriptions about finite
volume scheme application can be found in references suSbrast al. (2011).

MODEL VALIDATION AND CALIBRATION

To validate the developed model, three typical tests haen latempted. First, one-dimensional
dam-break flow over a movable bed is simulated by the modelcangpared with the laboratory data
by Fraccarollo and Capart (2002). The experiment was paedrin a channel with 2.5-m length, 0.1-m
width and 0.25-m depth, which had 0.1 m initial water deptstrgam while a dry condition was initially re-
tained downstream. PVC particles of 3.5-mm diameter w4 @;kgm?® density were used for the movable
bed materials. In the numerical simulation, the grid sik@ {s 0.005 m and time steglf) is dynamically
determined by a Courant number of 0.1. The sediment porgjtand settling velocity W) are set to
0.3 and 0.18 rfs, respectively, based on Wu and Wang (2008). Manning'fiictent () is 0.025, and the
empirical codficient in the erosion flux equation is 0.003. Simulated restdimpared with measured data
are shown in figure 1. Generally good agreement betweenlatiiuand measurement is found, while
some discrepancies exist in surface elevations near tdatg&ront and hydraulic jump locations.

Recently, Kobayashi and Lawrence (2004) carried out laboy&xperiments in a wave flume (length
30 m, width 2.4 m, and height 1.5 m) to study beach profile ckanmder breaking solitary waves, as
shown in figure 2. A solitary wave of 0.216-m height was getestdy wave paddle and propagated to the
sloping beach composed of sand grains. The water depth ddfierbase of the beach was 0.8 m. The
beach has initial slope of 1:12 that is expected to be chahgdle breaking solitary waves. The solitary
wave was repeated eight times to consider tifiects by multiple wave attacks. Bottom profiles after four
and eight waves, as well as surface elevations at eightitmsa{G1 to G8) across the beach after four
waves, were measured. The median grain diametgy, (fall velocity (Wo), specific gravity, and porosity
(p) are 0.18 mm, 2.0 cfy, 2.6, and 0.4, respectively.
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Figure 1: Graphs comparing measured and simulated dam-brelaflows over a movable bed at diferent
elapse time after dam break. x0: position of dam. Elevation= 0: initial bed surface elevation
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Figure 2: Diagrammatic cross section showing experimentaetup for breaking solitary waves on a sloping
sand beach
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Figure 3: Graphs comparing measured and calculated beach pffiles for Kobyashi test

To evaluate the accuracy and performance of the modelgkpériment was recreated through numer-
ical modeling using the same conditions as in the experiaiegtup. The simulation was performed using
a uniform grid size of 0.1 m and varying time step with a Cotiramber of 0.4. For Manning’s cfiicient
(n) and empirical parameteg), 0.025 and 7.5107° are used, respectively. Additionally, to account for
turbulent mixing and dissipation by wave breaking, the edidgosity model proposed by Kennedy et al.
(2000) is adopted in the test. Calculated beach profiles eoaapwith the measured data are shown in figure
3. Good agreement is found in both results after four and @ighies. Significant erosion at the foreshore is
observed in both measured and computed results, which meydi@ned by the strong backwash current
caused when the solitary wave rushes back down. The endragdiments are deposited on the seaward
side.

Finally, the case of flow in a partially breached dam-break used to test the present model. This test
was conducted experimentally in Xiao et al. (2010). Figudegicts the experimental setup of the test, in
which the middle of the channel has a moveable bed sectiopasad of coal ash. The median diameter
(dso) of the coal ash was 0.135 mm and the density was 2,248%dnitial water depths were 0.4 m and
0.12 m for upstream and downstream, respectively. Strdarikgflow through the 0.2-m-wide gap caused
significant erosion, and cross-sectional profiles of théomotvere measured at cs142.5 m) and cs2 (x
= 3.5 m) after 20 seconds.

The identical situation to this experimental test has bepraduced numerically with a grid resolution
of 0.025 m. As in previous tests, our time step varies andsgedan a Courant number of 0.3. Following
Xiao et al. (2010), Manning’s cdigcient () is set to 0.015 while the empirical parameter is tuned to 5.0
x 107°. Fall velocity can be approximated by an empirical formutarfce, 1989) because it is not given
explicitly in the experimental description. Figure 5 comgsmathe bottom profiles in the simulated and
measured data. Reasonable agreement is seen at both mefil®sd cs2, but the simulation overestimates
the peak erosion depth at cs1. As pointed out by Hinterbextgar (2007), in depth-averaged 2D modeling,
turbulence backscattering needs to be considered whergstiarizontal shear exists (as near the breached
gap in this test). Through it, turbulence energy transf@mfunresolved subdepth scale to the resolved 2D
flows can be explained. Figure 6 shows the same results asine figout with the backscatter model used.
Prediction of maximum erosion depth at cs1 is much improweidtluding backscatter model.

MODEL APPLICATION TO SANTA CRUZ HARBOR, CALIFORNIA

Some recent observations have shown that far-field tsungnt&can lead to severe changes in bottom
morphology, especially in the nearshore area (Lacy et AlLZp, Wilson et al. (2012)). Because relatively
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Figure 4: Experimental setup of a dam-break flow through a patial breach over moveable bed
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Figure 5: Measured and calculated bottom profiles of a dam-beak flow through a partial breach over
moveable bed
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Figure 6: Measured and calculated(Backscatter model) bottim profiles of a dam-break flow through a
partial breach over moveable bed

small-amplitude tsunami waves (.—2 m) can create strong current fields near harbor basiasf(geex-
ample, Son et al. (2011), Lynett et al. (2012)), tsunamiehgreat potential to mobilize bed sediments.
Needless to say, therefore, it is important to estimateasurcurrents accurately in the nearshore area in
evaluating morphological changes near the shoreline.ifiadl approaches to estimate sediment transport
by tsunami waves are based on the shallow-water equatioelmésla practical application of the present
model to the coastal region, the 2011 Japan tsunami eveoh@dered For precise estimations of current
fields from far-field tsunami waves in the nearshore area, kigrid and multiphysics model developed
by Son et al. (2011) was applied to 2011 Japan event. A totiveihested layers were employed, with
different levels of resolution. The final layer has the smalleshain focusing only on the Santa Cruz
Harbor area, with relatively fine grid size (10 m), and is sdhby Boussinesq equations to account for
higher order &ects by dispersive and turbulent processes. On the othel tranrest of the layers, which
generally cover a larger domain with deeper ocean rather tthe shallow coastal region, are solved by
shallow-water equations. The parametric values used isdtienent model are the median sediment diam-
eterdso = 0.15mm, Manning’s cdicient () = 0.025, and the empirical parametgr& 5.0x107°, which

is an acceptable value for coastal sedimentation. The @buatanber of the Boussinesq model is set to
0.4. The simulation was performed for 14 hours of tsunamiesa the harbor to allow enough duration
for the erosion and sedimentation processes. Resultamrbatric change at the harbor entrance is shown
in figure 7, compared with observed data. The overall pattésedimentation and erosion is quite well
recreated by the numerical model.



BATHYMETRIC DIFFERENCES

= 4.1 Meters (Deposition)

(b)

—One Meter Contours
One-half Meter Countours

(a)

s

0.5

-0.5

0 125 2% 50 7% 100 o *

Figure 7: Changes in bottom bathymetry from tsunami-inducel currents in Santa Cruz Harbor, Cal-

ifornia. Left:observed changes in the 2011 Japan tsunami @nt, excerpted from Wilson et al. (2012).
Right:computed bathymetric changes from the simulation. @lor scale in meters (positive= deposition;

negative= erosion).

CONCLUSION

In this study, we develop numerical model for bathymetriarades by tsunami waves in the nearshore
area. Three sub-models are combined to yield a system ahsatlimodeling. For the better representation
of nearshore hydrodynamics in the model, we adopt Bousgimexlel which is superior to the shallow
water equation model in that it include various, complexrsleare &ects; frequency dispersion, bottom
shear induced rotationality, bottom-induced turbulern®ects. To validate the model, we performed three
numerical tests. The result from simulation agree well witperimental data in each case. Finally, we
applied developed model to real tsunami event and sucdigssifaulated morphodynamic changes during
the tsunami event.
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