BED STRESS INVESTIGATION UNDER BREAKING SOLITARY WA VE RUNUP

Mohammad Bagus Adityawé&in Hitoshi Tanak&and Pengzhi Lih

The bed stress under a breaking solitary wave ruvaginvestigated in this study using the SimultarseCoupling
Method (SCM). The SCM couples the shallow wateratign (SWE) with the ko model. The depth averaged
velocity from the SWE is applied as the upper bamdondition in the ko model for the bed stress assessment
from the boundary layer. It was found that the kitang layer approach provides more accurate bedsségtimation
than the empirical method, which leads to a morigte prediction of the runup height and the wanadile. The
accumulation of the bed stress during a solitaryenanup was evaluated. The bed stress in thetidineof leaving

the shoreline will have more impact in the ovepaticess. However, during a short period of the puprocess, the
bed stress toward the shoreline may have signifietiect as well.
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INTRODUCTION

The sediment transport process is one of the paiameters in the coastal morphology changes,
especially during a tsunami event. The bottom bawndayer will play an important role in the bed
stress behavior which is closely related to thensent transport. The long wave approach is ofterdus
in tsunami studies which often involve numericatl daboratory works. Synolakis (1986) conducted a
series of laboratory experiment measuring the riofigolitary waves along with the analytical sabati
for a solitary wave propagating over a constanthilemd then running up a sloping beach, which is
commonly referred as the canonical problem. Thewigal problem is often used as a benchmark for
validating numerical codes in the tsunami runuplists!

The shallow water equation (SWE) is commonlyduder the tsunami runup simulation.
Generally, the Manning method is applied to asiesed stress term in the momentum equations.
However, this method is inferior to direct appro&icdm the boundary layer, especially in an unsteady
wave motion. In detail, this assumption can notubed since the velocity and the bed stress do not
always behave in a similar way. Tanaka and Thu4}188ve shown the importance of the friction and
the phase differences between the velocity and#uestress under waves. In general, the bed stress
formulations may incorporate both the velocity dhd acceleration related terms, or may include the
phase lag (Kabiling and Sato 1993, Nielsen 2002uextheless, the SWE model with the conventional
Manning approach is still one of the most commamdgd models since it is efficient with relatively
good accuracy. The model has been used to simuateus cases of tsunami, including the 1993
Okushiri tsunami (Titov and Synolakis 1998), th@2Banda Aceh Tsunami (Kusuma et al. 2008). It
was shown that the SWE provides a relatively aceurasults and suitable for the practical applarati
although the model cannot explain the boundaryrlaydetails.

Understanding the sediment transport procesedsrua wave motion requires a more detail
approach. The process is closely related to thesbedr stress which is influenced by the boundary
layer beneath the wave itself (Vittori and Blondea2008). Various studies had been done to
investigate the boundary layer beneath a solitayewlIt has been shown that bed stress under a wave
runup changes its sign in deceleration phase toppesite direction of the free stream velocityu(et
al. 2007). It is also proposed that the decelemapbase has an important role in the turbulent
development (Sumer et al. 2010). The direct nuraesimulation (DNS) method had been used to
investigate the boundary layer under solitary wévigtori and Blondeaux 2011). Nevertheless, The
DNS method includes more terms and far more contpiax the SWE.

Recent development has enhanced the SWE modelupjirg with the keo model (Adityawan and
Tanaka 2011). Both models were successfully coufledcrease the SWE accuracy by replacing the
conventional Manning method with the direct assesdrof the bed stress from the boundary layer. The
model is applicable to investigate the boundargidaynder a wave runup. The method has been verified
for the canonical problem and extensively use farious analyses of the bed stress under a non
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breaking solitary wave. However, the method way aplied to the non breaking wave case due to
the SWE incapability of handling the breaking waeadition.

The boussinesqg-type equations (Boussinesq 1832)be used to simulate the breaking wave
condition. The Boussinesq based model with a cahsi@ue of eddi viscosity in the shallower area
was used to simulate a tsunami wave (Sato and ikgbil994). Surprisingly, they have not
demonstrated to provide more accurate runup piedgtfor a tsunami runup even for the landslide
wave (Lynett et al. 2003). The volume of fluid (VIDFethod which is applied in more advanced
numerical models, i.e. NEWFLUME (Lin et al. 1998jves a more detail process of the breaking wave.
However, the model is less flexible to modify faragtical application and may be temperamental in
term of the model stability.

A finite volume method has the advantage of solvihg SWE and maintaining the volume
conservation. The shock-capturing numerical mettardbe used to overcome discontinuities problem.
The Godunov-type scheme with the Riemann solvén@wvn for its conserving and shock-capturing
capability. A modification of the Godunov-type sofeleads to a second order accuracy in space such
as the Monotonic Upstream Scheme of Conservatiors (MUSCL) scheme (Toro 2001). The method
was further enhanced by combining with the FirsdédrCentered Scheme (FORCE) (Toro 1996) and
the Total Variation Diminished (TVD) Runge-Kuttahd enhanced method, known as the FORCE-
MUSCL scheme was employed to solitary wave runuph vgatisfying results (Mahdavi and
Talebbeydokhti 2009). However, the bed stress agmmd still relays on the empirical Manning
approach.

In this study, the SCM is used to investigate ltled stress under a breaking solitary wave runup
on a sloping beach. The SCM employs the boundargr lapproach to assess the bed stress that
provides higher accuracy than the conventional Bogbiapproach. In addition, the SCM ability is
enhanced to cover the breaking wave by applying-@BRCE MUSCL scheme.

METHOD

Simultaneous Coupling Method

The boundary layer under a solitary breaking waweup is assessed using the SWE and the k
which are simultaneously coupled. The method sitesldghe water surface and the depth averaged
velocity of a breaking solitary wave runup using 8WE model while the model is used to assess
the bed stress. More detail on the coupling mettenrd be found in previous studies (Adityawan and
Tanaka 2011, Adityawan et al. 2012).

The coupling method basically upgrades the cetimeal Manning approach for assessing the
bed stress term in the momentum equation of SWI. dépth averaged velocity is assumed equal to
the free stream velocity outside the boundary laybe k-« model uses the free stream velocity from
the SWE to assess the bed stress in the boundemyvdich will be used in the SWE calculation. The
k—w model is basically an advancement of the kodel. The ke is excellent in reproducing the flow
on a large scale such as the flow circulation neservoir. Nevertheless, it may not provide saitigfy
result in a small scale computation such as thedbany layer assessment. Wilcox (1988) has proposed
the k-w model, which is considered appropriate particuldor explaining the characteristics of the
turbulent flows close to a rough bed. Thadkmodel provides a better estimation of the boundyrgr
than the ke model (Suntoyo et al. 2008, Suntoyo and TanakedR0Dhe effect of the roughness
account in a simple manner through the boundarglitions at the wall for the specific dissipationera
Moreover, this model can reproduce the viscoustffelose to the wall, appropriately.

The governing equations for the model are the SWiEthe kw. The SWE equations consist of
the continuity equation and the momentum equattoshawn bellow.
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with h is the water depth) is the depth averaged velociyis distance in horizontal planeis time,g
is the gravity acceleratiop,is the fluid density ando is bed stress. In the SCM, the bed stress ingive
by the k-w model from the boundary layer based on the turtiwiscosity ¢;) as given in the bellow.
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whereu; andx denotes the velocity in the boundary layer andtioa in the gridy;’ is the fluctuating
velocity in thex (i=1) andy (i=2) directionsP is the static pressure, ands the kinematics viscosity.
The turbulence closure is given as.
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in whichk is the turbulent kinetic energy production ani the dissipation rate. The advantage of
k-wmodel is that it can accommodate the following viiaiction.

@, =U Sg/Vv (12)

with U, is the friction velocity. In this study, the modslgiven no slip boundary, thus, vandk are
zero at bed. Zero gradient is applied givil{§)/dy equals zero at the free stream. The initial cdoraft
for the parameters were determined by trial andremtil it reaches a near constant value.

Breaking Wave Modeling
The SWE model does not able to simulate the wagakimg condition. The SCM applies a shock
capturing scheme, the FORCE MUSCL scheme (MahdaviTalebbeydokhtim, 2009), to extend the
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SWE capability for the breaking wave computatiohisThumerical scheme employs the slope limiter
function to handle the shock and discontinuity doeghe wave breaking (Toro 2001). The FORCE
MUSCL scheme was chosen since it was mainly deeeldp handle the shock for the wave breaking
in the wave runup simulation. Thus, the limiter dtion would be appropriate for this study. Other
methods may employ different types of an artifidlesipation or a limiter function, depending oeith
use.

The FORCE-MUSCL scheme is based on the finite velsgheme. It is basically a combination of
several scheme which combine high dissipation sehsith low dissipation scheme (Lax Friedrich and
Lax Wendroff), with the application of slope limiteThe method also uses TVD Runge Kutta to
achieve higher stability with non fix times stefidaving the Courrant number criteria of less than 1

RESULTS AND DISCUSSIONS

The model was verified with the case of a breakiolgary wave runup on a 1/20 beach (Synolakis
1986). The simulation setup is shown in FigureTHe breaking wave condition is given for the ratfo
H/h, (the incoming wave height/the initial deep-wateptti¢ of 0.3 with theh, value of 0.13. The
incoming wave Reynolds NumbeRd) is 18,000. This condition still fall in laminaordition based on
the criteria by Sumer et al. (2010) in whicRe for transition condition is in the range of
2x1(P<Re<5x10. Nevertheless, th&®e value may increase significantly in the shalloweeaa In
general, the turbulence production can be obseitvatie shallower area around the breaking wave
region (Sumer et al. 2011, Adityawan et al. 2012).
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x=0 Xo X,
Figure 1. Model Setup

The model was verified with the experimental datal @ompared with three other numerical
models. They are SWE (FORCE MUSCL), SWE (Mac Cokpand NEWFLUME. In addition,
another SCM model with the Mac Cormack scheme wsed uo evaluate the FORCE MUSCL
performance in relation to the SCM. The conditiondach simulation was set the same. The horizontal
spacing was given by 0.013 m. The vertical spagiag given by 0.0005 meter for the SCM, and 0.001
m for the NEWFLUME.

Non-dimensional variables are introduced in thelyaig as shown in Eq. (13) to Eq. (18) with
asterisk (*) corresponds to the non-dimensionahfof the variable.

x* = xihy (13)
h* = h/h, (14)
t* =t(g/h)%° (15)
n* = nlh, (16)

U* = U/U, (17)
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r,* = 1,/ ) (18)

An example of the wave profile comparison betwdenexperimental data and numerical methods
is shown in Figure 2. In addition, the runup heigtediction of these models is given in Figure 3. A
more detail discussion on the wave profile andrthup height prediction can be found in previous
study (Adityawan et al. 2012). Overall, the FORCBHSCL method gives a more accurate profile than
the Mac Cormack method in both the SCM and the entional SWE. Implementation of the FORCE
MUSCL method also provides much better predictibthe runup height for the SWE-type model. On
the other hand, the Mac Cormack accuracy seemsd@ase with the increase of the wave height. The
The NEW FLUME gives the most realistic surface peofThe NEWFLUME is also able to provide
information regarding vertical velocity distributi@nd turbulence near surface, which is very ingrdrt
in the breaking wave process. However, the comijputdime is about 15 times of the SWE. Overall,
for the SWE-type model, the SCM performs bettenttie conventional SWE. It should be noted that
the SCM is able to provide more information on bBwndary layer that can not be assessed by the
SWE. The direct bed stress assessment from thedbourtayer in the SCM leads to an accurate
prediction of the runup height as well as the wateface profile.

Bottom
0.6 - x  Exp. (Synolakis, 1986)
SWE (FORCE MUSCL - Manning)
0.4 "7 "a° " SWE (MacCormack - Manning)
L NEWFLUME

SWE (FORCE MUSCL - SWM

X*
Figure 2. Wave Profile Comparison at  t*=25
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H/h,

Figure 3. Runup height



6 COASTAL ENGINEERING 2012

Further evaluation was conducted to understandbtieaking wave treatment in the FORCE
MUSCL scheme. The method employs the slope linfitection. This function acts as an auto switch,
which provides an artificial dissipation to handie shock and the discontinuity due to the wave
breaking (Toro, 2001). It will switch between thddrand the strong dissipation treatment basechen t
slope limiter function. The dissipation treatmented during the simulation were assigned values
corresponds to the treatment and the dissipatitas,raanging from 0 for the lowest (no dissipatjon)
upto the maximum of 2 (strong dissipation). Theitimfunction affects two parameters. They are the
surface elevatiorny and the flux fGu).
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10
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Figure 4. Limiter values for n

Breaking

T T
0 20

P
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Figure 5. Limiter values for hu
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The slope limiter values for the surface elevatimal the flux in the space and time is shown in
Figure 4 (b) and Figure 5 (b), respectively alonthwhe corresponding free surface condition (Fégur
4 (a) and Figure 5 (a)). The slope limiter valuesween the two parameters are almost identical.
Nevertheless, water surface seems to be moreigerssitd often switches between the low-strong slope
limiter function. Furthermore, during the run dopwrocess, the water surface heavily uses the strong
dissipation because the water surface parametéghdy affected by the wet/dry treatment and tleept
water surface. Identification of breaking wave kima is conducted in conjunction with the slope
limiter value. There is a sudden change in theeslapiter value from mild to strong dissipation, as
shown in Figure 4 (b) and Figure 5 (b). This logatis approximately at*=10. Comparison to the
wave height ratio over depth shows that the stidiegipation is actively working when the ratio valu
(H/h) is higher than 0.8. This value is an acceptablalition and within the range of values where the
breaking wave occurs.

The SCM method is able to provide a more accunadigtion of the surface profile as well as the
runup height due to the direct estimation of thd sess from the boundary layer. Figure 6 shows th
bed stress comparison from the SCM and the coromaltManning method. The SCM method is able
to reproduce known behavior under an unsteady watéon, i.e. the sign change and the phase shift
between the free stream velocity and the bed strBlss Manning method fails to explain these
behaviors since it calculates bed stress alwayhdnsame direction with the free stream velocity. A
closer look to the vertical velocity distributiom the boundary layer clearly show that velocitydigat
is not always in phase with the free stream velo@s shown in Figure 7. This is very important in
sediment transport related study.
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Figure 6. Bed stress comparison at  x*=2
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Figure 7. Vertical velocity distribution at x* = 2

The bed stress accumulation was further analyzéé. féllowing non-dimensional parameters,
which correspond to the statistical features ofttbé stress evolution, are introduced.

. T+
To* ) = 200" (1) of N, (18)

=1

_ T
To* e = 210" (1) of N, (19)

=1

I
To* =Y. 1,*(t)/ N (20)

=l

where?(_)

stress,r,* is the total average bed stregs* (1) is the recorded bed stress at timeith 7, * (*) )

is the average value of negative bed strgsm is the average value of positive bed

and TO*(t*) ) corresponds to negative and positive bed strekge v@spectivelyN is the total

number of time withN,) and N, is the total number of time where the bed strespasitive and
negative respectively. Negative and positive signades the direction towards or leaving shoreline

respectively. The maximuntg* ) and minimum (, *(mm)) value of bed stress is also investigated.

In this study,T* = 120.

The averaged bed stress on the direction towardshbeeline (+) and toward sea (-) were are
shown in Figure 8 with (a) and (b) correspond t dstimation from the SCM and the conventional
Manning, respectively. It is shown here that thenmMag method tends to over estimate the bed stress
in the shallower area. The bed stress accumulagtiowide valuable information to understand bed
stress and sediment transport around the shordlifmlanced budget can be expected in a regular
wave motion. However, it is not the case in thétagl wave runup. It is found that bed stress tawvar
the sea has more impact than bed stress on thesitpplrection. The extreme values (maximum and
minimum) were also recorded and shown in Figurtt & shown that bed stress towards the shore is
more dominant in the runup zone suggesting thaethas a short intense period of extreme bed stress
in this area.

(max)
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The bed stress accumulation under the non-breakavg was reported to have significant impact
around the shoreline (x*=0) (Adityawan and Tanak@]1). This location is approximately the same
for both, the bed stress moving towards the shwglt) and leaving the shoreline (-). The bed stres
investigation in this study shows different behasim the case of the breaking wave runup. The bed
stress (-) is observed to have significant impadtitafurther to the sea, around x*=2, although the
location for the bed stress (+) is around the dhmrdx*=0). The above conditions is caused by the
hydraulic jump-like behavior which is often foundrahg the run down process. This phenomenon was
found to be stronger in the breaking wave case @tal. 2011, Adityawan et al. 2012).
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Figure 8. The bed stress averaged (SCM)
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Figure 9. The bed stress extreme values

CONCLUSSIONS

The SCM has been verified by simulating the casbreéking solitary wave. The SCM assessed
bed stress directly from the boundary layer. Thhs, runup height and the surface profile can be
accurately predicted. The runup height and theaserprofile comparison shows good agreement to the
measured values. The adopted breaking wave treasiggrificantly enhanced the SWE ability for the
breaking wave simulation although the results ateas accurate as more advance method such as the
VOF. Nevertheless, the FOCE MUSCL scheme is farenefficient when compare to the VOF method.
The SWE method with another artificial dissipatioathod did not perform well when dealing with the
breaking wave simulation.

The breaking wave treatment performance was andliggeanalyzing the slope limiter function.
The slope limiter function was assigned values tbatrespond to the dissipation rate at the
corresponding location and time. The value ranges fO to 2 with 0 is no dissipation and 2 is the
strongest dissipation. The slope limiter functisrapplied to the water levef)(parameter and the flux
(hu). The values of the slope limiter function weresetved in both parameters. It was shown that that
it the slope limiter function is more sensitive thre  parameter, showing a more frequent changes.
Nevertheless, in conjunction with the breaking weeadition, both methods showed similar behaviors.
The comparison to the surface water level showed dnound the near shore position, there were
sudden drop in the water level at the same timel@gation where there were significant change & th
switch, from mild to strong dissipation. This beiwacorrelates well with the breaking point.

The SCM provides more realistic bed stress estimdtian the empirical method (Manning). The
comparison of bed stress estimation from both mitH&CM and Manning) shows that the Manning
method can not reproduce known behavior of the disgbs under an unsteady wave motion, i.e. the
sign change and phase shift between the velocihttanbed stress. The Manning method estimates the
bed stress as a function of the velocity vectomdde the bed stress from the Manning approach is
always in the same direction and phase with thecitgl However, the SCM method provides a more
realistic estimation. It clearly explains that thedocity gradient in is not always in the same climn
and time with the free stream velocity.

The Bed stress accumulation showed that bed stitsseaward direction has more effect that bed
stress with in land direction. Thus, the bed st@sshe direction of leaving the shoreline will kav
more impact in the overall process. However, dudrghort period of the runup process, the bedsstres
toward the shoreline may have significant effecival.

The SCM has shown its capability to assess bounidggr under solitary wave runup. It may
provide ways to accurately estimate the bed strader wave runup, based on the physical process. In
addition, the method is efficient and suitable fwactical application since it is based on the SWE.
Thus, it will be a valuable tool in future study sfdiment transport under a breaking solitary wave
runup or similar phenomenon, i.e. tsunami.
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