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Tém tit ndi dung

A two-way coupled two-dimensional (2DH) shallow water to three-dimensional (3D) Navier—Stokes equation
model, named 2-way Coupled Long Wave to Navier—Stokes 3D (2CLOWNS-3D), is applied to the 2011 Tohoku-oki
Earthquake Tsunami in Kamaishi Bay, Japan. 2CLOWNS-3D simulates the entire evolution of the tsunami from
its source to inundation at the coast, in which the 3D model component is used to model the flow through the
submerged opening of a large-scale offshore tsunami breakwater. 2CLOWNS-3D is compared with a 2DH model
simulation in order to identify where it becomes beneficial. It is found that flow rates through the submerged
breakwater opening, and thus the resulting inundation heights, are similar between 2DH and 2CLOWNS-3D model
simulations when an appropriate momentum dispersion coefficient is applied to the former. However, significant
differences between the model simulations are identified in relation to; hydrodynamic forces acting on the submerged
caissons, velocities in the large-scale jet structure emanating from the breakwater, and bed shear stresses in the
vicinity of the breakwater. Furthermore, the characteristics of the large-scale jet structure simulated by the 3D
model are reasonable when employing the realizable k-¢ turbulence closure. Our results demonstrate the practical
merit of 2CLOWNS-3D for simulating complex geophysical scale flows.

Mot m6 hinh hai chidu 1dng ghép song phuong giita phuong trinh 2 chidu phuong ngang (2DH) nuéc nong véi
phuong trinh Navier—Stokes 3 chiéu (3D), goi 1a “2-way Coupled Long Wave to Navier—Stokes 3D” (2CLOWNS-3D),
dugc ap dung cho tran Séng than dong dat Tohoku-oki nim 2011 & Vinh Kamaishi, Nhat Ban. 2CLOWNS-3D mé
phéng toan bo dién bién clia séng than tit ngudn phét t6i viing ngap lut ven bd, trong d6 thanh phan mo hinh 3
chiéu dugc dung dé mo phéng dong chay ngap qua khoadng hé 16n ciia dap chin séng than xa bd. 2CLOWNS-3D
da dudc so sanh v6i mo hinh 2 chiéu huéng ngang dé phéat hién nhitng vu diém cfia né. Qua dé nhan thay ring luu
luong chay ngap nay, va do do6 13 do sau ngap, 1a tuong dong gitta cdc md phéng bing mo hinh 2 chidu va bing
2CLOWNS-3D khi mé hinh 2 chiéu c6 4p dung hé s6 phan tdn dong lugng phit hgp. Tuy vay, c6 su khac biét dang
ké giita két qua mo hinh xét vé: lyc thuy dong tac dong lén céc thiing chim, luu téc 3 nhiing ciu tric ludng ¢d 16n
phun khéi dap pha séng, va ting suit tiép day & lan can dap pha séng. Hon nita, nhitng dic trung clia ciu tric
ludng quy mo 16n moé phéng bsi mo hinh 3 chiéu lai hop 1y khi 4p dung phép khép kin rdi k-¢ c6 thé thyc hien.
Ké&t qua nghién ctu cho thiy wu diém thyc dung cia 2CLOWNS-3D trong viéc mé phéng dong chiy phiic tap quy
mo dia vat 1y.

Keywords: Two-way coupling, Shallow water equations, Navier—Stokes equations, Offshore breakwater, 2011 Tohoku-
oki Earthquake Tsunami
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than dong dat Tohoku-oki 2011

1 Introduction | Gigi thiéu

The March 2011 Tohoku-oki Earthquake Tsunami event in  Tran dong dat séng than Tohoku-oki Earthquake Tsunami
northeastern Japan caused catastrophic widespread dam- thing 3 nim 2011 ¢ mién Pong bic Nhat Ban da gay



age resulting in 15,895 fatalities with an additional 2539
missing (National Police Agency of Japan, 2018). In to-
tal, 121,776 buildings fully collapsed, 280,923 buildings
partially collapsed, and 116 bridges were damaged as of
March 9, 2018 (National Police Agency of Japan, 2018).
The direct economic damage in just the first year after the
accident has been estimated at US$221 billion (Kajitani,
Chang, and Tatano, 2013).

Due to its long history of tsunami disasters, Japan may
have been one of the most prepared nations with regard to
its construction of coastal protection structures, e.g. sea-
walls, gates, offshore tsunami breakwaters, and planted
trees to act as natural tsunami barriers. Suppasri et al.
(2013) highlight examples where significant damage oc-
curred during the 2011 tsunami event for each such coastal
protection structure. For example, the large-scale offshore
tsunami breakwater in Kamaishi Bay, located on the San-
riku ria coast in Iwate Prefecture, was constructed in a
water depth of 63 m, making it the deepest caisson break-
water in the world (Tanimoto and Takahashi, 1994). It
consisted of a pair of offshore tsunami breakwaters with
lengths of 990 and 670 m connected by a 300-m long fully
submerged opening, and it was expected to provide full
protection to the Kamaishi district. Nevertheless, even this
breakwater succumbed to the force of the tsunami where
many caissons either completely slid out or leaned out of
position (Arikawa et al., 2012; Arikawa and Oie, 2015).
Thus, it is important in the consideration of future events
to analyze the effects of coastal protection structures on
the hydrodynamic aspects of tsunamis in greater detail.
This will allow us to more effectively design resilient struc-
tures capable of withstanding various degrees of tsunami
strengths that can mitigate the energy of tsunamis to its
maximum potential.

Previous studies have investigated the influence of the
Kamaishi Bay offshore tsunami breakwater on tsunami
heights, inundation depths and current velocities along
the Kamaishi Bay coast (Arikawa and Oie, 2015; Mori,
Yoneyama, and Pringle, 2015; Ozer Sozdinler et al., 2015;
Pringle and Yoneyama, 2013; Takahashi et al., 2011) pre-
dominantly using horizontal two-dimensional (2DH) non-
linear shallow water equation (NSWE) models. A two-way
coupled 2DH NSWE to three-dimensional (3D) Navier-
Stokes model has also been employed (Mori, Yoneyama,
and Pringle, 2015; Pringle and Yoneyama, 2013). The break-
water has been shown to result in an approximately 25-40%
reduction to the tsunami heights between elevations off-
shore of the breakwater and onshore in the bay (Mori,
Yoneyama, and Pringle, 2015). Moreover, according to
Arikawa and Oie (2015), the breakwater resulted in a 55%
reduction to the mean maximum inundation depths in Ka-
maishi Bay versus the case without a breakwater. How-
ever, this reduction rate is less than the possible 70% re-
duction to inundation depths if the breakwater was not
partially damaged (Arikawa and Oie, 2015). Although in
most locations the current speeds were decreased, simula-
tions suggest that the breakwater increased current speeds
in some residential areas due to the funneling of the wave
through the submerged breakwater opening (Ozer Sozdin-
ler et al., 2015).

nén thiét hai nghiém trong trén dién rong, dan téi 15895
thuong vong va 2539 ngudi mat tich (Cuc Canh sat quoc
gia Nhat Ban, 2018). Téng cong c6 t6i 121776 sup do hoan
toan, 280923 toa nha sup dé mot phan va 116 cay cau bi
phé hoai tinh dén 9/3/2018 (Cuc Canh sat quoc gia Nhat
Ban, 2018). Chi trong nim dau tién sau tham hoa, thigt
hai kinh té tryc tiép da u6e tinh dén 221 ti USD (Kajitani,
Chang, va Tatano, 2013).

V6i lich stt 1au dai vé séng than, Nhat Ban c6 thé 1a mot
trong nhitng nudc c6 sy chuan bi ki nhat vé xay dung cong
trinh bdo vé bd bién nhu tuong bién, cita cong, dap chin
séng than xa bd, ciing nhu trong cay lam rao tu nhien dé
can séng than. Suppasri va nnk. (2013) da nhan manh céc
vi du vé thiet hai dang ké x4y ra & tran séong than nam 2011
déi v6i timg loai cong trinh. Chang han, dap chin séng cd
16n ¢ Vinh Kamaishi, nim ngoai khai bs bién thung liing
chim Sanriku & tinh Iwate, dugc xay dung ¢ do sau nudc
63 m, va tré thanh dap thung chim sau nhét toan thé gisi
(Tanimoto va Takahashi, 1994). N6 bao gom mot cap dap
chin séng tach xa by véi do dai 1an lugt 1a 990 va 670
m duge ndi bdi mot khodng hé 1a g chim dai 300 m, va
dugce trong dgi sé bdo vé toan ven huyén Kamaishi. Tuy
nhién, ngay ci dap phé séng nay ciing sup dé trude ap luc
clia séng than khi nhiéu thiing chim bi hoan toan trugt di
hodc nghiéng khdi vi tri (Arikawa va nnk., 2012; Arikawa
va Oie, 2015). Do vay, diéu quan trong khi xét dén nhiing
su kién tuong lai 14 phai phan tich dugc hiéu dng ciia cac
cong trinh bao vé ddi véi nhing khia canh chi tiét hon vé
thuy dong luc ctia séng than. Didu d6 cho phép ta thiét
ké mot cach hiéu qué nhitng cong trinh bén ving vdi kha
ning chiu duge cudong do séong than tir thap dén cao, dé
giam nhe ning luong séng than hét mic c6 thé.

Nhitng nghién cttu truée day tap trung vao dnh hudng
clia dap pha séng xa bd Vinh Kamaishi déi véi chiéu cao
séng than, do sau ngap va van tdc dong chdy doc bd
Vinh Kamaishi (Arikawa va Oie, 2015; Mori, Yoneyama,
va Pringle, 2015; Ozer Sozdinler va nnk., 2015; Pringle va
Yoneyama, 2013; Takahashi va nnk., 2011) chti yéu la dung
mo hinh 2 chiéu ngang (2DH) dya trén phuong trinh nuée
nong phi tuyén (NSWE). M6 hinh Navier—Stokes 3 chiéu
(3D) két noi song phuong véi mo hinh 2DH NSWE ciing da
duge dung dén (Mori, Yoneyama, vi Pringle, 2015; Pringle
va Yoneyama, 2013). Dap pha séng da cho thiy gidm dugc
khoang 25-40% chiéu cao séng giita viing ngoai dap va khu
trong vinh (Mori, Yoneyama, va Pringle, 2015). Hon nita,
theo Arikawa va Oie (2015), dap phé song gitp giam t6i
55% do ngap t6i da trung binh toan viing Vinh Kamaishi,
so v6i truong hop khong ¢é dap chan. Tuy nhién, ti 1¢ gidm
nay van thap hon mitc 70% gidm do sau ngap lut néu dap
chan séng khong bi hu hai mot phan (Arikawa va Oie,
2015). Dt ring da s6 vi trf déu c6 luu tdc gidm bét, song
két qua mo phéng cho thiy dap chin séng di lam tang
luu téc dong chiy & vai khu dan cu, do hiéu tng thu hep
khi séng truyén qua khodng hé ctia dap (Ozer Sozdinler
va nnk., 2015).

Ngoai nhiing tac dong quy mod 16n cua cong trinh bo
bién t6i chiéu sau ngap va luu tdc dong lii, ciing can cong
nhan ring chi tiét phan bd dong lit séng than trong vinh
14 thong tin quan trong déi véi bén cang (Lynett va nnk.,
2014; Kihara, Fujii, va Matsuyama, 2012; Lynett va nnk.,



In addition to the large-scale impacts of coastal struc-
tures on inundation heights and current speeds overland,
it is also increasingly acknowledged that details of the dis-
tribution of the tsunami currents in the bay are impor-
tant knowledge for ports and harbors (Lynett et al., 2014;
Kihara, Fujii, and Matsuyama, 2012; Lynett et al., 2012;
Wilson et al., 2012). Maritime damage due to tsunami cur-
rents and drag forces such as destroying boats and docks,
ripping vessels from moorings, and impacts from floating
debris may be significant even in otherwise largely unaf-
fected regions (Lynett et al., 2014). Furthermore, tsunamis
can induce severe topographical changes and sediment de-
positions that may provide geological evidence from past
tsunami events (Suppasri et al., 2016) as well as erosion
around coastal structures that can negatively affect their
performance (Kihara, Fujii, and Matsuyama, 2012). Ex-
cess deposition of sediment can also affect the movement
of vessels in and out of harbors and other harbor opera-
tions. This may result in dredging costs, or in some cases
erosion may even save dredging costs, e.g. the February
27, 2010 Chile tsunami saved US$100,000 in such costs for
Ventura Harbor, California (Wilson et al., 2012).

For investigating possible failure modes of the break-
water due to the overtopping flow, Mitsui et al. (2014)
and Arikawa et al. (2012) conducted hydraulic experi-
ments while Mitsui et al. (2014) and Bricker (2013) utilized
vertical two-dimensional (2DV) Navier—Stokes models of
the overtopping flow. Their conclusions attribute water
level difference, large dynamic pressure at the caissons,
overflow jet impingement on slope and armor units, scour
around the caisson joints, and punching failure of the rub-
ble mound foundation to be major causes of breakwater
failure. Sakunaka and Arikawa (2012) investigated the sta-
bility of the submerged breakwaters in the opening section
using hydraulic experiments and 3D Navier—Stokes mod-
eling.

The aim of this study is to assess the important hydro-
dynamic characteristics in the vicinity of the submerged
breakwater opening for coastal structure design, port pro-
tection, and numerical model development purposes. Pre-
vious studies have generally only considered idealized ex-
perimental setups when using more complex Navier—Stokes
models and used 2DH NSWE models instead for real-scale
applications. Here, we use a 3D Navier—Stokes model ap-
plied to the real-scale scenario to detail the complex 3D
non-hydrostatic and turbulent flow due to the tsunami
in the vicinity of the submerged breakwater opening. Fur-
thermore, comparisons are conducted against a 2DH NSWE
model simulation. This allows us to identify the benefits
of using a 3D Navier—Stokes model in this type of appli-
cation and to identify what impacts of the tsunami a 2DH
NSWE model is sufficiently capable of estimating.

Due to computational constraints, a suitable numeri-
cal technique is required to generate and propagate a re-
alistic tsunami whilst simulating the 3D non-hydrostatic
flow around the submerged breakwater opening and the
inundation at the coast. One of these techniques is the
two-way coupling of 2DH models with Reynolds-averaged
Navier-Stokes (RANS) models (Arikawa and Tomita, 2016;
Pringle, Yoneyama, and Mori, 2016; Takase et al., 2016;

2012; Wilson va nnk., 2012). Dong séng than va lyc trugt
gdy ra thiét hai nhu pha huy thuyén va bén dau, bt tau
thuyén khéi day neo, cting nhitng tac dong do rac trdi co
thé rat dang ké ngay ca & nhitng viing hau nhu khong bi
anh hudng (Lynett va nnk., 2014). Hon nita, séng than c6
thé gay ra nhing bién déi manh vé dia hinh v tich tu bin
c4t ma chinh ching cé thé cung cip nhing ching ci dia
chat vé nhitng tran séng than trong qua khi (Suppasri va
nnk., 2016) cling nhu x6i 16 quanh nhing cong trinh ven
bd khién cho gidm hiéu ning ciia ching (Kihara, Fujii, v
Matsuyama, 2012). Sy boi tu biin cat qua mic ciing c6 thé
anh hudéng t6i viec tau thuyén ra vao bén cang ciing nhu
céc hoat dong khéac ¢ bén. Diéu nay c6 thé lam tang gia
thanh nao vét, hoic ¢6 nhing truong hgp ma x6i 16 giap
giam gia thanh nao vét. Ching han, tran séng than Chile
ngay 27/2/2010 Chile da giap gidm US$100,000 chi phi
nao vét Cang Ventura, California (Wilson va nnk., 2012).

Dé khao sat nhiing dang pha hoai kha di do dong chay
tran len dap pha séng, Mitsui va nnk. (2014) va Arikawa
va nnk. (2012) da tién hanh thi nghiem thuy lyc, con
Mitsui va nnk. (2014) va Bricker (2013) dung mo hinh
Navier—Stokes 2 chiéu phuong ditng (2DV) cho dong chéy
tran ndy. Ho két luan réng: chénh léch muc nuée, ap suit
thuy dong 16n tac dong lén thung chim, dong chay tran
dap lén vach dbc va ciu kién phti, x6i quanh cac khép néi
thiing chim, va sut nén da dé quy mo cuc bo, tat ci la
nhitng nguyén nhan chinh gay héng dap pha séng. Saku-
naka va Arikawa (2012) khao sat sy 6n dinh ctia dap pha
séng chim trong khodng ctta bing nhiing thi nghiem thuy
lyc vA mo hinh Navier-Stokes 3 chiéu.

Nghién citu nay nhim muyc dich ddnh gi4 tAm quan
trong cua cac dac trung thuy dong lyc 6 lan can ciita dap
phé séng ngam, phuc vu cdc muc dich thiét ké cong trinh
bd bién, bido vé cang v phat trién mo hinh sb. Nhiing
nghién citu truéc day thusng chi xét cac bo tri thi nghiem
1y tudng khi dung cac md hinh Navier—Stokes phic tap hon
va diing m6 hinh NSWE 2 chiéu thay vi cac ng dung quy
mo thuye té. O day, chung t6i dung mo hinh Navier—Stokes
3 chiéu ap dung cho kich ban quy mo thiyc dé chi tiét hoa
dong chay rdi va phi thuy tinh 3 chiéu phic tap gay nén
bdi séng than & gan ciia dap phé séng ngam. Hon nita,
cac so sanh con dugc tién hanh v6i mé phéng mé hinh
2DH NSWE. Diéu nay cho phép ta nhan dién nhing ich
lgi trong viéc st dung m6 hinh Navier—Stokes 3 chiéu cho
kiéu ap dung nay ctng nhu nhan dién duge xem md hinh
NSWE 2 chiéu ngang c6 thé du sitc udc tinh duge nhitng
tac dong nao.

Do han ché vé mit tinh toan, can c6 mot ki thuat
s6 phit hgp dé phat sinh va truyén séng than giéng that,
dong thoi phai moé phéng duge dong chay phi thuy tinh
3 chidu quanh doan ctta dap chim va tinh trang ngap lut
ven bd. Mot trong nhitng ki thuat nay 1a viéc 1ong ghép
song phuong gitta mé hinh 2 chiéu ngang vé6i cac mé hinh
Navier-Stokes trung binh Reynolds (RANS) (Arikawa va
Tomita, 2016; Pringle, Yoneyama, va Mori, 2016; Takase
va nnk., 2016; Pringle va Yoneyama, 2013; Sitanggang va
Lynett, 2010; Fujima, Masamura, va Goto, 2002). Trong
mot hé moé hinh nhu vay, mé hinh 2 chiéu phuong ngang
c6 nhiém vu truyén tac dong séong thuc té tit xa bd viao
dén mot mién tinh RANS 3 chidu kha nhé. Ngoai ra, ki



Pringle and Yoneyama, 2013; Sitanggang and Lynett, 2010;
Fujima, Masamura, and Goto, 2002). In such a model-
ing system, the 2DH model propagates realistic wave forc-
ings from far offshore toward a relatively small 3D RANS
domain. Furthermore, the two-way coupling technique al-
lows the flow from the 3D RANS model to be transferred
back to the 2DH model to simulate the effects of local 3D
non-hydrostatic conditions on the tsunami flow elsewhere.
In previous real-scale studies, the 3D RANS domain has
been placed near the coastline and overland to simulate
inundation in Onagawa (Arikawa and Tomita, 2016) and
Kamaishi (Pringle and Yoneyama, 2013). Furthermore, a
one-way coupled 3D particle-based Navier—Stokes solver
was used to simulate inundation in Utatsu (Asai et al.,
2016). However, it may be more useful to place the 3D
RANS domain around single coastal or overland struc-
tures to assess the finer details of the hydrodynamics be-
cause they can represent local pressures, flow velocities,
and turbulent quantities accurately, while they are not
efficient for calculating free surface elevations over large
scales. Thus, this study uses the 3D RANS model to com-
pute the locally complex 3D non-hydrostatic flow in the
vicinity of the Kamaishi Bay offshore tsunami breakwater.
Simulation of 3D non-hydrostatic flow through a breakwa-
ter opening using a two-way coupled modeling system has
been achieved on an experimental scale in previous work
(Fujima, Masamura, and Goto, 2002; Fujima, 2006).

In this work, a two-way coupled modeling system, called

thuat long ghép song phuong con cho phép dong chay tir
mo hinh RANS 3 chiéu dugce chuyén nguge vé moé hinh 2
chiéu phuong ngang dé mo phéng hiéu ing ciia diéu kién
phi thuy tinh 3 chiéu cyc bo déi véi dong chay séng than &
nhiing chd khac. Trong cic nghién ctiu trude day trén quy
mo thyc, mién tinh toan RANS 3 chiéu di duge dat gan
bd bién vA vao ca trong dat lién dé mo phéng ngap lut &
Onagawa (Arikawa va Tomita, 2016) va Kamaishi (Pringle
va Yoneyama, 2013). Ngoai ra, mot bo gidi Navier—Stokes
3D dua theo hat dugc ghép don phuong da ap dung cho
mo phong ngap lut & Utatsu (Asai va nnk., 2016). Tuy
nhién, c6 thé sé hitu ich hon khi dit mién tinh RANS 3
chiéu quanh mot cong trinh ba bién hay trén can dé danh
gi4 chi tiét hon vé ché do thuy dong hyc vi qua dé c6 thé
biéu dién dugc ap suét, luwu téc va diic trung r6i cuc bo mot
céch chinh xac, trong khi sé khong hiéu qua dé tinh toan
muc nuée trén dién rong. Do vay, nghién citu nay st dung
mo hinh RANS 3 chidu dé tinh dong chay phi thuy tinh
3 chiéu phtic tap & lan can Vinh Kamaishi phia ngoai dap
phé séng xa bd. Viéc mo phdng dong chay phi thuy tinh 3
chiéu qua ctta dap bing hé mo hinh ghép song phuong da
dugce thyc hién trén quy moé thi nghiém & nhitng nghién
ctiu trude day (Fujima, Masamura, va Goto, 2002; Fujima,
2006).

Trong bai nay da st dung mot hé théng mo hinh hod

1ong ghép song phuong, c6 tén 2CLOWNS-3D (2-way Coupled

Long Wave to Navier-Stokes 3D). Diéu kién bién va
khoang ap dung ctia 2CLOWNS (v6i ché do 2 chiéu théng

2CLOWNS-3D (2-way Coupled Long Wave to Navier-Stokeking) da dugc danh gia duéi diéu kien kiém soat (Pringle,

3D), is employed. The boundary conditions and range
of applicability of 2CLOWNS (in 2DV mode) have been
evaluated under controlled conditions (Pringle, Yoneyama,
and Mori, 2016). Compared to models that couple to 3D
particle-based Navier-Stokes solvers (Asai et al., 2016) and

Yoneyama, va Mori, 2016). So v6i cdc md hinh long ghép
véi bo gidi phuong trinh Navier-Stokes 3 chiéu dua vao
hat (Asai va nnk., 2016) va phuong phap phan tit hitu
han (Takase va nnk., 2016) thi hé 2CLOWNS-3D mo hinh
ho4 sai phan hitu han trén luéi cau tric c¢6 uu diém nhe

finite-element methods (Takase et al., 2016), the 2CLOWNS-hon vé khéi Iugng tinh toén, vitng hon va dé 1ap trinh hon

3D structured grid finite-difference modeling system is
computationally light, robust, and straightforward to im-
plement because the individual 2DH NSWE and 3D RANS
models have very similar numerical schemes and conform-
ing computational grids. In this application of 2CLOWNS-
3D, the 3D RANS model is set around the submerged
opening of the Kamaishi Bay offshore tsunami breakwa-
ter, while the 2DH NSWE model is adopted elsewhere to
simulate the tsunami from its source in the open ocean to
inundation at the coast. The 2CLOWNS-3D simulation is
validated against time series at offshore GPS buoys, and
2011 Tohoku Earthquake Tsunami Joint Survey Group
(TTJS) (Mori and Takahashi, 2012) survey measurements
of the maximum inundation and run-up heights. Compar-
isons are made against a 2DH NSWE model simulation
in relation to the resulting inundation heights, volume
fluxes through the submerged breakwater opening, drag
forces and overturning moments acting on the submerged
caissons, velocities in the jet structure emanating from
the opening, and the related bed shear stresses. Further-
more, the hydrodynamics of the flow over the submerged
breakwater opening and in the large-scale jet structure,
calculated in the 2CLOWNS-3D simulation, is analyzed
in order to examine the important aspects of the 3D non-

vi cac mo6 hinh NSWE 2 chiéu ngang vi RANS 3 chiéu déu
6 luge dd sb gidng nhau va luéi tinh tuong thich. O vi du
hé 2CLOWNS-3D nay, mo6 hinh RANS 3 chiéu dugc dit
quanh cita dap ngam trong Vinh Kamaishi, con mé hinh
NSWE 2 chiéu ngang dugc chon mién khac di dé mo phong
truyén séng than titr ngudn ngoai khoi dén viing ngap ven
bs. Mo phéng 2CLOWNS-3D nay duge kiém dinh theo
chudi s6 lidu do tai phao GPS ngoai khai, v khao sat dien
ngap vd muyc nudc leo téi da thyc hién bdi Nhém khéo
sat Song than dong dat Tohoku 2011 (TTJS) (Mori va
Takahashi, 2012). Céc so sanh dugc thyc hign déi v6i mo
phéng mo hinh NSWE 2 chiéu xét vé do sau ngap, luu
lugng chay qua ctta dap ngam, lyc trugt va mo men lat
tac dong lén thung chim, lwu téc trong ciu tric dong tia
phut ra tir clra, vA cic ting suat tiép ddy tuong ting. Ngoai
ra, ché do thuy dong lyc ciia dong chiy qua khe ctra dap
chim v& cau tric dong tia c¢d 16n tinh dugc tit mé phéng
2CLOWNS-3D ciing duge phan tich nhim kiém tra cac
khia canh quan trong ctia dong chay phi thuy tinh 3 chiéu
va xac dinh do chan thyc ciia hé moé hinh 2CLOWNS-3D
1ong ghép. Hon nita, hai dang m6 hinh khép kin réi thong
dung ciing duge danh gid nham xac dinh xem dang nao
phit hgp hon cho bai toan kiéu nay.

hydrostatic flow and to determine the fidelity of the 2CLOWNS-



3D coupled modeling system. In addition, two forms of the
commonly used turbulence closure model are evaluated to
determine which is better suited to this type of applica-
tion.

2 Numerical Methods | Phuong phap s6

A two-way coupled 2DH NSWE to 3D RANS model re-
ferred to as 2CLOWNS-3D (Pringle, 2016) herein is used
in this study. The 1DH to 2DV RANS version (2CLOWNS)
was successfully used to model solitary wave transforma-
tion and breaking (Pringle, Yoneyama, and Mori, 2016).
2CLOWNS-3D uses the same concepts and solution method
as 2CLOWNS but must now consider an additional hori-
zontal dimension. In particular, interpolation of variables
in the tangential direction to the boundaries is required
for coupling. Additionally, due to the nature of the cur-
rent application, frequency dispersion effects are ignored
in the 2DH NSWE model that are otherwise required for
solitary wave propagation (Pringle, Yoneyama, and Mori,
2016). This section describes various aspects of the indi-
vidual 2DH NSWE and 3D RANS models, and the two-
coupling between them. For additional details please refer
to Pringle (2016).

Trong nghién cttu nay c6 st dung mo hinh ghép song
phuong giita NSWE chiéu vd RANS 3 chiéu, ¢6 téen 2CLOWNS-
3D (Pringle, 2016). Phién ban tit 1 chiéu sang RANS 2
chiéu phuong ding (2CLOWNS) da duge st dung thanh
cong dé mo hinh hoa sy truyén séng va vé song don doc
(Pringle, Yoneyama, va Mori, 2016). 2CLOWNS-3D ciing
dung khai niém va phuong phép giai tuong tu nhu 2CLOWNS
song & day phai xét thém mot chidéu phuong ngang nita.
Cu thé, dé ghép mo hinh can c6 noéi suy bién theo phuong
tiép tuyén. Ngoai ra, do ban chit ciia nghién citu ap dung
nay, cac hiéu tng phan tan tan sd déu bi bd qua trong
md hinh NSWE 2 chiéu lai vén can cho sy truyén séng
don doc (Pringle, Yoneyama, va Mori, 2016). Muc nay mo
t&4 cac khia canh khac nhau cta titng mo hinh NSWE 2
chidu v& RANS 3 chiéu, cfing nhu viéc ghép song phuong
gitta chiing. Dé biét them chi tiét, hay tham khao Pringle
(2016).

2.1 2DH NSWE Model | M6 hinh NSWE 2 chidu phuong ngang

2.2 Governing Equations | Phuong trinh co ban

The governing equations of the 2DH NSWE model in con-
servative form are written in the Cartesian coordinate sys-
tem using Einstein’s notation as

Cac phuong trinh c¢o ban cho m6 hinh NSWE 2 chiéu
phuong ngang dudi dang bao toan dude viét bing ki phap
Einstein trong hé toa dé Dé-cac nhu sau

Continuity Phuong trinh lién tuc
A —m) | 0Qi
20" T) =0 1
ot o W)
Momentum (¢ = 1, 2): PT dong lugng (i = 1, 2):
0Q); 0 [(QiQ; on gn? Qi/Q;Q;
H— —— = 2
8t+8xi< ) T T\ s T ) T 0 2)

where 7 is the surface elevation, z, is the seabed level
(allowing for time varying bathymetry), h is the still water
depth, H = h + n is the total water depth, Q; = U;H
is the volume flux per unit width in the ith direction,
U; is the depth-averaged velocity in the ith direction, g
is the acceleration due to gravity, n is Manning’s friction
coefficient for the bed stress term, and Fp is the coefficient
of momentum loss due to dispersion.

2.3 Numerical Scheme | Lugc do sb

The finite-difference explicit staggered leap-frog calcula-
tion scheme is utilized to solve Equations (1) and (2)
(Pringle, Yoneyama, and Mori, 2016; Pringle, 2016). This
scheme has been widely used for tsunami computation and
is utilized in the commonly applied TUNAMI (Imamura,
Yalciner, and Ozyurt, 2006) and COMCOT (Liu, Woo,
and Cho, 1998) models. It is found to be computation-
ally efficient with relatively small truncation errors (Ima-

trong dé n 1a cao trinh mit nude, z, 1a cao trinh day (cho
phép dia hinh d4y bién déi theo thai gian), h 1a do sau
nuée tinh, H = h 4+ 7 la do sau nudc tong, Q; = U; H 1a
luu lugng qua mdi don vi bé rong theo phuong thit 4, U;
13 luu téc trung binh do sau theo phuong thi 4, g 1a gia
tdc trong e, n 14 hé s6 nham Manning trong sd hang ing
suat tiép day, va Fp la he sb ton thit dong luong do su
hoa tron.

Lugc dd tinh toan sai phan hitu han hién dang nhay coc
v6i lusi dan xen duge diung dé gidi cac PT (1) va (2)
(Pringle, Yoneyama, va Mori, 2016; Pringle, 2016). Lugc
d6 nay dugc diung rong rai dé tinh séng than va dugc
van dung trong céc chuong trinh thong dung [a TUNAMI
(Imamura, Yalciner, va Ozyurt, 2006) va COMCOT (Liu,
Woo, va Cho, 1998). Lugc do duge phat hien 1a rat hieu
qué trong tinh toan véi sai sb chat cut tuong ddi nho



mura and Goto, 1988) because the staggering in time and
space allows the linearized form of the governing equa-
tions (LSWE) to become second-order accurate. However,
the first-order upwind difference is used to discretize the
nonlinear advection terms which can lead the scheme to
become susceptible to numerical diffusion and dissipation
(Son, Lynett, and Kim, 2011).

The procedure to model the evolution of the shore-
line is straightforward and follows a finite-volume-like ap-
proach with the specification of a minimum allowable depth.
It is comparable to the approaches of Imamura, Yalciner,
and Ozyurt (2006) and Liu, Woo, and Cho (1998). An
additional countermeasure is employed to avoid negative
depths by multiplying each of the outgoing volume fluxes
by a constant, A (as defined by Equation (3)), in a given
computational cell where a negative depth occurs. Equa-
tion (1) is then recalculated to conserve volume (Fukazawa
and Tosaka, 2014).

 H"AzAy+ QinAt
B QoutAt

where Az and Ay are the grid sizes in the z and y Carte-
sian coordinate directions, respectively, and At is the time
step. Qout and @y, are the sum of the outgoing and inflow-
ing volume fluxes per tangential grid width (= Q;Axz;(1—
di;), respectively, where §;; is the Kronecker delta. Super-
scripts n and n+1 refer to the current time step and future
time step, respectively.

For flow overtopping sub-grid scale seawalls or break-
waters that are defined on cell boundaries, Honma’s empir-
ical weir overflow equation (Honma, 1940) is implemented
to estimate the volume flux at the cell boundary:

A for cell

0

Q; = CwHy/29Hy

where; v6i nhiing 6 luéi c6 H"™ < 0

(Imamura va Goto, 1988) vi cach bo tri luéi dan xen vé
thoi gian va khéng gian da cho phép dang tuyén tinh hoa
clia phuong trinh co ban (LSWE) trd nén chinh xac véi
bac 2. Tuy nhién, sai phan ngudc dong bac nhat duge ding
dé ri rac hoa nhitng s6 hang phi tuyén voén c6 thé khién
luge dd bi khuéch tan va tiéu tan s6 tri (Son, Lynett, va
Kim, 2011).

Quy trinh dé mo hinh ho4 dién bién duong b thi khong
phitc tap va theo céch tua nhu thé thich hitu han véi viec
chi dinh cho do sau cho phép t6i thiéu. Céch nay tuong
dong v6i phuong phap clia Imamura, Yalciner, va Ozyurt
(2006); Liu, Woo, va Cho (1998). Mot bién phép phong
ngita nita duge ding dén dé tranh do sau am bang cach
dem timg lwu lugng ra nhan v6i mot hiing s6, A (nhu dinh
nghia ¢ PT (3)) 6 nhing 0 tinh todn nio c6 do sadu am.
Phuong trinh (1) sé dugc tinh lai dé bdo toan thé tich
(Fukazawa va Tosaka, 2014).

3)

trong d6 Az vh Ay lan lugt 1a kich ¢d 6 1u6i theo cac
phuong toa do6 Dé-cac = va y, con At 1a buée thoi gian.
Qout VA& Qip 1an luct 13 tdng cac luu luong ra va vao trén
mdi bé rong lusi phuong tiép tuyén (= Q;Axz;(1 — &;5),
trong do6 d;; 1a delta Kronecker. Cac chi s6 n va n+ 1 lan
lugt chi bude thai gian hién thoi va bude thai gian tuong
lai.

V6i dong chay tran qua nhitng tudng bién hay dap pha
séng c¢d phan ludi da duge dinh nghia & canh 6 lu6i, phuong
trinh thuc nghiem chdy tran qua dap (Honma, 1940) duge
lap dé wdc tinh luu luong tai canh 6 ludi:

if Hy <0

if Hp < 2Hy

(4)

%CMHD\/GQ(HU — HD) if Hp > %HU

where Hy (= nu — zwan) and Hp(= np — zwau) are equal
to the equivalent water depths upstream and downstream
of the wall on the cell boundary, respectively (Hy > Hp),
Zwail 18 the level of the wall crest, and Cy, (= 0.35) is the
weir discharge coefficient. In addition, when modeling ver-
tical breakwaters of widths larger than the cell resolution
(defined by the bathymetry rather than just on a cell
boundary), another small adjusted is required. Usually,
the water depth on the boundary is found by averaging the
depths in the adjacent cell centers (cf. Pringle, Yoneyama,
and Mori, 2016; Pringle, 2016). However, at the point of
transition to the vertical breakwater, the depth should be
equal to the average of the free surfaces minus the eleva-
tion of the caisson height (higher than the ground level) in-
stead. This adjustment, in addition to a nonzero Fp value,
is employed when considering the flow over the submerged
caissons of the Kamaishi Bay offshore tsunami breakwater
in this study.

The model has been adapted to allow for the two-way
nesting of any number of computational grid layers with
increasing grid resolution approaching the nearshore area.
The time steps At are also set different in each layer to sat-
isfy the Courant—Friedrichs-Lewy (CFL) condition while

trong \dé HU(: Nnu — Zwall) va HD(: D — Zwall) tuong
tng bang cac do sau nudc phia thugng luu va ha luu cta
tudng dat & canh 6 luéi (Hy > Hp), zwaeu 12 cao trinh
dinh tuong, con Cy, (= 0.35) la hé sb luu lugng dap tran.
Ngoai ra, khi mo hinh hoé céc dap phé séng thing ding
¢6 bé rong vugt qua do phan giai 6 lusi (xac dinh bdi dia
hinh thay vi chi dya theo duong bién 6 luéi), can phai
c6 mot diéu chinh nhé khac. Thudng thi do sau nuée tai
dudng bién nay duge tinh bang trung binh do sau nuée
tai cdc tam ctia 6 1u6i ké véi né (xem Pringle, Yoneyama,
vad Mori, 2016; Pringle, 2016). Tuy nhién, & diém chuyén
tiép t6i thanh dap thing ding, do sau nay can duge tinh
bang trung binh cong clia hai cao trinh myc nuéc tru di
cao trinh thing chim (cao hon mat dat). Cach hi¢u chinh
nay, cong v6i mot gia tri khac khong Fp, duge dung khi
xét dong chay qua cac thung chim thudc dap pha séng
than ngoai khoi Vinh Kamaishi trong nghién cttu nay.
M6 hinh da duge diéu chinh dé cho phép ghép, theo
c& hai huéng, mot s6 lugng bat ki cac 16p ludi tinh toan
v6i do phan gidi lu6i tang dan khi tién gan bs. Bude thoi
gian At cxung dudc dat khac di ¢ ting 16p nhim thoa
mé diéu kign Courant—Friedrichs-Lewy (CFL) trong khi
van t6i wu hod hiéu suat tinh todn. Noi suy tuyén tinh



maximizing computational efficiency. Linear interpolation
is used to transfer volume flux and free surface information
between the nested layers. This two-way nesting procedure
(Pringle, 2016) has been compared with a similar method
(Imamura, Yalciner, and Ozyurt, 2006) by Nagashima et
al. (2015). The major difference is related to the order of
calculation and interpolation in the temporal dimension
(when time steps are different between layers).

dugc diing dé truyén thong tin vé luu lugng va muc nudc
gitta cac 16p ludi long ghép nay. Quy trinh 16ng ghép theo
c& hai huéng (song phuong) (Pringle, 2016) dudc so sénh
v6i mot phuong phép tuong ty (Imamura, Yalciner, va
Ozyurt, 2006) bdi Nagashima va nnk. (2015). Diém khéc
biét chinh c6 lién quan t6i bac phép tinh va noi suy trong
theo chiéu khong gian (khi cac buéi thoi gian 1a khac nhau
gitta cac 16p).

2.4 3D RANS Model | Mé hinh RANS 3 chiéu

2.4.1

3D RANS equations can be written in Einstein’s notation
as
Continuity:

Oi'ui
8£Ei

Momentum (i = 1, 2, 3):

Qui aui

where u; is the mean flow velocity component in the ith
direction, g; is the external force per unit volume, p is the
mean fluid pressure, p is the fluid density, v is the kine-
matic viscosity, v; is the turbulent viscosity that appears
after making the Boussinesq assumption. ” is the void
ratio of a computational cell, v is the aperture ratio of a
cell boundary in the ¢th direction and are used to enable
the partial occupation of a computational cell with an ob-
ject or bottom bathymetry. A two-equation eddy viscosity

k—e model is used for turbulence closure. Here, k(= u/u/

— 27T
is the turbulent kinetic energy, and €(= vu; ;u’; ; is the tur-
bulent energy dissipation rate, where «} is the turbulent
fluctuation component of the velocity from the mean flow
velocity u;. Two variants on the k—e model are used in this
study; the standard version (Launder and Spalding, 1974)
and the realizable version (Shih et al., 1995). To model
the free surface, the volume of fluid (VOF) calculation is
adopted where the equation for the advection of fluid in
terms of the cell volume fraction F' is solved:

oV F n OV Fu;

Governing Equations | Phuong trinh cg ban

4w — ._1@+i (V—i—u)%
ot “Jazj — i p O0x; ¢

Cac phuong trinh RANS 3 chiéu c6 thé duge viét dudi ki
phép Einstein nhu sau
Lién tuc:

=0

Dong lugng (i = 1, 2, 3):

(6)

8xi 8Ij

trong d6 u; 1a thanh phan luu téc theo phuong i, g; 1
ngoai lyc tac dung lén mdi don vi thé tich, p 1a ap suét
trung binh ctia chat luu, p 13 mat do chat luu, v 14 do nhét
dong hoc, v; 14 do nhét r6i xuat hién sau khi ap gia thiét
Boussinesq. 7Y 1a ti 1& rdng ctia 6 ludi, v* 1a ti 18 do mé
ctia duong bién 6 ludi theo huéng thit ¢ va duge ding dé
kich hoat su chiém chd 6 luéi béi vat thé hoiic dia hinh
d4y. Mot mo hinh nhét rdi hai phuong trinh k — e duge
ding dé khép kin réi. O day, k(= tufuf 1a dong nang réi,
13 t6c do tiéu tan nang lugng roi, trong

con €(= vuj jul
d6 ) 1a thanh phan dao dong rdi clia luu téc so véi tri
s6 luu téc trung binh u;. Hai bién thé ciia mo hinh k — €
duge ding trong nghién citu nay; phién ban tieu chuan
(Launder va Spalding, 1974) va phién ban hién thuc hod
(Shih v nnk., 1995). Dé mo hinh hoa bé mit thoang, da
stt dung cich tinh thé tich chat luu (VOF) trong do6 di giai
phuong trinh chuyén tai chat luu xét vé ti le thé tich F
trong 6 ludi:

=0

ot

2.4.2 Numerical Scheme | Lugc do s6

Equations (5) and (6) are discretized and solved on a stag-
gered grid. The discretization formulas are the first-order
Euler, third-order single-point upwind difference, and cen-
tral difference discretizations for time, advection, and all
other terms, respectively. Similar discretization of the k—e
model is performed except a second-order total-variation
diminishing scheme is utilized for advection. The veloc-
ity—pressure coupling numerical procedure is based on the
Simplified Marker and Cell (SMAC) algorithm (Amsden
and Harlow, 1970). The VOF calculation for modeling the
free surface uses the Piecewise linear interface calculation
(a variant on Youngs (1982)) method to discretize Equa-

6561‘

(7)

Cac PT (5) va (6) dugc roi rac hod va giai trén ludi dan
xen. Nhitng cong thic rdi rac bao gdm Euler bac nhat,
sai phan ngugc dong diém don bac 3, va rdi rac sai phéan
trung tam cho thoi gian, s6 hang déi luu va nhiing s6 hang
khac. Céch roi rac hoa tuong ty cho moé hinh ciing duge
thye hién, chi khac & chd diing mot luge dd total-variation
diminishing bac hai cho s6 hang déi luu. Quy trinh long
ghép luu tbc - 4p sudt duge dya trén thuat toan Marker
and Cell gidn hod (SMAC) (Amsden va Harlow, 1970).
Tinh toan VOF dé mo hinh hoa bé miit thoan da diung
phuong phap tinh giao dién tuyén tinh ghép manh (mot
bién thé theo Youngs (1982)) nham i rac hoa PT (7)



tion (7) in space and the first-order Euler difference is used
for temporal integration. Additionally, to specify the ac-
tual shape of an object or topographical surface in a cell,
an improved Fraction of Volume Obstacle Representation
(FAVOR) method is utilized. This means that even in free
surface cells that are partially occupied by an object (see
Figure 1), the correct slope and position of the free sur-
face interacting with the object may be considered while
conserving the volume fraction F'. The coefficients v* and
~% introduced in Equations (5)—(7) are necessary for the
implementation of FAVOR and are calculated through the
following operation (refer to Figure 1):

Yy =1-—
where Vipject refers to the volume of the object in the
computational cell and SAgpject to its surface area on the
y — z plane of the cell boundary. Similar expressions are
available for v and 77 on the other planes.

Hinh 1: | Fig. 1. Illustration of both
an object and fluid within a compu-
tational cell as described by the im-
proved FAVOR method used in this
study. e Minh hoa c& vat thé lan
chat luu trong mot 6 lusi nhu theo
mo t& bdéi phuong phap FAVOR cai
tién dung trong nghién cttu nay.

trong khong gian, con sai phan Euler bac nhat duge ding
dé tich phan thoi gian. Hon nita, dé chi dinh hinh dang
thuc té ctia vat thé hodac bé mat dia hinh trong 6 ludi,
mot phuong phap ti 1¢ bicu dién khéi vat thé (FAVOR)
cai tién dugce diing dén. Dieu nay nghia 14 ngay ca trong
nhing 6 mit thoang bi chiém chd mot phan bdi vat thé
(xem Hinh 1), ta vAn c6 thé xét ding do doc ciing nhu
toa do mat thoang tuong tac véi vat thé dong thoi bao
toan dugc phan thé tich F. Cac hé s6 v* va v da gi6i
thieu trong cdc PT (5)—(7) déu can thiét nhim thiyc hien
FAVOR va dugc tinh toan qua phép tinh sau (xem Hinh 1):

Vobject
AxAyAz (8)
(SAobject):c
AyAz )

trong do Vopjecy dung dé chi thé tich vat thé trong o ludi
con SAopject 12 dién tich bé mat trén mat phéng y — z ctia
dudng bien 6 luéi. Ciing c6 nhitng biéu thitc tuong tu cho
Yy VA g trén cac mat phéng con lai.

2.5 Two-way Coupling of 2DH NSWE and 3D RANS Models | Viéc long ghép song
phuong gitta cac mo hinh 2DH NSWE va RANS 3 chieu

The 2DH NSWE model grid layer with the finest resolu-
tion and the 3D RANS model domain are tightly coupled
considering two-way flow (Pringle, 2016). The basic calcu-
lation procedure has been described for the 1DH and 2DV
version, 2CLOWNS (Pringle, Yoneyama, and Mori, 2016).
Differences between 2CLOWNS and 2CLOWNS-3D arise
in the spatial direction due to the extra horizontal dimen-
sion and are thus highlighted in this section. Figure 2 gives
an illustration of the boundary interface between the 2DH
and 3D domains, in which the locations of the variables
featured in the equations within this section are indicated
(and the subscripts are defined in the caption). Note that
typically different At is used between each 2DH and 3D
domains but to simplify our explanation here, a constant
At is considered.

L6p lwéi mo hinh 2DH NSWE véi d6 phan gidi minh nhét
va mién mo hinh RANS 3 chiéu dugc 1ong ghép chat ché c6
xét t6i dong chay theo cé hai huéng (Pringle, 2016). Quy
trinh tinh todn co ban da dugc miéu ta cho cac phién ban
1DH va 2DV, 2CLOWNS (Pringle, Yoneyama, va Mori,
2016). Nhitng khac biét gitta 2CLOWNS va 2CLOWNS-
3D nay sinh do ¢6 them mot chiéu khong gian nim ngang,
va do vay sé dudc dé cap t6i trong muc nay. Hinh 2 cho
th&y minh hoa mit tiép giap gitta cac mién 2DH v 3 chiéu,
trong d6 c6 chi ra toa do dit céc bién trong phuong trinh
viét § muc nay (ciing véi nhitng chi s6 dinh nghia & tieu
dé hinh vé). Luu ¥ ring thudng thi cdc At khic nhau sé
dugce ding v6i cac mién 2DH va 3 chiéu nhung dé gian hoa
16i giai thich viét ra day, ching t6i sé diing At 1& hing s6.

2.5.1 3D RANS Boundary Condition | Diéu kién bién RANS 3 chiéu

In this study, the nondispersive NSWE equations are used.
This means that the domain of the 3D RANS model needs

Trong nghién citu nay, ta dung phuong trinh NSWE khong
phan tan. Didu d6 nghia la mién clia mé hinh RANS 3
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Hinh 2: | Fig. 2. Interface region between the 2D
NSWE and 3D RANS model in 2CLOWNS-3D with
the necessary variables required for coupling shown.
The subscripts have the following definitions: @, is
the a-direction flux (defined on cell edge), @, is the
y-direction flux (defined on cell edge), ¢ is the center
cell (free surface) or edge (velocities) between model
interface, w is the one cell /edge west of center, e is the
one cell/edge east of center, E is the two cells/edges
east of center, n is the one cell/edge north of center, s
is the one cell/edge south of center, L is the left half
of the sub-grid, R is the right half of the sub-grid, U
is the upper half of the sub-grid, and D is the lower
half of the sub-grid. e Vung tiép gidp giita mo hinh
NSWE 2 chiéu va RANS 3 chiéu trong 2CLOWNS-3D
véi cac bién thiét yéu sé can dén cho viéc 1ong ghép 6
day. Céc chi s6 duéi duge dinh nghia nhu sau: Q, 1a
thong lugng theo phuong « (dinh nghia & canh bén 6
luéi), @, 1a thong lugng theo phuong y (dinh nghia &
canh bén 6 1uéi), ¢ 1a 6 trung tam (mit thoang) hay
canh bén (luu tbc) gitta mat tiép gidp mo hinh, w 1
mot 6/canh léch vé phia tay so vé6i trung tam, e la
0/canh léch dong so véi trung tam, E 1a hai 6/canh
lech dong so vdi trung tam, n 14 6/canh léch bac so
v6i trung tam, s 14 6/canh léech nam so véi trung tam,
L la nita trai phan luéi, R 1a nita phai phan luéi, U
l1a nita trén phan ludi, va D la nita du6i phan luéi.



to be large enough so that the pressure is essentially hydro- chiéu phai dua 16n dé ap suét c6 thé coi nhu thuy tinh,
static, and the vertical profile of the horizontal velocities v& profin phuong ding clia luu tdéc huéng ngang phai gan
is close to uniform at the interface between the models. nhu déu dan & mit tiép gidp gifta cdc mo hinh. Néu coi
Assuming this is the case, a no gradient condition on the nhu viy, thi ta sé 4p dung diéu kién khong gradien cho ap
pressure at the boundary is applied when solving the Pois- suat tai bién khi gidi phuong trinh ap suét Poisson. Dé so
son pressure equation. In comparison, Takase et al. (2016) sanh, Takase va nnk. (2016) lai thit chit yéu cau ap suét
strongly enforce the hydrostatic pressure at the boundary, thuy tinh tai bién, song nhitng khac biét vAn nho mién 1a
but the differences should be small as long as the domain mién dii rong dé dam bao cho dong chay trong moé hinh
is large enough to ensure the flow in the 3D RANS model RANS 3 chiéu ban than né s& gan nhu thuy tinh & sat
itself is close to hydrostatic near the boundary. duong bién.

A uniform velocity profile for the horizontal velocities Mot profin déu cl@ia van téc huéng ngang dude tinh
is calculated by u, , = Uc = Quc/Hye. However, due tore- b6i ucp = Uo = Que/Hge. Tuy nhién, do nhing han
strictions on the domain size, it may be appropriate to in- ché vé kich ¢& mién, c6 thé sé thich hgp dé gisi thieu
troduce an arbitrary velocity distribution so that vortices mot dang phan bd luu tdc tuy ¥ sao cho cac xody quay
rotating in the vertical plane may freely cross the bound- trong mat phing thing ditng cé thé tuy ¥ cit qua dudng
ary. Following Fujima, Masamura, and Goto (2002) and bién. Theo Fujima, Masamura, va Goto (2002) ciing nhu
Pringle, Yoneyama, and Mori (2016), this can be achieved Pringle, Yoneyama, va Mori (2016), diéu nay c6 thé dat
by setting the difference in the fluctuation from the depth- dugc bang cach dit hiéu sé nhiéu dong tit luu tdc trung
averaged velocity to zero across the boundary: binh do6 sau vé bang 0 doc theo dudng bién:

Voer(Ferk + Ferk)
YoerFer + Ferk)

The ratio of the F' volume fractions and aperture ratios S6 di xuét hien ti sb giita phan thé tich va ti le ma 2
72 exists to ensure that the volume flux Q). is conserved.
The idea is the same for both the normal and tangential
velocities.

The rest of the problem relates to obtaining the depth-
averaged velocities in the correct locations. The normal ve-
locity U, falls directly on the boundary interface so inter-
polation in the normal direction is not required; however,
it may need to be interpolated in the tangential direction
if the horizontal resolution is different, e.g. to get U, in

Uep = Ue + (tep — Ue) (10)

13 dé ddm bao cho luu lugng Q.. dudge bao toan. Y tudng
nay 1a nhu nhau véi ca cac van téc phuong phap tuyén va
tiép tuyén.

Phan con lai ciia bai toan c6 lién quan t6i viec thu dude
nhitng van téc trung binh d6 sau § cac vi tri ding. Van
téc hudng phap tuyén U, roi thing vao mit tiép giap, bai
vay khong can phai noi suy ra van tdc phap tuyén. Tuy
nhién, c6 thé sé phai noi suy theo huéng tiép thugen néu
do phan giai huéng ngang khac di, chéng han dé thu dugc

Figure 2: U, trén Hinh 2:
U. = (AyNSWE - O-SAyRANS)Q:vc/H:vc + 0-5AyRANSQws/Hms (11)
¢ Aynswe
The tangential velocity V. is a boundary condition for Van téc hudng tiép tuyén V, 13 mot diéu kien bien cho

the adjacent velocities inside the 3D domain. Interpolation c4c van t6c ké véi né trong mién 3 chiéu. Viéc noi suy theo
in the tangential direction may be necessary depending on huéng tiép tuyén cé thé sé can thiét phu thuoc vao toa do
its position, achieved in a similar way to Equation (11). ¢fia né, nhan duge theo cach tuong ty nhu PT (11). Trong

In the case of V. in Figure 2, only interpolation along the trudng hop V, trén Hinh 2, chi can noi suy doc theo huéng
normal direction is required: phap tuyén:

V.=

(AstwE + AxRANs)) Qye N <A$NSWE - AxRANS)) Qye (12)

2ATNSWE Hye 2AzNsWE Hy

Pringle, Yoneyama, and Mori (2016) showed that with Pringle, Yoneyama, va Mori (2016) cho thay ring vé
regards to the vertical velocities, a no gradient condition c4c luu téc phuong thing ding, mot diéu kien khong gra-
for w, , is a simple and effective boundary condition, i.e. dien cho ek 1& mot diéu kien bién don gidn va hiéu qua,
We,k = We, and is adopted here also. The free surface nghia la wej = we x, ma & day ciing duge st dung. Cao
level is defined inside the boundary in terms of the cell trinh mat thoang dugce dinh nghia phia trong bién theo ti
volume fraction, F. to ensure that the correct volume 1lg phan thé tich 6 luéi, F.; nhim dam bao ring gia tri
flux is transported into the domain via the VOF method. ding ctia luu lugng dugc truyén vao mién tinh qua phuong
F.x, is determined by linear interpolation of 7. and 7. in  phap VOF. F.j dugc xac dinh bing ndi suy tuyén tinh

the NSWE model: clia 7, va 1. trong mo hinh NSWE:
0, lek Z ’r/Za
For=41, ifzp 1 <77, (13)

(nk — zr)/Az, otherwise/TH con lai.
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*

AznswE + ATRANS)

Aznswr — ATRANS)

Ne =

(

With regards to the turbulent quantities, an assump-
tion is made that there is some small ambient turbulent
intensity, I, and ratio of turbulent viscosity to kinematic
viscosity, v, on the lateral boundary. These also double
as initial conditions. k. and €. j are then evaluated as

2AZNSWE

o )

Xét vé cac dai luong r6i dong, chiing t6i gid sit ring
c6 cuong do r6éi nhé trong moi trudng nudce, Iy, va c6 ti s6
gitta do nhét rdi va do nhét dong hoc, v, tai bién ngang.
Céac dai lugng nay duge nhan doi cho diéu kién ban dau.
Khi d6, k. i va €. dudc xac dinh nhu sau

2AZNSWE

1 2

key = 3 (\/ ghDIb> (14)
k2 &

€k = Oy .y (15)

where C,,(= 0.09) is a coefficient of the standard k- model,
and hp is a characteristic depth of the domain. For exam-
ple Lin and Liu (1998) have suggested I;, = 2.5 x 1073 and
vy = 0.1 as suitable values; however, in the ocean, one
would expect v, to be on the order of at least 100 based
on background values of vertical shear instability, internal
wave breaking, and double diffusion (Large, McWilliams,
and Doney, 1994).

trong d6 C,(= 0.09) 1& mot he s6 tir mo hinh k-e tieu
chudn, con hp la do sau dic trung ctia mo hinh. Chéng
han, Lin v& Liu (1998) da khuyén nghi cac gia tri phu hgp
1a I, = 2.5 x 1072 v& v, = 0.1; tuy nhién, ngoai bién, ta
can dy tru ring v,, phai it nhat 14 bing cd 100 dya trén
céc gia tri nén ciia do bat 6n dinh trugt phuong diing, song
vd noi, va khuéch tan kép (Large, McWilliams, va Doney,
1994).

2.5.2 2DH NSWE Boundary Condition | Diéu kién bién NSWE 2 chiéu

The boundary condition for the 2DH NSWE model sim-
ply involves finding the free surfaces and volume fluxes
in the 3D RANS domain through free surface detection
methods and vertical integration respectively. These are
used as ghost cells for the finite-difference stencil of the
2DH model at the boundary to the 3D domain when re-
quired. In the case of different horizontal resolutions, the
free surfaces and volume fluxes are transferred onto the
2DH NSWE mesh through a simple averaging procedure.
For example, to get n,. from Figure 2 (z-y plane), the
following operation is performed:

_ Mo +Nep +NLu + MU

Dbiéu kién bién cho mé hinh NSWE 2 chieu NSWE don
gian la viéc tinh cac cao trinh m#t nuée va luu lyng trong
mién RANS 3 chiéu, 1an lugt bing phuong phap xic dinh
mat thoang va tich phan phuong ding. Nhitng thong tin
nay duge dung lam 6 4o cho khung méu sai phan hitu han
trong mo6 hinh 2 chiéu tai bién véi mién 3 chiéu khi can.
Trong truong hgp ma do phan giai phuong ngang la khac
nhau thi cdc bé mat thoang va luu lugng duge truyén vao
lu6i NSWE 2 chiéu qua céch trung binh hoa don gian.
Chang han, dé c6 dudc 7, tit Hinh 2 (mit phing a-y),
can thyc hién phép tinh sau:

ne

Typically, for visualization purposes, all the informa-
tion from the 3D RANS mesh is transferred onto the 2DH
NSWE mesh even though only required values are used
up to the edge of the finite-difference stencil of the 2DH
model around the 2DH-3D interface as necessary.

: (16)

Thong thuong, dé tryc quan hoa, tat ci moi thong tin
tir lugi RANS 3 chiéu duge truyén vao lusi NSWE 2 chiéu
mic du chi nhitng gia tri dudc yéu cau dén cho dén vién
clia khung méu sai phan mo hinh 2 chiéu quanh mat tiép
giap 2 chiéu — 3 chiéu khi can.

3 Setting and Numerical Setup | Dic diém dia ly va thiét lap mo hinh

3.1 Kamaishi Bay and Offshore Tsunami Breakwater | Vinh Kamaishi vA Dé chian séng

than ngoai khoi

Kamaishi Bay is located in Iwate Prefecture, on the San-
riku ria coastal area of Japan. Kamaishi Bay is separated
from Ryoishi Bay in the north by a short peninsula and
Toni Bay in the south by a longer peninsula. At the mouth
of Kamaishi Bay existed the deepest offshore caisson break-
water in the world extending to a maximum depth of 63 m
and spanning a total of almost 2 km in length (Arikawa et
al., 2012). It was constructed for the purpose of protect-
ing Kamaishi City from tsunami attacks. The breakwater’s
crest height sits at 6 m above average low tide level in the

11

Vinh Kamaishi ndim & Tinh Iwate, Nhat Ban, trén ving
bo bién Sanriku — mot bd bién dang ria. Vinh Kamaishi
tach biét véi Vinh Ryoishi vé phia Bic bdi mot ban dao
ngan va v6i Vinh Toni vé phia Nam bdi mot ban dao dai
hon. O ctia Vinh Kamaishi c6 ton tai mot dap pha séng
thimg chim xa bd sau nhat thé gisi, né vuon ra do sau t6i
da 1a 63 m va trai dai sudt gan 2 km (Arikawa va nnk.,
2012). Cong trinh nay duge xay dyng nhim bao vé thanh
phé Kamaishi khéi bi séng than tan pha. Dinh dap c6 cao
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bay (L.W.L) and is formed from up to 36,000 t trapezoidal
and rectangular caissons sitting on a layer of armor rock
and rubble mound with a 2:1 slope. The offshore tsunami
breakwater has two main sections, north and south that
span 990 and 670 m, respectively. They are connected by a
submerged opening section where the crest height is L.W.L
—19.0 m allowing vessels to traverse through. The positions
and depth contours of the breakwater are shown in Figure
3(b).

During the 2011 Tohoku-oki Earthquake Tsunami, the
wave motion on and over the structure induced failure of
the breakwater caissons, causing them to either slide out
or lean out of position. A schematic of the breakwater is
shown in Figure 4 where caissons are marked red indi-
cating failure. Despite its failure, survey results of water
marks by TTJS (Mori and Takahashi, 2012) indicate that
the inundation levels were considerably lower within Ka-
maishi Bay, compared to levels at adjacent Ryoishi Bay
where an offshore tsunami breakwater was not present.
Previous numerical studies have also indicated that the
breakwater likely reduced the tsunami heights into the
bay by 25-40% (Mori, Yoneyama, and Pringle, 2015) and
mean maximum inundation depths by 55% (Arikawa and
Oie, 2015).

Hinh 3: | Fig. 3. (a) Bathymetry in the largest
2DH NSWE mesh layer (resolution is 1350 m) with
dashed black rectangles indicating the boundaries
of the four other higher resolution 2DH NSWE
mesh layers (450, 150, 50, 10 m). The red-blue
filled contour plot shows the total vertical defor-
mation of the ground due predicted by the Sa-
take v8.0 (Satake et al., 2013) source model of the

”ié 5 2011 Tohoku-oki Earthquake Tsunami (note that
4 g absolute vertical deformation smaller than 0.2 m
3 ;E is not plotted for figure clarity purposes). Anno-
1IJ O tated triangles indicate the locations of the four
:12 E offshore GPS buoys closest to Kamaishi Bay. (b)
-E £ Bathymetry/Topography up to T.P. 440 m in the
5 £ highest resolution 2DH NSWE mesh layer (10 m)
_;E = with the offshore tsunami breakwater included.
The dashed black rectangle indicates the boundary

of the 3D RANS mesh. e (a) Dia hinh ddy trong

luéi NSWE 2 chiéu 16n nhat (do phan giai 1350 m)

vién chit nhat nét dit mau den chi ra dudng bién

ctia bén 16p luéi NSWE 2 chiéu véi do phan giai

cao hon (450, 150, 50, 10 m). Biéu dd dong miic

t6 mau xanh-dé cho thiy do bién dang mit dat

40 theo phuong thang ding du béao béi mé hinh nguon
g Satake v8.0 (Satake va nnk., 2013) cho tran dong
10 dat Tohoku-oki 2011 (luu ¥ ring dé ré rang, & day
g khong vé do bién dang ding tuyet déi nhé hon
-5 0.2 m). Cac ki higu tam gidc chi ra vi tri bén phao
:;_,g GPS ngoai khoi gan sat Vinh Kamaishi nhat. (b)
-40 Dia hinh day lén t6i T.P. +40 m trong luéi NSWE
ﬁ 2 chiéu v6i do phan giai cao nhat (10 m) trong do6
-110 vach ra dap chin séng ngoai khoi. Hinh chit nhat

vién dit nét den cho thay dudng bien lugi RANS
3 chiéu.

trinh 6 m trén muc nude triéu thap trung binh trong vinh
(L.W.L) va dugc cau thanh tit nhing thing chim 36.000
tan dang hinh thang v& chit nhat dat trén 16p d4 phil va
d4 hoc do réi véi mai déc 2:1. Dap pha séng xa bd ¢ hai
doan chinh, doan Bic trai dai 990 m vd doan Nam trai
dai 670 m. Ching dudc két ndi béi mot doan md véi cao
trinh dinh 13 L.W.L —-19.0 m, cho phép tau thuyén qua lai.
Vi trf va chiéu dai cac dudng dong mic day clia dap pha
séng dugce chi ra trén Hinh 3(b).

Trong dgt Dong dat song than Tohoku-oki nam 2011,
chuyén dong séng tac dong vao va vigt qua cong trinh da
dan t6i pha huy cac thiing chim, khién ching bi trugt ra
hoéc x6 léch khoi vi tri. Hinh 4 s hoa dap pha séng trong
d6 céc thiing chim t6 mau doé thé heiejn bi hu hai. Mac dit
c6 hu hai nhu vay song két qua khao sat nhitng vét mic
nude thye hién béi TTJIS (Mori va Takahashi, 2012) lai
cho théy ring mitc do ngap lut & trong Vinh Kamaishi lai
thap hon dang ké so véi cac muc nude ¢ Vinh Ryoishi ké
v6i n6 — noi khong c6 dap pha séng. Nhitng nghién citu mo
hinh s6 truéc day ciing cho thiy nhié¢u kha ning ring dap
pha séng da lam gidm chiéu cao séng than trong vinh di
khoang 25-40% (Mori, Yoneyama, va Pringle, 2015) ciing
nhu gidm do sau ngap lut t6i da di 55% (Arikawa va Oie,
2015).
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Hinh 4: | Fig. 4. Sketch of Kamaishi
Bay breakwater with the damaged caissons
shaded red and yellow. Front on view and
cross-section of the submerged breakwater
opening; adapted from Arikawa et al. (2012).
e S0 hoa dap chin séng Vinh Kamaishi véi
cac thung chim hu hai dugc t6 mau do va
vang. Cac hinh chiéu phia truéc va mit cit
ngang khoang md ctia dap chén séng; chinh
ly tit Arikawa va nnk. (2012).

3.2 Bathymetry Data and Computational Meshes | S6 liéu dia hinh va lué6i tinh

3.2.1 2DH NSWE Data and Mesh | S6 lieu NSWE 2 chiéu va luéi

In all the simulations bathymetry and topography data
from Kotani, Imamura, and Shuto (1998) with five lev-
els of resolution (Figure 3), 1350, 450, 150, 50, and 10 m
are used (the computational grid sizes are set equal to
the bathymetric resolution). The data from the first four
mesh layers were created in the old Tokyo datum geode-
tic system with the origin point at UTM 143° longitude
and 0° latitude. A total of 500 km was added onto the
easting coordinate to avoid negative numbers. To gener-
ate the 10-m mesh, bathymetry from the 50-m data set
was combined with 0.2 arc-second (= 5 m) mesh Digital
Elevation Measurement topography data (Geospatial In-
formation Authority of Japan, 2009). All ground levels are
given in T.P (=L.W.L. + 0.86 m), the mean sea level in
Tokyo Bay.

Roughness data in the form of Manning’s n friction co-
efficients are included in the data set that varies through-
out the domain depending on the land use. Manning’s n is
equal to 0.025 sm~1/3 in offshore areas, 0.020 sm™!/3 over
farmland, 0.030 sm~'/3 over forestland, and 0.040 sm~'/3
in populated areas as described in Kotani, Imamura, and
Shuto (1998). Sub-grid scale levee crest heights are also
contained in the data set and these are set on the cell
boundaries using Equation (4) to calculate the volume
fluxes here.

3.2.2 3D RANS Mesh | Luéi RANS 3 chiéu

Tét ca nhing mo phéng & day déu ding s6 licu dia hinh ti
Kotani, Imamura, va Shuto (1998) véi nam cap do phan
gidi (Hinh 3) bao gdm 1350, 450, 150, 50, va 10 m (kich
¢6 0 luéi tinh duge dat bing do phan gidi dia hinh day).
S6 ligu tit bén 16p lusi dau tien duge tao nén tit hé théng
mbc tric dia cil cta Tokyo véi diém gbc dat tai kinh do
143°% va vi do 0°2 UTM. Dé tranh cho ra s6 am, toa do
huéng dong dude cong véi 500 km. Nham tao lusi 10-m,
dia hinh day tit bo s lieu 50-m dugc két hop véi sb licu
dia hinh do cao do s6 ludi 0.2 giay (=~ 5 m) (Geospatial
Information Authority of Japan, 2009). Tat c& cao trinh
mat dat duge quy vé T.P (=muyc nude thap + 0.86 m), 1a
muc nudc trung binh trong Vinh Tokyo.

S6 lisu do nham duéi dang hé s6 ma sat Manning n
dugc bao gom trong s6 lidu, hé s6 nay bién dong trén
toan micn tuy theo tinh trang st dung dat. He s6 n bang
0.025 sm~1/3 & ving ngoai khoi, 0.020 sm~!/3 trén canh
dong, 0.030 sm~1/3 tren dat rimg, va 0.040 sm~—/3 § cac
ving dan cu, theo Kotani, Imamura, va Shuto (1998).
Trong bo s6 lieu ciing c6 cao trinh dinh cac bs dé & miic
do6 chi tiét phan lusi; cac tri sé nay dude dit cho bién 6
lusi bing PT (4) dé tinh ra luu lugng.

The same bathymetry/topography data from the 2DH NSWECuing v6i s6 lieu dia hinh déy tit 16p lugi NSWE 2 chiéu

10 m mesh layer are used to form the 3D RANS mesh
in a localized region around the breakwater opening as
shown in Figure 3(b). The extent of the domain and grid
sizes is estimated based on the experimental studies of Fu-
jima, Masamura, and Goto (2002) and Fujima (2006) (de-
noted FJexp) where a long sinusoidal tsunami-like wave
was propagated through a breakwater opening (and over a
submerged structure in Fujima (2006)). The setup in these
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do phan gidi 10 m duge ding dé hinh thanh lusi RANS
3 chiéu trong mot vimg nodi bo bao quanh cita dap pha
song nhu tréen Hinh 3(b). Pham vi mién tinh va kich ¢d
6 lu6i duge uée lugng dya theo nhitng nghién cdu thuc
nghiém bdéi Fujima, Masamura, va Goto (2002) va Fujima
(2006) (viét tat 1a FJexp) trong d6 con séng dai hinh sin
tua séng than lan truyén qua ctta dap phé séng (va qua
cong trinh ngdm trong nghién ctu Fujima (2006)). Cach
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Hinh 5: | Fig. 5. Time series of sur-
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face elevation (T.P. m) at the four GPS
buoys operated by PARIa2011 that are
closest to Kamaishi Bay during the
2011 Tohoku-oki Earthquake Tsunami.

Comparison of 2CLOWNS-3D simu-

lation results using the Satake v8.0
kinematic source model (Satake et al.,
2013) with observations. e Chudi thoi
gian ctia myc nuée (T.P. m) tai bon

10 T

Cental lwate vi tri sat Vinh Kamaishi nhit trong
0 \G,J\J)W tran dong dat séng than Tohoku-oki

-10 :

T

phao GPS van hanh bdi PARIa2011 ¢6

nam 2011. So sanh gitta két qui mo
phéng 2CLOWNS-3D st dung t6i mo
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120 hinh ngudn dong hoc Satake v8.0 Sa-
take et al., 2013) v két qua do dac.

Hinh 6: | Fig. 6. Filled contour plot of the max-
imum calculated free surfaces, Mmax (in T.P. m)
from the 2CLOWNS-3D simulation on the 2DH
NSWE 10 m mesh. Filled circles indicate TTJS
survey measurements (Mori and Takahashi, 2012).
The dashed rectangle indicates the location of 3D
RANS mesh. e Biéu do khoang dong miic mau thé
hién myc nude t6i da tinh toan, Pmayx (theo T.P. m)
tt mo phong 2CLOWNS-3D trén luéi 2DH NSWE
do phan gidi 10 m. Cac hinh tron thé hien do dac
qua khéo sat TTJS (Mori va Takahashi, 2012).
Hinh chit nhat nét didt cho thiy vi tri lugi RANS
3 chiéu.
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Hinh 7: | Fig. 7. Comparison of run-
up/inundation heights, Mmax from the
2CLOWNS-3D and 2DH NSWE model
simulations versus TTJS survey mea-
surements (Mori and Takahashi, 2012).
Left plot shows the comparison in
bays surrounding Kamaishi (Toni, Ry-
oishi, and Otsuchi), while the right
plot shows the comparison inside Ka-
maishi Bay. The geometric mean K
and the geometric standard deviation
£ (Aida, 1978) between simulated and
measured 7pax are also indicated. e So
sanh gifta chidu cao séng leo/ngap lut,
Nmax bl cAc md phéng bing mo hinh
2CLOWNS-3D va 2DH NSWE model
véi két qua do dac qua khéo sat TTJS
(Mori va Takahashi, 2012). Biéu do bén
trai cho thiy so sanh trong cic vinh
bao quanh Kamaishi (Toni, Ryoishi,
va Otsuchi), con biéu dd bén phai cho
th&y so sanh trong Vinh Kamaishi. Tri
s6 trung binh hinh hoc K va do6 léch
chuan hinh hoc s (Aida, 1978) ciing
dugc thé hien gifta cAc Nmayx MO phéng
va do dac.

Hinh 8: | Fig. 8. Time series of
the horizontal volume flux per
unit width @, (averaged in the
north-south direction) over the
submerged opening of the large-
scale offshore breakwater during
the 2DH NSWE and 2CLOWNS-
3D simulations. Two 2DH NSWE
simulations are conducted where;
Fp = 0 and, Fp = 0.5. e Chudi
thoi gian clia luu lugng hudng
ngang @, trén méi don vi bé rong
(lay trung binh theo huéng Bac-
Nam) thong qua ctta dap chén
séng quy mo 1én; md phéng bing
cidc md hinh NSWE 2 chiéu va
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2CLOWNS-3D. Hai mdé phéng
NSWE 2 chiéu dugc tién hanh
v6i Fp = 0 va Fp = 0.5.



|FD| [kN/m]

—
L)
St

Northing [10° m]

—
o
L=

Northing [10% m)

IM_ | [MN.m/m]
(s3]

Hinh 9: | Fig. 9. Time series of the
forces on the submerged caissons for
the 2CLOWNS-3D and 2DH NSWE
simulations. (a) Magnitude of drag
force per unit width, |Fpl, (b) magni-
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tude of overturning moment per unit
width about the caisson heel, |Mp|.
The shaded areas indicate the range
of forces over the width of the sub-
merged breakwater opening while lines
indicate the mean value. @ Chudi thoi
gian cta lyc tac dung lén cac thung
chim trong cac moé phong 2CLOWNS-
3D va NSWE 2 chiéu. (a) Do lén ctia
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, khodng gia tri cac luc trén bé rong ciia
120 cita dap chim con cac dudng ké biéu thi
gia tri trung binh.

lyc can trén méi don vi bé rong, |Fp,
(b) do 16n mo-men 1at trén mdi don vi
bé rong trén chan dé thing chim, |[Mp)|.
M Cac dién tich dugc t6 mau cho thiy
o
80

Hinh 10: | Fig. 10. Filled contour plot
of the maximum calculated magnitudes of
the depth-averaged velocities, |U|max during
model simulations on the 10 m 2DH NSWE
mesh. (a) 2DH NSWE, (b) 2CLOWNS-3D
dashed black rectangle indicates the extent
of the 3D RANS domain. e Biéu dd khoang
dong mitc mau thé hien luwu toc toi da lay
trung binh do sau, |U|max trong mod phéng
trén lusi NSWE 2 chiéu do phan gidi 10 m.
(a) NSWE 2 chiéu, (b) 2CLOWNS-3D, hinh
chit nhat nét dat thé hien pham vi mién
RANS 3 chiéu.



experiments is directly comparable to the current scenario
because their prototype scale of 1/200 implies a water
depth, h = 60 m. This is equivalent to the representative
depth in the vicinity of the Kamaishi Bay breakwater. In
FJexp, the domain was chosen to be square-shaped with
lengths equal to three times the width of the breakwater
opening. The width of the Kamaishi Bay breakwater open-
ing is approximately 310 m. Thus, the width (north-south
direction) of the domain is selected to be 930 m in this
study centered on y = 4345,165 m northing. The length
(east—west direction) scaling was chosen to include a com-
parison of the Froude numbers, F'r of the waveforms be-
tween FJexp and the one near Kamaishi Bay breakwater
so that the length of the turbulent jet structure that we
wish to capture in the 3D RANS model does not extend
beyond the domain.

Making the linear long wave assumption implies F'r ~
H/h, the dimensionless wave height. The equivalent pro-
totype wave height in FJexp is H = 4 m and the leading
positive wave measured at South Iwate (the offshore buoy
closest to Kamaishi Bay) in h = 204 m has H = 6.7 m (Fig-
ure 5). H at the breakwater (h ~ 60 m) can be estimated
using Green’s law to be H ~ 9.1 m. This implies that F'r is
2.3 times as large in the current scenario in comparison to
FJexp for the inundating flow. Hence, the length of the do-
main onshore of the breakwater should in fact be approx-
imately (3)(2.3) = 6.9 times the width of the breakwater
opening, equivalent to roughly 2100 m. Similarly for the
maximum drawback flow, we take H =~ —3.0 m recorded
at South Iwate at 46 min after the earthquake rupture
(Figure 5). This gives H ~ —4.1 m at the breakwater and
thus the length of the domain offshore of the breakwater
should roughly be the same as FJexp, i.e. three times the
width of the breakwater, 930 m. z = 408,150 m easting is
taken as the center of breakwater where we measure the
offshore and onshore distances.

The scaling in FJexp implies that the horizontal res-
olution on the prototype scale was set to 10 m, the same
resolution as the finest 2DH NSWE mesh layer in this
study. Hence, 10 m horizontal resolution is also adopted
for the 3D RANS mesh. The vertical grid size (Az) in FJ-
exp was half that at 5 m. However, since Fr is 2.3 times
the size for the inundation flow in our setup, we reduce
Az to 2.2 m.

In addition, to justify that coupling for this specific
scenario is reasonable, appropriate dimensionless variables
introduced in Pringle, Yoneyama, and Mori (2016) can be
calculated and compared with the suggested applicable
range. Following Chan and Philip (2012), a crude esti-
mate of the slope from between South Iwate wave buoy
and Kamaishi Bay is given as s = 1/70, where the buoy is
at an offshore depth of hy = 204 m. The peak wave ampli-
tude was recorded as Ag = 6.7 m (A = Ao/ho = 0.033) at
this location, and Chan and Philip (2012) approximate the
effective wave length to be Ly = 45 km. The dimension-
less slope parameter is thus Sy = sLg/hg = 3.15. Pringle,
Yoneyama, and Mori (2016) suggest that if SOA670'5 >1.9
and Sps~ 1995 > 6.3, then coupling can occur anywhere on
a sloping beach even close to the shoreline, and errors as-
sociated with coupling will be less than 1%, respectively.
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thiét lap nhiing thi nghieém cé thé so sanh truc tiép véi
kich ban dang xét vi ti 1é nguyen hinh 1/200 ngu § réng
do sau nude 1a h = 60 m. Tri s6 nay tuong duong véi do
sau dai dién & lan can dap pha séng Vinh Kamaishi. O
FJexp, mién tinh dudc chon la hinh vuéng véi chidu dai
gap ba lan bé rong cita dap. Bé rong clia dap pha soéng
Vinh Kamaishi thi vio khoadng 310 m. Do vay, bé rong
(huéng Bac-Nam) ctia mién tinh duge chon bang 930 m,
dat tam tai toa do y = 4345,165 m bac. Ti lé chidu dai
(huéng Dong-Tay) duge chon nham bao gom so sanh s
Froude, Fr clia cac dang séng gitta FJexp va séng gan dap
Vinh Kamaishi, sao cho chié¢u dai ctia ciu tric ludng tia
réi trong mod hinh RANS 3 chiéu, ma ta mudn nim bat,
khong bi viiot ra ngoai khéi pham vi mién tinh.

Khi van dung gia thiét séng dai tuyén tinh dong thoi
da ngu y rang Fr ~ H/h, chiéu cao séng phi tht nguyen.
Chiéu cao séng nguyén mau tuong duong trong FJlexp 1
H = 4 m con dot séng duong dan trude, da do duge tai
Nam Iwate (phao do ngoai khoi gan Vinh Kamaishi nhat)
ndi do sdu h = 204 m, ¢c6 H = 6.7 m (Hinh 5). H tai dap
pha séng (h ~ 60 m) c6 thé wéc tinh dugce bing dinh luat
Green, cho ta H ~ 9.1 m. Diéu nay ngu ¥ ring & kich ban
hién tai Fr 1én gap 2.3 lan so véi truong hgp FJexp khi
xét dong chdy ngap. Béi vay, chiéu dai clia mién tinh ti
tuyén dap vé phia bo thyc ra chi xap xi bang (3)(2.3) =
6.9 lan bé rong clia ctta dap, tic 1a xap xi bing 2100 m.
Tuong ty déi v6i dong rit cye dai, ta ldy H ~ —3.0 m do
dugce tai South Iwate vao lac 46 phut sau dut gay dong
dat (Hinh 5). Béng cach nay cho ta H ~ —4.1 m tai tuyén
dap va do d6 chiéu dai mién phia ngoai khoi dap can phai
xap xi bang v6i Flexp, nghia la gap ba lan bé rong dap,
930 m. Toa do huéng Dong x = 408,150 m duge chon lam
tam tuyén dap, tit d6 ta do cac khodng cich ra xa bd va
vao dat lién.

Cach gian tf lé trong FJexp ngu y ring do phan giai
huéng ngang ddi véi ti 1é nguyén hinh duge dat bang 10 m,
chinh 13 d6 phan giai 16p lugi NSWE 2 chiéu min nhét
trong nghién ctu nay. Do vay, do phan giai ngang 10 m
cling dude chon cho lugi RANS 3 chidu. Kich ¢6 6 luéi
phuong thing ding (Az) trong FJexp bing mot nita con
56 d6, tic 13 5 m. Tuy nhién vi Fr lai 16n gap 2.3 lan kich
thuéce dong chay ngap lut da dugc thiét lap, nén ching t6i
gidm Az xudng chi con 2.2 m.

Ngoai ra, dé lap luan ring viéc 1ong ghép téng kich ban
nay la thod dang, thi nhitng bién s6 phi thi nguyén nhu
da gidi thiéu trong Pringle, Yoneyama, va Mori (2016) c6
thé dugc tinh ra va so sanh véi khodng gia tri 4p dung
duge khuyén nghi. Theo Chan va Philip (2012), viéc ude
tinh tho s6 do déc day giita phao do séng Nam Iwate vi
Vinh Kamaishi duge cho bdi s = 1/70, trong d6 phao duge
dat 6 vung nudc c6 do sau hg = 204 m. Tai day, bién do
song t6i da do duge 1a Ag = 6.7 m (A = Ag/ho = 0.033),
hon nita Chan va Philip (2012) da xap xi chiéu dai séng
& Lo = 45 km. Tt d6, tham s6 do d6c phi thit nguyeén 1
So = sLo/ho = 3.15. Pringle, Yoneyama, va Mori (2016)
khuyén nghi ring néu Sp4; "% > 1.9 va Sps10% > 6.3,
thi khau 1ong ghép c6 thé dat & bat cit noi nao trén bai
bién dbc, tham chi c6 thé sat vao téi duong bs, ma nhing
sai s6 gén véi 1dng ghép van nhé hon 1%. O truong hop
nay, SOA6_0'5 = 17.4 v& Sps~ 199 > 330, suy ra viéc long



In this case, SoAffO‘s = 17.4 and Sys~ 199 > 330, infer-
ring that coupling can reliably take place in small depths
close to the coast or a breakwater structure while coupling
errors due to shoaling are expected to be almost negligible
for this scenario.

ghép c6 thé dugc tién hanh & do sau nhd sat bd hosic mot
cong trinh dap phé séng, con sai sé 16ng ghép do hiéu ting
nuée nong duge cho ring gan nhu khong dang ké trong
kich ban nay.

3.3 Model Conditions | Cac diéu kién cho md hinh

The initial water level in the simulation is set at T.P.
+0.0 m. The tsunami is generated by temporal deforma-
tion of the seabed z;. The tsunami source used to prescribe
the vertical deformation used in this study is based on the
Satake v8.0 model (Satake et al., 2013) where a filled con-
tour plot of the total vertical deformation of the seabed
is shown in Figure 3(a). Satake v8.0 is inversion based,
consisting of 55 sub-faults each of sizes 50 x 50 km ex-
cept for near trench sub-faults which are 50 x 25 km. The
total slip varies from 0 to 69 m and the temporal varia-
tion of the slip for each sub-fault is specified every 30 s
for a total of 5 min. The Okada (1985) rectangular fault
model is used to calculate the actual deformations of the
seabed. Horizontal displacements are also considered us-
ing the Tanioka and Satake (1996) method which become
important in regions of large slopes and when the horizon-
tal displacements are significant in comparison to vertical
deformations. As demonstrated in Satake et al. (2013) and
Goda et al. (2014), this was the case for the 2011 Tohoku-
oki Earthquake Tsunami where the use of the Tanioka and
Satake (1996) method increases the seabed deformation
quite substantially. Combined with temporal deformation
of the seabed (termed “kinematic” source as opposed to
the commonly used static instantaneous deformation as-
sumption), the Satake v8.0 model generates very robust
agreements with wave buoy observations, among the best
surveyed in Goda et al. (2014).

The tsunami is simulated for a total of 2 h from the
earthquake rupture. Open boundary conditions are em-
ployed in the outermost 2DH NSWE mesh layer to reduce
reflections of the tsunami wave. The nesting algorithm of
2CLOWNS-3D is employed to simulate the tsunami from
the source toward Kamaishi Bay with increasing resolu-
tion. Different time steps At are utilized so that the CFL
condition is satisfied (Cr < /2/2) in each nested layer.
However, At between two connecting mesh layers must be
some integer multiple of each other, so the Courant num-
ber, Cr, will be slightly lower or higher in some regions
than in others. At ranges between 0.19 s in the innermost
10 m 2DH NSWE mesh layer and 3.1 s in the outermost
1350 m 2DH NSWE mesh layer so that the ratio of At is
2:1 between each set of consecutive mesh layers.

The time step in the 3D RANS mesh ranges from At
= 0.039 to 0.097 s depending on the instantaneous C'r,
which is kept at around 0.4 for Cr defined by the long
wave speed, and 0.1 for defined by the flow velocity for
stability of the SMAC algorithm. In other words, stabil-
ity of the algorithm due to the flow velocity is far more
critical than that based on the long wave speed. Hence,
the ratio of At reaches 5:1 between the 10-m 2DH NSWE
mesh layer and the 3D RANS one. The rather large At ra-
tio does not appear to result in any adverse effects on the
simulation. Concerning friction effects, a wall function is
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Muyc nuéc ban dau trong md phéng dude dat 1a T.P.
+0.0 m. Séng than duge phat sinh bang cach 1am bién hinh
déy bién z, theo thoi gian. Nguon séng than duge ding dé
an dinh bién hinh theo phuong ditng dung trong nghién
cttu ndy duge dya theo mo hinh Satake v8.0 model (Satake
va nnk., 2013) trong d6 mot biéu do khoang dong miic ciia
bién hinh thang ding duge thé hién trén Hinh 3(a). Sa-
take v8.0 dya trén phép nghich déo; mé hinh c6 chia 55
miéng nitt nhé ma mdi miéng c6 ¢ 50 x 50 km trit nhitng
miéng nhé gan sat ranh véi kich thude 50 x 25 km. Do
trugt téng cong bién thién tit 0 t6i 69 m va bién thién
theo thoi gian ctia do trugt ting miéng nhoé duge chi dinh
mdi 30 s trong téng thoi gian 5 phut. M6 hinh dit gay
chit nhat ctia Okada (1985) dugc dimg dé tinh do bién
dang thitc té ctia day bién. Nhitng chuyén vi huéng ngang
cling dudc xét dén bing cach dung phuong phap Tanioka
va Satake (1996), cdch nay trd nén quan trong ¢ nhing
viing c¢6 do déc 16n va khi chuyén vi ngang la dang ké so
véi bién dang ding. Nhu da cho thiy bdi Satake va nnk.
(2013) and Goda va nnk. (2014), diéu d6 nghiem ding cho
truong hop Dong dat Séng than 2011 Tohoku-oki, trong
d6 phuong phép Tanioka va Satake (1996) duge ap dung
da lam tang dang ké do bién dang day bién. Két hop véi
bién dang theo thsi gian ciia ddy bién (dudi tén goi ngudn
“dong hoc” thay vi gid thiét bién dang ding thoi tinh tai
thuong dung), md hinh Satake v8.0 da tao nén két qua rat
phit hgp véi nhitng s6 lieu do dac bdi phao séng, trong s6
nhiing s6 lieu khéo sat t6t nhat béi Goda va nnk. (2014).

Séng than duge mo phéng cho téng thoi doan 2 h tit vét
nit dong dat. Cac diéu kién bién hé dude ap dung cho 16p
lui NSWE 2 chiéu ngoai cting nhim gidm nhitng phan xa
clia séng dong dat. Thuat toan 1ong ghép cia 2CLOWNS-
3D dugc diing dé mo phéng séng than tit nguon lan truyén
t6i Vinh Kamaishi v6i do phan gidi tang dan. Nhitng budc
thoi gian At tang dan duge ding dé diéu kien CFL van
thod man (Cr < v/2/2) trong timg 16p 1ong ghép. Tuy
nhién, At gitta hai 16p luéi ndi tiép nhau phai 14 mot boi
s6 nguyén, bdi vay s6 Courant, Cr, 8 viing nay sé hoi thap
hon ho#ic cao hon & viing khac. At bién dong tit 0.19 s &
16p lusi NSWE 2 chiéu phan gidi 10 m trong cling lén dén
3.1 s & 16p lu6i NSWE 2 chiéu phan gidi 1350 m ngoai
ciing, dé cho ti sd At 1a 2:1 gitta cac 16p luéi ké tiép nhau.

Buéc thai gian trong ludi RANS 3 chiéu bién dong ti
At = 0.039 dén 0.097 s tuy theo tri s6 Cr ttc thoi, tri s6
nay duge gitt quanh khoang 0.4 khi Cr dugc dinh nghia
bdi tdc do truyén séng dai, va 0.1 khi dinh nghia bdi van
tbc dong chiy dé én dinh thuat toan SMAC. N6i cach
khéc, do én dinh thuat toan do luu téc dong chay con
quan trong hon nhiéu so v6i do tée do truyén séng dai.
Bai vay, ti s6 gitta cac At lén t6i 5:1 giita 16p luéi NSWE
2 chiéu phan gidi 10 m va 16p lusi RANS 3 chiéu. Ti s6 At
kha 16n t6 ra khong kéo theo nhitng hicéu tng tiéu cyc déi
véi mo phéng. Xét vé nhitng hiéu tng ma sat, mot ham



used in the k-e turbulence model with uniform roughness
heights specified on the seabed (1 mm), and over the rub-
ble mound of the breakwater (10 cm). The results shown in
Sections 4-6 are those obtained when using the realizable
version of the k-¢ model except where indicated.

vach dude dung dén trong mo hinh 16i k-e véi do cao md
nham déu chi dinh cho d4y bién (1 mm), ciing nhut cho bé
mat da do ciia dap pha séng (10 ecm). Két qué cho thay &
cac Muc 4-6 déu nhan dudce khi sit dung phién ban hién
thuc ctia mo hinh k-¢, trir khi ¢6 néi ro.

Computation was performed on 2.67 GHz Intel® Xeon®) Khau tinh toan duge tién hanh trén may tinh dung

5650 Series processors using 12 OpenMP threads. The
2CLOWNS-3D simulation takes up to 5 days to complete
while the 2DH NSWE simulation takes just over 1 h. For
reference, the size of the computational matrix (number
of cells) for each domain is (in order of increasing reso-
lution) (1) 1000 x 1350, (2) 420 x 840, (3) 540 x 960,
(4) 660 x 840, (5) 1325 x 550, (3D) 335 x 93 x 44. In
summary, a total of 3.504 million grid cells are computed
in the 2DH NSWE simulation, and 4.875 million grid cells
are computed in the 2CLOWNS-3D simulation.

bo vi xit 1y 2.67 GHz Intel®) Xeon®) 5650 Series trén 12
luéng OpenMP. M6 phéng 2CLOWNS-3D can t6i 5 ngay
dé hoan thanh con mo phéng NSWE 2 chiéu chi can hon
1 h. Dé hinh dung, kich ¢d ma tran tinh toan (s6 6) trong
tiing mién (theo thi tu phan giai tang dan) 1a (1) 1000
% 1350, (2) 420 x 840, (3) 540 x 960, (4) 660 x 840,
(5) 1325 x 550, (3D) 335 x 93 x 44. Tém lai, tong cong
¢6 3,504 trieu 6 ludi duge tinh trong mo phong NSWE
2 chiéu, va 4,875 trieu 6 luéi duge tinh trong mo phéng
2CLOWNS-3D.

4 Validation of Tsunami Height and Maximum Inundation Measure-
ments | Kiém dinh chiéu cao séng than va do dac dién ngap tbi da

This section gives an overview of the simulation results
that are measured in the 2DH NSWE mesh layers. This
is to validate that the incoming tsunami wave and maxi-
mum inundation measurements are comparable to reality
so that we have confidence in the wave forcings given by
the source model, the 3D domain size, and two-way cou-
pling scheme in 2CLOWNS-3D.

Muc nay cho cung cip téng quan vé két qua mod phong
trich tit cac 16p lusi NSWE 2 chiéu. Diéu nay nham kiém
dinh ring séng than truyén dén cuing dién ngap lut téi da
do dugc déu so sanh tuong ddi so véi thuc té, dé ta co
thé tin cay yéu t6 séng cho bdi mé hinh ngudn, kich c5
md hinh ba chiéu, cling nhut so dd 1ong ghép 2 chiéu trong
2CLOWNS-3D.

4.1 Free Surface Elevation Time Series | Chudi thdi gian cao trinh mat thoang

Temporal variation in the free surface elevation is shown at
positions corresponding to the four Port and Airport Re-
search Institute of Japan (2011) GPS buoys (locations are
indicated in Figure 3(a)) closest to Kamaishi Bay in Figure
5. Overall, good agreement is found between the measured
and simulated time series in both amplitude and phase
(no shifting of the time series has been conducted which
would normally be required for static instantaneous source
models). In particular, the entire time series, including the
leading positive wave peak amplitude, at South Iwate (the
closest buoy to Kamaishi Bay), is well represented. Thus,
the source model is considered suitable for the analysis of
maximum inundation heights and hydrodynamic effects in
Kamaishi Bay. Furthermore, our model results are in ex-
cellent agreement with the simulated results presented in
Goda et al. (2014) using the same source model.

4.2 Maximum Inundation Heights | Chiéu

The maximum free surface levels M. calculated during
the 2CLOWNS-3D simulation are plotted in Figure 6 on
the 2DH NSWE 10 m mesh. Free surface elevations be-
tween 10 and 14 m are calculated just offshore of the
breakwater. Just onshore of the breakwater 7., is sig-
nificantly reduced to 56 m. Thereafter, ny,ax is amplified
by the topography. nmax becomes largest in the south-
ern part of Kamaishi Bay, while 7.« remains relatively
small and attenuated by the seawalls, levees, and macro-
roughness in the populated regions; Kamaishi City situ-
ated in the northeast part of Kamaishi Bay and Heita
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Su bién dong theo thsi gian clia cao trinh mat thoang
duge thé hien & nhiing vi tri tuong tng véi 4 phao do
GPS trién khai béi Vien Nghién citu Cang va San bay,
Nhat Ban (2011) (vi tri chi ra trén Hinh 3(a)) gan sat
Vinh Kamaishi nhat trén Hinh 5. Nhin chung, c6 sy phil
hop gita chudi thoi gian do dac vA moé phéng, cd vé do
16n 1an pha (khong can sy dich chuyén chudi thai gian
nhu thudng dude 4p dung cho cidc mo hinh ngudn tic thoi
tinh). Dac biét, toan bo chudi thoi gian, ké ca bien do dinh
séng duong dau tién, tai Nam Iwate (phao do gan Vinh
Kamaishi nhit), da duge thé hién t6t. Do vay, mo hinh
nguon duge xem nhu phit hgp dé phan tich do sau ngap
tdi da va cac hieu tng thuy dong lyc trong Vinh Kamaishi.
Hon nita, két qua mo hinh tinh ra déu rat khop véi két
qué mo phong da duge trinh bay bdi Goda va nnk. (2014)
khi diing ciing mo6 hinh ngudn dé.

cao ngap t6i da

Muytc nuée cyc dai nmax nhan tit moé phéng bang 2CLOWNS-
3D dugc vé nhu Hinh 6 trén lugi NSWE 2 chiéu do phan
giai 10 m. Phia ngoai khoi dap pha séng, da tinh duge muc
nude tit 10 dén 14 m. Ngay sat dap pha séng vé phia ba,
Nmax gidm di ro rét, chi con 5-6 m. Tw d6 trd vao, Nmax
bi khuéch dai béi dia hinh. 1.y trd nén lén nhit & phan
Nam Vinh Kamaishi, mat khac nyax con tuong ddi nhé va
bi lam t&t dan bdi cac tuong bién, bs ke, va cac dic diém
nham vi moé thudc viing dan cu; Thanh phé Kamaishi City
nam & phan phia Dong Bic Vinh Kamaishi con Heita nim
G phia Nam vinh n&y. Dong thai chung nay phtu hgp véi cac



situated in the region south of this. This general behavior
is in good agreement with other simulations that assume
an undamaged offshore breakwater similar to this study
(Mori, Yoneyama, and Pringle, 2015; Ozer Sozdinler et
al., 2015; Bricker, 2013; Takahashi et al., 2011).

Comparisons with the TTJS tide-corrected survey mea-
surements (Mori and Takahashi, 2012) are conducted. Fig-
ure 6 gives a spatial overview of the comparison where
the filled circles indicate the measured maximum run-up
and inundation heights at those locations. Figure 7 plots
simulated versus measured run-up and inundation heights
(Nmax on land) where data are separated between those
in the bays surrounding Kamaishi (Toni, Ryoishi, and Ot-
suchi) and those inside Kamaishi Bay. Goodness of fit be-
tween simulation and survey measurements is indicated by
the geometric mean, K (= 1 perfect fit, < 1 overestima-
tion, > 1 underestimation), and the geometric standard
deviation, k as defined by Aida (1978). It is recommended
that 0.95 < K < 1.05 and xk < 1.45 (Aida, 1978). In the
surrounding bays, K = 0.95 and k = 1.27, indicating slight
overestimation in 7.« by the simulation. Three outlier lo-
cations significantly underestimate the run-up, mainly due
to the inadequacy in resolving locally steep topography.
Without any calibration, this can be considered a robust
result because K and k are within the recommended lim-
its. On the other hand, inside Kamaishi Bay, K = 1.24
and k = 1.25, indicating a relatively large overall underes-
timation in ny,.x. However, this is expected because an un-
damaged rigid breakwater is assumed in this study, while
the breakwater was actually damaged during the tsunami,
probably during the peak inundating flow given that the
dislodged caissons were found on the onshore side of the
breakwater (Arikawa and Oie, 2015; Arikawa et al., 2012).
It has been previously shown that the measured inunda-
tion depths were approximately 21% greater than those
simulated using an undamaged breakwater (Arikawa and
Oie, 2015). Thus, if K = 1.24 is assumed to represent a
24% underestimation in 7yax, then the accuracy of our
simulation can be considered adequate.

mod phéng khéc trong d6 gid dinh mot dap phé séng khong
bi ph& huy tuong tu nghién cttu ndy (Mori, Yoneyama, va
Pringle, 2015; Ozer Sozdinler va nnk., 2015; Bricker, 2013;
Takahashi va nnk., 2011).

So sanh véi cac két qua khao sat hiéu chinh tridu béi
TTJS (Mori va Takahashi, 2012) dugc thyc hién. Hinh 6
cho ta téng quan trén khong gian vé nhing so sanh, trong
d6 cac diém tron dic 1a dé chi cao trinh nude dang thyc do
cuc dai cting do sau ngap tai nhing dia diém d6. Hinh 7 vé
do thi cao trinh nuée dang va do sau ngap mo phéng so véi
thitc do (fmax trén dat lién), theo dé s6 ligu dugdc téch rieng
gitta nhitng vi tri trong vinh bao quanh Kamaishi (Toni,
Ryoishi, va Otsuchi) cing nhu vi tri téng Vinh Kamaishi.
Mic do phit hgp gitta m6 phéng va do dac khao sat duge
thé hién qua tri trung binh hinh hoc, K (= 1 14 khép hoan
toan, < 1 1a thién 16n, > 1 1a thién nho), cing nhu do léch
chuan hinh hoc, k£ dugc dinh nghia bdi Aida (1978). Gia
tri khuyén nghi 1a 0.95 < K < 1.05 va £ < 1.45 (Aida,
1978). 0 vung vinh bao quanh, K = 0.95 va k = 1.27, cho
thay két qua 7.y mo phong hoi thién 16n. Ba vi tri ngoai
lai déu tinh ra nuéc dang thién nhd thiy o, chi yéu 1a
bdi do6 phan giai khong du chi tiét & dia hinh dbc cuc bo.
Khong c6 cong tac hieu chinh, két qua nay cé thé duge
coi la vitng vi ¢4 K 1an x déu ndm trong gidi han khuyén
nghi. Mt khac, bén trong Vinh Kamaishi, K = 1.24 va k
= 1.25, cho thiy két qua tinh toan thién nhoé kha chénh
léch vé Nmax. Tuy nhién, diéu nay ciing dude dy béo trude
vi trong nghién citu nay da gia sit dap pha séng cd dinh
khong bi pha huy, con trong thuyc té thi dap phé séng bi
ph4 hoai trong séng than, c6 18 1a trong dong chiy dang,
trén co s nhan thay cac thiing chim bi dich chuyén dugc
tim thiy 6 miit gan b ciia dap pha séng (Arikawa va Oie,
2015; Arikawa va nnk., 2012). Truée day, c6 nghién citu
cho thiy ring do sau ngap do dudc khoang 21% lén hon
két qua mo phong mot dap pha séng nguyén ven (Arikawa
va Oie, 2015). Nhu vay, néu K = 1.24 dugc gia sit dé biéu
dién do thien nhé 24% trong nmax, thi do chinh xac mo
phéng ctia ta c6 thé dudce coi la thod dang.

5 Comparisons between 2DH NSWE and 2CLOWNS-3D Simulations |
So sanh gitta cAc m6 phong NSWE 2 chieu va 2CLOWNS-3D

This section compares results from the 2DH NSWE and
2CLOWNS-3D simulations to check both large-scale ef-
fects on inundation and local effects in the vicinity of
the submerged breakwater opening. The aim is to iden-
tify where the 2DH NSWE model is adequate and what
information can be gained by using a 3D RANS model
around the breakwater.

5.1 Maximum Inundation Heights | Chiéu

Comparisons of 7y, between the 2CLOWNS-3D and 2DH
NSWE simulations are illustrated in Figure 7. Overall,
Nmax 1S only slightly affected by the introduction of the
3D RANS model with very small changes in K and s com-
pared with the 2DH NSWE simulation. In particular, K is
increased from 1.22 to 1.24 inside Kamaishi Bay, indicat-
ing a minor decrease in tsunami heights. This could be due
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Muyc ndy so sanh két qua gitta nhiing moé phéong NSWE 2
chiéu vd 2CLOWNS-3D dé kiém tra ca hieu tng ngap lut
quy mo 16n ciing nhu hiéu tng cuc bo gan sat cita dap.
Muc dich 14 nh#m nhan dién nhitng chd chi can ding mo
hinh NSWE 2 chiéu la da v& nhitng thong tin nio sé c6
thém khi diing mo6 hinh RANS 3 chiéu quanh dap pha
song.

cao ngap t6i da

Két qua so sanh 1y.x gitta caic m6 phong 2CLOWNS-3D
va NSWE 2 chiéu dugc minh hoa trén Hinh 7. Nhin chung,
Nmax chi hai bi &nh huéng do viéc 4p dung mo hinh RANS
3 chiéu, v6i nhitng thay ddi rat nho vé K va k so v6i mo
phong NSWE 2 chiéu. Xét rieng, K tang tir 1.22 len 1.24
trong Vinh Kamaishi; di¢u nay cho thiy sy gidm doi chit
chiéu cao séng than. Diéu nay c6 thé do do nhét rdéi dong



to the turbulent viscosity in the 3D model taking slightly
more energy out of the flow than in the 2DH NSWE model,
hinting that small-scale 3D circulation effects can be of
minor importance to large-scale effects. However, in gen-
eral, this result demonstrates that 2DH NSWE models
are typically suitable to analyze large-scale inundation ef-
fects even when a large-scale offshore breakwater shielding
the bay mouth is present. Furthermore, the results imply
that coupling the 3D RANS and 2DH NSWE models in
2CLOWNS-3D does not introduce significant boundary ef-
fects that might undermine the simulation due to issues
with the coupling scheme and/or domain size. In addition,
when using the standard k-e model, the turbulent viscosity
becomes much larger than that when the realizable version
is utilized (see Section 6.2.3). The effect of the standard
version is to decrease the tsunami heights so that K =
1.28 and k = 1.25 inside Kamaishi Bay. Nevertheless, this
effect is fairly small in comparison to the consideration of
the momentum loss due to dispersion at the breakwater
opening in the 2DH NSWE model discussed in Section 5.2.

trong mo hinh 3 chiéu da rat b6t ning lugng tit dong chay,
so v6i mo6 hinh NSWE 2 chiéu. Diéu nay ggi ¥ rang hicu
tng hoan Iwu 3 chiéu c6 thé it quan trong déi véi cac hieu
ting quy mo 16n. Tuy vay, néi chung, két qua nay cho thay
rang mo6 hinh NSWE 2 chiéu thudng phit hgp dé phan tich
higu ttng ngap lut quy mo 16n ngay ca khi c6 dap chin séng
quy md 16n hién dién chan cita vinh. Hon nita, két qua nay
con ngu y rang viéc 1ong ghép cac mo6 hinh RANS 3 chidu
va NSWE 2 chiéu trong hé théng 2CLOWNS-3D da khong
gay nén hiéu ng bién dang ké von co thé lam héng két
qué md phéng do nhitng van dé lién quan t6i luge d6 1ong
ghép va/hodc kich ¢d mién tinh. Ngoai ra, khi diing mo
hinh k-e tiéu chuan, do nhét rdi sé tré nén 16n hon nhiéu
so v6i trudng hgp khi dung phién ban moé hinh hién thyc
(xem Muc 6.2.3). Hiéu tng ciia phién ban chuan sé lam
gidm chiéu cao séng than, do vay K = 1.28 va k = 1.25
bén trong Vinh Kamaishi. Du vay, hiéu ting nay con kha
nhé khi xét dén su tén thit dong lugng do phan tan séng
tai ctta dap, trong mo6 hinh NSWE 2 chiéu da thao luan &
Muc 5.2.

5.2 Volume Fluxes Through Submerged Breakwater Opening | Luu lugng nudc qua

ctta dap ngam

It was found that in order for the 2DH NSWE model to
almost match the 3D RANS model in terms of 7.y, a
nonzero value of Fp for momentum loss due to disper-
sion over the submerged caissons is required. Calibration
of a 2DH NSWE model with a physical experiment of
tsunami flow through a large-scale breakwater model with
a submerged breakwater opening has been previously con-
ducted (Goto and Sato, 1993). In Goto and Sato (1993),
it was shown that setting Fp = 0.5 at the computational
cells that represent the submerged caissons (and zero ev-
erywhere else) gave the best results in terms of offshore
and onshore free surface levels. Rather, surprisingly, uti-
lizing Fp = 0.5 in this study also led to strong agreement
in the time series of the average horizontal volume flux
per unit width at the submerged caissons between the 2DH
NSWE and 2CLOWNS-3D simulations (Figure 8). In con-
trast, a 2DH NSWE simulation with Fp = 0 everywhere
results in 13% greater volume fluxes through the breakwa-
ter during the peak inundating flow (¢ = 31.6 min) than
when setting Fp = 0.5 at the submerged caissons. Thus,
setting Fp = 0.5 is a necessary and suitable value to use at
the submerged opening of a large-scale offshore breakwa-
ter in a 2DH NSWE simulation. Furthermore, the result
indirectly indicates that the 3D RANS model can simulate
the dispersive flow over the breakwater adequately as the
exact same value for Fp found through calibration with a
physical experiment was used.

D4 phat hién thay ring dé mo hinh NSWE 2 chiéu duge
gan nhu khép véi két qua mo hinh RANS 3 chiéu xét vé
Nmax, ta can phai c6 gia tri ton that dong lugng do phan
tdn qua thung chim, Fp, khac khong. Viéc hiéu chinh mo
hinh NSWE 2 chiéu véi thi nghiem vat 1y vé dong chay
séng than bang mo hinh dap pha séng cd 16n véi clta md
ngam, trude day da duge tién hanh (Goto va Sato, 1993).
Theo Goto va Sato (1993), bing cach dit Fp = 0.5 tai
nhitng 6 tinh toan biéu dién thimg chim (con nhitng 6 khac
thi dat bang khong) sé cho ta két qué t6t nhat vé myc nude
c4 phia ngoai khai 14n gin bo. Diéu ddng ngac nhién 1
bing viéc diing Fp = 0.5 trong nghién cttu d6 cling dan téi
sit phit hop manh mé vé chudi thdi gian s6 lieu luu luong
phuong ngang qua mdi don vi bé rong & cic thiing chim
gitta két qua mo phéng bing hai mo hinh NSWE 2 chidu
va 2CLOWNS-3D (Hinh 8). Trai lai, mo phéng bing mo
hinh NSWE 2 chiéu v6i Fp = 0 moi ndi sé cho ra két qua
luu lugng qua dap thién 16n 13% tong thoi ki dong ngap
lut 16n nhat (¢ = 31.6 phit) so v6i khi dat Fp = 0.5 tai
cac thung chim. Nhu vay, viéc dit Fp = 0.5 1a can thiét
va ciing la gia tri phit hgp dé ding cho cita dap ngam
¢6 16n trong mdé phong NSWE 2 chiéu. Hon nita, két qua
con gian tiép cho thiy simulation. Furthermore, the result
indirectly indicates that the 3D RANS model can simulate
the dispersive flow over the breakwater adequately as the
exact same value for Fp found through calibration with a
physical experiment was used.

5.3 Hydrodynamic Forces on Submerged Breakwater Caissons | Cac luc thuy dong tac

dung lén thung chim

The hydrodynamic forces on the caissons are estimated
in this section. Comparisons with critical values of the
drag force, Fp, and overturning moment about the cais-
son heel, Mp, are evaluated. Fp is determined by sum-
ming the pressures on the computational cells normal to
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Trong muc nay, cac lyc thuy dong lén thung chim da dugc
u6c tinh. Da so sanh véi nhitng gia tri phan giéi luc can,
Fp, v& mo-men 1at quanh dé thiing chim, Mp. Xac dinh
Fp béng cach lay téng cac ap suét trén 6 tinh todn vuong
g6c mat thing theo huéng ngang, r6i nhan véi dién tich bé



the caisson in the horizontal direction multiplied by the
surface area. Mp can be found by summing the multiple
of each of those forces by the vertical distance to the cais-
son heel. To determine the critical values for comparison,
the caisson weight and lift force, Fy, are required. The
caisson weight is calculated from the dimensions and den-
sities shown in Figure 4. To get F,, the pressures on the
computational cells normal to the caisson in the vertical
direction multiplied by the surface area are summed. Since
the rubble mound is simulated as an impermeable layer in
this study, it is assumed that the pressure acting under-
neath the caissons is the average of the pressures at the
cells located either side of the caisson just above the rub-
ble mound. The critical resistance friction force, Fperit, i8
calculated by

FDcrit = /Jf(mcg - FL)

where the coefficient of friction between the caisson and
rubble mound, py, is taken to be 0.6 (Tanimoto and Taka-
hashi, 1994), and m, is the mass of the concrete cais-
son. Similarly, the critical resisting overturning moment,
Mperit is equal to

Mperis = Td(mcg - FL)

where rg is the distance from the center of mass of the
caisson to its heel.

Time series of the magnitudes of the acting forces, |Fp|
and |Mpl, and the critical resistance forces, |Fperi¢| and
|Mperit|, are plotted in Figure 9 per unit width. The mean
values with maximum and minimum bounds of the forces
over the length of the submerged breakwater opening dur-
ing both 2CLOWNS-3D and 2DH NSWE simulations are
shown. Interestingly, the maximum values of |Fp| and
|Mp| occur at 40.6 and 46.0 min during the peak drawback
flow rather than the peak inundating flow. However, the
caissons that were washed out were distributed onshore of
the breakwater (Arikawa and Oie, 2015; Arikawa et al.,
2012) indicating that failure most likely occurred during
the peak inundating flow. According to the 2CLOWNS-3D
simulation, the drag force may have just exceeded the crit-
ical resistance force for some caissons during the inundat-
ing flow, but the overturning moment is significantly below
the critical resisting moment. In addition to the drag force,
joint flow scour of the rubble mound due to extremely the
fast flow (Takahashi et al., 2011; Arikawa et al., 2012) and
jet impingement on the slope and armor units (Mitsui et
al., 2014) have been identified to undermine caisson stabil-
ity helping them to slide and tilt. A combination of drag
force and joint flow scour are the likely contributors to
the failure of the submerged caissons. If the caissons had
not failed during the peak inundating flow, it is likely that
they would have failed during the stronger drawback flow.

mat. C6 thé tinh Mp bing cach lay tong cac tich s6 ting
lyc nay véi khoang cach thing ding t6i dé thiing. Nhim
xéc dinh gi tri phan gidi dé so sanh, ta can cé trong lugng
thung va lyc nang, Fy. Trong lugng thung duge tinh tw
kich thudc va mét do nhu trén Hinh 4. Dé thu duge Fy,
tich ap suat lén cac 6 tinh todn vuong géc véi thiing theo
huéng ding véi dien tich bé mit duge cong lai. Vi da dé
duge md phong nhu mot 16p khong tham trong nghien
cltu ndy nén ta gid sit ring ap suat tac dung lén phia dudi
thiing chim dugc 14y trung binh tri sd 4p suit 6 cac 6 nim
hai phfa thiing chim & ngay phia trén da d6. Luc ma séat
cadn phan giéi, Fperit, dutde tinh bing

(17)

trong d6 hé sb6 ma sat giita thiing chim va da dd, oy, duge
lay bing 0.6 (Tanimoto vd Takahashi, 1994), con m, 1a
khéi lugng thiing chim bé tong. Tuong ty, mo-men khang
lat phan gi6i, Mperi: s& bang

(18)

trong d6 rq 1a khodng cAch tir khdi tam thung chim t6i dé
cliia no.

Céc chudi thoi gian cia do 16n luc tédc dung, |Fp|
v |Mp|, cing nhu cac luc khang phan gidi, |Fperit| va
| Mperit|, cho titng don vi bé rong, déu duge vé trén Hinh 9.
Tri trung binh ciing cac dudng gisi han cyc dai 1an cyec tiéu
cac lye nay doc theo chiéu dai ctta dap cho cA moé phéng
2CLOWNS-3D 1an NSWE 2 chiéu duge thé hién. Diéu tha
vi 14, nhitng gid tri cuc dai ctia |Fp| va [Mp| xuat hién tai
40.6 va 46.0 phit trong dong rut cuc dai thay vi trong dong
dang ciyc dai. Tuy nhién, nhitng thing chim bi day xo di
déu niim rai rdc & phia gin bd so vdi tuyén dap (Arikawa
va Oie, 2015; Arikawa va nnk., 2012) cho thay ring sy c6
héng héc hau nhu x4y ra trong thoi gian nuéc dang dat
dinh. Theo mé phéong 2CLOWNS-3D, Iitc can c6 thé chi
méi vugt lye khang phan gisi xét véi mot sd thiing chim
trong khi dong chay dang, nhung mé-men 1at thi nhé hon
h&n nguéng mo-men khang phan gisi. Ngoai luc cin, x6i
16 nén ddy da d6 do dong chdy cic manh (Takahashi va
nnk., 2011; Arikawa va nnk., 2012) va dong tia nuéc dap
vao mai déc lan cau kién bao veé (Mitsui va nnk., 2014),
cac yéu té nay dugc nhan dinh gay anh hudng t6i do 6n
dinh thiin chim théng qua su trugt va 1at. Su két hop gitta
luc cdn vA x6i chan duge coi 1a nhitng yéu té gay hu hai
thimg chim. Néu cac thimg nay khong bi hu hai trong thoi
diém dong dang manh nhét thi c6 vé nhu ching bi hu hai
trong lic dong rat manh hon.

Trong mo6 phéng 2CLOWNS-3D subt su kién dong chéy

In the 2CLOWNS-3D simulation during peak flow events,cuc dai, cac Iyc khang t6i han déu gidm dan khi Iyc nang

the critical resistance forces decrease as the lift force in-
creases. The increase in lift forces is because the pressure
on the top of the caissons become significantly less than
the hydrostatic pressure (see Section 6.1 for more detail).
Furthermore, the pressure forces acting on the front and
back faces of the caissons are slightly greater than hydro-
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tang len. S& di lyc nang tang lén vi 4p sudt lén dinh cac
thiing chim trd nén nhé hon 16 rét so véi 4p suét thuy tinh
(xem Muc 6.1 dé biét them chi tiét). Hon nita, cac ap luc
tac dung lén hai mit trude va sau ciia thiing chim déu lén
hon mat chiit so v6i lye thuy tinh. Chinh sy két hgp céac
yéu t6 nay da lam cho tinh toan véi ché do phi thuy tinh



static. It is a combination of these effects that can make
a non-hydrostatic analysis significantly different to a hy-
drostatic one. An interesting result of this study is that
the differences between the free surface elevations near
the front and back faces of the submerged caissons be-
come so large in the 2DH NSWE model that the hydro-
static drag force predicted by that model far exceeds the
drag force simulated using the 3D RANS model (Figure 9).
This is because the 2DH NSWE model needs to balance
the horizontal momentum without non-hydrostatic pres-
sure or vertical accelerations and thus relies totally on the
free surface difference (hydrostatic pressure gradient) to
achieve this. As a result, the free surface level very close
to the submerged caissons becomes wildly inaccurate, even
though free surfaces slightly further from the caissons are
not significantly different to those in the 3D RANS model.
Interestingly, comparing acting forces simulated by the
2DH NSWE model with the critical hydrostatic resistance
forces results in a similar conclusion on caisson stability to
the one we reached with the 2CLOWNS-3D result, i.e. the
relative balance of the acting and resisting forces calcu-
lated by the 2DH NSWE and 2CLOWNS-3D simulations
are similar. With that being said, both the acting and crit-
ical resistance forces are approximately 65% larger in the
2DH NSWE simulation during the peak drawback flow in
an absolute sense.

cho két qua khac hén so véi thuy tinh. Mot két qua thd
vi trong nghién cttu nay 13 nhitng khac biét vé muyc nuée
gan mat bén phia trudc va sau thiing chim da trd nén qua
16n trong mod hinh NSWE 2 chiéu, dén ndi lyc cin thuy
tinh duge du béo béi mo hinh d6 16n hon hin luc cdn mo
phéng bing mo6 hinh RANS 3 chiéu (Hinh 9). C6 diéu nay
13 vi mo6 hinh NSWE 2 chiéu can phai can bang dong lugng
ma khong c6 ap sudt phi tuy tinh hay gia toc thing ding
va do vay hoan toan phu thudc vao chénh léch myc nuée
(gradien ap suat thuy tinh) dé dat dugc dicu nay. He qua
13 mat nuc gan sat thiing chim sé trd nén rat kém chinh
xac, mic dit mat nude & chd hoi xa thung chim thi khong
qué khéc biét véi két qua trong mé hinh RANS 3 chidu.
Diéu thi vi 13 viéc so sanh lyc tadc dung mé phéng bdi mo
hinh NSWE 2 chiéu v6i cac Iy khdng phan gidi thuy tinh
da cho phép ta rat ra két luan tuong tu vé do én dinh
thing chim nhu két luan ma ta dat dugc bang két qua
2CLOWNS-3D, nghia la can bing tuong doi giita lyc tac
dung va lyc khang dugce tinh theo cac moé phong NSWE 2
chidu vd 2CLOWNS-3D déu tuong dong. Néi vay, ca luc
tac dung lan lyc khang phan gidi trong mod phéng NSWE
2 chiéu déu 16n hon khoang 65% sudt thdi gian nudc rit
cuc dai (xét gia tri tuyet doi).

5.4 Depth-Averaged Velocities | Van téc trung binh do sau

The maximum calculated magnitudes of the depth-averaged Do 16n van t6c trung binh do sau t6i da tinh toan, |U]max,

velocities, |U|max, are shown in Figure 10 for both the
2DH NSWE and 2CLOWNS-3D simulations. Far outside
of the 3D domain, no noticeable difference in the velocities
arises due to the use of the RANS equations around the
breakwater opening. On the other hand, the magnitude
and length of the jet structure are noticeably greater in
the 2CLOWNS-3D simulation: the magnitude of the cen-
terline velocity exceeds 10 m/s up to roughly 1 km from
the submerged caissons for both the inundating and draw-
back flows; and the edge of the inundating jet structure is
located approximately a further 700 m downstream com-
pared to the 2DH NSWE simulation. In the 2DH NSWE
simulation, maximum centerline velocities are equal to ap-
proximately 6-7 m/s and quickly diffuse out. In addition,
|U|max s very large, averaging 12 m/s, at the submerged
breakwater opening in the 2DH NSWE simulation (indi-
cated in Figure 10(a)). |U|max in the 2CLOWNS-3D sim-
ulation at the breakwater opening is more modest, aver-
aging 9.7 m/s. This can be attributed to the fact that
the free surface rapidly drops in the 2DH NSWE simu-
lation over the submerged caissons (see also Section 5.3)
resulting in a small water depth and therefore a very high
depth-averaged velocity.

Since the volume flux through the submerged breakwa-
ter opening is roughly the same between the two simula-
tions (Figure 8), generally larger values of |U|mpax concen-
trated in the centerline of the jet when using the 3D RANS
equations indicate differences to the horizontal spreading
rate of the jet. Indeed, the jet is shown to be more dif-
fusive in the north—south directions in the 2DH NSWE
simulation (Figure 10). While it is plausible that part of
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dugc chi ra trén Hinh 10 véi cd mo6 phong bang mo hinh
NSWE 2 chiéu vd 2CLOWNS-3D. Ngoai xa mién tinh 3
chiéu, khong nhan thay c6 khac biet dang ké nao vé van toc
phat sinh khi dung phuong trinh RANS quanh ctta dap.
Mit khac, do 16n va chidu dai cau tric ludng tia da lén
hon dang ké khi mé phéng bing 2CLOWNS-3D: do 16n
van t6c theo duong truc giita da vugt 10 m/s, suét doc
chidu dai khodng 1 km tit chd cac thiing chim, ci véi dong
dang 1an dong rt; va canh bén ciu tric ludng tia 6 vi tri
kho&ng 700 m vé phia ha Iitu so v6i mo phéng bing NSWE
2 chiéu. Trong moé phéng NSWE 2 chiéu, cac van tdc doc
truc gitta xap xi bang 6-7 m/s va nhanh chéng bi tieu tan.
Hon nita, |Ulmax rat 16n, trung binh lén téi 12 m/s, ngay
tai ctta dap trong mo phéng NSWE 2 chiéu (nhu chi ra
tréen Hinh 10(a)). |U|max trong mo phong 2CLOWNS-3D
& ctita dap thi khiém t6én hon, trung binh 1a 9.7 m/s. Diéu
nay c6 thé do miit nuéc nhanh chéng ha thap trong mo
phéng NSWE 2 chiéu qua thiing chim (xem thém Muc 5.3)
d&n dén do sau nudc nhoé hon va kéo theo do 1a luu tée
trung binh do sau 16n hon.

Vi luu lugng dong chdy qua clta dap gan nhu nhau
gitta hai mo phong (Hinh 8), néi chung cac gia tri 16n hon
clia |U|max déu tap trung & duong truc gitta luong tia khi
dung phuong trinh RANS 3 chiéu cho thay ring khéc biét
vé tbc do6 lan tod hudng ngang ctia ludng. That sy, ludng
tia nay cho thay sy khuéch t4n manh hon theo huéng Bac-
Nam trong md phong NSWE 2 chiéu (Hinh 10). D ring
c6 vé thuyét phuc khi 1y gidi nguyén do mo6t phan 14 tinh
chat khuéch tan ctia luge do truyén tai (binh luu) trong
m6 hinh NSWE 2 chiéu, song chi 1y do nay thi chua du
gay nén sy khac biét 16n nhu vay. Bén canh dé, mo hinh



the reason for this is the diffusive nature of the advection
scheme in the 2DH NSWE model, this reason alone can-
not account for such large disparity. Besides, the 3D RANS
model includes turbulent mixing terms which are ignored
by the 2DH NSWE model. The majority of the difference
instead must be related to the fact that significant verti-
cal accelerations and vertical growth of the jet occur in
the 3D RANS model. The 2DH NSWE model, due to its
single-layer assumption, only allows for the jet to grow in
the horizontal direction assuming no vertical variation of
the horizontal velocity. Consider that the flow becomes es-
sentially isotropic in three-dimensions as it flows over the
submerged caissons growing in both horizontal and verti-
cal directions like a wall-jet (see Section 6.2). Under these
conditions, the 2DH NSWE model will be insufficient to
correctly reproduce the flow structure.

RANS 3 chiéu bao géom céac s6 hang hoa tron réi von bi
bd qua bdi mé hinh NSWE 2 chiéu. Thay vao dé, phan
I6n cta khac biét nay phai cé lién heé t6i viéc trong mo
hinh RANS 3 chidu c¢6 xdy ra gia téc phuong ding dang
ké ciing nhut st phét trién ludng tia theo huéng ding. Mo
hinh NSWE 2 chiéu, nhd gia thiét ring né chi c6 mot 16p,
chi cho phép ludng tia phat trién theo huéng ngang ma
khong c6 bién dong theo phuong ding clia van téc hudéng
ngang. Hay xét dong chay trd nén gan nhu ding hudng
trong khong gian 3 chidu khi chdy qua thiing chim c6 xu
huéng phat trién ca theo phuong nang va phuong ding
gibng nhu ludng tia sat vach (xem Muc 6.2). Du6i nhiing
diéu kien nay, mo hinh NSWE 2 chiéu sé khong da dé mo
ta ding ciu tric dong chay.

5.5 Bed Shear Stresses | U’ng suat tiép day

The fast flow onshore of the breakwater can cause large
bed shear stresses leading to significant sediment trans-
port in the harbor. This could induce unwanted erosion
and deposition of sediment which can lead to instability
of coastal structures.

To estimate the bed shear stress, 7, in this study, the
quadratic form is used:

7o = pCalup|®

where Cy is a dimensionless coefficient, and |up| is the mag-
nitude of the horizontal velocity measured in the computa-
tional cell just above the bed. The density of the sea water,
p, is assumed to be 1025 kg/m?, and a constant value of
Cq = 0.0025 is adopted. The quadratic form with a con-
stant value of Cy is used to make comparisons between the
2DH NSWE and 3D RANS models straightforward. Note
that in the case of the 2DH NSWE model, |uy| = |U|. 7
is converted to a dimensionless form to represent the ease
at which sediment transport is induced:

*

Ty, =

where p; is the density of the sediment and is taken to be
2650 kg/m?, and Dsg is the median grain diameter taken
to be 1 mm on the seabed and 10 cm over the rubble
mound.

Figure 11 plots the maximum calculated 73 in the area
around the breakwater opening from the 2DH NSWE and
2CLOWNS-3D simulations. A case where |U| is used in-
stead of |up| from the 2CLOWNS-3D simulation is in-
cluded to illustrate the significance of the vertical vari-
ation of the velocities. 7;* using |U| is up to 310% larger in
the 3D RANS model than the 2DH NSWE model which
is to be expected since |U|max is approximately 60-70%
larger (Figure 10) within the jet structure. 7} using |U]
from the 2CLOWNS-3D simulation is larger than 16 up
to 1 km from the submerged caissons and is greater than
1 up to 2 km from the submerged caissons. However, us-
ing |up| to calculate 7} suggests that values greater than 1
are primarily focused within a 1-km range from the sub-
merged caissons, thus erosion would have likely occurred
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Dong chay qua dap huéng vé phia bd c¢6 thé gay nén tng
suat tiép ddy l6n dan t6i van chuyén bim cat rat dang ké
trong cang. Didu nay c6 thé gay ra hién tuong x6i 10 va
bdi tu biin cat khong mong mubn, dan dén méat 6n dinh
cong trinh bd bién.

Nhim danh gia tng suit tiép ddy, 7, trong nghién ciu
nay, dang cong thic bac hai da duge dung;:

(19)

trong d6 Cy 1a mot he s6 phi thit nguyén, con |up| 1a do 16n
van téc huong ngang do duge § 6 ludi ngay trén day. Mat
do ctia nudce bién, p, duge coi biang 1025 kg/m?, va gia tri
hing s6 Cy = 0.0025 dudce chon. Dang cong thitc bac hai
v6i Cy 1a hing s6 duge dung dé tién so sanh gitta cdc mo
hinh NSWE 2 chiéu vd RANS 3 chiéu. Luu ¥ rang trong
mo6 hinh NSWE 2 chiéu, |uy| = |U|. 7, dude quy ddi vé
dang phi thit nguyén nhim biéu dién sy van chuyén bun
cat dé dang dén dau:

i (20)

trong d6 ps 1a mat do tram tich va duge 1y bang 2650 kg/m?,
con Dsg 1a dudng kinh trung vi hat 1ay bing 1 mm d6i véi
déay bién va 10 cm dbi v6i cong trinh dap.

Hinh 11 biéu dién 7, cuc dai tinh toan trong viing bao
quanh ctta dap, theo cic két qui moé phéng bing 2DH
NSWE va 2CLOWNS-3D. Mot trudng hop c6 dimg |U]
thay cho |up| ciia m6 phéng 2CLOWNS-3D dé minh hoa
bién dong theo phuong thang ding ciia luu toc. 7; tinh
theo |U| sé& 16n hon t6i 310% trong mo hinh 3D RANS
so v6i mo hinh 2DH NSWE model, diéu nay c6 thé du
trut trude, bdi 16 |U|max 16n hon khodng 60-70% (Hinh 10)
trong cau tric ludng tia. 7 tinh theo |U| tit mo phong
2CLOWNS-3D thi 16n hon 16, v6i pham vi vuon xa dén
1 km tr chd thung chim, t6i hon 1 véi pham vi vuon xa
t6i 2 km tit chd thing chim. Tuy nhién, khi ding |u,| dé
tinh ra 7 lai goi ¥ rdng cac gia tri 16n hon 1 déu chu
yéu tap trung trong pham vi 1 km tit chd thiing chim, do
vay ma c6 nhidu kha nang xay ra x6i 1§ trén khu vic nay.
Hon nita, khi dung using |up| thi 7 lai 16n hon & phia
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in this region. Furthermore, 7 is larger on the offshore
side of the breakwater using |up|, while 7 is larger on the
coastal side using |U| from the 2CLOWNS-3D simulations.
Thus, the velocities near the seabed become larger during
the peak drawback flow than during the peak inundating
flow (see also Section 6.1). Our simulations suggest that
the armor of the rubble mound would have been relatively
unaffected during the tsunami. However, jet overflow and
impingement on the slope and armor blocks, which is likely
to cause failure (Mitsui et al., 2014), are not explicitly sim-
ulated.

Hinh 11: | Fig. 11. Comparisons of the max-

imum dimensionless bed shear stress, 7,

_ around the breakwater opening assuming
a uniform grain size, Dsg = 1 mm, on

| | 4o the seabed and D5y = 10 cm over the
rubble mound. (a) 2DH NSWE simulation,

—1 10 (b) 2CLOWNS-3D simulation using depth-
averaged velocity, (¢) 2CLOWNS-3D simula-

" 8 tion using near-bed velocity. The main break-
6 water sections are plotted in gray. e So sanh

ting suat day cuc dai phi tht nguyén, 77,

4 quanh cita dap, khi gia thiét kich ¢& hat dong

déu, Dsp = 1 mm, & day bién vi D5y = 10 cm

2 trén mai dap. (a) Mo phéng NSWE 2 chiéu,

; (b) mo phéng 2CLOWNS-3D véi luu toc

trung binh do sau, (¢) moé phéng 2CLOWNS-
3D bing luu tdc dong sat day. Doan chinh
clia dap pha séng dude vé bing nét mau xam.

dap hudng ra khoi, con khi dung |U| tit két qua mo phong
2CLOWNS-3D thi 7; lai 16n hon & phia dap huéng vé bo.
Do dé, van tbéc gan sat day sé trd nén 16n hon trong khi
dong rat dat cyc dai, so véi khi dong dang cuc dai (xem
them Muc 6.1). Két qua mo phéng da ggi y rang 16p phi
mit dap thi tuong déi khong bi anh hudng séng than.
Tuy nhién, ludng tia tran qua va dap vio mai dbc cing
céc cAu kién, vén nhiéu kha ning 14 nguyén nhan gay hu
hai (Mitsui va nnk., 2014), thi lai chua duge md phéng ro
rét.

6 Analysis of the 3D Flow Hydrodynamics around the Breakwater |
Phan tich ché d6 thuy dong luc dong chay 3 chiéu quanh dap

This section investigates the 3D hydrodynamics of the
flow around the offshore breakwater resulting from the
2CLOWNS-3D simulation to examine reasons for the dis-
parity in the depth-averaged velocities and forces acting on
the caissons between the 2DH NSWE simulation and eval-
uate the ability of 2CLOWNS-3D to adequately model the
3D effects. First, the vertical distribution of the pressure
and velocity fields in the 3D domain is discussed. Second,
we analyze the jet structure during the peak inundating
tsunami flow emanating from the submerged breakwater
opening by approximating it as a transient slender wall
jet.

Muyc nay nhim khdo sat ché do6 thuy dong luc 3 chidu
dong chdy quanh dap pha séng tit két qua mo phong
2CLOWNS-3D tu d6 xem xét nguyén nhan sai khac gitra
cac lue tac dung v van tdc trung binh do sau gitta mo
phéng NSWE 2 chiéu dong thdoi danh gid ning lyc mo
hinh 2CLOWNS-3D trong viéc mo hinh hoa hiéu tng 3
chiéu mot cach day di. Thi nhat 13 sé thao luan vé phan
bd theo phuong ditng clia 4p suit va trudng van toc trong
mién tinh 3 chidu. Thit hai l1a phan tich cau tric ludng tia
trong khi dong chdy cuc dai qua cita dap bing céch xap
xi n6 nhu mot ludng tia sat vach méng.

6.1 Vertical Distribution of the Pressure and Velocity Fields | Phan bd theo phuong
diing clia Ap suat va cac trudng van toc

In Section 5, it has been shown that momentum dispersion
effects and the non-hydrostatic pressures become large
causing an increase in lift forces over the submerged cais-
sons. Between 2DH NSWE and the 3D RANS models,
the horizontal distribution of |U| varies considerably. Ver-
tical variations of the velocities in the 3D RANS model
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O Muc 5, ta da théy ring hieu tng phan tan dong luong
va cac ap sudt thuy tinh khi ting cuong da gay ra su
tang lén cia lyc nang tac dung vao cac thung chim. Gita
cac md hinh 2DH NSWE va 3D RANS, sy phan bé huéng
ngang ctia |U| bién dong déng ké. Nhitng bién dong phuong



-]

x feri]

wk 2 k &

el

[ A= 0L min, dynamc pressuns

o

z[m]

zle]
#E & &k B o wE 2 & B

I

zjm]
>

&2 k &

4.08
w10

4 08 o4

may also be significant. This section describes the distri-
bution of the hydrodynamics in the z-z plane during from
the 2CLOWNS-3D simulation. Figure 12 plots the veloc-
ity field vectors and dynamic pressure p4 (difference from
hydrostatic pressure) colormap along the y = 4345,175 m
northing cross-section at two different times correspond-
ing to the time of peak inundating (¢ = 31.6 min) and
drawback (t = 40.5 min) flow.

During both the peak inundating and drawback flow,
pq and the velocities are fairly small at both east and
west boundaries (left hand side of Figure 12). Therefore,
in general, the shallow water flow requirement of hydro-
static pressure and vertically uniform flow at the bound-
ary for accurate coupling between the 2DH NSWE and
3D RANS model appear to be largely satisfied throughout
the simulation. Although in the design of the 3D RANS
mesh it was not anticipated that the drawback would be
as strong or even stronger (Figure 9) than the inundating
flow, so the mesh was made shorter in the offshore direc-
tion. Nevertheless, there is a good agreement in the time
series of the volume fluxes through the submerged break-
water opening between the 2DH NSWE and 2CLOWNS-
3D model simulations (Figure 8), thus any negative im-
pact at the boundary can be considered relatively small.
Furthermore, the boundary condition that allows for an
arbitrary vertical distribution of the horizontal velocities
used in this study should enable such vorticities in the 3D
RANS model to cross through the model coupling inter-
face (Fujima, Masamura, and Goto, 2002).

As the flow encounters the rubble mound and sub-
merged caisson, the flow structure rapidly changes. First,
the horizontal velocity starts to become greater near the
free surface than near the seabed as it approaches the sub-
merged caisson. Over the caisson, the horizontal velocity

40815
Enating [m)
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Hinh 12: | Fig. 12. Velocity field
vectors and dynamic pressure
(difference from hydrostatic) col-
ormap along the y = 4345,175 m
northing cross-section inside the
3D RANS domain at ¢
31.6 min (peak inundating flow)
and ¢ = 40.5 min (peak draw-
back) after the earthquake rup-
ture. The left-hand side plots the
entire 3D RANS model domain
while the right-hand side zooms
in closer to the breakwater.
Trudng vec td van téc va ban do
mau cho ap suat dong py (phan
chénh léch so véi ap suat thuy
tinh) doc theo tuyén mit cit y
= 4345,175 m tai hai thsi diém
khac nhau tuong tng v6i dinh
ngap lut (¢ = 31.6 phut) va dong
rat (¢ = 40.5 phuat) sau khi xay
ra ditt gdy dong dat. Cac biéu do
bén trai bao triim toan mién mo
hinh 3D RANS con bén phai thi
phéng to phan sat dap pha séng.

o4 40875 4,080

w it

ding ctia van téc trong moé hinh 3D RANS ciing c¢6 kha
ning rat dang ké. Muc nay sé mé ta phan b ché do thuy
dong luc trén mat phing z-z trong suét mo phéng bang
2CLOWNS-3D. Hinh 12 vach ra trudng vec to van téc va
ban dé mau cho 4p suit dong py (phan chénh léch so véi
ap suat thuy tinh) doc theo tuyén mat cit y = 4345,175 m
tai hai thoi diém khéc nhau tuong tng véi dinh ngap lut
(t = 31.6 phat) va dong rat (¢ = 40.5 phut).

Trong sudt ca khi lit ngap dinh 14n dong rit, pg va céc
thanh phan van tdc con tuong déi nhoé & doc theo hai bién
dong va tay (phia tay trai Hinh 12). Do vay, nhinh chung,
yéu cau doéi v6i dong chdy nudc nong—Aap sudt tuan theo
luat thiy tinh va dong chdy déu theo phuong ding tai
bién dé 1ong ghép chinh xéc gitta mo hinh 2DH NSWE
v 3D RANS—dudng nhu di théa man gan nhu toan bo
qué trinh mé phéng. Mic du trong khi thiét ké ludgi 3D
RANS, van chua dy trit duge ring dong rat manh bing
hodc tham chi manh hon 1a dong 1i dang (Hinh 9), song
lusi duge co ngén lai theo hudng ngoai khoi. Du1 vay, van
c6 sut phit hop trong chudi s6 lisu vé luu lugng chiy qua
clta dap ngam xét gita mo6 phéng bing 2DH NSWE va
2CLOWNS-3D (Hinh 8), béi vay bat ki anh hudng tieu
cuc nao tai bien mo hinh déu cé thé cho ring tuong déi
nhé. Hon ntta, diéu kién bién von cho phép ton tai mot
phan bd theo phuong ding tiy ¥ clia van téc huéng ngang
dung trong nghién ctu nay sé cho phép nhing xody nhu
vay trong m6 hinh 3D RANS dugc cat ngang qua 16p tiép
giap lu6i long (Fujima, Masamura, va Goto, 2002).

Khi dong chay gap dap da d6 va thiing chim, ciu tric
dong chay thay ddi nhanh chéng. Trude hét, van téc hudng
ngang bit diu ting cao & gan sat bé mat hon 14 gan st
déy khi tiép can thiing chim. Phia trén thiing chim, van
toc huéng ngang lén t6i 12 m/s véi cd dong 14 dang lan
dong riat ¢ nhing diém 6 1u6i ngay bén trén thiing chim.



becomes as large as 12 m/s for both inundating and draw-
back flow at the grid points just above the caisson. The
flow downstream of the caisson on the rubble mound is
strongly vertically nonuniform due to the shielding effects
of the caisson and vertically uniform flow is not recov-
ered until around 1-2 km downstream from the submerged
breakwater opening. Furthermore, there are undulations
present in the free surface and the vertical velocity field in
this region. The dynamic pressure pg is shown to become
slightly positive near the seabed as the wave flows up the
rubble mound. Over the submerged caisson, p; becomes
strongly negative (reaching —38 kPa during peak inundat-
ing flow and —67 kPa during peak drawback). Thereafter,
pq is positive just downstream of the submerged caisson
above the rubble mound before changing back to a neg-
ative value near the edge of rubble mound. As also sug-
gested in plots of the bed shear stress (Figure 11), the
velocities appear to be directed down toward the seabed
at a steeper angle and have a higher magnitude during the
peak drawback flow on the offshore side of the breakwater
than during the peak inundating flow on the coastal side.

The explanation for the observations described above
and shown in Figure 12 is as follows. As the flow encoun-
ters the rubble mound, which is a steep 2:1 slope, verti-
cal accelerations are significant especially near the seabed,
causing pg and the vertical velocities to become large.
At the caisson, there is a rapid change in the momen-
tum flux which requires a large pressure force imbalance
to match it, i.e. the pressure over the caisson must drop
considerably. The pressure drop is achieved by the for-
mation of a hydraulic jump where the pressure becomes
less than hydrostatic and the free surface drops rapidly
(although much less rapidly than predicted by the 2DH
NSWE model). Downstream of the caisson, a jet struc-
ture develops where the horizontal velocities are very small
at depths below the edge of the jet but are larger than
10 m/s within the jet. The horizontal velocities within the
jet structure are also fairly uniform over the depth. This
peak inundating jet structure is the subject of Section 6.2
where its behavior is analyzed in detail. The reason for
larger velocities along the seabed during the peak draw-
back flow could be because it must interact with onshore-
directed flow arriving from offshore focusing the flow down
toward to the seabed.

Dong chay vé phia ha luwu ciia thiing chim trén mai déc
da thi rat khong dong déu theo phuong ding, d6 1a do
hiéu tng che chin clia thiing chim v& dang dong déu theo
phuong ding ctia dong chiy sé khong dude phuc hoi cho
dén tan 1-2 km vé phia ha luu ctta dap ngam. Hon nita,
da xuat hién nhitng chd map mo trén bé mit thoang ciing
nhu & truong van tdc phuong ding trong ving nay. Ap
suat dong py duge cho thiy 1a hoi thién duong gan day
bién khi séng than don vé phia dap. Con phia trén thiing
chim, py lai tré nén am mot cach ro rét (dat t61 —38 kPa
trong suét cuyc dai dong chay li vi —67 kPa subt cyc dai
dong rat). Tw d6 tré di, pg lai duong ngay phia ha luu
ctia thuing chim bén trén mat da dd ctia dap, trude khi lai
dé6i dau thanh am gan mép dap da. Cing nhu duge ggi ¥
qua cac biéu do tng suat tiép day (Hinh 11), cic van toc
dudng nhu huéng chiic xudng day theo géc déc hon va co
cudng doé manh hon trong subt cyc dai dong rit doc theo
mit dap huéng ngoai khoi, so véi trong cuc dai dong la
dang doc trén mat dap huéng vé phia ba.

Loi giai thich cho hién tugng quan sat thay qua mo ta
bén trén va ciing thé hien ¢ Hinh 12 1a nhu sau. Khi dong
chay tiép can dap, vén 13 mot mai ddc 2:1, gia téc phuong
ding da ting dang ké, dac biet 1a gan day bién, diéu nay
khién cho pg v cac van téc phuong ding ré nén 16n. Tai
thiing chim, da c6 mot bién dong gap vé thong luong dong
luong von doi héi chénh lech ap lyc 1én dé can bing lai né,
nghia 13 4p suit qua thiing chim phai suy giam dang ké.
Sy suy gidm ap suit nay dat dudc bang cich hinh thanh
nudc nhdy noi ma Ap suat trd nén thap hon ap suét thiy
tinh va mit nude ha xuéng nhanh chéng (dit van con cham
hon nhiéu so véi mic do ha thap duge dy doan trong mo
hinh 2DH NSWE). Phia ha luu thing chim, mot cau tric
ludng da phat trién, tai dé van tdc huéng ngang la rat nho
tai cdc mic sau hon mép dudi ludng tia nhung lai manh
hon 10 m/s bén trong luéng. Van téc hudng ngang ben
trong cau tric luéng tia nay ciing kha dong déu trén toan
do sau. Céu tric ludng tia trong dong chay 1t ngap cuc
dai nay sé 13 chi dé thao luan ctia Muc 6.2, trong d6 dong
thai ludng tia sé dugc phan tich kj. Ly do c¢6 van tdc lén
hon doc trén day bién trong sudt cuc dai dong rit c6 thé
1& do no phai tuong tac véi dong chdy tit ngoai khoi huéng
vé b3 ép cho dong chay nay chic xubng day bién.

6.2 Analysis of the Onshore Directed Large-Scale Jet Structure | Phan tich vé cau tric

luong quy mé 16n huéng vé bs

The aim of this section is to examine the basic behavior
of the onshore-directed large-scale jet structure and at-
tempt to validate the flow in the 3D RANS model during
the 2CLOWNS-3D simulation versus empirical measures
of maximum velocity decay and half-width growth for a
transient wall jet. Furthermore, as the wall jet is a highly
turbulent phenomenon, it allows us to evaluate the per-
formance of the two forms of the k-e turbulence model.

6.2.1
sat vach

The canonical schematic of a slender wall jet in the current
setting is shown in Figure 13. The free surface is approxi-

Muc nay nhim kiém tra dic tinh cd ban clia ciu tric ludng
quy mo 16n huéng vé bd va ¢d nham kiém dinh dong chay
trong md hinh RANS 3 chiéu qua m6 phéng 2CLOWNS-
3D so vdi két qua do dac thuc nghiem vé miic do chiét
giam cuce dai van toc va phat trién bé rong nita ludng (sét
véach) bién ddi theo thai gian. Hon nita, vi luéng sat vach
13 hién tugng mang tinh chat rdi dong manh nén né cho
phép ta danh gia hiéu nang clia hai dang mo hinh 16i k-e.

Overview of Slender Wall Jet Characteristics | Tong quan vé dic tinh ludng dang manh phun

So do chuan ctia ludng sat vach méng trong nghién cttu
nay dugc chi ra trén Hinh 13. Mat thoang duge xap xi béi



Hinh 13: | Fig. 13. Schematic of the
canonical wall jet under the current
setting of flow through the submerged
breakwater opening. The three regions
of decay of the maximum (centerline)
longitudinal velocity, U,,, are indicated
along with the approximate distances
from the submerged breakwater open-
ing that the regions extend to (based
on a slenderness ratio 10 < Bj/h; <

Uiy o 3;"'

i /fi; = 40 to 100

mated as a wall (although with the complication that the
velocity at the free surface does not go to zero like a true
wall), and the jet is free to grow in the horizontal direc-
tions and vertically downward until it reaches the seabed.
The slenderness refers to the fact that the width of the
opening, B; = 310 m, is much larger than the height,
h;j = 25 m. For further reference, this implies the ratio
Bj/h; =~ 12.5. In this study, we make comparisons with
empirical measurements of decay of the maximum (cen-
terline) longitudinal velocity U,, downstream from sub-
merged breakwater opening, and growth of the longitudi-
nal velocity half-width (the transverse distance from the
maximum velocity position where the velocity becomes
half of the maximum for both vertical, denoted 2,3, and
horizontal, denoted ¥, /2, directions).

For 3D jets, there are three distinct regions with dif-
ferent rates of decay of U,,; potential core, characteris-
tic decay, and radial decay regions (Sforza and Herbst,
1970) (Figure 13). In the potential core region, U,, remains
equal or close to that of the jet exit velocity, Uy. This re-
gion extends up to a distance z;/h; =~ 10 to 20 from the
opening for the slenderness ratio we are concerned with
(Bj/h; =~ 12.5) (Sforza and Herbst, 1970). The character-
istic decay region refers to decay of U, similar to that of a
plane wall jet. However, the actual rate of decay, as well as
the distance the region extends to, depends on the slender-
ness ratio Bj/h;. Based on Sforza and Herbst (1970), the
rate of characteristic decay of U, is « J:]»_O'44 extending a
distance x;/h; = 100 from the opening when Bj/h; = 20
and is o x;o.w extending a distance x;/h; = 40 from the
opening when B;/h; = 10. The decay rate of U, in the ra-
dial decay region (extending from the characteristic decay
region to the edge of the jet) has been found to be similar
to that of a round jet decay rate (oc xj_l'l) independent of
B;/h; (Sforza and Herbst, 1970).

Half-width growths in the vertical direction, z;/,, are
found to be independent of B;/h; and are x2'78i0'07
everywhere in the jet (Sforza and Herbst, 1970). This is
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20). ® So do chuan ctia ludng sat vach
moéng trong nghién citu nay, biéu dién
dong chay qua clta dap ngam. Ba mién
chiét gidm van tdc doc truc cuc dai
(chinh tam), Uy, dugc chi ra cling véi
khodng cach xap xi tit clta dap ngam
dén pham vi titng viing (dua theo ti 1é
manh 10 < B, /h; < 20).

mot vach (di rang trén thuc té phiic tap thi van téc 6 mat
thoang khong gidm vé khong nhu trén mot vach thuec sy),
va ludng duge tir do phat trién theo cac huéng ngang va
theo huéng thing ding huéng xudng dén tan khi no tiép
xtc day. Dic tinh manh & day 1a dé chi ring bé rong ciia
khoang ctta, Bj = 310 m, thi 16n hon nhiéu so véi chiéu
cao, hj = 25 m. Dé dé ddi chiéu, diéu nay ngu ¥ ring ti
s6 Bj/hj ~ 12.5. Trong nghién cttu nay, ching t6i so sanh
vdi két qua do thic nghiegm do chiét gidm van tdc hudéng
doc truc chinh tam U,, vé phia ha ltu cita dap ngam, va
do loe ciia khoang nita bé rong tinh cho van téc huéng
doc (day 1a khodng cach theo phuong ngang tir vi tri van
tdc cyc dai dén vi tri md van tdéc chi bing nita cyc dai,
xét theo ca phuong ding (ki hi¢u la z;/5), va theo phuong
ngang (ki hiéu la yy/2).

Véi ludng tia 3 chidu, c6 ba ving riéng ré véi téc do
chiét gidm U,, khac nhau; ving 16i thé, viing chiét giam
dic trung, va viing chiét gidm toéa tia (Sforza va Herbst,
1970) (Hinh 13). Trong vung 16i thé, U,, duy tri bang
hoidc gan bang van tdc ludng tia thoat, Uy. Vung nay kéo
dai dén tan khoang cach x;/h; = 10 t6i 20 tinh tUr cia
ludng, d6i véi ti s6 manh ma ta dang xét (B;/h; = 12.5)
(Sforza va Herbst, 1970). Ving chiét giam dac trung theé
hién sy chiét gidm cia U, tuong tu véi chiét gidm cla
mot ludng tia sat vach phing. Tuy nhién, téc do chiét
giam, ciing do vuon dai cia vuing nay lai phy thudc vao
ti s6 manh Bj/h;. Dya theo Sforza va Herbst (1970), téc
do chiét gidm dic trung cta U, thi o« 1:;0'44 lan t6i mot
khoang cach z;/h; = 100 tit cta luong khi B;/h; = 20
VA X x;o'lﬁ lan t6i mot khodng cach zj/h; = 40 tit cida
luong khi B;/h; = 10. Téc do chiét gidm ctia Uy, trong
mién chiét gidm toa tia (trai dai tit ving chiét gidm dic
trung cho dén bién gidgi ludng tia) da cho thay né tuong
ty v6i toc do chiét gidm ctia ludng tia tron (o xj_l'l) doc
lap vé6i Bj/h; (Sforza va Herbst, 1970).

Do loe ciia nita bé rong theo phuong théng ding, 2z 2,

0.7840.07 »

cho thay su doc lap véi Bj/hj va o« x; 3

trong luong (Sforza va Herbst, 1970). Tri s6 nay nhé hon

moi noi



roughly 20% smaller than growth rates of plane o x;
(Schwarz and Cosart, 1961) and round wall jets o x?'M
(Bakke, 1957). Half-width growth rates in the horizon-
tal directions are however not characterizable by a single
power coefficient. Initially, near the jet, opening growth
of y1/2 is approximately stagnant for Bj;/h; > 20 and
slightly negative for Bj;/h; < 20. Further, downstream
the growth rate rapidly increases becoming independent
of Bj/h; (Sforza and Herbst, 1970), estimated from plots

to be x x}'%.

khoang 20% do loe ctia ludng phang « z; (Schwarz va
Cosart, 1961) va ludng tron sat vach o ;v?'94 (Bakke,
1957). Tuy vay, do loe clia nita bé rong theo cac phuong
ngang thi lai khéng dic trung dude bdi mot hée sé6 mi duy
nhét. Ban dau, gan luong tia, do loe mé ctia g /5 gan nhu
ching lai v6i B;/h; > 20 va con hoi am véi B;/h; < 20.
Hon nita, vé phia ha lau, téc do loe rong nhanh chéng tang
va tré nén doc lap véi B;/h; (Sforza va Herbst, 1970), qua
céc bidu dd c6 thé ude tinh duge x x}'%.

6.2.2 Turbulent Modeling of the Jet | M6 hinh réi cho ludng

First, it should be mentioned that the assumption has been
made in Equation (6) that the turbulence is directionally
isotropic. Usually in oceanic flows, anisotropic turbulence
is assumed given the vastly different length scales, in ad-
dition to the predominantly vertical effects of the oceanic
surface boundary layer, internal wave breaking, Richard-
son instability, and double diffusion, e.g. as found in the
KPP model (Large, McWilliams, and Doney, 1994). How-
ever, in this case, the flow through the submerged break-
water opening and that a good distance downstream com-
pletely overwhelms the surface boundary layer and other
comparatively small effects such as double diffusion. Here,
the mixing in vertical and horizontal directions are both
large and the isotropic assumption is considered reason-
able in the opinion of the authors (e.g. as used for model-
ing classical jet phenomena).

Without going into great detail, the differences of the
standard and realizable k-e models are highlighted. The
equation for £ is identical between the models. The differ-
ence between the ¢ equations is the source term (Shih et
al., 1995). In the standard model, the Reynolds stresses
themselves appear in the source term, while in the realiz-
able model, the source term is directly related instead to
the mean strain rate, S = ,/25;;5;; (Si; = %(u” +uj,)).
Since S generally behaves better than Reynolds stresses
numerically, the realizable € equation can be described as
more robust (Shih et al., 1995). A quantitatively more ob-
vious difference between the models revolves around the
expression for v;:

vy = Cuk2/€

Cy, = 0.09 found for boundary layer flows in the in-
ertial sublayer is adopted as a constant in the standard
model. However, for a large mean strain rate (Sk/e > 3.7)
in homogeneous shear flows, C,, = 0.05 (Shih et al., 1995).
Using a constant value, C,, = 0.09, can cause the Reynolds
stresses to become negative for Sk/e > 3.7 and the model
unrealizable. Modeling C),, as a variable related to the
mean strain rate is thus the main remedy that the re-
alizable model proposes. Indeed, improving the modeling
of free shear flows such as a round jet where the standard
model overpredicts the spreading rate was one of the mo-
tivations for development of the realizable model. Thus,
we can expect the realizable model to perform better than
the standard one in the current scenario where the mean
strain rate becomes large.
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Trude hét, can noéi ring gia thiét da ap dung vao Phuong
trinh (6), theo d6 r6i dong c6 tinh déng huéng. Thudng
thi v6i dong chay bién, réi dong phi ding huéng sé dugc
gid dinh vi mai trudsng bién c6 quy mo do dai (theo cac
phuong ngang va ding) khac nhau rat nhiéu, ciing nhu
sy ton tai cac hiéu tng théng tri theo phuong diing cla
16p bién bé mat bién, song vé noi, bat 6n dinh Richardson
instability, v& khuéch tan kép, ching han nhu thiy ¢ mo
hinh KPP (Large, McWilliams, va Doney, 1994). Tuy vay,
& truong hgp nay, dong chay qua cita dap ngam va cach xa
vé phia ha luu, dong chay nay hoan toan 1an at 16p bién bé
méit va cac hiéu tng tuong déi nhé khac nhu khuéch tan
kép. 0 day, su hoa tron theo cd phuong ding 1an phuong
ngang déu 16n va gia thiét vé tinh ding huéng dugce coi la
hgp 1y theo ¥ kién nhém tac gid (chdng han dé mo hong
cho hién tugng ludng tia kinh dién).

Dé tranh néi qué sau, & day chi dé cap dén khéc biat
gitta cdc mo hinh k-e chuan va kha hien thuyc. Phuong
trinh tinh & thi giéng nhau gitta hai mo hinh nay. Diém
kh4c biet gifta cac phuong trinh € nim & s6 hang ngudn
(Shih va nnk., 1995). Trong mo hinh chuén, cic ting sut
Reynolds ban than chiing xuat hién & s6 hang ngudn, con
trong mé hinh kha hién thyc, s6 hang ngudn lai tric tiép
lien quan dén t6c do bién dang trung binh, S = /25;;5;;
(Sij = 5(uij +uj;)). Vi S noi chung sé 6 ting xit sO tri
t6t hon cac ting suit Reynolds, nén phuong trinh e kha
hién thuc c6 thé coi 1a vimg hon (Shih va nnk., 1995).
Mot khéc biet hién nhién hon vé mit dinh luong giita hai
mo hinh nay lai xoay quanh biéu thiic biéu thitc tinh v

(21)

Cy = 0.09 tim dugc cho dong chay 16p bién trong
phan 16p quan tinh da dudc chon la hing sb6 trong mo
hinh chuan. Tuy vay, véi toc do bién dang trung binh 16n
(Sk/e > 3.7) trong dong chdy cdt dong nhat, C,, = 0.05
(Shih va nnk., 1995). Khi dung gia tri hang s6, C,, = 0.09,
c6 thé khién cho cic tng suat Reynolds tré nén am véi
Sk/e > 3.7 va mo hinh sé& khong thé hién thyc duge. Viee
m6 hinh héa C,, nhu mot bién sb lien quan t6i téc do bién
dang trung binh, vi vy sé & cach khic phuc chinh ma mo
hinh kha hién thuc dé xuit nén. Viéc cai thién moé hinh
héa dong chay cit tit do nhu mot ludng tia tron, 6 d6 mo
hinh chuan da uéc tinh thién 16n do lan rong, chinh 13 mot
trong s6 cac nguyén nhan thic day su phét trién mo hinh
kha hién thire. Do vay, ta ¢ thé du tril ring mo hinh kha
hién thic sé thé hién t6t hon 14 mo6 hinh chuan trong kich
ban hién tai khi téc do bién dang trung binh trd nén lén.



Hinh 14: | Fig. 14. Time series of maximum (cen-
terline) longitudinal velocities, U, at various longi-
tudinal positions downstream from the submerged
breakwater opening for the realizable k- model
simulation. The dashed black lines are the time se-
ries at z;/h; = 0 and z;/h; = 75, and the solid
blacks lines are those in the range 0 < z;/h; < 75.
Time averaging for analysis of jet characteristics
is performed over the time interval where U, is
in the upper 20th percentile (indicated by the red

[mis]
[2+]

u

lines) for the plotted interval at each longitudinal
position. e Chudi s6 ligu van tdc huéng doc (chinh
tam) cue dai, U, & cac vi tri khac nhau trén truc
dong chay vé phia ha luu cita dap ngam theo méo
phong bang mo hinh k-¢ kha hién thyc. Cac dudng
nét dit mau den la chudi s6 lieu tai z;/h; = 0 va
xj/hj = 75, con dudng nét lien mau den la chudi
s6 lieu trong khodng 0 < z;/h; < 75. Viec lay
trung binh thoi gian dé phan tich dic trung luong
tia dugc thyc hién cho thoi khoang ma U, trong
pham vi phan vi 20% cao nhat (danh diu béi duong

time since earthquake rupture [min]

mau do) trong cac thai khoang duge vé do thi cho
ting vi tri doc truc dong chéy.

6.2.3 Numerical Results of Jet Characteristics | Két qua sé tri vé cac dic tinh luéng

First, in order to analyze the jet characteristics, the tran-
sient flow needs to be converted into an equivalent steady
flow. To achieve this, time averaging is performed over the
interval where U, is in the upper 20th percentile of itself
between the 21.7 and 40-min interval for each longitudi-
nal coordinate downstream of the breakwater. As plotted
in Figure 14, the upper 20th percentile of U, (red lines)
is shown to encompass the time interval where there is a
noticeable peak in U, for each individual location. Thus,
the upper 20th percentile can be said to correspond to
the time interval that captures the peak inundating jet
structure over which time averaging can be performed.

The decay of U, versus x;/h; in our numerical ex-
periments is shown in Figure 15(a) for both the standard
and realizable k-e¢ models. Three linear best fit lines of
the data for each region of decay (potential core, charac-
teristic decay, and radial decay) are approximated using
a least squares fit. The Shape Language Modeling engine

(https:/ /www.mathworks.com /matlabcentral /fileexchange //ing” (https://www.mathworks.com/matlabcentral /fileexchange /

Truée hét, mudn phan tich duge dic tinh ludng tia, can
phai quy déi tir dong chay bién déi vé mot dong 6n dinh
tuwong duong. Dé lam duge nhu vay, da tién hanh 1y trung
binh theo thdi gian trong suét thdi khoang ma U,, nim
trong khodng phan vi 20% cao nhit, gitta thsi khodng 21.7
phtt va 40 phit déi véi titng toa do doc truc dong chay vé
phia ha Iuu dap. Nhu dudc vé biéu do tren Hinh 14, khodng
phan vi 20% cao nhat cta U, (duong mau dé) duge cho
thiy da bao trum thoi khoang trong dé c6 mot dinh U,
6 rét & timg vi tri. Do vay, ¢ thé néi ring khoang phan
vi 20% thi tuong duong vé6i thoi khodng ndm bt duge cau
tric ludng tai cyc dai dong chdy ngap qua doé ta lay trung
binh thoi gian.

Miic do chiét gidm U,, theo x;/h; trong thi nghiem sd
vita 16i duge chi ra trén Hinh 15(a) cho ¢4 mo hinh k-e
chuan 1an kha hién thic. Ba dudng thang khép t6t nhat véi
dit liu trong tiing viing chiét gidm (16i thé, chiét gidm diic
trung, va chiét giam téa tia) duge xap xi bang phép khép
binh phuong nhé nhat. Bo gidi “Shape Language Model-

24443-s1lm-shape-language-modeling?focused=7538987 24443-slm-shape-language-modeling?focused=7538987

&tab=function) is used to find the start and end points of
each line/region by employing the “free knot” setting (with
four knots) and a polynomial of degree one. The edge of
the jet is set at U,,/Uy = 0.5, beyond which a sudden
drop-off in velocity is noticeable because the jet did not
have enough time to fully develop. The three regions of de-
cay are relatively well defined in both models. The length
of each region of decay is longer in the realizable model.
Both models satisfy the requirement that the rate of char-
acteristic decay region should be between —0.16 and —0.44
for B;/h; = 12.5. However, only the realizable model sat-
isfies the observation that the radial decay region should
begin somewhere between 40 < x;/h; < 100 (Sforza and
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&tab=function) dugc ding dé tim cic vi tri khéi dau va
két thiic mdi dudng/ving, qua viéc chon thiét dat‘nat that
tu do” (véi 4 ntt that) va da thidc bac nhat. Ria ctia ludng
tia duge dat tai U, /Uy = 0.5, ma vugt qua pham vi nay
sé xuat hién sy sut gidm van tdc thiy ré vi ludng tia khong
c6 dii thoi gian dé phat trién day di. Ba ving chiét gidm
nay dugc phan dinh kha ro rang trong cé hai loai mo hinh.
Mo hinh kh& hién thuc thi cho ta chiéu dai l6n hon cho
mdi ving. C4 hai mo6 hinh déu théa man yéu cau 1a tdc do
chiét gidm & ving diic trung thi phai vao khoang tir —0.16
dén —0.44 ddi véi B;/h; = 12.5. Tuy vay, chi ¢6 mo6 hinh
kha hién thyc mdi théa man duge hién tugng quan sat
dudc ring viung chiét gidm toéa tia phai khéi dau tit trong
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Hinh 15: | Fig. 15. (a) Decay of
the maximum (centerline) lon-

— gitudinal velocity, U,,, of the
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transient wall-jet with distance
downstream of the breakwater;
(b) growth of the half-width of
the transient wall-jet in the hor-
izontal, yf/Z, y{\;Q, and vertical
212 planes. Left plots: Standard
k- model; Right plots: realiz-
able k-e¢ model; Regions I: po-
tential core; II: characteristic de-
cay; IIL: radial decay. e (a) Do
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Herbst, 1970). Furthermore, the realizable model gives a
decay rate of —1.21 fairly close to the expected rate of
—1.1. The standard model gives a larger decay rate (—1.86).
However, the rate of decay in the radial region can not be
exactly defined since it fluctuates based on the choice of
the edge of the jet. Although varying the edge of the jet
between 0.4 < U,,/Uy < 0.6 gives an average decay rate
of -1.91 (SD = 0.35) and —1.25 (SD = 0.39) for the stan-
dard and realizable models, respectively, indicating that
the realizable model does appear to more adequately ap-
proximate the longitudinal decay of U, overall.

The growth of y; /o and 2/, versus x;/h; is plotted in
Figure 15(b). Here, yf/Q and y{V/Q and refer to the horizon-
tal half-widths in the south and north directions, respec-
tively. Although it is expected that the growth of 2 /o will
conform to a power law for both models, the growth rate of
212 rapidly accelerates before interaction with the seabed
at zl/Q/h = 2.6. Note however that the growth here is
taking place in the potential core region and is thus some-
what unreliable. Furthermore, in our example, the growth
of 21 /5 should be complicated by the presence of the seabed
and due to the fact that velocity at the free surface does
not go to zero like a true wall. Comparatively, 21/, devel-
ops slower for the realizable model than the standard one.
The basic pattern of growth of y; /, is replicated by both
models; in an initial region, y; /, actually decreases before
a sharp increase in growth beyond approximately from or
before the transition into the characteristic decay region.
The growth of y{V/Q from the characteristic decay region
follows a power law quite reliably until the edge of the
jet particularly in the realizable model (o< %), slightly

chiét gidm van tdc hudéng doc
(chinh truc) cuc dai, Up,,, cua
ludng tia khong én dinh sat vach
theo khodng cach xudi vé ha luu
dap; (b) do loe ctia nita bé rong
ludng tia khong on dinh trén cac
mit phéng ngang, yf/Q, y{\;Q, va
ding, zq/2. Phia trai: Mo hinh k-
¢ chuan; Phia phai: mé hinh k-
€ kha hien thuc; Mién I: 16i thé;
Mién II: chiét gidm dic trung;
Mién III: chiét gidm tda tia.

pham vi 40 < z;/h; < 100 (Sforza va Herbst, 1970). Hon
nita, mo6 hinh kha hién thuyc sé cho ta téc do chiét gidm 13
—1.21, gan sat véi tdc do dy trit 1a —1.1. Mo hinh chuén thi
cho toc do chiét gidm 16n hon (~1.86). Song toc do chiét
giam trong vimg téa tia khong thé xac dinh chinh xac
dudc vi n6 dao dong tiy theo cach chon ria ctia ludng tia.
Mac dit viec thay ddi dinh vi ria ludng tia trong pham vi
0.4 < U, /U < 0.6 s& cho ra tdc do chiét gidm trung binh
1a-1.91 (do lech chudn = 0.35) va -1.25 (DLC = 0.39) lin
lugt khi ding mo hinh chudn v& mo hinh kha hién thuc;
diéu nay cho thiy riing vé téng thé thi mo hinh kha hién
thuc c6 vé phit hgp hon dé tinh xap xi do chiét giam U,,
doc theo dong chay.

Sumd rong y, /2 va zq /5 theo 2 /h; duge vé trén Hinh 15(b).

O day, yf/Z va y{v/z va lan luct 1a nita bé rong ngang vé
huéng Nam va vé hudng Béc. Dt ¢6 di tru ring sy tang
clia 21/ s€ tuan theo luat ham mi trong cd hai mo hinh,
song toc do tang trudng z; /o da rat manh trude khi tuong
tac voi ddy bién & z1/5/h = 2.6. Tuy nhién, can luu y ring
& day tang trudéng xay ra trong vimg 16i thé va do vay co
phan kém tin cay. Hon nita, 8 vi du dang xét, sy tang clia
21/ bi phiic tap héa béi ddy bién & d6 va béi van toc bé
mat nue khong gidm vé khong nhu véi mot biic vach thie
thu. Khi so sanh, 2y, ¢ mo6 hinh kha hién thyc thi phat
trién cham hon 14 & mo hinh chudn. Tiét tdu co ban cla
tang trudng y; o da dugdc téi 1lap 6 cd hai mo hinh: trong
ving khéi dau, v, /2 da thyc sy gidm trude khi tang manh
ngoai pham vi xap xi vao khodng tit hofic trude giai doan
chuyén tiép t6i viing chiét giam diic trung. Sy ting trudng
y{\;Q ti vung dac trung thi tuén theo quy ludt ham mi
mot cach kha tin cay cho t6i tan ria ludng tia, dic biét 1a
6 mo hinh kha hien thue (oc 2}'?), chi hoi thap hon so véi
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below the growth rate estimate of 1.25 from physical ex-
periments.

The characteristics of the jet when using the realiz-
able k-e¢ model appear to be more reasonable in compar-
ison with the empirical data than the standard model.
Figure 16(a) demonstrates how the maximum calculated
turbulent viscosities, v, along the centerline of the jet are
much larger in the standard model reaching a maximum
of 15.4 m? /s at z;/h; = 47 which is close to the position of
the jet edge determined in Figure 15. In contrast, v, grad-
ually climbs up to a maximum of 4.9 m?/s near the edge
of the domain in the realizable model. This indicates that
the jet simulated by the standard model is far more vis-
cous than that simulated by the realizable one; hence, the
development of the jet occurs closer to the breakwater as
demonstrated in Figure 15. Furthermore, maximum tur-
bulent intensities I = [%/uiui]l/2 in the standard model
consistently exceed 100% intensity and reach a maximum
of approximately 300% (Figure 16(a)). Such large values
of I seem entirely unreasonable. In contrast, in the mid-
dle section between 20 < z;/h; < 50, I in the realizable
model ranges between 11% and 19%. Also, I spikes to
around 100% at positions closer to the breakwater around
xj/h; = 12, and I is increased up to approximately 50%
further downstream beyond z;/h; = 50. From our obser-
vations, these increases in I appear to be controlled by the
effects of bed friction. Close to the breakwater, interaction
between the jet flow and the rubble mound occurs. Fur-
ther downstream highly turbulent flow generated by the
interaction of the jet with the seabed is directed up toward
the free surface and becomes entrained by the jet.

Figure 16(b) illustrates the minimum calculated values
of C,, along the centerline of the jet. The plot demonstrates
how v is able to stay smaller in the realizable model. As we
expect during high mean strain rate flows, C, reduced to
values smaller than 0.05 in some regions, particularly those
closer to the breakwater, which also tend to correspond to
areas of high I. Thus, we believe that the realizable k-¢
model allows for a more robust simulation of the turbulent
jet structure emanating from the breakwater and should
be used over the standard version under similar conditions.

tde do tang trudng di tinh 13 1.25 qua cac thi nghiém vat
1y.

Dic tinh cia dong tia khi ding mo hinh k-e kha hién
thuc thi c6 vé khép cac diém sb6 lieu thiyc nghiém, hon 1a
khi dimng mo hinh chuan. Hinh 16(a) cho thay ring cuc
dai do nhé6t réi tinh toan, v4, doc theo dudng truc chinh
ctia ludng tia thi 16n hon nhiéu khi diing mé hinh chuan,
dat cuc dai 6 miic 15.4 m?/s tai x;/h; = 47, tri s6 nay sat
v6i vi tri ria ludng tia xac dinh trén Hinh 15. Trai lai, v,
dan leo lén cyc dai 4.9 m? /s gan ria mién tinh toan trong
mo hinh kha hién thie. Didu nay cho thay rang ludong tia
mo phéng bdi mo hinh chuén thi cé tinh nhét hon nhidu
so véi md phéng bing mod hinh kha hien thie. Béi vay,
sit phéat trién ludng tia xay ra gan sat hon véi dap, nhu
dugc cho thay ¢ Hinh 15. Hon nita, cudng do r6i cuc dai
I = [2 /uu;)"/? trong mo hinh chuan thi luon duy tri vugt
mtic 100% va dat cuc dai vao khoang 300% (Hinh 16(a)).
Nhitng gia tri 16n ctia I nhu vay c6 vé hoan toan vo ly. Trai
lai, & doan gitta trong khoéng 20 < x;/h; < 50, I theo mo
hinh kha hién thuyc lai bién dong tir 11% dén 19%. Hon
nita, I nhap nhé dén khodng 100% & nhitng vi tri gan sat
v6i dap, khodng z;/h; = 12, va I tang len dén khoang
50% xa hon vé phia ha luu tit x;/h; = 50 tré di. Theo
quan sat thdy, nhitng luong tang nay cia I c¢é vé bi kiém
soat bdi hieu tng ma sat ddy. Gan hon vé phia dap, su
tuong tac gitta ludng tia va mai dap da xay ra. Xa hon vé
phia ha luu, dong chay réi manh gay ra béi tuong tac gitta
ludng tia véi day bién sé duge huéng len bé mit thodng
va dan bi hit vao ludng tia.

Hinh 16(b) min hoa céc gia tri tinh todn cyc tiéu ctia
C,, doc theo dudng truc chinh luong tia. Hinh vé cho thay
bang cach ndo ma v; gitt gia tri nhé v6i moé hinh kha hien
thire. Nhu dy tri1 trong cac dong chdy c6 tdc do bién dang
trung binh 16n, C,, gidm xudng gia tri nh6 hon 0.05 & doi
chd, dic biet 1a gan sat v6i dap, von cling c6 xu hudng
tuong ng véi noi ¢6 I cao. Do vay, chiing t6i tin rang
mo hinh k-e khé hién thyc cho phép moé phéng, mot cach
vitng vang hon, ciu tric ludng tia r6i phun ra tit dap, va
nén dugce chon thay cho dang chuan trong nhitng diéu kién
tuong tu.

7 Conclusion and Discussion | Két bai va thao luan

This study used a two-way coupling approach between
2DH NSWE and 3D RANS models, named 2CLOWNS-
3D. The hydrodynamics of the 2011 Tohoku-oki Earth-
quake Tsunami on and around the submerged opening of
the Kamaishi Bay large-scale offshore tsunami breakwa-
ter, where the majority of the volume flux is conveyed in
and out of the bay, were analyzed. For a total of 4.875
million grid cells, the computational time for 2 h of simu-
lation time in the 2CLOWNS-3D model is approximately
5 days using 12 OpenMP threads.

Comparisons of modeled and observed free surface ele-
vation time histories at offshore GPS buoys show that the
tsunami source model is suitable for our application. Max-
imum inundation and run-up heights were also compared
with survey measurements and found to be relatively accu-
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Nghién citu nay st dung cach 16ng ghép song phuong gitta
cac mo hinh 2DH NSWE va 3D RANS, dugce dit tén la
2CLOWNS-3D. Ché do thuy dong Iiyc ctia dot Séng than
Tohoku-oki nam 2011 tac dong lén dap quanh cta dap
ngam quy mo lén ngoai khoi § Vinh Kamaishi, trong d6
da phan luu lugng chdy huéng vao va ra ngoai vinh, da
duge phan tich. V6i tong s6 4.875 trieu o ludi, thoi gian
tinh todn cho 2 h mé phéng trong moé hinh 2CLOWNS-3D
thi mat khodng 5 ngay khi chay trén 12 ludng OpenMP.
So sanh gitta chudi thoi gian cao trinh mét thoang quan
sat vA mo phéng tai cac phao GPS ngoai khoi cho thiy
rang mo hinh ngudn séng than thi phit hgp cho tng dung
nghién ctu nay. Dién ngap tdi da va chidu cao séng leo
cue dai cing duge so sanh véi dit lieu do dac thyc dia va
cho théy kha chinh xac & trong vinh bao quanh Kamaishi
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Hinh 16: | Fig. 16. (a) Maximum
values of the turbulent viscos-
.Jlll ity, v¢, and turbulent intensity,

| I, along the centerline of the
transient wall-jet with distance
downstream of the breakwater
comparing the standard and re-
alizable k-e models; (b) minimum
values of the coefficient of turbu-
lent viscosity, C,, along the cen-

0 terline with distance downstream
of the breakwater for the real-

izable k-¢ model. o (a) Nhing
gia tri cyc dai ctia do nhét 16i,
Vg, va cudng do roi, I, doc theo
dudng truc chinh ctia ludng tia
khong 6n dinh sat vach, biéu dién
theo khoang cach vé phia ha luu
dap, so sanh gitta cdc md hinh
k-e chuan va kha hien thuc; (b)
nhing gia tri t6i thiéu cla hé sb
do nhét 161, Cy, doc theo dudng
truc chinh cta ludng tia khoéng
on dinh sat véach, bidu dién theo
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rate in the bays surrounding Kamaishi but underestimated
inside Kamaishi Bay. This can be explained by the dam-
age to the breakwater caissons during the actual tsunami
event, whereas the simulations in this study consider the
breakwater to be a rigid structure.

2CLOWNS-3D and 2DH NSWE simulations were com-
pared to outline the benefits of 2CLOWNS-3D, and to
identify what impacts of the tsunami the 2DH model is suf-
ficiently capable of estimating. Time series of the volume
fluxes through the breakwater opening, and maximum in-
undation and run-up heights between 2CLOWNS-3D and
2DH NSWE simulations were shown to be only marginally
different when a suitable momentum dispersion loss factor
is included in the 2DH NSWE simulation at the submerged
breakwater opening (Fp = 0.5 appears to be suitable for
the Kamaishi offshore breakwater). This indicates that, as
long as a momentum dispersion loss factor is considered, a
2DH NSWE model is suitable for inundation analysis even
when a large-scale offshore breakwater shielding most of
the bay mouth is present. The results also help to confirm
the robustness of the 2CLOWNS-3D coupling scheme and
adequacy of the 3D RANS domain size.

The drag forces on the submerged caissons were found
to be more significant than the overturning moment. The
resisting forces of some caissons were marginally exceeded
during the peak inundating flow when failure is expected
to have occurred. The most severe drag forces and over-
turning moment occur during the peak drawback event.
Jet impingement on the slope and armor blocks, and joint
flow scour of the rubble mound (not simulated in this

khoang cach vé phia ha luu dap,
tinh theo moé hinh k-e kha hién
thue.

60 70

nhung lai dy tinh thién nhé bén trong vinh. C6 thé giai
thich diéu nay qua sy hu hai ctia nhitng thung chim trong
st kién séng than, con trong mo phoéng thi lai coi dap phé
séng 1a mot cong trinh bén chic.

Hai mo phong 2CLOWNS-3D va 2DH NSWE dudgc so
sanh dé vach ra nhimg lgi ich cia 2CLOWNS-3D, va dé
nhan dién nhiing tac dong nao ma mo hinh 2DH c¢6 du
kha nang udc tinh duge. Chudi thoi gian luu luong qua
ctta dap, dién ngap t6i da va chiéu cao séng leo cic dai
gitta cac mo phong 2CLOWNS-3D va 2DH NSWE dugc
cho thiy ring chi khac doi chiit khi ta diing mot tri s6
phit hgp cho hé s6 tén that phan tan dong lugng trong
md phéng 2DH NSWE tai ctta dap ngam (Fp = 0.5 t6
ra phit hgp cho dap phé séng ngoai khoi Kamaishi). Diéu
nay cho thay ring, mién la xét t6i mot he s6 ton thét
phan tan dong lugng, thi mé hinh NSWE 2 chiéu ciing
phit hgp dé phan tich ngap lut ngay ci khi ton tai mot
dap pha séng c¢d 16n xa bd, che chin phan 16n cita vinh.
Két qua nay ciing gitp ta khing dinh do viing vang clia so
d6 ghép 2CLOWNS-3D va kich thuéc mién tinh mo hinh
3D RANS nhu vay la du.

Cac e kéo truct tdc dung lén thung chim cho thiy
dang ké hon nhiéu so véi mo-men lat. Cac lic him mot s
thfung chim da bi vugt qua doi chit trong lac dong chay
It dat cuc dai khi d6 dy tru sé ¢6 hu hai cong trinh. Cac
lyc kéo trugt va mo-men lat dit doi nhéat xay ra lic dong
rat dat cye dai. Ludng tia nuéc xung kich vio mai déc va
cac cAu kién pht mai dap, v dong két hgp lam x6i mai
dap (von khong duge mo phéng trong nghién citu nay)
ciing 6 thé git vai trdo quan trong lam suy yéu do 6n dinh
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study) also likely played an important role to undermine
caisson stability. The 2DH NSWE simulation was shown
to estimate approximately 656% greater peak acting and
resisting forces on the submerged caissons during the max-
imum drawback event in comparison with the 2CLOWNS-
3D simulation because of its inability to consider vertical
accelerations and associated non-hydrostatic pressures.

The depth-averaged velocities are in general 60-70%
larger in the center of the jet structures emanating from
the submerged breakwater opening during the 2CLOWNS-
3D simulation in comparison to the 2DH NSWE simula-
tion. Furthermore, the bed shear stresses in the vicinity
of the breakwater were larger in the 3D RANS model.
Significant near bed velocities in the 3D RANS model, ca-
pable of erosion of seabed sediment, are generally concen-
trated in a region approximately 1 km from the submerged
breakwater opening. Furthermore, these near bed veloci-
ties and shear stresses were found to be stronger during
the peak drawback event than during the peak inundating
flow. Analysis of the vertical distribution of the velocities
and dynamic pressure highlights the importance of vertical
accelerations around the submerged breakwater opening.
Large negative values of dynamic pressure occur over the
submerged caissons where a hydraulic jump occurs with a
sudden drop in free surface levels. A large-scale jet struc-
ture develops downstream of the caissons with noticeably
different horizontal growth rates between the 2DH NSWE
and 2CLOWNS-3D simulations.

Analysis of the onshore directed large-scale jet struc-
ture was conducted with the assumption that it behaves
like a 3D transient slender wall jet. Decay of the maximum
(centerline) velocity and half-width growth in the horizon-
tal direction was shown to approximately match empirical
measurements. Growth in the vertical direction appears to
be influenced by the effect of the seabed and the free sur-
face (not present in a typical wall jet), and thus not easily
comparable with physical experiments. In general, it was
found that a realizable k-e turbulence model performs bet-
ter than the standard version. The standard model gives
excessive turbulent viscosity and intensities that the re-
alizable model was able to suppress by reducing the C,,
variable during periods of high mean strain rate.

This study demonstrates the viability of using a cou-
pled modeling system like 2CLOWNS-3D to enable a real-
scale 3D Navier—Stokes simulation of the flow in the area
of interest. Placing a 3D RANS model around a large-scale
offshore coastal structure allows for an in-depth analysis
of the tsunami hydrodynamics, which becomes quite dif-
ferent from typical shallow water flow near the breakwa-
ter (e.g. large negative dynamic pressure over the caisson,
and development of 3D jet structure downstream of the
breakwater). This will enable the design of coastal struc-
tures like the Kamaishi Bay offshore tsunami breakwater
to be improved by providing the details of real-scale hy-
drodynamic forces more precisely, in addition to simulta-
neously computing the effects of the breakwater on the
coast through the two-way coupling system. Simulations
that take into account porous flow and scour of the rub-
ble mound could also be conducted. Moreover, more accu-
rate estimates of current speeds that affect ships and port

thing chim. M6 phéong 2DH NSWE dudc cho thiy ring
da uéc tinh xap xi 65% 16n hon cuc dai cac lyc tac dung
va lyc hdm cac thung chim trong lac dong rat dat cuc dai
so v6i md phong bing 2CLOWNS-3D vi mo hinh 2 chiéu
nay khong thé xét dén gia téc phuong diing va kem véi do
13 4p suét phi thuy tinh.

Nhin chung, cic van tdc trung binh do sau thi 16n
hon 60-70% & tam cau tric ludng tia phut tit cita dap
chim trong moé phéng 2CLOWNS-3D so v6i mo phong
2DH NSWE. Hon nita, tng suét tiép diy & lan can dap
thi 16n hon khi diing mo6 hinh 3D RANS. Céc van toc sét
day 16n dang ké ¢ mo hinh 3D RANS, kha ning gay x6i
16p cat day bién, néi chung thuong tap trung & khu vuc
xap xi 1 km tit ctta dap ngam. Hon nita, cic van toc sat
day va tng suit tiép dugc cho thiy ring déu manh hon
lic dong rit cyc dai hon 1a lic 1i lén cue dai. Két qua
phan tich phan bd phuong ding ctia van tdc va ap suét
dong da nhan manh tam quan trong ciia gia téc phuong
ding & quanh ctta dap ngdm. Nhitng gia tri am 16n clia ap
suat dong da xay ra trén cac thimng chim noi xdy ra nuéc
nhay cling véi muyc nudc syt gidm dot ngot. Mot cau tric
ludng tia c¢d 16n da hinh thanh & ha lvu thiing chim véi syt
khac biet thay ro vé téc do loe rong gitta cac moé phong
bang 2DH NSWE va 2CLOWNS-3D.

Phan tich ciu tric ludng tia cd lén huéng vé bs da
dugce thyc hién vé6i gid thiét ring né tng xt tuong tur nhu
mot ludng tia khong 6n dinh 3 chiéu manh sat vach. Do
chiét gidm ctia cyc dai van toc (truc chinh) 1an do loe nita
bé rong ludng theo phuong ngagn da cho thay sy gan khép
véi két qua do dac thyc nghiém. Sy loe rong theo phuong
ding thi ¢6 vé nhu bi d&nh hudng bdi hiéu tng cia day
bién va mat thodng (von khong hién hitu ¢ dong tia sit
vach dién hinh), v& do vay khong dé& gi so sanh dugc véi
thi nghiém vat 1y. N6i chung, da cho thay ring mo hinh
161 k-e khé hién thic thi cong hieu hon la dang chuan. Mo
hinh chuan da cho ra do nhét réi va cuong do rdi qua 1on
ma mo hinh kha hién thuc lai ¢6 thé kim ham bing cach
gidm gia tri bién s6 C,, trong nhitng thoi diém ma téc do
bién dang trung binh cao.

Nghién citu nay cho thiy sy kha thi clia viéc ding
mot hé théng moé hinh hoa 16ng ghép, nhu 2CLOWNS-
3D, dé cho phép m6 phéng trén quy mo thiyc phuong trinh
Navier-Stokes 3 chiéu cho dong chay trén khu viyc quan
tam. Viéc dat mot mo hinh 3D RANS quanh mot cong
trinh bao vé b dit ngoai khoi da cho phép ta phan tich
sau sic ché do thuy dong lyc clia séng than, von tré nén
khac biét han so v6i dong chdy nuée nong dién hinh ving
lan can dap (chang han 4p sudt dong am c6 tri s6 16n ben
trén thung chim, v sy hinh thanh ciu tric luong tia 3
chiéu vé phia ha luu dap). Diéu nay sé cho phép thiét ké
nhitng cong trinh bao vé bd nhu dap chin séng than ngaoi
khoi vinh Kamaishi dugc cai thién bing cAch cung cip chi
tiét cac lyc thuy dong trén quy mo thuyc, mot cach chinh
xac hon, ngoai ra con dong thdi tinh toan hiéu tng clia
dap chin déi v6i bo bién thong qua hé théng long ghép
song phuong. Nhitng mo phong xét t6i dong chay qua moi
truong réng va st x6i 16 16p da dip dap cling c6 thé duge
tién hanh. Hon nita, két qua tinh todn chinh x4c hon vé téc
do dong chay dnh huéng t6i tau thuyén va cong trinh cang
ciing nhu Ung suét tiép day gay ra bién déi dia mao day
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structures and bed shear stresses that induce morphologi-
cal changes to the sea bed (both shown to be substantially
different between 2DH NSWE and 3D RANS models up to
1-2 km from the breakwater in this study) will be valuable
information for port and ship operators.

The current study uses a fairly coarse grid resolution
around the breakwater structure due the requirement of a
relatively large 3D domain based on the flow conditions.
An improved coupled system could use more computation-
ally and numerically efficient 3D “non-hydrostatic” mod-
els (e.g. Ma, Shi, and Kirby, 2012) to simulate the flow
in Kamaishi Bay. This will allow for the 3D RANS model
domain to be defined only at the breakwater structure it-
self, significantly reducing the domain size. Furthermore,
improving the parallelization of the code using Message
Passing Interface, or adopting existing codes that utilize
this (e.g. Ma, Shi, and Kirby, 2012; Takase va nnk., 2016),
in order to use many computational processors is recom-
mended. Future work should also focus on improving the
adaptability of the models (e.g. adding and dropping terms
in the governing equations dynamically) and the coupling
between them (e.g. dynamic movement of domain extents)
to allow for increased grid resolution whilst maintaining
and improving computational efficiency.
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