14CCTI-C063749

11-1613000-001136-01

Infrastructure
R&D Report

2016. 4.







g
N

f—

—_
fie)

2016. 4. 5.

0
W%%ﬁ

%%%%
To) P @ "R

B %
J oR
ﬂ,wo ll

~N N

P T
T B
gy
N N






HIlA 8 oFA

o o o ,
- v -
S | RS K ? |5
. 5 = .
_WM N N = =
x|t R gy
G E K IR
o o x T
Ed = = = = =
HE .. JL -
- NEEERE e | B
T I B T 2
< | o f k2 ™ N5 9
e M by S
; 1B " S
g ElpltEE CHER gEe wT BEmERT Mxw TS :
o Dl e g ®E OBm® o T HF e o HER:
o~ S < e e Xq wp B o N o Ny X/ = op < N = do . o il RE=
— L el - ~ T o o 5 5 £
= =~ 4F o T & aw “ R ooy B R < m T =8
S Swpwr =9 7 ww ® B ol 0 g0 ol = T M g
A ® ¢ 2 oy JESTHREBR O RlE e
ﬂ 1_|L :.L b‘_ 1_|L ‘_%OI ﬂ_,AIL ™ ‘_nwmﬂ o # ﬂ_OI @M UT 0 m#o A_I S.L — Eo ‘H_ol 17” X d a
Mo R g g Taw ToPTmdzwm F A e 2 E
O e R Py 2a57% Do Ha D 6|8
o ~ X X f — o
Gl I B U Tow TEPEUIET I ¢8 8
o | |®le B _ Topm wBe mAa¥elwe_ o wirE o gE e
= | , 0 oo A 0 W T 3 J X ©
il | O Ty EEy AR EIIReEul gt
b T- N3 ") KO = - e S o >
5 s 5 iy < B gy RSN ST T, s er M E
5 E A 5% wSE eodfrosetIed gL
3 N ‘_._v X N o _ ~r B | © 9]
S el 2|3 ST darezIgIINLTE LTI
Jo el ~ o ! X ol &N T - o . o= o
! o Y ™ & i) T 2y = oF o — =
A B J._v 1o e E,.# 1;1_ i ;o# o) Lo L H._ LA, ﬂ o o- TN iﬁ =R
£ TP i — X B o o R o o T N 0o mo W) ©° o Q
SOt iy nE® HawE N g v 5 E
T —_ = ™ 9 X2 o™ @
M.Ap < i = — wi 1_AE Mrﬁ 5 X ,W ol * = ,L ol | 5 m
— oo o gy, TR WS o I+ m = Mo
o of No ~w o i ") o xEm it
o | o ~ =K o =p & A T o Wﬁ 0| o T = woar " = o R o E
;0._.#‘_ B | H N HN - Ho Jl ll :.L .ﬂi ﬂ ‘_Iq_./l Lo# = ‘Alra 1o Eo AT.C _ oF OU#O ..;O A‘.rv R == & a‘_ Bo
wmwu S oH mo T | B! 5 0| " M MM 0o Mﬂ ~ ™ — ~ %Aa (= W_ > & " A - ok
—_ ‘IH = ﬂﬁ EO & HT_ o s »A_l . —ﬁl =3 X O_W _ mo _AE -
e < | R - Bl o W oo = B _ W ny — oy 9
2ok o+ Ty, ETX R L Rl T i g s )
L = T < Nt N o x .o —
7B B mmi%%%_fxﬁ#u_iLn%%Wﬂmﬂn_hdrmaﬂqﬂm%mﬂmr%% e
|







ol

04

D-01

o

B

iy
e

o
xr
3
he
NI

R

No

gl
EK
el

)

0

M

el

]

=

g]

=
T

ol 7]

°©

=13
=

.o J)

1

A

)

a g

Ho

;Oﬁ
<
o

A

g

o AT el ¢

=%
o

Aol 4z1e] AA

=39l M 6719

1

kel
o

3

AA|

o}

}

el

el

%

B

S

tol Al

©

27t b

117;:4'

A kol Z

©

= &3}

[¢}

S dAad e s A

S

i

Bl
N

™

ofell

<A} Riemann

i
;o_
4

i~

o

ol A7IA= AL

H

TE

O metr A& HAS F8f 7
S

-
il

7o)

oo

K

"

Hr

=1

olo
o

)

N

71

—_

Nfo

(571 o)




< SUMMARY >

F=WE D-02

O Development of a novel technique and a numerical model for analyzing
flows over discontinuous hydraulic structure

- Develope a technique for analyzing shallow-water flows over the
hydraulic structure, which is mathematically discontinuous, by applying
depth-integrated models directly to the structure

Purpose& - Write computer codes for the developed technique and validate it by

Contents comparing exact solutions and laboratory test results

* Development of a novel technique for analyzing shallow-water flows over
discontinuous hydraulic structure

* Laboratory test

* Development and validation of the model

O Prepared a chance for a breakthrough in existing flow analysis by a novel
technique for analyzing shallow-water flows over the perpendicular
hydraulic structure, which is mathematically discontinuous like weirs or

Results retaining walls, by applying 1D or 2D depth-integrated models directly to
the structure like 3D models

O Applied the developed technique and model to real flows successfully and
published 6-conference and 4-journal papers for the study results to

show superiority and creativity of this research

O Possible to simulate shallow-water flows over weirs or retaining walls not
by introducing rating curves or by relaxing perpendicularity to slope for
their discontinuous topography but by analyzing them directly and could
be applied to accurate flow analyses in real rivers if the developed
technique obtained practical applicability to real hydraulic structures

Expected . . . .
O Used to evaluate capability for the flood prevention of the detention basin

Contribution . . . .
with the perpendicular side weir

O Therefore, expected to use the developed technique and model to studies
in water resource, water quality, coastal hydraulics, and the others if the
software package for general use will be made in the succeeding

research project

discontinuous . . .
] shallow—-water |wetting and numerical approximate
Keywords hydraulic . ) )
flow drying analysis Riemann solver
structure
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2A] Lee and Lee (1998) o]& o]0 ofst t}teFst A7t o] A (Yoon et al., 2002; Kim
and Cho, 2005; Kim and Han, 2010)

o %], Hwang and Lee (2011, 2012)= A} Riemann si®H9] ¥FQ1 HLL 7|5 ZofA]
7 8491 7|Ho g AedAl HLLL 7|¥H68 XApubAalo] ALs5Hy 2XF At £ sty
5171 9Jsl &% AN MUSCLE =5t g@H 7ol gish 231 fXJsiA 232 7Hdstye

(3) 1:16:] 1:}\] i_f}: N%J
o §=o] IMPACT AlI79] Igto 2 A Algloz AE Zu} vijxlo] o 52| wa}
=519 0 t(Testa et al., 2007), Hwang and Lee (2011)+= Al Rieamnn 5f¥H

2AMY pAlmo] ATt v £A] $4 A vlwstel AW Aot A AA|FS g

1) Gradually varied flow. 7{2]o] T2 &-82°] ¥gle} 1 Jgfo] v]uwA ¢ 72]o] X U= S8,
2) Rapidly varied flow. 5-8°] #ia}e} 1 ko] AHFol vlol &2 7=joll 24 U= 58,
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HZ HCH(vertical step)Z2 Y0It= S 2 LA (Zhou et al., 2002)
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=8, H= 09 JIE =&, n= HES =01, f= A" X, =

2A4 Ao ot ALA9l FFOo 2= Zhou et al. (2002)0] Al (step) A= A YH7h=
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1) 23 A A A o] =X ALk

2) oA He o3k o] xkg)

3) @A} Riemann 3jHo| &3t EdE5H F O
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3-2. A7 W&
b AAE Ave A5 SE
o 7|EQ SRR ZHO
Hog &slsh= o] &
o Akt AXPE 2 AR AN A2t ZojA FAEE @A Hag ALt ARRe] A
718 &0 BAEE =0 AAQ SA&H 7PEA AM2fsh= Aol et
o ghefEl FATHE OiAl= FAT=7 1/20 £ 1/10 o]/4de] ti“dAKlarge slope)’l H2=
7189 Aol gigk AlZ A&str]of] F2]7t qlo] o tist A7t Bag
o o] AoM= tFAL & BeF Ois] ALd 4 Aes: £ N2z A4Y +

25 SEstl o] AWl Agste] AAS AlUE A4 552 BT FasH
ST 4 Qe SFAE RYS NLEL ALS Al A4 520 A8stel B A
2Alg AEY

(D A&
NeRoA He 359 A2 Aador HRE, ol ALYGAIY froA BteA]l Hagt A
2 7PgolchLiggett, 1994). &, H4g, po] Hxt C}Su} Pt
p=pgn—2), (b<z<n) (1)
A7IoA pe =2 ol2 A » ulsko] it
E, b9 2N, hERE tgh Ao

1=}
iy
N
rr
o
1%
N
1P
k1
N
rr
re,
a2
ok
od
19
)
i)
4
i)
=X
33
rr
4>

n=b+h (2)
2 Bkl 712, wofl tigt g BARE, —(1/p)op/ox & Leibnitz HAS o]€so] » Wiko| T
5 Aeatel choat et
(_Lopy, o
/b ( o )dz gh 5 (3)
Eq. 305 1AHd A4 B-A HEFIM 257 F-A 0 A&t tsah ZtH{Weiyan, 1992).
9 (hu)+ i(huQ + lghz) =5 gha—b
ot ox 2 ox (4)
=—.5; —ghtand

of7lolA t= AL ue 2 AEH 75 05 229 v tisl ¢ o2 RE YA WY 2k,
Jelm S/ b Al ofst ANEoE Manning A4, ng olgsto] § =nigh iuolch. 1@
ol Eq. (4)oA tanf+ sindE AFste] Uehd Zoloz ofe A2 gof tisiA Tt Eq. (4)7F d3€ch
(Liggett, 1994). ~29] Az, 99 Hlof thsl| Liggett (1994)= Au} o]Z(long wave theory)C

HE tanf <1/20 2 T3, Chow(1959)+= 43 2579 Zha7t 1% O]9l tanf < 1/10 7]+ &
Yoot Bolth 220 FAPE 1/1084 2 3%, FAW¥R(gradually- varied flow)oA S7gAF
(steep slope) =28t FE517] Qo 4AF &~Z(channel of large slope)2 E&5E0, 7 H3ko]
fEfofof i (Chow, 1959).

A2 i At Alstol ) ol £50] JlEEE BHE 1ol vl £ 2
Aol T Rtk 71sig] TRoltHLiggett, 1994). &, Ea. (IM Qi) xt B3 uf

s o]
ol tisiA T dHET, A 229 A4 SFME 25 A 727t ofd, a2 HIEE TEs AR
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=

sk 72z Solof AEF 42 Bms} STHChow, 1959). oli3t 2l 420 vje me
+ 34 ZtHE(curvilinear coordinate)s A8otH oAty pstRoz 2735 ko] QHECH
(Dressler, 1978; Savage and Hutter, 1994; Keller, 2003).

L
S
d

ESh HA HRR JleHe APYRAS EA Ao disl dEsPlE st 2] BE
ol AAIE7] ol

gog 7]2E7] oy Eq. (47} Z=, 48 = LXE1A £U9
(Bouchut et al., 2003). matx] K2R Ao|A] vic ZAto] o]t AjAdat
ol ci-dAtoll oot S fsto] Au WAS Heshk= Zlo] AEAY
L S 2(yniform flow)o]] T3]l A29te] Bx= cheal ZHHChow, 1959).

p=pg(n—2z)cos’0 (5)
o]7]0]A cos’f= 4ol TiFt 24 Al4(correction factor)o]tHChow, 1959). W2tA Eq. (3)2

cheat 7Zro] AXEC}H

-

[ 4 Aol o

= =

ojct. WAt A2=E AU

rol

PV ()
d

>~
op

oL op e O O
/b( pax)dz gh8$+ghax51n9 (6)

Q. (6)0l4 S#19] Ob|st 32 Chow (1959)0] w2t 42l 2502 Felop & Zolct,

o ml Eq. (6)2 £30] 5579 790 thsl fEsone uicat 290 Wapt $Ust 790

2 9tk o] ARl A 220l Bl 2909 WaPE A2 R REfo] oA
]_

o
4Te FESHL olF HEAE Alde AesEo AH&staAt g,

Fig. 13} Zo] tigAr 20N E577F 25 Of, viEoA 4=, p,= 8G90 2410 24, 4o
tholff chaat ZtHChow, 1959).
= pgd cosa (7)

dsinatanf —

dcosa

Fig. 1. Nonuniform Flow in a Channel of Large Slope

_24_




o71o|A aw 69 Zo] AgoEl= viEe] GArdo|ty. TdorHE AR v A, hot 49 WA=
02 282 ¢ & Aok

h = dcosa(l + tanatanf) (8)
o7]ollA B 09F #o] FoEl= £l GArzoltt. Eq. (8)& ol&st] Eq. (7)= d WAl h2 BH
5 of=a At

= pgh(1+tanatang) * (9)
wHepA] tigAE 29 B5RFol sl ’\H% et 2 O3 2.
p=pg(n—2z)(1+tanatans) ' (10)
Eq. (1 oM 580] 7E Tla=p=0), d4gsY FH22RE Eq. (10)2 Eq. (5)< #th
q. (10)o] T2t thgAr a0l 24 AR o4 FARE thaat 2ol a4Hoh
e

wepd Eq. (1) ol8ste]l that 220] ofdt 92 240 Teig $5% WAL T3t Zo|
2 % 9tk

ne

5] ob

ot
of7]oflA] o] njx|ap 0301 A2 Aol
oA Eq. (1) ol8sto] oAl 420] gt 92 20| nejel 25 WRALS ohew} Zo| o
2 2 ot

tanatang

—_— 2 —_—
o Pt (h 3 gh) ~5T gh 1+tanatang

e

9 ab

g(hu)—i- ;(hﬁ—i—igh?) Sf gh
of7]of|A §1Q] UpARt o] 4 Aol
Eq. (12)91M tana=ob/ox 12]7 tanB=on/ox 0|02 vl A} At} g 2Aete the
2ol Yepd & 9l
B ha_b ﬁ( tanatanf ):_g ab (. tan’B ) (13)
ox \ 1+tanatang ox 1+tanatang
Eq. (13)9A4 & 4 Ql%ol, 4 240l ofsh vie FAtol ot B4 dTol dixlz £ol=
"ot &, gt s vte Aol st A e Oﬂéhol 273At 4~2(channel of small slope)
vl giRlE o Aok Z2ju (ab/ox)on/ox <—1 Q1 ZAo= Q3|8 1 wjE Arg= & ook
Oﬂiﬂi waAtHollA Al =4(drowned hydraulic Jump)Ur o] AYd(run-down) 5
olct &hH, (ab/ax)an/ax:—l o] 7Aoo o AXSto] Aolg]A] Qk=r},

tanatang

+ h— _
( 1+tanatang

o =
= =

-|> I‘I_,é

SRIBHE ALsh7] Yot Al cheat e 1R A4 Alo|ct,
U, +F(U), =S(U) (14a)
of7]of|A otz AA}, te} x= Ztzto] Cigh HulES OJujsty, BEWALO] WE, U, 52§ HH, F,

Do)3 A e, St 217} ea g,

U= [h,hu]” (14b)
F= [hu, hu? +gh2/2] r (14c)
S= So-i-Sf (14d)
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A71oM 5ot Sy 247 v FAReL obEol| gt Adde s tat Z.

o g [t )] (14¢)
S = [O’ ghb””(l 1+ tanatang

Eq. (14)5 49 AAHAIA, 20 dish GaUSSJ ‘ﬂe“‘J S olgstol AETstd thait ¢

/f U,d2t yng(U) . dn= /f Su)de (15)

o7]olH e 7, anolH A2 ke Tl WAl Wefolc
Eq. (15)2 Fig. 26t 2 Axk WIRIOIA 2,8 7,00 YA & WO o]
Chh M 8st, oldiakel WHAS Cheu Zo] ¥ 4 drt

o3l 2, io

-

Fi+ 1/2 _Fi—l/Z
Az,

(3

U, =S(U,)—

471014 Ax, =Ty =T )9 J2x Uo AIZH] tfjst U9l wshso|ct,
7410 YRIEE AREO] 5 Wof Ofal Riemann #AlE Cheat 22 1AM H3A1Y ulRugAl]
Z71X] BAo]tiLee and Lee, 1998).
A
Eq. (17)2 £7] 9§t 2A} Riemann d¥og HLLE(HLL-type) 7|8 oA 7P+ & 2of Aot
gjolom van Leer (2006)0] 25 71 &840 7jHoz agjxl HLLL 7|¥He X835t HLLL
7199l o]20] tjsiAL: Linde (2002)2] A1o)x Axd 4 9low Hwang and Lee (2012)= A
supdalo] tfsf HLLL 78S #go2 X8st ub 9ict.
Z7to] st 23F Hekwo] sj2 Hst] 948 van Leer (1979)7F R|9tet MUSCL(Monotonic
Upstream-centered Scheme for Conservation Laws)& ©|835t0] ;04 thZak Zo] A+

gt

A

U1 =U, +isiAxi (18)

o71oIA s= A AR BEHAIE 12H, AR Y HEHSLO] HALZA] van Leer AIFALE A&
stol Z2jAloR EBfgSh gho] El=F Atetict. Eeob, Ao Oigt 2xF A= siE A7] Hsh Eq.
(16)°l 24} Runge-Kutta W= A&ston, ALt AlRFE £017] Yol &4 DAIA T Riemann
Siio] Ag&l= MUSCL-Hancock 7|HE& AR&stitH(van Leer, 2006).

Fi_1/2 Fiyi/2
Uiq U; Uiss
X Ax;
Xi—1/2 Xi Xi+1/2

Fig. 2. Layout of Computational Grids
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, oAb Riemann ofgiolA Aites 555 T AT HAEI

& a7t lon, FAfHOA AEFEe A AR 271 Fa(still
water)?] A& ofES &5 &0l= 4 9JtKBermudez and Vazquez, 1994). Hwang (2013a)2,
Begnudelli and Sanders (2006)7} ¥Xuot Z7|= ZAZXHPartially Submerged Cell, PSC)o| thsf
Aokt AA-ARg4™ A (Volume/Free-surface Relationship, VFR)E Eq. (4)o] A-&s% -2

=1
o, JAFHO] st /o] SHES oju] YRl vf ok mefA FrHE 4 g0l ogh FFT
S AHEH o] dis] 3 &9 anfor=00] 82 Eq. (12)9] 4F 20| $RsHHY] HHY
ol olRlE ol 3 9SS WA ¥ 4 rk

AEFgS AAIZ A5oH7] Yol Aureli et al.(2008)0] thgt Zo] Aokt [-10m < z <10 m)]

T3te] x5 §7|(parabolic bump) Ao 28-& A8t

5132
= — < <
b(w):{b“l r) “imswslm (19)
0 elsewhere

A7100A b= &719 o= 0.8moltf. ofmff, ¥fe FAR= 004 8/10 Ato]o] Hejoll glon, P+t
A 4/10 (> 1/10)24 tizAto]t},

AA G2 0.1m 3719 AR ARtE BEste] obgo] gl 42 AR 40l gln 497}
1L.0m= §7[7F 5] A7 49et 0.5m2 dF Eefd goof el 24zf mojsiicy. ofjm, AA
efle) 240 oigt JoleA 1x 10-63C Kow A Aol w02 uolth 1 AWES
Figs. 3 and 40 24z} Hglod], 7'301]*1 A2 2701 s2et0] Rof Aol IofA ?%
7 %ol & Ae meol s & 2 dRIEER, FARRO] oisf VFR Z]%e] HEEAs .
oral 2ASto] mstE] Eq. (12)9] AmE Aol

@ EBHY §71004 w5 A

At 22014 539 AT Mmus] Yok Bq. (19)0) LMY )
elo] 2ol st AAe=10m)2 WAP] wEUHs 790 dis) Rolstick olF sl AR Al
-l0m)eld Y AARAG Rofsti, st AN ASRY @ g 528 w7
2 9oz £oitk wep §719) shRolA 2ol FAAUA WA YHs| AL, 1

o ofsh 97k WobAlcht §710] Aol o] AR Zolck. olal, AR ALY} 1A 5 msolw,

Hwang (2013a)el] Tt 2410] 1 umuch At Qo2 ZAlsieict.

Fig. S(a)e %2 27430l 9t Eq. (499 25 WAL 0|83 Hwang(2013a)9) 2ol
Fig. 5(b) 2=} 240] 2efd Ba. (12)0] o3t Zlolch £ Idold §719 ARoIN 2919 A5L
Ao Zouy, 1 stRoldE O TES & 4 Atk £ Alold AP 2 Aolg Holk e R0
A Eao] AY A U 28F0] Gk 499 KEL 255 B AWY £4 YA A7t o
L78j2 HE2 o wach o), 2.4 ZES utet Zo|, 42 2% o vhet A Y
o o] ol §719) 2BAANA 40| FAE] ThEolct,

4>
%
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Water surface elevation (m)
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O O OSimuIation

Initial value
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T T T
-10 -5 0 5 10
X (m)
Fig. 3. Submerged Bump in the Still Water
Emergent Bump

O O O simulation

———— Initial value
— —— bottom elevation

T T T
X (m)

Fig. 4. Emergent Bump in the Still Water
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Water surface elevation (m)

Water surface elevation (m)

1aoooooooooooe—&&\&oooooooooooooooooooooooo
oo

0.8

0.6 -

Drain without correction
O—6O—0t=0s
——=t=56s
A—A—At=10s
>—b—PbPt=15s
V—v—Vvit=20s
+—<<t=25s

0.4 -

0.2

A a

X—%—Xt=1000s | (s
bottom elevation / /
0 T T — = ]
-10 -5 0 5 10
X (m)
(a) without the pressure correction
1 e =
0.8
0.6
Drain with Correction el m\’\\\
06 Ot=0s .
04 ¢ <o <©t=5s
A—A—At=10s
> t=15s N
S
0.2 V-v-Vt=20s / I S
. <4< <t=25s f»%apkwy+*$ﬁﬁﬁﬁﬁ\K
X—X—Xt=1000s T e L
. |
bottom elevation | }/
O 1 [ I 1

-10 -5

10

X (m)
(b) with the pressure correction
Fig. 5. Drain Case of a Bump
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Fig. 62 €719 3l €(2=1.95m)o|A {43 Froude »5 WERA Jolct. 7oA ®l &1
goje} a7 LR AMe g2l aAo] nejEl Auoln e Sastulel i ekl Ade 13|

ore A 9ol T3t ul@E 98 Fruode 4, 1o tfsl AAo= Uepjgirt 1zoarE 7] ot
£ B 949 49 Ao 9SS ¢ 4 Utk 3 9 270l nE RYe) Au 1K) gL
720 |3l A2 AME(subcritical flow)o] AER7F o Q) A|4&E 1 940 X R} QrEl A%
o mejg AuolA, 85N Holt 40 T WES A £40) WAOR u ARl Aol
szl o ARY] mieolct. Eeoh 12s% 16s AfoJofA Ut G459 252 Froude 71 A&
(critical flow)o]] 25t0] 50| T BotAsty] wjRol 7oz doJu Z2x|sfe] BortdAat o
He Aol disiM= =854 &t

20
z
- 15 :E,
-+ 10 Z
3
45 5
L
5 — 0
4 - T T T 0000000 000800000000000
>
G2 -
ke}
(V]
=9 Velocity & Froude no. at tow of bump
O—6—=0©) with correction
0 - @@ @ vithout correction
{ \ { T \
0 5 10 15 20 25 30
t(s)
Fig. 6. Velocity and Froude Number at the Tow of Bump
@ A7+E Be Aus o By 52
Soares-Frazao (2007)— Fig. 71} Zdo] Zo] 5.6 mo] A 2=2oA A= A4K|Q} 512 24 0]
ol 22 A MAxl] R0 st 520] o] 0.065me] A7 E(bottom sill} KLk A
S35t olnf, A= 1.4/10 (> 1/10)2 224 710 vlsf A2 Ho|u tj7gAre] o] e}
2 708 Btk 45s Foko AgolA 2919 A 4w WA ol 9 TUINE 2909 B
& ¥IgkE AmE7] Y5 114 CCD 7iH2}E o]&sh ZYo| o] oAl
Reservoir
X n=0111 Pool
n = 0.02
\
2.39 1.61 ’! 0.45 ‘ 0.45 !‘ 0.70

Fig. 7. Experimental Set-up and Initial Conditions (in meters)
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Fig. 82 1.8, 3.0, 22]1 3.7 s¥ o A Fd g2 A=A ofst +HIAS 2472 UE
W ooy, ™ol = YR mAlH ‘*Ol YAl 9t aHo|t). Fig. 8(a)ol ¥o]x%o],
270l s8] ApAZREH & S ofsl R(et)AH Als¥Hct. Ho AGAIHO A Huk(bore)
7 EAEO] O ARE AuE1, 4RY dR= ELI gAtHol osf 7H&E]of ZololA ShHE £
HoJl A BRAFECHFig. 8(b) and 8(c

4 240l aHEA] %2 Eq.
o} vluston, o F2A AAdoz UERQIcHFig. 8). 394% FUTHAL GHEA
dixlz GRIst, Eo FAAfA EA R = Tute] ol £=7F A
2 YEdth depd ol BRtEls 580 A Hls] ¥ Wi He de ERe 8luA
(Hwang, 2013a).

&4 pAgo] 9= B3-S Soares-Frazdo (2007)9] A& Zut 2 Hwang (2013a)9] 2o ZAut
oF Hlwstitt. o] fsll 29 275 Hwang (2013a)9] 2743t LAAZICH, THN 4 2£40]
e ZaE o dAdog UEREIY. X7]dle 580 ZRAE AledEo] 4ol o Afeneg
BArll QJgh ol FA] ok Zlolet. 2=, Fig. 8(a)olA ¥olxo], Bo| At AtolofjA 4 LA
of ¥8 fFofl @& Afol7 A glof & Zife Az FAE .

T2fu; Blo] AAFATHOIA A Duprt ARE Aokl 3.0soA o4 g9 vy {Ro] o

M1

B S A Th)
T2 H

2 o} £=9| Aolt UeldthFig. 8(b) A%). 42 440 Tejg Yol AP} A JEA
of o3t 490 o 2HIL L 4 Uk Fig. S(CIHE QY 2ol Ak BFY A} 42

l‘ﬂ

et ghao] o 2 mAE 4, 9 Hophe 580 2AE e 440] ZelEA| e By
% ok mekd g Aol gt 2yl Hls) ¥ 4ol neiE 2y A
2 o ol 4g 2] ¢ Ragol Bt

O

=<
At 229 B0 o) HEY & YEE 2HH, A2 AU BT QL oS MY
HA] Mgste] dAAIE Als B4 522 urh A BNE 4 At SAAN 23S ALt
et Ryolx 528 o) ojsl HLLL 7|4 Hesigom, PSCE 12| 98l VERS ol &stol
25e PHSAT. o2 THAE AlUL M4 520 A8siel ¥ s BAIS dEsion], wiE
Age oext 2o

e 3 ) 7 Rl 9 2
99ict

@ AAHAl 4 29 Fkstole A ofgh ABEA ojR: Yol 98 ASd
oo, 24 8719 A4 2Al] 2@e Mestel HYPYo] 5L BYL

® E2HY §719 diao] ofet BololA 4 40 S0 BE Aot Selych 4 4%
2 Tejste SRl Bhe AA O] I3l ZolSo] §719 stold £40 AW Lwst
37 @ado] Stk 8719 5t BoIA 947 Froude 49 WSS AWBOS o,
2 24%0] F718 RO Zapt 1A gk A9 uldh AR et o o8 ASHD 94
T 2 F07 AEIN.

@ W73 =2 AUs @ g 530 ofd 2ol 9 2ol Aot BFoz gAY Iy
SAo] ot 20 U 2ol mefuA] e DHuCH O & TAL 2 99 S
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Ao 27| F7He

Tjof) 7 R ICy,

H20] Hol g E 552 2ol dfc 50 29 2wt A 2
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gsto] £45H Anet vlwsto] B ol 5o HES
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59 9oi(side weir)= SEOA 559 27|18 Yol 1 FHo| HR|H= 222N FHA,

NPAlL G, Aotk 5 et Ao A8dtMay et al., 2003 Hager 2010). stIM &
Hofofe] tirAQl AR A=A sHHAIE & P ol dXlEe ARAE & & dH &
WO Y 2907t ofE TIEED goAd, ¥ Yo Sl S8 YRS = ARAR B
o=H £R7Y fE82 2o Eo

28] AAM 59 Yolg =¥T o, dEbHQl ojet oAz, O FAY Ado] Ade 7%
A (discharge coefficient)?] 242 &3l -7 WAS +ste Zol UL ot /& 7

= 59 flojof] tigt s2fstA A olgt Y AE % & sA(overflow formula)oj] oJsf
Aelo] AFA] 59 A&a AA o]f&&t(Henderson, 1966; May et al., 2003; Hager,
2010), 1 AAQl AES ok 2 A Aol JbsE 1A B5R Adudol A8Y & ot
(Brunner, 2010).
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Wl go] Adstol clorst AQo] ojgt Aldo] A4l . 1 Hjeko2A] 3xk CFD (Computational
Fluid Dynamics) 29| A-go] At f(May et al., 2003), o5 Fot HA| ¢f2 ARt v]go]
Q-

59 gofi £2 429 vigo] A2 EL FPAE ol20] T o] HHHOE 3 s)Ho] Al
ARZOL, AAAE i1 waol A8 ARE 9A| QriPark, 2002 Fukuoka et al., 2007:
Choi and Ahn, 2011; Cho et al., 2014; Lee et al., 2014). £4AE 2AIY 2oz Al
x50l ol AR siMsts Jlo] B7lsstn 2tz Yelsit o] Brhst ol lou), ¢iAl

U] 25 HLE ASY & Y WS e Y SA20k] B Sasi A A
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Folo] ofal 2o 2 e

2R 2A|ROIE s AR 2419 MauPAL AMAACR £1 pAlddos Az
ADI (Alternating Direction Implicit) 7|fHo] AjEREIQ} oL} z]Z S0 ZAF Riemann sfHE A&
B)3 9JtHLee et al., 2014). 79 424 XA s ZostAWH(Park, 2002: Choi and
Ahn, 2011) AR AExo tfs] 1xHY 2@ AAISH= 73(Choi and Ahn, 2011; Lee et al.,
2014), diAl= A3 eI %@ Holol tisll €7 sA= ARESI= itk 2y Al AR AR
A2 tgos mojste 49, A0 ool Ry 9AAe] WEA| WEjol|E o] WEo] Y FA
= O|8sHA] ¥ FH Hﬂ% ] Fog tpsto] At g 51_3:.}0}71] Hol(Fukuoka et al., 2007
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AR ket 2ol 2449 B, (a,y) oA FEE A4 olHWeiyan, 1992).

U, +F(U), +G(U), =S(U) (1a)
of7loflA, ofl AA ¢ i 20t yv= 27 ARKEE F3ho] Oigt #olRs 9jojskal, HEHS
(conservative variable)Q] ¥lg], U, z W3] sE&(flux) ¥lE, F, y 39 s ¥H, G, 2
eln e W, St 77t ohgat 2t

U= [h, hu,hv]" (1b)

F= [hu,hi® + gh?/2,huv]” (1c)
G= [, huv,hv® + gh?/2]" (1d)
S=5,+5; e)

(1
oA7IoM, he 24, ue o BF 75 ve ¥y BT 75 gv 3SR, 230 S & S 27 8t
o 7gAret bt ot Ao s ohEu At

Sy = [0, —ghb, —ghb,]" (11)

S, = [0,—n2gh_1/3u\/u2+112 ,—nQQh_l/%\/uQJer ] ! (1g)
o7]o|A, b= VY il 12|11 nd Manning?] Z&A4o]Tt.

Eq. (1o digh SAJsiHez RotAAR(finite volume method)s A&kl 55585 ASH
Artst?] Yol ZAF Riemann s 9] %‘%01 HLLL 7¥2 A=stoict. o] 7% HLLY(HLL-type)
718 BoA 7P &0l AQtElglen], I FolA M aEAQl Aoz UeAN gQltkvan Leer,
2006). HLLL 7]sgof et ®ot RpAleh Afgtoll tis Linde (2002), 1 919 HLLY 7¥HE2t 8l
tish Hwang and Lee (2012)9] A tolM A2 4 Qloh. ito Oigh 24} F&eo siE &Hs}
Q5] van Leer (1979)7F Aotst MUSCL (Monotonic Upstream-centered Scheme for
Conservation Laws)S 0|85t TsH A7t Ofst 2xF A&wo] siE A7 s 2%+
Runge-Kutta S AEistAon, At AlRTS £017] flsi 24 DAOAMTE ZAF Riemann 5i%i0]
ALr]= MUSCL-Hancock 7|¥& A}ﬂé}@t}(van Leer, 2006). AAF A|7t9] 7FA& Batten et
al. (1996)9] QMgxZIo Sixo] A, AEH X2 digt ¥t AAJRE AlgE Hwang and
Lee (2011)2} Hwang (2013a)9] H-LojjA] PZS_% 2 9l

@ =W 912 AAY Rk AR g3 49 2
Kim (2013)2 Fig. 13} Zo] 2m Zol9] 58 Hoj=2 AZH % 0.8mo A4y 29 10m X
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2013)
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Q= CLH" (2)
7oA Q= FW Holg dolle F7%F. L2 W Yoo Zo], 12j1 A= YojoA $F(head)
oltt. Eq. (2)014 5= FW Yolo ot vtz Y FE= I 299 grolojof shiHenderson,
1966), Kim (2013)2 ©]7E &= ©H No. 69 SYojA 54 »H=RE FH o9 o 21
S W 2M(r)o2 giFleIAT. 5 Ales Z2-s] Yol 9 #27F 0.0034~0.0146 m /s ©
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HollA 128]of] AA FJEL Aol oo on, F¥ o] 9] Al AFA] shRQ] oj= i
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AT ARAlR 9771 9 499 d=o ARAY Af &30 o X 7HK] 497 B
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2g 2 ot} AR d5E ol 1 FoA & 7KK A FE AT 59 Yol /%
A2 455H7] Yol Ak ER{free overflow) 271Q1 A 3¢, Case 2 22|11 220 AFA] A
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ke o

o

2AVE Qooe AN goe 420 59 Yol slel 57l 1Y Axe RSt
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_38_




Water Surface Elevation (mm)

Q (m3/s)

350

Brink-depth BC (Case2)
330 - () (O () simulation

%@/O\K@ ———— Experiment

SN

290 |- / \u

0 120 240 360 480 600 720 840 960 1,080 1,200 1,320 1,440 1,560
Time (s)

(a) Water surface elevations at Section No. 3

0.025
0.020 |- Discharge Coefficient
C,=1.3028 ’)’
R2? = 0.9983
0015 ///./
7
0.010 | /
,//6
///
0.005 |- _—
//./
°
0.000 U/'/\ | \ | \ \ \
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016
Lh3/2

(b) Discharge coefficient of side weir

Fig. 5. Brink-depth Boundary Condition for Side Weir (Case 2)




A 4% Case 694 = ARA2RE f~22 A7 gt 471 55(submerged flow)o] LAYE]

Oz 220 AFA], Z& ALt G0 mdEofof s} &, Albt 49 Y l = &9 Yolof tisll E
TOo] AAR0] Bojgx] oker} Tejuz AF ZHQ Case 60 o] HAEsHO] YA =W 940101]
of2d AAx7o] AL R S wf Y22Fo] AASIK] whE =7t 9lct o]= 9Js) A7l 52 glo]
A AR SR A A%, Case 2004 58 o7t Agor HpEo] I tis ojHgt 7
AxAE BolE|R] = 7499t Ad A vluwsith

Fig. 62, W Hofof tgt FAxzo] Q& ™, ©H, No. 304 £¢9] #izte} 3 A+s YE
W Tojot. 2ol Bolzo], Bo] L9(LHof|A] %)7} A (oA ”H)ﬂr A dREZ
g & Qdon, 54 9o gk RMS Qﬁ}b 1.3mmolc}. E5t, &H Qojg 3ol AFA= dFEA
% 550] S22 == AY . Case 104 749 2A(ZHoA A= o”iﬂ wHglog, &
el A5t 9ojRls AR Rﬂr 2*010* S Qlth &9 fojo] tigt R%F Aee 1.392A4 A¥
ZAupe] I35 oE o Ay FAR|0 vlsf| 3% Fr F7HH Ao Satsit 'I}EW ARAE ZFst
QojofjAl FH 9o B9l AFAR o7k dFTFol AAET ot ¢ FAoy, Jg Qs 559
Hek= ojojg Aol
@ #Z —E—oﬂ sk 4§

, Case 60 sl 2oJ5t7] sl W ¢loiz oJojx]e AY 2ot AFAPE 2edd ALt
27]H WY Axtr 26t 229 Aske BoA AAlRde A9 4%, Case 29
3}71] Solgdtt. 229 27|20 A 4%, Case 29 1714} FUsH, K%ETKMW% A 4
. Case 69 A7 &%, 14.4mof 350l 7] 2915 0.24m= R0t by £9 fJojs et
Tr7} A&Eo] AFAS ol ZnHH, dd 3¢, Case 29 22| Case 604 = 14017} kil

~22 27} dojur] =ck(Kim, 2013).
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AL vlwstelon], EH 9Jof §o] SFo tigt 29-RF A= oAl BlTh 29 Aubk=
019} skF ©H, No. 304 E4H 2900 Tiet RMS QAP 1.5mm=2A A ZAuto] & Bgd
o] gldt). At dRF 20U A 4% Case 29 22 Case 69 gt AgollA oF 600 s 0]2
A0 280 gt Gl Ust=t], ZofoMe FUH o] StRoA WA= 299 Helrb & 2A
HE}(Flg 7a). 1 T2 FU Aol Yo =7 tih £Y-F A= 24 u]X A(linear)o]

& 1ot R&F Ala2 AAEA] et 2™ 49

olstal ©o] AlZbe QPAl mAISHAITE. Fig. 8

< AR Y H 29 ’\H HolS Hel Jlor wol Ave X A dRlste], 54 900 dieh
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2710 22 Y 535 o]RofX|tP7HFig. 9a) FolA fgol ZUEUA 5 $olg &l ARA=
FUHHFig. 9b). ARZ Qo AFAY &&Fo] xute|H ZH Sofrt A7|HA L2222 AFRIF Loyt
Fig. 9¢), B&7 w0l oy FH o5 &3 AF77F 2015WA 552 YAl 2 Uz MY
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]

o
LI

°401Ur 37<M CFDJ qu‘1011 Eﬂre et ulES 29 4 9L Jold d A o
Fof| oot FE7 vlwstAY 1A Ryt AASte] £9 W ool ARAIS olEstel §4 ®ols

LSS b

2g Hests 97} 7o
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o AGS AU A 529 nolda] Ui AARASZA Ao Fold
7k A+

(1) A&

19509 @& AdH|oE AHfo] L8FRE S, K. Godunovo]] 9Jgf 1ote Godunov &
Richmeyer and Morton (1967)0] 9Js &x]-&o=2 AMylo] d8yF o, 3o EH<E(discontinuity)o]
Ol= 1XIY Euler WIAAI9] 2X|efH oA E£&E= Riemann wA|(Riemann problem, RP)oj tfst
UrER(iteration method)22 AVRE|QIT). &, 1AM A=A o284 295 Al 2714
(initial-value)2 FAE]= RP9 A& df(exact solution)S ot7] Yo £& ¥HLE9 A 7t
(phase space)o|A] HZ41Kshock wave) ®= 3] SiHrarefaction wave)of| 2 £7] AtEf(state)
oF AAHE BE JHY AA8E0] ojfx A FoA AE=zL R BE= *EH% yhERos
Fot= Zlojti(LeVeque, 1990). wata] o] w2 RPo| diof A&z Fdottz A Riemann
oH(Exact Riemann Solver, ERS)C2 =20, Z& EA9 tis] HLL 7]‘?3(Harten—Lax—van
Leer scheme; Harten et al., 1983)a} 742 ZAPZ|Hof 9stH ZA} Riemann s (Approximate
Riemann Solver; ARS)o 2 B==CHToro, 2001).

TS W Alo]l alxo] XM AHPHAl(Shallow Water Equations, SWE)oOJA RPoj| tist A=ts]

AR S

S ot WY Esh A Aejgjo] 9lon, LeVeque (1990; 2002)o]ut Toro (2001) 55 AT £
et olof that A o F By FADA Oho] g, B vitolH 24T G4 i &
4 9 95 WYNOZ o2olnl Ay UlEWINY MR ALY ANE YU A,
SWES] cjgt Riemann SI(RS)S obo] g, W vitold sfo) 5E8(flux)S Bate) £ 2
Aol ofs Pshe wolch webd siclo] WA ke Aol vigt Aalol] o3t Y =

Aoz SWEE H|A|AHinhomogeneous) ¥W7dAlo] El8g2 RSE Al A8oh= Zlo] ILetsic}. o]o
cheh 48Hel Ao RSO| oldh 5280 AR WER 73 vl A o3t ANY Abelo)
ME A (well-balancedness)o] &tH=E L 2 MAMES x2|st= dio| 9JtKToro, 2001;
LeVeque, 2002; Hwang, 2013a).

I, A Zo] vigo] SA&Q Feole vlE AHe Hut oA viHo] BEsiejete £A
&olA Bl AL Dirac DEF 3h0] dE} Elof Apgate] Agdel dajas ool Ax| gt
(Alcrudo and Benkhaldoun, 2001). E3t, vjco] 2ejso 2 OJBH FA59 3 Qape0t o} A
oA mp&o] Gl HETHcontact wave)7t BAEY, =y A geF f400 ot 22 g2 o
o= RP9 18 % (eigenstructure)of X|tist FgFS 7]XItHRosatti and Begnudelli, 2010). T
EW =84 B Aol tish Zhou et al. (2002)9] £A17182, 21 {FHgdo|= E46tal, of2igh A

ool JoFg 12sh] of2f Ho| gt

L.z_‘ Aol st Fesls + o, AF EEY A oUxY EEZ vshe WYR(Alcrudo
and Benkhaldoun, 2001; Chinnayya et al., 2004; LeFloch and Thanh, 2011)2} 7 tjAl &
=Fo] HES A8st= ¥ (Bernetti et al., 2008: Rosatti and Begnudelli, 2010)o] 9t} 7
U gamte] 142 ols) Ale) WAl Bl 0] A1t wept Qolat AlRrivial) Alo] 2714

of wat AJufg7g Aol Aot g=Adg(strictly hyperbolic)2 HojA|al 1o TE o3 sf(multiple

=

o he
solution)E ms}7| ofgd& ©Ao] 9t LeVeque, 2002; LeFloch and Thanh, 2011).

OQL opy
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P FxE2 sl viHo] A4 Ae, st g4 FAME, A £ G o3 290
oF WA2EH Yy “dA(internal boundary)2 A2|$tcHCunge et al., 1980: Jun, 1996; Jin
and Fread, 1997). 04 o3& Fole 1222 A& APz Ipsto Atz elsh ==
o, 24 oJst 477 YA = o stRY Ala4s 7 2 Aol (Jun et al, 2007). 9 &
=% BE T A= ANste ¢ ERTY ALE Hel A7t vlg] A7l ojof stiz sf
Ao 2] 7ol ofyet Ad B Fol oot Atro] 2710 ojEd Aot Eoh, UR AR
719] For}t 2dsto] FAtr Hslste FRolle RIS 2P o =R Hslste Zlo] &7t
g Zojoz AA| Aol tigt wojet AH2|7t Hojd Zlojt.

ot 2AE AP Y 12 Ee AU Ae S8 dish UF dARde=A g Ao o
st AEgl|E Yoot e 1195 2 9ltt.  Hwang(2013b)2  Alcrudo and
Benkhaldoun(2001)2] 7J&siof] sl £7] &5 YA (Froude $)ofl Thg L dujE&2 AAlst
At} ESH Hwang (2013c)2 o5 AldZE AU 02 B9z ZISiE= A4 S50 dish Hestel
of. o] dtoME AlEE A= A4 sF9] dish Hwang (2013b; 2013c)dfl wet ot A=l6lE
ARSO] Y Az cr Bojshe 7ol dish dEsta gee] R A Aatel vlwsict. ojrf A&
2 23S Hwang and Lee(2010; 2011)9] wsfon|, ARSo] HLLL (Harten-Lax-van
Leer-Linde) 7|9, A3 Rj&(linear reconstruction)d] ©&E74AHmulti-slope) MUSCLo] A&

=it

Dl

(2) o]&
O & Aol i3k 4 gl
opEfo] gl=, HHESH vigoA 1A A4 550 ot A7 Al o3 2t
0 (1a)
of7]oflA, ofell At ¢t xv ZZ; AlRM; Z1to] oist HolEE ojujsty, BEHSLO WY, U, ¢ Y
sfo] s2g wE, Fo 7t7 Ur%ﬂ} 2y,

U= [ hu]* (16)

F=[hu,ha® + gh?/2]" (1c)

017]0111 hi Ayl g WRE 04 J8]7 g- Zavlawolt}. Eq. (1)o] ohea} o] Akaa o
FOJZ £7|12700] RoEH, £7|A] £AIQ] RP7F HH.
U, x<ux,

U_{UR x>, (2)

o710, U3t Uy 7 BA&(w =) DR(D)2 LEZ(R)OIA 20l BEHSO|CH
Eq. (1)of] tigt 1. 8122 YE 1.9X|(eigenvalue)= Th2a} 2Tt
A, =utec k=1,2 (3)
O7I0lA, c=Vgh 24 £mje] zonf, ¥EE k=19 § &, k=2% T Fo|c}. o]Ft 147
& o} Riemann =4 L} Rankine-Hugoniot ©oF &x710] 9J5} &&= Uil (simple wave)s

77y EAnket _JTrHJrE 20HToro, 2001: LeVeque, 2002). £7] J®l, U(¢=L R) 25E QIE
=0 240 95l F ”Jr(h>hq) F= Qvﬂlr(héh)— Tz} olH AJEi= ﬁ@%‘ & QloH, 77t
oJgt theemto] oM, Wi e th2at Zo] UERd 4 9ltiAlcrudo and Benkhaldoun, 2001).
Sk ={ Ul F0)— F(U) ak(U— u)}, ifh>hn, B
W= R(U) = {Ulu=u,+2(c—c,)}. ifh<p FTLEOTLEA “
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A71A, o, =u, e/ (1+h/h)/2 2N FAM] £rol1 B B A
ch

Eqgs. (1)1} (2)2 o]=ojxl RPo ozt A= woll Qsll U,. W0l sl U258 A4+
3] of" FadEl( Uy )oltHLeVeque, 1990). &, 4 &<tollAl Wik Wyo] B5& THEE]= AJE]
oljt}. o]= Alcrudo and Benkhaldoun (2001)of w2} o2yt 28 mpo] wAl(wave diagram)O=
LFERACT

DAY I 5

olr
-

rlo

ULﬂUMﬁUR (5)
20, Eq. (4)014 & 4 9ol themt, Wat wpo] 9ol a2 At T 24l o A
20 z70) oja $A4n Eb slgmE AYHD2 ARE YA ToA £ 2Mo| 3HS Tl
shRHo] oj&at Suto] gict.
st it Atk o] Bado] 9l A0 ofs) cheut e wie
(Fig. 1 #=x).

Tl

re

=3

uol'

= S A
2 g 2

)
i)

(6)
of71oIA, bk b AT A 29 myojth. I™oN Ab=b,—b, 2A ADY Eoloju
U’Q(: [b27h27h2u2]T)ﬂ 0.3(: [bgvhgahgug] % }7—1- =4 _""4 x]x_](l'_l’o_o)-‘} 79‘—?—(:[;—,% +O)—4 }\}
Folct. ATie] A Fol4 witke W02 U9l Tjol AW, Eq. (5)9] £l et 2zl
A S ol 2ol Jhsslch. 5 Helol oot RPE Agie] M3} 52 Uirol 4T 2 9

b, ifex <z,
b(gj)_{bR ife>zx,

U, ' U = [b,h, hu]

Ur
Xo X

Fig. 1. Set-up of the Riemann problem with a step

2149 AT AFE)] ol AR LEHA(S, Bernoulli WS M8, F oA,
= T g,

H=b,+h,+u/2g, p=2,3 (7)
wr2pA vl o |X(specific energy)?] A9|E ol&sted Tt #2 3AF YAAlCZ AP & Qo
(Alcrudo and Benkhaldoun, 2001).

(h/ B —(h, B, +¢/(29E)=0, p=2.3 (8)
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<

9} UJ HZHo] 7}5sit}. Alcrudo and Benkhaldoun (2001)% ]7 =
Step Transition, SST)2 ¥.21, Eq. (5)0] sl At A= A4 520 fe) chga} 2 o}
o] £A2 Aoksteict

14 T W,
U, 1U2SS U, 2UR (9)

Alcrudo and Benkhaldoun (2001)0] @=®H, U, o]\t U,7t A-RF(subcritical flow)7} opd 7
U I_J-I__g Uo] 71—71— U Eh UE—‘?‘—E1 7:17HQ _/'\_ olggi UZSS](U) 9;__3 UZSST(U)
olgsle] sl Ae 2 At 1Y U3t Uyt 25 AR A A B0l Tauk( W)
of AEuHSST)o] A2 Foll wHE e Fig 25 U, =100,4,01" 223 U, =[1,1,0]"9 3¢
of tisll ¢4 BH, (hg)ollA sli7F A== g B9 Zloju], me] Eﬂﬂi UrEJrLHDd oh2it &
o}

UﬂUﬂUi A (10a)
U, =R (U,)NSST(S,(Uy)), U, = SST(U,) (10b)

T
U, = 8,(U,) NSST(R,(U,)), U, = SST(U;) (10c)

SST(R,(Up)) SST(S,(Ur))

Ur

Fig. 2. Solutions in the phase plane (h,q)

oj2H ©d AHZ Au= A4 550 st RPY AEG|E & o] 7Fsaixet. 13d, o] A
gofl= Eq. (7)1 o] AT Hat SoflA ofx|e] &40l Qitt= VJB 2H =5Ho g 2
Q7 it} AA| ZAoA = Bie opERReE ofufet ATl ofgt 12 &4 (hydraulic jump)9]
A8 5ol Qsfl oyA] &4do] EA3E & Qlti{Henderson, 1966). 3& AR =oly skr Al
o2}t Eq. (1) 2= AR siAo] 27Hss +M(nappe)olyt Mgt Hrecirculation vortex)7} LAY
71% SHHBukreev and Gusev, 2003; Chanson, 1994). AES XyUE= A4 520 £ fA9]
2% Ao Qg 55 Ao tisiA= Zhou et al. (2002) 2T += Aoy, As/dd oigh
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o7} Wag Svlo] gk 44| JjgozA 1 wo] Uojx] ofudx] &4 Qelo] thliE o] gl
AEL o}AIZ}R] o]2ojX]A] e 7oz wolct

@ W A=A gl

Eq. (99 =Alg ol Y Adol tigh Zels =58 & 21 =k
ERS9] Aol 7}sstHHwang, 2013b; Hwang, 2013c). 12
5 A&steH A9 427t 2% AME A4t Agto] BjofRog %EH% 10]cHLeVeque, 2002).
whA Aol tisiMe YR FAREC s AFslE Folstal, UHA] Fofli= ARSE A Eoh= ¥
ol she] oietd 4~ 9l

U5 dAxAezA ASSHE ol&ste W2 Ad
oM &% A= U, UHA 9
AIE B, molA AHe] 4% 3
Uy'ol =1, Q8% 99 dF Bojlxe Z2b U'at Uy'o] Hoh.

Alcrudo and Benkhaldoun( 01)7F AAIRE 28 7FA] M2 & x£7] o] st Jesi=
Hwang (2013b; 2013c)o]] whe} =&35t0] Ao tist ERS('Step ERS’), ARS('Step ARS’), Z8]1
ATS F4AIR 7HRsto] AAtE]:= ARS(‘Slope ARS')2 H|wstYt}. Step ERSEF Step ARSE=
Hwang and Lee (2010: 2011)9] 230 Hwang (2013b: 2013c)o]] T2 Ashsls Y& AAXRAC
2 Fogh Zlojty. J2]1 Slope ARS= Hwang(2013a)o] weh @AM FEfQ] wie AHAp AAHS
(Divergence Form for Bed slope source term, DFB)1t HEAo=zg A7l ZAXHPartially
Submerged Cell, PSC)7} &Aj&i=l ©3o|ct. Alcrudo and Benkhaldoun (2001)7} A|otst A=
[-10 m, 10 m]9] AKE G0l 2=00f] =o] 1 mof TYd AW AH(forward-facing step)o] U=
dF2A, A At F92 0.1 m 37]9] Ax} 400712 FZstal ARet shRe BolA i AR
oz £t Slope ARSOIA Bt FAPY Q= 4%, Eq. (1a)9] SHo| 2o #A™ Agedo] &
7be]o] opEo] ofst A8t el AA ABEY, S5 UEE oSt 2t

S=[0,— ghb, —nlgh” 1/3u2]T (11)
o7]91A, n& Manning®] X%= A$o0l0{, o] FA|A n=00]c},

Alcrudo and Benkhaldoun (2001)7} AAISE A8 71X A2 o2 2Aof s 2ot Axp, £
H(n)et Froude &(Fr)7} Zg&hslier e & FA|stAT. 2 oA 2 Afo7t vluA 2 dx 714
ALo] sl 2o =71 Table 1o] A2lsty 1 7:‘4 Figs. 3-100] 2ttt ®Q} Tof] T H
% 260 tieliM= dZolA £7]0] vigo] Eojdt FL& 7SIt EA LD’). 2304 Bottom’
2 ¥ie ®1, ‘Initial’' & %7]X], ‘Exact'= Kg%}oﬁ% ojujsitct. Step ERSCF Step ARSE= ATHojA|
el E olgshe A2 sdstu], HEet viHolA ERS2E ARSQ| A7t Aolstr]ole ZAI7E D<est
02 & 29 wo] AuoA Aol A9 gty EF, Aeshet & AX|ste tiEro] 2o e
sfiet HRIAY A9 Aolzt itk AHo] FArR 112E= Slope ARSO| oJst ©O] Huh= Aeslet
BlwoA Al FoA TP 2 AfolE Btk 2712 &2 Froude 49 8|woA YEUD, Alcrudo
and Benkhaldoun (2001)9] 2 22W(Fig. 5 &%) A|Qstit, ©o] 290]9] xjo]= Fx] 9kt
Al RRolM A=elet LAV Edfue A2, Figs. 7-90|4 Eo]Ro], #£2 o|F ofu}
(double rarefaction waves)?} YAiE]= JHojn], £HEH= £2 Froude 49| H|WOojA UER
= & & ok GEpA olF gt wAIE AQJstH, Step ARSOf 9Jgh £99F {-4(&, Froude <)
LFolA getoier A dAlsto] ©d Adol digh gV iR AR cr foEE Wl B
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gt Fig. 1001 OR2 viEQl ¥%9] mhe A2 24 w20 Froude 47F A[UAA HA

Table 1. Test conditions for the selected cases of Alcrudo and Benkhaldoun

(2001)
Fig. No. of
g N0 0 L R Time out
A&B (s)
S
(2001) b (m) H (m) Fr b (m) H (m) Fr
11 0 4.0 -1.60 1 2.0 -1.92 0.50
12 0 4.0 -1.60 1 3.0 0.00 0.50
22 0 2.0 0.00 1 3.5 0.00 1.00
25 0 3.0 -3.69 1 4.0 -1.11 0.35
26 0 6.0 -2.61 1 8.0 0.00 0.30
28 0 5.0 -0.57 1 2.0 2.87 0.70
29 0 2.0 2.26 1 40 3.69 0.35
26 (LD) 0 0.0 0.00 1 8.0 0.00 0.30
1 (m) Fr
4
15 _/_
3 - B
2
2 |-
1 2.5 Q
o -
| | 3 | | ]
-10 -5 0 5 10 Xx (m) -10 -5 0 5 10 x(m)
— Bottom - Initial — Exact — Step ERS — Step ARS — Slope ARS Initial — Exact — Step ERS — Step ARS — Slope ARS
(a) Water surface elevation (b) Froude number

Fig. 3. Solutions for the figure number 11 of Alcrudo and Benkhaldoun
(2001)'s cases
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1 (m)

| 1 |
-10 -5 0 5

Bottom -

10 x(m)
Initial — Exact — Step ERS —— Step ARS — Slope ARS

(a) Water surface elevation

Fr

-25 - E
-3 -
I I 1 J

-10 5 0 5 10 x(m)
Initial — Exact — Step ERS — Step ARS — Slope ARS

(b) Froude number

Fig. 4. Solutions for the figure number 12 of Alcrudo and Benkhaldoun
(2001)'s cases

n (m) Fr
T

0.1 - B

4
d

3 i -0.1

0.2 -
2 b 0.3 -

0.4 -
T 05 -

-0.6
0L i

-0.7 - B

| 1 L I | 1 I

-10 5 0 5 10 x (m) -10 5 0 5 10 x(m)

— Bottom - Initial — Exact — Step ERS — Step ARS — Slope ARS

(a) Water surface elevation

Initial —— Exact — Step ERS —— Step ARS — Slope ARS

(b) Froude number

Fig. 5. Solutions for the figure number 22

of Alcrudo and Benkhaldoun

(2001) 's cases
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O |
1 1 1
-10 -5 0 5

~ Bottom -

10 x(m)
Initial — Exact — Step ERS — Step ARS — Slope ARS

(a) Water surface elevation

Fr

1 L
-10 -5 0 5
Initial — Exact — Step ERS — Step ARS — Slope ARS

10 x (m)

(b) Froude number

Fig. 6. Solutions for the figure number 25 of Alcrudo and Benkhaldoun
(2001)'s cases

1 (m)

N W A~ OO N

1 |

O -

-10 -5 0 5

~— Bottom -

10 x (m)
Initial — Exact — Step ERS —— Step ARS — Slope ARS

(a) Water surface elevation

2

LN |

-10 5 0 5 10 x(m)
- Initial — Exact — Step ERS — Step ARS — Slope ARS

(b) Froude number

Fig. 7. Solutions for the figure number 26 of Alcrudo and Benkhaldoun
(2001)'s cases
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n(m) Fr
5 5
4 - ar

3
3,

2,
2,

1+
r 0
0 q

| 1 |

-10 5 0 5 10 x(m) -10

Bottom -~

(a) Water surface elevation

Initial — Exact — Step ERS —— Step ARS — Slope ARS

1 L
-5 0 5

Initial — Exact — Step ERS — Step ARS — Slope ARS

10 x (m)

(b) Froude number

Fig. 8. Solutions for the figure number 28 of Alcrudo and Benkhaldoun

(2001) 's cases

n (m) Fr
T
4 6
3+ 5+~
2 , 4l
1+ 3
0 - 2 -
L 1 |
-10 -5 0 5 10 x(m) -10

~— Bottom -~

(a) Water surface elevation

Initial — Exact — Step ERS —— Step ARS — Slope ARS

-5 0 5
'''' Initial — Exact — Step ERS — Step ARS — Slope ARS

10 Xx (m)

(b) Froude number

Fig. 9. Solutions for the figure number 29

(2001) 's cases

of Alcrudo and Benkhaldoun
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(m) Fr

o -~ N W M OO O N ® =
T

1 1 4 L | | -
-5 0 5 10 x(m) -10 -5 0 5 10 x(m)

Bottom -~ Initial — Exact — Step ERS — Step ARS — Slope ARS Initial —— Exact — Step ERS — Step ARS — Slope ARS

-
o

(a) Water surface elevation (b) Froude number

Fig. 10. Solutions of the left dry-bed case for the figure number 26

st 7Hx] 5713 AR, AlTolA AR ARE] Bie Alzto] 84°(= tan '10)E EE SAANIOE
=otal, Slope ARSO| ZAMp7t oot of= Fr& UA|she Aot o]7l2, Hwang (2013a)0A ©]
o] golsl v} 91So0], 2ZAMINE Slope ARSOIN 5280| AT} vleh ZAlo] j3t Aate] Al
HFygol & S5V giwoltt. of2sh E4ezRE 5F0 B4 diwo] AL =50 AT tigt
REs] w0 AN A90) dulste] £ e ALY 4 ook A2 Sof, Eq. (84 chat
e o 2o shjel 2o Maet £ sje] 2ot o] 2eld o]t AlbdrkAlcrudo and
Benkhaldoun, 2001).
/(2957 )> 4/27 (12)
Z, 8] oyx7t eHARY d] ouA R ArZ of SSTO| ofgt sivt EANSHA] oh=th. Eeb, S
of AR a7t AR AY, 42 719 st 2AE 4 ItH{LeFloch and Thanh, 2011). T2}
A Step ARSO| of® AIRF ©AO|A Z2ieh o]pr YT FAR0] FoE7] o2 4o tiAle
UAMor O71g GiAlst 1 ARE DAMTE FAtZ Hetsh= Slope ARSZ FAIE dliaste 40|
C} ARSO|M WX AAIR7A9 Hojo] Aufst A= Alcrudo and Benkhaldoun (2001)_1 A |
@ 23024 Eq. (12)0] tisi 0.0037%2] oAtz AT HollA sHAIRZE F=A] X3t ZAoltt. o]
Az o] AfoM o E ZE BF FoA fEs AllEA 2unte Akt 271 © shuef ARE DA
A wPgE|gion], vl ke ARF BOIRE R e slRgert of Z9E nojw 299} Froude
27t BE Aalslet R A Axlste] EAIAN Alej® Zolch

(3) A&
Aus Aa 580 dist 2 7HA] A9 ZAatel vlugich oM AHHS
ey ‘—11317}5 BN 22t 28 At a=of| ofgt ofjufx] &4
22 oW Ahbackward-facing step), & YAE U27t= A4
%oﬂ et ”°401 o] LAY A] AL ololeh 7499 Blwsit.
EUr 71]“4 22 2UE 20 Uigh A AlEle s &QEW(Henderson, 1966), OS2 7
ol digh Ade WA ot | S ZeUt oiHete, Mz oE 219 A
ZZA00A A7l T2t 7o) OlTOW% AR Ado] i AR

tiet ol 34 520]

o 1O rok
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o

Zute] A5 o ™ Flo l'l} Chanson (2003)2 APz o]fojxl A +2(chute)
S Yaprle 352 Aokl 1 4 7k AdolA E74ateirt. 123 Bukreev
and Gusev (2003)= HAHA] %‘ & E%OH % &Y 28 AT skF 3Fol(pool)ollA HAY

=] hikbore)Q] %l 7ro @2 £2]9] ¥gtg WEstYch ESH de Marinis et al. (2009)&
BY eln BY 9 20 sl 31 250l GHE F9al Rl 4B At Alag
Zutel vlusiict. T ﬁlqoﬂ dict A=sli7t Y2 dARAez AAE= Step ARSE AlTo] AL
2 Yotkl= Step ARSE Al 7] Ao sl A-&sty Aifs= Bluel

_,.
-,

03':'
ﬂJ[o
L

‘L‘L

L

O dd g 33 Adeld | 3 25

oA v 50 mmo] A °é’%>*2 AL AW ATl 27] 9] 0. Al
go] sttt Aleel HEL Fjujzia 0.5 sob 0.75 sof BeE Qo] BAS Eof o] ojmrt o
ZA1E WAF(Weighted Averaged Fluxes) 2&(Toro, 2001)9] Zu}e} B]WalACE $X|ZOJofA
At Yos £7] 2949 AFS olFR 247 3 m2 AZsted 5 mm 3719 A Az}, 1,200712

Fig. 11. Picture of the experiment of the

forward-facing step case (de Marinis et al., 2009)

=

4 A8H WAF 2gof opde] vafo] gt edgo] glo] Adol gle, BH & 3
ol no] ol T Step ARSO] ZutE Fig. 120 &7 Bt oA EO]%OI,
SHEE A no goll OE 29 2909 Aot A9 gt & F1 5F0] =9

QA A0 ABEY SlRups ZlSYHE. ojnf uhE vpgart OlTL A4 (front)ofl A
Znfo] &t 2 ZPE]oF Fig. 12a0]A] Ho|%o], nj&o] gt Asksjut n=091 7Qo)=
9] o]zo] U #w=2y B ¥ Aoz UERdTKToro, 2001: Hwang and Lee, 2012). 1
2L} WAF 2%09] ke obgo] A5l Step ARSS Zo] 3¢ 29 AAlz sl 2ol gl st
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Fig. 12. Water surface elevations for the flat bed case of de Marinis et
al. (2009)'s experiments
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Fig. 13. Water surface elevations for the backward-facing step case of de
Marinis et al. (2009)'s experiments
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Forward-facing Step (t=0.50 s) || 0-4 s Forward-facing Step (t=0.75 s)
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Fig. 14. Water surface elevations for the forward-facing step case of de
Marinis et al. (2009)'s experiments
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Fig. 15. Main dimensions (in meter) in the experiment of
Bukreev and Gusev (2003)
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Fig. 16. Hydrographs at P1, P2, and P3 in the experiment of Bukreev
and Gusev (2003)
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0 Mol 9ix2 AT stdo] 50 mmotch #AF £22 o] Y AL Yol Ehue] 22
Stk ofn), 33 10WA] Ao AE B RIolqE 200 ofF ¢l 94w AAEC
A 2olst x7004 38l0] AA uk2elol 543 22 B@et ZolcHChanson, 2003).
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rln

Table 2. Conditions of the experiment of Chanson (2003)

Initial
Experimen Ab channel )
Run (m®/s/m _ Steady flow regime Remarks
t (mm) | conditio
n
TL1 0.080 Wet Transition 18 horizontal steps
TL2 0.095 Wet  Transition/Skimming length: 1.2 m
Series2 715 TL3 0110  Wet Skimming (length of 1jt step: 24
m
TL4 0.130 Wet Skimming width: 05 m
TL5 0.150 Wet Skimming
qQ.
—_—
step 1 1.2
57 step 2
S 4 step 3| [0.0715
1st drop hR
2nd drop

Fig. 17. Main dimensions (in meter) in the experiment of Chanson (2003)
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o uslo] Qou, AR BolH +9-9F WA= AAEA Gock Ul AE Bold 89 AE
A Bolalr] 98l 1 oAl MPo2 Ay Yl 8ol Pl tadt 2RIHE PYstE of

7 2ol Y dAxdcs SOt
Chanson and Toombes (2002)= =4 =204 AAE AHE &5 AH 742 TL1, TL3,
2|2l TL59] ol Darcy®] oA E F7dsko] 282 0.038, 0.0199, Z12]n OO375§ Kﬂ/\]o}OE‘EJr
o] A== 7 =EY =05 per F1 n9 Y5 FAGIEH, oF 0.009-0.0129] H o Ut}
3 ZofA 429 vt AjAQl Zxf(dressed timber, joints flush)o] sfd3st= 0.011S AAsHAT

(Henderson, 1966).
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Fig. 18. Non-dim. travel time and wave speed (TL1)
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Fig. 19. Non-dim. travel time and wave speed (TL2)
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Fig. 20. Non-dim. travel time and wave speed (TL3)
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Fig. 21. Non-dim. travel time and wave speed (TL4)
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Fig. 22. Non-dim. travel time and wave speed (TL5)

Table 3. BMS errors of non—-dim. travel times and wave speeds and

run—-times in simulations

TL1 TL2 TL3 TL4 TL5
Slope 1.309 1.583 1.008 0.8%4 0.819
.y Step 1.180 1.934 1.144 0.798 0.668
P
Ratio
0.90 1.22 1.14 0.90 0.82
(Step/Slope)
Slope 0.139 0.198 0.229 0.246 0.189
Q: Step 0.142 0.198 0.227 0.243 0.184
Ratio
1.02 1.00 0.99 0.98 0.97
(Step/Slope)
. Ratio
Run-time 0.95 1.04 1.01 1.04 1.06
(Step/Slope)
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A B4t o was AgE oz welth 1098 AU %9, 2AY S50 BRAA e
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BTL5-16) YolH PR SZARE 7(=(t—1,)/oldy ) Tel Aol Zol2 Ratiet 72, o
(=a/D9 &2 W9l Zolck, £iS AWuT, TL3-304 U ZH49] A7) SAme] £ A2lr} A
ol ulsh ololA o ZAT(Fig. 24 AX). TL5-160j4E CIA2 o Fout Ud Zmet Aol o
ATHFig. 25 A%). 5, TL3-30IA% Ugo] uls) wolds $4mp} of wiesA Asgslsr), Fig. 24
oA cof wlEolA & Eeldck I8 Fig. 25014 BolSol, TL5-1600A1: ©o] Aupt 4y 2
sjof uliwA  URIACL Fig. 23014 OAI% &, ‘Mean'o] Ll 22 2uo] o3t gjgo] T2
A1 39 Ak ARt 2t AolA RA] Y 9o tsl B o B Hojck. Ay 8 A}
oo} 1 ol TA| groui, Ay Aol Chet YUOAHE Step ARSOIH 2.9-6.0%(2E U A%
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Fig. 23. Non—-dim. mean wave speeds in step number 3, 9, 10, 16, and 17
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Fig. 25. Non-dim. travel distance and mean wave speed at step number 16 (TL5)
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S AEsHIt Step ARSE Hwang and Lee (2010; 2011)9] 23of Alcrudo
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Yotelo] SjMEE Yot & RS FEort e A B 7HA] Ao A&t 2 AakE ¥l
stlon, =59 A2 o2 £
O AYZ Ay A4 289 dis B&siE UR dAxde= Bost= ARSE F/dst3lon, A
ghofier A dAJZ =Hlstgnt. W BARAY 2o Aishks Ffolle Ads AR dst
sto] AEE|1L 0|9 TA] Y8 AR Bo7F Al=EQlen, I Ffe o] Ao HE 2
© 2 oA o 1919 ARE @AM A Zlo] {dgh Zolginth
@ ds =2y LHEV% A4 sEoM 22 =it 2of 9t offqx] &Aool ofAER] A3
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A AR 49 BluE sl RYS A5t
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ZAAF 22 A3 (Chanson, 2003) S A| 71X Al&lo] thsll Step ARSQF Slope ARSZ &85}
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o] A-toflA TiEE 2Pz YAlg(drop)dt #o] 294 vES 20O J4 Qlo] Ay Ae =
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Joll Agsto] 71&0] SGMSELH L4651 3D B0 HAA] ¥ As) U AFA A
dat vws 5o A5
D A2
A 22 A4 APL AUE Ae 520 gt 2A514S YsiME 1Y 230 3t A2
o] AwAo|ZoLt, ZAo] wet 419 vlgo] I 4 9k Fig. 1& ATS Alu: FA4 529
Z0zQt 27 siMsh] 93t Ak AAte] WiA|S BQl Zlo|c}. Fig. l(a)o] tial 3x1Y @S A&
< o, Fig. 1(b)e} 2 JH Hi&]7} Wast Aolch. EL tiate] s fAUAE mygos Hs)
= 79, AP AYS A4 siAs] offenz FArz stk Zlo] Erimsin] 1o e Zx}e]
go] @7€(Fig. 1c M) OfoF 2AIRE nyoze Ad tis) AF s 4 Aoy, AP

ASE A CZ tR|sHA] a1, Fig. 1(d)t 22 ZAAL viX| = 7} ZAo|ct.
v
(a) Flow over a step (b) 3D meshes

(c) Depth—averaged 10/2D meshes

(d) Meshes used by new scheme

Fig. 1. Flow over a step and layouts of computational meshes

J1me] AaRE RRolM At sl AR 9stele o] olmat ol 9= uigto] Belkel A
oA n]Ro] B75at0] M4upgalol A EHsource term) FolA 0% FEQ] vl 73A1to] AolE]
x| 7] mjFo|c}. o]z st ZA| 5t7] 9ol Alcrudo and Benkhaldoun (2001)& ofju{A] ¥4

=2 a4
=2 1

Alg ol&st] ©Y AT & Alue A4 S52= o]F0/%l Riemann wAof thst FEsiE AAIsTH
At Hwang (2013b)& Alcrudo and Benkhaldoun (2001)9] A&tsfo] ofsf] x7] 55 oA
(Froude #4)of T2 ¥il2]s(algorithm)& AASHA ST, Hwang (2013¢) o5 ATE A4 O+

ujgoz AL A4 520) ohe) RSioich E3 Hwang (2014)2 2914 A|¥S U5 AAZ &
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J0] thsff A&t Riemann o] 7]9tst & 2] 5(Hwang, 2013b; Hwang, 2013c)& A-85t%

ok

SRR 2ABH0R 2A4 KPS AW Hsb] Ast AERA Zhou et al. (2002)0] APE
2 9lck Zhou et al. (2002)& Zhou et al. (2001)9] SGM (Surface Gradient Method)S 7
of x85t7] 9lal SGMS (SGM for a Step)E Aet%rt 152 x|@o] B4 98ls7] ol
oy o] Aolg TASL i 402 EB(ux)S AL, 55 U] FE(abrupt
contraction)o] oJ3t 45 &A% AFo] F7ksH9t Zhou et al. (zooz>% 2o Aaloler A3
At} Hlwg Fof st a&Aoln] =skrobust) 7Mooz ATfsIR oY, SGMS+ Aol ¢
As] A1 BT 80| 7Hssto] AlHer Fo] AAY WA= e A Ia U3t Hwang
(2015)2 Adog Fo] APAY WA= Fo|= SGMSE A&d 5 Jes HAsIICt Aldo] Al
5] 7Rl o AR AT 2ottt 2o gle B AY Hoﬂ =0] glof Holl ol YhAte]= H%
223 & 7L FAll EAske B9 & Al 247
(Hwang, 2015a). ¥t} 9tA Prokof ev (2005)= AH9] 7\10401]/\1 =0] AR A

2H 589 2U4&s Fest AR oJst 55 APZ, Zhou et al. (2002)2t %‘EJ e A
of ofet siog st} 12y X|FY TS *@’83 o] ofd &80 est= & o
Aol YRS A7+ 4ol tsliA= SGMSJ A H“ﬁ‘ﬂ} %45}1‘—}.

g rown

==
Ol
L
ol
-~

_,d
Ne)
rr

i)

o] 57 oj0] Fohax] ot A
-9 1 799 ol2o] ths) Arfetn

=
- 1o
o ol
EJHJ |l
fu
fifo aju
o?‘i —‘NT

ook
=5%
_\'T
=
-
-
m_g'z re
+
42)
rr
=>.“=
4
j
F$
ol X
11 >

Zhou et al. (2001)0] ARkt 2-54(z- property)Oﬂ W‘H ARt 23 A 719 SGMS
ojgt Azel @ Akl Fhel B, Tela Ala Aol tiel A5}

27t e 550 et g A2 et Zi(Weiyan, 1992).
+ (), +G6(0), = 5(0) (1a)
710, of AAF ¢ 223 29t y= A4 ARRY gt ot HojES ofujsti, HEHS
& 98, F oy ¥ 555 1Y, G 131

]l

7}
(conservative variable)?] ®lg, U, z ¥39 5
e HE, g 77 et 2

U= [h, hu,hv] " (1b)
F= [hu,hid? +gh2/2,huv]T (1c)
G= [, huv,hv? + gh?/2] " (1d)
5= 8,+5, (1e)

7

1
o7IolA, he 24 ue 2 BF 75 ve ¥y BT 75, 95 3SR 29 59 S 47 8t
d 7

S ZAlet oo oj3 TR Theu e,

S = [0 —nghfl/Su\/u2+UQ, —m2gh71/30\/u2+v2]T (19)
o7]oA, b HIE &AL 223 m> Manning®| ZE=A|4olch
ol Y HAFS Yol Eq. (1)28E xS &0 ozt 22 1AM AU7gA0 dish d&
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U+F =8 (2a)
U=[h,q|” (2b)
F=lq,¢/h+gh*/2]" (2c)
S=[0, —ghb, —m’gh~ V32T (2d)

of7]ollA, ¢= hu oJtt.
Eq ()Oﬂ TI" }-7;1]7( tl]-]j% Ei%él—o:] 71]1_]: ]41 01]]3 72]]/\}- 7217\‘]- Zoﬂ ﬁ_g_él_% q%ﬂ 7];_:}]:4_
(LeVeque, 2002).

UnH U'— Azx (E+1/2_Ef1/2>+At5; (3)

oA71o|A, n AIRE GAl Azes AL AXRe] 1t M4, J2]0 Ats ARE (HE0® d5 AR O
off o2t 22 A 270 2HE AXREH Weiyan, 1992 LeVeque, 2002).

max; (Aol A p)At Az <1 (4)

oj7]o|A, ix= 18E AL Axe] & 747K A4o]1l A= EAHcharacteristic wave)Q] 4%0]

= *17}01] dish 2xte] Aetes &Hsh] s Eq. (3)o] 2AF Runge-Kutta H¥= A& 4 ot
q. (3N =552 s Z2As] Hste] of® ZAF Riemann sfiH, &2 AL AxKi)<

3& A, i+1/20] AEotH ohgah Zr}
E+1/2 = oe(Uyﬂ/Qv U+1/2) (5)
ofZloflAf Lat RE 1 WO YAXy QEXRZ ulsit}. o] <l4lo] A&E AP Riemann 3
HLLL 7|Ho2A o] tjst ANt AH-E Linde (2002) £+= Hwang and Lee (2012)9] H-LofA
Aag & ol o dist =S =ol7] Yol AXE AR Holq BEHSO HAE HPT -~ 9
of. & AAE ARF YlollA el BEHS S AXR] ZYo] il F AXRY] HEHAE Vst
of At Y BEHAO FAL dUE AFTo=MN Atro] Ajt&(data reconstruction)o] o]ofZltt.

bl sl 24t} e g =Es] Yl JUE Ads = & JeH, Eq. (5)dA =&& 74t o]
9 ¥9 YZu QEZM BEHAE O3} 2

ULy = U, +0.5 As T, (6a)

Ut =0, —0.5A280,, , (6b)

Zhou et al. (2001)0] AQtet SGM2 EEHS & o] dieh FAte] 274g0A 4ol ofd 4
g ol&she Aolth. &, U = (90,697 2A] Eq. (6)9] Al ol UE® ofgat 2.
hiL+1/2 =1, +0.5 Azdn, _bi,+1/2 (7a)
hlt e =My —0.5Azon, | —bl\ ) (7b)
A711A ne= UM n=0+h olth.

@ SGMS
Zhou et al. (2002)= AHoN 24& AIE ast7] Yol AxL o gt Eq. (7)2 ta3t &
o] ¥}mQLY.
hl s = m; +0.5 Awén, — bl (8a)
hzﬁ 1/2 = Mi+1 — 0.5 Azdn, , _bz‘L+ 1/2 (8b)
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IR & ARE, i+10] diel] oheat 2,

hlﬂm n; +0.5 Axdn, — sz/Z (9a)

hzﬁ 12 = Mi+1 — 0.5 Azm; _bi}i- 1/2 (9b)

Egs. (8) and (9)0]A 3280] Al x|&o] olgko] glonz o|ZS MWAstA Hea wajst

A =t =, SGMSo|A AAate chea} 7}

SSEMS = [0,— ghb, nghﬂ/guz_gu?ﬂ]T (

A7]oIA €=0.5(h,—h,.,)/h; oltl, AT W] ZAxjolot A gect. mebd SGMSolA x&o] Hte
48 542 gt o5 &Y ®ol, A" 9t 55 Aol AF H AL oy}

—

0)

@ AlGdS A dg 5ol dig A= 7Y

L 520] O, Fig. 29 o], Ago] olat Aato] AulEel Aol Mwue} 1 92

o2 aslel AHUAY, AT AT 28 HYE el B U 4 5l
& Aol AERE Al ARt 2559 AdtS AT Yot okfiz Lhrof

AMelgtch. &, Aol Awo] It Ak AL, 9] §F ¥, i+1/2 oflA]

F‘+1/2 F+1/2+F

! ¢ +1/2

o710l AZT olhEe 717t Aol o} olefE olulste, F, .k Eq. (5)2 Hesto] heut 2
=

Fiiyp= 0?((]2“/2, U+1/2) (12)
WA T, A 919 B50] O WERSRA 3 F 442 Chem 2o] £}
EiL-H/Q hz+1/2 Ab (13a)
o701 Ab=b[" ), — b ), OICk AT 241S Wgste] Cheut Zo| SEFS ChA] AL
qz+1/2 qL+1/2( z+1/2/h1+1/2) (13b)
LR LR
T A
A
1 i:+— hitq
F 14— hi

bi bi+1
i i+3 i+1

Fig. 2. Definition sketch of a submerged step

Ol

ESF, Eq. (11)0flM F | = ATe] A9 Hojl 7hix]s AadezA ot ZoH{Chow, 1959).

+1/2
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F_ . =1[005046(21%, s —20)]" (14)

Sit1/2

st Alab ARL i+ 10N F = F, ), ©122 Eqgs. (12) and (13)& °]&ste 5285 A
AbstH Hoh.

Hwang (2015)2 &3] R7]A] ke Ado= SCMSE AL 4 Qe LSS 16k
2 FoA A WA AT 2ol =o] gloy o= 580] e BolthFig. 3a FR). o] 4% A
Ab ARE, 9] g W, i4-1/2 of T8 Eq. (12)00A] ULH/QL - (13)x 2] thaat 2

T\ = (0,07 (15)
. AR} i+10] s = o ERjolo). & WA= A" 2o
< Ok 2o

<)

r2
ot
g
e
%9,
rr
ox
Ho
hu
=
&2
0o

w
o

Ei+1/2 - [0’ 0'5g(hiL+1/2)2] ' (16)
ol Al < Aboltt oixjEroz A wmjet & #m} Fot FAlo] WAE wi(Fig. 3¢ &%), Eq.
(13)o] ofdzt Eq. (15)5 AL&3t Eq. (12) J2]1l Eq. (14)7F ofd Eq. (16)2 ©o]&sto Eq. (11)&
Axkerct.
2RFE9] ALo= MAuPRAl0) o] BHA(rotational invariance)2 ©o]83dto] S259] AARS
1xRI¥o2 SYS 2 oltkHwang, 2013a). b Aldo] R[5t HoA] At2Q] AjE=o0] AAGHA
o 2olxIrtm A2 J%e 2410 eI E 4 X8 4 olrt

@ Mz 71l g z-54 HE

Zhou et al. (2001)2 7jbst SGMQ] MM (well-balancedness)S ZAESH] &5 Bermudez
and Vazquez (1994)9] ¢-E/J(¢c-property)o]] A4(still water) AE|S F715t z-EAS Aot
. & w=00]1 h+b=n=const. ¢ Zo| Thsl AMetEl 2] 7|o] ojst waEMAol e
(exact) RS ZESI= Zo|th. E3h Zhou et al. (2002)2 SGMS2Q] z-E5/dof OisiA e HUsH
SR YT Aolo] Aol olRolAlt e FUSKIT 254 55

of w7Ie 2% AFo] YA AR At io) W, i+1/2 9 5580| 4 Hejol chsh ket 2

1 02

M
I
ol

on
.
ol
]l
i
o
S~
>,
ook
_\:-L
=
j==s

Fip= [0 O5g(hz+1/2)2]T a7
2=, Zhou et al. (2002)2 &8°] gl A5 Y A4t AR Yol SGMSO] 9Jst 5589
BARE o2t 22 SYARHcentral difference) FEIQ] BIEHAL Aol Fede d(F, 4
JEiolA GO fEZAN Qs A2 gAEls AS Bl Aol
—ghb, =—ghy(bF, |, — b | )/ Ax (18)
wheba] BEEAR AdPo] Eq. (18)2 22 SYAREo] A&E MER 7[8ol sl A9 ¢t
oz F2jd 5589 ol Eq. (17)1} 22 @ Zhou et al. (2002)0] W2} z-E7o] F5HHL =

A
T

Eq. (7)ol 5ol tigt 2(n, =m0, =n . 221 p=0) ALstH, ¥, i+1/2004 JZ%}
59 A2 47 o2 A

hiL-&- 1/2 = 1; T 0.5 Azdn, _biL+ 1/2 :n_bf/+ 1/2 (19a)

hz‘}i 1/2 = Mi+1 —0.5Azdm; _bﬁu 1/2 — 77_bflz+1/2 (19b)
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o
_ |
i+3 T hitq
i
)
T
b; bit1
i i+3 i+1

(a) h,=0and h,,, =0

— T
| / Ab
h;
e L R
?
b; biyq
i i+3 i+1

(b) h;=0and h;,, =0

N Ab
L

J /> E 1 l
r

b; b1

i i+3 i+1

(c) h;=0and h;,, =0

Fig. 3. Three cases for a partially submerged step
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Jeln Az sl olsh A ¢ 520] 4 Eas. (13a) and (19)2%8 o}gat 2o] Ly

% 9.
EiL+1/2 h7,+1/2 Ab:n—bfﬂ/g <b1+1/2 bz+1/2) hz+1/2 (20)
oA Eq. (12)9] Egs. (19b) and (20)& ti¥std AT ol 5885 o3t 2o] dg &
oct.
Fooip = [0,0.5g(RE ,— ABF]" (21)
2]l AlD offiol 5552 Eq. (14)°F SYsitt.
A3, Eas. (14) and 21)2EH §, i+1/2004 A2 7[Ho] 95t 5552 taa 2.
T
Foiip= F;+1/2+FZ+1/2 [0 059(hz+1/2) ] (22)
Eqs. (17) and (22) ¥@512®, M2e 714d) gt 2-5240] ﬂﬂawﬂ BEg 4 9gs ¥ 4
O Fig. 4 BARLE Ol AR St /) Al 491 4 ml B HEE 100D s 59
23t ATE Uehd Zlojch. T4 ol £9(n), Y esaas %94 9%, g9 Wat2 Bl
Hoz AOIE ATl BF 2540l 3 WSS HAY 4 A DAL 45000 ol B

GRIE D], FFo thoirls 28 FEE(double precision)?] #¢] Wl {FAIHL FAT F
Moz o]RojFl 2t ZAoll sl A4 ARtz ZEsto] AlFstlE ™, 1,000 s o]Foe 2E A

L

Rolq £71217 SAIElo] FololA Lolot garel Wwst Fig 49 S9tow EEX] 94ge adlet

woa 1w

Ak,
5x10™
E
%]
0 o
E
o
5 -5x10™
4
Submerged Slope & Step
O O O Simulation
3 Reference
Py Bottom
3
<
2 |
1 |
0 [ I I
0 5 10 15 20

X (m)

Fig. 4. Slope and step submerged in still water
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(3) 4§

D @ Adtel g 3t

Alcrudo and Benkhaldoun (2001)2 OpEo] Ql=, =o] 1 m9 44 Ado] thof 217X o
b xR ohe & 31 589 AlE =E516 00, Prokof'ev (2005)= 7Igst By} H|wg
1 oA 671A] BRE EFHH. Table 10] 2 Ae= dist 271205 ULstit. mold Fr
Froude 4, t,= & A7, J8]1 I8 WS+ Alcrudo and Benkhaldoun (2001)0] @& 7
ot 1419 822 98 [-10 m, 10 mjo] AXF Qelo] 0.1 m o2 200 7He] A AR vjA|
SHATt. Fig. 5+ 67FK] 420l tish M= 7IHat SGMS o5t £95 Ad=slie] Z171uf vlwst A
ojcy. oA Aol 7] &4, A FoA é‘éﬂ | 7getsl, ohtAio] SGMS, 12|l "IHHo] Af
2 7190l ot Autolt}. Eoh viE BIE ZFCr BAISHILH ITHOA Ho]Ro], M2 7]H
oot Aube Aesler tiAlZ A RIS, W27t E% | ofsl| Aol =2y 18 ®¥le 129 4
SOl tisiAle oY ELA7E Belty. SGMSof| 9jgh Axte AT FHOA Agetsier 2 Aol S Hel
tt.

ol ro[;

rir

i

Table 1. Initial conditions for cases selected by Prokof’ ev (2005)

Fig. No. b, (m) ny (m) Fr; bp (m) ng (m) Frp t, (s)
9 0.00 4.00 0.00 1.00 2.00 0.00 1.00
12 0.00 4.00 -1.60 1.00 3.00 0.00 0.50
18 0.00 4.00 0.96 1.00 2.00 2.24 0.70
22 0.00 2.00 0.00 1.00 3.50 0.00 1.00
23 0.00 2.00 1.13 1.00 4.00 1.47 0.70
28 0.00 5.00 -0.57 1.00 2.00 2.87 0.70

@ 7M3e nE Ave | 539 35
|+l MWH(forwarding- facmg)ﬂr S H(backward-facing)&
84S Amus] s @ B9 520] 859 BE AUt A9E A7 10 m 32w ol
200 meQl, 7149 47 S~2oA ’é}% o288 60 m7HA| 4] 3 mz AYA Fo] F Fajof s
stpe YAAY 2o WAEE A9olt Hlde] ohe grkn sl doeve 90 m s
o =0l 1 m, &7 2 m9 W7} £=20] T HA0 Z2X qlow, & st7o 27| &
AeBE gl R3] A 9ot

M2 718 SGMSE Blwsh] 9ol sdt £ oish o= Flow Science Inc.9 J3& 2
&9l FLOW-3D (10.0 m)of] 9Jst 3xFY 4x| 29 ZAxQ} H|wstgch FLOW-3D Z3&9] o]2o] tjsf
A& Hirt and Nichols (1981)9] A5 H2Z 4 QUth 3AHd 2o AXE ARf= 229 20
Y22 0.2 m BAol LOWL % WP22 £ o) 50, 2212 @ WPE 0.1 m A
o] 36702 /dElof B 1,800,000700lct. ghH, AR 2959 4%, 0.2 m 1A 1A ALt
AR 1,00071 & Hdstaict.

Fig. 60 24A7 1AM 2@y} 3AHd 290 ZAikg oA Bt Fig. 6(a)= 20 solM ¥ =
Ao]il, Figs. 6(b) and 6(c)= 27 HO| 4R/ S(2HoA Pl)at 5tR S(ZHA P2)olA 29| A

)
)
i
rr
ol
al
2
)
E
)
Fru
]
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~ Bottom -

Water Surface Elevation
Initial — Exact — SGMS —— New Scheme

-10 -5 0 5 10
X (m)
(a) Fig. 9
Water Surface Elevation
~—— Bottom - Initial — Exact — SGMS —— New Scheme
6
5 [
4
Eat
2 [
1 [
o [
L I 1 1
-10 -5 0 5 10
X (m)
(c) Fig. 18
Water Surface Elevation
— Bottom ----- Initial — Exact — SGMS — New Scheme
4 -
3
€2
1 [
0
L 1 1 1
-10 -5 0 5 10
X (m)

Fig. 5. Comparisons of simulation results

(e) Fig. 23

~— Bottom -

Water Surface Elevation
Initial — Exact — SGMS — New Scheme

-10 -5 0 5 10
X (m)
(b) Fig. 12
Water Surface Elevation
— Bottom - Initial — Exact — SGMS — New Scheme
4 [
3 /
= |
|
0
1 1 1
-10 -5 0 5 10
x (m)
(d) Fig. 22
Water Surface Elevation
~— Bottom - Initial — Exact — SGMS — New Scheme

over a step

5 0 5 10
x(m)

(f) Fig. 28

and exact solutions for flows
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Water Surface Elevation (m) Water Surface Elevation (m)

Water Surface Elevation (m)

N

Water Surface Profile
3D

= Bottom ------ Initial SGMS —— New Scheme

P1 P2

T T |
0 50 100 150 200
Distance (m)
(a) Water surface profile (20 s)
Hydrograph at Upstream End of Weir
— 3D SGMS New Scheme
T T T |
0 10 20 30 40 50
Time (s)
(b) Hydrograph at P1
Hydrograph at Downstream End of Weir
— 3D SGMS New Scheme
T T T 1
0 10 20 30 40 50

Time (s)
(¢) Hydrograph at P2

Fig. 6. Dam-break flows over a weir
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dl ol AojtHFig. 6a Fx). WA, »H Z43 AHEH, Ho e 7t
st Al Y] Aut= BlRstth B XA 3R Bt A= 7]yl ogh Anpt
SGMSof| ofgt Avts Ho| AJRAM F ZAntof Bl o7t Hagride &
M= Mz 7IHat 3AFE 2o ot At AR Hls tha Ao
gt g2 FARP Uednh 2o AR shR 29 av SAe AmEd, A E"U Atol7
ot Mz 71 3R 2ol o FgHEo 40 s A.FolA 247F 27 Weksle olfe 2
st 201M Bt SF0] Foter] 2ol

N
ol
ro
4>
10
=2
L
ol
>
Mo
_|g

S
312
2
-{>
10 -
1o

—_ U:LI

|lu o
9

© A Ags Av= # T3 43

Gusev et al. (2008)2 Fig. 71} Zo] 479 A4228H dZ4H £25 Fof | %m E%O] E
Astel el Aoz NPHL BS AATAC Ao YA %
=2 1.22 mo]il &7] 9= 0.205 mo|ct. AL i 5179 2271 0.125 m9l 74°(Exper1ment
A)el AF9] =olof SHE 0.055 m¢l 73-(Experiment B)2 +25t0] o]fo|F oW, AHo2HE 4}
#2 0.82 m (P1)2 st72 0.8 m (P2)olA 0.2 mm7HA] £740] 7Hset muAPE HR|E i & 5
e a9 ALY ez AEglen, JiR AR 0.05 sE @A 942 oz HuEIth
(Gusev et al., 2008).

i
o,
d
N
(@a]
(@a]
=

=

ro,
é
4&
o
o

0.205

SCT0

0.055

(a) Side view

0.202

000'T

1.300 ' 3.460 1.220 2.385

3.300
(b) Plane view

Fig. 7. Dimensions of dam—break experiment (Gusev et al., 2008)

= %ol Aax 22 A= o]Rojxl ALt FAZ 936719 A
Fe Axpo st 2&XMY 239 oty xAL theut ZrHBatten et al.,

4 (23)
3max,( | A | L} )]

AN Ae dA4F AR BA, L2 O ARpo|A 9] o], J2j1 ke 17H 37K Gaoltt. A
d +=9 vt obdo] digh AEI §lof R2eAlS, m=02=2 FoAth AY =2of Bl Aol o=

_|\' OPO

At < min,
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B SHEA RO] ARFE 5 s Qo2 Ufe Fof UV‘*Oﬂ 94%* ERS]
Fig. 82 Experiment A9 = =4, Plyt P2oA &A= 299
oA BolRo], FaYd 7ol ofgt fAAE & Joii 2710 AAY
e = 249 252 Gepplde F7F g 2o St *HEQ 7IHoll ofsh 54 2919
PRl deol A ﬁk"*ﬁ A= & 4 Aok L2y SGMSOf| oJsh Ay FA|QE w27t Q1o
of, A9 AHA A S22 ol FF2 27100 st 87t H L;%f% Experiment Boj|
A BT Z95H YA tHFig. 9 AlE). SGMSo|| ofsh Autel Ade] HHoj Zgetsl, 3Rt 2,
223 A FAA] AtololA YEtd= 2of dQle, okk §Jr94 Ig= A
o ogt 55 Aoz "rgste 2ol oflz}, O F4z gt &% (MR IRSIG7] giZolt.

Prokof'ev (2005)2] SI5AE AT 2t 55 AP A Ao <t ¥ 5

o

_L4
re
cH
ol
o
Q.
Ml
o
a)
o
r_E

(4) AL

2944 AFS AU B4 559 0N 558 Basbl A Sste] Adol o3t &8
Aol ABRRl AT AR vlaA 3 gjgol 9E Aue] ARBe sl Mot Az 71y
& AYSISIC). S8 /JEE JIMOE Zhou ot al. (20010l YT 2540 338 4 93 ug
ok 22 7)ol 93 Do) Zak SGMSo] ojat Ao vlsh Wata, sHde] Bl it 3Rk B
of 23, Teln A A ATl g2 B QAT AU SHoe Ul ssuck, A
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Table 1. BMS errors (m) for water level

Model P1 P2 P3 P4
DRP 4.31E-03 3.07E-03 1.50E-03 4.52E-03
SLP 3.65E-03 2.94E-03 1.72E-03 4.46E-03
SLPF 4.52E-03 2.98E-03 1.71E-03 4.65E-03

Table 2. Mean relative errors (%) for water level

Model P1 P2 P3 P4
DRP 2.22 1.78 1.38 2.08
SLP 2.13 1.73 1.43 1.94
SLPF 2.26 1.73 1.44 2.15

Table 3. Absolute errors (s) for arrival time

Model P1 P2 P3 P4
DRP 0.30 0.25 0.50 0.70
SLP 0.35 0.25 0.45 0.75
SLPF 0.45 0.20 0.40 0.80
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