"m Check for updates

gh=2oll 2%2tA - ol x| sts| K| https://doi.org/10.7846/JKOSMEE.2026.29.1.119
J. Korean Soc. Mar. Environ. Energy ISSN 2288-0089(Print) / ISSN 2288-081X(Online)

Vol. 29, No. 1, 119-129, February 2026

Original Article |

A Q1T 5 ARG olgat sek 7ka] A% 218 2 v}

Experimental Evaluation of Wave Attenuation Performance
Using Flexible Artificial Aquatic Vegetation

Byoung June Choi', Sanghwan Heo?, and WeonCheol Koo'

'Graduate Student, Department of Naval Architecture and Ocean Engineering, Inha University, Incheon 22212, Korea
’Researcher, Department of Naval Architecture and Ocean Engineering, Inha University, Incheon 22212, Korea
*Professor, Department of Naval Architecture and Ocean Engineering, Inha University, Incheon 22212, Korea

FO

Ok
=

A AQE A el Ak 4 f1ge] S7Iskal 9low, o) thesh] 13t 71Ee] A E Y

A A PR E BAA B A R A E Ths oA 2 FAIE TR ofel] 2 s A
229 w9 oluA] 241 715 B R BARE §3%t Q¥ 2E delo] 9 14 avE A3 ow 9t

ATt oAkl 2uhz AdE Fell, w22 ZHF(IN), BE(VD), T2 F9Aol(L), 72 99 FHD) 5 L
AFE2 APgstaL gAbatel] st 91 7] gaks AAH o= B4t Qe 3 Skl 42

= vhars IS o18sted Ao} WAbRR RRIsklar, i FA s ks AlSskdnt WAL o &
A AlE AbEste] AU 14 s s B 0R WISkl A Av, Not D7F vk kel 7HE 2 9 vl
A= AR FRIFSITE o= w2 AP Wi fE wEs HRE SN oluA] 24k ATV, S
A Gl o] owd At i A o] i A HEUF ghaske] she 1k aabr AdE gloh i At Q)
& A iRk AR INE ak ARE 71sze] A F7ish A A B wA0) 71E AmEA 28 4 9l

o
o
-0,
4

]

¢
¢

Abstract — Climate change has increased the risks of coastal erosion and flooding worldwide, while conventional
rigid coastal structures, such as concrete breakwaters and seawalls, face limitations in terms of economic and environmental
sustainability. This study experimentally evaluates the wave attenuation performance of flexible artificial aquatic vegeta-
tion designed to emulate the energy dissipation mechanisms of natural vegetation. Two-dimensional wave flume experi-
ments were conducted to investigate the effects of key parameters, including the number of vegetation elements (N),
vegetation density (VD), vegetation field length (L), and water depth within the vegetation field (D), on wave attenuation.
Wave elevations measured by ultrasonic wave gauges in front of the vegetation field were separated into incident
and reflected components using the three-point method, while transmitted waves were measured downstream. Reflection, trans-
mission, and dissipation coefficients were calculated to quantitatively assess wave energy attenuation. Correlation analysis
indicates that the number of N and the water depth within the D are the dominant factors influencing wave attenua-
tion. Increased vegetation density enhances flow disturbance and turbulence, leading to greater energy dissipation,
whereas shallower water depths reduce near-surface wave particle velocities and further strengthen attenuation.
This study can serve as fundamental experimental data for the evaluation of nature-based wave attenuation technol-
ogies using artificial aquatic vegetation, as well as for the assessment of their economic and environmental feasibility.
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ATHHinkel e al. [2014]; IPCC [2014]; Morris ef al. [2018]). &1
AA Q2] Ak o)ido] FlebdelA] 60 km ool AF5H, T
TAI] 4i-2] 30] dgte]] SXEH= #AE e wl(UNEP [2005],
as cited in Morris ef al. [2018]), F212} 7S QI7F] 4ol 21721
o] "rkKittinger and Ayers [2010]; Hinkel et al. [2014]). ]2t
A @l ik FA AR 71X 7F Skl whel A v
AA L Qo v 7|9 Msh= dld A, sl S7F, FF 0
ATl S 9 RS W) s 2 A8 aRlS T A
ARS8l o & v A A o= o FE ThHIPCC2014];
Morris et al. [2018]). AAZ A AA] s #HA 70%7F 34 &
oAU E|AE FA7} Fg A o], 2100 7H] H ] 4.6%°] ==
W QI AXE 7 213l emE e A 0E B ¥tk (Hinkel
et al. [2014]; Morris et al. [2018]). WP @A} nlae] At 9
YO RNE Bt o5 ¢hsleh A Ql Wk BALL ARk A
o] ARS]7E At 7 AlEsh dAolt.
et S R AR & flal A E IR
o

Eis

[e]
73743 F3E (hard-engineered structures)®] =¥ &S

o} gk} (Morris et al. [2018]). 1814 o]213F TxEL2 W)
A g fx] v)go] dast Wl o}, Ak FAES] 55
Wstar AR FEste] sk 733 AEAIE SEATE &
2 A 7FzItk(Kittinger and Ayers[2010]). B3, 1|22 7]
A3} Alube] oA 4] ] vlgo] B S71e Ao ofitd
o} ol2fgh SHAIE Q18| Htelh= A1) 7|5 EHskar AeiAle] &
S g435= A 7|4F S5 (Nature-Based Solutions, NBS)®]
A& 7Fs sk et B d=pe] $iplow FAkstal glrk NBSw= o
o A=) A8 ¥ o2} e T T, A A, ' A T
A AeiA] AR Al 5= T Morris ef al. [2018]; Stankovic
et al. [2023)). 53] #lix, 54, WARE & A HE2 A%
317 o4 e 584 (ecological engineering)Q! T ZA] &Rk
I 9tk ol FAMEES £V, 4, e 7 EE Sal 39 (drag
force)¥} Wi(turbulence)E WHIAIA TE G9H 0 7 7HAA]F] AL,
A& 23 M skE Sxlsto] AR slibade] P e A
slelthMorris ef al. [2018]). B Yo} 0] &2 &5 7H(blue carbon)
AL A A e AEA AR BAE E3Ete] 75 WE)
kstell iz 7]098 4= Qlth(Stankovic et al. [2023]).

TheFsh 2pd 71Nk SfQE A AR 9] sk 7 &y ofe] dF Y
A AGE Fal d5Ho] ITHMork[1996]; Mendez and Losada
[2004]; Hu ef al. [2014]). D EA 07 wlEWe] @ 1sn ke
B39 27)9F ] 9 2E Fal gars Hoh 20%7H4 A% AE
o] AFH G oH, olH e 7 Fal= 4, 7 HE, AA

Qo)) wh} GelxithMazda et al. [2006]; Chen et
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al. [2018]). v]=F 2|3 o} k] Arf thAln} F&h(Macrocystis
pyrifera) GA] 28t 95 oU%] 4] G35 RGO, A9
UE9) 2o mle} 7 @80 IA FA9EE 0% UERITH (Elwany
et al. [1995]). B5A] A FF L3} 22 =35 2xdolA ok
AR E A0 AF A & ool @ 53 A BEs
=3) FlE At Augustin ef al. [2009]; Jadhav er al. [2013]). ©]
A 2k el A8 Al TERE 9 UAE 2 Al71AL
AEL g 3late] IS REE= a3 g 3t
(Mork [1996]; Mendez and Losada [2004]; Losada et al. [2016]).

A Aol Zh= g 4] Vo= R o 2] S,
vhga} A4 2re] Bidebal v) ARl A e AE-s AFAOR 9
gekEE A7t AEA 0 FaE] gt 7] AgrelME Al
o] @eskE Sl AAE A3A DE(rigid cylinder) .= ©]/d3}5)
tt. Dalrymple et al. [1984]2 7HA] 5ol 285 &S 7]
Hro w2 uhet 74 BEo] o] 24 V|2 E AAst o, o] %
Kobayashi et al. [1993}> ©]& &3] f-5°l w2t Asshe
Agt F2E 1T B APA LEE AR o]HF A
T A EeA] SAo] 3k el mA= dFS olslst
= H 03 7|25 Alesisith

T i) V1S RS A9 A e SRS Wb
FHA| Fh= sHAlE AY L k. o]F Bekslr] 213l Asano er
al. [199217} Méndez er al. [1999] 212 EE54S Fulo] 23t
AA A5 AL E A7 A; 81 0, A 48 2ol
Uehs 53 3xkd W, olo] w4 Aw, 2Ear A fAl
Zh 74 £S5 Afolof] whE vl E Ao Ag-S Adsl sk
tlefi= 037d3] Aeke] EA)Fct.
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AUTE BARPIME W39 Aleds SRd Qe 20 3
ot &8 7hede HEShs Zlo] T sttt 1delk =L,
o] Adaidrelr= o8] AAS A ARiY B weshe
SHIAR Rk o, Al FA% Fx7t 97 a5l =E
2w vehhks BlAE S A} oluA] aak 5SS

G3FA] %3tal S tk(Stephan and Gutknecht [2002]; Hu ef al.
[2014]; Chen ef al. [2018]). AFA 9] 48 A28 AL 949
F718}F 5ol what fAskA WE ASToZN f5 wek
FE SUr7I, 2 A 95 olluA] At 265 AT o
2hx] o2 gt AYA| Ex(biomimicry)d] 545 2418 Aldst f<
3 TE 3 A7t S AFAoR fEshe A= g
A SHeM By 3 guE Zhett
TE= 25 vHAUl=]oK(Screw Vallisneria)®] VAR 333} -
] T2E Bsto] Ay o] 3 74 Ade-E o]
gEZo| A AdA o7 FrsIitt. 71E AT (Asano et
al. [1993]; Augustin ez al. [2009])°E 22 FAES A5 12
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A AFE AR ATE ARA|T. T NPATES 72
P2 A FHOR 1 A EHE B ghork, ol ik
G, A7) o), 54 5 Tlak X 20 wislel mhE 7] 54
FRHo2 d9sks b @7k Aok

ol B Aol A BEL WAT AT F2F AghaL,
S AW, M, 41X o] Bl SR B F0 i sk} sl
WAL, 3t 9 2] )R e AR RS o2
o) T gl AMAR Qe EFeha, B4 A5H Ak
S TAT W A A S 713 AR ATk St

21 74 A= 2EE

TAAE] 9 1 dss Bk ARkl g
Aow AR 7 ATE AR, & 99s TSt
AFel oL A= calibration approach ® (Mendez and Losada[2004])
= g3l 7 Qlvh A s Tk w24 HE
2GS A () 22 Aoz xdd 4 9lom, o714 4] (2)
& AT B APACE 4% 1o dolelE F3l 4%
At} Dalrymple et al. [19841 A4 Z7)0] 2-&381= 3= (drag
force) ©] IFF ANIRE A4k A7]= 8 wAYEol2kaL 7Pg st
a1, o vhge® A (3)9} o] olUA] kg g5 23] 81l
o wpebA, Addeld A B4 2 3)E Adste] A1) 1t
FAGEH 54 FY AT C) g JoE TR BA
(calibration)’ ¥-2lo] d] ARE-FITE, ofufx] RE B7d 2]l 2] (4=
&t ouA] E=2 Ec 2l 37H Wgkgo] AAe) &gt oA A

A+ 63} ke Be)%) AelE ek,

il

1o

H 1
K = — 1
v HO 1+ ﬁcalix ( )
4 N HK sinh3kh, + 3sinkh, )
Beai = G Co_catiboN.Ho (sinh2kh + 2kh)sinhkh
. 2_an . (k_g)3 sinh®kh, + 3sinkh, . 3)
v = g3 FRDeai®v®v\o5) (sinh2kh + 2kh)sinhkh
0Ec, I 4)

0x

o7|1A b,= E7] A7 = B4 Z(Stem diameter or characteristic
width),

Cp = 578 2] A57(Calibration drag coefficient),

c,= 755 (Group velocity),

H=% 99 UF x$ A ¢ 131 (Wave height at distance x

within vegetation),

H,=21A 7% ¢] 331 (Wave height in front of vegetation),

h,= 35 % ¥=°](Mean vegetation height),

N,= 9] 79 WAG FxE719 T

(number of vegetation stands per unit horizontal area)
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Bewi= ZF 74 Al9~(Wave damping coefficient),
g,= T2 WA AIRE Eat oy A] AR
(Time-averaged rate of energy dissipation per unit area),

6 = Z}531<=(Angular frequency)

Ao R frike gEs S5 3 oA AR 1S 7 Al
FE5 Agslo] sl o) o TS (Dalrymple ef al. [1984];
Kobayashi et al. [1993])°11] X5 ZHAFHE FALSH de] A9
o, 53] A 958 24t - wkesbe A4 mde 4
£ u) o}, vt ol st A Frskal 7]sieA 0%
Be 2ol 288 A9 gedo] "Wojzith A A /A
A 3|1 5N gt A7) AlG v 7] wiel S &
Weh= fa WA fA2ke] ] S22 Al skt (Asano
et al. [1993]; Sanchez-Gonzélez et al. [2011]). ©]i= A F-Z°l
gk fAl 8HA] s> JAkkeke] v dAl ol o n A E A1 A
T8-S A HH, vt 7] Al Ago 2 YAl
z8t 5= Qlths 9Julo]ti(Chen ef al. [2018)).

b, gk Q1F 20 9 714 dsS B7kE] flEiAlE
7} 2 v, Bt As Ade Aol Bakshs 2 A9
=7Fssl7] witell, x5 Al FHe 74 oo w vletsto]
TR dEL A ol Fo] gl R xdshs slo] Has)
o} ol AE A0 Bt 229l tial, A4 e A7) s

zZ

Fahe ggoltt. o2 Fal, Akstel tig whakstel Fjstel

wekE JFH O P7hE ek

2.2 Il oflX| BE
SkA] 23 e nhs} o], §

23] s 74 ASE Agel) mrks
WA B8 9% 714 BHo] A BN F

TH(Seelig and Ahrens[1981])
Kp? + Kg? +Kp? =1 (5)

3714 K, = 24t Al (Dissipation Loss coefficient),
K, = WEA} Al5=(Reflection coefficient),

K, =3} Al5(Transmission coefficient)

HEAL AR St ASE wiAbsts Faknks ASsel 4 (6
A (79t ol & 5 ek,

Kr = Hg/H (6)

Kr = Hrp/H; @)
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A7 H, Hy, Hyz 717t WANsh, wkajsh, S3jste] g ofuja)
w2k AGE A (5% ol 8ate] 4 (8 ol AN 5 glrk.

Kp = ./1—(KR2+KT2)

23 AI-Jé-II
o2k A oA 27 o] AR AR 2 2
ool MR QF 22 EpshiA wakkel FoiukE vl
th. ol 259} s
3L dloel= iAftet

®)

Fal S A7) o] 9ol 39 5t

[o2han BS= A |

=
= &
A7 S A ol composite wave)©)

w Sz Ax) o] FHlolads AAe] o3t ofuix] 7S AR =
s} AR} wpapd A4 Feke] Faksk nha) W Ea) o

Bkl AsiAE ASE dvtrRE YAkt vk dis
Fajsh= 7go] A st} o]= 93] Goda and Suzuki [1976]°1
oJ3)| AIRF=| AL Suh et al. [2001] Foll 2Jal ¥ HAAEH 7]
Hko] o k3 29 (multi-probe method)ys 283131 t}. o] )
WS ofe] AR elA FAlell S4E 9aLe] AAIG vlolElE ©]&
slo] 7+ mje ARo] AE3) JAFS aIpF o= Bl 4= Qi)

Ad@ut o] 2ol whe} X2l Z5kuk(harmonic wave)® 73S
), 54 A ()ellA S == 3 0ke] 7 WLlmpe A (9)9h
o] QIrtke}l Wiabake] MY FHoE HE 4 qlvt.

na(t) = %cos(k,xn —wet+ o)) + %cos(kan — Wt + Pp) + en(t)
)
ST 42 b= SIAKER} WAbYe] Spztolh, o o Fuk
o]a1, & A3lo|r= ZF-(Currenty’} 7] Wil 3= k ks
laby] wlol olF k. BAFTh W ks FARANE B
o] 78 4 Yo x= FaA] AX o)A e ()= AT 5T 1
AF 3 ATAE Sl 25 S5 exfolvh A cosine WEE

Fo] IR, X, Xs, X)E Rl A (109 2 374 o]
e} staAlelA EAlel S8 S WS HolE (n, (), =1, 2,

3.0F olgste 54 oAk Ay 3 Haskehs HaAlEH
(least squares methodye 2-8-31H VA5 H, Hy, ¢, 05 AFE
% ek, o] ARSE 747k vlxeel thel Helitsle] AEA R
delshd, A (1 2ol sixbetel wiakete] shaiel o2 et
SHA %Elﬂ 4= 9tk (Goda and Suzuki[1976]).

Na(t) = X; cos(wgt — kixy) + X, cos(wgt + kpxy) + X3 sin(wgt — kixy)
+ Xy sin(wgt + k,xp) + e, (t)

(10)
_ 13
¢; = tan X,
X
¢r = tan~1—
’ : (1)
H o= 2(X1 +X3)
L™ cos, + sing,
oy - 2t X

cospg + singg

Yo 794
o] W AT AZT BitE 9 2N Felol W
(FFT)S 53| 7 555 43 2o] o] 52ap) 28 5= 9lek. 2

T3 3 T't_"ﬁ"ﬂ’ﬂ 54 Tl staA 1A o] 3ol Al
—C’r (smgulanty)ol HEAISE 4= Q1Y) Wi skarA 7k
3= Z10] F Q81T (Suh er al. [2001]; Lynett e

_|1m
2 Fx

QlF FEE Fig. 1(a) &2 WWAhde] 48] 2357 vpdvlg
o}(Screw Vallisneria) eS| FEl3} o5 11798t 4= Q= TS
ARESISITE 2] Het ol 25 em®| I YHIE= | em, FAIE
oF 0.2 emolt}. & 3 lellE F o7lle] o] g glom ot
E717F §la A Fike] Yo R FAEo] 71ES] -y FElY o
o] 3ol vlal fA freell wet fAgk F29-S HERIT Fig.
l(b)ﬂ o) FE7t 1) F-ztEo] Ao S|t o|uf
Z 1A A7]= 30 emx30 cm©] 3L FA= 0.5 em©| T} 3
1ge] 7 wi|= vk 218 wEke] tisiA FEE =arAlet
Al wixsk7] Sl A2 B2l o= AFE T Fig. 1(c)y= AR

33: ARIOE QIAM) &5 R XLL]‘QL FAMA Fx Y

ol 3748] st A7E AXH AL, Sl 170e] staA7E AH A

i_.

H31ck ol 91 - Bark 98 W 44 FoK K1
A& Aslaha Qs % WP FA3A A A B, Sk
el 3 37} FeR B 1A% ol 941 o)
B2 fAshe 2 e 5 e,
QI ol 18 S 74 A5 2P 4181 Aol 6.0 m,
U 03 me] olaHel Zs} FxM AP FBeH0H Fig 2

oA 9} 7o) WAt} Ao] AA7} EahE B AE Q] 237 oA
T A ST WAL Alo] AAE Zu7] okl A ] E o]

(c)

Fig. 1. Artificial vegetation and mounting plate used in the exper-
iment: (a) flexible artificial vegetation, (b) vegetation fixing plate
and (c) actual experiment.
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Fig. 2. Overview and experimental setup of the two-dimensional wave flume.
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|0} Fob o= ks Q1Aste] drdel 2119] YalakE st
55 20e] 55 AloJehs Aotk 2up #x2e] S
o= thed avpto] AA|E o], Mk vhg G40 714 Al
719 <F 10% mIRES] RARES YERlE 2 o® =T (Jung
and Koo [2021]). (&}, 2 Aol Avpeka} 5240 21 %] |5 ut
AYRs WA 0.2 o8k &7 %] 0], Mendez and Losada [2004]

oA AASE Hofl 38 WAAlGell F5eckar ek wehA,
28 Afel] vX|= watake] ke 92 hrkal dkE| Q). A
ARlE flek ko] 37 FaAlE 242 0.15 me] S 0% wiA|
=t

20 35 1 s dlsl] Al A ), 29
NFMN), 73 UE(VD), T3 A2 9] Ho|(L), A3 Dy
g WrR 27gsiSitt. AddellA ARE-SE 11 91] = Table 1
¥} 2o}, vk F715E 0625 E 1LIZ7HA 012 992 F 6
o] ArtaE AAgskeleh. B 2 wke] wg} 3hali= Stokes

£ BARISICE mEbA Fx AR 4 25 ems A /D=1

S o] AR B A9l A 54 29 emi=
D =082 5% o] A< ofel 4ol 9)xak= Aol

oA BEAAAE o881 72 FelA el 3t o] adks
Ta7] S AEet wAbate} Fabaks Aldsol gk &
A=) oo koA 74]%@'& s NS ol8-5to] SlAkukel vt
AbRE skt S AR s Reld w) et Arhs
Ae wEse], B AdoAE= 9k 0.015 mE AR ste] A3 sl
TG 92 ARl o, o] dlolE % oM e
Agolt o] =2 Q18 HIHAQ) @7t BAEHA] 9kg Ao 3t

O U= Fx el AR dol(dA)e] HZ ¥
|, & 5709 W 212 ARSI Table 2+ 7%
Qo] AEg} 2 NTE BABIGS
3

273 o207 40078 ofskz AT

2" order Fjo|H, o2} Zu} =Fof| ] ePgF o7 WA = Q)= o whEkA BE $ WSS vElste] F 204 714 S A

2710]c, 3k Fig, 39} o] 4329 4 548 25 cm} 9 omz SRk,

F7HA 7Sl ojElA ekl om has xS Hat Eololal

Table 1. Characteristics of incident waves

T (s) omega (rad/s) k (1/m) A (m) h/(gT?) H/(gT?) Wave Type
0.6 10.47 11.19 0.56 0.099 0.004 Stokes 2nd order
0.7 8.98 8.27 0.76 0.073 0.003 Stokes 2nd order
0.8 7.85 6.43 0.98 0.056 0.002 Stokes 2nd order
0.9 6.98 5.23 1.20 0.044 0.002 Stokes 2nd order
1 6.28 4.41 1.43 0.036 0.002 Stokes 2nd order
1.1 5.71 3.82 1.65 0.030 0.001 Stokes 2nd order
—

(b)

Fig. 3. Configuration of installed artificial vegetation and relevant environmental variables.
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Table 2. Number of artificial seagrass units according to installation length and density

VD4 (1333.3) VD5 (1600.0)

L (o) VD vp1(533.3) VD2 (800.0) VD3 (1066.7)
30 48 72 96 120 144
60 96 144 192 240 288
90 144 216 288 360 -
120 192 288 384 ; -
4. 21} Y D& eJat SALE olaated, Al Aol sk ARE Ao Hel

4.1 HEAF A% Hl
Fig. 4= 571 129 JxlF 2704 N=240, L=60, D=25% HH

T Qo el A9 309 starAlelA AlSSE skl AlAL

|3k Aot} wfuA 1, 2, 3 =07 YA} &k, 2t x]?ﬂ
1A 3 3717 A2 g2 e} o] Sx o odoa] Ay
SF HRALEL QIAbakel AR ThE SR T3 E7] wizelth o]

in:

Lo g4 QlAtTle) WA Ha)dk 4= oh;].

Fig. 55 AA] F410] & Z7(D=25 cm)el|A] 2t =% dXxe]

WRE WAL o) WakE 7} 71 ulae Avjelck, A

o= FH R eRA 2k ol Qakslel ot 3
49 ke Tl QB el W el 2 S

U

RO 2= WAL WislE
Hok. ol o Adelq &

Zow wolv, A e 7 W
] Ags] ol Ao ik

z]:lo

0.81

0.6 1

0.4+

0.21

0.0+

H [cm]

0.2
~0.41
0.6 1

—0.81

—— wave gauge |
--e--  wave gauge 2
—-e- wave gauge 3

36 37

38 39

Time (s)

Fig. 4. Comparison of measured wave elevations at each wave gauge for a wave period of 1 s (N=240, L=60, D=25)

D=25
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8 @ g § VD=5333
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X (.10 8 8 g VD=1066.7
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. 8 E VD=1600.0
0.051 g ® ® i ® g
8 C)
o
o
0.00 — T T . . '
0.6 0.7 0.8 0.9 1.0 1.1
Period (s)

Fig. 5. Comparison of reflection coefficients by wave period for each vegetation density.
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P A E =
A wf % hF NS 487H°l><l i
7V K, #kS dAAI8] Wit
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Comparison of wave transmission coefficients at different frequencies for varying vegetation densities (D=25).
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Fig. 9. Comparison of wave transmission and dissipation coefficients as a function of vegetation installation length under a fixed number
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1.0 —e— D25 1.0 —&— D=25 1.0 —&— D25
--es D=29 A D=29 m- D=29
0.8 — 08 08
o ......... L B ¢
0.61 ¢ et 0.6 0.6
) ./'/.———0—\,/. v I y RRELEU I et ‘ z
T B B I
04 041 4 0.4 .
JIS . ]
ISCTIRICIE SRR -
0.2 0.2 0.2 ://./.
0.0 0.0 0.0
0.6 0.7 0.8 0.9 1.0 L1 0.6 0.7 0.8 0.9 1.0 1.1 0.6 0.7 0.8 0.9 1.0 11
Period (s) Period (s) Period (s)
(a) N=192 (b) N=288 (c) N=384
—e— D=25
10 D0 1.0 N‘\—. 10
L SRS R I
‘\’\0\,_’4\' ST O IR ) — *ee
031 o 08 * A 08
< e, P o < <
ettt .
0.6 = 0.6 0.6
* —— D25 —=— D=5
“-A D=29 --m D=29
0.4 0.4 04
0.6 0.7 0.8 0.9 1.0 11 0.6 0.7 0.8 0.9 1.0 L1 0.6 0.7 0.8 0.9 1.0 11
Period (s) Period (s) Period (s)
(d) N=192 (e) N=288 (f) N=384

Fig. 10. Comparison of transmission and dissipation coefficients a

el Lo jiste] whe FapAlaRe] skt M= glel. of=

oAl AF3 VA 2 AR A ZHNME Fx0 U

HO BN

ccording to installation water depth for each

Z7} 31 gael felghe ojvlstet,
Sz WL QA G2 At B 2

vegetation number.

il
=

Fig. 9(b)2} 2]
o] 3%

ol AR ol thgk



128 A9z - )

e 704 w3 A wEA, B v 7k A
N Ao U 42 AGE anels $RE 2 A4
A, ol st 400 9 A9 4] Gelel LA

r[ru

paES ] 115»4/}7:]]—,—3} MAEE F1g 10°ﬂ A Bl aaFle), G-
AR 4(D=25 cm) 272 22 F4(D=29 cm )i
T2 UE(VDPIA €53 B2 53 AlGE B
-5 AR A Aol s E o] 7] UH%
9 7ole] SIAE w3k YAt Ak LS AFA L
slaL AU E Frehs @37t S7kske Zlolth vk, A A]
o] ZloJAH(D=29 cm) F& ek} A Alo] €] A2zt
A olefgh gaprt okshe 1 WS 9l olUAI7F & et 9E 5
Hato] Fahgo] ANEA o7 Folxltt, W, kol AF3h nigl
o], N=192 Z=1dolM= 574 3t F7]) thall T3 Ale] #-go]
FEE =, o= Aol YA g JJr e *é%£ X%F
WA 2 lell PIAA] 37 WO

N PN
A Sl 2 el

>m

1o

N
TEA

sJlelgict. giot, 42 47} Al et Ao, sk 244
S A B9 ot ol AuA B wor], o5y Sx
4 Zol7}

A8 FEERE % 37 v el frelelint.

G T O3 e e Sl waburks e el
Ao f) AT R S B oA Aol 71218,
Aet el 2714 02 ol3ke] e gks RAsHrk B3,

&g o UA7F a8 Ay 7 Ao FER7F A STTE (S
x| 741 D), 12|31 AR oV de] T x AN dRETs
2t 7h afo) SrjalE S ERlsigint. 1R E, a3EQl v
5 SlalieE dga daa e 5 s 20 BA T
SRk o] F el 7P viAIsh= Zleo] E Qaitt

A0, B ATE A IS NI A 2 AT 5

Cj)l' N
Ny r]11 L
ol

A ow 7RIt 2
N8l2 vjslo] v oux| ] HkAL
53] Sz g9l =) 4

& TrESSiT). olel @ A= A7k @

(NBS)E En%??_} slo)B el = wWulA 2 87 3}7 Agk-s)ek
= olet 38ld 7|z AlmE BeE 4 gtk

l\)

& 2025 3k AQ O E S FTA RS
& ol SealE AT (K& P53k Sk A1k <l
A& P19k sk kA E8- A91(RS-2025-02220608). Ho3L
F (e g AdoR Ayt ATe] ¢S vk
w7 (RS-2023-00278157).

A

S o o2 oc+

@
oL

References

[1] Asano, T., Deguchi, H. and Kobayashi, N., 1992, Interaction
between water waves and vegetation, in proc. of the 23rd Int.
Conf. on Coastal Eng., Venice, Italy, 2710-2723.

[2] Augustin, L.N., Irish, J.L. and Lynett, P., 2009, Laboratory and
numerical studies of wave damping by emergent and near-emer-
gent wetland vegetation, Coast. Eng., 56(3), 332-340.

[3] Chen, H, Ni, Y, Li, Y., Liu, F, Ou, S., Su, M., Peng, Y., Hu, Z.,
Uijttewaal, W. and Suzuki, T., 2018, Deriving vegetation drag
coefficients in combined wave-current flows by calibration and
direct measurement methods, Adv. Water Resour., 122, 217-227.

[4] Dalrymple, R.A., Kirby, J.T. and Hwang, PA., 1984, Wave diffrac-
tion due to areas of energy dissipation, J. Waterw. Port Coast.
Ocean Eng., 110(1), 67-79.

[5] Dubi, A. and Terum, A., 1997, Wave energy dissipation in kelp
vegetation, in proc. of the 25th Int. Conf. on Coastal Eng., Orlando,
FL, USA, 2626-2639.

[6] Elwany, M.H.S., O'Reilly, W.C., Guza, R.T. and Flick, R.E,,
1995, Effects of southern california kelp beds on waves, J. Waterw.
Port Coast. Ocean Eng., 121(2), 143-150.

[7] Goda, Y. and Suzuki, Y., 1976, Estimation of incident and reflected
waves in random wave experiments, in proc. of the 15th Int.
Conf. on Coastal Eng., Honolulu, HI, USA, 828-845.

[8] Hinkel, J., Lincke, D., Vafeidis, A.T., Perrette, M., Nicholls, R.J.,
Tol, R.S.J. and Levermann, A., 2014, Coastal flood damage and
adaptation costs under 21st century sea-level rise, Proc. Natl. Acad.
Sci. U.S.A., 111(9), 3292-3297.

[9] Hu, Z., Suzuki, T., Zitman, T., Uijttewaal, W. and Stive, M., 2014,
Laboratory study on wave dissipation by vegetation in combined
current-wave flow, Coast. Eng., 88, 131-142.

[10] IPCC, 2014, Climate Change 2014: Synthesis Report. Contri-
bution of Working Groups I, I and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, IPCC,



olg

Geneva, Switzerland.

[11] Jadhav, R.S., Chen, Q. and Smith, J.M., 2013, Spectral distribution
of wave energy dissipation by salt marsh vegetation, Coast. Eng.,
77, 99-107.

[12] Kittinger, J.N. and Ayers, A.L., 2010, Shoreline Armoring, Risk
Management, and Coastal Resilience Under Rising Seas, Coast.
Manage., 38(6), 634-653.

[13] Kobayashi, N., Raichle, A.W. and Asano, T., 1993, Wave atten-
uation by vegetation, J. Waterw. Port Coast. Ocean Eng., 119(1),
30-48.

[14] Koftis, T., Prinos, P., Stratigaki, V., Manca, E. and Lara, J.L.,
2013, Wave damping over artificial Posidonia oceanica meadow:
A large-scale experimental study, Coast. Eng., 73, 71-83.

[15] Losada, 1.J., Maza, M. and Lara, J.L., 2016, A new formulation
for vegetation-induced damping under combined waves and
currents, Coast. Eng., 107, 1-13.

[16] Lavas, S.M. and Terum, A., 2000, Effect of submerged vege-
tation upon wave damping and run-up on beaches: A case study
on Laminaria Hyperborea, in proc. of the 27th Int. Conf. on
Coastal Eng., Sydney, Australia, 851-864.

[17] Lynett, P.J., An, GL. and Smith, J.M., 2009, The effective use
of physical model tests in the validation and confirmation of
numerical models for coastal and hydraulic applications, J. Coast.
Res., SI 56, 224-228.

[18] Mazda, Y., Wolanski, E., King, B., Sase, A., Oshitani, D. and
Alongi, D.M., 2006, Wave reduction in a mangrove forest dom-
inated by Sonneratia sp., Wetl. Ecol. Manag., 14, 365-378.

[19] Mendez, F.J. and Losada, 1.J., 2004, An empirical model to esti-
mate the propagation of random breaking and nonbreaking waves
over vegetation fields, Coast. Eng., 51(2), 103-118.

[20] Mendez, F.J., Losada, I.J. and Losada, M.A., 1999, Hydrodynam-
ics induced by wind waves in a vegetation field, J. Geophys.
Res. Oceans, 104(C8), 18383-18396.

[21] Mork, M., 1996, The effect of kelp in wave damping, Sarsia,
80(4), 323-327.

3}

el

A

-
5 Al

o =

.a..
pis)
ot

129

)

& 44 g 387t

[22] Morris, R.L., Konlechner, T.M., Ghisalberti, M. and Swearer,
S.E., 2018, From grey to green: Efficacy of eco-engineering solu-
tions for nature-based coastal defence, Glob. Change Biol., 24(5),
1827-1842.

[23] Petrone, M. and L'vov, Y., 2004, Numerical Solution of Fully
Developed Flow with Vegetative Resistance, J. Fluids Eng.,
126(3), 390-396.

[24] Sanchez-Gonzalez, J.F., Sanchez-Rojas, V. and Memos, C.D.,
2011, Wave attenuation due to Posidonia oceanica meadows, J.
Hydraul. Res., 49(4), 503-514.

[25] Seelig, W.N. and Ahrens, J.P., 1981, Estimation of wave reflec-
tion and energy dissipation coefficients for beaches, revetments,
and breakwaters, CERC-TP-81-1, U.S. Army Engineer Water-
ways Experiment Station, Vicksburg, MS.

[26] Stankovic, M., Mishra, A.K., Rahayu, Y.P., Lefcheck, J., Mur-
diyarso, D., Friess, D.A. and Prathep, A., 2023, Blue carbon
assessments of seagrass and mangrove ecosystems in South and
Southeast Asia: Current progress and knowledge gaps, Sci.
Total Environ., 905, 166618.

[27] Stephan, U. and Gutknecht, D., 2002, Hydraulic resistance of
submerged flexible vegetation, J. Hydrol., 269(1-2), 27-43.

[28] Suh, K.D., Lee, C. and Park, W.S., 2001, Separation of incident
and reflected waves in wave—current flumes, Coast. Eng., 43(3-
4), 169-180.

[29] UNEP, 2005, 2005 Annual Evaluation Report, United Nations
Environment Programme.

[30] Velasco, D., Bateman, A., Redondo, J.M. and Medina, V., 2003,

An open channel flow experimental and theoretical study of

resistance and turbulent characterization over flexible vegetated

linings, Flow Turbul. Combust., 70(1), 69-88.

Received 5 January 2026
Revised 14 February 2026
Accepted 22 February 2026



	유연한 인공 수생 식물을 이용한 파랑 감쇠 성능 실험 및 평가
	요약
	Abstract
	1. 서론
	2. 실험 분석 방법
	3. 실험 구성
	4. 결과 및 고찰
	5. 결론
	References


