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Approximate Estimation of Marine Vegetation Bending Height:
Transformation from the Water Flow Field to the Pressure Field
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'2ASH s st Abstract : Today, we consider the marine vegetation as a living shoreline that protects the

'Department of Ocean Engineering, coastal community and ecosystem from the damage caused by wave energy. This is because

Pukyong National University, Bsuan 48513, . . .

Republic of Korea marine vegetation meadows slow the waves and act as a natural barrier to reduce the wave
heights and energies. Thus, it is necessary to study the motion (bending and swaying) of

*Correspondence to Won-Bae Na marine vegetation for constructing living shorelines. To provide an alternative approach to
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estimating the bending behavior of marine vegetation, we calculated the bending height

Received January 27, 2025 of marine vegetation by transforming the flow field into a pressure field. We modeled six
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Accepted February 26, 2025 vegetation as a cantilever beam, obtained their maximum transverse displacements, and

compared the results with ones of the fluid-structure interaction numerical simulation. The
relative % error between these two results is 2.74~12.48%. Thus, it is shown that the beam
bending model (cantilever beam, linear elasticity) simulates the transverse displacement
relatively accurately. The maximum transverse displacements were less than 14 cm, which
is 4.7~39.9% of the vegetation heights (25, 30, 35 cm). Moreover, a significant positive
linear relationship (R>=0.97 or 0.96) was established between the maximum transverse
displacements and the two parameters proposed in this study. This indicates that the bending
height of the vegetation depends on the flow velocity, height, width, thickness, and Young’s
modulus of the vegetation, highlighting the proposed method can predict the bending
behavior (the maximum transverse displacement) of the vegetation in the pressure field to
some extent. In this respect, this study not only provides an alternative approach for the
bending height estimation but also further strengthens the suitability of the multi-regression
equation developed in the flow field.

Keywords : Marine vegetation, Bending height, Flow field, Pressure field, Living shore-
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I A 2 et al., 2013). 3% LX} YAk (primary production)?] TjHES
H3ote 257 (algae)?t FRF (cyanobacteria)= Al A9
gl A = LA+ ABAF(NPP; net primary production)®] A ARk BAFSEL, A9 BE S F& B8E A LT (Fal-

Y B 9 dopods, 220 o) AVET, BS 87 kowski, 2012)
oM & Ux} AAto|= FQ 3]t} (Sigman and Hain, 2012). 71% 24 (climate model)©] &gt &A7FA vjE AJyE]
Hitho] 2 W3l & ]EE} 22 ol s OL%‘“*(heat Q0] W=w g BA2F5H] (biogeochemical) H3t+= 3f
capacity)®] 2 #3l &% a3, fi7]9 e <3t agjn %F NPPE 3~10% ZraA1Z 4 Qth(Duffy et al., 2019). w}2}

a9 (sea ice)9] B 715 WRolck. weba] Wit T7) Gpg AL H2 SR )] A I FFAH BAY
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Fig. 1. Marine forest’s impact on the ocean and atmosphere.

EokA| 1 3lo ™ (Lang-wong et al., 2022), °|& Z78h= Wt
© 2 uHjthe A (ocean afforestation)?] ggo] BjL 7R
3 Q) o714 vtk debdo R 9§ X F (macroalgae)
A A2 9} A4 (vegetation)©] Sl B AAIA] (4 Bz, =
T &4, BA2E)E AT Ty £ oA vtk
2 UE 277FTHE 33 AA g Ao " o e
o (Duffy et al., 2019; Wernberg and Filbee-Dexter, 2019; Lee
et al., 2020), JEE A1LAE= vtk Ao O1F 2F & %

A& T/ W=k (9)): N'Yeurt ef al., 2012; Bach et al.,

2021).
A 4 W ES 71 ek ek 3 84 A (vegeta-
tiomel] BIAE G RABE AT SYHGIE o|F A

T= &7 I #2)7F A P53} E29 ofd FIF=
X =4 o & ol3fstr] {3 43 = ATk (He and Lee, 2016;
Oilver et al., 2018; Ghaderpour et al., 2020; Jung et al., 2022;
Chau ez al., 2024). E3L 3 A (o: s %, sj2F, B1=28

FANo] 4 Ao mX= FFE "eky] Rt "o‘%‘?}
o] o] FojHrh

B2 A7 A 25 ST AT 2922, 54
£ olFl PRl g A 9 1S & o Uch(Clarke,
2002; Wang et al., 2014; Toromanovic et al., 2018; Box et al.,
2021; Tang et al., 2021; Bai et al., 2022; Barahimi and Sui,
2023; Stocker et al., 2023). ALAEL Tkt =19 7142
ARgste] sioF AT fA 25 1HY) BEARE S '
sto] A1 719k e A 7L Algshe AR - BB A ootk
TEYS AUtk 25 oloh T2 AF = HiThel st Y A
Fe B3 BESE SHA O S840l Sk ot

= (wave)= SfQtoll FHddol whet wol7t S7leke A
o] Qlo} et AAR|e FxE| A 9 TRt HeiE fE
ek g A 2YE B=E =53, 9o gol¢ A E
Zol= A A H&-S 3tk (John ef al., 2015; Morris et al.,
2020). &, o9 S A vl BE WY HAHES
Hsletal, 7Rt BEolU ZFo =R HAF0| E AA U
27l= 982 St} (Sdnchez-Gonzdlez et al., 2011; Sigren et

al., 2014). 3t HA& WAt A FHL F A=A
AAAE AFdte 98T gk e5d 2= A A8E
ZF AUA7E 2 st H=EE et X HALSeL A
Hiiﬁ]——: ArolQl = dfiorAl (2] 4ek9l; living shoreline) 22
7+F3}aL Itk (Morris et al., 2020; Manousakas et al., 2022).
qd& £°f, datglo] gy skl $YL3) (Delaware living
shoreline committee, 2024)1—_— ‘] Lo’ o] Mo ZHE
S Hystet 4= 3 ZpEskar Qlok E3 Ak A
ZE (hardened structure)d—]- g gd &gl d7ka T4
Eol B2 olFH& ATt 7)ol & B3} (cleaning water),
AEEIL] A Y AR A, ARIA EA4L vd 32
Algol et o]HH Aolgles S AAS BHsto]
255t = 270 weh fakstAY 258 o Qlof it
B E e AL 7FsE Hete] Ha ok v AT oR
ZA8E ‘sl 3 ‘Ho]-:’l.}_%_o_ AA, G E= 7]Ek Z}]Oﬂ u}
ot H3psiAY SAY 5 glon T A, 72
gt wekA E]H‘ £2pl’ o] A2 oot 7‘01 3°*%
T AATH(NOAA, 2024). AA, ‘2H) &2iol’ S48 8

[e] E

3 3ot HAAE AT BA, 2 aokel e HARY o
AL /Tol £UE AT A, G o AT

ARE B E AFH A
AU egieh B3 g el e SA9% £ é?‘fm
ool Matsh= 2o A3k sl Fsetol wet
FO2 o] 4 Utk A, ‘2 L AF E FFF
= "FLez f FA e, ARle] 97 B5S 9T &
‘Klli% H2e e A, Y 2l S 43S
Al 372 245t ARlfA AAZHY RS AlFst,
AGFsA ol sltdS BEgitt= RS 133
soF AAYo] mparel up oUAE oFA FaAIEA &
ofE7] faf AEA = % A AY, 2 AEH oA (nu-
merical simulation) & ©]22 37} 43 =9t} (Fonseca and
Cahalan, 1992; Augustin et al., 2009; Stratigaki et al., 2011;
Koftis et al., 2013; Yiping et al., 2015; Cao et al., 2016; Nowac-
ki et al., 2017; Twomey et al., 2020; Paquier et al., 2021; Yin



et al., 2021). ol A= AA A4 AFo L= A
2 3] EAgH A 1R A (John et al., 2015; Yip-
ing et al., 2015), AA Q] FAA (flexibility)S FAI3FL A
8] Tk (rigid) LA = 7HEste] A WS4l skt
(Hashim and Catherine, 2013; He et al., 2019; Twomey et al.,
2020). o714 Tk AT} 41T e FRE 249 A
Foll At RAT A4S B 58| W] PRAAL E
=2 & AT, gEet A2 A AME FR sk FEol
o}
oA thFet Aol A FAUS "t A4
o] & ALbsta, A 2 (R, EEH)O] AN =
€ (meadow) WellAl b 2ol 49 §FE WA= Ae
#5319t} (Fonseca and Kenworthy, 1987; Luhar and Nepf,
2011; Zeller et al., 2014; Losada et al., 2016). 3}A|qt, S35t
Aol g oBA Fol=A| FEdstHH oS ohee
He dstar 488 a7t ok gaebA ol st ¢
3t shbe] HhE o 2 T oet MLAJo] 9 AH O e
o) AT 57 MBI oIt B BYAE e 9
3t AE A2l o= 39 A 4] (multi-regression equation)©] 7H
=] Qlth (Chau et al., 2024). 3| AFoA= & &5 (water
flow)oll Al gt s A9 58 A =0] HaE F4
SF13L, ST (downstream) A4 QoA il FAE o
shoik. e A A2 A Eol (S, A Eoly7t obd
2% A =o|(F, 3 EoDE TR A9 2 Y
(F&)ol ot o] ojd FFE v A=A B HEeHA 1L
e 4= QA gtk olF Yo +¥E A L o 2
o] gokHTh AA, AN YA 94 754 (PIV; particle
image velocimetry)S AME3le] £3] &0]E ZAHT 4,
ANSYS Fluent 2ZE o] }|7] 2] (ANSYS, Inc., Canonsburg,
PA, USA)E ARESle] GA-2 A& 28 (FSI; fluid-structure
interaction) =X AlEd0]HE aPste] FESH 42 Aot
ARoA SR AE H|wstgith AlA, 853 HolHE 7]
Hho 2 A9 F3]l wolE At the 3 HAAE 5
sty YA, o5 39 B 2R 254 HolH (3d
EODE AHESte] Ao oJgt ohF Tl A =&AL, 1
2IE AN EolE AMESHY] 22 2o vt

2 A A o] 35 Ao A= S Bt
£ 7tastE HHES AAstzt =S o] F % oS
TAHQ At AEL “FA-Fx ARG £ AEF oA
(Chau et al., 2024)914 dSH I8 A&l +2349 sht
A % (beame] B W AZCANOE BAE 4 AL
AREgT, A7 ARl Wel7] Ad) AE AT e of
ek Aok AA, Y BN A4S 2 FE (cantilever
beam)2 RS, -T2 A5G 53] AR 0|40

xo 1

Ay

=olo] TAF E=H 101
A B5H 4 (pressure)S ATH | 2HGAIA A HE A
TS BASHT =4, dSE AAY o 8 U HAE &
ATz A5G FA AEG oA Aol vt L4
2] A EF 1A FEYE ASstAth AR, dEES &8
ato] P53 QTE o] o %‘ W Aot RS &8t
53 A9 F3] Folete] ABIAE BAsHT A+ 2
T FFHoE NS OIA%PO% TE5E= 2 Lokl &
42 & Slom, o5 sl & (seagrass)9F Z2 Ao A4
St A 4~5m (ol =ikt EA R Ab S 1EE 4

QIth(Hong and Lee, 2022).
2 A9 el 7oje o o] aokHth AA, 2
T & TFA 7% A9 53 ASS TR 2Fe
Atoeh B4, 71& AFolA AdtE o5 37 HA
A FEHA BN AT AR, F-573ol A
A1) w7l wolet Gl Y TR ol & Bk e
5 *é% AFsHeth 2 A9 ArES oS3 gk
AR, Gd FF Y AR 1S, B S50 s BE
A £7] (Stem)7} L2 pEo% FXna 7Hgsilth &
A, fA-TF= A5G AEFo|dNA & E5Y =& 2
skaL A|7ke]| @A ozt 7HgstaL, *"%‘0]] -8t dES
3tk &, & 389 £=7F €A fAE /\]Eﬁﬂol’q
A2 Agstech. AA, 44L& 5202 o3 FHAT
(bending) 52| ATt (swaying), & ATolA= G 23
& wagleh A, FEHAA mul slsera, Aot
MRS TeEA st 2, TR ey Felo]
A S35l

% o

=
=
&

st Lo g
1o
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l‘ﬂm‘l-lo?z

mO

N' rud

| W2 Y e

g A o] &t o] AZtS FAHT Aol L
gt A9 =9](0.07~0.55 m), HH](1.8~38.1 mm), T3 A
42(0.56~3530+390 MPa)= -9 t}oF3s}tt (Folkard, 2005;
Augustin et al., 2009; Stratigaki et al., 2011; Paul et al., 2012;
Kotfis et al., 2013; John et al., 2015; Weitzman et al., 2015; He
et al., 2019; van Veelen et al., 2020). AFE-E A (2= QA
Ag= o], ol= &g (polyethylene), A
Z (wooden dowel), Z]Z 2 I (Polypropylene), A 0| =E}0]
£3] ¥ (cable ties poly ribon), Z2| A3} (PVC), AU=
Z2]°2= (LDPE), ‘:}M'-‘vj— s -‘,ﬂ——%‘—(bamboo dowel), A2|Z A
g =7 a+
(Chau ez al., 2024)7} HEXMHH “7‘1] ’“‘3—4 Fs= Al
oldst7] fI3f AFEEt AEtold (styrene; WHE ©Ipa) &
0] 4 FEA S Bel ATl (polystyrene) & T
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sttt sig A= 9| £4J2 Table 13} Zth.

‘9 Ug-H|2=0] B o]E (Euler-Bernoulli beam theory)’ ]|
A Bl 53] Asol FFE vl B EALS QErTH &
At 7151eHe B4R 7% 4 itk ARy A4S B
9] g3 A14*(Young’s modulus, E)E 55hH, 7|5184 EA4J2
B 9] Zo](length, L), 8= (neutral axis)ol| T3t TH o]} 2
9 E (second moment of area, NS F£3It}h E ALoAL RO
T3 Aol AFHA Aselzta 7HEst ol A9 &
A AT siAollA 715kt ] AdP QR o et =T H]
AP = wjAgth= Zolth & ATFolAe A Y ArsHy
E4 (Table 1)& W43}te] 7]& AF(Chau et al., 2024)9] 1¢
A 2770 =2 AlEEolAd AU L F dEHL 67] Alvte e
(S1~S6)Z Table 29} Z+o] T#3}It}. Table 2014 Tl o] 3}
E‘?ﬂ—E——‘E FaSo B3 AR AAAY dHE W, FA T)

yHshE WTY122 3389

/5]’%‘% B8l F2FAY sl H(beam)Z, A4 stk
& AA 279 sl 1A (fixed end) o2 7HY3HH G
wuL oWy} H1, SERA A 23 %L e

off

o ojmmel F3 AFoR WBHT =, §H-7x 457
€ AEdoldol x84 2] AlEdolder E?-rﬂﬂ ct.
weba] FA-F2 AEAE ] AlEYoldes FET AN
Arere] 3 W WeIeh TR 1) ARl M IS
Table 1. Material properties of polystyrene

Property Magnitude Unit
Mass density 1040 kg m™
Coefficient of thermal expansion 0.00016 °oC!
Young’s modulus 2.73x10° Pa
Poisson’s ratio 0.395 -
Bulk modulus 433%x10° Pa
Shear modulus 9.78 x 10® Pa
Tensile yield strength 3.45%x 107 Pa
Tensile ultimate strength 4.31x107 Pa

2

, Li-2HH

QZE AT (free end)?] 3 FYF WS HwI =N 7]E
%5 (Chau er al., 2024)°1 4 AQFeE ok 3] 449 X“’J
A& AT & Atk o]F S8 & AFolME FA-FE2 AE
2 2| AlgE ol z R e Ao A4-E5te YEe Fig. 2
9} Zro] Ao AW Tdol| A = 7} ek (E 93 Line 1, 3)
W Line 2)22 8535131t

Fig. 3& A1) Wiz 2 22l 953 2 B (Line
3} 8 4(Line2) U B3] S iehieh 32004
9] golds Al Ao AHT} SHof A
25E FEUES Ao AW Bwehe o 7—‘“& 7,%7\}—
o33 2k A, Line 204 A =9 H+t (p)3 A oF
H (Pma) ] BIE2 pofpmacs ST} E4, Line 104 AH ¢+
9] HH (p)S T T, ol8 polpmat Hot AW HHUE
pIXplpmxs TR TH BAYEE Qo 22 o A
AFsLlEt. Fig. 4= 67] Aluhg] o) tigt A4 49 228 ¢
ehiol 4] e olgsiel HE W T Haes ok
Table 33} Zt}.

2 ATolNE gy HE 9 FHol 48aE B
(Table 3)& F2349] Zgelo2 Feissict. 44e] 5
& TeE o Bgeo] G2 ANl FEASFL WAL
1, o= &9 WA BEAE 2T & gerng Zage t
Ao g F7H7+= A= F3& 34 (transient structural analy-
sis) S 4334Tt o]2 93] FHEL £ 10X (total time)o]] 2
A 0.05% ZH (time step) 2.2 F3te] Z-EAIF ) o] F 4
2 FzejAs g2 fyste] H= 53 AT} Blastglon,
A o2 & o] Wit EAl= WAYSHA] erokaL, siA Aot A
2 FxA Ao S RIS o= Ho 3] Wk
o] HrskR] grot 7]5keHA ]l Bl sfAo] dastA] ¢
o= e

e A FREAM o) AHEH LZEQ o] 37 R]= ‘ANSYS
Transient Structural’©]t}h. & @ALo|A gt 2] 9] Hxhz]
¢l m3o] Tedta BEFEIR] ko v 2 AMHA (tetrahedron)
weh a4 vt Aot o JEe Ane ARk SuA

&

2 ;.CL o?n: 1%

Table 2. Structural analysis simulation scenarios for estimating beam bending behavior

Scenarios Size Young’s ond m0§mer}‘t of
Length, L (m) Width, W (m) Thickness, T (m) modulus (Pa) area’ (m’)
S1 0.25 0.010 0.001 273 % 10° 0.83x107"2
S2 0.35 0.015 0.001 2.73x10° 1.25%107"2
S3 0.30 0.020 0.001 273x10° 1.67% 10712
S4 0.30 0.010 0.001 2.73%10° 0.83x107"2
S5 0.30 0.015 0.001 2.73x10° 1.25%x 1072
S6 0.35 0.010 0.001 2.73x10° 0.83x 10712

Swith respect to the neutral axis.
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Fig. 2. Water pressure on the vegetation: (a) two pressure lines (longitudinal direction, i.e., Line 1; transverse direction, i.e., Line 2) for extracting
the pressure, (b) model of this vegetation (cantilever beam) and bottom boundary condition (fixed end), definition of pressure acting on the front

surface and back surface.
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Fig. 3. Illustration of longitudinal and transverse pressure distributions acting on the front and back surface of vegetation: (a) longitudinal pres-

sure distribution (Line 1) and (b) transverse pressure distribution (Line 2).

Table 3. Average pressures acting on the front and back surfaces

Pressure acting Pressure acting

Scenarios on front surface (Pa) on back surface (Pa)
S1 3.31 —-2.24
S2 3.91 —-2.63
S3 5.70 —4.69
S4 7.03 —4.61
S5 10.80 =747
S6 9.00 —-8.93

(hexahedron) 825 3A]o] ARE-SATHANSYS Inc., 2020).
o|E WA A7 A3 Table 49} o] 67] Alvte]e =
do] 22 (element)2t A3 (node)S 5L, WAl (mesh)9|

3 =
E‘%‘E!., =

23} (ex-

Ao golatgrt. BE AU meloA] w4

=3 H]
A (skewness)T} Z 1 &2 (orthognal quality)©] 9=

cellent) 222 B it Table 404 ALe]e R 8
a0 "Y $71 98 olfre 24 BEY Fol(L)% FW)ol o
27] ujgo|t.

AE dgHE myslete P53 w7 AFY AlAI(SD
£ Fig. 59} 2t} Fig. Sas fAl-72 4328 2] AlEd
oldew g5 F3 AFoln, Fig. 5Sb= TR 3] A
Efoldez 53 H7 AFolth of7|A AfolA e
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Fig. 4. Longitudinal and transverse pressures acting on vegetation: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6.
Table 4. Mesh properties and quality check
a e,b
. Number of Number of Skewness' Orthogonal quality
Scenarios nodes elements
Value Quality Value Quality
S1 18803 2500 1.31x1071° Excellent 1.00 Excellent
S2 38578 5250 1.31x 107" Excellent 1.00 Excellent
S3 43603 6000 1.31x 107" Excellent 1.00 Excellent
S4 22553 3000 1.31x 107" Excellent 1.00 Excellent
S5 33078 4500 1.31x1071° Excellent 1.00 Excellent
S6 26303 3500 1.31x1071° Excellent 1.00 Excellent

Skewness standard: excellent (0~0.25), very good (0.25~0.50), good (0.50~0.80), acceptable (0.80~0.94), bad (0.95~0.97), and unacceptable (0.98~1.00).
°Orthogonal standard: excellent (0.95~1.00), very good (0.70~0.95), good (0.20~0.69), acceptable (0.15~0.20), bad (0.001~0.14), and unacceptable (0~0.001).



(a) ] Seip (b) —i ¥ Beip
0.0134660 Max 0.0117850 Max
0.0119700 0.0104760
0.0104740 0.0091663
0.0089775 0.0078568
0.0074812 0.0065474
0.0059850 0.0052379
0.0044887 0.0039284
0.0029925 0.0026189
0.0014962 0.0013095
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Fig. 5. Transverse displacement of vegetation (S1): (a) FSI simulation results and (b) SA simulation results.

Table 5. Comparison of maximum transverse displacement of vegetation (FSI simulation and SA simulation results)

105

Maximum transverse deformation, dyip

. Size

Seenarios LXWxT, ) FSI simulation (m) SA simulation (m) Rel. % error (%)

S1 0.25%0.010%0.001 0.0135 0.0118 12.48

S2 0.35%0.015%0.001 0.0768 0.0795 3.47

S3 0.30%0.020 % 0.001 0.0495 0.0453 8.53

S4 0.30x0.010x0.001 0.0538 0.0512 4.82

S5 0.30x0.015x0.001 0.0504 0.0539 7.05

S6 0.35x0.010x0.001 0.1358 0.1396 2.74
= i‘\:ﬂ Eﬂ‘?‘])‘é 5tip—o—E Egtg—é]'?iq'- Table 29‘] Lk 'EIL—;‘:! 7‘] 0161 waFsl simulation == Beam simulation -O-Relative % error [ 1+%
5 AlEFolA AU (67E st FS%t Al % ¢ oy © 12,00
% WM Tuble 59 2tk ST Hoh F FF WSS AA-T § o oo
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