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Modification Factors for Mean Wave Overtopping at Vertical Structures
under Oblique Wave Incidence and in Symmetrical Concave Section
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Abstract : The effects of oblique wave incidence and a symmetrical concave section on wave overtopping at
vertical structures were investigated through 3D hydraulic model experiments. The experimental parameters
included incident wave conditions, freeboard, and wave incidence angle. The average wave overtopping discharge
decreased as the incidence angle increased. For the symmetrical concave section, the wave overtopping discharge
near the center of the concave section was quantitatively found to be greater than that at the other locations. Based
on the experimental results for vertical structure, modification factors for wave overtopping discharge were
derived.

Keywords : vertical structure, three-dimensional physical model test, average wave overtopping discharge, oblique
wave attack, concave section, modification factor
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Table 1. Wave conditions for physical model test
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Fig. 1. Schematic sketch of 3D basin.
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Test Water depth Significant wave period Significant wave height Remarks
case (d, cm) (T3, sec) (Hyj3, cm)
wave overtopping for . .
oblique incident wave 1.18, 1.38, 1.57, 1.77 5,75, 10, 12.5 Bretschneider-Mitsuyasu
- 50 frequency spectrum
wave overtopping 1.18, 138, 1.57, 1.77, 1.98 75, 10, 12.5 (long crested wave)

at concave section
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Fig. 6. Photos of wave overtopping for vertical structure at concave section.
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Table 2. Modification factor for oblique waves and non-impulsive conditions
modification factor condition

9 = c0sO for 0° < @< 37° long crested wave
Franco and 79 =0.79 for 6> 37° (LC)
Franco(1999) yp=1 for 0° < < 20° short crested wave
75 = cos(6 — 20°) for > 20° (SC)
Goda(2009) 7= 1 — 0.0096/6] + 0.0000546” ;
7= 1-00062/0] for 0" < 0 < 45°
EurOtop Yo = 0.72 for 6> 45° ;

(2007, 2018) [c = 1.0 for EurOtop Eq. (7.1)]

7= (1 — 0.0062|0)"* for 0° < < 45°
7,=072""=0652 for 6> 45°
[c = 1.3 for EurOtop Eq. (7.1))

long crested wave

LO

EurOtop(2018) — 3 5 S
7= (1 —0.0033|@)) " for 0° < 8< 80

7,=0.736"" = 0.671 for 6> 80°
[c = 1.3 for EurOtop Eq. (7.1))

short crested wave
(SO)

7= (1 — 0.8)cos’0 + 0.8

long crested wave

van Gent(2021)

[c = 1.3 for EurOtop Eq. (7.1)) (LO)
7= - 0.7)c0329 +0.7 short crested wave
[c = 1.3 for EurOtop Eq. (7.1)) (SC)
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Table 3. Modification factors for oblique waves and non-impulsive

conditions

Incident angle (6, °) a b Yo
0 0.0205 1.843 1
10 0.0205 2.151 0.86
20 0.0205 2.341 0.79
30 0.0205 2430 0.76
40 0.0205 2.800 0.66
50 0.0205 2.841 0.65
60 0.0205 2.947 0.63
70 0.0205 3.549 0.52
80 0.0205 5.664 0.33

A Fduko 7 243 A3lE T A5 Slolt). Fig. 8()=
Zyz}e] QAN Fakgl et duiakel] vish AR &
AI§E Zlolt}, Astel] oJahd QYatzto] St whet Lulak
o] ARA o & FhAash, 53] 9= 709} 80° Z7lolA H4
A 7hadhe 2S 218k 4= itk Fig. 8(a)~(i)ell thal] 2]
(5)2 a$} b= Table 33} Eow, olof T3t Au}E T A5
Z1o] Fig. 9°]t}.

21(1)¥} 0] EurOtop 52 A5
2] 1o 741? a= ZdelfraL
ouleh, pi= AR B8 E Lyl A a ] 718715
oJu)git}, N(4)<>ﬂ ol b =3.157 G dee S8k

ASE 4ot 25 A 718715 &Jv]shH, Table 39
0=0° 270119 b = 1.843 FHe|AHA ASE 23
2k AP A 0] 7]87)0]t}. A (4)2] g T35 Aol 1/402]
ZAAbdo] ) ¥l ZxiolA o] AuteF AP A2 7187191 Hhd,

T4 Fee] A A
2710] R=0149) Aol

angle
1.2
- - EurOtop (2018)
10 - O this study (exp. data)
AN -~ —this study (proposed)
° -~ ~<
Yo 06 4 o
o
e
(]
0.2 Yo=1-0.00880 for 0°<6<40°
¥o=0.65 for 6>40°

0.0
0 10 20 30 40 50 60 70 8 90
incident angle (0, degree)

Fig. 9. Modification factors of average wave overtopping discharge
under oblique wave attack.

1}

H FHHAg 0] A F2E Aol FAPES XA ¢k
I, QA uhE Y] A vwE st 3ol
wliEoll b 3] 2kel7k Q= AR FekE e

Fig. 914 §IAtzto] F7tstel mhel RAGAIFE Fhashe
Agro] Yeh= A & 4 k. 28 Fg 79 71E A
TAYNE 1L, Bl Aute o=
AFFE(6 = 40°) o)73e] x3lolM= 4%’0}% A}E AAE
A} S}, ofof] whEt 2 AR A ]
Aute BAGAG= 2(6)) 2ol Abstaat st
Gent(202 )X &= F-AFSHAl A|AISFAL 31t} van Gent(2021)
= Aol 7 2 2716 = 75%) AQlEkaL, 6= 0°~60°
Helol duts AgsiGi=dl, ol Yukg gro] o 21l

=

]'C van



AT E=e] B avkk RS AR Ui B i d o5 A 24 191

7, =1-0.0088|0| for 0°<O<40°
Ve =0.65 for 6>40°

1208 228 TN HYAPESS| B HY
A%

ARl Tt i WA BT Fele i o
2 085 T30 ofe A5t nYASE RASG. o

1.E+00

oL ols
a8 oL12
1.E-01 —reg. lineforl2  —reg. line for LS

——reg. line for L8 —reg. line for L12

=
m
h
o
~

Q/ [Hys/(hs)]°s

1.E-04

1.E-05

(a) 6=10°(9*=160")
1.E+00

oL olLs
al8 o 112
1.E-01 —reg. lineforl2  —reg. line for LS
—reg. line for L8  —reg. line for L12

-
m
o
[

Q/ [Hys/(hs)]°s

1.E-04

1.E-05

(b) 6=20°(8*=140")
1.E+00

o2 oL
a8 © 112
1.E-01 —reg.lineforl2  —reg. line for LS

—reg. line for L8 —reg, line for L12

-
m
o
~

Q/ ["'1./3/(""5)]0'5

1.E-04

1.E-05

(c) §=30"(*=120")
Fig. 10. Dimensionless average wave overtopping discharge of ver-

tical structure for each overtopping tank for concave sec-
tion.

O

T 9ol F 2470(L1~L12, R1~R12)2] Lu}2F
Z¥ze] Aukak 1A o hgk Aot

Fig. 10 QE1R-0] 474 (0% 71507 5 5474
(L2, L5, L8, L12)°4¢] 72t Bdatd ASd s &
Algk Zloft}, AfellA] B = glo] @552 SAIE- L12 9
2ol 7P e fuisko] MAshE S o - QloH, &
ol HolA4= Al AHE Yulgfo] Aol AlSE
A& gelgt 4= 9t}

Z}z}e] st AlSgA ol giste] 2](1)~(3)2] W o= 7}
7+o] PuteF WAATE AT 4 9lom, Fig. 112 2471
b R A 2] YAk, fejst 77] 9 sk, of
fraze] w2 Eakg BRAAATE SIS Zlolth Fig. 11014
NNEF v= Q8 T = 0 mOEFE AYLE &
o] Ag], R 2l Agl)oltt. o5 ko] Ay HAA
TVt 15 20eh= 49w 7=l A740= drkeh=
Z210)| ]3| Gatko] Wrh= 21 ovlstH, p, 7t 150 &
& 55 A7 GAtell vl Eakeo] A5-& ow|gitt. 4
AT} SJabd e ER-o] S (9%l Wt AT ()
kel Apol7t Qlovt @ ER-0] F4H(-0.6 m <x < 0.6 m
A=y 7t 15 208k Z21S o 7 9leH, o]
287 x = 3 mollA] vl STk 2lE B
©]3= Lee and Kim(2025b)7} A A8k ZAARA o] th gk @5
TR o] YuleF B b wite] A Eko|t) Fig. 112
= A () €3 ASATE FAE] BAAITE B4
st A0 ZA A AAE AR fFel3t FUT )0l S
sk g o ® At slete]l AES H a7t Qlrh

Fig. 12 & A 289 folut 7718 L B4
I X AYE B3 otk #-ouf 70 nhE A
QIR AN (WL, )= A3 o7, Ly
olgt F71e] thgsh= o]t shgoltt. Aol ofahd, i
Ao Folut F7|7t 2 -0 Lot wAYAGTE 2A

Uepstth, 121 Be Adzzio] dAeA = ko o5

o, T
ooy

N

1.6

| —0-06=10 deg -4--6=20 deg -® ©=30 deg|

14
12

Yoc )

0.8

0.6

0.4

distance(x, m)

Fig. 11. Wave overtopping influence factors for concave section of
vertical structure by incident angle.



192

oY
2
)

Yoc !
08
0.6
~9-0:10 deg 40220 deg ~® ©=30 deg
04
3 2 -1 0 1 2 3
relative distance(x/Ly;)
(a) T;,;=1.18 sec
16
14
1.2
Yoc !

08

0.6

[ —e-0:10deg -+--0=20 deg - =30 deg

2 -15 -1 0.5 0 0.5 1 15 2

relative distance(x/L;)

(c) 7;/,=1.57 sec

=z

o]Z<!
16

14

12
Yoc !
08

0.6

~0-0=10 deg -+--0:20 deg -» ©=30 deg
04
-2 -15 -1 0.5 o 0.5 1 15 2
relative distance(x/L,;3)
(b) 73/3=1.38 sec
16
—9-0=10 deg -4--0=20 deg -» ©:=30 deg

14

12
Yoc !
08

0.6

04

1.5 1 0.5 0 0.5 1 15

relative distance(x/L;3)

(d) 73/3=1.77 sec

0.6

~0-0:10 deg -+--0=20 deg -8 e=3oacg‘

-15 -1 05

0 0.5 1 15

relative distance(x/L,,3)

(e) T;/5,=1.98 sec

Fig. 12. Wave overtopping modification factor for the concave section of a vertical structure according to significant wave period.

B2 FHOR xlly, = +1 WA WA Fehe] Aok n
AAF REA Fehbe 28 & 5 gk

¥ A SJsu, Q8% F4 0w 025 3 o
W FRIAE g, = 125 A§3he 2] AuT Aoz B
S, Y @B that sk RAAF () @)
o 909 ol Agetw Bk e Fo PEE AP
o= Mwe] AHH At Aestrin Bec ¥ 43
oM A 88 025 8 wo] 48 mol7] whizel] A4H £
S} 1% 4RV u) SR e 20w gz wi
AP A get By gunA B4 sl o)
T FAgolt, 5] Fulujx] Pago] ke 71z
2 WHgY Aol ARs] hE dah 229 Aol
oIk, webd @85 b g ket A AP 9
A EHE ojelg ROz pekEtt

ARAAE AR, s 297] W AlLle Al7Re)
T —.“E"ﬂ ek FALR ARAE A ERo] RIS Ao
(passive absorption)sF1ol % EF8kaL, Juld oz 711 2
FAIRME S 7] 71 6003h} F2E2] WAL} o T
o7 el H¢-F2] BAATFIE P EES Kol &2 A
o7 BRIt} o]= whdFR L g A4 Fgxe] B9 vk
ALke] ohleRd © 2 Q1sko] F4=2] ZUl(active absorption)
7} E7Vsskal, =& Wdol AR A FAPHo R = o
gk WhAbE Aloj ol SAI7F Q7] Wit o ® KAl

5.4 &
B AN AT E S tFe® BARIAEY ¢
ARt S emte] Azl e EadukEe] wiskE



AYAT220) GG BAA: 7

HES] 9 32K e RS =3
o

Ha3ich 7o ATANE 20l ok,
(1) AYATEES Thgo R BARIAb] tet Bste

ATE AL, s dakto] S7MEeE 4
o BAAFE sk Ao ® et thi, 7]
& AT B AN BadS arelete] gule W
Ao Haghe Absglvk
) FLE AL 9 Aol ol 20 7o)t 7]
7h A Aol Ao dufge] W Aow 1
Bt thdd eEolx o558 THOoR vt
—1 <x/Ly;y <1210 WAk Fej o] dufey 237}
ASE AT 53], 55 T REE £0.25 91 0]
Ul PRelM = 2 9dAE 230 vls) dare] Frkst
= Zo® yehskor, ol gt duli HAATRE
vo=12% A& Z& AlFs
A2 g2zl thsth AAriAkatel ti e 55 1kl
Ao Aatg HAATE a3 2

H, . R
4 — =0.0205(—2)" exp(-3.157 —= L)
\gH;), s i3 Vo

for 0° < < 40°

for 6> 40°

for symmetrical concave section
(x| < 0.25Ly5)

7= 1 0.0088/6)
7o = 0.65
Yo = 1.2

ATl HESE BARIANE dalsk A3l 28
ol doli= o3 7] 7o Z 1.7-3 3, 55 17k
o] AR Zoli= o3t F7] 7|FOR 23~4.6 Tl 3]
ik, AARIANE 24004 atze] 6= 70°-80°Y U ]
TE=2 Qo] 11 Aol Ak(stem wavey’ LIS
Jor g ofo) tfeir= F7HARl HEFHeS How
Ok 53, @ 291 e Aol 7aEe] Aol 11 4
APAARNY Q55 3t gt Ltk
1Eshs 212 A7 Sl o Stk w2
s o] A8 88 7} 9l v

o el 37h Al Mes Ao pa,

1>
fle i 2
re

ul

4
to

fo mx Kl Ho & 4y o
s
oN!

Joode oo 2 L
N

Jr 2

AR =

B AT Sfjokabt 9 skt e) o] (RS-
2022-KS221567, 20180323) A L2 Who} Faix|gl om] | A
H] 2] el ZIAF= YT

AR Ui 9t E @5 wiA) =4 193

References

EurOtop (2007). Wave overtopping of sea defences and related
structures-assessment manual. In: Allsop, N.-W.H., Pullen, T.,
Bruce, T., van der Meer, J.W., Schiittrumpf, H., Kortenhaus, A.
(Eds.). www.overtopping-manual.com.

EurOtop (2018). Manual on wave overtopping of sea defences and
related structures. In: van der Meer, J.W., Allsop, N.W.H.,
Bruce, T., de Rouck, J., Kortenhaus, A., Pullen, T., Schiittrumpf,
H., Troch, P., Zanuttigh, B. (Eds.). www.overtopping-man-
ual.com.

Franco, C. and Franco, L. (1999). Overtopping formulas for caisson
breakwaters with nonbreaking 3D waves. Journal of Waterway,
Port, Coastal and Ocean Engineering, 125, 98-108.

Goda, Y. (2009). Derivation of unified wave overtopping formulas
for seawalls with smooth, impermeable surfaces based on
selected CLASH datasets. Coastal Engineering, 56, 385-399.

Kim, Y.T. and Lee, J.I. (2015). Wave overtopping formula for
impulsive and non-impulsive wave conditions against vertical
wall. Journal of Korean Society of Coastal and Ocean Engi-
neers, 27(3), 175-181 (in Korean).

Kim, Y.T. and Lee, J.I. (2026). Reanalysis of average wave over-
topping rate for vertical structures with the effect of foreshore
slope. Journal of Korean Society of Coastal and Ocean Engi-
neers, 38(1), 13-30 (in Korean).

Lee, J.I. and Kim, Y.T. (2025a). Modification factor for average
wave overtopping of rubble-mound structure covered by tetra-
pods under oblique wave incidence. Journal of Korean Society
of Coastal and Ocean Engineers, 37(5), 171-179 (in Korean).

Lee, J.I. and Kim, Y.T. (2025b). Average wave overtopping of rub-
ble-mound structure on symmetrical concave section. Journal of
Korean Society of Coastal and Ocean Engineers, 37(5), 180-188
(in Korean).

Ministry of Oceans and Fisheries (MOF) (2020). Design Standard
of Harbor and Fishery Ports (in Korean).

Murakami, K., Maki, D. and Takehana, N. (2011). Wave Overtop-
ping on Flaring Shaped Seawall under Oblique Incident Waves.
Proceedings of Asian and Pacific Coasts (APAC) 2011, 1865-
1872.

Van Gent, M.R.A. (2020). Influence of oblique wave attack on
wave overtopping at smooth and rough dikes with a berm.
Coastal Engineering, 160, 103734.

Van Gent, M.R.A. (2021). Influence of oblique wave attack on
wave overtopping at caisson breakwaters with sea and swell

conditions. Coastal Engineering, 164, 103834.

Received 31 July, 2026
Revised 14 August, 2026
Accepted 14 August, 2026



