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TOPIC 2: WAVES

e Part 1: Introduction to Ocean Waves
 Part 2: Linear Wave Theory

e Part 3: Nearshore Wave Transformation

© 2021 UNIVERSITI TEKNOLOGI PETRONAS
All rights reserved.
No part of this document may be reproduced, stored in a retrieval system or transmitted in any form or by any means (electronic, mechanical, photocopying, recording or otherwise) without the permission of the copyright owner.



LEARNING OUTCOMES

Guir

Upon completion of this topic, students should be able:
 To assess wave refraction effect at near-shore

* To perform wave refraction analysis
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WAVE ADVANCE

Guir

Wave front - A curve in the horizontal plane through adjacent crest points.

Wave orthogonal/ray — Path perpendicular to the wave fronts at every point.

Wave Front Wave Front

Horizontal Plane Orthogonal
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WAVE ADVANCE

Wave Refraction
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WAVE REFRACTION

Guir

Wave refraction is the bending effect of
wave crest (wave front) in order to align
with bottom contours as waves are moving
over different depths.

The wave ray becomes more perpendicular

7

to the shore.

/s

Incident Wave

https://www.kindpng.com/imgv/hRwowoi_wave-refraction-headland-and-bay-hd-png-download/
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OBLIQUE WAVES REFRACTING ACROSS A ,‘

N
UNIFORMLY SLOPED SHELF ‘I"

orthogongl wove Cresls
A

* «,is the angle between wave crest and bed
contour OR between the orthogonal and o
normal to the bed contour.

At deep water (d/L > 0.5):
* The wave celerity (Co) is constant.

At intermediate depths (d/L < 0.5):
* The wave crests bend.
* o, reduce to a.

_.-l‘
L

SHORELINE bregkers
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SNELLS LAW

Depth contours<——>— — — — — — —

diLe> 05
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Table C-1 (Shore Protection Manual, 1984)

¥

d/L

©

+3300
«3310
3320
3330
. 3340

.3350
3360
+3370
.3380
«33%0

3400
.3L10
.3l20
.3L30
.3Lko

«3450
« 3460
3470
.3480
-3!‘90
«3500

3510
.3520
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«3354
3403
3413
»3h22
23431

.3Lko
«3Lkg
3459
. 3468
-3,‘??

3158
-3L95
- 3504
.3514
3523

.3532

#3551

3560
«3570

«3579
-353&

»3598

27 d/L

2,133
2,138
2,1y
2,150
2.156

2,161
2,167
2.173
2.179
2,185

2,190
2.196
2,202
2,208

2.21)

2.220
2,225
2,231
2,237
2.2L3

2.2L9
2.255
2.260

3

TANH
21T d/L

»9723
9726
9729
»9732
»9735

»9738
- 9?hl
«9ThL
.9750

+9753
9756
9758
9761
+976k

9767
+9769
»9772
9775
7T

«9780
9782
.9785

sing C L
sing, C,

SINH COSH  H/H!
2T d/L 2M4/L ©
L1599 L.277 ,9583
hvl ' hl3D1 -953'6
L.209 L.326 .9589
L.234  L.350  .9592
L.259 L.37T5 .9595
L.310 L.h2L 9601
L,33¢  L.LW50  ,9604
ht3‘61 h'h?h -960?
4.388 L4500 9610
L.b13 L5255 L9613
L.L29 L4.550 ,961%
L. U6 L.576 ,9618
h.92 L.602 9621
Lk.521  4.630 ,9623
L.S4T  L.656 9626
k.575 L.682 ,9629
L.602 L4.709 ,9632
£.629 L.736 .9635
L.657 L.763  ,9638
4.685 L.T9L  ,96LO
L.713 L4818 ,3643
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K

2338
2325
«2312
»2299
. 2266

«2273
»2260
«22L7
.2235

.2210
.2198
«2185
2173
.2160

2148
L2136
212}
2111
2099

.2087
2076
.206;

= tanh ——
L

Lrra/L

L.265
L.277
L.288
L.300
L.311

L.323
L.335
L.3ué
L.358
L.369

SINH
L7a/L

35.58
35.99
36.42
36,8l
37.25

37.70
38,14
38.59
39.02
39.48

39.95
Lo.Lo
L0.87
11,36
11,85

L2.33
L2.8
L3.3
L3.85
Lk, 37

ul,.89
Ls. 42
L5.95

COSH
Lird/L

35.59
36.00
36,43
36.85
r.27

37.72
38.15
38.60
3’910![
39..9

39.96
Lo.la

L40.8y

ltlJT !

1.8y

h2.3k
L2.8L
43,35
L43.86
bk, Lo
k.80
L5.L3
L5.96

n

.5kg2

CG/GQ

«Shll
.5Lbl
«5L36
«5U3k
.5L31

«5427
.Skl
-Sh21
«SL17
«5U1L

«5L11
«5L08
- 5L05
«5402
.5399

5396
5392
5389
5386
5383

«5380
«5377
<537k

M

5.220
5.217
5.214
£.210
5.207

5.20L
5.201
5.198
5.194
5.191

5. 188
5.185
5.182
5,179
5.176

5.173
5.171
5.168
5.165
5.162

5.159
5.157
5.154
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INTENSITY OF WAVE REFRACTION

Guir

The amount of reduction or amplification of waves due to refraction
depends on:

Headland  Embayment

Beach

¢ bC”'hymeTry Erosional

cliff

Wave zone
crests

* the initial angle of approach o
* wave period

E = energy troughs

E1 = E2 = E3 wave
orthogonal

Low-energy
zone

© 2001 Breoks/Cole - Thomson Learnina
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WAVE REFRACTION

Guir

Shoﬁe|newg\ _ Shorelin
- AR B ,+ Wave convergence or divergence, which is
L AN determined by the shape of the bottom
4 JR topography, causes energy to be
| concentrated or spread out.
Contours Dr“thogonals E;ntoursj D:;:ogonot:
(o | (b)I

:t;iiHencﬂand“;i:- N

Drthogonaﬁrg/’

Where there are points or promontories projecting into the
seqa, wave fronts on both sides turn toward the point. A

greatly increased amount of wave energy will be focused
toward the point, and will tend to wear it away over time.

|
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WAVE ENERGY DISTRIBUTION

,diverging
o waves due to
7 refraction

& R

-
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Refraction along a straight beach with parallel bottom contours

/)]

Why C, < Cp 7

‘.’ C,=gT/2n tanh kd, , C; = gT/2x tanh kd,
’@t Since d, < dy, , hence, C, < C,
(K AN
. (LS K, = (B,/B)">
B, < B, therefore K, < 1.0,
Wave crests turn ' H<H
_~ towards alignment with ' ' °
bottom contours. '

Wave orthogomals

15

Water depth contours (m)

0:
| Shoreline

Equal distribution of wave energy along the shoreline



Refraction by a submarine ridge

|
| PP

Wave orthogonals |

_ | '.ISuhmarine I| ~
~ I".._ —= '. ridge | .'-"l'“ll-h /

Water depth contours

* Wave energy is concentrated due to the submarine ridge
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Refraction by a submarine canyon

\Wave orthogonals
| ' .

/
i |
| 1
1
!

J

/ / | ,

y ! |
/ / |
/ § | f
|
| | 1 \

|I 1

| Il -
| -~

| |, ="
kDY AP | e \
A T b 1 \
| IIIII \ ~ -____.

/' Submiarine |
/ .F_ B | \ N
_ cayon N W
T A
. Y

"y ' ' \

Diverging orthogonal energy

Water depth contours

* Wave energy is diverted due to the submarine canyon

. B, <B, therefore K. = (B./B)*S< 1.0, H< H,
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Refraction along an irregular shoreline

. | Wave orthogonals

* Headland — submarine ridge — converging rays - H>H_
* Bay — submarine canyon— diverging rays - H< H,

 Wave heights are higher at a headland than in a bay
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WAVE REFRACTION

https://youtu.be/E9UJjdITQQI
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REFRACTION ANALYSIS

Wave refraction analysis provides:

* Pattern of wave transformation from
deepwater to shallow water.

* Determination of the near-shore wave
properties and the energy distribution along

the coast.

https://twitter.com/pickmeupal/status/460442008843468800
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REFRACTION COEFFICIENT

Guir

Consider the principle of energy conservation, the power

constant, so that:

P =P
E,C,, = EC,

paHb) ~ _ poH
go
8 8

0.5

transmitted forward between the two orthogonal is assumed to be

05
H (Cq)| (b)Y [Ce | |(cose, )"
- = — = E— — KSKI’
H, (C, b C, cosa
— . K_= Refraction Coefficient
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If K. = 1 (No refraction), Ks = H/H’s



REFRACTED WAVE HEIGHT

Refracted wave height, H is given by — =K.K

H, = Refracted deepwater wave height 0
K., = Shoaling coefficient K, =—
K. H,

= Refraction coefficient

< _ i_\/cosoz0 (1-sin’ e, |
r B COS & 1—sin®a
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PROBLEM

A wave in deep water has the following characteristics:
H =3mT=8s,m=0.02and a_ = 30°

Calculate refracted wave height in 10 m of water depth.
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SOLUTION

27d  sina L

3 = tanh :
C, sina, L

0

« _ |Bo _ [cosa, _ 1-sin®a, |* _H/,
r B CoS 1-sin‘ @ H
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LINEAR WAVE THEORY - EQUATIONS

Guir

SHALLOW WATER TRANSITIONAL WATER DEEP WATER
RELATIVE DEPTH 4 . SN R d l
L <25 ? L ~ 72 T~ 7
=
Same As Same As
I. Wave profile —_— - 1;':% cos [ 2:" -E—}T—t—]=-;|-cus 8 —
2. Wave ferit :Ls :L=_E_'|:_ 2wd = -L=£
ve celerity C= 3 WL C=73 = tanh ( 3 ) C=Co= 7 T
2 2
3. Wavelength L=T./gd = CT L= % tanh (zfd ) L=Lgs ‘;ET]T = CoT
4. Group velocity Cg=C= /qd Cg= nC= ."2_ [ | smhé;:;ﬂ i i gl
5. Water Particle Velocity H 5 H gT cosh[27(z +4d) De’rermlne L.
Hori tal = — = -1 a9l 05 2 _ .
(a) Horizonta I VA B g YT L cosh(2wd /L Lo = 9.8] X 82/[2 X 3.]42] — 99.9] m
. . H gT sinh {2 +d — —
(b) Vertical w = "!I.—Tr (14 5 ) sin 8 w= = -GLL— smcih?’é;d“} d/LO — 10/999] = 0.1000
6. Water Particle Accelerations H 7H cosh[27(z+d d/L — 2 (SPM, Table C'] )
{o) Horizontal Qy = TF af %’ sin 8 Oy = gL h{2wa/sL] ) !
cos wd/L A
(b) Vertical a --ZH{E]2{|+L}cusS q, = 9TH sinh[2m(z+d)/L] g | 4. -_on (1)2 . 272 cos 8
z - T d z - L cosh{2wd/L) z - T
7. Water Particle Displacements
: . _ HT 9 . __H cosh [2m{z+d)/L] _. __ H 2Tz ,
(a) Horizontal £ = e 5 sin 8 £ = > sinh (27d/L) sin @ £ =- > & t sin 8
_ H H sinh [2m {2z +d)/L] H 2T
= — i = _— T L
{b) vertical ' > {1+ -é—',l cos 8 L > Snh (27 d70) cos B C 5 e cos 8
2z
8. Subsurface Pressure p=pgin-z) p=pPan cos:o[si}r;;::ﬂiﬂ - pgz p=pagme L - pgr
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TABLE C-1 (SPM, PP. C-8)

«1000 1410 .g&l‘jﬁ

- - =

d/L=2 (SPM, Table C-1)
d/L=0.1410
L=10/0.1410 = 70.92 m
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Table C-1. Continued.

a/L 2a/L TAKH SINH * COSH
Vo /e 2ra/L 2ma/L 2rd/L

7093 1.006  1.L187

27d B sma L

tanh _ =
L sma, L

o

Determine o

sin o/sin 30° = 0.7093
o = 20.77°

K = B, _ /cosao
B CoSa

Determine K,

Hfl'i;
9327

K =

H
S H0|

K. = [cos 30°/cos 20.77°1%> = 0.9622

Guir

L™a/L SINH COSH n cﬁfc b
o

WTd/L  Lmd/L
2,856  3.025 .8103 .57L7 9.80B

H _kk
H0

H=0.9327 x 0.9622 x 3 =2.69 m
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LEARNING OUTCOMES

At the end of this lesson, students should be able to:

 understand the fundamental of wave reflection

* estimate the reflected wave height from a sloping structure.
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WAVE REFLECTION

Reflective surface

-

1 Wave
112 wave
+—
1/4 |wave
-

Incident wave

Reflection L i e I e
Reflection in front of the seawall at Port Cawl, UK

When a wave hits a vertical, impermeable, rigid surface wall, ALL of the wave
energy will essentially reflect from the wall.
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INCIDENT & REFLECTED WAVES

Guir

Wave motion in front of a perfectly reflecting vertical wall subjected to monochromatic
waves moving in a direction perpendicular to the barrier can be determined by
superimposing two waves with identical wave numbers, periods and amplitudes but traveling
in opposite directions.

The water surface of the incident wave is given to a linear approximation by

n = H, co 27k 27t
i T A o H;
2 L T — reflected wave
and the reflected wave by
H, 27X 2nt
n = CO + H.
2 L T —

wall
wall
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WAVE REFLECTION

Consequently, the water surface is given by the sum of 1. and 1 ..

Since Hi:Hr'
H. {Zﬂx 27ztj {272)( 27ztj
n =n+n =—|co —~ +CO +

2

which reduces to

27X 2t
n=H,CcoS——CcoS—
L T

This equation represents the water surface for a standing

wave or clapotis which is periodic in time having a maximum
height of 2H.
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STANDING WAVES (CLAPOTIS) SYSTEM

Guir

T Length -
' | -1 3T 5T
Profile when t = 40744
Profile when t=0,T,2T- Profile when 1= = !_iT_]ﬂ
e ' 2 e
- -_— \/,
Node ~ N
Antinode Antinode ntinode
15 5
0 - X
I ’__/
RET R —

2m ZTH
Water particle motions n = Hjcos ( L )WS )

B A AN

Barrier at X=0 . I No flow across this line
. (no flow across barrier) | 7

|
|
|
.5 No flow across this line !
|
|

| Bottom

WWWWWWW'
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MAKING STANDING WAVES

https://youtu.be/E9UJjdITQQI
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CLAPOTIS WAVES
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REFLECTION COEFFICIENT

The degree of wave reflection is defined by the reflection coefficient, Cr

where Hr is the reflected wave heights, and Hi is the incident wave height

C > 1 —> Total reflection
0<C<I] —> Partial reflection
cC=20 —> No reflection
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TOTAL REFLECTION

Ll
(4]
2 ENVELOPE OF ’
= SURFACE MOTION 7
< |~
t=0,T P
—_ f —_— X
t=T/2 ’
. Cr=1.0
B
p
.~
L/
— L~
T -

(Q)
Cr=1:
* At nodes, water particle motions are horizontal and all of the wave energy is kinetic energy.

* At antinodes, water particle motions are vertical and all of the wave energy is potential
energy.
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PARTIAL REFLECTION

ENVELOPE OF
SURFACE MOTION

(k)

C<1:
* When the reflection coefficient is less than unity, the water surface envelope develops.

* As the reflection coefficient decreases toward zero, the water surface profile and water
particle path changes toward the form of a normal progressive wave.
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IRIBARREN NUMBER

e W W e rver wmm g bt mrmmh Ewhe whms e v Twhvh bl A N e e AN WRAS e . ——

PN TR paiig

The reflection coefficient for a reflective object depends on the slope angle 8, surface
roughness, porosity and the incident wave steepness Hi/L.

Wave reflection is a function of the Iribarren number (Battijes 1974):

| — tan & B m U = the angle the slope from the horizontal
r o H. = the local incident wave height
H. /L H. /L ’
\/ ' 0 \/ : 0 L, = the deepwater wavelength
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REFLECTION COEFFICIENT

The reflection coefficients for most structure forms can be given by the following:

al I’2 where the values of coefficients a and b depend primarily on the

structure geometry and the wave type (i.e. monochromatic or

' b -+ I I‘2 irregular).

Table I1-7-1

Wave Reflection Equation Coefficient Values Structure

Structure a b
Plane slope-monochromatic waves 1.0 9.5
Plane slope-irregular waves 1.1 5.7
Rubble-mound breakwaters' 0.6 6.6
Dolos-armored breakwaters - monochromatic waves 0.56 10.0
Tetrapod-armored breakwaters - irregular waves 0.48 9.6

'This is an average conservative value. Seelig and Ahrens (1981) recommend a range of values for a and b that depend on the
number of stone layers, the relative water depth (d/L), and the ratio of incident wave height to breaker height.

© 2021 UNIVERSITI TEKNOLOGI PETRONAS
All rights reserved.
No part of this document may be reproduced, stored in a retrieval system or transmitted in any form or by any means (electronic, mechanical, photocopying, recording or otherwise) without the permission of the copyright owner.



PROBLEM 1 ;”;

A wave in deepwater has a height of 1.8 m and a period of 6 s. It
propagates towards shore without refracting or diffracting to reflect from a

rubble-mound breakwater located in water 5 m deep. The breakwater slope
os 1:1.75. Find the height of the reflected wave.
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SOLUTION

Guir

Given: Hy=1.8m; T=6s; d=5m; U=tan?!(1/1.75) =29.74°
Ly=9gT?/27r=56.21m

d/ L,=5/56.21 =0.0890

From Table C-1: d/L = 0.1313 (transitional water); H/H, =0.9433
[Note: H = the local wave height at d =5 m]

H=0.9433x1.8=1.6979 m=1.7m

tan O [ - tan 29.7° _ 398

m
[H. /L B [H /L " /1707562

2 C =
a=0.6 and b = 6.6 (from Table II-7-1). c -4 '
"ob+1

the reflected wave height H.= C.H,=0.37(1.70) = 0.63 m.

I =

0.6 (3.28)°
6.6 + (3.28)°
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SOLUTION

2
_ al
" b+1?

C

Table 11-7-1

Wave Reflection Equation Coefficient Values Structure

Structure a b
Plane slope-monochromatic waves 1.0 5.5
Plane slope-irregular waves 1.1 5.7
Rubble-mound breakwaters' 0.6 6.6
Dolos-armored breakwaters - monochromatic waves 0.56 10.0
Tetrapod-armored breakwaters - irregular waves 0.48 9.6

'"This is an average conservative value. Seelig and Ahrens (1981) recommend a range of values for a and b that depend on the
number of stone layers, the relative water depth (d/L), and the ratio of incident wave height to breaker height.
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REFLECTION FROM BEACHES

When the reflecting slope becomes very flat, the incident wave will break on slope. This
causes increase in energy dissipation and decrease in reflection coefficient. Thus, beaches are
generally very efficient wave absorbers, particularly for shorter period wind waves.

Seelig and Ahrens (1981) suggest that a = 0.5 and b = 5.5 be used for beaches. Since the

slope angles are small, the Iribarren number Ir will be relatively small, yielding relatively low
reflection coefficients.

al’
C, =—"—
b+1.
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CefEEEE =
0.7TE e ‘
Based on a compilation of measurements ;’: = siEiuin dfers
from several sources, Seelig and Ahrens 0
(1981) developed the curves used to . 74 B AR
obtain a high estimate of C, for: Fiassesrzd
(a) smooth slope 02 /
(b) sand beaches
c ,
(c) rubble-mound breakwaters B &7
008
0.08
.07
0.06 E=
The curves show C, decreases as =
either T
(a) the wave steepness increases, COE
Or 0.02 T
(b) the slope angle & decreases ’ e
0.0 L
0 2 3 4 5 6 7
¢ - !
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PROBLEM 2 d

0

{;.ﬁ'EH: An incident wave with period T = 10 seconds and a wave height By = 2
meters (6.56 feet) impinges on a slope.

FIND:

(a) The height of the wave reflected from an impermeable slope with cotd =
5.0.

(b) Compare the reflection coefficlent obtained in (a) above with that
obtained for a heach with caoté = 50.
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Problem 2: Solution

SOLUTION: Calculate

(a) L - gT? . 9.8(100)

- 2 ft
= 7 156 m (51 )

and from equation (2-86)

 __tang _ 1 E = 1.9 = 1.77
" JH. /L, cotdH, /L, 5.0 \ 2/156

The reflection coefficlent from curve A for plane slopes in Figure 2-65 ie
X = 0.29; therefore, the reflected wave height 1is H, = 0.29(2) = 0.58 meter

(1.90 feet). -

',
' ¢l

(b) For a 1 on 50 sloped beach,

£ - 1.0 - 0.18
50.0 Y/2/156

4om curve B in Flgure 2-65, x < 0.01 for the beach. The 1 on 50 beach

jope reflects less wave energy and 1s a better wave energy dissipater than
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Q(a)

0.29

CrR
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Q(b)

CrR

0.18
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PROBLEM 3

Guir

==@{WN Waves with a height Hy = 3.0 meters (9.84 feet) and a perled T = 7
%&@ecands are normally incident to a rubble-mound breakwater with a slope of |
ﬁﬁﬁn 2 {cot8 = 2,0).

A high estimate (upper bound) of the reflection coefficient.
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Solution - Problem 3

Calculate

2 2
L = gl = 5-8(7-0) = 76.4 m {251 ft)
0 2 2

éﬁaud from equation (2-88)

£ = 1.0 = 9.52

2.0V3.0/76.4

From curve -C in Figure 2-64, x = 0.29 which 1s the desired upper bound on
x- The actual: -yaflection. cuefficiqpt depegﬂgqu wave transmission, internal
dissipatiun, ﬂvartnpping, ‘and .many other factors. Techniques described in
Seelig and Ahrens (1981) and laboratory tests by Seelig (1980) should be

used to obtalin better wave reflection coefficlent estimates for breakwaters,
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0.29

CrR
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