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Name: D&’)n‘i Vi j(’fﬂ //f“*‘,-,‘/r.- <1 __Due Date January 21 2010

Assignment 2-1. a) Wave periods in Lake Pontchartrain vary from 3 to 6 seconds.
Determine the wave lengths and celerities for these periods. Classify the waves as: Deep,
Shallow or Transitional (Intermediate). Assume that the lake depth is 4 m.

b) If the 6 second wave has a height of 1.2 m, is the linear wave theory applicable?
Based on linear wave theory, estimate the orbital velocity at the lake bed for the 6 second
wave,

See Figure 1I-1-2 and II-1-22 in CEM or see Table in Figure 2.6 SPM.

{ = ﬁ;qr;rt - L
o e fd, 2 i

Ans: a) I
T=13s; —

d=4m &.Y{

c= &% m/s s

=794 m ) B

Classification:  [-.7n4,

T=6s;

d=4m

c= 5.%0 m/s

L=74Y.9 m —

Classification: _ T/::15, -

Ans: b)

T=6s;

H=12 m o ./ e
Linear wave theory applies? A7 e — 2 1 N

Uy==0.779 m/s
Attach your calculations.

L=L,tanh(2mi/L)
c=L/T



Name: Dﬁ"f’i & {/ _E"'ﬁi’éé{'kf_#‘ Due Date January 21 2010

Assignment 2-2, For a wave period in Lake Pontchartrain of 5 seconds and a wave height
of 1 m, estimate the maximum and minimum pressure heads that an object on the bottom
of the Lake will experience. Assume that the lake depth is 4 m and the salinity is
neglgible (~ 3ppt).

Ans: T=5s;

H=1m

d=4 m | N

L:’ 2 ? ;;,.’ m ; e j,/

p/ymax=_4.7% m ol

p/y min e j‘;? m X

Attach your calculations. —

Max p/y=+ H cosh[2x(z + d)/L}/{2cosh(2md/L)} — z
Min p/y=- H cosh{2m(z + d)/L]/{2cosh{2mxd/L)} - z -
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Name '_,f/r‘vf. _‘:._.‘_,#r i ._"-.-"-'t = T L1 f - '—'-" !

Assignment 3-1 Due: February 4, 2010
Graduate Student Problem: Compare the wave shape, ¢ and L for linear and 3" order
theory for the following data: H=1m; T=4.5s;d=4 m.

.............




ENCE 4723

Name oo 44 24 o

Assignment 3-1 Due: February 4, 2010
Undergraduate Student Problem: Compare the wave shape, ¢ and L for linear and 3™
order theory for the followingdata: H=1m, T=4.5s,d=4 m.

Linear

-------------

--------------

..............
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Name

Assignment 3-2 Due: February 4, 2010

Undergraduate & Graduate Student Problem: Compare the Linear and Cnoidal wave
shape, L and c for the following data:

H=2m,d=4mand T=10s.

Linear )

e ¢S
LOZ..‘J'...‘:.I......‘
C — ] [ @ -.l"f /f; I;" A i

. - %

Cnoidal Theory e 74

(7 = - 0
L= ...~ -
C=...... 50 81.7% -
a — }l‘ h;l —
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Assignment 3-3 Due: January 28, 2010

Undergraduate & Graduate Student Problem:

Given a deep water H, = 1.5 m and T = 4.5 s approaching a beach with a 2% slope.
Estimate Hy and dp. What type of breaker is expected?

Answers:
e »
o e
dp. =..cn..l /"// ..... Vid'
 Boilhy.
Type of breaker is ......7 00 L S f -
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Name: ]/:?y ;/ A Yt Due Date: February 4 2010

Assignment 4-1
Fing the wave height, wave length and angle at d; = 3 m for the following transitional

water wave: H; = 1.5 m;d; =6m; T = 4.5 s and a, = 45°. Use Figure C-6

Answers: B ) _' =1
"'.-.!-- .'f.
P Tl A
S ¢ Z
Ho = / ‘ é / / iy
A -
L, = A ,/_; m;
KK = (.4°
a.? - ,". ll'?’ r’"_ —
( \_j
* A

H,=K.K.H,= -7/  m;
Assuming that the bed slope is nearly zero, will the wave break before it reaches point 27

V-
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Name: Da,am r'/’/ 5@{5} /Kﬂ;%’r;- Due Date: February 11 2010

Assignment 4-2 Estimate the maximum wave heights and points A and B in the region
behind the breakwater in the attached plan. Given: Hi=5 fi; T = 6s; d =22 fi.

< 420 B _ i //_

ason AN ST Py
1400 ft

L

- ? c

( - 'li.'l.'

Answers

[,/17
/ L

Maximum H at point A:

Maximum H at point B: // (/%

Assignment Problem 4.3: Estimate the reflection coefficient for the stepped seawall
along the southshore of Lake Pontchartrain. See details of the seawall on Figure 4.6 (2:1
slope). Assume: Ho~1.0mand T ~ 5 s. Compare this Kr to a beach with a 5% slope.

Answer:
Seawall K, = ’fﬂ; é
Beach K, = Q.00 ”/ (// -

Assignment Problem 5.1: Find the {irst and second natural periods for Lake
Pontchartrain. Assume a mean depth of 3.6 m and a length of 41 miles and a width of
25 miles.

Answer: L
~f & j /7' 7~£
N-ST1 = ”?FTT_F%L hours
4 4
E-WTl = Wﬁ hours
-_'_.\ﬁf--ﬂ-r—'l e /f (-F E_
N-ST2 = P / hours

L M2 Ad
E-W T2 = *f‘i"‘f <Y ovrs
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. et

B sl Aw
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- E
7 %
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H = sf0.257) = 1/35

{5 =420 r;% = /37,9 T 2.00) ¥zare /

= Fe m e o e |
G- = | % T Janee T LEs K Aesy |
#e (., =5(0.1 *ﬂwﬁ:w;

~




Vhnaled Tecolle man |

Clegun '?rtfau’_L"

8%) H=iln 725 Haral 1
| ik £8/ s _
frr': ? Z/Zz. g = o T Z I =i3F O
Z};?[Z-)'" r:?‘f{é;,/,—f%
(R S fé
n g %{}’ 5;;'F b Rl SRR = (éa).w&
.fé:?{;?_f'ﬁ 0254 < 00,0737
Fo =k
fk# cu;/
_F_*____#____,__— o o
E”E’A(L #‘r’r p: -gf?m = o,
o' (0.05)= ©,07 77 = B
usiny Ao rmu la -——"'*‘“g;/ rax = 0,000 Y12
Ko L A
lp = 37 - 00254 > 0.0001Y(2
= @, 006 1Y%
P %". @;ﬂ'g__;—; e 0:50;{/

K. = 0.00551(0.9) = @

Y




Divigld w/((mgj Biass ¢ KM;L&/

)

A A SO0

T 05) = et e

T, (/Lo <4 ~~137tr—" €.17

1, (W/éﬁ: 25) = 347> 488 s
T (a=d1)~ s 508

2 (160F. 4R = 9oL334
gl v ) = esT83%.004.,

A

@ 5, r
7807 o )3:4) = 21577 x2=427%7¢




First Mid-term Test
Fall 2010
b
ENCE 4723
Coastal Engineering

Duration 2 hours

Open-book including calculator, notes and texts.

Attempt all questions

Give your answers on the sheets provided.

#

Question # 1 f /10
Question # 2 (}f /10
LA
Question # 3 22 2/10
Question # 4 [V no
&) P T
IO_TA.L _.:__]|'llr’: f ﬁ_
L ¥ j] - /:.
yd
T ."'. o ! :
Name: u,) el r/ A (/L7 1 PLEASE PRINT!
Last Name

Student No.

Fp—
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1. Given: a 2-m high wave with a period of 5.5 seconds in a water depth of 5-m. Twfe =
Circle the closest answer: o
Determine:

a) The wave length based on linear wave theory is: [155, 50, 47,@ 251m

b) The wave celerity is: [28, 8.6, (6.2,) 5.1,>30, <4.5)units ___——

;:) The group velocity is: [9.1, 7.3, 60, 5, 310,;,_4.-5 ] units__—— - %r‘l
;il) The equivalent deep water wave height is: |
[2, éﬁ) 1185, 2.10, >2.2, <1.8)units__ "

€) Classifgfﬁ{f;.f.: wave. 57%/(@ a hf/ < o / ’id_w- ,_t,,_.fﬂLg_lﬁ ) .
Show your calculations here!

> 2—{;) = Y22 Lo 04057 Fien S 7 Piliee

=) £ r — 7 %
() RAELIE ) b1 o) = 77
: Sr-,”_,{‘ ) /
Py T E
, Ly, 059



Y o{\:‘/go

2. Given: a 1.4-m wave with a period of 5 seconds in deep water with an angle of 45°

between the wave crest and the shoreline.
Circle the closest answer: P

Determine: /
2) The wave height atd =2 m: [ 1.43, 137, 1.58 125,,'{)>1 6] m

b) The wave length at d=2 m: [ 39, 34, | ZZH‘E <:l9 >40] m
¢) The angle at d=2m: [45, 43, 33,(23) 520, >46] degrees

d) Will the wave break at or before this location? [Yes, (60] )

Show your calculations here!

3 f r’f/i't() {L{Zg - O.0G |2 Fre~ f; ) %

[t
———
N
iy

l
.,



=2 T=6

A = Hm

3. Given: A 2-m deep water wave with a period of 6 seconds that encounters a 500

m long rock rubble breakwater in a water depth of 11 m. The angle between the

wave crest and the breakwater is 0° as shown the sketch below.

Circle the closest answer:

Estimate:

a) The maximusmwave height at point A:
[0.45, 0.43,//0.40, 0.31, <0.25,>0.5] m

A ’
il

b) If the incident wave is partially reflected at the breakwater (slope 1H:1V),
estimate the maximum wave height on the seaward side of the breakwater.

Assume the bre?Jg\&ater is a rubble mound type (rough porous): L
<2, 2.2, 2.4,/26)2.8,3, >4]m e
[—- \‘/,-']H_F-_ b ]g,f}ﬁ | , f}?'ﬁ--xxcl‘ fifﬂ}
t (L) %, e e
200m A
1 Wave direction 7
Show your calculations here!
/
— A 2 PV R prp—
Lo 5C.20 o= 0 M57 > T = 01214
g 4 B
- L - .’_/ 7 f—/ o
. == ‘La . & 0 ~-/ K
s = 200, = 4@z <072 L ™
- 1 II" L..:I
- { f & et
/K il 4 11¢ f’ \ e
¥ap - & f] Vi L -
(ep = 200 i - [,05 7F Y- 0072
~ - 7 ~ ;?S‘\ — el 4
/\{: /( i,/L: Oré// //_/w:_," é/::_, 6%0)— O/() !r(,»_-;f
‘L(‘ = /':I ':.‘F) .:lllz 2 27 J'Ifj_ L |I \ 1 £
L& jrg ‘[r)} 1t 'q {
4
e s " i -
e o . 0 5 L e n S
{f.p e ( O,_II. & open s P \—X__?/:’/
T r”“’_ Foarr
l /. i L ’
I’{\,-n - (') ,{Z_/f - (L[ ) /'l;’f_/‘ . 0’ é - {!_/,l



e (12

4. Given: Ho’= 8.6-m with a period of 25 s. There is a shelf that has a 5% slope

Circle the closest answer:
Estimate:
a) the breaking wave height: [<12, @7 16.5, 18, >20]m f o

b) the breaking depth: [<9, 9.5, 11, @ 14.6, >15] m
o

c) the Breaker type O/ W 7 !'qf-&f:. . o
Show your calculations here!
A%O ) IXI-"!IF: Lomcs . é) A ] ("f:’ 3 -:'j't'la i
sl ThEEE e a2 Taaw o 3 -0 00¢€ 4
L e 9;_|d(71i? )J
) L'_-
] —
|’]J | 'll)
B - g O
mere o = 14L2
1 |7 y/l
T T v T /
___,-51’_’ s O D) O [ b ' b ™ 0 /7 /
g 1)
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Name 4//’4&_ /7“;&55,9;. vemary 18 2010
Assignment 6.1: Estimate the 7~ w277 and pertod for TS Isidore.
Assume NNE winds at 35 kpz-- =~ «~~ Estimate the wind setup for this
storm.

. G| i o -

HS = E) b Ry

Ts= \)\ \’l\‘){/}\ \b‘

Are the waves:

GEILAL o

_ ..(;ﬂ?!ijglt;-:'

Eye a3 3lAm )
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Name T)oﬂgzrd J’C‘I"o Hﬁmqlq Due March 4 2010

Please PRINT

Assignment 6-2

Given a hurricane with the characteristics in the attached table:

R = 25 miles; Forward Speed =17 mph; Ap ~74.17 mm Hg with normal pressure at 760
mm. Assume Latitude of 28°. What is the Maximum Wind Speed? Plot the pressure and
velocity on the right side of the storm. What are the maximum significant wave height
and the corresponding period? Estimate the storm surge.

Data

Ap 74.17 mm Hg 2.92 inHg
phi 28 degrees fatitude

R 21.7 Ktmi 25 mi
VF 14.8 kt 17 mph
f o, ¢ Y= rad/h

pn. 760 mm Hg 29.92 inHg
Umax /ond 475 Kt ! 2/, mph
UR 7 4.70 Kt /13,7 mph
a 1.2

Ho 48 f \
Ts il 00 sec

Estimate of Storm Surge {(Simple Case)
dref 35 ft

hss= 4,40+



; (P /Y j/gﬂ/kmgg fﬁ?gagi;,qmeﬂ% !é'*Z
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Assignment 7-1

; K f o - ’,'f'
Name L 4l S Ers '/f',-«/*; 7 Due March 11, 2010

Compute the longshore transport for a deep water equivalent, H,” = 3 ft at an angle (cto)
of 40 degree. The duration of the storm with this wave height is 8 hour.

, -~ rodhi
QIS = i ey ,///',9;" 7 ’/ units o i -

e / "
. B
L 4 4

Total longshore transport for the storm: { / // -~ _units /¢

Calculations

» Given: H /=3 ft; o, =40° T =5s;
Duration =8 h
* Find: Q=

Storm Transported Volume =

1*11 m=002 <

O
\
V' \

93
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Name Df?nﬁ’:”'/ oy //fﬂ o Due February 18 2010

v Tem
Assignment 6.1: Estimate the south shore wérve he(ght and period for TS Isidore.
Assume NNE winds at 35 knots with 2 hour duration. Estimate the wind setup for this

storm.
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Are the waves: { (FETCH LIMITED) ( or (DURATION LIMITED) ?
{_/. %‘ .J? J 3‘ / ?,f

2'% < Pu.«r-’é‘f .':"-';_ > kel A 5

Wind setup = 'f"f’f /9 Using Equation 6.14 9 4 L
201L7% |- /
Wind setup = 20617 Using Equation 6.15 i
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D I
Name: !/.f?x-a?-f/ = Crolicwmign Due Date: February 4 2010

Assignment 4-2
Estimate the maximum wave heights and points A and B in the region behind the
breakwater in the attached plan. Given: Hi =5 fi; T = 6s; d =22 ft.

ﬁ 420 EA\ ZOO Yau

1400 ft

—_-—

Answers

Maximum H at point A:

Maximum H at point B:
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Assighment 4-2

Hi
T
d

K'L

rflL
KR
KT
HB max

Assign
Ho
T

Lo
Ho/La

Seawall
cot

Ho/Lo max
X2

X1

KFf

Beach

cot

Ho/Lo max
X2

X1

Kf

Assign
LB
Mode

T1
Mode

T2

LB
Mode

T1
Mode

T2

RN
- w
m-'-'l'
(4]

2

184.4924 ft
139.6917 ft
0.000622

320 ft
2.290758
0.16

1080 ft
7.731309
0.083
0.243

1.215 ft

420 ft
3.00662
0.16

1057.333 ft
7.569047
0.088
0.248

1.24 ft
4-3

-

39.03275
0.02562

2
0.036
1

0.6

0.6

20
0.000142
0.005542

0.8

0.0044

5.1
132000 #
1

13539.04 s
2

6769.519 s

216480 R
1

2220402 s
2

11102.01 s

1.52439 m
65
6.707317 m

56.24769 m
42.58895 m

97.56098 m
Left

329.2683 m
Right

037 m

128.0488 m
Left

322.3577 m
Right

0378 m

0.0500

40243.9 m
3.761 h
1.88 n

66000 m
B6.168 n
3084n

angle
300

2099998 363.7308 1036.27 angle

0.050

NS

N-S 41

NS

0.19994

1146 o
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I—-a=x

digT2
HigT2
Fig 2-7

No. 2

Lo

d/Lo
dfL
L

c

n

cg

No. 3
d

T

H

Lo

Tsqrt(g/d)

Hid
k2
Ur

d/Lo
Ks
Ho'

No. 5
d

T

H

Lo

a
d/Lo
digT2

KsKr
Ho'
«o

14 ft
5.2 sec
54 fi

0.018079
0.006202
cn/STOKES 3

14 fi
52 sec
54 ft
138.5744 fi
98.67879 ft
0.10
0.141 Append |
99.29 ft
19.1 fifsec
0.81
15.47 fi/sec

14 ft
8.8 sec

54 ft

396.9 ft
13.34586
0.39
1-10-2
75

195.2 fi
22.18

14 ft

5.2 sec

5.4 ft
138.6 fi

0.101029
0.9327 Appendix |
579 fi

14 ft
5.2 sec
54 f
138.6 fi
350
0.101
0.016079

0.8 Fig
6.75 ft
5250

Trans

Goakseek

approx

Fig 2-11
»26
Fig 2-12

Ho'=H/Ks

C6
Ho'/KrKs
Cc6

REVIEW 2010
I.Given:d = 14 . T=52sec; H=5.4 ft:
Classify

NonBreaking

2.Given:d =14 fi; T=52sec; H=54f:

Find:
L=
Ub max =
98.6783 ¢ = 19.1 ft/sec
0.00049 ¢G= 15.47 fifsec
E= 22444 |bs-ft/filwave
Bed p/y max == 15.90 ft
Bed p/y min = 12.10 ft

3.Given:d =14 t; T=88sec; H=6 (u
Find cnoidal L, ¢.
What is the best theory for this non-lincar wave?

Cnoidal

4. Given: d =141, T=52scc; H=54 fu:
Find:

Ho =

What is H at 10 ft?

5. Given:d =144; T=52scc; H=54 ft, a =350

Find:

Ho’ = 6.75 ft
oo = 5250
At d =10 ft find:

H= 5535 fi
a= 29 0

d/gT2 intersects with a = 350



dz2
digT2
KrKs
a2

H2
No. 6

riL
K'L
KR
K'
HA

No. 7
Revised
d

T

Ho

Lo
Ho/lLo
Ho/Lo
cot

X1

Kf

No. 8
Revised
T

Ho

Lo
Ho/Lo
Hb/Ho'
Hb
Hb/gT2
Hb/db
db

10 ft

0.011485 Enter Fig C6 withd/gT2 and ao.

0.82
29 ¢
5.535 ft

14 ft
5.2 sec
54 ft
1385744 ft
100 ft
400
4
0.12 Fig2.33
0
0.12
0.65 ft

14 ft
5.2 sec
55 ft
138.5744 ft
0.03969
0.06 max
1.5
0.3
0.3

12 sec
55 ft
737.9703 ft
0.0075

1.8 Plunging/Surging

5.9 ft
0.002135
0.94

9.306 ft

Read C6
Read C6

approx

> Ho/lLo

Fig 2-65

Fig 2-66

6. Given:d =14 fi; T=5.2 scc; H= 5.4
Find: H at point A behind the semi-infinite breakwater.

400 ft

7. Given: = 14 ft; T = 5.2 sec, Ho = 5.5 ft: Scawall slopc Cot = 1.5
Find: K[ if the scawall is rock rubblc,

X2

8. Given: T = 12 sec; Ho = 5.5 ft: Shell slope 3% Find: Hb and
Revised



T-Ho

-
o

d/Lo
d/igT2

KsKr
Ho'
ao

d2
d/igT2
KrKs
az

H2

14 ft
5.2 sec
54 f
138.5744 ft
350
0.101029
0.016079
24
0.8
6.75 f
52.5

10
0.011485
0.82

29 o

5535 ft

c6
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TEXT: Coastal Engineering Manual EP 1110-2-1100 (Parts | thru IV)
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Part |
http://www.usace.army.milflusace-docs/eng-manuals/em1110-2-1100/Partl/Partl.htm

Part if
http://www.usace.army.mil/usace-docs/eng-manuals/em1110-2-1100/Partll/Partil.htm

Part HI

http://www.usace.army.mil/usace-docs/eng-manuals/em1110-2-1100/Part}l/Partltl. htm

Part IV
http://www.usace.army.mil/lusace-docs/eng-manuals/em1110-2-1100/PartIVV/PartlV.htm
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2. Sarpkaya, T. and Isaacson, M., 1981. “Mechanics of Wave Forces on Offshore Structures”, van
Norstrand Reinhold, New York, NY.
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4. Per Brune, 1981. “Port Engineering”, Gulf Publishing, Houston, TX.

5. LeMehaute, B., 1976. “An Introduction to Hydrodynamics and Water Waves”, Springer-Verlag,
New York, NY. :
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Room EN 817 or Room 315 CERM
Telephone 280 6074
FAX 280 5586
Jmecorqu@uno.edu
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appointment at the time of the lecture.

GRADING SCHEME:
1. Assignments and project 20%

2. Mid-term tests (2) (open book)  40%.
3. Final examination (open book)  40%.



Grades

89.5-100
79.5-89.5
69.5-79.5
59.5-69.5

Less than 59.5.
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NOTICE FOR STUDENTS TAKING THIS COURSE FOR GRADUATE SCHOOL CREDIT: 1t is
the policy of the graduate faculty of the Civil and Environmental Engineering program that a
graduate student will be dropped from the Civil and Environmental Engineering program if they
make an “F” grade or two “D” grades in their course of study.



Common Symbols

A = Area normal to flow

b = wave crest width

B = Top width [also T]

¢ = Wave Celerity

¢g = Group velocity

C. = Contraction coefficient [0.5 for re-entrant case; 0.61 for flush opening]
d = Depth to the bed (for coastal applicatic'ms d is the depth below the still water level.)
dy, = depth at which waves break

D = Hydraulic mean depth = A/B or A/T

E = Wave Energy

t = frequency

n= ‘cG/ ¢ = the fraction of wave energy being transmitted

F =Force

g = Acceleration due to gravity [use 32.2 ft/sec’ or 9.81 m/s’)
h = height

h, = Elevation

H = Wave Height

H; = Significant Wave Height

H, = Deep Water Wave Height

H, = wave heighi at breaking

K = Shoaling Coefficient

K, = Refraction Coefficient



K4 = Diffraction Coefficient

Ks = Reflection Coefficient

L = Wave Length

Lo =Deep Water Wave Length

M = Momentum flux or momentum flow
“0" as subscript indicates deep water.
p = Pressure

p = probability

P = wave power

q = Discharge per unit width

Q = Discharge = VA

S,= Bed slope

Ss = Specific Gravity of a Material
t="Time

T = Wave period

Ts = Significant Wave period

{u,v,w} = Velocity components in {x,y,z} Cartesian coordinates

W = Width

x = Commonly used as direction of flow [measured along the bed]
a = wave crest angle with respect to the shoreline

v = Specific weight = g p (typical 62.4 Ibs/ft}; 9810 N/m’)

& = Boundary layer thickness



£ = Roughness height

K = von Karman universal constant = 0.4

1 = elevation with respect to the still water level.

A = Wave length (in some references)

0 = Bed slope angle

07 = Friction angle

1 = Dynamic viscosity

v = Kinematic viscosity (typical 107 ft¥/sec; 10° m?/s)
o = Surface tension (typical 5*107 Ibs/ft; 7.3*10 N/m)
¢ = Side slope angle

p = Density (1.94 slugs/ft’; 1000 kg/m?)

7 = Shear stress



Lecture 1

Introduction
Coastal Zone:
Ocean Zone:
sﬂga/ & ?fm e
Types of Waves: vel:Bve %

{_urfpf?‘}-'vgé;

There are two types of water waves that civil engineers encounter:

1. oscillatory (no net transport of fluid - seca waves) -
2. translatory (net transport of fluid - e.g. flood waves and waves in the surf zone) \

The definitions and characteristics of an oscﬂlatory wave are shown in the att?‘} igure 1-3

SPM. I.' ﬁ- iA"t‘-ﬂ-f wrp Vi jlf- Swi
Direclion of Wove Trovel =
L=wWovelength — (c:fer.‘lb>‘
“aht 4
Wave Cresl s _H = Vove Henq & : ff‘ff&ufé,-
——Cfes' Lenqih_-_ wove Tfouqh
Region Slillwater Level
—=—7Trough Lenqlh
Region d = Depth
Oceon Bonom\‘\\ t
Figure l—-3. Wave characteristics.
(

from SPM)

Waves are also classified by the dominant forces that influence their formation or movement;
these forces can be restorative or driving forces. Figure 2-1 summarizes the energy spectra for
wide range of waves according to driving force and restoration force. Some of these waves are:

tides (driving force gravitational pull or moon/sun)
wind waves (driving force is wind shear)

gravity waves (restorative force is earth’s gravity)
capillary waves (restorative force 1s surface tension)



tsunamis, ‘tidal’ waves or storm surges (disturbing force barometric pressure and wind or
earthquake)

boat waves

internal waves

seiches

elastic waves such as water hammer (restorative force is elastic force of the system)

10
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The most common gravity waves are generated by wind and are wind-gravity waves. Most wind

generate coastal and ocean waves have periods of 3 to 25 seconds.

Gravity waves are further classified as (see Table 2-6 and 2-7 SPM): [
r

wave Deepwater: d/L >
S!ﬁ:}?},

L= 2T

/ b o

ﬁ'gz cusp= il eishtof *

]

2 o

Transitional or intermediate waves; 1/25 <d/L <%

eHeted i‘l’y e zg.yﬂ. {rd"ff:ﬂﬂ
cm‘fc'o-fi:eu ‘thf

P < tubles o 3
LEL t::!. Q&%ﬂ’) Fﬁ!, ia{-".%

C‘:’-T

Shallow water: d/L < 1/25
§/£fj Jf{ﬂ@a\f’o# d("(-’ﬁ = €

L2&T ==t

C= ‘}0(

Gravity waves can be described by linear (Airy or small amplitude wave, i.e. H/L << 1/7 and H/d
< < Hp/dp) theory or non-linear theory or large amplitude waves. Figure 2-7 SPM shows the limits
of linear theory and some examples of non-linear methods. This Figure also distinguishes between
breaking and non-breaking waves. Figure 2-6 gives the celerity, and orbital kinematics of linear
gravity waves.
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Summary of linear (Alry) wave theory--wave characteristics,

Loads on Coastal and Ocean Structures: external forces that act on these hydraulic structure may
be static or dynamic. The following are examples of loads that should be considered:

1. Hydrostatic forces, e.g. due to differences in water level,
2. Seepage forces, e.g. due to seepage under a structure,

3. Hydrodynamic force, e.g. due to flow in, around, over or through the structure,
4. Wave forces,

5. Tides and storm surge forces,
5. Forces due to turbulence,

6. Earthquake forces,

7. Silt or soil loads,

8. Ice forces,

9. Debris forces,

10. Elastic forces due to water hammer,
11. Wind forces,

12. Ship forces,

g
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13. Self weight,
15. Forces due to construction activity,
16. Forces due to operational activity.

Assignment 1-1

Homework: Down Load EM 1110-2-1100 Part II Chapter 1.

Define:
Coastal Zone:
Regular waves

Irregular waves

15



Lecture 2
Linear Wave Theory

Linear wave theory applies to waves that are generally: small in amplitude, sinusoidal in shape,
symmetrical about the mean water level, and travel a constant speed. Figure II-1-1 shows the
definitions for a linear wave. As Figure 2-7 (SPM) indicates, the theory is valid over a limited
range of relative depths and wave steepnesses. The internal velocities and accelerations in a linear
wave can be determined by solving the ideal flow equation (Laplace Equation) subject to surface
and bottom kinematic boundary conditions and crest and bottom boundary conditions [see CEM
11-1-5 or also see Ippen]. The CEM lists the assumptions for linear wave theory. Figure 2-6 SPM
gives the celerity, and orbital kinematics of linear gravity waves.

Celerity (c) is the wave speed with respect to the mean water velocity. The wave length, celerity
and wave period are related by

c=L/T .2.1 NB
Linear theory gives a shallow water wave celerity of:

c=(gd* 22NB
and a deep water wave celerity of

c, = [gl/2m]* 2.3
For transitional or intermediate waves, we have

¢ = [{el/2m)}tanh(2mi/L)]* 2-4

This equation can be solved by Tables (APPENDIX 1) or Figure 2.6 (Attached).
Equation 2.3 can be re-written as

L.=gT?/(2n) | 2.5NB

and
c.=gT /(2 2.6

For transitional or intermediate waves, were-write Eq. 2.3 as

c = {gT/(2m}tanh (2 ml/L) 2.7

16



L =Lo tanh(2mi/L)

/-T /X ,,4 C_..()

Problem: Given: a period of 4.5 seconds, a water depth of 4 m and a wave height of 0. 3 m.
Find: L and c. Assume linear wave theory. Use Figure 2.7 to verify if linear theory is applicable.
Is this: a deep water wave, shallow water wave or a transitional wave? . gg .,
Estimate the maximum horizontal velocity at the bed? o)
Ly F = 31.6m

5

H

The sinusoidal weave equation is usually given as

n=acosthx - wt) = (H?2) cos (2nx/L - 2n/T) 2.9

- a'frzé p"ﬁ ?51'4

= (H/2) cos { 2wL)(x - ¢ 1)} =30

a = wave amplitude = H/2 =0 1632
k = wave number = 2n /L. _1 ‘(
— . . _ fa - - _i _ —F'__j
@ = angular frequency in l/radians = 2n/T C S ) 4 ?_“ i 3 29 S .
l (_‘.— L
£ — e 'FJ'- "":f".- 5 > ——— é'_ _— ‘ -
S z ey m
J Ty Sy C' - T Y.5 = 5-?”/ /é /
I

;Ti = 1.3 (‘\’5}1— —ern om charT € -
From ¢ } 5( (ﬂ)

4 — pMow-[neq, Cf?ft: STelkes
-M(.ﬂ ) 5.44(“"

H .3
— = f'ffﬂ‘ ¥ ?rhrgf
observed period of 10 s. If, a7 jf,

}Tl : ?W;}t = a.&ﬂ:‘f - morbreglin

‘I

Problem: Find the deep water wave I€ngih and celen
the water depth is 100 m, is this a deep water wave?

VT soc if doop s omme > Lz ZLE 2 (50
—{—.v:: ::: 0.6 ros. 91'1:‘{?

Assignment 2-1. a) Wave periods in Lake Pontchartrain vary from 3 to 6 seconds. Determine the
wave lengths and celerities for these periods. Classify the waves as: Deep, Shallow or Transitional
(Intermediate). Assume that the lake depth is 4 m.

b) If the 6 second wave has a height of 1.2 m, is the linear wave theory applicable? Based on
linear wave theory, estimate the orbital velocity at the lake bed for the 6 second wave,

See Figure 11-1-2 and 1I-1-22 in CEM or see Table in Figure 2.6 SPM.
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Figure 11-1-3 shows the phase relations for the wave, the orbital velocities (u,v) and the
accelerations (ay, ay).

The absolute pressure head undera linear wave is given by,

p7y=H cosh{2mz + d)/L{{2cosh{Z2ml/L}]} - 2 + pamy 2.16
where 7 is the vertical coordinate (positive upward from the origin at the water surface).
The gauge pressure head is

p/y=H coshf2n(z + d)/L})/{2cosh(2mxd/L)} - z 2.11

where v = is the specific weight of water = p g [p=1000.0 kg/m® 3 (1.94 slugs/ft) for freshwater
and 1025 kg/m’® 3 (2.0 slugs/ft’) for saltwater].

Assignment 2-2. For a wave period in Lake Pontchartrain of 5 seconds and a wave height of 1 m,
estimate the maximum and minimum pressure heads that an object on the bottom of the Lake will
experience. Assume that the lake depth is 4 m and the salinity is negligible (~ 3ppt).

Waves tend to travel in groups with a Group Velocity, cg, that is generally equal or less than the
speed of individual waves. The ratio of the Group Velocity to the Celerity, ¢, is the fraction of the
wave energy that is transmitted, ie.

n= cq/c=the fraction of wave energy being transmitted 2.12

cg=c {1 + (4n d/L)/sinh{4m d/L)}/2 2.13
Therefore |

n= {1 + (4n d/L)/sinh(4n d/L)}/2 2.14

which can be obtained from Figure 11-1-5 or 1I-1-7 in the CEM or handout APPENDIX I..

18



x{ b- Ll)x - :( T - r'):J {15-1-48) <

i
;J =" +’72 . anvelope
: l 9 \ _
) 22 ;7/ - § /\v‘ ) P — '———[-
. y “ ‘/. ~ '

&
-~
~

Figurs i1-8, Charsctenistics of 8 wava group formed by the addition of sinuscids with different pericde

For deep water Eq. 2.13 gives

o= ol 2.15

and for Shallow water

cc=c~(gd) 1% 2.16

Problem: Find the “n” for the wave in for a 0.6 m wave in a water depth of 4 mwitha period of

4.5 seconds. H: O.h m 7= 9.6 /: Yo &2 S,
=299 b -

Frw sl I /7 = 0.7632
pe §1s (a /) lrih (1 4) .

i1 Ta

Cﬁ-: cn =z ayyx 0.7650 = L7 5
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The energy in a single wave per unit width (crest) is the sum of the kinetic energy and the
potential energy, i.e.

E=E.+E, =pg HL/S 2.17
E has units of -m/m or fi-lbs/f. Also E; = E,, .
The energy per umt surface area is
2.18

E=FE/L= pg H/8
The power transmitted per unit crest width is

P= Eh:nc=(E/L) c6 2.19

Eq. 2.19 is an important relationship for computing wave transformations.

. . i imation
These equations are all based on linear wave theory. However, they do give us an approx
for the behaviour of non-linear waves.

Definition: Wave Steepness = H/L

Note: Linear wave equations are summarized in Table 1I-1-9 of the CEM and Figure 3_269
I will discuss “radiation stresses” afier 1 introduce breaking wave theory (see page 11-1-29).

s

Presh

Hyo
salt> 3% L,;/ﬂcr-
—(é: "Hco*’u éjﬁ%:{‘)) il
N\ Lok (E54)
@Ln{ 2"5"6?{

7810 Y = 2.4 Hpn
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Lecture 3
Non-Linear Wave Theory

Non-linear waves are waves with amplitudes that are large respect to the depth or wave length.
Linear waves are symmetrical about the still water level (SWL); however, as waves become more
non-linear the waves tend to be asymmetrical about the SWL. As illustrated below the crest
amplitude, a . become greater than the trough amplitude, a;.

7 RS- ]
= O PN B [ | ae cC *

farve T—

72407’/4‘?5 + (g) AIRY WAVE : OEEP WATER ,SMALL WAVE STEEPNESS (L/n-uu-)
——-———-'f""—_—. v

Xe > Tt
| L
WA\—/

(b} STOKES WAVE : DEEP WATER, LARGE WAVE STEEPNESS
e

Acr > Ay
t J

{¢) CNOIDAL WAVE : SHALLOW WATER

/Nro

{d) SOLITARY WAVE : LIMIT CURVE FOR CNOIDAL WAVE , WHEN THE
AR ——
PERIOD TENDS TO INFINITY.

Rouse (1957) gave some simpliﬁe'd'equatiohs for_estin{ating the celefit)} of non-linear waves. The
approximate non-linear shallow water wave celerity is:

c=(gd)*( +0.75H/d)* 3.1

The upper limit is the vgwa_king which for a nearly horizontal bed is
H/d = Hyd, ~ 0.78 32

This gives a shallow water correction factor in the range 1 to 1.26.
The non-linear deep water wave celerity can be approximated by

¢ ={gL/Q2mfl + (zH/L)° + (eH/L) */2 + ... } # 3.3
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For deep water the breaking wave criteria is,
HyLo <1/7, 34

therefore 1 <cfc,<1.1

Mehaute (1969) presented a diagram to determine the applicability of various wave theories

depending on dimensionless numbers (Figure 2-7 SPM):

. A non-dimensional depth = d/(gT?)

. A non-dimensional wave height = H/(gT?) = 2z {H/Lo}= 2z (Wave Steepness in Deep
Water)

Another non-dimensional depth is H/d. Also in some cases the Ursell number, Ur, is used for

wave classification,

Ur = L*H/d® 3.5 _
Stokes Waves theory (Wlegel) approximates non- lmear waves by a finite series, e.g. .-#' e 4. rT i
.‘.Ti\i ‘:'-‘\.l|l ‘__“‘“"-\ — “Hr S .F“—f r_/-_m_ ! " |’ "‘
n=acos(f)+ (ﬂa/L) B: cos(29) + (:za/L) B3 cos(39)+ (na/L) B, cos(n6) ..3.6

|f'-|z gl ¢

where n represents the order of the approximation, 8=k (x — ct); k = 2z/L and for 3’ order,

4md 2md
2+ COSh(T)] COSh(T)

b 2sinh® —— 2
1
L
o 2md
3[1+ 8cosh™(——)]
B, = L
3 o 2md
16sinh” ——
[14 + 4 cosh? (@)]
27l 2
L= L, tanh(= =) 1+ ( f’f st 3.7
16sinh? —
L
c=L/T 3.8
H=2a[l+(ma/L)’B;:]a 3.9

Graduate Student Problem: Compare the wave shape, ¢ and L for linear and 3" order theory for
the followingdata: H=1m, T=5s,d=4 m.
The SPM gives an implicit approximation for 3™ Stokes waves:
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Ap;;roxim@ge Stokes 3 (SPM)

T 2nd vB\2 |5 + 2 cosh(4wd/L) + 2 coshZ(4nd/L)
¢ »— tanh [—]31 + [— . (2-47)
.2 _ L‘ L 8 ainh*(2xd/L)

and

g% 2xd wH\Z |5 + 2 cosh(4nd/L) + 2 cosh(4wd/L)
L & — tanh {——] {1 + |— (2-48)
2x L L 8 sinh*(2nd/L)
The equation of the free surface for second—order theory is

H cos 2mx 2wt
T3 L T

(uﬂz) cosh({2nd/L) [ :l (lmx lmt)
+l—] ———— — |2 + cosh(4wd/L)| co8 | —= = ——
8L / sinh3(2xd/L) L T

(2-49)

bor deep water, (d/L > 1/2) equation (2-49) becomes,

l!o 2mx 2wt ’Btz) bwx 4wt
n-—z—con(-—L:-—T—)+-l.—l:;cos -—L-;—'—T—- (2-50)

Water Particle Velocities and Displacements. The periodic x and z
cosponents of the watar particle velocitied to the second order are given by

b,

-

RgT cosh[2n(z + d)/L] (2nx 2n:)
U = —— co8 |~— = ——
2L cosh(2wd/L) L T

(2-51)
3 (111)2 cosh[4n({z + d)/L] (411': lnrt)
+'Z —— C cos

L sinh*{2vd/ L) L T

v w18 o sinhi2x(z + d)/L (211: 211:)

L sioh(2nd/ L) L T
(2-52)
3 [nE )2 etoh[4n(z + d)/L] 4ax lmt)
= |— c sin f=——u- - ——
4\ 1L sinh"(2vd/L) L T

hl‘.hml....._.- .

—s=ad 1a Adaonlarsamantk

from their mean
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indicated on the Classification Graph of Mehaute (Figure 2.7) there is a range of shallow and
srmediate waves between the linear zone and the breaker limit, that can be describe by

oidal Wave theory. See CEM p. 11-1-38-41. The following equations are from the CEM and
: attached charts are from the SPM. The position of the free surface abowve the bed is y; and is

/en by,

X !
E L B
Z T] ] 3.10

o —

v, =y +Hen? [ZK(k) [

where

= distance from the bottom to the wave trough
H = wrough to crest wave height
en = elliptic cosine function
K(k) = complete elliptic integral of the first kind
k= modulus of the clliptic integrals

I = ,lﬁd k K& 3.11
3H

and wave pericd by

\[‘_ ’15y, kK(k) 3.12
< 1 ; ﬂk.)_)
y k’

2 KK

pregly, -
3.13

Problem: Compare the Linear and Cnoidal wave shape, L and ¢ for the following data:
H=2m,d=4mand T=10s.
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Note: H/d - 0.78 represents the wave breaking limit.
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Step 2. From Figure 2-12 and find °, obtain L? H/d*; then compute L.

—_—

t-10-100

I-1p™0

.

f peT '*‘., }
w/ Kl [

-4

H
e
Copot

if = "‘L'
K s U 5] v ¥
10

Step 3: Using Figure 2-9 with k* determine the wave shape.

Fiqure 2-12. Relationships Between k2 and L2 H/d3
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The Solitary Wave theory applies to a single wave which travels on top of the SWL. It occurs in
shallow water. It is a translatory wave, i.e. the particle orbits are not close. In fact the motion is
entirely in the direction of the wave. The wave length and period are not defined (theoretically
they are infinite).
The free surface of the solitary wave is given by,

77=H sech® {f3H/4d )] * (x -ct)} 3.14
where sech(-) is the hyperbolic secant = 1/cosh(-), and

c~{gH+d)}" 3.15
The total volume in a solitary wave is

Vol = [16d°H/ 3] # 3.16

The horizontal and vertical velocities (u,v) are given by (Munk, CEM p. I1I-1-48),

M M
1+ cos(—;x)cosh(jx)

u=cN 3.17
M M
[cos(Ty) + ‘::osh(—di)]2
M M
14 sin(—dz)sinh(jx)
y=cN 3.18

My Mx__,
[cos( r }+ cosh( J )]
and the maximum horizontal velocity is

cN
P A— 3.19

max M
1+ cos(~a~,y—)

where M and N are given in Figure 1I-1-17 and y is measured from the bottom.

8 .
The energy for this wave is £ = —=y. H"?d*?
gy 3\/5 Y
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Functiona M and H in solitary wave theary (Munk 1949)

Wave Breaking: The solitary wave has a limiting height after which it tends to become unstable
and break. Some researchers (SPM) have given this to be,

Hy/dy ~0.78

3.20
However, this has been shown to depend on the bed slope, m, e.g.

Hydy,=0.75+ 0.25m - 112m? + 3870 m*

3.21

In deep water the depth is no longer important but theoretical studies supported by experiments
show that the limiting steepness for deep water waves is

Hy/Lo = 0142 ~ 1/7

322
which corresponds to a crest or cusp angle of 120 °.

For intermediate waves Miche (SPM) gave,

(H/L)max = (Hp/Lo) tanh (2 wd/L)

3.23
30



Figure .5-5 shows five types of breaking waves,

. Deep water “white caps”; crest steeping

. Spilling Breaker, due to a [ong shallow wave on a gentle slope
plunging breaker

. surging breaker

. tidal bore

Figure 2-65 (SPM) shows the relationship of the breaker height and type to the bed slope (m) and
the deep water wave steepness H, /L,. Figure 2-66 show how the breaker depth to height changes
with bed slope. As the bed slope increases the ratio dy/H,, decreases.

Assignment: Given a deep water H, = 1.5 m approaching a beach with a 2% slope. Estimate
H, and dp. What type of breaker is expected?
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WHITE CAPS: LARGE WATER ODEPTH.
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Intermediate & Deep Water

* Factors:

— Wind speed at 10m over water (Uow)

— Fetch — clear distance over which wind blows
(F)

— Average water depth over fetch (d)

— Duration of sustained wind (t,)

— Atmospheric stability (air, water temperature)
(Rr)

— Wind shear effect (momentum transfer
increases as wave H increases ) (U,)
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Wave Forecasting Equations

Definitions:
* H, = significant wave height = average of
highest 1/3 of waves in a design storm

* T, = significant period or period of highest
1/3 of the waves

E ~ H"2

/

K/ f=UT

1/Ts
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Total Wave Energy

Period {Seconds)
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+0. _ _ [ | _ _
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Hg=2.9 Ft Hg=2.8 Ft
+0.2 (~ - -
0.0 _ l
0.0 0.2 0.4 0.0 0.2 0.4
Frequency (Hertz)
Savannah Coast Guard Light Tower
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Dimensional Analysis
Im = 2@. Q, C>_ _u_ ﬁav

— . d = average depth over F
— . U, = effective wind speed over F
— : ty = duration of wind

T, =0(g, d, Uy, F, t))

gH./U,%= fen(gF’/U,2, gd/U,2, gt /U,)
— See Figure 3.21

gT./U,= Fen(gF’/U,?, gd/U,2, gt,/U,)
— See Figure 3.22
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Use R_ = 0.9
| for U_ > 185 m/s (41.5 mph)
| __Exomple 21
|
_
!
posoney
o |
Windspeeds are referenced
to 10—meter level
|
o |
|
: | |
¢ 5 10 15 20 25 m/s
L | 1 | k 4 1 | | | | | 1
O 5 10 15 20 25 30 35 40 45 50 35 60 mph
I. 1 l 1 1 | | ! 1 |
0 5 10 15 20 25 30 35 40 45 kn



CbmE d|m M kA R WA B e g R L Ed BN AR

----------------------------

- / M — _ i 51 =
N, ] -
....................... Nl e e B s e e e e R e e T o A
\-h_ .
| -, :
R e — ..L.I-." 2 _—————— — e — e ——— e . e m—————— .
n_-\ “
--------------- _ . ,-itl'” " ] ._. R RN Y TR O I ru e dEEE LN N R B A A PR
P
.
i O— = _ - - = R S
i | v, _ . _
N T R S L T e L T i B
ey - _, | _
~ 0z - S |
el Pt L P . = SRSTREIPEY e
T ——— |
s 3
L3 "
| - .
.................................................... Ly.. 2o o e
p f... !(”llll —
_ * ".'l. _
(s/w)yn — N .. SR
"Taw
i -~ . | TRt Teaaaa,
............................ O T T o TT (PP PRI PP P PEPREY: e
_ -h"‘ -'
| -y,
- D
[ N TP
.......................................................................................................

G0

90

140

80

60

01

171

AN

¢l

1Y

Jo)oe 4 Alljigelsu| ouaydsowly



Fetch and Duration

F' = Effective Fetch which can be limited
by physical topography or wind duration or
structure of the wind field (e.g. hurricanes)

F* = _<=3A_um_ _u_acﬂm:o: __Bzmav
Deep water case:

gt /U,= 68.8 (gF’/U,2%)%3
Shallow water case:
gt,/U,= 537 (9T /U,)"3
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Shallow water case:
gT, /U, ={(gt,/U,) 537} 37
 Enter Fig 3.22 to get gF’/U ,2

* Then use gF’/U,%to get H,

* Ty =gU, {(gt/U,) 537} 37
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d 14

Fa 25 | mi 132000 | ft
Tws 33| oC

Ta 28| oC

AT -5| oC

td 1| hour 3600 | sec
UoL

Uow 60 | mph 88 | ft/sec
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Solution

JAT=T,-T,.=-5°C

R = 1 Fig 3.14

Ry= 1.02 Fig 3.15

U =R * R UoL =1.02*60

U, = 0.589(U'mph)!-23 =

U, ft/sec = U, mph*5280/3600 =
Fd =g d/U,? =

FF =g F/U? =

Ftd = gt /U, =
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Check Duration Part 2

* Assume Shallow if Fig 3.22 indicates
» Cal (gT,/U,) = (Ftd/537)%"

If (Ftd/537)%7 < (gT./U,) from part 1 then,
— Enter Fig 3.22 with (gT,/U,) and intersect Fd to get
FF’
— Use Fig 3.21 with FF’ and Fd to Read FHs=gH//U ,?
- H=U,2 *FHs’/g
- T.=T,.,=U,*(Ftd/537)%7/g
- F =U,2FF/g

ELSE USE Hs and Hs from Part 1.
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Wind Setup

d 14 | ft

Uow 89.76 | ft/sec

F 132000 | ft

Cf 0.0024

pw/pa 800 62.4
Zsup 3.54 | ft
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Shoaling and Refraction Animation.

http://daphne.palomar.edu/lyon/Animations/WaveMotion.swf
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(12) Hasselmann et al. (1973) collected an extensive data set in the Joint North Sea Wave Project
(JONSWAP). Careful analysis of these data confirmed the earlier findings of Mitsuvasu and revealed a clear
relationship between Phillips™ ¢ and nondimensional fetch (Figure 1I-2-21). This finding and certam other
spectral phenomena. such as the tendency of wave spectra to be more peaked than the Piersen-Moskowitz
spectrum during active generation. could not be explained in terms of first-generation” concepts: however.
they could be explained in terms of a nonlinear mteraction among wave components. This pointed out the
necessity of incorporating wave-wave interactions into wave prediction models. and led to the development
of second-generation (2G) wave models. The modified speciral shape which came out of the JONSWAP
experiment has come to bear the name of that experunent: hence we now have the JONSWAP spectru.
which can be written as

where
¢ = equilibrium coefficient
0 = dimensionless spectral width parameter, with value ¢, for f<f, and value g, for f> £,
v = peakedness parameter

The average values of the 0 and 7 parameters in the JONSWAP data set were found to be 7 =3.3.0,=0.07.
and 0, = 0.09. Figure II-2-22 compares this spectium to the Pierson-Moskowitz spectriun.
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Lecture 6
Wave Prediction
Wave Statistics

An irregular train of waves is illustrated in Figure 6.1. The waves in this train have
various heights and periods. One way of describing this set of random waves is the Root
Mean Square of the heights of all the waves, i.c.

H,,.. = {ZH/n}'"? 6.1

Each wave is separated by successive zero crossings. The number of waves in the train is
n. We can also conduct a probability analysis on the wave heights, i.e. we can plot the
probability, P of exceeding a certain wave height H, e.g.

P=mAl+n) 6.2

where m = the rank of a wave in descending order. Weibull and Rayleigh distributions
have been used to fit the wave distributions of storm waves. Figure 3-3 (SPM 73) shows
a normalized Rayleigh distribution.

The wave periods also can be considered by a probability distribution. Alternately a wave
spectrum analysis can be preformed. The wave spectrum is the plot of wave energy
versus the wave frequency (f = 1/T). A Fourier Analysis can be completed to construct
the wave spectrum. Commercial software packages such as Statistica can be used if the
wave form is digitized. Figure 3-6 (SPM 73) shows a typical wave spectrum. A
significant wave can be defined by the dominant energy in the wave train. Theoretical
spectra are available for waves in a few coastal areas. For example the SPM gives the
Pierson-Moskowitz Spectra as,

2

[#4
E(@)dw = 22 ghosior
724

a = 0.0081

p=074 6.3
o = angular _ frequency =2xaf =2x/7T
@, =g/ U,y

U, = overwater windspeed ,(ship.report)

There are also spectra that involve frequency and direction.
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Wave period spectrum
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Fig 6.2 Rayleigh Distribution for a) all waves and b) averaged higher than waves.

Wave generated by a wind depend on a number of factors, such as: effective wind speed
Va. wind direction, available fetch (distance over which wind blows) F, water depth d,
atmospheric stability Ry, and wind duration #;. A given wind condition generates a
spectrum of waves, with the dominant wave energy at a particular wave height H, and
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period T,,. Often it is assumed that the dominant wave height is approximately the
average of the highest 1/3 of all the waves; the SPM uses the spectral significant wave
height, H; with the T, being the significant wave period for the maximum spectral

energy. As shown in Figure 6.2, waves have been found to fit the Rayleigh Distribution:

6.4

_( H )2
P(H> Hy=¢ ™

where P is the probability of exceeding and certain x-value.

Based on a Rayleigh frequency distribution the relationship of H; to some other wave
height is

H;=2 " H 6.5a
H10= 1.27Hs 6.5b
H;= 1.67H, 6.5¢

The subscripts 1 and 10 refer to the average the highest 1 % and 10% of the waves in a
storm. The SPM provides a comprehensive wave prediction procedure for H; and T,
based on dimensionless charts as shown in Figures 3-21 and 3-22. The charts show the
functions that are used; these are in the forms:

g H, /U’ =fen (Fy Fa) 6.6
and gT;/Uy= Fen(Fy;, Fa) 6.7
where Fy=depth number = gd/ UAZ 6.8

Fa:=fetch number =g Fa/U, 6.9

Fa= effective fetch = minimum (F, , Fag- quration timited) 6.10

The relation between f; and Fafor deep water conditions is

gta/Us =  68.8(gFsUS )" 6.11
and for shallow water we have,

gta/Uy =537 (gTwUs)™” < 1.28 (gF #U)7 6.12

Note: Figures 3-21 and 3-22 (SPM) show the prediction equations that are used for Eq
6.6 and 6.7.

The wind speed that is used is the corrected for water:land effects (R , Fig. 6.5),
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atmospheric stability ( Ry, Fig 3-14 SPM, also Figure 6.6) and for the effective wind
shear; this is given as:

Uy =0.589 (Uppmpy Ry R)"> in mph or Uy = 0.539 (Uyppps R R in ft/sec
Ui=077(U, R Ry inm/s 6.13
where U, R,; = over water velocity at 10 m above surface.
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Setup:- increase in water depth (downwind) due to wind shear. The form of this equation
can be demonstrated by the following analysis. Assume a unit wide strip with a length
equal to the effective fetch, F’; the wind shear force is t,F’ = the hydrostatic resistance ~
ydAz

Uow
Ta Zsup
e —— —
stown! d J
F,
Fig 6.7 Wind Shear and Setup Diagram
Az= Zsup'*'stown
F'r, =y dhz
Ta = paCfUOH'Z
Fr(paCfUOle) = ?’wd(zzsllp) = gpwd(zzsup) 614
—_— F'(PaConwz)
" 2gpd

C, ~0.001- 0.003
Coefficient of Drag Vs. Wind Speed

003
0025
002
) Air—5ea Temperalure
) Difference °C
0615 | -1
o
.CO1+
n
L0005 . -
5 10 15 20 25 30
Ujg (m/sec)

Figure 6.8 Wind Friction Coefficient (Cy)
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An empirical formula for Z,; is,

Zoup () = Fomiles) V(mph)” /{1400 d (f9)] 6.15

Class Example Problem:

Determine the significant wave period and height and the setup near the south shore of
Lake Pontchartrain for a 2- hour wind out of the north over the Lake.

Assume:

. a 25 mile fetch with an average depth of 3.8 m before the storm surge,

a storm surge of 2 m,

a local depth of 3 m without the storm surge or setup,

a water temperature of 80°F and air temperature of 70°F.

the over-water velocity is 80 mph.
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Assignment 6.1: Estimate the south shore wave height and period for TS Isidore.

Assume NNE winds at 35 knots with 2 hour duration. Estimate the wind setup for this
storm.

Hs=

Ts=

Are the waves: (FETCH LIMITED) or (DURATION LIMITED) ?

Wind setup = Using Equation 6.14

Wind setup = Using Equation 6.15

T ] E.‘I::qr.'m_ﬂ.-r" Iy
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Lecture 6 (Continued)
Hurricane Generated Waves and Storm Surges
The wave climate associated with a hurricane depends on the radius of the storm, its
sustained maximum wind speed and the forward speed to the storm. The SPM provides a
typical distribution of wave heights with the storm (1984 SPM Figure 3-43).
The simplest model for the wind speed distribution in a hurricane is the Rankin Vortex,
U=Kr for r<R 6.16a
and U=KR¥ for r>R 6.16b
where K = constant = U,,./R; R = radius at the maximum speed, r is the radius to a point
from the storm centre. This simple model gives a idea of how winds vary as we go away
from the center but it omits many effects such as the boundary layer, the Coriolis effect,
the forward speed of the storm and the radial flow at the base.
The sea surface pressure is fairly well described by the Myers equation,
p=po+ape 6.17

where p, = central pressure and Ap=p - po

Figure 9 shows a typical velocity and pressure variation as a function of the distance from
the center of the hurricane.

The associated Gradient Wind Speed, U, for a nearly stationary storm is

Ug/r + £ Uy ~ {R Ap/(p, r)}e ™0 6.18
where f = Coriolis parameter = 2w sin(¢); p, =air density.

The vector to be added to Uy, to correct for the forward speed Vris given by

Usy = ViR H/(R? +1%) 6.19
Note: Resultant velocity is found from the vector sum of

Ur=Ugm + Upgr 6.20

Thus in the northern hemisphere the speeds on the right of the center are higher than on
the left.
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Hurricane Waves
The SPM gives the following equations for the significant deep water wave height Hy,
and period T at the location of the maximum wind speed:

BaV, | ™=
T,.=A[1+ ‘”}ec 6.20

JUx

in which A = 8..6 for US and SI units; B =200 for US and 9400 for SI units and C=0.104
for US and 0.145 for SI units,

Also the deep water significant wave height is:
6.21

H, =4

ax a

1+

BaV, | =*
¢ Co
JUp

in which A, = 16.5 (5.02); B, =100 (4700) and C,= 0.208 (0.29) for US (SI) units.
The spatial distribution of the significant wave heights are shown in Figures 10 and 11.

Inputs:

R = radius of maximum wind (Nautical Miles or km)
Ap= centra] pressure depression (in inches of mm of Hg)
Vr = forward speed in knots or km/h
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Umauc = a{bAPm - CRf}
U, = 0865U,_ + 05V,

J = 2w, sing = Coriolis(rad ! h)
a~1tol.2
where a = 0.868 (0.447); b=73 (14.5) and ¢= 0.57 (0.31) for US (SI) units

Note: Normal atmospheric pressure is 29.92 inches Hg = 760 mm Hg.
The earth’s angular velocity is 21/24 rad/h,
1 nautical miles = 1852 m = 6076 ft
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Fig 6.10 Distribution of wave heights (SPM)



E N Y AN NN \
g,,_,?w\\\ NN \
£ e N
R P N NG N \
"ma ™~ §|
c 2 T
s B
5. N
s <2 Ih
Pt
FiL
Hd
I
I/
! !/
I
Iy
LY/
i 1
5 7
/R s

Fig 6.11 Distribution of wave heights (CEM)

The storm surge ki, consists of two parts: central depression Ap and wind setup:

C,C.RU,’
h.\.\' & KJ'KF Ap+ R f R —p_a
2gdr(;f pw
Cox1-2
P 17800
C, ~ 00025

d.; ~10- 20m

/ R
TimeScale =~ &
Vor

Example: A hurricane has the following approximate characteristics:

R = 22.5 miles; Maximum Wind Speed ~ Umax; Forward Speed = 16 mph; Ap ~ 50 mm
Hg with normal pressure at 760 mm. Assume Latitude of 28°. Plot the pressure and
velocity on the right side of the storm. What are the maximum significant wave height

and the corresponding period? Assume: drr~ 10 m; Cr ~ |; KrKs ~1; estimate the surge
height.
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Wave Generation
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Hurricane Waves
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Umax is maximum gradient wind

V¢ = forward speed of the hurricane
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Estimation of U, & Ug

U_. =albAp'” - cRf}
U, =0865U__+05V,

J = 2w, sing = Coriolis(rad / h)
a=0.888; b=73 and c= 0.57 for US units
Knots, Nmiles; inches Hg;

a=0.447; b=14.5 and c=0.31 for Sl units
kph, km; mm Hg;

Ug is maximum suslained wind at 10 m
U rer IS maximum gradient wind

Rankin Vortex,
U=Kr for r<R
and U=Cir for r>R
where K = constant = Umax/R
C=Umax"R;
R =radius at the maximum speed;
ris the radius to a point from the storm centre.

[ —

Pressure in a Hurricane

The sea surfaca prassure by tha Myers equation,
P=p,+ape R
where p, = central pressure

Ap=pn_po

p, = Atmospheric pressure

Velocity and Pressure

20 5 HEG
{ mo
500 — 4 T45
‘:TW

m % |
S ‘s F
Ew 0 §
i s
) ! o
. | ms

o

i—C . el 708
o N @ ® = ®m W e
T s

Hurricane (R=22.5 miles; Ap= 50 mm)

Waves

H,; = Reference Significant Wave Height

T, = Reference Significant Wave Period

B oV, 'i’f‘”
——=le
VU

Ao =16.5(5.02);
Bo =100 (4700) and
Co=10.208 (0.29)
a~1-12

for US (SI) units

H_=A4]|1+




2/24/2010

RAp
C

I+ BaV,
Non

2

%% 2
NgN §
S 5

WM~ SN =
S ]
5(01(
oclQa W
o™

o T2
nou __~..0.
CHmO Y

Breach in London Canal
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Overlopping of Levee at I-510 Bridge
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Residential Area near Breach in
London Canal
. R “*'r 4 ) '_ ' 5

LOWER 9" Breach Barge on BV Control Structure

Scour Hole at BV Control Structure Levee Breach at Bienvenue Flood Gate




100 year old West End Lighthouse
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UNO 2 weeks later...

STORM SURGE EAST N.O.
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Depression Surge

hg~ (10 M) (Ap mm)f760 inm

Or

hg, ~ (34m) (Ap mm)/760 in ft

STORM SURGE

hss ~ KrKs (Surge due to Ap + Wind Shear Effect)

Setup

Ur

____,___u}—”’d—jj Zwind

Fetch~kR

dral
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Wind Drag

Coefficienl of Lrag Yo Wind Speea

Wind Shear
F'r, =y dhz
= Pac,onwz

F'(paCjUOWZ) = 7ud(22mp) = gp\od(zzsup)

o | aetea Tepparaturs F'= kR
&) Life-ence "0
B Uow= U,
‘ 2
ol CoR(p,C,U D)
wind ~
et 5 10 " iz ) W 2 gpu drej
Wn (m/sec)
Surge Estimation
Example:

h, ~ KrKs {Surge due to Ap + Wind Shear Effect)

C.,C,RU.’
L2 KK [Ap+ ZRSTER P
2gd,., p.
=1 2

o
]

$
=

Fa

W

C, = 00025
dy ~ 10— 20m

= 1/800

A Hurricane has the following approximate characieristics:

R = 22.5 miles;
Maximum Wind Speed ~ Umax;
Forward Speed =16 mph;

Ap ~ 50 mm Hg with normal pressure at 760 mm.

Assume Latitude of 28°.

Plot the pressure and velocity on the right side of the storm,

What are the maximum slgnificant wave height
and the corresponding perlod?

Assume: dy— 10 m;

CR~1,;

Use U=Up

KrKs ~1;

Estimate the surge helight.
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= 30| rmrg 1.963 [nig [ mo 710
i ey

R 19.34 | k2 mi 25{m

wr 1383 . 16 | mpn

i 075 | rmsh 025

. TGO | w g 29.92 |iniw

Limaz 86.5% | 1 9861 | meny

i 877 BLIE |mpn | 1381 maec
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Ho 35|n 1022 |m
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Wind Drag

Coefficient of Drag Vs. Wind Speed
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Review

2nd Test

Topics

1. Wind wave generation
— Feltch limited
Duration limited
. Wind setup
. Hurricane wave estimation
. Longshore currents
. Wave setup and set down
. Longshore transport
. Beach profile stability
. On-offshore movement of sediment
. Closure depth
10. Wave drift
11. Wind driven currents

OO~ MAE WM |
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Carry over from 15! part

Lo, L,

C, Cg

Orbital velocity ¢.(09 [eclicey %
Wave breaking, e.g. H,~0.78d,
APPENDIX |

Figure C6 KsKr

Find H, from H, d, T and «.

F b
Fl.it 'b .;':_ch.,p'-< C

Wave Generation

* Given: F= 10 miles; Ta=60°C;Ts=65°C
Uow=42 mph;td=1h; d =40 ft
Find: Hs, Ts, Z
a)[ﬁL(FU Vin gqcl;fﬁti} -’{"‘"—{ KL l
L} I?T .!':F:“?{, L o8 -5

3) Uy (bt Lectare 6)

)[C};_B*Jr wie |maes
a}'l,r}?; 27 A’lgfg.rﬂf w’f’Fu}’

(H ) TN %?‘Fl,:, y—-ﬂ'!! H"ﬂn Cdl'{_
_1) 1L celve Yor T;

7
;2-\ AFUME ¢ nﬂtw weler e L,{# i ( U{‘? ),.f ‘1_37% %0 'zv'f

f

g
4 Tm>Ts  H=Hs S
I‘F“fﬁﬁ Tm in™ F—’:}, 1-27  selve (or 22 [t

FE’H/ M{_l‘)"’; -9/ .:"‘ 5_,|"~/r 74f ﬁx_? P_(wa H5 .l
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| mrle = 6.96317 M. miles | mph = O.867 ltnsls
v, = [ 1508
[ e = = 1.Y€7 ¥ oo

[am = O3 TY (che s

[feh= 26, 4 mm
e kes M mlE s il
. i ?’?’f
Hurricane Yy C 2.
B} * cRE = 2(z7 )sin ¢
r,,,mf:-q Gerc f} - _qébdﬂ € f £ (3.‘!)
L'Ap = 70 mm Hg 4= gﬁ.—;gkﬂ,ﬁ L= ?3#*'-‘-[:6} CJQF?”HJ\
. VF= 15 mph gt ) | g i Keab ol M
+ R = 20 miles # #~15 | 2) (f, = o, ‘ﬁﬁf(ﬂfmx) +0.5(fF) onl
(l"ﬂ Latitude 30° Foven i Wty
Gl b‘r w
Oa=1.2 7}~,£J‘( VA ) iz E.zf,grcf,mg
Find: Hos, Tos F‘w" ‘1 sec, £ ;;;2
X7  rr Lf) H /Z) (f-r B ol ﬁd-‘ﬁ
5) hy ~ KKy - . QM5 B s o208
YT \4? L{(er &2 - & Vi
ﬁ[ff.m;ﬁj> Aol ‘f__hﬁ | Co= o0 B
; o e Bv, Q:’@_pﬂ;%*fﬁ (L=;ﬂ??’ =
hss givea "a £F
Lectare 7 p- 7t
« Given: H,= 8 ft; T= 6s; o, = 22°; beach
slope 5% slope
« Find v, max.and v, with friction.
U"w-' (}Hb ~ 51 (2.%?"1,}
* Vomax = 20- m (gH, )12 sin(2 a )
s ¢ r.} '_7 (l’ L/I'lL—LI( bﬁw %? gg‘;l
\lr'z-;# L’},w ‘7/)4-:5?;”1




Longshore transport

* Given: H_ = 8 ft; T= 6s; o, = 22°, beach
slope 5%; td = 12 h.

Find: Qls

I

E}-:{_-E [

Given: fij Table and Hoi, a0j
Find: Annual net and gross Qls

NOTE: Re-organize
split Exce |
Into two
22 5°BINS; al
oINS are 4o | VIND | West | SW SE  |East
WWNW | Wwsw | SW SE EESE |EENE
Hft o >80 78.75 45 ol 45| -78.75| <90

0.5 1 2 5 7 8.5 1.5

1 2 1 3 4 8| 125

2 3 0.5 1 1.5 2 0.5

3 4 0.25 0.5 1 15 0.5

4 5 0.1 0.2 0.4 06| 0125

5 6 0.025| 004| 004 02| 002

3/25/2010
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Estimating /?\nnual Transport

E,{ L
512 /a4 -
le net Ky Zj Zj fij {Hoi (COS aoj) SN 2aoj}

Apply this equation to each bin to find the contribution to Qls from
that BIN.

Example: SW BIN (-450) at Ho 1 to 2 ft
AQls = 137000%(8/100)*(1.5%2.5)"[cos(-45°)}"0.25"sin(2*(-45%)

=-28000 yd3/year

1% le ctire §

Beach profile stability

* Given: D50 = 0.26 mm; Temperature of
water=30°C. Exposed

» What is the stable beach slope?

= -7 7
»F-;:,T i -
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On-offshore movement of
Sediment

- q_I(LI/ » Given: H,= 8 ft; T= 6s; D50 = 0.26 mm;

” Temperature of water=30°C. Exposed.

_ * Determine if this storm will result in Berm
¥ 3‘3 or Bar formation.

» What is the closure depth for this wave?
b Py 439 T el (R Velaits.) pat-ints FUs

L,f ,
, / Jf*‘;.,} i 4‘.7{“"0 E;; T ool g ||,/; Se !/ vt F;
o T

s 71 '3'#5‘5"/{ Xf‘rfagzﬁ‘rn

= 4{ rf-"hiirﬁ?.o"f' éf'rr’/'o‘;-_f'.‘aﬂ

——— - S
{"_F_F 4 Q’ ':6 :? ‘*—.,/d/{ l{" E'Cf-"c’ Eff)‘r-i_‘l. I\ |,_'_.' L,? /)_l:‘/"h.ﬂ/WE:‘ [Ifl_;fglll
# / - I \
Fp?" Jfr“zl s TLH..' L"g;flzﬁm /ﬁﬁ-’] f'\f l.-fj cpl"r L,up_lﬂ.;___ L‘:'J-_‘{h 5 :!i
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Review

2nd Test

Topics

1. Wind wave generation
— Fetch limited
Duration limited
. Wind setup
. Hurricane wave estimation
. Longshore currents
. Wave setup and set down
. Longshore transport
. Beach profile stability
. On-offshore movement of sediment
. Closure depth
10. Wave drift
11. Wind driven currents

OO~ ;b wh|
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Carry over from 1st part

e Lo, L,

* C, Cq

* Orbital velocity

* Wave breaking, e.g. H,~0.78d,
« APPENDIX |

* Figure C6 KsKr

 Find H, from H, d, T and a.

Wave Generation

* Given: F= 10 miles; Ta=60°C;Ts=65°C
Uow=42 mph;td=1h; d =40 ft
Find: Hs, Ts, Z

sup

Hs=4.6 ft
Ts=4 s

Zsup=0.32 ft by FU*2/(1400d)
=0.002"(42*5280/3600/3.28)*2*10*5280/(800"2%32.2*40)
=0.20 ft




Hurricane

OAp =70 mm Hg

* VF= 15 mph

* R=20 miles

 Latitude 30°

Ddoa=1.2

Find: Hos=35.5 ft, Tos=12.7 sec

Vp

Given: H,= 8 ft; T= 6s; o, = 229, beach
slope 5%
Find v, max and v, with friction.

* Vpmax = 20.7 m (gH, )2 sin(2 « ,)=11.5
ft/sec

V with friction ~ 0.5*11.5=5.8 ft/sec

3/25/2010



Longshore transport

+ Given: H,= 8 ft; T= 6s;
o, = 22°; beach slope

5%; td = 12 h.

* Find: QIs~32000 yd3

» Given: fij Table and

1 n | B .
P = Eng,,"'z "E- sin2a,

le = KQ})IS

Hol, a.0j
* Find: Annual net and
gross Qls
NOTE: _ i
NoTE: Re-organize
split
Into two
22.5° BINS; al
other .
BINS are 45° Wind West | SW SE East
WWNW | Wwsw | SW SE EESE |EENE
H ft g >90 78.75 45 0 45| -78.75 | <-90
0.5 1 2 5 7 8.5 1.5
1 2 1 3 4 8 1.25
2 3 0.5 1 15 2 0.5
3 4 0.25 0.5 1 15 0.5
4 5 0.1 0.2 0.4 061 0.125
5 6 0.025| 0.04| 0.04 02| 0.02

3/25/2010
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Estimating Annual Transport

lenel ~ Kyz,' Zj fij {Hoi5/2 (COS a":)j)u4 Sin 2aoj}

Apply this equation to each bin to find the contribution to Qls from
that BIN.

Example: SWBIN (-450) at Ho 1 1o 2 ft
AQls = 137000%(8/100)*(1.52.5)*[cos(-45°))*0.25*sin(2*(-45°))

=-28000 yd3/year

Beach profile stability

« Given: D50 = 0.26 mm; Temperature of
water=30°C. Exposed

 What is the stable beach slope?
* m~0.02




On-offshore movement of
Sediment

» Given: H,= 8 ft; T= 6s; D50 = 0.26 mm;

Temperature of water=30°C. Exposed.

* Determine if this storm will result in Berm
or Bar formation.

« W~3.5 cm/s; Lo=184.5 ft; Ho/L0o=0.043
* Piw/gT=0.0018 Bar formation
» What is the closure depth for this wave?

H 8ft

T 6|s

D50 0.26 | mm 0.0009 § ft
Temp 20 | oC

m 0.02

w=Vf 3.5 | cmss 0.1148 | ft/sec
Lo 184.5 | ft

L 183.2 | f 0000281805
dclosure 82 | ft 0004757581
Ub 0.505 | ft/sec

Ub crit 0.5 | ft/sec Fig 4-22

3/25/2010
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Wind West Sw S SE East GIVEN:
- b aLly - = E, H ft w SW S SE E Wind
r WW seﬂm % mEM _Is ’ SE gl mmﬁ L e Dircction
= H >90 \W 78.75 45 0 45 -78.75|k90 Percent | of Year
2 0.5 1 2 5 7 85 15 |05 4 5 7 8.5 3
L y 2 ¥ 1 3 4 8 128l /. [1w2 2 3 4 8 25
7 — 3 0.5 1 15 2 05l = [2w03 1 1 1.5 2 1
T i 0.25 0.5 1 15 0.5|] 3104 05 05 1 15 ]
F 7 3 5 0.1 0.2 0.4 06| 0128 4105 0.2 0.2 0.4 06] 025
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e/ K 1 = —
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Potential Longshore Qls Estimating Annual Transport

The SPM gives the Patentia! o_u ot B HﬁwM_A M.__. M_. Amowua AnOm Qa_.u_.a sin N..Ne.m

Longshoare transport
approximation:

Apply thls equation to eath bin to find the contribution to Gls from
- 512 1/4
Q, = K,H,™ (cos &) sin 2a, that BIN.
Example: SWBIN (-450)atHo 1to 211

AQls = 1370007@00)*(1.5"2.5)"(cos(-459]"0.2575in(2*(-45°)

Whara Ky ~ 137000 for Ho in t and Qis n yd3fyear =-23000 wd3/vwear



Lecturc 8
Sediment Transport in the Littoral Zone
Part 11

Computation of Net and Gross Annual Longshore Transport
The SPM gives an approximation that makes Eq. 7.9 casier to use, i.e.
Qs ~KyH, 32 (cos ao)W' sin 2cte 8.1

where Ky ~ 1.37x10’ is the calibration constant for Qls expressed in cubic yards per year.

The SPM formula (Eq. 8.1) estimates the annual rate of transport as if the Ho value persisted for a
whole year from a specified direction co. The actual wave distribution is based on the wind
speeds and directions. Thus it is common to use a wind rose to describe the wind speed and
directional distribution by a wind rose (see attached Figure 8-1 for midLake Pontchartrain; the
details of the frequencies of the wind speed 1n the various classes is given in Table 8-1). A wind
rose scparates the wind into classes or bins of direction and speed with an assigned probability of
occurrence associated with each class (see attached table). The distribution is expressed as the
fraction of the time (e.g. fraction of a year) that the wind follows into a certain speed and direction
class.The nef annual transport is then found from

Q is ne = Ky 2i2{H 2 (cos cop™ sin 2o fij 8.2

where (o) = +ve if movement of littoral material to the right,
(00i) = -1ve if movement of littoral material to the left,
fi = probability of occurrence for the class i,j (i.e. fraction of the year that a wind in this
class exists).

The gross transport is similar to Eq. 8.2 except that absolute movements to the right and left are
added, e.g.

Qs =K, 5% Abs[{H,;*” (cos aop™” sin 2aoiify] 8.3

94



Figure 8-1 Annual Windrose for Lake Pontchartrain (MidLake) ~2ax

2007
190

o

180

Percent of time in each Wind Class

Wind Speed
m/s

—+-0.5
—%— 1.5
_""3
-5

-e—9

2. ol

l..---:ﬂ--?lr v"‘{:lf:-"

8:100
6.967
7.142
7.175
8.775
8.283
7:183
6.617

. 5,992

6.108

'5.467
" 4,750

4,408

.4.208

4.742
5.767

DIR.  calm<imjs 27 4.5 7.2 10.1 130 182 197 239 276  31.9 Sum
N 0.717] 1.092] 1.483] 1.792] 0.792] 0.225] 0.000] 0.000] 0.000] 0.000] ©0.000
NNE 1.100]  1.525| 2.058| 4.875| 0.375 0.033] 0.000] 0.000] 0.000{ 0.000] 0.000
NE 1.042| 1.575| 24158 2.033| 0.308] 0.025 0.000] 0.000| 0.000] 0.000[ 0.000
ENE 0.792| 1.517| 2.358] 1.992| 0,400 0.100{ 0.017] 0.000] 0.000! 0.000] 0.000
E 0.842| 1.783| 3.075] =2.475] 0.442] 0417 0.042] 0.000] 0.000] 0.000] 0.000
ESE 0.808| 1.675| 2.958] 2.333| 0.425] 0.083) 0000 o0.000] o0.000] 0.000] 0.000
SE 0.875] 1.633| 2.767| 1.7117| 0.475] 0.017| 0.000] 0.000] 0,000/ 0.000] 0.000
SSE 0.817| 1.742| 2.658| 1.242] 0.150] 0.008] 0.000)] 0.000] 0.0060| 0.000] 0.000
[ 0.6a2| 1.367| 2.492| 1.308| 0.487| 0,017| 0.000] 0000 0.000] 0.000] 0.000
SSW 0.533] 1.250] 2.392| 1.483] 0.142] 0.008] 0.000] 0.000] 0.000] 0.000] ©.000
SW 0.958] 1.317| 1.900] 1.i92] 0.100] c.000] o0.000] o0.000] 0.000] 0.000] 0.000]
wsw 0.917| 1.208| 1.608| 0.808] 0100 0.008] 0.000] 0.000] 0.000] 0.000] 0.000
w 0950 1.250] 1.333! 0.717] 0.125] 0.033] 0.000] 0.000] 0.000] 0.000] 0.000] .
WNW 0.833| 1.083] 1.050 0850 0.202] 0.083] 0.017] o0.000] 0.000] 0.000] 0.000
NW 0.825| 0.967] 1.192 1.058] 0.467] 0.175 0.042] 0.017] 0.000] 0.000] 0.000]
NNW 0.742] 0933 1.242] 41.667] 0.842] 0.300] 0.025 0.017| 0.000] 0.000] 0.000
VAR
CLM
ALL 13.750| 22.000] 32.717| 24.600] 5.333| 4.367) . 0.182] 0.050{ 0.000| 0.000| 0.000
Table 8-1
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Assignment 8.1. For the wave rose represented in the following table, estimate:
1. The longshore transport to the right,
2. The longshore transport to the left,
3. The net longshore transport,
4. The gross longshore transport.

Hit W SW S SE E Wind Direction
0.5-1 |2 6 6 8 2
1-1.5 1 6 7 7 5
1.5-2 |1 2 3 35 2
2-3 0.5 1 1 1 0.7
The shoreline runs due east-west. The beach slope is 1%.
It;n.iJE 4 "'?
h g
T ot e
( { s
_H__-_.’_ i ';_q? B . SHoAE ”zrf_?.h‘ﬂ_‘f’(;/f{c, d
i pzy f B
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Onshore-Offshore Transport

The onshore or offshore movement of littoral material depends on the storm waves/swell
waves, storm stage, beach grain size, angle of repose and the beach slope. Figures 8-2a
and 8-2b show the forces on a grain on a beach. The attached Figure 8-3 (SPM 7.20)
shows the stable beach slope as a function of grain size. The figure also shows the effect
of protection on beaches. Protection refers to offshore limitations on the wave energy that
can reach the beach, e.g. offshore reefs.

Shoreward Wave Currents

Figure 8-2a

Seaward Wave Currents

Figure 8-2b Forces on a grain on a beach.
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Figure 8-3 Stable beach slopes from SPM

Figure 8-4 (1-7) shows the shoreline response to seas and swells. In general storm waves
occur at high water levels and result in shoreline erosion and net offshore transport of
sediment. On the other hand long swells and smaller wave heights tend to move sediment
onshore and rebuild the beach. If the storm waves erode the dunes, the mechanism for
restoring these landforms is inter-storm onshore movement of sand by waves followed by
wind driven transport to the dunes.
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Figure 8-4 Coastline responses to Storm and Inter-storm waves
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In Figure 8-5, Dean and Dalrymple have presented a chart to estimate when wave will
tend to move sand onshore or offshore.

W = 1'#:%" o L;} = Gall veloc:
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102
i 3
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Figure 8.44 Criteria for the genernlion of storm oF normal profiles
(from Kraus and Larson 1988},
Figure 8-5 Criterion for Onshore (Berm) and Offshore (Bar) Movement of Sand [w

is the fall velocity; T = wave period; Ho = deep water equivalent wave height; Lo =
deep water wave length]

The USACE has developed two charts that indicate the tendency of littoral material to
move off or onshore. Their approach is to present the onshore/offshore observations on a
regime chart that plots:

a) Dimensionless Fall Time versus Deep water wave steepness {Figure 8-6 (4-29
SPMa73)}
a) Dimensionless Fall Time versus Wave Height/Grain Size {Figure 8-7 (4-30
SPMA73)} J:?T}"Lfr“—ﬁ';ﬂ ,'rl —— jzﬁ'? TA aNle wawe Fﬂ‘f/r‘.;df
~5
F, = Dimensionless Fall Time = Ho/(Vs T)

In the 1984 SPM, the criteria is simplified to
F, > 1 Offshore deposition
F, < 1 Onshore deposition
Example: Given a median grain size of 0.25 mm and deep wave height of 2 ft with a
period of 3 seconds. The beach slope is 2%.
a)Will the net motion be onshore or offshore? Use Figures 4-29 and 4-30.

b) Is the beach slope likely to be stable or unstable? Assume that the beach is moderately
protected.
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Dimensionless Fall Time, HOI(VfT)

wu
80

0.0l

60 Ha
50
40
30
20F :
10 : iR &
8
6
4
3 gu— .-.-- e
2 r = e z :
Cary = ‘r:. T #i:| - ot + 1 ':L:F' ‘: 4 = -
S : R E T e
0.8
06 == = =
04 = e
03— s EREES
0= : e
o.l SR SRR e
- s
0.08 |2 . Z iR
0.06 == == = = s n E
004 e
0.03 e
002 = ~ ot Sl
"‘Lfr ; '|jl;l:‘:‘.:l..‘:‘; :: : ::;:;E 13:1‘:[;;} — i :{’l: ‘; ‘.T G R o &
04 07 !

0.00]

Pigure 4-29,

0.002 0004

001 002 004 00701
Deepwater Steepness, Hqy/Lg

Time and Deep Water Steepness

4-82

Figure 8-6. Onshore/Offshore Criteria

0.2

{Kohler and Galvin,1973)

Berm-Bar Criterion Based on Dimensionless Fall
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Dean and Dalrymple have defined the ‘Closure depth’ as the depth at which the bed
velocity (shear) will not move the grains. Figure 8-8 can be used to estimate this

depth for T = 15s. Figure 8-9 can be used along with orbital currents to extend this
curve.
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Figure 8-8. Closure D?;-ch as a Function of Wave Height and Sand size for T =15 s.
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The orbital velocity can be estimated from
Horizontal max {+ or -}

U= (H/2)*(gT/L)*cosh(2n(d+z)/L)/cosh(2nd/L)
or atz=-d

Up= (H/2)*(gT/L)/cosh(2nd/L)
L .
b, Tom wf'ﬁ.:.‘lﬁ;

Example. Determine the closure depth for the following wave:
H =6 ft;
T =7 sec.
Grain size = 0.5 mm
Solution:
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Offshore Currents

Offshore currents can be in the form of underflow, overflow or rip currents.

Under storm wave conditions it is possible to have onshore currents near the
surface and underflow currents near the bottom; however, storm waves also cause
rip currents. Rip currents are concentrated offshore jets that extend from the
shoreline to outside of the surf zone {sce
http://www.ripcurrents.noaa.gov/overview.shtml }. These currents can exceed |
m/s and can transport large amounts of material offshore. Figure 8-10 shows
schematically the nature of rip currents. Figure 8-11 shows a plan view
photograph of a rip currents. The relationship of sand bars and rip currents is
illustrated in Figure 8-12. We will see later that jetties and headlands can cause rip
currents under certain wave conditions.
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Figure 8-10: Rip Currents (After Dean and Dalrymple)

Figure 8-11 Photograph of a Rip Current
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Figure 8-12 Relationship of Bars to Rip Currents
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Potential Rip Current Sites
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Rip Current at a Jetty (URI)
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View from the ground and taken at low tide; this channel
has formed at a break in the sand bar. Photo courtesy
University of Delaware Sea Grant College Program
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Photo of Rip Current
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Rip Current







Rip Current in Relation to Bars
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Basic Rip Current Mechanics

*Waves break on the sand bars before
they break in the channel area.

*Wave breaking causes an increase
in water level over the bars relative
fo the channel level.

*A pressure gradient is created due to
the higher water level over the bars.

*This pressure gradient drives
a current alongshore (the feeder current).

*The longshore currents converge and
turn seaward, flowing through the low area or
channel between the sand bars.
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Schematic of Rip Current
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NOTE: Closure depth is where there is almost

no bed sediment movement.

U,= (H/2)*(gT/L)Icosh(2nd/L) - U, critical (Figure 4-22)
Both d and L are to be determined.

H 4 | ft

T 6|s

D50 0.5 | mm 0.0016 | ft
Temp 20 | oC

m 0.02

w=Vf=Vs 7.4 | cmis 0.2428 | ft/sec
Lo 184.5 | ft

L 176.1 | ft -0.000517103
Qn_om:_.m 52.61 .-n_” 0.006146841
U, 0.656 | ft/sec

U, crit 0.65 | ft/isec Fig 4-22
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Velocity U (f1/sec)

Initial Motion

Diameter in Microns , )

62 125 250 500 1000 2000 4000
5
4
M r x L o
u “ Be * I .
T
N D
A
A F 04
. ala A o 7
10} > . o -
08 5
- \\ i
06
- ° % MANOHAR -1955 .
o4 o -~ @ Injtiction of Movement  ——
0 lll\\o\ﬁ,, 1 A Initistion of Ripples
n Limiting Velo X Disappearanca of Ripples |
]
MENARD -1950
02 O Competencae, Rippled Bed ———
& Disappearance ot Ripples
04z 3 2 | 0 = =

Diameter in § Units (trom Inmon, 1357}
Limiting ar Minimura Velocity for the Initlation of Motion of Sand of 4 Given Size.
Limiting velocity, mbitrasily defined as equal to Tuy, where uy is the threshold or cdtical friction
velocity. (Inman, 1949.) Far unidirectional flow this relation would give a limiting velocity equivalent, for
cxample, to the mean velocity measured 1 foot above a bottom which has a roughness length of 2 em.
Field observations near the surf zone indicate that planation and disappearance of ripples does not occur

unless the maximum velocity amociated with the wave crest somewhat exceeds that listed by Menatd and
Manohar.

FPigure 4-22. 1Initiatfen of Ripple Motion
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Ho 4 ft

T 6 s

D50 0.5 mm 0 ft
Temp 20 oC

m 0.02

w=VF 7.4 cm/s 0.24 ft/sec
Lo 184.5 ft

Ho/Lo 0.022

Ho/(wT) 2.746
Fig 4.29 Favoring offshore Bar formation

Ho/Md 2440
Fig 4.30 Favoring offshore Bar formation

Fig 7-20 Stable Beach
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MEDIAN DIAMETER OF SAND IN MILLWETERS

Beach Stability
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Dimensionless Foll Time, Hy /{V,T)
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Example

« Given:Ho =41t T=6sec; D50 =0.5 mm;
Temp ~ 200C; m~2%

« Determine if the tendency will be to form
bars or berm.

« Solution:
— Find w
— Find Lo = gT4%/(2n)
— Find Ho/Lo =
— Find nw/(gT)=
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From Dean and Dalrymple
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m.—n:_.a 8.14 Criteria for the generation of storm or normal profiles
{from Kraus and Larson 1938).
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Onshore Transport -- Beach
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Wind induced circulation
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Dune Crest
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Cross Shore Processes

Dune and berm erosion
Beach erosion

Beach and berm rebuilding
Dune rebulding

Beach stability

Bar formation

Rip currents
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Complete set of BIN AQIs

Qls 137000 | ragians 1.374 0.785 0| -0.785| -1.374
H ft

0.75 339 3060 0} -5202 -255

1.5 960 10386 0| -27696| -1200

2.5 1722 12415 0| -24830| -1722

3.5 1996 14396 0| -43187{ -3993

4.5 1497 10793 0| -32380| -1871

5.5 618 3565 0| -17825 -494

Sum 7132 54615 01-151119| -9534
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NOTE: Re-organize

split
Into two
22.5° BINS; al
o oag |Wind |West |SW |S SE  |East
WWNW | WWSW [SW | S SE  |EESE |EENE
o, >90 78.75| 45 0| -45| -78.75|<-90
0.5 1 2 5 7| 85| 15
1 2 A 3 4 8| 125
2 3 0.5 1] 15 2| 05
3 4 025| 05 1, 15| 05
4 5 01| 02| 04| 06| 0.125
5 6 0.025| 004| 004 02| 002
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Simplified Example of Wave Bins

Ho ft W SW S SE E Wind
Direction
Percent of Year
0.5-1 4 5 7 8.5 3
1102 2 3 4 8 2.5
2103 1 1 1.5 2 1
3to4 0.5 0.5 1 1.5 1
4105 0.2 0.2 0.4 0.6 0.25
5106 0.05 0.04 0.04 0.2 0.04




ANIM
¢lS'¢c

¢/G'¢¢-06 = 0P

S|IO
aAllIsod pawnssy

1
=

JHOHS

210ys ayj buoje spuim 10} SNIF



DIR.

NNE
NE
ENE

ESE
SE
SSE

SSw
Sw
wsw

WNW
NwW
NNW
VAR
CLM
ALL

Bins for 10 y

Percent of time in each Wind Class

ear record on LP

calm<im/s 2.7 4.5 7.2 10.1 13.0 16.2 19.7 23.9 27.6 31.9 Sum
0.717 1.092 1.483; 1.792{ 0.792] 0.225] 0.000f 0.000| 0.000f 0.000) 0.000] 6.100
1.100| 1.525| 2.058/ 1.875| 0.375/ 0.033] 0.000{ 0.000/ 0.000{ 0.000 0.000, 6.967
1.042] 1.575] 2.158] 2.033] 0.308/ 0.025{ 0.000f 0.000{ 0.000] 0.000f 0.000] 7.142
0.792 1517 2.358] 1.992] 0.400| 0.100] 0.017{ 0.000/ 0.000{ 0.000| 0.000] 7.175
0.842 1.783| 3.075| 2.475| 0.442f 0117| 0,042 0.000/ 0.000| 0.000{ 0.000{ 8.775
0.808( 1.675] 2.958] 2.333| 0425 0.083 0.000) 0.000f 0.000f 0.000] 0.000} 8.283
0.875] 1.633! 2.767 1.717| 0.175/ 0.017] 0.000! 0.000; 0.000] 0.000] 0.000{ 7.183
0.817 1.742| 2.658| 1.2427 0150 0.008/ 0.000{ 0,000 0.000] 0,000 0.000] 6.617
0.642 1.367| 2,492 1.308| 0.167{ 0.017| 0.000( 0.000( 0.000; 0.000f 0.000] 5.992
0.833| 1.250' 2.392| 1.483| 0.142] 0.008 0.000f 0.000/ 0.000/ 0.000] 0.000, 6.108
0.958| 1.317} 1.900f 1.192{ 0.100f 0.000; 0.000{ 0.000/ 0.000f 0.000] 0.000{ 5.467
0.917{ 1.308| 1.608/ 0.808) 0.100( 0.008; 0.000( 0000} 0.000{ 0.000f 0.000}  4.750
0.950;, 1.250] 1.333| 0.717! 0.125| 0.033| 0.000 0.000f 0.000{ 0.000/ 0.000: 4.408
0.833, 1.083] 1.050| 0.850| 0.292] 0.083| 0.017| 0.000{ 0.000] 0.000] 0.000] 4.208
0.825| 0967 1.192| 1.058| 0.467{ 0.175| 0.042| 0.017 0.000] 0.000| 0.000| 4.742
0.742| 0.933 1.242} 1.667| 0.842] 0.300( 0.025| 0.017; 0.000f 0.000; 0.000( 5.767
13.750] 22.000] 32.717| 24.600| 5.333| 1.367] 0.192 0.050| 0.000/ 0.000{ 0.000
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Potential Longshore Qls

The SPM gives the Potential
Longshore transport
approximation:

Q, » K, H_ > (cos a,)"* sin 2a,

Where Ky ~ 137000 for Ho in ft and QlIs in yd3/year
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Assignment 7-1

Name Due March 11, 2010

Compute the longshore transport for a deep water equivalent, Hy,” = 3 ft at an angle («,)
of 40 degree. The duration of the storm with this wave height is 8 hour.

Total longshore transport for the storm: units

Calculations

» Given: H/=3ft, a, =40° T =5s;
* Duration=8nh
* Find: Q=
* Storm Transported Volume =
1 ‘i m = 0.02
o Ho'= 4 t
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TERMS

Littoral ceil - A reach of the coast that is isolated sedimentologically from
adjacent coastal reaches and that features its own sources and sinks,
Isolation is typically caused by ﬁrotruding headlands, submarine canyons,
inlets, and some river mouths that prevent littoral sediment from one cell
from passing into the next.

Littoral zone - In beach terminology, an indefinite zone extending seaward
from the shoreline to just beyond the breaker zone.

Longshore bar - A sand bar that extends roughiy parallel to the shoreline.
Longshore direction - Parallel to and near the shoreline, alongshore.
Longshore sand bars - A sand ridge or ridges, running roughly parallel to
the shoreline and extending along the shore outside the trough, that may be
exposed at low tide or may occur below the water level in the offshore.
Longshore transport - A wave- and/or tide-generated movement of
shallow-water coastal sediments parallel to the shoreline.

Low energy environments - Coastlines where wave and tidal forces are
typically relatively small due to the climate, the location of the site and / or

due to nearshore submerged features that function to reduce incoming
wave energy.
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Figure 4-39. Longshore Transport Rate as a Function of Deepwater
Height and Deepwater Angle ..

Figure 7.13 Qs prediction from deep water wave data
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For other examples of formulae and procedures for estimating K see the CEM. Figure
7.12 (SPM) show the volume flux and Figure 7.13 can be used to obtain an estimate of
Qs in terms of deep water data. In this approximation, the Corps of Engineers gives

O

K

¥

2

K, H,"*[cosa,]" sin2a,
7.10

137 *10° for.yd* / year

107

4

B U A T3 ) I

T HOp

o
hoad

o
[}

‘Longshore Transport Rate,Q, (yd® per yr)

T

e et o
> 11 M+ B3
T Eii..,

= :

T
o
o
tT

T
AR
bt

1o* ' Lo
0 ) 0* 10°
Longshore Energy Flux Factor, P, ft.-bs/sec/linear ft.of beoch

Figure 4-37. Design Curve for Longshore Transport Rate Versus Energy
Flux Factor. Only field data are included.

Figure 7.12 Q) versus Py
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This leads to
Pi={pgHs 416} {g/Ky} - sin2ap

It is assumed (SPM Fig. 7.11) that the longshore weight flux (I 5 )is proportional to the
longshore energy flux (P():

Lis=K P =K{pgHy, */16}{g /Ky} ~ sin 2y 7.8
and the volume flux is
Qs =K Py /{{ys -y)1 - porosity)}
=K{ pgHy, 16} {g /Kp} ~ sin2a / [(vs - y)] - porosity)] 7.9
where K is a field determined Coefficient. (See Figure 11-2-4 CEM)

The SPM Chart 4-39 is useful for easy rough estimation of the longshore transport.

10000
F o 5. Lake Worth, FL 0.40 mm a 4
L 4 Anahelm Bay, CA 0.40 mm T Y
[ 3 Siher Strond, CA 0.18 mm _ 7,
L X HE Moreno, Mexico  0.80 mm s ,,’, -
| [J Channel !s., CA (goge) 0.20 mm - S
<> Channed ls, CA (LED) 0.20 mm R
1000 |- A Sonta Barbero, CA 0.22 mm S
E O Rudes Inlet, VA 0,30 mm il
- @ Cope Thompaan, AL 1.0 mm 3] <
| A Kewounee County, W1 0.2-0.3 mm g u q *
@ Point Sapin, Conada  0.25--0.38 mm 8/ oA
" B Torrey Pines, CA 0.15-0.20 mm zgﬁf +
| m Ouck, NC 017 mm 9' g +<)

@ Ajiguara, Japan 0.23-027"21 o }AB‘X
r'—--—+50%K(SPMrrns)’/9% <>+
‘Kﬁ A A

10 - i{x/

'8'

\ I, (N/sec)

//E
- [ /n/x' :
i e

/ o’ X a

’//N

” ¥ (SPM rma}=Q.,92
o e (SPM rms}n0.82 ]
1.0 10 100 1000 10000

R (N/see)

Figure 7-11: Weight Flux (I, ) proportional to the longshore energy flux (P ):



Longshore Transport Prediction

Loongshore transport may be expressed in terms of submersed weight per unit time (I ;) or
bulk volume per unit time (Q ). The conversion is

1 = Qs (ys - v)(1 - porosity) 1.5

Where the sand porosity ~ 0.4.

A traditional method of estimating the longshore transport is to assume that it is

proportional to the longshore component of the wave energy flux or power (P s ) which is
taken at the surf zone.

Referring to Figure 7.10 below, we can state that the wave energy flux per unit length of
the wave crest is

]

E, = g &1
1
P = E@Hb21fgdb 7.6
lcosa, Shoreline
W-ﬂ = b Y
Ebc
Vi le Po Q Gb -
T —— L - - _ — SURF ZONE
P, = Eyco,sina, cosa, . =n" " | 4 unit __ah_L - BREAKERS
- Note

Figure 7.10 Longshore energy flux per unit length of shoreline
Based on the projected beach length (1 x cos a p) and the longshore component we get
P = E_chb sing, cosq, 7.7
={ ngb2/8} {gdy} cosapsinay
={pg Hb2/8} {g Hy/Kp} "~ cos apsinap

where Ky, = {Hy/d,, }~ 0.78 for flat beach.
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Table 4-14, Sand Budget of the Littoral Zone

Sources

Rivers and streams The major source in the limited areas where rivers carry sand to the littoral
zone. In affected areas notable Aoods may contribute several times Q.

Cliff, dune and backshore erosion | Generally the major source where rivers are absent. 1 to 4 cu,yd./yr./ft.

Transport from offshore Quantity uncertain.

Wind tranaport Not generally important as a source,

CaCO35 production Significant in tropical climate. The value of 0,25 cu.yd./yt./ft. seems
reasonable upper limit on temperate beach,

Beach replenishment Varies from 0 to greater than Qq.

Sinks

Inlets and lagoons May remove from 5 to 25 percent of Qg per inlet. Depends on number of
inlets, inlet size, tidal flow characteristics, and inlet age.

Overwash Leas than 1 cu.yd./yr./ft. at most, and limited to low barrier islands.

Beach storage Temporary, but possibly large, depending on beach condition when budget
is made. {See Table 4-5, pages 4-72, 4-73.)

Offshare slopes Uncertain quantity. May receive much fine material, some coarse material.

Submarine canyons Whete present, may intercepr up to 80 pescent of Qg.

Deflation Usually less than 2 cu.yd./yr./ft. of beach front, but may range up to 10
cu.yd.fyr./ft.

CaCO3 loss Not known to be important.

Mining and dredging May equal or exceed Q; in some localities.

Convective Processea

Longshore transport (wazves) May result in accretion of Qg, erosion of Qy, or no change depending on
conditions of equilibrium.

Tidal Currents May be important at mouth of inlet and vicinity, and on irregular coasts
with high tidal range.

Winds Longshare winds are probably not important, except in limited regions.

Figure 7.9 Quantification of Processes
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Tablfe 1-1 (SPM) classifies the various processes as natural or man-induced. Table 4-14 (SPM)
provides some rough guidelines of the magnitudes for several of the sinks and sources.

Table 1-1.

Causes of coastal erosion.

Natural

Man—induced

a. Sea level rise{:‘uwi
b. Variability in sediment
c. Storm waves

d. Wave and surge overwash

e. Deflation

g. Sorting of beach sediment

Substdbnc |

supply to the littoral zone

f. Longshore sediment transport | £.

Land subsidence from removal of
subsurface resources )

Interruption of material in
transport pose -

Reduction of sediment supply to
the littoral zone . o

Concentration of wave energy on
beaches e

Increase water level variation

Change natural coastal protection

Removal of material from the beach

Figure 7.8 Nature and Man-made Cauées of Coastal Erosion.
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Sediment Budget in the Littoral Zone

Figure 4-49 SPM (Fig 7.7) shows a schematic of the processes that contribute to the sediment
budget in the littoral zone. Although it may not be possible to completely quantify all of the
fluxes, it is important to recognize the role of each component in any coastal restoration project.

LAND _ A OCEAN

Cli.ff, Dune md s e )
Backshort; Erosion a—1== Offshorc Slope
(source or sink?)

Beach Replenishment —t=~y | Submarine Canyon
Rivers T
Dune and Backshore g—f——_ )
Lictoral Zone
Storage
Winds AT
(supply and deflation) —4——twa-Calcium Carbonate

(production and loss)

Including Overwash

Inlecs and Lagoons, et
\

Mining e

,

Longshora'.Currents,
Tidal Currents, and
Longshore Winds

Pigure 4-49. Materials budget for the littoral zome.

Figure 7.7 Sediment Budget for a littoral cell (SPM')‘



EM 1110-2-1100 (Part Ill)
30 Apr 02

Table ill-1-2
Sadiment Particle Sizes

ASTM (Unified) Classification’ U.S. Std. Sieve® Sizeinmm  PhiSlze¢ Wentwonh Classification’
Boulder ' 4096. -12.0
1024, -10.
12, (300 MM} aeg o9 Boulder
Cobble 128. 7.0 Large Cobble
107.64 8,75 Small Cobble
90.51 6.5
3in. (75 mm) 76.11 -6.25
64.00 6.0 Very Large Pebbie
53.82 -5.75
45.26 5.5
Coarse Gravel 38.05 525 La.rge Pebble
32.00 5.0
26.91 -4.75
22.83 4.5 Medgium Pebbile
34 in. (19 mm} 19.03 425
16.00 4.0
13.45 -3.75 Small Pabbla
1.3 =35
. 9,51 -3.25
Fine Gravel 25 B.00 3.0 Granule
3 6.73 -2.75
35 5.66 2.5
4 (4.75 mm) , 476 -2.25 Very Coarse Sand
5 4.00 -2.0
Coarse Sand 6 3.36 -1.75
& =an 7 2.83 15 Coarse Sand
8 2.38 -1.25
10 (2.0 mm}) + 200 -1.0
12 1.68 £.75 Medium Sand
14 1.41 4.5
16 1.19 £.25
18 1.00 0.0 Fine Sand
Medium Sand 20 0.84 0.25
25 0.7 0.5
30 0.59 0.75 Vary Fine Sand
a5 0.50 1.0
40 (0.425 mm) 0.420 1.25
45 0.354 1.5 Coarse Silt
50 0.297 1.75
?3 2% 2 T
Fine Sand 80 0.177 25 Fina Silt
100 0.145 2.75 Very Fine Silt
120 0.125 30  Coarse Clay
140 0.105 325 Medium Clay
170 0.088 35 Fina Clay
: _ : 200 (0.075 mm) 0.074 | 375
Fine-grained Soil: 230 0.0625 4.0
. i 270 0.0526 425
Clayif Plz 4 and plotof Plvs, LLis 395 0.0442 45
on of above "A” line and lhe presaenca 400 0.0372 475
ol organic matter does not influence 0.0312 5.0
LL. 0.0156 5.0
. . 0.0078 7.0
Siltif Pl <4 and plotof Plvs. LL is 0.0039 8.0
below A" line and the presence of 0.00195 9.0
organic matter does not influence LL. 0.00098 10.0
' o T 0.00049 11.0
{P1 = plasticity !imit; LL = liguid limit} 0.00024 120
0.00012 13.0
0.000061 14.0

' ASTM Standard D 2487-92. This is the ASTM version of the Unified Soil Classification Syslem, Both systems are similar (from

ASTM (1994)).

t Nole thal Brilish Slandard, French, and German DIN mesh ;izes and classifications are different,
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Diameter in Microns

62 125 250 500 1000 2000 4000
5
4
3 X % X a
X i e
x| x
2 A
bt .?
W a
E 10 . Al & F Y ® # /
— N N = 6 / -
= 08 o Pt
- 06 B // n
= 0
s F o | ° W MANOMAR -1955 .
S 04 e @ inftlation of Movameny .}
0 4--*"\';(;,\“ ’ A Initiation of Ripples
- Limiting Ve X Oisappearance of Ripplas a
MEMARD -1950
02 - O Competenca, Rippled Bed
A Disappearance ot Ripples
e 3 ) i o = -
Diameter in § Units (trom Inman, 1957}

Limiting or Minimum Velocity for the Initlation of Motion of Sand of a Given Size,
Limiting velocity, arbitrarily defined as equal to 7uys where ug is the threshold or eritical friction
velocity, (Inman, 1949.} For unidirectional flow this relation would give a limiting velocity cquivalent, for
example, to the mean velocity measured 1 foot above a bottom which hes a rothnm length of 2 em.,
Field observations near the surf zone indicate that planation and disappeatance of tipples does not occur

unless the maximum velocity associated with the wave crest somewhat exceeds that listed by Menazd and
Manahar.

Figure 4-22, Initlation of Ripple Motion

Figure 7.6 Velocity to initiate movement of sand grains.
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Tyler Standard Sieve Scafe
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Particle Diameter (mm)
o
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0.1}
0.07 |
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Fall Velocity (cm /sec) {1rom Schulz, o1 ol.,i954)

V DFigure 4-31, FPall Velocity of Quartz Spheres in Water as a Punction
e = of Diameter and Temperature

Figure 7.5 Fall Velocity Chart

Porosity is the ratio of pore volume to total volume. Sands have porosities i the range 0.25 to 0.5
with a typical value of 0.4. Cohesive sediments have a much greater range of porosities from less
than 0.2 to more than 0.8.

Entrainment Velocity is the bed velocity at which sand transport is initiated. The critical
entrainment velocity is related to the sediment type, grain size, density, shape, water temperature
and porosity. For sands the entrainment velocity varies in a similar way to the settling or fall
velocity. For cohesive sediment the major factor is the porosity, i.e. the entrainment velocity
decreases with increasing porosity.
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EM 1110-2-1100 {(Part )
30 Apr 02

Cumulotive Percent Coarser

2.0
Diameter (phi}

L S Y N | P L ] I L
1.5 {0 Q80706 08 0.4 Q.3 0.2 Qs 01 008 Q06

Diameter (mm)

Figuro (1l-1-2. Exampis of sedimant disiributlon using log-normal paper
Figure 7-4 Example of grain size distribution for beach sand

Fall velocity is another useful description of sediment. The fall velocity depends on the grain size,
density, and shape as well fluid properties such as viscosity and density. Figure 111-1-6 CEM
shows the settling velocity of quartz spheres. (See attached Figure4-31 from SPM) The settling
velocity is related density and drag coefficient by,

0.5pCpDe?Vs?= CopmDe’ (¥s - 7)/6 7.4
where Cp = drag coefficient = fen(Re ) and Cgp = shape factor; the shape factor is 1 for spheres
and less than | for all other shapes. D = equivalent spherical diameter. Plate-like particles can

have much lower settling rates and higher drag coefficients than spheres; they are less resistant to
entrainment..
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Littoral Material Properties
Chapter 1-III of the CEM provides a detailed description of coastal sediments. The important
properties include:

Grain size {boulders, cobbles, gravel, sand, silt and clay}

Grain size distribution

Specific gravity {Ss = 2.65 for quartz sand}

Shape

Composition {resistance to abrasion}

Bulk properties {porosity. permeability, bulk density, bearing strength, friction angle}

Grain Size may be express as:
Sieve number is compared to other measures in Table 1[[-1-2 CEM.
The grain diameter can be given in mm or phi (¢) units where
¢ = -logz (D mm). 7.2

or D=2
Grain size distribution is sometimes presented as a grain size versus cumulative probability (see
Fig II-1-2 CEM) or in terms of distribution coefficients in terms of ¢ . For example, the standard

deviation expressed in ¢ units is,

G o= (084 - 016)/4 +(495 - $5)/6 (CEM revision) 7.3
G o= (834 = $16)12 (SPM 1984)

where 84, 16 etc refer to the cumulative % coarser in ¢ units. Note: geotechnical reports often use
cumulative % finer than.
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Figure 7.3b Coastal zone response to normal and storm waves (Terms)
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Figure 7.3¢ Coastal zone response to normal and storm waves.
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Figure 7.2 Plan view of wave attach on a beach.
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Figure 7.3a Coastal zone response to normal and storm waves (Terms)
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Equation 7.1 gives the theoretical maximum current at the breaker line. Friction effect will result
in reduction in this maximum and re-distribution of the momentum both onshore and offshore of
the breaker line. A typical distribution js illustrated in Figure 7.1b (Dean and Dalrymple 2002).

VA bmax

*x/Xb

Figure 7.1b Effect of Friction on Distribution of Longshore Current (Longuet-Higgins from Dean
and Dalrymple, 2002).

The onshore component results in a swave setup+ on the beach and provides the force that causes
arip-currentsato develop. Shoaling waves as they approach the breaker limit tend to have mainly
translatory onshore motion (all water moving in the direction of the wave); the rip-current
balances the flow by returning the flow to the offshore region. These currents may transport
sediment offshore. In addition, bottom current seaward of the breaker zone may also result in
offshore movement of the resuspended sediment. Figure 7.2 is a schematic plan view of the effect
of refracted waves on a beach where the surf zone is where the waves break and the swash zone is
where the broken waves runup the shoreline of the beach. Figure 7.3 define the parts of the littoral
zone and shows the onshore-offshore responses due to storm waves/storm surge (b) and swells
(inter-storm) events (a). The storm waves may erode the stored sand on the foreshore or even the
backshore and deposit this in a bar or multiple bars in the littoral zone. Waves tend to break on
these bars thus providing a natural reduction in the wave energy that reaches the beach.
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Lecture 7
Sediment Transport in the Littoral Zone
Part 1

Littoral Transport

This refers to transport of sand in the ditforal zoneawhich extends from the beach to the edge of
the region where wave energy is sufficient to entrain and transport the bed material. The transport
in this zone may be onshore-offshore and/or fongshore. L.ongshore refers to transport or currents
that are parallel to the shoreline. A littoral cell is a self-contained littoral zone. A list of terms
(NOAA) related to the littoral zone is attached to this lecture.

The energy (some references use momentum) to resuspend the bed sediment is attributed to the
currents and turbulent energy that is released when the waves break. The longshore current to
transport the resuspended sediment is mainly caused by the excess momentum in the waves at the
time of breaking plus the general lake or sea circulation. The total excess momentum can be
resolved into onshore and longshore components. Figure 7.1 shows a shoaling-refracted wave and
the resulting longshore transport. Note that transport can be due to diffraction as well as refraction
of waves, Figure 7.3 shows the effect of a harbour jetty on longshore transport. A commonly
used formula for the strength of the longshore current is due to Longuet-Higgins (SPM 1973),

vy = M) m (gHp) "sin(2 ay) 7.1
where M= 0.694 A/{f; (2 A~} ~ 20.7; m = beach slope; fy= friction coefficient ~ 0.01 for sand

beaches; #=d, /Hy ~ 1.2; A = mixing coefficient ~ 0.2 to 0.5. Field calibration is in good
agreement with M;=20.7.

Wave setup H,
[ S :\" e e ﬁ—\_ —_— SWL R
Ml—t0s ~
1 = Wave setdown
A-A

Figure 7.1a Longshore Currents
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Longshore Transport at Fontainebleau Beach

Longshore Transport

4000
© yd3fvear
@ 3900 Inet 10000 (West)
§ 2000 | —|Gross 48000
o East 19000
5 .. 1000 |—west 29000
X
2% °l
» & 000 ¥ 50 100
ot
[T
£ 2000
g
> 3000 -— , -
2
2 4000 |— — —-—~~w§/7---
Q
-5000 - :

Wind Direction in Degrees (0 is North Wind)

Given: H,/=3ft; a,=40° T =5s;
Duration =8 h
Find: Q=
Storm Transported Volume =
\ ‘ | m=0.02
-~ Ho'= 4 ft

3/25/2010
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Sample Problem
Given: H/=4 ft; o, = 30° T =5 s;

* Duration=4h

* Find: QIS =

» Storm Transported Volume =
I'I m = 0.02
- Ho'= 4 ft

Sample Problem

0, = K H, " [cosa,]" sin2a,

K, =137* 10° for.yd® / year

Q,; = 3.7 million yd3/year

Volumels= 4g70 yd3

l‘l m = 0.02

Duration=4 h

Co

N

Ho'=4 ft

w0, =3U

23



Longshore Transport Rate Qls

+ Given:
- H,=4ft
- T=5sec
O o = 200
- m=2%

KQ = 7500
Find: O, =K,P,

3.9 million yd3/(year)

10.0
9.0

a0
7.0
6.0 552
5.0

2.0 B0, ~ K 1, [cosa,]" sin2a,

3.04H—

™
1

137*10° for.yd* / year

[

e

Ll

2.0

T
HHA
o
T

Significanl Deapwaler Height, Hy, {feet)

1.ofkt
0.8
0.8
6.7

o's T
0.5
Q° lo* 20° 30* 40° 850° &0° 70° 80° 90°
Deepwaier Angle, &, , (degraes)
{ Do not use averaged angle )

Flgure 4-39, longsherv Transport Rate as s Punction of Deepwater
Hoight and Despwator Angla

i

3/25/2010
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Longshore Transport Rate lIs

+ Given:

N

H, = 4 ft
T=5sec
o, = 20°
m=2%

K=0.92

Find:

I, = KP,

Is s

474 |bs/(sec)

=)
-

)
£y

Longshore Transporl Rate,Q, [yd" per yr)

10 || - = Hatde- 3 F L d
°1 10 gt 10*

Longshore Energy Flux Faetor, Pl,, ft.- lbs /sec F lingar 11, of beoch )

Figure 4-37. Design Carve for Longshore Transporc Race Yorsus Energr

Flux Facror. Only Fleid data ate included.

QI5=K0F)ls

3/25/2010
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Longshore Energy Flux

+ Given:
- H, = 4 ft
- T=5sec
] o, = 20°
— m = 2%

Find: 1 0 |
P.=—pmH ——sin2«
I 16 & Kb b

515 ft-lbs/{sec.ft)

Weight vs longshore energy flux
=KP

1000 |- A Sonta Bardara, CA 012 men /’r,‘ .
QO Msown nist, ¥4 0.3 mm ’.r),'/
& Cape Thompasn, AL 1.0 mm L 5/" *
A Hewdurss Coutty, 1 3203 mm q/

@ Pont Sepin, Comda 025038 min @ dﬁ' O T

B Toray Pows CA n.u-ﬂ.r.‘lmn

| » Duwes, B 017 mm ’+9

@ aipesra Jopon n.‘u-uhm

—-.—;m:(mm))?&
-K,i “

Wl ,gé‘i a K~0.92

~ Iy (N/erc)

Z
- gt
~
~ X &N
L . /"\/\‘
. L ) K (SPu @5-0.91 |
10 10 0 1000 10000

1£N!m)
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— 1

2
E, = grel,
lcosa, Shoreline
Epe
Vi bt Piss Qe Lo - - - SURF ZONE
P, - E_ACGA sine, cosa, e — .1 uril | L - — BREAKERS
e BRSNS
S P Note

Longshore energy flux

P, = E_bccb sin &, cos @,
]
£y = E@Hbzvgdb sin2a,

K, = {Hy/dy, }~ 0.78 for flat beach.

1 g .
P, = Engbm \/K:bsmhxb

3/25/2010
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SWASH ZONE

Sradioa,

SURF ZONE
Longshore ¢

clirrant mowves

suspended sand
/ / / in surf zone
Wave SEA

Distribution of Longshore Energy Flux

lis = Qs (ys - 1)(1 - porosity)
I, = longshore Submerged weight transport rate

Q ,; = longshore volume transport rate

P s = longshore energy flux

ve = specific weight of sediment

v = specific weight of water

3/25/2010
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» 30,000 m3/yr trapped since 1983/84
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Table l=1. Causes of coastal erosion.

-
Natural Man-induced
a. Sea level risedf ,pu. 4/ a. land subaidence from removal of
Sudrtidbn subsurface resources
b, Variabilicy in sediment b. Intercuption of material in
supply to the litroral zone trangport o
¢, Storm waves ¢. Reduction of sediment supply tO

the lirtoral zome | -

d. Wave and surge overwash d. Concentration of wave energy on
beaches ' :
e. Deflation e. Increase water level variation

f. Longshore sediment trangport f. Cbange natural coaatal protection

g. Sorting of beach sediment . g. Hemoval of material from the beach

- - Figure L.10 Breakwaier snd leach Changes wt Colchester Harboer g i 4 g

[ eea——— T T T

3/25/2010
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CULf, Dune,and i

LAND T OCEAN
]
I st~ Offshore Slope

Backshore Erozion
{source of snk?)

Beach Replenishment =ty | s Sabmarine Canyon
Rivers —t—
Dune and Backshore  age—t—e_ . e >-Dredging

Storage Liztarsl Zooe
Winds P

[suppiy and deflasion) ) car

{producrian and loas)

[nlets and Lagoons, et
Ircluding Qverwash
Mining e

Jl'\
Langshore Current,
Tidal Currents, and
Longshore Winde

Figurs 4-49. Hateriale budgec for the licroral mo4.
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Initial Moti
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Initial Motion Velocity for
Pontchartrain Beach Sand

* D50=0.52 mm
T =20°C
Figure 4.22

Uc =0.45 to 0.85 ft/sec
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¢ for Pontchartrain Beach Sand

» D50 = 0.52 mm

1 ¢ = -log, (Dmm)
= -{logs (Dmm)}log;o(2) = 0.94

Fall velocity for Pontchartrain

Beach Sand
e D50 =0.52 mm
T = 20°C
Figure 4.31

w=7.5cm/s

3/25/2010
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Settling Velocity
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Offshore Currents
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Evidence of Longshore Transport
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Wave Setup

S, =AS-S5,
AS ~ 0.15d,

Sw as function of beach slope m
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Figure 3-50. S,/Hy versus Ry/gTl.
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Longshore current

« Given:
- H, =4 ft
- T=5sec
O o, = 20°
- m=2%
Find:

— Vb max = 20.7 m (gH)"? sin(2 «,)

- 3 ft/sec due to friction this could be 1.5
ft/sec.

Wave Setdown

 NgHT

Sb a 6472-61[)3/2
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— V, =M, m (gH,)"?sin(2 a )

A .
M, ~20.7
Wave setup \ H,
e S 198 SWL
%n?l_ ¢Ub_ — \

Wave setdown

A-A

Distribution of Longshore Current

VA bmax

0.6

o 0.2 0.4 0.6 0.8 1 1.2 1.4 16
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Surf Zone
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Refraction and Swas
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— e
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Coastal Area
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Coastal Zones

Note: non-linear waves result in a ‘drift’ or net transport in the
direction of the wave propagation.

Heighrened and Breaker
Sl sharpened crests - Surf Sweash
:_?’ Orbits become = Shore
i==t more ellptical
== toward bottom
= Horizangal Shallowing bottom
T movement only
: 47l
Drift ., (;,ﬂ{)z COSh(T) U (ZJTH): 3
.S 2 0~ '
1L 2sinh‘(-zT) I I6Sinh2(sz{}J|
Drift current
* Given: ( LN
2| cosh(——
- H=4tt U, = (”ﬁ) T
_ d=14 ft 2sinh2(_—L-)
- T=>5sec
H 4|ft
Find: d 141t
_  Uo ~048ftsec | T 5|s
- Ub ~ 0.36 ft/sec
Lo 128 | ft
L 94 (ft -0
Uo 0.48 | ft/sec

3/25/2010



TERMS

hitp:/Awww. csc.noaa. gov/beachnourishment/html/geo/sharelin.htrm

Littoral cell - A reach of the coast that is isolated sedimentologically from
adjacent coastal reaches and that features its own sources and sinks.
Isolation is typically caused by protruding headlands, submarine canyons,
inlets, and some river mouths that prevent littoral sediment from one cell
from passing into the next.

Littoral zone - In beach terminology, an indefinite zone extending seaward
from the shoreline to just beyond the breaker zone.

Longshore bar - A sand bar that extends roughly parallel to the shoreline.
Longshore direction - Parallel to and near the shoreline, alongshore.
Longshore sand bars - A sand ridge or ridges, running roughly parallel to
the shoreline and extending along the shore outside the trough, that may be
exposed at low tide or may occur below the water level in the offshore.
Longshore transport - A wave- and/or tide-generated movement of
shallow-water coastal sediments parallel to the shoreline.

Low energy environments - Coastlines where wave and tidal forces are
typically relatively small due to the climate, the location of the site and / or

ue to nearshore submerged features that function to reduce incoming
wave energy.

Shore Processes

Shoaling

Refraction
Diffraction
Reflection

Wind Setup

Drift Current

Wave Set down
Wave Setup

Runup

Rush down or run down
Longshore currents
Longshore transport
Surf Beat

Edge Waves

Shear waves

Rip currents

Swash

3/25/2010
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Coastal Processes

Currents and Sediment Transport

Wave Refraction




/R an
ﬁ Direction of Storm moveme

T M T, e e
\ N M T S T e T e e S, =t

- —f

/R e
Fig 6.11 Distribution of wave heights (CEM)

The storm surge h,; consists of two parts: central depression Ap and wind setup:

i

C,CRUS p = KR

B~ KK |ap+ L1 Fe
Cpo=lo 2
P 17800
P,
Cf ~ 0.0025
d., ~10- 20m

R
TimeScale = \/%

Example: A hurricane has the following approximate characteristics:

R = 22.5 miles; Maximum Wind Speed ~ Umax; Forward Speed = 16 mph; Ap ~ 50 mm
Hg with normal pressure at 760 mm. Assume Latitude of 28°. Plot the pressure and
velocity on the right side of the storm. What are the maximum significant wave height
and the corresponding period? Assume: der~ 10 m; Cg ~ 1; KrKs ~1; estimate the surge
height.
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U
Uy

I =

max a{bAsz - C.Rf}

= 08650, + 05V,

max

2w, sing = Coriolis(rad / h)

a~1ltol.2
where a = 0.868 (0.447); b=73 (14.5) and ¢=0.57 (0.3 1) for US (S1) units

Note

: Normal atmospheric pressure is 29,92 inches Hg = 760 mm Hg.

The earth’s angular velocity is 2n/24 rad/h;
1 nautical miles = 1852 m = 6076 ft

-

e

Fig 6

:::’.“..:'I“.:::"' el N
- = *H' l g
’_—-_N - A\ D/}

~ "\

A

e

LN

<

NS
=
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Refohs SRS %0 BEESTE
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Mgure 3-43, 1Isolines of relative significant wave height
for slow-moving hurricane.

.10 Distribution of wave heights (SPM)

1.
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Figure 6.9: Pressure and Velocity Distribution in a Hurricane (R=22.5 miles; Ap= 50
mm)

Hurricane Waves
The SPM gives the following equations for the significant deep water wave height Hy,
and period T; at the location of the maximum wind speed:

BaV, | &
T = A1+ \on e © 6.20
R

in which A = 8.6 for US and SI units; B= 0.104 for US and 0.145 for SI units.
and C =200 for US and 9400 for SI units.
Also the deep water significant wave height is:

BaV,. |
H,_ = AO{H #—f}e Co

JUs

in which A, =16.5 (5.02); B,=0.208 (0.29) and C, =100 (4700) for US (SI) units.
The spatial distribution of the significant wave heights are shown in Figures 10 and 11.

6.21

Inputs:

R = radius of maximum wind (Nautical Miles or km)
Ap= central pressure depression (in inches of mm of Hg)
V¢ = forward speed in knots or km/h
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Lecture 6 (Continued)

Hurricane Generated Waves and Storm Surges
The wave climate associated with a hurricane depends on the radius of the storm, its
sustained maximum wind speed and the forward speed to the storm. The SPM provides a
typical distribution of wave heights with the storm (1984 SPM Figure 3-43).
The simplest model for the wind speed distribution in a hurricane is the Rankin Vortex,
U=Kr for r<R 6.16a
and U=KR% for r>R 6.16b
where K = constant = Uy,,/R; R = radius at the maximum speed; r is the radius to a point
from the storm centre. This simple model gives a idea of how winds vary as we go away
from the center but it omits many effects such as the boundary layer, the Coriolis effect,
the forward speed of the storm and the radial flow at the base.
The sea surface pressure is fairly well described by the Myers equation,
p=po+ape 6.17

where p, = central pressure and Ap=p - p,

Figure 9 shows a typical velocity and pressure vartation as a function of the distance from
the center of the hurricane.

The associated Gradient Wind Speed, Uy, for a nearly stationary storm is

Ug/r + f Ug ~ {R Ap/(pa )je 6.18
where = Coriolis parameter = 2@ sin{#); p, =air density.

The vector to be added to Ug to correct for the forward speed Vyis given by

Usy = ViR /(R* +1°) 6.19
Note: Resultant velocity is found from the vector sum of

Urp=Usm + Ugr 6.20

Thus in the northern hemisphere the speeds on the right of the center are higher than on
the left.
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. Wind Sh
Wind Drag ne shear
Flr =y, dAz

Coefficent of bGrag Y3 ®nd Speed

T, = paCjUOH'Z
F'(paCfUOWZ) = ;,hd(zzmp) = gpud(zzmp)

§ | reey F'= kR
m Uow= U,
s
2
i & - _ CRR(paC}'UR )
wiwd
s 5 i IF} i 5 0 2gpu-dn:f
Ups {mifses)
Surge Estimation Example:
h,. ~ KrKs {Surge due to Ap + Wind Shear Effect) A Hurrlcane has the following approximate characteristics:
R =225 mlles;
C.C,RU 2 Maximum Wind Speed ~ Umax;
h. o~ K.K|Ap+ Srt s RYe Pa Forward Speed = 16 mph;
- o ngruf 2. Ap ~ 50 mm Hg with normal pressure at 760 mm.
Assume Latitude of 28°.
C” x 12 2 Plot the pressure and velocity on the right side of the storm.
What are the maximum significant wave helght
12 and the comresponding peried?
— = 1/800 Assume; d,,~ 10 m;
A CR~1;
C, = 00025 Use U=U,
N KrKs ~1;
dnj ~ 10— 20m Estimate the surge height.
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Near Lake Pontchartrain

UNO 2 weeks later. ..

STORM SURGE EAST N.O.
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STORM SURGE

hss ~ KrKs (Surge due to Ap + Wind Shear Effect)

Depression Surge

Ngp ~ (10 m) (Ap mm}/760 in m
Cr

Rsp ~ (34m) (Ap mm)/760 in ft

Fetch~k R
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LOWER 9th Breach

Levee Breach at Bienvenue Flood Gate

Scour Hole at BY Control Structure

Barge on BV Control Structure
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Rankin Vortex,
U=Kr for r<R
and U=Cir for r>R
where K = constant = Umax/R
C=Umax"R;
R = radius at the maximum speed,;
ris the radius to a point from the storm centre.

]

Pressure in a Hurricane

The sea surface pressure by the Myers equation,
p=p,+ApeRr
where p, = central pressure

Ap=pn_pc:

P, = Atmospheric pressure

Velocity and Pressure

Hurticane (R=22.5 miles; Ap= 50 mm)

Waves

H,s = Reference Significant Wave Height

T, = Reference Significant Wave Period

BaV, | 2
H = A|1+ —=|e“
'VUR

Ao =16.5{5.02);
Bo =0.208 (0.29)
Co= 100 (4700)
a~1-12

for US (SI) units

BaV,. | &
T = Al+—F——1e©

JUx

A=86(88);

B =0.104 (0.145)and
C=200 (9400)
a~1-12

for US {Sl) units
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Wave Generation

Shore Protection Manual
Method
Hurricane Waves

Katrina Aug 28 05

STORM TRACK
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Wind Speed and Water Current

Wind Spead U -~ U10 (Z“ 0)1,7
] 5
» ¢
2w -
-]
Tn
=
- 0
w
£ St
=
E l: AL TTYPEY OF wAY()
s oo % EX ==
Lo -
B.w l[{l BlnELER CURRENT Yr3 %, OF
; w{AN WD SPLLQ AT 10 METERS

Umax & UR

Ug is maximum sustained wind at 10 m
Umax is maximum gradient wind

Ve = forward speed of the hurricane

Estimation of U,,, & Uy

U_. =albAp" - cRf}

U, = 0865U, _ + 05V,

max

f =2, sing = Coriolis(rad / h)

a=0.868;b=73 and c= 0.57 for US units
Knots, Nmiles; inches Hg;

a=0.447; b=14.5 and c= 0.31 for Sl units
kmph, km; mm Hg;

Ug is maximum suslained wind al 10 m
Unax 1§ maximum gradient wind




Assignment 6.1: Estimate the south shore wave height and period for TS Isidore,
Assume NNE winds at 35 knots with 2 hour duration. Estimate the wind setup for this
storm.

Hs =

Ts=

Are the waves: (FETCH LIMITED) or (DURATION LIMITED) ?

Wind setup = Using Equation 6.14

Wind setup = Using Equation 6.15

ntc [‘:;llraln
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An empirical formula for Zg,, is,

Zoup (fY) = FA(miles) V(mph)® /{1400 d (f)] 6.15

Class Example Problem:

Determine the significant wave period and height and the setup near the south shore of
Lake Pontchartrain for a 2- hour wind out of the north over the Lake.

Assume:

a 25 mile fetch with an average depth of 3.8 m before the storm surge,
a storm surge of 2 m,

a local depth of 3 m without the storm surge or setup,

a water temperature of 80°F and air temperature of 70°F.

the over-water velocity is 80 mph.
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Setup:- increase in water depth (downwind) due to wind shear. The form of this equation
can be demonstrated by the following analysis. Assume a unit wide strip with a length
equal to the effective fetch, F’; the wind shear force is 1,F’ = the hydrostatic resistance ~
ydAz

Uqw
T(I Zsup
u N —
stown\g d J
. = .
Fig 6.7 Wind Shear and Setup Diagram
Az = Zsup+stown
F'r, =y dAz
T, = PaCfU()wz
F'(.D“CIUOW?“) = }/N,d(zz_wp) = gpwd(zzsup) 6,14
B F'(PaConwz)

~sup 2gijd

C, ~0.001- 0003
Coefficient of Drag Vs. Wind Speed

003
.0025
602
) Air—Sea Temperature
O Difference *C
L0115 | 42
o
R
0005 i
5 10 15 20 25 30

Uyg (m/sec)
Figure 6.8 Wind Friction Coefficient (Cy)
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2.0

Use R = 09 |
for UL > 185 m/s (41.8 mph)

|
Windapeeds ora referenced
to 10—meler level

0.5 L ‘ ’
0 5 10 15 20 25 m/s

Q- Or

L 1 1 1
5 10 15 20 a5 3 35 40 45 30 53 &0 mph
30

. .
35 40 45 kn

Fig 6.5 R, = Uow:UoL Ratio (CEM and SPM)

1.3

Atmospheric Instability Factor

1.2} "=

1.4 f—

I N S B, . S .
RT "0 0 OO O NOUOON oMM i T oo 20 Leftisec
0.9 |— R : Nt | 10 33 fusec

ogl—— & =l e 3 A A =i ot

06| — bt A ]

0.5 L— i :

Fig 6.6 Rt (CEM)
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atmospheric stability ( Rr, Fig 3-14 SPM, also Figure 6.6) and for the effective wind
shear; this is given as: = L

Uy =0.589 (UpLmpi RLRT) in mphlor Uy = 0.539 (Uorsps Ry Rp)"#(in f/sec )
U,.—O??(U_:_RLRT) i 5 9 ] 6.13
where U, R, = over water velocity at 10 m above surface.
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period T,,. Often it is assumed that the dominant wave height is approximately the
average of the highest 1/3 of all the waves; the SPM uses the spectral significant wave
height, H with the T, being the significant wave period for the maximum spectral
energy. As shown in Figure 6.2, waves have been found to fit the Rayleigh Distribution:

6.4

H 2

P(H > 1:1-) - e_( Hems

where P is the probability of exceeding and certain x-value.

Based on a Rayleigh frequency distribution the relationship of H; to some other wave
height is

H;=2 "H,,. 6.5a
Hm: 1.27Hs 6.5b
H;=1067H, 6.5¢

The subscripts 1 and 10 refer to the average the highest 1 % and 10% of the waves in a
storm. The SPM provides a comprehensive wave prediction procedure for H; and T,
based on dimensionless charts as shown in Figures 3-21 and 3-22. The charts show the
functions that are used; these are in the forms:

gH, /Uy =fen(Fy Fag) 6.6
and gT,/Us= Fen(Fy, Fe) 6.7
where F,=depth number = gd/ U 6.8

Fa= fetch number =g Fa/UJ 6.9

Fa= effective fetch = minimum (F; , F4;= gurotion iimired) 6.10

The relation between f; and Fafor deep water conditions is

gta/Us = 68.8(gFaUS )" 6.11
and for shallow water we have,

gl /Uy =537 (T /U, )" < 1.28 (gF #U° )" 6.12

Note: Figures 3-21 and 3-22 (SPM) show the prediction equations that are used for Eq
6.6 and 6.7.

The wind speed that is used is the corrected for water:land effects (R, , Fig. 6.5),
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Wave period spectrum
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Fig. 2 Non-dimensional period spectrum

Fig 6.1 Period Spectrum
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Figure 3-5. Theoretical wave height diatributifons.

Fig 6.2 Rayleigh Distribution for a) all waves and b) averaged higher than waves.

Wave generated by a wind depend on a number of factors, such as: effective wind speed
V., wind direction, available fetch (distance over which wind blows) F, water depth 4,
atmospheric stability Ry, and wind duration #4. A given wind condition generates a
spectrum of waves, with the dominant wave energy at a particular wave height H, and
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Lecture 6
Wave Prediction
Wave Statistics

An irregular train of waves is illustrated in Figure 6.1. The waves in this train have
various heights and periods. One way of describing this set of random waves is the Root
Mean Square of the heights of all the waves, i.e.

Hop = {Z H/m}"? 6.1

Each wave is separated by successive zero crossings. The number of waves in the train is
n. We can also conduct a probability analysis on the wave heights, i.e. we can plot the
probability, P of exceeding a certain wave height H, e.g.

P=m/Al+n) 6.2

where m = the rank of a wave in descending order. Weibull and Rayleigh distributions
have been used to fit the wave distributions of storm waves. Figure 3-3 (SPM 73) shows
a normalized Rayleigh distribution.

The wave periods also can be considered by a probability distribution. Alternately a wave
spectrum analysis can be preformed. The wave spectrum is the plot of wave energy
versus the wave frequency (f= 1/T). A Fourier Analysis can be completed to construct
the wave spectrum. Commercial software packages such as Statistica can be used if the
wave form is digitized. Figure 3-6 (SPM 73) shows a typical wave spectrum. A
significant wave can be defined by the dominant energy in the wave train. Theoretical
spectra are available for waves in a few coastal areas. For example the SPM gives the
Pierson-Moskowitz Spectra as,

2

- _ X _sw,ie)
E(w)dw = PR
a = 0.0081
p=074 6.3

@ = angular _ frequency =2nf = 2x1T
@, =8/ Uy

U,w = overwater.windspeed ,(ship.report)

There are also spectra that involve frequency and direction.
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Shoaling and Refraction Animation.
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Setup
F'r, =y dAz
Ty = panUowz
F'(paC'onwz) =7, dQ2Z,) = gpu-d(zzm)
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Check Duration Part 2
» Assume Shallow if Fig 3.22 indicates
= Cal (gT,/U,) = (Ftdrs37)y¥

If (Ftd/537)%7 < (gT/U,} from part 1 then,
— Enter Fig 3.22 with (gT,./U,) and intersect Fd 1o get
FF'
= Use Fig 3.21 with FF' and Fd to Read FHs'=gH /U2
— H,=Uu? *FHs'Ig
- T,=T,,=U,*(Ftd/537) ¥7ig
- F'=U2FF1g

ELSE USE Hs and Hs from Part 1.

Tm [ |
il'i, 193
u 811 | mph LI
| uA oL | mph
Tua Lt | e I|
|ra [ |
[Fe E ]
[ma 1
I S L
LCRE) e DEEss | Hu 47 |w
nglI WA wmn | Sk ses
Assume I
Shaliow -
Themform use felch
aTm/UA ] a2 - 1.22 | Lrmified for shallow water
Ts=Tm i %1597 | nec
Fig32 |FF 79
Fig 121 . gHwUAZ | 0.009& - L] 44T |1t
DEEP
GFUA2-41.6<<229 deep
Fa 131 | GHwUAZ ] acees |hs [am]e ]
[P Jaeun 1 s m [T

@i ~0.14 < 0.5 nof desp

UNO WAVE PROGRAM

waves4/723-08F.exe

waves4723-08F.exe

Wind Drag

Coelficiert of Oreg Ve Wl Suead

Uy (m/ses)
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Wave Generation d 14
- Water Temperature T,,, =33°C Fa 25| mi 132000/t |
«T,=28°C Tws 33| oC _L__
- UJ,,=60mph Ta 28| oC i
«d=14 ft AT 5! oC
« F, = actual fetch = 25 miles
. =1 hour td 1 |hour 3600 [sec
td UoL
* Find H, and T,
Uow 60 mph 88 |ft/sec
Wave Calculations Part 1. Solution

Enter Fig 3.21 FF and intersect Fd
Read FHs=gHU,?

« H=U,2*FHslg

Enter Fig 3.22 FF and intersect Fd to
Read FTs=gH, /U,

« T,.=ULFTsig

TAT =T,-T,.=-5°C

+ R =1 Fig 3.14

* Rr= 1.02 Fig 3.15

« U =R "R Uol = 1.02*60

* U, = 0.589(U'mph)! 3=

- U, ft'sec = U, mph*5280/3600 =
+ Fd=gdiU2=

« FF = 2] F“JA2 =

+ Fid = gty/U, =

Figate >71. Ferecaitisg turves far wive baight. Qeiomt mitir dapih.

Hpute FT1. Forscastisag culves fos wave prilod.  (ewnlabt veter depin.

gFi?
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Shear Corrected Wind U,

- R_ =V /U, = over water correction Fig
3.14

— : R= atmospheric stability correction Figure
3.15

- :C =071 for Sl
-: C,=0.589 for Uinmph
-: C,=0539for Uin fifsec

Uow/UoL

) 3 (KT EECTE] T

Ly

Atmospheric Instability Factor

L]
ta| e
| S——— . "-.,h,. M ] U(m/‘)
1.0 .
20 -
Rt
0.9 10 .
0.8} L
. : b s +

07 } s, M
2.6 - - — 5“..
0.5

=20 -10 ¢} 10 20

Fetch and Duration

+ F' = Effective Fetch which can be limited
by physical topography or wind duration or
structure of the wind field (e.g. hurricanes)

* F'=Min(Fy,, F’ gycation timited)
- Deep water case;

« gty/U,= 68.8 (gF'/U ,2)23
» Shallow water case:

= gtyfU,= 537 (gT /U, )"

Deep water case

+ gF'fU,2 = {(gt/U,)/68.8) ¥2
= t,in seconds

* Enter Figure 3.21 to get H,

Shallow water case:
gTm/Ua ={(gty/U,)/ 537} 37
« Enter Fig 3.22 to get gF'/U,?

+ Then use gF'/U,2to get H,

* Ty =gU, {(gty/U,)/ 637} %7
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- . . T T Rayleigh
Wave Distribution - Distrixtion
. Rayleigh distribution LA 4 )
« P(H>X) = EXP-(H/H, ..} R

?_f.

. ,[J,)z
,;! - Hrmx
+ P, (H,.>X} = Probability for average of higher P> Hy=e

waves than P (see Figure 3-3)
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eanf i ke cieire ] _
z 3 3 * Hy=1{g,d, U, F, ty)
LR i N — . d = average depth over F
- N ['L'(E)]} ] — U, = eﬁ'eguve wn'.\d speed over F
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Wave Generation
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Intermediate & Deep Water

» Factors:

—Wind speed at 10m over water (Uow)

- Fetch - clear distance over which wind blows
(F

— Average water depth over fetch (d)

— Duration of sustained wind (1)

— Atmospheric stability {air, water temperature)
(R7)

- Wind shear effect (momentum transfer
increases as wave H increases ) (U,)

Wave Forecasting Equations

Definitions:

* H, = significant wave height = average of
highest 1/3 of waves in a design storm

» T, = significant period or period of highest
1/3 of the waves
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Major Ass:gnment Problem 9.1: Y £
.. F 4 _-"f . J_/.-'"" ."'f
Name: _/f’?'f el L Efe i g Due April 9, 2010 g P
b -

Design a rubble mound breakwater for the significant wave and setup near the south
shore of Lake Pontchartrain for a t hour wind out of the north over the Lake.

Given:
-1. a 25 mile fetch
2. an average depth of 3.8 m before the storm surge,
“3. astorm surge of 2.2 m,
~4. alocal depth of 2.8 m at the breakwater without the storm surge or setup,
-5, a water temperature of 80°F and air temperature of 70°F.
v6. an over-water velocity is 80 mph.
-~ 7. spring tidal range 0.16 m.
8. Gulf seasonal amplitude 0.1 m (positive for hurricane season).

Design Period 50 years.
Design the crest elevation for no overtopping at the design Hs.

Assume: Ss =2 .63;
slope 1:2;
individually placed rough angular rock armour stone; 2 layers
the mean SWL in Lake Pontchartrain is 0.2 m MSL;
the minimum SWL is -0.3 m; p .y
RSLR including substdence rate 0.9 cm/year; ¢ ZZ r“‘ ;
settlement = 0.3 m. 2 K =

Use the Standard Section shown below.

l . TR
L

For concrela armor: * Sections III, 7 n. m {21 and (5’
'Soulonm'la. R ’
* Sectlon' TIL 7,4, (B: [ rest w-dth

_ Brenkwnter Cres/; l——Z—‘ '
Mox. Design SWL EAR .;._:- o




output

REPORT

US Units

Density=  1.940000

offshore Depth = ft or m 20.93180 4 e
Fetch = ft or m 132000.0 ——— sl

speed = ft/sec or m/s 117.3333
puration = hr 2.000000

Rt stability factor = 1.000000
RL sea/land factor =

Setup in feet = 5.459908

Setup in m = 1.664606

Stress Ua = 189.3422
Non-dimensional depth Fd 1.8800424E-02
Non-dimensional fetch FF 118.5591
Non-dimensional duration Ftd 1224.450

Fetch Limited

Non-dimensional wWave Height FHs = 7.4579213E-03

-

Non-dimensional Period Ffs = 1.067452
significant wave height Hs (ft or m) = 8.303414
Significant wave Period Ts (s) = 6.276821
Deep wave length and celerity (Lo,Co) 201.9089 32.16739
wave length and celerity (L1,C1) 145.1952 23.13196
Local depth d near surf zone = 17.65080
offshore Angle Alfa = 13.00000
EFFECTIVE DEEP WATER WAVE ANGLE = 18.22912
DEEP WATER WAVE HEIGHT = 9.044266
EFFECTIVE DEEP WATER WAVE HEIGHT = 9.044266
Local angle = 12.15290
tocal wave length and height 135,.8814 _8.425593
Local wave height and celerit 8.425593 —21.64812
GrouE.Rat1o, Ks and Kr (Loca1§ 0.8317500 0.9451187 0.9856912
Breaking wave height 13.76762
- Hrms, Hs, H10,. - H1
offshore 5.871401 8.303414 -~ 10.54534 13.86670
tocal 5.957794 8.425593 -~ 10.70050 13.76762

e

L

Page 1



kb

T

:55% W
deh | b,  KIl=TT)
i e f :

|
€ 5% = 20 4
54 ‘??qu

—— Dl{“lfd;_ﬁrr Mﬂu - ?{.%’rd‘,z 10140.% + 2.2 = £.38,.= 20 1364
| brealcvdlre depth® 284024008 +2.0 = 5 5fm = 17.65

1 F:’r:r.m UMD L e fregram

Ho= 243 8+ (ool ) = 330 ¢4 (offchare ) "

25d € 2 322)17.65)(e0) =
HiaMe (HE . SHZE. . 0082
LT 135,88 Ht
e | A .
U relilve cung =005 T 7 (= £ 54 e -
CH7 Fp7e1n
byl Local Degth= 17,45+ 23°+ c00 b.45'z 33,7 7 g-,mé}
So Meompat > 0. 5m= 0.91° "%W'l

snbsidance= 049 (. )(5050) = 1,710 = 1421 s

{}h\ /
___frfeff/ﬁuﬂ?i‘—in: (33- Zﬁf" 0.99° 4 149" = 35.68°% X
5243 s bt

= Lo =2 (‘ré%) = Ll H= Hellocal) = 2.5 7m0
| o =8 =L il

B




Al
/ )Lﬂ,,f
f&fa;—A a}w’dr = ‘;ff’:yn’fG er Table 7-%
Head — Ko é 4

_ﬁ‘nﬂf"‘rkny Eg= & >

[ r;aﬁrp (o00p \ —C
G b %’I @,r‘; 7.L7% bf, = 2% Ly =3 s \ 25900 m”
pirs : ¥
= Y lggme) = 2630 -J-:~,
5 : = 2630 m=
B’;MHF‘E’-' B/(f(?ﬁf% _—
H'- Hf_j_,f \%,76 = L;(f(x?m
-
WES o T
was 5
'T?uﬂ’:“
1}_,"5{](”!‘{;1‘*

b= ét}gﬁ{f%z‘)

f‘??'{é?-f{r
b 72.12

L :thri:;}“ ofH o
e R o S =% —
N




D{:‘:“?g.ﬁé{ :[;Er,@/zé’mﬂr; [0.-'2—- ﬂ.{
Voes minikia thees apply % QA %

by = 1236 Z o
miﬁak:n f’,n F'“?_?f?? Ir:_‘:/;"f & i
minifin e - 70%1% 'Ef#f : ,E“Lr‘"’j' '{'/3
Miny Jin M- 12725 63 bt /& |
Ri loadeard = 10€ 142 '_’}‘;f‘_ (

My fgeduad * 1391152 ©-H/

Hy el T=74s ds=14 allh-27" = ros -2yt

-
7 ST : Hy A
312 = 0007527 > Fug 779 A -*‘J-" M= 17. 44 17

- - P . 3 4
Fiy 7-100_jay ~ 145 = fn= 15707 e

ﬁm-;% 90443 et Pon (bt Teoyy des siegfl= 5"
f, = = k(4 «X2) = jboyq = 7z 503"

(P Lo+ K, 5 1069 Y2 %y
Mg = __zﬂ(ds FEY = lz{, 650 B4t fn /

My = Mg + My = ?,}?L;IEFZ u"ﬁ/#f*




i
1

| Donald Secolleman

r [/.9::”? Bref£n 'H"lﬁ.d} “If:‘:‘;
l H_; & yr

-‘!’;C Xp

[

{ B.ﬂ?kfn AW € e B 7 27 r/#} (T\/ﬁh/

' H fm 692§ s Wy

y m. 215913 T

' 'ITII' lea dacas / yGilY H/f/rf

) }.H. ~ 80317 "

e i | "(_
t— 7
.;He, C (ypy T=7bs Ay M4LF  wallh= 271¢ - D
| use hishest Ho € Ko based s HeZ 1167
| £ He
| 37 = O.oo752z  Fp7y
| 4
| B =y e, = 22,241
| 4
Ii 6?{5_: ds T m }({ = 17,93 s 3 H;’J’r“-“th o T T BT
| T i v b Xl Ko th)
t Fm; Tﬂ R T g5 1 /4 Rw - z = o
| g 15425 Yt
r iP.m Hb / __ £ /L 2
M s =l = 25t

ﬂﬁfﬂ

L F! s d = [T{36 f&’i_‘(r‘f 4‘2(" {?i t fm = 3509 (%*
| Lt .
s LIRSS 16950 prg g ema = 380817




oI NN
P 707 = Mg

gl enbly T =Ty
80104 BrIp wnWwIXeN

- T 39 = Wi
_"1J-] ainbBiy L0 = W
¢,82104 BlIaUI WNWIXEN

<o =QH/H: /oo =Z10/P ¢
2'0="0 gL =D

O~W Y 2=a Y 8L=Pp:08sg8=] 1 9=IH

S90104




oy NN e

g qlogs = WY e
12°0=M 6.-/ 8Inbi- o =W
L=M 6/-/ 8Inbi_ T =W
G'0 = M 8/-/ @Inbi- Vi

¢,592104 DBelp pue eluaul JO JUBYNSOY

L2 0=\
6200°0=216/H: /8000 =z 16/p&

,0="0 =N .
0~W Y 2= Y 81L=Pp :00S8=] ‘YO =1IH »

S9010 Jue}NsSay



B

1

W e ......‘ ..... B \ ) : ._. L _.\\\\ A

\ 2T 9] 0 - 920 — Ou—

7750 =juejnsey
1.0 =beig

79 =un

¢,0l ¢S8210 Beip pue 1i| Jo JUBYNSSY :pul
6200°0=¢LB/H- 28000 =2 LB/p«

2'0=90 61 ="'

O~W Y 2Z=a-Y8L=p-08sg=1 Y9=1IH

S92104 Jue)INSay




Duration 2 hours

Second Term Test
Spring 2010
B
ENCE 4723
Coastal Engineering

Open-book including calculator, notes and texts.

Attempt all questions

Give your answers on the sheets provided.

Question # 1 ” /12
-
Question # 2 4% /8
OQuestion # 3 T ¥
Question # 4 J'J /%172
TOTAL 2 .L? /40
o -

D

Name Dy Y4 E AN PLEASE PRINT!
Last Name

Student No.

2 2y
i o
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5 (0.0498) = mps FES(0.6416) = poup?

for = 3G 1
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1. Given: A lake that is 45 m:les long and 40 ft deep. The overwater wind speed at
7-m above the surface is 76 mph. Assume: The air and water temperatures are
nearly the same. Td = 1.25 hours.
Circle the closest answer:

Determine;.—. r,f’ K 1 P ’_/’

a) Hs=: f<8 12, 13, 15, 220]fi L[ a
K‘ J {'//,
e S

b) Ts=:[<2, 3, 4, S, f\ >157 sec -

c) Using a frlctlon coe ﬁ’ment of 0.0025, the wind setup }/

[<1.5, 2, 3,73, 5, 6, >7]ft /
il 43

d) The waves are: [Fetch Limited, | Duration Limited] | /e' j
&) Homs = [<5, 7.5. 185,. 10, 12, <I31ft p
\'\-\_:-“l
Show your calculations here!
[ i Foo = _."1-.-" -
{5 2% F:-_. /;/ .f{.rr‘ 7 M‘ = 7('/ ok g i
; / 7% = f-"'?,»';
v oaf,
( ) e,
"y 2], 7 o , 4 |
. P pEfR AL -"II._ AP AR — o ;e
-3 -t T o R i 4 / B et 1/
(£ / I
. S e { e
f'.(l'r Iy ! ] f?/, _{é ','!’;' I:,j"rr"'f__.
[’/ﬁ\ o
= . B ‘“f H o= (0.7% ¢t / 7 4 -2
i
4 ’ _ N ' -
= e
& x( - 2 a3
2 & / - (-\ { . & f e
M B ri -
! W,
| I/ ‘. - = - -.Iru'l !
£ .
Fd
! //
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2 Given: A hurricane in the northern Gulf of Mexico with:-
Ap=60mm = L. 247
R = 18 Nmiles
Ve=1lmph - 7 557775
a=12
Reference depth 44 ft.
e Latitude 28 degrees
Circle the closest answer:

Determine: p

)
a) Hy, is: [<20, 530) 35, 38, >40)t <

= >
b) Tosis: [£12, 13, 14.5, 15, >15]sec

¢) If CR=2 and Cf=0.0026, the surge height is approximately:
[<1,(2,) 4, 6,(-“’8,j >101f
2 e

Show your calculations here!

I"\\‘_.;

0. 885 knets § 72| (_‘f’-.'-:;f J"‘ — 0,5 7ol |f/ g . .,)/ 7 V5 26
“palg ((Hz 95 — 2.52 ) 5 TG 15 KTy
\ /
y &L5 (96 15 w9 & 7 08 ke
Ay ™y
s -’T’—f(la',}' ].fr( ﬁ:I /‘?J( 2.%8 )
4 e, -——t-;_ f’, z)
: e }.l" F l/
N 7 3 Fi
I e = n
\ T £ -
J_l.'/-’}.-"".,- / .fl
— LA
./‘X tlé’ | >
raal st
. 7 o |
(B, 00z2L M 708 ) 2
I ¢ ",J/ 55 i
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3. Given: A beach with a D50 = 0.45 mm. Assume water temperature approximately
20 degrees C. -

Circle the closest answer: ~ < -~ t’f: !
a) The fall velocity is: [<0.03, 0.15 fIO 2:0.25,0.3,>0.4] ft/sec

)

I{ = A _r'r:\i :'_’_\-‘ 2 '/ oF l’ A -ll."
LT T z R /5.:._’:_-'-' i O MZ 77

L#T

b) The stable beach slope is: [< l%-, 1.5%, 2%, 3%, >4‘Vj “Exposed” g
c)Fora deep ‘water.wave T / 5 ftand T =10 sec, the beach profile tends 3
to: [Berm; @ffshore{ba s), Neither] State method_ "7/ <0 o
: o S
A i A S A
d) The closure depth fo ft}le wave in (b) is: Y o !
[<50, 80, 100, 120, 130 :HSO] ft 7
- ( I
" - l'./' ; 1/ ?
Show your calculations liere! -3 ( "
+ i/ : = s :
- | ]l . £ B
> ), 53Tl =i [~
. - ,r'-"o _//.
A —_—— p /
I,-/ J ¢
; = Ly 0.7 100
b2 s B NER - ¥



4. Given: Given: the wave frequency table below

Assume SW—2>NE is positive

wind
direction

fii %

Circle the closest answer: .

Estimate:

a)thewnet lg

b) th’e;gros
[£7000, 7500,

"
longshore transport

14000, 22000,(36000)>50000] yd3/yr
o

nosho é/iranspon is:
10000,

is; =

L

-

15000, >360000] yd3/yr

c) the maximum breaker iqﬁfu&d current is (use 3 ft wave):

. The beach slope i1s 1.25%.

[<0.5,(1) 1.25, 1.5, 1.75, 2,/ >4] ft/sec a7’
Show your calculations here a 4{: table above!
Wind direction fij % o R
Hoft |SW | SE E NE ]
Oto1 27 2.5 4.5 5 25| lzc 25/ \
1to2 |o° 1 2 1 1] 22 0.5 _«31
2t03 |77 0.5 1 0.7 0.7 06| |
Hai rad ] 330V 073! n 085 1,70 S} 'G’v
a5 73 | 7 4.7 (000 - (5295 -4=pg S
L YRO7O. S 207691 ~ -i1p T2t —d24p| ¢
75 | 1ezt | %gdle ~ -7 L2800 = 24.9 |/
=117 [ R
L7y | 4049 =50,/ |~ 2548
{19 | Zov2q -12707 | -1350©
?;{?g_? /
o — MF .r.‘..;_;LE,,—ﬁ ¥
i a =
L L ET A
i (G 657
3 ‘F%ﬁ",ﬁj;_'??gff = ,-""-' | /
o
o 681




Assignment 8.1.

Name: (/o nalid e ; © 4271 7 ) / e
¢
For the wave rose represented in the following table, estimate: /}
1. The longshore transport in each BIN, [ Y,

2. The net longshore transport,
3. The gross longshore transport.
4. If the beach D50 is 0.4 mm and it is exposed, will the beach be stable?

Hft W Sw S SE E Wind Direction
05-1 |2 6 6 8 2

1-1.5 |1 6 7 7 5

1.5-2 |1 2 3.5 2

2-3 0.5 1 1 | 0.7

The shoreline runs due east-west. The beach slope is 1%.

Enter the AQ/s values in the Table below in yd*/year

H fi WSEW SWwW S SE ESE Wind
Direction

0.5-1 |70 Y772 |\ o | -Ygqt |- 170

1-1.5 TolY [ 516 ¢ R B ','f- .—,':,i = (677

1.5-2 A0 C O 77 D7 |~ | 7

2-3 (! 12415 O |\—=12415 - 1204

Sub o .y (7

9 MUY '[/{'{I."I 21’__ ~ aa (‘f f{/-lf
TOTALS /} d T
- - / T — } -

NeQis=  —[3%2) N2 |12zl Eosw /
Gross Qls= 74 AV

i b =
3 "—\'-\, -
Beach\:/g};{BLE_]{ UNSTABLE \- \/w\/t;

Attach sample calculations.




Oﬂﬂ—"c{/ﬁ/ J’E’fﬂ&m;ﬁh \

é—r;,'qq""}FEc Yo Slofe F'_} 240 For Euﬁa;rpf éfﬂt!ﬁtfg.

11

i
A= K, 7 (coser, ) gin 226

= 5z W ; ‘
6?{5#{; l{{_y g;% f’ffgj (L’ﬁ:"; ng‘) 5/-’? Zf}(ﬂ ?é;l

Gy~ & gf‘fi/ff’*f (toe2ts))" S, Z%Zﬂ/

Beonple or WGos
i a2 .
a = -7 = 7875 K= "z .75
&r%: 2%+ $Y4S + 0~ 151119 - 953Y = — 78706
R, = L7977+ LOL53= 222900 m(”




ENCE ENME NAME 4723 and 4723G

Final Examination 2010
Thursday May 6, 2010

Time 8 pm - 10 pm

Regular Class Room

Open Book

Topics
Design of breakwaters:
¢ Determination of Design Still Water Level (tide, annual fluctuations, storm surge,
wind setup, wave setup).
Selection of Design wave
e Determination of armour unit weight and zone details.
e Determination of Crest ELEVATION (Design SWL | runup, RSLR and
settlement}.

Design of seawalls:

e Determination of Design Still Water Level (tide, annual fluctuations, storm surge,
wind setup, wave setup).

e Seclection of Design wave

¢ Determination of armour unit weight and zone details.

e Determination of Crest ELEVATION (Design SWL |, runup, rushdown, RSLR
and settlement).

e Overtopping flow.

Forces on seawalls:
e Vertical walls:
o Non —breaking waves
o Breaking waves (Minkin)
o Broken waves
e Sloping walls.
¢ Oblique wave attack on walls.

Forces on piles:
e Slender piles:
o Inertia
o Drag
o Lift
o Frequency of forces.
e Large diameter piles.



5/3/2010

Review for Final Exam

EN 4723

1. Minikin Forces

» Given: Hi<20ft; T =7 sec; m = 5%, ds=11 ft
* A) Find Minikin Force on a vertical wall

« B) Find Horizontal component of the non-
breaking Minikin Force on a 40 degree sloped
concrete wall

Freshwater




2. Broken Wave Forces
Given: Hi<20ft; T =7 sec; m = 5%; ds=11 ft
A) Find Broken Wave Force on a vertical wall

B) Find horizontal component of the non-
breaking Broken Wave Force on a 40 degree
sloped concrete wall

Freshwater

3. Non-Breaking Wave Forces

Given: Hi=6 ft; T =7 sec; m < 1%; ds=11 ft
A) Find non-breaking Wave Force on a vertical
wall

B) Find Horizontal component of the non-
breaking Force on a 40 degree sloped concrete
wall

Freshwater

5/3/2010



4. Forces on Piles
« Given: Hi=16 ft; T = 7 sec; m ~0; ds=48 ft; D=6 ft
+ Assume:CL=0.7 CD
« Find the wave forces on a rough circular pile.
« i.e Fim, FDm, FL and the resultants of these
« Find St and fo.

Freshwater ds = 48 ft

m<1%

5. Seawall & Breakwaters

« Design the trunk of a Breakwater:
« Find Armour layer W and Crest Elevation.
+ Given:
— Local Design SWL Elev. 10 ft MSL (including, storm surge,
spring tide, seasonal fluctuation & wind setup.
— Local Bed Elev. -18 ft MSL
- Hs=8ft; Ts= 5.5 sec
— Use Tetrapods in two layers

— Slope 2H:1 V
— Salinity 34 ppt
- 5s=24 Design SWL+10 fiMSL o™,
— m=<1% ——
RSLR =1.5 ft R
Settlement =1 ft R

Bed Elev. -18 ft ,¢*

—

5/3/2010
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Coastal and Ocean
Structures |

SPM Classification

Clazsification by Type of Wave Action

2 I
' NON-BREAXING BREAKING BROKEN
Seawsrd of surl zone In surf zane Shareword of surf zone

P W 11
PiLE SUPPORTED WALLS RUBBLE
Piers,alishore platiorms Seawalls, buikheods, efc. Groins, jetties, ete

L J
¥
Classification by Type of Structera

Vipure F-Gh. Clansificacion of wave force problems by type of wive acLionm and
by SLruclure type.




Shoreline Water Level

Wave Sctup dw CREST EL.

— Allowance for Setlement/subsidence -
—\_ -

9 Storm Surge (incl Barometric) S, P2

LR T T R I T I TN AN R LY PEEILIRILINE
s

o Spring Tide Amplitude A A
$ Secasonal amplitude 52 Ve

T T LW
E ALl E _ Rush down

Inputs to Water Level
Determination

Long term mean
Seasonal variation
Long term change
Tide

Storm Surge

Wind setup

Wave setup
Runup

Rush down
Minimum water level
RSLR
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Short & Seasonal WLs
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Tides

Spring

Cause: The tilt of the earth’'s axis relative to the
orbital plane of the moon
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Figure §—4 Diurnal type of tide.
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Storm Surge
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Wind Setup
- F'(paCfUOWZ)

- 2gpd
C, ~ 0001 0.003

Zop = 003250 % 7 {F,

sup

y/d,

i

Setup m
Z - {Uow JMph }2 {F:mf/e-f} / (1400dﬂ )

sup

Setup _ ft

Wave Setdown

e

Sd - 647w]b3/2
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Wave Setup

S =0.19H,[1-2.82

Only needed if the waves break

b

gT”
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Estimation of Runup
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Wave Rush Down
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FORCES ON ARMOUR UNITS

WAVE ATTACH and RUNUP PHASE

Upslope impact

+« Breaking Wave causing force inlo the structure
& increase in internal pore pressure

FORCES ON ARMOUR UNITS

WAVE RECESSION and RUSH DOWN PHASE

Uplift and Down Slope Drag

3/25/2010
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HUDSON EQUATION

v H’
K (S, - 1)’ cotd
v, = Dry_Specific Weight of Armour _Unit
K, = Stability Coefficient(Damage_ Coefficient)
8 = Slope_of face
Specific_ gravity  Armour _Unit
"~ Local _Specific_Gravity_of Water
H = Design_wave_height

W =

Design H
Design wave height is usually takes as the
significant wave Height, Hs

This leads to some damage 0-5% for the design storm
since waves can exceed Hs

HS = ,\/EHI'HTS
H, =127H,
H, = 167H.

3/25/2010
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Tabla 7-B. Suggeated Ky Values for uge in determining armor unit uei.ghtl.

— SPM (1984)

Mo=Demage Crhteria and Minor Overtopplog

TiTycLurs Trunk, Structuce Head
Armsr Lorts o Placamant | ] [ flopa
Breakling Moabresking Areaking Honbreakling Lot 0
ave Vave Veve Vave
METY I ONa
tasoth reunded 2 Tasiom 1.3 1.4 1.z 1.9 ted o 2.0
Smocih Lovmdtd > Landon 1.4 1.2 id 2.3 ba
ough sagulsr L tandon * . ¥ ) ¢ 3.7 b
LETEY raw;ﬁ hiwdd Sp . 1Y
- (d o t.e 1.2 .3
tough sngolar 2 Tandom 2.0 L L4 2.0 2.0
1. 2.1 3.0
Rough engalar 3 2.2 68 1.1 4.2 —|
“Rodgh anguler . 1 Spectal ‘l 5.8 - ‘7.0 5.3 o
Rarallslapiped 1 Epacial T‘.U - _20‘-0 8.5 - 3.0 — -—
Terrapad ' 1, . 5.9 -0 1ed
sod H Bandon .0 1.0 I 3.3 1.0
Guadtipod : . . 3.3 0 1.0
! y.0 1.3
Trivar H Eandos ».0 10.0 8.3 2.0
. LT3} h 1)
Dolos 1 Mandoa 15,88 31,88 5.0 14.0 t.0%
T.a 1.0 3.0
Modtfled cubs 1 | wacsom [N 7.3 — 5.0 H
Rexapad 1 hacden 2.0 .3 ) 7.0 H
Toviana 2 Mandom 12.0 1.0 - - H
Tribar 1 Dnifore 12,0 13.0 r.s 0.5 >
Quarryatocs (K - .
Sraded angular - fandom 22 2.3 — -
Table 7-6. Suggested Kp, Values for Use in Determining Armor Unit Weight
No-Damage Criteria and Minor Overropping
___ SPM(1973)
Arrnar Unitg n * | Placement Structure Trunk Structure Head
Ky § LS Slope
. Breaklag | Nonbreaking || Brezking | Nonbreaking cat &
e G- - LU S ATE
Quarrystone
Smooth rounded 2 random 2.1 2.4 1.7 1.9 1.5t 3.0
Smooth rounded | 23 random 2.8 32 2.1 2.3 I
Rough angular 1 rardam t 2,9 1 2.3 Il
2.9 3.2 1.5
Rough angular 2 random s 4.0 25 2.8 10
2.0 23 3.0
Rough angular | >3 || random 3.9 4.5 37 a2 I
Rough angular 2 special § 4.8 55 3.5 4.5 Il
Tetrapod 59 6.8 1.5
and 2 random 7.2 8.3 5.5 6.1 2.0
Quadripad 4.0 4.4 3.0
33 9.0 1.5
Tribar 2 tandem 2.0 jLX ] 7.8 85 20 .
7.0 7.7 1.0
Dalos 2 fI random 72.0 1 25.09 150 16.5 20 £
13.5 150 Ao
Modified Cube 2 randomn 6.8 7.8 —_ 5.0 1
Hexapod 2 random 8.2 9.5 5.0 7.0 [
Tribar 1 uniform 12.0 15.0 7.5 9.5 I
Quarrystone (Ky
Graded angular - random 2.2 2.8

3/25/2010
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Example Problem 1

» GivennHs=2m; T=7s

« Slope:

+ Armour Rock (Rough Angular)
« 2 layers; random

1:2

+ Ss=2.65
» Salinity = 6 ppt
» Breaking waves

* Find the W for the HEAD and TRUNK for a rubble
mound breakwater.

Table 7=-8. Suggested Ky Valuas for use in determining armor unit uei.ghtl.

— SPM (1984)

Wu-Tamagps Critevls aod Hinsr Overtopping

Scructure Trunk Srrwclury Head
3
L Ameer Uatts o Placasant Xt [ slopa
Breaking Moabraakling Braaking Honbranking Cor 4
Wave Mave Wave Mave
QuaTTyatona
Sanath rounded ] Tandoun 1.2 1.4 1.1 1.9 lsd % )0
Smaqth: Coundsd » Randos. 1.f 1.2 1.4 2.3 H
Rough angular 1 Tandow 4 1.8 \ 2.3
5mnﬂt-rm¢.m~#- P e e T
i . i 1.2 3.2 1.3
Rough angular ] Randem . 2.0 R 1.2 1,8 2.0
10y 7.3 3.0
Rough sngulay » Raodom a.r 0“5 1.1 a1 3
*Rough augular T | Spectal 3.8 7.0 5.3 e 3
Parallalepipad 2 fpectial *- 7.0 = 20,0 4.5 - 1.0 — _—
Tatrapod N $.0 .0 1.3
and F Tandcm 7.0 5.0 1.5 5.5 2.0
Quadripod - . LAY ] 4.0 3.0
- 3.3 5.0 1.3
Tribar 2 Landow, N 10.0 I a.s 2.0
: - 5.0 6.3 3.0
Dalos 2 Landon 15.88 3109 2.0 1.0 2.0%
7.0 W.o 3.0
HodiXied cuba 2 | Zaadoa .8 7.5 — 8.0 3
Rexspod F1 Raodom |, .0 %5 'Y 70 3
Toszane z Bagdow | 7r.p - 22.0 -]

3/25/2010
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Solution

« Ss =2.65*[1+Sal/1000)}=2.4/1.006
« Sr=2.634
[ v,=8s*1000%9.81=9.81*2650 N/m3
) ¥r mass =2690 kg/m3
* Hs=2m
+ Cotb=2
« Trunk, Breaking Ky =2 SPM(1884)
+ W= 1380 kg
+ Head, Breaking K, = 1.8 SPM(1884)
+ W=1541 kg
w

y, H

T K (S, - 1)’ cotd

Typical X-section

Far concrale armon ' Sections II0, 7, 9, 41), (2 and (6) .
! Sectlon 11, 7,9, (7}..° ;
*Sectlon T 7,9, {B1 ;-

Marx. Design SWL L e

SPM 1984

W/10 to W/15 W/200 o W/B0Q0 ~=.

Recommended Three-~layer Section

3/25/2010
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Solution
Ss = 2.65*/[1+Sal/1000)]=2.4/1.006

+ Sr=2.634

0 ¥~=8s*1000%9.81=9.81*2650 N/m3

O Y, mass =26°20 kg/m3

* Hs=2m

« Coto=2

« Trunk, Breaking Kp = 2.5 SPM(1973)
+ W=793 kg ~ 800 kg

+ Head, Breaking Ky = 2.5 SPM(1973)
- W=1110 kg

y H’
W - .
K (S, - 1)’ cotd

Typical X-section

SPM 1973

For concroto armor: * Sectlons 10, 7. g, in.,m and [6) N
! Sectlon 1T, 7,0, 47) . - R
*Sectlon L 7,9, 08) . Crest-Width - .-

: A

. <dkg
W/10 to W/T5 © W/200 to W/ERQG —.,-

Recommended Three-loyer Section

3/25/2010
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Example Problem 2

* Check the design of the Port Sines Breakwater
* Hs=11m; T=135s

« Slope: 2:3-> cotb=1.5

* 42-t Dolos Armour Units

« Seawater Salinity ~34 ppt

*» d,~35t050m

» Freshwater Ss=2.4

» Check Non-Breaking & Breaking waves

» Find the W for the TRUNK for a rubble mound
breakwater.

Mote: the Port Sines Breakwaler Failed in 1978. To check the ofiginal design
we are using the SPM 1273 KD values.

18



Table 7-6. Suggested Ky, Values for Use in Determining Armor Unic Weighe

SPM(1873) MNo-Damage Criteria and Minor Overtopping
Armor Unite n*j Placement Seructure Trunk Structure Head
Ky § K Slope
-Breaking | Nonbreaking || Breaking | Nonbreaking cat @
yave wave wave wave
Quarrystone
Smooth rounded 2 random 2.1 2.4 1.7 1.% 1.5t0 3.0
$mooth rounded || >3 random 2.8 3.2 2.1 2.3 I
Rough angular 1 random T T 2.9 ¥ 23 i
2.9 3.2 1.5
Rough angular 2 random 3,5 4.0 2.5 2.8 2.0
20 2.3 3.0
Rough angular  § >3 random 39 4.5 37 42 Il
Rough angular 2 special 4.8 5.5 s 4.5 It
Terzapod ’ 5.9 6.6 1.5
and 2 random 7.2 83 5.5 6.1 2.0
Quadriped 4.0 44 3.0
8.3 9.0 1.5
‘Tribar 2 random 9.0 10.4 7.8 8.5 2.0 .
7.0 7.7 3.0
Dolas 2 random 22,09 2509 150 16.5 20£

Solution

Ss@34ppt = Ss*/[1+Sal/1000)]=2.4/1.034
Sr=2.325

Ve mase=58*1000=2400 kg/m3

Hs=11m

Cotd = 3/2=1.5

Breaking Ky = 22 Note the KD is from SPM 1973 since
this what was avaifable when the design was completed.
SPM 1873

W = 42-t (as shown in the as-built drawing)
Non-Breaking Kg = 25 SPM 1873

W=37-t SPM 1973

SPM 1984 Breaking Ky = 15.8 - W~59-t
SPM 1984 non-Breaking Ky = 31.8 > W~29-t

B v, H’
T K, (S, - 1)cotd

3/25/2010
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AMD OOLOS PIECES

SELECT TOT AND
rnu.os FIECES

| l— DOLOS PIECES

L SLLECT TOT

LARGE AND 9MM 1 STONES
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Failure — Why?

Labwrime Peit] lerain, i fipr. TREL)

SEGMENTED BREAKWATER

3 e
--t-\.-‘.-.-.. i
2o ;o Sl N
I

Baltem vriad =2 d a0

Tlhipara: bl Rrpmaniad robblesmsasd >Tidnis Sravesieie,

3/25/2010
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SEGMENTED BREAKWATER

Assignment Problem 9.2:

Design a rubble mound breakwater for the significant wave

and setup near the south shore of

Lake Pontchartrain for a 1 hour wind out of the north over the Lake.

Design Period 50 years. RSLR including subsidence ratle 0.9 cmiyear.

Design for no overtopping at the design Hs.

Assume: salinity ~ 6 ppt; Ss =2 .65; slope 1:2
individually ptaced rough angular rock armour stone.

3/25/2010
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Coastal Structures Il

Seawalls
Overtopping,
Minikin Force

Overtopped Seawall

Fj—GrESI of Clopuohs

Tep of Wall

1

(=4
\L\\. ARLLLALLLLRRLLLS

| NS —

Figure 7-=%&. Fressure diastribution om wsll of low helghe.




Effect of Overtopplng
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Figure 10-1 kave for z=3
From Silvester
h' = Crest-SWL
R’ = Runup for no overtopping

] e 5n|1;..|.___ 1
—1 ;l—E ?me'“‘omzkm gH H, - [ '_J——‘—“i_it

=

S o ‘,‘"'I

o YO ] S T I

qm'e & O‘Olzkmf ng 1{4'

Vartical seawall

'ﬁ' T _.'.J_J_%L

5/3/2010



Name

Overtopping Example

Given: d; = 20 ft; H=8 ft; T= 7sec; h = 9 fi;
~3H:1V slope

Find: gave overtopping

Solution: Ru =R =2*H=16ft

h/R'=9/16 = 0.56

Kave=2.
gave=2.0*0.012*sqrt(32.2*8)*8~3 cfs/ft

For the same wave and a vertical wall with R'=11.6 ft
qave=(0.25), (0.5), (1), (2), (3) Units

Breaking Waves

5/3/2010



5/3/2010

WEERAE S

‘e |
T

e -
B !
il Hi Gl
E B A |
I a5 ,|

i

[T v R
e e L ]

Figure '-3. Breskec belgh? tndex 1 /N] veraus dempai el dive liophass

H;."l.tl

R \ ! T T
i T

L ECurs |

1

{

F Uppar @ Sie 158 Al slegas |

L] G
Ladter Wapm?, THFFD

2
Figurm 7-2. a and B versus H /gl .




5/3/2010

Bramese brid
EEerT

g vy e

T L — i
o ogi e a0s a0
Lollor Suggae, 18701

i

ik
A
T

L
D008

I i
rhv-o] 0.0g%

QT

timeasionless design breaker helght vereus relatlve dapih at structure.

Figure T=4.

T
Ry
e

T
. B

fiuusmriaRTRL v EE

IT

i m

W

i

EFpiham

T

AT

Y
A

I
v

T

|

—h
=
T

T
N

= - i _. 2 T
all =] 5 HHEHH
it ar fas 3
H T s e
HE ] R e It o SRR
Facind 5

Do

0.002

35

Laiig:
| of

Diceusionless dellg;\ breaker height versus zelative depth at structure.

Figure 7-4.




Minikin Force
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Flgure 7-99. Minikin waye pressure diagram.
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Fig. 8-11, Concufrent recordings of pressure af various heights of a vertical wall with breaking
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Minikin Pressure, Force and Moment

H,d

=101 -[d.+ D
pm }/ LDD [ds ]
L, H
Rm — pm b
s s 3
L
O b ds
M M pmed,v
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Total Force from Breaking Waves

1
d,+ 5 HY
R =R
t m+7 2
Lo
(ds+5Hb)
MIZ Mm+7/ 6

Slope Reduction

{ o) Sloping Wall

5/3/2010
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Oblique Attack
R = me s 2
n= 3 sin” o

Unil Length glong Incident Wave Crest

Example

« Given: Ho’ <= 8.6 ft; d_;=10 ft; m=0.03;

T=7 sec
* Find: pn i R M Ry M,

5/3/2010

11



Calculations:

Ho' <= 86 ft

ds 10 ft

T 7 sec

m 0.03

Step 1

Find Hb for given ds

ds/gT?2 0.0063

m 0.03

Fig 74

Hb/ds 0.98

Hb 9.8 ft

Step 2

Firnd Hb for given Ho' max

Fig 7-3

Ho'/gT2 0.0055

Ho/He' 1143

Hb . arigtnt >3.8 ft Minikin exists
Therefore use Hb 96 Mt

Step 3: Force Cal

pm

ds/igT2 0.0083 Fig 7-100

pm/Hb 12.5

pm 120 ft 7488 |ba/f2 52 psi
Rm 23962 Ihsift

Mm 239616 R-lhs/ft

Rt =Rm+R: 30796 Ibsift
Mt =Mm+N 273331 fithsift

5/3/2010
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Coastal Structures |l
Broken waves

Seawalls

Broken Waves
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Estimation of H, at X,
H, = K,(d;, + mX)) <H, .
X, = Plunge distance = (4 - 9.25m) H,
K,=H,/d, ~0.78 for small m
dS

H, =

[1/K; -~ m(4-9.25m)]

X,=(4-925mH,

d,=d; + mX,
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Wave Pressure, Force and Moment due to
impact of a broken wave

P ~ 7cb2/2g:7dh/2
h, = K, H, above SWL
R, = yd,h /2

m

M, = yd, h, (d, +h, /2)/2

Total Force and Moment

Add hydrostatic component
Ri=R,,+R,

= y (d, + h)”/2
MTsz+Ms
M.=R.(d, + h)/3
W—-p,.-j//—“ by:;-n-‘& Prd‘.lm,-“l-
[ -n,, _ﬁ__
L l

t-lT( o Stakic Pr-vsur«- {

“_\.

e 1P
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Example

Given: Ho'max < 10.94 ft; d.=10 ft; m=0.03;

T=7sec

Find: Broken:Hb, Xp, db, p,,; R,,; M,; R;; M,

Step 1. Est. Hb at Xp assume Kb based on Fig
7-4

Step 2. Est. Xp
Step 3. Cal. db

Step 4. Est. Req'd Ho' max for Hb, T and m Fig
7-3; Ho'max = Hb/Ksshould be < Ho' actual

Step 5. Cal. p,,; R; M,,; Ry M,

o =1 K

1 I - i — -
OGT (L0 o 0l nans =101 [ h1H ool Qe “,fl'j':_“_w,

2y
i1 |
o

Flgure 7-4. THsensionless design breaker Twlght wersus relatlve dapch 4L structure
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Solution
m 0.03
Ho max 10.94 | ft Lo=251 | 32.2*742i(2"3.1415)
T 7|s
ds 10

Hbminikin=
ds/gT2 0.0064 | 0.95*10=9.5 Kb ~ 0.95
Hb=10/[1/0.95-.03(4-
9.25%0.03)] 10.6 | ft at Xp

Xp=(4-9.25m)Hb 39.5 | ft
db=ds+Xp*m 11.19
db/gT2 0.0071 | ok Kb~ 0.95
Appendix | dsiLo 10/251=0.04 | Ks 1.064
Ho max given 10.94 | ft Req'd +10.6/1.064=9.96
Ho max/gT2 0.0061 ok

Forces and Moments

P 349 | Ibs/ft2
he 10.6 | ft

R, 3700 | lbs/ft
Mp 56600 | ft Ibs/ft
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Ocean and Coastal Structures
Il

Forces on Piles
Slender
Large diameter
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Figurs 7-&7, bBelirition eketch of wave farces on 2 vertical cylinder.
s b ., .
Slenderness Criterion T ¢ 0.5
‘A
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Morrison Equation

DRAG COEF

| :

— o aD " du 1 ,
ety =T Gp3e Duju

[ |

INERTIA INERTIA
Or VIRTUAL
MASS COEF

inertial force per unit leagth of pile

drag force per unit length of pile

density of flufd {1025 kiloprams per cuble merer Tor fed4 <aler)
diareter of plile

horlzontal water particle wvelocley at the axls of the pile
{calculated as £{f the pile were not there)

total horizontal water particle acceleration at the axis of the
plle, (ealeulated as if the pile were nob there)

hydrodynsmle Force coefficlent, the “drag" coefflcient

hydrodynamic force coefficient, the "inertla" or "mass" coefficient
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L,=Linear Wave Length
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e

Check on Slenderless

Ho' =6 ft; T=8 sec; d=18 ft; D=2 ft
Does this classify as a slender pile?
Lo= 328

L, = Lo tanh(2nd/L,) = 181.5 ft

D/ L = 2/181.5=0.011
Slender xYes No

NAME
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v

Horizontal orbital velocity, acceleration and forces
per unit length—Airy theory

- B gT cosh lZs {=z + d)/L] f2rt oy
Rl cosh [Iwd7L] cos A= -zh
du  3u _ puH cosh [3n {z + d}/L] (_ 2ot s
aE "3 "L cosh [2nd/1] slo 4= 57 (7-24)

Introducing these expressions dinto equatdon (7-20) gives

2
. un x gosh {2n (z + d)/L] . _ e »
L= Gyoes = B ‘L cosh [2ud/L] sin T (7-25)

) 2
1 1 )&l corle [2v (2 + d)/L] irt 23t
a C —pp DU §——m cos _T_ cos —1_- {7-2a)
- »

b B 2 cosh [2=d/L]
4L

Integration from bed to water surface

o = 'z = =21
P fzid..+( £ < B, + Fy (7 )
=d =d
n n
Mo j (udd) f_!; dz + j (z + d) f‘,.-, dz = H‘i + HU (7=28)
e “a
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Forces and Moments (Airy)

2
wD ,
L] C."i' [W):4 T H K

L, P (/=29
= (o
e 1 2. o
Fp o= LD—E— pg D H” K, {/=-30)
2
M, = G, P “E Hk, ds, -~ F.ds, (7-11)
v - c X 2. e e 4 )
My, = Cf)? pg D H Ky d 5y = by d 5 (7=32)
Forces and Moments Integration
Coefficients (Airy)
K, = 3 tach (:-I'_d) sin (— —’;J:) (7-3%)
, 1 drdiL anth PR _
£y =3 (! oAl i,é‘df!,l) | eos (\-T) j cos ( T ) (7-34)
i 2t {2t
= —i- mn I cas ('—T—') i COos (T)
o i ~ epsh |2wd/L] c
Sp= Lt (Znd/L) sinh [2nd/L] (7-32)
I 1 1 1 - cosh [4vd/L]
Sor 7t m (T Y ararh) sm [4wd/ L) ) (7=3F)
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Forces and Moments Integration
Coefficients (non-Linear Fig 7-71 & 7-72)

2

nD
1.

B K, (7-37)

Fim = Gy »a

[

?
= C, 5 oE W K, (7-38)

F
m, L

Mpgy = Fyp 4 5 (7-39)

My = Fpy ¢ Sp (7-40)

< ——y
061 g T : I L B ™ v 244 1 &1 : !
e s i Py ol | e i X e
: Computed by Dean's Streamfunction theory. o e i 1 »% B3
iy pua gy A (R H at] g g ot 1 it apiria.is
amulgn ]a]r" 1 R H 1 m i PE % 2 ) T R 1
0.5 = kBl z T 1 + ) g L) 3 T 2 S
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Definitions

Reynolds Number=
Re = UD/v

Keulegan-Carpenter
Number Ngc=UT/D

Strouhal Number
S, =f,D/U U
U = maximum horizontal
orbital velocity =umax

f, = shedding frequency=
S, U/D

max

112

7HL
TL,
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D=2ft; T=8s; Ho=6ft; d=18ft
Hi=KsHo=1.007*6 ft~6.04ft
[1v=107° ft2/sec

« Re=UmaxD/v wrr oo
Umax~4.26 ft/sec har2  o0uren

]
w 0.714288
- Re=4.26*2/v
.
FR BI3.4144 b3
. -'"850 000 Le 3281523 814071
’ LA 161.4975  0.000347
L]

K, .=4.26*8/2~17 S

——————— A_,;N‘?Ft‘lﬁ\ /T b Sy

REVICN OF THE FUMDAMINTAL EOUATIONS AND CONCEPTS 47
3y
APPENDIX A
Tabte 23 Added Marywr o Viioas Bodies
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308 MECHMANICS OF WAVE FORCER
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Relative Importance of Drag and
Inertia

Fim v Sy D Kim

.25 g (shallow—water waves)

5.15 % {deepwater waves)

Forces

Hi = 6 ft; T=8 sec; d=18 ft; D=2 ft; m~0
Cu=1.5; Cp=0.7

2>d/gT2= :H/Hb=

Maximum inertia Force?

Kim = Figure 7-71

Fim = 0.25 K,,,C,yyrHD?
Maximum drag Force?

Kom = Figure 7-72

Fom = 0.5Kp,,,CpyDH?
NAME

5/3/2010
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Resultant Forces
Hi = 6 ft; T=8 sec; d=18 ft; D=2 ft; m~0
Cuy= 1.5; Cp=0.7
—>d/gT2= 0.0087 ;H/gT2=0.0029
W=0.71
Resultant of inertia and drag Forces?

O¢m = Figure 7-78 W= 0.5
O ¢m = Figure 7-79 W=1
¢m= Figure 7-79 W=0.71
* FRm = ¢, CpyDH?2

« NAME

Resultant Forces
Hi = 6 ft; T=8 sec; d=18 ft; D=2 ft; m~0
Cuy=1.5; Cp=0.7
->d/gT2= 0.0087 ;H/gT2=0.0029
W=0.71
Resultant of inertia and drag Forces?

Oem=__0.25 Figure 7-78 W =05
Jém=__ 0.34 Figure 7-79 W=1
O¢m=__ 0.285 Figure 7-79 W=0.71

« FRm = 896 |bs
« NAME

5/3/2010
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58 MECHANICS OF WAVE FORCES
A B c D
Suberitical critical ! Swercriticg) iPost-swpercriticol
Boundary layer taminor tronsitlon} turbulent turbulent
Separaticn adout &2 deg. { tronsition { 120 - 130 deq, iobout 120 deqg.
shear loyer jominar sepa-
negr separotion | laminor rotion, bubblej turbulent
turpulent
regttochment

Strouha] muper | § « o.zn-.%ael transitioni 0,35 - 0.45  jabout 0.29

Re<50 loinor) y ot

Wake
60-Re+5000 periodtc
vortex street
e > 5000
turbulent
Poproximte Re 0% 1w E5a0° - 3a0® | > 3a0b
ronge « 200° 108

Fig. 3.1s. Incompreiddbls flow regimes and thelr consequences,

Resultant Forces
« Hi=6 ft; T=8 sec; d=18 ft; D=2 ft; m~0
» Cy=1.5; Cp=0.7;
» >d/gT2=0.0087 ;H/gT2=0.0029
* Find: Resultant of lift and drag Forces? fo?
» Lift=
* Drag =
* Resultant =
. fo =
* NAME
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« |f the pile is rough e.g. coated with

Note of Caution!!

barnacles, the Cy increases ~ 1.3-1.5

« The Cy, ~ 1.2-1.6 for circular piles with Nkc

up to 100

HARD

Roughness

SOFT

5/3/2010
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WAYL FORLLE ON LARGE BDCIKS J99

L
a 04 1.a

Fig 6 1. Wart foroe regimes {luscon | $771).

Large Diameter Piles

« D/L>0.05
« Diffraction becomes more important

k = wave.number = 27/ L

a=D/2

tanh( kd)
kd

tanh( kd)

= Kopytlal—>

F = KyHad

max

5/3/2010
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WAVE FORCES ON SMALL NODIES 329

Fig. 5.9. Definilion skerch far an induned cylinder.
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Re=|W.|Dfr, K= |W,|T/D (5.29)

Fx un: l:lrlJ(

Fy = =035 pCyDIW, [ € uay 7+ 025 maCppy D¥< i1,y (5.23)
F, Upg Uy

where Cy and C, are assumed to be known.
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Coastal Structures |l

Seawalls
Non-breaking waves

Issues

Stability

Overtopping

Forces

Runup

Rush down

Toe scour

Loss of subgrade

Scour behind the wall

Loss of material to littoral zone

5/3/2010



Types of Seawalls

+ Sloped

— Stepped concrete
Articulated mats
Rubble Mound
Grouted riprap
Gabions
Vegetated
+ Vertical

— Sheetpile
Gabion
Wooden crib type
Caisson
Concrete or masonry

|

CRAFANSION JOMNT BETWLLH BATS

AR Feitr Com, Pikea B 0c
sl;| & Topor Pien 174 MSL

7
Pty t

¥ 'i]:": [ i

ir_l o

L s

L s
175 & o wr Aies Si7s

1§ e it

FTYPCAL 3SECTION

o
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Splash protection

,,,,,,
______
.....

y, H

W =
K, (S, - 1)’ cot &
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HUDSON EQUATION

y. H’
T K, (S, - 1)cotd
y, = Dry_Specific Weight of Armour Uit
K, = Stability _Coefficient(Damage_Coefficient)
6= Slope_of _face
Specific_gravity Armour__Unit
"~ Local Specific_Gravity _of Water
H = Design_wave _height

/4

Design H

Design wave height is usually taken as the
significant wave Height, Hs for finding W

This leads to some damage 0-5% for the design storm
since waves can exceed Hs

Hs Ex \/EHrms

H, = 127H.
H, =167H,

5/3/2010



Shoreline Water Level

Wave Setup dw CREST EL.
— Allowance for Settiernent/subsidence

4

Spring Tide Amplitude A ye
¢ Scascnal amplitude da g
Q_ Long termn deviation 8 MWL
- o LWL
it et \_/,/_ Rnsh down

Design H for no overtopping of
rubble mound seawalls

Design wave height is usually higher than Hs;

For example H10 will result in 5% of waves overtopping
the seawall since for the design storm 5% of the waves
will be > H10

H, = 2Kz

H, = 127H,

H, = 167H,
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Ml. Cospecisrn af wive T OO0 BGSED slopmr wth pusup or pafoedbie Tubble siopes

i48C3 Fon ¢ fET r DU} .
Fille

1

Fagurd T

el Gste G dad Bk 25

SWL e .

d, Anchor

Toe protection

Vertical wall
e.g. sheetpile
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Design H

Design wave height for vertical seawalls that can be
severely is usually by a few waves should be designed for
Hi~ H1; this applies to rigid structures.

HS = \/EHF?NS
H, =127H
H, = 167H,

Non-breaking waves

« Hi<H, considering waves at least up to H,.
The breaking condition must be checked
for all vertical seawalls. The highest force
is due to waves that have crests parallel to
the wall.

» Note: forces are greatly increased for
waves that break against the wall.
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Rundgren

pressure at the wall 13 given by

2
A T L L ,-’Lmhu[i ﬂzﬁ-l} (8.34)
14 cosh kh L ¢ ainhdkh

the maximum amplitude of the wave at the wall is

. 2
ay, =« H + n coth kh
where
3 1
Aos 1+ - 8,35
4sinh2 ki $cosh?kh ( )
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(1+ Y H,

y.=h t+d+
1+ ¥YH.
y’=h0+d_(—Zl_,
x~ 1

Maximum and Minimum Depths at
Vertical Seawall

Given: dg = 20 ft; H=8 ft; T= 7sec
Solution:

Find: Hi/ds = 8/20=0.4 &
Hi/(gT*2)=0.0051

ho= 0.45*8 = 3.6 ft Fig 7-90

Max:
yc=d+ho+0.5(1+1.0)*8=20+3.6+8=31.6ft
Min: yt =20+3.6-8=15.6 ft

1



Forces and Moments on vertical

seawalls

NON-BREAKING WAVES
Theory due to Miche-Rundgren and Sainflou
SPM Figure 7-91 and 7-92
For reflection coefficient y = 1.
s=z; k=2n/L; h=d

P

2
ah-s +Hﬂ+n-“-{—:.nhkh|}-ﬂ
L

- 1:| (8.34)
coshkk 4 ainh*kk

the maximum amplitude of the wave at the wall Is

ﬂw-HO-

2
TH o cothkh
L

whers

3 1
Aoel+ - 8.35
43inh2 kA 4coah?ph ¢ )

Fig 7-91

» The upper part of this figure shows the
landward (+ve) added force due to the
non-breaking wave; the force is rendered
non-dimensional be dividing by yd?.

» The lower part of this figure shows the
seaward (-ve) reduction force due to the
non-breaking wave; the force is rendered
non-dimensional be dividing by yd2.

* Note: wave breaking limit is indicated.

5/3/2010

12



Fig 7-92

» The upper part of this figure shows the landward
(+ve) added moment due to the non-breaking
wave; the moment is rendered non-dimensional
be dividing by yd?.

» The lower part of this figure shows the seaward
(-ve) reduction moment due to the non-breaking
wave; the moment is rendered non-dimensional
be dividing by yd?.

» Note: wave breaking limit is indicated.

E"?:-..: emi D.E:'..-;'.-_.;.-I:-:Q 0D 0D ood o ofil DU soge  MUes QOFE Ooes

H/(gT2)
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FTotal,seaward = F + j/dz /2
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Landward Wave Forces and
Moments on a Seawall
Given: dg = 20 ft; H=8 ft; T= 7sec; m=0.02
Solution:
Find: Fwave +ve & Mwave +ve

Fwave+ = 11,232 Ibs/ft
Mwave+= 150,000 ft-lbs/ft

F+ 11232 Ibs/ft Q.45 Fig 7-91
M+ 149760 fi-lbs/ft 0.3 Fig 7-92

Seaward Wave Forces and
Moments on a Seawall
Given: d, = 20 ft; H=8 ft, T= 7sec
Solution:
Find: Fwave -ve & Mwave -ve
Fwave- = 6,500 Ibs/ft
Mwave-= 60,000 ft-Ibs/ft

F- 6490  lbs/ft 0.26 Fig 7-91
M- 57907 ft-lbs/t 0.116  Fig 7-92

5/3/2010
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Total Forces and Moments

FT+23712 Ibs/ft
MT+ 232960 ft-lbs/ft

FT- 18970 |bs/ft
MT- 141107 ft-Ibs/ft

5/3/2010
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Lecture 9
Coastal Structures
Part 1

Wave action on coastal structures can be classified by the type of wave and the type of structure
as shown below. This classification is useful for selecting the best formulae for estimating the
forces on various structural elements.

Classification by Type of Wave Action
[ + i

2 3
NON-BREAKING BREAKING DROKEN
Seaward of surf 20ne Insurl zone Sneoreward of surf zone
‘::h._
%—:-—__\_
-a_
P A i
=1 ] = ) ’ »
ILE SUF‘F‘G‘HTED W LL.S RUBBLE ,_,__r,.-ﬂ-"i?"dgu"rﬂtu.-?:fi f.'»l"rHﬂ-’-
Piers allshore platlforms Seawalls, bulkheods, efc. Graing, jetties, etc.
]
Classification by Type af Struclure
Figure 7=@#6. Classification of wave iorce problems by type of wawve actian and

by SErTuctule Lype,

Figure 9-1. Wave Interaction with Structures

Breakwater Design:

The most common type of breakwater is the rubble mound. This structure consists of a pile of
individual units of rock or concrete generally placed with the smaller units at the core and the
heavier units in the wave impact zone as shown in the typical section in Figure 7-116 SPM.
These heavy units on the surface layer are referred to as Armour Units.

The Win Figure 7-116 SPM represents the rock size need to resist the design wave, i.e. Hs, H10
or H1 depending on the margin of safety required. The Hudson formula is generally accepted as
the most reasonable one for rubble mound design:

W= y‘\gﬁ_ HY (Kp (S, -1) cot 6) 9.1

where Ky, = stability or damage coefficient as given by flume tests (seec Table 7-8 SPM). S =
specific gravity based on ambient fluid. As indicated by Table 7-8 SPM the damage coefficient
depends on the unit shape, number of layers, method of placement, location along the breakwater
and the slope.

Once the armour layer W is determined, the unit sizes for the internal zones of the breakwater are
defined as a fraction of W. This fraction is set so as to ensure good energy dissipation, and to
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prevent loss of the internal units through the pore spaces in the armour layer. Figure 9-2 shows a
typical breakwater cross-section.

A design for a segmented breakwater is shown in Figure 9-3. An installation has been constructed
near the Rockerfeller Wildlife Refuge (igure 9-4).

Seavard . L:nwd

Mox, Design SWL
SWi {Minimum) ~

SWL (Minimum)

‘. 5H it ~0.5H
Wf4000 io ‘HIGOOO

Idealizec

3-m min

W/iC o W15

] Yoo aa
Lo .ﬁ s Rock Skze
Rock Slzs.; -+ - - - ' ." Layer: ) Gudauorﬁ.(fﬂ .
w o Prlrn.ury Cover. Lnyor' T -',125 o8 T 'H-w". H.Ight
W/2 and W/1S ' Secondary Cover Lnyec' 128't0 76 - W-Welght of Individusl Armor Unit
W/10 and W/300  First Underiaysr® ', S 130t0 70 . 1= Aversge Layer Thicknsss
Wr200 © Second Undenayer Vo C 150 to BOINL L -

W/4000-W/6000,  Core and Boddln.g uyer . 170°to 30

For concreta armor: ' Sections I, 7' g. m_ (2) md (3,
t Seczlon II, 7.0. (7
¢ Sectlon’ ]JI 7 9. (B)

Breakworer 'Crest); '—-Z—‘

rest'wwm—h ..-ﬂln-'(i ?"fztﬁf' 5.*?'/?15".';& "”""5

. ALLYTRS S*r

Mazx. Design SWL (2 Ter foc .'56.

Figure 7-116. Rubble-mound section for seaward wave exposure with zero—to-
' moderate overtopping conditions. --I‘.i‘-, foer

— T
* TR L ]

Figure 9-2: Typical Rubble Mound Breakwater Cross-sections (SPM)
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Table 9-1: Kp Values

o
/

i

- ghb;l-; {ﬂgf’.f..rj

Table 7-8. Suggested KD Values fot uge in determining armor unit weightl
' | = Yool nele nol f_‘,xg‘ﬂﬂpﬂ%f
. Ho-Damaga Criteris and Hioor ?crtnpp&n‘
Structura Trunk Structurs Head
F
3 . 1
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Quarrystone . L ‘
Bmooth roundad z Raodom - 3 2.4 o 1. 1.5 to 1.0
saooth- rounded »3 Random. . 1.8, 3.2 1.4, 2.3 g
Rough anguler 1 Rapdom X _-’ 3.9 . 2.3
3 noolh - FN?‘-.M <p. e 31
P - e 1.0 3.2 1.5
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Doles 2 Random 15.a8 31.89 .0 1g.0 2.0?
7.0 .0 3.0
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Lakeview Park, Loraia, Ohic (Apr. 19B1)
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Fipure 6é~bb. Segmented rubble-meound offshore breakwaters.

Figure 9-3: Segmented Breakwater
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Figure 9-4: Segmented Breakwater east of Rockerfeller Wildlife Refuge, LA

Crest Level:-

There are three types of breakwaters: non-overtopped (infrequently overtopped), low
crested (frequently overtopped) and submerged (also called reef breakwaters and are
normally under water). We will concentrate on the non-overtopped type.

The following equation summarizes the factors that must be considered in setting the crest

elevation:

CREST ELEV =

Mean Waler Level +

Seasonal Amplitude -+

Long term deviation from MWL +

Amplitude of High Tide +

Storm Surge + Barometric Setup +

Wind Shear Setup +

Seiche +

Wave Setup +

Wave Runup +

Allowance for Settling and/or Subsidence 9.2

SWL = Still Water Level = Water Level Before Runup or Rushdown is added.
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Wave Setup dw CREST EL.
—_— Allowance for Settlement/subsidence [

9 Storm Surge (incl Barometric) S,

IllllllllélllllllllIIIIIIIIIIIIIIIIl'llIIHIIIIIllllllllllllllllllIllll‘

¢ Spring Tide Amplituded
¢ Seasonal amplitude Sa ‘

Long term dcwanon 5

— Y P . — — MWL

Figure 9-5: Factors Affecting the Crest Elevation of a Seawall or Breakwater,

Tides:-

Astronomical tides are generated by gravitational fields of the moon and the sun on the sea and
earth and centrifugal forces of the rotating system. The moon and earth form a rotating system
with the axis of rotation within the carth. Tide generally have a two maximum ranges (High tide)
and two minimum ranges in each lunar month (28 days). The tidal period theoretical should be
about 12 hours (11.7 hours) with one higher range and one lower range during the 24 hour day ;
however, in some locations, the lower range is negligibie and effectively the tidal period is close
to 24 hours (23.4 hours). The tide in Lake Borgne has a period of about 23.4 hours.

http://csepl0.phys.utk.edu/astr1 61/lect/time/tides.html
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Figure 9-5 Tides

1T S lelsi821 8 5 6 b 12151821
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LO— BoSTON Figure §—3 Semidiurnal type of tide.
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2
i
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{5 PAKHOI |  Figure 5—4 Diurnal type of tide.

Figure 9-6: Types of Tides
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Figure 9-7: Mixed Tides

The alignment of the Sun, Moon and Earth produces a high tidal range referred to as a Spring
Tide. A low tidal range occurs when the Sun, Earth and Moon form a right angle as shown in

Figure 9-5.

Figure s—5 Mixed types of tide.
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Figure 5-6 Tidal variations at varlous places during a month.

Figure 9-8: Lunar Cycles
The tidal range is the vertical range between the trough of the tide and the crest of the tide. The

tidal amplitude is %2 of the tida! range. For design purposes the maximum tidal range or spring
(see Figure 9-8) tide is usually assumed.
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Runup and Rush Down:-

The wave runup is the vertical rise of the wave impact water level above SWL as illustrated in
Figue 9-9. For rubble mound this is approximately one wave height (see Figure 7-13 Saville et al
in Water Resources Engg - Lindsley and Franzini). The runup on a smooth impervious slope can
be approximately twice the wave height. Figure 9-10 gives the Runup as a function of seawalil
slope, wave steepness and type of surface.

Wave Runup

(eue
l'".‘s&}
{ngid ¢
Inoreazsed
[;"“5 4 - [Oore presaure
ressuse
! puil { ug
F’b"" I-Ul"fl;*

—_ CE?I‘!{-{&{E 7D f?\p#’_‘_

" Figure 9-9: Wave Runup on a Seawall
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F]G‘ 7-13  Wave run-up ratios vs. wave steepness and embankment slopes. (From Saville,
McClendon, and Cochran)

Figure 9-10: Non-dimensional Runup (Ru/Hi). Note: z,/A= Hi/L

The retreating wave on a slope results in what is called a wave rush down as illustrated in Figure
9-11. Failure of breakwaters can occur on the down rushing wave when surface units are
displaced due to the uplift from unbalanced internal pore pressure and the drag of the outflowing

and down rushing water.
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Figure 9-11. Wave Rush Down — IL;;;;..{& rol-ay much ay fu (k 4L )

Wave Setup.- Wave setup is due to the momentum of the solitary wave at the time of
breaking,

The SPM »73 gives

H
Wave Setup =. *S,, =0.19 Hb[l -2.82 g;z.:| .............................. 9.3

Example: Given H, = 1.2 mand T = 5 s. Estimate Wave Setup.
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Storm Surge:

Storm surge may be due to tropical storms or extra-tropical systems includi gt barometric
gradients. A rough approximation for a storm surge is given by: L wise ok oo T b Aadzy

C.C,RU? p

h,~ KK|Ap+ —— L1 Fu

Pr 2gd,

E" = 1/800 Su = e J_i
w .'"§ ?L'/

C, » 0.0025 Gethr) gL

d;af ~ 10 20m /;[‘
. C = o194 rfﬂ Z..%l]‘“‘—‘z
Wind Setup: A USRS X T

Wind setup can be estimated from equations such as,

F'(paCfUOWZ)

2gp,d
C, ~ 0001 - 0.003

~ sup =

Long-term and Seasonal Water Levels:

Large water bodies like the Gulf of Mexico or the Great Lakes are subject to seasonal water level
fluctuations. Figure 9-12 illustrates the seasonal changes in the water level in the Northern Gulf
of Mexico. In addition, there can be a long-term Relative Secalevel Rise (RSLR) of about 1
cm/year. In the Great Lakes there is a 10-20 year cyclical amplitude of about 1 m.

J, 3
The

25 SN — _W]'. T

G‘Hf.iul.-"

1k s ey st

1._

0.5 -

Gulf Water Level [m]

0

10

-0.5 +

-4 e it o B . . -
Figure 9-12 Typical Northern Gulf of Mexico Water Levels
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Major Assignment Problem 9.1:

Name:

Due April 9, 2010

Design a rubble mound breakwater for the significant wave and setup near the south shore of
Lake Pontchartrain for a 1 hour wind out of the north over the Lake.

Given:

e Al ol

a 25 mile fetch

an average depth of 3.8 m before the storm surge,

a storm surge of 2.2 m,

a local depth of 2.8 m at the breakwater without the storm surge or setup,
a water temperature of 80oF and air temperature of 700F.

an over-water velocity is 80 mph.

spring tidal range 0.16 m.

Gulf seasonal amplitude 0.1 m (positive for hurricane season).

Design Period 50 years.
Design the crest elevation for no overtopping at the design Hs.

Assume: Ss =2 .63;

slope 1:2;

individually placed rough angular rock armour stone; 2 layers
the mean SWL in Lake Pontchartrain is 0.2 m MSL:

the minimum SWL is -0.3 m;

RSLR including subsidence rate 0.9 cm/year;

settlement = 0.3 m,

Use the Standard Section shown below.

For concrale armor. ' Ssctions IIL 7 q, t1l (2] and (6)

1 Sectlon IIT, 7,¢, (7
i rest W|dth

* Saction IIL 7,4, (a) '_- ~

Breakwoter Crest/;

Mox. Dasign SWt

Swit ( Minimum

Recommgnded Three - layer ‘Section
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APPENDIXES

APPENDIX 1. TABLE OF FUNCTIONS OF 4/,

tach sinh cosh sinh cash
diL, diL 2rdL 2xdiL 2wdfL 2=dfL X axdlL axdiL ' 4xd/L n €o/Ca HiH! M

0 0 0 0 Q 1 1 4] 0 1 I 0

0001000 003950 02507 02506 02507 1.0003 9997 05014 05016 1,001 9998 02506 4.467 71,855
0002000 005643 03546 03544 03547 1.0006 9994 0709 07097 1.003 9996 .03543 1757 3,928
0003000 006912 04343 04340 04344 1.0009 9991 .08686 08697 1.004 9994 04338 3395 2,620
0004000 007982 05015 05011 050138 1.0013 9987 .1003 .1005 1.005 5992 05007 1160 1,965
0005000 008925 .05608 05602 08611 1.0016 9984 a1 .1124 1.006 9990 05596 2,989 1,572
LD006000 009778 06144 06136 06148 1.0019 9981 L1229 1232 1.008 .9988 06128 2,356 1,311
L0007000 01056 06637 06627 06642 1.0022 5978 1327 1331 1.009 9985 06617 2.749 1,124
0008000 LO[129 07096 07084 07102 1.0025 5975 .1418 L1424 1.010 L9983 01072 2.659 983.5
0009000 L0198 07527 07513 01534 1.0028 9972 1505 1518 1.011 5981 .0749% 2582 874.3
00§ 000 01263 07935 07518 07943 1.0032 5969 L1587 .1594 1.013 9979 07902 2,518 787.0
.001 200 .01325 08323 08304 08333 1.003s5 9966 1665 1672 1.014 9977 08285 2456 715.6
001200 .01384 08694 08672 08705 1.0038 9962 1739 .1748 1.015 9975 08651 2.404 656.1
001300 01440 090350 09026 09063 1.0041 99359 L1810 .1820 1.016 9973 09001 23157 605.8
.00} 400 01495 09393 09365 09407 1.0044 9956 .1279 1890 1.018 991 09338 2,314 562.6
001500 01548 09723 059693 09739 1.0047 9952 1945 L1957 1.019 .9969 02663 2275 125
001600 01598 L1004 .1001 L1006 1.0051 9949 2009 L2022 1.020 9967 09977 22319 493
001700 01648 .1035 .1032 .1037 1.0054 5945 L2071 .2086 1,022 9965 1028 2,205 463
001800 01696 1066 , 1062 1068 1.0057 9943 2131 2147 1,023 L9962 1058 2.174 438
001900 01743 1095 L1091 L1097 1.0060 9940 2190 2207 1.024 9950 .1087 2,145 415
.002000 01788 L1123 1119 L1125 1.0063 9937 2247 2266 1.025 .9958 1114 2,119 94
002100 01832 L1151 1146 L1154 1.0066 994 2303 L2323 1.027 9956 d141 2,094 376
002200 01876 L1178 1173 L1t8] 1.0069 L9931 .2357 .2379 §.028 9954 1161 2070 59
002300 01918 .1205 J199 .1208 1.0073 9928 2410 .2433 1.029 L9952 1193 2.047 143
002400 01959 1231 L1228 1234 1.0076 9925 2462 .2487 1.031 9950 19 2.025 329
002500 02000 1257 L1250 .1260 1.007%9 9922 2511 .2540 1,032 9948 1243 2,005 116
002600 02040 L1282 L1275 .1285 1.0082 9919 .256] 2592 1.033 L9946 1268 1.986 o4
002700 02079 .1306 -1299 1310 1.0085 9916 2612 2642 1,034 5944 1292 1.967 292
J002800 02117 1330 11 134 1.0089 9912 L2661 ,2692 1,036 9942 P35 1.950 282
002900 02155 L1354 L1346 .1358 1.0092 9909 .2708 2741 1.037 99319 .[338 1.933 272
003000 02192 377 L1369 .1382 1.0095 9906 L2755 .2790 1.038 .9937 L1360 1.917 263
003100 02228 L1400 L1391 L1405 1.0098 9903 2800 2837 1.040 5915 _1382 1.902 255
003200 02264 .1423 .1413 L1427 1.0101 9500 2845 .2884 1.04% 5933 1404 1.887 247
003300 02300 1445 .1435 L1449 1.0104 9897 2850 .1930 1,042 9931 L1425 1.873 240
003400 02335 L1467 1456 L1472 1.0108 9893 2934 2976 1043 9929 1446 1.860 233
003500 02369 .1488 1477 1494 1.0111 9890 2977 L3021 1.045 5927 1466 1.847 226
003600 02403 1510 1498 1513 10114 9887 3020 3065 1.046 9925 .1487 1.834 220
003700 02436 .153) L1519 L1537 1.0117 .9884 3061 3109 1.047 9923 1507 1.822 214
003800 02469 1551 1539 1558 1.0121 9881 3103 315 1.049 992k .1527 1.810 208
003500 02502 1572 1559 579 1.0124 9878 144 196 1.050 9919 1546 1.799 203
004000 .02514 1592 L1579 1599 1.0127 9875 .3184 .3238 1.051 9917 1565 1.788 198
004100 02565 1612 1598 1619 1.0130 5872 L3224 .3280 1.052 9915 L1584 1.777 193
004200 02597 1632 1617 1639 1.0133 9865 3263, Rkyr) 1.054 8912 L1602 1.767 189
004300 02628 1651 L1636 .1659 1.0137 9865 1302 3362 1.055 9910 L1621 1.756 184
004400 02659 1671 L1655 1678 1.0140 9862 k)] 3403 1.056 9908 JA640 1.746 180
004500 02689 1690 674 .1698 40143 9859 3380 B 1.058 9906 1658 1.737 176
004600 02719 1708 L1692 A7 1.0146 9856 3417 L3483 1,059 9904 1676 1.727 172
004700 02749 1727 A710 1736 [.0149 9853 3454 1523 1,060 9502 1693 1.718 169
004800 02778 L1745 1728 1754 1.0153 9849 3491 562 1.062 5500 1711 1.70% 165
004900 02807 1764 1746 1773 1.0156 9846 527 3601 1.06] .9898 1728 1.701 162
005000 02836 1782 J764 L1791 1.015% 9843 L3564 3640 1.064 9896 1746 1.692 159
005100 02864 1800 1784 L1809 1.0162 .9840 .1599 3678 1,066 9894 762 1.684 156
005200 02893 .1818 L1798 1817 1.0166 98137 3635 3718 1,067 .9892 4779 1.676 153
005300 02921 .1835 1815 L1843 1.0169 9834 3670 3753 1.068 9889 1795 1.669 150
005400 02948 .1852 L1832 L1863 1.0172 9831 3705 3790 1.069 9887 811 1.662 147
005500 .02976 .1870 .1B48 .1880 1.0175 9828 3739 1827 1.0T1 9885 .1827 1.654 145
005600 03003 .188%7 .1865 .1898 1.0178 9825 A774 ,1864 1.072 9381 L1841 1.647 142
005700 03030 1904 1881 915 1.0182 9822 3808 3900 1.073 9881 1859 1.640 140
005800 .03057 1921 1897 .1932 1.0185 9818 3841 3937 1.075 9879 L1874 1.631 137
005900 03081 1937 L1913 1948 1.0188 9815 3875 L1972 1.076 9877 .18%0 1.626 135
006000 03110 1954 1929 1967 1.0192 9812 3908 4008 1.077 9875 15905 1.620 133
006100 03136 1970 1945 L198) 1.0195 9809 1941 4044 1.079 9873 1920 1.614 130
006200 03862 .1987 1961 2000 1.0198 L9806 3973 4079 1.080 9871 .1933 1.607 128
006300 01188 .2003 1976 2016 1.0201 .9803 A006 4114 1.081 .986% .1950 1.601 126
006400 03213 .2019 L1992 L2033 1.0205 9799 .4038 4148 1,083 9867 1965 1.595 124
_006500 .03238 .2035 2007 .2049 1.0208 9796 4070 4183 1.084 9865 L1980 1.589 123
006600 103264 2051 2022 2065 1.0211 L9793 .4101 4217 1.085 .9863 1994 1.5821 121
006700 .03289 2066 2017 L2081 1.0214 9790 4133 4251 1.087 9860 2009 1.578 £19
006800 .03313 .2082 .2052 2097 1.0217 9787 4164 4285 1.088 .9858 2023 1.572 7
006900 03138 .2097 2067 2113 1.0221 9784 4195 419 1.089 9856 1.567 116
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tanh sinh cosh sinh cosh

difa diL 2rdiL 2xdiL. 2xdll. 2xdil. X 4rdlL AxdfL dxdiL n Cef{Ca HIH; M
05000 09416 5916 5310 6267 1.1802 B473 1.183 1.479 1.786 L8999 AT 1.023 17.50
05100 09520 5981 5357 L6344 1.1843 8444 1.196 1.503 1.8058 8980 4811 1.019 17.19
05200 09623 B046 5403 6421 1.1884 B415 1.209 1.526 1.825 8961 4842 1.016 16.90
05300 09726 6111 5449 6499 1.1926 .8385 1.222 1.550 1.845 .8943 4873 1.013 16,62
05400 09829 6176 5494 6575 1.1968 8356 1.235 1.574 1.865 8924 4903 1.010 16.35
03500 09930 6239 5538 6652 1.2011 8326 1.248 1.598 1.885 8905 4932 1.007 16.09
05600 .1003 6303 5582 5729 1.2053 8297 1.261 1.622 1.906 .8886 4960 1.004 15.84
05700 1013 6366 5626 .6B0S 1.2096 3267 1.773 1,645 1.926 .BB67 4938 1.001 15.60
05800 1023 .6428 5668 6880 1.2138 8239 1.286 1.670 1.947 .8849 5018 5985 15.36
035300 .1033 6491 5711 6956 1.218] .8209 1.298 1.695 1.968 8830 5042 5958 15.13
05000 1043 6553 5753 ,7033 1.2225 .8180 L3101 1.71% 1.98% 8811 5068 3932 14.91
06100 1053 6616 5794 7110 1.2270 8150 1.3231 §.744 2.011 8792 5094 5907 14,70
06200 .1063 6678 5834 7187 1.2315 8121 1.336 1.770 2.033 .B773 5119 5883 14.30
06300 L1073 6739 .5874 7256 1.23558 8093 1.348 1.795 2.055 8755 5143 9850 14.30
06400 1082 6799 5914 7335 1.2402 .8063 1.360 1.819 2,076 8737 5167 9837 14.11
06500 1092 6860 5954 7451 1.2447 8035 1.372 1.845 2.098 8719 S191 5815 13.92
06600 11018 6920 5993 7486 1.2492 8005 1.384 1.870 212t 8700 S2ia 9793 1374
06700 RESE! 6981 6031 L7561 1.2537 7977 1.396 1.896 2,144 8682 5236 9772 13.57
06800 1120 7037 6069 7633 1.2580 7948 1.408 1.921 F 2166 8664 5258 9752 13.40
06500 L5130 7059 5106 711 1.2628 71919 1.420 1.948 2189 8646 5279 9712 13.24
07000 L1139 TI57 6144 7783 1.2672 7890 1.432 1.974 2213 .8627 5300 9713 13.08
07100 1149 7219 6181 7863 1.2721 7861 1,444 2,000 2.236 8609 5321 9654 1292
07200 1158 7277 6217 7537 1.2767 7833 1,455 2.026 2.260 L8591 5341 9676 .17
07300 1168 7336 6252 .BO1I 1.2813 T804 1.467 2.053 2.284 8572 5360 9658 12.62
07400 1177 7395 6289 .BOBS 1.2861 77T1S 1.479 2.080 2.308 8554 5380 5641 12.48
07500 1186 7453 6324 .B162 1.2908 1747 1.490 2107 2332 8537 5399 9624 120
07600 1195 JIs1t 6359 .8237 1.2956 719 1.502 2135 2.357 8519 5417 9607 1221
07700 1205 7369 6392 8312 1.3004 7690 1.514 2162 2382 L8501 .5435 9591 12,08
.07800 1214 7625 5427 8386 1.3051 F662 1.525 2.189 2,407 8483 5452 9576 1195
07900 1223 7683 6460 L8462 1.3100 7634 1.337 2.217 2.432 8465 5469 L9562 11,83
08000 1232 1741 6493 L8538 1.3149 7605 1.548 2,245 2.458 .B448 5485 9548 1171
08100 1241 7799 .6526 .B614 1.3198 .1577 1.560 2.274 2.484 .8430 3501 9534 11.59
08200 1251 7854 6558 .8687 1.3246 7549 1.571 2.303 2511 8413 5517 93520 1t.47
08300 1259 7911 6580 8762 1.3295 1522 1.583 2.331 2,537 8395 .5533 53506 11.36
08400 .1268 1967 6622 .8837 1.3345 7494 [.594 2,360 2.563 8378 .5548 9493 11.25
08500 1277 8026 .6655 8915 1.3397 7464 1.605 2,389 2.5%0 .8360 5563 .9481 11,4
08600 1286 3080 5685 .8989 1.3446 7437 1.616 2418 2.617 L8342 5577 9469 11.04
02700 1295 8137 6716 5064 1.3497 7409 [.628 2.448 2.644 8325 5591 9457 10.94
08800 1304 8193 6747 5141 1.3548 7381 1.639 2.478 2672 8308 5605 9445 10.84
08900 1313 .B250 6778 9218 1.3600 L1353 1.650 2.508 2,700 8290 5619 9433 10,74
09000 1322 8306 .6808 9295 1.3653 7324 1.661 2,538 2.728 8273 5632 9422 10.65
09100 J3n 8363 6838 93 1.3706 L1296 1.672 2.568 2.756 8255 5645 9411 10.55
09200 .1340 .8420 6868 9450 1.3759 L7268 1.684 2.599 2,785 8238 5658 H401 10.56
.09300 1349 8474 6897 9525 1.3810 7241 1.695 2.630 2.814 8221 5670 9391 10.37
03400 1357 8528 6925 9600 1.3862 7214 1.706 2.662 2.843 8204 5682 9331 10.2%
09500 1366 .8583 6953 5677 1.3917 7186 L7117 2,693 2.873 8187 5693 9371 1021
09600 1375 .B639 6982 9755 [.3970 7158 1.728 2.726 2.903 8170 5704 9362 10,12
09700 1384 8694 7011 9832 1.4023 1 1.739 2.757 2.933 8153 3716 9353 10.04
.09800 1392 8749 7039 5908 1.4077 L7104 1.150 2.790 2.963 8136 5727 9344 9.962
09900 1401 .B803 7066 9985 1.4131 7076 1.761 2.822 2994 8120 5737 9335 9,884
1000 1410 .8858 7093 1,006 1.4187 7049 [.172 2,838 3.025 8103 5747 9327 9,808
1010 1419 8913 7120 1.014 1.4242 7022 1.783 2.888 1.057 .8086 5757 9319 9.74
1020 1427 8967 7147 1.022 1.4297 6994 1.793 2922 3.088 8069 5766 9311 9.661
.1030 L1436 9023 73 £.030 1.4354 6967 1.80% 2956 3121 8052 57176 9304 9.550
1040 L1445 5076 1200 1.037 1.4410 6940 1.815 2.550 3153 L8036 5785 9297 9.519
1050 1453 5130 7226 1.045 1.4465 6913 1.826 3,024 3185 2019 5794 9290 9.451
L1060 L1462 9184 7252 1.053 1.4523 K141 1.837 3.059 3.218 8003 .5803 .9282 9.184
1070 L1470 9239 7277 1.061 1.4580 .6859 1.848 3.094 1251 1986 A812 9276 9.018
1080 .1479 .9293 7303 1.069 1.4638 6833 1.858 3128 3.284 T970 5820 9269 9.254
1050 . 1488 9343 \7327 1.076 1.4692 .6806 1.869 3164 3319 7954 5828 9263 9.191
L1100 1496 9400 L7352 1.085 1.4752 6719 1.880 3201 338 7937 5836 9257 9.129
Ao L1505 9456 7377 1.093 1.4814 6752 1.891 3.237 3.388 7920 5843 9251 9,068
1120 L1513 5508 7402 1.101 1.4871 6725 1,902 3.274 3.423 7904 5850 9245 9.009
1130 1522 9563 1426 1.109 1.4932 6697 1.913 3312 3.459 .7888 887 9239 8.950
1140 L1530 D516 1450 117 1.4990 6671 1.923 3.348 3.494 7872 5864 9234 8.891
1150 (1539 9670 7474 1.12% 1.5051 6645 1.934 3.385 3.530 7856 5871 9228 8.835
1160 1547 9720 7497 .13 1.5508 6619 1.944 3.423 3.566 7840 .5878 9223 B.780
1170 1556 5775 7520 1.141 1.5171 6592 1.955 3.462 3.603 7824 5884 9218 8.726
L1180 L1564 9827 7543 1.149 1.5230 6566 1.966 3,501 3.641 .7808 5890 5214 8.673
1190 573 9882 1566 1.157 1.5293 6539 1.977 3.540 \3.678 7792 3896 9209 B.621
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tanh sinh cosh sinh cosh

dils ofL 2ndiL 2xdiL 2xdfL 2xdiL K dxdfL drdfL 4xdil n CelCo HIH, M
L1381 L9916 7589 1.165 1.5356 6512 1.987 31.5719 3.716 J776 5502 9204 8.56%
P L1590 5989 612 1.174 1.5418 .6486 1.998 3.620 3.755 1760 5907 9200 8.518
1220 .1598 1.004 7634 1.182 1.3479 6460 2.008 3.659 3.793 1745 5913 9196 §.468
L1230 1607 1.010 L1656 1.190 1.5346 6433 2,019 3.699 383 1729 5918 9192 8.419
L1240 1618 1.015 7678 1.198 1.5605 6407 2,030 3,740 387 3713 5922 9189 8.371
1230 L1624 1.020 L7700 1.207 1.5674 6381 2.041 3,782 3.912 1698 5926 9186 8.324
.1260 1632 1.025 L1721 1.215 1.5734 L6356 2,051 3.824 3.952 7682 5931 9182 8.278
L1270 1640 1.030 7742 1.223 1.5795 L6331 2.061 3.865 3.992 7667 5926 9178 8.233
.1280 1649 1.036 7163 1.231 1.5862 6305 2.072 3.907 4,033 .7652 5940 S175 8.189
L1290 1657 1.043 7783 1.240 1.5927 6279 2.082 3.950 4.074 7637 5944 9172 8.146
L1300 1665 1.046 7804 1.248 1.5990 6254 2.093 3.992 4.115 71621 .5948 D169 8.103
1310 1674 1.052 7824 1.257 1.6060 .6228 2.104 4.036 4158 L1606 5951 D166 8.061
L1320 L1682 1.057 7844 1.265 1.6124 6202 2.114 4.080 4.201 7591 5954 9164 3.020
-1330 L1691 1.062 7865 1.273 1.6191 6176 2.125 4,125 4,245 1575 5958 9161 7.978
340 L1699 1.068 .1885 1.282 1.6260 6150 2.135 4.169 4.288 1560 5961 9158 7.937
1350 1708 1.073 .7905 1.291 1.633 6123 2,146 4.217 4.334 L1345 5964 9156 7.897
1360 716 [.078 7925 1.300 1.640 6098 2,156 4.262 4.378 7530 5967 9154 7.857
1370 _1724 1.084 7945 1.308 1.647 6073 2,167 4.309 4.423 1515 5969 D152 7.819
L1380 1733 1.089 7964 1.317 1.654 5047 2.177 4.155 4,468 L1500 5972 D150 7.781
L1390 741 1.094 7983 1.326 1.660 6022 2.188 4.402 4.514 7485 59715 9148 7.744
L1400 1749 1.099 8002 1.334 1.667 3998 2.198 4.450 4.561 7471 ~978 9146 7.707
1410 1758 1,103 8021 1.343 1.675 5972 2.20% 4.498 4.607 L1456 - 5980 9144 1.671
L1420 1766 1110 .8039 1.152 1.681 5947 2.219 4.546 4.654 7441 5982 9142 1.636
1430 AT774 1,415 8057 1.360 1.688 5923 2.230 4.595 4.663 T426 5984 9141 7.602
.1440 .1783 1.120 8076 1,369 1.696 5898 2.240 4.644 4.751 J412 5986 9140 7.567
L1450 1791 1.125 8094 1.378 1.703 .5871 2,251 4,695 4,800 7197 5987 9139 7.51]
L1460 1800 1.131 8112 1,388 1.710 5847 2.261 4.746 4.850 73182 3989 9137 7.499
.1470 1808 1.136 8131 1.397 1.718 5822 2212 4,798 4.901 7368 5950 9136 7.465
.1480 1816 1.141 8149 1.405 1.725 5798 2.282 4,847 4,951 .71354 5992 9135 7.432
1490 L1825 1.[46 8166 1.415 1732 57713 2.2%3 4,901 5.001 1338 5993 9134 T.400
1500 L1833 f.152 L8183 1.424 1.740 5748 2.303 4.954 5.054 7325 5994 9133 7.369
L1510 L1841 1.157 8200 1.433 1.747 5723 2,114 5.007 5.106 7311 3994 L9133 7.339
L1520 L1850 t.162 8217 t.442 1.755 5659 2,324 5.061 5.059 7296 3995 932 7.309
1510 .1858 1.167 L8234 1.45] 1.762 5675 2,135 5.115 5.2)2 7282 5996 9132 7.279
.1866 1.173 8250 1.460 1.770 .5651 2,345 5,169 5.265 7268 5996 9132 T1.250
E) 1875 1.178 8267 1.469 1777 5627 2,356 5,225 5.320 1254 5997 9131 1.221
1560 .1881 1.183 8284 1.479 1.785 5602 2,366 5.283 5.376 7240 5998 9130 7.191
L1570 _1891 1.188 8301 1.488 1.793 35717 2.377 5.319 5.432 7226 5999 9129 7.162
.1580 .1900 1.194 8317 1.498 1.801 5552 2,387 5.398 5.4%0 212 5998 9130 1134
.1590 1908 1.199 8313 1.507 1.809 5528 2.398 5854 5.544 7198 5998 9130 7.107
.1600 1917 1.204 8349 1.517 1,817 5504 2.408 5.513 5,603 7184 5998 9130 7.079
1610 .1925 1.209 365 1.527 1,825 .5480 2.419 5.57) 5.660 71 5998 9130 7.052
1620 .1933 1.215 8381 1.536 1.833 5456 2.429 5.630 5.718 1157 ~998 9130 7.026
.1630 1941 1.220 8396 1,546 1.341 .5432 2.440 5.690 5. 1144 5998 9130 7.000
1640 L1950 1,225 8411 1.555 1.849 .5409 2.450 5.151 5.817 J130 5998 9130 6.973
1650 .1958 1.230 .8427 1.565 1.857 .5385 2,461 5.811 5.898 017 5997 9131 6.949
1660 L1966 1.235 8442 1.574 1.865 5362 2,471 5.874 5.959 .T103 5996 9132 £.924
1670 L1975 1.240 8437 1.584 1.873 5339 2.482 5.938 6.021 JF090 5996 9132 6.900
1680 .1982 1.246 8472 1.594 1.882 5315 2,492 6.001 6.085 1076 5995 9133 6.876
1650 J1992 1.251 8486 1.604 1.890 5291 2.503 6.066 6.148 L706] 5994 9113 6.853
1700 2000 1.257 8501 1.614 1.899 5267 2513 6,110 6.212 .7050 5993 9134 6.330
1710 2008 £.262 8515 1.624 1.507 .5243 2.523 6.197 6.275 7036 5992 9113 6.807
L1720 2017 1.267 8529 1.634 1915 5220 254 6,262 6.342 7023 3991 9136 6.784
1730 .2025 51.272 8544 1.644 1.924 5197 2.544 6.329 6,407 .J010 .5989 9117 6.761
1730 .2033 1.277 .B558 1.654 1.933 5174 2.555 6.395 6.473 6997 5988 9138 6.738
L1750 .2042 1.282 8572 1,664 1.941 S156 2,565 6.465 6.541 6984 5987 9119 6.716
1760 2050 1.288 L8586 1.675 1.951 5127 2,576 6.534 6.610 6971 5985 9140 6,694
ET70 2058 1.293 8600 1,685 1.959 S04 31.586 6.603 6.679 6958 5984 9141 §.672
.1780 L2066 1.298 .B614 1.695 1.968 5081 2,597 6.672 6.747 6946 5982 9142 6.651
A T90 2075 1.304 .8627 1.706 1977 5058 2,607 6.744 6818 .6931 L5980 9144 6,631
150 .2081 1.309 8640 1.716 1.986 .5036 2.618 6.818 6.891 6920 5979 9145 6.611
L1810 L2092 1.314 .8653 1.727 1.995 5013 2.629 6.890 6.961 6907 5977 9146 6.591
L1820 2100 1.320 .B666 1.737 2.004 4990 2.639 6.963 7.015 56895 5975 9148 6,571
L1830 ,2108 1,325 .B6B0 [.748 2.013 4967 2.650 T7.038 7.109 6882 5974 9149 6,550
1840 2117 1,330 8691 1.758 2.022 4945 2.660 7.113 7.183 .6870 5972 9150 6.530
1850 2125 1.335 .BT06 1,769 2.032 4922 2.671 T.191 T1.260 6857 5969 9152 6.511
1860 2134 1.341 8718 1.780 2.041 4899 2.681 7.267 7.336 6845 5967 9154 6.492
A 2142 1.346 8731 1.791 2.051 4876 2.692 7.345 T.412 6832 L5965 91535 6.474
.2150 1.351 8743 1.8 2,060 4854 2.702 7.421 7.488 6820 5963 9157 6,456
90 2159 1.356 8755 1.812 2070 4832 2,712 71.500 1.566 6808 5961 9159 6,438

—————
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tanh sinth cash sinh cosh
difa dfL 2rdiL 2=djL 2=diL 2ndiL X axd{L axd[L 4xd]L n CelCa HIH, M
1900 2167 1.362 8767 1.823 2.079 4809 2.723 7.581 7.647 6796 5958 D161 6,421
1910 L2176 1.367 8779 1.834 2.08% 4787 2.734 7.663 1728 6784 5955 9163 6.403
1920 2184 1,372 L8791 1.845 2.099 4765 2.744 7.746 7.810 6772 5952 9165 6.185
1930 2192 1.377 8803 1.856 2,108 4741 2.75% 7.827 7.391 6760 5950 9167 6.368
1940 2201 1.383 8815 1.867 2.118 4721 2.765 7911 7.974 6748 3948 9169 6351
1950 2209 1.338 8827 1.879 2.128 4699 2.776 7.996 8.039 6736 5946 9170 6.334
1960 2218 1.393 .8819 1.890 2.138 4677 2.787 £.083 8.145 6724 5944 9172 6317
1970 2226 1.359 8850 1,301 2,143 4655 2.797 8.167 8228 6712 5941 9174 6.300
1980 2234 1.404 8862 1.913 2.158 4633 2.808 8.236 8.316 5700 3938 9176 6.284
1990 L2243 1.409 .8873 1.524 2.169 4611 2,819 8.346 8.406 6689 5935 9179 6.268
2000 2251 1.414 8884 1.93% 2.178 4530 2.829 8.436 B.495 66717 5932 2181 6253
2010 2260 1.420 8895 1.947 2.189 4569 2.840 8.524 8,583 6666 5929 9183 6237
2020 2268 1,425 8906 1.959 2,199 4547 2.850 8.616 B.674 6654 5926 9186 6.222
2030 217 1.430 8917 1.970 2.210 4526 2.861 8.708 8.766 6642 5923 9188 6206
2040 2283 1.436 8928 1.982 2.220 4504 2.872 8.803 8.860 6631 3920 91590 6.191
2050 .2293 1.441 8939 1.994 2.231 4483 2,882 8.897 8,953 L6620 5917 92193 6176
2060 2302 1.446 .8950 2.006 2,242 4462 2.893 8.994 9.050 6608 3914 9195 6.161
2070 2310 1.451 .B960 2,017 2.252 A4 2.503 9.090 9.144 6397 5911 9197 6147
2080 L2319 1.457 8971 2.030 2.263 4419 2914 9.187 9.240 6386 5908 9200 6.133
2090 2328 1,462 8981 2.042 2.274 4398 2,925 9.288 9.342 6574 59035 9202 6019
2100 2336 1.468 8991 2.055 2.28% 4377 2,936 9.389 9.442 6363 5901 5205 6.10%
2110 .2344 1.473 9003 2.066 2.295 4157 2946 9.4%0 9.542 6552 5898 9207 6091
2120 L2353 1.479 9011 2.079 2.307 4336 2.957 9,590 9.642 6541 5894 D210 5.077
2130 L2361 1.484 9021 2.091 2.318 4315 2.967 9.693 9.744 6531 5891 5213 6.064
2140 2370 1.489 9031 2.103 2.129 4294 2978 9.796 9.847 6520 5888 9215 6051
2150 .2378 1.494 5041 2115 2.340 L4274 2.989 9,902 9.952 6509 5884 9218 6037
2160 L2387 1.500 9051 2.128 2.351 4253 2.999 10,01 10.06 6498 5881 9221 6.024
2170 2395 1.506 061 2.142 2,364 4232 3.010 10,512 10.17 6488 5878 9223 6011
2180 2404 1.511 5070 2,154 2.375 4201 3.021 10.23 10.28 6477 25874 92126 5.999
2150 2412 1.516 9079 2.166 2.186 4191 3.03§ 10.34 10.38 6467 3871 9228 5.987
2200 2421 1.521 L9088 2.178 2,397 4171 3.042 10.45 10,50 5456 5868 5231 5975
L2210 2429 1.526 9097 2,192 2.409 415§ 3.052 10.56 10.61 G446 5864 9234 5953
2220 .2418 1.532 9107 2204 2.421 4131 3.063 10.68 10.72 6436 5861 9236 5951
L2230 2446 1.537 9116 2.218 2.433 4111 3.074 10.79 10.84 6425 5857 9239 3939
2240 2455 1.542 D125 2.230 2.444 4091 3.085 10.91 10.95 6414 3854 5242 5.927
.2250 2463 1.548 9134 1.244 2.457 4071 3,095 11.02 11.07 6404 3850 5245 3.915
2260 2472 1.553 9143 2.257 2.469 .4051 3.106 11.15 15.19 5394 .584¢6 9248 5.903
2270 .2481 1.559 9152 2.27 2.481 4031 3.117 11.27 11.31 L6383 5842 9251 5.8%1
2280 2489 1.564 9161 2.284 2.493 L4011 3.128 11.39 11.44 6373 58318 9234 5.880
.2290 .2498 1.569 9170 2,297 2.506 L3591 3.138 11.5% 11.56 6363 5834 9258 5.869
2300 2506 1.575 9178 231t 2,518 397 3.149 11.64 11.68 6353 3830 9261 5.858
L2310 25158 1.580 9186 2,325 2.531 L3952 3160 11.77 11,81 6343 5826 9264 5.848
,2320 2523 1.585 9194 2.338 2.543 3932 3.171 11.90 11.93 6332 .5823 9267 5.818
2330 2532 1.591% 9203 2.352 2.556 3912 3.182 12.03 12.07 56323 5819 9270 5.827
2340 2540 1.596 9211 2.366 2369 3893 3,192 12.15 - 12,19 6313 5815 9273 5.816
2350 2549 1,602 9219 2.380 2,581 3874 3.203 12,29 12,33 6304 3811 9276 3.806
2360 2558 1.607 9227 2,393 2.594 3855 3.214 12.43 12.47 6294 3807 9279 3.796
2370 2566 1.612 9238 2.408 2.607 3836 1.225 12.55 12.59 5284 S804 9282 5.786
,2180 L2575 1.618 9243 2.422 2,620 816 3,236 12,69 12,73 6275 5800 9285 5.776
2350 2584 1.623 9251 2.436 2.634 3797 3147 12.83 12,87 6265 5796 9288 5.766
2400 .2592 1.629 9259 2.450 2.647 7179 3.257 12,97 13,01 L2156 5792 9291 5.756
2410 2601 1.634 9267 2.464 2.660 3760 1.268 13,15 13.15 6246 5788 9294 3.746
2420 2610 1.640 9275 2.480 2.674 3741 3,279 13.26 13.30 6237 5784 9258 5.736
.2430 2658 1.645 9282 2.494 2.687 A12 1.250 13.40 13.44 6228 5780 9301 5.727
2440 2627 1.650 9289 2508 2.700 3704 3.301 13.5% 13.59 6218 5776 9304 5.718
2450 2618 1.656 9296 2.521 2.714 .3685 3312 1370 12,73 6209 5172 L9307 3.710
2460 L2644 1.661 9304 2,538 2,728 666 3,323 13.85 13,88 6200 5768 9310 5.701
2470 2653 1.667 9311 2.553 2.742 3648 3.334 14.00 14.04 6191 5764 9314 5.692
2480 L2661 1.672 X3t 2.568 2,755 3629 3.344 14.15 14.19 6182 5760 93i7 5.684
2490 2670 1.678 9325 2.581 2.7170 610 3,155 14.31 14.35 6173 5756 9320 5.675
2500 L2679 1.683 9332 2,599 2.784 3592 3367 14.47 14,51 bi6d 5752 9323 3.667
2510 L2687 1.689 9339 2614 2.798 3574 37 14.62 14.66 6155 5748 9327 5.658
2520 2696 1.694 9346 2.629 2.813 556 3.388 14.79 14.82 6146 5744 9330 5.650
2530 2705 1.700 533 2.645 2.828 35317 3,399 1495 14.99 6137 5740 9333 3.641
2540 2714 1.705 9360 2.660 2.842 519 3410 15.12 1515 6128 5736 5336 5.633
2550 2722 1.711 9367 2.676 2.856 3501 3.421 15.29 15.32 6120 5732 9340 5.624
2560 2731 1.716 9374 2.691 2.871 3483 3.432 15.45 15.49 6111 5728 9342 5.616
2570 2740 1.722 9181 2.707 2,886 3465 3.443 15.63 15.66 6102 5724 9346 5.608
2580 2749 1.727 9388 2,723 2.901 3447 3.454 15.80 15.83 6093 5720 9349 3.600
2550 2757 1.732 9394 2.739 2.916 .3430 3.465 15.97 16.00 6085 56 - 93153 5.592



APPENDIXES 519
APPENDIX 1. (Continued)
tanh sinh cosh sinh cosh
diLo diL 2xd)L 2ediL 2xdiL 2rdfE K dxdiL axdL dxdiL n CelCs HiH M
2600 2766 1.738 400 2755 2,911 L3412 3.476 16.15 16,18 6076 S712 9356 5,585
2610 2775 1744 2406 2,172 2.946 231394 3487 16.33 16,36 6068 .5707 9160 5,578
2620 2784 1.749 F4L2 2.788 2.962 1376 3,498 16,51 16,54 6060 5703 9363 5.571
2630 2792 1,755 S48 2.804 2.977 3359 3.309 16.69 16.73 L6052 5699 L9367 3.563
2640 .2801 1.760 9425 2,820 2,992 3342 3.520 16.88 1691 6043 3695 9370 5.556
2650 .2B10 1,766 5431 2837 3.008 k] 3.531 17.07 17.10 6035 5691 9373 5.548
.2660 L2819 1.771 9437 2.851 3.023 L3308 1.542 17.26 17.28 6027 .5687 577 3541
2670 .2827 1.776 9441 2.870 3.0)% 3291 3.553 17.45 17.45 6018 5683 9380 5.534
.2680 ,2836 1.782 9449 2.886 3.055 3274 3.564 17.64 17.67 6010 5679 9383 5.5
,2650 2845 1.788 9455 2.904 3071 3256 1575 17.84, 17.87 6002 5675 9386 5.520
.2700 (2854 1.793 2461 2.921 3.088 3239 3.387 18.04 18,07 5994 5671 9350 5.5t3
.20 L2863 1,799 9467 2.938 104 3222 1.598 18.24 18.27 5986 5667 9393 5.506
2720 2872 1.804 9473 2.956 1120 .3208 3610 18.46 18.4% 5978 5663 9396 5.499
2730 .2880 1.810 9478 2.973 3.136 .3189 3.620 18.65 18.67 5971 5659 .9400 5493
2740 .2889 EB1S 5484 2,950 3153 3172 3.631 18.86 18.89 5963 5655 .9403 5.486
2750 ,2898 1.821 9490 3.008 3170 3158 3.642 19.07 19,10 5955 3651 9406 5.480
2760 2907 1.826 9495 1,025 3,186 3139 1.653 19.28 19.30 5947 5647 9410 5.474
2770 2916 1.832 9500 3.043 3.203 J3122 3.664 19.49 19.51 5940 5643 Ha13 5.46%
2780 .2924 1,837 9508 3.061 1220 3106 31.675 19.71 19.74 5932 .5639 9416 5.462
2790 .2933 1.843 9511 3.079 1237 3089 31.636 19.93 19.96 5925 5615 9420 5.456.
2800 2942 1.549 9516 3.097 1.254 3073 3.697 20,16 20.18 5917 3631 9423 5.450
.2810 2951 1.854 9521 3115 1.272 L3057 1.709 20.39 20.41 5910 5627 9426 5.444
(2820 L2960 1.960 9526 313 3.289 L3040 3720 .62 20.64 5902 5623 9430 5,438
2330 L2969 1.866 9532 3.152 1.307 .3024 3.731 20.85 20.87 .5895 3619 9433 5.432
2840 2978 1.871 9537 3.7t 1.325 _.3008 3.742 21,09 2111 .5887 5615 L9436 5.426
2830 .2987 1.877 9542 1 1%0 3.343 2992 3.754 21.33 21.35 5880 5611 9440 5.420
2860 2996 1.882 9547 1.209 3,361 .2976 3,765 21.57 21.3% 5873 5607 9443 5.414
2870 .3005 1.888 93552 3,228 3,379 2959 1776 21.82 2184 5866 L5603 9446 5.409
.2880 3014 1.893 9557 1.246 3.396 L2944 3,787 22.05 22,07 .5859 5600 9449 5.403
2890 3022 1.89% 9562 3.264 3414 2929 3,798 22,30 22,32 .5852 5596 9452 5.397
2500 2303 1.505 9567 3.284 3.433 .2913 1.809 22.54 22.57 5845 .5592 9456 5.352
2910 3040 1.910 9572 1.303 1.451 .2898 3.821 22.81 2283 .5838 .5588 9459 5.386
1920 .49 1.916 9577 3,323 1.471 .2882 3.832 23.07 23.09 5831 5584 9463 5.380
.2930 .3058 1.922 9581 1343 3.490 L2866 31,843 23.13 2335 3524 5580 9466 5.375
2940 3067 1.927 9385 1.362 3.508 2851 3.855 23.60 21,62 5817 5376 9469 371
2950 3076 1.933 9590 1.382 1.527 .2835 1.866 23.86 23.88 5810 5572 9473 5,366
2960 .3085 1.938 9554 3.402 1.546 2820 3.377 24.12 24.15 .5804 5568 9476 5.361
.2970 3094 1.944 9599 3.422 1.565 2805 3.888 24.40 24.42 5797 5564 5430 5.356
.1980 3103 1.950 9603 1.442 1.58% .27%0 1,900 24.68 24.70 5790 5560 .9483 5351
1990 312 1,955 9607 1.462 1.604 2275 3911 24.96 2498 5784 5556 9486 5.547
L3000 3121 1961 9611 3.483 3.624 2760 3.922 25.24 25.26 57717 L5552 .94%0 5.342
3010 3130 1.967 9616 1.503 1643 2745 1.933 25,53 15.55% 771 5549 9493 5137
3020 3139 1.972 9620 3524 1.663 2730 1.94% 25.82 25.83 5764 5545 9496 5332
3030 3148 1.978 9624 3,545 1.683 2715 1.956 26.12 26.14 5758 5541 9499 5,328
23040 3157 1.984 9629 31.566 1703 .2700 3,968 26.92 26.44 5751 5538 9502 5.313
3050 3166 1.989 9633 31.587 3724 .2685% 319719 26.72 26.74 5745 5534 9505 5318
L3060 3175 1.995 9637 1.609 1. 745 2670 3.590 27.02 27.04 5739 5530 9509 51314
.3070 L3184 2,001 9641 3.630 3,765 2656 4.002 .33 27.35 5732 5527 9512 5.309
3080 3193 2.007 9545 1.651 1.786 2641 4013 27.65 21.66 5726 5523 9515 5.30%
3030 L3202 2.012 9649 3.673 3.806 2627 4.024 27.96 21.98 5720 5519 9518 5.300
10 JAz211 2.018 9653 3.694 3.827 2513 4.016 28.28 28.30 3714 5515 9522 3296
L3110 3220 2.023 9656 3.716 3.848 2599 4,047 28.60 28.62 5708 5511 9525 5.292
3120 .3230 2.029 966D 1738 1870 .2584 4,058 28,93 28.95 .5701 5507 9528 5238
L3130 3239 2,035 9664 3,760 3.891 L2570 4.070 29.27 29.28 5695 5504 9531 5.284
L3140 3248 2041 9668 3782 3912 2556 4,081 29.60 29.62 5689 5500 .9535 5.280
3150 L3257 2.046 9672 3.80% 3934 2542 4.093 29.94 29.96 5683 5497 9538 5.276
.3i60 3266 2,052 9676 3.828 1.956 2528 4.104 30,29 30.31 5678 5494 9541 5.272
3170 275 2.058 9679 1.351 3978 J2514 4,116 30.64 30.65 5672 5490 9544 5.268
3180 3284 2.063 9682 3.873 4,000 L2500 4.127 30,99 31.00 5666 5486 9547 5.264
1% 294 2.069 9686 3.896 4.022 2486 4.139 31.35 3137 5660 5483 9550 5.260
3200 3302 2.075 9690 1919 4.045 2472 4.150 3171 31.72 5655 5479 9553 5.256
3210 3311 2.081 9693 1.943 4,068 2459 4,161 3207 32,08 5649 5476 9556 5.252
3220 L1321 2,086 9696 1,966 - 4.090 2445 4.173 32.44 32.46 5643 5472 5559 5249
3230 L3330 2.092 9700 19%0 4.114 .2431 4,185 32.83 32.84 5637 5468 9562 5.245
3240 1139 2.098 9703 4.014 4.136 .2418 4.196 3320 322 5632 5465 9565 5.241
50 L3349 2.104 5707 4.038 4.160 L2404 4.208 33.60 13.61 5627 5462 9568 5237
22640 3357 2.i10 5710 4.061 4,183 239 4219 311.97 31.59 5621 .5458 9571 5.234
3270 3367 2.115 713 4.085% 4,206 2378 4.231 34.37 34.38 5616 5455 9574 5231
3280 1176 2121 9717 4,110 4,230 2364 4.242 1477 34.7% 5610 .5435] 9577 .27
3290 3385 2.127 9720 4,135 4.254 L2351 4.254 35.18 315.19 5605 5448 9580 5223



Lecture 11
Coastal and Ocean Structures
Part 111

Pilings and Piers

The forces on a pile depend on the size of the pile (diameter) relative to the wave length.
If the pipe is very large diffraction may govern the force. For this course we will restrict
our attention to small vertical piles (Diameter < 0.05 L). The definition diagram for a
pile is shown in Figure 11.1 (Fig. 7-67 SPM). Additional definitions that are often used
with piles are given in the APPENDIX at the end of this lecture.

For non-breaking waves the force on a small (slender) vertical pile is often estimated by
the Morrison Equation:

FTELT 7T TP 7Tl 777777 It Vil 4

Figure 7-87. Definiilon sketcihh of wave farces on a wercieal cylindec.

Slenderness Criterion IR" < 0,05
‘A

Figure 11.1 Slender Pile (D = pile diameter; L = linear wave length)

The Morrison equation has the form:

1 ,du 1
[=15 fp= g Cupn ot ECDpDquI 11.1

where fis the force per unit length of the pile; f; = force due to inertia; fp=force due to
drag; u = horizontal orbital velocity; Cy = inertial or virtual mass coefficient; Cp, = drag
coefficient.

The Airy or linear wave length LA is given by:
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2md
L,

The non-linear wave length can be obtained using Dean’s Stream function, Stokes or

Cnoidal wave theory; Figure 11.2 (SPM) can be used to obtain an approximation of the
non-linear L.

L, = L, tanh(—) 11.2
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Figure 7-70. Wavelength correction factor for finite amplituda affects.,

Figure 11.2 Non-linear Wave Length (SPM)

There are three types of forces that dominate on slender piles: inertia, drag and lift. Airy
theory gives the following formulae for the inertia and drag forces per unit length:
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Egs. 11.3-11.6>

_ B gT cosh [2w (=2 + d)/L] 2vt
"R cosh |27d/L] ROS ( T )

du du _ grH cosh [2n (z + 4)/L] Thi (_ dnc )

dr - T

dr = 3t 5 cosh [ 2nd/L]

Introducing these expressions into equation (7-20) gives

2 w
fi = ¢, s 3%_ H {%iLosh [27 (z + d)/L]} sin (_ Zwt)

cosh [ZadfL]

i

2
‘ 1 2 )T {eosh [2n (z + d)/L] vt 2nt
t =« C —pp DH cos | —— casT
I 2

2

4L

cosh [2md/L)

These equations can be integrated from the seabed (-d) to the wave surface (1) as shown

below:
Eq. 11.7-11.8->

i 7
F= [fdz+ [f,dz=F+ F,
—d -d

7

M= [@+d) fdz+ [+ d)f,dz= M+ M,
-d

-4
where F, F;and F p are respectively the total wave force, the total inertia force and the
total drag force on the pile. Similarly , M, M;and M p are respectively the total wave

moment, the total inertia moment and the total drag moment about the base of the pile.

Figure 11.3a (Figure 3.1 in Sarpkaya and Isaacson) shows how Cp varies with Re ~ U

D/(v). Figure 11.3b shows SPM design values for Cp varies on relatively smooth circular
piles. The added mass coefficient Cyy is shown in Table 11.1 (Table 2.3 in Sarpkaya and
1saacson). The variation of Cy with the Keulegan-Carpenter Number (Ny.) is illustrated

in Figure 11.4.

1t is necessary to integrate Eqs. 11.3-11.6 over the length of the pile that is affected by
wave as shown by Egs. 11.7-11.8. Based on Deanss stream function theory, the SPM

the

gives the general integrated equations as shown Egs. 11.9-11.12. The following are the

maximum inertia and drag forces and moments with the respective integration
coefficients:
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Eq. 11-9-11.12>

R
Fow = 3 ComDHK,,
M, = I, dS,
Mp, = I,d5),
where K, Kpm, S; and Spare the integration coefficients shown in Figures 11.3t0 11.6
respectively.
100 A+~———BI-C—HD

(iiF}‘\\\\\\
()

0.1 1: ANt GRS AT AERET! RORET] BN | ol il
4] []
v w0 1w ot ot ot ot w’
Re
Fig. 3.1b. Drag coefliclent for circular cylinders as a function of Reynolds number (Schlicht-
ing 1968).

Figure 11.3a Drag Coefficient (Sarpkaya and Isaacson)
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o
Figure 11.3b Drag Coefficient (SPM)

Table 2.3 Added Masses of Various Bodies

: SHAPE ADDED WASS
- PER LWIT LENOTH

- K0T 10M

@ CIRCLE omct
EiIPsE  pmd
—

nuest  pral

l];r PLATE -
3 —

Cy =Added Mass/(Displaced Mass)

4= b b
n . RECTAMGLE = 1.00 oma® 1 1.5) oma®
- —_— 12 LU 05 Lo
2T Y 0 j.ee
o — z 1% " 00 223+ {dendel 1950)
- .
n DIAMOD 2 oS ®
1 — 106 T
0.5 9.6 *®
o.r 0.61 (Mendel 1950)
- c .
[ 1-80AN
+ ac e 2.6
o we = 36 2.1 el (Pation 1985)
Ry REGAAR n =3 0,654 pmal
POLYGON 4 Q787 -
. } oea -
= Y l VR T wendel 19s0)
n $IDED

Table 11,1 Inertia Coefficient (from Sarpkaya and Isaacson)
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0

0 4 8 12 16 20 24 28 32 34 “Kc

Fig. 5.2. Drag coefficients from fiald data, as compiled by Wiegel et al (1957). Solid lines
from Sarpkaya (1976a).

5

0

0

Fig. 5.3, Inertia coefficents from field data, as complled by Wicgel ¢t al (1957). Solid
lines from Sarpkays (1976a).

Figure 11.4 Inertia Coefficient (from Sarpkaya and [saacson). N, is the Keulegan-
Carpenter Number defined in the Appendix to this lecture,
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Figure 11.5 Inertia Force Integration Coefficient
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Figure 11.7 Inertia Moment Integration Coefficient

The maximum inertia and drag do not occur simultancously; therefore, the resultant is
less than the sum of the two maxima. The resultant force is the computed from
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farer Geen, 1971

Figure J-74. Drag lorce coment arwm, SM__; , versus relative depth, d;’gTz .
Figure 11.8 Drag Moment Integration Coefficient

The maximum inertia and drag do not occur simultaneously; therefore, the resultant is
less than the sum of the two maxima. The resultant force is the computed from

F,= ¢$3C,H*D 11.13

Figures 11.9a, 11.9b and 11,9¢c give the ¢y, factors in terms of d/(gT?), H/gT? and
W=CuD/(CpH) for W=0.1, 0.5 and 1.0

The resultant moment is computed from

M,=a,yC,H Dd 11.14

Figures 11.10a, 11.10b and 11.10c give the oy, factors in terms of d/(gT%), H/gT? and
W=CuD/(CpH) for W=0.1, 0.5 and 1.0
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Lift

Flow past a pile can also induce a lateral force (lift) that is roughly related to the
Keulegan-Carpenter Number = Umax T/D as shown in Figure 11.11 (Figure 7-83 SPM).
The maximum lift force can be represented by

l
Fl’ = EK'[,I-IzDKDm

where Cy is the lift coefficient. For large Ny, the C/ Cp ~0.7 to 1|

11.1

5
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Figure 11.11 Lift Coefficient as a Function of Keulegan

The lift force is associated with alternating shedding vortices which have a characteristic

frequency f, that can be estimated by the Strouhal Number

fo D/U as shown in Figure

11.12, 11.13 and Table 11.2 (Fig 3.1a, 3.2 and 3.9 Sarpkaya and [saacson).
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Figure 11.12 Lift Coefficient and Shedding Vortices
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Fig. 3.2. The Strouhal-Reynolds number relationship for circular cylinders (Lienhard 1966).

Figure 11.13 Dimensionless Frequency for Flow Around Circular Piles (Sarpkaya &

Isaacson)
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Fig. 3.1a. Incompressible flow regimes and thedr consequences.

Table 11.2 Regimes of Flow Around Circular Piles (Sarpkaya and lsaacson)

Effect of Roughness

If the pile is rough e.g. coated with barnacles, the Cp increases ~ 1.3-1.5
The Cy ~ 1.2-1.6 for circular piles with Ny, up to 100

Large Diameter Piles

Figure 11.14 shows the dominant processes that affect the flow around piles. For small

D/L we have inertia and drag as dominant forces; however, as D/L increases diffraction
become more important.
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Fig. 6.1. Wave Jorce regimes (Isaacson 1979a).

}

Figure 11.14 Flow Regimes as a Function of D/L (Isaacson)

Eq.11.17->

1
F, =K Had ——= - K, yHDL—(———
2 2

where
k = wave.number = 2x/ L
a=D/2

Kgr is can be obtained from Figure 11.15
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Figure 11.I5 Large Diameter Isolated Circular Piles or Caissons
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Inclined Piles

WAVE FORCES ON SMALL BUOIES J29

Fig. 5.9. Defunition sictch fat an Inchned cylindes,

Figure 11.16 Inclined Member

The force on an inclined member can be found from the vector equation:

1: = ic.wpﬂ'Dz dsj_!,, + %CDPD|QH~Q14
U,
U,=lu, 11.18
Up:
/-
f=1/
J
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APPENDIX

Definitions

* Reynolds Number=
Re = UD/v
« Keulegan-Carpenter

Number N, .=UT/D 7Z'HL

» Strouhal Number 0
S.=f D/U (7] =
t o : ' max -
+ U = maximum horizontal TLA

orbital velocity =umax

+ f, = shedding frequency=
S, U/D
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Figure 7-90. HNonbreaking waves; x = 1.2 .
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NON-BREAKING WAVES Kf = 1.0 [Net Force & Net Moment]
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Figure 7—-100. Dimensionless Minikin wave pressure and force.
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