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1 . INTRODUCTION W.W. Massie 

1 . 1 . Purpose 

This set of l e c t u r e notes i s w r i t t e n p r i m a r i l y to supple

ment the c lasses conducted by Pro f . E.W. B i j k e r which are held 

i n D e l f t , both a t the U n i v e r s i t y of Technology and a t the I n t e r 

na t iona l Course in Hydraul ic Engineer ing. The l e c t u r e t ime w i l l 

be used p r i m a r i l y to d iscuss and a m p l i f y these notes and answer 

ques t ions . 

Some can probably lea rn much from these books w i t h o u t having 

at tended the c lasses at a l l . Questions are o f t e n posed w i t h i n 

the t e x t ; a l l are intended to s t i m u l a t e thought and v e r i f y un

de rs tand ing . 

1.2. Subdiv is ions 

The e n t i r e mate r ia l o f coastal engineer ing presented by 

Pro f . B i j k e r a t the D e l f t U n i v e r s i t y of Technology i s c u r r e n t l y 

d i v i ded i n t o th ree courses: 

a. I n t r o d u c t i o n to Coastal Engineer ing - requ i red f o r a l l 

hyd rau l i c engineer ing s tuden ts . 

b. Topics i n Coastal Engineering - a more advanced t r e a t 

ment of c e r t a i n s p e c i f i c more spec ia l i zed t o p i c s , r e 

qu i red f o r a l l coastal engineer ing s tuden ts . 

c. Breakwater Design - t r e a t s t h a t pa r t i cu l a r ^ specia l ized 

t o p i c . 

This subd i v i s i on has been re ta i ned i n the p repara t ion o f 

these books; the ma te r ia l i s d i v i ded i n t o th ree separate v o l 

umes, w i t h each volume prepared f o r one o f the th ree courses 

1 i s t ed above.* 

Another subd i v i s i on i s a lso p o s s i b l e ; i t i s o f t e n handy to 

subd iv ide the ma te r i a l o f coasta l engineer ing i n t o t h ree broad 

areas according to the types o f problems whi:ch are t r e a t e d . 

These th ree broad ca tegor ies are Harbors, Morphology, and Of fshore 

and are discussed f u r t h e r in chapter 2. This d i v i s i o n has been 

re ta ined i n the f i r s t two volumes of t h i s book. Wi th in each of 

these volumes mate r ia l has been grouped in each of these c a t e 

g o r i e s . Th is subd i v i s i on i s not apparent i n volume I I I s ince 

breakwaters f a l l almost e x c l u s i v e l y i n t o the harbor ca tegory . 

A f o u r t h category o f i n fo rma t i on has been added in these 

notes to rev iew necessary background theory normal ly presented 

i n other courses ; t h i s is done f o r completeness. Many can sk ip 

over t h i s category comple te ly , o thers w i l l f i n d i t u s e f u l . 

The understanding o f t h i s background i s , however, o f v i t a l im

portance f o r the t r u e coasta l engineer ing t op i cs which are 

X I t has l a t e r been decided to separate the o f f s h o r e e n g i 

neer ing i n a separate volume. Thus, t h i s appears as volume IV. 
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b u i l t upon t h i s f o u n d a t i o n . 

1 . 3 . Per iod ica l l i t e r a t u r e . 

S p e c i f i c l i t e r a t u r e re ferences have been inc luded a t the 

end o f each o f the f ou r volumes. These are indeed r e f e r e n c e s ; 

they prov ide background ins tead o f h i g h l i g h t i n g the most recen t 

developments. Per iod ica l l i t e r a t u r e provides the best means of 

keeping up to da te . Such l i t e r a t u r e can be grouped i n t o f i v e 

s o r t s , each i s descr ibed a b i t below. 

General 

Engineering pe r i od i ca l l i t e r a t u r e of t h i s s o r t covers a 

broad spectrum of t o p i c s w i t h i n engineer ing and, as such, occa

s i o n a l l y conta ins something o f d i r e c t i n t e r e s t to coasta l e n g i 

neers , even though such a r t i c l e s o f t e n lack s p e c i f i c techn ica l 

d e t a i l . Examples o f such p e r i o d i c a l s a r e : 

a . Engineer ing New Record, publ ished v/eekly by McGraw H i l l 

P u b l i c a t i o n s , New York, U.S.A. 

b. De Ingen ieur , publ ished weekly by the Royal Soc ie ty of 

Engineers ( K o n i n k l i j k I n s t i t u u t van I n g e n i e u r s ) , The 

Hague, The Netherlands 

c. C i v i l Eng ineer ing , publ ished monthly by the American So

c i e t y o f C i v i l Engineers, New York, U.S.A. 

General S p e c i f i c 

This group o f j o u r n a l s prov ide general i n fo rma t ion about a 

s p e c i f i c t o p i c a rea . These u s u a l l y con ta in i n fo rma t i on o f d i r e c t 

i n t e r e s t but s p e c i f i c t echn i ca l d e t a i l s are u s u a l l y s t i l l l a c k i n g . 

Examples o f t h i s s o r t o f l i t e r a t u r e a r e : 

a . Ocean I ndus t r y , publ ished monthly by the Gul f Pub l i sh ing 

Co . , Houston, Texas, U.S.A. 

b. The Dock and Harbor A u t h o r i t y , publ ished monthly by Foxlow 

P u b l i c a t i o n s , L t d . , London. 

Technical Spec i f i c 

This group of p u b l i c a t i o n s p rov ide , i n g e n e r a l , most o f the 

s p e c i f i c techn ica l d e t a i l s o f a problem and i t s s o l u t i o n , and are 

o f t e n found i n the re ferences l i s t e d i n a r t i c l e s found i n the above 

so r t s of p e r i o d i c a l s . Examples o f techn ica l s p e c i f i c l i t e r a t u r e 

a r e : 

a. Journal of the Waterways, Harbors, and Coastal Engineering 

D i v i s i o n , publ ished q u a r t e r l y by the American Soc ie ty of 

C i v i l Engineers, New York, U.S.A. 

b. Shore and Beach, publ ished semiannual ly by American Shore 

and Beach Preserva t ion A s s o c i a t i o n , Miami, F l o r i d a , U.S.A. 

c. Coastal Engineer ing i n Japan, pub l ished annua l l y by Japan 

Society of C i v i l Engineers, Tokyo, Japan. 
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Strange Technical 

These j o u r n a l s prov ide the same type of i n f o rma t i on as the p re 

v ious s o r t of j o u r n a l s , but are intended f o r an e n t i r e l y d i f f e r e n t 

s p e c i a l t y group. I t takes a b i t o f i ngenu i t y on the pa r t of the 

i n v e s t i g a t o r to d iscover r e l a t e d t op i c areas and pat ience to seek 

through i t s l i t e r a t u r e on the small chance t h a t i t con ta ins some

th i ng u s e f u l . Of ten t h i s searching can be avoided by us ing an ab

s t r a c t index - see below. The examples l i s t e d below serve on l y 

to i l l u s t r a t e t h a t usefu l i n fo rma t ion can be found in t h i s s o r t 

of j o u r n a l . 

a. An a r t i c l e on wave f o r c e s : Journal o f the Engineer ing Mecha

n ics D i v i s i o n , publ ished by the American Society of C i v i l 

Engineers, New York, U.S.A. 

b. An a r t i c l e on wave a c t i o n i n harbors : Journal o f the Acous

t i c a l Soc ie ty o f America, New York, U.S.A. 

Abs t rac ts 

A b s t r a c t s , indexed i n some way, serve to prov ide easy access 

and quick re fe rence to the vas t domain o f l i t e r a t u r e . A b s t r a c t s , 

o f themselves, do not prov ide any new i n f o r m a t i o n ; the simply con

dense and index e x i s t i n g a r t i c l e s . Among the e x c e l l e n t a b s t r a c t 

and index ing serv ices a re : 

a. Documentation Data, publ ished by the D e l f t Hydrau l ics Labo

r a t o r y , D e l f t , The Netherlands 

b. Engineer ing Index, publ ished by the Engineer ing Soc ie t ies 

L i b r a r y , New York, U.S.A. 

Both of these serv ices are a v a i l a b l e i n the Main L i b r a r y o f 

the D e l f t U n i v e r s i t y of Technology. The Engineer ing Index abs t rac t s 

can be examined v i a a d i sp lay termina l t h e r e , even though t h i s type 

of work i s expensive. In a d d i t i o n a f i l e of the Documentation Data 

i s main ta ined i n the Laboratory o f F l u i d Mechanics o f the C i v i l 

Engineering Department. 

1.4. Reference Books. 

A few general re fe rence books o f s p e c i f i c i n t e r e s t to coastal 

engineers are l i s t e d here. Each o f these w i l l t e l l something but 

u s u a l l y not every th ing about a wide spectrum of coasta l engineer ing 

t o p i c s . 

a . Per Bruun (1973) : Port Eng ineer ing: Gul f Pub l i sh ing Company, 

Houston, Texas, U.S.A. 

b. Ar thur T. Ippen (1966) : Estuary and Coas t l i ne Hydrodyna

mics : McGraw-H i l l , New York. 
c. H. Lamb (1963) : Hydrodynamics (6 th e d i t i o n ) : Cambridge Univ. 

Press, 

d . Muir Wood, A.M. (1963) Coastal Hyd rau l i cs : Macmil lan and 

Co. L t d . , London, England. 

e. Robert L. Wiegel (1964) : Oceanographioal Engineer ing: Pren

t i c e - H a l l , I n c . , Englewood C l i f f s N . J . , U.S.A. 
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1.5. Con t r ibu to rs 

These books are prepared by the e n t i r e s t a f f o f the Coastal 

Engineering Group of the D e l f t U n i v e r s i t y o f Technology. The p r i 

mary authors o f each sec t ion are l i s t e d a t the beg inn ing . Many 

others of the s t a f f reviewed each s e c t i o n ; f i n a l e d i t i n g and 

assanbly was the r e s p o n s i b i l i t y of W.W. Massie. Table 1 . 1 . l i s t s 

the e n t i r e c o n t r i b u t i n g s t a f f f o r t h i s volume i n a l phabe t i ca l o rde r . 

Table 1 . 1 . Con t r i bu to rs to t h i s volume 

I r . E. A l l e rsma, Chief Engineer, Hydrodynamics and Morphology Branch, 

D e l f t Hydrau l ics Labora to ry , D e l f t . 

Prof . Or. I r . E.W. B i j k e r , Professor of Coastal Eng ineer ing , D e l f t 

U n i v e r s i t y o f Technology, D e l f t . 

I r . C.J.P. van Boven, D i r e c t o r Harcon I n c . , The Hague. 

I r . J . B r a k e l , Research Engineer, Adriaan V o l k e r , I n c . , Rotterdam. 

I r . J . J . van D i j k , Senior S c i e n t i f i c O f f i c e r , D e l f t 

U n i v e r s i t y o f Technology, D e l f t . 

I r . L. E. van Loo, Senior S c i e n t i f i c O f f i c e r , D e l f t U n i v e r s i t y 

of Technology, D e l f t 

W.W. Massie, M.Sc, P .E. , Senior S c i e n t i f i c O f f i c e r , D e l f t U n i v e r s i t y 

o f Technology, D e l f t . 

I r . J . de Nekker, Chief Engineer f o r Harbors, Department o f Publ ic 

Works, Rotterdam. 

I r . A. Paape, D i r e c t o r of D e l f t Branch, D e l f t Hydrau l ics Labora to ry , 

D e l f t . 
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1.6. Miscel laneous Remarks 

The s p e l l i n g used i n t h i s se t o f books is American ra the r than 

Eng l i sh . 

A s incere at tempt has been made to use c o n s i s t e n t , unambiguous 

n o t a t i o n . Symbols are de f ined when f i r s t in t roduced i n each chapter 

and a comprehensive l i s t o f symbols i s provided a t the end o f each 

volume. 

L i t e r a t u r e i s c i t e d i n the t e x t by author and year da te . A com

p l e t e l i s t o f re ferences used i s inc luded a t the end o f each book. 

Figures shown are drawn to scale whenever p o s s i b l e . D i s t o r t e d 

f i g u r e s w i l l be s p e c i f i c a l l y po in ted o u t . Many f i g u r e s i n these 

books are reproduced a t 80°^ o f t h e i r o r i g i n a l s i z e . The i r o r i g i n a l 

dimensions can thus be r e c o n s t i t u t e d by measuring w i t h a 1 : 1250 

s c a l e . 

Many techn ica l terms used i n these notes are l i s t e d in a sepa

r a t e g lossary g i v i n g d e f i n i t i o n s and Dutch t r a n s l a t i o n s . 

Since the Engl ish system o f u n i t s i s s t i l l i n common use in 

the marine i ndus t r y several tab les o f u n i t s convers ion f a c t o r s are 

a l s o a v a i l a b l e separa te l y . 
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2. OVERVIEW OF COASTAL ENGINEERING E.WV Bi. jker 

2 . 1 . D e f i n i t i o n 

Coastal eng ineer ing i s the c o l l e c t i v e term encompassing most 

of the eng ineer ing a c t i v i t i e s r e l a t e d to works along the coas t s . 

In recent yea rs , coasta l engineers have o f t e n been invo lved i n 

engineer ing o f s t r u c t u r e s to be placed o f f s h o r e as w e l l . I t i s 

t h e i r pr imary task t o apply techn ica l knowledge to the cons t ruc 

t i o n o f va r ious works along coasts and o f f s h o r e . Usua l l y , designs 

are needed f o r works f o r which o n l y incomplete t h e o r e t i c a l models 

are a v a i l a b l e , thus a fundamental knowledge o f the phenomona i n 

volved i s requ i red as w e l l . O f t e n , coasta l engineers must extend 

the f i e l d o f t echn ica l knowledg.e. 

An a d d i t i o n a l compl icat img f e a t u r e of coastaT eng ineer ing i s 

t h a t many o f the independent v a r i a b l e s invo lved are o f a s tochas

t i c na tu re . S t a t i s t i c a l computations form the basis f o r the op

timum design techniques app l ied to many coastal eng ineer ing p ro -

blems, 

2 . 2 . Background s t u d i e s . 

Among the fundamental problems fac i ng the coasta l engineer are 

the water movements along a coas t , the i n t e r a c t i o n s between moving 

water and loose beach and sea bed m a t e r i a l s , and the hydrodynamic 

fo rces exerted by waves and cu r ren t s on va r ious c o n s t r u c t i o n s . 

These are s imply examples f o r the fundamental phenomona; o the rs 

w i l l become apparent l a t e r . The i n v e s t i g a t i o n of these phenomona 

forms the basis f o r coasta l engineer ing research . 

2 .3 . Subd iv is ions 

Coastal engineer ing has a l ready been subdiv ided i n t o main d i 

v i s i o n s in the general i n t r o d u c t i o n . Here we sha l l summarize the 

techn i ca l content of each o f these d i v i s i o n s . 

2 . 4 . Harbors 

Harbors have developed along w i t h man's d e s i r e t o move goods 

by s h i p . I t i s impor tant to develop harbors in such a way t h a t they 

are both convenient and economical from a l l po in t s o f v iew. This 

must obv ious ly r e s u l t i n a compromise. These aspects are t r e a t e d p r i 

m a r i l y in volume I I . The coopera t ion o f naval a r c h i t e c t s and mar iners 

i s o f t e n very he lp fu l when cons ider ing t h i s o p t i m i z a t i o n problem. 

Many harbor entrances are p ro tec ted by some form o f breakwater ; 

the design o f these s t r u c t u r e s i s the main t o p i c o f volume I I I o f 

these notes. 
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Since many harbors are s i t ua ted in r i v e r mouths or na tu ra l es

t u a r i e s , the fo rmat ion of shoals and channels i n t i d a l r i v e r s i s o f 

ten imcluded i<n ooas ta l eng inee r i ng . Obv ious ly , t h i s aspect i s a lso 

c l o s e l y r e l a t e d t o r i v e r engi ineer ing. Special a t t e n t i o n i s paid to 

the inf l iuence of 'dens i ty cu r ren ts and t ime dependent s a l i n i t y v a r i 

a t i o n s on the behavior o f s i l t i n harbors. 'Density cu r ren ts are ap

proached from a very p r a c t i c a l v i e w p o i n t i n these no tes ; fundamental 

theory i s handled \n o ther books and courses. The behavior o f s i l t 

i n harbors and r i v e r mouths can be of extreme importance s ince t h i s 

mud can o f t en dominate the dredging problems of the harbor and can 

o c c a s i o n a l l y even dominate the coasta l morphology over a cons iderab le 

d i s tance as w e l l . Harbor design problems are o f t e n c l o s e l y l i nked 

to coasta l morphological problems. Indeed, i t i s o f t e n impossib le 

to separate these problems. Among the more s i g n i f i c a n t morphological 

problems d i r e c t l y r e l a t e d to harbors are the s i l t a t i o n o f approach 

channels and the i n f l uence of breakwaters on the coas ta l processes. 

2 . 5 . Coastal Morphology 

Coastal morphology i s the study of the i n t e r a c t i o n of waves 

and cu r ren ts w i t h the coas t . Most o f t e n t h i s coast w i l l be formed 

from sandy m a t e r i a l ; these o f t e n respond the most r a p i d l y to the 

i n f l uence o f the waves and c u r r e n t . Rocky coasts u s u a l l y respond 

very s low ly to these in f l uences and as such are more of concern 

to the g e o l o g i s t than to the coasta l eng ineer . Why do coasts con

s i s t i n g of mud a lso respond r e l a t i v e l y s low ly to the a c t i o n of 

waves and cur ren ts? This i s answered i n chapter 27 on Mud Coasts. 

L u c k i l y , the most common coasta l ma te r i a l i s sand. We are 

lucky because i t can be moved ra the r e a s i l y by dredging and the 

changes which occur on sand coasts can be reasonably accu ra te l y 

p red i c ted us ing mathematical models. These models are b r i e f l y 

descr ibed i n t h i s volume; more complete i n f o rma t i on i s g iven in 

volume I I . 

I t should be c l e a r t h a t one must f i r s t understand the motion 

o f water (wave a c t i o n and o ther c u r r e n t s ) along a coast before he 

can p r e d i c t morphological changes. Indeed, many concepts from hy

d r a u l i c s are needed; some o f the more spec ia l i zed t op i cs are r e 

viewed i n the immediately f o i l owing, chap te rs . 

The e f f e c t o f waves and cu r ren t s on beaches i s s t i l l not com

p l e t e l y unders tood. Longshore and on and o f f s h o r e t r a n s p o r t of 

sand i s an impor tan t t o p i c o f coasta l engineer ing research . Re

s u l t s of t h i s research are c o n t i n u a l l y being used to improve the 

mathematical models used to p r e d i c t c o a s t l i n e changes. 

Since not a l l na tu ra l coasta l changes are d e s i r a b l e , coasta l 

defense works can a lso be needed. Defense works are used to r e t a r d 

the natura l coasta l processes o r , sometimes, s imply to n e u t r a l i z e 
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t h e i r e f f e c t s . For example, g ro ins can be cons t ruc ted perpendicu

l a r or p a r a l l e l to a coast to r e t a r d e ros ion . Another a l t e r n a t i v e 

i s to a r t i f i c i a l l y move sand from areas o f a c c r e t i o n to areas o f 

e r o s i o n . Coastal defense works w i l l be considered l a t e r i n t h i s 

volume. 

Not on l y harbor breakwaters and approach channels d i s t u r b the 

coasta l morphology; na tu ra l r i v e r s and es tuar ies do t h i s as w e l l . 

This is a lso discussed i n d e t a i l l a t e r in t h i s volume. 

2 . 6 . Of fshore Engineer ing 

U n t i l r e c e n t l y , harbors and coasta l morphology formed the main 

t op i cs assoc iated w i t h " conven t i ona l " coasta l eng inee r ing . In r e 

cent t imes man's i n t e r e s t i n working a t sea has increased r a p i d l y . 

The o f f s h o r e branch i s developing r a p i d l y as coasta l engineers who 

have worked along r e l a t i v e l y shal low c o a s t l i n e s have been asked 

to so lve complete ly new problems in the deep sea. Indeed, the f o l l o 

wing chapter on oceanography i s included because o f an inc reas ing 

need to understand the processes which take p lace i n the deeper 

ocean waters . The pr imary s t imu lus f o r o f f s h o r e eng ineer ing has 

come from the petroleum companies. 

The term " o f f s h o r e eng ineer ing" i s used, here, to r e f e r to 

eng ineer ing f o r works which have no d i r e c t connect ion to the main

l and . Some people a lso r e f e r to t h i s t op i c as "ocean eng ineer ing" 

but the whole study area i s too young to have developed a un i fo rm 

te rm ino logy . Confusion of te rmino logy i s bound t o r e s u l t ; f o r example, 

some marine engineers design o f f s h o r e works w h i l e o the rs design 

power p lan ts f o r sh ips ! 

Ships underway do not have a connect ion to the ma in land , but 

are s t i l l excluded from o f f s h o r e eng inee r i ng ; these are l e f t f o r 

the naval a r c h i t e c t s . On the o ther hand, poss ib le impact loads 

upon o f f s h o r e s t r u c t u r e s caused by ships can be very impor tan t to 

us . 

The o f f s h o r e engineer draws on the spec ia l i zed knowledge o f 

o the r f i e l d s . Mining eng inee r ing . Mechanical eng inee r i ng , and Naval 

a r c h i t e c t u r e can a l l c o n t r i b u t e to o f f s h o r e eng ineer ing along w i t h 

C i v i l eng inee r ing . Here in D e l f t , these departments are now coope

r a t i n g c l o s e l y on an i n t e r d i s c i p l i n a r y program o f o f f s h o r e e n g i 

nee r i ng . 
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3. OCEANOGRAPHY W.W. Massie 

3 . 1 . I n t r o d u c t i o n 

Oceanography i s study of the oceans. Man has s tud ied the oceans 

f o r c e n t u r i e s . Count L.F. M a r s i g l i wrote one o f the f i r s t books on 

the s u b j e c t , publ ished in 1725. A Dutch t r a n s l a t i o n o f t h i s book was 

prepared in 1786 by Boerhaave; a copy e x i s t s i n the L i b r a r y of Leiden 

U n i v e r s i t y . 

M.F. Maury, a Uni ted States Naval O f f i c e r , wrote the f i r s t "mo

dern" oceanography book i n 1855 wh i le he was Super intendent of the 

Naval Hydrographic O f f i c e . Many of h is observat ions - compiled from 

ships logs - are e x c e l l e n t ; a l l are i n t e r e s t i n g l y exp la ined , even 

though he had no knowledge of geophysics. 

The f i r s t sys temat i c , s p e c i f i c s tudy of the oceans was c a r r i e d 

out by the H.M.S. Cha l lenger . The sh ip s a i l e d from Portsmouth, England 

on 21 December 1872 and in 3 | years s a i l e d more than 100,000 km pro 

ducing a 50 volume r e p o r t . This was a lso the f i r s t r e p o r t to subd iv ide 

oceanography i n t o i t s f ou r modern major f i e l d s : b i o l o g i c a l , chemica l , 

g e o l o g i c a l , and p h y s i c a l . 

What i s the importance of oceanography t o the coas ta l engineer? 

This w i l l be h i g h l i g h t e d in the f o l l o w i n g more d e t a i l e d d e s c r i p t i o n s 

o f each f i e l d . 

B io log i ca l Oceanography 

B i o l o g i c a l Oceanography concerns i t s e l f w i t h l i v i n g matter i n 

the seas. Coastal engineers are seldom d i r e c t l y invo lved w i t h b i o l o g i 

cal problems, but b i o l o g i c a l f a c t o r s can p lay impor tant i n d i r e c t r o l e s . 

Marine f o u l i n g of s t r u c t u r e s and environmental impact s tud ies can be 

impo r tan t , f o r example. 

Chemical Oceanography 

The chemis t ry o f sea water i s obv ious ly of g reat importance to 

the marine b i o l o g i s t s but i t i s becoming more impor tant to engineers 

concerning w i t h s t r u c t u r e s in the sea as w e l l . Ma te r i a l s used in 

cons t ruc t i on i n the oceans can behave in what seem l i k e strange 

ways when exposed to sea water under a cons iderab le pressure ( d e p t h ) ; 

Concrete t e c h n o l o g i s t s worry about concrete in water depths of a few 

hundred meters. Special co r ros ion and f r a c t u r e problems develop w i t h 

s tee l at somewhat g rea te r depths . 
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Geological Oceanography 

The geo log i s t s who f i n d commercia l ly va luab le m ine ra l s on the 

bottom of and lundar the sea are i n d i r e c t l y respons ib le f o r p rov id i ng 

j o b s f o r mainy'Coastal eng ineers . While coasta l engineers are not 

'expected to be g e o l o g i s t s , themselves, they can c e r t a i n l y get p r e l i m i -

inary i n fo rma t ion about poss ib le foundat ion problems f o r a proposed 

o f f s h o r e s t r u c t u r e from marine g e o l o g i s t s . 

Physical Oceanography 

Physical oceanographers are most l i k e the coasta l eng ineers . 

Both worry about waves, t i d e s and hydrodynamic problems in gene ra l . 

The concern w i t h waves i s i n t e r e s t i n g , i f not se r i ous . The oceanogra

phers u s u a l l y consider waves t o be a necessary nusiance; coasta l 

eng ineers , on the o the r hand, de r i ve t h e i r most cha l l eng ing problems 

from them. As o f f s h o r e work progresses i n t o s t i l l deeper wa te r , coa

s ta l engineers must a lso begin to t h i n k about a top i c which has, in 

the pas t , been r e s t r i c t e d t o physical oceanography: the l o c a t i o n and 

s t reng th of major ocean c u r r e n t s . 

3 . 2 . Desc r i p t i on of the Oceans 

A b r i e f review o f the physical f ea tu res of the oceans w i l l be 

he lp fu l f o r our understanding of the dynamic processes which occur 

i n the ocean. 

F igure 3 . 1 . shows the depth d i s t r i b u t i o n o f the oceans. The 

mean depth i s about 3800 m. and the volume o f the oceans i s about 

1370 X 10 m . By c o n t r a s t , the North Sea has a mean depth o f 94 m 

and a water volume of 0.054 x 10^^ m'̂  - p r e t t y i n s i g n i f i c a n t ! 

The sha l lowest 200 m of the ocean (7.6% of the t o t a l area) i s c a l l e d 

the con t i nen ta l s h e l f . Only r e c e n t l y have coasta l engineers been 

asked to ven ture beyond the s h e l f to the c o n t i n e n t a l s lopes ; hence, 

the need to know a b i t more about oceanography, now. Shelves border 

most o f the c o n t i n e n t a l coasts and range in w id th up to about 1200 

km. 

cunnuLative percent of ocean area 

0 20 40 60 80 100 

Figure 3.1 

DEPTH DISTRIBUTION 

OF THE OCEANS 

data f rom : 
Sverdrup etal 
1942 
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The widest c o n t i n e n t a l she l f i s in the A r c t i c Ocean, no r th of 

S i b e r i a ; hard ly any she l f i s present along the west coast of the 

Americas (east coast o f the P a c i f i c Ocean). 

The oceans are f u r t h e r d i v i ded i n t o a se r ies of in terconnected 

basins i n which most of the i n t e r e s t i n g physica l oceanographic ac

t i v i t y takes p lace . These basins are 3 t o 5 km deep w i t h occas iona l 

deeper or shal lower spots . 

Most of the i n t e r e s t i n g : a c t i v i t y in the oceans takes: place in 

the upper 1 to 2 km.. Deeper than t h i s , the. oceans, are' o f r a t he r u n i 

form s a l i n i t y (35to - see sect ion : 3 .6) and temperature f s " - 4° C) . 

A l s o , cu r ren t s i n t h i s deep zone a re very weak - o f t en assumed to 

be zero . Currents in the upper l aye rs are discussed in the next 

s e c t i o n s , wh i le the physical p r o p e r t i e s o f sea water are t r e a t e d se

pa ra te l y in sec t ion 3 .6 . 

3 . 3 . Wind-Driven Ocean Currents 

The major d r i v i n g f o r c e f o r ocean cu r ren ts r e s u l t s from the wind 

fo rces on the ocean su r face . The t rade winds and the p r e v a i l i n g wes

t e r l i e s r e s u l t i n a g e n e r a l l y westward ocean c u r r e n t a t low l a t i t u d e s 

and an eastward c u r r e n t a t high l a t i t u d e s . This man i fes ts i t s e l f i n 

the North A t l a n t i c in the f o l l o w i n g c u r r e n t p a t t e r n : 

The North Equator ia l Current f lows westward from the Cape Verde 

Is lands to the Caribbean Sea. A p o r t i o n enters t h i s sea and a por

t i o n tu rns northwest east of the Caribbean I s l a n d s ( A n t i l 1 e s Cur ren t ) 

and j o i n s the F lo r i da Cur ren t . Water f l ows out o f the Caribbean be

tween F l o r i da and Cuba in the F l o r i d a Cur ren t . The F l o r i da Current 

( o f t e n c a l l e d the Gul f Stream) cont inues no r th along North America 

. rt r O M n _ j . j j . . . j _ .A .14- 4 . , .v .« . - o V.H a nH c n v ^ o a r l c n i i t f n r -

ZO aOOUt t o n. I d t i u u u t ; w j i c i c i i- u u i l u . . . . . . • - • 

ming the North A t l a n t i c Cur rent . A branch of t h i s tu rns sou th , a long 

Portugal to form the Canary Current and c lose the c i r c u i t . 

S i m i l a r c u r r e n t pa t te rns can be found i n the South A t l a n t i c and 

the o ther oceans. These major east -west cu r ren ts correspond in l a t i 

tude t o the p r e v a i l i n g winds. The no r th -sou th cur ren ts guarantee 

c o n t i n u i t y and conserva t ion of mass. 

How do the winds generate these major east-west cur rents? Th is 

i s answered l a t e r in t h i s chapter but f i r s t , the dynamic e q u i l i b r i u m 

of a f l o w i n g ocean c u r r e n t w i l l be examined. 

3 .4 . Dynamics o f Ocean Currents 

The f a m i l i a r balance of g r a v i t y and f r i c t i o n fo rces which leads 

to the wel l -known Chézy Equation which i s used to descr ibe r i v e r 

f lows does not work in de deep oceans. Since the oceans are so deep 

and the v e l o c i t i e s are normal ly small ( l e ss than 1 m / s ) , f r i c t i o n 

fo rces become r e l a t i v e l y un impor tan t . On the other hand, s ince the 
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ocean cu r ren ts extend over great d is tances on the sur face o f a r o 

t a t i n g e a r t h , another i n f l u e n c e , the C o r i o l i s Force^ , does become 

impor tan t . 

Consider a c u r r e n t moving w i t h constant speed along a " s t r a i g h t " 

p a t h . ( " S t ra i gh t " means t h a t i t f o l l o w s a g rea t c i r c l e pa th . ) 

The C o r i o l i s a c c e l e r a t i o n ac t i ng on a u n i t mass o f t h i s water i s : 

a^ = 2 s in (f. V 

where: 

a^ = the C o r i o l i s a c c e l e r a t i o n 

il = the angular v e l o c i t y o f the ea r th = 0.729 x lO'^/s . 

V = the cu r ren t v e l o c i t y , and 

iji = the l a t i t u d e 

F u r t h e r , t h i s a c c e l e r a t i o n (or f o r c e per u n i t mass) ac ts toward 

the r i g h t f ac i ng i n the f l o w d i r e c t i o n i n the nor thern hemisphere. 

(The d i r e c t i o n i s oppos i te south o f the equa to r ) . 

I f t h i s cu r ren t i s moving in a " s t r a i g h t " l i n e , then the r e s u l 

t a n t a c c e l e r a t i o n perpend icu lar to the cu r ren t d i r e c t i o n must be 

zero. The C o r i o l i s a c c e l e r a t i o n i s balanced by a pressure g r a d i e n t . 

This i s a ho r i zon ta l g rad ien t a lso perpend icu lar to the c u r r e n t d i 

r e c t i o n and coun te rac t i ng the C o r i o l i s a c c e l e r a t i o n . E q u i l i b r i u m 

o f these two components y i e l d s : 

i U = 2 n s i n ,̂  V (3 .02 ) 

where: 

P i s the water d e n s i t y , and 

8 £ i s the pressure g rad ien t normal to the c u r r e n t . 
3 n 

Dens i ty d i f f e r e n c e s are not s u f f i c i e n t t o cause t h i s pressure 

g r a d i e n t , but a water sur face slope can , and does prov ide the e q u i l i b 

r i um. Thus, the re are d i f f e r e n c e s in mean sea leve l between po in ts 

on the ocean su r f ace . 

This i s demonstrated by computing the mean sea l eve l d i f f e r e n c e 

across the S t r a i t o f F l o r i d a (across the F l o r i d a C u r r e n t ) . This i s 

located a t l a t i t u d e 26° N . , the c u r r e n t i s about 1.0 m / s . , and the 

s t r a i t i s about 80 km wide. 

A good review of C o r i o l i s acce le ra t i ons can be found i n chapter 

2 of Housner and Hudson (1959) . 

This angular v e l o c i t y i s the abso lu te angular v e l o c i t y based upon 

the s i d e r i a l day. 
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(2 ) (0 .729 X 1 0 " ^ ) ( s i n 2 6 ° ) ( 1 . 0 ) 

6.4 X 10 p 

sec 

In 80 km there is an e l e v a t i o n d i f f e r e n c e o f : 

. A Z = ^ - ^ ^ ^ ° ^ X 80 X 10^ = 52. X 10 ' ^ m. 
9.81 

This agrees reasonably we l l w i t h an observed 45 cm v a l u e . 

The cu r ren t s j u s t descr ibed are conmonly c a l l e d geost roph ic 

c u r r e n t s . 

Another i n t e r e s t i n g , (bu t l ess impor tant from an oceanographic 

v i ewpo in t ) r e s u l t can be obta ined i f we do a l l ow our c u r r e n t to t u r n 

and l e t the ho r i zon ta l pressure g rad ien t be zero . In t h i s case, the 

C o r i o l i s a c c e l e r a t i o n i s balanced by the c e n t r i p e t a l a c c e l e r a t i o n . 

2 p s i n .j. V (3 .03) 

2 n s in •!> (3 .04 ) 

where r i s the rad ius of c u r v a t u r e . 

Currents of t h i s s o r t cause l i t t l e more than minor d is turbances 

i n oceanographic measurements; however, they can become a nusiance 

elsewhere. Such cu r ren ts caused cons iderab le problems in a s e n s i t i v e 

hydrau l i c model a t a l ab in the U.S. some years ago. P e r f e c t l y qu i e t 

water w i t h o u t tu rbu lence was requ i red in a c i r c u l a r tank about 4 m 

in d iameter . A f t e r f i l l i n g the tank and l e t t i n g i t stand o v e r n i g h t , 

the i n v e s t i g a t o r found a slow c i r c u l a t i o n cu r ren t in the tank the 

next morning. Since the lab was located a t l a t i t u d e 45° N, t h i s cur 

r e n t was 0.2 mm/s , 

These cu r ren t s j u s t descr ibed are independent o f dep th ; they 

are constant over the e n t i r e d e p t h , s ince f r i c t i o n has been ignored . 

This c o n t r a d i c t s the e a r l i e r observa t ion t h a t the re i s l i t t l e a c t i 

v i t y in the ocean deeper than 1 to 2 km. A c t u a l l y , there i s no rea l con 

t r a d i c t i o n here , s ince we have not y e t discussed the cause o f the 

geost roph ic c u r r e n t s , the w ind , wh i ch , o f course , ac ts over the sur

face o f the oceans. 

3 .5 . Eckman Mind D r i f t 

Hansen (1902) repor ted observa t ions o f the d r i f t o f sea i ce in 

the North Polar Sea. He found t h a t the ice d r i f t e d not in the wind 

d i r e c t i o n , but a t an angle o f 20° to 40° from the w ind . He expla ined 

t h i s as r e s u l t i n g from the C o r i o l i s e f f e c t and f u r t h e r speculated 

t h a t the c u r r e n t in success ive ly deeper ocean l a y e r s , d r i v e n by shear 

s t resses from layers above, must dev ia te even more to the r i g h t . 

p 3n 
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Eckman i nves t i ga ted t h i s mathemat ica l ly on the suggest ion of Nansen. 

His r e s u l t s , publ ished a lso in 1902, w i l l not be de r i ved here. We s h a l l 

concern ourse lves on ly w i t h the basic s t a r t i n g po in t and the r e s u l t . 

His work was done f o r an i n f i n i t e ocean (a l so i n f i n i t e l y deep) w i t h 

a wind o f constant speed and d i r e c t i o n over the e n t i r e su r f ace . The 

ocean sur face remains hor i i zonta i l i the oniliy d r i v i n g f o r c e comes from 

the wind shear s t ress . . Tn; t h e steady s ta te , , (no a c c e l e r a t i o n ) t h i s 

r e s u l t s i n : ; 

— — 2 " = + 2 f! s in ,j) V ( 3 . 0 5 ) 

^7 
- J - = - 2 Sl s in <(i u ( 3 . 0 6 ) 

J 
3 Z 

where: 

u i s the v e l o c i t y component along a ho r i zon ta l x ax i s 

V i s the v e l o c i t y component along a ho r i zon ta l y ax i s 

z i s the v e r t i c a l coord ina te measured f rom the ocean sur face 

(+ u p ) , and 

i s the v e r t i c a l eddy v i s c o s i t y c o e f f i c i e n t . 

The f u r t h e r mathematics i s g iven by Neumann and Pierson (1966) . 

When they assume t h a t the wind blows on ly i n the y d i r e c t i o n , the 

shear s t ress a t the water sur face i s : 

dv 
Z u Z ^ J . u / ; 

and ac ts along the y a x i s . 

This a l l r e s u l t s i n the f o l l o w i n g : 

u = V^e ^ cos (45° + z) (3 .08 ) 

TJ.; •' z 
V = V^e " s i n ( 4 5 " + ^ z ) (3 .09 ) 

which g ive the v e l o c i t y components a t any d e p t h , once V^, the ve lo 

c i t y a t the s u r f a c e , and D are known. 

(3 .10 ) 

IT T 

V 2Dp n s i n (j) 

( 3 . 1 1 ) 
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Eckman c a l l s D the "depth of f r i c t i o n a l i n f l u e n c e " ; the depth 

over which the t u r b u l e n t eddy v i s c o s i t y i s impor tan t . A t t h i s depth 

the v e l o c i t y i s about 1/23 of i t s va lue a t the s u r f a c e , and i s d i 

rec ted im the 'Oipposite .d i rec t ion , . TMs i s i n keeping w i t h the hypo

t h e s i s of Nansen iment*o.ned e a r l i e r . D i s .normally about 50 mete rs , 

but increases very r a p i d l y t o » a t the equator . 

S u b s t i t u t i o n o f z = 0 i n t o 3.08 and 3.09 y i e l d s a t o t a l v e l o c i t y 

of magnitude V d i r e c t e d 45° to the r i g h t ( i n the nor thern hemisphere) 

o f the wind d i r e c t i o n . 

The d e t a i l s o f the c u r r e n t p r o f i l e i n th ree dimensions can be 

examined more conven ien t l y by i n t r oduc ing po la r coo rd ina tes . 

V = e ^ ' (3 -12) 

e = 4 5 ° + 'Jz (3 .13 ) 

Indeed, the v e l o c i t y , V, decreases e x p o n e n t i a l l y w i t h depth and 

the angle between the wind and c u r r e n t d i r e c t i o n increases l i n e a r l y 

w i t h depth in a c lockwise d i r e c t i o n . The magnitude and d i r e c t i o n 

of the r e s u l t a n t t r a n s p o r t o f ocean water i s found by i n t e g r a t i n g 

3.08 and 3.09 from z = -<» to z = 0. 

^x = ^ 
V 3 D (3 .14) 

0 (3 .15 ) 

where q^ and q^ are volume f l o w r a t e s per u n i t o f ocean w i d t h . 

The r e s u l t a n t t r anspo r t i s perpend icu lar in the wind d i r e c t i o n ! 

This i n fo rma t ion does not seem too usefu l to us as coasta l e n g i 

neers. However, by a l l ow ing the ocean to have a c o a s t , a sur face 

s l ope , and a f i n i t e depth i t i s poss ib le to begin to a t t a c k the 

problem of p r e d i c t i n g storm surges near coas ts . Such p r e d i c t i o n can 

be very impor tant e s p e c i a l l y in l i g h t of the devas ta t ion t h a t such 

surges can cause. 

Eckman (1905) considered the problem o f an enclosed sea o f f i n i t e , 

constant depth . An impor tan t r e s u l t i s : 

^ This i s indeed s t i l l on ly a beg inn ing . In f luences of the barometr ic 

pressure changes and o f complex bottom bathymetry are s t i l l being 

neg lec ted . 
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V/her e: 

e = the water sur face slope 

h = the d e p t h , and 

A = a c o e f f i c i e n t 

Values o f A vary between 1.0 f o r very deep water (h » TT J l ^2 
jp n s i n (J)-" 

and 1.5 f o r shal low water or where C o r i o l i s i n f l uences are neg lec ted . 

According t o Neumann and Pierson (1966) C o r i o l i s f o r ces can be neglec

ted in wind se t -up problems and the d i r e c t i o n of the maximum sur face 

g rad ien t does not dev ia te more than 10° from the wind d i r e c t i o n . 

I f , however, the depth of the body o f water v a r i e s (as i t g e n e r a l l y 

does) and the i n f l uence of the storm surge i t s e l f on the depth i s i n 

cluded then we are fo rced to carry ou t a b ru te f o r c e i n t e g r a t i o n o f : 

dz ' ET 

where z ' i s now the depth measured f rom the ac tua l water s u r f a c e . 

Han 

The s o l u t i o n to t h i s i s beyond the scope o f these l e c t u r e notes, 

sen (1956) and Har r i s (1963) o u t l i n e an approach to the problem. 

3 . 6 . P roper t i es of Sea Mater 

The most impor tant p roper ty of sea water from a coasta l eng ineer ing 

po in t o f view is i t s d e n s i t y . I t s d e n s i t y i s a f u n c t i o n o f t h r e e 

v a r i a b l e s : s a l i n i t y , temperature , and pressure . Of t hese , the pressure 

i n f l u e n c e i s l e a s t impor tant and we can neg lec t i t unless we are wor

k ing a t depths more t h a n , say, 500 m. 

In c o n t r a s t to pure wate r , most sea water w i l l con t inuous ly i n 

crease in d e n s i t y as i t coo ls u n t i l i t reaches i t s f r e e z i n g tempera

t u r e . Most sea water has a s a l i n i t y va ry ing between 34 and 36%o 

( p a r t s per thousand by w e i g h t ) . Some smal ler i s o l a t e d seas can have 

s i g n i f i c a n t v a r i a t i o n s , however. The B a l t i c Sea, f o r example, sometimes 

has a s a l i n i t y as low as 7%o. The Red Sea, on the o ther hand, has as 

much as 4 1 % s a l i n i t y . 

U n f o r t u n a t e l y , the dependence of d e n s i t y , p, on s a l i n i t y ^ S , and 

temperature , T, i s not s imp le . F i s h e r , W i l l i a m s , and Dia l (1970) pu

b l i shed an empe r i ca l l y der i ved equat ion f o r the s p e c i f i c volume, v , 

of water as a f u n c t i o n of s a l i n i t y , tempera ture , and pressure . 

The i r equat ion i s : 

K^S 
\ + KgS + p 

(3 .18 ) 
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in wh ich : 

Kĵ  i s a temperature dependent c o e f f i c i e n t having u n i t s o f 

3 
cm , 

K., i s a temperature dependent c o e f f i c i e n t w i t h u n i t s — ^ 
^ fo 

i s a temperature dependent c o e f f i c i e n t w i t h u n i t s o f 

3 
bars cm 

> 

g 

i s a temperature dependent c o e f f i c i e n t w i t h u n i t s o f ba rs , 

p i s the abso lu te pressure in bars , 

S i s the s a l i n i t y i n to 

3 
V i s the s p e c i f i c volume i n ^ ü l - , and 

9 
3 

v^ i s a temperature dependent c o e f f i c i e n t having u n i t s of 
g 

The f i v e c o e f f i c i e n t s , K3>' K4 and v ^ are r e l a t e d t o the tem

pe ra tu re , T in degrees C e l c i u s , by polynomial equat ions of fo rm: 

E a. T^ C ï . 1 9 ) 

i = 0 

The c o e f f i c i e n t s , a,., f o r these polynomials are g iven i n t ab l e 3 . 1 , 

Equation 3.18 i s v a l i d f o r the f o l l o w i n g ranges: 

- 2° < T < 100° C; 0 < p' < 1000 ba rs ; 0 < S < 50to 

A l l o f t h i s makes equat ion 3.18 a c t u a l l y r a t h e r cumbersome 

in use. The re fo re , Table 3.2 l i s t s values o f c o e f f i c i e n t s f o r 

equat ion 3.18 evaluated f o r va r ious temperatures using t a b l e 3 .1 

and equat ion 3 .19. 

The water d e n s i t y i n ^ can be determined from the s p e c i f i c 
m 

volume o f equat ion 3.18 as f o l l o w s : 

P = 7 X 10^ (3 .20 ) 

i n which p i s the dens i t y in kg/m^. 

^ 1 bar i s 10 dynes/cm or a pressure of 10 N/m ; about 

0.987 atmosphere. 
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TABLE 3.1 Polynomial C o e f f i c i e n t s a . , f o r K p Kg, K^, and V 

COEFFICIENT AW lUiNITS 

h h h s 

3 3 
cm /bars> /bars cm \ 

0 2..'679xT{!)"'* 10.874 1788.316 5918.499 0.6980547 

1 2 .02x10 '^ -4.1384x10"^ 21.55053 58.05267 -7.435626x10"^ 

2 -6 .0x10"^ -0.4695911 -1.1253317 3.704258x10"^ 

3 3.096363xl0"3 6.6123869xl0"3 6.315724x10"^ 

4 -7.341182x10"^ -1.4661625x10"^ 9.829576x10"^ 

5 -1.197269x10"-^' 

6 1.005461x10"-^' 

7 5.437898x10"^' 

8 1.69946x10"^'' 

9 -2.295063x10"^ ' 

TABLE 3.2 C o e f f i c i e n t s f o r 

Eqn. 3.18 f o r var ious temperatures 

COEFFICIENT AND UNITS 

T 
^1 Kg 

^4 
v 

00 

:'^c) 

3 
/cm 
' W o o 

) 
^barsx 
•o/oo^ 

/bars cm^, 
^ g ' 

(bars ) ( — ) 
^ g ' 

0 2.6790x10' -4 10.87400 1788.315 5918.499 0.6980547 

2 2.7192x10' -4 10.79123 1829.563 6030.155 0.6967108 

4 2.7588x10' -4 10.70846 1867.201 6133,124 0.6956351 

6 2.7930x10' -4 10.62570 1901.373 6227,712 0.6948023 

8 2.3368x10' -4 10,54293 1932.222 6314.225 0.6941902 

10 2.8750x10' -4 10.46016 1959.885 6392.958 0.5937790 

12 2.9128x10' -4 10,37739 1984.500 6454.205 0.6935516 

14 2.9500x10' -4 10.29462 2006.198 5528.253 0.6934924 

16 2.9868x10' -4 10.21186 2025.111 6585.380 0.6935878 

18 3.0232x10' -4 10.12909 2041.355 6635,864 0.6938257 

20 3.0590x10' -4 - 10.04632 2055.085 6679,793 0.6941953 

22 3.0944x10' -4 9.96355 2066,395 5717.971 0.6946869 

24 3.1292x10' -4 9.88078 2075.413 5750.117 0.6952918 

26 3.1636x10' -4 9.79802 2082.253 5775.553 0.6960021 

28 3.1976x10' -4 9.71525 2087.030 5797.857 0.6968106 

30 3.2310x10' -4 9.53248 2089.855 6813.939 0.5977110 

32 3.2640x10' -4 9.54971 2090.836 5825.146 0.6986973 

34 3.2964x10' -4 9.46694 2090.075 5831.707 0.6997638 

36 3.3284x10' -4 9.38418 2087.679 6833.847 0.7009055 

38 3.3600x10" -4 9.30141 2083.743 6831.785 0.7021179 

40 3.3910x10" -4 9.21864 2078.365 6825.734 0.7033962 
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Since t i ie d e n s i t y of s a l t water is u s u a l l y a b i t more than 1 0 0 0 

kg/m^, Oceanographers o f t e n sub t rac t 1 0 0 0 from the d e n s i t y values 

and denote the va lue by sigma. I f t h i s i s done f o r atmospheric p res 

s u r e , then a subsc r i p t t i s u s u a l l y added. Thus: 

a = p - 1000 ('3.21); 

i n whiiichi p. iis evalluated! a t atmospheric pres^suire. 

Values of as a. f u n c t i o n of s a l i k i i t y and temperature a r e l i s 

ted! im t a W e 3v3- . , These tateTes were; computed usfngi equat ion 3 . 1 8 

wi th : p" = l i . 013 !3 ' bars = 1 atmosphere-.. 

Since the equat ions (.and the , i r r e s u l t i n g t a b l e s ) are a b i t 

cumbersome i n use, the De l f t " Hydrauiüües Laboratory uses a s impler 

r e l a t i o n s h i p . In- the notati iani a l ready used, 

a:^ = 0.75 S ( 3 . 2 2 ) 

Equation 3 . 2 2 neglects i n f l uences of temperature and pressure 

and i s t h e r e f o r e more l i m i t e d i n use than equat ion 3 . 1 8 . In prac

t i c e , c i v i l engineers w i l l sometimes f i n d equation 3 . 2 2 to be su f 

f i c i e n t f o r problems i n which dens i t y d i f f e r e n c e s r e s u l t e x c l u s i v e l y 

f rom s a l i n i t y d i f f e r e n c e s and the water temperature i s not extreme. 

With t h i s i n fo rma t ion on d e n s i t y we can r e t u r n b r i e f l y to the 

d e s c r i p t i o n o f the oceans, themselves. U s u a l l y , both s a l i n i t y and 

temperature decrease w i t h i nc reas ing depth in the ocean. Evaporat ion 

i s respons ib le f o r the higher s a l i n i t y of the sur face l a y e r ; how 

can t h i s f l o a t on less s a l i n e deeper water? The temperature d i f f e 

rences are s u f f i c i e n t t o ma in ta in a dens i t y p r o f i l e which increases 

w i t h depth . 

Dens i ty v a r i a t i o n s caused by d i f f e r e n c e s i n s a l i n i t y and tem

pera ture can be used in ingenious ways such as to d r i v e a s a l t f o u n 

t a i n , made i n the f o l l o w i n g way: 

We take a long ( 1 km) p ipe and extend i t v e r t i c a l l y down 

from the ocean su r face . Next , we a t t a c h a pump and s low ly draw up the 

deep water . We do t h i s s low ly so t h a t the water r i s i n g in the pipe 

can be warmed by the surrounding ocean. A f t e r deep water reaches 

the sur face we remove the pump and f i n d t h a t the water cont inues to 

f l o w . Why does i t f low? No, i t i s not perpetual mo t i on ; the process 

stops as soon as the upper 1 km laye r o f the ocean has become mixed. 

Currents caused by d e n s i t y d i f f e r e n c e s are discussed i n the 

next sec t ion and a g a i n , i n d e t a i l , i n chapter 2 2 . 
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3.7 Densi ty Currents 

Hor izonta l d e n s i t y g rad ien ts can a lso lead to unbalanced pres

sure fo rces which r e s u l t i n a c u r r e n t . The mechanics of such cu r ren ts 

i s the same i n a harbor on a t i d a l r i v e r as i n the oceans. In chapter 

22 o f t h i s book, the mathematical d e t a i l s w i l l be exp la i ned ; here, 

we shal l on l y descr ibe a s i g n i f i c a n t example which we f i n d in the 

oceans. 

The Med i te r ran ian Sea i s more s a l i n e , and hence more dense than 

the A t l a n t i c Ocean. A permanent c u r r e n t i n the order o f J m/s f lows 

outward through the deeper po r t i ons of the S t r a i t o f G i b r a l t a r . A t the 

the su r f ace , an even s t ronger c u r r e n t f lows inward. The dens i t y d i f 

ference which d r i v e s t h i s c u r r e n t i s mainta ined by the evaporat ion 

from the Med i te r ran ian Sea. 
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4 . Beaufort Wind: Sca le E.W. B i j k e r 

In 1806 Admiral Beaufor t of the B r i t i s h Navy devised a v/ind 

speed scale which would be he lp fu l t o s a i l o r s on the la rge s a i l i n g 

ships of t h a t t i m e , e s p e c i a l l y the l a rge r men-of-v/ar. On t h i s s c a l e , 

zero denotes no wind and twelve i s the maximum; the sca le i s shown 

more e x p l i c i t l y i n f i g u r e 4 . 1 . 

Captains of the la rge warships were o f t e n faced w i t h a d i f f i 

c u l t cho ice : i f they were caut ious w i t h the s a i l s , they would preserve 

the s h i p , but might not catch t h e i r enemy or cou ld be caught . I f , on 

the o ther hand, t h e y car r ied : too much s a i l they had a be t t e r chamce 

in b a t t l e , but ran a g rea t r i s k o f los ing i t f r e i r masts and ri iggjing 

(and poss ib l y even t h e i r shiip.)!., Obviouslly,, n e i t h e r o f these extremes 

i s good f o r a career as navy/ o f f i c e r . A b i t o f thi;s comtroversy as 

commander i s r e f l e c t e d in the rac ing s a i l o r ' s d e s c r i p t i o n i n the 

t a b l e . 

This Beaufort Scale is s t i l l in common use, a l though s l i g h t 

v a r i a t i o n s i n the wind speed l i m i t s o f each sca le d i v i s i o n are pos

s i b l e . 



WIND SPEEDS TABLE 4 . 1 BEAUFORT WIND FORCE SCALE 

Beau- Knots 
f o r t 
Number! 

m i les meters km 
per h r . per sec. per h r . 
(U.S. 
S t a t u t e ) 

0 0 
0.5 2 

Wind 
Press. 

N/m^ 

Beaufor t d e s c r i p t i o n 
f o r square r igged 
sh ips 1806 

Racing S a i l o r ' s d e s c r i p t i o n U.S. Weater Serv ice Dutch KNMI Beaufor t 
(C.A. Marchay, 1964) d e s c r i p t i o n d e s c r i p t i o n Number 

Calm Winds t i l 

1 3 ;0.5 0.14 
I ^ 6 1 4 ' '''-'^^ Steerage Way 

4 2 .1 7 2.4 
7 3 1 , l l ' 5_7 • 1-3 knots c lose hauled 

Boredom 

M i l d p leasure 

L i g h t a i r 

L i g h t breeze 

zwakke 

11 

1 0 

16 
13 

12 

18 

3.6 13 
5.1 

5.7 20 

19 

30 

7.7 
16 

19 

4-5 knots c lose hauled Pleasure 

^l : 6-7 knots c lose hauled Great Pleasure 

Gent le breeze 

Moderate breeze 

mat ige 

17 

22 

28 

21 

27 

33 

19 

25 

32 

24 

31 

38 

9 32 
11 

;11 41 
14 

14 52 
17 

39 

50 

61 

46 Hul l S)eed 
57 I F u l l Sa i l 

77 
115 

125 

D e l i g h t 

D e l i g h t t i nged w i t h 
a n x i e t y 

Fresh breeze v r i j k rach 
t i g e 

Strong breeze k r a c h t i g e 

172 Anx ie ty t i nged w i t h f e a r Moderate Gale harde 

34 

41 

40 

47 

39 

47 

46 

54 

18 63 
21 

21 76 
24 

74 

87 

182 
250 

270 
350 

Fear t i n g e d w i t h t e r r o r Gale 

Great t e r r o r 

stormach
t i g e 

Strong Gal e storm 

10 
48 

55 
55 

63 
25 89 

28 102 
360 

480 m Panic Whole Gale zware storm 10 

11 56 64 29 104 500 
63 75 33 120 530 

12 above 63 above 75 above 33 above 120 :above 630 bare 
pol es 

I want my mummy!I 

Yes, Mr. Jones 

Storm 

Hurr icane 

zeer zware 
storm 

orkaan 

11 

12 

Storm warnings are u s u a l l y issued f o r winds s t ronger than Beau fo r t 
f o r c e 6 
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5. SHORT WAVES THEORY W.W. Massie 

5 . 1 . I n t r o d u c t i o n 

Some knowledge of the mechanics of sho r t waves i s essen t ia l 

f o r the good understanding of coasta l eng ineer ing . Since the theory 

o f sho r t waves i s not a p r e r e q u i s i t e to t h i s course, the more impor

t a n t wave r e l a t i o n s h i p s are g iven in t h i s s e c t i o n . De r i va t i ons are 

not g i v e n ; these may be found e i t h e r in spec ia l i zed courses in shor t 

vvave theory or in the l i t e r a t u r e . Kinsman (1965) presents an e x c e l 

l e n t overv iew o f shor t wave theory i n a very readable f a s h i o n . 

A l l o f the r e s u l t s presented in t h i s sec t i on have been der ived 

us ing the A i r y theory f o r a l i n e a r , s inuso ida l wave fo rm. "Ocean waves 

are not s inuso ida l I " one w i l l argue who has ever experienced the ac

tua l sea. This i s t r u e , but enough impor tant p rope r t i es o f even i r r e g 

u l a r waves can be d iscovered by s tudy ing a s i n g l e s inuso ida l wave 

which does not break. This wave w i l l be considered to be two d imens io

n a l : i t w i l l move a long the h o r i z o n t a l x a x i s wh i l e the v e r t i c a l z 

ax i s ( p o s i t i v e upward) w i l l have i t s o r i g i n a t the s t i l l water su r face . 

5 .2 . General Re la t ionsh ips 

Observat ion of a f l o a t on the sur face o f waves revea ls t h a t i t s 

p o s i t i o n o s c i l l a t e s h o r i z o n t a l l y and v e r t i c a l l y about a f i x e d p o s i t i o n . 

This may seem st range s ince the wave p r o f i l e moves forward past the 

f l o a t w i t h a d e f i n i t e v e l o c i t y . Obv ious ly , the v e l o c i t y o f the f l o a t 

(water p a r t i c l e v e l o c i t y ) and the v e l o c i t y w i t h which the c r e s t moves 

(phase v e l o c i t y or wave c e l e r i t y ) are q u i t e d i f f e r e n t . Let us f i r s t 

examine the motion of the f l o a t . 

Water P a r t i c l e V e l o c i t i e s 

The ho r i zon ta l and v e r t i c a l water p a r t i c l e v e l o c i t y compo

nents are g iven by: 

u = 
cosh k (z+h) 

s inh kh cos ( k x -w t ) (5 .01) 

u H s inh k (z+h) 
s inh kh s i n ( k x - u t ) (5 .02 ) 

where: H 

h 

k 

X 

t 

u 

w 

x 

i s the wave he ight 

s the water depth 

i s the wave number 2Tt_ 

' X 

i s the wave leng th 

i s the t ime 

i s the instantaneous ho r i zon ta l p a r t i c l e v e l o c i t y 

is the instantaneous v e r t i c a l p a r t i c l e v e l o c i t y 

i s the ho r i zon ta l coo rd ina te 
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z i s the v e r t i c a l coord ina te measured from the s t i l l water 

sur face (+ up) 

w i s the c i r c u l a r f requency = — 

T i s the wave per iod ' 

S u b s t i t u t i o n of z = 0 i n t o equat ions 5.01 and 5 .02 , y i e l d s the i n s t a n 

taneous v e l o c i t y components o f the f l o a t . 

Water p a r t i c l e displacements 

The ampl i tude o f the displacement o f the f l o a t can be determined 

by i n t e g r a t i n g the v e l o c i t y w i t h respec t to t i m e . This y i e l d s : 

f _ H cosh k (z+h) 

s _ H s inh k (z+h) 
' - 7 s inh l̂ h (5 .04) 

where: f i s the ho r i zon ta l d isplacement amp l i t ude , 

? i s the v e r t i c a l d isplacement amp l i t ude , and 

denotes "ampl i tude o f " . 

These de f i ne the semi-axes of e l l i p s e s . The water p a r t i c l e s move 

along e l l i p t i c a l pa ths ; the s ize of these e l l i p s e s i s g rea tes t a t 

the water sur face and decreases as the observer moves deeper. 

Wave Speed 

The speed at which a wave c r e s t moves forward is g iven by: 

' ^ - T = | - = / | tanh kh (5 .05) 

where: g i s the a c c e l e r a t i o n of g r a v i t y , and 

c i s t h e wave c e l e r i t y , or phase speed. 

Equation 5.05 i s a b i t compl icated to use in p r a c t i c e . 

Indeed, s ince both X and k are dependent upon the answer, c , we 

cannot b l i n d l y s u b s t i t u t e values i n t o t h i s equat ion f o r a s imple 

s o l u t i o n . There fo re , the s o l u t i o n o f t h i s equat ion i s taken up i n 

sec t i on 6 a g a i n , where var ious t r i c k s f o r i t s s o l u t i o n are exp la ined . 

I f , f o r a moment, we examine a f i n i t e number (group) of waves 

propagat ing in o therwise s t i l l wa te r , we w i l l observe t h a t waves 

seem to o r i g i n a t e a t the rear of the g roup, move forward through the 

group w i t h speed c , and d i e out near the f r o n t o f the group. C e r t a i n 

l y t h i s group moves forward as w e l l , but w i t h a smal ler speed. The 

speed w i t h which t h i s group moves forward i s g iven by: 

% - i ^ ' ^ s W T - R ï ï ) (5 .06 ) 

or 
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c 

i s i nd i ca ted in equat ion 5 . 0 7 , the r a t i o o f group v e l o c i t y 

to phase v e l o c i t y i s o f t e n denoted by n. 

Wave energy 

The energy contained i n a wave o f u n i t w id th ( c r e s t l eng th ) i s : 

= I P g X ( 5 . 0 8 ) 

where p i s the mass d e n s i t y of water . 

O f t e n , i t i s more convenient t o express energy in terms o f energy per 

u n i t of water sur face a rea . 

E = ^ p g H2 ' ( 5 . 0 9 ) 

This energy i s propagated w i t h the wave group speed, c^. 

Wave Power 

Since power i s energy per u n i t t ime o:ie might at tempt to f i n d 

the power o f waves by d i v i d i n g equat ion 5 . 0 8 by the wave p e r i o d . 

U n f o r t u n a t e l y , t h i s i s i n c o r r e c t s ince i t was j u s t pointed out t h a t 

the energy moves forv/ard w i t h the group v e l o c i t y . Thus, the c o r r e c t 

r e l a t i o n s h i p i s : 

U = E Cg = E n c ( 5 . 1 0 ) 

where U i s the power per u n i t c r e s t l e n g t h . 

Wave pressure 

The presence of the waves sha l l i n f l uence the pressure w i t h i n 

our body of wate r . The pressure under the waves i s g iven by: 

P = -pgz + i f '-^hr^ ^'-''^ 

where p i s the instantaneous pressure . 

The f i r s t term on the r i g h t of equat ion 5 . 1 1 i s the pressure which 

would be present i n s t i l l wa te r . The second term descr ibes the va

r i a t i o n i n pressure caused by the v/aves. This pressure v a r i a t i o n can 

be very impor tan t when des ign ing a s t r u c t u r e to be placed in the sea. 

^ The reader should v e r i f y f o r h imse l f t h a t the dimensions o f equat ion 

5 . 0 9 are c o r r e c t « 
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5 .3 . S i m p l i f i c a t i o n s 

Eqiaatfons 5.0'! through 5.11 can be s i m p l i f i e d when c e r t a i n 

cond i t i ons are s a t i s f i e d . This w i l l be attempted v i a the hyperbo l i c 

f u n c t i o n s . The behavior of the hyperbo l i c f u n c t i o n s i s shown in 

f i g u r e 5 . 1 . 

5 .4 . Approximations f o r Deep Hater 

For r e l a t i v e l y , deep water ( h > -̂ ^ ; t h e r e f o r e , X > ir 

i n f i g u r e 5 . 1 ) : 

s iin hi X, z e oshi X< » X' 

tan hi X a 

(5 .12) ' 

(5 .13 ) 

Now, s u b s t i t u t i n g t h i s and doing a b i t o f algebra w i t h equat ions 

5.01 through 5 . 1 1 , we g e t : 

0 „ 0 

0 _ 0 

cos(kQX - ü)t) 

s i n (k^x - bit) 

e 

H k„z 
- ° e ° 
2 

X 
0 tii 

T k^ 2 . 

(5 .01a) 

(5 .02a) 

(5 .03a) 

(5 .04a) 

(5 .05a) 

Y 4 

20 

15 

Y=tanh(X) 

F igure 5.1 
BEHAVIOR OF 
HYPERBOLIC 
FUNCTIONS 

( o . u o a ; 

1 
7 

(5 .07a) 

(5 .08a) 

(5 .09a) 

^0 "o°o 
(5 .10a) 

pgH. k z 
-pgz + — ° e ° cos(k X - lot) (5 .11a) 

The s u b s c r i p t o has been added to denote deep water c o n d i 

t i o n s ; t h i s i s f a i r l y common i n the l i t e r a t u r e . This has no t been 

done w i t h T or to s ince these parameters remain cons tan t . 

>« We s h a l l re-examine t h i s c r i t e r i a i n sec t i on 5 .7 . 
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S u b s t i t u t i n g values f o r g and I T i n equat ion 5 .05a, we g e t : 

°o = 1-56 T 

°o = 5.12 T 

i n m kg s u n i t s and 

in f t l b s u n i t s . (5 .14 ) 

From the same equa t i on , i t a lso f o l l o w s t h a t : 

2 
= 1.56 T i n m kg s u n i t s and 

r 2 
XQ = 5.12 T i n f t l b s u n i t s . 1 

(5 .15) 

Thus, in deep water , we avo id a l l the headaches of computing the 

wave speed us ing the f u l l equat ion 5 .05 . 

Note from equat ions 5.03a and 5.04a t h a t the e l l i p t i c a l par 

t i c l e paths have reduced to c i r c l e s which decrease in rad ius expo

n e n t i a l l y as one moves deeper i n the water . F igure 5.2 shows t h i s 

o r b i t a l motion in a deep water wave. In t h i s f i g u r e , a l s o , the water 

depth i s equal to h a l f the wave l e n g t h ; under these c o n d i t i o n s , the 

r a t i o o f p a r t i c l e displacement on the bottom to t h a t a t the water 

sur face i s e" ' ' = 0.043. 

z 

/i/////'n'nii/i//i'nniinnii)i 

Figure 5.2 

ORBITAL MOTION UNDER 

A DEEP WATER WAVE 
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5 .5 . Approximat ions f o r Shallow Water 

Another set of s i m p l i f y i n g approximat ions can be s u b s t i t u t e d 

when the water i s r e l a t i v e l y shal low (h < ^ ; X < 0.25 in f i g u r e 

5 . 1 ) : ^ 

s inh kh : tanh kh : kh (5 .16 ) 

cosh kh : 1 (5 .17 ) 

Aga in , us ing these and a b i t o f a lgebra i n equat ions 5.01 through 

5 . 1 1 , we g e t : 

u = ^ cos(kx - u t ) (5 .01b) 

w = (1 + J ) s i n ( kx - lot) (5 .02b) 

I = ^ (5 .03b) 

*̂ = 5 ( 1 + J ) (5 .04b) 

c = - = -̂ = v / ^ h " (5 .05b) 
T k 

c = | ( 1 + 1) = c (5 .06b) 

n = 1 (5 .07b) 

E.̂  = ^ pg X (5 .08b) 

^ pg (5 .09b) 

U = Ec (5- lOb) 

p = .pgz + P9Ü cos(kx - ait) (5 .11b) 

The wave phase v e l o c i t y i s now found t o be independent o f 

the wave p e r i o d ; i t depends on ly upon the water dep th . F u r t h e r , 

the group v e l o c i t y i s equal to the phase v e l o c i t y , and the h o r i 

zonta l p a r t i c l e v e l o c i t y , u , i s independent o f the v e r t i c a l p o s i 

t i o n , z . Indeed, these equat ions are the same as those used f o r 

long waves. 

The wave leng th can e a s i l y be computed us ing equat ion 5.05b: 

X = / i F T (5 J 8 ) 

We re-examine t h i s l i m i t , a l s o , i n sec t i on 5.7 
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Once a g a i n , the simple form o f equat ion 5.05b has e l im ina ted 

the problems associated w i t h the eva lua t ion o f equat ion 5 .05. 

F igure 5.3 shows the o r b i t a l motion under a shal low water wave. 

In t h i s f i g u r e h = X / 2 5 . 

i z 

z = - h - i I 

/ u / n / r / / > / / / / / / / / / / / / / / / / / / / / / / / I / / ) / / / / / / / / 

Figure 5.3 

ORBITAL MOTION UNDER 

A SHALLOW WATER WAVE 

5 .6 . In termediate water depths 

For water o f a l l i n te rmed ia te r e l a t i v e depths (— < h < 
25 2 

we are forced to work w i t h the complete equat ions 5.01 through 

5 . 1 1 . Water p a r t i c l e s move along e l l i p t i c a l paths which are near l y 

c i r c l e s a t the water sur face and degenerate both h o r i z o n t a l l y and 

v e r t i c a l l y to shor t ho r i zon ta l l i n e s a t the bottom. 

Since the use of equat ions 5.01 through 5.11 i s imposs ib le d i 

r e c t l y when on ly a water dep th , h , wave p e r i o d , T, and a v/ave h e i g h t , 

H, are known (a very p r a c t i c a l s i t u a t i o n ) , spec ia l a t t e n t i o n w i l l 

be paid to t h i s problem in sec t i on 6. 

5 . 7 . A C r i t i c a l Re-examination 

Some impor tant p r a c t i c a l quest ions remain. The f i r s t i s , "what 

wave leng th should be s u b s t i t u t e d i n t o the r a t i o of h/A to d e t e r 

mine whether to use sha l low, i n te rmed ia te or deep water wave theory?" 

One answer i s t o say, "Use the ac tua l wave leng th a t t ha t d e p t h " . 

This i s not too bad, s ince the wave lengths in deep and shal low water 

can be computed q u i t e e a s i l y us ing e i t h e r equat ion 5.15 or 5.18 

r e s p e c t i v e l y . Another approach - which leads to qu i t e d i f f e r e n t r e 

su l ts . ' - i s to always use the deep water wave l e n g t h , A from equa

t i o n 5 .15. 

Another important r e l a t e d quest ion is : "What i s so sacred about 

the suggested values o f h / A ? " 

N o t h i n g ! ! ! 

sub jec t to rev iew in the next s e c t i o n . 
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There i s c e r t a i n l y d iscuss ion .and iperiha.ps even disagrsement about 

what these l i m i t s should be, :Kiinsman f(1955) ;pp 129-133 po in t s t h i s 

out r a the r c o l o r f u l l y . As he i nd ica tes . , there a re two basic c r i t e r i a 

f o r determin ing the accepta'bilfi acouracy f o r an approx imat ion : a 

ma themat i c ian ' s , and an e n g i n e e r ' s . The mathemat ic ian, wor r ied 

about computat ional accuracy accepts an e r r o r o f the approx imat ion 

o f about 0.5%. The eng ineer , on the other hand, i s more aware o f 

h is other l i m i t a t i o n s and i s happy w i t h 5% accuracy. Now, perhaps, 

we can mafce a more i n t e l l i g e n t appra isa l o f both our ques t ions . 

Table 5.1 l i s t s the r e l a t i v e water depth l i m i t s f o r deep and 

shal low water accord ing to va r ious c r i t e r i a . 

TABLE 5 . 1 . Comparison of — and - f o r va r ious c r i t e r i a 

_h h 
X „ A 

f o r deep water-

sec t i on 5 . 4 : Y 

Mathemat ic ian 's Y 7759 

1 1 
Engineer 's j y 2 

f o r £halJow water 

1 1 
Mathemat ic ian 's 

1 1 
sec t i on 5.5 • j ^ 75-

1 1 

1 1 

Engineer 's XT 

Thus, f o r deep wa te r , the c r i t e r i a as s ta ted in sec t ion 5.4 i s 

very conse rva t i ve : h > — would seem more app rop r i a t e , . For shal low 
4 

wate r , on the o ther hand, the l i m i t c r i t e r i a g iven i n sec t i on 5.5 

i s no t o v e r l y c o n s e r v a t i v e , but could s t i l l be made a b i t more f l e x i -
X 

b l e . In keeping w i t h Kinsman's d i s c u s s i o n , h < -^^ i s suggested as 

a l i m i t . Adopt ion of these suggested l i m i t s w i l l g r e a t l y reduce the 

range of r e l a t i v e depths f o r which the f u l l equat ions 5,01 through 

5.11 must be used, w h i l e keeping our e r r o r u s u a l l y less than about 

5%. 
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F i r s t , l e t us examine some " t y p i c a l " waves, and then , us ing 

some r a t h e r extreme examples, we s h a l l observe t h a t the r e l a t i v e 

depth -r-- i s more impor tant than the abso lu te dep th . 
0 

1 . North Sea, H = 0.8 m, T = 8 seconds, and h = 10 m. ( t h i s i s a 

very common wave on the North Sea). From 5.15, 

X„ = ( 1 . 5 6 ) ( 8 2 ) = 100 m; ^ = = 1 - ; 
° ^0 100 10 

t h i s i s in te rmed ia te water dep th , we are stuck u n t i l a f t e r chapter 

6. Note, the wave h e i g h t , . H , was not used here a t a l l . 

2. S t r a i g h t of G i b r a l t a r , H = 25 m, T = 15 sec. and h = 1000 m. 

( l ih is i s a severe storm wave in t h a t a r e a ) . From 5.15, 

X„ = (1 .56 ) (152) = 351 m; = > i ; 
° ^0 351 4 

t h i s i s c e r t a i n l y deep water . We can determine the ho r i zon ta l 

water p a r t i c l e v e l o c i t y ampl i tude a t a depth o f 100 meters us ing 

equat ion 5.01a: 

- ( ^ ) : ( 1 0 0 ) 

2ir 25 
Cl„ = ( — ) ( — ) e . The cos ine term i s dropped f o r de¬

° 15 2 

t e rm in i ng the amp l i t ude . Eva lua t ing t h i s , we g e t : 

QQ = 5.24 e ' ^ ' ^ ^ = 0 . S 7 m / s . The speed o f t h i s wave ( f rom 5.14) 

i s : CQ = ( 1 .56 ) (15 ) = 23.4 m/s = 84 km/hr = 45,5 kno ts ! 

3 . North Sea (Dutch Coas t ) , H = 1,5 m, T = 8 s e c , h = 4 m. 

- 2 . h 4 1 , 
X = [L.üb)(ii ) = luu m; r - = — = — , t m s i s shal low water . 

° ^0 100 25 

The re fo re , from 5,05b, c = y ( 9 . 8 1 ) ( 4 ) = 6,3 m/s. The wave 

l eng th i s c T = ( 6 , 3 ) ( 8 ) = 50 m. The energy in the wave per 

u n i t c r e s t leng th is (eqn. 5 .08b) : 

E^ = ( i ) ( 1 0 3 0 ) ( 9 . 8 1 ) ( 1 . 5 2 ) ( 5 0 ) = 1.42 x 10^ JÜ-JLÜ. 
8 m 

4. In a model we generate a wave w i t h per iod 0.6 sec. i n water 

30 cm deep. 

^ . = ( 1 . 5 6 ) ( 0 . 6 2 ) = 0.56 m$ ^ = ^ > i ; t h i s i s deep 
\ 56 2 

water . The wave speed i s c^ = ( 1 , 5 6 ) ( 0 , 6 ) = 0.94 m/sec. 
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6. WVE SPEED AND LENGTH COMPUTATIONS W.W. Massie 

6 . 1 . I n t r o d u c t i o n 
X X 

For in te rmed ia te water depths (— < h < — ) , t he re i s no 

20 4 

s imp le , d i r e c t means of determin ing the wave l eng th or o ther r e l a t e d 

parameters g iven on ly the wave p e r i o d . Two methods are presented 

here , both are der ived from the non - l i nea r equat ion f o r wave speed, 

equat ion 5.05. 

6 .2 . I t e r a t i o n Method 

Recal l equat ion 5 .05 , 

c = / i tanh kh = -
V k T (5 .05 ) (6 .01) 

i n which c i s the wave phase v e l o c i t y 

g i s the a c c e l e r a t i o n o f g r a v i t y 

k i s the wave number = — 
X 

h i s the water depth 

X i s the wave leng th 

T i s the wave p e r i o d . 

S u b s t i t u t i n g var ious d e f i n i t i o n s from chapter 5 i n t o equat ion 6.01 

y i e l d s : 

X = X tanh ^ (6 .02 ) 
X 

Since A , the unknown, cannot be i s o l a t e d on one s ide o f t h i s e q u a t i o n , 

a d i r e c t s o l u t i o n i s imposs ib le . I t e r a t i v e s o l u t i o n schemes are pos

s i b l e . In f a c t most any i t e r a t i o n w i l l even tua l l y lead to the c o r r e c t 

answer s ince the equat ion has on ly one s o l u t i o n f o r g iven values o f 
^ U 

A Q a r l u ( I . 

One simple but r a t h e r i n e f f i c i e n t i t e r a t i o n i s to r e s u b s t i t u t e 

successive answers from 6.02 ( s t a r t i n g w i t h X = A Q ) i n t o the r i g h t 

hand s ide o f the equa t ion . Thus: 

+ 1 = ^0 ^ (6 .03 ) 

•i 
where i = 0 , 1 , 2 , 

A much more e f f i c i e n t i t e r a t i o n i s the f o l l o w i n g : 
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^ 2 i + l = \ tanh 
2Trh 

Xg. 

X ^ ^ 2 i + l ^ ^21 (6 .04 ) 
' 2n + 2 

i = O, 1 , 2 , 

While the a l go r i t hm i s a b i t more complex, i t reduces the number 

o f i t e r a t i o n s cons iderab ly ( t h ree or f ou r are u s u a l l y more than 

s u f f i c i e n t ) and can s t i l l be executed on many o f the small pocket 

e l e c t r o n i c c a l c u l a t o r s . 

A d i r e c t technique a t t r i b u t e d to Eckert (unpubl ished) which 

u s u a l l y g ives answers c o r r e c t to w i t h i n about 5 percent i s s imp ly : 

(6 .05 ) 

Table 6 .1 compares the r e s u l t s of these schemes. 

Table 6 . 1 . Wave length i t e r a t i o n s 

T = 19 seconds, h = 50 meters 

eqn. 6.03 eqn. 6.04 

i X i (m) X2i+2 

0 563.8 378.1 

1 285.2 382.0 

2 451.6 381.6 

3 339.2 381.6 

4 410.9 

5 362.9 

6 394.2 

7 373.4 

8 387.0 

9 378.0 

10 384.0 

11 380.1 

12 382.6 

13 380.9 

14 382.0 

15 381.3 

16 381.8 

17 381.5 
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The s u p e r i o r i t y of the second i t e r a t i o n scheme i s obv ious. 

For comparison purposes, equat ion 6.05 y i e l d s X = 401.0 which 

i s o f f by 5 .1%. 

Obv ious ly , now t h a t the wave leng th has been determined a l l o f 

t h e o ther r e l a t e d parameters can be e a s i l y eva lua ted . 

6 . 3 . Use o f Tables 

The computat ions o u t l i n e d i n the previous sec t ion were o f t e n 

cumbersome t o c a r r y out by hand. For t h i s reason an a l t e r n a t i v e was 

developed i n the form of a set of t a b l e s . By d i v i d i n g both s ides of 

equat ion 6.02 i n t o h and doing a b i t o f a lgeb ra : 

I L = h tanh M (6 .06) 
XQ X X 

i n which — has been conven ien t l y expressed i n terms of - . Thus, 

^ 0 ^ 

by choosing var ious values o f - , corresponding values of — can 

be computed d i r e c t l y and t a b u l a t e d . I n t e r p o l a t i o n in t h i s t a b l e 

working e i t h e r toward values o f — or toward values o f - i s 

^ 0 ' 

a l l t h a t i s necessary to determine the wave l eng th . 

Wiegel (1954) worked out such a t a b l e . I t is a lso publ ished i n 

h is book Oceanographioal Engineering (1964) and in the Shore Proteo

tion Manual (1973) . An abbrev ia ted ve rs ion o f t h i s t a b l e i s inc luded 

here as t ab l e 6 .2 . 

As an example, the previous i t e r a t i o n schemes can be checked. 

T = 19 sec. and h = 50 m y i e l d s X ^ = 563.80 m, and — = 0.0887. 

^ 0 

I n t e r p o l a t i n g in Wiegel (1964) y i e l d s - = 0.1310 and x = 381.6 
X 

which compares r a t h e r f a v o r a b l y to the e a r l i e r c a l c u l a t i o n . 



TABLE 6 . 2 . SINUSOIDAL WAVE FUNCTIONS 

_h tanh kh 
ĥ  

kh s inh kh cosh kh 
H 

\ X 
^^0 

0.000 0.000 0 .0000 0.000 0.000 1.00 CO 

002 112 0179 112 113 01 2.12 
004 158 0253 159 160 01 1.79 
006 193 0311 195 197 02 62 
008 222 0360 226 228 03 51 

0.010 0.248 0 .0403 0.253 0.256 1.03 1.43 

015 302 0496 312 317 05 31 
020 347 0576 352 370 07 23 
025 386 0648 407 418 08 17 

0.030 0.420 0 .0713 0.448 0.463 1.10 1.13 

035 452 0775 487 506 12 09 
040 480 0833 523 548 14 06 
045 507 0888 558 588 15 04 

0.050 0.531 0 .0942 0.592 0.627 • 1.18 1.02 

055 554 0993 624 665 20 1.01 
060 575 104 655 703 22 0.993 
065 595 109 686 741 24 981 
070 614 114 716 779 27 971 

0.075 0.632 0 .119 0.745 0.816 1.29 0.962 

080 649 123 774 854 31 955 
085 665 128 803 892 34 948 
090 681 132 831 929 37 942 
095 695 137 858 0.968 39 937 

0.10 0.709 0 .141 0.386 1.01 1.42 0.933 

11 735 150 940 08 48 925 
12 759 158 0.994 17 54 920 
13 780 167 1.05 25 60 917 
14 800 175 10 33 67 915 

0.15 0.818 0 .183 1.15 1.42 1.74 0.913 

16 835 192 20 52 82 913 
17 850 200 26 51 90 913 
18 864 208 31 72 1.99 914 
19 877 217 36 82 2.08 916 

0.20 0.888 0 .225 1.41 1.94 2.18 0.918 

_h tanh kh 
ĥ  

kh s inh kh cosh kh 
H 

^ 0 
X 

"o 

0 .20 0.888 0.225 1.41 1.94 2.18 0 .918 

21 899 234 47 2.05 28 920 
22 909 242 52 18 40 923 
23 918 251 57 31 52 926 
24 926 259 63 45 65 929 

0 .25 0.933 0.268 1.68 2.60 2.78 0 .932 

26 940 277 74 75 2,93 936 
27 946 285 79 2.92 3.09 939 
28 952 294 85 3.10 25 942 
29 957 303 90 28 43 946 

0 .30 0.961 0.312 1.96 3.48 3.62 0 .949 

31 965 321 2.02 69 3.83 952 
32 969 330 08 3.92 4.05 955 
33 972 339 13 4.16 28 958 
34 975 349 19 41 53 961 

0 .35 0.978 0.358 2.25 4.68 4.79 0 .964 

36 980 367 31 4.97 5.07 967 
37 983 377 37 5.28 37 969 
38 984 386 43 61 •5.70 972 
39 986 395 48 5.96 5.04 974 

0 .40 0.988 0.405 2.54 6.33 6.41 0 .976 

41 989 415 60 6.72 6.80 978 
42 990 424 66 7.15 7.22 980 
43 991 434 73 7.60 7.66 982 
44 992 443 79 8.07 8.14 983 

0 .45 0.993 0.453 2.85 8.59 8.64 0 .985 

46 994 463 91 9.13 9.18 986 
47 995 472 2.97 9.71 9.76 987 
48 995 482 3.03 10.3 10.4 988 
49 996 492 09 11.0 11.0 990 

0 .50 0.996 0.502 3.15 11.7 11.7 0 .990 

1 .00 1.000 1.000 6.28 268 268 1 .000 

oo 1.000 CO oo CO CO 1 .000 
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7. EFFECTS OF SHOALING HATER W.W. Massie 

7 . 1 . I n t r o d u c t i o n 

Obv ious ly , a wave breaks sometimes as i t progresses from deep 

through in te rmed ia te depths to shal low water . Breaking w i l l be con

s idered l a t e r in t h i s chapter and in chapter 8 as w e l l . However, to 

begin w i t h , consider a wave t h a t i s not ye t broken, progress ing i n t o 

water which is g r a d u a l l y * becoming sha l lower . In order to keep th ings 

from becoming too compl ica ted , the d iscuss ion i s s t i l l r e s t r i c t e d to 

a two-dimensional case. In a p r a c t i c a l sense, t h i s means t h a t the 

depth contours run p a r a l l e l to the wave c r e s t s . This r e s t r i c t i o n w i l l 

not be rela.xed u n t i l chapter 9. 

7 .2 . Wave Height Changes 

Since so many o f the r e l a t i o n s h i p s in chapter 5 were dependent 

upon the wave he igh t , H, i t seems l o g i c a l to study how H v a r i e s as 

a wave progresses i n t o shal lower - or back i n t o deeper f o r t h a t mat

t e r - water . The r e l a t i o n s h i p between H and h, the water d e p t h , i s 

exposed by app ly ing conservat ion o f energy. The energy t ranspor ted 

through a v e r t i c a l plane p a r a l l e l to the wave c res ts i s , i n f a c t , the 

wave power per u n i t o f c r e s t l e n g t h . This i s sometimes c a l l e d energy 

f l u x . Anyway, from equat ion 5.10: 

^ = E Cg = E n c (5 .10) (7 .01 ) 

By assuming t h a t t h i s energy f l u x does not change as the wave pro

gresses through water of va ry i ng d e p t h , t h e n : 

"2 

or 

(7 .02 ) 

Eg ng Cg 
^1 " l ^1 (7 .03 ) 

where: c i s the wave speed, 

E i s the wave energy per u n i t o f sur face area^ 

n i s the r a t i o Cg/c , 

Cg i s the group v e l o c i t y 

U i s the power or energy f lux^and 

1,2 are subsc r ip t s i n d i c a t i n g the l o c a t i o n a t which the para

meters are eva lua ted . 

Using equat ion 5.09 f o r E, and choosing l o c a t i o n 2 to be deep water 

where the wave p rope r t i es are e a s i l y eva lua ted , leads t o : 

^ p g H^^ I p g Q^ (7 .04 ) 

"Gradua l l y " means less than a few percent bottom s lope . 
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Cance l l i ng out a few unnecessary th ings and eva luat img ni^, fromi 5i..Qfe.-: 

n^ c^ = i CQ (7 .05) 

In another f o r m , t h i s i s : 

c 1 

- = / - ~ = ^sh (7 .06) 

H„ 7 ^ 1 2"1 

where K ĵ̂  i s o f t e n r e f e r r e d to as the shoal ing, c o e f f i c i e n t . 

This can be worked out a b i t more by s u b s t i t u t i n g f o r CQ_, 

e t c . , and doing a l o t of a l g e b r a ; t h e f i n a l r e s u l t i s : 

^sh = / ^ 2 kh (7-07) 
( tanh kh! (1 + - A J H l _ ) 

/ s inh 2kh 

A l s o , s ince k = — , K , i s pu re ly a f u n c t i o n of - and, t h e r e f o r e , 

can be added to t ab le 6 . 2 ; indeed, — i s l i s t e d i n the l a s t column. 

^ 0 

For completeness, we should check what the extreme values of 

K^^ can be in deep and shal low water . In deep wa te r : 

K3 ,̂ = 1 (7 .07a) 
0 

Mathematics con f i rm the r e s u l t o f phys ica l reasoning i n t h i s case. 

In shal low water , i t i s e a s i e s t to begin w i t h equat ion 7 .06. 

Using shal low water values of c^ and n ^ 

^sh = IT^ \ ^'-''^ 

With a b i t o f a lgeb ra , t h i s reduces t o : 

(7 .07b) 

which approaches <» as h approaches 0. 
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iExipnessed i n another f o r m , a l so f o r shal low water : 

'sh 
= :0.4456 ( -^ 

Ih h 
(7 .07b) 

f ih is -gives K^^^ pure ly as a f u n c t i o n of 'h f o r a 'givien wave c o n d i t i o n . 

7 .3 . Example 

Ai l ! the i n fo rma t i on i s now a v a i l a b l e to compute the e f f e c t o f 

d iEp t t dhanges on a two dimensional wavie as long as the wave does no t 

brea;k,. /An exan^ple o f tow 'slhaaliimg a f f e c t s » v e ;pno,perties i s shown 

i n the fol l iowi ing ta ib le . 

In t a b l e 7 . 1 . a very common s o r t of North Sea wave i s fo l lowed 

as i t progresses from deep water to shal low water . In deep wa te r , 

equatiiens 5.01a through 5.07a and 7.07a are used. In shal low wa te r , 

equations 5.'01b through 5.07b and 7,.07b are used. The complete equa

t i ons . (ac tua l l y the tab les i n Wiegel ;(1<964)) .are ^used f o r i n t e r m e d i 

a te depths. Our wave has the f o l l o w i n g g iven p r o p e r t i e s : 

HQ = 2.0 m and T = 7.0 seconds. 

From t h i s f o l l o w s t h a t : 

'̂ o = 10.93 m/s and 

X = 76.53 m. 
0 



TABLE 7 . 1 . Wave V a r i a t i o n s i n Shoal ing Mater 

Water h_ A p p l i - _h Wave n c /c Phase 
depth X cabl e Length 0 v e l o 

h 0 
Theory X c i t y 

c 
(m) ( -) ( - ) (m) ( - ) ( - ) ( m/s. 

1 0 0 1 . 3 0 7 deep 1 , . 3 0 7 7 6 . 5 3 0 . 5 0 0 1 1 0 . 9 3 

7 5 0 . 9 8 0 deep 0 . 9 8 0 7 6 . 5 3 0 . 5 0 0 1 1 0 . 9 3 

5 0 0 . , 6 5 3 3 deep 0, , 6 5 3 7 6 . 5 3 0 . 5 0 0 1 1 0 . 9 3 

3 6 . 2 6 0 . 5 0 0 deep 0 . . 5 0 0 7 6 . 5 3 0 . 5 0 0 1 1 0 . 9 3 
i n t e r . 0 . . 5 0 1 8 7 6 . 2 5 0 . 5 1 1 5 0 . 9 9 5 4 1 0 . 8 9 

2 8 0 . 3 6 6 deep 0 , . 3 6 6 7 6 . 5 3 0 . 5 0 0 1 1 0 . 9 3 
i n t e r . 0 . . 3 7 2 8 7 5 . 1 0 0 . 5 4 3 3 0 , . 9 8 1 7 1 0 . 7 3 

1 9 . 1 3 0 . 2 5 0 deep 0 , . 2 5 0 7 6 . 5 3 0 . 5 0 0 1 1 0 . 9 3 
i n t e r . 0 . , 2 6 7 9 7 1 . 4 1 0 . 6 1 6 4 0 , . 9 3 3 2 1 0 . 2 0 

1 5 0 . 1 9 6 i n t e r . 0 , . 2 2 1 8 6 7 . 6 3 0 . 6 7 2 4 0 , . 8 8 3 9 9 . 6 6 

1 0 0 . 1 3 1 i n t e r . 0 . . 1 6 7 4 5 9 . 7 4 0 . 7 5 0 6 0 , . 7 8 2 4 8 . 5 5 

5 0 . 0 6 5 3 i n t e r . 0 . , 1 0 9 4 4 5 . 7 0 0 . 8 7 1 3 0 . . 5 9 5 6 6 . 5 2 

3 . 8 2 0 . 0 5 0 0 i n t e r . 0 . 0 9 4 1 6 4 0 . 5 7 0 . 8 9 9 9 0 . , 5 3 1 0 5 . 8 0 
sha l low 0 . . 0 8 9 1 3 4 2 . 8 6 1 0 . 5 5 9 9 6 . 1 2 

3 . 0 0 0 . 0 3 9 2 i n ter . 0 . , 0 8 2 4 3 6 . 4 1 0 . 9 2 0 7 0 . . 4 7 5 8 5 . 2 0 
sha l low 0 . 0 7 9 0 3 7 . 9 8 1 0 , . 4 9 6 8 5 . 4 3 

2 . 0 0 0 . 0 2 6 1 i n t e r . 0 . 0 6 6 3 3 0 . 1 7 0 . 9 4 6 6 0 . . 3 9 3 9 4 . 3 1 
shal low 0 . 0 6 4 5 3 1 . 0 1 1 0 . , 4 0 5 3 4 . 4 3 

1 . 0 0 0 . 0 1 3 1 i n t e r . 0 . 0 4 6 3 2 1 . 6 0 0 . 9 7 2 9 0 . , 2 8 3 0 3 . 0 9 
shal low 0 . , 0 4 5 6 2 1 . 9 3 1 0 . , 2 8 6 4 3 . 1 3 

0 . 7 7 0 . 0 1 0 0 i nter.. 0 . 0 4 0 3 1 9 . 1 1 0 . 9 7 9 2 0 . 2 4 8 0 3 . 1 0 
shal low 0 . 0 4 0 0 1 9 . 2 4 1 0 . , 2 5 1 6 2 . 7 5 

NOTE: NO CONSIDERATION 

; HQ = 2 . 0 m; = 1 0 . 9 3 m/s ; X^ = 7 6 . 5 3 m 

Ampl i tude 

H _ |, Wave Wave 11 Surface Bottom Water 
,̂ " sh he igh t s teep - . v e l o c i t y V e l o c i t y depth 

n 
0 

H ness M Q 
H/x s b 

{ - ) (m) ( - ) ( - ) (m/s) (m/s) (m) 

1 2 . 0 0 . 0 2 6 1 3 0 . 0 2 0 0 0 . 9 0 0 . 0 0 1 0 0 

1 2 . 0 0 . 0 2 6 1 3 0 . 0 2 6 7 0 . 9 0 0 . 0 0 7 5 

1 2 . 0 0 . 0 2 6 1 3 0 . 0 4 0 0 0 . 9 0 0 . 0 1 5 0 

1 2 . 0 0 . 0 2 6 1 3 0 . 0 5 2 2 7 0 . 9 0 0 . 0 4 3 8 . 2 6 

0 . 9 9 0 5 1 . 9 8 0 . 0 2 5 9 7 0 . 0 5 1 8 0 . 8 9 0 . 0 8 

1 2 . 0 0 . 0 2 6 1 3 0 . 0 7 1 4 0 . 9 0 0 . 0 9 2 8 

0 . 9 5 8 3 1 . 9 4 0 . 0 2 5 8 0 . 0 6 9 3 0 . 8 9 0 . 1 7 

1 2 . 0 0 . 0 2 6 1 3 0 . 1 0 4 5 0 . 9 0 0 . 1 9 1 9 . 1 3 

0 . 9 3 2 3 1 . 8 6 0 . 0 2 6 0 0 . 0 9 7 2 0 . 8 9 0 . 3 2 

0 . 9 1 7 2 1 . 8 3 0 . 0 2 7 1 0 . 1 2 2 0 0 . 9 3 0 . 4 3 1 5 

0 . 9 1 6 6 1 . 8 3 0 . 0 3 0 6 0 . 1 8 3 0 1 . 0 5 0 . 6 5 1 0 

0 . 9 8 0 8 1 . 9 6 0 . 0 4 2 9 0 . 3 9 2 0 1 . 4 8 1 . 1 8 5 

1 . 0 2 3 2 . 0 5 0 . 0 5 0 5 0 . 5 3 6 6 1 . 7 3 1 . 4 7 3 . 8 2 

0 . 9 4 5 1 . 8 9 0 . 0 4 4 1 0 . 4 9 4 7 1 . 5 1 1 . 5 1 

1 . 0 6 8 2 . 1 4 0 . 0 5 8 8 0 . 7 1 3 3 2 . 0 2 1 . 7 7 3 . 0 0 

1 . 0 0 4 2 . 0 1 0 . 0 5 2 9 0 . 6 7 0 0 1 . 8 2 1 . 8 2 

1 . 1 5 8 2 . 3 2 0 . 0 7 6 9 1 . 1 6 0 2 . 6 4 2 . 4 3 2 . 0 0 

1 . 1 1 1 2 . 2 2 0 . 0 7 1 6 1 . 1 1 0 2 . 4 7 2 . 4 7 

1 . 3 4 8 2 . 7 0 0 . 1 2 5 0 2 . 7 0 4 . 2 8 4 . 1 1 1 . 0 0 

1 . 3 2 1 2 . 6 4 0 . 1 2 0 5 2 . 6 4 4 . 1 5 4 . 1 5 

1 . 4 3 5 2 . 8 7 0 . 1 5 0 2 3 . 7 3 5 . 2 0 5 . 0 3 0 . 7 7 

1 . 4 1 0 2 . 8 2 0 . 1 4 6 6 3 . 5 6 5 . 0 4 5 . 0 4 

BREAKING IS INCLUDED: 
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7 .4 . Review o f Example 

A l o t o f usefu l conc lus ions can be drawn from t a b l e 7 . 1 . For 

example, the r e s u l t s of the deep, i n t e rmed ia te , and shal low v/ater 

wave equations can be compared f o r var ious values of h / A ^ . This 

might be he lp fu l f o r rev iewing the c r i t e r i a f o r determin ing wh ich , 

i f any, approx imat ion to use. With h/x^ = 0 . 5 , the ampl i tude o f the 

ho r i zon ta l v e l o c i t y a t the bottom ü̂ ^ v a n e s by a f a c t o r o f two depen

d ing upon the approx imat ion used. This may or may not be s e r i o u s , 

depending upon the charac te r of the p a r t i c u l a r engineer ing problem 

i nvo l ved . For a f l o a t i n g s t r u c t u r e , then t h i s e r r o r a t the bottom i s 

c e r t a i n l y un impor tan t . On the other hand, f o r eros ion p r e d i c t i o n 

around the f o o t of a g r a v i t y c o n s t r u c t i o n , t h i s e r r o r may be very im

p o r t a n t . 

7 . 5 . Breaking C r i t e r i a 

Note from equat ion 7.07b t h a t the theory used does not impose 

any l i m i t on the he igh t increase of a wave as i t approaches a coas t . 

On the other hand, we have a l l been to the beach a t some t ime^ and 

have not seen any waves of i n f i n i t e he igh t . What, t hen , are the prac

t i c a l l i m i t a t i o n s on wave he ight? There are two: wave steepness, and 

wave he ight to water depth r a t i o . 

Steepness L i m i t 

Using the theory of s o l i t a r y waves, i n v e s t i g a t o r s have shown 

t h a t the maximum steepness of a non-breaking wave i s 0.142 = - . 
7 

For t h i s , the steepness i s def ined as the r a t i o of wave he igh t to 

wave l e n g t h , j , This c r i t e r i a normal ly governs the breaking of waves 

in deep water^ and ye t as Kinsman (1965) po in ts o u t , many la rge storm 

waves do not break because they are too long'' . 

Values o f wave steepness have been included in t ab l e 7 . 1 . 

This breaking c r i t e r i a , i n d i c a t e s t h a t the wave broke a t a water 

depth somewhere between 0.77 and 1.00 m. 

I t i s s i n c e r e l y hoped t h a t t h i s assumption i s c o r r e c t ! 

t 

A wave o f 15 second p e r i o d , f o r example, would have to be 50 m 

high before i t broke accord ing to the steepness c r i t e r i u m . L u c k i l y , 

we d o n ' t f i n d t h i s s o r t o f wave too o f t e n . 
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lawte len'ghtt: Water iD.epEh iL imi t 

Tihe second cr i fcerna fer è,rea,ki:ng a p p l i e s to the r a t i o o f wave 
H 

Iheti.g'ht t o water deptoh ^ j^ , o f t en c a l l e d the breaking index. A t heo re -

t'nicail l i m i t f o r t h i s r a t i o (aga in f a r a s o l i t a r y wave) i s 0 .78 . 

I h i s Oimi t r a t i o i s sometimes denoted 'by y. A p r a c t i c a l va lue f o r y 

i s a'bout 0 . 6 . O c c a s i o n a l l y , an i n d i v i d u a l wave has even been observed 

•^br 
f o r which r—!- > 1.2, Thus, the l i m i t i s not an -absolute s u r e t y . Gene

er , 
r a l l y , t h i s c r i t e r i a governs the breaking of waves on a shore. More 

thorough i n v e s t i g a t i o n s , to determine y fi"oni knownphysical parameters 

of the shore and wave are now being c a r r i e d o u t . 
u 

Values of have been inc luded f o r our example i n t a b l e 7 .1 

as w e l l . The wave would break accord ing to t h i s c r i t e r i a i n a -water 

depth somewhere between 2 and 3 m. Indeed, the wave has broken by 
u 

exceeding the maximum r a t i o j^, r a t he r than the maximum steepness. 

Now tha t breaking c r i t e r i a and the e f f e c t o f shoa l ing on a wave are 

known, we can t h i n k abou t . the f o l l o w i n g ques t ions : "How high i s our 

wave i n the example problem a f t e r i t has passed over a shoal area 

having a minimum depth o f 5 meters and has cont inued i n t o water which 

i s once again 100 meters deep?" What might be a good answer i f the 

minimum depth o f the shoal was 2 m? 

In the f i r s t o f these cases the shoal 5 m deep i s not s u f f i c i e n t 

to cause the wave to break. Since the other e f f e c t s are r e v e r s i b l e , 

the wave he igh t in deep water a f t e r the shoal w i l l be, a g a i n , 2 meters . 

In the second case, the wave which gets over the shoal w i l l 

have a he ight of about 0.6 x 2 = 1.2 m. As t h i s wave progresses on 
2 

i n t o deeper water i t s wave he ight w i l l decrease in the r a t i o 
2.22 

(see t a b l e 7 . 1 ) . Thus, the r e s u l t i n g wave he ight in deep water w i l l 

be 1.2 X = 1.08 m.*̂  
2.22 

This i s on ly a rough approx imat ion . Other e f f e c t s o f the shoal 

such as t r a n s f e r o f energy to o ther (new) waves have been ner 

g l e c t e d . 
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8.. TYPES OF BREAKERS W.W. Massie 

8 .1 . . Ini trodi ict i 'on' 

In' cha'p*er 7 tl ie. c r i i t e r i a f o r wave breaking liave been presented. 

Now, the breaking process i t s e l f can be examined. ObviousTy, when a 

wave breaks, i t s he ight •^'"n'ni&hes and some of the energy- o f t he wave 

i s d i s s i pa ted i n tu rbu lence and bottomi f t ^ i c t i o n ; ; some is r e f l e c t e d 

back out to deep wa te r , and some o f the energy generates, sound', other 

waves,, hea t , and eu r ren te . Th i s Hast i t e m , cu r ren t s w i t h i n , the breaker 

zone:,, p lay a very impor tant rol ie in^ the morphoTogical changes which 

occur along a coast . This cu r ren t genera t ion i s reviewed i n chapter 

26 and t rea ted i n d e t a i l i n volume I I . 

Pa t r i ck and Wiegel (1955) l i s t th ree main types of breakers . 

These are descr ibed in the f o l l o w i n g paragraph. 

8 .2 . Breaker Types 

S p i l l i n g Breaker 

S p i l l i n g breakers are u s u a l l y found a long very f l a t beaches. 

Waves begin breaking a t a r e l a t i v e l y g rea t d is tance from shore and 

break very g r a d u a l l y as they approach s t i l l shal lov/er water . A foam 

l i n e develops a t the c r e s t du r ing breaking and leaves a t h i n layer 

o f foam over a cons iderab le d i s t a n c e . Kinsman (1965) shows t h i s very 

impress ive ly on page 50 o f h i s book. A less spectacu lar example i s 

shown i n f i g u r e 8 . 1 . The breaker he igh t decreases ra the r u n i f o r m l y 

as we approach the coas t . There i s very l i t t l e r e f l e c t i o n of momentum 

back toward the sea. 

Figure 8.1 

SPILLING BREAKER 
GENTLE BEACH SLOPE 
MAY CAUSE SEVERE 
EROSION 
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Plunqing Breaker 

This i s type of breaker o f t e n found on the t r a v e l posters f o r 

the Pac i f i c I s l a n d s ; i t i s spec tacu la r . The c u r l i n g top i s charac

t e r i s t i c o f these waves. When one breaks much energy i s d i s s i p a t e d 

in t u rbu lence ; l i t t l e i s r e f l e c t e d back to sea, and not much o f a 

new wave i s generated i n the shal lower water . This l a s t i s in con

t r a s t t o what happens w i t h a s p i l l i n g breaker . F igure 8.2 shows a 

p lunging breaker. 

Figure 8.3 

SURGING BREAKER 

EXTREMELY 

STEEP SLOPE 

Surging Breakers 

Surging breaks occur along extremely steep shores such as 

might be encountered along rock coas ts . The breaker zone i s very 

narrow, and much (more than h a l f , u s u a l l y ) o f the wave energy i s 

r e f l e c t e d back out to deeper water . F igure 8.3 shows such a breaker . 

These breakers form up , much l i k e p lunging b reakers , but the toe o f 

each wave surges up the beach before the c res t can c u r l over and 

f a l l . 

8 . 3 . Q u a n t i t a t i v e C l a s s i f i c a t i o n s 

Galv in (1968) found two parameters which could be used t o 

c l a s s i f y the type o f break ing wave v i a q u a n t a t i v e obse rva t i on . 

Both parameters are dependent upon wave p rope r t i es and the beach 

s l o p e ; one i s based upon breaker h e i g h t , H^^, wh i l e the o ther i s r e 

l a t ed to deep water c o n d i t i o n s . Of t hese , the f i r s t , based upon 

breaker cond i t i ons i s probably more p r a c t i c a l and dependable. I t i s 

p r a c t i c a l s ince i t i s based upon measurements made i n the breaker 

zone i t s e l f where we would probably a l so be measuring. Galv in d i d 

h is measurements t h e r e , too . I t i s more dependable, s ince i t i s a 

d i r e c t measurement in the breaker zone i t s e l f , and cannot be i n f l u 

enced by what happens between deep water and the breaker zone. 
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More s p e c i f i c a l l y , the two parameters a re : 

(8 .01 ) 

and 

Hbr 

— (8 .02 ) 

gmT'̂  

where: 

g i s the a c c e l e r a t i o n of g r a v i t y , 

'^br "̂̂  breaker he igh t (wave he igh t a t the outer edge o f 

the breaker zone)^ 

HQ i s the wave he igh t in deep water, 

XQ i s the wave leng th i n deep water, 

m i s the slope of the beach, and 

T i s the wave p e r i o d . 

These parameters g iven by (8 .01) and (8 .02 ) are emperical (based upon 

o b s e r v a t i o n ) . A l s o , a l l o f the theory o f the previous sec t ions i s not 

enough to a l l ow us to d e r i v e (8 .02) beginning w i t h ( 8 . 0 1 ) . 

Another approach used by Swart (1974) de f ines a parameter p 

which ranges between 0.0 f o r s p i l l i n g breakers and 1.0 f o r p lung ing 

breakers . ( I t i s v a l i d on ly f o r these two t y p e s ) . He s ta tes t h a t p 

can be determined w i t h reasonable accuracy but does not e labora te 

how, except t h a t he mentions " v i sua l o b s e r v a t i o n " . 

The r e l a t i o n s h i p between the breaker type and the values o f the 

parameters above i s g iven i n t ab l e 8 . 1 . 
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TABLE 8 . 1 . Breaker Type C l a s s i f i c a t i o n 

breaker type 
Ho %r 

? 2 
gmT 

0 

0.0' O'.O: 

surg ing i nva l id 

0.09 0.003 

Plunging 1-0 

4.8 0.068 

S p i l l i n g 0-0 

8 .4 . Reexamination of Breaking C r i t e r i a 

Swart (1974) combines the value p w i t h the deep water wave con

d i t i o n s and the beach slope to determine the value of the breaking 

"b r 

i ndex , y = — - in which h i s the water depth a t the breaking p o i n t , 

^ r 

of the wave. In equat ion fo rm: 

Y = 0,33 p + 0.46 (8 .03 ) 

Even t h i s equat ion has some l i m i t a t i o n s , but may be h e l p f u l . 

Fur ther research to a r r i v e a t an improved equat ion i s under way. 

Pu t t i ng an "average" va lue o f p o f 0.5 in (8 .03 ) y i e l d s about the same 

va lue o f Y as given in chapter 7, 
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9. WAVE REFRACTION AND DIFFRACTION L.E. van Loo 

9 . 1 . I n t r o d u c t i o n 

U n t i l now, t h i s d i scuss ion of waves has been r e s t r i c t e d to two-

dimensional phenomona; on ly motions which occurred in the v e r t i c a l 

x -z plane were cons idered . Waves propagat ing i n t o shal lower water were 

assumed to be moving w i t h t h e i r c r e s t s p a r a l l e l to the depth con tours . 

F u r t h e r , u n t i l now, no p a r t i a l obs tac les have been al lowed to i n t e r r u p t 

the path of the waves. These r e s t r i c t i o n s w i l l now be r e l a x e d . Consider 

what happens when waves approach shoal ing water w i t h t h e i r c r e s t s a t 

an angle to the depth con tours . 

9 .2 . Wave Re f rac t i on 

When waves approach shal lower water w i t h t h e i r c r e s t s a t an 

angle to the depth con tou rs , the wave c r e s t s appear to curve so as to 

decrease t h i s ang le . This r e s u l t s from the f a c t t h a t the wave c e l e r i t y 

decreases as the water depth decreases - see equat ion 5.05 or 5.05b. 

In deep water r e f r a c t i o n does not take p lace , s ince the wave speed i s 

independent of water d e p t h , t h e r e . 

Th is phenomona i s much l i k e t h a t i n geometr ical o p t i c s , where 

S n e l l ' s Law descr ibes the behavior o f l i g h t rays passing from one medium 

to another having a d i f f e r e n t t ransmiss ion v e l o c i t y . In the present case 

the re i s a gradual change i n wave speed instead o f an abrupt one encoun

tered in o p t i c s . This gradual change leads to the curved wave c r e s t s 

shown i n f i g u r e 9 . 1 . 

In f i g u r e 9 . 1 , wave or thogona ls (always perpend icu lar to the wave 

c r e s t s ) have been sketched as w e l l . These or thogna ls are sometimes c a l l e d 

rays . A b i t o f geometry q u i c k l y revea ls t h a t the d i s tance between these 

rays increases as the water becomes sha l lower . 

The e f f e c t of r e f r a c t i o n on wave he igh t i s computed by assuming 

t h a t the power t r ansm i t t ed between two ad jacent wave or thogonals 

remains cons tan t . In equat ion fo rm: 

where U i s the power per u n i t c r e s t l eng th and b i s the d i s tance be

tween or thogonals a t po in t s 1 and 2 r e s p e c t i v e l y . 

This should be compared to equat ion 5.10. Using t h i s equat ion , 

we ge t : 

( 9 .01 ) 

^1 " l ^1 ' ' l ( 9 .02 ) 

where: E i s the wave energy, 

n i s the r a t i o o f group v e l o c i t y to wave c e l e r i t y , and 

c i s the wave c e l e r i t y . 



Figure 9.1 REFRACTION PATTERN 

S u b s i t u t i n g f o r E from (5 .09) and choosing one measurement p o i n t i n 

deep water leads t o : 

2n 
1 ' 1 

% = K^^ (9 .03 ) 

where: H i s the wave h e i g h t , 

Kg(̂  i s the shoa l ing c o e f f i c i e n t , and 

i s the r e f r a c t i o n c o e f f i c i e n t . 

Only the problem o f eva lua t i ng the r a t i o T - ^ remains. This i s accom-
•̂ 1 

p l i shed us ing geometi-y and S n e l T s Law. In equat ion fo rm: 

s i n 

s in ()i 

o r : 

(9 .04 ) 

s i n — s i n * o 
0 

(9 .05 ) 
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where ^ i s the angle between the wave c r e s t and the depth con tour . 

From geometry: 

cos 
( 9 . 0 6 ) 

^ 0 _ * o 

bĵ  cos <j)ĵ  

These r e l a t i o n s h i p s make i t poss ib le to complete the computat ions 

i n a s p e c i f i c case. Table 9 . 1 shows the e f f e c t o f r e f r a c t i o n on the 

same wave as was chosen f o r t ab l e 7 . 1 . (T = 7 seconds, = 2 m). 

Values from t h i s t ab le were used when drawing f i g u r e 9 . 1 . 

From tab le 9 . 1 i t i s obvious t h a t r e f r a c t i o n decreases the wave 

he ight as the water becomes sha l lower . What would be the angle between 

the wave c r e s t and the depth contour i f the depth were a l lowed t o be

come zero? On the other hand, what happens when our waves pass over a 

shoal and again i n t o deep water? The r e f r a c t i o n process i s r e v e r s i b l e . 

The computat ion procedure l i s t e d above i s e a s i l y c a r r i e d ou t 

f o r simple coasts where the bathymetry i s s imp le . For more r e a l i s t i c 

hydrographic c o n d i t i o n s , such a computat ion can be extremely l a b o r i o u s . 

For t h i s reason a g raph ica l s o l u t i o n technique has been developed. 

The c o n s t r u c t i o n of the necessary templates and t h e i r use is we l l des

c r ibed i n the Shore Proteotion Manual, volume I , chapter 2 . 

TABLE 9 . 1 . WAVE REFRACTION COMPUTATIONS 

T = 7 . 0 s ; HQ = 2 . 0 m; -> c^ = 1 0 . 9 3 m/s ; = 7 6 . 5 3 m. 

A Q = 7 6 . 5 3 m 

( 1 ) ( 1 ) ( 1 ) ( 1 ) ( 1 ) ( 2 ) ( 2 ) ( 1 ) ( 3 ) 

Water Wave c / c l̂ sh * " ^ " H H' b, 
Depth Length o sn V 1 / b 

h A ° 

(m) (m) ( - ) ( - ) Cdeg) ( - ) ( - ) ( - ) (m) (m) ( - ) 

1 0 0 , 7 6 . 5 3 1 1 6 0 . 0 0 . 5 0 0 1 . 0 0 1 . 0 0 2 . 0 0 2 . 0 0 1 . 0 0 

1 9 . 1 3 7 6 . 5 3 1 1 6 0 . 0 0 . 5 0 0 1 . 0 0 1 . 0 0 2 . 0 0 2 . 0 0 1 . 0 0 

1 5 6 7 . 6 3 0 . 8 8 3 9 0 . 9 1 7 2 4 9 . 9 0 . 6 7 2 4 0 . 8 8 1 5 0 . 8 0 8 5 1 . 6 2 1 . 8 3 1 . 2 9 

1 0 5 9 . 7 4 0 . 7 8 2 4 0 . 9 1 6 6 4 2 . 7 0 . 7 6 0 6 0 . 8 2 4 5 0 . 7 5 5 8 1 . 5 1 1 . 8 3 1 . 4 7 

5 4 5 . 7 0 0 . 5 9 6 6 0 . 9 8 0 8 3 1 . 1 0 . 8 7 1 3 0 . 7 6 4 2 0 . 7 4 9 5 1 . 5 0 1 . 9 6 1 . 7 1 

3 . 8 2 4 2 . 8 6 0 . 5 5 9 9 0 . 9 4 5 0 2 9 . 0 1 . 0 0 0 0 . 7 5 6 1 0 . 7 1 4 5 1 . 4 3 1 . 8 9 1 . 7 5 

3 . 0 3 7 . 9 8 0 . 4 9 6 8 1 . 0 0 4 2 5 . 5 1 . 0 0 0 0 . 7 4 4 2 0 . 7 4 7 2 1 . 4 9 2 . 0 1 1 . 8 1 

2 . 0 3 1 . 0 1 0 . 4 0 5 3 1 . 1 1 1 2 0 . 5 1 . 0 0 0 0 . 7 3 0 7 0 . 8 1 1 8 1 . 6 2 2 . 2 2 1 . 8 7 

1 . 0 2 1 . 9 3 0 . 2 8 6 4 1 . 3 2 1 1 4 . 4 1 . 0 0 0 0 . 7 1 8 4 0 . 9 4 9 0 1 . 9 0 2 . 6 4 1 . 9 4 

0 . 7 7 1 9 . 2 4 0 . 2 5 1 6 1 . 4 1 0 1 2 . 6 1 . 0 0 0 0 . 7 1 5 8 1 . 0 0 9 2 . 0 2 2 . 8 2 1 . 9 5 

Wave Broken 

NOTES ( 1 ) Data taken d i r e c t l y f rom t a b l e 7 . 1 

( 2 ) Includes both r e f r a c t i o n and shoa l ing i n f l u e n c e s , but no t b reak ing l 

(3) Inc ludes on ly shoa l ing 
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A f u r t h e r a l t e r n a t i v e to hand computat ions or g raph ica l cons t ruc 

t i o n s i s the use of l a rge sca le d i g i t a l computer models. These models 

are c u r r e n t l y under development; many s t i l l have occasional problems. 

9 .3 . Wave D i f f r a c t i o n 

D i f f r a c t i o n i s a three-d imens iona l e f f e c t a r i s i n g as a r e s u l t 

o f a "shadow" being formed by an o b s t a c l e . D i f f r a c t i o n i s the phe

nomona respons ib le f o r the spread of waves in to t h i s shadow zone. 

When d i f f r a c t i o n occu rs , wave energy seems to be t r a n s f e r r e d 

along the wave c r e s t s (across the o r t h o g o n a l s ) . This i s in c o n t r a s t 

to the assumption made i n the previous sec t i on o f t h i s chap te r . 

direction at wave propagation 

breakwater 

Figure 9.2 

WAVE DIFFRACTION 
PATTERN 

How does d i f f r a c t i o n occur? The f o l l o w i n g phys ica l exp lana t i on 

has some s t r i c t t h e o r e t i c a l d i f f i c u l t i e s , but i s s u f f i c i e n t to g i ve 

an i n s i g h t to the process i n v o l v e d . 

As a wave passes the end o f the obs tac le shown i n f i g u r e 9 . 2 , 

the end o f the breakwater may be considered as a source which gene

ra tes arc shaped waves i n the shadow zone behind the breakwater . 

The wave he ight decreases as we proceed along a vrave c r e s t a rc in 

t h i s shadow zone. D i f f r a c t i o n computat ions based upon t h i s s imple 

model might be easy but would g e n e r a l l y be use less . The wave r e f l e c 

ted by the seaward s ide of the breakwater ( obs tac le ) i s a l so par

t i a l l y d i f f r a c t e d i n t o the shadow zone. F u r t h e r , d i f f r a c t e d waves, 

h i t t i n g the shadow s ide of the breakwater are a l so r e f l e c t e d . 

Even w i t h a l l o f t h i s , p lus a f i n i t e w id th of opening i n a 

breakwater , numerical or g raph ica l computations can o f t e n be used 

to determine wave he ights a t se lec ted po in ts i n the v i c i n i t y . 

The theory i s d i f f i c u l t , and w i l l not be presented he re ; i t i s we l l 

t r ea ted i n the courses and l i t e r a t u r e on shor t wave theo ry . 

One of the r e s u l t i n g g raph ica l methods i s based upon the Cornu S p i r a l . 

Graphs, showing wave he igh t r a t i o s as a f u n c t i o n o f p o s i t i o n are 

g iven i n the shove Proteotion Manual, volume I , sec t ion 2. From these 

graphs i t i s obvious t h a t the wave he igh t d i s t r i b u t i o n a long a shore 

w i t h i n a harbor can be qu i t e i r r e g u l a r . 
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E. A l le rsma 
10. MAVE STATISTICS RELATIONSHIPS E.W. B i j k e r 

W.W. Massie 

1 0 . 1 . I n t r o d u c t i o n 

Un t i l t h i s po i n t in our d iscuss ion a l l waves have been con

s idered to be s inuso ida l w i t h constant p e r i o d . I t has a l ready been 

i nd i ca ted t h a t t h i s i s no t t r u e i n n a t u r e . Indeed, the sea sur face 

can appear to be very i r r e g u l a r . F igure 10.1 shows a dramattc example 

o f t h i s . 

, abnormal wave 
velocity 30 kts 

DIAGRAMATIC PROFILE SHOWING SINUSOlDAL CURVES OFTHREE WAVE TRAINS HAVING WAVE LENGTHS OF 

U M V C ° . S n n " . ^ f / ^ ' ^ ^ ^ " ' ^ ^ IN-PHASE FOR A SHORT PERIOD THEREBY CREATING AN ABNORMAL 
WAVE ABOUT 23METERS HIGH. IN ADVANCE OF THE WAVE IS A LONG DEEP TROUGH 

In t h i s , and the f o l l o w i n g two chap te rs , we s h a l l a t tempt to 

descr ibe t h i s sea sur face i r r e g u l a r i t y more c a r e f u l l y . 

Reference i n fo rma t ion i s provided on these t o p i c s by Kinsman 

(1964) , and Neumann and Pierson (1966) . This chapter i s l a r g e l y abs t r ac 

ted from Al lersma and Massie (1973) , i n which many more re fe rences 

are a lso l i s t e d . 

10.2. The Phenomona and i t s Cha rac te r i za t i ons 

The motion of the sea sur face is i r r e g u l a r . The water l e v e l i s 

a s t ochas t i c v a r i a b l e . Gene ra l l y , measurements o f water l eve l a re 

made on ly a t a f i x e d l o c a t i o n . This y i e l d s a s tochas t i c record o f 

water l eve l s as a f u n c t i o n o f t i m e . This record could be presented 

as a graph o f measurements c a r r i e d out over a number o f years or 

even decades. U n f o r t u n a t e l y , such a long graph i s r a t h e r cumbersome 

to use; s t a t i s t i c s can be used to condense t h i s data i n t o more us 

ab le form w i t hou t the loss o f va luab le d e t a i l s . Thus, the problem 

becomes t w o f o l d : 

a . The de te rm ina t ion of t he s t a t i s t i c a l parameters necessary to char 

a c t e r i z e a p o r t i o n of our wave record represen t ing an i n t e r v a l of 

constant sea cond i t i ons ( u s u a l l y a few hou rs ) , 

b. The de te rmina t ion of the f requency w i t h which these s t a t i s t i c a l 

c h a r a c t e r i z a t i o n s of the e a r l i e r mentioned sea s t a t e occur . When 

these two th ings are known, then the theory o f the previous chapters 

(5 through 9) and a s t a t i s t i c a l model can be used to accompl ish the 

design of our p r o j e c t . 
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What, s p e c i f i c a l l y , are the s t a t i s t i c a l parameters needed? C i v i l 

Engineers are most o f t e n i n t e res ted i n wave h e i g h t s . The re fo re , i t 

would seem most convenient to cons ider the s t a t i s t i c a l d i s t r i b u t i o n 

o f wave he igh t s . The common s t a t i s t i c a l parameters can be used to 

descr ibe such a d i s t r i b u t i o n ; the mean va lue i s the most s imple o f 

these. In coasta l eng ineer ing p r a c t i c e , however, the smal ler waves 

are g e n e r a l l y neglected and , the mean value of the h ighes t 1/3 o f the 

waves (which are of the most i n t e r e s t ) i s chosen. This mean i s c a l l e d 

the s i g n i f i c a n t wave he igh t and i s about the same wave he igh t as an 

experienced observer would est imate v i s u a l l y . This value i s denoted 

by H , . An ecjo ivd lent Jefinlt iorr the significant "^^ve Vielc^hb is t lxnt lieigtó 

estlèede^c* t j j I5,S p e r c e n t o j - t l , e Wavea in o r e c o r c l . 

Another wave he igh t c h a r a c t e r i z i n g parameter o f use i n energy 

r e l a t i o n s h i p s i s the root-mean-square wave he igh t . For a group of N 

waves i t i s de f ined as : 

(10.01) 

S i m i l a r l y , a c h a r a c t e r i s t i c wave per iod can be de te rmined ; the 

average of the per iods o f the h igher waves i n the group i s o f t e n cho

sen. 

A disadvantage of such a s imple parameter such as H^^g i s t h a t 

i t g ives on ly a very g lobal d e s c r i p t i o n of the wave heights in the 

r e c o r d . This would indeed be t r u e i f the wave he igh t d i s t r i b u t i o n was 

complete ly random. L u c k i l y , many s tochas t i c processes can be descr ibed 

by t h e o r e t i c a l d i s t r i b u t i o n s having c e r t a i n p r o p e r t i e s . For example, 

i f a v a r i a b l e has a Gaussian D i s t r i b u t i o n then a l l o f the s t a t i s t i c a l 

i n fo rmat ion can be condensed i n t o two parameters: the mean, and the 

standard d e v i a t i o n . 

F o r t u n a t e l y , w i t h i n reasonable accuracy , wave he igh ts o f na tu ra l 

i r r e g u l a r waves a lso can be descr ibed v i a a t h e o r e t i c a l d i s t r i b u t i o n 

model: the Rayle igh D i s t r i b u t i o n . This d i s t r i b u t i o n i s comple te ly 

charac te r i zed by a s i n g l e parameter. Thus, the s i g n i f i c a n t wave h e i g h t , 

Hg.g, (o r any o ther average such as H^^^ )̂ i s s u f f i c i e n t to comple te ly 

cha rac te r i ze the d i s t r i b u t i o n . Taking H^^g as the c h a r a c t e r i s t i c pa

rameter , the Rayleigh D i s t r i b u t i o n can be descr ibed by 

P(H) = e " 2 ( H — ) (10.02) 

where P(H) i s the p r o b a b i l i t y of exceedance of wave he igh t H, 

" s i g s i g n i f i c a n t wave he igh t o f the r e c o r d , 

e i s the base o f na tu ra l l oga r i t hms . 
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H 
Values of P(H) versus computed from equat ion 10.02 are g iven 

" s i g 

in tab le 1 0 . 1 . Special graph paper i s a v a i l a b l e which t ransforms 

equation 10.02 i n t o a s t r a i g h t l i n e . This i s shown i n f i g u r e 10 .2 . 

Obv ious ly , using e i t h e r the t a b l e , g raph, or 10.02 we can determine 

the p r o b a b i l i t y o f exceedance of any des i red wave he ight occu r r i ng 

i n an i n t e r v a l charac te r i zed by g iven s i g n i f i c a n t wave he igh t . 

Some other handy r e l a t i o n s h i p s , a l so based upon the Rayle igh 

D i s t r i b u t i o n are l i s t e d below: 

^ i g = ^ - ^ ^ ^ ^ r m s 

ÏÏ = 0,886 H^^3 

where ÏÏ i s the average o f a l l waves. 

(10 ,03) 

(10,04) 

Table 10,1 

Values o f Tp t i - f o r va r ious values of P(H) 
s i g 

P r o b a b i l i t y o f 
exceedance 

sig 
P(H) 

io "5 

2x10-5 

5xlO"5 

10 " 

2x10"^ 

5x10"^ 

10-3 

2x10-3 

5x10-3 

2.40 

2.33 

2.22 

io "5 

2x10-5 

5xlO"5 

10 " 

2x10"^ 

5x10"^ 

10-3 

2x10-3 

5x10-3 

2.15 

2.06 

1.95 

1.86 

1.77 

1.63 

0,01 1.51 

0,02 1.40 

0,05 1.22 

0,10 1.07 

0,125 1.02 

0,135 1.00 

0,20 0.898 

0.50 0.587 

1.00 0.000 

X 

Fol lows from d e f i n i t i o n o f H . . 
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- 0.463 H^^3 (10 .05) 

where i s the 'S tandard d e v i a t i o n of the wave h e i g h t . 

H^.g = 1.596 ÏÏ (10 .06) 

We have now answered par t o f the problem posed a t t he beginning 

of t h i s s e c t i o n , namely, we have the s t a t i s t i c a l parameters necessary 

to desc r ibe an i n t e r v a l of our t o t a l wave r e c o r d . 
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10.3 . Determinat ion o f Frequency of Occurrence 

Once the s t a t i s t i c a l c h a r a c t e r i z a t i o n s of one i n t e r v a l o f the 

record have been determined, then t h i s process can be repeated f o r 

every i n t e r v a l in the record (each producing a s i n g l e va lue o f H^. ) 

and then the frequency o f occurrence of these parameters du r ing the 

e n t i r e long record can be determined. W t e n t i m e s , t h i s f requency i s 

g iven i n the form of number o f observa t ions per year . I f a s i n g l e 

observa t ion cha rac te r i zes a s to rm, a sca le of storms per year i s 

sometimes used. When t h i s i s p l o t t e d on semi - logar i thmic paper a 

reasonably s t r a i g h t l i n e u s u a l l y r e s u l t s . * An example o f such a long 

term d i s t r i b u t i o n i s shown in f i g u r e 10 .3 . Ex t rapo la t i on o f t h i s 

graph i s a l lowed as long as no other boundary cond i t i ons such as 

water depth or wind f e t c h l eng th l i m i t our wave he igh t s . 

10.4 . Wave Periods 

Just as wave he ights have been charac te r i zed by s t a t i s t i c a l 

parameters, the wave per iod can also be t rea ted as a s t a t i s t i c a l 

v a r i a b l e . The exact theory i s a b i t too comprehensive to d iscuss 

here. Al lersma and Massie (1973) do t r e a t t h i s top ic more tho rough ly . 

On the o ther hand, more or less emperical r e l a t i o n s h i p s have 

been der ived which r e l a t e wave per iod to some other e a s i l y d e t e r 

mined parameter. Many o f these r e l a t i o n s have been der ived f o r a p p l i 

ca t i on i n a c e r t a i n geographical a rea ; they are not gene ra l l y a p p l i 

cab le . Examples of such r e l a t i o n s a r e . 

For the North A t l a n t i c Ocean: 

T = 2.5 H (10 .07) 

For the Med i te r ran ian Sea: 

T = 4 + 2 H°-^ (10 .08) 

For the North Sea: 

T = 3.94 H^.g °-376 (10.09) 

where T i s the average o f a l l wave pe r iods . 

These equat ions are not d imens ion less ; the constants s ta ted are 

f o r p e r i o d , T, in seconds and wave h e i g h t s , H, i n meters. 

X The r e c i p r o c a l of the f requency , the recurrence i n t e r v a l , may 

a lso be used on the log sca le . This i s done in f i g u r e 10 .3 . 
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Wiegel (1964) , on a s l i g h t l y 

t h a t : 

= 1.23 T 

where i s the wave per iod of the 

same energy as the i r r e g u l a r t r a i n 

d i f f e r e n t path shows t h e o r e t i c a l l y 

(10 .10) 

r egu la r wave t r a i n having the 

having average per iod T. 



57 

AL_,jftPPLICAIjON OF WAVE STATISTICS E . W . B i j k e r 

A. Paape 
11.1 I n t r o d u c t i o n 

The i n fo rma t ion prov ided i n the previous chapter i s f i n e f o r 

those i n t e r e s t e d on ly i n condensing wave da ta . We, as eng ineers , 

need to apply t h a t i n fo rma t i on to make a respons ib le des ign . 

In t h i s chapter a d i s t i n c t i o n i s made between two s i m i l a r 

s i t u a t i o n s which requ i re d i f f e r e n t approaches from a s t a t i s t i c a l 

po in t o f v iew. 

In the f i r s t type o f problem, the s t reng th or s t a b i l i t y of a 

s t r u c t u r e may be evaluated i n terms o f a c e r t a i n c h a r a c t e r i z i n g 

parameter o f the waves, such as H^^g.the s i g n i f i c a n t waVe h e i g h t . 

The cons t ruc t i on i s then s u b j e c t e d , e i t h e r in a phys ica l or mathema

t i c a l model, to the e n t i r e Rayleigh D i s t r i b u t i o n determined by the 

chosen parameter va lue . 

An example o f such a design occurs w i t h rubble mound break

waters . (See volume I I I o f these n o t e s ) . When the s t r u c t u r e i s 

tes ted i n a phys ica l model, then the e n t i r e Rayleigh D i s t r i b u t i o n 

o f wave heights should be reproduced. I f , on the o ther hand, a 

mathematical model i s used, then the f a c t t ha t our c h a r a c t e r i s t i c 

wave represents an e n t i r e popu la t ion o f waves i s taken i n t o account 

i n the formula p r e p a r a t i o n . This i s done, f o r example, i n formulas 

f o r breakwater armor u n i t we igh ts . 

This type o f problem i s r e l a t i v e l y easy to handle. The p robab i 

l i t y o f occurrence o f the design parameter comes d i r e c t l y from the 

long term wave he ight d i s t r i b u t i o n . Since t h i s type o f problem i s 

t r e a t e d i n d e t a i l i n the sec t ions on breakwater design (volume I I I ) 

we sha l l not consider i t f u r t h e r , here. 

In the second type o f problem the s t r u c t u r e i s designed us ing j u s t 

a s i n g l e wave, the design wave. The o b j e c t i v e i n the remainder o f t h i s 

chapter w i l l be to deteni i ine the p r o b a b i l i t y o f exceedance o f a g iven 

design wave he igh t . Why do t h i s ; d o n ' t we want to design a s t r u c t u r e 

to w i ths tand the b igges t poss ib le wave? U n f o r t u n a t e l y , t h i s i s im

p o s s i b l e , s ince i t f o l l o w s from the wave he igh t d i s t r i b u t i o n s presented 

e a r l i e r t h a t any chosen wave he igh t - no mat ter how high - has a c e r t a i n , 

f i n i t e chance t h a t i t w i l l be exceeded. Some r i s k must be accepted. The ' 

problem o f de termin ing how much r i s k to accept i s the sub jec t o f chapter 

13 o f t h i s volume. For now. we s h a l l on ly a t tack the problem o f de te r 

min ing the chance t h a t a given wave he igh t w i l l be exceeded i n a given 

t ime i n t e r v a l . 

.11.2 Problem Statement and Assumptions 

The prec ise problem statement i s : "What i s the chance t h a t a 

chosen design wave h e i g h t , H^, i s exceeded one or more times du r i ng 

the l i f e , i^of a s t r u c t u r e ? " 

Each storm which occurs can be c h a r a c t e r i s t i z e d by a given value 

o f H^ ig , the s i g n i f i c a n t wave h e i g h t . This wave he igh t cha rac te r i zes 

a se t o f N waves to which the s t r u c t u r e i s exposed dur ing the storm 
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These N waves are d i s t r i b u t e d according to a Rayleigh D i s t r i b u t i o n 

charac te r i zed by the s i n g l e value o f H^^g. 

L a s t l y , i t i s assumed t h a t the s i g n i f i c a n t wave he ights obey 

a long - term frequency d i s t r i b u t i o n such as t h a t shown i n f i g u r e 

1Ü.3 o f the previous chapter . 

11.3 The Numerical Treatment 

F i r s t , l e t us discuss how the value o f N associated w i t h a 

p a r t i c u l a r value o f H^^g i s determined. Sometimes, values o f N are 

tabu la ted from actua l wave records dur ing processing to determine 

Hg. , e t c . An a l t e r n a t i v e i s to d i v i d e the du ra t i on o f the storm by 

the c h a r a c t e r i s t i c wave per iod l i s t e d w i t h the reduced wave da ta . 

In any even t , N i s known f o r each H^.g. 

F i r s t , consider a s i n g l e storm con ta in ing N waves cha rac te r i zed 

by H . . Ue choose an a r b i t r a r y design wave he igh t H^. The chance t h a t 

Hj -is exceeded by any given wave i s : 

- 2 ( ^ ) 2 
P(H^) = e " s i g ^ ( 10 .02 ) (11.01) 

The chance t h a t t h i s wave is not exceeded i s : 

1 - P(H^) {11-02) 

The chance t h a t t h i s wave is not exceeded i n a ser ies o f N waves i s : 

N 
(11.03) ;i - P(Hd) 

F i n a l l y , the chance t h a t t h i s wave h e i g h t , H^, is exceeded at l e a s t 

once i n our s i n g l e storm con ta in ing N waves i s : 

IN 

El = 1 - [1 - P (H j ) ] {11-04) 

As an a l t e r n a t i v e , some p re fe r t o use a Poisson approx imat ion to eva

l ua te E p As long as P(Hj) i s small (usual f o r our problems) the 

d i f f e r e n c e i s not impor tan t . In t h i s case: 

-N P(H.) 

E^ = 1 - e ' (11-05) 

The next step i s to determine the chance t h a t a s i n g l e storm 

charac te r i zed by H^j^occurs dur ing a given year . This i s accomplished 

by subd i v i d i ng the cumulat ive long- term c h a r a c t e r i s t i c wave he igh t d i s 

t r i b u t i o n i n t o i n t e r v a l s c a l l e d c lasses . There s h a l l be M chances f o r 

our storm to occur i n a given yea r . 

M - number o f hours per year (11.06) 
" dur^^tion o f one storm i n hours 

Mete.- co t - reo t Jormula. t i 'b not «se r , ! ; , / W 
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The p r o b a b i l i t y t h a t a given c h a r a c t e r i s t i c s i g n i f i c a n t wave occurs 

i n the c lass i n t e r v a l between H . and H . i s : 
sig^. s igg 

^ ( H ^ i g ) = p r o b a b i l i t y o f (H^.g^ < %^gS»^^^^) (11.07) 

= ^ (Hs ig^ ) - P(Hg,g^) (11.08) 

What i s the i n f l uence o f the w i d t h o f the i n t e r v a l 

" s i g ^ " " s i g ^ on p (H3 ig )? Obv ious ly , as the c lass i n t e r v a l between 

" s i g ^ ^"'^ ^sig.^ becomes w ide r , more waves w i l l f a l l i n t o the i n t e r v a l 

and/^(Hg.g) w i l l i nc rease . At the same t ime however, the t o t a l number 

o f i n t e r v a l s w i l l decrease such t h a t . t h i s change s t i l l has no i n 

f luence on the end r e s u l t . 

^ i n c o there arc M-4Hr te4^wl^e^^yea4v- t4 ie -p4^oëaë^^ t h a t H .g 15 VC^i^i^)e>:pressJ ^ 

f a l l s i n the given i n t e r v a l sometime dur ing the year \s- -^"-"""''^ ^ollov/Jng t);e usvol ibpiist/c de>'n;fc/on,l:l7er, 

P(H ) = M f (H \ - " ^ " ' ^ chances, M, t u t a stc.^m con occop 
s i g ' s i g ' (11.09) in a year fccjore CDntin'^'f)3 -the rOf77po-

ka^ii^n -see \\.o6. 

Where n ^ . ^ Y ^ ^ ^ chance ( p r o b a b i l i t y ) t h a t a storm charac te r i zed Stl^'^/preiSt 
by==fl^^y^(J€WS--Qne-KHMBere-^11ies-^ rorrecbfon is then n e e J / / J n / ^ ^ " ^ 

P p ^ s i g ^ i ^ n c longer p e c < ? 5 s o r i / y 1^33 
t ' l a n one. 

Let us now i n v e s t i g a t e the p r o b a b i l i t y of non-oaourenoe. For an 

i n d i v i d u a l obse rva t i on , the p r o b a b i l i t y t h a t t h i s value o f H^. f a l l s 

ou ts ide the i n t e r v a l betv/een H • and H • i s : 
s i g ^ s igg 

^ - ^ ( H g . g ) (11.10) 

This t i m e , the chance t h a t the c h a r a c t e r i s t i c wave does not occur 

dur ing a year i s : 

[ ^ - ^ ( H g . g ) ] (11.11) 

I f the events under study are reasonably r a r e , t hen : 

P(H3ig) « 1 , and t h u s , ^ ( H 3 . g ) « ^ 

(see equat ion 11 .09 ) , and equat ion 11.11 can be approximated by: 

[1 - n H 3 . g ) ] % 1 - M^ (Hg .g ) (11.12) 

Using 11.09, we f i n d the p r o b a b i l i t y o f occurence per year i s t hen : 

1 - [1 - M f ( H 3 . g ) ] = P(H3.g) (11.13) 

The chance t h a t both t h i s storm occurs and the design wave i s 

exceeded i n t h a t storm i s : 

^2 = ^ (Hs ig ) • El (11.14) 

n » l e s s e n t i a l t o ^ ^ p j ^ 
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The problem i s not y e t so l ved , however, s ince a wave o f he igh t 

H. can a lso occur i n a d i f f e r e n t storm charac te r i zed by another value 
H, 

o f H . Since f o r t h i s d i f f e r e n t storm the r a t i o r r — and N i s a lso 

d i f f e r e n t , then both the values of E-̂  (eqn. 11.05) and P(H5^g) (eqn. 

11.13) w i l l change. A whole se r ies o f chances Eg, some number N' o f 

them i n f a c t , i s generated. These can be denoted by Eg^j, where i = 1 

t o N ' . 

Since each value o f Eg. represents a chance t h a t the design wave 

is exceeded, then the chance t h a t is not exceeded i n the year du r i ng 

any storm i s : 

E3 = (1 - E 2 l ) ( l • E 2 2 ) ( - - - ) ( l - E 2 i ) ( - - - ) ( 1 - ^2N' ) 

= n (1 ^ Eg.) (11.15) 

i = l 

N' 
where n denotes the product o f the N' terms and E^ r ep re -

i = l ^ 
sents the chance t h a t is not exceeded dur ing one year . 

Since the l i f e t i m e o f our s t r u c t u r e i s Ü. y e a r s , the chance 

t h a t the design wave he igh t is exceeded one or more t imes du r ing 

t h a t l i f e t i m e i s 

P(H > Hj ) = 1 - EJ (11.16) 

This i s our o b j e c t i v e ! 

11.4 Example Problem 

Determine the t o t a l chance t h a t a design wave he igh t o f 16 

meters w i l l be exceeded i n the southern p o r t i o n o f the North Sea, 

f o r a s t r u c t u r e w i t h a l i f e o f 20 yea rs . The Rayleigh D i s t r i b u t i o n 

i s used i n con junc t ion w i t h the long- te rm d i s t r i b u t i o n shown i n 

t a b l e 1 1 . 1 . This t ab l e gives a c lass i n t e r v a l d i s t r i b u t i o n . The f i r s t 

anclbViir-d c o l u m n s th i s ba t l ^ i a r e a e r i v e J f rovn J isure 1 0 3 using IW.Ofl 

The computation f o r the t y p i c a l row H^.g = 8 m in t h i s t a b l e 

goes as f o l l o w s : 

^ = i f = 2.00 
" s i g ^ 

Using 1 1 . 0 1 : 

P(Hd) = e"^^^)' '^ = e^^ = 3.35 x lO"^ 

N' 

* Equat ion 11.15 can be approximated by E^ 1 - s Eg. i f Eg.j i s 

s u f f i c i e n t l y s m a l l . This i s a s i m i l a r app rox ima l i i n to t h a t used 

i n equat ion 11.12. 
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= 1 - 1 - 3.35 X 10^ J = 0.285 

Then, 11.14 y i e l d s : 

Eg = 0.Ü5 X 0.285 = 1.43 x lO^"^ 

We evaluate Eg using a l l 5 values o f Eg: 

5 
E = n (1 - Ep.) = 0.969455 

J i = l 

F i n a l l y , we determine the requ i red p r o b a b i l i t y from E^ using 11.16: 

P(H > 16) = 1 - (0.969455)'^" = 0.4623 

or about 46% I 

In t h i s example, the chosen design wave he igh t has a chance o f 

being exceeded o f 1/2.000 f o r a storm which can be expected, on the 

average, o f once i n 50 y e a r s . Ye t , i n the l i f e t i m e o f the s t r u c t u r e , 

there i s a 46% chance (on the average) o f encounter ing t h i s wave; t h i s 

i s a very high r i s k ! In chapter 13, we discuss acceptable r i s k s . 

TABLE 11.1 Computation o f p r o b a b i l i t y o f exceedance o f given design 

wave H , = 16 m. i n 20 y e a r s . 

Given data 

^ ( H s i g ) 
,sforms^ 

0.ÜÜ2 

0.01 

0.05 

Ü.20 

1.00 

N 

,waves^ 
^s^torm' 

600 

800 

1000 

1000 

2000 

0.969 

H . 
sig 

(m) 

10 

Rayleigh D i s t . 

H 4 

^ 'a 

( - ) 

1.600 

1.778 

2.000 

2.286 

2.667 

( - ) 

5.98x10 

1.80x10 

3.35x10 

2.90x10^ 

6.66x10" 

( - ) 

0.973 

0.763 

0.285 

2.86x10" 

1.33x10 -3 

-2 i 

( - ) 

1.95x10 

7.63x10 

1.43x10" 

5.71x10 

1,33x10" 

-3 

-3 

-3 

\ - Z 'c :: 

P (H > 16) = 46% 

The computations j u s t shown are very s e n s i t i v e w i t h regard to 

accuracy o f the in te rmed ia te r e s u l t s . These were c a r r i e d out on a 

10 d i g i t e l e c t r o n i c c a l c u l a t o r . A s l i d e r u l e i s useless f o r t h i s type 

o f c a l c u l a t i o n . 

•Us-
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Un^oi-lunaltelyjllie maximum cannot 
explicibly COnofwted. con, Vioweveo ^inJ 
the wave biei'glit, Hj, corresponJ'net to o 
oj/Ven chance e^eecJance^ Ej., in tdi'i 

solved far PCMj)'' 

T l i i 5 c q p t b e r j t e s u t i i k u t e c i i n t o 

Cii.oi) along wi'tfi IJ îg bo yield; 

11.5 A Second Type of Problem 

A d i f f e r e n t type o f problem is sometimes encountered. Sometimes, 

v ia a design code, f o r example, i t i s s p e c i f i e d t h a t a s t r u c t u r e be 

designed to w i ths tand the maximum wave occu r r i ng i n a storm hav ing 

a given f requency. 

The s o l u t i o n i s reasonably s imp le . The s i g n i f i c a n t wave he igh t 

corresponding to the s p e c i f i e d storm frequency of occurrence can be 

found d i r e c t l y from the long term wave he igh t d i s t r i b u t i o n . 

t h i s storm also has a knov;n number o f waves, N, t h e p r o b a b i i l i t y o f 

the maximum, wave i:n t h a t storm is. 

P u t t i n g : 

P(Hd) = ¥ 

i n t o equat ion 11.01 and then s o l v i n g f o r H^, y i e l d s : 

Hmax = ^ H 3 . g / ! ¥ ¥ 

(11.17)-

(11.18) 

which i s the des i red s o l u t i o n . 

II Enew j g 

A p f lying '>J^<^. C^m^^^ 

i'ooa in q storm rontciinmg &öo 

v/aves ckcrrflcteri^eJ H ;̂̂  ill.O fn. 

Cn.iS): 

3röUer'7 

L o Oi-'s? 

11.6 Example 

Apply ing t h i s idea to a mod i f ied f / r m o f the quest ion i n the 

previous example, the problem i s nowj/Determine the maximum wave 

he igh t which can be expected i n the /sou thern p a r t o f the North Sea 

i n a pe r iod o f (on the average) 100 yea rs . 

Using the data given i n t ab l e 1 1 . 1 , we see t h a t the storm w i t h 

a frequency o f once per hund)^d y e a r s , P(H3.jg) = 0 , 0 1 , has a s i g n i 

f i c a n t wave he igh t o f 9 mesters, and conta ins 800 waves. P u t t i n g t h i s 

i n t o equat ion 11,18, y i e l d s : 

max 
= n 707 

16, meters, 

I n sections D.I, cinJ H.M We computeci 

t tec t inpce ^^"kc ^Iven design v/cive 

Vie/<jbfc, H j , wOi^M -ie exc<peJeJ èormc, 

tl,e lijeb/me oj-fl structure. /\ more ^fe-

c^ven^ cjuest/cfl is, however, "Mhuly^yt 

V,er3h):,Hj, occurs witi? q ^ I v e n c W e 

oj- fKceeddnc?, ^O^^^i), durincj o given 

b t q l ^i^eti'me L, (nsteqd oJ during Q 

single s te rn , qs In tlie •preViow hWo 

sections?''. TK I 'S proÜern t f re Inverse 

o f i t a k solved in seci/on 11.3. cqnnot 

-be solved dlrwl-ly. Working .ic/c/<warcls 

jbtrough srcti'on ecjuqtioo l).l6 can -jje sS'l^Pc/ W E3 i & ' t C(l.ls) ccinnoJ: i e 

Solved since none oJ- t^ie Vqfluei Ej^. are known. 2n ^rackke^yl7en Izhis f r o ^ ^ 

is solved t y repeqtincj solutions 1 llustroteJ in sedhn u.u/ JerowWe j^cim/'iy oj 

vq^'-'cs oj: t l j , j „ tills woŷ  tlie relqiibnstip W v e e n blJ and ?(; H;?UJ) ccin t e 

evclwtec! qn4 î ^ dc'sl^ed, representee! gmptim/ ^^rm ^or convenient in^erpo^ 

ai.191 

This i s a vi^ry i n t e r e s t i n g r e s u l t when compared w i t h t h a t o f the p re 

vious exariiple. What i s the exp lana t ion f o r the f a c t t h a t t h i s wave 

i s o n T ; \ / s l i g h t l y h igher than t h a t which had a 46% chance o f o c c u r r i n g 

1n 2p'years? The reason f o r t h i s seeming discrepancy i s t h a t the 

H y „ found i n the second example i s r e a l l y an average maximum wave; i t , 
max 

I t s e l f , w i l l be exceeded i n h a l f o f the 100 yoar p e r i o d s . — 
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12. WAVE DATA W.W. Massie 

12.1 I n t r o d u c t i o n 

In chapters l ü and 11 we used wave he igh t data w i t h o u t say ing 

too muOh about the p rac t i ' ca l problem o f ob ta i n i ng t h i s i n f o r m a t i o n . 

In t h i s chapter we s h a l l i n d i c a t e b r i e f l y bow t h i s necessary i n f o r 

mation can be ob ta i ned . 

12.2 E x i s t i n g Data 

Government agencies i n many coun t r ies accumulate data on waves 

and cur rents in areas under t h e i r j u r i s d i c t i o n . Some o f t h i s data 

i s pub l i shed , most o f i t i s a v a i l a b l e upon request ; o c c a s i o n a l l y , 

some is sec re t . The book le t by Dor res te in (1967) i s an e x c e l l e n t 

example of publ ished da ta . The i n fo rma t i on i s presented in t a b u l a r 

form. 

In gene ra l , the type o f i n fo rma t i on needed i s accumulated by 

the weather se rv i ce or the hydrographic o f f i c e on a na t i ona l sca le . 

L o c a l l y , measurements made s p e c i f i c a l l y f o r a given p r o j e c t may be 

a v a i l a b l e from loca l agencies such as departments o f p u b l i c works. 

Some of the the major hydrographic o f f i c e s have w i n d , wave, and 

cu r ren t data f o r near ly the e n t i r e w o r l d . Much o f t h i s i s r e a d i l y 

a v a i l a b l e . Probably the most impor tan t source o f wor ld -w ide hydro-

graphic i n fo rma t i on i s the B r i t i s h Admi ra l t y . The Uni ted States Naval 

Hydrographic O f f i c e a lso has an impressive c o l l e c t i o n . 

12.3 Measurement Program 

There a re , o f course, areas o f the wor ld f o r which no r e a d i l y 

a v a i l a b l e wave data e x i s t . What then? One s o l u t i o n , prov ided t h a t 

s u f f i c i e n t t ime and money i s a v a i l a b l e , i s to conduct a s p e c i f i c 

measurement program. The leng th o f t ime a v a i l a b l e f o r measurements 

i s seldom, i f ever , s u f f i c i e n t . Sometimes, the requ i red measurement 

per iod can be shortened by c o r r e l a t i n g our few measurements w i t h 

simultaneous measurements - pa r t o f a much longer record - a t a near

by l o c a t i o n * . 

Various types o f wave he igh t meters are a v a i l a b l e . Some meas.ure 

water sur face e l e v a t i o n d i r e c t l y w i t h re ference to a f i x e d s t a f f , 

wh i l e o ther r i d e the waves and record the v e r t i c a l water sur face 

a c c e l e r a t i o n . A t h i r d type measures pressure d i f f e r e n c e s a t some 

po in t i n the water . I t i s beyond the scope o f t h i s b r i e f summary to 

discuss these var ious inst ruments i n d e t a i l . 

The second long- te rm set o f measurements need not even be wave mea

surements. In many cases, a c o r r e l a t i o n w i t h l oca l wind data may 

be p o s s i b l e . 
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12.4 Use o f S u b s t i t u t e Data 

I t i s sometimes advantageous to a r t i f i c i a l l y generate wave data 

from a v a i l a b l e mete ro log ica l da ta . This i n f o r m a t i o n , gathered from 

s h i p ' s l o g s , i s o f t e n publ ished i n spec ia l a t lases o f wind or baro

me t r i c pressure da ta . The wind data can be used i n a wave f o r e c a s t i n g 

technique to p r e d i c t the waves. 

Is there always a c o r r e l a t i o n between wind and waves? No. When 

i s i t poss ib le to have waves w i t h o u t wind or wind w i t h o u t waves? 

How do we get wave data from barometr ic pressure in fo rmat ion? 

The wind can o f t en be p red i c ted from the pressure g r a d i e n t s . E q u i l i 

brium between pressure g r a d i e n t , C o r i o l i s , and c e n t r i p e t a l fo rces 

y i e l d s a wind v e l o c i t y . The computat ion i s s i m i l a r t o t h a t used f o r 

ocean cur ren ts i n chapter 3 o f t h i s volume. Once the wind i s known, 

a wave f o r e c a s t i n g technique can be used. 

The advantage o f p r e d i c t i o n s over our own s i t e measurements i s 

t h a t they can be done more q u i c k l y and in a comfor tab le o f f i c e . Even 

so , such a p r e d i c t i o n can i nvo l ve a l o t of ted ious work, and i s p ro 

bably less dependable than some o n - s i t e measurements. 

12.5 SMB P r e d i c t i o n Method 

Bretschneider (1952) rev ised the semi-emperical wave f o r e c a s t i n g 

r e l a t i o n s h i p s presented by Sverdrup and Munk (1947) . The technique i s 

thus c a l l e d the Sverdrup-Munk-Bretschneider (SMB) method. 

Three dimensionless equat ions form the basis o f the method: 

0.283 tanh [0,0125 $ 
0.42 (12.01) 

7.540 tanh [0.077 * 
0.25 (12.02) 

> 6.5882 exp { [0 .0161 ( I n f ) ^ - 0.3692 In $ + 2.2024]^ + 
w 

0.8798 In $} (12.03) 

a l s o : 

(12.04) 

* Swell i s an example o f waves w i t h o u t w ind . This i s most o f t e n found 

along coasts border ing on the l a r g e r seas. On the o ther hand, a wind 

blowing from the shore w i l l not generate much o f a wave a long a coas t . 



i n which: 
6 5 

F i s the f e t c h l e n g t h , 

g i s the acce le ra t i on o f g r a v i t y , 

Hg ĵg i s the s i g n i f i c a n t wave h e i ^ , 

d i s the du ra t i on o f the w i n d , 

Tg^jg i s the per iod o f the s i g n i f i c a n t wave, 

i s the wind speed, and 

$ i s the f e t ch parameter def ined in ( 1 2 . 0 4 ) . 

Since equat ion 12.03 i s ra the r cumbersome to handle and i t i s 

o f t e n necessary to determine a $ corresponding to a given value o f 

^ T T ^ , t h i s equat ion i s represented i n f i g u r e 1 2 , 1 . 

O 
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These equat ions are v a l i d f o r deep water on l y . The i r use, i n 

p r a c t i c e , goes somewhat as f o l l o w s : 

a. The f e t c h d i s t a n c e , F, the wind speed, U^, and the d u r a t i o n , d , 

o f t h i s wind are determined from the a v a i l a b l e da ta . 

b. * i s determined from 12.04 - be ca re fu l to use cons i s t en t 

u n i t s ! 

c. Compute the parameter - ^ T T ^ i n the same set of u n i t s . 
w 

d . Enter f i g u r e 12.1 w i t h the parameters evaluated in the two prev ious 

s teps . I f these parameters loca te a po in t above the p l o t t e d cu rve , 

then the wave he igh t i s determined by the f e t ch - use the value o f 

$ determined i n step b, above. I f , on the o ther hand, a po i n t i s 

below the l i n e , the wind du ra t i on determines the wave he igh t - p ro 

ceed by using a smal ler value o f $ determined us ing the d u r a t i o n 

parameter and the p l o t t e d l i m i t curve. 

e. Using the v e r i f i e d (or co r rec ted) value o f $, the wave parameters , 

Hĝ ĝ and T^^^^ can be determined v ia equat ions 12.01 and 12.02 . 

f . Wave heights w i t h o ther p r o b a b i l i t i e s o f occurrence can e a s i l y be 

determined using methods o u t l i n e d i n chapter 11 . 

Another , pu re ly g raph ica l s o l u t i o n to t h i s problem i s given i n 

volume I o f shove Fvotection Manual (1973) , 

A l i m i t i n g assumption made i n the SMB f o r e c a s t i n g method i s t h a t 

the wind v e l o c i t y and d i r e c t i o n i s constant f o r the storm d u r a t i o n over 

the e n t i r e f e t ch l e n g t h . This i s an impor tan t l i m i t a t i o n i f one i s 

making a wave f o recas t f o r a la rge body of water . Research i s now being 

conducted t o develop b e t t e r methods f o r use on ex tens ive seas. 
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E, Al lersma 

13. OPTIMUM DESIGN E.W. B i j k e r 

A. Paape 

13.1 I n t r o d u c t i o n 

I t has become obvious i n chapter 11 t h a t some r i s k i n the design 

o f eng ineer ing v/orks must be accepted. The prime q u e s t i o n , now, i s , 

"what i s the most respons ib le r i s k to assume?" 

In t h i s chapter we s h a l l on ly discuss t h i s problem i n a general 

way. S p e c i f i c coasta l eng ineer ing a p p l i c a t i o n s w i l l be taken up i n 

l a t e r volumes o f these no tes . The optimum design technqiue can be used 

f o r a broad spectrum o f p r o j e c t s . 

13.2 P r o j e c t C r i t e r i a 

The p r o j e c t s u i t a b l e f o r the optimum design technique must s a t i s f y 

c e r t a i n c r i t e r i a : 

1 . There must be a l t e r n a t i v e s o l u t i o n s f o r the design a v a i l a b l e . I t i s 

s u f f i c i e n t to have s i m i l a r s t r u c t u r e s which vary on ly in some d e t a i l 

such as s ize or s t r e n g t h . 

2 . I t must be poss ib le to evaluate the economic c o n s t r u c t i o n cost of 

each p r o j e c t a l t e r n a t i v e . 

3. I t must be poss ib le to de termine. the chance of damage or f a i l u r e of 

each a l t e r n a t i v e . 

4 . The economic loss r e s u l t i n g from damage to or the f a i l u r e o f our 

cons t ruc t i on must be de terminab le . 

We have seen i n chapter 11 how i tem 3 o f the above l i s t can be 

evaluated f o r c e r t a i n types of o f f s h o r e c o n s t r u c t i o n s . The most d i f f i c u l t 

dec is ion making i s invo lved i n the eva lua t i on of i tem 4 , above. The 

techn i ca l consequences o f a " f a i l u r e " are reasonably easy t o eva lua te ; 

the s o c i a l , env i ronmenta l , or e s t h e t i c consequences are u s u a l l y much 

more d i f f i c u l t t o express i n economic terms. However, we sha l l proceed, 

f o r now, assuming t h a t the necessary costs can be expressed i n economic 

u n i t s . 

13.3 Op t im iza t i on Procedure 

The o p t i m i z a t i o n process proceeds as f o l l o w s : 

a. A design from among the a l t e r n a t i v e s a v a i l a b l e f rom step 1 , above, 

i s chosen. 

b. For t h i s des ign , the t o t a l c a p i t a l investment i nvo l ved i n cons t ruc

t i o n i s determined i n convenient u n i t s such as c u r r e n t money 

va lue . 

c. By m u l t i p l y i n g the chances of damage or f a i l u r e found i n i tem 

3, above, by the economic consequences of such damage we can 

ob ta in the cu r ren t c a p i t a l i z e d monetary value o f t o t a l damage 

to be expected dur ing the l i f e t i m e o f the p r o j e c t . 

d . we can repeat these th ree steps f o r each o f the a l t e r n a t i v e 

designs a v a i l a b l e . 

Once these steps have been c a r r i e d o u t , we can choose t h a t design 

which has the lowest t o t a l (sum o f cons t r uc t i on plus c a p i t a l i z e d 

damage) cos t . This i s then our optimum. 
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An a l t e r n a t i v e reasoning i s a lso poss ib le which proceeds more 

or less as f o l l o w s : 

a. Choose a design from among the a l t e r n a t i v e designs a v a i l a b l e 

from step 1 , above, 

b. For t h i s design determine the c a p i t a l i z e d annual cost o f the 

damage ( f a i l u r e ) and the cons t r uc t i on cos t . Express both quan

t i t i e s i n equ i va len t economic u n i t s . 

c. Choose a second design from among those a v a i l a b l e and determine 

i t s damage cost and cons t r uc t i on cos t . 

d . Evaluate the second design w i t h respect to the f i r s t by compa

r i n g the change i n c a p i t a l i z e d cons t ruc t i on cost to the change 

i n c a p i t a l i z e d damage cos t . 

e. Obv ious ly , on ly i f the c a p i t a l i z e d cons t r uc t i on cost increase 

i s less than the c a p i t a l i z e d damage sav ing i s i t economical 

to choose the second des ign , assuming t h a t the second design 

i s the more c o s t l y to b u i l d . Repeated a p p l i c a t i o n o f t h i s proce

dure should lead to the same optimum as the f i r s t procedure 

l i s t e d . 

S p e c i f i c examples o f the optimum design technique are g iven i n 

volumes I I , m and IV o f these no tes , 

13.4 I m p l i c i t Assumptions 

I t should be f u l l y understood t h a t the damage costs inc lude 

both d i r e c t and i n d i r e c t cos t s . Not on ly the s t r u c t u r e must be r e 

pa i red or rep laced ; there w i l l usua l l y be other losses due t o i n t e r 

r up t i on o f p roduct ion or even loss o f human l i v e s . 

A l s o , the assumption has been made above t h a t s u f f i c i e n t money 

was a v a i l a b l e to ca r ry out the optimum s o l u t i o n . I t i s poss ib le 

t h a t when on ly a l i m i t e d amount of c a p i t a l i s a v a i l a b l e now, one must 

choose a s o l u t i o n which costs less to b u i l d , but which has a g rea te r 

c a p i t a l i z e d damage cos t . Since such eva lua t ions i nvo l ve some more 

complex economic and f i n a n c i a l p r i n c i p l e s such as cash f l o w , we 

s h a l l not develop t h i s d iscuss ion f u r t h e r . 

Another boundary c o n d i t i o n to consider i n o p t i m i l i z a t i o n problems 

i s the ex is tence o f design codes. Obv ious ly , a l l designs must s a t i s f y 

a l l app l i cab le design codes s p e c i f i e d by law. I t i s conceivab le t h a t 

such a code may d i c t a t e the design o f a cons t r uc t i on which i s too 

conserva t ive (overdesigned) t o meet our o p t i m i z a t i o n c r i t e r i a . 
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14. HISTORY OF HARBOR DEVELOPMENTS E.W. B i j k e r 

14.1 I n t r o d u c t i o n 

Now t h a t the background i n fo rma t i on has been presented i n the 

f i r s t 13 chapters , we are prepared to s t a r t app ly ing t h i s to 

s p e c i f i c coasta l eng ineer ing problems. We s h a l l begin t h i s study 

o f app l i ca t i ons by examining the o l des t o f the three major sub

d i v i s i o n s mentioned i n chapter 1 , the problem o f p r o v i d i n g safe 

harbors f o r sh ips . Various d e t a i l s o f harbor problems form the 

sub jec t o f t h i s and the next 10 chapters o f t h i s volume. Some 

f u r t h e r d e t a i l s are de fe r red to volume I I ; breakwaters form the 

t o p i c o f volume I I I o f these no tes . 

The remainder o f t h i s s t o r y i s adapted from B i j k e r (1974) . 

14.2 Ear ly H i s to r y 

O r i g i n a l l y , harbors were b u i l t a t l oca t i ons where both good 

h i n t e r l a n d connect ions and p r o t e c t i o n from the e v i l s o f the sea 

were n a t u r a l l y a v a i l a b l e . These e v i l s o f the sea inc lude both na tu 

r a l (waves and cu r ren t s ) and human ( p i r a t e s ) enemies. Since s e t t l e 

ments developed around the ha rbo rs , s i t e s were u s u a l l y i n l and at 

l e a s t f a r enough to assure dry l and . Harbors developed sometimes 

we l l in land along r i v e r s or e s t u a r i e s . New Or leans , f o r example, 

i s more than 100 km up the M i s s i s s i p p i River from i t s mouth. 

Since ships were small some hundreds o f years ago, t h e i r s h a l 

low d r a f t a l lowed them to nav igate e a s i l y over and around the numerous 

shoals found i n these na tu ra l watercourses. This meant, even so , t h a t 

l oca l knowledge o f the waterway was needed. Was t h i s a disadvantage 

or an advantage f o r sh ipping? The use o f p i l o t s d i d h inder commerce 

somewhat, but i t h indered p i r a t e s even more l * 

As t ime passed, and ships became l a r g e r and deeper, the d i f f i 

c u l t i e s w i t h shoals inc reased . The use o f p i l o t s became more common; 

they knew the deepest channels. I nven t i ve people even developed s t range-

seeming devices to reduce the d r a f t o f sh ips . One o f the successfu l 

dev ices , a "sh ip camel" was designed and used to help ships cross the 

bar near the i s l a n d o f Pampus as they approached the p o r t o f Amsterdam. 

Such a camel i s shown schemat i ca l l y i n f i g u r e 1 4 . 1 ; t h i s was r e a l l y the 

predecessor o f the f l o a t i n g drydock. 

14.3 The i n f l uence o f Dredging 

More than 100 years ago another i nven to r came upon the idea o f 

a r t i f i c i a l l y deepening the shal low areas by means o f underwater exca

va t ion - d redg ing . Sometimes even whole new channels were excavated. 

Both major por ts i n The Nether lands, Rotterdam and Amsterdam, have 

experienced t h i s . Both have dredged e n t i r e l y new a r t i f i c i a l channels 

o r canals to reach the sea. I n t e r e s t i n g l y , both harbors have abandoned 

t h e i r o r i g i n a l a r t i f i c i a l channels i n favo r o f l a r g e r , improved ones. 

Lord Nelson's f l e e t sh ipyard and harbor a t Buck le r ' s Hard on the 

Beauly River would have been a j u i c y p r i ze i f i t could have been 

success fu l l y a t t acked . 
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Amsterdam abandoned the North Hol land Canal l i n k i n g i t w i t h Hen Helder 

i n favo r o f the present North Sea Canal forming a much sho r te r l i n k t o 

IJmuiden. The Rotterdam Waterway i s a lso a major man-made c o n s t r u c t i o n . 

Ii n o r m a l wa te r l i ne 
2: waterlinewhen lifted 

Figure U . 1 . 

SHIP CAMEL 

14.4 Modern Developments 

As ships become even l a r g e r the dredging requ i red to open and 

poss ib l y main ta in such a channel over a long d is tance becomes a f o r m i 

dable economic burden. A l s o , the long s a i l i n g d is tance through such 

canals by the modern very la rge o i l tankers presents a hazard to n a v i 

g a t i o n . Since these canals pass c lose by densely populated areas , as w e l l , 

the r i s k o f soc ia l damage from ca lam i t i es inc reases . Moreover, as ships 

car ry h igher value cargo such as c o n t a i n e r s , the t ime l o s t i n nav i ga t i ng 

along a long canal has an i nc reas ing economic impact . In g e n e r a l , goods 

move f a s t e r over land than over wate r . 

These f a c t o r s , along w i t h the decreasing t h r e a t by p i r a t e s have led 

t o dec is ions to expand the harbors nearer to the s h o r e l i n e . The Maasvlakte 

and Europoort i n Rotterdam are examples o f t h i s . Many o ther ha rbo rs , 

such as London, Amsterdam, and Hamburg, are a lso a t l e a s t p lann ing s i m i 

l a r developments. Many o f these new harbor areas are deve lop ing on a r t i 

f i c i a l l y f i l l e d l and . The s c a r c i t y o f land i n the o lde r urban areas has 

c o n t r i b u t e d to t h i s harbor m ig ra t i on toward the sea. 

This m ig ra t i on has not ended. Spec ia l i zed f a c i l i t i e s o f f s h o r e are 

a lso developing r a p i d l y . We need on ly to t h i n k o f the plans f o r i s l a n d 

harbors a t sea or o f the development and use o f S ing le Buoy Moorings 

which can replace convent ional harbors f o r some cargos. 

In the next 10 chapters we s h a l l examine some o f the more s p e c i a l i 

zed harbor problems i n more d e t a i l . 
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15. APPROACH CHANNELS W.W. Massie 

15.1 I n t r o d u c t i o n 

We might e a s i l y conclude from the previous chapter t h a t a l l 

necessary dredging work needed to accommodate even l a r g e r ships 

takes place w i t h i n the harbor o r es tuary . This i s c e r t a i n l y not the 

case. Considerable dredging work i s now c a r r i e d out i n more or less 

open sea i n order to prov ide safe approaches f o r the l a r g e s t sh ips . 

The improved channel f o r the Por t o f Rotterdam, f o r example, extends 

more than 35 km seaward from the harbor en t rance ; t h i s i s a r a the r 

extreme example. What are the consequences o f such channels i n sea? 

This i s answered below. 

15.2 Problems Encountered 

When a r i v e r channel i s deepened i n order to accommodate l a r g e r 

s h i p s , we need t o contend w i t h cur ren ts and sediment t r a n s p o r t which 

are d i r e c t e d along the axis o f the channel . While some sedimention 

can be expected, much and o f t e n most of the sediment which enters a 

channel reach i s merely swept along by the cu r ren t and out the o ther 

end. Ships nav igate e a s i l y e i t h e r w i t h o r aga ins t the c u r r e n t and 

have l i t t l e d i f f i c u l t y manoeuvering. 

Does t h i s s i t u a t i o n change at sea? Yes, u s u a l l y i t does. Currents 

and sediment t r anspo r t s are o f t e n d i r e c t e d a t a cons iderab le angle to 

the axis o f the channel . Sediment t r a n s p o r t ra tes perpend icu la r to the 

channel ax is are o f t e n very h igh where the channel cuts through the 

sha l lowest coasta l reg ions . This r e s u l t s from the high sediment t r a n s 

po r t caused by the break ing waves along the ad jacent shores. These 

breaking waves can a lso generate a crosswise cu r ren t i n the approach 

channel which can be dangerous f o r s h i p p i n g , e s p e c i a l l y i f the ships 

are moving s low ly - they are harder to s t e e r , then . One of the reasons 

to cons t ruc t breakwaters out from the coast a t a harbor or r i v e r en

t rance i s to cu t o f f , or a t l e a s t reduce or poss ib l y d i v e r t , the l ong 

shore cu r ren t and sediment t r a n s p o r t . Breakwaters are given a separate 

d iscuss ion i n chapter 18 o f these no tes . The causes and e f f e c t s o f l o n g 

shore cu r ren t and sediment t r a n s p o r t are h i g h l i g h t e d b r i e f l y i n chapter 

26. De ta i l ed t rea tment o f t h i s i s taken up i n volume I I . 

Far ther a t sea, ou ts ide the area where waves are break ing nearby, 

the problems are less severe. There are s t i l l cu r ren ts and thus sediment 

t r a n s p o r t caused by t i d e s , but these usua l l y do not c reate such ser ious 

problems as we encounter nearer to shore. 

Other problems can become i n c r e a s i n g l y impor tan t f a r t h e r o f f sho re 

however. P o s i t i o n determin ing and nav iga t i on systems become less accu ra te ; 

wider channels are needed to assure t h a t ships do not run aground. Wave 

ac t i on can be more severe. This leads to more severe sh ip motion which 

requ i res a deeper channel to assure t h a t the sh ip does not h i t the bo t 

tom. Dredging i s hampered i n the same way by these problems t o o , of 

course. 
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15.3 The Opt im iza t ion Problem 

I t should be obvious t h a t design dec is ions must be made w i t h regard 

to approach channels. A l t e r n a t i v e s o l u t i o n s - var ious w id ths and depths -

are a v a i l a b l e f o r a g iven problem. This problem lends i t s e l f we l l to an 

o p t i m i z a t i o n procedure. This o p t i m i z a t i o n w i l l be discussed i n d e t a i l 

i n volume I I . A c o n s t r u c t i o n a l aspect , d redg ing , i s taken up i n the 

next chapter . 
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16. DREDGING EQUIPMENT J . Brakel 

16.1 I n t r o d u c t i o n 

Dredging i s necessary a t sea and i n r i v e r s and harbors f o r near

l y a l l o f the modern por ts o f the wor ld t o d a y . * What equipment i s 

best su i t ed t o ca r ry t h i s out? A f t e r b r i e f l y e x p l a i n i n g some general 

p r i n c i p l e s common t o most a l l so r t s of dredges, the most commonly 

a v a i l a b l e types w i l l be l i s t e d and descr ibed. Ne i ther p a r t o f t h i s 

d iscuss ion i s in tended to be complete. Other courses s p e c i f i c l y on 

dredging serve t h e i r purpose w e l l . 

16.2 General P r i n c i p l e s 

Most dredging i s done by hyd rau l i c dredgers . These machines are 

equipped w i t h c e n t r i f u g a l pumps capable o f pumping a m ix tu re of s o i l 

and water . The s o i l i s moved as a suspension i n the moving water . 

The r a t i o o f s o i l t o water i n . t h i s suspension i s an impor tan t 

f a c t o r e s t a b l i s h i n g the e f f i c i e n c y o f the o p e r a t i o n . This r a t i o de

pends both upon the equipment used and the s o i l m a t e r i a l . The amount 

o f mix ture requ i red t o move one p a r t by volume o f i n s i t u s o i l va r ies 

from 1 to 2 f o r mud t o 3 to 5 f o r medium sand (d 250 pm). For gravel 

and rock t h i s r a t i o can be as high as 10 t o 12. 

Since the type o f pump and the i n s t a l l e d power more or less f i x the 

q u a n t i t y o f m ix tu re t h a t can be moved, the p roduc t i ve output o f the 

dredge i s s t r o n g l y dependent upon the r a t i o l i s t e d above. 

The head loss i n the p i p e l i n e s increases w i t h i nc reas ing s o i l 

g ra in s i z e . The maximum length o f d ischarge p i p e l i n e decreases w i t h i n 

c reas ing g ra in s i z e , s ince the maximum head (pressure) o f the dredge 

pump i s more or less cons tan t . Some ra the r inaccura te emperical formulas 

have been developed t o p r e d i c t the head loss i n dredge p i p e l i n e s . 

See Führböter (1961) , f o r example. 

The head loss can be reduced, i n t h e o r y , by reducing the f l ow 

v e l o c i t y . This can on ly be done to a c e r t a i n e x t e n t , s ince a minimum vel 

c i t y must be mainta ined i n order to assure t h a t the dredged mate r ia l r e 

mains i n suspension. 

This minimum v e l o c i t y increases w i t h i nc reas ing g ra i n s i z e , g ra in 

s p e c i f i c w e i g h t , and p ipe d iameter . 

16.3 P la in Suct ion Dredge 

This i s one o f the most common types i n Ho l l and . F i g . 16.1 

shows such a dredge designed to discharge through a f l o a t i n g p ipe 

l i n e . F i g . 16.2 shows a mod i f i ed form designed f o r load ing barges 

a longs ide . 

Another purpose of dredging can be 

rec lamat ion . This type o f dredging 

pendent ly o f harbor development. 

to ob ta in f i l l ma te r i a l f o r land 

i s o f t e n conducted complete ly inde-
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These dredges are very e f f i c i e n t when dredging loose ma te r ia l 

such as sand. I f a water j e t i s added a t the end o f the s u c t i o n pipe 

to help loosen the i n - s i t u m a t e r i a l , then layers o f c lay can be 

penetrated to reach deeper sand l a y e r s . 

These dredges are kept in place by s i x anchors and move very 

s low ly i n the d i r e c t i o n o f the bow anchor. This type of ope ra t i on 

r e s u l t s i n a very uneven bottom bathymetry making these dredges 

more usefu l f o r rec lamat ion works. 

The cost o f t r a n s p o r t i n g one u n i t o f s o i l w i t h t h i s type o f 

dredge i s r e l a t i v e l y l o w . * 

The product ion from such a dredge depends upon many f a c t o r s 

i n c l u d i n g the sand g ra in s i ze and p o r o s i t y as we l l as the s u c t i o n 

p i t geometry. 

In order t o increase the depths a t t a i n a b l e w i t h s u c t i o n d red

ges, i t has become necessary to place the pump deeper under water . 

O f t e n , the pump i s loca ted along the suc t ion pipe ins tead o f i n the 

h u l l as shown i n the f i g u r e s . Sometimes, even, two pumps are used 

i n se r ies - one on the suc t i on pipe and one i n the h u l l . The i n t e r 

r e l a t i o n s h i p between the f a c t o r s a f f e c t i n g dredge performance . . 

i s revealed by the s o - c a l l e d " suc t i on equa t i on " . I t i s de r i ved by 

examining the pressure change along the i ns ide o f the s u c t i o n pipe 

between the i n l e t and the pump. See f i g u r e 16.3 . 

Exact cost f i g u r e s are not g iven s ince they can vary too r a p i d l y . 
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^ ^ s ) (16.01) 

where: 

i s the h y d r a u l i c loss c o e f f i c i e n t from suc t i on pipe 

entrance t o pump, 

i s the a c c e l e r a t i o n due to g r a v i t y , 

i s the f l ow v e l o c i t y i n the suc t i on p i p e , 

i s the vacuum a t the pump entrance expressed as head 

o f wa te r , 

i s the depth o f submergence of the pump, 

i s the depth o f the suc t ion pipe ex t rance , 

i s the s p e c i f i c weight of the m i x t u r e , and 

i s the s p e c i f i c weight o f water . 

water surface 

punnp 

pressure (vacuum p*) 

f low velocity Vs 

F igu re 16.3 

DEFINITION OF 

SUCTION EQUATION 

Common values f o r f range between 2.5 and 3.5 

I f the concen t ra t i on o f s o i l i n the mix tu re measured on a 

vo lumet r i c basis i s c^ , t hen : 

^m = S Yg + (1 - c^) (16.02) 

where Yg i s the s p e c i f i c weight o f the dry sand g r a i n s . 

So lv ing f o r c vielH<;! 
V " - • 

' ^g • ^w 
(16 ,03) 

Combining equat ions 16.01 and 16.03 y i e l d s : 

w2 - , 

2? ' ^s - (Zp - f 

(16.04) 

The capac i ty o f the dredge increases as the vacuum, p* , and the 

depth o f pump submergence, Zp, inc reases . Inc reas ing suc t i on sub

mergence, Z 3 , a n d f r i c t i o n f a c t o r , f , tend to decrease c a p a c i t y . 

With submerged pumps, these dredges can work w i t h very deep 

suc t i on depths (70 meters can be reached when necessary ) . 

A s l i g h t m o d i f i c a t i o n o f the standard suc t i on dredge i s the 

barge unloading dredge shown i n f i g u r e 16,4 . The i r p r i n c i p l e o f 

opera t ion i s the same as t h a t f o r a suc t i on dredge; t h e i r use 

i s a lso very common i n Ho l l and . 



w a t e r j et 

r i l 

suction pipe 

pump^l ^ t o n e t rap 

MP spud spud 

oft. port w inc i i 
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Ê spud winch 

suction ^ 
pipe winch^i 

stern winch 
barge 
placement winch 

forward port winch y'^ 

i 

spud win_ch^^^ 

bow winch^-[+[-

barge i 
p l a c e m e n t ^ ^ ^ " * 
winch 

'pump /water pump 

F igure 16 . ^ 

BARGE UNLOADING 
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16.4 Cut te r Suct ion Dredge 

The c u t t e r suc t i on dredge i s a more v e r s a t i l e form o f suc

t i o n dredge and i s shown i n f i g u r e 16 .5 . I t can handle ma te r i a l s 

ranging from mud to s o f t rock. The s o i l i n f r o n t o f the suc t i on tube 

i s loosened by the c u t t e r . The dredge moves i n t o new ma te r i a l by 

swinging back and f o r t h about one o f the two anchor ing spuds using 

the por t and s ta rboard forward winches and anchors. The dredge moves 

forward by changing the p o s i t i o n o f one spud w h i l e the dredge i s 

held i n place by the o the r . This moves i t s center o f r o t a t i o n f o r 

ward a b i t . 

Equations 16.01 through 16.04 apply to the c u t t e r suc t i on dred

ge as w e l l . A d d i t i o n a l l i m i t i n g f a c t o r s are p o s s i b l e , however. These 

inc lude the c u t t i n g capac i t y o f the c u t t e r and the hau l ing fo rce and 

speed o f the forward winches. 

Since the suc t i on dredge takes i t s ma te r ia l from a small a rea , 

i t i s capable o f being accu ra te l y c o n t r o l l e d . A depth accuracy o f 

+ 0.25 m can be ach ieved , and s ide slopes can be c u t . 

Smal ler c u t t e r s are used i n s o i l s such as sand, pea t , and s o f t 

c lay which requ i re r e l a t i v e l y l i t t l e c u t t e r o r s ide winch power. 

B igger , more powerful c u t t e r s are used w i t h s t i f f c lay and s o f t 

rock. Rock having a compressive s t reng th o f up to about 5 x 10'' 

N/m can be a t tacked s u c c e s f u l l y w i t h a c u t t e r suc t ion dredge. 

Harder rock must be handled w i t h exp los i ves . 

The maximum depth which can be obta ined i s about 25 meters. 

This l i m i t i s imposed by s t r u c t u r a l s t i f f n e s s l i m i t s o f the spuds 

and ladder . 

Typ ica l p roduc t ion capac i t i es f o r a " b i g " c u t t e r s u c t i o n dred

ge are l i s t e d i n t a b l e 1 6 . 1 . 

To achieve the product ions l i s t e d i n t h i s t a b l e , the dredge w i t h 

submerged pump was ope ra t i ng as f o l l o w s : 

dredging depth : 20 m 

p i p e l i n e diameter : 0 .8 m 

i n s t a l l e d power : 5600 kw (7500 HP) 

Table 16.1 Typ ica l Cu t te r Suct ion Dredge Product ion 

Ma te r ia l 

(see t e x t ) 

sand 

s o f t c lay 

s t i f f c lay 

s o f t rock 

Product ion 

(m^/hr i n s i t u ) 

1500 

1750 

750 

400 

Maximum d ischarge 

d is tance (km) 

3 to 6 

6 

3 

1.5 

S o f t c lay has a cohesion o f less than 3 x 10^ N/m^. 



Figure 16.5 CUTTER SUCTION DREDGE 
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1 6 . 5 T r a i l i n g Suct ion Hopper Dredge 

This type o f dredge, shown i n f i g u r e 1 6 . 6 , i s a sh ip w i t h 

towed suc t ion tubes. These ships p ick up t h e i r load w h i l e t r a v e l 

l i n g s low ly (a few knots) fo rward . This a b i l i t y t o load w h i l e 

underway makes i t an idea l dredge f o r work i n waterways w i t h heavy 

t r a f f i c . Fur thermore, u n l i k e s t a t i o n a r y dredges, i t can operate 

i n moderate to high seas*. Thus, t h i s i s the most s u i t a b l e dredge 

f o r work i n exposed harbor approach channels and a t sea. These 

dredges can handle e i t h e r mud or sand. 

I t usua l l y takes 1 to 3 hours to f i l l the hopper o f such a 

dredge w i t h sand. This t ime i s dependent upon the dredging dep th , 

and g ra in s i ze and p o r o s i t y o f the sand l a y e r . Only | t o 1 hour i s 

needed to f i l l the hopper w i t h mud. 

A f t e r f i l l i n g the hopper, the sh ip s a i l s to a dumping s i t e a t 

a speed of about 11 knots (20 km/h r ) . The product ion achieved by 

such a dredge i s dependent upon i t s pumping and hopper c a p a c i t y , 

s a i l i n g d is tance t o the unloading s i t e , and the t ime requ i red to 

un load. The maximum hopper capac i ty a v a i l a b l e i n 1975 i s about 

10000 m^̂ . 

These dredges can work w i t h a depth accuracy of about 

+ 0.5 m. up to a maximum depth o f about 35 m. 

16.6 Bucket Dredge 

Unl ike the proceeding t ypes , t h i s i s a pure ly mechanical 

dredge. I t loosens the s o i l and t r anspo r t s i t upward by means 

o f a continuous conveyor chain of buckets . See f i g u r e 16 .7 . 

At the top o f the chain o f bucke ts , they dump t h e i r load o f 

ma te r ia l i n t o a chute which d i r e c t s i t i n t o a barge moored a long 

s i d e . 

The bucket dredge i s pos i t i oned by s i x anchors. I t moves i n an 

arc around i t s bow anchor, drawn by i t s s ide winches, i n o rder t o 

reach new m a t e r i a l . The bottom p r o f i l e accuracy i s o f the order of 

+ 0.2 m. 

A great v a r i e t y o f s o i l s can be excavated w i t h such a dredge. 

A l l ma te r ia l s ranging f rom mud to s o f t rock can be handled d i r e c t 

l y . A l s o , they are we l l s u i t e d f o r c lean ing up the broken stone 

a f t e r exp los ives have been used. This i s because they can handle 

l a r g e r pieces than o ther types o f dredges (up to about 1 m d i a 

m e t e r ) . * * 

A very few o f the l a r g e , modern p l a i n suc t i on dredges can opera te 

even when they are exposed to l i g h t wave a c t i o n . 

'By comparison, o the r dredges are l i m i t e d by the pump i m p e l l e r 

dimensions t o about 0.4 m. 



8 1 
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barge warping winch 

sternwinch 

1—movable side chute | 
forward port side winch | 

V—j ladder winch 
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fixed side chute 

bow winch forward starboard side winch 

barge warping win 

Figure 16.7 

BUCKET DREDGE 

The maximum depth a t t a i n a b l e w i t h these dredges i s about 40 m. 

Bucket s izes range up to about 1 m'̂  volume, and a bucket chain speed 

o f about 30 buckets per minute i s a maximum. Typ ica l p roduc t ion 

capac i t i es f o r a bucket dredge are l i s t e d i n t a b l e 16 .2 . These p ro 

duct ions are l i s t e d f o r the f o l l o w i n g c o n d i t i o n : 

bucket volume 

dredging depth 

i n s t a l l e d power 

0.75 m-" 

15 m 

375 kw (500 HP) 
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Table 16.2 Typ ica l Bucket Dredge Product ion 

Mate r ia l p roduct ion i n m / h r i n s i t u 

mud 1000 

c lay 500 

sand 350 

broken rock 75 

s o f t rock 50 

16.7 Fur ther Developments 

Only the most commonly used dredges have been l i s t e d . Other 

types such as s ide cas t ing and d ipper dredges are sometimes used 

f o r spec ia l a p p l i c a t i o n s . Developments i n dredging are aimed at 

ach iev ing economics o f scale or a t i nc reas ing the p r o d u c t i v i t y o f 

equipment under adverse c o n d i t i o n s . 

Recent ly , concern f o r the environmental consequences of d red

ging and s p o i l d isposal has increased s h a r p l y , e s p e c i a l l y i n the 

Uni ted S ta tes . Spo i l d isposal i s the sub jec t o f the next chapter . 

The proceedings o f the var ious World Dredging Conferences 

(WODCON) are h e l p f u l when a t tempt ing to keep abreast o f the l a t e s t 

developments. 
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17. DREDGING SPOIL DISPOSAL j . de Nekker 

17.1 I n t r o d u c t i o n 

I t has been descr ibed In the previous chapter how ma te r i a l 

can be dredged from the oceans, l a kes , and waterways. When t h i s 

spo i l ma te r ia l Is obta ined f o r a s p e c i f i c purpose such as land 

rec lamat ion or use as concrete aggregate, then there i s u s u a l l y 

l i t t l e d i r e c t spo i l d isposa l problem. Cressard (1975)* descr ibes 

some o f the i n d i r e c t environmental consequences o f such d r e d g i n g , 

however. The dredging opera t ion I t s e l f i s usua l l y c a r r i e d ou t a t 

a l o c a t i o n d i c t a t e d by the q u a l i t y o f the bottom ma te r i a l r a t h e r 

than by nav iga t i ona l cons ide ra t i ons . 

When nav iga t i ona l cons idera t ions do d i c t a te the s i t e o f the 

d redg ing , we are o f t en faced w i t h a s u b s t a n t i a l s p o i l d isposa l 

problem. Because the type and q u a l i t y o f mate r ia l dredged i s no 

longer a chosen v a r i a b l e , we are o f t e n faced w i t h the problem o f 

d ispos ing o f a r e l a t i v e l y poor q u a l i t y s p o i l (one f o r which there 

i s no Immediate use) . This ma te r ia l may be disposed o f on land or 

dumped i n t o another body of water , 

17.2 Marine Disposal 

Obv ious ly , the d isposal o f a la rge q u a n t i t y o f f o r e i g n 

mate r ia l i n a body o f water - even an ocean - can have ser ious conse

quences f o r the marine biology"^. Many o f the d e l e t e r i o u s conse

quences can be avoided by d ispos ing o f the mate r ia l on ly i n the 

deepest ocean t renches . U n f o r t u n a t e l y , the p r o h i b i t i v e sh ipp ing 

costs make t r a n s p o r t to such s i t e s uneconomical except f o r d i s 

posal o f the most l e t h a l ma te r ia l s such as c e r t a i n r a d i o a c t i v e 

wastes. 

Research i s on ly now beginn ing on the Impact o f the d isposa l 

o f dredged mate r ia l i n the areas nearer to shore. This work i s 

be ing c a r r i e d out p r i m a r i l y by the b i o l o g i c a l oceanographers. 

The j o u r n a l i n which t h i s a r t i c l e appears, serves as a c u r r e n t 

awareness j o u r n a l f o r the dredging I n d u s t r y . 

•^Ihis i s an example of how coasta l eng ineer ing r e l a t e s to b i o l o g i c a l 

oceanography. See chapter 3. 
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17.3 Land Disposal 

I t i s sometimes more economical or des i r ab le to dispose o f 

mud, c l a y , and sand dredged from harbors reasonably nearby on land 

ra the r than at sea. In t h i s case, the spo i l ma te r ia l mixed w i t h water 

i s pumped ashore v i a a p i p e l i n e . The f u r t h e r d isposal procedure i s 

dependent upon the type o f m a t e r i a l . 

I f the ma te r ia l is sand having a g ra in s i ze g rea te r than about 

100 ym, then i t i s poss ib le to s imply d ischarge the mix tu re a t the 

d isposal area and l e t the excess water f l ow av;ay d i r e c t l y . This 

technique works w e l l , provided t h a t the l aye r of sand to be b u i l t 

up i s a t l e a s t 0.75 m t h i c k . The sand l aye r develops s u f f i c i e n t bear ing 

capac i ty almost immediately to a l low cons t r uc t i on equipment t o work 

and extend the discharge p i p e l i n e . 

With f i n e r sands con ta in i ng some mud and c l a y , the bear ing 

capac i ty o f the f i l l e d area o f t en does not develop r a p i d l y enough t o 

a l low cons t r uc t i on equipment to work. Work must sometimes be stopped 

f o r a t ime before the discharge p i p e l i n e can be extended. 

As the dredged mate r ia l becomes f i n e r , i t has a g rea te r tendency 

to be washed away w i t h the drainage water . Sometimes, i t i s s u f f i c i e n t 

to use a b igger d ischarge area or to take spec ia l measures to prevent 

the discharge o f f i n e ma te r ia l i n suspension i n the drainage water . 

When very f i n e ma te r i a l such as mud or c lay i s being handled, i t 

i s o f ten discharged i n t o an area which has been dammed o f f from i t s 

sur round ings. Only a f t e r most o f the s o l i d ma te r ia l has s e t t l e d i s the 

surp lus water a l lowed to f low away. A f t e r the sur face water has f lowed 

away, a l a y e r , o p t i m a l l y about 1.3 m t h i c k , o f sa tu ra ted mud remains. 

Drainage channels are made through t h i s to a l l ow the remaining pore 

water to escape. A f t e r a per iod o f a b i t more than a y e a r , the l aye r 

has conso l ida ted to a th ickness o f about 0.9 to 1.0 m. At t h i s t ime 

new dikes can be b u i l t i n order to add an a d d i t i o n a l l a y e r o f mud, or 

the created land sur face may be developed f o r o ther uses such as a g r i 

c u l t u r e or r e c r e a t i o n . 
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18 BREAKMATERS J . J . van D i j k 

18.1 I n t r o d u c t i o n 

We iiave j u s t seen i n the previous three chapters t h a t as 

ships become l a r g e r the dredging problems assoc iated w i t h harbors 

become g rea te r . This o f t e n necess i ta tes t h a t we cont inue dredging 

opera t ions i n much more open water . Since the wave ac t ion ' In t h i s 

open water can compl icate the dredging probTem, i t i s o f t e n eco

nomical t o take measures to p r o t e c t the harbor' entrance channel . 

P ro tec t i on ' can- be provided to make dredging opera t ions more e f f i 

c i e n t or to reduce' the amount o f dredgiing necessary. Of course , 

breakwaters can occas iona l l y serve o ther purposes as we l l such 

as p rov id ing quay f a c i l i t i e s f o r sh ips . 

De ta i l s o f breakwater cons t ruc t i on are the sub jec t o f volume 

I I I o f these notes. We are concerned here on ly w i t h t h e i r use w i t h 

regard to morphological problems. 

18.2 Morphological Funct ions of Breakwaters 

How can breakwaters be used to help solve approach channel 

dredging problems; There are several ways: 

a. They can reduce the wave ac t i on i n the approach channel 

so t h a t dredging equipment can operate more e f f i c i e n t l y . Most 

dredging equipment must remain s tab le i n the waves i n order to 

operate e f f e c t i v e l y . Reduced wave a c t i o n may make i t poss ib l e 

t o se lec t and use more e f f i c i e n t equipment f o r the dredging 

o p e r a t i o n . 

b. By extending through the breaker zone breakwaters can 

block the longshore t r a n s p o r t o f sand which could o therwise s e t t l e 

i n t o the dredged channel . By b lock ing t h i s t r a n s p o r t o f ma te r i a l by 

wave a c t i o n , the amount o f necessary maintenance dredging can be 

s i g n i f i c a n t l y reduced i n many cases. Obv ious ly , we must be c a r e f u l 

when we i n t e r r u p t t h i s longshore sand t r a n s p o r t . Ma te r ia l which 

once s imply passed along the coast (before the channel v;as b u i l t ) 

w i l l now p i l e up aga ins t the breakwater ; coast e ros ion can be 

expected on the oppos i te s i t e o f the approach channel . 

c. When there i s a la rge sediment supply from a na tu ra l 

r i v e r f l o w i n g through the ha rbor , then a shoal can o f t e n 

be expected s l i g h t l y o f f sho re from the r i v e r mouth . This shoal can 

form a major obs tac le f o r s h i p p i n g , e s p e c i a l l y dur ing a severe storm 

when waves can be break ing on t h i s shoa l . Many ships have been wrecked 

a t tempt ing to cross such a bar under these c i rcumstances. Breakwaters 

b u i l t out i n such a way t h a t the entrance i s kept narrow u n t i l deeper 

water i s reached increase the entrance c u r r e n t v e l o c i t i e s ; the r e s u l 

t i n g increased sediment t r a n s p o r t capac i t y tends t o keep the entrance 

open. Where does t h i s ma te r i a l then go? Some o f i t w i l l p robably be 

*Such a shoal can a lso form a f t e r the a c c r e t i o n mentioned i n i tem b, 

above, has reached the end o f the breakwater and ma te r i a l passes around 

the end. 
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depos i ted i n deeper water o f f sho re wh i l e some may s e t t l e out f u r t h e r 

upstream i n the r i v e r . Indeed, s ince the r i v e r has in e f f e c t been 

made longer by b u i l d i n g the breakwaters , the s lope must s l i g h t l y de

crease and a si l i tat i 'On jproblsm .can a,ppear ini land firom the ;entrance. 

At l e a s t , t h i s ma te r i a l can be dredged out lUnder e x c e l l e n t cond i t i ons 

- no wave ac t i on and o f t en less sh ipp ing t r a f f i c . An example o f a har

bor entrance where breakwaters are being b u i l t t o c o n s t r i c t the en

t rance i s shown i n f i g u r e 1 8 . 1 . The channel dredged through the shoal 

i s shown by the dashed l i n e s . In t h i s case, the r i v e r i s the Columbia 

d i scharg ing i n t o the P a c i f i c Ocean on the west coast o f the United 

S ta tes . 

Figure 18.1 COLUMBIA RIVER ENTRANCE, U.S.WEST COAST 

Scale ;as shown depths in feet 

18.3 Other Considerat ions 

Another i n t e r e s t i n g quest ion i s , "What i s the optimum depth o f 

such an approach channel?" This i s the t o p i c o f d iscuss ion i n chapter 

5 o f volume I I . By reducing wave ac t i on i n a channe l , sh ip motion i s 

reduced and i t can be poss ib le to l e t ships nav igate i n a b i t sha l lower 

channel than would otherwise be p o s s i b l e . 

Of course , breakwaters extend and a l t e r the shape of our harbor . 

These changes w i l l , t h u s , a l s o modify the na tu ra l resonant pe r iod o f 

s tand ing waves i n the harbor. I f the new resonant per iod should happen 

t o correspond w i t h t h a t o f a t i d a l component, a m u l t i p l e o f a p e r s i s 

t e n t ocean w e l l , or a gust o s c i l l a t i o n , then some s i g n i f i c a n t problems 

can be expected i n the harbor . These resonances, or se i ches , are 

t r e a t e d i n the f o l l o w i n g chap te r . The i r e f f e c t on moored ships i s 

discussed i n chapter 4 o f volume I I . 
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19. SEICHES L.E. van Loo 

19.1 D e f i n i t i o n 

S t r i c t l y speak ing , seiches are f r ee s tand ing wave o s c i l l a t i o n s 

i n a c losed body o f water . The surges occas iona l l y exper ienced i n 

Lake Geneva f i t t h i s s t r i c t d e f i n i t i o n , f o r example. This type o f 

phenomona can be caused by , f o r example, atmospheric pressure 

v a r i a t i o n s , or abrupt i n or out f low o f la rge q u a n t i t i e s o f w a t e r . * 

The term seiche i s a lso used to descr ibe s tand ing wave ac t i on 

sometimes found i n harbors . These waves have r e l a t i v e l y long per iods 

and low ampl i tudes when compared to the waves descr ibed i n chapter 5. 

In harbors which are not complete ly c l o s e d , o ther d r i v i n g fo rces can 

be p resen t . T ida l i n f l uences and long per iod swel l i n the ad jacent 

ocean can e x c i t e seiches i n harbors . 

Another term," range a c t i o n " , i s o f t en used to r e f e r t o se iches. 

This term i s a lso used to r e f e r to the motion o f moored ships r e s u l 

t i n g from se iches . 

19.2 Simple Cases 

The s imp les t t r u e seiche ( i n a c losed water body) i s a s tand ing 

wave w i t h a node i n the middle o f the basin and an ant inode a t each 

end. The basin leng th i s then equal to one h a l f the wave leng th as 

shown i n f i g u r e 1 9 . 1 . For such a long wave: 

ant inode 

Figure 19.1 

STANDING WAVE IN 

CLOSED BASIN 

(d i s to r ted scale) 

l-.X/i, 

F igu re 19. 2 

SEICHE IN 

HARBOR BASIN 

(d i s to r ted scale] 

/gh" (5.05 b) (19.01) 

where c i s the wave speed, 

g i s the a c c e l e r a t i o n o f g r a v i t y , and 

h i s the mean water depth . 

App ly ing t h i s to the basin i n the f i g u r e , the wave per iod ,T , can 

be computed: 

2 L 

/gh 
(19.02) 

Using Lake Geneva as an example, we f i n d , w i t h 

L = 90 km and h = 200 m t h a t T i s about 1 hour 8 minutes. 

When a harbor i s connected to the sea, a node can be found at 

the entrance and an ant inode w i l l be found a t the end o f the harbor 

b a s i n . In t h i s case, the wave length can be 4 t imes the harbor basin 

length as shown i n f i g u r e 19.2 . In t h i s case: 

T = 
4 L 

/gh" 
[19.03) 

Seiches are o f t en observed i n sh ipp ing locks on a small sca le . 
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Other p o s s i b i l i t i e s are a lso p o s s i b l e , however. In genera l : 

Ti = 
4 L 

( i ) /gh 
(19.04) 

where i i s an odd i n t e g e r : 1 , 3 , 5, . . n o t e t h a t as i increases 

the per iod o f the i**^ harmonic wave decreases. A l s o , equat ion 19.03 

i s the same as 19.04 w i t h i = 1 ; t h i s y i e l d s the f i r s t harmonic, or 

pr imary wave. An example w i t h i = 5 i s shown i n f i g u r e 19 .3 . Thus, 

seiches having several per iods can be susta ined i n a given harbor 

bas in . In p r a c t i c e , i i n equat ion 19.04 w i l l usua l l y be s m a l l ; most 

o f t e n 1 . 

19.3 E f f ec t s o f Seiches 

Usua l l y , the v e r t i c a l ampl i tude of a se i che , even a t an an t inode j 

i s sma l l . However, e s p e c i a l l y a t a node, the horizontal displacement 

o f the water can be very s i g n i f i c a n t . Since moored ships are s imply 

drawn along w i t h the wa te r , they can have mooring d i f f i c u l t i e s i f 

they happen t o be near a seiche node. Another r e l a t e d i n f l uence on 

the la rge ships i s the e f f e c t o f the water sur face s l ope . 

F igure 19.3 

F I F T H HARMONIC 

SEICHE 

(d i s to r t ed sca le ) 

19.4 Seiche Prevent ion 

Seiches have long per iods and small ampl i tudes . The waves cannot 

be broken on a shore and s ince they have so much momentum, there i s 

l i t t l e t h a t can be done to damp them i n an e x i s t i n g b a s i n . O f t e n , t o o , 

the d r i v i n g fo rce f o r a seiche cannot be removed e i t h e r , s ince i t can 

we l l be a t i d a l wave component or very long na tu ra l swel l which d r i ves 

i t . However, s ince we are dea l ing w i t h a resonant v i b r a t i o n w i t h l i t t l e 

damping, we may remember from dynamics t h a t we need change the na tu ra l 

per iod only s l i g h t l y to cause a s i g n i f i c a n t reduc t ion i n the response. 

From equat ion 19.04, i t i s seen t h a t the per iods o f the seiches i n the 

harbors ar« dependent upon both the depth and the l e n g t h . E i t h e r , or b o t h , 

may be va r ied to change the response o f the harbor t o a given d r i v i n g 

p e r i o d . As another t r i c k , many harbors are l a i d out w i t h i r r e g u l a r l y 

shaped bas ins , i n the hope t h a t d i r e c t r e f l e c t i o n s w i l l be reduced. 

This i s d iscussed i n more d e t a i l i n chapter 4 o f volume I I . 
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20. TIDAL RIVERS L.E. van Loo 

20.1 I n t r o d u c t i o n 

I t has a l ready been i n d i c a t e d i n chapter 14 t h a t harbors were 

o f t en o r i g i n a l l y developed along r i v e r s , sometimes ra the r we l l i n l a n d . 

London, England, P o r t l a n d , Oregon, U.S.A. , Antwerp, Belg ium, Rotterdam, 

The Netherlands and Hamburg, Germany are obvious examples o f such 

harbors . In some cases the d is tance to the sea has become too much 

o f an obs tac le f o r sh ipp ing and the p r o s p e r i t y o f the harbor has 

s u f f e r e d . Deventer, i n The Netherlands exemp l i f i es t h i s . 

In t h i s chap te r , we examine the e f f e c t s o f t i d e s on the lower 

reaches o f r i v e r s and the consequences f o r dredging and n a v i g a t i o n . 

20.2 River Mouths 

River mouths i n f l a t coasts handle not only the f resh water run 

o f f from t h e i r drainage b a s i n , there i s a lso a t i d a l f l ow through the 

mouth. M. P. O'Br ien (1969) presented measurements made on 28 r i v e r 

mouths and es tua r ies on sandy coas ts . He found t h a t the minimum e q u i 

l i b r i u m cross sec t i ona l area o f the entrance was- l i n e a r l y r e l a t e d 

t o the volume o f the t i d a l p r i sm. In equat ion fo rm: 

A = 6.56 x 10 ' ^ P (20.01) 

where A i s the minimum e q u i l i b r i u m cross sec t i on area o f the entrance 
2 

i n m , and 

P i s the t i d a l pr ism volume i n m^. 

In t h i s e q u a t i o n , P, the t i d a l p r i sm, i s the storage volume of the 

es tuary between the low t i d e and high t i d e l e v e l s . 

The c o e f f i c i e n t i n equat ion 20.01 i s not d imens ion less . In f o o t - l b -

A = 2 X 10"^ p (20.01) 

where A i s i n f t ^ and p i n f t ^ . 

T ida l pr ism volumes i n O 'B r i en ' s data ranged from about 

1.4 X 10^ m^ (5 X 10^ f t ^ ) to about 3 x 10^ m^ ( l . i x 10^^ f t ^ ) . There 

i s some i n d i c a t i o n t h a t equat ion 20.01 would tend to y i e l d too great 

a cross sec t i on area f o r smal le r t i d a l pr isms. 

O'Br ien found , as w e l l , t h a t there was l i t t l e i n f l u e n c e on equa

t i o n 20.01 f rom- the bed ma te r i a l s i z e . Fu r t he r , the equat ion seemed 

equa l l y v a l i d f o r both la rge r i v e r mouths and f o r bays and t i d a l 

lagoons. A r e s t r i c t i o n , however, i s t h a t (20.01) i s v a l i d on ly 

f o r i n l e t s having a predominant ly semi -d iu rna l t i d e . 

Obv ious ly , the form o f the mouth is i n f l uenced by many o ther 

f a c t o r s . The d iscuss ion o f these i s postponed u n t i l chapter 2 9 , how

ever . 
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20.3 River channelis 

The geometry o f natuiraT channels and shoals i n r i v e r s i s discussed 

i n courses i n r i v e r engineering!. The- deepest channel sec t ions develop 

along the ou ts ide of the r i v e r bends w i t h the channel s h i f t e d somewhat 

down stream from the sho re l i ne bend. How i s t h i s mod i f ied by the p re 

sence of t i d a l ac t ion? 

When there is; an. a l t e r n a t i n g cu r ren t d i r e c t i o n i n a narrow channel 

the only i n f l u e n c e of the t i d e on the r i v e r bathymetry i s t o make the 

l o c a t i o n of the deeper channel i n the r i v e r bends correspond more c l ose 

l y to t h a t of the s h o r e l i n e bend. The p o s i t i o n represents a compromise 

between the development to be expected w i t h only an ebb cu r ren t and t h a t 

expected w i t h only a f l o o d c u r r e n t . An example of such a channel develop

ment i s shown i n f i g u r e 20.1 - the Schelde River a t Antwerp i n Belgium. 

Figure 20.1 

THE SCHELDE RIVER AT ANTWERP 
Depth in meters scale as shown 

1 km 

y 

A , , A N T W E R P E N : 

I i 

In areas where the r i v e r w id th i s not r e s t r i c t e d , an e n t i r e l y d i f 

f e r e n t pa t t e rn can develop. These t i d a l r i v e r reaches o f t e n have two 

r a t h e r independent channel systems. The ebb c u r r e n t concent ra tes i n one 

set o f channels w h i l e the f l o o d cu r ren t i s o f t e n s t ronges t i n another 

se t o f channels. This pa t t e rn i s most complete ly developed near r i v e r 

bends. F igure 20.2 shows t h i s pa t t e rn c l e a r l y a t another sec t i on o f the 

Schelde River less than 50 km downstream from Antwerp ( f i g . 2 0 . 1 ) . 

Flood channels can usua l l y be recognized by the f o l l o w i n g charac

t e r i s t i c f e a t u r e s : 

a. They tend t o be sha l lower than ebb channels. 

b. They tend t o "d i e ou t " - they lead to p rog ress i ve l y sha l lower 

water and f i n a l l y spread out on a shoa l . 

Ebb channels , on the other hand, are cont inuous and tend to be deeper. 

The reasons f o r these c h a r a c t e r i s t i c d i f f e r e n c e s are exp la ined i n the 

f o l l o w i n g s e c t i o n . 
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Figure 20.2 

THE SCHELDE RIVER EAST OF HANSWEERT 
Depth in meters scale as shown 

20.4 T ida l Currents 

One f a c t o r which helps to account f o r the c h a r a c t e r i s t i c d i f 

ferences between f l o o d and ebb channels i s t h a t the q u a n t i t y o f water 

d ischarged dur ing the ebb i s always g rea te r than the q u a n t i t y e n t e r i n q 

the r i v e r du r ing the f l o o d . This i s because the r i v e r r u n o f f p lus the 

ocean water which entered dur ing the f l o o d t i d e must be discharged 

dur ing the ebb. This tends to make ebb cu r ren ts s t r o n g e r , and hence, 

ebb channels deeper. An example o f t h i s i s shown i n t a b l e 20.1 and 

f i g u r e 20.3 which shows the cu r ren t a t Rotterdam. I f a s i m i l a r graph 

were made o f the c u r r e n t some grea te r d is tance upstream, the ebb c u r r e n t 

would become more impor tan t . As some p o i n t , even, the c u r r e n t would a l 

ways f l ow downstream w i t h a v e l o c i t y which va r i ed accord ing to the t i d e . 

How f a r up a r i v e r can a t i d a l i n f l u e n c e s t i l l be detected? T h e r e o t i c a l l y 

a l l the way unless there are rap ids (reached w i t h s u p e r c r i t i c a l f l o w ) . 
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TABLE 20.1 TIDE AND CURRENT DATA ROTTERDAM. 

Time 

(h r s ) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Average 

Current* 

(m/s) 

-0 .15 

+0.08 

0.60 

0.75 

0.44 

+0.07 

-0 .44 

-0 .73 

-1 .03 

-1 .05 

-0 .85 

-0 .52 

-0 .30 

Tide l eve l 

(m) 

-0 .69 

-0 .50 

-0 .03 

+0.52 

0.91 

1.04 

0.91 

0.61 

+0.25 

-0 .15 

-0 .47 

-0 .58 

-0 .62 

I 1 0 

c 
01 

cn 
a 

I 

timE (lirs 

\ 5 t 3 12 

' 1 -1.0 

Figure 20.3 CURRENT AT ROTTERDAM 

Anoti ier piienomona i n a t i d a l r i v e r i s a t ide-dependent v a r i a t i o n 

i n water l e v e l . Tiie cu r ren t and the l eve l are r e l a t e d by the equat ions 

used to descr ibe long waves. In such a case, conservat ion o f momentum 

y i e l d s : 

^ ax 1Ï 9X 
C'̂ h 

(20.02) 

i n wh ich : 

C 

g 

h 

t 

V 

X 

s the chezy f r i c t i o n c o e f f i c i e n t , 

s the a c c e l e r a t i o n o f g r a v i t y , 

s the dep th , 

s t i m e , 

s the f l ow ve loc i t y . , 

s the coord ina te measured along the r i v e r , and 

z i s the abso lu te water sur face e l e v a t i o n . 

* Flood cur ren ts are considered p o s i t i v e . 
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In t h i s e q u a t i o n , i t has been assumed t h a t the r i v e r s lope i s small 

and the r u n o f f i s n e g l i g i b l e . For a hypo the t i ca l case i n which the l a s t 

term o f equat ion 20.02 i s ze ro , the v e r t i c a l t i d e (water l e v e l ) and 

h o r i z o n t a l t i d e ( c u r r e n t ) are i n phase w i t h one another as i s shown i n 

f i g u r e 20 .4 . 

h/ole.- Tjjis wov/c/founcJ in a siior/ /-aiJier é/>on in Q /oncj WQVS. 

Figure 20./, IDEALIZED VELOCITY-LEVEL RELATIONSHIP 

In a rea l s i t u a t i o n , the f r i c t i o n term i n equat ion 20.02 w i l l be 

r e l a t i v e l y la rge w i t h respect to the i n e r t i a terms. Since some o f the 

momentum i s then l o s t to f r i c t i o n , the v e l o c i t y w i l l be reduced. F igure 

20.5 shows the r e l a t i o n s h i p between the v e r t i c a l and h o r i z o n t a l t i d e s a t 

Rotterdam. The cu r ren t curve i s the same as t h a t i n f i g u r e 20 .3 . The 

r i g h t hand p o r t i o n o f these graphs i s p l o t t e d by adding one t i d e per iod 

(12 25"^) to the times l i s t e d i n t a b l e 2 0 . 1 . The t ime o f high t i d e (h igh 

wate r ) and low water are i n d i c a t e d along w i t h the t imes o f s lack water 

(zero c u r r e n t ) . 

Note t h a t the low t i d e s lack comes much l a t e r r e l a t i v e t o low water 

than i s the case a t high t i d e . This i s p a r t i a l l y caused by the f resh water 

r i v e r f low a c t i n g to f i l l the most i n l and p o r t i o n o f the t i d a l pr ism 

dur ing a r i s i n g t i d e . This enhances the development o f a water sur face 

slope t o r e t a r d the t i d e wave, w h i l e a t low water on the o the r hand, the 

r i v e r f l ow tends t o pro long the ebb c u r r e n t . 

A second reason why ebb channels are deeper and more cont inuous i s 

i n d i c a t e d i n f i g u r e 20 .5 . Note t h a t the maximum ebb c u r r e n t occurs when 

the t i d e l eve l i s lower than t h a t corresponding t o the maximum f l o o d 

c u r r e n t . The combined e f f e c t o f h igher t o t a l ebb f l ow and the lower stage 

du r i ng t h i s f l ow tend to increase v e l o c i t y and enhance e ros ion i n ebb 

channels. 
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Figure 20.5 VERTICAL AND HORIZONTAL TIDE AT ROTTERDAM 

This d iscuss ion has been l i m i t e d u n t i l now to measurements made 

a t a s i n g l e r i v e r c r o s s - s e c t i o n . A t i d a l wave a lso t r a v e l s a long a 

r i v e r . As an example o f t h i s , the high t i d e wave reaches Antwerp about 

1^ 45*^ a f t e r i t passes V l i s s i n g e n . T i da l data f o r the Western Schelde 

Estuary between V l i s s i ngen and S c h e l l e , Belg ium, are presented i n t ab l e 

20.2 and f i g u r e 20 .6 . This es tuary has a very small f r esh water f l o w , i n 

Rotterdam. Figure 20.6 g ives a c l e a r i n d i 

ca t i on o f how a t i d e wave propagates along the e s t u a r y . This phenomona 

can sometimes be u t i l i z e d by s h i p s , as o u t l i n e d i n the f o l l o w i n g sec

t i o n . 

Why are the maxima o f the f l o o d cur ren ts i n t ab l e 20.2 g rea te r than 

the ebb cu r ren t maxima? This i s caused, i n t h i s case by the d i s t o r t i o n o f 

the v e r t i c a l t i d e curves ; f o r a r i s i n g t i d e the sharp increase i n water 

l eve l i n a sho r t t ime causes h igher v e l o c i t i e s . 
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TABLE 20.2 T ida l Data f o r Western Schelde 

Time 
(h rs ) 

VI i ss ingen 
leve l cu r ren t 
(m.) (m/s) 

Hansweert 
l eve l cu r ren t 
(m.) (m/s) 

S c h e l l e , Bel 
l eve l 
(m.) 

0 1.72 -0 .14 2.43 +0.50 1.60 
1 1.14 -0 .66 1.76 -0.95 2.83 
2 +0.20 -0 .94 +0.80 -1 .07 2.92 
3 -0 .80 -0 .87 -0 .30 -1 .07 2.00 
4 -1 .63 -0 .71 -1 .29 -0 .99 0.90 
5 -2 .07 -0 .44 -2 .08 -0 .72 +0.03 
6 -1 .78 +0.04 -2 .32 -0 .28 -0.75 
7 -1 .33 0.32 -1 .60 +0.60 -1 .44 
8 - 0 .81 0.45 -0 .90 0.66 -2 .04 
9 -0 .10 0.63 -0 .28 0.84 -1 .85 
10 + 1.30 1.24 +0.73 1.14 -0 .65 
11 2.10 0.88 2.11 1.74 -0 .17 
12 1.77 +0.09 2,52 +0.80 +1.10 
13 1.35 -0 .53 2.00 -0 .70 2.60 
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20.5 River Nav igat ion 

The reasons f o r l o c a t i n g harbors we l l upstream along r i v e r s 

have been i n d i c a t e d i n chapter 14. The dredging problems have a lso been 

i n d i c a t e d . How can the t i des be used to reduce the amount o f necessary 

dredging and to help the sh ipp ing on a r i v e r ? A f t e r a l l , i t i s not a l 

ways economical to dredge away shoals along a r i v e r t o s u f f i c i e n t depth 

so t h a t all sh ips can nav igate a t all t i d e s tages. I t may be poss ib le 

to a l l ow l a r g e r , deeper ships to w a i t a t the entrance f o r h igh t i d e 

and then to " r i d e " t h i s high t i d e wave up the r i v e r . U n f o r t u n a t e l y , 

the ships o f concern here are not able to a t t a i n a speed as high as 

t h a t o f the t i d a l wave. Thus, even though they may en te r a r i v e r a t 

high t i d e , they cannot keep up w i t h the t i d e wave as they progress 

up the r i v e r ; i n t e r r u p t i o n o f t h e i r t r a v e l may be necessary, t h e r e f o r e . 

In order to determine the best s t ra tegy f o r a p i l o t on a s h i p , i t i s 

necessary t o p r e d i c t the water depth a t each shal low channel reach a t 

the t ime o f a r r i v a l o f the sh ip . To accomplish t h i s the propagat ion 

v e l o c i t y o f the t i d e wave must be determined. Since f r i c t i o n tends to 

slow the t i d e wave, equat ion 5.05 b i s not s u f f i c i e n t l y accu ra te . I n 

s tead : 

c = / gh (1 - tan^ 7) (20.03) 

where: 

h i s the average depth 

9 i s a f r i c t i o n f a c t o r computed f rom: 

^ i 4 . , „ - l . T' 8g ^max , 
e - 2 tan { } (20.04) 

O T T L h 

where: 

C i s the Chézy f r i c t i o n f a c t o r , 

T ' i s the t i d e p e r i o d , 

^max ^'^^ maximum f l o o d c u r r e n t , and 

tan { } i n d i c a t e s the angle whose tanget i s 

The procedure o u t l i n e d above w i l l be demonstrated v i a an i d e a l i z e d 

example. 

20.6 Example 

A p i l o t needs to b r i n g a sh ip needing a minimum channel depth 

o f 11.5 meters up a 250 km channel to a harbor . Three shoals are 

loca ted along t h i s channel as shown i n f i g u r e 20 .7 . The depth over 

each o f these shoals i s on ly 11.0 m r e l a t i v e to the mean water l e v e l . 

The r e s t o f the r i v e r i s 13.0 m. deep. The Chézy f r i c t i o n f a c t o r 

f o r t h i s r i v e r i s 60 m^/s . 

The t i d e i s semid iurna l (pe r iod = 12^ 25"^) and i s assumed to 

be s i n u s o i d a l . The t i d e range i s 3 meters and the maximum c u r r e n t i s 

1.2 m/s. I t i s assumed t h a t t h i s t i d a l form is v a l i d f o r the e n t i r e 

r i v e r reach. The t i d a l i n fo rma t i on i s a lso shown i n f i g u r e 20 .7 . 
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Figure 20.7 EXAMPLE PROBLEM DATA 

As an a d d i t i o n a l l i m i t a t i o n , the sh ip must ma in ta in a minimum 

speed o f 5 k t . (9.26 km/hr) r e l a t i v e to the water . Her maximum speed 

i s 8 k t (14.82 km/h r ) . 

The s o l u t i o n begins by de termin ing the speed of the f l o o d t i d e 

wave through the channel . Using 20 .04 , 

e 1 t an -1 { i ^ i m ^ } (20.05) 
^ 6 / 60'^ 

- I f a n - l {1 .52 } (20-06) 

= 28 .33° . (20-07) 

Thus, from ( 2 0 . 0 3 ) : 

c = / ( 9 . 8 1 ) ( 1 3 ) ( 1 - tan^ 28.33°) (20.08) 

= 9 .51 m/s = 34.2 km/hr (20.09) 
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The de te rmina t ion o f the l o c a t i o n o f the sh ip a t any t ime can be 

accomplished by i n t e g r a t i n g the v e l o c i t y o f the sh ip w i t h respect to 

t ime . This can be most e a s i l y done by numerical i n t e g r a t i o n i n a t a b u l a r 

f o rm, as shown i n t ab l e 20 .3 . In t h i s t a b l e two i d e n t i c a l ships are 

cons idered , one moving a t a minimum and one a t maximum speed through the 

water . 

In t a b l e 2 0 . 3 , the sh ip v e l o c i t y w i t h respect to the ground i s 

i n t e g r a t e d w i t h t ime steps o f one hour. In order to determine the 

abso lu te v e l o c i t y o f the s h i p , the t i d a l c u r r e n t at the ship's location 

at the end o f each hour must be known. Since the h o r i z o n t a l and ver 

t i c a l t i d e s are known on ly a t the en t rance , the assumption i s made t h a t 

the t i d e wave propagates along the channel a t speed c and i s unchanged 

i n ampl i tude and form. (F igure 20.6 shows t h a t t h i s l a s t p a r t o f the 

assumption i s not always t r ue i n p r a c t i c e ) . The depth and cu r ren t at 

the sh ip can be obta ined from the t i d a l curves i n f i g u r e 20.7 by conver

t i n g the d is tance between the sh ip and the c res t o f the t i d e wave i n t o 

an equ i va len t t ime . Thus, the t ime l i s t e d i n the l e f t hand column o f 

the t ab l e i s an abso lu te t i m e , w h i l e the " t i d e t ime" l i s t e d i n the f i r s t 

column f o r each sh ip i s determined by t h i s d is tance between sh ip and t i d e 

wave c r e s t . Since a l l t i d e times are r e l a t e d to a s i n g l e high water c r e s t , 

the t imes can have values g rea te r than one t i d e p e r i o d . Obv ious ly , adding 

or s u b t r a c t i n g a m u l t i p l e o f the t i d e per iod to these t>mes would not 

a f f e c t the r e s u l t o f the computat ion. 

The f i r s t l i n e o f t ab l e 20.3 i s computed as f o l l o w s : 

The s t a r t t ime i s a r b i t r a r i l y chosen as zero . Since the water depth 

over the f i r s t shoal must be 11.5 m, t l ie corresponding t i d e l eve l must be 

+0 .5 . From f i g u r e 20.7 t h i s t i d e corresponds to a t i d e t ime o f 3.8 hours . 

At t h i s t i m e , the cu r ren t i s +1.2 m/s, from f i g . 20 .7 . The t ime i n t e r v a l 

between the t i d e t ime and High Water i s 6.21 - 3.8 = 2.41 h r s . w i t h a 

t i d e wave speed o f 34.2 km/hr , The t i d e wave c r e s t i s loca ted a t - 82.4 km 

a t the t ime the sh ip crosses the f i r s t shoa l . 

In each succeeding hour , the t i d e wave progresses 34.2 km. 

A t y p i c a l l i n e , f o r the t ime i n t e r v a l 16 -17 hrs goes as f o l l o w s : 

At t = 16 h r s , the sh ip i s a t 151.0 km and the t i d e c res t i s a t 464.8 . 

The t i d e phase in f i g u r e 20.7 i s then: 

464.8 - 151.0 ^ . , ^ 
' 2 • • • + 5.21 = 15.4 h r s . (20.10) 

En te r ing f i g u r e 20.7 w i t h a t ime o f 15.4 hrs y i e l d s a t i d e l eve l 

o f - 0 . 1 m and a cu r ren t o f + 1.0 m/s. The t i d e l eve l gives a depth o f 

12.9 m. The incremental d is tance f o r the sh ip i n one hour i s : 

(1 .0 m/s ) (3 .6 ) + 9.3 = 12.9 km. (20.11) 

r e s u l t i n g i n a d is tance a f t e r 17 hours o f 163.9 km. 

The r e s u l t s o f t ab le 20.3 can be v i s u a l i z e d more e a s i l y i n a graph 

o f p o s i t i o n versus t ime . In f i g u r e 2 0 . 8 , the p o s i t i o n s o f the ships and 

o f the t i d e wave c r e s t are shown, along w i t h the p o s i t i o n s o f the th ree 

shoa ls . The t ime i n t e r v a l s du r ing which the shoals can be crossed are 

a lso shown. 



TABLE 20.3 TABULATED INTEGRATION COMPUTATION 

Time Pos. o f SHIP MOVES 9.3 km/hr. 
H.W. Tide Tide Depth Cur ren t Ship Ship 

Time Level a t sh ip a t sh ip AX X 
(m) ( h r s ) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

(km) ( h r s ) (m) (m) (m/s) 

-82.4 3.8 +0.5 11.5 +1.2 

-48.2 4 .4 +0.9 13.9 +1.2 

-14 .0 5.0 

20.2 5.6 

4 .4 +0.9 13.9 

+1.2 14.2 +1 .1 

+1.4 14.4 +0.9 

54.4 6.2 +1.5 12.5 

88.6 6.9 +1.4 14.4 

122.8 7.6 +1.2 14.2 

157.0 8.3 +0.8 13.8 

191.2 9 .1 +0.2 13.2 

225.4 10.0 - 0 . 5 12.5 

10.8 259.6 

293.8 

328.0 12.5 

362.2 

396.4 

430.6 

464.8 

499.0 

1.0 12.0 

11.7 - 1 . 4 11.6 

1.5 11.5 

13.3 - 1 . 4 11.6 

14.0 - 1 . 1 11.9 

14.7 - 0 . 6 12.4 

15.4 - 0 . 1 12.9 

+0.7 

+0.3 

- 0 . 2 

- 0 . 6 

- 0 . 9 

- 1 . 1 

- 1 . 2 

- 1 . 0 

-0 .6 

- 0 . 2 

+0.3 

+0.7 

+1.0 

(km) (km) 

0.0 
13.6 

13.6 

13.3 

12.5 

11.8 

10.4 

8.6 

7 .1 

6 . 1 

5.3 

5.0 

5.7 

7.1 

8.6 

10.4 

11.8 

12.9 
16.0 +0.3 11.3 +1 .1 

Af>fx><-enL ^mJ/er^rs in U/s ^"^^ ^^^^^ Z " " " ' 

13.6 

27.2 

40.5 

53.0 

64.9 

75.2 

83.8 

91.0 

97.0 

102.4 

107.3 

113.0 

120.2 

128.8 

139.1 

151.0 

163.9 

Tide 
Time 
( h r s ) 

3.8 

4.2 

4.7 

5 .1 

5.6 

6.0 

6.5 

7.0 

7.6 

8.2 

SHIP MOVES 
Tide Depth 
Level a t sh ip 

(m) (m) 

+0.5 11.5 

+0.8 13.8 

+1 .1 14.1 

+1.3 12.3 

+1.4 14.4 

+1.5 14.5 

+1.5 14.5 

+1.4 14.4 

+1.2 14.2 

+0.8 13.8 

+0.4 11.4 

14.8 km/hr 
Cur rent Ship 
a t sh ip AX 

(m/s) (km) 

+1.2 

+1.2 

+1.2 

+1 .1 

+0.9 

+0.8 

+0.5 

+0.2 

- 0 . 2 

- 0 . 5 

19 .1 

19 .1 

19.1 

18.8 

18.0 

17.7 

16.6 

15.5 

14.1 

13.0 

Comments 

Ship 

(km) 
0.0 Both sh ips s t a r t when depth 

i s 11.5 m w i t h r i s i n g t i d e . 

19.1 

38.2 
Fast sh ip passes second shoal 

57.4 
7 5 . 1 ~ V s i o w sh ip passes second shoal 

94.2 

111.8 

128.4 

144.0 

158.0 

171.0 ^ast sh ip a r r i v e s j u s t too 
l a t e t o cross t h i r d s h o a l . 
Must w a i t . u n t i l next t i d e l 

Slow sh ip a r r i v e s a t t h i r d shoal j u s t too e a r l y t o cross 
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Several i n t e r e s t i n g conclusions can be drawn from f i g u r e 20 .8 : 

a. Botii s i i ips must w a i t f o r the second t i d e t o cross the t h i r d 

shoa l . The e x t r a speed o f the f a s t sh ip makes no d i f f e r e n c e 

t o the t ime needed to nav igate the f i r s t 170 km o f the es tua ry , 

b. The slow sh ip could avoid s topp ing a t a l l by de lay ing her de

par tu re a sho r t t ime . This would (approx imate ly ) move the curve 

f o r t h i s sh ip a b i t to the r i g h t i n f i g u r e 20 .8 . The second 

shoal would s t i l l be c leared on the f i r s t t i d e and the sh ip 

would a r r i v e l a t e enough a t the t h i r d shoal t o nav igate i t 

e a s i l y as w e l l . 

c. Dredging away the t h i r d shoal would be near l y as e f f e c t i v e 

as dredging out both the f i r s t and second shoals f o r impro

v ing the n a v i g a t i o n . 

d . Dredging on ly the ou te r bar would a l low the f a s t sh ip t o cross 

both the second and t h i r d shoals on the f i r s t t i d e . 

e. Dredging o f the second bar would not change the p i l o t s t r a t e g y 

f o r e i t h e r s h i p . 

The choice o f which shoals and bars to dredge and how deep t o make 

the channel through them i s a problem lend ing i t s e l f w e l l t o economic 

o p t i m i l i z a t i o n techniques as were o u t l i n e d i n chapter 13. The problem 

o f determin ing the optimum depth f o r a channel i s taken up i n d e t a i l i n 

chapter 5 of volume I I . 

20.7 Other T ida l E f f e c t s 

When the f r e s h water o f a r i v e r meets s a l t sea wa te r , the dens i t y 

d i f f e r e n c e s caused by v a r i a t i o n s i n s a l i n i t y cause a d d i t i o n a l c u r r e n t s . 

A l s o , the s a l i n i t y v a r i a t i o n s can a f f e c t the phys ica l chemist ry o f f i n e 

sediments. A l l o f these phenomona r e l a t e d to s a l i n i t y are d i scussed , t o 

ge ther , i n chapters 22 and 23. 
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2 1 . RIVER TIDE MEASUREMENTS E.W. B i j k e r 

21.1 I n t r o d u c t i o n 

One o f the most impor tan t b i t s o f data needed f o r survey ing work 

i n a t i d a l r i v e r i s a datum e l e v a t i o n . Measurements o f t i d e s , channel 

depths and t e r r a i n topography can a l l be r e l a t e d to t h i s datum. 

Such a datum i s e a s i l y determined from a coasta l t i d a l record 

from which a mean sea l eve l datum can be determined. Of course , t h i s 

datum can be t r a n s f e r r e d i n l and along a r i v e r by convent iona l d i f f e r e n 

t i a l l e v e l i n g techn iques , but such work can be t e d i o u s , e s p e c i a l l y i n 

ra the r inaccessable t r o p i c a l areas where, i t seems, an accurate datum 

i s most o f t e n l a c k i n g . 

An a l t e r n a t i v e methode f o r t r a n s f e r r i n g a datum l eve l i n l a n d a long 

a r i v e r i s descr ibed in the next sec t ions o f t h i s chapter . I t uses the 

r i v e r , i t s e l f , as a l e v e l . 

An impor tan t assumption i n t h i s whole chapter i s t h a t the f resh 

water f low i n the r i v e r may be neg lec ted . 

Fiqure 21.1 

RIVER PLAN 

21.2 Prec ise Problem Statement 

I t i s a s imple mat ter to determine a mean sea leve l (M.S .L . ) datum 

a t the r i v e r mouth (coas t ) from a t i d e reco rd . We can a lso e a s i l y measure 

water l eve l changes using a t i d e gauge some d is tance upstream from the 

r i v e r mouth (A i n f i g u r e 2 1 . 1 ) . Our problem i s one o f de te rmin ing the 

datum l eve l f o r t h i s second t i d e gauge located a t B i n t h a t f i g u r e . The 

t ime scales o f these two records agree. 

This problem r e a l l y reduces to de termin ing the t ime a t which the r i 

ver reach A-B has no sur face s lope . Then, the abso lu te l e v e l s o f the 

two t i d e records would be i d e n t i c a l . 

The h o r i z o n t a l t i d e a t C, midway .between* A and B i s a lso needed f o r 

t h i s problem s o l u t i o n . A l l o f t h i s data i s shown i n t a b l e 21 .1 and f i g u r e 

l u i u i i j r p u u j i c i . n,a I reacr i or r i v e r . 

21^3 A Simple Method o f S o l u t i o n 

The t i d a l motion i n the r i v e r reach i s governed by: 

3V 8V 
3X' I t " 

_3Z 

r h 
(21.01) 

where: 

C i s the chézy f r i c t i o n c o e f f i c i e n t , 

g i s the acce le ra t i on o f g r a v i t y , 

h i s the dep th , 

t i s t i m e . 

V i s the f l ow v e l o c i t y , 

X i s the coord ina te measured along the r i v e r , and 

z i s the abso lu te water sur face e l e v a t i o n . 

This equat ion i s the same as equat ion 20.02 i n the prev ious 

chapter . 
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TABLE 21.1 Tide and Current Data 

Re la t i ve 

Time Tide l eve l Tide l eve l Currei 
a t A a t B a t C 

(h r s ) (m) (m) (m/: 

0 +0.15 +0.99 -0 .10 

1 -0 .35 +0.69 -0.35 

2 -0 .75 +0.22 -0 .52 

3 -1 .00 -0.06 -0 .60 

4 -1 .00 -0 .21 -0 .57 

5 -0 .75 -0 .13 -0.45 

6 -0 .20 +0.15 -0 .24 

7 +0.30 +0.49 +0.10 

8 +0.72 +0.91 +0.38 

9 +0.95 +1.14 +0.50 

10 +0.98 +1.32 +0.50 

11 +0.80 +1.31 +0.37 

12 +0.37 +1.11 +0.07 

13 -0 .18 +0.77 -0 .25 

14 -0 .68 +0.39 -0 .44 

Fiqure 21.2 TIDE AND CURRENT DATA 
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I f the i n e r t i a terms on the l e f t i n equat ion 21.01 could be 

neg lec ted , then the water sur face slope would be zero a t the t ime 

o f s lack water . 

U n f o r t u n a t e l y , t h i s i s too s imp le . Since i n e r t i a i s i m p o r t a n t , the 

water w i l l cont inue f l ow ing u n t i l an adverse sur face slope has been 

generated. This means t h a t the water sur face s lope w i l l be zero 

some t i m e , A t , before s lack water . Making a f u r t h e r essen t i a l assump

t i o n t h a t the i n e r t i a i n f l uence a t high t i d e i s the same as a t low 

t i d e leads to a conclus ion t h a t : 

A t ^ = A t g (21 .02) 

In o ther words, a t some t i m e , A t ^ , before the f l o o d s lack and A t 
t e 

before the ebb s lack the abso lu te water l eve l s o f the two t i d e curves 

must be the same (They must cross when superimposed). 

The assumption s ta ted by equat ion 21.02 i s v a l i d i f there i s no 

f resh water f low i n the r i v e r . A r e l a t i v e l y l a rge r u n o f f f l ow can 

upset t h i s assumption very much. Probab ly , i n such a case, the improved 

method o u t l i n e d i n the f o l l o w i n g sec t i on w i l l y i e l d somewhat b e t t e r 

r e s u l t s . Even so , such a f low can d i s t u r b the r e s u l t s app rec iab l y . 

The problem i s so lved g r a p h i c a l l y by moving the curve o f the 

t i d e a t B v e r t i c a l l y over the t i d e curve a t A. Moving curve B v e r t i c a l l y 

over curve A w i l l increase one value of A t wh i l e decreasing the o t h e r . 

When the p o s i t i o n i s found y i e l d i n g equal values o f A t , the water l e v e l s 

a t A and B are equal and the a r b i t r a r y v e r t i c a l sca le a t B can be r e l a 

ted to the sca le a t A. The two t i d e cu rves , i n t h e i r proper r e l a t i v e 

p o s i t i o n s , are shown i n f i g u r e 21 .3 . 

Fiqure 21.3 ADJUSTED TIDE CURVES. 

In t h i s f i g u r e the t i d e curve a t A i s shown w i t h the s o l i d l i n e . 

The superimposed t i d e curve f o r po i n t B i s drawn as a dashed l i n e and 

times o f s lack water are the same as i n f i g u r e 21 .2 . The ac tua l values 

o f A t found are not impor tan t . What i s impor tan t i s t h a t the zero o f 

the a r b i t r a r y sca le used f o r the t i d e record a t B corresponds to - 0.53 m 

w i t h respect to M.S.L. Thus, the t i d e record a t B can be r e l a t e d t o 

M.S.L. by s u b t r a c t i n g 0.53 m from the given values t abu la ted i n t a b l e 

2 1 . 1 . 
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21.4 A Be t te r So lu t i on 

An essen t i a l assumption i n the s o l u t i o n j u s t presented was t h a t 

the two t ime i n t e r v a l s At.p and At^ were equal (eqn. 21 .02 ) . This assump

t i o n i s o f t e n i n v a l i d , e s p e c i a l l y when the cu r ren t curve a t po i n t C i n 

f i g u r e 21.1 i s a s y m e t r i c a l . 

The theory i s based, a g a i n , upon equat ion 21.01 which i s repeated 

here f o r convenience: 

For t i d a l problems: 

V | V « | V (21.03) 

This i s e s p e c i a l l y t r u e when the v e l o c i t y i s low near s lack 

water . A l s o , a t the t ime o f i n t e r e s t : 

11=0 (21.04) 

Thus, when we s u b s t i t u t e 21.04 and neg lec t the sma l le r a c c e l e r a t i o n 

i n equat ion 2 1 . 0 1 , i t becomes: 

i V ^ . ^ m (21.05) 

" ( fh 

The p a r t i a l d e r i v a t i v e can now be replaced by a t o t a l d e r i v a t i v e i n 

21.05: 

dV = - .g..V.l.yl (21.06) 
C2h 

The va r iab les can be separated: 

I n t e g r a t i o n y i e l d s : 

|Vlt = i i l (21.08) 

Equation 21.08 gives the r e l a t i o n s h i p between V and t near the t ime 

o f s lack water and when H = 0. Obv ious ly , i t g ives a r e l a t i o n s h i p f o r 

^ as w e l l . 

Since the water dep th , h , a t both po in ts A and B can be measured 

a t the t ime of l o c a l s lack wa te r , we need on ly to es t imate the Chézy 

f r i c t i o n f a c t o r i n o rder to work w i t h equat ion 21.08. A f t e r t h i s i s 

est imated a graph o f V t = constant = ~ - f o r a high t i d e s lack a t B 

and a low t i d e s lack a t A can be cons t ruc ted . These curves can then be 

placed on the measured v e l o c i t y curve at C such t h a t the o r i g i n s o f the 

v e l o c i t y axes are the same and the slopes o f the two curves are equal 

where they are tangent to each o ther ( o s c u l a t e ) . The V t curve 

from equat ion 21.08 i s moved h o r i z o n t a l l y along the t ime ax is i n 



108 

order to accomplish t h i s o s c u l a t i o n . The t ime on the h o r i z o n t a l 

sca le o f the cu r ren t curve corresponding to the p o i n t o f o s c u l a t i o n 

i s the t ime a t which = 0 and hence, the t i d e curves f o r A and B 

must c ross . 

This procedure i s demonstrated i n the f o l l o w i n g h y p o t h e t i c a l 

example. 

21.5 Example 

This improved method w i l l be app l ied to the same type o f r i v e r 

as shown i n f i g u r e 2 1 . 1 . This t i m e , however, the t i d a l data i s given 

i n t ab l e 21.2 and f i g u r e 21 .4 . Fur ther the Chezy c o e f f i c i e n t i s 

60 m V s . 

TABLE 21.2 TIDE AND CURRENT DATA 

Time Time l eve l 

a t A 

(h rs ) (m) 

0 +0.45 

1 0.00 

2 -0 .33 

3 -0 .67 

4 -0 .90 

5 -0 .98 

6 -0 .79 

7 -0 .30 

8 +0.40 

9 +0.83 

10 +1.00 

11 +0.87 

12 +0.60 

13 +0.25 

14 -0.15 

Re la t i ve Current 

Tide l eve l a t C 

a t B 

(m) (m/s) 

0.75 +0.21 

•*0.33 +0.07 

-0 .04 -0 .08 

-0 .35 -0 .21 

-0 .55 -0 .37 

-0 .62 -0 .50 

-0 .47 -0 .60 

-0 .15 -0 .62 

+0.35 -0 .20 

+0.75 +0.40 

+0.98 +0.50 

+1.05 +0.42 

+0.87 +0.32 

+0.55 +0.14 

+0.15 -0 .05 

The dep th , h, a t B du r i ng the high t i d e s lack i s 8 m and the depth 

a t A du r ing low t i d e s lack i s 7 m. Thus, f o r p o i n t A: 

eft = 1101^ . ^568 . , 3 , . „ „ 

and f o r B: 

c ! t l - ( 60 )^ (8 ) „ „ „ ^ 
^ " 9.81 2935 m ( 2 1 . 1 0 ) 

Curves o f equat ion 21.08 us ing the constants eva luated i n the 

two above equat ions are shown i n f i g u r e 21 .5 . 
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Figure 21.A TIDE AND CURRENT DATA 

Each o f the curves i n f i g u r e 21.5 i s then placed i n d i v i d u a l l y 

on the cu r ren t curve i n f i g u r e 21 .4 . The V-t curve i s moved horizontally 

along the cu r ren t curve t ime ax is u n t i l the two curves are j u s t tangent 

to each o ther a t one p o i n t ( o s c u l a t e ) . This p o i n t o f oscu la t i on i s p ro 

j e c t e d upward to the t i d e curve a t A. The same procedure w i t h the second 

V-t curve y i e l d s a second p o i n t on the t i d e curve at A. 

I f a l l o f the theory and assumptions were e x a c t l y c o r r e c t , then the 

t i d e curve a t B could be superimposed on the curve a t A such t h a t the two 

curves i n t e r s e c t e d a t the two po in ts j u s t determined. Genera l l y , t h i s w i l l 

not be p o s s i b l e ; we make a f i n a l adjustment by moving the t i d e curve a t B 

vertically such t h a t the t ime i n t e r v a l s between the ac tua l and t h e o r e t i c a l 

c ross ing po in ts are equa l . 

F igure 21.6 shows the cu r ren t curve w i t h the superimposed V-t curves. 

The oscu la t i ng po in t s are p ro j ec ted on t o the p rope r l y superimposed t i d e 

curves. The two equal t ime i n t e r v a l s are a lso shown. The datum f o r curve B 

tu rns out to be 0.21 m below M.S.L. 
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L.W, S L A C K : 

P O I N T A 

Fiqure 21.5 VELOCITY T I M E C U R V E S 

Figure 21.6 G R A P H I C A L S O L U T I O N 
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21.6 A Reexamination 

I t must be remembered t h a t even a t I t s bes t , the methods ou t 

l i n e d i n t h i s chapter give only approximate r e s u l t s . €ven so , these 

r e s u l t s are usua l l y o f s u f f i c i e n t q u a l i t y f o r a t l e a s t p r e l i m i n a r y 

surveys. 

The d is tance along the r i v e r between po in ts A and B i n f i g u r e 

21.1 can vary between a f ew ' k i l ome te rs and more than 100 k i l o m e t e r s . 

I t i s impo r tan t , however, t h a t the cu r ren t measurement s t a t i o n , C, 

be located midway between A and B. 

As the depth becomes sha l l ower , the importance o f the f r i c t i o n 

term i n equat ion 21.01 increases r e l a t i v e t o t h a t o f the i n e r t i a terms. 

When the r i v e r i s shal low enough, i n f a c t , the i n e r t i a i n f l uences can 

be neglected and the water sur face w i l l be h o r i z o n t a l e x a c t l y a t the 

moment o f s lack water . Thus, the v e r t i c a l and h o r i z o n t a l t i d e curves 

w i l l be pe r iod out o f phase. 

E f f e c t s o f dens i ty d i f f e r e n c e s i n es tua r ies are discussed next i n 

the f o l l o w i n g chapter . 
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E. Al lersma 

22^ _DENSITY CURRENTS IN RIVFR.S E-W. B i j k e r 

L.E. van Loo 

22.1 I n t r o d u c t i o n J . de Nekker 

The previous two chapters have considered t i d a l i n f l uences on 

r i v e r s w i t hou t regard to the f a c t t h a t the r i v e r water i s r e l a t i v e l y 

pure wh i l e the ocean water i s e s s e n t i a l l y s a l t y . The e f f e c t s o f these 

s a l i n i t y d i f f e rences between ocean and r i v e r water form the major 

sub jec t o f t h i s chapter . Chapter 23 w i l l consider the a d d i t i o n a l i n 

f luences on harbors located along r i v e r s . 

The approach used i n these chapters w i l l be pure ly p r a c t i c a l . 

Der i va t ions o f many o f the equat ions used can be found i n the l i t e r a 

tu re or o ther courses on theory o f dens i t y c u r r e n t s . 

22.2 S a l i n i t y Va r i a t i ons w i t h Tide 

S a l t water enters an estuary dur ing a r i s i n g t i d e unless there 

i s more than enough f resh water f low i n the r i v e r to complete ly f i l l 

the e n t i r e t i d a l pr ism dur ing the r i s i n g t i d e phase. Few r i v e r s have 

s u f f i c i e n t f low over the e n t i r e year to prevent the i n t r u s i o n o f s a l t 

water a t l eas t o c c a s i o n a l l y . Indeed, the oppos i te i s more o f t e n t r u e , 

there i s seldom s u f f i c i e n t f l ow to prevent the i n t r u s i o n o f s a l t wa te r . 

The s a l i n i t y a t some p o i n t i n a r i v e r can be expected to vary 

accord ing to the t i d e . A l s o , s ince the s a l t water comes from the sea, 

the maximum s a l i n i t y should be expected a t about the t ime o f the hiah 

t i d e s l a c k . This i s i l l u s t r a t e d i n t a b l e 22.1 and f i g u r e 22.1 f o r 

Rotterdam. The cu r ren t data i s the same as t h a t l i s t e d i n t a b l e 2 0 . 1 . 

Aga in , f l o o d cur ren ts are considered p o s i t i v e . 

IABkL2g_-.l T ida l Data f o r RotterH;,m 

Time Current Ri ver 

S a l i n i t y 
(h rs ) (m/s) ( ° / oo ) 

0 -0 .15 2.h8 

1 +0.08 2.47 
2 +0.60 2.83 
3 +0.75 3.64 
4 +0.44 5.08 
5 +0.07 7.25 
6 -0 .44 8.06 
7 -0 .73 7.16 
8 -1 .03 6.08 
9 -1 .05 4.90 

10 -0 .85 3.64 
11 -0 .52 2.65 
12 -0 .30 2.^*8 

Note: The symbol ° /oo denotes par ts per thousand. 
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In t h i s example, the s a l i n i t y maximum i s reached s h o r t l y a f t e r 

the high water s l a c k . The exp lana t ion f o r t h i s i s given in sec t i on 6 

o f t h i s chapter . 

Reca l l i ng from chapter 3 t h a t sea water has a s a l i n i t y o f about 

35 / o o , we see t h a t pure sea water never r e a l l y reaches Rotterdam. 

Mix ing has a l ready d ispersed the incoming sea water through the f resh 

r i v e r water forming a b rack ish m ix tu re . I f we were to measure s a l i n i 

t i e s a t a p o i n t nearer t o the sea, then we could expect t o f i n d h igher 

maximum s a l i n i t y va lues . Fur ther i n l a n d , the maximum s a l i n i t y becomes 

s t i l l lower. 

The degree o f mix ing i n an es tuary can be approx imate ly r e l a t e d 

to the r a t i o between the volume o f the t i d a l pr ism and the r i v e r f l o w . 

In t ab l e 2 2 , 2 , the mix ing parameter, M, i s : 

^ = —p~ (22.01) 

where: M i s the mix ing parameter. 

P i s the volume o f the t i d a l p r i sm , 

i s the f resh water r i v e r f l o w , and 

T' i s the t i d e p e r i o d . 

In each o f the sketches o f r i v e r p r o f i l e s , the sea i s assumed t o be 

t o the l e f t , ha l oc l i nes ( l i n e s o f constant s a l i n i t y ) are shown. 
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TABLE 22.2 River Mix ing C r i t e r i a 

M d e s c r i p t i o n sketch 

0 

Note: Sketches are not to sca l e . 

In each s k e t c h , s a l i n i t y increases toward the l e f t . 

A more fundamental approach to the problem used by Ippen and 

Harleman (1961) i n v e s t i g a t e s the mix ing process through use o f a dimen

s ion less s t r a t i f i c a t i o n number. This i s de f ined as: 

r a te o f energy d i s s i p a t i o n 
ra te o f p o t e n t i a l energy gain 

where t h i s i s done f o r a u n i t mass o f f l u i d . The energy d i s s i p a t i o n 

i n the numerator r e s u l t s from the damping o f the t i d a l wave i n the 

es tua ry ; the denomonator r e f l e c t s the p o t e n t i a l energy gain as water 

increases i n dens i t y ( s a l i n i t y ) moving downstream. 

Harleman and Abraham (1966) r e l a t e d the s t r a t i f i c a t i o n number u n i 

quely to a dimensionless es tuary number, de f ined by 

where: 

F i s the Froude number based upon the maximum f l o o d c u r r e n t 

v e l o c i t y a t the es tuary mouth. 

The es tuary number has the advantage over the s t r a t i f i c a t i o n number 

t h a t i t s parameters can be r a t h e r e a s i l y eva lua ted . In c o n t r a s t to the 

mix ing parameter, es tuary mix ing increases w i t h i nc reas ing es tuary 

number va lues . Well mixed es tua r i es have es tuary numbers g rea te r than 

about 0 .15 . 

Another independent problem r e l a t e d to es tua r ies i s the de te r 

minat ion o f the s a l i n i t y d i s t r i b u t i o n w i t h i n the es tua ry . Harleman 

and Abraham (1966) at tempted t h i s de te rm ina t ion using a one-dimensional 

t h e o r e t i c a l model f o r the s a l i n i t y d i s t r i b u t i o n i n an es tua ry . In t h e i r 

model; the x ax is extends p o s i t i v e l y upstream from the es tua ry entrance 
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aiïiong: the channel a x i s . In keeping w i t h a one-dimensional model, the 

s a l i n f l i y fs- assumed: to vary on ly as a f u n c t i o n o f t ime and p o s i t i o n 

along t h i s channel &xfs. Fu r t he r , they assume t h a t the s a l i n i t y d i s 

t r i b u t i o n i s determined by an e q u i l i b r i u m between inward d i f f u s i o n and 

outward convect ion w i t h the f resh water f l o w . ^ e e also Ippen page 581. 

Since the extreme s i t u a t i o n s o f s,a-lini;ty d i s t r i b u t i o n (maximum and 

miinf.mum! in i t rus ion) , occur a t moments o f s l ack wa te r (h igh water s lack 

and' low water s lack, , r e s p e c t i v e l y , we can examine these s i t u a t i o n s 

using a s i m p l i f i e d o rd ina ry d i f f e r e n t i a i equa t ion : 

^ r ^ - i ^ ^ ^ ^ ^ T ) (22.03) 

where: 

A i s the cross sec t i ona l area o f the channel a t po i n t x , 

S is . the s a l i n i t y a t the moment o f s lack wa te r , 

is . the f resh w a t e r ' f l o w v e l o c i t y , 

X i s the coord inate along the channel , and 

D i s the apparent d i spers ion c o e f f i c i e n t which inc ludes a l l 

mix ing e f f e c t s . 

When we f u r t h e r assume t h a t the cross sec t i ona l area o f the estuary 

i s independent o f x , A f a l l s out o f equat ion 22.03. I n t e g r a t i o n w i t h 

respect to x and s u b s t i t u t i o n o f the boundary c o n d i t i o n 

d S. 

Ss dx 
X = °» 

= 0 (22.04) 

X = CO 

y i e l d s : 

V , S ^ = D i ^ (22.05) 

To i n t e g r a t e t h i s f u r t h e r , an equat ion f o r D as a f u n c t i o n o f x 

i s needed. The f o l l o w i n g f u n c t i o n was assumed: 

D = ^ g (22.06) 

where: 

B i s the d is tance outs ide the es tuary a t which the s a l i n i t y reaches 

t h a t o f the ocean, and 

0^ i s the d i f f u s i o n c o e f f i c i e n t a t x = 0. 

A t X = - B , D = which i s not i n c o n s i s t e n t ; i n f i n i t e mix ing would be 

requ i red to ma in ta in a constant s a l i n i t y . 

S u b s t i t u t i n g 22.06 i n t o 22.05 and i n t e g r a t i n g y i e l d s : 

V„ (x + B)2 
In Sg + constant = Y^Q—Q (22.07) 

v^ i s negat ive i n agreement w i t h the s ign convent ion f o r x . 
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The constant i s eva luated using the d e f i n i t i o n o f B: 

= SQ = ocean s a l i n i t y ( 2 2 . 0 8 ) 

X = -B 

Thus, 2 2 . 0 7 becomes: 

( 2 2 . 0 9 ) 

S^ decreases w i t h i nc reas ing x , s ince i s nega t i ve . 

For a given e s t u a r y , the two unknows i n 2 2 . 0 9 , D̂^ and B, can be 

evaluated i l v a l u e s o f S^ are known - from measurements - a t two 

d i f f e r e n t l o c a t i o n s . I t i s sometimes even poss ib le to reduce 2 2 . 0 9 

f u r t h e r by i n c l u d i n g the dependence o f and B on V^. This has been 

done, f o r example, f o r the Chao Phya Estuary in Tha i l and . The r e s u l 

t i n g equat ion f o r the low water s lack i s : 

^s = SQ e x p [ - ( 1 8 ) ( 1 0 " 6 ) Q ^ x^ - 0 . 0 4 5 QJ;/2J ( 2 2 . 1 0 ) 

Equation 2 2 . 1 0 i s not d imension less. i s i n u n i t s o f m^/s and 

i s p o s i t i v e , x i s i n km. 

2 2 . 3 Densi ty - S a l i n i t y Re la t ionsh ip 

S a l i n i t y v a r i a t i o n s cause v a r i a t i o n s i n water d e n s i t y , j u s t as do 

temperature v a r i a t i o n s . The r e l a t i o n s h i p between water dens i t y and tem

perature and s a l i n i t y i s given i n chapter 3 . The i n f l u e n c e o f s a l i n i t y 

on dens i t y i s g rea te r than t h a t o f temperature , a t l e a s t over the range 

o f values normal ly encountered. 

Densi ty d i f f e r e n c e s w i t h i n bodies o f water w i l l be the independent 

v a r i a b l e f o r the r e s t o f our d i scuss ion . These d i f f e r e n c e s may r e s u l t 

f rom e i t h e r temperature or s a l i n i t y v a r i a t i o n s . While the cause o f the 

dens i ty d i f f e r e n c e s can be o f importance from a Lhermodynamic or p o l l u 

t i o n po in t o f v iew, i t i s unimportant f o r the mechanics o f the f l o w . 

The re fo re , l i t t l e f u r t h e r cons ide ra t i on w i l l be given to the cause o f 

the dens i t y v a r i a t i o n s , except i n c e r t a i n s p e c i f i c i ns tances . 

2 2 . 4 S t a t i c s o f S t r a t i f i e d Water Masses 

Two l i m i t i n g cases o f s t a t i c e q u i l i b r i u m between bodies o f water 

having d i f f e r e n t d e n s i t i e s can be cons idered , depending upon the o r i e n 

t a t i o n o f the separa t ing su r f ace . 

The s imp les t case has a h o r i z o n t a l i n t e r f a c e between the two l a y e r s . 

I f the upper l aye r i s less dense than the lower l aye r t h i s s t r a t i f i c a t i o n 

w i l l be i n e q u i l i b r i u m . In f a c t , such an i n t e r f a c e can remain s tab le even 

though both layers o f water are i n mot ion . This s t r a t i f i c a t i o n , caused 

e i t h e r by s a l i n i t y or temperature d i f f e r e n c e s i s found i n the oceans and 

i n a l l but the sha l lowest l akes . 

^ = exp 2 T ^ (>< + B )2 
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The second case has a v e r t i c a l i n t e r f a c e , and i s uns tab le . Such i n t e r 

faces do e x i s t , however; across the door o f a l o c k , f o r example. F igure 

22.2 shows the pressure d i s t r i b u t i o n on such a door. I f the r e s u l t a n t 

h o r i z o n t a l fo rce on the door i s ze ro , t hen : 

i Pl 9 ^1 = I P2 9 ^2 (22.11) 

where: 

g i s the a c c e l e r a t i o n o f g r a v i t y , 

h i s the dep th , 

p i s the mass dens i t y o f water, and 

the s u b s c r i p t s , 1 , 2 , r e f e r to the two water masses. 

When p2 > p p then 22.11 y i e l d s : 

^1 
(22.12) 

w h i l e the r e s u l t a n t ho r i zon ta l fo rce i s ze ro , f i g u r e 22.2 shows 

c l e a r l y t ha t the r e s u l t a n t moment on the door i s not zero . 

pressure diagram g ( p , + P2 
resultant 
pressure 

Figure 22.2 PRESSURES ON VERTICAL INTERFACE 

This form o f dens i t y s t r a t i f i c a t i o n a lso represents an i d e a l i 

za t i on of a phenomona i n nature when the s a l i n i t y i n a r i v e r a t the 

mouth of a harbor or t r i b u t a r y suddenly changes a t some t ime dur ing 

a t i d e c y c l e . This phenomona, i t s t h e o r y , and consequences w i l l be 

the sub jec t o f chapter 2 3 . 

2 2 . 5 I n t e r n a l Waves 

When a h o r i z o n t a l s t r a t i f i c a t i o n sur face e x i s t s w i t h i n a body 

o f water (case one o f the previous s e c t i o n ) , then waves can be 

generated a t t h i s i n t e r f a c e , j u s t as on the upper su r face . Indeed, the 

upper sur face of a body o f water i s a lso on i n t e r f a c e between two 



1 1 8 

f l u i d s - w a t e r and a i r . However, f o r i n t e r n a l waves on an i n t e r f a c e between 

water l a y e r s , the dens i ty o f the upper f l u i d i s n e a r l y the same as the 

dens i t y o f the lower f l u i d . The r e s u l t i n g low dens i t y d i f f e r e n c e w i l l 

have a s t rong i n f l uence on the phenomona i n v o l v e d , e s p e c i a l l y when 

these are compared to wind waves. 

I n t e r n a l waves can be caused by a d is tu rbance such as a s h i p , e a r t h 

quake or underwater l a n d s l i d e . They can a lso r e s u l t from shear forces a¬

long an i n t e r f a c e between two layers in r e l a t i v e mot ion . 

The c e l e r i t y o f a wave on an i n t e r f a c e i s given by: 

/ ( p 2 - P i ) g eie? 
c =V (22.13) 

^2^1 Pl^2 

where: 

c i s the wave speed, 

0 i s the laye r t h i c k n e s s , and 

subsc r ip t s 1 , 2 , r e f e r to the two l a y e r s . 

See f i g u r e 22 .3 , i n which the arrows show the d i r e c t i o n o f 

water movement. Equation 22.15 reduces to equat ion 5.05b when 

P^ = 0. 

Since i s near ly equal to i n equat ion 22 .13 , i t can be 

approximated by: 

y(p2 - P i )g ei92 
c . v _ ^ p ^ ~ (22.14) 

/ « g 0102 
c % / _ — _ (22.15) 

i n wh ich : 

P l 
s = ~ i s the r e l a t i v e dens i t y o f the water masses, 
and 

h i s the t o t a l depth = e-̂  + Gg-

These waves can be very h i g h , s ince the g r a v i t a t i o n a l i n f l uence on 

them i s s m a l l . They are accompanied by much smal le r negat ive waves 

on the water s u r f a c e , as shown i n f i g u r e 22 .3 . Indeed, as a f i r s t 

approx imat ion , the r a t i o o f sur face wave he igh t to i n t e r n a l wave 

he igh t i s equal to 6. 

These i n t e r n a l waves can absorb a cons iderab le energy from a 

sh ip causing the s o - c a l l e d "dead w a t e r " . This i s exp la ined v ia an 

example. 

A sh ip o f 4 m d r a f t s a i l s i n t o a s t r a t i f i e d harbor having a sur 

face laye r 3 m t h i c k o f r e l a t i v e l y f r esh water ( s a l i n i t y , S, = 5 ° /oo 

and tempera ture , t , = 2°C) above a deeper l aye r 7 m t h i c k w i t h 

S = 35 ° /oo and T = 4°C*, What i s the maximum.speed t h a t t h i s sh ip 

can a t t a i n ? 

This s t r a t i f i c a t i o n i s q u i t e common i n nor thern harbors du r i ng the 

sp r i ng snow-melt r u n o f f . 
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P i 

_2_ 

P2 

-7777- -7777- -777T -TTTT 

Figure 22.3 INTERNAL WAVE 

From tab le 3 .3 , chapter 3, 

a = 4.00 : = 1004.00 

^ 2 = 28-70 Pg = 1028.70 ^ 

Fu r the r , = 3 m, Bg = 7 m. Using (22 .13) ; 

- /T1028.7 - 1004) (9 .81) (3T(7T 
^ ' " •(1004)(7) + (1028 .7 ) (3 ) 

;(:22.16) 

(22.17) 

= 0.709 m/s = 1.38 k t . 

The on ly way the sh ip can move f a s t e r than t h i s wave i s to 

cu t through i t or c l imb over i t ; n e i t h e r i s very l i k e l y ! 

This dead water phenomona a lso played an impor tant r o l e in 

a naval b a t t l e near Copenhagen some cen tu r ies ago. In t h i s area the 

ra the r f resh B a l t i c Sea water f lows over more dense water from the 

Skagerrak. 

22.6 The " S t a t i c " S a l t Wedge 

A s a l t wedge occurs i n a f resh water r i v e r which discharges i n t o 

a s a l i n e sea. The sea water i n t rudes along the r i v e r bottom under the 

f resh discharge water . The leng th o f the i n t r u d i n g wedge i s determined 

by an e q u i l i b r i u m between the f r i c t i o n , T J , a long the i n t e r f a c e and 

the h o r i z o n t a l pressure g rad ien t r e s u l t i n g from i n c l i n a t i o n o f the 

i n t e r f a c e . When t h i s e q u i l i b r i u m i s s t r i c t l y s a t i s f i e d , the s a l t wedge 

w i l l be i n a s tab le p o s i t i o n w i t h the f resh water f l o w i n g seaward fon the 

sur face and spreading out i n a t h i n sur face l aye r a t sea. The leng th 

o f t h i s wedge i s o f g reat importance as w i l l be po in ted out i n more 

d e t a i l l a t e r i n t h i s chapter . 

S c h i j f and Schönfeld (1953) der ived an expression f o r the leng th 

o f such a wedge i n a p r i s m a t i c , h o r i z o n t a l , rec tangu la r channel d i s 

charging i n t o an i n f i n i t e , n o n - t i d a l sea. I f no mix ing occurs across 

the i n t e r f a c e , then t h e i r equat ion i s : 

I - 2h 
L w - f 7 

5 ? ^ 
8 T 

(22.18) 

W ^ 2 \ Vl - V2 
I (22.19) 

a n d : F = ^ (22.20) 
/6g h 
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i n whicii 

s the length o f the wedge, 

s the v e l o c i t y i n the r i v e r upstream from the wedge, 

s the v e l o c i t y i n the f resh water above the wedge, 

Vg i s the v e l o c i t y i n the s a l t wedge, and 

T J i s the f r i c t i o n s t ress along the i n t e r f a c e . 

This i s a l l shown i n f i g u r e 22 .4 . 

This expression i l l u s t r a t e s the i n f l uence o f water dep th , h , the 

r i v e r discharge v e l o c i t y , v^ , and the dens i t y d i f f e r e n c e s on the 

s a l t i n t r u s i o n . A reasonable value f o r f j i s i n the order o f 0 . 1 . 

Of course, i n the i d e a l i z e d e q u i l i b r i u m s t a t e , Vg = 0. This i s why 

no f r i c t i o n s t ress on the bottom i s shown i n f i g u r e 22 .4 . The data 

used to p l o t t h i s f i g u r e were: f j = 0 .08 ; h = 10. m; V = 0.2 m/s; 

and 6 = 0.0246, g i v i n g L = 2689 m. The f i g u r e i s drawn w i t h a d is 

Figure 22./. "STATIC" SALT WEDGE IN RIVER MOUTH (d i s to r t i on 1:100 

The word s t a t i c i s enclosed i n quo ta t i on marks s ince there i s , 

i n a rea l s i t u a t i o n , more a s t a t e o f dynamic e q u i l i b r i u m . Mix ing w i l l 

Lake place along the i n t e r f a c e between the water masses. S a l t and 

sea water w i l l be t ranspor ted along w i t h the r t v e r water back to the 

sea. This i s i n d i c a t e d i n f i g u r e 22.4 a t the v e r t i c a l dashed l i n e 

pa r t way along the wedge. Since the t o t a l net f l ow out the r i v e r must 

be equal to the f resh water r u n o f f : 

Qi= Qv. + Q,. (22.21) 

i n wh ich : i s the i n f l o w f low i n the wedge, 

i s the f resh water r i v e r f l o w , and 

Qj^is the net ou t f l ow through the cross s e c t i o n . 

C o n t i n u i t y o f s a l t must a lso be ma in ta ined . This imp l i es t h a t : 

^1^1 = % h (22.22) 

where Ŝ^ and Sg are the respec t i ve s a l i n i t i e s . 

I f one s u b s t i t u t e s d i f f e r e n t values o f V̂ , i n t o equat ion 22,1& 

( v i a 22.20) he w i l l f i n d t h a t L^ decreases as i nc reases ; indeed, 

F = 1 y i e l d s L^ = 0. Remembering t h a t i nc reas ing imp l ies a lso an 
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inc reas ing Q ,̂ we seem to d iscover a c o n t r a d i c t i o n w i t h the ru les o f 

thumb presented i n equat ion 22.01 and t ab l e 22 .2 . According to t h a t 

t a b l e , i nc reas ing should lead to a more s t r a t i f i e d es tua ry , and 

hence, a longer ins tead o f a sho r t e r s a l t tongue (wedge). This dilemma 

i s exp la ined by r e a l i z i n g t h a t a l l t i d a l i n f luences have been neglec

ted i n f o rmu la t i ng equat ion 22.18; t h u s , t h i s comparison i s i n v a l i d . 

In a rea l estuary the s a l t wedge i n t r u s i o n problem i s much more 

complex. The r i v e r f l o w , Q^, v a r i e s , t i d a l i n f l uences are p resen t , 

and the es tuary i s c e r t a i n l y not p r i s m a t i c . 

Genera l l y , the t i d a l i n f l uence i s most impor tan t - i t leads t o 

an incessant o s c i l l a t o r y motion o f the e n t i r e two - laye r system over an 

uneven bot tom. This mot ion , o f course, increases mix ing .across the 

i n t e r f a c e . Indeed, i n es tua r ies w i t h s t rong t i d a l i n f l uence and l i t t l e 

f resh water f low the s t r a t i f i c a t i o n can be e s s e n t i a l l y des t royed , 

lead ing to a we l l mixed es tua ry . The Western Schelde i s an example o f 

such an es tuary . At a given t ime and place there i s l i t t l e v e r t i c a l 

s a l i n i t y g rad i en t . In such an e s t u a r y , the average seaward t r a n s p o r t 

o f s a l t by the r i v e r f low i s an e q u i l i b r i u m w i t h t r a n s p o r t o f s a l t i n t o 

the estuary by d i f f u s i o n . 

The e f f e c t o f t h i s d i f f u s i o n (which i s always present to some 

ex ten t ) combined w i t h the momentum o f a poss ib le inward f l o w i n g s a l t 

tongue can delay the t ime o f maximum average s a l i n i t y a t a po i n t on a 

t i d a l r i v e r u n t i l a b i t l a t e r than the H.W. s l a c k , as observed w i t h the 

data from Rotterdam, f i g u r e 2 2 . 1 . 

As has a l ready been i n d i c a t e d , the t i d e s cause the s a l t tongue or 

the ha loc l i nes to move back and f o r t h i n the r i v e r as a f u n c t i o n o f 

the t i d e . The consequences o f t h i s presence and movement o f the s a l t 

tongue f o r the r i v e r and i t s surroundings are discussed i n the next 

s e c t i o n . 

22.7 S i l t a t i o n Problems 

The most d i r e c t consequence o f a s a l t tongue i n a r i v e r i s i t s 

e f f e c t on the s i l t a t i o n pa t t e rn o f the es tua ry . Obv ious ly , from f i g u r e 

2 2 . 4 , the c u r r e n t along the estuary bottom i s d r a s t i c a l l y changed by the 

presence o f the s a l t tongue. Upstream from the t i p o f the tongue, the 

v e l o c i t y along the bottom i s toward the sea, wh i l e w i t h i n the wedge 

there i s o f t e n a small v e l o c i t y i n t o the es tua ry . Since the bottom 

v e l o c i t y a t the t i p o f the tongue must be ze ro , i t can be expected 

t h a t mate r ia l w i l l be depos i ted t h e r e . In es tua r ies where there i s 

l i t t l e t i d a l i n f l uence and the p o s i t i o n o f the s a l t wedge remains 

r e l a t i v e l y s t a b l e , t h i s l oca l sed imentat ion can form a pronounced 

shoal i n the r i v e r . While the cause o f t h i s tongue has been a t t r i b u t e d 

to s a l t , above, t h i s phenomona can a lso be found i n an estuary having 

a dens i ty d i f f e r e n c e caused by o ther f a c t o r s such as thermal g r a d i e n t s . 

This phenomona m igh t , f o r example, a lso be observed i n the coo l i ng 

water d ischarge channel from a power s t a t i o n , even one loca ted on a 

f resh water l ake . 
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When the suspended sediment i n a r i v e r cons is ts o f c lay and the 

dens i ty tongue i s caused by s a l i n i t y d i f f e r e n c e s , then phys ica l chemi

cal processes can a lso s t r o n g l y i n f l uence the s i l t a t i o n pa t t e rn i n the 

es tuary . 

Suspended c lay in f resh water cons is ts o f f l a t o r needle - shaped 

p a r t i c l e s having a maximum dimension less than a few micrometers. Because 

o f t h e i r fo rm, la rge sur face area and the c r y s t a l s t r u c t u r e o f the c lay 

miinenals, these p a r t i c l e s are n e g a t i v e l y charged on the su r f ace . Since 

the p a r t i c l e s are so s m a l l , the e l e c t r o s t a t i c forces ra the r than the 

g r a v i t y forces con t ro l the behavior o f the c lay p a r t i c l e s , and work 

to keep the p a r t i c l e s separated and i n suspension. 

As the s a l i n i t y o f the water inc reases , the p o s i t i v e ions 

(Na''", Mg"*"""", Ca'*"''", e t c . ) present tend to n e u t r a l i z e the e l e c t r o s t a t i c 

f o r c e s , thus a l l ow ing the c lay p a r t i c l e s to f l o c c u l a t e , and s e t t l e . 

A s a l i n i t y o f about 3 ° /oo i s c r i t i c a l i n t h i s process. The phys ica l 

chemical in f luences are on ly impor tan t f o r s a l i n i t y v a r i a t i o n s below 

t h i s va lue . 

The f l o c c u l a t i o n caused by an increase i n water s a l i n i t y i s a t 

l e a s t p a r t i a l l y r e v e r s i b l e . When, l a t e r i n the t i d e c y c l e , the s a l i n i t y 

decreases, the f l oes o f c lay p a r t i c l e s exposed to the f resh water can 

"explode" d i spe rs ing the i n d i v i d u a l p a r t i c l e s once again i n suspension. 

This process can prov ide d i s t u r b i n g in f l uences on suspended sediment 

measurements i n areas where low, v a r i a b l e s a l t concent ra t ions can be 

found. 

An impression o f the magnitude o f t h i s i n f l uence on s i l t a t i o n can 

be gained by comparing the f a l l v e l o c i t y * o f c lay p a r t i c l e s i n f r esh 

water to the f a l l v e l o c i t y o f f l oes o f p a r t i c l e s i n s a l t water 

(S > 5 ° / o o ) . A l l e rsma, Hoekstra and B i j k e r (1967) repo r t t h a t the 

apparent r a t i o between these f a l l v e l o c i t i e s was more than 1 : 50. 

The q u a l i t y o f the mater ia l forming the r i v e r bed i n such an 

area i s not the same as the usual form o f compact c l a y . Indeed, the 

sediment which forms as a r e s u l t o f f l o c c u l a t i o n conta ins a la rge 

q u a n t i t y of water . The volume o f the sediment ( s o l i d p a r t i c l e s p lus 

water ) can be 5 to 10 times the volume o f the p a r t i c l e s . ( I n s o i l 

mechanics te rm ino logy , the vo id r a t i o can be as high as 10) . Ob

v i o u s l y , such a high volume o f water w i l l keep the sediment dens i t y 

low - usua l l y between 1100 and 1250 kg/m^. The ma te r ia l behaves as a 

viscous f l u i d w i t h a v i s c o s i t y o f i n the order o f 100 to 5000 t imes 

t h a t o f wa te r ; t h i s i s comparable to yoghur t (except f o r c o l o r l ) . 

This m a t e r i a l , o f t e n c a l l e d s l i n g mud, i s d i f f i c u l t to de tec t 

when making soundings. I t appears as a f a i n t r e f l e c t i o n on an echo

gram. The sediment i s so s o f t t h a t ships can o f t e n s a i l through i t . 

The conso l i da t i on process f o r such a s o f t s i l t i s very s low. Layers 

up to 2.5 m t h i c k remain f l u i d f o r several weeks - even i n a l abo ra 

t o r y s e t t l i n g tube . 

The f a l l v e l o c i t y i s the v e l o c i t y a t which sediment p a r t i c l e s drop 

through s t i l l water . 
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This s l i n g mud can be brought t n t o suspension once again when 

the cur ren t v e l o c i t y above i t reaches a c r i t i c a l value ranging be

tween 0.2 and 1.0 m/s. 

S l i ng mud w i l l be discussed again i n more d e t a i l i n chapter 27 

about the morphology o f mud coasts . 

The i n f l uence o f the s a l i n i t y on the suspended s i l t concen t ra t ion 

a t Rotterdam i s d'emonstrated i n f i g u r e 22 .5 . Data used to p l o t t h i s 

f i g u r e f o r Rotterdam is l i s t e d i n tab les 22.1 and 22 .3 . 

TABLE 22.3 Suspended Load At Rotterdam 

Figure 22.5 SUSPENDED LOAD AT ROTTERDAM 
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In the t ime i n t e r v a l between 5 and 7 hours the r e l a t i v e l y high 

s a l i n i t y causes the suspended sediment concen t ra t ion to decrease, even 

though the cu r ren t i s becoming s t ronge r . Between 8 i and 10 hours , the 

reverse i s t r u e ; decreasing s a l i n i t y increases the suspended sediment 

even though the v e l o c i t y i s becoming weaker. On the o the r hand, near 

0.6 hours and again a t 13 hours , the sediment concen t ra t ion minima are 

caused by the low cu r ren t v e l o c i t y . 

22.8 P o l l u t i o n Problems 

In a d d i t i o n to inc reas ing the s i l t a t i o n problems i n an e s t u a r y , 

dens i t y cur ren ts can a lso cause problems o f environmental p o l l u t i o n . 

The most obvious source o f environmental p o l l u t i o n i s the i n f i l 

t r a t i o n o f s a l t water i n t o the surrounding ground water along a r i v e r . 

The de le te r i ous e f f e c t s of water s a l i n i t y on the growth pa t te rns o f 

p lan ts have been we l l documented by a g r i c u l t u r a l s p e c i a l i s t s . The 

p r e d i c t i o n o f the s e v e r i t y o f s a l i n e p o l l u t i o n f o r a given l o c a t i o n 

i s a t o p i c o f study f o r s p e c i a l i s t s i n ground water hydro logy . 

Another , o f t en less obv ious , p o l l u t i o n problem can be caused 

by the presence o f thermal dens i t y c u r r e n t s . Marine l i f e such as 

s h e l l f i s h o f t e n i s unable to adapt to r a p i d l y va ry ing water tempera

tu res experienced when the edge o f a thermal plume d r i f t s over i t a t 

some time i n a t i d e c y c l e . Several la rge and e labora te model s tud ies 

have been conducted i n var ious l a b o r a t o r i e s , both i n the Uni ted States 

and the Netherlands to determine the ex ten t and s e v e r i t y o f thermal 

plumes from steam power s t a t i o n s to be loca ted along e s t u a r i e s . De

monst ra t ion t h a t the plume o f d ischarged coo l i ng water w i l l not harm 

the surrounding marine l i f e i s o f t e n requ i red before a c o n s t r u c t i o n 

permi t w i l l be granted. 

Techniques used to combat the de le te r i ous e f f e c t s o f dens i t y 

cu r ren ts are discussed i n the next s e c t i o n . 

22.9 Methods to Combat Densi ty Current In f luences i n Rivers 

There are r e l a t i v e l y few techniques which are economical f o r 

combating the i n t r u s i o n o f a s a l t tongue i n a r i v e r . Many more 

technique are a v a i l a b l e f o r more r e s t r i c t e d areas such as harbor 

basins and cana ls ; these w i l l be discussed i n the f o l l o w i n g chap te r . 

I t has been i n d i c a t e d v i a equat ions 22.18 through 22.2.0 t h a t 

the length o f the s a l t wedge can be reduced by decreasing the water -

depth and by i nc reas ing the f resh water f l o w . In the Nether lands , the 

discharge o f f resh water through the New Waterway has been increased 

as a r e s u l t o f the complet ion o f the nor thern pa r t o f the Del ta 

P ro jec t (Volkerak dam and l o c k s , and the H a r i n g v l i e t S l u i c e ) . In 

a d d i t i o n , the development o f the Europoort harbor area has e l i m i n a t e d 

the necess i ty f o r b r i n g i n g l a r g e , deep ships i n t o the New Waterway past 

the Europoort en t rance. In recent t imes , t h e r e f o r e , par ts o f the 

New Waterway i n Rotterdam have been p a r t i a l l y f i l l e d i n order to 

decrease t h e i r depth and d r i v e the s a l t water tongue back toward the 

sea to a g rea te r e x t e n t . 
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Thermal dens i ty cur ren ts can be combated by e i t h e r enhancing 

the mix ing o f the two water layers or s t i m u l a t i n g the heat t r a n s f e r 

process between layers or t o the atmosphere. 

Al though not too common i n use, mix ing can be enhanced, f o r 

example, by i nc reas ing the tu rbu lence i n the thermal d ischarge or 

a r t i f i c i a l l y generat ing an unstable s t r a t i f i c a t i o n . I nc reas ing d i s 

charge v e l o c i t y and cons t r uc t i on of a p i l e supported j e t t y i n f r o n t o f 

the discharge flume o f a power s t a t i o n have been suggested as means 

to increase mix ing by inc reas ing tu rbu lence . 

N a t u r a l l y unstable s t r a t i f i c a t i o n s are o f t en a r t i f i c i a l l y gene

ra ted when warm, low s a l i n i t y sewage i s discharged near the bottom 

o f the sea. As the l i g h t e r sewage r i ses through the sea water the 

r e s u l t i n g turbulence helps to d isperse i t . 

Obv ious ly , another s o l u t i o n to thermal p o l l u t i o n problems i s to 

re -coo l the discharge water before i t i s re leased. This may be accom

p l i shed by r e t e n t i o n in shal low pools or by c i r c u l a t i o n through a 

coo l i ng tower. Sometimes, s imply a long wide discharge channel can 

serve the purpose. The o b j e c t i v e i n a l l o f these s o l u t i o n s i s to 

t r a n s f e r the heat to the atmosphere. 
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23. DENSITY CURRENTS IN HARBORS J . de Nekker 

23.1 Tide Flow 1n Harbor 

In t h i s chapter the t i d e and dens i t y cu r ren t infTuences on. a 

harbor b u i l t along' a t i d a l r i v e r w i i l l be diis-cussed:., The TnifermaitJiiom 

presented i n t h i s s e c t i o n , however,, mM be oif gerreraT! use-, event fliir 

harbors loca ted along a coast f a r away fromi a r i ;ver ' ô r on' ani estuary/ 

w i t hou t f resh water r u n o f f . 

The cons t ruc t i on o f a harbor along a t i d a l r i v e r w,iiini ob.viiousTy 

increase the t i d a l pr ism o f the es tua ry . Usua l l y , un less there i s a 

very s i g n i f i c a n t and extens ive harbor development, the i n f l uence o f 

the a d d i t i o n a l harbor area on the t o t a l t i d a l pr ism w i l l not be enough 

to cause s i g n i f i c a n t changes i n the r i v e r i t s e l f . 

We have a l ready seen i n chapter 20 ( f i g u r e 20.5) how i n e r t i a e f f e c t s 

ma in ta in a f l o o d cu r ren t i n a r i v e r even a f t e r high water . For a ha rbo r , 

on the o ther hand, the i n e r t i a terms are much less impor tan t and the 

cu r ren t i n the harbor mouth w i l l be s lack j u s t a t the t ime o f h igh and 

low water . This i s t r ue when no dens i ty e f f e c t s are i n v o l v e d . Table 23 .1 

l i s t s the data used to p l o t f i g u r e 23.1 showing t h i s phenomona f o r the 

2e Petroleumhaven i n Rotterdam. (The dens i t y cu r ren t i n f l uences have been 

e l im ina ted from the data l i s t e d i n the t a b l e ) . Since the cur ren ts are so 

s m a l l , they are l i s t e d i n cent imeters per second. 

TABLE 23.1 HARBOR TIDE AT ROTTERDAM (2e Petroleumhaven) 

Time 

( h r s . ) 

Harbor 

Tide l eve l 

(m) 

River' 

Cur ren t 

(m/s): 

Harbor 

F i l i l i n g Current 

(om/s) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

-0.69 

-0 .50 

-0.03 

+0.52 

0.91 

1.04 

0.91 

0.61 

+0.25 

-0 .15 

-0.4.7 

-0 .58 

-0 .62 

-0 .15 

+0.08 

0.60 

0.75 

0.44 

+0.07 

-0 .44 

-0.73 

-1.03 

-1.05 

-0 .85 

-0 .52 

-0 .30 

0.9 

2.2 

3.2 

2.2 

1.1 

0 

-1 .5 

- 2 . 1 

-1 .6 

- 1 . 1 

-1 .5 

- 0 . 8 

0 
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Fiqure 23.1 HARBOR LEVEL AND CURRENT, 2^ Petroleumhaven, Rotterdam 

23.2 Densi ty Currents i n Harbors 

The dens i t y s t r a t i f i c a t i o n a t the mouth o f a harbor basin j u s t 

a f t e r the r i v e r s a l i n i t y has changed can be schematized by a v e r t i c a l 

i n t e r f a c e such as was shown i n f i g u r e 22.2 i n the previous chapter . As 

was a l ready po in ted o u t , t h e r e , t h i s c o n d i t i o n i s unstab le and leads 

to a cu r ren t pa t t e rn as i s shown i n f i g u r e 23 .2 . The f l ow o f the more 

dense l aye r can be compared to the f l ow o f water down a r i v e r v a l l e y 

j u s t a f t e r a dam has b u r s t . Such a p r o f i l e o f the i n t e r f a c e i s , t h e r e 

f o r e , sometimes c a l l e d a dry bed curve. The toe o f the dry t e d curve 

i s held back s l i g h t l y by the f r i c t i o n along the bo t t om. * 

Since the volume o f water i n the harbor remains constant - neglec

t i n g f i l l i n g or emptying - the harbor i n f l o w must equal the ou t f l ow 

caused by the dens i t y d i f f e r e n c e . Since the usual assumption i s 

t h a t the f l ow i n each d i r e c t i o n occurs over h a l f the dep th , then 

the two f low v e l o c i t i e s must be equal f o r a rec tangu la r channel . 

Compare to f i g u r e 22.4 i n which there i s no bottom f r i c t i o n . 
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Fiqure 23.2 DENSITY CURRENT FORCES AND MOTION 

T h e o r e t i c a l l y : 

MQ = 0.45 / 6 g T (23.01) 

i n wh ich : 

& i s the r e l a t i v e dens i t y (ch . 2 2 ) , 

g i s the acce le ra t i on o f g r a v i t y , 

h i s the water dep th , and 

VQ i s the v e l o c i t y i n the dry bed curve . 

In p r a c t i c e , the c o e f f i c i e n t , 0 .45 , i s a b i t too l a r g e ; a 

value somewhere between 0.3 and 0.4 u s u a l l y gives b e t t e r r e s u l t s . 

Equation 23.01 compares f a v o r a b l y , but not e x a c t l y , w i t h equat ion 

22.13 when 0^ = 6 2 = - ^ . 

Table 23.2 l i s t s r i v e r and harbor s a l i n i t i e s f o r Rotterdam as 

we l l as the measured dens i t y cu r ren t v e l o c i t y . The values o f & l i s t e d 

are computed from the s a l i n i t y data assuming t h a t both the r i v e r and 

the harbor are a t a un i fo rm temperature o f 16°C. The dens i t y c u r r e n t 

v e l o c i t i e s are given f o r the sur face c u r r e n t w i t h p o s i t i v e i n d i c a t i n g 

a f low i n t o the harbor . By symmetry, as al ready e x p l a i n e d , the f l ow 

i n the lower l aye r must be i n the oppos i te d i r e c t i o n w i t h the same 

speed. Some o f the data from t h i s t a b l e are p l o t t e d i n f i g u r e 23 .3 . 

We see from t a b l e 23.2 t h a t the magnitude o f the dens i t y cu r ren t 

v e l o c i t y more or less f o l l ows the value o f &. I f theory and p r a c t i c e 

always agreed, then there should be a p e r f e c t c o r r e l a t i o n between 

|V[j | and /& ( f rom equat ion 23 .01 ) . The c o r r e l a t i o n c o e f f i c i e n t f o r 

|Vp| aga ins t /s f o r the data i n t ab l e 23.2 i s on ly 0 .58 , however. This 

does no t make the theory look too good, but t h i s comparison s h a l l be 

re-examined i n sec t i on 23 .4 . 



129 

TABLE 23.2 SALINITY AND DENSITY CURRENTS AT ROTTERDAM 

Ri ver Harbor 6 
^D 

Time S S at sur face 

{hrs.) ( ° / oo ) ( ° / oo ) (cm/s) 

0 2.48 3.96 1.1W X 
-3 

10 3.0 

1 2.47 3.30 5.952 X 10-^ 4.0 

2 2.83 3.04 1.619 X 10-^ 1.2 

3 3.64 2.63 7.830 X lo-'* - 5 . 0 

4 5.08 3.01 1.600 X - 8 . 0 

5 7.25 3.91 2.567 X -10 .7 

6 8.06 5.23 2.180 X io"3 -10.3 

7 7.16 6.56 4.616 X 10-^ - 1 . 4 

8 6.08 6.69 4.679 X 10-^ +2.1 

9 4.90 6.37 1.128 X lO'S 2.5 

10 3.64 5.43 1.379 X io"3 2.5 

11 2.65 4.36 1.325 X io"3 2 .1 

12 2.4-8 3.82 1.039 X io"3 2 .1 

6 computed from s a l i n i t i e s a t T = 16^*0. us ing t ab l e 3 .3 . 

Figure 23.3 HARBOR SALINITY AND DENSITY CURRENT 
(2^ Petroleumhaven, Rotterdam ) 
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2 3 . 3 .Superposiiftion o f Current Components 

M ,a r e a l ;haiibor on a t i d a l r i v e r , the f l ow i n the :harbor 

'wnill ibe a superpos i t i on o f the f i l l i i n g f low and t h a t caused by the 

dens i t y cu r ren t . Fi-gure 2 3 . 4 sbows the i d e a l i z e d cu r ren t p r o f i l e s 

and t h e i r superpos i t i on f o r var ious times l i s t e d i n tab les 2 3 . 1 and 

2 3 . 2 . When IVQJ < V ^ , the presence o f a dens i ty cu r ren t component 

does ;not a f f e c t the t o t a l volume o f water e n t e r i n g the b a r b o r . Tb is 

i s demonstrated im fi^gure 2 3 . 4 by the v e l o c i t y p r o f i l e s f o r t ime 

equals 2 hours. The i m p l i c a t i o n o f t h i s observa t ion i s t h a t v e l o c i t y 

d i s t r i b u t i o n s can be superimposed wh i le the sediment t r a n s p o r t s 

cannot be simply added except when the sediment concen t ra t ion i s con

s t a n t over the e n t i r e depth . This d iscuss ion comes up again i n l a t e r 

sect ions o f t h i s chapter . 
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2.5 /..o 

Figure 23.A HARBOR ENTRANCE VELOCITY PROFILES 
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UhttT now, the assumption has been made t h a t the harbor had an 

i n f i n i t e l e n g t h . In the next s e c t i o n , we examine the extra- cond i t i ons 

imposed upon t h i s theory by the f i n i t e length o f a harbor . 

23>..4i CU'irrents im' F i n i t e : Warbors 

The d ry bedi curve o f a densi i ty tongue- rushingi intO' a harbor 

has: been: showni ini f i:gure: 23;..2-. Equa*i:on 23!.01 d'escribed i t s , veToc i t y . 

How; f a r does such a tongue penetrate- i n t o a harbor? 

Two cond i t ions , must be sa t i iS f ied f o r a densi;ty,' tongue to coni-

t imue progressi;n:g: in^ a harbor basin.: 

a. , i t must have somewhere to; go, and 

b. the d r i v i n g fo rce (dens i t y d i f f e r e n c e ) must s t i l l e x i s t . 

The f i r s t o f these i s dependent only upon the harbor-geometry wh i le 

the second c r i t e r i a depends upon the water a lone. In order to separate 

these cond i t i ons f o r d i 'scuss ion, l e t us f i r s t assume t h a t i n i t i a l l y 

a l l o f the water i n a harbor basin and the adjacent r i v e r has a dens i t y 

o f 1005 kg/m^. At some i n s t a n t , the dens i ty o f the water i n the r i v e r 

increases to 1015 kg/m^, and maintains t h a t value i n d e f i n i t e l y ; t h u s , 

the d r i v i n g fo rce ( i tem b, above) i s ma in ta ined . There i s no t i d e . 

The harbor has a rec tangu la r form and has depth h = 7 m and length 

L = 2500 m. (see f i g u r e 2 3 . 5 ) . 

PLAN 

7m 

Figure 23.5 PROGRESS OF DENSITY CURRENT IN HARBOR 
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Using 2 3 . 0 1 , we f i n d the dens i t y cu r ren t speed: 

(23.02) 

= 0.289 m/s (23.03) 

= 1042 m/h (23.04) 

With t h i s speed, the tongue progresses w i t hou t hinderance over 

the length o f the basin - 2500 m - a r r i v i n g a t the inne r end in 2 " ^ 

24 . The wave then r e f l e c t s from the inner end o f the ha rbo r , j u s t 

as does any o ther long wave, and propagates back toward the entrance 

at the same speed a r r i v i n g there 4^ 48'" a f t e r the cyc le s t a r t e d . The 

progress o f the tongue a f t e r each h a l f hour I n t e r v a l i s shown by the 

dashed l i nes i n f i g u r e 23 .5 . 

A f t e r 4 48 the tongue has re turned to the harbor en t rance. The 

harbor i s now f i l l e d w i t h more dense water - the same dens i t y as the 

r i v e r - and the process s tops , s ince there i s no longer a dens i t y 

d i f f e r e n c e across the harbor en t rance. 

What has happened to the less dense water t h a t was o r i g i n a l l y in 

the harbor? That water has spread over a la rge area o f the r i v e r i n a 

t h i n l a y e r , where wave ac t i on enhances i t s mix ing w i t h deeper water . 

This example a lso y i e l d s some a d d i t i o n a l i n s i g h t i n t o the data 

presented i n t ab l e 23.2 and f i g u r e 23 .3 . The average s a l i n i t y ( i f the 

dens i ty d i f f e r e n c e i s o f s a l i n e o r i g i n ) i n the harbor increases l i n e a r l y 

w i t h t ime dur ing 4^ 48"" i n the example above, but the dens i t y cu r ren t 

remains constant over t h i s t ime p e r i o d ; i t i s complete ly determined by the 

dens i ty d i f f e r e n c e at the harbor en t rance. Thus, the d i r e c t c o r r e l a t i o n 

between A and |Vp| i s r e a l l y i n c o r r e c t when & i s determined based upon 

average s a l i n i t i e s . 

The t ime requ i red f o r the dens i ty cu r ren t to en te r a harbor and ex

change the contents exp la ins the phase lag between the peak s a l i n i t i e s 

i n a r i v e r and i n an adjacent harbor - see f i g u r e 2 3 . 3 . Does a complete 

water exchange take place? Most l i k e l y , i t does i n t h i s case even though 

the maximum harbor s a l i n i t y i s less than t h a t i n the r i v e r . By the t ime 

the harbor exchange has taken p l a c e , the r i v e r s a l i n i t y i s no longer 

maximum. A d d i t i o n a l evidence t h a t a complete exchange takes place i s given 

by the abrupt change i n dens i t y cu r ren t v e l o c i t y i n f i g u r e 23.3 between 

61 and 7 hours. Since there i s no abrupt change i n s a l i n i t y a t t h a t t i m e , 

the v e l o c i t y decrease must be caused by removal o f the e f f e c t i v e d r i v i n g 

f o r c e . 

The second type o f problem, i n which there i s i n s u f f i c i e n t t ime f o r 

a complete exchange, is somewhat more complex. This i s i l l u s t r a t e d v i a the 

f o l l o w i n g example. 

This example i s e x a c t l y the same as the previous one i n t h a t the 

harbor i n i t i a l l y conta ins water having p = 1005 kg/m^ and the r i v e r ab

r u p t l y changes dens i t y from 1005 to 1015 kg/m^. This t ime however, t h i s 

h igher dens i t y w i l l be mainta ined i n the r i v e r f o r on ly l'^ 12"', a f t e r 

which the r i v e r dens i ty w i l l again become 1005 kg/m^. Indeed, the problem 

i s e x a c t l y l i k e the previous example i n a l l respects f o r the f i r s t 1^ 12"'. 

This i s shown i n f i g u r e 23 .6A. 
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harbor p = 1005 

I ^ J ^ 
\ 1 \ 

! I I 

- t = 0 

I 
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h=7 

A. In i t i a l progress 
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B. S i tuat ion a f te r l ' ' 12-" 

p=1005 J 
p = 1015 

P = 1005 '/ 

7///////i////n//////ii/iiii//niiiii;/iii//i//i/n/ii/i/ni/. 

C. S i tua t ion some t ime Later 

Figure 23.6 DENSITY CURRENTS IN HARBOR 

A f t e r 1 12™ the s i t u a t i o n w i l l be as shown i n f i g u r e 23.6B. The d r i 

v ing fo rce i s no longer p resen t . Momentum w i l l keep the s lug o f s a l t 

water moving f o r a t i m e , but o ther i n f l uences become impor tan t 

s ince t h " e ^ ^ s o f the s lug o f dense water are unstable.ADry bed curve 

w i l l develop a t th is end o f the 3.5 m t h i c k lower l a y e r causing the s lug 

o f water to spread out i n a t h i n n e r l aye r along the harbor bot tom. U l 

t i m a t e l y , o f course, t h i s t h i n l aye r could r e t r e a t e n t i r e l y to the deeper 

r i v e r . Q u a n t i t a t i v e eva lua t ions o f a l l these processes are beyond the 

scope of t h i s course and are not necessary f o r our main purpose - the 

de te rmina t ion of the q u a n t i t y o f s i l t which enters the harbor along 

w i t h the more dense water . An impression o f the form o f the i n t e r f a c e 

between the two water masses a t some l a t e r t ime i s shown i n 23.6C. 
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23.5 The P r a c t i c a l Problem 

The d iscuss ion j u s t presented holds t r u e on ly to the ex ten t t h a t 

I t s assumptions are s a t i s f i e d . A glance a t f i g u r e 23.3 i s s u f f i c i e n t t o 

see t h a t the assumption t h a t the r i v e r dens i t y changes ab rup t l y does 

not hold t r ue i n na tu re . Secondly, many harbors are not rec tangu la r i n 

form. A dependable t h e o r e t i c a l computation o f the. water exchange i n 

a harbor o f a r b i t r a r y shape on a given r i v e r i s extremely t ime consuming 

a t bes t . For t h i s reason, phys ica l model s tud ies are o f t en used; a s i g 

n i f i c a n t p o r t i o n o f the D e l f t Hydrau l ics Lab i s devoted to the modeling 

o f s a l i n e dens i t y c u r r e n t s . 

A second approach to the problem i s to develop a semi-emperical 

equat ion f o r the water exchange having c o e f f i c i e n t s based upon exper ience 

w i t h e x i s t i n g harbors . This equat ion can then be used to p r e d i c t the 

exchange t a k i n g place i r i a s i m i l a r harbor under the same c o n d i t i o n s . 

Such an approach has been taken a t the harbor o f Rotterdam. Using measure

ments made i n several o f the l a r g e r ha rbo rs , ( B o t l e k , 1 ^ , 2^ Petroleum-

haven, Europoor t ) i t was determined t h a t : 

= G A^ / f i ' h (23.05) 

in wh ich : 

Ap i s the cross sec t i ona l area o f the entrance i n m , 
1 

G i s a c o e f f i c i e n t having a value o f 8000 m^/ t ide per iod f o r these 

ha rbo rs , 

h i s the average depth o f the harbor i n meters , and 

6 ' i s the r e l a t i v e dens i t y de f ined as: 

P - D • 
max mm , „ „ 

6 ' = ~ . ^ (23.06) 
p 

i n which 

^min minimum r i v e r d e n s i t y , 

Pmpv i s the maximum r i v e r d e n s i t y , and 

p i s the average r i v e r dens i t y over one t i d e p e r i o d , and 

-Vjj i s i s the total water volume exchanged dur ing an entire t i d e 

p e r i o d , 

The method j u s t descr ibed depends upon having an e x i s t i n g harbor 

along the t i d a l r i v e r . Fu r t he r , the s i ze and geometry o f a p ro jec ted 

harbor i s not always comparable to t h a t o f an e x i s t i n g harbor . In such 

cases, the above scheme i s o f l i t t l e h e l p , s ince the c o e f f i c i e n t G can

not be determined. 

The dens i t y c u r r e n t can be o f major importance f o r harbor s i l t a t i o n 

r e s u l t i n g i n maintenance dredging cos ts . An es t imate o f the dens i t y cu r 

r e n t , t h e r e f o r e , can be o f v i t a l importance f o r f e a s a b i l i t y s t u d i e s . Even 

a crude computat ion can be h e l p f u l i n such cases. The f o l l o w i n g approach 

i s suggested i n an anonymous r e p o r t (1960) by the D e l f t Hydrau l ics Labo

r a t o r y . The expected accuracy o f the method i s i n the order o f + 50%. 

The anonymous au tho r ' s - i n f a c t Gersie and B i j k e r - a t t ack the 

problem by d e f i n i n g a c o e f f i c i e n t , a , which gives the r a t i o o f t o t a l 
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water exchange volume to harbor volume. Since there are two in f luences 

i n v o l v e d , f i l l i n g plus dens i ty c u r r e n t , a i s s p l i t i n t o two components: 

a = + ap (23.07) 

where: 

a i s the r a t i o o f water volume e n t e r i n g the harbor per t i d e to the 

harbor volume, 

a.p i s t h a t p o r t i o n caused by the f i l l i n g , and 

ap i s caused by the dens i t y i n f l u e n c e . 

a ^ can be evaluated by comparing the t i d a l pr ism o f the harbor to 

the t o t a l harbor volume. 

a . = ^ = ^ * (23.08) 
^ ' H h 

where: 

ÏÏ i s the average iharbor depth 

Ah i s the d i f fe rence 'be tween the high and low t i d e l e v e l s , 

4-^ i s the t o t a l harbor volume based upon depth F , and 

p i s the t i d a l pr ism o f the harbor bas in . , 

Up i s not independent o f the harbor f i l l i n g - see sec t i on 23.3 -

but i s dependent upon the f i l l i n g cu r ren t component as w e l l . 

where: 

Vp i s the dens i t y cu r ren t v e l o c i t y , 

V^ i s the f i l l i n g cu r ren t v e l o c i t y , 

L i s the length o f the ha rbor , and 

Tp i s the t ime i n t e r v a l over which the dens i t y d i f f e r e n c e 

Now some problems begin to appear I What dens i t y r a t i o , 6 , should be 

used to compute Vp? How i s Tp determined? What i s L f o r a complex 

harbor? 

S t a r t i n g w i t h t h i s l a s t q u e s t i o n , we are wo rk ing , i n f a c t , 

w i t h a schematized rec tangu la r harbor w i t h cross sec t i ona l area 

equal t o t h a t o f the ent rance. The length f o l l o w s from our schemat i 

z a t i o n , and i s usua l l y j u s t about the longest d is tance from the en

t rance t o an ex t rem i t y o f the harbor . A b i t o f exper ience i s very he lp 

f u l i n making t h i s schemat i za t ion . 

Tp i s the t ime dur ing which a dens i t y d i f f e r e n c e i s p resen t . I t i s 

r e l a t e d on ly to the dens i ty - t ime curve f o r the es tuary and i s not 

necessa r i l y d i r e c t l y r e l a t e d to the t i d e l e v e l . A l s o , Tp du r ing the 

t ime o f i nc reas ing harbor dens i t y may be d i f f e r e n t from t h a t f o r decrea

s ing d e n s i t y . 

* The second step i s v a l i d i f the s ides o f the harbor are v e r t i c a l 
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The most d i f f i c u l t quest ion i s one o f de termin ing the proper value 

o f VQ. The f o l l o w i n g approach i s suggested: 

a. Compute Vp based upon a 6 corresponding to the extreme values 

o f the schematized dens i t y i n the r i v e r us ing 2 3 . 0 1 . 

b. Using t h i s value o f VQ, compute a ^ j ^nJ tHen ô . 

c. I f a < 1 , then the maximum harbor dens i t y w i l l be less than the 

r i v e r maximum and our assumption i n step a i s v i o l a t e d . In t h a t 

case, repeat steps a and b using a new value o f & one h a l f as 

la rge as the o r i g i n a l one. 

In equat ion 23.09 the absolute value o f the f i l l i n g cu r ren t has been 

averaged over the t ime Tp. Note t h a t the absolute value has been taken 

before the average. The value o f V^ f o r use here i s determined from the 

v e r t i c a l t i d e i n the r i v e r . 

u _ '̂ H dh 

V - ïï^ ïït (23.10) 

where: 

i s the sur face area o f the harbor , and 

A^ i s the cross sec t iona l area o f the en t rance . 

A c t u a l l y , equat ion 23.09 does not t e l l the whole s t o r y . The 

f o l l o w i n g i n e q u a l i t y must a lso be s a t i s f i e d : 

" 4 " D i - ^ (23.11) 

Thus, the i n f l uence o f the dens i t y cu r ren t may not be nega t i ve ; i t 

may be zero . The upper l i m i t on a p i s imposed by the schemat iza t ion 

o f the dens i t y - t ime curve. 

The value o f a p can be cor rec ted f o r the f a c t t h a t the harbor 

has been schematized by m u l t i p l y i n g i t by the r a t i o o f sur face areas 

o f the schematized and actual ha rbo rs , r e s p e c t i v e l y . 

The volume o f water e n t e r i n g the harbor dur ing a complete t i d a l 

per iod can best be determined as the sum o f i t s components. 

The harbor f i l l i n g cu r ren t con t r i bu tes a volume o f water equal to ctf 

t imes the harbor volume. This same volume o f water f lows out when the 

water l eve l f a l l s . Dur ing the per iod t h a t the r i v e r dens i t y i s h i g h , 

a p t imes the harbor volume f lows i n t o the harbor . When the r i v e r den

s i t y i s low, a p * t imes the harbor volume f lows o u t . 

Both computat ional techniques o u t l i n e d i n t h i s sec t i on are i l l u s t r a 

ted i n sec t i on 23 .7 . 

23.6 Other Current In f luences 

The cu r ren t pa t t e rn i n a harbor mouth can be even more compl icated 

than has a l ready been descr ibed . The comp l i ca t ion can e x i s t i n the form 

o f an eddy r o t a t i n g about a v e r t i c a l ax is i n the harbor en t rance . Water 

exchange between the harbor and eddy on one s ide and between r i v e r and 

eddy on the o ther can increase the t r a n s p o r t o f s a l t and suspended s e d i 

ment i n t o the harbor . 

These two values o f a p are not genera l l y equa l . 
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When a harbor i s s m a l l , the dens i ty cu r ren t can usua l l y ca r ry out 

a complete water exchange ra the r q u i c k l y , but then stops t r a n s p o r t i n g 

s i l t laden water i n t o the harbor . The eddy, on the o ther hand, 

cont inues f u n c t i o n i n g exchanging sediment laden r i v e r water f o r 

c l ea re r harbor water . This cause can be the most impor tan t o f a l l 

th ree causes f o r the t r a n s p o r t o f sediment i n t o a small harbor . 

Eddies form at the entrance to l a r g e r harbor basins as w e l l . 

However, these tend to be e x c i t e d by the o ther cu r ren t components 

i n the harbor entrance ra the r than the r i v e r c u r r e n t . As such, 

they con t r i bu te l i t t l e to the supply o f sediment to the harbor . 

An at tempt w i l l be made i n the next sec t ions to q u a n t i f y the 

amount o f s i l t a t i o n to be expected i n a harbor . Before a t t a c k i n g 

t h a t , however, we should consider the e f f e c t s of the presence o f 

the harbor on sh ipp ing i n the r i v e r . 

I t takes l i t t l e imag ina t ion to r e a l i z e t h a t near the mouth 

o f a harbor , where edd ies , dens i t y c u r r e n t s , r i v e r cu r ren ts and 

harbor f i l l i n g cur ren ts are a l l competing w i t h one another , the 

cu r ren t pa t t e rn can be ra the r confused. Sma l l , shal low d r a f t ships 

w i l l only be concerned w i t h the sur face c u r r e n t s . Larger , deeper 

ships which penetra te the i n t e r f a c e between layers are sub jected to 

an even more complex pa t t e rn o f cu r ren t f o r c e s . Add to t h i s the 

dead water phenomona descr ibed i n the previous chap te r , and we should 

r e a l i z e e a s i l y the respect w i t h which harbor p i l o t s are usua l l y 

t r e a t e d . An enumeration o f the var ious ways var ious ships can reac t 

to var ious cu r ren t pa t te rns would be too voluminous to inc lude here. 

I t i s s u f f i c i e n t f o r our purpose to recognize t h a t such sh ip maneu

ver ing problems can and do occur and to have the sense t o ask a 

p i l o t ' s advice about any ex tens ive harbor changes. 

23.7 Harbor S i l t a t i o n 

The Same processes o f s i l t a t i o n descr ibed f o r a t i d a l r i v e r i n 

the previous chapter occur i n ad jacent harbors as w e l l . V a r i a t i o n s in 

s a l i n i t y cause f l o c u l a t i o n and rap id se t t lement o f f i n e ma te r i a l i n 

harbors j u s t as i n r i v e r s . In a d d i t i o n , however, the se t t lement o f 

ma te r ia l i n harbors proceeds even f a s t e r because o f the r e l a t i v e 

t r a n q u i l i t y o f the water i n the b a s i n . Obv ious ly , a l l o f the pheno

mona which cause water exchange between the harbor and r i v e r a lso 

increase the supply o f sediment to the harbor . 

The harbor s i l t a t i o n i s computed by m u l t i p l y i n g the volume 

o f water exchanged i n one t i d e cyc le i n the basin by the d i f f e r e n c e 

i n sediment concen t ra t ion between i n f l o w i n g and o u t f l o w i n g water . The 

r o l e o f each of the cu r ren t components w i l l be examined i n the f o l l o 

wing example. 

A harbor i s loca ted along a r i v e r i n which the average suspended 

sediment concen t ra t ion i s 77 mg/l ( t h i s agrees w i t h the data i n t a b l e 

2 2 . 3 ) . The harbor i s 2000 meters long and has a p r i s m a t i c cross sec t i on 

w i t h s ide slopes o f 1:4. The t i d e range i s 1.7 meters and the harbor 

depth at low water i s 13.5 meters. Figure 23.7 shows such a ha rbo r . 
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having a bottom v/idth of 400 m. Again using data from Rotterdam, the 

r i v e r has a maximum s a l i n i t y o f 8.06 ° /oo and a minimum s a l i n i t y of 

2.47 ° /oo ( t a b l e 22.1) With a water temperature o f 16°C and t a b l e 3 . 3 , 
3 

we f i n d t h a t the maximum dens i t y i n the r i v e r i s 1005.18 kg/m and the 

minimum dens i t y i s 1000.85 kg/m^, y i e l d i n g : 

= ^ ° ° 5 . 1 8 ^ J ^ ^ ^ _ 3 ^ ^ ^ Q - 3 (23.12) 

iOOm 

Cross sec t i on 

D is to r t i on 1:100 

-7777 7777 TTTT 

Long i tud ina l prof i le 

D i s to r t i on 1:100 

Figure 237 HARBOR EXAMPLE SKETCH 

The average water depth i n the harbor i s : 

h = 13.5 + ( • | ) (1 .7 ) = 14.35 m (23.13) 

Y i e l d i n g a top w id th o f : 

400 + (14 .35 ) (8 ) = 515 m (23.14) 
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The average f low area i n the entrance i s , then: 

= ( i ) ( 4 0 0 + 515)(14.35) = 6565 (23.15) 

The t i d a l p r i sm , P, of the harbor i s the volume o f water supp l ied per 

t i d e by the f i l l i n g c u r r e n t . 

P = (515) (2000) (1 .7 ) = 1.75 x 10^ m^ (23.16) 

Each l i t e r o f t h i s water ca r r i es 77 mg o f dry sediment i n t o the harbor . 

Probably not a l l o f t h i s ma te r ia l w i l l s e t t l e i n the l i m i t e d r e t e n t i o n 

t ime . The concen t ra t ion o f sediment i n d ischarged water can be est imated 

from labo ra to ry t es t s or from experience in s i m i l a r l oca l harbors . For 

t h i s problem, l e t us assume t h a t the discharge water from the harbor 

ca r r i es an average o f 10 mg/l o f dry s i l t . Thus, 67 mg/l i s r e ta i ned 

i n the harbor . 

The amount o f sediment t ranspor ted i n t o the harbor by the f i l l i n g 
it 

cu r ren t i s then (w i th un i t s convers ion ) : 

s^ = (1.75 X 10^) (67) (10"3) = 1.17 x 10^ k g / t i d e (23.17) 

The i n f l uence o f the dens i ty cu r ren t i s computed us ing equat ion 

23.05. The t o t a l volume o f water exchanged by the dens i t y cu r ren t 

dur ing a t i d e pe r iod i s : 

¥p = (8000) (6565) A(4.32 x 10-3) (14.35) (23.18) 

= 1.31 X 10'' m^/ t ide (23.19) 

Ha l f o f t h i s wa te r , 6.53 x 10 m / t i d e , e n t e r s along the harbor 

bottom w i t h the i n t r u d i n g s a l t tongue and b r i n g s : 

s „ = (6.53 X 10^ ) (67) (10-3 ) = 4.38 x 10^ k g / t i d e (23.20) 
^1 

sediment w i t h i t . 

The o ther h a l f o f the exchange water enters the harbor along the 

sur face as the s a l t tongue r e t r e a t s . Since the sur face water i n a 

r i v e r usua l l y conta ins less sediment, i t t r anspo r t s r e l a t i v e l y less 

sediment i n t o the harbor . For Rotterdam, i t i s assumed t h a t t h i s 

sur face cu r ren t t r anspo r t s on ly 20% o f the sediment found i n the 

o ther cur ren ts i n t o the harbor . Since t h i s ma te r ia l w i l l be f i n e r 

than the average o f a l l the m a t e r i a l , i t w i l l s e t t l e more s l ow l y . 

Thus, we can s t i l l assume t h a t 10 mg/ l leaves the harbor l a t e r . These 

cons idera t ions y i e l d : 

s^ = (6 .53 x 10^) [ ( 0 . 2 ) ( 7 7 ) - 10] (lO'^) (23.21) 
Ug 

= 3.53 X lo"* k g / t i d e (23.22) 

* Because the dens i t y cu r ren t component dominates the v e l o c i t y p r o f i l e , 

t h i s cu r ren t i s concentrated i n the lower l aye r o f the harbor . 
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The sedimentat ions are compared i n t ab l e 23 .3 . We see t h a t more than 

807o o f the harbor s i l t a t i o n i s caused by the dens i t y c u r r e n t . 

TABLE 23.3 HARBOR SEDIMENTATION SUMMARY 

Component Quanti t y Percent 

( k g / t i d e ) of t o t a l 

F i l l i n g Current 1.17 X 10^ 19.8 

S a l t I n f l ow 4.38 X 10^ 74.2 

S a l t Outf low 3.53 X 10^ 6.0 

Density Subtota l 4.73 X 10^ 80.2 

Grand Tota l 5.90 X 10^ 100 

A very p r a t i c a l quest ion remains f o r those respons ib le f o r the 

maintenance o f the harbor . How much shal lower w i l l the harbor become 

as a r e s u l t o f s i l t a t i o n over the course o f one year? This can be 

answered i f the dens i t y o f the dry sediment p a r t i c l e s and t h a t o f the 

i n s i t u sediment are known. Reasonable values f o r these are 2650 kg/m^ 

and 1200 kg/m^, r e s p e c t i v e l y . Then, i f v „ denotes the volume o f water 
3 

f i l l e d voids i n 1 m o f sediment , then : 

1200 = (2650){1 - Vy) + {1000){Vy) (23.23) 

from which v^ = 0 .88 . The re fo re , 1 m^ o f sediment conta ins 

(1 - 0 .88)(2650) = 318 kg (23.24) 

o f dry sediment p a r t i c l e s . 5.9 x 10^ kg o f sediment p a r t i c l e s occupies 

a volume o f : 

5.90 X 10^ 
- • 3 rg - ' ' " ' = m- (23.25) 

This volume o f sediment accumulates i n one t i d e p e r i o d . There a re : 

î Ŵii = 70S , ^ 3 . » , 

t i des per y e a r , so t h a t i n one y e a r , the accumulat ion o f sediment i n 

the harbor i s : 

(1855)(706) = 1.31 X 10^ m^/year! (23.27) 

This volume i s spread over the harbor bottom i n a l aye r which i s : 

1.31 X 10^ 1 

(2000)(4ÓÓT ^ (23.28) 

t h i c k . 

I t i s usua l l y not economical to dredge out a sediment l a y e r 

less than about 2.5 m t h i c k . In t h i s case the harbor could be dredged 

about once every IJ yea rs . 
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This l a s t f i g u r e dramatizes the importance o f the dens i ty c u r r e n t . 

I f the dens i ty cu r ren t could be e l im ina ted i n the harbor , then the 

i n t e r v a l between dredgings could be increased by about a f a c t o r 5 

(see tab le 23.3) or to about 11 yea rs . The economic savings invo lved 

are obv ious. 

As a check, the computations j u s t c a r r i e d out w i l l be repeated 

us ing the second technique o f sec t ion 23 .5 . 

â P can be computed from the data using 23.08: 

^ • ^^ ^ ^° 0.133 (23.29) 
" f " (6565)(2000) 

To compute we must f i r s t schematize the r i v e r s a l i n i t y curve. 

We can at tempt t h i s by schemat iz ing f i g u r e 23.3 f o r r i v e r s a l i n i t y as 

being S = 2.5 ° /oo from t = 0 to t = 3 hrs and from t = 10 to 

t = 12.4 h r s . From t = 4.5 to t = 7.5 hrs S i s assumed to be equal to 

7 .5° /oo . This y i e l d s TQ = 3 hrs f o r i nc reas ing harbor s a l i n i t y and 

TQ = 5.4 hrs f o r decreasing s a l i n i t y . (We assume t h a t no th ing happens 

dur ing the r e s t o f the t i d e p e r i o d ) . 

Since we are not aiming f o r high accuracy, values o f p f o r compu

t i n g Vp can be determined using equat ion 3 .22. Thus: 

^=IüürT%mW= 3 . 7 4 x 1 0 - 3 (23.30) 

This r e s u l t s i n a value o f from equat ion 23.01 w i t h improved coef

f i c i e n t o f : 

Vp = 0.35 / (3 .74 X 10 "3 ) (9 .81 ) (14 .35 ) (23.31) 

= 0.254 m/s (23.32) 

V7[ f o l l ows using 23.10 w i t h data from t a b l e 2 0 . 1 . 

Time |Ah| At 

i n t e r v a l 

(h rs ) (m) (h rs ) 

0-3 1.21 3 

10-12.4 0.22 2.4 

4 .5 -7 .5 0.55 3 

A l s o , from f i g u r e 2 3 . 7 , the area o f the harbor i s : 

A^ = (2000)(515) = 10.3 x 10^ m^ 

and 

A^ = 6565 m^ 
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Thus, using 23.10 f o r i n c r e a s i n g dfenrs f ty : 

= 28.8 m/hr = 8 x l O ' ^ m/s. (23.34) 

and f o r decreasing d e n s i t y : 

10.3 X 10^ „ 1.43 
l ^ f | - ~ - 6 5 6 5 ^ - X 4 ((23'.35.)) 

= 41.5 m/hr = 1.15 x l o ' ^ m/s, ((2^1.360) 

The, tv/o. v/aliues. o f a ^ ^ can now be cornpuitedi us.iinigi 2-3-.0a,, iim 

which L = 2000 m. For inc reas ing : dënsi'ty:: 

n - (0.254 - 8 X 10 '3 ) (3 ) (3600) „ 

" D - ^ (2)(2000) • (23.37) 

and f o r decreasing d e n s i t y : 

' D ° ^ ^ " - ' - i ^ ) a n " " ' g g i . i . „ , . 3 , 3 8 , 

Since one-'value o f i s somewhat less than 1 , our assumption about-

the s a l i n i t y ( d e n s i t y ) d i f f e r e n c e s i s too extreme. Fo l low ing the sug

ges t ion i n sec t ion 23 .5 , we can recompute Vp and op f o r a reduced 6 . 

Reducing & by 50% as suggested y i e l d s : 

Vp = 0.35 / (1.87/ X 10"3) (9 .81) (14T35y (23.39) 

= 0.180 m/s (23.40) 

Since V^ remains the same, we can proceed d i r e c t l y to the 

" " ' " f " " " "-D' 

For i nc reas ing s a l i n i t y : 

a - (0.180 - 8 X 10-3) (3) (3600) „ 

" D (2) (2000) (23 .41) 

and f o r decreasing s a l i n i t y : 

This seems reasonable. 

The t o t a l harbor volume, V^, i s : 

V^ = (6565)(2000) = 1.31 x 10^ m^ (23.43) 

Using the same s i l t concent ra t ions as p r e v i o u s l y , the s i l t 

t r a n s p o r t i n t o the harbor by the f i l l i n g cu r ren t i s : 

S f = ( 0 .133 ) (1 .31 X 10^ ) (67 ) (10 -3 ) = 1.17 x 10^ k g / t i d e (23.44) 
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The dens i ty cu r ren t dur ing inc reas ing s a l i n i t y t r a n s p o r t s : 

s = {o .464) (1 .31 X 10^ ) {67) {10"3 ) = 4.07 x 10^ k g / t i d e (23.45) 
'^1 

and f o r decreasing s a l i n i t y iusi;ng the lower sediment concen t ra t ion 

j u s t as w i t h the previous v e r s i o n : 

Sn = . ( 0 . M 9 ) ( 1 . 3 1 X 10^) [ (0 .2 ) (77 , ) - 10] ( lO^^ ) (23.46) 
U,g 

= 5.79 X 10^ ikg/t i 'de (23.47) 

These values a re compared i n t ab l e :23.'4,. 

TABLE 23.4 Mabor S i l t a t i o n Summary 

Component Quant i ty Percent 

( k g / t i d e ) o f t o t a l 

F i l l i n g Current 1.17 X 10^ 

4.07 X 10^ 

20.1 

S a l t i n f l o w 

1.17 X 10^ 

4.07 X 10^ 69.9 

S a l t ou t f l ow 5.79 X 10^ 10.0 

Density Subtota l 4.65 X 10^ 79.9 

Grand t o t a l 5.82 X 10^ 100.0 

The remaining problem o f de termin ing the amount o f s i l t a t i o n i s 

e x a c t l y the same as was p rev ious l y done and w i l l not be repeated here. 

The amazing agreement between the r e s u l t s of the two methods should 

be a t t r i b u t e d more to luck than to accuracy o f the method. 

Methods to e l i m i n a t e or reduce dens i t y cu r ren t i n f l uences i n a 

harbor are discussed i n the next s e c t i o n . 

23.8 Methods to Combat Density i n Harbors 

Since i t i s not necessary to pass a r u n o f f f low through a harbor 

entrance - i n c o n t r a s t to a r i v e r mouth, more techn ica l p o s s i b i l i t i e s 

are a v a i l a b l e to reduce the i n f l uence o f dens i t y c u r r e n t s . 

One o f the s imp les t methods to reduce the dens i t y cu r ren t water 

exchange i n a given harbor basin i s to narrow the ent rance. As was 

shown i n equat ion 23.05, the volume o f water exchanged i s d i r e c t l y 

p ropo r t i ona l to the entrance area, A^. Thus, reducing the entrance 

w id th should reduce the volume of exchanged water i n d i r e c t p r o p o r t i o n . 

In p r a c t i c e , such a narrowing w i l l not be q u i t e t h a t e f f e c t i v e . The 

i n t r u d i n g dens i t y cu r ren t stream w i l l spread i n both h o r i z o n t a l d i r e c 

t i ons i n the wider harbor b a s i n ; t h i s tends to increase the e f f e c t i v e 

d r i v i n g fo rce by i nc reas ing the s lope o f the i n t e r f a c e between 

the water masses. The dens i t y cu r ren t f l ow w i l l be g rea te r than 

might o therwise be expected. This e f f e c t i s d i f f i c u l t to q u a n t i f y , 

however. 

Another technique i s to i n s t a l l a s i n g l e se t o f doors a t the 

entrance t o the harbor . The harbor l eve l i s then mainta ined a t 

a constant leve l - even the f i l l i n g cu r ren t i s e l i m i n a t e d . The 

water l eve l i n the harbor remains cons tan t ; t h i s i s handy f o r 
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the cargo hand l ing ope ra t i ons . Does a dens i t y cu r ren t cause a water 

exchange? I t does not have t o . I f the doors are opened on ly once 

dur ing the t i d e cyc le and at the same t ime i n the cyc le when the 

water l eve l s are equa l , then the harbor water w i l l even tua l l y have 

the same dens i t y as the r i v e r water and no dredging problems w i l l 

be exper ienced. On the o ther hand t h i s means t h a t the doors are 

opened on ly once every t i d e per iod and i t may be unacceptable to 

fo rce the sh ipp ing to w a i t so long to pass through the ent rance. 

What would happen i f the doors were opened tw ice per t i d e 

cyc le w h i l e the water l eve l s were the same - once on a r i s i n g t i d e 

and once on a f a l l i n g t i d e ? There w i l l s t i l l be no f i l l i n g c u r r e n t , 

but there i s no guarantee t h a t the dens i t y i n the r i v e r w i l l be the 

same at both t imes. In general i t w i l l not be , and a dens i t y cu r ren t 

and water exchange w i l l take place dur ing the t ime t h a t the doors 

are open. Indeed, such a s o l u t i o n i s o f l i t t l e value except when 

very great t i d e leve l v a r i a t i o n s might make cargo hand l ing i n e f f i 

c i e n t i n an open b a s i n . 

I f the s i n g l e se t o f doors were replaced by a l o c k , then ships 

could en te r and leave the harbor a t any t ime i r r e s p e c t i v e o f the 

water l e v e l s . Each l ock ing opera t ion can be accompanied by a water 

exchange w i t h i n the l o c k , however. Since the lock i s r e l a t i v e l y 

s m a l l , t h i s exchange progresses ra the r r a p i d l y - 27 minutes f o r the 

la rge lock a t IJmuiden, f o r example. Special f a c i l i t i e s have been 

b u i l t a t IJmuiden to t r a p t h i s i n t r u d i n g s a l t water and r e t a i n i t 

f o r l a t e r d i s p o s a l . These spec ia l f a c i l i t i e s c o n s i s t o f a deep p i t 

j u s t i ns i de the lock connected v i a an equa l l y deep channel t o a 

s l u i c e . S a l t water coming th'ough the inner door opening of the lock 

f a l l s i n t o the p i t . L a t e r , dur ing low t i d e a t sea, t h i s s a l t water 

can be discharged through the s l u i c e . 

An a d d i t i o n a l device used a t IJmuiden to reduce the s a l t i n 

t r u s i o n i s an a i r bubble c u r t a i n . This i s a stream o f r i s i n g a i r 

bubbles re leased from a pe r fo ra ted submerged p i p e l i n e a t the end 

o f the lock near the door. The r i s i n g bubbles increase tu rbu lence 

and hence m ix ing . The mix ing reduces the d r i v i n g fo rce o f the den

s i t y tongue and reduces the i n t r u s i o n . 

Such a device could a lso have been used, o f course , i n combina

t i o n w i t h the s i n g l e set o f doors mentioned e a r l i e r . I t s use f o r a 

harbor entrance which i s always open i s not u s u a l l y economica l , be

cause o f power consumption o f the a i r compressors which d r i v e the 

system. 

Other more e x o t i c devices have been proposed from t ime to t ime 

to combat dens i t y cu r ren t i n t r u s i o n s i n t o harbors . For example,a 

device l ook ing l i k e a g i a n t brush w i t h v e r t i c a l bouyant rubber b r i s t 

les f i x e d to the bottom has been conceived. The b r i s t l e s bend i n order 

t o a l low a sh ip to pass. Many o ther s i m i l a r devices can be conceived 

using a b i t o f i n g e n u i t y . 
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23.9 Review 

Many r e l a t i o n s h i p s between phenomona which take place i n r i v e r s 

and harbors have been presented i n t h i s and the preceeding three 

chapters . I t i s i n s t r u c t i v e as review to gather together a l l o f the 

i n fo rma t ion presented on a s i n g l e graph sheet . This has been done 

i n f i g u r e 23 .8 . A l l o f the da ta , w i t h the except ion of the t i d e data 

f o r Hook o f Hol land has been presented e a r l i e r i n these chapters . The 

t i d a l data f o r Hook o f Hol land i s inc luded f o r completeness i n t a b l e 

23 .5 . 

TABLE 23.5 TIDAL DATA FOR HOOK OF HOLLAND 

Time Water Average 

leve l Current 

( h r s ) (m) (m/s) 

0 -0 .53 +0.13 

1 -0 .21 0.80 

2 +0.40 1.17 

3 0.80 1.43 

4 0.88 0.80 

5 0.67 +0.26 

6 +0.19 -0 .44 

7 -0 .25 -0 .94 

8 -0 .58 -1.16 

9 -0 .58 -1 .13 

10 -0 .63 -0.93 

11 -0.69 -0 .62 

1 9 
J . . - -0 .52 -0 .08 



KO 

• : T0 .15 

FiguFg 23.8 SUMMARY OF ALL DATA PRESENTED FOR ROTTERDAM 
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24 POLLUTION J . de Nekker 

W.W. Massie 

24 .1 De-ffiinriitiiOTTr 

RQ'TTuiHion! üs- d'efiirred: by A.F. SpiilHaus as; "any th ing animate 

or imanfi'ma.te' tha t , by i t s ; excess reduces the quaTüty o f l i v i n g " . 

This d e f i i i n i i t i w i s extremei'y gene ra l ; even overpopu la t ion can 

be seen as a-poTHiuti-oni prrob/liem'undfer t h i s d e f i n i t i o n . The- im

po r tan t word i n the' above" d e f i n i t i o n ! i s excess.. We o f ten ; f o r g e t 

that : many p o l l u t i n g ' substances occur and' are t ranspor ted n a t u r a l l y 

as; welil' as by man . 

A more r e s t r i c t e d d e f i n i t i o n ^ i s prov ided: by a repor t , to ; the 

Presi:dent and Congress by the U.S. N a t i o n a l Water Commission^, i n 

JUne, 1973: "Water i s p o l l u t e d i f i t is., not o f s u f f i c i e n t l y ; h i g h 

qua'l i i ty to be s u i t a b l e f o r the h ighes t use people wish to make o f 

i t a t present or i n the f u t u r e " . 

This d e f i n i t i o n f o r use w i t h regard to water q u a l i t y i s good 

i n t h a t i t a l lows f o r v a r i a t i o n s i n q u a l i t y dependent upon water 

use;. 

I t iis the purpose o f t h i s chapter to create an awareness o f 

m a r i n e ' p o l l u t i o n , problems. H o p e f u l l y , an emotional d iscuss ion o f 

t h i s t o p i c can'be avo ided. 

The degree to which disagreement can develop i s exemp l i f i ed 

by two opposing a r t i c l e s which appeared i n Civil Engineering -

Gould (1973) and Thomas (1974). Both quote f a c t u a l i n fo rma t ion 

and n e i t h e r , r e a l l y con t rad i c t s the o ther except on matters pure ly 

based upon o p i n i o n . 

24.2 P o l l u t i n g Ma te r ia l s 

The ma te r ia l s causing marine p o l l u t i o n can be grouped i n t o 

seven main ca tego r i es . These a re : human wastes, o i l , 

halogenated hydrocarbons, o ther organ ic m a t e r i a l s , heavy me ta l s , 

hea t , and r a d i o a c t i v e m a t e r i a l s . Each of these i s descr ibed a b i t 

be low.(Dredging spo i l ma te r ia l has been discussed separa te ly i n 

chapter 1 7 . ) . 

Human feca l waste i s o f t en f i r s t cons idered , s ince i t ra ises 

such a great a e s t h e t i c problem - people do not l i k e to see or smell 

i t . On the o ther hand, i t i s c e r t a i n l y a na tu ra l product and feca l 

wastes are a lso produced i n great q u a n t i t y by marine l i f e . Six m i l l i o n 

tons o f anchovies o f f the C a l i f o r n i a (U.S.A. ) coast produce as much 

feca l mate r ia l as 90 m i l l i o n peop le , accord ing to Bascom (1974-1) . 

Two aspects o f the d isposal o f f eca l wastes remain impo r tan t , how

e v e r : Fecal wastes can consume oxygen from the water and these wastes 

conta in b a c t e r i a . The oxygen demand can lower the dissolved oxygen 

l eve l below t h a t needed by marine l i f e . While most bac te r i a are k i l l e d 

soon by contact w i t h sea water ( w i t h i n h o u r s ) , i t i s not sure t h a t 

t h i s i s t rue f o r a l l t ypes , thus ep idemi log ica l problems can be con-

cei ved. 

* quoted by Bascom (1974-1) 
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O i l and petroleum products are perhaps the most c o n t r o v e r s i a l 

p o l l u t a n t s . The pub l i c reac t i on to o i l s p i l l s by ships i s usua l l y 

emotional and vehement. Shipping i s not the only source o f marine o i l 

p o l l u t i o n , however. Unknown q u a n t i t i e s of i t seep n a t u r a l l y i n t o the 

oceans. A repo r t compiled f o r the Connect icut (U.S.A. ) State L e g i s l a 

t u re concludes t h a t more than two t h i r d s o f the o i l d ischarged by 

man i n t o the seas comes from the crankcases o f automobi le engines and 

o i l sumps o f o ther machines.* This o i l causes no great problems, how

ever , s ince i t s ra te of i npu t i s low enough and i t i s s u f f i c i e n t l y 

d ispersed to be broken down by na tu ra l processes. 

O i l p o l l u t i o n from major s p i l l s i s usua l l y a l oca l and o f t e n tem

porary problem. The sho r t term b i o l o g i c a l and e s t h e t i c in f luences can 

be severe , but the p r e - e x i s t i n g na tu ra l s i t u a t i o n usua l l y res to res i t 

s e l f w i t h o u t the i n t e r v e n t i o n o f man w i t h i n a few yea rs . This i s not 

t r ue o f the next category o f p o l l u t a n t s . 

Halogenated hydrocarbons inc lude the most common organic pes

t i c i d e s . While a few o f these chemica ls , such as TEPP lose t h e i r l e t h a l 

p rope r t i es ra the r q u i c k l y , o thers such as DDT seem to be v i r t u a l l y unde-

s t r u c t a b l e i n na tu re . The process o f concen t ra t ion o f pes t i c i des i n 

c e r t a i n types o f marine l i f e i s r a the r we l l known. Because o f t h e i r i n -

d e s t r u c t a b i l i t y , d isposal o f these types o f ma te r i a l s should be e s p e c i a l 

l y c a r e f u l l y c o n t r o l l e d . 

The adverse e f f e c t s o f the discharge o f n u t r i e n t s i n t o r e s t r i c t e d 

bodies o f water such as lakes are we l l documented elsewhere. On the 

o ther hand, the e f f e c t o f such n u t r i e n t s on the ocean can be b e n e f i c i a l . 

According to I saacs , "The sea i s starved o f the basic p l a n t n u t r i e n t s , 

and i t i s a mystery to me why we should be concerned w i t h t h e i r thought 

f u l i n t r o d u c t i o n i n t o coasta l seas i n any q u a n t i t y t h a t man can gene

ra te i n the forseeable f u t u r e . " x^t 

With proper management, n u t r i e n t s may be success fu l l y disposed o f along 

the coas ts . A by-product o f t h i s d isposal would be the s t i m u l a t i o n o f 

marine l i f e and thus o f the f i s h l i f e dependent upon these p l a n t s . This 

a r t i f i c i a l n u t r i t i o n amounts to the s imu la t i on o f an upwe l l i ng res 

pons ib le f o r the prosHrous f i s h i n g i n d u s t r y i n c e r t a i n par ts o f the 

wor ld (Japan, f o r example). 

Since oxygen i s consumed i n the b iodegradat ion o f the n u t r i e n t 

m a t e r i a l s , t h e i r d ischarge must be managed i n such a way t h a t dissolved 

oxygen l e v e l s do not become too low to support f i s h l i f e . 

Heavy metals such as copper and z inc are n a t u r a l l y present i n sea 

water and i n bottom sediments. Low concent ra t ions o f c e r t a i n o f these 

elements are b e n e f i c i a l o r even essen t i a l f o r a number o f organisms. 

For example, copper i s an essen t i a l n u t r i t i o n a l element f o r c rabs. 

Marine sediments conta in much h igher concent ra t ions o f heavy metals 

than sea water (Table 2 4 . 1 ) . Heavy me ta l s , i o n i c l y bound to sediment 

p a r t i c l e s tend to go i n t o s o l u t i o n i n sea water as the i o n i c c o n s t i t u 

ents o f sea water i t s e l f d i s t u r b the phys ica l chemistry o f the sediment 

Reported i n Soientifie American, V o l . 228, no. 2 , Feb. 1973 page 48. 

' quoted i n Bascom (1974-1) 
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p a r t i c l e s - see sec t i on 7 o f chapter 22. Table 24.1 compares heavy metal 

concent ra t ions i n sediments and sea water . Heavy metals a lso enter the 

sea from the atmosphere. Forest f i r e s , f o r example, add me ta l i c oxides 

to the atmosphere which deposi ts them over the whole wo r l d . 

Jus t as w i t h discharges o f many p e s t i c i d e s , the i n f l uence o f heavy 

metal discharges i s cumula t ive . The i n d i s c r i m i n a t e a d d i t i o n o f heavy 

metals to the sea should be avoided. An example of the cumulat ive ac

t i o n as i n f l uenced by man i s shown i n f i g u r e 2 4 . 1 , which shows the 

lead concent ra t ion i n layers of sediment i n the ocean near Long Beach, 

C a l i f o r n i a , U.S.A. The sharp r i s e i n concen t ra t ion i n recent years i s 

a t t r i b u t e d t o a i rborne lead from automot ive emiss ions. 

TABLE 24.1 Concentrat ions o f Heavy Metals i n sea water and sediments. 

Concentrat ions i n par ts per m i l l i o n a t s ta ted l oca t i ons 

Sea water Ocean Sed. Europoort Bot lek Waalhaven Rhine 

Average C a l i f o r n i a to to Ri ver 

upper 10 Emshaven Rijnhaven S i l t 

cro , s i l t s i l t s i l t 

Cadmi um I x i o " ^ 0.3 2.7 19. 36. 45. 

Chromium 4.5x10^^ 42. 185. 435. 870. 1240. 

Cobal t 4x10"^ 7. 

Copper 3x l0 "3 16. 55. 250. 450. 600. 

Lead 3x10 '^ 8. 96. 304. 545. 800. 

Manganese l .Bx lO^^ 290. 

Mercury 2 x l 0 " ^ 0.04 

Ni ckel 6.6xlO"3 13. 

Si 1 ver 3 x l 0 " * 1 . 

Z inc 0 .01 32. 350. 1300. 2150. 2900. 

Data f rom: Bascom (1974-1 ) , and 

de Nekker & I n ' t Veld (1975) 

c 1972 
I960 

4, g 190) 

1 I" 1900 

1800 J. 

0 1 

4 -

1 
O 8 -

12 • 
ll 
•a 16 . 

20-
3 20 1,0 60 
lead concentration (ppm) 

Figure 2A.1 LEAD CONCENTRATION 
IN SEDIMENT BASCOM (197A-1 ] 
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Thermal discharges may be e i t h e r warmer (power s t a t i o n coo l i ng 

water ) or coo ler ( l i q u i f i e d na tu ra l gas convers ion) than the surrounding 

water. Most marine l i f e can adapt t o the mod i f ied thermal c l imate near 

such a heat source or s i n k , but are o f t e n k i l l e d e i t h e r mechanica l ly or 

as a r e s u l t o f abrupt temperature and pressure changes as they are drawn 

through the p l a n t . Heat discharged i n t o the oceans i s on ly o f l o c a l b i o 

l o g i c a l s i g n i f i c a n c e . I t might w e l l be combined i n the f u t u r e w i t h the 

d ischarge o f n u t r i e n t s to s t i m u l a t e marine l i f e f o r the b e n e f i t o f man. 

Radioact ive wastes form the seventh category o f p o l l u t a n t s . Since 

water forms r e l a t i v e l y good s h i e l d i n g r a d i o a c t i v e moderator , d i sposa l 

o f such wastes a t sea can seem a t t r a c t i v e . The d i r e c t danger to marine 

l i f e i s less than t h a t t o man because marine l i f e can t o l e r a t e a l a r g e r 

r a d i a t i o n dose before i t becomes f a t a l - van Staveren (1974). Such a 

reasoning can be dangerous, however, s ince man can conceivably i nges t 

a f a t a l dose o f rad io poisons from seemingly heal thy f i s h . 

24.3 Contro l Measures 

The most common con t ro l measures are lega l sanct ions app l ied 

aga ins t those who cause p o l l u t i o n . S t a r b i r d (1972) descr ibes the 

success poss ib le w i t h a r i v e r . When r i v e r s cross i n t e r n a t i o n a l 

boundar ies , t h e i r cleanup can on ly be accomplished by a l l o f the 

border ing nat ions work ing toge ther . The attempts to c lean up the 

Rhine exemplefy the f r u s t r a t i o n s ; the B r i t i s h have had much more 

success w i t h the Thames. 

Legal r e s t r i c t i o n s must be r e a l i s t i c , however. P o l l u t i o n r e 

duc t ion l eve l s must be a t t a i n a b l e and cons i s ten t w i t h o ther s t a n 

dards. Bascom (1974-2) po in ts out an example o f u n r e a l i s t i c res 

t r i c t i o n . " I n Los Angeles ( U . S . A . ) , the l eve l o f ' p o l l u t a n t s ' , such 

as a rsen ic and copper, i n munic ipal d r i n k i n g water i s h igher than 

can be l e g a l l y discharged i n t o the ocean. " This i s an example o f 

a Hi m l nii<; 1 u <;tv-nnn voc + i-i r+l nn 

On a more humorous l e v e l , a common joke i n yacht c lubs i n the 

U.S. i n the e a r l y sevent ies was t h a t a n t i - p o l l u t i o n laws were beco

ming so s t r i c t t h a t d iapers would soon be requ i red on s e a g u l l s . 

24.4 Proposed Disposal Systems 

I t has a l ready been a l l uded t h a t the oceans can be an idea l 

d isposa l p lace f o r some wastes. The most promis ing are heat and 

n u t r i e n t s which could be harnessed i n the sea to increase food 

p roduc t ion v ia f i s h fa rming . 

Whether o r not o ther wastes are dumped i n t o the oceans, they 

must be disposed o f i n some way. Some people propose d isposa l o f the 

more undes i rab le wastes by dumping i n the deep sea. The consequences 

o f such ac t ions deserve ca re fu l s tudy ; unexpected th ings can happen as 

i s repor ted by Jannasch and Wiersen, c i t e d i n Scientific American 

(1973) . I t appears t h a t biochemical decay processes are g r e a t l y r e 

tarded by pressure . Thus, "s ince na tu ra l r e - c y c l i n g processes are 

near l y a t a stand s t i l l i n deep wa te r , these areas are no t appro

p r i a t e dumping grounds f o r organ ic was tes" . 
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The above quo ta t i on i s i n con t ras t w i t h the proposal o f Bos-

trom and S h e r i f , a lso repor ted i n Scientific American (1972). They 

propose compacting and then d ispos ing o f a l l so r t s o f wastes i n ocean 

regiions c a l l e d subduct ion s i nks . At these l o c a t i o n s - u s u a l l y deep 

ocean trenches - .crust m a t e r i a l i s being drawn down t o the e a r t h ' s 

mant le . They imd ica te t h a t a l l o f man's wastes amount to less than 

1/250 o f the volume o f mate r ia l drawn i n t o the mant le . They admit 

t h a t there are several d e t a i l s y e t to be worked o u t f o r t h i s p l a n , 

however. 

One o f the more impor tan t o f these problems i s t h a t t h i s la rge 

volume o f ma te r ia l i s drawn downward over a la rge area a t a very low 

ra te - m i l l i m e t e r s per decade. Thus, any u n i t o f waste ma te r ia l 

deposi ted i n one o f these subduct ion s inks w i l l remain exposed f o r 

such a long t ime t h a t containment of the waste remains a se r ious 

problem. 
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25. Beach P r o f i l e L.E. van Loo 

25.1 I n t r o d u c t i o n 

The cross sec t i ona l form o f a beach ( p r o f i l e ) i s s t r o n n l y i n 

f luenced by the wave ac t i on along the coast . More f a c t o r s help to 

determine the actua l form o f the p r o f i l e . These f a c t o r s i nc l ude : 

ma te r ia l p rope r t i es such as d e n s i t y , and e ros ion r e s i s t a n c e , 

p a r t i c l e s ize and shape, 

wave and cu r ren t c o n d i t i o n s , and 

coasta l geography and bathymetry. 

By popular d e f i n i t i o n , a beach can r e f e r t o an e n t i r e coasta l 

area having a bottom c o n s i s t i n g o f p a r t i c l e s ranging i n s ize from 

sand to g r a v e l . The techn i ca l d e f i n i t i o n i s a b i t more s t r i n g e n t ; 

a beach extends f rom. the coast outward to the normal low t i d e l e v e l , 

as shown i n the sketch i n f i g u r e 2 5 . 1 . This sketch shows a t y p i c a l 

p r o f i l e f o r a sandy beach. In t h i s f i g u r e , the beach i s subdiv ided 

i n t o a backshoreand a fo reshore . The boundary between these zones 

i s a t the c r e s t o f the berm - the po in t o f maximum wave run-up under 

normal wave c o n d i t i o n s . The wave run-up reaches the boundary between 

beach and coast on ly dur ing the more severe s torms. 

The s u r f or breaker zone extends from the p o i n t where waves 

f i r s t break t o the po in t o f maximum wave run-up , A bar i s usua l l y 

formed near the outer edge of the breaker zone. 

The average beach slope i s l a r g e l y dependent upon the g ra in 

form and s i ze o f the beach m a t e r i a l . Coarse, i r r e g u l a r l y shaped par

t i c l e s form the steepest s lopes . Gravel or sh ing le beaches can be 

s tab le w i t h a slope as high as 1:4 ( v e r t i c a l : h o r i z o n t a l ) . Sandy 

beaches u s u a l l y have slopes ranging between 1:25 and 1:150, S i l t and 

mud shores are usua l l y even f l a t t e r having slopes as low as 1:5000, 

Since mud shores e x h i b i t some spec ia l c h a r a c t e r i s t i c s , they are 

H i < : r i | c ; c ; p H Q f a n s v ^ a f o l \ / - in / - h a n + ov . . -.4-4-.%«4-.; 11 j _ t.. 
_ ^^j^^.^^^.j , , , , u I . , l u i i w i l l r c M i d i i i un bdi iuy 
beaches i n t h i s chapter . 

In the next sec t ions we discuss f i r s t the dynamic e q u i l i b r i u m 

o f a beach under normal wave c o n d i t i o n s , and l a t e r , the e f f e c t o f 

storms on t h i s e q u i l i b r i u m . 

25.2 Beach Dynamic E q u i l i b r i u m 

During " o r d i n a r y " weather cond i t i ons (no storm waves) a beach 

i s i n a s t a t e o f dynamic e q u i l i b r i u m . Considerable q u a n t i t i e s o f sand 

are moving over the beach p r o f i l e , but there i s l i t t l e net gain or 

loss o f ma te r i a l a t any l o c a t i o n . 

As waves break e i t h e r by s p i l l i n g or p lung ing ( the on ly types o f 

breakers commonly found along beaches - see chapter 8 ) , t h e i r energy 

i s d i s s i p a t e d l a r g e l y i n tu rbu lence . Sand gra ins are s t i r r e d from the 

bottom and held t empo ra r i l y i n suspension by t h i s t u rbu lence . A p o r t i o n 

of the mass of water o f the former wave c res t rushes toward the shore 

i n the upper layers of the breaker zone c a r r y i n g t h i s sand w i t h i t . This 

water d i s s i p a t e s i t s remaining energy by running up on the beach. Some 

o f t h i s run-up water re tu rns to the sea by p e r c o l a t i o n through the beach, 
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most f lows back along the beach su r face . Since the backf low i s less t u r 

b u l e n t , less sand i s t ranspor ted back i n the o f f sho re d i r e c t i o n than was 

brought i n ; the foreshore bu i l ds up s low ly dur ing t h i s calm vreather. 

The r e t u r n f l ow of water and sand cont inues along the bottom to the bar 

a t the outer edge o f the breaker zone complet ing the f l ow c i r c u i t . 
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Outside the su r f zone, the wave ac t i on usua l l y causes a small sand 

t r a n s p o r t toward the coast . This small supply of sand to the bar compen

sates f o r the sand deposi ted on the f o resho re , thus ma in ta in ing the 

e q u i l i b r i u m o f the bar . F igure 25.2 shows t h i s schema t i ca l l y . The eros ion 

of the mater ia ] o f f sho re from the bar i s a slow process spread over a la rge 

a rea , so t h a t the loss of mate r ia l i n t h i s zone has no f u r t h e r consequences 

f o r the beach s t a b i l i t y . This loss i s compensated du r ing storms as i nd i ca ted 

i n seotiion 4 of t h i s chapter . 

Figure 25.2 MOVEMENTS OF SAND AND WATER DURING CALM WEATHER IN THE 
BREAKER ZONE 
^=3 movement under crest 
—<- movement under t rough sketch not to scale 

500 m Figure 25.3 i 

PLAN OF SCHEVENINGEN 

25.3 Dunes 

I f the water l eve l va r ies i n t ime such as happens when a v e r t i c a l t i d e 

i s p resen t , the upper po r t i ons of the foreshore can be b u i l t up dur ing high 

t i d e , but become dry dur ing low t i d e . An onshore wind can then t r a n s p o r t 

t h i s dry sand f u r t h e r i n l and to the backshore or even f u r t h e r to the coast 

forming dunes. 

Such t r a n s p o r t by wind can have unexpected i n f l u e n c e on harbor en t ran 

ces b u i l t through a row of dunes, f o r example. S l i j k h u i s (1974) repo r t s t h a t 

i n Sche\y,ngen sand t ranspor ted from the dunes south o f the harbor by wind 

must be dredged from t ime to t ime from the entrance channel between the 

buitenhaven and the voorhaven, ( f i g u r e 2 5 . 3 ) . This happens even th.ough 

the dunes i n The Netherlands are r a the r we l l s t a b i l i z e d by v e g a t a t i o n . This 

i s not always the case, however. F igure 25.4 shows some much l a r g e r , less 

domesticated dunes along the coast o f Oregon, U.S.A. The sca le may be appre

c i a t e d by no t ing the group o f people near the center of the p i c t u r e . The 

dunes are encroaching on the wooded area to the l e f t i n the photo. The 

P a c i f i c Ocean i s i n the d i s t a n c e . 



155 

\ 

Figure 25./. 

DUNES ALONG THE COAST OF OREGON, U.S. A 

25.4 I n f l u e n c e . o f Storms 

One might expect t h a t the process j u s t descr ibed i s only amp l i 

f i e d dur ing a s to rm; more th ings happen however. Not on ly the waves 

are h igher du r ing a s torm, but the s t i l l water l eve l i s usua l l y h igher 

as wel l due to wave and wind se t -up . (See chapter 3 of t h i s book and 

c h a p t e r l l o f volume I I ) . I f t h i s set -up i s high enough (a few meters 

i s not excep t i ona l ) the wave run-up can reach the coast l i n e and 

a t tack the dunes or b l u f f . Ma te r ia l i s t ranspor ted from the coast 

and beach to the nearshore zone as shown i n f i g u r e 25 .5 . The dune 

a t tack can r e s u l t i n a c res t lower ing and a c r e s t recess ion . I f su f 

f i c i e n t ma te r i a l i s present i n the dunes, the sea w i l l not dest roy them 

complete ly and the calm water p r o f i l e w i l l be s low ly res to red a f t e r the 

s to rm. I f the storm has been e x c e p t i o n a l l y severe , t h i s na tu ra l r e s 

t o r a t i o n process can take some yea rs . 

I f , on the o ther ,hand, i n s u f f i c i e n t ma te r i a l i s a v a i l a b l e i n the 

dunes, then a se r ies of storms occur r ing w i t h i n a few months can break 

through the dunes having a d isas terous e f f e c t on the h i n t e r l a n d . 

In a d d i t i o n to t h i s t r a n s p o r t of sand along a coast p r o f i l e (pe r 

pend icu la r to the coast l i n e ) , waves can a lso move sand along the shore 

p a r a l l e l to the coast . This i s f u r t h e r explaned i n the f o l l o w i n g chapter . 
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Figure 25.5 

BEACH DEVELOPMENT DURING STORM 
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26. SEDIMENT TRANSPORT ALONG COASTS E.W. B i j k e r 

26.1 D e f i n i t i o n s 

A t r a n s p o r t of bottom mate r ia l p a r a l l e l to a sandy coast ( l o n g 

shore t r a n s p o r t , or l i t t o r a l d r i f t ) occurs whenever a cu r ren t compo

nent i s present p a r a l l e l to the coast ( longshore c u r r e n t ) . In general 

t h i s cu r ren t can be the r e s u l t a n t o f several i n f l uences such as per

manent ocean c u r r e n t s , t i d e s , o b l i q u e l y approaching waves, or i n some 

cases, r i v e r c u r r e n t s . 

26.2 The CERC Formula 

Since o b l i q u e l y approaching waves are u s u a l l y the most impor tan t 

cause of a longshore cu r ren t - and hence, a longshore t r a n s p o r t - the 

most common simple model r e l a t es the longshore t r a n s p o r t to the wave 

p r o p e r t i e s . A l l of the other i n f l uences are neg lec ted . Under these con

d i t i o n s , the longshore cu r ren t i s concentrated i n the breaker zone and 

the wave cond i t i ons w i l l be determined a t the outer edge of t h i s 

zone - the breaker l i n e . 

The wave energy f l u x (power per u n i t c r es t l eng th ) i n deep 

water can be expressed as 

f ( H ^ , c^) (26.01) 

where: 

CQ i s the wave speed i n deep wa te r . 

Hp i s the wave he igh t i n deep wa te r , and 

f ( ) denotes some f u n c t i o n . 

This can be reviewed i n chapter 5. 

We, however, are i n t e r e s t e d i n the energy f l u x c ross ing a u n i t 

length of the breaker l i n e , the energy supply to the t r a n s p o r t 

process. This energy f l u x en te r i ng the breaker zone per u n i t length 

o f c o a s t l i n e can be expressed as: 

^^^l ' ^Ibr' V ) (26.02) 

where? 

'^rbr r e f r a c t i o n c o e f f i c i e n t a t the breaker l i n e , 

(t)jj^ i s the angle of wave inc idence a t the breaker l i n e , and 

f ( ) again denotes some f u n c t i o n . 

The component o f t h i s f l u x p a r a l l e l to the coast can be expressed 

i n terms o f : 

^ ( " o ' K?br' V ' * b r ) (26.03) 
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Some years ago, the U.S. Coastal Engineer ing Reseach: Center 

(CERC) s tud ied a great q u a n t i t y of model and pro to type measurements 

and determined the f o l l o w i n g b e s t - f i t f o rmu la : 

S = 0.014 H2 C Q KI^^ s i n cos 4 ^ , (26.04) 

where: 

S i s the t o t a l l i t t o r a l : t r a n s p o r t iin t h e e n t i r e breaker zone,, and 

0.014 i s a dimensionless coe.lTfi'cienrti.. 

I f we wiish to express, S iin; un i t s , o f Tength^Vyear,, and, l eave the 

u n i t s of C Q i n l e n g t h / s e c , then; t h e equat ion, takes, the fo rm: 

S = 0.44 X 10^ H Q C Q K^^^ s i n cos (26 .05) 

For a rea l beach and rea l waves, the wave- he igh t w i l l not be 

constant but w i l l vary according t o the Rayleigh D i ' s t r i b u t i o n -

chapter 10. For such cond i t i ons the roo t mean square wave, he igh t 

c h a r a c t e r i z i n g the record should be used, s ince t h i s wave represents 

the energy c o r r e c t l y . Equations 26.04 and 26.05 ( o f t e n c a l l e d ' the 

CERC Formula) g ive not on ly the q u a n t i t y but a lso the d i r e c t i o n o f 

the longshore t r a n s p o r t . 

Galv in (1972) examined the data i n another way and came to the 

f o l l o w i n g fo rmu la : 

S' = 1.65 X 10^ H ^ (26.06) 

where: 

S' i s the t o t a l * t r a n s p o r t i n m / y r . , and 

H Q i s the deep water wave he ight i n m. 

This equat ion i s not d imens iona l l y c o n s i s t e n t . G a l v i n ' s imp l ied 

conclus ion i s t h a t the t o t a l y e a r l y net t r a n s p o r t along a coast i s i n 

dependent of the wave d i r e c t i o n or p e r i o d . 

Of these two fo rmu las , the CERC formula i s to be p r e f e r r e d . I t s 

background i s ra the r s t r a i g h t f o r w a r d , and i t i s even reasonably r e l i a b l e 

i n use. Even so , i t does have some disadvantages and v/eaknesses. The 

f i r s t weakness has a l ready been ment ioned; e f f e c t s of a l l d r i v i n g fo rces 

except waves are neg lec ted . 

A second l i m i t a t i o n i s t h a t the sand t r a n s p o r t i s independent of 

t h e sand p rope r t i es such as g ra in s i ze and d e n s i t y . A l s o , the beach 

s l ope , and hence the type o f b reakers , i s i gnored . This has happened 

because the observed data which led t o the CERC Formula were made on 

sandy beaches having more or less the same p r o p e r t i e s . The accuracy 

of the data was not s u f f i c i e n t to a l low i n c l u s i o n o f these v a r i a b l e s 

i n the computat ional model. 

A l a s t major l i m i t a t i o n i s t h a t on ly the t o t a l sand t r a n s p o r t i n 

the breaker zone i s g i ven . I t i s o f t e n handy t o know how t h i s t r a n s p o r t 

i s d i s t r i b u t e d over the w id th of the breaker zone. B i j k e r and Svasek 

* This t o t a l i s the sum o f the abso lu te values o f the t r a n s p o r t s 

i n each d i r e c t i o n . 
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(1969) solved t h i s by assuming t h a t the longshore t r a n s p o r t i n some 

element o f breaker zone w id th i s d i r e c t l y p ropo r t i ona l to the wave 

lenergy d i s s i p a t i o n - or b e t t e r , energy t rans fo rmat ion - w i t h i n t h a t 

w id th element. This assumption exposes another basic o b j e c t i o n to the 

CERC Formula (and a l l o ther energy - based fo rmu las , t o o ) : Only a few 

percent 'Of a v a i l a b l e energy i s a c t u a l l y used to t r a n s p o r t the sediment 

along the coast . Small changes i n t h i s ipercentage can r e s u l t i n l a rge 

changes i n sand t r a n s p o r t ; t h i s i s not hea l thy f o r t he fo rmu la . 

Another , e n t i r e l y d i f f e r e n t approach has been developed i n an 

e f f o r t to overcome the l i m i t a t i o n s mentioned above. This approach i s 

descr ibed b r i e f l y i n the next s e c t i o n . 

26.3 The B i j k e r Formula 

B i j k e r (1967) proposed t h a t the combimed e f f e c t o f a l l of the 

poss ib le f o r ce components mentioned i n sec t ion 26.1 be determined and 

t h a t the longshore cu r ren t and l i t t o r a l t r a n s p o r t be determined based 

upon t h i s . The modern development o f t h i s idea i s o u t l i n e d very b r i e f l y 

here and i s descr ibed i n d e t a i l i n volume I I . 

The i n f l uence of waves on the longshore cu r ren t along a coast mani fests 

i t s e l f v ia the g rad ien t of the longshore component of momentum f l u x of the 

waves. This i s expla ined i n d e t a i l i n volume I I . In p r i n c i p l e , t h i s g ra 

d i e n t of the longshore component of momentum f l u x , combined w i t h o ther d r i 

v ing f l uxes r e s u l t i n g from t i d e s , e t c . , provides the dur ing d r i v i n g fo rce 

ac t i ng on a water mass. In a steady s t a te c o n d i t i o n , these fo rces are 

balanced by a bed f r i c t i o n fo rce ac t i ng on the longshore cu r ren t as i t 

i s d i s tu rbed by the waves. The development of t h i s e q u i l i b r i u m i s d i scus 

sed i n d e t a i l i n volume I I as w e l l . 

This technique a l lows a l l d r i v i n g f o rce components to be inc luded 

i n the longshore cu r ren t d e t e r m i n a t i o n , and i t s v e l o c i t y d i s t r i b u t i o n 

w i t h i n the breaker zone i s a lso revea led . With the d e t a i l s of the c u r r e n t 

known, i t i s a reasonably simple mat ter to combine t h i s w i t h a sediment 

t r a n s p o r t formula i n order to ob ta in a l i t t o r a l d r i f t p r e d i c t i o n . Obv ious ly , 

the d i s t r i b u t i o n of t h i s t r a n s p o r t o f sand i s a lso revealed using such a 

method. 

26.4 Sediment Transpor t Along the P r o f i l e 

In a d d i t i o n to the sediment t r a n s p o r t p a r a l l e l t o the coas t , there 

i s a lso movement of water and sediment perpend icu la r to the coast . This 

sand t r a n s p o r t component, o f t e n c a l l e d on and o f f sho re t r a n s p o r t has been 

i nd i ca ted i n the previous chapter . 

Bakker (1968) attempted to q u a n t i f y t h i s t r a n s p o r t by p o s t u l a t i n g 

t h a t i t i s p ropo r t i ona l to the d i f f e r e n c e between the ac tua l beach slope 

and the e q u i l i b r i u m beach slope corresponding to the g iven wave and c u r r e n t 

c o n d i t i o n s . 

Swart (1974) proved t h i s hypothesis and q u a n t i f i e d i t f u r t h e r . This develop

ment i s the sub jec t of a chapter i n volume I I . 

This approach to the on and o f f s h o r e movement of ma te r i a l i s on ly very 

crude. A major research e f f o r t i s now being devoted to the study of the wa

t e r and sediment motions w i t h i n the breaker zone i n an at tempt to determine 
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a b e t t e r f o rmu la t i on of the equat ions desc r i b i ng the sediment movements in 

the breaker zone. 

The general research phi losophy p a r a l l e l s t h a t used s u c c e s f u l l y f o r the 

longshore t r a n s p o r t : descr ibe the cu r ren t and combine i t w i t h an appropr ia te 

sediment t r a n s p o r t fo rmu la . Fur ther development of t h i s i s postponed f o r 

volume I I . 

26.5 Computation o f Coastal Changes 

The sediment t r a n s p o r t formulas i nd i ca ted above can be used as a basis 

from which i t i s poss ib le to compute changes i n a c o a s t l i n e . 

In a most simple model coasta l eros ion or acc re t i on invo lves on ly a 

h o r i z o n t a l displacement of the e q u i l i b r i u m p r o f i l e o f the beach. (There i s 

no net on or o f f sho re t r a n s p o r t ) . F igure 26.1 shows the ac tua l and schematized 

meaning of such an assumption. In t h i s f i g u r e , the ac tua l and schematized 

p r o f i l e s a t some t ime are i nd i ca ted by the s o l i d l i n e s . The acc re t i on a f t e r 

some i n t e r v a l o f t ime i s shown by the dashed l i n e s . 

SWL 

Figure 26.1 BEACH PROFILE AND ITS SCHEMATIZATION. THE SHADED 
AREAS ARE EQUAL ( no scale) 

When a c o n t i n u i t y r e l a t i o n s h i p i s combined w i t h a longshore t r a n s p o r t 

f o r m u l a , a second order p a r t i a l d i f f e r e n t i a l equat ion f o r the c o a s t l i n e can 

be determined. This equa t ion , i t s boundary cond i t i ons and s o l u t i o n are d i s 

cussed f u r t h e r i n volume I I . 

The beach p r o f i l e does not always remain unchanged du r i ng a c c r e t i o n or 

e ros ion . In such a case a schemat izat ion as shown i n f i g u r e 26.2 can be used. 

Aga in , changes occur ing dur ing some t ime i n t e r v a l have been shown w i t h a 

dashed l i n e ; each set of shaded areas i s equa l . In the d iagram, the upper 

p o r t i o n o f the beach i s acc re t i ng wh i l e the lower p o r t i o n i s e rod ing . 

This schemat izat ion r e s u l t s i n two, coupled second order p a r t i a l 

d i f f e r e n t i a l equat ions - one f o r each schemat iza t ion l i n e . Separate 

boundary cond i t i ons can be s p e c i f i e d f o r each equa t ion . This could be 

done, f o r example, i f the t r a n s p o r t along the h igher p o r t i o n of the 

beach i s i n t e r r u p t e d by a g r o i n . Indeed, Bakker, K le in B r e t e l e r , and 

Roos (1970) developed t h i s method to study coasta l changes a long j u s t 
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such g ro in pro tec ted shores. The coupl ing between the d i f f e r e n t i a l 

equat ions comes v ia the on and o f f sho re sediment t r a n s p o r t discussed 

e a r l i e r . 

Figure 26.2 TWO LINE SCHEMATIZATION ( no sca le ) 

Coastal fo rmat ions such as d e l t a s and s p i t s r e s u l t from pseudo-

e q u i l i b r i u m o f the fo rces a c t i n g on the coasta l m a t e r i a l s . These forma

t i ons and the exp lanat ion f o r t h e i r shapes are g iven in chapters 28 and 

29. F i r s t , we d iscuss the morphology o f mud coasts in the f o l l o w i n g 

chapter . 
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27. nm OOAST'S :E. Al lersma 

27.1 Physical 'Descr ip t ion 

Mud coasts occur near the mouths o f r i v e r s which d ischarge great 

q u a n t i t i e s o f f i n e ( c l ay ) sediments i n t o the sea.. This supply must be 

g rea te r than the capac i ty f o r the sea to d isperse these ma te r i a l s toward 

'deeper water o.ffs'hore. 

;A pure mud coast i s very low - seldom h igher than a sp r i ng high 

t i d e l e v e l . Since the slope o f the shore p r o f i l e i s very f l a t - 1:1000 

i s not uncommon - vast mud f l a t s are found before the coas t . A c c r e t i o n , 

i f p resen t , leads to the fo rmat ion of a b road , f l a t , poor l y d r a i n e d , 

swampy coasta l p l a i n . Vegetat ion even tua l l y forms a l aye r o f peat on the 

su r face . These coasta l p l a i ns can become very f e r t i l e a g r i c u l t u r a l land 

i f drainage and p r o t e c t i o n from f l o o d i n g are p rov ided . 

Some sand i s a lso present along most mud coasts . Since the t r a n s p o r t 

process f o r sand i s b a s i c a l l y d i f f e r e n t from t h a t f o r mud (see sec t i on 2 

of t h i s chapter ) the two ma te r ia l s tend to segregate. The sand can be 

found as i s o l a t e d segments of beach, perhaps even w i t h a berm and dunes 

as descr ibed i n chapter 25. These berms and dunes are sometimes found 

i s o l a t e d i n the coasta l p l a i n - evidence o f past coasta l development. 

27.2 Proper t ies and Transpor t Process 

Clay p a r t i c l e s (sma l le r than 2 ym) are gene ra l l y t r anspo r ted i n sus

pension. Waves and s t rong cur ren ts can b r i n g compacted c lay i n t o sus

pens ion, wh i le on ly a very weak cu r ren t i s necessary to ma in ta in t h i s 

suspension. F l o c c u l a t i o n can acce le ra te the depos i t i on process (see 

ch. 22 sec t ion 7 ) . Depos i t ion o f f l o c c u l a t e d c lay forms a very s o f t 

ma te r ia l commonly c a l l e d s l i n g mud. I t s c l a s s i f i c a t i o n based upon s i l t 

concent ra t ion i s shown in t ab l e 2 7 . 1 . For convenience, some o f the 

data i s p l o t t e d i n f i g u r e 27=1, 

As has a l ready been po in ted out i n chapter 22 , s l i n g mud, a 

viscous wa te r - c l ay m i x t u r e , can occur i n la rge q u a n t i t i e s along the 

coast and in channels. Ships can, w i t h ca re , s a i l through i t . I t may 

even clean the barnacles o f f the s h i p ' s bottoml I t s v i s c o s i t y damps 

waves r a p i d l y ; even sur face water waves are "absorbed" by i t . Given 

enough t i m e , t h i s mud w i l l e ven tua l l y conso l ida te i n t o a very s o f t 

s o i l . 

Sand, on the o ther hand, i s p r i m a r i l y t r anspo r ted as bed load 

ra the r than suspended l oad . This exp la ins i t s tendency to segregate 

along a coast . Transpor t processes f o r sandy po r t i ons o f mixed mud-

sand coasts are the same as have been descr ibed i n the prev ious two 

chapters . I f much sand i s p resen t , i t can form a near l y cont inuous 

laye r cover ing a c lay s u b s o i l . Such a fo rmat ion can be f ound , f o r 

example, in the Gul f o f Venezuela. 
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TabTe. 27.1 Proper t ies o f S l i ng Mud 

Concentrat ion Mass Water Content Mate r ia l 

o f s o l i d s dens i ty by volume by Weight c l ass i f i . ea t i on i 

(mg/ l ) (kg/m^) (%) {%) (•-);, 

0 lOOOf.OÔ  10.0:..,0Qi 100.00 

100 10001.06 

200 1000. 12' 

500 1000.31 

1 000 1000.62 99.96' 99.90 

2 000 1001.25 

5.000 1003.11 

10000 1006.23 99.62 99.01 ^ 

20 000 1012.45 ? 

50 000 1031.13 w 

100 000 1062.26 96.23 90.59 

200 000 1124.53 92.45 82.21 

300 000 1186.79 88.68 74.72 ^ 

400 000 1249.06 84.91 67.98 ] 

500 000 1311.32 81.83 51.87 

600 000 1373.58 77.36 56.32 

700 000 1435.85 73.58 51.25 

800 000 1498.11 69.81 46.60 

900 000 1560.38 66.04 42.32 

1 000 000 1622.64 62.26 38.37 >, 

2 000 000 2245.28 24.53 10.92 u 

2 650 000 2650.00 0.00 0.00 

27.3 In f l uence o f Rivers 

Rivers and es tua r ies d ischarg ing on a mud coast are cha rac te r i zed 

by deep (about 20 m) t i d a l es tua r ies which discharge over shal low bars 

a t t h e i r mouths where the maximum depth i s usua l l y on ly 3 to 5 m. 

Both the bars and the estuary are impor tan t f o r de termin ing the 

sediment t r a n s p o r t . T ida l c u r r e n t s , f r esh water r i v e r d ischarge and 

i t s seasonal v a r i a t i o n s , as we l l as dens i t y cu r ren ts are impor tan t . 

Genera l l y , sediment i s t ranspor ted from the bars i n t o the es tuary 

dur ing the dry season as the dens i t y tongue penetrates f u r t h e r up

stream. As the r i v e r f low increases a t the s t a r t o f the high r u n o f f 

season, these sediments are again spewed ou t o f the estuary along 

w i t h the sediment discharge o f the upper r i v e r . This can lead to very 

r a p i d a c c r e t i o n i n the bar area w i t h a l l o f i t s subsequent dredging 

and nav iga t i on problems. 
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27.4 Examples 

Mud coasts can be found i n many par ts o f the w o r l d , examples 

i nc lude : 

a. The coast of Languedoc, west of the mouth o f the Rhone in 

southern France. 

b. The coast of Lou is iana , west of the M iss i ss i pp i River Delta on the 

Gulf Coast of the U.S.A. A char t o f t h i s d e l t a i s shown i n chapter 

29. 

c. The nor thern coast o f the Gul f o f Siam, near the mouth o f the 

éhao Praya River i n Tha i land . 

d . The coast of the Gul f o f Martaban w i t h sediment supp l ied by the 

I r rawaddy, S i t t a n g , and Salween Rivers in Burma. 

e. The nor theast of South America, between the mouths of the Amazon 

and Orinoco R ivers . Some aspects of the coast o f Suriname,a p o r t i o n 

of t h i s 1600 km coas t , are so spec ia l they are discussed in the 

f o l l o w i n g s e c t i o n . 

27.5 The Coast o f Suriname 

The coast of Suriname i s unique i n t h a t an enormous supply o f se

diment from the Amazon River i s d i s t r i b u t e d by a r e l a t i v e l y calm sea. 

This d e s c r i p t i o n i s abs t rac ted from Al lersma (1968). 

The f low i n the Amazon i s i n the order o f 200 000 m^/s (compared 

to the Rhine - 2200 m^/s ) . The sediment supply i s i n the order o f 
Q 

7 X 10 tons per year . Along the coast o f Suriname, 98% o f the bottom 

mate r ia l has a diameter less than 50 ym, w i t h a mean diameter o f about 

1 ym. The t o t a l t r a n s p o r t o f sediment toward the west along t h i s coast 

i s est imated to be 100 x 10^ tons per year . The mud coast extends t o a 

depth o f about 20 meters and i s about 30 km wide w i t h an average slope 

o f about 1:1500. 

This coast has a remarkable pa t t e rn o f wave - l i k e depth contours . 

Huge shoals extend from the shore a t more-o r - less regu la r i n te r ' va l s 

o f about 45 km - f i g u r e 27.2A. Bottom slopes on these shoals range 

from 1:500 t o 1:3000. The shoals move along the coast toward the west 

w i t h a speed o f about 1.5 km/year. This i s accomplished by eros ion of 

mate r ia l from the eastern s ide o f the shoals combined w i t h depos i t i on 

on the western s i d e . About 100 x 10^ m^ o f sediment move along the 

coast i n t h i s way each year . This eros ion and depos i t i on i s shown 

i n f i g u r e 27.2C. The i n f l u e n c e of waves on t h i s process i s evidenced 

by comparing f i gu res 27.2C and 27.2D. Depos i t ion gene ra l l y can be 

assoc ia ted w i t h areas o f lower wave he igh t - i n d i c a t e d by more w ide ly 

spaced wave or thogonals (See chapter 9 ) . 
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Figure 27.2 SCHEME OF FEATURES ABOUT MUD SHOALS 
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28. COASTAL FORMATIONS L.E. van Loo 

W.W. Massie 

28 .1 I n t r o d u c t i o n 

The purpose of t h i s and the f o l l o w i n g chapter i s to i l l u s t r a t e the 

var ious coasta l format ions found i n the wor ld and to exp la in the reasons 

f o r t h e i r ex i s tence . Ideas developed i n prev ious chapters desc r i b ing 

the water and sediment movements i n r i v e r s and along coasts w i l l now be 

combined to prov ide the necessary exp lana t ions . 

Several a d d i t i o n a l photos and desc r i p t i ons o f coasta l format ions 

i l l u s t r a t e d i n t h i s and the f o l l o w i n g chapter are inc luded i n the Shore 

Proteotion Munual. In a d d i t i o n , Shepard and Wanless (1971) prov ide a la rge 

c o l l e c t i o n of spec tacu la r photos along w i t h d e s c r i p t i o n s of the phys ica l 

processes. 

A l so , much can be learned from a ca re fu l study o f seamen's nav iga t i on 

c h a r t s . Por t ions of such char ts are used i n these chapters t o i l l u s t r a t e 

many of the coasta l f o rma t i ons . 

One a d d i t i o n a l p r i n c i p l e remains to be exp la i ned , however. 

Consider an i n f i n i t e l y l o n g , s t r a i g h t sandy coast having p a r a l l e l depth 

con tours . Such a coast was sketched i n chapter, 9 , f i g u r e 9 . 1 . I f waves 

approach t h i s coast a t a un i fo rm angle along i t s e n t i r e l e n g t h , and there 

are no o ther cu r ren t d r i v i n g fo rces such as t i d e s , then there w i l l be a 

cons tan t , un i fo rm t r a n s p o r t o f sand along t h i s coast . There w i l l be no 

eros ion or depos i t i on even though a cont inuous f low o f sand passes along 

the coast . What, t hen , causes e ros ion or depos i t ion? This i s caused by a 

change i n t r a n s p o r t or t r a n s p o r t capac i ty along a coas t . This change may 

r e s u l t f rom changing any o f the f a c t o r s i n f l u e n c i n g sand t r a n s p o r t , such as 

wave he igh t and d i r e c t i o n o f approach - see chapter 26. 

N a t u r a l , cont inuous beaches w i l l not get our main a t t e n t i o n i n t h i s 

chapter even though some o f the format ions to be discussed w i l l look -

a t f i r s t glance - l i k e l o n g , u n i n t e r e s t i n g beaches. Beaches can develop 

even along rocky coas ts , however. F igure 28,1 shows such a beach, nes t led 

between rock outcrops on the eastern shore o f the A d r i a t i c Sea i n southern 

Yugoslavi a, 

28,2 S p i t 

A s p i t i s a po in ted tongue extending i n t o the sea. I t s d i r e c t i o n 

i s usua l l y a con t i nua t i on o f the sho re l i ne from which sediment i s 

supp l i ed . Such a s p i t i s shown i n f i g u r e 28 .2a , the no r th end o f Block 

I s land on the A t l a n t i c Coast of the United S ta tes . Waves coming 

predominant ly from the southwest cause a sand t r a n s p o r t toward the 

nor th along the western shore o f the i s l a n d . As the water becomes 

deeper a t the no r th end of the i s l a n d , the waves no longer break, the 

sediment t r a n s p o r t decreases and the s p i t bu i l ds out f u r t h e r . F igure 

28.2b shows an ob l igue a e r i a l photograph o f t h i s i s l a n d , showing the 

s p i t . 

Sandy Hook, near the entrance to New York Harbor (U .S .A . ) i s 

a lso a s p i t ; they are r a the r common. 

Sp i ts can a lso form where a r i v e r mouth i n t e r r u p t s an otherwise 

s t r a i g h t coas t . This w i l l be discussed i n the f o l l o w i n g chapter . 
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Fiqure 2 B . 2 Q 

S P I T AT NORTH END OF BLOCK ISLAND, R.l, U.S.A. 
( depths in fee t , scale as shown) 
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28.3 B a r r i e r 

In c o n t r a s t to a s p i t which i s formed from mater ia l moving along 

the coast , b a r r i e r s are b u i l t from mater ia l moving perpenciÓMlar to 

the coast - review chapter 25. 

Ba r r i e rs can form when there i s s u f f i c i e n t supply of beach mate r ia l 

from o f f s h o r e , and the bottom bathymetry is such t h a t the waves break at 

some d is tance from the coas t , because of a broad shal low foreshore zone. 

A b a r r i e r w i l l form at the outer edge of t h i s shal low zone where the 

waves break; the supply of sand w i l l even tua l l y b u i l d up a berm - i s o 

l a t ed from shore - which becomes the b a r r i e r . Storm waves can break 

over t h i s b a r r i e r t r a n s p o r t i n g sand i n t o the shal lows behind i t . 

Severe storms can even break gaps i n the b a r r i e r . I f the v a r i a t i o n s 

in t i d e l eve l are s u f f i c i e n t f o r the berm to become d r y , then the 

wind can a lso t r a n s p o r t ma te r ia l forming dunes along the b a r r i e r . 

An e x c e l l e n t example of a b a r r i e r which has been broken i s the s t r i n g 

o f Wadden Is lands in the nor th o f the Nether lands, ( f i g u r e 2 8 . 3 ) . A much 

more ex tens ive near ly cont inuous b a r r i e r is found along the nor twest coast 

o f the Gul f o f Mexico - f i g u r e 28.4 . Cape H a t t a r a s , North C a r o l i n a , on 

the U.S. A t l a n t i c coast i s another example of a b a r r i e r . When a b a r r i e r 

completely encloses an es tua ry , a s a l t or b rack ish lake usua l l y r e s u l t s . 

F igure 28.5 shows such a b a r r i e r along the south coast of Martha's Vinyard 

Is land on the U.S. A t l a n t i c coast . 

•v - ; . ' 

/ 

^ j t Harlinjcn j 

U) km 
L E E U W A R D E N 

Figure 28.3 

PORTION OF WADDEN SEA AND ISLANDS, 
FRIESLAND, THE NETHERLANDS 
( scale gs shown, depths in meters ) 
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Figure 28./, 

BARRIER ALONG THE COAST OF TEXAS, U.S.A. 
( sca le O S shown, depths in fathoms ) 
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28.4 Tombolo 

A obs tac le before a coast such as a rock ou t c ropp ing , an o f f 

shore breakwater , or even a shipwreck w i l l reduce the wave a c t i v i t y 

i n the zone of wave shadow between the ob jec t and the shore. Since 

the reduced wave a c t i v i t y i n the shadow w i l l r e s u l t i n a reduced 

sediment t r a n s p o r t c a p a c i t y , mate r ia l being c a r r i e d along the shore 

w i l l be deposi ted i n the shadow zone forming a tombolo. I n i t i a l l y , 

on ly a shoal w i l l fo rm. This can, however, develop i n t o a po in t o f 

land connect ing the o r i g i n a l sho re l i ne to the obs tab le . As w i t h a 

s p i t , the development of a tombolo depends upon a t r a n s p o r t of 

mate r ia l p a r a l l e l to the coast . 

A small na tu ra l tombolo has developed behind Ram Is land in 

Buzzards Bay on the North A t l a n t i c coast o f the Uni ted S ta tes . This 

area i s p ro tec ted from wave a t tack except from the south . This tombolo 

i s shown i n f i g u r e 28 .6 . 

Figure 28.7a shows the s t a r t o f a tombolo fo rmat ion behind a 

se r ies o f o f f s h o r e breakwaters. These were b u i l t , i n t h i s case, t o 

s t i m u l a t e and preserve a r e c r e a t i o n a l beach. Figure 28.7b shows 

an a e r i a l photo o f t h i s a rea , near Boston, on the U.S. Northeast coast 

The pa t te rn o f wave d i f f r a c t i o n i s e s p e c i a l l y prominent i n t h i s photo. 
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Figure 28.6 

TOMBOLO BETWEEN RAM ISLAND AND 
MATTAPOISETT NECK, BUZZARDS BAY, U.S.A. 
{ scgle gs shown, depths in feet ) 
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PLAN 
( scaLe as shown, depths in feet b. OBLIQUE AERIAL PHOTO 

Fiqure 2B.7 

WINTHROP BEACH, MASSACHUSETTS, U.S.A. 
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29- DELIAS L.E. van Loo 

W.W. Massie 
2 9 . 1 . I n t r o d u c t i o n 

A d e l t a develops around a l o c a t i o n where an es tuary discharges 

water and sediment through a coast . Because r i v e r s t r a n s p o r t more 

sediment, the most spec tacu la r de l t as develop near r i v e r mouths r a the r 

than at o ther forms o f e s t u a r i e s . 

Several f a c t o r s c o n t r i b u t e to the form o f a d e l t a . Among these a r e . 

Tide and f resh water r u n o f f cu r ren ts in the es tua ry . 

Estuary sediment d ischarge and p r o p e r t i e s . 

Coastal waves and c u r r e n t s , 

Coastal sediment mate r ia l t r a n s p o r t and p r o p e r t i e s , and 

Water l eve l v a r i a t i o n s i n the sea and es tua ry . 

Most of these f ac to r s can be combined in a q u a l i t a t i v e d e s c r i p t i v e 

f a c t o r : the r a t i o between the supply o f r i v e r sediment and the d i s t r i 

bu t ion capac i t y of the coasta l processes. I t seems most l o q i c a l to s t a r t 

the d iscuss ion w i t h an estuary d ischarg ing sediment and water i n t o a 

body of s t i l l wa te r ; the d i s t r i b u t i o n capac i ty o f the coast i s zero. 

29.2 Deltas on Quiet Coasts 

Consider a r i v e r d ischarg ing a constant f l ow Q^ and a constant 

sediment load S^ through an i n i t i a l l y s t r a i g h t c o a s t l i n e . There are 

no waves, and on ly a r i v e r c u r r e n t . Such a s i t u a t i o n i s shown i n 

f i g u r e 2 9 . l a . 

As the d ischarge passes the mouth, the f l ow w i l l spread o u t , 

reducing the cu r ren t s t reng th and hence the sediment t r a n s p o r t capa

c i t y . Mater ia l w i l l be deposi ted i n areas where the cu r ren t i s 

weakest - a t the sides o f the d ischarge. Shoals , which w i l l even tua l l y 

come above water l e v e l , w i l l develop p r o j e c t i n g i n t o the sea. These 

can be compared to s p i t s descr ibed in the previous chapter except t h a t 

in t h i s case the supply of mate r ia l now comes from the r i v e r . 

Such a development i s shown in f i g u r e 29.1b. 

This cannot go on f o r e v e r , however. The consequences o f such a 

fo rmat ion are a t op i c f o r r i v e r eng ineer ing . The most impor tant conse

quence f o r the de l t a i s t h a t the water l eve l a t the l o c a t i o n of the 

o rg ina l mouth becomes h igher . E v e n t u a l l y , t h i s w i l l cause too high 

an hyd rau l i c g rad ien t across the s p i t and the r i v e r w i l l break th rough , 

forming a new mouth - see f i g u r e 29.1c. 

This process, of course, repeats i t s e l f . F igure 29.2 shows a 

na tu ra l example of such a d e l t a - the Lyéna River d e l t a on the no r th 

coast of S i b e r i a , U.S.S.R. Both Érgye - Muöra - Sissye Is land and 

Bark in I s land are par ts o f t h i s d e l t a . 

F igure 29.3 shows a d e t a i l o f a p o r t i o n of the M i s s i s s i p p i River 

Del ta on the Gul f o f Mexico coast o f the U.S.A. The pa t t e rn of repeated 

shoal breaks i s ev iden t . Only i s o l a t e d po r t i ons of t h i s de l t a remain 

dry dur ing storm surges. 

Such de l t a format ions are o f t en c a l l e d " b i r d f o o t d e l t a s " because o f 

t h e i r form. This e s p e c i a l l y obvious i n f i g u r e 29.4 which shows a major 

p o r t i o n o f the M i s s i s s i p p i River De l t a . 
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u) 

coastline yxx 

a. INITIAL CONDITION 

coastline 

b. FIRST DEVELOPMENT 

c. CONTINUING DEVELOPMENT 

Fiqure 29.1 

DEVELOPMENT OF DELTA IN ABSENCE OF WAVE 
( no scale ) 
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Ole^wAsJd Bay 
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Fiqure 29.2 

LYÉNA RIVER DELTA, S I B E R I A , U.S.S.R. 
{ scale as shown; depths in fathoms and feet 

10km 
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Figure 29.3 

DETAIL OF MISSISSIPPI RIVER DELTA, LOUISIANA, U.S.A. 

( scale as shown, depths in feet ) 

F iqure 29.4 

MISSISSIPPI RIVER DELTA REGION, LOUISANA U.S.A. 

( sca le as shown depths in fa thoms and feet ) 



176 

29.3 Deltas w i t h Moderate D i s t r i b u t i n g In f luences 

I f waves were to a t tack one of the de l t as j u s t ment ioned, what would 

be t h e i r e f f e c t on the d e l t a form? For s i m p l i c i t y , l e t us assume t h a t 

the dominant wave propagat ion d i r e c t i o n i s perpend icu la r to the o r i g i n a l 

s t r a i g h t coas t , t h u s , there w i l l be no sand t r a n s p o r t along the o r i g i n a l 

coast . Why? - see chapter 261 

The wave ac t i on w i l l obv ious ly a t tack the ends o f the p r o j e c t i n g 

shoals shown i n f i g u r e 29.1b. Ma te r ia l from the shoals i s t ranspor ted 

toward and along the coast . F igure 29.5 shows the development w i t h and 

w i t hou t wave a c t i o n . 

a. REPEAT OF 29.1 b NO WAVES 

coastl ine 

wave attack 

b, EFFECT OF MODERATE WAVE ATTACK 

Figure 29.5 

DELTA WITH MODERATE WAVE ATTACK 
( no scale ) 
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The form o f the d e l t a can be exp la ined by de termin ing the sediment 

t r a n s p o r t a t each l o c a t i o n along the coas t , remembering to inc lude r e f r a c 

t i o n in f l uences where the waves no longer approach p a r a l l e l t o the new 

coast . F igure 29.6 shows an actua l example o f such a d e l t a p o r t i o n -

the Rosetta Mouth o f the N i l e on the Mediterranean Sea coast of Egypt. 

In t h i s example, the r i v e r supply o f sediment i s r e l a t i v e l y g rea ter than 

t h a t shown i n f i g u r e 29 .5 ; t h i s r e s u l t s i n a more po in ted d e l t a . This 

f i g u r e , by the way, i s on ly a small p o r t i o n o f the e n t i r e d e l t a ; j u s t as 

w i t h a b i r d f o o t d e l t a , many d ischarge branches can s t i l l develop al though 

they tend to be more l i m i t e d i n number than when no waves are present . 

Fiqure 29.6 

PORTION OF NILE DELTA, EGYPT 
( sca le O S ' s h o w n , depths in f a thoms and f e e t ) 

Another , i dea l example o f such a d e l t a i s t h a t o f the Niger River 

i n N i g e r i a . Here, waves approach from the southwest w i t h c res ts p a r a l l e l 

to the coast near the mouths o f the Sengana River ( f i g u r e 2 9 . 7 ) . 
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Fiqure 29.7 NIGER RIVER DELTA, NIGERIA 

The maximum sand t r a n s p o r t then occurs near the i n f l e c t i o n po in ts of 

the shore l i n e . Ma te r i a l i s supp l ied by the r i v e r through the mouths 

between these two p o i n t s . More i n fo rma t i on about t h i s d e l t a i s given by 

F r i j l i n k (1959) . 

29.4 Deltas w i t h Strong D i s t r i b u t i n g In f luences 

As the d i s t r i b u t i n g capac i t y of the coasta l processes becomes r e l a 

t i v e l y more i m p o r t a n t , the d e l t a prot rudes less and less i n t o the sea. 

Even a r i v e r having a very la rge sediment t r a n s p o r t can form such a 

d e l t a i f the coasta l d i s t r i b u t i o n capac i t y i s high and/or the ma te r ia l 

is e a s i l y eroded. 

An e x c e l l e n t example of such a d e l t a i s shown i n f i g u r e 29.8 -

the Amazon River i n B r a z i l . Even though the sediment supply i s enormous 

(ch.27) i t i s immediately swept away t o the nor thwest . In t h i s case a 

longshore cu r ren t of up to 4 knots i s caused by the South Equa to r ia l 

cu r ren t (see ch. 3 ) . The cu r ren t approaching the d e l t a area from the 

southeast i s not f u l l y loaded w i t h sediment as evidenced by the r e l a 

t i v e l y steep shore slope i n t h a t area. To the no r th o f the r i v e r mouth, 

the mud coast has developed as i n d i c a t e d i n chapter 27. 
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Figure 29.8 

AMAZON RIVER DELTA, BRAZIL 
( scale as shown, depths in fa thoms and feet ) 

I f the r i v e r sediment i s heavier (sand ins tead o f c l a y ) even severe 

wave a t tack may not be s u f f i c i e n t to d i s t r i b u t e t h i s ma te r ia l alona the 

coast . In such cases a somewhat horseshoe shaped shoal w i l l develop j u s t 

ou ts ide the r i v e r mouth. (This usua l l y happens t o some ex ten t f o r every 

e s t u a r y ) . An example of such a r i v e r mouth bar has a l ready been shown 

i n f i g u r e 1 8 . 1 , the mouth o f the Columbia R i ve r , Oregon, U.S.A. As d i s 

cussed i n t h a t chap te r , breakwaters are being b u i l t here to narrow 

the r i v e r mouth and s t i m u l a t e na tu ra l e ros ion of t h i s bar. In e f f e c t , 

such works f o r ce the bar f a r t h e r o f f s h o r e . 

In t h i s and the previous s e c t i o n s , the sand t r a n s p o r t along the 

coast independent o f the r i v e r supply has been n e g l i g i b l e . In the 

next sec t i on we examine the i n f l uence of t h i s longshore sediment 

supp ly . 
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29.5 In f luence o f Longshore Transpor t 

When a s i g n i f i c a n t longshore t r a n s p o r t i s p resen t , s t i l l o ther 

d e l t a forms can develop. The es tuary mouth i s o f t en s u f f i c i e n t to block 

the longshore t r a n s p o r t . Coastal mate r ia l i s deposi ted on the u p - d r i f t 

s ide o f the en t rance , narrowing the mouth. This enhances eros ion r e s u l 

t i n g i n a slow displacement of the e n t i r e r i v e r mouth sideways i n the 

d i r e c t i o n of the longshore t r a n s p o r t . F igure 29.9 shows such an es tuary 

- the Coos River (Coos Bay) , on the P a c i f i c Coast o f the U.S.A. A do

minant longshore t r a n s p o r t from the nor th has d isp laced the estuary 

mouth several k i lometers toward the south so t h a t i t i s now conf ined 

by the rock outcrop (Cape Aijgo; Coos Head). 

What i s the source o f the ma te r ia l i n the North S p i t i n t h i s f i g u r e ? 

This has a l l been supp l ied by the longshore t r a n s p o r t f rom the n o r t h . 

The r e l a t i v e l y unimportant sediment supply of the r i v e r has e i t h e r r e 

mained w i t h i n the es tuary as i t s low ly became longer or has been swept 

away past Cape Aiago. 

Fiqure 29.9 

COOS BAY, OREGON, U.S.A 

( scale as shown, depths in fathoms) 
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A r i v e r f low i s not neccessary f o r such a s p i t development. At 

Nethar ts Bay, a lso on the Oregon Coast, the sand t r a n s p o r t i s from south 

to n o r t h . The t i d a l pr ism f o r t h i s estuary i s much smal le r than f o r Coos 

Bay; a shoal has formed before the entrance and there i s even a small 

chance t h a t a heavy storm w i l l c lose the entrance comple te ly . This area 

i s shown i n f i g u r e 29.10. 

One l a s t comment about these l a s t f i g u r e s seems a p p r o p r i a t e : both 

s p i t s are covered w i t h dunes of blowing sand. A photo made along t h i s 

coast was inc luded e a r l i e r - f i g u r e 25 .4 . 

Figure 29.10 

NET ARTS BAY, OREGON, U.S,A. 
( scale O S shown, depths in f a thoms and feet ) 
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30. SHORE PROTECTION L.h. van Loo 

W.W. Massie 

3 0 . 1 I n t r o d u c t i o n 

We have seen i n the two previous chapters how coasts can develop 

- can erode or acc re te . U n f o r t u n a t e l y , these processes do not always 

agree w i t h the wishes o f man. A va luab le s t r u c t u r e may be washed away 

as a beach erodes, o r a channel to a harbor may s i l t up making the 

entrance too shal low f o r sh ipp ing . 

This chapter w i l l c o n s t i t u t e a b r i e f summary o f the a v a i l a b l e 

shore p r o t e c t i o n methods. A d e t a i l e d d iscuss ion of the f u n c t i o n a l use 

and s t r u c t u r a l d e t a i l s o f most o f these methods can be found i n the 

Shore Proteotion Manual. Fur ther i n f o rma t i on on c o n s t r u c t i o n o f shore 

p r o t e c t i o n s t r u c t u r e s i s prov ided i n courses on h y d r a u l i c s t r u c t u r e s . 

Some p r i n c i p l e s presented i n volume I I I o f these notes (Breakwater 

Design) can a lso be app l ied to shore p r o t e c t i o n works. 

30.2 Eroding and Acc re t i ng Shores 

Eroding and a c c r e t i n g shores have dec ided ly d i f f e r e n t c h a r a c t e r i s 

t i c s . Eroding shores tend to have steep p r o f i l e s f o r the ma te r i a l o f 

which they are comprised. This i n agreement w i t h the hypothes is about 

o f f sho re t r a n s p o r t o f sand proposed by Bakker - see chapter 26. F igure 

30.1 shows a coast which i s erod ing a t a r a t e o f about 3 meters per 

year . The bank in the photo is about 25 m h igh . The photo was made along 

the ou te r coast of Cape Cod on the U. S. no r theas t coas t . 

FIGURE 30.1 

ERODING COAST 
CAPE COD, M A S S . U . S . A . 

F igure 3 0 . 2 , on the o ther hand, shows a beach a c c r e t i o n along the 

Brouwersdam i n South H o l l a n d , The Nether lands. This ob l i que a e r i a l photo 

shows a very g e n t l y s lop ing beach. 

In the f o l l o w i n g s e c t i o n s , va r ious shore p r o t e c t i o n measures w i l l 

be d iscussed. 
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FIGURE 30.2 

BEACH ACCRETION NEAR 
BROUWERSDAM, NETH. 

30.3 J e t t i e s 

When a longshore t r a n s p o r t th reatens to cause a sha l low ing of a 

harbor en t rance , f o r example, t h i s process can be i n t e r r u p t e d by con

s t r u c t i n g a j e t t y perpend icu la r to the coast s l i g h t l y " u p - d r i f t " from 

the harbor en t rance. This j e t t y or breakwater should extend a t l e a s t 

through the breaker zone, even dur ing s torms, and even a f t e r the coast 

has moved fo rward f rom a c c r e t i o n . Ma te r ia l t ranspor ted along the coast 

w i l l accumulate aga ins t the j e t t y on the " u p - d r i f t " s i d e , oppos i te the 

channel . 

Most breakwaters a t tached to land can be considered to be j e t t i e s . 

The i r design i s the t o p i c o f volume I I I o f these no tes . 

30.4 Groins 

A j e t t y on ly prevents accumulat ion o f ma te r ia l i n a small area or 

s t imu la tes accumulat ion i n another r a the r r e s t r i c t e d a rea ; i t s i n f l uence 

i s pure ly l o c a l . 

Gro ins , on the o ther hand, are a se r ies o f smal le r j e t t i e s spaced 

a t r e l a t i v e l y sho r t i n t e r v a l s a long a coas t . They tend to s t a b i l i z e 

the e n t i r e coast along which they are b u i l t by keeping the coasta l sand 

trapped between adjacent g r o i n s . As such, they can be used to defend 

an erod ing coast . 

F igure 30.3 shows an ob l igue a e r i a l photograph o f a p o r t i o n o f the 

coast o f New Jersey , U.S.A. The gro ins on t h i s coast are reducing the 

t r a n s p o r t o f sediment i n the s o u t e r l y d i r e c t i o n - to the l e f t i n the 

photo. These gro ins are b u i l t much f a r t h e r apar t than i s common p r a c t i c e . 

A case i s known t o one o f the authors o f a j e t t y being b u i l t on the 

wrong s ide o f the channel ; the consequences were not happy! 
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FIGURE 30.3 

GROINS ALONG NEW JERSEY 
COAST, U.S.A. 

A spacing egual to a few times the length of the gro ins i s more common 

as shown i n f i g u r e 30.4 along the coast o f Scheveningen, The Nether lands. 

Figure 30.5 shows two o f the many types o f g r o i n s ; more are i l l u s 

t r a t e d i n the Shore Proteotion Manual. 

Unfo r tuna te l y , n e i t h e r a j e t t y nor a se t o f g ro ins does anyth ing 

to prevent ma te r i a l t r a n s p o r t perpend icu la r to the coas t . This was d r a 

m a t i c a l l y demonstrated l a t e i n 1973 when several severe nor thwest storms 

caused a s i g n i f i c a n t coasta l eros ion near Scheveningen, The Nether lands. 

This was an example of the development dep ic ted e a r l i e r i n f i g u r e 25 .5 . 

Groins de r i ve t h e i r e f f e c t i v e n e s s by reducing or even h a l t i n g the 

longshore t r a n s p o r t a t the l oca t i ons along the beach where they are b u i l t . 

Such coas t l i nes can be analyzed most e f f e c t i v e l y using the two- l i n e 

sand t r a n s p o r t theory o f Bakker - chapter 26. This ana lys i s i s discussed 

i n d e t a i l i n volume I I . 

FIGURE 30. i 

GROIN PROTECTED COAST 
SCHEVENINGEN, N E T H . 
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a. DOUBLE PILE ROW FILLED 
WITH STONE 
VLISSINGEN, N E T H . 

b, BASSALT STONE GROIN 
SCHEVENINGEN NETH. 

FIGURE 30.5 
EXAMPLE OFGROIN 
STRUCTURES. 

30.5 Detached Breakvjaters 

WP h a v p ; i l r p a H \ / Q p p n h n w a c p n m p n + p H Kv-'paUv<)a-t-pv-' n a v a l 1 Q 1 -f-n -f-hp , - n a r - F 
.._ ._ _. . . J ... „ .^.^ ^ , V , ^ M J V, 

can be used to s t i m u l a t e a tombolo development - f i g u r e 28 .7 . As exp la ined 

i n sec t i on 2 8 . 4 , such breakwaters reduce the longshore t r a n s p o r t capac i t y 

in t h e i r shadow r e s u l t i n g i n sediment depos i t i on and the tombolo f o rma t i on . 

Obv ious ly , s ince such a breakwater i s r a the r impermeable, the o f f sho re 

t r a n s p o r t of sand i s a lso r e s t r i c t e d . 

This has led i n the past to proposals by some t h a t cont inuous break

waters be b u i l t a t the outer edge o f the breaker zone i n order to 

prevent o f f s h o r e t r a n s p o r t o f sand. U n f o r t u n a t e l y , proponents f a i l e d 

to r e a l i z e t h a t such s t r u c t u r e s a lso prevent the onshore t r a n s p o r t 

o f sand even more e f f e c t i v e l y . Any sand l o s t i n the o f f sho re d i r e c 

t i o n now never r e t u r n s ; the net e f f e c t can be worse than doing 

no th i ng ; In a d d i t i o n , such dams can s u f f e r from severe foundat ion 

problems j u s t as do seawal ls . This i s descr ibed i n the f o l l o w i n g 

s e c t i o n . 
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30.6 Seawalls 

Since o f f sho re breakwaters are expensive ( d i f f i c u l t ) t o b u i l d , 

e s p e c i a l l y near the breaker l i n e , an a l t e r n a t i v e might be t o con

s t r u c t an impermeable seawall on the beach p a r a l l e l t o the coast . 

The phi losophy behind such a concept i s t h a t e ros ion w i l l be p re 

vented by simply c u t t i n g o f f the loca l supply o f m a t e r i a l . 

U n f o r t u n a t e l y , a r i g i d massive seawall tends to r e f l e c t the 

incoming waves. The increased turbu lence r e s u l t i n g from t h i s r e f l e c 

t i o n s t imu la tes the eros ion o f a deep t rench before the seawa l l . The 

presence of t h i s t rench endangers the foundat ion so t h a t a r i s k e x i s t s 

t h a t the wa l l w i l l f a i l by c o l l a p s i n g i n t o the scour t r e n c h . This 

can be prevented, o f course, by ma in ta in ing a beach i n f r o n t o f the 

seawall us ing some other means. I f t h i s i s to be done, however, the 

l o g i c a l quest ion i s , "why b u i l d a seawa l l , then?" I t can be very 

e f f e c t i v e f o r keeping people from using the beachl 

30.7 A Remaining Problem 

What are consequences f o r adjacent sec t ions o f beach caused by 

the var ious s t r u c t u r e s j u s t descr ibed? Consider , f o r example, a long 

s low ly erod ing coas t , a p o r t i o n o f which i s p ro tec ted by g r o i n s . Let 

us assume t h a t the sec t i on p ro tec ted by the gro ins has become s tab le 

- there i s no more eros ion along t h a t beach segment. What, now, 

happens on the u p - d r i f t s ide o f the f i r s t gro in? Since the sand t r a n s 

po r t along the unprotected shore i s g rea te r than along the p ro tec ted 

shore , acc re t i on w i l l take place aga ins t the f i r s t g r o i n . This may or 

may not have d e l e t e r i o u s consequences, but a new problem has been 

i n t roduced . 

What, on the o ther hand, happens on the d o w n - d r i f t s ide o f the 

last gro in? Since the coasta l sand t r a n s p o r t capac i t y a b r u p t l y i n 

creases here , a severe eros ion can be expected. This u s u a l l y does 

t-t:i\n::i ^ Q 1 « + • Q vi-i r\ 11 r- r^rwxc- rknitr\r\nr\e- TV\iii> ^ n >-i c + - i i ̂ -t-•! i-i i-i-P j - n - i n r\-P 4-l~,r\ v-i/-v 

p r o t e c t i o n works descr ibed may solve a l oca l problem, but usua l l y 

creates another one somewhere nearby. 

Cons t ruc t ion o f o ther s t r u c t u r e s such as harbor breakwaters can 

i nvo l ve the same coasta l morphological problems. 

30.8 Sand By-Passing 

The "displacement o f problems" descr ibed i n the prev ious sec t i on 

o f t e n has the p a r t i c u l a r c h a r a c t e r i s t i c t h a t our s t r u c t u r e (a harbor 

en t rance , f o r example) generates two complementary problems - an accre

t i o n and an e r o s i o n . In such a case, both problems can be solved by 

simply moving sand from the acc re t i on area to the e ros ion area. 

I f the d is tance between the acc re t i on and eros ion areas i s not 

too great an a r t i f i c i a l by- passing opera t ion may be economical . Sand 

accumulated by a j e t t y or s i n g l e tombolo i s moved to the erod ing beach 

us ing some type o f dredge. For very sho r t d i s t a n c e s , a p i p e l i n e on a 

suc t i on dredge may be used. Occas iona l l y , such a s u c t i o n dredge i s 

b u i l t on a f i x e d p l a t f o r m i n the a c c r e t i o n area. More about such i n 

s t a l l a t i o n s i s t o l d i n the Shore Protection Manual, 
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3 1 . COASTAL MORPHOLOGISTS' TEN COMMANDMENTS W.W. Massie 

We have j u s t seen i n the previous chapter how many shore p ro tec 

t i o n works d i sp lace problems to ad jacent areas. Knowing t h i s , and w i t h 

tongue i n cheek. Per Bruhn (1972) presented h is vers ion of the Ten 

Commandments as app l ied to coasta l morphology. These are reproduced here 

w i t h only minor e d i t o r i a l changes i n tabe l 3 1 . 1 . Any resemblance t o the 

o r i g i n a l vers ion o f the Ten Commandments i s i n t e n t i o n a l . 

This concludes our d iscuss ion o f coasta l morphology. Coastal mor

phology i s a major t o p i c of volume I I o f these no tes . This present volume 

cont inues i n the next chapter w i t h an i n t r o d u c t i o n to the problems asso

c i a ted w i t h o f f sho re eng inee r ing . 

Table 3 1 . 1 . THE TEN COMMENDMENTS FOR COASTAL PROTECTION 

1) Thou Shal t love thy shore and beach. 

2) Thou Shalt p r o t e c t i t ga ins t the e v i l s o f e r o s i o n . 

3) Thou Shal t p r o t e c t i t w i s e l y , yea , v e r i l y and work w i t h 

na tu re . 

4) Thou S h a l t avoid t h a t nature turns i t s f u l l f o r t e ga ins t ye . 

5) Thou Shal t p lan c a r e f u l l y i n thy own i n t e r e s t and i n the 

i n t e r e s t of t h ine neighbour. 

6) Thou S h a l t love thy ne ighbour 's beach as thou l oves t t h i ne 

own beach. 

7) Thou S h a l t no t s tea l thy ne ighbour 's p r o p e r t y , n e i t h e r 

s h a l t thou cause damage to h is p roper ty by t h i ne own 

p r o t e c t i o n . 

8) Thou s h a l t do thy p lann ing i n cooperat ion w i t h thy ne igh 

bour and he s h a l t !do i t i n cooperat ion w i t h h is neighbour 

and thus f o r t h and thus f o r t h . So be i t . 

9) Thou s h a l t ma in ta in what thou has b u i l t up. 

10) Thou s h a l t show forg iveness f o r the s ins of the past and 

cover them w i t h sand. So help thee God. 
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32. OFFSHORE ENGINEERING C.J.P. van Boven 

W.W. Massie 

32.1 D i s c i p l i n e s Invo lved 

Offshore engineer ing r e f e r s to the eng ineer ing work r e l a t e d 

to a l l so r t s o f s t r uc tu res loca ted o f f sho re - see chapter 2 and 

f i g u r e 2 5 . 1 . This d e f i n i t i o n inc ludes work done by many o ther 

branches o f eng ineer ing as w e l l as c i v i l eng ineer ing . While the 

major emphasis w i t h i n t h i s chapter w i l l be on c i v i l eng ineer ing 

aspects o f o f f sho re work, the t i e s to o ther s p e c i a l i z e d eng ineer ing 

f i e l d s w i n a lso a t l e a s t be i n d i c a t e d . 

Since many o f f sho re s t r u c t u r e s are used by the petro leum indus

t r y , a s t rong r e l a t i o n s h i p to mining and mechanical eng ineer ing 

i s obv ious. In gene ra l , the mining engineers determine what opera

t i o n s need to be c a r r i e d out and where t h i s must be done. Mechanical 

and e l e c t r i c a l engineers determine what mechanical and e l e c t r i c a l 

equipment i s needed and t r a n s l a t e t h i s i n t o a necessary work area 

and load ing cond i t i on on t h i s area. 

Naval a r c h i t e c t s are concerned w i t h f l o a t i n g s t r u c t u r e s v/hether 

they are rea l ships or f i x e d s t r u c t u r e s which are being towed t o 

the cons t r uc t i on s i t e . A l s o , they prov ide va luab le i n f o rma t i on about 

c h a r a c t e r i s t i c s o f ships which w i l l be used i n con junc t ion w i t h f i x e d 

s t r u c t u r e s . 

Oceanographers prov ide i n f o r m a t i o n on waves, sea c u r r e n t s , chemi

cal and b i o l o g i c a l cond i t i ons - r e l a t e d to ma te r ia l p rope r t i e s and 

marine f o u l i n g - as we l l as sea bottom cond i t i ons so impor tan t to the 

adequate foundat ion or anchor ing o f a s t r u c t u r e . Indeed, many d i s 

c i p l i n e s are drawn together w i t h c i v i l eng ineer ing to execute o f f 

shore eng ineer ing works. The s p e c i f i c a t i o n o f the var ious c i v i l 

eng ineer ing s p e c i a l t i e s which are i nvo l ved i n o f f sho re eng ineer ing 

i s postponed to a l a t e r sec t i on o f t h i s chapter . F i r s t , v/e d iscuss 

some o f the var ious types and uses o f o f f s h o r e s t r u c t u r e s . 

32.2 Types o f Of fshore S t ruc tu res 

Of fshore s t r u c t u r e s can be grouped by form roughly i n t o th ree 

ca tego r i es : f i x e d , anchored, and f r e e f l o a t i n g c o n s t r u c t i o n s . 

Fixed S t ruc tu res 

Fixed s t r u c t u r e s are most s u i t e d f o r heavy loads and uses f o r 

which the p l a t f o r m must be s tab le - radar i s l a n d s , f o r example. These 

f i x e d s t r u c t u r e s can again be subdiv ided i n t o th ree groups: g r a v i t y , 

j a c k e t , and jack -up s t r u c t u r e s . 

Grav i t y s t r uc tu res are the heav ies t o f the o f f sho re s t r u c t u r e s 

and der i ve t h e i r s t a b i l i t y against o v e r t u r n i n g from t h e i r weight com

bined w i t h t h e i r broad base. (The word g r a v i t y i s used i n the same way 

to descr ibe a type o f dam.) Of fshore g r a v i t y s t r u c t u r e s are commonly 

b u i l t f rom concrete a t some p ro tec ted l o c a t i o n and then f l o a t e d and 

towed t o , the des i red s i t e where they are sunk and placed on the 

bot tom. Figure 32.1 shows a sketch o f the ANDOC (Anglo Dutch Of fshore 

Concrete) p l a t f o r m being b u i l t near Rotterdam i n 1975-76. The base 
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( i n p ro to type) i s about 100 m square and 30 m h i g h ; the s t r u c t u r e 

w i l l be located i n about 150 ni water depth i n the nor thern p o r t i o n 

o f the North Sea. 

Figure 32.1 

SKETCH OF ANDOC GRAVITY STRUCTURE 
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Jacket s t r u c t u r e s are a space frame const ruc ted from hol lov; 

t ubu la r elements. In order to apprec ia te the scale o f such s t r u c t u r e s 

we must r e a l i z e t h a t these tubes f o r a j a c k e t i n the nor thern North 

Sea can be up to 10 meters i n diameter w i t h wa l l th icknesses o f up 

to 100 mm. Such a s t r u c t u r e to be placed i n the T h i s l e Oi l F i e l d 

i n a water depth o f about 160 m w i l l have a dead weight o f about 

30 000 tons . Complete and ready f o r use, the est imated cost o f such 

a s t r u c t u r e i s about 300 m i l l i o n gu i lders . The l a r g e s t o f the models 

i n f i g u r e 32.2 shows such a s t r u c t u r e . These are b u i l t on land and 

are e i t h e r moved to place by ship or are f l o a t e d and tov/ed t o p o s i t i o n . 

In con t ras t to g r a v i t y s t r u c t u r e s , they are dependent upon p i l e f oun 

dat ions f o r t h e i r s t a b i l i t y . 

Figure 32.2 

MODELS OF JACKET CONSTRUCTIONS 

The t h i r d type o f f i x e d s t r u c t u r e , the jack -up p l a t f o r m , con

s i s t s o f a f l o a t i n g pontoon which ra ises i t s e l f above the sea su r 

face by j a c k i n g i t s e l f along legs which are lowered to the sea bottom 

a f t e r the s t r u c t u r e has been f l o a t e d i n t o p o s i t i o n . Since j ack -up 

p la t fo rms can be r e l a t i v e l y e a s i l y moved from place to p lace they 

are best s u i t e d f o r temporary p r o j e c t s . U n f o r t u n a t e l y , the ra i sed legs 

have an adverse e f f e c t on the s t a b i l i t y (sea-wor th iness) du r i ng t r a n s p o r t 

so t h a t l i m i t a t i o n s on s i ze and leg leng th r e s t r i c t t h e i r normal use 

t o shal low water l o c a t i o n s (up to 40 m) and to l i g h t loads (a few 

hundred t o n s ) . They de r i ve t h e i r s t a b i l i t y i n use from t h e i r w e i g h t ; 

the bear ing capac i ty o f the sea bottom i s obv ious ly impor tan t f o r 

t h e i r optimum use. Figure 32.3 shows a jack -up p l a t f o r m f l o a t i n g 

w i t h i t s legs r a i s e d . 

* Such la rge q u a n t i t i e s o f s tee l or money are d i f f i c u l t to v i s u a l i z e . 

I t can be i n s t r u c t i v e , t h e r e f o r e , to note t h a t t h i s s t r u c t u r e i s 

cheaper than beefs teak . 
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a. FLOATING 

b. IN USE AS PRODUCTION PLATFORM 
EKOFISK FIELD, NORTH SEA. 

Figure 32.3 

JACK-UP PLATFORM 

Anchores S t r u c t u r e s . 

Anchored s t r u c t u r e s depend upon buoyant fo rces a c t i n g aga ins t 

some form o f anchor fo rce to prov ide t h e i r s t a b i l i t y and main ta in 

t h e i r p o s i t i o n on the work ing s i t e . Several subtypes are a v a i l a b l e : 

s h i p s , semi-submers ib les , a r t i c u l a t e d p la t fo rms and buoys. 

We are a l l f a m i l i a r w i t h sh ips . Figure 32.4 shows one o f the 

l a r g e r crane ships a t work i n the North Sea assembling a j a c k e t 

s t r u c t u r e , The ana lys is o f such ships i s p r i m a r i l y the r e s p o n s i b i l i t y 

o f the naval a r c h i t e c t s . C i v i l engineers become invo l ved w i t h the 

anchor ing , p r i m a r i l y . 
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Fiqure 32.A 

CRANE SHIP AT WORK. 
1750 TON LIFT, B.R FORTIES 
FIELD, NORTH SEA. 

Semi-submersibles are f l o a t i n g working p la t fo rms c o n s i s t i n g 

o f a deck supported above the waves by a group o f submerged f l o a t a t i o n 

chambers, as shown i n f i g u r e 32 .5 . This p a r t i c u l a r general form i s 

chosen i n order to reduce the hydrodynamic fo rces and motions i n waves. 

In an at tempt to l i m i t the v e r t i c a l motions o f a semi -submers ib le , i t 

has been suggested t h a t they be connected to heavy anchored w i t h 

h i g h l y tens ioned v e r t i c a l cab les . Such a tens ion leg p l a t f o r m has 

l i t t l e v e r t i c a l mot ion , but i t s i n ve r t ed pendulum s idewise motion can 

be most unpleasant . This spec ia l type o f anchored f l o a t i n a s t r u c t u r e 

i s not p rov ing to be very p o p u l a r . * 

Fiqure 32.5 

SKETCH OF A SEMI SUBMERSIBLE PLATFORM 

Improvements i n bo r i ng equipment technolgy have made the r e s t r i c 

t i o n o f v e r t i c a l motion less necessary, t oo . 
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A r t i c u l a t e d p la t fo rms cons i s t o f a s i n g l e v e r t i c a l bi'ö;yant 

c y l i n d e r extending over the e n t i r e water depth hinged t o a heavy an

chor a t i t s lower end. They are a reasonably new development some

times used f o r o f f sho re moorings. 

Buoys have been used f o r a long t ime f o r nav iga t i ona l aids and 

f o r moorings. More r e c e n t l y , however, o i l s torage has been proposed 

i n l a r g e , most ly submerged f l o a t i n g buoys. Figure 32 .6 shows a 

concept sketch f o r one having a capac i t y o f about 150 000 m'̂ . 

Free F loa t i ng S t ruc tu res 

Ne i ther ships nor semi-submer sbles need to be anchored 

i n p o s i t i o n . Special p ropu ls ion systems have been developed which 

a l low such a f l o a t i n g body to propel i t s e l f i n var ious d i r e c t i o n s 

w i t h forces j u s t s u f f i c i e n t to counterac t q u a s i - s t a t i c fo rce com

ponents r e s u l t i n g from cur ren ts o r w ind . Such systems, c a l l e d 

dynamic p o s i t i o n i n g , are most adapted f o r use i n very deep water 

where anchor ing would be p r o h i b i t i v e l y expensive. A dynamica l ly 

pos i t i oned sh ip has been used to ca r ry out geo log ica l bor ings i n 

some o f the deeper po r t i ons o f the P a c i f i c Ocean - depths over 

5000 meters, see chapter 3. 

32.3 Uses o f Of fshore S t ruc tu res 

The var ious s t r u c t u r e s j u s t descr ibed can be app l ied f o r many 

purposes. Several o f these uses w i l l be h i g h l i g h t e d here along w i t h 

the assoc ia ted spec ia l s t r u c t u r e c h a r a c t e r i s t i c s r e q u i r e d . 

Nav iga t iona l Aids 

Nav iga t iona l buoys and l i g h t s h i p s were the f i r s t o f f sho re s t r u c 

t u r e s . For economic reasons and increased d e p e n d a b i l i t y , many o f f sho re 

l i g h t vessels are being replaced by f i x e d o f f sho re s t r u c t u r e s . 

F igure 32.7 shows the cons t r uc t i on o f the j a c k e t s t r u c t u r e which r e 

places the l i g h t sh ip Goeree i n the Dutch p o r t i o n o f the North Sea. 

Fiqure 32.6 

SKETCH OF FLOATING OIL STORAGE BUOY 

t f 

SPAR TYPE STORAGE TERMINAL 
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Figure 32.7 

THE LIGHT TOWER GOEREE 

As approach channels to harbors have become longer (chapter 15) 

and ships have become l a r g e r , i t has become necessary to place more 

s o p h i s t i c a t e d nav iga t i ona l aids such as high r e s o l u t i o n radar o f f 

shore. A spec ia l requirement o f such a radar p l a t f o r m i s t h a t i t have 

a high t o r s i o n a l s t i f f n e s s so t h a t the re ference d i r e c t i o n of the 

radar remains cons tan t . 

Moorings 

Of fshore moorings have been developed f o r use i n areas where i t 

i s uneconomical te develop convent ional harbors o f s u f f i c i e n t depth 

f o r the l a r g e r sh ips . For the o i l i n d u s t r y , such moorings prov ide f o r 

both sh ip anchor ing and connect ion to a p i p e l i n e . Fixed s t r u c t u r e s are 

not genera l l y used - they s u f f e r too much damage from a c o l l i s i o n w i t h 

the sh ip and o f t e n do not l e t the ship swing i n t o the on-coming waves. 

Buoys and a r t i c u l a t e d p la t fo rms are most s u i t e d to t h i s work. Ships 

can even be moored to some large o i l s torage buoys. Moorings are 

discussed i n more d e t a i l i n yolume§ ll and IV, 

O i l Exp lo ra t i on 

I n i t i a l o i l e x p l o r a t i o n works c a r r i e d out from the sea sur face 

usua l l y use sh i ps . La ter exp lo ra to r y bor ings are c a r r i e d out from an

chored or dynamical ly pos i t i oned ships or semi-submers ib les. Jack-up 

p la t fo rms can be used i n r e l a t i v e l y shal low areas. The choice among 

types depends l a r g e l y upon water dep th . Since e x p l o r a t o r y bor ings 

usua l l y do not take too long a t one s i t e (a few months, perhaps) 

p o r t a b i l i t y i s impor tan t f o r t h i s type o f equipment. 

O i l Product ion 

Once the ex ten t o f an o i l or gas f i e l d has been d e f i n e d , produc

t i o n p la t fo rms can be designed and i n s t a l l e d . In con t ras t to exp lo ra 

t i o n p l a t f o r m s , these have a much longer use fu l l i f e a t a s i n g l e s i t e 

(a few decades, h o p e f u l l y ) . Fixed j a c k e t or g r a v i t y p la t fo rms are 

then usua l l y the most economical . 
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An idea o f t i ie product ion capac i ty o f a p roduct ion p l a t f o r m can 

be obta ined by n o t i n g t h a t the s tee l j a c k e t cons t r uc t i on descr ibed 

i n the previous sec t i on i s intended f o r a product ion o f 300 000 ba r re l s 

o f o i l per day from 60 v /e l l s . 

O i l Storage 

One o f the s imp les t forms o f o i l s torage uses a ship more or less 

permantly moored a t the o i l f i e l d . G rav i t y s t r u c t u r e s and an occasional 

s tee l s t r u c t u r e are a lso used. The i n c l u s i o n o f o i l s torage i n a mooring 

buoy i s s t i l l uncommon as o f l a t e 1975. Grav i t y o i l p roduc t ion s t r u c 

tures usua l l y inc lude a storage rese^o i r as pa r t o f t h e i r base. This i s 

t rue f o r the ANDOC s t r u c t u r e shown i n f i g u r e 3 2 , 1 , Figure 3 2 , 0 , on the 

o ther hand, shows a g r a v i t y s t r u c t u r e designed e x c l u s i v e l y f o r o i l 

s to rage. 

Fiqure 32.9 

EKOFISK OIL STORAGE TANK 

P ipe l ines 

While i t may seem a t f i r s t glance t h a t p i p e l i n e s are r a the r unimpor

t a n t , t h e i r dependable f u n c t i o n is o f t en c r i t i c a l . Submarine p i p e l i n e s 

are used not on ly i n the o i l i n d u s t r y , they a lso serve as sewer o u t f a l l s , 

f o r example. One o f the major problems w i t h p i p e l i n e s i s keeping them 

on the sea bot tom. I d e a l l y , they are bur ied deep enough over t h e i r en

t i r e length to hold them i n p o s i t i o n and p r o t e c t them from sh ip anchors. 

U n f o r t u n a t e l y , the sea bottom i s not smooth; la rge areas are covered 

w i t h i r r e g u l a r humps o f sand s i m i l a r to sand dunes, c a l l e d megar ipp les . 

Experts (morpho log is ts ) are about equa l l y d i v i ded over whether these 

r i p p l e s are s t a b l e . There i s a good chance t h a t under such cond i t i ons 

a p i p e l i n e w i l l be bu r ied i n the c res ts o f the megaripples and be han

ging f ree between them, Hydrodynamic forces a c t i n g on the exposed p ipe 

l i n e can cause v i b r a t i o n s . I f a resonant v i b r a t i o n occurs metal f a 

t i g u e and f a i l u r e can r e s u l t . This i s discussed f u r t h e r i n volume IV , 

L i v i n g evidence o f the f a c t t h a t problems s t i l l e x i s t w i t h p i p e l i n e s 

was provided when an o i l p i p e l i n e i n the North Sea unexpectedly 

f l o a t e d to the sur face l a t e i n 1975, 
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Const ruc t ion Equipment 

Various types o f f i x e d and f l o a t i n g equipment are needed to i n 

s t a l l and serv ice o f f s i i o re f a c i l i t i e s . Figure 3 2 . 4 , f o r example, 

shows a very la rge crane i n o p e r a t i o n . Jack-up cranes are sometimes 

used to good advantage i n very shal low water f o r c o n s t r u c t i o n of 

breakwaters , f o r example. These cranes can be f l o a t e d i n t o place i n 

calm weather and can e leva te themselves above break ing waves. 

Ships and semi-submersibles are usua l l y used f o r l a y i n g p i pe 

l i n e s . Because they must e x e r t a s t rong tens ion on the p i p e l i n e du

r i n g the p i p e l a y i n g opera t ion ( t o prevent buck l i ng ) these u n i t s must 

be anchored. 

32.4 C i v i l Engineer ing Aspects 

C i v i l engineer ing aspects of o f f s h o r e engineer ing can be subdiv ided 

to some ex ten t along the l i n e s o f s p e c i a l i z a t i o n w i t h i n the c i v i l 

eng ineer ing f i e l d . In t h i s s e c t i o n , however, a s u b d i v i s i o n i n v o l v i n g 

the problem c h a r a c t e r i s t i c s w i l l be used. 

Environmental Loads 

The de te rmina t ion o f environmental loads on an o f f s h o r e s t r u c t u r e 

can be subdiv ided i n t o two sub-problems: the de te rm ina t ion o f e n v i r o n 

mental c o n d i t i o n s , and the t r a n s l a t i o n of these cond i t i ons i n t o l oads . 

Environmental cond i t i ons r e s u l t f rom n a t u r e . These i nc lude w i n d , 

waves, c u r r e n t s , i ce f o r m a t i o n , and earthquakes. A major problem i s 

the de te rmina t ion o f the p r o b a b i l i t y w i t h which a given environmental 

c o n d i t i o n - or combinat ion o f cond i t i ons - w i l l be exceeded w i t h i n the 

l i f e t i m e o f the s t r u c t u r e . A b i t o f the technique o f t h i s has been 

i n d i c a t e d e a r l i e r i n chapter 11 . 

L u c k i l y , no t a l l o f the environmental cond i t i ons l i s t e d above are 

u n i v e r s a l l y found. I c e , e i t h e r d r i f t i n g on the water sur face or f r e e z i n g 

on the s u p e r s t r u c t u r e , i s on ly a problem i n co lder c l i m a t e s . The load 

r e s u l t i n g from i ce f rozen on the supe rs t ruc tu re i s not u s u a l l y impor

t a n t f o r the design o f the s t r u c t u r e as a whole; i t can be very impor

t a n t f o r i n d i v i d u a l par ts o f the s t r u c t u r e , however. Earthquakes can 

present design problems f o r s t r u c t u r e s to be loca ted i n the P a c i f i c 

Ocean basin and i n the eastern par ts o f the Mediterranean Sea. 

The second p a r t o f t h i s problem i s equa l l y complex. Because 

the environmental loads on a s t r u c t u r e are n o t , i n g e n e r a l , d i r e c t 

l y p r o p o r t i o n a l to the environmental cond i t i ons (such as wave he igh t 

or c u r r e n t v e l o c i t y ) which cause them, the t r ans fo rma t i on o f cond i 

t i o n s i n t o loads i s not s imp le . The common technique o f m u l t i p l y i n g 

a cond i t i ons spectrum by a response f u n c t i o n to determine a load ing 

spectrum is n o t , i n g e n e r a l , adequate. This problem i s t r e a t e d i n 

depth i n volume I I / . The spec ia l t o p i c o f impact forces r e s u l t i n g 

from break ing waves i s t r e a t e d i n volume I I I . 

The de te rmina t ion o f the environmental cond i t i ons i s a task o f 

coasta l engineers and oceanographers. The t r ans fo rma t i on o f cond i t i ons 

i n t o loads i s a cu r ren t research t o p i c f o r coasta l engineers as we l l 

as f l u i d mechanics s p e c i a l i s t s . 
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The importance o f the t o t a l o f environmental loads should not 

be underest imated. They fo rm, by f a r , the most c r i t i c a l l oad ings , and 

have even led to f a i l u r e o f o f f sho re s t r u c t u r e s . F igure 32.9 shov/s a 

j a c k e t type product ion p l a t f o r m dur ing a s torm. 

S t r u c t u r a l Design 

Once the environmental loads have been es t ima ted , the d e t a i l e d 

s t r u c t u r a l design i n s tee l or concrete can be s t a r t e d . Obv ious ly , 

s ince the environmental loads are dependent upon the s i ze and l oca 

t i o n o f cons t r uc t i on e lements, load de te rmina t ion and s t r u c t u r a l de^ 

s ign are c l o s e l y r e l a t e d , i n p r a c t i c e . 

Special s t r u c t u r a l problems are encountered w i t h o f f sho re s t r u c 

t u r e s , however. F i r s t , as a l ready i n d i c a t e d i n chapter 3 , ma te r i a l 

p rope r t i es can be a f f e c t e d by the sea water environment. Corrosion 

o f s tee l i s on ly one of the more obvious problems. However, co r ros ion 

combined w i t h la rge dynamic environmental loads requ i res the m o d i f i c a 

t i o n of t r a d i t i o n a l f a t i g u e s t ress r e l a t i o n s h i p s f o r use o f f s h o r e . 

The phys ica l s ize o f elements and the complex i ty o f connect ions 

leads to complex s t ress concen t ra t ion problems. Research on t h i s t o 

p i c by s t r u c t u r a l engineers i s badly needed. A chapter i n volume IV 

h i g h l i g h t s the problems i n more d e t a i l . 

Foundations 

The founda t ion design i s a lso r e l a t e d t o the s t r u c t u r a l des ign . 

One o f the f i r s t problems o f foundat ion design i s the de te rm ina t ion 

o f bottom ma te r i a l p rope r t i e s i n s i t u . Recent t echn i ca l developments 

prov ide apparen t l y good data now, however. Even so , foundat ions f o r 

f i x e d o f f sho re s t r u c t u r e s must sus ta in very la rge s t a t i c and dyna

mic loads when compared to land-based founda t ions . When the s t r u c -
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tu re i s i n shal low w a t e r , waves can cause a d d i t i o n a l sho r t per iod 

dynamic f l u c t u a t i o n s i n the s o i l pore water pressure which comp l i 

cate the foundat ion design problem. 

The anchor ing o f moored f l o a t i n g s t r u c t u r e s provides another 

s p e c i a l i z e d face t o f o f f sho re foundat ion eng inee r i ng . For economic 

reasons, i t i s des i rab le to ob ta in a maximum anchor f o r ce w i t h 

a minimum anchor we igh t . 

Erosion near f o o t i n g s o f s t r u c t u r e s and near p i p e l i n e s can 

compl icate foundat ion des ign. The foundat ion engineer and the 

coasta l eng ineer ing morphologis ts should a t tack t h i s problem 

coope ra t i ve l y . 

Corrosion and Fouliingi 

Corrosion has a l ready been i ind ica ted wn'thi regard t o f a t i g u e i n 

s t r u c t u r a l des ign . M a t e r i a l s engineers a r e , o f course, a lso concer

ned w i t h the problem as they seek to improve ma te r i a l s used i n o f f 

shore s t r u c t u r e s . 

Fou l ing by the accumulat ion o f marine growth on an o f f s h o r e 

s t r u c t u r e can have s i g n i f i c a n t consequences. Since a f o u l i n g laye r 

increases the e f f e c t i v e s ize o f a s t r u c t u r a l e lement , i t increases 

the environmental l oad . A laye r o f marine growth over 20 cm t h i c k 

has been found on a 100 cm diameter element o f an o f f sho re p l a t f o r m 

a f t e r 10 y e a r s . This l aye r has increased the e f f e c t i v e diameter o f 

the element by 40%1 Such marine growths develop r e l a t i v e l y r a p i d l y 

on o f f sho re s t r u c t u r e s as compared to coasta l s t r u c t u r e s . O f f s h o r e , 

the marine l i f e has less h inder from p o l l u t i o n and less compet i t i on 

f o r the a v a i l a b l e food resources o f the ocean. 

Obv ious ly , accumulat ions o f marine growth on s t r u c t u r e s a lso 

h inder p e r i o d i c inspec t ions which are o f t en requ i red by insurance 

unde rw r i t e r s . 

P o l l u t i o n Contro l 

Both domestic and i n d u s t r i a l wastes are produced on o f f s h o r e 

s t r u c t u r e s . San i ta ry engineers are beginning to a t tack the problem 

o f d isposal o f these o f t e n r e l a t i v e l y small q u a n t i t i e s o f e n v i r o n 

menta l l y damaging wastes. 

Cons t ruc t ion 

Cons t ruc t ion aspects o f the f a b r i c a t i o n o f an o f f s h o r e s t r u c t u r e 

on land or i n a drydock are not considered here . Problems assoc ia ted 

w i t h the p lac ing o f a s t r u c t u r e on a s i t e a t sea are o f i n t e r e s t to 

us , however. 

Various problems a r i s e dur ing the t r a n s p o r t of a l a rge s t r u c t u r e 

to i t s opera t ing s i t e . The f l o a t i n g s t a b i l i t y and towing problems 

are handled i n cooperat ion w i t h the naval a r c h i t e c t s . The m o b i l i 

za t i on o f the necessary number o f sea-going tugboats to b r i n g a 

s t r u c t u r e to i t s l o c a t i o n can present a cha l l eng ing management 

problem. The prec ise de te rmina t ion o f p o s i t i o n o f s t r u c t u r e s -

necessary f o r the i n s t a l l a t i o n o f connect ing p i p e l i n e s , e t c . -

provides an i n t e r e s t i n g geodesy problem. 
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Once the s i t e has been reached o ther equipment must be mo

b i l i z e d to complete t h e cons t r uc t i on a t the s i t e . The l i f t i n g 

capac i ty o f seaworthy f l o a t i n g cranes can be an impor tan t l i m i 

t a t i o n even though t h i s capac i ty seems high - a few thousand tons . 

P i l es must be d r i ven a t sea i n order to guarantee the s t a b i l i t y o f 

j a c k e t s t r u c t u r e s . Divers may be needed f o r a whole v a r i e t y o f 

underwater ope ra t i ons . 

Since opera t ions c a r r i e d out a t sea are so expensive compared 

t o s i m i l a r opera t ions e lsewhere, ca re fu l s e l e c t i o n o f cons t ruc t i on 

techniques and management o f equipment can be economical ly rewar

d i n g . Const ruc t ion l i m i t a t i o n s and problems are discussed f u r t h e r 

i n volume IV. 

32.5 Other Problems 

Several r a t he r st range seeming problems a r i se which have 

spec ia l s i g n i f i c a n c e f o r o f f sho re s t r u c t u r e s . The i s o l a t i o n o f 

personnel on board the s t r u c t u r e s can lead to s o c i o l o g i c a l problems 

not u n l i k e those experienced on sh i ps . 

Since many o f f sho re s t r u c t u r e s are loca ted ou ts ide the area 

o f the lega l t e r r i t o r i a l wa te r s , l ega l quest ions concerning taxes 

and customs can be expected. The t h r e a t o f armed take-over o f an 

o f f s h o r e s t r u c t u r e by p i r a t e s poses lega l as we l l as s t r a t e g i c 

defense ques t ions . 
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SYMBOLS AND NOTATION w.W. Massie 

The symbols used i n t h i s set^^^notes are l i s t e d i n the t a b l e . 

I n t e r n a t i o n a l standards o f no ta t i on have been used where a v a i l a b l e 

except f o r occasional uses i n which d i r e c t c o n f l i c t o f meaninn 

would r e s u l t . Cer ta in symbols have more than one meaning, however 

t h i s i s on ly a l lowed when the context o f a symbol 's use i s s u f f i 

c i e n t to de f ine i t s meaning e x p l i c i t l y . For example,T i s used to 

denote both wave per iod and temperature. 

Funct ions are denoted using the B r i t i s h and American n o t a t i o n . 

The major discrepancy w i t h European c o n t i n e n t a l n o t a t i o n occurs w i t h 

the inverse t r i g o n o m e t r i c f u n c t i o n s . Thus, the angle whose s ine i s 

y i s denoted by: 

s i n ^ y ins tead of arc s i n y . 

Poss ib le confus ion i s avoided i n these notes by denot ing the r e c i p r o 

cal o f the s ine f u n c t i o n by the cosecant f u n c t i o n , esc, or by - i - . 

This same r u l e app l ies to the o ther t r i g o n o m e t r i c and hyperbo l i c 

f unc t i ons as w e l l . 

In the t ab l e a meaning given i n c a p i t a l l e t t e r s i nd i ca tes an 

i n t e r n a t i o n a l s tandard . The meaning o f symbols used f o r dimensions 

and un i t s are a lso l i s t e d toward the end o f the t a b l e . 

Roman Le t t e r s 

Sym- D e f i n i t i o n 

bol 

A AREA 

A^ o f harbor entrance 

A^ o f harbor sur face 

a a c c e l e r a t i o n 

a^ C o r i o l i s acce le ra t i on 

a.j C o e f f i c i e n t 

B d is tance o f r i v e r i n f l u e n c e 

i n ocean 

b d is tance between wave 

or thogonals 

C Chezy F r i c t i o n C o e f f i c i e n t 

c wave speed 

Cg wave group v e l o c i t y 

Cy volume concen t ra t ion 

D depth o f f r i c t i o n a l i n f l u e n 

apparent d i f f u s i o n c o e f f i c i 

Dp d i f f u s i o n c o e f f i c i e n t a t x= 

d storm du ra t i on 

Equa- dimensions Uni ts 

t i o n 

2 0 . 0 1 

2 3 . 0 5 

2 3 . 1 0 

L2 

L2 

/ 
2 

m 

m2 

3 . 0 1 

O 

L T " " 

L T - 2 

m/s" 

m/s^ 

2 2 . 0 6 L m 

9 . 0 1 L m 

2 0 . 0 2 

5 . 0 5 

5 , 0 6 

L T - 1 

L T - 1 

1 

m/s 

m/s 

1 6 . 0 2 - -

3 , 0 8 

2 3 , 0 3 

2 2 , 0 6 

L 

L T - 1 

L T - 1 

m 

m/s 

m/s 

1 2 , 0 3 T . h r 
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Sym- D e f i n i t i o n Equa- dimensions Uni ts 

bol t i o n 

E expected chance 11.04 

es tuary number 22.02 

Wave Energy per u n i t sur face 5.09 M l " ^ N/m 

area 

Ê - Wave energy per u n i t w id th 5.08 MLT'^ N 

e BASE OF NATURAL LOGARITHMS 

F Froude Number 22.20 -

f e t c h leng th 12.04 L ni 

f ( ) f u n c t i o n o f ( ) 

f hyd rau l i cs loss c o e f f i c i e n t 16.01 

G c o e f f i c i e n t 23.05 L^T"^ m V t i d e 

per iod 

g ACCELERATION OF GRAVITY L T " ^ 

L harbor length L 

length o f i n t r u s i o n wedge 22.18 L 

«. l i f e o f s t r u c t u r e 11.16 T 

M number o f storms per year 11.06 

mix ing parameter 22.01 

m beach slope 8.01 

N number o f terms i n se r ies 

number o f waves i n record 

N' number o f terms i n se r ies 

H wave he igh t 5.01 L m 

H ' wave he igh t neg lec t i ng r e - t a b l e L m 

f r a c t i o n , d i f f r a c t i o n 9.1 

^rms "^^3" square wave he igh t 10.01 L m 

ÏÏ average wave he igh t 10.04 L 

h water depth 5.01 L 

h average water depth 20.03 L 

i subsc r i p t index 

K c o e f f i c i e n t 3 . 1 8 var ies 

r e f r a c t i o n c o e f f i c i e n t 9.03 

K^br r e f r a c t i o n c o e f f i c i e n t a t 26.02 

breaker l i n e 

shoa l ing c o e f f i c i e n t 7.06 

k wave number 5.01 L"^ l/m 

v a r i t fo 

m 

m 

y r 
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Sym D e f i n i t i o n Equa dimensions Uni ts 

bol t i o n 

n normal dii r e c t i on n o t a t i o n 

r a t i o o f group v e l o c i t y to 

wave v e l o c i t y 

3.02 

5.07 

L m 

P{) p r o b a b i l i t y ofV( ) 10.02 _ -

P 

P 

P ' 

volume o f t i d a l pr ism 

pressure 

abso lu te pressure 

20.01 

5.11 

3.18 

M L - I T - 2 

-1 -2 
ML ^ T ^ 

m^ 

N/m^ 

N/m^ 

P * vacuum head 16.01 L m 

P 

pO 

wave break ing parameter 
protaij i l i ly occurrace m inLe'-val 

ch .8 .3 - -

Q volume f low ra te L ^ T - l m^/s 

\ volume f low ra te i n s a l t tongue 22.21 L 3 , - 1 m^/s 

q volume f low r a t e per u n i t 

w id th 

L V ^ 3, m / s m 

r rad ius o f curva ture 3.03 L m 

S s a l i n i t y 3.18 - ° /oo 

s a l i n i t y at moment o f s lack 22.03 - ° / 0 0 

s 

S' 

s 

water 

sand t r a n s p o r t 

t o t a l sand i n motion 

sedimentat ion 

26.04 

26.06 

23.20 

L " ^ T " ^ 

^ 3 , - 1 

L ^ T - l 

m'^/yr 

m'^/yr 
3 

m / t i d e 

T wave P E R I O D 5.01 T s 

\ equ i va len t wave per iod 10.10 T s 

T s 

T average wave pe r iod T s 

T ' t i d e per iod 20.04 T hr 

T T E M P E R A T U R E degrees ° C 

t T I M E T s ;h r 

U wave power per u n i t c res t 5.10 M L ^ T " - ^ N/s 

leng th 

L T - 1 Uw wind speed 12.01 L T - 1 m/s 

u component v e l o c i t y i n x d i r e c 

t i o n 

5.01 L T - 1 m/s 

V t o t a l v e l o c i t y L T - 1 

L T - 1 

m/s 

Vs suc t i on pipe v e l o c i t y 16.01 

L T - 1 

L T - 1 m/s 

V component v e l o c i t y i n y d i r e c  L T - 1 m/s 

V 

t i o n 

s p e c i f i c volume 

c o e f f i c i e n t 

3.18 

3.18 

M-1L3 

M - k 3 

cm'^/g 

cm^/g 

volume o f voids 23.23 L3 m^ 
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Sym- D e f i n i t i o n Equa- diimensions Uni ts 

bol t i o n 

w component v e l o c i t y i n z d i r e c - Lï"''- m/s 

t i o n 

X COORDINATE DIRECTION L 

X COORDINATE DIRECTION L 

Y COORDINATE DTRECTIONi L 

y COORDINATE DIRECTION^ L m 

Z' VERTICAL COORDINATE DTREC- L m 

TI ONI 

Zp depth o f submerged dredge 

pump 16.01 L m 

depth o f dredge suc t i on 16.01 L m 

pipe 

z VERTICAL COORDINATE DIREC- L m 

TION 

z ' VERTICAL COORDINATE DIREC- 3.17 L m 

TION 

GREEK LETTERS 

a c o e f f i c i e n t 23.07 - -

3 water sur face slope 3.16 - -

Y wave break ing index ch .7 .5 _ _ 

Y u n i t we ight ML" •2T-•2 
N/m^ 

^9 
u n i t weight o f sand gra ins 16.02 ML' •2T-•2 N/m^ 

% u n i t weight o f suspension 16.01 ML •2T--2 N/m^ 

u n i t we ight o f water 16.01 ML" •2T" •2 N/m^ 

5 r e l a t i v e dens i t y o f water 22.15 - -
masses 

e eddy v i s c o s i t y 3.05 ML' • V 
•1 

Ns/m 

« v e r t i c a l displacement o f 5.04 L m 

water p a r t i c l e 

0 POLAR COORDINATE 3.13 _ r ad . 

l aye r th ickness 22.13 L m 

e phase angle 20.04 - r ad . 
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Sym- D e f i n i t i o n Equa- dimensions Un i t s 

bol t i o n 

A c o e f f i c i e n t 3.16 -

X WAVE LENGTH 5.01 L m 

C h o r i z o n t a l displacement o f 5,03 L m 

water p a r t i c l e 

n PRODUCT n o t a t i o n 

TT 3.1.415926536 

p dens i t y o f water 3.20 ML'-^ kg/m^ 

p average dens i ty o f water 23.06 ML kg/m 

I THE SUM OF 

a NORMAL STRESS ML"H"^ N/m^ 

STANDARD DEVIAT ION o f wave 10.05 L m 

he igh t 

p-1000 3.21 ML"'^ kg/rn^ 

T SHEAR STRESS 22.19 ML 'H"^ N/m^ 

f e t c h parameter 12.04 

l a t i t u d e 3.01 - deg. 

angle of wave inc idence 9,04 - deg, 

angular v e l o c i t y o f ea r th 3.01 T" '^ rad/s 

c i r'cul fpscj usn Cj BtOl T"^ r sd /s 

Special symbols 

ampl i tude o f t a b , 7 . 1 

t ime average o f 

V- volume L^ m"̂  

V-̂  volume o f harbor 23,08 L'̂  m'̂  

i n f i n i t y 

par ts per thousand by weight 3,18 
° /oo 
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Subscr ip ts 

Sym- D e f i n i t i o n 

bol 

b bot tom; evaluated at z = -h 

br breaker ; evaluated a t ou te r edge o f breaker zone 

D d e n s i t y ; caused by dens i t y i n f l uence 

d design 

e equ iva len t 

f f i l l i n g ; caused by harbor t i d e 

g group; wave group 

I i n t e r f a c e 

i index counter 

0 evaluated f o r ocean cond i t i ons 

0 eva luated i n deep water 

p pump 

r r i v e r 

r e f r a c t i o n 

s su r face 

suc t i on 

sh shoa l ing 

s i g s i g n i f i c a n t 

x component i n x d i r e c t i o n 

y component i n y d i r e c t i o n 

z component i n z d i r e c t i o n 

1 

3 

2 used t o d i s t i n g u i s h s i m i l a r values 

ac tua l meaning from con tex t . 

4 

Funct ions used 

Tr igonomet r i c f unc t i ons 

s i n ( ) s ine o f ( ) 

cos ( ) cosine o f ( ) 

tan { ) tangent o f ( ) 

s i n ( ) angle whose s ine i s ( ) 

cos \ ) angle whose cosine i s ( ) 

tan ( ) angle whose tangent i s ( ) 

The rec ip roca l o f s i n ( ) would be denoted by csc( ) 

cosecant ( ) . 
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hyperbo l i c f unc t i ons 

s inh{ ) hype rbo l i c s ine o f ( ) 

cosh( ) hype rbo l i c cosine o f ( )) 

tanh( ): hype rbo l i c tangent o f f ) 

s inh ' ' ' ' ( ) argument whose hyperbolii ic s ine f s { ) 

cosh~^( ) argument whose hype rbo l i c , cosine: is, ( } 

tanh'' '^( ) argument whose hyperbo l i c tangent, is; {' J 

l o g a r i t h m i c f unc t i ons 

logC ), Togairi:thm^ to. base; IQ) o t (( )) 

l n ( } logari i thm' to- base- e: ofT (' ): 

expC ) e ra i sed to the power ( )' 

P{ ) p r o b a b i l i t y o f exceedance o f ( ) 

f ( ) general f u n c t i o n o f ( ) 

ll( ) product o f ( ) 

s( ) sum o f ( ) 
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iDiiitnensions and u n i t s 

S p i - Bef iinntiiion 

toll 

°C degree eel s i us 

cm cent imeter = 10 m 

f t f o o t 

g GRAM 

h hour 

-hr ;hour 

[kg 'RliUOBRAM 

km ikilometber = 10 m 

k t 'knot = inauti 'cal mi les per hour 

L LENGTH DIMENSION 

lb pound fo rce 

M MASS DIMENSION 

m METER 

mg mi l igram = lo"'^ g 
_ 3 

mm mi l imeter = 10 m 

ym micrometer = lo"'' m 

N NEWTON 

rad radians 

s SECOND 

T TIME DIMENSION 

y r year 

° degree temperature 

degree angle 

par ts per thousand 
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