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1. ĨNTROQUCTION w.w. Massie 

1 . 1 . Purpose 

This sét o f 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 t o supp le -

ment the c lasses conducted hy Prof, E.w. B i j k e r which are held 

i n D e l f t , both á t the U n i v e r s i t y o f Technology and á t the In ter -

nat iona l Course in Hydraul ic Engineer ing. The l e c t u r e t ime wi11 

be useđ p r i m a r i l y to discuss and a m p l i f y these notes anđ answer 

qưest ions . 

Some can probably l ea rn much tròm these books without having 

attended the c lasses á t a n . Questìons are often posed vrìthin 

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 í y u n — 

de rs tand ing . ~ "
 — 

1.2. Subd iv is ions 

The e n t i r e mater ỉa ĩ o f coasta l eng ineer ing presented by 

Prof . B i j k e r á t the D e l f t U n i v e r s i t y of Technology ís current ly 

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

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

hyd rau l i c eng ineer ing s tưdents . 

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

ment o f 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 , re-

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

c . Breakwater Design - t r e a t s t h á t p a r t i c u l a i ^ s p e c i a l i z e d 

t o p i c . 

This s u b d i v i s i o n has been r e t a i n e d i n the p r e p a r a t i o n o f 

these books; the mate r i a l i s d i v i ded i n t o t h ree separate v o l -

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

ì i s t e d a b o v e * 

Another sưbd iv i s ion i s a lso p o s s i b l e ; Í t i s o f t e n handy to 

subd iv ide the mate r ia ĩ of coasta l engineer ing i n t o three broad 

areas accord ing to the types o f problems which are t r e a t e d . 

These t h ree broad ca tego r ies are Harbors, Morphology, and Offshore 

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

r e ta i ned i n the f i r s t two volumes of t h i s book. U i t h i n each o f 

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

g o r i e s . This subd i v i s i on i s nót apparent i n volume I I I since 

breakwaters f a l l almost e x c l u s i v e l y ì n to the harbor category. 

A f o u r t h category o f i n f o rma t i an has been addeđ i n these 

notes t o rev iew necessary background theory normaì ly presented 

i n o ther cou rses ; t h i s is done f o r completeness. Many can sk i p 

over t h i s category comp le te l y , o the rs w i l l f i n d í 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 coastaì eng ineer ing top ics which are 

X í t has l a t e r been decided to separate the offshore engi -

neering in a separate volume. Thus, t h i s appears as volume IV. 



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 fe rences have been inclưded á t the 

end o f each o f the f o u r volumes. These are inđeed r e í e r e n c e s ; 

they prov ide background i ns tead of h ighT igh t i ng the must recen t 

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

keeping úp to d a t e . 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 í t below. 

General 

Engineering p e r i o d i c a l l i t e r a t u r e o f t h i s s o r t covers a 

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

s ì o n a n y c o n t a i n s Sũmething 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 t echn 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, pưbl ished weekly hy McGraw H i n 

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

b. De Ingen ieur , pưbl ished weekly hy the Royal Society o f 

Engineers ( K o n i n k l i j k I n s t i t u ư t van I ngen ìeưrs ) , The 

Hague, The Nether lands 

c. c i V i ì Eng ineer ing , published monthly hy 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 i on about a 

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

i n t e r e s t bút 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 nđưs t r y , publ ished montí i ly by the Gulf Publ ì sh ìng 

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

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

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

Technical Spec i f i c 

This group ữf p u b l i c a t i o n s p r o v i d e , i n gen-sral , most o f the 

s p e c i í i c t echn 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 íe rences l i s t e d in 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 t echn ica l s p e c i f i c l i t e r a t u r e 

a r e : 

ã. Journal o f 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 

cíVìT Engineers , New York, U.S.A. 

b. Shore and Beach, pub l ished semiannual ly by American Shore 

and Beach 1' reservat 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 i shed annuaUy by Japan 

Soc ie ty o f 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 o f i n f o r m a t i o n as t he pre-

v ious s o r t o f j o u r n a l s , bút 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. í t takes a b í t o f i ngenu í ty ôn the p a r t o f 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 anđ pat ience to seek 

through i t s l i t e r a t u r e ôn the smaĩì chance t h á t í t con ta ịno some-

t h i ng u s e f u l . Often 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 o n l y 

to i l l u s t r a t e t há t usefu l in format ior r can be found i n t h i s s o r t 

o f j ou rnaT. 

a . An a r t i c l e ôn wave f o r c e s : Journal o f the Eng.ineering Méc ha -

n ics D i v i s i o n , pưbl ished by the American-Society-of—G-iv-i-1 

Engineers, New York, U.S.A. 

ồ. An a r t i c i e ôn wa\/e a c t l o n ìn harburs>: Journa1 &r the A c o u s — 

t i c a l Society o f America, New York, U.S.A. 

Abs t rac ts 

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

and qưick re fe rence to the vas t domain o f l i t e r a t u r e . AOst rac t s , 

o f themselves, do nót prov ide any new í n f o r m a t ĩ o n ; the s ỉmpìy 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 indữxing serv ices a r e : 

a. Oocumentation Data, publ ished by the O e l í t Hydrau l i cs Labo-

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

b. Engineering ĩndex, publ ished by the Engineer ing Soc ie t i es 

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

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

the D e l f t Ưnive rs i t y of Technology. The Engineer ing Index abs t r ac t s 

can be examined vía a d i s p l a y terminal t h e r e , even though t h ì s type 

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

i s maìnta ined i n the Labora tory o f r i u fd Mecharncs o f the c ĩ V ĩ Ì 

Engineering Department. 

1.4. Reference Books. 

A fev/ general re fe rence books o f spGc i f i c i n t e r e s t to coasta l 

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

usua ì l y nót every th ing about a wide spectrum o f coasta l enginẽer ing 

t o p i c s . 

a . Per Bruun (1973) : Port Engineer ing; Gulf Pub l i sh ing Company, 

Houston, Texas, Ư.S.A. 

b. Ar thu r ĩ . 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 . Mưir Wood, A.M. (1963) Coasta) H y d r a u l i c s : Macmi l lan and 

Co. L t d . , London, England. 

e. Robert L. Wiege1 (1964) : Oceanographical Eng ineer ing ; Pren-

t í 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 o f the J 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 i on are l i s t e d á 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 đ i t i n g and 

assembly was the r e s p o n s i b i l i t y o f 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 lphabe t i ca l orde r . 

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

I r . E. Al le rsma, Chief Engìneer, Hydrodynamics and Morphoĩogy Branch, 

ũ e l f t Hydrau l i cs Labora to ry , D e l f t . 

-PfQf-. -t)p—ĩ-f-.- th-VJ. B i j k e r , Professor o f Coastal Eng ineer ing , D e 1 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 Marcon ỉnc.y The Hague. 

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

I r . J . J . van O i j k , Senìor S c i e n t i f i c O f f i c e r , ũ 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 

o f 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 , O e l f t U n i v e r s i t y 

o f Technology, D e l f t . 

l i " . J . de Nekker, Chief Engineer f o r Harbors , ũepartment o f Publ ic 

Works, Rotterdam. 

I r . A. Paape, Oi rec to r of ũ e l f t Branch, ũ e l f t Hydrau l ics Labora to ry , 

D e m . 
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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 sét o f books i s American r a t h e r than 

Eng Ì i s h . 

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 . S>mbols are de f ined when f i r s t in t roduced i n each chapter 

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

volume. 

L i t e r a t ư r e i s c i t e d i n the t e x t by author and year d a t e . A com-

p l e t e l i s t o f reíerences used i s inc luded á t the enđ o f each book. 

Fìgựres shown are drawn to scaìe 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 i be s p e c i f i c a l l y poin ted o u t . Many f i g u r e s i n these 

books are reprođuced á 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 Ì : 1250 

s c a l e . 

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

r a t e g lossary g i v i n g đ 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 conrnon use in 

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

a l so a v a i l a b l e sepa ra te l y . 



6 

2. OVERVIEH OF COASTAL ENSINEERING E.w. B i j k e r 

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

Coastal engineer ing i s the c o l ì e c t i v e term encompassing most 

of the engineer ing a c t i v i t i e s r e l a t e d t o works along the coas ts . 

In recent y e a r s , coasta l engineers have o f t e n been invo lved in 

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

t h e i r pr imary task to apply t echn ica l knowledge t a 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 . U s u a l l y , desĩgns 

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

are a v a i l a b l e , thùs a fưndamental knowledge o f the phenomona i n -

volveđ i s requ i red as w e ì 1 . O f t e n , coasta ì engineers must extend 

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

An a d d i t i o n a l comp l i ca t i ng f e a t u r e o f coasta l engineer ing i s 

t h á t many o f the independent v a r i a b l e s invo lved are of a stochas-

t i c natưre. s t a t i s t i c a l computat ions form the basis f o r the op-

tìmum design techniques app l i ed t o many coastal engineer ing pro -

blems. 

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

Among the fundamenta1 problems f a c i n g the coasta l engineer are 

the water movements along a c o a s 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 hydrodyrtamic 

fo rces exerted by waves and c u r r e n t s ôn var ious c o n s t r u c t i o n s . 

These are simpTy exampĩes f o r the funđamentaĩ phenomona; o the rs 

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

form the basis f o r coas ta l eng ineer ing research . 

2 . 3 . Subdiv 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 

t echn ica l content of each o f these d i v i s i o n s . 

2 . 4 . Harbors 

Harbors have developed a long w ì t h man's des i r e to move goods 

by s h i p . í t i s impor tant to develop harbors i n such a way t h á t they 

are both convenient and eccmomical f rom a n po in t s o f view. This 

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

m a r i l y in volume l i . The coopera t i on of naval a r c h i t e c t s and mariners 

i s o f t e n very h e l p í u l when cons ide r ìng t h i s o p t i m i z a t i o n problem. 

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

the desìgn o f these s t r ư c t u r e s fs the maìn t o p ỉ c o f volume I U o f 

these notes. 
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Since many harbors are s i t u a t e d i n r i v e r mouths or na tu ra l es -

t u a r i e s , the f o rma t ion o f shoals and channels i n t i d a l r i v e r s i s o f -

ten inc luded i n coasta l eng inee r i ng . Obv ious ly , t h i s aspect i s a l s o 

c l o s e l y r e l a t e d to r i v e r eng inee r i ng . Special a t t e n t i o n i s paid t o 

the i n f ỉ u e n c e o f đen s i t y cu r ren ts and t ime dependent s a l i n i t y v a r i -

a t ì o n s ôn the behavìor o f s i l t i n harbors . Densĩ ty c u r r e n t s are ap-

proached f rom a very p r a c t i c a l v iewpo in t i n these notes;- fundamental 

theory i s handled i n other books and courses. The behavior o f s i ! t 

ì n harbors and r i v e r mouths can be o f 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 coas ta l morphology over a cons ide rab 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 inked — 

t o coas ta l morphological problems. Indeed, í t i s o f t e n imposs ib le 

to separate these-prgblems. Ameng- tho roere s i g m ' f i c a n t roorpho"lQ94caJ— 

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 ìn f lưence of breakwaters ôn 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 o f waves 

and cu r ren t s w i t h the coas t . Most o f t e n t h i s coast WÌ11 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 

í n f l uence of 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 i n f l uences and as such are more o f concern 

t o the g e o l o g i s t than to the coas ta l engineer . Why do coasts con-

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

waves and cu r ren ts? This i s answered ìn chapter 27 ôn Mud Coasts . 

L u c k i l y , the most common coasta l mater ia l i s sand. We are 

ìucky because Í t can be moved r a t h e r e a s i ỉ y by dredging and the 

changes which occur ôn sand coasts can be reasonably a c c u r a t e l y 

p red i c ted using mathematical models. These models are b r i e í l y 

descr ibed i n t h i s volume; more complete i n fo rma t i on i s g iven i n 

volume l i . 

í t should be c l e a r t h á 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 tròm hy-

d r a u l i c s are needed; some of the more spec ia l i zed t op i cs are re-

viewed i n the immediately f o ì ì o w ì n g . c h a p t e r s . 

The e f f e c t of waves and c u r r e n t s ôn beaches i s s t i l l nót com-

p l e t e l y unders tood. Longshore and ôn 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 op i c o f coasta l engineer ing resea rch . 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 t o p r e d i c t c o a s t l i n e changes. 

Since nót a i ! na tu ra l coasta l changes are d e s i r a b l e , coas ta l 

deíense works can ai so be needed. Defense works are used t o r e t a r d 

the n a t u r a l ' c o a s t a l processes or , sometimes, simply to neut ra l i ze 

/ n 
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t h e i r e f f e c t s . For example, groins can be constructed perpendicu-

l a r or p a r a l l e l to a coast t o r e t a r d erosion. 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 accret ion to areas of 

e r o s i o n . Coastal deíense works w i l l be considered l a te r in th is 

volume. 

Nót o n l y harbor breakvvaters and approach channels d isturb the 

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

This i s 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 t h e - m a i n — 

t o p i c s associated w i t h " c o n v e n t i o n a l " coasta l eng inee r i ng . I n r e -

—cent~Hmes--manJ-s i n t e r e s t ìn working á t sea has ìncreased rap id ly . 

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

have worked along r é l a t i v e l y shallovv c o a s t l i n e s have been askeđ 

to so lve comple te ly new problems i n the deep sea. Indeed, the f o l l o -

wing chapter ôn oceanography i s inc luded because o f an increasing 

need to understand the processes which take pìace in the deeper 

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

come from the petroleum companies. 

The term " o f f s h o r e eng inee r ing " i s used, here , t o refer t o 

engineer 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 o p i c as "ocean engineering" 

bút the whole stưdy area i s too young to have developeđ a un i fo rm 

t e rm ino logy . Confusion of t e rm ino logy i s bound t o r e s u l t ; for exampỉe 

some marine engineers design o f f s h o r e works whì l e others design 

power p lan ts f o r s l i i ps ! 

Ships underway do nót have a connect ion to the main land , bút 

are s t i l l excluded from o f f s h o r e e n g i n e e r i n g ; these are l e f t for 

the n a v a l a r c h i t e c t s . Ôn 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 caưsed by sh ips can be very impor tan t t o 

us. 

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

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

a r c h i t e c t u r e can ai Ì 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 ì V ĩ Ì eng inee r i ng . Here i n D e l f t , these departments are now coope-

r a t i n g c l o s e l y ôn 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 -

neer i ng. 



3. OCEANOGRAPHY w.w. Massie 

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

Oceanography i s study o f 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 ôn 

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 i n 1786 hy Boerhaave; a copy e x i s t s i n the L ibpary o f Leiden 

U n i v e r s ì t y . 

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

de rn " oceanography book i n 1855 wh i l e he was Super intendent of the 

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

ships ìogs - are e x c e ì ì e n t ; a i ĩ are i n t e r e s t ì n g l y exp ìa ined , even 

-^fehoưgh ho had-no know1edge of -geophys ics , 

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

out by the H.M.S. Chai lenger . The sh ip sa i l ed from Portsmouth, England 

ôn 21 December 1872 and in 3ị years sa i l ed more than 100,000 km pro -

ducing a 50 volume r e p o r t . This was also 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 , c h e m i c a 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 o f oceanography t o the coas ta l engineer? 

This wĩ17 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 i o l o g i c a l Oceanography 

B i o l o g i c a l Oceanography concerns í t s e l f w i t h l i \ ' i n g matter i n 

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

cal problems, bút 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 

i m p o r t a n t , f o r example. 

Chemicai Oceanography 

The c h e o i s t r y o f sea water is obv ious ỉy of qreat importance to 

the marine b i o l o g i s t s bút í 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 ì . Mate r i a ỉ s used in 

c o n s t r u c t i o n i n the oceans can behave in what seem Ì í ke strange 

ways when exposed ỉ;o sea water under á cons ide rab 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 . Specia l co r ros ion and f r a c t u r e problems dev6lop w i t h 

s t e e l át somewhat grea te r depths . 
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Geolọgical Oceanography 

The geo log i s t s who f i n d commercìa l ly va lyab le minera ls ôn the 

bottom o f and under the sea are I n d i r e c t l y respons ib le f o r prov id ìng 

jobs f o r many coasta l eng ineers . While coas ta l engineers are nót 

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 ì m i 

nary i n fo rma t i on 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 Ì í ke the coasta l engineers . 

Both mrry aboưt waves, t ì đ e s and hydrodynamic problems in genera l . 

The concern w i t h waves i s i n t e r e s t i n g , i f nót se r i ous . The oceanogra~ 

phers ưsua l l y consider waves t o be a necessary nưsiance; coasta l 

eng ineers , ôn the o ther hand. d e r i v p t h e i r mnst. r h a n p n g ì n g prnhUmx— 

from thèm. As o f f s h o r e work progresses i n t o s t ì l l deeper wate r , coa-

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

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

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

3 . 2 . ũesc r i p t i o r i o f the Oceans 

A b r i e f rev iew o f the phys ica l f ea tu res of the oceans w i l l be 

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

i n the ocean. 

Figure 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 
15 3 

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

and a water volume of 0.054 X l o *
5 m

3 - p r e t t y i n s i g n i í i c a n t ! 

The shal1owest 200 m of the ocean (7.6% o f the t o t a l area) i s ca l l ed 

the c o n t i n e n t a l s h e ì f . Onìy r e c e n t l y have coasta l engìneers been 

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

the need to know a ' b í t more about oceanography, now. Shelves border 

most of the c o n t i n e n t a l coasts and range in wid th úp to about 1200 

km. 

cumuUt ĩve percent of ocean area 

Ũ 20 40 60 eo 100 

Pigure 3. Ị 

DEPTH DISTRIBUTION 
OF THE OCEANS 

data f r o m : 
Sverđrup etal 
1942 
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The wides t c o n t i n e n t a l s h e l f i s in the A r c t i c ũcean, morth, o f 

S i b e r i a ; hard l y any she l f i s present along the west coast o f 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 đ iv ideđ ín.to ã se r ies o f ĩn terconnected 

basins i n which most o f the ỉ n t e r e s t i n g phys ica l oceanographic ac-

t ĩ v i t y takes pTace. These basins are 3 t o 5 km deep w i t h occasional 

deeper or shal lower s p o t s . 

Most o f the i n t e r e s t i n g a c t i v i t y in the oceans t a k e s place in 

the upper Ì to 2 km. Deeper than t h i s , the oceans are of r a t h e r u n i -

form s a ì i n i t y (35%0 - see sec t i on 3.6) and temperature (3 ° - 4 ° C). 

A I S O , c u r r e n t s i n t h i s deep zone a r e v e r y weak - o f t e n assumed to 

be zero . "Cun"eTits"ÌTí~ttie u p p e r - l a y e r s , are discussed i n the-nex-t" • — 

s e c t i o n s , whi1e the phys ica l p r o p e r t i e s o f sea water are t r e a t e d se-

p a r a t e l y i n sec t ion 3 . 6 . 

3 . 3 . Wind-ũríven 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 ư l t s from the wind 

f o rces ôn 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 á t low l a t i t u d e s 

and an eastward c u r r e n t á t high l a t i t u d e s . This a ^ n i f e s t s ì t s e ĩ f in 

the North A t l a n t i c in the f o l l o w i n g c i 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 po r t i on enters t h i s sea and a por-

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

and j o i n s the F l o r i d a Cur ren t . Water f lows out o f the Caribbean be-

tween F l o r i đ a and Cuba in the H o r i d a Cur ren t . The n o n * đ a Current 

{ o f t e n c a l l e d the Gulf stream) cont inues nor th along North America 

to about 45° N. l a t i t ư d e where Í t tu rns eastward and spreads oưt f o r -

ming the North A t l a n t i c Current . A branch o f t h i s tu rns sou th , along 

Portugaỉ to form the Canary Current and close 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 Soưth A t l a n t i c and 

the other oceans, These major east -west cur ren ts correspond in l á t ì -

tude to the p r e v a ì l i n g winds. The no r th - sou th cur ren ts gưarantee 

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

How do the w1nds generate these ' i iajor east-west cur rents? This 

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

o f a f l o w i n g ocean c u r r e n t WÌ11 be examined. 

3.4 . ũynaroics o f Ocean Currents 

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

to the weỉĩ -known Chézy Equation which is ưsed to descr ibe r i v e r 

f l ows does nót 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 s s than Ì m / s ) , f r i c t i o n 

f o rces become r e l a t i v e l y un impor tan t . Ôn the other hand, s ince the 
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ocean cur ren ts extend over grea t dìs tances ôn the sur íace o f a r o -

t a t i n g e a r t h , another ì n f ì u e n c e , the C c r ì o l i s F o r c e
x

, does become 

impor tan t . 

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

path . ( " s t r a i g h t " means t h á t í t fo l1ows a grea 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 a c t i n g ôn a u n i t mass o f t h i s water i s : 

a c = 2 íì s in ị V 

where: 

a = the C o r ì o H s a c c e l e r a t i o n 
c _4 t _. 

i l » the angular v e l o d t y o f the ear th = 0.729 X lo / s . 
V = the cưrrent v e l o c i t y , and 

ị—=• the I d l í t u d u ~~~ 

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 ư n i t mass) acts toward 

the r i g h t f a c i n g i n the f l o w đ i r e c t ì 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 e q u a t o 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 t o the c u r r e n 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 . 

Thìs i s a ho r i zon ta l g r a d i e n t a lso perpend icu la r 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 : 

ì | £ = 2 n s in * V (3 .02 ) 

where: 

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

3£ i s the pressure g r a d i e n t normaì t o the c u r r e n t . 
3n 

Densì ty d i f f e r e n c e s are nót 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 , bút a water sur face slope can , and does prcv ide the eqư iHb 

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

ôn the ocean su r face . 

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 of 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 á t l a t i t u d e 26° N . , the c u r r e n t 1s about 1,0 m / s . , and the 

s t r a ì t i s about 80 km wìde. 

A good rev iew o f C o r i o l i s acce ìe ra t i ons can be found i n chapter 

2 o f Housner and Hưdson (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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ì | E = (2){0.729 X 1 0 "
4

) ( s i n 2 6 ° ) ( 1 . 0 ) 
p ơn 

6.4 X 10 
-5 m 

séc 

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

-,AZ =

 6

-
4 x l ĩ ! X 80 X l o

3 = 52. X l o "
2 DI. 

9.81 

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

The cu r ren t s j u s t descr ibed are commonly eal- led-geostrophie-

c u r r e n t s . 

Another i n t e r e s t i n g , ( bú t l e s s impor tan t from an oceanographic 

v1ewpo1nt) r e s u l t can be obta ined i f we do a l l o w our current to t ù m 

and l e t the ho r i zon ta l pressure g r a d i e n t be zero. In t h í 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 lĩ s i n ộ V 
r 

ý = Ì Í1 s in Ý 

{3 .03 ; 

( 3 .04 : 

where r ì 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 tu rbances 

i n oceanographic measurements; hov/ever, they can become a nusiance 

elsewhere. Such cu r ren ts caused cons iderab le problems i n a sensi t íve 

hyd rau l i c model á t a l ab i n the u . s . some years ago. P e r f e c t l y quiet 

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

in d iameter . A f t e r í i l l i n g the tank and l e t t i n g í t stanđ 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 cưrrent i n the tank the 

next morning. Since the lab was located á t l a t i t ư 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 d e p t h ; they 

are constan t over the e n t i r e d e p t h , since f n " c t i o n has been i gno red . 

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

v i t y in the ocean deeper than Ì to 2 km. A c t u a l ì y , t he re i s no real con-

t r a d i c t i o n here , since we have nót y e t discussed the cause of the 

geost roph ic c u r r e n t s , the wind , wh ich , o f course, ac ts over the sur -

face o f the oceans. 

3 . 5 . Eckman Wind ũ r i f t 

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

the Nor th Polar Sea. He found t h á t the i ce d r i f t e d nót i n the wintl 

d i r e c t i o n , bút á t an angle of 20° to 40° from the wind . He expla lned 

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

s t resses from l a y e r s above, must d e v i a t e even more t o the r i g h t . 



14 

Eckman i nves t i ga ted t h i s mathemat ica l l y ôn the suggest ion o f Nansen. 

His r e s u ì t s , publ ished a l so i n 1902, w i ì ì nót be der ìved here . We s h a l l 

concern ourse lves on ly w ì 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 ìn ì te ocean ( a l s o i n f i n ì 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 s u r f a c e . The 

ocean sur face remains h o r i z o n t a l ; the on ly d r i v l n g f o r c e comes from 

the v/ind shear s t r e s s . In the steady s t a t e , (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 : 

3 2 u 

3 z 
+ 2 lì s i n ệ V (3 .05) 

3 z 
- 2 a s in ệ u (3 .06) 

ị 

where: 

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

V i s the v e l o c i t y component a long a h o r i z o n t a l y a x i s 

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

(+ ú p ) , and 

E z ìs 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 given by ỉ^eumann and Pierson ( Ỉ 9 6 6 ) . 

Uhen they assume t há t the wind blows onìy i n the y d i r e c t i o n , the 

shear s t ress á t the water sur íace i s : 

z = 0 (3 .07) 

and ac t s 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 ữ 
cos (45° + ị z ) (3 .08) 

V = V e
 u s i n (45° + J z ) (3 .09) 

which g i v e the v e l o c i t y components á t any d e p t h , Grice V s > t h e ve lo -

c i t y á t the sưr face , and ũ are known. 

ữ -ư p Phì ị <
3

-
10

> 

i 

TI T 

-V 2Dp íi s in ị 
(3 .11 ) 
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Eckman c a l l s D the "depth o f 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 . Át t h i s depth 

the v e ì o c i t y 1s about 1/23 o f f t s vaìưe á t the s u r f a c e , anđ f s d ỉ -

rec ted ìn the oppos l t e d i r e c t i o n . This i s i n keeping w i t h the hypo-

t h e s i s o f Nanseti mentìoned e a r l i e r . D i s norrnaHy about 50 mete rs , 

bút increases very r a p i d l y to <•> át 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 ò t a Ì v e l o c i t y 

lagn i tude V s d i r e c t 

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

o f magnitude V d i r e c t e d 45° to the r i g h t ( i n the nor the rn hemisphere) 

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

examined more conven ien t l y by ìn t roduc ing po lar c o o r d i n a t e s . 

ị z 
V = V e

 D

{ 3 . 1 2 ] 

( 3 . 1 3 ) 

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 cu r ren 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 lockw ise d i r e c t i o n . The magnitude and d i r e c t ì 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. 

q x = \ 1 (3 .14 ) 

Tí - l ĩ 

q y = 0 (3 .15 ) 

where q and q are volume f1ow ra tes per u n i t o f ocean w i d t h . 
X y 

The resưìtant t r anspo r t i s perpend icu ỉar in the wind d i r e c t i o n .
1 

This i n fo rma t i on does nót seem too usefu l to ưs as coasta l e n g i -

neers. However, by a11owing the ocean to have a c o a s t , a sur face 

s lope , and a f i n i t e depth Í t i s poss ib le to beg in * 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 i on t h á t such 

surges can cause. 

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

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

A - ^ K
 ( 3

-
1 6 : 

This i s indeed s t i l l on ly a begínn ing. In f luences of the baroraetric 

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

neg lec ted . 
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where: 

e = the water sur face sìope 

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 » rỉ Ị —r.
z ì 

J r * ỵp íi Sin 4>'* 

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 negìected. 

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

ted i n wind set -up problems and the d i r e c t i o n of t he maximum l u r í a c e . 

grad ien t does nót dev ia te more than l o
0 ft-ora -the-hrind-dir-e&tiorVi 

I f , however, the dẹpth o f thp hnriy n f M»tpr » i r i n r ị%n ụ j n i w i w i H y 

does) and the inHưence o f the storm surge ì t s e l f ôn the depth i s i n -

cluded then we t r e fo rced t o c a r r y out a bru te f o r c e i n t e g r a t i o n of: 

dz ' _ ÉT 

đx pgz' 

where z ' i s now the depth measured 

(3 .17) 

t ròm the ac tua l water su r face . 

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 notês . 

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

3 . 6 . Proper t i es of Sea Idater 

The most impor tant prope r t y o f sea water f rom a coasta l eng ineer ing 

po in t o f view i s 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 three 

v a r i a b l e s : s a l i n i t y , tempera tưre , and pressure . 0 f t h e s e , the pressure 

i n f l uence i s l e a s t impor tan t and we can neg lec t í t un less we are wor-

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

In c o n t r a s t t o pure wate r , most sea water wi11 co i r t inuous ly i n -

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

t u r e . Most seở water has a s a l i n i t y v a r y i n g between 34 and 36%0 

( p a r t s per thousand by w e i g h t ) . Some smal le r 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 1ow as 7%0. The Red Sea, ôn the o ther hand, has as 

much as 41%0 s a l i n i t y . 

Unfo r tưna te ì y , the dependence o f d e n s i t y , p, ôn s a l i n i t y s , and 

tempera ture , T, i s nót s imp le . F i s h e r , Wil1 iams, and Dĩa! (1970) pu-

b l i shed an emper i ca l l y d e r i v e d equat ion f o r the s p e c i f i c volume. V , 

o f water as a f u n c t i o n o f s a ì i n i t y , tempera tu re , and pressure . 

The i r equat ion i s : 

V B V - K,s +• 
K 4 + KgS + p 

(3 .18) 
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i n which: 

Kj 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 
em 

g t o 

«2 i s a temperature dependent c o e f f i c i e n t w i t h u n ì t s 
bars * 

Xo 

« 3 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 cnT 

> 

Kjị i s ạ t.pmppra<-iirp rípppiyipn*' r n p f f i r i p n t with L»ũ-ts tory-

p ì s the abso lu te pressure i n ba rs , 

s i s the s a l ì n i t y i n %0 
3 

V i s the s p e c i f i c volume i n — — , and 
g 

3 
V i s a temperature dependent c o e f f i c i e n t having u n i t s o f 

g 

The f i v e c o e f f i c i e n t s , K j , K 2 > Kg, K4 and V are r e l a t e d t o t he tem-

p e r a t u r e , T in degrees C e l c i u s , by polynomial equat ions o f f o rm: 

N 

z a . T
1 

1 = 0 

The c o e f f i c i e n t s , a . , f o r these polynomials are given i n t a b l e 3 . 1 . 

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

- 2° < T < 100° C; 0 < p' < 1000 bars ; 0 < s < 50%0 

A n 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 cưmbersome 

i n use. ĩ h e r e f o r e , Table 3.2 Ì 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 - ^ Ị - 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 = ị X l o
3 (3 .20 ) 

i n which p i s the d e n s i t y in k g / m
3

. 

* Ì bar i s lo dynes/cm or a pressure o f lo 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 ị , K 2 > 1 ^ , K4 and V 
COEFFICIEMT AND UNITS 

*1 

a i , b a r s , 
< T o ỉ 

bars em" 

K

4 

(bars ; CIT1| 

9 

0 2.679x10 * 10.874 1733.316 5918.499 0.6980547 

Ì 2 . 0 2 X 1 0 "
4 - 4 . 1 3 8 4 x l O "

2 21.55053 58.05267 -7 .435626x l0~
4 

2 - 6 . 0 X 1 0 "
9 -0.4695911 -1.1253317 3.704258x l ( f

 5 

3 3.096363XĨ0"
3 6 .6123869x l0

- 3 6 .315724x lO
- 7 

~4 -7.341182x10
 6 -1.4661625x10

 5 9 . 8 2 9 5 7 6 x l 0
- 9 

5 -1 .197269x10"
1 ( 

6 1.005461x10"
1 J 

7 5.437898x lO"
I ! 

8 1.69946X10"
1

' 

9 -2 .295063x l0~
2 C 

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 

( 0 C ) 

K

l 

3 
Ị em ) 

K 2 

, b a r $ , 
V o o

J 

h 

,bars em
3

, 
K g

 J 

K

4 

(bars ) 

V 

(Smí) 
{ g

 } 

0 2.6790x10 -4" 10.87400 1788.316 5918.499 0.6980547 

2 2.7192x10 -4 10.79123 1829.563 6030.156 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 2.5368x10 -4 10.54293 1932.222 6314.225 0.6941902 

lo 2.8750x10 -4 10.46016 1959.885 6392.958 0.6937790 

12 2.9128x10 -4 10.37739 1984.500 6464.205 0.6935516 

14 2.9500x10 -4 10.29462 2006.198 6528.253 0.6934924 

16 2.9868x10 -4 10.21186 2025.111 6585.380 0-693587*3 

18 3.0232x10 -4 10.12909 2041.365 6635.864 0.6938257 

20 3.0590x10 -4 10.04632 2055.086 6679.793 0,6941953 

22 3.0944x10 -4 9.96355 2066.396 6717.971 0.6946869 

24 3.1292x10 -4 9.88078 2075.413 6750.117 0.6952918 

26 3.1636x10' 4 9.79802 2082.253 6776.663 0.6960021 

28 3.1976x10' 4 9.71525 2087.030 6797.857 0.6968106 

30 3.2310x10' 4 9.63248 2089.855 6813.939 0.6977110 

32 3.2640x10" 4 9.54971 2090.836 6025.146 0.6986973 

34 3.2964x10" 4 9.46694 2090.076 6831.707 0.6997638 

36 3.3284x10" 4 9.38418 2087.679 6833.847 0.7009056 

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 the d e n s i t y o f s a l t water i s u s u a l l y a b í t more than 1000 

kg/m^, Dceanographers o f t en sub t rac t 1000 f rom the d e n s i t y va lues 

and denote the va lue by sigma. I f t h i s is done f o r atmospher ic p res -

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

<t = p - 1000 (3.21) , 

in which p i s eva luated á t atmospheric p ressure . 

VaTues o f Ơ£ as a f u n c t ỉ a n . o f s a l i n í t y and temperature are l i s -

ted
1 Tri' tab-le- 3.3v These ta t r tes were computed using equat ion J„18 

w i t h p" - 1-Ơ133 bars - Ì atmosphere. 

Since t he equat ions (aild t h e l r r e s ư l t i n g t ab les ) ar t i d b í t 

cumbersome i n use, the J e 1 f t Hydrau l ics Laboratory uses a s imp le r 

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

ơ t = 0.75 s (3 .22) 

Equation 3,22 neg lec ts 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 ưse than eqưation 3.18 . In prac-

t i c e , c i v ì l engineers w i n sometimes f i n d equat ion 3,22 t o be s u f -

í 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 ĩ ì n i t y d ì f f e r e n c e s and the water temperature i s nót extreme. 

With t h i s i n f o rma t i on ôn 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 o f the sur face l a y e r ; how 

can t h i s f l o a t ôn 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 main ta in a dens i t y p r o f i l e whích increases 

w i t h dep th . 

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 tu re 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 ( Ì kin) pipe and ÊKtend Í 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 úp the 

deep wate r . We do t h i s s low ly so t há 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 á t the water cont inues t o 

f l o w . Why does Í t f low? No, Í t i s nót perpetual m o t i o n ; the process 

stops as soon as the ưpper Ì km l aye r of 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 i on and a g a i n , i n d e t a i l , i n chapter 22. 
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3.7 Densi ty Currents 

Hor izonta l d e n s i t y g rad ien t s can a lso lead t o unbalanced p res -

sure f o rces which r e s u ĩ t i n a c u r r e n t . The nechanỉcs o f such cu r ren t s 

i s the same in a harbor ôn 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 Ì be e x p l a i n e d ; here, 

we sha l l o n l y desc r ibe a s i g n i í i c a n t example Nhích we f i n d i n t h e 

oceans. 

The Medi te r ran ian Sea i s more s a l i n e , anđ hence more dẽnse than 

the A t l a n t í c Ocean. A permanent c u r r e n t i n the orđer o f ị m/s f l ows 

outward through the deeper p o r t i o n s o f the s t r a i t o f G i b p a í t a r . - Á t the 

the s u r f a c e , an even s t ronger c u r r e n t f lows ĩ n w a r í . The dẽnsTtỹ đ 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 evapora t ion 

from the Med i te r ran ian Sea. 
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4 . Beaufor t Uìnd Scale E .w. B i j k e r 

In 1806 Ạdmiral Beaufor t o f the B r i t i s h Navy d e v i s e ỉ a vịtíá 

speed scale whìch woưld be h e l p f u l t o s a l l o r s ôn the l a rge s a í l í n g 

ships o f t h á t t ime , e s p e c i a l l y the l a r g e r men-of-war. Ôn t h i s scaTe* 

zero denotes nổ wind and twe lve i s t he maximun; the sca le 1s 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 l a 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 cau t ious w i t h the s a i l s , they would preserve 

the s h i p , bút might nót catch t h e i r enemy or could be caught . I f , ôn 

the other hand, they c a r r i e d too much s a i l they hác! a b e t t e r chance -

in b a t t l e , bút ran a grea t r i s k o f l o s i n g their- masts-arKH - iggtng— 

(anđ poss ib l y even t h e i r s h i p ) . Obv ious ly , n e i t h e r of these extremes 

i s qood f o r ạ ra rppr ác na»y n f f i r p r ft h í t n f t h i r eontroyersy ss 

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

t a b l e . 

This Beaufort Scale i s s t i l l in coỉimon 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 ì m i t s o f each scaìe d i v i s i o n are pos-

s i b l e . 



WIND SPEEDS 

mi les meters km Wind 
per h r . per séc. per hi". Press. 

TABLE 4 . 1 BEAUFORT WIND FORCE SCALE 

<
U

'
S

-
s t a t u t e ) 

13 

19 

25 

32 

39 

47 

55 

64 

0 

0.5 

12 

18 

24 

31 

38 

46 

54 

63 

75 

3.6 

5.7 

l i 

14 

18 

21 

25 

29 

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

Racing S a i l o r ' s d e s c r i p t i o n u 
( C A . Harchay, 1964) 

0 . 5 

1.5 
0.14 

1 4 Oust steerage Way Boredom 

2.1 7 2.4 
7 3 1 l i 5 7 . 1-3 knots cìose hauled M i l d pleasure 

5.1 

l i 

14 

17 

21 

Z4 

28 

33 

13 

'20 

32 

41 

52 

63 

76 

89 

104 

19 

30 

39 

50 

61 

74 

87 

102 

120 

7.7 

19 

46 

77 

lệ 4 - 5 knots c lose hauled Pleasure 

41 6-7 knots close hauled Great Pleasure 

Hui ! S)f-ed 
67 F u l l S a i ! 

125 

182 

115 

172 

250 

27Ũ 
350 

360 
480 J l t 

ử 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 

Anx ie ty t i nged w i t h f e a r 

Fear t i nged vr i th t e r r o r 

Great t e r r o r 

Panic 

500 
630 ^Ệ^ệ ^ ì want my mummy' \ 

above 75 above 33 above 120 above 630 bare 
poles 

Yes, Mr. Jones 

s . Ueater Serv ice ũutch KNHI Beaufor t 
d e s c r i p t ĩ o n d e s c r i p t i o n Number 

Calm 

L i g h t a i r 

L i g h t breeze 

Gent le breeze 

Moderate breeze 

Fresh breeze 

st rong breeze 

Hoderate Gale 

G a u 

ácroĩig Gale 

Whole Gale 

storm 

Hurr icane 

Uindsti ì 

2wakke 

mat ige 

v r i j k rach-
t i g e 

k rach t i ge 

harde 

stormach-
t i g e 

storm 

zware storm lo 

zeer zware l i 
storm 

orkaan 12 

storm vramirigs are u s u a l l y i^sued f o r Víinds s t ronger than Beaufo r t 
f o r c e 6 
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5. SHORT l/AVES THEQRY w . w . Hassie 

5 . 1 . ĩ n t r o d u c t i o n 

Some knowledge o f t he mechanics of sho r t waves i s essent ia l 

f o r the good unders tanding o f coasta l eng ineer ing . Since the theory 

of shor t waves ìs nót a p r e r e q u i s i t e to t h i s caurse, the more impor-

t an t wave r e l a t i o n s h i p s are given i n t h i s s e c t i o n . Der ì va t i ons are 

nót g i v e n ; these may be found e i t h e r i n spec ia l i zed courses in s h o r t 

wave 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 overvieví o f sho r t wave theory ì n a ve ry readable f a s h i o n . 

A U o f the r e s u l t s presented i n t h i s sec t i on have been đer ived " 

using the A i r y t heo ry f o r a l i n e a r , s inuso ida ì wave f o rm. "Ocean waves 

_ f l rp nót, sìn i iso ida l l" 0110 wi11 arguo wliu lidb ever expérienced the ac -

tua l sea. This i s t r u e , bút enough impor tant p r o p e r t i e s 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 nót break. This wave WÌ11 be considered to be two dimensio-

n a l : Í t w i l l move aìong the hon 'zon ta l X a x i s w h i l e the v e r t i c a l 2 

ax is ( p o s i t ì v e upward) WÌ11 have i t s o r i g i n á t the s t i l l water s u r f a c e . 

5 . 2 . General Rela t ìonsh ips 

Observat ion of a f l o a t ôn the sur íace o f waves revea ls t há 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 H 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 strange s ince the wave p r o f i l e moves fo rward past the 

f l o a t w i t h a d e f ì n i t e v e l o c i t y . Obvioưs ly , the v e l o c i t y o f the f 1oa 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 ĩ 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 h o r i z o n t a l and v e r t i c a ì water p a r t i c l e v e l o c i t y compo-

nents are given by: 

u 

w = 

tứ H c o s h k ( z+h) „ . , /c AI \ 
V sính kh 1 0 0 5 <

k x

-
u t

> í
5

-
0 1

' 

bì H s inh k (z+h) . „ , - ì /C m \ 
s ình Ú

 1 s i n <
k x

"
w t

> í
5

-
0 2

> 

where: H i s the wave he igh t 

h i s the water depth 

k i s the wave number 2ỊT 

X 
\ i s the wave l eng th 

t i s the t ime 

u i s the ins tantaneous hor izonta1 p a r t i c l e v e l o c i t y 

w i s the ins tantaneous v e r t i c a l p a r t i c l e v e l o c i t y 

X i s t h e h o r i z o n t a l c o o r d ì n a t e 
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2 i s the v e r t i c a l coord ina te measured f rom the s t i l l water. 

sur íace (+ úp) 

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

T i s the wave per iod
 1 

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 Ins tan-

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 tưde of the displacement o f the f ì 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 respect to t i m e . This y i e l d s : 

(5 .03 ) 

« • ĩ ^ à ^
1 <

5

-
M

> 

where: ị ì s the h o r i ĩ o n t a l displacement amp l i t ude , 

i ì s the v e r t i c a l displacement a m p l i t u d e , 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 sìze of these e l l i p s e s iầ greatest át 

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

Wave Speed 

The speed át which a wave c r e s t moves fo rward i s g iven hy: 

c = ị = £ = / jj- 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 í t compl icated t o use in p r a c t i c e . 

Indeed, since 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 simpìe 

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 equatìon i s taken úp 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 ư t i o n are exp la i ned . 

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

propagat ing in otherwise s t i l l wate r , we w i l l observe t h á t waves 

seeni to o r i g i n a t e á t the rear o f the group, move fo rward through the 

group w i t h speed c , and che 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 fo rward as w e l l , bút w i t h a smaí ler speed. The 

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

c

g • ị í
1 + ĩ r a r S - S B l í

5

-
0 6

' 

or 
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ụ = 7 <
1 + s ể r r W

 = n (5 .07) 

As i s i n d i c a t e d i n equat ion 5.07 , the r a t i o o f group v e l o c i t y 

t o phas« v e l o c i t y i s o f t e n denoted by n. 

Wave energy 

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

E T = ị p g H
2 A ( 5 0 8 ) 

where p i s the mass d e n s i t y of v/ater. 

0 f t e n , Í t 7S more conven ient t o express energy in terms o f energy per 

u n i t of water sur face a r e a . — 

Ì 2 * 
E = £ p g H (5 .09) 

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

Wave Power 

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

the pov/er o f waves by d i v i d i n g equat ion 5.08 hy the wave p e r i o d . 

Unfor tuna te1y , t h i s i s i n c o r r e c t s ince í t was j u s t poin ted out t h á t 

the energy moves fo rward 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 c g = E n c (5 .10) 

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

Uave pressure 

The presence of t he waves sha l ì i n f lưence the pressure w i t h i n 

our body o f water . The pressure under the waves is g iven by: 

p •
 + ¥ ^ i ẳ r ^ " S ( k x ^ t ) (5.11) ' 

where p i s the ins tantaneous pressure . 

The f i r s t term ôn the r i g h t o f equat ion 5.11 i s the pressure which 

wou1d be present i n s t i l l water . The second term descr ibes the va-

r i a t i o n i n pressure caused by the waves. 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 ìn the sea. 

The reader should v e r i f y f o r h imse l f t h á t the dimensìons o f equat ion 
5.09 are c o r r e c t . 
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5 . 3 . S i m p 1 i f i c a t i o n s 

Equatiorvs 5.01 th rough 5.11 can be s i m p l i f i e d when c e r t a i n 

conđ i t i ons are s a t í s f i e d . This w i l ĩ be attempted v ía 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 shovm i n 

f i g u r e 5 . 1 . 

5.4 . ApproximatTQTTS f o r Peep Mater 

> * 
For r e l a t i v e l y , deep water (h > ị ; t h e r e f o r e , X > Tỉ 

in. f ĩ g u r e 5 . 1 ) : 

s inh X ỵ cosh X » X 

tanh X = 1.0 

(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 í t o f algebra w i t h equat ions 

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

toH k z 
— - e c o s ( k X - ú t ) 

2
 0 

uH k z 
— - e s i n ( k Q x - tót) 

H 
0 k o z 

e 

- 2 . e ° 
2 

\ 
ọ tú i - T 

2TT 

(5 .01a) 

(5 .02a) 

(5 .03a) 

(5 .04a) 

(5 .05a) 

Figure 5.1 
BEHAVIOR OF 
HYPERBOLIC 
FUNCTIONS 

(5 .06a) 

Ì 
Ỷ 

ế ^
 H

o
2 x

0 

(5 .07a) 

(5 .08a) 

ị >g
 H

o
2 (5 .09a) 

0 0 0 

-pgz + 

( 5 . l ũ a ) 

- — ^ e
 0 cos{k X - (út) ( 5 . l i a ) 

The s u b s c r i p t 0 has been added to denote deep water c o n d i -

t ì 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 n ó t been 

done w i t h T or Ui s ince these parameters remain c o n s t a n t . 

* We s h ô 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 TI i n equat ion 5.05a, we g e t : 

c 0 = 1.56 ĩ 

c

0 =
 5

-
1 2 T 

ìn m kg s u n i t s and 

in f t l b s 
u n i t s and 1 

u n i t s . / 5.14) 

From the same e q u a t i o n , Í t a l so fo!1ows t h á t : 

ri 
ẰQ = 1.56 T 

x

0 =
 5

-
1 2 T Í 

ì n m kg s un 

i n f t l b s 

n i t s and "1 

u n i t s , -Ì 
(5 .15 ; 

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

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

NO t e t ròm equat ions 5.03a and 5.04a t h á t the e ì l i p t i c a l par-

t ỉ c l e paths have reduced to c i r c ì e s which decrease i n rad ius expo-

n e n t i a l l y as one moves deeper i n the wate r . Figure 5.2 shows t h i s 

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

deị)th ì s equal t o h a i 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 dispìacement ôn the bottom t o t h á t á t the water 

sur face i s e~" = 0.043. 

/ ? / / ì / / / / ? r 7 7 / 7 / T r / / ' / / / / / / 7 / / ỉ / / ' 

FigureS.2 

ORBITAL MOTION UNOER 
A OEEP WATER WAVE 
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5 .5 . Approximat lons f o r Shallpw Hater 

Another sét o f s i m p l ì í y i n g approximat ions can be s u b s t i t u t e đ 

when the water i s r e l a t i v e l y shal1ow (h < 2^- ; X < 0.25 i n f i g u r e 

5 . 1 ) : * 

s inh ích ; tanh kh z kh (5 .16 ) 

cosh kh ; Ì ( 5 . 1 7 ) 

A g a i n , us ing these and a b í t o f algebra i n equat ions 5.01 through 

5 . 1 1 , we g e t : 

u = ^ cos(kx - (Út ) (5 .01b) 

^ ( Ì + f ) s i n ( k x - ( Ó t ) (5 .02b) 

A (
5

-
03b

) 

7 ( 1 + (5 .04b) 

3 = - = /gĩT (5 .05b) 

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

n = Ì (5 .07b) 

E T = 2 pg H
2 A (5 .08b) 

3 pg H
2 (5 .09b) 

u = Éc (5-10b) 

p = _ p g z + P|Ị Ì cos(kx - cót) ( 5 . 1 1 b ) 

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

the wave p e r i o d ; Í t depends on ly upon the water d e p t h . P u r t h e r , 

the groưp 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 -

zon ta 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 ìength can e a s i l y be computed using equat ion 5.05b: 

x / g ĩ ĩ T ( 5 a 8 ) 

* Me re-examine t h i s l i m i t , a i so , i n sec t i on 5.7 
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Once again , the simple form of equation 5.05b has eliminate<f 

the problems associated with the evaluation of equation 5.05. 

F igure 5.3 shows the orbi ta l motion unđer a shallow water wave. 

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

,z 

z = - h - j 
ĩmrm 

c 

z = - h - j 
ĩmrm 

c 
-

X 

7T77TTT7 
z = - h - j 

ĩmrm UìiHỉỉiỉỉỉiỉỊỉỉỉiỊÍỊỊiitHỊ 

X 

7T77TTT7 

Figure 5 3 

ORBITAL MOTION UNDER 
A SHALLOVV VVATER WAVE 

5.6 . In termediate water depths 

A \ ít 
For water o f a l l in ter raed 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 á t t he
v

wate r sur face and degenerate both h o r i 2 o n t a l l y and 

v e r t i c a ì l y to shor t h o r i z o n t a l l i n e s á t the bot tom. 

Since the use o f equat ions 5.01 th rough 5.11 i s imposs ib le đ ì -

r e c t l y when o n l y a water d e p t h , h, wave p e r i o d , ĩ , and a wave h e i g h t , 

H, are known (ở 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 v r i l l 

be paìd to t h i s problem i n sec t ion 6 . 

5 .7 . Ạ C r i t i c a l Re-examinat ion 

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 l eng th should be s u b s t i t u t e d i n t o the r a t i o o f h/x to deter-

mine whether to use sha l l ow , i n te rmed ia tes or deep water wave theory?
1 

One answer i s to say, "ưse the ac tua l wave l eng th á t t há t d e p t h " . 

This i s nót 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 using 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 t o q u i t e d i f f e r e n t re-

s u l t s ; - i s to always use the deep water wave l e n g t h , X from equa-

t i o n 5,15, 

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

the suggested va lues o f h/x?" 

Nothing. ' .
1

: 

sub jec t t o rev iew in t he next s e c t ì o n . 
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There i s c e r t a i n l y discussion and perhaps even dỉsagreement about 

what these l imi ts shoưld be. Kinsman (1965) pp 129-133 poĩnts t h i s 

out rather c o l o r f u l l y . As he i n d i c a t e s , there are two baslc c r l t e r i a 

for determining the acceptable accuracy for an approxlmatìon: a 

mathematician's, and an engineer 's . The mathematician, worried 

about computational accuracy accepts an error of the approximation 

of about 0.5%. The engìneer, ôn the other hand, i s more aware of 

his other l imi ta t ions and i s happy vrith 5% accuracy. Now, perhaps, 

we Càn make a more ì n t e l l i g e n t appraisal of both our questiọns. 

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 for deep and 

shallow water according to various c r i t e r i a . 

TABLE 5.1. Comparison of — and - for various c r i t e r i a 

sect ion 5 .4 : 

Mathematician's 

_h h 

1 ì 

Ô I Ỷ 

1 1 
7 T799 

Engineer s ị ỵy^ 

ĨPL ỀĨ*- lpw wate£ 

Hathematician's 

sect ion 5.5 

1 1 

1 1 

1 1 
"2F Vĩ 

c 4 Ì 1 
Engineer s "SỠ Í T 

Thus, for deep water. the c r i t e r i a as stated in section 5.4 i s 

very conservat ive: h > — would seem more appropriate.. For sha11ow 
4 

water, ôn the other hand, the l imi t c r i t e r i a given in sect ion 5.5 

i s nót over ly conservat ive , bút could s t i l l be made a b í t more f l e x i -

b le . In keeping with Kinsman's d i s c u s s i o n , h < 2ỊJ i s suggesteđ as 

a l i m i t . Adoption of these sưggested l i roi ts w i l l g rea t ì y reduce the 

range of r e l a t i v e depths for which the f u l l equations 5.01 through 

5.11 must be used, while keeping our error usua l ly l e s s than about 

5%. 
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F i r s t , Tét us examine some " t y p i c a l " waves, and t h e n , using 

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

depth i s more impor tan t than the absolưte dep th . 

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

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

X = ( 1 . 5 6 ) { 8
2

) = 100 m; ± = 2 2 - = Ị . ; 
0 À

o 100 l ổ 

t h ì 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 nót used here á t a l l , 

2. s t r a i g h t o f G i b r a l t a r , H = 25 m, T = 15 séc. and h = 1000 m. 

( ỉ ih is 1S a severe storm wave in t h á t a r e a ) . From 5.15 , 

A n = ( 1 . 5 6 ) ( 1 5
2

) = 351 m; J ì = 22ỊỊỊỊ > Ị ; 
0 A

o 351 4 

t h ì s i s c e r t a i n l y deep wate r . 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 ampntude á t a depth o f 100 meters using 

equat ion 5.01a: 

- í — ) . (100) 
2 25

 3 5 1 

0 . = ( •—)(—) e . The cos ine term i s dropped f o r de-
0 15 2 

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

- ì 7Q 

Q 0 = 5.24 e = 4.38 m/s. The speed o f t h i s wave ( f rom 5.14) 

i s : c 0 = ( Ì . 5 6 ) ( 1 5 ) = 23.4 m/s = 84 km/hr = 45.5 knots ì 

3. North Sea (Dutch C o a s t ) , H = 1.5 m, ĩ = 8 s é c . , h = 4 TU. 

A n = ( 1 . 5 6 ) { 8
Z

) = 100 m; — = — = Ì - , t h i s i s shal low water . 
A

o Ì00 25 

There fo re , from 5.05b, c = A / { 9 . 8 1 ) ( 4 ) = 6.3 m/s. The wave 

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

u n i t c r e s t l eng th ìs (eqn. 5 .08b ) : 

E T = ( - ) { 1 0 3 0 ) ( 9 . 8 1 ) ( 1 . 5
Z

) ( 5 0 ) = 1.42 X l o ' 

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

30 em deep. 

\ = ( 1 . 56 ) (0 .6
2

J = 0.56 m; Ì L = 2 2 > ì ; t h i s i s deep 
x 0 56 2 

water . The wave speed i s cn = ( 1 . 5 6 ) ( 0 . 6 ) = 0.94 m/sec. 
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6. WAVE SPEED AND LENG™ COMPUTATIONS w.w. Massle 

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

For i n te rmed ia te water depths (— < h < — ) , t h e r e i s no 

20 4 

s imp le , d i r e c t means of determin ing the wave l e n g t h or o ther re lated 

parameters given o n l y the wave p e r i o d . Two methods are presented 

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

equat ion 5.05. 

6 .2 . ĩ t e r a t i o n Hethod 

Recal l equat ion 5*05, -

c = / â tanh kh = -

*J-k ĩ ( 5 , 0 5 ) ( 6 . O I ) 

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 l eng 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 = \ n tanh M ( 6 . 0 2 ) 
0 X 

S i n c e * , the unknown, cannot be i s o l a t e d ôn 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 ìe . 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 e v e n t u a l l y ìeađ to the correct 

answer s ince the equat ion has o n l y one s o l u t i o n f o r g iven va lues o f 

X and h. 
0 

One simple bút 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 t o 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 = * 0 ) i n t o the r i g h t 

hand s ide o f the equa t i on . Thus: 

\ . , , = X tanh i + Ì 0 

where ì = 0 , Ì , 2 , 

2jrh ;6 .03) 

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 1 o w i n g : 
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x

21+ l
 = x

0
 t a n h 

2ĩrh 

X 2 Ì 

2 i + 2 
x

2 i + l
 + A

2 i ( 6 . 0 4 ) 

í = 0 , Ì , 2 , . 

While the a l g o r i t h m i s a b í t more coraplex, í t reduces the number 

o f i t e r a t i o n s cons ide rab ly ( t h r e e or f o u 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 ôn many o f the smal l 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 t o Eckert (unpub l ished) whìch 

X = XQ / tanh 2Tih 
(6 .05 ) 

Table 6.1 compares the r e s u l t s of these schemes. 

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

T = 19 seconds, h = 50 meters 

eqn. 6.03 eqn. 6.04 

ì l ị M X 2 1 + 2 im 

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 

l i 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 ư p e r i o r i t y o f the seconđ i t e r a t i o n scheme i s obv lous . 

For comparison purposes, equat ion 6.05 y i e l d s A = 401.0 Nhích 

15 o f f by 5 . IX. 

Obv ious ly , nai* t h á t the wave leng th has been đetermined a i ! o f 

t he o ther r e ĩ a t e đ parameters can be e a s i l y e v a l u a t e d . 

6 . ạ . Use o f Tables 

The computat ions Qut l i neđ i n the previous s e c t i o n 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 i u r t i v e was 

deveìoped i n the form o f a sét o f t a b l e s . By_dĩyid1ng_bQth_i1đfiS-0f— 

equatìon 6.02 i n t o h and doing a b í t o f a lgeb ra : 

. i L s h tanh M (6 .06) 
\ 0 X X 

i n which — has been conven ien t l y expressed i n terms o f - . Thus, 

hy choosing var ious values o f — , corresponding values o f — 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 i n 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 — is 

a i Ì t h á t i s necessary to determine the wave l e n g t h . 

Wiegel (1954) worked out such a t a b l e . í t i s a l so publ ished i n 

h is book Oceanogvaphiaal Eng-ineer-ing (1964) and i n the shore Proteơ-

tion Manual (1973) . An abbrev ia ted vers ion o f t h i s t a b l e i s i nc luded 

here as t ab le 6 . 2 . 

As an example, the previous i t e r a t i o n schemes can be checked. 

T = 19 séc. and h = 50 m y i e l d s À = 563.80 m, and — =» 0.0887. 
A

o 

I n t e r p o l a t i n g in Uiegel (1964) y i e l d s - = 0.1310 and X = 381.6 
Ầ 

which compares r a t h e r f a v o r a b l y t o the e a r l i e r c a l c u l a t i o n . 
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7. EFFECTS QF s HOA UNG MATER 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 Í t progresses from đeep 

through i n te rmed ia te depths to shalloví water . Breaking V í i l l be con -

s idered l a t e r in t h i s chapter and i n chapter 8 as w e l l . However, t o 

begin w i t h , cons ider a wave t h á t i s nót y e t broken, p rogress ing i n t o 

water which i s g r a d u a l l y * becoming sha l l ower . In orđer t o keep t h i n g s 

from becoming too compl i ca 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-dimensìonal case. In a p r a c t i c a l sense, t h i s means t h á t t he 

depth contours run p a r a l l e l to the wave c r e s t s . TMs r e s t r i c t i o n w i l ì 

nót be reìaxed unt i '1 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 i n chapter 5 were đependent 

upon the wave h e i g h t , H, Í t seems l o g i c à l t o study how H v a r i e s as 

a wave progresses i n t o shaHower - or back i n t o deeper f o r t h á 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 hy apply ing conservat ion o f energy. The energy t r anspo r ted 

through a v e r t i c a l plane p a r a l l e l to the wave c r e s t s 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: 

u = E c g = E n c (5.10) (7,01) 

By assumìng t h á t t h ĩ s energy f l u x does nót change as t he wave p r o -

gresses through water of va ry ing d e p t h , t h e n ; 

u 2 = h 

or 

(7.02: 

E

2
 n

2
 c

2
 = E

l
 n

l
 c

l (7 .03) 

where: c i s the wave speed, 

E i s the wave energỵ per u n i t o f sur face area , 

n i s the r a t i o
 c

g /
c

> 

c i s the group v e l o c i t y , 

u i s the power or energy f l u x > a n d 

1,2 are subsc r i p t s i n d i c a t i n g the l o c a t i o n á t which the para -

meters are eva lua ted . 

Using equat ion 5.09 f o r E, and choosìng l o c a t i o n 2 t o be deep water 

Víhere the wave p r o p e r t i e s are e a s i l y e v a l ư a t e d , leads t o : 

ỉ p g H ,
2 ri, c , = i p g H

 2 n c r t (7 .04) 
n 1 1 1 0 0 0 0 

"Graduaì l y " means l ess than a few percent bottom s l o p e . 
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CancelTỉng: out à f ew anrrecesaary Chỉngs ĩrnd
; eva;Tuaitfng: nQ. from 5.07a 

H

l
2 n

l
 c

l
 = ị

 H

o
2 c

0 P -0f i» 

In another f o r m , t h i s i s : 

H

l /
c J _ 

/ - o
 = K

s h í
7

'
0 6

) 
H 0 7 c Ì

 2

" 1 

where K s h i s o f t e n r e f e r r e d to as the shoal lng. c a e f f i c i e n t . 

Thi5 can be worked out a b í t more by s u b s t i t u t i n g f o r c , 

e t c , and doing a l ó t o f a l g e b r a ; t he f i n a l r e s u l t i s : 

K s h = /
 1 2 kh í

7

*
0 7

) 
tanh kị) ( Ì + i ™ , ••) 

s inh 2kfi 

A l s o , sìnce k = — , « s h i s pure l y a f u n c t i o n o f - and, t h e r e f o r e , 

can be added t o t ab le 6 . 2 ; ìndeed, — i s l i s t e d i n the l a s t column. 
H

o 

For completeness, we shoưld check what the extreme values of 

K s h can be in deep and shal low water . In deep wate r : 

K s h - Ì Í7 .073) 
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 sha l low water , Í t i s e a s i e s t t o begin w i t h equat ion 7.06. 

Using shaì low water values o f and n^: 

gh
 2 

With a b í 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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Expressed i n another f o r m , a i so f o r sha l low water : 

K, 
sh 

0 X

« Ì 

= 0.4466 ( - £ ) * 
h 

(7.07b) 

T M s í ỊTves ^ p u r e l y as a í u n c t i o n o f h f o r a g iven wave condi t ion. 

7 .3 . Example 

AU the i r j f o n n a t Ĩ Đ n (s now a v a i ì a b ĩ e to compute the e f f e c t o f 

depth changes ôn a two dĩmETistonal wav€ as 1-ong as the vave does n ó t 

break. An exampl-e Dif 'how s t ioa l inq af fec í ts Ma ve p r p p e r t i e s 1s shQMTi 

i n the f o n o w ì n g t a b l e . 

In t ab le 7 . 1 . a very common s o r t o f North Sea wave i s fo11owed 

as í t progresses from deep water to shal low water . In deep vrater, 

equatioms 5.01a through 5.07a and 7.07a are used. I n shal ìow w a t e r , 

tequations 5.01b throưgh 5.07b and 7.07b are used. The complete equa-

t i o n s ( a c t u a l l y the t a b l e s i n Uiegel (1964)) are used f o r ì 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 : 

H 0 = 2.0 IU and T = 7.0 seconds. 

From t h i s f o l l o w s t h á t : 

C

o = lữ.93 m/s and 

A_ = 76.53 m. 
0 



TABLE 7 . 1 , Wave V a r i a t i o n s i n Shoa l Ị )g Water 

Water 
depth 

h 

Ôn) 

100 

75 

50 

36.26 

28 

19.13 

15 

10 

5 

3.82 

3.00 

2.00 

1.00 

0.77 

Ằ

o 

( - ) 

1.307 

0.980 

0.6533 

0.500 

0.366 

0.250 

0.196 

0.131 

0.0653 

0.0500 

0.0392 

0.0261 

0.0131 

0.0100 

A p p l i -

cáb le 

Theory 

deep 

deep 

deep 

deep 
i n t e r . 

deep 
i n t e r . 

deep 
i n t e r . 

i n t e r . 

i n t e r . 

i n t e r . 

i n t e r . 
sha l low 

i nter. 
shal low 

in t e n 
shal low 

i n t e r . 
shal 1ow 

i n t e r „ 
sha l low 

hỉ 

X 

í - ) 

1.307 

0.980 

0.653 

0.500 
0.5018 

0.366 
0.3728 

0.250 
0.2679 

0.2218 

0.1674 

0.1094 

0.09416 
0.08913 

0.0824 
0.0790 

0.0663 
0.0645 

0.0463 
0.0456 

0.0403 
0.0400 

Ma ve 
Length 

>. 

(m) 

'6 .53 

'6 .53 
7

6 .53 

6.53 
6.25 

6.53 
?5.10 

6.53 
ÚÃ1 

Ể7.63 

E9.74 

15.70 

40.57 
42.86 

36.41 
37.98 

30.17 
31.01 

21.60 
2Ì.93 

DAI 
1-5.24 

c /c 

í - ) ( - ) 

0.500 

0.500 

0.500 

0.500 
0.5115 

0.500 
0.5433 

0.500 
0.6164 

0.6724 

0.7606 

0.8713 

0.8999 
Ì 

0.9207 
Ì 

0.9466 
Ì 

0.9729 
Ì 

0.9792 
Ì 

Ì 

Ì 

Ì 

Ì 

0.9964 

Ì 

0.9817 

Ì 

0.9332 

0.8839 

0.7824 

0.5966 
0.5310 
0.5599 
0.4758 
0.4968 
0.3939 
0.4053 
0.2830 
0.2864 

0.2480 
0.2516 

ĩ = 7 s 

Pha se 
v e ì o -
c i t y 

[ m/s . ; 

10.93 

10.93 

10.93 

10.93 
10.89 

10.93 
10.73 

10.93 
10.20 

9.66 

8.55 

6.52 

5.80 
6.12 

5.20 
5.43 

4 .31 
4.43 

3.09 
3.13 

3.10 
2.75 

NOTE: NO CONSIDERATION 0F 

; H 0 = 2.0 m; CQ = 10.93 m/s ; X Q = 76.53 m 

Ampl i tude 

H _ K Wave Wave H Surface Bottom Water 
H sh he igh t s teep- , v e l o c i t y V e ỉ o c ì t y depth 

0 H ness ũ ũ 
HA s b 

( - ) (m) ( - ) ( - ) (m/s) (m/s) (ni) 

1 2.0 0.02613 0.0200 0.90 0.00 100 
1 2.0 0.02613 0.0267 0 90 0 ôn 

u • ưu 
/ D 

1 2.0 0.02613 0.0400 0.90 0.01 50 
ì 

0.9905 
2.0 
1.98 

0.02613 
0.02597 

0.05227 
0.0518 

0.90 
0.89 

0.04 
0.08 

38.26 

1 
0.9683 

2.0 
1.94 

0.02613 
ũ.0258 

0.0714 
0.0693 

0.90 
Ch 89 

0.09 
0.17 

28 

1 
0.9323 

2.0 
1.86 

0.02613 
0.0260 

0.1045 
Ũ.0972 

0.90 
0.89 

0.19 
0.3e 

19.13 

0.9172 1.83 0.0271 0.1220 0.93 0.43 15 
0.9166 1.83 0.0306 0.1830 1.05 0.65 l ũ 
0.9808 1.96 0.0429 0.3920 1.48 1.18 5 
1.023 
0.945 

2.05 
1.89 

0.0505 
0.0441 

0.5366 
0.4947 

1.73 
1.51 

1.47 
1.51 

3.82 

1.068 
1.004 

2.14 
2.Oi 

0.0588 
0.0529 

0.7133 
0.6700 

2.02 
1.82 

1.77 
1.82 

3.00 

1.158 
1.111 

2.32 
2.22 

0.0769 
0.0716 

1.160 
1.110 

2.64 
2.47 

2.43 
2.47 

2.00 

1.34S 
1.321 

2.70 
2.64 

0.1250 
0.1205 

2.70 
2.64 

4.28 
4.15 

4 .11 
4.15 

1.00 

1.435 
1.410 

2.87 
2.82 

0.1502 
0.1466 

3.73 
3.66 

5.20 
5.0$ 

5.03 
5.04 

0.77 

BREAKING IS INCLUDED: 
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7 .4 . Review o f Example 

A l ó t o f usefu l conc lus ions can be drawn f rom t a b l e 7 . 1 . For 

example, the r e s u l t s o f the deep, i n t e rmed ia te , and sha l low water 

wave equat ions can be compared f o r var ious values o f h A 0 - This 

might be he lp íu l f o r rev iew ing the c r i t e r i a f o r determimng wh1ch, 

i f any, approx imat ion to use. Wìth h / X 0 = 0 . 5 , the amplitude of the 

h o r i z o n t a l v e l o c i t y á t the bottom ứ b v a n e s by a factor of two depen-

d ing upon the approx imat ion used. This may or may nót be s e r i o u s , 

depending ưpon the charac te r o f the p a r t i c u l a r engineering problem 

i n v o l v e d . For a f l o a t i n g s t r u c t u r e , then t h í s error á t the bottom i s 

c e r t a i n l y ưnimpor tant . Ôn the other hand, f o r eros ion predict ion 

around the f o o t of a g r a v i t y c o n s t r u c t ị 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 há t the theory used đoes nót impose 

any l i m i t ôn the he igh t increase of a wave as Í t approaches a c o a s t . 

Ôn the other hand, we have a n been to the beach á t some t i m e * and 

have nót seen any waves o f i n f i n i t e he igh t . What, t h e n , are the prac-

t i c a l l i m i t a t i o n s ôn wave he ight? There are two: wave steepness, and 

wave he lgh t to water depth r a t i o . 

steepness L i m i t 

Using the t heo ry o f 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 á t the maximum steepness of a non-breaking wave i s 0 . 1 4 2 = — . 

For t h i s , the steepness i s def ined as the r a t i o o f wave he igh t t o 
LỊ 

wave l e n g t h , ỵ . This c r i t e r i a normal ly governs the breakìng o f waves 

in deep water , and y e t as Kinsman (1965) po in ts c ú t , many ì a rge storm 

w?.ves do nót break because they are too long^ . 

Values o f wave steepness have been inc luded In t a b 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 á t the wave broke á t a water 

depth somewhere between 0.77 and 1.00 m. 

í t i s s i n c e r e l y hoped t h á t t h i s assumption i s c o r r e c t ! 

A wave o f 15 second p e r i o d , f o r example, wouìd have to be 50 in 

h igh before í t broke accord ing to the steepness cr i te r ium. L u c k i l y , 

we d o n ' t h'nd t h i s s o r t o f wave too o f t e n . 
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Wave Height : tìater Depth l ĩ m i t 

The seco-nd c r i t e r i a f o r IbreaHng â p p l í e s t o the r a t i o o f wave 
u 

heìght t o water depth o f t e n c a l l e d t he breaking ándex. A t heore -

t i c a l l i m i t f o r t h i s r a t i o (aga in f o r a s o l i t a r y wave) ìs 0.78. 

This l i m i t r a t i o i s SDtnetimes denoted by Ỵ. A p r a c t i c a l v a l u e f o r Y 

i s aboưt 0 . 6 . Occasional l y , an ÌT id iv idua l wave has even been Qbserved 
f o r which I P - > 1.2. Thus, the l i m i t i s nót an abso lu te su re ty , Gene-

br 

ra i l y , t h i s c r i t e r i a governs the breaking of waves ôn a shore. More 

thoroưgh i n v e s t i g a t i o n s , t o determine Y from know phys ica l parameters 

of the shore and wave are now being c a r r i e d o u t . 

LỊ 
Values of ỴỊ have been inc luded f o r our exaraple i n t a b l e 7.1 

as w e l ì . The wave would break aceordií ìg t o t h i s e r i t e r - i a i n a w a t e r — — 

•depth somewhere between 2 and 3 m. Indeed, the wave has broken by 
u 

exceeding the maximum r a t i o ^ , r a t h e r than the maximura steepness. 

Now t há t breaking c r i t e r i a and the e f f e c t o f shoa l ing ôn a wave are 

knovín, we can t h i n k about 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 Í t has passed over a shoáì areắ ' 

having a minimum depth o f 5 meters and has cont inued i n t o water which 

i s once agaìn 100 meters deep?" What might be a good answer i f the 

minimưm depth o f the shoal was 2 m? 

In the f ì r s t o f these cases the shoaì 5 m deep i s nót 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 heìght i n deep water a f t e r the shoal w i l l be, aga in , 2 meters . 

In the second case, the wave which gets over the shoal w i n 

have a he igh t of aboưt 0.6 X 2 = 1.2 m. As t h i s wave progresses ôn 
2 

i n t o deeper water i t s wave he igh t 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 i n deep water w i l l 

be 1.2 X - L - = 1.08 m .
x 

2.22 

x This i s on ly a rough approx ima t ion . other e f f e c t s o f the shoal 

sưch as t r a n s f e r o f energy to other (new) waves have been ne-

g l e c t e d . 
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8. TYPES 0F BREAKERS w.w. Mapsste 

8 . 1 . ĩ n t r odưc t i on 

In chapter 7 the c r i t e r i a f o r wave break ing have been presenteđ. 

Now, the breaking process i t s e l f car> be examined. Obv ious ly , when a 

wave breaks, i t s he ight d i róshes and' some of the energy o f t he wave 

i s d i s s i p a t e d i n turbưlence and bottom f r i c t i o n ; some i s r e í l e c t e d 

back out to deep water , and some o f the energy generates sound, o ther 

waves, hea t , and c u r r e n t s . This l a s t í t em, cu r ren t s w i t h i n the breaker 

zone, play a very impor tant r o l e in the morpholog ica l changes which 

occur along a coast . This cur ren t genera t ion i s reviewed i n chapter 

26 and t r ea ted i n d e ta ì Ì in volume l i . 

P a t r i c k and Wiegel (1955) l i s t th ree main types of breakers . 

These are descr ibed i n the f o l l o w i n g paragraph. 

8 .2 . Dreaker Types 

spí 11 ìnq Breaker 

S p i l l i n g breakers are ưsua l l y found along very f l a t beaches. 

Waves begin breaking á t a r e l a t i v e l y grea t d i s tance f rom shore anđ 

break very g r a d u a l l y as they approach s t i 11 shal lower water . A foam 

l i n e develops á t the c r e s t dur ing breaking and leaves a t h i n l ayer 

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 i ve l y ôn page 50 o f hìs book. A l e s s spectacu lar example i s 

síiotvn i n f i g ư r e 8 . 1 . The breaker he igh t decreases r a t h e r un i fo rmìy , 

as we approach the c o c s t . There i s very l i t t l e r e f l e c t i o n o f momentum 

back toward the sea. 

n c 
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Plunqìnq Breaker 

This i s type o f breaker o f t e n foưnd ôn the t r a v e l posters for 

the P a c i f i c I s l ands ; Í t i s spec tacu la r . The c u r l i n g tóp i s charac-

t e r i s t i c o f these waves. nhen one breaks much energy i s d i s s i p a t e d 

i n t u rbu lence ; l i t t l e ìs r e H e c t e d back to sea, and nót much of a 

new wave i s generated i n the shal lower water . This l a s t i s i n 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 

plunging breaker . 

Fiqure 8.2 

PLUNGING B R E A K E R 
S T E E P BEACH SLOPE 

Surging Breakers 

Sưrging breaks occưr along extremely steep shores such as 

might be encountered along rock c o a s t s . The breaker zone i s very 

narrow, and much (more than h a l f , u s u a l l y ) of 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 úp , much ì i k e plunging breake rs , bút the toe o f 

each wave surges úp the beach be fo re the c res t can c u r l over anđ 

f a n . 

8 .3 . Q u a n t ì t a t i v e C 1 a s s i f i c a t i o n s 

Galv in (1968) found two p a r a m e t e r s Víhich c o u l d be used to 

c l a s s i f y the type o f break ing wave v ía q u a n t a t i v e obse rva t i on . 

Both parameters are dependent upon wave p r o p e r t i e s and the beach 

s l o p e ; one ì s based upon b r e a k e r h e i g h t , , V íh i l e the o the r i s r e -

l a t ed to deep water c o n d i t i o n s . 0 f t h e s e , the f i r s t , baseđ upon 

b r e a k e r cond i t i ons 15 p r o b a b l y more p r a c t i c a l and dependable. í t ì s 

p r a c t i c a l since Í t i s based upon measurements made i n the breaker 

zone i t s e l f where we would probab ly a l so be measur ing. Galv ln d i d 

his measưrements t h e r e , t oo . í t i s more dependable, s ince í t i s a 

d i r e c t measurement i n the breaker zone i t s e l í , and cannot be i n f l u -

enced by what happens between deep water and the breaker zone. 

Figure 8.3 

SURGING B R E A K E R 
EXTREMELY 
S T E E P SLOPE 
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More s p e c i f i c a l l y , the two parameters are: 

(8 .01) 

and 

H 
br 

gmT 

where: 

(8 .02) 

br 

i s the acce le ra t ion of gravi ty , 

i s the breaker height {wave height át the outer edge of 

the breaker zone), 

i s the wave height in deep water, 

i s the wave length in deep water, 

i s the slope of the beach, and 

i s the wave per iod. 

These parameters given by (8.01) and (8.02) are emperìcal (based upon 

observat ion) . Also , a l l of the theory of the previous sect ions i s nót 

enough to allow us to derive (8.02) beginning with ( 8 . 0 1 ) . 

Another approach ưsed by Swart (1974) deíines a parameter p 

which ranges between 0.0 for s p i n i n g breakers anđ 1.0 for plunging 

breakers. ( í t i s v a i i d only for these two types ) . He s ta tes thá t p 

can be determined with reasonable accuracy bút does nót elaborate 

how, expect thát he mentions "visual observat ion". 

The re la t ionsh ip between the breaker type and the values of the 

parameters above i s given in table 3 .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 
Un H. ọ b r 

2 2 
X m gmT 

0.0 0.0 

surg ing i n v a l ì d 

— Ở7ỪỮ3 

Plunging 1.0 

4.8 0.068 

s p i n i n g 0.0 

8.4 . Reexaniination o f Breakìng C r i t e r i a 

Swart (1974) combines the vaìue 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 

.. ...
 H

b r 
i ndex , y = i n which h b r i s the water depth á t t he breaking p o i n t , 

h

b r 

of the wave. In equat ion f o rm: 

Y = 0,33 p + 0.46 ( 8 . 0 3 ) 

Even t h i s equat ion has some l i m i t a t i o n s , bút may be h e l p f u ì . 

Fur ther research to a r r i v e á t an improved equat ion i s under way. 

Put t ìng an "average" va lue of p o f 0.5 i n ( 8 . 0 3 ) y i e l d s about the same 

va lue o f Y as given ìn chapter 7. 
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9. WAVE REFRACTION AND DIFFRACTION L . E . van Loo 

9.1. I n t r odưc t i on 

U n t i Ì now, t h i s d iscuss ion o f waves has been r e s t r i c t e d t o two-

dìmensional phenomona; on ly motions which occupred i n the v e r t i c a l 

x - 2 plane were cons ìdeređ, Waves propagat ìng i n t o shal lower water were 

F u r t h e r , u n t i l now, no p a r t i a ĩ obstacìes have been aI lowed t o i n t e r r u p t 

the path of t he waves. These r e s t r i c t ì o n s w i l l now be r e l a x e d . Consider 

what happens when waves approach shoa l ing water w i t h t h e ì r c r e s t s á t 

an angle to the depth con tours . / -

9 .2 . Wave Ref rac t i on 

Nhen waves appcoach shanower water w i t h t h e i r c r e s t s ạ 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 á 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 nót take p l a c e , s ince the wave speed i s 

independent of water d e p t h , t h e r e . 

This phenomona i s much Ì ì ke t há t i n geometr ica l o p t i c s , where 

S n e l T s Law descr ibes the behavior o f Ì i g h t rays passing from one međium 

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 

t he re i s a gradual change i n wave speed insteađ o f an abrup t one encoun-

tered i n 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 ư r e 9 . 1 , wave orthogonaìs (always perpend lcu lar to the wave 

c r e s t s ) have been sketched as we11. These or thogna ls are sometimes c a l l e d 

r ays . A b í t o f geometry q u i c k l y revea ls t h á t the d i s tance between these 

rays ìncreases as the water becomes sha l l ower . 

The e f f e c t of r e f r a c t i o n ôn wave he igh t i s computed by assuming 

t h á t the power t r a n s m i t t e d between two adjacent wave or thogona ls 

remains cons tan t . In equat ion form: 

where u i s the power per u n i t c r e s t lerìgth and b i s the d i s tance be-

tween or thogonals á t p o i n t s Ì artd 2 r e s p e c t i v e l y . 

This should be compared to equat ìon 5.10. Ưsing t h i s equat ion , 

we g e t : 

assumed to be moving w i t h t h e ì r c r e s t s p a r a l l e l to t he depth con tou rs . 

(9 .01 ) 

E

l
 n

l
 c

l
 b

l = E2 ĩ^2
 c

2 ^2 ( 9 . 0 2 ) 

where: E i s the wave energyt 

n i s the r a t i o o f group v e ì o c i t y to wave c e l e r i t y í and 

c ìs the wave c e l e r i t y . 
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Figure9.1 REFRACTION PATTERN 

Subs i t u t i ng f o r E from (5 .09 ) and choosing one measurement p o i n t in 

deep water leads t o : 

H, 

H. 
— 1 ° ís --

 K

sh
 K

r <
9

-
0 3

> 

where: H i s the wave h e i g h t , 

K s h i s the shoa l ing c o e f f i c i e n t , and 

K r 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 e v a ì u a t i n g the r a t i o remains. This i s accom-

p l i shed using geometery ând SnelT 's Law. In equat ion f o rm: 

s in ị 
0 

s in 4 

o r : 

( 9 . 0 4 ) 

s i n ị = ị - s i n * 0 

0 
( 9 . 0 5 ) 



49 

where ị i s the angle between the wave c r e s t and the depth con tou r . 

From geometry: 

cos ộ 
0 

(9 .06 ) 

These r e l a t ì o n s h i p s make í t poss ib le to complete the compưtat ions 

i n a s p e c i f ì c case. Table 9.1 shows the e f f e c t o f r e í r a c t i o n ôn the 

same wave as was chosen f o r t ab le 7 . 1 . (T = 7 seconds, H Q = 2 m). 

Values f rom t h i s t a b l e were used when drawing f i g u r e 9 . 1 . 

From t ab le 9.1 í t i s obvious t h á t r e f r a c t i o n decreases the wave 

hp ịght fts thp waf:pr hpmnnac t h a n n u p p Uhat would hp t.hp a n g l p hpt.wppn 

the wave c r e s t and the depth contour i f the depth were al lowed t o be-

come zero? Ôn the other hand, what happens when oưr 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 out 

f o r s impỉe coasts where the bathymetry ÌS s impìe . For more r e a l i s t í c 

hydrographic c o n d i t i o n s , sưch a compưtation can be extremely l abo r i oưs . 

For t h i s reason a graph 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 o f the necessary templates and t h e i r use i s we l l đes-

c r i bed i n the shore Proteation Manuál, volưme ì , chapter 2. 

TABLE 9 . 1 . WAVE REFRACTION COHPUTATIONS 

ĩ = 7.0 s ; H = 2.0 m; + c = 10.93 m/s ; Ằ = 76.53 m. 
0 _ 0 0 

A 0 = 76.53 m 

(1) (1) (1) (1 ) (1) ( 2 ) (2 ) (1) (3) 

Water Wave c / c K. ệ n K, H H H' b, 
õepth Length 0 sn r — 1 /D Q 

(m) (m) ( - ) í - ) cdeg) ( - ) { - ) H (DI) (DI) í - ) 

100 76.53 ỉ 1 60.0 0.500 i . 0 0 1.00 2.00 2.00 1.00 

19.13 76.53 1 1 60.0 0.500 1.00 1.00 2.00 2.00 1.00 

15 67.63 0.8839 0.9172 49.9 0.6724 0.8815 0.8085 1.62 1.83 1.29 

lo 59.74 0.7824 0.9166 42 .7 0.7606 0.8245 0.7558 1.51 1.83 1.47 

5 45.70 0.5966 0.9808 31.1 0.8713 0.7642 0.7495 1.50 1.96 1.71 

3.82 42.86 0.5599 0.9450 29.0 1.000 (1,7561 0.7145 1.43 1.89 1.75 

3.0 37.98 0.4968 1.004 25.5 1.000 0.7442 0.7472 1.49 2.01 1.81 

2.0 31.01 0.4053 1.111 20.5 1.000 0.7307 0.8118 1.62 2.22 1.87 Wave Broken: 

1.0 21.93 0.2864 1.321 14.4 1.000 Ơ.7184 0.9490 1.90 2.64 1.94 

0.77 19.24 0.2516 1.410 12.6 1.000 0.7158 1.009 2.02 2.82 1.95 

NOTES (1 ) Data taken d i r e c t l y from 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 , bút n ó t break ing ỉ 

(3) Includes only shoaling 
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A f u r t h e r a l t e r n a t i v e t o hand computat ions or graphìca l cons t ruc -

t ì ons i s the use of l a r ge sca le dìg ĩ ta 7 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 . Have ũ i f f r a c t i o n 

D i f f r a c t i o n i s a th ree-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 . [ > 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 i n t o 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 i n c o n t r a s t 

to the assưmption made i n the previoưs sec t i on o f t h i s chap te r . 

direction át wave propagation 

How does d i f f r a c t i o n occur? The f o n o w i n g p l iys ica l exp lana t ion 

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 , bút i s s u f f i c i e n t to g ive 

an i n s i g h t t o the process i n v o l v e d . 

breakvvater 

Figure 9.2 

WAVE DIFFRACTION 
PATTERN 

As a wave passes t he 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-

r a t e s arc shaped waves i n the shadow zone behind t he breakva te r . 

The wave heìght decreases as we proceed along a wave c r e s t a r c 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 simple 

model might be easy bút wou1d gene ra l l y be use less . The wave r e í l e c -

ted by the seaward s ide o f the breakwater ( o b s t a c l e ) i s a l so par-

t ì 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 o f the breakwater are a l s o r e f l e c t e d . ỵ 

Even w i t h a n o f t h i s , plus a f i n i t e wid th of opening i n a 

breakwater , numerical or graph ica l computat ions can o f t e n be used 

to determine wave he igh ts á t selected po in t s 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 nót be presented here ; Í t i s wel l 

t rea ted i n the courses and ] i t e r a t u r e ôn sho r t wave theory . 

One of the r e s u l t i n g graph 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 of p o s i t i o n are 

given i n the shore Protectiơn Manual, volume ì , sec t ion 2. From these 

graphs Í t i s obvious t há t the wave he ight d i s t r i b u t i o n along a shore 

w i t h i n a harbor can be q u i t e i r r e g u l a r . 
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E. Al le rsma 
lo . WAVE STATISTĨCS REUTĨONSHIPS E.w. B i j k e r 

—
 : w.w! Massie 

l ũ . Ị . I n t r o d u c t i o n 

Unt ì l t h i s p o i n t in our d iscuss ion a i Ì waves have been con-

s idered t o be s i nuso ida l w i t h constant p e r i o d . í t has aTready heen 

i nd i ca ted t h á t t h i s i s n ó t t r u e i n n a t u r e . Indeed, the sèa sur face 

can appear to be very i r r e g u l a r . Figure 10.1 shows. a dramat ic example 

o f t h i s . 

rmal wạvft 
Vỹ 30 hts 

léo 

Agulhas current 4 - 5 knots 

Figure 10.1 
D1AGRAMATIC PROFILE SHOWING SINUSOIDAL CURVES OF THREE WAVE TRAINS HAVING WAVE LENGTHS OF 
280,160 AND 57METERS WHICH BECOME IN-PHASE FOR A SHORT PERIOD THEREBY CREATÍNG AN ABNORMAL 
WAVE ABOUT 23METERS H1GH. 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 r s , we s h a l l at tempt to 

descr ibe t h i s sea sur face i r r e g u U r i t y more c a r e f u l l y . 

Reference i n f o rma t i on i s provided ôn these t o p i c s by Kinsman 

(1964) , anđ Neumann and Pierson (1966) . TMs chapter i s ìargeTy abs t rac -

ted from Allersma and Massie (1973) , i n which many more re ferences 

are a l so l i s t e d . 

10.2 . The Phenomona and i t s Charac te r i za t i ons 

The motion of the sea sur face i s ì r r e g u l a r . The water l e v e l i s 

a s t o c h a s t i c v a r i a b l e . G e n e r a l l y , measurements o f water l e v e l are 

made on ly á t a f i x e d ỉ o c a t i o n . This y i e l đ s a s tochas t ì c record o f 

water l e v e l s as a í ư 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. Unfo r tuna te1y , 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 h o u 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 i on of the 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 rep resen t ing an i n t e r v a l of 

cons tan t sea c o n d i t i o n s ( u s u a l l y a few hours ) . 

b. The de te rm ina t i on o f 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 occu r . Nhen 

these two th ings are known, then the theory o f the prev ious 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 

desìgn o f our p r o j e c t . 
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Nhát, s p e c i f i c a l l y , a re the s t a t i s t i c a l parameters neeđed? C l v l ì 

Engineers are most o f t e n i n t e r e s t e d i n wave he lgh t s . TherefQre, í t 

would seem most convenient t o cons ider t he s t a t i s t i c a l đ i s t r i b u t i o n 

o f wave he igh ts . The common s t a t i s t i c a l parameters can be used to 

t ỉescr ibe such a d i s t r l b u t i o n ; t he mean value i s the most simpìe of 

these. In coasta l eng ineer ing p r a c t i c e , however, the smaller waves 

are gene ra l ì y neglected and the mean value o f the h ighest 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 height as an 

experienced observer would es t imate v ì s u a l l y . Tfiis value i s denoted 

y s ig 

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 r o o t - m e a n - s q u a r p wavp h p i g h t F n r ạ grmrp tít ti— 

waves í t i s def ined a s : 

(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 rm lned ; the 

average o f the per iods o f the h igher waves i n the group i s o f t e n cho-

sen. 

A disadvantage o f such a s imple parameter such as HSJ i s t h á t 

í t g ives on ly a very globa l d e s c r i p t i o n of the wave he igh ts i n the 

r eco rd . 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 ì l y , many s t o c h a s t i c processes can be descr ibed 

by t h e o r e t i c a l d ì 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 i ! o f the s t a t i s t i c a l 

i n fo rma t i on 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 n a t u r a l 

i r r e g u l a r waves ai so can be descr ibed v ía a t h e o r e t i c a l d i s t r i b u t i o n 

modeì: 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 ìy 

charac te r i zed by a s ì n g l e parameter. Thus, the s i g n i f i c a n t wave height , 

H ì » (or any o the r average such as H ) i s s u f f i c i e n t to completely 
3 ì y ĩ rri J 

cha rac te r i ze the d ì s t r i b u t i o n . Takìng H . as the c h a r a c t e r i s t i c pa-

rameter , the Rayle igh D i s t r i b u t i o n can be descr ibed by 

P(H) = e
- 2

^ ) (10.02) 

where P(H) i s the p r o b a b i l i t y o f exceedance o f wave he igh t H f 

H s i-g ì s the s i g n i í i c a n t wave h e i g h t o f the r e c o r d , 

e i s the base o f na tu ra l l o g a r i t h m s . 
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Values of P(H) versus 
H 

computed from equation 10.02 are given 

s ig 

i n t ab le 1 0 . 1 . Special graph paper i s a v a i l a b l e which transíorms 

eqưation 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 igure 10.2 . 

Obv ious ly , using e i t h e r the t a b l e , graph , or 10.02 we can determine 

the p r o b a b i ì i t y o f exceedance o f any des i red wave height occurring 

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 h e i g h t . 

Scme other handy r e l a t i o n s h i p s , a lso 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: 

H

s i g =
 l

'™"ms 

= 0.886 H 

- f i6iữ5}-

(10.04) 
rms 

where F i s the average o f a i ! waves. 

Table 10.1 

Values o f T T ^ - f o r va r ious values of P(H) 
"sù 

P r o b a b i l i t y o f 
exceedance 

P(H) 
s ig 

l o -
5 2.40 

2 x l 0 "
5 

2.33 

5 x l 0 "
5 

2.22 

l o -
4 

2.15 
-4 

2x10
 4 2.06 

5 x l 0 ~
4 1.95 

l o -
3 1.86 

2 x l 0 "
3 

1.77 

5 x l 0 "
3 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 

Fol lows f rom d e t i n i t i o n of H 
s ig 
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Figure 10.2 
RAYLEIGH DISTRIBUTION 

2 3 
wave height ratio ^ 

sig 

= 0.463 H 
rms 

(10.05) 

where ơ u i s t he ' s tanda rd d e v i a t i o n of the wave h e i g h t . 
H 

H . = 1.596 ĩ? 
s ig 

(10.06) 

We have now ansvvered pa r t o f the problem posed á t the beginning 

o f 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 

do desc r i be an i n t e r v a ì o f our t o t a l wave r e c o r d . 
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10 .3 . Oetermina t ion o f Frequency of Qccurrence 

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 determìned, 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 s l -g) 

and then the f requency o f occurrence of these parameters du r i ng the 

e n t i r e long record can be determined. Often t i m e s , t h i s f requency i s 

g iven i n the fo"rm of number o f observa t lons per y e a r . I f a s i n g l e 

observa t ion cha rac te r f zes a s to rm, a sca le o f s toras per year is 

sometimes used. When t h i s i s p l o t t e d ôn sem i - l oga r i t hm ic 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 . * A n example o f such a long 

term d i s t r ì b u t i o n i s shown in f i g u r e 10 .3 . Ex t r apo la t i on o f t h i s 

graph ts aUowed as long as no o thor boundary c o n d i t i o n s such as 

water depth or wind f e t c h l eng th l i m i t our wave h e i g h t s . 

lo.4. Wave Periods 

Jus t as wave he ights have been charac te r i zed by s t a t i s t i c a í 

parameters, the wave per iod can aìso 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 í 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 . 

Ôn the o the r hand, more or less emperical r e l a t i o n s h i p s have 

been der i ved which r e l a t e wave perìod to some o ther 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 -

cation in ã c e r t a i n geographical a rea ; they a re nót g e n e r a l l y a p p l i -

c a b l e . Examples of such r e l a t i o n s a r e , 

For t he 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 0 , 7 (10 .08; 

For the North Sea: 

T = 3.94 H s i g ° * 3 7 5 (10.09) 

where T ìs the average of a l l wave pe r iods . 

These equat ions are nót d imens ion less ; the constants s ta ted are 

f o r p e r i o d , T, ìn seconds and wave h e i g h t s , H, i n meters. 

* The r e c i p r o c a ! of the f requency , the recur rence i n t e r v a l , may 

a l so be used ôn the log sca le . Th is i s done in f i g u r e 10.3 . 
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Wiegel (1964) , ôn a s i i g h t l y 

t h á t : 

T = 1.23 T 
e 

where Tg ìs the wave per iod o f the 

same energy as the i r r e g u ì 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 H y 

(10 .10 ) 

r egu la r wave t r a i n having the 

having average per ìod T. 
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l i . APPL1CATI0N OF HAVE STATISTĨCS 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 í o rma t i on 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 inee rs , 

need to apply t h á t i n f o rma t i on to make a respons ib le desi 'gn. 

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 f rom a s t a t i s t i c a l 

po in t o f view. 

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 o f a 

s t r u c t u r e may be eva luated i n tẹrms o f ạ 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 s - g , t h e 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 sưb.iected. e i t h e r i n ạ phys icaì nr mathema-

t i c a l model , t o 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 rubb le mound break-

wa te rs . {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 

t es ted i n à 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 he ights should be reproduced. I f , ôn the o the r hand, a 

mathematical model i s used, then the f a c t t h á 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 đone, f o r example, i n íormulas 

f o r breakwater armor u n i t we igh t s . 

This type o f problem i s r e l a t i v e l y easy to handle. The p r o b a b i -

1 ì t y o f occurrence o f the design parameter comes d i r e c t l y f rom the 

long term wave he igh t 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 ôn breakwater design (volume I U ) 

we s h a l l nót consider Í 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 đesigned us ing j u s t 

a s i n g l e wave, the design wave. The o t g e c t i v e i n the remainder o f t h i s 

chapter wi11 be to determine the p r o b a b i l i t y of exceedance o f a g iven 

design wave h e i g h 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 

t o wi 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 , since Í t f o l ìows 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 á t anỵ chosen wave he igh t - no mat ter how hígh - has a c e r t a i n , 

f i n i t e chance t h á t Í t w i l l be exceeded. Some r i s k must be accepted. The 

problem o f determin ing how much r i s k t o ạccept is- 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 d e t e r -

min ing the chance t h á 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 Assưniptions 

The prec ise problem statement i s : "Uhat i s the chance t h á t a 

chosen design wave h e i g h t , H d , i s exceeded one o r more t imes d u r i n g 

the l i f e , %tQf à 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

s j g » 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 s é t o f N waves to which the s t r u c t u r e i s exposed đ u r i n g the s to rm. 
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These N waves are d i s t r i b u t e d accord ing t o a Ray le igh t D í s t r i b u t ĩ o n 

charac te r i zed by the s i n g l e va,lue o f H s . jg . 

L a s t l y , í t i s assumed t h á t the s i g n i í i c a n t wave he igh ts obey 

a long - term í requency d i s t r i b u t i o n such as t h á t shown i n f i g u r e 

10.3 o f the previous chapter . 

11.3 The Numerical Trtìatment 

F i r s t , l e t us discuss how the value o f N assoc ia ted w i t h a 

p a r t i c u l a r valưe o f H s l-g i s determined. Sometimes, values o f N art 

t abu la ted from ac tua l wave records dur ing process ing tQ de t e rim ne 
H

s i g *
 e t c

'
 A n a

l
t e r n a

t i v e
 í s t ° divTde thè d ũ r ã t i õ n "õf""the storm I 

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 data . 

- In any even t , N Ts known t o r each H . : 

F i r s t , consider a s i n g l e storm con ta in i ng N waves cha rac te r i zed 

by H . . Me choose an a r b i t r a r y design wave he igh t H j . The chance t h á t 

H d 13 exceeded by any gi ven wave i s : 

- 2 ( Í ị 1 ) 2 

P(H d ) = e
 H

s i g ( 1 0 . 0 2 ) (11 .01) 

The chance t há t t h i s wave is nót exceeded i s : 

Ì - P(H d ) (11 .02 ) 

The chance t h á t t h i s wave ia nót exceeded i n a ser ìes o f N waves i s : 

[ l - P ( H d ) ]
 N (11 .03) 

Fi nai l y , the chance t h á t thi í s wave h e i g h t , H d , -Cs exceeded á t l e a s t 

once i n our s i n g l e storm c o n t a i n i n g N waves i s : 

N 
E 1 = Ì - [ Ì - P { H d ) ỉ , (11 .04) 

As an a l t e r n a t i v e , some p r e í e r to use a Poisson approxímat ion to eva-

lua te É p As long as P{H d ) i s small (usual f o r our problems) the 

d i f f e r e n c e i s nót impo r tan t . In t h i s case: 

-N P(H d ) 
E 1 = Ì - e

 a (11.05) 

The next step i s to determine the chance t h á t a s i n g l e storm 

cha rac te r i zed by H s occurs dur ing a given yea r . This i s accomplished 

by s u b d i v i d i n g the cumulat ive l ong- te rm c h a r a c t e r i s t i c wave h e i g h 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 . ĩ h e r e s h a l l be M chances f o r 

our storm to occur i n a given yea r . 

M -
 n u m b e

r ° f hours per yeạ r o t - j 
d u r y t i o n o f one storm i n hours , * ' 
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The p r o b a b i l i t y t h á 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 Hei„ and H . i s : 

s i g 1 s i g 2 

f ( H s i g ) = p r o b a b i l i t y o f ( H s i g i < H s i g < H ^ ) (11.07) 

= p

<
H

s 1 g i > -
 p

(
H

s i g 2 > • í
1 1

-
0 8

) 

What i s the i n f l u e n c e o f the wìdth o f the i n t e r v a l 

H . í r l - H • ôn f (H . )? Obv ious ly , as the c lass i n t e r v a l between 
i Ì i Ì i Í y• 

H • and H .•; beomes wide r , more waves wi 11 f a i Ì i n t o the i n t e r v a l 
=>' y Ì "2 

and f { H s i g ) w i l l i nc rease . Át the same t ime however. the t o t á Ị number 

o f i n t e r v a l s w i n decrease such t h á t the t h i s change s t i l l has no i n -

f luence ôn the end r e s u l t . : 
Since t he re are M i n t e r v a l s per y e a r , the p r o b a b i l i t y t h á t H .g 

fa11s i n the given i n t e r v a l sometime dur ing the year i s : 

p

í
h

s i g >
 = M f

(
H

s i g > í
1 1

-
0 9

) 

where P ( H s i g ) i s the chance ( p r o b a b i l i t y ) t h á t a storm cha rac te r i zed 

by H s l-g occurs one or more t imes dur ing a given yea r . 

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 o f non-oacurenoe. For an 

i n d i v i d u a l o b s e r v a t i o n , the p r o b a b i l i t y t h á t t h i s value o f H s i g f a l l s 

ou ts ide the i n t e r v a l between H and H • i s : 
5 I

9 j
 S l

9 2 

Ì - f ( H s i g ) (11.10) 

This t i m e , the chance t h á t the c h a r a c t e r i s t i c wave does nót occur 

d u r i n g a year i s : 

M 

t i - f ( H s i g ) ] (11.11) 

lí the events under study are reasonably r a r e , t hen : 

P ( H s í g ) « 1 , and t h u s , f ( H s i g ) « ỵ 

(see equat ion 1 1 . 0 9 ) , and equat ion 11.11* can be approximated by: 

t
1 -

 f

( H s i g ) J
M

i Ì - M f ( H s i 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 - t i -
 M f

( H s i g ) ] =
 P

(
H

S i g > a i . " ) 

The chance t h á t both t h i s storm occurs and the design wave i s 

exceeded i n t h á t storm i s : 

i 2 = P ( H s i g ) . E 1 (11.14) 



60 

The problem i s nót y e t s o l v e d , however, since a wave o f he igh t 

H. can also 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 s i . Since f o r t h i s d i f f e r e n t storm the r a t i o T I — 7 - and N i s a lso 
s i g 

d i f f e r e n t , then both the values of Ej (eqn. 11.05) and P(H . ) (eqn. 

11.13) w i l l change. A whole se r ies o f chances E 2 , some nưmber N' o f 

thèm i n f a c t , i s generated. These can be denoted by E 2 - , where i = Ì 

to N \ 

Since each value o f represents a chance t h á t the design wave 

is exceeded, then the chance t h á t H d is nót exceeđed i n the year d u r i n g 

any storm i s : 

E 3 = ( Ị - E 2 1 ) f l - Eoo) ( . . . ) f l - E g ì H . . . Ì ( l - Eo N . ì — 

= ì í
1 -

 E

2 i
J (11.15) 

i = l 

N' 
where ũ denotes the product o f the N' terms and É- rep re -

1 = 1 " ~ " , 
sents the chance t h á t Hj is nót 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 ỉ. y e a r s , the chance 

t há t the design wave h e i g h t is exaeeded one or more t imes dur ing 

t h á t l i f e t i m e i s 

P(H > H d ) = Ì - E* (11.16) 

ĩ h i s i s our o b j e c t ĩ v e l 

11.4 Example Problem 

Determine the t o t a l chance t h á t â design wave he ìgh 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 ư r e w i t h a Ì í fe o f 20 y e a r s . The Rayleigh D i s t r i b u t i o n 

i s used i n ccmjunct ion V ỉ i t h the l ong- te rm d ì s t r i b u t i o n shoviĩi i n 

t a b l e 1 1 . 1 . This t a b 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 

two columns o f t h i s t a b l e are represented i n f i g u r e 10.2 as w e l l . 

The computation f o r the t y p i c a l row H -g = 8 m i n t h i s t ab le 

goes as f o l l o w s : 

- 1 6 
= 2.00 

Using 1 1 . 0 1 : 

P(
h

H)
 3 e ~

2 ( 2

^ = e "
8 = 3.35 X l u '

4 

Equat ion 11.15 can be approximated by E 3 -V Ì - 2 E 2 i i f E 2 l- 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 approx ima ỉ ĩản to t h á t used 

i n equat ion l i . 1 2 . 
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r ..-41
 1 U U Ư 

E x = Ì - 11 - 3.35 X lo
 4

J = 0.285 

Then, 11.14 y i e l d s : 

í 2 = 0.Q5 X 0.285 = 1.43 X l o "
2 

We eva luate E 3 using a l l 5 values o f E 2 : 

5 
E = n ( Ì - E 9 . ) = 0.96945.5 

3 1=1 

F i n a n y , we de te nin ne the r equ i red p r o b a b i l i t y f rom E 3 us ing 11.16: 

P(H > l b ) = Ì - ( 0 . 9 6 9 4 5 5 )
2 0 = 0.4623 

o r about 46% 

In t h i s example, the chosen design wave he igh t has a chance o f 

being exceeded o f 1/1000 f o r a storm which can be expec ted , ôn the 

average, o f once i n 50 y e a r s . Yet , 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 4b% chance (ôn the average) o f encounter ing t h i s wave; t h i s 

i s a very high r i s k í 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 . 

Gi ven data Rayleigh D i s t . 

P

(
H

s i g > 
,s torms, 

y r . ' 

N 

.waves. 

H . 
s i g 

im) 

H

d 
H

s i g 

<-) 

P

( H d ) 

( - ) 

E

l 

( - ) 

E

2 i 

í - ) 

0.002 600 l o 1.600 5.98x10' •3 
0.973 1.95X10

- 3 

ử.UI 

0.05 

U.20 

1.00 

800 

100U 

1U00 

2000 

9 

8 

7 

6 

1.778 

2.000 

2.286 

2.667 

1.80x10" 

3.35x10" 

2.90x10" 

6.66x10" 

•3 

4 

5 

7 

0.763 

0.285 

2 .86X10"
2 

1.33X10"
3 

7.63X10"
3 

1.43X10"
2 

5.71X10"
3 

1.33x l0~
3 

E 3 = o .y tg 

p (H > l b ) - 46% 

The computat ions 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 i n te rmed ia te r e s u l t s . These were c a r r i e d out ôn a 

IU 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 . 
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11.5 Ạ Second Type o f Problem 

A d i f f e r e n t type o f problem i s sometimes encountered. Sometimes, 

vía a design code, f o r example, Í t i s s p e c i f i e d t h á t a s t r u c t u r e be 

designed to wi ths tand the maximum wave occu r r i ng i n a storra having 

a given í requency. 

The s o l u t i o n i s reasonably s imp le . The s i g n i í i c a n t wave he igh t 

correspondíng t o the s p e c i f i e d storm frequency o f occurrence can be 

found d i r e c t l y from the long term wave heigh.t d i s t r i b u t í o n . Since 

t h i s storm also has a known nưmber o f waves» N, the p r o b a b i l i t y o f 

the maximum wave in t h á t storm i s JỊ. 

P u t t i n g : 

P { h d ) = ị (11.17) 

i n t o equat ion 11.01 and then s o l v i n g f o r H d , y i e l d s : 

"max = - ^
H

s i g ^ (
n

-
1 8

) 

which i s the des i red s o l u t i o n . 

11.6 Example 

Apply ing t h i s idea to a mod i f i ed form o f the quest ion i n the 

previous example, the problem i s now: Determine the maximum wave 

he igh t which can be expected i n the southern pârt o f the North Sea 

i n a per iod o f (ôn the average) 100 y e a r s . 

Using the data given in t a b l e 1 1 . 1 , we see t h á t the storm wi th 

a f requency o f once per hundred y e a r s , P(H -g) = 0 . 0 1 , has a s i g n i -

f i c a n t wave he igh t o f 9 mete rs , 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 : 

H

max
 = u

-
7 0 7 *

 9 x 7 1 n 8 0 0 ' ( l i -
1 9

) 

= l b .45 meters. 

Thi3 i s a very 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 á t o f the p r e -

vious exampìe. What i s the exp lana t i on f o r the f a c t t h á t t h i s wave 

i s on ly s i ĩgh11y h igher than t h á t which had a 46% chance o f o c c u r r i n g 

i n 20 years? The reason f o r t h i s seeming discrepancy i s t h á t the 

H m a x found i n the second example i s r e a l l y an average maximum wave; í t , 

i t s e l f , w i l l be exceeded i n h a l f o f the 100 year p e r i o d s . 
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12.1 I n t r ũdưc t i on 

In chapters l o and l i we used wave he igh t data w i t h o u t say ing 

too much about the p r a c t i c a l problem o f ob ta in i ng t h i s i n f o r m a t i o n . 

In t h í s chapter we s h a l l i n d i c a t e b r i e í l y how t h i s neces?ary i n f o r -

mation can be ob ta ined . 

12.2 E x i s t i n g Data 

Government agencies i n many count r ies accumulate data ôn waves 

and cur ren ts i n 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 Í t i s a v a i l a b ỉ e upon reqưest ; o c c a s i o n a l l y , 

some i s sec re t . The book le t bỵ Dor res te in (1967) i s an e x c e l l e n t 

example o f publ ished da ta . The i n f o rma t i on i s presented i n 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 ôn a na t i ona l s c a l e . 

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 l o c a 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 l y 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 of wor ld -w ide hydro-

graphic i n í o rma t i on i s the B r i t i s h Admi ra l t y . The Uni ted s t a t e s Naval 

Hydrographic O f f i c e also has an impressive c o H 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 á 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 l eng th o f t ime a v a i l a b l e f o r measurements 

i s seỉdom, 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 - á 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 measure 

water sur face e l e v a t i o n d i r e c t ì y w i t h re íerence 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 measưres pressure d i f f e r e n c e s á t some 

po in t i n the water . í t i s beyond the scope o f t h i s b r i e f summary to 

discuss these var ious ins t ruments i n d e t a i l . 

The second l ong- term s é t o f measurements need nót 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 of S u b s t i t u t e Data 

í 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 metero log ica i 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 pub l ished i n spec ia l at lases o f wind or baro-

me t r i c pressure data . The wind data can be used i n a wave f o r e c a s t i n g 

technỉque to p r e d i c t the waves. 

Is there aluays a c o r r e l a t i o n between wind and waves? No. When 

i s Í t poss ib le to have waves v / i thout wind or wind v/ i thout waves? * 

How do we get wave data from barometr ic pressure i n fo rma t ion? 

The wind can o f ten be pred i c teđ from the prẹssure g r a d i e n t s . E q u i l ì -

br ium 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 ío 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 á t used f o r 

ocean cur ren ts i n chapter 3 o f t h i s voìưroe, Qnce the wind i s know,—— 

a wave f o r e c a s t i n g technĩque 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 há t they can be done more q u i c k l y and i n 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 lve a l ó t o f ted ious work, and i s p r o -

bably less dependable t h á t some o n - s i t e measurements. 

12.5 SMB Pred i c t i on Method 

Bretschne iđer (1952) rev ised the semi-emperical wave ĩ 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 í 0.25 (12.02) 

> 6.5882 exp ( [0 .0161 ( I n 4>)
2 - 0.3692 In * + 2.2024]* + 

0.8798 In <H (12.03) 

a l s o : 

(12.04) 

* Swell i s an example o f waves w i t h o u t wind . This i s most o f t e n found 

along coasts border ing ôn the l a r g e r seas. Ôn the o ther hand, a wind 

blowing from the shore wi l i nót generate much o f a wave along a coast 
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i n wh ich : 

F i s the f e t ch 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 , 

H • i s the s i g n i f i c a n t wave h e i g t , 

d i s the du ra t i on o f the w i n d , 

T .g ís the per iod o f the s i g n i f i c a n t wave, 

U w i s the wind speed, and 

$ i s the fe tch parameter de f ined i n ( 1 2 . 0 4 ) . 

Since equat ion 12.03 i s r a t h e r cumbersome to handle and í t i s 

o f t en necessary to determine a * corresponding to a g iven value o f 
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These equat ions are v a l i d f o r đeep ưater o n l y . The i r use , i n 

p r a c t ĩ c e , goes somewhat as fo11ows: 

a. The f e t ch d i s t a n c e , F 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 d a t a . 

b. $ i s the determined f rom 12.04 - be c a r e í u l to use cons i s ten t 

u n i t s ! 

c. Compute the parameter -3rp- i n the same sét o f u n i t s . 
w - - ._ . - -

d . Enter f i g u r e 12.1 w i t h the parameters evaluated i n the two prev ious 

s teps . ÍT these parameterS IcKdle a po ì li L dbuvu l l ie ụ l u l l e d t u r v e , — 

then the wave he igh t i s determined by the f e t ch - use the value o f 

<ỉ> determined i n step b, above. I f , ôn the o ther hand, a po in t i s 

below the ì i n e , the wind d u r a t i o n determines the wave he igh t - p r o -

ceed by using a smal le r value o f * deterrained using 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 'f>, the wave parameters, 
H

s i g
 a n d T ig

 c a n b e determed vía equat ions 12.01 and 12.02. 

f . Wave he ights w i t h other p r o b a b i Ì 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 đ i n chapter l i . 

Another , pure ly graph ica l s o l u t i o n to t h i s problem i s given i n 

volume ì o f Shore Prokeatỉon Manual (1973) . 

A Ì 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 á 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 du ra t i on 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 l a rge body o f wate r . Research i s now be ing 

conducted to develop b e t t e r methods f o r use ôn extens ive seas. 
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E. Al lersma 

13. OPTIMUM ŨESIGN E.w. B i j k e r 

A. Paape 

1 3 . Ị I n t r o d u c t i o n 

í t has become obvious i n chapter l i t h á t some r i s k i n the design 

o f eng ineer ing works 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 engineer ing a p p l i c a t i o n s wi1 l be taken úp i n 

l a t e r volumes o f these notes . 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 ì 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 , í 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 i n some d e t a i l 

such as s ize or s t r e n g t h . 

2. í t must be poss ib le to eva luate the economic c o n s t r u c t i o n cost o f 

each p r o j e c t a l t e r n a t i v e . 

3. í t must be poss ib le to determíne the chance of damage o r f a i l u r e o f 

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 

c o n s t r u c t i o n must be determinab le . 

We have seen i n chapter l i how i tem 3 o f the above ì i s t can be 

evaluated f o r c e r t a i n types o f 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 

dec i s i on making 15 i nvo lved i n the e v a l u a t i o n of i tem 4 , above. The 

t e c h n i c đ l consequences o f a " f a i l u r e " are reasonably easy to e v a l u a t e ; 

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 di f f í cu ì t to express i n economic terms. However, we s h a l l proceed, 

f o r now, assuming t h á t the necessary costs can be expressed i n economic 

u n i t s . 

13.3 Opti mi za t i ôn 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 ì t e r n a t i v e s a v a i ỉ a b l e from step Ì , 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 ìnvestment i nvo l ved i n cons t ruc -

t i o n i s đeterm ĩned in convenient un i t s such as c u r r e n t money 

va iue . 

c. By m u l t i p l y i n g the chances of damage or í a i l u r e found i n i tem 

3, above, by the economic consequences o f such damage we can 

o b t a i n the c u r r e n t c a p i t a ỉ i z e d monetary value o f t o t a l damage 

to be expected dur ing the l i í e t i m e o f the p r o j e c t . 

d . we can repeat these three steps f o r each o f the a l t e r n a t i v e 

designs a v a i ì a b l e . 

Once these steps have been c a r r i e đ o u t , we can choose t h á t design 

which has the lowest t o t a l (sum o f c o n s t r u c t i o n plus cap i ta1 i zeđ 

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 l e Víhich 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 Ì , 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 c o n s t r u c t i o n c o s 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 f rom among those a v a i ì a b l e and determine 

i t s damage cost and c o n s t r u c t i o n cos t . 

d . Evaluate the second design w i t h respect to the f i r s t hy compa-

r i n g the ũhange i n c a p i t a l í z e d c o n s t r u c t i o n cost tồ the change 

i n c a p i t a l i z e d damage c o s t . 

e. Obvious ly , on ly 1f the c a p i t a l i z e d c o n s t r u c t i o n cost increase 

i s less than the c a p i t a l i z e d damage sav ing l i Í t economical 

to choose the second đes ign , assuming t h á t the second design 

i s the more c o s t l y to bui Ì 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 dptimum design technique are given i n 

volumes l i , I U and IV o f these notes . 

13.4 ĩ m p l i c i t Assumptions 

í t should be f u l l y understood t h á t the damage costs i nc íude 

both d i r e c t and i n d i r e c t c o s t s . Nót on ly the s t r u c t u r e must be re-

pai red o r rep laced ; there w i n u s u a l l y be o ther losses due t o I n t e r -

r up t i on o f produc t ion o r even loss o f human l i v e s . 

A l s o , the assumption has been made above t h á 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 r y out the optimum s o l u t i o n . í t i s poss ib le 

t h á 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 bui Ì d , bút Khích has a grea te r 

c a p i t a l i z e d damage cos t . Since such eva lua t ions i n v o l v e 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 nót develop t h i s d iscuss ion f u r t h e r . 

Another boundary cond i t í on to consider i n o p t i m i Ì 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 i ! app l i cab le design codes s p e c i f i e d by law. í t i s conceivab le t h á t 

such a code may d i c t a t e the design o f a c o n s t r u c t i o n which i s too 

conserva t ive {overdesigned) to 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. HISTŨRY 0F HARBOR ŨEVELOPMENTS E.w. B i j k e r 

14.1 I n t r o d u c t i o n 

Now t há t the background i n í o rma t i on has been presented i n the 

f i r s t 13 chap te rs , we are prepared t o s t a r t app ly ing t h i s t o 

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 a p p l i c a t i o n s by examining the o l d e s t o f the t h ree major sub-

d i v i s i o n s mentioned i n chapter Ì , the problem o f p r o v i d i n g safe 

harbors f o r s h i p s . Various d e t a i l s o f harbor problems fòrm the 

sub jec t o f th is and the next lo chapters o f t h i s volume. Some 

f ư r t h e r d e t a i l s are defer red t o volume l i ; breakwaters form the 

t o p i c o f volume I U o f these notes . ~ " 

The remainder o f t h i s s to ry i s adapted f rom B i j k e r (1974) . 

14.2 Ear l y H i s t o r y 

O r i g i nai ly» harbors were bui 11 á t l o c a t i o n s 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 ì 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 i nc lude both n a t u -

r a l (waves and c u r r e n t s ) and human ( p i r a t e s ) enemies. Since s e t t l e -

ments developed around the harbo rs , s i t e s were u s u a l l y i n l a n d á t 

l e a s t f a r enough to assure dry l and . Harbors developed sometimes 

we l l inlancl along r i v e r s or e s t u a r i e s . New Or leans, f o r exampìe, 

i s more than 100 km úp the M i s s i s s i p p i River f rom 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 al lowed thèm to nav igate e a s i l y over and around the numerous 

shoals found i n these natưra l watercoưrses. This meant, even so , t h á t 

l oca l knowledge o f the waterway was needed. Was t h i s a disadvantage 

o r an advantage f o r shipping? The use o f p i l o t s d id h inder commerce 

ì somewhat, bút Í t hindered p i r a t e s even more!* 

As t ime passed, and ships became l a r g e r and đeeper, the d i f f i -

c u l t i e s w i t h shoals i nc 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 i ces , a "sh ip camel" was designed and used to help ships cross the 

bar near the i s l a n d of Pampus as they approached the p o r t o f Amsterdam. 

Such a camel i s shown schematicai l y in 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 dryaock. 

ĩ . 
ị 
ỉ 14.3 The inHưence o f Dredging 

I More than 10U years ago another i nven to r came upon the idea o f 

1 a r t i f i c i a l l y deepening the shal low areas by means o f underwater exca-

I v a t i o n - dredg ing . Sometimes even whole new channels were excavated. 

H both major por ts i n The Nether lands , Rotterdam and Amsterdam, have 

H exper ienced 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 

H or canals to reach the sea. I n t e r e s t i n g l y , both harbors have abandoned 

H t h e i r o r i g i n a l a r t i í i c i a l channels i n f avo r o f l a r g e r , improveđ ones. 

Lord NelsorTs f l e e t sh ipyard and harbor á t B u c k l e r ' s Hard ôn the 

l íeauly River would have been a j u i c y p r i z e i f Í t cou ld have been 

s u c c e s s f u l l v a t t a c k e d . 
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Amsterdam abandoned the Nor th Ho l land Canâl l i n k i n g Í t w i t h đen Helder 

i n favor o f the present North Sea Canal íorming a much s h o r t e r ì i n k t o 

Umuiden. The Rotterdam Waterway i s also a major man-made c o n s t r u c t i o n . 

1: n o r m a l water l i ne 
2- waterline when l ítted 

Figurẹ 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 ly 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 ì n g d is tance through such 

canals by the modern very ìarge o i Ì tankers presents a hazard t o n a v i -

g a t i o n . Since these canals pass c lose by densely populated areas , as we11, 

the r i s k o f s o c i a l damage f rom c a l a m i t i e s i nc reases . Moreover, as ships 

car ry h igher valưe cargo such as c o n t a i n e r s , the t i me l o s t in n a v i g a t i n g 

along a long canal has an i n c reas ing economic impact. In g e n e r a l , goods 

move í a s t e r over land than over water . 

These ĩ 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 l ed 

to 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 harbo rs , 

such as London, Amsterdam, and Hamburg, are a lso á t l eas t p lann ing s i m i -

l a r developments. Many o f these new harbor areas are developing ôn a r t i -

f i c í a Ì 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 l d e r urban areas has 

c o n t r i b u t e d to t h i s harbor m i g r a t i o n toward the sea. 

This mig ra t i on has nót ended. Spec ia l i zed f a c i l i t i e s o f f sho re are 

also developing r a p i d l y , We need on ly t o t h i n k o f the plans f o r i s l a n d 

harbors á t sea o r o f the development and use o f Sing le Buoy Moorings 

which can rep lace convent iona l harbors f o r some cargos. 

In the next l ũ 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 ì l . 



71 

15. APPROACH CHANNELS w.w. Massie 

15.1 ĩ 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 á t a i ì 

necessary dredging work needed to accommodate even l a r g e r ships 

takes place w i t h i n the harbor or es tua ry . This i s c e r t a i n l y nót the 

case. Considerable dredging work i s now c a r r i e d out i n more o r less 

open sea i n order to prov ide safe approaches f o r the l a r g e s t s h i p s . 

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 t h e r 

extreme example. What are the consequences-of s u c h c h a n n e ì s - i n - s e a ? -

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 ax is o f the channel . Uhi le some sedimentior i 

can be expected, much and o f t e n most of the sediment which enters a 

channel reach i s merely swept along hy the c u r r e n t and out the o the r 

end. Ships navigate e a s i l y e i t h e r w i t h or aga ins t the c u r r e n t and 

have l i t t l e di f f i cu Ì t y manoeuvering. 

Does t h i s s i t u a t i o n change á t sea? Yes, u s u a l l y Í t does. Currents 

and sediment t r anspo r t s are o f t e n đ i r e c t e d á t a cons iderab le angle t o 

the ax is 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 en very high where the channel cuts through the 

sha l lowes t coasta l r eg ions . This r e s u l t s from the h igh sediment t r a n s -

p o r t caused by the break ing waves along the ad jacent shores . These 

break ing waves can a lso generate a crosswise c u r r e n 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 lowly - they are harder to s t e e r , t hen . One o f the reasons 

to cons t ruc t breakwaters out f rom the coast á t a harbor or r i v e r en -

t rance i s to cút o f f , or á t l e a s t reduce o r p o s s i b l y d i v e r t , the l o n g -

shore c u r r e n t and sediment t r a n s p o r t . Breakwaters are given a separate 

d iscuss ion in chapter 18 o f these notes . The causes and e f f e c t s o f l o n g -

shore c u r r e n t and sediment t r a n s p o r t are h i ghi ĩ ghted b r i e f l y i n chapter 

26. Deta i l ed t rea tment o f t h i s i s taken úp i n volume l i . 

Far the r á t sea , ou ts i de 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 hy t i d e s , bút these usua l l y do nót crea te such ser ious 

problems as we encounter nearer t o shore. 

o the r 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 s h o r e 

however. P o s i t i o n dete rmin ing and nav iga t i on systems become less accura te ; 

wider channels are needed to assure t h á t ships do nót run aground. Wave 

a c t i o n can be more severe . This leads to more severe sh ip motion which 

requ i res a deeper channel to assure t h á t the sh ip does nót h í t the b o t -

tom. Dredging i s hampered i n the same way by these problems t o o , o f 

course. 
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15.3 The Opt imazat ion Problem 

í t should be obvious t h á 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 ì t o 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 l i . A c o n s t r u c t i o n a l aspec t , d redg ing , i s taken úp 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 á t sea and i n r i v e r s and harbors f o r near-

1y a l l o f the modern por ts o f the wor ld tođay. What equipment i s 

best s u i t e d t o car ry t h i s out? A f t e r b r i e í l y e x p l a ì n i n g some general 

p r i n c i p l e s common t o most a n s o r t s o f dredges, the most commonly 

a v a i l a b l e types w i l l be ì i s t e d and desc r i bed . Nei 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 ôn 

dredging serve t h e i r purpose w e l 1 . 

16.2 General P r i n c i p ì e s 

— Most drodging i s done by hytlrứulìc dredgers . inese machĩnes are 

equipped w i t h c e n t r i f u g a l pumps capable o f pụmping a mix tu re o f s o i l 

and wate r . The s o i ! i s moved as a suspension i n the moving wate r . 

The r a t i o o f so i Ì t o water i n t h i s suspension i s an impor tan t 

í 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 đe-

pends both upon the equipment used and the s o i ! m a t e r i a l . The amount 

o f mix tu re 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 v a r i e s 

f rom Ì t o 2 f ờ r mud t o 3 t o 5 f o r medìum sand (đ ^ 250ụm). For grave l 

and rock t h i s r a t i o can be as h igh as l o 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 mixture t h á t can be moved, the produc t i ve outpu t 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 ípe l i nes increases w i t h i n c reas ing s o i ! 

g ra in s i z e . The maximưm l eng th o f discharge p i p e ì 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 (p ressure) o f the dredge 

pump i s more or less cons tan t . Some r a t h e r i naccura 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 Rihrbèi ter ( 1961 ) , f o r example. 

The head loss can be reduced, i n t h e o r y , by reduc ing the f l o w 

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 v e l o -

c i t y must De mainta ined i n order to assure t h á t the dredged mate r i a l r e -

mains i n suspension. 

This minimum v e l o c i t y increases w i t h i n c reas ing g ra in s í z e , g ra in 

s p e c i f i c w e i g h t , and pipe diameter . 

16.3 P l a i n Suct ion Dredge 

This i s one o f the most common types i n Hol land . F i g . 16.1 

shows such a dredge designed t o discharge through a f l o a t i n g p i p e -

l i n e . Fig' . 16.2 shows a mod i í i ed form đes ìgned f o r l oad ing barges 
a longs ỉde . 

Another purpose of dredg ing can be t o o b t a i n f i l l mate r i a l f o r land 

r e c l a m a t i o n . This t ype o f dredging i s o f t e n conducted complete ly i n d e -

pendent ly o f harbor development. 
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t loat ing pipel ine 

\ I 
• f t port winch i o r w ũ r d por tw inc& 

\ 

stern winch 

i m 

ỉ 

. ' í Ị V 
- + Ị - 1 - t t r 

a f t stb'd winch fo rward stb'd winch 
/ 

Rgurẹ 16.1. 

SUCTION DREDGE 

These dredges are very e f f i c i e n t when dredging loose mater ia l 

such as sand. I f a water j e t i s added á t the end o f the suc t ion pipe 

to help loosen the i n - s i tu m a t e r i a l , then l ayers o f d a y can be 

penetrated t o reach deeper sand l a y e r s . 

These dredges are kept i n place by s i x anchors and move very 

s lowly i n the d i r e c t i o n o f the bow anchor. This type o f opera t ion 

r e s u l t s i n a very ưneven 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 of s o i ! w i t h t h i s type of 

dredge i s r e l a t ì v e l y low. 

The produc t ion from such a dredge depends upon many í ac to r s 

i n c ì ud ing the sand g ra in s i ze and p o r o s i t y as wel l as the suc t ion 

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 dred-

ges, Í t has become necessary t o place the pump deeper under water . 

O f t e n , the pump i s l oca ted along the suc t ion pipe i ns tead o f in the 

h u n as shown i n the f i g u r e s . Sometimes, even, two pumps are used 

i n se r ies - one ôn the suc t i on pipe and one i n the h u n . The i n t e r -

r e l a t i o n s h i p between the í a c t o r s a f f e c t ì n g dredge performance 

i s revea led by the s o - c a l l e d " s u c t i o n e q u a t i o n " . í t i s der iveđ hy 

examining the pressure change along the i n s i d e 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 í i g u r e s are nót g iven s ince they can vary toa r a p i d l y . 
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(p* + z< = ÍZ „ - z. ( 1 6 . 0 1 ) 

where: 

f 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 l on pìpe 

entrance t o pump, 

g i 5 the a c c e l e r a t i o n due t o g r a v i t y , 

V i s the f low v e l o c i t y i n the suc t i on p i p e , 

p i s the vacuưm á t the pump entrance expressed as head 

o f wate r , 

Zp i s the depth o f submergence q f ^the pump, 

Z s i s the depth o f the s u c t i o n pìpe ex t r ance , 

Y m i s the s p e c i f i c weiqht o f the mix tư re . and 

water surface 

Y i s the s p e c i f i c weight o f water . 

pump 

pressure (vacuump*) 

Uow velocity v 5 

F i g u r e 16 3 

DEFI NITION 0 F 
SUCTION EQUATION 
TERMS 

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 ! i n the mix tu re measured ôn a 

vo lumet r i c basis i s c v > t h e n : 

(16.02) 

where Yg i s the s p e c i f i c weìght o f the dry sand g r a i n s . 

So lv ing f o r c y . x i e ^ ' : 

T m - Y.. 
(16 .03; 

Combining equat ions 16.01 and 16.03 y i e l d s : 

„2 T 

71' 

z

s - <
z

p -
f

2 ĩ 

(16.04) 

The capac i ty o f the dredge increases as the vacuum, p*„ anđ the 

depth o f pump submergence, Zp, i nc reases . I nc reas ing suc t i on sub-

mergence, z s > a n d f r i c t i o n f a c t o r , f , tend t o 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 í i c a t i o n o f the stanđard 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 á t f o r a s u c t i o n dredge; t h e i r use 

i s a iso very common i n Ho l l and . 



r í gụ reị 15. L 

ỈARGEỈ UNLOAOING 
)REOGE 
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16.4 Cut te r Sưct ion Dredge 

The c u t t e r sưct ion 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 . í t can handle m a t e r i a l s 

rõnging from mud t o s o f t r ock . The s o i l i n f r o n t o f the s u c t i o n tube 

i s loosened by the c u t t e r . The dredge moves i n t o new mate r i a l by 

swing ing back and f o r t h about one o f the two anchor ing spuds using 

t he po r t and s ta rboard forward vn.nehes artd anchors. The đređge moves 

forward by changing- the p o s i t i o n o f one spud wh i l e the dredge i s 

held i n place hy the o t h e r . This moves i t s center o f r o t a t i o n f o r -

ward a b í t . 

Equations 16.01 through 16.04 apply t o 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 ì e , however. These 

i nc lude the c u t t i n g capac i ty o f the c u t t e r and the hau t inq f o rce and 

speed o f the fo rward winches. 

Since the suc t ion dredge takes i t s mate r ia l from a small area , 

í 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 ú t . 

Smal ỉer 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 r e q u i r e r e l a t i v e l y Ì i t t l e c u t t e r or s ide Víinch power. 

Bigger , more powerful c u t t e r s are used w i t h s t i f f d a y and s o f t 

rock . Rock having a compressive s t reng th o f úp to about 5 X l ú
7 

2 

N/m can be at tacked s u c c e s í 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 e x p l o s i v e s . 

The maximum đepth which can be obta ined i s about 25 meters. 

This Ì í mì 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 l adder . 

Typ ica l produc t ion c a p a c i t i e s f o r a " b i g " c ư t t e r suc t i on dred-

ge are l i s t e d i n t ab le 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 Cut te r Suct ion Dredge Product ion 

Mate r ia l 

(see t e x t ) 

sand 

s o f t d a y 

s t i f f d a y 

s o f t rock 

Product ion 
3 

(m / h r i n s i t u ) 

1500 

1750 

750 

400 

Maximum d ischarọe 

d is tance (km) 

3 to 6 

6 

3 

1.5 

* 4 í 
S o f t d a y has a cohesion of less than 3 X lo N/m . 



Figure 16.5 C U T T E R SUCTION D R E D G E 
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16.5 T r a i l i n c i Sưct 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 i on tubes . These ships p ick úp t h e i r load wh i l e t r a v e ì -

l i n g s1owly (a few knots ) f o rwa rd . This a b i l i t y t o load w h i l e 

underway makes Í t an i d e a 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, Í t can operate 

i n moderate t o Mgh 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 á t sea. These 

dredges can handle e i t h e r mud or sand. 

í t usua l l y takes Ì to 3 hours to f i l l the hopper o f such a 

dredge wi th sand. Thì s t i me i s dependent upon the dredg ing dep th , 

and g ra in s i2G and p o r o s ì t y o f the sand Ì a y e r . 0nTy - ị t o Ì hour ~ís~ 

needed to f i l l the hopper w i t h mưd. 

A f t o r í i l l i n g tho hoppet , t in ; sft tp Sd i lb Lu á dumplng SI t e át 

a speed o f about l i knots (20 km/h r ) . The prođuc t 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 t o 

unload. The maximum hopper capac i t y a v a i l a b l e i n 1975 i s about 

100U0 m
3

. 

These dredges can work w i t h a depth accuracy o f about 

+ 0.5 ra, úp to a maximum depth o f about 35 m. 

16.6 Buckẹt predge 

Unl ike the preceeding t y p e s , t h i s i s a pure ly mechanical 

dredge. í t loosens the s o n and t r anspo r t s í t upward by means 

o f a cont inuous conveyor chain o f buckets . See f i g u r e 16 .7 . 

Át the tóp o f the chain o f bucke ts , they dump t h e i r load o f 

mate r i a l i n t o a chute which d i r e c t s Í t i n t o a barge moored along 

s i d e . 

The bucket dredge i s p o s i t i o n ẹ d by s i x anchors. í t moves i n an 

arc around i t s bow anchor, drawn by i t s s ide winches , i n Order 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 grea t v a r i e t y of s o ĩ l s can be excavated w i t h such a dredge. 

AU mate r i a l s ranging from 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 úp the broken stone 

a f t e r exp los ives have been used. This i s because they can hanđle 

l a r g e r pieces than o ther types o f dredges {úp t o about Ì m d i a -

me te r ) . * 

A very few o f the l a r g e , modern p l a i n s u c t i o n dredges can operate 

even when they are exposed t o l i g h t wave a c t i o n . 

I By compar ison, 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. 



81 



82 

barge warping winch 

sternvvìnchỊ 

/ starboard sídevvinch 

barge v/arping \winch 

movable side chute 
fo rward port sidewrnch 

— f ixed side chute 
tađder vvinch 

bow vvinch forward starboard side winch 

Fỉgure 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. 
3 

Bucket s izes range úp t o about Ì m voỉume, and a bucket cha in speed 

o f about 30 buckets per nrinute i s a maximum. Typ ica l p roduc t i on 

c a p a c i t i e s f o r a bucket dredge are l i s t e d i n t a b l e 16 .2 . These p r o -

duc t ions are l i s t e d f o r the fo l1owing c o n d i t i o n : 

bucket volưme 

dredging depth 

i n s t a l l e d power 

0.75 nr 

15 m 

375 kw (500 Hp; 

file:///winch
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Tabìe 16.2 Typ ica l Bucket Oredge Product ion 

Ma ten'ã Ì produc t ion i n m / h r i n s i t u 

mud 1000; 

d a y 
sand 350 

500 

broken rock 75 

s o f t rock 50 

16.7 Fụr ther Developments 

Only the most commQnl-y—used-ctPêdges-have-been Ì í s U*ưr~Otfiẽr 

types sưch as s ide cas t i ng and d ipper dredges are sometimes used 

f o r spec ìa l a£Bl l£a t i i ì ns - ífai»»inpmantr i n eh-edgfng ffre ri "lít"fỊ ai 

ach iev ing economics o f scale or á t i n c r e a s i n g the p r o d u c t i v i t y o f 

eqưipment under adverse c o n d i t i o n s . 

Recent ly , concern f o r the environmental consequences o f d r e d -

ging and s p o i l d isposa l 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 t a t e s . Spoi ì d isposa l i s the sub jec t o f the next chap te r . 

The proceedings o f the var ious World Dredging Coníerences 

(W0DC0N) are h e l p í u l when at tempt ìng t o keep abreast o f the l a t e s t 

developments. 
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V 

17. DREDGING SPOIL DISPOSAL J . de Nekker 

17.1 I n t r o d u c t i o n 

í t has, been descr ibed i n the previous chapter how m a t e r i a l 

can be dredged tròm the oceans, l a k e s , and waterways. Nhen t h i s 

s p o i l mate r ia l i s 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 s p o i l d isposa l problem. Cressard (1975)* descr ibes 

some o f the i n d i r e c t envi ronmental conseqưences o f such đ r e d g i n g , 

however. The dredging opera t ion í t s ô l f i s u s u a l l y c a r r i e d out á t 

a l o c a t i o n d i c t a t e d by thè q ũ a l ì t ỹ ~ ố f " t h ê bottom mate r ia l r a t h e r 

than by nav iga t i ona l c o n s i d e r a t i o n s . 

Khen I i d v i yd l i ona ì cons iae ra t i ons do d i c t a c t e the s i t e o f the 

dredg 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 disposaì 

problem. Because the type and q u a l i t y o f mate r i a 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 ì a t i v e l y poor q u a l i t y s p o í l (one f o r which t he re 

i s no immediate use) . This m a t e r i a l may be disposed o f ôn land o r 

dumped i n t o another body o f wate r . 

17.2 Marí ne Disposal 

Obv ious ly , the disposaì o f a l a r ge q u a n t i t y o f f o r e i g n 

mater ia ì i n a body o f water - even an ocean - can have ser ious conse-

quences f o r the marine b i o l o g y . Many o f the d e l e t e r i o u s conse-

quences can be avoided hy 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 uneconomicai except f o r d i s -

posal o i the most l e t h a l mate r i a l s such as c e r t a i n r a d i o a c t i v e 

vmstes. 

Research i s on ly now beg inn ing ôn the impact o f the d isposa l 

of dredged mate r i a l i n the areas nearer to shore . This work i s 

beging 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 oceanoaraphers. 

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 m a l f o r the dredg ing i n d u s t r y . 

+

T h i s ís an example of how coasta ì 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 

í t i s sometimes more economical or des i r ab l e t o d ispose of 

mud, d a y , and sand dredged from harbors reasonably nearby ôn 1anđ 

r a t h e r than á t sea. In t h i s case, the s p o i l ma te r i a l mixed w i t h water 

i s pumped ashore v ía a p i p e l i n e . The f u r t h e r d isposa l procedure i s 

dependent upon the type o f ma ten " a i . 

I f the mate r ia l i s sand having a g ra in s i ze greater1- than about 

100 limJ then í t i s poss ib le to s imply d ischarge the raixture á t the 

d isposal area and l e t the excess water f l ow away d i r e c t l y . This 

technique works w e l l , prov ided t h á t the l a y e r o f sanđ t o be bui Í t 

úp i s á t l e a s t 0.75 m t h i c k . The sand l aye r develops s ụ f f i c i e n t bear ing 

capac i t y almost immediately t ù a l l ow cỡnst7ĩjctiõn~ẽqtJipiĩient t o work 

and extend the discharge p i p e l i n e . 

WiLh f i n e r sands con ta in i r i g some mud ana d a y , the bear ing 

capac i t y o f the f í 11ed area o f t en does nót develop r a p i đ l y enough t o 

a l l ow c o n s t r u c t i o n eqưipment to work. Work must sometimes be stopped 

f o r a t ime before the discharge p ĩ p e l í ne can be extended. 

As the dredged mate r ia l becomes f i n e r , Í t has a grea te r tendency 

to be washed away w i t h the drainage water . Sometimes, í t i s s u f f i c i e n t 

t o use a b igger discharge area o r to take spec ia l measures t o prevent 

the discharge o f f i n e mate r ia l i n suspension i n the dra inage wate r . 

When very f i n e mate r i a l such as mud or d a y i s being handled» Í t 

i s o f t e n discharged i n t o an area which has been danmed of f f rom i t s 

sur round ings . Only d f t e r most o f the s o l i d mate r ia l has s e t t l e d i s the 

surp lus water a11owed to f l ow 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 muđ remains. 

Drainage channels are made through t h i s to a l l ow the remaining pore 

water t o escape. A f t e r a per iod o f a b í t more than a y e a r , the l a y e r 

has conso l ida ted t o a th ickness o f about 0.9 to 1.0 m. Át t h i s t ime 

new dikes can be b ư 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, o r 

the created ìand sur face may be developed f o r o ther uses such as a g r i -

c u l t u r e o r r e c r e a t i o n . 
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18 BREAKHATERS ị J . J . van Di j k 

18.1 I n t r o d u c t i o n 

We have j u s t seen i n the prev ious t h ree chapters t há t as 

ships become l a r g e r the dredging problems assoc ia ted w i t h harbors 

become grea te r . This often necess i ta tes t há t we cont inue dredging 

operat ìons in much more open wate r . Since the wave ac t i on i n t h i s 

open water can compl icate the đredging problem, Í t i s o f ten eco-

nomical t o take measures to p r o t e c t the harbor entrance channel . 

Pro tec t i on can be prov ided t o make dredging opera t ions more e f f i -

c ier ì t or to reàuce the amount o f dredg ing necessary. 0 f course, 

breakwaters can occas iona l l y serve o ther purposes as wel l such 

as provící ing quay f a c ì í í t ĩ e s f o r s h i p s . 

D e t a i l s o f breakwater c o n s t r u c t i o n are the sub jec t o f voltime 

H I of these notes . We are concerned here on ly w i t h t h e i r use w i t h 

regard to morphoỉogicaì problems. 

18.2 Morphologicaì Functìons o f 8reakwaters 

How can breakwaters be used to help so lve approach channel 

dredging problems; There are severa l ways: 

à. They can reduce the wave ac t i on in the approach channel 

so t há t dredging equipment can operate more e f f i c i e n t l y . Most 

dredging equipment mưst remain s t a b l e i n the waves i n order to 

operate e f f e c t i v e ì y . Reduced wave a c t i o n may make í t poss ib le 

to 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. tày extending through the breaker zone breakwaters can 

block the longshore t r a n s p o r t o f sand which could otherwise s e t t l e 

i n t o the dredged channel . By b l o c k i n g t h i s t r a n s p o r t oi mate r ia l by 

wave a c t i o n , the aiĩioưnt of necessary maintenance dredr j inn can be 

s i g n i f i c a n t l y reduced in many cases. ũ b v ì o u s l y , we triust be care fu ì 

wiien we i r i t e r r u p t t h i s longshore sand t r a n s p o r t , Mater ia l which 

once sĩmpìy passed along the coast (be fore the channeì was bui 11) 

w ì 11 now p i ì e úp aga ins t the breakv/ater; coast eros ion can be 

expected ôn the oppos i te s i te o f the approach channel . 

c. Uhen there i s a la rge sediment suppìy from a natura l 

r i v e r f ì ow ing through the harbo r , then a shoal can o f t en 

be expecteđ s i ì gh t i y o f f s h o r e from the r i v e r mouth . Thi s shoal can 

form a major obs tac le f o r s h i p p ì n g , e s p e c i a l l y đur ing a severe storm 

when waves can be break ing ôn t h i s s hoa Ì . Hany ships have been wrecked 

at te tnpt ing to cross such a bar under these cì rcumstances. 8reakwaters 

b u i H out in such a way t há t the entrance is kept narrow u n t i ì deeper 

water i s reached increase the entrance c u r r e n t v e l o c i t ì 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 to keep the entrance 

open. Where does t h i s ma te r i a l then go? Some o f Í t wi l i probabìy be 

*Such a shoal can also form a f t e r the a c c r e t i o n mentioned in í 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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deposi ted i n deeper water o f f sho re whi le 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, since the r i v e r has i n e f f e c t been 

made longer by b u i l d i n g the breekivaters, the slope must s l i g h t ỉ y de-

crease and a s i l t a t i o n problem can appear i n l and from the ent rance . 

Át l e a s t , t h i s mate r i a l can be dredged out under 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 ìess sh ipp ing t r a f f i c . An example o f a har-

bor entrance where breakv/aters are being bui í t t o c o n s t n c t the en-

t rance ìs shov/n in f i g u r e 1 8 . 1 . The channel dredgeđ through the shoal 

i s sfiown hy the dashed l i n e s . In t í i ì s Cđse, the r i v e r ìs the Columbia 

đ ischa rg ing i n t o the P a c i í i c Ocean ôn the west CDast o f the Uni ted 

s t a t e s . 

Frgure 18.1 CŨLUMBỈA RIVER ENTRANCE. U.S.WEST COAST 
Seo Le QS shown depths in feet 

18.3 t ĩ t h e r Cons j d e r a t i ons 

Another i n t e r e s t i n g quest ion i s , "Víhat i s the optimum depth o f 

such an approach channeỉ?" Thi ì s i s the t op i c o f d iscuss ion i n chapter 

5 o f volume l i . By reducing Vi ã ve ac t ĩon i n a channeì , sh ip motíon i s 

reduced and Í t can be poss ib le to ì e t siì ips navigate in à b í t shal lcmer 

channel than vvould otherwise be poss ib ìe . 

0 f coưrse, breakwaters extend anđ a l t e r the shape o f our harbor . 

These changes w i ì l , t h u s , a l s o modiíy the na tu ra l resonant per iod oi 

s tand ing waves in the harbor . I f the new resonant per íod should happen 

t o correspond wi th t h á t o f a t i da Ì component, a m u ì t i p l e o f ở p e r s i s -

t e n t ocean w e ì l , or a gust osc ì n a t i an, then some s i g n i í ì c a n t problems 

can be expecteđ i n the harbor . These resondrices, or se ìches , are 

t r e a t e d i n the f o l l o w ì n g chapter . Thei r e f f e c t ôn moored ships i s 

discussed i n chapter 4 o f volume l ĩ . 
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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 stand ing wave o s c i Ì l a t i o n s 

i n a closed hoáy 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 í 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 abrưpt 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 . ĩhese waves have r e ì a t ì v e l y long per iods 

and 1ow ampl i tudes when compared to the waves descr ibed i n chapter 5. 

In harbors which are nót completeìy c l o s e d , o ther d r i v i n g fo rces can 

be presen t . Ti dai i n f l uences and long per iod swe] l i n the adjacent 

ocean can e x c i t e seiches i n harbo rs . 

Another te rm," 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 tem 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 ìmples t t r u e seiche ( i n a closed water body) i s a stand ing 

wave w i t h a node i n the middle of the basin and an ant inode át cách 

end. The basin length i s then equal to one h a l f the wave l eng th as 

shown i n f i g u r e 1 9 . 1 . For such a long wave: 

ant inode 

Ị,- Ã 12 

Figure 19.1 
STANDÍNG WAVE IN 
CLOSEO BASIN 
(đ i s to r ted scale/ 

L = X / 4 

F igu re 19 2 
SE1CHE IN 
HARBOR BASIN 

(d i s to r ted scaíe) 

c = /gFT (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 . 

Apply ing t h i s to the basin i n the f ì g u r e , the wave per iod , T , can 

be computed: 

(19.02) 

Using Lake Geneva as an example, we f i n d , wi th 

ỉ- = 90 kni and h - 200 m t há t T i s about Ì hour 8 minutes. 

When a harbor i s connected to the sea, a node can be found á t 

the entrance and an ant inode wi11 be found át 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 l i : 
/gh 

(19.03) 

* Seiches are o f t en observed i n sh ipp ìng locks ôn a smaìl s c a l e . 
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o the r p o s s í b i n t i e s are also p o s s i b l e , however. In gene ra l : 

4 L 
(19.04) 

where í i s an odd i n t e g e r : Ì , 3, 5, . . . note t h á t as i increases 

the per iod o f the i
t h harmonic wave decreases. A l s o , equatiort 19.03 

i s the same as 19.04 Víith ì = 1 ; t h i s y i e l d s the f i r s t harmonic, or 

pr imary wave. An exanipìe w i t h ĩ = 5 ìs shown ìn f i g u r e 19.3 . Thus, 

seiches having severaì per iods can be susta ined i n a given harbor 

bas in . In p r a c t i c e , ĩ in equat ion 19.04 w i ỉ Ì usua l l y be s m a l l ; most 

o f t e n 1. 

19.3 Ef fec t s o f Seiches 

Usưa l l y , the v e r t i c a ì ampl i tude o f a s e i c h e , even á t an an t i node , 

i s s m a l l . However, e s p e c i a ì l y á 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 símply 

drawn along wi th the wate r , they can have mooring d i f f i c u K i e s i f 

they happen t o be near a seiche node. Another r e ì a ted ĩ n f l uence ôn 

the ìarge shĩps i s the e f f e c t o f the water sur face s lope . 

F)'gure 19-3 
F I F T H HARMONIC 
SEICHE 

( đ i s t o r t e d scate } 

19.4 Seiche Prevent ion 

Seiches have long per iods and smaìl ampl ĩ tudes . The waves cannot 

be broken ôn ã shore and s ince they have so much moiĩientum, there i s 

l i t t l e t h á t can be done to damp thèm 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 force f o r a seiche cannot be removed e i t h e r , s ince í t can 

wel l be a t i d a l wave component or very long na tu ra ỉ swel l whìch dr i ves 

Í t . However, since 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 há t we need change the natu ra ì 

per iod onìy s l i g h t ỉ y to cause a s i g n i f i c a n t reduc t i on i n the response. 

From equat ion 19.04» Í t ì s seen t há t the per iods o f the seiches in the 

harbors i s dependent uọon both the depth and the ì e n g t h . E i t h e r , or b o t h , 

may be var ied to change the response o f the harbor to 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 b a s i n s , in the hope t há t d i r e c t r e f l e c t i o n s wi11 be reduced. 

Thĩs i s discussed i n more d e t a i l in chapter 4 o f volume l i . 

5 4 
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20. ĩ Ị DAI RIVERS L.E. van Loo 

2 0 . ĩ I n t r o d u c t i o n 

í t has aìready been i n d i c a t e d i n chapter 14 t h á 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 r a t h e r we l l i n l a n d . 

London, England, P o r t l a n đ , Oregon, U.S.A. , Antwerp, Belg ium, Rotterdam, 

The Netherlanđs and Hambưrg, 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 rospe r ì t y o i 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 ôn the lov/er 

reaches o f r ì 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 Houths 

River mouths i n f 1a t coasts hanđle nót only the f re$h water run -

o f f from t h e ỉ r drainage b a s i n , there i s also à t i d a l f1ow through the 

mouth. M. p. 0 ' B r i e n (1969) presented measurements made ôn 28 r i v e r 

mouths and es tua r ies ôn sandy coas ts . He found t há t the mínimurn e q u i -

l i b r i u m cross sec t i ona ì area o f the entrance was l i n e a r ì y r e l a t e d 

to the volume o f the t ì đa Ì pr i sm. In equat ion form: 

A = 6.56 X lo"
5 p (20.01) 

where A ìs the inínimum e q u i l i b r i u m cross sec t ion area of the entrance 

in r í / , and 

•
: i s the t i dai pr ism volume in m

3

, 

ỉn t h i s e q u a t i o n , ? , the t i da Ì pr i sm, i s the storage volume of the 

estuary betueen 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 neo dimens ion less . In f o o t - l b -

sec. u n i t s : 

A - 2 X lo"
5 (20.01) 

2 Ì 
where A i s i n f t and í' in f t . 

Ti da Ì pr ism volumes i n 0 ' 8 r i e n ' s data ranged from about 

1.4 X lo
7 m

3 (5 X lo
8 f t

3

) t o about J X l ũ
9 m

3 ( 1 . 1 X lo
1 1 f t

3

) . There 

i s some i n d i c a t i o n t h á t equat ion 20-01 wouìd tend to y i e l d too great 

a cross sec t ion area f o r 5ff la l ler t i d a l pr isms. 

0 'Br ien found , as weì l , t h á t there was ì i t t l e i n f l uence ôn equa-

t i o n 20.01 f rofr i ' the bed mate r ia l s ì z e . Fur the r , the equat ion seemed 

eqưal ly v a l i d f o r both l a rge r ì 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 há t (20.01) i s v a l i d onìy 

f o r i n ì e t s having a predominant ly semi -d iu rna l t i d e . 

Obv ious ly , the form oi the mouth is i n f ìuenced by many other 

í a c t o r s . The d iscuss ion of these 15 postponed u n t i l chapter 2 9 , how-

ever . 
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20.3 Rĩver ch an n ê u 

The geometry of natu ra ì channels and shoaìs i n r i v e r s i s dĩscussed 

in Cũurses in r i v e r eng ineer ing , The deepest channeì sec t ions develop 

along the outs ide of the r i v e r bends wi th the channel s h i f t e d soniewhat 

down stream from the sho re l i ne bend. How i s t h i s modi f ied by the p r e -

sence of t i d a l act ion? 

tíhen there i s 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 ơnly i n f luenc t ỉ of the t i d e ôn the r iver" bathymetry i s to make the 

ì oca t i on o f the deeper channel in the r i v e r bends correspond more c l o s e -

ĩy to t há t of the sho re l i ne bend. The p o s i t i o n represents a compromise 

betv/een the development to be expected wi th on ly an ebb c u r r e n t and t h á t 

expected vàth only a f l oođ c u r r e n t . An example o f such a channel deveìop-

ment i s shown i n f ù j u r e 20.1 - the Schelde River át Antwerp i n Belgium. 

Figure 20.1 
THE SCHELDE R1VER ÁT ANTW£RP 
Depth in meters scoLe as shown 

rerenr, ' te í̂ n can , ] f v e ' o u . ĩhese tidủ) rì ve ì- reaches o f t e n have two 

ĩ-ãtner iíidependent cianneì syi terns, The ebb c t i r ren t concent ra tes i n one 

sét of chanf-,eì5 whi; f ! the f ỉ ond ùur ren t ís Oi tan s t ronnes t ìn another 

sét o i '".Ivinne ỉ s. ]" n "ĩ s ỌAttữ>-'\ '
:

:;:.ost COVŨ ì e to ì V đeveioped near r i v e r 

bends. Fì<:ure iũ.ấ S!10WS t h i
1

; pdCtern c ì e a r l y át another sec t ion of the 

Scheìde 3 ìve r !ess trỉa ri 50 KHỈ -iov/ns tream f>-'jm Anr.verp ( f i g . 20 .1}. 

r i 0 0 0 en an ne ì ì Gìn Li s Li ứ Ì ly be ['ecocn ì zeđ by che f o ! l o w i n a charac-

t e r i s C 1 l ^ ư t u r e s : 

a. íhey tenđ to be shal ỉower than ebb channels. 

b. Thoy tend to " d i e Quí" - they lead to p rog ress í ve l y sha l lower 

.'/arer anđ F ì na Ì ì y opn?ad Gút ôn ã sí ioa ỉ . 

Ebb chđjmij ] f

; , ôn the o ther hđrni, <ìre cont inuous anđ tend to be deeper. 

The ređSQív; f o r t-.hese c h a r a c t e r ĩ s t i c d i f f e rences are exp la ineđ i n the 

f 0 Ì iowin<j ì e c ũ o n . 

5 2 
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Pigure 20.2 
THE SCHELDE RIVER EASĨ OF HAMSWEERT 
Depth in meters scole as 5hown 

20.4 Tìdaì Currents 

One f a c t o r Khích helps to accoưnt f o r the c h a r a c t e r i s t i c d i f -

íerences between f ì ood and ebb channels i s t há t the q u a n t i t y o f water 

discharged dur ing the ebb ìs always grea te r than the q u a n t i t y e n t e r i n g 

the r i v e r dur ing the f l o o d . This i s because the r i v e r r u n o f f plus the 

ocean water which entered dur ing the f ì ood t i đe must be discharged 

đur ing the ebb. This tends to make ebb cur ren ts s t r o n g e r , and hence, 

ebb chànnels deeper. An exampìe o f th ìs is shown ìn t ab le 20.1 and 

f i g u r e 20.3 Nhích shows the cu r ren t á t Rotterdam. I f a s i m i l a r graph 

were made of the c u r r e n t sonie g rea te r d is tance upstream, the ebb c u r r e n t 

woulđ become more impo r tan t . As some p o i n t , even, the c u r r e n t would a l -

ways f low downstređm w i t h a v e l o c i t y v/hich var ied accord ing to the t i d e . 

How f a r úp a r i v e r can a t i dai ì n f l uence s t i l ì be detecteđ? T h e r e o t i c a i l y 

a i ! the way unìess there are rap ids (reached w i t h s u p e r c r i t i cai f ì o w ) . 
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TA8LE 20.1 TI DE ANO CURRENT OATA ROTTERDAM. 

Time Average Tide 

( h r s ) Current (ni 

(m/s) 

0 n l e 
- ũ . ỉ 5 - 0 . 6 9 

1 +0.08 -0 .50 

ủ n £ ri 

ũ.60 - 0 . 0 3 
ó rì l e . /\ t i 

+0.52 
•ị Lí. 44 0.91 
5 +0.07 1.04 

b -0 .44 0.91 

7 -0 .73 0.61 

8 - 1.03 +0.25 

9 - 1 . 0 5 - 0 . 1 5 

lữ -0 .85 -0 .47 
l i -0 .52 - 0 . 58 
12 -0 .30 -0 .62 

Fiqure 20,3 CURRENT ÁT ROTTERDAM 

Another phenomona in a t i d a ì r i v e r i s a t ide-depenđent v a r i a t i o n 

i n water l e v e l . The cu r ren t and the l eve l are r e ỉ a t ed 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 : 

v I x
 + ẳ ĩ

 = - 9 l x - 9 ĩ i r í
2 0

-
0 2

) 
c h 

i n which : 

c i s the chezy f r i c t i o n c o e f f i c i e n t , 

9 i s the a c c e ì e r a t i o n o f g r a v i t y , 

h i s the dep th , 

t i s t i me, 

V i s the f low v e ì 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 . 

Flood cur ren ts are considered p o s i t i v e . 
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In t h ì s e q u a t ì o n , Í t has been assumed t h á t the r i v e r slope i s smal l 

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 

t e m ! o f equat ion 20.02 i s z e r o , the v e r t i c a l t i d e (water l e v e l ) and 

hor izonta1 ti de ( 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 . 

Figure 20.L IDEALI2ED VELOCITY -LEVEL RELATIONSHIP 

In a rea l s ì t u a t i o n , the f r i c t i o n te rin i n equat ion 20.02 wi 11 be 

r e l a t i v e l y l a 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 WÍ11 be reduced. Fiqure 

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 des á t 

Rotterdam. The c u r r e n t curve i s the same as t h á 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 ìs p l o t t e d by adding one t i d e per iod 

( Ỉ 2
h 25

m

) to the t imes l i s t e d i n tab ìe 2 0 . 1 . The t ime o f high t i d e (h igh 

water) and ìow water are i n d i c a t e d along w i t h the t imes o f s lack Víater 

(zero c u r r e n t ) . 

Note t há t the low t i d e s lack comes much l a t e r r e ì a t i v e to lót/ water 

than i s the case át hí gỉ! t i đe. 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 ì n g to f i 1 1 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 . Th is enhances the development o f a water sur face 

slope t o r e t a rd the t i d e wave, wh i ìe át low water ôn the o the r hand, the 

r i v e r f low tends to p ro long the ebb c u r r e n t . 

A second reason why ebb channels are deeper and more cont inuous is 

i nd i ca ted in f i g u r e 2 0 . 5 . Note t há 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 á t cor responding t o the maxímum f l ood 

c u r r e n t . The combineđ e f f e c t o f higher t o t a ì ebb f l ow and the 1ower stage 

du r i ng t h í s f low tend to increase v e l o c i t y anđ enhance eros ion i n ebb 

channels. 
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Rqụre 20.5 VERTÍCAL AND HORIZONTAL TIDE ÁT ROTTERDAM 

This d iscuss ion has been l i m i t e d u n t i l now to measurements made 

á 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 ì s aìong 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 

Ì*
1 45

111 a f t e r Í t passes V ì i s s i n g e n . T ida l data f o r the Western ScheldG 

Estuary between V l i s s i n g e n anđ S c h e l l e , Belg ium, are presented i n t ab le 

20.2 and f i g u r e 20.E. This estuary has a very small f resh water f l o w , in 

c o n t r a s t to the s ì t u a t i o n i n Rotterdam. Figure 2 0 . s gives a c l e a r i n d i -

c a t i o n o f how a t i d e wave propagates along the e s t u a r y , Thís phenomona 

can sometimes be u t i ì ì z e d by s h i p s , as o u t ì i n e d i n the f o l l o w ì n g s e o 

t i ôn. 

Why are the maxima o f the f l ood cur ren ts i n t a b l e 20.2 grea te r than 

the ebb cu r ren t maxima? This i s caused, i n t h í s case hy the d i s t o r t i o n of 

the v e r t i c a l t i d e curves ; f o r ã r i s i n g t ì d e the sharp increase in water 

l eve l i n a shor t t ime caưses h igher v e l o c i t i e s . 
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ĨABLE 20.2 Tidaì Data f o r Western Schelde 

Ti me Vl i ss ingen Hansweert S c h e l l e , Beì 
( h r s ) tcVc 1 Cui r t?í 1 L Ì tí ve 1 cuí r e n L l eve l ( h r s ) 

(m.) (m/s) im-) (lĩ l /s) Im \ 

0 1 79 í . 1 c -n ì ã 
u . Í t 

7 d i TU. DU 1.60 

1 ì 1 ả í . 14 u . DO 1 . /Ũ "Ù. y 3 2.83 

2 t u • cu +n an T U . ou -1 07 *• 1. u/ 2.92 

3 -ft ftfi -í) 9.1 u . JU i . u / 2.00 

4 -n 71 1. úy 0.90 

5 ù. u / -rì ấẩ 
u ì 44-

- 9 (1R £ . uo +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 

l i 2.10 0.88 2.11 1.74 -0 .17 

12 ỉ . 7 7 +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 Nay iga t ion 

The reasons f o r ì o c a t i n g harbors wel ì upstream along r i v e r s 

have been i nd i ca ted i n chapter 14. The dredging problems have also been 

i n d i c a t e d . How can the t i d e s be used to reduce the amourt o f necessary 

dredging and to he!p the sh ipp ing ôn a r i v e r ? A f t e r a l ì , Í t i s nót a l -

ways economical to dredge away shoals along a r i v e r to s u f f i c i e n t depth 

so t há t all ships can nav igate á t all t i d e stages. í t may be poss ib le 

to a l low l a r g e r , deeper ships to w a i t á t the entrance f o r high t i d e 

and then to " r i d e " t h i s high t i d e wave úp the r i v e r . U n í o r t u n a t e l y , 

the ships o f concern here are nót abìe to a t t a i n a speed as high as 

t há t o f the t i dai wave. Thus, even though they may enter a r í v e r á t 

high t i d e , they cannot keep úp w i t ỉ i the t i d e wave as they progress 

úp 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 í o r e . 

In orúer to determine the best s t r a t e g y f o r a p i l o t ôn a s h i p , Í t 15 

necessary to p r e d i c t the water depth á t each shal ìow channel reach á t 

the t ime o f a r r i v a ì o f the s h i p . 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 t o 

slow the t i d e wave> equat ion 5.05 b i s nót s u f f i c i e n t l y accura te . I n -

s tead : 

c = / g h ( Ì - t a n
2 0) (20.03) 

where: 

h i s the average depth 

e i s a í r i c t i o n f a c t o r computed f rom: 

9 1 t a n "
1 í Ỉ L t y ^ ị (20.04) 

6 TI c h 

where: 

c i s the Chézy f r i c t i o n f a c t o r , 

T
1 i s the t ì de p e r i o d , 

V

m=v
 i s t í l e ma xì múm f1ood c u r r e n t , and 

ỉlỉd A -| 

tan { } i nd i ca tes the angle whose tanget i s 

The procedure o u t l ì n e d above w i l l be demonstrated vía an i d e a l i z e d 

example. 
2Q._6 _ Example 

A pi ì ót needs to b r i n g a sh ip needing a minimum channel depth 

of 11.5 meters úp a 250 kni channel to a harbor . Three shoals are 

l oca ted along t h ì s channel as shown in 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 vvater l e v e l . 

The r e s t of the r i v e r i s 13.0 m. đeep. The Chézy ĩ r i c t i o n f a c t o r 

f o r t h í s r ì v e r i s 60 m^/s . 

The t i d e ís semid iu rna l ( pe r i od = 12
h 25

m

) 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. í t i s assumed t h á t t h i s t i dai form i s v a i 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 í o r m a t i o n i s also shown in f i g u r e 2 0 . 7 . 
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A 
50 

channel proí i le 

—ĩ W(WWSfW 
100 

-ì 1 rỵfx i 
150 

distance ( k m ) -

— ' — ' /TOMÍX
1 

200 250 

Rgure 207 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 mainta in a minimum 

speed o f 5 k t . (9.26 km/l i r ) r e l a t i v e to the wattìr . Her raaximum speed 

i s 3 k t (14.82 k m / h r ) . 
The s o ì u t i o n begins bỵ determĩn ing the speed of the f l ood t i d e 

wave through the channe l . Usìng 20 .04 , 

, - Ị . ( 12.42)(360Q) (81(9^8111^0 
tan í x ™ ^ ^ - ^ 7 ^ -TT-

(20.05) 

ị t a n "
1 í 1.52 ì 

- 28 .33° . 

(20.06) 

(20.07) 

Thus, from ( 2 0 . 0 3 ) : 

c = / ( 9 . 8 1 ) ( 1 3 ) { 1 - t a n
2 28.33°) 

= 9.51 m/s - 34.2 km/hr 

(20.08) 

(20.09) 
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The de te rm ina t ion of the l o c a t i o n o f the sh ip át 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 t o 

t ỉme . This can be most e a s i l y done by numerica! i n t e g r a t i o n i n a t a b u l â r 

f o rm, as shown i n t a b l e 2 0 . 3 . In t h i s t ab le two i d e n t i c a l ships are 

cons idered, one moving á t a minimunì and one á t maximum speed through the 

wate r . 

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 grounđ i s 

i n t eg ra ted w i t h t ime steps o f one hour. I n order t o determine the 

absolute v e ì o c í t y o f the s h i p , the t i d a l c u r r e n t át the shi-p's location 

át the end of each hour must be known. Since the h o r i z o n t a l and ver -

t i c a ì t i des are known on ly á t the er t t rance, the assumption i s made t h á t 

the t i d e wave propagates a long the channel á t speed c and i s unchanged 

i n ampl i tuđe and form. (P igure 20.6 shows t h á t t h i s l a s t p a r t o f the 

assumption i s nót always t r ue i n p r a c t i c e ) . The depth and cu r ren t át 

the sh ip can be obta ined f rom 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 equivaìer t t t ime . Thưs, the t i me ì i s t e d i n the l e f t hand column o f 

the t ab le i s an abSQÍute t i m e , w h i l e the " t i d e t ime" l i s t e d in 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 anđ t i đ e 

wave c r e s t . Since a ì l t i d e times are r e l a t e d to a s i n g l e h iqh 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 , adđing 

or s u b t r a c t i n g a m u ì t i p l e o f the t i d e per iod to these t ịmes would nót 

a f f e c t the r e s u l t of the computat ion. 

The f i r s t 11 ne o f t a b l e 20-3 i s computed as f o l ì 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 shoaì must be 11.5 HI, the corresponding t i d e l eve l must be 

+0 .5 . From f ì g u r e 20.7 t h ì s t i d e corresponds to a t i d e t ime of 3.8 hours . 

Át t h í s t i m e , the c u r r e n t i s +1.2 m/s, from f í g. 2 0 . 7 . The t i me i n t e r v a l 

between the t i d e t ì me and High Water i s 6.21 - 3.8 = 2 .4 Ì h r s . w i t h 3 

t i de wave speed of 34.2 km/hr , The t i d e wave c r e s t i s ìocated á t - 82.4 km 

át the t ime the sh ip crosses the f i r s t shoa l . 

ỉ n each succeeding hour , the t i d e vtave 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 fo11ows: 

Át t = 16 h r s , the sh ip i s át 151.0 km and the t i d e c res t i s á t 464.8. 

The t i d e phase i n f i g u r e 20.7 i s then: 

i Ế i ^ Ì L O + 6 . 2 1 = 1 5 . 4 h r s . (20.10) 

Ente 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 de 1evel 

of - 0 .1 m and a cu r ren t oi + 1.0 m/s. The t i d e l e ve ỉ gives a depth o f 

12.9 m. The incrementaì 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 lem. (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 ì t s o f t a b l e 20.3 can be v i s u a l i z e d more e a s i l y in a graph 

o f p o s i t i o n versus t i m e . 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 ì n t e r v a l s dur ing which the shoals can be crossed are 

also shown. 
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TABLE 20.3 ĨABULATED ỈNTEGRATION COMPUTATION 

T í HÍP 
ì 1 1 Ì I V 

í SJ5. ui SHIP MOVES 9.3 km/hr. SHIP M0VES 14.8 km/hr 
n . In . T i ảo 1 1 út; Ti de Depth Current Shi p bỉu p Ti An 

1 loe Tide Depth Current Ship Ship 
Ti 1116 Level át sh ip á t sh ip X ĩ í me Level á t sh ip á t sh ip AX X 

t,nrs J [Km) (m) (m) (m/s) {kin) / i-m \ (Km} / l i •s.e- \ 

( h r s ) 
(m) (in) (ro/s) (km) (kin) 

u -p.? ũ. 
Oi- 4 *T 

ì R 
0 . D 

+0.5 11.5 + 1.2 n n u. u 0 . tí +0.5 11.5 +1.2 u . ũ 
13.6 19.1 

1 t O t i , 4 4 +0.9 13.9 + 1.2 l i . 0 A 9 <i • £ +0.8 13.8 + Ỉ . 2 i n ì 
l y . ỉ 13.6 19.1 

2 - l ủ n 14 , ự 3 . u + 1.2 14.2 + 1.1 á. 1 . ù H . ỉ + 1.1 14.1 +1.2 38.2 
13.3 19.1 

-ỉ J cư. c D . D . ì A 
+ 1.4 

Ỉ 4 . 4 +0.9 An c c ì + 1.3 12.3 + 1 . ì 57.4 
1 rí r 

12 .5 
18.8 

4 â 
J"1 • t 

u * c + 1.5 12.5 +0.7 3 -ì. u 3 .0 +1.4 14.4 +0.9 / 0 . 1 
U . 8 18.0 

ỏ 88.6 6.9 + 1.4 14.4 +0.3 64.9 6.0 +1.5 14.5 +0.8 94.2 
10.4 17.7 

6 122.8 7/6 +1.2 14.2 -0 .2 75.2 6.5 + 1.5 14.5 +0.5 111.8 
8.6 16.6 

7 157.0 8.3 +0.8 13.8 -0 .6 83.8 7.0 +1.4 14.4 +0.2 128.4 
7.1 15.5 

tí 191.2 9.1 +0.2 13.2 - Ũ . 9 91.D 7.6 + 1.2 14.2 -0 .2 144.0 
c 1 

6 .1 
14.1 

4 á 
í t J . H 

1 n n I U . u -0 .5 12.5 - ì . 1 y / .u o. É +0.8 13.8 - 0 . 5 ì co ri 

5.3 13.0 
ì n i u £33 . Ũ i n ữ ẤU. ũ - 1 . 0 12,0 - ĩ . 2 

5.0 
1 AO A Lúc . 4 o o o.o +0.4 11.4 171.0 

ì í t y J . ũ 1 1 7 A i . / - 1 . 4 11.6 -1 .0 
^ 1 

1 A7 ì IU/ . J 

12 3*8. u Ĩ 2 . 5 -1 .5 11.5 -0 .6 
-J»/ 

113.0 

13 3biỉ.2 13.3 - 1 . 4 11.6 -0 .2 
7.1 

120.2 

14 396.4 14.Ù - 1 . 1 11.9 +0.3 
8.ó 

128.8 
10.4 

15 430. b 14.7 -0 .6 12.4 +0.7 139.1 
11.8 

Ỉ6 464,8 15.4 - 0 . 1 12.9 + 1.0 151.0 
12.9 

17 499.0 16.0 t o . 3 11.3 + 1.1 163.9 Slow sh ip a r r i v e s á t t h i r d shoal j u s t 

Comments 

Both ships s t a r t when depth 
i s 11.5 m w i t h r i s i n g t i de. 

Fast sh ip passes second s h o a l . 

Slow sh ip passes second s h o a l . 

Fast sh ip a r r i v e s j u s t too 
l a t e to cross t h i r d s h o a l . 
Must w a i t u n t n next t i d e ! 



Rgure 20.8 D1STANCE - T IME CURVES F0R TiDE AND SHiPS 
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Several i n t e r e s t i n g conclusions can be drawn frũm f ĩ g u r e 20 .8 : 

a. Both ships must w a i t f o r the second t i d e t o cross the t h i r d 

s h o a l . The ex t ra speed o f the f a s t sh ip makes no d i f f e r e n c e 

to the t ime needed to navigate the f i r s t 170 (em o f the e s t u e - y . 

b, The sìow sh ip could avoĩd stopp ing á t a n by de lay ing her de-

pa r tu re a shor t t ime . This wou1d (approx imate ly ) move the curve 

f o r t h i s ship a b í t t o the r i g h t i n f i g u r e 20 .8 . The second 

shoaì would s t i ì l be c leared ôn the f i r s t t i d e and the sh ip 

would a r r ĩ v e ì a t e enough á t the t h i r d shoaì t o nav igate Í t 

e a s i l y as w e l Ì . 

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 onìy the ou te r bar wou1d a l l ow the f a s t sh ip t o cross 

both the second and t h i r d shoals ôn the f i r s t t i d e . 

e. Dredging of the second bar would nót change the p i l o t s t r a t e g y 

f o r e i t h e r sh ip . 

The choice o f which shoals and bars to dredge and how đeep to make 

the channeì through thèm i s a problem lend ing i t s e ì f we ì l to economic 

o p t i m i ì i z a t i o n techniques as were o u t l i n e d i n chapter 13. The probìem 

o f determin ing the optimum depth f o r a channel is taken úp i n d e t a i l in 

chapter 5 o f volume l i . 

20.7 Qther Ti dai _Effects 

When the f resh 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 causeđ by v a r i a t i o n s i n sai í n í t y cause a d d i t i o n a ì 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 chemis t ry o f f i n e 

sediments. AU o f these phenomona re l a t ed t o s a l i n i t y are d iscussGd, t o -

ge the r , i n chapters 22 and 23 . 

5& 
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21._ Rĩ VE R TI DE MEASUREMENTS E . w . B i j k e r 

21.1 ĩ 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 W0rk 

i n a t i d a ì r i v e r i s a datưm e ì 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 i Ì be r e l a t e d t o t h ĩ s datum. 

Such a datum 15 e a s i l y determined f rom a coas ta l t i d a l record 

from which a mean sea l e v e l datum can be determined. 0f course, t h i s 

datum can be t r a n s f e r r e d i n l a n d 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 ì i n g t echn iques , bút such work can be t e d i o u s , e s p e c i a ì l y i n 

ra the r inaccessable t r o p i c a l areas where, Í 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 ĩ n g a đatum l eve l i n l and along 

a r i v e r i s descr ibed i n the next sec t ions o f t h ĩ s chapter . í 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 whoìe chapter i s t h á t the f resh 

water f low i n the r i v e r may be neg lec teđ . 

21.2 Precise prót) Ị em statement 

í t i s a simpìe matter to determĩne a mean sea l eve l ( M - S . L . ) datum 

át the r i v e r moưth ( coas t ) from a t i đ e r eco rd . We can also e a s i l y measưre 

water l eve l chânges us ing 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 termin ing the 

datum leve l f o r t h i s second t i d e gauge locateđ á t B i n t há t f i g u r e . The 

t ime scales o f these two records agree. 

This problem r e a l ì y reduces to dete rmin ing the t ime át which the r í -

ver reach A-B has no sur face s lope . Then, the absoìute l e ve l s o f the 

two t ì d e records would be i d e n t i c a l . 

The hor izon ta1 t i d e á t c , miáviay .betvíeen A and B 15 a lso needed f o r 

t h i s problem s o ì ư t i o n . A U o f t h i s data i s shown i n tab ìe 21.1 and f i g u r e 

21.2 f o r a hypo the t ì ca ì reach o f r i v e r . 

21.3 Ạ Simpĩe Method o f Sũ ìu t i on 

The t i d a l motion i n the r i v e r reach i s governed hy: 

v Ị M - - 9 l - ^ (21-01) 

where: 

c i s the chẽzy í r i c t ì o n c o e f f i c i e n t , 

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 , 

t i s t i m e , 

V i s the f low 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 previous 

chapter . 
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TABLE 2 1 . ì Tide and Current Data 

Ti me 

(h rs ) 

T i de leve ì 
á t A 

im) 

Reìa t i ve 

Tide ìeve l 
á t a 

(ra) 

Current 
át c 

(ni/s) 

Fiqure 21.2 T1DE AND CURRENT DATA 
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I f the i n e r t i a terms ôn the 1 e f t i n equat ion 21.01 could be 

neg lec ted , then the water sur íace slope wou1d be zero á t the t ime 

o f sìack water . 

U n í o r t u n a t e ì y , t h i s i s too s imp le . Since i n e r t i a i s i ĩ ĩ i po r tan t , the 

water wi Ì ì cont inue f1owing u n t i l an adverse sur íace s lope has been 

generated. Thìs means t h á t the the water sur íace slope wi11 be zero 

some t ĩme , Á t , before s lack water , Hakìng a f u r t h e r essen t i a l assump-

t i o n t há t the í n e r t i a i n f l u e n c e á t high t i d e i s the same as á t 1ow 

t i d e ìeads to a conc lus ion t h á t : 

(21.02) 

In other words, á t some t i me* A t f before the f ì ood s lack and Át 

beíore the ebb s lack the abso lu te water l e ve l s of the two t ì d e curves 

must be the same (They must cross when superimposed). 

The assumptiori s t a t e d hy equat ion 21.02 i s v a l i d i f there 15 no 

f resh water f low i n the r i v e r . A r e ì a t i v e l y la rge r u n o f f f low can 

upset t h i s assumptiotì very much. Probab ly , i n such a case, the improved 

method OLit l ined in the f o U o w i n g sec t i on w i ì 1 y i e l d somewhat b e t t e r 

r e s u ỉ t s . Even so , such a f l ow can d i s t u r b the r e s u l t s app rec iab l y . 

The probìem i s solved g r a p h ì c a l ỉ y hy moving the curve o f the 

t i de át 8 v e r t i c a ì l y over the t i d e curve á t A. M.oving curve B v e r t i c a l l y 

over curve A w i l l increase ortG valưe of ố t Wh1ìe decreasing the o the r . 

When the p o s i t i o n i s found y i e ỉ d ì n g equal values o f Á t , the water ì eve l s 

át A and B are equaì and the a r b i t r a r y v e r t i c a l scale át B can be r e l a -

ted to the sca le á t A. The two t ỉ 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 . 

tide át A 
7 

LW 
siacU 

đatum for curve B = MSL-0.53 

HW 
slack 

EỊgyre_2i3 ADJUSTED TlDE CURVES 

In t h i s f i g u r e the t i d e curve á t A i s shown w i t h the s o ì i d ì i n e . 

The superĩmposed t i d e curve f o r p o i n t B i s drawn as a dashed l i n e and 

tìmes 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 Át found are nót i m p o r t a n t . What i s impor tan t i s t h á t the zero of 

the a r b i t r a r y scale used f o r the t i d e record á t B corresponds to - 0.53 m 

wi th respect to M.S.L. Thus, the t ì d e record á t B can be r e ì a t e d to 

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 Ạ Bet te r S o l u t i o n 

An essen t i a l assumption i n the s o ì u t i o n j u s t presented was t h á t 

the two t ime i n t e r v a l s At.fr and Atg were equal { e q n . 2 1 . 0 2 ) . This assump-

t i o n i s o f t e n i n v a ì i đ , e s p e c i a l l y when the cur ren t curve £ t p o i n t c i n 

í 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: 

c h 

For t i dai problems: 

v | í « | í (21.03) 

This i s espec ia ì ì y t r u e when the v e l o c i t y i s low near s lack 

wate r . A t s o , át the t ime o f i n t e r e s t : 

l i = 0 (21.04) 

Thus, when we s u b s t i t ư t e 21.04 and negìect the smal le r a c c e l e r a t i o n 

i n equat ion 2 1 . 0 1 , Í t becomes: 

^ - ^ 1 ( 2 1 . 0 5 ) 

The p a r t i a l d e r i v a t i v e can now be rep ỉaced by a t o t a l d e r i v a t i v e i n 

21.05: 

l ỵ = _ 9 VịvỊ m n f n 

đ i c ^ h 

The va r i ab les can be separated: 

m - - ^
 ( 2 1

-
0 7 ) 

I n t e g r a t i o n y i e l d s : 

v t = Y (21.08) 

Equat ion 21.08 gives the r e ì a t i o n s h i p between V and t near the t i me 

o f sìack water and when Ặ~ = 0. Obv ious ly , Í t gives a r e l a t i o n s h i p f o r 
dv ! n 

as w e l Ì . 

Since the water dep th , h, á t both po in ts A and B can be measured 

á t the t ì me of l o c a l sìack wate r , we need on ly to es t ima te the Chézy 

f r i c t i o n f a c t o r i n order to work w i t h eẸỊuatíon 2 Ỉ . 0 8 . A í 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 á t B 

and a low t i d e s lack át A can be cons t ruc ted . These curves can then be 

placed ôn the measured v e ì o c i t y curve át c such t h á 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 síopes o f the two cưrves are equal 

Víhere 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 moveđ ho r i zon ta ì l y along the t ime ax is i n 

http://At.fr
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order to accomplish t h i s o s c u l a t i o n . The t ime ôn the hor izonta1 

scale o f the cur ren t curve corresponding to the po in t o f o s c u l a t i o n 

ìs the t ime á t which = 0 and hence, the t i d e curves f o r A and B 

must cross . 

ĩ h i s procedure i s demonstrated i n the f o l l o w i n g hypo the t i ca l 

example. 

21.5 Example 

ĩ h i s improved method w i l l be appì 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 đai data i s given 

i n t ab le 21.2 and f i g u r e 21 .4 . Pur ther the Chếzy c o e f f i c i e n t i s 

60 ní/s. 

TABLE 21.2 TI DE ANG CURRENT DATA 

Re la t i ve Current 

Time Ti me leve ì Tide l eve l á t c 

á t A á t B 

( h r s ) (ra) (m) (m/s 

0 +0.45 0.75 +0 .2 Ỉ 

1 0.00 -to.33 +0.07 

2 -0 .33 -0 .04 -0 .08 

3 -0.67 -0.35 -0.21 
4 -0 .90 -0 .55 -0 .37 

5 -0 .98 -0 .62 -0 .50 

6 -0 .79 -0 .47 -0 .60 

7 -0.30 -0.15 -0.62 
8 +0.40 +0.35 -0 .20 

9 +0.83 +0.75 +0.40 

10 +1.00 +0.98 +0.50 

l i +0.87 +1.05 +0.42 

12 +0.60 +0.87 +0.32 

13 +0.25 +0.55 +0.14 

14 -0 .15 +0.15 -0 .05 

The đep th , h, á t B dur ing the hìgh t i de s lack i s 8 m and the depth 

á t A dur ing low t ì d e s lack i s 7 m. Thus, f o r p o i n t A: 

Ể í u ÍẼOỊ^Ỉi = 2568 m (21.09) 

and f o r 8: 

i ệ . iSSfị*L , 2935 n (21.10) 

Curves o f equat ion 21.08 us ing the constants evaluated i n the 

two above equat ions are shown i n f i g u r e 21 .5 . 
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Figure TU TIDE AND CURRENT DAĨA 

Each of the curves ìn f ì qu re 21.5 i s then placed i n d i v i d u a l l y 

ôn the cu r ren t curve i n f i g u r e 21 .4 . The v - t curve i s moved >'.;}•!<:'.::.;>:'•.;;',!< 

along the cur ren t curve t inie đxis u n t i l the t.wo curve*. are j u s t tan (len t 

to each o ther á t one po in t ( o s c u ì a t e ) . This po in t o f oscu la t i on is pro-

j e c t e d upward to the t i de curve át A. The same procedure w i t h the second 

v - t curve y i e l d s a second po in t ôn the . t i de curve á t A. 

I f a l l o f the theory and đssumptions were e x c a t ỉ y c o r r e c t , then the 

t i d e curve ãt B could be superimposed ôn the curve át A such t há t the two 

curves i n t e r s e c t e d át the two po in ts j ư s t deterrnĩned. Genera l l y , t h i s wi 11 

nót be p o s s ĩ b l e ; we make a f í na Ì adjustment by moving the t i d e curve át B 

oe riica Hy such t há t the t ime i n t e r v a l s between the actuaì and t h e o r e t i c a l 

c ross ing po in t s are equa l . 

Figure 21.6 shows the cu r ren t curve w i t h the superimposed V-t curves. 

The o s c u l a t ì n g po in t s are pro jec ted ôn to the p rope r l y sưperimposed t i d e 

curves. The two equal t i me i n t e r v a l s are aìso shoun. The ởàtum f o r curve 8 

turns out tơ be 0.21 IU be1ow M.S.L. 
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POINĩ A 

Eigure_iLL5 VELOCITY TỈME CURVES 

Piqure 21.6 GRAPH1CAL SOLUTiON 
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£1,6 Ạ Reexaminátion 

í t must be remembered t h á t even á t i t s b e s t , the methods o u t -

l i n e d i n t h i s chapter give onìy approximate r e s u l t s . Even s o , 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 ỉ i t y
 f

o r át "least p r e l i m ĩ 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 few k i l omete rs and more than 100 k ỉ l o m e t e r s . 

í t i s impo r tan t , however, t há t the cur ren t measurement s t a t i o n , c , 

be located midway between A and B. 

As the depth becomes sha l ìower , the importance o f the f n " c t i o n 

term i n equat ion 21.01 increases r e l a t i v e t o t há t o f the i n e r t i a terms. 

When the r i v e r i s shaììow enough, in f a c t , the i n e r t i a in f1uences can 

be neglected and the water sur face w i Ì ] be h o r i z o n t a ỉ e x a c t l y á t the 

moment o f slack 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 - ị per iod out o f phase. 

E f f e c t s o f dens i t y đ i f f e rences i n es tua r i es are discussed next i n 

the fo ì1owing chapter . 
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E. Aìlersma 

22. DENSÍTY CURRENTS IN RIVERS
 E

'
W

'
 B i

^
k e r 

L.E. van Loo 

22.1 ì n t r o d u c t i o n
 J

-
 d e N e k k e r 

The previous two chapters have considered t i d a l i n f ìuences ôn 

r i v e r s wi thou t regard to the f a c t t h á t the r i v e r water i s r e l a t i v e l y 

pure u h ì l e the ocean water ìs e s s e n t i a ì l y s a ì 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 t h e ^ a i o r 

sub jec t of t h i s chapter . Chapter 23 W Í 1 Ì consider the a d d i t i o n a l i n -

Huences ôn harbors ỉocated along r i v e r s . 

The approach used i n these chapters w i l 1 be pure ly p r a c t i c a ì . 

Der i va t i ons of many of the equat ions used can be founJ i n the l ì t e r a -

tu re or o ther coưrses ôn theory o f dens i t y c u r r e n t s . 

22.2 Sai ị ni ty Var ia t i ons w i t h Tí de 

S a l t water enters an estuary dur ing a r ì s i n g t i d e unỉess there 

i s more than enough f resh water f low i n the r i v e r to completely f ì ì Ì 

the e n t ì 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 c e year to prevent the i n t r u s ì o n of s a l t 

Wđte r á t ì eas t o c c a s i o n a l l y . Indeed, the opposi te i s more o f t e n t r u e , 

there i s seldom s ư f f i c i e n t f low to pr^vent the i n t r u s i o n o f s a l t water . 

The s a l i n i t y á t some po i r i t in a r i v e r can be expecteđ 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 ì i n ĩ ty should be expecteđ á t about the t ime of the hĩnh 

t i d e s lack . This ìs i l l u s t r a t e d i n t ab le 22.1 and f i g u r e 22.1 f o r 

Rotterdam. The cur ren t àata ìs the same as t há t ỉ i s t e đ i n t a b l e 2 0 . 1 . 

Aga in , f l ood cur ren ts are consiđered p o s i t í v e . 

TASLC 22 • Ị Tidá l Dá ta f o r Rotterdam 

Ti me Current Ri ver 

Sai ĩ n i t y 
( h r s ) (m / 5 ) ( ° / 0 0 ) 

0 -0 .15 2.33 
1 +0.08 2.47 

2 +0.60 2.83 

3 +Q.75 3.64 

4 t o .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 

lữ -0 .85 3.64 

l i -0 .52 2.65 

12 -0 .30 2.38 

Note: The symbol /oo denotes par t s per thousand. 
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E i g u r e ^ r i CURRENT AND SALINITY ÁT ROTĨEROAM 

In t h i s example, the s a l i n ì t y maximum i s reached s h o r t l y a f t e r 

the high water s lack . The exp ỉana t ìon f o r t ì i i s i s given in sect ior ì 6 

o f t h i s chapter . 

Reca ỉ l i ng from chapter 3 t h á t sea water has a s a l i n i t y o f about 

35 ° / o o , we see t h á t pure sea water never r e a l ỉ y reaches Rotterdam. 

Mixĩng hds al ready dispersed the incoming sea water througti the f resh 

r i v e r water forming a brack ish mix tu re . ĩ f we were to lĩieasưre s a ì i n i -

t i e s á t a po ĩn t nearer to the sea, then we could Gxpect to f i n đ h igher 

maximum s a l i n i t y va lues . Fur ther i n l a n d , the maxìmum s a l i n i t y becomes 

s t i ] Ì ỉower. 

The degree of mixìng i n an estuary can be approx imate ly r e l a t e đ 

to the r a t i o between the voìume o f the t ì d a l prìsm and the r i v e r f l ow . 

In t a b l e 2 2 . 2 , the l ĩ i íx ing parameter , M, i s : 

Q T' 
M - ~ — ( 22 . 01 ) 

where: M i s the mixing parameter, 

p i s the volume of the t i dai pr ìsm, 

Q r ìs the f resh water r i v e r f ì ow , and 

ĩ
1 i s the t i de p e r i o d . 

In each of the sketches o f r i v e r p r o f i l e s , the sea i s đssumed to be 

co the l e f t , hà loc ì i nes ( l ì n e s o f constant S d l i n i t y ) are shown. 
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TABIE 22.2 River Mix ing C r ì t e r i a 

d e s c r i p t i ô n 

Mixed Estuary 

sketch 

sea 

0.1 

SI 

P a r t i a l l y Mixed Estuary sea 

1.0 

s t r a t i f i e đ Estuary 
sea 

nver 

nver 

nver 

No_te: Sketches are nót to s c a l e . 

In each ske tch , sai ì n i t y increases toward the 1 e f t . 

A more fundamentaì approach to the problem used by ỉppen 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 deí ined as: 

rá te o f energy d ị s s i p a t i o n 
r a t e of po ten t i àTẽhergy ga ĩ rĩ 

where th ĩ s i s done f o r a u n i t mass o f f ì ui d. The energy d i s s i p a t i o n 

Ít) the nưmerator r e s u l t s from the dampinq o f the t ì da Ì 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 í i l i n ì t y ) movìng downstream. 

Harìeman 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 dimei is ionìess estuary number, def ined by 

E = -

0 ĩ ' 
r 

( 22 .02 ) 

where: 

F i s the Proude number based upon the maximum f l ood cưr ren t 

v e l o c i t y á t the es tuary mouth. 

The es tuary number tias the ađvantage over the s t r a t i f i c à t i o n number 

t há t ì ts parameters can be ra the r e a s i l y eva lua ted . In con t ras t to the 

mixĩng parameter, estuary mìxìng increases w i t h i nc reas ing estuarỵ 

number va lues . kiên mixed es tua r i es have es tuary numbers grea te r than 

about 0 .15 . 

Another i t idependent problem r e l a t e d to es tua r i es i s the de te r -

mina t ion o f the s a l i n i t y d i s t r í b u t i o n w i t h i n the es tua ry . Harleman 

and Abraham (1966) attempted t h i 5 de te rm ina t i on using a one-đimens ĩonal 

t h e o r e t i c a ỉ modeì 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 estưary . In t h e i r 

model; the X ax is extends pos U i ve l y upstream from the estuary entrance 
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aỉong the channeỉ a x i s . In keeping wì th a one-dimensional model, the 

s a ĩ i n i t y i s assumed to vary onìy as a f u n c t i o n o f t ime and p o s i t i o n 

aỉong t h i s channel a x ì s . Fur the r , they assume t há t the s a l i n i t y d i s -

t r i b u t i o n 15 determìned by ar. equi ì i b r i u m between inward d i f f u s i o n and 

outivard convectiort wi th the f resh v/ater f l ow . 

Since the extreiĩie s i t u a t i o n s of s ai ĩ ni ty d i s t r i b u t i o n (maximum and 

minimum i n t r u s i o n ) occur át moments o f sỉack water (h igh water sìack 

and 1ow water s l a c k , r e s p e c t i v e ỉ y , we can examine these s i t u a t i o n s 

using a sinipl ĩ f ỉed orđ ina ry d i f f e r e n t i a l equa t i on : 

d s á s 
v

r ~ s r = ị Sì ^ (22.03) 

where: 

A i s the cross sec t i ona l area of the channel á t po in t X , 

V i s the f resh water f low v e ì o c i t y , 

X i s the coord inate along the channe l , and 

ũ i s the apparent d ispe rs ion c o e f f i c i e n t which inc luded a i ! 

mix ing e f f e c t s . 

When we í u r t h e r assume t h á t the cross sec t i ona ì area o f the estuary 

i s independent o f X, A f a i ìs out of 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 ì o n 

s. 
d s 
T Í T 

X = 

= 0 {22.04) 

y i e l d s : 

d s 
V s - D —H 

r s dx (22.05) 

To ì n t eg ra te t h i s f u r t h e r , an equat ion fov D as à í unc t i on o f X 

i s needeđ. The f o ] ] ow ìng fu r i c t ion was assumed: 

D -
X + 8 (22.06) 

where: 

B i s the d is tance outs ide the estuary á t which the s a l i n i t y reaches 

t h á t o f the ocean, and 

DQ i s the d i f f u s i o n c o e f f i c i e n t át X = ũ. 

Át X - - B , D = », whích i s nót i nconsí s te r ì t ; i n f i n ĩ t e mix ing would be 

requ i ređ to mainta in a constant sai im" t y . 

S u b s t i t u t i n g 22.06 ì n t o 22.05 anđ i n t e g r a t i n g y i e l d s : 

(22.07) 
v r ( x + B)' 

In S s + constant - 2~õ—g 
0 

V i s negat ive i n agreement w i th the s ign convent ion f o r X. 
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The constant i s evaluated using the d e f i n i t i o n o f B: 

s

s
 = s

ữ
 = o c e a n s a 1 l

'
n i t

y (22.08) 
X = -8 

Thưs, 22.07 becomes: 

(22.09) 

$ s decreases w i t h i nc reas ing X , since V'r i s negat i ve . 

For a gìven e s t u a r y , the two unknows in 22 .09 , D 0 and B, can be 

evaluated í f vaìues o f S s âre known - from measurements - át two 

d ì f f e r e n t l o c a t ỉ o n s . í t i s sometimes even poss ib le to reduce 22.09 

f u r t h e r hy í n c l ud i ng the dependence o f DQ and B ôn V . Thìs has been 

done, f o r example, f o r the Chao Phya Estuary in Tha i ìand . The r e s u l -

t ì n g equat ion f o r the low water s lack i s : 

s s = S Q e x p [ - ( 1 8 ) { 1 0 ~
6

) Q r X
2 - 0.045 o ^

2

] {22.10) 

Equation 22.ỈO i s nót dimensi"nfíless. Q i s i n u n i t s o f m^/s and 

ìs p o s ì t i v e , X i s i n km. 

22 .3 Dens ị t y - Sai ị ni ty Re-jfotionship 

S a l i n i t ỵ v a r i a t i o n s cause v a r i a t ì o n s ìn water der t s ì t y , j u s t a<; do 

temperature v a r i a t ì o n s . The r e l a t i o n s h ì 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 ĩ í n ĩ t y 

ôn densì ty i s grea te r than t há t o f temperature, át l eas t over the ranqe 

o f values normal ỉy encountered. 

Oensity d i f f e r e n c e s w i t h i n bodies o f water v / i l l be the inđependent 

v a r i a b l e for the r es t o f our d i s c u s s i o n . These d i f f e r e n c e s may r e s u l t 

from e i t h e r temperature or s a l i n i t y v a r i a t í o n s . Wh ĩ ì e the cause of the 

derrsi ty d i f f e rences can be o f importance from a thermođynamic or p o l l u -

t ì o n po in t of viev/, í t i s unimportarì t f o r the mechanics o f the f1ow. 

There fo re , ì ĩ t t l e f u r t h e r cons ide ra t i on v / i l l be given to the cause o f 

the dens i ty v a r i a t i o n s , except i n c e r t a i n s p e c ĩ f i c i ns tances . 

22.4 _ Sĩa t ì cs ũ f s t r a t i f i e d ìVater Masses 

Two ì i mi t i ng 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 , dependinq upon the o r i e n -

t a t i o n o f the separa t ing su r face . 

The s impìest case has a h o r ì z o n t a l i n t e r f a c e between the two l a y e r s . 

lí the upper ìaỵer i s ìess dense than the ìower l aye r t h i s s t r a t i f i c a t i ô n 

wĩ ì Ì be i n e q u i Ì í b r i u m . In f a c t , such an i n t e r f a c e can remain s t a b l e even 

though both layers o f viãter are ìn mot ion. This s t r a t i f í c a t i o n , caused 

e i t h e r by s a l í n i t y or temperature d i f f e r e n c e s ís found i n the oceans and 

i n a i ! bút the sha11owest l akes . 

exp 
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The second case has a v e r t i c a ì i n t e r f a c e , and i s u n s t a b l e . Such i n t e r -

faces do e x i s t , however; across the door o f a l o ck , f o r example. Figure 

22.2 shows the pressure d i s t r i b u t i o n ôn such a door. I f the r e s u ì t a n t 

hOf-izontal force ôn the door i s ze ro , then : 

ị Pj g hj = ị P2 g bị (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 , 

r i s the mass dens i t y o f water, anđ 

the s u b s c r i p t s , Ì , 2, r e f e r to the two water masses. 

When P 2 > P p then 22.11 y i e l d s : 

h 2 Ì 
(22.12) 

wh i l e the r e s u l t a n t h o r i z o n t a l fo rce i s ze ro , f i g u r e 22.2 shoivs 

c l e a r ì y t há t the r e s u l t a n t moment ôn the door i s nót zero. 

p 2 g h 2 

pressure diagram g ( p 1 h 1 - p 2 h 2 ; 

resuLtant 
pressure 

Fỉgure 22 2 PRESSURES ÔN VERTICAL INTERPACE 

This form o f d e n s i t y s t r a t i f i c a t i o n also represents an i d e a ĩ i -

za t i on of a phenomona i n nature when the s aÌ ĩ n ì ty i n a r i v e r át the 

mouth of a harbor or t r i b u t a r y suddenly chanqes át some t ime dur ing 

a t i d e cyc l e . This phenomona, í t s t heo ry , and consequences w ì l l be 

the sub jec t of chapter 23. 

22.5 ĩ n te rna ĩ Wayes 

nhen a h o r i z o n t a l s t r a t i f i c a t ĩ 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 prevíous s e c t i o n ) , then waves can be 

generated á t t h i s i n t e r f a c e , j u s t as ôn the upper su r íace . Indeed, the 

upper sur íace o f à hoáy o f water i s a lso ôn i n t e r í a c e between two 
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f l ( j i ds -wa tGr and a i r . Hovvever, f o r i n t e r n a l waves ôn an i n t e r f a c e between 

water l a y e r s , the dens i t y o f the upper f ỉ u i đ i s near ìy the same as the 

dens i t y of the ìower f l u i d . The resu ì t i r t g ìow dens i t y d i f f e r e n c e W Í 1 1 

have a s t rong in f luence ôn the phenomona i n v o ì 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 ì waves can be caused by á dìs turbance such as a s h i p , e a r t h -

quake or unđerwater U n d s l i d e . Thay can aìso r e s u l t tròm shear forces a-

long an i n t e r f a c e betvveen two l ayers in r e l a t i v e mot ìon . 

The c e l e r i t y o f a wave ôn an i n t e r f a c e i s given by: 

(22.13) 
'ri • M

1
U

2 

where: 

c i s the wave speed, 

0 i s the layer t h i c k n e s s , and 

subsc r ip t s Ì , 2 , r e f e r to the two l a y e r s . 

See f i g u r e 2 2 . 3 , in Nhích the arrows show the d ì r e c t i o n of 

water movement. Equation 22.04 reduces to equat ion 5.05b when 

P i = 0. 

Since p£ i s near l y equaì t o - j ) j i n equat ion 22.13, í t can be 

approximated by: 

c . V - ^ - J ^ L i (22.14) 

/ 6 g 0 -3" n 

c ' — ( 2 2 - 1 5 ) 

ìn which: 

.ị = i s the r e ỉ a t i v e dens i t y o f the water masses, 

and 

h is the t o t a l depth = 0, + e ? . 

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 ôn 

thèm i s sma l ì . They are accompained by much smal ler negatìưe waves 

ôn the water s u r í a c e , as shown i n f i g u r e 22 .3 . índeecl, as ả f i r s t 

âpprox ima t ion , the r a t i o o f sur face wave he igh t to i n t e r n a ĩ wave 

he ight i s equaì to (ỉ. 

These i n t e r n a l waves can absorb a cons iderab le enerny from a 

shĩp caưsing the s o - c a ỉ l e d "dead wate r " . This i s exp la ined v ía an 

exampìe. 

A sh ip o f 4 m d r a f t sai ĩs i n t o a s t r a t i f i e d harbor havinq a sur-

face ìayer 3 m t h i c k o f r e ì a t i v e l y f resh water ( s a l i n ì 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 = 3Ố ° /oo and T = 4°c * . nhát i s the maximum speed t h á t t h i s sh ip 

can a t t a i n ? 

This s t r a t ĩ f i c a t i o n ís q u i t e comtion i n nor the rn harbors d u r i n g the 

spr ing snow-melt r u n o f f . 
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Pi 

P2 

/ / / / 7777 7777 7777 / / / / 

Fịqut"e 22.3 ÍNTERNAL WAVE 

From t ab le 3 .3 , chapter 3, 

t i 
4.00 : Pj = 1004.00 ^1 

tz 
= 28.70 : P 2 - 1028.70 

Pur the r , 0 j = 3 ra, 0 2 7 ni. Using (22.13) 

r - , / T Ĩ Õ ^ T ~ 1004 ) (9 .81 ) (3 ) (7 ) 
c

- ( r õ õ ĩ T ỉ ^ r + T ĩ o ^ ẽ : ? ) ^ } 

0.709 m/s = 1.38 k t . 

(22.16) 

(22.17) 

The on ly way the sh ip can move f a s t e r than th ì5 wave i s to 

cút through í t or cl imb over Í t ; n e i t h e r i s very ì i k e l y ! 

Thìs đead water phenomona a lso played an ìmportant r o l e in 

a naval b a t t ì e near Copenhagen some cen tu r ies ago. In t h i s area the 

ra ther f resh Bai t i c Sea water f lows over more dense water from the 

Skagerrak. 

22.6 The " S t ạ t i c " Sa í t Hedge 

A S â l t wedge Dccurs in a f resh water r i v e r which discharges i n t o 

a sa ì i ne sea. The sea water ín t rudes along the r i v e r bottom under the 

f resh đischarge water . The ìength o f the i n t r ư d i n g wedge i s determined 

bỵ an equi Ì ìbrìưnt between the f r i c t i o n , aìong the i n t e r f a c e and 

the h o r i z o n t a I pressure grad ien t r e s u l t i n g from ì n c ì 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 / n i s s t r ì c t ì y s a t i s f i e đ , the s a l t wedge 

w i l l be in a s tab le p o s i t i o n w i t h the f res l ì water f l o w i n g seaward ôn the 

sur face and spreading out ìn a t h i n sur face l ayer át sea. The l enq th 

o f t h i s wedge i s o f great importance as V i 11 be po in ted out i n more 

d e t a i l l a t e r ìn t h i s chapter . 

S c h i j f and Schốnfeld (1953) der i ved an expression f o r the l eng 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 t rec tangu la r channeì d i s -

charg ing 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 : 

L . * ặ 
w f ì 

Ì 
- 2 í- 3 F 2/3 6 r 4 / 3 

V 
and: F = — 

/óg h 

(22.18) 

(22.19) 

(22.20) 
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in w h i c h : 

L w i s the l eng th o f the wedge, 

V i s the v e l o c i t y i n the r i v e r upstream from the wedge, 

VỊ i s the v e ì o c i t y i n the f resh water above the wedge, 

v 2 i s the v e l o c i t y ìn the s a u wedge, and 

T Ị 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 . 

Thĩs i s ai ì shovm i n f i g u r e 22.4 . 

This expressìon i ì ì 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 ì o c i t y , V , and the dens i t y d i f f e r e n c e s ôn the 

s a ì t i n t r u s í o n . A reasonable value f o r f j ìs i n the order o f 0 . 1 . 

0f course, i n the i d e a l ì z e d e q u i l i b r i u m s t a t e , - 0. This 15 why 

no í r ì c t i o n s t r e s s ôn the bottom 15 shown i n f i g ư r e 2 2 . 4 . The data 

used to p l o t t h i s f i g u r e ve re: fj = 0 . 0 8 ; h = lo. m; V r -• 0.2 m/s; 

and 5 = 0,0246, g ì v i n g = 2689 m. The f i g u r e i s drawn wĩ th a d ì s -

t o r t i o n o f Ì : 100. 

V r . Q r " 

h = 10m — T 

r ^ I 

p 2 

s 2 

/ / / / r r ^ r ^ / / / / / / / / / 

w* RIVER -
« s E A w w 

/ / / / r r ^ r ^ 

4 » 
L w - 2 689 m 

« s E A w w 

Figure 22 i "STATIC" SALT WEDGE IN RỊVER MOUTH ( distor t ron 1:100) 

The word s t a t i c i s enclosed i n quo ta t i on marks since there i s , 

i n a reaì s i t u a t i o n , more a s t a t e of dynamic e q u i ì i b r i u m . Mix inq WĨ11 

take pìace along the ì n t e r f a c e between the water masses. S a u anđ 

sea water w i l l be t r anspo r ted along wi th the r i v e r water back to the 

sea. Thìs is i nd i ca teđ i n f ì g u r e 22.4 át 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 ỉ nét f1ow out the r i v e r must 

be equaỉ to the f resh water runof ' f : 

Qi= 0
 + 0 (22.21) 

i n which: Qw i s the ì n f ỉ ow f1ow in the wedge, 

Q r i s the íYesh Wdter r i v e r f ì o w , and 

Q^is the nét o u t f l o w through the cross s e c t i o n . 

Con t i nu i t y o f s a l t must also be main ta ined. This imp l i es t h á t : 

(22.22) 

wfiere S 1 and s 2 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 V r i n t o equat ion 22.09 

(v ía 22.11) he wi"M f i n d t h á t l_w đecreases as V r i n c reases ; i ndeed, 

F = Ì y i e l d s L w = 0 . Remembering t h á t i nc reas ing V imp l ies a lso an 
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i n c r e a s i n g Q r WG seem to d i s c o v e r a c o n t r a d i c t i o n w i t h the r u l e s o f 
thumb presented i n equat ion 22.01 and t ab le 22 .2 . Accord ing to t h á t 

t a b l e , i nc reas ing Q r shouìd lead to a more s t r a t i f i e d e s t u a r y , and 

hence, a longer i ns tead o f a sho r t e r s a u tongue (wedge). This dilemma 

i s exp la ined by r e a ỉ i z i n g t há t a i ì t í d a l i n f l uences 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 ì i d . 

ỉn a real estuary the s a l t weđge 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 ìuences are presen t , 

and the estuary i s c e r t a i n l y nót p r i s m a t i c . 

Genera ì ìy , the t i da ĩ i n f l uence i s most impor tant - Í t leads to 

an incessant o s c i l ì 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 i es Víith s t rong t i dai i n f l uence and l i t t l e 

f resh water f íow 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 , 

leađ ing to a wel l mixed es tua ry . The Western Schelde i s an example o f 

such an es tua ry , Át ã given t ime and place there i s ỉ i t t l e v e r t ĩ c a l 

s a l ì n ì t y g r a d i e n t . In such an es tua ry , the average seaward t r a n s p o r t 

o f s a l t hy the r i v e r f low i s an e q u i l i b r i u m wi th t r a n s p o r t o f s a l t i n t o 

the estưary by d i f f u s i o n . 

The e f f e c t o f t h í s d i f f u s i o n (which is always present to some 

ex ten t ) combined wì th the momentum of a poss ib le imvard f lov / ing s a l t 

tongue can delay the t i me o f maximum average s a l ĩ n i t y át a po in t ôn a 

t i da ì r i v e r u n t i ì a b í t l a t e r than the H.w, s lack , a i observeđ w i t h the 

data from Rotterdam, f i g u r e 2 2 . 1 . 

As hùs a l r e a d y been i n d i c a t e d , the t i des c a u s e the s a u tOiigue o r 

the ha ìoc l i nes to move back and í o r t h i n the r i v e r as a í unc t i on of 

the t ì de. The consequences o f th í s presence and movement o f the s a i t 

tongue f o r the r i v e r and í t s surroundings are discussed ìn the next 

s e c t i o n . 

22.7 S i l t a t i o n Probìems 

The most d i r e c t consequence o f ã sa 11 tongue i n a r i v e r ìs i t s 

e f f e c t ôn the s i ỉ 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 

'HA, the cu r ren t aìong the estuary bottom i s d r a s t ì c a l l y changed by the 

presence of the s a l t tongue. Upstream from the t i p o f the tonque, the 

v e l o c ì t y đlong the bót tom ìs toward the sea, v/hi le vc i th in the viedne 

there is o f t en a smal l v e l o c i t y i n t o the es tua ry . Sìnce the bottom 

v e l o c i t y át the t i p o f the tongue must be zero, í t can be expected 

t há t ma te r i a l w i l l be đepos i ted t h e r e . In es tua r ies where there i s 

l i t t l e t i dai i n í ìuence and the pos ì t ì on of the s a l t wedge remàins 

r e ì a t i v e ì y s t a b ì e , t h i s l oca ì sedimentat ion can form a pronounced 

shoal i n the r i v e r . Whì ìe the cause o f t h i s tongue has been a t t r ì b u t e d 

to s a l t , above, t h i s phenomona can also be found in an estưary having 

a dens i t y d i f f e r e n c e caused hy other í ac to rs such as thermal g r a d i e n t s . 

This phenomona mi g h i , f o r example, also be observed i n the coo l i na 

water discharge channel from a power s t a t i o n , even one l oca ted ôn a 

f resh water Ìake. 
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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 t y tongue ìs 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 also s t r o n g l y i n f l u e n c e the s i ì t a t i o n pa t t e rn i n the 

es tua ry . 

Suspended d a y i n f resh water cons is ts of H á t o r needle - shaped 

p a r t i c l e s having a maximum d imens ion ' less than a few micrometers. Because 

o f t h e i r for i ì i , la rge sur face area and the c r y s t a ì s t r u c t u r e o f the d a y 

m i n e r a l s , these p a r t i c l e s are n e g a t í v e l y charged ôn the s u r f a c e . 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 r a t h e r than the 

g r a v i t y forces con t ro l the behavior o f the d a y 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 in suspension. 

As the s a ỉ i n i t y o f the water i nc 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 ì low ing the d a y p a r t i c ì e s to f ì o c c u l a t e , and s e t t l e . 

A s a l i n i t y of about 3 /oo i s c r i t i c a l in t h i s process, The phys ica l 

chemical i n 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 í o n s below 

t h i s va lue . 

The í ỉ o c c u l a t i o n caused by an i r icrease i n water s a l i n i t y i s á t 

l eas t p a r t i a l ì y r e v e r s i b l e . When, l a t e r i n the t i de c y c l e , the s a l i n i t y 

decreases, the f ỉ o c s of d a y p a r t ì c l e s exposed to the f r esh water can 

"explode" d ispers 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 provìde d i s t u r b i n g i n f l uences ôn suspended sediment 

lĩieasurements in areas ivhere low, va r i ab le s a l t concent rà t ions can be 

found. 

An impression o f the magnitude o f t h i s i n f lưence ôn s i l t a t í o n can 

be gained by comparing the f a l ì v e l o c i t y of d a y p a r t i c l e s i n f r esh 

water t o the f a l l v e l o c i t y of f ì ocs of p a r t i c l e s i n s a l t water 

(S > 5 ° / o o ) . Al le rsma, Hoekstra and B i j k e r (1967) r epo r t t h á t the 

apparent r a t i o between these f a l ì v e l o c i t i e s was more than Ì : 50. 

The quai ì ty o f the mate r i a l forminq the r i v e r bed i n such an 

area i s nót the same as the ưsual form o f compact d a y . Indeed, the 

sediment wh i ch forms as a r e s u l t of f l o c c u ì a t i o n contaìns a l a rge 

q u a n t i t y of water . The voiume o f the sedìment ( s o l i d p a r t i c l e s plus 

water ) can be 5 to 10 t imes the volume of the p a r t ì c l e s . ( I n soi Ì 

mechanìcs t en i úno logy , the vo id r a t i o can be as high as lo}. Ob-

v i o u s ì y , such a high vo l u me o i water w i ỉ l keep the sediiĩient dens i t y 
3 

low - ưsuaỉ ly betv/een 1100 and 1250 kg/m . The mater ia ì behaves as a 

viscous f l u i d wì th a v i s c o s i t y o f i n the order of 100 to 500D t imes 

t há t o f wate r ; t h i s i s comparable to yoghur t (except f o r c o l o r ! ) . 

Thi 5 i n 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 đi f f ĩ cui t to detec t 

when makĩng soundings. í t appears as a f ai l í t r e ĩ l e c t i o n ôn an echo-

gram. The sediment i s so s o f t t há t ships can o f t en sa í ì through Í t . 

The conso ì 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 

úp to 2.5 m th ì ck remain f ì u i d f o r severaì weeks - even i n a l abo ra -

t o r y s e t t l i n g tube. 

The fa11 v e l o c i t y i s the v e l o c ĩ t y át 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 í n g mud can be brought i n t o suspension once again when 

the current v e l o c i t y above í t reached a c r i t i c a l vaìue rangincỊ be-

tween 0.2 and 1.0 m/s. 

S ì i n g mud w i l l be discussed again i n more đ e t a i l i n chapter li 

about the morphologỵ of mud coasts . 

The i n f ìuence of the s aÌ ì n ì ty ôn the suspended s i l t concen t ra t i on 

á t Rotterdam i s demonstrated 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 i s l i s t e d ìn tab les 22.1 and 22.3. 

TABLE 22.3 Suspenđed Load Á t RQtterđam 

Ti me 

( h r s ) 

0 

Ì 
2 
3 

4 

5 

6 
7 
8 
9 

l ũ 

l i 

12 

ra 1/1 

»1 é 

l ũ 

-1.0-

Suspended 

mater i ai 

(mg/1) 

60 

58 
68 
90 

116 
95 

61 
54 

77 
90 

93 

81 
66 

X 

ỈN í 1 ĩ y 
ĩ

 A ì \ í c ì 

M V. , 

10 

5 

0 
l _ — Ả ") —t —G 

ồ í y-Q— 

12 
t ime ( hrs) 

l i 
Ui 
ti 

12 
t ime (hrs, 

Rqure 22 5 SUSPENDED LOAD ÁT ROTTERDAM 
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In the t i me i n t e r v a l between 5 and 7 hours the r e l a t i v e ì y h igh 

s a Ì ì ri i t y causes the suspended sediment concen t ra t i on t o decrease, even 

though the cur ren t ìs becoming s t ronge r . Between 8 ị and lo hoưrs, the 

reverse i s t r u e ; decreasing s a l i n ì t y increases the sưspended sediment 

even though the v e l o c i t y i s becoming weaker. Ôn the o ther hand, near 

0.6 hours and agait i át 13 hours , the sediment concen t ra t i on mi ni ma are 

caưsed by the low cur ren t v e l o c ì t y . 

22.8 P o ì l u t i o n Problems 

In a d d i t i o n to i nc reas ing the s i ì t a t i o n problems i n an e s t u a r y , 

dens i ty cur rents can also cause problems o f environmentdl p o l l u t i o n . 

The most obvioưs source o f environmentaì p o l l u t i o n i s the i n f i ì -

t r a t ì o n o f s a u 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 ôn the growth pat te rns o f 

pìants have been wel l documented by a g r i c u i t u r a ì s p e c i a l i s t s . The 

p r e d ì c t i o n of 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 of study f o r s p e c i a l i s t s i n ground water hydro loqy . 

Another , o f t e n less obv ious , p o l l ư t ì o n problem can be caused 

by the presence o f the míaÌ dens i t y c u r r e n t s . Marine l i f e such as 

s h e l ỉ f i s h o f t en i s unable to adapt to r a p i d l y vary ing water tempera-

tures exper ienced when the edge o f a thermal plume d r i f t s over í t á t 

some tíme i n a t í d e c y c l e . Several ìarge and e labora te model studìes 

have been conducted i n var ious ì a b o r a t o r i e s , both ìn the Unìted s ta tes 

and the Netherìands to determine the ex ten t anđ s e v e r ì t y o f thermal 

plumes from steam power s t a t i o n s to be located along e s t u a r i e s . De-

monst ra t ion t há t the plume o f discharged coo l i ng water w i l l nót harm 

the surrounding marine Ì ĩ f e i s o f t e n requ i red before a cons t ruc t ì on 

p e r m i t w ì l l be granted . 

ĩechniques used to combat the d e l e t e r i o u s e f f e c t s o f dens i t y 

cur ren ts are discussed i n the next s e c t i o n . 

Ỉ2.9 Methods to Combdt Densi ty_Current J_nf Ị uences in Rivers 

There are r e ì a t i v e ỉ y few techniques which are economical f o r 

combating the i n t r u s i o n o i a s a l t tongue in a r i v e r . Ma ny mo re 

technique are a v a i l a b ì e f o r mo re r e s t r i c t e d areas such as harbor 

basins and cana ls ; these wi ì ì be discussed in the f o ì ì o w ì n g chapter . 

í t has been i n d i c a t e d vía equat ions 22.09 through 22.11 t há t 

the ỉength o f the s a l t wedge can be ređuceđ by decreas inq the water-

depth and by ì nc reas ing the f resh water f l ow . In the Nether ỉands , the 

discharge o f f resh water through the New Waterway hds been increased 

as a r e s u l t o f the comple t ion o f the nor the rn p a r t o f the Del ta 

Pro jec t (Volkerak dam and l o c k s , and the H a r i n g v l ì 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 necessì ty f o r b r i n g i n g ì a r g e , deep shìps 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 t s o f the 

New Waterway in Rotterdam have been p a r t i a l l y f i U e d i n orđer to 

decrease t h e ĩ r depth and d r i v e the s a u water tongue back toward the 

sea to a gred te r e x t e n t . 
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Thermal dens i t y cur ren ts can be combated hy e i t h e r enhancing 

the mi x i ng of the two water l ayers or s t i m u l a t i n g the heat t r a n s f e r 

process between l ayers or to the atmosphere. 

Although nót too comnion i n use, mix ing can be enhanced, f o r 

example, by i n c r e a s i n g the tu rbu lence i n the thermal discharge or 

a r t i f i c i a l l y genera t ing an unstable s t r a t i H c a t i o n . I nc reas ing d ì s -

charge v e l o c i t y and cons t ruc t i on o f a p ĩ l e supported j e t t y i n f r o n t o f 

the discharge í.luĩĩie of a pow£-. s t a t i o n have been suggested as means 

to increase mi x ing by i nc reas ing tư rbu lence . 

N a t u r a l ì y unstab le 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 ì y gene-

ra ted when warm, low s a l i n i t y sewage i s discharge 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 tu rbu lence heìps to disperse Í t . 

Obvìous ly , another s o l u t i o n to thermaì p o l l u t i o n problems i s t o 

re -coo l the discharge water before í t i s re leased. This may be accom-

p ì i shed by r e t e n t i o n i s sha!1ow pools or by c i r c u l a t i o n through 3 

coo ì ing tower. SometimGS, simply a long wide dĩscharge channel can 

serve the purpose. The o b j e c t i v e in ai ì o f these s o l u t i o n s ì s t o 

t r a n s ĩ e r the heat to the atmosphere. 
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E.w. B i j k e r 

23. OENSÍTY CURRENTS IN HARBORS J . đe Nekker 

23.1 Ti de FĨQW in Harbar 

In t h i s chapter the tị de and dens i t y c u r r e n t in í ĩuences- ôn a 

harbor b u i l t aìong a t i da Ì r i v e r wi Ì ì be d iscussed. The i n f o n n a t i o n 

presented in t h i s s e c t i o n , hov/ever, w i n be o f general use , even f o r 

harbors l oca ted along a coast f a r away from a r ì v e r o r ôn an es tuary 

wi thou t f resh water r u n o f f . 

The const ruct tQn o f ã harbo r along a t i dai r i vét* WÌ11 obv ious l y 

in.crease t he t t d a l pr ism o f the es tua ry . UsuaTlyv unĩess t he re i s a 

very s i g n i f i c a n t and ex tens ive harbor development, the ĩ n f l uence o f 

the a d d i t i o n a l harbor area ôn the t o t a ì t i dai pr ism VÍT] ĩ nót be enouqh 

to cause s i g n i f ì c a n t changes i n the r i v e r i t s e l f . 

We have already seen i n chapter 20 { f i g u r e 20,5) hov) i n e r t i a e f f e c t s 

mainta in a f l ood cu r ren t ìn a r i v e r even a f t e r high water . For a h a r b o r , 

ôn the o ther hand, the i n e r t i a terms are much ìess ìmportant and the 

cur ren t in the harbor mouth wi11 be s lack j u s t át the t ime o f high and 

low water . ĩ h i s ìs t r ue when no dens i t y 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 shovíing t h i s phenomona f o r the 

2e Petroleumhaven in Rotterdam. (The dens ì ty c u r r e n t inf1uences 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. 

TẠBLE.23.1 HARBŨR TIOE ÁT ROĨĨERDAM (2e Petroleumhaven) 

Harbor Rì ver Harbor 

Time Tide l eve ỉ Current F i ] l i n g Cưrrent 

( h r s . ) (m) (m/s) (cm/s) 

0 

Ì 

2 
3 

4 

5 

6 

7 

8 

9 

10 

l i 

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 

- ỉ . 6 

- 1 . 1 

- 1 . 5 

- ũ . 8 

0 
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Rgure 231 HARBOR LEVEL AND CURRENT, 2
e PetroLeumhaven, Rotterdam 

Đensi t y Cuirents i n Hạrbors 

The densì ty s t r a t i f i c a t i o n át the mouth o f a harbor basin j u s t 

a f t e r the r i v e r s a ì ì n ĩ ty has changed Càn be schematized bỵ a v e r t ỉ c a l 

i n t e r f a c e such as was shown in f i g u r e 22.2 i n the previous chapter . As 

was aìi-eady poin ted o u t , t h e r e , t h i s C0fld.it í ôn ís uns tab le and leads 

to ă cu r ren t pa t t e rn as i s shown in f i g u r e 2'$.?.. The f low of the more 

dense l ayer can be compared to the fìov> o f water down a r i v e r va ì l ey 

j ư s t a f t e r a dam has b u r s t . Such a p r o í i ì e o f the i n t e r f a c e i s , t he re -

f o r e , sometinies ca ì l ed a dry bét! curve. The toe o f the dry bed curve 

i s held back s l ĩ g h t ì y by the f r i c t i o n along the b o t t o m . * 

Since the volưme oi water in the harbor remains constant - n e q ì e o 

t i n g m i i n g or emptying - the harbor i n f ì ow 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 assưmption i s 

t h á t the f low i n each d i r e c t ì o n occurs over h a i f the d e p t h , then 

the two f ìow v e l o c i t i e s must be equaì f o r a rec tangu ìa r channel . 

Compare to f i g u r e 22.4 in which there is no bottom f r i c t i o n . 

http://C0fld.it
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Fresh 

(nítrai Interíace 

Intertace 

7 W A \ 

Dry bed curve 
Resuítant pressure 

d is t r ibu t ion 

PiqurQ 23.2 DENSITY CURRENT PORCES AND MOTION 

ĩ h e o r e t i c a l l y ; 

VD = 0.45 / ồ g h (23.01) 

i n which: 

ỗ i s the r e l a t ì v e đ e n s i t y (ch . 2 2 ) , 

g ís the a c c e ì e r a t i o n o f g r a v i t y , 

h i s the water dep th , and 

VJJ i s the v e l o c i t y ì n the dry bed curve. 

In p r a c t i c e , the c o e f f ì c i e n t , 0 . 4 5 , i s a b í t too ì a r g e ; a 

valưe somewhere between 0.3 anđ 0.4 usua 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 ì y , bút nót e x a c t l y , w i t h equat ion 

22.13 when Gj - ửg = 2 . 

Table 23.2 ì i s t s r i v e r arìd harbor s a ì i n i t ì e s f o r Rotterdam as 

weỉ ỉ as the measuređ dens i t y cu r ren t v e l o c i t y . The values o f ó l i s t e d 

are computed from the s a l i n i t y data assuming t h á t both the r i v e r and 

the harbor are á t a un i fo rm temperature of 16°c. The densì ty cu r ren t 

v e l o c i t i e s are given f o r the sur face cu r ren t w i t h p o s i t i v e i n d i c a t i n a 

a f low i n t o the harbor . By symmetry, as aìready exp ìa i ned , the f1ow 

i n the lower l aye r must be i n the oppos i te d i r e c t i o n wi th 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 ab le 23.2 t há t the magnitude o f the dens i t y cu t r e rít 

ve-teci ty more or less f o l ỉ ows the value o f 6. I f theory and p r a c t i v e 

aỉways agreed, then there should be a p e r f e c t c o r r e ì a t i o n between 

|Vgị and Ũ ( f rom equat ion 2 3 . 0 1 ) . The c o r r e l a t i o n c o e f f i c ì e n t f o r 

ỊV D ị aga ins t /ù f o r the data i n t a b l e 23.2 ìs on ly 0 . 5 8 , however. This 

does nót make the theory look too good, bút t h i s comparison sha l ì be 

re-examined i n sec t ìon 23 .4 . 
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TABte 2 3 . 2 S A L I N I T Y AND DENSITY CURRENĨS ÁT ROTTERDAM 

River Harbor 

Time s s 

( h r s . ) ( ° / 0 0 ) ( ° / oo } 

0 2.38 3.96 

Ì 2.47 3.30 

2 2.83 3.04 

3 3 . 6 4 2 . 6 3 

4 5.08 3.01 

5 7.25 3.91 

6 8.06 5.23 

7 7.16 6.56 

8 6.08 6.69 

9 4.90 6.37 

10 3.64 5.43 

11 2.65 4.36 

12 2 . 3 8 3 . 8 2 

v

0 

át sur face 

(cm/s) 

1 .224 X l o -
3 

l o -
4 

3 . 0 
5.952 X 

l o -
3 

l o -
4 

4.0 

1.619 X l õ -
4 

1.2 

7.830 X l ũ -
4 

- 5 . 0 

1.600 X l o "
3 

- 8 . 0 

2.567 X l ũ "
3 

-10.7 

2 . 1 8 0 X l o "
3 

- l ữ . 3 

4.616 X l o -
4 - 1 . 4 

4 . 679 X l o -
4 

+2.1 

1.Ỉ28 X l ũ "
3 

2.5 

1.379 X l o "
3 

2 . 5 

1.325 X l ũ "
3 

2.1 

1.116 X l o "
3 

2 . 1 

5 computed tròm sa Ì ĩ n i t i es á t ĩ = 16 c. using t a b l e 3.3. 

Figure 23.3 HARBOR SALINITY AND DENSITY CURRENT 
( 2

e Petroleumhaven, Rotterdam } 
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23.3 Superposvt ion o f €ưrre.nt Componerìts 

I n a r e ai harỉ>or ôn a t i dai r i v e r , the f l ow i n the harbor 

w i l l be a superpos ì t i on of the ĩ i l ì i n g f l ow and t h á t caused hy the 

dens i t y c u r r e n t . Pigure 23.4 shows the idea1ized cu r ren t p r o f i l e s 

and t h e i r superpos i t ì on f o r var ious t imes l i s t e d i n tab les 23.1 and 

23 .2 . When ị v D Ị < V f , the presence o f a dens i t y cu r ren t component 

does nót a f f e c t the t o t a ì volume o f water e n t e r i n g the harbo r . This 

i s demonstrated i n f i g u r e 23.4 by the u e l o c i t y p r o í i l e s f o r t ime 

equaìs 2 hours. The i m p ì i c a t ĩ o n o f t h i s observa t ion i s t há t v e l o c i t y 

d i s t r i b u t i o i i s can be superimposed whi1e the sediment t r anspor t s 

cannot be sìmpìy added except when the sediment concen t ra t i on i s con-

s t a n t over the e n t i r e depth. This d iscuss ion comes úp again i n ì a t e r 

sect ions o f t h i s chapter . 

Ĩ Í M E 

í h r s ) 

P H U N G 
CURRENT 

( c m / s } 

Vf 
3 2 

DENSiTY 
CURRENT 

( c m / s ) 

Vo 
1.2 

2 . 

ĨOTAL 
CURRENT 

(em / s ) 

Y 
Í.4 

TrTT7Tĩjfrrrrrr 7777777777M TĨU 77 T77TT TTTTTTTrrĩTTTrmTrrrrrrr 
3.2 12 2 0 

11 8 0 
SL 6.9 

777777777777777 -̂ 7777777777777rrrrrrnTĩTr 
l í á.d 

7777777777777777777777777 
9.1 

10 

15 

vi9 

777777777777777777 
- 1.5 

2.5 

777777777^777777777777777 
25 

10 J2-

ĩrnrrÌTnihm mn?>ĩ/ỉ7 
Lũ 

Figure 23 4 HARBOR ENTRANCE VELOCITY PROFILES 
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U n t i ì now, the assumption has been made t há t the harbor had an 

i n f i n i t e l eng th . In the next s e c t i o n , we examine the' ex t ra . cond ì t i ons 

imposed upon t h i s theory by the í i n i t e length o f d harbor . 

23.4 Currents ìn F i r ù t e Harbors 

The dry bed curve o f a dens i ty tongue rush ing i n t o -à harbor 

has been shown in f i g u r e 23 .2 . Equation 23.01 đescr ibed i t s v e l o c i t y . 

How f a r does such a tongue penetrate i n t o a harbor? 

Two cond i t i ons must be s a t i s f í e d f o r a de i i s i t y tortọue to con-

t i nue progress ing in a harbor bas in : 

a. Í t must have somewhere to go, and 

b. the d r i v i n g f o 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 whi le 

the second c r i t e r i a depends upon the water alone. In order to separate 

these cond i t i ons f o r đ i s c u s s i o n , Tét us f i ' r s t assume thá t i n i t i a n y 

a i ! o f the water i n a harbor basìn and the adjacent r i v e r has a dens i t y 
3 

o f 1005 kg/m . Át some i n s t a n t , the dens i t y o f the water i n the r i v e r 

increases to 1015 k g / m 3 , and mainta ins tViat value i n đ e f i n i t e l y ; t h u s , 

the d r i v i n g fo rce (Hem b, above) i s maìnta ined. ĩ he re i s no t i d e . 

The í iarbor has a rec tangu la r form and has depth h = 7 m and l eng th 

L = 250O m. (see f f g u r e 2 3 . 5 ) . 

Pigure 23 5 PROGRESS OF ĐENSíTY CURRENT IN HARBOR 
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Using 2 3 . 0 1 , we f i n d the dens i t y cur ren t speed: 

= 0.289 m/s (23.03) 

= 1042 lĩi/h (23.04) 

With t h i s speed, the tongue progresses w i t h o u t hinderance over 

the length o f the basin - 2500 m - a r r i v i n g á t the i nne r end in 2*
1 

2 1
m

. The Víave then r e í l e c t s from the inner end o f the harbo r , j u s t 

as does any o ther long wave, and propagates back toward the entrance 

át the same speed a r r i v i n g there 4 8
m 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 shovin by the 

dashed l i nes i n f i g u r e 23 .5 . 

A f t e r 4*
1 48

m the tongue has re turned to the harbor ent rance . The 

harbor i s now f ì 11ed w i t h mo re dense water - the same dens i t y as the 

r i v e r - and the process s t o p s , 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 ent rance . 

Nhát has happened t o the ìess dense water t há t was o r i g i n a ì l y in 

the harbor? Thát water has spread over a ìarge area of the r i v e r i n a 

t h i n laye i " , where wave a c t i o n enhances i t s mix ing wì th deeper u a t e r . 

This exampìe aìso y i e l d s some a d d i t i o n a ì i n s i g h t ì n t o the data 

presented i n t ab le 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 ) in the harbor increases l i n e a r l y 

wi th t ime dur ing 4*
1 4 8

m i n the exampìe above, bút the dens i t y cưrrent 

remains constant Over t h ĩ s t ime p e r ì o d ; í t ĩs t omp le te ỉ y determineđ by the 

dens i ty d i f f e r e n c e á t the harbor ent rance . Thus, the d i r e c t c o r r e ì a t i o n 

between /lí and Ị VQỊ i s reaì l y i n c o r r e c t when ỏ i s determi ned based upon 

avavage sai "í n i t i e s . 

The t i me requ i red f o r the dens i t y cu r ren t to en te r a harbor and ex~ 

change the contents exp la ins the phase lag betiveen the peak sai ín í t i e s 

i n a r i v e r and i n an ad jacent harbor - see f i g u r e 23 .3 . Does a compỉete 

water exchange take place? Most ì í k e l y , Í t does i n t h i s case even though 

the ma xi múm harbor sa ì i n ì ty i s less than t h á t i n the r i v e r . By the t ime 

the harbor exchange lias taken p ìđce , the r i v e r s a l i n i t y i s no ìonger 

maximum. Add ì t i ona l evidence t há t a compìete exchange takes place i s g iven 

by the abrupt change i n dens i t y cur ren t v e l o c i t y in f i g u r e 23.3 between 

bị and 7 hours . Since there 15 no abrưpt change i n s a l i n i t y át t h á t t i m e , 

the v e l o c i t y decrease must be causetỉ by removaì of the e f f e c t i v e d r i v i n q 

f o r c e . 

The seconđ 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, i s somewhat íĩỉore complex. This i s i l l u s t r a t e d vía the 

ro i l ow íng exampỉe. 

This example i s e x a c t l y the same as the previouí ỉ one i n t há t the 

harbor í n í t i ai Ty conta ins water having í) = 1005 kg /m
3 and the r i v e r ab-

3 
r u p t l y changes d e n s i t y from ỈŨ05 to 1015 kg/m . This t ime however, t h i s 
higher dens i t ỵ w ĩ Ì ì be maintaĩned i n the r í v e r f o r on ly L

h 1 2
m

, à f t e r 
3 

which the r i v e r d e n s i t y w i Ì ì again become 1005 kg/m . índeed, the problem 
i s exac t ì y ì ì ke the previous example in a l l respects f o r the f i r s t ĩ 12 . 

T h i S i s shown i n f i g u r e 23.6A. 
Ni? 
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harbor p = 1005 

t -

ì ì 
Ị i 

7777777777777777777 
t = 0 

/ 

TTỢnhnTr7T7Tr7Trrrĩ7T7TT7TTTT777/, 
L t = 1

h

V t = l
h 12

m ' 

A I ri Ít la L progress 

h=7m 

0.289 m/5 

g _ y, 

P = 10Ũ5 ỉ, 

ị 
Ị ^ ố.289m/s í ộ 

h7777777ĩ77ĩ777777777ĩ7777777h7777ĩ7777777777ĩ777777777ư77Á' 

P = 10D5 Ì p=1015 
r 

B. Si tuot ion aftfrr r 12
r 

Trị 
p=1005 Ỷ 

p = 1015 

77777ĨT77777777777T777777777777rrn7rĩ7777T77m7?T7777777m7/, 

c. Si tua t ion some t ime tater 

FỊgure 23.6 DENSITY c u R R E N T S ỈN HARBOR 

A f t e r l
h 12

m the s i t u a t i o n wi11 be as ihown in f i q u r e 23.6B. The d r i -

v ing force i s no l onger presen t . Momentum W Ì 1 1 keep the s lug o f s a u 

water moving f o r a sho r t t i me, bút o ther i n f ìuences become impor tan t 

since the ends o f the s lug o f dense water are uns tab le . ũry bed curves 

w i ì ì deveìop á t the ends o f the 3.5 m t h i c k lower l a y e r causing the s lug 

o f water t o spread out i n a t h i n n e r ìayer along the harbor bót tom. U l -

t i m a t e ỉ y , o f course , t h i s t h i n l aye r couìđ r e t r e a t e n t i r e l y t o the deeper 

r i v e r . Q u a n t i t a t i v e eva ìua t ions o f a l l these processes are beyond the 

scope o f t h i s course and are nót necessary f o r our maìn purpose - the 

de te rm ina t ion of the q u a n t i t y o f s i 11 which en ters the harbor along 

w i t h the more dense wa te r . An impression o f the fonn o f the i n t e r f a c e 

between the two water masses á t some ì a t e r t ime i s shown i n 23.6C. 

7 J 
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23.5 The P r a c t i c a l Problem 

The discuss ion j u s t presented holds t rưe on ly to the ex ten t t h á t 

i t s assumptions are s a t i s f i e d . A glance á t ĩ i g u r e 23.3 i s s u f f f c ĩ e n t to 

see t h á t the assưmption t h á t the r i v e r dens i t y changes abruptTy does 

nót ho ld t rue i n na tu re . Secondly, many harbors are nót rec tangu la r i n 

form. A dependabìe t h e o r e t i c a l computat ion o f the water exchange i n 

a harbor of a r b i t r a r y shape ôn a given r ì v e r i s extremely t i me consuming 

á t bes t . For t h ì s reason, phys ica l model s tud ies are o f t e n used; a s i g -

n ỉ f i c a n t p o r t i o n o f the D e l f t Hydrau l i cs Lab i s devoted t o the modeling 

o f sa l ì ne dens i t y c u r r e n t s . 

A second approach to the probìem ì s to develop a serai-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 

wi th e x i s t i n g harbors . This equat ion can then be used t o p r e d t c t the 

excíiange t a k i n g place i n 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 á t the harbor o f Rotterdam. Using measure-

ments mađe i n several of the l a r g e r harbo rs , ( B o t l e k , l
e

, 2
e Petro leum-

haven, Eưropoort) Í t was determined t h á t : 

(23 .05 ) 

ìn which : 
2 

Áp i s the cross s e c t i o n a l area o f the entrance in m , 
L 1 

G i s a c o e f f i c i e n t having a vaiue of 8000 TÍT/t i de pe r iod for these 

harbors , 

h i s the average depth o f the harbor in meters , and 

>5' i s the r e l a t i v e dens i t ỵ de f ined as: 

y = J H ^ ^ 1 H (23.06) 

in which 

mi n 
J

max 

is the mirtimưm r i v e r d e n s i t y , 

the maximum r i v e r d e n s i t ỵ , and 

!$ the average r i v e r dens i t y over one t i d e per iod , and 

VỊJ is i s the to tai v/ater volume exchanaed dur íng an entiiHì t i d e 

pe r i od . 

The method j u s t descr ibed depends upon ỉ iav ing an e x i s t i n g harbor 

along the t i đ a l r i v e r . F u r t h e r , the s ì ze and geometry o f a p ro j ec ted 

harbor i s nót always comparable to t h á t o f an e x i s t i n g ha rbo r . In such 

cases, the above scheroe ìs o f l i t t l e h e ì p , s ince the c o e f f i c i e n t G can-

not be determined. 

The dens i ty cur rer t 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 c o s t s . An es t imate o f the d e n s i t y CÚT-

r e n t , t h e r e í o r e , can be o f v i t a l importance f o r f e a s a b í l i t y s t u d i e s . Even 

a crude computat ion can be h e l p f u ì i n such cases. The f o ì 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 ì ics Labo-

r a t o r y . The expected accuracy o f the method i s i n the o rder o f + 50%. 

The anonymous a u t h o r ' s - i n f a c t Gersie and B i j k e r - a t t ack the 

probìem by d e f i n i n g a c o e f f i c i e n t , a , vvhich gives the r a t i o o f t o t a l 
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water exchange \voljume to harbor voìume. Since there are two inHuences 

i n v o l v e đ , í i l l i n g p l u s dens i t y c u r r e n t , a i s s p l ì t i n t o two comportents: 

a = a f + « 0 (23 .07) 

where: 

a ís the r a t i o o f water voìume e n t e r i n g the harbor per t i d e to the 

harbor volume, 

<if i s t há t p o r t i o n caused hy the í i l ì i n g , and 

áp i s caused by the dens i t y in f1uence. 

can be evaìuateđ by comparing the t i da ì pr ism o f the harbor to 

the t o t a ì harbor voìume. 

Uf = ỉ r = ~ * (23.08) 
H h 

where: 

h i s the average harbor depth 

Ah i s the d i f f e r e n c e between the high and low t i d e l e v e l s , 

-V-^ i s the t o t a l harbor volume based upon depth É", and 

p i s the t i đai pr ism o f the harbor b a s i n . 

OÍQ i s nót independent o f the harbor n n ì n g - see s e c t i o n 23.3 -

bút i s dependent ưpon the f i l l i n g cur ren t component as w e l ì . 

( V 0 - ! v f ! ) T 

a D = — £ (23.09) 

where: 

Vp i s the dens i t y cu r ren t v e ì o c i t y , 

i s the f ì l 1 ì n g cu r ren t v e l o c ì t y , 

L i s the length o f the harbor , and 

ĩ g i s the t ime i n t e r v a l over which the dens H y d i f f e r e n c e 

e x i s t s . 

Now some probìems begin to appear! What dens i ty r a t i o , ' ĩ , shouìd be 

used to cortipute VD? How i s Tp deternũned? Nhát 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 work ing , i n f a c t , 

w i t h a schematized rec tangu la r harbor wi th cross sec t iona ì area 

equal to t há t o f the ent rance. The length f o l l ows from our schemat ì -

z a t i o n , and ís usua ỉ l y j u s t about the longest d is tance from the en-

t rance to an e x t r e m i t ỵ o f the harbor . A b í t o f exper ience i s very h e l p -

fu1 i n making t h i s schemat i za t ion . 

T Q i s the t ime dur ing which a đens ì t y d i f f e r e n c e i s present . í t i s 

r e l a t e d onìy to the dens i t y - t ime curve f o r the estuary and i s nót 

necessa r i l y d i r e c t ỉ y r e ì a t e đ to the t i d e l e v e l . A ì s o , Tp du r i ng the 

t ime o f ìnc reas ing harbor đens i t y may be d i f f e r e r t t from t há t f o r decrea-

s ing d e n s i t y . 

* The second step is v a l i d i f the sides o f the harbor are v e r t i c a ì . 

file:///voljume
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The most d i f f i c u l t ques t ìon i s one o f determirnng the proper value 
o f Vg. The fo !1owing approach i s suggested: 

a. Compute V Q based upon a ổ corresponding to the extreme values 

o f the schematized dens i t y i n the r i v e r using 2 3 . 0 1 . 

b. Using t h i s value o f Vg, compute a. 

c. I f a < ỉ , then the maximum harbor dens i t y w i l l be less than the 

r i v e r maximum and our sssumption i n step a ìs v i o l a t e d . In t há t 

case, repeat steps a and b using a new value o f & one h a l f as 

ìarge as the o r i g í n a l one. 

In equat ion 23,09 the absoìute vaìue of the í ì l l i n g cur ren t has be 

averageđ over the t íme T Q . Note t há t the absolute vaJue 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 de i n the r i v e r . 

vỉj|ắĩ ( 2 3 . 1 0 ) 

•where: 

A H i s the sur íace area o f the harbo r , and 

A E i s the cross s e c t i o n a l area o f the ent rance . 

A c t u a l l y , equat ion 23.09 does nót t e n the whoìe s t o r y . The 

f o l ỉ o w i n g i n e q ư a l i t y must aìso be s a t i s f i e d : 

0 i " Ũ L
 1 ( 2 3 . 1 1 } 

Thus, the í n f l uence o f the dens i t y cur ren t may nót be n e g a t i v e ; Í t 

may be zero . The upper l i m i t ôn Úp i s imposed by the schemat iza t ion 

oi the dens i t y - t ime curve . 

The value o f ct£j can be co r rec ted f o r the f a c t t há t the harbor 

has been schematized by m u l t i p l y ì n g í t by the r a t i o of sưrface areas 

o f the schematized and ac tua l harbo rs , r e s p e c t i v e l ỵ . 

The voỉuiĩie o f water e n t e r i n g the harbor dur ing a complete t i dai 

per iod can best be determined as the sum o f ì t s components. 

The harbor f i ì l i n g c u r r e n t con t r i bu tes a voìume o f water equal to a f 

times the harbor volume. This same volune of water f lows out when the 

water l eve l f a l 1 s . Dur ing the per iod t há t the r i v e r dens i t y i s h i g h , 
ít . 

ctp t imes the harbor volume f lows ì n t o the harbor . When the r i v e r den-

s i t y i s 1ow, O.Q t imes the í iarbor volume f1ows o u t . 

Both computat ional techniques ou t ì i ned i n t h i s s e c t i o n are i l ì u s t r a -

ted i n sec t i on 23 .7 . 

23.6 ũ ther Current I n f l uences 

The cu r ren t p a t t e r n i n a harbor mouth can be even more compl icated 

than has al ready been desc r i bed . The compl 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 . Hater 

exchange between the harbor and eddy ôn one s ide and between r i v e r and 

eddy ôn the o ther can ìncrease the t r a n s p o r t o f s a u and suspended s e d i -

ment i n t o the harbor . 

These two values o f a n are nót genera l ì y equa l . 
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When a harbor i s s i ì ìa ì l , the dens i ty cưr ren t can usua ì l y cỏrry õut 

a compìete water exchange r a t h e r q u i c k l y , bút 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, ôn the o ther hand, 

cont inues f u n c t ì o n i n g exchanging sedinent lađen r i v e r water f o r 

c ìea re r harbor water . Thi s cause can be the most impor tan t o f ai Ì 

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 á t the entrance to l a rge r harbor basins as w e l l . 

However, these tend to be e x c i t e d by the o ther cur 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 c o n t r i b u t e l i t t l e to the supply o f sediment to the harbor . 

An attempt wi l i be made i n the next sec t ions to q u a n t i í y the 

amount o f s i ì t a t i o n to be expected i n à harbor . Before a t t a c k i n g 

t h á t , however, we should consider the e f f e c t s o f the presence o f 

the harbor ôn sh ipp ing i n the r i v e r . 

í t takes l ì t t ì e imag ina t ion to r e a ì i z e t h á t near the moưth 

o f a harbor , where edd ies , dens i t y c u r r e n t s , r i v e r cur ren ts and 

harbor í i l ì i n g cur ren ts are a n competing w i t h one another , the 

cu r ren t p a t t e r n can be r a t h e r confused. Sma l l , sha11ow d r a f t ships 

wi l i only be concerned w i t h the sur face c u r r e n t s . Larqer , deeper 

ships Khích p e n e t r a t e the i n t e r f a c e between layers a r e s u b j e c t e d to 

an even more complex pa t t e rn o f cu r ren t f o r ces . Add to t h i s the 

dead water phenomona descr ibed in the previous chapter , and we should 

r e a l i z e e a s i ì y the respect w i t h Víhich harbor p i ì o t s are usua l ì y 

t r e a t e d . An enumeratiôn of the var ious ways var ious ships can react 

to var ious cur ren t pa t te rns wouìd be too voluminous to i nc ìude here . 

í t i s s u f f i c i e n t f o r our purpose t o recognize t há t such sh ip maneu-

ve r i ng problems can and do occur and to have the sense t o ask a 

p i Ì ó t ' s advice about any extens ive harbor changes. 

23.7 Harbor S i ì 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 ã t i da ĩ r i v e r i n 

the previous chapter occur i n adjacent harbors as w e l l . V a r i a t i o n s in 

s a ỉ i n i t y cause í l o c u l a t i o n and rap id set t ìement of f i n e mate r i a ỉ 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 l emen t of 

mate r i a ỉ in harbors proceeds even f a s t e r because of 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 . Obvìousìy , a l ỉ o f the pheno-

mona which cause water exchange between the harbor and r i v e r also 

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 ư ỉ t i p l y i n g the volume 

o f water exctianged i n one t i d e cyc le i n the basín 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 ĩ n g and o u t f l o w i n g wate r . The 

r o l e o f each of the cưr ren t components w ĩ 11 be examinGd i n the f o l l o -

wing exampìe. 

A harbor i s l oca ted along a r i v e r in which the average suspended 

sediment concen t ra t ìon i s 77 mg/1 ( t h ì s agrees wi th the data i n t a b l e 

2 2 . 3 ) . The harbor i s 2000 meters lono and has a p r i s m a t i c cross s e c t ì o n 

w i t h s ide sìopes o f 1:4. The t i đ e range i s ỉ . 7 meters and the harbor 

depth á t low water is 13.5 meters. P igure 23.7 shows such a ha rbo r , 
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having a bottom wid th DÍ 400 m. Again using data f rom Rotterdam, the 

r i v e r has a maxímum s a l i n ì t y o f 8.06 ° /oo and a minimuĩn s a l Ì T i i t y o f 

2.47 °/00 ( 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 há t the maximura dens i t y i n the r i v e r i s 1005.18 kg/m and the 
3 

minimuni đens i t y i s 1000.85 kg/m , y i e l d i n g : 

0005.18 - 1ŨŨ0.85 
Ỉ003.02 = 4.32 K 10 -3 

{23-12} 

Harbor 

Ị Ị Ị Ị Ị Ị Ị rrrr 

2000 m 

T"i ?:~r:.TTT 

777* 

- 2 , 

í 
•7777-

r i 
400 m 

Cross sec t ion 
Di stor t ion ì .100 

-7777 777T 

Long ỉ t ud ina l p ro i Ít e 

Dìs to r t i on 1:100 

Fiqure 23.7 HARBOR EXAMPLE SKETCH 

The average water depth i n the harbor i s . 

h = 13.5 + ( ị ) ( 1 . 7 ) = 14.35 m 

Y i e l d i n g a tóp wid th o f : 

(23.13) 

400 + ( 14 .35 ) (8 ) = 515 m (23.14) 



139 

The average f low area i n the entrance i s , then: 

A E = (ả)(400 + 515)(14.35) = 6565 m
2 (23.15) 

The t i dai p r i s m , p, oi the harbor i s the volume o f v/ater suppì ìed per 

t i d e hy the f i n i n g c u r r e n t . 

p = ( 5 I 5 } { 2 0 0 0 ) ( 1 . 7 ) = 1.75 X 10
ổ m

3 (23.16) 

Each l i t e r o f t h i s water ca r r i es 77 mg of dry sediment i n t o the harbor . 

Probably nót ai Ì of t h i s mate r ia i w i n 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 of sediment in díscharged water can be est imated 

from l abo ra to r y t es ts or from exper ience i n s i m i ì a r l oca l harbors . For 

t h i s problem, Tét us assume t há t the discharge water from the harbor 

c a r r i e s an average of l o mg/1 o f dry s i n . Thus, 67 mg/1 i s r e ta i ned 

i n the harbor . 

The amount o f seđiment t r anspo r ted í rì to the harbor hy the f ì ì Ì ĩ n g 
c u r r e n t * i s then ( w i t h un i t s convers ion ) : 

s f = (1.75 X l ơ
6

) ( 6 7 ) ( l ( f
3

) = 1.17 X l ũ
5 k g / t i d e (23.17) 

The i n f l uence o f the densĩ ty cu r ren t i s computed usino equat ion 

23.05. The t o t a l volume o f water exchanged bỵ the dens i t y cu r ren t 

dur ìng a t i d e per iođ i s : 

Vp = (8000) (6565) /~ (4 .32 X 1 0 '
3

} ( 14.35) (23.18) 

= 1.31 X lo7 m
3

/ t i d e (23.19) 

6 3 

Hai f o f t h i s wate r , 6.53 X l o in / t i d e , e n t e r s alonrỊ the harbor 

bottom w i t h the i n t r u đ i n g s a u tongue and b r i n g s : 

s n = (6.53 X 1 0
ò

) ( 6 7 ) ( l o "
3

) = 4.38 X l o
5 k g / t i d e (23.20) 

u

l 

sedi men t w i t h Í t . 

The o ther ha1f o f the exchange viater enters the harbor along the 

sur face as the s a u tongue r e t r e a t s . Since the sur face water in a 

r í v e r usua l ỉ y conta ins less sediment, Í t t r anspor t s r e l a t i v e l y less 

sediment i n t o the harbor . For Rotterdam, Í t i s assumed t h á t t h i s 

sur face cu r ren t t r anspor t s oniy 20?; of the sedìment found i n the 

o ther cưrrents i n t o the harbor . Sĩnce t h i s mater ia l wí ì Ì be f i n e r 

than the average oi ai Ì the m a t e r i a l , Ít w i ] l s e t t l e more s ỉ ow l y . 

Thus, we can s t i ì l assume t há t l o mg/1 ìeaves the harbor l a t e r . These 

cons ide ra t ions y i e ỉ d : 

Sp_ = (6.53 X l o
6

) í ( 0 . 2 ) ( 7 7 ) - l o i { l o "
3

) (23.21) 

=> 3.53 X l ữ
4 k g / t i d e (23.22} 

ít 

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 concent ra ted i n the ìower l ayer o f the harbor . 
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The sedimentat ions are compared i n t ab le 23 .3 . We see t h á t more than 

80% o f the harbor s i l t a t i o n ís caused by the dens i t y c u r r e n t . 

TA.BLE 23.3 HARBOR SEDĨMENTATION SUÍ̂ IARY 

Component Quanti t y Percent 

( k g / t i d e ) of t o t a l 

m u n g Current 1.17 X l o
5 19.8 

Sa l t I n f l ow 4.38 X l o
5 74.2 

S a n Outf ìow 3.53 X l ũ
4 6.0 

Density Subto ta l 4.73 X l ũ
5 80.2 

Grand Tota l 5.90 X l o
5 100 

A very p r a t i c a l ques t ion remains f o r those respons ib le f o r the 

maintenance o f the harbor . How ĩĩiuch shal ìower v i n 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 d e s and t há t of the 

i n s i t u sediment are known. Reasonable values for these are 2650 kạ/m^ 
3 

and 1200 kg/m , r e s p e c t i v e l y . Then, i f V denotes the volume of water 
3 

f i H e d voids i n Ì m o f sedimertt, then : 

1200 = (2650) (1 - v v } + ( 1 0 0 0 } ( v v ) (23.23) 

3 
from which V = 0.88 . T h e r e f o r e , Ì m o f sediment conta ins 

( Ì - 0.88} (2650) = 318 kg (23.24) 

o f dry sedìment p a r t i c l e s . 5.9 X l ũ kg o f sediment p a r t i c l e s occupies 

a voìume o f : 

5 

- • • ^ I g -
1

'
0 = 1855 m

3 (23.Z5) 

Thìs volume of sediment accumuìates i n one t i d e p e r i o d . There are : 

l ^
5

ị p > = 706 (23.26) 

t i des per y e a r , so t h á 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 l o
6 m

3

/ yea r : (23.27) 

This volume i s spread over the harbor bottom i n a l aye r whích i s : 

1200071400)"
 = l i 4 m <

2 3

-
2 8 ) 

t h i c k . 

Í t i s u s u a l l y nót economícal t o dredge out a sediment l aye r 

less than about 2.5 in t h i c k . I n t h i s case the harbor could be dredged 

about once every l ị y e a r s . 

é 
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This ì a s t f i g u r e dramátízes the importance o f the dens i t y c u r r e n t . 

I f the dens i ty cu r ren t could be e l im ina teđ i n the ha rbo r , then the 

i n t e r v a l between dredgings coulđ be increased by about a f a c t o r 5 

(see t ab le 23.3) or to about 7Ỉ yed rs . The economic savings i nvo l ved 

are obv ious. 

As a check, the computations j u s t c a r r i e d out w i n -be repeated 

using the second technique o f sec t ion 23 .5 . 

If can be computed f rom the data using 23.08: 

a

f
 = 1 6 5 6 5 ) ^ 0 ^ 7

 = ° -
1 3 3 ( 2 3

-
2 9 ) 

To compute «0 we must f i r s t schematize the r i v e r s a ỉ i n i t y curve. 

We can attempt 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 /00 from t = 0 to t = 3 hrs and from t = l o to 

t = 12.4 h r s . From t = 4.5 t o t = 7.5 hrs s i s assumed to be equal to 

7.5 /00. This y i e ỉ d s ĨQ = 3 hrs f o r i nc reas ing harbor saì ì n i ty and 

Tp = 5.4 hrs f o r decreasing s a ỉ i n i t y . (We assume t há t no th ing happens 

dur ing the r es t of the t i d e p e r i o d ) . 

Since we are nót aìming f o r high accuracy, values of p f o r compu-

t i n g VQ can be determined us ing equat ion 3.22. Thus: 

= 0-75(7 .5 - 2.5) -3 ( 9 , m 
ẳ TO00 + ( 0 7 7 T x O y

 3 , 7 4 x 1 0 í
2 3

-
3 0

' 

This r e s u l t s i n a value o f VQ from equat ion 23.01 w i t h improved coef-

f i c i e n t o f : 

v n - 0.35 /~{2jĩ~^ l ũ "
3

) (9 .81 ) (14 .35 ) (23.31) 

0.254 m/s (23.32) 

] T j T f o l l ows using 23.10 w i t h data from t a b l e 20.L 

T ì me Ị Ah I Át 

i n t e r v a l 

( h r s ) (m) ( h r s ) 

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 : 

AH = (20Ữ0)(515) = Ỉ 0 .3 X Ỉ O
5 /TI

2 

and 

A E = 6565 m
2 
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Thus, usirig 23.10 f o r ìnc reas ing d e n s i t y : 

5 
|V f I = ^ 5 X (23.33) 

- 28.8 l ĩ i /h r = 8 X l o "
3 m/s. (23.34) 

and f o r decreasìng d e n s i t y : 

T ự ^ - H ẩ ^ ' ^ ( « . 3 5 ) 

= 41.5 m/hr = ì.15 X l o "
2 m/s (23.36) 

The two values o f CIQ can now be computed using 23 .09 , in 

whìch L = 20UU nu For i ne reas ing dens ì t y : 

(.0.254 - 8 X 10"
3

Ì (3 ) (36QŨ) . rrA loi , 7 ì 
a D = A _ Ê - f2)(Ì0ÕÕ)

 = ° -
6 6 4 í

2 3

-
3 7

' 

and f o r decreasíng d e n s i t y : 

-, - (0-254 - Ị 15 X 1Q"
2

) (5 .4 ) (36Ũ0) , 1 7 Q , „ , f l ì 

Since one value o f cig ís somewhat less than Ì , our assumption aboưt 

the s a ì i n i t y ( d e n s i t y ) d i f f e r e n c e s ĩs too extreme. Fol ìowing the suq-

gest ìon i n sec t ion 2 3 . 5 , we can recompute V Q and f o r 3 reduced í . 

Reducìng ũ by 50" as suggested y i e l d s : 

V D = 0.35 / { 1 . 8 7 X 1 0 "
3

) ( 9 . 8 1 ) ( 1 4 . 3 5 ) (23.39) 

= 0.180 m/s (23.40) 

Since remaìr.s the same, we can proceed d i ^ e c t l y to the 

computation o f Ì£J. 

For ìncreas ing s a l i n i t y : 

, D . 1 0 ^ 8 0 ^ 1 0 ^ 2 1 1 3 6 0 0 ! = 0 . 4 6 4 { Ĩ Ì A l ) 

and f o r decreasing sai í nĩ t y : 

_ ỊjLìgg- LỊ15 * l o '
2

) (5.4) (3600) n 0 1 Q 

D
= J ự f ự o m < Ị ^ ~ ~ ^

= ° -
8 1 9 ( 2 3

-
4 2 } 

This seems reasonable. 

The t o t a l harbor volume, , i s : 

V H = ( 6 5 6 5 ) ( 2 0 0 0 ) = 1.31 X l o
7 m

3 ( 2 3 . 4 3 ) 

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 anspo r t i n t o the harbor by the f i l 1 i n g cu r ren t ì s : 

s f = 133) (1 .31 X 1 0
7

) ( 6 7 } ( 1 0 "
3

) = 1.17 X l o
5 k g / t i d e (23.44) 
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The dens i t y cur ren t dur ing i nc reas ing s a ì i n i t y t r a n s p o r t s : 

Sp = '{0.464){1.31 X 10
7

)(67J( lo"
3

) = 4.07 X l o 5 kg/ t ide (23.45) 

and f o r decreasing s a M n i t y - u s i n g the 1ower sediment concen t ra t i on 

j u s t as wĩ th the previous v e r s i o n : 

S D = ( 0 .819 ) (1 .31 X l ũ
7

) [ ( 0 .2 ) (77 ) - 10] ( lo"
3

) ' (23.46) 

= 5.79 X l o
4 k g / t i d e (23.47) 

These values are compared i n t ab le 23 .4 . 

TABLE_23^i Habor S i U a t i o n Summary 

Component Quantì ty Percent 

( k g / t i d e ) o f t o t a l 

Fi "li i ng Current 1.17 X l o
5 20.1 

Sa Í t i n f l o w 4.07 X l ữ
5 

69.9 

Sa i t o u t f l o w 5.79 X l ũ
4 

10.0 

Density Subtota l 4.65 X lo
5 

79.9 

Grand t o t a l 5.82 X lo
5 

100.0 

The rei i ia ining problem of determĩn 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 prev ious l y done and w i l l nót be repeated here . 

The amazing agreement between the r e s u l t s of the two methods Stìould 

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 discusseđ i n the next s e c t i o n . 

23.8 Methods to Combát Density i n Harbors 

Since í t ìs nót necessary to pass a r u n o f f f low throuah a harbor 

entrance - in 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 Ì ĩ t i e s 

a r e đ v a i l ă b l G to reduce the i n í l u e n c e o f d e n s i t y c u r r e n t s . 

One of the s imp les t methods to reduce the d.ensity cur ren t water 

exchange i n a gìven harbor basin i s to narrow the e n t r a n c e . As was 

shown in equat ĩon 23.05 , the volume o f water exchangeđ i s d i r e c t l y 

p r o p o r t i o n à l to the entrance a rea , A^. Thus, reducing the entrance 

w id th should ređuce the volume of exchantỊed water i n d i r e c t p r o p o r t i o n . 

ỉn p r a c t i c e , such a narrowing WÌÌ1 nót be q u i t e t h á 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 wì 11 spread in both h o r i z o n t a l d i r e c -

t i ons in the wider harbor b a s i n ; t h i s tends to increase the e f f e c t í v e 

d r i v i n g f o rce by i nc reas ing the slope 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 low w i ì l be qrea te r than 

might o t h e m i s e be expected. This e f f e c t i s d i f f i c u ì t t o q u a n t i f y , 

however . 

Another technique i s to i n s t ủ U a sin<?le sét o f doors á t the 

entrance to the harbor . The harbor l eve ì i s then mainta ined át 

ã constant leve l - even the m u n g cưr ren t i s e l i m i n a t e d . The 

water l eve l in the harbar remains cons tan t ; t h i s i s handy f o r 
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the cargo handl ing ope ra t í ons . Does a dens i t y cur ren t cause a wa te r 

exchange? í t does nót have t o . ỉ f the doors are opened only once 

dur ing the t i d e cycìe and át the same t ìme i n the cyc le Nhen t he 

water l eve ls are e q u a l , then the harbor water w i l l eventua l l y have 

the same dens i ty as the r i v e r water and no dredqino problems w i n 

be exper ienced. Ôn the o ther hand t h i s means t há t the doors are 

opened on ly once every t i d e per iod and Í t may be unacceptable t o 

torce the sh ipp ing to w a i t so long to pass throuạh the entrance. 

What would hdppeiì i f the doors were opened tw ice per t i de 

cyc le whi le the water l e ve l s were the same - once ôn a r i s i n g t i d e 

and once ôn a f a 1 ì i n g t i d e ? ĩ he re w i n s t i ÌT be no f i 1 1 i n g cur ren t» 

bút there i s no quarantee t h á t the dens i t y i n the r i v e r w i l 1 be the 

same á t both t imes . i n general Í t w i n nót be , and a dens i t y c u r r e n t 

and water exchange w i ì ì take place dur ing the t ime t há t the doors 

are open. Indeed, such a s o l u t i o n i s o f ì i t t ỉ e value except wben 

very great t i d e "level v a n a t i o n s might make cargo hand l ing i n e f f i -

c i e n t ì n an open b a s i n . 

I f the s i n g l e sét o f doors were rep laced by a l o c k , then shĩps 

coulđ enter and leave the harbor á 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 

ìarge lock át Umuiden, f o r example. Specia l f a c i l i t i e s have been 

bui Í t át Umuiden to t r áp t h i s i n t r u d i n a s a ì t water and r e t a i n í t 

f o r ỉ a t e r d i sposa ì . These spec ia l f a c i l i t i e s cons i s t o f a deep p ì t 

j u s t i ns ìde the lock connected v ía an equa l l y deep channel t o a 

s i u i c e . S a u water coming though the i nne r door opening o f the lock 

f a l l s i n t o the p i t . L a t e r , dưr ing lov; t i d e át sea, t h i s s a u water 

can be dischargeđ through the s l u i c e . 

An a d d i t i o n a l device used á t Umuiden to ređuce the s a l t i n -

t r u s i o n i s an a i r bưbble c u r t a i n . This i s a stream o f r i s i n g a i r 

bubbles reìeased from a pe r ío ra ted submerged p i p e l i n e á t the end 

o f the lock near the door. The r i s i n g bubbìes increase tu rbu lence 

and hence mix ing . The mix ing reduces the d r i v í n q fo rce . o f the den-

s i t y tongue and reduces the ì n t r u s i o n . 

Such à device could also have been U5ed, o f course, i n combina-

t i o n w i t h the s ĩng ỉe sét o f doors mentioned e a r l i e r . I t s use f o r a 

harbor entrance which i s aỉwaỵs open i s nót u s u a l l y economical , be-

cause o f power consumption o f the a i r compressors which d r i v e t he 

system. 

ũ ther 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 ìook ing 7ike a g ian t brush w i t h v e r t i c a l bouyant rubber b r ì s t -

les f í xeđ to the bottom hàs been concGÌved. The b r i s t l e s bend i n order 

to al loví a sh ip to pass. Many o ther s i m i l a r devices can be conceĩved 

using a b í 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 th ree 

chap
+

e rs . í t i s i n s t r u c t i v e as review t o gather toge ther ai7 o f the 

i n f o rma t i on presented ôn a s i n g l e graph sheet . ĩ h i s has been done 

i n f i g u r e 23 .8 . AU of the d a t a , wĩ th the except íon o f the t i d e data 

f o r Hook o f Hoì land has been presented e d r l i e r i n these chap te rs . The 

t ì dai data f o r Hook o f Hoì lanđ i s i nc luded f o r completeness i n t a b l e 

23 .5 . 

TABLE 23,5 TIDAI DATA F0R HOOK 0F HOLLAND 

ĩ ì me Water Average 

l eve l Current 

( h r s ) im) (m/s) 

0 -0 .53 +0.13 

1 -0 .21 0.80 

1 +0.40 1.17 

3 0.80 1.43 

4 0.88 0.80 

5 0.67 +0.26 

ó +0.19 -0 .44 

7 -0 .25 -0 .94 

8 -0 .58 -1 .16 

9 -0 .58 -1 .13 

10 -0 .63 -D.93 

l i -0 .69 -0 .62 

12 -0.62 -0 .08 



Figure 23.8 SUMMARY 0 F ALL DATA PRESENTED FOR ROTTERDAM 
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24 POLLUTION J . de Nekker 

w.w. Massĩe 

24. Ị ữ e f i n i t i o n 

P o ỉ l u t i o n i s de f ined by A.F . sp i lhaus as "any th ing animate 

or inanimate t h á t by i t s excess reduces the q u a l i t y o f ì i v i n g " . 

This d e f i n i t i o n i s extremely genera ì ; even overpopu la t ion can 

be seen as a p o l ì u t i o n problem under t h ì s d e f i n i t i o n . The im-

po r tan t word in the above d e f i n i t ì o n i s excess. We o f t e n f o r g e t 

t h á t many p o l l u t i n g substances occur and are t r anspo r ted n a t ư r a ì l y 

as welÌ as hy 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 r e p o r t t o the 

Pres ident and Congress by the u.s. Nat ional Water Commission i n 

dune, 1973: "Uater Ì5 p o ì ỉ u t e d i f Í t i s nót o f s u f f i c i e n t l y hình 

q u a l i t y to be s u i t a b ỉ e f o r the h ighes t use peopìe wish t o make o f 
* 

Í t át present or i n the f u t u r e " . 

Thĩs d e f i n i t i o n f o r use vnth regard to water q u a l i t y i s good 

i n t há t Í t alìows 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. 

í t i s the purpose o f t h i s chapter to crea te an awareness o f 

marine p o l l u t i o n problems. H o p e í u l l y , an emotional d iscuss ĩon o f 

t h ỉ s t o p i c can be avoided. 

The degree to which disagreement can deveỉop i s e x e m p l i f i e d 

by two opposing a r t í c l e s wlìich appeared i n Oi vi Ị Enaineering -

Gould (1973) and Thomds (1974) . 8oth quote í a c t u a l i n f o rma t i on 

and n e i t h e r , r e a ì ì y c o n t r a d i c t s the other except ôn matters pure ly 

based upon o p i n i o n . 

2AjZ Roi l u t i n q Mater ia ìs 

The mater ia ìs causing man ne p o ỉ l u t i o n can be qrouped i n t o 

seven main ca tego r i es . These are : human wastes, o i ! , 

haỉogenated hydrocarbons, other orgarùc m a t e r i a l s , heavy meta l s , 

h e a t , and r a d i o a c t i v e ma t e r í a Ì s. Each of these i s descr ibed a b u 

be low. (ũredgìng spoi ỉ ( ĩ ia ter ia l has been discussed separa te l y i n 

chapter 1 7 . ) . 

Human feca l waste is o f t e n f í r s t cons ider t íđ, s ince Í t ra i ses 

such a g rea t aes the t í c problem - people đo nót ì ì ke to see or smeỉl 

í t . Ôn the other hand, í t i s c e r t a i n l y a natura í product and f eca l 

vvastes are aìso produced in great q u a n t i t ý by marine ì i f e . Six m i l l í o n 

tons o f anchovies o f f the C a l i í o r n i a (U .S.A. ) coast produce as much 

feca1 mate r id l as 90 mi 11 ì ôn people, according to Bascom (1974-1) . 

Two aspects o f the disposaì o f feca l wastGS remain i m p o r t a n t , how-

eve r : Fecaỉ wastes can consume oxygen from the water and these wastes 

con ta in b a c t e r i a . The oxygen demand can lower the d i so l ved oxygen 

l eve l below t há t needed by marine ì ĩ f e . Wh ĩ l e most b a c t e r i a are k i l l e d 

soon by contac t w i t h sea water ( w i t h i n h o u r s ) , Í t i s nót sure t h á t 

t h í s i s t rue f o r a n t ỵpes , thus epidemi l oa i cai problems can be con-

cei ved. 

* quoted by Bascom (1974-1) 
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Oi Ì and petroleum products are perhaps the most c o n t r o v e r s i a l 

p o l ì u t a n t s . The pub l i c r e a c t i o n to o i Ì s p i l ì s by ships i s usua l l y 

emotionaì and vehement. Shipping i s nót the onìy source o f marine o i Ì 

p o l l u t i o n , however. Unknown q u a n t i t i e s of Í t seep n a t u r a l l y i n t o the 

oceans. A r epo r t compiled f o r the Connect ìcut (U.S.A. ) State L e g i s l a -

tu re concỉudes t há t more than two t h i r d s o f the oi Ì discharged hy 

man i n t o the seas comes from the crankcases o f automobi le enaines and 

o i ỉ sumps o f other machines. This o i ! causes no grea t probỉems, how-

ever , since ì t s ra te of i npu t i s ìow enouơh and Í t i s s u f f i c i e n t ì y 

disperseđ to be broken down by natưra l processes. 

ô n p o l l u t i o n from major s p i l ì s i s usua l l y à l oca l and o f t e n tem-

porary probìem. The s h o r t term b i o l o g i c a ì and e s t h e t i c i n f ìuences can 

be severe , bút the p r e - e x i s t i n g natưra l s i t u a t i o n usuaHy res tores Í t 

s e l f wi thou t the i n t e r v e n t i o n o f man w i t h j n a few y e a r s . This i s nót 

trúc o f the next category o f p o ì l u t a n t s . 

Halogenated hydrocarbons i nc lude the most common oraanic pes-

t i c i d e s . While a few o f these chemica ỉs , such as TEPP lose t h e i r ỉ e t h a l 

proper t i es r a t l i e r q u i c k l y , others sưch as DDT seem to be v i r t u a ì l y unde-

s t r u c t a b l e i n na tu re . The process of concen t ra t i on o f pes t i c i des i n 

c e r t a i n types o f marine 1 i f e i s ra the r w e l ỉ knoivn. Because o f t h e i r i n -

d e s t r u c t a b i Ì i t y , disposal o f these types o f mate r i a l s should be e s p e c i a l -

l y c a r e f u l ì 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 l c t e ơ 

bodies o f water such as 1akes are weì l documenteđ elsewhere. Ôn the 

ot l i e r hand, the e f f e c t of such n u t r i e n t s ôn the ocean can be b e n e f i c i a 1 . 

According to ĩ saacs , "The sea i s starvcd o f the basìc p lan t n u t r i e n t s , 

and Í t i s a mystery to me why we should be concerned wi th t h e i r t hough t -

fu ì i n t r o d u c t i o n ì n t o coasta l seas i n any q u a n t i t y t h á t man can ạene-

ra te ìn the fo rseeab le f u t u r e . " X * 

With proper management, n u t r i e n t s may be success fu ì l y disposed of along 

the coas ts . A by-produc t o f t h i s disposal would be the s t ĩ m u l â t i o n of 

marine ì í fe and thus o f the f i s h 1 i f G dependent upon these p l a n t s . This 

a r t i f i c ĩ a l n u t r i t i o n amounts to the s i m u l a t i o n o f an upwe l l i ng res -

pons ib le f o r the proserous í ĩ s h i n g i ndus t r y i n c e r t a i n par ts of the 

world (Japan, í o r e x a m p l e ) . 

Since oxygert i s consumed in the b iodegrada t 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 discharge must be managed i n such ã way t há t d i so l ved 

oxygen l e ve l s đo nót become too ìow to suppor t f i s h 1 i f e . 

Heavy metals sưch as copper and z ìnc are n a t u r a l ì y present i n sea 

water and ìn bottom seđiments. Low concen t ra t ions of c e r t a i n o f these 

elements are b e n e f i c i a l or even e s s e n t i a l f o r ã 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 crabs. 

Marine sedìments con ta in much h igher concen t 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 seđiinent 

p a r t i c l e s tend to go i n t o s o ì u t i o n i n sea water as the i o n i c c o n s t i t u -

Gnts o f sea water i t s e l f d i s t u r b the phys ica l cheraistry o f the sediment 

Reported i n :>cdenfrt'j'io Ảmev-ìơan, Vo i . 228, no. 2 , Feb. 1973 page 48. 

* * quoted i n Bascom ( Ỉ 974 -1 ) 
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p a r t i c l e s - see sec t i on 7 o f chapter 22. ĩ a b l e 24.1 compares heavy metal 

concent ra t ions i n sediments and sea water . Heavy metals a lso en te r the 

sea from the atmosphere. Porest f i r e s , f o r example, add meta l i c oxides 

to the atmosphere which deposì ts thèm over the whoìe w o r l d . 

Jus t as wi th discharges o f many p e s t i c i d e s , the in f1uence 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 í l uenced hy man i s shown i n f i g u r e 2 4 . 1 , which shows the 

lead concen t ra t i on i n l ayers o f sediment i n the ocean near Long Beach, 

C a l i í 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 to a i rborne lead from automot ive emiss ions. 

TA8LE 24.1 Concentrat ions Df Heavy Metals i n sea water and sediments. 

Concentrat ions in parts per mi ì ì ĩ ôn át s ta ted l o ca t i ons 

Sea water Ocean Sed. Europoort B o t l e t Uaalhaven Rhì ne 

Average C a l i f o r n i a to to Ri ver 

upper ỈO Emshaven Ri jnhaven S i n 
em s i n s i Í t s i Í t 

Cadmi um l x i o "
4 

0.3 2.7 19. 36. 45 , 

Chromĩum 4 . 5 x l ũ "
4 

42. 185. 435. 870. Ỉ240. 

Cobaỉ t 4 x l 0 "
4 

7. 

Copper 3 x l 0
- 3 

16. 55. 250. 450. 600. 

Lead 3 x I 0
- 5 

8. 96. 3D4. 545. 800. 

Manganese 1-SxlO"
3 

290. 

Mercury -4 
2x10 

0.04 

Nickeì 6 . 6 X 1 0
- 3 

13. 

s í 1 ve r -4 
3x10 

1. 

Zinc 0.01 32. 350. 1300. 2150. 2900. 

Data f rom: 8ascom (1974-1 ) , and 

de Nekker & I n ' t Veld (1975) 

Rgure 2U LEAD CONCENTRATION 
IN SEDÍMENT 8ASC0M (197Ì-1) 



150 

Thermal discharges may be e i t h e r warmer (power s t a t i o n c o o l i n g 

water} or coo le r ( l i q u i f i e d na tu ra l gas convers ion) than the sur rounding 

water. Mostmarine l i f e can adapt to the modi f ied thermal c l ima te near 

such a heat source or s i n k , bút are o f t en k i ì l e d e ì t h e r mechanicaì ly or 

as a r e s u l t of abrupt temperature and pressure changes as they are drawn 

through the p l a n t . Heat discharged i n t o the oceans 15 on ly of l oca l b i o -

1 ogi ca Ì s i g n i í ĩ c a n c e . í t might v/el l be combined i n the í u t u r e wi th the 

discharge of n u t r i e n t s t o s t i m u l a t e marìne ỉ 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 ì 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 đ i n g r a d i o a c t i v e moderator , disposaì 

o f such wastes át SGa 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 ìs ìess than t há t to man because marine Ì í fe can t o l e r a t e a ì a r g e r 

r a d i a t i o n dose beíore Í t becomes f a t a ỉ - van Staveren (1974). Such a 

reasoning can be dangerous, hov/ever, since man can conceivably i nges t 

a f a t a l dose o f rad io poisons from seemingìy heaì th f i s h . 

24.3 Contro] Measures 

The most common con t ro ì íneasưres are l ega l sanct ions app l ied 

aga ins t those who caưse p o l l u t i o n . s t a r b i r d (1972) descr ibes the 

success poss ib ìe w i t h a r i v e r . IVhen r i v e r s cross i n t e m a t i o n a l 

bounđar ies , t h e i r cleanup can on ly be accomplished by a l l o f the 

border ing natìons work ing t oge the r . The attempts to cỉean úp the 

Rhine exempỉefy the f r u s t r a t i o n s ; the B r i t i s h have had mưch more 

success wi th 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, PoMu t i on r e -

duc t ion l eve ls must be a t t a ì n a b l e and cons is ten t wi t t i o ther s t a n -

dards. Bủscom (1974-2) po in t s out an example ũ f u n r e a l í s t i c res -

t r i c t i o n . " I n Los Angeles ( U . S . A . ) , the leve l of
 1

p o l Ì u t a n t s ' , such 

as arsen ic and copper, in munìc ipal d r i n k i n g water i s h igher than 

can be ì e g a l l y dischcirged i n t o the ocean . " This i s an exampĩe o f 

a r i di cuiOusly s t rong r e s t r i c t i o n . 

Ôn à more humorous l eve l , à common j oke in yacht clubs i n the 

U.5. in the e a r l y sevent ies was t h á t a n t i - p o ì Ì u t í ô n laws were beco-

ming so s t r i c t t há t diapers would soon be requ i ređ ôn seaqu ì l s . 

24.4 Proposed Disposal Systems 

í t has aì ready been a l l uded t h á t the oceans can be an idea l 

d isposal place f o r some wastes. The most promis ing are heat má 

n u t r ì e n t s which could be harnessed i n the sea to increase food 

product iort v ía f i s h fa rm ing . 

Whether or nót o the r v/astes are durnped i n t o the oceans, they 

must be (i isposed o f i n some way. Some people propose d isposa l of the 

more undes i rab le Víastes by dumpìng i n the đeep sea. The consequences 

o f such ac t ions deserve c a r e f u l s tudy ; unexpected t h i ngs can happen as 

i s repor ted by Jannasch and Wiersen, c i t e d i n 3aisnbificì Ameriaan 

(1973). í t appears t h á t biochemical decay processes are g r e a t l y re-

tarded by pressure . Thus, "s ince na tu ra l r e - c y c l i n g processes are 

near l y á t a stand s t i 11 i n deep wate r , these areas are nót appro-

p r i a t e dumpĩng grounds f o r orqanic wastes" . 



151 

The above quo ta t i on i s i n .contrast w i t h the proposal o f Bos-

trom and S h e r ì f , also repor ted i n Saieníifiơ Âmerican (1972) . They 

propose compacting and then d ispos ing o f a n so r t s o f wastes i n ocean 

regions c a l l e d subduct ion s i n k s . Át these l oca t ions - u s u a l l y deep 

ocean t renches - c rus t mate r i a l i s being drav/n down to the e a r t h ' s 

mantìe. They i nd i ca te t h á t ai Ì o f man's wastes amount t o ìess than 

ỉ / 250 o f the voìume-of mate r ia l drawn i n t o the .man t i e. ĩhey admit 

t h á t there are several d e t a i l s y e t to be worked cút f o r t h í s p l a n , 

however. 

One o f the more impor tan t o f these problems i s t h á t t h i s l a rge 

volume o f mate r ia l i s drawn downward over a la rge area á t a very ìow 

r a t e - m i n i m e t e r s per decade. Thus, any u n i t o f waste mate r i a l 

deposi ted ôn one o f these subduct ion sinks w ĩ l l remain exposed f o r 

such a long t i me t h á t containment o f the kraste remains a se r ious 

problem. 
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25. Beach P r o í i Ị e L.E, van Loo 

25.1 í 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 ronn ì y ì n -

Huenced 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 of the p r o f i 1 e . These f ac to r s ì nc lude : 

mate r ia l p rope r t i es such as d e n s i t y , and eros ion r e s i s t a n c e , 

p a r t i c l e 5ize and shape, 

wave and cur ren t c o n d i t i o n s , and 

coasta l Qeography and bathymetry. 

By popular đ e f i n i t i o n , a beach can r e f e r to an e n t i r e coasta l 

area having a bottom c o n s i s t i n ạ o f p a r t i c l e s ranọinn in s ize from 

sand to g r a v e l . The t echn i ca l d e f i n i t i o n i s a b í t more s t r i n g e n t ; 

a beach extends from the coast outward to the normaì low t i d e l e v e l , 

as shown i n the sketch in f i q u r e 2 5 . ỉ . This sketch shows a t v 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 

ì n t o a backshoreand a í o resho re . The boundary betvíeen these zones 

i s át the c res t o f the berm - the po in t o f maximum wave run-up under 

normaì vjave c o n d i t i o n s . The wave run-up reaches the boundary between 

beach and coast only dur ing the more severe storms. 

The s u r f or breaker zone extends from the po in t ivhere waves 

f i r s t breaíí to the po in t o f maxinium wave run~up. A bar i s ưsua l ly 

formed near the ou te r edge o f the breaker zone. 

The average beach slope i s l a r o e l y dependent upon the g rà in 

form and s ize 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 ỉ c l e s form the steepest s lopes . Gravel or sh ina le beaches can be 

s tab le w i t h a slope as hiqh as 1:4 ( v e r t i c a l : h o r i z o n t a l ) . Sandy 

beaches usua l l y have slopes ranqing between 1:25 and 1:150. S i l t snd 

mud shores are usua l l y even f l a t t e r havino slopes as low as 1:5000. 

Since mud shores G 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 

discussed separa te ìy i n chapter 27; a t t e n t i o n W Ì 1 1 remain ôn sandỵ 

beaches in 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 íì beach under normal waye 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 ôn t h i s equi l i b n u t n . 

25.2 Beach Uynamic £qụ ĩ ì í b r ĩ um 

During " o r d ì n a r y " Víeather cond i t i ons (no storm waves) a beach 

i s in a s t a t e o f dynamic e q u i Ì i b r i u m . Considerabìe q u a n t i t i e s of sand 

are moving over the beach p r o f i ì e , bút there i s l i t t l e nét oa ĩ ri or 

loss of mate r ia l á t any l ủ c a t i o n . 

As waves break e i t h e r by s p i l l ì n g or p ỉung ing ( t he on ly types o f 

breakers commonìy 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 in t u rbu ìence . Sand gra ins are s t i r r e d t ròm the 

bottom and held teinporarì l y ỉn suspensíon by t h ì5 t u rbu ỉence . A p o r t i o n 

o f the mass of Víater o i the former wave c r e s t rushes toward the shore 

i n the upper l ayers of the breaker zone c a r r y i n g t h i s sand wi th í t . This 

water d i s s i p a t e s ì t s remaining energy by running úp ôn the beach. Some 

of t h ì s ì-un-up v/ater re tu rns to the sea by p e r c o ỉ a t i o n through the beach, 
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most f ìows back along the beach su r face . Since the backf]ow 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 s h o r e d i r e c t ĩ o n than was 

brought i n ; the foreshore bu i l ds ưp slow1y dur ing t h i s calm weather. 

The r e t u r n f ìow ũ f water and sand cont inues along the bottom to the bar 

á t the outer edge of the breaker zone compỉet ing the f l ow c i r c u i t . 
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Outside the sur f zone, the wave a c t i o n usua l l y causes a smalì sand 
t r a n s p o r t toward the coast . ĩ h i s smalì supply o f sand to the bar compen-
sates f o r the sand deposi ted ôn the f o resho re , thus main ta ìn ing the 
e q u i l i b r i u m of the bar. Pigure ĨS.2 shows t h i s schemat i ca l l y . The eros ion 
o f the mater ia ì o f f sho re from the bar i s a slow process spreađ over a l a rge 
area , so t há t the ìoss of mater 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 ì i t y . This loss i s compensated dur ing storms as i n d i c a t e 
i n sec t i on 4 of t h i s chapter . 

Rgure 25 2 MOVEMENTS OF SANO ANG WAĨER DURING CALM W E A Ĩ H E R IN THE 
BREAKER ZONE 
ị=> movement undercrest 
—w movement under t rough sketch nottoscaLe 

500 rn Figure 25.3 L = 
PLAN OF SCHEVEN1NGEN 

25,3 Dunes 

í f the water l eve ì va r ies in t ime such as happens when a v e r t i c a l t i d e 

1s presen t , the upper por t i ons o f the foreshore can be bu í 1 1 úp dur ing h i g h 

t i đ e , bút become dry dưr 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 Oi- even í 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 inf1uence ôn harbor e n t r a n -

ces bu ì 1 1 through ả row of đunes, f'or example. S ì ì j k h u i s ( 1974) repor ts t h á t 

i n Sciievingen sand t ranspor ted from the dunes south of the harbor by wi nd 

must be dredged from t ime to t ime from the entrance channe! between the 

buitenhaven and the voorhaven. ( f i g u r e 2 5 . 3 ) . This happens even through 

the dunes in The Nether lands are r a t h e r wel l s t a b i l i z e d by v e g a t a t i o n . T h i s 

i s nót àlvíays the Càse, howevcr. Figure 25.4 shows soiìie much l a r g e r , less 

domestĩcated dunes along the coast of Oregon, U.S.A. The sca le may be a p p r e -

c i a t e d by no t ing the group o f people near the center o f the p i c t u r e . The 

dunes are encroaching ôn the wooded area to the ì 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 . 
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Pigure 25 L 

DUNES ALONG THE COAST OF OREGON, U.S.A 

25-4 In í luence Qf Storms 

One might expect t há t the process j u s t descr ibed is on ly amp l i -

f i e d ducing đ storm; more th ings happen howevcr. Nót on ly the waves 

are hĩgher dur ĩng a s to rm, bút the s t i l l viữter ìevel i s u s u a l l y hìgher 

as we11 due to v/ave and wínd SGt-up . (See chapter 3 of t r ús book and 

c h a p t e r l l of voluíỉie l i ) . I f t h ĩs set -up i s hígh enough (a few meters 

i s nót excep t ĩùna l ) Che wave rurt-ưp can reach the coast l i n e aiìd 

a t tack the đdnes or b l u f f . Mater ia ì 15 t ranspor ted from the coast 

anđ bedch to t he npar'shor'G zone as shown in f i g u r e 25 .5 . The dune 

a t tack can r e s u l t in a c res t lov/ering and a c res t recess ìon . I f su f -

T Ì c i e n t mater ia ì is present in the đunes, the sea w ĩ ì l nót des t roy thèm 

completeìy and the caìm water p r o f í l e w ĩ ] Ì be s1owly res to red a f t e r the 

i t o r i ì ì . lí-' the ì£or:ii has been except ionaí l y severe, t h ì s I i a tu ra l res -

t o r a t i o n process can take some y e a r s . 

l í , ữn the Qther hand, i n s u f f i c i e n t mater ia l a v a i l a b i e i n the 

dunes, then a ser ĩes of storms occu r r i ng w ì t h i n ã few months can break 

throưgh the dunes havinq ri disast í ỉ rous e f f e c t ôn 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 anspo r t of sand along ã coast p r o f i 1 e (pe r -

penđ icu la r to the coast l i n e ) , waves can also move sand along the shore 

p a r a l l e ì to the coast . This is t u r t h e r explaned in the f o ì ì o w i n g chapter . 
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ị crest recession 

Rgure 25.5 
BE ÁCH DEVELOPMENT DUR1NG SĨORM 
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26. SEDI MENĩ TRANSPORT ALONG COASTS E.w. B i j k e r 

26.1 D e í i n i t i o n s 

A t r anspo r t of bottom mater ia ì p a r a ì l e l to a sandy coast ( l o n g -

shore t r a n s p o r t , or ì i t t o r a ì d r i f t ) occurs whenever a c u r r e n 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 of several i n f ỉ 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 ì 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 Formu1a 

Since ob ì i que ìy approaching waves are usua l l y the most impor tan t 

cause of a longshore c u r r e n t - and hence, a longshore t r a n s p o r t - the 

most common simple modeì r e l a t e s the longshore t r a n s p o r t to the wave 

p r o p e r t i e s . AI Ì of the other i n f luences are neg lec ted . Under these con-

d ì t i o n s , the longshore c u r r e n t i s concentrated i n the breaker zone and 

the wave cond i t i ons wi 11 be determined át the outer edge of t h ì s 

zone - the b r e a k e r l i n e . 

The wave energy f l u x (power per u n i t c res t l eng th ) i n deep 

water can be expressed as 

f ( H * , c 0 } (26.01) 

v/here: 

C Q i s the wave speed i n deep w a t e r , 

HQ i s the wave heìght in deep water , and 

f ( ) denotes some f u n c t i o n . 

This can be revieweđ i n chapter 5. 

We, hcwever, 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 l eng th 

of c o a s t l i n e can be expressed as: 

n»l . V K r b r , cos V ) (26.02) 

where: 

K k ìs the r e f r a c t i o n c o e f f i c i e n t - á t the breaker l i n e , 

i s the angle of wave inc idence át the breaker l i n e , and 

f ( ) again denotes some funct . ion . 

The component of t h i s f l u x p a r a ì ì e l to the coast can be expressed 

i n terms o f : 

f ( H 0 • V W ' c o s V - S 1 ' n V ) (26.03) 
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Some years ago, the u . s . Coastal Engineer ing Reseach Center 

(CERC) stud ied a great q u a n t ì t y of model and pro to type measurements 

and deterntined the f o ì ì o w i n g b e s t - f ĩ t ío rmu la : 

s = 0 . 0 1 4 nị c 0 K r b r s in v cos v ( 2 6 . 0 4 ) ; 

where: 

s i s the t o t a ĩ l i t t o r a ỉ t r a n s p o r t t'n
; the e n t t r e breaker r o n e , and 

O.QH ís d dimensioi i ìess c o e f f i c i e n t -
ó 

ĩf we wìsh to express s i n u n i t s of ìength / y e a r , anđ- leave the 

u n i t s of c 0 i n l eng th / sec , then the equat ion takes the fortn.-

s = 0.44 X l o
6 c 0 K r b r s in . * b r cos * b r ( 2 6 . 0 5 ) 

For a reaì beach and rea l waves, the wave he igh t wi ì Ì nót be 

constant bút w i l l vary according t o the Rayleigh D i s t r i b u t i o n -

chapter l o , For such cond i t i ons the r oo t mean square wave he igh t 

c h a r a c t e r ĩ z i n g the record shoulđ be used, since t h i s wave represents 

the energy c o r r e c t l y . Equations 26.04 and 26.Qb ( o f t e n c a l l e d the 

CERC Pormula) give nót only the q u a n t i t y bút 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 . 

Galvìn ( 1972} exarnineđ the data i n another way and came to the 

fo l1owing fo rmu la : 

S' = 1 .65 X l o
6 H 2 ( 2 6 . 0 6 ) 

where: 

S' i s the to ta Ì * t r a n s p o r t i n ni / y r . , and 

H o i s the deep water wave he igh t i n m. 

This equat ion i s nót d imens iona l l y c o n s i s t e n t . Gai v i n
r

s imp l ied 

concỉưsion ìs t h á t the t o t a l y e a r l y nét t r a n s p o r t ảlong a coast i s ì n -

dependent of the wave d i r e c t i o n or pe r ìod . 

0f these two formu1ar>, the CERC formula i s to be p r e f e r r e d . ĩ t s 

background ĩs r a t h e r s t r a i g h t f o r w a r đ , and Í t i s even reasonably r e ì i a b l e 

in U 5 G - Even so, Í t does have some disadvantages and vieaknesses. The 

f i r s t vieakness has al ready been ment ioned; e f f e c t s of a i ] d r i v i n g forces 

except waves are neg lec teđ . 

A second ì iniĩ ta t i Ôn i s t há t the sand t r a n s p o r t i s i ndependent of 

t h e sand p r o p e r t i e s such as g r a i n s ize and d e n s i t y . A I s o , the beach 

s ỉ o p e , and hence the type of breake rs , i s i gnored . This has happened 

becayse the observed data which led to the CERC Formu1a were made ôn 

sandy beaches havĩng 1)10re or less the same p r o p e r t i e s . The accuracy 

of the data was nót a u f f i c i e n t to al lov/ i n c l u s i o n of these v a r i a b l e s 

ìn the computat ional modeì. 

A ỉ a s t major ỉ i m ĩ t a t i o n i s t há t Only the t o t a l sand t r a n s p o r t i n 

the breaker zone i s g iven . Ét 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 wid th o f 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 anspo r t s 

i n each d i r e c t ì o n . 



159 

(1969) solved t h i s by assuiĩiing t há t the longshore t r a n s p o r t i n some 

element o f breaker zone wid th i s d i r e c t ì y p r o p o r t i o n a l t o the wave 

•energy d i s s i p a t i ữ n - or b e t t e r , energy t r ans fo rma t i on - w i t h i n t h á t 

wiđ th element. This assumption exposes another basic o b j e c t i o n t o the 

CERC Foniìula (artd a i ! other energy - based f o rmuìas , t o o ) : Only a few 

percent of a v a i l a b ì e energy i s a c t u a l ì y used to t r a n s p o r t the sediment 

aìong the coas t . Smal] changes i n t h i s percentage can r e s u l t in l a rge 

changes in sand t r a n s p o r t ; t h i s i s nót hea l thy f o r the f o rmu ỉa . 

Another, e n t i r e l y d i f f e r e n t approach has been developeđ i n an 

e f f o r t to overcome the Ì i m i t a t i o n s mentioned above. This approach i s 

descrìbed 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 há t the combined e f f e c t o f a í ì o f the 

poss ib ìe fo rce components mentioned in sec t ion 26.1 be determined and 

t há 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 of t h i s idea i s o u t l i n e d very b r í e f l y 

here and i s đescr ibed in d e t a i l i n volume l i . 

The i n f l uence o f waves ôn the ỉongshore cu r ren t along a coast mani fes ts 

ì t s e l í vía the g rad ien t of the longshore component of niomentum f"lux o f the 

waves. This i s exp la ined i n d e t a i ì i n voìume l i . ỉn p r i n c i p l e , t h i s g r a -

d ìen t of the longshore component of momentum f l u x , combìned w i t h other d r i -

v ing f luxes 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 f o r c e 

a c t i n g ôn a water mass. in a steady s t a t e c o n d i t i o n , these fo rces are 

baìanceđ by a beđ f r i c t i o n fo rce ac t i ng ôn the longshore c u r r e n t as í 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 s c u s -

sed i n d e t đ i l i n volume l i as we11. 

This technique aì lows ai ì d r i v i n g fo rce components to be inc luded 

i n the ìongshore c u r r e n t de te rm ina t i on , 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 í t h i n the breaker zone is a lso revea led . H i t h the đ e t a i l s of the c u r r e n t 

known, í t i s a reasonably símple matter to combine t h i s wi th a sediment 

t r a n s p o r t formuIa i n order to obtaĩn 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 đ ĩ s t r i b u t i o n of t h i s t r anspo r t of sand i s also reveaìed using such a 

method. 

26• 4 sed_ỳ]ent X c ^ n i p ^ r t Along the Prof ị le 

In add ĩ t i on to the sediment t r a n s p o r t p a r a l l e ì t o the coas t , t he re 

i s aìso lìiovement of viảter and sediment perpend icu la r to the coast . This 

sand t r anspo r t component, o f ten c a ỉ l e d ôn and o f f s h o r e t r a n s p o r t has been 

i nd i ca ted in the previous chapter. 

Sakker (1968) attempted to q y 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 á t Í t i s p ropo r t i ona l to the đ i f f e r e n c e between the ac tua l beach sìope 

and the e q u i l i b r i u m beach slope corresponding to the given wave and c u r r e n t 

c o n d i t i o n s . 

Swart (1974) proved t h ì s hypothesis and q u a n t i f i e d í t f u r t h e r . This deve lop-

ment i s the sub jec t of a chapter i n volume l ĩ . 

This approach t o the ôn and o f f s h o r e movement o f mate r ia i i s onìy very 

cruđe. A major research e f f o r t i s now being devoted t o 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 t o determine 
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27. MÚP C0AST5 E. AUersma 

27.1 Physicaì D
e

.scripti_on 

Mud coasts occur near the mouths of r i v e r s which discharge grea t 

q u a n t i t i e s o f f i n e ( d a y ) sediments i n t o the sea. This supply must be 

grea te r than the capac i ty f o r the sea to d isperse these mate r i a l s toward 

deeper water o f f s h o r e . 

A pure mưd coast i s very low - se Ì dom h igher than a sp r i ng high 

t ì de ì e v e l . Since the slope o f the shore p r o f i ì e i s very H á t - 1:1000 

i s nót uncommon - vast mud f l a t s are found before the coas t . A c c r e t i o n , 

ì f presen t , ìeads to the ío rmat ỉon of a broad , H á t , poor ìy d r a i n e d , 

swampy coastaì p ì a ĩ rì. Vegetat ion e v e n t u a l l y forms a l aye r o f peat ôn the 

su r íace . These coasta l p ìa ins can become very f e r t i ỉ 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 n o o d i n g are prov ideđ, 

So me sand i s a lso present along most mút! coas ts . Since the t r a n s p ó r t 

process f o r sand i s b a s ì c a l l y d i f f e r e n t írom t há t f o r mud (see sec t i on ĩ 

of t h ì s chapter ) the two mate r ia l s tend to segregate. The sand can be 

foưnd as i s o l a t e d segments of beach, perhaps even w i t h a berm and dunes 

as descr ibeđ in chapter 25. These berms and dunes are sometimes found 

i s o l a t e d in the coas ta l p ì a i n - evidence o f past coas ta l development. 

27.2 Proper t i es and Trdnspor t Process^ 

Giày p a r t i c l e s (smal ìe r than 2 m) are genera ì l y t r anspo r ted i n sus-

pension. Uaves and s t rong cur ren ts can b r i n g compacted d a y i n t o sus-

pens ion, whi le on ly a verỵ weak cu r ren t i s necessary to ma í li ta i n t h i s 

suspension. F1occula t ìon can acce le ra te the depos i t i on process {see 

ch . 22 sec t ion 7 ) . Deposi t íon of í l o c c u l a t e d d a y forms a very s o f t 

mater ìa ì commonly c a l l e d s ỉ i n g mud. I t s c l a s s ì f i cát lon based upon s i l t 

concent ra t ìon i s shown in tdb le 2 7 - 1 . For convenience, some o f the 

data i s p ỉ o t t e đ i n f ĩ g u r e 2 7 . 1 . 

As has a l ready been poin ted oưt ìn chapter 2 2 , s ỉ i n q mud, a 

viscous wate r -c ìay m í x t u r e , can ũccur in ìarge q u a n t i t i e s alono the 

coast aud ìn channels . Ships can, w i t h ca re , s a i l throưgh Í t . í t may 

even clean the barnacles o f f the s h i p ' s bot tom! ĩ 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 àre "absorbed" by Í t . Gi ven 

enougíi t i me, t h ì s niud VÍT 11 even tua l ì y conso l i da te i n t o a very s o f t 

soi ì . 

Sand, ôn the o ther hand, i s p r i m a r U y t r anspo r ted as bed load 

ra the r than suspended l oad . Thís exp la ins ì t s tendency to segreọate 

along a coast . Transpor t processes for sandy po r t i ons o f mixed mud-

sand coasts are the same as have been descr ibed i n the previous two 

chapte rs . í f much sand ìs presen t , Í t can form a near l y cont inuous 

l ayer cover ing a d a y s ư b s o i l . Such a fo rmat ion can be f ound , for 

example, in the Gulf o f Venezuela. 
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ĩ d b l e 27.1 Proper t ies o f S l i ng Mud 

Coneentrat ion Mass Lia )-nr Content 

o f s o l i d s densi t y by vo ì ume by Height 

(mg/1) ( kg /m
3

) {«}. {%) 

0 1 0 0 0 . 0 0 lưu.ưu 1 0 0 . 0 0 

ỉ 00 1000.06 

200 1000.12 

500 1000.31 

1 0 0 0 1 0 0 0 . 6 2 nít ne 
9 9 . 9 0 

2 000 1 0 0 1 . 2 5 

5 000 1003. ỉ 1 

10 0 0 0 1 0 0 6 . 2 3 nfì CO 
yy . be 

9 9 . 0 1 

20 000 1012.45 

50 000 1031.13 

Ỉ00 000 1062.26 9o • l i 90.59 

200 0 0 0 U 2 4 . 5 3 no ÁC 
8 2 . 2 1 

300 0 0 0 1 1 8 6 . 7 9 oo c o 
ao - DO 

7 4 . 7 2 

400 000 1249.06 84.91 67.98 

500 0 0 0 1 3 1 1 . 3 2 8 1 . 8 3 6 1 . 8 7 

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 lb6Ũ.38 66.04 42.32 

1 000 000 1622.64 62.26 38.37 

2 000 000 2245.28 24.53 10.92 

2 650 000 2650.00 0.00 0.00 

Mate r i a l 

class.í ; f- fcat ion. 

í-) 

•r~ Xỉ 

27,3 I n f l uence o f Rivers 

Rivers and es tua r i es d ischarg ing ôn a mud coast are charac te r i zed 

by deep (about 20 m) t í da Ì es tua r ies Nhích đischarge over shal low bars 

át t h e i r mouths where the maximum depth i s usua l l y on ly 3 to 5 IU. 

Both the bars and the estuary are iũ ipor tant f o r determin ing the 

sediment t r a n s p o r t . T ida l c u r r e n t s , f resh water r i v e r discharae and 

ì t s seasona! v a r i a t ì o n s , as we1ì as dens i t y cur ren ts are impor tan t . 

Genera l l y , seđiment i s t ranspor ted from the bars i n t o the estuary 

dur ing the dry season as the dens i t y tongue penetrates f u r t h e r Ị jp-

5tream. As the r i v e r f low increases á t the s t a r t o f the h igh r u n o f f 

season, these seđimGnts are again spewed out of the es tuary alonq 

wì th the sediment discharge of the upper r i v e r . This can lead t o very 

rap id a c c r e t i o n i n the bar area wi th a l l o f i t s subsequent dredging 

and n a v i g a t i o n probỉems. 
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ĩ a b l e 27.1 Proper t i es o f s u n g Mựd 

Concent ra t ion Mass WatfT Content 

of s o ì i d s dens ì ty by voiume by Meight 

(rog/1) (kg /m
3

) . ( ỉ ) . (ã) 

0 Ì000.00 100.00 1QQ.QQ 

mo 1000.06 

200 1000.12 

500 Ì000.3Ỉ 

Ì 000 1000.62 99.96 99.90 

2 000 1001.25 

5 000 1003.11 

10 000 1006.23 99.62 99.01 

20 000 1012.45 
a 

50 000 1031.13 ỉ 

100 000 Ỉ062.26 96.23 90.59 

200 000 1124.53 92.45 82.21 

300 000 1186.79 88.68 74-72 g> 

400 000 1249.06 81.91 67.98 ^ ị 

500 000 1311.32 ẵl.m 6Ì.Q7 

600 000 Ĩ373.58 77.36 56.32 

700 000 1 4 3 5 . 8 5 73.58 51.25 

800 000 1498.11 69.81 46.60 

900 000 1560.38 66.04 42.32 

Ì 000 000 1622.64 62.26 38.37 >, 

2 000 000 2245.23 24.53 10.92 z 

2 650 000 2 6 5 0 . 0 0 o . o o 0 - 0 0 

-a 
u 
-à 

27.3 ìn f ìuence o f Rivers 

Rĩvers and es tua r i es d ischarg ing ôn a mud coast are c h a r a c t e r i z e ả 

hy deep (about 20 m) t i d a l es tua r ies which đischarge over shal low bars 

át t h e i r mouths where the maximum depth i s usua ỉ l y o n l y 3 to 5 ra. 

Both the bars and the estuary are impor tant f o r de te rm in ing the 

sediment t r a n s p o r t . Tì dai c u r r e n t s , f resh water r i v e r d ischaroe and 

ĩ t s seasonal v a r i a t i o n s , as wel l as densĩ ty cur ren ts are impo r tan t . 

Generalìy, sediment i s t ranspor ted from the bars i n t o the estuary 

d u r i n g the óry season as the density tongue penetra tes f u r t h e r up-

s t ream. As the r ĩ v e r f low increases á t the s t a r t o f the h igh r u n o f f 

season, these sediments are again spewed out o f the es tua ry alonq 

w i t h the sediment àischarqe o f the upper r i v e r . This can lead to very 

r ap id acc re t i on in the bar area w i t h a ì l o f i t s subsequent dredging 

and n a v i g a t i o n probìems. 



159 

(1969) soìved t h i s by assuming t hé t the ìongshore t r anspo r t in some 

element o f breaker zone wid th i s d i r e c t l y p ropo r t i ona ì to the wave 

-energy d i s s i p a t i o n - or b e t t e r , energy t r ans fo rma t ion - wi t h i ri t h á t 

wid th element. This assumption exposes another basic o b j e c t i o n to the 

CERC Formula (and a n other energy - based fo r i ! iu las , t o o ) : Onìy 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 ? percentage can r e s u l t in 1arge 

changes in Sdnd t r a n s p o r t ; t h i s ìs nót hea l thy f o r the fo rmu la . 

Another , e n t i r e ì y d i í í e r e n t approach has been developed ìn an 

e f f o r t to overcome the l i m ì t a t i o n s mentioned above. ĩ h i s approach i s 

descr ibeđ b r i e f l y in 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 á t the combìned e f f e c t of a ỉ l of the 

poss ib ìe f o rce components mentioned in sec t ion 26.1 be determined and 

t há t the longshore cu r ren t and ì í t t o r a Ì t r anspo r t be detennĩned based 

ưpon t h i s . The modern development of t h i 3 iđea i s o u t l i n e d very b r i e f ì y 

here and i s descr ibed i n d e t a i l in voiuiĩie l i . 

The i n í l uence of waves ôn the longshore cur ren t aìong a coast manìfests 

i t s e l f vía the grad ien t o f the longshore component of monientum f l u x o i the 

waves. This i s expla ined i n d e t a i l ìn volume l i . In p r i n c i p l e , t l i i s gra -

d ier ì t of the longshore cornponent of momentum f 1ux , conibined wi th other 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 f ũ rce 

ac t ĩng ôn a water mass. In a steady s ta te c o n d ĩ t i o n , these forces are 

balanced by a bed í r i c t i o n fo rce ac t i ng ôn the longshore cu r ren t as Í t 

i s d i s tu rbed by the waves. The development of t h i s equ ì ì i b r iưm i s d i scus -

sed in d e t a i l i n volume l ĩ as we11. 

This technique alJows a l ì d r i v i n g force components to be inc luded 

in the ìongshore cu r ren t d e t e r m i n a t i ô 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 15 also revea led . With the d e t a i l s of the cur ren t 

known, í t ĩs a reasonably simple matter to coiìiDine t h i s w i t h a sediment 

t r a n s p o r t formula i n o r d e r 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 . Obvious ly , 

the d i s t r i b u t i o n of t h i s t r anspo r t of sand i s dlso revealed using such a 

method. 

26.4 Sediment Transpor t /Mong the P r o f i ìe 

In a d d ĩ t i o n to the sediment t r anspo r t p a r a l l e ì to the coas t , there 

i s also movement of water and sediment perpendicuìar to the coast . This 

sand t r a n s p o r t component, o f ten ca l l eđ ôn and of fsho i 'e t r anspo r t has been 

i nd i ca ted i n the previous chapter . 

Bakker (1968) attempted to q u a n t i t y t h i s t r anspo r t by p o s t u l a t i n g 

t h á t í t i s p ropo r t i ona ì to the d i f f e r e n c e between the actua l beach slope 

ancl the e q u ì l i b r ì u m beach slope corresponding to the given wave and cu r ren t 

condi t i o n s . 

Swart ( Ì974) proved t h i s hypothesís and q u a n t i f i e d Í t f u r t h e r . This deveỉop-

ment i s the sub jec t of a chapter i n volume l i . 

This approach to the ôn and o f f s h o r e movement o f mate r i đ l i s on]y very 

crude. A major research e f f o r t i s now beìng devoted to the study of the wa-

t e r and sediment motìons w ì t h í n the breaker zone in an đttempt to determine 
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a b e t t e r í o rmu la t i on of the equat ions d G S c r i b i n g the sedìment movements i n 

the breaker zorìe. 

The general research phi losophy p a r a l l e l s t há t used s u c c e s f u l l y f o r t ỉ 

longshore t r a n s p o r t : descr ibe the cu r ren t and combine Í t w i t h an a p p r o p r i a l 

sediment t r anspo r t f o rmu la . Fur ther development of t h i s i s postponed f o r 

volume l i . 

26.5 compưtation o f Coastaì Chanqes 

The sediment t r a n s p o r t formuìas ìnd icateđ above can be used as a bas is 

from which í 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 coas ta l eros ion or acc re t i on i nvo lves only a 

h o r i z o n t a l displacement o f the e q u ì l i b r i u m p r o f i l e of the beach. (There i s 

no nét ôn or o f f sho re t r a n s p o r t } . Figure 26.1 shows the ac tua l and schematĨ2 

íĩiGaning of such an assumpt ion. In t h ì s f ì g u r e , the ac tua l and 5cheroatizeđ 

p ro f i 1es á t some t i me are i nđ i ca ted hy the s o ỉ i d l i n e s . The a c c r e t i o n a f t e r ' 

some i n t e r v a l of t i me i s showrt by the dashed l i n e s . 

When ã 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 

fo rmuIa , a second order p a r t i a ì đ i f f e r e n t i a l equatíon f o r the c o a s t ì i n e can 

be determined. Thís Gquat ion , i t s boưndary conđ i t i ons and s o l u t i o n are d i s -

cusseđ f u r t h e r i n voìume l i . 

The beach p r o f i ì e does nót aỉv/ays remain unchanged dưr ing a c c r e t i o n or 

e r o s i o n . In such a case a schemat iza t ion as shown i n f i g u r e 26.2 can be ưsed. 

Again , cíianges occur ing dur ing some t i me i n t e r v a l have been shown w i t h a 

đashed ì i n e ; eacíì sét of shaded areas ĩs equal . In the diagram, the upper 

por t i o r i oi" the beach i s a c c r e t i n g Víhile the lower p o r t i o n i s e rod ing . 

This schemat iza t ìon r e s u l t s i n two, coupled second oràer 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 izat ion l ì n e . Separate 

boundary cond i t i ons can be s p e c ĩ f i e d f o r each equa t i on . This could be 

done, f o r exampìe, i f the t r a n s p o r t along the Mgher p o r t i o n o f the 

beach ís i n t e r r u p t e d by a g r o i n . Indeed, Bakker, K l e i n B r e t e l e r , and 

Roos ( 1970) deveìoped t h i 3 method t o studỵ coasta l changes aìong j u s t 
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such g r o i n p ro tec ted shores. The coupì ing between the d i f f e r e n t i a l 

equat ions comes vía the ôn and o f f sho re seđiment t r a n s p o r t discussed 

e a r i i e r . 

26 2 TVVO LINE SCHEMATÍZATION ( no seo le í 

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 pseưdo-

e q u i l i b r i u m of the fo rces a c t i n g ôn the coasta l m a t e r i a l s . These forma-

t i o n s and the exp lanat ion f o r t h e i r shapes are given in chapters 28 and 

29. F ì r s t , we discuss the morphology o f ntud coasts in the fo" l ỉowing 

chapter . 
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27. MÚP C0A5TS E. Al lersma 

27,1 Physical ũ e s c r i p t i o n 

Mud coasts occur near the mouths of r i v e r s which discharge grea t 

q u a n t i t ì e s o f f i n e ( d a y ) sediments i n t o the sea. This supply must be 

grea te r than the capac i t y f o r the sea to disperse these màte r i a l s toward 

deeper water o f f s h o r e . 

A pure iììưd coast i s very low - seldom hìgher than a spr ing hìgh 

t i d e ì e v e ì . 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 nót 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 presen t , leacls to the fo rn ia t ion of ã broad, 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 a y e r of peat ôn the 

su r face . These coas ta l p l a i n s 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 anđ p r o t e c t i o n from f1ooding are prov ided . 

Some satiđ i s aìso 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 ì y d i f f e r e n t from t há t f o r mưd (see s e c t i o n 2 

o f t h i s chapter ) the two mater ía 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 ìn chapter 25. These berms and dunes are sometimes found 

i s o ỉ a t e d i n the coasta l p l a i n - evidence o f past coasta l development. 

21.2 Proper t ies and ĩ r a n s p o r t Process 

d a y p a r t i c ỉ e s (smal ìe r than 2 um) are gene ra l ỉ y t ranspor teđ i n sus-

pension. Waves and s t rong cur ren ts can b r i n g compacted d a y i n t o sus-

peí is ion, wh i l e onỉy a very weak cưr ren t i s necessary to main ta in t h i s 

suspensĩon. Fìoccu ìd t i on can acce le ra te the depos ì t i on process (see 

ch. ti sec t i on 7 ) . Deposi t íon o f f l o c c u ì a t e d d a y forms a very s o f t 

mater ia l commonly Cdl ìed s l i n g mud. I t s c l a s s i f í c a t i o n based upon s i n 

concen t ra t i on 13 shown in t ab le 2 7 . 1 . For convenience, some of the 

data i s p l o t t e d in r ĩ gu re 2 7 . 1 . 

As has al ready been poin ted out in chapter 22, s l i n g miid, a 

vi5cous water-c" l3y m i x t u r e , can occur i n l a rge q u a n t i t i e s alonọ the 

coast and in channeìs. Ships can, w i t h ca re , sai Ì through í t . í t may 

even clean the barnacles o f f the sh1p's bottom! I t s v i s c o s i t y damps 

v/aves r a p i d l y ; even sur íace water waves are "absorbeđ" by Í t . Given 

enough t i me, t h i s mud w i l i even tua l l y conso ì iđate i n t o ả very s o f t 

soi Ì . 

Sand, ôn the o the r hanđ, i s p r i m a r i l y t r anspo r ted as bed load 

ra ther than suspended load- This exp la ins i t s tendency to segreqate 

along a coas t . Transpor t processes f o r sandy por t i ons of mixed mud-

sand CDasts are the same as have been descr ibed in the previous two 

chapters . I f mu ch sand i s p resen t , Í t can form a near ìy cont inuous 

ìayer cover ing a d a y s u b s o i l . Sưch a fo rmat ion can be f ound , f o r 

exampỉe, i n the Gulf o f Venezuela. 
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27 Ạ Exemples 

Mud coasts can be founđ in many par ts of the w o r l d , examples 

i nc ìưde; 

à. The coast of Langueđoc, west o f the mouth of the Rhône in 

southern France. 

b. The coast of Lou is iana , west of the n iss íss ĩpp ì River Deita ôn the 

Gùi f Coast of the U.S.A. A chđr 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 Guìf o f Si am, ne tìr the mouth of the 

chao Praya River in ĩ h a i l a n d . 

d. The coast of the Gulf of Martaban wi th sedínrent suppì ied hy the 

I r rav í ídđy, S í t t a n g , and Sa1ween Riyers in Bu mía. 

e. The nor theast of South America, between the Aìouths o f the Amazon 

and Orinoco R ivers . Some aspects of the coast ót" Surìname^a p o r t i o n 

of t h i s 1600 km coas t , are so speciaì they are điscussed in the 

t o i ì o w i n g s e c t i o n . 

2 7^s_ The Coas_t of_ s ur_ì name 

The coast of Suriname i s unique in t há t an enormous sưppìy o f SP-

diment from the Amazon River i s d ĩ s t r i b u t e d by a r e ì a t i v e l y caìm sea. 

This d e s c r i p t i o n i s abs t rac ted íYoin Allersma (1968) . 
-5 

The f low in the Amazon i s i n the order of 200 ooỡ ni / s (compđred 
3 

to the Rhine - 2200 m / s ) . The sediment supply i s i n the order oi 

7 X 10 tons per year . Along the coast o f Surìnàtiie, 98". of the bottom 

mate r i a l has a diameter ìess than 50 ;;IÌÌ, wi th a mean diameter o f about 

Ì um. The t o t a ì t r anspo r t o f sediment toward the west along t h ì s coast 

i s est imated to be 100 X 10^ tons per year . The mud coast extends to a 

depth o f aboưt 20 meters and i s aboưt 30 kin wìde wi th an average slope 

o f about 1:1500. 

Tli is coast has à remarkable p a t t e r n o i wave - ì ĩ ke depth con tours . 

Huge shoals extend from the shore á t more-or - less regưlar i n t e r v a l s 

o f about 45 km - f i g u r e 27.2A. Bottom sìopes ôn these shoals range 

from 1:500 to 1:3000. The shoals move àlong the coast toward the vjest 

w i t h a speed o f about 1.5 km/year. This i s accomplished by eros ion of 

mate r i a l from the eastern side o f the shoaìs combined w i t h depos ĩ t i on 

ôn the western s i de . About 100 X LO^ m"̂  of sediment move along the 

coast in t h i s way sách year . This eros ion anđ depos i t i on ìs shown 

in f i g u r e 27.2C. The i n f ỉ u e n c e of viãves 'ôn t h i s process i s evidenced 

hy comparing f i gu res 27.2C and 27.2D. Oeposi t ion gene ra ỉ l y can be 

assoc ia ted wĩ th areas o f lower wave he igh t - i nd ìca ted by more wìdeìy 

spaced wave or thogonals (See chapter 9 ) . 
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Pigure 27 2 5CHEME OF PEATURES ABOUĨ MUD SHŨALS 
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28. COASTAL PORMATIONS L.E. van Loo 

w.w. Massie 
23. Ị ĩ n t roduc t i o r ì 

The purpose of t h ì s and the f o l l o w i n g chapter i s t o i ì l u s t r a t e the 

var ious coastaì for«ìat ions found in the worlđ and to exp la i n the reasons 

fo r t h e ì r e x i s t e n c e . tdeas deveỉoped i n prev ious chapters desc r i b i ng 

the water and sediment movements i n r i v e r s and along coasts W Ì 1 1 now be 

combined to prov ide the necessary exp ìana t ions . 

Several a d d i t i o n a l photos and đesc r i p t i ons o f coas ta l format ions 

ĩ ì ì tís t r a ted i n t h i s anđ the f o l l o w i n g chapter are i nc luded i n the Sỉìore 

Vroí:\:Hon ỈS.-.K-MỈĨ. In a d d i t i o n , Shepard and Wanless (1971) prov ide a ìarge 

c o l ì 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. 

Aìso , much can be ìearned from a ca re íu 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 to i l l u s t r a t e 

inany of the coastaì í o rma t ions . 

One a d d i t i o n a l p r ỉ n c ĩ p l e reniains to be e x p l a i n e d , however. 

Consider an i n f i n i t e 1 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 tou rs . Such a coast was sketched i n chđpters 9, f i g u r e 9 . 1 . I f waves 

đpproach t h i s CGdst át ã unì íorm angìe along ĩ t s e n t i r e ỉ e n g t h , and there 

are no other cur ren t d r i v i n g forces such as t i d e s , then there wi11 be a 

cons tan t , un i ío rm t r a n s p o r t of sand along t h i s coas t . There wi11 be no 

eros ion or depos i t i on even though a cont inuous f low o f sand passes aỉong 

the coast . Uhãt, t hen , causes eros ion or depos i t ion? This 15 caused by a 

-•h..ư^:tj. in t r a n s p o r t Or t r anspo r t capac i ty along a coas t . This change may 

r e s u l t from changing any o i the fac to rs i n f Ì u e n c i n g sand t r a n s p o r t , such as 

wave heig í i t đnd a i r e c t i o n o f approacíi - see chapter 26. 

Nà tu ra ì , cont inuous beaches w i ì l nót qet our ma i n a t t e n t i o n i n t h i s 

chap^er even though some o f the format ions to be discussed w i 1 ỉ look -

át r i r s c gUnce - Ì i ke l ong , u n i n t e r e s t í n g be,ìches. Beaches can đevelop 

even à)ong rócky coas ts , however. FifỊure 28.1 shows such a beach, nes t led 

betv/een rock outcrops ôn the eastern shore of the A d r i a t ì c Sea in southern 

Yugosí av ì a. 

ĩhl— Ỉ-ỈVS 

A s p i t i s a po in ted tongue extending i n t o the sea. í t s d i r e c t i o n 

i s usua ì l y à c o n t i n u a t i o n of the shorel. ine from which sediment i s 

sưpp i i ed . Such a s (li t i s shown in Mon re 28.2ữ, the nor th end o f Block 

Is lanđ ôn tho A t l t i n t i c Cũdst of the United Sta tes . Waves cominq 

predominant ly from the southwest cause a sỏnủ t r anspo r t toward the 

nor th along the western shore of the i s ỉ a n d . As the water becomes 

đeeper á t the nor tb end o f the i s l a n d , the waves no longer b reak , the 

sediment t r a n s p o r t decreases and the s p i t bu i lds ou t f u r t h e r . Fìaure 

28.2b shows an ob l igue a e r i a ! photograph of t h i s i s l a n d , showinq the 

spi t . 

Sanđy Hook, near the entrance to New Vork Harbor (U .S .A . ) i s 

a lso à s p i t ; they are r a t h e r common. 

Sp i t s can a lso form where à 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 coaot. This wí 11 be discussed in the f o l l o w i n g chapter . 
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Fiqure 28.2o 

SP1T ÁT N&RTH EN D 0F BLOCK ISLAND, R ;, u s A. 
{ depths in feet, 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 ì movinạ _:.lc/'.; 

the coas t , b a r r i e r s are bui Í t from mater ia i movinq ••• 

the codst - rev ieu chdpter 25. 

Bar r i e r s can form when there is s u í f ì c i e n t suppìv of beach mate r ia l 

(rom o f í s h o r e , and tho bottom bathymetry is such t há t the waves break át 

soniữ d is tance from the coast , because o i a br*cMd sha l l ou íoreshore zone. 

A b a r r ĩ e r wi n fonn ai. the outer eđge o i t h i s shđ ì low zone whcre the 

waves break; the supply of sand WĨ11 even tua U y bui Ì d UI? a berr: - i s o -

ìa ted í rom shore ~ v/h ĩ ch becomes the h a r r i e r . stoniì Wdves 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 shailovvs beíìĩnd Í t . 

Sevore stornr i can even break gaps in the barr i t ì r* . [ f tỉ ie Vctrid t ions 

i n t i đe l eve l are s u f f i c i e n t f o r the ben:: to become d r y , then the 

wĩnđ can also t ranspor t mater ia ì formĩng dunes along the barrier. 

An o x c e l l e n t exỏnọle of i\ britTÍPi- Víhich iiiis boen broken ĩs the- s ' . r inn 

o f Wadden Is lands in the nor th o f the Nether l aruls. (Mqụ re 2 8 . 3 ) . A íTiuch 

mo re OKtensive nearìy continucưs bar r io r ' 15 founđ alono the nortwest coast 

oi the G(J ì f of Mexico - f i g u r e 28.4, (\ìí)e Hattd' \TS, North Caro ì i na , ôn 

the u . s . A t l a n t i c coast i s anoti ier exampìe of a b a r r i e r . Vihen a bărriữr 

compìett ì ly enc.loses an esUiđry , J s a u or brackìso ỉake usuaì lv r e s u K s . 

Pigure 2'ổ.b sliows su ch ủ b a r r i e r dì ong the soi.itíi coast o i Vìnv,vd 

Isla.nd en the ư . s . A t ì a n t i c coa-u. 

Rgure 28 3 
PORTION OF WADDEN SEA AND ISLANDS, 
FR í ESLAND THE N ETHERL ANDS 
í scale as shown deptha in meter^ ỉ 
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r i gụ re 28 ụ 

3 A rí R = E rỉ ALONG ĨHE COAST OF TEXA5, U S A 
• 5•:-JL -? -JS 5hown ; depths :H ' c t h a r m ; 
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Piqure 28 5 
BARRiER ENCLŨSING POND ÔN MARTHA'S VINYARD IS. 
( scaLe QS shown, depths in feet } 

28.4 Toinbolo 

A obstac le before à co.ist 'iu ch as ã rock o u t c r o p p i n q , an o f f -

shore breakwater , or even a shipwreck w í ] ì reduce the Vía ve a c t i v i t y 

in the zone of wave shadov/ betvveen t h e ob jec t and the shore. Since 

the ređuced Wtive a c t i v i t y in the sbadũv/ wi ì Ì r e s u l t in a reduced 

sediment t r anspo r t capac ì t y , ma t e n ' đ i beinn carv ied ũlonọ the ' jhore 

w ì l l be .."Híp01 ì ted in che si)đilow ZQ(ie f o r ; " i f i - i đ t i i ' !bo lo . í n i t i d ỉ l v , 

onìy a shoal Ví ĩ ỉ ì ro n i . ĩ h i s can, however, deveìcu i n t o a po i n t ũĩ 

ìand connect ing the o r i n i n a ì ' ;hore ì ine *;o -.he oh^ tab le . As 3 

s p i t , the development o i a tonibolo Oeoends upon 'ì t r anspo r t of 

mater ia ì p a r a l l e l to the coa^ t . 

A small na tu ra ] tombolo has deveìopstd bẽhind ^am I s l and in 

Buzzards Bay ôn the Nort l i A t l a n t i c c o a s t ót" the 'únited s t a t e s . ĩ h ĩ s 

area ìs pro tec teđ f romwave - i t tack except fror: the soưth. ĩ h i s tomtìoio 

i s shown i i ì f i g u r e 28.6 . 

Figure 28.7a shows the s t t i r t of d tomboìo fo rmat ion behind à 

ser ies o f o f f sbo re breakwaters. These were bui Í t , in t h ĩ s case, to 

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. Pigure 28.7b shows 

an a e r i a l photo of th ĩs are , i , near Boston, ủn the Ư .s . Northeast coast 

The pa t t e rn of wave d i f f r a c t i o n is e s p e c i a l l y prominent in t h i s photo. 

R q u r e 28.6 

TOM BO LO BETWEEN RAM Ì s LAN D A N D 
MATTAPOISETT NE CK, BUZZARDS BAY, USA 
( scaLe as shown, depths in feet ) 

62 



Piqure 28.7 

WiNTHROP BEACH, MASSACHUSETTS , u S.A 
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29. DELTAS L.E. van Loo 

W-W. Massie 

29. Ị I r ì t rodưc t ion 

A d e l t a develops around a l o c a t i o n where an estuary đischarạes 

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 del tas develop near r i v e r Oìoutbs r a t h e r 

than át other 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 . Amonq these a r e , 

Tide and f resh water r u n o f f cur ren ts i n the e s t u a r y , 

Estuary sediment discharge and p r o p e r t i e s , 

Coastal waves and c u r r e n t s , 

Codstaì 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 ì o n s i n the sea and es tua ry . 

Most o f these f ac to rs 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 suppìy of r i v e r sediment and the dì s t r i -

bu t ion Cãpacity of the coasta l processes. í t seems most l o a i c a l to s t a r t 

the d iscuss ion wi th an estuary d ischarg ing sedìment and water ì ri to a 

body of s t i ỉ l Wđter; 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 ũe l tas ôn Quiet Coasts 

Consider a r i v e r d ischarg ing a constant f low Q r 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 only à r ì v e r c u r r e n t . Such a s i t u a t ĩ o n i s shown in 

f i g u r e 2 9 . l a . 

As the discharge passes the mouth, the f ỉ ow w i ì ì spread o u t , 

reducing the c u r r e n t s t reng th and hence the sediment t r anspo r t capa-

c i t ỵ . Mate r ia ] w i ì l be deposi ted in areas where the current i s 

weakest - á t the sides of the đ ischarge. Shoals , which w i 1 1 even tua l ì 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 í t s descr ibeđ in the previous chapter except t há t 

in t h i s case the supplỵ of mater ia l now comes from the r i v e r . 

Such a deveìopment i s shown ìn f i g u r e 29. I b . 

This cannot go ôn í o r e v e r , however. The consequences of such a 

f onna t ion are ã t op i c f o r r i v e r enqìneer i r iạ . The most ìmportant cor i ie-

quence f o r the d e l t a i s t há t the water l eve l át the l o c a t i o n of the 

orq ina ì mouth becomes h igher . Even tua ì ì y , t h i s w i l i cause too hiạh 

an h y d r a u l i c grad ien t laroao the s p i t and the r i v e r w i l l break throưgh, 

íorming a new mouth - see f ic |ure 29. l e . 

Th i S process , of course, repeats ĩ t se l f . Piqure 29.?. shows a 

natưraì exampỉe ót" such ã d e l t a - Che Lyéna River de Ì ta OM the nor th 

coast o f S i b e r i a , U.S.S.R. Both Érqye - Muóra - Sĩssye I s ldnd and 

Bárk in ỉ s l and are par ts o f th ĩs d e l t a . 

Fĩgure 29.3 shows a d e t a i l o f a p o r t i o n of the Miss ĩss ìpp i River 

Delta ôn the Gu]f o f Mexico cođst of the U.S.A. The p a t t e r n o f repeated 

shoal breaks i s ev iden t . Only i s o l a teđ po r t i ons of t h i s d e ỉ t a remain 

dry dur ing storm surges. 

Such d e l t đ íormat 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 ót" 

t h e i r form. Thís e s p e c i a l l y obvious in f i ( ]u re 29.4 which shows a major 

p o r t i o n Qf the M i s s i s s ì p p i Rìver Oe l t a . 

9 3 
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C0C15tLine yyỵ 

a INITIAL CONDIĨ ION 

coastLìne 

b. FIRST DEVELOPMENT 

c. CONTiNUING DEVELOPMENT 

Fiqure 29 Ị 

ÕẼVELOPMENT OF DELĨA IN ABSENCE OF WAVE 
( no scale ) 
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Ị Fiqu re 2_9J. 
MỈSSỈSSiPPỊ RiVER DELTA REGION, LOUISANA U.S.A. 
( scaí .B as áhown depths i n fathoms and feet ỉ 
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29.3 ỌeHạs w i t h M o d e r a t e D i s t r i b u t i n g ĩ n f j uences 

I f waves viere to a t tack one o f the de l tas j u s t mentioned, what wou1d 

be t h e i r e f f e c t ôn the de ì ta form? For s i m p ì i c i t y , Tét us assưme t h á t 

the đominant wave propagat ion t l i r e c t i o n i s perpendicu!ar 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 ì ì be no sand t r a n s p o r t along the o r í g i n a l 

coast . Why? - see chapter 26! 

The wave ac t i on wí 11 obv ious ly a t t ack the ends of the p r o j e c t i n g 

shoaìs shown ìn f i g u r e 29. l b . Ma te r i a l from the shoals is t ranspor ted 

toward anđ aỉong the coast . Pigure 29.5 shows the development w ĩ t h and 

wi thoưt wave a c t i o n . 

dư) 

ỳ 

cogstline yy^ 

ũ. REPEAT OF 291 b NO WAVES 

b EFFECT OF M O D E R A Ĩ E WAVE ATTACK 

Figure 29.s 

OE LIA WITH MODERATE WAVE ATTACK 
( no scale ) 
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The form o f the d e l t a can be expìained by de te rmin inq the sediment 

t r a n s p o r t át each ì o c a t i o n aìong the coas t , remembering to inc luđe r e í r a c -

t i o n i n f l uences where the waves no ìonger approach p a r a ì ì c l to the new 

coast . Pigure 29-6 shov/s an actuaì cxaiíìple of such a deì ta p o r t i o n -

the Rosetta Mouth o f the Ni ìe ôn the Hedi ter ranean Sea coast Oi Egypt. 

In t h ĩ s example, the r i v e r suppìy of seđiỉnent i s r e ì a t i v e ì y c rea te r than 

t há t shown i n f ì g u r e 29 .5 ; t h i s r esu l t s in a more po in tcd d e ì t a . ĩ h i s 

H g u r e , by the way, ĩs on ly a small p o r t i o n o f the e n t i r e do H a ; j u s t as 

wi th a b ì r d f o o t d e l t a , many discharge branches can s t i l l develop aìthough 

they tend to be more l i m i t e d i n number than when no v/aves are presen t . 

Fíqure 29.6 
PORTION 0F NìL£ DELĨA, E G V ^ Ĩ 
(scaLe as shown , depchs m faì:horns and feet ỉ 

Another , iđea l example o f ĩuch -ỉ de Ì ta í-ĩ hha t o i the :iino>- River 

in N i g e r i a . Here, waves approacn f rom the s 01J thwes ỉ: wi th crviK", !w r - ) ! l o ì 

to the coast near the mouths of the Cengana River í í" i nu re 29 .7 } . 
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EjgureJ>9/7 NIGER RIVER DELTA, NIGERIA 

The maximum sand t r a n s p o r t then oe cu r í near the ì n f ì e c t i o n poi t i ts o f 

the shore ì i ne. Mate r i a l i s supp l ied by the r i v e r throuqh the mouths 

betv/een these two p o i n t s . More i n fo rn ta t ĩon about t h i s d e l t a i s ciiven by 

F r i j l i n k (1959) . 

2^. 4 _ O e ] t a s w i t h s t rong D i s t r i bu t i n g ĩn f iuences 

As the d i s t r i b u t i n g capâc i t y of the cođsta l processes becomes r e i a -

t ĩ v e l y more impor tan t , the d e l t a prot rudes less and ìess i n t o the sea. 

Even a r i v e r hủving a very ỉ a rge sedìment 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 ty ĩs high and/or the mate r iđ ì 

i s eas ĩ hy erodeđ. 

An e x c e ỉ l e n t exampìe of suciì a d e l t a i s shown in f i qu re 29-8 -

the Amazon River in B r a z i 1 . Even thouqh the sediment supply i s enormous 

(ch.27) í t i s ìmmediately swept away to the nor thwest . In th ìs case ả 

lonqshore cur ren t of úp to 4 knots i s caused by the South Equa to r i a ỉ 

cur ren t {see ch. 3 ) . The cu r ren t approaching the d e l t a area f rom the 

southeast 15 nót f u l ì y ỉoaded w i t h sediment as evidenced by the r e l a -

t i v e ỉ y steep shore slope i n t h á t area. To the nor th o f the r i v e r moiith, 

the múc! coast hđS developed as i nd i ca ted in chapter 27. 
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l f the r i v e r sediment i s heavier (sand ins tead o f d a y ) even severe 

wave a t tack may nót 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 mate r ia l aìonn the 

coast . In sucli cases a somewhat horseshoe sbaped shoaỉ v / i ì l develop j u s t 

ou ts ide the r i v e r mouth. (Th is usưal ly happens to some ex ten t f o r every 

e s t u a r ỵ ) . An exampìe of such ã r i v e r mouth bar has aìready been shown 

in f i g u r e 1 8 . 1 , the mouth of the Columbĩa Rive r , Oreqon, U.S.A. As d i s -

cussed i n t há t chapter , bre<ikwaters are being bui 11 here to narrov/ 

the r i v e r mouth snd s t i m u l a t e na tu ra l eros ion of t h i s bar. In e f f e c t , 

such works fo rce the bar f a r t h e r o f f s h o r e . 

In t h ì s and the prev ious s e c t i o n s , . t h e sand t r a n s p o r t along the 

coast independent o f the r i v e r supply hãS been n e g ì i g i b l e . In the 

next sec t ìon we examìne the i n f luence of t h i s ỉongshore sedìment 

supp ly . 
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29.5 ĩn f ìuence o f tongsho re Transpor t 

l'íhen a s i g n i ĩ i c a n t longshore t r anspo r t i s presen t , s t i l l o t h e r 

deì ta forms can đevelop, The estuary mouth i s o f t e n s u f f i c i e n t t o block 

the ìongshore t r a n s p o r t . Coastal mater ia ì i s deposi ted ôn the u p - d r i f t 

side of the en t rance , narrowing the mouth. This enhances erosion r e s u l -

t i n g in a slow displacement of the e n t ì r e r i v e r mouth sìdeuays i n the 

d i r e c t i o n of the longshore t r a n s p o r t . Figure 29.9 shows such an es tuary 

- the Coos River (Coos Bay) , ôn 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 ìaced the estuary 

íììOLith severaì k i ìometers toward the south so t há t Í t i s now conf ined 

hy the rock outcrop {Cape Argo; Coos Head). 

What i s the source of the mate r ia ì in the North Spĩ t i n t h i s í i g u r e ? 

This has a l ỉ been suppì ied by the lonọshore t r a n s p o r t from the n o r t h . 

The r e ì 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 -

lìiaíned w i t h i n the estuary as Í t s lowìy became ìonger Oi" has been swept 

away past Cape Argo. 
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A r i v e r flo\-i ìs nót neccessarv f o r such a s p i t development. Át 

Netharts Bay, a lso ôn 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 ì d a ỉ prisni fot- t í m estuãry is 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 á t a heavy storm w i ) I c ỉose the entrance comple te ly . This area 

i s shown i n f i g u r e 29.10. 

Qne l a s t comment about these ì as t f i gu res seems đ p p r o p r ỉ a t e : both 

s p i t s are covered w i t h dunes of blowing sand. A photo made alonn t h i s 

coast was inc luded e a r l i e r - f í g u r e 25 .4 . 

Figure 29.10 

N E T H A R T S BAY, O R E G O N , u s A 
( scoie as shown, depths n ía thoms and feet ) 
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FlGƯRE 30.2 
BE ÁCH ACCREĨIOH NEAR 
BRQUW£RSDAM, NETH, 

30. 3_ỏett}es 

When a longshore t r a n s p o r t threatens t o cause a sha1ìowing o f a 

harbor en t rance , f o r exampìe, 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 ì i g h t ì y " u p - d r i f t " f rom 

the harbor ent rance. This j e t t y or breakwater should extend á t l e a s t 

throuqh the breaker zone, even dur ing s to rms, and even ăfter the coast 

has moved forwarđ from a c c r e t i o n . Mate r i a l t r anspo r ted along the coast 

w i l ì acctííìiLỉlate aga ins t the j e t t y ôn the " u p - d r i f t " s i d e , oppos i te the 

cíìanneỉ. * 

Most breíikwaters at tached to land can be considered t o be j e t t i e s . 

Theìr design i s the t op íc of voiunie H I o f these notes . 

.-ì j e U y ôn l y prevents accudìulat ion o f mate r ia ì i n a small area or 

í t i niu Ì a UỈS âccuíi ìulàt ion in another rữther r e s t r i c t e d area ; i t s i n f l u e n c e 

Ì -ỉ pure l ỵ ì oca ỉ . 

Gro ins , ôn the ũther hand, are a sérĨGS o f Siĩtal ler j e t t i e s spaced 

át. r e i c i t í v e i y shor t i n t e r v a l s alonq a coast . ĩhey tend t o S t a b i 1 i z e 

the e n t i r e coast ai ong which t h e / are bui 11 by keepìnq the coas ta l sand 

trapped betiveen aájữcent g r o i n s , As such, they can be used to defend 

an erodinq coast . 

Figùre 30.3 shows an ob l i gue 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 ôn t h i s coast are reduc inq the 

t r anspo r t ót" 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 groins are bu l í 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 to one o f the duthors of a j e t t y being b u i l t ôn the 

wron<3 -side of the channe~ị; the consequences were nót happy! 
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A spacing egual to H rew tirces the lenqth of the gro ỉns i s mo re common 

as shown in f i g u r e 30.-ì along the coast o f Scheveninqen, The Nether lands. 

Pigure 30.5 shows two of the iv.ỏny types oi-" QtOins; mo re a r e i ì l u s -

t r a t e d in the sỉxyp:-; y ; " , ú ; ĩ í :•'.•!)•:-.. Li'.-. 

Unfor tunate ly , n e i t h e r a j e t t y nor a sét o f gro ins does anyth ing 

to prevent Mía to iM a ì transpor-t; pernenđicu l . r r to the coast . Thi*; was dra -

roatically demons t rateci Kì to in 1973 when sevnro l 'levet-p nor thwes t storms 

caused a s i g n i f i c a n t coastaì eros ion near Schevenínnen, The Nether ìands. 

T h i S was an pxample of the deveìopment đep íc teđ e a r l i e r in f i o ư r e 25.5. 

Groins dài' í ve t h e i r ef íec t i veness by redut in í ] oe even h a ì t i n q the 

longshore t r a n s p o r t át the ìoca t ions đlong the beach where they are bui 11. 

Such coas t ì i nes can be ana1yzeđ most e f f e c t i v e l y usinq the tv/o- l i n e 

sand t r a n s p o r t theory o f Bđkker - chapter 26. T í m ana l ys i ' , is discussed 

i n d e t a i Ì i n volume ì ! . 
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DOUBLE P H E ROW Fl L L E D 

30 , --ì De tách'-'li Brgaj;,w3ter
c

, 

We have aiready seen how a segmerHed breakwater p a r a l l e ì to the coast 

e m be useci to í t i : ; : ; . ] . Ì te ủ Lonìboì0 devpìopment - í i g u r e 28 .7 . As expìa ined 

in Si ỉc t ion 28 .4 , sưch breakwaters ređuce the lonqshore t r anspo r t capac i t y 

i n t h e i í- sha(Jow re-',-j', ~ ì n ạ i n s c - d i i ì i e n t d e o o s i t i o n a n d the tombolo f o rma t i on . 

Q O V Ì O U 5 l y , s i n c e Su c h 3 L;reakwater i s rat í ìer impermeable, the o f f s h o r e 

t - M n s p r - r ! : of
 c

.'.:n<! í : 31 s 0 ! ' e s t i " ' c t e d . 

ĩ h i s has led in the pđst to proposaìs by some t há t cont inuous break-

watsrs be bui ì t át the Oíiter edae o f the breaker zone i n order t o 

prevent o f f s h o r c t r anspo r t of s a rì d. Un
 r
or t ; j na t e ì ỵ , proponents í a i l e d 

to r e a ì i ^ e thát. S U C Í 1 s t r u c t u r e s nlso prevent the onshore t r a n s p o r t 

o f sanđ even more e f f e c t i v e 1 y . An/ sand ì o s t in the o f f s h o r e d i r e c -

t i o n now never r e t u r n s ; the nét p f f e c t can be Viorse than doir iq 

nothíngí ỉn a đ d i t i o n , such dams can s u f f e r fi-OĩTì severe foundat ìon 

probìems j u s t as do seawal ìs . This i s descr ibed in the f o l l o w i n g 

s e c t i o n . 

&9 
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30.6 Seawa11s 

Since o f f s h o r e breakwaters are expensive ( d i f f ỉ c u l t ) to b u i ì d , 

e s p e c i a l l y near the breaker l i n e , an a i t e r n a t i v e might be to con-

s t r u c t an impenneable seawall ôn the oeach p a r a l l e l to the coast. 

The phi losophy behind such a concept i s t h á t eros ion w i n be pre -

vented by simply c u t t i n g o f f the l o c a l supply of 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 5eawaỉl tends to r e f l e c t the 

incoming waves. The increased tưrbulence 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 of a deep t rench before the seawal l . The 

presence of t h i s t rench endanạers the foundat ion so t há t a r i s k e x i s t s 

t há t the tvall wi 11 f a i l hy c o l l a p s i n g i n t o the scour t rench . ĩ h i s 

can be prevented , o f course , by maìn ta in ing a beach in f r o n t of the 

seaual ì usìng some other means. I f t h i s i s to be done, hotvever, the 

ì o g i c a ì quest ion i s , "why bui Ìd a s e a w a l l , then?" í t can be very 

e f f e c t i v e f o r keeping people from using the beach; 

30.7 Ạ Remairùng Probìem 

What are consequences f o r aả,j<iacnt sect ions o f beach caused by 

the var ious s t r u c t u r e s j u s t descr ibeđ? Consider , f o r example, a long 

s lowìy eroding c o á s t , ở p o r t i o n o f wbìeh i s pro tec ted by g ro i ns . Let 

us assume t h á t the sec t i on pro tec ted by the gro ins has become s t a b l e 

- t í iere i s no more eros ion along t há t beach seament. Nhát, noi-/, 

hâppens ôn the u p - d r i f t s ide of the firsi gro in? Since the sand t r a n s -

po r t along the unprotec ted shore i s grea te r than along the protected 

shore , a c c r e t i o n wi11 take place aga ins t the f i r s t g r o ì n . Thi s may or 

may nót have d e l e t e r i o u s consequences, bút a new problem has been 

i ntroduced. 

Whdt, ôn the Qtíier hand, happens ôn the d o w n - đ r i f t s ide of the 

1(1.1'- groin? Since the coasta l sand t r a n s p o r t capac i t y ab rup t l y i n -

creases here , a severe eros ion can be expected. This u s u a l l y does 

have deleter ĩoLis consequences. Thus, c o n s t r u c t i o n o f one o f the shore 

p r o t e c t i o n works descr ibed may solve a l oca l prob lem, bút usua l ly 

cređtes another one somewhere íìearby. 

Cons t ruc t ion o f o ther s t r u c t u r e s such as harbor breakwaters can 

invoìve the same coastaì morphologicaì probìems. 

30.8 Sánd By-Passing 

The "d isplacement of problems" descr ibed i n the prev ious sec t ion 

of ter t 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 á t our s t r u c t u r e (a hdrbor 

en t rance , for example) generâtes two complementary problerns - an acc re -

t i o n and an e r o s ì o n . In such a case, both problems can be solved by 

simpỉy moving sand from the a c c r e t i o n area t o the eros ion area. 

í f the dìs tance between the a c c r e t i o n and eros ion areas is nót 

too great an a r t i f i c i a l by- passíng ope ra t i on may be economíca]. Sand 

accumulated by a j e t t y or s i n q l e tombolo i s moved to the erodino beach 

using 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 ôn a 

suc t ion dredge may be used. Qccas iona l l y , such a s u c t i o n dredge ìs 

bui 11 ôn a Hxed p l a t f o r m ìn the a c c r e t i o n area . Mo re about such i n -

s t a l l a t i o n s i s t o l đ in the lỉhore ?ĩ»:)tữ<iLÌ<m 'ÀanuaL. 
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31* COASTAl HORPHŨLOGĨSĨS' TEN COMMANDMẸNTS w,w. Massie 

We have j u s t seen i n the previous chapter how many shore p r o t e o 

t i o n works d isp ìace probìems t o adjacent areas. Knowing t h i s , and w i t h 

tongue i n cheek, Per Bruhrĩ (1972) presented h is ve rs ion of the Ten 

Commandments as app l i ed to coasta l i i iorpholoqy. These are reproduced here 

w i t h only minor e d i t o r i a l changes in tabel 3 1 . 1 . Any resembìance t o the 

o r i g i n a ì vers ìon o f the Ten Comniandments i s i n t e n t i o n a l . 

This concìudes our d iscuss ion of coasta l morpholoọy. Coastal iìior-

phology i s a major t op i c of volume Ỉ I o f these no tes . This present volume 

corìt inues i n the next chapter w i t h an i n t r o đ u c t i o n t o the problems asso-

c i a ted w i t h o f f$ho re eng inee r i ng . 

Tai) le 3 ì . ì . THE TEN COMMENDMENTS F0R COASTAL PROTECTION 

1) Thóc/ 5 ha 11 love thy shore and beach. 

2) Thou s h a l t p r o t e c t í t ga ins t the e v i ỉ s o f e r o s i o n . 

3) Thou s h a l t p r o t e c t Í 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 há t nature turns i t s f u i Ì f o r t e g a i n s t ye . 

5) Thou s h a l t pỉan c a r e f u ì l y in 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 i ne neighbour. 

6) ĩhou sha ì t ìove thy ne ighbour 's beach as thou l o v e s t th ine 

own beach. 

7} Thou s h a l t nót s tea l thy neighb0Lir 's p r o p e r t y , n e i t h e r 

s h a l t thoi! cause damage to his proper ty hy t h i ne own 

p r o t e c t i o n . 

8) 7hou sha l t do thy p lann ing in cooperat ion wi th thy ne ioh-

bour arìd he s h a l t do í t in cooperat ion w i t h his neighbour 

and thus f o r t h and thus f o r t h . So be í t . 

9) Thót! s h a l t main ta in what tíiou ha
1-

, bu ỉ 11 úp. 

10} Thót! s h a l t show fo rg iveness f o r the sins of the past and 

cover thèm wi th sand. So heìp thee God. 
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32. OFFSHOR£ ENGINEERING C.J.P. van Boven 

w.w. riâssie 

32.1 Disc ip ì j nes Invo lved 

Offshore engineer ing r e f e r s to the engìneenng work re la ted 

to a ỉ l sor ts o f s t r u c t u r e s l oca 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 ìncìudes work done by many other 

branches of engĩneer ing as w e l ỉ as c ì V ì ì eng ineer íng. Uíh ì ì e the 

major emphasis w i t h i n t h i s chapter WÍ11 be ôn ci v i Ì engineer inn 

aspects o f o f f s h o r e work , the t ĩ e s to o ther spec ia l i zed eng ineer inq 

f ì e l đ s wiĩĩ a lso át l eas t be i n d i c g t e d . 

Sirtce many o f f s h o r e s t r u c t u r e s are used hy the petroìeum i ndus -

t r y , a s t rong r e l a t i o n s h i p to mining and mechanicaì engineer ing 

i s obv ious. In g e n e r a l , the minìng engineers determine what opera-

t i o n s rteed to be c a r r i e d out and where t h i s must be dcme. 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 anđ t r a n s l a t e t h i ? i n t o a necessary vmrk area 

and loadìng cond i t ì on ôn 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 ruc tu res whether 

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 to 

the cons t rưc t ĩon s i t e . A l s o , they prov ide va luab le i n fo rmat io r i about 

c h a r a c t e r i s t i c s o f ships which wi11 be used i n con junc t ion wi th f i x e d 

s t r u c t u r e s . 

Oceanographers prov ide i n f o rma t i on ôn waves, sea c u r r e n t s , chemi-

caì and b i o l o g i c a t cond i t ì ons - r e l a t e d to mater ìa l proper t i es and 

marine f o u ] i n g - as w e l ỉ as sea bóttom cond i t i ons so important t o the 

adequate foundat ion or anchoririQ o f a s t r u c t u r e . Inđeed, many d i s -

c i p l i n e s are drawn toge ther w i t h c i v ì l eng ineer ing to execute o f f -

shore engi neer i ng works. The s p e c i f i c a t i o n of the var ious c i v i l 

engineer ing s p e c i a l t i e s which are i nvo l ved ìn o f f s h o r e engineer ìng 

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 , we discuss 

some o i the var ious types arỉd uses of o f f s h o r e s t r u c t u r e s . 

32.2 Types Qf Offshore St ruc tu rẹs 

Offshore s t r u c t u r e s can be groupeđ by form roughly i n t o three 

ca tego r i es : f i x e d , anchored, anđ f ree ĩ l o a c t ĩ n q c o n s t r u c t i o n s . 

Fi xed St 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 đ t f o r m must be s t a b l e - radar i s l a n d s , f o r exampìe. These 

f i x e d s t r u c t u r e s can again be subclĩvided i n t o three groups: q r a v i t y , 

j d c k e t , and j ack -up s t r u c t u r e s . 

Grav i t y s t r u c t u r e s are the heav ies t o f the o f f s h o r e s t ruc tu res 

and der i ve t h e i r s t a b i l i t y aga in t 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.) Offshore g r a v i t y s t r u c t u r e s are commonly 

bui í t from concrete á 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 the the des i red s i t e where thay are sunk and placed ôn the 

bottooi . Pigure 32-1 shows a sketch o f the ANOOC (Anolo Dutch Offshore 

Concrete) p1at form being bui 11 near Rotterdam in 1975-76. The base 
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Jacket s t r u c t u r e s are a space fraffle const ruc ted tròm hoi Ìov/ 

t u b u l a r e lements. In orđer to apprecìa te the scale o f such s t r u c t u r e s 

we must rea1ize t há t these tubes f o r a j a c k e t i n the nor thern North 

Sea can be úp to l o meters in diameter w i t h waì ì thicknesses o f úp 

to 100 min - Such a s t r u c t u r e to be placed in the Thi s Ì e ô n Fie ld 

i n a water depth of about 160 ni v/iU have à dead weíght 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 mi 11 ĩ ôn gu i lđers . The l a r ges t of the models 

i n f ì gù re 32.2 shows such ã s t r u c t u r e . These are bui 11 ôn land and 

are e i t h e r moved to place by sh ip or are í l o a t e d and towed to 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 ì e f oun -

dat ions f o r t h e i r s t a b i l i t y . 

F"[gure 32. 2 

MODELS 0FJACKET CQMSTRUCTiONS 

s$ The t h i r d type o f f i x e d s t r u c t u r e , the j ack -up p l a t f o r m , con-

s i s t s oi" a t l o a t i n g pontoon w li Ích ra ises i t s o ì í above the sea sur-

face by j a ck i n r j i t 3 e ì f alonq leas whích ăre !owered to the sea bottom 

ăiter the s t r u c t u r e has been Moated i n t o p o s i t t o n . Since j ack -up 

p1dt fornr j can be r e i a t i v e ì y e a s ỉ l y mo vét! from place to place 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 ised legs 

have an adverse e f f e c t ôn the s t a b i l i t y (sea-wor th iness) d u r i n g t r a n s p o r t 

so t há t ì í m i t a t i o n s ôn s ize tìnd leg length r e s t r i c t t h e i r no mía Ì use 

to shallov/ v/ater l oca t i ons (úp to 40 m) and to l i g h t loads (a few 

hundred t o n s ) . Tỉtey der ive t h e i r s U b i l i t y in use from t h e i r weiaht ; 

the bear ing capac i ty of the sea bot.tom i s obv ious ly ìmpor tan t fo r 

t h e i r optimum use. pịgure 32.3 shows a j ack -up p l a t í o r m í l o a t i n g 

w i t h í t s ìegs r a i s e d . 

Such l a 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 ì t to v i s u a l i z e . 

í 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 há t t h i s s t r u c t u r e i s 

cheaper thdn beefs teak. 
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JACK-UP PLATPORM 

^ C Ì O '
1

^ : :e~emí ưoon bouyant forces a c t i n g aqa ins t 

ĩ.)í"í; ' J ' - : Ỉ -í'"" -inonũí- rũí-ce t.j ;} f : jv ide the ì r s tab i Ì ì ty and main ta in 

ir.à':,<y
:

>^:-:.rt
 ;

:;ì-ỉ ĩ •19 ^ - . 0 . "3 e ve ra Ì subtypes are a v a i l a b l e : 

lO:
1

;;-
r

;!.i;;ir>'?:*'ỉ, ib ì -ì'-;, -Ì --ti ;;u ì 3*ed p la t fo rms and buoys. 

.•nì ìí-ọ 3;. ' : - .1 r- .•< í ; : v , . Plgưre 32 .4 shows one o f the 

ì--ìf Ì'.'-: •:; •; .v.'í-'-. Ví-? ' ío r th Sea assemblìng a j a c k e t 

; - . í - í "'-ỉ * •-• J ' ."1 . ,V, :• /í.-;:' . rì: is p r i mari l y the respons ib i ì í t y 

'-->- •": • • -/-•--.;,, . . , te \ fìee-~s becone i nvo lved wi th the 

•me.-.-'- '• ; , ; • • ' ! - ' ' / . 

t ơ i -
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Semi-subniersiMes are H o a t i n g workinq p)atforms c o n s i s t i n ọ 

o f ã deck supported above the waves by a group o f submerged f 1 o a t a t i o n 

cỉiarnbers, as shown in f igure 32.5 . Tii is p a r t i c u l a r general form 15 

chosen i n order to reduce the íiydrodynamic Forces and motions i n waves. 

ỉn an attempt to ì i mi t the v e r t i c a i motions of a semi-submers ib le , Í t 

has been suggested t há t they be connected to heavy anchored w i t h 

M g h ì y tensioned v e r t i c a l cab ies . Such a t ens ion l eg p la t ío rm has 

ì i t t l e v e r t i c a l mot ion , bút i t s i n ve r t ed pendulum sidewìse motion can 

be most unpìeasant . This spec ia l type o f anchored f l o a t i n o s t r u c t u r e 

i s nót prov ing to be very popu lar . 

* Improvements i n bor ing equipment technolqy 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 ìess necessary, t eo . 
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A r t i c u ì a t e d p]a t fo rms cons is t o f a s i n g l e v e r t i c a l bouyant 
c y ì i n d e r extend ing over the e n t ì r e water đepth hinged t o a heavy an-
chor á t i t s lower end. They are a reasonably new development some-
times used fo r o f f s h o r e moorings, 

Buoys hdve been used f o r a long t ime f o r nav i qa t i ona l aiđs and 

f o r moorings. More r e c e n t l y , however, o i ! storage has bẹen proposed 

i n l a r g e , mostly submerged f l o a t i n g buoys. Fiqure 3 2 . 6 shows a 

concept sketch f o r one having a capac i ty o f about 150 000 m . 

Fiqure 32.6 

SKETCH OF PLOATING OÍL SĨORAGE BUOỴ 

SPAR TYPE STORAGE TERMlNAt 

Free P l o a t i n g s t r u c t u r e s 

Nei ther ships nor semi-submerisbles need to be anchored 

i n p o s i t i o n . Specia l propu ls ion systems have been deveìoped which 

a1"]ow such a í 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 iũrces j u s t s u f f i c i e n t to coưnteract q u a s i - s t a t i c f o rce com-

ponents r e s u ì t i n g from cur ren ts Oi- wind. Such systems, ca l l eđ 

dynamic p o s i t i o n i n g , are most adapted f o r use in very deep water 

where anchor inq would be p r o h i b i t i v e l y expensìve. A dynamícaUy 

pos i t i oned ship íias been used to Cãrry out ạeo loạ ica l bor inạs i n 

some of the deeper por t i ons o f the P a c i f ĩ c Ocean - depths over 

5000 meters, see chapter 3. 

32.3 Uses of Qí/shore s t r u c t u r e s 

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 wi11 be h i ọ h l i g h t e d here along wì th 

the associđted spec ía l structure c b 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 Aiđs 

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 s h o r e s t r u c -

t u r e s . For econổmic reasons and increased d e p e n d a b i Ì i t y , many o f f s h o r e 

l i g h t vesseỉs are being replaced by f i x e d o f f s h o r e s t r u c t u r e s . 

Figure 32.7 shows the c o n s t r u c t i o n o f the õacket s t r u c t u r e which r e -

places the l i g h t sh ip Goeree in the Dutch p o r t i o n o f the North Sea. 
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As approach channeìs to harbors have become l o n g e r (chapter 15) 

and s h i p s have become l a r g e r , Í t hđS become n e c e s s a r y to pìace more 

sop í i i s t ĩ ca ted nav iga t íona ì aids such as high r eso lư t i on radar o f f -

shore. A spec ia l requi rement o f sucíì a radar p1atfoní ỉ i s thát Í t have 

à high t o rs iona ì s t ì f f n e s s so t há t the re ference d i r e c t i o n of the 

radãt- remaĩns cons tan t . 

Moori ngs 

Offshore moorings have been developed f o r use i n areas where Í t 

i s uneconomi cai te develop convent ìondl ỉ iarbors o f s u f f i c i e n t depth 

f o r the ì a rge r sh ips . For the oi ì i n d u s t r y , su ch ttìoorings provide f o r 

both ship dnchor ing and connectìon to a p ỉ p e l i n o . Fixed s t ruc tu res are 

•noi genera l l y used - they s u f f e r too mucli ddmage from a c o l l i s ì o n w i t h 

the ship and o f t en do nót i s t the sỉùp svíinq i n to the on-coíỉiínạ waves. 

Buoys anđ a r t i cuìd ted p ì át forỉí 'S are most su i t ed to t í m Wũrk. Ships 

can even be moored to some ]ar(je oi Ì Sto ra ne buoys. Moorinqs are 

discussed i n more đ e t a i l in volumes l i and l y , 

Oi I Expìora t ion 

I n i t i a ì o i ! e x p ỉ o r a t i o n v/orks c a r r i e d out from the se à surface 

usua l l y use sh ips . Later e x p l o r a t o r ỵ bor ings are c a r r i e đ out from an-

cnored or dynamicaììy pos i t ĩon t ỉd ships ÓT semi-subí i iers ibìes. Jack-up 

p la t fo rms can be useđ i n r e l a t i v e l y shaì low areas. The choice among 

types depends l a r g e l y upon v/ater dep th . Since e x p l o r a t o r y b o n nai 

usua l l y đo nót take toe lonq á t one s i t e (a few months, perhaps) 

p o r t a b i ì i t y i s impor tan t f o r t h i s type of equipment, 

Oi ì Product ìon 

Once the ex ten t o f an o i ! or gas f ĩ e ì d fias been d e í ĩ n e d , produc-

t í o n p la t fo rms can be designed and ì n s t a ì ì e d . In c o n t r a s t to exp lo ra -

tion ọlđtĩorms, t h e s e have a much longer usefu l l i f e á t li s ina le s i t e 

(a few d e c a d e s , hopefu l l y ) . Fixeđ j a c k e t or g r a v i t y plat forn !S are 

then u s u a l l y the most e c o n o m i c a l . 
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An idoa o f the produc t ion capac i ty o f a produc t ỉon p l a t f o r m can 

be ot i ta ined hy n o t i n g t há t the s tee l j a c k e t c o n s t r u c t i o n descr ibed 

in the prev ious sec t i on i s intended f o r a produc t ion o f 300 000 b a r r e l s 

ư f o i l per day from 60 w e l l s . 

Oi Ì storage 

One of the s intp lest íorms o i oi Ì storage uses a shìp more or less 

permantly moored á t the oi ỉ f i e l c ỉ . Grav i t y s t ruc tư res and an occasional 

s tee l s t r u c t u r e are also used. The ĩ n c l us i on o f o i ] storđge i n a moorínọ 

buoy i s s t i l ] uncomraon as o f l a t e 1975. Grav i t y DÍ! production s t r u c -

tures usLial ly ìnc lude a storage resevo i r as pa r t o f t h e i r base. This i s 

t rúc f o r the ANOOC s t r u c t u r e shown i n í i ạ u r e 3 2 . 1 . Figure 32 .8 , ôn the 

other hand, SÌ10VÍS 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 8 
EKOPiSK OIL SĨORAGE TANK 

P i p e l i nes 

Whiìe í t may seei!! át f i r s t Ị^lance t há t p i p e l i n e s are ra the r unimpor-

tanc , t hen- dependable í unc t i on i f 0 f t en c n t i c a ỉ . Submarine p i p e l i n e s 

are iSe'.: no" on iy Hì the o i ] ' n d ỉ i í t r y , tbey aìso serve as sewer o u t í a l ì s , 

f o r íxai:;p]e. Once c f the ;najor pcobìetns wí th p i p e l i n e s i s keeping thèm 

ôn r,.nc sea bót tom. ĩ de a Ì l y , they are buriecí deep enough over t h e ì r en-

t i r t í le-ìqtn to h o l j thèm in posi :.ion and p r o t e c t thèm from sh ip anchors. 

Urùor t u í iA te l y , the seíi boUcn: i s nót smooth; Idrge areas are covered 

w ĩ th i r r e g t t ì a r huiiỉps o f sand s i n ù l a r to sand dunes , c a l ì e d megar ipp les. 

Experts í mo [-pho !ogi sts • áre about equaì ly d iv íded over ivhether these 

r ipp ì t í^ ỉ re : - ; t L ib lẽ. Tiicre is 3 oood chance t há t under such cond i t i ons 

ã p i p e ì i n e w i l i be bur ied in the cres ts o f the megaripples and be han-

Qing f ree between thèm. Hydrodynamic íorces ac t i ng ôn the exposed p i p e -

1ine 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 metaì f a -

t igue aiid t a i l u r e can r e s u l t . This is discussed f u r t h e r i n voìume IV . 

L i v i n q evidence of the f a c t t há t probìems s t i ì 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 Ì p i p e l i n e in the Horth Sea unexpectedly 

f ì oated to the sur face ì a te in 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 t o i n -

s t a l l and se rv i ce o f f s h o r e í a c i l i t i e s . Figure 3 2 . 4 , f o r example, 

shows a very l a rge crane i n o p e r a t i o n . Jack-ưp cranes are sometimes 

used to good advantage i n very sha11ow water f o r cons t ruc t i on o f 

breakv/aters, f o r example. These cranes can be í l o a t e đ i n t o place i n 

caìm weather anđ can eìevate themselves above break ing waves. 

Ships and semi-submersib les are usua l l y used f o r l ay ing p i p e -

ì i n e s . Because they must e x e r t a s t rong t ens ion ôn the p i p e l i n e d u -

r i n g the p ipe ìay ing ope ra t i on ( t o prevent buck l i nq ) these un i t s must 

be anchored. 

32 . 4 c ị vi Ị Engineer ing Aspec ts 

C i v i l engineer ing aspects o f o f f s h o r e ennineer inq can be subd i v ideđ 

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 

engineer ing f i e l đ . 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 wi ì ì be used. 

Envi ronmental Loads 

The de te rmina t ion o f environmental loads ôn 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 -

mentaì c o n d i t i o n s , and the t r a n s l a t i o n o f these cond i t ìons i n t o l oads . 

Environmentaì cond ì t i ons r e s u l t from n a t u r e . These inc lude w i n d , 

waves, c u r r e n t s , ice f o r m a t i o n , and ear thquakes. A major problem i s 

the de te rm ina t ion o f the p r o b a b i l i t y w i t h which a gíven envi ronmental 

cond i t i on - or combinat ion o f conđ i t i ons - w i l l be exceeded w i t h i n the 

Ì i fe t ì me o f the s t r u c t ư r e . A b í t o f the technique o f t h i s has been 

i nd i ca teđ e a r l i e r i n chapter l i . 

L u c k i l y , nót a i ì o f the environmental cond i t i ons l i s t e d above are 

u n i v e r s ^ ị l y found. I c e , e i t h e r d r i f t i n g ôn the water sur face or f r e e z i n g 

ôn the s u p e r s t r u c t u r e , i s onìy a problem in co lde r c l i m a t e s . The load 

r e s u l t i n g fronì i ce f rozen ôn the supe rs t r uc tu re i s nót u s u a l ì y impor-

t a n t f o r the desígr? of the s t r u c t u r e as a whole; Í t can be very impor-

tan t f o r i n d i v i d u a l par t s 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 located i n the P a c i f i c 

Ocean basir i and i n the eastern par ts o f the Mediterranean Sea. 

The second pa r t of t h i s problem i s equa l ì y complex. Because 

the environmental loads ôn a s t r u c t u r e are n ó t , i n g e n e r a l , d i r e c t -

ì y p r o p o r t i o n a l to the environmentaỉ cond i t i ons (such as wave heìqht 

or cu r ren t v e l o c i t y ) which cause thèm, the t r ans fo rma t i on o f condi -

t i o n s i n t o ìoads i s nót s imp ỉe . The common technique o f mui t i p ly ing 

a cond i t i ons spectrum by a response f u n c t i o n to determine a load ing 

spectrum i s n ó t , i n gene ra ì , adequate. ĩ h i s problem i s t r e a t e d in 

depth i n volume ì ự. The spec ia l t o p i c o f impact fo rces 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 Í I I . 

The đe te rm ina t i on o f the environmentaì cond i t i ons i s a t ask of 

coastaì engineers and oceanographers. The t r a n s f o r m a t i o n o f cond i t i ons 

i n t o loads ì s a cưr ren t research t o p i c f o r coasta l engineers as well 

as f Ì ui 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 ì o f environmentaì loads should nót 

be underest imated. They fo rm, by f a r , the most c r i t i c a l l o a d i n g s , and 

have even led to í a i l u r e o f o í í sho re s t r u c t u r e s . F igure 32.9 shows a 

j a c k e t type produc t ion p ì a t f o r m đur ing a storm. 

s . r úc tu r . ĩ l Oesĩgn 

ũnce the environmental ìoads have been es t ima ted , the d e t a i l e d 

s í r u c t u r ỏ l design i n s tee l or concrete can be s t a r t e d . Obv ious ly , 

since the environmental loads are đepenđent upon the s ize and l o c a -

t i n n of cons tr !

JC';ion elements , loađ dete rmina t ion and s t r u c t u r a l de-

si í in are c lose l v r e ì a t e d , in p r a c t i c e . 

SpGGial s t r u c t u r a i probìems are encountered w i t h o f f s h o r e s t r u c -

M . r í s , hũwe/e.'\ . - i r s í , đ i aìready i nd i ca ted i n chapter 3, mate r i a l 

p rope r t i es can 30 iúTecTied hy the sea water envi ronment. Corros ion 

of s tee l i ô n .ý one of the rnore obvious problems. However, co r ros ion 

coiìíuined wUh la rge dynamìc envìronmental loads requ i res the m o d i f i c a -

t i o n of t rách t í ona ì f a t i gue s t ress r e l a t ì o n s h i p s f o r use o f f s h o r e . 

ĩhr
1 un-/:, ị ì ì -;5ze o f ek-ments and the complex i ty o f connect ions 

iedds to conipỉex s t ress concen t ra t ion problems. Research ôn t h í s t o -

pic hy s t r u c t u r a ì engineers 1 5 badly needed. A chapter i n volume IV 

h i g h ì i g h t s the probìems in more d e t a i l . 

Foundations 

The íoundat ion design i s dlso r e ỉ a t e d to the s t r u c t u r a ì des ign . 

One o f the f i r s t probìems of foundat ion design i s the de te rm ina t i on 

of bottom mdte r ia l p r o p e r t i e s i n si t u . Recent t echn i ca l đevelopments 

prov iđe apparen t l y good data noi-/, however, Even so , foundat ions f o r 

f i x e d of f r .hore s t r u c t u r e s must sus ta in very l a rge s t a t i c and dyna-

mic loads Víhen conipaređ to ì antl-based foundat ions . Uhen the s t r u c -

Figure 32.9 

PRODUCTION PLAĨPORM DURING Ã STORM 
FORTIES OILFIELữ, NORTH SEA WIND FORCE 12 

/ 0 5 
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tu re i s i n sha l low wa te r , waves can cause a d d i t i o n a l shor 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 Nhích comp l i -

cate the foundat ion đesịgn 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 

5pec ia ì i2ed f ace t o f o f f sho re foưndat ion eng inee r ĩng . Far econamic 

reasons, í t i s des i rab le to ob ta in a maximum anchor fo rce with 

a minimum anchor weigh t . 

Erosion near f oo t i ngs of s t rưc tu res and near p ipe l i nes can 

C0fỉìplicate íoundat ion des ign . The founda t ion engineer and the 

coasta l eng ineer ing morpholog is ts should a t tack t h i s problem 

coope ra t í ve l y . 

Corrosion and Poưl ing 

Corros ion has al ready been i n d i c a t e d w i t h regard to í a t i oue i n 

s t r u c t u r a l des ign . Mate r i a ì s engineers a r e , o f course, also concer-

ned wi th the problem as they seek to improve mate r ia l s used in o f f -

shore s t r u c t u r e s . 

Poul ing by the accumulat iôn o f marine growth ôn an o f f sho re 

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 ìayer 

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 element , Í t increases 

the environmentaì l oad . A l aye r o f marine qrowth over 20 em th ick 

has been found ôn a 100 em diameter element of an o f f sho re p la t f o rm 

a f t e r l o y e a r s . This l aye r has increased the e f f e c t i v e diameter of 

the eìement hy 40%; Such marine growths develop r e l a t i v e l y rap id ì y 

ôn 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 . Of f sho re , 

the marine l i f e has less h inder from p o l l u t i o n and less compet ì t ion 

f o r the a v a i l a b l e food resources o f the ocean. 

Obv ious ly , accumulat ions of marine growth ôn s t r u c t u r e s also 

hinder p e r i o d i c i nspec t ions which are o f t e n requ i red hy insurance 

underwri t e r s . 

P o l l u t i o n Contro l 

8oth domestic and i n d u s t r i a l wastes are produced ôn o f f s h o r e 

s t r u c t u r e s . San i ta ry engineers are beqìnning to a t tack the problem 

of disposal 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 ì e s o f e n v i r o n -

menta l ìy đamaging wastes. 

Const ruc t ion 

Const ruc t ion aspects o f the t a b r i c a t i o n of an o f f s h o r e s t r u c t u r e 

ôn land or i n a drydock are nót 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 ôn a s i t e á 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 m n s p o r t of a ìa rge s t r u c t u r e 

to i t s opera t ìng s i t e . The f l o a t i n g s t a b i l i t y anđ towing probìems 

are handled i n coopera t 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 t o í t s l o c a t i o n can present a c h a l l e n g i n g manaqement 

problem. The p rec i se đe te rm ina 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 ì i n e s , e t c . -

provides an i n t G r e s t i n g geodesy probìem. 
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Once the s i t e has been reached other equipment must be mo-

b i l i z e d to complete the cons t ruc t i on á t the s i t e . The l ì f t i n g 

capacĩ ty o f seawortt iy n o a t i n g cranes can be an ìmpor tant l i m i -

t a t i o n even though t h i s capac i ty seems high - a few thousand t ons . 

p i l e s must be d r ĩ ven á t sea i n order t o 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 needeđ f o r a Y/hole v a r i è t y o f 

underwater o p e r a t i o n s . 

Since opera t ions c a r r i e d out át sea are so expensive compared 

t o s i m i l a r opera t ions elsewhere, care fu ì s e l e c t ì o n o f c o n s t r u c t i o n 

techniques and management o f equipment can be economĩcal ly rewar-

d i n g . Cons t 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 voìume IV. 

32.5 o ther Problems 

Several r a t h e r strange seeming problems a r i s e which have 

spec ia l s i g n í f i c a n c e f o r o f f s h o r e s t r u c t u r e s . The i s o l a t i o n o f 

personnel ôn board the s t r u c t u r e s can leađ to s o c i o l o g i c a ì problems 

nót u n l i k e those exper ienced ôn sh ips . 

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 , lega l quest ions concerning taxes 

and customs can be expected. The t h r e a t o f armed take-over of an 

o f f s h o r e s t r u c t u r e hy p i r a t e s poses lega l as we l ì as s t r a t e a i c 

defense ques t ions . 
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SYMBŨLS AND NŨTATION w.w. Massie 

The symbols used i n t h i s sét notes are l i s t e d i n the t a b l e . 

ỉ n t e r n a t i o n a ì standards o f no ta t i on have been useđ where a v a ì 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 

woulđ r e s u ì t . Ce r ta in symbols have more than one meanino, however 

t h i s i s on ly a l lowed when the contex t o f a symboTs use i s s u f f i -

c i e n t to đef ine i t s meaning e x p ì i c i t l y . For example,T i s used t o 

denote both wave per iod and temperature. 

runc t ions are denoted us ing the 8 r i t i s h and American n o t a t i o n . 

The major discrepancy w i t h Eưropean 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 i nverse 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 sine i s 

y i s denoted hy: 

s i n * y i ns tead o f arc s i n y . 

Possibìe confus ion i s avoided in these notes by đenot 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 í u n c t i o n , csc , ữr by - - ị ^ . 

ĩ h i s same r u l e app l ies t o the o ther t r iQonomet r i c and hyperboì ic 

func t ions as w e l ì . 

In the tab ìe 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 ì standarđ. The meaning o f symbols used f o r dimensions 

and u n i t s are also l i s t e d toward the end o f the t a b l e . 

Roman L e t t e r s 

Syni- Deí in i t i ôn Equa- dimensions Uni ts 

bói t i ô n 

A AREA 20.01 L
2 m

2 

2 2 
A £ o f harbor entrance 23.05 L ra 
Au o f harbor sur íace 23.10 L

2 m
2 

-2 2 

a a c c e l e r a t i o n Lĩ m/s 
( r a c C o r i o ì i s a c c e l e r a t i o n 3.01 LT~^ m/s 

a• 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 22.06 L m 

i n ocean 

b d is tance between wave 9.01 L m 

or thogonals 

c Chézy P r i c t i o n C o e f f i c i e n t 20.02 mVs 

c wave speed 5.05 Lĩ " "
1 m/s 

Cg wave group v e l o c i t y 5.06 L ĩ
- 1 m/s 

c . voìume concen t ra t i on 16.02 

D depth o f f r i c t i o n a l i n f l u e n c e 3.08 L m 

apparent d i f f u s i o n c o e f f i c i e n t 23.03 L ĩ "
1 m/s 

DQ d i f f u s i o n c o e f f i c i e n t á t x=0 22.06 L ĩ
- 1 m/s 

d storm d u r a t i o n 12.03 T h r 
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Sym-

bói 

D e f i n i t i o n Equa- dímensions Uni t s 

t i ôn 

expected chance 11.04 

estuary number 22.02 

Wave Ẹnergy per u n i t sur face 5.09 

area 

Wave energy per u n i t wid th 5.08 

BASE 0F NATURAL LOGARITHMS 

Kĩ -2 

MLT -2 

N/m 

F Frouđe Number 

f e t c h ìength 

f ( ) f u n c t i o n o f ( ) 

f hyd rau l i cs ìoss c o e f f i c i e n t 

G c o e f f i c i e n t 

Q ACCELERATI0N 0F GRAVtTY 

22.20 

12.04 

16.01 

23.05 L Í T -
1 

Lĩ -2 

n r / t i d e 

pe r iod 

rms 

wave he igh t 5.01 L 

wave he igh t n e g l e c t i n g r e - t a b l e L 

í r a c t i o n , d i f f r a c t i o n 9 .1 

roo t mean square wave he igh t 10.01 L 

average wave he igh t 10.04 L 

water depth 5.Oi L 

average water depth 20.03 L 

s u b s c r i p t index 

K c o e f f í c i e n t 3.18 

K r e f r a c t i o n c o e f f i c i e n t 9.03 

r e f r a c t i o n c o e f f ì c i e n t át 26.02 

breaker l i n e 

shoa l ing c o e f f i c i e n t 7.06 

wave number 5.01 

Y b r 

var ĩes 

- Ì 

var ies 

1/m 

L harbor length ' L 

L w length o f i n t r u s i o n wedge 22.18 L 

ỉ l i f e o f s t r u c t u r e 11.16 T 

m 

m 

y r 

number G Í storms per year 11.06 

mix ing parameter 22.01 

beach slope 8.01 

N' 

number o f terms i n ser ies 

number o f waves i n record 

number o f terms i n ser ies 
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Sym • D e f i n i t i o n Equa- dimensions U n i t s 

bói t i o n 

ri normaì d i r e c t ĩ o n n o t a t i o n 3.02 L m 

r a t i o o f group v e l o c i t y to 5.07 

wave v e l o c i t y 

D / \ p r o b a b i l i t y o f ( ) 10.02 

p volume o f t i d a ỉ pr ism 20.01 ĩ
3 

n
3 

p pressure 5.11 M L
_ 1

T "
2 

N/m
2 

p absolute pressure 3.18 M I "
1

! "
2 

l i / MI 

p* vacuum head 16.01 L m 

p wave break ing parameter ch .8 .3 

Q volmne f ìow r a t e L . V
1 

m
3

/s 

% volume f low r a t e i n s a u tongue 22.21 ffl
3

/s 

q volume f1ow r a t e per u n i t 
9 1 

L ĩ m / s m 

wid th 

r râdius o f curvâ tu rs 'ị n i 0 • u ủ L m 

s s aì ĩ n ĩ t y 3.18 
ũ , 
u

/ 0 0 
s a l i n i t y át moment o f s lack 22.03 - 0 

/oo 
W3ter 

3 - ì 
L ĩ

 1 
s sand t r a n s p o r t 26.04 

3 - ì 
L ĩ

 1 3, 
m / y r 

S' t o t a l sand i n motion 26.06 L ĩ
 1 3, 

ra / y r 

sedimentat ion 23.20 , 3 r l m^/ t idp 
IU / UI úc 

ĩ wave PERỈOD 5.01 ĩ s 

T 
e 

equ i va len t wave per iod 10.10 ĩ s 

T

ĩ T s 

T average wave pe r iod T s 

T' t i d e pe r iod 20.04 T hr 

T TEMPERATURE degrees °c 

t ĨIME T s;hr 

u wave power per u n i t c res t 5 . 1 0 MI T •> N/s 

ỉ eng th 

L ĩ -
1 

u

w wind speeđ 12.01 L ĩ -
1 m/s 

u component v e l o c i t y i n X d i r e c - 5.01 L ĩ -
1 m/s 

t i o n 

V t o t a l v e l o c i t y L I -
1 iTỉ/s 

v

s suc t i on pipe v e l o c i t y 16.01 L I -
1 m/s 

V component v e l o c i t y i n y d i r e c - L ĩ -
1 m/s 

t i o n 

M -
L

L
3 

V speci f i c volunte 3 . l a M -
L

L
3 3/ 

cm7g 

V c o e f f i c i e n t 3.18 M cm
3

/g 

\ voỉume o f voids 23.23 L 
™

3 
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Sym- D e f i n i t i o n Equa- dimensions Units-

boì t i o n 

VI component v e l o c i t y i n z d i r e c - L ĩ
 1 m/s 

t i o n 

X COORDINAĨE DIRECTĨOPĨ L IU 

X COORDINATE DĨRECTION L m 

y COORDĨNATE DIRECTION Ị m 

y COORDINATE DIRECTION L m 

Ì VERTICAL COORDINATE DIREC- L m 

TĨON 

Zp đepth o f submerged dredge 

pump 16.01 L m 

Z s depth of dredge suc t i on 16.01 L m 

pipe 

z VERTICAL COORDĨNATE DIREC- L m 

HON 

z ' VERTĨCAL COORDINATE DIREC- 3.17 L m 

TION 

GREEK LETTERS 

Oi c o e f f i c i e n t 23.07 

'ủ water sur face sìope 3.16 

Ý wave break ing index 

Y u n i t weight 

-, ưn i t weight of sand gra ins 

Ym u n i t weight of suspensìon 

Y w u n i t weight o f water 

.•; r e l a t i v e dens i t y of water 22.15 

masses 

F, eddy v i s c o s i t y 3.05 HL T Ns/m 

í 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 - rad . 

layer th ickness 22-13 L m 

6 phase angìe 20.04 - r ad . 

ch.7 .5 

16.02 

16.01 

16.01 

MI." 2

T -2 
N/m

3 

M I / 2

T -2 
N/m

3 

MŨ" 2

T -2 
N/m

3 

Mi/ V 2 
N/rn

3 
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ỳ e í i n i t i o n Equa- dimensions Un i t s 

t i o n 

c o e f f i c i e n t 3.16 -

A WAVE LENGTH 5.01 L m 

£ h o r i z o n t a l dispìacement o f 5.03 L m 

water p a r t i c l e 

lí PRODUCT n o t a t i o n 

TI 3.1515926536 

p d e n s i t y of water 3.20 ML~
3 kg /m

3 

— „ - 1 "ì 
ò averđge dens i t y of water 23.06 ML kg/m 

ĩ." THE SUM 0F 

o NORMAL STRESS M L
_ 1

T ~
2 N/m

2 

ƠH STANDARD DEVIATION o f v/ave l ũ .05 L ri 

he igh t 

o t p-1000 3.21 ML~
3 kg /m

3 

r SHEAR STRESS 22.19 M L
_ 1

T ~
2 N/m

2 

ị f e t ch parameter 12.04 

ị, ì a t i tude 3.01 - deg. 

angìe o f wave inc idence 9.04 - deo, 

angular v e l o c i t ụ of ear th 3.01 T
 1 rad/s 

(J c i r c u l a r f requency 5.01 ĩ * rađ /s 

Speciaì symboỉs 

amplĩ tude o f t a b . 7 . Ì 

t ime average o f 

-ỉ -ĩ 

V- volume L m 

V-H voỉume o f harbor 23.08 L
3 m

3 

Q

/oo 

%0 

ĩ n f i n i ty 

par t s per thousanđ by Víeight 3.18 
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Subscr ip ts 

Sym- D e f i n i t ì o n 

bói 

b bot tom; evaluated át z = -h 

br breaker ; evaỉuated á t ou te r edge o f breaker 2one 

D d e n s ì t y ; caused by dens i t y i n f l uence 

d design 

e equ i va len t 

f í i t l i n g ; caused by harbor t i d e 

g group; wave group 

ì i n t e r f a c e 

ĩ index counter 

0 evaluated f o r ocean condì t ions 

0 eva luated i n deep water 

p pump 

r r i v e r 

r e f r a c t í o n 

s sur face 

suc t íon 

sh shoal í ng 

s i g s i g n i f i cant 

X component i n X d i r e c t i o n 

y componerỉt i n y d í r e c t ĩ o n 

2 component i n z đ i r e c t i o n 

used to d i s t i n g u i s h s i m i ì a r values 

actuaì meaning from con tex t . 

Punctions used 

T r i gonometri c func t ions 

s i n ( ) s i ne o f ( ) 

cosine of ( ) 

tangent o f ( ) 

cos ( ) 
tan ( ) 

s i n \ ) 
cos \ ) 
tan l ( ) 

angle whose s ine ìs ( ) 

angle whose cosine i s ( ) 

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 

y p e r b o l i c s i ne o f ( ) 

hype rbo l i c cosine o f ( ) 

hype rbo l i c tangent o f ( ) 

.1 \ ) argument whose hyperbo l i c s ine i s ( ) 

cosh { ) argument vvhose hype rbo l i c cosine i s ( 

tanh ^( ) argument whose hyperbo ì i c tangent i s ( 

l oga r i t hm ic f unc t i ons 

log( ) ìogar i thm to base l o o f ( ) 

ln ( ) l oga r i t hm to base e o f ( ) 

exp{ ) e ra i sed t o the power ( ) 

p( ) p r o b a b i ì i t y o f exceedance o f ( ) 

f ( ) generaì f u n c t i o n o f ( ) 

n( ) product o f ( } 

Í;( ) sum o f ( ) 
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LHmensìons and ưnìts 

Sym- Def i n ì t i o n 

bo! 

°c degree ceìs ius 
~2 

em cent imeter = 1 0 m 

f t f oo t 

g GRAM 

h hour 

hr hour 

kg KILDGRAM 
3 

km k í lometer = l o in 
k t knot = nau t i ca ì miles per hour 

L LENGTH DIMENSION 

ìb pound fo rce 

M MASS DỈMEHSÍON 

m METER 
-3 

iĩig mi ì igram = 1 0 g 

rum mi ỉ ime te r = l ũ ^ m 

ụm micrometer ~ l o
 b IU 

N NEMTON 

rad radì ans 

s SECONĐ 

ĩ ĩ ìME DIHENSION 

y<' year 

ũ 

degree temperature 

degree angle 

par ts per thousand 
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