
waterstaa 

c l o s i n g tidal b a s i n s 





BIBLIOTHEEK BOUWDIENST RIJKSWATERSTAAT 
MR Cr.3&l?. 

DESIGN AND OPERATIONS OF CLOSURE WORKS 

e g g 
1 APPROACH 1 
1.1 General 1 
1.2 Design phase 3 

2 LAYOUT OF AN ENCLOSURE DAM 
2.1 P o s i t i o n i n g the dam 7 
2.2 The l o c a t i o n o f s t r u c t u r e s i n the dam 10 
2.3 The shape o f the c l o s u r e gap 12 
2.4 Cross s e c t i o n o f the dam 16 

3 CONSTRUCTION METHODS 
3.1 C l o s u r e methods 17 
3.2 Bottom p r o t e c t i o n works 21 
3.3 Temporary works 23 

4. GRADUAL CLOSURES 
4.1 G r a d u a l v e r t i c a l c l o s u r e 24 (39) 
4.2 Gradual h o r i z o n t a l c l o s u r e 26 

5 SAND CLOSURE 43 
5.1 H o r i z o n t a l p ipe d i s c h a r g e 44 
5.2 Sand dumping 49 

6. SUDDEN CLOSURES 52 
6.1 By means o f ( s l u i c e ) c a i s s o n s 





1 APPROACH f-\ 
s_v 

1.1 General 

From a t e c h n i c a l p o i n t o f view, the c l o s i n g o f d i k e breaches i s not e s s e n t i a l l y 
d i f f e r e n t from the c o n s t r u c t i o n o f dams i n e x i s t i n g t i d a l waters. 
I n g e n e r a l , d i k e breaches must be c l o s e d as q u i c k l y as p o s s i b l e t o avoid 
damage i n the inundated r e g i o n s . As a consequence, such a c l o s u r e w i l l be 
more p r o v i s i o n a l than the dam c o n s t r u c t i o n , s i n c e the l a t t e r can be ex t e n 
s i v e l y s t u d i e d ahead o f time by computations and model t e s t s . 

B e f o r e the d e c i s i o n i s taken t o c l o s e o f f a t i d a l b a s i n , i t i s necessary t o 
c a r r y out a f e a s i b i l i t y study o f the p r o j e c t , i n c l u d i n g a f o r e c a s t o f f u t u r e 
requirements, and an economic study o f the p l a n which w i l l g i v e an i n s i g h t 
i n t o the v i a b i l i t y o f the p r o j e c t . 
There are many d i f f e r e n t purposes f o r c l o s i n g a t i d a l b a s i n (see t a b l e 3.1). 
Whatever the purpose may be, th e r e w i l l be impacts on ot h e r a s p e c t s . For 
i n s t a n c e the c l o s u r e o f a t i d a l i n l e t f o r s e c u r i t y reasons may have ( p o s i t i v e 
o r negative) impacts on ec o l o g y , commercial f i s h i n g , r e c r e a t i o n e t c . 
A l l these impacts have t o be s t u d i e d d u r i n g the ( f e a s i b i l i t y ) study phase. 
A scheme o f the stages o f a n a l y s i s i s given i n f i g . 3.1. During the f e a s i b i l i t y 
s t udy a l s o a p r e l i m i n a r y l a y o u t has t o be made. 

A f t e r te d e c i s i o n f o c l o s e o f f a t i d a l b a s i n the p l a n n i n g phase f o l l o w s . 
During the p l a n n i n g phase p r e l i m i n a r y designs and a l t e r n a t i v e s w i l l be prepared 
f o r the c l o s u r e dam, di s c h a r g e s l u i c e ( s ) , l o c k ( s ) and v a r i o u s a u x i l i a r y 
f a c i l i t i e s . A Design I n t e r i m Report w i l l c o n t a i n a l l i n f o r m a t i o n on the 
p r e l i m i n a r y designs and a l t e r n a t i v e s , the des i g n c r i t e r i a and the m a t e r i a l s 
and methods t o be used f o r c o n s t r u c t i o n . A d d i t i o n a l s i t e i n v e s t i g a t i o n s w i l l 
be i n i t i a t e d and h y d r a u l i c model t e s t s w i l l be executed t o o b t a i n the r e q u i r e d 
d a t a f o r the d e s i g n . The env i r o n m e n t a l , e c o l o g i c a l and s o c i a l impact o f the 
p r o j e c t w i l l be s t u d i e d (see t a b l e 3.2) 
A l s o c h o i c e s must be made about boundary c o n d i t i o n s , which w i l l i n f l u e n c e the 
d e s i g n , such as: 
- choosing a water l e v e l and p e r m i s s i b l e f l u c t u a t i o n s 
- choosing f o r f r e s h o r s a l t water 
- choosing a method f o r c l o s i n g o f f the e s t u a r y and, i n case o f a f r e s h water 

body i n f u t u r e , f o r r e p l a c i n g s a l t w i t h f r e s h water. 
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These d e c i s i o n s are o f g r e a t i n f l u e n c e on the s i z e o f the d i s c h a r g e s l u i c e s . 
C o n s i d e r a t i o n s as t o the n a t u r e o f the landscape i n v o l v e d may i n f l u e n c e the 
de s i g n o f the dam as w e l l . 

The o b j e c t i v e o f the d e s i g n phase i s t o work o u t the b e s t and most 
economical d e s i g n f o r the c l o s u r e d i k e , d i s c h a r g e s l u i c e , l o c k and gates 
and v a r i o u s a u x i l i a r y f a c i l i t i e s , i n c l u d i n g p r e p a r a t i o n o f the t e c h n i c a l 
s p e c i f i c a t i o n s , b i l l s o f q u a n t i t y and tender documents f o r b i d d i n g . The 
p r e l i m i n a r y c o s t e s t i m a t e s and the r e q u i r e d p e r i o d f o r c o n s t r u c t i o n w i l l be 
determined by the d e s i g n e r s . P l a n s w i l l be p r e p a r e d f o r m a t e r i a l t e s t i n g , 
f o r c o n s t r u c t i o n s u p e r v i s i o n s e r v i c e s and f o r procurement o f major c o n s t r u c 
t i o n equipment. 
An o p e r a t i o n and management p l a n w i l l be prepared, i n c l u d i n g the o r g a n i z a t i o n , 
p e r s o n n e l , r e q u i r e d budget t o assure e f f e c t i v e o p e r a t i o n and management o f 
the p r o j e c t a f t e r c o m p l e t i o n . 
I f r e q u i r e d , countermeasures w i l l have t o be determined a g a i n s t the adverse 
e f f e c t s on environment and e c o l o g y i n the are a . 
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t a b l e 3.1. 

Purposes o f c l o s i n g a t i d a l b a s i n , 
t Land r e c l a m a t i o n . 

- Zuiderzee c l o s i n g (Neth. 1932) 

ae P r o t e c t i n g a g a i n s t f l o o d s from the sea. 
- Primary dams o f the D e l t a P r o j e c t (Neth. 1961-1985) 
- E i d e r (Germany 1970) 
- Keta Lagoon (Ghana 1969). 
- E a s t e r p a r t o f F i n n i s h G u l f t o p r o t e c t t e c i t y o f L e n i n g r a d (U.S.S.R.1990) 
- Thames B a r r i e r (Londen, England 1982). 

* C r e a t i n g o f f r e s h water r e s e r v o i r s . 
- Zuiderzee c l o s i n g (Neth. 1932) 
- H a r i n g v l i e t d a m (Neth. 1970) 
- P h i l i p s - and Oysterdam (Neth. 1985) 
- P l o v e r Cove (Hong Kong) 

* P r o d u c t i o n o f t i d a l energy. 
- Ranee (France 60'th) 
- Severn e s t u a r y (Wales/Eng. 1995?) 

ae Closed sea h a r b o u r s (behind l o c k s ) 
- Asan Bay (Rep. o f Korea 1990 ?) 

x C r e a t i n g a c o n s t r u c t i o n p i t f o r l o c k s , s l u i c e s e t c . ( c l o s u r e o f the 
r i n g embankment) o r water s u p p l y b a s i n s . 
- H a r i n g v l i e t (Neth. 1957) 
- P h i l i p s d a m (Neth. 1978) 
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1.2. Design phase 

The de s i g n phase s t a r t e d w i t h a review and a n a l y s i s o f e x i s t i n g data. 
Depending on the purposes and circumstances data i n the f o l l o w i n g f i e l d s 
are necessary : 

- meteorology 
- oceanography 
- hydrography and hydrology 
- g e o t e c h n i c s 
- topography 
- geology 
- c o n s t r u c t i o n m a t e r i a l s and equipment 
- l a b o u r 
- environment 
- l a n d and f i s h e r y r i g h t s 

A d d i t i o n a l d a t a w i l l be searched f o r i n the i n i t i a l stages o f the p r o j e c t . 
A l l a v a i l a b l e d a t a w i l l be reviewed and a n a l y s e d ; s p e c i a l a t t e n t i o n w i l l be 
p a i d t o the q u a l i t y and r e l i a b i l i t y o f the data. 
The data w i l l serve as s t a r t i n g p o i n t s f o r the l a y o u t and d e s i g n o f the 
s t r u c t u r a l elements o f the p r o j e c t . As soon as p o s s i b l e a f t e r the p r o j e c t 
a programme f o r a d d i t i o n a l f i e l d i n v e s t i g a t i o n s w i l l be prepared. 

D u r i n g the d e s i g n phase the broad o u t l i n e s o f the p o s s i b l e a l t e r n a t i v e s 
have t o be worked out i n more d e t a i l i n o r d e r t o e v a l u a t e the advantages 
and disadvantages o f each a l t e r n a t i v e from a t e c h n i c a l p o i n t o f view as 
w e l l as from an economical p o i n t o f view. 

For each a l t e r n a t i v e the f o l l o w i n g has t o be prepared: 
- a g e n e r a l p l a n and l a y o u t f o r a l l s t r u c t u r a l elements and marine 

works 
- a l o n g i t u d i n a l p r o f i l e and c r o s s s e c t i o n s 
- major d e t a i l s 
- a rough c o s t estimate 

When p r e p a r i n g the c l o s i n g o f a d i k e breach the d e c i s i o n how to r e a l i s e the 
c l o s i n g can be i n f l u e n c e d by the p o s i t i o n i n g o f the dam: 
- r e c o n s t r u c t i n g the damaged d i k e on i t s o r i g i n a l course o f t e n i n v o l v e s 

the c l o s i n g o f g u l l i e s 
- r e c o n s t r u c t i n g a so c a l l e d "horse-shoe" d i k e round the gap on the l a n d 

s i d e , g e n e r a l l y i n v o l v e s a wide gap on g r o u n d l e v e l . 
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A f t e r the e v a l u a t i o n o f the s i t e i n v e s t i g a t i o n s the f o l l o w i n g main s u b j e c t s 
w i l l have t o be s t u d i e d : 

• w o r k a b i l i t y d u r i n g the c o n s t r u c t i o n 
• the a v a i l a b i l i t y o f c o n s t r u c t i o n m a t e r i a l s i n q u a n t i t y and q u a l i t y 
• the a v a i l a b i l i t y o f l a b o u r and equipment 
• the use o f model i n v e s t i g a t i o n s 
• the l o c a t i o n and dimensions o f temporary works, l i k e b u i l d i n g p i t s , 

work h a r b o u r s , s t o r a g e a r e a s , cofferdams, e t c . 
• the c r o s s s e c t i o n o f the dam i n the u l t i m a t e s i t u a t i o n , which 

may have impacts on the m a t e r i a l s t o be used f o r the c l o s u r e 
and f o r the f i n a l dam.' The s t a b i l i t y o f the s l o p e s and the seepage 
through the dam have t o be c o n s i d e r e d . 

• the wet c r o s s - s e c t i o n a l a r e a o f the channel and the shape o f the 
c l o s u r e gap d u r i n g the s e v e r a l c o n s t r u c t i o n s t a g e s . The c l o s u r e gap 
i s narrowed by b u i l d i n g out c o n s t r u c t i o n p i t s f o r the l o c k s and 
s l u i c e s , e t c . The e f f e c t s of t h i s narrowing on the t i d a l v e l o c i t i e s 
i n the gap have t o be c o n s i d e r e d . 

• n a v i g a t i o n requirements d u r i n g e x e c u t i o n 
• the method o f c l o s i n g 

The i n f l u e n c e o f a v a i l a b l e m a t e r i a l s , labour, equipment, areas , e t c . are not 
seldom u n d e r e s t i m a t e d by the d e s i g n e r . 
I t o f t e n happens t h a t the m a t e r i a l r e q u i r e d f o r marine works i s e i t h e r not 
a v a i l a b l e l o c a l l y , o r o n l y i n l i m i t e d q u a n t i t i e s . 
For i n s t a n c e : the q u a r r y s t o n e , o f t e n r e q u i r e d f o r p r o t e c t i o n works i n 
H o l l a n d , has t o be imported from abroad. Therefore a l t e r n a t i v e c o n s t r u c t i o n s 
have been developed i n r e c e n t y e a r s . 
In many c o u n t r i e s t h e r e i s o n l y l i m i t e d e x perience i n the e x e c u t i o n o f 
c l o s u r e works and consequently i t may be a problem t o f i n d the n e c e s s a r y 
s k i l l e d l a b o u r . The employment o f e x p a t r i a t e l a b o u r demands s p e c i a l a t t e n t i o n 
w i t h regard t o h o u s i n g , t r a v e l l i n g and leave p e r i o d s . The p o s s i b i l i t y o f 
t r a i n i n g l o c a l l a b o u r t h e r e f o r e has t o be t h o r o u g h l y i n v e s t i g a t e d . A l s o the 
u t i l i s a t i o n o f l o c a l equipment, e v e n t u a l l y adapted, has t o be i n v e s t i g a t e d 
and should be compared co s t w i s e w i t h equipment to be m o b i l i s e d from abroad. 
The p r o v i s i o n o f s p a r e p a r t s always asks f o r a t t e n t i o n - e s p e c i a l l y i f p r o 
j e c t s have t o be r e a l i s e d i n remote p l a c e s . 
S i t e c o n d i t i o n s may impose c o n s i d e r a b l e i n f l u e n c e on the r e a l i s a t i o n c o s t s 
of the works. 
A l l these c o n s i d e r a t i o n s s h o u l d p l a y a v i t a l r o l e i n the s e l e c t i o n o f the 
a p p r o p r i a t e d e s i g n . 
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I n v e s t i g a t i o n s 

Both the p r e l i m i n a r y and f i n a l d e s i g n s o f the u l t i m a t e c r o s s - s e c t i o n o f the 
c l o s u r e dam w i l l be based on desk s t u d i e s . As regards the c l o s u r e o p e r a t i o n s , 
desk s t u d i e s d u r i n g the i n i t i a l p l a n n i n g p e r i o d w i l l p r o v i d e d a t a t o s e l e c t 
the most a p p r o p r i a t e method o f c l o s u r e . The type o f model i n v e s t i g a t i o n r e 
q u i r e d t o support the d e f i n i t e d e s i g n depends l a r g e l y on the chosen method 
o f c l o s u r e . 
Vhen gradual h o r i z o n t a l o r v e r t i c a l c l o s u r e i s d e c i d e d upon, the model s t u d i e s 
w i l l m ainly d e a l w i t h the s t a b i l i t y o f r u b b l e and b o u l d e r s , used t o b u i l d up 
the dam, a t v a r i o u s c l o s u r e s t a g e s . Such s t u d i e s can be performed i n a d i s 
charge flume. A w i d e r flume i s r e q u i r e d i n the case o f g r a d u a l h o r i z o n t a l 
c l o s u r e than i n the case o f g r a d u a l v e r t i c a l c l o s u r e . The r e q u i r e d w i d t h 
depends on the model s c a l e , which i n t u r n depends on the h y d r a u l i c boundary 
c o n d i t i o n s and the s i z e o f r u b b l e . The h y d r a u l i c boundary c o n d i t i o n s (head 
d i f f e r e n c e , d i s c h a r g e ) w i l l be o b t a i n e d from the mathematical t i d a l model. 
A s c a l e model o f the c l o s u r e gap i s r e q u i r e d i n the case o f a sudden 
c l o s u r e ( c a i s s o n s ) . T h i s model, which w i l l have a s c a l e o f 1:50 t o 1:100, 
w i l l p r o v i d e d e t a i l e d i n f o r m a t i o n on the c u r r e n t p a t t e r n f o r the v a r i o u s 
e x e c u t i o n phases. A l s o here, the boundary c o n d i t i o n s t o operate the model w i l l 
be o b t a i n e d from the mathematical t i d a l model. 
I f the t h i c k n e s s o f the s i l t / s a n d l a y e r , o v e r l y i n g the rockbed, i s s i g n i f i c a n t , 
l o c a l scour t e s t s w i l l become nec e s s a r y t o enable o p t i m a l p r o t e c t i o n o f the 
a r e a .or bed. 
A. scale model o f the c l o s u r e gap i s r e q u i r e d f o r these s t u d i e s . O b v i o u s l y i t 
i s advantageous t o combine these and the above s t u d i e s i n one model. 

Important aspects which can be i n v e s t i g a t e d i n a ( h y d r a u l i c ) t i d a l model 
are the d i r e c t i o n and the sequence o f c o n s t r u c t i o n o f the dam-sections. 
I n connection w i t h the e x t e n t o f the sandloss as w e l l as p o s s i b l e s c o u r i n g 
o f the bed, the c r i t e r i o n f o r the s e l e c t i o n i s determined by the way i n which 
the f l o w - p a t t e r n develops r i g h t i n f r o n t o f the s a n d - f i l l and i n the remaining 
p a r t s of the mouth. 

I f a h y d r a u l i c model i s not a v a i l a b l e , f o r i n s t a n c e i n case of s m a l l 
c l o s u r e s , the d e s i g n e r must be p r o v i d e d w i t h s u f f i c i e n t data about the 
l o c a l t i d a l c u r r e n t s . In a d d i t i o n , more i n s i g h t w i l l be r e q u i r e d i n t o the 
manner i n which they w i l l a d j u s t to the changing geometry caused by the 
c o n s t r u c t i o n of the dams. 
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Model type i n r e l a t i o n t o type o f e s t u a r y 

model 
e s t u a r y "̂""""•̂ ^̂  

mathematical model h y d r a u l i c a l 
s c a l e model 

model 
e s t u a r y "̂""""•̂ ^̂  comb. 1 dim. 2 dim. 

h y d r a u l i c a l 
s c a l e model 

s h o r t b a s i n X 

l o n g b a s i n X X X 

t i d a l r i v e r X 

Model type i n r e l a t i o n to d a t a needed 

Data needed 

mathematical model s c a l e model 

Data needed 1 dim. 2 dim. 
h o r i z o n t a l 
s c a l e d i f f e r e n t 
from v e r t . s c a l e 

steady f l o w 
h o r . s c a l e = 
v e r t , s c a l e 

v e r t i c a l t i d e X X X 

d i s c h a r g e s X X X 

c u r r e n t p a t t e r n 
l a r g e s c a l e X X 

c u r r e n t p a t t e r n 
s m a l l s c a l e X X 

phenomenons, s t r o n g l y 
i n f l u e n c e d by v e r t i c a l 
v e l o c i t y d i s t r i b u t i o n 
p dim. c u r r e n t p a t t e r n ) 

X 
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Table 3.2. 
Environmental a s p e c t s o f the d e s i g n f a s e 

I n the f o l l o w i n g t a b l e the "design f a s e " i s taken t o i n c l u d e not o n l y the 
pr i m a r y dam (A) but a l s o the d i s c h a r g e . s l u i c e s (B), l o c k s f o r s h i p s (C) 
re i n f o r c e m e n t o f the s h o r e l i n e (D), secondary dams (E) and o b t a i n i n g sand 
(F) o r m o d i f i c a t i o n s o f the s h i p p i n g channels. 

l e s i g n a s pects 

tjivironmencax aspects ^-^^^ 
A B c D E F 

1. Areas which w i l l become d r y 
t . i . Purpose and f u n c t i o n - - - X o X 
1.2. V e g e t a t i o n - - - X - -
1.3. Morfology (water l e v e l ) o X - X - o 
1.4. N a t u r a l landscape X - - X o -
1.5. B i r d s 

2. Water q u a l i t y 
2.1. Choice o f f r e s h / s a l t water - X o - o -
2.2. S t r a t i f i c a t i o n - o - - X X 
2.3. T o x i c substance 
2.4. r e p l a c i n g s a l t water by 

f r e s h water - X - - o -
2.5. sedimentation - X - - o X 

3. F i s h e r i e s 
3.1. Present and f u t u r e s i t u a t i o n 
3.2. Raised l e v e l s o f p r o d u c t i o n , 

f i s h farming - - - - X -
4. Surrounding area 
4.1. Discharge t o the sea - X - - - -
4.2. R i v e r banks - - - X - -
5. Water supply and c o n t r o l - X o - o -

(water l e v e l ) 

x = v e r y much i n t e r r e l a t e d d u r i n g d e s i g n fase 
o = moderately i n t e r r e l a t e d d u r i n g d e s i g n fase 
- =- not i n t e r r e l a t e d d u r i n g d e s i g n f a s e . 
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d e s i g n p h i l o s o p h y 

Up t o now, and most probably f o r some years t o come, a d e t e r m i n i s t i c 
approach has been u t i l i z e d f o r the d e s i g n of marine works. The design 
c r i t e r i o n i s based on the p r e v e n t i o n o f i n s t a b i l i t i e s under extreme 
l o a d c o n d i t i o n s . 
U s u a l l y an extreme c u r r e n t and an extreme wave h e i g h t are s e p a r a t e l y 
c o n s i d e r e d . 
An obvious disadvantage o f the d e t e r m i n i s t i c d e s i g n approach i s the 
l a c k o f c r i t e r i a f o r the c h o i c e o f the "extreme l o a d i n g " . . 
Such a ch o i c e remains i n f a c t a s u b j e c t i v e one. 

In the l a s t years the c o n v i c t i o n grows t h a t the marine works need not 
t o be designed t o f u l l y w i t h s t a n d the most extreme c u r r e n t s and waves 
p o s s i b l e . 
In economic d e s i g n some damage can be accepted, e s p e c i a l l y i n those cases 
t h a t r e p a i r i s not too c o s t l y . New s t u d i e s must g i v e b e t t e r i n s i g h t i n the 
f r e q u e n c i e s o f occurance o f extreme c u r r e n t s and waves and the p r o b a b i l i t i e s 
o f c o i n c i d e n c e o f l o a d combinations. 
A p a r t from these s t u d i e s the p r a c t i c a l approach s h o u l d not be f o r g o t t e n , 
such as the c o n s t r u c t i o n o f t e s t s e c t i o n s i n models and i n s i t u . 
The proposed d e s i g n approach i s a p r o b a b i l i s t i c one. To apply t h i s approach 
not o n l y i n f o r m a t i o n about the f r e q u e n c i e s o f occurrence o f loads should 
be a v a i l a b l e , b u t a l s o the response, o f the c o n s t r u c t i o n . 
The response f u n c t i o n i s o b t a i n e d e i t h e r from h y d r a u l i c model t e s t s o r by 
a p p l y i n g known " t r a n s p o r t " r e l a t i o n s h i p s . I f more than one type o f l o a d i n g 
i s a c t i n g , the summation o f the damage should be computed by i n t e g r a t i o n 
o v e r the v a r i o u s l o a d combinations. 
The r e s u l t i n g t o t a l damage i s a measure f o r the expected maintenance o f 
the marine works f o r a given dimension. 
A process o f economical o p t i m i z a t i o n , based on the c o s t s of c o n s t r u c t i o n 
and maintenance, can f u r t h e r be c a r r i e d out, l e a d i n g to the s e l e c t i o n of 
the optimum dimensions. 
Besides t h i s minimum i n t e g r a l c o s t s c r i t e r i o n , one should a l s o c o n s i d e r 
the "expected t o t a l damage" and the r i s k o f p r o g r e s s i v e damage, i f r e p a i r 
betimes i s i m p o s s i b l e f o r t e c h n i c a l , o r g a n i z a t i o n a l or f i n a n c i a l reasons. 
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LAYOUT OF AN ENCLOSURE DAM  

2.1. P o s i t i o n i n g the dam 

The f a c t o r s c o n t r i b u t i n g t o the s e l e c t i o n o f the l o c a t i o n o f the dam-
algnment can be devided i n t o two groups, v i z . f a c t o r s , t h a t are g e n e r a l l y 
i n d i c a t i v e and f a c t o r s which determine i n d e t a i l where the alignment 
s h o u l d be. 

The f i r s t group comprises the f a c t o r s : 
- purpose o f the dam t o be c o n s t r u c t e d 
- h y d r a u l i c c o n d i t i o n s d u r i n g c o n s t r u c t i o n and a f t e r the dam has 

been completed 
- watermanagement c o n d i t i o n s a f t e r the dam has been completed 
- environmental aspects 

These are a l r e a d y mentioned b e f o r e 

The second group comprises f a c t o r s such as: 
a. the c o n f i c u g r a t i o n o f the bed i n s i t u 
b. the com p o s i t i o n o f the bed 
c. the co n n e c t i o n w i t h the shores 
d. the c l o s u r e method 

a. The c o n f i g u r a t i o n o f the bed i n s i t u 

The p o s i t i o n o f channels and s h o a l s i n the area i n v o l v e d , and, i n p a r t i c u l a r 
t h e i r e v o l u t i o n over time, are important. I t i s e v i d e n t , t h a t f o r the 
l o c a t i o n o f both the dam and the clo s u r e - g a p , the e x i s t i n g p a t t e r n o f 
channels and sh a l l o w s must be u t i l i z e d o p t i m a l l y . 

Some o f the p o s t u l a t e s f o r the f i r s t p r o v i s i o n a l assessment o f the r e s p e c t i v e 
p o s i t i o n s a r e : 
• t h a t the deepest p a r t s o f the cannels should be avoided f o r both economic 

and t e c h n i c a l reasons; 
• t h a t the ce n t r e l i n e s of the gaps to be c l o s e d should c r o s s the channels 

as n e a r l y p e r p e n d i c u l a r l y as p o s s i b l e , i . e . they should be as s h o r t as 
p o s s i b l e and be v i r t u a l l y p e r p e n d i c u l a r to the stream l i n e s o f both i n 
coming and out g o i n g t i d e s ; 
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• t h a t c o n f l u e n c e o r d i v i s i o n o f channels i n the v i c i n i t y o f the c l o s u r e 
gap must be a v o i d e d as much as p o s s i b l e , due t o a s t a b l e c u r r e n t p a t t e r n 
and bed c o n f i g u r a t i o n , which g i v e s a b e t t e r p r e d i c t i o n f o r s e v e r a l 
c o n s t r u c t i o n s t a g e s . 

I f the l o c a t i o n o f a c l o s u r e - g a p near a c o n f l u e n c e o r d i v i s i o n proves t o be 
necessary, then a c h o i c e must be made between the c o n s t r u c t i o n o f one l a r g e 
c l o s u r e - g a p , and two s m a l l e r ones, w i t h an a r t i f i c i a l w o r k - i s l a n d i n 
between. P l a c i n g the s e c t i o n s o f the dam i n the s h a l l o w s would i n g e n e r a l 
n o t s e r i o u s l y a l t e r the c u r r e n t p a t t e r n , but can a f f e c t the d i s t r i b u t i o n 
o f the d i s c h a r g e o v e r the v a r i o u s channels. 
The boundaries o f these dam s e c t i o n s on s h a l l o w p a r t s are chosen i n such a 
manner, t h a t n a t u r a l development i s c o n s i d e r e d ( f i g . 2.1.a.). 

G e n e r a l l y i t can be assumed t h a t the o u l e t - a r e a o f an e s t u a r y i s i n a dynamic 
e q u i l i b r i u m ( p a r t i c u l a r l y where i t concerns the conluences and d i v i s i o n s ) . 
However, the c o n s t r u c t i o n o f dam-sections or w o r k i n g - i s l a n d s u s u a l l y d i s t u r b 
t h i s e q u i l i b r i u m . Of course, the consequences o f t h i s d i s t u r b a n c e f o r the 
b e d - c o n f i g u r a t i o n depend s t r o n g l y on t h e i r e x t e n t and d u r a t i o n . 

b. The c o m p o s i t i o n o f the bed. 

The aspects r e l a t i n g t o the c o m p o s i t i o n of the bed a r e , i n t e r a l i a , the 
b e a r i n g c a p a c i t y i n c o n n e c t i o n w i t h the s t a b i l i t y o f the damsections t o be 
c o n s t r u c t e d , o r the s t r u c t u r e s w i t h i n the a c t u a l dam and a l s o the a v a i l 
a b i l i t y o f b u i l d i n g m a t e r i a l s (sand) f o r the dam. 
The choice o f the l o c a t i o n s h o u l d , i f p o s s i b l e , thus be taken t h a t areas 
w i t h a weak bottomcomposition are avoided. i f t h i s proves t o be Impossible, 
then a s o i l improvement w i l l be a s o l u t i o n . 
T h i s i m p l i e s , Chat a t r e n c h must be dredged, t h a t new m a t e r i a l s h o u l d be 
s u p p l i e d and t h a t , i f necesaary, the s o i l s h o u l d be compacted t o i n c r e a s e 
the b e a r i n g c a p a c i t y . 
A l s o , i f the a v a i l a b l e b e d - m a t e r i a l i s not s u i t a b l e as b u i l d i n g m a t e r i a l 
f o r the damsections, or f o r f i n a l s a n d - c l o s u r e , then a d d i t i o n a l c o s t s 
w i l l occur f o r the supp l y of s u i t a b l e sand. 

c. The_connections w i t h the shores. 

The c o n n e c t i n g p o i n t s o f the dam w i t h the shores may cause problems, e i t h e r 
they are l o c a t e d "ashore" or " o f f s h o r e " . 
The problems ashore o f t e n concern the e x i s t i n g i n f r a s t r u c t u r e i n the en v i r o n s 
o f the planned damshore con n e c t i o n . Problems may a r i s e then forming the 
connection between the c a r r i a g e way over the newly c o n s t r u c t e d dam w i t h the 
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e x i s t i n g i n f r a s t r u c t u r e . 
The problems o f f s h o r e c o u l d be: 
- t r y i n g t o a v o i d l o c a t i o n s where the channel runs c l o s e t o the shore; 
- t r y i n g to a v o i d p l a c e s where the s l o p e s o f the shores are l e s s s t a b l e 

( s e n s i t i v e t o l i q u e f a c t i o n ) 
- t r y i n g to a v o i d , i n g e n e r a l , c o n n e c t i o n s i n an outer-bend; 
- t r y i n g t o a v o i d as much as p o s s i b l e the d i s t u r b a n c e o f areas which are 

i n t e r e s t i n g from an environmental p o i n t o f view ( t h i s a l s o a p p l i e s t o the 
i n n e r - d i k e s e c t i o n s ) . 

Due t o the p r e v a i l i n g boundaries o f the c l o s u r e - g a p and ( d u r i n g c o n s t r u c t i o n ) 
the b u i l d i n g o f the slocure-dam, the v e l c i t y o f the c u r r e n t and e q u a l l y the 
i n t e n s i t y o f the t u r b u l e n c e i n c r e a s e . In a d d i t i o n , the c u r r e n t w i l l , due t o 
the d i r e c t i o n a l i n f l u e n c e o f the v e r t i c a l l y narrowed gap, tend t o p e r p e n d i c u 
l a r l y c r o s s the c r e s t o f the closure-dam. As a r e s u l t o f t h i s phenomenon, 
the h i g h e r c u r r e n t v e l o c i t i e s w i l l e n f o r c e the a t t a c k on the boundaries o f 
the channel i n an o u t s i d e bend. 

d. The c l o s u r e method. 

The planned method o f c l o s u r e w i l l p l a y an important r o l e i n the a c t u a l d e s i g n 
o f the l o c a t i o n o f the dam and the c l o s u r e gaps. The most c o n v e n t i o n a l c l o s u r e -
methods are those, which " f o l l o w " the shape of the gap i n s i t u , e.g.: 
- i n case of a gradual' c l o s u r e , a wide and s h a l l o w c l o s u r e - g a p i s p r e f e r r e d , as, 

i n a wide c l o r u s e - g a p the c u r r e n t w i l l be more d i f f u s e d d u r i n g the f i n a l 
c l o s i n g - p r o c e d u r e ; so a s h a l l o w gap r e s t r i c t s the amount o f f i l l i n g m a t e r i a l 
r e q u i r e d . With t h i s closure-method, the boundaries are l e s s important as no 

. d r e d g i n g w i l l be r e q u i r e d . 
- an a t t r a c t i v e f e a t u r e o f the s a n d - c l o s u r e method i s , t h a t from the sand-loss 

p o i n t of view, the e x e c u t i o n o f the f i n a l c l o s u r e procedure i s c a r r i e d out 
a t a r e l a t i v e l y h i g h ground l e v e l (the time t o complete the s a n d - f i l l w i l l be 
s h o r t e r and the l o s s o f sand l e s s ) . T h i s means t h a t one boundary of the gap 
must be a t some d i s t a n c e from the channel's edge ( f i g . 2.1.b.). 

- i n case of a c a i s s o n - c l o s u r e ( s l u i c e c a i s s o n s ) , a r e l a t i v e l y narrow and deep 
gap i s p r e f e r r e d , as, on the one hand the number o f placing-manoeuvres w i l l 
be l i m i t e d (which are complicated an r i s k y ) , w h i l e on the o t h e r hand, the 
waterdepth above bottom and s i l l remains r e l a t i v e l y deep i n order to m a i n t a i n 
an adequate wet c r o s s - s e c t i o n ; the boundaries of the slocure-gap must be 
p l a c e d i n r e l a t i v e l y deep water i n order to l i m i t d r e dging near the shores. 





SLUICES K R A M M E R G R E V E L I N G E N D A M 

D E P T H S INm 

F i g . 2.1.a. 

DEPTHS IN m 

F i g . 2.1.3. Sand c l o s u r e 
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2.2. The l o c a t i o n o f s t r u c t u r e s i n the dam. 

The q u e s t i o n s r e l a t i n g t o t h i s a s p e c t a r e , i n t e r a l i a : how w i l l the 
s t r u c t u r e f u n c t i o n a f t e r i t has been completed, and a l s o : how can the 
s t r u c t u r e be b u i l t w i t h o u t c a u s i n g too much d i s t u r b a n c e o f the t i d a l 
a c t i o n ? 
In the f i n a l s t a g e n a u t i c a l a s p e c t s and p r e s e r v a t i o n o f the water q u a l i t y 
w i l l i n f l u e n c e the c h o i c e o f the l o c a t i o n of a l o c k or a d i s c h a r g e s l u i c e . 
In the c o n s t r u c t i o n stage o f a l o c k o r a s l u i c e i n g e n e r a l a b u i l d i n g p i t 
w i l l be n e c e s s a r y . 
By c o n s t r u c t i o n o f an e a r t h embankment, b u i l t w i t h l o c a l m a t e r i a l s , a 
b u i l d i n g p i t w i l l be formed. T h i s b u i l d i n g p i t w i l l have t o be k e p t d r y by 
means of a d r a i n a g e system, i n v e s t i g a t i o n s and study o f h y d r o l o g i c a l and 
g e o l o g i c a l d a t a c o u l d n e c e s s i t a t e a review o f the l o c a t i o n and c a l l f o r 
s p e c i a l c o n s t r u c t i o n methods and ways o f d r a i n i n g the b u i l d i n g p i t . 
From a c o n s t r u c t i o n a l p o i n t o f view, b u i l d i n g on s h a l l o w s w i l l always be 
p r e f e r a b l e as the c o s t s w i l l be r e l a t i v e l y low and t h e r e w i l l be l i t t l e 
d i s t u r b a n c e o f the t i d a l a c t i o n . However, f o r the f i n a l stage a d d i t i o n a l 
c o s t s w i l l g e n e r a l l y i n c u r by the d r e d g i n g o f approach c h a n n e l s . 
C o n v e r s e l y , f o r the f i n a l s t a g e , c o n s t r u c t i o n i n the channels c o u l d be 
more f a v o u r a b l e a l t h o u g h t h i s would mean t h a t d u r i n g the c o n s t r u c t i o n 
a d d i t i o n a l problems c o u l d a r i s e due t o e r o s i o n ( c o n s t r u c t i o n o f the c r o s s -
s e c t i o n i n the c l o s u r e - g a p r e s u l t i n g i n an i n c r e a s e o f the c u r r e n t - v e l o c i t i e s ) ; 
moreover the c o n s t r u c t i o n c o s t s c o u l d be extremely h i g h . 

Discharge s l u i c e s 

The main f u n c t i o n o f a d i s c h a r g e s l u i c e i s t o pass excess water from the b a s i n 
i n t o the sea a f t e r the c o m p l etion o f an e n c l o s u r e dam. 
Not o n l y w i l l i t be n e c e s s a r y t o m a i n t a i n the w a t e r l e v e l i n the b a s i n 
between c e r t a i n l i m i t s , but a l s o i r r i g a t i o n schemes upstream o f the s l u i c e s 
w i l l r e q u i r e p r o p e r r e g u l a t i o n o f the w a t e r l e v e l s i n the b a s i n . 
In view of p o s s i b l e damage due to f l o o d i n g f i e l d s c r i t i c a l maximum l e v e l s 
i n the b a s i n w i l l have to be determined. 

The discharge c a p a c i t y of the s l u i c e w i l l ha-we to be determined based on the 
maximum f l o o d s from the r i v e r s debouching i n t o the a r e a ; t a k i n g i n t o account 
p e r m i s s i b l e w a t e r l e v e l s i n the r e s e r v o i r , the storage c a p a c i t y of the 
r e s e r v o i r , l o c a l r a i n f a l l and the t i d a l w a t e r l e v e l s . The above w i l l be 
determined by c a l c u l a t i o n s . 
From the r e q u i r e d d i s c h a r g e c a p a c i t y the main dimensions o f the s l u i c e can 
be determined. Depending on the aperture of the d i s c h a r g e s l u i c e s a 
p a r t of the t i d a l motion can be a l l o w e d to pass through them d u r i n g the  
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f i n a l stage o f the c l o s i n g works. In t h i s way i t may be p o s s i b l e t e reduce 
the drop i n head over the c l o s u r e embankment. 

N a v i g a t i o n requirements 

The s h i p p i n g s e c t o r , f o r i n s t a n c e , can have s p e c i a l requirements. One o f 
these w i l l be t h a t , d u r i n g the c o n s t r u c t i o n o f the dam, n a v i g a t i o n w i l l be 
hampered as l i t t l e as p o s s i b l e . During the dam c o n s t r u c t i o n c e r t a i n demands 
can come from s h i p p i n g which n o r m a l l y use the route a c r o s s , and/or o t h e r s 
from s h i p p i n g n o r m a l l y u s i n g a r o u t e r u n n i n g more o r l e s s p a r a l l e l w i t h the 
dam. I f a dam i s p r o v i d e d w i t h a l o c k , t h i s l o c k w i l l a l l o w the passage o f 
f l o a t i n g equipment d u r i n g the works. 

Modern l o c k systems are more and more equipped w i t h c e n t r a l i z e d o p e r a t i o n -
systems. Such a system i s c o s t l y and r e q u i r e s h i g h l y q u a l i f i e d p e r s o n n e l . 
Depending on the o p e r a t i o n system, the l o c a t i o n and l a y o u t o f a c e n t r a l c o n t r o l 
b u i l d i n g and s a t e l l i t e c o n t r o l b u i l d i n g s w i l l be determined. In a l l cases the 
b a s i c requirement w i l l be an u n o b s t r u c t e d view o f and over the t o t a l l o c k 
complex. 
Workshops and s t o r e s w i l l be r e q u i r e d f o r maintenance o f the v a r i o u s 
mechanical and e l e c t r i c a l components. Storage w i l l have t o be p r o v i d e d 
f o r the sparegates, the l a r g e r p a r t s o f the beacon system, e t c . 

For the shore-based p a r t o f the n a v i g a t i o n a l a i d system, an adequate 
b u i l d i n g w i l l have t o be p r o v i d e d i n c e r t a i n s i t u a t i o n s . 
To monitor the water l e v e l f l u c t u a t i o n , w i t h i n the b a s i n a d d i t i o n a l h y d r o m e t r i c 
s t a t i o n s w i l l have t o be e s t a b l i s h e d . 
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i 2.3. The shape of the c l o s u r e gap. 

Concerning the shape of the c l o s u r e gap the f o l l o w i n g f a c t o r s are i m p o r t a n t : 
- the l o c a t i o n and o r i e n t a t i o n of the closure-gap. 
- the dimensions o f the c l o s u r e - g a p , 
- the shape o f the b o u n d a r i e s (heads) 
- the absence o r presence o f a s i l l and the dimensions o f t h a t s i l l . 

The impacts o f the above-mentioned f a c t o r s are i n t e r r e l a t e d and cannot be 
designed s e p a r a t e l y . The r e s u l t i n g f l o w - p a t t e r n i n o r near a c l o s u r e - g a p 
w i l l be determined by a combination o f a l l these f a c t o r s . In p r a c t i c e , 
i n i t i a l designs w i l l be made i n which a l l f a c t o r s are i n c l u d e d , and subsequent 
s e l e c t i o n s o f the most a p p r o p r i a t e d e s i g n w i l l be c a r r i e d out by means o f 
desk s t u d i e s . 
The a p p l i c a t i o n o f desk s t u d i e s has become p o s s i b l e on the b a s i s o f the 
l a r g e experience which has been gained i n the l a s t three decades d u r i n g the 
e x e c u t i o n of closure-work. To enable t h i s , d a t a s h o u l d be a v a i l a b l e on the 
t i d a l motion b e f o r e , d u r i n g ( v a r i o u s stages of) and i n the u l t i m a t e stage 
o f the c o n s t r u c t i o n . Such i n f o r m a t i o n can be o b t a i n e d by means o f a 
mathematical t i d a l model. The n e c e s s i t y and type o f model i n v e s t i g a t i o n 
r e q u i r e d to support the d e f i n i t e d e s i g n depend l a r g e l y on the chosen method 
o f c l o s u r e . 

L o c a t i o n and o r i e n t a t i o n o f the c l o s u r e gap. 

The f a c t o r s d e t e r m i n i n g the l o c a t i o n o f the dam-position and, consequently 
a l s o t h a t o f the c l o s u r e - g a p s have a l r e a d y been d i s c u s s e d . In o r d e r not to 
change the t i d a l a c t i o n too much d u r i n g the c o n s t r u c t i o n o f the dam-sections, 
a c l o s u r e - g a p w i l l be made i n each (main) channel. T h e r e f o r e , the number o f 
closure-gaps w i l l e q u a l the number o f channels f e e d i n g the e s t u a r y . I f any 
s i z a b l e , secondary channels e x i s t i n the a l i g n m e n t - a r e a , and, assuming 
they are i n c l u d e d i n the dam-sections l o n g b e f o r e the c l o s u r e - o p e r a t i o n , 
then the c u r r e n t v e l o c i t i e s i n the closure-gaps w i l l i n c r e a s e (see f i g . 2 . 1 ) 
In the case t h a t the bottom c o n s i s t s o f l o o s e l y packed m a t e r i a l s , as a 
consequence some s c o u r i n g w i l l o c c u r. In t h a t case, i t i s recommended t h a t 
a bottom p r o t e c t i o n i n the closure-gaps i s c o n s t r u c t e d as e a r l y as p o s s i b l e . 
I f , however, the s c o u r i n g s form a c r i t i c a l p a r t i n the d e s i g n , then the 
secondary channels have to be kept open, u n t i l j u s t b efore the f i n a l c l o s u r e 
of the main c h a n n e l ( s ) , or u n t i l the s c o u r i n g process i s completed. 







- 12 b -





- 13 -

I t i s mentioned b e f o r e t h a t the c l o s u r e - g a p s h o u l d be designed p e r p e n d i c u l a r 
t o the f l o w - d i r e c t i o n ( i n p a r t i c u l a r d u r i n g and around the maximum f l o w -
v e l o c i t y ) . A c u r r e n t o b l i q u e l y approaching the c l o s u r e - g a p w i l l cause 
t u r b u l e n c e and consequently s e v e r e l y a t t a c k the bottom downstreams. 
In a d d i t i o n , these p e a k - v e l o c i t i e s , t h a t are coupled w i t h i n c r e a s e d t u r b u l e n c e 
w i l l form an a d d i t i o n a l t h r e a t t o the dam under c o n s t r u c t i o n . Due t o 
o b l i q u e c u r r e n t s , s e d i m e n t a t i o n problems may o c c u r i n those areas where 
edd i e s are formed near the edges o f the c l o s u r e - g a p s . I f an o b l i q u e approach 
t o the c l o s u r e - g a p i s unavoidable, then the consequences may - p a r t i a l l y -

» be a l l e v i a t e d by the c h o i c e o f an a p p r o p r i a t e shape o f the boundaries o f 
a c l o s u r e - g a p . 

Dimensions o f a c l o s u r e - g a p . 

The t i d a l volume f l o w i n g i n o r out o f the e s t u a r y w i l l h a r d l y be a f f e c t e d 
by the c o n s t r u c t i o n o f the dam-sections. A p o s s i b l e ( l i m i t e d ) d i s c h a r g e -
f u n c t i o n o f the s h o a l s ( f o r i n s t a n c e a t HW), w i l l be taken over by the 
c l o s u r e - g a p , j u s t as i s the case w i t h the c l o s u r e o f secondary channels 
a l r e a d y d e s c r i b e d above. The average c u r r e n t v e l o c i t y through the c l o s u r e -
gap w i l l , a p a r t from the a f f e c t o f t i d a l and e s t u a r i n e c h a r a c t e r i s t i c s 
( t i d a l volume), be determined by the s i z e o f the wet c r o s s - s e c t i o n . 
In a d d i t i o n , the ( h o r i z o n t a l ) v e l o c i t y - d i s t r i b u t i o n i n the closure-gap w i l l 
be important. T h i s f a c t o r w i l l be determined by the l o c a t i o n and the c u r r e n t 
approach t o the c l o s u r e - g a p and the p o s i t i o n and shape o f the dam-heads. 
The o c c u r r i n g c u r r e n t - v e l o c i t i e s are important f o r the s t a b i l i t y o f the 
dumping o p e r a t i o n s , e x c a v a t i o n s and the use o f f l o a t i n g equipment. I t sh o u l d 
be noted t h a t the i n c r e a s e i n v e l o c i t y o f the c u r r e n t i s important f o r the 
s c o u r i n g and e r o s i o n as t h i s f a c t o r w i l l determine the e x t e n t by which the 
c a p a c i t y o f the c u r r e n t t o absorb, exceeds the sediment-supply. 

In c o n t r a s t , as f a r as the s t a b i l i t y o f the dumped m a t e r i a l and the c u r r e n t -
l o a d s on f l o a t i n g equipment are concerned, the a b s o l u t e magnitude o f the 
v e l o c i t y i s i m p o r t a n t . 

In e s t u a r i e s a d j o i n i n g seas w i t h h i g h t i d e s , the c u r r e n t v e l o c i t i e s w i l l be 
r e l a t i v e l y h i g h even i n an u n d i s t u r b e d s i t u a t i o n . In t h i s case, the c l o s u r e -
gap w i l l have t o be designed as wide as p o s s i b l e w i t h r e g a r d t o the work
a b i l i t y ( f l o a t i n g equipment/caissons). T h i s i m p l i e s t h a t the amount o f the 
m a t e r i a l r e q u i r e d f o r the c l o s u r e w i l l i n c r e a s e . 
T h e r e f o r e , a dam-section p r o j e c t e d too f a r i n t o the channel ( r e l a t i v e l y 
low c u r r e n t v e l o c i t i e s i n the u n d i s t u r b e d s i t u a t i o n ) w i l l r e s u l t i n an 
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i n c r e a s e i n v e l o c i t y i n the r e m a i n i n g p a r t o f the c l o s u r e - g a p . I n a d d i t i o n , 
the a d j o i n i n g p a r t o f the c l o s u r e - g a p w i l l be o b l i q u e l y approached by the 
c u r r e n t r e s u l t i n g i n s e p a r a t i o n o f the c u r r e n t and g e n e r a t i o n o f v o r t e x 
s t r e e t s , which phenomenon o c c u r r e d i n the Hammen-closure-gap i n the mouth 
o f the Oosterschelde ( f i g . 2 . 3 . ) . 

An important a s p e c t i s , t h a t i n the d e s i g n o f the boundaries o f the c l o s u r e -
gap, the n a t u r a l development o f the sea-bed i s taken i n t o account. T h i s 
means t h a t i n case a channel s h o u l d migrate towards a dam-section, measures 
w i l l have t o be taken t o ensure t h a t d u r i n g the c o n s t r u c t i o n p e r i o d , t h i s 
dam-section w i l l n ot be e n g u l f e d by the channels, as t h i s would r e q u i r e 
a d d i t i o n a l defence s t r u c t u r e . 
I f a channel does move away from a dam-section, then t h i s dam-section w i l l 
have t o be c o n s t r u c t e d on the boundary between channel and s h o a l . I f the 
pace o f the m i g r a t i o n o f the channel i s h i g h , then i t may prove t o be necessary 
t o extend the a c t u a l dam-section (a r e l a t i v e l y cheap ope r a t i o n ) s h o r t l y 
b e f o r e the f i n a l c l o s i n g procedures, i n o r d e r t o o b t a i n an adequate boundary 
o f the c l o s u r e - g a p . 

Shape of the boundaries. 

The c u r r e n t - p a t t e r n near and i n the c l o s u r e - g a p w i l l , t o a g r e a t extent, be 
a f f e c t e d by the shape o f the boundaries o f the c l o s u r e - g a p (or the heads o f 
the dam-sections). With r e l a t i v e l y l o n g dam-sections, i n p a r t i c u l a r , the 
c u r r e n t - v e l o c i t i e s a l o n g the toe o f these dams w i l l , t o a g r e a t e x t e n t , be 
determined by the shape and s i z e o f the dam-heads. In these c a s e s , i t i s o f t e n 
necessary t o b u i l d fetr) e x t e n s i v e c o n s t r u c t i o n (s) , which w i l l ensure t h a t the 
c u r r e n t i s more o r l e s s d i r e c t e d s t r a i g h t towards the c l o s u r e - g a p . There are 
p l e n t y o f examples o f d i r e c t i o n a l c o n s t r u c t i o n s , such as: the dam-head 
"Noordland" and the " N e e l t j e Jans" i n the mouth o f the Oosterschelde (see 
f i g . 2 . 2 ) . These c o n s t r u c t i o n s are so enormous t h a t they p r o v i d e ample room 
f o r f o r w k i n g - o r refuge-harbours t o be b u i l t w i t h i n them. 

However, i t i s not always necessary t o b u i l d such e x t e n s i v e d i r e c t i o n a l dams. 
The p o s i t i o n o f the closure-gap can be such, t h a t a simple dam-head c o n s t r u c 
t i o n w i l l s u f f i c e . The d e s i g n e r can compensate f o r i t s e f f e c t s (the e f f e c t i v e 
w i d t h o f the c l o s u r e - g a p i s diminished) and extend the b o t t o m - p r o t e c t i o n l o c a l l y . 
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A s i l l i n the c l o s u r e - g a p . 

A s i l l i s i n f a c t p a r t o f the c l o s u r e - c o n s t r u c t i o n o f the gap. From the 
work-planning a s p e c t i t i s , however, o f t e n necessary t o b u i l d the s i l l d u r i n g 
a p r e v i o u s season. 
A c a i s s o n - c l o s u r e , f o r i n s t a n c e , r e q u i r e s t h a t the c r e s t o f the s i l l be 
a b s o l u t e l y l e v e l . As the r e a l i s a t i o n o f such a p r o j e c t r e q u i r e s a l o n g p e r i o d 
o f time, endeavours w i l l be made t o b u i l d the s i l l a t l e a s t one season p r i o r 
t o the a c t u a l f i n a l c l o s u r e . I n case o f a g r a d u a l c l o s u r e , t h i s advance s i l l -
c o n s t r u c t i o n means, t h a t a l a r g e p a r t o f the m a t e r i a l w i l l a l r e a d y have been 
dumped i n the c l o s u r e - g a p ( l a r g e s t volume, uniformity i n h e i g h t ) . However the 
n e c e s s i t y f o r an e a r l y c o n s t r u c t i o n i s l e s s e v i d e n t i n t h i s case. I t depends, 
on the l e n g t h o f the "working season" and the a v a i l a b l e dumping c a p a c i t y . 
I t s h o u l d be noted however, t h a t c o m p l e t i o n a c t i v i t i e s must take p l a c e i n 
the same working-season. In p a r t i c u l a r , w i t h a r e l a t i v e l y s h a l l o w c l o s u r e -
gap, the p r i o r c o n s t r u c t i o n o f the s i l l can or even s h o u l d be avoided. In 
t h i s case, the presence o f the s i l l would c o n s t i t u t e an important c o n s t r i c t i o n 
o f the c l o s u r e - g a p , which would r e q u i r e l a r g e ( r ) g r a i n e d dumping 
m a t e r i a l ( i n o r d e r t o s u r v i v e the w i n t e r season) and a l o n g e r b o t t o m - p r o t e c t i o n 
(because of l a r g e r e x c a v a t i o n s ) . 

A s i l l i n the c l o s u r e - g a p i s u s u a l l y f a v o u r a b l e f o r the c u r r e n t - p a t t e r n . 
The a p p l i e d o b s t r u c t i o n promotes e g a l i s a t i o n o f the c u r r e n t - d i s t r i b u t i o n 
and, as such, an e f f i c i e n t use o f the wet c r o s s - s e c t i o n . 
The h i g h e r the s i l l , the h i g h e r the e g a l i s a t i o n - e f f e e t . On the o t h e r hand, 
the s c o u r i n g w i l l i n c r e a s e i n p r o p o r t i o n t o the h e i g h t o f the s i l l (see"fig.2A) 
E f f o r t s must be made t o f i n d an o p t i m a l s o l u t i o n which w i l l combine the 
advantages o f both e f f e c t s . 

F i n a l l y , some more i n f o r m a t i o n about the shape o f the s i l l . 
The l o n g i t u d i n a l c r o s s - s e c t i o n ( t r a n s v e r s i n g the channel) s t r o n g l y depends 
on the closure-method t o be a p p l i e d . For the c a i s s o n - c l o s u r e the c r e s t o f 
the s i l l has, i n g e n e r a l , to be h o r i z o n t a l (and f l a t ) . 
For a gradual c l o s u r e , the c r o s s - s e c t i o n of the c r e s t may f o l l o w the o r i g i 
n a l c h a n n e l - p r o f i l e , which may prove advantageous f o r the c u r r e n t - d u s t r i b u t i o n 
on the down-stream s i d e of the c l o s u r e - g a p . 



F i g . 2.4. 
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2.4. Cross s e c t i o n o f the dam 

The c r o s s s e c t i o n o f the f i n a l dam depends on s e v e r a l f a c t o r s . 
• the h y d r a u l i c boundary c o n d i t i o n s ( w a t e r l e v e l s , waves, i c e ) 
• the n e c e s s i t y o f a road over the dam and the i n t e n s i t y o f the t r a f f i c 
• requirements about the s e a l i n g o f the dam ( a d i v i s i o n o f s a l t and 

f r e s h water) 
• environmental c o n d i t i o n s (landscape, r e c r e a t i o n e tc.) 
• a v a i l a b l e c o n s t r u c t i o n m a t e r i a l s , methods and p e r i o d 
• the used m a t e r i a l s and method f o r the c l o s u r e o p e r a t i o n 

The c r o s s s e c t i o n o f the f i n a l dam would have t o be designed t o w i t h s t a n d 
the t i d a l d i f f e r e n c e over the dam and the wave o r i c e a t t a c k . 

For a given stormsurge l e v e l and wave h e i g h t , the wave run-up and hence the 
c r e s t h e i g h t o f a dyke are determined by the slop e g r a d i e n t and the wi d t h 
o f the wave b r e a k i n g berm ( i f a berm i s b u i l t - see f i g . 2.4.a). 
Other c o n d i t i o n s b e i n g e q u a l , the necessary c r e s t h e i g h t o f a dytfe w i t h a 
f a i n t s l o p e on the seaward s i d e , broken by a berm w i l l be l e s s than f o r a 
dyke w i t h an u n i n t e r r u p t e d o r s l e e p s l o p e . 
T h i s f o l l o w s from the wellknown fo r m u l a : 

z = 8 Hs t g , where z = wave run-up a g a i n s t the s l o p e (m) 
Hs= s i g n i f i c a n t wave h e i g h t (m) 
Q= s l o p e g r a d i e n t 

A f a i n t slope i s f a v o u r a b l e f o r a s p h a l t revetment and b e t t e r compaction 
r e s u l t s can be ac h i e v e d (see l i t e r a t u r e " A s p h a l t revetments o f dyke s l o p e s " -
R i j k s w a t e r s t a a t Communications no.27). 
I t i s most economical t o make the inward sl o p e as s l e e p as p o s s i b l e . 

The c r o s s s e c t i o n o f the f i n a l dam may have impacts on the used m a t e r i a l s 
f o r the c l o s u r e . 
I f the c l o s u r e embankment i s a temporary s t r u c t u r e i t may be i n t e r e s t i n g 
t o check the p o s s i b i l i t y of r e c y c l i n g the used m a t e r i a l s . R e c y c l i n g the 
m a t e r i a l s w i l l be e a s i e r when a p p l y i n g r u b b l e , rock or concrete b l o c k s , 
than when c a i s s o n s are used. 
I f the sand c l o s u r e method w i l l be a p p l i e d an i n t e r e s t i n g a l t e r n a t i v e w i l l 
be t o c r e a t e a dune and beach p r o f i l e (see f i g . 2.4. c ) . 
When u s i n g " s l u i c e " c a i s s o n s , which are v i r t u a l l y f l o a t i n g s l u i c e s , i t i s 
p o s s i b l e t o c o n s i d e r them as temporary s t r u c t u r e s t h a t s t a y i n the core o f 
the f i n a l dam, but i t i s a l s o p o s s i b l e t o design them as the d e f i n i t e 
s l u i c e s , storm surge b a r r i e r s o r t u r b i n e cassons f o r t i d a l power energy. 
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Figure C*— Cross-section of Lauwerszee closure dyke. 

i. Figure a. Brouwersdam cross-section. 
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.. 3 CONSTRUCTION METHODS  

3.1. C l o s u r e methods 

When b u i l d i n g a dam t o c l o s e o f f a t i d a l b a s i n , the i n f l o w and o u t f l o w through 
the narrowed gap w i l l be hampered, c a u s i n g a decrease i n the t i d a l range i n 
the b a s i n and h i g h e r c u r r e n t v e l o c i t i e s through the r e m a i n i n g opening. As a 
consequence, the s c o u r i n g e f f e c t on the bottom near the dam w i l l be i n c r e a s e d 
which endangers the s t a b i l i t y o f the r i v e r b o t t o m and thus t h e f o u n d a t i o n o f 
the new s e a w a l l t o be b u i l t on i t . T h i s i m p l i e s t h a t the bottom, when c o n s i s t i n g 
o f e a s i l y e r o d a b l e sand, must be p r o t e c t e d by c u r r e n t r e s i s t a n t m a t e r i a l . 
N a t u r a l l y , t h e s e problems w i l l - n ot be encountered where the bottom i s r o c k y . 

A s p e c i a l problem a r i s e s from the method o f c l o s u r e . In the b e g i n n i n g the 
v e l o c i t i e s w i l l u s u a l l y be low; t h e r e f o r e , r e l a t i v e l y cheap m a t e r i a l s i n i t i a l l y 
may be used t o narrow the gap - i f p o s s i b l e (and i f available) sand, and o t h e r -
wig e s m a l l s i z e d r u b b l e ( g r a v e l ) o r c l a y . The gap i s narrowed by b u i l d i n g out 
from the s i d e s and by h e i g h t e n i n g the s i l l . I f the v e l o c i t i e s become h i g h e r 
t h an 2 t o 3 m/s, h e a v i e r m a t e r i a l must be used. The d i f f i c u l t i e s i n e f f e c t i n g 
t he c l o s u r e w i l l i n c r e a s e f o r s t i l l h i g h e r v e l o c i t i e s , because n a v i g a t i o n 
i n the gap w i l l n o t be p o s s i b l e d u r i n g the whole t i d e , and the s c o u r i n g e f f e c t 
w i l l become more s e r i o u s . To c l o s e the f i n a l gap t h e r e are t h r e e groups of 
c l o s u r e methods: (see f i g . 3.1.) 
I : the g r a d u a l c l o s u r e 

I I : the sand c l o s u r e 
I I I : the "sudden" c l o s u r e 
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I. a. Gradual horizontal closure 
If a closure gap with a low s i l l i s horizontally constricted 
the current velocities increase in proportion to the gradual decrease 
of the cross-section area. Therefore very heavy material w i l l be 
needed to close the ' l a s t gap, whereas, at the same time, the 
bed protections w i l l be heavily attacked. 
This method of closure i s not applied on a large scale for the closing 
of t i d a l basins i n areas with a large t i d a l range. 
When closing a gap with a high s i l l , the s i l l i s raised to such a 
height that a situation of a clear o v e r f a l l i s reached, this i s to say, 
that the current velocity over the s i l l w i l l be determined by the height 
of the s i l l and not be influenced by the head difference over the barrier. 
The horizontal constriction of a closure gap with high s i l l can be done 
by dumping g l a c i a l clay, bags f i l l e d with either sand or clay and rubble 
or by placing box-type caissons. 

I.b. Gradual v e r t i c a l closure 
A gradual v e r t i c a l closure i s usually applied as follows. 
First, after the bottom has been protected, the dam i s b u i l t out from one 
of the banks. Generally this becomes a damsection on r e l a t i v e l y shallow 
parts. This proces can be continued u n t i l the velocity of the current 
in the remaining gap i s 2 to 3 m/s, depending on the materials used in 
these damsections. 
Then, the closure gap i s b u i l t up i n horizontal layers. As a consequence, 
the velocity increases and, therefore the weight of the stones to be 
used must also increase. There are various methods of dumping stones, 
such as floating equipment, a cable way, a bridge or helicopters. During 
the closure period, the velocities may greatly increase. 
By heightening the dam, the t o t a l quantity of water flowing over the 
crest, however, decreases and the velocities on the river bottom may 
become r e l a t i v e l y lower and the scouring effect i s weakened. 
Usually the larges velocities are found in the upper-layers of the 
v e r t i c a l velocity distribution (immediately below the water surface). 
The increase in the maximum velocity w i l l stop when the flow over the 
crest of the embankment becomes c r i t i c a l during maximum flow. The s i t u 
ation of a clear o v e r f a l l has been reached. Further heightening the 
embankment w i l l result in a decrease of the maximum velocity u n t i l the 
dam has attained i t s f u l l height. 
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I I . Sand c l o s u r e 
A requirement f o r a g r a d u a l o r sudden c l o s u r e i s t h a t the m a t e r i a l t o be 
used shoul d have s u f f i c i e n t weight t o r e s i s t e r o s i o n , whereas f o r a sand 
c l o s u r e the m a t e r i a l (sand) has to' be s u p p l i e d i n such l a r g e q u a n t i t i e s , 
t h a t the main p o r t i o n i s not c a r r i e d away by the c u r r e n t . I f c u r r e n t v e l o 
c i t i e s i n the c l o s i n g gap reach h i g h v a l u e s (order 3 m/s o r more) l a r g e 
s c a l e methods are necessary. Due t o the h i g h v e l o c i t i e s , expensive bottom 
p r o t e c t i o n works are r e q u i r e d . I f the c u r r e n t v e l o c i t i e s are o f moderate 
magnitude (order 2,5 m/s o r l e s s ) l o c a l sand may be used. A p a r t of t h i s 
m a t e r i a l w i l l be l o s t d u r i n g the c l o s u r e o p e r a t i o n . 
However, the c o s t s o f the expensive bottom p r o t e c t i o n are saved. 
T h e r e f o r e , the l o s s e s o f sand may w e l l be accepted i n the o v e r a l l economics 
o f the works. R e c e n t l y , a number o f t i d a l channels, both i n the Netherlands 
and i n Germany, were c l o s e d s u c c e s f u l l y by pumping sand i n t o the gap. 
T h i s was mainly p o s s i b l e because o f the i n c r e a s e d c a p a c i t y o f the modern 
s u c t i o n dredgers. 

I I I . Sudden c l o s u r e s . 
T h i s method d e a l s w i t h s t r u c t u r e s which a l l o w the whole gap t o be c l o s e d 
suddenly. Normally, these s t r u c t u r e s are c a i s s o n s which are p l a c e d i n the 
gap d u r i n g a s l a c k water p e r i o d and thus c l o s e the whole gap a t once. 
Another s o l u t i o n i s the use o f s l u i c e c a i s s o n s which are p l a c e d d u r i n g 
s e v e r a l subsequent s l a c k water p e r i o d s , and are k ept open d u r i n g the p e r i o d 
over which a l l the s l u i c e c a i s s o n s are p l a c e d . 
A f t e r the p l a c i n g o f the f i n a l c a i s s o n , they are a l l c l o s e d a t the same 
s l a c k water p e r i o d by means o f gates. S l u i c e c a i s s o n s s h o u l d be used when 
the gap t o be c l o s e d i s a l a r g e one and the t i d a l motion i s c o n s i d e r a b l e . 
C l o s e d c a i s s o n s are u s e f u l i n s m a l l gaps, say nog l a r g e r than 1 t o 3 c a i s s o n s 
o r i n areas where o n l y a v e r y s m a l l t i d a l motion o c c u r s . C h a r a c t e r i s t i c f o r 
a sudden c l o s u r e by means of s l u i c e c a i s s o n s i s t o m a i n t a i n an as wide as 
p o s s i b l e e f f e c t i v e wet area o f the c l o s u r e gap u n t i l a l l the c a i s s o n s are 
sunk i n p o s i t i o n on the s i l l . 
By u s i n g open c a i s s o n s , a g r e a t i n c r e a s e o f the v e l o c i t y i n the gap i s 
avoided, so t h a t s t r o n g s c o u r i n g does not o c c u r , p r o v i d e d the f l o w p a t t e r n 
i s not too much i n f l u e n c e d by the w a l l s of the c a i s s o n s . 
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3.2. Bottom p r o t e c t i o n works 

The scour which w i l l take p l a c e i n the v i c i n i t y o f the e n c l o s u r e works i s 
the t i m e - i n t e g r a t e d r e s u l t a n t o f the p r o g r e s s i v e l y i n c r e a s i n g c u r r e n t 
v e l o c i t y . I f the sea bed i s composed o f l o o s e sediments, a c e r t a i n p a r t 
o f i t under and on both s i d e s o f the e n c l o s u r e works w i l l have t o be 
p r o t e c t e d i n o r d e r t o ensure t h e i r s t a b i l i t y . T h i s aspect can be d i s r e g a r d e d 
i n the case o f a r o c k y bed o r when the s i l t / s a n d cover on the rock base i s 
i n the o r d e r o f o n l y a few metres. 
I n i t i a l d esigns and subsequent s e l e c t i o n o f the most a p p r o p r i a t e type o f 
revetment have t o be c a r r i e d out. 

The main d i s t i n c t i o n between permeable and impermeable revetments i s not 
always c l e a r . 
The d i s t i n c t i o n depends not o n l y on the c o n s t r u c t i o n i t s e l f , b u t a l s o on 
the c h a r a c t e r i s t i c s o f the l o a d v a r i a t i o n and the p r o p e r t i e s o f the s u b s o i l . 
The consequence i s t h a t one and the same c o n s t r u c t i o n can be c o n s i d e r e d 
permeable f o r slow changing water p r e s s u r e s and a c t as impermeable f o r 
r a p i d l y changing water p r e s s u r e s . 
Under t h i s p r o v i s o , the f o l l o w i n g t a b u l a t i o n may g i v e a g e n e r a l i n d i c a t i o n 
o f the v a r i o u s o p t i o n s open t o the d e s i g n e r . 
The t e c h n i c a l r e a l i s a t i o n o f bank and bed p r o t e c t i o n works w i l l be d e t e r 
mined by a number o f f a c t o r s . The most important o f these can be formulated 
as f o l l o w s : 
- a v a i l a b i l i t y o f c o n s t r u c t i o n m a t e r i a l s 
- a v a i l a b i l i t y o f l a b o u r and equipment 
- e x t e r n a l boundary c o n d i t i o n s a t the s i t e . 
- i n t e r r e l a t i o n s h i p between l a b o u r , equipment and m a t e r i a l c o s t . 

The present p o s s i b i l i t i e s o f l a b o r a t o r y i n v e s t i g a t i o n s are such, t h a t new 
concepts o f bottom p r o t e c t i o n s , can be designed and t e s t e d i n a r e l a t i v e l y 
s h o r t p e r i o d . 
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3.3. Temporary works 

The temporary works envisaged f o r an e n c l o s u r e p r o j e c t c o n s i s t o f : 
- access roads 
- l a b o r camps 
- c o n s t r u c t i o n harbour(s) w i t h storage areas 
- c o n s t r u c t i o n j e t t y 
- b u i l d i n g p i t f o r a l o c k , a d i s c h a r g e s l u i c e o r c a i s s o n s 

An adequately designed access road must be p r o v i d e d t o f a c i l i t a t e the 
t r a n s p o r t o f men, equipment and m a t e r i a l s t o the c o n s t r u c t i o n s i t e : a 
c a r e f u l l assessment must be made o f maximum s i z e o f equipment and maximum 
load s t o be t r a n s p o r t e d t o a r r i v e a t an economical d e s i g n o f the access 
road. 

The s i z e o f the l a b o r camps i s determined by the number o f men t o be housed. 
S p e c i a l a t t e n t i o n must be p a i d t o the l a y - o u t , so t h a t a c c e s s i b i l i t y , 
d r a i n a g e , f i r e - p r o t e c t i o n , s a n i t a t i o n , power- and watersupply are r e a l i z e d 
a t minimum c o s t . 
The c a t e r i n g s e r v i c e and r e c r e a t i o n a l f a c i l i t i e s must be l o c a t e d i n the 
camps. 

A c o n s t r u c t i o n harbour i s envisaged t o serve as bases f o r the storage and 
d e l i v e r y o f c o n s t r u c t i o n equipment and m a t e r i a l s . T h i s equipment can be 
r e q u i r e d f o r the c o n s t r u c t i o n o f a l o c k , a d i s c h a r g e s l u i c e and the 
e n c l o s u r e dam. In many cases c o n s t r u c t i o n harbours are necessary on 
a r t i f i c i a l i s l a n d s a t the end o f damsections on the s h a l l o w s . The c o n s t r u c 
t i o n s i t e s where elements o f the dam are p r e f a b r i c a t e d ( f . i . bottom p r o t e c 
t i o n mattrasses) have t o be s i t u a t e d i n the c l o s e neighbourhood o f a 
c o n s t r u c t i o n harbour. 
A c o n s t r u c t i o n j e t t y may be r e q u i r e d i n a d d i t i o n t o the c o n s t r u c t i o n harbour. 
The l o c a t i o n o f bo t h the c o n s t r u c t i o n harbour and the j e t t y must be s u b j e c t 
o f an i n t e n s i v e study t a k i n g i n t o c o n s i d e r a t i o n the requirements o f the 
en c l o s u r e dam, the c o n s t r u c t i o n o f a l o c k and a di s c h a r g e s l u i c e . 

The b u i l d i n g p i t f o r the l o c k i s a major c o n s t r u c t i o n j o b . In c o n j u n c t i o n 
w i t h the p o s s i b l e a l t e r n a t i v e l o c a t i o n s o f the l o c k a c a r e f u l economic e v a l u 
a t i o n must be made t o a r r i v e a t the most economical s o l u t i o n . S p e c i a l care 
must be taken to ensure a proper drainage under a l l c i r c u m s t a n c e s . Besides 
the i n f l u e n c e o f the b u i l d i n g p i t on the circumstances i n the remaining en
c l o s u r e gap has t o be s t u d i e d . The same a p p l i e s t o the b u i l d i n g p i t o f a 
dis c h a r g e s l u i c e o r c a i s s o n s (sudden c l o s u r e ) . 
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4 GRADUAL CLOSURES 
4.1. Hydraulic conditions 

The gradual closures can be subdivided into three methods, such as: 
• horizontal constrictions with a low s i l l 
• horizontal constrictions with a high s i l l 
• v e r t i c a l constrictions 

The most significant difference between these methods i s the current 
velocity i n the closure gap, when during the closure the size of the wet 
cross-section decreases (see f i g . 4.1). This figure shows that, particularly 
during a gradual horizontal closure, on a low w i l l , the current-velocity 
can be increase considerably. Therefore, this method can only be applied 
to provided the head over the closure-gap i s not too great. 
With the gradual horizontal constriction on a high s i l l , the current-
velocity follows from the formula for sub c r i t i c a l flow:V= m =\2g (H-h) 
where: V - average current velocity in the closure gap (m/s) 

m - discharge coefficient ( - ) 
2 

g - acceleration of gravity (m/s ) 
H - waterlevel upstreams (m) 
h - waterlevel downstreams (m) 

With a gradual horizontal constriction on a high s i l l , the s i l l i s raised 
to such a height, that a situation of a clear o v e r f a l l i s reached. This 
means that the current velocity over the s i l l w i l l be determined by the 
height of the s i l l , and not be influenced by the head difference over the 
barrier. 
This follows from the formula for super c r i t i c a l flow: 

V = m \/jgH , where H - height of the waterlevel upstreams above the 
crest of the s i l l (m) 

Characteristic for a gradual v e r t i c a l closure i s the building up of the 
embankment over i t s whole length. It i s possible to build up i n horizontal 
layers, but also to follow the shape of the cross section of the channel 
to be closed. 
During the closure period, the velocities may greatly increase. As a 
consequence therefore the weight of the materials to be used must also 
increase. 
The increase i n the maximum velocity w i l l stop when the flow over the 
crest of the embankment becomes c r i t i c a l during maximum flow. The situation 
of a clear ov e r f a l l has been reached. Further heightening the embankment 
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w i l l r e s u l t i n a decrease o f the maximum v e l o c i t y u n t i l the dam has 
a t t a i n e d i t s f u l l h e i g h t . 
An advantage o f t h i s method o f c l o s i n g i s the d e c r e a s i n g o f the v e l o c i t i e s 
a t the r i v e r b o t t o m d u r i n g the h e i g h t e n i n g o f the embankment; u s u a l l y the 
l a r g e s t v e l o c i t i e s are found i n the u p p e r - l a y e r s o f the v e r t i c a l v e l o c i t y -
d i s t r i b u t i o n , depending on the h e i g h t o f the s i l l and the waterdepth. 
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4.2. C o n s t r u c t i o n methods 

The m a t e r i a l s and-equipment t h a t can be a p p l i e d a t g r a d u a l c l o s u r e s , 
depend s t r o n g l y on the s c a l e and l o c a l c ircumstances. 
As much as p o s s i b l e l o c a l methods and m a t e r i a l s have t o be used f o r 
c l o s i n g t i d a l b a s i n s . 

The f o l l o w i n g methods can be a p p l i e d : 
- h o r i z o n t a l c o n s t r i c t i o n (narrowing the gap from the s i d e s ) : 

• dumping g r a v e l , c l a y , r u b b l e o r bags f i l l e d w i t h e i t h e r sand 
o r c l a y , over the head o f damsections 
by manual l a b o u r , t r u c k s o r cranes 

• p l a c i n g t i g h t box-type c a i s s o n s 
- v e r t i c a l c o n s t r i c t i o n : 

• dumping rocky m a t e r i a l s ( g r a v e l , s t o n e s , concrete b l o c k s o r 
rock u n i t s ) , c l a y o r sandbags by 
. manual l a b o u r or t r u c k s over a causeway 
. f l o a t i n g equipment, such as stone dumping v e s s e l s o r f l o a t i n g 

cranes 
. cableway 
. h e l i c o p t e r s 



rtofi20nta\ Cowvtrac«o»i damping over taWawtheais 
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Horizontal constriction by means of manual labour 

For instance, to repair the dike on the i s l e of Tholen (Neth.) i n February 
and March 1953 after the flood disaster, bags f i l l e d with sand and clay 
were used as f i l l i n g material. About 3.400 people were required to carry 
the sand-bags manually. A high capacity was obtained by c i r c u i t walking. 
Within a fortnight 1,75 million sand-bags were transported and i n total 
2,35 million bags were used i n this operation. As the normal methods of 
supplying these bags would have required too much time, they were dropped 
at various places by aeroplanes. 

Another example i s the method developped i n Bangla Desh (Bay of Bengal) 
to close small channels. 
The local method involves the horizontal construction of dams from both 
banks. The dams are composed of compartments of widely spaced timber pil e s 
f i l l e d with large r o l l s of straw, palmleaves and clay. 
The r o l l s generally do not disintegrate i n the current and the clay i s 
retained. This method i s suitable provided that the ultimate closure-gap 
i s s u f f i c i e n t l y small to be closed during one low water period, while 
s t i l l being s u f f i c i e n t l y large to avoid very high watervelocities which 
would cause scouring of the channel bottom and the dam heads. 
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H o r i z o n t a l c o n s t r i c t i o n _ u s i n g t i g h t c a i s s o n s 

T h i s method has been used f o r the secondary dams (S.W.Netherlands) i n the 
Zandkreek (1960) and the southern channel o f the G r e v e l i n g e n Dam (1962). 
In t h i s way a g r a d u a l h o r i z o n t a l c o n s t r i c t i o n was achieved on a s i l l w i t h 
a depth o f M.S.L. - 5 m, by p l a c i n g compact c a i s s o n - u n i t s (concrete, box
l i k e elements approx. 11 m l o n g , approx. 7.5 m wide and approx.6 m h i g h ) . 
As no t i d a l b a s i n s were c l o s e d h e r e , the d i f f e r e n c e s i n water l e v e l over 
the r e t a i n i n g dams were l i m i t e d to a few decimeters o n l y . Consequently, 
the maximum c u r r e n t v e l o c i t i e s d i d not i n c r e a s e by more than approx. 2 m/s 
i n the f i n a l c l o s u r e gap. 
In 1953 c a i s s o n - u n i t s were b u i l t f o r the f i r s t time as a means o f c l o s i n g 
the d i k e breaches caused by the f l o o d d i s a s t e r e a r l i e r t h a t y e a r . 
A t t h a t time i t was i m p o s s i b l e t o determine a t s h o r t n o t i c e the dimensions 
and the necessary number o f c a i s s o n s . 

When a d i k e breach o c c u r s , the c l o s u r e can be done e i t h e r a t the flow-gap 
o r behind the f l o w gap a t ground l e v e l (see f i g . 4 . 3 ) . The r e c o n s t r u c t i o n 
o f the demaged d i k e a l o n g i t s o r i g i n a l course, i n v o l v e s the c l o s i n g o f 
g u l l i e s . The c o n s t r u c t i o n o f a "horse-shoe" d i k e round the gap on the 
l a n d s i d e i n v o l v e s a wide gap on ground l e v e l . 
A s t r i k i n g example o f the a p p l i c a t i o n o f c a i s s o n - u n i t s on a h i g h " s i l l " 
i s the c l o s u r e a t ground l e v e l a t Schelphoek i n August 1953. 
A t Schelphoek, the breach i n the c o a s t a l d i k e formed a f l o w gap 525 m l o n g , 
w i t h a maximum depth o f 37 m. T h i s gap was c l o s e d by a "hors shoe" shaped 
(an i n t e r - s e c t i o n ) d i k e 4 k i l o m e t e r s l o n g f o r which, i n t o t a l , 235 c a i s s o n -
u n i t s were used. 
To prevent seepage under the g e n e r a l l y narrow bottom p r o t e c t i o n s (40 to 
50 m) the c l o s u r e o f a ground l e v e l gap had t o take p l a c e a t h i g h speed. 
When c l o s i n g the gap a t Schelphoek, 462 meters o f c a i s s o n s (42 u n i t s , 
11 m long) were p l a c e d w i t h i n 24 hours. While c l o s i n g the gap a t ground 
l e v e l , i t appeared t h a t the s o i l i n s i t u , sandy c l a y , needed a bed p r o 
t e c t i o n o f f a s c i n e s , what i n i t s t u r n caused the c u r r e n t v e l o c i t y at 
g r o u n d l e v e l t o i n c r e a s e up t o 1,5 t o 2 m/s. I t was intended to s e l e c t a 
s i l l w i t h such a h e i g h t t h a t , a t the peak low water l e v e l , c u r r e n t v e l o c i 
tie s of 3 m/s would not be exceeded. However, because o f the a l t i t u d e of 
the ground l e v e l and the t h i c k n e s s o f the f a s c i n e s , these demans c o u l d 
not always be met; the v e l o c i t i e s exceeded by f a r the 3 m/s standard. 
However, the bed p r o t e c t i o n was not s e v e r e l y damaged. 
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1. By r e c o n s t r u c t i n g the damaged d i k e a l o n g i t s o r i g i n a l c o u r s e , which 
i n v o l v e s the c l o s i n g of g u l l i e s . 

2. By c o n s t r u c t i n g a "horse-shoe" d i k e round the gap on the l a n d s i d e , 
which i n v o l v e s a wide gap on ground l e v e l . 

3. By c o n s t r u c t i n g a "horse shoe" d i k e a l o n g the s h a l l o w s o u t s i d e the 
o r i g i n a l d i k e , which i n v o l v e s the c l o s i n g of g u l l i e s . 
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V e r t i c a l c o n s t r i c t i o n s 
A g r a d u a l v e r t i c a l c l o s u r e i s g e n e r a l l y d i v i d e d i n t o the next main 
c o n s t r u c t i o n - s t a g e s : 

1. a s t a b l e , scour r e s i s t a n t sea bed i s necessary a t the gap and p r o 
t e c t i o n o f the sea bottom by a revetment i s the f i r s t s t a g e , i f the 
bed: c o n s i s t s o f l o o s e l y packed sediment. 

2. most times b u i l d i n g up a s i l l w i t h the f u n c t i o n o f p r e s s u r e d i s t r i b u t i o n 
i n the s u b s o i l ( i f necessary) o r the f u n c t i o n o f a f i l t e r between the 
bottom revetment and the m a t e r i a l s o f the c l o s u r e embankment. 

3. c l o s u r e m a t e r i a l s are dumped i n t o the sea, thus g r a d u a l l y forming an 
embankment a l o n g the l e n g t h o f the gap. The embankment i s heightened 
eve n l y a l o n g i t s l e n g t h , u n t i l i t emerges above the H.W.level. 

4. when the c l o s u r e embankment has been b u i l t up enough t o stop the t i d e , 
the permanent dam i s b u i l t around i t . 

Equipment f o r a g r a d u a l v e r t i c a l c l o s u r e 
1. Manual l a b o u r o r t r u c k s over a causeway, 

advantages: 
- b u i l d i n g up i n h o r i z o n t a l l a y e r s , depending 

on the c o n s t r u c t i o n o f the causeway 
- r e l a t i v e l y cheap 

disadvantage: 
- o n l y a p p l i c a b l e a t r e l a t i v e l y s h a l l o w channels 

2. Stone dumping v e s s e l s o r f l o a t i n g cranes 
advantages: 

- b u i l d i n g up the embankment i n h o r i z o n t a l 
l a y e r s ; 

- l e s s m a t e r i a l s needed i n the l a s t c r i t i c a l 
c l o s i n g stage 

- r e l a t i v e l y cheap 
disadvange: 

- low c a p a c i t y ( d e c r e a s i n g u n t i l zero when u s i n g 
v e s s e l s ) i n the l a s t stage (from about 2 m below 
L.W.), because the v e s s e l s can o n l y c r o s s the 
embankment a t H.W. and when the c u r r e n t v e l o c i t i e s 
are s u f f i c i e n t l y low. 
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3. Cableway, h e l i c o p t e r , t r u c k s over a b r i d g e 
advantage : 

- h i g h c a p a c i t y d u r i n g a l l stages 
disadvantages: 

- expensive 
- many stones o r concrete b l o c k s t o be 

dropped i n the f i n a l stage 
- more s c o u r i n g 

4. F i r s t : stone dumping v e s s e l s 
L a t e r : cranes, t r u c k s , cableway o r h e l i c o p t e r s 
advantage : 

- h i g h c a p a c i t y d u r i n g a l l stages 
disadvantage : 

- two types of c l o s u r e equipment 
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F l o a t i n g equipment 
On a s m a l l e r s c a l e a v e r t i c a l c o n s t r i c t i o n o f the c l o s u r e gap can be 
achi e v e d by dumping c l a y , sand-bags o r s m a l l g r a i n e d r u b b l e . I n 1870 
a l r e a d y the Sloe (the Netherlands) was c l o s e d o f f by the c l a s s i c a l method 
o f s i n k i n g matresses above each o t h e r . A disadvantage o f t h i s method i s , 
however, t h a t a t the f i n a l c l o s i n g s the s l a c k water p e r i o d i s too s h o r t 
f o r the s i n k i n g manoeuvres. 
However, dumping-sites o f g l a c i a l c l a y w i t h a h e i g h t from 5 up t o 8 meters 
o r more w i l l show a tendency t o slump. 
To t r a n s p o r t and dump huge q u a n t i t i e s o f r u b b l e and con c r e t e b l o c k s , stone-
dumping v e s s e l s and f l o a t i n g cranes can be used as equipment. 
An advantge o f u s i n g t h i s equipment i s , t h a t the r e t a i n i n g dam can be b u i l t 
up i n h o r i z o n t a l l a y e r s , thus a v o i d i n g t h a t a t the l a s t c r i t i c a l c l o s i n g 
stage l a r g e q u a n t i t i e s o f r u b b l e must be dumped i n the c l o s u r e gap. The s i d e 
s l o p e s o f a r e t a i n i n g dam, c o n s i s t i n g o f r u b b l e , has an angle o f b r o a d l y ' 
1:1,5. T h i s i m p l i e s t h a t w i t h a l o w - l y i n g s i l l a l r e a d y approx. 80% o f the 
m a t e r i a l s has been dumped b e f o r e a s i t u a t i o n o f a c l e a r o v e r f a l l i s generated. 
On the ot h e r hand, however, i t i s a f a c t t h a t the c a p a c i t y o f the f l o a t i n g 
equipment i s hampered a t the f i n a l stages o f c l o s i n g and thus reduced. 
Stone dumping v e s s e l s are o n l y a b l e t o f l o a t over the r e t a i n i n g dam d u r i n g 
the h i g h t u r n o f t i d e , due t o the draught and the h i g h l y i n c r e a s e d c u r r e n t 
v e l o c i t i e s . F l o a t i n g cranes have a r e l a t i v e low dumping c a p a c i t y and are 
unable t o anchor behind the c l o s u r e ;gap due t o the h i g h c u r r e n t v e l o c i t i e s . 
The use of f l o a t i n g equipment, such as s p l i t barges, e l e v a t o r barges or 
stone dumping v e s s e l s t o c l o s e a channel v e r t i c a l , i s q u i t e an easy and 
cheap s o l u t i o n u n t i l the c r e s t o f the embankment reaches about 2 t o 3 m 
below L.W. 

The use o f f l o a t i n g equipment d u r i n g the f i n a l stage o f a gr a d u a l c l o s u r e , 
r e q u i r e s a d a p t a t i o n o f the e x e c u t i o n method w i t h r e g a r d t o the i n c r e a s i n g 
c u r r e n t v e l o c i t i e s . 

Example: 
Stone dumping v e s s e l , d a t a : 
c a r r y i n g c a p a c i t y 700 to 800 t o n 
l o a d draught 2,5m 
l e n g t h 55 m 
beam 11 m 

2 2 Flow r e s i s t a n c e = h Cw Jf wV . A «r> 30 t o 110 V (KN) 
2 2 S k i n f r i c t i o n • h Ct M wV . S ^ 3 to 4 V (KN) 

Energy g r a d i e n t 
f o r c e ^ G s i n ck ^ l t o 10 v£ ( K N ) 

85 t o H 5 x) v 2 / y T > n 
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data f o r t r a n s v e r s e f l o w 
V = c u r r e n t v e l o c i t y (m/s) 

Depending on the anc h o r i n g system stone dumping from the v e s s e l i s p o s s i b l e 
up to c u r r e n t v e l o c i t i e s o f : 
X 1,5 t o 1,8 m/s under t r a n s v e r s e c u r r e n t a t t a c k 
X 2,5 t o 3 m/s under head c u r r e n t a t t a c k 
I f the d i s t a n c e from the dumping s i t e t o the depot i s about 1 km, the 
average c y c l e p e r i o d o f 1 stone dumping v e s s e l o f 700 t o n c a r r y i n g c a p a c i t y 
w i l l be ap p r o x i m a t e l y 4,5 hours. 
The c a p a c i t y o f one v e s s e l w i l l be about 2700 ton/day p r o v i d e d t h a t dumping 
i s p o s s i b l e d u r i n g the whole t i d a l c y c l e . 
I f , however, dumping i s o n l y p o s s i b l e , due t o the draught and the c u r r e n t 
v e l o c i t i e s , d u r i n g s l a c k H.W. the c a p a c i t y o f one v e s s e l decreases t o 1400 
ton/day ( d i u r n a l t i d e ) . 
I f the t i d a l range i s 3,5 m, the maximum h e i g h t o f the c r e s t c o n s t r u c t e d 
by u s i n g stone dumping v e s s e l s i s appr o x i m a t e l y 1,5 m t o 2 m below M.S.L. 
The c r i t i c a l s t a t e f o r maximum ebb and f l o o d has been reached ( c l e a r o v e r f a l l ) . 

Then the f i n a l c l o s u r e takes p l a c e by narrowing the gap from the s i d e s , e.g. 
by p l a c i n g c a i s s o n s on the s i l l o r by u s i n g stones. I n t h a t case the maximum 
v e l o c i t i e s w i l l remain constant f o r s i m i l a r t i d e s . I f stones are used t o 
narrow the gap h o r i z o n t a l l y f l o a t i n g cranes or backhoe dredgers can be used 
as equipment. 
T h i s combined v e r t i c a l and h o r i z o n t a l c l o s u r e i s , i n f a c t , a h o r i z o n t a l c l o s u r e 
on a h i g h s i l l . 

An o t h e r p o s s i b i l i t y i s to c l o s e the f i n a l stage v e r t i c a l w i t h stones by 
u s i n g h y d r a u l i c cranes on the c r e s t o f the c l o s u r e embankment d u r i n g low 
water. Experience was gaines w i t h t h i s method d u r i n g the c l o s u r e o f an e a s t e r n 
p a r t i n the E a s t e r n S c h e l d t (near Bergen op Zoom) i n 1980 (see photograph). 
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Cable way 
In view o f the disadvantages o f the f l o a t i n g equipment cable-ways have been 
a p p l i e d f o r c l o s i n g the Grevelingendam (1963), the H a r i n g v l i e t d a m (1970) 
and the southern channel of the Brouwersdam (1971) i n the N e t h e r l a n d s . 
D u r i n g the g r a d u a l c l o s i n g s i n the H a r i n g v l i e t and the G r e v e l i n g e n the t i d a l 
d i f f e r e n c e s were s t i l l r a t h e r s m a l l : r e s p e c t i v e l y 60 and 90 cm. I n r e l a t i o n 
t o the o c c u r r i n g t i d a l d i f f e r e n c e s i n these waters the drop i n head over 
the embankments was c o m p a r a t i v e l y s m a l l ; i n the G r e v e l i n g e n t h i s was due t o 
the f a c t t h a t the a r e a a t the r e a r was not c l o s e d o f f , whereas i n the 
H a r i n g v l i e t the t i d a l range c o u l d be l i m i t e d by opening the l a r g e d i s c h a r g e 
s l u i c e s . 

I n the Brouwershavense Gat the t i d a l range and consequently the c u r r e n t -
v e l o c i t y was c o n s i d e r a b l y h i g h e r as here a c l o s i n g took p l a c e i n an area 
s e a l e d o f f a t the r e a r ; t h e r e f o r e t h e r e was a c l o s e r e l a t i o n between the 
t i d a l d i f f e r e n c e and the t i d a l range. Many model t e s t s were c a r r i e d out t o 
determine the b e s t dumping mat e r i a l . B e c a u s e r u b b l e i s h a r d l y a v a i l a b l e i n 
the Netherlands, most o f the t e s t s are c a r r i e d out u s i n g c o n c r e t e b l o c k s ; 
the cube appears t o be the most a p p r o p r i a t e shape f o r these b l o c k s . 
As can be seen from t a b l e 1, the dumping c a p a c i t y c o u l d s t i l l be f u r t h e r 
i n c r e a s e d i n t h r e e gaps c l o s e d by means o f cable-ways. 

Table 1. C l o s i n g s i n the south western Netherlands by means o f cable-ways. 

Northern channel 
Grevelingendam 1963 

Rak o f Scheelhoek 
H a r i n g v l i e t d a m 1970 

Southern channel 
Brouwersdam 1971 

m a t e r i a l 
r u b b l e 60 - 300 kg 
i n l o a d i n g - n e t s 

4 concrete b l o c k s of 
2,5 ton per t e l p h e r 
(own weight 20 ton) 

6 concrete b l o c k s o f 
2,5 ton per t e l p h e r 
(own weight 17 ton) 

dumping c a p a c i t y 
120 ton/h. 

• 300 ton/h. 

1.000 ton/h. 

A cableway c o n s i s t s of a f i x e d r a i l - s t r u c t u r e on each s i d e of the gap t o 
be c l o s e d . 
Between these s t r u c t u r e s tow c a b l e s ( H a r i n g v l i e t c l o s u r e : approx. 92 mm t h i c k 
and 6 m apart) are s t r e t c h e d . At the H a r i n v l i e t d a m and Brouwersdam cableways 
the d i s t a n c e between the two r a i l s t r u c t u r e s was d i v i d e d i n t o f o u r by t h r e e 
i n t e r m e d i a t e s u p p o r t s , w i t h r e s u l t a n t spans of 80, 560, 580 and 110 m (Haring
v l i e t ) . 
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S I N G L E C R E S T D O U B L E C R E S T 

CrifS jTc closure ernt}**tr»e» I* 

The ca b l e s were independent o f eachother, and were anchored a t one end and 
te n s i o n e d a t the o t h e r end by a t e n s i o n i n g weight o r counterweight. 
They were anchored by means o f a heavy concrete b l o c k , p r e t e n s i o n i n g c a b l e s 
and a c a s t s t e e l anchorage s e a t i n g . 
The average w o r k i n g t e n s i o n o f 300 tons i n a cable was maintained by a 300 
ton weight, t h a t was abl e t o move v e r t i c a l l y i n a s h a f t on one of the sho r e s . 
The cables s l i d o ver supports f i t t e d w i t h bronze l i n i n g s through the f i x e d 
r a i l s t r u c t u r e s and towers. 
Depending on the s i z e o f the l o a d and the p l a c e of the l o a d i n the span, 
the cable more o r l e s s sagged, so t h a t i t had t o be abl e to move t o and f r o 
over the p o i n t s o f support. As a r e s u l t o f the ever-changing c a b l e l e n g t h 
r e q u i r e d i n the spans through conveing one or more l o a d s , the counter weight 
moved up- and downwards i n the s h a f t . 
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The c o n s t r u c t i o n o f a cableway i s i n g e n e r a l such, t h a t o n l y one t e l p h e r 
c o u l d be t r a v e l l i n g a l o n g one span a t any time. To get a h i g h dumping c a p a c i t y 
l o a d i n g p o i n t s a r e r e q u i r e d on each shore. 
These l o a d i n g p o i n t s are i n s t a l l e d i n the f i x e d r a i l s t r u c t u r e s , where the 
t e l p h e r s passed a l o n g the f l a n g e o f a r a i l s e c t i o n . 
The t e l p h e r s c o u l d t r a v e l a c i r c u i t , i . e . making the outward t r i p a l o n g one 
c a b l e , d e s c r i b i n g a h a l f - c i r c l e t u r n a t the other end and r e t u r n i n g on the 
oth e r c a b l e . 
The v e h i c l e s t h a t t r a n s p o r t e d the co n c r e t e b l o c k s , measuring 1,04 m3 and 
weighing 2,5 tons each, from the depot t o the l o a d i n g p o i n t s are normal 
t r u c k s , whose body have to be r e p l a c e d by a s p e c i a l frame i n which the b l o c k s 
are p l a c e d . 
I f a s i n g l e c r e s t e d c l o s u r e embankment w i l l be s t a b l e enough and the t e l p h e r s 
f o l l o w a c i r c u i t and l o a d on two sho r e s , i t w i l l not o f course be p o s s i b l e t o 
make a t o n t i n u o u s c r e s t . Around t he half-way p o i n t a c o n n e c t i o n s e c t i o n 
(6 t o 7 m) has then t o be made, t h i s b e i n g the d i s t a n c e between the c a b l e s . 
Due t o the c a p a c i t y the c i r c u i t o p e r a t i o n has t o m a i n t a i n as l o n g as p o s s i b l e . 

F o r d e t e r m i n i n g the e x a c t p o s i t i o n a t which the t e l h p e r has t o drop i t s l o a d 
use can be made o f a metre counter i n the t e l p h e r and a s p e c i a l l y developped 
guide l i g h t system. The guide l i g h t system i s f a v o u r a b l e f o r the t e l p h e r -
o p e r a t i o n s , except f o r the odd o c c a s i o n when f o r make t h i s i m p o s s i b l e . 
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A n a l y s i s o f the v e r t i c a l c l o s u r e methods f o r the P h i l i p s d a m s main channel 
"Krammer" 

The channel Krammer i s t o be c l o s e d i n 1986. A c r o s s s e c t i o n o f the channel 
i s g i v e n i n f i g . . 

A t the end of 1984 - a f t e r b u i l d i n g dam s e c t i o n s and l o c k s on the s h a l l o w 
p a r t s and c l o s i n g w i t h sand the s m a l l e r channel Slaak - there are the 
f o l l o w i n g main d a t a : 

b r e a d t h on M.S.L. 900 m. 
max. depth 19 m - M.S.L. 
Wet c r o s s s e c t i o n 12.000 m2 
max. f l o o d d i s c h a r g e 13.500 m3/s 
max.ebb d i s c h a r g e 13.500 m3/s 
max.flood v e l o c i t y 1,8 m/s 
max. ebb v e l o c i t y 2,0 m/s 

The next a l t e r n a t i v e s are s t u d i e d : 
Gradual v e r t i c a l c l o s u r e s by means o f : 

a. cable way 
b. working b r i d g e 
c. h e l i c o p t e r s 
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Gradual v e r t i c a l c l o s u r e 

M a t e r i a l : concrete b l o c k s l x l x l m3 ( 2 , 5 t . ) 
S i n g l e c r e s t e d embankment. 
Height of the c r e s t M.S.L. + 3 m. 
Required number of b l o c k s 125.000. 

. Cable way 

f i l l i n g s t a t i o n 
w i t h f a s t way 

c a b l e way : 3 p i l l a r s , 2 f i l l i n g s t a t i o n s w i t h f a s t way, c i r c u i t s e r v i c e , 
2 ropes 

8 t e l p h e r s : s e l f p r o p e l l e d , c a p a c i t y 6 b l o c k s (15 t.) 

C a p a c i t y 

t e l p h e r v e l o c i t y over the ropes: 3,5 m/s d r i v i n g time rope 275 s 
l e n g t h of ropes 900 m 
t e l p h e r v e l o c i t y over f a s t way: 1,5 m/s d r i v i n g time f a s t way 123 
l e n g t h of f a s t way : 185 m 
l o a d i n g 70 s 
t u r n i n g 70 s 
T h e o r e t i c a l c i r c u i t p e r i o d : 2(257 + 123 + 70 + 70) = 1040 s 
Working c o e f f i c i e n t 0,7 
P r a c t i c a l c i r c u i t p e r i o d : = 1485 s 

P r a c t i c a l c a p a c i t y : x 8 x 6 x 2 = 230 b l o c k s / h . 
t e l P h e r s ] 3 l o c 3 c s /times l o a d i n g 

t e l p h e r 

r,, 125.000 b l . ^„„ , C l o s u r e d u r a t i o n o o n -—~- = 540 hours 6 weeks 230 b l . / n . 
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• Working b r i d g e over the channel 

- S i n g l e way 
- 10 t r u c k s i n each d i r e c t i o n 
- 6 b l o c k s (15 t.) on a t r u c k : s i d e dumper 

Brid g e s e c t i o n s 1 = 100 m 
—>11 s e c t i o n s —*»10 p i l l a r s 

C a p a c i t y 

- = t r u c k 
o = l o a d i n g p l a c e 

Loading c a p a c i t y : h y d r a u l i c cranes: 
40 bl o c k s / h o u r j l o a d i n g time 
6 b l o c k s / t r u c k \ 9 min./truck 

2 s e t s o f 10 t r u c k s : 1 s e t d r i v i n g + 1 s e t l o a d i n g 
10 h y d r a u l i c cranes on each s i d e 

60 
C a p a c i t y 10 x 6 x — = 400 bl o c k s / h o u r 

. . 125.000 b l . n < 0 , Cl o s u r e d u r a t i o n = 310 hours ~J 3h week 400 b l / h 
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c. H e l i c o p t e r s 

I. C a r r y i n g c a p a c i t y 1 h e l i c o p t e r " 4 b l o c k s (10 ton) 
Ca p a c i t y (see diagram page 42) 

f l i g h t s / h o u r : — 
0,01 d + 6 

depots o f b l o c k s on both s i d e s 100 m from the banks. 
From both s i d e s dumping average f l i g h t d i s t a n c e d -=230 m. 

C a p a c i t y : 
450 1 h e l i c o p t e r n et f l i g h t s / h o u r = - = 55 

0,01.230+6 
c a p a c i t y 4 x 55 = 220 b l / h o u r . 
i n summer about 60 t o 70 f l i g h t hours/week 

r.1 a 125.000 e „ r t . 

Cl o s u r e d u r a t i o n — - - - j — = 570 hours <—' 9 weeks w i t h one h e l i c o p t e r 

I f 2 h e l i c o p t e r s are a p p l i e d : c l o s u r e d u r a t i o n : 4,5 weeks 

2. F i r s t : stone dumping v e s s e l s u n t i l c r e s t o f embankment 5 m - M.S.L. 
^ 90.000 b l o c k s 

L a t e r : h e l i c o p t e r s r-t 35.000 b l o c k s 
• e l e v a t o r barges 400 bl o c k s / b a r g e 

1 barge —> 4 dumpings/week 
4 barges from each s i d e (work-harbours) : 32 dumpings/week —=> 12.800 blocks/week 

90.000 
d u r a t i o n „ •— ^ 1 weeks 

1 h e l i c o p t e r 220 b l . / h o u r 
35.000 , r n , d u r a t i o n — r - - r — = 160 hours rs> 2,5 weeks 
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a n o H / s i H o m i 3 N 



I I I . 5 SAND CLOSURE 

Sand c l o s u r e g e n e r a l 
The s a n d c l o s u r e i s c a r r i e d out by s u p p l y i n g sand e i t h e r by a boat from 
which the sand i s dumped, or by a p i p e l i n e t h a t takes a watersediment 
suspension t o the head o f the dam. 
The suspension r u n s o f f over the f i l l , where the sand d e p o s i t s due t o 
decelerating w a t e r v e l o c i t i e s and w i l l b u i l d out the dam i n t h a t way. 
Due t o narr o w i n g t h e c l o s u r e gap, which causes i n c r e a s i n g t i d a l v e l o c i 
t i e s , and due t o t h e f a c t t h a t a p a r t o f the sediment s u p p l i e d by the 
p i p e w i l l r e a c h t h e c l o s u r e gap i n suspe n s i o n , a l o s s o f sand w i l l appear. 
A d i s t i n c t i o n i s made between g r o s s and n e t t l o s s o f sand. The gross l o s s 
i s the sane t h a t d e p o s i t s o u t s i d e o f the c l o s u r e dam p r o f i l e and i s o f 
importance f o r t h e time i n v o l v e d i n the c l o s u r e o p e r a t i o n . The n e t t l o s s 
i s the sand t h a t i s ta k e n beyond the p r o f i l e o f the f i n a l dam and w i l l 
determine the a c t u a l l o s s . 
In case of an u p p e r - d i s c h a r g e t h e ebb f l o w w i l l be s t r o n g e r than the f l o o d 
below and w i l l h o l d l o n g e r d u r i n g a t i d a l c y c l e . By s h i f t i n g the ax o f the 
c l o s u r e dam a g a i n s t the d i r e c t i o n o f the upper-discharge, the n e t t l o s s 
can be min i m i z e d ( f i g . 5 . 1 . ) . 

Tlq. 5.1. 

The c r e s t - e l e v a t i o n o f the c l o s u r e dam depends on a s t r o n o m i c a l t i d e , wind 
set-up and the run up. 
When p r e p a r i n g a sand c l o s i n g the d e t e r m i n a t i o n o f the c r e s t w i d t h o f the 
c l o s u r e dam i s v e r y i m p o r t a n t f o r the f o l l o w i n g reasons. 
A minimum c r e s t w i d t h i s f a v o u r a b l e w i t h r e s p e c t t o : 
1. Reducing the n e t t l o s s . The l a r g e r the d i f f e r e n c e i n c r o s s s e c t i o n • 

between the f i n a l dam and the c l o s u r e dam the s m a l l e r the n e t t l o s s 
w i l l be. 
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2. Reducing t h e g r o s s l o s s . A c l o s u r e dam w i t h a s m a l l c r e s t needs a s m a l l e r 
sand-volume d u r i n g the c l o s i n g o p e r a t i o n . F o r t h i s r eason t h e time i n v o l v e d 
d u r i n g the c r i t i c a l stage o f the o p e r a t i o n w i l l be s h o r t e r and so the 
gross l o s s o f sand w i l l be reduced. 

A wid e r c r e s t however i s more f a v o u r a b l e w i t h r e s p e c t t o the a v a i l a b l e 
working space f o r equipment a t the f i l l . 
I n case sand i s s u p p l i e d o n l y by p i p e (not dumped) the p i p e s have t o be 
lengthened d u r i n g t h e p r o d u c t i o n . The p i p e s w i l l be used i n p a i r s : one 
f o r p r o d u k t i o n w h i l e the o t h e r can be lengthened by c o n n e c t i o n a new p i p e 
s e c t i o n . 
P i p e s w i t h a diameter i n o r d e r o f 0,7 m a r e s t i l l easy t o han d l e . The sand 
d i s c h a r g e c a p a c i t y o f such a p i p e i s about 2000 m.3/hour. The s l o p e s o f the 
dam i n the t i d a l range w i l l v a r y from 1:30 t i l l 1:100, depending on the 
wave a c t i o n . The s l o p e s under low-water w i l l become i n o r d e r o f I:IS. 
The s i d e s l o p e s o f the'dam above M.S.L. are most l y c r e a t e d by b u l l d o z e r s 
and can be taken e q u a l t o 1:5. 

5-1- Sand f i l l by h o r i z o n t a l p i p e d i s c h a r g e s 

Based on the e x p e r i e n c e g a i n e d w i t h the f i r s t sand c l o s u r e s o f t i d a l channels 
a rough c a l c u l a t i o n method was developed f o r sand c l o s i n g s . The developed 
c a l c u l a t i o n method f o r l o s s e s o f sand c o u l d be t e s t e d i n p r a c t i c e w i t h l a t e r 
sand c l o s i n g s . 

The a p p l i e d c a l c u l a t i o n method i s based on the c a l c u l a t e d sand t r a n s p o r t i n 
susp e n s i o n . As f o r a l l completed sand c l o s i n g s r e l a t i v e l y f i n e sane (diameter 
up t o 250 micron) has been used o n l y s a n d t r a n s p o r t i n susp e n s i o n has been 
t a k e n i n t o account. 

I n t h a t case the bed t r a n s p o r t can be n e g l e c t e d . I f a c o a r s e l y g r a i n e d type 
o f sand i s used, f o r i n s t a n c e w i t h a diameter o f over 300 micron, then the 
bed t r a n s p o r t must be taken i n t o account. 

The suspended sediment l o s s can be c a l c u l a t e d u s i n g the K a l i n s k e - K i r k h a m 
f o r m u l a , which was i n t r o d u c e d i n the Netherlands by Morra. 
The e q u a t i o n , d e s c r i b i n g the suspended sediment l o a d a p p l y t o steady f l o w 
i n a c o n d i t i o n o f e q u i l i b r i u m between e r o s i o n and s e d i m e n t a t i o n . 
The c o n d i t i o n o f steady f l o w i s not s a t i s f i e d and the c u r r e n t v e l o c i t y 
curve d u r i n g the t i d e i s t h e r e f o r e schematized i n t i m e - i n t e r v a l s (0,5 or 1 
h o u r ) . 

A l s o the e q u i l i b r i u m o f e r o s i o n and s e d i m e n t a t i o n i s not s t a t i f i e d , the 
f l o w needs d i s t a n c e t o adapt t o i t s new c o n d i t i o n s . 
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The t o t a l sediment t r a n s p o r t can be c a l c u l a t e d by i n t e g r a t i o n o f the 
sediment c o n c e n t r a t i o n over the water depth and u n i t y o f wi d t h and time 
as: 

T c = c( z ) u(z) dz 

where: T^ -suspended l o a d t r a n s p o r t p e r u n i t w i d t h ( c a p a c i t y ) , c-sediment 
c o n c e n t r a t i o n , u - v e l o c i t y , h-water depth and z - v e r t i c a l c o o r d i n a t e . 

F o r c a l c u l a t i n g o f the v e r t i c a l sediment c o n c e n t r a t i o n Morra (2) has 
adapted the K a l i n k s k e formula w i t h Rouse v e r t i c a l d i s t r i b u t i o n . 
Because o f the c o m p l i c a t e d form these equations have been s o l v e d n u m e r i c a l l y 
and presented as a diagram ( f i g . 5 . 2 ) . 
Some num e r i c a l v a l u e s o f T c i n t e g r a t e d f o r t h r e e d i f f e r e n t depths and 
v e l o c i t i e s (under assumption t h a t u(z)=u=const.) are pre s e n t e d i n f i g . 5 . 2 . 
The above mentioned d e v i a t i o n s i n r e s p e c t t o the t e h o r e t i c a l assumption 
(steady f l o w and e q u i l i b r i u m - s t a g e o f sediment t r a n s p o r t ) are i n the 
c a l c u l a t i o n method compensated by the o v e r a l l e x perience f a c t o r s A en B 
as i t w i l l be e x p l a i n e d f u r t h e r . 

The c l o s u r e gap may be d i v i d e d i n two are a s : the s l o p i n g head o f the f i l l 
and the p a r t o f the channel o u t s i d e d t h i s head. 
The i n c r e a s e i n sand t r a n s p o r t c a p a c i t y (q ) al o n g the s t r e a m l i n e s o f the 

Ccl]p 

gap w i l l r e s u l t i n a c e r t a i n amount o f e r o s i o n . 
I f <3LD r e p r e s e n t s the t r a n s p o r t on the head o f the f i l l i n t i d a l d i r e c t i o n 
a n d <3LE

 t h e t r a n s p o r t o u t s i d e t h i s zone, Svasek e t . a l . assumed the f o l l o w i n g 
p r o p o r t i o n a l i t y f a c t o r s : 

q T T. = B q where i n B = 2 LD cap 
q T T, = A q where i n A = 0,25 LE ^cap ' 

I f the t r a n s p o r t c a p a c i t y on the head o f the f i l l exceeds the supply a 
r e d u c t i o n f a c t o r o f 0,5 or even 0,25 may be a p p l i e d f o r the p a r t o f exceedance. 
The a c t u a l sand l o s s e s are depending on the t i d a l c o n d i t i o n s d u r i n g a c e r t a i n 
stage of the c l o s u r e . 
I f a good e s t i m a t i o n can be made o f the progress o f the c l o s u r e and thus the 
t i d a l c o n d i t i o n d u r i n g a c e r t a i n stage, the time o f c l o s u r e can be estimated 
w i t h the formula T = V ( l + P/100) 

Q 
where T i s time o f c l o s u r e , V i s volume o f closuredam, p i s percentage of 
l o s s and Q i s the dr e d g e r p r o d u c t i o n . 
A l a r g e p r o d u c t i o n which i n v o l v e s f a s t e r work reduces the o v e r a l l l o s s due t o 
the r e d u c i n g number o f t i d e s . 
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The l a s t f a s e o f the o p e r a t i o n , where the a c t u a l c l o s u r e i s r e a l i s e d , must 
be c a r r i e d out under neap c o n d i t i o n . The maximum w a t e r l e v e l w i l l be l i m i t e d 
and w i l l reduce the chance o f a break-through. 
I n o r d e r t o reduce the sand l o s s i n the f i n a l stage o f the c l o s u r e , the 
remaining gap sh o u l d be s i t u a t e d i n a shallow p a r t o f the channel. 
T h i s i s due t o the f a c t t h a t l e s s sand shoul d be brought i n .to make the 
same progress as i n the case o f a deeper gap. 
I n the f i n a l gap b u l l d o z e r s and d r a g l i n e s operate on the f i l l t o c o n t r o l 
the s a n d d e p o s i t i o n above the w a t e r l e v e l . A s p e c i a l problem i s t o c o n t r o l 
the s u p p l i e d water e r o d i n g channels w h i l e r u n n i n g down the f i l l . 
The d u r a t i o n and c o s t o f the o p e r a t i o n depend on the l o c a t i o n where the 
sand f o r the dam i s borrowed. T r a v e l d i s t a n c e s s h o u l d be kept as s h o r t as 
p o s s i b l e . B o r i n g s are needed o f both the dredging area and the channel. 
The h y d r a u l i c and s o i l mechanical boundary c o n d i t i o n s f o r the c a l c u l a t i o n 
o f sand l o s s (q ) a r e : cap 
V"m - average c u r r e n t v e l o c i t y over the v e r t i c a l (m/s) 
h - waterdepth (m) 
D 5 Q - mean diameter o f both the sand t h a t w i l l be s u p p l i e d and t h a t o f the 

bed m a t e r i a l i n the gap (mm) 
n - Manning c o e f f i c i e n t (-) f o r the bottom roughness or C - Chezy co

e f f i c i e n t ; • average v a l u e o f n f o r Dutch c o a s t : 0.024. 

Some examples o f i n f l u e n c e o f the parameters: 
1. I n f l u e n c e o f g r a i n s i z e (D 50) 

Given: V =1,00 m/s m 
h = 6,00 m 
n = 0,024 

D mm q 50 ^cap 
m3/ml/h 

l o s s o f sand m3/ml/h 

head o f f i l l bottom 
B = 2 A = 0,25 

0,150 6,29 
0,175 3,96 
0,200 2,58 

12,58 1,57 
7,92 0,99 
5,16 0,65 
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2- I n f l u e n c e o f bottomroughness ( n ) : 
Given : V =1,00 m/s m 

h = 6,00 m 
D 5 Q= 0,175 mm 

l o s s o f sand m3/ml/h 

n 
q 
cap 

m3/ml/h 
head o f f i l l 

B = 2 
bottom 
A = 0,25 

0.026 5,06 10,12 1,27 
0.024 3,96 7,92 0,99 
0.022 3,00 6,00 0,75 

3. I n f l u e n c e of dredger p r o d u k t i o n s 
Dam through Springerdiep-Brouwersdam (1970) 
T i d a l range : 2,6 rn,-length o f the gap: 1000 m,- max.depth 6 m -MSL; 

g 
volume o f c l o s u r e dam 1,6 10 m3, D ' =0,20 mm. 

Assumed dredger 
p r o d u c t i o n s 
m3/week 

Time o f c l o s u r e 
o p e r a t i o n s 
(weeks) 

C a l c u l a t e d 
l o s s o f sand 
(10 6m3) 

Observed 
l o s s o f sand 
( 1 0 6 m3) 

230.000 5 0,50 
300.000 3,5 0,35 0,25 
350.000 2,5 0,25 

4. I n f l u e n c e o f c l o s i n g d i r e c t i o n Channel Geul - mouth o f the E a s t e r n S c h e l d t 
( c l o s e d i n 1972). 
T i d a l range: 3,1 m; l e n g t h o f the gap: 1850 m; max.depth Um -MSL; volume 

6 
o f c l o s u r e dam 3,3 10 m3 and D__ = 0,15 mm ( f i g . 5.3) 
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F i g . 5.3. 



5.2. Sand f i l l by dumping 

L a s t years e x p e r i e n c e was gained i n the e x e c u t i o n method o f v e r y a c c u r a t e 
sand f i l l by dumping. T h i s was a p a r t o f the s o i l improvement, t h a t was 
necessary f o r the p i e r f o u n d a t i o n o f the E a s t e r n S c h e l d t B a r r i e r . ( f i g . 5 . 4 ) . 

OUT IT HOOMPOT 
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t 

The r e f i l l o f dredged t r e n c h e s was c a r r i e d out by u s i n g hopper dredgers w i t h 
a c a p a c i t y o f approx. 3000 m3. 
The r e f i l l c o n s i s t s o f sand w i t h a mean g r a i n s i z e o f approx. 0.2 mm (apart 
0.35 mm). The maximum l a y e r t h i c k n e s s t o be r e p l a c e d amounts t o 12 metres, 
the minimum t h i c k n e s s 6 metres. The waterdepth v a r i e s between 18 and 39 m 
below MSL. 
I n the middle o f the f l o w channels, where the waterdepth i s g r e a t e r than the 
fo u n d a t i o n l e v e l o f the p i e r s t o be p l a c e d the bottom has t o be brought up 
to a l e v e l which i s h i g h e r than the o r i g i n a l bottom l e v e l . Because of the 
h i g h c u r r e n t v e l o c i t i e s (up t o 2.0 m/s s p r i n g t i d e ) these a r t i f i c i a l s i l l s 
are s u b j e c t t o e r o s i o n d u r i n g the e x e c u t i o n . 
A f t e r h a v i n g f i n i s h e d the p l a c i n g these s i l l s a re covered w i t h c u r r e n t 
r e s i s t a n t m a t e r i a l ( g r a v e l ) . 

^EEiiS5 ti2 n_2f_k°PP e r doors. 

A t the s t a r t o f the e x e c u t i o n o f the r e f i l l o n l y one p l a c i n g method was used, 
v i z . the dumping o f sand through the doors i n the bottom o f the hopDer 
dredger. 

Due t o the waterdepth (30 t o 40 metres) the s a n d l o s s e s were v e r y g r e a t 
(50% o r more). I n the o p t i m a l i z a t i o n p r o c e s s o t h e r p l a c i n g methods have 
been c o n s i d e r e d as w e l l e s p e c i a l l y the dumping o f sand through the s u c t i o n -
p i p e i n i n v e r s e d i r e c t i o n to the bottom. 
The p l a c i n g t a k e s p l a c e a l o n g s i d e an anchored pontoon. The p o s i t i o n i n g of 
the dredger d u r i n g the dumping i s r e l a t i v e t o the p o s i t i o n of t h i s pontoon. 
From the measurements r e s u l t s the f o l l o w i n g c o n c l u s i o n s about the p h y s i c a l 
p r o c e s s can be d e r i v e d . ( f i g . 5.5). 
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On i t s way from the doors t o the bottom the sand-water-stream a c c e l e r a t e s . 
I n the meantime the s a n d c o n c e n t r a t i o n reduces due t o entrainment o f 
surrounding water. C l o s e t o the bottom the sand-water-jet has a downward 
f r o n t speed o f approx. 3 t o 5 m/s (est i m a t e d , not measured). 
T h i s j e t causes h i g h impact f o r c e s on the sandy bottom and consequently a 
c r a t e r i s formed (depth approx. 1 m.). The impact o f the f l u i d j e t genera
t e s a surge which spreads outwards; due t o the i r r e g u l a r shape of the bottom 
and the presence o f a t i d a l v e l o c i t y , t h i s surge does n o t spread r a d i a l l y . 
The f r o n t speed o f the surge i s i n i t i a l l y v e r y h i g h ; a t approx. 20 metres 
from the hopper a f r o n t speed o f 3 m/s has been measured. 
The sediment c o n c e n t r a t i o n a t a d i s t a n c e o f approx.20 m v a r i e s between 
2000 and approx. 5000 p.p.m. 
A t a d i s t a n c e o f approx. 150 m. from the p o i n t o f impact the energy and the 
sand contents o f the surge are so low, t h a t the phenomenon ceases to e x i s t . 
Eddies reach the upper w a t e r l a y e r s from the impact area and the h i g h t u r b u 
l e n t surge. D e p o s i t o f sand from the surge s t a r t s a t approx.20 m. from the 
c e n t r e o f the impact area and reaches a maximum a t a d i s t a n c e o f approx.50 m. 

A p p l i c a t i o n o f the s u c t i o n p i p e 

The dumping time u s i n g the s u c t i o n p i p e i s approx. 1 hour, w h i l e the former 
u s i n g the hopper doors o n l y t a kes 10 minutes. 
Moreover, the w o r k a b i l i t y under heavy water c o n d i t i o n s u s i n g the s u c t i o n 
p i p e i s much l e s s than when the hopper doors are a p p l i e d . 
T h i s w o r k a b i l i t y depends s t r o n g l y on the anchoring and manoeuvring c a p a b i l i 
t i e s o f the pontoon. I n the b e g i n n i n g dumping through the s u c t i o n p i p e 
c o u l d o n l y take p l a c e a t s l a c k water, t h i s i n c o n t r a s t w i t h the hopper doors, 
( c u r r e n t l i m i t a t i o n o f 1 - 1,2 m/s due t o the e f f i c i e n c y ) . 
On the other hand the echo soundings f o r the s u c t i o n p i p e method showed 
w i t h t h i s method h i g h e r n e t e f f i c i e n c i e s can be o b t a i n e d i n comparison 
w i t h the hopper doors. 
In g e n e r a l the sandlosses u s i n g the s u c t i o n p i pe method are dependent on: 

- d i s t a n c e between the mouth o f the s u c t i o n p i p e and the bottom 
- sand d i s c h a r g e s per u n i t o f time 
- t i d a l v e l o c i t i e s i n r e l a t i o n t o the anchored pontoon. 

I n a l a t e r stage s u c c e s s f u l t r i a l s were done u s i n g the s u c t i o n p i p e a l o n g s i d e 
a l a r g e pontoon moored on 6 anchors. 
In t h i s matter i t was po s s i b l e t o apply the s u c t i o n p i p e up to c u r r e n t 
v e l o c i t i e s of 1,5 m/s. 
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Summary of the hopper experience 

S u b j e c t 

Net e f f i c i e n c y 
Slopes under 
water 
Dumping time 
R e s t r i c t i o n 

sphere o f s e d i 
mentation 

Dumping through 
hopper doors  

30 - 60% 
1:10 - 1:15 

10 minutes 
t o a v o i d c r a t e r s and 
u n f l a t s u r f a c e a spe
c i a l e x e c u t i o n proce
dure i s nec e s s a r y 

f i n e sand: 100 - 150 m 
coarse sand: 70- 120 m 

Dumping through the 
s u c t i o n p i p e  

60 - 80% 
1:4 - 1:6 

1 hour 
normal e x e c u t i o n a t s l a c k water; 
net e f f i c i e n c y h i g h l y depend on 
the n a v i g a t i o n o f the t r a c k ; w i t h 
an adapted a n c h o r i n g pontoon 
e x e c u t i o n p o s s i b l e d u r i n g the 
whole t i d a l c y c l e 
10 - 30 m 

I t i s a l s o p o s s i b l e t o apply t h i s method i n combination w i t h a g r a d u a l 
c l o s u r e . I f the f o u n d a t i o n o f a c l o s u r e embankment o f r o c k - u n i t s can be 
brought up t o a l e v e l which i s h i g h e r than the o r i g i n a l bottom l e v e l w i t h 
sand,the q u a n t i t y o f r o c k - u n i t s d u r i n g the c l o s u r e w i l l decrease. 
E s p e c i a l l y when many r o c k - u n i t s (rubble o r concrete b l o c k s ) have t o be drop
ped d u r i n g the l a s t c l o s i n g s t a g e , t h i s stage w i l l cause more s c o u r i n g a t 
the end of the bottom p r o t e c t i o n . So i t i s p o s s i b l e t h a t the a p p l i c a t i o n 
o f a sand s i l l reduces the t o t a l s c o u r i n g d u r i n g a g r a d u a l ( h o r i z o n t a l or 
v e r t i c a l ) c l o s u r e o p e r a t i o n . 
E s p e c i a l l y when the toe o f the sand s i l l f a l l s i n s i d e the c r o s s s e c t i o n 
o f the f i n a l dam, the l o s s e s o f sand may w i l l be accepted i n the o v e r a l l 
economics o f t h e works. 
F o r the c l o s u r e o f the Oesterdam (compartimentationdam i n the E a s t e r n 
Scheldt) t h i s a l t e r n a t i v e i s i n c o n s i d e r a t i o n now ( f i g s . 5.6 and 5.7). 
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CROSS SECTION ROCK UNIT CLOSURE EMBANKMENT 

F i g . 5.6 

CROSS SECTION WITH A SAND SILL 
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6 SUDDEN CLOSURES 
6.1. By means o f ( s l u i c e ) c a i s s o n s 

General 

T h i s method d e a l s w i t h s t r u c t u r e s which a l l o w the whole gap t o be c l o s e d 
suddenly. Normally these s t r u c t u r e s , c o n s i s t o f c a i s s o n s which are p l a c e d in t o , the 
gap d u r i n g a s l a c k water p e r i o d and thus c l o s e the whole gap a t once. Another 
s o l u t i o n i s the use o f s l u i c e c a i s s o n s which are p l a c e d d u r i n g s e v e r a l 
subsequent s l a c k water p e r i o d s , and are kept open d u r i n g the p e r i o d i n 
which a l l the s l u i c e c a i s s o n s are:.placed. A f t e r the p l a c i n g o f the f i n a l 
caisson,, they are a l l c l o s e d a t the same s l a c k water p e r i o d by means o f 
gates. S l u i c e - c a i s s o n s s h o u l d be used when the gap t o be c l o s e d i s a 
l a r g e one and the t i d a l motion i s c o n s i d e r a b l e . 
Closed c a i s s o n s are u s e f u l i n s m a l l gaps, say not l a r g e r than 1 t o 3 
c a i s s o n s , o r i n areas where o n l y a v e r y s m a l l t i d a l motion o c c u r s . 
C h a r a c t e r i s t i c f o r a sudden c l o s u r e by means o f s l u i c e c a i s s o n s i s t o 
ma i n t a i n as wide as p o s s i b l e an e f f e c t i v e wet area o f the c l o s u r e gap 
u n t i l a l l the c a i s s o n s are sunk i n p o s i t i o n on the s i l l . By u s i n g open 
c a i s s o n s , a g r e a t i n c r e a s e o f the v e l o c i t y i n the gap i s avoided so t h a t 
s t r o n g s c o u r i n g does not occur., p r o v i d e d the f l o w p a t t e r n i s not too much 
i n f l u e n c e d by the w a l l s o f the c a i s s o n s . 
Advantages: 
• The s l u i c e c a i s s o n s have the advantage t h a t they do not s t r o n g l y i n f l u e n c e the 

t i d e , and t h a t the v e l o c i t i e s i n the gap can be kept r e l a t i v e l y s m a l l 
before b e i n g changed i n a s h o r t time t o z e r o . 

• I f the c l o s u r e gap i s s i t u a t e d under s t r o n g wave or i c e a t t a c k d u r i n g 
a g r e a t p a r t o f the y e a r , i t may be a s o l u t i o n t o p r e - f a b r i c a t e these 
l a r g e c o n c r e t e s t r u c t u r e s i n m i l d e r c l i m a t o l o g i c a l zones i n a year 
round o p e r a t i o n . These s t r u c t u r e s can be towed t o t h e i r f i n a l d e s t i n a 
t i o n whenever circumstances p e r m i t . 

Disadvantages: 
• The p l a c i n g o p e r a t i o n i s a c r i t i c a l one, h i g h l y s e n s i t i v e t o weather 

c o n d i t i o n s 
• The use of c a i s s o n s needs a s l a c k water p e r i o d which i s lon g enough t o 

p l a c e a t l e a s t one of them(the f i n a l c a i s s o n d u r i n g a neap t i d e ) . 
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A sudden c l o s u r e by means o f s l u i c e - c a i s s o n s i s g e n e r a l l y d i v i d e d i n t o the 
next c o n s t r u c t i o n stages ( f i g u r e 6.1). 

1. A f l a t s t a b l e s i l l s t r u c t u r e w i t h v e r t i c a l o r o b l i q u e abutments, i s 
c o n s t r u c t e d on a s t a b l e , s c o u r - r e s i s t a n t sea bed, p r o t e c t e d by cove
r i n g i t w i t h a bottom-revetment. 

2. a) R i g i d c o n c r e t e c a i s s o n s are f l o a t e d i n t o p o s i t i o n , s u c c e s s i v e l y , 
across the gap. 
b) When a c a i s s o n has been sunk i n t o p o s i t i o n on the s i l l , wooden 
boards a l o n g the s i d e s o f i t are opened,, i n f a c t t o t a l l y removed / so t h a t 
the t i d e can f l o w through i t . 

3. When a l l the c a i s s o n s are i n p o s i t i o n , t h e i r gates are c l o s e d s i m u l t a n e u o s l y 
a t s l a c k w a t e r , thus e f f e c t i n g the c l o s u r e . 

4. The permanent dam i s then b u i l t around the c a i s s o n s , i f they have o n l y 
a temporary f u n c t i o n . 

There are two ways i n which t o use s l u i c e c a i s s o n s . F i r s t , they can be.used 
as temporay s t r u c t u r e s : a f t e r c l o s i n g they are i n c o r p o r a t e d i n a dike-body 
o f sand. T h i s s t r u c t u r e i s impermeable but i s v e r y l a r g e and expensive. The 
o t h e r p o s s i b i l i t y i s t o use the c a i s s o n s as d e f i n i t e elements o f the ba r r a g e , 
w i t h o u t c o v e r i n g them w i t h o t h e r m a t e r i a l . These--elements have t o be s t r o n g e r 
than the temporary ones b u t , i n some cases, the absence o f l a r g e amounts o f 
sand and revetments makes the t o t a l s t r u c t u r e cheaper. 
On the other hand, the p e r m e a b i l i t y causes problems. 
The s i d e - c o n n e c t i o n s o f the c a i s s o n s cause minor problems; the p e r m e a b i l i t y o f 
the s i l l i s a more d i f f i c u l t problem and has t o be s o l v e d , f o r example, by 
undergro u t i n g . 

The "Winter" c l o s u r e gap 
The shape o f a " w i n t e r " c l o s u r e gap ( f i g u r e 6.2), t o be c l o s e d i n the f o l l o 
wing s p r i n g o r summer by means o f c a i s s o n s , c a l l s f o r s p e c i a l a t t e n t i o n . 
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Shape of a "winter"; c l o s u r e gap ( f i g u r e 6.2.) 

The h e i g h t o f the s i l l d etermines: 
- the s c o u r i n g a c t i o n ; 
- the dimensions o f the c a i s s o n s ; 
- the c u r r e n t v e l o c i t i e s d u r i n g p l a c i n g the c a i s s o n s . 
The shape o f t h e abutments determines: 
- the o r i g i n o f v o r t e x s t r e e t s and l o c a l scour. 

The h e i g h t _ o f _ t h e _ s i l l i s i m p o r t a n t because a c l o s u r e by the c a i s s o n s method c a l l 
f o r the c o n s t r u c t i o n o f the s i l l one or more y e a r s proceeding the f i n a l c l o s u r e 
and the depth and the s t a r t i n g angle o f the scour h o l e s i n c r e a s e i n time. 
A deeply p o s i t i o n e d c a i s s o n - s i l l l i m i t s the i n c r e a s e o f the c u r r e n t v e l o c i t i e s 
and thus a v o i d s deep s c o u r i n g s . Another advantage o f a deeply p l a c e d s i l l i s 
t h a t there are more and b e t t e r o p p o r t u n i t i e s d u r i n g the t u r n o f the t i d e f o r 
f l o a t i n g and s i n k i n g the c a i s s o n s . 
On the o t h e r hand, an i n c r e a s i n g depth i m p l i e s t h a t a reaso n a b l e l e v e l l i n g of 
the c a i s s o n - s i l l w i l l become more d i f f i c u l t and the c o s t s o f the c a i s s o n w i l l 
r i s e . 
The shape_of_the abutments have t o be designed i n such a way t h a t the development 
o f v o r t e x s t r e e t s i s as l i t t l e as p o s s i b l e . 
Downstream-of an abutment, w i t h a v e r t i c a l head on a s i l l , 
a s t r o n g s t r i n g o f v o r t i c e s o c c u r , which cause deep s c o u r i n g . 
A better- s o l u t i o n i s developed by f i l l i n g the t r i a n g u l a r space between the 
f i r s t c a i s s o n and the s l o p e w i t h a s p e c i a l l y adapted c a i s s o n w i t h a s l o p i n g 
bottom (Volkerak and Brouwersdam c l o s u r e s , see f i g . 6.3), 
P l a c i n g and c o n s o l i d a t i n g t h i s c a i s s o n w i l l not take more than a few days, 
a f a c t o r t h a t w i l l g r e a t l y reduce s c o u r i n g . 
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P i g . 6.3. Oblique abutment c a i s s o n "Volkerak" c l o s u r e . 
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The i n t e r a c t i o n between s i l l and c a i s s o n 
Caissons used f o r c l o s u r e s o f t i d a l b a s i n s are g e n e r a l l y p l a c e d on a s i l l , 
c o n s t r u c t e d as a graded f i l t e r s t r u c t u r e . The upper l a y e r o f the s i l l 
g e n e r a l l y c o n s i s t s o f r u b b l e i n co n n e c t i o n w i t h the s t a b i l i t y o f the s i l l 
f o r f l o w over i t . 
For the d e s i g n o f the s i l l as a f o u n d a t i o n f o r c a i s s o n s the f o l l o w i n g f a c t o r s 
are o f importance: 
- the t r a n s f e r r i n g o f the h o r i z o n t a l . l o a d s ; 
- the t r a n s f e r r i n g o f the v e r t i c a l l o a d s ; 
- the s t a b i l i t y o f the upper l a y e r o f the s i l l ; 
- the f l a t n e s s o f the s u r f a c e o f the s i l l . 

®EEi22_i3°Ei5° n t a l _ loads 
F o r c a i s s o n s t h a t are p l a c e d on top of a s u r f a c e and are not embedded, 
the h o r i z o n t a l f o r c e w i l l have t o be t r a n s f e r r e d t o the s u b s o i l by f r i c t i o n 
o f the base over the s i l l s u r f a c e . 
Due t o the f a c t t h a t the v e r t i c a l f o r c e i s low, the s u r f a c e immediately under 
the s t r u c t u r e i s o f t e n a c r i t i c a l f a i l u r e p l a n e . 
T h i s i s even more so when, i n t h i s p l a n e , a poor c o n t a c t medium has t o be 
accepted such as a s p h a l t , l o o s e sedimentary sand o r c o n t a c t on o n l y a few 
p o i n t s o f a s u r f a c e c o n s i s t i n g o f l a r g e stones. 
T h i s q u i t e o f t e n means t h a t the angle o f f r i c t i o n o r the H/V v a l u e o f 
t h i s l a y e r i s low and thus d i c t a t e s the r e q u i r e d e f f e c t i v e weight o f the 
s t r u c t u r e . 
The r e q u i r e d weight o f the c a i s s o n s i s - a v e r y important f a c t o r i n the t o t a l 
d e s i g n and c o s t s o f an c a i s s o n c l o s u r e . F or t h i s reason much a t t e n t i o n has 
t o be p a i d t o trying-, t o f i n d a s o l u t i o n w i t h a h i g h " f r i c t i o n c o - e f f i c i e n t 
between s i l l m a t e r i a l and the bottom o f the c a i s s o n s . 



- 57 " 

The v e r t i c a l f o r c e s t h a t are t r a n s m i t t e d t o the f o u n d a t i o n are the dead 
weight o f the s t r u c t u r e ( i n c l u d i n g water disp l a c e m e n t , sand b a l l a s t , gate's,,' 
s i l l , e tc) and the v e r t i c a l components o f the wave l o a d s . 
I t should be mentioned t h a t the r o t a t i o n a l moment, due t o the waterhead 
and wave l o a d i n g , i n f l u e n c e the p r e s s u r e - l i n e o f the v e r t i c a l f o r c e s . 
One of the im p o r t a n t requirements o f the s i l l i s t o ensure a reasonably 
even s t r e s s d i s t r i b u t i o n under the base o f the s t r u c t u r e . 
T e s t s i n d i c a t e t h a t , when a f l a t s t i f f s u r f a c e (e.g. the bottom o f a 
cais s o n ) make c o n t a c t w i t h an uneven s u r f a c e o f a l a y e r c o n s i s t i n g o f 
compacted g r a v e l o r .stones, v e r y h i g h l o c a l s t r e s s peaks can occur and 
h a r d l y any f l a t t e n i n g o r r e d i s t r i b u t i o n takes p l a c e . In the f l o o r o f the 
c a i s s o n s , p l a c e s can be i n d i c a t e d where h i g h l o c a l s t r e s s - p e a k s g i v e no 
problem a t a l l (mainly under the w a l l s and spa n s ) , w h i l e l o c a l s t r e s s 
peaks a t o t h e r p o i n t s can g i v e s e r i o u s problems (mainly i n between the w a l l s ) . 

F o r the s t a b i l i t y o f t h e upper l a y e r i t i s n e c e s s a r y t o examite the s i t u a t i o n 
when the f i n a l c a i s s o n s have t o be p l a c e d . Then, i t can be f i n d out what w i l l 
be the c r i t i c a l f l o w f o r the top l a y e r o f the s i l l , t h a t has t o be b u i l t 
as a f i l t e r . The head w a l l s and bottoms o f the c a i s s o n s cause t r a i n s o f eddies 
t h a t may be a c r i t i c a l f a c t o r i n the s t a b i l i t y o f the m a t e r i a l s . I f the eddies 
are v e r y s t r o n g , they may c a r r y o f f the stones a t much lower average v e l o c i 
t i e s through the c l o s u r e gap than a normal: c u r r e n t w i t h s t r a i g h t f l o w - p a t s 
w i l l do. I f t h e r e i s a r e a l danger o f the c r i t i c a l f l o w b e i n g reached, two 
s o l u t i o n s are p o s s i b l e : 
- the s i l l can be f i n i s h e d o f f w i t h a h e a v i e r m a t e r i a l (Volkerakdam); 
- the o r i g i n a l m a t e r i a l may be c o n s o l i d a t e d by means of an a s p h a l t f i l l i n g 

( northern channel Brouwersdam). 
Both measures have an e f f e c t on the d e s i g n and completion o f the c l o s u r e . 
The c o a r s e r and h e a v i e r the s i l l m a t e r i a l , the more d i f f i c u l t i t i s t o g i v e the 
s i l l a r e g u l a r , even s u r f a c e . One p o s s i b l e consequence i s the g r e a t e r r i s k o f 
seepage a f t e r the c l o s u r e w i t h c a i s s o n s b e a r i n g on an uneven f i n i s h o f the s i l l . 
F i l l i n g o f the s i l l may a f f e c t the de s i g n o f the c a i s s o n s . 
In the de s i g n , the h o r i z o n t a l l o a d r e s u l t i n g from waves and d i f f e r e n c e o f head 
i s e s t i m a t e d , w h i l e the maximum shear r e s i s t a n c e i s c a l c u l a t e d by u s i n g the 
f r i c t i o n c o e f f i c i e n t between s i l l m a t e r i a l and the bottom o f the c a i s s o n s . 
The r i s k i s g r e a t t h a t the v a l u e o f the f r i c t i o n c o e f f i c i e n t w i l l be reduced 
as a r e s u l t o f the f i l l i n g - up pr o c e s s . T h i s means t h a t a h e a v i e r c a i s s o n would 
have to be designed. 

To determine the value o f the f r i c t i o n c o e f f i c i e n t p r o t o t y p e t e s t s w i t h a con
c r e t e s l a b on a f l a t p i l e - u p o f normal r u b b l e , and on an a s p h a l t - j o i n t e d r a g -
stone p i t c h i n g were c a r r i e d out. 
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DYNAMIC QUASI* 
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F i g . 6.4. 
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The c o n c l u s i o n , from the r e s u l t s o f the t e s t s , i s t h a t the a s p h a l t 
f i l l i n g does indeed cause a f a i r l y s e r i o u s r e d u c t i o n o f the f r i c t i o n 
c o e f f i c i e n t , depending on the q u a n t i t y o f a s p h a l t used i n the f i l l i n g 
and on the s p e c i f i c p r e s s u r e under the con c r e t e s l a b . 
The h i g h e r the s p e c i f i c p r e s s u r e and the g r e a t e r the q u a n t i t y o f a s p h a l t 
used, the g r e a t e r the r e d u c t i o n i n v a l u e o f the f r i c t i o n c o e f f i c i e n t i s . 

I n the case o f f l a t c a i s s o n bottom on a s i l l o f r u b b l e a f r i c t i o n c o e f f i 
c i e n t o f 0,5 may be assumed. I n the case o f a j o i n t e d s i l l , the v a l u e may 
be taken as maximum 0,4. 
I f the bottom p l a t e o f the c a i s s o n s i s r i b b e d , the v a l u e o f the f r i c t i o n 
coefficient i n c r e a s e s t o 0,6 i n the case o f a normal r u b b l e s i l l and t o 
0,5 i n the case o f a j o i n t e d s i l l . 

5}®_=!ia^®ssj3f_the_surface o f t h e s i l l 

As a l r e a d y mentioned, the s i l l i s not always c o m p l e t e l y l e v e l due t o the 
s i z e s ..of the stones i n the upper l a y e r . I f c a i s s o n s are p l a c e d on the s i l l , 
gaps under the c a i s s o n s w i l l be p r e s e n t w i t h a h e i g h t a t l e a s t as g r e a t as 
th e diameter o f the r u b b l e , depending on the method o f e x e c u t i o n . 
For example when u s i n g o n l y stone dumping v e s s e l s t o c o n s t r u c t the s i l l , the 
i r r e g u l a r i t i e s w i l l be appr o x i m a t e l y o,5 t o 0,7 m (rubble 60 - 300 kg), and 
a f t e r f i n i s h i n g o f f the s u r f a c e by means o f a bucket dredger, these unevenness 
w i l l p o s s i b l e be 0,2 t o t 0,3 m. 

The consequences o f these i r r e g u l a r i t i e s a r e : 
- the c a i s s o n s are not f u l l y supported a l o n g t h e i r e n t i r e bases; 
- the o r i g i n o f seepage. 
The f l o o r o f the c a i s s o n s f o r the c l o s u r e s o f the Veerse Gat and the V o l k e r a k 
was completely f l a t . I n these c a s e s , i t was u n c e r t a i n where the c a i s s o n s 
r e s t e d on the s i l l . To be c e r t a i n o f the spot where the c a i s s o n s f o r the 
Brouwersdam s u p p o r t s , the c a i s s o n s which were 68 m lon g were p l a c e d on two 

2 
s e a t s o f 8 x 18 m . These s e a t s which had a h e i g h t o f 0,5 m, were s i t u a t e d 
a t 1/4 and 3/4 o f the l e n g t h i n order to prevent the c a i s s o n r e s t i n g on the 
out e r ends or i n the middle. 
The f i r s t p l a n s f o r a permanent caissondam i n the mouth o f the E a s t e r n S c h e l d t 
were t o put c a i s s o n s on a square net of r i b s and s k i r t s - o r on a temporary t h r e e -
p o i n t support and before b a l l a s t i n g t o undergrout the r e s t o f the bottom o f 
the c a i s s o n . 
Another proposed s o l u t i o n was t o put each c a i s s o n on a t h r e e - p o i n t support i n 
the permanent s i t u a t i o n . These supports had an area o f 15 x 15 m 2 and were t o 
be grouted. 
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High v e l o c i t i e s can occur i n the gaps under the c a i s s o n s as a r e s u l t 
o f the head - l o s s over the c a i s s o n s d u r i n g the c l o s i n g o p e r a t i o n s . 
T h i s can endanger the s t a b i l i t y o f the r u b b l e on top of the s i l l and 
thus the s t r u c t u r e as a whole. T h e r e f o r e , two measures can be taken: 
- p l a c e narrow r i b s under the c a i s s o n s , which a l l o w them e a s i l y t o 

pene t r a t e t h e s i l l . The r i b s have a f u n c t i o n o f s e a l i n g and i n 
c r e a s i n g the f r i c t i o n . They do not have a b e a r i n g f u n c t i o n . 

- dump stones a g a i n s t the w a l l s o f the c a i s s o n s . I f these s t r u c t u r e s 
c o n s i s t o f r u b b l e dams, the s t a b i l i t y o f t h i s dam - e s p e c i a l l y the 
down stream one- must be as s u r e d ( f i g . 6.5.). 

F i g . 6.5. 

D i s t i n c t i o n s h o u l d be made between the s t a b i l i t y o f the r u b b l e dam as a 
whole and the s t a b i l i t y o f the i n d i v i d u a l stones. 
Comparing bo t h s t a b i l i t i e s , i t can be s t a t e d t h a t the s t a b i l i t y o f the 
downstreams r u b b l e dam as a whole i s s i g n i f i c a n t . 
T h i s s t a b i l i t y i s determined by: 
Sr = (1 -£,) A cos. C5< (1- t a n <* X 

t a n <f> 

where: £ = p o r o s i t y 
~ ClB — ^ w = r e l a t i e v e d e n s i t y 

? « 
OC, • angle o f i n c l i n a t i o n 

= angle o f repose 
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For the d e t e r m i n a t i o n o f the volume o f the r u b b l e dam which must be 
dumped a g a i n s t the w a l l s o f the c a i s s o n s , i t i s necessary t o know the 
d i s t r i b u t i o n o f the head-loss over the dam(s) and the gap under the 
c a i s s o n . 
Model t e s t s have been c a r r i e d out t o o b t a i n i n s i g h t i n t h i s matter. 
D u r i n g the t e s t s , the course o f the water p r e s s u r e a l o n g the s u r f a c e 
o f the s i l l has been measured, so t h a t the d i s t r i b u t i o n o f the head-
l o s s c o u l d be determined. 
I t can be concluded t h a t the s t a b i l i t y o f the ru b b l e dam depends on: 
- the p o r o s i t y ; 
- the d e n s i t y o f the m a t e r i a l ; 
- the h e a d - l o s s . 
The p a r t o f the t o t a l head-loss over the downstream r u b b l e dam i s 
s t r o n g l y i n f l u e n c e d by the presence o f the upstream dam and the gap 
h e i g h t . 
I n f l u e n c e o f g r a d i n g o f the m a t e r i a l i s m a n i f e s t e d i n the p o r o s i t y . 
No s i g n i f i c a n t i n f l u e n c e o f the diameter o f the r u b b l e c o u l d be de
termined. 

I f the p r e d i c t e d s e t t l e m e n t and deformations o f the c a i s s o n s are too b i g , 
a d e n s i f i c a t i o n o f the s i l l i s necessary. Experience w i t h these methods 
has been gained f o r the E a s t e r n S c h e l d t B a r r i e r . 

. The design o f the c a i s s o n s . 

A c a i s s o n has t o be c o n s t r u c t e d i n such a way t h a t i t i s s t r o n g enough t o 
be towed from the c o n s t r u c t i o n p i t towards the c l o s u r e gap, where i t w i l l 
be sunk and must f i n d a s t a b l e p l a c e on the s i l l . 
The design c o n s i d e r a t i o n s concern: 
- h y d r a u l i c a s p e c t s ; 
- n a v i g a t i o n a s p e c t s ; 
- c o n s t r u c t i o n a l a s p e c t s . 

H y d r a u l i c _ a s p e c t s 
I n the case o f a sudden c l o s u r e , i t i s necessary t o m a i n t a i n as wide as 
p o s s i b l e a wet c r o s s s e c t i o n , d u r i n g the p l a c i n g o f the c a i s s o n s . 
The e f f e c t i v e n e s s o f the s l u i c e c a i s s o n s increases i n p r o p o r t i o n to t h e i r 
p o s i t i o n i n g on a deeper l y i n g s i l l . 
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1) Design the wet c r o s s s e c t i o n o f each c a i s s o n as l a r g e as p o s s i b l e : 
- l a r g e spans between the w a l l s — > apply s t e e l d i a g o n a l s t o 

giv e the c a i s s o n s enough t o r s i o n a l s t r e n g t h ; 
- t h i n bottom; 
- p l a c e the b a l l a s t bunkers, necessary t o o b t a i n enough f r i c t i o n 

between s i l l and c a i s s o n bottom, i n the s u p e r s t r u c t u r e o f the 
c a i s s o n s . 

2) Design the d i s c h a r g e c o e f f i c i e n t >u as h i g h as p o s s i b l e ( f i g . 6.6.): 
- s t r e a m l i n e the d i a g o n a l s w i t h i n the spans; 
- apply downstream and upstream r u b b l e dams on the c r e s t o f the s i l l 

( f i g . 6.5.) and g i v e these dams a s t r e a m l i n e d shape. 

Table Survey o f some c a i s s o n - c l o s i n g s 

t 

Depth o f s i l l 
w i t h r e g a r d 
t o M.S.L. 

Di s c h a r g e -
c o e f f i c i e n t 
s l u i c e 
c a i s s o n s 

Veerse Gat 1961 
Lauwerszee 1969 
V o l k e r a k 1969 
Brouwersdam 1971 
Caissons d e s i g n e d f o r the c l o s i n g 
o f the E a s t e r n S c h e l d t 

- 8 m 
- 6 m t o 
- 7 m 
-10 m 

-20 m 

- 6,5 m 
not measured 
0,6 
0,75 
0,82 

1,0 

Fig. 6.6. 

Discharge c o e f f i c i e n t m 
m = o 

6 hz 
z- - H-hz -

2.g.z. 
h i + VT" 

2.a 
- hz 

b = l e n g t h o f one c a i s s o n 
- t h i c k n e s s o f a l l p a r t i t i o n s 
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N a v i a g a t i o n a s p e c t 
From an e x e c u t i o n p o i n t o f view, i t i s advantageous t o l i m i t as much 
as p o s s i b l e the nummer o f c a i s s o n - p l a c e m e n t s a t a c l o s i n g - I n a d d i t i o n 
i t i s d e s i r a b l e , from n a u t i c a l c o n s i d e r a t i o n s , t h a t the r e l a t i o n between 
w i d t h and l e n g t h o f the c a i s s o n amounts t o 1 : 3 or 1: 4. 
Based on these c o n s i d e r a t i o n s , c a i s s o n s l o n g e r than 50 m are p r e f e r r e d . 

The most i m p o r t a n t n a v i g a t i o n c o n d i t i o n s a f f e c t : 
- the draught: depends on the water way and the depth above the s i l l 
- the m a n o e u v r a b i l i t y : L > 3, p o s s i b l e t o tow two c a i s s o n s j o i n e d 

behind each o t h e r 
- f l o w r e s i s t a n c e and immersed volume — > • number and power o f the tugs 
- the s t a b i l i t y o f a . f l o a t i n g c a i s s o n . 

Flow r e s i s t a n c e 

W = r e s i s t a n c e f o r c e (newton) 
L = l i f t f o r c e (newton)' 
w= d e n s i t y o f the water (kg/m 3) 

V = c u r r e n t v e l o c i t y , measured about 150 m upstreams o f the c a i s s o n 
and 3 m below water s u r f a c e (m/sl 

A = area of the w a t e r p l a n e p e r p e n d i c u l a r t o the f l o w d i r e c t i o n 
(m 2) 

h = water depth (ml 

S t a b i l i t y o f a f l o a t i n g c a i s s o n 

I t i s d e s i r a b l e t h a t the c a i s s o n m a i n t a i n t h e i r v e r t i c a l p o s i t i o n d u r i n g 
the t r a n s p o r t and the s i n k i n g . T h i s can b e s t be achieved by b u i l d i n g them 
s y m m e t r i c a l l y around the l o n g i t u d i n a l a x i s . 
The s l u i c e c a i s s o n used f o r c l o s i n g the Veerse Gat l a c k e d a s y m m e t r i c a l 
form as, on the one s i d e , gates were suspended and on the o t h e r wooden boards. 
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To i n c r e a s e s t a b i l i t y d u r i n g the s i n k i n g p r o c e s s , a temporary pen
d u l a t i n g board was f i x e d i n the c e n t r e o f the c a i s s o n . With the s l u i c e 
c a i s s o n f o r the Volkerakdam and the n o r t h e r n channel i n the Brouwers
dam, wooden boards were used on bot h s i d e s f o r the f l o a t i n g . The s t e e l 
gates f o r the f i n a l c l o s u r e were p l a c e d i n the c e n t r e . During the towing 
and s i n k i n g these a l s o served.as p e n d u l a t i n g boards. 

A f l o a t i n g u n i t (caisson) i s s t a b l e i f the c e n t r e o f buyancy C i s above 
the centre o f g r a v i t y G. 

C = ce n t r e o f buyancy 
G = centre o f g r a v i t y 

MC = — I 1 
V= 12 L.B: i f 

M 
I 
L 
B 
V 
MG 
MG 

tr a n s v e r s e meta c e n t r e 
t r a n s v e r s e moment o f i n e r t i a o f the waterplane 
l e n g h t o f the c a i s s o n (m) 
breadth o f the c a i s s o n (m). 
immersed volume (m 3) 
h

M " h e i g h t o f t r a n s v e r s e meta c e n t r e above c e n t r e o f g r a v i t y 
MC - CZ 

i H 1. 

I f a f l o a t i n g u n i t i s r o l l i n g 
(angle o f h e e l i s small), 
the t r a n s v e r s e moment i s : 
M = - h 
M = J 

M 

J ~™ mass i n e r t i a moment 
j = mass i n e r t i a r a d i u s 
m - f .V 
J + j 2m 
j -VI 
d i f f e r e n t i a l e q u a t i o n : 
j - f + h M - ? - v v - r 

g i v e s f o r the own r o l l i n g p e r i o d To 
\ 

To = 2 T T 

= 0 

= 2 
g.h m 



- 64 -

C o n s t r u c t i o n a l aspects 
Using s l u i c e c a i s s o n s has the advantage t h a t they are independent 
u n i t s , each w i t h i t s own g a t e s . 
The c a i s s o n s must be r i g i d so t h a t the gates can always be c l o s e d , 
even, i f t h e r e are unequal s e t t l e m e n t s . 
To p i c k up a displacement between two a d j o i n i n g c a i s s o n s , a space 
t o be f i l l e d w i t h r u b b l e i s necessary between the head o f the c a i s s o n s . 
The c a i s s o n s a l l o w f o r deformations as l o n g as the c a i s s o n f l o o r would 
be s t r o n g enough t o w i t h s t a n d p r e s s u r e d i f f e r e n c e s . 

Due t o the f a c t t h a t a s m a l l water displacement i s f a v o u r a b l e f o r the 
n a v i g a t i o n c o n d i t i o n s , and a h i g h own weight i s r e q u i r e d f o r o b t a i n i n g 
enough f r i c t i o n between c a i s s o n f l o o r and s i l l s u r f a c e , b a l l a s t bunkers 
are used. These bunkers are f i l l e d w i t h sand o r poor co n c r e t e immediately 
a f t e r p o s i t i o n i n g the c a i s s o n on the s i l l . 

The caissons, have t o be c o n s t r u c t e d i n such a way t h a t the supports are 
s i t u a t e d under the w a l l s as, on these p l a c e s , h i g h l o c a l s t r e s s peaks 
i n the f l o o r g i v e no problem. 
From the v i e w p o i n t o f the s t r u c t u r a l s t r e n g h t not o n l y the l o c a l s t r e s s 
peaks, but a l s o the o v e r a l l s t r e s s d i s t r i b u t i o n can be important,, due t o 
the p o s s i b i l i t y o f t o r s i o n a l l o a d i n g o f the s t r u c t u r e under i t s own weight. 
The p o s s i b i l i t y o f t o r s i o n a l l o a d i n g can g i v e g r e a t d i f f i c u l t i e s e s p e c i a l l y i n 
case o f c a i s s o n s . a b o u t 100 m l i n g . A t h r e e - p o i n t support decreases the 
' t o r s i o n a l l o a d i n g . . 
TO g i v e the c a i s s o n s , used f o r the c l o s i n g of the Veerse Gat, the :.Volkerak 
and the Brouwersdam, enough t o r s i o n a l s t r e n g h t , s t e e l d i a g o n a l s were 
c o n s t r u c t e d w i t h i n the spans between the w a l l s (see f i g . 6.7.) 



47.00 —̂ ——4 20.00 1 
A - A 

Side-view, l o n g i t u d i n a l and c r o s s - s e c t i o n o f a normal c a i s s o n (above) 
as w e l l as l o n g i t u d i n a l and c r o s s - s e c t i o n o f one o f the two c a i s s o n s 
t o be p l a c e d a g a i n s t the abutments. 
S l u i c e c a i s s o n : 
immersed volume 7.200 . ton 
draught 6 f l ffl 

meta c e n t r e h e i g h t j 2 m 
c e n t r e o f buoyancy 3,17 m above base 
c e n t r e o f g r a v i t y 7 / 1 0 m a b o v e b a s e 

volume b a l l a s t bunkers 8 4 0 m 3/bunker 

F i g . 6.7. 
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Positioning of caissons 

In general, a caisson i s parked near the closure gap before 
starting the placing manoeuvre. When the current velocities 
are s u f f i c i e n t l y decreased, the caisson i s towed to the s i l l 
and moored. 
After placing i n position, the valves are opened and the 
caisson i s sunk onto the s i l l . 
Preferably, the caissons has to be sunk i n position onto the 
s i l l j.ust before slack water so that the flow forces at the 
caisson and the tugs are maintained as long as possible. 
L.W. slack i s favourable for placing the caissons, because then: 
- the required,time for sinking the caisson i n position onto the 

s i l l i s less than at H.W. slack. 
- the temporary wooden floating boards can be lower. 
But,.. I f : 
- there i s a longer slack water period at H.W. 
- the water depth above the s i l l i s too small at L.W.(f.i.an 
abutment caisson) 

- for capacity reasons, there are 2 caissons being placed per day. 
then H.W. slack may be favourable; 
The required time for placing a caisson depends on the duration of 
each necessary action. From e a r l i e r caisson closures the following 
placing operation periods were found for a t i d a l range of approx. 3 m. 
For caisson closures, under circumstances with a t i d a l range of 6 
to 8 m, the placing operation has to start, for instance when the 
current velocity i s 2 m/s and has to stop when the velocity i s 0,5 m/s. 
in the opposite direction. In this case, about 1 hour i s available 
to carry out the operation during mean tide. Of course, the placing 
w i l l be easier during a neap tide. In these cases, 1 hour w i l l be 
enough to carry out an accurate placing, provided that anchored 
pontoons equipped with tension winches or fixed anchor points, i n 
addition to tugs are used. 
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P l a c i n g procedure o f the c a i s s o n s 

A c t i o n Subject Time b e f o r e / 
a f t e r L.W. s l a c k 
(min.) 

V e l o c i t y 
above s i l l 
(m/s) 

1. S a i l i n g t o gap 
2. P a r k i n g o u t s i d e 
3. P r e p a r i n g 
4. S a i l i n g t o the s i l l 
5. "Turn i n t o " manoeuvre 
6. Make f a s t 
7. Cpen v a l v e s ( s i n k down) 
8. C a i s s o n on the s i l l 
9. L.W. Sla c k 
10. L e v e l l i n g 
11. Remove wooden f l o a t i n g 

gates 
12. Stone dumping b e s i d e s 

+ b a l l a s t 
13. Open gates 

> 130 
100 
70 
55 
30 
13 
5 
0 

+ 10 

+ 60 
+ .80 

s^> 0,50(<0,75) 
^ 0,30 

0,0 

The d u r a t i o n o f the c r i t i c a l phase i s determined by the d u r a t i o n o f 
the a c t i o n s 6, 7 and 8 and amounts t o 25 min. 
The d e s i r e d c u r r e n t v e l o c i t y above the s i l l i s about 0,5 m/s(max. 
al l o w e d 0,75 m/s) for : mooring the c a i s s o n . 
As a consequence o f the p l a c i n g o f a c a i s s o n the l o c a l v e l o c i t i e s 
i n c r e a s e ( w i t h about 20%X. 
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SAILING TO THE 
CLOSURE GAP 
AND PARKING 

SINK DOWN 
POSITION 

V 

A 
TURN INTO' 
MANOEUVRE 

V 
V 
A 

V 
Fig. 6.8. Placing procedure of a sluice 
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Example sudden c l o s u r e o f channel Krammer, P h i l i p s d a m by means o f 
s l u i c e c a i s s o n s 

9 c a i s s o n s w i t h a l e n g t h o f 75 m 
1 abutment c a i s s o n a t the n o r t h s i d e 

I 

CREST OF SILL 10m - M . S . L . 
CREST OF SILL 1 2 m - M . S . L 

I f c r e s t o f the s i l l i s 10 m - M.S.L. — b r e a d t h o f c a i s s o n s f o r 
s t a b i l i t y : 1 6 m. 
I f c r e s t o f the s i l l i s 12 m - M.S.L. ^ breadth i s 20 m. 
Discharge c o e f f i c i e n t c a i s s o n s = 0,85. 
Time t o b u i l d up the s i l l = 5 months. 
Scour depth : s i l l 10 m - M.S.L. = 6 m 

s i l l 12 m - M.S.L. = 4,5 m 
I f the s i l l i s h i g h e r than 10 m- M.S.L. — ^ time t o p l a c e f i n a l c a i s s o n 
i s too sh o r t — * see f i g . 6.10. 
D u r a t i o n o f p l a c i n g a l l the c a i s s o n s : 2 weeks. 
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