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A b s t r a c t 

I n 1989 the Dutch government decided t o b u i l d a storm surge b a r r i e r i n 
the New Waterway near Rotterdam being a good and cheap a l t e r n a t i v e f o r 
the necessary strengthening of dikes along the lower regions of the 
Dutch r i v e r s Rhine and Meuse. To be f e a s i b l e the b a r r i e r had t o meet 
sever a l goals. The most important ones being : 
* c l o s i n g frequency less then once every 10 years now and once every 

5 years a f t e r 50 years from now ( i n c l u d i n g 25 cm sea-le v e l r i s e ) 
* p r e s c r i b e d r e d u c t i o n of design w a t e r - l e v e l s a t two r e p r e s e n t a t i v e 

l o c a t i o n s , being Rotterdam and Dordrecht. 
These and other parameters are c a l c u l a t e d by means of a p r o b a b i l i s t i c 
c a l c u l a t i o n method. This method involves a mathematical open-channel 
network model of which the r e s u l t s are combined w i t h the s t a t i s t i c a l 
p r o p e r t i e s of i n p u t parameters. A r i s k - a n a l y s i s of the performance of 
the b a r r i e r i s i n c l u d e d . F i n a l l y the model i s adapted t o study 
o p e r a t i o n a l aspects. 

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

The p r o j e c t area i s s i t u a t e d i n the southwest of the Netherlands as 
shown i n f i g u r e s 1 and 2. I n f i g u r e 2 the dikes are shown, which were 
t o be r e i n f o r c e d as a consequence of the Delta p l a n . This p l a n was 



developed a f t e r the f l o o d of 1953. I t 
inc l u d e d shortening of the coast l i n e by 
c l o s i n g a number of t i d a l i n l e t s and to 
strengthen remaining d i k e s . By the time 
of 1985 most of t h i s p l a n has been com
p l e t e d : s t i l l about 200 km of dikes had 
to be strengthened. A re-examination of 
design w a t e r - l e v e l s (DWL) l e d t o higher 
values than those o r i g i n a l l y c a l c u l a t e d . 

This i m p l i e d very c o s t l y c o n s t r u c t i o n 
works i n densely populated or otherwise 
complicated areas. Therefore, i n 1987 the 
Dutch government i n i t i a t e d a study t o 
consider a storm surge b a r r i e r near 
Rotterdam. This b a r r i e r should meet two 
main goals. F i r s t l y the DWL should be 
reduced s i g n i f i c a n t l y t o avoid problems 
r e l a t e d t o dike r e c o n s t r u c t i o n works. The pr e s c r i b e d r e d u c t i o n s of DWL 
are based on the s i t u a t i o n i n the areas, which would be most a f f e c t e d 
by the r e c o n s t r u c t i o n works. These areas are the c i t i e s of Rotterdam 
and Dordrecht. Secondly the presence of Rotterdam harbour doesn't a l l o w 
the b a r r i e r t o be closed too o f t e n . The c l o s i n g frequency of the 
b a r r i e r should (on average) be less than once every 10 years now and 
le s s than once every 5 years a f t e r 50 years from now. The l a t t e r 

s i t u a t i o n includes a s e a - l e v e l r i s e of 25 
centimetres. From several predesigns a 
f i n a l choice was made a t the end of 1989. 
The selected b a r r i e r design f e a t u r e s two 
s e m i - c i r c u l a r doors. The b a r r i e r i s 
closed by r o t a t i n g the f l o a t i n g doors 
i n t o the r i v e r ( f i g u r e 3) and lo w e r i n g 
the e n t i r e c o n s t r u c t i o n t o the r i v e r 
bottom by f i l l i n g b a l l a s t tanks w i t h 
water. This paper deals w i t h h y d r a u l i c 

aspects of t h i s b a r r i e r and the i n f l u e n c e of r e l i a b i l i t y of the b a r r i e r 
on DWL and o p e r a t i o n a l aspects. 

Fig. 1 

Fig. 2 Project area 



2. Hy d r a u l i c aspects 

2.1 The h y d r a u l i c system 

p r o j e c t e d r i v e r / 
b a r r i e r d i s c h a r g e 

o 

r i v e r d i k e 
s e a d i k e 

\ \ \ \ n p o l d e r 
Fig. 4 The system 

I n f i g u r e 4 the h y d r a u l i c system i s shown 
i n a schematic form. B a s i c a l l y t h e re are 
two r i v e r branches w i t h several 
connections. The southern branch runs i n t o 
the large H a r i n g v l i e t estuary. This 
estuary i s separated from the sea by a 
barrage w i t h l a r g e discharge s l u i c e s . The 
north e r n branch runs f r e e l y i n t o the sea 

v i a the c i t y o f Rotterdam and the New Waterway. T i d a l movement and 
t h e r e f o r e storm surges enter the system through t h i s n o r t h e r n branch. 
Close t o the r i v e r - m o u t h the water-
l e v e l i s determined completely by 
t i d a l movement combined w i t h storm 
surge e f f e c t s . Figure 5 shows t h a t 
the w a t e r - l e v e l a t the river-mouth 
can be c o n s t r u c t e d as a combination 
of a s t r o n o m i c a l t i d e and a storm 
surge. The maximum sea w a t e r - l e v e l 
(MSWL) i s i n f l u e n c e d by f i v e para
meters: a s t r o n o m i c a l t i d e , d u r a t i o n , 
shape and h e i g h t of the storm surge 
and phase d i f f e r e n c e between storm 
surge and ast r o n o m i c a l t i d e . This 
number of v a r i a b l e s can be reduced. 
The v a r i a t i o n of the astronomical 
t i d e a t Hoek van Holland i s so 
smal l , t h a t a mean t i d a l curve w i l l 
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Figure 5 

be used. Secondly the shape of the storm surge i s considered to be con
s t a n t as shown i n f i g u r e 5. 
The incoming t i d a l wave i s damped t r a v e l l i n g upstream and phase d i f 
ferences occur, as shown i n f i g u r e 6. I n t h i s i n t e r m e d i a t e r e g i o n the 
w a t e r - l e v e l s are determined by both t i d a l movement and r i v e r discharge, 
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The r e l a t i o n between MSWL, r i v e r discharge and maximum r i v e r water-
l e v e l (MRWL) i s shown i n f i g u r e 7. This f i g u r e shows l i n e s of equal 
MRWL a t Rotterdam and Dordrecht as a f u n c t i o n of r i v e r discharge and 
MSWL. I n these graphs the values of d u r a t i o n and phase d i f f e r e n c e of 
the storm surge are kept constant a t 29 and 4.5 hours. 
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Figure 7 

The h y d r a u l i c c o n d i t i o n s i n the p r o j e c t area are governed by four 
v a r i a b l e s . Three v a r i a b l e s determine the boundary c o n d i t i o n a t the 
riv e r - m o u t h (MSWL). These v a r i a b l e s are d u r a t i o n ( s ) , h e i g h t (m) and 
phase d i f f e r e n c e (p) of the storm surge. The f o u r t h v a r i a b l e i s the 
r i v e r discharge ( q ) , which i n combination w i t h the MSWL, determines the 
MRWL. The r i v e r discharge v a r i e s on a much l a r g e r time scale than storm 



surges do. Therefore t h i s v a r i a b l e can be t r e a t e d as a constant during 
a storm surge. The f o u r governing v a r i a b l e s are considered t o be 
independent. This method of determining w a t e r - l e v e l s i s an extension of 
the usual approach, which i s based on only two governing v a r i a b l e s : 
storm surge h e i g h t and r i v e r discharge. The parameters storm surge 
d u r a t i o n and phase d i f f e r e n c e are assumed t o be constant (29 and 4.5 
hou r s ) . For the s i t u a t i o n w i t h o u t a b a r r i e r the r e s u l t s of both 
c a l c u l a t i o n methods don't d i f f e r very much. 

2.2 The e f f e c t of the b a r r i e r 

The e f f e c t s of the b a r r i e r on w a t e r - l e v e l s i n the h y d r a u l i c system are 
t w o f o l d . One e f f e c t i s the r e d u c t i o n of w a t e r - l e v e l s because the storm 
surges can't enter the system any more. On the other hand there i s an 
increase of w a t e r - l e v e l s i n the system because of the accumulation of 
r i v e r discharge. To c a l c u l a t e the t o t a l balance of e f f e c t s the hydrau
l i c system has been modelled by a mathematical open-channel network 
model. The schematization of the system i s conform f i g u r e 2 and con
s i s t s of about 200 branches and nodes. This model has been i n use f o r a 
long time t o p r e d i c t w a t e r - l e v e l s on a d a i l y b a s i s . The b a r r i e r should 
reduce the DWL a t Rotterdam and Dordrecht. The p r e s c r i b e d DWL are 3.60 
meter above NAP f o r Rotterdam and 3.00 meter above NAP f o r Dordrecht. 
I n order t o reach t h i s goal the b a r r i e r has to be closed whenever the 
p r e d i c t e d maximum sea w a t e r - l e v e l (PMSL), given the a c t u a l r i v e r d i s 
charge, would r e s u l t i n a exceedance of the DWL a t one of the loca 
t i o n s . I n order t o have some freeboard regarding the e f f e c t s of i n 
accuracy of the PMSL (see paragraph 3) a c r i t i c a l w a t e r - l e v e l (CL) i s 
in t r o d u c e d . This l e v e l i s somewhat lower than the DWL. The margin 
between DWL and CL i s 40 cm f o r the l o c a t i o n of Rotterdam and 10 cm f o r 
the l o c a t i o n of Dordrecht. The reason f o r these d i f f e r e n t margins i s 
the f a c t , t h a t Dordrecht i s about twice as f a r from the North Sea as 
Rotterdam and t h e r e f o r e less s e n s i t i v e to sea-l e v e l v a r i a t i o n . This 
means, t h a t the margin, which i s s t r o n g l y i n f l u e n c e d by the accuracy of 
the PMSL, can be somewhat smaller a t Dordrecht. I t should be kept i n 
mind, t h a t both DWL and CL are f i x e d w a t e r - l e v e l s a t the l o c a t i o n s Rot
terdam and Dordrecht. Figure 6 can be used to t r a n s f o r m the CL i n t o a 



r i v e r discharge dependent c r i t e r i o n CL(q) 
f o r the l o c a t i o n Hoek van Holland f o r 
which a l s o the PMSL i s given. 
I n f i g u r e 8 the e f f e c t of the b a r r i e r i s 
shown f o r the l o c a t i o n s of Rotterdam and 
Dordrecht f o r a s p e c i f i c storm surge and 
r i v e r discharge. I n f i g u r e 9 the e f f e c t 
of the b a r r i e r on the r e l a t i o n between 
MSWL, r i v e r discharge and MRWL i s shown. 
I n f i g u r e 9 the t h i c k l i n e represents the 
c l o s i n g c r i t e r i o n CL(q). Below t h i s l i n e 
f i g u r e 9 i s e x a c t l y the same as f i g u r e 7. 
Above t h i s l i n e the b a r r i e r i s closed and 
t h i s reduces the MRWL s i g n i f i c a n t l y 
compared w i t h f i g u r e 7. Only f o r very 
h i g h r i v e r discharges the e f f e c t of the 
b a r r i e r i s less s i g n i f i c a n t . 
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2.3 C a l c u l a t i o n of s t a t i s t i c a l aspects 

So f a r only h y d r a u l i c s have been discussed. The l i n k w i t h s t a t i s t i c s 
however has to be made because of the p r o b a b i l i s t i c design procedure of 
the b a r r i e r and the d e f i n i t i o n of DWL. A DWL i s a w a t e r - l e v e l which has 
a p r e s c r i b e d frequency of exceedance. The DWL i s the most i m p o r t a n t 
f a c t o r i n designing a dike . The p r e s c r i b e d frequency v a r i e s along the 



country depending on the type of t h r e a t ( s e a / r i v e r / l a k e ) , p o p u l a t i o n 
d e n s i t y and economical a c t i v i t i e s . For Rotterdam t h i s frequency i s 
1/10000 per year w h i l s t f o r Dordrecht t h i s frequency i s 1/4000 per year 
f o r the s i t u a t i o n w i t h o u t a b a r r i e r and 1/2000 per year f o r the 
s i t u a t i o n w i t h a b a r r i e r . This increased design frequency i s based on 
the r e d u c t i o n of the t h r e a t by storm surges. 
By means of the h y d r a u l i c network-model, mentioned i n the previous 
paragraph, the p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s of the boundary con
d i t i o n s are transformed i n t o p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s of the 
w a t e r - l e v e l s i n the h y d r a u l i c system. From these f u n c t i o n s the DWL can 
be c a l c u l a t e d e a s i l y . This method can also be a p p l i e d t o c a l c u l a t e 
design discharges, v e l o c i t i e s and h y d r a u l i c head of the b a r r i e r . The 
t r a n s f o r m a t i o n of p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s can be determined 
by a numerical s o l u t i o n of the f o l l o w i n g equation : 

P(MRWL>X) = f f f f ~~f {m, s , p , g) dmdsdpdq 
J J J JMRWL=X 

I n t h i s equation f(m,s,p,q) i s the combined p r o b a b i l i t y d i s t r i b u t i o n 
f u n c t i o n of the s t o c h a s t i c v a r i a b l e s m, s, p and q. The p r o b a b i l i t y 
d i s t r i b u t i o n s of r i v e r discharge and storm surge d u r a t i o n are d i r e c t l y 
d e r i v e d from recordings during the l a s t century. The p r o b a b i l i t y of 
storm surge h e i g h t and the phase d i f f e r e n c e are determined i n such a 
way, t h a t the c a l c u l a t e d p r o b a b i l i t y d i s t r i b u t i o n of the MSWL shows a 
good agreement w i t h the h i s t o r i c a l data and i t s e x t r a p o l a t i o n . 

3 . R e l i a b i l i t y aspects 
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The b e n e f i c i a l e f f e c t of 
the b a r r i e r on MRWL i s 
s t r o n g l y i n f l u e n c e d by 
f u n c t i o n a l and s t r u c t u r a l 
r e l i a b i l i t y of the bar
r i e r . To i n v e s t i g a t e 
these i n f l u e n c e s a r i s k -
a n a l y s i s has been c a r r i e d 



out. I n f i g u r e 10 an event t r e e i s shown w i t h a l l p o s s i b l e branches 
l e a d i n g t o a MRWL exceeding the DWL. At the top of the f i g u r e the 
'normal' sequence of events i s shown. That i s a good p r e d i c t i o n , a 
c o r r e c t d e c i s i o n , a p r o p e r l y f u n c t i o n i n g b a r r i e r , which i s st r o n g 
enough t o w i t h s t a n d the f o r c e s , mostly generated by the h y d r a u l i c head. 
This leaves f o u r p o i n t s where something can go wrong: 
* a PMSL lower than the CL(q), so the b a r r i e r i s not closed, but an 

a c t u a l MRWL highe r than the DWL at e i t h e r Rotterdam or Dordrecht. 
* a PMSL higher than the CL(q), but the b a r r i e r i s not closed and as 

a consequence MRWL can be higher than DWL. 
* a PMSL higher than the CL(q), the b a r r i e r i s closed, but collapses 

due t o the enormous ( h y d r a u l i c ) load. As a consequence the MRWL can 
be higher than DWL. 

* even i f e v e r y t h i n g f u n c t i o n s w e l l , there i s s t i l l a p o s s i b i l i t y 
t h a t the MRWL i s higher than DWL. 

4. Design c o n d i t i o n s / c a l c u l a t i o n s 

4.1 C a l c u l a t i o n method 

For a numerical i n t e g r a t i o n the p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s of 
the boundary c o n d i t i o n s have to be sampled. Combining the f o u r sampled 
p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s , y i e l d s a t o t a l number of h y d r a u l i c 
c a l c u l a t i o n s t o be made. The t o t a l number of c a l c u l a t i o n s i s set at 
6900, which i s s u f f i c i e n t f o r accurate r e s u l t s . The r e s u l t s of these 
c a l c u l a t i o n s are st o r e d i n a database. This database contains the 
f o l l o w i n g i n f o r m a t i o n : the boundary c o n d i t i o n and i t s p r o b a b i l i t y 
d e n s i t y , the MSWL, the MRWL a t each node of the network model, the 
h y d r a u l i c head and maximum discharges i n s p e c i f i c branches of the 
network model. Two of these databases are made. One database contains 
i n f o r m a t i o n f o r the s i t u a t i o n w i t h o u t a b a r r i e r . The other database 
contains i n f o r m a t i o n f o r the s i t u a t i o n w i t h a b a r r i e r , which i s being 
closed f o r every storm surge. By reading both databases and determining 
i f the b a r r i e r should have been closed [by comparing the MSWL and the 
CL(q)] a choice f o r the 'open' or 'closed' data can be made. A f t e r 
reading both databases the p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s of a l l 



data can be co n s t r u c t e d . Because of t h i s s e p a r a t i o n between c a l c u l a t i o n 
and s e l e c t i o n , s e v e r a l values f o r CL(q) and other r e l i a b i l i t y para
meters (see next paragraph) can be used w i t h o u t having t o make an 
extensive c a l c u l a t i o n . This i s very convenient f o r a s e n s i t i v i t y 
a n a l y s i s . 

4.2 I n t e g r a t i o n of r e l i a b i l i t y aspects 

The s e p a r a t i o n between c a l c u l a t i o n and s e l e c t i o n a l so o f f e r s the possi
b i l i t y of i n t e g r a t i o n of the r e l i a b i l i t y aspects. By i n t e g r a t i n g the 
event t r e e of f i g u r e 10 i n t o the s e l e c t i o n program, a p r o b a b i l i t y f o r 
each s i t u a t i o n ('open' or 'closed') can be c a l c u l a t e d . This p r o b a b i l i t y 
i s determined by the CL(q), the accuracy of the PMSL, the u n r e l i a b i l i t y 
of the b a r r i e r (C) and the p r o b a b i l i t y of col l a p s e of the b a r r i e r (Pb). 
I f the b a r r i e r c o l l a p s e s , the data f o r the 'open' s i t u a t i o n i s assumed 
to be v a l i d . The u n r e l i a b i l i t y C i s the p r o b a b i l i t y of not c l o s i n g the 
b a r r i e r g i v e n the f a c t t h a t the PMSL exceeds the CL(q) . 
I t i s c l e a r t h a t the parameters CL(q), the accuracy of the PMSL, the 
u n r e l i a b i l i t y C and the p r o b a b i l i t y of collapse Pb play a c e n t r a l r o l e 
i n d e t e r m i n i n g the e f f e c t of the b a r r i e r i n terms of DWL and c l o s i n g 
frequency. The presented c a l c u l a t i o n method also provides the pos
s i b i l i t y of s e t t i n g t a r g e t s c onsidering c l o s i n g c r i t e r i o n , accuracy of 
PMSL, u n r e l i a b i l i t y and s t r u c t u r a l s t r e n g t h . 

4.3 S e n s i t i v i t y a n a l y s i s 

Already i n an e a r l y stage of the p r o j e c t the p e r m i s s i b l e p r o b a b i l i t y of 
collapse was f i x e d a t I 0 " 6 i n any one year. Considering the frequency of 
DWL f o r Rotterdam (10" A per year) the e f f e c t of Pb can be neglected. The 
c l o s i n g c r i t e r i o n CL(q) i s set t o such a l e v e l t h a t the c l o s i n g 
frequency i s t o l e r a b l e . This leaves the accuracy and the u n r e l i a b i l i t y 
as v a r i a b l e s . A s e n s i t i v i t y a n a l y s i s has been c a r r i e d out con s i d e r i n g 
these two parameters. I n i t i a l l y , the accuracy was set t o the p r o p e r t i e s 
determined by an a n a l y s i s of p r e d i c t e d MSWL du r i n g the l a s t decades . 
This a n a l y s i s showed t h a t the d i f f e r e n c e between p r e d i c t e d and measured 



MSWL could be assumed t o have a normal 
p r o b a b i l i t y d i s t r i b u t i o n w i t h an average 
(jjl) of -20 cm and a standard d e v i a t i o n 
(or) o f 25 cm. This means t h a t the pre
d i c t i o n s were on average on the safe 
si d e . I n f i g u r e 11 the s e n s i t i v i t y of the 
DWL a t Rotterdam f o r the a i s shown. This 
l i n e shows a very l a r g e s e n s i t i v i t y t o cr. 
By using von Kalman f i l t e r i n g , based on 
o n - l i n e measurements d u r i n g the passage 
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storm a t the B r i t i s h east coast and 
platf o r m s i n the North Sea, one believes 
t h a t cr can be reduced t o 15 cm. This 
value i s used f o r design c a l c u l a t i o n s of 
the storm surge b a r r i e r . The s e n s i t i v i t y 
of the DWL at Rotterdam f o r the u n r e l i a 
b i l i t y i s shown i n f i g u r e 12. This f i g u r e 
shows a sharp increase of s e n s i t i v i t y f o r 
values of C l a r g e r than 10"3. Therefore 
the maximum value of C was set t o 10"3. 

4.4 Results 

I n the f i g u r e 13 the r e s u l t s of a com
p l e t e c a l c u l a t i o n f o r the s i t u a t i o n 
w i t h o u t a b a r r i e r are shown. I n t h i s 
f i g u r e the p r o b a b i l i t y of exceeding 
c e r t a i n w a t e r - l e v e l s a t the l o c a t i o n s 
Hoek van Holland, Rotterdam and Dordrecht 
i s shown. The DWL f o r these l o c a t i o n s are 
5.15, 4.80, 3.78 meters. I n f i g u r e 14 the 
same l i n e s are shown f o r the s i t u a t i o n 
w i t h a storm surge b a r r i e r . The DWL f o r 
Rotterdam and Dordrecht are reduced t o 
3.52 and 3.15 meters. 
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These r e s u l t s show t h a t the p r e s c r i b e d 
r e d u c t i o n of DWL f o r the l o c a t i o n 
Dordrecht i s not achieved, according t o 
the c a l c u l a t i o n method w i t h f o u r 
v a r i a b l e s . However, f o r the c a l c u l a t i o n 
of DWL the method w i t h two v a r i a b l e s has 
been a p p l i e d f o r a l l dike r e c o n s t r u c t i o n 
works up t i l l now. For reasons of 
c o n t i n u i t y t h i s method w i l l be a p p l i e d 
f o r the f i n a l stage of the dike 
r e c o n s t r u c t i o n works as w e l l . Another 

c a l c u l a t i o n w i t h only the v a r i a b l e s storm surge h e i g h t and r i v e r d i s 
charge reduces the DWL f o r the l o c a t i o n Dordrecht t o 2.90 meter above 
NAP. For the l o c a t i o n Rotterdam the DWL i s reduced t o 3.46 meter above 
NAP. For the s i t u a t i o n w i t h a b a r r i e r the d i f f e r e n c e between the 
r e s u l t s of both c a l c u l a t i o n methods are increased. E s p e c i a l l y f o r 
l o c a t i o n s , which are r e l a t i v e l y f a r away from the sea. These l o c a t i o n s 
s u f f e r the most from the negative e f f e c t of the b a r r i e r . 
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5. Op e r a t i o n a l aspects 

5.1 S p e c i f i c problems r e l a t e d t o o p e r a t i o n a l use of the b a r r i e r 

During o p e r a t i o n decisions have to be made about the c l o s i n g and 
opening of the b a r r i e r . For both decisions c r i t e r i a have been set. To 
close the b a r r i e r Lhe PMSL must be higher than the CL(q) and a c l o s i n g 
c o n d i t i o n (CC) must be a c t u a l l y reached. I n the c u r r e n t design the CC 
depends on the r i v e r discharge. For low discharges the CC i s a water-
l e v e l of 2.00 meter above NAP and f o r h i g h discharges the CC i s the 
l o c a l zero i n f l o w c o n d i t i o n . I t i s obvious t h a t these c o n d i t i o n s can be 
met seve r a l times d u r i n g a storm. To prevent h i g h w a t e r - l e v e l s by 
unnecessary long closures of the b a r r i e r (accumulation of discharge) 
the c l o s u r e s t a r t s a t the l a s t CC before the sea w a t e r - l e v e l exceeds 
CL(q). 
To open the b a r r i e r a opening c o n d i t i o n (OC) must be reached and the 
PMSL may not exceed the DWL any more. The OC i s d e f i n e d to be the 



moment when the w a t e r - l e v e l s on both sides of the b a r r i e r are equal. 
Non-exceedance of the DWL i s guaranteed i f the PMSL does not exceed the 
CL(q) any more. 
The involvement of p r e d i c t e d w a t e r - l e v e l s causes some problems. I f 
p r e d i c t i o n s were pr e c i s e i t would be very easy t o p i c k the r i g h t moment 
t o close and open the b a r r i e r . I n p r a c t i c e however p r e d i c t i o n s are i n 
accurate ( i n c r e a s i n g w i t h time) and also only a v a i l a b l e f o r a l i m i t e d 
time ahead ( a t the most 18 hours). This i m p l i e s t h a t every occurrence 
of CC or OC i n a s p e c i f i c storm i s a p o t e n t i a l c l o s i n g or opening 
moment. Which moment i s chosen depends on the outcome of the p r e d i c t e d 
w a t e r - l e v e l s . The use of p r e d i c t e d w a t e r - l e v e l s may even cause the 
b a r r i e r not t o be closed a t a l l at the l a s t CC; f o r example i f the 
p r e d i c t e d ( l a s t ) CC does not occur i n r e a l i t y . Since t h i s i s thought t o 
be unacceptable an e x t r a p o s s i b i l i t y f o r c l o s i n g the b a r r i e r i s 

i n t r o d u c e d a t 
Hoek van Hol land 

behind b a r r i e r 

5,00 

I M O 

I 3.00 

£ 2.00 

Ü W0 
~ 0.00 

CLIol 

\ ' 
• 

- 3 0 - 2 0 -10 0 

ii time (hours ) -

\ OC 
CLIo) f 

- 2 0 -10 0 

firn* (hours ) 

-30 - 2 0 -10 0 

d) Mme (hours ) 

Figure 15 

the lowest 
w a t e r - l e v e l 
a f t e r the l a s t 
CC. Figure 15 
i l l u s t r a t e s f o u r 
p o s s i b i l i t i e s 
f o r a s i n g l e 
storm: so-
c a l l e d 
r e a l i z a t i o n s . I n 
t h i s case there 
are two CC t h a t 
can be combined 
w i t h two OC. 
Combination c) 
i l l u s t r a t e s the 

optimum choice. The model described i n the previous paragraphs only 
i n c l u d e s the optimum closure and opening of the b a r r i e r [combination c] 

i n f i g u r e 1 5 ] . Since other closure or opening moments may generate d i f 
f e r e n t MRWL and loads on the b a r r i e r a model i s developed to i n c l u d e 
the e f f e c t of a l l p o s s i b l e r e a l i z a t i o n s . The c a l c u l a t i o n scheme i s 
described i n the next paragraph. 



5.2 Adaption of the c a l c u l a t i o n method 

The c a l c u l a t i o n method t o determine DWL and loads 

w a t e r - l e v e l s . For every storm a l l r e a l i z a t i o n s 
are i n c l u d e d . The procedure t o generate a l l 
r e a l i z a t i o n s f o r a storm i s shown i n f i g u r e 16. 
For every r e a l i z a t i o n the r e s u l t i n g MRWL and 

i s roughly the same as described i n paragraph 
4.1. The h y d r a u l i c model i s used to c a l c u l a t e the 

c l o s e a 

g r a t i o n of a l l p o s s i b l e combinations. However the 
imp o r t a n t d i f f e r e n c e w i t h the method described i n 

design loads i s based again on numerical i n t e -
The s t a t i s t i c a l c a l c u l a t i o n t o derive DWL and 
loads are determined and stored i n a database. 

paragraph 4.1 i s t h a t f o r a s i n g l e storm more 
r e a l i z a t i o n s are po s s i b l e and t h i s r e q u i r e s an 
e x t r a i n t e g r a t i o n over r e a l i z a t i o n s . The 

ooen 

e n d 

Figure 16 
c o n d i t i o n a l p r o b a b i l i t y of the r e a l i z a t i o n ( f o r a 
given storm) i s c a l c u l a t e d . At the c u r r e n t CC the p r o b a b i l i t y of sa
t i s f y i n g the c r i t e r i a f o r c l o s i n g i s c a l c u l a t e d and the same procedure 
i s f o l l o w e d f o r the OC w i t h respect t o the c r i t e r i a f o r opening. I n 
p r i n c i p l e more than one p r e d i c t e d high water i s considered i n 
c a l c u l a t i n g t h i s p r o b a b i l i t y . An a n a l y s i s of p r e d i c t i o n s d u r i n g the 
l a s t decades showed t h a t these p r e d i c t i o n s were independent. The 
c o n d i t i o n a l p r o b a b i l i t y of a r e a l i z a t i o n w i l l depend on the CL(q) 
l e v e l , the h e i g h t of i n d i v i d u a l high waters and the accuracy of the 
p r e d i c t e d w a t e r - l e v e l s . The p r o b a b i l i t y of a r e a l i z a t i o n i s c a l c u l a t e d 
by m u l t i p l y i n g the c o n d i t i o n a l p r o b a b i l i t y w i t h the p r o b a b i l i t y of the 
boundary c o n d i t i o n s . I n i t i a l l y a very f a s t and s i m p l i f i e d open channel 
network model was used -because of c a l c u l a t i o n time. I t appeared t h a t by 
t a k i n g i n t o account r e a l i z a t i o n s the number of c a l c u l a t i o n s increased 
w i t h a f a c t o r 3.5. I n the f u t u r e the more complex model described i n 
s e c t i o n 2.2 w i l l be used. The p r e l i m i n a r y r e s u l t s i n the next paragraph 
are based on c a l c u l a t i o n s w i t h the s i m p l i f i e d model. 



5.3 P r e l i m i n a r y r e s u l t s 

The a n a l y s i s w i t h the model described i n s e c t i o n 5.2 was focused on the 
i n f l u e n c e of the o p e r a t i o n a l decisions on DWL and design loads. When a 
cr of 0.25 meter was used f o r the accuracy of w a t e r - l e v e l p r e d i c t i o n s 
the f o l l o w i n g r e s u l t s were found. 
* an 30Z increase i n c l o s i n g frequency r e s u l t i n g from more p o t e n t i a l 

closures f o r every storm 
* no i n f l u e n c e on DWL a t the r e p r e s e n t a t i v e l o c a t i o n s compared to the 

previous a n a l y s i s (also i n c l u d i n g cr = 0.25 meter) 
* no i n f l u e n c e on the p o s i t i v e design head over the b a r r i e r 
* an increased negative design head over the b a r r i e r (202) r e s u l t i n g 

from closures at an e a r l i e r moment and/or opening at a l a t e r 
moment. 

In f l u e n c e s at other l o c a t i o n s and f o r other parameters could not be 
determined w i t h the s i m p l i f i e d model. This w i l l be analyzed w i t h the 
complex model. 

6. Conclusions 

* The use of large numerical models does not n e c e s s a r i l y r u l e out the 
use of p r o b a b i l i s t i c design methods. 

* The accuracy of the p r e d i c t i o n s of w a t e r - l e v e l s i s of v i t a l 
importance f o r the performance of the storm surge b a r r i e r . 

* The c a l c u l a t i o n method of DWL should be based on a l l governing 
v a r i a b l e s . Reducing the number of v a r i a b l e s i s only t o l e r a b l e a f t e r 
a s e n s i t i v i t y a n a l y s i s . Based on such an a n a l y s i s the s i g n i f i c a n t 
value of the v a r i a b l e can be used i n the c a l c u l a t i o n of DWL. 

* The e f f e c t of a c t u a l l y operating the storm surge b a r r i e r should be 
i n c l u d e d i n the design process, also i n the phase of determining 
the boundary c o n d i t i o n s . 
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A b b r e v i a t i o n s and symbols used i n t h i s paper 

C = u n r e l i a b i l i t y 
CC = c l o s i n g c o n d i t i o n 
CL = c r i t i c a l w a t e r - l e v e l a t 

Rotterdam and Dordrecht 
CL(q) = c r i t i c a l w a t e r - l e v e l a t 

Hoek van Holland. 
DWL = design w a t e r - l e v e l 
MRWL = maximum r i v e r water-

l e v e l 
MSWL = maximum sea w a t e r - l e v e l 
m = storm surge hei g h t 
[i = average of e r r o r i n PMSL 

NAP = reference w a t e r - l e v e l 
OC = opening c o n d i t i o n 
p = phase d i f f e r e n c e 
Pb = p r o b a b i l i t y of collapse 
PMSL = p r e d i c t e d maximum sea 

w a t e r - l e v e l 
cr = standard d e v i a t i o n of 

e r r o r i n PMSL 
q = r i v e r discharge 
s = d u r a t i o n of the 

storm surge 




