
I
S
ïi-

E val ual ion of water movement studies 
for design and construction o f the barrier

d rau l ies

9.5

im iB S ÿ ë



Storm Surge Barrier Eastern Scheldt

Evaluation of water movement studies 
for design and construction of the barrier

b i b l i o t h e e k
Dienst V/eg- en Waterbouwkunde 
Postbus 5044, 2600 GA DELFT 

Tel. 015 -699111

-  6 Nov. m

July 1989

WL -  code : Z 88

RW S -  code : PEG ESS-N-89011



B I B L I O T H E E K  
Dienst Weg- en Waterbouwkunde 

CONTENTS Postbus 5044, 2600 GA DELFT
Tel. 015 -699111 page

1. Introduction.................................................................................................................  1.1

1.1 Aim and scope o f  th e  e v a lu a t io n  s tu d y .................................................... 1.1
1.2  Setup  o f  th e  r e p o r t .......................................................................................... 1.3

2 . D escription o f  the estuarine system and hydraulic boundary
co n d itio n s .................................................................................................................... 2.1

2.1  I n t r o d u c t io n ..........................................................................................................  2 .1

2 .2  E a s te rn  S ch e ld t  e s t u a r y ................................................................................. 2 .2

2 .3  S torm -surge b a r r i e r .......................................................................................... 2 .4
2 .4  Flow c o n d i t i o n s ...................................................................................................  2 .8

3 . Modelling t id a l  flow .................................................................................................  3.1

3.1 I n t r o d u c t io n ..........................................................................................................  3-1

3 .2  B asic  e q u a t io n s ...................................................................................................  3-1

3 .3  T id a l  m ode ls ..........................................................................................................  3-4
3 .4  Inpu t d a t a ...............................................................................................................  3-6
3 .5  A p p lic a t io n  o f  t i d a l  models to  the  E as te rn  S c h e ld t ........................ 3 .7
3 .6  Setup o f  th e  f o r e c a s t  sy s tem .........................................................................  3 .9

4 . Sim ulation o f  the Storm Surge b arrier ............................................................. 4 .1

4.1 I n t r o d u c t io n ..........................................................................................................  4 .1

4 .2  The c o e f f i c i e n t  o f  d i s c h a rg e ......................................................................  4 .2

4 .2 .1  T h e o r e t ic a l  c o n s id e r a t i o n s ..........................................................  4 .2

4 .2 .2  R e la t io n  between an(J .........................................................  4 .4
4 .2 .3  O ther c o n d i t i o n s .................................................................................  4 .7

4 .3  Model i n v e s t i g a t i o n s  on d isch a rg e  c h a r a c t e r i s t i c s  o f  the
b a r r i e r ......................................................................................................................  4 .8

4 .3 .1  Need and s e tu p  o f  i n v e s t i g a t i o n s ................................................ 4 .8
4 .3 .2  Flume t e s t s .............................................................................................. 4 .9

4 .3 .3  S ca le  m ode ls ...........................................................................................  4 .13
4 .3 .4  Numerical m odels .................................................................................  4 .23



CONTENTS (con tinued)

5 . Hydraulic sc a le  models........................................................................................... 5.1

5.1 I n t r o d u c t i o n ..........................................................................................................  5 .1
5 .2  Setup  o f  o v e r a l l  s c a le  model M1000........................................................  5 .2

5 .2 .1  S e le c t io n  o f  s c a l e s ...........................................................................  5 .2
5 .2 .2  S chem atiza tion  o f  th e  b a th y m etry .............................................  5 .7

5 .2 .3  Boundary c o n d i t i o n s ........................................................................... 5 .8
5 .2 .4  C a l ib r a t i o n  and v e r i f i c a t i o n ......................................................  5 .8

5 .2 .5  A v a i lab le  t i d e s ....................................................................................  5 .10

5 .3  E xecu tion  o f  th e  i n v e s t ig a t i o n s  in  model M1000............................... 5 .12

5 .3 .1  In s tru m en ts  and m easurem ents....................................................... 5 .12
5 -3 .2  S chem atiza tio n  o f  b u i ld in g  s t a g e s ...........................................  5 .15

5 .4  R e s u l t s  o f  th e  t e s t s  in  model M1000......................................................  5 .15

5 .4 .1  V e lo c i t i e s  and d i s c h a r g e s .............................................................  5 .15
5 .4 .2  Water l e v e l s  and head d i f f e r e n c e s ...........................................  5 .16

5 .4 .3  E f f e c t iv e  c r o s s - s e c t io n a l  a r e a .................................................. 5 .16

5 .5  Setup  o f  d e t a i l  s c a le  model M1001........................................................... 5 .17

5 .5 .1  S e le c t io n  o f  s c a l e s ........................................................................... 5 .17
5 .5 .2  S chem atiza tion  o f  b a th y m etry ......................................................  5 .19

5 . 5 .3  Boundary c o n d i t io n s ...........................................................................  5 .20
5 .5 .4  C a l i b r a t i o n . . . ......................................................................................  5.21

5 .6  E xecu tion  o f  the  i n v e s t i g a t io n s  in  model M1001...............................  5.21

5 .6 .1  In s tru m en ts  and m easurem ents ....................................................... 5.21
5 .6 .2  S chem atiza tion  o f  b u i ld in g  s t a g e s ...........................................  5 .24

5 .7  R e su l t  o f  th e  t e s t s  in  model M1001.........................................................  5 .24

5 .7 .1  V e lo c i t i e s  and d i s c h a r g e s .............................................................. 5 .24
5 .7 .2  Water l e v e l s  and head d i f f e r e n c e s ...........................................  5 .26

5 .7 .3  E f f e c t iv e  c r o s s - s e c t i o n a l  a r e a ..................................................  5 .26

5 .7 .4  Scour depth  and s t a b i l i t y  o f  m a t e r i a l s ................................  5 .27



CONTENTS (con tinued)

6 . One-dimensional models, IMPLIC-R1495...................................................  6.1

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

6 .2  O ne-dim ensional t i d a l  model IMPLIC........................................................  6 .2
6 .2 .1  Model d e s c r i p t i o n ................................................................................  6 .2

6 .2 .2  Bottom geom etry ....................................................................................  6 .3

6 .2 .3  Geometry o f  th e  b a r r i e r ..................................................................  6 .5
6 .2 .4  Boundary c o n d i t i o n s ...........................................................................  6 .5
6 .2 .5  C a l ib r a t i o n  and v e r i f i c a t i o n ....................................................... 6 .6

6 .3  L a t e r a l  d is c h a rg e  d i s t r i b u t i o n  a long  th e  b a r r i e r :  R1495...........  6 .7

6 .3 .1  Model d e s c r i p t i o n ...............................................................................  6 .7
6 .3*2 Boundary c o n d i t i o n s ...........................................................................  6 .10

6 .3 .3  V e r i f i c a t i o n ........................................................................................... 6 .1 0

6 .4  I n te g r a te d  model IMPLIC-R1495......................................................................  6.11

7. TWo-dimensional numerical t id a l models.................................................  7.1

7.1 I n t r o d u c t i o n ........................................................................................................... 7 .1
7 .2  The WAQUA-system.................................................................................................  7 .1

7 .3  G eneral d e s c r ip t io n  o f  the  WAQUA-models u s e d ..................................  7 .3
7 .3 .1  S ch em atiza tio n  o f  th e  geom etry ..................................................  7 .6
7 .3 .2  S chem atiza tion  o f  th e  s to rm -su rg e  b a r r i e r .   ..............  7 .7

7 .3 .3  Boundary c o n d i t i o n s ...........................................................................  7 .8

7 .4  00ST-3 ........................................................................................................................  7 .9
7 .4 .1  S c h e m a t iz a t io n ......................................................................................  7 .10

7 .4 .2  C a l ib r a t i o n  and v e r i f i c a t i o n .......................................................  7.11

7 .5  D00S-1......................................................................................................................... 7 .14
7 .5 .1  S c h e m a t iz a t io n ......................................................................................  7 .14

7 .5 .2  C a l ib r a t i o n  and v e r i f i c a t i o n .......................................................  7 .15

7 .6  90 m and 45 m m odels .........................................................................................  7 .15
7 .6 .1  S c h e m a t iz a t io n ....................................................................................... 7 .17

7 .6 .2  C a l ib r a t i o n  and v e r i f i c a t i o n .......................................................  7 .17

7 .7  O p e ra t io n a l  e x p e r i e n c e ....................................................................................  7 .20

7 .7 .1  I n t r o d u c t io n ............................................................................................ 7 .20

7 .7 .2  P r e d ic t io n  o f  t i d a l  movement.......................................................  7.21



CONTENTS (continued)

7 .7 .3  P re d ic t io n  o f  d is c h a rg e -  and v e l o c i t y - d i s t r i b u t i o n s . . 7 .24
7 .7 .4  S t a b i l i t y  o f  the  co m p u ta tio n s ..................................................... 7 .27

8. R esults and comparison with f ie ld  data........................................................  8.1

8.1 V e r i f i c a t i o n  o f  th e  models; IMPLIC-R1495 and M1000-M1001_____ 8 .1
8 .1 .1  I n t r o d u c t io n ........................................................................................... 8 .1
8 .1 .2  S ys tem atic  v e r i f i c a t i o n  p ro c e d u re ............................................ 8 .1

8 .1 .3  R e s u l t s  o f  th e  v e r i f i c a t i o n  o f  IMPLIC-R1495.....................  8 .4
8 .1 .4  Accuracy o f  th e  s c a le  models, M1000-M1001.........................  8 .14

8 .2  Reproduction  o f  downstream flow p a t t e r n ............................................. 8 .15
8 .2 .1  I n t r o d u c t io n ........................................................................................... 8 .15
8 .2 .2  Setup o f  th e  r e p ro d u c t io n .............................................................. 8 .15

8 .2 .3  R e su l t s  o f  th e  r e p ro d u c t io n .........................................................  8 .17
8 .2 .4  C o n c lu s io n s .............................................................................................  8 .24

8 .3  C o e f f i c i e n t  o f  d i s c h a r g e ............................................................................... 8 .25
8 .3 .1  Model and f i e l d  d a ta  and t h e i r  a c c u ra c y ...............................  8 .25
8 .3 .2  V e r i f i c a t i o n  o f  th e  r e s u l t s  o f  th e  m odels ........................... 8 .27

9 . Summary and Conclusions........................................................................................  9-1

9.1 H ydrau lic  boundary c o n d i t i o n s ...................................................................  9.1

9 .2  M odelling t i d a l  f lo w ........................................................................................ 9.1
9 .3  S im u la tio n  o f  s to rm -su rge  b a r r i e r ..........................................................  9 .2

9 .4  Applied t i d a l  m odels ........................................................................................  9-3

9 .4 .1  H ydrau lic  s c a le  m ode ls .....................................................................  9 .3

9 .4 .2  O ne-dim ensional num erica l m odels ...............................................  9 .4

9 .4 .3  Two-dimensional num erical m ode ls ...............................................  9 .4
9 .5  Comparison w ith  f i e l d  d a t a ..........................................................................  9 .5

9 .5 .1  V e r i f i c a t i o n  o f  th e  one-d im ensional num erical m odels . 9-5

9 .5 .2  Reproduction o f  downstream flow p a t t e r n ...............................  9 .6

9 .5 .3  C o e f f i c i e n t  o f  d i s c h a r g e ................................................................  9 .7

LITERATURE



L ist o f  Figures

C hapter  2

2 .1  The N e th e r lan d s ,  w ith o u t d ik e s  ( a r e a  below s to rm -su rg e  l e v e l  a r e  shaded)

2 .2  The N e th e r lan d s ,  s i t u a t i o n  f lo o d  February  1953 (f lo o d ed  a r e a  shaded)
2 .3  The E a s te rn  S c h e ld t  e s tu a ry  w ith  measuring s t a t i o n s
2 .4  Water l e v e l  curves  in  th e  mouth o f  th e  E as te rn  S c h e ld t  ( s t a t i o n  0S4)
2 .5  The E a s te rn  S ch e ld t  e s tu a ry  a f t e r  com pletion o f  works
2 .6  L oca tion  o f  th e  s to rm -su rg e  b a r r i e r  in  th e  mouth o f  th e  E a s te rn  S c h e ld t

2 .7  P e r s p e c t iv e  view o f  th e  s t r u c t u r a l  e lem ents  o f  th e  s to rm -su rg e  b a r r i e r
( th e  ru b b le  s i l l  i s  n o t  shown)

2 .8  C ro s s - s e c t io n  o f  th e  channe ls  a t  th e  lo c a t io n  o f  th e  s to rm -s u rg e  b a r r i e r

( d i s t o r t e d  s c a le )

2 .9  Rubble s i l l  c o n s t ru c t io n  a t  p i e r  lo c a t io n  Roompot 12
2 .10  Bottom p r o t e c t i o n  in  th e  Roompot channel

C hapter 3

3.1 Param eters  tw o-dim ensional long-wave eq u a t io n s

3 .2  Param eters  one-d im ensional long-wave eq u a t io n s
3 .3  Scheme o f  f o r e c a s t  system
3 .4  L in ea r  r e g r e s s io n  maximum ebb d isc h a rg e  through Hammen channel and t i d a l

range  a t  s t a t i o n  0S4 (computed w ith  IMPLIC)

C hapter  4

4 .1  Flow regim e a t  th e  s t r u c t u r e ,  2DV case

4 .2  Flow regim e a t  th e  s t r u c t u r e ,  3D case  (p lan  view)

4 .3  L a te r a l  v a r i a t i o n  o f  th e  head d i f f e r e n c e

4 .4  Setup and r e l a t i o n s  on d isc h a rg e  c h a r a c t e r i s t i c s  o f  th e  b a r r i e r

4 .5  G eo m etr ica l ly  s im i l a r  model ( s c a le  1:40) o f  a r e p r e s e n t a t i v e  s e c t i o n  o f  
th e  s to rm -su rg e  b a r r i e r ;  s e tu p  in  th e  flume f o r  p laced  p i e r

4 .6  S e le c te d  c o n s t r u c t io n  s ta g e  pe r  s i t e  f o r  flume t e s t  (*) and 
sc h e m a t iz a t io n  in  th e  s c a le  and num erical models

4 .7  B asic  v a lu es  o f

4 .8  Model o f  th e  s to rm -su rg e  b a r r i e r  f o r  th e  1:100/400 o v e r a l l  d i s t o r t e d
model; s e tu p  in  th e  flume f o r  p laced  p i e r s

4 .9  Model o f  th e  s to rm -su rg e  b a r r i e r  f o r  the  1:80 d e t a i l  model; s e tu p  in  th e
flume f o r  p laced  p i e r s



L is t  o f  F ig u res  (continued)

4 .10  L oca tion  o f  w ater l e v e l  s t a t i o n s

4.11 ^3/^2  a s  a  ^u n c t io n  ^2^ ’ RoomPo t  channel
4 .12  ^3/^2  a s  a f'u n c t i ° n °T ^2A> Schaar channel
4 .1 3  Pg/p2 a s  a of> V2A> Hammen channel
4 .14  a s  a  fu n c t io n  o f  P2A, Roompot channel
4 .15  p^ a s  a  fu n c t io n  o f  P2A, Schaar channel
4 .16  Pg a s  a fu n c t io n  o f  P2A, Hammen channel

4 .17  R eduction o f  t i d a l  motion a s  a  fu n c t io n  o f  th e  r e s i s t a n c e  in  th e  mouth
4 .1 8  Water l e v e l s  a t  maximum f lo o d  flow , c o n s t ru c t io n  s t a g e :  s i l l  com pleted

a t  a l l  t h r e e  channe ls
4 .19  Water l e v e l s  a t  maximum ebb f low , c o n s t ru c t io n  s t a g e :  s i l l  beams

i n s t a l l e d  a t  a l l  channe ls  w ith  g a te s  a t  Schaar channel c lo se d

C hapter  5

5 .1  Lay-ou t o f  o v e r a l l  t i d a l  model M1000
5 .2  Im pression  o f  o v e r a l l  t i d a l  model M1000

5 .3  C o r i o l i s - t o p
5 .4  R e s u l t s  o f  c a l i b r a t i o n  on t i d e  11-09-68, w ater  l e v e l s

5 .5  R e s u l t s  o f  c a l i b r a t i o n  on t i d e  11-09-68, d i s c h a rg e s

5 .6  R e s u l t s  o f  c a l i b r a t i o n  on t i d e  11-09-68, v e l o c i ty  d i s t r i b u t i o n  f lo o d

5 .7  R e s u l t s  o f  v e r i f i c a t i o n  on t i d e  27-07-81 , w ater  l e v e l s ,  d is c h a rg e s  and

v e l o c i ty  d i s t r i b u t i o n s
5 .8  Water l e v e l  fo llo w er  (WAV0)

5 .9  C u r r e n t - v e lo c i ty  and d i r e c t i o n  r e c o rd e r  (SRM)
5 .10  Im pression  o f  measurements in  o v e r a l l  t i d a l  model; w ater  l e v e l s  in 

working harbours  and v e l o c i t i e s  in  th e  th r e e  main channe ls
5.11 Im pression  o f  d e t a i l  model M1001

5 .12  L ay-out o f  d e t a i l  model M1001

5 .13  P r o f i l e  fo l lo w e r  (PROVO)

5 .14  Im pression  o f  measurements in  d e t a i l  model; w ater  l e v e l s  in  v i c i n i t y  o f  
th e  b a r r i e r

5 .15  View o f  b u i ld in g  s ta g e  in  th e  d e t a i l  model; p la ced  p i e r s  and ru b b le  s i l l  

p a r t l y  completed

5 .16  R e s u l t s  o f  v e l o c i t y  measurements in  Roompot channe l near  a  c o n s t r u c t io n  

f r o n t  (b u i ld in g  s ta g e  w ith  ru b b le  s i l l  completed and 19 s i l l  beams 
i n s t a l l e d )



L is t  o f  F ig u res  (con tinued)

5 .17  D i s t r i b u t i o n  o f  v e lo c i ty  and tu rb u le n c e  i n t e n s i t y  a t  end o f  th e  bed 
p r o te c t io n  works in  Roompot channel ( b u i ld in g  s ta g e  w ith  21 s i l l  beams 

i n s t a l l e d )
5 .1 8  Flow p a t t e r n  a t  s t a b i l i t y  t e s t  f o r  compartment between f i r s t  p i e r  and 

abutment

C hapter  6

6 .1  Param eters  one -d im ensiona l long-wave eq a u t io n s
6 .2  O ne-dim ensional sc h e m a tiz a t io n  o f  th e  E a s te rn  S c h e ld t

6 .3  R e s u l t s  o f  v e r i f i c a t i o n  IMPLIC model, Roompot d is c h a rg e  (11 -01-82)

6 .4  R e s u l t s  o f  v e r i f i c a t i o n  IMPLIC model, Schaar d is c h a rg e  (11-01 -82 )

6 .5  S e le c te d  c o n s t r u c t io n  s ta g e s  p e r  s i t e  f o r  flume t e s t s  (*) and 

sc h e m a t iz a t io n  in  th e  s c a le  and num erica l models

C hapter  7

7.1 RANDDELTA-2 model (800 m g r id )  and SCHELDES model (400 m g r id )
7 .2  00ST-3 model (400 m g r id )  and n es ted  models (100 m g r i d ,  90 m g r id  and 

45 m g r id )

7 .3  R e s u l t s  o f  c a l i b r a t i o n  on t i d e  11-01-82, t r a n s p o r t  r a t e s  and w ate r  
l e v e l s

7 .4  R e s u l t s  o f  v e r i f i c a t i o n  on t i d e  19-07-83, t r a n s p o r t  r a t e s
7 .5  D00S-1 model (100 m g r id )
7 .6  R e s u l t s  o f  c a l i b r a t i o n  on t i d e  11-01-82, t r a n s p o r t  r a t e s

7 .7  Flow p a t t e r n  in  M00S-Z model (90 m g r id )
7 .8  Flow p a t t e r n  in  ROOMPOT model (45 m g r id )

7 .9  Flow p a t t e r n  in  M00S-N model (90 m g r id )

7 .10  Flow p a t t e r n  in  HAMMEN model (45 m g r id )

7.11 Comparison o f  measured and computed v e l o c i t i e s  in  ROOMPOT model, t i d e  
11- 01-82

7 .12  R e s u l t s  o f  re p ro d u c t io n  o f  w ater l e v e l s ,  t i d e  30-07-84 . . .  01-08-84
7 .13  R e s u l t s  o f  re p ro d u c t io n  o f  t r a n s p o r t  r a t e s ,  t i d e  30-07-84

7.14  R e s u l t s  o f  re p ro d u c t io n  o f  d isc h a rg e  d i s t r i b u t i o n s
7 .15  R e s u l t s  o f  re p ro d u c t io n  o f  v e l o c i ty  d i s t r i b u t i o n s ,  150 m upstream  o f

b a r r i e r ,  t i d e  30-07-84 ( f lo o d )  and 01-08-84 (ebb)

7 .16  Examples o f  appeared  o s c i l l a t i o n s  and r e s u l t s  a f t e r  o p t im iz a t io n



L is t  o f  F ig u res  (continued)

C hapter 8

8 .1 L oca tion  o f  flow measurements during  measurement campaigns
8 .2  L inear r e g r e s s io n  maximum ebb d isch a rg e  th rough  Hammen channel and t i d a l  

range a t  s t a t i o n  0S4
8 .3  H indcas t Roompot d isc h a rg e  (IMPLIC), ru b b le  s i l l  completed
8 .4  H indcas t Hammen d isc h a rg e  (IMPLIC), 14 s i l l  beams i n s t a l l e d
8 .5  V e r i f i c a t i o n  p r e d ic te d  d isc h a rg e  a t  maximum f lo o d

8 .6  V e r i f i c a t i o n  p re d ic te d  d isc h a rg e  a t  maximum ebb
8 .7  V e r i f i c a t i o n  p r e d ic te d  l a t e r a l  q/A d i s t r i b u t i o n  a t  maximum flow , Roompot 

ru b b le  s i l l  completed
8 .8  V e r i f i c a t i o n  p r e d ic te d  l a t e r a l  q/A d i s t r u b u t io n  a t  maximum flow , Roompot 

21 s i l l  beams i n s t a l l e d

8 .9  V e r i f i c a t i o n  p r e d ic te d  l a t e r a l  q/A d i s t r i b u t i o n  a t  maximum flow , Roompot 
a l l  s i l l  beams i n s t a l l e d

8 .10  D i s t r i b u t io n  o f  th e  d e v ia t io n s  between p r e d ic te d  and measured q/A

8.11 Measured q/A p lo t t e d  a g a i n s t  p re d ic te d  q/A
8 .12  C ro s s - s e c t io n  o f  th e  b a r r i e r  under c o n s t r u c t io n  in  th e  Roompot and th e  

Hammen channel

8 .13  Roompot channe l,  flow p a t t e r n  maximum ebb flow (method 2)
8 .14  Roompot channe l,  t r a n s p o r t  r a t e s

8 .15  Roompot channe l,  flow v e l o c i t i e s  and d i r e c t i o n s ,  maximum ebb flow
8.16  Hammen channe l ,  t r a n s p o r t  r a t e s

8 .17  Hammen ch an n e l ,  flow p a t t e r n  maximum f lo o d  flow (method 1)
8 .18  Hammen channe l ,  flow p a t t e r n  maximum f lo o d  flow (method 2)

8 .19  Hammen channe l,  flow p a t t e r n  maximum f lo o d  flow (method 3)
8 .2 0  Hammen channe l ,  flow v e l o c i t i e s  maximum ebb flow
8.21 Hammen ch an n e l ,  flow v e l o c i t i e s  maximum ebb flow

8 .22  V e r i f i c a t i o n  o f  y^ r e s u l t s  o f  the  m odels, Roompot channel

8 .23  V e r i f i c a t i o n  o f  y^ r e s u l t s  o f  the  models, Schaar channel

8 .24  V e r i f i c a t i o n  o f  y^ r e s u l t s  o f  the  models, Hammen channel



1. Introduction

1.1 Aim and scope o f  the evaluation study

The c o n s t r u c t io n  o f  th e  s to rm -su rge  b a r r i e r  in  th e  mouth o f  th e  E a s te rn  
S c h e ld t  e s tu a r y  com pleted th e  Dutch D e lta  works. These works were commenced 

a f t e r  th e  f lo o d  d i s a s t e r  o f  February 1953, to  p rov ide  r e l i a b l e  p r o t e c t i o n  to  
th e  lowland d e l t a  a r e a  in  th e  sou th -w es t  o f  th e  coun try .
The E a s te rn  S c h e ld t  p r o j e c t  i s  no t  only th e  f i n a l  p a r t  o f  th e  D e lta  Works, i t  
i s  a l s o  by f a r  th e  l a r g e s t  and most s p e c ta c u la r  achievem ent. In th e  i n i t i a l  
p la n s ,  th e  mouth o f  th e  E as te rn  S ch e ld t  was to  be c lo se d  by a  m assive  dam. In 
1976, a f t e r  c o n s id e ra t io n s  on environnem ental a s p e c t s ,  th e  Dutch Government 
dec ided  n o t  t o  c o n s t r u c t  a massive dam bu t a  h y d ra u l ic  s t r u c t u r e .  The b a r r i e r  

w i l l  n o t  i n t e r r u p t  th e  t i d a l  movements in  th e  e s tu a ry  under normal c ircum ­
s ta n c e s ,  bu t w i l l  be c lo sed  in  the  even t o f  s ev e re  storm  f lo o d s .  I t  took  a 

l i t t l e  over te n  y e a r s  to  r e a l i z e  t h i s  in  many a s p e c t s  un ique  s t r u c t u r e .  On 

O ctober 4 th ,  1986, Her Majesty th e  Queen o f  th e  N e th e r lan d s  in a u g u ra te d  th e  

E a s te rn  S c h e ld t  s to rm -su rg e  b a r r i e r .

During th e se  y e a r s ,  e x te n s iv e  h y d ra u l ic  s t u d i e s  were c a r r i e d  o u t  f o r  th e  

d es ig n  and c o n s t r u c t io n  o f  a l l  s t a g e s  o f  the  s t r u c t u r e .  The s tu d ie s  r e l a t e d  to  

th e  w ater  movement formed a s u b s t a n t i a l  p a r t  o f  th e se  h y d ra u l i c s  s t u d i e s .
The s tu d y  and a l s o  th e  des ig n  and the  c o n s t ru c t io n  p e r io d ,  more o r  l e s s  c o in ­

c id ed  w ith  th e  ra p id  development o f  th e  num erica l flow m odels. These models 
became an in d is p e n s a b le  to o l  in  h y d ra u l ic  s t u d i e s  in  g e n e r a l ,  and hydrodynamic 

m ode lling  in  p a r t i c u l a r .  This was s t r i k i n g l y  i l l u s t r a t e d  by th e  use  o f  w a te r  

movement models du ring  th e  s tudy  p e r io d .  In th e  beg inn ing , a lm o s t  a l l  i n v e s t i ­

g a t io n s  were performed in h y d ra u l ic  s c a l e  models, w hile  a t  th e  end o f  th e  
s tu d y  p e r io d  most in v e s t ig a t io n s  were c a r r i e d  ou t by means o f  n u m erica l  

m o d e ls .

H ydrau lic  s c a l e  models and num erical m odels, bo th  o v e r a l l  as  w ell a s  d e t a i l -  
m odels , were c o n s t ru c te d  f o r  the  E as te rn  S c h e ld t  e s tu a ry  and a l s o  f o r  th e  

s to rm -su rg e  b a r r i e r  and su rround ings  (d u r in g  v a r io u s  s t a g e s  o f  c o n s t r u c t i o n ) .  

Most ty p e s  o f  i n v e s t i g a t i o n s  were performed in  more than  one model. On th e  
o th e r  hand s e v e r a l  e x te n s iv e  f i e l d  campaigns were c a r r i e d  o u t  d u r in g  th e  con­
s t r u c t i o n  p e r io d  o f  th e  b a r r i e r .  The d a ta  were r e g u la r ly  used  to  r e - v e r i f y  th e  

v a r io u s  models .

In t h i s  way, v a lu a b le  s e t s  o f  d a ta ,  bo th  from p ro to ty p e  and from th e  v a r io u s  
models became a v a i l a b l e .  Together w ith  th e  e x p e r ie n c e ,  o b ta in e d  from th e
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s im u ltan e o u s  o p e ra t io n  o f  th e  d i f f e r e n t  models, a un ique o p p o r tu n i ty  was 
c r e a te d  f o r  a  comprehensive q u a n t i t a t i v e  e v a lu a t io n  o f  water-movement models 

and t h e i r  perform ance, r e l a t e d  to  s p e c i f i c  ty p e s  o f  i n v e s t i g a t i o n s .

The water-movement s t u d i e s  were p lanned , conducted and ev a lu a te d  in  c lo s e  c o l ­
l a b o r a t io n  between RIJKSWATERSTAAT ( th e  Dutch P u b lic  Works Departm ent) and 

DELFT HYDRAULICS.
A ll h y d ra u l i c  s c a le  model t e s t s  were performed by DELFT HYDRAULICS. As r e g a rd s  

th e  num erica l models, RIJKSWATERSTAAT conducted th e  one-d im ens iona l o v e r a l l  
model s t u d i e s .  Both p a r t n e r s ,  e i t h e r  s e p a r a t e ly  o r  j o i n t l y ,  perform ed s t u d i e s  
on bo th  tw o-dim ensional o v e r a l l  models and tw o-d im ensional d e t a i l  m odels . 
S im i la r l y ,  th e  f o r e c a s t  system , u s ing  th e  in p u t  o f  n o t  only  r e s u l t s  o b ta in e d  

from num erica l  models bu t  a l s o  from s c a l e  models, was s e t  up j o i n t l y .  

T h e re fo re ,  both  th e  e v a lu a t io n  s tudy  and th e  r e p o r t i n g ,  a r e  j o i n t  e f f o r t s  a s  

w e l l .

The main o b je c t i v e s  o f  t h i s  e v a lu a t io n  s tudy  a r e :

1. To reco rd  and to  r e p o r t  on th e  m ethodologies  t h a t  were fo llow ed  and th e  

v a r io u s  ty p es  o f  models u sed : to  accoun t f o r  e x p e r ie n c e ,  o b ta in e d  from 
t h e i r  a p p l i c a t i o n ,  perform ance and s p e c i f i c  m e r i t s .

2. To s e t  up an um b re l la  r e p o r t ,  p ro v id in g  in fo rm a tio n  on th e  main o u t l i n e s  

and s e tu p  o f  th e  w ater  movement s t u d i e s ,  as  w ell  a s  t h e i r  most im p o r ta n t  

r e s u l t s  and f in d in g s .  In  t h i s  way, th e  r e p o r t  s e rv e s  a s  an e n t ry  and d i ­
r e c t o r y  to  th e  numerous ( d e t a i l )  s tudy  r e p o r t s ,  produced d u r in g  th e  10-

y e a r  s tudy  p e r io d .  The r e p o r t  w i l l  be p a r t i c u l a r l y  im p o r tan t  f o r  th e

coming decades and f o r  th o se  who were n o t  d i r e c t l y  invo lved  in  th e  s t u ­
d ie s  .

3. Another im portan t purpose  o f  the  r e p o r t  i s  to  p ro v id e  a  r e l i a b l e  in v e n to ry  

o f  th e  v a r io u s  ty p e s  o f  models and t h e i r  m e r i t s  and sh o r tco m in g s .  Such a 
document w i l l  form a  v a lu a b le  b a s i s  f o r  th e  n ea r  f u tu r e  t o  d e te rm in e  and 
to  p la n  r e l e v a n t  ( b a s ic )  r e s e a rc h  to p ic s  in  t h i s  f i e l d .

Almost a l l  th e  s tudy  r e p o r t s  have been w r i t t e n  in  Dutch. In o rd e r  to  make th e

ex p e r ie n c e  and know-how, o b ta in ed  from th e  water-movement s t u d i e s  f o r  th e

E a s te rn  S c h e ld t  b a r r i e r  a v a i l a b l e  to  fe l lo w  r e s e a r c h e r s  ab road , i t  was d ec id ed  
to  w r i t e  t h i s  r e p o r t  in  E n g l ish .  The a u th o rs  a r e :  Mr. J.C.M. D i jk z e u l ,  Mr.

H.E. K l a t t e r  o f  th e  P u b lic  Works Department, Mr. G. H a r ts u ik e r  and Mr. R.A.H. 
Thabet o f  DELFT HYDRAULICS.
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Mr. H.N.C. B re u se rs ,  Dr. P. Kolkman and Dr. G.K. Verboom, a l l  s t a f f  members o f  

DELFT HYDRAULICS, have reviewed th e  r e p o r t  and provided  many v a lu a b le  su g g es ­

t i o n s ,  f o r  which th e  a u th o rs  wish to  ex p re ss  t h e i r  g r a t i t u d e .

1.2 Setup o f  the report

For th e  re a d e r  who i s  no t  acq u a in te d  w ith  th e  E as te rn  S c h e ld t  E s tu a ry  o r  th e  
Dutch D e lta  Plan in  g e n e ra l  and th e  s to rm -su rg e  b a r r i e r  in  p a r t i c u l a r ,  a b r i e f  

summary o f  th e se  s u b je c t s  i s  g iven in  Chapter 2. The c h a p te r  in c lu d e s  some 
u s e f u l  f a c t s ,  d a te s  and f i g u r e s .  In a d d i t i o n ,  th e  des ig n  concep t and th e  
method o f  th e  c o n s t r u c t io n  o f  th e  b a r r i e r  a r e  t r a n s l a t e d  in  a b r i e f  summary o f  
(w a te r  movement) s tu d y  req u ire m en ts .

C hapter  3 beg ins  w ith  a  b r i e f  in t ro d u c t io n  on t i d a l  motion and long  waves, 
fo llow ed  by a s h o r t  d e s c r ip t io n  o f  th e  v a r io u s  water-movement m ode ls ,  a s  app­
l i e d  in  th e  p e r io d  d u r in g  which th e  s tu d i e s  were perform ed . Both ty p e s ,  i . e .  

h y d r a u l i c  s c a l e  models and num erical models, a s  w ell a s  t h e i r  manner o f  o p e ra ­

t i o n ,  a r e  d e s c r ib e d .  In  a d d i t io n ,  th e  f o r e c a s t  system fo r  flow p a ra m e te rs  used 
d u r in g  v a r io u s  e x e c u t io n a l  o p e ra t io n s  in  th e  f i e l d ,  i s  b r i e f l y  in t ro d u c e d .

In view o f  i t s  im portan t e f f e c t s  on t i d a l  movements and th e  s i m i l a r i t y  o f  i t s  

a p p l i c a t i o n s  in  th e  v a r io u s  types  o f  (num erica l and s c a le )  m odels , a s e p a r a t e  
c h a p te r  (4) i s  devoted  to  the  s im u la t io n  o f  th e  h y d ra u l i c  c h a r a c t e r i s t i c s  o f  

th e  b a r r i e r .  Here the  most im portan t param eter  i s  the  d i s c h a rg e  c o e f f i c i e n t .

C hapter 5 , 6 and 7 p rov ide  more d e t a i l e d  d e s c r ip t io n s  o f  th e  v a r io u s  m odels . 

C hapter 5 d e a l s  w ith  h y d ra u l ic  s c a l e  m odels, Chapter 6 w ith  o n e -d im e n s io n a l  

num erica l  models and Chapter 7 w ith  tw o-dim ensional m odels.
Except f o r  th e  d e s c r ip t io n  o f  each model and i t s  " c o n s t r u c t io n "  and o p e r a t i o n ,  

a s p e c t s  l i k e  boundary c o n d i t io n s ,  c a l i b r a t i o n  and v e r i f i c a t i o n  a r e  t r e a t e d  p e r  

model. Accuracy a n a ly s e s  and assessm en ts  a re  in c lu d ed .  In th e s e  c h a p te r s  only  

v e r i f i c a t i o n  as  a  complementary a c t i v i t y  n e x t  to  c a l i b r a t i o n ,  i s  c o n s id e re d .  
L a te r  v e r i f i c a t i o n s ,  c a r r i e d  o u t  d u r in g  th e  c o n s t r u c t io n  p e r io d  o f  th e  b a r ­

r i e r ,  a r e  t r e a t e d  in  Chapter 8 . The v e r i f i c a t i o n s ,  in  r e a l i t y  r e - v e r i f i c a ­
t i o n s ,  a r e  t r e a t e d  in  more d e t a i l  in  Chapter 8 . They form th e  backbone o f  t h i s  

r e p o r t .  The r e s u l t s  a r e  used to  p rov ide  f in d in g s ,  co n c lu s io n s  and recommenda­

t i o n s  on th e  performance o f  th e  v a r io u s  models, t h e i r  m e r i t s  and sho rtcom ings  
in  g e n e ra l  a s  w ell  a s  fo r  s p e c i f i c  s t u d i e s .

F i n a l l y ,  in  Chapter 9 summaries and c o n c lu s io n s  f o r  each to p i c  a r e  g iv e n .
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I t  i s  n o t  r e q u ire d  to  read  a l l  c h a p te r s ,  o r  to  go th rough th e  c h a p te r s  in  
s t r i c t  sequence because th o se  r e a d e r s ,  who a re  i n t e r e s t e d  in  th e  perform ance 
o f  th e  v a r io u s  model ty p es  and t h e i r  c a p a b i l i t i e s ,  can s u f f i c e  w ith  re a d in g  
C hap te rs  3 , 8 and 9. The re a d e r  i n t e r e s t e d  in  th e  c a p a b i l i t i e s  and perform ance 
o f  a c e r t a i n  type o f  model i s  adv ised  to  go trough  C hapters  3, (5 ,  6 o r  7) and
8 . The re a d e r  who i s  mainly i n t e r e s t e d  in  th e  m odelling  o f  th e  flow c h a r a c t e ­

r i s t i c s  o f  h y d ra u l ic  s t r u c t u r e s ,  should  read C hap te rs  4 and 8 .
The re a d e r  whose time i s  l i m i t e d ,  i s  adv ised  to  re a d ,  by way o f  " e x e c u t iv e  

summary", e i t h e r  C hap ters  3 and 9, o r  Chapter 3 and S ec t io n  1 .3 .

1.3 Main conclusions

1. O v e ra l l  t i d a l  s c a le  models can be s a f e ly  s u b s t i t u t e d  by num erica l  m odels, 
e i t h e r  one- o r  tw o-dim ensional ( v e r t i c a l l y  a v e ra g e d ) ,  depending on th e  

geometry o f  the  e s tu a ry  and type and e x t e n t  o f  r e s u l t s  t h a t  a r e  needed. 
When a tw o-dim ensional flow s im u la t io n  i s  s u f f i c i e n t  i t  a p p ea rs  t h a t  a 
tw o-dim ensional num erical model l i k e  WAQUA i s  a s  a c c u ra te  as  a d e t a i l  

s c a l e  model.

A d e t a i l  s c a le  model i s  s t r i c t l y  needed only  i f  th re e -d im e n s io n a l  pheno­
mena p la y  a s i g n i f i c a n t  r o l e .  For la rg e  s t r u c t u r e s ,  such as  th e  s to rm - 
su rg e  b a r r i e r ,  a com bination o f  a  s c a le  model and a  num erica l two-dimen­

s io n a l  model w i l l  p ro v id e  an op tim al s tudy  t o o l .

2. For th e  h y d ra u l ic  s tu d i e s  o f  th e  E as te rn  S c h e ld t  s to rm -su rg e  b a r r i e r  

m ain ly  th r e e  d i f f e r e n t  com binations o f  models were used :

-  A com bination o f  s c a le  m odels; an o v e r a l l  t i d a l  model a t  d i s t o r t e d  
s c a l e s  and a d e t a i l  model o f  the  mouth o f  th e  e s tu a r y .

-  A s e t  o f  tw o-dim ensional dep th -averaged  num erica l m odels; an o v e r a l l  

c o a rs e  g r id  model and s e v e r a l  n e s te d  d e t a i l  models.

-  A one-d im ensional num erica l model w ith  an a d d i t i o n a l  " r e s i s t a n c e  model" 
to  compute th e  l a t e r a l  d isc h a rg e  d i s t r i b u t i o n  a long  th e  b a r r i e r  a x i s .

S c a le  models and tw o-dim ensional num erical models were used fo r  d e t a i l e d  

d es ig n  purposes .  The one-d im ensional model was m ainly  used f o r  o p e r a t io n a l  
f o r e c a s t s .

The ch o ice  o f  above-m entioned com binations o f  models r e f l e c t e d  th e  e v o lu ­

t i o n  o f  h y d ra u l ic  s tudy  te ch n iq u es  du ring  th e  time t h a t  th e  s t u d i e s  o f  th e  
E a s te rn  S ch e ld t  s to rm -su rg e  b a r r i e r  were c a r r i e d  o u t .

1.4



3. To en su re  op tim al use o f  h y d ra u l ic  re s e a rc h  r e s u l t s  f o r  des ig n  and o p e ra ­
t i o n a l  pu rposes ,  a c a r e f u l  s e l e c t io n  o f  "govern ing" h y d ra u l i c  p a ram e te rs  
i s  very  im p o rtan t .  For th e  s to rm -su rge  b a r r i e r  th e  fo l lo w in g  govern ing  

pa ram ete rs  were used :
-  d isc h a rg e  per  main channe l,  Q.
-  averaged  v e lo c i ty  per  opening a t  the  a x i s  o f  th e  b a r r i e r ,  q/A.
-  head d i f f e r e n c e  a c ro s s  th e  b a r r i e r ,  Ah.

A ll th e  models t h a t  were used , e i t h e r  s c a le  models, tw o-d im ensiona l o r  
one-d im ens iona l num erical models, reproduced th e se  p a ram e te rs  w ith  more o r  
l e s s  th e  same acc u racy .  The type o f  model t h a t  was chosen depended on th e  
r e q u i r e d  a p p l i c a t i o n .

-  When only  th e  b a s ic  p a ram ete rs ,  Q, q/A, Ah and w ater  l e v e l s  a r e  r e ­
q u i r e d ,  a one-d im ensional model ( to g e th e r  w ith  th e  a d d i t i o n a l  r e s i s ­

ta n c e  model) i s  s u f f i c i e n t ;  p rov id ing  t h a t  th e  d is c h a rg e  c o e f f i c i e n t s  
a r e  known from s c a l e  models o r  tw o-dim ensional num erica l m odels .

-  When, in  a d d i t io n  to  th e  b a s ic  flow  p a ra m e te rs ,  d ep th -a v e ra g e d  

v e l o c i ty  d i s t r i b u t i o n s  a re  o f  i n t e r e s t ,  tw o-d im ensional num erica l  

models can s u b s t i t u t e  s c a le  models.
-  When th re e -d im e n s io n a l  a s p e c t s  o f  th e  flow or f l o w - r e la t e d  phenomena 

such a s  s t a b i l i t y  o f  rub b le  s to n e  or l o c a l  scou r  a r e  to  be d e te rm in e d ,  

an u n d i s to r t e d  s c a l e  model i s  to  be used .

4 . The c o r r e c t  rep ro d u c t io n  o f  th e  h y d ra u l ic  c h a r a c t e r i s t i c s  o f  th e  s to rm - 
su rg e  b a r r i e r  was v i t a l l y  im portan t f o r  th e  a p p l i c a t io n  o f  a l l  models, 

bo th  num erica l and s c a le  models. The h y d ra u l i c  c h a r a c t e r i s t i c s  o f  th e  

b a r r i e r  were d e r iv e d  from flume t e s t s .  The d isc h a rg e  c o e f f i c i e n t s  from th e  
flume t e s t s  could be used d i r e c t l y  f o r  th e  sc h e m a t iz a t io n  o f  b a r r i e r  s e c ­

t i o n s ,  f o r  th e  s c a l e  models, bo th  d i s t o r t e d  and u n d i s to r t e d .

The h y d ra u l i c  c h a r a c t e r i s t i c s  o f  the  b a r r i e r  could be s im u la te d  c o r r e c t l y  

in  tw o-dim ensional (d ep th -a v e rag ed )  num erical models by u s in g  th e  same 
d is c h a rg e  c o e f i c i e n t s ,  determ ined from flume t e s t s .  For a c o r r e c t  r e p r o ­
d u c t io n  o f  th e  w ater  movement in  th e  d i r e c t  v i c i n i t y  o f  th e  b a r r i e r ,  i t  

appeared  t h a t  th e  num erica l s o lu t io n  a t  th e  p la c e  o f  th e  b a r r i e r  had t o  be 

t r e a t e d  very  c a r e f u l l y .

For use  in  a  one-d im ensional num erical model, an o v e r a l l  d i s c h a rg e  c o e f ­

f i c i e n t  f o r  th e  e n t i r e  channel was used . T h is  c o e f f i c i e n t  must be d e t e r -
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mined from e i t h e r  a  s c a le  model or th rough  a  tw o-d im ensional n u m erica l  

m odel.

The h y d ra u l i c  s t u d i e s  concerning th e  s to rm -su rg e  b a r r i e r  showed t h a t  c a l i ­
b r a t i o n  and v e r i f i c a t i o n  o f  th e  model, m erely based on d a t a  o f  th e  i n i t i a l  
s i t u a t i o n ,  i s  n o t  always s u f f i c i e n t .  The behav iour o f  th e  model d u r in g  th e  
c o n s t r u c t io n  s ta g e s  shou ld  be in v e s t ig a t e d  as  w e l l .  The o r i g i n a l  c a l i b r a ­

t i o n  o f  th e  f i n e - g r i d  tw o-dim ensional model, f o r  example, was n o t  s u i t a b l e  
f o r  s e v e r a l  c o n s t ru c t io n  s ta g e s  o f  th e  b a r r i e r .



2. D escription o f the estuarine system and hydraulic boundary con d ition s

2.1 Introduction

A la r g e  p a r t  o f  th e  N ether lands  l i e s  below mean sea  l e v e l .  I t  i s  p r o t e c t e d  
from f lo o d s  by d ik e s  and dunes. The a r e a  t h a t  i s  s i t u a t e d  below a s to rm -s u rg e  
l e v e l  o f  MSL.+5.0 m i s  in d ic a te d  in  F igure  2 .1 .

F ig u re  2 .1  The N e th e r lan d s ,  w ithou t 
d ik e s  ( a r e a  below storm - 
su rg e  l e v e l  a r e  shaded)

In t im es long gone by th e  p r o te c t io n  a g a i n s t  s torm  su rg e s  m erely  c o n s i s t e d  o f  

b u i ld in g  d ik e s ,  bu t  in  t h i s  cen tu ry  programmes were performed to  d r a s t i c a l l y  
s h o r te n  th e  c o a s t  l i n e .  This  began in  1932 w ith  th e  c lo s u re  o f  th e  Z u id e rz e e .  

The p la n s  to  f u r t h e r  sh o r te n  th e  c o a s t  l i n e  were speeded up, when in  1953 a 

c a t a s t r o p h ic  f lo o d  d i s a s t e r  s t r u c k  th e  so u th -w es te rn  p a r t  o f  th e  N e th e r la n d s .  
As a  r e s u l t  o f  t h i s  f lo o d ,  1400 km2 o f  land  were inunda ted  and more th a n  1800 
p eop le  l o s t  t h e i r  l i v e s  (see  F ig u re  2 .2 ) .

F igu re  2 .2  The N e th e r la n d s ,  s i t u a t i o n  

f lo o d  February  1953 
( f looded  a r e a  shaded)

SCHELDT
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Imm ediately a f t e r  th e  s i t u a t i o n  had been r e s to r e d ,  th e  D e lta  P lan  was drawn up 
to  p re v e n t  f u tu r e  d i s a s t e r s .  According to  th e  p lan  a l l  e s t u a r i e s  had to  be 

c lo s e d ,  excep t fo r  th e  e n t ra n c e s  to  th e  harbou rs  o f  Rotterdam and Antwerp. A ll 
p lanned  c lo s u r e s ,  ex ce p t the  one in  the  E as te rn  S c h e ld t ,  were performed be­

tween 1956 and 1972.
C on tra ry  to  th e  i n i t i a l  p lan  i t  was decided  in  1976 to  b u i ld  a s to rm -su rg e  
b a r r i e r  in  th e  mouth o f  the  E as te rn  S ch e ld t  in s te a d  o f  a c lo s in g  dam. The 
reaso n  f o r  t h i s  d e c i s io n  was th a t  th e  Dutch peop le  began to  r e a l i z e  t h a t  th e  
p r e s e r v a t io n  o f  th e  unique environment o f  the  E a s te rn  S c h e ld t  should  be c o n s i ­

d e red  e q u a l ly  im p o r tan t  as  the  s a f e ty  re q u ire m e n ts .  With a b a r r i e r ,  which w i l l  
be c lo sed  only  du ring  sev e re  f lo o d s ,  the  t i d a l  movements in  th e  e s tu a r y  w i l l  
be m a in ta in ed  a lm ost a l l  th e  t im e .  A b a r r i e r  s o lu t i o n  w i l l  bo th  g u a ra n te e  s a ­

f e t y  and p re s e rv e  th e  environm ent.

2 .2  Eastern Scheldt estuary

The E as te rn  S c h e ld t  e s tu a r y  i s  a p a r t  o f  the  Dutch d e l t a .  I t s  shape i s  caused  
by i n t e r a c t i o n  o f  th e  r i v e r s  Rhine, Meuse and S c h e ld t  and th e  North Sea d u r in g  

th e  p a s t  c e n t u r i e s .  Man s t ro n g ly  in f lu e n c e d  th e  development o f  th e  d e l t a .  
During th e  l a s t  decades ,  th e  in f lu e n c e  o f  man even dominated th e  developm ent, 

by c o n s t r u c t in g  a number o f  dams a s  a p a r t  o f  th e  D e lta  P lan .

The w ater  motion in  th e  E as te rn  S ch e ld t  i s  dominated by t i d a l  f low . The f r e s h  
w a te r  d is c h a rg e  in to  th e  e s tu a ry  i s  n e g l i g i b l e ,  s in c e  no major r i v e r  i s  con­

n ec ted  w ith  th e  E a s te rn  S ch e ld t  e s tu a r y .  So, s t r i c t l y  sp eak in g ,  th e  E a s te rn  

S c h e ld t  i s  r a t h e r  a t i d a l  b as in  than an e s tu a ry .

SCHOUWEN

NOORD-BEVELAND

1 : OS 10
2 : OOStkQpelle
3 : OS 12
4 : Kop van Schouwen
5 : OS 4
6 : OS 9
7 s Bekkenzijde Roompot
8 = Bekkenzijde Schaar
9 : Bekkenzijde Hammen

10 : Vlietepotder
11 î Colijnspiaat
12 :  K atS 'S tu is
13 : Wemeldinge
14 : Lodijkse Gat
A w a te r faval station

15 : Razermjpoider
16 : M arkiezaat - buíten
17 = M arkiezoat - binnen 
10 : K reekrak- noord
19 ; Burghsluis
20 : Schel phoek
21 : Zicnkzee
22 : Zeelondbrug - noord
23 : Stovemsse
24 : Krabbenkreek
25 : Vtuchthaven Zijpe
26 = Phihpsdcm - west
27 ; Steenbergse Sas
28 ; Rak Zuid

F ig u re  2 .3  The E as te rn  S c h e ld t  e s tu a ry  w ith  m easuring s t a t i o n s
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The E a s te rn  S c h e ld t  b a s in  c o n ta in s  a g r e a t  number o f  t i d a l  f l a t s  and c h a n n e ls ,  
w ith  a  d ep th  o f  over 50 m l o c a l l y .  Three main channe ls  connec t th e  E a s te rn  

S c h e ld t  w ith  th e  s e a :  from n o r th  to  so u th ,  th e  Hairanen, th e  S chaa r  and th e  
Roompot. The maximum depth  o f  th e se  channe ls  a t  the  l o c a t io n  o f  th e  b a r r i e r  i s
35 m. The a r e a  o f  t i d a l  f l a t s  and channe ls  ex ten d s  seaw ards .
The bed o f  th e  E as te rn  S c h e ld t  c o n s i s t s  o f  f i n e  sands ( g r a in  s i z e  150 -  
200 ym). S in ce  flow v e l o c i t i e s  o f  1.0 to  1.5 m/s occur in  th e  ch an n e ls  
(ave rage  t i d e ) ,  th e  sandy bed i s  h ig h ly  m ob ile .

Covering th e  e n t i r e  E as te rn  S c h e ld t ,  a  l a rg e  number o f  perm anent m easuring  

s t a t i o n s  i s  i n s t a l l e d  (F ig u re  2 . 3 ) ,  to  reco rd  a  number o f  h y d r a u l i c  p a r a ­
m e te rs .  A d d i t io n a l  d a ta  a re  o b ta in ed  du r in g  e x te n s iv e  measurement cam paigns. 
The main c h a r a c t e r i s t i c s  o f  th e  w ater motion a r e  g iven  below:

The t i d a l  flow i s  dominated by th e  s e m i-d iu rn a l  component (M2) ;

The t i d a l  range  v a r i e s  from 2 .3  m a t  neap t i d e  to  3.1 m a t  s p r in g  t i d e  in
th e  mouth o f  th e  E as te rn  S c h e ld t ;

The mean t i d a l  range  i s  2 .8  m (F ig u re  2 . 4 ) ;

The t i d a l  range in c re a s e s  going e a s t  to  about 3 .5  m a t  Y erseke , f o r  th e  
s i t u a t i o n  w ith o u t  th e  b a r r i e r .

150

100

50

g M .S .L -J  ----------- * -£ - 7  - 6  - 5  - 4

h o u rs

50

100

spring tide 
mean tide 
neaptide

150

F ig u re  2 .4  Water l e v e l  cu rves  in  the  mouth o f  th e  E a s te rn  S c h e ld t  
( s t a t i o n  0S4)
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In th e  f i n a l  s i t u a t i o n  a t i d a l  range a t  Yerseke, o f  a t  l e a s t  2 .7  m under mean 

t i d a l  c o n d i t io n s ,  had to  be m a in ta in ed .  To ach ieve  t h i s  a flow  opening o f  th e  
b a r r i e r  o f  17600 m2 (below mean sea  l e v e l )  was chosen in com bination w ith  a 

c o m p a r tm e n ta l is a t io n  o f  the  e s tu a ry  (F igure  2 .5 ) .  T h is  com partm entaii s a t i on 
red u ces  th e  t i d a l  volume by about 30/L A fter  f i n i s h i n g  th e  c o n s t r u c t io n  o f  th e  
b a r r i e r ,  a  f i n a l  f ig u r e  based on o b se rv a t io n s  can be g iv en ;  th e  mean t i d a l  

range  a t  Yerseke i s  3 .3  m.

'g o e r e e -
PUTTEN

HARINGVLIET^

OVERFLAKKEE

SCHOUWEN-

DurVELAND

VOLKERAK
^E A S T E R N  I H 
lii SCHELDT

NOORO-BEVEIAND
THOLEN

(VEERSE*

YERSEKE

■—  salt 
= ==  stagnant

H I H I H I !  salt tidal

W ESTERN  SCHELDT)

F ig u re  2 .5  The E as te rn  S ch e ld t  e s tu a ry  a f t e r  com pletion  o f  works 

2 .3  S to rm -surge  b a r r i e r

The s to rm -su rg e  b a r r i e r  has been b u i l t  a c ro s s  th e  t h r e e  main t i d a l  ch an n e ls  in 

th e  mouth o f  th e  E as te rn  S ch e ld t  (F ig u re  2 . 6 ) ,  from n o r th  to  s o u th ,  r e s p e c t i ­

v e ly  th e  Hammen, th e  Schaar and th e  Roompot. The t h r e e  b a r r i e r  s e c t i o n s  a r e  
in te rc o n n e c te d  by dams t h a t  have been c o n s tru c te d  upon th e  sha llow  t i d a l  f l a t s  

between th e  main ch an n e ls .  The t o t a l  le n g th  o f  the  b a r r i e r  and dam s e c t i o n s  i s  

ab o u t 9 km. The a c tu a l  le n g th  o f  the  b a r r i e r  i s  about 3 km.

The c o n s t r u c t io n  o f  th e  b a r r i e r  took p la ce  in  th e  o r i g i n a l  c h a n n e ls ,  w i th o u t  a 

b u i ld in g  p i t .  This  c o n s t r u c t io n  method was chosen to  minimize th e  e f f e c t  o f  

th e  c o n s t r u c t io n  a c t i v i t i e s  on the  t i d a l  movements in  th e  E a s te rn  S c h e ld t .  To 

en ab le  such a c o n s t r u c t io n  method, p r e f a b r i c a te d  e lem en ts  were used when and 
where p o s s i b l e .
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NORTH SEA

SCHOU W EN -  DU I VE LAND

EASTERN SCHELDT

Roompot

W ALCHEREN N O O R D -BEVELA ND

F ig u re  2 .6  L oca tion  o f  th e  s to rm -su rge  b a r r i e r  in th e  mouth o f  th e  
E a s te rn  S c h e ld t

The o r i g i n a l  sea  bed se rv ed  as  a fo u n d a t io n .  F i r s t l y  th e  upper l a y e r  was ex ca ­
v a te d  and re p la c e d  by a  la y e r  o f  cou rse  sand, fo llow ed by a  deep com paction o f  

th e  sand bed. T h is  was done by a s p e c i a l l y  designed  com pacting b a rg e ,  th e  

"M y ti lu s" .  The sand bed was then covered by l a rg e  p r e f a b r i c a t e d  fo u n d a t io n  
m a ts ,  41 m wide and 200 m long . For t h i s  th e  "Cardium" pontoon was u sed .  Upon 
th e  mats p r e f a b r i c a t e d  p i e r s  were p laced  by th e  p i e r - l i f t i n g  v e s s e l  " O s t r e a " .  

These p i e r s  were huge m o n o l i t i c  c o n c re te  s t r u c t u r e s ,  be ing  20 m wide and 50 m 
long  a t  th e  b ase ,  w ith  h e ig h ts  up to  40 m. The d i s ta n c e  from p i e r  to  p i e r  i s  

45 m. The b a r r i e r  c o n s i s t s  o f  a  t o t a l  o f  62 o f  th e se  b a s ic  s e c t i o n s  o f  45 m. 
The p i e r s  were packed by a  rubb le  s i l l ,  t h a t  was b u i l t  up in  l a y e r s .  The top  

l a y e r  had been des igned  to  r e s i s t  th e  extreme v e l o c i t i e s  t h a t  m ight o ccu r  when 

a  g a te  f a i l s  to  c lo s e .  A c o n c re te  s i l l  beam and an upper beam frame th e  a c t u a l  

flow open ing ,  which can be c lo sed  by a g a te .  T h is  g a te  i s  o p e ra te d  by hyd rau ­
l i c  c i l i n d e r s  which a r e  p laced  on top  o f  th e  p i e r s .  F i n a l l y ,  a  c o n c re te  b r id g e  

g i r d e r  was p o s i t io n e d  upon th e  p i e r s .  A ll th e se  e lem ents  were p la c e d  between, 
and upon th e  p i e r s  by a  l a rg e  f l o a t i n g  c ra n e .  Most c r i t i c a l  o f  th e s e  o p e ra ­

t i o n s  was th e  placem ent o f  th e  s i l l  beams, which had to  be p o s i t io n e d  a c c u r a ­

t e l y  between th e  p i e r s ,  m etres  below sea  l e v e l ,  du r in g  a s h o r t  p e r io d  around 

s l a c k  w a te r .  A f te r  th e  p o s i t i o n in g  o f  th e  s i l l  beams, a  ru b b le  s i d e - f i l l  was 

p u t  in  p la c e .  T h is  had to  be done very  c a r e f u l l y ,  because  th e  c o n c re te  beams 

shou ld  n o t  be damaged by th e  la rg e  rub b le  s to n e s .  A s p e c i a l l y  c o n s t ru c te d  
c ra n e ,  p la ced  on a pontoon, p o s i t io n e d  th e  ru b b le  s to n e s  in  sm all  p o r t i o n s .
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F ig u re  2 .7  P e r s p e c t iv e  view o f  th e  s t r u c t u r a l  e lem en ts  o f  th e  s to rm -su rg e  

b a r r i e r  ( th e  ru b b le  s i l l  i s  no t  shown)

S C H A A R  VAN R O G G E N PL A A T  

P IE R  NR S I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

M .S .L .

-5 -  
-10 
-15 -  

-20 
-25 

-30 - 

-35

H A M M E N

H1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

3  C O M P A C T E D  SO IL

R O O M P O T
P IE R  I «  R1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 33

F ig u re  2 .8  C ro s s - s e c t io n  o f  th e  channe ls  a t  th e  lo c a t io n  o f  th e  s to rm -s u rg e  

b a r r i e r  ( d i s t o r t e d  s c a l e )

2 .6



NORTH SEA EASTERN SCHELDT

concrete blocks 2 m3
sto n e  1 - 3 t

M.S.L.
stone 1-3 t

s to n e  300-1000  kg ston e  6 - l0 t  
stone 3 0 0 -1 0 0 0  kgsto n e  6 0 -3 0 0  kg 

ston e 1 0 - 6 0  kg
1 0 5 0 -

O - ston e 1-31

gravel 4 0  250m m

10 2 0  m

F ig u re  2 .9  Rubble s i l l  c o n s t ru c t io n  a t  p i e r  l o c a t io n  Roompot 12

The F ig u re s  2 .7  th rough  2 .9  g iv e  an im pression  o f  th e  s t r u c t u r e  and th e  con­
s t r u c t i o n  o f  th e  b a r r i e r  ( s e e  a l s o  [ 2- 1] ) .

The type  o f  s t r u c t u r e  as  w ell a s  th e  c o n s t r u c t io n  method, im p lied  a  number o f
m ajor h y d r a u l i c  problems t h a t  had to  be s o lv e d :

-  At th e  l o c a t io n  o f  th e  b a r r i e r  th e  f l o w - v e lo c i t i e s  in c re a s e d ,  caused  by th e

narrow ing o f  th e  flow opening (up to  5 m/s under normal t i d a l  c o n d i t i o n s ,
w ith  th e  b a r r i e r  com ple ted ).  To p re v e n t  scour o f  th e  sand d i r e c t l y  down­

s tream  th e  b a r r i e r ,  a bed p r o te c t io n  was re q u ire d  (F ig u re  2 .1 0 ) .  The r e ­

q u ir e d  le n g th  o f  th e  bed p r o te c t io n  i s  governed by th e  r a t e  o f  developm ent 
o f  th e  scou r  h o le s  a t  the  end o f  th e  bed p r o t e c t i o n .  Thus an a c c u r a t e  p r e ­
d i c t i o n  o f  th e  scour was needed.

-  A ll o p e ra t io n s  t h a t  were c a r r i e d  ou t  under open sea  c o n d i t io n s ,  p o s i t i o n i n g

o f  m ats ,  p i e r s ,  e t c ,  c a l l e d  f o r  an a c c u ra te  p r e d ic t io n  o f  th e  h y d r a u l i c  
boundary c o n d i t io n s .

-  The s t a b i l i t y  o f  th e  ru b b le  s to n e  s t r u c t u r e s ,  both du ring  c o n s t r u c t i o n  and 
f o r  th e  completed b a r r i e r ,  had to  be i n v e s t i g a t e d .

-  The im pact o f  th e  c o n s t r u c t io n  o f  th e  b a r r i e r  on th e  morphology and th e  en­
vironm ent had to  be p r e d ic te d .

Thus a p r e d i c t i o n  o f  th e  h y d ra u l ic  boundary c o n d i t io n s  f o r  th e s e  phenomena was
e s s e n t i a l .
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NORTH SEA

l e g e n d a

¡ 'i m astic asphalt 
E a » Ij b 3 black mats 
K&M&a rubble ston e

o anchor 
BSaox; rubble stone  
M M  rubble sill

F ig u re  2 .10  Bottom p r o te c t io n  in  th e  Roompot channel 

2 .4  Flow c o n d i t io n s

The com plexity  o f  th e  flow p a t t e r n  and the  numerous p o s s ib le  g eo m e tr ie s  o f  th e  
b a r r i e r  under c o n s t r u c t io n ,  made a f l e x i b l e  p r e d ic t io n  system f o r  th e  flow 

c o n d i t io n s  n e c e s s a ry .  This could be accomplished by choosing a s e l e c t e d  number 
o f  h y d r a u l i c  pa ram e te rs ,  which:

-  govern th e  p ro c e s s e s  r e l a t e d  to  the  h y d ra u l ic  problems 
can be p r e d ic te d  w ith  rea so n ab le  accuracy

For th e  impact o f  the  b a r r i e r  on the  la rg e  s c a le  flow , the  d is c h a rg e  c h a ra c ­

t e r i s t i c s  o f  th e  b a r r i e r  a r e  th e  governing p a ra m e te rs .  These a r e  ex p ressed  by

th e  v a lu e  o f  pA, th e  e f f e c t i v e  flow opening o f  th e  b a r r i e r .

The sum o f  th e  e f f e c t i v e  flow openings o f  the  e n t i r e  b a r r i e r  d e te rm in e s  th e  

m agnitude o f  th e  t i d a l  range ( fo r  example a t  Y erseke).  The d i s t r i b u t i o n  

o f  pA over th e  main channe ls  governes the  flow p a t t e r n  in  th e  mouth o f  th e  
E a s te rn  S c h e ld t .
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To r e p r e s e n t  th e  flow c o n d i t io n s  in  th e  v i c i n i t y  o f  the  b a r r i e r  th e  fo l lo w in g  

b a s ic  h y d r a u l i c  param ete rs  were s e l e c t e d :

Q = d is c h a rg e  th rough  a main channel (m3/ s )

Ah = head d i f f e n c e  over th e  b a r r i e r  (m)
q/A = average  v e l o c i ty  a t  the  a x i s  o f  th e  b a r r i e r ,  d e f in e d  a s :

d is c h a rg e  per  b a r r i e r  s e c t io n /w e t  c ro s s  s e c t i o n  (m /s)

For example, th e  hydrodynamic lo ad s  on th e  c o n s t ru c t io n  equipment cou ld  be r e ­

l a t e d  to  q/A a t  th e  work lo c a t io n .
In T ab le  2 .1  some more examples a re  g iven o f  the  flow p a ra m e te rs  t h a t  were 
used a s  "govern ing  pa ram ete rs"  fo r  th e  h y d ra u l i c  problems e n c o u n te re d .
With t h i s  approach th e  flow  param eters  t h a t  had to  be p r e d ic te d ,  depended only  
on th e  g lo b a l  geometry o f  th e  b a r r i e r  under c o n s t r u c t io n .  D e ta i l s  o f  th e  flow 

p a t t e r n  were in c o rp o ra te d  in  th e  " t r a n s l a t i o n "  from b a s ic  flow p a ram e te r  to  

hydrodynamic lo a d s  o r  s t a b i l i t y  c r i t e r i a .  Thus changes in  th e  c o n s t r u c t io n  
o rd e r  o f  th e  b a r r i e r  d id  only  in f lu e n c e  th e  flow pa ram ete rs  b u t  n o t  th e  s t a b i ­
l i t y  r e l a t i o n s .  On th e  o th e r  hand, changes in  d e t a i l s  o f  th e  d e s ig n  o f  th e  

b a r r i e r  d id  only a f f e c t  th e  s t a b i l i t y  r e l a t i o n s .

a sp e c t h y d ra u l i c
param eter

env ironm en ta l  a s p e c t s sum o f  pA o f  
th e  b a r r i e r

morphology a t  th e  mouth o f  th e  E as te rn  S ch e ld t d i s t r i b u t i o n  o f  

jjA over main 

channe ls

s t a b i l i t y  o f  ru b b le  s i l l :  du ring  c o n s t r u c t io n

a t  f i n a l  s i t u a t i o n

q/A

Ah

hydrodynamic lo ad s  on th e  l a rg e  s t r u c t u r a l  

e lem ents  ( p i e r s ,  s i l l  beams, upper beams, g a te s )  
d u r in g  p o s i t i o n in g

q/A

s t a b i l i t y  o f  bed p r o te c t io n Ah and b a r r i e r  

geometry

sco u r in g Q and b a r r i e r  

geometry

Table 2.1  R e la t io n  between v a r io u s  a s p e c t s  and th e  h y d ra u l i c  p a ra m e te rs .
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The p r e d ic t i o n  o f  th e  flow pa ram ete rs  can be d iv id ed  in  s e v e r a l  s t a g e s ,  depen­

d ing  on t h e i r  a p p l i c a t i o n .  The fo llow ing  a p p l i c a t i o n s  w i l l  be d is c u s s e d :

-  flow p aram eters  a s  des ign  pa ram ete rs
-  f low  param eters  f o r  th e  p lan n in g  o f  the  c o n s t r u c t io n  a c t i v i t i e s
-  flow pa ram ete rs  f o r  o p e r a t io n a l  c o n t ro l  o f  th e  c o n s t r u c t io n  a c t i v i t i e s

D e s ig n jp a ra m e te r s :

For th e  E a s te rn  S ch e ld t  s to rm -su rg e  b a r r i e r  th e  flow c o n d i t io n s  were c r u c i a l  
de s ig n  p a ram e te rs .  For des ign  purposes  th e  s t a t i s t i c s  o f  th e  flow p a ram e te rs  

were needed, mainly o f  maximum v a lu e s  and extreme v a lu e s .  For example, o f  
Q, Äh and q/A a t  maximum ebb flow and maximum f lo o d  flow .

P lann ing  o f  c o n s t ru c t io n  a c t i v i t i e s :

For th e  p lann ing  o f  th e  c o n s t ru c t io n  a c t i v i t i e s ,  which took  p la c e  in  open s e a ,  

f o r e c a s t s  o f  time s e r i e s  o f  th e  h y d ra u l i c  param ete rs  were u sed .  These f o r e ­
c a s t s  were based on a f o r e c a s t  o f  th e  w ater motion under a s t ro n o m ic a l  t i d e  
c o n d i t i o n s .

O p e ra t io n a l  c o n t ro l  o f  c o n s t r u c t io n  a c t i v i t i e s :

For o p e r a t io n a l  s u p p o r t ,  s h o r t - t e rm  f o r e c a s t s  were used . These f o r e c a s t s  were 

based  on bo th  th e  a s tro n o m ic a l  t i d e  and th e  p r e d ic te d  m e te o ro lo g ic a l  e f f e c t s .  
For th e  most c r i t i c a l  o p e ra t io n s  l i k e  p o s i t i o n in g  o f  th e  m ats , p i e r s  and s i l l  

beams, th e  p r e d ic te d  h y d ra u l i c  pa ram ete rs  were recorded  on l i n e  to  v e r i f y  and 
i f  n e c e s s a ry ,  to  c o r r e c t  the  f o r e c a s t  on th e  s p o t .

In  t h i s  r e p o r t  th e  models which were used to  o b ta in  th e  r e q u i re d  flow in form a­

t i o n  w i l l  be d e s c r ib e d .  The r e s u l t s  t h a t  were o b ta in ed  from th e  a p p l i c a t i o n  o f  
th e s e  models to  the  s to rm -su rg e  b a r r i e r  w i l l  be p r e s e n te d ,  fo l lo w in g  th e  a p ­

proach  o u t l in e d  above.
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R eference  o f  Chapter 2

[2 -1 ]  R i jk s w a te r s t a a t

Design r e p o r t  s to rm -su rg e  b a r r i e r  E a s te rn  S c h e ld t ,  P a r t  1, T o ta l  
d e s ig n ,  1987 ( in  Dutch)
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3. M odelling  t i d a l  flow

3.1 I n t r o d u c t io n

The h y d ra u l i c  s tu d i e s  f o r  th e  i n i t i a l l y  planned c lo s u re  o f  th e  E a s te rn  S c h e ld t  
s t a r t e d  a l r e a d y  in  1965. The used re s e a rc h  methods were based on th e  e x p e r ie n ­
ce o f  p rece d in g  in v e s t i g a t io n s  on o th e r  c lo s u re  works o f  th e  D e lta  P lan .  The 
r e s e a r c h  f o r  th e  d es ig n  o f  th e  c lo s u re  dam merely c o n s i s te d  o f  s c a l e  model 
t e s t s .  At t h a t  t im e , one-d im ensional num erica l models were a l re a d y  a v a i l a b l e ,  

b u t  t h e i r  o p e r a t io n a l  use  was l im i t e d .  Two-dimensional num erica l models were 
s t i l l  in  th e  development s t a g e .

In th e  co u rse  o f  th e  s tu d i e s  f o r  th e  s to rm -su rg e  b a r r i e r ,  num erica l  flow 
models developed r a p id l y .  In  th e  beg inn ing  o f  th e  s e v e n t i e s  th e  f i r s t  o p e ra ­

t i o n a l  one -d im ensiona l num erical model o f  th e  E a s te rn  S c h e ld t  became 

a v a i l a b l e .
Two-dimensional num erica l models were a p p l ie d  f o r  th e  f i r s t  tim e in  th e  
s t u d i e s  f o r  th e  E a s te rn  S c h e ld t  to  de term ine  th e  impact o f  th e  p lanned  c lo s u r e  

on th e  w ater  l e v e l s  in  th e  a d ja c e n t  p a r t  o f  th e  North Sea. At t h a t  t im e ,  th e s e  

models were no t  a v a i l a b l e  in  th e  N e th e r lan d s ;  th e  com putations  were done a t  
th e  Rand C o rp o ra t io n ,  United  S t a t e s  o f  America ( see  Chapter 7 ) .  From th e  time 
when tw o-d im ensional models fo r  th e  E as te rn  S c h e ld t  became a v a i l a b l e  in  th e  

N e th e r la n d s ,  th e  development p ro g re ssed  r a p i d l y .  In 1983, th e  o v e r a l l  t i d a l  

s c a l e  model ( d i s t o r t e d  s c a l e )  was d ism a n tle d ,  s in c e  i t  could  be r e p la c e d  by 
th e  a v a i l a b l e  num erica l models. At t h a t  time n o t  a  s i n g l e  p i e r  had been p laced  
y e t  in  th e  E a s te rn  S c h e ld t .

In t h i s  c h a p te r  th e  methods and th e  models t h a t  were used f o r  th e  h y d r a u l i c  
s t u d i e s  f o r  th e  E as te rn  S c h e ld t  s to rm -su rg e  b a r r i e r  a r e  d e s c r ib e d  in  g e n e r a l .  
D e ta i l s  w i l l  be d e s c r ib e d  in  th e  fo llow ing  c h a p te r s .

3 .2  B as ic  e q u a t io n s

The e q u a t io n s  on which th e  s im u la t io n s  a r e  based a r e  th e  hydrodynamic b a s ic  
e q u a t io n s  f o r  an in c o m p ress ib le  f l u i d  w ith  a  c o n s ta n t  d e n s i ty  (N av ie r -S to k e s  

e q u a t i o n s ) .

For com putations  o f  t i d a l  f low , a number o f  assum ptions  must be made. The most 

im p o rtan t  i s  t h a t  v e r t i c a l  v e l o c i t i e s  and v e r t i c a l  a c c e l e r a t i o n s  a r e  n e g l i ­
g i b l e .  The r e s u l t  o f  t h i s  assum ption i s  t h a t  th e  p re s s u re  d i s t r i b u t i o n  i s  a l ­

ways h y d r o s t a t i c .
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F ig u re  3-1 Param eters  tw o-dim ensional long-wave eq u a t io n s

The assum ptions  le a d in g  to  the  so-named "long wave" app rox im ation  a r e  d e s ­
c r ib e d  in  d e t a i l  in  [3 -1 ]-  The r e s u l t i n g  d e p th - in te g r a te d  c o n t in u i t y  e q u a t io n  

i s  g iven  by (see  a l s o  F igu re  3 .1 ) :

3(hU) 3(hV) 3h _ Q
3x + 3y + 3t ( 3 .1 )

The dep th  in t e g r a te d  momentum eq u a t io n s  a re  g iven  by E qua tions  3 .2  and 3 .3 :

3 2U 3 2U3U (T 3U ,, 3U . . .
r r  + U —  + V —  = I V  +  v.3 t 3x 3y t

3V tI 3V ,, 3V . TT f—  + U —  + V —  = -  fU + v. I3 t  3x 3y t K

3 x 2 3 y 2

3 2V

3a
3x

g U / U 2 + V 2 + W2 C0S ^

C2 h h P.
( 3 .2 )

3x

3 2V-i 3a g V / U 2 + V 2 paCD W2 S i n  *— + ----- -  cr   -  «-----------------  +  ---
2 3y2 3y C2 h pw

( 3 .3 )

w h e r e  :

U = dep th -av e rag ed  v e l o c i ty  in  x d i r e c t i o n

V = dep th -ave raged  v e l o c i ty  in y d i r e c t io n
= d i s t a n c e  from th e  bottom to  th e  r e f e r e n c e  p lane  

= w ate r  e l e v a t io n  r e l a t i v e  to  th e  r e f e r e n c e  p lane  

= w ate r  dep th  (= d + a )

(m /s)
(m/s)

(m)
(m)

(m)

= e d d y -v is c o s i ty  c o e f f i c i e n t  fo r  h o r i z o n t a l  momentum exchange (m2/ s )
1

= Chézy c o e f f i c i e n t  f o r  bottom f r i c t i o n  (m2/ s )

= C o r io l i s  param ete r  = 2w s i n  ( s - 1 )
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u = a n g u la r  speed o f  r o t a t i o n  o f  th e  e a r t h  = 0 .73  * 10“ ** ( s - 1 )

i|) = geog raph ic  l a t i t u d e  (d e g . )
g = a c c e l e r a t i o n  caused by g r a v i ty  (m /s2)
Cp = c o e f f i c i e n t  f o r  wind sh e a r  s t r e s s  ( - )

W = wind speed (m /s)
<t> = a n g le  between wind d i r e c t i o n  and x d i r e c t i o n  (d e g . )
Pw = d e n s i t y  o f  w ater  (kg/m 3)
p = d e n s i ty  o f  a i r  kg/m3)

cl

E q u a tio n s  3.1» 3-2 and 3 .3  schem atize  th e  t i d a l  f low  a s  a  tw o-d im ens iona l  
d ep th -a v e rag ed  flow . A f u r t h e r  s i m p l i f i c a t i o n  can be made by i n t e g r a t i n g  th e  
e q u a t io n s  n o t  on ly  in  v e r t i c a l  d i r e c t i o n  bu t  a l s o  in  th e  h o r i z o n t a l  d i r e c t i o n  

p e r p e n d ic u la r  to  th e  main flow d i r e c t i o n .  Thus, th e  o n e -d im en s io n a l  long-w ave 

e q u a t io n s  3 .4  and 3 .5  can be o b ta in e d ,  see  [3 -2]  and F ig u re  3 .2 .

F ig u re  3 .2  Param eters  one-d im ensional 

O ne-d im ensional c o n t in u i ty  e q u a t io n :

If * ! 2 " oat ax

O ne-dim ensional momentum e q u a t io n :

—  + —  (— ) + eA at ax VA '  ë s  ax
ia  + gQlQI _ °aCD Bs  W* 005

C* RA p h w
= 0

w here:

Q = d is c h a rg e

B = w id th  a t  th e  w ater  s u r f a c e

Bs = w id th  o f  th e  flow a re a  a t  th e  s u r fa c e

z
A = t o t a l  a r e a  = J  B dz

-d

( 3 .4 )

( 3 .5 )

(m3/ s )
(m)

(m)

(m2)
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A,s
z

flow a r e a  = ƒ B dz 
J  s

(m2)

R = h y d ra u l ic  ra d iu s (m)

rem ain ing  param ete rs  l i k e  (3 . 2 ) and ( 3 . 3 )

3 .3  T id a l  models

The s im u la t io n  te ch n iq u es  th a t  were a p p l ie d  in the  s to rm -su rg e  b a r r i e r  s tu d i e s  
can be d iv id e d  in to  th r e e  ty p e s ,  fo llow ing  the  h i s t o r i c a l  developm ent:

-  H ydrau lic  s c a le  models
-  O ne-dim ensional num erical models
-  Two-dimensional num erical models

For th e  s im u la t io n  o f  w ater movements in h y d ra u l ic  s c a l e  models, u se  i s  made 

o f  th e  same p h y s ic a l  p r i n c i p l e s  as  those  govern ing  the  w ater  movement a t  f u l l  
s c a l e  in  n a tu r e .  To ensure  t h a t  th e  s c a le d  p h y s ic a l  phenomena a r e  reproduced  
c o r r e c t l y  by the  s c a le  model, the  c o r r e c t  a p p l i c a t io n  o f  s c a l e  laws i s  o f  

v i t a l  im portance . The s c a le  laws a re  d iscu ssed  f u r th e r  in  Chapter 5.

For th e  E as te rn  S ch e ld t  e s tu a ry  two la rg e  s c a le  models were b u i l t  (see  

C hapter 5) :

-  An o v e r a l l  t i d a l  model (DELFT HYDRAULICS p r o j e c t  M1000) ;

A d i s t o r t e d  model, v e r t i c a l  s c a l e  1:100 and h o r i z o n ta l  s c a l e  1:400. The 
model covered the  e n t i r e  e s tu a ry  o f  the  E as te rn  S c h e ld t .

-  A d e t a i l  model o f  the  mouth o f  the  E as te rn  S ch e ld t  (DELFT HYDRAULICS 
p r o j e c t  M1001):

An u n d i s to r t e d  model, s c a le  1:80. The model i s  a s tead y  s t a t e  model. The 
boundary c o n d i t io n s  were d e r iv e d  from th e  o v e r a l l  model M1000.

O ne-dim ensional num erica l models a re  based on the  num erical s o lu t i o n  o f  the  

on e-d im ens iona l  long-wave e q u a t io n s  i . e .  Equations 3 .4  and 3 .5 .  Using such a 

model (IMPLIC, see  Chapter 6 ) ,  the  E as te rn  S ch e ld t  had to  be schem atized  in to  

a  network o f  t i d a l  chan n e ls .

In a d d i t io n  to  th e  one-d im ensional model, the  so-named "R1495" model was 
a v a i l a b l e  to  compute the  l a t e r a l  d i s t r i b u t i o n  o f  the  d isc h a rg e  a long  th e  b a r ­
r i e r  a x i s .

Two-dimensional num erica l models a re  based on th e  num erica l s o l u t i o n  o f  

tw o-d im ensional long-wave e q u a t io n s ,  i . e .  Equations  3 .1 ,  3 .2  and 3 .3 .  For 

s o lv in g  th e s e  e q u a t io n s  the  WAQUA program system was used . For th e  E a s te rn  

S c h e ld t  s e v e r a l  models were used ( s e e  Chapter 7, F igu re  7 . 2 ) :
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-  An o v e r a l l  model, 00ST3;
T h is  model covered th e  e n t i r e  E as te rn  S c h e ld t  w ith  a  g r id  s i z e  o f  400 m.

-  A d e t a i l  model o f  th e  mouth o f  th e  E as te rn  S c h e ld t ,  D00S1;
The D00S1 model covered an a re a  20 km long and 10 km wide w ith  a  g r i d  s i z e  
o f  100 m. The boundary c o n d i t io n s  f o r  t h i s  model were d e r iv e d  from th e  

o v e r a l l  model, 00ST3.
-  A s e t  o f  sm all d e t a i l  models in  th e  v i c i n i t y  o f  th e  b a r r i e r ;

Two 90 m g r id  s i z e  models (M00S-N AND M00S-Z), t h a t  were n e s te d  in  th e  

00ST3 model, provided  boundary c o n d i t io n s  fo r  th r e e  45 m g r id  s i z e  models 
(HAMMEN, SCHAAR and ROOMPOT). The th r e e  45 m g r id  s i z e  models were r o t a t e d  
in  such a way t h a t  th e  b a r r i e r  was p a r a l l e l  to  one o f  th e  ax es  o f  th e  
model. The g r id  s i z e  o f  45 m corresponded to  a b a s ic  s e c t i o n  o f  th e  b a r ­

r i e r ;  45 m i s  th e  d i s t a n c e  from p ie r  to  p i e r .
-  In  a d d i t io n  to  th e  WAQUA models f o r  th e  s to rm -su rg e  b a r r i e r ,  s e v e r a l  WAQUA 

models were a l s o  used fo r  th e  co m p ar tm e n ta lisa t io n  works ( see  S e c t io n  2 . 2 ) .  
In  t h i s  r e p o r t ,  th e  models used fo r  th e  s to rm -su rg e  b a r r i e r  only  a r e  d i s ­

c u ssed .  The co m p ar tm e n ta l isa t io n  models a r e  d is c u s s e d  in  [3 -31 .

The type  o f  model to  be used depends on s e v e ra l  f a c t o r s .

In g e n e r a l ,  no s in g le  model w i l l  so lv e  a l l  problem s. I f  such a  model would 

e x i s t ,  i t  would p robab ly  n o t  be economical in  u se .  Each type  o f  model t h e r e ­

fo r e  w i l l  have i t s  own a p p l i c a t io n s .  Some g e n e ra l  remarks re g a rd in g  th e  d i f f e ­
r e n t  ty p e s  o f  models w i l l  be g iven h e r e a f t e r .

S c a le  models p ro v id e  th e  most d e t a i l e d  in fo rm atio n .  These a r e  th e  o n ly  models 

t h a t  a r e  f u l l y  th re e -d im e n s io n a l  (ex ce p t th e  d i s t o r t e d  m odel) .  O b ta in in g  in ­

fo rm a t io n  by measurements i s  u n fo r tu n a te ly  time-consuming and e x p e n s iv e .  A ll 
d a ta  n o t  reco rd ed  a r e  l o s t  a f t e r  th e  t e s t .  An advan tage o f  s c a l e  models i s  th e  

p o s s i b i l i t y  to  i n v e s t ig a t e  phenomena l i k e  s t a b i l i t y  o f  ru b b le  s to n e ,  s c o u r in g ,  

e t c .  d i r e c t l y  in  th e  model. A major d isad v an tag e  i s  th e  f ix e d  geometry o f  th e  

model. A l te r a t io n  o f  th e  bottom geometry and e s p e c i a l l y  o f  th e  b o u n d a r ie s  o f  
th e  model a r e  very time-consuming and expensive .

N umerical models (one-d im ensiona l and tw o-d im ensional)  p ro v id e  l e s s  d e t a i l s  o f  

th e  flow p a t t e r n  than  s c a le  models. Numerical models compute no more th an  what 

they  a r e  b u i l t  f o r .  A d d it io n a l  in fo rm a tio n  on a s p e c t s  such a s  s to n e  s t a b i l i t y ,  

i s  n o t  a v a i l a b l e .  The r e s u l t s  o f  a l l  computed d a ta  can , however, be s to r e d  and 
hence made a v a i l a b l e  a t  a l a t e r  s ta g e .

A g r e a t  advan tage  o f  th e  num erical models i s  t h e i r  f l e x i b i l i t y .  The bottom 

geometry and th e  lo c a t io n  and type  o f  the  boundarie s  a r e  much more f l e x i b l e
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than in  s c a l e  models.
Two-dimensional num erica l models g ive  more d e t a i l s  than  o n e-d im en s io n a l  

models; th e  run tim e o f  th e  tw o-dim ensional models i s ,  however, s u b s t a n t i a l l y  

longe r  th an  t h a t  o f  a one-d im ensional model.

3 .4  Input data

For a l l  models d is c u s s e d  above a  s e t  o f  in p u t  d a ta  i s  n e c c e s sa ry .  These in p u t  

d a ta  c o n s i s t  o f :
-  Boundary geometry and bottom bathymetry

-  Boundary c o n d i t io n s
-  D ata f o r  c a l i b r a t i o n  and v e r i f i c a t i o n .

-  S ch e m a tiz a t io n  o f  th e  b a r r i e r
The in fo rm a tio n  r e q u ire d  i s  b a s i c a l l y  th e  same f o r  a l l  ty p e s  o f  model ( s c a l e  

model, a s  w e l l  a s  num erica l m odel).  The way th e  d a ta  a r e  a p p l ie d  in  th e  model 

i s ,  however, com ple te ly  d i f f e r e n t  f o r  each model. Below, th e  r e q u i r e d  d a ta  
w i l l  be d e s c r ib e d  b r i e f l y .  D e ta i l s  w i l l  be g iven  in  th e  fo l lo w in g  c h a p te r s .

Boundary_geometry and bottom bathym etry

The boundary geometry and bottom bathym etry  must be known a c c u r a t e l y .  Also th e  

roughness  o f  th e  bottom must be r e p re s e n te d  c o r r e c t l y  in  th e  model. Changes in  

bottom geometry a t  th e  s i t e  have to  be taken  in to  accoun t in  th e  m ode l. The 

accu racy  o f  th e  r e s u l t s  o f  th e  model t e s t s  or o f  th e  com pu ta tions  depends 

d i r e c t l y  on th e  accuracy  o f  th e  geometry in  th e  model. The s c h e m a t iz a t io n  o f  
th e  bottom geometry w i l l  be d is c u s se d  in C hap ters  5, 6 and 7 f o r  each  model.

B oundary_eond itions  and i n i t i a l  s t a t e  c o n d i t io n s

To s o lv e  t i d a l  problem s, boundary c o n d i t io n s  a r e  r e q u i r e d .  These c o n d i t io n s  
may be e i t h e r  o f  th e  w ater l e v e l  ty p e ,  v e l o c i t y  type  o r  d is c h a rg e  ty p e .  The 
boundary c o n d i t io n s  can be d e r iv e d  from s i t e  m easurements, o r  can be o b ta in e d  

from a n o th e r  ( s c a le  o r  num erica l)  model. The cho ice  o f  th e  b o u n d a r ie s  and th e  

boundary c o n d i t io n s  i s  d isc u sse d  f o r  th e  models a p p l ie d  in  C h ap te rs  5, 6 and 7 

B es ides  th e  above d e s c r ib e d  c o n d i t io n s ,  th e  i n i t i a l  c o n d i t io n s  a r e  a l s o  n e c e s ­
s a ry  f o r  t h i s  type o f  problem s. However, a f t e r  a c e r t a i n  r u n n in g - in  p e r io d ,  

th e  i n i t i a l  s t a t e  i s  no longe r  im p o r tan t .  A c o r r e c t  s e t  o f  i n i t i a l  s t a t e
c o n d i t io n s  can s u b s t a n t i a l l y  reduce the  ru n - in  tim e o f  model t e s t s  o r  computa­
t i o n s .

C a l ib r a t i o n  and v e r i f i c a t i o n

A thorough c a l i b r a t i o n  and v e r i f i c a t i o n  o f  th e  model must be an e s s e n t i a l  p a r t
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o f  any r e s e a r c h  program. For th e  c a l i b r a t i o n  and v e r i f i c a t i o n  o f  t i d a l  m odels, 

s i t e  measurements a re  used . For th e  E as te rn  S c h e ld t  th e se  measurements com pri­

sed  observed  w ater l e v e l s  from the  f ix e d  s t a t i o n s  (F ig u re  2 . 3 ) ,  v e l o c i t i e s  and 
t r a n s p o r t  r a t e s  o b ta in e d  d u r in g  measurement campaigns. A s p e c i a l  type  o f

v e r i f i c a t i o n  i s  th e  comparison o f  d i f f e r e n t  models such as  s c a l e  models and 

n u m erica l  m odels.

S ch em a tiz a tio n  o f  th e  s to rm -su rg e  b a r r i e r

A g e o m e tr ic a l ly  complex s t r u c t u r e  l i k e  th e  s to rm -su rg e  b a r r i e r  has  to  be
schem atized  to  a  c e r t a i n  e x t e n t ,  i f  modelled in  a t i d a l  model.

For r e l a t i v e l y  l a rg e  h y d ra u l i c  s c a le  models only s m a l l - s c a le  d e t a i l s  have to  
be sch em a tized .  For d i s t o r t e d  s c a le  models and even more f o r  num erica l m odels, 

a  s t r u c t u r e  must be schem atized  much more. For th e  s to rm -su rg e  b a r r i e r ,  t h i s  

s c h e m a t iz a t io n  was based on flume t e s t s .  The s c h e m a t iz a t io n  i s  f u r t h e r  d e s c r i ­
bed in  Chapter 4 .

3 .5  A pplication o f  t id a l models to  the Eastern Scheldt

In Chapter 2 th e  fo llo w in g  govern ing  h y d ra u l ic  pa ram ete rs  f o r  th e  s to rm  su rg e

b a r r i e r  were s e l e c t e d :
Q = d is c h a rg e  th rough  a main channel (m3/ s )

Ah = head d i f f e r e n c e  over th e  b a r r i e r  (m)

q/A = average  v e l o c i ty  a t  th e  a x i s  o f  the  b a r r i e r ,  d e f in e d  a s :
d is c h a rg e  pe r  b a r r i e r  s e c t io n  /  wet c ro s s  s e c t i o n  (m /s)

These pa ram ete rs  had to  be p re d ic te d  a s  des ig n  p a ram e te rs  and a l s o  f o r  p la n ­

n ing  and c o n t r o l l i n g  o f  the  c o n s t ru c t io n  a c t i v i t i e s .  For th e s e  p r e d i c t i o n s  
s c a l e  models a s  w e ll  a s  num erica l models were a v a i l a b l e .  As f o r  th e  s to rm -  

su rg e  b a r r i e r ,  t h r e e  d i f f e r e n t  com binations o f  models were used . These t h r e e  
"main t r a c k s "  were:

1) s c a l e  models only

2 ) one-d im ensional num erica l models w ith  in p u t  from s c a l e  models
3 ) tw o-d im ensional num erica l models

@1) S ca le  models (M1000 -  M1001; Chapter 5)

T his  i s  th e  c l a s s i c a l  t r a c k ,  t h a t  had been used fo r  th e  form er h y d r a u l i c  r e ­

s e a rc h  f o r  th e  c lo s u re  works o f  th e  D elta  P lan .  For th e  E a s te rn  S c h e ld t  th e  

o v e r a l l  t i d a l  model M1000 d e l iv e r e d  th e  o v e r a l l  t i d a l  motion and th e  boundary 

c o n d i t io n s  f o r  th e  d e t a i l  model, M1001. In a d d i t io n  to  th e  flow p a ra m e te rs ,
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M1001 a l s o  p rovided  r e l a t i o n s  between th e se  flow param eters  and s c o u r ,  s t a b i ­

l i t y  o f  ru b b le  s to n e ,  e t c .

@2) O ne-dim ensional num erical models (IMPLIC -  R1495; Chapter 6 )
The one-d im ensional t i d a l  model IMPLIC computes w ater l e v e l s  and d i s c h a r g e s .  
From th e se  d a ta  the  R1495 model computes q/A along th e  b a r r i e r .

The accuracy  o f  th e se  models, in  p a r t i c u l a r  th e  R1495 model, depends s t ro n g ly  
on th e  in p u t  from s c a l e  model r e s u l t s  (M1000 and M1001). T h is  t r a c k  can 
th e r e f o r e  be regarded  a s  a mixed t r a c k  o f  num erical models and s c a l e  models. 
Because o f  th e  s h o r t  run time o f  the  one-d im ensional models, th e s e  models were 
s u i t a b l e  f o r  th e  o p e r a t io n a l  f o r e c a s t s .  The f o r e c a s t  system i s  d e s c r ib e d  in 
S e c t io n  3 .6 .

§3) Two-dimensional num erical models (Chapter 7)
Two-dimensional models can compute th e  flow p a ram e te rs ,  w ith o u t  in p u t  from th e  

s c a l e  models M1000 and M1001.

However, f o r  th e  s ch em a tiz a t io n  o f  the  b a r r i e r  in  th e  tw o-d im ensional num eri­
c a l  m odels, in p u t  from s c a le  model t e s t s  was needed. For t h i s ,  th e  same flume 

t e s t s  were u sed ,  as  th o se  used f o r  the  sc h e m a t iz a t io n  o f  th e  b a r r i e r  in  M1000 
and in  M1001 .

For th e  s to rm -su rg e  b a r r i e r  the  fo llow ing  a l l o c a t i o n  o f  d u t i e s  between th e

th r e e  "model t r a c k s "  can be d i s t in g u is h e d :

-  The IMPLIC-R1495 t r a c k  was used fo r  o p e r a t io n a l  f o r e c a s t s  and f o r
com putation  o f  des ig n  flow p a ram ete rs .

-  The M1000-M1001 t r a c k  was used to  de term ine  the  d is c h a rg e  c h a r a c t e r i s t i c s  o f  

th e  b a r r i e r  fo r  IMPLIC and the  tw o-dim ensional models and fo r  th e  
c a l i b r a t i o n  o f  th e  R1495 model. F u r th e r  M1001 prov ided  r e l a t i o n s  between

h y d ra u l i c  pa ram ete rs  and s t a b i l i t y  o f  ru b b le  s to n e ,  scou r  and lo a d s  on 
s t r u c t u r a l  e lem ents  and equipment.

-  The tw o-d im ensional num erical models were used to  check th e  o n e -d im ens iona l  
model, p a r t i c u l a r l y  f o r  c o n s t ru c t io n  s t a g e s  o f  th e  b a r r i e r ,  when a flow p a t ­

te rn  was expec ted  t h a t  d i f f e r e d  from th e  p a t t e r n  fo r  which th e  model was 

c a l i b r a t e d .  F urtherm ore , th e  impact o f  p o s s ib le  changes in th e  morphology o f  
th e  mouth o f  the  E as te rn  S ch e ld t  could  be in v e s t ig a t e d  e f f e c t i v e l y .  The

tw o-d im ensional models rep la ced  the  s c a le  models M1000-M1001 f o r  s e v e r a l

3.8



a p p l i c a t i o n s .  For d e s ig n  pu rposes ,  however, th e  com puta tions  o f  th e  flow in  
th e  v i c i n i t y  o f  th e  b a r r i e r  were no t performed by th e  tw o-d im ensional 
m odels . At t h a t  time th e s e  models were no t  used f o r  th e s e  a p p l i c a t i o n s  as  
i n s u f f i c i e n t  ex p e r ie n c e  was then a v a i l a b l e .

3 .6  Setup o f  the fo recast system

C ons ider ing  th e  t o t a l  number o f  s im u la t io n s  t h a t  were made, most were p e r ­
formed by th e  models IMPLIC-R1495 to  compute th e  b a s ic  h y d ra u l i c  p a ra m e te rs  
Ah, Q and q/A. These pa ram ete rs  were used a s  des ig n  pa ram ete rs  and f o r  o p e ra ­
t i o n a l  f o r e c a s t s .
The d i f f e r e n c e  between the  computation o f  des ig n  c r i t e r i a  and o p e r a t i o n a l  

f o r e c a s t s  i s  th e  in p u t  o f  th e  models. Both a p p l i c a t io n s  w i l l  be d e s c r ib e d  

b r i e f l y .  F ig u re  3 .3  shows a diagram o f  th e  f o r e c a s t  system , th e  in p u t  from th e  
s c a l e  models and from th e  tw o-dim ensional num erical models.

1 -D  n u m erica l m od els IMPL1C/R1495 -S c a le  m od els  
- 2 - D  n u m erica l 

m od els

Design
p aram eters H indcast

M edium  term S h o r t-te r m

M easured

S ta tis tic s
0S 4

M eteorogical
e ffe c ts

A stronom ica l fo rec a st

Qmax e b b /f lo o d  

1

q /A  m ax e b b /f lo o d

Tidal

IMPLIC
re la tion IMPLIC

R1495

Time s e r ie s  an a lysis  
tecb n iq eu s

Local
ve loc ities

C orrected
ve loc ities

2 -D  n u m e ric a l : 
-c h e c k  on  loca tio n  

m ea su r in g  s ta t io n s

S ca le  m od els : 
-JA A b arrier  

2 -D  n u m erica l 
c h ec k  IMPLIC

D etail s c a le  m od els  
-ca lib ra tio n  R1495

S ca le  m od els  +  2 —D m odels:  
-c o e f f ic ie n ts  for re la tio n s  

q /  A - —-  lo c a l v e lo c itie s

F igu re  3 .3  Scheme o f  f o r e c a s t  system
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Design p a ra m e te rs :

As des ig n  p a ram e te rs ,  the  s t a t i s t i c s  o f  Q, q/A and Ah a t  maximum ebb flow and 

maximum f lo o d  flow were computed fo r  v a r io u s  c o n s t r u c t io n  phases  o f  th e  bar  

r i e r .  Both fo r  average  t i d a l  c o n d i t io n s  and fo r  extreme t i d a l  c o n d i t io n s ,  w ith  
one y ea r  r e tu r n  p e r io d .  The com putation o f  th e se  s t a t i s t i c s  was based on th e  
observed  s t a t i s t i c s  o f  th e  t i d a l  motion (w ith o u t in f lu e n c e  o f  th e  b a r r i e r ) .  

For t h i s  purpose , s t a t i o n  0S4 (see  F igure  2 .3 )  was used . The in f lu e n c e  o f  th e  
b a r r i e r  on t h i s  s t a t i o n  was a c c e p ta b ly  s m a l l ,  and a l s o  over  10 y e a r s  o f  d a ta  
c o l l e c t i o n  were a v a i l a b l e .

The t i d a l  motion was c h a r a c te r i z e d  by th e  t i d a l  range a t  s t a t i o n  0S4. The s t a ­
t i s t i c s  o f  th e  t i d a l  range a t  0S4 could be transfo rm ed  in t o  s t a t i s t i c s  o f  d i s ­

charge a t  maximum e b b / f lo o d  flow in th e  th r e e  main c h an n e ls .  This  t r a n s fo rm a ­
t i o n  was performed by u s ing  a l i n e a r  r e l a t i o n  between maximum d is c h a rg e  and 

t i d a l  ra n g e ,  computed w ith  th e  one-d im ensional model, IMPLIC. An example o f  
such a computed r e l a t i o n  i s  shown by F ig u re  3 .4 .

24000

ebb91
n
S 20000
«QfiU«J3
I
T3 16000

M
1

12000

y =
=  3666.0020  
=  34.7924

.8999  
=  710.3239
=  42.1181
=  1628.4766 

85.0000

8000

SYX
STAFW X 
STAFTT Y

4000

120 160 200 240 320 400280 360

----------------------- i ^ -  tida l range (cm)

F ig u re  3 .4  L inear r e g re s s io n  maximum ebb d isc h a rg e  th rough  Hammen channe l and 

t i d a l  range a t  s t a t i o n  0S4 (computed w ith  IMPLIC)
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The computed r e l a t i o n  i s  a fu n c t io n  o f  th e  com bination  o f  th e  h y d r a u l i c  r e s i s ­

ta n c e  o f  th e  ch a n n e ls :

Q = f(pA.Roompot’ y^ S ch aar’ ^Hairanen^ (3 .1 1 )

where :

Roompot
Schaar
Hammen

i s  th e  h y d ra u l i c  r e s i s t a n c e  o f  th e  Roompot
i s  th e  h y d ra u l i c  r e s i s t a n c e  o f  th e  Schaar
i s  th e  h y d ra u l i c  r e s i s t a n c e  o f  th e  Haranen

For a l i m i t e d  number o f  com binations o f  pA (o c c u r r in g  du r in g  th e  c o n s t r u c t i o n  
s t a g e s )  th e  r e l a t i o n s  between maximum d is c h a rg e  and t i d a l  range were computed 
f o r  ebb and f lo o d  f low . For o th e r  c o n s t ru c t io n  s t a g e s  th e se  r e l a t i o n s  cou ld  be 

i n t e r p o l a t e d .
With th e  approach  o u t l in e d  above th e  s t a t i s t i c s  o f  th e  maximum d i s c h a r g e s  

th rough  th e  b a r r i e r  were determ ined . Using th e  maximum d is c h a rg e  Qmax> th e  

w ate r  l e v e l  a t  Qmay and th e  geometry o f  th e  b a r r i e r ,  th e  average  v e l o c i t i e s ,  
q/A, th rough  th e  b a r r i e r  a t  maximum flow cou ld  be computed w ith  th e  R1495 
model.
A s im i l a r  approach  as  used f o r  th e  d is c h a rg e s  could  a l s o  be used f o r  th e  

s t a t i s t i c s  o f  th e  head d i f f e r e n c e s ,  Ah. As f o r  th e  E a s te rn  S c h e ld t ,  t h i s  was 
only  done f o r  th e  s i t u a t i o n  when th e  b a r r i e r  was com pleted. For o th e r  con­

s t r u c t i o n  s t a g e s ,  th e  head d i f f e r e n c e s  were deduced from th e  computed d i s c h a r ­

ges  u s in g  th e  d is c h a rg e  c o e f f i c i e n t ,  p.

O p e ra t io n a l  f o r e c a s t s :

For o p e r a t io n a l  f o r e c a s t s ,  time s e r i e s  o f  th e  d is c h a rg e ,  av e ra g e  v e l o c i t y  
th rough  th e  b a r r i e r  and head d i f f e r e n c e  were computed w ith  th e  i n t e g r a t e d  

IMPLIC-R1495 model ( see  S e c t io n  6 .4 ) .  A d d i t io n a l ly ,  l o c a l  v e l o c i t i e s  were 

computed from q/A u s in g  time s e r i e s  a n a ly s i s  te c h n iq u e s .

For a p e r io d  o f  s e v e r a l  months ahead, a f o r e c a s t  o f  th e  above q u a n t i t i e s  based  
on p r e d ic te d  a s tro n o m ic a l  c o n d i t io n s  was made. In t h i s  case  th e  model was 

d r iv e n  by a s t ro n o m ic a l  (w ate r  l e v e l )  boundary c o n d i t io n s .

For th e  s h o r t - t e r m  f o r e c a s t ,  th e  above p rocedu re  was r e p e a te d ,  t a k in g  i n t o  a c ­

coun t ,  however, th e  m e te o ro lo g ic a l  e f f e c t  on th e  boundary c o n d i t io n s  ( s e t ­
up /se t-dow n) .

A fterw ards a  h in d c a s t  was made on r o u t in e  b a s i s  a s  a  check on th e  f o r e c a s t .
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4. Sim ulation o f  the Storm-Surge barrier

4.1 Introduction

H ydrau lic  s t r u c t u r e s ,  be they  a  w e ir ,  a b a r ra g e  o r  a s im ple  b r id g e ,  form a 
d i s c o n t i n u i t y  in  th e  w ater flow . B esides changes in  th e  flow  f i e l d  in  th e  

d i r e c t  v i c i n i t y  o f  th e  s t r u c t u r e ,  a head d i f f e r e n c e  w i l l  b u i ld  up a c r o s s  th e  
s t r u c t u r e ,  th e  e x t e n t  o f  bo th  being dependent on magnitude and d i s t r i b u t i o n  o f  
th e  " r e s i s t a n c e "  a s  w ell a s  on th e  c h a r a c t e r i s t i c s  o f  th e  flow .
Here th e  term  " r e s i s t a n c e "  deno tes  th e  accumulated e f f e c t  o f  f r i c t i o n a l  and 
form l o s s e s  experienced  by th e  flow when p a ss in g  th e  s t r u c t u r e .  F r i c t i o n a l  
l o s s e s  a t  f l o o r  and s id e  w a lls  a re  u s u a l ly  (very )  sm all  r e l a t i v e  to  th e  form 

l o s s e s .  The l a t t e r  a r e  m ainly caused by flow d e c e le r a t io n  downstream o f  th e  

s t r u c t u r e  and a s s o c ia t e d  phenomena such a s  flow s e p a r a t io n ,  energy c o n v e rs io n  

by ( e x c e s s iv e )  tu rb u le n c e ,  momentum t r a n s f e r  and g e n e ra t io n  o f  e d d ie s ,  e t c .

The r e s i s t a n c e  o f  th e  s t r u c t u r e  may modify th e  t i d a l  motion in  th e  e n t i r e  e s ­

tu a ry .  T h e re fo re ,  i t  i s  e s s e n t i a l  t h a t  th e  abovementioned h y d r a u l i c  c h a ra c ­

t e r i s t i c s  o f  th e  s t r u c t u r e  a r e  c o r r e c t l y  s im u la ted  in  th e  model. To which ex­

t e n t ,  depends on th e  type  o f  model u sed . In a  one -d im ensiona l model f o r  exam­
p le ,  i t  i s  s u f f i c i e n t  to  ex p ress  a s in g u la r  q u a n t i ty  d e s c r ib in g  th e  accum ula­

te d  e f f e c t .

A u s e f u l  to o l  in  t h i s  r e s p e c t  i s  th e  well-known concep t o f  " c o e f f i c i e n t  o f  

d i s c h a rg e " ,  d e s c r ib in g  th e  e m p ir ic a l  r e l a t i o n s h i p  between th e  d is c h a rg e  

th rough  th e  s t r u c t u r e  and th e  head d i f f e r e n c e  a c ro s s  i t .  In a tw o-d im ens iona l  
model, th e  l a t e r a l  v a r a t io n  o f  th e  d is c h a rg e  c h a r a c t e r i s t i c s  has  t o  be e x p r e s ­

sed a s  w e l l ,  w h ile  in  a  th re e -d im e n s io n a l  model a l l  r e l e v a n t  phenomena and 
t h e i r  space  v a r i a t i o n s  should  be s im u la te d .  In th e s e  c a se s  th e  (tw o, r e s p e c ­
t i v e l y  th re e -d im e n s io n a l)  flow f i e l d  in  th e  v i c i n i t y  o f  th e  s t r u c t u r e  i s  a l s o  

reproduced  by th e  model.

I t  shou ld  be no ted  h e re  t h a t  a l though  th e  nom inations  one, two and t h r e e -  

d im ensiona l fo rm a l ly  apply  only  to  num erica l models, a  s i m i l a r  c l a s s i f i c a t i o n  

h o ld s  t r u e  f o r  s c a l e  models. A h ig h ly  d i s t o r t e d  s c a le  model resem bles  th e  one­
d im en s io n a l  c a s e ,  a s l i g h t l y  d i s t o r t e d  one th e  tw o-d im ensional c a s e ,  w h i le  an 

u n d i s to r t e d  model i s  capab le  o f  s im u la t in g  th e  th re e -d im e n s io n a l  flow f i e l d .  
H ydrau lic  s c a l e  models a re  f u r t h e r  d is c u s s e d  in  Chapter 5 and th e  n u m erica l  

models in  C hapters  6 and 7.
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In t h i s  c h a p te r  th e  v a r io u s  d e f i n i t i o n s  o f  th e  c o e f f i c i e n t  o f  d is c h a rg e  and 
t h e i r  i n t e r - r e l a t i o n s  a re  d is c u s s e d  in  S ec t io n  4 .2 .  The fo l lo w in g  s e c ­

t i o n  ( 4 . 3 ) e l a b o r a t e s  on th e  in v e s t ig a t i o n s  to  de te rm ine  th e  d is c h a rg e  c o e f f i ­
c i e n t  o f  th e  v a r io u s  d e s ig n s  on th e  one hand, and on t h e i r  a p p l i c a t i o n  in 

s c a l e  and num erica l models on th e  o th e r  hand.

4 .2  The c o e f f ic ie n t  o f  discharge

4 .2 .1  T h e o r e t i c a l  c o n s id e r a t io n s

F i r s t  c o n s id e r  th e  case  o f  a uniform  channel and a  uniform  s t r u c t u r e ,  b o th  o f  

i n f i n i t e  w id th .  This  i s  th e  tw o-d im ensional ( v e r t i c a l )  c a s e ,  which we h e re  d e ­

n o te  2DV, c l a s s i c a l l y  d e s c r ib e d  by ap p ly in g  B e r n o u l l i ' s  p r i n c i p l e  (no energy  

l o s s  between s e c t io n s  1 and 2, se e  F ig u re  4 . 1 ) ,  y i e ld in g :

racovary zone

2 3

r e co v e ry  zone
drop

2 31

a: su bm erged  (drowned) b: fre e  su rface

F ig u re  4.1 Flow regime a t  th e  s t r u c t u r e ,  2DV case

q = U2 . a 2 = a 2/ 2g(H1-h 2 ) ( 4 .1 )

where :

q = d i s c h a rg e  per  u n i t  ( l a t e r a l )  w idth (m2/ s )
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  = 9.81  (m /s 2)

For o th e r  q u a n t i t i e s ,  r e fe re n c e  i s  made to  F ig u re  4 .1 .

Between S e c t io n s  2 and 3, th e  energy l o s s  can sometimes be approx im ated  by 
ap p ly in g  th e  momentum law and c o n t in u i ty  c o n d i t io n ,  which y i e l d s ,  when s u b s t i ­

t u t e d  in  e q u a t io n  ( 4 .1 ) ,  a le n g th y  im p l i c i t  e x p re s s io n .

T h is  e x p re s s io n  i s  an approx im ation  on ly .  E xcep ting  t h a t  upstream  and f r i c ­

t i o n a l  l o s s e s  a re  n e g le c te d ,  th e  a p p l i c a t i o n  o f  th e  momentum law r e q u i r e s  

knowledge o f  th e  p re s s u re  d i s t r i b u t i o n .  Only in  an eddy o r  in  a n e a r ly  h o r i -
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z o n ta l  flow i t  i s  c o r r e c t  to  assume th e  p re s s u re  d i s t r i b u t i o n  to  be a p p ro x i ­
m ate ly  h y d r o s t a t i c .  T h e re fo re ,  in  c i v i l  en g in e e r in g  p r a c t i c e  a  much s im p le r  
ex p re s s io n  was ad o p ted .  The s i m p l i f i c a t io n  com prises r e p la c in g  h2 by h^ in  

e q u a t io n  (4 .1 )  (meaning no reco v e ry  in  th e  w ater l e v e l  between S e c t io n s  2 and 
3 , which u s u a l ly  i s  a  good approx im ation  o f  r e a l  s i t u a t i o n s )  and m u l t ip ly in g  
w ith  a  c o e f f i c i e n t  y , be ing  a  c o r r e c t io n  f a c t o r  to  a d j u s t  f o r  a p p ro x im a tio n s  

a n d /o r  s i m p l i f i c a t i o n s .

q = V 2 • a2^ S  . A H  ( 4 .2 )

where AH = Ĥ  -  h^ (m)

The c o e f f i c i e n t  y ,  c a l l e d  c o e f f i c i e n t  o f  d is c h a rg e ,  can only  be o b ta in e d  

th rough  measurements on a  s c a l e  model o f  th e  s t r u c t u r e .  The s u f f i x  2 i s  added 

to  deno te  a  2DV c a se .
The above s i m p l i f i c a t i o n  i s  n o t  th e  s o le  reason  fo r  th e  need o f  model t e s t s ;  
a s  th e  com plica ted  p ro c e s s e s  ta k in g  p la c e  in  th e  v i c i n i t y  o f  a  s t r u c t u r e  can ­

n o t  ( y e t )  be f u l l y  e v a lu a te d ,  s c a l e  model t e s t s  w i l l  be n e c e s sa ry  anyway.

So f a r  we have co n s id e re d  an " id e a l "  s i t u a t i o n .  In r e a l i t y  th e  channe l and th e  
s t r u c t u r e  have a  f i n i t e  w idth  and , u s u a l l y ,  a  non-uniform  c r o s s - s e c t i o n .  Ob­

v io u s ly ,  a  th re e -d im e n s io n a l  flow f i e l d  co rresponds  to  such a th re e -d im e n ­

s io n a l  geom etry, which we a s s ig n  th e  n o ta t io n  3D ( s e e  F ig u re  4 . 2 ) .

V/7/7/////277/////////7///A

d.s. eddy

77777ZTÏ7777////7
F ig u re  4 .2  Flow regime a t  th e  s t r u c t u r e ,  3D case  (p lan  view)

The l a r g e r  th e  l a t e r a l  v a r i a t i o n s  in  w ater dep th  a n d /o r  " r e s i s t a n c e "  o f  th e  

s t r u c t u r e  a r e ,  th e  more pronounced th e  th re e -d im e n s io n a l  e f f e c t s  w i l l  be, 

cau s in g  l a t e r a l  c u r r e n t  components which may d i f f e r  in  i n t e n s i t y  a s  a  fu n c t io n  

o f  l o c a t io n  and dep th .  As a consequence, th e  w a te r - s u r f a c e  e l e v a t i o n  w i l l  a l s o
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vary  bo th  in  th e  lo n g i tu d in a l  and l a t e r a l  d i r e c t i o n .
Moreover, flow  s e p a ra t io n  w i l l  ta k e  p la ce  downstream o f  w all abu tm en ts ,  l e a ­
d in g ,  i f  s u f f i c i e n t l y  in t ru d in g  in  the  u n o b s tru c ted  flow , to  th e  fo rm a t io n  o f  
e d d ie s  (w ith  v e r t i c a l  ax es ,  see  F igure  4 .2 ) .  More in g e n e r a l ,  w idening o f  th e  
flow s e c t io n  downstream o f  th e  s t r u c t u r e  w i l l  le ad  to  s i g n i f i c a n t  d e v i a t i o n s  

from th e  2DV c a se .  N e v e r th e le s s  th e  above s im p l i f i e d  e x p re s s io n  can s t i l l  be 
used to  d e s c r ib e  th e  c h a r a c t e r i s t i c s  o f  th e  s t r u c t u r e  in th e  3D c a s e :

Q = u3 . A/2g . Ah ( 4 .3 )

where:

Q = d is c h a rg e  through the  s t r u c t u r e  (m3/ s )
A = wet c r o s s - s e c t i o n a l  a r e a  o f  th e  ( t h r o a t  o f  th e )  s t r u c t u r e  (m2)

y^ = d i s c h a rg e  c o e f f i c i e n t  o f  th e  s t r u c t u r e  as  a whole ( - )
Ah = head d i f f e r e n c e  over th e  s t r u c t u r e ,  being  th e  d i f f e r e n c e

in  w ate r  e l e v a t io n  between a p o in t  on th e  upstream  and a 
p o in t  on th e  downstream s id e  o f  the  s t r u c t u r e ,  both  u s u a l ly  

taken  a long  one o f  th e  banks (m)

B esides  th e  c o r r e c t io n  e f f e c t s  mentioned in  th e  2DV c a se ,  th e  y^ ta k e s  a l s o  

i n t o  acoun t th e  e f f e c t s  in tro d u ced  by the  th re e -d im e n s io n a l  c h a r a c t e r  o f  th e  
flow f i e l d  and th e  w ater s u r f a c e .  Note a l s o  th e  d i f f e r e n c e  in  d e f i n i t i o n  o f  

th e  head d i f f e r e n c e  in  th e  2DV and 3D e x p re s s io n s  (H^- h^ and h^ -  h^ , r e s p e c ­
t i v e l y )  .

In a d d i t i o n ,  p r a c t i c e  -  both  from f i e l d  and model d a ta  -  shows t h a t  y^ may a l~  
so vary  w ith  th e  downstream w ater e l e v a t io n  a n d /o r  th e  d i s c h a rg e .  Summarizing 
( see  a l s o  [ 4 - 2 ] ) :

y^ = f  ( s t r u c t u r e ' s  geometry, s t r u c t u r e ' s  roughness ,  l o c a t i o n s  
o f  measurement o f  Ah, l o c a t i o n / d e f i n i t i o n  o f  A and down­

s tream  w ater l e v e l ,  d is c h a rg e )

( 4 .4 )

4 .2 .2  R e la t io n  between y2 and y^

From th e  above i t  m ight be c l e a r  t h a t  th e  magnitude o f  y^ canno t be p r e d ic te d  
in  a s t r a ig h t f o r w a r d  way when th e  va lue  o f  y2 i s  known f o r  th e  v a r io u s  s e c ­

t i o n s  o f  th e  s t r u c t u r e ,  e . g .  v ia  flume -  i . e .  2DV -  t e s t s .  In  o th e r  words:

n
I

i =1
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w ith  s u f f i x  i  = 1 to  n deno ting  th e  d i f f e r e n t  s e c t i o n s ,  co r resp o n d in g  t o  d i f ­

f e r e n t  dep ths  in  th e  c r o s s - s e c t io n  an d /o r  to  d i f f e r e n t  g e o m e tr ie s  o f  th e  

s t r u c t u r e ' s  p r o f i l e  (see  a l s o  [4-3] and [ 4 - 4 ] ) .

This  means t h a t  a model t e s t  o f  th e  e n t i r e  s t r u c t u r e  in  i t s  ( f u t u r e )  s u r ro u n ­
d in g s  i s  a must i f  th e  d isc h a rg e  c h a r a c t e r i s t i c s  a re  t o  be p r e d ic te d  b e f o r e ­
hand. In f a c t  t h i s  i s  th e  p r a c t i c e  fo r  ( l a r g e )  h y d ra u l ic  s t r u c t u r e s  a l l  over 

th e  w orld.

These model i n v e s t i g a t i o n s  a re  f u r t h e r  d is c u s s e d  in  S e c t io n  4 .3 .  P r i o r  t o  t h a t  
l e t  us examine th e  i n e q u a l i t y  o f  eq u a t io n  (4 .5 )  more c l o s e l y .
We s h a l l  do t h i s  th rough th e  schem atized s t r u c t u r e  shown in  F ig u re  4 .3 ,  b u i l t  

in  a  channel o f  uniform  c r o s s - s e c t io n .

water surface profile some distance u.s. of structure
water surface d irectly  upstream of structure

Ahj

water surface d irectly  
downstream  of structure

X - section  structure CL
Abut­
ment resistancesmalllarge

large small Ah¡

F ig u re  4 .3  L a te r a l  v a r i a t i o n  o f  th e  head d i f f e r e n c e

Some d i s t a n c e  upstream  o f  th e  s t r u c t u r e ,  th e  w ater  s u r f a c e  a c r o s s  th e  channe l 

c r o s s - s e c t i o n  i s  more or l e s s  h o r i z o n t a l ;  th e  w ater flow h as  n o t  y e t  " f e l t "  

th e  s t r u c t u r e .  The l a t e r a l  d i f f e r e n c e  in d is c h a rg e  c a p a c i ty ,  caused  by th e  
l a t e r a l  v a r i a t i o n  in  s t r u c t u r e ' s  " r e s i s t a n c e "  (which need n o t  be a b r u p t  a s  in  
th e  case  c o n s id e re d  h e r e ) ,  causes  d i f f e r e n c e s  in  approach  v e l o c i ty  and hence a  
s u r f a c e  p r o f i l e  d i r e c t l y  upstream  o f  the  s t r u c t u r e  as  ske tched  in  F ig u re  4 .3 .  
Thus a  "d e p re s s io n "  o f  some le n g th  in  the  flow d i r e c t i o n  forms upstream  o f  th e

lo w - re s i s ta n c e  p a r t  o f  th e  s t r u c t u r e .
In c o n t r a s t  th e  w ater  s u r fa c e  downstream o f  th e  s t r u c t u r e  shows much l e s s

l a t e r a l  v a r i a t i o n s .  In f a c t  i t  i s  r a th e r  h o r i z o n t a l ,  even c lo s e  to  th e  s t r u c ­

t u r e .
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T h e re fo re ,  th e  a c tu a l  head d i f f e r e n c e  over the  s t r u c t u r e  i s  no t  c o n s ta n t ,  bu t 

v a r i e s  l a t e r a l l y  a s  shown in F igure  4 .3 .  To accoun t f o r  t h i s ,  e q u a t io n  ( 4 .5 )  

shou ld  be m odified  a s  fo l lo w s :

  n _________
A/2g . Ah = £ . . A /2g  . Ah. ( 4 .6 )

5  i = 1  1 1

However, in  g e n e ra l  th e  above equa t ion  i s  no t  v a l id  e i t h e r .  I n e q u a l i ty  r e s u l t s  

from th e  d is c h a rg e  c a p a c i ty  o f  some p a r t s  o f  th e  s t r u c t u r e  b e ing  reduced  ( r e ­
l a t i v e  t o  th e  2DV case )  by flow skewly app roach ing ,  by fo rm a tio n  o f  l a r g e  ed ­
d ie s  d i r e c t l y  upstream  o r  downstream o f  th e  s t r u c t u r e ,  by sh a rp  d ep th  v a r i a ­
t i o n s ,  e t c ;  in  s h o r t ,  by pronounced th re e -d im e n s io n a l  e f f e c t s .
E quation  ( 4 .5 )  w i l l  approach an e q u a l i ty  on ly  in  ca se  th e  l a t e r a l  d i s t r i b u t i o n  

o f  th e  s t r u c t u r e ' s  d is c h a rg e  c a p a c i ty  e q u a ls  th e  approach  d is c h a rg e  d i s t r i b u ­

t i o n  (which more or l e s s  e q u a ls  t h a t  in th e  u n d is tu rb e d  s i t u a t i o n ) .  In such a 

c a s e ,  which i s  u s u a l ly  a s s o c ia t e d  w ith  th e  absence o f  l a rg e  e d d ie s ,  th e

" lo c a l "  head d i f f e r e n c e  i s  un ifo rm ly  d i s t r i b u t e d  a c r o s s  th e  channe l.

I f  th e  m easuring p o in t s  o f  Ah a re  lo c a te d  " r a t h e r  f a r "  from th e  s t r u c t u r e ,  th e  
measured Ah would in c lu d e  a  p a r t  which i s  a c t u a l l y  caused by bed f r i c t i o n  in  

th e  u n a f f e c te d  p a r t  o f  th e  flow (Ah^. in  F ig u re  4 . 3 ) .  The e f f e c t  i s  p a r t i c u ­

l a r l y  pronounced in  case  th e  s t r u c t u r e ' s  r e s i s t a n c e  i s  r e l a t i v e l y  s m a l l .

The r ig h th a n d  s id e  o f  e q u a t io n  (4 .5 )  can be r e p la c e d  by: i^ .A

where:
_  n
v2 = ( X u2 , i  • Ai ) /A ^ - 7 )

which r e p r e s e n t s  " th e  averaged  cum ulative tw o-d im ensional c o e f f i c i e n t  o f  d i s ­
charge  o f  th e  s t r u c t u r e " .

The r a t i o  P rov ides  a measure t o  judge th e  e x i s t e n c e  and e x t e n t  o f  t h r e e -
d im ens iona l  e f f e c t s  th rough  t h e i r  in f lu e n c e  on th e  magnitude o f  th e  c o e f f i ­
c i e n t  o f  d is c h a rg e .  In th e  p r e s e n t  s tudy  th e  above r a t i o  has  a l s o  been used  a s  

a  to o l  to  judge in  a c o r r e c t  way th e  a b i l i t y  o f  ( v e r t i c a l l y  av eraged )  two- 

d im ens iona l num erica l models to  reproduce d is c h a rg e  c h a r a c t e r i s t i c s  o f  compo­

s i t e  wide s t r u c t u r e s  a s  th e  s to rm -su rge  b a r r i e r  in  th e  mouth o f  th e  E a s te rn  
S c h e ld t  e s tu a r y .
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k . 2 . 3  O ther c o n d i t io n s

The d i s c u s s io n s  in  S ec t io n  4 .2 .1  and 4 . 2 .2  were r e s t r i c t e d  to  th e  c a se  o f  

drowned flow under s t e a d y - s t a t e  c o n d i t io n s .
In f r e e  s u r f a c e  flow , drowned flow c o n d i t io n s  remain a s  long  a s  th e  Froude 

number, d e f in e d  a s  = l^/Vgtu, (where U2 and I12 a r e  a t  s t r u c t u r e  s i t e )  r e ­
mains w e ll  below a  c r i t i c a l  v a lue  o f  abou t 1. I f  th e  c r i t i c a l  v a lu e  i s  ex ­
ceeded , s u p e r c r i t i c a l  flow c o n d i t io n s  a r e  o b ta in e d ,  w ith  th e  d i s c h a r g e  be ing  
dependent on th e  upstream  w ater l e v e l  o n ly .  For 2DV c o n d i t io n :

q = !  m2 /  f  g ( 4 .8 )

( b ro a d -c r e s te d  s t r u c t u r e )

where m^ = d is c h a rg e  c o e f f i c i e n t  f o r  modular (= s u p e r c r i t i c a l )  f low  c o n d i ­

t i o n s ,  i t s  v a lu e  depends on th e  geometry o f  th e  s t r u c t u r e  and i s  

comparable t o  ^  a  drowned flow case .

The t r a n s i t i o n  to  modular c o n d i t io n s  ta k e s  p la c e  when a  d i s tu r b a n c e  on th e  

downstream s id e  o f  th e  s t r u c t u r e  cannot p ro p ag a te  to  i t s  ups tream  s i d e  a g a i n s t  
th e  h ig h  c u r r e n t - v e l o c i t y  a t  th e  t h r o a t ,  which d e f in e s  th e  c r i t i c a l  c o n d i t io n  

o f  Fr  = 1 ( see  [ 4 - 2 ] ) .

Under u n s tead y  c o n d i t io n s  i n e r t i a  e f f e c t s  in f lu e n c e  th e  w ate r  f lo w . In  long  

waves th e  e f f e c t  o f  i n e r t i a  i s  sm all most o f  th e  t im e ,  r e l a t i v e  to  g r a v i t y ,  

co n v e c t iv e  and f r i c t i o n a l  e f f e c t s .  However, i t  cannot be n e g le c te d  around 
s l a c k  w a te r ;  th en  a c c e l e r a t i o n  e f f e c t s  a r e  o f  th e  same o rd e r  o f  m agnitude a s  
g r a v i t y  and o th e r  f o r c e s .  In o th e r  words, eq u a t io n s  (4 .3 )  and ( 4 .4 )  rem ain 
v a l id  under t i d a l  c o n d i t io n s ,  excep t f o r  a  l im i te d  p e r io d  around s l a c k  w a te r .  

The l a r g e r  th e  r e s i s t a n c e  o f  th e  s t r u c t u r e  i s ,  th e  s h o r t e r  t h i s  p e r io d  w i l l  

be.

In view o f  dependence o f  on th e  s t r u c t u r e ' s  geometry and th e  l o c a t i o n  o f  

th e  measurement a t  th e  r e f e r e n c e  p o in t  f o r  th e  downstream w a te r  l e v e l ,  th e  

d is c h a rg e  c o e f f i c i e n t  f o r  f lo o d  flow could  vary s i g n i f i c a n t l y  from t h a t  f o r  

ebb f low , p a r t i c u l a r l y  in  th e  case  o f  asym m etrica l s t r u c t u r e s .  In  a d d i t i o n  to  
t h i s ,  y may f u r t h e r  vary a s  a  fu n c t io n  o f  th e  l e v e l  o f  downstream w a te r  l e v e l .
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4 .3  Model in v estig a tio n s on discharge ch a ra cter is tic s  o f  the barrier

4 .3 .1  Need and se tu p  o f  i n v e s t i g a t i o n s

The d is c h a rg e  c h a r a c t e r i s t i c s  o f  th e  s to rm -su rge  b a r r i e r  a r e  an im p o rtan t  d e ­
s ig n  p a ram ete r .  The c o e f f i c i e n t  o f  d isc h a rg e  in f lu e n c e s  d i r e c t l y  th e  re q u i re d  

wet c r o s s - s e c t i o n a l  a r e a  o f  th e  s t r u c t u r e .  The flow f i e l d  in  th e  d i r e c t  v i c i ­
n i t y  i s  an im portan t in p u t  f o r  appu rtenances  such as bed and bank p r o t e c t io n  
works.

P a r t i c u l a r l y  because from th e  s t a r t  onwards u n co n v en tio n a l  des ign  concep ts  
were c o n s id e re d ,  flume t e s t s  to  de term ine  v a r io u s  a l t e r n a t i v e s  were
conducted  a l re a d y  in  th e  e a r l y  des ig n  s t a g e s  o f  th e  b a r r i e r .  The r e s u l t s ,  and 
f o r  some a l t e r n a t i v e s  a l s o  th e  r e s u l t s  o f  d e t a i l  models, formed an im p o rtan t  

in p u t  to  a r r i v e  a t  r e l i a b l e  c o s t  e s t im a te s  and profound judgement o f  th e  de ­
s ig n .

Once th e  p r e s e n t  des ign  concep t was decided  upon, flume t e s t s  to  de te rm ine  

^2 » and i t s  v a r i a t i o n  a s  a  fu n c t io n  o f  w ater l e v e l  and Ah, were conducted f o r  
some t y p i c a l  lo c a t io n s  in  th e  c r o s s - s e c t io n  o f  th e  t h r e e  main channe ls  ( s e e  
f u r t h e r  S e c t io n  4 . 3 . 2 ) .  The r e s u l t s  were needed f o r  th e  fo llo w in g  o b j e c t i v e s :

a .  To en a b le  th e  des ig n  o f  a b a r r i e r  model f o r  a p p l i c a t i o n  in  th e  d i s t o r t e d  

o v e r a l l  model o f  th e  e s tu a ry  (M1000) and a b a r r i e r  model f o r  a p p l i c a t i o n  in  

th e  u n d i s to r t e d  d e t a i l  model o f  th e  mouth a re a  (M1001). Both models needed 

a  b a r r i e r  s im u la t io n  which a t  each lo c a t io n  (w ith  i t s  l o c a l  s i l l  h e ig h t  and 

v a ry in g  w ater  l e v e l s )  had th e  c o r r e c t  d isc h a rg e  c h a r a c t e r i s t i c s ,  in  s p i t e  
o f  th e  d i s t o r t i o n  in  th e  case  o f  M1000 o r  th e  s i m p l i f i c a t i o n  o f  th e  (com­
p le x )  geometry in  th e  case  o f  M1001. See f u r t h e r  S e c t io n  4 .3 .3 .

b . As in p u t  f o r  m athem atical models. O r ig in a l ly  th e  r e s u l t s  had to  be a p p l ie d  

o n ly  f o r  th e  one-d im ensional model d e s c r ib in g  th e  l a t e r a l  d i s t r i b u t i o n  o f  

th e  d is c h a rg e  through th e  b a r r i e r  (R1495). L a te r ,  however, a n o th e r  a p p l i ­

c a t io n  emerged, namely in  th e  tw o-dim ensional o v e r a l l  models and d e t a i l  

models (WAQUA). See f u r t h e r  S ec t io n  4 .3 .4 .

For th e  one-d im ensional num erica l model o f  th e  e s tu a ry  (IMPLIC), i t  i s  obv ious 
t h a t  shou ld  be a p p l ie d  to  d e s c r ib e  th e  d isc h a rg e  c h a r a c t e r i s t i c s  o f  th e  

b a r r i e r ,  b o th  f o r  th e  v a r io u s  c o n s t ru c t io n  s ta g e s  and f o r  th e  f i n a l  s i t u a t i o n .  

The co rresp o n d in g  v a lu e s  have been p rov ided  from th e  r e s u l t s  o f  th e  s c a l e
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models M1000 and M1001. I f  th e se  models were no t  a v a i l a b l e ,  p ^ ' ^ l u e s  m ight 
have been provided  by th e  tw o-dim ensional d e t a i l  models WAQUA (see  f u r t h e r  
S e c t io n  4 . 3 . 4 ) .

The s e tu p  d e sc r ib e d  above and r e l a t i o n s  between the  d i f f e r e n t  models a r e  shown 
g r a p h ic a l l y  in  F ig u re  4 .4 .

Two D im ensional V ertica l 
( f lu m e s )

S c a le  M odels 
( M1000 & M1001)

N um erical M o d e ls  
(o n e  S. tw o  d im e n s io n a l)

S e c t
su re

ion o f t h e  s to r m
e  b a r r i e r

I 3 n w a te r  d e p h ts ( fo r  k c o n t r  
s t a g e s  )

s c h e m a tiz e d  
d i s to r t e d  
S e c t io n s  1 ,2 3 n

T e s t s  
o v e ra l l  
m o d e l 1 0 0 0

sc h e m a tiz e d  
n o n - d i s to r te d  
S e c tio n s  1.2 3 ... n

T e s t s  in 
D e ta i l
m o d e l M IOOI

M-3 an d  
H3/(i2 c u rv e s

O n e  D im en s io n a l 
m o d e l o f e n t i r e  e s t u a r y  
IM PLIC

f
j P o ss ib le  s u b s t i tu te  
I in t h e  a b s e n c e  of 
j s c a le  m o d e ls

Two D im en sio n a l 
o v e ra ll & d e ta i l  m o d e ls  
WAQUA

F ig u re  4 .4  Setup and r e l a t i o n s  on d isch a rg e  c h a r a c t e r i s t i c s  o f  th e  b a r r i e r

In view o f  th e  method o f  c o n s t ru c t io n  adopted ( p r e f a b r i c a t e d  e le m e n ts ,  see  

C hapter 2 ) ,  th e  flume t e s t s  were conducted f o r  a number k o f  th e  c o n se c u t iv e  
c o n s t r u c t io n  s t a g e s  fo r  each o f  th e  s e le c te d  l o c a t io n s  (w a te r  d e p th ) ,  see  
f u r t h e r  S e c t io n  4 .3 .2 .

From th e  r e s u l t s  o f  t e s t s  in  th e  s c a le  models (M1000 and M1001) a s e t  o f  c u r ­

ves  g iv in g  v a lu es  a s  a fu n c t io n  o f  ^ A  have been c o n s t r u c t e d .  They p ro ­
ved to  be a  v a lu a b le  to o l  f o r  th e  o p e ra t io n  o f  th e  IMPLIC and R1495 models, 

which were c o n t in u o u s ly  used to  p rov ide  flow d a ta  f o r  th e  v a r io u s  o p e ra t io n s  
on work s i t e s .

4 . 3 .2  Flume t e s t s

To de te rm ine  th e  tw o-dim ensional c o e f f i c i e n t  o f  d is c h a rg e  flume t e s t s  a r e  
conducted  on a  r e p r e s e n t a t i v e  s e c t i o n  o f  th e  s t r u c t u r e .  In th e  case  o f  th e  

s to rm -su rg e  b a r r i e r ,  th e  r e p r e s e n t a t i v e  s e c t io n  runs from th e  c e n t r e - l i n e  o f  a 

compartment to  th e  c e n t r e - l i n e  o f  an a d ja c e n t  compartment, i . e .  w ith  th e  p r e -
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f a b r i c a t e d  p i e r  in  the  c e n t r e  o f  the  s e c t i o n .  Depending on th e  flume w id th  and

chosen s c a l e ,  th e  t e s t  s e c t io n  can o f  course  be composed o f  any in t e g e r  number

o f  th e  r e p r e s e n t a t i v e  s e c t io n .

The flow a t  a h y d ra u l i c  s t r u c t u r e  w ith  f r e e -w a te r  s u r f a c e ,  i s  m ainly  governed

by i n e r t i a  and g r a v i t y  f o r c e s ,  which i s  th e  t y p i c a l  case  f o r  a p p ly in g  F ro u d e 's

Law o f  s i m i l a r i t y  ( see  s ta n d a rd  t e x t  books and Chapter 5 o f  t h i s  r e p o r t ) :
Fr  , , :  Fr  , , , where F„ = Froude numberMnodel ‘ p r o to ty p e '  r

G eom etrica l s i m i l i t u d e  i s  e s s e n t i a l ;  t h e r e f o r e  d i s t o r t e d  models a r e  u n a c c e p t ­
a b l e .  In  a d d i t i o n ,  th e  le n g th  s c a le  should  be chosen in  such a way t h a t  flow 
fo r c e s  caused  by th e  o th e r  phenomena, which were n o t  c o n s id e re d  when d e r iv in g  

F ro u d e 's  law o f  s im i l i t u d e  and th e r e f o r e  a r e  reproduced  on d i f f e r e n t  s c a l e s  in  

th e  m odels , do no t  cause s i g n i f i c a n t  v a r i a t i o n s  in th e  fo r c e  b a la n c e  and hence 

do n o t  in t ro d u c e  e r r o r s  known as  s c a le  e f f e c t s .

The most im p o rtan t  e lem ents  f o r  s c a le  e f f e c t s  in  such models a s  f o r  th e  s to rm -  
su rg e  b a r r i e r  a r e :

-  v is c o u s  f o r c e s :  a s  in  a l l  o th e r  s c a l e  models, th e  flow in th e  model must be 

t u r b u l e n t ;  req u irem en t:  Reynolds Number > a  c r i t i c a l  v a lue

-  f o r c e s  a s s o c ia t e d  w ith  th e  development o f  sh ea r  l a y e r s  a t  th e  v a r io u s  (ho­
r i z o n t a l ,  v e r t i c a l  and skew) edges o f  th e  s t r u c t u r e ;  r eq u ire m en t :  Reynolds 
Number > a c r i t i c a l  value  and c o r r e c t  roughness

-  f r i c t i o n a l  f o r c e s ;  requ irem en t:  c o r r e c t  re p ro d u c t io n  o f  roughness

-  s u r f a c e  te n s io n  f o r c e s  in  th e  model must have no in f lu e n c e  as  i s  th e  case  
in  th e  f i e l d ,  which i s  p a r t i c u l a r l y  im portan t in th e  case  o f  flow on th e  
l i m i t  o f  flow s e p a ra t io n  w ith  a i r - i n c l u s i o n ; req u ire m en t :  Weber Number > a 
c r i t i c a l  v a lu e .

Except f o r  th e  f i r s t  (g e n e ra l )  requ irem en t o f  tu r b u l e n t  flow in  th e  model, no 

q u a n t i t a t i v e  d a ta  on th e  above- d i s cussed minimum re q u ire m e n ts  a r e  g iven  in  

l i t e r a t u r e .  In f a c t  on th e  one hand they  depend to  a l a rg e  e x t e n t  on ( d e t a i l s  

o f )  th e  geometry and m a te r i a l ( s )  o f  th e  s t r u c t u r e  and on th e  a b s o lu te  dimen­
s io n s  o f  th e  model on th e  o th e r  hand. T h e re fo re ,  ex p e r ien ce  p la y s  an im p o rtan t  

r o l e  in  th e  s e l e c t i o n  o f  th e  s c a l e ;  th e r e  a r e  some o p t io n s  t o  a d j u s t  th e  r e ­

s u l t s  f o r  p o s s ib le  s c a l e  e f f e c t s ;  see  e . g .  [4 -5 ] .  As i t  i s  a 2DV c a s e ,  in  th e  
f i e l d  th e  flume r e s u l t s  cannot be checked in  a  s t r a ig h t f o r w a r d  manner ( s in c e  

on ly  can be de term ined  from f i e l d  d a t a ) .
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For th e  s to rm -su rg e  b a r r i e r ,  a l i n e a r  s c a l e  o f  1:40 has been chosen , based on 
ex p e r ien ce  w ith  s im i l a r  s t r u c t u r e s  on th e  one hand, and on th e  o th e r  hand on 

th e  s i z e  o f  a v a i l a b l e  flum es, accuracy  o f  measurements and re q u ire m e n ts  on th e  
r e p ro d u c t io n  o f  th e  rubb le  s i l l .  One 45 m -se c t io n ,  from compartment c e n t r e  

l i n e  to  a d j a c e n t  compartment c e n t r e - l i n e ,  has been b u i l t  to  t h a t  s c a l e ,  

in c lu d in g  th e  ru b b le  top  l a y e r s  o f  th e  s i l l  ( see  F ig u re  4 . 5 ) .  S im u la t io n  o f  
th e  top  l a y e r  o f  th e  s i l l  acco rd ing  to  th e  l i n e a r  s c a le  was r e q u i r e d  f o r  a 
c o r r e c t  re p ro d u c t io n  o f  bed f r i c t i o n .

jjjjliljjl

F ig u re  4 .5  G eo m etr ica l ly  s im i l a r  model, s c a l e  1:40, o f  a r e p r e s e n t a t i v e  s e c ­
t i o n  o f  th e  s to rm -su rg e  b a r r i e r ;  s e tu p  in  th e  flume f o r  p la c e d  
p i e r .

For th e  flume t e s t s  th r e e  t y p i c a l  l o c a t io n s  were s e l e c t e d ,  r e p r e s e n t in g  d i f ­

f e r e n t  w ater dep ths  in the  th r e e  channe ls  and a s s o c ia te d  d i f f e r e n c e s  in  th e  

lo n g i tu d in a l  bed s e c t io n  a t  p ie r - fo u n d a t io n  l e v e l  (d redged , n a t u r a l  or 

h e ig h te n e d ) .  On th e  o th e r  s id e  o f  th e  m a tr ix ,  th r e e  c h a r a c t e r i s t i c  c o n s t r u c ­

t i o n  s t a g e s  were chosen fo r  the  flume t e s t s ,  namely: p i e r  p la c e d  on a  founda­

t i o n  mat, s i l l  c o n s t r u c t io n  completed and s i l l  beam p laced  (see  F ig u re  4 . 6 ) .  
The s e l e c t i o n  was made in  view o f  a n t i c i p a t e d  e x te n s iv e  i n v e s t i g a t i o n s  f o r  th e  

c o n s t r u c t io n  s t a g e s  o f  th e  b a r r i e r .
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DIO ( v a r i a b l e )  

D10* 1.5m

: D10« 9 .5m

010* 11.2m

010 .  13.2m

0 3 -  */3 ( 0 3 - 0 6 )  

0 3 -  Vj (D 3 - D 6 )  

01 - 2.0 m

; 01 ( v a r i a b l e )

s s i l l  beam p l a c e d

s s i l l  t o p  l a y e r  c o m p l e t e d

s i l l  c o r e  dumped

(T) : Coundat  i o n  o a t  (J) - p i e r  p l a c e d *

F ig u re  4 .6  S e le c te d  c o n s t ru c t io n  s ta g e s  per  s i t e  f o r  flume t e s t s  (*) and
s c h e m a tiz a t io n  in  th e  s c a le  and num erica l models (1 th rough  10)

The r e s u l t s  o f  th e  a b o v e -d e sc r ib ed  n ine  t e s t  s e r i e s  a re  summarized in  F ig u re  
4 .7 .  Each p o in t  r e p r e s e n t s  an e x te n s iv e  t e s t  programme, com pris ing  t e s t s  f o r  

ebb and f lo o d  d i r e c t i o n s  w ith  s tepw ise  v a r i a t i o n  o f  downstream w ater l e v e l  and 

head d i f f e r e n c e  ( see  E quation  4 .4 )  a s  w ell a s  r e p e a t a b i l i t y  t e s t s .

The d is c h a rg e  c o e f f i c i e n t  ^a s  been determ ined , ta k in g  th e  head d i f f e r e n c e  
a s  th e  d i f f e r e n c e  between th e  w ater s u r f a c e  l e v e l  upstream  and th e  w ater  s u r ­
fa c e  l e v e l  downstream o f  th e  s t r u c t u r e ,  which i s  d i f f e r e n t  from th e  d e f i n i t i o n  

d e r iv e d  in  eq u a t io n  ( 4 . 2 ) .  T h is  in  view o f  th e  env isaged  a p p l i c a t i o n  in  nume­

r i c a l  models and comparison o f  an(1 ^3 ( s e e  S e c t io n  4 . 2 . 2 ) .  The ups tream  
w a te r  l e v e l  was measured 40 m upstream  o f  th e  b a r r i e r  a x i s ,  th e  downstream 

w ate r  l e v e l  200 m downstream o f  th e  a x i s .  The downstream p o in t  was d i r e c t l y  

beyond th e  recovery  zone o f  the  downstream w ater l e v e l  ( see  F ig u re  4 . 1 ) .  The 

t e s t  r e s u l t s  have been c o r r e c te d  fo r  th e  w all  roughness o f  th e  flum e, which 

does n o t  e x i s t  in  a 2DV c a s e ,  app ly in g  E i n s t e i n s ' s  approach  (s e e  e .g .  [ 4 - 1 ] ) .  

The inaccu racy  o f  ^  th u s  determ ined , has been a s s e s s e d  to  f a l l  w i th in  ± 5% (± 

2 t im es  th e  s ta n d a rd  d e v ia t io n ,  [ 4 - 6 ] ) .
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Fig u re  4 .7  B asic  v a lu es  o f  u2

W ithin  th e  range o f  expected  downstream w ater l e v e l s ,  th e  d is c h a rg e  c o e f f i ­
c i e n t  h a rd ly  v a r ie d  as  a fu n c t io n  o f  th e  downstream w a te r  l e v e l ,  and was 

very  n e a r ly  equal f o r  ebb and f lo o d  d i r e c t i o n s .  The v a r i a t i o n  a s  a  fu n c t io n  o f  

th e  head d i f f e r e n c e  Ah was, however, a p p re c ia b le  (up to  abou t 20%). T h is  e f ­
f e c t ,  and co rrespond ing  v a r i a t i o n s  in  jj2 were only  in v e s t ig a t e d  a t  one o f  th e  

t h r e e  t y p i c a l  lo c a t io n s ;  l a r g e r  v a r i a t i o n s  a r e  no t  im p o ss ib le .  The v a lu es  

g iven  in  F ig u re  4 .7  correspond  to  th e  expec ted  (ran g e  o f )  head d i f f e r e n c e ( s )  
a t  th e  c o n s t r u c t io n  s ta g e s  in  q u e s t io n .

4 .3 .3  S c a le  models

As m entioned in  Chapter 3, two s c a l e  models were used in  th e  E a s te rn  S c h e ld t  

s t u d i e s :
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a .  The d i s t o r t e d  o v e r a l l  model o f  the  e n t i r e  e s tu a ry  ( p r o j e c t  M1000); 

h o r i z o n t a l  s c a l e  1:400, v e r t i c a l  s c a l e  1 : 100 .

b. The u n d i s to r t e d  d e t a i l  model o f  th e  mouth a re a  o f  th e  e s tu a r y  where th e  
s to rm -su rg e  b a r r i e r  was being b u i l t  ( p r o j e c t  M1001); s c a le  1 :80.

An e s s e n t i a l  req u irem en t f o r  the  s im u la t io n  o f  the  s to rm -su rg e  b a r r i e r  in  

th e s e  models i s  th e  c o r r e c t  rep ro d u c t io n  o f  th e  d isc h a rg e  c h a r a c t e r i s t i c s  f o r  
th e  v a r io u s  c o n s t r u c t io n  s ta g e s  and d i f f e r e n t  boundary c o n d i t io n s .  In o th e r  
words bo th  th e  c r o s s - s e c t i o n a l  a r e a  A and th e  d is c h a rg e  c o e f f i c i e n t  y must be 

reproduced  to  s c a l e .  Note t h a t  from app ly in g  F ro u d e 's  law to  e q u a t io n  ( 4 . 3 ) ,

i t  fo l lo w s  t h a t  th e  s c a l e  o f  y should  be 1 : 1, i . e .  ^moCje l  = ^ p r o t o ty p e ’

To o b ta in  t h i s  f o r  th e  o v e r a l l  model M1000, a schem atized  s t r u c t u r e ,  hav ing
th e  same A and th e  same y2 a s  a fu n c t io n  o f  c o n s t ru c t io n  s t a g e ,  has  been d e ­

s igned  and t e s t e d  in  a ( s m a l le r )  flume, see  F igu re  4 .8 .  To avo id  l a r g e  d e v ia ­

t i o n s  caused by s c a l e  d i s t o r t i o n  (o f  4 ) ,  th e  d i s t o r t i o n  was reduced  by 50% by 
having th e  h o r i z o n t a l  s c a le  o f  the  s t r u c t u r e  1:200 in  th e  flow d i r e c t i o n .  In 

t h i s  way d i f f e r e n c e s  in  th e  le n g th -w id th  r a t i o  o f  th e  compartments and in  s id e  

s lo p e s  could  be reduced .

F ig u re  4 .8  Model o f  th e  s to rm -su rge  b a r r i e r  f o r  th e  1:100/400
o v e r a l l  d i s t o r t e d  model; s e tu p  in  flume fo r  p laced  p i e r s

In p r i n c i p l e ,  a g e o m e tr ic a l ly  s im i l a r  model o f  th e  s to rm -su rg e  b a r r i e r  i s  r e ­

q u ire d  f o r  th e  u n d i s to r t e d  d e t a i l  model M1001. However, b u i ld in g  such  a  model 

would be to o  expens ive  and tak e  too much time in  view o f  the  complex geometry 

and th e  l a r g e  number (65) o f  the  p i e r s  and s i l l  beams. Moreover, s c a l e  e f f e c t s
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cou ld  even emerge due to  many s m a l l - s iz e  p r o t r u s io n s  on th e  p i e r .  T h e re fo re ,  a  

s i m i l a r  approach has  been followed as  f o r  M1000 bu t  -  o f  co u rse  -  w i th  th e  
model p i e r s  having much more resemblance to  th e  r e a l  ones and w ith o u t  th e  need 

to  change the  s c a l e  l o c a l l y  (see  F igu re  4 .9  and compare i t  w ith  F ig u re  4 . 8 ) .

F ig u re  4 .9  Model o f  th e  s to rm -su rge  b a r r i e r  fo r  th e  1:80 d e t a i l  model; 
s e tu p  in  th e  flume f o r  p laced  p i e r s

In a model, or in  th e  f i e l d ,  th e  value  o f  y^ i-s  found by s u b s t i t u t i n g  known o r
measured v a lu es  o f  A, Q and Ah in equa t ion  ( 4 .3 ) .  P rocedures  fo llow ed  in  th e  

s c a l e  models o f  th e  E as te rn  S ch e ld t  a r e  d is c u s s e d  f u r t h e r  in  S e c t io n s  5 - 3 .2 .  
and 5 . 6 . 2 .

Except f o r  some d e v ia t io n s  in  th e  r e l a t i o n  between y and Ah, p a r t i c u l a r l y  in  
th e  case  o f  th e  u n d i s to r t e d  model, the  schem atized  s e c t i o n s  o f  th e  s to rm -s u rg e  

b a r r i e r  f o r  both  models reproduced th e  tw o-dim ensional d is c h a rg e  c h a r a c t e r i s ­

t i c s  (y£) o f  th e  s t r u c t u r e ,  a s  determ ined  th rough  th e  flume t e s t s  d e s c r ib e d  in  
s e c t i o n  4 . 3 .2 ,  w ith in  an inaccu racy  range o f  ± 5%. Assuming m utual in d e p en ­

dency o f  in a c c u r a c ie s  ( t h i s  and th a t  o f  de te rm in in g  y^ th rough th e  flume t e s t s  

which a l s o  amounts t o  ± 5%, see  S ec t io n  4 . 3 . 2 ) ,  th e  schem atized  s e c t i o n s  o f

th e  b a r r i e r  would rep roduce  y^ o f  th e  " r e a l  s t r u c t u r e "  w i th in  an in a c c u ra c y
range  o f  ± 1%.

C onsequen tly , one can ex p ec t  t h a t  the  d isc h a rg e  c h a r a c t e r i s t i c s  o f  th e  s t r u c ­

tu r e  a s  a whole (y^) w i l l  be e q u a l ly  o r  s l i g h t l y  l e s s  a c c u r a t e l y  rep ro d u ced ,  

any how by th e  u n d i s to r t e d  ( d e t a i l )  model. From ex p e r ien ce  w ith  s i m i l a r  c a s e s  

in  th e  p a s t  and from th e  r e s u l t s  o f  a sy s te m a t ic  re s e a rc h  programme [ 4 - 7 ] ,  no 

s e r io u s  d e v ia t io n s  were expec ted  in  th e  va lue  o f  y^ determ ined  from th e  d i s ­
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t o r t e d  o v e r a l l  model (w ith  a d i s t o r t i o n  f a c t o r  4 ) .  Indeed , t h i s  was th e  c a s e .  
Even f o r  c o n s t r u c t io n  s ta g e s  w ith  l a rg e  a b ru p t  l a t e r a l  changes in  r e s i s t a n c e  
( s t a g e s  o f  s i l l  beam i n s t a l l a t i o n ) ,  th e  d i f f e r e n c e s  in  y^ between d i s t o r t e d  

and u n d i s to r t e d  model remained w ith in  a margin o f  ± 5% [ 4 -8 ] .  T hat i s  to  say ,  
w ell w ith in  th e  inaccu racy  range o f  d e te rm in in g  y^ f rom measurements in  such 
m odels . Note t h a t  (Ah and Q) measurement in a c c u ra c ie s  add to  make th e  in a c c u ­
racy  range o f  d e te rm in ing  y^from th e  model l a r g e r  than  t h a t  o f  re p ro d u c in g  th e  

h y d ra u l i c  c h a r a c t e r i s t i c s  in  t h a t  model.

A g iven  v a lu e  o f  y co rresponds  to  a c e r t a i n  d e f i n i t i o n  o f  Ah. For th e  s to rm -  
su rg e  b a r r i e r ,  th e  w a te r - l e v e l  s t a t i o n s  were i n s t a l l e d  in  th e  work h a rb o u rs  
lo c a te d  on both  ( s e a  and in n e r )  s id e s  o f  th e  s t r u c t u r e  in  th e  t h r e e  ch a n n e ls ,  
see  F ig u re  4 .1 0 .  T h is  was n o t  on ly  p r a c t i c a l  and e q u iv a le n t  to  f i e l d  lo c a ­
t i o n s ,  i t  a l s o  ensured  t h a t  under no c irc u m stan c es  th e  w a te r - l e v e l  s t a t i o n s  

w i l l  be lo c a te d  in th e  tu r b u le n t  h ig h - v e lo c i ty  flow downstream o f  th e  b a r r i e r .  
A t e s t  s e r i e s  in  th e  d e t a i l  model (Roompot channe l)  d id  n o t  r e v e a l  any 

s y s te m a t ic  d i f f e r e n c e  between Ah determ ined from o b s e rv a t io n s  in  th e  work 
h a rb o u rs  and Ah determ ined from w a te r - l e v e l  o b s e rv a t io n s  in  th e  channe l [ 4 - 9 ] .

s c h a a r HAMMEN

•  w a te r  level s ta t io n

F ig u re  4 .1 0  L o ca tion  o f  w a te r - l e v e l  s t a t i o n s

As m entioned in  S e c t io n  4 .3 .1 ,  th e  r e s u l t s  o f  both  s c a le  models have been used 

to  c o n s t r u c t  F ig u re s  4.11 through 4 .1 3 ,  g iv in g  ^3 ^ 2  a s  fu n c t io n  o f  y£ A f o r  
th e  t h r e e  channel s i t e s  (Roompot, Schaar and Hammen), both  f o r  f lo o d  and ebb 
c u r r e n t .  The same r e s u l t s  a r e  p re se n te d  in  F ig u re s  4 .14  th rough  4 .1 6 ,  now 

g iv in g  ( th e  a b s o lu t e  va lue  o f )  y^ a s  f u n c t io n  o f  A- In s p e c t io n  o f  th e s e  

f i g u r e s  shows t h a t  indeed th e  d i f f e r e n c e s  in  y^ (o r  y ^ / ^ )  between d i s t o r t e d  
and u n d i s to r t e d  model a r e  r e l a t i v e l y  sm a l l .  The u t i l i z a t i o n  o f  th e s e  f i g u r e s  
i s  d is c u s s e d  in  S e c t io n  4 .3 .4 ,  to g e th e r  w ith  a  f u r t h e r  a n a l y s i s  o f  th e  r e ­

s u l t s .
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4 .3 -4  Numerical models

The v a lu e  ( d e f i n i t i o n )  o f  th e  c o e f f i c i e n t  o f  d is c h a rg e  y t o  be a p p l i e d  in  a 

num erica l  model depends on th e  type  o f  th e  model.
For o ne-d im ens iona l  models, where flow th rough a channel i s  r e p r e s e n te d  by a 

s in g l e  q u a n t i ty  Q, i t  i s  obvious t h a t  th e  th re e -d im e n s io n a l  c o e f f i c i e n t  o f  
d i s c h a rg e  y^ must be used (n o tw ith s ta n d in g  th e  u n fo r tu n a te  com bination  o f  th e  

words o ne-d im ens iona l  and th r e e -d im e n s io n a l ) .  For o p e r a t i o n a l  a p p l i c a t i o n  o f  
th e  o ne-d im ens iona l  model IMPLIC, use  has been made o f  F ig u re s  4 .11 th ro u g h  
4 .13  to  a s s e s s  th e  v a lu es  o f  y_ f o r  a  g iven  s i t u a t i o n  ( f o r  which £y„ . . A.= y„A

j  ¿  j  X X ¿

can be computed s t r a i g h t f o r w a r d ly ) .  T h is  p rocedure  has  worked s a t i s f a c t o r i l y  
th roughou t th e  c o n s t r u c t io n  p e r io d  o f  th e  s to rm -su rg e  b a r r i e r ,  however w ith  
th e  q u a n t i t a t i v e  v a lu e  o f  th e  r e l a t i o n s  being  adap ted  a  few t im es  a s  more r e ­

s u l t s  o f  model i n v e s t i g a t i o n s  a n d /o r  f i e l d  d a ta  became a v a i l a b l e .  F ig u re s  4.11 

th rough  4 .13  g iv e  th e  f i n a l  v e r s io n .

An im p o rtan t  a d a p ta t io n  concerned th e  v a lu e  o f  y2 f o r  th e  c o n s t r u c t i o n  phase  
s i l l  com pleted. Comparisons between th e  d e t a i l  num erica l and s c a l e  models 

(p h ases  o f  s i l l  beam i n s t a l l a t i o n )  on th e  one hand, and between th e  two-dim en­
s io n a l  o v e r a l l  num erica l model and th e  p ro to ty p e  (phase  s i l l  com ple ted) on th e  

o th e r  hand, bo th  in d ic a te d  t h a t  th e  y2 va lue  a p p l ie d  in  th e  n u m e rica l  models 
f o r  c o n s t r u c t io n  phase s i l l  completed should  be reduced by 20%. The o r i g i n a l  

v a lu e ,  d e r iv e d  from th e  flume t e s t s  ( see  F igure  4 . 7 ) ,  and which was used as  

in p u t  f o r  s c h e m a t iz a t io n  o f  th e  b a r r i e r  model f o r  th e  s c a l e  m odel, proved  to  
be to o  l a r g e  f o r  th e  num erical model! A c lo s e ly  reasoned e x p la n a t io n  f o r  t h i s  

in c o n s i s te n c y  has  n o t  y e t  been found. P o s s ib ly  skewly app roach ing  flow  c o n d i­

t i o n s  a n d /o r  d i f f e r e n c e s  in  approach v e lo c i ty  could be p a r t l y  h e ld  r e s p o n s i ­
b le .  W ithout th e  ( d e t a i l )  s c a le  model and f r e q u e n t  v e r i f i c a t i o n  o f  th e  models 
th rough  e x te n s iv e  f i e l d  campaigns, t h i s  d isc rep a n cy  would n o t  have been d i s c o ­

vered  in  t im e .  I t  m ight have been avoided  i f  more e x te n s iv e  flume t e s t s  were 

c a r r i e d  o u t  to  de te rm ine  y2 f o r  more c o n s t r u c t io n  phases and a t  more l o c a t i o n s  
(w ater  d ep th s)  in  th e  c r o s s - s e c t io n .

For tw o-d im ensional ( h o r iz o n ta l )  models, where th e  s t r u c t u r e  o c c u p ie s  a  r e l a ­

t i v e l y  l a rg e  number o f  g r id  c e l l s  (say more than  ab o u t 8 ) ,  one can e x p ec t  

t h a t  y2 v a lu e s  should  be a p p l ie d .  Indeed , t h i s  proved to  be th e  c a se  f o r  th e  
tw o-d im ensional models MOOS-N, MOOS-Z ( g r id  s i z e  90 m ), ROOMPOT, SCHAAR, 

HAMMEN ( g r id  s i z e  45 m) and D00S-1 (g r id  s i z e  100 m ). This  has  been v e r i f i e d  

th rough  F ig u re s  4.11 through 4 .13  (see  [4 -1 0 ] ) .
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T his  becomes q u e s t io n a b le  when th e  s t r u c t u r e  occu p ies  on ly  few g r id  c e l l s ,  as  
i t  i s  th e  case  w ith  th e  o v e r a l l  model 00ST-3, w ith  th e  b a r r i e r  in  th e  Roompot 
occupying 4 c e l l s ,  and in  th e  Schaar and Hammen 2 c e l l s  each . However, e x p e r i ­
ments have shown t h a t  even then  va lues  (averaged  over th e  s e c t i o n s  forming 
a  g r id  c e l l )  must be a p p l ie d  [4 -1 0 ] .  T h is  con c lu s io n  was based on v e r i f i c a t i o n  

v ia  th e  Ug/y2 r e l a t i o n s  (F ig u re s  4.11 through 4 .1 3 )  and r e d u c t io n  o f  t i d a l  
motion in  th e  e s tu a ry  as  a fu n c t io n  o f  th e  r e s i s t a n c e  in  the  mouth, s e e  F ig u re  
4 .1 7 .  In t h i s  f i g u r e ,  th e  r e d u c t io n  o f  t i d a l  motion i s  r e p re s e n te d  by th e  term

Qt , c s /Qt , o s ’ where:

Qj. cg = Maximum t o t a l  d is c h a rg e  through the  mouth f o r  a g iven  c o n s t r u c t io n  

s ta g e
Qt  o s  = Maximum t o t a l  d is c h a rg e  th rough the  mouth in  th e  o r i g i n a l  s i t u a t i o n  

The r e s u l t s  o f  M1000 a re  a l s o  g iven  in  the  f i g u r e .

From th e  d is c u s s io n  in  S ec t io n  4 . 2 .2 ,  i t  can be expec ted  t h a t  low v a lu e s  
o f  occur when pronounced th re e -d im e n s io n a l  e f f e c t s  a re  p r e s e n t .  In s p e c ­

t i o n  o f  F ig u re s  4.11 th rough  4 .13  shows t h a t  indeed lo w (e s t )  v a lu e s  o f  v -^ ^ 2  

a r e  o b ta in e d  d u r in g  p la c in g  phases  o f  th e  s i l l  beams.

However, low v a lu e s  o f  a r e  a -̂so encountered  f o r  th e  case  when th e  s i l l
i s  com pleted in  the  e n t i r e  channe l,  which in  f a c t  i s  a case  o f  minimum t h r e e  

d im ens iona l  e f f e c t s .
T h is  "d isc rep an cy "  can be a t t r i b u t e d  to  th e  d e f i n i t i o n  o f  Ah. As th e  w ate r  

l e v e l s  a r e  measured in  th e  work harbours  (some 600 m from th e  s t r u c t u r e ) ,  

energy l o s s e s  due to  bed f r i c t i o n  (Ahf  in  F igu re  4 .3 )  form an a p p r e c ia b le  p a r t  

o f  Ah du r in g  th e  e a r ly  s ta g e s  o f  c o n s t ru c t io n  ( l a r g e  Q and sm all  head d i f f e r ­

ence over  th e  s t r u c t u r e ) ,  r e s u l t i n g  in an a p p a re n t ly  low y^ and The

c o n s t r u c t io n  s ta g e  s i l l  completed i s  such a  c a s e ,  e . g .  in  F ig u re  4 .1 8  ,

(Ah -  Ah^)/Ah amounts from 0 .55  to  0 .6 0 ,  i t s  sq u a re  ro o t  (« 0 .7 6 )  i s  a  measure 

o f  y ^ / v¡2* 0° ° t he r  hand, th e  b e d - f r i c t i o n  e f f e c t  i s  n e g l i g i b l e  d u r in g  con­
s t r u c t i o n  s t a g e s  w ith  sm all Q and la rg e  head d i f f e r e n c e  over th e  s t r u c t u r e .  

Advanced phases  o f  s i l l  beam p la c in g  a re  such a  c a s e ,  see  F igu re  4 .1 9 .
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SchaarHam m en Roompot

F ig u re  4 .1 8  Water l e v e l s  a t  maximum f lo o d  flow , c o n s t r u c t io n  phase : 

s i l l  completed a t  a l l  th r e e  channe ls
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5. H y d rau lic  s c a l e  models

5.1 I n t r o d u c t io n

At l o c a t io n  "De Voorst" o f  D e l f t  H ydrau lic s  two h y d ra u l i c  s c a l e  models o f  th e  

E a s te rn  S c h e ld t ,  c a l l e d  M1000 and M1001, were used f o r  i n v e s t i g a t i o n s  con­
c e rn in g  th e  c o n s t ru c t io n  o f  th e  s to rm -su rg e  b a r r i e r .

The model M1000 re p re s e n te d  th e  e n t i r e  E as te rn  S c h e ld t  e s tu a r y  and an  a d j a c e n t  

p a r t  o f  th e  s e a .  The model had o r i g i n a l l y  been b u i l t  in  1969 to  i n v e s t i g a t e  
th e  t o t a l  c lo s u re  o f  th e  E as te rn  S c h e ld t .
The main o b je c t i v e s  o f  th e  s tu d i e s  in  t h i s  model were:

-  s tu d y  o f  th e  o v e r a l l  t i d a l  movement, p ro v id in g  in fo rm a tio n  on d is c h a rg e s  
and w ate r  l e v e l s

-  d e te rm in a t io n  o f  mutual in f lu e n c e  o f  th e  c lo s u re  gaps and , based  on t h i s ,  

th e  recommendable sequence o f  th e  b u i ld in g  s ta g e s
-  d e te rm in a t io n  o f  boundary c o n d i t io n s  f o r  d e t a i l  m odel(s)

The model was in  o p e ra t io n  from 1970 u n t i l  1983; a f t e r  t h a t  p e r io d ,  th e  p r e ­

v io u s ly  mentioned d a ta  were computed by u s in g  tw o-d im ensional num erica l  models 

(see  C hapter 7 ) .

The model M1001 re p re s e n te d  th e  mouth o f  th e  E as te rn  S c h e ld t  w ith  i t s  t h r e e  

main c h a n n e ls .  The model had a l s o  been b u i l t  t o  i n v e s t i g a t e  th e  t o t a l  c lo s u r e  
o f  th e  E a s te rn  S c h e ld t .

The main o b je c t iv e  o f  s tu d i e s  in  t h i s  model was:

-  d e te rm in a t io n  o f  th e  scour h o le s  and from t h i s  th e  t o t a l  le n g th  and l a y - o u t  

o f  th e  b e d - p ro te c t io n  works

In a d d i t i o n ,  th e  fo llo w in g  item s could  a l s o  be in v e s t ig a t e d  in  t h i s  d e t a i l  
model:

-  d e te rm in a t io n  o f  flow  p a t t e r n ,  d e t a i l e d  in fo rm a tio n  on c u r r e n t - v e l o c i t i e s  

and d i r e c t i o n s  in  th e  v i c i n i t y  o f  th e  b a r r i e r
-  d e te rm in a t io n  o f  e f f e c t i v e  c r o s s - s e c t io n a l  a re a  o f  th e  b a r r i e r

-  d e te rm in a t io n  o f  s t a b i l i t y  o f  r u b b le - s to n e  m a te r ia l

The model was in  o p e ra t io n  from 1970 up to  1986; th e  model could  (up to  t h a t  

t im e) n o t  be re p la c e d  by a  num erica l model because o f  th e  th re e -d im e n s io n a l  
flow e f f e c t s  n e a r  th e  b a r r i e r .

In th e  S e c t io n s  5 .2  th rough  5 .4  a s p e c t s  r e l a t e d  to  th e  o v e r a l l  model M1000 
w i l l  be d i s c u s s e d ,  th e  S e c t io n s  5 .5  through 5 .7  d ea l  w ith  th e  d e t a i l  model 
M1001.
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5 .2  Setup  o f  o v e r a l l  s c a l e  model M1000

In t h i s  model th e  b a s ic  terms o f  the  c o n t in u i t y  eq u a t io n  and th e  ( s im p l i f i e d )  

momentum eq u a t io n  in  x, y and z d i r e c t i o n  a r e  r e p re s e n te d  in  a  fundam en ta l ly  

p roper  way. F orces  such as f r i c t i o n  and th e  C o r io l i s - f o r c e  a r e  a d d i t i o n a l l y  
m ode lled ; f o r c e s  caused by wind a re  n o t  taken  in to  accoun t (on ly  wind s e t - u p  

as  a p a r t  o f  th e  boundary c o n d i t io n s )
An e s s e n t i a l  c o n d i t io n  i s  th a t  a l l  term s o f  th e  e q u a t io n s  a r e  reproduced  on 

th e  same s c a l e .  Via a p ro p er  s e l e c t i o n  o f  th e  s c a l e s  t h i s  goa l can be 
a c h ie v e d .  In S e c t io n  5 .2 .1  the  s e l e c t i o n  o f  th e  s c a le s  w i l l  be d i s c u s s e d .  

F ig u re s  5 .1 and 5 .2  g ive  an im pression  o f  th e  model ( see  a l s o  [ 5 - 1 ] ) .

sco  -  boundary
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Fig u re  5 .1  Lay-out o f  t i d a l  model M1000

5 .2 .1  S e le c t io n  o f  s c a le s

Models f o r  in v e s t ig a t io n  o f  flows in  open channe ls  a re  u s u a l ly  b u i l t  on th e  so 

c a l l e d  F ro u d e - s c a le .  This i s  r e l a t e d  to  th e  requ irem en t t h a t ,  in  o rd e r  to  ob­
t a i n  a com plete  re p ro d u c t io n  o f  th e  flow s i t u a t i o n ,  h o r i z o n t a l  v e l o c i t i e s  

should  be s c a le d  on th e  s c a le  o f  th e  c e l i r i t y  o f  t i d a l  waves. In a  more 

g e n e ra l  s e n s e ,  th e  assum ption i s  made t h a t  i n e r t i a  and g r a v i t y  f o r c e s  a r e  r e -
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Pig.  5.2 Impress ion of o v e r a l l  t i d a l  model M 1000



produced on th e  same s c a l e ,  meaning t h a t  th e  Froude-number i s  th e  same f o r  

model and p ro to ty p e .  The d e f i n i t i o n  o f  th e  Froude-number i s :

Fr = u / / g . h (5 .1 )

w ith :
Fr = Froude-number 
u = r e p r e s e n t a t i v e  v e lo c i ty  
h = r e p r e s e n t a t i v e  w aterdep th  
g = a c c e l e r a t i o n  due to  g r a v i ty

( -  ) 
(m/s) 

( m ) 
(m/s)

From t h i s  requ irem en t and th e  requ irem en t t h a t  th e  r a t i o  between a l l  o th e r  
te rm s o f  th e  momentum equa t ion  ( se e  S ec t io n  3 .2 )  i s  th e  same f o r  model and 

p ro to ty p e ,  th e  fo llow ing  s c a l e  r u l e s  can be deducted  (use  i s  made o f  a  s c a l e  
f a c t o r  n^ w ith  n^ = v a lue  o f  a in  p ro to ty p e /v a lu e  o f  a in  model; a i s  a s p e c i ­
f i c  param eter  such a s  l e n g th ,  v e l o c i ty ,  e t c . ) :

n fc = n j / n u (5 .2 )

In e q u a t io n s  (5 .2 )  th rough (5 .4 )  th e  fo llo w in g  s c a le  f a c t o r s  a r e  u sed :

nu = s c a l e  f a c t o r  f o r  v e l o c i ty

n^ = s c a l e  f a c t o r  f o r  time

n-  ̂ = s c a l e  f a c t o r  f o r  le n g th  ( h o r i z o n ta l  s c a le  f a c t o r )
n^ = s c a l e  f a c t o r  f o r  h e ig h t  ( v e r t i c a l  s c a le  f a c t o r )

n^ = s c a l e  f a c t o r  f o r  f r i c t i o n  (C= C h é z y -c o e f f ic ie n t )
n = s c a l e  f a c t o r  f o r  g r a v i ty  = 1O

When v e r t i c a l  v e l o c i t i e s  can be n e g le c te d ,  one can c o n s id e r  th e  a p p l i c a t i o n  o f  

d i s t o r t e d  models. A model w ith  a l a r g e r  h o r i z o n ta l  s c a l e  f a c t o r  than  i t s  v e r ­

t i c a l  one g iv e s  n o t  only a model w ith  s m a l le r  h o r i z o n t a l  d im ensions ,  b u t  a t  

th e  same tim e a l a r g e r  va lue  f o r  n^ (see  eq u a t io n  5 . 4 ) .  The Chézy-v a lu e  in  th e  

model becomes sm a l le r  i f  th e  r a t i o  n^ /n^  i s  l a r g e r .  In such a  case  th e  hyd rau ­
l i c  roughness  o f  th e  model has to  be a r t i f i c i a l l y  in c re a s e d .  T h is  has  t h r e e  
a d v a n ta g e s .  F i r s t ,  th e  v i s c o s i t y  being too  l a rg e  in  th e  model would cause  a 

r i s k  o f  p roducing  a too  low C-value in  th e  model, f o r  which no c o r r e c t io n

(5 .3 )

n „ . r¡ -, /n.lg 1 h (5 .4 )
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would be p o s s ib le .  Now th e  C-value should be (much) lower and w ith  e x t r a  
roughness  one can always a d j u s t  th e  roughness u n t i l  th e  c o r r e c t  v a lue  o f  C i s  

reach ed .  The second advantage i s  th e  re d u c t io n  o f  th e  time s c a l e ,  meaning t h a t  
many more t e s t i n g  in  a  model can be done. The t h i r d  advan tage  i s  t h a t  w ith  a 
model on a  reduced h o r i z o n ta l  s c a l e  one can produce h ig h e r  Reynolds numbers 

and a  reduced e r r o r  by s u r f a c e  te n s io n  ( c a p i l l a r y  e f f e c t s ) .  As a consequence 

on th e  d i s t o r t i o n  th e  v e r t i c a l  p r o f i l e s  o f  th e  ( h o r i z o n t a l )  v e l o c i t y  a r e  
s l i g h t l y  d i s tu r b e d .  The mean v e l o c i t i e s ,  however, w i l l  s t i l l  be c o r r e c t .  T h is  
means t h a t  such a  model no lo n g e r  f u l l y  r e p re s e n t s  th e  momentum e q u a t io n s  in  
x, y and z d i r e c t i o n s ,  bu t on ly  th e  eq u a t io n s  in  x and y d i r e c t i o n s .

The s e l e c t i o n  o f  th e  v e r t i c a l  s c a le  i s  m ainly governed by th e  req u ire m en t 

t h a t ,  j u s t  a s  in  th e  p ro to ty p e ,  th e  flow has to  be t u r b u l e n t  and th e  r e q u i r e ­
ment t h a t  th e  w ater movement and w ater  l e v e l s  can be measured p r o p e r ly .  The 

tu rb u le n c e  o f  th e  flow i s  a s su red  when th e  Reyn o lds-num ber (Re= u . h / v )  i s  
l a r g e r  than  1000 to  2000. For th e  model o f  th e  E a s te rn  S c h e ld t  t h i s  r e q u i r e ­

ment can be s a t i s f i e d  f o r  most o f  th e  t i d a l  cy c le  i f  th e  v e r t i c a l  s c a l e  i s  s e ­

l e c t e d  a s :

nh = 100

However, on th e  t i d a l  f l a t s  in  th e  model th e  Reynolds-number i s  g e n e r a l ly  too  

s m a l l .  T h e re fo re  v e lo c i ty  measurements on th e  t i d a l  f l a t s  a r e  n o t  q u i t e  r e l i ­
a b l e .  N e v e r th e le s s ,  th e  s to r a g e  c a p a c i ty  o f  th e  t i d a l  f l a t s  can be reproduced  

p ro p e r ly ,  meaning t h a t  t h e i r  e f f e c t  on the  flow in  th e  c h a n n e ls  i s  c o r r e c t .

S e l e c t io n  o f  th e  h o r iz o n t a l  s c a l e  n-̂  = 100 s t i l l  g iv e s  a  very  l a r g e  m odel. I f
th e  s e l e c t e d  h o r i z o n t a l  and v e r t i c a l  s c a l e s  a re  no t th e  same (n, * n . ) , thenh 1 ’
th e  model i s  s a id  to  be d i s t o r t e d .  The r a t i o  o f  n^ to  n^ i s  th e  d i s t o r t i o n  

f a c t o r .  When th e  model i s  too  d i s t o r t e d ,  i t  becomes l e s s  a c c u r a t e ,  e s p e c i a l l y  
when th re e -d im e n s io n a l  e f f e c t s  a r e  im portan t a s  in  th e  case  o f  flow  a c ro s s  

dams and around abu tm ents .  On th e  b a s i s  o f  s y s te m a t ic  i n v e s t i g a t i o n s  i t  was 

concluded  t h a t  a d i s t o r t i o n  f a c t o r  o f  4 was a c c e p ta b le  f o r  th e  E a s te rn  
S c h e ld t ,  s ee  [ 5 - 2 ] .  From t h i s  th e  h o r iz o n ta l  s c a le  i s  d e r iv e d :

nx = 400

At a  d i s t o r t i o n  f a c t o r  o f  4 th e  flow i s ,  in  f a c t ,  n o t  c o r r e c t l y  r e p re s e n te d  
f o r  s i t u a t i o n s  w ith  l a rg e  v e r t i c a l  narrow ing where e d d ie s  and v o r t i c e s  w ith  

h o r i z o n t a l  axes  occu r .  In a  d i s t o r t e d  model one should  have , a t  one s in g le
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time s c a l e ,  d i f f e r e n t  s c a le s  o f  v e r t i c a l  and h o r iz o n ta l  v e l o c i t i e s ;  however, 

e d d ie s  and v o r t i c i e s  have only  one le n g th  s c a l e  and one v e l o c i t y  s c a l e .  An 
e lo n g a te d ,  e l l i p t i c a l l y  shaped eddy cannot e x i s t  and a t  b e s t  i t  w i l l  f a l l  
a p a r t  in  a  s e r i e s  o f  v o r t i c e s  w ith  a l t e r n a t e l y  tu rn in g  d i r e c t i o n s .  S in ce  M1000 
had o r i g i n a l l y  been b u i l t  to  i n v e s t i g a t e  th e  t o t a l  c lo s u r e  o f  th e  E a s te rn  

S c h e ld t ,  th e  d isad v an tag e  o f  d i s t o r t i o n  was a c c e p te d .  For th e  i n v e s t i g a t i o n s  
conce rn ing  th e  s to rm -su rge  b a r r i e r  t h i s  means t h a t ,  f o r  s i t u a t i o n s  w i th  a  s i g ­
n i f i c a n t  v e r t i c a l  narrow ing, problems w i l l  a r i s e  w ith  th e  i n t e r p r e t a t i o n  o f  

th e  f lo w - p a t t e r n s  downstream o f  th e  b a r r i e r .  This  only  ta k e s  p la c e  a t  th e  
f i n a l  s ta g e  o f  th e  b a r r i e r  and a t  b u i ld in g  s ta g e s  concern ing  th e  p la c in g  o f  

th e  s i l l  beams. At b u i ld in g  s ta g e s  up to  th e  com pletion  o f  th e  ru b b le  s i l l ,  no 
problems would a r i s e  w ith  flow p a t t e r n s  downstream o f  th e  b a r r i e r .

By s e l e c t i n g  n^= 400 and nh= 100 th e  o th e r  s c a l e  f a c t o r s  can e a s i l y  be d e t e r ­

mined by u s in g  e q u a t io n s  ( 5 .2 ) ,  (5 .3 )  and ( 5 .4 ) :

"u  = 10

n t  = 40

Reproducing th e  C o r io l i s - f o r c e  g iv e s  the  fo llo w in g  s c a le  r u l e s ,  c o n ce rn in g  the  
speed o f  a x i a l  r o t a t i o n  o f  th e  E a r th :

nu = nh / n l - nu = 1/ii0

This means t h a t  the  model has to  r o t a t e  40 tim es f a s t e r  than  th e  E a r th .  This 
can be ach iev ed  by p la c in g  th e  whole model on a r o t a t i n g - t a b l e . However, f o r  a 

model l i k e  M1000 t h i s  i s  im p o ss ib le .  For th e  re p ro d u c t io n  o f  th e  C o r i o l i s -  

fo r c e  in  th e  model th e  s o - c a l l e d  C o r io l i s - t o p s  a re  used ( s e e  F ig u re  5 . 3 ) ,  by 
which th e  M agnus-e ffec t causes  a  l i f t  fo rc e  p r o p o r t i o n a l  to  th e  v e l o c i t y ,  and 

s im u la te s  th e  C o r io l i s  fo rc e ,  see  [5 - 3 ] .  These tops  a re  p laced  on ly  in  th o se  
p a r t s  o f  th e  model where th e  C o r i o l i s - f o r c e  g iv e s  a m easureab le  t r a n s v e r s e  

s lo p e  to  th e  main d i r e c t i o n  o f  th e  c u r r e n t .  This r e s u l t s  in  th e  u se  o f  th e  

C o r i o l i s - t o p s  west o f  th e  l i n e  Z ie r ik z e e - C o l i j n s p l a a t  (see  F ig u re  5 . 1 ) .
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F ig u re  5 .3  C o r io l i s - t o p

5 . 2 .2  S eh em a tiz a tio n  o f  th e  bathym etry

The bed topography o f  th e  model, r e p r e s e n t in g  th e  e n t i r e  E a s te rn  S c h e ld t  and 

an a d j a c e n t  p a r t  o f  th e  North Sea, was based on b a th y m e tr ic  su rv ey s  o f  th e  

Dutch P u b l ic  Works Department ( R i j k s w a t e r s t a a t ) .  The model was o r i g i n a l l y  
based  on soundings c a r r i e d  ou t  in  1967. By implementing changes i n t o  th e  bed, 

l a r g e  p a r t s  o f  th e  model were a d ju s te d  to  th e  con tinuous  changes o f  th e  b a th y ­
m etry  in  n a tu re .

The bed o f  th e  model was made o f  c o n c re te .  The p r o f i l i n g  o f  th e  bed was c a r ­

r i e d  o u t  by u s in g  a lm ost every  a v a i l a b l e  sounding c r o s s - s e c t i o n  from th e  p ro ­

to ty p e  ( d i s t a n c e  a p a r t  v ary ing  from 100 to  200 m). The c h a r a c t e r i s t i c  p o i n t s  
in  a  c r o s s - s e c t io n  were p o s i t io n e d  in  th e  model l i n e  by l i n e .  The acc u ra c y  

t h a t  could  be ach ieved  i s  approx im ate ly  0 .2  m in th e  v e r t i c a l  p o s i t i o n  and 5 .0  
m in  th e  h o r i z o n t a l  p o s i t i o n  (p ro to ty p e  m easu re s) .

The roughness  c o e f f i c i e n t  o f  th e  bed in th e  model had to  be tw ice  a s  l a r g e  a s  
in  th e  p ro to ty p e  due to  th e  d i s t o r t i o n  ( s e e  S e c t io n  5 . 2 . 1 ) .  In th e  c h an n e ls  

t h i s  was r e a l i z e d  by f i x i n g  c o n c re te  b locks  in  a c e r t a i n  p a t t e r n  and a t  a  c e r ­

t a i n  c o n c e n t ra t io n  on th e  model f l o o r .  The number o f  b lo c k s  in  th e  p a t t e r n  was 
r e l a t e d  to  th e  w ater  dep th  ( in c r e a s in g  dep th  g iv e s  in c r e a s in g  number o f  

b lo c k s ) .  In  th e  sha llow  p a r t s  o f  th e  model th e  e x t r a  roughness  was ach iev ed  by 

a p p ly in g  g ra v e l  a t  a  c e r t a i n  c o n c e n t ra t io n  on th e  model f l o o r .
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5 .2 .3  Boundary condit ions

The p o s i t i o n  o f  th e  boundary a t  sea  was s e le c te d  in  such a way t h a t  th e  t i d e  
a t  t h a t  p la c e  would h a rd ly  be in f lu en ced  by th e  h y d ra u l ic  s t r u c t u r e  t o  be i n ­
v e s t i g a t e d .  The s e l e c t io n  o f  the  boundary lo c a t io n  o f  th e  t i d a l  model had been 
made by u s in g  th e  r e s u l t s  o f  a 2D-mathematical model o f  th e  North Sea.
F ig u re  5.1 shows the  s e l e c t e d  boundary o f  th e  model.
The sea-boundary  c o n s is te d  o f  e ig h t  g a te s  which could  o p e ra te  in d e p e n d e n tly .  

In t h i s  way a  r e a l i s t i c  approxim ation  o f  th e  s p a t i a l  v a r i a t i o n  o f  phase and 

am p li tude  o f  th e  v e r t i c a l  t i d e  could be ach iev ed .
A problem was t h a t  a t  th e  lo c a t io n  o f  th e  sea-boundary  no in fo rm a t io n  con­
c e rn in g  th e  t i d e  l e v e l s  was a v a i l a b l e .  The n e a r e s t  m easuring s t a t i o n s  w ere, a t  

f i r s t  i n s ta n c e ,  on ly  V l ie te p o ld e r  and B u rg h s lu is ;  l a t e r  th e  s t a t i o n s  OS 9 and 
OS 4 (ab o u t 1 km o f f s h o re  th e  lo c a t io n  o f  th e  dam; see  F ig u re  5 .1 )  became 

a v a i l a b l e .
For th e  a d ju s tm en t o f  boundary c o n d i t io n s  f i r s t  an approx im ation  was made fo r  

th e  w ater  l e v e l s  a t  the  boundary s i t e  by e x t r a p o la t io n  o f  th e  o b s e r v a t io n s  to  
th e  l o c a t io n s  o f  th e  boundary. In an i t e r a t i v e  p ro cess  th e  d e f i n i t e  boundary 

c o n d i t io n s  were determ ined by an ad ju s tm en t ,  more o r  l e s s  based on t r i a l  and 
e r r o r ,  in  such a way t h a t  in th e  e n t i r e  model a c o r r e c t  re p ro d u c t io n  o f  v e r t i ­

c a l  and h o r i z o n ta l  t i d e  was ach ieved .

5 .2 .4  C a l ib r a t i o n  and v e r i f i c a t i o n

The c a l i b r a t i o n  o f  th e  t i d a l  model had been c a r r i e d  ou t  on b a s i s  o f  th e  p r o to ­

type  measurements performed on 11th septem ber 1968. On t h i s  day e x te n s iv e  mea­

surem ents  o f  th e  c u r r e n t s  and th e  w ater l e v e l s  were c a r r i e d  o u t .  The t i d a l  
range  gave a  good r e p r e s e n t a t io n  o f  th e  mean t i d a l  range .  F ig u re s  5 .4  th rough  

5 .6  show some r e s u l t s  (d is c h a rg e s  and w ater l e v e l s )  o f  th e  c a l i b r a t i o n  on th e  

t i d e  o f  11-09-1968. In [5-4] an e x te n s iv e  p r e s e n ta t io n  o f  th e  r e s u l t s  i s  

g iv e n .  The good re p ro d u c t io n  o f  th e  p ro to ty p e  measurements could  be ach ieved  

by o p t im iz a t io n  o f  th e  boundary c o n d i t io n s  a t  th e  g a te s  o f  th e  model and l o ­
c a l l y  a d j u s t i n g  th e  roughness.

In th e  co u rse  o f  th e  l i f e t i m e  o f  th e  model s e v e ra l  v e r i f i c a t i o n s  (o r  r e - c a l i ­

b r a t i o n s )  had been c a r r i e d  o u t .  The v e r i f i c a t i o n s  were n e c e ssa ry  so  a s  to  i n ­

v e s t i g a t e  how the  model performs a t  d i f f e r e n t  t i d e s  (such  a s  s p r i n g - t i d e  and 

n e a p - t i d e ) . Moreover v e r i f i c a t i o n s  were n e c e ssa ry  ou t because  th e  bathym etry  

o f  th e  E a s te rn  S ch e ld t  changed c o n t in u o u s ly .  On th e  o th e r  hand, dam s e c t i o n s  

were c o n s t ru c te d  which in f lu e n c e  the  t i d a l  movement in  th e  E a s te rn  S c h e ld t .
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F ig u re  5 .6  R e s u l t s  o f  c a l i b r a t i o n  on t i d e  11-09-68; 

v e l o c i ty  d i s t r i b u t i o n  flood

With th e  re p ro d u c t io n  o f  more r e c e n t  p ro to ty p e  measurements th e  a c t u a l  b u i l ­
d ing  s t a g e  was r e p re s e n te d  and e v e n tu a l ly  a l s o  th e  change in  th e  b a th y m etry .  

F ig u re  5 .7  shows some r e s u l t s  o f  a v e r i f i c a t i o n  fo r  th e  t i d e  o f  2 7 -07 -81 .

An e x te n s iv e  r e p r e s e n t a t i o n  o f  v e r i f i c a t i o n  r e s u l t s  i s  g iven  in  [ 5 - 5 ] ,  [5 -6 ]  

and [5 - 7 ] .
From th e  r e s u l t s  o f  th e  c a l i b r a t i o n  and th e  v e r i f i c a t i o n ,  th e  fo l lo w in g  

f i g u r e s  r e l a t e d  to  th e  ach ieved  accuracy  ( s ta n d a rd  d e v ia t io n )  were d e r iv e d :
-  w ate r  l e v e l s :  accu racy  in  am plitude b e t t e r  than 2% and in phase b e t t e r  than  

5 m in u te s ;
-  d i s c h a r g e s :  accuracy  in  am plitude  b e t t e r  than  5% and in  phase  b e t t e r  than  

10 m in u tes ;
-  v e l o c i t y  d i s t r i b u t i o n :  accuracy  b e t t e r  than 0 .15  m/s (maximum v e l o c i t i e s  

were in  th e  o rd e r  o f  1.5 m /s ) .

5 .2 .5  A v a i lab le  t i d e s

As m entioned in  th e  p rece d in g  s e c t i o n ,  th e  model was c a l i b r a t e d  on th e  b a s i s  

o f  measurements in  n a tu r e .  The t i d e  d u r in g  th e se  measurements was used  a f t e r ­

wards a s  a boundary c o n d i t io n  fo r  f u r t h e r  i n v e s t i g a t i o n s .  A d is a d v a n ta g e  o f  

such a  t i d e  i s  t h a t  th e  a b s o lu te  va lue  o f  th e  r e s u l t s  was s t r i c t l y  l i m i t e d  to
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a  s i n g l e  t i d e  w i t h  s p e c i f i c  c h a r a c t e r i s t i c s  w h ic h  o c c u r e d  in  t h e  p a s t .

For c e r t a i n  a p p l i c a t i o n s  t h e  u s e  o f  n a t u r a l  t i d e s  i s  n o t  u s e f u l  b e c a u s e  t h e  

s t o c h a s t i c  e l e m e n t  i s  unknown. T h is  i s  t h e  r e a s o n  why s o m e t im e s  u s e  was made 

o f  a  " r e p r e s e n t a t i v e  a v e r a g e "  o f  mean t i d e s .  G e n e r a t io n  o f  s u c h  an a v e r a g e  

t i d e  in  t h e  m odel g i v e s  p r o b le m s  i n  v ie w  o f  t h e  a b s e n c e  o f  a  s e t  o f  r e s u l t s  

from  m e a su r e m e n ts  ( o n l y  a v e r a g e d  w a t e r - l e v e l  c u r v e s  a r e  a v a i l a b l e ) .

The same p r o b le m  a r i s e s  w i t h  t h e  a d j u s t m e n t  o f  a  s to r m  s u r g e .  The r e p r o d u c t i o n  

o f  a  s to r m  i s  o n l y  p o s s i b l e  by u s i n g  ( h i s t o r i c a l )  r e c o r d i n g s  o f  w a t e r  l e v e l s .  

F or t h e  a d j u s t m e n t  o f  a  ( d e s i g n )  s u p e r s t o r m ,  w a t e r  l e v e l s  a r e  n o t  a v a i l a b l e ,  

s o  i n  t h i s  c a s e  f i c t i v e  boundary  c o n d i t i o n s  had t o  b e  a p p l i e d .

As a  r e s u l t  o f  t h e  c a l i b r a t i o n  and v e r i f i c a t i o n  o f  t h e  t i d a l  m o d e l  and  l a t e r  

t h e  a d j u s t m e n t  o f  o t h e r  t i d e s ,  boundary  c o n d i t i o n s  w ere  a v a i l a b l e  f o r  a  number  

o f  t i d e s .  In T a b le  5.1 an o v e r v ie w  o f  t h e  a v a i l a b l e  t i d e s  i s  g i v e n .

k in d  o f  t i d e d a t e rem arks

o b s e r v e d  t i d e 11-09-68 mean t i d e
15-04-70 n eap  t i d e
07-10-71 s p r i n g  t i d e
10-08-74 mean t i d e
04-09-75 m e a n - s p r in g  t i d e
27-07-81 m ea n -n ea p  t i d e
31-07-81 m e a n - s p r in g  t i d e
11-01-82 s t r o n g  s p r i n g  t i d e

a v e r a g e 1961.0 a v e r a g e  o f  mean t i d e  1951-1960
1971.0 a v e r a g e  o f  mean t i d e  1961-1970

s to r m 07-04-43
s u p e r s t o r m f i c t i v e  s to r m  w i t h  d e s i g n  H.W.

T ab le  5 .1 A v a ilab le  t i d e s

5 .3  E xecu tion  o f  th e  i n v e s t ig a t io n s  in  model M1000

5 .3 .1  In s tru m en ts  and measurements

With s p e c i a l l y  c o n s t ru c te d  probes  th e  fo llo w in g  param eters  were measured in  
th e  model:

-  w a te r  l e v e l  w ith  a w a te r - l e v e l  fo l lo w er  (WAVO)

-  c u r r e n t - v e l o c i t y  and d i r e c t i o n  w ith  a combined in s tru m en t (SRM)

The 'WAVO' was o f  the  type  'p o in t e  v ib r a n t e '  and th e  in s tru m e n t  was a b le  to  

measure th e  w ater l e v e l  w ith  an accuracy  o f  0.1 mm, which means 0.01 m on th e  

s e l e c t e d  v e r t i c a l  s c a l e .  F igu re  5 .8  shows th e  in s tru m en t and th e  m easuring  
probe .
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Figure 5 .8  W ater leve l  f o l lo w e r  (WAVO)

d e t a i l  o f  measuring probe

Figure  5 .9  Current  v e l o c i t y  and d ir e c t io n  recorder (SRM)



The 'SRM' c o n s i s te d  o f  a  vane and a micro p r o p e l l e r  (see  F ig u re  5 . 9 ) .  The vane 
a d j u s t s  i t s e l f  in  th e  d i r e c t io n  o f  th e  c u r r e n t  and a t  the  same tim e th e  m ic ro ­
p r o p e l l e r  i s  kep t in  th e  proper p o s i t i t o n  acco rd in g  to  th e  d i r e c t i o n  o f  the  
c u r r e n t  ( a x i s  o f  th e  p r o p e l l e r  p a r a l l e l  to  th e  d i r e c t i o n ) .  The in accu racy  

range o f  th e  measured v e lo c i ty  i s  approx im ate ly  5%. Due to  the  s e l e c t e d  v e r t i ­
c a l  s c a l e  and th e  dim ensions o f  the  'SRM' the  v e l o c i t i e s  cannot be measured in 

th o se  p a r t s  o f  th e  model w ith  a w ater depth  l e s s  than  app rox im ate ly  6 .0  m.

Recording o f  th e  flow p a t t e r n  can be made by u s ing  photo cameras and p l a s t i c  
f l o a t s .  In  t h i s  way th e  c u r r e n t - v e l o c i t i e s  in  th e  sha llow  p a r t s  o f  th e  model 
can be t r a c e d .  For t h a t  purpose s e v e r a l  r e m o te -c o n t ro l le d  cameras were 
f a s te n e d  to  su spension  p o in t s  onto the  ro o f .

The s e tu p  o f  th e  measurements in th e  model was b a s i c a l l y  th e  same a s  in  th e  

p ro to ty p e .  For every  w ater l e v e l  or c u r r e n t - v e lo c i ty  and d i r e c t i o n  s t a t i o n  a 
m easuring  in s tru m en t  was re q u i re d .  The d e te rm in a t io n  o f  th e  d is c h a rg e  in  a 

channe l could  only  be done by measuring th e  c u r r e n t - v e l o c i t y  and d i r e c t i o n  in 
an a c c e p ta b le  number o f  p o in t s .  An e s s e n t i a l  d i f f e r e n c e  w ith  th e  p r o to ty p e ,  

however, i s  th e  o p t io n  o f  r e p e a t in g  a s p e c i f i c  t i d e  in  th e  model as  o f t e n  as  
n e c e s s a ry .  As a consequence o f  t h i s ,  th e  number o f  measuring p o in t s  f o r  s p e c i ­

f i c  t i d e s  and s p e c i f i c  b u i ld in g  s ta g e s  i s  b a s i c a l l y  independent o f  th e  number 
o f  a v a i l a b l e  p ro b es .  However, a good s e l e c t i o n  o f  the  m easuring p o in t s  rem ains  

e s s e n t i a l  so a s  to  reduce  the  time o f  the  i n v e s t i g a t i o n  f o r  a g iven  s i t u a t i o n .  

F ig u re  5 .10  g iv e s  an im pression  o f  some measurements in  th e  model.

F ig u re  5 .10  Im p re s s io n  of measurem ents i n  o v e r a l l  t i d a l  m odel; w a te r  l e v e l s  
i n  w orking h a rb o u rs  and v e l o c i t i e s  i n  th e  t h r e e  main channe ls
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5 .3 .2  S ch em a tiz a tio n  o f  b u i ld in g  s ta g e s

To i n v e s t i g a t e  a  s p e c i f i c  b u i ld in g  s ta g e  o f  th e  b a r r i e r  i t  was e s s e n t i a l  t h a t  
th e  same b u i ld in g  s ta g e  was b u i l t  in  th e  t i d a l  model. For a  number o f  r e a s o n s  
th e  r e p r e s e n t a t i o n  o f  th e  b a r r i e r  on th e  s c a l e s  o f  th e  model g iv e s  some p ro ­
blems. In  f a c t ,  an e x a c t  r e b u i ld in g  on s c a l e  was h a rd ly  f e a s i b l e  and m oreover,  

due to  th e  s c a l e  d i s t o r t i o n ,  gave no g u a ran tee  t h a t  th e  d i s c h a rg e  c h a r a c t e r i s ­
t i c s  o f  th e  b a r r i e r  were c o r r e c t ly  reproduced  ( t h i s  i s  th e  rea so n  why i t  i s  
n e c e s s a ry  to  d es ig n  s im p l i f ie d  e lem en ts ;  w ith  th e s e  s im p l i f i e d  e lem en ts  any 
a r b i t r a r y  b u i ld in g  s ta g e  can be r e p re s e n te d  in  a  m odel).

The d im ensions o f  th e  model b a r r i e r  in  th e  v e r t i c a l  d i r e c t i o n  and in  th e  d i ­
r e c t i o n  a c ro s s  th e  channel were acco rd in g  to  th e  v e r t i c a l  s c a l e  and h o r i z o n t a l  

s c a l e  r e s p e c t i v e l y .  In th e  d i r e c t i o n  o f  th e  channel a x i s  th e  d im ensions  were 

n o t  in  accordance  w ith  th e  h o r i z o n t a l  s c a l e ;  t h i s  r e s u l t e d  in  a  b a r r i e r  which 

was somewhat too  wide compared to  a p u re ly  geom etr ic  s c a l i n g .  T h is  had to  be 

done because  o th e rw ise  th e  d isc h a rg e  c h a r a c t e r i s t i c s  could  n o t  be rep roduced  
in  a  p ro p er  way. T h is  s c h e m a t iz a t io n  meant t h a t  in  th e  t i d a l  model m easure­
ments in  th e  d i r e c t  v i c i n i t y  o f  th e  b a r r i e r  were n o t  u s e f u l .

For f u r t h e r  c o n s id e ra t io n s  on t h i s  s u b j e c t ,  r e f e r  to  S e c t io n  4 . 3 . 3 .

5 .4  R esults o f  the t e s t s  in model M1000

5 .4 .1  V e lo c i t i e s  and d is c h a rg e s

From th e  r e s u l t s  o f  th e  measurements o f  c u r r e n t - v e l o c i t i e s  and d i r e c t i o n s  in  

p o in t s  a long  a  c r o s s - s e c t i o n ,  s e v e r a l  pa ram ete rs  could be d e te rm in e d ,  such a s :
-  l o c a l  v e l o c i t i e s

-  v e l o c i t y -  and d is c h a rg e  d i s t r i b u t i o n s  in  a  c r o s s - s e c t io n
-  t o t a l  d is c h a rg e  in  a  channe l.

For a l l  th e s e  pa ram ete rs  th e  v a r i a t i o n  d u r in g  th e  t i d e  i s  a v a i l a b l e .

The in a ccu racy  range o f  th e se  measurements in  th e  t i d a l  model were e s t im a te d  
as  fo l lo w s :

-  c u r r e n t - v e l o c i t y  0 .10  to  0.15 m/s
-  c u r r e n t - d i r e c t i o n  5 to  10°

-  d i s c h a rg e  5%

This means t h a t  th e  v e lo c i ty  d i s t r i b u t i o n s  and th e  d is c h a rg e s  were a  good ap ­
p rox im ation  o f  comparable param eters  in  th e  p ro to ty p e .

A few remarks concern ing  the  v e l o c i ty  d i s t r i b u t i o n  in  th e  v i c i n i t y  o f  th e  b a r ­

r i e r  have to  be made; th e se  remarks r e l a t e  to  th e  s c a l e s  o f  th e  model and th e
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s c h e m a t iz a t io n  o f  th e  b a r r i e r :
-  Upstream o f  the  b a r r i e r  th e  measured v e lo c i ty  d i s t r i b u t i o n s  in  th e  h o r iz o n ­

t a l  p la n e  were a good r e p r e s e n t a t io n  o f  th e  p ro to ty p e .  For p o s i t i o n s  in  th e  
d i r e c t  v i c i n i t y  o f  the  b a r r i e r  (up to  a p p r . 150 m o f f  th e  a x i s ) ,  however, 

th e  d i s t a n c e  from th e  a x i s  could no t  d i r e c t l y  be t r a n s l a t e d  to  f i e l d  co n d i­
t i o n s ,  due to  the  s c h e m a tiz a t io n  ( b a r r i e r  was too  wide; see  S e c t io n  5 . 3 . 2 ) .

-  Downstream o f  the  b a r r i e r  th e  measured v e l o c i ty  d i s t r i b u t i o n s  in  s t r o n g ly  

narrowed s i t u a t i o n s  ( in  v e r t i c a l  d i r e c t io n )  were no t f u l l y  r e p r e s e n t a t i v e  
f o r  th e  p ro to ty p e .  The sp read in g  o f  the  flow a f t e r  a v e r t i c a l  narrow ing  
would behave in accordance w ith  the  v e r t i c a l  s c a le  and th u s  i n t e r a c t  w ith  

th e  'wrong' geom etry, which was reproduced a t  th e  h o r i z o n t a l  s c a l e .

-  The d is c h a rg e ,  determ ined  from measured v e l o c i ty  d i s t r i b u t i o n s  ups tream  and 

downstream th e  b a r r i e r  were n o t  a f f e c t e d  by e v en tu a l  d e v ia t io n s  in  th e  v e ­

l o c i t y  d i s t r i b u t i o n s  s in c e  th e  c o n t in u i ty  c o n d i t io n  was f u l l f i l l e d  in  th e  
m odel.

5 .4 .2  Water l e v e l s  and head d i f f e r e n c e s

Measuring the  w ater l e v e l s  in  a number o f  m easuring p o in t s  p rov ided  in fo rm a­

t i o n  on th e  fo llow ing  param eters  ( v a r i a t i o n  du ring  the  t i d e  in c lu d e d ) :  
l o c a l  w ater l e v e l  and t i d a l  range

-  head d i f f e r e n c e  between measuring p o in ts  (such a s :  head d i f f e r e n c e  a c ro s s  

th e  b a r r i e r  and head d i f f e r e n c e  a c ro s s  a t i d a l  f l a t )

The in a ccu racy  range o f  th e se  measurements in  the  t i d a l  model could  be e s t i ­
mated as  fo l lo w s :

-  w ater  l e v e l  0 .03 to  0.05 m 
head lo s s  0.06 to  0 .10  m

In c o n n ec tio n  w ith  th e  d i s t o r t i o n  o f  the  model a problem would a r i s e  down­
s tream  o f  th e  b a r r i e r ,  r e l a t e d  to  th e  i n t e r p r e t a t i o n  o f  th e  lo c a t i o n  o f  th e  

m easuring  p o in t .  The c u rv a tu re  o f  th e  s u r fa c e  o f  the  w ater  downstream th e  b a r ­

r i e r  was mainly determ ined  by th e  v e r t i c a l  s c a l e .  So th e  lo c a t io n  o f  th e  mea­

s u r in g  p o in t s  in  th e  t i d a l  model d i f f e r e d  somewhat from th e  lo c a t io n  in  th e  

p ro to ty p e .  This problem a ro s e  e s p e c i a l l y  a t  b u i ld in g  s ta g e s  w ith  a c o n s id e r ­

a b le  v e r t i c a l  c o n s t r i c t i o n .
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5 .4 .3  E f f e c t iv e  c r o s s - s e c t i o n a l  a r e a

The e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  o f  the  b a r r i e r  could  be computed from th e  
measured d is c h a rg e s ,  w ater l e v e l s  and head d i f f e r e n c e s  a s  fo l lo w s :

p^A = Q / /2 g . Ah

in  which:

p^A = e f f e c t i v e  c r o s s - s e c t io n a l  a r e a  (m2)

Q = d isc h a rg e  (m3/ s )
g = a c c e l a r a t i o n  o f  g r a v i ty  (m /s 2)
Ah = head d i f f e r e n c e  (m)

The com putation was c a r r i e d  ou t  by u s in g  v a lu e s  (every  h a l f  hour)  o f  d is c h a rg e  
and head d i f f e r e n c e .  T h is  gave in s ta n ta n e o u s  v a lu es  o f  th e  e f f e c t i v e  c r o s s -  
s e c t i o n a l  a r e a .  The head d i f f e r e n c e s ,  which were used f o r  th e  com puta tion  

o f  p^A were u s u a l ly  based on th e  w ater l e v e l s  measured in  th e  working 
h a r b o u r s .

The computed v a lues  were r e l a t e d  to  th e  downstream w ater  l e v e l  and by u s in g  a 
l e a s t  square  method, th e  e f f e c t i v e  c r o s s - s e c t i o n  a t  N.A.P. was d e te rm in e d .  The 

f u n c t io n :  p^A = F (downstream w ater l e v e l )  was u s u a l ly  approx im ated  by a 

s t r a i g h t  l i n e ,  i f  n ece ssa ry  s e p a r a t e ly  f o r  ebb- and f lo o d - c u r r e n t .

5 .5  S e tup  o f  d e t a i l  s c a l e  model H1001

The M1001 model was equipped a s  a s t e a d y - s t a t e  model and in  t h i s  th e  te rm s o f  
th e  c o n t in u i ty  eq u a t io n  and th e  momentum eq u a t io n  in  x, y and z d i r e c t i o n  were 
r e p re s e n te d  (ex ce p t f o r  time dependency).

With a good s e l e c t i o n  o f  the  s c a l e s ,  th e  req u irem en ts  r e l a t e d  to  th e  d i f f e r e n t  

o b j e c t iv e s  o f  th e  s tudy  can be met. In S ec t io n  5 .5 .1  th e  s e l e c t i o n  o f  th e  
s c a l e s  w i l l  be d is c u s s e d .

F ig u re  5.11 g iv e s  an im pression  o f  th e  model.

5 -5 .1  S e le c t io n  o f  s c a le s

S ince  th e  d e t a i l  model had to  s e rv e  s e v e ra l  o b j e c t iv e s ,  t h i s  le d  to  a number 

o f ,  sometimes c o n f l i c t i n g ,  s c a l e - r u l e s .  O pera ting  th e  model f o r  th e  d e te rm in a ­

t i o n  o f  flow p a t t e r n s ,  e t c .  means th e  a p p l i c a b i l i t y  o f  th e  Froude s c a l e  ( see  
S e c t io n  5 . 2 . 1 ) :

n t  = n l  1 nu 

V  = nh • ng 

nC2 = n l  • ng 7 nu
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View o f  model in  n or th ern  d i r e c t i o n

View o f  model i n  s o u th -w e s te r n  d i r e c t i o n

Figure 5.11 Impression of detail model M 1001
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I n v e s t i g a t i o n s  on l o c a l  scou r  r e q u ire d  a  n o n - d i s to r t e d  model (n^ = n ^ ) , p a r t i ­
c u l a r ly  in  view o f  c o r r e c t  s im u la t io n  o f  th e  tu rb u le n c e  s t r u c t u r e ,  p lu s  t h a t
th e  s to n e  d ia m e te r  o f  th e  rubb le  cover on th e  bed p r o t e c t i o n  which was in v e s ­
t i g a t e d  had to  be r e p r e s e n t a t i v e  f o r  th e  bed roughness .  The same re q u ire m e n t

fo llow ed  f o r  th e  i n v e s t i g a t i o n s  r e l a t e d  to  th e  s t a b i l i t y  o f  ru b b le  s to n e
m a te r i a l  and r e l a t e d  to  th e  3 -d im ensional flow  p a t t e r n  in  th e  v i c i n i t y  o f  th e  
b a r r i e r .
The s e l e c t i o n  o f  th e  v e r t i c a l  and h o r iz o n ta l  s c a l e  was mainly d e te rm ined  by 
th e  requ irem en t t h a t  th e  flow  had to  be s u f f i c i e n t l y  t u r b u l e n t ,  th e  r e q u i r e ­
ment t h a t  a  scou r  t e s t  should  f a l l  w ith in  a  working day and th e  r e q u ire m e n t  
t h a t  th e  w ater  movement, w ater  h e ig h t  and sco u r  dep th  cou ld  be m easured a c ­
c u r a t e l y .  On th e  o th e r  hand th e  h o r iz o n ta l  d im ensions o f  th e  model ough t t o  be 

r e s t r i c t e d  so  as  t o  g e t  a  manageable s i z e  o f  th e  model.

The s e l e c t e d  s c a l e  was:

n l  = nh = 80

With t h i s  s c a l e  s to n e  d ia m e te rs  l a r g e r  than 4 mm in  th e  model cou ld  be in v e s ­
t i g a t e d  w ith o u t  any s c a l e  e f f e c t s  (= 3 .2  cm p r o to ty p e ) ;  in  t h i s  c a s e  v is c o u s  

f o r c e s  become n e g l i g i b l e .

The e x e c u t io n  o f  sco u r  t e s t s  and th e  i n v e s t i g a t i o n s  on th e  s t a b i l i t y  o f  ru b b le  

gave a l s o  some supplem entary  r e s t r i c t i o n s  a n d /o r  req u ire m en ts  such a s :

-  d e n s i t y  and d im ensions  o f  th e  sco u r in g  m a te r i a l

-  d e n s i t y ,  shape and dim ensions o f  th e  rubb le

E x ten s iv e  d i s c u s s io n  on t h i s  s u b je c t  i s  beyond th e  scope o f  t h i s  r e p o r t .  For 
f u r t h e r  in fo rm a tio n  on t h i s  s u b je c t  r e f e r e n c e  i s  made to  [ 5 - 1 ] .

5 .5 .2  S ch em a tiz a t io n  o f  bathym etry

The bed topography o f  th e  model, r e p re s e n t in g  an a r e a  o f  a p p ro x im a te ly  2 .5  to

3 .0  km on bo th  s id e s  o f  th e  b a r r i e r ,  was based on b a th y m e tr ic  su rv e y s  by th e

Dutch P u b lic  Works Departm ent. The model was o r i g i n a l l y  based on sound ings  

c a r r i e d  o u t  in  1967. By c a r ry in g  ou t  a d ju s tm en ts  o f  th e  bed o f  th e  m odel, 
l a r g e  p a r t s  o f  th e  model were a d ju s te d  to  changes o f  th e  bathym etry  in  n a t u r e .  

For th e  i n v e s t i g a t i o n s  o f  f u tu r e  b u i ld in g  s t a g e s ,  th e  bed was p a r t l y  based  on 
p r e d i c t i o n s  o f  th e  f u t u r e  development o f  th e  ba thym etry .

The bed o f  th e  model was b u i l t  o f  c o n c re te .  The p r o f i l a t i o n  o f  th e  bed was

c a r r i e d  o u t  by u s in g  a lm os t every a v a i l a b l e  sounding c r o s s - s e c t i o n  from th e
p ro to ty p e  ( d i s ta n c e  a p a r t  vary ing  from 100 to  200 m ). The c h a r a c t e r i s t i c
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p o i n t s  in  a c r o s s - s e c t i o n  w ere p o s i t i o n e d  i n  t h e  m o d e l  l i n e  by  l i n e .  D u r in g  

b u i l d i n g  i t  was n e c e s s a r y  t o  u s e  1 o r  2 l i n e s  in b e t w e e n  s o  a s  t o  a c h i e v e  a  

s a t i s f a c t o r y  a c c u r a c y  o f  a p p r o x im a t e ly  0 . 2  m in  t h e  v e r t i c a l  p o s i t i o n  and

1 . 0  m in  t h e  h o r i z o n t a l  p o s i t i o n .

No a d d i t i o n a l  roughness elem ents  were a p p l ie d  in t h i s  model. S ince  th e  model 

was n o t  d i s t o r t e d ,  t h i s  meant th a t  the  s c a le  f a c t o r  concern ing  th e  f r i c t i o n  i s  
near  nç = 1. The p o s s ib le  d i f f e r e n c e s  in e f f e c t i v e  roughness between a  con­
c r e t e  bottom and a sandy bottom were judged to  be o f  minor im portance f o r  th e  

i n v e s t i g a t i o n s .
On both  s id e s  o f  the  bed p ro te c t io n  works in  th e  main channe ls  th e  bottom was 
r e p re s e n te d  by a movable bed. The movable bed c o n s i s te d  o f  p o ly s ty re n e  g r a in s  
which were s to r e d  in  deepened p a r t s  o f  the  model f l o o r .  The dep th  o f  th e s e  

p a r t s  in  th e  model was approx im ate ly  0 .3  m (= 24 .0  m in  r e a l i t y )  below th e  
o r i g i n a l  l e v e l  o f  th e  bed, so t h i s  gave a l s o  th e  maximum scour  d ep th .  The 
le n g th  was 550 m (p e rp e n d ic u la r  to  the  a x is  o f  th e  b a r r i e r ) .  When no sco u r  

t e s t s  were perform ed, th e  movable bed p a r t s  were covered by ( b a l l a s t e d )  c l o th s  

y ie ld in g  a com plete ly  f ix e d  bed model.

5 -5 .3  Boundary c o n d i t io n s

The bo u n d ar ie s  o f  th e  d e t a i l  model M1001 were formed by the  c o a s t a l  l i n e s  o f  

Noord-Beveland and Schouwen and by two boundarie s  w ith  a s e r i e s  o f  a d j u s t a b l e  
g a te s  alm ost p e rp e n d ic u la r  to  the  c o a s t .  The p o s i t i o n  o f  the  g a te s  was ap p ro ­
x im ate ly  2 .5  to  3 .0  km e a s t  and west o f  the  a x i s  o f  the  b a r r i e r .  F ig u re  5 .12  

shows the  model w ith  th e  s e le c te d  b oundarie s .

f lo o d

rf lo o d
SCHOUWEN

HAMMENNOORD - BEVELAND, s e p e r a t io n  w a ll
eb b .

ROOMPOT
SCHAAR

F igu re  5 .12  Lay-out o f  d e t a i l  model M 1001
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The model was equipped a s  a  s t e a d y - s t a t e  flow model. Both g a ted  b o u n d a r ie s  o f  
th e  model could  be used f o r  th e  in flow  o f  w ater  ( c o n t r o l  o f  d i s c h a rg e )  o r  f o r  

th e  ou tf low  o f  w ater  ( c o n t r o l  o f  w ater l e v e l ) .  The w este rn  boundary c o n s i s t e d  
o f  t h i r t e e n  s e c t i o n s  and th e  e a s te rn  boundary o f  tw elve s e c t i o n s .  Each s e c t i o n  
could  be c o n t r o l l e d  independen tly  o f  th e  o th e r s .  In t h i s  way i t  was p o s s i b l e  

to  rep roduce  in  th e  model ebb or f lo o d  flow s a l t e r n a t e l y .
The boundary c o n d i t io n s  were d e r iv e d  from th e  measurements in  th e  t i d a l  model 
M1000, from a  t e s t  w ith  an i d e n t i c a l  b u i ld in g  s ta g e  o f  th e  b a r r i e r .
U sua lly  th e  flow c o n d i t io n s  a t  maximum ebb a n d /o r  maximum f lo o d  were s e l e c t e d  
f o r  th e  in v e s t ig a t i o n s  in  the  d e t a i l  model.
For th e  in flow  boundary a d i s c h a r g e - d i s t r i b u t i o n  was p r e s c r ib e d .  The w a te r -  
l e v e l  in  th e  model was c o n t ro l l e d  by th e  g a te s  o f  th e  ou tf low  boundary . More­

o v e r ,  th e  re q u i re d  v e l o c i t y - d i s t r i b u t i o n  in  a c r o s s - s e c t io n  n ea r  th e  in f low  
boundary cou ld  be reproduced by a d ju s t in g  a g r a t i n g  downstream o f  t h a t  boun­
dary  .

5 .5 .4  C a l i b r a t i o n

The d e t a i l  model d id  no t  have to  be c a l i b r a t e d  in  the  same manner a s  w ith  th e  
t i d a l  model. The o r i g i n a l  s i t u a t i o n  was n o t  reproduced bu t th e .  t e s t s  in  th e  
model s t a r t e d  w ith  th e  in v e s t i g a t io n  o f  a  s i t u a t i o n  w ith  com pleted  working 

h a rbou rs  and a completed dam in  th e  shallow  p a r t s .
In f a c t ,  every  t e s t  in  the  d e t a i l  model s t a r t e d  w ith  a  r e p ro d u c t io n  o f  th e  

v e l o c i t y  d i s t r i b u t i o n s  and w ater l e v e l s  (measured from th e  t i d a l  m ode l) .  I t  

was expec ted  t h a t  th e  flow p a t t e r n  in  th e  r e l a t i v e l y  s h o r t  model would be 

h ig h ly  dominated by. th e  p re s c r ib e d  boundary c o n d i t io n s ,  b u t  i t  tu rn e d  o u t  t h a t  

th e  r e p ro d u c t io n  o f  th e  v e lo c i ty  d i s t r i b u t i o n s  was r a t h e r  d i f f i c u l t .  The cause  

o f  th e  problems was th e  absence o f  th e  dynamic e f f e c t s  (w ith  i t s  in f lu e n c e  o f  
f i l l i n g  and emptying o f  th e  t i d a l  f l a t s )  and p robab ly  d i f f e r e n c e s  in  th e  
roughness o f  th e  bed ( to o  sm ooth). By means o f  a g r a t i n g  d i r e c t l y  downstream 

o f  the  in f low  boundary ( s e e  a l s o  S ec t io n  5 .5 .3 )  t h i s  problem cou ld  be so lv ed  
s a t i s f a c t o r i l y .

5 .6  E xecu tion  o f  th e  i n v e s t i g a t io n s  in  th e  model M1001

5 .6 .1  In s tru m e n ts  and measurements

In th e  model th e  fo llo w in g  param ete rs  were measured w ith  s p e c i a l l y  c o n s t r u c t e d  

p robes  :

-  w ater  l e v e l  w ith  a  w a te r - l e v e l  fo l lo w er  (WAVO) an d /o r  a  p o in t  gauge
-  c u r r e n t - v e l o c i t y  and - d i r e c t i o n  w ith  a combined in s tru m en t (SRM) a n d /o r  an 

O TT-current m eter
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sc o u r in g  dep th  w ith  a p r o f i l e  fo l lo w e r  (PROVO)
The d e s c r ip t i o n  o f  th e  WAVO and SRM i s  a l re a d y  g iven  in  S e c t io n  5 .3 .1 .  In t h i s  
S e c t io n  only th e  o th e r  in s tru m en ts  w i l l  be d is c u s s e d .

The use  o f  p o in t  gauges f o r  th e  d e te rm in a t io n  o f  th e  w ate r  l e v e l  was r e s t r i c ­

te d  to  a number o f  f ix e d  measuring p o in t s  (m ostly  in  th e  working h a rb o u rs )  and 
was in  f i r s t  in s ta n c e  n ece ssa ry  to  c o n t ro l  th e  w ater  l e v e l  in  th e  model. Addi­

t i o n a l l y ,  th e se  gauges could p rov ide  th e  head d i f f e r e n c e  a c r o s s  th e  b a r r i e r .  
The accu racy  o f  the  w a te r - l e v e l  gauges was app ro x im ate ly  0.1 mm, meaning 

0.01 m on th e  s e le c te d  v e r t i c a l  s c a le .

Measurements w ith  an O TT-current meter were u s u a l ly  c a r r i e d  o u t  on ly  to  con­
t r o l  th e  ad ju s tm en t o f  th e  boundary c o n d i t io n s .  For t h i s  a p p l i c a t i o n  th e  mea­
surem ents  o f  th e  c u r r e n t - v e lo c i ty  were m ostly  r e s t r i c t e d  t o  one c h a r a c t e r i s t i c  

h e ig h t  in  th e  v e r t i c a l ,  a t  0 .4  t im es th e  depth  from th e  bottom which a p p r o x i ­

mated th e  average  v e lo c i ty  in  a (w e ll-deve loped )  v e r t i c a l .

The 'PROVO' c o n s is te d  o f  a  measuring rod w ith  an e l e c t r o d e  (see  F ig u re  5 .1 3 ) .  
With a servo-mechanism t h i s  rod was kept a t  a sm all  d i s ta n c e  above th e  p o ly ­

s ty r e n e  bed. The 'PROVO' was mounted on a moving c a r r i a g e .

Figure 5.13 Profile follower (PROVO)
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M ea su rem en ts  o f  t h e  bed  l e v e l  t o o k  p l a c e  i n  l i n e s  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  

t h e  b a r r i e r .  The a c c u r a c y  o f  t h e  m easu red  bed l e v e l  ( o r  s c o u r i n g  d e p t h )  was  

a p p r o x i m a t e l y  0 . 1  m ( p r o t o t y p e  v a l u e ) .

In  t h e  d e t a i l  m o d e l  t h e  s u r f a c e  f l o w  p a t t e r n  c o u l d  be  r e c o r d e d  w i t h  p h o t o g r a p ­

h i c  c a m e r a s .  From t h e  p h o to g r a p h s  t h e  c u r r e n t - v e l o c i t i e s  c o u l d  be d e t e r m in e d  

and a  g e n e r a l  i m p r e s s i o n  was o b t a i n e d  o f  s e p a r a t i o n  p o i n t s  and t h e  l o c a t i o n  o f  

e d d i e s .

The s e t u p  o f  t h e  m e a su r e m e n ts  o f  c u r r e n t - v e l o c i t y  and - d i r e c t i o n  w e r e ,  j u s t  a s  

i n  t h e  t i d a l  m o d e l ,  b a s i c a l l y  t h e  same a s  in  t h e  p r o t o t y p e .  H o w ev er ,  t h e  

s e l e c t i o n  o f  t h e  m e a s u r in g  p o i n t s  d i f f e r e d  from  t h e  t i d a l  m o d e l .  In  t h e  d e t a i l  

m o d e l  m o s t  i n f o r m a t i o n  w ere  g a t h e r e d  i n  t h e  d i r e c t  v i c i n i t y  o f  t h e  b a r r i e r  

(an d  i n  t h e  co m p a rtm en ts  b e tw e e n  two p i e r s ) .  F i g u r e  5 . 1 4  g i v e s  an  o v e r a l l  v i e w  

o f  m e a su r e m e n ts  in  t h e  v i c i n i t y  o f  t h e  (m o d e l)  b a r r i e r .

F i g u r e  5 . 1 4  I m p r e s s i o n  o f  m ea su rem en ts  in  t h e  d e t a i l  m o d e l ,  

w a t e r  l e v e l s  in  v i c i n i t y  o f  b a r r i e r

The e x e c u t i o n  o f  s c o u r  and s t a b i l i t y  t e s t s  was q u i t e  d i f f e r e n t .  H o w ev er ,  a  

d i s c u s s i o n  o f  t h e s e  t e s t s  i s  beyond  t h e  s c o p e  o f  t h i s  r e p o r t .
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5 . 6 . 2  S c h e m a t i z a t i o n  o f  b u i l d i n g  s t a g e s

J u s t  a s  f o r  t h e  t i d a l  m o d e l ,  s c h e m a t i z e d  e l e m e n t s  o f  t h e  b a r r i e r  had b e e n  d e ­

s i g n e d  f o r  u s e  in  t h e  d e t a i l  m o d e l .  In  c o n n e c t i o n  w i t h  t h e  s c a l e  o f  t h e  m odel  

i t  was h a r d l y  p o s s i b l e  t o  c o n s t r u c t  t h e  num erous e l e m e n t s  o f  t h e  b a r r i e r  in  

f u l l  d e t a i l  on t h a t  s c a l e  ( s e e  a l s o  S e c t i o n  5 . 3 . 2 ) .

On t h e  b a s i s  o f  t h e  r e s u l t s  o f  t h e  i n v e s t i g a t i o n s  on t h e  d i s c h a r g e  c o e f f i ­

c i e n t ,  s i m p l i f i e d  e l e m e n t s  w ere b u i l t  f o r  a l l  l o c a t i o n s  in  t h e  c l o s u r e  g a p s .  

W ith t h e s e  e l e m e n t s  any a r b i t r a r y  b u i l d i n g  s t a g e  c o u ld  be  r e p r e s e n t e d  i n  t h e  

m o d e l .  For f u r t h e r  i n f o r m a t i o n ,  r e f e r  t o  S e c t i o n  4 . 3 . 3 .  F i g u r e  5 . 1 5  g i v e s  an  

i m p r e s s i o n  o f  a  b u i l d i n g  s t a g e  in  t h e  m odel ( p i e r s  p l a c e d  and r u b b l e  s i l l  

p a r t l y  c o m p l e t e d ) .

F i g u r e  5 . 1 5  View o f  b u i l d i n g  s t a g e  in  t h e  m o d e l;  p l a c e d  p i e r s  

and r u b b le  s i l l  p a r t l y  c o m p le te d

5 . 7  R e s u l t s  o f  t h e  t e s t s  in  m odel M1001

5 . 7 . 1  V e l o c i t i e s  and d i s c h a r g e s

From t h e  r e s u l t s  o f  m e a su r e m e n ts  o f  c u r r e n t - v e l o c i t i e s  and - d i r e c t i o n s  i n  

p o i n t s  a l o n g  a  p r o f i l e  (an d  in  t h e  v e r t i c a l ) ,  some d e r i v e d  p a r a m e t e r s  c o u l d  be  

d e t e r m i n e d ,  s u c h  a s :  l o c a l  v e l o c i t i e s ,  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 s  and  

v e r t i c a l  v e l o c i t y - p r o f i l e s . F i g u r e s  5 . 1 6  and 5 . 1 7  show some e x a m p le s  o f  t h e
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F i g u r e  5 . 1 6  R e s u l t s  o f  v e l o c i t y  m e a su r e m e n ts  in  Roompot c h a n n e l  n e a r  a

c o n s t r u c t i o n  f r o n t  ( b u i l d i n g  s t a g e  w i t h  r u b b l e  s i l l  c o m p l e t e d  and  

19 s i l l  beams i n s t a l l e d )
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r e s u l t s  o f  th e  measurements. The d e te rm in a t io n  o f  th e  d is c h a rg e  in  a main 

channe l d id  only  make sense  as  a c o n t ro l  o f  th e  v e l o c i t y  measurement; th e  d i s ­

charge  i t s e l f  was imposed as a  boundary c o n d i t io n .
Furtherm ore  th e  measurements o f  the  v e l o c i t i e s  could p ro v id e  in fo rm a tio n  abou t 

th e  tu rb u le n c e  c h a r a c t e r i s t i c s  o f  th e  flow .

0,0
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i>ji>
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0,20
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0 . 3 0

F ig u re  5 .17  D i s t r i b u t io n  o f  v e lo c i ty  and tu rb u le n c e  i n t e n s i t y  a t  end o f  th e  
bed p r o t e c t io n  works in  Roompot channel (b u i ld in g  s ta g e  w ith  
21 s i l l  beams i n s t a l l e d )

5 . 7 .2  Water l e v e l s  and head d i f f e r e n c e s

Measuring th e  w ater l e v e l s  in  a number o f  p o in t s  r e s u l t e d  in  in fo rm a tio n  ab o u t 

th e  fo l lo w in g  p a ram e te rs :

-  l o c a l  w a te r  l e v e l

-  l o c a l  s lo p e s  o f  w ater  l e v e l  ( e v e n tu a l ly  between th e  p i e r s )
-  head lo s s

In t h i s  d e t a i l  model o f  th e  b a r r i e r  th e  c u rv a tu re  o f  th e  w ate r  l e v e l  in  th e

v i c i n i t y  o f  th e  b a r r i e r  was a  very  r e a l i s t i c  approx im ation  o f  th e  p r o to ty p e

s in c e  th e  model was n o t  d i s t o r t e d .

5 . 7 .3  E f f e c t iv e  c r o s s - s e c t i o n a l  a r e a

The e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  o f  th e  b a r r i e r  cou ld  be computed by u s in g  

th e  measured d i s c h a rg e s ,  w ater  l e v e l s  and head d i f f e r e n c e s  ( s e e  S e c t io n  

5 . 4 . 3 ) .  The com putation  was, o f  c o u rse ,  only  c a r r i e d  o u t  f o r  maximum ebb and 
maximum f lo o d .
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From th e s e  r e s u l t s  th e  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  a t  N.A.P. was d e t e r ­

mined, assuming t h a t  does no t change w ith  a  ( s l i g h t )  change o f  th e  down­
s tream  w a te r l e v e l .

5 -7 .4  Scour dep th  and s t a b i l i t y  o f  m a te r i a l s

Measuring th e  scou r  dep th  s e v e r a l  t im es du r in g  a t e s t  and in  a  number o f  

l o n g i tu d in a l  s e c t i o n s  g iv e s  as  a r e s u l t  th e  r e l a t i o n  o f  sco u r  d e p th  v e rsu s  
t im e . From th e  r e s u l t s  o f  th e  t e s t s  and some a d d i t i o n a l  in fo rm a tio n  ( s e e  [5 -8 ]  
and [5 -9 ] )  th e  scou r  in  the  model can be t r a n s l a t e d  in to  th e  sco u r  in  r e a l i t y .  
The o b ta in e d  t im e-sco u r  l i n e s  f o r  th e  v a r io u s  s e c t i o n s  a r e  th e  b a s i s  f o r  
p r e d i c t i o n  o f  expec ted  scour  in  a s p e c i f i c  b u i ld in g  s ta g e .

The s t a b i l i t y  t e s t s  g iv e  in fo rm a tio n  on th e  c r i t i c a l  v e l o c i t y  o r  c r i t i c a l  head 
d i f f e r e n c e  f o r  s p e c i f i c  p a r t s  o f  th e  des igned  ru b b le  s to n e  s t r u c t u r e  ( p a r t i ­
c u l a r ly  th e  top  la y e r )  and th e  b e d - p ro te c t io n  works. I t  can be judged  t o  what 

e x te n t  th e  measured c r i t i c a l  head d i f f e r e n c e  does meet th e  d e s ig n  c r i t e r i o n .  

The s t a b i l i t y  t e s t s  in  th e  d e t a i l  model were c a r r i e d  o u t  to  g e t  an o v e r a l l  

view o f  th e  ru b b le  s t a b i l i t y  in  th e  e n t i r e  c lo s u re  gap . F urtherm ore  s t a b i l i t y  
t e s t s  were c a r r i e d  o u t  f o r  s i t u a t i o n s  and lo c a t io n s  w ith  an exp ec ted  in f lu e n c e  

from bottom topography an d /o r  geometry o f  th e  c lo su re  gap. F ig u re  5 .1 8  i l l u s ­

t r a t e s  th e  flow  d u r in g  s t a b i l i t y  t e s t s  f o r  th e  compartment between th e  f i r s t  
p i e r  and th e  abutm ent.

F ig u re  5 .1 8  Flow p a t t e r n  a t  s t a b i l i t y  t e s t  f o r  compartment 
between f i r s t  p i e r  and abutment
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6. One-dimensional models; IMPLIC-R1495

6.1 Introduction

The E a s te rn  S c h e ld t  e s tu a ry  was modelled by a one -d im ensiona l model, based on 
R i j k s w a t e r s t a a t ' s  computer program IMPLIC. Of a l l  m a them atica l m odels , t h i s  
one-d im ens iona l  model was used most during  th e  c o n s t r u c t io n  o f  th e  s to rm -su rg e  
b a r r i e r ,  s in c e  i t  was s u i t a b l e  f o r  o p e ra t io n a l  f o r e c a s t s ,  because  o f  i t s  f a s t  
o p e ra t io n  speed . The main fu n c t io n  o f  the  IMPLIC model was to  compute th e  

w ate r  l e v e l s  in  th e  E as te rn  S c h e ld t ,  th e  head d i f f e r e n c e s  over th e  b a r r i e r  and 
th e  d is c h a rg e s  through th e  t h r e e  main channe ls  in  which th e  b a r r i e r  was be ing  
b u i l t .
In a d d i t i o n  to  th e  one-d im ensional model, a  model was a v a i l a b l e  to  compute th e  

l a t e r a l  d i s t r i b u t i o n  o f  th e  t r a n s p o r t  r a t e  a long  th e  b a r r i e r .  T h is  s o - c a l l e d  
R1495 model makes use o f  on th e  d i s t r i b u t i o n  o f  the  h y d ra u l i c  r e s i s t a n c e  a long  
th e  b a r r i e r .

With th e  com bination o f  IMPLIC and R1495 th e  average  v e l o c i t y  p e r  b a r r i e r  g a te  
(q/A) could  be computed. The param eter  q/A was one o f  th e  b a s ic  h y d ra u l i c  

p a ram ete rs  f o r  th e  d es ig n  and c o n s t ru c t io n  o f  the  s to rm -su rg e  b a r r i e r ,  s ee  

S e c t io n  2 .3 .  During th e  c o n s t ru c t io n  o f  th e  b a r r i e r  most d e s ig n  pa ram ete rs  f o r  

th e  c o n s t r u c t io n  phases were computed w ith  th e  models IMPLIC and R1495. A f te r  
p lacem ent o f  th e  p i e r s  a l s o  a l l  o p e r a t io n a l  f o r e c a s t s  were computed w ith  th e se  

m odels . The more s o p h i s t i c a t e d ,  and th u s  more time consuming and ex p en s iv e ,  

models such as  th e  s c a l e  models M1000 and M1001, and th e  tw o-d im ensional WAQUA 

m odels , were mainly used f o r  c a l i b r a t i o n  and v e r i f i c a t i o n  o f  IMPLIC-R1495 and 
to  o b ta in  fu n c t io n a l  r e l a t i o n s  between, f o r  example, l o c a l  v e l o c i t i e s  and 

a v e ra g e  v e l o c i ty  o r  between s t a b i l i t y  o f  ru b b le  l a y e r s  o f  th e  s i l l  and ave rage  
v e l o c i ty  o r  head d i f f e r e n c e  ( s c a l e  model M1001).

Throughout a l l  c o n s t r u c t io n  s t a g e s  o f  th e  b a r r i e r  good r e s u l t s  were o b ta in e d  

w ith  th e  IMPLIC-R1495 system (se e  S ec t io n  8 .1 ) .

In t h i s  c h a p te r  a d e s c r ip t io n  i s  g iven  o f  the  models IMPLIC (S e c t io n  6 .2 )  and 
R1495 (S e c t io n  6 .3 )  and o f  th e  i n t e g r a te d  model t h a t  was used f o r  th e  f o r e ­
c a s t s  (S e c t io n  6 .4 ) .
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6 .2  O ne-dim ensional t i d a l  model IMPLIC

6 .2 .1  Model d e s c r ip t io n

The o ne-d im ens iona l  t i d a l  model IMPLIC i s  based on a num erica l s o l u t i o n  o f  th e  
o n e-d im ens iona l  long-wave e q u a t io n s ;  e q u a t io n s  6.1 and 6 .2  ( see  C hap ter  3 and 

F ig u re  6 . 1 ) :

F ig u re  6.1 P aram ete rs  one-d im ensional long-wave e q u a t io n s

+ ?  = °3 1  3X

î S . L  ( S î i  .  g f t  M  ,  g  O J O L  .  “ a  CD Bs c o s * 
a t  ax <A > ax « c2Rft

S

= 0

where:

Q
B

d

a
h

= d isc h a rg e

= w id th  a t  th e  w a te r s u r fa c e
= w id th  o f  th e  flow a re a  a t  th e  s u r f a c e

= d i s ta n c e  from th e  bottom to  th e  r e f e r e n c e  p lane

= w ate r  e l e v a t io n  r e l a t i v e  t o  th e  r e f e r e n c e  p la n e
= w a te r  d ep th  (= d + a)

( 6 . 1 )

( 6 .2 )
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(m)

(m)

(m)

g
R

= t o t a l  a re a  = J  B dz 
-d  

z
= flow a r e a  = ƒ B dz 

-d 3

= Chézy c o e f f i c i e n t  f o r  bottom f r i c t i o n  

= a c c e l e r a t i o n  due to  g r a v i ty  

= h y d ra u l i c  r a d iu s
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(m2)
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CD = c o e f f i c i e n t  f o r  w ind-shear  s t r e s s  

W = wind speed
<|> = a n g le  between wind d i r e c t i o n  and channel a x i s

Pw = d e n s i ty  o f  w ater 

Pa  = d e n s i ty  o f  a i r

( - )
(m /s)

( ° )
(kg/m3)
(kg/m3)

The e q u a t io n s  6.1 and 6 .2  a r e  so lved  w ith  an i m p l i c i t  method, d e s c r ib e d  in

The model i s  based on a  number o f  a ssum ptions , which a r e  th e  b a s i s  f o r  th e  

on e-d im ens iona l  long-wave eq u a t io n s  (S t-V enant hypo theses)  :
1. V e lo c i ty  d i s t r i b u t i o n ,  p e rp e n d ic u la r  to  th e  main flow d i r e c t i o n ,  i s  u n i ­

form.
2. Water s u r f a c e ,  p e rp e n d ic u la r  to  th e  main flow d i r e c t i o n ,  i s  h o r i z o n t a l .

3 . V e r t i c a l  a c c e l e r a t i o n s  and v e r t i c a l  c u rv a tu re s  o f  s t ream  l i n e s  a r e  n e g l i ­

g i b l e .
4. Energy lo s s e s  a re  conform a  s t a t i o n a r y  approach (Chézy fo rm u la ) .

5 . Very g e n t l e  bottom s lo p e s ;  c o s in e s  o f  th e s e  s lo p e s  a r e  c lo s e  to  one .

The consequences o f  th e se  app rox im ations  a r e  e x te n s iv e ly  d is c u s s e d  in  [ 6 - 2 ] .  

Abovementioned assum ptions  were n o t  f u l l f i l l e d  a t  the  l o c a t io n  o f  th e  b a r r i e r ,  

h e re  a s e t  o f  m od ified  eq u a t io n s  had to  be used ( s e e  S e c t io n  6 . 2 .3  and 
C hapter 4 ) .

6 .2 .2  Bottom geometry

For a  one -d im ensiona l model as  IMPLIC, th e  E as te rn  S c h e ld t  had to  be schema­

t i z e d  a s  a  system  o f  channe ls  and nodes . The lo c a t io n  o f  th e s e  c h a n n e ls  and 
nodes was c l e a r l y  d e f in e d  f o r  a r e a s  w ith  pronounced channe ls  s e p a r a t e d  by 
r e l a t i v e l y  h ig h  t i d a l  f l a t s .  The E a s te rn  S ch e ld t  e a s t  o f  th e  l i n e  Z i e r ik z e e -  

C o l i j n s p l a a t  ( see  F ig u re  2 .4 )  was such an a r e a .  For th e  a r e a  seaw ards (w es t)  

o f  th e  s to rm -su rg e  b a r r i e r ,  th e  lo c a t io n s  o f  th e  ch an n e ls  and th e  nodes were 

n o t  w e l l  d e f in e d .  However, on th e  b a s i s  o f  th e  flow p a t t e r n s ,  a l r e a d y  known 

from th e  o v e r a l l  t i d a l  s c a l e  model, a one-d im ensional s c h e m a t iz a t io n  cou ld  be 

made. When a  b a s i c a l l y  tw o-dim ensional a r e a  i s  schem atized  a s  a one-dim en­
s io n a l  network on th e  b a s i s  o f  th e  flow p a t t e r n ,  s p e c i a l  a t t e n t i o n  must be 

pa id  to  s i t u a t i o n s  where th e  flow p a t t e r n  w i l l  change due to  th e  c o n s t r u c t i o n  
a c t i v i t i e s .  Such a  change in  th e  flow p a t t e r n  was induced by th e  c o n s t r u c t io n  

sequence o f  th e  b a r r i e r  from n o r th  to  so u th .  T h is  r e s u l t e d  in  a  change in  th e  

d i s t r i b u t i o n  o f  th e  h y d ra u l ic  r e s i s t a n c e  over th e  main ch an n e ls  in  which th e  

b a r r i e r  was under c o n s t r u c t io n .  For th e se  s i t u a t i o n s  a  check was made w ith  th e  

tw o-d im ensional WAQUA models.

[6- 1], [6- 2 ].
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The IMPLIC sc h é m a t is a t io n  o f  th e  E as te rn  S c h e ld t  i s  based on b a th y m e tr ic  s u r ­
veys by th e  Dutch P u b lic  Works. O r ig in a l ly  the  sc h e m a t iz a t io n  was based  on 

d a ta  from around 1970. At th e  end o f  1982 l a rg e  p a r t s  o f  th e  s c h e m a t iz a t io n  
were r e v i s e d ,  based on th e  r e s u l t s  o f  more r e c e n t  su rveys  from around 1980. In 

1984 th e  a r e a  seawards o f  th e  s to rm -su rge  b a r r i e r  was r e v i s e d .  Here s p e c i a l  
a t t e n t i o n  was p a id  to  th e  expected  changes in  th e  flow p a t t e r n ,  caused  by th e  
c o n s t r u c t io n  scheme o f  th e  b a r r i e r .  In a d d i t io n  to  th e s e  m ajor r e v i s i o n s  a 

number o f  sm all  m o d i f ic a t io n s  were made.

The number o f  r e v i s io n s  i l l u s t r a t e d  th e  im portance o f  a f l e x i b l e  geometry 
s im u a l t io n ,  e s p e c i a l l y  fo r  a  h ig h ly  movable bed a s  in  th e  E a s te rn  S c h e ld t  

e s tu a r y .  T h is  was one o f  the  major advan tages  o f  a  num erica l model. The f i n a l  
s c h e m a t iz a t io n  comprised 230 channel s e c t i o n s  and 171 nodes ( se e  F ig u re  6 .2  

and [ 6 - 2 ] ) .

•  •

. NODE

•  MEASURING STATION 

S WATER LEVEL RECORDER

F ig u re  6 .2  O ne-dim ensional sc h e m a tiz a t io n  o f  th e  E as te rn  S c h e ld t

The bottom f r i c t i o n  was modelled by th e  Chézy fo rm ula . For th e  IMPLIC model 

th e  Chézy v a lu e  was n o t  d i r e c t l y  d e r iv e d  from f i e l d  d a ta  or from t h e o r e t i c a l  

c o n s id e r a t i o n s .  The procedure  was as  fo l lo w s :
-  F ie ld  d a t a  and th e o ry  gave th e  l i m i t s  f o r  th e  Chézy v a lu e s .
-  W ithin  th e s e  l i m i t s  th e  Chézy v a lu e s  were v a r ie d  to  c a l i b r a t e  th e  model.

-  For th e  E a s te rn  S ch e ld t  t h i s  le d  to  Chézy v a lu es  rang ing  from 30 to  50 m^/s 

( s e e  [ 6 - 2 ] ) .

The sc h e m a t iz a t io n  p rocedure  was, to  some e x t e n t ,  s u b j e c t iv e  in  c h a r a c t e r  and 

th e r e f o r e  had to  be done by ex p erienced  peo p le .  The lo c a t io n  o f  th e  channe ls
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and th e  nodes , and even th e  le n g th  o f  a channel between two nodes were a l l  
more o r  l e s s  s u b je c t iv e  c h o ic e s .  A r i s k  in  t h i s  approach i s  t h a t  e r r o r s  in  th e  
s c h e m a t iz a t io n  a r e  l a t e r  camouflaged du r in g  the  c a l i b r a t i o n  o f  th e  model, f o r  

example by a d j u s t in g  th e  roughness .  The r e s u l t  would be a  model t h a t  could  
r e a c t  p h y s ic a l ly  u n r e a l i s t i c  in  s i t u a t i o n s  d i f f e r e n t  from th e  s i t u a t i o n  f o r  
which th e  model was c a l i b r a t e d .  To minimize t h i s  r i s k  checks were made w ith  
th e  tw o-d im ensional models.

6 . 2 .3  Geometry o f  th e  b a r r i e r

At th e  l o c a t io n  o f  th e  b a r r i e r  th e  assum ptions upon which th e  long-wave ap ­

p roach  a r e  based were no longer f u l l f i l l e d .  At t h i s  s i t e  th e  long-wave equa­
t i o n  was r e p la c e d  by a d isc h a rg e  r e l a t i o n .  This approach i s  d e s c r ib e d  in  de­
t a i l  in  Chapter 4. The d isc h a rg e  r e l a t i o n  f o r  s u b c r i t i c a l  flow i s :

Q = u3A /  2gAh (6 .3 )

w here :

Q = t r a n s p o r t  r a t e (m3/ s )

u3 = th re e -d im e n s io n a l  d isc h a rg e  c o e f f i c i e n t ( - )
A = w e tt  c r o s s - s e c t io n a l  a re a (m2)

g = a c c e l e r a t i o n  o f  g r a v i ty (m /s 2)
Ah = head d i f f e r e n c e  over th e  b a r r i e r (m)

The c o e f f i c i e n t  y^ was determ ined in  the  s c a le  models M1000 and M1001 f o r  
v a r io u s  c o n s t r u c t io n  s ta g e s  o f  th e  b a r r i e r  f o r  s u b c r i t i c a l  f r e e - s u r f a c e - f l o w  

c o n d i t io n s .  The IMPLIC model in c lu d e s  a  ro u t in e  t h a t  m o d if ie s  e q u a t io n  6 .3 ,  

and th e  v a lu e  o f  y^, to  th e  s i t u a t i o n  o f  s u b c r i t i c a l  flow  and to  s u p e r c r i t i c a l  
f low . In c lu d in g  th e  e q u a t io n s  t h a t  a r e  used f o r  th e  t r a n s i t i o n  between th e  

d i f f e r e n t  flow c o n d i t io n s ,  seven s i t u a t i o n s  a re  d i s t i n g u i s h e d .  F urtherm ore , 
d i f f e r e n t  c o e f f i c i e n t s  were used f o r  ebb and f lo o d  flow d i r e c t i o n s .

6 .2 .4  Boundary c o n d i t io n s

At th e  seaward boundary w ater l e v e l  ( t i d e )  curves were used a s  boundary con­
d i t i o n s .  The seaward boundary was lo c a te d  a t  a lo c a t io n  some d i s t a n c e  from th e  

b a r r i e r  where th e  in f lu e n c e  o f  th e  b a r r i e r  on th e  t i d e  curve  becomes neg­
l i g i b l e .  The w ater  l e v e l s  a t  th e  boundary were d e r iv e d  from fo u r  permanent 

f i e l d  s t a t i o n s ,  0S11, 0S13, 0S14 and 0S15 (see  F igure  2 . 4 ) .  The in n e r  boun­
d a r i e s  were chosen a t  th e  end o f  th e  e s tu a ry  (Q = 0 m3/ s ) .

In a d d i t i o n  wind v e l o c i ty  and wind d i r e c t i o n  could be s p e c i f i e d  a s  boundary 
c o n d i t i o n s .
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6 .2 .5  C a l ib ra t io n  and v e r i f i c a t io n

For th e  c a l i b r a t i o n  and v e r i f i c a t i o n  o f  th e  model, th e  d a ta  o b ta in e d  from the  

permanent f i e l d  s t a t i o n s  and th e  r e s u l t s  from th e  m easuring  campaigns were 
u sed .  The f i e l d  s t a t i o n s  p rov ided  w ater l e v e l s  th roughou t th e  e n t i r e  E as te rn  
S c h e ld t  ( s e e  Chapter 2 ) .  During th e  measurement campaigns th e  d i s c h a r g e s  o f  

s e v e r a l  s e c t i o n s  were o b ta in e d .  For example th e  d is c h a rg e s  in  th e  t h r e e  main 
channe ls  where th e  s to rm -su rge  b a r r i e r  was p r o je c te d .
The c a l i b r a t e d  model was v e r i f i e d  w ith  (o f  co u rse )  a d i f f e r e n t  s e t  o f  f i e l d  
c o n d i t io n s  than  th o se  t h a t  had been used f o r  th e  c a l i b r a t i o n .  The v e r i f i c a t i o n  
showed t h a t  th e  inaccu racy  range o f  th e  model in  th e  v i c i n i t y  o f  th e  b a r r i e r  

was as  fo l lo w s  ( se e  [6-2] and F ig u re s  6 .3  and 6 .4 ) :
-  maximum t r a n s p o r t  r a t e s  a t  th e  lo c a t io n  o f  th e  b a r r i e r :  l e s s  than  10?
-  tim e o f  s l a c k  w ater a t  th e  lo c a t io n  o f  th e  b a r r i e r :  l e s s  than  5 m inu tes

-  w ate r  l e v e l s  in  th e  v i c i n i t y  o f  th e  b a r r i e r :  maximum 5 cm.
Because th e  c a l i b r a t i o n  and v e r i f i c a t i o n  were performed b e fo re  th e  c o n s t r u c ­
t i o n  o f  th e  b a r r i e r  had s t a r t e d ,  th e se  r e s u l t s  were, s t r i c t l y  sp eak in g  only  
v a l i d  f o r  th e  o r i g i n a l  s i t u a t i o n  w ithou t th e  b a r r i e r .  T h e re fo re ,  th e  accuracy  

o f  IMPLIC was checked on a  r o u t in e  b a s i s  d u r in g  th e  e n t i r e  c o n s t r u c t i o n  p e r io d  

o f  th e  b a r r i e r .  The r e s u l t s  o f  t h i s  v e r i f i c a t i o n  w i l l  be p re s e n te d  in  S e c t io n  

8 . 1 .

/"■60

40

20 -tn

-2 0  -

■O - 4 0  _

- 6 0
0 8 122 4 6 10 16 18 20 2214 0

o b s e rv e d  h o u r s
c o m p u te d

F ig u re  6 .3  R e su l t s  o f  v e r i f i c a t i o n  IMPLIC model, Roompot d is c h a rg e  (11-01-82)

6.6



30

20

10 -

t í  - 1 0  -

- 3 0
20 226 124 14

o b s e rv e d
c o m p u te d

F ig u re  6 .4  R e s u l t s  o f  v e r i f i c a t i o n  IMPLIC model, Schaar d i s c h a rg e  (11 -01 -82 )

6 .3  L a te r a l  d is c h a rg e  d i s t r i b u t i o n  a long  th e  b a r r i e r :  R1495

6 .3 .1  Model d e s c r ip t io n

The s o - c a l l e d  "R1495" model, named a f t e r  th e  code number o f  th e  s tu d y  t h a t  

produced th e  model, computed th e  l a t e r a l  d isc h a rg e  d i s t r i b u t i o n  a long  th e  b a r ­

r i e r  ( [ 6 - 3 ] ,  [ 6 - 4 ] ) .  The b a s i s  f o r  t h i s  com putation was th e  assum ption  o f  a 
f ix e d  l a t e r a l  d isc h a rg e  d i s t r i b u t i o n  p ro p o r t io n a l  t o  th e  l a t e r a l  d i s t r i b u t i o n  
o f  th e  h y d ra u l i c  r e s i s t a n c e  a long  th e  b a r r i e r  (where n e c e s s a ry ,  w ith  an a d d i ­

t i o n a l  c o r r e c t i o n ) .  The h y d ra u l ic  r e s i s t a n c e  was r e p re s e n te d  by th e  v a lu e  

o f  Pe r  b a r r i e r  s e c t i o n ,  where:

= tw o-d im ensional d isc h a rg e  c o e f f i c i e n t  ( s e e  S e c t io n  4 .2 .1 )  ( - )
A = wet c r o s s - s e c t i o n a l  a r e a ,  r e l a t e d  to  th e  down s tream  w ater  l e v e l  (m2)

The d is c h a rg e  pe r  b a r r i e r  s e c t io n  i ,  qi f  i s  determ ined sim ply  by th e  r a t i o  o f  

( ^ 2^ )^  m u l t ip l i e d  w ith  a c o r r e c t io n  c o e f f i c i e n t  B^:

(VpA).
q i  = B . ^ -------------  Q (6 .4 )

i=1
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where:
Q = d is c h a rg e  through the  e n t i r e  channel (m3/ s )

(rem ain ing  param eters  a s  d e sc r ib e d  above)

Equation  6 .4  can be d e r iv e d  from the  eq u a t io n s  t h a t  were used in  c h a p te r  4 to  

d e s c r ib e  th e  d isc h a rg e  c h a r a c t e r i s t i c s  o f  the  b a r r i e r .
The d i s c h a rg e  r a t e  through a s in g l e  b a r r i e r  s e c t io n  i s  g iven  by e q u a t io n  6 .5 :  

q i  = (y2A)i  /2 g  Ahi  ( 6 .5 )

The d is c h a rg e  through th e  e n t i r e  channel i s  g iven  by eq u a t io n  6 .6 :

Q = P3A ✓ 2g Ah (6 .6 )

When th re e -d im e n s io n a l  e f f e c t s  a re  a b s e n t ,  y2 w i l l  be equa l to  y^ ( se e  S e c t io n

4 .2 .2 )  and th e  head d i f f e r e n c e  over the  s i n g l e  s e c t io n s  w i l l  be eq u a l  t o  th e  
head d i f f e r e n c e  over the  e n t i r e  b a r r i e r .  In o th e r  words, th e r e  i s  no l a t e r a l  
exchange between th e  "s tream  tu b e s"  through th e  v a r io u s  b a r r i e r  o p en in g s .  This  

le a d s  to :

n
y~A = £ (y?A). (6 .7 )

3 i  = 1

Q = I  q, (6 .8 )
i  = 1

Ah^ = Ah (6 .9 )

Combining e q u a t io n s  6 .7 ,  6 .8  and 6 .9  w ith  e q u a t io n s  6 .5  and 6 .6  r e s u l t e d  in 
e q u a t io n  6 .4  w ith  B = 1. Thus, th e  c o r r e c t io n  c o e f f i c i e n t  B cou ld  be seen  as  a 

c o r r e c t i o n  f o r  th e  in f lu e n c e  o f  th re e -d im e n s io n a l  e f f e c t s .  These th re e -d im e n ­
s io n a l  e f f e c t s  a re  caused by th e  in f lu e n c e  o f  bottom geom etry , abu tm en ts ,  

l a t e r a l  v a r i a t i o n  in th e  h y d ra u l ic  r e s i s t a n c e ,  e t c .

The co re  o f  th e  R1495 model was th e  s im ple  eq u a t io n  6 .4 .  A d d i t io n a l ly  th e  
model p rov ided  an a d m in is t r a t io n  o f  the  geometry o f  th e  b a r r i e r  s e c t i o n s ,  th e  

d is c h a rg e  c o e f f i c i e n t s  and th e  c o r r e c t io n  c o e f f i c i e n t s .  The c o n s t r u c t io n  o f  
th e  s to rm -su rg e  b a r r i e r  was schem atized in to  te n  d i f f e r e n t  c o n s t r u c t i o n  s ta g e s  

f o r  th e  main s e c t io n s  (F ig u re  6 .5 )  and seven f o r  th e  border s e c t i o n s .  The 

geometry o f  th e  s e c t io n s  was c h a r a c te r i z e d  by the  wet c r o s s - s e c t i o n  a t  th e  
r e f e r e n c e  l e v e l  NAP ( A ^ p ) ,  and th e  w idth a t  th e  w ater s u r f a c e .  The h y d r a u l i c
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F ig u re  6 .5  S e le c te d  c o n s t ru c t io n  s ta g e s  pe r  s i t e  f o r  flume ( t e s t s (*) and 

sc h e m a tiz a t io n  in  th e  s c a l e  and num erica l models

r e s i s t a n c e  was g iven  by th e  d isch a rg e  c o e f f i c i e n t  p T h e  v a lu e s  o f  ^  have 
been determ ined  through flume t e s t s  (see  S e c t io n  4 . 3 . 2 ) .

The v a lu e  o f  th e  c o r r e c t io n  c o e f f i c i e n t  B was o r i g i n a l l y  de term ined  by a c a l i ­

b r a t i o n  o f  th e  R1495 model based on th e  r e s u l t s  o f  th e  M1001 model ( d e t a i l  
model o f  th e  mouth o f  th e  E as te rn  S c h e ld t ,  see  Chapter 5 ) .  During th e  con­

s t r u c t i o n  o f  th e  s to rm -su rg e  b a r r i e r  th e  s e t  o f  B -values  were v e r i f i e d  w ith  

f i e l d  d a ta  and m odified  where n e c e sa ry .  In th e  i n i t i a l  c a l i b r a t i o n  o f  B th e  
fo l lo w in g  e f f e c t s  were accounted  f o r  ( [ 6 - 3 ] ,  [ 6 - 4 ] ) :

-  Bottom geometry in  th e  v i c i n i t y  o f  th e  b a r r i e r :

T h is  in f lu e n c e  was dominant a t  th e  s t a r t  o f  th e  b u i ld in g  p ro c e s s  and th e  
h y d ra u l i c  r e s i s t a n c e  o f  th e  b a r r i e r  was sm a l l .  The approx im ation  o f  th e  

b a r r i e r  e q u a t io n  was too  rough, in  f a c t .

-  S id e  abutm ents :

The s id e  abutm ents caused lo c a l  c o n t r a c t io n  o f  th e  flow . T h is  e f f e c t  was 

schem atized  by a  s im ple  non-d im ensional c o r r e c t i o n  fu n c t io n  on th e  d i s ­

charge  d i s t r i b u t i o n  in  th e  v i c i n i t y  o f  th e  s id e  abu tm en ts .  The in f lu e n c e  o f  

th e  abutm ents  g ra d u a l ly  d im in ished  a s  th e  h y d ra u l i c  r e s i s t a n c e  o f  th e  
b a r r i e r  in c re a s e d .
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-  Skew in f lo w :
The d is c h a rg e  c o e f f i c i e n t ,  was d r i v e d  f o r  a  flow d i r e c t i o n  p e rp e n d i ­

c u l a r  to  th e  a x i s  o f  th e  b a r r i e r .  For o b l iq u e  flow th e  v a lu e  o f  p^ was no 
lo n g e r  c o r r e c t  and a c o r r e c t io n  was a p p l ie d ,  based on e x p e r im e n ta l  r e s u l t s  
from th e  s c a l e  model M1001. This i s  p a r t i c u l a r l y  the  case  in  th e  v i c i n i t y  
o f  c o n s t r u c t io n  f r o n t s ,  f o r  example a t  th e  t r a n s i t i o n  o f  s e c t i o n s  w ith  and 

w ith o u t  th e  ru b b le  s i l l .

-  L a t e r a l  v a r i a t i o n  o f  th e  head d i f f e r e n c e  a long  th e  b a r r i e r :
An a b ru p t  l a t e r a l  v a r i a t i o n  o f  th e  d is c h a rg e  c a p a c i ty  a long  th e  b a r r i e r  
caused  a l a t e r a l  v a r i a t i o n  o f  th e  head d i f f e r e n c e .  In t h i s  case  th e  assump­
t i o n  was no lo n g e r  v a l id ,  t h a t  th e  l a t e r a l  v a r i a t i o n  o f  th e  head d i f f e ­

re n c e ,  Ah, was n e g l i g i b l e  ( s e e  a l s o  S e c t io n  4 . 1 . 2 ) .  T h is  e f f e c t  was most 
pronounced f o r  a  s t r u c t u r e  c o n s i s t in g  o f  s e c t i o n s  w ith  th e  s i l l  beam i n ­

s t a l l e d  a s  w ell  a s  s e c t i o n s  w ithou t th e  s i l l  beam. Here an e m p i r ic a l  c o r ­

r e c t i o n  based on s c a l e  model t e s t s  (M1001) was a p p l ie d .

The approach  o u t l in e d  above, enab led  th e  use  o f  th e  r e s u l t s  o f  th e  s c a l e  model 

t e s t s  much more e f f e c t i v e l y :  The r e s u l t s  o f  a  s c a l e  model t e s t  were on ly  v a l i d  

f o r  th e  s p e c i f i c  geometry t h a t  had been t e s t e d .  By c a l i b r a t i n g  th e  R1495 model 

to  th e  s c a l e  model ( th e  M1001 model) th rough  a s e t  o f  c o r r e c t io n  c o e f f i c i e n t s ,  

th e  r e s u l t s  o f  o th e r  geo m etr ie s  could be p r e d ic te d  w ith o u t  f u r t h e r  s c a l e  model 

t e s t s .

6 .3 .2  Boundary c o n d i t io n s

The boundary c o n d i t io n s  f o r  th e  R1495 model were th e  d is c h a rg e  th rough  a  main 
ch a n n e l ,  Q, and th e  downstream w ater  l e v e l .

These boundary c o n d i t io n s  could  e i t h e r  be c o n s ta n t  v a lu e s ,  o r  tim e s e r i e s .  
C ons tan t v a lu e s  were g e n e ra l ly  used to  r e p r e s e n t  maxima, f o r  d e s ig n  pu rp o ses  

( th e  s te a d y  s t a t e  model M1001 f i t t e d  in  t h i s  scheme). Time s e r i e s  were used 

f o r  o p e r a t io n a l  c o n t ro l .

6 .3 .3  V e r i f i c a t i o n

A f te r  th e  i n i t i a l  c a l i b r a t i o n  o f  th e  R1495 model on th e  b a s i s  o f  s c a l e  model 
t e s t s  in  M1001, a d d i t i o n a l  s c a le  model t e s t s  ( t h a t  were conducted  f o r  o th e r  

p u rp o se s ,  f o r  example t e s t s  on th e  s t a b i l i t y  o f  th e  bed p r o t e c t i o n )  were con- 

s e q u e n te ly  used  as  a  v e r i f i c a t i o n  fo r  th e  R1495 model. These v e r i f i c a t i o n s  en­

a b le d  an e s t im a te  o f  th e  accuracy  o f  R1495 (s e e  [ 6 - 5 ] ,  [ 6 - 6 ] ) .  The e r r o r  in  

q/A was e s t im a te d  to  be 10£ ( s ta n d a rd  d e v ia t io n )  f o r  a random l o c a t i o n  and
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c o n s t r u c t io n  s t a g e .  Combined w ith  an e r r o r  in  th e  p r e d ic te d  t r a n s p o r t  r a t e  

computed w ith  IMPLIC, t h i s  r e s u l t e d  in  an o v e r a l l  e r r o r  o f  15% in  q/A 
( s ta n d a rd  d e v i a t i o n ,  e r r o r s  in  IMPLIC and R1495 being  assumed to  be m u tu a l ly  

u n c o r r e l a t e d ) .
During th e  c o n s t r u c t io n  o f  th e  b a r r i e r  a  s y s te m a t ic  v e r i f i c a t i o n  o f  th e  models 

IMPLIC-R1495 was conducted on b a s i s  o f  f i e l d  d a ta ,  see  S e c t io n  8 .1 .  The o v e r ­
a l l  inaccu racy  o f  q/A tu rn ed  o u t  t o  be 12% ( s ta n d a rd  d e v i a t i o n ) .

6 .4  I n te g r a te d  model IMPLIC-R1495

Near th e  end o f  th e  c o n s t r u c t io n  a c t i v i t i e s  (1986), th e  R1495 model was, f o r  
o p e r a t i o n a l  u s e ,  in t e g r a t e d  in  th e  IMPLIC s c h é m a t is a t io n .  Each g a te  open ing  o f  

th e  b a r r i e r  was re p re s e n te d  by a b a r r i e r  s e c t io n  ( s e e  6 . 2 .3 )  in  th e  IMPLIC 

model. The s c h e m a tiz a t io n  was th u s  expanded w ith  68 s e c t i o n s ;  62 r e p r e s e n t in g  
normal s e c t i o n s  and s ix  border s e c t i o n s .  The advantage o f  an in t e g r a t e d  model 

was t h a t  a l l  p r e -  and p o s t -p ro c e s s in g  f a c i l i t i e s  o f  th e  IMPLIC system  were 

a l s o  d i r e c t l y  a v a i l a b l e  f o r  th e  b a r r i e r  s e c t i o n s .  A d d i t io n a l ly ,  th e  f a c i l i t i e s  

o f  th e  IMPLIC b a r r i e r  r o u t i n e ,  such a s  acco u n tin g  f o r  d i f f e r e n t  flow c o n d i­

t i o n s  and th e  use  o f  t r i g g e r s  f o r  th e  g a te  movements, a l s o  became a v a i l a b l e  
f o r  th e  b a r r i e r  s e c t i o n s .

For use  in  IMPLIC th e  v a lu es  o f  computed by R1495, cou ld  n o t  be used
d i r e c t l y .  For th e  IMPLIC model th e  sum o f  th e  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a s  

o f  th e  s e c t i o n s ,  had to  be equa l t o  th e  v a lue  o f  y^A °?  b a r r i e r  in  th e  
c o n s id e re d  ch an n e l .  Thus, b e s id e s  B and a l s o  y^ had to  be i n c o r p e r a t e d . 

In t ro d u c in g  an average  v a lue  By2, d e f in e d  a s :

_  n
BUo = ( I  (By A) )/A (6 .1 0 )

¿ i =1 ¿ 1

In th e  IMPLIC model th e  o v e r a l l  d isc h a rg e  c o e f f i c i e n t  y^ was used f o r  th e  en ­

t i r e  s t r u c t u r e  in  a  channe l.  The d is c h a rg e  c o e f f i c i e n t s  f o r  th e  s e c t i o n s  had 

to  be c o r r e c te d  in  such a way t h a t  th e  average  d is c h a rg e  c o e f f i c i e n t  f o r  a 

channe l was equa l to  y^. The c o r r e c te d  v a lue  o f  the  d is c h a rg e  c o e f f i c i e n t  o f  a 
s e c t i o n  was:

p i-IMPLIC = ( Bp2 ^ i  * (^3/ 8^2 ) ( 6 .1 1 )

S u b s t i t u t i o n  o f  6 .10 in  6.11 g iv e s :

y i-IMPLIC = i Bp2^ i * ( n 3 ) (6 .1 2 )
I  (Bw2 a )

i =1
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The v a lu e s  o f  th e  d isc h a rg e  c o e f f i c i e n t s  ( r e s u l t i n g  from e q u a t io n  6 .1 2 ) ,  th e  
av e rag e  dep th  o f  th e  s i l l  and th e  w idth a t  th e  w ater s u r f a c e  p e r  g a te  s e c t i o n  

( r e s u l t i n g  from R1495) were d i r e c t l y  used in  IMPLIC. Compared to  th e  o r i g i n a l  
s c h e m a t iz a t io n ,  each channel was now re p re s e n te d  by a number o f  p a r a l l e l  b a r ­

r i e r  s e c t i o n s ,  co rrespond ing  to  th e  number o f  openings in  th e  ch an n e l,  i n s te a d  

o f  a  s i n g l e  b a r r i e r  s e c t i o n .

The i n t e g r a t e d  model, IMPLIC-R1495, ran  on a  H ew lett Packard computer system , 

HP1000F. The runtim e was abou t th r e e  minutes f o r  24 hours s im u la t io n .

Even an e x te n s iv e ly  c a l i b r a t e d  and v e r i f i e d  model would n o t  e x a c t ly  rep roduce  
a l l  d e t a i l s  o f  th e  p ro to ty p e .  For a  f i n a l  c o r r e c t io n  s e v e r a l  r o u t i n e s ,  based  

on t i m e - s e r i e s  a n a l y s i s  te c h n iq u e s ,  were developed to  c o r r e c t  th e  f o r e c a s t s  
f o r  th e s e  e r r o r s .  Such a f i n a l  c o r r e c t io n  was s p e c i a l l y  im p o rtan t  f o r  th e  con­
t r o l  o f  th e  more d i f f i c u l t  o p e r a t io n s .  For example, i n s t a l l i n g  o f  th e  c o n c re te  

s i l l  beams was guided by v e l o c i ty  measurements. These v e l o c i t y  measurements 

were a l s o  used to  improve th e  v e lo c i ty  f o r e c a s t s ,  by ap p ly in g  a c o r r e c t i o n  
based on th e  comparison o f  th e  computed and measured v e l o c i t y  [ 6 - 7 ] .  In  ge­
n e r a l ,  th e  most s im ple  c o r r e c t i o n ,  by a  c o n s ta n t  f a c t o r  f o r  each  flow d i r e c ­

t i o n ,  worked ou t w e l l .  An e v a lu a t io n  o f  th e  accuracy  o f  th e  r e s u l t s  o f  th e  
f o r e c a s t s  w i l l  be g iven  in  S e c t io n  8 .1 .
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7. Two-dimens io nal numerical t id a l models

7.1 Introduction

This c h a p te r  d e s c r ib e s  the  a p p l i c a t io n  o f  tw o-dim ensional m athem atica l (WAQUA) 
models f o r  th e  com putation o f  flow p a t t e r n s  in  th e  E a s te rn  S c h e ld t  e s tu a r y  and 
in  th e  v i c i n i t y  o f  th e  c o n s t ru c t io n  s i t e s  o f  th e  s to rm -su rg e  b a r r i e r .  I t  was 
th e  f i r s t  tim e in  th e  N e the r lands  t h a t  num erica l models were used on t h i s  
s c a l e  and fo r  such d e t a i l e d  flow s im u la t io n s .
For th e  com putation o f  th e  flow p a t t e r n ,  a  s e r i e s  o f  o f f - l i n e  n e s te d  models 
w ith  a  d e c re a s in g  g r id  s i z e ,  were used . In  t h i s  way an in c re a s in g  d e t a i l  o f  
th e  flow p a t t e r n  could  be ach iev ed ; th e  s m a l le s t  d e t a i l ,  however, was eq u a l  to  

th e  d im ensions o f  th e  a p p l ie d  g r id  s i z e .
The main fu n c t io n  o f  th e  tw o-dim ensional models was to  compute:

-  th e  o v e r a l l  t i d a l  movement (d isc h a rg e  and w ater  l e v e l s )
-  th e  m utual in f lu e n c e  o f  c lo su re  gaps (asymm etric b u i ld in g  s t a g e s )

-  th e  flow p a t t e r n  in  th e  v i c i n i t y  o f  th e  b a r r i e r  ( v e l o c i t y -  and d i s c h a r g e  
d i s t r i b u t i o n s  upstream  and downstream o f  th e  b a r r i e r  and a t  th e  b a r r i e r  

a x i s ) .
The f i r s t  a p p l i c a t io n  o f  th e  tw o-dim ensional models f o r  th e  E a s te rn  S c h e ld t  

s t a r t e d  in  1974 and a f t e r  an e x te n s iv e  t e s t i n g  p e r io d  i t  was dec ided  in  1983 

to  use  th e s e  models in s te a d  o f  th e  h y d ra u l ic  s c a l e  model M1000.

In S e c t io n  7 .2  a  d e s c r ip t io n  i s  g iven o f  th e  WAQUA program system  which i s  

used f o r  th e  com puta tions .

A g e n e ra l  d e s c r ip t i o n  o f  th e  WAQUA-models used f o r  th e  E a s te rn  S c h e ld t ,  i s  
p re s e n te d  in  S e c t io n  7 .3 .

S e c t io n s  7 .4  th rough  7 .6  d e s c r ib e  th e  s c h e m a t iz a t io n ,  c a l i b r a t i o n  and v e r i f i ­

c a t io n  o f  th e  s e r i e s  o f  models, namely th e  o v e r a l l  model o f  th e  e n t i r e  E a s te rn  

S c h e ld t  e s tu a r y ,  a  more d e t a i l e d  model o f  th e  mouth o f  th e  E a s te rn  S c h e ld t  and 

th e  s e t  o f  s m a l l - s c a le  models in  th e  d i r e c t  v i c i n i t y  o f  th e  b a r r i e r .

F in a l ly ,  S e c t io n  7 .7  g iv e s  a d e s c r ip t io n  o f  th e  o p e r a t io n a l  e x p e r ie n c e  w ith  

th e  m odels .

7 .2  The WAQUA-system

WAQUA i s  a  system o f  in t e r lo c k in g  computer programs f o r  th e  tw o-d im ens iona l  

dep th -av e rag ed  s im u la t io n  o f  hydrodynamics and w ater  q u a l i t y  in  w ell-m ixed  

e s t u a r i e s ,  c o a s t a l  s e a s ,  harbou rs  and in la n d  w a te r s .  The system can s im u la te  

th e  hydrodynamics in  complex g eo g rap h ica l  a r e a s  and th e  la n d -w a te r  boundary i s
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determ ined  by th e  model du ring  s im u la t io n .  The system  accoun ts  f o r  s o u rc e s  o f  
d i s c h a r g e s ,  f o r  t i d a l  f l a t s ,  f o r  i s la n d s  and dams, t im e -v a ry in g  o r  c o n s ta n t  
flow r e s t r i c t i o n s  in  which sub-  or s u p e r - c r i t i c a l  flow o c c u rs ,  and th o se  gene­

r a te d  by openings in  dams, s l u i c e s  or s to rm -su rg e  b a r r i e r s .  The system  i s  d e ­
s ig n ed  f o r  p la n n in g ,  des ign  and c a r ry in g  o u t  o f  e n g in e e r in g  works and f o r  th e  
assessm en t o f  t h e i r  im pact. The in p u t  and th e  r e s u l t s  o f  s im u la t io n s  can be 

p re s e n te d  in  p r in t e d  r e p o r t s  and g r a p h ic a l  d i s p la y s  ( t i m e - h i s t o r i e s ,  v e l o c i t y  
and t r a n s p o r t - v e c t o r  p l o t s ,  i s o l i n e s  o f  w ater  l e v e l s  and c o n c e n t r a t i o n s ,  

e t c . ) .
The system  had o r i g i n a l l y  been designed  by J . J .L e e n d e r t s e  a t  th e  Rand C orpora­
t i o n  in  S an ta  Monica USA and had i t s  o r ig i n  in  a program f o r  com puta tion  o f  

lo n g -p e r io d  waves [ 7 - 1 ] .  A longside ongoing e n g in e e r in g  i n v e s t i g a t i o n s ,  p a r ­
t i c u l a r l y  fo r  th e  Dutch R i jk s w a te r s ta a t  (D e lta  D epartm en t) , th e  system  o f  p ro ­

grams was developed . F u r th e r  program and system  development was a l s o  done a t  

R i j k s w a t e r s t a a t ,  Data P rocess ing  D iv is io n  and DELFT HYDRAULICS.

The p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  used in  th e  system a r e  th e  tw o-d im ens iona l  

sh a l lo w -w a te r  e q u a t io n s :  eq u a t io n s  7 .1 ,  7 .2  and 7 .3  (see  a l s o  S e c t io n  3 . 2 ) :

a(hU) 3(hV) 3h , s
ax ay at w  ;

The dep th  in t e g r a te d  momentum eq u a t io n s  a r e  g iven  by E qua tions  7 .2  and 7 .3 :

3U „  3U „ 3U „„ c3 2U 3 2U-> _ 3a g U/U2 + V2 Pa°D W2 COS * , „
i t  + ü ï ï  + v Ï 7  = fV + V ~  + 7 T ) -  g ï ï  -  ~ 7 T T  +  h ^  ( 7 *2)J 3x2 ay2 C2 h *w

Ï Ï  * u i ï  ♦ V Î Ï  - -  fU ♦ v ( 4 2  .  Ü Ï 1  .  E M  _ 8 .  °aCD U2 s ln  ♦ 3)
3 t 3x 3y IU V ,  ,  .  8 3y - ,  u h p w , : s ;J 3x2 3y2 J C2 h Mw

These e q u a t io n s  a r e  n u m e ric a l ly  so lved  on a  s ta g g e re d  g r id  u s in g  an ADI- 

method. The num erica l scheme i s  u n c o n d i t io n a l ly  s t a b l e  f o r  flow s w i th o u t  sp e ­

c i a l  s t r u c t u r e s  such as  b a r r i e r s .  The o r i g i n a l  num erica l method, developed  by 
J . J .L e e n d e r t s e ,  was improved by G .S .S t e l l i n g  [ 7 - 2 ] .  Already m entioned p r e ­

v io u s ly  a r e  th e  s p e c i a l  f e a tu r e s  in  the  system to  accoun t f o r  e n e r g y - l o s s e s ,  

caused by th e  s to rm -su rg e  b a r r i e r ,  and to  r e p r e s e n t  th e  p ro cess  o f  d ry in g  and 
f lo o d in g  o f  t i d a l  f l a t s .

A s e t  o f  d a t a ,  s p e c i fy in g  a l l  th e  in p u t  n e c e ssa ry  to  run a  s im u la t io n  f o r  a 
p a r t i c u l a r  a r e a ,  i s  c a l l e d  a WAQUA-model. P a r t  o f  th e  WAQUA-system i s  th e  

In p u t  Data P ro cesso r  which checks and r e p o r t s  th e  g iven  m o d e l- in p u t .  G raph ic
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d i s p la y  programs f o r  v i s u a l i z i n g  in p u t  d a ta  and s im u la t io n  r e s u l t s  have been 
used f o r  many i l l u s t r a t i o n s  in  t h i s  r e p o r t .  O ther p o s t - p r o c e s s in g  programs a r e  

used e . g .  f o r  th e  com putation o f  d isc h a rg e  c o e f f i c i e n t s .

7 .3  G eneral d e s c r ip t io n  o f  th e  WAQUA-models used

The development o f  th e  WAQUA program system was s t r o n g ly  s t im u la t e d  by th e  
a p p l i c a t i o n s  r e q u i r e d  by th e  D e lta  D epartm ent. A model f o r  th e  H a r in g v l i e t  was 

fo llow ed  by th e  g e n e ra l  model f o r  th e  c o a s t a l  a re a  and th e  e s t u a r i e s  in  th e  
D e l ta ,  RANDDELTA-2 ( s e e  F ig u re  7 .1 ) .  In t h i s  model th e  in f lu e n c e  o f  th e  c l o ­
s u re  o f  th e  E a s te rn  S c h e ld t  (and l a t e r  th e  c o n s t ru c t io n  o f  th e  s to rm -s u rg e  
b a r r i e r )  on th e  a d ja c e n t  sea  a r e a ,  could  be in v e s t ig a t e d  [7 -7 ]  and [ 7 - 8 ] .  

Although computed w ater  l e v e l s  were in  good agreem ent w ith  obse rved  w a te r  
l e v e l s ,  th e  g r id  s i z e  o f  800 m in  t h i s  model was too  c o a rse  t o  rep ro d u ce  th e  

t r a n s p o r t  r a t e s  in  th e  e n t ra n c e s  o f  th e  E a s te rn -  and W es te rn -S c h e ld t  e s ­

t u a r i e s .  So th e  400 m g r id  model SCHELDES was b u i l t  ( see  F ig u re  7 . 1 ) .  To make

Üï&i i
VELOCITIES

ÍSCHELDES m o d e l

F ig u re  7.1 RANDDELTA-2 model (800 m g r id )  and n e s te d  SCHELDES model 

(400 m g r id )
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t h e  c a l i b r a t i o n  o f  th e se  models e a s i e r  and to  reduce  computer t im e , th e s e  
models were d iv id ed  in to  s e v e r a l  800 and 400 m submodels. An overview o f  th e s e
models can be found in [7 -3 ] .

One o f  th e  400 m submodels was th e  o v e r a l l  model o f  th e  E a s te rn  S c h e ld t  
OOST-2 .  A comparison o f  t h i s  m athem atical model w ith  th e  h y d ra u l i c  s c a l e  model 

o f  th e  same a r e a ,  M1000, showed th a t  both models gave e q u iv a le n t  r e s u l t s  [7 -
4 ] .  A seaward e x te n s io n  o f  th e  model r e s u l t e d  in the  f r e q u e n t ly  used model

00ST-3 [ 7 - 6 ] (see  F igu re  7 .2 ) ,  d e sc r ib e d  in S ec t io n  7 .4 .

-|—i—i—i—r—i—r—i—i—i

N
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  . '00000E  -3  .T000C0E 2 ......
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F ig u re  7 .2  OOST-3 model (400 m g r id )  and n es ted  100 m, 90 m and 

45 m models

U n t i l  1983 com putations w ith  th e se  models were only  p o s s ib le  a t  th e  RAND Cor­
p o r a t i o n ,  because o f  th e  s i z e  o f  th e  models exceeding  th e  maximum number o f  

8000 g r i d  p o in t s ,  which were p o s s ib le  f o r  th e  WAQUA-version on th e  R i jk s w a te r ­

s t a a t '  s  UNIVAC computer a t  t h a t  tim e. S im u la tio n s  w ith  th e se  models on th e  

UNIVAC became p o s s ib le  a f t e r  the  im plem entation o f  th e  improved n u m e rica l  

scheme, des igned  by G .S .S t e l l i n g  [7 - 2 ] ,  in a red es ig n e d  v e rs io n  o f  th e  s im u la ­
t i o n  program.

The p i e r - t o - p i e r  d is ta n c e  in  th e  s to rm -su rg e  b a r r i e r  i s  45 m e tres  and to  be 

a b le  to  compute t r a n s p o r t s  th rough each s e p a ra te  opening , models w ith  a  g r id
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s i z e  o f  45 m had to  be b u i l t .  However, th e  d es ig n  o f  th e s e  s m a l l - s c a l e  models 
had to  be based on th e  a l re a d y  mentioned l i m i t a t i o n  o f  8000 g r i d  p o i n t s ,  to  
a l low  fo r  com putations  on th e  R i j k s w a t e r s t a a t ' s  computer. Three 45 m g r i d - s i z e  
models HAMMEN, SCHAAR and ROOMPOT were b u i l t  f o r  th e  d i r e c t  v i c i n i t y  o f  th e  

s to rm -su rg e  b a r r i e r  in  th e  th r e e  main ch an n e ls .  The two 90 m g r i d - s i z e  models 
M00S-N and M00S-Z f o r  th e  n o r th e rn  and sou the rn  p a r t  o f  th e  s to rm -s u rg e  b a r ­
r i e r ,  appeared  to  be n ece ssa ry  a s  in te rm e d ia te  models to  p ro v id e  a c c u r a te  
boundary c o n d i t io n s  f o r  th e s e  45 m g r i d - s i z e  models (see  F ig u re  7 .2  and Sec­
t i o n  7 . 6 ) .  At f i r s t  th e  90 m models re c e iv e d  t h e i r  boundary c o n d i t io n s  from 

OOST-2 ,  l a t e r  on from 00ST-3.

For an a c c u r a te  com putation o f  flow p a t t e r n s  in  an e s tu a r y  such a s  th e  E a s te rn  

S c h e ld t ,  a  g r id  s i z e  o f  400 m in  th e  00ST-2 and 00ST-3 model was to o  l a r g e .  
The topography o f  t h i s  a r e a  con ta ined  many im portan t g u l l i e s  and t i d a l  f l a t s  

on th e  same s c a l e  a s  t h i s  g r id  s i z e ,  so they  were d i f f i c u l t  t o  sch em a tiz e  in  

th e  num erica l g r id .  However, th e  v e lo c i ty  d i s t r i b u t i o n s  in  th e  E a s te rn  S c h e ld t  
were very  im p o rtan t  f o r  sedim ent t r a n s p o r t  and f o r  env ironm en ta l i n t e r e s t s  
( f i s h e r i e s ) .  Also more d e t a i l e d  models were needed f o r  th e  c o m p a r tm e n ta l i s a -  

t i o n  works and th e  d e t a i l  models f o r  th e  c lo s u re  o f  th e  secondary  dams. Four 

100 m d e t a i l  m odels, to g e th e r  covering  th e  e n t i r e  E a s te rn  S c h e ld t  ( s e e  F ig u re
7 . 2 ) ,  have been b u i l t  s in c e  1984. One o f  them i s  th e  D00S-1 model o f  th e  mouth 

o f  th e  e s tu a ry  ( s e e  S e c t io n  7 .5 ) .

During th e  development s ta g e  o f  th e se  models many t e s t s  have been perform ed by 

th e  RAND C orpo ra tion  and th e  D elta  Department. For th e  d i f f e r e n t  c o n s t r u c t i o n  

s ta g e s  o f  th e  s to rm -su rg e  b a r r i e r ,  many com putations were perform ed by DELFT 

HYDRAULICS. A ll th e s e  com putations y ie ld e d  a  c o n s id e r ra b ly  b e t t e r  u n d e r s ta n ­
d ing  o f  th e  behav iour o f  both  th e  p ro to ty p e  system and i t s  n u m e rica l  e q u i ­
v a l e n t .

A very  im p o rtan t  a s p e c t  o f  th e  use o f  num erica l models i s  th e  i n t e r p r e t a t i o n  

o f  th e  r e s u l t s .  The assum ptions , used in th e  b a s ic  e q u a t io n s  and th e  n u m erica l  

a s p e c t s  o f  th e  s o lu t i o n  method, must always be k ep t  in  mind. An example i s  th e  
i n t e r p r e t a t i o n  o f  computed ( v e r t i c a l l y  avaraged) flow v e l o c i t i e s  in  th e  o v e r ­

a l l  models ( c o a rs e  g r i d ) :  d i r e c t  comparison w ith  measured ( l o c a l )  v e l o c i t i e s  

i s  h a rd ly  f e a s i b l e  s in c e  th e  computed v e l o c i t i e s  a re  an average  v a lu e  f o r  one 
g r i d .  Only in  th e  most d e t a i l e d  models a  good agreem ent can be ex p e c te d  and 

has  a l s o  been found.

In S e c t io n s  7 .3 .1 ,  7 .3 .2  and 7 .3 .3  a g e n e ra l  d e s c r ip t io n  o f  th e  most im p o r ta n t  
components o f  the  in p u t  d a ta  f o r  th e  s im u la t io n  program ( i . e .  a WAQUA-model)
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a r e  g iven ,  i . e .  the  d a ta  de te rm in ing  th e  geometry o f  th e  model, th e  d a ta  d e s ­
c r i b i n g  th e  s to rm -su rg e  b a r r i e r  and th e  i n i t i a l -  and boundary c o n d i t io n s  d r i ­

v ing  th e  m odel.

7 .3 .1  S ch em atiza tio n  o f  th e  geometry

The s e t t i n g  up o f  a WAQUA-model b eg ins  w ith  th e  s e l e c t i o n  o f  th e  g e o g ra p h ic a l  
a r e a  to  be m odelled . For t h i s  the  d e s i r e d  g r id  s i z e ,  number o f  g r i d  p o in t s  and 
o r i e n t a t i o n  o f  th e  g r id  should  be co n s id e re d ,  to g e th e r  w ith  th e  p o s i t i o n in g  o f  

open and c lo se d  b o u n d a r ie s .  The a re a  re p re s e n te d  by th e  model should  be s e l e c ­
te d  in  such a way t h a t  th e  d i s ta n c e  from th e  open b o u n d a r ie s  t o  th e  a r e a  o f  
i n t e r e s t  i s  as  l a rg e  a s  p o s s ib le  t o  avo id  t h a t  changes in  th e  s to rm -su rg e  b a r ­

r i e r  a f f e c t  th e  open b oundarie s  o f  th e  model and hence new boundary may c o n d i­
t i o n s  may become n e c e ss a ry .  However, i f  a l a r g e r  model i s  a v a i l a b l e ,  th e  r e ­

s u l t s  o f  such a model can be used ( see  S e c t io n  7 . 3 . 3 ) .

The computer time used depends on th e  number o f  g r id  p o in t s  and th e  t i m e - s t e p .  
I t  i s  an im portan t f a c t o r  in  th e  des ig n  o f  a model because th e  WAQUA s im u la ­

t i o n  program, a s  i s  th e  case fo r  a l l  programs f o r  h y d ra u l i c  co m p u ta tio n s ,  i s  a 
very  e x te n s iv e  u s e r  o f  computer time and in p r a c t i c e  on ly  a l im i t e d  amount o f  

computer tim e f o r  a s im u la t io n  i s  a c c e p ta b le .

The nex t im p o r tan t  p a r t  o f  th e  geometry o f  the  model i s  th e  bottom topography  
o f  th e  s e le c te d  a r e a .  A schem atic  r e p r e s e n t a t i o n  must be made on a d i s c r e t e  

g r id  w ith  a c e r t a i n  g r id  s i z e .  In every  g r id  p o in t  a  dep th  had to  be s e l e c t e d  

m anually  ( a t  t h a t  tim e) by drawing the  g r id  on a v a i l a b l e  su rvey  c h a r t s  and 
s e l e c t i n g  a  r e p r e s e n t a t i v e  dep th . This p ro cess  i s  no t  s t r a i g h t f o r w a r d  and 
sometimes i t  i s  h ig h ly  s u b je c t iv e  to o .  The amount o f  work depends h ig h ly  on 

th e  g r id  s i z e  used because the  l a r g e r  th e  g r id  th e  more a t t e n t i o n  must be 

g iven  to  o b ta in  an a c c u ra te  r e p r e s e n t a t i o n  o f  g u l l i e s  and t i d a l  f l a t s  in  th e  

n u m erica l  bottom sc h e m a t iz a t io n .

I t  should  be no ted  t h a t  a l l  models had d i f f e r e n t  bottom to p o g ra p h ie s  because  

f o r  each model th e  ( a t  th a t  tim e) most re c e n t  c h a r t s  a v a i l a b l e  were u sed .  
These d i f f e r e n c e s  in  topography could  cause  d i f f e r e n c e s  in  th e  r e s u l t s  o f  th e  

num erica l  and p h y s ic a l  models and th e  p ro to ty p e .  Drying and f lo o d in g  o f  th e  

t i d a l  f l a t s  in  th e se  models were in f lu en ced  by th e  s c h e m a t iz a t io n  o f  th e  

bottom topography. In th e  s m a l l - s c a le  models on ly  th e  l o c a l  v e l o c i t y  d i s t r i b u ­

t i o n s  in  th e  shallow  a r e a s  were a f f e c t e d  bu t  in  th e  l a r g e - s c a l e  models th e  

t r a n s p o r t  d i s t r i b u t i o n s  in  th e  channe ls  could  be a f f e c t e d .
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With th e  h e lp  o f  c o n to u r l in e  d a ta  (boundary o u t l i n e s )  th e  geom etry o f  th e  
c lo se d  b o u n d a r ie s  was b rought in to  th e  model. An e x t r a  check was done f o r  th e  
c r o s s - s e c t i o n s  a t  th e  s i t e  o f  th e  s to rm -su rg e  b a r r i e r  because  they  were impor­
t a n t  f o r  a good r e p r e s e n t a t io n  o f  th e  t r a n s p o r t  d i s t r i b u t i o n s  in  th e  m odels .

7 .3 .2  S ch em a tiz a tio n  o f* th e  s to rm -su rg e  b a r r i e r

The s to rm -su rg e  b a r r i e r  has an enormous e f f e c t  on both  th e  l a r g e - s c a l e  w a te r  
movement in  th e  E a s te rn  S c h e ld t  and on th e  s m a l l - s c a le  flow d i s t r i b u t i o n s  in  

th e  v i c i n i t y  o f  th e  b a r r i e r  where tu rb u le n c e  causes  energy l o s s e s  t h a t  had to  
be accoun ted  f o r  in  th e  models. For t h i s  th e  s im u la t io n  program was p ro v id ed  
w ith  a  f a c i l i t y  ( b a r r i e r s )  to  model energy lo s s e s  f o r  ( t im e -v a ry in g )  flow  r e ­
s t r i c t i o n s  ( g a te s )  in  which sub- or s u p e r c r i t i c a l  f low  o c c u rs .  A b a r r i e r  r e ­

s t r i c t e d  th e  flow in one d i r e c t i o n  and was s een ,  in  th e  program, a s  an open 
boundary on b o th  s id e s  w ith  a d i f f e r e n t  t r e a tm e n t ,  and which were connec ted  

a g a in  l o c a l l y  u s in g  a  r e l a t i o n  between d i s c h a rg e  and head d i f f e r e n c e  [ 7 - 5 ] .  

These w eir  fo rm ulae  c o n ta in  d isc h a rg e  c o e f f i c i e n t s ,  b a r r i e r  w id th s ,  s i l l  

dep th s  and g a te  h e ig h ts  and a r e  ex p la in ed  in  more d e t a i l  in  C hapter 4.

In th e  beg inn ing  none o f  th e  models f o r  th e  E as te rn  S c h e ld t  had b a r r i e r s  b e ­
cause  f i r s t  a  c a l i b r a t i o n  and v e r i f i c a t i o n  had to  be c a r r i e d  o u t  f o r  a c t u a l  

s i t u a t i o n s  in  th e  p ro to ty p e  and, a t  t h a t  t im e , th e  c o n s t r u c t io n  o f  th e  s to rm -  
su rg e  b a r r i e r  had n o t  y e t  begun.

B a r r i e r s  were used f o r  th e  f i r s t  time by th e  RAND C o rp o ra tio n  and th e  D e l ta  

Department in  th e  OOST-2 and HAMMEN models, to  i n v e s t i g a t e  w hether th e  e f f e c t  

on flow  d i s t r i b u t i o n s  by c o n s t r u c t io n  s ta g e s  o f  th e  s to rm -su rg e  b a r r i e r  cou ld  
be s tu d ie d  in  th e s e  num erical models ( s e e  [ 7 - 5 ] ) .

A f te r  t h a t  DELFT HYDRAULICS a p p l ie d  th e se  models fo r  a  l a r g e  number o f  compu­

t a t i o n s  f o r  d i f f e r e n t  c o n s t ru c t io n  s t a g e s .  For t h i s  DELFT HYDRAULICS s tu d ie d  
d i f f e r e n t  a s p e c t s  o f  th e  use  o f  th e  b a r r i e r s  in  th e  s im u la t io n  program and i t  

appeared  t o  be n e c e ssa ry  to  a l s o  t r y  a l t e r n a t i v e  fo rm u la t io n s  f o r  m odeling 

energy l o s s e s  a t  th e  b a r r i e r  s i t e s ,  e .g .  by r e p la c in g  th e  b a r r i e r  by a  l o c a l l y  

adap ted  bottom roughness  and dep th  (more d e t a i l  in  S e c t io n  1 . 1 ) .  The r e p r e s e n ­

t a t i o n  o f  th e  b a r r i e r  in  th e  d e t a i l e d  models appeared  to  be e s s e n t i a l  f o r  a 
good re p ro d u c t io n  o f  a c t u a l  flow p a t t e r n s .

With g r id  s i z e s  o f  400 m in  OOST-2 and 00ST-3, 100 m in D00S-1 and 90 m in

M00S-N and M00S-Z, some a d a p t io n s  in  th e  model b a r r i e r s  had to  be made in  view 

o f  a  p i e r  d i s ta n c e  in  th e  s to rm -su rge  b a r r i e r  o f  45 m and an o r i e n t a t i o n  o f
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th e  b a r r i e r  which d id  n o t  co rrespond  w ith  th e  model g r i d s .  Thus, b a r r i e r  
d im ensions and b a r r i e r  c h a r a c t e r i s t i c s  had to  be transfo rm ed  to  b a r r i e r s  in  

th e  400, 100, and 90 m g r id s  ( s e e  S ec t io n  7 .7 ) .

7 .3 .3  Boundary c o n d i t io n s

As they  a r e  d r iv in g  th e  model, boundary c o n d i t io n s  a r e  e s s e n t i a l  f o r  an ac c u ­
r a t e  com putation o f  th e  flow f i e l d  in  th e  in n e r  a r e a .  I f  an a c t u a l  s i t u a t i o n  
has  to  be reproduced in  a  model ( e .g .  fo r  c a l i b r a t i o n  o r  v e r i f i c a t i o n ,  see  
S e c t io n s  7 . 4 .2 ,  7 .5 .2 ,  7 . 6 . 2 ) ,  boundary c o n d i t io n s  can be d e r iv e d  from o v e r a l l  
m odels , which use measured d a ta  and in  tu rn  can produce boundary c o n d i t io n s  

f o r  th e  d e t a i l  models. F u tu re  s i t u a t i o n s  can be s im u la te d  w ith  p r e d ic te d  
boundary c o n d i t io n s ,  bu t  t h i s  was n o t  n ece ssa ry  fo r  th e  s tudy  o f  th e  e f f e c t s  

o f  th e  c o n s t ru c t io n  o f  th e  s to rm -su rge  b a r r i e r .  Here th e  a v a i l a b l e  boundary 

c o n d i t io n s  o f  an o v e r a l l  model could be used because they  were h a rd ly  a f f e c t e d  
by th e  c o n s t ru c t io n  ( [7 -7 ]  and [ 7 - 8 ] ) .  Methods have been developed f o r  com­
p os ing  th e  boundary c o n d i t io n s  f o r  th e  v a r io u s  models.

Observed w ater  l e v e l s  from measuring s t a t i o n s  in  th e  seaward d i r e c t i o n  o f  th e  
s to rm -su rg e  b a r r i e r  were transfo rm ed  in to  boundary c o n d i t io n s  f o r  th e  o v e r a l l  

400 m model OOST-2, or were used d i r e c t l y  fo r  i t s  extended v e rs io n  00ST-3 ( se e  
S e c t io n  7 . 4 ) .  The o p t io n  o f  u s ing  w ater l e v e l s ,  p r e d ic te d  f o r  th e  a s t ro n o m ic a l  

t i d e ,  was only  a p p l ie d  f o r  the  one-d im ensional model IMPLIC.

Another te ch n iq u e  ( c a l l e d  n e s t in g )  i s  th e  e x t r a c t i o n  o f  r e s u l t s  from a  l a r g e r  

model and use  them a s  boundary c o n d i t io n s  fo r  more d e t a i l e d  models. With t h i s  
method good r e s u l t s  were o b ta in e d .  I t  appeared  t h a t  th e  more d e t a i l e d  th e  

model, d e s c r ib e d  in  d e t a i l  in  [7 -1 4 ] ,  th e  b e t t e r  was th e  agreement between 
computed and measured v e l o c i t i e s .

The use  o f  d a ta  from th e  400 m model f o r  th e  boundary c o n d i t io n s  o f  th e  45 m 

HAMMEN was t e s t e d  bu t t h i s  s t e p  appeared n o t  to  work, so th e  90 m models 

M00S-N and M00S-Z were b u i l t  as  an in te rm e d ia te  s t e p .  The 400 m models p r o ­

duced th e  boundary c o n d i t io n s  f o r  th e  90 m models and th e s e  produced th e  boun­
dary  c o n d i t io n s  fo r  th e  45 m models.

When w ate r  l e v e l s  from th e  400 m model were used a s  th e  on ly  boundary co n d i­
t i o n s ,  th e  flow  d i s t r i b u t i o n s  a long  th e  open boundarie s  o f  th e  more d e t a i l e d  

model were n o t  c o r r e c t ,  as  w ell  a s  th e  computed flow d i s t r i b u t i o n  in  th e  

model. The on ly  way to  en su re  a  c o r r e c t  t r a n s p o r t  d i s t r i b u t i o n  a long  th e  open
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boundary was to  use  v e lo c i ty -b o u n d a r ie s  (d isc h a rg e  b o u n d a r ie s  were n o t  a v a i ­
l a b l e  in  th e  WAQUA-vers ion o f  R i jk s w a te r s ta a t  a t  t h a t  tim e) and a  sm a l l  w a te r  
l e v e l  boundary to  c o n t ro l  th e  w ate r  l e v e l  in  th e  m odel, and to  compensate f o r  
sm all  d i f f e r e n c e s  in  t r a n s p o r t s  th rough th e  v e lo c i ty -b o u n d a r ie s .

As v e l o c i t i e s  gave d i f f e r e n t  t r a n s p o r t  r a t e s  in  models w ith  d i f f e r e n t  g r id  
s i z e s  and bottom to p o g ra p h ie s ,  th e  t r a n s p o r t  r a t e s  in  th e  l a r g e r  model th rough  
s e c t i o n s  c o in c id in g  w ith  the  boundary o f  th e  n es ted  model and w a te r  l e v e l s  
were transfo rm ed  to  v e l o c i t i e s  w ith  h e lp  o f  dep ths  in  th e  n e s te d  model, to  
en su re  a  c o r r e c t  t r a n s p o r t  d i s t r i b u t i o n  th rough  the  b o u n d a r ie s  o f  th e  n e s te d  
model. In t h i s  way a l s o  r o t a t e d  n e s te d  models (SCHAAR and ROOMPOT) cou ld  be 
prov ided  w ith  boundary c o n d i t io n s .  This  te c h n iq u e ,  developed  a t  th e  RAND Cor­
p o r a t io n ,  was in c o rp o ra te d  in  a  s p e c i a l  program, which was a l s o  used  f o r  th e  

D00S-1 model ( s e e  [7 -1 4 ] ) .

The p o s i t i o n  o f  th e  open boundarie s  o f  th e  d e t a i l  m odels, w ith  r e s p e c t  to  th e  

a r e a  o f  i n t e r e s t  ( i . e .  th e  s to rm -su rg e  b a r r i e r ) ,  was such t h a t  changes cou ld  

have an a r e a  o f  in f lu e n c e  reach ing  over th e  open boundary. T h is  meant t h a t  new 
boundary c o n d i t io n s  should  be g en era ted  th rough  th e  o v e r a l l  model i f  i t  was 

expec ted  t h a t  they  were being  a f f e c t e d  by changes in  th e  in n e r  a r e a  o f  th e  
model. The same procedure  was a p p l ie d  in  case  th e  o v e r a l l  motion in  th e  e s ­

tu a ry  was a f f e c t e d ,  e .g .  due to  p ro g re s s  in  th e  b lockage o f  th e  ch an n e ls  by 
th e  s to rm -su rg e  b a r r i e r .

The s t a r t i n g  c o n d i t io n s  o f  a l l  th e  models were a ze ro  v e l o c i t y  f i e l d  and a 

c o n s ta n t  w a te r  l e v e l  throughout th e  model, p r e f e r a b ly  th e  w a te r  l e v e l  a t  h igh  
w ate r  s l a c k  to  reduce  th e  i n i t i a l  p e r io d  o f  th e  model.

7 .4  POST-3

Two g e n e ra l  models w ith  th e  E a s te rn -  and Western S c h e ld t  e s t u a r i e s  and th e  a d ­

ja c e n t  s ea  a r e a  were a v a i l a b l e :  th e  RANDDELTA-2 model w ith  a  g r id  s i z e  o f  800 

m and th e  SCHELDES model w ith  a  g r id  s i z e  o f  400 m [7 - 7 ] .  S e v e ra l  800 and 400 
m models were d e r iv e d  from th e s e  models to  make th e  c a l i b r a t i o n  p ro c e s s  o f  

s e p a r a t e  p a r t s  e a s i e r  [ 7 - 3 ] .  With th e  800 m model 00ST o f  th e  E a s te rn  S c h e ld t  

many com puta tions  have been made to  i n v e s t ig a t e  th e  in f lu e n c e  o f  th e  num erica l  
te ch n iq u es  used in  WAQUA and th e  behav iour o f  th e  e s tu a r i n e  swystem, depending 

on system  param ete rs  ( s e e  [7 -9 ] ,  [7 -1 0 ] ,  [7 -1 1 ] ,  [7 -12] and [ 7 - 1 3 ] ) .
A more d e t a i l e d  model was th e  400 m model o f  th e  E as te rn  S c h e ld t  OOST-2 [7 -4 ] .  

The RANDDELTA-2 model had shown t h a t  th e  w ater l e v e l s  a t  th e  l o c a t io n  o f  th e
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OOST-2 boundary were h a rd ly  in f lu e n c e d  by th e  b a r r i e r  c o n s t r u c t io n  [ 7 - 8 ] .  
However, th e  c o n s t ru c t io n  o f  boundary c o n d i t io n s  f o r  th e  OOST-2 model was a 
com plica ted  p ro cess  because  o f  th e  absence o f  measured d a t a  a t  th e  lo c a to n  o f  
th e  boundary. The boundary c o n d i t io n s  could be d e r iv e d  w ith  h e lp  o f  c r o s s -  

s p e c t r a l  a n a l y s i s ,  t r a n s f e r  f u n c t io n s ,  r e s u l t s  o f  th e  two g e n e ra l  models and 
w a te r - l e v e l  re c o rd s  o f  f i v e  s t a t i o n s  near  the  boundary. This  te c h n iq u e  was 

on ly  a v a i l a b l e  a t  th e  RAND C o rp o ra t io n .  A more d e t a i l e d  d e s c r i p t i o n  can be 

found in  [7 - 4 ] .

P ro to ty p e  d a ta  were a v a i l a b l e ,  on a ro u t in e  b a s i s  a t  a  number o f  f ix e d  t i d e  
gauges a t  some d i s ta n c e  o f  th e  boundary o f  OOST-2. T h e re fo re ,  th e  model a r e a  
was ex tended  in  seaward d i r e c t i o n .  The new 400 m model was c a l l e d  OOST-3 and a 
d e s c r i p t i o n  can be found in  [7 -6 ] .  The model had i t s  open b o u n d a r ie s  c l o s e  to  

th e  fo u r  measuring s t a t i o n s  OS-11, OS-13, OS-14 and OS-15 making i t  p o s s i b l e  
to  run th e  model d i r e c t l y  w ith  a c c u r a te ly  measured w ate r  l e v e l s ,  w i th  a 

10 m inute  i n t e r v a l .  This ensured  a good t r a n s p o r t  d i s t r i b u t i o n  over th e  t h r e e  

main c h a n n e ls ,  which i s  s t r o n g ly  a f f e c t e d  by mean s e a - l e v e l  v a r i a t i o n s  a long  

th e  open b o u n d a r ie s .

Both th e  OOST-2 and th e  00ST-3 model were used f o r  th e  g e n e ra t io n  o f  boundary 
c o n d i t io n s  f o r  sub-models D00S-1, M00S-N and M00S-Z. E r r o r s  in  th e  o v e r a l l  

models were d i r e c t l y  t r a n s f e r r e d  i n t o  e r r o r s  in  th e  computed flow o f  su b ­

m odels ; a good c a l i b r a t i o n  and v e r i f i c a t i o n  o f  th e se  models was very  impor­

t a n t .

7 .4 .1  S ch em atiza tio n

G enera t ion  o f  boundary c o n d i t io n s  fo r  th e  00ST-3 model was f a i r l y  s im p le .  

P ro to ty p e  measurements o f  w ater  l e v e l s  could be used d i r e c t l y  as  boundary con­
d i t i o n s .  The same had been done f o r  th e  o ne-d im ens iona l  IMPLIC model ( s e e  

S e c t io n  6 . 2 . 4 ) .  During th e  s im u la t io n ,  th e  10-minute v a lu e s  were i n t e r p o l a t e d  
l i n e a r l y  in  time and a long  th e  open boundary.

The s c h e m a t iz a t io n s  o f  th e  bottom topography o f  th e  OOST-2 and 00ST-3 model 

were taken  from th e  SCHELDES model and were based upon survey  c h a r t s  o f  1976. 

An a d ju s tm en t had been made to  th e  s i t u a t i o n  o f  1981 f o r  th e  a re a  around th e  
c o n s t r u c t io n  s i t e s  o f  th e  s to rm -su rg e  b a r r i e r .  The sc h e m a t iz a t io n  o f  th e  b o t ­

tom o f  th e  E as te rn  S c h e ld t ,  w ith  i t s  g u l l i e s  and t i d a l  f l a t s ,  in  a 400 m g r id  

was a  f a r  from s t r a ig h t f o r w a r d  p ro c e s s .  Extreme ca re  had to  be taken  to  en su re  
t h a t  a l l  c r o s s - s e c t io n s  through th e  depth  p o in t s  o f  th e  model matched th e  

c r o s s -  s e c t i o n s  o f  th e  o r i g i n a l  c h a r t s  [7 -4 ] .
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For th e  s i t u a t i o n s  d u r in g  th e  d i f f e r e n t  c o n s t ru c t io n  s t a g e s  o f  th e  s to rm -s u rg e  
b a r r i e r ,  b a r r i e r s  have been used in  th e  400 m g r id  to  model th e  e f f e c t  ap p ro ­

x im a te ly .

7 .4 .2  C a l ib r a t i o n  and v e r i f i c a t i o n

The OOST-2 model was c a l i b r a t e d  fo r  th e  p e r io d  1 t o  6 September 1976 w ith  

computed w ater  l e v e l s  from th e  RANDDELTA-2 model a s  boundary c o n d i t i o n s .  A 
v e r i f i c a t i o n  o f  th e  OOST-2 model was done fo r  th e  p e r io d  10-11 Jan u ary  1982 
[7 - 4 ] .  A comparison between th e  r e s u l t i n g  t r a n s p o r t  r a t e s  th rough  Hammen, 
Schaar and Roompot in  OOST-2 w ith  th e  measured t r a n s p o r t  r a t e s ,  i s  g iv e n  in  
F ig u re  7 .3 .  A comparison o f  w ater  l e v e l s  in  d i f f e r e n t  p a r t s  o f  th e  E a s te rn

S c h e ld t  i s  a l s o  g iven  in  F ig u re  7 .3  (see  a l s o  r e s u l t s  o f  M1000; F ig u re  5 . 7 ) .

Because th e  00ST-3 model i s  an extended v e rs io n  o f  th e  OOST-2 model, c a l i b r a ­
t i o n  ( f o r  th e  p e r io d  10-11 January  1982) was h a rd ly  n e c e s s a ry .  The t i d e s  on 19 

and 26 J u ly  1983, 6 November and 29 December 1983 were used f o r  v e r i f i c a t i o n
o f  th e  model [ 7 - 6 ] ,

A com parison between computed t r a n s p o r t  r a t e s  th rough  Hammen, S ch aa r  and 

Roompot in  OOST-3 t o  th e  measured t r a n s p o r t  r a t e s  f o r  th e  p e r io d  19 J u ly  1983 
i s  g iven  in  F ig u re  7 .4 .

The c a l i b r a t i o n  o f  th e  400 m models was done by l o c a l l y  a d j u s t in g  th e  bo ttom - 

f r i c t i o n  c o e f f i c i e n t ,  taken  from th e  RANDDELTA-2 model. The boundary 

c o n d i t io n s  had n o t  been a d ju s te d  o r  m o d if ied ,  because  th e  model was supposed 

to  work a l s o  f o r  o th e r  p e r io d s  than  th e  one used f o r  c a l i b r a t i o n .

From th e  c a l i b r a t o n  and v e r i f i c a t i o n  o f  th e  model th e  fo l lo w in g  f i g u r e s ,  r e l a ­
te d  to  th e  in a ccu racy  range o f  th e  r e s u l t s ,  were ach iev ed :

-  w a te r  l e v e l s :  am p litude  2% and phase 5 m inutes

-  d i s c h a r g e s :  am plitude  5% and phase 10 m inutes

7 . 11
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7.5  DOOS-1

Four 100 m models, to g e th e r  covering  th e  e n t i r e  e s tu a r y ,  were b u i l t .  One o f  
them was th e  D00S-1 model o f  th e  mouth o f  th e  E a s te rn  S c h e ld t  ( see  

F ig u re  7 . 5 ) ,  b u i l t  by th e  D e lta  Department and used by DELFT HYDRAULICS to  i n ­
v e s t i g a t e  th e  e f f e c t s  o f  asymm etric (w ith  r e s p e c t  to  r e s i s t a n c e  o r  b lockage 
r a t i o )  c o n s t r u c t io n  s t a g e s .  In th e se  s i t u a t i o n s  th e r e  was a change in  t r a n ­
s p o r t  d i s t r i b u t i o n s  among th e  th r e e  main channe ls  and th e  r e s u l t i n g  w a te r  

l e v e l s  gave r i s e  to  changes in  c u r r e n t - v e l o c i t i e s  in  secondary  channe ls  and 
a c r o s s  th e  t i d a l  f l a t s .  With a g r id  s i z e  o f  100 m an a c c u ra te  com puta tion  o f  

th e s e  e f f e c t s  was p o s s ib le  ( s e e  S ec t io n  7 .7 ) .

! ! S™

SCHOUWEN

teell

68

N 00R D -B E V E LA N D
Me i60 ira

t
29 601 00 120«

F ig u re  7 .5  DOOS-1 model (100 m g r id )

7 .5 .1  Schemat i z a t  ion

With a  g r id  s i z e  o f  100 m th e  r e s u l t i n g  g r id  had 16 t im es  more g r id  p o in t s  
th an  a  400 m g r id .  This  made th e  sch em a tiz a t io n  o f  th e  bottom topography f o r  

th e  DOOS-1 model w ith  i t s  g u l l i e s  and t i d a l  f l a t s  l e s s  co m p lica ted .  However, 
t h e r e  always remained g u l l i e s  w ith  d im ensions t h a t  made them d i f f i c u l t  to  

schem a tize  in  th e  g r i d ,  bu t  on t h i s  s c a le  th e  c o n t r ib u t io n  o f  th e s e  d e t a i l s  

w ith  r e s p e c t  to  the  t o t a l  t i d a l  movement was o f  minor im portance .
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For th e  d e p th s  m ostly  survey  c h a r t s  o f  1981 and 1982 had been u se d .  For th e  

t i d a l  f l a t  Roggenplaat and th e  a d ja c e n t  secondary  channel K o r t s l u i t g e u l , th e  

most r e c e n t  survey  c h a r t s  o f  1983 and 1984 had been u sed ,  because  t h i s  was e s ­
s e n t i a l  f o r  th e  in v e s t ig a t i o n  o f  th e  e f f e c t  o f  asymm etric c l o s u r e s  o f  th e  

s to rm -s u rg e  b a r r i e r .  O lder survey c h a r t s  had been used f o r  v a r io u s  t i d a l  

f l a t s .

For th e  c a l i b r a t i o n  o f  th e  DOOS-1 model boundary c o n d i t io n s  were taken  from 

th e  OOST-2 model. For th e  i n v e s t ig a t i o n s  o f  th e  c o n s t r u c t io n  s t a g e s  o f  th e  
s to rm -su rg e  b a r r i e r  th e  boundary c o n d i t io n s  were taken  from th e  OOST-3 model. 

Like a l l  n e s te d  models th e  open boundary o f  th e  DOOS-1 model c o n s i s t e d  t o  a 
l a r g e  e x t e n t  o f  v e lo c i ty -b o u n d a r ie s  and only  a sm all w a te r - l e v e l  boundary ( in  
th e  n o r th e rn  s e c t i o n ) .

As m entioned in  S e c t io n  7 .3 .2 ,  b a r r i e r s  had been used in  DOOS-1 t o  model th e  

s to rm -su rg e  b a r r i e r  in  th e  100 m g r id  ( see  a l s o  S e c t io n  7 . 7 ) .

7 .5 .2  C a l ib r a t i o n  and v e r i f i c a t i o n

The DOOS-1 model had been c a l i b r a t e d  f o r  11 January  1982 o n ly  by a d j u s t i n g  th e  

o v e r a l l  bottom f r i c t i o n  (Manning) and th e  eddy v i s c o s i t y .  Also th e  ch o ice  o f  

open boundary d e f i n i t i o n s  (w a te r  l e v e l -  and v e l o c i ty  b o u n d a r ie s )  had been 
t e s t e d  so a s  t o  ach ieve  th e  b e s t  v e l o c i ty  d i s t r i b u t i o n  a t  th e  b o u n d a r ie s  o f  

th e  model, u s in g  r e s u l t s  from th e  400 m model.

In F ig u re  7 .6  i t  i s  shown t h a t  th e  r e p r e s e n t a t i o n  o f  th e  t r a n s p o r t  r a t e s  in  

th e  t h r e e  main channe ls  in  DOOS-1 i s  o f  th e  same q u a l i t y  a s  in  th e  400 m eter 

OOST-2 model ( s e e  F ig u re  7 . 3 ) ,  a s  can be expec ted  because  00ST-2 p ro v id ed  th e  
boundary c o n d i t io n s  f o r  DOOS-1.

A v e r i f i c a t i o n  o f  th e  model had been done by DELFT HYDRAULICS f o r  th e  m easure­
ments on 30-07-84 and 01-08-84.

7 .6  90 m and 45 m models

To p ro v id e  d e t a i l e d  in fo rm a tio n  abou t th e  t r a n s p o r t  d i s t r i b u t i o n  th rough  th e  

s to rm -s u rg e  b a r r i e r ,  s e v e r a l  45 and 90 m models were b u i l t .  The f i r s t  45 m de­

t a i l  model b u i l t  was th e  HAMMEN model and w ith  t h i s  one i t  was found t h a t  r e ­

s u l t s  o f  a  400 m model could  n o t  be used  a s  boundary c o n d i t io n s  f o r  a  45 m 

model. With th e  s p e c i a l  p rocedu re ,  d e sc r ib e d  in  S e c t io n s  7 .3 .3  and 7 . 6 .1 ,
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t r a n s p o r t  r a t e s  and w ater l e v e l s  computed in  th e  *100 m model 00ST-2 ( o r  

00ST-3), cou ld  be used a s  boundary c o n d i t io n s  f o r  th e  in te rm e d ia te  90 m model 
M00S-N o f  th e  n o r th e rn  p a r t  o f  th e  s to rm -su rge  b a r r i e r .  The r e s u l t s  o f  t h i s  

model were used to  produce boundary c o n d i t io n s  f o r  th e  HAMMEN model.

The te ch n iq u e  o f  n e s t in g  models in l a r g e r  models had been deve loped ,  improved 
and t e s t e d  in  many com putations in  th e  M00S-N and HAMMEN model [7 -1 4 ] .  A f te r  
t h i s  th e  45 m model SCHAAR was b u i l t ,  o r ie n te d  in  th e  d i r e c t i o n  o f  th e  b a r r i e r  
and th u s  r o t a t e d  in  th e  M00S-N model, followed by th e  90 m model M00S-Z o f  th e  
s o u th e rn  p a r t  and i t s  n e s te d  45 m model ROOMPOT. A ll th e  90 and 45 m d e t a i l  
models were designed  w ith  th e  mentioned l i m i t a t i o n  o f  8000 g r i d  p o in t s .

7 .6 .1  S chem atiza tio n

For th e  sc h e m a t iz a t io n  o f  th e  bed topography o f  th e  M00S-N model and i t s  
n e s te d  models HAMMEN and SCHAAR, survey  c h a r t s  o f  1978 and 1979 were used f o r  

th e  f i r s t  v e r s io n s  (used in  th e  s ta g e s  o f  developm ent), l a t e r  on th e y  had been 
c o r r e c te d  to  th e  s i t u a t i o n  o f  1981. For th e  M00S-Z model and i t s  n e s te d  model 

ROOMPOT c h a r t s  o f  1981 had been used .

Changes in  c o n s t ru c t io n  s ta g e s  o f  th e  s to rm -su rg e  b a r r i e r  e s p e c i a l l y  a f f e c t e d  

th e  s c h e m a t iz a t io n s  o f  models w ith  g r id  s i z e s  o f  90 and 45 m. Not o n ly  th e  

bo u n d ar ie s  and th e  bed topography in  th e  v i c i n i t y  o f  th e  b a r r i e r ,  b u t  a l s o  th e  
sc h e m a t iz a t io n  o f  th e  b a r r i e r  i t s e l f  changed d u r in g  th e  c o n s t r u c t i o n ,  so  a l l  

th e s e  models had t o  be changed many tim es du ring  th e  s t u d i e s .

7 .6 .2  C a l ib r a t i o n  and v e r i f i c a t i o n

The r e s u l t s  in  th e  90 and 45 m models were h ig h ly  dependent on th e  q u a l i t y  o f  

t h e i r  boundary c o n d i t io n s  and t h e i r  bed topography: they  de te rm ined  th e  r e ­

s u l t i n g  flow p a t t e r n s  in  th e  a r e a .  This  meant t h a t  a  c a l i b r a t i o n  o f  th e s e  

models was h a rd ly  p o s s ib le  and th e  u su a l  pa ram ete rs  f o r  f r i c t i o n  and eddy v i s ­
c o s i t y  were used .

The same d a te  a s  f o r  00ST-3, 11 January  1982, had been used f o r  v e r i f i c a t i o n ,  

because  d a ta  l i k e  t r a n s p o r t  r a t e s  th rough th e  main ch an n e ls  and v e l o c i t i e s  in  

v a r io u s  p o in t s  in  th e  c e n t re  o f  th e  models were a v a i l a b l e .  The r e s u l t s  showed 

a  good agreem ent between computed and measured v e l o c i t i e s  and t r a n s p o r t  r a t e s .  

In F ig u re s  7 .7  and 7 .8 ,  th e  c u r r e n t - p a t t e r n  in  th e  90 m model M00S-Z and th e  
45 m model ROOMPOT a t  maximum ebb i s  g iv e n .  In F ig u re s  7 .9  and 7 .1 0 ,  th e

7 . 1 7
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c u r r e n t - p a t t e r n  i s  g iven  in  the  90 m model MOOS-N and th e  45 m sub-model 
HAMMEN a t  maximum ebb. A comparison o f  computed ( v e r t i c a l l y  averaged )  v e l o c i ­
t i e s  and ( l o c a l )  v e l o c i t i e s ,  measured by two v e s s e l s  on 11 January  1982, i s  

p re s e n te d  in  F igu re  7 .11 .
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F ig u re  7.11 Comparison o f  measured and computed v e l o c i t i e s  in  ROOMPOT model; 
t i d e  11-01-82

Also a  comparison between th e se  num erical models and th e  p h y s ic a l  s c a l e  model 
M1001 had been made b e fo re  th e  models were used by DELFT HYDRAULICS f o r  th e  
many com puta tions r e p o r te d  in  S e c t io n s  7 .7  and 8 .2 .

7 .7  O p e ra t io n a l  ex p e r ien ce

7 .7 .1  In t ro d u c t io n

In th e  p reced in g  p a rag raphs  th e  c a l i b r a t i o n  and v e r i f i c a t i o n  o f  th e  models has 
been d e s c r ib e d  f o r  th e  i n i t i a l  s i t u a t i o n s  w ith o u t any narrow ing o f  th e  t h r e e  

main c h an n e ls .  However, th e  models were to  be used to  compute th e  flow  co n d i­
t i o n s  f o r  f u tu r e  s i t u a t i o n s  w ith  a r b i t r a r y  b u i ld in g  s t a g e s  o f  th e  s to rm -s u rg e  
b a r r i e r .

These b u i ld in g  s ta g e s  v a r ie d  from the  p la c in g  o f  th e  f i r s t  p i e r  u n t i l  th e  
p la c in g  o f  th e  l a s t  s i l l  beam.

The good r e s u l t s  o f  th e  c a l i b r a t i o n  and v e r i f i c a t i o n  were no g u a ra n te e  f o r  th e  
accu racy  o f  th e  com putations  f o r  f u tu r e  s i t u a t i o n s .  The fo l lo w in g  problem s 

cou ld  a r i s e :
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-  th e  t o t a l  r e s i s t a n c e  o f  th e  s to rm -su rge  b a r r i e r s  in  th e  t h r e e  main ch an n e ls  

m ight n o t  be c o r r e c t ;  g iv in g  e r r o r s  in  th e  p r e d ic t io n  o f  th e  h o r i z o n t a l  and 
v e r t i c a l  o v e r a l l  t i d a l  movements (d is c h a rg e ,  w ater  l e v e l  and head d i f ­
f e r e n c e ) ;  p a r t i c u l a r l y  a problem f o r  th e  o v e r a l l  models 00ST3 and D00S1

-  th e  l o c a l  r e s i s t a n c e  o f  th e  s to rm -su rg e  b a r r i e r  m ight n o t  be c o r r e c t ,  
g iv in g  e r r o r s  in  th e  p r e d ic t io n  o f  th e  d isc h a rg e  and v e l o c i t y  d i s t r i b u ­

t i o n s  a t  th e  a x i s  o f  th e  b a r r i e r  and th e r e f o r e  a l s o  e r r o r s  in  th e  d i s t r i b u ­
t i o n s  upstream  and downstream o f  th e  b a r r i e r ;  p a r t i c u l a r l y  a  problem f o r  

th e  d e t a i l  models (g r id  s i z e  45 and 90 m)
Both problem s were mainly r e l a t e d  to  one c e n t r a l  problem , namely th e  sc h e m a ti­
z a t io n  o f  th e  s to rm -su rg e  b a r r i e r .  In  a l l  models the  r e s i s t a n c e  o f  th e  b a r r i e r  
had to  be in t ro d u ced  by u s in g  th e  'BARRIER'-module o f  WAQUA ( s e e  a l s o  S e c t io n
7 . 3 . 2 ) .  The fo llo w in g  s e c t i o n s  w i l l  d i s c u s s :

-  p r e d i c t i o n  o f  h o r iz o n ta l  and v e r t i c a l  t i d a l  movement a t  a r b i t r a r y  b u i ld in g  
s t a g e s ;

-  p r e d i c t i o n  o f  d is c h a rg e  and v e l o c i ty  d i s t r i b u t i o n s  in  th e  v i c i n i t y  o f  th e  

b a r r i e r  a t  a r b i t r a r y  b u i ld in g  s t a g e s ;

-  s t a b i l i t y  o f  th e  com putations a t  a r b i t r a r y  b u i ld in g  s t a g e s .

7 .7 .2  P r e d ic t io n  o f  t i d a l  movement

For th e  p r e d i c t i o n  o f  th e  t i d a l  movement f o r  an a r b i t r a r y  b u i ld in g  s t a g e ,  th e  

d is c h a rg e  c h a r a c t e r i s t i c s  o f  each compartment o f  the  b a r r i e r  had t o  be d e t e r ­
mined f i r s t .  In  a number o f  t a b l e s  th e  c r o s s - s e c t i o n a l  p r o f i l e s  and th e  e f f e c ­

t i v e  c r o s s - s e c t i o n a l  a r e a  ( r e s p e c t iv e ly  A and ygA) wer e  l i s t e d  f o r  each com­
partm en t and f o r  te n  b u i ld in g  s ta g e s  (from placed  p i e r s  u n t i l  p la ced  s i l l  

beams). A ll th e se  va lues  were based on th e  s tu d ie s  on th e  d is c h a rg e  c h a ra c ­

t e r i s t i c s  o f  th e  s to rm -su rg e  b a r r i e r  (M1644; see  a l s o  C hapter 4 ) ;  u se  was made 
o f  an  i n t e r p o l a t i o n  in  ' l o c a t i o n '  and in  'b u i l d in g  s t a g e ' .
The t a b u la te d  v a lu e s  cou ld ,  w ith  some minor p ro c e s s in g ,  be d i r e c t l y  a p p l ie d  

f o r  th e  models w ith  a  g r id  s i z e  o f  45 m, namely:
-  d is c h a rg e  c o e f f i c i e n t  = i^A/A

-  w id th  = 39.5  m
-  d ep th  = A/width

In th e  o th e r  models w ith  l a r g e r  g r i d  s i z e s  the  v a lu es  o f  y^  an(  ̂ A had to  be
added f o r  two o r  more compartments (no t  always an in t e g e r  number). These

v a lu e s  were su b se q u en tly  p rocessed  in to  th e  n ece ssa ry  f i g u r e s  in  an i d e n t i c a l
way.

A p p l ic a t io n  o f  th e  above-m entioned p ro c e ss in g  meant t h a t  in  a l l  th e  WAQUA- 

models y2~values  were used a s  d is c h a rg e  c o e f f i c i e n t s .

However, a t  th e  s t a r t  o f  th e  i n v e s t ig a t io n s  the  d is c h a rg e  c o e f f i c i e n t  f o r  th e
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o v e r a l l  model 00ST3 was c o r re c te d  w ith  a  f a c t o r  (se e  a i s o  S e c t io n
4 . 2 . 2 ) .  T h is  f a c t o r  took in to  acoun t th e  th re e -d im e n s io n a l  e f f e c t s ,  e . g .  due 
to  th e  p re se n c e  o f  c o n s t ru c t io n  f r o n t s .  In th e  model 00ST3 (w ith  a g r id  s i z e  
o f  400 m) c e r t a i n  s ta g e s  o f  a c o n s t r u c t io n  f r o n t ,  w ith  d i s c o n t i n o u i t i e s  on a 

s c a l e  o f  45 m, could h a rd ly  be r e p re s e n te d ;  each ' b a r r i e r '  u n i t  in  t h i s  model 
r e p r e s e n t s  approx im ate ly  e ig h t  to  n ine  compartments o f  th e  r e a l  b a r r i e r .  
However, a number o f  com putations  w ith  00ST3 fo r  f u tu r e  s i t u a t i o n s  c l e a r l y  
showed a s t r o n g e r  re d u c t io n  in  v e r t i c a l  and h o r iz o n ta l  t i d a l  movement than  

g iven  by th e  h y d ra u l i c  s c a le  model M1000.
Though th e  r e l i a b i l i t y  o f  the  s c a l e  model was no t known a t  t h a t  moment, i t  was 
dec ided  n o t  t o  use th e  c o r r e c t io n  f a c t o r  f ° r  f u tu r e  c o m p u ta t io n s .  T h is

meant t h a t  in  bo th  th e  models M1000 and 00ST3 in  p r i n c i p l e  y2~ va lues  had been 
a p p l i e d .  With t h i s  approach both  models gave a lm ost th e  same p r e d i c t i o n  o f  th e  
t i d a l  movement fo r  a r b i t r a r y  b u i ld in g  s t a g e s .  V e r i f i c a t i o n  by p r o to ty p e  

measurements l a t e r  on confirmed th e  v a l i d i t y  o f  t h i s  approach .

F i n a l l y ,  n o te  t h a t  in  connec tion  w ith  th e  f i r s t  com putations  fo r  th e  re p ro d u c ­
t i o n  o f  v e l o c i t y  d i s t r i b u t i o n s  a t  c o n s t ru c t io n  f r o n t s  ( s e e  a l s o  S e c t io n  4 .2 .4  

and 7 .7 .3 )  i t  was dec ided  to  reduce th e  v^ -v a lu e  f ° r  compartments w ith  a com­
p le te d  s i l l .  The re d u c t io n  was 20% and a p p l i c a t io n  o f  t h i s  r e d u c t io n  a l s o  gave 

b e t t e r  r e s u l t s  w ith  r e s p e c t  to  th e  re p ro d u c t io n  o f  th e  v e r t i c a l  and h o r i z o n t a l  

t i d a l  movements. An e x p la n a t io n  o f  th e  need o f  t h i s  r e d u c t io n  cou ld  n o t  be 

fo u n d .

ot
r

zo

-2 .5

30JUL ‘  04 31 JUL 8 4

c

zo

Or

3 1 JU L * 0 430JUL

a:

c
zo

a

3 0JU L 0 4 31 JUL tA uG  * 0 48 4

2
2

tflot
c
zo

1
<*

•2

•2
3 1 JU L  • 8 43B JU L  * 8 4 8 41 AUG

F ig u re  7 .12  R e s u l t s  o f  r e p r o d u c t io n  o f  w a te r  l e v e l s ,  t i d e  3 0 - 0 7 -8 4 . . .0 1 -0 8 -8 4

7.22



TR
AN

SP
OR

T 
RA

TE
 

(C
U 

tV
SE

C 
> 

TR
AN

SP
OR

T 
RA

TE
 

(C
U 

TV
SE

C 
> 

TR
AN

SP
OR

T 
RA

TE
 

(C
U 

rv
SE

C 
>

10000.
20000 .

30000.

 RO O nPO T OA h
« o o o o f io O tlP O T  I 5 0 n  w e s t

20
30JUL '  84

10000

2 0 0 0 0 .

30000.
40000.

50000.
 SCHAAR V. ROGGENPL.

©©«©•SCHAAR 55 0f1  WEST
< C O flP U T E O ) 
( O B S E R V E D )

70000 . 20
30JUL

10000

20000

30000
40000

50000
 H A finEN

o o o o o H A n n E N  i s e n  w e s t
< COflPUTEO > 
< O B S E R V E D )60000 .

20
30JUL ' 84
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The p reced in g  can be summarized as  fo l lo w s :

-  a l l  th e  WAQUA-models were us ing  U2 -v a lu e s  f ° r  fche d is c h a rg e  c o e f f i c i e n t s  
(v a lu e s  were based on th e  flume t e s t  r e s u l t s ) ;

-  th e  P2-V alue compartments w ith  completed ru b b le  s i l l  was reduced  by 20%.

F in a l ly  a  l i m i t e d  number o f  r e s u l t s  o f  v e r i f i c a t i o n s  fo r  b u i ld in g  s t a g e s  o f  

th e  b a r r i e r  a r e  p re s e n te d ,  see  F igu re  7 .12  and 7 .1 3 .  These a r e  a l l  r e l a t e d  to  
th e  v e r t i c a l  and h o r iz o n ta l  t i d a l  movements. An e x te n s iv e  p r e s e n t a t i o n  i s  

g iven  in  [7 -15]  and [7 -1 6 ] .

7 .7 .3  P r e d ic t io n  o f  d isc h a rg e  and v e l o c i ty  d i s t r i b u t i o n s

The flow p a t t e r n  in  th e  v i c i n i t y  o f  th e  b a r r i e r  a t  an a r b i t r a r y  b u i ld in g  s ta g e  

depended, to  a  la rg e  e x t e n t ,  on th e  d i s t r i b u t i o n  o f  th e  ' r e s i s t a n c e '  a lo n g  th e  

a x i s  o f  th e  b a r r i e r .  In S ec t io n  7 .7 .2  i t  has been d e sc r ib e d  in  which way th e  
d i s c h a rg e  c h a r a c t e r i s t i c s  o f  each ' b a r r i e r '  o f  th e  WAQUA-models cou ld  be d e ­

te rm ined  .
A c o r r e c t  d i s t r i b u t i o n  o f  th e  r e s i s t a n c e  a t  th e  b a r r i e r  was an e s s e n t i a l  
( i n t e r n a l )  boundary c o n d i t io n  f o r  th e  p r e d ic t io n  o f  e s p e c i a l l y  th e  downstream 

flow  p a t t e r n .  However, a t  advanced b u i ld in g  s t a g e s  w ith  l a r g e  v e r t i c a l  n a r r o ­

wing o f  th e  c r o s s - s e c t i o n  (p la c in g  o f  s i l l  beams), th re e -d im e n s io n a l  e f f e c t s  

would a f f e c t  th e  r e s u l t s .  U n t i l  then  i t  was n o t  known w hether th e  two-dimen­
s io n a l  models could  c a l c u l a t e  a r e a l i s t i c  flow p a t t e r n .
T h e re fo re  th e  i n v e s t ig a t i o n s  s t a r t e d  w ith  th e  re p ro d u c t io n  o f  a number o f

t e s t s  f o r  th e  p la c in g  o f  s i l l  beams which were c a r r i e d  ou t  in  th e  d e t a i l  s c a l e

model M1001. The com putations were c a r r i e d  o u t  in  a s p e c ia l  WAQUA-model o f  th e  

Roompot in  which th e  dep ths  o f  th e  s c a l e  model were s im u la te d  (which were 
based on e a r l i e r  ( p r e d ic te d )  sounding c h a r t s ,  w ith  as  r e s u l t  some l o c a l  dep th  

d i f f e r e n c e s ) .  A d d i t io n a l ly ,  a  s t e a d y - s t a t e  flow  was s im u la te d  in s te a d  o f  a 

t i d a l  c y c le ,  j u s t  as  in  th e  s c a l e  model ( see  a l s o  [7 -1 9 ] ) .

E s s e n t i a l  f o r  th e s e  com putations was th e  re p ro d u c t io n  o f  th e  fo l lo w in g  c h a ra c ­
t e r i s t i c  p r o p e r t i e s  o f  th e  flow p a t t e r n :

-  ( s te e p )  g r a d ie n t s  in th e  v e l o c i ty  d i s t r i b u t i o n s  downstream o f  a  c o n s t r u c ­

t i o n  f r o n t
-  c o n c e n t ra te d  flow from th e  l e s s  narrowed p a r t  o f  th e  b a r r i e r

-  l a rg e  s c a l e  e d d ie s  on bo th  s id e s  o f  th e  main c u r r e n t

-  a  r a t h e r  f l a t  v e l o c i t y  d i s t r i b u t i o n  upstream  o f  th e  b a r r i e r
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F ig u re  7 .14  R e s u l t s  o f  rep ro d u c t io n  o f  d isc h a rg e  d i s t r i b u t i o n s

F ig u re  7 .14 g iv e s  a  comparison o f  th e  computed v e l o c i ty  d i s t r i b u t i o n s  and th e  

v e l o c i t y  d i s t r i b u t i o n s  measured in th e  s c a le  model. At th e  b a r r i e r  a x i s  r e ­
s u l t s  o f  R1495 a r e  p re s e n te d  a s  w e ll .

The r e s u l t s  show t h a t  th e  rep ro d u c t io n  o f  s te e p  g r a d ie n t s  in  th e  v e l o c i t y  and 

d is c h a rg e  d i s t r i b u t i o n s  was r a th e r  good. However, th e  r e p ro d u c t io n  o f  l a r g e

e d d ie s  on both  s id e s  o f  th e  main c u r r e n t  and to  a l e s s e r  e x t e n t  th e  p o s i t i o n

o f  th e  main c u r r e n t  was m oderate. These r e s u l t s  were ach ieved  by u s in g  th e  
fo llo w in g  a d ju s tm e n ts :

-  v i s c o s i t y  c o e f f i c i e n t  v =1.0 m2/ s  ( p r i o r  to  t h i s  i n v e s t i g a t i o n  a  v a lu e  o f
V =6.0 to  10.0 m2/ s  was u se d ) ;

-  U2_val ue completed ru b b le  s i l l  reduced by 20%.

Using th e se  a d ju s tm e n ts ,  th e  flow p a t t e r n s  f o r  a g r e a t  number o f  b u i ld in g  

s t a g e s  o f  th e  b a r r i e r  were computed. The r e s u l t s  o f  th e se  com puta tions  w ith  

emphasis on th e  downstream flow p a t t e r n ,  a r e  p re se n te d  in  [7 -1 9 ] .

As th e  b u i ld in g  o f  th e  b a r r i e r  p roceeded , more f i e l d  measurements o f  th e  v e lo ­

c i t y  d i s t r i b u t i o n s  in  th e  v i c i n i t y  o f  th e  b a r r i e r  became a v a i l a b l e .  Up to  th e  

com pletion  o f  th e  ru b b le  s i l l ,  th e  measurements were u s u a l ly  c a r r i e d  o u t  in  

c r o s s - s e c t i o n s  upstream  o f  the  b a r r i e r .  However, d u r in g  th e  p la c in g  o f  th e  
s i l l  beams, a l s o  th e  downstream v e lo c i ty  d i s t r i b u t i o n s  were d e te rm ined .
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In o rd e r  to  judge th e  q u a l i t y  o f  the  com puta tions , most o f  th e  a v a i l a b l e  
p ro to ty p e  measurements were reproduced (= h in d cas ted )  w ith  th e  WAQUA-models. 
T h is  was p a r t l y  done d u r in g  th e  b u i ld in g  o f  th e  b a r r i e r  and p a r t l y  a f t e r  the  
com ple tion  o f  th e  works. From t h i s  i t  tu rn ed  o u t  t h a t  th e  upstream  v e l o c i ty  
d i s t r i b u t i o n s  were reproduced in  a p roper  way ( s e e  F ig u re  7 .15  f o r  r e s u l t s  o f  
th e  r e p ro d u c t io n  o f  v e lo c i ty  d i s t r i b u t i o n s  upstream  o f  the  b a r r i e r ) .  The down­

s tream  v e l o c i ty  d i s t r i b u t i o n s ,  however, c l e a r l y  showed th e  fo l lo w in g  d i f ­
f e r e n c e s  w ith  th e  p ro to ty p e :
-  ab sence  o f  l a rg e  e d d ie s  on both s id e s  o f  th e  main c u r r e n t  in  th e  model,
-  l o c a t i o n  and s te e p n e ss  o f  v e l o c i ty  g r a d ie n t s .
Some supplem entary  com putations  showed t h a t  a f a r  b e t t e r  r e p ro d u c t io n  cou ld  be 
ach iev ed  by m odifying th e  b a r r i e r - f o r m u la t io n .  In S e c t io n  8 .2  th e  r e s u l t s  o f  

t h i s  e x e r c i s e  w i l l  be p re s e n te d .
E x ten s iv e  p r e s e n ta t i o n s  o f  th e  com putations r e l a t e d  to  v e l o c i t y  d i s t r i b u t i o n s  

a r e  g iven  in  [7 -1 5 ] ,  [7 -1 6 ] ,  [7 -1 7 ] ,  [7 -18] and [7 -1 9 ] .
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7 .7 .4  S t a b i l i t y  o f  the  computations

In th e  p rece d in g  s e c t i o n s  a  d e s c r ip t io n  i s  g iven in  what way th e  v i s c o s i t y  
c o e f f i c i e n t  had changed and in  what way th e  r e s i s t a n c e  o f  th e  b a r r i e r  was 

schem atized  in  o rd e r  to  g e t  a  good r e p ro d u c t io n  o f  t i d a l  movement and flow  
p a t t e r n s .  In f i r s t  in s ta n c e ,  th e  o th e r  pa ram ete rs  o f  th e  WAQUA models remained 
unchanged, meaning t h a t  th e  v a lu es  o b ta in e d  d u r in g  th e  c a l i b r a t i o n  were main­

ta in e d  .
In th e  com puta tions  f o r  a l a rg e  number o f  b u i ld in g  s t a g e s  i t  appea red  t h a t  

sometimes s p u r io u s  o s c i l l a t i o n s  o c c u rre d .  The p re sen ce  o f  th e s e  o s c i l l a t i o n s  
depended somewhat on th e  number o f  p laced  s i l l  beams. The o s c i l l a t i o n s  showed

up most c l e a r l y  in  th e  d e t a i l  models ( g r i d s i z e  45 m ), whereby th e  models
ROOMPOT and HAMMEN re a c te d  in  th e  most s e n s i t i v e  way.

For two s i t u a t i o n s  w ith  th e  most extreme o s c i l l a t i o n s  e x te n s iv e  t e s t s  were 

c a r r i e d  o u t  in  o rd e r  to  reach  a new a d ju s tm en t .  These were a  s i t u a t i o n  in  th e
Roompot w ith  18 p laced  s i l l  beams and a  s i t u a t i o n  in  th e  Hammen w ith  th e

ru b b le  s i l l  com pleted. At th e s e  t e s t s  th e  fo llow ing  p a ram e te rs  were v a r i e d :
At = t im e - s te p
V = v i s c o s i t y  c o e f f i c i e n t

a = r e f l e c t i o n  c o e f f i c i e n t  f o r  th e  boundarie s

U lt im a te ly  i t  tu rn ed  ou t  t h a t  in  th e  d e t a i l  models n o n - o s c i l l a t i n g  computa­

t i o n s  could  be ach ieved  by u s ing  th e  fo llo w in g  v a lu e s  f o r  th e  r e l e v a n t  p a r a ­
m e te rs  :

At = 15.0 s  (was: 30 .0  s )

V = 2 .0  m2/ s  (was: 1.0 m2/ s )

a = 0 . 0  (was: 35 .0 )

I t  sh o u ld  be no ted  t h a t  th e  above-m entioned a d ju s tm en ts  were a  compromise b e ­

tween a c c e p ta b le  computer time and a c c e p ta b le  r e p ro d u c t io n  o f  g r a d i e n t s  due to

before optimization 
after  optimization

E
.c

•o

ec«Eo8«S

TIJD IN
650f1 WEST H07-H08

---------------- before optimization
--------------- - a fte r optimization

«E
.c
2
cecM
E
§m

tíjd m
650H WEST R10-R11

F ig u re  7 .16  Examples o f  appeared  o s c i l l a t i o n s  and r e s u l t s  a f t e r  o p t im iz a t io n

7.27



th e  c o n s t r u c t io n  f r o n t s .  The g r a d ie n ts  were b e t t e r  reproduced  u s in g  v=1 .0 , bu t  
t h i s  meant a l s o  a  f u r t h e r  re d u c t io n  o f  th e  t im e - s te p .  However, th e  t o t a l  com­

p u te r  time would become u n p r a c t i c a l ly  long (one com putation had to  be p e r ­
formed d u r in g  s e v e r a l  n ig h t s ) .

T h is  pa rag rap h  ends w ith  th e  p r e s e n ta t io n  o f  some examples o f  th e  o s c i l l a t i o n s  

and th e  r e s u l t s  a f t e r  ab o v e-d esc r ib ed  o p t im iz a t io n  o f  th e  a d ju s tm e n t .  Both 
examples show r e s u l t s  o f  computed v e l o c i t i e s  b e fo re  and a f t e r  th e  new a d j u s t ­
ment, s ee  F ig u re  7 .1 6 .  An e x te n s iv e  p r e s e n ta t io n  i s  g iven  in  [7 -2 0 ] .
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8. R esults and comparison w ith f ie ld  data

8.1 V e r i f i c a t i o n  o f  th e  models; IMPLIC-R1495 and M1000-M1001

8 .1 .1  I n t ro d u c t io n

In t h i s  s e c t i o n  th e  r e s u l t s  a r e  g iven  o f  th e  v e r i f i c a t i o n  o f  th e  one-dim en­
s io n a l  models t h a t  were used f o r  th e  E as te rn  S c h e ld t  s to rm -su rg e  b a r r i e r .
These models a r e  d e s c r ib e d  in  Chapter 6. The v e r i f i c a t i o n  was o f  m ajor impor­

ta n c e  s in c e  th e  b a s ic  des ign  p aram eters  fo r  th e  b a r r i e r  were de te rm ined  w ith  
th e s e  m odels. These b a s ic  param eters  were (see  a l s o  Chapter 2 ) :
-  th e  d is c h a rg e  th rough th e  main ch an n e ls ,  Q
-  th e  l a t e r a l  d i s t r i b u t i o n  a long  th e  b a r r i e r ,  ex p ressed  by q/A
-  th e  head d i f f e r e n c e  over th e  b a r r i e r ,  Ah

The f o r e c a s t  system  f o r  th e se  param eters  i s  d e s c r ib e d  in  C hapter 3 .  The method 
o f  th e  v e r i f i c a t i o n  i s  d e sc r ib e d  in  S ec t io n  8 .1 .2  and th e  r e s u l t s  o f  th e  v e r i ­

f i c a t i o n  a r e  p re se n te d  in  S ec t io n  8 .1 .3 .  The main purpose o f  th e  v e r i f i c a t i o n ,  
a s  p re s e n te d  in  th e  fo llow ing  s e c t i o n s ,  i s  to  de te rm ine ,  in  g e n e r a l ,  th e  o v e r ­

a l l  accu racy  and performance o f  th e  models t h a t  were used and no t t o  d i s c u s s
th e  r e s u l t s  o f  s p e c i f i c  c o n s t ru c t io n  s t a g e s  o f  th e  s to rm -su rg e  b a r r i e r .

The accuracy  o f  th e  model IMPLIC-R1495 was governed by th e  in p u t  from th e  
s c a l e  models M1000-M1001 such a s :

-  c o e f f i c i e n t s  f o r  th e  d isc h a rg e  r e l a t i o n  ar*d Pg ( s e e  S e c t io n  6 . 2 . 3 ) ,
-  c a l i b r a t i o n  o f  th e  R1495 model by th e  c o e f f i c i e n t  B (s e e  S e c t io n  6 . 3 ) .
V e r i f i c a t i o n  o f  th e  models M1000-M1001 f o r  Q, q/A and Ah i s  d is c u s s e d  in  Sec­
t i o n  8 . 1 . 4 .

8 . 1 .2  S y s tem a tic  v e r i f i c a t i o n  p rocedure

The v e r i f i c a t i o n  p rocedure  was s e t  up in  such a way, t h a t  each s t e p  in  th e

f o r e c a s t  p rocedu re  was checked s y s t e m a t i c a l ly .  In  t h i s  way n o t  on ly  th e  f i n a l
r e s u l t s  o f  th e  f o r e c a s t  were e v a lu a te d ,  bu t a l s o  th e  models a s  i n d i v id u a l  e l e ­

ments in  th e  f o r e c a s t  system. The v e r i f i c a t i o n s  took p la c e  on th e  b a s i s  o f  r e ­
s u l t  o f  measurement campaigns.

During th e s e  campaigns a l l  fo llo w in g  b a s ic  h y d ra u l ic  p a ram e te rs  were d e t e r ­

mined s im u l tan e o u s ly  in  one o f  th e  main ch an n e ls :

-  The w ater  l e v e l s  on both  s id e s  o f  th e  b a r r i e r .

-  The head d i f f e r e n c e  over th e  b a r r i e r ,  Ah.

-  The d is c h a rg e  through the  ch an n e l ,  Q.
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-  The l a t e r a l  d i s t r i b u t i o n  o f  th e  d is c h a rg e ,  q/A.

-  Local v e l o c i t i e s .

Water l e v e l s  and head d i f f e r e n c e  were o b ta in ed  from th e  permanent f i e l d  s t a ­

t i o n s .
The d i s c h a rg e  was determ ined by measuring th e  v e l o c i ty  p r o f i l e s  ups tream  o f  
th e  b a r r i e r  w ith  a number o f  v e s s e l s  ( a t  l e a s t  fo u r )  anchored  a t  f ix e d  p o s i ­
t i o n s .
The q/A d i s t r i b u t i o n  could  no t  be determ ined  d i r e c t l y .  I t  was d e r iv e d  from ve­

l o c i t y  measurements in  th e  a x i s  o f  th e  b a r r i e r .  The in s t ru m e n ts  were p la c e d  in  
such p o s i t i o n s ,  t h a t  th e  r e l a t i o n  between th e  measured v e l o c i ty  and q/A was 
s i m i l a r  f o r  each in s t ru m e n t .  Thus th e  l a t e r a l  d i s t r i b u t i o n  o f  q/A was th e  same 

a s  th e  l a t e r a l  d i s t r i b u t i o n  o f  th e  a c tu a l  measured v e l o c i t i e s ,  ex c e p t  f o r  a 
c o e f f i c i e n t .  With th e  d is c h a rg e  known from th e  measurements ups tream , t h i s  
c o e f f i c i e n t  could  then  be e l im in a te d  and th e  v a lu e s  o f  q/A could  be d e t e r ­

mined, see  F ig u re  8 .1 .

0*ft-0x[ h M  EMI- Qxfl—E3x'0~fM]■

•  m easuring point u pstream  of barrier  
X m easuring point a t axis of barrier

F ig u re  8 .1 L oca tion  o f  flow measurement du r in g  measurement campaigns

In p r i n c i p l e  th e  purpose o f  th e  v e r i f i c a t i o n  was tw o - fo ld :

-  v e r i f i c a t i o n  o f  th e  in d iv id u a l  models o f  th e  f o r e c a s t  system .

-  v e r i f i c a t i o n  o f  th e  p r e d ic te d  d es ig n  p a ram e te rs .

R e - c a l ib r a t i o n  o f  th e  models, based on th e  v e r i f i c a t i o n s ,  w i l l  l e a d  to  

improvement o f  f u tu r e  f o r e c a s t s .  V e r i f i c a t i o n  o f  th e  f o r e c a s t s  o f  th e  d e s ig n  

p a ram e te rs  was very im portan t f o r  th e  c o n t r a c to r s  b u i ld in g  th e  b a r r i e r .  The 

q u a l i t y  o f  th e  p r e d ic t io n  o f  th e  des ig n  p a ram e te rs  de term ined  to  a c o n s id e r ­
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a b le  degree  th e  e x t e n t  o f  r i s k s  du ring  the  e x ec u tio n  o f  th e  works. T h e re fo re  

th e  accuracy  o f  th e  p r e d ic te d  des ign  v a lu es  o f  q/A was g u aran teed  by c o n t r a c t  
by th e  P u b l ic  Works Department [ 8 - 1 ] .

To v e r i f y  a  model, a  h in d c a s t  o f  i t  can be compared w ith  measurem ents. T h is  i s  
a  f a i r l y  s im ple  p ro ced u re .  The v e r i f i c a t i o n  o f  th e  p r e d ic te d  d es ig n  p a ra m e te rs  
i s  more d i f f i c u l t :  In  p r a c t i c e  th e  c o n d i t io n s  du r in g  th e  v e r i f i c a t i o n  m easu re­
ments w i l l  never be equa l  t o  th e  c o n d i t io n s  f o r  which th e  des ig n  p a ra m e te rs  

had been d e r iv e d .  These were: average  t i d a l  c o n d i t io n s  and extreme t i d a l  con­
d i t i o n s  w ith  o n e -y ea r  r e tu r n  p e r io d .  S ince  most o f  th e  v e r i f i c a t i o n  m easu re­

ments would ta k e  p la c e  under more o r  l e s s  average  t i d a l  c o n d i t io n s ,  a l l  mea­
s u re d  d a ta  were t ransfo rm ed  to  th e se  c o n d i t io n s .  T h is  t r a n s fo rm a t io n  was p e r ­

formed by u s in g  th e  computed r e l a t i o n  between th e  t i d a l  range  a t  0S4 and th e  

maximum t r a n s p o r t  r a t e  Qmay (F ig u re  8 . 2 ) .

When th e  r a t i o  between th e  measured Q and Q a t  av e ra g e  t i d a l  c o n d i t i o n s  i s  
computed, th e  measured v a lu es  o f  q/A a r e  transfo rm ed  t o  ave rage  t i d a l  c o n d i ­

t i o n s  u s in g  th e  same r a t i o .

The v e r i f i c a t i o n  o f  th e  head d i f f e r e n c e  over th e  b a r r i e r ,  Ah, was n o t  done 

s y s t e m a t i c a l ly  f o r  a l l  measurement campaigns, s in c e  Ah became im p o r ta n t  a s  a 

g overn ing  p a ram ete r ,  on ly  du ring  th e  f i n a l  c o n s t r u c t io n  s t a g e s  o f  th e  b a r r i e r .
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F ig u re  8 .2  L inear  r e g r e s s io n  maximum ebb d isc h a rg e  th rough  Hammen ch an n e l  and 
t i d a l  range a t  s t a t i o n  0S4
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8 .1 .3  R esu lts  o f  the  v e r i f i c a t io n  o f  IMPLIC-R1495

V e r i f i c a t i o n  campaigns, a s  d e sc r ib e d  in th e  p re v io u s  s e c t i o n ,  were perform ed 
com ple te ly  f o r  seven teen  c o n s t ru c t io n  s ta g e s  o f  th e  b a r r i e r  (one c o n s t r u c t io n  

s ta g e  r e p r e s e n t s  a v e r i f i c a t i o n  fo r  one main channel fo r  bo th  ebb and f lo o d  

f lo w ) .  A d d i t io n a l ly ,  a l im i te d  campaign w ith o u t v e r i f i c a t i o n  o f  q/A h as  been 

performed f o r  e i g h t  c o n s t ru c t io n  s t a g e s ,  see Table 8 .1 .

in c o n s t ru c t io n  s ta g e  o f  th e  b a r r i e r s o r t  o f

d a te channel Hammen Schaar Roompot campaign

29-12-83 Hammen a l l  p i e r s mats mats w ith  q/A

31-03-84 Hammen 1 /2 rubb le  s i l l 15 p i e r s mats no q/A

11-04-84 Schaar ru b b le  s i l l p ie r s mats w ith  q/A

30-07-84 Hammen ru b b le  s i l l 2 /3 ru b b le  s i l l 18 p i e r s no q/A
30-07-84 Schaar ru b b le  s i l l 2 /3 ru b b le  s i l l 18 p i e r s no q/A

1-08-84 Roompot ru b b le  s i l l 2 /3 ru b b le  s i l l 18 p i e r s no q/A
27-09-84 Roompot ru b b le  s i l l rubb le  s i l l p i e r s w ith  q/A

26-10-84 Schaar ru b b le  s i l l rub b le  s i l l 1 /4 rubb le  s i l l no q/A

7-02-85 Roompot ru b b le  s i l l rubb le  s i l l 1 /2 rubb le  s i l l w ith  q/A

20-06-85 Hammen ru b b le  s i l l rub b le  s i l l ru b b le  s i l l w ith  q/A

20-06-85 Schaar ru b b le  s i l l rub b le  s i l l ru b b le  s i l l w ith  q/A

20-06-85 Roompot ru b b le  s i l l rubb le  s i l l ru b b le  s i l l w ith  q/A

23-07-85 Schaar 7 s i l l  beams 1 s i l l  beam ru b b le  s i l l w ith  q/A

26-07-85 Hammen 7 s i l l  beams 1 s i l l  beam ru b b le  s i l l w ith  q/A

9-09-85 Schaar 9 s i l l  beams 9 s i l l  beams ru b b le  s i l l w ith  q/A

14-09-85 Hammen 14 s i l l  beams 9 s i l l  beams ru b b le  s i l l w ith  q/A

16-09-85 Schaar 14 s i l l  beams 9 s i l l  beams ru b b le  s i l l no q/A

26-09-85 Roompot s i l l  beams s i l l  beams ru b b le  s i l l w ith  q/A

27-09-85 Schaar s i l l  beams s i l l  beams 1 s i l l  beam no q/A

1-10-85 Hammen s i l l  beams s i l l  beams 3 s i l l  beams no q/A

21-11-85 Schaar s i l l  beams s i l l  beams 9 s i l l  beams w ith  q/A

27-11-85 Roompot s i l l  beams s i l l  beams 9 s i l l  beams w ith  q/A

10-12-85 Hammen s i l l  beams s i l l  beams 9 s i l l  beams w ith  q/A

12-04-86 Roompot s i l l  beams s i l l  beams 21 s i l l  beams w ith  q/A

26-04-86 Roompot s i l l  beams s i l l  beams s i l l  beams w ith  q/A

Table  8.1  V e r i f i c a t i o n  campaigns.
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In  t h i s  r e p o r t  th e  r e s u l t s  o f  the  v e r i f i c a t i o n s  w i l l  n o t  be p r e s e n te d  i n t e ­
g r a l l y .  Only a  summary o f  th e  r e s u l t s  i s  g iven  f o r  th e  fo l lo w in g  i t e m s :

-  D ischarge  in  th e  main channe l,  Q.
-  L a t e r a l  d is c h a rg e  d i s t r i b u t i o n ,  ex p ressed  by q/A.

-  E f f e c t  o f  c o r r e c t i o n s .

-  Head d i f f e r e n c e  over th e  b a r r i e r ,  Ah.

D ischarge  in  t h e jn a in  channe l,  Q.

The measured d is c h a rg e s  were compared w ith  h in d c a s t s  o f  th e  t i d a l  m otion 
du r in g  th e  r e s p e c t iv e  day o f  th e  measurements. The r e s u l t s  o f  t h i s  com parison 

were used to  de te rm ine  th e  need o f  a r e - c a l i b r a t i o n  o f  th e  IMPLIC model, 
e s p e c i a l l y  f o r  th e  d is c h a rg e  c o e f f i c i e n t s  o f  th e  b a r r i e r .  Such a c a l i b r a t i o n  

could  improve th e  f o r e c a s t s  f o r  th e  fo llo w in g  c o n s t r u c t io n  s t a g e s .  Examples 
a r e  g iven  in  F ig u re s  8 .3  and 8 .4 .

The e x p e r ie n c e  ga ined  by the  v e r i f i c a t i o n s  was t h a t ,  a s  th e  c o n s t r u c t io n  o f  

th e  b a r r i e r  p ro g re s s e d ,  th e  d isc h a rg e  c h a r a c t e r i s t i c s  o f  th e  b a r r i e r  more and 

more dominated th e  t i d a l  flow in  th e  e s tu a r y .  The in f lu e n c e  o f  th e  d i s c h a r g e  
c o e f f i c i e n t  became more im portan t than  th e  sc h e m a t iz a t io n  o f  th e  E a s te rn  
S c h e ld t  e s tu a ry  i t s e l f .

100250

80200

60150

100 \\

50

-20

-100 - 4 0  -a

-150 - 6 0

-200 -8 0discharge roompot (flood flow' 
discharge roompot (ebb flow] 
discharge roompot (hindcast) 
waterlevel 0S4 observed-2 5 0 -100

DO 850207

Fig u re  8 .3  H indcast Roompot d isch a rg e  (IMPLIC), ru b b le  s i l l  com pleted

8 . 5



20250

200

12150

100

50

100 - 8  .2

- 1 5 0 - 1 2

-2 0 0 - 1 6discharge hammen (flood flow] 
discharge hammen (ebb flow) 
discharge hammen (hindcast) 
waterlevel 0S4 observed-250 - 2 0

ZA 0 5 0 9 1 4

F ig u re  8 .4  H indcast Hammen d isch a rg e  (IMPLIC), 14 s i l l  beams i n s t a l l e d

A d d i t io n a l ly  a  v e r i f i c a t i o n  was performed o f  th e  p r e d ic te d  d es ig n  v a lu e s  o f  

th e  d i s c h a rg e  a t  maximum (e b b /f lo o d ) f lo w ,  Qmax- T h is  was done by t r a n s fo rm in g  

th e  measured Qmax to  th e  co rrespond ing  v a lue  a t  ave rage  t i d a l  c o n d i t i o n s .  The 

r e s u l t s  were compared w ith  th e  p re d ic te d  v a lu e s .  F ig u re s  8 .5  and 8 .6  g iv e  th e  
r e s u l t s  o f  th e  v e r i f i c a t i o n .  The p re se n te d  v a lu e s  o f  Q_„„ a r e  g iven  r e l a t i v elüd A
to  th e  s i t u a t i o n  w ithou t the  b a r r i e r .

The r e s u l t s  o f  th e  v e r i f i c a t i o n s ,  both f o r  des ig n  v a lu es  and h in d c a s t s  o f  th e  

d is c h a rg e  a t  maximum flow , a r e  summarized in  Tab le  8 .2 .  The t a b l e  g iv e s  th e  

ave rage  and s ta n d a rd  d e v ia t io n  o f  th e  d i f f e r e n c e  between measurement and f o r e ­
c a s t .  A ll  v a lu es  a r e  g iven  a s  a pe rcen tage  o f  th e  f o r e c a s t :

d -  Q f o r e c a s tT tiax___________________ ,

f o r e c a s t  xax

The d e v ia t io n s  a re  g iven  pe r  main channe l,  Roompot, Schaar and Hammen, f o r  

maximum ebb flow and fo r  maximum flood  flow . Also th e  o v e r a l l  r e s u l t s  a r e  
g iv e n ;  f o r  each flow d i r e c t i o n  and s e p a r a t e ly  f o r  both  d i r e c t i o n s .

A ll v a lu e s  in  Table 8 .2  a r e  r e l a t i v e  v a lu e s ,  g iven  a s  p e rc e n ta g e s .  N ega tive  

v a lu es  i n d i c a t e  a measurement l e s s  than  th e  f o r e c a s t .
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r e l a t i v e
d e v ia t io n

des ig n  v a lu es  QnßX h in d c a s t

max. ebb max. f lood max. ebb max. f lo o d

[#] mean o mean 0 mean a mean o

Roompot -1 .5 6 .2 4.1 4 .8 1.5 5 .4 3.1 4 .7
Schaar -5 .3 10.2 2 .5 11.3 -2 .7 3 .9 4 .4 5 .0
Hammen 2 .6 9 .6 3 .8 5 .6 -2 .4 6 .4 - 2 .4 3 .3

T o ta l -1 .6 8 .9 3 .5 7.5 -2 .1 5.1 1.7 5 .2

O v e ra l l mean = 0 .9# o = 8 .5# mean = -0 .2 # ,  o = 5.4#

Table  8 .2  R e s u l t s  o f  v e r i f i c a t i o n  Qm„„ IMPLIC.Ula X

The c o n c lu s io n s  from th e  r e s u l t s  p re sen te d  in  Table 8 .2  a r e :

-  The model e r r o r s  m ostly  had a  random c h a r a c te r ,  even when th e  i n d i v id u a l  
c h a n n e ls  were c o n s id e re d .  The y v a lu es  o f  th e  e r r o r s  were alw ays much 
s m a l le r  th an  th e  o v a lu e s .

-  The e r r o r s  in  th e  h in d c a s t s  were l e s s  than  in  th e  d es ig n  v a lu e s .  The same 
a l s o  a p p l i e s  to  th e  d i f f e r e n c e s  between th e  d i f f e r e n t  c h a n n e ls .

-  The accuracy  o f  th e  i n i t i a l  c a l i b r a t i o n  o f  10# (maximum e r r o r ,  se e  6 . 2 .5 )  
had a l s o  been ach ieved  w ith  th e  h in d c a s t s  (maximum d e v ia t io n s  » 2 o » 10#).

L a t e r a l  d i s t r i b u t i o n  o f  th e  t r a n s p o r t  r a t e ,  q/A.

The measured p ro to ty p e  v a lu e s  o f  q/A have been compared w ith  th e  d e s ig n  v a lu e s  

a t  maximum flow . This  has  been done to  de term ine  th e  o v e r a l l  accu racy  o f  th e  
p r e d i c i t o n  o f  q/A a s  a  des ign  p a ram ete r .  Examples o f  th e  r e s u l t s  o f  th e s e  

checks a r e  g iven  by F ig u re s  8 .7  th rough 8 .9 .  In  a d d i t i o n  t o  th e  o v e r a l l  i n ­

accu racy  o f  q/A from IMPLIC-R1495, th e  inaccuracy  o f  R1495 was d e te rm ined  s e ­
p a r a t e l y ,  by exc lud ing  th e  e r r o r  in  the  p r e d ic te d  d is c h a rg e  a s  computed by 
IMPLIC.

A ll r e s u l t s  a r e  c o l l e c t e d  in  Table 8 .3 .  The d e v ia t io n s  a r e  g iven  a s  in  

Table 8 .2  d iv id e d  pe r  main channel (Roompot, Schaar and Hammen), f o r  maximum 

ebb flow  and f o r  maximum f lo o d  flow . Also th e  o v e r a l l  r e s u l t s  a r e  g iv e n ;  s e -  
p e r a t e  f o r  each flow d i r e c t i o n  and f o r  bo th  d i r e c t i o n s .

A ll v a lu e s  in  Table 8 .3  a r e  r e l a t i v e  v a lu e s ,  g iven  a s  a  p e rc e n ta g e .  N eg a tiv e  

v a lu e s  i n d i c a t e  a  measurement l e s s  than  th e  f o r e c a s t .

8 . 9



EBB

E
c

>s
O

FLOOD
June 1985

Long term  prediction
♦ ♦ ♦ Observation

F ig u re  8 .7  V e r i f i c a t i o n  p r e d ic te d  l a t e r a l  q/A d i s t r i b u t i o n  a t  maximum flow , 

Roompot rubb le  s i l l  completed

EBB

E
c

<
o-

o
$

FLOOD

Long te r m  p re d ic t io n

F ig u re  8 .8  V e r i f i c a t i o n  p r e d ic te d  l a t e r a l  q/A d i s t r i b u t i o n  a t  maximum flow , 

Roompot 21 s i l l  beams i n s t a l l e d

EBB

E
c

<
O'

O
s

*
Long te rm  prediction
Observations
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r e l a t i v e o v e r a l l  e r r o r  ( q / A ) ^ exc lu d in g  e r r o r  in ®max
d e v ia t io n (IMPLIC -* R1495) ( R1495 on ly )

max. ebb max. flood max. ebb max. f lo o d

[?] mean a mean a mean a mean o

Roompot 0 .4 11 .8 6.1 9.1 2 .2 9 .9 1.2 8 .4
Schaar -1 0 .9 7 .6 -3 .8 15.3 -5 .1 6 .2 -1 .4 9 .2
Hammen 2 .9 11.0 1.5 12.2 2.1 9.5 -0 .1 10.7

T o ta l -2 .1 11.9 2 .0 12.6 0.1 9 .4 0 .2 9 .2

O v e ra l l mean = 0 .0? o = 12.4? mean = 0.1 % a - 9.3?

Table  8 .3 .  R e s u l t s  o f  v e r i f i c a t i o n  (q/A)_„„niei a

C onclusions  from Table  8 .3 .  a r e :

-  The e r r o r s  in  R1495 have a random c h a r a c te r ,  even when in d i v id u a l  c h a n n e ls
a r e  c o n s id e re d .

-  When th e  e r r o r s  o f  th e  d isc h a rg e  a re  in c lu d ed  th e  o v e r a l l  e r r o r  in  th e  q/A 

f o r e c a s t s  i s  12.4$ ( o /y ) ,  a g a in s t  15? t h a t  was a s s e s se d  b e fo reh an d .

-  When th e  e r r o r  o f  th e  f o r e c a s t  o f  th e  d is c h a rg e  was ex c lu d ed ,  th e  o v e r a l l

e r r o r  in  th e  l a t e r a l  d i s t r i b u t i o n  o f  q/A, a s  computed w ith  R1495, was 9 .3 ? .

To a s s e s s  th e  consequences o f  th e  inaccuracy  o f  the  f o r e c a s t s ,  i t  i s  im p o r ta n t  
b e s id e s  th e  mean e r r o r  and i t s  s ta n d a rd  d e v ia t io n  a l s o  to  d e te rm in e  th e  p ro b a ­

b i l i t y  d i s t r i b u t i o n .  I n i t i a l l y  th e  d i s t r i b u t i o n  fu n c t io n  was assumed t o  be 

normal one [ 8 - 1 ] .  The a c tu a l  d i s t r i b u t i o n  o f  th e  o v e r a l l  e r r o r s  in  th e  f o r e ­
c a s t  o f  q/A a t  maximum flow i s  g iven  by F ig u re  8 .1 0 .  I t s  d i s t r i b u t i o n  i s  i n ­

deed app ro x im ate ly  a  normal d i s t r i b u t i o n .

The d e v i a t io n s  g iven  in  F igu re  8 .10  were averaged  over a l l  c o n s t r u c t io n  s t a g e s  

o f  th e  b a r r i e r .  I t  was a l s o  o f  i n t e r e s t  to  l e a r n  how th e  e r r o r s  were d i s t r i ­
bu ted  over th e  c o n s t r u c t io n  s t a g e s .  In F ig u re  8.11 th e  p r e d ic te d  d e s ig n  v a lu e s  

o f  q/A have been p lo t t e d  a g a in s t  th e  measured v a lu e s .  Here low v e l o c i t i e s  

co rrespond  to  e a r l y  c o n s t ru c t io n  s ta g e s  and h igh  v e l o c i t i e s  to  l a t e r  s t a g e s .  

The f ig u r e  shows t h a t  th e  d e v ia t io n s  a re  e q u a l ly  d i s t r i b u t e d  o ver  low and h igh  
v e l o c i t i e s ,  and th u s  over a l l  c o n s t ru c t io n  s t a g e s .
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E f f e c t  o f  c o r r e c t io n s ,  o p e ra t io n a l  c o n t ro l

The most c r i t i c a l  o p e ra t io n s ,  such a s  th e  p la c in g  o f  th e  s i l l  beams, were con­
t r o l l e d  by o n - l i n e  v e lo c i ty  measurements. With th e  h e lp  o f  th e s e  measurements 
th e  s h o r t - te r m  o p e r a t io n a l  f o r e c a s t s  could be improved. The s h o r t - t e r m  f o r e ­
c a s t s  were computed w ith  th e  IMPLIC/R1495 system , s ix  hours  ahead ,  based  on 

a s tro n o m ic a l  t i d e  d a ta  and m e te o ro lo g ic a l  e f f e c t s .  By a  r e l a t i v e l y  s im ple  
manual c o r r e c t io n  th e  d e v ia t io n s  in  th e  f o r e c a s t  one to  two hours  ah ead ,  could  
be reduced  to  h a l f  th e  v a lue  ach ieved  w ith o u t  th e  in p u t  o f  th e  o n - l i n e  
measurements [8 - 2 ] ,

Head d i f f e r e n c e  over th e  b a r r i e r ,  Ah

An o v e r a l l  check o f  th e  accuracy  o f  th e  Ah f o r e c a s t s  was n o t  u s e f u l ,  s in c e  th e  
accuracy  o f  th e  measurement o f  Ah in th e  p ro to ty p e  s t r o n g ly  depended on th e  
narrow ing o f  th e  channe l,  and thus  on th e  c o n s t ru c t io n  s ta g e  o f  th e  b a r r r i e r .  
Roughly speak ing  th r e e  regim es could  be d is c e rn e d :

-  narrow ing l e s s  than  50?; c o n s t ru c t io n  s t a g e s  u n t i l  th e  ru b b le  s i l l  was com­

p le t e d :

The v a lu e  o f  Ah was sm a l l ,  l e s s  than 0 .25 m. The d is c h a rg e  was only  
s l i g h t l y  a f f e c t e d  by the  b a r r i e r ;  l e s s  than  10?. The acc u racy  o f  Ah was 

m ainly governed by the  accuracy  o f  th e  d is c h a rg e  c o e f f i c i e n t  y^ which was 
r a t h e r  in a c c u ra te  f o r  th e se  c o n s t ru c t io n  s t a g e s .  A p ro to ty p e  e v a lu a t io n  was 
n o t  p o s s i b le  because o f  th e  r e l a t i v e l y  l a r g e  e r r o r s  in  th e  measured ( s m a l l )  

head d i f f e r e n c e s .

-  narrow ing between 50? and 75?; p o s i t i o n in g  o f  the  s i l l  beams:
The acc u racy  o f  th e  p r e d ic t io n  o f  Ah was b e t t e r  than  w ith  p r e v io u s  con­

s t r u c t i o n  s t a g e s .  The b a r r i e r  form ula t h a t  was used i s  c o r r e c t  h e r e .  The 

d is c h a rg e  c o e f f i c i e n t s  could be de term ined  w ith  an e r r o r  l e s s  th a n  10?. The
e r r o r  in  th e  p r e d ic te d  Ah could  consequen tly  be e s t im a te d  a s  l e s s  than  

*
20? , s in c e  Ah ~ y- 2 . F ie ld  ex p e r ien ce  shows t h a t  t h i s  e s t im a te  was c o r r e c t  

[8 -31 .

-  narrow ing more than  75?; a l l  s i l l  beams i n s t a l l e d  w ith  a  number o f  g a t e s  
c lo s e d :

Ah was l a r g e  and could  be measured a c c u r a t e l y .  However, th e  d i s c h a r g e  was 

sm all  and could  n o t  be measured a c c u r a te l y ,  e s p e c i a l l y  in  f i e l d  s i t u a t i o n s .  

Because o f  t h i s ,  th e  o v e r a l l  d isc h a rg e  c o e f f i c i e n t  o f  th e  b a r r i e r  in  a 

channel could  n o t  be determ ined a c c u r a te ly .  With th e  d is c h a rg e  c o e f f i c i e n t s
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p r e d ic te d  befo rehand , the  e r r o r  in  th e  p r e d ic te d  Ah tu rn e d  o u t  to  be 10? to  
£

20? . Once ex p e r ien ce  was ga ined  w ith  a s p e c i f i c  geometry o f  th e  b a r r i e r ,
£

r e - c a l i b r a t i o n  d im in ished  th e  e r r o r s  in Ah com putation  w ith  5? to  10? .

£
acc u racy  o f  th e  models determ ined  from h in d c a s t s .

8 . 1 .4  Accuracy o f  th e  s c a l e  models, M1000-MI001

A d i r e c t  v e r i f i c a t i o n  o f  th e  s c a l e  models M1000-M1001 w ith  th e  f i e l d  d a t a  from 
th e  measurement campaigns g iven  in  Table 8.1 was n o t  p o s s i b l e  w ith o u t  h in d c a s t  

t e s t s .  As a  r e s u l t  o f  th e  numerous changes in  th e  c o n s t r u c t io n  scheme o f  th e  
b a r r i e r ,  h a rd ly  any c o n s t r u c t io n  s ta g e  from th e s e  campaigns matched an 

a v a i l a b l e  s c a l e  model t e s t .  However, conducting  h in d c a s t  t e s t s  was v ery  expen­

s i v e ,  and th u s  was dec ided  a g a i n s t .
Because th e  models IMPLIC and R1495 were c a l i b r a t e d  on base  o f  th e  r e s u l t s  o f

th e  s c a l e  m odels, th e  r e s u l t s  o f  th e  v e r i f i c a t i o n  o f  IMPLIC and R1495 cou ld  be
used a s  an i n d i r e c t  v e r i f i c a t i o n  o f  th e  s c a le  models f o r  d i s c h a rg e  Q, l a t e r a l  

d is c h a rg e  d i s t r i b u t i o n ,  q/A and head d i f f e r e n c e  Ah.

D isch a rg e ,  Q¿ and head d i f f e r e n c e ,  Ah

Except f o r  e a r l y  c o n s t ru c t io n  s t a g e s ,  both  Q and Ah were m ostly  d e te rm ined  by 

th e  d is c h a rg e  c o e f f i c i e n t  y^. The v a lue  o f  y^ was d e r iv e d  from M1000-M1001. 
The accu racy  o f  Q and Ah from th e  s c a le  models would th u s  be th e  same a s  from 

IMPLIC.

L a t e r a l  d i s t r i b u t i o n  o f  th e  t r a n s p o r t  r a t e ,  q/A

The R1495 model was c a l i b r a t e d  on th e  b a s i s  o f  th e  M1001 r e s u l t s .  Because an 

e x a c t  f i t  o f  th e  r e s u l t s  was n o t  p o s s ib le  w ith  th e  R1495 model, R1495 would 
th u s  be l e s s  a c c u r a te  than  M1001. T h e re fo re ,  th e  e r r o r  in  q/A from M1001 would 

be l e s s  than  9? ( o /y ) .  The e x a c t  va lue  o f  th e  e r r o r  could  n o t  be g iv e n ;  th e  

e r r o r  in  M1001 was e s t im a te d  a t  5? ( o /y ) .

Conclusion

The accu racy  o f  Q, q/A and Ah, determ ined th rough  th e  s c a l e  models M1000- 

M1001, was s l i g h t l y  b e t t e r  than  th o se  determ ined  w ith  IMPLIC-R1495.

However, th e  f l e x i b i l i t y  o f  th e  s c a l e  models was c o n s id e ra b ly  l e s s  th a n  th e  

n u m erica l  models. Because o f  con tinuous  changes in  th e  p la n n in g  o f  th e  con­

s t r u c t i o n ,  th e  r e s u l t s  from th e  s c a le  models had t o  be " t r a n s l a t e d "  t o  d i f f e ­

r e n t  c o n s t r u c t io n  s t a g e s .  In  p r a c t i c e  th e  e r r o r s  o f  t h i s  t r a n s l a t i o n  were
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l a r g e r  th an  th e  e r r o r s  made by u s in g  IMPLIC-R1495. Because o f  t h i s ,  th e  s c a l e  
models were n o t  used d i r e c t l y .  Note however, t h a t  s c a l e  models were in d i s p e n -  

s i b l e  f o r  th e  c a l i b r a t i o n  o f  IMPLIC-R1495.

8 .2  Reproduction o f downstream flow pattern

8 .2 .1  I n t r o d u c t io n

In t h i s  s e c t i o n  the  rep ro d u c t io n  o f  th e  flow p a t t e r n  d i r e c t l y  downstream o f  
th e  b a r r i e r  w i l l  be d is c u s s e d .  T h is  flow p a t t e r n  i s  an e s s e n t i a l  p a ram e te r  f o r  
th e  p r e d i c t i o n  o f  l o c a l  scour downstream o f  th e  bed p r o t e c t io n  works on bo th  
s i d e s  o f  th e  b a r r i e r .  The development o f  scour  h o le s  was in  f i r s t  in s t a n c e  

p r e d ic te d  th rough  scou r  t e s t s  in  th e  h y d ra u l i c  s c a le  model o f  th e  mouth o f  th e  
E a s te rn  S c h e ld t  ( see  Chapter 5 ; d e t a i l  model M1001). During th e  s tu d y  p e r io d  

i t  was concluded t h a t  th e  scour could  be c a l c u la te d  i f  a r e l i a b l e  p r e d i c t i o n  
o f  th e  v e l o c i ty  d i s t r i b u t i o n  a t  th e  end o f  th e  bed p r o t e c t io n  was a v a i l a b l e .  

The most i n t e r e s t i n g  phase ( r e l a t e d  to  scou r  problem s) d u r in g  th e  c o n s t r u c t io n  
i s  th e  i n s t a l l a t i o n  o f  th e  s i l l  beams. I t  causes  an a b ru p t  change in  th e  flow 

p a t t e r n  ( s t e e p  v e l o c i ty  g r a d i e n t s ,  s t ro n g  e d d ie s ) .  The r e p ro d u c t io n  o f  th e  

flow p a t t e r n  had been c a r r i e d  ou t  f o r  a number o f  c o n s t r u c t io n  s t a g e s  f o r  
which e x te n s iv e  f i e l d  d a ta  were a v a i l a b l e .  For th e s e  c o n s t r u c t io n  s t a g e s  th e  
flow p a t t e r n  in  th e  v i c i n i t y  o f  th e  b a r r i e r  had been computed w ith  th e  WAQUA- 

models o f  th e  E as te rn  S ch e ld t  ( s e e  Chapter 7) and th e  r e s u l t s  were compared 
w ith  th e  observed  flow.
In a d d i t i o n ,  r e s u l t s  o f  t e s t s  in  th e  s c a le  model were a v a i l a b l e  and have a l s o  

been compared w ith  th e  f i e l d  d a t a .  In t h i s  way a p re fe re n c e  cou ld  be g iven  

w hether p h y s ic a l  s c a l e  models o r  num erica l models shou ld  be used to  d e te rm in e  

( p r e d i c t )  th e  flow p a t t e r n  in  th e  v i c i n i t y  o f  a s t r u c t u r e  a s  th e  s to rm -s u rg e  
b a r r i e r .

8 . 2 .2  Setup o f  th e  re p ro d u c t io n

For a  number o f  b u i ld in g  s t a g e s  r e l a t e d  to  th e  i n s t a l l a t i o n  o f  s i l l  beams ex ­

t e n s i v e  f i e l d  d a ta  were a v a i l a b l e .  These d a ta  c o n s is te d  o f  w ate r  l e v e l s ,  head 
d i f f e r e n c e s ,  d is c h a rg e s ,  flow v e l o c i t i e s  and flow d i r e c t i o n s  u ps tream , down­

s tream  and a t  th e  s i t e  o f  th e  b a r r i e r .

A s p e c i a l  ty p e  o f  measurements was th e  so-named ' Arnetek '-measurements: th e  
downstream v e l o c i ty  d i s t r i b u t i o n  a t  th e  end o f  th e  bed p r o t e c t i o n  was measured 

by a  s e t  o f  s p e c i a l  equipment ( 'A m etek '=  a c o u s t i c  m easuring  system  f o r  d e t e r ­
m in a tio n  o f  v e lo c i ty  p r o f i l e s ) .  The fo llo w in g  l i s t  shows th e  b u i ld in g  s t a g e s  

(grouped by main channe l)  f o r  which 'Ametek '-m easu rem en ts  were a v a i l a b l e :
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Roompot: ru b b le  s i l l  completed 
9 s i l l  beams p laced  

21 s i l l  beams p laced  
b a r r i e r  completed 

Schaar : 1 s i l l  beam placed

9 s i l l  beams p laced  
16 s i l l  beams p laced  
b a r r i e r  completed 

Hammen : ru b b le  s i l l  completed 

7 s i l l  beams p laced  
9 s i l l  beams p laced

14 s i l l  beams p laced
15 s i l l  beams p laced  

b a r r i e r  completed

For a l l  th e se  b u i ld in g  s ta g e s  th e  flow p a t t e r n  was computed w ith  th e  

WAQUA-models. The sch em a tiz a t io n  o f  th e  b a r r i e r  in th e  num erica l models was in 

f i r s t  in s ta n c e  acco rd in g  to  th e  o r i g i n a l  approach f o r  in c o rp o ra t io n  o f  energy  
l o s s e s .  At th e  b a r r i e r  s i t e  th e  long-wave e q u a t io n s  were r e p la c e d  by th e  f o l ­
lowing b a r r i e r  eq u a t io n  (see  a l s o  S ec t io n  7 ) :

Qb = p2B (db+a) /2g  ( h r h 3) ( 8 .1 )

where:

= d is c h a rg e  per  b a r r i e r  opening (m3/ s )

P2 = d is c h a rg e  c o e f f i c i e n t  ( - )
B = w id th  o f  b a r r i e r  (m)

djj = d ep th  o f  b a r r i e r  w . r . t  r e f e r e n c e  p lane (m)
a = w ater l e v e l  w . r . t  r e f e r e n c e  p lane  (m)

g = a c c e l e r a t i o n  due to  g r a v i t y  (m /s2)

h 1 = upstream  w ater l e v e l  (m)

h^ = downstream w ater l e v e l  (m)

I t  tu rn ed  ou t  t h a t  w ith  t h i s  sch em a tiz a t io n  the  downstream flow p a t t e r n  was 

n o t  rep roduced  c o r r e c t l y .  The im plem entation  o f  th e  b a r r i e r  e q u a t io n  in  th e  

co m p u ta tio n a l  scheme seemed to  be th e  cause o f  th e  problems and so  supplemen­
t a r y  com puta tions  were c a r r i e d  ou t  w ith  a d i f f e r e n t  approach  to  th e  energy  
lo s s e s  a t  th e  b a r r i e r .

In th e s e  supplem entary  com putations th e  b u i ld in g  s ta g e s  o f  th e  b a r r i e r  were 

schem atized  by merely a d ju s t in g  th e  lo c a l  w ater dep th  a n d /o r  th e  l o c a l  rough­
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n e s s .  With r e s p e c t  to  th e  l o c a l  w ater dep th  two a l t e r n a t i v e s  were u sed ,  
namely: th e  l o c a l  dep th  equal to  th e  o r i g i n a l  w ater dep th  in  th e  channe l  or 
th e  l o c a l  dep th  a d ju s te d  in  such a way t h a t  th e  c r o s s - s e c t i o n a l  a r e a  e q u a ls  
th e  a r e a  a t  th e  t h r o a t  o f  the  b a r r i e r .  The sc h e m a t iz a t io n  had to  be made in  
such a  way t h a t  th e  d isc h a rg e  c h a r a c t e r i s t i c s  d id  no t  change. At th e  b a r r i e r  
s i t e  an adap ted  f ix e d  va lue  o f  th e  Chézy c o e f f i c i e n t  had been c a l c u l a t e d  by 
eq u a t in g  the  Chézy e q u a t io n  to  Equation  1.
T his  r e s u l t s  in  th e  fo llo w in g  e q u a t io n :

p„ B(d,+a) /2gL
C = t , . p >. ,—  ( 8 .2 )Ax (d + a )1- 5

where :
i

C = adap ted  Chézy c o e f f i c i e n t  (m? / s )
P2 = d is c h a rg e  c o e f f i c i e n t  ( - )
B = width  o f  b a r r i e r  s e c t io n  (m)

d^ = dep th  o f  b a r r i e r  w . r . t  r e f e re n c e  p lane  (m)

a = w ater  l e v e l  w . r . t  r e f e r e n c e  p lane  (m)

g = a c c e l e r a t i o n  due to  g r a v i ty  (m /s2)

L = le n g th  o f  ad ju s tm en t (1 o r  2 g r id s )  (m)
Ax = w id th  o f  g r id  (m)

d = dep th  o f  bottom w . r . t .  r e f e re n c e  p lane  (m)

The c a l c u l a t i o n  o f  th e  adap ted  Chézy va lue  was c a r r i e d  o u t  f o r  a  w a te r  l e v e l  

a t  th e  r e f e r e n c e  p lane  (N .A .P .) ,  which i s  very  c lo s e  to  mean s e a  l e v e l .  

Because o f  th e  f ix e d  v a lue  o f  C th e  r e s u l t i n g  d isc h a rg e  c h a r a c t e r i s t i c s  o f  th e  

b a r r i e r  showed some d e v ia t io n  as  a  fu n c t io n  o f  th e  downstream w ater  l e v e l .  For 

th e  r e p ro d u c t io n  o f  th e  flow p a t t e r n  t h i s  was co n s id e re d  to  be o f  minor 

im p o rtan ce .

8 .2 .3  R e s u l t s  o f  th e  rep ro d u c t io n

The flow p a t t e r n s  were computed f o r  a l l  th e  b u i ld in g  s ta g e s  f o r  which 
'Arnetek '-measurements were a v a i l a b l e ;  f o r  th e  s c h e m a tiz a t io n  o f  th e  energy  

lo s s e s  a t  th e  b a r r i e r  s i t e  th r e e  methods were a p p l ie d  ( s e e  S e c t io n  8 . 2 . 2 ) .  

These methods a r e :

-  Method 1: S u b s t i t u t i o n  o f  th e  long-wave eq u a t io n s  by a b a r r i e r  e q u a t io n
(= o r i g i n a l  method)

-  Method 2: Adjustment o f  l o c a l  w ater depth  and roughness

-  Method 3: Adjustment o f  roughness only
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An e x te n s iv e  p r e s e n ta t io n  o f  th e  r e s u l t s  i s  g iven  in  [8 -4]  en [ 8 - 5 ] .  For two 
more o r  l e s s  r e p r e s e n t a t i v e  s i t u a t i o n s  th e  r e s u l t s  a r e  d is c u s s e d  below, th e s e  

s i t u a t i o n s  a r e  ( s e e  a l s o  F ig u re  8 .1 2 ) :
-  The Roompot: 21 o f  th e  31 s i l l  beams i n s t a l l e d ;  ebb flow .

-  The Hammen: a l l  15 s i l l  beams i n s t a l l e d ;  f lo o d  flow .

ROGGENPLAAT SCHOUWEN

R O O M P O T
NQORO-BEvElakQ

F ig u re  8 .12  C r o s s - s e c t io n  o f  th e  b a r r i e r  under c o n s t r u c t io n  in  th e  Roompot 

and the  Hammen channel

In th e se  s i t u a t i o n s  th e  flow was dominated by th re e -d im e n s io n a l  e f f e c t s :

-  The Roompot: At th e  t r a n s i t i o n  between th e  b a r r i e r  s e c t io n  w ith  ru b b le  s i l l

and th e  a d ja c e n t  one w ith  th e  c o n c re te  s i l l  beams, th e r e  was a  s h a rp  d i s ­
c o n t in u i t y  in  th e  b a r r i e r ,  in th e  c r o s s - s e c t i o n a l  opening and in  th e  d i s ­

charge  c o e f f i c i e n t .  Downstream t h i s  d i s c o n t i n u i t y  a mixing zone w i th  a 

sh a rp  v e l o c i t y  g r a d ie n t  developed .
-  The Hammen: Downstream th e  b a r r i e r  l a r g e  e d d ie s  were formed beh ind  th e  

abutm ents  o f  th e  dam.

Most o f  th e  r e s u l t s  p re se n te d  below, have been computed acc o rd in g  to  Method 2,

ex ce p t f o r  one example which shows th e  e f f e c t  o f  Method 1 and Method 3. In

a d d i t i o n ,  r e s u l t s  a r e  p re se n te d  from t e s t s  in  th e  h y d ra u l i c  s c a l e  model M1001.

The r e s u l t s  f o r  bo th  th e  Roompot and Hammen flow s i t u a t i o n s  a re  p r e s e n te d  in

F ig u re s  8 .13  th rough  8 .2 1 :
-  The computed flow p a t t e r n  in  th e  Roompot has  been p lo t t e d  in  F ig u re  8 .13

f o r  maximum ebb flow.

-  In  F ig u re  8 .14  th e  observed and computed d is c h a rg e  in  th e  Roompot a r e  g iven  

f o r  bo th  ebb flow and f lood  flow .

-  The observed  and computed flow v e l o c i t i e s  and flow d i r e c t i o n s  a t  350 m up­

s tream  and 630 m downstream o f  th e  b a r r i e r ,  a r e  p re s e n te d  in  F ig u re  8 .15  

(maximum ebb f lo w ) . The d isc h a rg e  pe r  opening has  a l s o  been p l o t t e d  in  

F ig u re  8 .1 5 .
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-  The d i s c h a rg e  in  th e  Hammen i s  p re s e n te d  in  F ig u re  8 .1 6 .

-  In  F ig u re s  8 .17  th rough  8 .19  th e  computed flow p a t t e r n  in  th e  Hammen d u r in g  
maximum f lo o d  f low , has been p lo t t e d  f o r  Method 1, 2 and 3 r e s p e c t i v e l y .

-  F ig u re  8 .2 0  shows f o r  th e  t h r e e  methods o f  s c h e m a tiz a t io n  a com parison o f  
th e  computed v e l o c i t i e s  a t  630 m downstream o f  th e  b a r r i e r .

-  F ig u re  8.21 f i n a l l y  g iv e s  th e  observed  and computed v e l o c i t i e s  a t  H00 m up­

s tream  and 630 m downstream o f  th e  b a r r i e r  and th e  d is c h a rg e  p e r  b a r r i e r  
s e c t i o n  (maximum f lo o d  f lo w ) .  A d d it io n a l  to  th e  f i e l d  d a ta  and computed 
v e l o c i t i e s ,  th e  measured flow v e l o c i t i e s  in  th e  s c a l e  model a r e  a l s o  g iven  
a t  630 m downstream o f  th e  b a r r i e r .

NOORD B E V E L A N D

Figure 8.13 Roompot channel, flow p a t te rn s  maximum ebb flow (Method 2)
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Based on th e se  and o th e r  [8-4] and [8-5] r e s u l t s ,  th e  perform ance o f  th e  t h r e e  
num erica l methods fo r  r e p r e s e n ta t io n  o f  the  b a r r i e r  i s  b r i e f l y  d is c u s s e d :

-  Method 1 : S u b s t i t u t i o n  o f  the  long-wave e q u a t io n s  by a b a r r i e r  e q u a t io n .

The flow p a t t e r n  d i r e c t l y  downstream o f  th e  b a r r i e r  (which in  t h i s  method 

formed an i n t e r n a l  boundary in  th e  model) was i n c o r r e c t .  The d i s p e r s io n  o f  
th e  main flow was much s t ro n g e r  than in  the  p ro to ty p e ,  downstream th e  b a r ­
r i e r  th e  absence o f  la rg e  edd ies  was obvious. The computed d is c h a rg e  and 

head d i f f e r e n c e  ag reed  w ell w ith  o b s e rv a t io n s .
-  Method 2 : Adapted f ix e d  roughness and ad ju s tm en t o f  l o c a l  d ep th .

The downstream flow p a t t e r n  gave a  f a i r l y  good re p ro d u c t io n  o f  th e  p r o to ­
ty p e ;  th e  b a r r i e r  i s  no lo n g e r  an in t e r n a l  boundary in  th e  model. The d i s ­

p e r s io n  o f  the  flow and the  v e lo c i ty  g r a d ie n t s  were n e a r ly  eq u a l to  th e  
p ro to ty p e  v a lu e s  and la rg e  edd ies  were p re s e n t  downstream th e  abu tm en ts .  A 

d is a d v a n ta g e  o f  t h i s  method i s  th e  rough approx im ation  o f  th e  r e s i s t a n c e ;  
because  an averaged  roughness was used , i t  was n o t  p o s s ib le  to  acco u n t f o r  
th e  in f lu e n c e  o f  d i f f e r e n t  flow d i r e c t i o n s  and d i f f e r e n t  flow  c o n d i t io n s .  

T h is  r e s u l t e d  in  a  l e s s  a c c u ra te  rep ro d u c t io n  o f  th e  d is c h a rg e  and th e  head 
d i f f e r e n c e  than  w ith  Method 1. A m o d if ic a t io n  in  th e  program to  accoun t f o r  

above v a r i a b i l i t y  i s  f e a s i b l e  and has a l re a d y  s t a r t e d  ( s e e  S e c t io n  8 . 2 . 4 ) .

-  Method 3 : Adapted f ix e d  roughness.
The downstream flow p a t t e r n  was, more o r  l e s s ,  ha lf-w ay  between th e  r e s u l t s  
o f  Method 1 and Method 2. The d i s p e r s io n  o f  the  flow v a r i e s  from a l i t t l e  

s t r o n g e r  to  much s t ro n g e r  than  th e  d i s p e r s io n  acco rd in g  to  Method 2. Down­
s tream  th e  abutm ents edd ies  a r e ,  however, p r a c t i c a l l y  a b s e n t .

The t e s t s  in  th e  h y d ra u l ic  s c a l e  model show a s i m i l a r i t y  w ith  th e  p ro to ty p e  

more o r  l e s s  e q u iv a le n t  to  'Method 2 ' o f  th e  num erical m odels. However, i t  
shou ld  be p o in ted  ou t  h e re ,  th a t  in  the  s c a le  model no s p e c i f i c  t e s t s  were 

c a r r i e d  ou t  to  i n v e s t ig a t e  th e  re p ro d u c t io n  o f  th e  'A m etek '-  measurem ents. 

R e s u l t s  were used from t e s t s  which had th e  b e s t  resem blance in  geometry w ith  

th e  a c t u a l  b u i ld in g  s t a g e .  For some b u i ld in g  s ta g e s  th e  number o f  p la c e d  s i l l
beams in  th e  model d i f f e r e d  s l i g h t l y  from the  p ro to ty p e .

8 .2 .4  C onclusions

Comparison o f  th e  r e s u l t s  o f  the  num erical models w ith  th e  f i e l d  d a ta  showed 

t h a t ,  in  g e n e r a l ,  th e  agreement between th e  model and th e  f i e l d  d a ta  was good:

-  Computed d is c h a rg e s  ag ree  w ell  w ith  f i e l d  d a ta

-  The agreem ent between th e  computed flow p a t t e r n  and th e  f i e l d  d a ta  i s  very

8.24



good upstream  o f  th e  b a r r i e r  and a t  th e  s i t e  o f  th e  b a r r i e r

-  Downstream o f  th e  b a r r i e r  th e  agreem ent between th e  com puta tions  (method 2) 
and th e  f i e l d  d a ta  was a c c e p ta b le .  The computed maximum v e l o c i t i e s  have an 
in a ccu racy  o f  5 to  10% f o r  c o n s t ru c t io n  s ta g e s  w ith o u t  l a r g e  d i s c o n t i n u i ­

t i e s  and 10 to  20% f o r  c o n s t ru c t io n  s t a g e s  w ith  l a rg e  d i s c o n t i n u i t i e s .

-  The s te e p n e s s  o f  th e  v e lo c i ty  g r a d ie n t s  downstream o f  th e  b a r r i e r  were 
s im u la te d  r a t h e r  w e l l .  However, th e  lo c a t io n  where th e s e  g r a d i e n t s  occu red ,  
had an inaccu racy  o f  50 to  100 m (channe l w idth 1 t o  2 km). For e n g in e e r in g  

a p p l i c a t i o n s ,  f o r  example th e  c a l c u l a t i o n  o f  scour h o le s ,  t h i s  d i f f e r e n c e  

was a c c e p ta b le .

The dep th -av e rag ed  flow p a t t e r n  computed by th e  num erica l models i s  a s  a c ­

c u r a t e  a s  t h a t  o b ta in ed  from th e  h y d ra u l i c  s c a le  model. The method to  d ea l  
w ith  th e  energy lo s s e s  a t  th e  b a r r i e r  s i t e  l a rg e ly  in f lu e n c e s  th e  q u a l i t y  o f  

th e  r e s u l t s  o f  th e  num erical models.

On th e  b a s i s  o f  th e s e  r e s u l t s  i t  was dec ided  to  develop  a  new method f o r  th e  
in t r o d u c t io n  o f  energy l o s s  a t  th e  b a r r i e r :

-  Method 4: Dynamically adap ted  roughness
T h is  i s  a  mixed v e rs io n  o f  Method 1 and 2 (o r  3 ) .  At th e  b a r r i e r  s i t e  th e  

roughness  c o e f f i c i e n t  i s  c o n t in u o u s ly  adap ted  a s  g iven  by E qua tion  ( 8 .2 )  so 

t h a t  th e  d is c h a rg e  and head lo s s  s a t i s f y  Equation  (8 .1 )  f o r  a  g iven  v a lue  
o f  th e  d is c h a rg e  c o e f f i c i e n t  .

Thus a new Chézy v a lue  i s  c o n t in u o u s ly  c a l c u la te d  du ring  th e  com puta tion  and 

t h i s  makes i t  p o s s ib le  to  use d i f f e r e n t  c o e f f i c i e n t s  f o r  d i f f e r e n t  flow  d i r e c ­

t i o n s  and d i f f e r e n t  flow c o n d i t io n s .

8 .3  C o e f f i c i e n t  o f  d isc h a rg e

8 .3 .1  Model and f i e l d  d a ta  and t h e i r  accuracy

T h e o r e t ic a l  a s p e c t s  and th e  ( s c a le  and num erica l)  model i n v e s t i g a t i o n s  on th e  
c o e f f i c i e n t  o f  d isc h a rg e  o f  th e  b a r r i e r  (p^) a t  v a r io u s  c o n s t r u c t io n  s ta g e s  
have been d e s c r ib e d  in  Chapter 4 .

In S e c t io n  4 .2 .3  th e  inaccuracy  o f  re p ro d u c t io n  o f  p^ fche s c a l e  models has 
been e s t im a te d  a t  ± 7%.  For d e te rm in a t io n  o f  p^ from o b s e r v a t io n s  ( o f  Q 

and Ah) in  th e s e  models, measurement in a c c u ra c ie s  o f  th e s e  two q u a n t i t i e s  add 

to  in c r e a s e  th e  inaccuracy  o f  p^. At e a r l y  s ta g e s  o f  c o n s t r u c t i o n ,  Q i s  l a r g e  

and Ah i s  s m a l l ,  meaning a  sm all  inaccuracy  o f  Q and a  l a r g e  inaccu racy  

o f  Ah. At f i n a l  s t a g e s  o f  th e  c o n s t r u c t io n ,  the  o p p o s i te  i s  t r u e .  The

8.25



"average"  measurement e r r o r  o f  Q i s  e s t im a te d  a t  ± 5? and t h a t  o f  Ah a l s o  a t  ± 

5? . Assuming aga in  t h a t  a l l  e r r o r s  a r e  m utually  independen t,  th e  in accu racy  

range  o f  y^ determ ined  in  th e  s c a l e  model, becomes ± 10?.

For th e  num erica l models, y^ i s  an in p u t  va lue  in th e  case  o f  th e  one-dim en­
s i o n a l  model (IMPLIC). In th e  case  o f  th e  tw o-dim ensional m odels , th e  in a c c u ­
racy  in  th e  computed y^ i s  made up o f  two components: in accu racy  in  th e  v a lu e s  
o f  y2 as  determ ined  through th e  flume t e s t s  ( e s t im a te d  a t  ± 5? ,  se e  S e c t io n  
4 .2 .2 )  and in a c c u ra c ie s  r e l a t e d  to  s p a t i a l  s c h e m a t iz a t io n  and r e s o l u t i o n  power 

o f  th e  model. The c o n t r ib u t io n  o f  th e  l a t t e r  component i s  d i f f i c u l t  to  e s t i ­
m ate .  One te n d s  to  e s t im a te  th e  combined inaccuracy  lower than  th e  c o r re s p o n ­
d ing  s c a l e  model v a lu e .  However, th e  (n o t  y e t  c l a r i f i e d )  need to  reduce  th e  

v a lu e s  o f  y2 f o r  th e  c o n s t ru c t io n  s ta g e  " s i l l  completed" by 20? in  th e  WAQAU 
models ( s e e  S ec t io n  4 .2 .4 )  u rg e s  c a u t io n .  As long as  a  s a t i s f a c t o r y  e x p la n a ­

t i o n  has n o t  y e t  been found, i t  w i l l  be s a f e r  to  tak e  th e  in a ccu racy  range  in

th e  num erica l models equal to  t h a t  o f  th e  s c a le  models, namely ± 10?.

In  th e  c o u rse  o f  th e  c o n s t r u c t io n  p e r io d  (1984-1986), s e v e r a l  m ajor f i e l d  cam­

p a igns  were c a r r i e d  o u t .  In  th e s e  compaingns, e x te n s iv e  w ater l e v e l  and c u r ­

r e n t  v e l o c i ty  (d is c h a rg e )  measurements were c a r r i e d  o u t ,  each campaign 

co v e r in g  a t  l e a s t  one ( s e m i-d iu rn a l )  t i d a l  p e r io d .

The measurements inc luded  th e  w ater  l e v e l  in th e  work h a rb o u rs  and d is c h a rg e  

c r o s s - s e c t i o n s  a d ja c e n t  to  th e  b a r r i e r  s i t e ,  th u s  p ro v id in g  d a ta  to  compute 

th e  d is c h a rg e  c o e f f i c i e n t  y^. The r e s u l t s  o f  th e  measurement campaigns l i s t e d  
in  T ab le  8 .4  have been used to  v e r i f y  th e  y ^ - r e s u l t s  o f  th e  v a r io u s  models as  
d is c u s s e d  f u r t h e r  in  S e c t io n  8 . 3 .2 .

These campaigns a r e  th e  same (b u t  n o t  a l l  o f  them) a s  th o se  used in  o th e r

v e r i f i c a t i o n s ,  see  Table 8 .1 .
D ischarge  measurements in  l a rg e  t i d a l  channels  a s  th o se  o f  th e  E a s te rn  S c h e ld t  

have an in accu racy  range o f  abou t ± 10?. Taking e r r o r s  o f  Ah-measurements in t o  

c o n s id e r a t i o n ,  th e  inaccuracy  o f  y^ determ ined in  th e  f i e l d  can th u s  be e x ­

pec ted  to  range between ± 10? ( a t  h igh  Ah) and ± 15? o r  l a r g e r  ( a t  low A h).
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Date E x ten s iv e  d is c h a rg e  

measurement in

C o n s tru c t io n  s t a g e  in  

r e l e v a n t  channe l

27-09-84 Roompot a l l  p i e r s  p laced

26-10-84 Schaar s i l l  completed

07-02-85 Roompot m id -h e ig h t  o f  s i l l  c r e s t  reached

20-06-85 Hammen s i l l  completed

20-06-85 Schaar s i l l  completed

26-06-85 Roompot s i l l  completed

23-07-85 Schaar s i l l  completed

26-07-85 Hammen s i l l  completed

09-09-85 Schaar 9 s i l l  beams p la c e d

14-09-85 Hammen 14 s i l l  beams p la ced

16-09-85 Schaar 9 s i l l  beams p la c e d

26-09-85 Roompot s i l l  completed

27-09-85 Schaar a l l  s i l l  beams p la c e d

01-10-85 Hammen a l l  s i l l  beams p la c e d

21-11-85 Schaar a l l  s i l l  beams p la c e d

27-11-85 Roompot 9 s i l l  beams p la c e d

10-12-85 Hammen a l l  s i l l  beams p la c e d

12-04-86 Roompot 21 s i l l  beams p laced

26-04-86 Roompot a l l  s i l l  beams p la c e d

21-05-86 Hammen
a l l  s i l l  beams + ru b b le  s i d e - f i l l

26-05-86 Schaar

21-09-86 Roompot

Table  8 .4  Summary o f  f i e l d  campaigns used f o r  y ^ - v e r i f i e a t i o n  

8 .3 .2  V e r i f i c a t i o n  o f  th e  r e s u l t s  o f  th e  models

From th e  d a t a  o f  th e  measurements l i s t e d  in  Table 8 .4 ,  th e  d is c h a rg e  c o e f ­

f i c i e n t  o f  th e  s t r u c t u r e  y^ was computed f o r  th e  r e l e v a n t  channe l and con­
s t r u c t i o n  s t a g e .  For t h i s  th e  average  computed va lue  in  a p e r io d  o f  two h o u rs  
around maximum ebb flow  and a  p e r io d  o f  two hours around maximum f lo o d  flow 

were taken  a s  y^-ebb and y^ - f lood ,  r e s p e c t iv e l y .

In s p e c t io n  o f  th e  in s ta n ta n e o u s  v a lu es  o f  y^ showed no s y s te m a t ic  v a r i a t i o n ,  
e i t h e r  a s  a  fu n c t io n  o f  Q o r  a s  a fu n c t io n  o f  th e  w ater  l e v e l ,  d u r in g  th e  s a id  

two h o u rs .
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The r e s u l t s  have been p lo t t e d  in  the  f i g u r e s  p re sen te d  e a r l i e r  in  Chapter 4, 

g iv in g  model-computed o r  measured y^ a l s  a fu n c t io n  o f  A (F ig u re s  4 .14 
th rough  4 .1 6 ) .  To f a c i l i t a t e  com parison, model r e s u l t s  a r e  g iven  a sm all 
p o in t s  w ith  a band envelop ing  a l l  model r e s u l t s  g iven in f a i n t  p r i n t ,  whereas 

th e  f i e l d  r e s u l t s  a re  g iven as  la rg e  bold p r in te d  d o ts ,  see  F ig u re s  8 .22 
th rough 8 .2 4 .

In th e se  above f ig u r e s ,  th e  p o in t s  r e p re s e n t in g  c o n s t r u c t io n  s t a g e  " a l l  s i l l  
beams + ru b b le  s i d e - f i l l "  a r e  exc luded ; they  a re  p re s e n te d  in  Table 8 .5 .  The 
p resen ce  o f  th e  s i d e - f i l l s ,  meaning t h a t  th e  c o n s t r u c t io n  o f  th e  b a r r i e r  i s  
com pleted , cau ses  y^ to  in c re a s e  s i g n i f i c a n t l y ,  p a r t i c u l a r l y  d u r in g  ebb flow .

Source
Ebb flow Flood flow

Roompot Schaar Hammen Roompot Schaar Hammen

D e ta i l  s c a l e  model 
*

P ro to ty p e

1.00

1.05

0 .98  
1.01

1.02 
1 .01-1 .04

1.00

0.99

1.02 

0 .97

0 .99

0 .9 6 -0 .9 9

£
from lower p a r t  o f  Table 8 .4

Table 8 .5  D ischarge c o e f f i c i e n t s  c o n s t ru c t io n  s ta g e  " a l l  s i l l  

beams + ru b b le  s i d e - f i l l "

In s p e c t io n  o f  F ig u re s  8.22 through 8 .24  and Table 8 .5  shows t h a t :

1. The band envelop ing  a l l  s c a le  and num erical model r e s u l t s  has  an average  

w idth  equa l to  or l e s s  than ± 10% (s e e  S ec t io n  8 . 3 . 1 ) ,  in  some c a se s  w ith  a
. s m a l le r  w id th  a t  low y^ A v a lu e s  and a  l a r g e r  w idth  a t  l a r g e  ÿg A v a lu e s .  

Due to  th e  very  low magnitude o f  Ah a t  la rg e  ÿî  A v a lu e s ,  th e  accuracy  
o f  y^ can , indeed , d e t e r i o r a t e  s i g n i f i c a n t l y .

2. The d i f f e r e n c e s  between th e  r e s u l t s  o f  th e  v a r io u s  models a r e  n o t  s y s t e ­
m a tic  and can be d esc r ib e d  as  random or e r r a t i c .

3 . Judging  from th e  p o in t  o f  view o f  th e  r e l a t i o n  y^ v e rs u s  A, th e  

p ro to ty p e  r e s u l t s  a re  s i g n i f i c a n t l y  more e r r a t i c  than  th o se  o f  th e  models. 

T h is  i s  p a r t l y  due to  th e  l a r g e r  d e te rm in a t io n  in a c c u ra c ie s  in  th e  f i e l d .

4. Taking p o in t s  2 and 3 above in to  c o n s id e r a t io n ,  F ig u re s  8 .22  th rough  8 .23  
i n d i c a t e  a re a so n ab le  agreement between p ro to ty p e  and th e  m odels. There 

seems to  be a  tendency o f  th e  models to  o v e re s t im a te  y ^ -f lo o d  in  de Roompot 
and Hammen ch an n e ls .

5. The agreem ent between th e  d e t a i l  s c a l e  model and p ro to ty p e  r e s u l t s  f o r  th e  

com pleted s to rm -su rg e  b a r r i e r  (T ab le  8 .5 )  i s  good.
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9. Summary and Conclusions

9.1 Hydraulic boundary conditions

Because o f  th e  type  o f  s t r u c t u r e  o f  th e  s to rm -su rg e  b a r r i e r  in  th e  E a s te rn  

S c h e ld t  a s  w ell  a s  i t s  c o n s t r u c t io n  method, th e  h y d ra u l i c  boundary c o n d i t io n s  
were o f  major im portance f o r  bo th  th e  des ign  o f  th e  b a r r i e r  and th e  c o n s t r u c ­
t i o n  phase .
F o re c a s t s  o f  th e  h y d ra u l ic  c o n d i t io n s  were used :
-  a s  d e s ig n  param ete rs
-  f o r  p la n n in g  o f  th e  c o n s t r u c t io n  a c t i v i t i e s
-  f o r  o p e r a t io n a l  c o n t ro l  o f  th e  c o n s t ru c t io n  a c t i v i t i e s

An a c c u r a te  f o r e c a s t  system was needed, t h a t  had to  fu n c t io n  d u r in g  th e  e n t i r e  
c o n s t r u c t io n  p e r io d ,  which was over fo u r  y e a rs  long .  F u r th e r ,  th e  system  had 

to  be h ig h ly  f l e x i b l e  because o f  th e  numerous changes in  th e  p lanned  c o n s t r u c ­
t i o n  o rd e r  o f  th e  b a r r i e r .

A r e s t r i c t e d  number o f  h y d ra u l i c  param ete rs  were f o r e c a s t e d ,  th e  s e l e c t e d  
pa ram ete rs  were:

Q = d is c h a rg e  through a  main channel 

q/A = average  v e l o c i ty  per  p ie r  s e c t io n  

Ah = head d i f f e r e n c e  over th e  b a r r i e r

These pa ram ete rs  can be regarded  a s  th e  "governing pa ram e te rs"  f o r  th e  hydrau ­

l i c  problems to  be s o lv ed ,  such a s  s t a b i l i t y  o f  ru b b le  s to n e  l a y e r s ,  l o c a l  
s c o u r ,  e t c .  The f o r e c a s t  system was d e d ic a te d  t o  th e s e  govern ing  p a ra m e te rs .  

The r i g h t  cho ice  o f  th e  b a s ic  p aram eters  was th e  key t o  su cces  o f  th e  f o r e c a s t  
system .

9 .2  Modelling t id a l flow

Follow ing s im u la t io n  te ch n iq u es  were used f o r  m ode lling  th e  t i d a l  flow in  th e  
E a s te rn  S c h e ld t  e s tu a ry :

-  h y d ra u l i c  s c a l e  models
-  num erica l  models

The h y d r a u l i c  s c a le  models use  th e  same laws o f  p h y s ic s  f o r  th e  s im u la t io n  o f  

th e  w a te r  motion which govern th e  w ater motion in  n a t u r e .  The s c a le d  phenomena 

a r e  c o r r e c t l y  reproduced by th e  model i f  th e  r e l e v a n t  s c a l e  laws a r e  adhered  
to .
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The num erica l models s im u la te  th e  w ater motion by th e  n u m e rica l  s o l u t i o n  o f  
th e  e q u a t io n s  which d e s c r ib e  th e  w ater motion (N a v ie r -S to k e s ) .

Three ty p e s  o f  num erica l models, can be d i s t i n g u i s h e d  i . e .  o n e - ,  two- or 
th re e -d im e n s io n a l  models. I n te g r a t io n  o f  th e  b a s ic  e q u a t io n s  in  v e r t i c a l  and 
h o r i z o n t a l  d i r e c t i o n ,  y i e ld s  th e  two- and one-d im ensional long-wave e q u a t io n s  

r e s p e c t i v e l y .

In th e  s t u d i e s  f o r  th e  s to rm -su rg e  b a r r i e r  th r e e  s im u la t io n  te c h n iq u e s  were 

a p p l i e d ,  fo l lo w in g  th e  h i s t o r i c a l  development:
-  h y d ra u l i c  s c a l e  models
-  o ne-d im ens iona l  num erical models
-  tw o-d im ensional num erica l models.

At th e  s t a r t  o f  th e  h y d ra u l ic  r e s e a rc h  (1969) only s c a l e  models were u sed .  

A v a i la b le  were: an o v e r a l l  t i d a l  model, a  s t e a d y - s t a t e  d e t a i l  model 

and s e v e r a l  d e t a i l  models o f  s e c t io n s  o f  th e  b a r r i e r .

During th e  r e s e a r c h  p e r io d  more and more num erical models were b e ing  u sed .

Both one-d im ens iona l and tw o-dim ensional models were developed .

Two-dim ensional dep th -averaged  num erica l models g radua ly  r e p la c e d  th e  s c a l e  

models f o r  2-DH a p p l i c a t io n s .  The o v e r a l l  t i d a l  model was r e p la c e d  e n t i r e l y .  

The d e t a i l  model was p a r t i a l l y  re p la c e d  by tw o-dim ensional n u m e rica l  models; 
b u t  p a r t i c u l a r l y  f o r  th re e -d im e n s io n a l  a s p e c t s ,  the  s c a le  model was s t i l l  i n -  

d i s p e n s ib l e .

The one-d im ensiona l num erica l models were m ostly  used a d d i t i o n a l  t o  th e  s c a l e  

m odels , and n o t  as  a rep lacem ent o f  th e  s c a le  models. E x te n s iv e  o p e r a t i o n a l  

f o r e c a s t s  were only  p o s s ib le  w ith  th e  one-d im ensional m odels. The s c a l e  models 

and tw o-d im ensional num erical models se rv ed  as  a check and f o r  th e  c a l i b r a t i o n  

o f  th e  o n e-d im ens iona l  models.

9 .3  S im u la t io n  o f  s to rm -su rg e  b a r r i e r

The r e s i s t a n c e  to  flow caused by th e  s to rm -su rg e  b a r r i e r  can modify th e  t i d a l  
motion in  th e  e n t i r e  e s tu a r y .  T h e re fo re  i t  was e s s e n t i a l  t h a t  th e  h y d r a u l i c  

c h a r a c t e r i s t i c s  o f  th e  b a r r i e r  were c o r r e c t ly  s im u la ted  in  th e  m odels .

The h y d ra u l i c  c h a r a c t e r i s t i c s  o f  a  s t r u c t u r e  can be ex p ressed  by th e  c o e f ­

f i c i e n t  o f  d is c h a rg e  d e s c r ib in g  th e  em periea l r e l a t i o n s h i p  between th e  d i s ­

charge  th rough  th e  s t r u c t u r e  and th e  head d i f f e r e n c e  a c ro s s  i t .
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When c o n s id e r in g  th e  c o e f f i c i e n t  o f  d is c h a rg e  o f  a  s t r u c t u r e  as  th e  s to rm -  

su rg e  b a r r i e r ,  one has  t o  d i s t i n g u i s h  between:
-  V2 : khe c o e f f i c i e n t  o f  a  uniform , i n f i n i t e l y  wide (S e c t io n  o f  th e )  s t r u c ­

tu r e ;
-  : th e  c o e f f i c i e n t  o f  th e  e n t i r e  s t r u c t u r e  in  i t s  su r ro u n d in g s  and depen­

ding on th e  d e f i n i t i o n s  used o f  Ah and downstream w ater  l e v e l .

In  p r i n c i p l e :

P3 * P2

where:

_  n
:  [ , ï p ,  .• • A• ]/A

¿ 1=1 1

can be computed f o r  an a r b i t r a r y  c o n s t ru c t io n  s t a g e  from known (flum e 

t e s t s )  d a ta  on y2 f o r  th e  v a r io u s  s e c t io n s  o f  t h a t  s t r u c t u r e ,  

y^ can only  be p r e d ic te d  th rough  a  model; th e  E a s te rn  S c h e ld t  s t u d i e s  showed 

t h a t  b o th  a  s c a l e  model and a tw o-dim ensional num erica l ( d e t a i l )  model can be 

used f o r  t h a t  pu rpose . In th e  num erica l model, p2 v a lu e s  have to  be used to  

d e s c r ib e  th e  r e s i s t a n c e  a t  th e  v a r io u s  g r id s  o f  th e  s t r u c t u r e .

9 .4  A pplied  t i d a l  models

9 .4 .1  H ydrau lic  s c a l e  models

Two h y d r a u l i c  s c a l e  models o f  th e  E a s te rn  S c h e ld t  were a v a i l a b l e :

-  a  d i s t o r t e d  o v e r a l l  t i d a l  model o f  th e  e n t i r e  e s tu a r y ,  v e r t i c a l  s c a l e  1:100 
and h o r i z o n t a l  s c a l e  1:400

-  a  s t e a d y - s t a t e  d e t a i l  model o f  th e  mouth o f  th e  e s tu a r y  w ith  th e  t h r e e  main 

ch a n n e ls ,  u n d i s to r t e d  s c a le  1 :80.

From th e  i n v e s t i g a t i o n s  in  th e  o v e r a l l  t i d a l  model in fo rm a tio n  was o b ta in e d  on 

th e  t i d a l  movement (w ater  l e v e l s  and d i s c h a r g e s ) ,  mutual in f lu e n c e  o f  c l o s u r e  
gaps and flow p a t t e r n s .
I n v e s t i g a t io n s  in  th e  d e t a i l  model gave d e t a i l e d  r e s u l t s  on flow p a t t e r n ,  

c u r r e n t - v e l o e i t i e s  and - d i r e c t i o n s  in  th e  v i c i n i t y  o f  th e  b a r r i e r  and th e  e f ­

f e c t i v e  c r o s s - s e c t i o n a l  a re a  o f  th e  b a r r i e r .  In a d d i t i o n ,  th e  d e t a i l  model was 

used t o  i n v e s t i g a t e  l o c a l  scou r  and s t a b i l i t y  o f  m a t e r i a l s .
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The o v e ra l l model was in  ope ra tion  u n t i l  1983. From th a t tim e on i t  was re ­

placed by num erica l models. The d e ta i l  model could no t be com p le te ly  rep laced 

by num erica l models.

Before th e  a c tu a l  i n v e s t i g a t io n s  s t a r t e d ,  an e x te n s iv e  c a l i b r a t i o n  f o r  th e  

i n i t i a l  s i t u a t i o n  was c a r r i e d  o u t .  L a te r ,  s e v e r a l  v e r i f i c a t i o n s  were made f o r  
d i f f e r e n t  t i d e s  and d i f f e r e n t  s i t u a t i o n s  ( r e l a t e d  to  bathym etry  and c o n s t r u c ­

te d  dam s e c t i o n s ) .  As a  r e s u l t  o f  th e  c a l i b r a t i o n  and th e  v e r i f i c a t i o n s ,  th e  
fo llo w in g  accuracy  o f  th e  model could be ach iev ed :
-  w ater  l e v e l s :  am plitude  ±2$ and phase ±5 m inutes
-  d is c h a rg e :  am plitude  ±5$ and phase ±10 m inutes
-  v e l o c i t y  d i s t r i b u t i o n  ±0.15 m/s

9 .4 .2  One-dim ensional num erical models

A one-d im ens iona l model o f  the  E as te rn  S c h e ld t ,  based on th e  IMPLIC-system, 

was a v a i l a b l e .  The main fu n c t io n  o f  th e  model was to  compute th e  w a te r  l e v e l s  
in  th e  E a s te rn  S c h e ld t ,  th e  head d i f f e r e n c e s  over th e  b a r r i e r  and th e  d i s c h a r ­

ges th rough  th e  t h r e e  main channe ls .  Because o f  i t s  s h o r t  runn ing  t im e ,  t h i s  
model was s u i t a b l e  f o r  o p e ra t io n a l  f o r e c a s t s .  The h y d ra u l ic  c h a r a c t e r i s t i c s  o f  

th e  s to rm -su rg e  b a r r i e r  were d e r iv e d  from th e  s c a l e  models.

For th e  com putation  o f  th e  l a t e r a l  d i s t r i b u t i o n  o f  th e  d i s c h a rg e  a lo n g  th e  

b a r r i e r ,  a  q u a s i  tw o-dim ensional model was a v a i l a b l e .  The d i s c h a rg e  th rough  a 

main channel and th e  w ater l e v e l  on both  s id e s  o f  th e  b a r r i e r  were d e r iv e d  
from th e  r e s u l t s  o f  the  one-d im ensional t i d a l  model. The q u as i  tw o-d im ensiona l 
model was c a l i b r a t e d  w ith  th e  r e s u l t s  o f  th e  s c a l e  model t e s t s .

From an accuracy  a n a ly s i s  th e  fo llow ing  inaccuracy  ranges  were e s t im a te d  fo r  
th e  p r e d ic t io n  o f  des ign  v a lu es  o f  th e  h y d ra u l ic  pa ram e te rs :

-  Q : d is c h a rg e  pe r  main channe l ,  s tan d a rd  d e v ia t io n  o f  th e  e r r o r s  i s  10$.

-  q/A: ave rage  v e l o c i ty  per b a r r i e r  s e c t i o n ,  s tan d a rd  d e v ia t io n  o f  th e  e r r o r s
i s  15$ ( o v e r a l l  e r r o r ,  in c lu d in g  e r r o r s  in  p r e d ic te d  d i s c h a r g e ,  Q ) .

9 .4 .3  Two-dim ensional num erica l models

For th e  E a s te rn  S c h e ld t  a s e r i e s  o f  o f f - l i n e  n e s te d  tw o-d im ensional num erica l 

models was a v a i l a b l e .  The models were based on th e  WAQUA-system f o r  th e  d e p th -  

averaged  s im u la t io n  o f  hydrodynamics and w ater  q u a l i t y  f o r  w ell-m ixed  flow .

The g r id  s i z e  o f  th e  models ranged from 400 m f o r  th e  o v e r a l l  model o f  th e  en­
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t i r e  e s tu a r y ,  to  45 m f o r  th e  most d e t a i l e d  models o f  th e  t h r e e  main c h a n n e ls .  
Moreover, models w ith  in te rm e d ia te  g r id  s i z e s  o f  100 m and 90 m were in  o p e ra ­

t i o n .

The com putations  w ith  th e se  models p rovided  in fo rm atio n  on t i d a l  movements, 
mutual in f lu e n c e  o f  b u i ld in g  s t a g e s ,  flow p a t t e r n ,  c u r r e n t - v e l o c i t i e s  in  th e  
v i c i n i t y  o f  th e  b a r r i e r .  N a tu r a l ly ,  th e  amount o f  d e t a i l  o f  th e  computed flow 
p a t t e r n  i s  dependent on th e  a p p l ie d  g r id  s i z e .
This  means t h a t  th e  c o a r s e - g r id  model was mainly used to  p ro v id e  th e  inform a­
t i o n  on th e  o v e r a l l  t i d a l  movement, whereas th e  most d e t a i l e d  model gave th e  
in fo rm a tio n  on th e  v e l o c i t i e s  in  th e  v i c i n i t y  o f  th e  b a r r i e r .

In 1983 a f t e r  an e x te n s iv e  t e s t i n g  p e r io d ,  i t  was dec ided  to  use  th e s e  models 

in s te a d  o f  th e  o v e r a l l  t i d a l  s c a le  model.
As a  r e s u l t  o f  th e  c a l i b r a t i o n  o f  the  models and s e v e r a l  v e r i f i c a t i o n s  th e  

fo l lo w in g  accu racy  o f  th e  r e s u l t s  r e l a t e d  to  th e  re p ro d u c t io n  o f  th e  o v e r a l l  

t i d a l  flow was ach iev ed :
-  w a te r  l e v e l s :  am plitude  ±2% and phase ±5 m inu tes
-  d i s c h a r g e s :  am plitude  ±5% and phase ±10 m inutes

The numerous com putations f o r  a r b i t r a r y  b u i ld in g  s t a g e s  o f  th e  s to rm -su rg e  

b a r r i e r  showed t h a t  th e  sch em a tiz a tio n  o f  th e  b a r r i e r  (w ith  c o n c e n tra te d  head -  

lo s s e s )  in  th e  com puta tional scheme was very im p o r ta n t .  The way o f  sch e m a tiz a ­

t i o n  does in f lu e n c e  th e  t i d a l  movement and th e  d i s c h a rg e -  and v e l o c i t y -  
d i s t r u b u t i o n s  in  th e  v i c i n i t y  o f  th e  b a r r i e r .

9 .5  Comparison w ith  f i e l d  d a ta

9 . 5.1 V e r i f i c a t i o n  o f  th e  one-d im ensional num erical models

S y s tem a tic  measurement campaigns were c a r r i e d  o u t  f o r  th e  v e r i f i c a t i o n  o f :

-  I n d iv id u a l  models o f  th e  f o r e c a s t  system:

Here th e  accuracy  o f  th e  models was determ ined by a  h in d c a s t  o f  th e  mea­
su rem en ts .

-  P r e d ic t io n  o f  th e  des ig n  v a lu es  o f  th e  h y d ra u l i c  p a ram e te rs :

For t h i s  th e  measurements had f i r s t  to  be t r a n s l a t e d  to  des ig n  c o n d i t io n s  
b e fo re  they  could  be compared w ith  th e  p r e d ic t io n s .
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For th e  t r a n s p o r t  r a t e  th rough th e  main ch an n e ls ,  Q, and th e  ave rage  v e l o c i ty  
p e r  p i e r  s e c t i o n ,  q/A, a s y s te m a t ic  v e r i f i c a t i o n  was performed th ro u g h o u t  a l l  
c o n s t r u c t io n  s ta g e s  o f  th e  b a r r i e r .  The g e n e ra l  c o n c lu s io n s  from t h i s  v e r i f i ­
c a t io n  were:

-  The h in d c a s t  accuracy  o f  Q was h a rd ly  in f lu en ced  by c o n s t r u c t io n  p ro g re s s  
o f  th e  s to rm -su rg e  b a r r i e r .  The maximum e r r o r  in  th e  i n i t i a l  c a l i b r a t i o n  
was 10$; t h i s  r e s u l t e d  in  a s ta n d a rd  d e v ia t io n  o f  abou t 5$.

-  The e r r o r  in  the  p r e d ic te d  des ign  v a lu es  o f  q/A tu rn e d  o u t  t o  be l e s s  than  
th e  in accu racy  range  o f  15$, a s s e s se d  befo rehand .

An o v e r a l l  v e r i f i c a t i o n  o f  th e  f o r e c a s t s  o f  th e  h e a d - d i f f e r e n c e  o ver  th e  

b a r r i e r ,  Ah, was n o t  performed d i r e c t l y .  From th e  r e s u l t s  o f  th e  v e r i f i c a t i o n  
o f  th e  d is c h a rg e s  and th e  c o e f f i c i e n t  o f  d is c h a rg e ,  th e  h i n d c a s t - e r r o r  in  Ah 

was e s t im a te d  to  be between 10$ and 20$ ( s ta n d a rd  d e v i a t i o n ) .

9 .5 .2  R eproduction o f  downstream flow p a t t e r n

The downstream flow p a t t e r n  i s  an e s s e n t i a l  param eter  f o r  th e  p r e d i c t i o n  o f  

l o c a l  s c o u r  downstream o f  th e  b e d - p ro te c t io n  works. The p r e d ic t i o n  o f  s c o u r  

was in  f i r s t  in s ta n c e  made through scour t e s t s  in  th e  d e t a i l  s c a l e  model. 

During th e  s tudy  p e r io d  i t  was concluded t h a t  scour could  be c a l c u l a t e d  i f  a 
r e l i a b l e  p r e d ic t io n  o f  th e  v e l o c i ty  d i s t r i b u t i o n  a t  th e  end p a r t  o f  th e  bed 

p r o t e c t i o n  was a v a i l a b l e .

For a  number o f  b u i ld in g  s ta g e s  r e l a t e d  to  th e  p la c in g  o f  th e  s i l l  beams, a 
re p ro d u c t io n  o f  th e  dow nstream -ve loc ity  d i s t r i b u t i o n  was execu ted  in  th e  two- 

d im ens iona l  num erica l models. With th e se  b u i ld in g  s ta g e s  th e  fo l lo w in g  c h a ra c ­

t e r i s t i c  e v e n ts  in  th e  flow p a t t e r n  were p r e s e n t :

-  l a r g e  e d d ie s  behind th e  abutm ents o f  th e  dam

-  s t e e p  v e l o c i ty  g r a d ie n t s  downstream o f  d i s c o n t i n u i t i e s  a t  th e  a x i s  o f  th e  
b a r r i e r .

In th e  tw o-d im ensional num erica l models th e  energy l o s s  a t  th e  b a r r i e r  s i t e  
was schem atized  in  t h r e e  d i f f e r e n t  ways:

1. s u b s t i t u t i o n  o f  long-wave e q u a t io n  by a  b a r r i e r  e q u a t io n

2. a d ju s tm e n t  o f  l o c a l  w ater dep th  and roughness
3. ad ju s tm e n t  o f  roughness only
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From th e  r e s u l t s  o f  th e  re p ro d u c t io n  th e  n e x t  c o n c lu s io n s  were d e r iv e d :
-  The agreem ent between th e  com putation (Method 2) and th e  f i e l d  d a ta  was a c ­

c e p t a b le ;  th e  inaccu racy  in  th e  computed v e l o c i t i e s  f o r  c o n s t r u c t i o n  s t a g e s  

w i th o u t  and w ith  l a r g e  d i s c o n t i n u i t i e s  was ±5 to  ±10# and ±10 to  ±20# r e ­
s p e c t i v e l y ;

-  The s te e p n e s s  o f  th e  v e lo c i ty  g r a d ie n t s  was n e a r ly  c o r r e c t ,  o n ly  th e  lo c a ­

t i o n  o f  th e  g r a d ie n ts  could  s h i f t  to  some e x t e n t ;
-  The flow p a t t e r n  computed by th e  num erical models was a s  a c c u r a te  as  t h a t  

o b ta in e d  from th e  p h y s ic a l  s c a le  model. However, th e  method to  d e a l  w ith  
th e  energy lo s s e s  g r e a t ly  in f lu e n c e d  th e  q u a l i t y  o f  th e  r e s u l t s  form th e  
num erica l  models.

9 .5 .3  C o e f f i c i e n t  o f  d isc h a rg e

The in s p e c t io n  o f  th e  v a lu e s  o f  p^ as  fu n c t io n  o f  u^ A> de te rm ined  from th e
v a r io u s  models and in  th e  f i e l d ,  shows t h a t :

-  The band envelop ing  a l l  model r e s u l t s ,  had an average  w id th  < ±10#, which 
was th e  p r e d ic te d  inaccu racy  range f o r  d e te rm in ing  p^ th e s e  m odels. At 

l a r g e  Pg A v a lu e s ,  th e  accuracy  o f  p^ could  d e t e r i o r a t e  s i g n i f i c a n t l y .

-  The d i f f e r e n c e s  between th e  r e s u l t s  o f  th e  v a r io u s  models a r e  n o t  system a­
t i c  and can be d e sc r ib e d  as  random or  e r r a t i c .

-  Judg ing  from th e  p o in t  o f  view o f  th e  r e l a t i o n  p^ v e r s u s  ^  th e  p r o to ­

ty p e  r e s u l t s  were s i g n i f i c a n t l y  more e r r a t i c  than th o se  o f  th e  m odels . T h is  
i s  p a r t l y  due to  th e  l a r g e r  d e te rm in a t io n  in a c c u ra c ie s  in  th e  f i e l d .

-  The agreem ent between p ro to ty p e  and th e  models was r e a s o n a b le .  There  seemed 
t o  be a  tendency o f  th e  models t o  o v e re s t im a te  p ^ -f lo o d  in  th e  Roompot and 
Hananen ch an n e ls .

-  The agreem ent between th e  d e t a i l  s c a l e  model and p ro to ty p e  r e s u l t s  i s  good 
f o r  th e  completed s to rm -su rg e  b a r r i e r .
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