
CHAPTER TWO HUNDRED FIVE

STABILITY PARAMETERS OF WESTERN SCHELDT ESTUARY 

by

H. de Jong1 and F. G e r r i t s e n 2

1. INTRODUCTION

The Western Scheld t i s  a major e s tu a ry  in  th e  Southern p a r t  o f  The 
Netherlands and the Northern p a r t  o f  Belgium. I t  i s  an important nav i­
ga tiona l rou te  connecting the c i t y  of Antwerp with th e  North Sea. At 
the en trance  VIi ssingen i s  a major Dutch p o r t .  (F igure  1)

N o r t l i  S e c t
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Figure 1: Western Scheld t E stuary

During recen t years much dredging work has been c a r r i e d  out by the 
Belgian Government (16 m i l l io n  m3 in 1977) to  remove shoals  and improve
channel alignments in the  e s tu a ry ,  in  view o f  in c re a s in g  vessel d r a f t s
and t r a f f i c  densi ty  to  the  port  of  Antwerp (Belgium).

I t  is  of g reat importance to  p re d ic t  the e f f e c t s  of f u tu re  d red g ­
ing o p e ra t io n s ,  ca r r ied  out in the  o u te r  shoals  and in  major nav ig a t io n
channels on t i d a l  regime ( t id e s  and c u r r e n ts )  and on morphological 
changes in  o ther  p a r t s  of the e s tu a ry .

1 Researcher, R ijk w a te rs taa t ,  V l is s ing en ,  The N etherlands

2 P ro fesso r  and Chairman, Dept, of Ocean Engineering , Univ. of Hawaii 
H o n o lu lu ,  HI
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C alcu la t io n s  based on d e ta i led  hydrographic surveys have in d ica ted  
th a t  where th e  e s tuary  used to  be sub jec t  to  sedimentation, the s i t u a ­
t io n  may now have changed to  one of dominant erosion.

2. MORPHOLOGICAL STABILITY OF TIDAL CHANNELS
The s t a b i l i t y  equation

The morphological s t a b i l i t y  of t i d a l  channels has two major com­
ponents :

(a) loca t io n  s t a b i l i t y
(b) c ro s s - s e c t io n a l  s t a b i l i t y

The lo c a t io n  s t a b i l i t y  has to do w ith  the meandering of channels, 
where th e  channel migrates gradually  w ith in  the physical boundaries of 
the e s tu a ry .  The na tu re  o f  th i s  process i s  s t rongly  affected by the  
type o f  e s tu a ry ,  by the  na tu re  of bottom condit ions (presence of s i l t y  
la y e r s )  and by the  type o f  coas ta l  p ro tec t io n  works ( i f  present) along 
the e s t u a r y ' s  boundaries.

M igra tion  of t i d a l  channels in the o u te r  p a r t  of the estuary i s  
o f ten  a  c y c l i c  process with a period of a number of years which i s  
governed by the  ex te rna l boundary cond it ion s  re la ted  to  t id e ,  waves and 
l i t t o r a l  d r i f t .  The process of cyc lic  changes can be arrested or 
slowed down by high c apac i ty  dredging o p e ra t io n s .

The development and migration of t i d a l  channels in an estuary i s  
connected with the system of flood and ebb channels in an estuary.
Flood channels  are ch a rac te r iz ed  by dominating flood flow; they have a 
shoal a t  t h e i r  inner  end. In ebb channels the ebb flow dominates and a 
shoal i s  u su a l ly  p re sen t  a t  t h e i r  seaward ends. Tidal channels are 
n eu tra l  when flood and ebb flow are of equal magnitude.

C ro ss -sec t io n a l  s t a b i l i t y  r e l a te s  to  the  v a r i a b i l i t y  of the c ro s s -  
s e c t io n a l  a rea  o f  t i d a l  channel and to i t s  dependency on t idal flow 
c h a r a c t e r i s t i c s .

T idal i n l e t s  a re  o ften  charac te r ized  by a gorge, in which the t i d a l  
flow i s  well organized and where channel migration does not play a major 
ro le .

In t h i s  paper we w i l l  p a r t i c u l a r ly  be concerned about the c ro s s -  
s e c t io n a l  s t a b i l i t y  of t i d a l  channels whereby we w ill  examine the to t a l  
channe l ,  as well as the  individual flood o r  ebb channels, i f  they can be 
c l e a r l y  i d e n t i f i e d .

The c ro s s - s e c t io n a l  s t a b i l i t y  of a t i d a l  channel is in general 
governed by the  equation:

I f . O  (1)

i f  Qs re p re se n ts  the  sediment t r a n sp o r t  r a t e  (m3/s e c )  and x the mean 
d i r e c t i o n  o f  the flow through a channel.

For (1) to  be v a l id  i t  i s  necessary t h a t  the mean sediment concen­
t r a t i o n  over the  channel c ro s s -sec t io n  does not vary with time.

For channels su b je c t  to  t id a l  flow the  s t a b i l i t y  equation must be 
i n t e r g r a te d  over time and gives the cond it ion  (T = t i d a l  period):
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I T "  ^  Qs d t  = 0 {2)

under the  assumption th a t  the t r a n s p o r t  process rep ea ts  i t s e l f  in  equal 
manner during subsequent t i d a l  c y c le s .

In case a strong d i f fe ren ce  e x i s t s  between neap t i d e  and spring  
t id e  cycles the  in te g ra t io n  is  to  be performed over a s e r ie s  of cycles  
to  cover a sequencywhich repeats  i t s e l f :

T T  fto Qsdt = 0 (3)
where t  »  T.

Unfortunately  the  d e ta i le d  knowledge about the sediment t r a n s p o r t  
process i s  not adequate enough a t  th e  p resen t time to  use equation (3) 
with confidence to  p re d ic t  changes in  bottom c o n f ig u ra t io n .

Solu t ions to  the s t a b i l i t y  problem

For many years  the  r e l a t i o n  between the  c ro s s - s e c t io n  of a t i d a l  
channel and the  t id a l  flow c h a r a c t e r i s t i c s  has been recognized.

A c l a s s i c a l  paper i s  th a t  of  M.P. O'Brien (9) who a rr ived  a t  an
empirical re la t io n sh ip  between c ro s s - s e c t io n a l  area and t i d a l  prism fo r
in l e t s  on the U.S. West Coast. The t i d a l  prism was ca lc u la te d  as th e  
product o f  t i d a l  s torage  area and t i d a l  range. For th e  l a t t e r  the  d i f ­
ference between MHHW and MLLW was assumed.

The r e l a t i o n  obtained was pure ly  empirical because no cons ide ra ­
t ion  was given to  re lev an t  physical parameters such a s :

-  grain s ize
- l i t t o r a l  d r i f t  t r a n s p o r t  in r e l a t i o n  to  

t id a l  t r a n s p o r t ,
- r i v e r  discharge
- r e l a t i v e  depth o f  channel (Chézy)
- presence of j e t t i e s
-  presence of sh oa ls ,  e tc .

Because o f  the complexity of th e  problem i t  may be expected t h a t  
c e r t a in  empirical re la t io n sh ip s  would not be u n iv e r s a l ly  v a l id  fo r  o th e r  
s i tu a t io n s .

In more recen t papers O'Brien and several o ther  au th o rs  recognized 
th is  problem and c e r ta in  m odif ica tions  of the  re l a t i o n s h ip  were pro­
posed.

In 1960 and in subsequent years  Bruun and G e rr i tsen  (3) a ttempted 
to  evalua te  the  e f f e c t  o f  various physical parameters on the  empirical 
s t a b i l i t y  equations. They introduced the concept of s t a b i l i t y  shear 
s t r e s s  ts and found th a t  t h i s  parameter was a useful parameter to  d e f in e  
i n l e t  s t a b i l i t y .  The v a r i a b i l i t y  o f  Ts with a number o f  physical para­
meters a f f e c t in g  i n l e t  s t a b i l i t y  was thereby in v e s t ig a te d .  A comprehen­
sive an a ly s is  i s  presented by Bruun (4) .
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A s a t i s f a c t o r y  so lu t io n  to  the s t a b i l i t y  equation (3) can only be 
obtained i f  th e  process o f  sediment tran spo r t  through the  channels can 
be ac cu ra te ly  described  by a sediment t r ansport  formula.

At p re s e n t  e x is t in g  knowledge does allow the desc r ip t io n  and 
c a lc u la t i o n  o f  t i d e s  and c u r ren ts  in an estuary in a s a t i s f a c to r y  
manner. Work o f  fundamental importance was done by Dronkers (6) fo r  
one-dimensional flow and by Leendertse (8) for two-dimensional t i d a l  
problems. However the s t a t e  o f  the a r t  regarding the  d e sc r ip t io n  o f  
the sediment t r a n s p o r t  phenomenon in an estuary is  not accu ra te  enough 
to  p r e d ic t  e ro s io n  and sedimentation ra te s  according to  equation (3 ) .

The Kalinske and Morra formulation has been used 1n combination 
with a one-dimensional t i d a l  model to p red ic t  morphological changes in  
the form o f  e ro s ion  and sedimentation r a t e s  for the Western Sche ld t .
The one-dimensional t i d a l  model does not adequately d is t in q u is h  between 
tr an sp o r t  through channels and over shoals .  Results o f  t h i s  approach 
can a t  b e s t  be q u a l i t a t i v e .

The problem is  magnified in  the outer estuary where a fo rm ula t ion  
is  req u ired  d e sc r ib ing  th e  sediment t ransport  as a function  o f  waves 
and c u r r e n ts  combined. Such a formulation was proposed by B ijker  (2 ) .

U n ti l  a s u f f i c i e n t l y  accurate  formulation fo r  the sediment t r a n s ­
port p rocesses  has been found an in terim solution may be u t i l i z e d ,  in  
which a mathematical model fo r  flow is  u t i l i z e d  to  c a lc u la te  the 
changes in  w ater  le v e l s  and c u r re n ts ,  and where the changes in  bottom 
configura t ion  are  p re d ic te d  from empirical re la t io nsh ip s  between flow 
parameters and channel dimensions. For t h i s ,  however, i t  i s  necessary  
tha t  th e se  empirical r e l a t i o n s h ip s ,  which have a s t a t i s t i c a l  na tu re ,  
are s u f f i c i e n t l y  accura te  to  use them as a pred ic tive  to o l .  The method 
to be ap p lied  i s  an i t e r a t i v e  scheme: the changes in t i d e  cond it ions
are p re d ic te d  using the numerical t id a l  hydraulics model; then channel 
p ro f i le s  a re  ad jus ted  based on the empirical re la t io n sh ip  between t i d e  
parameters and channel dimensions. The process i s  repeated  u n ti l  
s t a b i l i t y  cond it ions  a re  f u l f i l l e d .  I t  i s  the purpose o f  t h i s  paper 
to in v e s t i g a t e  a number o f  empirical re la tionsh ips  fo r  the whole o f  th e  
Western S ch e ld t ,  whereby the  channel cross-sect ion  i s  r e l a te d  t o a  
varie ty  of t i d a l  parameters such as ve loc i ty ,  t id a l  d isch a rge ,  t i d a l  
prism, bottom shear s t r e s s ,  Chézy co e f f ic ie n t ,  e tc .

The assumption i s  made th a t  ce r ta in  empirical r e l a t i o n s h ip s  a re  not 
only v a l id  f o r  the en trance  area but are applicable to  the inner  t i d a l  
channels as w e ll .

I t  i s  furthermore assumed and v e r i f ied  th a t  r i v e r  d ischarge i s  
neg lig ib le  compared to  t i d a l  discharge and that den s i ty  d i f f e r e n c e s  have 
no a p p re c iab le  e f f e c t  on the  sediment transport equation.

The u sefu lness  of various re la tionsh ips  will be evalua ted  from the 
ca lc u la ted  values of c o r r e la t io n  coe ff ic ien ts  obtained from the r e g r e s ­
sion a n a ly s i s .

In the  study the  c ro s s -se c t io n a l  area is t r e a te d  as th e  independent 
v a r ia b le ,  p lo t te d  on the  horizontal axis of the reg ress io n  diagrams.
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Flow parameters are then considered as a funct ion  of th e  c ro ss -  
sec t ional a rea .

Furthermore i t  must be noted t h a t  a l l  t i d a l  c h a r a c t e r i s t i c s  r e f e r  
to mean t i d a l  co n d i t io n s ,  unless o therw ise  s t a te d .

3. METHOD OF INVESTIGATION
Data used fo r  ana ly s is

The data  have been obtained from extensive  f i e ld  measurements 
ca rr ied  out by the Hydraulic Advisory sec t io n  of the R i jk sw a te rs ta a t  a t  
V lissingen over a number of years .

The basis  is  the s e t  of v e lo c i ty  measurements, s im ultaneously  
ca rr ied  out in d i f f e r e n t  s t a t i o n s ,  a t  depths ranging from a l i t t l e  below 
the su rface  to  a shor t  d is tan ce  above the bottom. Most of the measure­
ments were c a r r ie d  out with the O tt  c u r r e n t  meter, and included cu rren t  
d i r e c t io n s .  The measurements were always done twice on successive  days. 
Velocity measurements were in teg ra ted  to  flow values and flow values to 
t id a l  volumes. All flow data were reduced to mean t i d e  cond it ions  valid  
fo r  the y ea r  in  which the  measurements were c a r r ie d  o u t .  For t h i s  re ­
duction the t i d a l  range of the n e a re s t  t i d a l  s t a t i o n  was used as a r e f ­
erence. The reduction  was done in  a l i n e a r  fash ion ,  which has been 
shown to be an adequate procedure. Simultaneous measurements were 
usual ly  c a r r ie d  out in 5-7 s t a t i o n s  in  one p r o f i l e  in c ro s s - s e c t io n s  
numbered 1-11 in Figure 1. Simultaneous measurements were c a r r ie d  out 
in a re fe rence  s t a t i o n .  The v e r t i c a l  t i d e  was measured (continuously) 
a t  5 f ixed  t i d a l  s t a t i o n s  along the  e s tu a ry .  A d iscuss ion  on the  t id a l  
regime f o r  th e  Western Scheldt is  presen ted  by Daamen (5 ) .  The bottom 
of the Western Scheldt c o n s is ts  o f  f i n e  a l lu v ia l  sands, diameter d5Q =
40-450p. For th e  p ro f i l e s  12 and 13, s i tu a te d  in the  o u te r  p a r t  of  the 
estuary  (see Figure 1) i n s u f f i c i e n t  v e lo c i ty  measurements were av a i lab le  
to  form a r e l i a b l e  base fo r  the c a lc u la t i o n  of t i d a l  flow and t i d a l  
prism. Therefore these  values were c a lc u la te d  from th e  flow values fo r  
P ro f i le  11, using the  con t in u i ty  equa tion .  The p o ss ib le  e r r o r  in  the 
flow data i s  estim ated a t  ± 10%.

The c ro s s -s e c t io n a l  area  was used in two d i f f e r e n t  ways in  the 
an a ly s is  of reg ress ion  re l a t i o n s h ip s :

(1) the  area  Ac measured between bottom and the standard
refe rence  level N.A.P. (approximately equal to  Mean Sea 
l e v e l )

(2) the  area k'c measured between the  bottom and the water level 
a t  the  time the  flow (Q) has i t s  maximum value  (Qmax)

Reference is  made to  Figure 2. For the  ebb s i t u a t io n  Ac and A¿
are not much d i f f e r e n t .  For the f lo o d ,  however, th e re  is  a considerable  
d i f fe rence  between Ac and A^.
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Figure 2: Tide and Flow C h ara c te r is t ic s

Method o f  Analysis

The fo llow ing hydrau l ic  and morphological parameters were inc luded 
in the a n a ly s i s :

Qmax: maximum t id a l  flow through cross-section  (m3/ s e c )

flflood* ^ d a l  volume (/Q dt) during flood (m3)

£lfibb: t id a l  volume during ebb (m3)

Ac : c ro s s - s e c t io n a l  area  below NAP (~MSL) (m2)

A ';  c ross  sec t io n a l  area below level a t  which (1 v occurs (mz )
C Ilia A

Tg : s t a b i l i t y  sh ea r  s t r e s s  (N/m2)

C: Chézy c o e f f i c i e n t  (m ^ 2 sec"*)

A re g re s s io n  a n a ly s is  between morphological and hydrau l ic  p a ra ­
meters has been c a r r ie d  out fo r  various c ro ss -sec t io n s  (F ig . 1 ) .  The 
s t a t i s t i c a l  s ig n i f i c a n c e  o f  the  re la t io n sh ip  te s ted  i s  expressed by the  
value o f  th e  c a lc u la te d  c o r r e la t io n  c o e f f i c i e n t .

In the  reg ress io n  a n a ly s is  the c ro s s -sec t io n  i s  used as the in d e ­
pendent param eter ,  and i s  p lo t ted  h o r izo n ta l ly  in various graphs.

In Bruun and G err i tsen  (3) the s t a b i l i t y  shear s t r e s s  was used as 
a param eter of t i d a l  i n l e t  c ro ss -sec t ion a l  s t a b i l i t y .  I t  was def ined  as 
the mean bottom shear s t r e s s  along a c ro ss -sec t ion a l  p r o f i l e  a t  maximum 
flow c o n d i t io n s  during sp r ing  t id e .

V: mean v e lo c i ty  over t i d a l  period (m sec- *)

vmax: maxi,I,Llln v e lo c i ty  (m sec- *)
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The use o f  s p r in g t id e  was se le c te d  because bedforming flow condi­
t ions  occur during t h a t  phase of the  t i d e .  To some degree th i s  co r ­
responds with the  c a lc u la t io n  of the  t i d a l  prism in O 'Brien (9) where 
fo r  the U.S. West Coast the  d i f f e re n c e  between MHHW and MLLW is  used 
as bas is  fo r  the  c a lc u la t io n s .

In t h i s  study a l l  da ta  have been referenced to  mean t i d e  condi­
t io n s ;  regarding the s t a b i l i t y  shear  s t r e s s  values with reference  to 
both mean t id e  and sp r in g t id e  were c a lc u la te d .

The general formulation of the  mean shear s t r e s s  in  a channel 
c ro s s -sec t io n  may be given by:

t  = pgRS (4)

where R i s  the hydraulic  radius of th e  channel and S th e  s lope of the 
energy g rad ie n t  l in e .

Using the Chêzy expression fo r  the  average channel v e lo c i ty  v:

V = C /RS" (5)

The mean shear s t r e s s  can be expressed in  terms of v:

t = P9 ^7  (6)

and s ince v = a lso  in  terms o f  Q:

Q2
T = P9 w  (7)

From equation (7) the  s t a b i l i t y  shear  s t r e s s  i s  defined by:

T S  -  pg j i p -  (a)

where Qmax i s  the maximum t id a l  flow during sp r in g t id e  fo r  e i t h e r  ebb or 
flood co n d it io ns .

From equation (8) the c ro s s -s e c t io n a  area A can be expressed in 
terms o f  s t a b i l i t y  shear  s t r e s s  by th e  equation:

A = (9 )
C A 's /pg

In a c o r r e la t io n  diagram between Qmax and A a l i n e  under 45°

c / í ¡ 7 p g
w ill  be obtained i f  proper values f o r  C and t s  are  in troduced .

For the c ro s s - s e c t io n  value in  equation (9) both the  q u a n t i t i e s  Ac
and A¿ have been u t i l i z e d  in the reg re ss io n  a n a ly s is .
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S t a b i l i t y  sh e a r  s t r e s s  f o r  a combined e f f e c t  of cu rren t  and wave 
cond it ions-.

cu rren ts  i s  a f f e c t e d  by waves.

As a f i r s t  a t tem pt to  eva lua te  the e f f e c t  o f  wave ac t io n  on the  
s t a b i l i t y  shear  s t r e s s  parameter the formula developed by B ijk e r  (2) was 
used to  d e sc r ib e  the  bedload tr an sp o r t  as a function  of waves and cu r ­
rents.  I t  i s  r e a l i z e d  t h a t  the  bottom sediment in t h i s  area i s  compara­
tiv e ly  f i n e  and th e r e fo re  t r a n s p o r t  in suspension dominates. The use o f  
the B i jk e r  formula may s t i l l  be valid  because of the r e l a t i o n s h ip  b e t ­
ween bedload t r a n s p o r t  and t r a n sp o r t  in suspension.

The B i jk e r  formula can be w ri t ten  in  the  form:

where Qb = bedload t r a n s p o r t
B = d im ension less  c o e f f i c i e n t  
C = Chézy c o e f f i c i e n t

xc = bottom shear s t r e s s  from cu r ren ts  only 
v = mean v e lo c i ty  over p ro f i le

Uq = maximum o r b i t a l  v e lo c i ty  near th e  bottom induced by waves
ps  -  P

A = r e l a t i v e  sediment densi ty  = — -—

P = d e n s i ty  of sea water 
Ps = d e n s i ty  o f  sediment 

g = a c c e l e r a t i o n  o f  g rav i ty  
y = r i p p l e  c o e f f i c i e n t
ç = f a c t o r  to  inc rea se  shear s t r e s s  in a combination o f  c u r r e n t  

and waves

An e q u iv a le n t  shear  s t r e s s  t '  i s  now defined i n s u c h  a manner t h a t  
t r a n sp o r t  by c u r r e n t s  and waves and shear s t r e s s  i s  equal to  the  
t r a n sp o r t  w ith o u t  waves and shear s t r e s s  t s .

This g iv es  the r e l a t i o n s h ip :

In the  o u te r  p a r t  o f  th e  estuary  th e  sediment t r a n s p o r t  by t i d a l

0.27ADpg

( 10)

0 . 2 7  ADpg

(11)
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The values of Ts can be c a lc u la te d  using the  above r e la t io n s h ip  
and can be used in s t a b i l i t y  r e l a t i o n s h ip s  fo r  the  o u te r  e s tuary  (pro­
f i l e s  12, 13, Figure 1).  The value o f  u0 i s  r e la te d  to  wave he igh t ,  
wave period and depth.

4. RESULTS OF INVESTIGATIONS

Mean t i d a l  ve lo c i ty  (v)

In p as t  s tu d ie s  (v .d ,  Kreeke and Haring, (7 ) ) ,  the  mean t i d a l  
v e lo c i ty  has been used as a re fe ren ce  v e lo c i ty  fo r  s t a b i l i t y .  I t s  
value is  defined by:

v = fiflood + ^ebb 
AT

where flf lood ,  ^ebb are r e s p e c t iv e ly  the  flood and ebb volumes o f  a 
t i d a l  cyc le ,  a lso  c a l led  t i d a l  prism.

Figure 3 shows the  value of t h i s  v e lo c i ty  along th e  ax is  o f  the 
es tuary ,  as well as the c ro s s - s e c t io n a l  a reas  a t  the same lo c a t io n s .

x l O 3

50.

A
c

100  -

50' V ( m / s e c )

1 . 2 0

0.80

0.40

0 20 40 60 SO km
Figure 3: V aria t ion  in c ro s s - s e c t io n a l  area and t i d a l  v e lo c i ty ,

v, along lo n g i tu d in a l  a x is  o f  the estuary«

The geometry of the  es tuary  shows p r o f i l e s  a t  s t a t i o n s  7 and 11 to  
be sm aller  than would be expected from the  general t r en d  due to  r e ­
s t r i c t i o n s  in the na tura l  width a t  these  lo ca t io n s .  The graph fo r  the 
mean t id a l  v e lo c i t i e s  show bumps in  these  lo c a t ion s  (7 ,11 )  accordingly.
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The general t rend  i s  a f a i r l y  constant value o f  0.55 m/sec fo r  v 
fo r  the upper 30 km and a decrease  in value fo r  the ou te r  po r t ion  of 
the  e s tuary  ( p r o f i l e s  12, 13) to  0.45 m/sec.

Maximum t i d a l  v e lo c i t i e s  (vmaxl

The trend  in  maximum v e lo c i t i e s  i s  shown in Figure 4. Maximum 
flood v e l o c i t i e s  are  considerab ly  higher than  maximum ebb v e lo c i t i e s  
and show g r e a t e r  modulations. P art  of t h i s  i s  due to th e  width re ­
s t r i c t i o n s  in p r o f i l e s  7 and 11. In p r o f i l e  7 the maximum flood 
v e lo c i ty  (averaged over p r o f i l e )  is  1.25 m/sec.

Seaward o f  p r o f i l e  11 maximum v e lo c i t i e s  also decrease s i g n i f i ­
can tly  in  seaward d i r e c t io n .

/  n. Flood

* 109 E b b ' - - —

0 20 40 60 ¿0 kin

Figure 4: V aria t ion  in  c ro s s -sec t io na l  area and maximum t id a l
v e lo c i ty ,  Vmax, along longitud inal  ax is  of the  es tua ry

Maximum flow (Qmax)

In e a r l i e r  s tud ies  (Bruun and G e rr i tsen ,  ( 3 ) ) ,  i t  was found t h a t  
Qmax was a usefu l  parameter to  ch a rac te r ize  a s tab le  channel.  This was 
confirmed in  t h i s  study.

I t  appears from the  an a ly s is  th a t  th e  use of Ac g ives a s l i g h t l y  
b e t t e r  r e s u l t  than th a t  of A¿ (contrary to  ex pec ta t ion s ) .

Figure 5 gives th e  reg ress ion  using the  A¿ fo r  f lood  and ebb.
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Figure 5: Regression Qmax versus Ac
(A) Flood; (B) Ebb.

The d o t t e d  l in e  i s  f o r  Qmax = Ac ( in  metric  u n i t s ) .  Flood flows 
are  somewhat h igher  and ebb flows somewhat lower than t h i s  dotted  l i n e  
r e l a t i o n s h ip .

This corresponds to higher maximum flood c u r re n ts  compared t o  the  
maximum ebb c u r r e n t  as shown in Figure 4. The p r o f i l e s  12 and 13 do 
f i t  th e  genera l  r e l a t i o n s h ip  fo r  f lood  bu t they do not f i t  the r e l a ­
t io n sh ip  fo r  ebb.
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The s in u so id a l  maximum flow (Q)

Another u se fu l  parameter f o r  reg ress ion  a na ly s is  i s  th e  s inuso ida l  
maximum flow, Q, de f ined  by

Q = i r ^ f lo o d  + nebb^
2T

The c o r r e l a t i o n  Q versus Ac , has a c o r r e l a t i o n  c o e f f i c i e n t  o f
0.990, f o r  p r o f i l e s  1-11.

Van de Kreeke and Haring (7) found f o r  th e  re l a t i o n  between (} and 
Ac ( fo r  i n l e t  p o r t io n  on ly ) :

Ac = 1.117 Q 
This study g iv es  ( fo r  p r o f i l e s  1-11 only)

Ac = 1.08 Q
w ith  p r o f i l e s  12 and 13 d ev ia t in g  from t h i s  r e la t io n s h ip .

Tidal prism (si)

The c o r r e l a t i o n  between t i d a l  prism and c ro s s -sec t io n a l  a re a  Ac 
i s  shown in  F igure  6 f o r  f lood  and ebb.

The s o l id  l i n e s  r e p re se n t  the  average reg ress ion  f o r  p r o f i l e s  
1-11. The d i f f e r e n c e  betweeen the  l ines  f o r  ß f ] 00cj ar|d f o r  £ 1 ^  is
very sm all .

Again the  p r o f i l e s  12 and 13 do not f i t  the  average re l a t i o n s h ip  
fo r  the p r o f i l e s  1-11. The d ev ia t ions  a re  almost equal f o r  f lood  and 
fo r  ebb.

S t a b i l i t y  sh e a r  s t r e s s  (ts )

In o rder  t o  s a t i s f y  the  id e n t i t y  expressed in  equation  (9) a 
c e r ta in  value f o r  the s t a b i l i t y  shear s t r e s s  must be s e l e c t e d .  Again 
i t  was found t h a t  the behavior of p ro f i le s  12 and 13 d i f f e r e d  from the  
other p r o f i l e s  (1 -11) .  The values of the s t a b i l i t y  shear s t r e s s  which 
had to  be in troduced  to  ob ta in  a s a t i s f a c to r y  id e n t i ty  a re  p resen ted  
in  tab le  1. Values are  given fo r  mean t i d e  as well as f o r  sp r in g  t i d e .
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F I noel

F ig u re  6 : R e g re s s io n  11 v e rsu s  A( 

(A) F lo o d ; (B) Ebb.
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T a b le  1 .  V alues of s t a b i l i t y  shear s t r e s s ,  p ro f i le s  1-11 (N/ni2)

T i de Average xs 
(1-11)

Ts (ebb) Ts (flood)

(1-5) (6-11) (1-11)

Mean t i d e 3.90 4.00 4.90 3.30
S p r i n g  t i d e 5.00 5.00 6.50 4.30

F o r  t h e  c a l c u l a t i o n  of th e  required values o f  ts , values fo r  the 
C hêzy c o e f f i c i e n t  must be introduced. Based on e a r l i e r  s tu d ie s  in  the 
W e s te rn  S c h e l d t  (Beyl ( 1 ) )» the  following r e la t io n sh ip s  were used to 
c a l c u l a t e  C:

f l o o d :  C = 56.9 v8 ' ^ 8 m ^ / s e c .

eb b :  C = 42.9 v0-28 m1/2/s ec .

The r e s u l t s  o f  the reg ress ion  ana ly s is  (based on Ac) are  shown in 
F i g u r e  7 ,  i n d i c a t i n g  good agreement fo r  p r o f i l e s  1-11. In sec t ion  3 
i t  was p ro p o s e d  to  ad ju s t  the  s t a b i l i t y  shear s t r e s s  in  areas where 
c u r r e n t s  and  waves a f f e c t  the  sediment tran spo r t .A  method to ca lcu la te  a 
r e p r e s e n t a t i v e  sh e a r  s t r e s s ,  based on the B ijker formula, was suggested.

I n t r o d u c i n g  th e  modified s t a b i l i t y  shear s t r e s s  i s  as proposed in 
s e c t i o n  3 ,  c o r r e c t i o n s  fo r  the  p ro f i le s  12 and 13 can be made. These 
a r e  shown a s  12a and 13a in Figures 7A and B. Regarding Figure 7A which 
d e s c r i b e s  f l o o d  c o n d i t io n s ,  the  co rrec tions  fo r  p ro f i le s  12 and 13 to 
p o i n t s  12a and  13a bring  the  l a t t e r  very well in agreement with the 
o t h e r  p r o f i l e s .  For the ebb, (Figure 7B) th e re  i s  considerable improve­
ment b u t  t h e  f i t t i n g  of 12a and 13a in to  the  general curve i s  not quite 
s a t i s f a c t o r y .  A p o ss ib le  reason fo r  the d if fe re n c e  between flood and 
ebb  may l i e  i n  th e  way the Chezy c o e f f ic ie n ts  were c a lcu la ted .  The 
C -v a lu e s  u s e d  in  th e  c a lc u la t io n s  may dev ia te  from the ac tua l C-values 
f o r  t h o s e  p r o f i l e s .

O v e r a l l ,  however, the  method suggested seems to be promising to 
b r i n g  a l l  d a t a  o f  th e  e n t i r e  es tuary  into one regression  re la t io n sh ip .

F lood  a n d  ebb channels

For v a r i o u s  flow parameters c o r re la t io n s  have been determined for  
a  number o f  w e l l  def ined  flood  and ebb channels.

In  g e n e r a l  c o r r e la t io n  c o e f f ic ie n ts  of the same order of magnitude 
w ere fou nd .
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5. CONCLUSIONS

The study of the  s t a b i l i t y  r e l a t i o n s h ip s  fo r  the  Western Scheldt 
Estuary has led to th e  following conclus ions:

(1) The c o r r e la t io n  c o e f f i c i e n t  (y) fo r  th e  reg ress io n  between various 
flow parameters and the c ro s s - s e c t io n a l  a re a ,  fo r  p r o f i l e s  1-11, 
decreases in the following o rd e r :

(2) For the  separa te  t i d a l  channels the same sequence i s  found fo r  th e  
flood channels.  For the ebb channels the sequence i s  1-3-2.

(3) P ro f i le s  12 and 13 g enera l ly  dev ia te  from the  reg ress ion  r e l a t i o n ­
sh ips e s tab l i sh e d  fo r  p ro f i l e s  1-11. Exceptions a re  the  r e l a t i o n ­
ships Q versus A_ and Q versus A¿ fo r  flood .

l i l ax  C IllaX fL
, , Omax
(4) P ro f i le s  12 and 13 a lso  f i t  in the  r e la t io n s h ip  c/Tr7pg~ versus

A¿, fo r  flood i f  t s  is  ad jus ted  to  i s  accounting f o r  wave ac tion .

(5) The values fo r  xs found fo r  th e  Western Scheldt corresponds very 
well w ith  the values e s ta b l i sh ed  by Bruun and G err i tsen  (3).

(6) The e s tab l i sh e d  re la t io n sh ip s  have c o r r e la t io n  c o e f f ic ie n ts  
between 0.95 and 0 .99 .  I t  appears th a t  these  re la t io n sh ip s  may be 
u t i l i z e d  in one-dimensional t i d a l  models fo r  the c a lc u la t io n  of 
changes in  p ro f i le s  as a r e s u l t  o f  changes in ex te rna l  boundary 
con d it io ns  such as in  dredging o p e ra t io n s .

versus A¿ : Yflood = 0.994

C / x s/pg Yebb = 0.995

versus A„ : c Yflood = 0.988

Yebb = 0.991

versus A Yflood = 0.978

Yebb = 0.985
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