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

Scour i s t h e l o w e r i n g o f t h e sea o r r i v e r - b e d as a r e s u l t o f n o n - e q u i l i b r i u m 

s e d i m e n t t r a n s p o r t c o n d i t i o n s and can be d i v i d e d i n t o s e v e r a l c a t e g o r i e s . L o c a l 

s c o u r , w h i c h may o c c u r a t t h e base o f a s t r u c t u r e because o f t h e a f f e c t e d f l o w 

p a t t e r n , can s e v e r e l y endanger t h e s t a b i l i t y o f t h i s s t r u c t u r e . Many v a r i e t i e s o f 

l o c a l - s c o u r systems downstream f r o m h y d r a u l i c s t r u c t u r e s e x i s t , each w i t h i t s own 

p a r t i c u l a r geometry and hence l o c a l s c o u r mechanism. 

The p r e d i c t i o n o f l o c a l - s c o u r h o l e s t h a t d e v e l o p downstream f r o m h y d r a u l i c 

s t r u c t u r e s p l a y s an i m p o r t a n t r o l e i n t h e i r d e s i g n . E x c e s s i v e l o c a l s c o u r can 

p r o g r e s s i v e l y undermine t h e f o u n d a t i o n o f a s t r u c t u r e . Because c o m p l e t e p r o t e c t i o n 

a g a i n s t s c o u r i s t o o e x p e n s i v e g e n e r a l l y , t h e maximum s c o u r - d e p t h and t h e u p s t r e a m 

s l o p e o f t h e s c o u r h o l e have t o be p r e d i c t e d t o m i n i m i z e t h e r i s k o f f a i l u r e . 

I n 1961 a s y s t e m a t i c a l r e s e a r c h w i t h r e s p e c t t o s c o u r h o l e s s t a r t e d i n t h e 

N e t h e r l a n d s a t D e l f t H y d r a u l i c s w i t h i n t h e scope o f t h e D e l t a w o r k s . A f t e r t h e 

c a t a s t r o p h i c f l o o d d i s a s t e r i n 1953 t h e D e l t a p l a n was made t o p r o t e c t t h e Rhi n e -

Meuse-Scheldt d e l t a f o r f u t u r e d i s a s t e r s . Dams w i t h l a r g e s c a l e s l u i c e s were 

p l a n n e d i n some e s t u a r i e s . The s e v e r e s c o u r e x p e c t e d n e c e s s i t a t e d a b e t t e r 

u n d e r s t a n d i n g o f t h e s c o u r p r o c e s s . 

To f i n d d e t a i l e d i n f o r m a t i o n about t h e p h y s i c a l p r o c e s s e s p l a y i n g a r o l e i n s c o u r 

many e x p e r i m e n t s were c a r r i e d o u t , i n w h i c h v a r i o u s p a r a m e t e r s o f t h e f l o w and t h e 

s c o u r e d m a t e r i a l were v a r i e d . From t h e r e s u l t s o f e x p e r i m e n t s i n f l u m e s w i t h a l l 

d i f f i c u l t i e s o f s c a l e e f f e c t s and l i m i t a t i o n s i n i n s t r u m e n t a t i o n some e m p i r i c a l 

r e l a t i o n s were o b t a i n e d , w h i c h d e s c r i b e t h e e r o s i o n p r o c e s s as f u n c t i o n o f t i m e 

and p l a c e ( B r e u s e r s , 1966). 

I n t h e s e e m p i r i c a l r e l a t i o n s a n o t w e l l d e f i n e d t u r b u l e n c e c o e f f i c i e n t was 

i n t r o d u c e d . Up t o now t h i s c o e f f i c i e n t was r e l a t e d t o t h e geometry u p s t r e a m o f t h e 

s c o u r h o l e , w h i c h r e l a t i o n was based on t r i a l and e r r o r . Based on t h e o r e t i c a l 



grounds an a n a l y t i c a l r e l a t i o n f o r t h e de p t h - a v e r a g e d t u r b u l e n c e i n t e n s i t y i s 

d e r i v e d i n t h i s paper. T h i s r e l a t i o n , w h i c h i m p l i e s a m o d i f i c a t i o n o f t h e 

t u r b u l e n c e c o e f f i c i e n t i n t h e Br e u s e r s s c o u r f o r m u l a , i s v e r i f i e d u s i n g 

a p p r o x i m a t e l y 300 e x p e r i m e n t s . 

The m o d i f i e d s c o u r f o r m u l a y i e l d s r e s u l t s t h a t compare r e a s o n a b l y w e l l t o measured 

and computed developments o f a s c o u r h o l e i n case o f a u n i f o r r a f l o w u p s t r e a m o f 

t h e s c o u r h o l e c o r r e s p o n d i n g w i t h a l a r g e p r o t e c t e d bed a r e a . The c o m p u t a t i o n s 

were based on t h e t w o - d i m e n s i o n a l N a v i e r - S t o k e s and c o n v e c t i o n - d i f f u s i o n e q u a t i o n s 

(Hoffmans, 1992). The p r e s e n t paper aims a t e x t e n s i o n o f t h e domain o f a p p l i c a t i o n 

o f t h e s c o u r f o r m u l a t o n o n - u n i f o r m f l o w c o n d i t i o n s u p s t r e a m . 

2. S e m i - e m p i r i c a l scour approach 

G e n e r a l l y t h e s c o u r p r o c e s s i s d e t e r m i n e d by f l o w and sediment c h a r a c t e r i s t i c s . 

The s e d i m e n t t r a n s p o r t i s m a i n l y dependent on t h e bed s h e a r - s t r e s s and t h e 

t u r b u l e n c e c o n d i t i o n n e a r t h e bed on t h e one hand and t h e d e n s i t y o f t h e bed 

m a t e r i a l , t h e s e d i m e n t - s i z e d i s t r i b u t i o n and t h e p o r o s i t y o f t h e ( n o n - c o h e s i v e ) 

m a t e r i a l on t h e o t h e r hand. Based on many c l e a r - w a t e r s c o u r o b s e r v a t i o n s B r e u s e r s 

(1966) r e p o r t e d t h a t t h e s c o u r p r o c e s s c o u l d be w r i t t e n as: 

where f, = / ^ . ^ ^ ' A*" l"'"' Re'' ^ = 1 

I n e q u a t i o n (1) i s t h e maximum s c o u r - d e p t h , i s t h e i n i t i a l f l o w - d e p t h , t 

i s t h e t i m e , ƒ, i s t h e c h a r a c t e r i s t i c t i m e a t w h i c h y„=K > =" QKBh^ i s 

t h e mean f l o w - v e l o c i t y , Q i s t h e d i s c h a r g e , B i s t h e w i d t h o f t h e f l o w , 

r„ = (aï^-IT)/!^ i s a t r a n s p o r t p a r a m e t e r , IT i s t h e d e p t h - a v e r a g e d c r i t i c a l 

f l o w - v e l o c i t y a ccording t o S h i e l d s , A 

i s t h e r e l a t i v e d e n s i t y , 

Fr ^TF^igh^'^-^ i s t h e Froude num

b e r , g i s t h e a c c e l e r a t i o n o f 

g r a v i t y , Re = U^hJv i s t h e Reynolds 

number, i s t h e k i n e m a t i c v i s 

c o s i t y and y /31 t o j34 

and a a r e c o e f f i c i e n t s ( t a b l e 1 ) . 

I n t h e t r a n s p o r t p a r a m e t e r , 

w h i c h can be i n t e r p r e t e d as a 

measure f o r t h e e r o s i o n c a p a c i t y i n 

t h e s c o u r h o l e , t h e t u r b u l e n c e i s 

r e p r e s e n t e d by t h e t u r b u l e n c e c o e f 

f i c i e n t a . A c c o r d i n g t o B r e u s e r s 

t h e t u r b u l e n c e c o e f f i c i e n t a i s 

r e l a t e d t o ( r e l a t i v e t u r b u l e n c e 

i n t e n s i t y , s e c t i o n 3.3) a t t h e t r a n 

s i t i o n o f t h e f i x e d t o t h e e r o d i b l e 

bed. Hence t h e l o c a l b e d - t u r b u l e n c e 

i n t h e s c o u r h o l e i s n o t i n c l u d e d i n 

a . Though t h i s i s somewhat con-

phaso I 

(initiatioD) (dcvcloprocot) 

phase 4 

(eqtnUbriiun) 

Figure 1 Development of the scour process 



t r o v e r s i a l , t h e used approach i s f o l l o w e d because o f i t s s i m p l i c i t y . 

The d e f i n i t i o n o f t h e exponent 7 i n e q u a t i o n (1) i s n o t o b t a i n e d u n a m b i g u o u s l y . 

Only i n t h e development phase (phase 2) a more o r l e s s c o n s t a n t v a l u e o f 7 

a p p l i e s , f i g u r e 1. 

A f t e r a f u r t h e r e x t e n s i v e e v a l u a t i o n o f t h e enormous amount o f d a t a o f b o t h two 

and t h r e e - d i m e n s i o n a l s c o u r e x p e r i m e n t s t h e c o e f f i c i e n t s i n t h e s c o u r r e l a t i o n s 

were r e a d j u s t e d ( J o r i s s e n and V r i j l i n g , 1 9 8 9 ) . Besides t h e s e D u t c h r e s e a r c h 

a c t i v i t i e s many o t h e r i n v e s t i g a t o r s e.g. D i e t z (1969) and Zanke (Hoffmans, 1992) 

c o n t r i b u t e d t o t h e s c o u r r e s e a r c h . These r e s e a r c h a c t i v i t i e s c o n f i r m e d t h e 

e m p i r i c a l r e l a t i o n s o f B r e u s e r s , a l t h o u g h w i t h d i f f e r e n t v a l u e s f o r t h e e m p i r i c a l 

c o e f f i c i e n t s ( t a b l e 1 ) . 

The d i f f e r e n c e s between t h e c o e f f i c i e n t s o b t a i n e d by c a l i b r a t i n g t h e measurements 

a r e g e n e r a l l y s m a l l and may be due t o t h e d i f f e r e n t method c a l c u l a t i o n . A l s o t h e 

number o f e x p e r i m e n t s and t h e r e a c h o f t h e h y d r a u l i c and m a t e r i a l p a r a m e t e r s p r o v e 

n o t t o be i n s i g n i f i c a n t c o n s i d e r i n g t h e 'improved' c o n s t a n t s . 

i32 /J3 j34 a 

Breusers (1966) 0.94 -4.0 1.62 -2.7 -0.3 l+3r„ 

Dietz (1969) 9.95 -4.0 1.75 -2.5 -0.5 l+3r„ 

Jorissen and Vrijling (1989) 17.1 -4.3 2.0 -2.87 -0.43 1.5+5r„ 

Table 1 Empirical coefficients in scour formula (equation 1) 

3. Turbulence p a r a m e t e r s 

3.1 General 

U s u a l l y a s i l l has t h e f u n c t i o n o f a f o u n d a t i o n f o r a c l o s u r e dam i n an a l l u v i a l 

r i v e r o r e s t u a r y . I n a r i v e r t h e f l o w o v e r a s i l l i s m o s t l y u n i d i r e c t i o n a l . S i l l s 

w i t h a b r o a d o r a s h a r p c r e s t and s i l l s w i t h and w i t h o u t a bed p r o t e c t i o n can be 

d i s t i n g u i s h e d . N o r m a l l y t h e f l o w above a s i l l i s s u b c r i t i c a l , b u t d e p e n d i n g on t h e 

w a t e r l e v e l downstream f r o m t h e s i l l t h e f l o w can become s u p e r c r i t i c a l . I n t h i s 

s t u d y o n l y s u b c r i t i c a l f l o w i s c o n s i d e r e d . 

decsleratioi] zone reallached shear-layer 

3.2 Nature of the flow 

I n a n a l o g y o f t h e d i s t r i b u t i o n o f c h a r a c t e r i s t i c f l o w p a t t e r n s i n s c o u r h o l e s 

(Hoffmans, 1992) t h e f o l l o w i n g f l o w zones can be d i s t i n g u i s h e d downstream f r o m a 

s i l l : a m i x i n g l a y e r , a r e c i r c u l a t i o n zone, a r e l a x a t i o n zone and a new w a l l -

boundary l a y e r , f i g u r e 2. 

I n t h e d e c e l e r a t i o n zone, t h e s e p a r a t e d 

s h e a r - l a y e r appears t o behave much l i k e 

an o r d i n a r y p l a n e m i x i n g l a y e r . A 

r e c i r c u l a t i n g f l o w d e v e l o p s b e h i n d t h e 

s i l l . The u n d e r s i d e o f t h e shear l a y e r 

c u r v e s s h a r p l y downwards t o t h e p o i n t 

o f r e a t t a c h m e n t . B o t h i n t h e m i x i n g 

l a y e r and i n t h e r e c i r c u l a t i o n zone t h e 

rcallacbmciil poipl/ 

Figure 2 Flow regions 



f l o w i s v e r y u n s t e a d y and h i g h l y t u r b u l e n t . Downstream f r o m t h e p o i n t o f 

r e a t t a c h m e n t , t h e t u r b u l e n c e energy and t h e d i s s i p a t i o n r a t e o f t h e t u r b u l e n c e 

energy decay r a p i d l y . S i m u l t a n e o u s l y , a new w a l l - b o u n d a r y l a y e r d e v e l o p s and 

spreads i n t o t h e r e l a x a t i o n zone ( t h e o u t e r p a r t o f t h e r e a t t a c h e d s h e a r - l a y e r ) . 

Measurements o f T r o u t t e t a l (1984) have shown t h a t b e h i n d a b a c k w a r d - f a c i n g s t e p 

t h e f l o w i n t h e r e l a x a t i o n zone s t i l l has most o f t h e c h a r a c t e r i s t i c s o f a f r e e 

s h e a r - l a y e r f l o w as much as 50 s t e p h e i g h t s downstream f r o m r e a t t a c h m e n t . T h i s 

o b s e r v a t i o n d e m o n s t r a t e s t h e p e r s i s t e n c e o f t h e l a r g e - s c a l e e d d i e s , w h i c h a r e 

de v e l o p e d i n t h e m i x i n g l a y e r . 

3.3 Turbulence energy and relative turbulence intensity-

Based on t h e o r e t i c a l grounds a r e l a t i o n i s d e r i v e d f o r t h e t u r b u l e n c e c o e f f i c i e n t a 

i n t h e t r a n s p o r t p a r a m e t e r i n e q u a t i o n 1 ( s e c t i o n 3 . 4 ) . I n t h i s r e l a t i o n a i s 

r e l a t e d t o a t t h e t r a n s i t i o n o f t h e f i x e d t o t h e e r o d i b l e bed. The p a r a m e t e r 

i s t h e d e p t h - a v e r a g e d r e l a t i v e t u r b u l e n c e i n t e n s i t y o f t h e l o n g i t u d i n a l t u r b u l e n c e 

v e l o c i t y component. The l o n g i t u d i n a l component i s o n l y c o n s i d e r e d because t h i s was 

t h e o n l y component measured i n g e n e r a l . 

B e f o r e e x a m i n i n g t h e t u r b u l e n c e e n e r g y downstream f r o m a s i l l i n more d e t a i l some 

d e f i n i t i o n s a r e g i v e n . The ( k i n e t i c ) t u r b u l e n c e e n e r g y k and r e s p e c t i v e l y 

a r e d e f i n e d by ( H i n z e , 1975): 

k = 'A iJFiF + W + WW) 

( 3 ) 

i n w h i c h t h e t e r m s u' , v' and w' a r e t h e f l u c t u a t i n g f l o w - v e l o c i t i e s i n 

t h e l o n g i t u d i n a l , t r a n s v e r s e and v e r t i c a l d i r e c t i o n r e s p e c t i v e l y . 

Combining e q u a t i o n s 2 and 3 and u s i n g measurements o f Nezu (1977) t h e t u r b u l e n c e 

energy a v e r a g e d o v e r t h e d e p t h i s f o r u n i f o r m - f l o w c o n d i t i o n s : 

'kiz)dz = (r,U,J 
(4) 

For n o n - u n i f o r m f l o w , measurements o f v a n M i e r l o & de R u i t e r (1988) have shown 

t h a t t h e t u r b u l e n c e energy i n t h e c e n t r e o f t h e m i x i n g l a y e r grows r a p i d l y 

t o a maximum. Downstream f r o m t h e p o i n t o f r e a t t a c h m e n t t h i s t u r b u l e n c e e n e r g y i n 

t h e r e l a x a t i o n zone decreases g r a d u a l l y a g a i n and becomes s m a l l compared t o t h e 

t u r b u l e n c e e n e r g y g e n e r a t e d by t h e bed i n t h e d e v e l o p i n g new w a l l - b o u n d a r y l a y e r . 

The t u r b u l e n c e e n e r g y g e n e r a t e d i n t h e m i x i n g l a y e r v a n i s h e s f o r r e l a t i v e l y l a r g e 

v a l u e s o f x , i . e . , where t h e new w a l l - b o u n d a r y l a y e r i s w e l l d e v e l o p e d . Then 

t h e t u r b u l e n c e e n e r g y t e n d s t o an e q u i l i b r i u m v a l u e , w h i c h l a r g e l y c o n s i s t s o f 

t u r b u l e n c e g e n e r a t e d a t t h e bed. 

To a n a l y z e t h e decay o f t h e t u r b u l e n c e e n e r g y i n t h e r e l a x a t i o n zone k^ an 

an a l o g y w i t h t h e decay o f k and t h e d i s s i p a t i o n i n g r i d t u r b u l e n c e can be used. 

When t h e zone downstream o f t h e p o i n t o f r e a t t a c h m e n t i s c o n s i d e r e d and t h e 

p r o d u c t i o n and d i f f u s i o n t e r m s i n t h e t r a n s p o r t e q u a t i o n s o f t h e t u r b u l e n c e e n e r g y 



and t h e d i s s i p a t i o n a r e n e g l e c t e d , k can be g i v e n by (Hoffmans, 1992) : 

X -X, 
1 + 1 

(5) 
for X ^ x„ 

i n w h i c h x i s t h e l o n g i t u d i n a l c o o r d i n a t e , x^ i s t h e x - c o o r d i n a t e where t h e 

f l o w r e a t t a c h e s t h e bed, X i s a r e l a x a t i o n l e n g t h and ( = -1.08) i s a 

c o e f f i c i e n t , w h i c h i s d i r e c t l y r e l a t e d t o t h e t u r b u l e n c e c o e f f i c i e n t s used i n k-£-

models. 

The h y p o t h e s i s o f s e l f - p r e s e r v a t i o n r e q u i r e s a c o n s t a n t t u r b u l e n c e e n e r g y i n t h e 

m i x i n g l a y e r up t o t h e p o i n t where t h e b o u n d a r i e s have reached t h e s u r f a c e and t h e 

bed. An a p p r o p r i a t e v a l u e i s (Hoffmans, 1 9 9 2 ) t 

K - cJ? <" 

i n w h i c h (=0.045) i s a c o e f f i c i e n t and U i s t h e d e p t h - a v e r a g e d f l o w 

v e l o c i t y above t h e s i l l . 

The t u r b u l e n c e energy averaged o v e r d e p t h f r o m w h i c h can be d e t e r m i n e d , 

downstream f r o m a s i l l can be g i v e n by: 

«0 
l.\k{x,z)dz = ;?,^-,(x) + c,ul{x) 

(7) 

i n w h i c h m. i s t h e bed s h e a r - v e l o c i t y and /Ĵ  (=0.5) i s a c o e f f i c i e n t 

(Hoffmans, 1 9 9 3 ) . A c t u a l l y t h e bed s h e a r - v e l o c i t y v a r i e s i n t h e st r e a m w i s e 

d i r e c t i o n . I n t h e r e c i r c u l a t i o n zone t h e bed s h e a r - v e l o c i t y i s r e l a t i v e l y s m a l l 

and even z e r o i n t h e r e a t t a c h m e n t p o i n t . Downstream f r o m t h e p o i n t o f r e a t t a c h m e n t 

t h e bed s h e a r - v e l o c i t y t e n d s r a p i d l y t o t h e e q u i l i b r i u m v a l u e c o r r e s p o n d i n g t o 

u n i f o r m - f l o w c o n d i t i o n s f o r w h i c h a p p l i e s = 1.45 . 

The l e n g t h o f t h e bed p r o t e c t i o n L w i l l f o r s a f e t y r e a s o n always e x t e n d beyond 

t h e p o i n t o f r e a t t a c h m e n t . Combining e q u a t i o n s (3) t o (7) i n t h e zone downstream 

f r o m t h e p o i n t o f r e a t t a c h m e n t o n l y shows r„ can be r e p r e s e n t e d by: 

6D 
+ 1 

(8) 

i n w h i c h D i s t h e h e i g h t o f t h e s i l l . 

More t h a n 250 e x p e r i m e n t s (Hoffmans, 1993) were used t o v e r i f y t h e model e q u a t i o n 

f o r t h e r e l a t i v e t u r b u l e n c e i n t e n s i t y . I n t h e s e l a b o r a t o r y e x p e r i m e n t s t h e 

h y d r a u l i c c o n d i t i o n s (ÜÓ' K< w e l l as t h e g e o m e t r i c a l p a r a m e t e r s 

(L, D, B) were v a r i e d . Moreover t e s t s were e x e c u t e d w i t h an abutment i n permanent 

f l o w i n t r o d u c i n g t h r e e - d i m e n s i o n a l s c o u r . I n t h e s e t e s t s t h e w i d t h o f t h e abutment 

measured b=0.1B , f i g u r e 3. 

F i g u r e s 4 t o 8 p r e s e n t s t h e r e s u l t s o f t h e measured and c a l c u l a t e d v a l u e s o f , 

where t h e i n f l u e n c e o f b o t h t h e h e i g h t o f t h e s i l l and t h e l e n g t h o f t h e bed 

p r o t e c t i o n can be ob s e r v e d . 

The s t a n d a r d d e v i a t i o n o f f o r t h r e e - d i m e n s i o n a l e x p e r i m e n t s ( f i g u r e s 5 and 

7) i s somewhat l a r g e r t h a n f o r t w o - d i m e n s i o n a l ones ( f i g u r e s 4 and 6 ) . T h i s can 
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p a r t l y be a s c r i b e d t o p e r i o d i c a l v o r t i c e s , w h i c h 

can o c c u r a t t h e b o u n d a r i e s o f t h e m i x i n g l a y e r i n 

t h e t r a n s v e r s e d i r e c t i o n known as a Kérmén V o r t e x -

S t r e e t and p a r t l y t o t h e m e a s u r i n g p r o c e d u r e . 

I n t h e t w o - d i m e n s i o n a l e x p e r i m e n t s t h e v e l o c i t i e s 

i n t h e main d i r e c t i o n o f t h e f l o w were measured 

w i t h a p r o p e l l o r - t y p e c u r r e n t m e t e r and were t a k e n 

a t a bout 10 p o i n t s a l o n g t h e v e r t i c a l a x i s i n t h e 

c e n t r e o f t h e f l u m e . I n t h e case o f t h r e e - d i m e n 

s i o n a l s c o u r t h e l o n g i t u d i n a l f l o w v e l o c i t i e s were 

a l s o measured a t s e v e r a l l o c a t i o n s a l o n g t h e 

t r a n s v e r s e a x i s . However, t h e d a t a g i v e n i n f i g 

u r e s 5 and 7 a r e n o t averaged v a l u e s o v e r t h e 

w i d t h o f t h e f l u m e , b u t concerns measurements c a r r i e d o u t i n t h e a x i s , where t h e 

d e p t h - a v e r a g e d f l o w v e l o c i t y i s a t maximum. 
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Figure 4 Relative turbulence intensity 
(2-D experiments) 
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Figure 5 Relative turbulence intensity 
(3-D experiments) 
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Figure 6 Relative turbulence intensity as function 
of L/hg (2-D experiments; rough) 

0.5 

0.4 

0.3 

ro(-) 

0.2 

0.1 

0.0 

3 
3 

V 

alculatior 

r •. r •. 

• D/ho = 0.30 (rough) 

= 0.60 (rough) 

= 0.30 (rough) 

B D/hn = 0.60 (rough) 

* D/hu = 0.30 (smooth) 

1 D/hi) = 0.60 (smooth) 

Pl = 0.5 

50 0 10 20 30 4 

Figure 7 Relative turbulence intensity as function 
of L/hg (3-D experiments) 

The measurements o f t h e l o n g i t u d i n a l f l o w - v e l o c i t y n e a r t h e bed, where l a r g e 

g r a d i e n t s o c c u r , were i n a c c u r a t e due t o t h e r e l a t i v e l y l a r g e d i m e n s i o n s o f t h e 

me a s u r i n g i n s t r u m e n t . A l s o t h e number o f m e a s u r i n g p o i n t s i n t h e v e r t i c a l was n o t 



l a r g e enough e s p e c i a l l y i n t h e m i x i n g l a y e r t o c a l c u l a t e r„ f r o m t h e measure

ments a c c u r a t e l y ( f i g u r e 6 ) . 

3,4 Turbulence coefficient in the scour formula 

The v a l u e o f a i n t h e s c o u r f o r m u l a can be o b t a i n e d u s i n g t h e r e l a t i o n between a 

and r„ f r o m J o r i s s e n and V r i j l i n g (1989) a = l.S+Sr^ ( t a b l e 1 ) . T h i s v a l u e i s 

based on t h e use o f a l o c a l d e p t h - a v e r a g e d v e l o c i t y i n t h e s c o u r f o r m u l a . 

I f a t h r e e - d i m e n s i o n a l f l o w i s c o n s i d e r e d and t h e mean f l o w - v e l o c i t y ( f i g u r e 

3) i s used i n t h e s c o u r f o r m u l a , t h e v a l u e o f a has t o be m u l t i p l i e d by 

A r e - e x a m i n a t i o n o f more t h a n 250 e x p e r i m e n t s (Hoffmans, 1993) shows t h a t 

r e a s o n a b l e r e s u l t s a r e t h e n a c h i e v e d f o r b o t h two and t h r e e - d i m e n s i o n a l e x p e r i 

ments . 

A l r e a d y Hinze i n 1961 remarked t h a t n o t o n l y t h e i n f l u e n c e o f t h e r e l a t i v e 

t u r b u l e n c e i n t e n s i t y b u t a l s o t h e i n f l u e n c e o f t h e f l o w - v e l o c i t y p r o f i l e n e a r t h e 

bed i s s i g n i f i c a n t f o r t h e development o f t h e s c o u r p r o c e s s . To i n c l u d e t h e 

i n f l u e n c e o f a smooth bed a s i m p l e e x p r e s s i o n i s i n t r o d u c e d , w h i c h i s v e r i f i e d 

a p p l y i n g a b o u t 550 e x p e r i m e n t s (Hoffmans, 1993) : 

« = 1-5 + 5rJ^ 

i n w h i c h = C/Cg r e p r e s e n t s a roughness f u n c t i o n , C i s t h e Chézy c o e f f i c i e n t 

r e l a t e d t o t h e bed p r o t e c t i o n u p s t r e a m f r o m t h e s c o u r h o l e and Cg=45m''̂ /s . For 

h y d r a u l i c a l l y - r o u g h c o n d i t i o n s C < AOm'^/s r e g a r d i n g t h e f i x e d bed b e f o r e t h e 

s c o u r h o l e = 0.9 . 

Though t h e i n f l u e n c e o f t h r e e - d i m e n s i o n a l e f f e c t s a r e n o t i n c l u d e d i n t h e model 

e q u a t i o n f o r ( e q u a t i o n 8) s a t i s f a c t o r y r e s u l t s a r e o b t a i n e d , e s p e c i a l l y f o r 

t w o - d i m e n s i o n a l s c o u r . 

4. C o n c l u s i o n s 

A model e q u a t i o n i s g i v e n f o r t h e r e l a t i v e t u r b u l e n c e i n t e n s i t y ( e q u a t i o n 8 ) , 

w h i c h i s based on t h e o r e t i c a l grounds and f i t t e d t o r e s u l t s o f v e l o c i t y 

measurements. T h i s s t u d y shows a way t o c a l c u l a t e t h e r e l a t i v e t u r b u l e n c e 

i n t e n s i t y a t t h e t r a n s i t i o n o f t h e f i x e d bed t o t h e e r o d i b l e bed, w h i c h can be 

used t o p r e d i c t t w o - d i m e n s i o n a l s c o u r downstream f r o m a s i l l . 

The p a r t i c u l a r case o f s c o u r o f t h r e e - d i m e n s i o n a l f l o w c o n s i d e r e d h e r e i s f l o w 

around an abutment w i t h consequent s c o u r development downstream. A l t h o u g h some 

c h a r a c t e r i s t i c s o f t h r e e - d i m e n s i o n a l f l o w and a d d i t i o n a l phenomena such as 

v o r t i c e s w i t h a v e r t i c a l a x i s i n p a r t i c u l a r have n o t been t a k e n i n t o a c c o u n t i n 

t h e model e q u a t i o n f o r t h e r e l a t i v e t u r b u l e n c e i n t e n s i t y , p r o m i s i n g r e s u l t s 

r e g a r d i n g t h r e e - d i m e n s i o n a l s c o u r a r e o b t a i n e d . For example, i n t h e c e n t r e o f t h e 

f l o w where t h e s c o u r d e p t h i s about a t maximum, t h e i n f l u e n c e o f t h e Kérman 

V o r t e x - S t r e e t can be n e g l e c t e d . However, prudence has t o be c a l l e d f o r complex 

h y d r a u l i c s t r u c t u r e s . Then i t i s recommended t o c a r r y o u t e x p e r i m e n t s u s i n g a 

s c a l e model t o f i n d d e t a i l e d i n f o r m a t i o n a b o u t t h e development o f a s c o u r h o l e . 
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