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A b s t r a c t 

The r i v e r s on t h e slopes o f t h e Kelud v o l c a n o i n I n d o ­
n e s i a a r e marked by steep slopes and f i n e sediment. T h e r e f o r e 
o f t e n s u p e r c r i t i c a l f l o w and l a r g e sediment t r a n s p o r t s occur. 

I n t h i s e x p l o r a t o r y s t u d y a mathematical model has been 
developed f o r t h i s t y p e o f r i v e r s . The p r o p e r t i e s o f t h i s 
model are examined w i t h an a n a l y s i s o f t h e c h a r a c t e r i s t i c s and 
w i t h n u m e r i c a l computations. The r e s u l t s show r a p i d bed v a r i a ­
t i o n s p r o p a g a t i n g upstream, which agrees w i t h o b s e r v a t i o n s i n 
t h e r i v e r s on t h e Kelud volcano. 
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Chapter 1 

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

A main concern i n mountainous and v o l c a n i c areas i s t h e 
i n c r e a s e d e r o s i o n and s e d i m e n t a t i o n i n t h e mountain r i v e r s . 
The t y p e o f r i v e r s on v o l c a n i c slopes i n I n d o n e s i a i s marked 
by s t e e p s l o p e s and f i n e l o o s e sediment. This o f t e n i m p l i e s 
s u p e r c r i t i c a l f l o w and l a r g e sediment t r a n s p o r t . The 
d e s t r u c t i v e f o r c e o f t h i s f l o w and t h e e x c e s s i v e d e p o s i t i o n o f 
t h e sediment i n t h e downstream reaches are t h e cause o f c a t a ­
s t r o p h e s , l i k e i n u n d a t i o n . P r e v e n t i o n from t h e s e c a t a s t r o p h e s 
by mechanical means i s r e f e r r e d t o as "sabo e n g i n e e r i n g " o r 
"sediment and e r o s i o n c o n t r o l " . 

The main o b j e c t i v e i n t h i s e x p l o r a t o r y s t u d y i s t h e 
development o f a mat h e m a t i c a l model f o r these v o l c a n i c r i v e r s . 
T h is o b j e c t i v e o r i g i n a t e d from t h e demand f o r s i m u l a t i o n o f 
t h e time-depended m o r p h o l o g i c a l processes due t o sabo works. 

General b a s i c e q u a t i o n s are d e r i v e d f o r unsteady f l o w 
w i t h h i g h sediment c o n c e n t r a t i o n s which can be a p p l i e d t o 
v o l c a n i c r i v e r s w i t h bed slopes l e s s t h a n a p p r o x i m a t e l y 10%. 
The g e n e r a l e q u a t i o n s are s i m p l i f i e d and i n v e s t i g a t e d w i t h 
f o u r d i f f e r e n t approaches. 

A model f o r steady n o n - u n i f o r m f l o w on a f i x e d bed has 
been developed. The n u m e r i c a l computations o f t h i s t y p e 
o f f l o w and o f h y d r a u l i c jumps i l l u s t r a t e t h e v a r i a t i o n s 
i n w a t e r d e p t h and f l o w v e l o c i t y near sabo works. 
Basic e q u a t i o n s f o r unsteady f l o w w i t h o u t t h e i n f l u e n c e 
o f h i g h c o n c e n t r a t i o n s i s t r e a t e d f o r comparison, t o 
i n v e s t i g a t e t h e i n f l u e n c e o f t h e c o n c e n t r a t i o n on t h e 
r i v e r f l o w (e. g. by c o n s i d e r i n g t h e c h a r a c t e r i s t i c ce­
l e r i t i e s ). 
The h i g h l y c o n c e n t r a t e d unsteady f l o w i s f i r s t 
approached and ana l y s e d w i t h t h e c o n c e n t r a t i o n expressed 
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i n terms o f t r a n s p o r t f o r m u l a s w i t h o u t a d a p t a t i o n t i m e 
and l e n g t h o f t h e suspended sediment. 
A second approach f o r t h e s e d i m e n t - l a d e n unsteady f l o w 
i s c o n s i d e r e d w i t h t h e c o n c e n t r a t i o n expressed i n terms 
o f t h e suspended l o a d . The a d a p t a t i o n l e n g t h and t i m e 
s c a l e o f t h e suspended t r a n s p o r t process are i n c l u d e d 
and a g a i n t h e c h a r a c t e r i s t i c c e l e r i t i e s are examined. 

For t h e a n a l y s i s o f t h e system o f unsteady sediment-
l a d e n f l o w e q u a t i o n s (second approach) n u m e r i c a l computations 
(computer program SABOFLOW) are c o n s i d e r e d . F i n a l l y t h e con­
c l u s i o n s t h a t have been drawn from t h i s s t udy, a r e d i s c u s s e d . 
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Chapter 2 

Sediment and e r o s i o n c o n t r o l / o r s a b o - e n g i n e e r i n g . 

2. 1 I n t r o d u c t i o n 

Since t i m e immemorial humanity i s pl a g u e d by n a t u r a l 
d i s a s t e r s . The oc c u r r e n c e and t h e s c a l e o f th e s e d i s a s t e r s can 
u s u a l l y n o t be determined. T h e r e f o r e i t i s v e r y d i f f i c u l t t o 
p r e v e n t damage t o man and h i s p r o p e r t i e s . 

D e a l i n g w i t h t h e sediment d i s a s t e r s i s w i t h i n t h e scope 
o f r i v e r e n g i n e e r i n g . These d i s a s t e r s occur i n mountainous and 
v o l c a n i c areas. L a n d s l i d e s , avalanches, v o l c a n i c e r u p t i o n s and 
i n c r e a s e d e r o s i o n can l o a d t h e mountain r i v e r s w i t h a 
c o n c e n t r a t e d superabundance o f sediment, adding up t o a 
d e s t r u c t i v e f l o w . 

T r a n s p o r t e d downstream, t h i s m a t e r i a l accumulates i n t h e 
bed o f t h e l o w e r reaches o f t h e r i v e r , where t h e bottom s l o p e 
decreases, and i t can cause i n u n d a t i o n o f t h e s u r r o u n d i n g 
l a n d . Many cases are known where houses and f i e l d s are b u r i e d 
i n t h e sediment l a y e r c o v e r i n g t h i s l a n d a f t e r t h e f l o o d , and 
where many people d i e d because o f t h e unexpected occurrence o f 
t h e d i s a s t e r . 

A l l mechanical e f f o r t s t h a t have been t a k e n t o p r e v e n t 
t h e s e c a t a s t r o p h e s are c a l l e d "sabo engineering/" o r "sediment 

and erosion control engineering". This f i e l d o f s t u d y i s v e r y 
e x t e n s i v e and s t i l l a l o t o f r e s e a r c h has t o be done. 

I n t h i s c h a p t e r t h e d i s c u s s i o n s o f sabo e n g i n e e r i n g w i l l 
be r e s t r i c t e d t o a d e s c r i p t i o n o f t h i s s u b j e c t and t o con­
s i d e r a t i o n s o f mountain r i v e r s and r i v e r works t o p r e v e n t 
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p r o p a g a t i o n o f e x c e s s i v e sediment i n t h e r i v e r {torrent con­

trol). I n s e c t i o n 2.5 t h e occurrence o f head l o s s e s i n r i v e r 
bends i s c o n s i d e r e d as a t o o l f o r sabo e n g i n e e r i n g . 
C o n c l u s i o n s are g i v e n f o r t h e c o m p u t a b i l i t y o f t h e energy 
d i s s i p a t i o n and t h e changes i n f l o w and morphology. 

2. 2 D e s c r i p t i o n o f sediment and e r o s i o n c o n t r o l o r sabo 
e n g i n e e r i n g . 

I n o r d e r t o summarize a l l t h e t o p i c s t h a t d e a l w i t h t h e 
p r e v e n t i o n o f sediment d i s a s t e r s , t h e terms sabo engineering 

o r erosion and sediment control are used. I n f a c t , t h e j apan-
ese t e c h n i c a l t e r m "sabo" has i n o r i g i n a l sense been used f o r 
l a n d c o n s e r v a t i o n ( p a r t i c u l a r l y f o r e s t l a n d c o n s e r v a t i o n i n 
mountainous r e g i o n s ) . This a l s o i n c l u d e s t h e n e c e s s a r i l y non-
p h y s i c a l countermeasures such as a d m i n i s t r a t i v e r e g u l a t i o n o f 
f o r e s t r y management and l a n d use p l a n . 

The s i m p l e w e l l - s o u n d e d word sabo nowadays has become an 
i n t e r n a t i o n a l t e c h n i c a l t e r m i n i t s o r i g i n a l Japanese meaning. 
However, t h e t e r m " e r o s i o n and sediment c o n t r o l e n g i n e e r i n g " 
i s a l s o used i n t h i s meaning, b u t i t denotes t o a g r e a t e r 
e x t e n t t h e mechanical aspect o f t h e sediment d i s a s t e r 
p r e v e n t i o n i n s t e a d o f a v e g e t a t i v e way o f l a n d c o n s e r v a t i o n . 

L i m i t i n g t h e c o n s i d e r a t i o n s t o t h e t e c h n i c a l l a n d 
c o n s e r v a t i v e measures, sabo e n g i n e e r i n g i n c o r p o r a t e s measures 
a g a i n s t a c c e l e r a t e d d e v a s t a t i o n o f l a n d , s l o p e f a i l u r e o r 
l a n d s l i d e s , u n s t a b l e r i v e r channels, e x c e s s i v e s e d i m e n t a t i o n 
i n r e s e r v o i r s and i n r i v e r beds, and so on. The c o n s t r u c t i o n s 
t h a t a r e b u i l t f o r th e s e purposes, l i k e dams, are t h e r e f o r e 
c a l l e d "sabo works". 

One o f t h e i m p o r t a n t i s s u e s o f sabo e n g i n e e r i n g i s t h e 
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r e s e a r c h on t h e b e h a v i o u r o f t h e w a t e r and sediment m i x t u r e 
i n , and t h e p r o p e r t i e s o f , mountain r i v e r s . T his w i l l be 
d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n . 
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2. 3 P r o p e r t i e s o f mountain r i v e r f l o w 

2. 3. l S u b d i v i s i o n o f a mountain r i v e r 

Sabo e n g i n e e r i n g i n c l u d e s t h e measures t o p r e v e n t exces­
s i v e sediment from e n t e r i n g t h e r i v e r s . Nature, however, 
cannot c o m p l e t e l y be conquered (e.g. v o l c a n i c e r u p t i o n s ) and 
sediment can s t i l l f l o w i n t o t h e r i v e r s . T h e r e f o r e i t i s 
necessary t o stem and t o c o n t r o l t h e abundance o f m a t e r i a l i n 
t h e r i v e r course b e f o r e i t can cause any damage t o l i f e and 
p r o p e r t y . Such countermeasures r e q u i r e knowledge about t h e 
p r o p e r t i e s o f t h e r i v e r s i n v o l v e d . 

I n g e n e r a l a mountain r i v e r can be d i v i d e d i n t o t h r e e 
p a r t s (Parcy, 1982) (see f i g . 2.1) 

1- The upper p a r t o f t h e watershed o r catchment area i s t h e 
g r e a t e s t source o f t h e sediment l o a d and t h e c o l l e c t i n g 
area f o r t h e w a t e r supply. Small t o r r e n t s w i t h s t e e p 
s l o p e s f l o w t o g e t h e r i n t h i s area where l a n d s l i d e s , 
avalanches and d e b r i s f l o w can develop. E r o s i o n can 
i n c r e a s e d r a m a t i c a l l y i n case o f d e f o r e s t a t i o n . 

2- The m i d d l e course i s o f t e n a narrow n o n - a l l u v i a l gorge 
w i t h armoured bed and e r o d i n g banks. The t o r r e n t s f rom 
t h e catchment area have f l o w n t o g e t h e r i n t o a con­
c e n t r a t e d w a t e r and sediment f l o w . I n v o l c a n i c areas, 
however, t h i s p a r t o f t h e r i v e r o f t e n w i l l f l o w i n de­
p o s i t s from former e r u p t i o n s ( l o o s e graded m a t e r i a l ) so 
t h a t t h e c o n c e n t r a t e d f l o w causes deepening o f t h e bed. 
Bottomslopes i n t h e middle r e a c h are l e s s t h a n t h o s e i n 
t h e upper p a r t o f t h e catchment area, y e t s t i l l 
s u b s t a n t i a l l y steep. 



3- The a l l u v i a l f a n (fan-shaped) o r a l l u v i a l ( o r d e b r i s ) 
cone (cone-shaped) i s t h e l o w e r r e a c h o f t h e r i v e r where 
t h e b o t t o m s l o p e i s r e l a t i v e l y s m a l l . Decrease o f t h e 
f l o w v e l o c i t y causes s e d i m e n t a t i o n . The r i v e r can f a n 
o u t and c o n t i n u o u s l y change i t s course a f t e r e r o s i o n o f 
t h e r i v e r banks o r i f i t s bed has been s i l t e d up. Ac­
c r e t e d m a t e r i a l forms t h e a l l u v i a l cone o r f a n . 
Downstream, t h e r i v e r f l o w s i n t o t h e main r e c e i v i n g r i ­
v er, i n a l a k e o r i n t h e sea. 

Upper p a r t 

M i d d l e c o u r s e 

A l l u v i a l c o n e 

R e c e i v i n g r i v e r 

f i g . 2. 1 Mountain R i v e r 

Each o f t h e s e t h r e e r i v e r reaches has i t s own p r o p e r t i e s 
b e s ides t h e p r o p e r t i e s o f t h e o v e r a l l mountain r i v e r . The 
f o l l o w i n g d i s c u s s i o n i s d i v i d e d i n t o f o u r s u b - s e c t i o n s t o 
d i s c u s s t h e whole r i v e r and i t s t h r e e reaches s e p a r a t e l y . 

2. 3. 2 O v e r a l l mountain r i v e r 
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I n t h e o v e r a l l mountain r i v e r t h e d i s c h a r g e shows l a r g e 
f l u c t u a t i o n s . Peak f l o o d s i n g e n e r a l have a l a r g e k i n e t i c 
energy and a c o n s i d e r a b l e d r a g and l i f t f o r c e on t h e r i v e r bed 
and bank m a t e r i a l . I n t h i s h i g h v e l o c i t y f l o w , b o t h bed l o a d 
t r a n s p o r t and suspended l o a d t r a n s p o r t can oc c u r t o g e t h e r . The 
h i g h sediment t r a n s p o r t r a t e s i m p l y t h a t t h e i n f l u e n c e o f t h e 
c o n c e n t r a t i o n o f t h e t r a n s p o r t e d m a t e r i a l cannot be n e g l e c t e d 
i n t h e m o r p h o l o g i c a l computations. 

Common f o r m u l a s t o p r e d i c t t h e sediment t r a n s p o r t cannot 
be a p p l i e d o r have t o be adapted t o mountain r i v e r c o n d i t i o n s . 
Much r e s e a r c h i s b e i n g c a r r i e d o u t t o f i n d a g e n e r a l a p p l i ­
c a b l e t r a n s p o r t f o r m u l a t o p r e d i c t t h e t r a n s p o r t . U s u a l l y 
t h e s e f o r m u l a s are a f u n c t i o n o f t h e l o c a l h y d r a u l i c con­
d i t i o n s and do n o t i n c l u d e t h e a d a p t a t i o n proces o f t h e s e d i ­
ment t r a n s p o r t i n t h e case o f suspended l o a d . 

The sediments can a l s o be t r a n s p o r t e d as a sediment 
g r a v i t y f l o w ( D e b r i s f l o w o r mud f l o w , see s e c t i o n 2.3.3) 
depending on t h e morphology ( t h e bed s l o p e ) , t h e q u a n t i t y o f 
sediment ( c o n c e n t r a t i o n ) , and t h e q u a l i t y o f t h e sediment 
( g r a i n s i z e d i s t r i b u t i o n ) . 

A n other problem i s t h a t t h e a t t a c k o f t h e s u p e r c r i t i c a l 
f l o w on t h e c o n s t r u c t i o n s i n t h e r i v e r (such as sabo works) i s 
s e r i o u s l y l a r g e . Damage t o dams and bank p r o t e c t i o n i s a v e r y 
common f a c t . 

A r m o u r i n g o f t h e upper l a y e r o f t h e r i v e r bed o f t e n 
occurs b u t t h i s armoured l a y e r can be d e s t r o y e d d u r i n g f l o o d s , 
and be r e b u i l t d u r i n g l o w e r d i s c h a r g e s . 

The w a t e r f l o w i n t h e upstream reaches i s s u p e r c r i t i c a l 
as a r e s u l t o f t h e st e e p slopes. This means t h a t t h e d i s t u r ­
bances i n t h e w a t e r f l o w (e.g. from s t r u c t u r e s i n t h e stream) 
can o n l y p r o p a g a t e i n downstream d i r e c t i o n . However, i n t h e 
l o w e r reaches, o r near s t r u c t u r e s (backwater e f f e c t ) , t h e 
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w a t e r f l o w can jump t o s u b c r i t i c a l depth. Then t h e k i n e t i c 
energy o f t h e f l o w decreases c o n s i d e r a b l y . 

A decrease o f mean g r a i n s i z e and a decrease o f grada­
t i o n o f g r a i n s i z e s over t h e r i v e r l e n g t h i s p a r t l y caused by 
t h e g r a d u a l l y decrease o f t h e bottom s l o p e , and thus a g r a ­
d u a l l y decrease o f f l o w v e l o c i t y , i n t h e r i v e r . The decrease 
o f mean g r a i n s i z e over t h e r i v e r l e n g t h can a l s o be caused by 
a b r a s i o n o f t h e g r a i n s d u r i n g t r a n s p o r t . I n v e s t i g a t i o n s o f 
Pa r k e r (1989) showed t h a t t h i s a b r a s i o n i s e s s e n t i a l l y ne­
g l i g i b l e f o r q u a r t z . However, i t can be i m p o r t a n t i n t h e case 
o f o t h e r k i n d s o f sediment (e.g. v o l a n i c m a t e r i a l ) . 

More d e t a i l s on t h e d i f f e r e n t reaches are d i s c u s s e d i n 
t h e f o l l o w i n g s u b s e c t i o n s . N e v e r t h e l e s s , t h e s e reaches make up 
one r i v e r b a s i n and are t h e r e f o r e dependant on each o t h e r . 

2. 3. 3 Flow i n t h e catchment area 

Sediment and w a t e r are m a i n l y s u p p l i e d i n t h e catchment 
area o r watershed. This area w i t h i t s s t e e p s l o p e s i s l i a b l e 
t o s e vere e r o s i o n . Avalanches, l a n d s l i d e s and v o l c a n i c ash can 
cause debris flow. Debris f l o w i s a h i g h l y d e s t r u c t i v e v i s c o u s 
f l o w i n g f l o o d made up o f d e b r i s ( s t o n e s , sand, t r e e s and so 
on) o r v o l c a n i c m a t e r i a l , mixed w i t h water. Debris f l o w can 
oc c u r i f s l o p e s are l a r g e r t h a n 15% t o 20%. 

Deb r i s f l o w can come t o a h a l t i f slopes decrease and 
t h e w a t e r c o n c e n t r a t i o n has n o t been i n c r e a s e d b e f o r e t h a t 
t i m e . The d e b r i s can b l o c k t h e r i v e r ( f o r m a debris-jam) and 
cause t h e r i v e r t o change i t s d i r e c t i o n . A b r e a k i n g d e b r i s - j a m 
can r e s u l t i n a new d e s t r u c t i v e shock-floodwave o f w a t e r and 
d e b r i s . 

The torrential f l o w i n t h i s p a r t o f t h e mountain r i v e r 
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i s s u b s t a n t i a l l y i n f l u e n c e d by t h e roughness o f t h e r i v e r bed, 
because o f t h e f a c t t h a t t h e dimensions o f t h e bed m a t e r i a l 
a r e o f t h e same o r d e r o f s i z e as t h e w a t e r d e p t h . T h i s i m p l i e s 
a l a r g e t u r b u l e n c e o f t h e f l o w . 

Sabo works i n t h i s area are f o r example (see s e c t i o n 
2.4) s m a l l checkdams ( c o n s t r u c t i o n s t o i n d u c e s e d i m e n t a t i o n o f 
e x c e s s i v e sediment i n o r d e r t o p r e v e n t i t from r u s h i n g down), 
slope drainage ( t o s t o p o r p r e v e n t l a n d s l i d e s ) , debris flow 

breakers ( c o n s t r u c t i o n t o break t h e d e b r i s f l o w t o d e s t r o y i t s 
d e v a s t a t i n g f o r c e ) and so on. 

The s m a l l t o r r e n t s i n t h e watershed r u n t o g e t h e r and 
make up one l a r g e r r i v e r w i t h c o n c e n t r a t e d f l o w . Then a t t h i s 
p o i n t t h e r i v e r has reached t h e t o e o f t h e water s h e d and i t 
c o n t i n u e s as t h e middle course. 

2. 3. 4 Flow i n t h e middle r e a c h 

The m i d d l e r e a c h i s s u b j e c t e d t o a h i g h l y c o n c e n t r a t e d 
and t h u s e r o s i v e f l o w . I t i s c o n s e q u e n t l y a l m o s t n o t a l l u v i a l . 
Large rocks i n t h e r i v e r b e d form a s t r o n g armoured l a y e r 
( s m a l l p a r t i c l e s have been washed o u t ) . That a l s o i m p l i e s a 
s u b s t a n t i a l i n f l u e n c e o f t h e roughness o f t h e bed on t h e f l o w . 
N e v e r t h e l e s s , i n case o f a r i v e r i n v o l c a n i c d e p o s i t s , t h e 
e r o s i o n o f t h e r i v e r b e d can o f t e n c o n t i n u e because o f t h e 
t h i c k l a y e r o f r e l a t i v e l y f i n e m a t e r i a l on t h e r i v e r b e d . The 
morphology i n such a r i v e r i s t h e r e f o r e d i f f e r e n t . 

Sabo works (see s e c t i o n 2.4) i n t h i s m i d d l e r e a c h are 
consolidation dams, checkdams and sand-pockets ( c o n s t r u c t i o n s 
t o i n d u c e d e p o s i t i o n o f e x c e s s i v e sediment i n t h e r i v e r f l o w 
and t o s t a b i l i z e t h e r i v e r b e d ) , debris flow breakers (con­
s t r u c t i o n s t o break t h e d e b r i s f l o w t o p r e v e n t i t f r o m r u s h i n g 
down), groundsills ( c o n s t r u c t i o n s t o f i x t h e r i v e r b e d a t a 
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e e r t a i n p o i n t t o p r e v e n t deepening) and riverbank protection 

( u n d e r c u t t i n g o f s l o p i n g banks can cause t h e bank t o c o l l a p s e 
i n t o t h e r i v e r ) . 

2. 3. 5 Flow i n t h e l o w e r reach 

I n t h e l o w e r reaches t h e s l o p e can decrease t o such an 
e x t e n t t h a t subcritical f l o w can occur. A c c r e t i o n o f t h e 
e x c e s s i v e sediment i n t h i s a l l u v i a l cone o r f a n causes an 
i n c r e a s e o f t h e b e d l e v e l s . Deposits are spread over t h e area 
as a r e s u l t o f t h e bed di s p l a c e m e n t caused by streambank 
c u t t i n g and t h e s i l t i n g up o f t h e r i v e r b e d . 

Sediment i n t h e a l l u v i a l cone o r f a n i s u s u a l l y r a t h e r 
u n i f o r m and o f a s m a l l g r a i n s i z e , t h i s i n c o n t r a r y t o t h e 
upstream reaches. 

Sabo works i n t h e a l l u v i a l cone ( o r f a n ) are riverbank 

protection ( t o s t a b i l i z e t h e r i v e r c h a n n e l ) , checkdams, con­

solidation dams, groundsills ( t h r e s h o l d shaped submerged 
s t a b i l i z a t i o n dams), and so on. 

I n t h e f o l l o w i n g s e c t i o n , v a r i o u s sabo works and t h e i r 
p r o p e r t i e s are discussed. This d i s c u s s i o n i s r e s t r i c t e d t o 
c o n s t r u c t i o n s i n t h e r i v e r course. S t r u c t u r e s t o s t a b i l i z e 
m o u n t a in-slopes o r t o p r e v e n t t h e e r o s i o n o f th e s e s l o p e s are 
not r e l e v a n t i n t h i s scope. 
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2. 4 An o u t l i n e o f sabo works 

2. 4. 1 S u b d i v i s i o n o f sabo works 

I n o r d e r t o p r e v e n t damage t o common goods i n a r i v e r 
b a s i n i t i s necessary t o f i x t h e r i v e r c o u r s e and t o b r i n g a 
h a l t t o s u b s t a n t i a l e r o s i o n and s e d i m e n t a t i o n i n t h e r i v e r . 
T h i s must be accomplished by t h e sabo works. 

C o n s t r u c t i o n and l o c a t i o n o f t h e sabo works a r e based on 
t h e c h a r a c t e r i s t i c s o f t h e mountain r i v e r f l o w as d i s c u s s e d i n 
t h e p r e c e d i n g s e c t i o n . To achie v e a c l e a r d i s c u s s i o n o f t h e 
sabo works, a s u b d i v i s i o n i s made, based on t h e appearance o f 
t h e d i f f e r e n t s t r u c t u r e s . 

B e f o r e making t h i s s u b d i v i s i o n t h e f u n c t i o n s o f t h e sabo 
dams have t o be g i v e n t o s u p p o r t t h e d e s c r i p t i o n o f v a r i o u s 
sabo works. These f u n c t i o n s i n t o r r e n t c o n t r o l can be c l a s ­
s i f i e d as f o l l o w s ( A r m a n i n i 1989): 

F u n c t i o n s o f t h e dam 

S o r t i n g ;Dosing C o n s o l i d a t i o n o r 
s t a b i l i z a t i o n 

B r e a k i n g o f 
d e b r i s f l o w 

I n w h i c h sorting denotes t h a t sediment i s o n l y r e t a i n e d 
d u r i n g h i g h f l o o d s , w h i l e dosing i m p l i e s r e t e n t i o n o f o n l y 
b i g g e r - s i z e p a r t i c l e s . I n sabo e n g i n e e r i n g t h e t e r m con­

solidation i s used t o denote t h e s t a b i l i z a t i o n o f t h e r i v e r -
c o u rse by e l e v a t i n g and f i x i n g t h e r i v e r b e d . 

A c c o r d i n g t o t h e i r appearance t h e sabo works are d i s ­
t i n g u i s h e d i n t o t h e f o l l o w i n g t h r e e groups : 
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1- Closed structures t h a t are developed t o check t h e r u n o f f 

o f a l l t h e e x c e s s i v e sediment d i r e c t l y . 
2- Open structures t o check t h e r u n o f f o f a p a r t o f t h e ex­

c e s s i v e sediment d i r e c t l y . 
3- Structures to fix the rivercourse, t o p r e v e n t s u b s t a n ­

t i a l s e d i m e n t a t i o n and t o p r e v e n t r i v e r b a n k c o l l a p s e 
( c o n s o l i d a t i o n o r s t a b i l i z a t i o n s t r u c t u r e s ) . 

I n t h e f o l l o w i n g s u b s e c t i o n s , t h e s e t h r e e groups o f sabo 
works a r e d i s c u s s e d by means o f some f r e q u e n t l y used s t r u c ­
t u r e s ( A r m a n i n i 1989, U n i t e d N a t i o n s FAO 1981). As s t a t e d 
b e f o r e , t h i s c o n s i d e r a t i o n i s not comprehensive b u t i s r e ­
s t r i c t e d t o t h e r i v e r c o u r s e . 

2. 4. 2 D i r e c t check o f a l l e x c e s s i v e sediment 

This c a t e g o r y i n c l u d e s a l l t h e closed checkdams ( o r c o r ­
r e c t i o n dams, see f i g . 2. 2). These empty-type checkdams are 
m a i n l y l o c a t e d ( u s u a l l y s t e p w i s e i n s e r i e s ) i n t h e upper 
reaches (watershed and middle course) t o c a t c h t h e s u r p l u s o f 
sediment i n case o f sediment o v e r l o a d . This o v e r l o a d i s always 
i n d u c e d by a floodwave. 

The e f f e c t o f these s t r u c t u r e s i s based on t h e c r e a t i o n 
o f a s m a l l d e t e n t i o n r e s e r v o i r upstream o f t h e dam. Super­
c r i t i c a l f l o w t u r n s i n t o s u b c r i t i c a l f l o w t h r o u g h w h i c h t h e 
f l o w v e l o c i t y decreases c o n s i d e r a b l y c a u s i n g a c c u m u l a t i o n o f 
t h e t r a n s p o r t e d sediment. The t r a n s i t i o n o f super- t o sub-
c r i t i c a l f l o w t akes p l a c e v i a a h y d r a u l i c jump. This i s a 
wave-shaped s t a t i c t u r b u l e n t i r r e g u l a r i t y (see s e c t i o n 3.3.5). 

The e f f e c t o f t h e dam i s o n l y g uaranteed t e m p o r a r i l y . 
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f i g . 2. 2 Closed checkdam w i t h sub dams 

E x c a v a t i n g o f a c c r e t e d m a t e r i a l i s necessary a f t e r a f l o o d has 
f i l l e d up t h e upstream a r t i f i c i a l " r e s e r v o i r " . T h e r e f o r e t h e 
d e p o s i t e d sediment i s d r a i n e d (by means o f s m a l l h o l e s i n t h e 
dam, c a l l e d weep-holes, see f i g . 2. 2 ) , a t l e a s t t o some e x t e n t , 
t h u s p e r m i t t i n g q u i c k access t o e x c a v a t o r s . 
T h i s e x c a v a t i o n , however, i s o f t e n n o t p u t i n t o p r a c t i c e . This 
i m p l i e s t h a t t h e checkdam f u n c t i o n s as a k i n d o f "con­
s o l i d a t i o n dam" ( d i s c u s s e d i n s u b s e c t i o n 2.4.4). 

Design o f t h e f o u n d a t i o n d e p t h o f checkdams depends on 
t h e downstream e r o s i o n . L o c a l scour and o v e r a l l d e g r a d a t i o n o f 
t h e r i v e r downstream o f t h e dam, as a r e s u l t o f t h e t u r b u l e n c e 
o f t h e o v e r f a l l i n g w a t e r and t h e decreased sediment s u p p l y 
( s i n c e sediment i s t r a p p e d upstream o f t h e dam), denotes a 
c o n s i d e r a b l e deepening o f t h e r i v e r b e d . To p r o t e c t t h e down­
s t r e a m t o e o f t h e dam o f t e n an a u x i l i a r y dam o r s u b ( - s i d i a r y ) 
dam i s c o n s t r u c t e d as shown i n f i g . ( 2 . 2 ) . The energy f r o m t h e 
dr o p i s d i s s i p a t e d i n t h e s t i l l i n g b a s i n e n c l o s e d by t h e main 
dam and t h e sub dam. The f o u n d a t i o n o f t h e dam has t o be 
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d e s i g n e d below t h e scour l e v e l t o a c c o m p l i s h s t a b i l i t y o f t h e 
s t r u c t u r e . 

Severe a t t a c k o f t h e c r e s t and o f t h e wings o f t h e dam 
r e q u i r e s a p r o t e c t i v e l a y e r o f s t r o n g m a t e r i a l . F o r m e r l y 
n a t u r a l m a t e r i a l s ( a v a i l a b l e on t h e c o n s t r u c t i o n s i t e ) were 
used t o b u i l t t h e s t r u c t u r e because o f t h e d i f f i c u l t i e s t o 
t r a n s p o r t o t h e r m a t e r i a l s t o t h e s i t e . Nowadays, modern e q u i p ­
ment i s b e i n g developed s u f f i c i e n t l y t o overcome t h e s e p r o ­
blems. P r e s e n t l y a l l checkdams are c o n s t r u c t e d w i t h r e i n f o r c e d 
c o n c r e t e . 

The s i z e o f t h e d i f f e r e n t checkdams v a r i e s c o n s i d e r a b l y . 
H e i g h t s o f t h e s e dams range from 2 t o 10 meters. 

On t h e slopes o f a c t i v e volcanoes i n I n d o n e s i a , many 
sand pockets have been c o n s t r u c t e d ( i n t h e l o w e r and m i d d l e 
reaches) t o d e t a i n sediment from lahar flow ( h o t v o l c a n i c mud 
f l o w ) . A l a r g e a r t i f i c i a l r e s e r v o i r f o r a c c u m u l a t i o n i s c r e a t ­
ed by e n c l o s i n g a wide p a r t o f t h e f l o o d p l a i n w i t h d i k e s (see 
f i g . 2. 3 ) . . 

f i g . 2. 3 Sand poc k e t 
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2. 4. 3 D i r e c t check o f a p a r t o f t h e sediment 

A r e c e n t t r e n d i s t h e c o n s t r u c t i o n o f dams t h a t a r e n o t 
c o m p l e t e l y c l o s e d . The main t y p e o f u p - t o - d a t e dam can be 
c l a s s i f i e d i n t o f o u r groups. I n t h e f o l l o w i n g t h e s e p e r a t e 
groups ar e d i s c u s s e d . 

rmpty ri^m w i t h Met d r a i n h o l e o r narrow s l i t ; . 
T h i s t y p e o f dam i s used f o r d o s i n g , i . e a c c u m u l a t i o n o f 

sediment d u r i n g h i g h f l o o d s by means o f backwater e f f e c t (hy­
d r a u l i c jump and s u b c r i t i c a l f l o w ) and g r a d u a l l y washing o u t 
o f t h e ( f i n e ) sediment l a t e r ( t h r o u g h t h e s l i t ) w i t h minor 
f l o o d s . The r e q u i r e d c a p a c i t y , t o r e t a i n l a r g e b e d l o a d a t h i g h 
f l o o d s , i s t h e n l o n g e r m a i n t a i n e d . 

f i g . 2 . 4 Checkdam w i t h l a r g e c o n d u i t s 

aajB M ™ flam ^nn-huBket flam, gracing dam, debrig 
breaker etc. ) 
To b r e a k d e b r i s f l o w ( s e c t i o n 2.3.3) and t o r e t a i n 

b i g g e r d e b r i s t h a t can cause damage downstream. These s t r u c ­
t u r e s are u s u a l l y b u i l t i n t h e upper reaches upstream o f o t h e r 
t y p e s o f dams. They must be d e s i g n e d s t r o n g , capable t o r e s i s t 
t h e i m p a c t o f t h e d e b r i s f l o w ( u s u a l l y p r o t e c t e d w i t h t h i c k 
i r o n p l a t e s ) . 



f i g . 2. 5 Debris Breaker 

Qpen-crown-dam f o r d o s i n g f s l i t dam, s l i t dam w i t h g r a t ­
i n g ) 
E q u a l l y t o t h e empty dam w i t h narrow s l i t , t h e s l i t dam 

i s c apable o f s e l e c t i v e o u t f l o w o f sediment. S l i t dams i n 
s e r i e s are used t o r e t a r d and t r a p l a r g e b o u l d e r s . Minor 
f l o o d s f l o w u n d i s t u r b e d ( e r o d i n g ) t h r o u g h t h e dam c a r r y i n g t h e 
amount o f sediment t h a t can be managed by t h e downstream 
t o r r e n t . 

f i g . 2. 6 S l i t dam 

Closed-crown dam f o r s o r t i n g fbeam dam, s c r e e n dam) 
The purpose o f t h e beam dam w i t h wide h o r i z o n t a l open­

i n g s i s m o s t l y f i l t e r i n g o r s e l e c t i n g b o t h bed l o a d and l o g s . 
They ar e u s u a l l y used i n t o r r e n t s w i t h d e b r i s f l o w . Sometimes 
t h e beam dams t e n d t o be c logged by l o g s and o t h e r v e g e t a l 
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p a r t s , w h i c h have t o be removed. 

f i g . 2. 7 Beam Dam 

For a l l t ypes o f dams above t h e openings o f t h e dam can 
be p r o t e c t e d from o b s t r u c t i o n (by l o g s and o t h e r p l a n t mater­
i a l ) by a d e c l i n i n g s t e e l s c r e e n p l a c e d upstream o f t h e dam. 
Thi s o n l y works d u r i n g s u b c r i t i c a l f l o w ( b a c k w a t e r ) : The p l a n t 
m a t e r i a l f l o a t s and i s pushed t o t h e t o p , l e t t i n g t h e l o w e s t 
p a r t o f t h e s c r e e n f r e e and wa t e r f l o w i n g t h r o u g h . 

E q u a l l y t o c l o s e d checkdams t h e l o c a l s c o u r can be de­
cre a s e d by means o f subdams ( s u b s i d i a r y dams). 

2. 4. 4 Works t o f i x t h e r i v e r course 

Consolidation w h i c h denotes t h e mere f i x a t i o n o f t h e 
t o r r e n t p r o f i l e a l l o w s a b e t t e r s t a b i l i t y on t h e p r e v i o u s l y 
eroded s i d e s l o p e s by e l e v a t i n g t h e r i v e r b e d . C o n s o l i d a t i o n 
checkdams s t i l l c o n t i n u e t o be t h e most i m p o r t a n t s t r u c t u r e s 
and r e p r e s e n t by f a r t h e most common t o o l f o r t o r r e n t c o n t r o l 

C o n s o l i d a t i o n dams are w a l l - t y p e checkdams. The depo­
s i t i o n space i s u s u a l l y f i l l e d i n a v e r y s h o r t t i m e c a u s i n g a 
m o d i f i c a t i o n o f t h e s l o p e o f t h e p r o f i l e up t o t h e p o i n t when 
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t h e l a n d i n g l i n e i s p a r a l l e l t o t h e o r i g i n a l bed. The d i ­
m i n i s h e d s l o p e and widened p r o f i l e cause a d d i t i o n a l d e t e n t i o n 
o f m a t e r i a l and p r e v e n t i o n o f t o r r e n t e r o s i o n ( b o t h bed and 
r i v e r b a n k s ) . 

Groundsills (submerged s i l l s i n t h e r i v e r b e d ) are used 
t o f i x t h e r i v e r b e d f o r a c e r t a i n p o i n t , t o p r e v e n t f u r t h e r 
e r o s i o n o f t h e bed. 

For channels i n t h e l o w e r reaches t h e cross s e c t i o n can 
be f i x e d u s i n g revetments. P r o t e c t i n g t h e banks p r e v e n t s t h e 
channel t o change i t s course. Decreasing t h e w i d t h , by means 
o f t r a i n i n g w a l l s o r groynes etc. , p r e v e n t s s e d i m e n t a t i o n . 
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2. 5 Head l o s s e s i n bends 

A bend i n a channel f l o w causes a l o c a l v a r i a t i o n i n t h e 
v e l o c i t y d i s t r i b u t i o n , t o g e t h e r w i t h a d e p t h a l t e r a t i o n and a 
development o f secondary f l o w . The s e p a r a t i o n o f t h e st r e a m 
l i n e s a t t h e i n n e r w a l l o f t h e bend and t h e g e n e r a t i o n o f 
secondary f l o w cause i n c r e a s e d head l o s s e s . The d e t e r m i n a t i o n 
o f t h e s e l o s s e s have been s u b j e c t o f i n v e s t i g a t i o n f o r many 
a u t h o r s ( M u l l e r 1943, Shukry 1950, Naudascher 1987, Henderson 
1959, Chow 1959). I n t h i s s e c t i o n a d e s c r i p t i o n o f , and t h e 
c o n c l u s i o n s on head l o s s e s i n mountain r i v e r bends a r e giv e n . 
A l s o t h e a s s o c i a t e d bed l e v e l v a r i a t i o n s a r e c o n s i d e r e d . The 
f l o w i s assumed t o be s u p e r c r i t i c a l ( F r > l ) . 

The head l o s s e s i n a open channel bend have been m a i n l y 
a n a l y z e d e m p i r i c a l l y . The t o t a l energy l o s s due t o curve 
r e s i s t a n c e can be expressed i n terms o f t h e v e l o c i t y head: 

b1 
29 

where u i s t h e mean v e l o c i t y i n t h e s e c t i o n and £„ i s t h e 
c o e f f i c i e n t o f cu r v e r e s i s t a n c e . 

A l a r g e number o f independent v a r i a b l e s i n f l u e n c e s t h e mag­
n i t u d e o f £b: 

Fr (Froude Number); a/B ( d e p t h / w i d t h ) ; rc/B ( r a d i u s o f 
c u r v e / w i d t h ) ; Re (Reynolds Number); 0 ( t o t a l a n gle o f 
d e f l e c t i o n ) . 

Comparing t h e c o e f f i c i e n t s o f curve r e s i s t a n c e o f v a r i o u s 
i n v e s t i g a t o r s (Henderson,1959) i n d i c a t e d a s u b s t a n t i a l d i f ­
f e r e n c e i n t h e i r v a l u e s , dependent on t h e approach c o n d i t i o n s . 
T h e r e f o r e t h e use o f one o f these e m p i r i c a l c o e f f i c i e n t s can 
g i v e head l o s s e s w h i c h may be t h r e e o r f o u r t i m e s t o o l a r g e . 
I n p r a c t i c e t h e $ b i s d e t e r m i n e d from d a t a o f t h e r i v e r . 



A c c o r d i n g t o M u l l e r ( 
p r o f i l e i n a u n i f o r m c u r v e d 
caused by t h e s e p r o f i l e s , can 

-2 1 ¬
1943) t h e energy l i n e and f l o w 
channel, and t h e bed v a r i a t i o n s 
be shown as i n f i g ( 2 . 8 ) . 

f i g 2. 8 Head Losses i n Bends 

Case 1 i l l u s t r a t e s s u p e r c r i t i c a l f l o w i n t h e c u r v e d chan­
n e l . I t can be seen t h a t t h e energy l i n e i s d r o p ­
ped by //, a t B, c o r r e s p o n d i n g t o t h e amount o f 
energy d i s s i p a t e d i n t h e curve and t h e downstream 
channel B' B. The w a t e r s u r f a c e i s r a i s e d f r o m A t o 
B ( a h y d r a u l i c jump w i l l be produced i f t h e w a t e r 
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s u r f a c e r i s e s above t h e c r i t i c a l - d e p t h l i n e ) . 
Case 2 i l l u s t r a t e s t h e e q u i l i b r i u m s i t u a t i o n w h i c h i s 

formed as a r e s u l t o f t h e f l o w i n "case 1" and 
a l s o a p p l i e s t o s u b c r i t i c a l f l o w i n bends. S e d i ­
m e n t a t i o n o f t h e upstream r e a c h occurs. 

The energy l o s s e s i n bends i n s u p e r c r i t i c a l f l o w a r e 
p a r t i a l l y caused by t h e g e n e r a t i o n o f cross waves by t h e 
t u r n i n g e f f e c t o f t h e curv e d channel w a l l s . I t has been i n v e s ­
t i g a t e d whether t h e c o e f f i c i e n t o f curve r e s i s t a n c e can be 
d e r i v e d f r o m t h e head l o s s e s due t o th e s e cross waves. 

The phenomena are d e s c r i b e d by Ven t e Chow (1959), Tau-
b e r t (1971), and o t h e r s . The o u t e r w a l l w h i c h t u r n s i n w a r d t o 
t h e f l o w , w i l l produce an o b l i q u e h y d r a u l i c jump and a c o r ­
r e s p o n d i n g p o s i t i v e d i s t u r b a n c e l i n e o r p o s i t i v e wave f r o n t . 
The i n n e r w a l l , w h i c h t u r n s away from t h e f l o w w i l l d e v e l o p an 
o b l i q u e e x p a n s i o n wave and a n e g a t i v e d i s t u r b a n c e l i n e o r 
n e g a t i v e wave f r o n t . Both types o f waves w i l l be r e f l e c t e d 
back and f o r t h between t h e w a l l s and w i l l i n t e r f e r e w i t h each 
o t h e r , r e s u l t i n g i n a d i s t u r b a n c e p a t t e r n o f cross waves 
( a l t e r n a t i n g maximum and minimum depths on b o t h o u t e r and 
i n n e r w a l l , hence a f l u c t u a t i n g d e p t h a l o n g t h e w a l l s w i l l 
o c c u r ) . 

D e t e r m i n a t i o n o f t h e cross wave pattern and t h e energy 
l o s s e s ( T a u b e r t , 1971) i s t o o c o m p l i c a t e d and cannot e a s i l y be 
i n c l u d e d i n a m o r p h o l o g i c a l model f o r mountain r i v e r s . The 
i r r e g u l a r i t y o f a n a t u r a l r i v e r (no smoothly c u r v e d w a l l s ) , 
and t h e smal l n e s s o f t h e head l o s s e s due t o cross waves, 
decreases t h e r e l i a b i l i t y o f t h e r e s u l t s f r o m computations. 

Because o f t h e l a c k o f agreement f o r t h e v a r i o u s v a l u e s 
o f t h e c o e f f i c i e n t o f curve r e s i s t a n c e i n t h e l i t e r a t u r e , and 
because o f t h e u n r e l i a b i l i t y and t h e e x t e n t o f cross wave 
co m p u t a t i o n s , t h e a p p l i c a b i l i t y o f head l o s s computations i n a 
m o r p h o l o g i c a l model p r e s e n t s d i f f i c u l t i e s . For t h i s r e a s o n t h e 
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head l o s s e s are i n c l u d e d i n t h e f r i c t i o n l o s s e s d e t e r m i n e d by 
t h e Chezy roughness c o e f f i c i e n t . 
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Chapter 3 

One d i m e n s i o n a l m o d e l l i n g o f mountain r i v e r f l o w 

3. 1 I n t r o d u c t i o n 

The human i n t e r f e r e n c e (sabo e n g i n e e r i n g ) i n mountain 
r i v e r s can a l t e r s e d i m e n t a t i o n and e r o s i o n . For t h e p r e d i c t i o n 
o f t h e s e m o r p h o l o g i c a l processes m a t h e m a t i c a l models are 
developed. 

The unsteady f l o w s i n mountain r i v e r s a r e c a t e g o r i z e d as 
unsteady s h a l l o w - w a t e r f l o w . They can be t r e a t e d as one 
d i m e n s i o n a l (1-D) as f a r as t h e h o r i z o n t a l v a r i a t i o n s o f t h e 
t r a n s v e r s e p r o f i l e are n e g l i g i b l y s m a l l ( f i x e d banks). 

I n t h i s c h a p t e r a one-dimensional m a t h e m a t i c a l model i s 
d i s c u s s e d f o r t h e s i m u l a t i o n o f mountain r i v e r f l o w and mor­
phology. For reasons o f s t a b i l i t y and s i m p l i c i t y o f t h e com­
p u t a t i o n s , t h e v a l i d i t y o f t h e model i s r e s t r i c t e d by t h e 
f o l l o w i n g assumptions (see s e c t i o n 3.2): 

Bed slopes are assumed t o be s m a l l e r t h a n a p p r o x i m a t e l y 
10%. 
The mountain r i v e r i s assumed t o f l o w i n d e p o s i t s from 
v o l c a n i c o r a l l u v i a l o r i g i n o f r e l a t i v e f i n e m a t e r i a l . 
The dimensions o f t h e sediment are v e r y s m a l l compared 
t o t h e dep t h o f f l o w . 

These assumptions i m p l y t h a t t h e model can be a p p l i e d 
f o r r i v e r s i n t h e m i d d l e and l o w e r reaches. 

I n s e c t i o n 3. 2, a g e n e r a l approach f o r t h e d e r i v a t i o n o f 
a s e t o f b a s i c f l o w e q u a t i o n s i s o u t l i n e d , w h i c h s h o u l d be 
h e l p f u l i n u n d e r s t a n d i n g t h e subsequent m a t h e m a t i c a l and phy-
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s i c a l analyses o f t h e e q u a t i o n s . 

I n t h e f o l l o w i n g s e c t i o n s f o u r f i n a l forms o f t h e equa­
t i o n s are summarized f o r v a r i e d a p p r o x i m a t i o n s and ap­
p l i c a t i o n s . 

The n o n - u n i f o r m f l o w i s t r e a t e d i n s e c t i o n 3.3, assuming 
s t e a d y f l o w on a f i x e d bed ( w i t h o u t sediment t r a n s p o r t ) . 
S u r f a c e p r o f i l e s and h y d r a u l i c jumps are c o n s i d e r e d t o g a i n 
i n s i g h t i n t o p r o p e r t i e s o f mountain r i v e r f l o w . H y d r a u l i c 
jumps a r e t h e d i s c o n t i n u i t i e s i n t h e s t e a d y n o n - u n i f o r m f l o w . 

Next t h e e q u a t i o n s f o r unsteady f l o w w i t h m o b i l e bed are 
d i s c u s s e d i n t h r e e d i s t i n c t i v e forms: 

W i t h low sediment c o n c e n t r a t i o n ( s e c t i o n 3.4), w h i c h can 
be used t o i n v e s t i g a t e t h e i n f l u e n c e o f sediment on t h e 
p r o p e r t i e s o f s e d i m e n t - l a d e n f l o w . 
F i r s t approach: w i t h l a r g e sediment c o n c e n t r a t i o n s 
( s e c t i o n 3.5), d e t e r m i n e d by t h e sediment t r a n s p o r t 
c a p a c i t y from sediment t r a n s p o r t f o rmulas ( A d a p t a t i o n o f 
suspended sediment d i s t r i b u t i o n over t h e v e r t i c a l i s n o t 
i n c l u d e d ) . 
Second approach: w i t h l a r g e sediment c o n c e n t r a t i o n s 
( s e c t i o n 3.6), d e t e r m i n e d by t h e amount o f suspended 
m a t e r i a l . This r e q u i r e s an a d d i t i o n a l b a s i c e q u a t i o n f o r 
t h e a d a p t a t i o n o f t h e sediment c o n c e n t r a t i o n t o t h e 
l o c a l h y d r a u l i c c o n d i t i o n s . 

For each t y p e o f f l o w p h y s i c a l and m a thematical p r o p e r t i e s are 
a n a l y z e d u s i n g t h e c h a r a c t e r i s t i c c e l e r i t i e s o f d i s t u r b a n c e s 
i n t h e system. 

3. 2 General b a s i c e q u a t i o n s 

I n t h i s s e c t i o n , t h e b a s i c e q u a t i o n s o f unsteady f l o w 
are d e r i v e d f o r s h a l l o w w ater c o n d i t i o n s . The s h a l l o w - w a t e r 
t h e o r y i s a p p l i e d when t h e p r e s s u r e d i s t r i b u t i o n i n t h e v e r -
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t i c a l can be assumed h y d r o s t a t i c . The p h y s i c a l process o f t h e 
m o r p h o l o g i c a l problem i s schematised i n a o n e - d i m e n s i o n a l 
model. The f l o w v e l o c i t y u, w a t e r d e p t h a, sediment t r a n s p o r t s 

and t h e b e d l e v e l z are averaged over t h e cross s e c t i o n . The 
s e t o f assumptions needed t o a r r i v e a t t h e f i n a l f orm o f t h e 
e q u a t i o n s i s as f o l l o w s ( C h i n t u L a i 1986, Mahmood & Y e v j e v i c h 
1975): 
(a) The s h a l l o w w a t e r t h e o r y a p p l i e s ( v e r t i c a l a c c e l e r a t i o n 

o f a f l u i d p a r t i c l e i s v e r y s m a l l compared w i t h t h e 
a c c e l e r a t i o n o f g r a v i t y g and hence can be n e g l e c t e d ) . 

(b) Only shear s t r e s s e s due t o h o r i z o n t a l v e l o c i t y 
components are s i g n i f i c a n t . 

(c) The f r i c t i o n a l r e s i s t a n c e c o e f f i c i e n t f o r unsteady f l o w 
i s t h e same as t h a t f o r steady f l o w , and hence i t can be 
a p p r o x i m a t e d from t h e Chezy e q u a t i o n . 

(d) The bed m a t e r i a l i s supposed t o be u n i f o r m a l o n g t h e 
r i v e r s e c t i o n . 

(e) The r i v e r banks are f i x e d . Thus t h e e r o d i b i l i t y o f t h e 
banks i s assumed t o be much s m a l l e r t h a n t h a t o f t h e 
bed. 

( f ) The Chezy roughness c o e f f i c i e n t i s assumed c o n s t a n t 
t h r o u g h o u t t h e reach under c o n s i d e r a t i o n . 

(g) The channel i s p r i s m a t i c and wide ( h y d r a u l i c r a d i u s R -

w a t e r d e p t h a). 
(h) Bed s l o p e s are assumed t o be s m a l l e r t h a n a p p r o x i m a t e l y 

10%, t o p r e v e n t t h e Froude number exceeding a c e r t a i n 
v a l u e f o r w h i c h s t a b i l i t y o f t h e ( s u p e r c r i t i c a l ) f l o w 
cannot be m a i n t a i n e d . A c c o r d i n g t o Mayer (1957) 
i n s t a b i l i t y can be c l a s s i f i e d i n t o rollwaves ( t r a n s v e r s e 
r i d g e s o f h i g h v e l o c i t y w i t h q u i e s c e n t r e g i o n s between 
t h e c r e s t s ) and slug flows (surges o f t u r b u l e n t r i d g e s 
w i t h wave c r e s t s s e p a r a t e d by h i g h l y a g i t a t e d r e g i o n s ) . 
I t i s h a r d t o t a k e t h i s i n s t a b i l i t y i n t o account. 

( i ) The dimensions o f t h e bed m a t e r i a l are s m a l l compared t o 
t h e w a t e r depth, t o p r e v e n t t h e b o t t o m r e s i s t a n c e f r o m 
c a u s i n g i n s t a b i l i t y as d e s c r i b e d i n assumption ( h ) . 
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The g e n e r a l p r o c e d u r e f o r t h e d e r i v a t i o n o f a s e t o f 
b a s i c e q u a t i o n s i s t o b e g i n from t h e e q u a t i o n s o f c o n t i n u i t y 
and m o t i o n f o r w a t e r and sediment (Jansen,1979). The e q u a t i o n 
o f m o t i o n i s d e r i v e d from Newton's second law o f c o n s e r v a t i o n 
o f momentum, and t h e c o n t i n u i t y e q u a t i o n s are d e r i v e d from 
c o n s e r v a t i o n o f mass, a l l f o r a c e r t a i n c o n t r o l volume. The 
d e r i v a t i o n i s o u t l i n e d i n appendix ( 1 ) . 

The b a s i c e q u a t i o n s f o r sed i m e n t - l a d e n f l o w on a st e e p 
m o b i l e bed as d e r i v e d , t h e n become: 
Equation of motion 

du du I*, dzw • \ 1 / r\ a ' m + u4p + gcos ( 0 ( -5-= - i J + — gcos(0 dt " dx ' dx pm bx 
(3.1) 

+ _2H_cos(0 - 0 
C2a 

Continuity equation for mass 

da 3 3 o , . , a s a dp_m ua dp_m n 

dt dx dx pm dt pm dx U. 4j 

Continuity equation for sediment volume 

„ dzb d<pa d<pau n 

a — + — — — + — i - 0 /1 i \ 
at at ax ( 3 < 3 ) 

Relation concentration and density 

pm - (1-0) p + 4>Ps 
a As 

I n which: a = w a t e r d e p t h 
i b = t a n ^ = bed s l o p e 
s = sediment t r a n s p o r t = f(u) 
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u = f l o w v e l o c i t y 
z. = bed l e v e l 
0 

z w = w a t e r l e v e l (= z b + a ) 
<p = averaged c o n c e n t r a t i o n o f sediment 
C = angle o f r i v e r bed 
o = d e n s i t y o f t h e water / s e d i m e n t m i x t u r e "is 
p = d e n s i t y o f w a t e r ( - 1000 kg/m1 ) 

ps = d e n s i t y o f sediment p a r t i c l e s 
A = r e l a t i v e d e n s i t y = ( p s - P)/Ps 

These e q u a t i o n s can be adapted and s i m p l i f i e d f o r v a r ­
i o u s a p p l i c a t i o n s . I n t h e f o l l o w i n g s e c t i o n s a few forms o f 
b a s i c e q u a t i o n s are d i s c u s s e d t h a t are used i n t h e i n v e s ­
t i g a t i o n s . For a l l these models t h e assumption (h) ( s m a l l bed-
s l o p e s ) y i e l d s t h a t t h e cosinus and s i n u s terms i n t h e b a s i c 
e q u a t i o n s can be approximated by: 

s i n ( 0 - 0 and cos (C) - 1 

3. 3 Steady n o n - u n i f o r m f l o w on a f i x e d bed 

3. 3. l S i m p l i f i e d b a s i c e q u a t i o n s 

When t h e dep t h o f f l o w i n an open channel f l o w v a r i e s 
s p a t i a l l y w i t h t h e l o n g i t u d i n a l d i s t a n c e , t h e f l o w i s termed 
non-uniform. Such s i t u a t i o n s occur b o t h upstream and 
downstream o f c o n t r o l s e c t i o n s , such as dams. 

I n g e n e r a l a l l s o l u t i o n s w h i c h have been developed f o r 
s t e a d y n o n - u n i f o r m depend on t h e f o l l o w i n g assumptions: 
1- The d i s c h a r g e i s assumed t o be c o n s t a n t i n t i m e , w h i c h 

i m p l i e s steady flow. The terms w i t h d/dt i n t h e b a s i c 
e q u a t i o n s (3.1) t o (3.2) are equal t o zero. 

2- Sediment t r a n s p o r t i s c o n s i d e r e d r e l a t i v e l y s m a l l 
(s/g«l) so t h a t t h e i n f l u e n c e o f t h e sediment c o n c e n t r a -
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t i o n on t h e wa t e r f l o w can be n e g l e c t e d . C o n c e n t r a t i o n 
<p, a l l d e r a t i v e s o f pm and dz/dt are equal t o zero. 

3- The s l o p e o f t h e channel i s s m a l l , w h i c h denotes t h a t 
cos ( C) *P and s i n ( " i b . 

S t a r t i n g from t h e assumptions t h e b a s i c e q u a t i o n s become: 
Momentum equation 

. . da . gu2

 n 
U~dx + 9-dx ~ gi> + " ° (3.3. 1) 

Continuity equation 

dx dx dx (3. 3. 2) 

I n w h i c h g = d i s c h a r g e per u n i t o f w i d t h ( c o n s t a n t i n x 
d i r e c t i o n ) . 
Combining t h e s e two equations y i e l d s t h e dynamic gradually 

varied flow equation. 

da _ b C2a* _ f { ) 

dx 1__oL (3.3.3) 
ga3 

The s o l u t i o n o f t h i s e q u a t i o n can be found by means o f 
b o t h a n a l y t i c a l and n u m e r i c a l i n t e g r a t i o n . I n s e c t i o n (3.3.3) 
and (3.3.4) some i n t e g r a t i o n methods are co n s i d e r e d . 

3. 3. 2 C l a s s i f i c a t i o n o f f l o w p r o f i l e s 

I t i s necessary t o d i s t i n g u i s h d i f f e r e n t t y pes o f f l o w 
f o r ease o f s u r v e y and f o r c o m p r e h e n s i b i l i t y o f t h e r e s u l t s 
f r om g r a d u a l l y v a r i e d f l o w computations. The c o n d i t i o n s o f t h e 
f l o w d e t e r m i n e t h i s c l a s s i f i c a t i o n . 
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I n a g i v e n channel, t h e normal d e p t h l i n e a n and t h e 
c r i t i c a l d e p t h l i n e a c are f i x e d , and d i v i d e t h e channel i n t o 
t h r e e s e c t i o n s (Ven Te Chow 1959, C a r l i e r 1972): 

Region 1: The space above t h e upper l i n e . 
Region 2: The space between t h e two l i n e s . 
Region 3: The space below t h e l o w e r l i n e . 

Thus t h e f l o w p r o f i l e s may be c l a s s i f i e d i n t o t h i r t e e n d i f ­
f e r e n t t y p e s a c c o r d i n g t o t h e n a t u r e o f t h e channel s l o p e and 
t h e zone i n which t h e f l o w s u r f a c e l i e s . 

These types are d e s i g n a t e d as H2, H3; Ml, M2, M3; CI, 

C2, C3; SI, S2, S3; and A2, A3; where t h e l e t t e r i s d e s c r i p t i ­
ve o f t h e slope: H f o r h o r i z o n t a l , M f o r m i l d ( s u b c r i t i c a l ) , C 

f o r c r i t i c a l , S f o r st e e p ( s u p e r c r i t i c a l ) , and A f o r adverse 
s l o p e and where t h e numeral r e p r e s e n t s t h e r e g i o n number. 

The f u l l r e p r e s e n t a t i o n o f t h i s c l a s s i f i c a t i o n i s g i 
i n appendix ( 2 ) . 



- 3 1 -

3. 3. 3 Method o f d i r e c t i n t e g r a t i o n : t h e Bresse f u n c t i o n 

Eq. (3. 3. 3) may be w r i t t e n as: 

J ë - i 
dx l b 

a3-a3

c 

a3-al 
- 2, 

1 -
C2a3i 

1 -
ga-

(3. 3. 4) 

Thi s e q u a t i o n i s v a l i d i n t h e s p e c i a l case o f a r e c t a n g u l a r 
channel w i t h t h e conveyance expressed i n terms o f t h e Chézy 
e q u a t i o n , C = co n s t a n t . 

I n t e g r a t i o n o f t h e eq. (3.3.4) leads t o t h e r e s u l t 

a, 
x2-x1 - -^[(TJ.-TJ,) -fi(ilr(r}2) (3. 3. 5) 

where ifr (tj) i s known as the Bresse function, and i s equal to 

3 

(3. 3. 6) 
- J^arccoé 21 + 1 \ 

( r / - l ) 2 J vT 

f i n ) - f - A 
J I-IJ' 

6 
' 277 + 1 

i n w h i c h n - a/an 

P - l - ( a c / a n ) 

A more s i m p l e a n a l y t i c a l s o l u t i o n i s p o s s i b l e i f ib=0. 

The Bresse f u n c t i o n i s n ot v a l i d i n t h a t case because o f 
d i v i s i o n by zero. Then eq. (3. 3. 3) y i e l d s : 

da _ q2/C2 

dx ' a3- iq2/g) (3. 3. 7) 

I n t e g r a t i o n o f t h i s e q u a t i o n y i e l d s : 
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C 2 
X* " X l " g 2 

' ^ - a / a ^ - ^ + a / a J 

I n w h i c h x t i s t h e known v a l u e on a l o c a t i o n upstream ( i n case 
o f s u p e r c r i t i c a l f l o w ) o r downstream ( i n case o f s u b c r i t i c a l 
f l o w ) o f t h e d e s i r e d unknown d i s t a n c e x 2. 

An a n a l y t i c a l method can be used besides a n u m e r i c a l 
method t o v e r i f y t h e n u m e r i c a l r e s u l t s . 

3, 3, 4 Methods o f n u m e r i c a l i n t e g r a t i o n 

The g r a d u a l l y v a r i e d f l o w e q u a t i o n i s a f i r s t o r d e r 
n o n - l i n e a r d i f f e r e n t i a l e q u a t i o n : 

da/dx = f(a,x) <3- 3- 9 ) 

Two chosen n u m e r i c a l i n t e g r a t i o n methods are d e s c r i b e d 
t o s o l v e t h e g r a d u a l l y v a r i e d f l o w e q u a t i o n . A t t h e end o f 
t h i s s e c t i o n t h e c h o i c e o f these methods i s co n s i d e r e d . For 
a l l t h e s e n u m e r i c a l methods i t i s i m p o r t a n t t h a t c a l c u l a t i o n s 
must proceed i n upstream d i r e c t i o n i n s u b c r i t i c a l f l o w s and i n 
downstream d i r e c t i o n i n s u p e r c r i t i c a l f l o w . 

The Simpson r u l e 

T his method i s s u i t a b l e i n p r i s m a t i c channels and can be 
a p p l i e d t o s o l v e t h e g r a d u a l l y v a r i e d f l o w d i f f e r e n t i a l equa­
t i o n i f eq. (3.3.9) i s independent o f t h e d i s t a n c e x : 

da/dx - f(a) (3.3.10) 
I n g e n e r a l i t i s p r e f e r a b l e t o r e w r i t e t h e e q u a t i o n as 
f o l l o w s : 

dx/da = g(a) <3- 3- n ) 

The s o l u t i o n o f t h i s e q u a t i o n now i s an i n t e g r a l t h a t can be 
s o l v e d by means o f t h e trapezoidal rule o r t h e Simpson rule. 
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This enables us t o c a l c u l a t e x-values, s t a r t i n g a t an i n i t i a l 
w a t e r d e p t h al ( a t one end o f t h e c h a n n e l ) , c a l c u l a t i n g i n 
( s m a l l ) d e p t h steps u n t i l t h e f i n a l d e p t h a 2 ( a t t h e o t h e r end 
o f t h e channel) i s reached. 

Because t h e Simpson r u l e g i v e s more a c c u r a t e s o l u t i o n s 
t h a n t h e t r a p e z o i d a l r u l e and t h e r e f o r e needs a s m a l l e r number 
of c o m p u t a t i o n s t e p s , i t i s more e f f i c i e n t t o use t h e Simpson 
r u l e t o compute s u r f a c e p r o f i l e s . 

The mul ti-segment Simpson rule can be 
( A l m e r i n g , 1 984 ) as: 

x2-x1 - -jh[ giaj + Agia^h) + g(a1+2h) ] + 

+ -jh[ o-(a2+2A) + 4o;(a 1+3A) + gia^Ah) ] + 

+ . . . + g(a2-2h) + Ag(a2-h) + g(a2) ] 

r e p r e s e n t e d 

(3. 3. 12) 

o r r e p r e s e n t e d as: 

x2-x1 - x[a1+2h] + xia^Ah] + xia^Sh] + . . . + x[a2] 
(3. 3. 13) 

N o t i c e t h a t an even number o f segments must be u t i l i z e d t o 
implement t h e method. 

An e r r o r e s t i m a t i o n f o r t h e m u l t i p l e - s e g m e n t Simpson's 
Rule i s o b t a i n e d by f i r s t computing w i t h a s t e p s i z e h and 
s e c o n d l y w i t h a s t e p s i z e h- h. Then t h e f o l l o w i n g e s t i m a t e can 
be found ( A l m e r i n g , 1984): 

Error = I - X3 - 1/15- ( I 3 - I 2 ) (3. 3. 14) 
where I = e x a c t v a l u e 

J 2 = v a l u e computed w i t h a s t e p s i z e h 
J 3 = v a l u e computed w i t h a s t e p s i z e h 

N o t i c e t h a t t h i s method can o n l y be a p p l i e d when t h e bottom 
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s l o p e and f r i c t i o n c o e f f i c i e n t remain c o n s t a n t a l o n g t h e 
channel a x i s . 

Runge-Kutta method 

Another method t h a t can be a p p l i e d f o r t h e i n t e g r a t i o n 
o f eq. (3.3. 10) i s t h e Runge-Kutta method. I t i s used t o c a l c u ­
l a t e t h e w a t e r d e p t h as a f u n c t i o n o f t h e d i s t a n c e x ( t h e Simp­
son r u l e i s used t o compute x=f(a) ). For t h e h y d r a u l i c Jump 
com p u t a t i o n s ( d i s c u s s e d i n a f o l l o w i n g s e c t i o n ) t h i s method 
had t o be used t o a v o i d l o n g space steps o f f l o w p r o f i l e s near 
t h e normal d e p t h l i n e . 

The Runge-Kutta method can be compared w i t h many o t h e r 
n u m e r i c a l e x p l i c i t ( p r e d i c t o r - c o r r e c t o r ) i n t e g r a t i o n methods. 
I t i s a l s o p o s s i b l e t o compute w i t h v a r y i n g b ottom s l o p e s and 
C v a l u e s (assumed t h a t t h e i r c o n t i n u o u s v a r i a t i o n i n x d i r e c ­
t i o n can be d e s c r i b e d by a c e r t a i n f u n c t i o n g(x)). 

Using d a / d x = f(a,x) (3.3.15) 

The standard fourth order Runge-Kutta method (SRK) becomes: 

ai+1 - a± + -| (K1 + 2K2 + 2K3 + K4) (3. 3. 16) 

where h = space s t e p i n x - d i r e c t i o n 
Kl = h- f(a.x, X,) 
K2 = h • f(ai + ̂ Kl/xi + ̂ fh) 

K3 = h- f(al + kK2, x. + *h) 

K4 = h • f(a-+K3, x.^h) 

The SRK i s a p r e d i c t o r - c o r r e c t o r method based on t h e 
Simpson Rule. I t has a r e l a t i v e l y h i g h accuracy and a more 
e f f i c i e n t use o f t h e a v a i l a b l e memory o f t h e computer. 

The p r i n c i p l e o f e r r o r e s t i m a t i o n i s equal t o t h a t o f 
t h e Simpson's Rule and t h e Heun Method ( n o t d i s c u s s e d h e r e ) . 
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Error - (1/15) * ( - a h ) (3. 3. 17) 

S t a b i l i t y o f t h e Runge-Kutta Method r e q u i r e s a c e r t a i n maximum 
s t e p s i z e . C o n d i t i o n f o r s t a b i l i t y o f SRK i s 

hi < 2. 8/1/1, I 
H. = df(au x.)/da (3. 3. 18) 

Note t h a t t h e maximum s t e p s i z e t h a t i s r e q u i r e d f o r 
s t a b i l i t y can v a r y f o r d i f f e r e n t p a r t s o f t h e f l o w p r o f i l e (fit 

i s a f u n c t i o n o f a-t). I n g e n e r a l t h e s t e p s i z e f o r t h a t p a r t o f 
t h e curve t h a t i s c l o s e t o t h e c r i t i c a l d e p t h has t o be 
s m a l l e r t h e n elsewhere. I t i s a d v i s a b l e t o use a v a r i a b l e s t e p 
s i z e d u r i n g t h e computations. 

Comments on t h e chosen methods 

Besides t h e two methods d e s c r i b e d here, t h e r e are some 
o t h e r methods t h a t can be a p p l i e d t o s o l v e t h e e q u a t i o n . 
Accuracy and s t a b i l i t y c o n d i t i o n s d i f f e r f o r each method. 
I m p l i c i t methods can be used t o p r e v e n t i n s t a b i l i t y i n case o f 
l a r g e s t e p s i z e ( Crank-Nichols on). 

When t h e f l o w i s non-steady t h e n t i m e dependent 
e q u a t i o n s have t o be used. The b a s i c e q u a t i o n s o f t h e w a t e r 
movement can be s o l v e d n u m e r i c a l l y w i t h an e x p l i c i t o r 
i m p l i c i t method. A p p l i c a t i o n o f methods i n non-steady f l o w can 
be found i n t h e l i t e r a t u r e . 

3. 3. 5 H y d r a u l i c jump c o m p u t a t i o n 

A h y d r a u l i c jump occurs when a s u p e r c r i t i c a l f l o w meets 
a s u b c r i t i c a l f l o w . The s u p e r c r i t i c a l f l o w jumps up t o meet 
i t s a l t e r n a t e (downstream s u b c r i t i c a l ) depth. A p r e c i s e 
m a t h e m a t i c a l model t o d e s c r i b e t h i s phenomenon has not y e t 
been determined. Many e m p i r i c a l f o r m u l a s , however, have been 
develo p e d t o compute f o r i n s t a n c e t h e l o c a t i o n o f t h e jump and 
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t h e energy l o s s e s . 

I n g e n e r a l one can d i s t i n g u i s h between jumps i n 
h o r i z o n t a l and jumps i n s l o p i n g channels. The approach o f t h e 
jump computations i s p a r t i a l l y d i f f e r e n t f o r b o t h k i n d s o f 
jumps, as i s e x p l a i n e d l a t e r i n t h i s chapter. Adverse bottom 
s l o p e s , however, are n o t d i s c u s s e d because o f t h e i r r a r e 
appearance and t h e l a c k o f e x p e r i m e n t a l d a t a on t h e s e jumps. 

I n appendix (2) a c l a s s i f i c a t i o n i s g i v e n o f h y d r a u l i c 
jumps on a h o r i z o n t a l bottom. C l a s s i f i c a t i o n o f t h e jumps i s 
i m p o r t a n t f o r s u r v e y a b i l i t y and d i s t i n c t i o n o f v a r i o u s p o s s i ­
b l e jumps. 

Sequent depths i n a h o r i z o n t a l channel 

The w a t e r l e v e l upstream o f t h e jump i s c a l l e d t h e 
initial level yx, and t h e one downstream o f i t i s c a l l e d t h e 
sequent depth yr I n a r e c t a n g u l a r channel w i t h a h o r i z o n t a l 
bed t h e sequent d e p t h f o l l o w s from t h e s o l u t i o n o f t h e 
momentum e q u a t i o n (Chow, 1959): 

Zl - A Ui + BFr* - 1 1 (3.3.19) 
Yx 2 LV 

I t must be emphasized t h a t y 2 i s t h e r e s u l t o f t h e 
downstream c o n t r o l ; i . e . , i f t h e downstream c o n t r o l produces 
t h e d e p t h y 2, t h e n a jump forms. 

Length o f t h e jump i n a h o r i z o n t a l channel 

The l e n g t h o f t h e jump ( L j ) i s an i m p o r t a n t parameter i n 
t h e c o m p u t a t i o n method. This l e n g t h may be d e f i n e d as t h e 
d i s t a n c e measured from t h e f r o n t f a c e o f t h e jump t o a p o i n t 
on t h e s u r f a c e i m m e d i a t e l y downstream from t h e r o l l e r . I t 
cannot be d e t e r m i n e d e a s i l y by t h e o r y b u t t h e r e s u l t s o f 
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s e v e r a l e x p e r i m e n t a l i n v e s t i g a t i o n s have y i e l d e d t h a t : 
L,/y2 = f(Frx) (Chow, 1959, p398). 

Sequent depths and l e n g t h o f t h e jump on a s l o p i n g f l o o r 

R e l a t i n g t o c o n s t r u c t i o n s i n mountain r i v e r s i t i s im­
p o r t a n t t o c o n s i d e r h y d r a u l i c jumps i n h o r i z o n t a l channels as 
w e l l as i n s l o p i n g channels. 

I n t h e a n a l y s i s o f h y d r a u l i c jumps i n s l o p i n g channels, 
i t i s e s s e n t i a l t o c o n s i d e r t h e w e i g h t o f t h e w a t e r e n c l o s e d 
i n t h e jump ( i n f l u e n c e o f t h e g r a v i t y component). I n h o r i z o n ­
t a l channels t h e e f f e c t o f t h i s w e i g h t i s n e g l i g i b l e . Thus, 
t h e momentum e q u a t i o n s f o r jumps on a h o r i z o n t a l bed cannot be 
a p p l i e d s t r a i g h t f o r w a r d l y t o jumps on a s l o p i n g bed. However, 
t h e momentum p r i n c i p l e can be used t o d e r i v e an e q u a t i o n 
analogous t o eq. (3. 3. 19). This d e r i v e d e q u a t i o n c o n t a i n s an 
e m p i r i c a l f u n c t i o n t h a t has t o be de t e r m i n e d e x p e r i m e n t a l l y . 
Based on a l a b o r a t o r y s t u d y by t h e U. S. Bureau o f Re c l a m a t i o n 
(1955), t h e f o l l o w i n g sequent d e p t h v a r i a t i o n can be noted: 

I t appears t h a t t h e s l o p i n g - b e d jump r e q u i r e s more 
t a i l w a t e r d e p t h y, t h a n t h e c o r r e s p o n d i n g h o r i z o n t a l - b e d jump. 
F u r t h e r , t h e r e s u l t s are not v a l i d f o r n e g a t i v e b o t t o m s l o p e s , 
as i t was s t a t e d a l r e a d y i n t h e b e g i n o f t h i s s e c t i o n . 

42 + 0 .58exp(4 .7 ib) (3. 3. 20) 

I n w h i c h y t = sequent d e p t h ( t a i l w a t e r d epth) 
y 2 = e q u i v a l e n t sequent d e p t h i n a h o r i z o n t a l f l o o r 

jump ( c o r r e s p o n d i n g t o y 2 i n eq. (3. 3. 19) ) 

The l e n g t h o f t h e jump L.f on a s l o p i n g bed i s l o n g e r t h a n 
t h e c o r r e s p o n d i n g L. o f a jump on a h o r i z o n t a l bed. S i m i l a r l y 
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t o t h e h o r i z o n t a l bed, t h e r e l a t i v e l e n g t h o f t h e jump L,/y2 

may a l s o be shown as a f u n c t i o n o f Fr, and ib and r e p r e s e n t e d 
by curves based on e x p e r i m e n t a l d a t a o f t h e Bureau o f 
Recl a m a t i o n USBR (Ven Te Chow, 1959, p428). E l e v a t o r s k i ' s 
(1959) a n a l y s i s o f t h e USBR d a t a i n d i c a t e s t h a t t h e jump 
l e n g t h can be expressed as (Subramanya,1982): 

6.9 
i n which ms - 5 . 4 2 s i n h ( t a n O +1 

(3. 3. 21) 

C = ang l e o f t h e bottom s l o p e i n degrees 

Eq. (3. 3.21) i s based on a wide range o f v a l u e s f o r Frx 

L o c a t i o n o f t h e jump on a s l o p i n g f l o o r 

The l o c a t i o n o f t h e h y d r a u l i c jump can now be e s t i m a t e d 
u s i n g t h e upstream and downstream s u r f a c e p r o f i l e s , t h e se­
quent depths b e l o n g i n g t o t h e s u p e r c r i t i c a l p r o f i l e e q u a t i o n 
(3.3.20) and t h e l e n g t h o f t h e jump eq. (3. 3.21). T h e o r e t i c a l l y 
s p e a k i n g t h e jump occurs where t h e sequent d e p t h curve ( c o l ­
l e c t i v e c u r v e o f depths y t c o n j u g a t e t o t h e c o r r e s p o n d i n g 
depths yx o f t h e s u p e r c r i t i c a l s u r f a c e p r o f i l e ) , i n t e r s e c t s 
w i t h t h e s u b c r i t i c a l s u r f a c e p r o f i l e (downstream). T h i s 
t h e o r e t i c a l c o n d i t i o n i s g e n e r a l l y used t o l o c a t e t h e p o s i t i o n 
o f t h e jump on e x t e n s i v e l o n g i t u d i n a l p r o f i l e s . 

For a c l o s e r e s t i m a t i o n o f t h e l o c a t i o n o f t h e jump, t h e 
l e n g t h o f t h e jump has t o be c o n s i d e r e d a l s o . The pro c e d u r e 
f o r l o c a t i n g t h e jump i s d e s c r i b e d i n appendix ( 2 ) . T h i s 
p r o c e d u r e g i v e s d i r e c t d e t e r m i n a t i o n o f t h e end p o i n t s o f a 
jump and t h e method i s g e n e r a l and can t h e r e f o r e be a p p l i e d i n 
a wide v a r i e t y o f jump s i t u a t i o n s . 
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3. 4 Unsteady flow with low sediment concentrations 

3. 4. 1 B a s i c Equations 

When t h e d i s c h a r g e v a r i e s i n t i m e t h e f l o w i s c a l l e d 
unsteady. When t h e sediment t r a n s p o r t i s assumed t o be r e l a ­
t i v e l y s m a l l ( s / q « 1), t h e n t h e i n f l u e n c e o f c o n c e n t r a t i o n on 
t h e e q u a t i o n s o f m o t i o n and c o n t i n u i t y can be n e g l e c t e d w i t h 
r e s p e c t t o t h e d i s c h a r g e (<p=0). 

The v a r i a t i o n s o f sediment s t o r a g e i n e q u a t i o n (3. 3) are 
now o n l y dependent on t h e r a t e o f accumulated bed-load 
m a t e r i a l a l o n g t h e r i v e r a x i s (see appendix ( 1 ) ) . 

The b a s i c e q u a t i o n s (3. 1) t o (3. 3) can be r e w r i t t e n as 

du x „ 3u . „ da . „ dz gu2 

da . ̂  du , „ da n 

a t + a a ^ + u a ^ _ 0 0.6) 

dzh dsh 

ü F + & r - ° (3-7) 

I n w h i c h sb - ccQau - f(u) (3. 8) 

(Assumed i s t h a t c o s ( ^ ) - 0 and s i n ( ^ ) - i b ) 

The p r o p e r t i e s o f t h i s system o f e q u a t i o n s a r e i n v e s ­
t i g a t e d by many a u t h o r s (e.g. Jansen 1979, de V r i e s 1959). 
Comparing t h e i r a n a l y s i s w i t h t h e a n a l y s i s o f t h e e q u a t i o n s 
f o r s e d i m e n t - l a d e n f l o w ( s e c t i o n s 3.6 and 3.7) enables us t o 
come t o c e r t a i n c o n c l u s i o n s on t h e i n f l u e n c e o f sediment 
c o n c e n t r a t i o n s on t h e r i v e r f l o w . For t h i s o b j e c t i v e t h e 



-un­
c h a r a c t e r i s t i c c e l e r i t i e s o f t h e system are t r e a t e d i n 
f o l l o w i n g s u b s e c t i o n . 

3.4.2 C h a r a c t e r i s t i c c e l e r i t i e s 

Because o f t h e c l o s e r e l a t i o n s h i p between p h y s i c a l and 
m a t h e m a t i c a l p r o p e r t i e s , t h e method o f c h a r a c t e r i s t i c s i s a 
b a s i c concept and t o o l i n a n a l y z i n g t h e complex system o f 
b a s i c e q u a t i o n s . W i t h t h i s method i t i s p o s s i b l e t o draw 
p e r t i n e n t and e a s i l y u n d e r s t a n d a b l e p h y s i c a l i n t e r p r e t a t i o n s 
f r o m t h e m a t h e m a t i c a l e x p r e s s i o n s . 

I n t h i s s e c t i o n t h e c h a r c t e r i s t i c c e l e r i t i e s o f s m a l l 
d i s t u r b a n c e s are t r e a t e d as a t o o l f o r d e t e r m i n a t i o n o f t h e 
r a p i d i t y o f changes i n t h e f l o w and morphology, and f o r 
i m p o s i n g t h e boundary c o n d i t i o n s . 

I n appendix (1) t h e g e n e r a l m a t r i x approach i s used t o 
d e r i v e c e l e r i t i e s . The same approach y i e l d s f o r t h e b a s i c 
e q u a t i o n s (3.5) t o (3.8) (see Jansen 1979 and de V r i e s 1959) 
t h a t t h e t h r e e c e l e r i t i e s , d e f i n e d as c = dx/dt, f o l l o w f r o m 
t h e c u b i c e q u a t i o n 

- c 3 + 2uc2 + (ga-u2+gfu) c - ugfu - 0 ( 3 g ) 

i n w h i c h fu -

I n s e r t i n g d i m e n s i o n l e s s parameters <p, Fr, f i n t h i s e q u a t i o n 
y i e l d s 

<p3 - 2<p2 + (l-Fr-2-ilrFr-2) <p + fFr-2 - 0 ( 3 1 Q ) 

i n w h i c h <p = c/u = r e l a t i v e c e l e r i t y 
Fr = u/ (ga f1 = Froude Number 
f = f/a = d i m e n s i o n l e s s t r a n s p o r t parameter 

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

ffl, - Jq cos 
1 JT 

±±\ * 2 (3. 11) 

\/g cos I 3 ; (3. 12) 

(£>,-- Jq cos ^ + — 
s/2 { 3 ) 3 

(3. 13) 

-1 
i n w h i c h g - — + Fr'2 + ifrFr'2 

I - + —Fr~2 - — ilrFr ~2 

1 T * 27 

a f - ar c c o s I d 2 

I n t h e f o l l o w i n g s e c t i o n s these c e l e r i t i e s w i l l be used t o 
c o n s i d e r t h e i n f l u e n c e o f t h e c o n c e n t r a t i o n terms i n t h e b a s i c 
e q u a t i o n s ,e.g. on t h e momentum and mass balance. 

3. 5 Unsteady flow l a r g e sediment concentrations: 
approach 

f i r s t 

3. 5. 1 B a s i c equations 

The f l o w i s c a l l e d unsteady when t h e d i s c h a r g e v a r i e s i n 
ti m e . The g e n e r a l b a s i c e q u a t i o n s f o r t h e mountain r i v e r f l o w 
( s e c t i o n 3.2) can be r e w r i t t e n i f t h e c o n c e n t r a t i o n r a t e o f 
t h e f l o w i s due t o h i g h sediment t r a n s p o r t . For t h e d e r i v a t i o n 
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o f t h e new b a s i c e q u a t i o n s t h e c o n c e n t r a t i o n o f sediment i n 
t h e f l o w i s p r e d i c t e d w i t h a sediment t r a n s p o r t f o r m u l a w h i c h 
r e l a t e s t h e t r a n s p o r t t o t h e l o c a l h y d r a u l i c c o n d i t i o n s . The 
a d a p t a t i o n o f t h e sediment t r a n s p o r t , w h i c h a p p l i e s t o t h e 
suspended t r a n s p o r t , i s n ot i n c l u d e d . 

The d e r i v a t i o n o f t h e e q u a t i o n s i s d e s c r i b e d i n appendix 
( 1 ) . The b a s i c e q u a t i o n s f o r unsteady f l o w w i t h h i g h t r a n s p o r t 
r a t e s are: 

dzh du 
dt u 1 + A Fr- 2V- ccos(0 ( — f „ - D 

2 8 

+ gcos(0 2 a 
3a + J [ H i c o s ( 0 - g s i n ( 0 - 0 
dx c2a 

(3. 14) 

ocA 
au 

(ufu-s) 
du 
dt + iA 1+aA^-a 

du u da + 

dx a dt 

+ "Id* - 0 
a dx 

(3. 15) 

dz _a 
8 t u 

ufu-s 
au 

+ f i n - o 
at u ax 

(3. 16) 

I n w h i c h fu 

ds 
du 

ind s - f(u) 

Fr u and Vt 

aAs 
c ua + aAs 

3. 5. 2 C h a r a c t e r i s t i c c e l e r i t i e s 

C o r r e s p o n d i n g t o t h e a n a l y s i s g i v e n i n s e c t i o n 3. 
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c h a r a c t e r i s t i c c e l e r i t i e s o f t h e system are d e r i v e d f o r t h i s 
t y p e o f f l o w e q u a t i o n s and compared w i t h t h e c e l e r i t i e s o f t h e 
f l o w w i t h l ow sediment c o n c e n t r a t i o n s ( f r o m s e c t i o n 3.5.2). I n 
appendix (1) t h e c u b i c e q u a t i o n i s d e r i v e d t h a t d e s c r i b e s t h e 
c e l e r i t i e s : 

c 3 + 
u u 

c2 + (3. 17) 

+ [u2RA-gaiR^+cos (ORG) -gcos(0 fu]c + gufucos(0 - 0 

I n w h i c h 

RA-1 + ±Fr-2Vc(^fu-l) cos(0 2 s 

RB - c o s ( O 1 - i 
2 

R - *A{uf-g) 
c ua u 

Rn - 1 + ccA—± 
v a 

( RE - 1 ) 
( Rr - 1 ) 

uf"„-s 
ua 
a As 

c ua + ar4s 

I n appendix (1) i t i s a l s o shown ( g r a p h i c a l l y ) t h a t f o r 
c e r t a i n f l o w v e l o c i t i e s ( o r Froude Numbers) t h e c e l e r i t i e s can 
d i f f e r f rom t h o s e f o r e q u a t i o n s w i t h o u t t h e i n f l u e n c e o f 
c o n c e n t r a t i o n . T h e r e f o r e t h e sediment t r a n s p o r t has been 
p r e d i c t e d u s i n g t h e Engelund Hanssen Formula o r t h e Meyer 
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P e t e r M u l l e r f o r m u l a . For s m a l l Froude numbers t h e c e l e r i t i e s 
agree r e a s o n a b l y w i t h t h e s e c e l e r i t i e s f o r t h e low sediment 
c o n c e n t r a t i o n e q u a t i o n s ( s e c t i o n 3.5.2). 

I n t h e f o l l o w i n g s e c t i o n a second approach o f t h e ap­
p r o x i m a t i o n o f sediment c o n c e n t r a t i o n s i n t h e b a s i c e q u a t i o n s 
i s c o n s i d e r e d . T h e r e f o r e t h e suspended l o a d i s s e p e r a t e d from 
t h e t o t a l sediment l o a d . 

3. 6 Unsteady flow with l a r g e sediment concentrations: second 
approach 

3. 6. 1 B a s i c equations 

Comparably t o t h e d e r i v a t i o n o f b a s i c e q u a t i o n s f o r f l o w 
w i t h l a r g e c o n c e n t r a t i o n s i n t h e p r e v i o u s s e c t i o n , t h e 
c o n c e n t r a t i o n o f sediment i s d e t e r m i n e d by t h e sediment 
t r a n s p o r t r a t e . The f o l l o w i n g assumptions apply: 

The i n f l u e n c e o f sediment on t h e w a t e r movement i s sup­
posed t o be dependent on t h e c o n c e n t r a t i o n o f suspended 
l o a d o n l y . This assumption holds f o r t h e f a c t t h a t 
b e d l o a d t r a n s p o r t i n v o l c a no r i v e r s i s s m a l l compared t o 
t h e suspended l o a d t r a n s p o r t , and t h e r e f o r e does not 
a p p r e c i a b l y c o n t r i b u t e t o t h e c o n c e n t r a t i o n d i s t r i b u t i o n 
averaged over t h e v e r t i c a l . 
The a d a p t a t i o n o f t h e suspended l o a d c o n c e n t r a t i o n 
d i s t r i b u t i o n ( o v e r t h e v e r t i c a l ) t o t h e l o c a l h y d r a u l i c 
c o n d i t i o n s i s d e s c r i b e d w i t h an a d d i t i o n a l b a s i c 
e q u a t i o n f o r t h e d e p t h - i n t e g r a t e d suspended l o a d 
c o n c e n t r a t i o n ( G a l a p a t t i , 1983). Only t h e a d a p t a t i o n o f 
t h e c o n c e n t r a t i o n can cause t h e d e g r a d a t i o n processes 
downstream o f a sediment d e t e n t i o n dam and i s t h e r e f o r e 
i m p o r t a n t i n t h e v o l c a n o r i v e r model. 
The van R i j n sediment t r a n p o r t f o r m u l a s ( f o r bedload and 
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suspended l o a d , v a n R i j n 1984) are a p p l i e d f o r t h e model. 
This c h o i c e i s based on t h e f a c t t h a t a p p r e c i a b l e 
r e s u l t s can be a c h i e v e d f o r h i g h v e l o c i t y f l o w and f i n e 
sediment (van R i j n , 1 9 8 6 ) compared t o t h e methods o f 
Engelund Hansen, Meyer P e t e r M u l l e r and o t h e r s . 

The d e r i v a t i o n o f t h e e q u a t i o n s i s b r i e f l y d e s c r i b e d i n appen­
d i x ( 1 ) . The f o l l o w i n g system o f b a s i c e q u a t i o n s i s d e r i v e d : 

du du , * da. 1 „ , * dCs 
Tt + U^x + 9 C O s U ) a* + ~2 R i g c o s & ~aT + 

+ g c o s ( 0 ~ gsin(C) + ^f-cos(0 - 0 ^ 1 8 ) 

ox c a 

da da du , r> I dCs , „ dCs \ n 

3t + U -dx + a -dx + x\dt + U ^ r ) • ° (3. 19) 

dz j- du Ri I dCs dCs \ 
" " a t + " »~Sx * ~~£\~5t * u~Sx) (3-2°) 

I n w h i c h Cs = C o n c e n t r a t i o n o f suspended m a t e r i a l 
i?j = (aA) / (l+ACs) 

Cse = ss/ua (s s=suspended l o a d r a t e from van R i j n ) 
= e q u i l i b r i u m c o n c e n t r a t i o n ( c a p a c i t y ) 

and 
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U- ± 
u 

a w. 
xr - 1+2 (Wg/ut)2 

x - e x p [ (4. 287-22. 453 £7) x 3 + (24 . 827 Ü-6 . 412) Xr
2 + 

+ (3 .2E7-1.568)XT ] 

These c o e f f i c i e n t s have been d e r i v e d f o r t h e van R i j n ( 1987) 
d i f f u s i o n c o e f f i c i e n t and t h e van R i j n (1987) t r a n s p o r t 
f o r m u l a (see appendix 1). I n t h e f o l l o w i n g s u b s e c t i o n t h e 
c h a r a c t e r i s t i c c e l e r i t i e s o f t h e system are d e t e r m i n e d t o 
i n v e s t i g a t e t h e p r o p e r t i e s o f t h e e q u a t i o n s . 

3. 6. 2 C h a r a c t e r i s t i c c e l e r i t i e s 

I n appendix (1) t h e c h a r a c t e r i s t i c c e l e r i t i e s f o r t h e 
system a r e determ i n e d , as a t o o l f o r d e t e r m i n a t i o n o f t h e 
r a p i d i t y o f changes i n t h e f l o w and morphology and f o r im­
p o s i n g t h e boundary c o n d i t i o n s . The q u a r t i c e q u a t i o n t h a t 
r e p r e s e n t s t h e f o u r c e l e r i t i e s o f t h e system i s ( f o r L a=uT a): 

c 4 - 3uc 3 + [ 3 u 2 - s r f u c o s ( 0 -gacos(0]c2 + 2 2 ) 

+ [2gufucoa(0 +gaucos(0 - u 3 ] c - s r u 2 f - u c o s ( 0 - 0 

w h i c h can be r e w r i t t e n as 
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(c-u) ( c 3 - 2uc2 + [u 2-gracos {() - g f u c o s (O ]c + gufucos (() ) - 0 

I f t h e c e l e r i t i e s are compared w i t h t h e c e l e r i t i e s f o r 
f l o w w i t h l o w sediment c o n c e n t r a t i o n s ( s e c t i o n 3.5.2) t h e n t h e 
f o l l o w i n g c o n c l u s i o n s can be drawn ( i f bed s l o p e s are 
n e g l i g i b l e c o s ( ^ ) * l ) : 

The c e l e r i t i e s f o r w a t e r movement and bed l e v e l s are 
equal f o r b o t h systems. 
The c e l e r i t y o r i g i n a t i n g from t h e c o n c e n t r a t i o n o f sus­
pended l o a d i s equal t o r a t i o o f t h e a d a p t a t i o n l e n g t h 
t o t h e a d a p t a t i o n t i m e , which i s a p p r o x i m a t e l y equal t o 
t h e f l o w v e l o c i t y . This can be e x p l a i n e d c o n s i d e r i n g 
t h a t t h e d e p t h i n t e g r a t e d suspended sediment e q u a t i o n 
can be r e w r i t t e n as t h e d e r a t i v e o f Cs moving w i t h a 
v e l o c i t y u i n x - d i r e c t i o n : 

DCs Cse - Cs 
Dt " Ta 

T h i s equals t h e e q u a t i o n f o r t h e c h a r a c t e r i s t i c 
c e l e r i t y . 
A l l c e l e r i t i e s except t h a t o f t h e bed l e v e l s a r e 
p o s i t i v e i n x - d i r e c t i o n . The boundary c o n d i t i o n s have t o 
be imposed a t t h e upstream boundary. However, t h e bed-
l e v e l boundary has t o be t a k e n a t t h e downstream end o f 
t h e channel s e c t i o n . Boundary c o n d i t i o n s are d i s c u s s e d 
i n s e c t i o n 4. 2. 3. 
The model appeared t o be w e l l a p p l i c a b l e f o r mountain 
r i v e r f l o w ( i f t h e assumptions i n s e c t i o n 3. 2 a p p l y ) . A 
n u m e r i c a l model f o r t h e s o l u t i o n o f t h e b a s i c e q u a t i o n s 
i s d e s c r i b e d i n c h a p t e r 4. 

3. 7 D i s c u s s i o n and c o n c l u s i o n s 

Three b a s i c e q u a t i o n s have been d e r i v e d f o r s t e e p 



-48-

r i v e r s . The d e n s i t y o f t h e sediment/water m i x t u r e pm r e p r e s e n t s 
t h e i n f l u e n c e o f t h e sediment t r a n s p o r t on t h e f l o w and t h e 
morphology. For reasons o f f l o w i n s t a b i l i t y , t h e bed slopes 
have been assumed t o be s m a l l e r t h a n 10% and have been 
n e g l e c t e d i n t h e f i n a l reduced e q u a t i o n s . 

The t h r e e g e n e r a l b a s i c e q u a t i o n s have been reduced f o r 
d i f f e r e n t assumptions. The " g r a d u a l l y v a r i e d f l o w " e q u a t i o n s 
are d e r i v e d f o r s t e a d y n o n - u n i f o r m f l o w on a f i x e d bed w i t h o u t 
sediment t r a n s p o r t . The a p p l i c a t i o n o f t h i s model i s v e r y 
l i m i t e d i n n a t u r a l r i v e r s , b u t i t g i v e s a good i n s i g h t i n t o 
t h e p r o p e r t i e s o f t h e f l o w f o r v a r i o u s s i t u a t i o n s . 

I f t h e sediment c o n c e n t r a t i o n ( r e p r e s e n t e d by t h e 
d e n s i t y o f t h e wate r / s e d i m e n t m i x t u r e pj i s n e g l e c t e d i n t h e 
b a s i c e q u a t i o n s , t h e n a system o f e q u a t i o n s remains as 
d e s c r i b e d i n s e c t i o n 3. 4. 

F i n a l l y t h e e q u a t i o n s have been reduced i n c l u d i n g t h e 
c o n c e n t r a t i o n o f t r a n s p o r t e d sediment. F i r s t l y , t h e 
c o n c e n t r a t i o n has been expressed by a sediment t r a n s p o r t 
f o r m u l a , and s e c o n d l y by t h e c o n c e n t r a t i o n o f suspended l o a d 
i n c l u d i n g t h e a d a p t a t i o n o f t h e sediment t o t h e f l o w . 

The c e l e r i t i e s o f t h e f i r s t s e t o f e q u a t i o n s were 
d e t e r m i n e d u s i n g t h e Engelund Hansen (EH) and t h e Meyer P e t e r 
M u l l e r (MPM) t r a n s p o r t f o r m u l a . However, t h e p o s s i b i l i t y o f 
e x t r a p o l a t i n g t h e EH-formula t o t h e l a r g e f l o w v e l o c i t i e s i s 
d o u b t f u l , and t h e MPM-formula o n l y d e s c r i b e s bed-load 
t r a n s p o r t . 

The c e l e r i t i e s f o r t h e second method, w h i c h i n c l u d e s 
t h e a d a p t a t i o n o f t h e c o n c e n t r a t i o n o f suspended sediment, 
agreed w i t h t h o s e o r i g i n a t i n g from t h e b a s i c e q u a t i o n s f o r t h e 
f l o w w i t h o u t t h e i n f l u e n c e o f sediment c o n c e n t r a t i o n . This 
phenomenon does n o t i m p l y , however, t h a t t h e sediment 
c o n c e n t r a t i o n i s n e g l i g i b l e . The i n f l u e n c e o f t h e 
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c o n c e n t r a t i o n f o l l o w s from t h e a p p l i c a t i o n s i n s e c t i o n 4. 3. 
The f o u r t h e q u a t i o n t h a t d e s c r i b e s t h e a d j u s t m e n t process o f 
t h e c o n c e n t r a t i o n caused an a d d i t i o n a l c e l e r i t y e qual t o t h e 
r a t i o o f a d a p t a t i o n l e n g t h t o a d a p t a t i o n t i m e , w h i c h i s 
a p p r o x i m a t e l y equal t o t h e f l o w v e l o c i t y . 
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Chapter 4 

Numerical modelling of the mountain r i v e r flow 

4. 1 Computer model f o r g r a d u a l l y v a r i e d flow: STUWK. 

The s o l u t i o n o f t h e g r a d u a l l y v a r i e d f l o w e q u a t i o n s 
( s t e a d y f l o w on a f i x e d bed, p o s s i b l y w i t h a h y d r a u l i c jump) 
as d e s c r i b e d i n s e c t i o n 3.3 (and appendix 2) i s i n c o r p o r a t e d 
i n a computer model c a l l e d STUWK. Since t h e a p p l i c a t i o n o f t h e 
model i s r e s t r i c t e d t o p r i s m a t i c channels w i t h c o n s t a n t r o u g h ­
ness and bed s l o p e t h e r e s u l t s o f STUWK p r i m a r i l y have an 
i n s t r u c t i v e c h a r a c t e r t o i n c r e a s e t h e u n d e r s t a n d i n g i n t h e 
v a r i a t i o n s o f f l o w caused by d i s t u r b a n c e s i n t h e r i v e r . The 
oc c u r r e n c e o f backwater curves on a moving bed i s g e n e r a l l y 
accompanied by e r o s i o n o r s e d i m e n t a t i o n ( e q u a t i o n 3.7). Hence, 
i n s i g h t i n t h e f l o w v a r i a t i o n s a l s o i n d i c a t e s t h e v a r i a t i o n o f 
bed l e v e l s . 

A d e s c r i p t i o n o f t h e program and some a p p l i c a t i o n s a re 
p r e s e n t e d i n appendix 2. The method o f c o m p u t a t i o n can be 
chosen by t h e user. For any g i v e n i n p u t (bed s l o p e , Chezy 
v a l u e , d i s c h a r g e ) t h e s u r f a c e p r o f i l e s are t h e n determined. I f 
t h e upstream boundary i m p l i e s s u p e r c r i t i c a l f l o w and t h e 
downstream boundary s u b c r i t i c a l f l o w t h e n a h y d r a u l i c jump i s 
computed. 

The r e s u l t s are p r e s e n t e d on t h e s c r e e n b o t h n u m e r i c a l l y 
and g r a p h i c a l l y . The program a l s o i n c l u d e s a n a l y t i c a l s o l u t i o n 
o f t h e b a s i c e q u a t i o n s f o r reasons o f v e r i f i c a t i o n o f t h e 
n u m e r i c a l v a l u e s . 
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4.2 Model f o r unsteady f l o w w i t h a h i g h suspended l o a d r a t e , 
SABOFLOW 

4. 2. 1 F o r m a t i o n o f a l g e b r a i c e q u a t i o n s u s i n g t h e P r e i s s -
mann i m p l i c i t scheme 

The system o f b a s i c e q u a t i o n s i s g i v e n i n s e c t i o n 
( 3 . 7 . 1 ) . The e q u a t i o n f o r mo t i o n ( 3 . 1 8 ) , f o r c o n t i n u i t y o f 
mass ( 3 . 1 9 ) , f o r c o n t i n u i t y o f sediment volume (3.20) and f o r 
t h e d e p t h i n t e g r a t e d suspended l o a d c o n c e n t r a t i o n ( 3 . 2 1 ) , are 
r e w r i t t e n i n t o a l g e b r a i c e q u a t i o n s which can be s o l v e d nume­
r i c a l l y . T h e r e f o r e t h e v a r i a b l e s and t h e i r d e r a t i v e s are 
d i s c r e t i z e d by a d i f f e r e n c e scheme. 

F i n i t e d i f f e r e n c e method 

An i m p l i c i t f i n i t e d i f f e r e n c e method i s chosen t o ov e r ­
come t h e l i m i t a t i o n s imposed on At i n u s i n g t h e e x p l i c i t 
scheme. A l l t h e e x p l i c i t schemes are r e s t r i c t e d i n com­
p u t a t i o n a l t i m e s t e p by t h e Courant c o n d i t i o n (CFL-Con-
d i t i o n , Courant 1928) 

Ax 

where c i s t h e maximum c e l e r i t y o f t h e system, and s i n c e 
c =0(u) f o r l a r g e Froude Numbers (see s e c t i o n 3.6.2) t h e CFL-

max "* 

c o n d i t i o n y i e l d s : Atm=0(Ax/u). The s t e p s i z e f o r i m p l i c i t 
methods i s m a i n l y dependent on t h e r e q u i r e d accuracy. For 
a c c e p t a b l e r e s u l t s S t e l l i n g (1990) recommends a Courant Con­
d i t i o n o f 

c4± < i o 
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The Preissmann (SOGREAH) i m p l i c i t method (Preissmann, 
1961) has been chosen because i t i s s i m p l e i n i t s b a s i c com­
p u t a t i o n a l g r i d - p o i n t s t r u c t u r e . Other i m p l i c i t schemes f o r 
open channels e x i s t b u t t h e i r a p p l i c a b i l i t y f o r t h i s model has 
n o t been e v a l u a t e d . 

F o r m a t i o n o f a l g e b r a i c e q u a t i o n s 

F i g u r e (4.1) and e q u a t i o n s (4.1) t o (4.3) show t h e a c t u a l 
d i s c r e t i z a t i o n o f dependent v a r i a b l e s and t h e i r d e r a t i v e s i n a 
c e n t e r p o i n t , a c c o r d i n g t o Preissmann (1961): 

{1-6)At 

9At 

f i g u r e 4. 1 Preissmann box-scheme 

(4. 1) 

(4. 2) 

dt " 2At 

where 6 i s a t i m e w e i g h t i n g c o e f f i c i e n t (0. 5<0<I). 

The a l g e b r a i c e q u a t i o n s are formed by r e p l a c i n g t h e 
v a r i a b l e s and t h e i r d e r a t i v e s i n eq. (3. 18) t o (3.21) by t h e 
Preissmann f i n i t e d i f f e r e n c e s . For each segment (box-scheme) 
now f o u r f i n i t e d i f f e r e n c e e q u a t i o n s can be w r i t t e n . I n a 



-53-

channel r e a c h w i t h n x segments, a system o f 4*n x e q u a t i o n s i s 
formed ( w i t h 4 ( n +1) unknown v a r i a b l e s ) . I n t h e f o l l o w i n g 
s e c t i o n t h r e e n u m e r i c a l methods are d e s c r i b e d t o s o l v e t h e 
system o f e q u a t i o n s . 

Remark For a l l methods t h e f l o w i s assumed t o be super­
c r i t i c a l . The t r a n s i t i o n o f t h e s u p e r c r i t i c a l f l o w 
t o s u b c r i t i c a l f l o w ( h y d r a u l i c jump) c o u l d n o t be 
i n c o r p o r a t e d . For unsteady f l o w t h e l o c a t i o n o f 
t h e jump i s v a r i a b l e b u t cannot be decoupled from 
t h e b e d l e v e l s near t h e jump which b e f o r e h a n d can­
n o t be d e s c r i b e d by any m a t h e m a t i c a l r e l a t i o n . For 
t h e n u m e r i c a l c o m p u t a t i o n o f t h e morphology o f t h e 
s u b c r i t i c a l f l o w s e c t i o n as w e l l as t h e super­
c r i t i c a l s e c t i o n , bed l e v e l s have t o be known a t 
t h e l o c a t i o n o f t h e jump. These values cannot 
b e f o r e h a n d be determined. 

4. 2. 2 Summary o f n u m e r i c a l methods 

I n t h i s s e c t i o n t h r e e methods are d e s c r i b e d t h a t are 
examined on t h e i r a p p l i c a b i l i t y f o r t h e model as d e r i v e d . 
F i r s t t h e Newton i t e r a t i o n method i s d e s c r i b e d w h i c h i s ge­
n e r a l l y used t o s o l v e systems o f n o n - l i n e a r e q u a t i o n s . The 
second method decouples t h e f l o w and sediment c o n c e n t r a t i o n 
f r o m t h e bed l e v e l s . An i t e r a t i o n process i s developed t h a t 
f i r s t computes t h e depth, v e l o c i t y and c o n c e n t r a t i o n w h i c h can 
be used t o compute t h e bed l e v e l s ( e x p l i c i t ) . The f l o w p a r a ­
meters can be c o r r e c t e d f o r t h e new bed l e v e l s e t c . e t c . . A 
t h i r d method a p p l i e s t o t h e b a s i c e q u a t i o n s a f t e r p a r t i a l l y 
l i n e a r i z i n g them on t h e l o w e r (known) t i m e l e v e l . The l i n e a r 
system r e p r e s e n t e d as a m a t r i x can be s o l v e d u s i n g t h e Gauss 
e l i m i n a t i o n method. 
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Newton' s i t e r a t i o n method 

The Newton i t e r a t i o n method o r M o d i f i e d Newton Raphson 
method i s t r e a t e d i n appendix ( 3 ) . The f o u r e q u a t i o n s are 
e x p r e s s e d i n t h e i r n o n - l i n e a r form f o r a l l space s t e p s w i t h 
known v a l u e s a t t h e c u r r e n t t i m e l e v e l and unknowns a t t h e 
advanced t i m e l e v e l . Together w i t h boundary c o n d i t i o n s t h i s 
g i v e s 4 - ( n x + l ) n o n - l i n e a r e q u a t i o n s . The Newton's method 
i n c o r p o r a t e s an i t e r a t i o n (which i n c l u d e s a Gauss e l i m i n a t i o n 
f o r s o l v i n g a m a t r i x ) u n t i l t h e c o n d i t i o n o f convergence i s 
reached. 

K v a l u a t i o n 

To i n c o r p o r a t e t h e procedure as d e s c r i b e d i n appendix 
( 3 ) , i t i s necessary t o deduce t h e J a c o b i a n m a t r i x f o r t h e 
Preissmann r e p r e s e n t a t i o n o f t h e e q u a t i o n s . E s p e c i a l l y t h e 
d i f f e r e n t i a l s o f t h e chosen Van R i j n t r a n s p o r t f o r m u l a appear 
t o be v e r y e x t e n s i v e and h i g h l y n o n - l i n e a r . 

Dependent on t h e number o f x s t e p s , t h e number o f com­
p u t a t i o n s t o d e t e r m i n e t h e J a c o b i a n and t o s o l v e t h e m a t r i x 
i n c r e a s e s s u b s t a n t i a l l y . W i t h t h a t a l s o t h e c o m p u t a t i o n t i m e 
becomes l o n g , s i n c e t h e process m a i n l y depends on t h e r a p i d i t y 
o f convergence o f t h e i t e r a t i o n . A f t e r t r i a l t h e f o l l o w i n g 
c o n c l u s i o n s can be g i v e n : 

The s t a b i l i t y o f t h e computations cannot be g u a r a n t e e d 
f o r any s p e c i f i c s t e p s i z e . The c h o i c e o f s t a r t i n g v a l ­
ues, t h e c o n d i t i o n f o r t h e i t e r a t i o n t o end, and t h e 
e r r o r s i n boundary and i n i t i a l c o n d i t i o n s cannot be 
p r o p e r l y imposed o r p r e d i c t e d . 
The method as d e s c r i b e d r e q u i r e s a l a r g e number o f com­
p u t a t i o n a l o p e r a t i o n s . I f a c e r t a i n r a t i o R{ i s d e f i n e d 
as 

computation time for one timestep dt 

physical timestep dtn 
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t h e n Rt appeared t o be much b i g g e r f o r t h i s method t h a n 
f o r l e s s a c c u r a t e b u t more s i m p l e c o m p u t a t i o n methods 
d e s c r i b e d i n t h e f o l l o w i n g . 

P r e d i c t o r - c o r r e c t o r i t e r a t i o n method 

Th i s method i s t r e a t e d i n appendix (3) as an a l t e r n a t i v e 
f o r t h e s o l u t i o n o f t h e mountain r i v e r f l o w e q u a t i o n s . T h i s 
method c o n t a i n s t h e c o m p u t a t i o n process where t h e w a t e r depth, 
v e l o c i t y and c o n c e n t r a t i o n ( a t t h e advanced t i m e l e v e l ) are 
d e t e r m i n e d f o r bed l e v e l s a t t h e c u r r e n t t i m e l e v e l . Next t h e 
bed l e v e l s a t t h e advanced t i m e l e v e l are d e t e r m i n e d u s i n g t h e 
f l o w parameters from t h e p r e c e d i n g s t e p i n an e x p l i c i t r e ­
p r e s e n t a t i o n o f e q u a t i o n (3.20). 

A f t e r t r i a l s t h e f o l l o w i n g c o n c l u s i o n s can be g i v e n : 

For s m a l l time/space steps (e. g. 5 s and 1 m) and s m a l l 
r i v e r s e c t i o n s (e.g. 50 m) t h e computations appeared t o 
be converging. However, f o r more r e a l i s t i c a p p l i c a t i o n s 
( v o l c a n i c r i v e r s ) t h e process became i n s t a b l e . Growing 
f l u c t u a t i o n s o f b e d l e v e l and f l o w o c c u r r e d and t h e com­
p u t a t i o n s d i d n o t converge. 
The g a i n o f c o m p u t a t i o n t i m e compared t o t h e Newton 
i t e r a t i o n method was s m a l l , because t h e s m a l l steps t h a t 
are r e q u i r e d f o r s t a b i l i t y caused a l a r g e number o f 
computations. 

M a t r i x s o l u t i o n method f o r l i n e a r i z e d e q u a t i o n s w i t h 
p r e d i c t o r f o r f l o w v a r i a b l e s 

T h i s method t u r n e d out t o be t h e most s u c c e s s f u l i n 
s o l v i n g t h e b a s i c e q u a t i o n s . The f u l l method i s o u t l i n e d i n 
appendix ( 3 ) . Summarizing: 
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The b a s i c e q u a t i o n s are d i s c r e t i z e d a c c o r d i n g t o P r e i s s ­
mann. A l l components are l i n e a r i z e d by t a k i n g them a t 
t h e c u r r e n t t i m e l e v e l ( t = t 0 ) and by u s i n g t h e p r e d i c t o r 
method. Only t h e d e r a t i v e s t h e n i n c l u d e unknown va l u e s 
a t t h e advanced t i m e l e v e l (t=tQ+dt). 
The v e l o c i t i e s , depths and c o n c e n t r a t i o n s i n t h e l i n e a r ­
i z e d components are f i r s t e s t i m a t e d on t h e advanced t i m e 
l e v e l as t h e s o l u t i o n o f unsteady f l o w e q u a t i o n s on a 
f i x e d bed w i t h low sediment t r a n s p o r t . C o n c e n t r a t i o n Cs 

i s e q u a l t o Cse. These new values are used t o p r e d i c t t h e 
c o r r e s p o n d i n g " v a r i a b l e s i n t h e l i n e a r i z e d components. 
The sediment c o n c e n t r a t i o n e q u a t i o n (3.21) can be s o l v e d 
i n d e p e n d e n t l y o f t h e unknown atu,z v a l u e s . Computing 
from t h e upstream boundary s t e p w i s e i n downstream d i r e c ­
t i o n , s i n c e t h e c e l e r i t y o f c o n c e n t r a t i o n i s p o s i t i v e 
f o r t h e assumption o f s u p e r c r i t i c a l f l o w ( s e c t i o n 
3. 6. 2 ) . 
The t h r e e r e m a i n i n g e q u a t i o n s ( c o n c e n t r a t i o n s sub­
s t i t u t e d ) f o r each box ( d t * d x ) f o r m a system o f 3< n t 

w h i c h can be p r e s e n t e d , a f t e r s u b s t i t u t i o n o f boundary 
c o n d i t i o n s ( s e c t i o n 4.2.3) as a banded m a t r i x ( b a n d w i d t h 
9). T h is m a t r i x i s s o l v e d u s i n g t h e Gauss e l i m i n a t i o n 
method (LU d e c o m p o s i t i o n method) f o r w h i c h t h e m a t r i x i s 
f i r s t t r a n s f o r m e d f o r t h e p o s i t i v e x - d i r e c t i o n and t h e n 
s o l v e d i n t h e o p p o s i t e d i r e c t i o n ( d o u b l e sweep method). 

C o n c l u s i o n s r e g a r d i n g t h i s method are: 

T h i s method appeared t o be s t a b l e f o r about dx<100m and 
about dt<100s (dependent on t h e magnitude o f t h e v a r i a ­
t i o n s i n f l o w and bed over a s p a c e / t i m e - s t e p ) . For l a r ­
g e r s t e p s t h e l i n e a r i z a t i o n o f c o e f f i c i e n t s does n o t 
h o l d . Besides, an a d d i t i o n a l e r r o r i s g e n e r a t e d from t h e 
decrease o f n u m e r i c a l accuracy f o r l a r g e r s t e p s f o r t h e 
i m p l i c i t schemes. A p r e c i s e c o n d i t i o n f o r t h e maximum 
s t e p s i z e s can o n l y be d e t e r m i n e d by t r i a l and e r r o r . 
N u m e r i c a l o s c i l l a t i o n s (e.g. near wave f r o n t s ) must 
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decrease i n time . 
The r a t i o (see Newton's method) i s s m a l l e r t h a n t h a t 
o f t h e o t h e r methods d e s c r i b e d i n t h i s s e c t i o n (e.g. 

For reasons o f s t a b i l i t y and c o m p u t a t i o n t i m e t h i s method i s 
chosen f o r m o d e l l i n g t h e mountain r i v e r f l o w (computer model 
SABOFLOW s e c t . 4.2.4). However, i t might s t i l l be p o s s i b l e t o 
de v e l o p even b e t t e r s o l u t i o n methods, s i m i l a r t o t h e p r e s e n t 
method w i t h l i n e a r i z e d e q u a t i o n s . 

4. 2. 3 Boundary c o n d i t i o n s and i n i t i a l c o n d i t i o n 

For s o l u t i o n o f t h e m o r p h o l o g i c a l model f o u r boundary 
c o n d i t i o n s and one i n i t i a l c o n d i t i o n ( t = 0 ) a r e r e q u i r e d . I n 
t h i s s e c t i o n t h e c o n d i t i o n s are d e s c r i b e d as t h e y are used i n 
t h e model. 

Boundary c o n d i t i o n s 

From s e c t i o n 3. 6. 2 i t f o l l o w e d t h a t f o r s u p e r c r i t i c a l 
f l o w t h e c h a r a c t e r i s t i c c e l e r i t i e s o f t h e v e l o c i t y u, d e p t h a, 
and c o n c e n t r a t i o n Cs are p o s i t i v e ( i n x - d i r e c t i o n ) and nega­
t i v e f o r t h e bed l e v e l z. This i m p l i e s t h a t a, u, Cs ( o r q=u-a) 
can o n l y be i n f l u e n c e d by changes upstream so t h a t t h e boun­
d a r y c o n d i t i o n s f o r these v a r i a b l e s have t o be imposed a t t h e 
upstream boundary: 

x=0: a,q,Cs values for t=0 to t e n d 

I f any sediment d e t e n t i o n dam i s l o c a t e d a t x=0 t h e n Cs < Cse. 

For s i m i l a r reasons t h e bed l e v e l c o n d i t i o n has t o be imposed 
a t t h e downstream boundary: 

x=xn: z values for t=0 to t e n d 

T h i s bed l e v e l i s a g a i n dependent on unknown downstream con­
d i t i o n s . T h e r e f o r e t h e b e d l e v e l i s assumed t o be f i x e d , e.g. 
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a t a dam where t h e boundary i s t h e c r e s t o f t h e dam. 
To p r e v e n t t h e g e n e r a t i o n o f a h y d r a u l i c jump upstream o f t h e 
s t r u c t u r e , t h e bed upstream o f t h e s t r u c t u r e must n e a r l y be 
f i l l e d up and i t must have a slop e l a r g e r t h a n c r i t i c a l . 

I n i t i a l c o n d i t i o n 

The s o l u t i o n o f t h e Preissmann a l g e b r a i c e q u a t i o n s f o r 
th e f i r s t t i m e s t e p ( t = d t ) r e q u i r e s a l l values of a,u,Cs,z a t 
th e i n i t i a l t i m e l e v e l ( t = 0 ) . For many v o l c a n i c r i v e r s i n 
t r o p i c a l areas, p r a c t i c a l l y , t h i s c o n d i t i o n i s a d r y bed w i t h 
z e r o d i s c h a r g e . However, t h i s zero i n i t i a l c o n d i t i o n causes 
i n f i l t r a t i o n d u r i n g t h e f i r s t p e r i o d o f t h e f l o o d . T his i n ­
f i l t r a t i o n has not been i n c l u d e d i n t h e b a s i c e q u a t i o n s , hence 
i t cannot be i n c o r p o r a t e d i n t h e model ( c f . Schropp and Fon-
t i j n , 1989). To a v o i d t h i s problem a s m a l l d i s c h a r g e i s assum­
ed so t h a t t h e computations can s t a r t . 

A l t h o u g h t h e i n i t i a l values can be d e t e r m i n e d from t h e 
Q-h r e l a t i o n s a l o n g t h e r i v e r a x i s o r from measurements, i t 
appeared more c o n v e n i e n t and a p p r o p r i a t e t o d e t e r m i n e t h e s e 
values from t h e boundary c o n d i t i o n s and t h e bottom l e v e l s a t 
t=0 by a s i n g l e sweep com p u t a t i o n f o r usteady f l o w over a 
f i x e d bed. This a p p l i e s t o t h e almost e q u i l i b r i u m s i t u a t i o n 
w h i c h e x i s t s f o r a s m a l l steady d i s c h a r g e d u r i n g a s h o r t 
t i m e s t e p . The c o n c e n t r a t i o n of suspended l o a d i s t h e n equal t o 
th e t r a n s p o r t c a p a c i t y which can be determined w i t h t h e Van 
R i j n sediment t r a n s p o r t formula. 

The e q u a t i o n s and t h e s o l u t i o n f o r t h e c o m p u t a t i o n o f 
t h e i n i t i a l c o n d i t i o n are d e s c r i b e d i n appendix ( 3 ) . 
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4.2.4 Computer program SABOFLOW 

I n s e c t i o n 4. 2. 2 t h e n u m e r i c a l method t o s o l v e t h e 
eq u a t i o n s f o r mountain f l o w w i t h h i g h suspended l o a d t r a n s p o r t 
i s c o n s i d e r e d . The computer program t h a t i s developed t o 
p r e d i c t t h e f l o w and morphology i s c a l l e d "SABOFLOW" 

F i r s t t h e s t r u c t u r e o f t h e program i s d e s c r i b e d . Second­
l y t h e l i m i t a t i o n s , imposed f o r reasons o f s i m p l i c i t y , a re 
con s i d e r e d . 

E x e c u t i o n o f t h e computations proceeds as f o l l o w s : 
SABOFLOW c r e a t e s an i n p u t f i l e o f d a t a i n s e r t e d by t h e 
user. For t h a t f i l e t h e computations a re executed, d u r ­
i n g w h i c h t h e r e s u l t s are w r i t t e n t o an o u t p u t f i l e . 
Computations a re t e r m i n a t e d i f t h e Froude number becomes 
one o r l e s s . 
SABOPLOT i s t h e s u p p o r t i n g program t h a t processes t h e 
r e s u l t s f r o m t h e o u t p u t f i l e and p l o t s them on t h e 
screen. B e d l e v e l s a re p l o t t e d f o r a r e f e r e n c e l e v e l de­
f i n e d by a s t r a i g h t l i n e from z [ 0 , 0 ] t o z[n,0] a t t h e 
t i m e l e v e l t=0 ( i n i t i a l bed r e f e r e n c e ) . 

I n appendix 3 t h e f l o w c h a r t s f o r b o t h programs are g i v e n . 

The programs a re composed o f s e v e r a l u n i t s t h a t can be 
o v e r l a i d f o r more e f f i c i e n t use o f t h e memory a v a i l a b l e ( u n i t s 
are n o t l o a d e d i n t o t h e memory unless t h e y are needed). 

The programming language i s Turbo Pascal and i f a v a i l ­
a b l e an extended memory and a coprocessor are used. 

For reasons o f s i m p l i c i t y t h e program i s l i m i t e d i n i t s 
a p p l i c a b i l i t y and i n t h e s i z e o f t h e computations. The main 
l i m i t a t i o n s are: 

The program can o n l y be used f o r mountain r i v e r problems 
f o r w h i c h t h e assumptions, on which t h e model i s based, 
a p p l y ( e.g. s u p e r c r i t i c a l f l o w w i t h o u t a h y d r a u l i c jump). 
The downstream bed l e v e l i s assumed t o be f i x e d (e. g. 
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t h e c r e s t o f a dam). 
The maximum number o f space steps i s two hundred. 
The s t e p s i z e s ( t i m e and space) a r e d e t e r m i n e d by t h e 
n u m e r i c a l method ( s e c t i o n 4.2.2). Space s t e p s s m a l l e r 
t h a n 50 m and t i m e s teps s m a l l e r t h a n 50 s g i v e apprec¬
i a b l e r e s u l t s . 
The model does n o t i n c l u d e v a r y i n g space s t e p s . 

A p p l i c a t i o n s o f t h e computer model a r e d e s c r i b e d i n 
s e c t i o n 4.3. These a p p l i c a t i o n s g i v e an i m p r e s s i o n o f t h e 
problems t h a t can be s o l v e d u s i n g t h e model and t h e d i f f e r e n ­
ces o f t h e s o l u t i o n s f o r f l o w w i t h and w i t h o u t i n f l u e n c e o f 
suspended l o a d c o n c e n t r a t i o n as a p p l i e d i n SABOFLOW. 

4. 3 A p p l i c a t i o n s o f t h e model f o r mountain r i v e r f l o w 

The computer program SABOFLOW i s a p p l i e d t o compute 
s e v e r a l cases. Some o f them are d e s c r i b e d i n appendix 3. 
Co n c l u s i o n s r e g a r d i n g t h e s e cases are d i s c u s s e d i n t h i s sec­
t i o n F i n a l l y t h e computations o f t h e morphology f o r t h e K a l i 
Thermas Lama i s d e s c r i b e d , a r i v e r on t h e s l o p e s o f t h e Kelud 
v o l c a n o i n I n d o n e s i a . 

General a p p l i c a t i o n s 

The a p p l i c a t i o n o f t h e program t o some g e n e r a l cases i s de­
s c r i b e d i n appendix 3. These computations g i v e an i m p r e s s i o n 
o f t h e p h y s i c a l p r o p e r t i e s o f t h e model. 

E q u i l i b r i u m s i t u a t i o n : Occurs i f t h e d e p t h i s equa l t o 
t h e normal d e p t h (no f l o w p r o f i l e s ) and t h e con­
c e n t r a t i o n i s equal t o t h e c a p a c i t y Cse ( f o l l o w i n g f rom 
t h e Van R i j n t r a n s p o r t f o r m u l a ) . Steady f l o w i s assumed. 

Flow over a s m a l l s h o a l : I f a g a i n t h e same c o n d i t i o n s as 
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f o r t h e e q u i l i b r i u m s i t u a t i o n a re a p p l i e d , t h e n t h e 
s h o a l appears t o move i n upstream d i r e c t i o n ( b o t h f o r 
f l o w w i t h and w i t h o u t t h e i n f l u e n c e o f sediment con­
c e n t r a t i o n and f o r b o t h cases w i t h t h e same v e l o c i t y ) . 
T h i s phenomenon agrees w i t h t h e n e g a t i v e c e l e r i t y o f t h e 
bed d i s t u r b a n c e s as found i n s e c t i o n 3. 6. 2. The l o c a l 
i n c r e a s e o f t h e bed l e v e l i s accompanied w i t h a l o c a l 
i n c r e a s e o f w a t e r d e p t h and a l o c a l decrease o f f l o w 
v e l o c i t y and sediment c o n c e n t r a t i o n . The h e i g h t o f t h e 
s h o a l appeared t o be i n c r e a s i n g i n t i m e and downstream 
o f t h e s h o a l a scour h o l e o c c u r r e d . However, f o r f l o w 
w i t h o u t i n f l u e n c e o f c o n c e n t r a t i o n ( s e c t i o n 3.4) t h e 
h e i g h t decreased and s e d i m e n t a t i o n o c c u r r e d downstream. 
The i n c r e a s e o f h e i g h t and t h e scour i s caused by t h e 
a d a p t i o n o f t h e suspended c o n c e n t r a t i o n t o t h e f l o w 
v a r i a t i o n s . A t t h e upstream f a c e o f t h e s h o a l sedimen­
t a t i o n occurs w h i c h c o n t i n u e s a f t e r t h e v e l o c i t y i n ­
creases over t h e t o p o f t h e s h o a l ( e r o s i o n ) , u n t i l t h e 
c o n c e n t r a t i o n has been adapted t o t h a t new c o n d i t i o n . 
The mimimum o f t h e phase o f t h e c o n c e n t r a t i o n v a r i a t i o n s 
i s l o c a t e d downstream o f t h e t o p o f t h e s h o a l ( s h i f t e d 
phases). The g r a d i e n t o f t h e c o n c e n t r a t i o n a t t h e t o p o f 
t h e s h o a l ,causes n e t s e d i m e n t a t i o n . A s i m i l a r process 
h o l d s f o r t h e l o w e r e r o d i n g f a c e o f t h e s h o a l . E r o s i o n 
c o n t i n u e s downstream u n t i l t h e c o n c e n t r a t i o n has been 
adapted. 

Flow o v e r a s m a l l t r e n c h : I f a s i m i l a r c o m p u t a t i o n as 
f o r t h e s m a l l s h o a l i s executed f o r t h e t r e n c h , t h e n 
comparable r e s u l t s are found ( c e l e r i t y upstream, i n ­
c r e a s i n g d e p t h o f t h e t r e n c h d u r i n g t h e process, d i m i n ­
i s h e d w a t e r depth, i n c r e a s e d f l o w v e l o c i t y , and sedimen­
t a t i o n downstream). This process i s a l s o due t o t h e 
a d a p t a t i o n o f suspended l o a d c o n c e n t r a t i o n t o t h e f l o w 
c o n d i t i o n s . 

F o l l o w i n g from t h e s e cases i t appeared t h a t t h e con-
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c e n t r a t i o n o f suspended m a t e r i a l does n o t a f f e c t t h e c e l e r i ­
t i e s ( c f . s e c t i o n 3.6.1), b u t i t appears t o i n f l u e n c e t h e 
a d a p t a t i o n o f t h e e r o s i o n and s e d i m e n t a t i o n processes t o t h e 
f l o w c o n d i t i o n s . 

K a l i Thermas Lama i n I n d o n e s i a 

To t e s t t h e program i n i t s f i n a l s t a g e a t e s t - c a s e has 
been chosen f o r a mountain r i v e r on t h e sl o p e s o f t h e Mount 
Kelud i n East-Java b e f o r e i t s e r u p t i o n i n Fe b r u a r y 1990. 

1731m 

f i g . 4. 2 K a l i B adak/Kali Thermas Lama 
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The upstream p a r t o f t h i s r i v e r i s c a l l e d t h e K a l i 
Badak. About 20 km downstream t h e r e i s a b i f u r c a t i o n . Because 
o f t h e Sumbersari dam (a c o n s o l i d a t i o n dam t o i n d u c e d e p o s i ­
t i o n o f e x c e s s i v e sediment) a t t h a t p o i n t , t h e r e i s no i n ­
f l u e n c e o f b o t h r i v e r branches on t h e K a l i Badak upstream o f 
t h i s dam and th e s e branches cannot i n f l u e n c e each o t h e r . For 
t h a t reason i t i s p o s s i b l e t o c o n s i d e r t h e l e f t r i v e r b r a n c h 
o n l y : t h e K a l i Thermas Lama. About 20 km more downstream t h i s 
r i v e r f l o w s i n t o t h e K a l i Brantas. The K a l i Badak and Thermas 
Lama are d r y d u r i n g t e n months p e r year. Because t h e sl o p e s o f 
t h e Kelud c o s i s t s o f f i n e l o o s e v o l c a n i c m a t e r i a l , some sabo-
works have been b u i l t i n t h e r i v e r s t o p r o t e c t t h e downstream 
o v e r p o p u l a t e d areas a g a i n s t sediment d i s a s t e r s ( l a h a r f l o w and 
i n u n d a t i o n o f accumulated r i v e r s e c t i o n s ) . The sabo-works i n 
t h e t e s t - c a s e r i v e r a re e. g. checkdams, g r o u n d s i l l s , and 
r i v e r - b a n k revetments (see c h a p t e r 2). 

Problems i n t h e K a l i Badak and Thermas Lama o c c u r r e d 
when t h e f i r s t checkdams were b u i l t upstream. I n c r e a s e d e r o ­
s i o n o f t h e downstream r i v e r b e d near t h e dam and a c c u m u l a t i o n 
i n t h e downstream reaches were t h e r e s u l t s o f t h e d i s t u r b e d 
e q u i l i b r i u m i n t h e r i v e r . A l s o l a t e r b u i l t dams d i d n o t s o l v e 
t h e problems. The h i g h e r reach o f t h e K a l i Thermas Lama near 
t h e b r i d g e f o r t h e r o a d t o K e d i r i became c l o g g e d up w i t h r e ­
l a t i v e l y f i n e sediment. The r i v e r b e d l e v e l had reached t h e 
l e v e l o f t h e s u r r o u n d i n g f i e l d s . A r i v e r l i k e t h a t i s u s u a l l y 
c a l l e d a c e i l i n g r i v e r . This p a r t o f t h e r i v e r has t o be 
exc a v a t e d b e f o r e t h e annual f l o o d s . 

The computations have been executed f o r t h e r i v e r p a r t 
between upstream t h e Karanggondang b r i d g e and downstream t h e 
Tawangrejo b r i d g e . The p r o p a g a t i o n o f m a t e r i a l accumulated 
near t h e downstream boundary, i n upstream d i r e c t i o n i s i n v e s ­
t i g a t e d t o e x p l a i n t h e severe s e d i m e n t a t i o n near t h e Karang­
gondang b r i d g e and t h e upstream r i v e r s e c t i o n . F u r t h e r t h e 
d e g r a d a t i o n downstream o f t h e Sumbersari dam i s c o n s i d e r e d . 
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The d a t a a v a i l a b l e on t h e K a l i Thermas Lama i n t h e main 
r e s e a r c h c e n t r e were v e r y l i m i t e d . A v a i l a b l e d a t a were: 

Bottom l e v e l s o f t h e whole r i v e r bed i n 1985 and 1987 
fro m t h e »Proyek Penanggulangan Bercana Alam A k i b a t 
L e t u s a n Gunung Kelud" ). 

150 

146 P 

140 E-

135 

130 

125 

120 

115 

110 

Kali Thermas Lama 
Indonesia Bed levels 

1987 

.Sumbersari dam 

Sumbersari bridge 

gabion dam 

Kaxanggondang bridge 

gabion dam1 

Rlnglnanam bridge 

0 1000 2000 3000 4000 5000 6000 
x[m] 

f i g . 4. 3 Bed l e v e l s K a l i Thermas Lama 1987 

G r a i n s i z e d i s t r i b u t i o n o f t h e bed m a t e r i a l o f t h e K a l i 
Thermas Lama near t h e Karanggondang b r i d g e f o l l o w i n g 
f r o m a s e a v i n g a n a l y s i s f o r s i x samples d r i e d a t 20° C. 

*16 ' = 165 urn 
<*35 = -- 23 9 urn 
d 5 0 = = 302 urn 

4u 1 = 555 urn 
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d g o = 6 64 firn 
and dm = 3 67 \im w i t h <7m = 52 um 

d g = 302 pm w i t h a g = 56 Jim 
These g r a i n s i z e s show t h a t t h e bed m a t e r i a l i s f i n e sand 
and t h e r e f o r e t h e sediment t r a n s p o r t i s e x p e c t e d t o be 
h i g h . 
D e n s i t y o f t h e bed m a t e r i a l o f t h e K a l i Thermas Lama 
near t h e Karanggondang b r i d g e was d e t e r m i n e d f o r t w e l v e 
samples u s i n g a pyknometer. 

ps = 2907 kg/m3 

w i t h a s t a n d a r d d e v i a t i o n a p= 170 kg/m3 

Average w i d t h o f t h e r i v e r s : about 30 m 
Data on r e p r e s e n t a t i v e d i s c h a r g e s d u r i n g a maximum f l o o d 
( b a n j i r ) f o r t h e K a l i Thermas Lama ( q ^ = 4.2 m2/s) 
The Chezy roughness c o e f f i c i e n t i n t h e r i v e r i s assumed 

j/ 
t o be a p p r o x i m a t e l y 50 mys ( i n c l u d i n g head l o s s e s i n t h e 
bends). 

F i r s t t h e bed l e v e l v a r i a t i o n has been computed, down­
str e a m o f t h e Karanggondang b r i d g e , d u r i n g a schematized f l o o d 
wave. The main o b j e c t i v e was t o i n v e s t i g a t e t h e r i v e r - b e d 
s t a b i l i z a t i o n i f a downstream e l a v a t i o n i s imposed. The 
c o m p u t a t i o n i s p r e s e n t e d i n appendix 3. The r e s u l t s show t h a t 
t h e e l a v a t i o n propagates i n upstream d i r e c t i o n and t h a t i n a 
s h o r t t i m e p e r i o d ( s e v e r a l hours) t h e bed l e v e l a t t h e up­
s t r e a m boundary i s r a i s e d a l r e a d y . 

The c o n c l u s i o n from t h i s c o m p u t a t i o n i s t h a t t h e t h e 
s e vere a c c u m u l a t i o n o f sediment near t h e Karanggondang b r i d g e 
i s m a i n l y caused by t h e downstream r a i s e o f t h e bed l e v e l . 
T h i s r a i s e s t a r t s where t h e f l o w jumps t o s u b c r i t i c a l f l o w . 
The h y d r a u l i c jump i s p r o b a b l y l o c a t e d a p p r o x i m a t e l y 1300 o r 
1400 m downstream near t h e Ringinanam b r i d g e ( f l o w o b s t r u c t i o n 
by t h e b r i d g e ) o r s e v e r a l k i l o m e t e r s more downstream ( s l o p e 
becomes l e s s t h a n c r i t i c a l ) . 
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A second case i s c o n s i d e r e d which d e s c r i b e s t h e degra­

d a t i o n o f t h e r i v e r bed i n t h e most upstream p a r t o f t h e K a l i 
Thermas Lama (downstream o f t h e Sumbersari dam). The Sumber­
s a r i dam i s an a p p r o x i m a t e l y 3 meter h i g h c o n s o l i d a t i o n dam. 
Upstream sediment i s d e t a i n e d so t h a t t h e c o n c e n t r a t i o n a t t h e 
boundary i s l e s s t h a n e q u i l i b r i u m . L o c a l scour i s n o t i n c l u d e d 
i n t h e model. The w a t e r d e p t h i s assumed t o be equ a l t o t h e 
normal depth. The computations (appendix 3) show t h a t f o r a 
s h o r t t i m e p e r i o d a p p r e c i a b l e d e g r a d a t i o n occurs. The de g r a ­
d a t i o n o f t h e bed w i l l c o n t i n u e u n t i l t h e e q u i l i b r i u m con­
c e n t r a t i o n s a t i s f i e s t h e sediment supply. 
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Chapter 5 

C o n c l u s i o n s , d i s c u s s i o n and recommendations 

A one d i m e n s i o n a l model has been developed t h a t can be 
a p p l i e d f o r v a r i o u s cases o f d e g r a d a t i o n and s e d i m e n t a t i o n i n 
v o l c a n i c r i v e r s . The i n f l u e n c e o f t h e sediment t r a n s p o r t on 
t h e f l o w i s expressed i n terms o f t h e suspended l o a d . An 
i m p o r t a n t l i m i t a t i o n i s t h a t a h y d r a u l i c jump cannot be i n ­
c l u d e d i n t h e computations. T h e r e f o r e s e d i m e n t a t i o n upstream 
o f a sabo dam o r a t a m i l d l y s l o p i n g channel s e c t i o n , cannot 
be p r e d i c t e d u s i n g t h e model. 

The f o l l o w i n g c o n c l u s i o n s have been drawn from t h i s study: 
The upstream p r o p a g a t i o n o f s m a l l bed d i s t u r b a n c e s agrees 
w i t h t h e n e g a t i v e c h a r a c t e r i s t i c c e l e r i t y o f t h e equa­
t i o n s . The i n f l u e n c e o f t h e suspended l o a d c o n c e n t r a t i o n 
appears i n t h e growth o f bed i r r e g u l e r i t i e s . T his i s 
caused by t h e r e d i s t r i b u t i o n process o f t h e c o n c e n t r a t i o n 
i n case o f n e t e r o s i o n o r s e d i m e n t a t i o n . 
D e g r a d a t i o n occurs from t h e upstream boundary, expanding 
downstream i f suspended sediment i s d e t a i n e d a t t h e 
boundary ( c f . check dam). 
N u m e r i c a l computations and a n a l y s i s o f t h e c h a r a c t e r i s ­
t i c s show a f a s t p rogress o f t h e e r o s i o n and sedimen­
t a t i o n processes, and a f a s t p r o p a g a t i o n o f f l o w a l ­
t e r a t i o n s . Hence, a c c u r a t e n u m e r i c a l computations r e q u i r e 
s m a l l space and t i m e steps. 
I n s p i t e o f t h e schematic c h a r a c t e r o f t h e model, t h e 
t r e n d o f t h e r e s u l t s agrees w i t h o b s e r v a t i o n s i n t h e K a l i 
Badak and K a l i Thermas Lama i n I n d o n e s i a . T h e r e f o r e t h e 
main o b j e c t i v e o f t h i s s t u d y ( d e v e l o p a m a t h e m a t i c a l 
model f o r v o l c a n i c r i v e r f l o w ) has been reached s a t i s ­
f a c t o r i l y . 
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A more complete model f o r volcano r i v e r s r e q u i r e s t o 
i n c l u d e t h e h y d r a u l i c jump. T h e r e f o r e more s t u d y i s necessary 
t o a moving jump on a moving bed. 

A l s o l o c a l s c o ur downstream o f a sabo dam needs t o be 
c o n s i d e r e d i f a model i s a p p l i e d t o d e t e r m i n e t h e f o u n d a t i o n 
d e p t h o f such a dam (bed l e v e l l o w e r i n g by d e g r a d a t i o n and 
s c o u r ) . 

F u r t h e r t o p i c s o f i n v e s t i g a t i o n i n f u t u r e s t u d i e s can be: 
* S t a b i l i t y and accuracy o f t h e n u m e r i c a l method o r 

development o f a l t e r n a t i v e methods. 
* V a r i a b l e cross s e c t i o n s and f l o o d p l a i n s (bank e r o ­

s i o n ) . 
* Non-uniform bed m a t e r i a l ( g r a i n s o r t i n g ) . 
* Energy l o s s e s i n bends. 
* Suspended sediment c o n c e n t r a t i o n near a s t r u c t u r e 

and sediment t r a n s p o r t f o rmulas. 
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Main symbols 

symbol d e f i n i t i o n d i m ension 

a d e p t h o f w a t e r [ L ] 
a c c r i t i c a l d epth [ L ] 
a n normal d e p t h [ L ] 
B w i d t h [ L ] 
c c h a r a c t e r i s t i c c e l e r i t y [ LT"1 ] 
C Chezy c o e f f i c i e n t [ L 0 . S T - 1 ] 

Cs c o n c e n t r a t i o n o f suspended l o a d [-] 
Cse e q u i l i b r i u m c o n c e n t r a t i o n [-] 
a g r a i n s i z e [ L ] 
d 5 0 median p a r t i c l e s i z e [ L ] 
d 9 0 90% p a r t i c l e s i z e [ L ] 
Fr Froude number u/\Z(ga) [ " ] 
F f o r c e [ MLT'2 ] 
fu d e r a t i v e o f t r a n s p o r t dsb/du [ L ] 
9 a c c e l e r a t i o n o f g r a v i t y [LT' 2] 
H energy l e v e l [ L ] 
i b bed s l o p e [-] 
L a A d a p t a t i o n l e n g t h [ L ] 
Ll l e n g t h o f h y d r a u l i c jump [ L ] 
P p r e s s u r e [ML - 1T' 2] 
9 d i s c h a r g e per u n i t o f w i d t h [ L 2 T - 1 ] 
R h y d r a u l i c r a d i u s [ L ] 
Re Reynolds number [-] 
s t o t a l t r a n s p o r t per u n i t o f w i d t h [L 2T'M 
sb b e d - l o a d t r a n s p o r t [ L 2 T _ 1 ] 

suspended-load t r a n s p o r t [ L 2T - 1 ] 
t t i m e [T] 
At t i m e s t e p [T] 

a d a p t a t i o n t i m e [T] 
U f l o w v e l o c i t y [LT" 1] 

bed shear v e l o c i t y [ LT"1 ] 
f a l l v e l o c i t y [LT" 1] 

X o r d i n a t e i n f l o w d i r e c t i o n [ L ] 



space s t e p 
i n i t i a l d e p t h ( h y d r a u l i c jump) 
sequent d e p t h h o r i z o n t a l b ottom 
sequent d e p t h s l o p i n g bottom 
v e r t i c a l o r d i n a t e 
bed l e v e l ( g e n e r a l ) 
bed l e v e l 
w a t e r l e v e l 
p o r o s i t y f a c t o r 
r e l a t i v e d e n s i t y 
s e d i m e n t - d i f f u s i o n c o e f f i c i e n t 
a ngle of' r i v e r bed 
w e i g h t i n g c o e f f i c i e n t 
c o n s t a n t o f van Karman 
k i n e m a t i c v i s c o s i t y c o e f f i c i e n t 
c o e f f i c i e n t o f curve r e s i s t a n c e 
d e n s i t y o f w a t e r 
d e n s i t y o f sediment 
d e n s i t y o f sediment/water m i x t u r e 
bed shear s t r e s s 
averaged sediment c o n c e n t r a t i o n 
d i m e n s i o n l e s s c e l e r i t y (c/u) 

d i m e n s i o n l e s s t r a n s p o r t parameter 



Appendix 1 

Basic d e r i v a t i o n s 

The p r o c e d u r e o f t h e d e r i v a t i o n o f t h e b a s i c e q u a t i o n s i s 
d e s c r i b e d i n s e c t i o n 3. 2. Three e q u a t i o n s are d e r i v e d t o 
d e s c r i b e t h e mountain r i v e r f l o w and i t s morphology. F i r s t t h e 
e q u a t i o n o f m o t i o n i s t r e a t e d , n e x t t h e c o n t i n u i t y e q u a t i o n s . 

A control volume i s d e f i n e d w h i c h i s one u n i t o f w i d t h i n 
t h e h o r i z o n t a l d i r e c t i o n normal t o t h e f l o w , and t h e p o s i t i o n 
x i s a t t h e upstream s i d e o f t h e element. The volume i s o f 
f i n i t e h e i g h t a. The dimension i n t h e x - d i r e c t i o n , dx, w i l l be 
t a k e n t o zero. 

f i g . 1 c o n t r o l volume and v a r i a b l e s 



1. E q u a t i o n o f m o t i o n 

C o n s e r v a t i o n o f momentum s t a t e s : 
The n e t r a t e o f momentum e n t e r i n g t h e element + t h e sum 
o f t h e f o r c e s a c t i n g on t h e element = t h e r a t e o f ac­
c u m u l a t i o n o f momentum. 

* Rate o f momentum 
The r a t e o f f l o w o f momentum i n a f l u i d i s t h e p r o d u c t o f t h e 
f l u x and t h e v e l o c i t y . Hence 

t i m e = t 
Momentum f l u x e n t e r i n g : p m u 2 a 

dp mu2a 
Momentum f l u x l e a v i n g : Pmu2a + — — d x 

dpmu2a 
y i e l d s n e t momentum f l u x e n t e r i n g : - ^—ox 

t i m e = t + d t 

dpmu2a 
Momentum f l u x e n t e r i n g : Pwu2a + ^— dt 

Momentum f l u x l e a v i n g : 

dt dx ot 

dpmu2a , d , dpmu2a Net momentum e n t e r i n g : ^ — dx - ( ^—— ; axai 

Averaging t h e n e t momentum f l u x over t h e t i m e i n t e r v a l dt 

y i e l d s 



dp ja2a i a dp„u2a 

The a c c u m u l a t i o n o f t h e momentum i n t h e c o n t r o l volume d u r i n g 
t h e t i m e i n t e r v a l d t i s 

% ü d x + A ( I D 
dt 2 dt \ dx J 

Three types o f f o r c e s are considered: g r a v i t y , p r e s s u r e 
and f r i c t i o n a l r e s i s t a n c e . A l l o f these must be r e s o l v e d i n 
t h e x - d i r e c t i o n . 

* Force due t o g r a v i t y ( w e i g h t component a l o n g t h e channel) 
t i m e = t - Net w e i g h t o f water/sediment c o n t r o l volume 

Gt - -±gsin(C) dx 
2 p » a + dx 

dp*adx 

- gsin(C) dx\ Pma + ^ 
1 d p » a dx 
2 dx 

t i m e = t + d t - Net w e i g h t o f c o n t r o l volume 

rt+dt gsin(f) dx P m<3 + — 
1 dPma

 ± z + 1 d ( dpma 
2 dx 2 dt{ dx ) 

dxdt + -S^dt 
dt 

A v e r a g i n g t h e net w e i g h t o f t h e c o n t r o l volume over t h e t i m e 
i n t e r v a l dt g i v e s 

G- gsin(C)dx[Pma + ^ dx , 1 d(dpma) 
2 dx 

2 dt 

4 dt\ dx ) 
dxdt + 

( I I I ) 
dt] 

* Force due t o p r e s s u r e d i f f e r e n c e s 
The p r e s s u r e a t a dep t h z g i v e s : 

p ( z ) - -pmgcos{f) (zw-z) 



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

w a t e r o f d e p t h a i s Fp - jpdz 

i n w h i c h z w i s t h e wa t e r l e v e l and z b i s t h e bed l e v e l . 
rr 

t i m e = t Net p r e s s u r e f o r c e on t h e c o n t r o l volume i s 

r dp 
J dx pt 

dxdz 

t i m e = t + d t Net p r e s s u r e f o r c e on t h e c o n t r o l volume i i 

p M - - f\ÊRdx+ d-lMdxdt 
^ p t + d t J \ dx dt\dxj 

dz 

A v e r a g i n g t h e n e t p r e s s u r e 
y i e l d s 

f o r c e over t h e t i m e i n t e r v a l dt 

dz 

o r 

-^gcos(Oa2^dx - gcoaU)pma^dx + 
dz. 

dx 

dz ( I V ) 

* Force due t o bottom f r i c t i o n 
The f r i c t i o n a l r e s i s t a n c e i s 

shear s t r e s s a l o n g t h e bottom o f 
p i r i c a l e q u a t i o n s f o r open channel 

m a n i f e s t e d by means o f a 
a channel. One o f t h e em-
r e s i s t a n c e ( v i z . t h e Chézy 



e q u a t i o n ) i s used t o express t h e f r i c t i o n r e s i s t a n c e . 
t i m e = t The shear s t r e s s on t h e c o n t r o l volume i s 

_ Srcos(P ^ 
t 2C2 

2pmu2 * ̂ f - e * 

t i m e = t + d t The shear s t r e s s on t h e c o n t r o l volume i s 

dPmu'' dPmu'' 

2C< 

d ( dpmu2 ) 
dt\ dx ) 

dt 

dxdt ] 

dx 

A v e r a g i n g t h e s h e a r s t r e s s over t h e t i m e i n t e r v a l d t g i v e s 

- . gcos(C) d x [ + 2 d p ^ d t + 2 ^ - d x * 
4C 2 dt dx 

dt 

(V) 

* R e s u l t i n g momentum e q u a t i o n 
Combining t h e s e averaged elements i n t o a s i n g l e e q u a t i o n 

f o r c o n s e r v a t i o n o f momentum ( I + I I I + I V + V - I I = 0 ) con­
s i d e r i n g t h e f o l l o w i n g : 

Take dx and d t t o zero. 
D i v i d e by pmadx. 

s x n ( C ) = i bcos(<T) 

du + _u _5a + 2u— + — — + 
dt a dt dx a dx 

u dp. 
Pm dt 

+ o-cos ( 0 

{ Pm 2 Pm ) dx ( A l ) 

( dz 
{ dx " - i j + ^ cos (O - 0 



2. C o n t i n u i t y e q u a t i o n f o r mass 

C o n s e r v a t i o n o f mass f o r t h e c o n t r o l volume s t a t e s : 
The n e t r a t e o f mass f l o w i n t o t h e volume 
change o f s t o r a g e i n t h e volume. 

= r a t e o f 

* Mass s t o r a g e 
t i m e = t Mass o f t h e c o n t r o l volume 

2 P m a + 

dpma 
dx 

dx P m a d x + l ^ d x > 
^ m 2 dx 

t i m e = t + d t Mass o f t h e c o n t r o l volume 

pmadx+ -J^dxdt+ -—y-^r]jdxdt+ -ï-^dx 

The change o f mass over t i m e i n t e r v a l dt t h e n becomes 

d p n , a dxdt + — d ^ 
dt 2 dt{ dx ) 

dx2dt ( I ) 

* Mass i n f l o w 
t i m e = t The f l o w o f mass i n t o t h e c o n t r o l volume over a 

t i m e i n t e r v a l d t a t t h e c o n d i t i o n s o f t i m e t i s 

d p » U a dxdt 
dx 

t i m e = t + d t The mass i n f l o w over i n t e r v a l d t a t t h e con­
d i t i o n s o f t i m e t+dt i s 

dp»Uadxdt- d(dPinua 
dx dt dx 

dxdt 2 



A v e r a g i n g t h e mass i n f l o w f o r t h e c o n d i t i o n s o f t i m e t and 
t+dt g i v e s 

dx 2 dt { dx dxdt: ( I D 

* Mass Balance 
The c o n t i n u i t y e q u a t i o n o r mass balance thus i s ( i f terms I = 1 1 
and t h e dimensions dx and dt are t a k e n t o z e r o ) 

da a dpm du . „ da ua dPm n 

at + -p-m~cT + a ax +M~dx- + Tm-dx~ ~ 0 (A2) 

3. C o n t i n u i t y e q u a t i o n f o r sediment volume 

C o n s e r v a t i o n o f t h e volume of sediment i n t h e c o n t r o l volume 
s t a t e s : 

The n e t t r a n s p o r t o f sediment i n t o t h e volume = t h e net 
v a r i a t i o n o f s t o r a g e o f sediment i n t h e volume. 

* Rate o f sediment t r a n s p o r t 
The r a t e o f sediment t r a n s p o r t i s t h e p r o d u c t o f t h e con­
c e n t r a t i o n , t h e de p t h and t h e f l o w v e l o c i t y 

t i m e = t Net t r a n s p o r t o f sediment i n t o t h e volume over 
an i n t e r v a l dt f o r t h e c o n d i t i o n s a t t i m e t i s 

- Mr^dxdt 

t i m e = t + d t Net t r a n s p o r t i n t o volume over dt f o r t h e con­
d i t i o n s a t t i m e t+dt i s 

_ M^dxdt - 4- ( ^ ) d x d t 2 

dx at I dx I 



A v e r a g i n g t h i s t r a n s p o r t f o r t i m e = t and t + d t g i v e s : 

dx 2 dt \ dx I 

* Sediment s t o r a g e 
V a r i a t i o n s o f sediment s t o r a g e i n t h e volume are caused by 
v a r i a t i o n s o f t h e c o n c e n t r a t i o n and t h e change o f t h e amount 
o f bed m a t e r i a l s t o r e d i n t h e bottom w i t h a p o r o s i t y a. 

t i m e = t The volume o f sediment i s 

cczdx + la^-dxdt + <t>adx+ \ ^ dx 2 

t i m e = t + d t The volume o f sediment i s 

The n e t v a r i a t i o n o f sediment s t o r a g e over t i m e i n t e r v a l d t i s 

* Sediment balance 
The n e t t r a n s p o r t and n e t v a r i a t i o n o f sediment s t o r a g e (1=11) 
g i v e s t h e c o n t i n u i t y e q u a t i o n f o r sediment volume o r sediment 
b a l a n c e ( a f t e r t a k i n g dx and d t t o z e r o ) : 

dz dfa dfyau m 

" dt dt dx ( A 3 ) 

**** R e l a t i o n o f <P and p. 



To l e v e l t h e number o f eq u a t i o n s and v a r i a b l e s (a,u,z,<p) one 
more e q u a t i o n i s r e q u i r e d . That i s t h e r e l a t i o n o f t h e con­
c e n t r a t i o n and s p e c i f i c mass ( d e n s i t y ) o f t h e wa t e r / s e d i m e n t 
m i x t u r e . I t can be d e s c r i b e d i n d i f f e r e n t ways b u t here i t i s 
s u p p o r t e d by a sediment t r a n s p o r t f o r m u l a w h i c h r e l a t e s t h e 
t r a n s p o r t t o t h e f l o w v e l o c i t y and t h e depth. 

Pm - ( l - t f > P + 4>PS 

(A4) 
i n w h i c h p = d e n s i t y o f w a t e r 

ps = d e n s i t y o f sediment p a r t i c l e s 
I f t h e c o n c e n t r a t i o n can be d e s c r i b e d by a sediment t r a n s p o r t 
f o r m u l a we f i n d 

au 

i n w h i c h s = f(u,a) = t h e sediment t r a n s p o r t f o r m u l a p e r u n i t 
o f w i d t h 

a = t h e p o r o s i t y o f t h e sediment i n t h e bed 
Then 

i n w h i c h A - Ps-P 

4. F i n a l s e t o f b a s i c e q u a t i o n s 

The s e t o f e q u a t i o n s d e r i v e d can be s i m p l i f i e d by e l i m i n ­
a t i n g terms from t h e momentum e q u a t i o n which y i e l d s : 

eq. ( A l ) - (u/a)*eq. (A2) g i v e s t h e f o l l o w i n g 
Equation of motion (momentum balance) 



bz„ . , l , „ a dP, 
(A6) 

| | + » ^ * «00.(0 ( ^ - v i ^ o J - 3 x 

2^-cos(0 - 0 C 2a 

of" c o n t i n u i t y o f mass (mass balance) 

Equation 

| a + fl au + „ | a + _a_ + _ 0 

at ax ax p f f i at dx 

JSguation o f continuity of sediment volume (Sediment balance) 

Concentration-density relation 

Pm - ( 1 - * ) P + 0 P S ( A 9 ) 

p . p ( i + _ ^ 4 £ ) u d t h s - £(u,a) ( A 1 0 ) 
fro au 

I n t h e f o l l o w i n g t h e s e e q u a t i o n s are r e w r i t t e n f o r t h e 
f i r s t approach o f f l o w w i t h h i g h sediment t r a n s p o r t r a t e s . 

5. Basic e q u a t i o n s f o r f l o w w i t h h i g h sediment con­
c e n t r a t i o n s : f i r s t approach 

The g e n e r a l b a s i c e q u a t i o n s f o r t h e mountain r i v e r f l o w 
( s e c t i o n 3.2) can be r e w r i t t e n i f t h e c o n c e n t r a t i o n r a t e o f 
t h e f l o w i s due t o h i g h sediment t r a n s p o r t , w i t h o u t i n c l u d i n g 
t h e a d a p t a t i o n o f t h e suspended l o a d t o t h e f l o w s i t u a t i o n . 
For t h e d e r i v a t i o n o f t h e new b a s i c e q u a t i o n s t h e c o n c e n t r a ­
t i o n o f sediment i n t h e f l o w i s p r e d i c t e d w i t h a sediment 
t r a n s p o r t f o r m u l a which r e l a t e s t h e t r a n s p o r t t o t h e l o c a l 
h y d r a u l i c c o n d i t i o n s . 



I n g e n e r a l t h e t r a n s p o r t formulas are a f u n c t i o n o f t h e 
f l o w v e l o c i t y ( n o t t h e d e p t h ) . Hence, 

ds -r du , Bs r: du _ - fu— and - f u J Ï 

The e q u a t i o n s are r e w r i t t e n as f o l l o w s : 

p-p +
 a P A s 

H m H ua 

dPm _ apA 
dx ua 

ds 
dx 

sb du 
u dx 

dPm _ ccpA 
dt ua 

ds 
dt 

sb du 
u dt 

4> - cc-
ua 

d(f>a d(s/u) 
dt dt 

cc_ ds_ as du 
u dt u2 dt 

d(f>au _ ds 
dx dx 

S u b s t i t u t i o n o f these components i n t h e g e n e r a l b a s i c equa­
t i o n s g i v e s 

du + [ U H aAga{ufu-s) du + 

dt 2u{ccAs+ua) dx 

.Mat.-*i 3a , g | z , j g j , 0
 < A 1 1 » 

2(aAs+ua) dx dx c2a 

du 
dt + u \l + ±Fx-

2Vccos(0 (-fu-D 
du 
dx + g c o s ( 0 

dzb 

dx 

+ a/cos(0 1 
2 c 4 r + - ^ c o s ( 0 - g s i n ( 0 - 0 dx c2a 

(A12) 



au 
du + ljll+eeAjjL 
dt 

du u Ba + 

Bx a Bt 

w Ba 
Bx - O 

(A13) 

Bz _a 
Bt u 

ufu-s 
au 

+ f — - o 
Bt u Bx 

(A14) 

I n w h i c h fu - | S and du 
f ( u ) 

F r - u and ua + ccAs 

6. Ba s i c e q u a t i o n s f o r f l o w 
c e n t r a t i o n s : second approach 

w i t h h i g h sediment con-

The c o n c e n t r a t i o n o f sediment i s d e t e r m i n e d by t h e 
sediment t r a n s p o r t r a t e . The f o l l o w i n g assumptions apply: 

The i n f l u e n c e o f sediment on t h e w a t e r movement i s sup­
posed t o be dependent on t h e c o n c e n t r a t i o n o f suspended 
l o a d o n l y . This assumption h o l d s f o r t h e f a c t t h a t bed 
l o a d o n l y occurs i n a s m a l l l a y e r near t h e bottom, and 
t h e r e f o r e does n o t a p p r e c i a b l y c o n t r i b u t e t o t h e con­
c e n t r a t i o n g r a d i e n t s averaged over t h e v e r t i c a l . 
The a d a p t a t i o n o f t h e suspended l o a d c o n c e n t r a t i o n t o t h e 
l o c a l h y d r a u l i c c o n d i t i o n s i s d e s c r i b e d w i t h an ad­
d i t i o n a l b a s i c e q u a t i o n f o r t h e d e p t h i n t e g r a t e d sus­
pended l o a d c o n c e n t r a t i o n ( G a l a p p a t t i , 1983). 

The b a s i c e q u a t i o n s ( A6), (l) and (*8) are r e w r i t t e n a f t e r 



s u b s t i t u t i n g t h e r e l a t i o n ( d e r i v e d from eq. ( 9 ) ) 

pm - p + 4>(pg-p) 

, ., dp dp dps dps and c o n s i d e r i n g -J- - - — - - r r — - 0 v dx dt dx dt 

For t h e r e d i s t r i b u t i o n process o f c o n c e n t r a t i o n o f sus­
pended sediment i n case o f n e t e r o s i o n and s e d i m e n t a t i o n an 
a d d i t i o n a l e q u a t i o n i s i n t r o d u c e d . This i s e q u a t i o n f o r t h e 
d e p t h - i n t e g r a t e d suspended-load c o n c e n t r a t i o n has been de­
v e l o p e d by G a l a p p a t t i ( 1983) ( R i b b e r i n k , 1986). For l a r g e ve­
l o c i t i e s t h e v a l i d i t y o f t h e e q u a t i o n i n c r e a s e s f o r l a r g e r 
d e v i a t i o n s o f t h e c o n c e n t r a t i o n p r o f i l e from t h e e q u i l i b r i u m 
p r o f i l e (Wang 1990). This f i r s t o r d e r form o f t h e e q u a t i o n f o r 
t h e d e p t h averaged c o n c e n t r a t i o n Cs can be d e r i v e d by assuming 
an a s y m p t o t i c s o l u t i o n f o r t h e 2-dimensional 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 ( i n t h e v e r t i c a l p l a n e ) . 

The boundary c o n d i t i o n a p p l i e d i s t h a t t h e v e r t i c a l con­
c e n t r a t i o n g r a d i e n t a t z=zb i s equal t o t h e g r a d i e n t o f t h e 
e q u i l i b r i u m c o n c e n t r a t i o n ( R i b b e r i n k , 1986). This i m p l i e s t h a t 
t h e p i c k - u p r a t e o f t h e sediment a t t h e bed ( = -esdCs/dz) i s 
d e t e r m i n e d d i r e c t l y by t h e i n s t a n t a n e o u s f l o w c o n d i t i o n s . The 
d e p o s i t i o n r a t e (= Cs) t h e n depends on t h e a c t u a l con­
c e n t r a t i o n near t h e bed. 

This e q u a t i o n can be w r i t t e n as 

r + L - ^ - + Cs - Cse - 0 
a dt a dx 

I n w h i c h T r e p r e s e n t s t h e a d a p t a t i o n t i m e and L3 i s t h e adap­
t a t i o n l e n g t h : L a * w Ta 

Y + 1 a T„ - — — f o r which t h e c o e f f i c i e n t (y,. + l ) / y n can be com¬a v W 

p u t e d depending on t h e d i f f u s i o n c o e f f i c i e n t f o r sediment e% 

I f t h e e x p r e s s i o n f o r t h e d i f f u s i o n c o e f f i c i e n t i s used d e r i -



ved by van R i j n (1987) t h e n t h e f o l l o w i n g r e l a t i o n i s found 
f o r t h e a d a p t i o n t i m e 

U -
u 

T « — 
a K 

Wju 
x. r 1+2 (Wg/u,)2 

X - exp[(4.287-22.453£7)x3 + (24 . 827 C7-6 . 412) X 2 + 
+ (3 .217-1. 56 8) x r ] 

Sediment t r a n s p o r t and e q u i l i b r i u m c o n c e n t r a t i o n are 
computed u s i n g t h e van R i j n t r a n s p o r t f o r m u l a s f o r be d l o a d and 
suspended l o a d (van R i j n , 1984). 

The f o l l o w i n g system o f b a s i c e q u a t i o n s i s d e r i v e d : 

- 2 (A15) 
+ gCos(C) - ffsin(C) + -^-cos(0 - 0 



dCs 
* dx 

(A18) 
+ L + Cs - Cse - 0 

7. C h a r a c t e r i s t i c c e l e r i t i e s f o r b a s i c equations f o r high 
concentrated flow 

C e l e r i t i e s f o r f l o w w i t h l a r g e c o n c e n t r a t i o n : f i r s t approach 

The g e n e r a l m a t r i x approach i s used t o d e t e r m i n e t h e 
c h a r a c t e r i s t i c c e l e r i t i e s o f t h e system o f b a s i c e q u a t i o n s . 
T h e r e f o r e t h e b a s i c e q u a t i o n s ( 1 1 ) , ( 1 2 ) , (13) are r e w r i t t e n 

dx grain (0 + 
C2a 

c o s ( 0 - 0 

+ u2 da 
a dx 

0 

dz a „ 
at + HR> 0 at u dx 

0 

I n w h i c h 



Rm - 1 + ±Fr-*Vc(-±fu-l) cos(0 

R„ - C O S ( 0 1 -

c ua 

i? n - 1 + or4 — 

( " 1 ) 
( RF - 1 ) 

V„ -

ua 
a As 

c ua + aAs 

To a f u n c t i o n F(x,t) a p p l i e s 
r , / . \ , 3 f (x f t) , . 6F (x , t) 

F U + 4 x , t + 4 t ) - F ( x , t) + Ax ^ + At ^ 

a s s u m i n g c - - 4 | and F ( x + 4 x , t + 4 t ) - F ( x , t) - 4 F 

g i v e s 
4 F / 3 F + _ 3 F \ _ „ / d F \ . dF + C 6 F 

T t l~at c a x J ° \ d t ) e at a* 

I n w h i c h ( d F / d t ) c i s t h e d e r a t i v e o f t h e f u n c t i o n F i n t h e 
d i r e c t i o n d x / d t = c . This r e l a t i o n can be formed f o r t h e 
t h r e e v a r i a b l e s u, a, z. Together w i t h t h e b a s i c e q u a t i o n s we 
have s i x e q u a t i o n s . The s i x p a r t i a l d e r a t i v e s a re supposed t h e 
unknowns i n t h e e q u a t i o n s . The c o e f f i c i e n t m a t r i x o f t h e 
system can now be formed. Determinant o f c o e f f i c i e n t s i s equal 



t o z e r o y i e l d s ( f o r s = f(u)): 

"-uRA + - ^ c o s (0 * 0 - u+ &RJtc 
c 3 + 

u 
c2 + (A19) 

+ [u2RA-ga(RDRB+cos (C)RG) - gcos (O fu]c + gufuco3(0 - 0 

The r e l a t i v e c e l e r i t i e s [<p=c/u) now can be r e p r e s e n t e d as 

<pz + [-RA-Fr"^QCOS (0 - l + F r " 2 ^ ^ ] ^ 2 + 

C ^ C O S ( f l _ F r - 2 j ? ( 0 -Fx-*RdRb <i> + F r _ 2 c o s (0 — - 0 
<3 

(A20) 

The t h r e e r o o t s o f t h e system can be found u s i n g t h e gonio-
m e t r i c a l s o l u t i o n method. I f 

A2 - [-RA+Fr-2RGcos (0 -1+Fr-2

RBRC] 

\ - _9f£opO__Fi o s ( 0 + R Fr-zRJti 

u2 

A0 - Fr~2cos (0 — a 

Then q - -A. 
3 1 

r — - A , - — A £ 
3 0 27 2 

i f ( 2 7 r 2 < 4 g 3 ) t h e n c o s ( f ) - ( — ) 2 — and 
q 2 

,/T 3 3 



<t>2 —•/q cos (—-±) + — 
v/3" 

*>3 " vrT 3 3 

The r o o t s o f t h e system have been i n v e s t i g a t e d f o r two s e d i ­
ment t r a n s p o r t f o r m u l a s : The Meyer P e t e r M u l l e r f o r m u l a (Me­
y e r - P e t e r & M u l l e r 1984) and t h e Engelund Hansen f o r m u l a 
(Engelund & Hansen 1967). 

Meyer Peter Muller formula (bedload) 

Sb - 13.3 -0.047 
[ 4ccf0AdD 

3_ J! 2 

u -0.047 dJJgZ 
{ccT0Adm 

f„ -
39 . 3u 

Jcc!oAdm \ 

Engelund Hansen formula (bedload and suspended load) 

0.084U 5 

s, -fc C*A2dJg 

0 .42 

I n c o r p o r a t i n g t h e s e f o r m u l a s i n t h e s o l u t i o n method g i v e s 
t h e n u m e r i c a l v a l u e s o f t h e c e l e r i t i e s . The c e l e r i t i e s have 
been d e t e r m i n e d as a f u n c t i o n o f t h e f l o w v e l o c i t y f o r a f i x e d 
w a t e r depth. The r e l a t i v e c e l e r i t i e s a re p l o t t e d i n f i g . 1 as a 
f u n c t i o n o f t h e Froude number f o r v a r i o u s v a l u e s o f f = V a > 



I n f i g . 2 t h e c e l e r i t i e s are p l o t t e d as a f u n c t i o n o f t h e f l o w 
v e l o c i t y f o r f l o w i n t h e K a l i Thermas Lama i n I n d o n e s i a (see 
s e c t i o n 4.3). I n f i g . 3 t h e c e l e r i t i e s are p l o t t e d f o r a f l o w 
o v er a h o r i z o n t a l bed. I n these f i g u r e s t h e c e l e r i t i e s are 
a l s o p l o t t e d , w i t h dashed l i n e s , f o r t h e b a s i c e q u a t i o n s f o r 
f l o w w i t h o u t t h e i n f l u e n c e o f t h e c o n c e n t r a t i o n ( s e c t i o n 3.4). 

C e l e r i t i e s f o r f l o w w i t h l a r g e sediment c o n c e n t r a t i o n s : second 
approach 

Equal t o t h e c e l e r i t i e s f o r t h e e q u a t i o n s w i t h h i g h bed-
l o a d c o n c e n t r a t i o n s t h e m a t r i x approach i s used t o det e r m i n e 
t h e c h a r a c t e r i s t i c c e l e r i t i e s o f f l o w w i t h h i g h suspended l o a d 
c o n c e n t r a t i o n s . The f o u r b a s i c e q u a t i o n s ( 1 4 ) , ( 1 5 ) , (16) and 
(17) and t h e e x p r e s s i o n s f o r t h e d e r a t i v e s o f a, u, Cs, z i n t h e 
c h a r a c t e r i s t i c d i r e c t i o n d x / d t = c can be a g a i n r e p r e s e n t e d 
i n a c o e f f i c i e n t m a t r i x . 

D e t e r m i n a n t o f c o e f f i c i e n t s equal t o z e r o y i e l d s The 
q u a r t i c e q u a t i o n t h a t r e p r e s e n t s t h e f o u r c e l e r i t i e s o f t h e 
system ( f o r L a=uT a): 

c4 - 3uc2 + [3u2 - gfucos (0 -gacos(0]c2 + 

+ [2gufucos(C) +gaucos(C) - u 3 ] c - gu2 fucos(0 - 0 (A21) 

w h i c h can be r e w r i t t e n as 

(c-u) ( c 3 - 2uc2 + [u2-gacos(0 -gfucos(C)]c + gufucos (0 ) - 0 

The f i r s t c e l e r i t y i s equal t o t h e f l o w v e l o c i t y . The r e ­
m a i n i n g c u b i c e q u a t i o n can be s o l v e d a n a l y t i c a l l y u s i n g a 
g o n i o m e t r i e s o l u t i o n method. The e q u a t i o n i s equal t o t h a t f o r 
t h e c e l e r i t i e s o f t h e equ a t i o n s f o r f l o w w i t h l ow sediment 
c o n c e n t r a t i o n s (see s e c t i o n 3.4.2). 

For s e v e r a l cases t h e c e l e r i t i e s a re d e t e r m i n e d and 
e v a l u a t e d . Three cases are p r e s e n t e d here. The c o n d i t i o n s are 



based on d a t a from t h e Thermas Lama r i v e r i n I n d o n e s i a , 
t i o n 4. 3. 

Case 1 S u b c r i t i c a l f l o w 
Data: Fr = 0. 1 4 = 1. 91 

d 5 0 = 0. 3 mm C = 50 m̂ /s 
u = 0. 5 m/s a = 2. 548 m 

The van R i j n t r a n s p o r t f o r m u l a g i v e s : 
s h = 6. 791- 10"7 m2 /s 
s s = 13. 151- 10 - 7 m2 /s 
f u h = 1. 125- 10'6 m 

c 4 - 1.5c 3 + 24.246c 2 + 12.37c - 2.7587 = 0 
S o l u t i o n : 

5. 5 m/s ( w a t e r ) 
-4. 5 m/s ( w a t e r ) 
2. 23- 10'6 m/s (bottom) 
0. 5 m / s ( c o n c e n t r a t i o n ) 

c 2 = 

c 3 = 

C4 

Case 2 C r i t i c a l f l o w 
Data: F r = 1 4 = 1 . 9 1 

d 5 0 =0. 3 mm C = 50 mVs 
u = 3. 14 m/s a = 1. 00506 m 

The van R i j n t r a n s p o r t f o r m u l a g i v e s : 
sb = 9. 47- 10 - 3 m2 /s 
s = 2 1 . 84- 10'3 m2 /s 

s 
fub = 12. 8- 10"3 m 

1. 2378 = 0 

( w a t e r ) 
( w a t e r ) 
(bottom) 
( c o n c e n t r a t i o n ) 

c 4 - 9. 42c 
S o l u t i o n : 

c, = 

+ 19. 59c 2 + 0. 805c -

6. 29 m/s 
-0.2454 m/s 
0.24539 m/s 
3. 14 m/s 



Case 3 S u p e r c r i t i c a l f l o w 
Data: Fr = 4 4 = 1 . 9 1 

d 5 0 =0. 3 mm C = 50 mVs 
u = 10 m/s a = 0. 637 m 

The van R i j n t r a n s p o r t f o r m u l a g i v e s : 
s b = 1. 56577 m2 /s 
s s = 2. 306116 m2 /s 
f"ub = 0. 65822 m 

c 4 - 30c 3 + 287. 294c 2 + 808. 367c - 645. 7144 = 0 
S o l u t i o n : 

C j = 12. 7657 m/s ( w a t e r ) 
c 2 = 7. 8766 m/s ( w a t e r ) 
c 3 = -0. 6423 m/s (bottom) 
c 4 = 10 m/s 

From t h e s e cases i t f o l l o w s t h a t t h e d i f f e r e n c e s i n t h e 
c e l e r i t i e s f o r t h e f l o w w i t h and t h e f l o w w i t h o u t t h e i n ­
f l u e n c e o f sediment c o n c e n t r a t i o n i s n e g l i g i b l e . The v e l o c i t y 
o f p r o p a g a t i o n o f s m a l l d i s t u r b a n c e s i s t h e r e f o r e equal f o r 
b o t h cases. For t h e a p p l i c a t i o n s however i t f o l l o w s t h a t t h e 
i n f l u e n c e o f t h e sediment c o n c e n t r a t i o n appears i n t h e shape 
a l t e r a t i o n s o f bed i r r e g u l a r i t i e s d u r i n g time. 
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Appendix 2 

Model f o r st e a d y n o n - u n i f o r m f l o w on a f i x e d bed 

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

The s t e a d y n o n - u n i f o r m f l o w i s d e s c r i b e d i n s e c t i o n 3. 3. 
I n a d d i t i o n t o t h e d e s c r i p t i o n o f t h e s o l u t i o n o f t h e g r a d u a l ­
l y v a r i e d f l o w e q u a t i o n s i n t h a t s e c t i o n , t h e t h e o r y b e h i n d 
t h e s e s u b j e c t s w i l l be t r e a t e d i n t h i s appendix. F i r s t t h e 
c l a s s i f i c a t i o n o f f l o w i s d e s c r i b e d i n p a r t 2. Then t h r e e 
n u m e r i c a l and two a n a l y t i c a l methods are d e s c r i b e d t o s o l v e 
t h e e q u a t i o n s . I n p a r t 4. t h e method o f l o c a t i n g a h y d r a u l i c 
jump i s d e s c r i b e d . F i n a l l y t h e computer program STUWK, which 
has been developed t o a p p l y t h e s o l u t i o n methods f o r st e a d y 
n o n - u n i f o r m f l o w , i s discussed. 

2. C l a s s i f i c a t i o n o f f l o w p r o f i l e s 

I t i s necessary t o d i s t i n g u i s h d i f f e r e n t t y p e s o f f l o w 
f o r ease o f su r v e y and f o r c o m p r e h e n s i b i l i t y o f t h e r e s u l t s 
f rom g r a d u a l l y v a r i e d f l o w computations. The c o n d i t i o n s o f t h e 
f l o w d e t e r m i n e t h i s c l a s s i f i c a t i o n . I n s e c t i o n 3. 3. 2 t h e 
s u b d i v i s i o n o f t h e f l o w i n t o t h r e e r e g i o n s ( 1, 2, 3) and t h e 
s u b d i v i s i o n o f bed slopes i n t o H,M,C,S,A i s d e s c r i b e d . Here a 
r e p r e s e n t a t i o n o f t h i s c l a s s i f i c a t i o n o f s u r f a c e p r o f i l e s i s 
g i v e n i n t h e f o l l o w i n g t a b l e . 

Channel C o n d i t i o n (Flow) Type 

M i l d Slope a>a n>a c (subcr. ) Ml 

(a n>a c) a n>a>a c (subcr. ) M2 

an>ac>a ( s u p e r c r . ) M3 



Steep Slope a > a c > a n (subcr. ) SI 

( a n < a c ) 
a c > a > a n ( s u p e r c r . ) S2 

a c > a n > a ( s u p e r c r . ) S3 

C r i t i c a l Slope a > a n = a c (subcr. ) CI 

( a n = a c > 
a < a n = a c ( s u p e r c r . ) C3 

H o r i z o n t a l Bed a>a c (subcr. ) H2 

( a n = ~) a<a c 
( s u p e r c r . ) H3 

Adverse Slope a>a c (subcr. ) A2 

(a„<0) a<a c 
( s u p e r c r . ) A3 

Examples o f t h e s e f l o w t ypes are shown i n f i g . 7, f i g . 
f i g . 9 ( a p p l i c a t i o n s o f t h e program STUWK). 

3. H y d r a u l i c jump c o m p u t a t i o n 

A h y d r a u l i c jump occurs when a s u p e r c r i t i c a l s t r e a m 
meets a s u b c r i t i c a l stream o f s u f f i c i e n t depth. The super­
c r i t i c a l s t r eam jumps up t o meet i t s a l t e r n a t e (downstream 
s u b c r i t i c a l ) depth. The e m p i r i c a l r e l a t i o n s t h a t a r e developed 
t o d e s c r i b e t h e l e n g t h o f such a jump and i t s a l t e r n a t e d e p t h 
are t r e a t e d i n s e c t i o n 3. 3. 5. 

I n t h i s appendix a g e n e r a l method i s d e s c r i b e d t o d e t e r ­
mine t h e l o c a t i o n o f t h e h y d r a u l i c jump s t a r t i n g f rom t h e 
upstream s u p e r c r i t i c a l s u r f a c e p r o f i l e and t h e downstream 
s u b c r i t i c a l p r o f i l e . F i r s t a c l a s s i f i c a t i o n o f t h e jumps on a 
s l o p i n g f l o o r i s given. 

H y d r a u l i c jumps on a h o r i z o n t a l f l o o r a re o f s e v e r a l 
d i s t i n c t i v e t y p e s . A c c o r d i n g t o Ven Te Chow (1959), t h e s e 
t y p e s can be c o n v e n i e n t l y c l a s s i f i e d dependent on t h e Froude 
Number 

Fl1 - q/sjgaj 



o f t h e i n c o m i n g f l o w as f o l l o w s : 

Fr, = 1.0 
Fr, = 1. 0 - 1.7 

Fr, = 1. 7 -- 2. 5 
Fr, = 2. 5 -- 4. 5 
Fr, = 4. 5 -- 9. 0 
Fr, > 9. 0 

No jump ( C r i t i c a l f l o w ) 
Undular jump (Energy d i s s i p a t i o n p r a c t i c a l l y 
z e r o ) 
Weak jump (Energy d i s s i p a t i o n - 1. 7%-18%) 
O s c i l l a t i n g jump (Energy d i s s i p . ~ 45%) 
Steady jump (Energy d i s s i p a t i o n * 45%-70%) 
S t r o n g jump (Energy d i s s i p a t i o n - 85%) 

This s u b d i v i s i o n t u r n s o u t t o be v i s i b l e i n t h e s i z e o f 
t h e d e p t h change: A s m a l l depth change g i v e s a u n d u l a r jump 
w h i l e a g r e a t d e p t h change giv e s a s t r o n g e r jump. 

C l a s s i f i c a t i o n o f t h e h y d r a u l i c jumps i s i m p o r t a n t f o r 
s u r v e y a b i l i t y and d i s t i n c t i o n o f v a r i o u s p o s s i b l e a p p e a r i n g 
j umps. 

The l o c a t i o n o f t h e h y d r a u l i c jump can now be e s t i m a t e d 
u s i n g t h e upstream and downstream s u r f a c e p r o f i l e s , t h e se­
quent depths (eq. 3.3.20) b e l o n g i n g t o t h e s u p e r c r i t i c a l 
p r o f i l e and t h e l e n g t h o f t h e jump (eq. 3.3.21). T h e o r e t i c a l l y 
s p e a k i n g t h e jump occurs where t h e sequent d e p t h curve ( c o l ­
l e c t i v e c u rve o f depths y, c o n j u g a t e t o t h e c o r r e s p o n d i n g 
depths y, o f t h e s u p e r c r i t i c a l s u r f a c e p r o f i l e ) , i n t e r s e c t s 
w i t h t h e s u b c r i t i c a l s u r f a c e p r o f i l e (downstream). This t h e o ­
r e t i c a l c o n d i t i o n i s g e n e r a l l y used t o l o c a t e t h e p o s i t i o n o f 
t h e jump on e x t e n s i v e l o n g i t u d i n a l p r o f i l e s . 

For a c l o s e r e s t i m a t i o n o f t h e l o c a t i o n o f t h e jump, t h e 
l e n g t h o f t h e jump has t o be c o n s i d e r e d a l s o . The f o l l o w i n g 
w i l l i l l u s t r a t e t h i s procedure f o r l o c a t i n g t h e jump, r e ­
p r e s e n t e d i n f i g . 1. 

Consider a s l u i c e gate ( p o i n t A) a c t i n g as an upstream 
c o n t r o l and t h e p o o l e l e v a t i o n ( p o i n t B) a c t i n g as a down­
str e a m c o n t r o l , i n a m i l d - s l o p e channel. 

d e p t h a t B = y. 



1-

d e p t h a t B' = y, 
c u r v e A' B' C = Curve o f sequent depths 
curve CDE = curve A' B' C d i s p l a c e d t o t h e r i g h t by 

d i s t a n c e L, 'i 

The a l g o r i t h m f o r t h e l o c a t i o n o f t h e jump i s as f o l l o w s : 

S t a r t i n g f r o m p o i n t A, compute t h e M 3 - p r o f i l e ABC. P o i n t 
C i s t h e c r i t i c a l depth. 

2- C a l c u l a t e t h e sequent d e p t h p r o f i l e CB'A' i n w h i c h e v e r y 
p o i n t B' i s sequent t o a p o i n t B v e r t i c a l l y below i t on 
t h e c u r v e ABC- ( c o n j u g a t e values computed from eq.-
(3. 3. 20). 

3- Compute L. w i t h eq. (3. 3.21) f o r each p o i n t on t h e curve 
CB'A' and s h i f t t h i s curve by h o r i z o n t a l l y d i s p l a c i n g 
each p o i n t i n t h e downstream d i r e c t i o n by r e s p e c t i v e L, 
v a l u e s . The r e s u l t i n g curve i s CDE. 

4- S t a r t i n g f r o m p o i n t P, compute t h e M 2 - p r o f i l e PDQ. 
5- The i n t e r s e c t i o n o f t h e curve PDQ w i t h CDE ( p o i n t D) 

g i v e s t h e downstream end o f t h e jump. The t o e o f t h e 
jump, p o i n t B, i s l o c a t e d by d r a w i n g a h o r i z o n t a l l i n e 
f r o m D t o CB'A' a t B' and t h e n a v e r t i c a l l i n e f rom B' 
t o c u t t h e curve ABC a t B. 

f i g . 1 L o c a t i n g t h e Jump 



Note t h a t t h i s p r o c e d u r e g i v e s d i r e c t d e t e r m i n a t i o n 'of 
t h e end p o i n t s o f a jump and t h e method i s g e n e r a l and can 
t h e r e f o r e be a p p l i e d i n a wide v a r i e t y o f jump s i t u a t i o n s . 

T h is p r o c e d u r e f o r l o c a t i n g t h e jump has been genera­
l i z e d and adapted t o be i n c o r p o r a t e d i n a computer program. 
T h e r e f o r e t h e s u p e r c r i t i c a l and sequent d e p t h curve are com­
p u t e d s t a r t i n g a t t h e upstream boundary (The Runga K u t t a 
Method i s chosen because c o m p u t a t i o n s t e p s i z e s i n x - d i r e c t i o n 
can be f i x e d i n advance and can t h e r e f o r e be k e p t s u f f i c i e n t l y 
s m a l l t o i n c r e a s e t h e accuracy o f t h e computed l o c a t i o n o f t h e 
i n t e r s e c t i o n which r e p r e s e n t s t h e end o f t h e jump). The sub-
c r i t i c a l c u r ve i s computed i n upstream d i r e c t i o n . The sequent 
d e p t h c u r v e i s d i s p l a c e d over t h e d i s t a n c e L.. 

The i n t e r s e c t i o n o f t h e curves i s found by computing t h e 
i n t e r s e c t i o n o f each l i n e segment ( f r o m w h i c h t h e d i s p l a c e d 
sequent d e p t h curve i s made up) w i t h t h e s u b c r i t i c a l c u rve 
l i n e segments u n t i l t h e d e s i r e d p o i n t (X=X{) has been found, 
see f i g . 2. 

depth 
direction of 
calculations 

X=X x=x x=0 n 
Intersection 

f i g . 2 I n t e r s e c t i o n p rocedure f o r l o c a t i n g t h e end 
of t h e jump 

The program reckons w i t h f o u r p o s s i b l e i n t e r s e c t i o n s so 



t h a t i t can be a p p l i e d i n a wide v a r i e t y o f jump s i t u a t i o n s . -
The p o s s i b l e i n t e r s e c t i o n s as i n c l u d e d i n t h e model are shown 
i n f i g . 6. 

4. Computer program STUWK 

To compute t h e s u r f a c e p r o f i l e s and a h y d r a u l i c jump, 
t h e d i s c u s s e d computations and n u m e r i c a l methods are combined 
t o one computer program, c a l l e d STUWK. Before a p p l i c a t i o n o f 
th e program one has always t o r e a l i z e t h a t t h e s e computations 
are o n l y v a l i d i n wide p r i s m a t i c channels w i t h a c o n s t a n t 
d i s c h a r g e , a c o n s t a n t s l o p e and a c o n s t a n t roughness. T h i s 
program, t h e r e f o r e has a m a i n l y i n s t r u c t i v e c h a r a c t e r t o i n ­
crease one's u n d e r s t a n d i n g i n t h i s f i e l d o f s t u d y and t o 
v e r i f y c a l c u l a t i o n s made i n d e p e n d e n t l y . 

The s t r u c t u r e o f t h e computer program i s b r i e f l y d i s ­
cussed, s t a r t i n g f rom t h e f l o w diagram. 

Flow diagram 

The sequence o f t h e computations and t h e s e v e r a l pos­
s i b i l i t i e s o f choosing a g i v e n c o m p u t a t i o n method i s c l e a r l y 
s t r u c t u r e d i n t h e f l o w diagram i n f i g . 3 a t t h e end o f t h i s 
appendix. Arrows i n d i c a t e t h e d i r e c t i o n o f e x e c u t i o n o f t h e 
program. 

The f l o w diagrams f o r t h e procedures t h a t compute t h e 
s u r f a c e p r o f i l e s u s i n g t h e Heun Method ( n o t d e s c r i b e d i n t h i s 
r e p o r t ) and t h e Runge K u t t a Method are p r e s e n t e d i n f i g . 4 . I n 
f i g . 5 t h e f l o w diagram f o r t h e Simpson's Rule i s pr e s e n t e d . 
A l l methods s t a r t w i t h c a l l i n g t h e i n p u t data. Next t h e s u r ­
f a c e p r o f i l e s a re computed f o r a s t e p s i z e h. 
A f l o w d i a g r a m f o r t h e h y d r a u l i c jump i s showed i n f i g . 5 . 

The programming language t h a t has been used t o w r i 
program i s TURBO PASCAL. 



D i s c u s s i o n o f t h e program steps 

A f t e r c h o o s i n g a n u m e r i c a l method (see s e c t i o n s 3. 3. 3, 
3. 3. 4) and i n s e r t i n g some data, t h e computations s t a r t a u t o ­
m a t i c a l l y . The c a l c u l a t i o n s p r o p e r s t a r t a f t e r t h e d e t e r m i n a t ­
i o n o f t h e f l o w t y p e o r a f t e r t h e d e t e c t i o n o f t h e o c c u r r e n c e 
o f a h y d r a u l i c jump. 

The s u r f a c e p r o f i l e computations y i e l d v a l u e s o f t h e 
d i s t a n c e x and t h e w a t e r d e p t h a, which can be drawn on t h e 
s c r e e n f o r ease o f survey. 

An e r r o r d e t e r m i n a t i o n i s performed t o every n u m e r i c a l 
s u r f a c e p r o f i l e computation. This e r r o r i s e s t i m a t e d d u r i n g 
e x e c u t i o n , and p r a c t i c a l l y corresponds w i t h t h e d i f f e r e n c e 
between t h e n u m e r i c a l and t h e a n a l y t i c a l s o l u t i o n o f t h e f i n a l 
d e p t h (a) o r d i s t a n c e (x) (see a l s o s e c t i o n 3.3.4). 

When a h y d r a u l i c jump i s d e t e c t e d , however, b o t h up­
stream and downstream p r o f i l e s are b e i n g computed and t h e 
l o c a t i o n o f t h e jump i s b e i n g d e t e r m i n e d w i t h o u t an e r r o r 
e s t i m a t i o n . The g r a p h i c a l r e s u l t s , drawn t o t h e screen, i n ­
c l u d e t h e sequent d e p t h curve which can be u s e f u l f o r an 
e v a l u a t i o n i f an expected jump cannot be computed. 

C o n s i d e r a t i o n s on t h e program 

1- D i r e c t i o n s o f curve computations 
The s u p e r c r i t i c a l p r o f i l e i s computed s t a r t i n g f rom t h e 

upstream boundary i n downstream d i r e c t i o n . The s u b c r i t i c a l 
p r o f i l e i s computed s t a r t i n g a t t h e downstream boundary x=0, 
p r o c e e d i n g i n t h e upstream ( n e g a t i v e ) d i r e c t i o n . I n case o f a 
h y d r a u l i c jump, t h e sequent depth curve and t h e d i s p l a c e d 
curve a r e deduced from t h e s u p e r c r i t i c a l c u rve and t h e i r 
p o i n t s are t h e r e f o r e a l s o numbered i n c r e a s i n g i n t h e down­
str e a m d i r e c t i o n . 

2- I n t e r s e c t i o n p r o c e d u r e f o r h y d r a u l i c jumps 
The i n t e r s e c t i o n o f t h e curves i s found by computing t h e 



i n t e r s e c t i o n o f every l i n e segment, from w h i c h t h e s h i f t e d 
sequent d e p t h curve i s made up, w i t h some s u b c r i t i c a l c u rve 
l i n e - s e g m e n t s , u n t i l t h e d e s i r e d p o i n t has been found. 

3- N e g a t i v e x-values as a r e s u l t 
The upstream x values ( d i s t a n c e s ) are n e g a t i v e w i t h 

r e g a r d t o x=0, t h e downstream boundary, because o f t h e neces­
s a r y c o m p a t i b i l i t y w i t h t h e used Runga K u t t a Method a l g o r i t h m . 
The p o s i t i v e x - d i r e c t i o n i s t h e downstream d i r e c t i o n . 

4- G r a p h i c a l Output 
G r a p h i c a l o u t p u t ( r e s u l t s drawn on t h e scr e e n ) makes i t 

p o s s i b l e t o examine t h e f l o w p r o f i l e s and t h e h y d r a u l i c jump. 

A p p l i c a t i o n s 

Some r e s u l t s o f t h e computations executed w i t h STUWK are 
p r e s e n t e d i n f i g . 7, f i g . 8, f i g . 9, f i g . 10 and f i g . 11. The s u r ­
f a c e p r o f i l e s f o r d i s t i n c t i v e f l o w t ypes i n t h e f i g u r e s 7, 8 
and 9 a r e computed f o r t h e bed slopes: 

i.= 1- 10'4 ( M - p r o f i l e s ) 
i b = - 1 - 10'3 ( A - p r o f i l e s ) 
± a o ( / / - p r o f i l e s ) 
i = 5- 10"2 ( S - p r o f i l e s ) 

r e s p e c t i v e l y , and a Chezy c o e f f i c i e n t o f C=50 m*/a, a d i s c h a r g e 
q=2 m2/s. 

The v e r t i c a l a x i s Y r e p r e s e n t s t h e e l e v a t i o n r e l a t i v e t o 
t h e b e d l e v e l a t X=0. The h o r i z o n t a l a x i s X r e p r e s e n t s t h e 
l o c a t i o n r e l a t i v e t o t h e l o c a t i o n o f t h e downstream boundary. 

The f i g u r e s 10 and 11 r e p r e s e n t computations o f a hy­
d r a u l i c jump f o r a "steep s l o p e " r i v e r s e c t i o n : 

i . = l - 10 2; £7=50 mVs, q=0. 07 m2/s [ f i g . 10] 
i b = 5- 10"2; C=50 mVs, q=2 m2/s [ f i g . 11] 

The l o c a t i o n s o f t h e jump as t h e y are showed here, a r e i n 
c l o s e agreement w i t h measurements i n flumes. 



Flomdimgrmm mtumk. 

MetfrtHeun Method 
DttKn^i ,«n hdteate flowtype 

Curve- end «Tor-oofnputmtkm 

Data:CJb.q Chooee method 
I 

Compute a„,a0 

Meth=2: «npeon'a Rule 
Detent ,an hdteate flowtype 

£ 2 

1 
Metn=3: Fourth Order 
Runae-Kutta Method 
Data:a1fan.xn hdteate flowtype 

Hydraulo Jump Computation 

Curve- and error-computation 

I 
Draw Curve* + Ck»*fftc*tlon 

Curve- and error-computation 
(Variable automatte stepetze) 

Draw Hydraulo Jump 

f i g . 3 STUWK 



F1owdl»gnm H»un Method. 

Data: CJ b .q 
Data: n { number of steps } 
Data: V n { downstream and upstream waterdepth} 

I 
Determines Type of Row ( supercrlt. subcrtt.) 

t _ 
| h | - | ^ l 

I n 

I 
Heun Method { compute with h and 2*h) 

I 
Error Determination 

Drawing and Classification 

Flowdlëgram Rungt-KuttM Method 

Data :C. l b .q 
Data :n { number of steps } 
Data : a1 > an { downstream and upstream waterdepth } 
Data :xn { distance of upstream boundary } 

* 
Determines Type of Flow ( supercrlt., subcrtt.) 

t 
SRK-Method. Variable Selfcaiculated Stepsize, 
Computing wtth steps h and 2*h 

1 
Error Determination 

I 
Drawing and Classification 



Fhwdkgnm - Hydnullc Jump on $ tloplng floor 

Hydraulic Jump detected 

Com put» supercritical depth-
curva (points y l , with tha 

ftjnae-Kutta Mathod 

I 

Computa subcritical depth-
curva with tha 

Runo*-Kirtti Method 

Computa sequent dapthourva 
(potato y2) oorraapondlng to 

tha supercritical curva 

I 
Computa for «ach y2 tha 

corraapoTKlng langht of tha Jump L) 

I 
Dbptaca tha sequent dapthourva to 

tha downstream aide by tha distance L 

I f 
Intersect both curvet to find the Jump 

Fiowdlagram Simpson's Rula 

Data: CJb.q 
Data: n { number of steps } 
Data • V n { downstream and upstream waterdepth } 

I 
Determines Type of Flow (supercrlt, subcrlt.) 

1 
Ih> 

I 
Simpson's Rule ( compute wfth h and 2*h ) 

I 
Error Determination 

I 
Drawing and Classification 



Possible Hydraulic Jump 
Computations 

b<g/C J 

a[f a[1]>an 

4 \ 
P\ y-sub 

— — — \ 

i b>g/C 2 

asup a<asup[1]<a c 

* y-sub 

y-sub 

: 

y-sub 

6 I n t e r s e c t i o n p rocedure 
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Appendix 3 

Numerical modelling of mountain r i v e r flow 

1. B a s i c equations and d i s c r e t i z a t i o n 

The system o f e q u a t i o n s as g i v e n i n s e c t i o n (3.7.1) f o r s m a l l 
bedslopes ( c o s ( ^ ) - l and s i n ( . C ) m C ) i s : 

dt dx * dx 2 i y dx dx 

+ 9 dx c2a 
(3. 18) 

dCs „dCs 
dt dx - 0 (3. 19) 

+ or/ i H + A 
at u ax 4 

acg + acg 
at ax - o (3. 20) 

T a - ^ + LadCs + C s . C s e . Q 
a dt a dx (3. 21) 

The b a s i c e q u a t i o n s are d i s c r e t i z e d u s i n g t h e Preissmann 
i m p l i c i t scheme (Preissmann, 1960). 

fix.t) - l [ f ° : ; \ f ^ } + f o 

df d r ^ t + i df 
~dx " - ^ l t j + 1 ~£j \ Idx, 



df _ fA +fj + df 
dt " 2At dt0 

I n w h i c h t h e i n d e x z e r o denotes t h e components o f t h e d i s ­
c r e t i z e d v a r i a b l e s and d e r a t i v e s on t h e (known) t i m e l e v e l n,. 
The s o l u t i o n o f t h e a l g e b r a i c e q u a t i o n s i s d e s c r i b e d i n t h e 
f o l l o w i n g s e c t i o n s f o r t h r e e methods. 

2. Newton's i t e r a t i o n method 

The Newton's i t e r a t i o n method can be used t o s o l v e a 
system o f n o n - l i n e a r e q u a t i o n s . The f o u r a l g e b r a i c e q u a t i o n s 
w h i c h f o l l o w f r o m t h e d i s c r e t i z a t i o n w i l l be denoted by 

f3j(arx.ur\csr\zrx) 

I f boundary c o n d i t i o n s 

E0

A (a 0"' + 1 , n e+l CS0' ) - 0 
E0

B (*o C +\ uQ Cs0

e ) - 0 
E0

C ( a 0
n' + 1, 7J.+ 1 u0 

„ ne+l Cs 0 ) - 0 

are g i v e n a t t h e upstream end, and En° ( z n x
n t + 1 ) =0 a t t h e down­

st r e a m end, t h e n t h e r e e x i s t s a system o f 4 ( r J x + l ) e q u a t i o n s f o r 
4 ( n x + l ) unknowns (system F(x)). 

Since t h i s system i s non l i n e a r i n t h e unknown v a r i a b l e s i t 
cannot be r e p r e s e n t e d w i t h a m a t r i x e l i m i n a t i o n method. Most 
commonly used i s Newton's i t e r a t i o n method f o r systems (Mat­
hews, 1987). Newton's i t e r a t i o n method begins w i t h a s s i g n i n g 
t r i a l v a l u e s t o t h e unknowns. T a y l o r ' s theorem f o r f u n c t i o n s 
can be used t o approximate t h e zero v a l u e s ( r o o t s ) o f t h e 
system s t a r t i n g f rom t h e i r e s t i m a t e d v a l u e s . ( H i g h e r o r d e r 
terms may be n e g l e c t e d i f t h e t r i a l v a l u e s are c l o s e t o t h e 
a c t u a l r o o t s o f t h e system). 



Now a J a c o b i a n M a t r i x can be d e f i n e d as f o l l o w s : 

I ^J. dF1 dF3 dFi ) 
dul dal dCsl dzl 

°Fj+1 

dF. °Fj+1 

dul dal dCsl dzl 
dFj.2 dFjt2 

dul dal dCsl dzl 

°Fj+3 
dFj+3 dFj.s 

{ dul dal dCsl dzl j 

i n w h i c h Fj = j ' t h e q u a t i o n o f t h e system F{x) and i f 

U0 

Cs0 

CS n.+l 

then J(xli]) -

where xli] = t h e i t h e s t i m a t i o n o f t h e r o o t s 
The i t e r a t i o n t h e n proceeds as f o l l o w s : 
Step 1 E v a l u a t e t h e f u n c t i o n F(x[i]) 

Step 2 E v a l u a t e t h e J a c o b i a n J(x[1]) 

Step 3 Solve t h e l i n e a r system J(x[i]) Ax F(x[1]) f o r Ax . 
Step 4 Compute t h e next p o i n t - + A£ 

Repeat t h e process u n t i l s a t i s f a c t o r y convergence. 



Remarks 
To save c o m p u t a t i o n t i m e , t h e u p d a t i n g o f t h e J a c o b i a n 
( s t e p 2) can be done every Xth s t e p (*-3) i n s t e a d o f e v e r y 
step. 
For t h e s o l u t i o n o f t h e l i n e a r system ( s t e p 3 ) , t h e 
system has t o be p r e s e n t e d i n m a t r i x form, i . e. a banded 
m a t r i x . This m a t r i x i s s o l v e d by means o f t h e Gauss 
e l i m i n a t i o n method (see m a t r i x r e p r e s e n t a t i o n o f t h e 
a l g e b r a i c e q u a t i o n s , s e c t i o n 4 ) . S o l u t i o n y i e l d s a new 
v e c t o r Ax . 

The c o n c l u s i o n s o f t h e a p p l i c a t i o n o f t h i s method are g i v e n i n 
s e c t i o n 4. 2. 2. 

3. p r e d i c t o r - c o r r e c t o r i t e r a t i o n method 

Step 1 
The Preissmann r e p r e s e n t a t i o n o f t h e t h r e e b a s i c equa­
t i o n s o f motion, suspended sediment,and c o n t i n u i t y o f 
mass (eq. 3.18, 3.19, 3.21) can be s o l v e d f o r e v e r y suc­
c e s s i v e space s t e p i n downstream d i r e c t i o n on t h e ad­
vanced t i m e l e v e l ( c e l e r i t i e s f o r a, u, Cs are p o s i t i v e f o r 
s u p e r c r i t i c a l f l o w , s e c t i o n 3.6.2). The bed l e v e l g r a d i ­
e n t dz/dx i n t h e e q u a t i o n o f m o t i o n (3.18) i s t a k e n a t 
t h e known c u r r e n t t i m e l e v e l . For each (space) s t e p t h e 
computed v a l u e s o f t h e upstream s e c t i o n s e r v e as t h e 
upstream boundary: 

(a, u, Cs) t 

=*x 
-* Direction of Computations 

Step 2 
The b a s i c e q u a t i o n (3.20) f o r sediment i s s o l v e d i n 
upstream d i r e c t i o n ( t h e c e l e r i t y o f t h e b e d l e v e l s i s 
n e g a t i v e ) . The c o n c e n t r a t i o n and v e l o c i t y g r a d i e n t s are 
d e t e r m i n e d w i t h values from i t e r a t i o n s t e p 1. The equa-



t i o n has t o be s o l v e d e x p l i c i t l y f o r t h e bed l e v e l s a t 
t h e advanced t i m e l e v e l , because t h e v a l u e s from i t e r a ­
t i o n s t e p 1 are computed f o r bed l e v e l s a t t h e c u r r e n t 
t i m e l e v e l o r 

I n which tQ= c u r r e n t t i m e l e v e l 
f a u C s ( z , 0 ) = f u n c t i o n o f u, a, Cs v a l u e s d e t e r m i n e d 

i n i t e r a t i o n s t e p 1 f o r b e d l e v e l s a t 
t h e c u r r e n t t i m e l e v e l . 

(Neumann's a n a l y s i s o f s i m i l a r problems p r o v e d t h e o c c u r ­
rence o f i n s t a b i l i t y i f an i m p l i c i t scheme i s a p p l i e d , 
S t e l l i n g 1990). D i s c r e t i z a t i o n o f dz/dt w i t h an e x p l i c i t 
scheme w i t h n u m e r i c a l damping g i v e s : 

dz _ 0-25^°., + 0.5z°k + 0 . 2 5 2 ^ -
dt ~ At 

nt+l _ g j - i + Z j 
3 2 

Step 3 
Repeat i t e r a t i o n s t e p 1 u s i n g t h e b e d l e v e l s computed i n 
i t e r a t i o n s t e p 2. 

This process can be r e p e a t e d u n t i l t h e r e s u l t v a l u e s converge. 
Con c l u s i o n s on t h e a p p l i c a t i o n o f t h i s method are g i v e n i n 
s e c t i o n 4. 2. 2. 

4. M a t r i x s o l u t i o n method f o r l i n e a r i s e d e q u a t i o n s w i t h 
p r e d i c t o r f o r f l o w v a r i a b l e s 

As b o t h d e s c r i b e d methods don't work w e l l a f i n a l method 
has been developed w i t h a more s i m p l e n u m e r i c a l background b u t 
s u c c e s s f u l i n s o l v i n g t h e equations. 

A g a i n t h e b a s i c e q u a t i o n s are d i s c r e t i z e d u s i n g t h e 
Preissmann scheme. However, t h e c o e f f i c i e n t s o f a l l d e r a t i v e s 
and a l l r e m a i n i n g non l i n e a r terms are p r e d i c t e d i n advance 



u s i n g an unsteady f l o w model f o r a f i x e d bed (bed v a r i a t i o n s 
assumed s m a l l compared t o t h e w a t e r v a r i a t i o n s because o f t h e 
s m a l l bed c e l e r i t y ) . A f t e r s u b s t i t u t i o n o f t h e p r e d i c t e d 
v a l u e s i n t h e c o e f f i c i e n t s and terms ( n o t i n t h e d e r a t i v e s ) , a 
system o f l i n e a r e q u a t i o n s remains f o r t h e unknown v a r i a b l e s 
a t t h e advanced t i m e l e v e l (The unknowns f o l l o w f r o m t h e d i s ­
c r e t i z e d d e r a t i v e s ) . 

P r e d i c t o r f o r f l o w v a r i a b l e s 

The v a l u e s o f a and u can be p r e d i c t e d a t t h e advanced 
t i m e l e v e l u s i n g t h e b a s i c e q u a t i o n s f o r w a t e r f l o w w i t h o u t 
sediment t r a n s p o r t : 

.2 da . .. Su ^ „3a _ „dz . _£"o - 0 
0 

da 3a _|u _ 0 

dt 0dx 0dx ( I I ) 

I n w h i c h u 0, a 0 are t h e v a l u e s a t t h e c u r r e n t t i m e l e v e l ( f o r 
l i n e a r i s i n g ) 

The d e r a t i v e s are a g a i n d i s c r e t i z e d f o r t h e Preissmann scheme. 
Assuming s u p e r c r i t i c a l f l o w t h e c e l e r i t i e s become p o s i t i v e . 
T h i s i m p l i e s t h a t t h e e q u a t i o n s can be s o l v e d s t e p w i s e f r o m 
t h e upstream boundary i n downstream p o s i t i v e x - d i r e c t i o n 
( s i n g l e sweep). R e w r i t i n g t h e Preissmann d i s c r e t i z e d d e r a t i v e s 
f o r t h i s case g i v e s : 

du 6 ,nc*i 
lx " -AxUk+1 

du] 
dx 

nt+l 
du uk*l 
~di " 2 4 c 

du 
dt 

I n w h i c h t h e components w i t h i n d e x p r e p r e s e n t t h e t h o s e p a r t s 
o f t h e d i s c r e t i z e d v a r i a b l e s and d e r a t i v e s w h i c h ar e known i n 
advance. 
S u b s t i t u t i o n o f t h ese e x p r e s s i o n s f o r u and a i n e q u a t i o n s ( I ) 
and ( I I ) and e l i m i n a t i n g a k + 1

n t + 1 t h e f o l l o w i n g r e l a t i o n can be 



found f o r t h e unknown v e l o c i t y : 
nt+i a1a3Ax2 - gda2Ax 
+1 cc3

2Ax2 - &ga^ 
w i t h 

_ du „ du _ 3a dz gul 

i t r - u - s p - ' s f - ' - s f - - ^ i 

da da _ 3u 

i u0e 
os q - — ± — + — 2 _ 

3 2 4 t Ax 

For t h e d e p t h t h e n f o l l o w s : 

dk+l ~ ~ -A— uk+1 

oc3 a3Ax 

Csk+1 f o l l o w s from t h e van R i j n t r a n s p o r t f o r m u l a . 

M a t r i x R e p r e s e n t a t i o n o f t h e A l g e b r a i c Equations 

A f t e r d i s c r e t i z a t i o n and l i n e a r i s a t i o n o f t h e b a s i c 
e q u a t i o n s , a system o f f o u r l i n e a r a l g e b r a i c e q u a t i o n s f o r 
each Preissmann segment At i s found. I n t h e f o u r t h e q u a t i o n , 
t h e d e p t h - i n t e g r a t e d suspended-sediment e q u a t i o n , t h e o n l y 
unknown v a r i a b l e s appeared t o be t h e c o n c e n t r a t i o n s Cs k

n t + 1 and 
^k+i"'* • T h e r e f o r e t h i s e q u a t i o n can be s o l v e d independent o f 
t h e o t h e r t h r e e e q u a t i o n s . Since t h e c e l e r i t y o f t h e con­
c e n t r a t i o n i s p o s i t i v e ( s e c t i o n 3.6.2) t h e e q u a t i o n can be 
s o l v e d s t a r t i n g a t t h e upstream boundary and computing s t e p ­
w i s e i n downstream d i r e c t i o n . The f o l l o w i n g r e l a t i o n i s used 
t o f i n d t h e s o l u t i o n o f Cs k + 1

n t + 1 from t h e v a l u e o f Cs from t h e 
upstream ( s o l v e d ) space s t e p and t h e values o f a, u, Cs from t h e 
p r e d i c t o r : 

nnt+i (a1 + a2-a3-a4 + Cse0) 
t - s J c + l 

+ -3L + 
2 4 t Ax 2 



I n which 

a, - \(C8& + C8?) 
2 4 t 

LAl-
Ax 

-(CS&-CS?) 

a, - CSi 
r a Lae + g v 

^ 24t 4 x 2, 

The t h r e e r e m a i n i n g e q u a t i o n s (momentum, mass, volume) now 
form a m a t r i x f o r t h e s i x unknown values f o r a, u, z on t h e 
advanced t i m e l e v e l f o r each space s t e p (Preissmann box). The 
m a t r i x ELEM(n_t, k) i s : 

2A Ax 
-a0d 
Ax 

-f, 6 
u* Ax 

-gd 
Ax 

0 

2 4 t 

-gd 
Ax 

2 4 t 4 x 

0 

2 4 t ' Ax 
_fo_ 
4 x 

f * 
u» Ax 

gd 
Ax 

0 

2 4 t 

g6 
Ax 

2 4 1 4 x 

i f v e c t o r J? - ( u * 

and 

j i c + l J i e + l nt*l nt+l nt+l nt+i nt*L /it'-J- _ " t T J - \ 

/ # uk+l i zk+l ' ak*l I 

FUNCT 

du _ du da 
at0

 u°dx0
 y dx, - g 

dz 
dx, 

guo 

da „ da _ du _ R 

dx, 

dz f du _ 
at u>°dx0 

0 

4 

C 2 a 2 l o ax 
acs . ,, acs 
at 3x 

acg . acg 
~aF u ° dx 

t h e n ELEM[nt,k) -R - FUNCT 

I f t h e l e n g t h o f one Preissmann box i s Ax and t h e l e n g t h 
o f t h e r i v e r s e c t i o n under c o n s i d e r a t i o n i s n%Ax, t h e n t h e 
t o t a l number o f e q u a t i o n s i s 3-nx. 



3 unkown values i n each kno t 

n. + l 4 
At 

<—Ax—*• 

7 /-

V /-
L e n d 

The number o f knots on t h e advanced t i m e l e v e l i s n x + l , 
and because each k n o t holds 3 unknown v a r i a b l e s , t h i s y i e l d s 
3- nx + 3 unknown v a r i a b l e s . To e q u a l i z e t h e amount o f e q u a t i o n s 
t o t h e number o f unknown v a r i a b l e s i t i s necessary t o d e r i v e 
t h r e e more r e l a t i o n s f o r a, u and z. These are t h e Boundary 
C o n d i t i o n s . 

The system o f m=3-nx + 3 e q u a t i o n s can be r e p r e s e n t e d by a 
banded m a t r i x w i t h l e n g t h m and w i d t h o f t h e band = 8: 

(ELEM{nt, 0) 
0 ELEM(nt, 1) 0 

ELEM(nt,nx-l) j 

R -

FUNCT0 

FUNC^ 

'FUNCT 

S o l u t i o n o f t h i s m a t r i x i s done by means o f a Gauss e l i m i ­
n a t i o n f o r which t h e m a t r i x and t h e composed v e c t o r FUNCT i s 
f i r s t t r a n s f o r m e d w o r k i n g from t h e t o p o f t h e m a t r i x t o t h e 
t a i l . 

„ ( i - l ) 

m1* ÏTI) eik " eik ~ mHei* 
eli 

I n w h i c h m-1 = m u l t i p l i c a t o r 
e j k = element o f t h e 
f = j t h element o f 

m a t r i x : j , h row, k l h column 
t h e v e c t o r FUNCT 

Next t h e s o l u t i o n o f t h e m a t r i x i s found by c a l c u l a t i n g t h e 



l u e s s t a r t i n g a t t h e t a i l o f t h e m a t r i x ( l i t ) . 

I n i t i a l C o n d i t i o n a t t=0 

I n s e c t i o n 4. 2. 3 o f t h i s r e p o r t t h e boundary c o n d i t i o n s 
and i n i t a l c o n d i t i o n are d e s c r i b e d . I n a d d i t i o n t o t h a t de­
s c r i p t i o n t h e base f l o w i n i t i a l c o n d i t i o n i s t r e a t e d i n t h i s 
appendix. 

The f l o w a t t=0 i s assumed t o be s m a l l and q u a s i - s t e a d y . 
I n f l u e n c e o f sediment c o n c e n t r a t i o n on t h e w a t e r movement i s 
n e g l e c t e d . The e q u a t i o n s t h a t a p p l y t o t h e s e assumptions a r e 
t h e b a s i c e q u a t i o n s f o r s t e a d y n o n - u n i f o r m f l o w on a f i x e d bed 
( s e c t i o n 3.3): 

« n • - 1 - f • 0 

The s o l u t i o n o f t h e steady n o n - u n i f o r m f l o w as p r e s e n t e d i n 
s e c t i o n 3. 3 does not h o l d because o f t h e v a r i a t i o n i n t h e 
bedslope. T h e r e f o r e , i n c o n f o r m i t y w i t h t h e n u m e r i c a l s o l u t i o n 
f o r t h e f u l l e q u a t i o n s , an i m p l i c i t method has been developed. 
The v a l u e s o f a, u are de t e r m i n e d u s i n g t h e values o f t h e 
upstream g i v e n o r computed values o f a, u. The v a r i a b l e s a, u 

and t h e i r d e r a t i v e s are r e w r i t t e n as 

UP -
0 

2 
U°k 

UP -
0 

2 2 

du 
0 

dx p Ax Ax 

Because o f t h e s t e a d y p r o p e r t i e s o f t h e f l o w t h e v a r i a b l e s on 
an advanced t i m e l e v e l do n o t d i f f e r f rom t h o s e on t h e c u r r e n t 
t i m e l e v e l . T h e r e f o r e o n l y t h e v a r i a b l e s on t h e t i m e l e v e l "0" 
have t o be i n c l u d e d i n t h e scheme. 



I n s e r t i n g t h e scheme i n t h e d i f f e r e n t i a l e q u a t i o n s and 
e l i m i n a t i n g a k + 1° give s 

+ — Of, 
2Ax 2 1 

* (^°+i)3 

2Ax 1 

Where 

Sra* 1 / on 2 
0 0 

Ax 

a, -

3x 24x 

This q u a r t i c e q u a t i o n i n uk+1° can be s o l v e d n u m e r i c a l l y 
u s i n g t h e Newton Raphson method w i t h uk° as t h e f i r s t a p p r o x i ­
m a t i o n f o r u k + 1° and w i t h a l l values a t l o c a t i o n " k". The com­
p u t a t i o n s proceed downstream because o f t h e p o s i t i v e ce­
l e r i t i e s f o r t h e w a t e r i n s u p e r c r i t i c a l f l o w . The de p t h f o l ­
lows from q=u- a=constant. The c o n c e n t r a t i o n o f suspended l o a d 
i s assumed t o be equal t o t h e suspended t r a n s p o r t e q u i l i b r i u m 
c a p a c i t y (Cse) and can be determined u s i n g t h e Van R i j n Trans­
p o r t f o r m u l a . 



5. Program SABOFLOW and a p p l i c a t i o n s 

For t h e computations o f t h e unsteady s e d i m e n t - l a d e n f l o w 
i n v o l c a n i c r i v e r s t h e computer program SABOFLOW has been 
developed. The program c o n s i s t s o f s e v e r a l u n i t s , i n c o r ­
p o r a t i n g t h e n u m e r i c a l method ( s e c t i o n 4.2.3) and t h e s u p p o r t ­
i n g procedures. The f u l l s t r u c t u r e i s o u t l i n e d i n f i g . 4. 
Ano t h e r program which shows t h e g r a p h i c r e s u l t s o f t h e com­
p u t a t i o n s i s c a l l e d SABOPLOT. The s t r u c t u r e o f t h i s program i s 
o u t l i n e d i n f i g . 5. 

Comments on t h e f l o w c h a r t o f SABOFLOW ( f i g . 4): 
"Are You Sure" r e f e r s t o t h e r e p e t i t i o n o f t h e i n p u t o f 
t h e r e q u i r e d values. 
One can choose whether t h e computations are execu t e d w i t h 
o r w i t h o u t t h e i n f l u e n c e o f t h e suspended l o a d con­
c e n t r a t i o n Cs. 
Maximum and minimum values o f a,u,z are d e t e r m i n e d f o r 
t h e o u t p u t s c a l i n g o f t h e g r a p h i c a l r e p r e s e n t a t i o n (SABO­
PLOT). 

Comments on t h e f l o w c h a r t o f SABOPLOT ( f i g . 5): 
Bed l e v e l s a re p l o t t e d r e l a t i v e t o a s t r a i g h t l i n e f rom 
l e v e l z a t t= 0 , x=0 t o l e v e l z a t t = 0, x = x n, so t h a t bed 
l e v e l s d e v i a t i n g from t h i s l i n e can be p l o t t e d more 
c l e a r l y . 

I n t h e f o l l o w i n g a few a p p l i c a t i o n s o f t h e model are 
d e s c r i b e d . The computations are l i m i t e d i n t h e t i m e p e r i o d 
and t h e l e n g t h o f t h e channel s e c t i o n when u s i n g a p e r s o n a l 
computer. T h e r e f o r e t h e i n i t i a l c o n d i t i o n i s n ot t a k e n as a 
s m a l l d i s c h a r g e i n a l l t h e computations (e.g. c o m p u t a t i o n o f 
t h e morphology d u r i n g t h e p e r i o d o f maximum d i s c h a r g e , i n s t e a d 
o f computing d u r i n g t h e f u l l t i m e p e r i o d o f t h e f l o o d wave). 
However, t h e r e s u l t s c l e a r l y i l l u s t r a t e t h e p r o p e r t i e s o f t h e 
model. A d i s c u s s i o n o f t h e v a r i o u s a p p l i c a t i o n s i s g i v e n i n 
s e c t i o n 4. 3. 



Flow over a s m a l l s h o a l 

I n f i g . 1 t h e i n i t i a l bed l e v e l ( t = 0) i s g i v e n f o r a s m a l l 
5 cm h i g h s h o a l on a r i v e r bed w i t h a 1% s l o p i n g bottom. 

Shoal 
bed levels t=0 

NNNMI 

as 

' OA 

as 

' OA • 

03 

02 

0.1 • 

OS) 

-0.1 

OS) 

-0.1 '• 

OS) 

-0.1 
0 10 20 30 40 60 

xlml 

f i g . 1 Bed l e v e l s s h o a l 

The c o m p u t a t i o n s are executed f o r a t i m e i n t e r v a l o f 200 s, 
i m p o s i n g normal d e p t h and e q u i l i b r i u m c o n c e n t r a t i o n a t x=0. 
I n f i g . 6 t h e bed l e v e l s are shown r e l a t i v e t o t h e bed l e v e l a t 
t=0. T h i s g r a p h i c shows t h e upstream p r o p a g a t i o n o f t h e s h o a l . 
I n f i g . 7 t h e computed f l o w v e l o c i t i e s (u) and w a t e r d e p t h s (a) 
a r e shown. Note t h a t an i n c r e a s e d d e p t h and a decreased d e p t h 
e x i s t a t t h e t o p o f t h e shoal. The g r a d i e n t o f t h e v e l o c i t y 
(du/dx) a t t h e t o p o f t h e shoal can cause l o c a l e r o s i o n . I n 
f i g . 8 t h e f l o w v e l o c i t i e s and suspended t r a n s p o r t c o n c e n t r a ­
t i o n [Cs) a r e g i v e n . Because o f t h e phase l a g between bed 
l e v e l and c o n c e n t r a t i o n v a r i a t i o n s , a g r a d i e n t o f t h e con­
c e n t r a t i o n (dCs/dx) a t t h e t o p o f t h e s h o a l can cause l o c a l 
s e d i m e n t a t i o n . The g r o w t h o f t h e s h o a l d u r i n g t h e t i m e i s 
t h e r e f o r e dependent on t h e magnitude o f t h e g r a d i e n t s o f u and 
Cs a t t h e t o p o f t h e s h o a l ( l o c a l e r o s i o n o r s e d i m e n t a t i o n ) . 



I n f i g . 9 and f i g . 10 t h e r e s u l t s are g i v e n f o r t h e same 
case i f t h e c o n c e n t r a t i o n o f suspended m a t e r i a l i s n e g l e c t e d . 
The bed l e v e l s i n f i g . 9 show a decrease o f t h e h e i g h t o f t h e 
s h o a l caused by t h e l o c a l e r o s i o n a t t h e t o p o f t h e s h o a l . 
F i g . 10 shows t h e computed v e l o c i t i e s and depths f o r t h i s case. 
The r e s u l t s are compared t o t h e computations w i t h con­
c e n t r a t i o n and d i s c u s s e d i n s e c t i o n 4. 3. 

Flow over a s m a l l t r e n c h 

The same c o n d i t i o n s a p p l y as f o r t h e s m a l l s h o a l , b u t t h e 
r i v e r bed i s l o w e r e d over 5 cm i n s t e a d o f b e i n g r a i s e d . The 
i n i t i a l bed l e v e l s are shown i n f i g u r e 2. 

Thrench 
bed levels t=0 rtftftno* 

tout 

f i g . 2 Bed l e v e l s t r e n c h 

The r e s u l t s a r e p r e s e n t e d i n f i g . 11 and f i g . 12. 
upstream p r o p a g a t i o n o f t h e t r e n c h can be n o t i c e d . 

A g a i n 

K a l i Thermas Lama - I n d o n e s i a 

The d a t a f o r t h e K a l i Thermas Lama are d i s c u s s e d i n 
s e c t i o n 4. 3. Two s i m p l i f i e d cases are c o n s i d e r e d . I n t h e 



f o l l o w i n g a d e s c r i p t i o n o f these cases i s gi v e n . 

Case 1. a c c u m u l a t i o n 
The severe a c c u m u l a t i o n i n t h e r i v e r bed c l e a r l y mani­

f e s t s i t s e l f i n t h e s u b s t a n t i a l r i s e o f t h e r i v e r bed near t h e 
Karanggondang b r i d g e . This phenomenon can be caused by se­
d i m e n t a t i o n upstream o f t h e b r i d g e ( t h e b r i d g e o b s t r u c t s t h e 
f l o w and can cause a h y d r a u l i c jump), and by t h e upstream 
p r o p a g a t i o n o f bed l e v e l e l e v a t i o n s from t h e downstream re a c h 
( m i l d s l o p e s cause s e d i m e n t a t i o n ) . I t has been i n v e s t i g a t e d 
whether t h e s e downstream e l a v a t i o n s can a f f e c t t h e r i v e r bed 
near t h e b r i d g e . The i n i t i a l bed l e v e l s f o r t h i s case a r e 
p r e s e n t e d i n f i g . 3a. 

4.0 
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as 

Kali Thermas Lama 
bed levels t=0 
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f i g . 3a Bed l e v e l s K a l i Thermas Lama - Case 1 

At t h e upstream boundary ( t h e b r i d g e ) normal d e p t h and e q u i l i ­
b r i u m c o n c e n t r a t i o n are imposed. The c o m p u t a t i o n i s s e p e r a t e d 
i n t o t h r e e p a r t s , r e s p e c t i v e l y 1. a, 1. b, 1. c , f o r computa­
t i o n a l reasons (economical use o f t i m e and memory). The f i r s t 
p a r t o f t h e d i s c h a r g e curve ( f i g . 3 b ) i s i n t r o d u c e d i n t h e com­
p u t a t i o n s ( l h t o 4. 5h). R e s u l t s o f t h e are shown i n f i g . 13a, 
f i g . 13b and f i g . 13c. The upstream p r o p a g a t i o n o f t h e bed 



v a r i a t i o n f i n a l l y causes a net bed e l a v a t i o n a t t h e b r i d g e 
(case 1. c ) . 

Case 2. D e g r a d a t i o n 
The upper channel s e c t i o n o f t h e K a l i Thermas Lama ap­

pears t o be e r o d i n g . This d e g r a d a t i o n can be caused by d e t e n ­
t i o n o f suspended sediment upstream o f t h e Sumbersari dam. I n 
t h e s e computations t h e t o p o f t h e d i s c h a r g e curve ( f i g . 3b) and 
t h e normal d e p t h are imposed a t t h e upstream boundary. The 
sediment c o n c e n t r a t i o n i s assumed t o be a p a r t o f t h e e q u i l i ­
b r i u m c o n c e n t r a t i o n . The bed s l o p e i s a p p r o x i m a t e l y 6%. Re­
s u l t s o f t h e computations are g i v e n i n f i g . 14. D e g r a d a t i o n 
o c c u r r e d a l r e a d y f o r t h i s s m a l l p e r i o d . 
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f i g . 3b Disc h a r g e curve 



{SABOFLOW 

1 i 

Give xend, dx 
tend, dt 

Are 
You 

Sure? 

Choose: Include Cs 
Give C D60. D16 

D&4.D90, A 

Are 
! I You 

Sure? 

Bed Levels t=0 
Are 
You 

Sure? 

Boundary Condtione 
x=0: for t=0 to tend 

abnormal depth 
give q, Cs 

3L 
Otve a, q ,Cs 

Are 
You 

Sure? 

Write data to 
INPUT.IN 

I Computation 

Z T Z 
Read INPUT.IN 

r 
Compute Initial Condition 

t=0 
(Newton Raphson) 

Read Boundary (x=0) 
from INPUT.IN 

I 
Estimate «, u Cs 

Fixed Bed Equations) 

Compose Matrix for 
System of Equations 

Gauss EBmhatton 

Determine a,u Cs 

determine amax, amh, 
umax, umln, zmax, zmki 

Write Result to 
OUTPUT.DAT 

Goto SABOPLOT 
plot results to screen) 

Repeat for 
aldt 

or 
HaltlfFr<=1 

Goto DOS 

Write amax. amh. umax, umh, 
zmax, zmh to 
MAXVALDAT 

f i g . 4 SABOFLOW 



Fl*w Ckurt pngram SABOPLOT 

Plot of the Bed Levels 

Read INPUT.IN 
Read MAXVALOUT 

Reference z Is straight line 
from z[0,0] to z[nx,0] 

Relative bedlevel = z - Ref.z 

Plot x-axis 
Plot z-axis 

(automatic scaling) 

Determine 
Interval for plotting (n#dt) 

Read OLTPUT.DAT 

Plot Relative bed levels 
If t=l*lnterval 

SABOPLOT 

Goto DOS Plot of Water Depths 
and Flow Velocities 

Read INPUT.IN 
Read MAXVALOUT 

Plot x-axis 
Plot a-axis 
Plot u-axis 

(automatic scaling) 

Determine 
Interval for plotting (n*dt) 

Repeat for 
t=0 to tend 

Read OUTPUT.DAT 

Plot Depths and Velocities 
if t=!*interval 

Repeat for 
t=0 to tend 

f i g . 5 SABOPLOT 



program SABOFLOW output: Shoal 



o . o o 

B.OO 

10.00 

1D.OO 

2 0 . 0 0 

2 B . 0 0 

3 0 . 0 0 
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BO.OO 
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f i g . 7 V e l o c i t i e s , depths ( s h o a l ) 
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f i g . 8 V e l o c i t i e s , c o n c e n t r a t i o n s ( s h o a l ) 



program SABOFLOW output: Shoal. Cs-O.O 

zr [cm] 

B.0000 J 

O.0000 

-B.000 

0: t i m i - o .OO 8 

l : time- AO . OO • 
2: time- 60 . OO a 
3: timo-120 . 00 • 
A: timo-160 . 00 8 

3: tima-SOO . OO 8 

dx = 0 BO m 
dt - 1 00 8 

C - 50 OO aqrtm/o 
DSO 0 30O mm 
ZO - 0 BOOO m 
zn — 0 OOOO m 
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f i g . 10 V e l o c i t i e s , depths s h o a l w i t h Cs-0 



program SABOFLOW output: Trench 

zr tcm] 

s.oooo J 

O.oooo 

-o.ooo J 

0: tlmo — 0 00 • 
l : tlmo- -40 00 • 
2: time— BO 00 • 
3: timo-120 00 • 
A: tlmo-160 00 • 
S: tlme-200 00 • 

dx - O.SO m 
dt - l . o o • 
C - SO.00 aqrtm/i 

•BO — 0.300 mm 
ZO - O.BOOO m 
zn - 0.0000 m 
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f i g . 12 V e l o c i t i e s , depths ( t r e n c h ) 



program SABOFLOW output: K a i l Thermas Lama l . a 

zr [cm] 

10.0000 J 

O.0000 J 

O.oooo 

-a.ooo 

-10.000 

O: time- o . OO a 
1: tlmo — 108S . 00 a 
2: tlmo-21SO.OO I 
3: tlmo—32BS.OO I 
4: tlmo- 1.22 h 

dx - IB . 00 m 
dt - I B . oo a 
c - BO .00 aqrtm/a 
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program SABOFLOW output: K a l i Thermas Lama l.b 
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f i g . 13c B e d l e v e l s K a l i Thermas Lama: p a r t 1. c 



program SABOFLOW output: K a l i Thermas Lama — Case 2.a 
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