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SUMMARY 

The o b j e c t of t h i s s t u d y was i~o d e r i v e a r e l a t i o n s h i p be tween t h e 

d i a m e t e r of a p a r t i c l e l y i n g on a bed of m a t e r i a l i n a moving s t r e a m of 

f l u i d and t h e v e l o c i t y of she f l u i d r e q u i r e d t o b e g i n movement of t h e 

p a r t i c l e . 

Hoi rdofUJ o , mos I i . j in t ie . ' i s la . a...- h g ; a . i i i . ' c i p i e i . l v e l o c i t y 

and t h e p a r t i c l e d i a m e t e r have i n v o l v e d t he b o t t o m v e l o c i t y - a q u a n t i t y 

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

t h a t t h e boundary of most c h a n n e l s formed of g r a n u l a r m a t e r i a l i s h y d r a u -

l i c a l l y rough and t h a t t h e v e l o c i t y of" t h e f l u i d a c t i n g on t h e p a r t i c l e s 

w i l l be v e r y n e a r l y e q u a l t o t h e mean v e l o c i t y of f l o w . C o n s e q u e n t l y , 

t h e r e s h o u l d be r a t h e r good c o r r e l a t i o n be tween t h e mean v e l o c i t y of t h e 

s t r e a m end t h e p a r t i c l e d i a m e t e r a t I n c i p i e n t - m o t i o n . 

I n c i p i e n t mean, v e l o c i t i e s were m e a s u r e d f o r m o t i o n o u t of a 

c o n s t a n t geomet ry s c o u r h o l e w i t h d i f f e r e n t s e d i m e n t s u s i n g a i r a s t h e 

f l u i d . These d a t a a r e p r e s e n t e d a l o n g with, t h e d a t a of a n o t h e r i n v e s t i ­

g a t i o n v/i th t h e same s c o u r h o l e w i t h w a t e r a s t h e f l u i d . The e m p i r i c a l 

r e l a t i o n 

v = k ( / m u s ^ 1 - 1 1 

where K i s a n u m e r i c a l c o e f f i c i e n t , V i s t h e mean v e l o c i t y , d i s t h e 
m 

mean p a r t i c l e d i a m e t e r , and s i s t h e r a t i o of t h e d e n s i t y of t h e s e d i ­

ment t o t h e d e n s i t y of she f l u i d i s d e r i v e d f o r i n c i p i e n t m o t i o n . The 

above r e l a t i o n s h i p i s a l s o shown t o a p p l y ve ry c l o s e l y t o a M a t bed 



s c o u r i n g s i t u a t i o n i n which t h e "boundary; was h y d r a u l i c a l l y r o u g h . 

Tin: d i m e n s i o n l e s s Q u a n t i t y l\f where 

7 j V, 

ii - b 
S / ( s - l ) g d 

i n which i s t h e b o t t o m v e l o c i t y , i s shown n o t t o be a c o n s t a n t a t 

i n c i p i e n t - m o t i o n f o r a l l s i z e s of p a r t i c l e s a s h a s been c o n t e n d e d by 

many p r e v i o u s I n v e s t i g a t o r s . T h i s phenomenon ±L •-ho- p t o be t h e r e s u l t 

of a c h a n g i n g Reynolds number , R, w i t h I n c r e a s i n g p a r t i c l e s i z e such t h a t 

N ^ l . , 3 R ° - 0 3 T 5 

s 

1 



CHAPTER I 

INTRODUCTION 

The o b j e c t of t h i s s t u d y i s t o d e r i v e a r e l a t i o n s h i p be tween t h e 

d i a m e t e r of a p a r t i c l e l y i n g on a bed of m a t e r i a l i n a moving s t r e a m of 

f l u i d and t h e v e l o c i t y of t h e f l u i d r e q u i r e d t o b e g i n movement of t h e 

p a r t i c l e . 

The a b i l i t y of a f l u i d t o t r a n s p o r t s o l i d s e d i m e n t p a r t i c l e s from 

p l a c e t o p l a c e h a s a t t r a c t e d t h e a t t e n t i o n of e n g i n e e r s f o r many y e a r s . 

The p r e v e n t i o n of damaging s c o u r a t the b a s e of b r i d g e p i e r s and a b u t ­

ments and a t t h e b a s e of s p i l l w a y s has been an i m p o r t a n t p a r t of h y d r a u ­

l i c d e s i g n s i n r e c e n t y e a r s . I n t h e d e s i g n of i r r i g a t i o n c a n a l s , t h e 

e n g i n e e r h a s a lways been i n t e r e s t e d I n t h e maximum v e l o c i t i e s of f low 

a t t a i n a b l e i n t h e c a n a l w i t h o u t e r o d i n g m a t e r i a l from t h e c h a n n e l w a l l s . 

A phenomenon of g r e a t i n t e r e s t t o t h e a g r i c u l t u r a l e n g i n e e r i s t h e m a x i ­

mum wind v e l o c i t y which may o c c u r o v e r a f i e l d b e f o r e movement of t h e 

s o i l p a r t i c l e s b e g i n s . 

Thus , e n g i n e e r s have c o n t i n u a l l y been s e a r c h i n g f o r some p a r a m e t e r 

t h a t would ' d e s c r i b e t h e i n s t a n t of e n t r a i n m e n t of a p a r t i c l e i n t o a 

moving f l u i d . I n r e c e n t y e a r s , many i n v e s t i g a t o r s have been s h i f t i n g t o 

t h e u s e of a p a r a m e t e r t e r m e d t h e c r i t i c a l t r a c t i v e f o r c e - f o r c e r e ­

s u l t i n g from s h e a r - t o d e s c r i b e I n c i p i e n t - m o t i o n . These i n v e s t i g a t o r s 

have f e l t t h a t t h e u s e of t h e f l u i d v e l o c i t y t o d e s c r i b e i n c i p i e n t mo­

t i o n was n o t s u f f i c i e n t . I n p a r t i c u l a r , t h e y have a v o i d e d t h e u s e of 



t h e a v e r a g e s t r e a m v e l o c i t y - a q u a n t i t y which i s u s u a l l y e a s i e s t t o 

o b t a i n . These i n v e s t i g a t o r s h a v e a r g u e d t h a t t h e p a r t i c l e s on t h e bed 

of a s t r e a m a r e immersed i n a b o u n d a r y l a y e r and were n o t b e i n g a c t e d 

upon by t h e v e l o c i t y of t h e f l u i d i n t h e m a i n s t r e a m . C o n s e q u e n t l y , any 

s i g n i f i c a n t r e l a t i o n s h i p must i n v o l v e t h e f l u i d v e l o c i t y j u s t above t h e 

bed p a r t i c l e s . 

The v e l o c i t i e s r e q u i r e d t o i n i t i a t e the. movement of g r a i n s on a 

bed of m a t e r i a l have been c a l l e d t h e c r i t i c a l , c o m p e t e n t , t h r e s h o l d , o r 

i n c i p i e n t v e l o c i t i e s . A l l of t h e t e r m s a r e found i n t h e l i t e r a t u r e and 

a l l have t h e same m e a n i n g . 

Pe rhaps t h e e a r l i e s t t o d e r i v e a r e l a t i o n s h i p be tween t h e compe­

t e n t v e l o c i t y and t h e p a r t i c l e s i z e was Brahms ( l ) . Brahms deduced t h a t 

i r which V i s t h e p i c k - u p b o t t o m v e l o c i t y , K i s a c o e f f i c i e n t , and W 

i s t h e submerged w e i g h t of t h e p a r t i c l e . S i n c e 

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

of Brahms' e q u a t i o n y i e l d s 

H i s t o r y of t h e L i t e r a t u r e 

c r 

¥ ~ d 



Fortier and Scobey (2) presented the first major work in the 

twentieth century on the relation of critical velocities and the diameter 

of particles. They obtained their data hy questioning experienced irri­

gation engineers as to the maximum canal velocity permissible without 

eroding c e r t a i n classifications of soil. However, they d i d not arrive 

at a direct relationship between the critical canal velocity and the 

diameter of the moveable soil particle; instead, they presented their 

data in tabular form. 

Mavis (3); using laboratory data and purely empirical methods, 

derived the expression 

in which is the competent bottom velocity in feet per second, s is 

the ratio of the specific gravity of the sediment to the specific 

gravity of the fluid, and d is the particle diameter in millimeters. 

This expression tended to be near the lower limit of the data obtained 

by several other investigators. Later Mavis (k) suggested that the 

exponent on the diameter be changed from V 9 to l/2. He reasoned that 

this would simplify computations but would not change the basic equa­

tion appreciably. 

Jeffreys (5) investigated the hydrodynamic problem of lift on a 

cylinder lying on a horizontal plane in a moving fluid through purely 

mathematical techniques using potential functions. He showed that a 

cylinder will be lifted if 

P 



0 . 5 9 / (S -L)GD 

JEFFREYS CONCLUDED THAT FOR A SPHERE, WHERE THERE WILL HE SOME FLOW 

UNDER t h e SOLID, THE LIFT WILL HE LESS, AND THE VELOCITY RESPIRED FOR 

MOVEMENT WILL HE SOMEWHAT HIGHER. NEVERTHELESS, THE FORM OF THE EQUATION 

WILL REMAIN THE SAME WITH ONLY THE NUMERICAL COEFFICIENT VARYING. 

OHCPIL ( 6 ) , USING VELOCITY MEASUREMENTS IN THE OPEN FIELD AND IN 

A WIND TUNNEL, INVESTIGATED THE INITIATION OF SOIL MOVEMENT DURING WIND 

EROSION. HE FOUND, THAT THE THRESHOLD VELOCITY VARIED GREATLY WITH THE 

DIAMETER OF THE GRAIN AND THAT THE MOST READILY ERODED MATERIAL RANGED 

FROM 0 . 1 MILLIMETERS TO 0 . 1 5 MILLIMETERS IN DIAMETER. HE FOUND THAT 

BELOW THIS RANGE THE THRESHOLD VELOCITY INCREASED AS THE DIAMETER DE­

CREASED, AND THAT above THIS RANGE THE THRESHOLD VELOCITY WAS PROPOR­

TIONAL TO THE SQUARE-ROOT OF THE DIAMETER. 

HJULSTRCM ("() PREPARED, A CURVE OF MEAN CRITICAL VELOCITY AS A 

FUNCTION OF MEAN SEDIMENT SIZE FOR QUARTZ SEDIMENT (SPECIFIC GRAVITY = 

2 . 0 5 ) IN WATER USING THE DATA OF SEVERAL WORKERS. THESE DATA, APPEARING 

IN FIGURE 1 , SHOW THAT HE, LIKE OHEPIL, FOUND THAT THERE WAS A RANGE OF 

PARTICLE DIAMETERS WHICH WAS MOST SUSCEPTIBLE TO MOVEMENT. HOWEVER, HIS 

RANGE OF MOST ACTIVE MOVEMENT WAS BETWEEN 0 . 2 MILLIMETERS AND 0 . 3 MILLI­

METERS IN DIAMETER. BUT MOST IMPORTANT, HJULSTROM SHOWED THAT THERE WAS 

SOME RELATIONSHIP BETWEEN THE CRITICAL AVERAGE VELOCITY OF A STREAM AND 

THE PARTICLE DIAMETER. 

MOST OF THE PREVIOUS WORK HAS ESSENTIALLY REACHED THE SAME CON­

CLUSION; NAMELY, 





where I d e n o t e s some f u n c t i o n . However, a s s t a t e d p r e v i o u s l y t h e v e l o ­

c i t y u s e d h a s u s u a l l y been t h e b o t t o m v e l o c i t y - a q u a n t i t y which i s o f t e n 

d i f f i c u l t t o d e t e r m i n e . 

I t i s c o n t e n d e d i n t h i s s t u d y t h a t t h e b o u n d a r y of most c h a n n e l s 

formed of g r a n u l a r m a t e r i a l i s h y d r a u l i c a l l y r o u g h . As a r e s u l t , t h e 

v e l o c i t y d i s t r i b u t i o n i n t h e s t r e a m depends o n l y upon t h e r e l a t i v e 

r o u g h n e s s i n c l u d i n g t h e b e d - f o r m g e o m e t r y . Under t h e s e c o n d i t i o n s , t h e 

v e l o c i t y a c t i n g on t h e p a r t i c l e s w i l l be more n e a r l y e q u a l t o t h e mean 

v e l o c i t y of f low t h a n i f t h e p a r t i c l e s were submerged i n a l a m i n a r s u b ­

l a y e r . C o n s e q u e n t l y , t h e r e s h o u l d be r a t h e r good c o r r e l a t i o n be tween 

t h e mean v e l o c i t y of t h e s t r e a m and t h e p a r t i c l e d i a m e t e r a t i n c i p i e n t 

m o t i o n . 
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CHAPTER I I 

EXPERIMEHTAL APPARATLA: 

T h e o b j e c t o f t h i s s t u d y w a s t o d e r i v e some r e l a t i o n s h i p b e t w e e n 

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

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

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

T e c h a n d w a s u s e d i n a p r e v i o u s s t u d y b y A . R . L e F e u v r e (8). 

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

s t a n t . T h e s c o u r h o l e b o u n d a r i e s w e r e f o r m e d o f p l e x i g l a s s w i t h o n l y 

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

b y r.he i n t e r s e c t i o n o f a t w o - i n c h d i a m e t e r t u b e w i t h a t h r e e - i n c h d i ­

a m e t e r p l e x i g l a s s t u b e c a r r y i n g t h e m a i n f l o w . A p l a s t i c w e d g e w i t h a 

6 0 - d e g r e e s l o p e w a s f a s t e n e d t o t h e u p s t r e a m s i d e o f t h e t w o - i n c h d i ­

a m e t e r t u b e t o f o r m t h e d e f i n e d s c o u r a r e a a s s h o w n i n F i g u r e 2 . T h e 

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

c o n s t a n t l e v e l , 2 . 5 i n c h e s b e l o w t h e i n s i d e w a l l o f t h e t h r e e - i n c h t u b e , 

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

s c o u r h o l e . 

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

t h e t h r e e - i n c h d i a m e t e r p l e x i g l a s s t u b e . T h i s a i r w a s s u p p l i e d t o t h e 

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

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

b l o w e r . T h i s b l o w e r w a s d r i v e n b y a n e l e c t r i c m o t o r w i t h a v a r i a b l e 

s p e e d t r a n s m i s s i o n b e t w e e n t h e m o t o r a n d t h e b l o w e r . T h e f l o w l e a v i n g 



A i r Flow 

F i g u r e 2 . S k e t c h o f t h e T e s t S e c t i o n Co 
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THE TEST SECTION ENTERED A FABRIC HAG WHICH ACTED AS A STRAINER TO REMOVE 

SEDIMENT PARTICLES FROM THE AIRSTREAM. FIGURE 3 IS A DIAGRAM OF THE 

ARRANGEMENT OF THE EXPERIMENTS.I APPARATUS. 

VELOCITY MEASUREMENTS WERE PERFORMED HY MEANS OF A STAGNATION TUBE 

WHICH WAS LOCATED, ON THE CENTERLINE OF THE THREE-INCH FLOW SECTION AND A 

WALL PIEZOMETER LOCATED IN THE PLANE OF THE TIP OF THE STAGNATION TUBE. 

ONLY THE VELOCITIES AT THE CENTERLINE WERE MEASURED. PRESSURE DIFFER­

ENCES WERE MEASURED WITH A DISPLACEMENT MANOMETER WHICH COULD HE READ TO 

+0 .001 INCHES OF WATER. THE ACCURACY WITH WHICH THE VELOCITY COULD HE 

COMPUTED USING THIS MANOMETER WAS FAR GREATER THAN THE ACCURACY WITH 

WHICH THE INCIPIENT CONDITION WOULD HE JUDGED. 

SINCE ONLY THE EFFECT OF PARTICLE WEIGHT AGAINST MOVEMENT WAS DE­

SIRED, ANY FORM OF INTERLOCKING BETWEEN PARTICLES WAS TO BE HOPEFULLY 

AVOIDED DURING THE TES/TS. THEREFORE, SEVERAL SIZES OF THE VERY UNIFORM, 

NEARLY SPHERICAL, GLASS BEADS AND ONE SIZE OF WELL-ROUNDED OTTAWA SAND 

WERE SELECTED AS THE TEST MATERIALS. THE DIFFERENT PROPERTIES OF THE 

MATERIAL APPEAR IN TABLE 3 IN THE APPENDIX.. 



A i r - F i l t e r Bag 

S i x - I n c h D i a m e t e r S u p p l y P i p e S t a g n a t i o n Tube 

v — \ \ \ \ \ \ \ \ \ ^ — 5 — \ — ^ X — - a x •, a a \ •—s a ^ a x \ a 

F i g u r e 3« Arrangement o f E x p e r i m e n t a l A p p a r a t u s 
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CHAPTER I I I 

EXPERBffiFiAL PROCEDURE 

The o b j e c t o f t h e e x p e r i m e n t a l work was t o c lefermine t h e v e l o c i t y 

o f t h e f l o w i n t he t h r e e - i n c h d i a m e t e r p i p e w h i c h wou ld p i c k up t h e f i r s t 

p a r t i c l e s and th row them upward from t h e s c o u r h o l e and i n t o t h e main 

f l o w . 

The s e d i m e n t l e v e l was f i r s t a d j u s t e d t o a r e f e r e n c e mark i n t h e 

s c o u r h o l e . The a i r b l o w e r was t h e n t u r n e d on a t a v e r y l o w s p e e d . The 

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

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

v e l o c i t y i n c r e a s e , t he b e d o f t h e s c o u r h o l e was examined f o r movement. 

U s u a l l y t h e f i r s t few v e l o c i t y i n c r e m e n t s c a u s e d no movement. As t h e 

v e l o c i t y o f t h e main f l o w was i n c r e a s e d , t h e r e was an o c c a s i o n a l r o c k i n g 

o f some i s o l a t e d , p a r t i c l e s . As t h e v e l o c i t y was i n c r e a s e d f u r t h e r , t h e 

bed o f t h e s c o u r h o l e b e g a n t o appea v i b r a t e d and movement o c c u r r e d 

w i t h i n t h e h o l e . P a r t i c l e s wou ld make s p o r a d i c jumps a b o u t t h e b o t t o m 

o f t h e h o l e , ' b u t none w o u l d l e a v e t h e s c o u r h o l e . A t s t i l l h i g h e r v e l o ­

c i t i e s , t h e r e was an o c c a s i o n a l p a r t i c l e t r a n s p o r t e d up i n t o t h e main 

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

r i n g . Any f u r t h e r i n c r e a s e In v e l o c i t y would o n l y i n c r e a s e t h e number 

o f s ed imen t p a r t i c l e s l e a v i n g p e r u n i t o f t ime* The manometer r e a d i n g 

was t h e n t a k e n , t h e b a r o m e t r i c p r e s s u r e and t e m p e r a t u r e were r e c o r d e d , 

and t h e v e l o c i t y was c a l c u l a t e d . 

The p o i n t d e f i n e d a s i n c i p i e n t mo t ion was so chosen b e c a u s e , i f 



1 2 

g i v e n t i n e , the bed o f t h e s c o u r h o l e would he e r o d e d away, e v e n a t t h i s 

s l ow r a t e o f t r a n s p o r t . B e c a u s e o f use u n i f o r m i t y o f she bed m a t e r i a l , 

t h e r e would be no s o r t i n g o f t h e g r a i n s and c o a t i n g o f t h e bo t tom w i t h 

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

sed iment i n s c o u r n o d e s . The v e l o c i t i e s f o r t h e i n c i p i e n t m o t i o n t e s t s 

a r e t a b u l a t e d i n T a b l e s 4—7 In t h e A p p e n d i x . 

The mean d i a m e t e r s o f one sed iment m a t e r i a l s we re d e t e r m i n e d b y 

f i r s t p e r f o r m i n g a s i e v e a n a l y s i s on a m a t e r i a l u s i n g t h e U. S . S t a n d a r d 

S i e v e s w h i c h f o l l o w a p r o g r e s s i o n o f t h e f o u r t h - r o o t o f t w o . The p e r c e n t -

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

i n F i g u r e 10 i n t h e A p p e n d i x . The mean d i a m e t e r o f a m a t e r i a l i s t h e 

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

t y p e . The s t a n d a r d d e v i a t i o n o f e a c h m a t e r i a l abou t i t s mean was a l s o 

e a s i l y o b t a i n e d from t h e s e p l o t s . 

The t e s t s f o r s p e c i f i c g r a v i t y o f t h e g l a s s beads we re pe r fo rmed 

a c c o r d i n g to t h e p r o c e d u r e s t a t e d i n t h e l a t e s t ASTM D e s i g n a t i o n D 854* 

The s p e c i f i c g r a v i t y o f the Ot tawa Sand had b e e n d e t e r m i n e d i n an e a r l i e r 

s t u d y , and i t s v a l u e was a c c e p t e d f o r u s e i n t h i s s t u d y . 
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CHAPTER TV 

DISCUSSION OF RESULTS 

I n c i p i e n t - m o t i o n of bed p a r t i c l e s I s o b v i o u s l y d e p e n d e n t upon 

f o r c e s a c t i n g upon t h e p a r t i c l e s . These f o r c e s , I n t u r n , a r e d e p e n d e n t 

upon t h e v e l o c i t y of t h e moving f l u i d n e a r t h e p a r t i c l e s . When t h e 

p a r t i c l e s a r e a t t h e b o t t o m of a s c o u r h o l e , t h e i n c i p i e n t - m o t i o n w i l l 

t h e n be d e p e n d e n t on t h e v e l o c i t y of f low i n t h e b o t t o m of t h e s c o u r h o l e . 

Upon examin ing an i d e a l i z e d s c o u r h o l e , i t may be o b s e r v e d t h a t 

a s t h e f low of t h e m a i n s t r e a m p a s s e s o v e r t h e s c o u r h o l e , s h e a r f o r c e s 

be tween t h e f l u i d i n t h e m a i n s t r e a r and F u n d i n t h e s c o u r h o l e s e t s t h e 

f l u i d i n t h e h o l e i n m o t i o n . A s p i r a l r o l l e r i s d e v e l o p e d as shown I n 

F i g u r e K. The v e l o c i t y of t h i s r o l l e r i s p r o p o r t i o n a l t o t h e v e l o c i t y 

of t h e m a i n s t r e a m . T h u s , t h e i n c i p i e n t v e l o c i t y of t h e s e d i m e n t p a r t i c l e s 

a t t h e b o t t o m of t h e s c o u r h o l e w i l l he p r o p o r t i o n a l t o t h e m a i n s t r e a m 

v e l o c i t y . 

Us ing t h e t h e o r y of many p r e v i o u s r e s e a r c h e r s t h a t t h e v e l o c i t y 

i s a f u n c t i o n of t h e s q u a r e - r o o t of t h e p a r t i c l e d i a m e t e r , t h e v e l o c i t i e s 

F i g u r e h. S p i r a l R o l l e r i n Scour Ho le 
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RO QUIRED TO PRODUCE INCIPIENT MOTION AS MEASURED IN THIS STUDY (FIGURE 2) 

ARE PLOTTED AGAINST THE PARTICLE DIAMETERS, AS SHOWN IN FIGURE >. THE 

EXPERIMENTAL RESULTS TEND TO VERIFY THE TREND OBTAINED BY CHEPIL ( 6 ) , 

SHOWN BY THE DASHED, LIE. HOWEVER, FIGURE 5 DOES NOT REVEAL THAT THE 

VELOCITY IS PROPORTIONAL SO THE SQUARE-ROOT OF THE DIAMETER FOR THE 

LARGER PARTICLES AS WAS FOUND BY CHEPIL. 

TO EXTEND THE RANGE OF VARIABLES TO COVER BOTH AIR AND WATER AS 

THE FLUIi, THE INCIPIENT-MOTION DATA OBTAINED, BY LEFEUVRE ( 8 ) ARE ALSO 

INCLUDE" IN THE ANALYSIS. LEFEUVRE MADE INCIPIENT-MOTION MEASUREMENTS 

FOR DIFFERENT SEDIMENTS WITH WATER AS THE FLUID, USING THE SAME TEST-

SECTION, FIGURE 1 . AS USED, IN THIS EXPERIMENT. HE MEASURED DISCHARGE 

BY MEANS OF A TRIANGULAR WEIR. LEFEUVRE USED THE MEAN VELOCITY THROUGH 

THE TEST-SECTION IN HIS PRESENTATION. 

IN ADDITION, LEFEUVRE MEASURED THE VELOCITY IN THE TEST-SECTION 

OVER THE SCOUR HOLE USING AIR AS THE WORKING FLUID. THE VELOCITY PRO­

FILE ALONG A VERTICAL DIAMETER OF THE HORIZONTAL TEES-SECTION WAS DE­

TERMINED FOR TWO DIFFERENT DISCHARGEE AS SHOWN IN FIGURE 1 1 . LEFEUVRE 

FOUND THAT THE VELOCITY PROFILE NEAR THE BOUNDARY COULD BE COMPARED TO 

THE LAMINAR BOUNDARY LAYER ON A FLAT PLATE BY USING AN EQUIVALENT DIS­

TANCE X FROM THE LEADING EDGE OF THE PLATE. HE COMPUTED A VALUE FOR X 

OF O.kl FEET. USING THE DISPLACEMENT THICKNESS AS DEFINED BY SCHLICHTING 

( 9 ) ; LEFEUVRE SHOWED THAT 

6* = 1 . 1 0 Vv~ ( 1 ) 
V 

WHERE 6* IS THE BOUNDARY LAYER DISPLACEMENT THICKNESS, V IS THE KINE­

MATIC VISCOSITY OF THE FLUID, AND V IS THE MEAN VELOCITY OF THE FLUID. 
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F i g u r e 5 - A i r V e l o c i t y a s a F u n c t i o n of P a r t i c l e D i a m e t e r 
f o r Scour Hole Motion 
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Equat ion ( i ) may be combined w i t h t h e e q u a t i o n of c o n t i n u i t y t o y i e l d 

J L - ( 1 . 0 - 8 .8 fvf , . 
V V K ' max 

where V i s t h e maximum v e l o c i t y of t h e mainstream. 
max 

Table 1 shows she data from t h e p r e s e n t s tudy a l o n g w i t h the 

c a l c u l a t e d mean v e l o c i t i e s from e q u a t i o n ( 2 ) w h i l e Table 2 shows 

LeFeuvre 's i n c i p i e n t - m o t i o n d a t a . 

Mavis (''i) has shown e m p i r i c a l l y and J e f f r e y s ( 5 ) has shown t h e o ­

r e t i c a l l y t h a t a t i n c i p i e n t - m o t i o n 

Yoc / T S - l ) g d m ( 3 ) 

where s i s t h e r a t i o of t h e d e n s i t y of t h e sediment t o the d e n s i t y of 

t h e f l u i d , g i s t h e a c c e l e r a t i o n of g r a v i t y , and d i s the mean sediment 

d iameter . The 'lata of the p r e s e n t s tudy ana LeFeuvre ' s i n c i p i e n t motion 

data are p r e s e n t e d i n t h e form of e q u a t i o n ( 3 ) i n F i g u r e 6 , w i t h a l l d i ­

mensions b e i n g i n the English' system, of u n i t s . By u s i n g e m p i r i c a l 

methods, t h i s v a r i a t i o n cou ld be very c l o s e l y approximated by the func­

t i o n 

V = 1 0 . 3 ( v ^ ^ ^ ^ (V) 

This p a r t i c u l a r f u n c t i o n w i l l apply on ly t o a scour h o l e w i t h 

the dimensions and geometry of the one used i n t h i s i n v e s t i g a t i o n . 

However, t h e g e n e r a l equat ion 
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Table 1 . Incipient Motion lata 

Material Mean Laraeter (mm) 
Specific Gravity Critical* Maximum Velocity fps 

Computed* me an Velocity fps 
Glass Glas s Glass Ottawa Sand 

0 . 1 0 2 OF 215 
0. 2yK 
0.565 

2 . h-7 

2.4T 
2 .60 

Y2.0 88.8 
1 0 3 - 7 160. 9 

7 0 . 1 
80.5 

1 0 1 . 2 

Talile 2 . LoFeuvre's Incipient Motion Data 

Material Mean Specific Critical* Diameter Gravity Mean Velocity 
(ria; 1) (fps ) 

Nickel O.57O 8 . 0 7 .00 Sand O.585 2 . 6 2 2 . 7 5 Sand 0.18-5 2 .63 l A 5 Glass 0 .297 2 . ^ 7 I.83 Glass 0 .106 2 .26 1 . 2 3 Lucite 0 .250 1 . 2 0 0 .62 

where K is a numerical coefficient depending on the dimensions and 
geometry of the scour area, should apply to any scouring situation over 
a hydraulically rough boundary such as would be on the upstream face of 
dunes found on the bed of "rivers. Hjulstrom's data from the Fyris River 
are shown in Figure 1. The variation of these values with the critical 
velocities also appears in Figure 6. ' The form of equation ( 5 ) appears 
to be a very close approximation for incipient-motion from a flat bed 
where the diameter of the particle is equal to 0 ,3 millimeters or greater. 
* In the three-inch diameter pipe above the scour hole. 
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AN EMPIRICAL EQUATION FOR HJULSTROM's DATA IS 

2 . 3 3 ( / ( s - i ) g d ) 1 . 1 1 (6 ) 

SINCE SOME OF HJULSTROM'S DATA WAS OBTAINED WITH BEDS OF EXAGGERATED 

ROUGHNESS, THE MEAN VELOCITY WOULD BE NEARLY EQUAL TO THE VELOCITY JUST 

ABOVE THE PARTICLES. THUS THE EQUATION FOR A FLAT BED SHOULD BE APPLI­

CABLE TO THE FLOW SITUATION AT THE BED OF THE SCOUR HOLE ITSELF. I F SO, 

THE CRITICAL VELOCITY AS COMPUTED BY EQUATION ( 0 ) FOR A DIM.NMCR PARTICLE 

WOULD BE THE VELOCITY OF THE FLUID IN THE SCOUR HOLE JUST ABOVE THE BED 

PARTIAL :S . THE RATIO OF EQUATION ( T ) , FOR THE SPECIFIED SCOUR HOLE, TO 

EQUATION (E) WOULD THEN BE APPROXIMATELY EQUAL TO THE RATIO OF THE MEAN 

STREAM VELOCITY, V, TO THE VELOCITY, 11 , IN THE BOTTOM OF THE SCOUR HOLE. 

FOR THE SITUATION UNDER INVESTIGATION 

SIMILAR TO FIGURE 7 IS OBTAINED. THE STRAIGHT-LINE FUNCTION OCCURS WHEN 

THE BOUNDARY IS HYDRAUL:COLLY ROUGH. DEVIATION FROM THE STRAIGHT-LINE 

FUNCTION OCCURS WHEN THE PARTICLES BECOME SUBMERGED IN A LAMINAR SUB­

LAYER. GREATER MEAN VELOCITY IS REQUIRED FOR PARTICLES IN A LAMINAR 

SUBLAYER BECAUSE THE VELOCITY JUST ABOVE THE PARTICLES IS CONSIDERABLY 

LESS THAN THE MEAN VELOCITY. THUS AS THE PARTICLE DIAMETER; BECOME 

SMALLER, THE VELOCITIES REQUIRED TO MOVE THEM BECOMES LARGER. 

IN SEDIMENT TRANSPORT MECHANICS, A USEFUL CRITERIA TO DESCRIBE 

INCIELENT-MOTION ON A HYDRAULICALLY ROUGH BOUNDARY IS THE DSIMENSIONLESS 

V = k.k (7 ) 

WHEN V IS PLOTTED AGAINST THE PARAMETER / " ( s - 1 )GD , A VARIATION 
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sedimen - n.miber, H , where 

(8) 
/ ( s - l ) g d 

S u b s t i t u t i n g e q u a t i o n (5) i n t o e q u a t i o n (8) and s i m p l i f y i n g 

N = K ( / ( s - l ) g d ) 
s / 0 m 

0 . 1 1 
(9) 

The va lue" , of If n e c e s s a r y f o r i n c i p i e n t - m o t i o n a t t h e bo t tom o f 

t h e s c o u r h o l e were o b t a i n e d by s u b s t i t u t i n g e q u a t i o n (7) i n t o e q u a t i o n 

(8) and. p e r f o r m i n g t h e c o m p u t a t i o n s w i t h t h e d a t a shown i n T a b l e 1 and 

T a b l e 2 . P l o t t i n g t h e s e v a l u e s o f H a l o n g w i t h t h o s e f o r H j u l s t r o m ' s 

d a t a a s a f u n c t i o n o f / Y s - l ) g d i n F i g u r e 8 r e v e a l s t h a t t h e form o f 
m 

e q u a t i o n (9) i s a c l o s e a p p r o x i m a t i o n f o r t h e v a r i a t i o n . 

F i g u r e 8 r e v e a l s t h a t N i s n o t c o n s t a n t b u t i n c r e a s e s somewhat 
s 

w i t h p a r t i c l e s i z e . A r a t i o n a l e x p l a n a t i o n f o r t h i s c h a n g i n g v a l u e o f 

Bit may be o b t a i n e d hy e x a m i n i n g some o f t h e common p a r a m e t e r s o f f l u i d 
s 

mechan ics« 

L e F e u v r e showed b y a f o r c e a n a l y s i s t h a t a t t h e i n s t a n t o f 

i n c i p i e n t mo t ion 

where i s t h e c o e f f i c i e n t o f d r a g a c t i n g on t h e p a r t i c l e and K c i s a 

n u m e r i c a l c o e f f i c i e n t . He a p p r o x i m a t e d t h e v a l u e o f K c a s b e i n g 0.265* 

E x a m i n a t i o n o f e q u a t i o n (10 ) shows t h a t i n o r d e r f o r N g t o be a c o n s t a n t , 

t h e v a l u e o f C , must be c o n s t a n t f o r a l l s i z e s o f p a r t i c l e s . 

K (10) 
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Transition 
Smooth Hydraulically Rough 

/(s-l)gd (log scale) 
Figure 7- Form of the Incipient-Motion Curve 

The relationship between Ĉ  and the Reynolds number R for a spheri­
cal particle in an infinite fluid is well known [Rouse (lO)]. Reynolds 
number is defined as 

R = V d m ( 1 1 ) 

in which V is the average velocity of the fluid approaching the particle 
d is the particle diameter, v is the kinematic viscosity of the fluid, 
and the units of all parameters are consistent. The functional relation­
ship between Ĉ  and R for flow over a bed of particles and for a single 
particle In an infinite fluid should be similar. As has been stated, 
equation ( 6 ) applies at incipient-motion on a hydraulically rough bed. 
Using equation ( 6 ) with water as the scouring fluid and sediment with s 
equal to 2 . 6 5 , the values of R for Hjulstrom's data ( 0 . 1 mm < d < 60 mm) 
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F i g u r e 8 . V a r i a t i o n of N w i t h / ( s - l ) g d 



were computed . Again a p p l y i n g e q u a t i o n ( 7 ) t o a l l t h e s c o u r h o l e d a t a , 

t h e v a l u e s of R a t i n c i p i e n t - m o t i o n from t h e s c o u r h o l e were computed . 

V a l u e s of f o r i n c i p i e n t - m o t i o n were computed from e q u a t i o n ( 1 1 ) and 

p l o t t e d a g a i n s t t h e v a l u e s of R. T h i s v a r i a t i o n , shown i n F i g u r e 9, 

r e v e a l s t h a t 

F o r t h e s e same v a l u e s of F , t h e v a l u e s of were t a k e n from Rouse ( lO) 

f o r a s p h e r e f a l l i n g i n an i n f i n i t e f l u i d . T h i s p l o t , a l s o i n F i g u r e 9, 

shows t h a t 

i s a r e a s o n a b l e a p p r o x i m a t i o n f o r t h e c u r v e . Whi le t h e two e q u a t i o n s 

d i f f e r by a p p r o x i m a t e l y one o r d e r of m a g n i t u d e , t h e form of t h e e q u a t i o n s 

= 0.11 (12) 0.075 

(13) 

d 
1 (12) 

0.075 

i s t h e same. S u b s t i t u t i o n of e q u a t i o n (12) i n t o e q u a t i o n (10) r e v e a l s 

t h a t 

H = 1.53 R 0.0375 

I n which t h e Reyno lds number , R ; i s computed u s i n g t h e f l u i d v e l o c i t y 

j u s t above t h e p a r t i c l e s . S u b s t i t u t i n g e q u a t i o n ( l l ) and e q u a t i o n ( 5 ) 

i n t o e q u a t i o n (15) shows t h a t i t i s i d e n t i c a l t o e q u a t i o n (9); n ame ly , 
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THUS, CANNOT HE A CONSTANT HUT MUST INCREASE AS THE COEFFICIENT 

OF DRAG DECREASES. I F N IS INCREASING, EQUATION ( 8 ) REVEALS THAT V MUST 
o 

INCREASE AT A FASTER RATE THAN DOES THE P A R A M E T E R ) G D - THEREFORE, 

I V SLOPE OF THE LINE IN FIGURE 6 MUST HE GREATER THAN ONE. 
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CHAPTER V 

CONCLUSIONS 

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

t h e v a l u e of N a t i n c i p i e n t - m o t i o n i s 
s 

N = 1 . 5 3 R 0 - 0 3 7 5 

s 

f o r p a r t i c l e s l y i n g on a h y d r a u l i c a l l y rough b o u n d a r y . The v e l o c i t y 

u s e d I n e v a l u a t i n g t h e Reynolds number , R, i s t h e v e l o c i t y j u s t above 

t h e p a r t i c l e s . 
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D i a m e t e r , i n M i l l i m e t e r s 

F i g u r e 1 0 . S i e v e A n a l y s i s 
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T a b l e 3« Sed iment P r o p e r t i e s 

M a t e r i a l Mean 
D i a m e t e r 

(mm) 

Geomet r i c 
S t a n d a r d 
D e v i a t i o n 

S p e c i f i c 
G r a v i t y 

G la s s 0.102 1.09 2. hj 
G l a s s 0.215 1.09 
Glas s 0.29k 1.08 

>-O
J 

Ottawa sand 0.565 l . l o 2.60 

T a b l e h. I n c i p i e n t Mot ion Da ta f o r G l a s s Beads 

(Diam. = 0.102 mm) 

Run No. I n c i p i e n t Sed iment 
V e l o c i t y Number 

1 77-0 15-8 
2 76.3 15.7 

73-0 15.0 
72.0 ih.e 

s 71.0 1--.7 
6 71. c 12.7 
7 71.5 ih.i 
6 72 .h lh.8 
9 72.0 ih.Q 



T a b l e % I n c i p i e n t Mot ion D a t a f o r G l a s s Eeads 
(Diam. = 0.215 mm) 

Run No. I n c i p i e n t Sed iment 
V e l o c i t y Number 

1 86 .4 12.3 
2 92.2 13-1 
3 86.0 12.2 
h 94.0 138. 
5 91.4 18.0 
6 89.5 12.7 
7 92.0 13.1 
8 92.2 13.3 
9 86.0 12.4 

10 85.2 12.2 
11 84.0 12.1 
12 89.O 12.7 
13 88.6 12.7 
14 89.7 12.9 
15 86.0 12.3 
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T a b l e 6 . I n c i p i e n t Mot ion Da ta f o r G l a s s Beads 
(Diam. = 0.29k mm) 

Run No. I n c i p i e n t 
V e l o c i t y 

Sed iment 
Number 

1 

3 k 
5 
o 
7 
8 
9 

1 0 

102 .9 
1 0 1 . 3 
100 .0 
105.4 
103 .0 
103 .0 
IO4.O 
1 0 3 . 0 
1 0 5 . 2 
109 .0 

1 2 . 5 
1 2 . 3 
1 2 . 2 
1 2 . 8 
1 2 . 6 
1 2 . 6 
1 2 . 7 
1 2 . 6 
1 2 . 9 

T a b l e 7 . I n c i p i e n t Mot ion Da ta f o r 
(Diam. = 0 .565 min) 

Ot tawa Sand 

Run No. I n c i p i e n t 
V e l o c i t y 

Sed iment 
Number 

1 
2 
3 
4 
5 

L6L.O 
157 .8 
164 .0 
159-5 
162.O 

1 3 . 8 
1 3 . 5 
1 4 . 1 
1 3 . 7 
1 3 . 9 



33 

BIBLIOGPAHFF 

1 . BRAHMS, A. , ANF ANGS g r u n d e DER DEIEH-U WASSERBAUKUNST; IT53> AS 
REFERENCED IN AN INTRODUCTION TO PLUVIAL HYDRAULICS, LEIIAVSKY, S, 
CONSTABLE AND COMPANY LTD, LONDON, 1955J P» 3^-

2. FORTIER, 3 . , AND SCOBEY, F . C . , "PERMISSIBLE CANAL VELOCITIES," 
TRANSACTIONS, AMERICAN SOCIETY OF CIVIL ENGINEERS, VOL 89., 1926, 
PP 920-982. 

3 . MAVISj F . T . , "THE TRANSPORTATION OF DETRITUS HY FLOWING WATER - I , " 
BULLETIN 5, UNIVERSITY OF IOWA STUDIES IN ENGINEERING, IOWA CITY, 
1935-

k. MAVIS,, F . T . , AND LAUSHSY, L. M., "FORMULA FOR VELOCITY AT BEGINNING 
OF BED-LOAD MOVEMENT IS REAPPRAISED," CIVIL ENGINEERING, VOL 1 9 , 
HO 1 , JANUARY, 19^9 , PP 38-39- ' 

5 . JEFFREYS, H . , "ON THE TRANSPORT OF SEDIMENTS IN STREAMS," PROCE­
EDINGS, CAMBRIDGE PHILOSOPHICAL SOCIETY, VOL 25 , 1929, PP 272-2?6 . 

6. CHEPIL, W. 3 . , "DYNAMICS OF WIND EROSION: I I . INITIATION OF SOIL 
MOVEMENT," SOIL SCIENCE, VOL 5 0 , 19kL}f PP 3 9 7 - ^ 1 1 . 

7 . HJULSTROIN, FOLLP, "STUDIES OF THE MORPHOLOGICAL ACTIVITY OF RIVERS 
AN ILLUSTRATED BY THE RIVER FYRIS," BULLETIN, GEOLOGICAL INSTITUTE 
OF UPSALA, VOL XXV AS REFERENCED IN "SEDIMENT TRANSPORTATION MECHAN­
ICS : INITIATION OF MOTION," PROCEEDINGS, AMERICAN SOCIETY OF CIVIL 
ENGINEERS, HI 2 , MARCH, 1966. 

8. LEFEUVRE, A. R . , SEDIMENT TRANSPORT FUNCTIONS WITH SPECIAL EMPHASIS 
ON LOCALISED SCOUR, PH.D. DISSERTATION, GEORGIA INSTITUTE OF TECH­
NOLOGY, ATLANTA, GEORGIA, 1965. 

9. SCHLICHTING, I I . , BOUNDARY LAYER THEORY, MCGRAW-HILL, 2TH ED., FEW 
YORK, I 9 6 0 , P . 1 2 3 . 

10 . ROUSE, HUNTER, ENGINEERING HYDRAULICS, JOHN WILEY AND SONS, INC, 
NEW YORK, 1950, P . 122 . 


