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ABSTRACT 

Local -scour  ho le  development a t  t h e  downstream face o f  a  grade-cont ro l  

s t r u c t u r e s  must be p r e d i c t e d  t o  adequate ly  des ign  t h e  g rade-con t ro l  s t r u c t u r e .  

P rev i ous l y  developed p r e d i c t i o n  equat ions were no t  developed based on t he  f low 

c o n d i t i o n s  commonly found i n  t h e  sand bed channels i n  Pima County, Ar izona. A 

l a r g e - s c a l e  phys i ca l ,  h y d r a u l i c ,  s ca le  model has been designed and operated t o  

c o l l e c t  l o ca l - scou r  data necessary t o  develop an e m p i r i c a l  equa t ion  f o r  p re -  

d i c t i o n  o f  scour a t  g rade-con t ro l  s t r u c t u r e s  f o r  Pima County, Ar izona. The 

model was sca led  us i ng  Froude number s c a l i n g  c r i t e r i a .  Test runs i n  t h e  model 

had a range of  u n i t  d ischarges o f  f rom 3 t o  25 c f s / f t ,  s i m u l a t i n g  p ro to t ype  

d ischarges  o f  25 t o  400 c f s l f t ,  w i t h  model sca le  r a t i o s  of 1:4 and 1:6. The 

model t e s t e d  t h r e e  d i f f e r e n t  f ace  slopes f o r  g rade-con t ro l  s t r u c t u r e s  con- 

s  i s t  i n g  o f  v e r t  i c a l ,  1: 1 and 3: 1. N ine  p r e v i o u s l y  developed p r e d i c t  i o n  

equa t ions  r epo r t ed  by va r i ous  i n v e s t i g a t o r s  were t e s t e d  t o  e s t a b l i s h  t h e i r  

accuracy i n  p r e d i c t i n g  t h e  scour  depths observed i n  t h e  model. Res iduals  and 

mean square e r r o r s  (MSE) were computed f o r  a l l  n i n e  equat ions.  

Us ing  a non l i nea r  r eg ress i on  a l g o r i t h m  and t h e  model da ta ,  a p r e d i c t i o n  

equa t ion  was developed f o r  p r e d i c t i o n  o f  scour depths a t  g rade-con t ro l  s t r u c -  

t u res .  The equa t ion  parameters a re  changed f o r  each grade c o n t r o l  s t r u c t u r e  

face slope. The p r e d i c t i o n  equa t i on  has l a r g e r  MSE as t h e  f ace  s lope  of  t h e  

g rade-con t ro l  s t r u c t u r e  i s  f l a t t e n e d .  The change i n  parameters and increase 

i n  MSE i n d i c a t e  t h a t  t he  face  s l o p e  i n f l u e n c e s  t he  scour process. 

The developed equa t ion  uses E n g l i s h  u n i t s  and has t h e  f o l l o w i n g  form 

0.667 P1 P* 
Dsc = C q HdT Sub 

The parameters f o r  each face  are:  

Face C P1 2 

Ve r t  0.151 0.411 -0.118 
1: l  0.483 0.158 -0.134 
3: 1 0.011 0.989 0.161 



where: 

Dsc = t h e  maximum dep th  o f  scour measured from t h e  o r i g i n a l  downstream 
bed su r face ,  i n  f e e t .  

q  = t h e  u n i t  d i scharge  o f  t h e  s t ream i n  c f s l f t .  
1 

HdT = t h e  v e r t i c a l  d i s t a n c e  f rom t h e  upstream energy grade l i n e  o f  t h e  
f l ow t o  t h e  downstream water sur face,  i n  f e e t ,  d i v i d e d  by t h e  
downstream t a i l w a t e r  dep th  above t h e  o r i y i n a l  bed su r face ,  i n  f e e t ,  
m u l t i p l i e d  by 100 t o  express t h e  r a t i o  i n  pe rcen t .  

Sub = i s  t h e  submergence o f  t h e  f l o w  g i v e n  as t h e  dep th  o f  t h e  downstream 
wate r  above t h e  g rade-con t ro l  s t r u c t u r e  c r e s t  d i v i d e d  by t h e  water  
dep th  o f  t h e  f low upstream of  t h e  c r e s t ,  m u l t i p l i e d  b y  100 t o  
express t h e  r a t i o  i n  pe rcen t .  I 

The developed e q u a t i o n  s i g n i f i c a n t l y  improves t h e  scour-depth  p r e d i c t i o n  

o v e r  t h a t  o f  t h e  p r e v i o u s l y  developed equa t ions .  Assuming t h a t  t h e  r e s i d u a l s  

o f  t h e  r e g r e s s i o n  equa t ion  a re  n e a r l y  normal,  an approx imate 95 p e r c e n t  upper 

con f idence  bound was determined f o r  each face  s lope ,  g i v i n g  a p r o b a b i l i s t i c  

s ta tement  o f  t h e  maximum scour  dep th  p r e d i c t e d .  

v i i i  



GLOSSARY OF SYMBOLS, ABBREVIATIONS, AND TERMINOLOGY 

c f s  - Cubic f e e t  per  second. 

Depth o f  Scour (Dsc) - D is tance  from the  o r i g i n a l  bed e l e v a t i o n  downstream o f  
a  g rade-con t ro l  s t r u c t u r e  measured downward t o  the  
deepest p o i n t  o f  t he  scour ho le  formed by t he  f low, i n  
f e e t  . 

Drop Height  (dp)  - V e r t i c a l  d i s t ance  from t h e  c r e s t  o f  a  g rade-con t ro l  
s t r u c t u r e  t o  t he  unscoured bed e l e v a t i o n  downstream of  
t h e  s t r u c t u r e ,  i n  f e e t .  

d  
X 

- Gra in  s i z e  o f  bed m a t e r i a l  o f  which x  percen t  o f  t h e  
mater ia l  i s  f i n e r ,  i n  m i l l i m e t e r s .  

I 

Froude Number ( F r )  - R a t i o  o f  i n e r t i a l  fo rces  i n  f l u i d  f l o w  t o  y r a v i t a t i o n a l  
fo rces .  

- G r a v i t a t i o n a l  cons tan t ,  equal t o  32.2 f t / s e c 2  

- U n i t  weight  o f  wa te r  i n  pounds per  cub i c  foo t .  

H  - V e r t i c a l  d i s t ance  from the  upstream wa te r - su r f ace  e l e -  
v a t i o n ,  above a  g rade-con t ro l  , s t r u c t u r e  t o  t h e  down- 
s t ream wate r -su r face  e l e v a t i o n  i n  u n i t s  as s t a ted .  

HdT - The v e r t i c a l  d i s t ance  from the  upstream energy yrade 
l i n e  o f  t h e  f l o w  t o  t h e  downstream wate r  su r face ,  i n  
f e e t ,  d i v i d e d  by t h e  downstream t a i l w a t e r  dep th  above 
t h e  o r i g i n a l  bed sur face ,  i n  f e e t ,  m u l t i p l i e d  by 100 t o  
express t h e  r a t i o  i n  percent .  

Model Scale R a t i o  - R a t i o  o f  t h e  p r o t o t y p e  t o  model dimensions, r ~ s u a l  l y  
g i v e n  as t he  l e n y t h  dimension. For  example, a  r a t i o  o f  
1:4 means a  4 f o o t  d i s t ance  i n  t he  p r o t o t y p e  i s  1  f o o t  
i n  t h e  model. 

P - S p e c i f i c  g r a v i t y  o f  wa te r  i n  s lugs  per  cub i c  f o o t .  

- U n i t  d i scharge  of  water  g iven  i n  cub i c  f e e t  pe r  second 
p e r  f o o t  o f  channel w id th ,  f t 3 / s e c / f t .  

Submergence (Sub) - Downstream depth o f  wa te r  above t h e  g rade-con t ro l  
s t r u c t u r e  c r e s t ,  d i v i d e d .  by the  depth o f  f l o w  upstream 
o f  t h e  c r e s t ,  m u l t i p l i e d  by 1 0 0 ' t o  express t h e  r a t i o  i n  
percen t .  

Twd - T a i l w a t e r  depth, measured as t h e  depth o f  water  f l o w i n y  
above t h e  o r i g i n a l  bed su r f ace  downstream o f  t h e  yrade- 
c o n t r o l  s t r u c t u r e ,  i n  f e e t .  

- Water-surface e l e v a t i o n ,  i n  f ee t .  



xosc 

XMax 

- The approximate l o c a t i o n  of t h e  maximum depth o f  scour 
downstream f rom a  g rade-con t ro l  s t r u c t u r e ,  measured 
f rom t h e  face o f  t h e  g rade-con t ro l  s t r u c t u r e  a t  t he  
o r i g i n a l  downstream bed sur face ,  i n  fee t .  

- The approximate downstream e x t e n t  of t h e  scour-hole, 
measured f rom t h e  f a c e  o f  t he  g rade-con t ro l  s t r u c t u r e  
a t  t h e  o r i g i n a l  downstream bed sur face,  i n  f ee t .  

- The depth o f  f l o w  o f  t h e  water  upstream o f  t he  grade- 
c o n t r o l  s t r u c t u r e ,  i n  f ee t .  

- The depth o f  f l o w  o f  t h e  wa te r  downstream o f  t h e  grade- 
c o n t r o l  s t r u c t u r e  above t h e  o r i g i n a l  unscoured 
downstream bed sur face ,  i n  f e e t .  I d e n t i c a l  t o  
t a i l w a t e r  depth, Twd. 
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PURPOSE OF STUDY 

The purpose o f  t h i s  s t u d y  was t o  deve lop t h e  t e c h n i c a l  b a s i s  o f  a  p rac -  

t i c a l ,  u s e f u l  e q u a t i o n  t o  p r e d i c t  l o c a l  scour  downstream o f  g r a d e - c o n t r o l  

s t r u c t u r e s  f o r  f l o w  under submerged c o n d i t i o n s .  

The e q u a t i o n  developed i n  t h i s  s t u d y  i s  based on t h e  r e s u l t s  o f  a  l a r g e  

s c a l e  h y d r a u l i c  model t e s t i n g  program. S p e c i f i c  a p p l i c a t i o n  o f  t h e s e  s t u d y  

r e s u l t s  t o  t h e  des ign  and c o n s t r u c t i o n  o f  f a c i l i t i e s  must be made w i t h  due 

e n g i n e e r i n g  judgment, and an unders tand ing  o f  t h i s  s t u d y  and t h e  f l u v i a l  

system i n v o l v e d  i n  t h e  des ign .  I t  i s  l e f t  t o  t h e  r e a d e r  t o  p r o p e r l y  implement 

t h e  r e s u l t s  o f  t h i s  s t u d y  i n  a  manner a p p r o p r i a t e  f o r  any i n d ? v i d u a l  des ign  

s i t u a t i o n .  



I. INTRODUCTION 

An i d e a l i z e d  f l u v i a l  system c o n s i s t s  o f  t h r e e  p r ima ry  zones (Schurnm 

1977): Zone 1 - t h e  watershed and sediment source area; Zone 2  - t h e  t r a n s f e r  

o r  r i v e r  area; and Zone 3 - the  d e p o s i t i o n a l  area. I n  r e a l  f l u v i a l  systems, 

each zone has elements of a l l  zones t o  some v a r y i n g  degree. For  example, i n  

any Zone 1 area, t r a n s p o r t  and temporary d e p o s i t i o n  o f  sediment occurs.  The 

d e s c r i p t i o n  o f  t h e  n a t u r a l  behav io r  o f  a l l  f l u v i a l  systems i s  an ex t reme ly  

complex problem. When man's a c t i v i t i e s  impact upon any component o f  t h e  f l u -  
. . 

v i a l  system, t h e  r e s u l t i n g  changes t o  t h e  behav io r  o f  t h e  system a r e  even more 

complex. T h i s  comp lex i t y  makes t h e  p r e d i c t i o n  o f  f ' l u v i a l  behav ior ,  which i s  

r e q u i r e d  f o r  eng inee r i ng  des ign o f  f e a t u r e s  a f f e c t e d  b y  f l  u v i a l  processes, a 

cha l l eng ing  t ask .  

I n  many cases, c o n s t r u c t i o n  o f  s t r u c t u r a l  f a c i l i t i e s  w i t h i n  t h e  r i v e r  

environment (Zone 2 )  i s  necess i t a t ed  by man's l and  use i n  t h e  area. To pro-  

p e r l y  des ign and c o n s t r u c t  these f a c i l i t i e s ,  t h e  behav io r  o f  t h e  r i v e r  and i t s  

e f f e c t  on t h e  f a c i l i t i e s  must be p r e d i c t e d  (Simons, L i  & Assoc ia tes,  Inc . ,  

1982 1. 
Grade-cont ro l  s t r u c t u r e s  a re  u t i l i z e d  t o  p reven t  excess ive  o r  unaccept- 

ab le  r i v e r  bed degrada t ion  i n  s p e c i f i c  des ign  reaches. A g rade-con t ro l  s t r u c -  

t u r e  t y p i c a l l y  causes a  l o c a l  scour h o l e  on t h e  downstream s i d e  of t h e  

s t r u c t u r e .  The f ounda t i on  e l e v a t i o n  ( i  .e., t h e  b u r i a l  dep th )  of t h e  grade- 

c o n t r o l  s t r u c t u r e  must be s u f f i c i e n t  t o  p reven t  f a i l u r e  o f  t h e  s t r u c t u r e  due 

t o  f ounda t i on  undermining by  l o c a l  scour.  The s t r u c t u r a l  des ign  of a  grade- 

c o n t r o l  s t r u c t u r e  can be cons idered t o  be a  f u n c t i o n  o f  t h e  c h a r a c t e r i s t i c s  of 

t he  f l  u v i a l  system (e.g., r u n o f f ,  sediment y i e l d ,  sediment s i ze ,  e t c .  1, 
spacing between g rade -con t ro l  s tuc tu res ,  d rop  h e i g h t ,  and scour depth.  

1.1 Problem Statement 

I n  t h e  Pima County, A r i zona  reg ion ,  su r round ing  Tucson, e x t e n s i v e  use i s  

made o f  r i g i d  g rade-con t ro l  s t r u c t u r e s .  Such s t r u c t u r e s  must be designed so 

t h a t  t h e  s t r u c t u r e  founda t ion  i s  n o t  undermined by  t h e  l o c a l  scour  ho le ,  which 

i s  developed below t h e  downstream f a c e  o f  t h e  s t r u c t u r e  d u r i n g  f l o w  events.  A  

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

which t h e  f ounda t i on  i s  p laced  below t h e  r i v e r  bed. E s t i m a t i o n  o f  t h e  des ign 

dkpth  o f  t h e  l o c a l  scour has been made i n  t h e  pas t  u s i n g  p r e d i c t i v e  equa t ions  

developed f o r  f l o w  phenomena i n v o l v i n g  t h e  f r e e  o v e r f a l l  o f  j e t s .  However, i n  



most Pima County i n s t a l l a t i o n s ,  f l o w  over g rade-con t ro l  s t r u c t u r e s  i s  no t  a  

f r ee  o v e r f a l l  j e t  ( i .e. ,  submerged c o n d i t i o n s  e x i t ) .  Th i s  h y d r a u l i c  model 

s tudy has been developed t o  improve p r e d i c t i o n  of t h e  l o c a l  scour depth below 

submerged r i g i d  g rade-con t ro l  s t r uc tu res .  

1.2 Ob jec t i ves  of t h e  Study 

The s p e c i f i c  o b j e c t i v e s  i d e n t i f i e d  f o r  t h i s  s tudy  a r e  summarized below. 

.- 1. Cons t ruc t  and operate  a  l a r g e  sca le  r a t i o  p h y s i c a l  model o f  r i g i d  grade 
t o  t e s t  va r i ous  geometr ic  and h y d r a u l i c  c o n f i g u r a t i o n s  and t h e  r e s u l t i n g  
maximum l o c a l  scour depths t h a t  develop below t h e  s t r u c t u r e  f o r  submerged 
cond i t i ons .  

2. Based on t e s t  c o l l e c t e d  data,  develop a  s t a t i s t i c a l l y  sound method to 
es t ima te  l o c a l  scour f o r  submerged p ro to t ype  g rade-con t ro l  s t r u c t u r e s  i n  
t h e  Pima County, A r i zona  reg ion .  

3. Prepare a  p r o j e c t  r e p o r t  o f  t h e  s tudy  so t h a t  t h e  method developed f o r  
scour e s t i m a t i o n  can be p r o p e r l y  app l i ed  t o  des ign  problems i n  t h e  Pima 
County, A r i  zona reg ion .  

1.3 O rgan i za t i on  o f  Th i s  Report  

T h i s  r e p o r t  on t h e  phys i ca l  h y d r a u l i c  model s t udy  i s  o rgan ized  i n t o  e i g h t  

chapters  and f o u r  appendices. W i t h i n  t h e  t e x t ,  a p p l i c a b l e  t a b l e s  and f i g u r e s  

a re  p laced on t h e  page f o l l o w i n g  t h e i r  f i r s t  mention. Equat ions c i t e d  i n  t h e  

t e x t  a re  -numbered. Symbols, no ta t i ons ,  termino logy,  and a b b r e v i a t i o n s  which 

have s p e c i f i c  o r  ambiguous meanings w i t h i n  t h i s  r e p o r t  a re  con ta ined  w i t h  

t h e i r  meaning, i n  t h e  g l o s s a r y  a t  t h e  beg inn ing  o f  t h e  r e p o r t .  References a re  

c i t e d  by  p r i n c i p a l  author  and year  o f  p u b l i c a t i o n .  The l i s t  o f  re fe rences  i s  

conta ined i n  Chapter V I I I .  Th is  r e p o r t  uses t h e  f o o t  pound second system o f  

u n i t s ,  un less o the rw i se  s ta ted .  

S p e c i f i c  chap te r  t i t l e s  and subsec t ion  t i t l e s  a r e  g i ven  i n  t h e  t a b l e  o f  

contents .  A l so  presented i n  t h e  beginn ing of t h e  r e p o r t  a re  t h e  l i s t s  of 

f i -gures and t ab les ,  acknowledgements, a  statement o f  t h e  purpose o f  t h e  study, 

and an a b s t r a c t  o f  t h e  r e p o r t .  



1 1  STUDY APPROACH 

I n  o rde r  t o  encompass drop h e i g h t s  no rma l l y  used i n  g rade-con t ro l  s t r u c -  

t u r e s  i n  t h e  Pima County r e g i o n  o f  Ar izona,  t h r e e  drop h e i g h t s  were tes ted :  

1, 3, and 5 fee t .  To assess t h e  behav io r  o f  r i v e r  g rade -con t ro l  s t r u c t u r e s ,  

where f r e e  o v e r a l l  cond i t i ons  do n o t  no rma l l y  e x i s t ,  l e v e l s  o f  submergence 

were t e s t e d  a t  95, 70, 45, 20, and 0 percent .  Not a1 1  submergences cou ld  be 

t e s t e d  f o r  a l l  f l ows  a t  a  g iven  d rop  he igh t ,  s i nce  t h e  minimum submergence 

expected would be dependent on t h e  c r i t i c a l  depth and d rop  h e i g h t .  The f i n a l  

geometr ic v a r i a b l e  t e s t e d  i n  t h i s  s t udy  was t h e  e f f e c t  t h a t  t h e  s l ope  of t h e  

downstream f a c e  of t h e  g rade-con t ro l  s t r u c t u r e  had upon t h e  r e s u l t i n g  maximum 

l o c a l  scour depths. Th i s  was accomplished by us ing  models w i t h  face s lopes of 

v e r t i c a l ,  1:1, and 3 : l .  

P ro to t ype  d ischarges t e s t e d  b y  t h e  model ranged f r om 25 t o  400 c f s l f t .  

The maximum c a p a c i t y  o f  t h e  pump used f o r  t h e  model i s  approx imate ly  25 c f s / f t  

which r e q u i r e s  a  sca le  r a t i o  o f  1:6 f o r  f l o w s  near  400 c f s / f t  (Sec t i on  4.1). 

A t  lower  dischar.ges, a  l a r g e r  s c a l e  r a t i o  was poss ib l e .  , A  r a t i o  of 1:4 was 

se lec ted  f o r  f lows o f  25, 50, 125, and 200 c f s / f t .  Once t h e  sca le  r a t i o s  of 

1:6 f o r  t h e  h i g h  f l ows  and 1:4 f o r  t h e  lower  f l o w s  had been se lected,  t h e  

r e q u i r e d  depth o f  t h e  model t e s t  s e c t i o n  cou ld  be determined. The approximate 

maximum scour  depth expected i n  t h e  model was c a l c u l a t e d  u s i n g  e x i s t i n g  scour 

equat ions,  and t h e  approximate f l o w  depth was c a l c u l a t e d  f r om h y d r a u l i c  con- 

d i t i o n s .  As a  r e s u l t ,  t h e  h e i g h t  o f  t h e  model drop s t r u c t u r e  was s e t  7  f ee t  

above t h e  f lume f l o o r .  The o v e r a l l  f lume depth was made t o  be approx imate ly  

11.5 f e e t ,  a l l o w i n g  a  f l o w  depth o f  4.5 f e e t  over  t h e  d rop  s t r u c t u r e  c r e s t .  

The depth o f  model bed m a t e r i a l  was dependent upon t h e  drop h e i g h t ,  and ranged 

between 6.83 and 5.75 f e e t .  

The model bed m a t e r i a l  g r a d a t i o n  was a l s o  s e l e c t e d  based upon t h e  sca le  

r a t i o s  o f  1:6 and 1:4. Two t e s t  bed-mater ia l  g rada t i ons  were made t o  model 

t y p i c a l  sand s i z e s  i n  channels in' t h e  Pima County r e g i o n  (Appendix C). 

To o b t a i n  model t e s t  data, t h e  va r i ous  geometr ic  and h y d r a u l i c  c o n d i t i o n s  

were v a r i e d  i n  sequence, and t h e  r e s u l t i n g  maximum scour depth measured. Th is  

measured scour  depth was then  s c a l e d  up t o  p r o t o t y p e  s i z e  and s t a t i s t i c a l  

methods employed t o  develop a  p r e d i c t i o n  equat ion.  

Tab le  2.1 p resen ts  t h e  t e s t i n g  agenda as proposed a t ' t h e  i n c e p t i o n  of t h e  

study. T h i s  t a b l e  i n d i c a t e s  t h e  v a r i a t i o n  o f  t h e  v a r i a b l e s  under con- 

s i  de ra t i on ,  and t h e  submergences which were t h e o r e t i c a l  l y  p o s s i b l e .  



Table 2.1. Hydraul ic  S c a l e  Parameters  and Proposed Tests .  

Est imated DS0*** Approximate** 
P r o t o t y p e  o f  Model Pro to type  Model Model* C r i t i c a l  Minimum Est imated 
Dischar  e Model Sedirnen t s  Drop Height Drop Height Dischar e Depth In  Submergence No. o f  
( c f d f t j  S c a l e  (mn) ( f t )  (ft) ( c f s / f t ?  Model (X) Runs 

Slope on Downstream Face - V e r t i c a l  

Slope on Downstream Face - 1 : l  

S lope  on Downstream Face - 3:1 

* Flume is  3- fee t  wide, so  t o t a l  model d i s c h a r g e  is t h r e e  t imes  t h e  va lue  i n  t h i s  column. 

** Defined as  (Yc - H )  d iv ided  by Y e ,  where Yc = c r i t i c a l  depth and H = drop h e i g h t .  



111. SUMMARY OF EXISTING SCOUR EQUATIONS 
Many previous investigators have published prediction equations for the 

development of local scour downstream of various hydraulic structures based 

upon model studies. The complex interplay of the geometry, hydraulics, and 

sediment-transport phenomena has to date not been completely expl aind by 

either theoretical analysis or mathematical modeling. Therefore, work to date 

has utilized hydraulic physical models from which prototype behavior has been 

predicted with varying degrees of success. In many cases, the models used to 
.- 

predict prototype behavior have had re1 atively small flow capacities, giving 
I 

rise to small model scale ratios. Small scale ratios magnify the effect of 

any errors introduced in those investigations. Furthermore, Mason and 

Arumugam (1985) made a study of existing scour equations for the scour 

resulting from a free overfall, finding five equations with theoretical Froude 

number scaling errors. 

Besides free overfall s, another large group of investigations have been 

made for gated outlet works for dams. These are generally configured as sub- 

merged jets into a tailwater channel. In these cases, the submerged jets have 

somewhat fewer geometrical differences between various investigations, and 

therefore more consistant results. However, many basic differences in flow 

geometry (e.g., gate spacing and gate size) cause these investigations to give 

dissimilar results compared to flow over a grade-control structure. 

Scour at the base of spillways has also been investigated. Comparison of 

these results to flow over grade-control structures is difficult because of 

differences in flow geometry and features in spil lways designed to encourage 
head loss. A similar group of studies have involved hydraulic jump energy 

dissipators. These studies do not reflect the flow or geometric conditions of 

a grade-control structure, but do have some instructive information about 

scour holes development and geometry. Scour at culvert outlets has received 

considerable attention in the past 30 years, but has little to contribute to 

understanding grade-control structures. 

Only one study was found which was a direct study of behavior of grade- 

control structures (Volkhart, 1973). However, this study used the size of a 

scour hole to select the spacing of grade-control structures, and since the 

spacing between structures appears as a product (i.e., at spacing = infinity, 

scour depth = infinity) it could not be used to predict maximum scour depth 

for a single structure. 



With t h e  except ion o f  Vo lkhar t ,  a l l  i n v e s t i g a t i o n s  rev iewed have o n l y  

i n v o l v e d  t h e  scour development u s i n g  c l e a r  water  (i.e., no sediment i n f l o w  t o  

the  t e s t  sec t i on ) .  

The f o l l o w i n g  sec t i ons  a  p r o v i d e  b r i e f  s p e c i f i c  comparison between groups 

o f  scour i n v e s t i g a t i o n s .  

3.1 Free O v e r f a l l  Je ts  

Perhaps t h e  bes t  way t o  r ev i ew  t h e  i n v e s t i g a t i o n s  o f  f r e e  o v e r f a l l  j e t s  

i s  t o  r e f e r  t h e  reader  t o  t h e  r e c e n t  work o f  Mason and Arumugam (1985). They 

have compared t h e  p r e d i c t i v e  a b i l i t y  o f  25 equa t ions  us i ng  da ta  from dam 

o u t l e t  works around t h e , w o r l d .  They have a l s o  developed a  new equa t ion  based 

on t h e  dam o u t l e t  scour da ta  which t h e y  b e l i e v e  t o  be s u p e r i o r  t o  p rev ious  

equat ions,  t h i s  equat ion i s :  

3.27 q  
0.60 0.05 Twd 0.15 

Dsc + Twd = 

go 30 

I n  t h i s  equa t ion  terms a re  as g i ven  i n  t h e  g lossary ,  b u t  a l l  u n i t s  a re  m e t r i c  

no t  Eng l i sh .  

3.2 O u t l e t  S p i l l w a y  Scour 

O u t l e t  s p i l l w a y s  a re  c h a r a c t e r i z e d  b y  s u p e r c r i t i c a l  f l o w  f r om r e s e r v o i r s  

d i scha rg i ng  down an o u t l e t  s p i l l w a y  and e n t e r i n g  a  t a i l w a t e r  channel. I n  

these cases, e f f o r t  i s  made t o  cause as much head l o s s  as p o s s i b l e  before f low 

en te r s  t h e  on u n l i n e d  channel. B a f f l e  b locks,  aprons, beams, and o t h e r  dev i -  

ces a r e  f r e q u e n t l y  used t o  i nc rease  head l o s s  i n  t h e  f l ow .  None of t h e  s t u -  

d i es  rev iewed o f  t h i s  na tu re  o f f e r e d  a p p l i c a t i o n  t o  g rade -con t ro l  s t r u c t u r e s ,  

a l though  scour h o l e  geometry and t h e  scour process i s  e l u c i d a t e d .  The s tud ies  

rev iewed i nc l uded  A l t i n b i  l e k  and Bamaci (1973); Breusers  (1967); C a t a k l i  

(1973); Farhoudi and Smith (1982 and 1985); Jabara and Legas (1973); Peterka 

(1984); St rassburger  (1973); and Tsuchiya (1967).  

3.3 Submerged Je t s  

Many dams pass water through o u t l e t  gates near  t h e  base o f  t h e  dam i n t o  a  

t a i l w a t e r  channel. I f  t h e  t a i l w a t e r  i s  above t h e  t o p  o f  t h e  o u t l e t  gate, a  

submerged j e t  i n t o  t h e  t a i l w a t e r  i s  formed. By d e f i n i t i o n ,  t h e  submerged j e t  

i s  f l o w i n g  a t  s u p e r c r i t i c a l  v e l o c i t y  i n t o  a  t a i l w a t e r  which has a  Froude 



number l ess  than t h e  j e t .  Loca l  scour which occurs i n  t h i s  s i t u a t i o n  has few 

s i m i l a r i t i e s  t o  t h e  f l o w  c h a r a c t e r i s t i c s  over  a g rade-con t ro l  s t r u c t u r e .  Men- 

t i o n  i s  made o f  t h e  scour process o r  scour h o l e  geometry, b u t  l i t t l e  app l i ca -  

t i o n  f o r  t h e  c u r r e n t  s tudy  was found. See f o r  example: Kobus (1979); Porch 

(1967); Rajaratnam (1981); and V a l e n t i n  (1967). 

3.4 H y d r a u l i c  Jump D i s s i p a t o r s  

Many h y d r a u l i c  s t r u c t u r e s  r e q u i r e  t h a t  t h e  energy w i t h i n  t h e  f low be 
.- 

I reduced. Frequent ly ,  t h i s  head l o s s  i s  accomplished w i t h  a h y d r a u l i c  jump. 
I 

H y d r a u l i c  jumps, however, do expose a channel bed t o  e r o s i v e  forces which can 

cause s i g n i f i c a n t  l o c a l  scour  beneath t h e  h y d r a u l i c  jump. As a r e s u l t ,  most 

scour i n v e s t i g a t i o n s  of t h i s  t y p e  at tempt  t o  d e f i n e  t h e  e x t e n t  o r  l e n g t h  o f  

p r o t e c t i o n  o f  t h e  channel bed r e q u i r e d  t o  l i m i t  l o c a l  scour . t o  an acceptable 

amount . 
For  a jump t o  occur, t h e  upstream f l o w  must be s u p e r c r i t i c a l  and t h e  

downstream f l o w  s u b c r i t i c a l .  For  g rade-con t ro l  s t r u c t u r e s ,  i f  t h e  drop h e i g h t  

was s u f f i c i e n t l y  l a r g e r  than  t h e  downstream f l o w  depth, c r i t i c a l  depth would 

occur near t h e  c r e s t  o f  t h e  g rade-con t ro l  s t r u c t u r e .  However, t h i s  t ype  of 

f l o w  geometry i s  n o t  t h e  manner i n  which t h e  h y d r a u l i c  jump scour  depths were 

tes ted .  For an example see F a n t i  and Zbikowki (1973) who propose a scour  

equa t ion  o f :  

Dsc = K - exp [-b (0.17 + 0.00095 L )  ( F r )  ( t )  (0.17 + 0.00095 L)] ( 3 . 2 )  

Where K and b are cons tan ts  depending on t he  shape o f  t h e  s t r u c t u r e ,  bed 

m a t e r i a l ,  and r a t i o  o f  t a i l w a t e r  depth t o  con juga te  depth of t h e  jump, L i s  

t h e  apron leng th ,  t i s  t h e  t i m e  o f  t h e  scour measurement, and F r  i s  t h e  

Froude number o f  t h e  s u p e r c r i t i c a l  f l ow.  However, based on t h e  d i f f e r e n c e s  i n  

f l o w  and geometry s tud ied,  no comparison o f  observed maximum scour depth w i t h  

t h i s  equa t ion  was attempted. 



I V .  HYDRAULIC MODELING 

4.1 H y d r a u l i c  Model ing Theory 

To enable  an i n v e s t i g a t o r  o f  h y d r a u l i c  phenomena t o  p r e d i c t  behav io r  o f  

complex p r o t o t y p e  s i t u a t i o n s ,  sca led  h y d r a u l i c  phys i ca l  models a re  f r e q u e n t l y  

used. To a l l o w  t h e  accura te  p r e d i c t i o n  o f  p ro to t ype  behav io r  a  model must be 

s i m i l a r  t o  t h e  p ro to t ype ,  i n  e s s e n t i a l  respects.  

Three types  o f  s i m i l a r i t y  a re  impor tan t  i n  h y d r a u l i c  modeling: geometr ic  

s i m i l a r i t y ,  dynamic s i m i l a r i t y ,  and k inemat ic  s i m i l a r i t y  (A1 be r t son  e t  a1 . , 
1960). To ach ieve geometr ic  s i m i l a r i t y  a l l  l e n g t h  r a t i o s  and area r a t i o s  be- 

tween t h e  model and p r o t o t y p e  must be equal. Dynamic s i m i l a r i t y  r e q u i r e s  t h a t  - I 

t h e  r a t i o  o f  shear,  pressure,  and a l l  f l u i d  fo rces  between t h e  p r o t o t y p e  and 

model be t h e  same a t  a l l  l o c a t i o n s  w i t h i n  t h e  f low.  K inemat ic  s i m i l a r i t y  

r e q u i r e s  t h a t  t h e  s t r eam l i ne  p a t t e r n  i n  t h e  model be t h e  same as i n  t h e  p ro to -  

t ype .  K inemat ic  s i m i l a r i t y  imp1 i e s  t h a t  t h e  r a t i o s  o f  v e l o c i t y  and acce l  era- 

t i o n  between t h e  model and p r o t o t y p e  a re  t h e  same a t  a l l  l o c a t i o n s  i n  t h e  

f l ow.  

The bas i c  f l u i d  p r o p e r t i e s  o f  dens i t y ,  v i s c o s i t y ,  s p e c i f i c  we igh t ,  sur -  

face  energy, and e l a s t i c i t y  combine t o  form f l u i d  f o r c e s  which can a c t  on an 

o b j e c t .  Complete dynamic s i m i l a r i t y ,  t he re fo re ,  i s  n o t  p o s s i b l e  i f  t h e  model 

and p r o t o t y p e  f l u i d s  a re  t h e  same. However, by e s t a b l i s h i n g  which f o r c e s  a re  

t h e  most impor tan t  f o r  t h e  phenomenon under i n v e s t i g a t i o n ,  p a r t i a l  dynamic 

s i m i l a r i t y  can be achieved. P a r t i a l  dynamic s i m i l a r i t y  i s  i n  many cases ade- 

quate (Farhoudi  and Smith, 1985). For  phenomena i n v o l v i n g  f l o w  w i t h  a  f r e e  

wate r  su r f ace  a t  h i g h  Reynolds numbers (Rn), hydrau l  i c  model i n g  u s i n g  Froude 

number ( F r )  model ing c r i t e r i a  i s  acceptable.  The Froude number i s  t h e  r a t i o  

o f  i n e r t i a l  f o r c e s  pe r  u n i t  area t o  g r a v i t a t i o n a l  f o r ce  pe r  u n i t  area and i s  

expressed as 

where: v  i s  f l o w  v e l o c i t y ;  

L  i s  c h a r a c t e r i s t i c  l eng th ,  u s u a l l y  taken as t h e  f l o w  depth;  

Y i s  u n i t  weight  o f  f l u i d ;  and 

p  i s  s p e c i f i c  d e n s i t y  o f  t h e f l u i d .  

Us ing t h e  Froude number s c a l i n g  c r i t e r i a  r e q u i r e s  t h a t  t h e  model Froude 

number i s  equal t o  t h e  p ro to t ype '  Froude number. Thereupon, t h e  r e l a t i o n s h i p s  

i n  Table 4.1 can be developed. 



Table 4.1. Model Scale  Rat ios .  

Froude Number* Scale  Scale  
C h a r a c t e r i s t i c  Dimension Scale  R a t i o  1:4 1:6 

Length L 114 116 L 

Area L2 L2 1/16 1/36 

Vol ume L L3 1 /64 11216 

T i  me T ( L P / Y ) ~ / ~  112 112.45 

V e l o c i t y  L I T  ( L Y / P ) ~ / ~  112 112.45 

A c c e l e r a t i o n  LIT' Y/ P 1/ 1 111 

U n i t  D ischarge L ~ / T L  L 3 I 2  ( Y/ P) 118 1114.7 
- 

*The r a t i o  i s  i m p l i e d  between t h e  p r o t o t y p e  and model (i .e., s c a l e  
r a t i o  o f  L imp1 i e s  LmILp. 



The use o f  Froude number s c a l i n g  c r i t e r i a  t o  ach ieve p a r t i a l  dynamic 

s i m i l a r i t y  i s  l i m i t e d  t o  t h e  cases of  open-channel f l ow,  where t h e  v iscous . . 

f o rces  o f  t h e  f l u i d  a re  smal l  i n  comparison t o  t he  i n e r t i a l  fo rces .  T h i s  

means t h e  l am ina r  sub layer  i s  e l i m i n a t e d  and t h e  f l o w  i s  f u l l y  t u r b u l e n t .  Fo r  

t h i s  model s tudy,  t h e  use o f  Froude number s c a l i n g  c r i t e r i a  i s  j u s t i f i e d  f o r  

t h e  f l o w  phenomena s tud ied.  

A l though a l l  models share t he  same c o n s t r a i n t s  as reviewed above, 

h y d r a u l i c  models which have n o n - r i g i d  boundar ies have added comp lex i t i e s .  For  

t h i s  study, t h e  h y d r a u l i c  c o n d i t i o n s  v a r i e d  due t o  changes i n  t h e  bed as scour 

occurred. F o r  example, i f  a  l a r g e  l o c a l  scour h o l e  occurs  a t  t h e  base o f  t h e  

g rade-con t ro l  s t r u c t u r e ,  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 changed, which i n  

t u r n  i n f l u e n c e d  t h e  s i z e  and dep th  o f  scour h o l e  development. These e f f e c t s  

a r e  a  major  reason phys i ca l  model i n g  i s  necessary t o  p r e d i c t  p r o t o t y p e  behav- 

i o r ,  s i nce  a n a l y t i c a l  t rea tment  o f  such complex behav io r  i s  d i f f i c u l t .  

4.2 Model ing F a c i l i t y  

The modeqing f a c i l i t y  u t i l i z e d  i n  t h i s  s tudy  i s  l o c a t e d  a t  t h e  

Eng ineer ing  Research Center (ERC) a t  t h e  F o o t h i l l s  Campus o f  Colorado S t a t e  

U n i v e r s i t y  i n  F o r t  C o l l i n s ,  Colorado. 

The model f a c i ' l i t i e s  c o n s i s t  o f  a  s t e e l  wa l l ed  f lume w i t h  a  headbox and 

t a i l b o x ,  hav ing  a  t o t a l  l e n g t h  o f  90 f e e t .  The s t e e l  f lume has a  t o t a l  i n s i d e  

w i d t h  o f  t h r e e  f e e t ,  w i t h  an o v e r a l l  h e i g h t  o f  11.5 f e e t .  The model grade 

c o n t r o l  s t r u c t u r e  has a  c r e s t  which i s  seven f e e t  above t h e  f lume f l o o r .  The 

t a i l b o x  o f  t h e  model con ta i ns  t h e  gates used t o  c o n t r o l  t h e  wa te r  l e v e l  i n  t h e  

f lume. The gates c o n s i s t  o f  a  v e r t i c a l  s e r i e s  o f  f o u r  h inged  f l a p  gates 

c o n t r o l l e d  w i t h  winch cables.  A 36- inch d iameter  i n l e t  p i p e  conveys wate r  

i n t o  t h e  model head box. The d iagramat i c  r e p r e s e n t a t i o n  o f  t h e  f lume i s  

shown i n  F i g u r e  4.1. 

P r i o r  t o  t h e  ope ra t i on  o f  t h i s  model s tudy,  t h e  f lume was m o d i f i e d  t o  t h e  

. c o n f i g u r a t i o n  shown i n  F i g u r e  4.1. M o d i f i c a t i o n s  t o  t h e  f lume c o n s i s t e d  o f  

add ing 12 inches t o  t h e  f lume w a l l  h e i g h t  w i t h i n  t h e  t e s t  s e c t i o n  i n  o r d e r  t o  

a l l o w  deeper f l o w  depth and scour  depth.  The i n l e t  d i f f u s e r  was removed t o  

reduce head l osses  and t o  accommodate t h e  t r a n s i t i o n  t o  t h e  g rade -con t ro l  

s t r u c t u r e  c r e s t .  A s t e e l  p l a t e  f l o o r  was added t o  t h e  f lume t o  i n s u r e  t h a t  

t h e  scour h o l e ' f o r m a t i o n  d i d  no t  cause leakeage ou t  o f  the  f lume. 



. . 
SCALE:  1 "= 10' 

U P S T R E A M  WATER-SURFACE D O W N S T R E A M  WATER-SURFACE 
S T A F F  GAGE S T A F F  GAGE 

F L O W  QUlDE 
C R E S T  WATER-SURFACE T O P  O F  F L U M E  
S T A F F  Q A Q E  W A L L  EL. 1  1.5 

Figure 4 . 1 .  Cross sect ion '  of experimental f l  ume. 
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I n  a d d i t i o n  t o  t h e  m o d i f i c a t i o n s  noted above, t h e  flume was changed t o  

accept t h e  g rade-con t ro l  s t r u c t u r e  model. Th is  model was cons t ruc ted  o f  

I 
114- inch t h i c k  s t e e l  p l a t e ,  welded t o  t h e  w a l l s  and f l o o r  o f  t h e  flume. The 

model had a  6 .8- foot - long t r a n s i t i o n ,  and a  c r e s t  e l e v a t i o n  o f  7  f e e t .  The 

c r e s t  o f  t he  g rade-con t ro l  s t r u c t u r e  remained a t  e l e v a t i o n  7.00 f o r  a l l  t e s t s .  

However, t h e  face  o f  t h e  g rade-con t ro l  s t r u c t u r e  model was v a r i e d  t o  have 

s lopes o f  v e r t i c a l ,  1:l and 3 : l  by we ld ing  p l a t e s  a t  t h e  c o r r e c t  ang le  f rom 

t h e  c r e s t  t o  t h e  f lume f l o o r .  The t e s t  s o i l  was con ta ined  by t h e  use o f  a  

downstream grade-con t ro l  s t r u c t u r e  made f rom s top  logs ,  which cou ld  be v a r i e d  

I i n  e l e v a t i o n  t o  model t h e  va r i ous  drop h e i g h t s  s tud ied.  
F i g u r e  4.2 shows an i n t e r i o r  view o f  t h e  f lume w i t h  t h e  g rade-con t ro l  

s t r u c t u r e  i n  p lace ,  w i t h  a  v e r t i c a l  face,  be fo re  t h e  t e s t  bed m a t e r i a l  was 

added. F igures  4.3 and 4.4 show t h e  g rade-con t ro l  s t r u c t u r e  w i t h  t h e  3 : l  face  

angle.  

Water was p rov ided  t o  t h e  f lume th rough  an Aurora 30LM36 v e r t i c a l  mix 

f l o w  pump powered by a  D e t r o i t  D iese l  8V-92T engine. T h i s  pump engine system 

i s  capable o f  p r o v i d i n g  approx imate ly  75 c f s  t o  t h e  f lume, p r o v i d i n g  a  model1 

u n i t  d i scharge  o f  25 c f s l f t .  An o v e r a l l  p l a n  view o f  t h e  model s i t e  i s  shown 

i n  F i g u r e  4.5. 

To f a c i l  i t a t e  'data  c o l l e c t i o n ,  a wheeled c a r r i a g e ,  which r i d e s  on t h e  

f lume w a l l s  was used t o  mount t h e  l a r g e  p o i n t  gage and v e l o c i t y  probe. 

The f i n a l  component o f  t h e  model was t h e  p r o v i s i o n  o f  t h e  model bed 

m a t e r i a l .  Two s i z e  g rada t ions  o f  model bed m a t e r i a l  were used, one f o r  t h e  

1:6 s c a l e  t e s t s  and one f o r  t h e  1:4 sca le  t e s t s .  Each m a t e r i a l  was mixed i n  a  

l a r g e  pug m i l l .  The p r o p o r t i o n s  o f  " p l a s t e r  sand" and " s i l t y  sand" were 

v a r i e d  t o  o b t a i n  a reasonably we l l -g raded  sand m ix tu re ,  w i t h  t h e  r e q u i r e d  

d50 
f o r  each sca le .  Tab1 e  4.2 shows t h e  bed-mater ia l  c h a r a c t e r i s t i c s .  

4.3 Model I ns t r umen ta t i on  

The f lume f a c i l i t y  was ins t rumented  t o  c o l l e c t  t h e  r e q u i r e d  h y d r a u l i c  

da ta  needed t o  determine t h e  performance o f  t h e  r i g i d  g rade-con t ro l  s t r u c t u r e .  

Three s t a f f  gages were i n s t a l l e d  i n  t h e  f lume (see F i g u r e  4.1 f o r  more 

d e t a i  I ) :  one i n  t h e  head box; one a t  t h e  g rade-con t ro l  s t r u c t u r e  c r e s t ,  and 

one 12 f e e t  upstream o f  t h e  downstream grade-con t ro l  logs.  These s t a f f  gages 

were a l l  s e t  on t h e  same datum as t h e  grade-cont ' ro l  s t r u c t u r e  c r e s t .  The' 

s t a f f  gages were used t o  mon i t o r  upstream wate r -su r face  e l e v a t i o n s ,  water -  



Figure 4.2. Flume with v e r t i c a l  f a c e  
grade-control  s t r u c t u r e  model, 
looking a t  headbox. 



F i g u r e  4.3.  Flume with  3 : l  f a c e  
g rade-con t ro l  s t r u c t u r e  
model, looking toward t a i l b o x .  

F igure  4.4.  Flume with 3 : l  f a c e  
grade-control  s t r u c t u r e  model, 
looking a t  headbox. 
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T a b l e  4.2. Bed M a t e r i a l  Used i n  Model Tes t .  

-- 

P r o t o t y p e  1:4 Sca le  1:6 Sca le  

d90 9 mm 2.3 mm 1.5 mrn 

d50 1.8 mm 0.43 mm 0.3 mm 

d16 0.5 mm 0.16 mm 0.12 mm 



sur face  e l e v a t i o n s  a t  t h e  c r e s t ,  and wate r -su r face  e l e v a t i o n s  i n  t he  area 

downstream of  t he  g rade-con t ro l  s t r u c t u r e  scour hole.  A1 1  s t a f f  gages were 

graduated i n t o  hundredths o f  f ee t .  A Marsh-McBirney 201 e lec t romagnet i c  water 

c u r r e n t  meter was used t o  measure v e l o c i t y  o f  f lows a t  t he  c r e s t  t o  determine 

t h e  model f l ow ra te .  The data c o l l e c t i o n  c a r r i a g e  was used t o  suppor t  t he  

v e l o c i t y  probe and a  heavy du ty  p o i n t  gage which was used t o  measure t h e  e l e -  

v a t i o n  o f  t h e  bed d u r i n g  o r  a f t e r  t e s t  runs. F i n a l l y ,  a  sca le  was pa in ted  on 

t h e  f lume w a l l s  t o  i n d i c a t e  each two- foot  i n t e r v a l  a long  t h e  t e s t  sec t ion ,  
. - 

beg inn ing  a t  t he  model g rade-con t ro l  s t r u c t u r e  c r e s t .  

4.4 Model Operat ion Dur ing  Tes t i ng  

4.4.1 General Procedure 

A f t e r  p r e p a r a t i o n  and c o n s t r u c t i o n  o f  t he  r e q u i r e d  model f a c i  1  i t i e s  and 

i n s t a l l a t i o n  o f  t h e  model bed m a t e r i a l ,  t h e  model was operated t o  t e s t  scour 

devel  opment . 
The t e s t i n g  was begun w i t h  t h e  1:l face ,  t h r e e - f o o t  p r o t o t y p e  drop, pro-  

t o t y p e  u n i t  d i scharge  o f  400 c f s / f t  and a  model sca le  r a t i o  o f  1:6. The t e s t  

procedure i s  g iven  i n  some d e t a i l  below: 

1. The planned h y d r a u l i c  c o n d i t i o n s  were en te red  on a  da ta  sheet. 

2. The approximate r e q u i r e d  p o s i t i o n  o f  t h e  t a i l b o x  gates was se t ;  t h e  
s e t t i n g  was s l i g h t l y  more c l osed  than  r e q u i r e d  so t h a t  a l l  ad justments  
r e q u i r e d  would reduce submergence t o  t h e  r e q u i r e d  l e v e l .  

3. The Marsh-McBirney meter was p laced  on t h e  probe c a r r i e d  by t h e  da ta  
c o l l e c t i o n  ca r r i age .  

4.  The v e l o c i t y  probe was p laced d i r e c t l y  ad jacen t  t o  t h e  s t a f f  gage l oca ted  
a t  t h e  model drop s t r u c t u r e  c r e s t  so t h a t  d ischarge  measurements cou ld  be 
taken  q u i c k l y .  

5. The D e t r o i t  D iese l  pump engine was s t a r t e d  w i t h  t h e  supp ly  l i n e  va lve  
c l osed  and t h e  pump engine a l lowed t o  warm t o  o p e r a t i n g  temperature.  

'6. The supply  va lve  was cracked, so t h a t  t h e  headbox o f  t h e  f lume would f i l l  
w i t h  water  s lowly:  

7. When t h e  water  had f i l l e d  t h e  headbox, t h e  v a l v e  was open enough t h a t  
approx imate ly  one i n c h  o f  wa te r  would f l o w  across t h e  t e s t  s o i l  t o  t h e  
t a i l  box. 

8. ' When wate r  was e n t e r i n g  t h e  t a i l b o x ,  t h e  supp ly  va l ve  was opened as 
q u i c k l y '  as p o s s i b l e  so t h a t  t h e  submergence o f  t h e  f l o w  c o u l d  be achieved 
i n  t h e  s h o r t e s t  t ime  poss ib le .  



9. The v e l o c i t y  and depth was read a t  t he  c r e s t  t o  compute t he  model 
d ischarge.  Th i s  was compared w i t h  t h e  planned va lue  and t h e  va l ve  
opening o r  pump speed was then  mod i f i ed  t o  ach ieve a  model  f low as c l ose  
as p o s s i b l e  t o  t h e  planned value. 

10. The submergence l e v e l  was s e t  by read ing  t h e  upstream and downstream 
s t a f f  gages and a d j u s t i n g  t h e  t a i l b o x  gates. 

11. The d ischarge  va lue was checked by re - read ing  t h e  v e l o c i t y  and f l o w  
depth. 

12. The submergence l e v e l  was checked. 

13. The t i m e  o f  s t a r t  was recorded. 

14. Video o f  t h e  water  su r f ace  was taken. 

15. S t i l l  photos o f  t h e  water  su r f ace  were taken. 

16. A t  t h e  end o f  an hour,  t h e  bed p r o f i l e  o f  t h e  scour  h o l e  was taken  us i ng  
t h e  p o i n t  gage and c a r r i a g e  w i t h  t h e  v e l o c i t y  probe removed. I n  p ro to -  
t ype  f l ows  o f  l e s s  than  300 c f s l f t ,  t h e  f l o w  was n o t  stopped. For  f l ows  
equal t o  o r  g r e a t e r  than 300 c f s / f t ,  t h e  pump was stopped p r i o r  t o  t a k i n g  
bed -p ro f i  l e  i n f o rma t i on .  

17. The n e x t  lower  submergence t e s t  f o r  t he  same geometr ic  and h y d r a u l i c  con- 
d i t i o n s  was performed i n  t h e  same manner as i n d i c a t e d  i n  Procedure s teps 
1 th rough  16 above. 

.8. F i n a l l y ,  f o r  t e s t s  i n  which t h e  minimum submergence had been achieved, 
t h e  p roper  face,  drop, and f l o w  c o n d i t i o n s  were aga in  made ready, and new 
model bed-mater ia l  i n s t a l l e d  i n  t h e  t e s t  sec t ion .  

19. Procedure s teps 1 th rough  18 were repeated f o r  a l l  t e s t s  5 i ven  i n  t h e  
t e s t i n g  agenda i n  Table 2.1. 

4.4.2 V a l i d a t i o n  o f  Tes t i ng  Procedure 

Severa l  assumptions a re  i m p l i c i t  i n  t h e  t e s t i n g  procedure g i v e n  i n  t h e  

preceding sec t i on .  S p e c i f i c a l l y ,  they  are:  

1. The t ime  r e q u i r e d  t o  ach ieve an e q u i l i b r i u m  scour depth i n  t h e  t e s t  i s  
n o t  g r e a t e r  than  one hour. 

2. The e f f e c t  o f  an e x i s t i n g  scour h o l e  w i l l  n o t  i n f l u e n c e  t h e  e q u i l i b r i u m  
scour  depth o f  a  scour h o l e  o f  t h e  same u n i t  d i s cha rge  w i t h  a  sma l l e r  
submergence. 

3. The i n i t i a t i n g  o f  f l o w  i n  t h e  model does no t  a f f e c t  t h e  e q u i l i b r i u m  scour 
depth o f  t h e  t e s t .  



To determine t h e  r e q u i r e d  l e n g t h  o f  t e s t ,  da ta  f o r  Runs 1, 5, and 6, were 

taken a t  va r i ous  t i m e  increments.  I n  each case t h e  change i n  maximum scour 

depths f o r  t imes  l onge r  than  one hour were l e s s  than  t h e  expected measurement 

accuracy o f  t h e  bed su r f ace  (approximately 0.10 f e e t ) .  Th i s  i s  used as a  con- 

f i r m a t i o n  t h a t  a one-hour t e s t  i s  adequate (see a l s o  Mason & Arumugan, 1985, 

p.  229). 

Run 6.1 was a  1:l face,  3 - f oo t  drop he igh t ,  300 c f s / f t ,  67 pe rcen t  sub- 

mergence run. Run 6.1 was t h e  l a s t  r un  i n  t h i s  s e r i e s  o f  t e s t s  and 

e s t a b l i s h e d  a  scour  h o l e  w i t h  a  maximum depth o f  3.89 f e e t  i n  t h e  model (23.3 

f e e t  i n  p ro to t ype ) .  Run 6.3 was a  run  o f  t h e  same geomet r i c  and h y d r a u l i c  

c o n d i t i o n s ,  e x c e p t , t h a t  t h e  bed o f  t he  t e s t  s e c t i o n  was r e s t o r e d  t o  bed e l e v a -  

t i o n  6.5 (co r respond ing  t o  a  t h r e e - f o o t  p r o t o t y p e  d rop  h e i g h t )  i n  t h e  model 

p r i o r  t o  Run 6.3. The bed f o r  Run 6.1 had an e x i s t i n g  scour  h o l e  caused by 

Run 5. The maximum scour  depth i n  Run 6.3 was 3.85 f e e t  (23.10 f e e t  i n  

p ro to t ype ) .  These r e s u l t s  a re  so c l ose  as t o  be v i r t u a l l y  i d e n t i c a l .  Th i s  

was taken  as c o n f i r m a t i o n  t h a t  t h e  i n i t i a l  bed c o n f i g u r a t i o n  w i l l  n o t  a f f e c t  

t h e  maximum scour  depth. However, t h e  l o c a t i o n  o f  t h e  maxi~num scour  depth 

does va ry  when t e s t s  a re  r u n  i n  sequence. 

Run 5 had b e d - p r o f i l e  da ta  taken a t  t imes  o f  1/2, 1, and 1.3 hours.  The 

maximum depth o f  scour measured a t  t he  one -ha l f  hour  t i m e  increment  was l e s s  

t han  t h e  scour  depth a t  one hour. Th is  was taken  as c o n f i r m a t i o n  t h a t  i n i t i a l  

d i s t u rbance  t o  t h e  bed, w h i l e  submergence and f l o w  were be ing  es tab l i shed ,  d i d  

n o t  adverse ly  a f f e c t  t h e  e s t i m a t i o n  o f  t h e  maximum scour depth.  

C a l i b r a t i o n  o f  model r e s u l t s  w i t h  measured p r o t o t y p e  behav io r  was n o t  

p o s s i b l e  because no p r o t o t y p e  da ta  cou ld  be found, d e s p i t e  t h e  f r equen t  use o f  

t hese  s t r u c t u r e s  i n  t h e  Pima County, A r i zona  reg ion.  

4.4.3 Tes ts  Conducted 

A t o t a l  o f  99 t e s t  da ta  s e t s  were c o l l e c t e d .  I n  t h e  o r i g i n a l  t e s t i n g  

.agenda, 82 runs were planned. The 17 a d d i t i o n a l  runs c o n s i s t e d  o f  runs per-  

formed f o r  v a l i d a t i o n  purposes ( i .e. ,  t i m e  of  t e s t ,  e i c . )  and t e s t s  r u n  w i t h  a  

d rop  h e i g h t  o f  zero. Runs w i t h  zero drop were made, a l t hough  n o t  a  p o r t i o n  o f  

t h e  proposed t e s t i n g ,  agenda i n  an a t tempt  t o  more a c c u r a t e l y  determine t h e  

e f f e c t  o f  d rop  h e i g h t  on t h e  scour  processes. However, t h e  s t a t i s t i c a l  ana ly-  

s i s  i n d i c a t e d  t h a t  t h e  d rop  h e i g h t  a lone was n o t  a  s t a t i s t i c a l l y  s i g n i f i c a n t  

v a r i a b l e  f o r  p r e d i c t i o n ,  and t h e  runs were n o t  u t i l i z e d .  Tab le  4.3 shows a l l  
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T a b l e  4 . 3 .  Hydraulic Model Test Data. 

Model P r o t o t y p e  Model c 
Run D a t e  S c a l e  Drop F a c e  (q) (q)  US1 WS2 Submerge 

1:l 
1:l 
1 : 1 
1:l 
1:1 
1 : 1 
1:) 
1:l 
1:l  
1:l 
1:l  
1:l  
1 : l  
1:l 
1 : 1 
1 : 1 
1 : 1 
1:l 
1: 1 
1 : 1 
1: l  
1:l  
1 : 1 
I:! 
1 : 1 
1 : 1 
1:l  
1 : 1 
1:l 
1 : 1 
1:l 
1:l  
1:l 
1 : 1 
1:l 
1 : 1 
1:l 
l : t  
1 : l  
1 : 1 
1:l 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 

P r o t o t y p e  
Max Scour  

Depth  

22.86 
20.04 
20.94 
28 -80  
30.00 
20.76 
21.12 
21 - 6 6  
21 - 3 0  
23.34 
21 - 9 0  
23.10 
25.20 
14.10 
19.62 
25.92 
15.72 



Run 

Table 4.3. Hydraulic Model Test  Data (Continued). 
I 

Prototype 
Mode 1 Prototype Model c Max Scour 

Date Scale Drop Face (q)  ( q )  WSl WS2 Submerge Depth 

VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
VERT 
3: 1 
3: 1 
3: 1 
3: 1 
3: 1 
3: 1 
3: I 
3: 1 
3: 1 
3: 1 
3: 1 
3: 1 

* Due t o  the l oca t l on  o f  t he  upstream s t a f f  gage, t h i s  value I s  taken t o  equal t h e  water depth p lus  
t h e  v e l o c l t y  head o f  t h e  flow. 



t h e  t e s t  runs completed. Runs marked w i t h  a  decimal (e.g., 6.2) a r e  those 

runs  where b e d - p r o f i l e  da ta  was taken a t  d i f f e r e n t  t ime  i n t e r v a l s .  Please 

r e f e r  t o  Table  2.1 f o r  t h e  o r i g i n a l  t e s t i n g  agenda. 

4.4.4 Data C o l l e c t e d  

Fo r  each t e s t  run, t h e  da ta  c o l l e c t e d  i s  summarized i n  Table  4.3. Table 

4.4 shows t h e  approximate l i m i t s  o f  accuracy o f  t h e  measured data.  

4.4.5 Represen ta t i ve  Photos o f  Model Operat ion 

To i l l u s t r a t e  t h e  behav io r  o f  t he  model, r e p r e s e n t a t i v e  photos taken 

d u r i n g  t h e  model ope ra t i on  a re  shown. The photos i nc l uded  a r e  in tended  t o  
I 

show o n l y  r e p r e s e n t a t i v e  i tems o f  i n t e r e s t  f o r  a  few c o n d i t i o n s .  These photos 

a r e  g iven  i n  F igures  4.6 th rough  4.16. 

. , 

4.5 L i m i t a t i o n s  o f  Study 

I n  o r d e r  t h a t  t h e  r e s u l t s  o r  data developed i n  t h i s  s t udy  he unders tood 

and used p r o p e r l y ,  t h e  c o n d i t i o n s  o f  t h i s  s tudy  which may impact  o r  l i m i t  i t s  

a p p l i c a t i o n  a re  e x p l i c i t l y  s t a t e d  below. The reader  i s  cau t i oned  t o  always 

eva lua te  t h e  s i g n i f i c a n c e  o f  these  l i m i t a t i o n s  f o r  t h e  a p p l i c a t i o n  under con- 

s i d e r a t i o n :  

1. Model behav io r  i s  assumed t o  a c c u r a t e l y  r e f l e c t  p r o t o t y p e  behav io r  by 
u s i n g  Froude number s c a l i n g  c r i t e r i a  and sca le  r a t i o s  o f  1:6 and 1:4. 

2. Th i s  model was t e s t e d  w i t h  o n l y  one p r o t o t y p e  bed m a t e r i a l .  There fo re ,  
t h e  i n f l u e n c e  o f  bed-mater ia l  s i z e  on scour  depth was n o t  eva luated.  

3 .  The wate r  i n p u t  t o  t h e  t e s t  sec t i on  d i d  n o t  c a r r y  any sediment l o a d  i n t o  
t h e  t e s t  sec t i on ,  caus ing e s s e n t i a l l y  c l ea r -wa te r  scour  cond i t i ons .  
Therefore,  t h e  e f f e c t  o f  sediment load  on scour depth was n o t  eva luated.  

4. The f l o w  c o n d i t i o n s  t e s t e d  were o f  a  cons tan t  d ischarge ,  n o t  f o r  a  
hydrograph c o n d i t i o n .  It w i l l  be t h e  r e s p o n s i b i l i t y  o f  t h e  user  t o  
determine t h e  f l o w  c o n d i t i o n s  which w i l l  cause maximum scour  f o r  t h e  
g i ven  s t r u c t u r e ,  des ign  hydrograph and assoc ia ted  hydrau l  i c  charac- 
t e r i s t i c s  under cons ide ra t i on .  

5. The i n f l u e n c e  o f  t i m e  on t h e  scour depth was no t  i n v e s t i g a t e d .  I f  a peak 
d i scha rge  has a  smal l  d u r a t i o n ,  t h e  scour process may n o t  have completed 
i t s  expected response. T h i s  e f f e c t  was n o t  eva luated.  

6. The f l o w  co r i d i t i ons  which e x i s t e d  i n  t h e  model had no exac t  p r o t o t y p e  
analogy b u t  a re  in tended  t o  represent ,  as a c c u r a t e l y  as p o s s i b l e ,  t h e  



p o s s i b l e  f l o w  c o n d i t i o n s  i n  a r i v e r  system, c o n s i d e r i n g  t h e  model t e s t  
s e c t i o n  had a  l e n g t h  o f  approx imate ly  40 f e e t  from c r e s t  t o  downstream 

I 
g r a d e - c o n t r o l  s t r u c t u r e .  I 



Table 4.4. Accuracy o f  Data C o l l e c t i o n .  

Data Expected ~ c c u r a c y  

Run Number and Date,  Etc. N  A  

Face Slope - + 2 deyrees 

Model Drop H e i y h t  + 0.02 f e e t  - 

Model U n i t  D ischarge - + 10 percen t  

Water-Surface E l  e v a t i o n s  - + 0.15 f e e t  

Bed-Surface E l e v a t i o n  - + 0.10 f e e t  



Figure 4.6:. Flume with model bed material 
placed prior t o  t e s t s ,  0.187- 
f o o t  drop. 

Figure 4.7.  R u n  55, q p  = 50 c f s l f t .  
Submergence = 70 percent. 



F i g u r e  4.8. Model bed a f t e r  Run 55, 
qp = 50 c f s / f t .  
Submergence = 70 p e r c e n t .  

F i g u r e  4.9. Run 47, qp = 25 c f s / f t .  
Submergence = 70 p e r c e n t .  



Figure 4.10. R u n  38, q p  = 125 c f s l f t .  
Submergence = 73 percent. 

Figure 4.11. Run  69, q p  = 125 c f s l f t .  
Submergence = 49 percent. 



Figure 4.12. R u n  39, qp = 125 c f s l f t .  
Submergence = 45 percent.  

Figure 4.13. Run 15, .qp = 400 c f s l f t .  
Submergence = 57 percent.  



Figure 4.14. Run 44, q p  = 50 c f s / f t .  
Submergence = 20 percent. 

Figure 4.15. Model bed a f t e r  R u n  52, 
q p  = 25 c f s / f t .  
Submergence = 70 percent. 



Figure 4.16. Model t e s t  soil  almost completely removed. 
Run 84, 3 : l  face slope, q p  = 125 c f s / f t  
Submergence = 55 percent. 



V. DATA ANALYSIS 

The method used t o  develop t he  p r e d i c t i v e  equat ion f o r  t h i s  s tudy was ' t he  

d e r i v a t i v e - f r e e ,  non - l i nea r ,  mu l t i p l e - reg ress ion  r o u t i n e  (BMDPAR) con ta ined  i n  

t h e  BMDP s t a t i s t i c a l  so f tware  package. A non- l inear  regress ion  was used 

i ns tead  o f  a  l i n e a r i z e d  model us i ng  logar i th i rns  so t h a t  t h e  s t a t i s t i c a l  pro-  

p e r t i e s  o f  t h e  reg ress ion  (e.g., standard d e v i a t i o n  o f  parameter est imates,  

Cook's d is tance ,  e tc . )  would have an untransformed mathematical i n t e r p r e t a t i o n  

when ana l yz i ng  t h e  reg ress ion  r e s u l t s .  It has been shown t h a t  s t a t i s t i c a l  

models which a r e  1  i n e a r i z e d  by us ing  a  l o g r i t h m i c  t r ans fo rma t i on  may n o t  

accu ra te l y  r e f l e c t  t h e  nont ransfor~ned non l i nea r  equa t ion  performance 

(Ferguson, 1986). Us ing t h e  BMDPAR r o u t i n e ,  t h e  observed maximum scour depth 

i n  p ro to t ype  s c a l e  was regressed aga ins t  t h e  observed geometr ic and hydrau l  i c  

v a r i a b l e s  i n  p r o t o t y p e  sca le .  Combinations o f  t he  v a r i a b l e s  were regressed t o  

f i n d  t h e  v a r i a b l e s  and/or combinat ion o f  va r i ab les  which would bes t  p r e d i c t  

t h e  observed scour  depth. An i n i t i a l  group o f  regress ions  i n d i c a t e d  some da ta  

se t s  had i n e x p l i c a b l e  incons is tanc ies ,  These da ta  sets ,  which had been iden- 

t i f i e d  by hav ing  ve ry  l a r g e  r e s i d u a l s  o r  ve ry  l a r g e  Cook's d is tances ,  were 

examined f o r  i n p u t  and obse rva t i ona l  e r ro r s .  Only i n  cases where e r r o r s  were 

apparent i n  t h e  obse rva t i on  o r  i n p u t  was t he  da ta  s e t  deleted, No obser- 

v a t i o n s  were t r e a t e d  as "out1 i e r s "  w i t hou t  evidence o f  obse rva t i ona l  e r r o r i .  

Th i s  approach was taken t o  i nsu re  - t h a t  p r e d i c t i o n s  were based on t h e  

i n f o r m a t i o n  ava i  1  able,  i n h e r e n t  s c a t t e r  o f  t h e  scour process was n o t  a r t i f i -  

c a l l y  reduced t o  g i v e  a  f a l s e  impress ion o f  a r t i f i c a l l y  h i g h  accuracy o r  pre- 

c i s i o n .  

Based on t h e  rev'iew of t h e  p r e l i m i n a r y  ana lys is ,  t h e  da ta  s e t s  e l i m i n a t e d  

from the  a n a l y s i s  and reason f o r  t h e i r  d e l e t i o n  a re  g iven  i n  Table 5.1. Wi th  

t h e  21 d e l e t i o n s  shown i n  Table 5.1, a  t o t a l  o f  78 da ta  s e t s  were analyzed f o r  

t h i s  study. 

5.1 Scour Hole P r o f i l e s  

I n  o r d e r  t o  p resen t  a  v i s u a l  r ep resen ta t i on  o f  t he  scour h o l e  development 

observed d u r i n g  t e s t i n g ,  scour ho le  p r o f i l e s  f o r  t h e  da ta  s e t s  have been 

drawn. These p r o f i l e s  show t h e  bed a t  t h e  end o f  t h e  t e s t  runs, and a r e  based 

on t h e  bed e l e v a t i o n  i n  t h e  f lume t e s t  s e c t i o n  measured a t  each two- foo t  

i n t e r v a l  beg inn ing  a t  t h e  drop s t r u c t u r e  c r e s t .  These p r o f i l e s  a r e  g i ven  i n  

Appendix A. 



5 .2  

Table 5.1. Observed Data Sets Deleted From S t a t i s t i c a l  Analysis.  

Run Reason f o r  De le t ion  

Length o f  t e s t  no t  equal t o  one hour ( t  = 2 h r .  ) 

Length o f  t e s t  no t  equal t o  one hour ( t  = 3 hr . )  

Observation or record ing e r r o r  o f  model f l o w  ra te .  

Length o f  t e s t  no t  equal t o  one hour ( t  = 112 h r . )  

Length o f  t e s t  no t  equal t o  one hour (t = 1.3 h r .  

Length o f  t e s t  no t  equal t o  one hour ( t  = 2 h r . )  

Rep l ica te  o f  Run 6.1. 

Length o f  t e s t  n o t  equal t o  one hour (t = 2 hr.)  

Flow no t  constant i n  model due t o  excessive 
drawdown i n  pump p i t .  

Submergence l e v e l  no t  se t  be fore  d is turbance of the  
bed. 

No scour hole development observed, e r r o r  i n  
e s t a b l i s h i n g  hyd rau l i c  cond i t ion .  j 

No scour hole development observed, e r r o r  i n  
es tab l i sh ing  hyd rau l i c  cond i t ion .  

Data observat ion o r  record ing  e r r o r  i n  downstream 
water e levat ion.  

No scour hole development observed, e r r o r  i n  
es tab l i sh ing  hyd rau l i c  cond i t ion .  

Drop = 0.0, cannot be used i n  p r e d i c t i v e  equat ion. 

Drop = 0.0, cannot be used i n  p r e d i c t i v e  equation. 

Drop = 0.0, cannot be used i n  p r e d i c t i v e  equat ion. 

Drop = 0.0, cannot be used i n  p r e d i c t i v e  equat ion. 

Drop = 0.0, cannot be used i n  p r e d i c t i v e  equat ion. 

Drop = 0.0, cannot be used i n  p r e d i c t i v e  equat ion. 
I 

No scour hole development observed, e r r o r  i n  
es tab l i sh ing  hyd rau l i c  cond i t ion .  



The t e s t i n g  procedure used i n  t h i s  model study, i n  which successively  

lower f low submergences were run w i thout  r e s t o r i n g  t h e  bed, does n o t  lend 

i t s e l f  t o  e s t a b l i s h i n g  the  p o s i t i o n  o r  extent  of t he  scour. However, by com- 

par ison of t h e  scour p r o f i l e s  i n  Appendix A t o  r e s u l t s  obta ined by Fahoudi and 

Smith (19851, understanding the behavior of the l o c a l  scour processes which 

r e s u l t e d  i n  t h e  bed p r o f i l e s  from t h i s  study can be supplemented. 

I n  t h i s  model study, the t e s t  bed ma te r ia l  could be t ranspor ted  by the  

flows i n  a l l  of t he  t e s t s  run, espec ia l l y  the model f l ows  f o r  g rea ter  than 50 

c f s / f t  prototype. Since no sediment was in t roduced i n t o  the  t e s t  sec t i on  w i t h  
i t he  water, t h e  t ranspor t  capac i ty  o f  the water would remove t h e  t e s t  ma te r i a l  

I 

from t h e  f lume t e s t  sect ion.  This  removal d i d  n o t  appear t o  a f fec t  t h e  maxi- 

mum depths o f  scour, but  d i d  in f luence the  downstream ex ten t  of t h e  scour 

hole. The ex ten t  o f  a scour hole was dependent on the  presence o f  an e x i s t i n g  

scour ho le  f rom a prev ious t e s t ,  t h i s  dependence made mathematical determina- 

t i o n  o f  t h e  scour ho le  geometry i n f e a s i b l e .  Since no mathematical o r  d e f i n i t e  

ana lys i s  was poss ib le  the  p r o f i l e s  were examined f o r  general t rends  of geom- 

e t ry ,  so t h a t  t he  maximum ex tent  o f  scour could be determined as a func t i on  of 

o n l y  maximum depth o f  scour. Maximum depth o f  scour was chosen t o  def ine 

scour ho le  p r o p e r t i e s  s ince  the hyd rau l i c  cond i t i ons  causing a g iven scour 

ho le  cou ld  have been changed up t o  f i v e  times. The t e s t  runs o f  t h i s  study 

which modeled f lows o f  300 o r  400 c f s / f t  showed considerable ex tens ion  o f  t h e  

scour ho le  downstream. This e f f e c t  was taken i n t o  cons ide ra t i on  and t h e  scour 

ho le  geometries were then compared t o  the  r e s u l t s  o f  Farhoudi and Smith's 

(1985) study. The comparison was favorable and the  r e l a t i o n s h i p s  g iven by 

Farhoudi and Smith are  used t o  describe the  maximum ex ten t  of t h e  scour ho le  

and t h e  f a r t h e s t  downstream t h a t  the maximum scour depth t h a t  cou ld  be 

expected t o  occur. 

Farhoudi and Smith (1985, p. 354) developed the  f o l l o w i n g  r e l a t i o n s h i p s  

fo r  a "medium" s i z e  model w i t h  low t a i l w a t e r  ( low t a i l w a t e r  be ing  0.78 of the  

conjugate depth o f  the  upstream s u p e r c r i t i c a l  f l o w ) .  

XDsc = 4.8 Dsc 

and 

XMax = 9.8 Dsc 

where: 

XDsc i s  the  d is tance downstream from the  face  o f  t h e  grade-control  
s t r u c t u r e  t o  the  l o c a t i o n  o f  t he  max imum depth o f  scour, i n  f e e t .  



XMax i s  t h e  d i s t ance  downstream from the  face of  t h e  grade-cont ro l  
s t r u c t u r e  t o  t h e  approximate downstream e x t e n t  o f  t h e  scour ho le ,  
i n  f ee t .  

' These r e l a t i o n s h i p s  a re  g i ven  on l y  t o  a l l ow  a  general  e v a l u a t i o n  o f  t he  

scour h o l e  geometry, and cannot be f u l l y  demonstrated i n  t h i s  s tudy  due t o  t he  

u n c e r t a i n  impact o f  t h e  t e s t i n g  methods, and t he  c o n s i d e r a t i o n  t h a t  t h e  t e s t  

s e c t i o n  was n o t  s u f f i c i e n t l y  l o n g  so t h a t  the maximum e x t e n t  o f  t he  observed 

scour ho les  f o r  some runs cou ld  n o t  be measured. These r e l a t i o n s h i p s  a re  n o t  

recommended f o r  use w i t h  grade-cont ro l  s t r u c t u r e s  which have face slopes 

f l a t t e r  than  1:1, s i nce  t h e  f l a t t e r  face slopes g r e a t l y  i nc rease  t h e  scour 

observed. 

5.2 Bed M a t e r i a l  A f t e r  Scour Ho le  Development 

Data on t h e  bed-mater ia l  g rada t ions  a f t e r  t h e  t e s t  runs were completed 

was c o l l e c t e d .  Samples o f  t h e  m a t e r i a l  i n  the  scour h o l e  were taken  a t  t h e  

end o f  t h e  lowes t  su,bmergence runs f o r  most geometr ic  cond i t i ons .  The 
I 

m a t e r i a l  was sampled us i ng  a  3 - i nch  s tee l - p i pe  bed sampler p u l l e d  a long  t h e  

bed su r f ace  w i t h  an a t tached  rope. The sampler was needed s i n c e  t h e  scour 

h o l e  was u s u a l l y  beneath t h e  water  su r face  a f t e r  t h e  f l o w  had stopped. 

From obse rva t i on  o f  t h e  scour ho le  su r face  when i t  was v i s i b l e ,  t h e  

m a t e r i a l  i n  t h e  scour h o l e  was coarser  than t h e  bed m a t e r i a l  i n  t h e  remainder 

o f  t h e  t e s t  sec t ion .  From observa t ion ,  t h e  coarse m a t e r i a l  c o n s i s t e d  o f  t h e  

coarses t  p a r t i c l e s  i n  t h e  t e s t  s o i l .  One o r  two g r a i n  d iameters  o f  t h i s  

m a t e r i a l  below t h e  sur face ,  t h e  s o i l  appeared t o  be unsor ted  and have t h e  

g r a i n - s i z e  d i s t r i b u t i o n  o f  t he  t e s t  s o i l .  G ra i n - s i ze  a n a l y s i s  o f  t h e  scour 

h o l e  samples a re  i nconc lus i ve  w i t h  re fe rence  t o  s i g n i f i c a n t  changes i n  bed 

m a t e r i a l .  I n  genera l ,  t h e  scour h o l e  samples a re  coarser ;  however, due t o  t h e  

t h i n  l a y e r  o f  s o r t e d  m a t e r i a l ,  much o f  t he  sample ob ta i ned  c o n s i s t e d  o f  t h e  

unsor ted  m a t e r i a l  below t h e  s o r t e d  layer .  The depth o f  t h e  sample was no t  

c o n s i s t a n t ,  s i nce  t h e  sampler was p u l l e d  across t h e  scour  h o l e  i n  an essen- 

t i a l  l y  random manner. 

From a n a l y s i s  o f  t h e  bed sample and observa t iona l  data,  some conc lus ions  

can be drawn: 

I 1. S o r t i n g  o f  t h e  ~ n ' a t e r i a l  i n  the  scour ho le  does occur;  however, t h e  
coa rse r - so r t ed  m a t e r i a l  i s  t r anspo r t ed  out  o f  t h e  scour  h o l e  a t  such a  
r a t e  t h a t  o n l y  t h e  sur face o f  t he  scour ho le  has any ev idence o f  t h e  
coarser  m a t e r i a l .  



2. The c o a r s e r  m a t e r i a l  does n o t  p r o t e c t  t h e  bed m a t e r i a l  f o r  t h e  m a t e r i a l  
s i z e s  i n  these t e s t s .  

3. S o r t i n g  p robab ly  occurs  i n  t h e  c i r c u l a r  f l o w  p a t t e r n  as t h e  scour  h o l e  
develops.  

The bed m a t e r i a l  g r a d a t i o n  curves a r e  con ta ined  i n  Appendix C. 

5.3 Comparisons o f  E x i s t i n g  Equat ions t o  Measured Scour 

I n  o r d e r  t o  e v a l u a t e  t h e  a b i l i t y  o f  e x i s t i n g  - equa t ions  a v a i l a b l e  i n  t h e  

l i t e r a t u r e  t o  p r e d i c t  t h e  scour developed downstream o f .  a  g r a d e - c o n t r o l  s t r u c -  

t u r e ,  severa l  equa t ions  were used t o  c a l c u l a t e  scour  based on t h e  h y d r a u l i c  

d a t a  observed i n  t h e  model. A t o t a l  of n i ne  equa t ions  h e r e  used i n  t h e  com- 

par i sons .  The equa t ions  a r e  as l i s t e d  i n  Mason and Arumugam (1985):  

- Veronese (A) (1937),  i n c l u d e s  d50 

- Veronese ( 0 )  (1937) 

- S c h o k l i t s h  (1932),  i n c l u d e s  dgo 
I 

- M a r t i n s  (A) (1973), i n c l u d e s  d50 

- M a r t i n s  ( B )  (1975) 

- Chee and Kung (1974), i n c l u d e s  d50 

- Jaeger (1939), i n c l u d e s  d50 

- Dam1 e (1966) 

- Mason and Arumugam (1985) ,  i n c l u d e s  d50 

A l l  equa t ions ,  except  M a r t i n s  (A )  (1973) and Jaeger (1939),  can be expressed 

as a  form of 

Dsc t Twd = K X ~ "  
(5.1) 

d 

Table  5.2 p resen ts  t h e  va lues  o f  t h e  exponents f o r  each e x p r e s s i o n  ( a f t e r  

Mason and Arumugam, 1985). 

Jaeger ' s  e q u a t i o n  i s  w r i t t e n  as: 

0.333 
Dsc t Twd = 0.6 q  0.50 H0.25 Twd (7) 

M a r t i n s  ( A )  e q u a t i o n  i s  w r i t t e n  as 

2 
Dsc t Twd = 0.14N - 0.73 TWd + 1.7 Twd N 



1 Table 5.2. Summary o f  Scour Expressions . 
( A f t e r  Mason and Arumayam, 1985) 

_ _  ---- _-_ ___-- _ _ _ _ - -  ---I--------I 

Author ' K x Y z d 

Schokl i t c h  0.521 0.57 0.20 0.32 d90 

Veronese ( A )  0.202 0.54 0.225 0.42 d 
m 

Veronese ( B )  1.90 0.54 0.225 0 - - - 

Damle ( C )  0.362 0.50 0.50 0 --- 

Chee and Kuny 1.663 0.60 0.20 0.10 dm 

Mar t i ns  ( B )  1.50 0.60 0.10 0 --- 
------ -- ----------- 

I A1 1 equat ions and parameters use m e t r i c  u n i t s .  



where 

For  c l a r i t y ,  Mason and Arumugam's equat ion i s  w r i t t e n  i n  s i m p l i f i e d  form as: 

3.27 q 0.60 H0.05 Twd0.15 Osc + Twd = 0.30 dO.10 
g  50 

Equat ions 5.1 th rough 5.4 use m e t r i c  u n i t s .  

Us,ing t h e  above equat ions, converted t o  Engl i s h  u n i t s ,  t h e  exper imenta l  

da ta  from t h i s  s tudy  was used t o  p r e d i c t  t h e  scour depth. A computer program 

developed t o  do t h i s  c a l c u l a t i o n ,  named SCOURHOLE.FOR, y i e l d e d  an ou tpu t  o f  

t h e  r e s i d u a l s  ( r ) ,  sum o f  squares o f  r e s i d u a l s  ( s s r ) ,  and a  mean square e r r o r  

(mse). The observed da ta  was d i v i d e d  i n t o  ca tego r i es  by face  angle. Table 

5.3 shows t h e  r e s u l t s  o f  t h i s  comparison f o r  t h e  n i n e  equat ions  examined. 

The conceptual  i n t e r p r e t a t i o n  o f  t h e  mean square e r r o r  (mse) i s  t h e  

var iance  o f  t h e  observed values about t he  p r e d i c t i o n .  By i n s p e c t i o n  o f  Table 

5.3, Ma r t i ns  (A) and Mar t i ns  (B) p rov ide  t h e  bes t  p r e d i c t i o n  o f  scour f o r  most 

s l ope  angles, fo l lowed by Veronese (B). For  p r e d i c t i o n  o f  scour  w i t h  v e r t i c a l  

faces, Ma r t i ns  (8 )  appears most accurate.  For  1:l faces,  M a r t i n s  (A) seems 

super io r .  S c h o k l i t s h  i s  bes t  w i t h  faces o f  3 : l .  

5.4 Development o f  a  P red i c t ve  Equat ion 

A f t e r  observed da ta  se ts  which were n o t  a p p l i c a b l e  o r  con ta ined  obvious 

obse rva t i ona l  e r r o r s  had been removed from t h e  da ta  f i l e s  i n  p r e l i m i n a r y  anal-  

y s i s  (Tab le  . f u r t h e r  ana l ys i s  was undertaken t o  o b t a i n  r eg ress ion  

r e s u l t s .  A m a t r i x  o f  dependent and independent v a r i a b l e s  was cons t ruc ted  so 

t h a t  t h e  combinat ion o f  v a r i a b l e s  which would bes t  p r e d i c t  t h e  measured scour 

depth cou ld  be determined. The c r i t e r i a  f o r  s e l e c t i n g  t h e  p r e d i c t i v e  equa t ion  

were i d e n t i f i e d  as f o l l ows :  

1. Use an equat ion  which had a  product  o f  powers form, s i n c e  a l l  p rev ious  
scour i n v e s t i g a t i o n s  had u t i l i z e d  t h i s  form. 

2. Se lec t  an equat ion  which had the  lowes t  mean square e r r o r  (MSE) i n  pre- 
d i c t i n g  t h e  observed da ta  c o l l e c t e d  i n  t h e  model t e s t s .  

3. I f  equat ions had equ i va len t  MSE values, those  which had t h e  fewest o r  
most p h y s i c a l l y  s i g n i f i c a n t  terms would be p re fe r red .  



Table 5.3. Comparison o f  E x i s t i n g  Scour -Pred ic t ion  Equat ions.  

V e r t i c a l  Face ---- 1:l Face - 3 : l  Face ---- 
Equat ion ss r ms e  s s r  ms e  s s r  ms e  

-- 
Veronese ( A )  4,158 134 12,983 519 557 8 3 

Veronese ( B )  437 14 1,270 ti 1 382 5 5 

S c h o k l i t s h  2,146 6 9 6,934 277 308 4 4 

Mar t i ns  (A) 1,014 3 3 512 2 1 568 81 

Mar t i ns  ( B )  249 8 6 18 25 572 8 2 

Chee and Kung 11,397 368 39,666 1,587 2,284 326 

Jaeger 83,879 2,705 344,533 13,781 23,835 3,405 

Darn1 e  7,668 247 21,120 844 4,482 640 

Mason and 
Arurnugarn 24,826 800 69,483 2,779 6,445 920 

Note: A l l  r e s u l t s  a re  i n  E n g l i s h  u n i t s .  



4. By examining t h e  va r i ous  combinat ions o f  v a r i a b l e s  i n  t h e  r eg ress i on  
equat ions,  a t tempt  t o  s e l e c t  an equa t ion  which most c l o s e l y  r e f l e c t s  t h e  
r e q u i r e d  p h y s i c a l  c o n s t r a i n t s  imposed by Froude number sca l  i ng c r i t e r i a ,  
w i t h o u t  o r i g i n a l l y  imposing c o n s t r a i n t s  o r  r eg ress i on  parameters.  

5. Se lec t  an equa t ion  which has terms and a  fo rm t h a t  convey a  p h y s i c a l  
r e p r e s e n t a t i o n  of t h e  scour proces r a t h e r  than  a  form which i s  obscure, 
a l l  o t he r  t h i n g s  be ing  equal. 

6. I n  t h e  f i n a l  phase o f  ana l ys i s ,  p l ace  t h e  r e q u i r e d  Froude number s c a l i n g  
c o n s t r a i n t s  on t h e  equa t ion  se lec ted  us i ng  t h e  p rev ious  c r i t e r i a  so t h a t  
t h e  p h y s i c a l  requ i rements  can be met. 

The m a t r i x  o f  reg ress ions ,  w i t h  t h e  r eg ress i on  r e s u l t s  i s  shown i n  Tab le  

5.4. Values shown a re  va lues  o f  t h e  parameters i n  t h e  genera l  equa t i on  anal -  

yzed i n  t h e  r eg ress i on :  

P P  P P d p  
P Hd 

Dsc = K q H dp Twd ( 1  (GI ($1 subP 

F igu re  5.1 shows t h e  r e l a t i o n s h i p  o f  t h e  v a r i a b l e s  g iven  on a  ske tch  of a  

g rade-con t ro l  s t r u c t u r e .  

As a n a l y s i s  o f  t h e  v a r i o u s  equa t ions  was made, t h r e e  da ta  s e t s  e x i b i t e d  

l a r g e  r e s i d u a l s  f o r  a l l  equat ions.  These da ta  s e t s  were again  examined f o r  

obse rva t i ona l  o r  o t h e r  e r r o r s .  A l l  t h r e e  had observed da ta  which was n o t  con- 

s i s t e n t  w i t h  t h e  r e s t  o f  t h e  t e s t  data.  These t h r e e  runs  were d e l e t e d  and t h e  

regress ions  i n  Tab le  5.4 were repeated. The d e l e t e d  runs  were a l l  i n  t h e  ve r -  

t i c a l  face ca tego ry  and t h e  subset thus formed f rom t h e  o r i g i n a l  da ta  con- 

t a i n e d  a  t o t a l  o f  75 runs. The j u s t i f i c a t i o n  f o r  d e l e t i n g  these runs  from t h e  

f i n a l  a n a l y s i s  i s  shown i n  Table  5.5. 

Examining Tab le  5.4, Equat ion "k" can be s e l e c t e d  as t h e  one which has 

t h e  bes t  p r e d i c t i o n s  u s i n g  t h e  fewes t  v a r i a b l e s  f o r  a l l  faces.  Equa t ion  "k" 

a l s o  shows t h e  combinat ion o f  v a r i a b l e s  which most c l o s e l y  meet t h e  Froude 

number s c a l i n g  c r i t e r i a ,  w i t h o u t  c o n s t r a i n t s .  Based on t h i s  s e l e c t i o n ,  

c o n s t r a i n t s  were imposed t o  e x a c t l y  meet Froude number sca l  i n g  c r i t e r i a ,  and 

t h e  use o f  a  m u l t i p l i c a t i v e  r eg ress i on  parameter was found t o  be n o t  needed 

and equa t ion  "y" was developed. Equat ion "y" i s  t h e  recommended equa t ion .  

A l though d imension less forms have v e r y  sma l l  mean square e r r o r s  (MSE) because 

t h e  maximum scour depth i s  d i v i d e d  b y  t h e  drop h e i g h t  o r  t a i l w a t e r  depths, t h e  

percentage of e r r o r  i n  p r e d i c t i o n  f o r  these equa t ions  a re  s l i g h t l y  l a r g e r  than 

t h e  percentage e r r o r  o f  p r e d i c t i o n  f o r  Equa t ion  "y", and i s  l e s s  i n t u t i t i v e  

because o f  t h e  d imensionaless fo rm o f  t h e  va r i ab l es .  Therefore,  Equa t ion  "y" 

remains t h e  recommended fo rm and i s  w r i t t e n :  



Table 5.4. Resu I t s  o f  Regresslon Anal ys Is. Estimates o f  Parameters I n  Regresslon Equation (5.5 1 .  

Dep. d p  H d H d 
Equation Faco Var. 9 Hd dp Twd 7;;6 lTT Sub K MSE Comments 

Vert  i ca l 
1 :1 
3: 1 

Ver t i ca l  
1 :I 
3: 1 

V e r t i c a l  
1 :I 
3: 1 

V e r t i c a l  
1 :1 
3: 1 

V e r t  i ca l 
1 :1 
3: 1 

Vert  i ca  l 
1:l 
3: 1 

Ver t  I ca l 
1:l 
3: 1 

Ver t  I ca  l 
1 :1 
3: I 

Ver t  1 ca l 
1:l 
3: 1 

Vert  I ca l 
1:l 
3: 1 

Ver t l ca l  
1:l 
3: 1 

O S C  0.368 
DSC 0.657 
Dsc 0.201 



Table 5.4. Results of Regresslon Analysls (Continued). 

Dep. d P Hd Hd 
Equatlon Face Var. 9 ti d d p  Twd Twa Sub K MSE Comments 

rn Vert I ca l Dsc 0.416 0.418 NA N A N A N A NA -0.18 1.54 4.94 01/86 
I :1 Dsc 0.627 0.133 NA NA N A N A NA -0.365 2.19 8.64 01/86 
3: 1 Dsc 0.086 1.15 NA NA N A N A NA -0.05 3.06 11.9 01/86 

n Vert l ca l Dsc 0.673 NA -0.038 NA N A 0.360 NA -0.262 1.72 1.91 01/86 
1:1 DSC 0.691 NA 0.070 NA N A 0.143 NA -0.243 1.27 8.4 01/86 
3: 1 N A 

o Vert l ca l 
I :1 
3: 1 

P Vert I ca l 
1 :I 
3: 1 

r Vert l ca l 
1 :1 
3: 1 

s Vert Ical 
I :1 
3: 1 



Tab le  5.4. Resu l ts  o f  Regresslon Ana lys ts  (Continued). 

Dep. d P H d Hd 
Equat lon  Face Var. 9 H d dp Twd Twa Twa Sub K MSE Cornrnen t s 

u V e r t l c a l  Dsc/dp 0.339 NA N A N A N A 0.544 NA 0.006 2.18 0.468 q2 
1 : l  Dsc/dp 0.293 NA N A N A N A 0.238 NA 0.033 2.11 1.23 - 
3.1 Dsc/dp NA N A N A N A N A NA ' NA N A NA NA gdp3 

v V e r t l c a l  Dsc/dp 0.339 NA NA NA N A 0.542 NA N A 2.23 0.453 q2 
1 : l  Dsc/dp 0.294 NA NA NA N A 0.229 NA N A 2.39 1.18 - 
3: 1 Dsc/dp NA N A N A N A N A N A N A N A NA NA gdp3 

w V e r t l c a l  Dsc/dp 0.1 30 NA NA NA N A N A 0.736 NA 1.90 0.491 02/86 
1 :l Dsc/dp 0.203 NA N A N A N A N A 0.306 NA 2.28 1.34 
3: 1 Dsc/dp NA N A N A N A N A N A N A N A NA NA 

x V e r t i c a l  Dsc/dp NA . N A NA NA N A N A N A N A NA NA 02/86 
1 :1 Dsc/dp 0.221 NA NA NA N A N A 0.256 -0.134 3.79 1.38 
3: 1 Dsc/dp NA N A NA NA N A N A N A N A NA NA 

Y V e r t  1 ca l Dsc 0.667 NA NA NA N A 0.411 NA -0.118 0.151 1.81 02/86 
1 :I Dsc 0.667 NA N A N A N A 0.158 NA -0.134 0.483 8.20 k 1s a 
3: 1 Dsc 0.667 NA NA NA N A 0.989 NA 0.161 0.011 9.30 cons tan t  



v 2  Y p  + d p )  
"2 

(YI + -- 
sub= Y ~ , x l O O  = - ~ l o o  . H g T =  2 9 H d  x 1 0 0 =  X l O O  

y1 y 1 y2 T w d  

Figure 5 . 1 .  Relationship o f  variables in prediction equations. 



T a b l e  5.5. Observed Data Sets  De le ted  From F i n a l  S t a t i s t i c a l  A n a l y s i s  
To Form a Subset o f  Test  Data. 

_ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ - - - _ I _ - - - - -  -- 
Run Reason f o r  O e l e t  i o n  

4 0  Downstream f l o w  i s  s u p e r c r i  t i c a l .  

Downstream wa te r  s u r f a c e  be low c r e s t  e l e v a t i o n  
c a u s i n g  a  submergence o f  l e s s  t h a n  zero. 

Downstream wa te r  s u r f a c e  be low c r e s t  e l e v a t i o n  
c a u s i n g  a  submergence o f  l e s s  t h a n  zero. 



I 0.667 
Dsc = C q  P1 . HdT Sub P2 

(5.6) 
// 

Where the  parameters t o  be used f o r  the  d i f f e r e n t  face angles a re  as shown 
below: 

Face C - p 1 - p 2 - 
V e r t i c a l  0.151 0.411 -0.118 

Equat ion 5.6, used i n  t h e  proper  a p p l i c a t i o n ,  w i l l  p r e d i c t  t he  scour  a t  

submerged g rade-con t ro l  s t r u c t u r e s  more a c c u r a t e l y  t han  any e x i s t i n g  p red i c -  

t i o n  equat ion. Use o f  t h i s  equat ion,  however, i s  n o t  recommended f o r  drop 

s t r u c t u r e s  w i t h  faces o f  3 : l  s lopes, s i nce  t h e  da ta  s e t  f o r  t h a t  f ace  con- 

t a i n e d  o n l y  11 observat ions.  However, s i nce  t h e  scour f o r  a  g iven  f l o w  con- 

d i t i o n  i s  s i g n i f i c a n t l y  increased as t h e  face s l ope  decreases, a  3 : l  face i s  

n o t  d e s i r a b l e  i n  any case. Th i s  equa t ion  f o r  3 : l  faces i s  presented t o  

r e f l e c t  t h e  r e s u l t s  and observa t ions  o f  t he  i n v e s t i g a t i o n .  

5.5 Performance o f  Equat ion Developed 

The c a l c u l a t i o n s  performed f o r  each reg ress ion  performed by t h e  BMDPAR 

a l g o r i t h i m  y i e l d s  ou tpu t  which descr ibes t h e  s t a t i s t i c a l  perforlnance o f  t h e  

rey ress ion  equat ion. The complete BMDPAR ou tpu t  f o r  equa t ion  5.6 i s  con ta ined  

i n  Appendix 0. The ou tpu t  con ta ins  t he  f o l l o w i n g  s i g n i f i c a n t  r e s u l t s :  i n p u t  

summary, r e s i d u a l  sum o f  squares us ing  se lec ted  parameters,  es t ima ted  c o r r e l a -  

t i o n  o f  r eg ress ion  parameters, est imated s tandard d e v i a t i o n s  o f  r ey ress ion  

parameters, est imated mean square e r r o r ,  summary o f  r eg ress ion  v a r i a b l e s ,  

observed dependent v a r i a b l e  Dsc ( l a b e l e d  sx i n  BMDPAR), r e s i d u a l s  f o r  each 

observa t ion ,  t he  Cook's d i s t ance  f o r  each obse rva t i on  and t h e  s tandard 

d e v i a t i o n  o f  each p r e d i c t i o n .  

Table 5.6a shows t h e  es t imated  standard d e v i a t i o n  o f  t h e  parameter e s t i -  

mates. Table 5.6b shows t h e  t value and l e v e l  o f  de te rm ina t i on  o f  each 

parameter es t ima te  (Ratkowski, 1983, p.33). Tab le  5.7 shows t h e  es t imated  

c o r r e l a t i o n  o f  t h e  parameters. The concept o f  a  con f idence  1  i m i t  f o r  p red i c -  

t i o n s  o f  r eg ress ion  equat ions i s  a  use fu l1  one. The con f idence  l i m i t  f o r  t h i s  

s tudy  was chosen t o  be t h e  95 percent  upper l i m i t .  Th i s  w i l l  determine t h e  



T a b l e  5.6a. Standard  D e v i a t i o n s  o f  Parameter E s t i m a t e s  
F o r  Equa t ions  5.6 and 5.7. 

Degrees o f  
Face 1 2 Freedom 

-- - 

V e r t i c a l  0.047 0.015 3  3  

Note:  C i s  a  c o n s t a n t ,  n o t  a  r e g r e s s i o n  parameter .  

T a b l e  5.6b. L e v e l s  o f  D e t e r m i n a t i o n  and t va lues  f o r  
Parameter  E s t i m a t e s  f o r  Equa t ions  5.6 and 
5.7. 

Face a1 P2 a1 

V e r t i c a l  8.74 0.999 7.87 0,999 

1 a i s  c o n s i d e r e d  t o  be t h e  l e v e l  o f  
d e t e r m i n a t i o n  o f  t h e  parameter.  

2 p r e d i c t i o n s  f o r  3 : l  f a c e  a r e  n o t  
recommended i n  t h i s  s tudy .  



T a b l e  5.7. C o r r e l a t i o n  o f  Parameter E s t i m a t e s  o f  
E q u a t i o n  5.6 as C a l c u l a t e d  by  BMDPAR. 

Face P  1 2 
_ _ _ _ _ _ _ _ _ _ _ _ _  -_-___-- 

V e r t i c a l  



ex ten t  o f  scour p r e d i c t i o n s  f o r  which t h e r e  i s  a  95 percen t  p r o b a b i l i t y  t h a t  a  

g iven  p r e d i c t i o n  w i l l  f a1  1  below t h a t  value. 

The c a l c u l a t i o n  o f  con f idence  from smal l  da ta  s e t s  r e q u i r e s  es t imat ions .  

The conf idence l i m i t  i s  a f f ec ted  by two components, t h e  v a r i a b i l i t y  o f  t he  

observed scour depth about t h e  p r e d i c t i o n ,  and t h e  v a r i a t i o n  o f  p r e d i c t i o n  

based on t h e  u n c e r t a i n i t y  o f  t h e  parameter est imates.  S ince t h e  s tandard 

d e v i a t i o n  o f  each p r e d i c t i o n  w i l l  depend on t he  va lue  o f  t h e  r eg ress i on  

va r i ab l es ,  t h e  exac t  conf idence l i m i t  would vary f o r  each p r e d i c t i o n  and would 

i n v o l v e  a  l e n g t h l y  complex c a l c u l a t i o n .  To p rov i de  a more e a s i l y  a p p l i e d  con- 

f idence l i m i t ,  s i m p l i f i c a t i o n s  were made. The se t  o f  s tandard d e v i a t i o n s  o f  

each p r e d i c t i o n  was s i m p l i f i e d  t o  be represented by a s i n g l e  s tandard 

d e v i a t i o n  c a l l e d  t h e  upper s tandard d e v i a t i o n  (au). T h i s  va lue  was se lec ted  

as t h e  l a r g e s t  s tandard d e v i a t i o n  o f  a l l  p r e d i c t i o n s  f o r  each category .  The 

c a l c u l a t i o n  o f  t h e  con f idence  l i m i t  was then  made by adding t h e  upper s tandard 

d e v i a t i o n ,  squared, f o r  each f ace  category  t o  the  mean square e r r o r  f o r  each 

face. The square r o o t  o f  t h e  va lue  was then m u l t i p l i e d  by t h e  one-sided 95 

percen t  t - v a l u e  t o  o b t a i n  t h e  cons tan t  a d d i t i v e  1  i m i t  f o r  each face, c a l  l e d  

K95- 
T h i s  was used i n  t h e  equat ion:  

t o  d e f i n e  t h e  approximate ( s i m p l i f i e d )  upper 95 pe rcen t  con f idence  l i m i t  f o r  

each scour p r e d i c t i o n .  Due t o  t h e  conserva t i ve  na tu re  o f  t h e  assumptions made 

t o  c a l c u l a t e  t h e  
Kg5 

t h e  r e a l  conf idence o f  a  p r e d i c t i o n  u s i n g  Equa t ion  5.7 

can be expected t o  be g r e a t e r  t han  95 percent .  Table 5.8 shows t h e  va lues and 

c a l c u l a t i o n  o f  t h e  Kg5 f o r  use i n  Equat ion 5.7. 

The g raph i ca l  r e p r e s e n t a t i o n  f o r  t h e  performance o f  Equa t ion  5.6 i s  shown 

i n  F igures  5.2, 5.3, and 5.4 f o r  each face  slope. F i gu res  5.5, 5.6, and 5.7 

show t h e  comparison o f  p r e d i c t e d  t o  measured scour depths based on t h e  con- 

f i dence  l i m i t s  g i ven  i n  Equa t ion  5.7. 

Due t o  t h e  n a t u r e  o f  non - l i nea r  r eg ress i on  a n a l y s i s ,  t h e  r e s i d u a l s  o f  

Equat ion 5.6 a re  n o t  (and n o t  expected t o  be) normal (Ratkowski ,  1983, p. 17). 

Th i s  does n o t  negate t h e  a p p l i c a b i l i t y  o f  e i t h e r  Equa t ion  5.6 o r  5.7. 

5.5.1 Compari son o f  Developed Equat ion Wi th  E x i s t i n g  Equat ions 

Table  5.9 p resen ts  t h e  comparison o f  t h e  n i n e  e x i s t i n g  equa t ions  used i n  

t h e  p r e p a r a t i o n  o f  Table  5.3, w i t h  t h e  a d d i t i o n  o f  t h e  equa t i on  developed i n  



Tab le  5.8. C a l c u l a t i o n  o f  Approximate Upper 95-Percent Confidence 
L i m i t  For  Use i n  Equat ion 5.7. 

Upper Standard 
Degrees of  D e v i a t i o n  o f  

Face Freedom t95 MSE Predi  c t  i on ( ou) 5 

V e r t i  c a l  3 3 1.70 1.81 0.60 2.50 f t  

112 

5 
= [MSE + ou21 t95 



MEASURED SCOUR DEPTH (Ft.) 
VERTICAL SLOPE 

Figure 5 .2 .  Predicted scour depth using Equation 5 .6  
versus measured scout depth for vertical 
face slope. 



MEASURED SCOUR DEPTH ( ~ t . 1  
1:1 FACE SLOPE 

F i g u r e  5.3. P r e d i c t e d  scour  d e p t h  u s i n g  E q u a t i o n  5.6 ve rsus  
measured scour  d e p t h  f o r  1 :1 f a c e  s l o p e  



MEASURED SCOUR' DEPTH ( ~ t . 1 '  
3:1 FACE SLOPE 

Figure 5.4.  Predicted scour depth using Equation 5.6 versus 
measured scour depth fo r  3 : l  face slope. 



MEASURED SCOUR D E P T H  (FT.) 
VERTICAL S L O P E  

Figure 5.5. Predicted scour depth using Equation 5.7 versus 
measured scour depth for  vertical face slope. 



MEASURED SCOUR D E P T H  (FT.) 

1:1 FACE SLOPE 

Figure 5 . 6 .  Predicted scour depth using Equation 5.7 versus measured 
scour depth for 1 :1 face s l o p e .  



MEASURED SCOUR D E P T H  (FT.)  
3:1 FACE SLOPE 

Figure 5 .7 .  Predicted scour depth using Equation 5.7  versus measured 
scour depth for 3 : l  face slope. 



t h i s  study. The sma l l e r  observed data subset i s  used i n  t h e  p r e p a r a t i o n  o f  

Table  5.9. P r i o r  t o  t h i s  s tudy,  scour f o r  g rade-con t ro l  s t r u c t u r e s  was pre-  

d i c t e d  us i ng  t h e  Veronese ( 0 )  Equat ion i n  many cases. To i l l u s t r a t e  t h e  

improvement o f  p r e d i c t i o n  o f  scour us i ng  Equat ion 5.6 i n  comparison t o  t he  

Veronese ( 8 )  Equat ion,  F igures  5.8, 5.9, and 5.10 show the  measured scour 

depth and p r e d i c t e d  scour depth f o r  the  t h r e e  face slopes. I n  a l l  cases, 

Equat ion 5.6 p rov ides  p r e d i c t i o n s  which a re  c l o s e r  t o  t h e  measured scour than  

t h e  Veronese ( 0 )  p r e d i c t i o n s .  

5.6 D iscuss ion  o f  Resu l t s  

The s t a t i s t i c a l  a n a l y s i s  o f  t h e  exper imenta l  da ta  i n d i c a t e s ' t h a t  t h e  drop 

h e i g h t  (dp)  a lone  i s  no t  a  s i g n i f i c a n t  f a c t o r  when H, Sub, and Twd a re  i n c o r -  

po ra ted  i n t o  t h e  equat ion.  Th i s  observa t ion  i s  conf i rmed by t h e  da ta  which 

i n d i c a t e s  a  minor i nve rse  r e l a t i o n s h i p  o f  dp t o  scour. It i s  a l s o  concep- 

t u a l l y  acceptab le ,  s ince  ( f o r  a  g i ven  submergence l e v e l )  as t h e  drop inc reases  

t h e  t a i lwa l t e r  depth increases,  and t he  depth o f  t h e  t a i l w a t e r  a l s o  has an 

i n v e r s e  r e l a t i o n s h i p  t o  t h e  e r o s i v e  fo rces  d i r e c t e d  a t  t he  scour h o l e  (e.g., 

t h e  v e l o c i t y  i s  reduced).  Th i s  seems t o  j u s t i f y  t h e  removal o f  t h e  dp by 

i t s e l f  as a  v a r i a b l e  i n  t h e  p r e d i c t i o n  equat ion.  

The o v e r a l l  form o f  t h e  p r e d i c t i o n  equa t ion  remains t h e  same f o r  a l l  

t h r e e  faces; however, t h e  va lues o f  a l l  parameters change f o r  each face. Two 

r e l a t i o n s h i p s  seem impor tan t .  F i r s t ,  t h e  depth o f  scour increases as t h e  face 

s lope  o f  t he  g rade-con t ro l  s t r u c t u r e  f l a t t e n s  ( i .e., a  v e r t i c a l  f ace  min imizes 

scour depth) f o r  a  g i ven  f l o w  cond i t i on .  Second, t h e  v a r i a b i l i t y  o f  t h e  

observed da ta  i n  r e l a t i o n  t o  t h e  bes t  p r e d i c t i o n  inc reases  as t h e  s l ope  o f  t h e  

grade-cont ro l  face  f l a t t e n s .  Based upon t h e  observed behav io r  o f  t h e  f l o w  

d u r i n g  t h e  t e s t  runs, i t  appears t h a t  t h e  scour process changes f o r  t h e  1:l 

and 3: 1 face s lopes as submergence changes. For  low-su'bmeryence c o n d i t i o n s ,  

t h e  f l o w  over  t h e  g rade-con t ro l  s t r u c t u r e  c r e s t  i s  guided i n t o  t h e  channel 

bed, which would seem t o  i nc rease  t he  scour. For  these  f l a t t e r  s lopes w i t h  

high-submergence c o n d i t i o n s ,  t h e  t a i l w a t e r  on t h e  g rade-con t ro l  s t r u c t u r e  face 

i n h i b i t s  t h e  f l o w  down t h e  face  ( i . . ,  d i s r u p t s  t h e  two-dimensional  j e t  

qu i cke r ) .  The v a r i a t i o n  then must encompass t h e  scour  caused by d i f f e r e n t  

f l o w  cond i t i ons .  However, t h e  v a r i a t i o n  shown f o r  t h e  equat ions developed i n  

t h i s  s tudy f o r  t h e  1:l face  i s  s t i l l  l e s s  than t h e  bes t  p rev ious  p r e d i c t i o n  o f  



Table 5.9. Comparison o f  Scour P r e d i c t i o n  Equat ions.  

V e r t i c a l  Face 1:1 Face 
Equat ion s s r  rns e s s r  ms e 

3:l  Face 
s s r  rns e  

Veronese (A) 4,158 134 12,983 519 557 83 

Veronese (B)  

S c h o k l i t s h  

M a r t i n s  (A)  

M a r t i n s  (B)  

Chee and Kung 

Jaeger 

Dam1 e  

Mason and 
Arurnugam 

Equat ion 5.6 

Note: A l l  r e s u l t s  a re  i n  E n g l i s h  u n i t s .  



MEASURED SCOUR DEPTH (Ft.) 
VERTICAL FACE SLOPE 

F i g u r e  5.8. Comparison o f  p r e d i c t i o n s  f o r  Equa t ion  5 .6  
and Veronese ( B ) .  



MEASURED SCOUR DEPTH (Ft.) 
1:1 FACE SLOPE 

F igu re  5.9. Comparison o f  p r e d i c t i o n s  f o r  Equa t ion  5 .6  and Veronese 
I n \  



MEASURED SCOUR' DEPTH ( ~ t . 1 '  
3:1 FACE SLOPE 

Figure  5.10.  Comparison o f  p r e d i c t i o n s  f o r  Equat ion 5 .6  and 
Veronese ( B ) .  



faces i s  n o t  ex tens i ve  enough t o  make accura te  p r e d i c t i o n s .  The conc lus ion,  

however, i s  t h a t  3:l face i s  n o t  d e s i r a b l e  s i nce  i t  causes l a r g e r  scour depths 

(and would r e q u i r e  more c o n s t r u c t i o n  m a t e r i a l )  than  e i t h e r  a  v e r t i c a l  o r  1:l 

face. 

The equat ion  developed i s  t he  product  o f  powers o f  va r i ab les .  Th i s  form 

o f  equa t ion  i m p l i e s  t h a t  a l l  v a r i a b l e s  must be p o s i t i v e  and non-zero. Th i s  

has t he  most s i g n i f i c a n t  impact on t h e  submergence va r i ab le .  Two con- 

s i d e r a t i o n s  must be made when app l y i ng  t h e  submergence f a c t o r  i n  e i t h e r  

Equat ion 5.6 o r  5.7. F i r s t ,  i f  f l o w  depths downstream o f  t h e  grade-cont ro l  

s t r u c t u r e  a r e  l e s s  than t h e  drop. he igh t ,  zero o r  l e s s  than  zero submergence 

w i l l  r e s u l t .  Under these cond i t i ons  t he  equa t i on  w i l l  n b t  g i v e  c o r r e c t  

r e s u l t s .  Second, t h e  equat ion  was developed f rom da ta  which had a l l  b u t  two 

observa t ions  a t  a  submergence l e v e l  above 15 percent .  There fo re ,  t h e  equat ion  

should,  i d e a l l y ,  o n l y  be a p p l i e d  t o  f l ow  s i t u a t i o n s  w i t h  submergences above 15 

percent .  Submergences between one percent  and 15 pe rcen t  c o u l d  be analyzed 

w i t h  t h d  equat ion,  bu t  t h e  r e s u l t s  should be cons idered  l e s s  c e r t a i n  than  

r e s u l t s  f rom f l o w  w i t h  submergences o f  more than  15 percent .  Th i s  r e d u c t i o n  

i n  accuracy f o r  f l ows  w i t h  submergence l ess  t han  15 percen t  i s  r e f l e c t e d  i n  

t h e  upper 95 percen t  conf idence bound g iven  i n  Equat ion  5.7. S i m i l a r  problems 

w i t h  t h e  o t h e r  v a r i a b l e s  i n  t h e  equat ion a re  avoided, s i n c e  i f  HdT o r  q, i s  

zero,  no scour would be p red ic ted .  



V I .  SUMMARY 

P r i o r  t o  t h i s  study, no p r e d i c t i o n  equat ion e x i s t e d  which had been deve l -  

oped f o r  p r e d i c t i n g  t h e  maximum scour depth downstream o f  submerged grade- 

c o n t r o l  s t r u c t u r e s .  Using scaled, phys ica l ,  h y d r a u l i c  model data, a  new 

equat ion has been developed t o  p r e d i c t  scour a t  g rade-con t ro l  s t r u c t u r e s .  

Approximate 95 percent  upper-conf idence l i m i t s  f o r  t h e  equat ion  were developed 

assuming n e a r l y  normal behav io r  f o r  the  p r e d i c t i o n  res idua l s .  The developed 

equat ion (Equat ion 5.6) s i g n i f i c a n t l y  improves t h e  p r e d i c t i o n  o f  scour a t  sub- 

merged g rade-con t ro l  s t r u c t u r e s  when compared t o  n i n e  o t h e r  p r e v i o u s l y  devel -  

oped scour equat ions. 

The developed equat ion  p r e d i c t s  t he  s c o u r l r e s u l t i n g  f rom a cons tan t  f l ow 

a c t i n g  u n t i  1  t h e  quas i -equi  1  i br ium scour depth i s  achieved. The equat ion  must 

be used t o  examine t h e  scour  o f  a  range o f  f l o w s  (i .e., a hydrograph),  s i nce  

the  peak d ischarge may n o t  cause t h e  maximum scour. T h i s  s tudy  i n d i c a t e s  t h a t  

f o r  a  g iven f l o w  c o n d i t i o n ,  scour increases as t he  f ace  s lopes of grade- 

c o n t r o l  s t r u c t u r e s  f l a t t e n s .  The use o f  f a c e  s lopes f l a t t e r  than 1:l f o r  

grade-cont ro l  s t r u c t u r e s  i s  n o t  recommended. 

Equat ion 5.7, which i nc l udes  t h e  con f idence  l i m i t ,  i s  w r i t t e n  as: 

f o r  v e r t i c a l  faces, 

f o r  1:l faces, 

f o r  3 : l  faces, 

0.667 HdT 0.989 sub 0.161 + 6 -83  k c g 5  = 0.011 q (6.3) 

These equat ions are developed f o r  use w i t h  f l o w  s i t u a t i o n s  which have 

submergence l e v e l s  g r e a t e r  than 15 percent.  Submergences of f l ow g r e a t e r  than  

zero, bu t  l e s s  than 15 pe rcen t  should be analyzed w i t h  cau t i on .  P ro to t ype  

discharges o f  between 25 and 400 c f s l f t  were modeled w i t h  HdT va lues of be- 

tween 3 and 96 percent.  P r e d i c t i o n s  f o r  3 : l  f a c e  s l ope  s t r u c t u r e s  a r e  n o t  

recommended. The v a r i a b l e s  i n  Equat ions 6.1, 6.2, and 6.3 can be expressed i n  
1 

equ i va len t  form us ing  h y d r a u l i c  v a r i a b l e s  o f  t h e  upstream and downstream f low. 

These equ i va len t  forms a r e  g iven  t o  a l l o w  users o f  t h e  equa t ion  t o  s e l e c t  t h e  

form which i s  most convenient  t o  use, and t o  a l l o w  users  t o  understand how t h e  

va r i ab les  used i n  t h e  more compact form a re  ca l cu la ted .  



The equ i va len t  form f o r  v e r t i c a l  faces i s :  

0.411 

0.667 k- y2 + P + y12 29 

Dscg5 = 0.151 q -- x  100 
2  

-0.118 

+ 2.50 

The equ i va len t  form f o r  1:l face i s :  

Fo r  3 : l  faces t h e  equ i va len t  form is :  

\ 

The geometry o f  t h e  scour ho les  i s  descr ibed  us ing  r e l a t i o n s h i p s  repo r ted  by 

Farhoudi and Smith (1985). The scour h o l e  r e l a t i o n s h i p s  a re  in tended t o  pro- 

v i d e  an es t imate  o f  t he  maximum ex ten t  f o r  t h e  scour  downstream from t h e  

g rade-con t ro l  s t r u c t u r e .  These re1 a t i o n s h i  ps are:  

XDsc = 4.8 Dsc 

and 

XMax = 9.8 Dsc 
I 

These scour-ho le  geometry r e l a t i o n s h i p s  shou ld  n o t  be used f o r  g rade-con t ro l  

s t r u c t u r e s  w i t h  face slopes f l a t t e r  than 1:l. 



V I I .  EXAMPLE APPLICATION 

To i l l u s t r a t e  t he  use o f  Equat ion 5.6 and Equat ion 5.7 t o  p r e d i c t  the 

maximum depth o f  scour, t h i s  s e c t i o n  p resen ts  a  h y p o t h e t i c a l  example. 

7.1 Procedure 

To use Equat ion 5.6, the  h y d r a u l i c s  o f  t h e  channel must be known f o r  the  

range o f  f l ows  i n  t he  des ign hydrograph. The drop h e i g h t  must a l s o  be known, 

as w e l l  as what t he  face s lope w i l l  be. For  t h i s  example, t h e  drop he igh t  

w i l l  be assumed t o  be f ou r  f e e t ,  and t he  face  s l ope  w i l l  be v e r t i c a l .  

Assuming t h e  des ign hydrograph can be adequate ly  represented by s i x  d i s c r e t e  

f 1 ows, t h e  f o l  1 owing bval ues are developed 

Stream Discharge Channel Width U n i t  D i  scharye 
T i  me ( c f s )  ( f t )  ( c f s / f t )  

1 hour 11,250 
2 hours 15,750 
3 hours 39,100 
5 hours 60,450 
7 hours 92,000 
9 hours 138,000 

For  t h e  h y d r a u l i c s  assume the  f o l l o w i n g :  

v2 
U n i t  Di  scharge Flow Depth Y 1 +  - Flow Depth 

( c f s / f t )  .Upstream 29 Downstream ( Y 2 )  

From which t h e  requ i red  v a r i a b l e s  f o r  s u b s t i t u t i o n  i n t o  Equat ion 5.6 can 

be developed and t h e  maximum depth o f  scour  ca l cu la ted .  



9 Hd Twd Hd T Sub Dsc 
( c f s l f t )  ( f t )  ( f t )  ( % I  (Percen t )  ( f t  

Using Equat ion 5.7 t o  c a l c u l a t e  t h e  95-percent upper conf idence band, t h e  f o l -  

1 owing va lues are obta ined:  

4  Dsc 
( c f s / f t )  

Osc95 
( f t )  ( f t )  

Th is  h y p o t h e t i c a l  example i n d i c a t e s  t h a t  i n  t h i s  case t h e  maximum scour  depth 

i s  caused by t h e  peak d ischarges  and i s  equal t o  14.70 f e e t .  The 95-percent 

upper conf idence band f o r  t h i s  c a l c u l a t e d  scour i s  17.20 f e e t  o f  scour.  
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