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I. INTRODUCTION - - - -- - - 
The r i g i d  boundary c o n d i t i o n s  upon which most f l o o d  c o n t r o l  s t u d i e s  a r e  

c u r r e n t l y  based do n o t  acknowledge t h e  p o t e n t i a l  f o r  r i v e r  systems t o  move 

b o t h  l a t e r a l l y  and v e r t i c a l l y .  F a i l u r e  t o  address t h i s  prob lem i n  t h e  d e s i g n  

and c o n s t r u c t i o n  o f  f l o o d  c o n t r o l  p r o j e c t s ,  b r i d g e s  o r  o t h e r  s t r u c t u r e s  

l o c a t e d  w i t h i n  a  f l o o d  p l a i n  can l e a d  t o  t h e i r  p remature  d e s t r u c t i o n  o r  obso- 

lescence.  Recogn iz ing  t h i s  d e f i c i e n c y  i n  t y p i c a l  des ign  procedures,  t h e  

A r i z o n a  Department o f  Water Resources i n i t i a t e d  development o f  t h i s  des ign  

manual. 

The purpose o f  t h i s  des ign  manual i s  t o  p r e s e n t  techn iques  and procedures 

t h a t  may be used t o  make a  thorough e n g i n e e r i n g  a n a l y s i s  o f  m a j o r  f l u v i a l  

systems i n  o r d e r  t h a t  t h e  n a t u r a l  processes a s s o c i a t e d  w i t h  such systems can 

be accounted f o r  i n  t h e  des ign  o f  f l o o d  c o n t r o l  p r o j e c t s .  The impor tance  o f  

t h i s  i s  v i v i d l y  i l l u s t r a t e d  by  t h e  photographs i n  F i g u r e s  1.1 t o  1.4. 

F i g u r e s  1.1 (Pantano Wash - Tucson, A r i z o n a )  and 1.2 ( R i l l i t o  R i v e r  - 
Tucson, A r i z o n a )  i l l u s t r a t e  t h e  l a t e r a l  m i g r a t i o n  t h a t  can occur  d u r i n g  a  

f l o o d .  I n  p a r t i c u l a r ,  t h e  power l i n e  p o l e s  o f  F i g u r e  1.1 i l l u s t r a t e  t h e  

e x t e n t  o f  l a t e r a l  ~ n i g r a t i o n  p o s s i b l e  d u r i n g  a  s i n g l e  f l o o d .  F i g u r e s  1 .3  

(Santa  Cruz R i v e r  - Tucson, A r i z o n a )  and 1.4 ( R i l l i t o  R i v e r  - Tucson, A r i z o n a )  

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

event .  I n  F i g u r e  1.3, t h e  C o r t a r o  Farms Road b r i d g e  was c o m p l e t e l y  des t royed ,  

and i n  F i g u r e  1.4 a  townhome i s  on t h e  verge o f  f a l l i n g  i n t o  t h e  r i v e r .  The 

s i t u a t i o n s  i l l u s t r a t e d  a1 1  developed d u r i n g  t h e  October  1983 f l o o d i n g  i n  

s o u t h e a s t e r n  Ar i zona .  The need f o r  an e n g i n e e r i n g  a n a l y s i s  i n  o r d e r  t o  p r e -  

d i c t  f l u v i a l  system response, and t o  des ign  adequate m i t i g a t i n g  measures t h a t  

w i l l  p r e v e n t  o r  l i m i t  t h e  dangers i l l u s t r a t e d  i n  F i g u r e s  1.1 t o  1.4, i s  s e l f -  

e v i d e n t .  

I n f o r m a t i o n  i n  t h i s  manual addresses t h e  dynamics o f  watershed and chan- 

n e l  systems c o n s i d e r i n g  h y d r o l o g i c ,  h y d r a u l i c ,  geomorphic, e r o s i o n  and sed i -  

m e n t a t i o n  aspec ts .  The emphasis i s  p laced  upon p r a c t i c a l  i m p l e m e n t a t i o n  o f  

s t a t e - o f - t h e - a r t  t echno logy  i n  i d e n t i f y i n g ,  e v a l u a t i n g  and d e s i g n i n g  f o r  t h e  

n a t u r a l  processes a s s o c i a t e d  w i t h  ma jo r  f l u v i a l  systems. Depending upon eng i -  

n e e r i  ng judgment and p r o j e c t  economics, t h e  p r i n c i p l e s  d i scussed  h e r e i n  can 

a l s o  be a p p l i e d  t o  t h e  d e s i g n  o f  smal l  conveyance d ra inage  systems. Only t h a t  

i n f o r m a t i o n  cons ide red  a b s o l u t e l y  e s s e n t i a l  t o  unders tand ing  t h e  b a s i c  t h e o r y  

o f  t h e  a p p l i c a t i o n  p rocedures  has been presented,  w h i l e  o t h e r  r e l e v a n t ,  b u t  



Figure 1.1. View from the Speedway Blvd. bridge 
looking upstream along the east bank 
of the Pantano Wash, Tucson, Arizona 
(Photo date: OctoSer,1983). 



Figure 1.2. View from south bank iooking 
northwest toward the First 
Avenue bridge over the Riilito 
River, Tucson, Arizona 
(Photo date: October, 1983). 



Fiqure 1.3. View from east bank lookinq west 
across the Cortaro Road bridge 
at the Santa Cruz River, Tucson, 
Arizona 
(Photo date: October, 1983). 



Figure 1.4.  View from t h e  west bank looking 
nor theas t  across  t h e  R i l l i t o  River ,  
Tucson, Arizona 
(Photo da te :  October,  1983). 



n o n - e s s e n t i a l ,  i n f o r m a t i o n  has been c i t e d  by r e f e r e n c e  o n l y .  T h i s  approach 

a l l o w s  t h e  u s e r  who m i g h t  be i n t e r e s t e d  i n  d e t a i l s  t o  l o c a t e  t h e  d e s i r e d  

i n f o r m a t i o n ,  w h i l e  a l l o w i n g  t h o s e  who a r e  n o t  so i n t e r e s t e d  i n  d e t a i l s  t o  

e f f i c i e n t l y  proceed t h r o u g h  t h e  des ign  process.  

Des ign manual o r g a n i z a t i o n  p r o v i d e s  a  l o g i c a l  sequence o f  s t e p s  t o  gu ide  

t h e  u s e r  f rom s t a r t  t o  f i n i s h ,  b o t h  t h r o u g h  i n d i v i d u a l  e lements  o f  a  s i n g l e  

d e s i g n  and t h e  o v e r a l l  i n t e g r a t i o n  o f  many e lements  o f  a  comprehensive f l u v i a l  

system a n a l y s i s  and d e s i g n  e f f o r t .  H y d r o l o g i c  A n a l y s i s  (Chap te r  111) i s  t h e  

f i r s t  ma jo r  a n a l y s i s  a f t e r  General  Design C o n s i d e r a t i o n s  (Chap te r  1 1 ) .  A f t e r  

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

H y d r a u l i c  A n a l y s i s  o f  F l u v i a l  Channels (Chap te r  I V )  i s  a v a i l a b l e .  S i m i l a r l y ,  

r e s u l t s  o f  t h i s  a n a l y s i s  a r e  r e q u i r e d  p r i o r  t o  Sediment T r a n s p o r t  A n a l y s i s  

(Chap te r  V) .  Chapter  V completes t h e  a n a l y s i s  component, p r o v i d i n g  t h e  base- 

l i n e  d a t a  and knowledge necessary  f o r  a p p l i c a t i o n  o f  v a r i o u s  channel  des ign  

t e c h n i q u e s  d i scussed  i n  Chapter V I .  To i l l u s t r a t e  t h e  i n t e g r a t i o n  of i n f o r -  

m a t i o n  r e s u l t i n g  f rom each c h a p t e r ,  a  comprehensive des ign  example i s  g i v e n  i n  

Chapter  V I I .  

The des ign  manual i s  t a r g e t e d  f o r  use by p r a c t i c i n g  e n g i n e e r s  i n  t h e  

w a t e r  resources  f i e l d ,  o r  o t h e r  i n d i v i d u a l s  w i t h  e q u i v a l e n t  knowledge o r  

t r a i n i n g .  Consequent ly ,  an unders tand ing  o f  t h e  b a s i c  concep ts  o f  hydro1 ogy 

and h y d r a u l i c s  has been assumed. Only t h a t  i n f o r m a t i o n  necessary  o r  e s s e n t i a l  

t o  a n a l y s i s  o f  sed iment  t r a n s p o r t  i s  rev iewed  and/or  p r o v i d e d  i n  Chapters  I 1 1  

and I V ,  r e s u l t i n g  i n  a  b r i e f ,  h i g h l y - s p e c i a l i z e d  t r e a t m e n t  o f  t h e  s u b j e c t .  

Shou ld  a d d i t i o n a l  i n f o r m a t i o n  be r e q u i r e d  on genera l  concep ts ,  t h e  u s e r  i s  

r e f e r r e d  t o  any h y d r o l o g y  and/or  h y d r a u l i c s  t e x t b o o k .  

I n  c o n t r a s t ,  s u b j e c t  m a t e r i a l  i n  Chapter  V on Sediment T r a n s p o r t  A n a l y s i s  

i s  p resen ted  i n  more d e t a i l .  B e g i n n i n g  w i t h  Subsec t ion  5.2, each s u b s e c t i o n  

c o n s i s t s  o f  t h r e e  e lements :  DISCUSSION, APPLICATION, and EXAMPLE. The d i  s- 

c u s s i o n  m a t e r i a l  b r i e f l y  d e s c r i b e s  t h e  u s e f u l n e s s  o f  t h e  methodology and p re -  

s e n t s  r e l e v a n t  t h e o r y  and equa t ions .  The appl i c a t i o n s  m a t e r i a l  p r e s e n t s  

i n f o r m a t i o n  necessary  t o  a p p l y  t h e  methodology i n c l u d i n g  r u l e s  o f  thumb and 

reasonab le  parameter  v a l u e s .  F i n a l l y ,  an example i s  p resen ted .  T y p i c a l l y ,  i t  

r e p r e s e n t s  a  s i m p l i s t i c  case o n l y  i n t e n d e d  t o  i l l u s t r a t e  key p o i n t s ;  however, 

when p r a c t i c a l ,  t hese  examples a r e  based on case h i s t o r i e s .  



11. GENERAL DESIGN CONSIDERATIONS -- - 
2.1 Channel and Watershed Response - - - -- - - - - 

A g e n e r a l i z e d  d e f i n i t i o n  o f  t h e  i d e a l i z e d  f l u v i a l  system i s  t h e  t h r e e -  

zone d e s c r i p t i o n  p r o v i d e d  by Schumm (1977) .  I n  t h i s  d e s c r i p t i o n ,  Zone 1 i s  

t h e  d ra inage  b a s i n ,  watershed, o r  sediment source area;  Zone 2 i s  t h e  t r a n s f e r  

zone; and Zone 3 i s  t h e  sediment s i n k ,  o r  r e g i o n  o f  d e p o s i t i o n .  The t h r e e  

s u b d i v i s i o n s  a r e  based on t h e  predominant  processes o c c u r r i n g  i n  each, s i n c e  

sed iments  a r e  s t o r e d ,  eroded, and t r a n s p o r t e d  i n  a l l  zones. Zone 1 i n v o l v e s  

p r i m a r i l y  t h e  upper  watershed and v a r i o u s  t r i b u t a r y  watersheds t h a t  c o n t r i b u t e  

t o  t h e  channel  network  o f  Zone 2. Zone 3 concerns p r i m a r i l y  t h e  c o a s t a l  

r e g i o n ,  s i n c e  t h i s  i s  c o n s i d e r e d  t h e  u l t i m a t e  d e p o s i t i o n  zone. Consequent ly ,  

i n  t h e  a n a l y s i s  o f  i n l a n d  watersheds,  such as those  o f  A r i zona ,  Zone 3 i s  n o t  

o f  immediate impor tance and t h e  f l u v i a l  system i s  o f t e n  r e d e f i n e d  as t h e  

i n t e r a c t i o n  o f  t h e  watershed and t h e  a l l u v i a l  channel  network .  F i g u r e  2.1 

p r o v i d e s  a conceptua l  drawing o f  t h e  f l u v i a l  system as d e f i n e d .  

L i m i t i n g  ou r  scope t o  t h i s  d e f i n i t i o n  o f  t h e  f l u v i a l  system s t i l l  d e f i n e s  

a h i g h l y  complex system i n v o l v i n g  t h e  i n t e r a c t i o n  o f  many n a t u r a l  p rocesses.  

These n a t u r a l  processes,  o f t e n  r e f e r r e d  t o  as p h y s i c a l  processes,  govern t h e  

response o f  t h e  f l u v i a l  system t o  v a r i o u s  i n p u t s  and/or  d i s t u r b a n c e s .  The two 

p r i m a r y  i n p u t s  a r e  c l i m a t i c  f a c t o r s  and man's a c t i v i t i e s .  The most i m p o r t a n t  

c l i m a t i c  f a c t o r  f o r  e r o s i o n / s e d i m e n t a t i o n  ana lyses  i s  p r e c i p i t a t i o n ,  i n  t h e  

fo rm o f  e i t h e r  r a i n  o r  snow. Man's a c t i v i t i e s  i n c l u d e  wa te r  r e s o u r c e s  d e v e l -  

opment, watershed convers ion ,  r e s o u r c e  a c q u i s i t i o n  (energy,  sand /g rave l ,  

e t c . ) ,  development and o p e r a t i o n  o f  t r a n s p o r t a t i o n  systems, e t c .  

The response o f  t h e  f l u v i a l  system t o  these i n p u t s  and/or d i s t u r b a n c e s  i s  

governed by t h e  r e l e v a n t  p h y s i c a l  processes.  F o r  example, t h e  p h y s i c a l  p r o -  

cess d e s c r i b i n g  s o i l  detachment f rom r a i n d r o p  impac t  i s  i m p o r t a n t  i n  e v a l u a t -  

i n g  system response t o  p r e c i p i t a t i o n .  The p h y s i c a l  process o f  o v e r l a n d  f l o w ,  

d e s c r i b e d  by t h e  i n t e r a c t i o n  of such f a c t o r s  as s lope,  roughness, and p r e c i p i -  

t a t i o n  excess, d e f i n e s  watershed response by e s t a b l i s h i n g  sed iment  t r a n s p o r t  

supp ly  a v a i l a b l e  d u r i n g  a g i v e n  p r e c i p i t a t i o n  event .  S i m i l a r l y ,  w i t h i n  t h e  

channels  o f  t h e  f l u v i a l  system, t h e  p h y s i c a l  processes d e s c r i b i n g  sediment 

t r a n s p o r t  c a p a c i t y  e s t a b l i s h  whether o r  n o t  t h e  channel  w i l l  aggrade o r  

degrade i n  response t o  t h e  p r e c i p i t a t i o n - g e n e r a t e d  w a t e r  and sed iment  r u n o f f .  



F~gure 2 .1 .  Watershed-nver system. 



Throughout a l l  these events man's a c t i v i t i e s  will modify f luvial  system 

response by influencing the governing physical processes. Perhaps the most 

important concept t o  rea l ize  about f luvial  systems i s  t h a t  they are dynamic 

systems attempting to achieve a s t a t e  of balance or  equilibrium. Conse- 

quently, the f luvial  system i s  e i t he r  adjusting to a l tered conditions or  i s  i n  

a s t a t e  of dynamic equilibrium with present conditions. In e i t he r  case, 

natural and man-induced changes can i n i t i a t e  responses t h a t  may be propagated 

through long periods of time or  large areas. This dynamic nature requires 

t h a t  the analysis of problems (even on a small, localized scale)  and  develop- 

ment of solutions be considered in terms of the en t i r e  system. A c lass ic  

example i l l u s t r a t i n g  the dynamic nature of the f luvial  system i s  the implemen- 

ta t ion  of flood control reservoirs or debris basins. These s t ructures  can 

induce downstream degradation by l imiting the delivery of upstream sediments. 

The dynamic action-response mechanisms of f luvial  systems must be acknowledged 

and incorporated into  any analysis or design e f f o r t ,  small or large.  

2.2 Sand-Bed Channels - -- 
The analysis and design of f luvial  systems in sandy-soil regions presents 

unique problems n o t  encountered with more we1 1 -developed soi 1 s .  In t h i s  

context, "sandy" i s  used in the engineering sense t o  describe loose,  cohesion- 

l e s s  s o i l s .  Sandy s o i l s  are most predominant in the semi-arid and a r id  

regions of the country. In comparison, the higher precipi ta t ion of a more 

humid environment produces vegetation and so i l s  t ha t  are well developed and 

s tabi l ized.  Under these natural conditions, streams carry low suspended sedi- 

ment loads ref lect ing the s t a b i l i t y  in upland watersheds. Additionally, high 

precipi ta t ion produces a di lut ion e f f e c t  on the sediments t h a t  are eroded. 

Vegetation and land forms in a r id  and semi-arid region: r e f l ec t  the lack 

of water. Compared with more humid regions, topography i s  more abrupt, h i l l -  

slopes are usually steeper and shor ter ,  and so i l s  are thinner with l i t t l e  

organic content. Dryland conveyances are usually incised,  in termit tent  or 

ephemeral channels. Iihen the channels do flow, i t  i s  usually in response to 

small storm c e l l s  of l imited areal extent producing high-intensity,  short- 

duration storms. This type of storm creates  "flashy" runoff, producing both 

excessive erosion in upland watersheds and a pronounced capacity for sediment 

t ransport  in the channel system. Due to high drainage density (number of 

channels per uni t  a r e a ) ,  water and sediment runoff occurs very e f f i c i en t ly .  

Peak discharge i s  high, and time t o  peak and flow duration are short .  



The combinat ion o f  l a r g e  sediment y i e l d ,  l a r g e  t r a n s p o r t  capac i t y  and 

" f l a s h y "  r u n o f f  can cause r a p i d  changes i n  the c o n f i g u r a t i o n  o f  sandy-soi l  

channels. These changes i nc lude  l a t e r a l  m ig ra t i on ,  scour, degradat ion and 

aggradat ion, and can cause changes i n  stream form, bedform, f l ow  res i s tance  

and o ther  geometric and h y d r a u l i c  c h a r a c t e r i s t i c s .  Designing e i t h e r  a s tab le  

a l l u v i a l  channel (one w i thou t  a channel l i n i n g )  o r  a s tab le ,  l i n e d  channel 

under such dynamic cond i t i ons  requ i res  a d e t a i l e d  understanding o f  sediment 

t r a n s p o r t  and stream channel response. For  example, un l i ned  channels must be 

designed t o  min imize excessive scour, w h i l e  l i n e d  channels must be designed t o  

p revent  depos i t i on  o f  sediments. Channel l i n i n g s  i n  d ry land areas a re  t y p i -  

c a l l y  composed o f  some type o f  a r t i f i c i a l  s t a b i l i z a t i o n  due t o  t he  d i f f i c u l -  

t i e s  i n  growing the requ i red  type  o f  vegetat ion.  Un l i ned  channels are most 

successful  when designed under the concept o f  dynamic e q u i l i b r i u m ,  which 

s imply a l lows f o r  sediment t r a n s p o r t  c o n d i t i o n s  w i t h o u t  scour. These t o p i c s  

and o thers  a re  presented i n  d e t a i l  i n  t he  f o l l o w i n g  chapters. 

2.3 Cobble-Bed Channels -- 
The e r o d i b i l i t y  o r  s t a b i l i t y  o f  any channel l a r g e l y  depends on the s i ze  

and g rada t i on  o f  p a r t i c l e s  i n  the bed. As water f lows through a channel 

l o c a t e d  i n  a wel l -graded a l l uv ium ( i . e .  c o n s i s t i n g  o f  c l ay ,  s i l t ,  sand, gravel  

o r  boulders)  smal le r  p a r t i c l e s  t h a t  are more e a s i l y  t r anspo r ted  a re  c a r r i e d  

away wh i l e  t he  l a r g e r  p a r t i c l e s  remain. Th is  process, r e f e r r e d  t o  as 

armoring, r e s u l t s  i n  what w i l l  be de f ined  as a cobble-bed channel, a1 though 

the  p a r t i c l e s  remain ing on the bed can be as small as g rave ls .  Compared t o  

t he  more un i f o rm ly  graded sand-bed channel, cobble-bed channels are r e l a t i v e l y  

s tab le ;  however, they are s t i l l  moveable boundary channel s t h a t  can exper ience 

s i g n i f i c a n t  change du r i ng  f loods .  Therefore, one of the impor tan t  f a c t o r s  i n  

cobble-bed ana l ys i s  o r  design i s  eva lua t i on  of the s t a b i l i t y  o f  the armor 

l a y e r  and the maximum discharge i t  can sus ta in  w i thou t  be ing  d is rup ted .  

Another category o f  cobbl e-bed channels, i n  addi t i o n  t o  those developed 

through the armoring process, a re  the bou lde r - l i ned  channels o f  steep moun- 

ta inous  regions.  Except i n  very l a r g e  f l oods ,  these channels are very s tab le ,  

w i t h  water cascading through sec t ions  o f  rap ids  connected by pools.  Th i s  

c h a r a c t e r i s t i c  o f  f l o w  and the l a r g e  s i ze  o f  the roughness elements i n h i b i t s  

ana l ys i s  by the more common and fami l  i a r  techniques a p p l i c a b l e  t o  r e l a t i v e l y  



f l a t  channels .  When a p p r o p r i a t e ,  b r i e f  d i s c u s s i o n s  o f  a n a l y s i s  and des ign  

t e c h n i q u e s  f o r  these  v e r y  s p e c i a l i z e d  c o n d i t i o n s  a r e  p resen ted .  

2.4 - General S o l u t i o n  Approach 

2.4.1 Three-Level  A n a l y s i s  

The recommended s o l u t i o n  procedure f o r  sediment t r a n s p o r t  a n a l y s i s  gener-  

a l l y  i n v o l v e s  t h r e e  l e v e l s  o f  a n a l y s i s .  The l e v e l s  a r e  d e f i n e d  as ( I )  q u a l i -  

t a t i v e ,  i n v o l v i n g  geomorphic concepts;  ( 1 1 )  q u a n t i t a t i v e ,  i n v o l v i n g  geomorphic 

concepts  and b a s i c  e n g i n e e r i n g  r e l a t i o n s h i p s ;  and (111)  q u a n t i t a t i v e ,  i n v o l v -  

i n g  s o p h i s t i c a t e d  mathemat ica l  mode l ing  concepts .  A q u a l i t a t i v e  L e v e l  I ana l -  

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

The genera l  knowledge o b t a i n e d  a t  t h i s  l e v e l  p r o v i d e s  u n d e r s t a n d i n g  and d i r e c -  

t i o n  t o  t h e  Leve l  I 1  o r  111 q u a n t i t a t i v e  a n a l y s i s .  A d d i t i o n a l l y ,  t h e  govern- 

i n g  p h y s i c a l  processes a r e  u s u a l l y  i d e n t i f i e d  i n  t h e  genera l  s o l u t i o n s  o f  

L e v e l s  I and 11, a l l o w i n g  p r o p e r  s e l e c t i o n  ( o r  development)  o f  a model f o r  

Leve l  111 t h a t  i s  e f f i c i e n t  t o  use and a p p l i c a b l e  t o  t h e  problems b e i n g  ana- 

l y z e d .  F o r  l o n g - t e r m  a n a l y s i s  where d a t a  a r e  c o n t i n u a l l y  c o l l e c t e d  and/or  

updated,  an i t e r a t i v e  p rocedure  o f  r e f i n e m e n t  becomes an i m p o r t a n t  aspec t  o f  

L e v e l s  11 and 111. As t h e  d a t a  base becomes more comple te  and a c c u r a t e ,  t h e  

t y p e  and l e v e l  o f  a n a l y s i s  can become more s o p h i s t i c a t e d .  

The t h r e e - l e v e l  approach has been used e x t e n s i v e l y  i n  t h e  Southwest,  and 

has been found  t o  p r o v i d e  t h e  most e f f i c i e n t  a n a l y s i s  approach w i t h  t h e  g r e a t -  

e s t  accuracy f o r  a g i v e n  problem. The r i s k  i s  m in im ized ,  s i n c e  a l l  r e s u l t s  

and c o n c l u s i o n s  a r e  cross-checked t o  t h e  o t h e r  l e v e l s  o f  a n a l y s i s .  The 

f o l l o w i n g  paragraphs d i s c u s s  some o f  t h e  i m p o r t a n t  concep ts  i n  each l e v e l  o f  

a n a l y s i s .  

2 .4.2 - Leve l  I - Q u a l i t a t i v e  Geomorphic - - - - -- A n a l y s i s  - - - - 
The q u a l i t a t i v e  geomorphic a n a l y s i s  employed i n  Leve l  I r e l i e s  s t r o n g l y  

on e x p e r t i s e  and p r a c t i c a l  exper ience .  Geomorphology i s  t h e  s tudy  o f  

s u r f i c i a l  f e a t u r e s  o f  t h e  e a r t h  and t h e  p h y s i c a l  and chemica l  processes o f  

chang ing l a n d  forms, w h i l e  f l u v i a l  geomorphology i s  t h e  geomorphology (and  

mechanics)  o f  watershed and r i v e r  systems. Q u a l i t a t i v e  geomorphic techn iques  

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

g o v e r n i n g  watershed and r i v e r  response. There fo re ,  an i m p o r t a n t  f i r s t  s t e p  i s  

t o  assemble and r e v i e w  p r e v i o u s  work and d a t a  a p p l i c a b l e  t o  t h e  s t u d y  area,  



and f o r  key p r o j e c t  p a r t i c i p a n t s  t o  become f a m i l i a r  w i t h  t h e  s tudy  area.  A  

s i t e  v i s i t  by key personnel  ensures i d e n t i f i c a t i o n  o f  i m p o r t a n t  c h a r a c t e r i s -  

t i c s  o f  t h e  s tudy  area.  A d d i t i o n a l l y ,  b e i n g  i n  t h e  s t u d y  a rea  and c o n t a c t i n g  

t h e  l o c a l  i n t e r e s t  groups concerned p r o v i d e s  e x c e l l e n t  i n s i g h t  and p e r s p e c t i v e  

f o r  t h e  s tudy .  S i t e  v i s i t s  a r e  an e s s e n t i a l  e lement  o f  a  s u c c e s s f u l  s tudy .  

A f t e r  c o m p l e t i n g  t h e  necessary  s i t e  v i s i t s  t h e r e  a r e  a  number o f  

s i m p l i f i e d  concepts  and p rocedures  t h a t  c o n t r i b u t e  t o  a  qua1 i t a t i v e  a n a l y s i s .  

These i n c l u d e  a e r i a l  photograph a n a l y s i s ,  h i s t o r i c a l  land-use p a t t e r n s ,  and 

r e 1  a t i v e l y  s i m p l e  re1 a t i o n s h i  ps d e s c r i b i n g  b a s i c  geomorphic concepts .  The 

Leve l  I a n a l y s i s  i s  d i scussed  i n  d e t a i l  i n  S e c t i o n  5.2. 

2.4.3 Leve l  I 1  - Q u a n t i t a t i v e  Geomorphic - and B a s i c  E n g i n e e r i n g  A n a l y s i s  

I n  Leve l  I, geomorphic p r i n c i p l e s  a r e  a p p l i e d  t o  p r e d i c t  watershed and 

s t ream response and do n o t  r e q u i r e  d e t a i l e d  da ta ,  o n l y  a  genera l  u n d e r s t a n d i n g  

o f  t h e  d i r e c t i o n  o f  change o f  t h e  s t ream c o n d i t i o n s .  Geomorphic p r i n c i p l e s  

can a l s o  be a p p l i e d  t o  a v a i l a b l e  d a t a  t o  more a c c u r a t e l y  e v a l u a t e  watershed o r  

channel  responses.  T h i s  a n a l y s i s ,  when coup led  w i t h  t r a d i t i o n a l  ana lyses  

i n v o l v i n g  b a s i c  e n g i n e e r i n g  r e l a t i o n s h i p s ,  a1 lows an i n i t i a l  q u a n t i t a t i v e  eva- 

1  u a t i o n  o f  response. A n a l y s i s  techn iques  used i n  Leve l  I 1  i n v o l v e  e v a l u a t i o n  

o f  t r e n d s  i n  t h e  h i s t o r i c a l  t ha lweg  e l e v a t i o n ,  q u a n t i t a t i v e  e v a l u a t i o n  o f  bed 

and bank sediments,  a p p l i c a t i o n  o f  t h e  S h i e l d s  r e l a t i o n  and o t h e r  geomorphic/  

e n g i n e e r i n g  r e l a t i o n s ,  a p p l i c a t i o n  o f  sediment t r a n s p o r t  e q u a t i o n s  and t h e  

sed iment  c o n t i n u i t y  p r i n c i p l e ,  f requency  a n a l y s i s  o f  wa te r  and sed iment  

t r a n s p o r t  data ,  e t c .  L e v e l  I1 ana lyses  can be comple ted by hand c a l c u l a t o r ;  

however, use o f  a  computer can e x p e d i t e  some c a l c u l a t i o n s .  F o r  example, t h e  

a n a l y s i s  o f  sediment c o n t i n u i t y  u s i n g  a p p r o p r i a t e  sediment t r a n s p o r t  r e l a t i o n s  

i s  a l s o  o f t e n  completed w i t h  t h e  a i d  o f  computer programs. A d e t a i l e d  

d i s c u s s i o n  o f  t h e  Leve l  I 1  a n a l y s i s  i s  p resen ted  i n  S e c t i o n  5.3. 

2.4.4 Leve l  I11 - Q u a n t i t a t i v e  A n a l y s i s  Us ing  Mathemat ica l  blodels -- - - - - - -- - - -- - - - - - -. - - 
The Leve l  111 a n a l y s i s  i s  t h e  most a c c u r a t e  method o f  a n a l y s i s  and 

i n v o l v e s  computer a p p l i c a t i o n  o f  v a r i o u s  p h y s i c a l - p r o c e s s  mathemat ica l  models. 

A  mathemat ica l  model i s  s i m p l y  a  q u a n t i t a t i v e  e x p r e s s i o n  o f  t h e  r e l e v a n t  phys- 

i c a l  processes.  V a r i o u s  t y p e s  o f  mathemat ica l  inodels f o r  sed iment  r o u t i n g  a r e  

a v a i l a b l e ,  depending on t h e  a p p l i c a t i o n  (wa te rshed  o r  channel  a n a l y s i s )  and 

t h e  l e v e l  o f  a n a l y s i s  necessary.  F o r  example, channel  models range  f rom 



a p p l i c a t i o n  o f  quasi-dynamic models ( such  as HEC-6 o r  HEC-2SR) t o  c o m p l i c a t e d  

dynamic sediment r o u t i n g  methods. I n  genera l ,  a v a i l a b l e  models can be 

d i r e c t l y  appl  i e d ,  o r  a p p l i e d  w i t h  m ino r  m o d i f i c a t i o n s ,  t o  meet any p r o j e c t  

requ i rements .  C r i t e r i a  f o r  e l e c t i n g  t o  proceed w i t h  a  L e v e l  111 a n a l y s i s  a r e  

p r e s e n t e d  i n  S e c t i o n  5.4. 

2.5 Data  Requirements 

2.5.1 General -- 
The q u a l i t y  and accuracy o f  any a n a l y s i s  a r e  dependent on t h e  da ta  base 

a v a i l a b l e  t o  t h e  s tudy.  The t y p e  and number o f  d a t a  necessary  depend g r e a t l y  

upon t h e  s o p h i s t i c a t i o n  o f  t h e  a n a l y s i s  techn iques  ( i  .e., whether L e v e l  I ,  11, 

o r  111);  however, f o r  any a n a l y s i s  t h e  l e v e l  o f  e f f o r t  r e q u i r e d  t o  e s t a b l i s h  

t h e  d a t a  base can r e p r e s e n t  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  e n t i r e  l e v e l  o f  

e f f o r t .  The d a t a  base i s  developed f rom a v a i l a b l e  d a t a  and any d a t a  c o l l e c t e d  

d u r i n g  t h e  p r o j e c t .  Below i s  a  b r i e f  d i s c u s s i o n  o f  t h e  d a t a  r e q u i r e m e n t s  f o r  

each o f  t h e  t h r e e  l e v e l s  o f  a n a l y s i s .  

2.5.2 Leve l  I Data Requirements 

The d a t a  r e q u i r e d  f o r  a  Leve l  I geomorptiic t y p e  a n a l y s i s  i n v o l v e s  i n f o r -  

m a t i o n  on genera l  t r e n d s  and c o n d i t i o n s  d e s c r i b i n g  t h e  f l u v i a l  system charac-  

t e r i  s t i c s ,  r a t h e r  than  s p e c i f i c ,  q u a n t i t a t i v e  va lues.  Some o f  t h e  geomorphic 

r e l a t i o n s  used t o  q u a l i t a t i v e l y  d e s c r i b e  system a c t i o n - r e s p o n s e  ( t h e  Lane 

r e l a t i o n  o r  t h e  s lope-d ischarge  r e l a t i o n )  r e l y  on e s t i m a t e s  o f  dominant s l o p e  

and/or  d ischarge;  however, due t o  t h e  n a t u r e  o f  t h e  fo rmu las  and t h e i r  

i n t e n d e d  a p p l i c a t i o n s ,  these numbers do n o t  need t o  be accura te .  r e f i n e d  

v a l u e s  . 
O t h e r  d a t a  r e q u i r e d  i n  a  geomorphic a n a l y s i s  i n v o l v e  i n f o r m a t i o n  

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

i n t e r p r e t e d  on a  qua1 i t a t i v e  b a s i s ,  r e l y i n g  l a r g e l y  on pe rsona l  exper ience  and 

e x p e r t i s e .  A t y p i c a l  example i s  t h e  a n a l y s i s  of a e r i a l  photographs c o v e r i n g  

a  span o f  s e v e r a l  y e a r s .  The amount o f  i n f o r m a t i o n  e x t r a c t e d  depends i n  p a r t  

on  t h e  y e a r s  covered.  S i m i l a r l y ,  i n s i g h t  d e r i v e d  f rom a n a l y s i s  o f  t h e  f l o o d  

h i s t o r y  o f  a  g i v e n  d ra inage  depends on t h e  l e n g t h  o f  r e c o r d  a v a i l a b l e .  



Tab le  2.1 summarizes some o f  t h e  m a j o r  d a t a  requ i rements  o f  a  Leve l  I 

a n a l y s i s .  

2.5.3 Leve l  I 1  Data  Requirements 

Leve l  I 1  d a t a  r e q u i r e m e n t s  i n v o l v e  s p e c i f i c  e s t i m a t e s  o f  v a r i o u s  parame- 

t e r s  necessary t o  app ly  a  range o f  q u a n t i t a t i v e  geomorphic and b a s i c  eng i -  

n e e r i n g  fo rmu las .  The d a t a  r e q u i r e d  m i g h t  i n c l u d e  s p e c i f i c ,  d e t a i l e d  numeri -  

c a l  i n f o r m a t i o n  on t h e  watershed geometry (a rea ,  s lope,  l e n g t h ,  d r a i n a g e  den- 

s i t y ,  channel  c h a r a c t e r i s t i c s ) ,  sediment produced and d e l i v e r e d  by t h e  

watershed ( w a t e r  d i scharge ,  sed iment  d i s c h a r g e ,  s o i l  types,  geo logy ,  r e p r e -  

s e n t a t i v e  p a r t i c l e  s i z e s  t r a n s p o r t e d ,  g r a d a t i o n ) ,  man's i n f l u e n c e  (dams, sand 

and g rave l  e x t r a c t i o n ) ,  and so f o r t h .  F o r  many l a r g e r  watersheds,  d a t a  on 

t h e s e  processes have been c o l l e c t e d  by v a r i o u s  governmental  agenc ies .  The 

q u a l i t y  o f  t h e  da ta  and t h e  l e n g t h  o f  r e c o r d  o f t e n  v a r y  so t h a t  c a r e f u l  eva- 

l u a t i o n  i s  r e q u i r e d  t o  i n s u r e  t h e  d a t a  a r e  u s e f u l  f o r  t h e  purposes o f  t h e  

s t u d y .  F o r  example, most sediment d i s c h a r g e  d a t a  have been c o l l e c t e d  o n l y  

d u r i n g  l o w - f l c w  p e r i o d s ;  however, i t  i s  co~nmonly accepted t h a t  t h e  m a j o r i t y  of 

sed iment  t r a n s p o r t  occu rs  d u r i n g  r e l a t i v e l y  s h o r t  p e r i o d s  o f  h i g h  f l o w .  

P l o t t i n g  low- f l ow  sed iment  d i s c h a r g e  d a t a  a g a i n s t  wa te r  d i s c h a r g e  f o r  a  g i v e n  

watershed g e n e r a l l y  produces poor  r e s u l t s  w i t h  no a p p a r e n t  t r e n d .  

Consequent ly ,  d a t a  e x t r a p o l a t i o n  o r  e s t a b l i s h m e n t  o f  a  d e s c r i p t i v e  e q u a t i o n  

f o r  t h e  vratershed would  appear i m p o s s i b l e .  However, i f  s e v e r a l  a d d i t i o n a l  

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

e s t a b l i s h e d  ( s e e  F i g u r e  2 .2) .  

T h i s  s i t u a t i o n  can deve lop even when d a t a  have been c o l l e c t e d  over  many 

y e a r s  i f  no m a j o r  storms o c c u r r e d  d u r i n g  t h e  p e r i o d  o f  r e c o r d .  T h e r e f o r e ,  t h e  

a v a i l a b l e  d a t a  must be c a r e f u l l y  i n t e r p r e t e d  and used t o  a v o i d  e r roneous  

c o n c l u s i o n s .  A d d i t i o n a l l y ,  t h e  a v a i l a b l e  d a t a  base i s  t y p i c a l l y  much s m a l l e r  

t h a t  t h a t  r e q u i r e d  t o  conduc t  t h e  s tudy .  Consequent ly ,  t h e  necessary  add i -  

t i o n a l  d a t a  must  be e s t a b l i s h e d  by  f i e l d  measurement o r  by d a t a  g e n e r a t i o n  

techn iques .  A  b r i e f  ove rv iew o f  severa l  b a s i c  concepts  i n  d a t a  g e n e r a t i o n  i s  

g i v e n  i n  S e c t i o n  2.5.5. 

Some o f  t h e  s p e c i f i c  d a t a  requ i rements  necessary t o  conduc t  a  Leve l  I 1  

a n a l y s i s  a r e  p resen ted  i n  Tab le  2.2. 



Table 2.1. Partial Listing of Data Requirements 
for a Level I Analysis. 

General Channel Slope & Cross Section Characteristics 

Representative (Dominant) Discharge 

Bed and Bank Material Characteristics 

Land-Use Changes 

Major Structures and History 

Aerial Photographs 

Flood History 

Fire History 

Tectonic Activity 



Figure 2 .2 .  Definition sketch i l lus t ra t ing typical measured 
sediment discharges vs. water discharge relation. 



T a b l e  2.2. P a r t i a l  L i s t i n g  o f  Da ta  Requirements 
f o r  a  Leve l  I 1  A n a l y s i s .  

Watershed Geometry (Area, Slope,  Length,  Dra inage  D e n s i t y )  

Channel Geometry ( P r o f i l e ,  Cross Sec t ions ,  S i n u o s i t y )  

Hydrau l  i c  Da ta  (F low Depth, V e l o c i t y )  

Y a t e r  D ischarge  Records 

Sediment D ischarge  Da ta  

Discharge-Frequency R e l a t i o n s  

F l o o d  Hydrographs 

P a r t i c l e  S i z e  Grada t ions  

Sand and Grave l  E x t r a c t i o n  Data  

R e s e r v o i r  3 p e r a t i n g  Procedure 

HEC-2 Data/Suns 

R e s e r v o i r  D e p o s i t i o n  Da ta  



2.5.4 Leve l  I 1 1  Data  Requirements -- 
F o r  any s tudy i n v o l v i n g  p h y s i c a l - p r o c e s s  mathemat i ca l  mode l ing  ( L e v e l  

I I I ) ,  i t  i s  necessary t o  d e f i n e  a  s p a t i a l  and temporal  d e s c r i p t i o n  t h a t  p r o v i -  

des a  r e a l i s t i c  r e p r e s e n t a t i o n  o f  t h e  system f o r  s i m u l a t i o n  purposes.  T h i s  i s  

p a r t i c u l a r l y  t r u e  f o r  l a r g e - s c a l e  mode l ing  where i t  i s  n o t  p r a c t i c a l  t o  

a c c o u n t  f o r  eve ry  p o s s i b l e  i n f l o w  and o u t f l o w .  Consequent ly ,  know1 edge o f  t h e  

c r i t i c a l  a reas o r  areas o f  impor tance  i s  necessary t o  deve lop  t h e  s p a t i a l  

r e p r e s e n t a t i o n .  The a c t u a l  d a t a  r e q u i r e d  t o  do t h i s  a r e  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f rom those necessary  f o r  a  Leve l  I 1  a n a l y s i s ,  a l t h o u g h  more d e t a i l  

i s  o f t e n  r e q u i r e d  f o r  t h e  mathemat ica l  mode l ing  o f  L e v e l  111. 

2.5.5 Data  Genera t ion  Concepts 

Da ta  g e n e r a t i o n  techn iques  can i n v o l v e  d i r e c t  e x t r a p o l a t i o n  and t r a n s -  

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

a p p l i c a t i o n  o f  e n g i n e e r i n g  r e l a t i o n s  based on t h e  g o v e r n i n g  p h y s i c a l  p r o -  

cesses.  The method o f  e s t a b l i s h i n g  t h e  necessary  a d d i t i o n a l  i n f o r m a t i o n  i s  

de te rm ined  by t h e  p r i o r i t y  o r  impor tance  o f  t h e  g i v e n  area and t h e  p o t e n t i a l  

accuracy o f  t h e  data  g e n e r a t i o n  methods a v a i l a b l e .  

Da ta  g e n e r a t i o n  by  d i r e c t  e x t r a p o l a t i o n  w i t h i n  a  g i v e n  watershed, o r  t h e  

t r a n s p o s i t i o n  o f  da ta  between watersheds,  must be done p r o p e r l y  t o  ach ieve  

a c c u r a t e  r e s u l t s .  F o r  example, t r a n s p o s i t i o n  o f  sediment d i s c h a r g e  d a t a  be- 

tween watersheds canno t  be accompl ished a c c u r a t e l y  by assuming t h a t  a  s i m p l e  

r e l a t i o n  e x i s t s  between w a t e r  and sed iment  d i s c h a r g e  r a t e s  ( i  .e . ,  Q S  a Q b ) ,  

a1 though t h i s  i s  g e n e r a l l y  an adequate r e l a t i o n  f o r  d e s c r i b i n g  sediment 

t r a n s p o r t  r a t e s  w i t h i n  a  g i v e n  watershed w i t h o u t  a n t i c i p a t e d  land-use changes. 

By c o n s i d e r i n g  t h e  g o v e r n i n g  p h y s i c a l  processes,  one r e a l i z e s  t h a t  sed iment  

t r a n s p o r t  i s  more d i r e c t l y  r e l a t e d  t o  i n d i v i d u a l  h y d r a u l i c  parameters ,  f o r  

example v e l o c i t y  and depth ,  wh ich f o r  a  g i v e n  d i s c h a r g e  can v a r y  s i g n i f i c a n t l y  

between v a r i o u s  channels .  T h e r e f o r e ,  a  b e t t e r  r e l a t i o n  f o r  d e s c r i b i n g  s e d i -  
b  c  ment d i s c h a r g e  f o r  purposes o f  t r a n s p o s i t i o n  o f  d a t a  i s  QS - V d  . Conse- 

q u e n t l y ,  waters l ieds t h a t  a r e  s i m i l a r  i n  v a r i o u s  e r o s i o n - r e 1  a t e d  charac-  

t e r i s t i c s  may a l l o w  adequate t r a n s p o s i t i o n  of d a t a  by t h i s  t y p e  o f  r e l a t i o n .  

I n d i r e c t  e x t r a p o l a t i o n  o f  da ta  i n v o l v e s  t h e  a p p l i c a t i o n  o f  a  p h y s i c a l l y  

based e n g i n e e r i n g  e q u a t i o n  o r  r e l a t i o n .  F o r  example, one method t o  genera te  

a d d i t i o n a l  sediment t r a n s p o r t  d a t a  f o r  a  g i v e n  watershed would  be t o  use t h e  

a v a i  1  a b l e  d a t a  t o  c a l i b r a t e  an appl  i c a b l  e  sed iment  t r a n s p o r t  e q u a t i o n  o r  

model ,  and then  use t h e  c a l i b r a t e d  e q u a t i o n  o r  model t o  genera te  new da ta .  



The importance of understanding the governing physical processes in  data 

generat ion i s  necessary f o r  any v a r i a b l e ,  not just  sediment discharge.  

Properly conducted data generat ion can provide accura te  r e s u l t s  t h a t  maximize 

the  u t i l i t y  of ava i l ab le  information. 



I 11. HYDROLOGIC ANALYSIS - - - - 
3.1 R e l a t i o n  o f  Hydro logy t o  Other  Analyses - - -- -- - - - - - - - -- - - -- - 

H y d r o l o g i c  a n a l y s i s  i s  a  necessary  f i r s t  s t e p  t o  most wa te r  resource -  

r e l a t e d  des ign  p r o j e c t s .  F o r  exa~nple,  t h e  des ign  o f  a  s p i l l w a y  o r  f l o o d -  

c o n t r o l  channel i s  based on a  des ign  f l o o d ,  where tine c h a r a c t e r i s t i c s  o f  t h e  

f l o o d  depend on watershed and c l  i m a t i c  v a r i a b l e s .  S i m i l a r l y ,  h y d r o l o g i c  ana l -  

y s i s  i s  an i m p o r t a n t  f i r s t  s t e p  i n  f l u v i a l  systems a n a l y s i s ,  s i n c e  wa te r  i s  

t h e  d r i v i n g  mechanism f o r  e r o s i o n  and sediment t r a n s p o r t .  Knowledge o f  t h e  

r u n o f f  hydrograph p r o v i d e s  t h e  necessary  i n f o r m a t i o n  f o r  d e t e r m i n i n g  r u n o f f  

h y d r a u l i c s  a t  p o i n t s  o f  i n t e r e s t  i n  t h e  watershed o r  channel  network .  

D e t e r m i n a t i o n  o f  r u n o f f  hydro1 ogy r e 1  i e s  on e v a l u a t i o n  o f  measured 

s t reamf low d a t a  o r ,  i n  t h e  absence o f  measured da ta ,  e s t i m a t i o n  o f  t h e  r u n o f f  

hydrograph th rough  e v a l u a t i o n  o f  t h e  i m p o r t a n t  p h y s i c a l  processes.  The l a t t e r  

i s  q u i t e  o f t e n  t h e  s i t u a t i o n  t h a t  t h e  wa te r  r e s o u r c e  e n g i n e e r  must dea l  w i t h  

and t h e  procedure i n v o l v e s  a  l o g i c a l  sequence o f  s teps,  b e g i n n i n g  w i t h  t h e  

e s t i m a t i o n  o f  r a i n f a l l  magni tudes co r respond ing  t o  a  s p e c i f i e d  r e t u r n  p e r i o d  

and d u r a t i o n .  A f t e r  d e t e r m i n i n g  t h e  r e l e v a n t  r a i n f a l l  magni tudes,  r u n o f f  

volume i s  c a l c u l a t e d  by e s t i m a t i n g  l o s s e s ,  l a r g e l y  those  due t o  i n f i l t r a t i o n .  

The v o l m e  o f  r u n o f f  i s  t h e n  used i n  c o n j u n c t i o n  w i t h  watershed charac- 

t e r i s t i c s  t o  e s t i m a t e  a  r u n o f f  hydrograph.  The r u n o f f  hydrograph p r o v i d e s  

i n f o r m a t i o n  on i m p o r t a n t  v a r i a b l e s  such as peak d i scharge ,  f l o w  d u r a t i o n ,  and 

t i m e  t o  peak. b le thodo log ies  a l s o  e x i s t  f o r  d i r e c t  e s t i m a t i o n  o f  t h e s e  para-  

meters ,  p a r t i c u l a r l y  peak d i scharg? ,  w i t h o u t  r e q u i r i n g  t h e  development o f  t h e  

r u n o f f  hydrograph.  

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

o f  t h e  v a r i o u s  methodolog ies  o r  procedures a v a i l a b l e  f o r  a  h y d r o l o g i c  ana ly -  

s i  s. Numerous tex tbooks  and government pub1 ? c a t i o n s  a r e  a v a i l a b l e  w i t h  t h i s  

i n f o r m a t i o n  and i t  i s  n o t  necessary t o  d u p l i c a t e  i t  here.  T h e r e f o r e ,  o n l y  a  

b r i e f  r e v i e w  o f  a v a i l a b l e  and /o r  appl i c a b l e  techn iques  i s  p r o v i d z d .  Adequate 

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

needed, o f  t h e  v a r i o u s  techn iques .  

The p r i m a r y  o b j e c t i v e  o f  t h i s  c h a p t e r  i s  t o  i l l u s t r a t e  some o f  t h e  

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

f l u v i a l  systems a n a l y s i s  o r  des ign.  These appl i c a t i o n s  c e n t e r  on temporal  

c o n s i d e r a t i o n s ,  b o t h  d u r i n g  a  s i n g l e  f l o o d  ( s h o r t  te rm)  and over  many f l o o d s  

and/or  y e a r s  ( l o n g  te rm) .  The more f a m i l i a r  a p p l i c a t i o n  o f  h y d r o l o g i c  i n f o r -  



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

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

w i l l  c e r t a i n l y  w i t h s t a n d  t h e  s m a l l e r  f l o w s  o c c u r r i n g  between l a r g e  events .  

However, w i t h  f l u v i a l  systems a n a l y s i s  and des ign,  t h e  c u m u l a t i v e  e f f e c t  o f  

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

c u m u l a t i v e  e f f e c t  i s  seldom as s i g n i f i c a n t  as a  s i n g l e  l a r g e  f l o o d  ( i t  i s  

o f t e n  s a i d  t h a t  90 p e r c e n t  o f  a l l  r i v e r  channel changes o c c u r  d u r i n g  t e n  p e r -  

c e n t  o f  t h e  f l o w s ) ,  i t  can be an i m p o r t a n t  component i n  some a p p l i c a t i o n s .  

3 . 2  E s t a b l i s h i n g  Return  P e r i o d  Discharges -- and D u r a t i o n s  

3.2.1 General 

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

d e t e r m i n a t i o n  o f  t h e  r u n o f f  hydrograph.  However, many h y d r a u l i c  d e s i g n s  a r e  

based on d i r e c t  e s t i m a t e s  o f  peak d i s c h a r g e  w i t h o u t  r e q u i r i n g  o t h e r  hyd rograph  

i n f o r m a t i o n .  I n  g e n e r a l ,  computa t ion  o f  t h e  hydrograph i s  t h e  more s a t i s f a c -  

t o r y  procedure;  however, s i n c e  many ana lyses use a  peak -d ischarge  approach, a  

few o f  t h e  coinmon approaches a r e  i n c l u d e d  here  and c o u l d  be u t i l i z e d  when 

budge t  o r  o t h e r  c o n s t r a i n t s  n e c e s s i t a t e  a  l o w  l e v e l  o f  e f f o r t .  

E s t i m a t i o n  o f  peak d i s c h a r g e  i s  s i m p l e r  t h a n  t h e  p rocedures  f o r  

development o f  t h e  e n t i r e  hydrograph.  D e t e r m i n i n g  t h e  method t o  use depends 

on  t h e  a v a i l a b l e  da ta  and t h e  a p p l i c a b i l i t y  o f  a  g i v e n  r e l a t i o n s h i p  t o  t h e  

d e s i g n  c o n d i t i o n s .  F o r  a  gaged watershed t h e  e s t i m a t e  i s  made by a  h y d r o l o g i c  

a n a l y s i s  o f  t h e  d ra inage  and stream, c h a r a c t e r i s t i c s  o f  t h e  c l i m a t e  and t h e  

accumula ted s t reamf low da ta .  An e f f i c i e n t  method t o  access d a t a  and conduc t  

a n a l y s i s  on  gaged watersheds i s  t h e  U.S. G e o l o g i c a l  Survey (USGS) WATSTORE 

system. The WATSTORE system i s  a  compute r i zed  d a t a  p r o c e s s i n g ,  s t o r a g e ,  

r e t r i e v a l  and a n a l y s i s  package f o r  thousands o f  USGS-maintained s t ream gag ing 

s t a t i o n s ,  water  qua1 i t y  s t a t i o n s ,  sediment s t a t i o n s ,  wa te r  l e v e l  o b s e r v a t i o n  

we1 1  s  and l a k e  and r e s e r v o i r  m o n i t o r i n g  s t a t i o n s .  T y p i c a l  ana lyses a v a i l a b l e  

t h r o u g h  WATSTORE i n c l u d e  f requency  a n a l y s i s  and f l o w  d u r a t i o n  cu rves ,  l n f o r -  

m a t i o n  on t h e  a v a i l a b i l i t y  o f  s p e c i f i c  t ypes  o f  da ta ,  a c q u i s i t i o n  o f  d a t a  o r  

p r o d u c t s ,  and u s e r  charges can be o b t a i n e d  l o c a l l y  f rom USGS Water Resource 

D i v i s i o n  d i s t r i c t  o f f i c e s .  Tab le  3 .1  l i s t s  the  d i s t r i c t  o f f i c e s  i n  t h e  south-  

west  geograph ica l  area,  and a l s o  p r o v i d e s  an address f o r  genera l  

abou t  WATSTORE. 

To o b t a i n  i n f o r m a t i o n  on gaged watersheds n o t  m a i n t a i n e d  by t h e  

NAWDEX program may be o f  v a l u e .  The NAWDEX program, a d m i n i s t e r e d  by 

3 . 2  

i n q u i r i e s  

USGS, t h e  
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Tab le  3.1. USGS O f f i c e s  w i t h  WATSTORE I n f o r m a t i o n .  

Water Resource D i v i s i o n  D i s t r i c t  O f f i c e s  
i n  Southwest Geographic Area 

Tucson, A r i z o n a  

Menlo Park,  C a l i f o r n i a  

Albuquerque, New Mexico 

Genera1 I n q u i r i e s  

C h i e f  H y d r o l o g i s t  
U.S. G e o l o g i c a l  Survey 
437 N a t i o n a l  Center  
Reston,  V i r g i n i a  21092 



P 
i s  a  n a t i o n a l  c o n f e d e r a t i o n  o f  w a t e r - o r i e n t e d  o r g a n i z a t i o n s  w o r k i n g  t o g e t h e r  

t o  improve access t o  wa te r  data.  O r g a n i z a t i o n s  i n v o l v e d  w i t h  NAWDEX range 

f rom governmental ( F e d e r a l ,  s t a t e  and l o c a l )  t o  academic and p r i v a t e .  NAWDEX 

does n o t  m a i n t a i n  t h e  a v a i l a b l e  d a t a  bases, b u t  r a t h e r  p r o v i d e s  a  v a r i e t y  o f  

s e r v i c e s  t o  a s s i s t  use rs  i n  i d e n t i f y i n g ,  l o c a t i n g  and o b t a i n i n g  t h e  r e q u i r e d  

da ta .  The l o c a t i o n s  o f  l o c a l  a s s i s t a n c e  c e n t e r s  i n  t h e  Southwest f o r  NAWDEX 

and f o r  genera l  i n q u i r i e s  about  t h e  system a r e  p r o v i d e d  i n  T a b l e  3.2.  

Development o f  h y d r o l o g i c  i n f o r m a t i o n  f rom gaged watersheds i s  r e l a t i v e l y  

s t r a i g h t f o r w a r d ;  however, most  s m a l l e r  d ra inages  a r e  ungaged and an e s t i m a t e  

o f  t h e  des ign  f l o w  must be made on l i m i t e d  t o p o g r a p h i c  and c l i m a t i c  da ta .  

B i b l i o g r a p h i e s  by Chow (1962)  and Reich (1960)  i d e n t i f y  and r e v i e w  many o f  t h e  

p o s s i b l e  methods o f  e s t i m a t i n g  peak f l o w s  f rom ungaged watersheds.  Some o f  

t h e  more common methods a p p l i c a b l e  t o  t h e  Southwest a r e  rev iewed  i n  t h e  

f o l l  owing paragraphs.  

3.2.2 R a t i o n a l  Method 

The R a t i o n a l  Plethod i s  a  common method f o r  peak f l o w  e s t i i n a t i o q ;  however, 

i t  has many l i m i t a t i o n s  t h a t  must be cons ide red .  These l i m i t a t i o n s  a r e  

d i scussed  by NcPherson (1969) and o t h e r s .  B a s i c a l l y  t h e  e q u a t i o n  Q = CiA 

tends t o  o v e r s i m p l i f y  a  c o m p l i c a t e d  r u n o f f  p rocess.  However, because o f  t h e  

s i m p l i c i t y  o f  t h e  R a t i o n a l  M2thod, i t  rernains w i d e l y  used. 

The assumpt ions used i n  deve lop ing  t h e  R a t i o n a l  Method a re :  

1. The r a i n f a l l  occu rs  a t  a  u n i f o r m  i n t e n s i t y  o v e r  t h e  e n t i r e  watershed. 

2. The r a i n f a l l  occu rs  a t  a  u n i f o r m  i n t e n s i t y  f o r  a  d u r a t i o n  equal  t o  o r  
g r e a t e r  than  t h e  t i m e  o f  c o n c e n t r a t i o n .  

3. The f requency  o f  t h e  r u n o f f  equa ls  t h a t  of t h e  r a i n f a l l  used i n  t h e  
e q u a t i o n .  

The t i m e  o f  c o n c e n t r a t i o n  tc i s  d e f i n e d  as t h e  t i m e  r e q u i r e d  f o r  w a t e r  t o  

f l o w  f rom t h e  most remote ( i n  t i m e  o f  f l ow)  p o i n t  o f  t h e  watershed t o  t h e  

o u t l e t ,  once t h e  s o i l  has become s a t u r a t e d  and m i n o r  depress ions  a r e  f i l l e d  

(Schwab, e t  a1 ., 1966) .  A c c u r a t e l y  e v a l u a t i n g  t h e  t i m e  o f  c o n c e n t r a t i o n  i s  

one o f  t h e  ma jo r  problems i n  u s i n g  t h e  i t a t i o n a l  f o r ~ n u l a .  

Re ich (1971) c i t e s  r e f e r e n c e s  t h a t  i n d i c a t e  t h e  p o t e n t i a l  o f  t h e  R a t i o n a l  

fo rmu la  and t h a t  i t s  p r e d i c t i o n  on t h e  average was c l o s e  t o  observed peaks, 



T a b l e  3.2. USGS O f f i c e s  w i t h  NAWDEX I n f o r m a t i o n .  

L o c a l  A s s i s t a n c e  Cen te rs  i n  t h e  
Southwest Geograph ica l  Area 

Tucson, A r i z o n a  

Menlo Park, C a l i f o r n i a  

Albuquerque, New Mexico 

General  I n q u i r i e s  

N a t i o n a l  Water Data  Exchange (NAWDEX) 
U.S. G e o l o g i c a l  Survey 
421 N a t i o n a l  Center  
Reston, V i r g i n i a  22092 



a1 though t h e r e  i s  u s u a l l y  c o n s i d e r a b l e  s c a t t e r .  The f o r m u l a  has g e n e r a l l y  

been l i m i t e d  t o  watersheds o f  l e s s  than t h r e e  square m i l e s  (2,000 a c r e s ) .  

3.2.3 SCS TR-55 Methods -- -- - - - - 
The SCS has developed severa l  methods t h a t  a r e  commonly used f o r  p r e d i c t -  

i n g  r u n o f f ,  r a n g i n g  f rom peak f l o w  e s t i m a t i o n  t o  comple te  hydrograph deve lop-  

ment. The method p resen ted  i n  SCS TR-55 (1975) i s  a  g r a p h i c a l  p rocedure  f o r  

e s t i m a t i n g  peak d i scharges  u s i n g  t h e  t i m e  o f  c o n c e n t r a t i o n  and t h e  t r a v e l  

t ime .  T h i s  method i s  an approx ima t ion  o f  t h e  d e t a i l e d  hyd rograph  a n a l y s i s  

produced by t h e  computer program p resen ted  i n  SCS TR-20. 

The g r a p h i c a l  approach i s  a p p l i c a b l e  t o  a  watershed where r u n o f f  charac-  

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

was developed by comput ing hydrographs f o r  a  one-square-mi 1  e  d ra inage  area,  

a l o n g  w i t h  a  range o f  t i m e s  o f  c o n c e n t r a t i o n ,  and r o u t i n g  them t h r o u g h  s t ream 

reaches w i t h  a  range o f  t r a v e l  t imes .  A  c o n s t a n t  r u n o f f  c u r v e  number o f  75 

and a Type I1 ( l a t e  peak ing )  r a i n f a l l  s u f f i c i e n t  t o  y i e l d  t h r e e  i n c h e s  o f  

r u n o f f  were assumed. 

The r e s u l t  o f  these computa t ions  i s  a  c u r v e  r e l a t i n g  t h e  t i m e  o f  concen- 

t r a t i o n  tc t o  t h e  peak d i s c h a r g e  i n  c u b i c  f e e t  pe r  second p e r  square m i l e  

p e r  i n c h  o f  r u n o f f ,  
q~ 

. The c u r v e  i s  a p p l i c a b l e  f o r  watersheds where t h e  

r u n o f f  can be r e p r e s e n t e d  by one c u r v e  number, CN, wh ich  i m p l i e s  t h e  l a n d  

use, s o i l s  and cover  a r e  s i m i l a r  and u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  

watershed. As i n  t h e  R a t i o n a l  method, a c c u r a t e  e v a l u a t i o n  o f  t h e  t i m e  of con- 

c e n t r a t i o n  i s  a  ma jo r  p rob lem i n  a p p l i c a t i o n .  The method i s  a p p l i c a b l e  f o r  

watersheds up t o  a p p r o x i m a t e l y  20 square m i l e s  i n  s i z e .  The r u n o f f  volume i s  

o b t a i n e d  f rom a  t a b l e  and peak d i scharge  i s  c a l c u l a t e d  f r o m  an e q u a t i o n .  

A  second g r a p h i c a l  approach i s  p resen ted  i n  t h e  SCS TR-55 p u b l i c a t i o n  f o r  

a g r i c u l t u r a l  d ra inage  areas up t o  2,000 ac res  ( t h r e e  square m i l e s ) .  The 

method i s  r e p o r t e d  t o  p r o v i d e  a  q u i c k  and r e l i a b l e  e s t i m a t e  o f  peak d i s c h a r g e  

f o r  most a g r i c u l t u r a l  a r r a s  o f  t h e  U n i t e d  S t a t e s .  

3.2.4 USGS F l  ood-Frequency - A n a l y s i s  

The U.S. Geo log ica l  Survey (USGS) has developed g r a p h i c a l  methods f o r  

d e t e r m i n i n g  t h e  p robab le  magni tude and f requency  o f  f l o o d s  o f  v a r y i n g  r e c u r -  

rence  i n t e r v a l s  f o r    no st o f  t h e  U n i t e d  S t a t e s .  The graphs were deve loped on 

t h e  b a s i s  o f  a  comprehensive s tudy  o f  a l l  f l o o d  d a t a  a v a i l a b l e  i n  each r e g i o n  

by  f l ood - f requency  a n a l y s i s .  The r e l a t i o n s  a r e  g e n e r a l l y  deve loped f o r  r u r a l  



watersheds and a r e  based on gag ing  s t a t i o n  r e c o r d s  h a v i n g  t e n  o r  more y e a r s  of 

r e c o r d  n o t  m a t e r i a l l y  a f f e c t e d  by s to rage  o r  d i v e r s i o n .  T h e r e f o r e ,  r e s u l t s  

o b t a i n e d  f rom t h i s  e m p i r i c a l  , g r a p h i c a l  p rocedure  w i l l  r e p r e s e n t  t h e  rnagni t u d e  

and f requency o f  n a t u r a l  f l o o d s  w i t h i n  t h e  range and r e c u r r e n c e  i n t e r v a l s  

d e f i n e d  by t h e  base data.  The p u b l i c a t i o n  f o r  t h e  S t a t e  o f  A r i z o n a  (Roeske, 

1978) was developed as a  j o i n t  e f f o r t  between t h e  A r i z o n a  Department o f  Trans-  

p o r t a t i o n  and t h e  USGS. 

3.2.5 O ther  R e g i o n a l i z e d  Methods 

The l i t e r a t u r e  c o n t a i n s  many a r t i c l e s  on exper imen ta l  models f o r  f l o o d  

f l o w  f requency e s t i m a t i o n  a t  ungaged l o c a t i o n s .  However, a  1  i t e r a t u r e  e v a l -  

u a t i o n  by McCuen, e t  a l .  (1977)  i n d i c a t e s  t h a t  t h e  l i t e r a t u r e  does n o t  

adequa te l y  r e f l e c t  what i s  c u r r e n t l y  b e i n g  used. Ins tead ,  t h e  l i t e r a t u r e  

c o n t a i n s  many a r t i c l e s  on exper imen ta l  models t h a t  have been des igned  f o r  a  

s p e c i f i c  r e g i o n  o r  a  s p e c i f i c  problem. Thus, t h e  volume o f  t h e  l i t e r a t u r e  on 

t h e  techn iques  t h a t  a r e  c u r r e n t l y  b e i n g  e x t e n s i v e l y  used (e .g . ,  t h e  R a t i o n a l  

f o r m u l a  and t h e  SCS techn ique)  i s  n o t  i n  p r o p o r t i o n  t o  t h e  f requency  o f  use of 

these techn iques .  

The use o f  a  r e g i o n a l i z e d  techn ique  can o f t e n  produce more r e l i a b l e  

r e s u l t s  t h a n  t h e  more commonly used g e n e r a l i z e d  techn iques .  However, c a r e  

must  be e x e r c i s e d  i n  a p p l y i n g  a  r e g i o n a l i z e d  method t o  ensure i t s  v a l i d i t y  t o  

t h e  g i v e n  problem. 

3.2.6 Channel Geometry Techniques --- 
Severa l  s t u d i e s  o f  a l l u v i a l  s t ream channe ls  of t h e  wes te rn  U.S. (Leopo ld ,  

e t  a?. ,  1964; Osterkamp and Hedman, 1981) have shown r e l a t i o n s h i p s  between 

channel  s i z e  and d i s c h a r g e  c h a r a c t e r i s t i c s .  I n  p e r e n n i a l  s t reams t h e  a c t i v e -  

channel  l e v e l  i s  n e a r l y  c o i n c i d e n t  w i t h  t h e  s tage  c o r r e s p o n d i n g  t o  mean annual  

d i scharge .  F o r  ephemeral st reams t h e  ac t i ve -channe l  c a p a c i t y  i s  u s u a l l y  more 

i n d i c a t i v e  o f  h i g h e r  r e t u r n  f l o w s ,  such as t h e  10-year  f l o o d .  I n  g e n e r a l ,  

f ewer  channel geometry r e l a t i o n s h i p s  have been proposed f o r  ephemeral st reams, 

s i n c e  t h e r e  a r e  few s t reamf low r e c o r d s  o f  adequate l e n g t h  f o r  a n a l y s i s .  

G r e a t e r  accuracy can be ach ieved  by c o n s i d e r i n g  sed iment  p r o p e r t i e s .  

Osterkamp and Hedman (1981)  have p r e s e n t e d  groups o f  channel  geometry 

equa t ions  a c c o r d i n g  t o  channel  t y p e  as c h a r a c t e r i z e d  by t h e  channel -sed iment  

v a r i a b l e s .  They a l s o  demonst ra te  t h a t  c o n s i d e r a t i o n  o f  channel  g r a d i e n t  and 

d i s c h a r g e  v a r i a b i l i t y  can improve d i s c h a r g e  e s t i m a t e s .  



r 
T h i s  method can be a  h i g h l y  u s e f u l  t o o l  because (1) e s t i m a t e s  a r e  e a s i l y  

made, and ( 2 )  t h e  channel  s i z e  i s  a  d i r e c t  r e s u l t  o f  t h e  wa te r  p a s s i n g  a  g i v e n  

s i t e ,  and t h u s  a  r e l i a b l e  index.  However, c a r e  must  be t a k e n  i n  s e l e c t i n g  t h e  

s i t e  and t h e  datum f o r  t h e  f i e l d  channel measurements. As i n  a l l  r e g r e s s i o n  

techn iques ,  t h e  accuracy o f  t h e  mathemat ica l  r e l a t i o n s h i p s  i s  dependent on t h e  

accuracy o f  t h e  da ta  base. 

3.3 Development o f  F l o o d  Hydrographs 

3.3.1 General 

Development o f  a c c u r a t e  f l o o d  hydrographs f o l l o w s  t h e  l o g i c a l  sequence o f  

s t e p s  rev iewed i n  S e c t i o n  3.2 ( e s t a b l i s h m e n t  o f  r a i n f a l l  volume f o r  d e s i g n  

storm, d e t e r m i n a t i o n  o f  c o r r e s p o n d i n g  r u n o f f  volume and development o f  hydro- 

graph c o n s i d e r i n g  watershed c h a r a c t e r i s t i c s ) .  T h i s  p rocedure  accoun ts  f o r  t h e  

g o v e r n i n g  p h y s i c a l  processes and i s  g e n e r a l l y  more a c c u r a t e  f o r  peak d i s c h a r g e  

e s t i m a t i o n  than  t h e  methods rev iewed  i n  S e c t i o n  3.2. Fu r the rmore ,  any a n a l y -  

s i s  i n v o l v i n g  r o u t i n g  o f  f l o o d s  r e q u i r e s  t h a t  t h e  d i s c h a r g e  hydrograph  be 

known. 

I t  i s  p o s s i b l e  t o  approx imate a  hydrograph u s i n g  a  r e - s c a l e d  o r  t r a n s -  

formed reco rd ,  i . e . ,  r e - s c a l i n g  t h e  reco rded  s t reamf low o f  an upst ream gage by  

a  r a t i o  o f  d ra inage  areas o r  by r e g r e s s i o n  e q u a t i o n s .  T h i s  t e c h n i q u e  can p ro -  

v i d e  accep tab le  r e s u l t s ,  p a r t i c u l a r l y  when a  l o w  l e v e l  o f  e f f o r t  i s  r e q u i r e d ,  

b u t  when p o s s i b l e ,  hydrographs s h o u l d  be based on t h e  g o v e r n i n g  p h y s i c a l  p r o -  

cesses.  One o f  t h e  most commonly used methods of hyd rograph  development i s  

t h e  S o i l  Conserva t ion  S e r v i c e  (SCS) u n i t  hydrograph approach. T h i s  approach 

d e r i v e s  hydrographs f rom r u n o f f  c a l c u l a t i o n s  i n v o l v i n g  e v a l u a t i o n  o f  p r e c i p i -  

t a t i o n  amounts, i n t e r c e p t i o n ,  i n f i l t r a t i o n ,  su r face  d e t e n t i o n ,  t i m e  o f  t r a v e l ,  

e t c .  A b r i e f  r e v i e w  o f  t h e  b a s i c  ana lyses f o r  development o f  hydrographs i s  

p r o v i d e d  i n  t h e  f o l l o w i n g  s e c t i o n s ,  a long  w i t h  a p p l i c a b l e  methodo log ies .  

3.3.2 C h a r a c t e r i z a t i o n  o f  Des ign Storm -- - - - - - - - - - 
The f i r s t  s t e p  i n  d e v e l o p i n g  r u n o f f  hydrographs f o r  an ungaged d r a i n a g e  

i s  c h a r a c t e r i z a t i o n  o f  t h e  d e s i g n  s torm.  The e x i s t e n c e  and l e n g t h  o f  r e c o r d  

o f  r a i n  gages and t h e  s i z e  and l o c a t i o n  o f  t h e  watershed de te rm ine  t h e  methods 

and c o n s i d e r a t i o n s  necessary  i n  d e t e r m i n i n g  t h e  c h a r a c t e r  and magni tude o f  t h e  

storm. S ince  many des igns  a r e  f o r m u l a t e d  i n  terms o f  r e t u r n  p e r i o d ,  t h e  

volume o f  r a i n f a l l  co r respond ing  t o  a  s p e c i f i e d  r e t u r n  p e r i o d  and d u r a t i o n  



must be determined by f requency a n a l y s i s .  I n  p r e p a r i n g  a  d e s i g n  t h e  eng ineer  

i s  l i k e l y  t o  choose one o f  two courses i n  c a l c u l a t i n g  t h e  volume o f  r a i n f a l l :  

( 1 )  use d a t a  f rom an o n - s i t e  gage, d a t a  s u i t a b l y  t r a n s f e r r e d  f rom nearby gages 

w i t h  l o n g  reco rds ,  o r  a  comb ina t ion  o f  o n - s i t e  and t r a n s f e r r e d  d a t a  used t o  

p e r f o r m  a  f requency a n a l y s i s ,  o r  ( 2 )  use one o f  t h e  N a t i o n a l  Weather S e r v i c e  

(NWS) p u b l i c a t i o n s  t h a t  p r e s e n t  t h e  r e s u l t s  o f  f requency a n a l y s i s  pe r fo rmed  on 

t h e i r  r a i n  gage network  i n  t h e  form o f  i s o p l u v i a l  maps. N o s t  s t a t i s t i c a l  

hyd ro logy  tex tbooks  (e .g .  Haan, 1977; K i t e ,  1977, Y e v j e v i c h ,  1972) d i s c u s s  

methodolog ies  f o r  f requency a n a l y s i s .  S ince  most s i t e s  w i l l  n o t  have o n - s i t e  

r e c o r d s  o f  s u f f i c i e n t  l e n g t h ,  and due t o  t h e  amount o f  work i n v o l v e d  i n  

s y n t h e s i z i n g  a  r e c o r d  o f  s u f f i c i e n t  l e n g t h  by t r a n s f e r r i n g  da ta ,  t h e  second 

course  (NUS P u b l i c a t i o n s )  i s  most l i k e l y  t o  be used. 

C u r r e n t l y  t h e r e  a r e  t h r e e  p u b l i c a t i o n s  by NWS t h a t  a r e  i n  r e g u l a r  use. 

I n  c h r o n o l o g i c a l  o r d e r ,  t h e y  are :  ( 1 )  Techn ica l  Paper No. 40 (TP40) by 

H e r s c h f i e l d  (1961);  ( 2 )  P r e c i p i t a t i o n - F r e q u e n c y  A t l a s  o f  t h e  Western U n i t e d  

S t a t e s  ( 1 1  volumes, 1973) ;  and ( 3 )  " F i v e  t o  60-Minute P r e c i p i t a t i o n  Frequency 

f o r  t h e  E a s t e r n  and C e n t r a l  U n i t e d  S t a t e s  (1977) .  TP40 p r e s e n t s  t h e  r e s u l t s  

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

S t a t e s  per formed by NUS and i t s  p r e c u r s o r  agency, t h e  U n i t e d  S t a t e s  Weather 

Bureau. I n  a d d i t i o n ,  new s t u d i e s  f o r  t h e  h i g h  p l a i n s  s t a t e s  appeared i n  t h i s  

paper f o r  t h e  f i r s t  t ime .  The maps p resen ted  i n  TP-40 a r e  c o n s i d e r e d  most  

r e 1  i a b l e  f o r  re1 a t i v e l y  f l a t  r e g i o n s .  However, i n  t h e  wes te rn  U n i t e d  S t a t e s ,  

t h e  mountainous t e r r a i n  o f t e n  causes l a r g e  v a r i a t i o n s  i n  p r e c i p i t a t i o n .  To 

c o r r e c t  t h i s  problem, t h e  P r e c i p i  t a t i on -F requency  At1  as o f  t h e  wes te rn  U n i t e d  

S t a t e s  was i n t r o d u c e d  i n  severa l  volumes. T h i s  p u b l i c a t i o n  c o n t a i n s  much 

l a r g e r - s c a l e  r a i n f a l l - d u r a t i o n - f r e q u e n c y  maps t h a n  TP-40, and i t  c o r r e c t s  f o r  

such f a c t o r s  as s lope ,  e l e v a t i o n ,  d i s t a n c e  t o  m o i s t u r e ,  l o c a t i o n ,  normal 

annual p r e c i p i t a t i o n ,  b a r r i e r s  t o  a i r f l o w  and s u r f a c e  roughness, n o t  i n c l u d e d  

i n  TP-40. F o r  Alaska,  t h e  p u b l i c a t i o n  used i s  TP-47, P robab le  Maximum Pre- 

c i p i t a t i o n  and R a i n f a l l - F r e q u e n c y  Data f o r  A laska.  Storms i n  t h e  e a s t e r n  

U n i t e d  S ta tes  a r e  s t i l l  c h a r a c t e r i z e d  by TP-40; however, a more r e c e n t  p u b l i -  

c a t i o n  f o r  storms o f  5  t o  60 m inu tes  d u r a t i o n  has r e c e n t l y  been pub1 i s h e d  by  

NWS (1977) ,  under  t h e  t i t l e  " F i v e  t o  60- l4 inute P r e c i p i t a t i o n  Frequency f o r  t h e  

Eas te rn  and C e n t r a l  U n i t e d  S t a t e s  (HYDRO-55)." However, f o r  24-hour d u r a t i o n  

events ,  t h e  r a i n f a l l  a t l a s  f o r  t h e  wes te rn  U n i t e d  S t a t e s  and TP-40 and 47 a r e  

t h e  most commonly used documents. 



The p rocedure  f o r  u s i n g  t h e  NWS a t l a s e s  t o  o b t a i n  p o i n t  r a i n f a l l  volumes 

i s  q u i t e  s t r a i g h t f o r w a r d .  S t u d i e s  can u t i l i z e  24-hour o r  6-hour d u r a t i o n  

s torms f o r  v a r y i n g  r e t u r n  p e r i o d s  (e.g. 2, 10, 25 o r  100 y e a r s ) .  I n  wes te rn  

s t a t e s ,  i s o p l u v i a l  maps a r e  p r i n t e d  f o r  each o f  these storms. D e t e r m i n i n g  t h e  

a p p r o p r i a t e  storm volume i s  a  m a t t e r  o f  r e a d i n g  t h e  map a t  t h e  watershed 

1  o c a t i o n .  

The d e t e r m i n a t i o n  o f  r a i n f a l l  voluine i s  o n l y  t h e  f i r s t  s t e p  i n  

c h a r a c t e r i z i n g  t h e  des ign  storm. Obv ious ly ,  i f  t h e r e  i s  no wa te r  l e f t  a f t e r  

i n f i l t r a t i o n  t h e r e  w i l l  be no r u n o f f  and t h e r e f o r e  no f u r t h e r  need f o r  concern 

r e g a r d i n g  s u r f a c e  wa te r  hyd ro logy .  I n  smal l  watersheds t h e  c h a r a c t e r  o f  t h e  

r u n o f f  hydrograph i s  l a r g e l y  de te rm ined  by t h e  c h a r a c t e r  o f  t h e  hye tog raph  and 

t h e  i n f i l t r a t i o n  p r o p e r t i e s  o f  t h e  d ra inage .  T h e r e f o r e ,  e s t i m a t e s  o f  t h e  peak 

r u n o f f  a re  q u i t e  s e n s i t i v e  t o  t h e  temporal  d i s t r i b u t i o n  o f  r a i n f a l l .  The 

methods f o r  d i s t r i b u t i n g  i n t e n s i t i e s  ove r  t i m e  a r e  i n  common use and a r e  

s t a n d a r d i z e d  t o  some degree.  However, t h e y  a r e  somewhat s u b j e c t i v e ,  r e q u i r i n g  

judgment on t h e  p a r t  o f  t h e  use r .  

To f u r t h e r  compound m a t t e r s ,  t h e r e  a r e  t h r e e  d i s t i n c t  t y p e s  o f  r a i n f a l l /  

r u n o f f  even ts  which can o c c u r  i n  A r i zona .  They a r e :  

Convec t i ve  Thunderstorms. Norma l l y  o c c u r r i n g  i n  J u l y  and August ,  these 
s torms a r e  Z T a t e B b y i i Z s t u r e  t h a t  moves i n t o  t h e  s t a t e  f rom t h e  G u l f  of 
Mexico and combines w i t h  a i r  movement f rom t h e  hea ted  mountainous t e r r a i n  
t o  produce i n t e n s e ,  s h o r t - 1  i v e d  r a i n s t o r m s .  O f t e n  these  s torms a r e  
accompanied by thunder ,  l i g h t n i n g  and s t r o n g ,  g u s t y  w inds.  G e n e r a l l y  
t h e i r  d u r a t i o n s  do n o t  exceed one hour .  However, upon occas ion  t h e y  have 
been known t o  c o n t i n u e  f o r  as l o n g  as s i x  hours .  Maximum a r e a l  coverage 
o f  i n d i v i d u a l  s to rm c e l l s  i s  on t h e  o r d e r  o f  90 t o  100 square m i l e s ,  b u t  
maximum r a i n f a l l  amounts and i n t e n s i t i e s  (sometimes exceeding 10 i n c h e s  
p e r  hour )  a r e  u s u a l l y  c o n f i n e d  t o  l e s s  than  a  two m i l e - s q u a r e  c e n t r a l  
c o r e  o f  r a i n f a l l .  H i s t o r i c a l l y ,  t hese  t y p e s  o f  storms g e n e r a l l y  have had 
t h e i r  ma jo r  impac ts  upon d ra inage  catchments which a r e  l e s s  than  25 
square m i l e s  i n  a r e a l  e x t e n t .  

General  Summer Storms. Norma l l y  o c c u r r i n g  i n  August and September, these 
s torms or17rr ia ie-of f - the west  c o a s t  o f  Mexico as t r o p i c a l  s torms o r  hu r -  
r i c a n e s  and b r i n g  damaging winds and f l o o d - p r o d u c i n g  r a i n f a l l  i n t o  t h e  
s t a t e .  G e n e r a l l y  t h e i r  d u r a t i o n s  range f rom one t o  f o u r  days, a l t h o u g h  
t h e y  have been known t o  l a s t  as l i t t l e  as s i x  hours  and as l o n g  as t e n  
days. lrlaximum a r e a l  coverage o f  genera l  summer storms can e a s i l y  exceed 
many thousands o f  square m i l e s ;  however, maximum r a i n f a l l  amounts and 
i n t e n s i t i e s  a r e  o f t e n  c o n c e n t r a t e d  w i t h i n  mu1 ti p i e  i s o l a t e d  c e l l s  o f  l e s s  
t h a n  100 square m i l e s  i n  area.  H i s t o r i c a l l y ,  m a j o r  impac ts  frorn these  
s torms have g e n e r a l l y  o c c u r r e d  upon d ra inage  catchments  which range i n  
s i z e  f rom 100 t o  5,000 square m i l e s .  



3. General  W i n t e r  Storms. Norma l l y  o r i g i n a t i n g  ove r  t h e  P a c i f i c  Ocean, 
these  storms lnove r a p i d l y  eastward t h r o u g h  t h e  s t a t e .  P r e c i p i t a t i o n  f r o m  
w i n t e r  storms i s  u s u a l l y  o f  l i g n t  o r  moderate i n t e n s i t y .  A t  t imes,  
however, t h e s e  w i n t e r  storms have been t h e  source o f  p r e c i p i t a t i o n  f o r  
t h e  w e t t e s t  y e a r s  o f  r e c o r d  and have produced some o f  t h e  most damaging 
f l o o d s .  T h i s  has been e s p e c i a l l y  t r u e  when warm r a i n f a l l  has o c c u r r e d  
over  we l l -deve loped  snowpacks i n  t h e  h i g h e r  e l e v a t i o n s  of t h e  s t a t e ,  p r o -  
d u c i n g  r a p i d  r u n o f f  ove r  l a r g e  areas.  D u r a t i o n s  f o r  w i n t e r  r a i n s  range 
from a  few hours  t o  s e v e r a l  days. Maximum a r e a l  coverage can exceed t e n s  
o f  thousands o f  square m i l e s .  The ma jo r  d ra inage  catchments i n  t h e  s t a t e  
u s u a l l y  e x h i b i t  t h e  most s i g n i f i c a n t  impac ts  f rom these  w i n t e r  s torms,  
p r i m a r i l y  because ma jo r  catchments a r e  f e d  by  numerous t r i b u t a r i e s ,  whicf l  
c u m u l a t i v e l y  may c o n s t i t u t e  inany thousands o f  square m i l e s  i n  watershed 
ared.  

There a r e  b a s i c a l l y  two k i n d s  o f  metnods f o r  c o r i s t r u c t i n g  hye tog raphs  

f rom des igna ted  s to rm volumes. The f i r s t  t y p e  i s  t h e  c o n s t r u c t i o n  o f  a  

s y n t h e t i c  s to rm th rough  t h e  use o f  deptn-durdt ion- f requency (DuF) c u r v e s  o r  

s t a n d a r d  SCS o r  o t h e r  r e g i o n a l i z e d  r a i n f a l l  d i s t r i b u t i o n s .  When u s i n g  t h e  UDF 

curves,  t i m e  i n t e r v a l s  a r e  s e l e c t e d  and t h e  r a i n f a l l  i n t e n s i t y  f o r  each 

s e l e c t e d  i n t e r v a l  i s  computed oy d i v i d i n g  t h e  t o t a l  amount o f  r a i n f a l l  f o r  

t h a t  i n t e r v a l  by t h e  t i ~ m e  o f  t h e  i n t e r v a l .  The r e s u l t  i s  t h e  c r e a t i o n  o f  

severa l  d i f f e r e n t  r a i n f a l l  i n t e n s i t i e s  r e p r e s e n t a t i v e  o f  f i n i t e  t i m e  i n t e r v a l s  

d u r i n g  t h e  storm. These i n t e n s i t i e s  a r e  t h e n  a p p r o p r i a t e l y  a r ranged  by t h e  

u s e r  based on knowledge o f  l o c a l  c o n d i t i o n s .  The o r d e r i n g  i s  t h e  w i n  source 

o f  s u b j e c t i v i t y  i n  t h e s e  methods. Such s y n t h e t i c  methods have t h e  advantage 

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

The second method i s  t o  use a  s to rm r e c o r d  o f  many y e a r s  froi, i  a  nearby 

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

i n  t h i s  approach i s  t h a t  t h e  r e s u l t i n g  i n t e n s i t i e s  my  be of d i f f e r i n g  r e t u r n  

p e r i o d s .  There fo re ,  d e s p i t e  t h e  i n t u i t i v e  advantage o f  h a ~ i n g  been r e c o r d e d  

on s i t e ,  t h e  h i s t o r i c a l  e v e n t  does n o t  p r o v i d e  a  ~ 0 n S i s t e f l t  dpproach t o  t h e  

f o r m u l a t i o n  o f  a  des ign  storm. 

3.3.3 D e t e r m i n a t i o n  o f  Runo f f  Voluiiie 

Once t h e  des ign  s to rm has been s p e c i f i e d ,  t h e  n e x t  s t e p  i n  o b t a i n i n g  a  

r u n o f f  hydrograph i s  the  d e t e r m i n a t i o n  o f  r u n o f f  vo lu~ae.  T h i s  c a l c u l a t i o n  

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

d e t e n t i o n .  Wi th  r e s p e c t  t o  r a i n f a l l  on watersheds,  e s p e c i a l l y  i n  t h e  wes te rn  

U.S., t h e  most i m p o r t a n t  o f  these processes i s  u s u a l l y  i n f i l t r a t i o n .  The most 

coinmonly used method f o r  d e t e r i n i n a t i o n  o f  r u n o f f  volulne i s  t h e  SCS curve  



number approach. T h i s  method was developed f o r  use w i t h  n o n r e c o r d i n g  r a i n  

gages; t h a t  i s ,  t h e  method i s  used t o  p r e d i c t  t o t a l  volume of r u n o f f  from 

t o t a l  volume o f  r a i n f a l l .  I n  i t s  p u b l i c a t i o n ,  Des ign -- - o f  - Small  - - Dams [U.S. 

Bureau o f  Rec lamat ion (USBR) , 19771, t h e  USBR summarized and m o d i f i e d  t h e  SCS 

method f o r  use w i t h  t e m p o r a l l y  a r ranged  r a i n f a l l .  T h i s  m o d i f i c a t i o n  o f  t h e  

SCS method i s  suggested f o r  t h e  d e t e r m i n a t i o n  o f  r u n o f f  volume. 

Wh i le  t h e  SCS method has ga ined wide acceptance and i s  i n  common use, 

s e r i o u s  e r r o r s  can r e s u l t  i n  i t s  a p p l i c a t i o n .  I n  many cases methods t h a t  a r e  

based on f i e l d  measurements a r e  p r e f e r r e d .  One o f  t h e  most common o f  these  

methods i s  t h e  Hor ton  i n f i l t r a t i o n  equa t ion .  Bo th  t h e  H o r t o n  and t h e  SCS 

methods model t h e  s o i l  response i n d e p e n d e n t l y  o f  s torm c h a r a c t e r i s t i c s .  T h i s  

a t t r i b u t e ,  and t h e  f a c t  t h a t  t h e  e f f e c t s  of watershed m o d i f i c a t i o n  a r e  d i f f i -  

c u l t  t o  r e f l e c t  i n  e i t h e r  method, i s  l e a d i n g  many h y d r o l o g i s t s  t o  u t i l i z e  more 

p h y s i c a l l y  sound approaches, i . e . ,  Green and Ampt ( 1 9 1 1 ) .  Many o f  these 

approaches have been i g n o r e d  i n  t h e  p a s t  due t o  t h e  n e c e s s i t y  o f  l a b o r i o u s  

c a l c u l a t i o n s .  However, w i t h  t h e  advent  o f  ex t reme ly  p o w e r f u l  smal 1  c a l c u -  

l a t i n g  dev ices ,  t h i s  o b j e c t i o n  i s  becoming o b s o l e t e  ( f o r  example, see numeri -  

c a l  s o l u t i o n s  o f  Green-Ampt i n f i l t r a t i o n  e q u a t i o n  d i scussed  by L i ,  e t  a l . ,  

1976) .  I n  t h e  f u t u r e  i t  i s  l i k e l y  t h a t  more p h y s i c a l l y  based methods w i l l  be 

adopted. 

A l t e r n a t i v e  i n f i l t r a t i o n  approaches i n c l u d e  methods based t o  a  g r e a t e r  

degree on i n f i l t r a t i o n  methods a t  t h e  s i t e  and t h a t  i n c o r p o r a t e  a  mathemat ica l  

d e s c r i p t i o n  o f  t h e  i n f i l t r a t i o n  process.  A t  t h i s  p o i n t  i t  shou ld  be remem- 

be red  t h a t  t h e  SCS method i s  n o t  e n t i r e l y  e q u i v a l e n t  t o  c a l c u l a t i o n  o f  i n f i l -  

t r a t i o n .  The SCS method s t r i v e s  t o  de te rm ine  t h e  r e t e n t i o n  c h a r a c t e r i s t i c s  o f  

t h e  d ra inage .  R e t e n t i o n  i n c l u d e s  i n t e r c e p t i o n  as w e l l  as i n f i l t r a t i o n .  If 

one abandons t h e  SCS method, some a t t e m p t  must  be made t o  de te rm ine  l o s s e s  t o  

i n t e r c e p t i o n ;  however, i n f i l t r a t i o n  i s  u s u a l l y  t h e  most s i g n i f i c a n t  of these  

processes.  I n  many wes te rn  watersheds v e g e t a t i o n  i s  so sparse t h a t  essen- 

t i a l l y  a l l  r a i n f a l l  reaches t h e  ground. Even where v e g e t a t i v e  cover  i s  r e l a -  

t i v e l y  dense, i n f i l t r a t i o n  i s  u s u a l l y  more s i g n i f i c a n t  as a  h y d r o l o g i c  process 

than i n t e r c e p t i o n .  



3.3.4 Hydrograph Development -- 
A d i s c u s s i o n  o f  d e s i g n  f l o o d  a n a l y s i s  f o r  sma l l  dams i s  p r e s e n t e d  i n  t h e  

USBR' s  (1977) "Design o f  Small  Dams." T h i s  d i s c u s s i o n  i n c l u d e s  development o f  

u n i t  hydrographs r e s u l t i n g  f rom t h e  r u n o f f  c a l c u l a t i o n s  d i scussed  above. The 

USBR approach i s  based on r u n o f f  c a l c u l a t e d  by t h e  SCS method; however, any 

method t h a t  produces t e m p o r a l l y  d i s t r i b u t e d  excess r a i n f a l l  p r o v i d e s  t h e  

necessary i n f o r m a t i o n  f o r  c a l c u l a t i o n  o f  a  hydrograph.  The u s e r  i s  r e f e r r e d  

t o  t h e  USER p u b l i c a t i o n ,  o r  a lmos t  any hyd ro logy  t e x t b o o k ,  f o r  d e t a i l e d  p roce-  

dures f o r  u n i t  hydrograph and t r i a n g u l a r  hydrograph a n a l y s i s .  

3.4 S e l e c t i o n  o f  Design Event  f o r  F l u v i a l  Systems A n a l y s i s  - 
S e l e c t i o n  o f  an a p p r o p r i a t e  des ign  e v e n t  f o r  f l u v i a l  systems a n a l y s i s  i s  

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

F o r  example, h y d r a u l i c  s t r u c t u r e s  d e s i g n  i s  u s u a l l y  based on a  s i n g l e  l a r g e  

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

d e s i g n  even t  i s  g e n e r a l l y  based on an accep tab le  l e v e l  o f  r i s k .  By com- 

p a r i s o n ,  t h e  s e l e c t i o n  o f  t h e  des ign  e v e n t  f o r  f l u v i a l  systems a n a l y s i s  

depends l a r g e l y  on p r o j e c t  o b j e c t i v e s .  F o r  example, i n f o r m a t i o n  on l o n g - t e r m  

c u m u l a t i v e  e r o s i o n  r a t e s  r e s u l t i n g  f rom numerous f l o o d s  over  many y e a r s  may 

be o f  i n t e r e s t .  Converse ly ,  t h e  s h o r t - t e r m  e r o s i o n  o r  scour  o c c u r r i n g  d u r i n g  

a  s i n g l e  event ,  f o r  example a t  a  b r i d g e  c r o s s i n g ,  nlay be r e q u i r e d .  There fo re ,  

temporal  c o n s i d e r a t i o n s  e s t a b l i s h e d  by  p r o j e c t  o b j e c t i v e s  w i l l  gove rn  t h e  

s e l e c t i o n  o f  t h e  d e s i g n  even t .  

F o r  s h o r t - t e r m  a n a l y s i s  t h e  s i n g l e  e v e n t  i s  o f t e n  a  f requency-based 

f l o o d ,  f o r  example t h e  2-, 10- o r  100-year even t .  Another  p o s s i b i l i t y  i s  t h e  

Probab le  Maximum F lood ,  d e f i n e d  as t h e  most severe comb ina t ion  o f  c r i t i c a l  

m e t e o r o l o g i c  and h y d r o l o g i c  c o n d i t i o n s  t h a t  i s  reasonab ly  p o s s i b l e  i n  t h e  

r e g i o n ,  o r  t h e  Standard P r o j e c t  F lood ,  which r e s u l t s  f rom t h e    no st seve re  com- 

b i n a t i o n  o f  m e t e o r o l o g i c  and h y d r o l o g i c  c o n d i t i o n s  t h a t  i s  c o n s i d e r e d  reaso- 

n a b l y  c h a r a c t e r i s t i c  o f  t h e  r e g i o n ,  b u t  e x c l u d i n g  e x t r e m e l y  r a r e  co inb ina t ions .  

G e n e r a l l y ,  t h e  s tandard  p r o j e c t  s torm r a i n f a l l  amounts t o  a p p r o x i m a t e l y  50 

p e r c e n t  o f  t h e  r a i n f a l l  f o r  t h e  p r o b a b l e  maximum f l o o d  (Viessnlann, e t  a l . ,  

1972) .  



F o r  l o n g - t e r m  a n a l y s i s  t h e  o b j e c t i v e  i s  t o  e v a l u a t e  t h e  c u m u l a t i v e  

e f f e c t s  o f  a  b road  range o f  f l o w  c o n d i t i o n s .  One approach t h a t  can b e  used i s  

based on t h e  concep t  of dominant d i scharge .  The dominant  d i s c h a r g e  i s  t h a t  

v a l u e  which i s  p redominan t l y  r e s p o n s i b l e  f o r  t h e  geomet r i c  c h a r a c t e r i s t i c s  o f  

t h e  channel .  A l though  i t  i s  d i f f i c u l t  t o  p r e c i s e l y  e s t a b l i s h  t h e  dominant  

d i scharge ,  t h e  va lue  i s  t y p i c a l l y  between t h e  2- and 5-year  e v e n t s  f o r  

p e r e n n i a l  s t reams and between t h e  5- and 10-year  even ts  f o r  i n t e r m i t t e n t  and 

ephemeral channels .  The a g g r a d a t i o n / d e g r a d a t i o n  o c c u r r i n g  f o r  t h i s  domi n a n t  

d i s c h a r g e  i s  t h e n  assumed t o  r e p r e s e n t  t h e  average annual v a l u e  wh ich  can be 

e x t r a p o l a t e d  i n  t ime  t o  e v a l u a t e  l o n g - t e r m  c o n d i t i o n s  i e . ,  i f  t h e  mean 

annual sediment d e l i v e r y  i s  1,000 c u b i c  y a r d s ,  t h e  t o t a l  d e l i v e r y  o v e r  10 

y e a r s  i s  10 x  1,000, o r  10,000 c u b i c  y a r d s ) .  

A b e t t e r  approach than  dominant d i s c h a r g e  f o r  l o n g - t e r m  a n a l y s i s  o f  

e r o s i o n / s e d i m e n t a t i o n  i s  one which accoun ts  f o r  t h e  p r o b a b i l i t y  o f  occu r rence  

o f  v a r i o u s  f l o o d  even ts  d u r i n g  any one y e a r .  F o r  example, i f  VOLs i s  t h e  

sed iment  d e l i v e r y  a t  a  s p e c i f i c  l o c a t i o n  f o r  a  g i v e n  f l o o d  and P i s  t h e  p r o -  

b a b i l i t y  o f  occur rence o f  t h a t  f l o o d  i n  one y e a r ,  t h e  p r o d u c t  VOLS x  P 

r e p r e s e n t s  t h e  c o n . t r i b u t i o n  o f  t h a t  one f l o o d  t o  t h e  l o n g - t e r m  rnean annual 

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

t i o n  

i s  r e q u i r e d .  T h i s  i n t e y r a t i o n  i s  b e s t  accompl ished t h r o u g h  use o f  f requency 

c u r v e  concepts.  The f requency c u r v e  f o r  sed iment  d e l i v e r y  can be e s t i m a t e d  

g r a p h i c a l l y  by comput ing t h e  sediment d e l i v e r y  expected f o r  each o f  s e v e r a l  

f l o o d s  o f  known r e t u r n  p e r i o d s .  F i g u r e  3.1 i l l u s t r a t e s  t h e  e s t i m a t i o n  o f  a  

sed iment  d e l i v e r y  f requency  c u r v e .  The area under  t h i s  c u r v e  (between t h e  

1  i m i t s  o f  0  and 1 )  t h e n  r e p r e s e n t s  t h e  rnean annual sed iment  d e l i v e r y .  T h i s  

a rea  can be computed g r a p h i c a l l y  o r  n u m e r i c a l l y .  The numer i ca l  p rocedure  

i n v o l v e s  summing t h e  inc rementa l  t r a p e z o i d a l  areas e s t a b l i s h e d  by c a l c u l a t i o n  

o f  VOLS f o r  v a r i o u s  r e t u r n  p e r i o d s ,  w i t h  approx ima t ions  f o r  VOL, a t  proba- 

b i l i t i e s  o f  0  and 1 i n  o r d e r  t o  s a t i s f y  t h e  l i m i t s  o f  i n t e g r a t i o n  d e f i n e d  by 

E q u a t i o n  3.1. Assuming t h i s  c a l c u l a t i o n  i s  comple ted f o r  t h e  2 - ,  5-,  l o - ,  
2 5 ,  50- and 100-year even ts ,  t h e  mean annual sediment d e l i v e r y  would  be 

a p p r o x i m a t e l y  



PROBABILITY OF OCCURANCE (YEAR-') 

F i g u r e  3 .1 .  T y p i c a l  s e d i m e n t  y i e l d  f r e q u e n c y  
c u r v e .  



As a  check on t h i s  c a l c u l a t i o n ,  i t  i s  u s e f u l  t o  a p p l y  t h e  w e i g h t i n g  

r e l a t i o n s h i p  ( E q u a t i o n  3.2) w i t h  t h e  c o r r e s p o n d i n g  w a t e r  d i s c h a r g e  hydrographs 

and compare t h e  c a l c u l a t e d  v a l u e  t o  t h e  mean annual wa te r  d e l i v e r y  as d e t e r -  

mined f rom s t ream gag ing da ta .  I n  an a r i d  o r  s e m i - a r i d  a rea ,  d i f f e r e n c e s  i n  

these  two e s t i m a t e s  o f  l o n g - t e r m  mean annual  w a t e r  y i e l d  may r e f l e c t  numer i ca l  

e r r o r s  r e s u l t i n g  f r o m  t h e  t r a p e z o i d a l  r u l e  approx ima t ion .  A1 t e r n a t i v e l y  , i t  
may r e f l e c t  an inadequa te  r e c o r d  l e n g t h  o f  measured d a t a  o r  i nadequa te  hydro-  

l o g i c a l  a n a l y s i s  i n  d e v e l o p i n g  r e t u r n  p e r i o d  hydrographs.  I n  a  more humid 

env i ronment ,  t hese  same f a c t o r s  may be r e s p o n s i b l e  f o r  d i f f e r e n c e s  between 

measured and c a l c u l a t e d  wa te r  y i e l d .  A d d i t i o n a l l y ,  d i f f e r e n c e s  c o u l d  r e s u l t  

f r o m  base f l o w s  t h a t  a r e  n o t  adequa te l y  accounted f o r  i n  t h e  f l o o d - b a s e d  

i n c r e m e n t a l  p r o b a b i l i t y  c a l c u l a t i o n .  F o r  a r i d  and s e m i - a r i d  a p p l i c a t i o n ,  

assuming adequate r e c o r d  l e n g t h  and hydro1 ogy, a  c o r r e c t i o n  f a c t o r  f o r  appl  i- 

c a t i o n  t o  t h e  p r o b a b i l i t y  we igh ted  sediment d e l i v e r y  can be d e f i n e d  as  

where "OLinc i s  mean annual wa te r  volume c a l c u l a t e d  f rom E q u a t i o n  3.2, and 

'OLmeas 
i s  t h e  mean annual wa te r  volume de te rm ined  from gag ing  s t a t i o n  da ta .  

The square o f  t h e  r a t i o  i s  taken  s i n c e  t h e  r e l a t i o n s h i p  between w a t e r  and 

sed iment  d i s c h a r g e  i s  p r o p o r t i o n a l  t o  w a t e r  d i s c h a r g e  t o  t h e  power o f  1.5 t o  

2.0. Under t h e  assumpt ion o f  adequate r e c o r d  l e n g t h  and h y d r o l o g y ,  t h e  

c o r r e c t i o n  f o r  numer i ca l  e r r o r s  i n  e v a l u a t i o n  o f  wa te r  y i e l d  shou ld  be r e l a -  

t i v e l y  s m a l l ,  say no more than  10 t o  20 p e r c e n t .  The maximum v a l u e  f o r  K 

would  t h e n  be abou t  1.5. As a  r u l e  o f  thumb, t h i s  v a l u e  s h o u l d  be assumed i f  



t h e  measured r e c o r d  l e n g t h  i s  e x t r e m e l y  s h o r t  ( i  .e., 10 t o  20 y e a r s )  o r  t h e  

c a l c u l a t e d  v a l u e  o f  K i s  u n u s u a l l y  l a r g e  o r  sma l l .  

3.5 D i  s c r e t i z i n g  F l o o d  Hydrographs ---- 
To e v a l u a t e  t h e  c u m u l a t i v e  e r o s i o n / s e d i ~ n e n t a t i o n  o c c u r r i n g  d u r i n g  a  

f l o o d ,  as w i l l  be d i scussed  i n  S e c t i o n  5.3.8, i t i s  u s u a l l y  necessary  t o  

d i s c r e t i z e  t h e  hydrograph.  The o n l y  a l t e r n a t i v e  t o  t h e  d i s c r e t i z a t i o n  p rocess  

i s  when t h e  water  d i s c h a r g e  hydrograph can be approx imated by a  t r i a n g u l a r  

hydrograph. Under these c o n d i t i o n s  c a l c u l a t i o n  o f  t h e  c u m u l a t i v e  e r o s i o n /  

s e d i n e n t a t i o n  can be s i m p l i f i e d .  When a  t r i a n g u l a r  hydrograph a p p r o x i m a t i o n  

i s  n o t  p o s s i b l e ,  i t  i s  necessary  t o  d i s c r e t i z e  t h e  w a t e r  d i s c h a r g e  hydrograph,  

wh ich  p r o v i d e s  a  s e r i e s  o f  c o n s t a n t  d i s c h a r g e s  a c t i n g  ove r  s h o r t  t i m e  i n t e r -  

v a l s  as i l l u s t r a t e d  i n  F i g u r e  3.2. The h y d r a u l i c ,  e r o s i o n  and s e d i m e n t a t i o n  

ana lyses  a r e  comple ted f o r  each d i s c h a r g e  l e v e l  and we igh ted  a c c o r d i n g  t o  t h e  

t i m e  i n t e r v a l  ove r  wh ich t h e y  occur .  The c u m u l a t i v e  e r o s i o n / s e d i m e n t a t i o n  

o c c u r r i n g  d u r i n g  t h e  f l o o d  i s  t h e n  t h e  sum o f  t h e  we igh ted  va lues .  F o r  c a l c u -  

l a t i o n  purposes i t  i s  o f t e n  e f f i c i e n t  t o  m a i n t a i n  a  u n i f o r m  t i n e  i n t e r v a l .  

The d i s c h a r g e  l e v e l s  a r e  t h e n  s e l e c t e d  so t h a t  t h e  t o t a l  volume o f  t h e  d i s c r e -  

t i z e d  hydrograph i s  n o t  a p p r e c i a b l y  d i f f e r e n t  f rom t h e  o r i g i n a l  hyd rograph  

( i n  o t h e r  words, so t h a t  t h e  i n c r e m e n t a l  volume o f  t h e  d i s c r e t i z e d  hydrograph  

above t h e  o r i g i n a l  hydrograph c a n c e l s  t h e  volumes n o t  r e p r e s e n t e d  be low t h e  

o r i g i n a l  hyd rograph) .  T h i s  procedure i s  e a s i l y  accompl ished g r a p h i c a l l y  

( v i s u a l l y ) ,  wh ich  a l s o  a l l o w s  s l i g h t  ad jus tmen ts  t o  p r o v i d e  f o r  c o n v e n i e n t  

d i s c h a r g e  l e v e l s .  

F i g u r e  3.3 i l l u s t r a t e s  t h e  d i s c r e t i z a t i o n  o f  a  f l o o d  hydrograph.  The 

volume o f  t h e  o r i g i n a l  hydrograph,  de te rm ined  by  p l a n i m e t e r i n g ,  i s  4,456 acre-  

f e e t  (AF) , w h i l e  t h e  volume o f  t h e  d i s c r e t i z e d  hydrograph,  de te rm ined  by 

summing t h e  inc rementa l  r e c t a n g u l a r  areas,  i s  4,473 AF. Tab1 e  3.3 summarizes 

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

d i s c r e t i z e d  hydrograph,  as de te rm ined  by techn iques  d i scussed  i n  Chapter  V.  

The t o t a l  sed iment  d e l i v e r y  d u r i n g  t h e  s t o r m  i s  then computed f rom t h e  d i s c r e -  

t i z e d  hydrograph as: 
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Figure 3.2. Definition sketch of the hydrograph discretization process. 



TIME (HOURS) 

F i g u r e  3.3.  Hydrograph d i s c r e t i z a t i o n .  



Tab le  3.3. Water and Sediment D i s c h a r g e  Data  
f o r  Hydrograph D i s c r e t i z a t i o n  
Example. 

Water D ischarge  Sediment D ischarge  
( c f s )  ( c f s )  



. 

VOL, = Z Q, A t  
A t = l  

3,600 = [1 .4(1 .4)  t 4 . 1 ( 1 . 6 )  + 7.4(5.4)  + 4 .1 (2 .0 )  + 1 . 4 ( 2 . 8 ) 1  

= 11 AF 

where 

--- 3,600 represents the conversion factor  from cfs-hours to acre-feet .  43,560 



IV. HYDRAULIC ANALYSIS OF ALLUVIAL CHANNELS -- - --- - 
4.1 General 

In open-channel flow t h e  water sur face  i s  not confined,  t h e r e f o r e  su r face  

conf igura t ion ,  flow pa t t e rn  and pressure d i s t r i b u t i o n  within the  flow wi l l  

depend on gravi ty .  In rigid-boundary open channels no deformation o r  movement 

of the  bed and banks i s  considered.  In a l l u v i a l  channels ,  where t h e  channel 

i s  loca ted  i n  a natural  alluvium of s i l t ,  c l ay ,  sand and gravel ,  t h e  bed and 

banks a r e  f r e e  t o  move, and consequently channel c h a r a c t e r i s t i c s  wi l l  depend 

on flow condit ions.  Under these  circumstances the  concepts of moveable- 

boundary hydraul ics  must be u t i l i z e d .  In using procedures presented in t h i s  

manual, i t  i s  assumed the  reader  has a working knowledge of methods t o  de ter -  

mine the  e r o d i b i l i t y  of the  channel bed and banks, and has appl ied  t h a t  

knowledge t o  the  p ro jec t  under eva lua t ion .  Procedures f o r  analyzing the  ero- 

d i b i l i t y  of ea r th  channels a r e  presented in Technical Release No. 25 (SCS, 

1977) as  well as  the  Corps of Engineers,  "Hydraulic Design of Flood Control 

Channels" (COE, 1970).  I t  i s  assumed the  engineer has applied these  o r  simi- 

l a r  procedures t o  h is  p r o j e c t  and has determined the a p p l i c a b i l i t y  of moveable 

boundary hydraul iclsediment  t r a n s p o r t  procedures,  such a s  those presented in 

t h i s  manual. 

Understanding and u t i l i z a t i o n  of t h s  concepts of rigid-boundary 

hydraul ics  a re  e s sen t i a l  f o r  ana lys i s  of a l l u v i a l  channels ,  and i t  i s  assumed 

t h a t  users  of t h i s  manual have t h i s  knowledge. This chapter  p re sen t s  some of 

the  more spec ia l ized  knowledge surrounding moveable-boundary hydraul ics  as  

required f o r  f l u v i a l  systems ana lys i s .  

4.2 Resis tance t o  Flow 

4.2.1 Common Resistance Parameters and Their  Relat ionships -- - -- 
The th ree  most common parameters f o r  descr ib ing  r e s i s t a n c e  t o  steady 

uniform flow are :  

1. The Darcy-Weisbach f r i c t i o n  f a c t o r  f .  

2 .  The Chezy r e s i s t a n c e  f a c t o r  C .  

3 .  The Manning roughness c o e f f i c i e n t  n .  

The Oarcy-Weisbach formula, developed primari ly f o r  flows in p ipes ,  

s t a t e s  t h a t  



where hf i s  t h e  

f r i c t i o n  f a c t o r ,  

f r i c t i o n  l o s s  a s s o c i a t e d  w i t h  t h e  f l o w  i n  p i p e s ,  f i s  t h e  

L i s  t h e  l e n g t h  o f  t h e  p i p e ,  D  i s  t h e  d i a m e t e r  o f  t h e  

p ipe ,  V i s  t h e  mean v e l o c i t y  o f  f l o w  t h e r e i n ,  and g  i s  t h e  a c c e l e r a t i o n  o f  

g r a v i t y .  

S i n c e  D  = 4R and t h e  energy g r a d i e n t  SE = ( h f ) / L ,  E q u a t i o n  4.1 may 

b e  w r i t t e n  i n  terms o f  t h e  f r i c t i o n  f a c t o r  as 

where R i s  t h e  h y d r a u l i c  r a d i u s .  N o t i n g  t h a t  v,' = gRSE, E q u a t i o n  4.2 

y i e l d s  

E q u a t i o n  4.3 can be a p p l i e d  t o  f l o w  i n  open channels  and sometimes i s  

p r e s e n t e d  as 

The Chezy c o e f f i c i e n t  i s  r e l a t e d  t o  Manning 's  n  by 

and by d e f i n i t i o n  ( i . e . ,  V = C J R S )  t o  t h e  Darcy f r i c t i o n  f a c t o r  f, s i n c e  

- 
T = YRS 
0 

(4.7a) 



g i v i n g  

where p i s  t h e  d e n s i t y  o f  wa te r  

F o r  t h e  i n t e r e s t e d  reader ,  i t  shou ld  a l s o  be n o t e d  t h a t  f and n a r e  

r e l a t e d  as f o l l o w s :  

Several  e m p i r i c a l  f o r m u l a s  have been suggested t h a t  r e l a t e  t h e  bed- 

m a t e r i a l  p a r t i c l e  s i z e  t o  Manning 's  n. F o r  sand-bed channels ,  Meyer-Peter  

and Mu1 1 e r  recommend 

Lane and Car lson ( l 9 5 3 ) ,  as a r e s u l t  o f  t h e i r  San L u i s  V a l l e y  s tudy ,  suggested 

t h e  fo rmu la  

1 /6  
D75 n = -  

3 9 
( D 7 5 i n  i n c h e s )  (4 .10 )  

where t h e  beds o f  t h e  c a n a l s  s t u d i e d  were covered  w i t h  cobb les .  I n  a Highway 

Research Board pub1 i c a t i o n ,  Anderson e t  a1 . (1970) recommend 

1/6 n = 0.0395 D50 ( D S 0  i n  f e e t )  (4.11) 

Eng ineers  have v a r y i n g  p re fe rences  f o r  r e s i s t a n c e  parameters.  The 

parameter f i s  used f o r  b o t h  open-channel and p r e s s u r e  f l o w .  A d d i t i o n a l l y ,  

f i s  d i m e n s i o n a l l y  c o n s i s t e n t ,  w h i l e  t h e  Manning n and Chezy C a r e  

e m p i r i c a l l y  based. Consequent ly,  t h e  ASCE Task Force Committee (1963) recom- 

mended t h e  use O f  t h e  Darcy f f o r  b o t h  open-channel and p r e s s u r e  f l o w .  



However, t he  Manning n  remains the most commonly used open-channel f l o w  

res i s tance  f a c t o r .  Use o f  Manning's n  g ives  good r e s u l t s  f o r  f u l l y  rough 

and smooth cond i t i ons  i n  r ig id-boundary channels, b u t  i s  l e s s  s a t i s f a c t o r y  f o r  

a l l u v i a l  boundary f low,  as i t s  value i s  h i g h l y  dependent on the  form o f  bed 

roughness (see Sec t ion  4.2.2).  Values o f  n  f o r  va r i ous  k inds  o f  r i g i d  boun- 

dary surfaces have been tabu la ted  and methods f o r  determin ing the Manning's 

c o e f f i c i e n t  t o  account f o r  a  number o f  i n f l u e n c i n g  f a c t o r s  such as cross sec- 

t i o n  shape and channel i r r e g u l a r i t y  are presented i n  numerous handbooks. 

V.  T. Chow's - Open Channel Hydrau l i cs  (1959) g ives  a  d e t a i l e d  l i s t  o f  n  

values and methods o f  determin ing an n  va lue i n  a  complex channel sec t ion .  

A s h o r t  summary o f  n  values commonly used i n  a l l u v i a l  cond i t i ons  i s  g iven i n  

Table 4.1. 

4.2.2 Resistance t o  Flow i n  Fine-Grained A1 l u v i a l  Channels -- 
The equat ions developed i n  Sect ion 4.2.1 assume f l a t -bed ,  r ig id -boundary  

channels w i t h  no sediment t r a n s p o r t  and are s t r i c t l y  v a l i d  f o r  these con- 

d i t i o n s  on ly .  A compl ica t ing  f a c t o r  i n  eva lua t i ng  channel roughness i n  an 

eros ion/sedimentat ion i n v e s t i g a t i o n  i s  t h a t  the bed c o n f i g u r a t i o n  o f  an a l l u -  

v i a l  channel seldom forms a  smooth, r e g u l a r  boundary. Rather, i t i s  charac- 

t e r i z e d  by s h i f t i n g  forms generated by the f l o w  t h a t  vary i n  s ize,  shape, and 

l o c a t i o n  as i n f l uenced  by changes i n  f low,  temperature, sediment load, and 

o the r  var iab les .  These bed forms c o n s t i t u t e  a  major p a r t  o f  the res i s tance  t o  

f l o w  e x h i b i t e d  by an a l l u v i a l  channel and e x e r t  a  s i g n i f i c a n t  i n f l u e n c e  on 

f l o w  parameters such as depth, v e l o c i t y  and sediment t r anspo r t .  

Bed c o n f i g u r a t i o n s  t h a t  may form i n  an a l l u v i a l  channel are p lane bed 

w i thou t  sediment movement, r i p p l e s ,  dunes, plane bed w i t h  sediment movement, 

ant idunes, and chutes and pools .  A d e t a i l e d  d iscuss ion  o f  bed forms and t h e i r  

c h a r a c t e r i s t i c s  i s  prov ided by Simons and Senturk (1977) o r  Simons, L i  & 

Associates, I nc .  (1982) .  

The d i f f e r e n t  bed forms are associated k i t h  tvro flovr regimes, w i t h  a  

t r a n s i t i o n  zone i n  between, used t o  c l a s s i f y  f l o w  i n  a l l u v i a l  channels. The 

two regimes and t h e i r  assoc ia ted  bed c o n f i g u r a t i o n s  are:  

A.  Lower f l o w  regime 

1. Ripp les  
2. Dunes 



Table 4.1. Manning Roughness C o e f f i c i e n t s ,  n.  

Manning n Range 

LINED OPEN CHANNELS: 

Gravel bottom, sides as i nd i ca ted :  - - -- - - 

Formed concrete . . . . . . . . . . . . . 0.017-0.020 
Random stone i n  mortar  . . . . . . . . . . 0.020-0.023 
Dry rubb le  ( r i  prap) . . . . . . . . . . . 0.023-0.033 

UNLINED OPEN CHANNELS: 

Earth, un i fo rm sect ion:  

Clean, r e c e n t l y  completed . . . . . . . . 0.016-0.018 
Clean, a f t e r  weathering . . . . . . . . . 0.018-0.020 
With sho r t  grass, few weeds . . . . . . . 0.022-0.027 
I n  gravely ,  s o i l ,  un i fo rm sect ion,  c lean . 0.022-0.025 

Ear th,  f a i r l y  un i fo rm sec t ion :  

No vegeta t ion  . . . . . . . . . . . . . . 0.022-0.025 
Grass, some weeds . . . . . . . . . . . . 0.025-0.030 
Dense weeds o r  aquat ic  p l a n t s  i n  deep 
channels . . . . . . . . . . . . . . . . . 0.030-0.035 
Sides, c lean, gravel  bottom . . . . . . . 0.025-0.030 
Sides, c lean, cobble bottom . . . . . . . 0.030-0.040 

Drag l i ne  excavated o r  dredged: - 
No vege ta t i on  . . . . . . . . . . . . . . 0.028-0.033 
L i g h t  brush on banks . . . . . . . . . . . 0.035-0.050 

Rock: 

Based on design sec t i on  . . . . . . . . . . . . 0.033 
Based on ac tua l  mean sec t ion :  
a. Smooth and uniform . . . . . . . . . . 0.035-0.040 
b. Jagged and i r r e g u l a r  . . . . . . . . . 0.040-0.045 

Channels n o t  maintained, weeds and brush uncut:  ---- 

Dense weeds, h igh  as f l o w  depth . . . . . 0.08-0.12 
Clean bottom, brush on sides . . . . . . . 0.05-0.08 
Clean bottom brush on sides, h ighes t  stage o f  
f l o w  . . . . . . . . . . . . . . . . . . . 0.07-0.11 
Dense brush, h i g h  stage . . . . . . . . . 0.10-0.14 



Table 4.1. (continued) 

Planning n Range 

CHANNELS AND SWALES WITH MAINTAINED VEGETATION 
(values shown are for  veloci t ies  of 2 t o  6 fp s ) :  

Depth of flow u p  t o  0.7 foot: 

Bermuda grass, Kentucky bluegrass, buffalo 
grass: 
a .  Mowed to 2 inches . . . . . . . . . .  0.045-0.07 
b. Length 4 to 6 inches . . . . . . . . .  0.05-0.09 
Good stand, any grass: 
a. Length about 12 inches . . . . . . . .  0.09-0.18 
b. Length about 24 inches . . . . . . . .  0.15-0.30 
Fair stand, any grass: 
a. Length about 12 inches . 0.08-0.14 
b. Length about 24 inches . 0.13-0.25 

Depth of flow 0.7-1.5 feet :  

Bermuda grass,  Kentucky bluegrass, buffalo 
grass: 
a. Mowed t o  2 inches . . . . . . . . . .  0.035-0.05 
b. Length 4 t o  6 inches . . . . . . . . .  0.04-0.06 

Good stand, any grass: 
a. Length about 12 inches . .0.07-0.12 
b. Length about 24 inches . . . . . . . .  .0.10-0.20 
Fair  stand, any grass: 
a .  Length about 12 inches . .0.06-0.10 
b. Length about 24 inches . . . . . . . .  .0.09-0.17 

NATURAL STREAM CHANNELS: 

Minor streams (surface width a t  flood stage l e s s  
than 100 f t ) :  

Fairly regular section: 
a. Some grass and weeds, l i t t l e  or no 

brush . . . . . . . . . . . . . . . .  0.030-0.035 
b. Dense growth of weeds, depth of flow mater- 

i a l l y  greater  than weed height . . . .  0.035-0.05 
c.  Some weeds, l i g h t  b rush  on banks . . .  0.04-0.05 
d .  Some weeds, heavy brush on banks . 0.05-0.07 
e .  Some weeds, dense willows on banks . .  .0.06-0.08 
f .  For t r ee s  within channel, with branches 

subnerged a t  high stage,  increase a l l  
above values by . . . . . . . . . . .  .0.01-0.10 

4.6 



Table 4.1. (con t inued)  

Manning n  Range 

I r r e g u l a r  sec t ions ,  w i t h  pools ,  s l i g h t  channel 
meander; inc rease  va lues i n  1 a-e about . .0.01-0.02 
Mountain streams, no vege ta t i on  i n  channel, 
banks u s u a l l y  steep, t r e e s  and brush a long banks 
submerged a t  h i g h  stage: 
a. Bottom o f  g rave l ,  cobbles, and few 

bou lders  . . . . . . . . . . . . . . . .0.04-0.05 
b. Bottom of cobbles, w i t h  l a r g e  bou lders  .0.05-0.07 

F lood p l a i n s  (ad jacen t  t o  n a t u r a l  streams):  

Pasture,  no brush: 
a. Short  grass . . . . . . . . . . . . . 0.030-0.035 
b. High grass . . . . . . . . . . . . . . 0.035-0.05 
C u l t i v a t e d  areas: 
a. No c rop  . . . . . . . . . . . . . . . 0.03-0.04 
b. Mature row crops . . . . . . , . . , . 0.035-0.045 
c. Mature f i e l d  crops . . . . . . . . . . 0.04-0.05 
Heavy weeds, s c a t t e r e d  b rush  . . . . . . . 0.05-0.07 
L i g h t  b rush  and t r e e s :  
a. Winter . . . . . . . . . . . . . . . . 0.05-0.06 
b. Summer . . . . . . . . . . . . . . . . 0.06-0.08 
Medium t o  dense brush: 
a. Winter . . . . . . . . . . . . . . . . 0.07-0.11 
b. Summer . . . . . . . . . . . . . . . . 0.10-0.16 
Dense w i l l ows ,  summer, no t  bent  over by  
c u r r e n t  . . . . . . . . . . . . . . . . . 0.15-0.20 
Cleared l and  w i t h  t r e e  stumps, 100-150 per  acre:  
a. No sp rou t s  . . . . . . . . . . . . . . .0.04-0.05 
b. With heavy growth o f  sp rou ts  . . . . . .0.06-0.08 
Heavy s tand o f  t imber ,  a  few down t rees ,  l i t t l e  
undergrowth: 
a. Flood depth below branches . . . . . . .0.10-0.12 
b. F lood depth reaches branches . . . . . .O. 12-0.16 



B. T r a n s i t i o n  zone: bed c o n f i g u r a t i o n s  range f rom dunes t o  p l a n e  beds 
o r  t o  an t idunes  . 

C. Upper f l o w  reg ime 

1. P lane  bed w i t h  sed iment  movement 
2. Ant idunes 

a. S tand ing  waves 
b. B reak ing  a n t i d u n e s  

3. Chutes and p o o l s  

I n  l o w e r  f l o w  regime, r e s i s t a n c e  t o  f l o w  i s  l a r g e  and sed iment  t r a n s p o r t  i s  

s m a l l .  Converse ly ,  i n  upper  f l o w  reg ime r e s i s t a n c e  t o  f l o w  i s  sma l l  and s e d i -  

ment t r a n s p o r t  i s  l a r g e .  F i g u r e  4.1 i l l u s t r a t e s  t h e  v a r i a t i o n  o f  r e s i s t a n c e  

t o  f l o w  w i t h  bed form c o n d i t i o n .  T a b l e  4.2 p r o v i d e s  t h e  range o f  r e s i s t a n c e  

c o e f f i c i e n t s  t y p i c a l  f o r  each bed fo rm and t h e  recommended v a l u e  f o r  sed iment  

t r a n s p o r t  a n a l y s i s .  The d i f f e r e n t  v a l u e s  u t i l i z e d  f o r  f l o o d  c o n t r o l  v e r s u s  

sed iment  t r a n s p o r t  s t u d i e s  r e l a t e  t o  t h e  o b j e c t i v e s  o f  each s t u d y .  Va lues i n  

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

f l o w  dep th  i s  d e s i r a b l e .  Va lues i n  t h e  l o w e r  range a r e  used f o r  sed iment  

t r a n s p o r t ,  bank s t a b i l i t y  and r i p r a p / r e v e t m e n t  a n a l y s i s  s i n c e  a  c o n s e r v a t i v e  

e s t i m a t e  o f  v e l o c i t y  i s  r e q u i r e d .  

T h e r e f o r e ,  i n  o r d e r  t o  p r o p e r l y  s e l e c t  t h e  Manning n  o f  an a l l u v i a l  

channel ,  t h e  bed form d u r i n g  t h e  f l o o d  must be known. F i g u r e  4.2 i d e n t i f i e s  

bed form as a  f u n c t i o n  o f  median f a l l  d i a m e t e r  and s t ream power. F a l l  

d i a m e t e r  may be approx imated by t h e  median d i a m e t e r  (DS0), which  i s  known from 

p a r t i c l e  s i z e  g r a d a t i o n  a n a l y s i s  o f  a  bed m a t e r i a l  sample; however, s t ream 

power, d e f i n e d  as t h e  p r o d u c t  o f  v e l o c i t y  and boundary shear s t r e s s  ( r 0 V )  i s  

a  f u n c t i o n  o f  h y d r a u l i c  c o n d i t i o n s  as de te rm ined  by t h e  w a t e r - s u r f a c e  p r o f i l e  

c a l c u l a t i o n s .  T h e r c f o r e ,  t h e  a n a l y s i s  p rocedure  r e q u i r e s  f i r s t  assuming a  bed 

form c o n d i t i o n  i n  o r d e r  t o  d e f i n e  Manning 's  n  and then,  a f t e r  c a l c u l a t i o n ,  

v e r i f y i n g  t h a t  t h e  assumed bed form was c o r r e c t .  

4.2.3 R e s i s t a n c e  t o  F low i n  Cobble/Boulder-Bed A1 1  u v i a l  Channels -- 
When t h e  r e l a t i v e  roughness i s  l a r g e ,  such as i n  s teep  mounta in  r i v e r s  

w i t h  c o b b l e / b o u l d e r  beds, t h e  r e s i s t a n c e  prob lem has a d d i t i o n a l  compl i c a t i o n s .  

L a r g e - s c a l e  roughness e x i s t s  when f l o w  d e p t h  i s  t h e  same o r d e r  o f  magni tude as 

b e d - m a t e r i a l  h e i g h t .  The v e l o c i t y  p r o f i l e  under  these  c o n d i t i o n s  i s  com- 



RESISTANCE TO FLOW. 



Table 4.2. Values o f  Manning's C o e f f i c i e n t  n f o r  
Design o f  Channels w i t h  F ine  t o  Medium 
Sand Beds. 

Recommended 
Recommended Value f o r  

Bed Typ i ca l  Value f o r  Sediment T ranspor t  
Roughness Range Flood S tud ies  S tud ies  

R ipp les  0.018-0.030 0.030 

Dunes 0.020-0.035 0.035 

T r a n s i t i o n  0.014-0 .025 0.030 

Plane Bed 0.012-0.022 0.030 

Standing 0.014-0.025 0.030 
Waves 

An t i  dunes 0.015-0.031 0.030 



MEDIAN FALL DIAMETER IN MILLIMETERS 

Fioure 4.2. Relation o f  bed form to stream 
power and median fall diameter 
of bed sediment (after Simons 
and Richardson, 1966). 



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

t o t a l  r e s i s t a n c e  based m a i n l y  on t h e  sum o f  t h e i r  fo rm drags.  Wa l l  e f f e c t s  

dominate t h e  f l o w ,  so roughness geometry and d i s t o r t i o n s  o f  t h e  f r e e  s u r f a c e  

around e lements  have t h e  most  e f f e c t  on f l o w  r e s i s t a n c e .  Channel geometry i s  

i n d i r e c t l y  i m p o r t a n t  t o  t h e  e x t e n t  t h a t  i t  a f f e c t s  t h e  f l o w  around e lements .  

Under these c o n d i t i o n s  t h e  Manning e q u a t i o n  canno t  adequa te l y  d e s c r i b e  f l o w  

c o n d i t i o n s  and a d i f f e r e n t  r e s i s t a n c e  e q u a t i o n  must b e  u t i l i z e d .  The f o l l o w -  

i n g  paragraphs d e s c r i b e  a r e s i s t a n c e  e q u a t i o n  f o r  l a r g e  roughness channe ls  

deve loped by  B a t h u r s t  (1978) ,  t h a t  shou ld  be used i n  p l a c e  o f  Mann ing ' s  

e q u a t i o n  f o r  a n a l y s i s  o f  f l o w  c o n d i t i o n s  i n  l a r g e  roughness channels .  

As d i s c h a r g e  v a r i e s ,  r e l a t i v e  roughness can change by an o r d e r  o f  magni- 

tude .  R o u g h n e s s h e i g h t  i s  r e p r e s e n t e d  by t h e  l e n g t h  o f  t h e  s h o r t  a x i s  o f  t h e  

bed m a t e r i a l  p a r t i c l e s  wh ich  i s  g r e a t e r  t h a n  o r  equal  t o  f i f t y  p e r c e n t  o f  t h e  

s h o r t  a x i s  o f  t h e  bed m a t e r i a l  p a r t i c l e s  by count .  The s h o r t  a x i s  i s  chosen 

s i n c e  i t  rnore c l o s e l y  approx imates t h e  roughness h e i g h t .  A r e l a t i v e  sub- 

mergence ( f l o w  depth  vs. roughness h e i g h t )  l a r g e r  t h a n  abou t  15 co r responds  t o  

s m a l l - s c a l e  roughness. I n  t h i s  case roughness e lements  o f  t h e  boundary a c t  

c o l l e c t i v e l y  as one su r face ,  e x e r t i n g  a f r i c t i o n a l  shear on t h e  f l o w .  The 

shear  i s  t r a n s l a t e d  i n t o  a v e l o c i t y  p r o f i l e ,  t h e  shape o f  wh ich i s  de te rm ined  

by  roughness geometry, channel  geometry, and any f r e e  s u r f a c e  d i s t o r t i o n s .  

L a r g e  s c a l e  roughness i s  c o n s i d e r e d  t o  e x i s t  when r e l a t i v e  submergence i s  l e s s  

t h a n  about  4. The r e g i o n  between l a r g e -  and s m a l l - s c a l e  roughness ( r e l a t i v e  

submergence 4 t o  15) i s  a t r a n s i t i o n  r e g i o n  w i t h  i n t e r m e d i a t e - s c a l e  roughness.  

I n  t h i s  r e g i o n  f l o w  r e s i s t a n c e  w i l l  be de te rm ined  by some i n t e r a c t i o n  o f  t h e  

two extremes. 

As a r e s u l t  o f  t hese  r e l a t i v e  roughness r e l a t i o n s h i p s ,  d i f f e r e n t  f l o w  

r e s i s t a n c e  e q u a t i o n s  may be r e q u i r e d  a t  t h e  same s e c t i o n  f o r  d i f f e r e n t  

d i scharges .  A t  l ow  d ischarges ,  r e l a t i v e  submergence w i l l  be low  and cumula- 

t i v e  form d r a g  w i l l  be an i m p o r t a n t  component t o  t o t a l  r e s i s t a n c e .  A t  h i g h  

d i scharges ,  r e l a t i v e  submergence w i l l  i n c r e a s e  and a s m a l l - s c a l e  roughness 

formula  may become s u i  tab1  e. If l a r g e - s c a l  e roughness e lements  a r e  removed 

d u r i n g  h i g h  f l o w ,  a sand-bed channel may be exposed. I f  t h i s  occurs ,  o r  i f  

s i g n i f i c a n t  sediment t r a n s p o r t  occu rs ,  t h e  presence o f  bed forms s h o u l d  be 

a n t i c i p a t e d .  Such a sequence o f  even ts  occurs  when a cobb le-bed armor l a y e r  

i s  r u p t u r e d  by h i g h  f low.  

I n  o r d e r  t o  p r o v i d e  d a t a  w i t h  wh ich  t o  deve lop  a f l o w  r e s i s t a n c e  



equat ion f o r  cobble/boulder channels, measureinents from flume s tud ies  were 

compiled by Bathurs t  (1978). lrleasurements were made o f  f lows over d i f f e r e n t  

roughness beds a t  a v a r i e t y  o f  slopes and discharges. Nost o f  the measure- 

ments were made w i t h  f i x e d  beds, b u t  a few were made using loose beds i n  order  

t o  study the e f f e c t  o f  bed-material movement on f l ow  res is tance.  

Theoret ica l  analys is ,  supported by r e s u l t s  o f  the flume study, suggests 
5 t h a t ,  f o r  the range o f  Reynolds numbers g iven by 4x104 < Y D5,-Ju < 2x10 , 

res is tance i s  1 i k e l y  t o  fa1 1 s i g n i f i c a n t l y  as Reynolds number increases. 

However, i f  there  are roughness elements p ro t rud ing  through the f r e e  surface, 

the  e f f e c t  i s  small by comparison t o  Froude number e f f e c t s  r e l a t e d  t o  the 

appearance o f  hyd rau l i c  jumps and generat ion o f  f r e e  surface drag. For  t h e  

bed as a whole, f r e e  sur face drag decreases as Froude number and r e l a t i v e  sub- 

mergence increase. Once the elements are submerged, Froude number e f f e c t s  

r e l a t e d  t o  f r e e  sur face drag are small, b u t  Froude number e f f e c t s  r e l a t e d  t o  

s tanding waves may be important.  

The e f f e c t  o f  roughness geometry can l a r g e l y  be described by a s i n g l e  

parameter 
b r g  

, t h e  func t i on  o f  e f f e c t i v e  roughness concentrat ion.  Th is  

accounts f o r  the v a r i a t i o n  o f  the  roughness geometry both w i t h  depth and w i t h  

bed ma te r ia l ,  al though it does n o t  make allowance f o r  d i f f e r i n g  element 

shapes. Mathematical ly,  b  i s  de f ined as fo l lows:  
r g  

where Ys0 = s i z e  o f  cross-stream a x i s  o f  a roughness element which, by count, 

i s  greater  than o r  equal t o  50 percent  o f  the  cross-stream axes 

o f  a sample o f  elements 

W = sur face width o f  a sec t i on  

d = mean depth normal t o  f l ow  (use hyd rau l i c  depth, A/W) 

'50 = s i z e  o f  s h o r t  a x i s  o f  a roughness element which, by count, i s  

g rea te r  than o r  equal t o  50 percent  of the sho r t  axes o f  a sample 

o f  elements (no te  t h a t  the sho r t  a x i s  i s  the sho r tes t  ax is  o f  the  

p a r t i c l e  regard1 ess o f  o r i e n t a t i o n ,  whereas the cross-stream a x i s  

i s  a func t i on  o f  how the p a r t i c l e  i s  r e s t i n g  on the bed). 

a = standard dev ia t i on  o f  the s i z e  d i s t r i b u t i o n .  



When o n l y  d50 d a t a  a r e  a v a i l a b l e ,  B a t h u r s t  suggests  t h a t  t h e  ~ n e d i d n  s i z e  o f  

t h e  s h o r t  a x i s  may be s e t  equal  t o  0.57 U50 and t h e  c ross -s t ream and l o n g  

axes a r e  e q u i v a l e n t ,  and equal t o  D50/0.57. These v a l u e s . a r e  c o n s i d e r e d  most  

r e p r e s e n t a t i v e  o f  bed m a t e r i a l  t h a t  i s  b lock -1  i k e  i n  shape. 

S i m i l a r l y  t h e  e f f e c t  o f  channel  geometry i s  accounted f o r  by t h e  r e l a t i v e  

roughness area kW/Wd1 where A,  i s  tine t o t a l  w e t t e d  roughness c r o s s -  

s e c t i o n a l  a r e a  and d '  = dep th  o f  f l o ~  f r o m  f r e e  s u r f a c e  t o  bed datum l e v e l .  

T h i s  parameter  i n d i c a t e s  t h e  p r o p o r t i o n  o f  a  channel  c r o s s  s e c t i o n  occup ied  by 

roughness,  and t h e r e f o r e  t h e  degree o f  f u n n e l i n g  o f  f l o w .  F o r  r i v e r  channe ls  

o f  homogeneous boundary m a t e r i a l ,  r e l a t i v e  roughness a r e a  can be expressed  as  

aased on a n a l y s i s  o f  f lume data ,  t h e  r e s i s t a n c e  e q u a t i o n  f o r  l a r g e - s c a l e  

roughness ( b r g  < 0.755) i s  ( B a t h u r s t ,  1978):  

T h i s  e q u a t i o n  does n o t  a p p l y  where Xeynolds number e f f e c t s  (where v i s c o u s  

f o r c e s  t e n d  t o  damp o u t  t u r b u l e n c e )  a r e  s i  y n i f i c a n t ,  wnere t h e r e  i s  bed- 

m a t e r i a l  movement, o r  where t h e r e  i s  a  s y s t e ~ n  o f  s t a n d i n g  waves. However, 

w i t h i n  i t s  range o f  a p p l i c a t i o n ,  t h e  e q u a t i o n  seelns t o  work w e l l  as l o n g  as 

t h e  v a r i o u s  paraineters,  p a r t i c u l a r l y  t h e  roughness s i z e s  and t h e  channel  

w e t t e d  p e r i m e t e r ,  a r e  d e r i v e d  o r  measured. I n  s p i t e  o f  i t s  complex forcn, 

E q u a t i o n  4.14 c o n t a i n s  r e l a t i v e l y  few parameters  and can be a p p l i e d  u s i n g  a  

s i m p l e  i t e r a t i o n  p rocedure  t o  e v a l u a t e  f l o w  c o n d i t i o n s  i n  l a r g e  roughness 

channels ,  s i m i l a r  t o  t h e  s o l u t i o n  o f  t h e  ivlanning e q u a t i o n  f o r  sma l l  roughness 

channe ls .  The example a t  t h e  end o f  t h e  c h a p t e r  i l l u s t r a t e s  a p p l i c a t i o n  o f  

t h e  equa t ion .  



4.3 -- Boundary - Shear - S t r e s s  C a l c u l a t i o n s  - - - - - - - 
C a l c u l a t i o n  o f  t h e  boundary shear s t r e s s ,  o r  t r a c t i v e  f o r c e ,  i s  r e q u i r e d  

i n  many a l l u v i a l  channel computat ions.  Consequent ly,  i t  i s  i m p o r t a n t  t o  know 

and unders tand t h e  v a r i o u s  methodolog ies  t h a t  may be u t i l i z e d  t o  e v a l u a t e  

boundary shear s t r e s s .  Equa t ion  4.7a r e p r e s e n t s  t h e  b a s i c  t h e o r e t i c a l  

e q u a t i o n  f o r  t h e  mean boundary shear s t r e s s  i n  a  c ross  s e c t i o n  as d e r i v e d  f rom 

a p p l i c a t i o n  o f  t h e  momentum p r i n c i p l e  t o  a  c o n t r o l  volume i n  u n i f o r m  f low.  

E q u a t i o n  4.7b i s  d e r i v e d  f rom b o t h  Equa t ion  4.7a and t h e  Oarcy e q u a t i o n  

as a p p l i e d  t o  open-channel f l o w  (D = 4R). Consequent ly,  t h e  a p p r o p r i a t e  v e l o -  

c i t y  t o  use i s  t h e  mean channel  v e l o c i t y .  Equa t ion  4.7b i s  o f t e n  p r e f e r r e d  t o  

E q u a t i o n  4.7a f o r  e v a l u a t i n g  boundary shear s t r e s s ,  because i t  e l i m i n a t e s  d i f -  

f i c u l  t i e s  o r  u n c e r t a i n t y  i n  d e f i n i n g  t h e  energy s lope .  A d d i t i o n a l l y ,  E q u a t i o n  

4.7b i s  more r e a d i l y  a p p l i e d  t o  e v a l u a t i o n  o f  t h e  mean boundary shear s t r e s s  

i n  overbank areas by u s i n g  t h e  mean overbank v e l o c i t y .  

The above equa t ions  ( E q u a t i o n s  4.7a and b )  d e f i n e  t h e  mean boundary shear 

s t r e s s  i n  t h e  c r o s s  s e c t i o n .  The v a r i a t i o n  o f  t h e  boundary shear s t r e s s  

ac ross  t h e  channel was f i r s t  d e s c r i b e d  by Lane (19551, as i l l u s t r a t e d  i n  

F i g u r e  4.3. T h i s  f i g u r e  i n d i c a t e s  t h a t  t h e o r e t i c a l l y  t h e  boundary shear 

s t r e s s  goes t o  zero  a t  t h e  c o r n e r s  o f  a  channel ;  however, i n  r e a l i t y  i t  i s  

more reasonable  t o  assume t h a t  i t  i s  n o t  ze ro ,  b u t  r a t h e r  some v a l u e  l e s s  t h a n  

t h e  maximum v a l u e  o c c u r r i n g  on t h e  channel  s ides  o r  bot tom.  F o r  des ign  pu r -  

poses, i t  i s  a p p r o p r i a t e  t o  base d e c i s i o n s  on t h e  maxiinurn boundary shear 

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

i n t e r e s t ,  f o r  example, a t  t h e  t o e  o f  a  r i p r a p p e d  channel  s i d e  w a l l .  F o r  chan- 

n e l s  o f  d i f f e r e n t  geomet r i c  p r o p e r t i e s ,  F i g u r e  4.4 may be used t o  e v a l u a t e  t h e  

maximum boundary shear s t r e s s  on t h e  channel  s i d e s  o r  bot tom, r e l a t i v e  t o  

ydS. I t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  these f i g u r e s  a r e  based on t h e  boundary 

shear s t r e s s  d e f i n e d  by yds, n o t  t h e  mean boundary shear s t r e s s  i n  t h e  c r o s s  

s e c t i o n  as d e f i n e d  by YRS ( o r  1/8 i, f v * ) .  F o r  channels  o f  smal l  w i d t h /  

dep th  r a t i o  ( i  .e., l e s s  than  l o ) ,  ydS w i l l  be l a r g e r  than  yRS. As t h e  

w id th /dep th  r a t i o  becomes l a r g e r ,  ydS approaches YRS such t h a t ,  f o r  

w i d t h / d e p t h  r a t i o s  g r e a t e r  than  10, they  may be c o n s i d e r e d  equa l .  Under t h i s  

c o n d i t i o n ,  as i n d i c a t e d  by F i g u r e  4.4, t h e  itlaximum boundary shear s t r e s s  and 

t h e  mean boundary shear s t r e s s  a r e  equal on t h e  channel  bot tom, w h i l e  t h e  

maximum v a l u e  on t h e  s i d e  w i l l  be about  0.78 t imes  t h e  mean boundary shear 

s t r e s s .  F o r  a p p l i c a t i o n  o f  F i g u r e s  4.3 and 4.4 t o  i r r e g u l a r  channels,  i t  i s  

b e s t  t o  use t h e  depth  ( d )  d e f i n e d  by t h e  h y d r a u l i c  dep th  (A/T) .  

4.15 



0.970 yds 

F i g u r e  4.3.  V a r i a t i o n  o f  boundary  shear  s t r e s s  i n  a  
t r a p e z o i d a l  c r o s s  s e c t i o n .  
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Equa t ions  4.7a and b  a l s o  d e f i n e  t h e  mean boundary shear s t r e s s  o n l y  f o r  

s t r a i g h t  channels.  F low around a  bend i n  a  channel  genera tes  secondary 

c u r r e n t s  t h a t  m o d i f y  t h e  v e l o c i t y  p r o f i  1  e  and boundary shear s t r e s s  d i  s t r i b u -  

t i o n ;  i n  p a r t i c u l a r ,  t h e  boundary shear s t r e s s  becomes g r e a t e r  on t h e  o u t s i d e  

o f  t h e  bend. F i g u r e  4.5 g i v e s  t h e  r a t i o  o f  t h e  boundary shear s t r e s s  on the  

o u t s i d e  o f  t h e  bend t o  t h e  mean boundary shear s t r e s s ,  re1 a t i v e  t o  t h e  r a d i u s  

o f  c u r v a t u r e  o f  t h e  bend. 

4.4 Normal Depth C a l c u l a t i o n s  -- 
4.4.1 D e f i n i t i o n  

The h y d r a u l i c  grade l i n e ,  o r  t h e  h y d r a u l i c  g r a d i e n t ,  i n  open-channel 

f l o w  i s  t h e  wa te r  su r face ,  and i n  p i p e  f l o w  i t  connects  t h e  e l e v a t i o n s  t o  

which wa te r  would r i s e  i n  p iezomete r  tubes a l o n g  t h e  p i p e .  The energy 

g r a d i e n t  i s  a t  a  d i s t a n c e  equal  t o  t h e  v e l o c i t y  head above t h e  h y d r a u l i c  

g r a d i e n t .  I n  b o t h  open-channel and p i p e  f l o w  t h e  f a l l  o f  t h e  energy g r a d i e n t  

f o r  a  g i v e n  l e n g t h  o f  channel o r  p i p e  r e p r e s e n t s  t h e  l o s s  o f  energy by 

f r i c t i o n ,  e x c l u d i n g  l o c a l  m isce l l aneous  l o s s e s .  F i g u r e  4.6 summarizes these 

d e f i n i t i o n s .  When c o n s i d e r e d  t o g e t h e r ,  t h e  h y d r a u l i c  g r a d i e n t  and t h e  energy 

g r a d i e n t  r e f l e c t  n o t  o n l y  t h e  l o s s  o f  energy by f r i c t i o n ,  b u t  a l s o  t h e  conver -  

s i o n s  between p o t e n t i a l  and k i n e t i c  energy. 

I n  t h e  m a j o r i t y  o f  cases t h e  o b j e c t i v e  o f  h y d r a u l i c  computa t ions  r e l a t i n g  

t o  f l o w  i n  open channe ls  i s  t o  de te rm ine  t h e  e l e v a t i o n  o f  t h e  wa te r  s u r f a c e ,  

from which o t h e r  h y d r a u l i c  parameters a t  any d e s i r e d  l o c a t i o n  may be e a s i l y  

computed. These problems i n v o l v e  t h r e e  genera l  r e l a t i o n s h i p s  between t h e  

h y d r a u l i c  g r a d i e n t  and t h e  energy g r a d i e n t .  F o r  u n i f o r m  f l o w  t h e  h y d r a u l i c  

g r a d i e n t  and t h e  energy g r a d i e n t  a r e  p a r a l l e l  and t h e  h y d r a u l i c  g r a d i e n t  

becomes an adequate b a s i s  f o r  t h e  d e t e r m i n a t i o n  o f  f r i c t i o n  l o s s ,  s i n c e  no 

c o n v e r s i o n  between k i n e t i c  and p o t e n t i a l  energy i s  i n v o l v e d .  I n  a c c e l e r a t e d  

f low, t h e  h y d r a u l i c  g r a d i e n t  i s  s teeper  t h a n  t h e  energy g r a d i e n t ;  and i n  

r e t a r d e d  f l o w  t h e  energy g r a d i e n t  i s  s teeper  than  t h e  h y d r a u l i c  g r a d i e n t .  An 

a n a l y s i s  o f  f l o w  under these c o n d i t i o n s  canno t  be made w i t h o u t  c o n s i d e r a t i o n  

o f  b o t h  t h e  energy g r a d i e n t  and h y d r a u l i c  g r a d i e n t .  

The dep th  o f  f l o w  e x i s t i n g  under  c o n d i t i o n s  o f  u n i f o r m  f l o w  i s  d e f i n e d  as 

t h e  normal depth .  U n i f o r m  f l o w  deve lops when t h e  f l o w  r e s i s t a n c e  i s  j u s t  

ba lanced by  g r a v i t a t i o n a l  f o r c e .  Under these c o n d i t i o n s  t h e  s lope  o f  t h e  

energy grade l i n e  SE i s  equal t o  t h e  bed s lope,  So. The normal dep th  i s  



Ratio o f  the Shear Stress on the Outside of a 

Bend to the Meon Shear Stress 

Figure  4.5. Ef fect  of bend on boundary shear s t r e s s  ( a f t e r  S o i l  Conservat ion Serv ice  
design manual ). 



frequently of i n t e r e s t ,  particul ar ty  when calculations of the water-surface 

prof i le  are required (water-surface prof i les  are discussed in the next 

section of t h i s  chapter) .  The type of water-surface prof i le  exist ing in a - 
given s i tuat ion depends on the relat ionship exist ing between the normal depth, 

the c r i t i c a l  depth, and the exist ing depth of flow for  a given discharge. In 

t h i s  section normal depth calculations in trapezoidal and natural channels 

will be discussed. Uniform flow very seldom ex i s t s  in natural channels; 

however, in practice,  t h i s  assumption i s  frequently made. 

4.4.2 Normal Depth Calculation for Trapezoidal Channels 

Manning's equation can be written for discharge as 

Area and wetted perimeter for a trapezoidal channel may be expressed as a 

function of depth as follows: " 

where z describes the side slope as the ra t io  of horizontal t o  vert ical  

distance,  b i s  the bottom w i d t h  and y i s  the depth. Wetted perimeter i s  

given by 

P = b + Z y  ( 1 + z )  1/2 * (4.17) 

Therefore, the discharge for  a given normal depth, yo,  i s  

For a known discharge t h i s  equation may be solved for  normal depth y in 
0 

terms of the other known parameters by use of an i t e r a t i v e  technique such as 

Newton's i t e r a t i v e  method. The equation actually solved, in t h i s  case for  

yo, 
would be 



4.4.3 Normal Depth Calculat ion f o r  Natural Channels --- - 
Using d a t a  taken a t  a given c ross  s e c t i o n ,  wetted perimeter  P i s  of ten  

r e l a t e d  t o  c ross-sec t ional  flow area A by regress ion .  The r e s u l t i n g  

expression i s  usual ly a power funct ion  of the  form 

S imi la r ly ,  flow area may be r e l a t e d  t o  flow depth as  

Here, a l ,  a2 ,  b l ,  and b2 a r e  s t a t i s t i c a l l y  f i t t e d  c o e f f i c i e n t s  and expo- 

nents .  By using these  express ions ,  hydraul ic  rad ius  R i n  Equation 4.15 may 

be expressed a s  a funct ion  of y a s  fol lows:  

Therefore,  Equation 4.15 may be r ewr i t t en  in terms of depth of flow in a 

na tura l  channel as 

This  equation may be solved d i r e c t l y  f o r  yo,  r e s u l t i n g  in 

4.5 Water-Surface P r o f i l e s  - - - --- - 
Water-surface p r o f i l e  computations assume t h a t  changes i n  depth and 

v e l o c i t y  take place slowly over l a r g e  d i s t ances ,  r e s i s t a n c e  t o  flow dominates 

and acce le ra t ion  fo rces  may be neglected.  This  type of flow i s  c a l l e d  

gradual ly var ied  flow. Ca lcu la t ions  under these  condi t ions  involve (1) t h e  

determinat ion of the  general c h a r a c t e r i s t i c s  of the  water-surface p r o f i l e ,  and 

( 2 )  t h e  e l eva t ion  of t h e  water su r face  o r  depth of flow. 

4.22 



I n  g r a d u a l l y  v a r i e d  f l o w ,  t h e  a c t u a l  f l o w  depth  y i s  e i t h e r  l a r g e r  than  

o r  s m a l l e r  than  t h e  normal depth  
yo, and e i t h e r  l a r g e r  t h a n  o r  s m a l l e r  t h a n  

t h e  c r i t i c a l  depth  yc. The w a t e r - s u r f a c e  p r o f i l e s ,  wh ich a r e  o f t e n  c a l l e d  

backwater curves,  depend on t h e  magni tude o f  t h e  a c t u a l  depth  o f  f l o w  y i n  

r e l a t i o n  t o  t h e  normal depth  y o  and t h e  c r i t i c a l  dep th  yc. Normal depth  

y o  i s  t h e  depth  o f  f l o w  t h a t  would e x i s t  f o r  steady u n i f o r m  f l o w  as d e t e r -  

mined u s i n g  t h e  Manning o r  Chezy v e l o c i t y  equa t ions ,  and t h e  c r i t i c a l  dep th  i s  

t h e  depth  o f  f l o w  when t h e  Froude number equa ls  1.0. Reasons f o r  t h e  depth  

b e i n g  d i f f e r e n t  than  t h e  normal dep th  a r e  changes i n  s l o p e  o f  t h e  bed, changes 

i n  c r o s s  s e c t i o n ,  o b s t r u c t i o n  t o  f l o w ,  and imbalances between g r a v i t a t i o n a l  

f o r c e s  a c c e l e r a t i n g  t h e  f l o w  and shear f o r c e s  r e t a r d i n g  t h e  f l ow .  

I n  w o r k i n g  w i t h  g r a d u a l l y  v a r i e d  f l o w  t h e  f i r s t  s t e p  i s  t o  de te rm ine  what  

t y p e  o f  backwater  c u r v e  would  e x i s t .  The second s tep  i s  t o  p e r f o r m  t h e  

numer i ca l  computa t ion  o f  w a t e r - s u r f a c e  e l e v a t i o n s .  Open-channel f l o w  

tex tbooks ,  such as Chow's (1959)  o r  Henderson 's  (1966) ,  d e t a i l  t h e  a n a l y s i s  o f  

g r a d u a l l y  v a r i e d  f l o w .  V a r i o u s  computer programs have a1 so been deve loped f o r  

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

i s  t h e  U.S. Army Corps o f  Eng ineers  HEC-2 program. 

4.6 A d d i t i o n a l  E f f e c t s  on F low Depth i n  A l l u v i a l  Channels -- 
4.6.1 - Impor tance 

C a l c u l a t i o n  o f  f l o w  dep th  based on t h e  assumpt ion o f  g r a d u a l l y  v a r i e d  

f l o w  u s i n g  a  s u i t a b l e  roughness c o e f f i c i e n t  i s  n o t  a lways s u f f i c i e n t  i n  a l l u -  

v i a l  channels .  S ince  t h e  bed o f  t h e  channel  i s  n o t  u n i f o r m  and t h e  a l i g n m e n t  

o f  t h e  channel i s  s inuous,  t h e  f l o w  dep th  w i l l  va ry  a c c o r d i n g l y .  H y d r a u l i c  

s t r u c t u r e s  whose performance depends on adequate c l e a r a n c e  above t h e  wa te r  

s u r f a c e  must  t a k e  i n t o  c o n s i d e r a t i o n  a d d i t i o n a l  e f f e c t s .  B r idges ,  l e v e e s ,  and 

man-made conveyance channels  may s u f f e r  s i g n i f i c a n t  damage i f  t h e y  a r e  

des igned on g r a d u a l l y  v a r i e d  f l o w  depths a lone.  The dep th  o f  f l o w  can be 

s i g n i f i c a n t l y  a f f e c t e d  by t h e  f o r m a t i o n  o f  an t idunes  i n  upper reg ime f l o w ,  

s u p e r e l e v a t i o n  o f  t h e  f l o w  t h r o u g h  a  bend, and t h e  accumu la t ion  o f  d e b r i s .  



4.6.2 A n t i d u n e  and Dune H e i g h t  -- - 
F o r  n a t u r a l  o r  man-made channel  segments w i t h  sand beds, i t  i s  necessary  

t o  e s t i m a t e  t h e  h e i g h t  o f  bed forms moving th rough  t h e  channel ,  p a r t i c u l a r l y  

where f r e e b o a r d  o r  scour  requ i rements  a r e  c r i t i c a l .  T h i s  can be done by e s t i -  

m a t i n g  a n t i d u n e  o r  dune h e i g h t .  

An t idunes  can fo rm i n  e i t h e r  t h e  t r a n s i t i o n  zone (between l o w e r  and upper  

reg ime)  o r  upper f l o w  reg ime (Simons and Senturk ,  1977) .  Kennedy (1963)  made 

a  d e t a i l e d  s tudy o f  a n t i d u n e  f l o w .  He suggested t h a t  t h e  wave l e n g t h  i s  

g e n e r a l l y  g i v e n  by 2 n ~ ~ / ~  ( g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n )  and two- 

d imens iona l  waves break when t h e  r a t i o  o f  wave h e i g h t  t o  wave l e n g t h  reaches a  

v a l u e  o f  a p p r o x i m a t e l y  0.14. T h i s  t h e o r y  assumes t h a t  t h e  depth  o f  f l o w  i s  

r o u g h l y  equal t o  t h e  maximum h e i g h t  o f  t h e  an t idune .  Thus, t h e  a n t i d u n e  

h e i g h t  ha f rom c r e s t  t o  t r o u g h  (see  F i g u r e  4.7) can be e s t i m a t e d  u t i l i z i n g  

t h e  r e l a t i o n  

f o r  h  < y; assume ha = yo when t h e  c a l c u l a t e d  va lue  o f  ha > y s i n c e  
a  0' 

ha can never  be g r e a t e r  t h a n  yo. 

Lower reg ime f l o w  a l s o  produces bed forms which s h o u l d  be c o n s i d e r e d  i n  

d e s i g n i n g  levee ,  channel ,  o r  b r i d g e  p r o j e c t s .  Based on d a t a  c o l l e c t e d  f rom 

f l u m e  exper imen ts  (Simons and Richardson, 19601, dune f o r m a t i o n s  have been 

observed a t  Froude numbers r a n g i n g  f rom 0.38 t o  0.60. The r a t i o  o f  dep th  of 

f l o w  t o  dune h e i g h t  (d /h )  ranged f rom 1 t o  5. When t h i s  r a t i o  i s  1.0, t h e  

dune t roughs  c o u l d  be depressed below t h e  n a t u r a l  channel bed a  d i s t a n c e  equal  

t o  one-ha l f  t h e  dep th  o f  f l o w .  As a  c o n s e r v a t i v e  g u i d e l i n e ,  t h i s  v a l u e  

( o n e - h a l f  t h e  dep th  o f  f l o w )  may be used t o  account  f o r  dune t roughs  f o r m i n g  

a d j a c e n t  t o  a  s t r u c t u r e .  

4.6.3 Suoere l  e v a t i o n  
_ I _ - _  

There a r e  many e q u a t i o n s  f o r  d e t e r m i n i n g  s u p e r e l e v a t i o n ,  b u t  t h e  d i f -  

f e r e n c e s  i n  computa t iona l  r e s u l t s  t h a t  a r e  o b t a i n e d  by u s i n g  t h e  d i f f e r e n t  

e q u a t i o n s  a r e  s m a l l .  One e q u a t i o n  t h a t  has proven t o  be a p p l i c a b l e  t o  a  w ide 

range  o f  c o n d i t i o n s  was f i r s t  p r e s e n t e d  by Ippen and D r i n k e r  (1962) .  When 

s u p e r e l e v a t i o n  i s  de f ined  as t h e  wa te r  s u r f a c e  i n c r e a s e  above t h e  normal w a t e r  

s u r f a c e  ( s e e  F i g u r e  4.8a), t h i s  e q u a t i o n  takes  t h e  form: 
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F i g u r e  4.7 D e f i n i t i o n  s k e t c h  f o r  a n t i d u n e  h e i g h t  



SUPERELEVATE 
WATER SURFAC 

F i g u r e  4.8a D e f i n i t i o n  s k e t c h  o f  s u p e r e l e v a t i o n  
i n  a  channel  bend. 

SUPERELNATEDWATER 
SURFACEW/OSEPARATION 

SEPARATION ZONE 

F i g u r e  4.8b D e f i n i t i o n  s k e t c h  o f  s u p e r e l e v a t i o n  
and f l o w  s e p a r a t i o n  c o n d i t i o n s  i n  a  
s h o r t  r a d i u s  bend. 



where use i s  the  s u p e r e l e v a t i o n ,  rc i s  t h e  r a d i u s  o f  t h e  channel  cell- 

t e r l i n e ,  and W i s  t h e  channel  w i d t h  a t  t h e  e l e v a t i o n  o f  t h e  c e n t e r 1  i n e  water  

sur face.  When W/rc i s  smal l  ( g r a d u a l  c u r v a t u r e ) ,  E q u a t i o n  4.26d s i m p l i f i e s  

t o  

A m o d i f i e d  v e r s i o n  o f  t h i s  e q u a t i o n  was p resen ted  by t h e  COE (1970)  wh ich  

i n c o r p o r a t e d  a  c o e f f i c i e n t  t o  account  f o r  channel and f l o w  c n a r a c t e r i s t i c s .  

The COE e q u a t i o n  i s  

where t h e  va lues  o f  C a r e  g i v e n  i n  Tab le  4.3. I t  i s  recommended t h a t  

E q u a t i o n  4.26a be used f o r  l i n e d  channels  w i t h  sharp r a d i i  o f  c u r v a t u r e ,  and 

E q u a t i o n  4 . 2 6 ~  f o r  n a t u r a l ,  l i n e d  o r  u n l i n e d  channels  w i t h  gradud l  r a d i i  o f  

c u r v a t u r e .  It i s  a l s o  recommended t h a t  t h e  va lues o f  C g i v e n  i n  T a b l e  4.3 

be a p p l i e d  t o  E q u a t i o n  4.26a as w e l l .  F o r  purposes o f  t h i s  c a l c u l a t i o r ~ ,  a  

sharp r a d i u s  o f  c u r v a t u r e  e x i s t s  wheu il/rc exceeds 0.33. 

F o r  s h a r p - r a d i u s  bends s u b j e c t e d  t o  h i g h - v e l o c i  ty ( n e a r  o r  g r e a t e r  than  

s u p e r c r i t i c a l )  f l o w s ,  i t  may a l s o  be necessary t o  a l l o w  f o r  an i n c r e a s e  i n  t h e  

d e p t h  o f  f l o w  as a  r e s u l t  o f  f l o w  s e p a r a t i o n  i n  t h e  bend. F low s e p a r a t i o n  

f rom t h e  i n s i d e  boundary o f  t h e  bend w i l l  reduce t h e  e f f e c t i v e  c r o s s - s e c t i o n a l  

area, induce d e p o s i t i o n  on the  p o i n t  b a r ,  and l o c a l l y  i n c r e a s e  t h e  dep th  o f  

f l o w  (AyS) .  C o n s e r v a t i v e l y ,  t h i s  can be taken  as 25 p e r c e n t  o f  t h e  v e l o c i t y  

head, o r  

The amount &yS i s  dn a d d i z i o n a l  depth  C011lpOfImt above t h e  s u p e r e l e v a t e d  

wa te r  su r face ,  as i l l u s t r a t e d  i n  F i g u r e  4.8b. 



Table 4.3.  Superelevat ion Formula Coef f i c i en t s  
(from COE, 1970).  

Flow Type 
Channel 

Cross Sect ion Type of Curve Value of C 

Tranquil Rectangular Simple c i r c u l a r  0.5 

Tranquil Trapezoidal Simp1 e c i r c u l a r  0.5* 

Rapid Rectangular Simple c i r c u l a r  1 .O 

Rapid Trapezoidal Simp1 e c i r c u l a r  1 .O* 

Rapi d Rectangular Spi ra l  t rat ls i  t i o n s  

Rapid Trapezoidal Spi ra l  t r a n s i t i o n s  

Rapid Rectangular Spi ra l  banked 

* NOTE: Equation 4 . 2 6 ~  i s  based on the  physics of flow in a  r ec t angu la r  chan- 
n e l .  Due t o  t h e  non-uniform flow d i s t r i b u t i o n  i n  a  t rapezoida l  chan- 
n e l ,  i t  i s  recommended t h a t  these  c o e f f i c i e n t s  be mul t ip l i ed  by 1.15 
i f  s u b c r i t i c a l  ( t r a n q u i l  ) flow e x i s t s  and 1.30 i f  supercr i  t i c a l  
( r a p i d )  flow e x i s t s .  This recommendation i s  based on information con- 
t a i n e d  i n  the  -- Hydraulic - -- - ~ e s i g n  - -- Manual - published by the  Los Angeles 
County Flood Control D l  s t r i c t .  



4.6.4 Debris Accumulation 

Natural r i v e r s  provide a  good environment f o r  the growth of t r e e s  and 

o t h e r  phreatophytes.  Channel banks, even i n  a r i d  regions with i n t e r m i t t e n t  

stream flow, wil l  support  a  s i g n i f i c a n t  number of l a rge  t r e e s .  The adjacent  

f lood plain area wi l l  accumulate dead t r e e s  o r  deb r i s  from p r i o r  l a r g e  f loods .  

Both of these a reas  a re  capable of supplying f l o a t i n g  debr i s  t o  the  main 

channel during l a r g e  f loods .  Trees from the  channel banks wil l  be eroded in 

a reas  of a c t i v e  bank f a i l u r e  and dead t r e e s  i n  the  overbank wil l  be t rans-  

ported when the depth of flow becomes s u f f i c i e n t  t o  f l o a t  the  debr i s .  In 

urban a reas ,  flood p la in  managers a r e  faced with c o n t r o l l i n g  a  v a r i e t y  of 

f l o a t i n g  debr is .  

Debris accumulation a t  bridge c ross ings  can s i g n i f i c a n t l y  inf luence  

bridge s t a b i l i t y .  The reduced conveyance r e s u l t i n g  from p a r t i a l  blockage of 

flow area  can increase  flow depths and po ten t i a l  f o r  overtopping. Addition- 

a l l y ,  s ince  debr i s  genera l ly  f l o a t s ,  i t  i s  t h e  upper port ion of flow t h a t  i s  

r e s t r i c t e d ,  which r e s u l t s  i n  more flow of higher v e l o c i t i e s  near the  bed. 

Therefore,  deb r i s  accumulation can increase  loca l  scour and the  po ten t i a l  f o r  

f a i l u r e  from undermining of p i e r s  and abutments. 

There a re  no good r u l e s  t o  account f o r  deb r i s  accumulation a t  br idge 

c ross ings .  Quant i f ica t ion  of the e f f e c t  i s  l a r g e l y  sub jec t ive  and r e l i e s  on 

experience.  In t h e  absence of adequate data  (watershed condi t ions ,  h i s t o r i c a l  

records ,  e t c . ) ,  a  genera l ly  accepted r u l e  of t h u m b  i s  t o  assume a d e b r i s  accu- 

mulation equal t o  t h r e e  times the  p i e r  width. 

4.6.5 - Total Freeboard Requirement 

Freeboard i s  the  v e r t i c a l  d i s t ance  measured from the design water su r face  

t o  the top of the channel wall o r  levee. In t h i s  d e f i n i t i o n ,  t h e  design water 

sur face  i s  t h a t  r e s u l t i n g  from uniform or  gradual ly varied flow c a l c u l a t i o n s  

(e .g.  Manning's Equation o r  HEC-2 r e s u l t s ,  r e s p e c t i v e l y ) .  Freeboard i s  then 

any addi t ional  depth required t o  ensure overtopping does not occur in  the as -  

b u i l t  channel from f a c t o r s  not adequately accounted f o r  in  the design water 

su r face  c a l c u l a t i o n s .  These f a c t o r s  can include i d e n t i f i a b l e  components such 

a s  long-term aggradat ion,  supere leva t ion ,  bed forms, and debr i s  accumulation, 

a s  well as  l e s s  i d e n t i f i a b l e  components such as  sepa ra t ion ,  excessive tur- 
bulence, va r i a t ion  i n  r e s i s t ance  o r  o the r  c o e f f i c i e n t s  used in design,  and 

wave ac t ion .  In degradational reaches i t  i s  not considered appropr ia te  t o  



reduce freebodrd requirements due t o  t h e  u n c e r t a i n t i e s  i n  such t h i n g s  as  bank 

s t a b i l i t y .  Under tnese  circumstances the  ca l cu la t ed  freeboard wi l l  provide an 

e x t r a  f a c t o r  of s a fe ty  t o  account f o r  po ten t i a l  channel i n s t a b i l i t y .  

Freeboard i s  of ten  defined as  a percentage of t h e  depth of flow, p lus  any 

o t h e r  inc rease  due t o  i n d e n t i f i  ab le  f a c t o r s  ( supe re l eva t ion ,  bed forms, o r  

deb r i s  accumulation).  For example, both t h e  Soil  Conservation Serv ice  (SCS) 

and t h e  Bureau of Reclamation ( B R )  f reeboard c a l c u l a t i o n s  a re  a func t ion  of 

flow depth. However, as  discussed by the COE (1970) ,  "The amount of freeboard 

cannot be f ixed  by a s i n g l e ,  widely app l i cab le  formula. I t  depends i n  l a r g e  

p a r t  on t h e  s i z e  and shape of channel,  type of l i n i n g ,  consequences of damage 

from overtopping and ve loc i ty  and depth of flow." In t h i s  regard ,  i t  i s  

worthwhile t o  mention t h a t  both the  SCS and B R  procedures a re  pr imar i ly  

intended f o r  app l i ca t ion  t o  smaller  conveyances ( i . e . ,  i r r i g a t i o n  channels ,  

drainage d i t c h e s )  . For l a r g e r  channels ( i  .e. ,  r i v e r s  and floodways) , t h e  COE 

minimum guidel i n e s  a r e  probably more app l i cao le .  These guidel i nes  a r e  ( C O E ,  

1970): 2.0 f e e t  i n  rec tangular  c ross  s e c t i o n s  and 2.5 f e e t  in  t rapezoida l  

s e c t i o n s  f o r  concrete- l ined charlnels; 2.5 f e e t  f o r  riprapped channels;  and 3.0 

f e e t  f o r  ear then  levees.  However, f o r  r ip rap  chanrlels o r  ear then  channels 

below natural  ground l e v e l s ,  the  minimum amounts may be somewhat reduced t o  

r e f l e c t  t h e  lower hazard under these  condi t ions .  

When c a l c u l a t i o n s  f o r  supere leva t ion ,  bed forms, deb r i s  accumulation, 

and o t h e r  i d e n t i f i a b l e  variances t o  flow a r e  a v a i l a ~ l e ,  an i n i t i a l  e s t ima te  of 

freeboard can be ca l cu la t ed .  For channel wa l l s  below natural  ground l e v e l ,  

which incorpora te  an e r o s i o n - r e s i s t a n t  bank l i n i n g  such as  soil-cement o r  

r i p r a p ,  i t  i s  recommended t h a t  t h e  freeboard f o r  the  bank l i n i n g  alone be cov- 

puted as :  

The freeboard dimension f o r  the  t o t a l  channel wall he ight  (whether above 

ground o r  below ground) should include t h e  fol lowing co~nponents: 

ha = antidune he iyn t  defined by Equation 4.25 - 
= supere leva t ion  defined by cquat ion 4.26a o r  4.26c, as  

appropr i a t e  



bys = i n c r e a s e  i n  f l o w  dep th  f rom s e p a r a t i o n  i n  s h o r t - r a d i u s  bends 
( E q u a t i o n  4.27) 

A Y ~  = i n c r e a s e  i n  dep th  f rom d e b r i s  accumu la t ion  

Ayagg 
= i n c r e a s e  i n  dep th  due t o  l o n g - t e r m  a g g r a d a t i o n  (see  Chapter  V )  

It i s  a l s o  recommended t h a t  t h e  f r e e b o a r d  f o r  - bank l i n i n g  ( r i p r a p ,  s o i l -  

cement, e t c . )  on above ground l e v e e  emoankments be computed w i t h  E q u a t i o n  

4.28b. I f  excess ive  f r e e b o a r d  dimensions a r e  computed w i t h  E q u a t i o n  4.28b, 

t h e  eng ineer  s h o u l d  c o n s i d e r  a  r e d e s i g n  t o  e l i m i n a t e  causes o f  h i g h  f reeboard .  

I f  t h e  r i v e r  reach under s tudy has a  Federa l  Emergency Management Agency 

(FEMA) f l o o d  p l a i n  d e l i n e a t i o n ,  t h e  minimum FEMA f r e e b o a r d  r e q u i r e m e n t s  must 

b e  comp l ied  w i t h  b e f o r e  channel  o r  l e v e e  improvements w i l l  be recogn ized  by 

FEMA as a1 t e r i n g  t h e  o r i g i n a l  f l o o d  p l a i n  d e l i n e a t i o n .  Under t h e s e  c i r -  

cumstances, i f  t h e  f r e e b o a r d  d imens ion c a l c u l a t e d  by Equa t ions  4.28a o r  4.28b 

i s  l e s s  than  t h e  minimum FEMA requ i rements ,  t h e  FEt4A c r i t e r i a  shou ld  be used. 

I n  t h e  absence o f  FEMA r e g u l a t i o n ,  t h e  f i n a l  d e c i s i o n  w i l l  r e l y  on e n g i n e e r i n g  

judgment and exper ience,  p a r t i c u l a r l y  when t h e  f r e e b o a r d  requ i rements  v a r y  

s i g n i f i c a n t l y  f rom one reach  t o  t h e  n e x t .  

4.7 Examples 

4.7.1 - A n a l y s i s  o f  Res is tance  t o  F low i n  Sand-Bed Channels - 
F o r  t h e  2-year  f l o o d  (425 c f s ) ,  a  channel i s  observed f u n c t i o n i n g  essen- 

t i a l l y  as a  p l a n e  bed w i t h o u t  sediment movement. A bed-mate r ia l  sample i s  

l a b o r a t o r y - a n a l y z e d  and p r o v i d e s  t h e  f o l l o w i n g  i n f o r m a t i o n :  

Channel geometry and f l o w  c h a r a c t e r i s t i c s  a v a i l a b l e  f rom gag ing s t a t i o n  

measurements near  t h e  peak d i s c h a r g e  o f  t h e  2-year  e v e n t  y i e l d  t h e  f o l l o w i n g :  

( f l o w  area)  A = 210 f t 2  

( t o p  w i d t h )  T = 178 f t  

( h y d r a u l i c  r a d i u s )  R = 1.2 f t  



(bed s lope )  S = 0.0005 

(channel v e l o c i t y ,  Q / A )  V = 2.0 fps  

S imi l a r ly ,  during a 100-year event  (13,000 c f s ) :  

A = 1,275 f t 2  

T = 350 f t  

R = 3.6 

V = 10.2 fps  

What i s  the  r e s i s t a n c e  t o  flow during each flood? 

a .  For t h e  2-year event  the  channel can be analyzed by rigid-boundary 
equat ions  assuming i n s i g n i f i c a n t  sediment t r a n s p o r t  and hence bed- 
form movement. 

The Darcy f i s  computed from Equation 4.5. F i r s t ,  eva lua te  the 
Froude number: 

A where Y h  i s  the  hydraul ic  depth 

Therefore,  

Fr = 2.0 = 0.32 
J32 .2  (210/178) 

Second, assuming SE = So, then 

The Chezy C i s  then computed from Equation 4.8. 

Manning's n i s  computed fro111 Equation 4.6. 

n = -- ( 1 . 2 ) ~ ~ ~  = 0.019 
8 1 

For comparison, use Equation 4.9 f o r  Manning's n 



The d i f f e r e n c e  o f  these two v a l u e s  r e f l e c t s  t h e  d i f f e r e n c e  between an a n a l y t -  

i c a l  l y  c a l c u l a t e d  n  ( 0  .Ol9)  u s i n g  v a r i o u s  t h e o r e t i c a l  and e m p i r i c a l  f o rmu las  

t h a t  do n o t  d i r e c t l y  account  f o r  bed-mate r ia l  c h a r a c t e r i s t i c s ,  and t h a t  v a l u e  

based on a  p u r e l y  e m p i r i c a l  c a l c u l a t i o n  (0.012) t h a t  i n c o r p o r a t e s  p r i m a r i l y  

bed-mate r ia l  c h a r a c t e r i s t i c s .  I f  t h e  assumpt ion o f  u n i f o r m  f l o w  w i t h  i n s i g n i -  

f i c a n t  sed iment  t r a n s p o r t  i s  v a l i d ,  t h e  a n a l y t i c a l l y  de te rm ined  n  i s  a  

b e t t e r  e s t i m a t e ,  s i n c e  i t  r e p r e s e n t s  a  c a l i b r a t i o n  o f  n  based on measured 

f l o w  da ta .  Fur thermore,  as a  c a l i b r a t e d  va lue ,  t h i s  e s t i m a t e  imp1 i c i  t l y  

accoun ts  f o r  b o t h  bed-mate r ia l  and r i g i d  boundary c h a r a c t e r i s t i c s .  

b .  F o r  t h e  100-year e v e n t  t h e  e v a l u a t i o n  must  be made under t h e  assump- 
t i o n  o f  moveable bed c o n d i t i o n s .  F i r s t ,  t h e  bed form c o n d i t i o n  must 
be e s t a b l i s h e d .  From E q u a t i o n  4.7a, assuming S = S o n l y  f o r  
purposes o f  bedform c l a s s i f i c a t i o n ,  t h e  s t ream p8wer 9s  

From F i g u r e  4.2 w i t h  T V = 1.1 and D50 = 0.35 t h e  f l o w  c o n d i t i o n  
i s  upper reg ime w i t h  a i l t i dune  bed forms. From Table  4.2 t h e  range 
o f  Manning 's  n  i s  0.015 t o  0.031, w i t h  a  va lue  o f  0.025 recom- 
mended f o r  sediment t r a n s p o r t .  

F o r  compar ison,  a p p l y  t h e  r i g i d - b o u n d a r y  fo rmu las .  

From Equa t ion  4.5 w i t h  

From E ~ u a t i o n  4.8 

From E q u a t i o n  4.6 



U n l i k e  t h e  above example, t h e  a n a l y t i c a l l y  de te rm ined  r e s u l t  (0.008) f rom 

r i g i d - b o u n d a r y  e q u a t i o n s  does n o t  r e p r e s e n t  an a c c u r a t e  c a l i b r a t i o n  because i t  

does n o t  p r o p e r l y  account  f o r  t h e  fo rm roughness e f f e c t s  f r o m  t h e  a n t i d u n e  

bedforms. S p e c i f i c a l l y ,  energy d i s s i p a t i o n  i n  t h e  s e p a r a t i o n  zones downstream 

o f  t h e  bedforms f u r t h e r  c o m p l i c a t e s  t h e  nonun i fo rm f l o w  c o n d i t i o n s  ( i . e . ,  

Se f So).  A d d i t i o n a l l y ,  t h e  measured dep th  and area used i n  t h e  r i g i d -  

boundary f o r m u l a s  may n o t  adequa te l y  r e p r e s e n t  t h e  a c t u a l  c o n t r i b u t i n g  dep th  

and area due t o  t h e  i n e f f e c t i v e  f l o w  a rea  i n  t h e  s e p a r a t i o n  zones. T h e r e f o r e ,  

w i t h  movable boundary c o n d i t i o n s  t h e  e s t i m a t e  o f  0.025 i s  c o n s i d e r e d  t h e  more 

r e l i a b l e .  

4.7.2 A n a l y s i s  o f  Flow i n  Rough Channels 

The f o l l o w i n g  example i l l u s t r a t e s  t h e  i t e r a t i v e  a p p l i c a t i o n  o f  E q u a t i o n  

4.14 f o r  e v a l u a t i o n  o f  f l o w  i n  l a rge - roughness  channels .  The c a l c u l a t i o n  i s  

f o r  c o n d i t i o n s  o f  f i e l d  measured d a t a  by  V i rman i  (1973) t o  a l l o w  e v a l u a t i o n  o f  

t h e  accuracy o f  t h e  computed r e s u l t .  The f i r s t  s t e p  i n  a p p l i c a t i o n  o f  

E q u a t i o n  4.14 i s  development o f  a  r e l a t i o n s h i p  between channel  w i d t h ,  W ,  and 

mean depth,  d, f o r  t h e  g i v e n  channel .  Tak ing  V i r m a n i ' s  s i t e  10-0115 as an 

example, t h e  d a t a  show t h a t :  

S ince  Wd = A, W = A/d, and e q u a t i n g  these  two express ions  f o r  W y i e l d s :  

Q The mean v e l o c i t y ,  V, i s  equal t o  - and s u b s t i t u t i n g  t h e  p r e v i o u s  A' 
e x p r e s s i o n  f o r  A, 



S u b s t i t u t i n g  f o r  W and 7 i n  E q u a t i o n  4.14 and u s i n g  E q u a t i o n  4.13 t o  

d e s c r i b e  r e l a t i v e  roughness area,  depth  i s  r e l a t e d  t o  j u s t  d i s c h a r g e  and t h e  

parameters  o f  roughness geometry: 

where 

V i r m a n i ' s  d a t a  show t h a t :  

Assuming t h a t  SS0 = 0.57 x  and t n a t  t h e  c ross -s t ream d x i s  Y5" and t h e  

l o n g  a x i s  L50 a r e  e q u i v a l e n t  and equal t o  D50/0.57, t h e n  

Y50 = 0.253 m 

Us ing  E q u a t i o n  4.12, t h e  c a l c u l a t e d  v a l u e  o f  t h e  f u n c t i o n  o f  e f f e c t i v e  

roughness c o n c e n t r a t i o n ,  b  
r 9  ' 

i s  t h e r e f o r e  0.7268 d  0 '6787. S u b s t i t u t i n g  

y i e l d s  



The o n l y  two unknowns i n  t h i s  e q u a t i o n  a r e  d i s c h a r g e  and depth,  so 

s p e c i f y i n g  one a l l o w s  t h e  o t h e r  t o  be c a l c u l a t e d .  V i r ~ ~ l a n i ' s  d a t a  shod t h a t  a t  

a  d i s c h a r g e  o f  0.906 rn3s11 t h e  dep th  i s  0.146 rn. I f ,  however, t h e  d e p t h  were 

unknown i t  c o u l d  have been c a l c u l a t e d  by  t h e  f o l l o w i n g  i t e r a t i v e  t e c h n i q u e .  

The known v a l u e  o f  d i s c h a r g e  and a  guessed v a l u e  o f  dep th  a r e  s u b s t i t u t e d  

i n t o  t h e  r i g h t - h a n d  s ide .  Wi th  dep th  s e t  a t ,  say, 1 m, t h e  v a l u e  o f  t h e  r i g h t  

s i d e  i s  4.775. E q u a t i n g  t h i s  w i t h  t h e  l e f t  s i d e  o f  t h e  e q u a t i o n ,  and 

i n c l u d i n g  t h e  known v a l u e  o f  d i scharge ,  a  c a l c u l a t e d  v a l u e  o f  d e p t n  equal  t o  

0 .0601 m i s  ob ta ined .  

U s i n g  t h i s  d e r i v e d  v a l u e  as t h e  new guessed v a l u e  o f  d e p t h  f o r  t h e  r i g h t  

s i d e  o f  t h e  e q u a t i o n ,  t h e  n e x t  i t e r a t i o n  g i v e s  a  depth  equdl  t o  0.11234 in. 

Subsequent i t e r a t i o n s  g i v e  depths  o f  0.1546 nt, 0.1623 rn and 0.1625 n. As t h e  

d i f f e r e n c e  between t h e  l a s t  two v a l u e s  i s  i n s i s n i f i c a n t ,  t h e  f i n a l  v a l u e  can 

be assumed t o  be t h e  r e q u i r e d  v a l u e .  F i v e  i t e r a t i o n s ,  t h e r e f o r e ,  seem t o  be 

s u f f i c i e n t  f o r  t h e  c a l c u l a t i o n  o f  depth ,  and t n e  r e s u l t  i s  abou t  10  p e r c e n t  i n  

e r r o r  r e 1  a t i  ve t o  t h e  measured va lue .  



V. SEDIMENT TRANSPORT ANALYSIS - - - - - -- - -- - - - - 
5 .1  General Concepts - - -- - - - - - -- - 

5.1.1 B a s i c  Sediment T r a n s p o r t  Theory -- - -. 
Sediment p a r t i c l e s  a r e  t r a n s p o r t e d  by f l o w i n g  wa te r  i n  one o r  more o f  t h e  

f o l l o w i n g  ways: ( 1 )  sur face creep, ( 2 )  s a l t a t i o n ,  and ( 3 )  suspension.  Sur- 

f a c e  creep i s  t h e  r o l l i n g  o r  s l i d i n g  o f  p a r t i c l e s  a long  t h e  bed. S a l t a t i o n  

( j u m p i n g )  i s  t h e  c y c l e  o f  mo t ion  above t h e  bed w i t h  r e s t i n g  p e r i o d s  on t h e  

bed. Suspension i n v o l v e s  t h e  sed iment  p a r t i c l e  b e i n g  suppor ted  by t h e  wa te r  

d u r i n g  i t s  e n t i r e  mo t ion .  Sediments t r a n s p o r t e d  by s u r f a c e  creep, s l i d i n g ,  

r o l l i n g  and s a l t a t i o n  a r e  r e f e r r e d  t o  as bed load ,  and those t r a n s p o r t e d  by 

suspension a r e  c a l l e d  suspended load.  The suspended l o a d  c o n s i s t s  o f  sands, 

s i l t s ,  and c l a y s .  T o t a l  sed iment  l o a d  i s  d e f i n e d  as t h e  sum o f  t h e  bed l o a d  

and suspended l o a d .  G e n e r a l l y ,  t h e  amount o f  bed l o a d  t r a n s p o r t e d  by  a  l a r g e  

r i v e r  i s  on t h e  o r d e r  o f  5  t o  25 p e r c e n t  o f  t h e  suspended load .  A1 though t h e  

amount o f  bed l o a d  may be smal l  compared w i t h  t o t a l  s e d i ~ n e n t  l oad ,  i t  i s  

i m p o r t a n t  because i t  shapes t h e  bed and i n f l u e n c e s  channel  s t a b i l i t y ,  t h e  fo rm 

o f  bed roughness, and o t h e r  f a c t o r s .  

The t o t a l  sed iment  l o a d  i n  a  channel may a l s o  be d e f i n e d  as t h e  sum o f  

bed-mate r ia l  l o a d  and wash load .  The bed-mate r ia l  l o a d  i s  t h e  sum o f  bed l o a d  

and suspended bed-mate r ia l  l o a d  and r e p r e s e n t s  t h a t  p a r t  o f  t h e  t o t a l  sediment 

d i s c h a r g e  which i s  composed o f  g r a i n  s i z e s  found  i n  t h e  bed. The wash l o a d  i s  

t h a t  p a r t  composed o f  p a r t i c l e  s i z e s  f i n e r  than  those  found i n  a p p r e c i a b l e  

q u a n t i t i e s  i n  t h e  bed (Simons and Senturk ,  1977 ) .  The presence o f  wash l o a d  

can i n c r e a s e  bank s t a b i l i t y ,  reduce seepage and i n c r e a s e  b e d - m a t e r i a l  t r a n s -  

p o r t .  Wash l o a d  can be e a s i l y  t r a n s p o r t e d  i n  l a r g e  q u a n t i t i e s  by t h e  stream, 

b u t  i s  u s u a l l y  l i m i t e d  by a v a i l a b i l i t y  f rom t h e  watershed. The b e d - m a t e r i a l  

l o a d  i s  more d i f f i c u l t  f o r  t h e  stream t o  move and i s  l i m i t e d  i n  q u a n t i t y  by 

t h e  t r a n s p o r t  c a p a c i t y  o f  t h e  channel .  F i g u r e  5 .1  summarizes t h e  v a r i o u s  

d e f i n i t i o n s  o f  t h e  components o f  sed iment  l o a d  and t h e i r  c o n t r i b u t i o n  t o  t o t a l  

sediment l oad .  

There i s  no c l e a r  s i z e  d i s t i n c t i o n  between wash l o a d  and bea-mate r ia l  

l oad .  As a  r u l e  o f  thumb, eng ineers  assume t h a t  t h e  s i z e  o f  bed-mate r ia l  p a r -  

t i c l e s  i s  equal  t o  o r  l a r g e r  than  0.0625 mm, wh ich  i s  t h e  d i v i s i o n  p o i n t  b e t -  

ween sand and s i l t .  The sediment l o a d  c o n s i s t i n g  o f  g r a i n s  s m a l l e r  t h a n  t h i s  

i s  c o n s i d e r e d  wash l o a d .  A more reasonable  c r i t e r i o n ,  a1 though n o t  neces- 

s a r i l y  t h e o r e t i c a l l y  c o r r e c t ,  i s  t o  choose a  sed iment  s i z e  f i n e r  than  t e n  p e r -  



F i g u r e  4 .6 .  D e f i n i t i o n  s k e t c h  o f  t h e  e n e r g y  and h y d r a u l i c  
g r a d e  l i n e s  i n  open-channel  flow. 



Wash Load 

Composed o f  p a r t i c l e  s i z e s  f i n e r  
than  those found i n  a p p r e c i a b l e  
q u a n t i t i e s  i n  t h e  bed. Washload 
moves i n  suspens ion and i s  p r o -  
v i d e d  b y  a v a i l a b l e  bank and 
watershed s u p p l y .  

Bed Load I 
Composed o f  p a r t i c l e  s i z e s  
t y p i c a l l y  found i n  t h e  bed t h a t  
move by  s u r f a c e  c reep ,  s l i d i n g ,  
s a l t a t i o n  o r  r o l l i n g  w i t h i n  t h e  
bed l a y e r .  

\ 

Suspended Bed 
M a t e r i a l  Load 

Composed o f  p a r t i c l e s  
t y p i c a l l y  found i n  the. 
bed t h a t  rema in  i n  
suspens ion d u r i n g  t r a n s -  
p o r t .  

I 

Bed M a t e r i a l  

No te  The t e r m  "suspended l o a d "  i s  used 
when r e f e r r i n q  t o  t h e  - sum o f  t h e  
"wash l o a d "  and "suspended bed 
m a t e r i a l  l o a d "  components. There- 
f o r e ,  an a l t e r n a t e  d e f i n i t i o n  o f  
t o t a l  sediment l o a d  i s  t h e  sum 
o f  t h e  suspended l o a d  and bed 
l o a d .  

T o t a l  Sediment 4 
F i g u r e  5.1. D e f i n i t i o n  o f  sed iment  l o a d  components 



c e n t  o f  t h e  bed sample as t h e  d i v i d i n g  s i z e  between wash l o a d  and bed-mate r ia l  

l o a d .  It i s  assumed t h a t  most o f  t h e  wash l o a d  i s  t r a n s p o r t e d  t h r o u g h  t h e  

system by stream f l o w  and l i t t l e  wash l o a d  i s  d e p o s i t e d  on o r  i n  t h e  s t ream 

bed. Wash l o a d  t h u s  d e p o s i t e d  w i t h  t h e  coarse m a t e r i a l  i s  u s u a l l y  o n l y  a  v e r y  

smal l  f r a c t i o n  o f  t h e  t o t a l  bed m a t e r i a l .  

The amount o f  m a t e r i a l  t r a n s p o r t e d ,  eroded, o r  d e p o s i t e d  i n  an a l l u v i a l  

channel  i s  a  f u n c t i o n  o f  sediment supp ly  and channel  t r a n s p o r t  c a p a c i t y .  

Sediment supp ly  i n c l u d e s  t h e  q u a l i t y  and q u a n t i t y  o f  sed iment  b r o u g h t  t o  a 

g i v e n  reach.  T r a n s p o r t  c a p a c i t y  i s  a  f u n c t i o n  o f  t h e  s i z e  o f  bed m a t e r i a l ,  

f l o w  r a t e ,  and geomet r i c  and h y d r a u l i c  p r o p e r t i e s  o f  t h e  channel .  G e n e r a l l y ,  

t h e  s i n g l e  most i m p o r t a n t  f a c t o r  d e t e r m i n i n g  sediment t r a n s p o r t  c a p a c i t y  i s  

f l o w  v e l o c i t y .  A d d i t i o n a l l y ,  s i n c e  t r a n s p o r t  c a p a c i t y  i s  g e n e r a l l y  p ropor -  

t i o n a l  t o  t h e  t h i r d  t o  f i f t h  power o f  v e l o c i t y ,  sma l l  changes i n  v e l o c i t y  can 

cause l a r g e  changes i n  sediment t r a n s p o r t  c a p a c i t y .  E i t h e r  s u p p l y  r a t e  o r  

t r a n s p o r t  c a p a c i t y  nay l i m i t  t h e  a c t u a l  sediment t r a n s p o r t  r a t e  i n  a  g i v e n  

reach.  

5.1.2 B a s i c  Termino logy 

A v a r i e t y  o f  t e r m i n o l o g y  has been used t o  d e s c r i b e  channel  response t o  

changing sediment t r a n s p o r t  c o n d i t i o n s .  I n  a  v e r y  genera l  sense, e r o s i o n  and 

s e d i m e n t a t i o n  a r e  used i n  a  g e n e r i c  f a s h i o n  t o  d e s c r i b e  any l o s s  o r  g a i n  of 

sediment. O the r  t e r m i n o l o g y  i s  then  used t o  more p r e c i s e l y  d e f i n e  t h e  e r o s i o n  

and s e d i m e n t a t i o n  o c c u r r i n g  under s p e c i f i c  c i r cumstances .  F o r  example, v e r -  

t i c a l  channel  response i s  o f t e n  d e s c r i b e d  by words such as aggrada t ion ,  degra- 

d a t i o n ,  genera l  scour  and l o c a l  scour,  w h i l e  h o r i z o n t a l  response i s  t y p i c a l l y  

r e f e r r e d  t o  as l a t e r a l  m i g r a t i o n .  The t e r m i n o l o g y  d e s c r i b i n g  v e r t i c a l  channel  

response has become somewhat c o n f u s i n g  as d i f f e r e n t  a u t h o r s  and/or  p u b l i c a -  

t i o n s  have used t h e  words i n  s l i g h t l y  d i f f e r e n t  ways. To f a c i l i t a t e  f u t u r e  

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

t h i s  manual. 

Aggrada t ion  and d e g r a d a t i o n  a r e  t h e  r a i s i n g  o r  l o w e r i n g  o f  t h e  channel 

bed, r e s p e c t i v e l y ,  o c c u r r i n g  ove r  r e l a t i v e l y  l o n g  reaches and l o n g  t i m e  

p e r i o d s  f rom changes i n  such t h i n g s  as sediment supp ly ,  c o n t r o l s ,  r i v e r  geo- 

morphology,  and man-induced e f f e c t s .  General scour  r e f e r s  t o  a  more l o c a l i z e d  

v e r t i c a l  l o w e r i n g  o f  t h e  channel  bed over  r e l a t i v e l y  s h o r t  t i m e  p e r i o d s ,  f o r  

example, t h e  genera l  scour  i n  a  g i v e n  reach  a f t e r  passage o f  a  s i n g l e  f l o o d .  



Special cases o f  general scour i nc lude  c o n t r a c t i o n  scour o c c u r r i n g  i n  the 

v i c i n i t y  o f  b r idges  t h a t  encroach on the f l o o d  p l a i n  and t h e  scour t h a t  occurs 

downstream o f  a  gravel  p i t .  Un l i ke  degradat ion, which has t h e  antonym 

"aggradation," an accepted antonym f o r  general scour i s  more d i f f i c u l t  t o  

de f i ne .  I n  t h i s  manual "depos i t ion"  w i l l  be used as the  coun te rpa r t  t o  

general scour. Local scour i s  caused by v o r t i c e s  r e s u l t i n g  from l o c a l  d i s t u r -  

bances i n  the f l o w  such as b r i dge  p i e r s  and embankments. I n  genera l ,  t he  ver- 

t i c a l  changes i n  a  channel are a d d i t i v e  so t h a t ,  f o r  example, l o c a l  scour 

cou ld  be occu r r i ng  i n  a  reach exper ienc ing general scour and/or aggradat ion.  

L a t e r a l  m ig ra t i on  i s  de f ined  as bank l ine  s h i f t i n g  due t o  processes o f  

bank eros ion.  Since aggradat ion/degradat ion,  general scour /depos i t ion ,  and/or 

any l o c a l  scour along an embankment can promote bank i n s t a b i l i t y ,  t he  v e r t i c a l  

and ho r i zon ta l  s h i f t i n g  on a  channel are i n t e r r e l a t e d .  Degradat ion, general 

scour, l o c a l  scour and l a t e r a l  m i g r a t i o n  can endanger ad jacent  p rope r t y ,  

b r i dges  and o the r  h y d r a u l i c  s t ruc tu res ,  w h i l e  aggradat ion and depos i t i on  can 

reduce channel capac i ty ,  increase l a t e r a l  e ros ion  and increase f lood ing  

p o t e n t i a l .  

5.2 Level I Analys is  -- 
5.2.1 Plan Form C h a r a c t e r i s t i c s  

Discussion - Rivers can be c l a s s i f i e d  b road ly  i n  terms o f  channel pat -  - 
tern,  t h a t  i s ,  the c o n f i g u r a t i o n  of the r i v e r  as viewed on a  map o r  from the 

a i r .  The p a t t e r n s  are s t r a i g h t ,  meandering, bra ided,  o r  some combinat ion of 

these (F igu re  5.2). 

A s t r a i g h t  channel can be de f ined  as one t h a t  does no t  f o l l o w  a  sinuous 

course. Leopold and Wolman (1957) have po in ted  o u t  t h a t  t r u l y  s t r a i g h t  chan- 

ne l s  are r a r e  i n  nature.  Al though a  stream may have r e l a t i v e l y  s t r a i g h t  

banks, the thalweg, o r  path o f  g rea tes t  depth along the channel, i s  u s u a l l y  

sinuous (F igu re  5.2b). As a  r e s u l t ,  t he re  i s  no simple d i s t i n c t i o n  between 

s t r a i g h t  and meandering channels. 

The s i n u o s i t y  o f  a  channel, de f ined  as the r a t i o  between the thalweg 

l e n g t h  and the  down-valley d is tance,  i s  most o f t e n  used t o  d i s t i n g u i s h  between 

s t r a i g h t  and meandering channels. S inuos i t y  v a r i e s  from a  value o f  u n i t y  t o  a  

va lue  o f  th ree  o r  more. Leopold, Wolman and M i l l e r  (1964)  took a  s i n u o s i t y  o f  

1.5 as the d i v i s i o n  between meandering and s t r a i g h t  channels. I t  should be 
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F igu re  5.2. R i v e r  channel  p a t t e r n s .  



n o t e d  t h a t  i n  a  s t r a i g h t  r e a c h  w i t h  a  s inuous  tha lweg  deve loped between a l t e r -  

n a t e  b a r s  ( F i g u r e  5.2b), a  sequence o f  s h a l l o w  c r o s s i n g s  and deep p o o l s  i s  

e s t a b l i s h e d  a l o n g  t h e  channel .  

A  b r a i d e d  stream o r  r i v e r  i s  g e n e r a l l y  w ide  w i t h  p o o r l y  d e f i n e d  and 

u n s t a b l e  banks, and i s  c h a r a c t e r i z e d  by a  s teep,  s h a l l o w  course  w i t h  1!u1 t i p l e  

channel  d i v i s i o n s  around a l l u v i a l  i s l a n d s  ( F i g u r e  5 .2a) .  B r a i d i n g  was s t u d i e d  

b y  Leopo ld  and Wolman (1957) i n  a  l a b o r a t o r y  f lume. They conc luded  t h a t  

b r a i d i n g  i s  one o f  many p a t t e r n s  which can m a i n t a i n  q u a s i - e q u i l i b r i u m  among 

t h e  v a r i a b l e s  o f  d i scharge ,  sediment l o a d ,  and t r a n s p o r t i n g  a b i l i t y .  Lane 

(1957)  conc luded t h a t ,  g e n e r a l l y ,  t h e  two p r i m a r y  causes t h a t  may be respon- 

s i b l e  f o r  t h e  b r a i d e d  c o n d i t i o n  a r e  (1) o v e r l o a d i n g ,  t h a t  i s ,  t h e  s t ream may 

be s u p p l i e d  w i t h  more sed iment  t h a n  i t  can c a r r y ,  r e s u l t i n g  i n  d e p o s i t i o n  o f  

p a r t  o f  t h e  load ;  and ( 2 )  s teep  s lopes ,  wh ich  produce a  wide,  s h a l l o w  channel  

where b a r s  and i s l a n d s  form r e a d i l y .  

A  meander ing channel  i s  one t h a t  c o n s i s t s  o f  a l t e r n a t i n g  bends, g i v i n g  an 

S-shape appearance t o  t h e  p l a n  v iew o f  t h e  r i v e r  ( F i g u r e  5 . 2 ~ ) .  More 

p r e c i s e l y ,  Lane (1957) conc luded t h a t  a  meander ing s t ream i s  one whose channel  

a l i g n m e n t  c o n s i s t s  p r i n c i p a l l y  o f  pronounced bends, t h e  shapes o f  wh ich have 

n o t  been de te rm ined  p r e d o m i n a n t l y  by t h e  v a r y i n g  n a t u r e  o f  t h e  t e r r a i n  t h r o u g h  -- 
wh ich  t h e  channel  passes. The meander ing r i v e r  c o n s i s t s  o f  a  s e r i e s  o f  deep 

p o o l s  i n  t h e  bends and s h a l l o w  c r o s s i n g s  i n  t h e  s h o r t  s t r a i g h t  r e a c h  connect -  

i n g  t h e  bends. The tha lweg  f l o w s  f rom a  poo l  t h r o u g h  a  c r o s s i n g  t o  t h e  n e x t  

poo l  f o r m i n g  t h e  t y p i c a l  S c u r v e  o f  a  s i n g l e  meander l o o p .  

A p p l i c a t i o n  - Knowledge o f  t h e  v a r i o u s  channel t ypes  and t h e i r  charac-  - 
t e r i s t i c s  p r o v i d e s  t h e  eng ineer  o r  d e s i g n e r  w i t h  a  b a s i c  u n d e r s t a n d i n g  of 

channel  b e h a v i o r .  A l l u v i a l  channels  o f  a l l  t ypes  d e v i a t e  f rom a  s t r a i g h t  

a l i g n m e n t .  The tha lweg  o s c i l l a t e s  t r a n s v e r s e l y  and i n i t i a t e s  she f o r m a t i o n  of 

bends. I n  g e n e r a l ,  t h e  eng ineer  concerned w i t h  channel  s t a b i l i z a t i o n  s h o u l d  

n o t  a t t e m p t  t o  deve lop  s t r a i g h t  channels .  I n  a  s t r a i g h t  channel  t h e  a l t e r n a t e  

b a r s  and t h e  tha lweg  ( t h e  l i n e  o f  g r e a t e s t  dep th  a l o n g  t h e  channel  ) a r e  con- 

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

c r o s s  s e c t i o n  b u t  i s  d e f l e c t e d  toward  one bank and then  t h e  o t h e r .  When t h e  

c u r r e n t  i s  d i r e c t e d  toward a  bank, t h e  bank i s  eroded i n  t h e  a rea  o f  impinge-  

ment and t h e  c u r r e n t  i s  d e f l e c t e d  and impinges upon t h e  o p p o s i t e  bank f u r t h e r  

downstream. The a n g l e  o f  d e f l e c t i o n  o f  t h e  tha lweg  i s  a f f e c t e d  by t h e  c u r -  

v a t u r e  formed i n  t h e  e r o d i n g  bank and t h e  l a t e r a l  e x t e n t  o f  e r o s i o n .  
5.6 



I n  genera l ,  bends a r e  formed by t h e  process o f  e r o s i o n  and d e p o s i t i o n .  

E r o s i o n  w i t h o u t  d e p o s i t i o n  t o  a s s i s t  i n  bend f o r m a t i o n  would r e s u l t  o n l y  i n  

e s c a l l o p e d  banks. Under these c o n d i t i o n s  t h e  channel would  s imp ly  w iden u n t i l  

i t  was so l a r g e  t h a t  t h e  e r o s i o n  would t e r m i n a t e .  The m a t e r i a l  e roded f rom 

t h e  bank i s  n o r m a l l y  d e p o s i t e d  ove r  a  p e r i o d  o f  t i m e  on t h e  p o i n t  b a r s  t h a t  

a r e  formed downstream. The p o i n t  ba rs  c o n s t r i c t  t h e  bend and enab le  e r o s i o n  

i n  t h e  bend t o  c o n t i n u e ,  a c c o u n t i n g  f o r  t h e  l a t e r a l  and l o n g i t u d i n a l  m i g r a t i o n  

o f  t h e  meandering stream. E r o s i o n  i s  g r e a t e s t  ac ross  t h e  channel f rom t h e  

p o i n t  ba r .  As t h e  p o i n t  b a r s  b u i l d  o u t  f rom t h e  downstream s i d e s  o f  t h e  

p o i n t s ,  t h e  bends g r a d u a l l y  m i g r a t e  down t h e  v a l l e y .  The p o i n t  b a r s  formed i n  

t h e  bendways c l e a r l y  d e f i n e  t h e  d i r e c t i o n  o f  f l o w .  The b a r  g e n e r a l l y  i s  

s t r e a m l i n e d  and i t s  l a r g e s t  p o r t i o n  i s  o r i e n t e d  downstream. I f  t h e r e  i s  v e r y  

r a p i d  c a v i n g  i n  t h e  bendways upstream, t h e  sediment l o a d  may be s u f f i c i e n t l y  

l a r g e  t o  cause m i d d l e  b a r s  t o  form i n  t h e  c r o s s i n g .  

Because o f  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  s t r a i g h t ,  b r a i d e d ,  and 

meandering streams, a l l  n a t u r a l  channel p a t t e r n s  i n t e r g r a d e .  A l though  b r a i d -  

i n g  and meandering p a t t e r n s  a r e  s t r i k i n g l y  d i f f e r e n t ,  t h e y  a c t u a l l y  r e p r e s e n t  

extremes i n  a  cont inuum o f  channel  p a t t e r n s .  On t h e  assumpt ion t h a t  t h e  pa t -  

t e r n  o f  a  s t ream i s  determined by t h e  i n t e r a c t i o n  o f  numerous v a r i a b l e s  whose 

range i n  n a t u r e  i s  con t inuous ,  one shou ld  n o t  be s u r p r i s e d  a t  t h e  e x i s t e n c e  of 

a  comple te  range o f  channel p a t t e r n s .  A g i v e n  channel ,  then,  may e x h i b i t  b o t h  

b r a i d i n g  and meandering, and a l t e r a t i o n  o f  t h e  c o n t r o l l i n g  parameters  i n  a  

reach  can change t h e  c h a r a c t e r  o f  a  g i v e n  stream f r o ~ n  meandering t o  b r a i d e d  o r  

v i c e  versa.  

F i g u r e  5.3 summarizes t h e  s u b c l a s s i f i c a t i o n s  o f  r i v e r  channel s  w i t h i n  

t h e  ma jo r  t ypes  o f  meandering, s t r a i g h t  and b r a i d e d  channels  t h a t  a r e  o f  use 

t o  t h e  geomorpho log is t  and eng ineer .  I n f o r m a t i o n  i n  t h i s  f i ~ u r e  p r o v i d e s  

g u i d e l i n e s  f o r  q u a l i f i c a t i o n  o f  channel c h a r a c t e r i s t i c s  f o r  p r a c t i c a l  a p p l i c a -  

t i o n s .  

Example - From f i e l d  o b s e r v a t i o n s  and r e v i e w  o f  r e c e n t  a e r i a l  pho- --- 
tographs,  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  have been determined:  

- s i n u o s i t y  = 1.2 

- wide,  b r a i d e d  channel 



( a )  V a r i a b i l i t y  of unvegetated channel width: channel p a t t e r n  a t  
normal discharge 

(b) Braiding p a t t e r n s  

( c )  Types of s i n u o s i t i e . ~  

Figure 5.3. Class i f icat ion o f  r iver  channels 
( a f t e r  Cu1 bertson e t  a1 . , 1967) 
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(d) O&ow lakes on f loodplain 

( e )  Types sf meancier s c r o l l  formatlions 

( f )  Types of bank heights  

F i g u r e  5.3. ( c o n t i n u e d )  
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(4) Types of natural levee formations 

(h) Types of modern floodplains 

(i) Types of vegetal patterns 

F igu re  5.3. (continued) 
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- l o w - f l o w  bank h e i g h t ,  about  2 t o  3 f e e t  

- ev idence o f  meander sca rs  i n  f l o o d  p l a i n  

From these o b s e r v a t i o n s ,  i t  can be conc luded t h a t  t h e  channel  i s  p r e s e n t l y ,  

and has been h i s t o r i c a l l y ,  u n s t a b l e .  The low s i n u o s i t y ,  b r a i d e d  c h a r a c t e r  and 

low banks suggest  a s teep,  wide wa te r  course  w i t h  p o o r l y  de f ined ,  u n s t a b l e  

banks. 

5.2.2 -- Lane R e l a t i o n  and Other  Geomorphic R e l a t i o n s h i p s  

D i s c u s s i o n  - A number o f  geomorphic r e l a t i o n s h i p s  a r e  a v a i l a b l e  t h a t  can -- 
p r o v i d e  i n s i g h t  on t h e  genera l  c h a r a c t e r i s t i c s  o f  a channel  and i t s  response 

t o  v a r i o u s  impac ts  o r  changes. The u s e f u l n e s s  o f  these  procedures i s  t o  p r o -  

v i d e  t h e  eng ineer  o r  des igner  w i t h  a q u a l i t a t i v e  u n d e r s t a n d i n g  t h a t  w i l l  gu ide  

q u a n t i t a t i v e  c a l c u l a t i o n s  and a s s i s t  i n  f o r m u l a t i n g  c o n c l u s i o n s .  

A p p l i c a t i o n  - A b a s i c  p h y s i c a l  process t h a t  occu rs  i n  a channel  i s  i t s  

tendency, i n  t h e  l o n g  run ,  t o  ach ieve  a ba lance ( e q u i l i b r i u m )  between t h e  p r o -  

d u c t  o f  wa te r  f l o w  and channel  s l o p e  and t h e  p r o d u c t  o f  sediment d i s c h a r g e  and 

sediment s i z e .  The most w i d e l y  known geomorphic r e 1  a t i o n  embodying t h i s  

e q u i l i b r i u m  concep t  i s  known as Lane 's  p r i n c i p l e .  The b a s i c  r e l a t i o n  i s  

(Lane, 1955):  

where Q i s  t h e  wa te r  d i scharge ,  S i s  t h e  channel  s lope,  Qs  i s  t h e  

sed iment  d i s c h a r g e  and DS0 i s  t h e  median d iamete r  o f  t h e  bed m a t e r i a l .  

F i g u r e  5.4 i l l u s t r a t e s  t h e  e q u i l i b r i u m  concep t  as proposed by Lane. 

A s i m i l i a r  s e t  o f  r e l a t i o n s h i p s  was g i v e n  by Schumm (1977) :  

and 



L I 

( Q, D,d IS PROPORTIONAL TO IQ S l  

WHERE 9, * SEDIMENT DISCHARGE 
D,, = MEDIAN SEDIMENT SIZE 
Q = WATER DISCHARGE 
S = SLOPE 

Figure 5.4. Schematic o f  the Lane relationship 
for qualitative analysis. 
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where bl i s  channel width, dl i s  depth, A i s  meander wave length, S i s  

channel slope and P i s  sinuosity.  Width/depth r a t i o ,  indicated t o  be 

direct ly  re1 ated t o  sediment discharge, i s  implicit ly included in Equation 

5.2b because b o t h  depth and width appear separately. 

Investigations have also focused on the relat ionship between channel 

charac te r i s t i cs ,  such as slope and sinuosity,  and channel patterns ( s t r a i g h t ,  

meandering, braided).  Results of Friedkin ( l W 5 ) ,  Leopold and Wolman (19571, 

and Lane (1957) suggest tha t  for a given discharge there i s  a threshold slope 

separating braided and meandering channels. Figure 5.5 summarizes the various 

r e su l t s ,  which in general can be f i t t e d  by equations of the form 

where S i s  the channel slope, Q i s  the discharge, a i s  a coef f ic ien t  and 

K i s  a constant. The data used t o  develop these relat ionships included both 

1 aboratory resu l t s  and fie1 d measurements for predominantly sand-bed channels. 

Furthermore, the resu l t s  were derived from perennial channels using e i t he r  the 

mean annual discharge (dominant discharge) or the bankfull discharge for  anal - 
ys i s .  Consequently, a s t r i c t  application of these relat ionships t o  the ephe- 

meral streams typical of the Southwest i s  impossible; however, they can be 

used i n  a  qua l i t a t ive  sense t o  develop an understanding of possible channel 

response. 

Figure 5.6 i l l u s t r a t e s  a relat ionship between sinusoity,  slope,  and chan- 

nel pattern ( a f t e r  Kahn,  1971). This f igure also i l l u s t r a t e s  t ha t  any natural 

or  a r t i f i c i a l  process which a l t e r s  channel slope can r e su l t  in modifications 

t o  the exis t ing r iver  pattern. Simi 1 a r  t o  the sl ope-discharge re1 a t ions ,  

s t r i c t  application of Figure 5.6 i s  n o t  feas ible  to ephemeral channels, since 

i t  was developed from limitsd laboratory resu l t s ;  however, application in a 

qua l i t a t ive  sense can be beneficial .  

Example - A ser ies  of grade-control s t ructures  has been proposed tha t  --- 
will reduce channel slope from 0.1 percent t o  0.065 percent for an arroyo with 

a bankfull discharge of 2,500 c f s .  



DISCHARGE (CFS) 

Figure  5.5. Slope-discharge r e l a t i o n s .  
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Figure 5.6. Channel p a t t e r n  versus slope 
and s i n u o s i t y  (Kann, i971) 



Assuming wa te r  d i s c h a r g e  and D50 sed iment  s i z e  remain  c o n s t a n t ,  t h e  

Lane r e l a t i o n  ( E q u a t i o n  5.1) i n d i c a t e s  t h a t  t h e  sed iment  d i s c h a r g e  must 

decrease.  T h a t  i s ,  

(No te  t h a t  i f  we had more than  one dependent v a r i a b l e ,  f o r  example, i f  t h e  

D50 s i z e  was n o t  assumed c o n s t a n t ,  i t m i g h t  n o t  be p o s s i b l e  t o  p r e d i c t  t h e  

d i r e c t i o n  of change i n  Qs . )  A p p l i c a t i o n  o f  t h e  Schumm e q u i l i b r i u m  e q u a t i o n s  

( E q u a t i o n s  5.2a and 5.2b) p r o v i d e s  a  s i m i l a r  r e s u l t .  

Accord ing  t o  t h e  s l o p e - d i s c h a r g e  r e l a t i o n  ( F i g u r e  5.51, a  decrease i n  

s l o p e  w i l l  p roduce a  change i n  t h e  d i r e c t i o n  towards a  meander ing channe l .  

Us ing  t h e  b a n k f u l l  d i s c h a r g e  o f  2,500 c f s  suggests  t h a t  t h e  g r a d e - c o n t r o l  

s t r u c t u r e s  w i l l  n o t  s i g n i f i c a n t l y  change t h e  channel  p a t t e r n  f r o m  an i n t e r -  

m e d i a t e  o r  m i l d l y  meander ing c h a r a c t e r i s t i c ;  however, s i n c e  we a r e  a p p l y i n g  

ephemeral channel  d a t a  t o  a  r e l a t i o n s h i p  d e r i v e d  f o r  p e r e n n i a l  channels ,  i t  i s  

i m p o s s i b l e  t o  be c o n c l u s i v e .  

The Kahn r e l a t i o n s h i p  ( F i g u r e  5.6) suggests  t h a t  even a  sma l l  decrease i n  

s l o p e  f rom an i n t e r m e d i a t e  o r  m i l d l y  meander ing channel  w i l l  promote s i g n i f i -  

c a n t  tha lweg  s i n u o s i t y .  As w i t h  t h e  s lope-d ischarge  r e l a t i o n ,  i t  i s  n o t  

p o s s i b l e  t o  be c o n c l u s i v e ;  however, t h e  a p p l i c a t i o n  o f  these  r e l a t i o n s h i p s  

t o g e t h e r  promotes t h e  i d e a  o f  a  t r a n s i t i o n  t o  a  more s t a b l e ,  meander ing chan- 

n e l  a f t e r  i n s t a l  1  a t i o n  o f  g r a d e - c o n t r o l  s t r u c t u r e s .  

5.2.3 A e r i a l  Photograph I n t e r p r e t a t i o n  ---- 
D i s c u s s i o n  - Maps and a e r i a l  photographs supplement each o t h e r  and p r o -  

v i d e  more i n f o r m a t i o n  when used t o g e t h e r  t h a n  e i t h e r  does a lone .  F o r  example, 

a  t o p o g r a p h i c  map p r o v i d e s  q u a n t i t a t i v e  i n f o r m a t i o n  on l a n d  s u r f a c e  charac-  

t e r i s t i c s ;  however, due t o  t h e  t i m e  s i n c e  i t  was compi led,  p a r t s  o f  t h e  map 

may be o b s o l e t e .  A  r e c e n t  a e r i a l  photograph w i l l  show changes t h a t  have 

o c c u r r e d  s i n c e  t h e  map was comp i led  and a l l o w s  a c c u r a t e  assessment o f  p r e s e n t  

c o n d i t i o n s .  

There a r e  two ma jo r  t ypes  o f  a e r i a l  photography:  v e r t i c a l  and o b l i q u e .  

A  v e r t i c a l  photograph i s  taken  w i t h  t h e  o p t i c a l  a x i s  o f  t h e  cainera h e l d  essen- 

t i a l l y  v e r t i c a l l y .  V e r t i c a l  photographs a r e  used i n  most p l a n i m e t r i c  and 

t o p o g r a p h i c  mapping, c o n s t r u c t i o n  o f  mosaics, and o r t h o p h o t o  p r o d u c t i o n .  



O b l i q u e  photography i s  accompl ished by pu rpose ly  t i l t i n g  t h e  o p t i c a l  a x i s  a 

s i z e a b l e  ang le  f rom t h e  v e r t i c a l .  A h i g h  o b l i q u e  i s  a photograph t a k e n  w i t h  

t h e  camera i n c l i n e d  so t h a t  t h e  apparen t  h o r i z o n  appears. A low  o b l i q u e  i s  

taken  w i t h  t h e  camera a x i s  t i l t e d  b u t  n o t  t o  t h e  degree t h a t  t h e  h o r i z o n  

appears.  Due t o  t h e  g r e a t e r  ground coverage o f  o b l i q u e s ,  h i g h  o b l i q u e s  a r e  

o f t e n  used i n  t h e  p r e p a r a t i o n  o f  s m a l l - s c a l e  p l a n i m e t r i c  maps and c h a r t s .  

When taken  as convergen t  photography,  l o w  o b l i q u e s  can be u t i l i z e d  i n  t h e  com- 

p i l a t i o n  o f  a c c u r a t e  t o p o g r a p h i c  maps. 

A p p l i c a t i o n  - - A e r i a l  photographs p r o v i d e  i n f o r m a t i o n  v a l u a b l e  t o  t h e  

qua l  i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  o f  r i v e r  h y d r a u l i c s  and channel  geometry 

problems. U t i l i z a t i o n  o f  a e r i a l  photographs o v e r  a span o f  many y e a r s  w i l l  

p r o v i d e  a t ime-sequenced documentat ion o f  h i s t o r i c a l  t r e n d s  and changes i n  t h e  

r i v e r .  Assessments made f rom a e r i a l  photographs a r e  dependent l a r g e l y  on t h e  

qua l  i ty and s c a l e  o f  t h e  photos.  P r o p e r l y  a p p l i e d ,  p h o t o g r a p h i c  i n t e r p r e t a -  

t i o n  can p r o v i d e  an abundance o f  a c c u r a t e  and u s e f u l  i n f o r m a t i o n .  

Ev idence o f  l and -use  changes, bank c u t t i n g ,  s h i f t i n g  o f  t h e  tha lweg,  

meander tendenc ies ,  l a t e r a l  m i g r a t i o n ,  v e g e t a t i o n  changes, and sed iment  depo- 

s i t i o n  can be documented by s t u d y i n g  photographs f o r  d i f f e r e n t  y e a r s .  If 

time-sequenced a e r i a l  photography i s  a v a i l a b l e  f o r  an area,  i t  i s  a r e l a t i v e l y  

s i m p l e  procedure t o  t r a c e  o r  f reehand a compos i te  ske tch  showing morpho log ic  

e v o l u t i o n ,  o r  t o  document changes i n  channel  w i d t h ,  s i n u o s i t y ,  e t c .  t h rough  

d i r e c t  measurements. 

It shou ld  be n o t e d  t h a t  an a e r i a l  photograph i s  a p e r s p e c t i v e  p r o j e c t i o n  

o f  t h e  ground s u r f a c e  o n t o  t h e  f o c a l  p l a n e  o f  t h e  camera. Thus, p o i n t s  i n  a 

p l a n e  c l o s e r  t o  t h e  camera a t  t h e  t i m e  o f  exposure w i l l  have l a r g e r  images 

t h a n  p o i n t s  l o c a t e d  f a r t h e r  f rom t h e  camera. F o r  t h i s  reason, t h e  s c a l e  can 

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

r e l i e f .  G e n e r a l l y ,  t h e  s c a l e  g i v e n  f o r  a s e t  o f  a e r i a l  photographs i s  t h e  

average s c a l e  based on t h e  d i f f e r e n c e  between t h e  average g round-su r face  e l e -  

v a t i o n  and f l y i n g  h e i g h t  f o r  a l l  photographs taken  d u r i n g  t h e  f l i g h t .  An 

average s c a l e  can be a p p l i e d  t o  a s c a l e d  d i s t a n c e  t o  g i v e  a reasonab le  e s t i -  

mate of co r respond ing  ground l e n g t h  so l o n g  as r e l i e f  i s  n o t  e x t r e m e l y  

v a r i a b l e .  I n  areas o f  h i g h l y  v a r i a b l e  r e l i e f ,  s c a l i n g  e r r o r s  w i l l  r e s u l t  f rom 

use of an average s c a l e  and l i m i t  t h e  accuracy and r e l i a b i l i t y  o f  any quan- 

t i t a t i v e  measurements. 



Time can be a  l i m i t i n g  f a c t o r  i n  a c q u i s i t i o n  o f  a e r i a l  photographs.  

Orders  o f t e n  r e q u i r e  f o u r  t o  s i x  weeks t o  be processed. Time d e l a y s  a r e  o f t e n  

i n c r e a s e d  by t h e  f a c t  t h a t  many agenc ies  h e s i t a t e  t o  s e l e c t  p h o t o s  f o r  you  

because o f  t h e i r  u n c e r t a i n t y  as t o  what i s  wanted. T h e r e f o r e ,  u n l e s s  y o u  have 

access t o  i ndexes  r e t a i n e d  a t  t h e  agenc ies ,  a l l o w  ano the r  f o u r  t o  s i x  weeks t o  

o b t a i n  c o p i e s  o f  i ndexes  f rom which you  w i l l  d e s i g n a t e  p r e f e r r e d  photos .  

Photos a r e  indexed  by geograph ic  c o o r d i n a t e s ,  b u t  a r e  f u r t h e r  r e f e r e n c e d  

by  codes r e p r e s e n t i n g  t h e  v a r i o u s  f l i g h t s  making up t h e  i n d e x  mosaics.  As 

f l i g h t  pa ths  tend  t o  be s t r a i g h t ,  w h i l e  r i v e r s  t e n d  t o  meander, t h e  n e c e s s i t y  

f o r  c a r e f u l  i d e n t i f i c a t i o n  o f  d e s i r e d  pho tos  becomes more unders tandab le .  

A e r i a l  photos  come i n  a  s t a n d a r d  9" x  9" s i z e ,  u s u a l l y  c o s t i n g  $5.00 t o  

$6.00 each. O f ten ,  however, t hese  may be e n l a r g e d  two, t h r e e ,  o r  even f o u r  

t i m e s  ( t w o - t i m e s  enlargements--18" x  18" - - run  $25.00 t o  $30.00) .  Note :  

f l i g h t  e l e v a t i o n s  do va ry ,  and t h u s  s c a l e s  w i l l  a l s o  v a r y .  A t  a  s c a l e  o f  

1:24,000, one i n c h  on t h e  photograph d e p i c t s  2,000 f e e t .  T h i s  1:24,000 s c a l e  

pho to  then  covers  a p p r o x i m a t e l y  12 square m i l e s .  A  1:63,360 s c a l e  photo  

c o v e r s  abou t  8 1  square m i l e s .  Be p repared  t o  compensate a c c o r d i n g l y .  

The U.S. G e o l o g i c a l  Survey N a t i o n a l  C a r t o g r a p i i i c  I n f o r m a t i o n  Cen te r  (NCIC) 

p r o v i d e s  a s s i s t a n c e  i n  l o c a t i n g  and a c q u i r i n g  maps, a e r i a l  photographs,  s a t e l -  

l i t e  images, and o t h e r  c a r t o g r a p h i c  p roduc ts .  N C I C  o f f e r s  d i r e c t  access t o  

mos t  o f  t h e  n a t i o n ' s  domest ic  a e r i a l  photographs ( i n c l u d i n g  some h i s t o r i c a l  

m a t e r i a l  ) and sate1 1  i t e  images a v a i l a b l e  t o  t h e  pub1 i c .  I m p o r t a n t  o t h e r  

sources a l s o  e x i s t  and N C I C  w i l l  a s s i s t  you  i n  c o n t a c t i n g  them when a p p r o p r i -  

a t e .  These sources i n c l u d e  f e d e r a l  agenc ies  and some p r i v a t e  f i r m s  t h a t  

r e t a i n  t h e  o r i g i n a l s  o f  photographs o r  t h a t  produce h i g h l y  s p e c i a l i z e d  

p r o d u c t s .  

NCIC works i n  c o n j u n c t i o n  w i t h  t h e  E a r t h  Resources O b s e r v a t i o n  Systems 

(EROS) Data  Center  i n  Sioux F a l l s ,  South Dakota. B o t h  NCIC and t h e  EROS Data  

C e n t e r  r e s e a r c h  r e q u e s t s  f o r  i n f o r m a t i o n  about  photos  and t a k e  o r d e r s  f o r  

a e r i a l  and space photographs and space images. F o r  photographs p r i o r  t o  1941, 

t h e  N a t i o n a l  A r c h i v e s  must be c o n t a c t e d .  Addresses f o r  these  agenc ies  a r e  

p r o v i d e d  i n  Tab le  5.1. 

Example - F o r  an e r o s i o n - s e d i m e n t a t i o n  a n a l y s i s  o f  A r royo  de l a s  

C a l a b a c i l l a s  i n  New Mexico, t h r e e  s e t s  o f  a e r i a l  photographs c o v e r i n g  a  t i m e  

p e r i o d  of 45 y e a r s  were o b t a i n e d .  A  1935 s o i l  c o n s e r v a t i o n  p h o t o g r a p h  was 



T a b l e  5.1. Agencies w i t h  I n f o r m a t i o n  on A e r i a l  Photographs.  

EROS Data Center 
U.S. G e o l o g i c a l  Survey 
EROS Data  Center  
User S e r v i c e s  S e c t i o n  
Sioux F a l l s ,  South Dakota 57198 
Telephone: 605/594-6151 

NCIC Headquarters 
N a t i o n a l  C a r t o g r a p h i c  I n f o r m a t i o n  
Center  

U.S. G e o l o g i c a l  Survey 
507 N a t i o n a l  Center  
~ e s t o n ,  v i r g i n i a  22092 
Telephone: 703/860-6045 

NCIC O f f i c e s  
E a s t e r n  Mapping Center--NCIC 
U.S. G e o l o g i c a l  Survey 
536 N a t i o n a l  Center 
Reston, V i r g i n i a  22092 
Telephone: 7031860-6336 

M id -Con t inen t  Mapping Center--NCIC 
U.S. G e o l o g i c a l  Survey 
1400 Independence Road 
R o l l a ,  M i s s o u r i  65401 
Telephone: 314/341-0851 

N a t i o n a l  C a r t o g r a p h i c  I n f o r m a t i o n  
Center  

U.S. G e o l o g i c a l  Survey 
N a t i o n a l  Space Technology L a b o r a t o r i e s  
NSTL S t a t i o n ,  M i s s i s s i p p i  39529 
Telephone: 601/688-3544 

Rocky Mounta in  Mapping Center--NCIC 
U.S. G e o l o g i c a l  Survey 
Box 25046, Stop 504 F e d e r a l  Cen te r  
Denver, Co lo rado  80225 
Telephone: 3031234-2326 

Western Mapping Center--NCIC 
U.S. G e o l o g i c a l  Survey 
345 M i d d l e f i e l d  Road 
Menlo Park, C a l i f o r n i a  94025 
Telephone: 4151323-8111, e x t .  2427 

N a t i o n a l  A r c h i v e s  C a r t o g r a p h i c  D i v i s i o n  
A t t n :  R i c h a r d  Spur r  
8 4 1  South P i c k e t t  S t r e e t  
A l e x a n d r i a ,  V i r g i n i a  22304 
Teleohone: 7031756-6704 



o b t a i n e d  f rom t h e  N a t i o n a l  A r c h i v e s  w i t h  a  f o u r - t i m e s  en la rgement  o f  i t s  

o r i g i n a l  1:35,000 sca le .  A 3 '  x 3 '  mosaic was o b t a i n e d  based on 1967 pho- 

tog raphy  a v a i l a b l e  f rom NASA. The o r i g i n a l  photographs had a  s c a l e  o f  

1:26,000 and those  s e l e c t e d  f o r  t h e  mosaic were e n l a r g e d  f o u r  t i m e s .  A  1980 

s e t  o f  9"  x 9" l o w - a l t i t u d e  photographs ( s c a l e  1:10,800) were o b t a i n e d  f r o m  a  

l o c a l  a e r i a l  s u r v e y i n g  f i r m .  P a r t  o f  t h e  a n a l y s i s  o f  these  photographs con- 

s i s t e d  o f  p r e p a r a t i o n  o f  compos i te  sketches i l l u s t r a t i n g  p l a n  f o r m  changes 

o v e r  t h e  45-year  p e r i o d  ( F i g u r e  5 .7 ) .  As can be seen f rom t h i s  f i g u r e ,  a e r i a l  

photography i n d i c a t e s  a  h i s t o r y  o f  meander development and c u t o f f  i n  t h e  area 

o f  t h e  S bend and i n c r e a s e d  s i n u o s i t y  a t  t h e  horseshoe bend. From 1935 t o  

1967 severa l  channel s h i f t s  occu r red ;  however, f rom 1967 t o  1980 t h e  channel  

was unchanged. When combined w i t h  a v a i l a b l e  i n f o r m a t i o n  on h i s t o r i c a l  f l o o d  

occur rences  o r  land-use changes, such qua1 i t a t i v e  a e r i a l  photograph i n t e r p r e -  

t a t i o n  can p r o v i d e  much v a l u a b l e  i n f o r m a t i  on on system response and e v o l u t i o n .  

5.2.4 Bed- and Bank-Mater ia l  A n a l y s i s  -- 
D i s c u s s i o n  - Knowledge o f  t h e  c h a r a c t e r i s t i c s  o f  bed and bank m a t e r i a l  i s  

i m p o r t a n t  t o  any f l u v i a l  systems a n a l y s i s .  Bed and bank m a t e r i a l  a n a l y s i s  i n  

a  q u a l i t a t i v e  Leve l  I e v a l u a t i o n  p r i m a r i l y  i n v o l v e s  v i s u a l  o b s e r v a t i o n s  made 

d u r i n g  s i t e  reconnaissance as we1 1  as e v a l u a t i o n  o f  e x i s t i n g  d a t a  p e r t a i n i n g  

t o  s o i l s  and geo logy o f  t h e  s tudy  area.  S o i l s  and g e o l o g i c  i n f o r m a t i o n  a r e  

i n t e r r e l a t e d  t o  t h e  e x t e n t  t h a t  s u r f i c i a l  geo logy i n f l u e n c e s  s o i l  t y p e  and 

development.  A d d i t i o n a l l y ,  r o c k  o u t c r o p s  may compr ise  t h e  channel  bed and /o r  

banks i n  c e r t a i n  reaches,  l i m i t i n g  t h e  e x t e n t  t o  wh ich d e g r a d a t i o n  o r  l a t e r a l  

m i g r a t i o n  can p rog ress .  Thus, a c c u r a t e  de l  i n e a t i o n  o f  g e o l o g i c  c o n t r o l  i s  an 

i n t e g r a l  p a r t  o f  a  q u a l i t a t i v e  assessment o f  bed and bank m a t e r i a l s  i n  a  f l u -  

v i a l  system. 

A p p l i c a t i o n  - V i s u a l  i n s p e c t i o n  o f  bed and bank m a t e r i a l s  can se rve  t o  -- - 
i d e n t i f y  p h y s i c a l  c o n d i t i o n s  o r  f e a t u r e s  o f  s i g n i f i c a n c e  i n  a  system. F o r  

example, t h e  r e 1  a t i v e  cohes iveness o f  bank m a t e r i a l s  and t h e i r  a b i l i t y  t o  

r e s i s t  e r o s i o n  by wa te r  can r e a d i l y  be assessed by o b s e r v i n g  t h e  h e i g h t  and 

steepness o f  t h e  channel  banks. D u r i n g  s i t e  reconna issance  o b s e r v a b l e  bank 

f a i l u r e  areas shou ld  be noted.  F o r  example, b l o c k  f a i l u r e  f rom development o f  

t e n s i o n  c r a c k s  can be a  s i g n i f i c a n t  p o i n t  source o f  sed iment  i n  a  g i v e n  reach.  

A1 though b l o c k  f a i l u r e s  a r e  most  common t o  s t r a t i f i e d  banks, s i m i l a r  l o c a l  i z e d  



F i g u r e  5.7.  Example i l l u s t r a t i n g  q u a l i t a t i v e  i n f o r m a t i o n  d e r i v e d  f r o m  
t i m e  sequence a n a l y s i s  o f  a e r i a l  photographs.  



mass w a s t i n g  phenomena occur  i n  noncohesive and cohes ive  banks f r o m  t h e  p ro -  

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

v a t i o n  o f  bank m a t e r i a l  and c o n d i t i o n s ,  o b s e r v a t i o n  o f  bed m a t e r i a l  and b a r  

d e p o s i t s  can t e l l  t h e  o b s e r v e r  much about  t h e  t y p e  o f  sed iments  b e i n g  

t r a n s p o r t e d  i n  t h e  system. 

V i s u a l  techn iques  can a l s o  be employed t o  assess t h e  t e x t u r a l  c o m p o s i t i o n  

and predominant  m a t e r i a l  s i z e s  ( i  .e.,  sand, c l a y ,  s i l t )  i n  t h e  bed and banks. 

I n c i s e d  banks shou ld  be i n v e s t i g a t e d  t o  de te rm ine  t h e  l e v e l  of s t r a t i f i c a t i o n ,  

presence o f  c l a y  l e n s e s ,  and l a y e r  t h i c k n e s s e s .  

I n  a d d i t i o n  t o  f i e l d  o b s e r v a t i o n s ,  i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  may be 

u s e f u l  i n  a  q u a l i t a t i v e  assessment o f  bed and bank m a t e r i a l .  P o s s i b l e  sources 

i n c l u d e  S o i l  Conserva t ion  S e r v i c e  (SCS) s o i l  survey r e p o r t s  and land-use s u r -  

veys, and env i ronmenta l  s ta tements .  

Example - D u r i n g  a  p r e l i m i n a r y  s i t e  v i s i t  f o r  an e r o s i o n / s e d i m e n t a t i o n  -- 
a n a l y s i s  o f  a  sand-bed channel ,  a  20- t o  3 0 - f o o t  h i g h  b l u f f  was observed 

p r o t r u d i n g  i n t o  t h e  channel .  C l o s e r  i n s p e c t i o n  found  i t  t o  be round-s tone  

cong lomerate ,  a  r e l a t i v e l y  s t a b l e  sed imentary  r o c k  o u t c r o p .  Resul t s  o f  HEC-2 

w a t e r - s u r f a c e  p r o f i l e  computa t ion  d u r i n g  t h e  q u a n t i t a t i v e  a n a l y s i s  i n d i c a t e d  

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

As a  r e s u l t  o f  f i e l d  o b s e r v a t i o n s ,  i t  was known t o  be a  s t a b l e  f o r i n a t i o n  t h a t  

would  c o n t i n u e  t o  be a  s i g n i f i c a n t  c o n t r o l ,  n o t  one expec ted  t o  erode away 

q u i c k l y .  

5.2 .5  Land-Use Changes 

D i s c u s s i o n  - Water and sed iment  y i e l d  f rom a  watershed i s  a  f u n c t i o n  o f  

land-use p r a c t i c e s .  Thus, knowledge o f  t h e  l a n d  use and h i s t o r i c a l  changes i n  

l a n d  use i s  e s s e n t i a l  t o  u n d e r s t a n d i n g  t h e  wa te r  and sed iment  sources i n  a  

watershed. R e l a t i v e  pe rcen tages  o f  f o r e s t ,  a g r i c u l t u r a l  and urban l a n d  can 

p r o v i d e  i n s i g h t  t o  t h e  q u a n t i t y  and t y p e  of wa te r  and sed iment  l o a d  produced 

i n  a  watershed. 

The presence o r  absence o f  v e g e t a t i v e  growth can have a  s i g n i f i c a n t  

i n f l u e n c e  on t h e  r u n o f f  and e r o s i o n a l  response o f  a  f l u v i a l  system. The r o o t  

s t r u c t u r e  o f  p l a n t s ,  bushes and t r e e s  h e l p s  t o  deve lop  and m a i n t a i n  a  s t a b l e  

s o i l  s t r u c t u r e  and se rves  as an e r o s i o n - r e t a r d i n g  fo rce .  L a r g e - s c d l e  changes 

i n  v e g e t a t i o n  r e s u l t i n g  f rom f i r e ,  l o g g i n g  p r a c t i c e s ,  l a n d  c o n v e r s i o n  and 



u r b a n i z a t i o n  can e i t h e r  i n c r e a s e  o r  decrease t h e  t o t a l  wa te r  and sediment 

y i e l d  f rom a  watershed. F o r  example, f i r e  and l o g g i n g  p r a c t i c e s  t e n d  t o  

i n c r e a s e  wa te r  sediment y i e l d ,  w h i l e  u r b a n i z a t i o n  promotes i n c r e a s e d  wa te r  

y i e l d  and decreased sediment y i e l d .  I n  a d d i t i o n  t o  g r e a t e r  r u n o f f  volumes, 

u r b a n i z a t i o n  causes peak f l o w s  t o  occur  sooner. P o t e n t i a l  damages f r o m  f l o o d s  

a l s o  i n c r e a s e  as t h e  p r o p e r t y  v a l u e  s u b j e c t  t o  damage i n c r e a s e s .  

A p p l i c a t i o n  - I n f o r m a t i o n  on land-use h i s t o r y  and t r e n d s  can be found i n  

F e d e r a l ,  s t a t e  and l o c a l  government documents and r e p o r t s  ( i  .e. ,  census i n f o r -  

ma t ion ,  zon ing  maps, f u t u r e  development p lans ,  e tc . )  . A d d i t i o n a l l y ,  a n a l y s i s  

o f  h i s t o r i c a l  a e r i a l  photographs can p r o v i d e  s i g n i f i c a n t  i n s i g h t  on land-use  

changes. F o r  example, t h e  changes i n  v e g e t a t i v e  cover  ove r  a  g i v e n  t i m e  can 

be c l a s s i f i e d  i n t o  groups, such as "no change," " v e g e t a t i o n  i n c r e a s i n g , "  

" v e g e t a t i o n  damaged," and " v e g e t a t i o n  des t royed . "  Es t ima tes  can a1 so be made 

o f  bank s t a b i l i t y  and r i p a r i a n  c o n d i t i o n s  f rom a e r i a l  photographs.  

Example - An a n a l y s i s  o f  l and -use  changes a l o n g  t h e  S a l t  R i v e r  was con- -- 
ducted d u r i n g  a  h y d r a u l i c  a n a l y s i s  o f  t h e  Seventh S t r e e t  b r i d g e  i n  Phoenix.  

The main changes t h a t  have o c c u r r e d  s i n c e  1960 have been induced  by man. 

Photographs o f  t h e  r i v e r  i n  1960 show a  wide b r a i d e d  channel  w i t h  s c a t t e r e d  

v e g e t a t i o n .  The b r a i d e d  p o r t i o n  o f  t h e  channel  ex tends  l a t e r a l l y  n e a r l y  3,000 

f e e t  a t  some p o i n t s .  S ince  t h i s  t ime ,  g r a v e l  m i n i n g  a c t i v i t i e s ,  c o n s t r u c t i o n  

o f  roads and b r i d g e s ,  and development a l o n g  t h e  r i v e r  have e l i m i n a t e d  t h e  

v e g e t a t i o n  and i n  many p l a c e s  c h a n n e l i z e d  and c o n t a i n e d  t h e  r i v e r  so t h a t  i t  

i s  no l o n g e r  b ra ided .  T h i s  development has caused an i n c r e a s e  i n  f l o w  v e l o c i -  

t i e s  accompanied by an i n c r e a s e  i n  sediment t r a n s p o r t  r a t e  and p o t e n t i a l  

d e g r a d a t i o n  i c  t h e  channel  bed. The e f f e c t s  o f  t h e  i n c r e a s e d  sed iment  

t r a n s p o r t  r a t e  and d e g r a d a t i o n  have been c u r t a i l e d  by t h e  r i v e r ' s  a b i l i t y  t o  

form an armor l a y e r  of l a r g e  cobb les  and b o u l d e r s .  T h i s  l a y e r  e x i s t s  t h r o u g h  

most  o f  t h e  s tudy  reach.  When t h e  armor l a y e r  i s  t-uptured, the  sed iment  

t r a n s p o r t  w i l l  i n c r e a s e ,  degrad ing  t h e  channel u n t i l  enough l a r g e  m a t e r i a l  

accumulates on t h e  s u r f a c e  o f  t h e  channel  bed t o  r e - f o r m  an e f f e c t i v e  armor 

l a y e r .  I n  r e c e n t  y e a r s  t h e  i n c r e a s e  i n  c o n s t r u c t i o n  and g r a v e l  m i n i n g  has 

d i s t u r b e d  t h e  armor l a y e r ,  and t h e  bed p r o f i l e  o f  t h e  channel  has changed due 

t o  degrada t ion ,  m in ing ,  and t h e  r e w o r k i n g  o f  t h e  channel  bed. 



5.2.6 F l o o d  H i s t o r y  and R a i n f a l l - R u n o f f  R e l a t i o n s  - -- 
D i s c u s s i o n  - C o n s i d e r a t i o n  o f  f l o o d  h i s t o r y  i s  an i n t e g r a l  s t e p  i n  

a t t e m p t i n g  t o  c h a r a c t e r i z e  watershed system response and morpho log ic  evo lu -  

t i o n .  A n a l y s i s  o f  f l o o d  h i s t o r y  i s  o f  p a r t i c u l a r  impor tance  t o  an unders tand-  

i n g  o f  d r y l a n d  stream c h a r a c t e r i s t i c s .  Many d r y l a n d  streams f l o w  o n l y  d u r i n g  

t h e  s p r i n g  and immed ia te l y  a f t e r  ma jo r  storms. F o r  example, Leopold ,  e t  a l .  

(1966)  found t h a t  a r r o y o s  near  Santa Fe, New Mexico, f l o w  o n l y  a b o u t  t h r e e  

t i m e s  a y e a r .  As a consequence, d r y l a n d  s t ream response can be c o n s i d e r e d  t o  

b e  more hydro1 o g i c a l  l y  dependent t h a n  streams l o c a t e d  i n  a humid env i ronment .  

Whereas t h e  s i m p l e  passage o f  t i n e  may be s u f f i c i e n t  t o  cause change i n  a 

s t ream l o c a t e d  i n  a humid env i ronment ,  t i m e  a lone,  a t  l e a s t  i n  t h e  s h o r t  te rm,  

may n o t  n e c e s s a r i l y  cause change i n  a d r y l a n d  system due t o  t h e  i n f r e q u e n c y  o f  

h y d r o l o g i c a l l y  s i g n i f i c a n t  events .  Thus, t h e  absence o f  s i g n i f i c a n t  morpholo-  

g i c a l  changes i n  a d r y l a n d  s t ream o r  r i v e r ,  even o v e r  a p e r i o d  o f  y e a r s ,  

s h o u l d  n o t  n e c e s s a r i l y  be c o n s t r u e d  as i n d i c a t i v e  o f  system s t a b i l i t y .  

A l t h o u g h  t h e  occur rence  o f  s i n g l e  l a r g e  storms can o f t e n  be d i r e c t l y  

r e l a t e d  t o  system change, t h i s  i s  n o t  a lways t h e  case. I n  p a r t i c u l a r ,  t h e  

success ion  o f  morpho log ic  change i n  a r i d  t o  s e m i a r i d  r e g i o n s  may be l i n k e d  t o  

t h e  concep t  o f  geomorphic t h r e s h o l d s  as proposed by Schumm ( 1 9 7 7 ) .  Under t h i s  

concep t ,  a l t h o u g h  a s i n g l e  m a j o r  s to rm may t r i g g e r  an e r o s i o n a l  e v e n t  i n  a 

system, t h e  occur rence  o f  such an e v e n t  may be t h e  r e s u l t  o f  a c u m u l a t i v e  p ro -  

cess  l e a d i n g  t o  an i n c i p i e n t l y  u n s t a b l e  geomorphic c o n d i t i o n .  

Appl i c a t i o n  - - Where a v a i l a b l e ,  t h e  s tudy  o f  f l o o d  r e c o r d s  and cor respond-  

i n g  system responses,  as i n d i c a t e d  by t ime-sequenced a e r i a l  photography o r  

o t h e r  p h y s i c a l  i n f o r m a t i o n ,  may h e l p  t h e  i n v e s t i g a t o r  de te rm ine  t h e  r e l a -  

t i o n s h i p  between m o r p h o l o g i c a l  change and f l o o d  magni tude and f requency .  

E v a l u a t i o n  o f  wet -dry  c y c l e s  can a l s o  be b e n e f i c i a l  t o  an u n d e r s t a n d i n g  of 

h i s t o r i c a l  system response. Observab le  h i s t o r i c a l  change may be found t o  be 

b e t t e r  c o r r e l a t e d  w i t h  t h e  occur rence  o f  a sequence of even ts  d u r i n g  a p e r i o d  

o f  above-average r a i n f a l l  and r u n o f f  t han  w i t h  t h e  s i n g l e  l a r g e  e v e n t .  The 

s t u d y  o f  h i s t o r i c a l  we t -d ry  t r e n d s  may e x p l a i n  c e r t a i n  aspec ts  o f  system 

response. F o r  example, a l a r g e  s to rm preceded by a p e r i o d  o f  above-average 

p r e c i p i t a t i o n  may r e s u l t  i n  l e s s  e r o s i o n  (due t o  b e t t e r  v e g e t a t i v e  s t a b i l i z a -  

t i o n  o f  t h e  channel  banks and watershed)  than  a comparable s t o r m  o c c u r r i n g  

under  d r y  an teceden t  c o n d i t i o n s ;  however, r u n o f f  volumes m i g h t  be g r e a t e r  due 



t o  s a t u r a t e d  s o i l  c o n d i t i o n s .  A  good method t o  e v a l u a t e  we t -d ry  c y c l e s  i s  t o  

p l o t  annual r a i n f a l l  amounts, r u n o f f  volumes and maximum annual mean d a i l y  

d i s c h a r g e  f o r  t h e  p e r i o d  o f  r e c o r d .  A compar ison o f  these  graphs w i l l  p r o v i d e  

i n s i g h t  t o  we t -d ry  c y c l e s  and f l o o d  occur rences.  A d d i t i o n a l l y ,  a  p l o t  o f  t h e  

r a t i o  o f  r a i n f a l l  t o  r u n o f f  i s  a  good i n d i c a t o r  o f  watershed c h a r a c t e r i s t i c s  

and h i s t o r i c a l  changes i n  watershed c o n d i t i o n .  

Example - A n a l y s i s  o f  t h e  r a i n f a l l  and r u n o f f  r e c o r d s  f o r  t h e  Santa 

M a r g a r i t a  watershed i n  sou the rn  C a l i f o r n i a  has been completed.  F i g u r e  5.8 

p r o v i d e s  t h e  p r e c i p i t a t i o n  r e c o r d  s i n c e  1877, and F i g u r e  5.9 t h e  maxi~num 

annual mean d a i l y  d i scharge .  From F i g u r e  5.9 i t  i s  apparen t  t h a t  1938, 1943, 

1969, 1978 and 1980 were y e a r s  o f  s i g n i f i c a n t  f l o o d i n g .  A d d i t i o n a l l y ,  a n a l y -  

s i s  o f  h i s t o r i c a l  documents i n d i c a t e s  t h a t  1584 was a l s o  a  s i g n i f i c a n t  f l o o d  

y e a r .  From F i g u r e  5.8, t o t a l  p r e c i p i t a t i o n  i n  t h e  1884 f l o o d  y e a r  was second 

o n l y  t o  t h a t  o f  1978. Bo th  of these  y e a r s  were preceded by v e r y  d r y  y e a r s .  

I n  comparison, t h e  f l o o d i n g  o f  1916 r e s u l t e d  f rom s i g n i f i c a n t l y  l e s s  r a i n f a l l ,  

b u t  was preceded by a  wet  y e a r  i n  1915. O ther  y e a r s  w i t h  r a i n f a l l  t o t a l s  

s i m i l a r  t o  1916 b u t  preceded by d r y  y e a r s  d i d  n o t  produce f l o o d s  o f  r e c o r d .  

The 1938 f l o o d i n g  o c c u r r e d  a f t e r  a  s i g n i f i c a n t l y  w e t t e r  y e a r  i n  1937. It can 

be conc luded t h a t  an teceden t  s o i l  m o i s t u r e  i s  a  s i g n i f i c a n t  f a c t o r  i n  t h e  

e x t e n t  o f  f l o o d i n g  r e s u l t i n g  f rom a  g i v e n  p r e c i p i t a t i o n  e v e n t  i n  t h e  Santa 

M a r g a r i  t a  watershed. 

The r u n o f f - r a i n f a l l  r a t i o  f o r  t h e  p e r i o d  1924 t o  1982 i s  p l o t t e d  i n  

F i g u r e  5.10. Rough e s t i m a t i o n  o f  average v a l u e s  f o r  10-year  p e r i o d s  have been 

superimposed on t h e  data .  These e s t i m a t e s  i n d i c a t e  p e r i o d s  o f  h i g h  r u n o f f  

p r o d u c t i o n  f rom 1935 t o  1945 and f rom 1975 t o  1982, and ex t reme ly  l o w  produc- 

t i o n  f o r  t h e  p e r i o d  i n  between ( i  .e., 1945 t o  1975).  

5.3 Leve l  I1 A n a l y s i s  -- -- 
5.3.1 Watershed Sediment Y i e l d  

D i s c u s s i o n  - The d e t e r m i n a t i o n  o f  e r o s i o n  f rom n a t u r a l  and d i s t u r b e d  

1 ands has g r e a t  s i g n i f i c a n c e  t o  wa te r - resources  p l a n n i n g  and development. 

E r o s i o n  of t h e  l a n d  s u r f a c e  a f f e c t s  n o t  o n l y  t h e  n a t u r e  o f  t h e  l a n d  i t s e l f ,  

b u t  a l s o  t h e  e r o s i o n  and sed imen ta t ion  process i n  t h e  r e c e i v i n g  r i v e r  system. 

Sediment eroded f rom t h e  l a n d  s u r f a c e  can cause s i l t i n g  problems i n  r e s e r v o i r s  

and channels ,  r e s u l t i n g  i n  i n c r e a s e d  f l o o d  s tages and damage. Converse ly ,  



ANNUAL RAINFALL AT LAKE O'NEILL 

0 . 



MAXIMUM MEAN DAILY DISCHARGE IN EACH YEAR 

F i g u r e  5.9. Maximum annual  mean d a i l y  d i s c h a r g e  f o r  Santa M a r g a r i t a  R i v e r .  



ANNUAL RUNOFF-RAINFALL RELATIONSHIP 

F i g u r e  5.10. Annual r u n o f f - r a i n f a l l  r a t i o  f o r  Santa  F l a r g a r i t a  watershed.  



r e d u c t i o n  i n  e r o s i o n  can a l s o  cause adverse impac ts  t o  r i v e r  systems by 

r e d u c i n g  t h e  supp ly  o f  incoming sediment,  t h u s  p romot ing  channel  d e g r a d a t i o n  

and h e a d c u t t i n g .  

The wash l o a d  o f  t h e  t o t a l  sediment l o a d  i n  an a l l u v i a l  channel  i s  d e t e r -  

mined by t h e  supp ly  a v a i l a b l e  i n  t h e  watershed. L i m i t e d  q u a n t i t i e s  o f  f i n e  

m a t e r i a l  moving as wash l o a d  u s u a l l y  w i l l  n o t  pose d i r e c t  problems f o r  deve l -  

opment i n  t h e  r i v e r i n e  environment.  I t  i s  u s u a l l y  assumed, u n l e s s  t h e r e  a r e  

d e t e n t i o n  s t r u c t u r e s  t h a t  c o u l d  e f f e c t i v e l y  t r a p  wash load ,  t h a t  such m a t e r i a l  

does n o t  come o u t  o f  suspension and w i l l  pass t h r o u g h  t h e  system. A r e d u c t i o n  

i n  wash l o a d  can p r e v e n t  t h e  n a t u r a l  s e a l i n g  o f  r i v e r  banks induced  by depos i -  

t i o n  o f  f i n e  sediment,  c a u s i n g  i n c r e a s e d  wa te r  l o s s  and bank i n s t a b i l i t y .  

L a r g e  c o n c e n t r a t i o n s  o f  wash l o a d ,  however, can i n f l u e n c e  t h e  c a p a c i t y  o f  a  

s t ream t o  t r a n s p o r t  bed m a t e r i a l  t h r o u g h  i t s  i n f l u e n c e  on f l u i d  v i s c o s i t y  and 

d e n s i t y ,  bank s t a b i l i t y ,  g rowth o f  a q u a t i c  p l a n t s ,  and t h e  biomass o f  t h e  

channel .  

Fo rmat ion  o f  wash l o a d  i s  l a r g e l y  a  f u n c t i o n  o f  r a i n d r o p  detachment and 

t r a n s p o r t  by o v e r l a n d  f l o w ,  wh ich  i n  t u r n ,  i s  i n v e r s e l y  r e l a t e d  t o  t h e  l e v e l  

o f  s u r f a c e  cover  and s t a b i l i z a t i o n  by v e g e t a t i o n .  P r e c i p i t a t i o n  g e n e r a t i n g  

e r o s i o n  i n  d r y l a n d  landscapes o f  t h e  wes te rn  s t a t e s  u s u a l l y  r e s u l t s  f r o m  sma l l  

s to rm c e l l s  t h a t  may be l i m i t e d  i n  a r e a l  e x t e n t ,  b u t  can produce h i g h -  

i n t e n s i t y  and r a i n f a l l  energy.  T h i s  t y p e  o f  s torm produces " f l a s h y "  r u n o f f  

w i t h  a  pronounced c a p a c i t y  f o r  sediment removal and t r a n s p o r t a t i o n .  Thus, 

st reams i n  t h e  wes te rn  s t a t e s  o f t e n  c a r r y  l a r g e  suspended sed iment  l o a d s  

r e f l e c t i n g  t h e  s p a r s i t y  ( p a u c i t y )  o f  vege ta l  c o v e r  and h i g h  t r a n s p o r t  c a p a c i t y  

o f  r a i n f a l l  r u n o f f .  T h i s  c o n d i t i o n  c o n t r a s t s  t h e  l o w  suspended sed iment  l o a d s  

n o r m a l l y  c a r r i e d  by streams i n  a  humid env i ronment  due t o  w e l l - d e v e l o p e d  s o i l s  

and v e g e t a t i v e  s t a b i l i z a t i o n .  

A p p l i c a t i o n  - Assessment o f  watershed sediment y i e l d  f i r s t  r e q u i r e s  a  

q u a l i t a t i v e  e v a l u a t i o ~  o f  sediment sources i n  t h e  watershed and t h e  t ypes  o f  

e r o s i o n  t h a t  a r e  most  p r e v a l e n t .  The p h y s i c a l  processes caus ing  e r o s i o n  can 

be c l a s s i f i e d  as shee t  wash, r i l l  i n g ,  g u l l y i n g ,  and f l u v i a l  p rocesses c a u s i n g  

e r o s i o n  o f  t h e  s t ream bed and banks. Other  t ypes  o f  e r o s i o n a l  processes a r e  

c l a s s i f i e d  under  t h e  c a t e g o r y  o f  mass movement, e.g., s o i l  creep,  e a r t h f l o w s ,  

and lands1  i des. Data  f rom S o i l  Conserva t ion  S e r v i c e  (SCS) pub1 i c a t i o n s  and 

maps, water-we1 1  l o g  r e p o r t s ,  r e s e r v o i r  reco rds ,  c l i m a t e  r e c o r d s ,  and o t h e r  



s i  te-speci  f i c  information can be u t i l i z e d  a1 ong with f i e1  d observa t ions  t o  

eva lua te  the  area of i n t e r e s t .  

One approach providing an approximate r a t i n g  of sediment y i e l d  from a 

watershed was developed by the  P a c i f i c  Southwest Interagency Committee (PSIAC, 

1968). This method designed a s  an a id  f o r  broad planning purposes only,  con- 

s i s t s  of a numerical r a t i n g  of nine f a c t o r s  a f f e c t i n g  sediment production i n  a 

watershed. This r a t i n g ,  in turn, i s  c o r r e l a t e d  with ranges of annual sediment 

y i e l d  in ac re - f ee t  per square mile .  The nine f a c t o r s  a re  s u r f i c i a l  geology, 

s o i l ,  c l ima te ,  runoff ,  topography, ground cover ,  land use,  upland e r o s i o n ,  and 

channel erosion and t r anspor t .  

A s t rong c o r r e l a t i o n  between PSIAC est imated annual sediment y i e l d  and 

ac tua l  annual sediment y i e l d  has been demonstrated by Shown (1970) and Renard 

(1980) .  B o t h  workers t e s t e d  t h e  PSIAC method aga ins t  actual  annual sediment 

y i e l d  measured in ponds and dams in the  Southwest. The comparisons were done 

on watersheds l e s s  than about 20 square miles  in  a r e a ,  and PSIAC r e s u l t s  

agreed with o r  were s l i g h t l y  lower than actual  measurements. Appendix A 

b r i e f l y  descr ibes  app l i ca t ion  of the PSIAC methodology. 

Another approach t o  determine sediment y i e l d  from natura l  or  d i s tu rbed  

land su r faces  i s  based on regress ion  equat ions a s  t y p i f i e d  by the  Universal 

So i l  Loss Equation (USLE). The USLE, an empirical formula f o r  p red ic t ing  s o i l  

l o s s  due t o  shee t  and r i l l  e ros ion ,  i s  probably the most widely used method 

f o r  predic t ing  so i l  e ros ion .  The equation was developed from over 10,000 

p lo t -years  of runoff and s o i l - l o s s  d a t a ,  c o l l e c t e d  on experimental p l o t s  of 

a g r i c u l t u r a l  land in 23 s t a t e s  by the U.S. Department of Agr icul ture .  The 

USLE approach r e l a t e s  annual s o i l  l o s s  due t o  shee t  and r i l l  e ros ion  t o  t h e  

product of s i x  major f a c t o r s  descr ib ing  r a i n f a l l  energy, so i l  e r o d i b i l i t y ,  

cropping and management, supplemental erosion-control  p r a c t i c e s  such as con- 

tour ing  o r  t e r r a c i n g ,  and slope s teepness and l eng th ,  which a re  usual ly  com- 

bined t o  form a topographic f a c t o r .  Wischmeier and Smith (1978) provide 

d e t a i l e d  desc r ip t ions  of t h i s  equat ion and i t s  terms. 

A1 though widely used, the  USLE approach has some important 1 i m i t a t i o n s ,  

p a r t i c u l a r l y  in t h e  a r i d  regions of the  West. The data  base used in 

developing the  USLE was c o l l e c t e d  e a s t  of the  Rocky Mountains. Ext rapola t ion  

t o  western a reas  can introduce s i g n i f i c a n t  e r r o r .  Many a r i d  reyions of t h e  

West g e t  a l a r g e  percentage of r a i n f a l l  i n  the  form of h igh - in t ens i ty ,  sho r t -  

dura t ion  thunderstorms. As t h i s  i s  not the  case  in the  cen t r a l  and e a s t e r n  



U n i t e d  S t a t e s ,  t h e  e f f e c t  o f  t h i s  t y p e  o f  r a i n f a l l  canno t  be t o t a l l y  i n c o r -  

po ra ted .  I n  a d d i t i o n ,  t h e  w e a t h e r i n g  process caused by t h e  w ind  and sun on 

t h e  s o i l  between r a i n s t o r m s  i s  much more severe i n  a r i d  areas.  Weather ing 

c r e a t e s  an a d d i t i o n a l  supp ly  o f  e a s i l y  eroded m a t e r i a l  t h a t  can i n c r e a s e  t h e  

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

W i l l i a m s  and B e r n d t  (1972) recogn ized  t h a t  a p p l i c a t i o n  o f  t h e  USLE i s  

l i m i t e d  t o  s o i l  l o s s ,  and developed ano the r  procedure,  t h e  M o d i f i e d  U n i v e r s a l  

S o i l  Loss Equa t ion  (MUSLE), f o r  comput ing sediment y i e l d s  f rom watersheds.  

T h i s  method determines sediment y i e l d  based on s i n g l e  storms. They i n t r o d u c e d  

a  r u n o f f  f a c t o r  i n s t e a d  o f  r a i n f a l l  energy i n t o  t h e  USLE t o  e s t i m a t e  s o i l  

l o s s .  T h i s  make t h e  i4USLE more a p p l i c a b l e  t o  t h e  a r i d  r e g i o n s  o f  t h e  West, 

s i n c e  the  e f f e c t  o f  s h o r t - d u r a t i o n ,  h i g h - i n t e n s i t y  even ts  can be more ade- 

q u a t e l y  rep resen ted .  Appendix 6 b r i e f l y  rev iews  a p p l i c a t i o n  o f  t h e  MUSLE 

method01 ogy. 

I f  t h e  sediment y i e l d  f rom t h e  l a n d  s u r f a c e  on an annual b a s i s  r a t h e r  

than  f rom a s i n g l e  s torm i s  des i red ,  t h e  MUSLE can a l s o  be used. T h i s  a p p l i -  

c a t i o n  i s  accompl ished by d e t e r m i n i n g  t h e  s o i l  l o s s  f o r  even ts  o f  v a r y i n g  

r e t u r n  p e r i o d s .  t7ecommended r e t u r n  p e r i o d  a re  2, 10, 25, 50, and 100 y e a r s .  

The sediment y i e l d s  a r e  then  we igh ted  a c c o r d i n g  t o  t h e i r  i nc rementa l  proba- 

b i l i t y ,  r e s u l t i n g  i n  a  we igh ted  s to rm average. 

The USLE, MUSLE, and PSIAC methods a r e  g e n e r a l l y  a p p l i c a b l e  as p r e d i c t o r s  

o f  wash load .  T o t a l  sed iment  l o a d  i n  a  f l u v i a l  system i s  e s t i m a t e d  as t h e  sum 

o f  wash l o a d  (computed f rom t h e  USLE, MUSLE, o r  ano the r  comparable method) and 

bed-mate r ia l  l o a d  (computed a c c o r d i n g  t o  S e c t i o n  5.3.6). The s u b s t i t u t i o n  o f  

t h e  MUSLE f o r  t h e  USLE p r o v i d e s  a  methodology t h a t  i s  more a p p l i c a b l e  t o  

wes te rn  c o n d i t i o n s ,  e s p e c i a l  1y  i n  a r i d  reg ions .  

Example - Examples i l l u s t r a t i n g  a p p l i c a t i o n  of t h e  PSIAC and MUSLE 

methodo log ies  a r e  g i v e n  i n  Appendices A and B. 

5.3.2 D e t a i l e d  A n a l y s i s  of Bed and Bank M a t e r i a l  

D i s c u s s i o n  --- - Bed m a t e r i a l  i s  t h e  sed iment  m i x t u r e  of wh ich t h e  streambed 

i s  composed. Bed ~ m a t e r i a l  ranges i n  s i z e  from huge b o u l d e r s  many f e e t  i n  

d iamete r  t o  f i n e  c l a y  p a r t i c l e s .  The e r o d i b i l i t y  o r  s t a b i l i t y  o f  a  channel  

l a r g e l y  depends on t h e  s i z e  o f  t h e  p a r t i c l e s  i n  t h e  bed. It i s  o f t e n  i n s u f -  

f i c i e n t  t o  know o n l y  t h e  median bed-mate r ia l  s i z e  (D ) i n  d e t e r m i n i n g  t h e  
50 



p o t e n t i a l  f o r  degrada t ion ;  knowledge o f  t h e  b e d - m a t e r i a l  s i z e  d i s t r i b u t i o n  i s  

a l s o  i m p o r t a n t .  Fur thermore,  t h e  p o t e n t i a l  f o r  o r  e x i s t e n c e  o f  an armor l a y e r  

a l s o  needs t o  be addressed (see  S e c t i o n  5.3.7). Armor ing p o t e n t i a l  d i f f e r e n -  

t i a t e s  a  g r a v e l -  o r  cobb le-bed s t ream o r  r i v e r  f rom a  sand-bed r i v e r .  

"Whereas t h e  bed s u r f a c e  o f  a  sand-bed stream t y p i c a l l y  appears t o  r e p r e s e n t  a  

random c u t  th rough  t h e  sandy bed m a t e r i a l ,  g r a v e l  beds commonly c o n s i s t  o f  two 

separa te  p o p u l a t i o n s ,  t h e  s u r f a c e  l a y e r  and t h e  u n d e r l y i n g  d e p o s i t "  

( K e l l e r h a l l s  and Bray,  1971) .  As wa te r  f l o w s  o v e r  t h e  bed o f  a  g r a v e l - b e d  

stream, s m a l l e r  p a r t i c l e s  t h a t  a r e  more e a s i l y  t r a n s p o r t e d  a r e  c a r r i e d  away, 

w h i l e  l a r g e r  p a r t i c l e s  remain, a r m o r i n g  t h e  s u r f a c e  l a y e r  o f  t h e  bed. T h i s  

armor l a y e r  can se rve  as a  c o n t r o l  u n l e s s  a  f l o w  o f  s u f f i c i e n t l y  l a r g e  magni- 

t u d e  occurs .  

Bank m a t e r i a l  u s u a l l y  c o n s i s t s  o f  p a r t i c l e s  o f  t h e  same s i z e  as, o r  

s m a l l e r  than,  bed p a r t i c l e s .  Thus, banks a r e  o f t e n  more e a s i l y  eroded t h a n  

t h e  bed un less  p r o t e c t e d  by v e g e t a t i o n ,  cohes ion,  o r  some t y p e  o f  man-made 

p r o t e c t i o n .  R i v e r  banks can be c l a s s i f i e d  a c c o r d i n g  t o  s t a b i l i t y  by vegeta- 

t i o n ,  s o i l  cohes ion,  amount o f  p r o t e c t i o n ,  l a t e r a l  m i g r a t i o n  t e n d e n c i e s  o f  t h e  

stream, e t c .  

Sediments a r e  b r o a d l y  c l a s s i f i e d  as cohes ive  and noncohesive.  W i t h  

c o h e s i v e  sed iment  t h e  r e s i s t a n c e  t o  e r o s i o n  depends on t h e  s t r e n g t h  o f  t h e  

c o h e s i v e  bond b i n d i n g  t h e  p a r t i c l e s .  Cohesion may f a r  outweigh t h e  i n f l u e n c e s  

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

e r o s i o n  has taken  p l a c e ,  c o h e s i v e  m a t e r i a l  may become noncohes ive w i t h  r e s p e c t  

t o  t r a n s p o r t .  

O f  t h e  v a r i o u s  sed iment  p r o p e r t i e s ,  s i z e  has t h e  g r e a t e s t  s i g n i f i c a n c e  t o  

t h e  h y d r a u l i c  e n g i n e e r ,  n o t  o n l y  because s i z e  i s  i m p o r t a n t  and t h e  most  

r e a d i l y  measured p r o p e r t y ,  b u t  a l s o  because o t h e r  p r o p e r t i e s ,  such as shape 

and s p e c i f i c  g r a v i t y ,  t e n d  t o  v a r y  w i t h  p a r t i c l e  s i z e .  I n  f a c t ,  s i z e  has been 

found t o  s u f f i c i e n t l y  d e s c r i b e  t h e  sed iment  p a r t i c l e  f o r  many p r a c t i c a l  

purposes.  

S i z e  may be measured by c a l i p e r s ,  o p t i c a l  methods, pho tog raph ic  methods, 

s i e v i n g ,  o r  s e d i m e n t a t i o n  methods. The s i z e  o f  an i n d i v i d u a l  p a r t i c l e  i s  n o t  

o f  p r i m a r y  impor tance  i n  s t ream mechanics o r  s e d i m e n t a t i o n  s t u d i e s ,  b u t  t h e  

s i z e  d i s t r i b u t i o n  o f  t h e  sed iment  t h a t  forms t h e  bed and banks o f  a  s t ream o r  

r e s e r v o i r  i s  o f  g r e a t  impor tance .  



A p p l i c a t i o n  - The most commonly used method t o  de te rm ine  s i z e  f requency - --- 
i s  a  v o l u m e t r i c  sample t h a t  i s  l a b o r a t o r y - a n a l y z e d  by mechanica l  o r  s i e v e  

a n a l y s i s ,  supplemented by a n a l y s i s  w i t h  a  hydrometer,  p i p e t t e  o r  b o t t o m  w i t h -  

drawal  (BW) tube when s i g n i f i c a n t  f i n e  sediments a r e  p r e s e n t .  The VA tube  

techn ique  i s  a l s o  u t i l i z e d ,  p a r t i c u l a r l y  f o r  samples t h a t  c o n s i s t  p r i m a r i l y  o f  

sands. T a b l e  5.2 p r o v i d e s  g u i d e l i n e s  f o r  a p p l i c a t i o n  o f  t h e  d i f f e r e n t  tech-  

n iques  f o r  p a r t i c l e  s i z e  a n a l y s i s .  D e t a i l e d  d i s c u s s i o n  o f  s p e c i f i c  l a b o r a t o r y  

procedures i s  p r o v i d e d  i n  s e v e r a l  governmental pub1 i c a t i o n s  i e . ,  COE, 1970; 

USGS, 1969; ARS, 1979) .  I n  genera l ,  t h e  r e s u l t s  a r e  p resen ted  as c u m u l a t i v e  

s i z e - f r e q u e n c y  curves.  The f r a c t i o n  o r  percentage by w e i g h t  o f  a  sed iment  

t h a t  i s  s m a l l e r  o r  l a r g e r  than  a  g i v e n  s i z e  i s  p l o t t e d  a g a i n s t  p a r t i c l e  s i z e .  

A u s e f u l  parameter  d e s c r i b i n g  t h e  shape o f  a  g r a d a t i o n  c u r v e  i s  t h e  g r a d a t i o n  

c o e f f i c i e n t :  

where D84.1' D50 and D15.9 a r e  based on a  p e r c e n t  f i n e r  ( b y  d r y  w e i g h t )  

a n a l y s i s .  T h i s  e q u a t i o n  i s  o n l y  a p p l i c a b l e  t o  S-shaped, p a r t i c l e  s i z e -  

d i s t r i b u t i o n  curves.  

The s i z e  o f  t h e  bed o r  bank m a t e r i a l  sample r e q u i r e d  f o r  s i e v e  a n a l y s i s  

w i l l  depend on t h e  maximum p a r t i c l e  s i z e  i n  t h e  sample and t h e  r e q u i r e m e n t  

t h a t  t h e  sample be r e p r e s e n t a t i v e  o f  t h e  m a t e r i a l  t o  be t e s t e d .  W i t h i n  t h e  

c o n s t r a i n t s  o f  o b t a i n i n g  a  r e p r e s e n t a t i v e  sample, bed and bank m a t e r i a l  

samples shou ld  be l i m i t e d  i n  w e i g h t  t o  f a c i l i t a t e  h a n d l i n g .  Corps of 

Eng ineers  g u i d e l i n e s  f o r  o b t a i n i n g  a  minimum w e i g h t  sample f o r  s i e v e  a n a l y s i s  

a r e  p resen ted  i n  T a b l e 5 . 3 .  As Tab le  5.3 i n d i c a t e s ,  f o r  bed and bank 

m a t e r i a l s  t h a t  have maximum p a r t i c l e  s i z e s  i n  t h e  coarse  g r a v e l  t o  c o b b l e  

range, t h e  sample s i z e  r e q u i r e d  t o  ensure a c c u r a t e  r e p r e s e n t a t i o n  becomes 

f a i r l y  w e i g h t y  i . . ,  13 pounds f o r  3 - i n c h  maximum p a r t i c l e  s i z e s ) .  F o r  a  

sample c o l l e c t i o n  program t h a t  e n t a i l s  g a t h e r i n g  numerous bed and bank 

m a t e r i a l  samples, t h e  c o l l e c t i v e  sample we igh ts  can become burdensome. 

Another  c o n s i d e r a t i o n  p e r t a i n i n g  t o  bed m a t e r i a l  sample c o l l e c t i o n  on 

g r a v e l - o r  cobb le-bed streams i s  t h e  p o t e n t i a l  e x i s t e n c e  o f  a  t w o - l a y e r  system 

c o n s i s t i n g  o f  ( 1 )  a t h i n  s u r f a c e  l a y e r  o f  c o a r s e r  m a t e r i a l s  c r e a t e d  by 

h y d r a u l i c  s o r t i n g ,  and ( 2 )  u n d i s t u r b e d  subsur face  m a t e r i a l .  Samples con- 

t a i n i n g  m a t e r i a l  s  f rom b o t h  l a y e r s  would c o n t a i n  m a t e r i a l  s  f rom two popu la-  



T a b l e  5.2. Recommended S i z e  Range, A n a l y s i s  C o n c e n t r a t i o n ,  
and Q u a n t i t y  o f  Sediment f o r  Commonly Used 
Methods o f  P a r t i c l e  S i z e  A n a l y s i s  ( a f t e r  ARS, 1979) .  

Method o f  A n a l y s i s  Recommended Q u a n t i t y  o f  D e s i r a b l e  Range 
P a r t i c l e  S i z e  f o r  P a r t i c l e s  i n  Sediment Requ i red  i n  A n a l y s i s  

A n a l y s i s  T h i s  S i z e  Range f o r  A n a l y s i s  C o n c e n t r a t i o n  
mrn 4 Mg/ 1 

Sieves 0.062 - 32 see T a b l e  5.3 ----- 

VA t u b e  0.062 - 2.0 0.05 - 15.0 ----- 

P i p e t t e  0.002 - 0.062 1.0 - 5.0 2,000 - 5,000 

l 1 f  necessary,  may be expanded t o  i n c l u d e  sands up t o  0.35 mrn, t h e  accuracy  
dec reas ing  w i t h  i n c r e a s i n g  s i z e - - t h e  c o n c e n t r a t i o n  and s i z e  i n c r e a s e d  
a c c o r d i n g l y  

z ~ u a n t i t y  depends on s i z e  o f  s e t t l i n g  c o n t a i n e r - - a  1,000 m l  c y l i n d e r  has 
about  t h e  minimum d iamete r  f o r  most hydrometers  



Tab le  5.3. Minimum Recommended Sample Weights 
f o r  S ieve  A n a l y s i s  (COE, 1970). 

Maximum P a r t i c l e  S i z e  Minimum Weight o f  Sample 
g 1 b 

3 - i n .  6,000 13 

2 - in .  4,000 9 

1 - in .  2,000 4 

112- in.  1,000 2 

F i n e r  t h a n  No. 4 s i e v e  200 0.5 

F i n e r  t h a n  No. 10 s i e v e  100 0.25 



t i o n s  i n  unknown p r o p o r t i o n s .  A1 t e r n a t i v e l y ,  t h e  t h i n  s u r f a c e  l a y e r  c o u l d  be 

removed and subsur face  m a t e r i a l s  sampled by normal v o l  u m e t r i c  methods. The 

impor tance  o f  sampl i n g  s u r f a c e  and/or  subsur face  m a t e r i a l s  i n  a  g r a v e l - c o b b l e  

bed system i s  dependent l a r g e l y  on t h e  o b j e c t i v e s  o f  t h e  s tudy .  I f  s tudy 

o b j e c t i v e s  focus  on hydrau l  i c  f r i c t i o n  o r  i n i t i a t i o n  o f  bed movement, t h e n  t h e  

s u r f a c e  l a y e r  i s  o f  i n t e r e s t .  Converse ly ,  f o r  a n a l y s i s  o f  b e d - m a t e r i a l  t r a n s -  

p o r t ,  sampl ing e f f o r t s  s h o u l d  focus  on t h e  u n d e r l y i n g  bed m a t e r i a l s .  Q u i t e  

o f t e n  i t  may be a p p r o p r i a t e  t o  c o n s i d e r  b o t h  bed l a y e r s  i n  a  sample c o l l e c t i o n  

program, s i n c e  t h e  d i s r u p t i o n  o f  an armor l a y e r  d u r i n g  a  f l o o d  and subsequent 

t r a n s p o r t  o f  u n d e r l y i n g  bed m a t e r i a l  may be o f  i n t e r e s t .  

K e l l e r h a l l s  and Bray (1971)  n o t e  t h a t  s t a n d a r d  v o l u m e t r i c  sampl i n g  

methods a r e  n o t  a p p r o p r i a t e  f o r  e v a l u a t i n g  m a t e r i a l  c o m p o s i t i o n  o f  t h i n  

s u r f a c e  l a y e r s  i n  r i v e r  beds composed o f  coa rse  f l u v i a l  sediments.  Weight  

l i m i t a t i o n s  p r e s e n t e d  i n  Tab le  5.3 a l s o  d i s c o u r a g e  use o f  v o l u m e t r i c  methods 

t o  sample coarse  bed and bank m a t e r i a l .  K e l l e r h a l l s  and Bray d i s c u s s  t h e  

advantages and d isadvantages o f  v a r i o u s  methodo log ies  f o r  sampl ing c o a r s e  f l u -  

v i a l  sediments.  I n  a d d i t i o n  t o  v o l u l m e t r i c  sampl ing,  o t h e r  method01 o g i e s  a r e  

( 1 )  g r i d  sampl ing,  ( 2 )  a r e a l  sampl ing,  and ( 3 )  t r a n s e c t  sampl ing.  A p r i n c i p a l  

concern  w i t h  use o f  a l t e r n a t i v e  methods i s  t h e  e q u i v a l e n c e  o f  r e s u l t s  t o  s tan-  

d a r d  s ieve -by -we igh t  r e s u l t s  so t h a t  a l l  m a t e r i a l  co inpos i t i ons  w i l l  be 

r e f e r e n c e d  t o  a  common datum. K e l l e r h a l l s  and Bray p r e s e n t  a  d i s c u s s i o n  of 

t h e  v a r i o u s  b e d - m a t e r i a l  sampl ing methodo log ies  and t h e  w e i g h t i n g  f a c t o r s  f o r  

c o n v e r s i o n  o f  sampl ing p rocedures  t o  s t a n d a r d  s ieve -by -we igh t  methods. 

A sampl ing and a n a l y s i s  p rocedure  n o t  c o n s i d e r e d  by K e l l e r h a l l s  and Bray 

i s  t h e  area-by-area approach. F o l l o w i n g  t h e  methodology p r e s e n t e d  by 

K e l l e r h a l l s  and Bray,  i t  can be shown t h a t  t h i s  approach i s  e q u i v a l e n t  t o  

s t a n d a r d  s ieve -by -we igh t  p rocedures .  A common way o f  u t i l i z i n g  t h i s  approach 

e n t a i l s  superpos ing a  2 '  x 2 '  g r i d  s u b d i v i d e d  i n t o  0.1' x 0 .1 '  squares o v e r  a  

randomly s e l e c t e d  area. I n  t h i s  a p p l i c a t i o n  t h e  g r i d  i s  n o t  used t o  i d e n t i f y  

d i s c r e t e  sampl ing p o i n t s ,  as i n  s t a n d a r d  g r i d  sampl ing p rocedures ,  b u t  r a t h e r  

t o  p r o v i d e  a  c o n v e n i e n t  method o f  d e t e r m i n i n g  p a r t i c l e  su r face  area.  A s l i d e  

photograph of t h e  g r i d  i s  taken  w i t h  a  35 nnn camera f rom above ( v e r t i c a l  t o  

t h e  g r i d ) .  A  sample i d e n t i f i c a t i o n  number o r  l o c a t i o n  can be i n c l u d e d  i n  t h e  

pho tog raph  by p l a c i n g  a  p l a c a r d  a t  one edge o f  t h e  g r i d .  

P a r t i c l e  s i z e  a n a l y s i s  o f  t h e  sample d e f i n e d  by t h e  g r i d  i s  accompl ished 

by  p r o j e c t i n g  deve loped s l i d e s  o n t o  a  screen and d e t e r m i n i n g  t h e  a rea  ( a s  a  



percentage of t o t a l  a rea)  occup ied by p a r t i c l e s  i n  s p e c i f i c  s i z e  ranges. 

S ince  t h e  g r i d  i s  broken i n t o  0 .1- foot -square b l o c k s ,  i t  i s  n o t  p o s s i b l e  t o  

a c c u r a t e l y  d i f f e r e n t i a t e  p a r t i c l e  s i z e s  l e s s  t h a n  about  0.05 f o o t  i n  d iamete r  

u s i n g  t h i s  method. 

C o n s t r u c t i n g  a  g r i d  i s  r e l a t i v e l y  s i m p l e  and c o n s i s t s  o f  no more than  

some t y p e  o f  framework (a luminum ang le ,  p l a s t i c  p i p e ,  e t c . )  w i t h  a  g r i d  p a t -  

t e r n  made o f  n y l o n  tw ine .  G r i d s  can a l s o  be f a b r i c a t e d  f rom f l e x i b l e ,  c l e a n  

p l a s t i c  sheets  w i t h  t h e  g r i d  p a t t e r n  i n k e d  on; however, some g r i d  squares may 

be d i s t o r t e d  i n  photographs due t o  f l e x i b i l i t y  o f  t h e  p l a s t i c .  Another  

o p t i o n ,  e s p e c i a l l y  h e l p f u l  when a  g r i d  i s  n o t  immed ia te l y  a v a i l a b l e ,  o r  pe r -  

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

r u l e r  p l a c e d  i n  t h e  c e n t e r .  Us ing  t h i s  method, t h e  pho tog raph ic  image can be 

p r o j e c t e d  o n t o  a  g r i d  and t h e  image s i z e  a d j u s t e d  by moving t h e  p r o j e c t o r .  

I m p o r t a n t  f a c t o r s  t o  c o n s i d e r  i n  d e t e r m i n i n g  where and how many bed and 

bank m a t e r i a l  samples t o  c o l l e c t  i n c l u d e  (1) s i z e  and c o m p l e x i t y  o f  t h e  s t u d y  

area,  ( 2 )  number, l e n g t h s  and d ra inage  areas o f  t r i b u t a r i e s ,  ( 3 )  ev idence  o f  

o r  p o t e n t i a l  f o r  armor ing,  ( 4 )  s t r u c t u r a l  f e a t u r e s  t h a t  can impac t  o r  be 

s i g n i f i c a n t l y  impacted by sed iment  t r a n s p o r t ,  ( 5 )  bank f a i l u r e  areas,  ( 6 )  h i g h  

bank areas,  and ( 7 )  a reas e x h i b i t i n g  s i g n i f i c a n t  sed iment  movement o r  depos i -  

t i o n  ( i  .e., b a r s  i n  c h a n n e l s ) .  F o r  a  l a r g e - s c a l e  s tudy  (i .e., f i v e  o r  more 

r i v e r  m i l e s )  i t  i s  recommended as a  minimum t h a t  sampl ing be conducted once 

e v e r y  m i l e .  A t  each sampl ing l o c a t i o n  a  bed, bank and f l o o d - p l a i n  sample 

would  t y p i c a l l y  be taken. Occas iona l  sampl ing a t  more f r e q u e n t  i n t e r v a l s  may 

be r e q u i r e d  t o  c h a r a c t e r i z e  un ique  s i t u a t i o n s .  It i s  e s p e c i a l l y  i m p o r t a n t  t o  

adequa te l y  address t r i b u t a r y  sed iment  c h a r a c t e r i s t i c s ,  s i n c e  a  s i n g l e  m a j o r  

t r i b u t a r y  and t r i b u t a r y  source area c o u l d  be t h e  p rominen t  s u p p l i e r  o f  s e d i -  

ment t o  a  system. Samples m i g h t  t y p i c a l l y  be t a k e n  500 f e e t  above and be low 

t h e  t r i b u t a r y  on t h e  main channel  and a t  some l o c a t i o n  near  t h e  mouth o f  t h e  

t r i b u t a r y  t o  c o m p l e t e l y  c h a r a c t e r i z e  c o n d i t i o n s .  

The dep th  of bed m a t e r i a l  sampl ing depends on t h e  homogeneity o f  s u r f a c e  

and subsur face m a t e r i a l s .  When p o s s i b l e ,  i t  i s  d e s i r a b l e  t o  d i g  down some 

d i s t a n c e  t o  e s t a b l i s h  b e d - m a t e r i a l  c h a r a c t e r i s t i c s .  I f  s t r a t i f i c a t i o n  o f  bed 

m a t e r i a l  i s  found, i t  i s  i m p o r t a n t  t o  sample t h e  m a t e r i a l  and n o t e  t h e  depth  

a t  which i t  occur red .  I n  homogeneous bed m a t e r i a l ,  samples a r e  t y p i c a l l y  

t a k e n  near  t h e  su r face ,  i . e . ,  i n  t h e  upper  12 i n c h e s  o f  sand. Bank samples 

may be t a k e n  anywhere, i f  bank c o m p o s i t i o n  i s  homogeneous. F o r  s t r a t i f i e d  

banks, severa l  samples may be r e q u i r e d .  
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F o r  purposes o f  Leve l  I1 e r o s i o n  and s e d i m e n t a t i o n  a n a l y s i s ,  i t  i s  

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

b u t i o n  t h a t  can be u t i l i z e d  i n  e v a l u a t i n g  sed iment  t r a n s p o r t .  F o r  a  more 

complex system, such as a  system where an a p p r e c i a b l e  change i n  b e d - m a t e r i a l  

c h a r a c t e r i s t i c s  occurs ,  i t  may be necessary t o  use d i f f e r e n t  r e p r e s e n t a t i v e  

g r a d a t i o n  cu rves  f o r  d i f f e r e n t  channel  reaches. The c r i t e r i a  f o r  s e l e c t i o n  o f  

a  bed-mate r ia l  g r a d a t i o n  i s  t h a t  i t  adequa te l y  r e p r e s e n t s  t h e  range and 

d i s t r i b u t i o n  o f  bed m a t e r i a l  i n  t h e  m a j o r i t y  o f  t h e  s tudy  a r e a  and s h o u l d  p r o -  

v i d e  somewhat c o n s e r v a t i v e  e s t i m a t e s  o f  sed iment  t r a n s p o r t  c a p a c i t y .  

Example - D u r i n g  a  s i t e  reconnaissance 50 sed iment  samples were c o l l e c t e d  

c o n s i s t i n g  o f  16 bed samples ( t a k e n  a t  depths  o f  0 t o  12 i n c h e s ) ,  12 bank 

samples, 6  t r i b u t a r y  samples, 13 watershed samples and 3 f l o o d - p l a i n  samples. 

L a b o r a t o r y  e v a l u a t i o n  o f  these samples c o n s i s t e d  o f  d r y  s i e v e  a n a l y s i s  supp le-  

mented w i t h  hydrometer  a n a l y s i s  where a p p r e c i a b l e  s i l  t - c l  ay percentages were 

encountered.  P a r t i c l e  g r a d a t i o n  cu rves  were deve loped f o r  t h e  samples based , 

on t h i s  a n a l y s i s  and p l o t t e d  by reach.  

C o n s i d e r i n g  bed p a r t i c l e  s i z e  g r a d a t i o n  cu rves  r e p r e s e n t a t i v e  o f  sed iment  

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

m a t e r i a l  o c c u r r e d  downstream o f  a  sma l l  d ra inage  e n t e r i n g  f r o m  t h e  r i g h t  bank. 

A sample o f  a l l u v i a l  f a n  m a t e r i a l  d e p o s i t e d  by  t h e  smal l  d r a i n a g e  documented 

t h i s  channel  as t h e  source o f  t h e  f i n e  m a t e r i a l .  F i g u r e  5.11a i l l u s t r a t e s  

p a r t i c l e  s i z e  g r a d a t i o n  cu rves  o f  f o u r  samples c o l l e c t e d  upst ream o f  t h e  

t r i b u t a r y ,  w h i l e  F i g u r e  5.11b d e p i c t s  t h e  r e p r e s e n t a t i v e  g r a d a t i o n  c u r v e  f o r  

t h i s  reach,  as de te rm ined  by o v e r l a y i n g  and eye f i t t i n g  ( t h e  r e p r e s e n t a t i v e  

c u r v e  c o u l d  a l s o  be de te rm ined  m a t h e m a t i c a l l y ) .  

5.3.3 P r o f i l e  A n a l y s i s  

D i s c u s s i o n  -. - Comparison o f  tha lweg  p r o f i l e s  ove r  t i m e  can p r o v i d e  

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

channel .  T h i s  i n f o r m a t i o n  i s  u s e f u l  b o t h  by i t s e l f  and as v e r i f i c a t i o n  of 

mathemat ica l  mode l ing  r e s u l t s .  The amount and qua1 i ty  o f  i n f o r m a t i o n  d e r i v e d  

from t h i s  a n a l y s i s  i s  l a r g e l y  dependent on t h e  number of y e a r s  of d a t a  and t h e  

t o t a l  r e c o r d  l e n g t h .  Changes i n  p r o f i l e  g e n e r a l l y  occu r  ove r  many y e a r s ;  

fu r the rmore ,  i n  a r i d  and s e m i a r i d  r e g i o n s  these changes a r e  h y d r o l o g i c a l l y  
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dependent. I f  t he re  have been no s i g n i f i c a n t  f loods  i n  the  period of  record,  

then l i t t l e  change would be expected i n  t h e  channel p r o f i l e .  

Application - Channel p r o f i l e  data  can be developed from a v a r i e t y  of - 
sources.  Topographic mapping, f o r  example, USGS 7.5-minute quadrangle s h e e t s ,  

i s  a r ead i ly  a v a i l a b l e  source,  p a r t i c u l a r l y  f o r  analyses involving a r e l a -  

t i v e l y  long study reach ( f o r  s h o r t  study reaches,  the  s c a l e  and contour i n t e r -  

val of a 7.5-minute map may not  provide s u f f i c i e n t l y  accura te  informat ion) .  

Other sources of topographic mapping include county and c i t y  agencies  and p r i -  

va te  p a r t i e s  who prepare mapping f o r  development purposes, as  well as  f o r  

f lood-plain mapping. S imi l a r ly ,  HEC-2 input  data  prepared f o r  f lood insurance 

s t u d i e s  can be a valuable source of da ta .  

Less d e t a i l e d  da ta ,  both temporally and s p a t i a l l y ,  a r e  of ten  a v a i l a b l e  

from e leva t ion  data  of pipe1 ine  c ross ings ,  r a i l  road and highway br idges ,  

d ivers ion  s t r u c t u r e s ,  and grade-control s t r u c t u r e s .  With knowledge of the 

e l eva t ions  of these  s t r u c t u r e s ,  i t  i s  r e l a t i v e l y  simple t o  make f i e l d  measure- 

ments of present  bed e l eva t ions .  Addi t ional ly ,  when a v a i l a b l e ,  the construc-  

t i o n  plans f o r  these s t r u c t u r e s  can provide valuable h i s t o r i c a l  i n s i g h t .  The 

i n v e r t  e l eva t ions  a t  the time of cons t ruc t ion  a r e  usual ly provided on t h e  

p lans  o r  can be deduced from the  given information. 

F i n a l l y ,  a f i e l d  survey of the  thalweg i s  valuable when time and/or 

budget c o n s t r a i n t s  permit t h i s  level  of e f f o r t .  Surveying j u s t  the thalweg 

p r o f i l e  i s  r e l a t i v e l y  quick,  compared t o  c ross-sec t ion  surveying, and i s  a 

good way t o  see the  study reach i n  d e t a i l .  

Example - During a r e l a t i v e l y  small f lood (2-year  f lood)  a br idge f a i l u r e  

occurred,  causing l o s s  of l i f e .  L i t i g a t i o n  r e s u l t e d ,  and in support  of the  

defense,  a comprehensive engineering inves t iga t ion  of the f a i l u r e  was con- 

ducted. A p r o f i l e  ana lys i s  was p a r t  Of the inves t iga t ion  and provided a 

subs t an t i a l  amount of informatiorl. Extensive da ta  of the channel p r o f i l e  were 

f i r s t  published in a Soil  Conservation Service (SCS) f lood-plain information 

r e p o r t ,  based on a 1967 survey. Cross-sect ion da ta  c o l l e c t e d  by the  Corps of 

Engineers ( C O E )  were used t o  e s t a b l i s h  a 1972 p r o f i l e .  A previous a n a l y s i s  by 

an engineering firm provided a 1976 p r o f i l e ,  based pr imar i ly  on soundings from 

bridges.  A COE General Design Memorandum ( G D i 4 )  provided a 1978 p r o f i l e .  An 

addi t ional  da ta  po in t  f o r  1958 was derived from county bridge cons t ruc t ion  

plans.  The recorded top of p i l e  e l eva t ion ,  p i l e  length of 40 f e e t ,  and 
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r e p o r t e d  p i l e  p e n e t r a t i o n  o f  23 f e e t  i n t o  t h e  e x i s t i n g  c reek  bed p l a c e d  t h e  

e l e v a t i o n  o f  t h e  bed a t  a p p r o x i m a t e l y  246 f e e t  EJGVD. Wh i le  s i m i l a r  " a s - b u i l  t" 

d a t a  on o t h e r  b r i d g e s  i n  t h e  s tudy  r e a c h  would have ex tended t h e  p r o f i l e  f o r  

1958, such da ta  c o u l d  n o t  be ob ta ined .  

When t h e  d a t a  f o r  a l l  t hese  y e a r s  were p l o t t e d ,  t h e y  p r o v i d e d  a  t ime-  

sequenced p i c t u r e  o f  p r o f i l e  changes. The compar ison o f  these  p r o f i l e s  

e s t a b l i s h e d  a  s t r o n g  system-wide d e g r a d a t i o n  t r e n d  i n  t h e  s t u d y  reach.  

Combined w i t h  r e s u l t s  f rom q u a l i t a t i v e  a n a l y s i s ,  i t  was de te rm ined  t h a t  t h e  

d e g r a d a t i o n a l  t r e n d  had r e s u l t e d  f rom land-use  changes ( u r b a n i z a t i o n )  t h a t  

produced h i g h e r  r u n o f f  volumes, and f rom e x t e n s i v e  c h a n n e l i z a t i o n  b e g i n n i n g  i n  

t h e  1930 's  t o  s t r a i g h t e n  t h e  system. From these  and o t h e r  r e s u l t s ,  i t  was 

conc luded  t h a t  t h e  b r i d g e  f a i l u r e  a t  t h i s  l o c a t i o n  was imminent  and c o u l d  have 

o c c u r r e d  d u r i n g  any reasonab le  f l o w  c o n d i t i o n .  I n s p e c t i o n  o f  o t h e r  b r i d g e s  i n  

t h e  s tudy reach  by coun ty  maintenance crews l e d  t o  e x t e n s i v e  reve tmen t  and 

grade s t a b i l  i z a t i o n  s t r u c t u r e s  a t  a1 1  b r i d g e  c r o s s i n g s .  

5.3.4 I n c i p i e n t  M o t i o n  A n a l y s i s  

D i s c u s s i o n  - An e v a l u a t i o n  o f  r e l a t i v e  channel  s t a b i l i t y  can be made by 

e v a l u a t i n g  i n c i p i e n t  m o t i o n  parameters .  The d e f i n i t i o n  o f  i n c i p i e n t  m o t i o n  i s  

based on t h e  c r i t i c a l  o r  th resh01  d  c o n d i t i o n  where hydrodynamic f o r c e s  a c t i n g  

on  a  g r a i n  o f  sed iment  have reached a  v a l u e  t h a t ,  i f  i n c r e a s e d  even s l i g h t l y ,  

w i l l  move t h e  g r a i n .  Under c r i t i c a l  c o n d i t i o n s ,  o r  a t  t h e  p o i n t  o f  i n c i p i e n t  

mo t ion ,  t h e  hydrodynamic f o r c e s  a c t i n g  on t h e  g r a i n  a r e  j u s t  ba lanced  by t h e  

r e s i s t i n g  f o r c e s  o f  t h e  p a r t i c l e .  F o r  g i v e n  hydrodynamic f o r c e s ,  o r  equ iva-  

l e n t l y  f o r  a  g i v e n  d i scharge ,  i n c i p i e n t  m o t i o n  c o n d i t i o n s  w i l l  e x i s t  f o r  a  

s i n g l e  p a r t i c l e  s i z e .  P a r t i c l e s  s m a l l e r  than  t h i s  w i l l  be t r a n s p o r t e d  

downstream and p a r t i c l e s  equal  t o  o r  l a r g e r  than  t h i s  w i l l  remain  i n  p l a c e .  

A p p l i c a t i o n  - The S h i e l d s  d iagram ( F i g u r e  5.12) may be used t o  e v a l u a t e  --- 
t h e  p a r t i c l e  s i z e  a t  i n c i p i e n t  m o t i o n  f o r  a  g i v e n  d i scharge .  The S h i e l d s  

d iagram was deve loped t h r o u g h  measurements o f  bed- load  t r a n s p o r t  f o r  v a r i o u s  

v a l u e s  o f  T / ( Y  -y)O a t  l e a s t  t w i c e  as l a r y e  as t h e  c r i t i c a l  v a l u e ,  and t h e n  s  
e x t r a p o l a t e d  t o  t h e  p o i n t  o f  v a n i s h i n g  bed l o a d .  I n  t h e  t u r b u l e n t  range,  

where inost  f l o w s  o f  p r a c t i c a l  e n g i n e e r i n g  i n t e r e s t  o c c u r ,  F i g u r e  5.12 suggests  

t h e  parameter r / ( y s - y ) D  i s  independent  o f  f l o w  c o n d i t i o n s  and t h e  f o l l o w i n g  

r e l a t i o n s h i p  i s  e s t a b l i s h e d :  



F i g u r e  5.12. S h i e l d s '  r e l a t i o n  f o r  b e g i n n i n g  o f  m o t i o n  
(adapted f rom Gess le r ,  1971). 



where Dc i s  t h e  d iamete r  o f  t h e  sed iment  p a r t i c l e  f o r  c o n d i t i o n s  o f  

i n c i p i e n t  mo t ion ,  T i s  boundary shear s t r e s s ,  yS and y a r e  tine s p e c i f i c  

w e i g h t s  o f  sediment and water ,  r e s p e c t i v e l y ,  and 0.047 i s  a  d imens ion less  

c o e f f i c i e n t  r e f e r r e d  t o  as t h e  S h i e l d s  parameter.  [As o r i g i n a l l y  proposed by  

S h i e l d s  (1936) ,  0.060 was t h e  parameter  v a l u e  i n  t h e  t u r b u l e n t  range. The 

v a l u e  o f  0.047 was suggested by Meyer-Peter and I q u l l e r  (1948) ,  and f u r t h e r  

suppor ted  by Gess le r  (1971) .I Any c o n s i s t e n t  s e t  o f  u n i t s  may be used w i t h  

t h i s  equa t ion .  

The concep t  o f  i n c i p i e n t  m o t i o n  i s  o f  fundamental  impor tance  t o  sed iment  

t r a n s p o r t .  A d d i t i o n a l l y ,  d i r e c t  a p p l i c a t i o n  o f  i n c i p i e n t  m o t i o n  concep ts  

t h r o u g h  E q u a t i o n  5.5 a r e  used i n  armor a n a l y s i s  and can p r o v i d e  u s e f u l  i n s i g h t  

f o r  o t h e r  Leve l  I1 analyses.  F o r  example, g i v e n  a  d i scharge ,  h y d r a u l i c  c a l c u -  

l a t i o n s  can be used t o  de te rm ine  i n f o r m a t i o n  necessary  t o  e v a l u a t e  t h e  boun- 

d a r y  shear s t r e s s  ( E q u a t i o n  4.7a o r  b )  a t  v a r i o u s  l o c a t i o n s  i n  a  s t u d y  reach.  

Us ing  e i t h e r  computed o r  assumed s t a n d a r d  v a l u e s  f o r  wa te r  and sed iment  s p e c i -  

f i c  we igh ts ,  t h e  i n c i p i e n t  [no t ion  p a r t i c l e  s i z e  can t h e n  be e v a l u a t e d  f o r  t h i s  

d i s c h a r g e .  T h i s  c a l c u l a t i o n  may be repea ted  f o r  o t h e r  d i s c h a r g e s  charac-  

t e r i s t i c  o f  a  g i v e n  f l o o d  t o  de te rm ine  what p a r t i c l e  s i z e s  would  be i n  m o t i o n  

a t  v a r i o u s  t imes  d u r i n g  t h e  f l o o d .  R e s u l t s  f rom t h i s  e v a l u a t i o n  o f  i n c i p i e n t  

m o t i o n  a1 so i n d i c a t e  t h e  t o t a l  t i m e  d u r i n g  which v a r i o u s  p a r t i c l e  s i z e s  would  

be i n  mot ion,  as w e l l  as t h e  pe rcen tage  o f  t i m e ,  r e l a t i v e  t o  t h e  t o t a l  s to rm 

d u r a t i o n ,  t h a t  i n c i p i e n t  m o t i o n  c o n d i t i o n s  would  be equa led  o r  exceeded f o r  

each p a r t i c l e  s i z e .  

Long- term i n c i p i e n t  m o t i o n  c h a r a c t e r i s t i c s  can be assessed i n  a  s i m i l a r  

f a s h i o n  based on t h e  annual hydrograph ( i  . e . ,  annual r e c o r d  o f  mean d a i l y  o r  

mean mon th ly  d i s c h a r g e ) ,  i n s t e a d  o f  a  s i n g l e  f l o o d  hydrograph.  Such 

assessments a r e  s e m i - q u a n t i t a t i v e  s i n c e  i t  must be assumed t h a t  t h e  h y d r a u l i c  

p r o p e r t i e s  a t  a  p o i n t  o f  i n t e r e s t  have n o t  changed a p p r e c i a b l y  o v e r  t h e  l o n g  

term.  A d d i t i o n a l l y ,  r e s u l t s  O f  any i n c i p i e n t  m o t i o n  a n a l y s i s  a r e  g e n e r a l l y  

more u s e f u l  f o r  a n a l y s i s  of g r a v e l -  o r  cobb le-bed systems t h d n  f o r  sand-bed 

systems. When a p p l i e d  t o  a  sand-bed system, i n c i p i e n t  m o t i o n  r e s u l t s  u s u a l l y  

i n d i c a t e  t h a t  a l l  p a r t i c l e s  i n  t h e  bed m a t e r i a l  a r e  capab le  o f  b e i n g  moved 

(exceed ing  i n c i p i e n t  m o t i o n  c o n d i t i o n s )  f o r  even v e r y  smal l  d i scharges .  



Example - Us ing  r e s u l t s  o f  a  mu1 t i p l e - p r o f i l e  HEC-2 a n a l y s i s ,  t h e  

h y d r a u l i c  p r o p e r t i e s  o f  an a r r o y o  were known f o r  a  s e r i e s  o f  d i s c h a r g e s  

c h a r a c t e r i s t i c  o f  a  1980 f l o o d .  Fo r  each d i s c h a r g e  t h e  boundary shear  s t r e s s  

was computed f rom Equa t ion  4.7b and t h e  i n c i p i e n t  m o t i o n  p a r t i c l e  s i z e  f rom 

Equa t ion  5.5. R e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  summarized on F i g u r e  5.13. 

T a b l e  5.4 i n d i c a t e s  t h e  t o t a l  t i m e  d u r i n g  which t h e  v a r i o u s  p a r t i c l e  

s i z e s  of F i g u r e  5.13 would be i n  mot ion.  A l s o  i n d i c a t e d  i n  Tab le  5.4 i s  t h e  

pe rcen tage  o f  t ime,  r e l a t i v e  t o  t h e  t o t a l  s to rm d u r a t i o n ,  t h a t  i n c i p i e n t  

m o t i o n  c o n d i t i o n s  would be equa led o r  exceeded f o r  each o f  these  s i z e s .  T h i s  

t y p e  o f  i n f o r m a t i o n  i s  u s e f u l  i n  d e v e l o p i n g  a  Leve l  11 unders tand ing  o f  s e d i -  

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

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

5.3.5 Armor ing P o t e n t i a l  

D i s c u s s i o n  - The a rmor ing  process b e g i n s  as t h e  non-moving c o a r s e r  pa r -  

t i c l e s  segregate  f rom t h e  f i n e r  m a t e r i a l  i n  t r a n s p o r t .  The c o a r s e r  p a r t i c l e s  

a r e  g r a d u a l l y  worked down i n t o  t h e  bed, where t h e y  accumulate i n  a  s u b l a y e r .  

F i n e  bed m a t e r i a l  i s  l eached  up th rough  t h i s  coarse s u b l a y e r  t o  augment t h e  

m a t e r i a l  i n  t r a n s p o r t .  As movement c o n t i n u e s  and d e g r a d a t i o n  p rog resses ,  an 

i n c r e a s i n g  number o f  non-moving p a r t i c l e s  accumulate i n  t h e  sub laye r .  T h i s  

accumu la t ion  i n t e r f e r e s  w i t h  t h e  l e a c h i n g  o f  f i n e  m a t e r i a l  so t h a t  t h e  r a t e  o f  

t r a n s p o r t  o v e r  t h e  s u b l a y e r  i s  n o t  m a i n t a i n e d  a t  i t s  fo rmer  i n t e n s i t y .  

E v e n t u a l l y ,  enough coarse  p a r t i c l e s  accumulate t o  s h i e l d ,  o r  "armor," t h e  

e n t i r e  bed s u r f a c e  ( F i g u r e  5.14). When f i n e s  can no l o n g e r  be leached  f rom 

t h e  u n d e r l y i n g  bed, d e g r a d a t i o n  i s  a r r e s t e d .  

Examina t ion  o f  t y p i c a l  armor l a y e r s  r e v e a l s  s e v e r a l  i m p o r t a n t  

c h a r a c t e r i s t i c s :  

- Less t h a n  a  s i n g l e  comple te  c o v e r i n g  l a y e r  o f  l a r g e r  g r a v e l  
p a r t i c l e s  seems t o  s u f f i c e  f o r  a  t o t a l  a r m o r i n g  e f f e c t  f o r  a  
p a r t i c u l a r  d i scharge .  

- A n a t u r a l  " f i l t e r "  a p p a r e n t l y  deve lops between t h e  l a r g e r  s u r f a c e  
p a r t i c l e s  and t h e  subsur face  m a t e r i a l  t o  p r e v e n t  l e a c h i n g  o f  t h e  
u n d e r l y i n g  f i n e s .  

- The s h i n g l e d  arrangement o f  s u r f a c e  p a r t i c l e s  i s  n o t  r e s t r i c t e d  t o  
t h e  l a r g e r  m a t e r i a l ,  b u t  seems e v i d e n t  t h r o u g h o u t  t h e  g r a v e l  
g r a d a t i o n .  
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Tab le  5.4. I n c i p i e n t  M o t i o n  C h a r a c t e r i s t i c s .  

P a r t i c l e  Time i n  Percentage o f  T o t a l  
S i z e  Mot ion  Storm D u r a t i o n  
(m) ( h r s )  i n  M o t i o n  



Armored bed o f  S a l t  R i v e r  upst ream o f  G i l b e r t  Road n e a r  Mesa, A r i z o n a  

E x c a v a t ~ o n  t h r o u g h  armor l a y e r  of t h e  S a l t  R i v e r  n e a r  Mesa, A r i zona .  
Tape l e n g t h  shown i n  photograph i s  24 inches .  

F i g u r e  5.14 



An armor l a y e r  s u f f i c i e n t  t o  p r o t e c t  the bed aga ins t  moderate discharges can 

be d is rup ted  dur ing  h igh  f low,  b u t  may be res to red  as f lows d imin ish .  How- 

ever, i n  a  cobble-bed system the armoring c o n d i t i o n  i s  u s u a l l y  s t a b l e  enough 

t h a t  the channel bed can be considered r i g i d ,  i .e. ,  bed form cond i t i ons  w i l l  

no t  develop (see F igu re  4.2). It i s  ev ident  t h a t  an armor l a y e r  w i l l  tend t o  

accumulate i n  areas o f  na tu ra l  scour i n  the r i v e r ,  such as on the  upstream 

ends o f  i s l ands  and bars. However, cau t ion  should be used i n  e l i m i n a t i n g  

scour p r o t e c t i o n  along the toe o f  levee o r  channel embankments under the 

assumption t h a t  an armor l a y e r  w i l l  be created un i f o rm ly  along the toe. I f  a  

un i fo rm armor l a y e r  i s  no t  present ,  o r  i f  one f a i l s  t o  develop a t  a  p red i c ted  

depth dur ing  a  design f low,  the levee toe could be undermined by scour ing 

ac t ion ,  thus lead ing  t o  f a i l u r e .  

App l i ca t i on  - P o t e n t i a l  f o r  development o f  an armor l a y e r  can be assessed 

us ing  Sh ie lds '  c r i t e r i a  f o r  i n c i p i e n t  motion (see Sec t ion  5.3.4) and a  repre-  

s e n t a t i v e  bed-material c o m ~ o s i t i o n .  I n  t h i s  case a  rep resen ta t i ve  bed- 

ma te r i a l  composit ion i s  t h a t  which i s  t y p i c a l  o f  the depth o f  a n t i c i p a t e d  

degradat ion. Using Equat ion 5.5 the i nc ip ien t -mo t i on  p a r t i c l e  s i z e  can be 

computed f o r  a  g iven s e t  o f  hyd rau l i c  cond i t ions .  I f  no sediment o f  the com- 

puted s i ze  o r  l a r g e r  i s  present  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  the bed, armoring 

w i l l  n o t  occur. The DgO t o  Dg5 s i z e  o f  t he  representa t i ve  bed ma te r i a l  i s  

f r equen t l y  found t o  be the  s i z e  "paving the  channels" when scour ing i s  

arrested.  Wi th in  p r a c t i c a l  l i m i t s  o f  p lanning and design, the Dg5 s i z e  i s  

considered t o  be about the maximum s i ze  f o r  pavement format ion (SCS, 1977). 

Therefore, armoring i s  probable when the  p a r t i c l e  s i z e  computed from Equation 

5.5 i s  equal t o  o r  smal ler  than the Dg5 s ize.  

By observing the percentage o f  the bed ma te r i a l  equal t o  o r  l a r g e r  than 

the  armor p a r t i c l e  s ize  (Da) t he  depth o f  scour necessary t o  e s t a b l i s h  an 

armor l a y e r  ( A Z ~ )  can be c a l c u l a t e d  from (USBR, 1984): 

where y a  i s  the th ickness o f  the armoring l a y e r  and PC i s  the decimal 

f r a c t i o n  o f  ma te r i a l  coarser  than the armoring s ize.  The th ickness o f  the 

armoring l a y e r  ( y a )  ranges from one t o  th ree  times the armor p a r t i c l e  s ize  

(Da), depending on the va lue o f  Da. F i e l d  observat ions sugges.t t h a t  a  r e l a -  



t i v e l y  s t a b l e  armoring condit ion r equ i re s  a  minimum of two l a y e r s  of armoring 

p a r t i c l e s .  

Example - As an example, cons ider  the  case where Equation 5.5 i n d i c a t e s  

t h a t  the  c r i t i c a l  

mater ial  gradat ion 

t o  formation of an 

- 
AZa - Ya 

p a r t i c l e  s i z e  equals  1.5 inches and a r ep resen ta t ive  bed- 

curve shows t h a t  t h i s  i s  the  DgO s i z e .  Thus, the  depth 

armor l a y e r  would equal 

I t  should be recognized t h a t  development of an armor l aye r  does not  occur 

uniformly across  a  channel bed, but r a t h e r  tends t o  begin along the  thalweg 

and a t  o the r  poin ts  of natural  scour i n  the  channel. 

5.3.6 Sediment Transport  Capacity - - - - - - 
Discussion - Sediment t r a n s p o r t  equat ions a r e  used t o  determine t h e  sedi-  

ment t r a n s p o r t  capac i ty  f o r  a  s p e c i f i c  set of flow condi t ions .  Knowledge of 

sediment t r a n s p o r t  capac i ty  i s  requi red  f o r  many f l u v i a l  systems analyses ,  

inc luding  evalua t ion  of aggrada t ioddegrada t ion ,  general scour /depos i t ion ,  and 

l a t e r a l  migration. The f i r s t  s t e p  i n  eva lua t ing  sediment t r a n s p o r t  capac i ty  

i s  t o  s e l e c t  one or  more of the  ava i l ab le  equat ions f o r  use in solving the  

given problem. Se lec t ion  of an appropr ia te  sediment t r a n s p o r t  r e l a t i o n  i s  

predica ted  on an understanding of the  system being s tudied .  For example, some 

formulas were developed from data  c o l l e c t e d  i n  sand-bed streams where most of 

t h e  sediment was t ranspor ted  as  suspended load. Conversely, o t h e r  equat ions 

p e r t a i n  t o  condi t ions  where bed-1 oad t r a n s p o r t  i s  dominant. Study ob jec t ives  

a l s o  determine what port ion of t h e  sediment t r a n s p o r t  needs t o  be est imated 

and the level  of accuracy requi red  in such an es t imate .  I f  i t  i s  d e s i r a b l e  t o  

know the  r e l a t i v e  con t r ibu t ions  of bed load and suspended load to  the bed- 

material  discharge,  then formulas f o r  each a re  ava i l ab le .  Other formulas pro- 

v ide  d i r e c t  determinat ion of bed-material discharge.  A common f e a t u r e  of bed- 

material  discharge sediment t r a n s p o r t  equat ions i s  t h a t  wash load i s  not 

included; howelier, t h e r e  a r e  methodologies t h a t  incorpora te  sediment sampling 

d a t a ,  such as  the modified E ins t e in  procedure, t h a t  can be used t o  e s t ima te  

t o t a l  sediment t r a n s p o r t  r a t e  ( inc lud ing  wash l o a d ) .  

Available sediment t r a n s p o r t  equat ions range from t h e o r e t i c a l  o r  

empirical methods t o  methods t h a t  r equ i re  measured suspended sediment loads 

5.50 



and/or  o t h e r  normal st ream f l o w  measurements. T a b l e  5.5 summarizes some of 

t h e  most commonly used sediment t r a n s p o r t  r e l a t i o n s  and t h e i r  a p p l i c a t i o n s .  

As a  r e s u l t  o f  t h e  c o m p l e x i t y  o f  t h e  E i n s t e i n  bed l o a d  and suspended l o a d  

methodolog ies ,  t h e y  w i l l  n o t  be presented;  however, it i s  i m p o r t a n t  t o  n o t e  

t h a t  t h e  power r e l a t i o n s h i p s  p resen ted  i n  t h i s  s e c t i o n  were deve loped f rom a  

j o i n t  a p p l i c a t i o n  o f  t h e  MPM bed l o a d  and t h e  E i n s t e i n  suspended l o a d  

equa t ions .  S i m i l a r l y ,  t h e  m o d i f i e d  E i n s t e i n  procedure,  p r e s e n t e d  by Col by and 

Hembree (1955),  w i l l  n o t  be presented;  however, t h e  a p p l i c a t i o n  o f  t h i s  proce- 

du re  shou ld  be cons ide red  f o r  e v a l u a t i o n  o f  t o t a l  sed iment  l o a d  when measured 

w a t e r  and suspended sediment d i s c h a r g e  d a t a  a r e  a v a i l a b l e .  

I n  u s i n g  any sediment t r a n s p o r t  methodology, c o n s i d e r a t i o n  s h o u l d  be 

g i v e n  t o  s o l u t i o n  by s i z e  f r a c t i o n .  D i f f e r e n t  t r a n s p o r t  c a p a c i t i e s  can be 

expected f o r  d i f f e r e n t  sediment s i z e s  and some l o s s  i n  accuracy may r e s u l t  

f rom a  c a l c u l a t i o n  based on a  s i n g l e  r e p r e s e n t a t i v e  g r a i n  s i z e  ( i . e . ,  
D50 

s i z e ) .  S o l u t i o n  o f  t h e  t o t a l  bed-mate r ia l  d i s c h a r g e  by s i z e  f r a c t i o n  ana ly -  

s i s  i s  based on a  weighted average o f  t h e  sediment t r a n s p o r t  f o r  t h e  geomet r i c  

mean p a r t i c l e  s i z e  r e p r e s e n t i n g  v a r i o u s  i n t e r v a l  s  o f  t h e  sediment g r a d a t i o n  

cu rve .  The number o f  i n t e r v a l s  r e q u i r e d  depends on t h e  accuracy d e s i r e d  and 

t h e  c h a r a c t e r i s t i c s  o f  t h e  g r a d a t i o n  curve;  however, adequate r e s u l t s  a r e  

u s u a l l y  o b t a i n e d  u s i n g  f o u r  t o  s i x  i n t e r v a l s .  As a  f i n a l  no te ,  w i t h  any 

methodology i t  i s  d e s i r a b l e  t o  v e r i f y  r e s u l t s  a g a i n s t  measured d a t a  whenever 

p o s s i b l e  and a d j u s t  e q u a t i o n  parameters  a c c o r d i n g l y  t o  o b t a i n  s u i t a b l e  

r e s u l t s .  

A p p l i c a t i o n  - Meyer-Peter,  M u l l e r  Equat ion.  Based on exper imen ts  w i t h  --- - - 
sand p a r t i c l e s  o f  u n i f o r m  s i z e s ,  sand p a r t i c l e s  o f  mixed s i z e s ,  n a t u r a l  

g r a v e l ,  l i g n i t e ,  and b a r y t a ,  Meyer-Peter and l r l u l l e r  (1948) developed a  f o r m u l a  

f o r  e s t i m a t i n g  t o t a l  bed- load t r a n s p o r t .  Most  o f  t h e  d a t a  used i n  d e v e l o p i n g  

t h e  Meyer-Peter,  M u l l e r  (MPM) e q u a t i o n  were o b t a i n e d  i n  f l o w s  w i t h  l i t t l e  o r  

no suspended sediment l o a d .  A common form o f  t h e  MPM e q u a t i o n  d e r i v e d  f o r  a  

w ide channel w i t h  p lane-bed c o n d i t i o n s  i s :  



T a b l e  5.5. Sediment T r a n s p o r t  C a l c u l a t i o n  Procedures.  

C a l c u l a t i o n  A p p l i c a t i o n  

1 / T o t a l -  
Suspended Bed- B e d - M a t e r i a l  Sediment 

Procedure Bed Load M a t e r i a l  Load Load Load Sand Bed Cobble  Bed 

Meyer-Peter,  Mu1 l e r  X 
E q u a t i o n  (MPM) 

I" E i n s t e i n  Bed Load 
u7 

X 
N E q u a t i o n  

E i n s t e i n  Suspended 
Load Methodology 

Power R e l a t i o n s h i p s  

C o l b y  Methodology 

M o d i f i e d  E i n s t e i n  

A11ncludes wash l o a d  

Y ~ u s t  be supplemented w i t h  E i n s t e i n  suspended l o a d  methodology t o  g e t  suspended bed-mate r ia l  l o a d  
component 



where qb i s  t h e  bed- load t r a n s p o r t  r a t e  i n  c u b i c  f e e t  p e r  second ( c f s )  p e r  

u n i t  w i d t h  f o r  a  s p e c i f i c  s i z e  o f  sediment, ro i s  t h e  t r a c t i v e  f o r c e  

(boundary shear s t r e s s ) ,  rc i s  t h e  c r i t i c a l  t r a c t i v e  f o r c e ,  p i s  t h e  den- 

s i t y  o f  wa te r  and yS i s  t h e  s p e c i f i c  w e i g h t  o f  d r y  sediment. The c r i t i c a l  

t r a c t i v e  f o r c e  i s  d e f i n e d  by t h e  S h i e l d s  parameter ( s e e  S e c t i o n  5.3.4). The 

t r a c t i v e  f o r c e  o r  boundary shear s t r e s s  a c t i n g  under t h e  g i v e n  f low c o n d i t i o n s  

i s  most o f t e n  d e f i n e d  by Equa t ion  4.7b. The use o f  E q u a t i o n  5.7a i s  n o t  

recommended i f  dunes o r  an t idunes  a r e  expected due t o  t h e  p l a n e  bed assumpt ion 

i n  i t s  d e r i v a t i o n .  Other  more complex forms o f  t h e  e q u a t i o n  a r e  a v a i l a b l e  f o r  

use under these  c i rcumstances ( s e e  USBR, 1960) .  Any a p p l i c a t i o n  o f  t h e  MPM 

r e l a t i o n s h i p s  p r o v i d e s  an e s t i m a t e  o f  bed- load t r a n s p o r t  o n l y  and shou ld  be 

supplemented by o t h e r   neth hods i f  a p p r e c i a b l e  suspended bed-mate r ia l  t r a n s p o r t  

i s  suspected. 

A genera l  f o rm o f  t h e  MPM e q u a t i o n  was p resen ted  by Shen (1971) as 

i n  which a4 and b4 a r e  cons tan ts .  When t h e  c o n s t a n t s  i n  t h i s  e q u a t i o n  a r e  

c a l i b r a t e d  w i t h  f i e l d  da ta ,  good r e s u l t s  a r e  u s u a l l y  ob ta ined .  

A complete d i s c u s s i o n  o f  Meyer-Peter 's  fo rmu las  f o r  b e g i n n i n g  o f  mo t ion  

and sediment t r a n s p o r t  i s  p r o v i d e d  by Meyer-Peter and M u l l e r  ( 1 9 4 8 ) .  

E m p i r i c a l  Power R e l a t i o n s h i p s .  Us ing  a  computer-generated s o l u t i o n  of ---- 
t h e  Meyer-Peter,  Mu1 1  e r  bed-1 oad t r a n s p o r t  e q u a t i o n  combined w i t h  E i n s t e i n '  s  

i n t e g r a t i o n  o f  t h e  suspended bed-mate r ia l  d i scharge ,  a  procedure has been 

deve loped f o r  e s t i m a t i n g  t o t a l  bed-mate r ia l  d i s c h a r g e  i n  sand-bed channe ls  

f rom power r e l a t i o n s h i p s  o f  t h e  form (Simons, L i  and F u l l e r t o n ,  1981) 

where qS i s  t h e  bed-mate r ia l  d i scharge  i n  c f s  p e r  u n i t  w id th ,  Yh i s  

h y d r a u l i c  depth,  V i s  t h e  average v e l o c i t y  and a, b, and c  a r e  

r e g r e s s i o n  c o e f f i c i e n t s .  Us ing  a  computer-generated d a t a  base, r e p r e s e n t a t i v e  

va lues  f o r  c o e f f i c i e n t s  a, b ,  and c  were determined f o r  v a r i o u s  sediment 

s i z e s ,  g r a d a t i o n s  and bed s lopes.  R e s u l t s  o f  t h i s  a n a l y s i s  a r e  p resen ted  i n  

Tab les  5.6a and 5.6b. F o r  e v a l u a t i o n  o f  t r a n s p o r t  c a p a c i t y  a t  a  sediment s i z e  

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



sed iment  s i z e s  and g r a d a t i o n  c o e f f i c i e n t s  b r a c k e t i n g  t h e  g i v e n  s i z e  i s  

r e q u i r e d .  The cu rves  r e s u l t i n g  from a  p l o t  of D50 o r  G versus a, b, o r  

c  a r e  n o t  l i n e a r  r e l a t i o n s h i p s .  There fo re ,  p r i o r  t o  a t t e m p t i n g  a  l i n e a r  

mathemat ica l  i n t e r p o l  a t i o n  between these c o e f f i c i e n t s  and exponents,  t h e  use r  

may want t o  p l o t  D5,, o r  G ve rsus  t h e  t a b u l a t e d  v a l u e s  f o r  a, b, and c  

and use t h e  r e s u l t i n g  cu rves  f o r  a  v i s u a l  i n t e r p o l a t i o n  o f  these v a l u e s .  

As Tab le  5.6 i n d i c a t e s ,  sed iment  t r a n s p o r t  r a t e s  a r e  h i g h l y  dependent on 

v e l o c i t y ,  and t o  a  l e s s e r  degree on depth .  Sediment t r a n s p o r t  f o r  some s e d i -  

ment s i z e s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  depth,  whereas t r a n s p o r t  o f  o t h e r  s i z e s  

i s  i n v e r s e l y  p r o p o r t i o n a l  t o  depth.  T r a n s p o r t  o f  s m a l l e r  sediment s i z e s  i s  

g e n e r a l l y  p r o p o r t i o n a l l y  dependent on dep th  s i n c e  t h e  s m a l l e r  m a t e r i a l  i s  more 

e a s i l y  suspended and t h e  r e s u l t i n g  sediment c o n c e n t r a t i o n s  a r e  more un i fo rm.  

Thus, t h e  l a r g e r  t h e  depth,  t h e  g r e a t e r  t h e  amount o f  sediment t h a t  w i l l  be 

suspended f o r  a  g i v e n  v e l o c i t y .  L a r g e r  sed iment  p a r t i c l e s ,  on t h e  o t h e r  hand, 

a r e  more d i f f i c u l t  t o  suspend and keep i n  suspension. F o r  a  g i v e n  v e l o c i t y ,  

as dep th  i n c r e a s e s  t h e  i n t e n s i t y  o f  t u r b u l e n t  t r a n s f e r  p r o p e r t i e s  f o r  these 

l a r g e r  s i z e s  decreases.  The i n c r e a s e  i n  a rea  a v a i l a b l e  f o r  suspended sediment 

a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  dep th  does n o t  t o t a l l y  coun te rba lance  t h e  

reduced t u r b u l e n t  t r a n s f e r  c h a r a c t e r i s t i c s ,  r e s u l t i n g  i n  an i n v e r s e  r e l a -  

t i o n s h i p  between t r a n s p o r t  and depth  f o r  l a r g e r  p a r t i c l e s .  Sediment s i z e s  

e x h i b i t i n g  1  i ttl e  dependence on d e p t h  f a 1  1  between t h e s e  extremes. 

As an a l t e r n a t i v e  t o  E q u a t i o n  5.8a and Tab les  5.6a and 5.6b, a  s i n g l e  

r e l a t i o n s h i p  was l a t e r  developed ( Z e l l e r  and F u l l e r t o n ,  1983) :  

where n  i s  Manning 's  roughness c o e f f i c i e n t  (based on bed forms and g r a i n  

s i z e  roughness) ,  V i s  t h e  mean v e l o c i t y ,  G i s  t h e  g r a d a t i o n  c o e f f i c i e n t ,  

Y h  i s  t h e  h y d r a u l i c  depth,  and D50 i s  t h e  median d iamete r .  I n  t h i s  

e q u a t i o n  a l l  u n i t s  a r e  i n  t h e  f t - l b - s e c  system, excep t  D S 0 ,  which  i s  i n  

m i l l i m e t e r s .  

T a b l e  5.7 l i s t s  t h e  range o f  parameters  c o n s i d e r e d  i n  t h e  development o f  

t h e  sed iment  t r a n s p o r t  r e l a t i o n s  g i v e n  i n  Tab les  5.6a and 5.6b and i n  deve l -  

opment o f  E q u a t i o n  5.8b. The a p p l i c a b i l i t y  of e i t h e r  methodology t o  any spe- 

c i f i c  s e t  o f  c o n d i t i o n s  s h o u l d  be checked i n  Tab le  5.7. It shou ld  be no ted  



Table 5.6a. Resul ts  o f  Regression Analys is .  
b  c (0.001 < S c 0.01; qs = a  Y h  V ) - 0 - 

D 5 0 =  0 . 1 m  0.25 mn 0.5 mm 1.0 mm 2.0 mn 3.0 rmn 4.0 rnrn 5.0 rmn 

So = bed slope V = average v e l o c i t y  i n  fps  

9s = sediment t r a n s p o r t  r a t e  i n  c f s  (unbulked) G = g radat ion  c o e f f i c i e n t  

Yh  = hyd rau l i c  depth i n  f e e t  (area/ top width1 



Table 5.6b. Results of Regression Analysis. 
b c (0.01 < S < 0.04; qs = a Yh V ) 

0 - 

D50 = 0.1 mrn 0.25 mm 0.5 rnm 1 .O mm 2.0 rnm 3.0 mrn 4.0 m 5.0 m 

So = bed slope V = average velocity in fps 

qs = sediment transport rate in cfs (unbulked) G = gradation coefficient 

Yh = hydraulic depth in feet (arealtop width) 



Tab le  5.7.  Range o f  Parameters Examined f o r  Power R e l a t i o n s h i p s .  

Va lue Range -- 
E a u a t i o n  5.8a 

Parameter 

when used w i t h  
Tab les  5.6a 
and 5.6b E q u a t i o n  5.8b 

Froude No. (4 u n l  i n i  t e d  

V e l o c i t y  5-26 ( f t / s e c )  3-30 ( f t / s e c )  

Mann ing ' s  n  0.025 0.018-0.035 

Bed Slope 0.001-0.040 ( f t l f t )  0.001-0.040 ( f t / f t )  

U n i t  D ischarge  5-200 ( c f s / f t )  10-200 ( c f s / f t )  

P a r t i c l e  S i z e  D  > 0.062 mm 5 - 0.5 mm < D < 10 m - 50 - 
D g O  2 15 mm 

Depth Unl irni t e d  1-20 f t  

G r a d a t i o n  C o e f f i c i e n t  1-4 2-5 
-- -- -- 



t h a t  these equa t ions  a r e  based on t h e  assumpt ion t h a t  a l l  sed iment  s i z e s  p re -  

s e n t  i n  t h e  bed a r e  t r a n s p o r t a b l e  by t h e  f l ow .  I f  a r m o r i n g  i s  a  p o s s i b i l i t y  

( s e e  S e c t i o n  5 .3 .5) ,  t h e  r e g r e s s i o n  r e l a t i o n s  a r e  n o t  v a l i d .  S ince  t h e  

e q u a t i o n s  were deve loped f o r  sand-bed channels ,  t h e y  do n o t  a p p l y  t o  con- 

d i t i o n s  where t h e  bank m a t e r i a l  has c o h e s i v e  p r o p e r t i e s .  T r a n s p o r t  r a t e s  

would  be o v e r p r e d i c t e d  f o r  a  cohes ive  channel  c o n d i t i o n .  F o r  c o n d i t i o n s  

mee t ing  t h e  c r i t e r i a  o f  Tab le  5.7, as w e l l  as o t h e r  c r i t e r i a  ment ioned, e i t h e r  

e q u a t i o n  shou ld  p r o v i d e  r e s u l t s  w i t h i n  t e n  p e r c e n t  o f  t h e  t h e o r e t i c a l  v a l u e s  

computed w i t h  t h e  Meyer-Peter,  M u l l e r  bed l o a d  and E i n s t e i n  suspended bed- 

m a t e r i a l  l o a d  methodo log ies  t h a t  were used t o  deve lop  t h e  r e g r e s s i o n  

equa t ions .  

Col b y ' s  Approach. -- Col by  (1964) deve loped t h e  g r a p h i c a l  p rocedure  shown 

i n  F i g u r e s  5.15 and 5.16 f o r  d e t e r m i n i n g  bed-mate r ia l  d i s c h a r g e  ( t o n s l d a y  of 

d r y  sediment)  i n  sand-bed channels .  I n  d e v e l o p i n g  h i s  computa t iona l  c u r v e s  

Colby  was gu ided  by E i n s t e i n ' s  bed- load f u n c t i o n  ( E i n s t e i n ,  1950) and an 

immense amount o f  da ta  f rom streams and f lumes (Simons and Richardson,  1966) .  

However, i t  shou ld  be unders tood t h a t  a l l  cu rves  f o r  t h e  1 0 0 - f o o t  depth ,  most 

c u r v e s  o f  t h e  t e n - f o o t  depth ,  and some o f  t h e  cu rves  o f  1 . 0 - f o o t  and 0 . 1 - f o o t  

depths  ( F i g u r e  5.15) a r e  n o t  based e n t i r e l y  on da ta  b u t  a r e  developed f rom 

1  i n i  t e d  da ta  and t h e o r y .  

I n  u t i l i z i n g  F i g u r e s  5.15 and 5.16 t o  compute t h e  bed-mate r ia l  d i scharge ,  

t h e  f o l l o w i n g  procedure i s  r e q u i r e d :  (1) t h e  r e q u i r e d  da ta  a r e  mean v e l o c i t y  

V ,  d e p t h  ( t y p i c a l l y  h y d r a u l i c  d e p t h ) ,  Y,,, median s i z e  o f  bed m a t e r i a l  
D50 J 

w a t e r  temperature ,  and f i n e - s e d i m e n t  c o n c e n t r a t i o n ;  ( 2 )  t hen  t h e  u n c o r r e c t e d  

sed iment  d i s c h a r g e  qsi f o r  t h e  g i v e n  V,  Yh and D5,, can be found f rom 

F i g u r e  5.15 f o r  t h e  two depths t h a t  b r a c k e t  t h e  d e s i r e d  depth.  A l o y a r i t h -  

m ic  s c a l e  o f  depth  versus qsi i s  used t o  i n t e r p o l a t e  i n  o r d e r  t o  de te rm ine  

t h e  b e d - m a t e r i a l  d i s c h a r g e  p e r  u n i t  w i d t h  f o r  t h e  a c t u a l  Yh, V and D50; 

( 3 )  two c o r r e c t i o n  f a c t o r s ,  kl and k2 ,  s h o w n i n  F i g u r e s  5.16a and 5.16b, 

r e s p e c t i v e l y ,  accoun t  f o r  t h e  e f f e c t  o f  wa te r  tempera tu re  and f i n e  suspended 

sed iment  on t h e  b e d - m a t e r i a l  d i scharge .  If t h e  bed-mate r ia l  s i z e  f a l l s  o u t -  

s i d e  t h e  0.2- t o  0.3-mm range,  f a c t o r  k3  f rom F i g u r e  5 . 1 6 ~  i s  a p p l i e d  t o  

c o r r e c t  f o r  sediment s i z e  e f f e c t .  T rue  sediment d i s c h a r g e  q S  c o r r e c t e d  f o r  

w a t e r  tempera tu re  e f f e c t ,  presence o f  f i n e  suspended sediment,  and sediment 

s i z e  i s  g i v e n  by 



, - - 
1 10 1 10 

MEAN VELOCITY. IN FEET PER SECOND 

Note: The c u r v e s  on t h i s  c h a r t  r e p r e s e n t  p a r t i c l e  s i z e  i n  mm. 

F i g u r e  5.15. R e l a t i o n s h i p  o f  d i s c h a r g e  o f  sands t o  mean v e l o c i t y  f o r  
s i x  median s i z e s  of bed sands, f o u r  depths  o f  f l ow ,  and  
a  w a t e r  tempera tu re  o f  60°F (Colby,  1964) .  



WATER TEMPERATURE 
CORRECTION F A C T O R .  K1 FINE SEDIMENT CORRECTION FACTOR.  K 2  

MEDIAN PARTICLE SIZE CORRECTION FACTOR,  Kq 



As Figure 5.16 shows, k l  = 1 when the  temperature i s  60' F ,  k 2  = 1 when 

the concentrat ion of f i n e  sediment i s  neg l ig ib l e ,  and k3 = 100 when D50 
l i e s  between 0.2 m and 0.3 m. 

In s p i t e  of many inaccurac ies  in  the a v a i l a b l e  data and u n c e r t a i n t i e s  in  

t h e  graphs, Colby found 

" . . .about  75 percent  of the  sand discharges t h a t  were used t o  de f ine  
t h e  r e l a t i o n s h i p s  were l e s s  than twice o r  more than half  of the  
discharges t h a t  were computed from the  graphs of average r e l a -  
t i onsh ip .  The agreement of computea and observed d ischarges  of 
sands f o r  sediment s t a t i o n s  whose records were not used t o  def ine  
t h e  graphs seemed t o  be about a s  good as  t h a t  f o r  s t a t i o n s  whose 
records were used." 

Example - Calculat ion of Sediment-Transport Rates Using: -- - -- 
A .  Meyer-Peter, Muller (I4PbI) Bed-load Function 

B .  Colby Method -- 
Before beginning the  examples, t h e  reader  should remember t h a t  a l l  sed i -  

ment t r a n s p o r t  equat ions do not compute the same component of t o t a l  sediment 

load.  Table 5.5 was developed as  an easy reference  t o  make t h i s  d i s t i n c t i o n .  

In the  following examples the  Meyer-Peter, Muller equation i s  used t o  compute 

the  bed-load t r a n s p o r t  r a t e .  Since t h i s  equation was derived from flume 

experiments using flows with l i t t l e  o r  no suspended sediment load ,  i t  i s  not 

recommended f o r  app l i ca t ions  where suspended bed-material load i s  est imated t o  

be a  major component of the  t o t a l  sediment load.  In c o n t r a s t ,  the  power r e l a -  

t i onsh ips  and t h e  Colby Method were developed on the  bas i s  of p red ic t ing  t o t a l  

bed-material t r a n s p o r t  r a t e .  

Because of t h i s  d i f f e rence  between t r a n s p o r t  equat ions ,  the following 

examples wi l l  employ t h e  MPM equation t o  eva lua t?  the  bed-load discharge f o r  a  

gravel-cobble bed stream which would be expected t o  have very l i t t l e  suspended 

bed-material load ,  while t h e  Colby Method wi l l  be applied to  a  sand-bed chan- 

nel having both suspended bed-material load and bed load components. 

Due t o  the  s impl i c i ty  of the power r e l a t ionsh ips  (Equations 5.8a and 

5 .8b ) ,  no numerical examples wil l  be presented.  

P a r t  A ,  Meyer-Peter, I4uller Equation: The gradat ion curve f o r  the  bed 

material  from a gravel-cobble bed stream was divided i n t o  th ree  s i z e  f rac-  



t i o n s .  The geometr ic  mean p a r t i c l e  s i z e  and w e i g h t  o f  each f r a c t i o n  i s  l i s t e d  

be1 ow: 

F r a c t i o n  # 1  (33  1/3% o f  t o t a l  sample w e i g h t ) :  D = D = 0.05 f t  
G 25 

F r a c t i o n  ~2 ( 3 3  1/3% o f  t o t a l  sample w e i g h t ) :  DG = DS0 = 0.10 f t  

F r a c t i o n  d3 (33 1/33 o f  t o t a l  sample w e i g h t ) :  DG = D75 = 0.15 f t 

T h i s  reach o f  t h e  stream i s  f u r t h e r  d e f i n e d  by t h e  f o l l o w i n g  parameters :  

- 
F o r  Q = 5,000 c f s ,  mean channel  v e l o c i t y ,  V = 8  f p s .  

Darcy-Weisbach f r i c t i o n  f a c t o r ,  f = 0.06 

S p e c i f i c  w e i g h t  o f  sediment,  = 165.4 l b / f t 3  
Y s 2  4 D e n s i t y  o f  water ,  p = 1.9 l b - s e c  / f t  

Us ing  t h e  MPM Equa t ion  ( E q u a t i o n  5 .7a) ,  t h e  f o l l o w i n g  s t e p s  a r e  r e q u i r e d  t o  

compute bed- load d i scharge :  

1. The boundary shear s t r e s s ,  T i s  computed as f o l l o w s :  
0 '  

2. The c r i t i c a l  shear s t r e s s ,  T i s  found u s i n g  S h i e l d s '  r e l a t i o n :  
C '  

T = 0.047 Dc - y)  
C 

f o r  D = DZ5, T = (0 .047) (0 .05) (165.4  - 62.4)  = 0.24 l b / f t  2  
C C 

f o r  Dc = DS0, T~ = (0 .047) (0 .10 ) (165 .4  - 62.4)  = 0.48 l b / f t 2  

f o r  Dc = D T = (0 .047) (0 .15) (165.4  - 62.4) = 0.73 l b / f t 2  75'  c  

3 .  The MPM e q u a t i o n  can now b e  used t o  compute t h e  bed- load  t r a n s p o r t  r a t e  
f o r  each o f  t h e  t h r e e  sed iment  s i z e  f r a c t i o n s .  

f o r  DZ5, - 12.85 - (0 .91  - 0 . 2 4 ) ~ ' ~  - -  (To - TC 
1.5 - 12.85 

qb25 yS 6 (165.4)  



f o r  050, - - - -- -- - - (0.91 - 0 . 4 8 ) ~ ' ~  
qb50 (165.4) J1.4 

f o r  D75, - - 12'85 (0.91 - 0 . 7 3 ) l . ~  
qb75 (165 .4 )  

4. The t o t a l  u n i t  bed- load  t r a n s p o r t  r a t e  can now be computed as t h e  
w e i g h t e d  average o f  t h e  t r a n s p o r t  r a t e s  f o r  each o f  t h e  s e l e c t e d  sed iment  
s i z e  f r a c t i o n s .  T h i s  procedure i s  accompl ished as f o l l o w s :  

P a r t  B, Colby Method: Co lby  c a l c u l a t i o n s  w i l l  be made u s i n g  t h e  s i n g l e  

median bed p a r t i c l e  s i z e  as w e l l  as t h e  sediment s i z e  f r a c t i o n  approach. 

Water temperature  and f i n e  sediment c o n c e n t r a t i o n  a r e  assumed equal t o  70°F 

and 10,000 ppm, r e s p e c t i v e 1  y, f o r  t h e  example c a l c u l a t i o n s .  

a. C a l c u l a t i o n s  Us ing  S i n g l e  Bed P a r t i c l e  S ize.  The c a l c u l a t i o n  w i l l  

be made f o r  a  d i c h a r g e  o f  410 c f s ,  f o r  wh ich Y h  = 1.36 ft, V = 2.93 f p s ,  

and b  = 103 ft. From F i g u r e  5.17, t h e  median bed p a r t i c l e  s i z e  '50 i s  

0.225 mm. The s o l u t i o n  i n v o l v e s  t h e  f o l l o w i n g  s teps:  

1. E n t e r  F i g u r e  5.15 w i t h  a  v e l o c i t y  o f  2.93 f p s  f o r  a  depth  o f  1.0 f t  and 
10.0 f t  and r e a d  t h e  f o l l o w i n g  va lues  o f  qsi f o r  D50 = 0.225 mm: 

Depth = 1.0 f t ;  qsi = 15.5 t o n s l d a y l f t  o f  w i d t h  

Depth  = 10.0 ft; qsi = 21.5 t o n s l d a y l f t  o f  w i d t h  

2. The depth  and qSi , v a l u e s  determined i n  Step 1 a r e  p l o t t e d  on l o g - l o g  
paper  i n  o r d e r  t o  i n t e r p o l a t e  a  va lue  of q ~ .  f o r  t h e  g i v e n  dep th  o f  
1.36 ft. T h i s  p l o t ,  which i s  shown i n  F i g u r e  3.18, y i e l d s  t h e  f o l l o w i n g  
r e s u l t :  
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Fiqure 5.18. Log - log plot for uncorrected sediment 
discharge (qS, ) versus hydraulic depth ( Y h ) .  

1 



Depth = 1.36 ft; qS.  = 16.2 t o n s l d a y l f t  o f  w i d t h  
1 

3. Water tempera tu re  c o r r e c t i o n :  S ince  t h e  i n f o r m a t i o n  i n  F i g u r e  5.15 i s  
based on a  wa te r  tempera tu re  o f  60°F and t h e  g i v e n  w a t e r  tempera tu re  i s  
70°F, an ad jus tmen t  must be made t o  compensate f o r  t h e  d i f f e r e n c e .  T h i s  
c o r r e c t i o n  i s  made by e n t e r i n g  F i g u r e  5.16a w i t h  a  dep th  o f  1.36 f t  and 
p roceed ing  t o  t h e  l i n e  f o r  70°F. A c o r r e c t i o n  va lue ,  K1, i s  t h e n  r e a d  
as  0.92. 

4. F i g u r e  5.16b i s  now used t o  de te rm ine  t h e  c o r r e c t i o n  f a c t o r  f o r  t h e  f i n e  
sed iment  c o n c e n t r a t i o n  o f  10,000 ppm. E n t e r  t h i s  c u r v e  w i t h  a dep th  o f  
1.36 f t  and proceed t o  t h e  c u r v e  f o r  10,000. A c o r r e c t i o n  v a l u e ,  
i s  then  r e a d  as 1.2. K2' 

5. Sediment s i z e  ad jus tment .  S ince  t h e  050 bed p a r t i c l e  s i z e  (0.225 mm) 
f a l l s  w i t h i n  t h e  0.2 t o  0.3 mm range, a  c o r r e c t i o n  f o r  sed iment  s i z e  i s  
n o t  necessary .  F o r  t h i s  c o n d i t i o n ,  t h e  K3 c o r r e c t i o n  f a c t o r  = 100. 
T h i s  can be v e r i f i e d  by e n t e r i n g  F i g u r e  5 . 1 6 ~  w i t h  a median sed iment  s i z e  
o f  0.225 mm. 

6. The t r u e  sediment t r a n s p o r t ,  qs,  c o r r e c t e d  f o r  wa te r  tempera tu re  
e f f e c t ,  presence o f  f i n e  suspended sediment,  and sed iment  s i z e ,  i s  now 
computed as: 

qs = 14.52 t o n s l d a y l f t  o f  w i d t h  

7. F o r  t h e  g i v e n  channel  w i d t h  o f  103 ft, t h e  t o t a l  bed-mate r ia l  t r a n s p o r t  
r a t e ,  qs,  f o r  t h e  c r o s s  s e c t i o n  i s  Qs  = q, x b = ( 1 4 . 5 2 ) ( 1 0 3 )  = 
1,495.6 t o n s l d a y .  

8. The sed iment  c o n c e n t r a t i o n  by w e i g h t ,  c, i s  computed as f o l l o w s :  

where GS = s p e c i f i c  g r a v i t y  o f  sed iment  ( Y ~ / Y ) .  

S ince  t h e  Colby  Method g i v e s  sed iment  t r a n s p o r t  i n  t o n s l d a y ,  a  c o n v e r s i o n  
t o  c f s  must be made b e f o r e  t h e  above f o r m u l a  can be used. T h i s  conver -  
s i o n  i s  made as f o l l o w s :  



1,495.6 t o n s  X 1 day 1 ft3 
Qs = day x  - - -- -- -- 

86,400 sec 165 l b  o f  sed iment  

Qs  = 0 .21 c f s  

There fo re ,  c  = - ( 0 ' 2 1 ) ( 2 ' 6 5 )  = 0.0013555, o r  1,355 410 +10.21)m5) 

2  000 l b  x  -! 
1 t o n  

ppm by w e i g h t  

b. C a l c u l a t i o n s  Us ing  Sediment -- S i z e  F r a c t i o n s .  The bed m a t e r i a l  t h a t  

was used i n  t h e  p r e v i o u s  example had a  mean p a r t i c l e  s i z e  050 o f  0.225 m. 
To make t h e  sediment t r a n s p o r t  c a l c u l a t i o n s  more r e p r e s e n t a t i v e  o f  changes i n  

t h e  bed-mate r ia l  g r a d a t i o n  cu rve ,  s o l u t i o n  by s i z e  f r a c t i o n  i s  employed. 

Us ing  t h i s  method, t h e  g r a d a t i o n  c u r v e  i s  d i v i d e d  i n t o  i nc rements  o f  s i m i l a r  

s i z e  c h a r a c t e r i s t i c s .  The c u r v e  c o u l d  be b roken  i n t o  s o i l  f r a c t i o n s ,  e.g., 

coa rse  g r a v e l ,  f i n e  g r a v e l ,  coa rse  sand, medium sand, e t c . ,  o r  i t  c o u l d  be 

d i v i d e d  i n t o  even inc rements  such as 20 p e r c e n t  by w e i g h t  i n t e r v a l s .  O the r  

methods o r  c r i t e r i a  c o u l d  be used as l o n g  as t h e  i n d i v i d u a l  s i z e  f r a c t i o n s  a r e  

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

c u r v e  f o r  t h i s  example ( F i g u r e  5.17) was d i v i d e d  i n t o  f o u r  s i z e  f r a c t i o n s ,  

p r i m a r i l y  on t h e  b a s i s  o f  n o t i c e a b l e  changes i n  t h e  s l o p e  o f  t h e  cu rve .  

Once t h e  g r a d a t i o n  c u r v e  has been subd iv ided ,  t h e  geometr ic  mean p a r t i c l e  

s i z e  i s  de te rm ined  f o r  each g r a i n  s i z e  i n t e r v a l .  The f o l l o w i n g  s t e p s  

i l l u s t r a t e  t h e  Colby Method c a l c u l a t i o n s  by s i z e  f r a c t i o n  f o r  t h e  same 

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

The bed-mate r ia l  g r a d a t i o n  c u r v e  ( F i g u r e  5.17) i s  s u b d i v i d e d  i n t o  fou r  
i nc rements  and t h e  geomet r i c  mean p a r t i c l e  s i z e  f o r  each inc rement  c a l c u -  
l a t e d  as g i v e n  i n  Tab le  5.8. The ad jus tmen t  t o  t h e  f r a c t i o n a l  sample 
w e i g h t  percentages i n  Tab le  5.8 i s  r e q u i r e d  t o  accoun t  f o r  t h e  seven p e r -  
c e n t  o f  t h e  t o t a l  sample w e i g h t  t h a t  was f i n e r  t h a n  t h e  $200 s i e v e .  
Ra the r  than  r e s o r t  t o  a  hydrometer  o r  s i m i l a r  a n a l y s i s  t o  grade t h e  seven 
p e r c e n t  o f  f i n e  m a t e r i a l ,  t h i s  percentage was p r o r a t e d  among t h e  f o u r  
s i z e  f r a c t i o n s .  I f  f i n e  m a t e r i a l  c o n s t i t u t e d  a s i g n i f i c a n t  p o r t i o n  o f  
t h e  t o t a l  sample we igh t ,  a  hydrometer  a n a l y s i s  m i g h t  be warranted.  

Us ing  t h e  h y d r a u l i c  parameters  l i s t e d  i n  p a r t  ( a )  o f  t h i s  example, e n t e r  
F i g u r e  5.15 w i t h  a  v e l o c i t y  o f  2.93 f p s  f o r  depths o f  1.0 f t  and 10.0 f t  
and read  va lues  o f  qs .  f o r  each of t h e  fou r  s i z e  f r a c t i o n s  ( s e e  T a b l e  
5.9) .  It s h o u l d  be n o t e d  t h a t  an e s t i m a t e  had t o  be made f o r  t h e  qsi v a l u e  f o r  t h e  0.84 mm s i z e  f r a c t i o n  s i n c e  t h i s  v a l u e  l i e s  s l i g h t l y  o u t -  
s i d e  t h e  range o f  p a r t i c l e  s i z e s  shown i n  F i g u r e  5.15. T h i s  p rocedure  
s h o u l d  be used w i t h  c a u t i o n .  If t h e  mean s i z e  f r a c t i o n s  a r e  s i g n i f i -  
c a n t l y  o u t s i d e  t h e  range o f  va lues  shown i n  F i g u r e  5.15, t h e  Colby  Method 
shou ld  n o t  be used. I n  t h i s  case, t h e  s i n g l e  non-conforming s i z e  f r a c -  



Table 5.8. Geometric Mean Calcula t ions  f o r  Colby Example 

Grain S ize  Geometric Mean Percent  of Adjusted % of 
In t e rva l  ( m m )  D G  = JDi x 0 .  ( m m )  Total Sample Total  Sample 

D i  t o  D. 
3 J Weight Weight 

- 
Total : 93 .O 

Table 5.9. Uncorrected Sediment Transport  Rate,  
qsi ( t o n s l d a y l f t )  f o r  Colby Example. 

Depth ( f e e t )  71% 4 0.42 0.21 0.10 



tion const i tu tes  only 1.1 percent of the tota l  sample weight. 
Accordingly, any e r ror  induced by t h i s  procedure should be minimal. 

3. The depth and qsi . values determined in Step 2 are plotted on log-log 
paper in order to Interpolate a value of qs .  fo r  the given depth of 
1.36 ft. This p lo t ,  which i s  shown in Figure 5.18, y ie lds  the following 
resul ts :  

qsi ( tons lday l f t  8.5 11.3 17.2 25.1 
of width) 

4. The water temperature correction,  K1 ,  and f ine  sediment concentration 
correction,  K2, are the same as computed in par t  ( a )  of t h i s  example, 
since these factors  are not a function of the bed par t ic le  gradation 
curve. 

5. A sediment s ize  adjustment fac tor ,  K3, will be required for three of 
the four s ize  f ract ions  since they l i e  outside the 0.2 to 0.3 mm range. 
The correction factors  from Figure 5 . 1 6 ~  are summarized below. 

6. The t rue  sediment transport  r a t e ,  qs, corrected for  water temperature 
e f f ec t ,  presence of f ine  suspended sediment, and sediment s ize ,  i s  now 
computed for each size f ract ion using: 

The r e su l t s  are summarized in the following table 



( t o n s l d a y l f t  8.61 12.19 19.04 26.73 
qs o f  w i d t h )  

7.  Once t h e  u n i t  t r a n s p o r t  r a t e  i s  computed f o r  each s i z e  f r a c t i o n  i n  Step 
6, t h e  a c t u a l  t r a n s p o r t  amount o f  each s i z e  f r a c t i o n  w i t h i n  t h e  t o t a l  bed 
sample i s  determined by m u l t i p l y i n g  t h e  computed t r a n s p o r t  r a t e s  t i m e s  
t h e  percentage o f  each s i z e  f r a c t i o n  i n  t h e  bed sample ( s e e  T a b l e  5.10).  

8. Knowing t h e  t o t a l  u n i t  bed-mate r ia l  d i s c h a r g e  f r o m  Step 7, t h e  t o t a l  bed- 
m a t e r i a l  d i s c h a r g e  f rom t h e  e n t i r e  channel  c r o s s  s e c t i o n  can now be 
c a l c u l a t e d  by m u l t i p l y i n g  t h e  sed iment  d i s c h a r g e  r a t e  f rom Step 7  by t h e  
e f f e c t i v e  channel  w i d t h .  

= (103) (17.98)  = 1,851.9 t o n s l d a y  

C o n v e r t i n g  t o  c u b i c  f e e t  p e r  second y i e l d s :  

Qs = 0.26 c f s  

9. The sed iment  c o n c e n t r a t i o n  i s  now computed. 

C = 0.0016776 o r  1,678 ppm by w e i g h t  

10. The r e s u l t s  o f  t h e  s i z e  f r a c t i o n  techn ique  can be compared t o  t h e  s i n g l e  
bed p a r t i c l e  s i z e  a n a l y s i s  p resen ted  i n  p a r t  ( a )  o f  t h i s  example f o r  a  
d i s c h a r g e  o f  410 c f s .  The s i n g l e  s i z e  t e c h n i q u e  produced a  bed-mate r ia l  
d i s c h a r g e  o f  0 .21 c f s  and a  c o n c e n t r a t i o n  o f  1,355 ppm, w h i l e  t h e  s i z e  
f r a c t i o n  a n a l y s i s  gave a  d i s c h a r g e  o f  0.26 c f s  and a  c o n c e n t r a t i o n  o f  
1,678 ppm. The c a l c u l a t i o n  by s i z e  f r a c t i o n  i s  summarized i n  Tab le  5.11. 
A d d i t i o n a l l y ,  c a l c u l a t i o n s  f o r  two o t h e r  d i scharges  a r e  g i v e n  and i l l u s -  
t r a t e  t h e  r e l a t i o n s h i p s  between Qs and C as d i s c h a r g e  i n c r e a s e s ,  p a r -  
t i c u l  a r l y  t h e  l e v e l  i n g  o f f  o f  c o n c e n t r a t i o n .  



Table 5.10. Total Sediment Transport  Rate f o r  Colby Example. 

Percent  of U n i t  Transport  Actual Bed Material 
S i ze  Frac t ion  Total Sample Rate Discharge 

q s t  Total Unit 17.98 t o n s l d a y l f t .  
Discharge For 
Q = 410 c f s  



Table  5-11.  Bed-Material  Discharge C a l c u l a t i o n s  f o r  CoIby Method Example Using Sediment S i z e  F r a c t i o n s .  

I 
b 9 

( $  o f  s 
T o t a l  Y 

I q 
D i b s q 0 0 

0 g Sample h V b tons/day 100 s s s C 
l c f s )  (mml Weight l f t )  ( f p s )  ( f t )  7 K K K q tons/day/f t t t o n d d a y  l c f s l  lppm) 

1 2 3 S 



5.3.7 E q u i l i b r i u m  Slope 

D i s c u s s i o n  - The e q u i l i b r i u m  s l o p e  i s  d e f i n e d  as t h e  s l o p e  a t  wh ich t h e  

channel  sediment t r a n s p o r t i n g  c a p a c i t y  i s  equal t o  t h e  incoming  sediment 

supp ly .  M a t h e m a t i c a l l y ,  t h i s  concep t  i s  expressed as 

Qs .  = (5.10) 
1 n  Q ~ o u t  

where Qsin i s  t h e  supp ly  r a t e  o f  sediment i n t o  t h e  channel  and QSOUt i s  

t h e  sediment t r a n s p o r t  r a t e  o u t  o f  t h e  channel .  When t h i s  r e l a t i o n s h i p  i s  

s a t i s f i e d ,  t h e  channel  n e i t h e r  aggrades o r  degrades, i . e . ,  i t  i s  i n  

e q u i l i b r i u m .  I f  t h e  sed iment  t r a n s p o r t  r a t e  i n  a  g i v e n  r e a c h  i s  l e s s  t h a n  

sed iment  supp ly ,  t h e  s l o p e  o f  t h a t  reach  w i l l  have t o  i n c r e a s e  t o  ach ieve  

e q u i l i b r i u m  c o n d i t i o n s .  Converse ly ,  i f  t h e  t r a n s p o r t  r a t e  i s  g r e a t e r  than  

supp ly ,  t h e  s l o p e  w i l l  need t o  decrease. 

A p p l i c a t i o n  - The e q u i l i b r i u m  s l o p e  methodology i s  u t i l i z e d  t o  e v a l u a t e  

1  ong-term channel response (aggrada t ion /degrada t ion)  , s p e c i f i c a l l y  , t h e  s l o p e  . 
t h e  channel u l t i m a t e l y  wants t o  ach ieve.  S h o r t - t e r m  response d u r i n g  a  s i n g l e  

f l o o d  ( g e n e r a l  scour /depos i  t i o n )  must be e v a l u a t e d  by o t h e r  methods ( s e e  

S e c t i o n  5 .3 .8) .  An e q u i l i b r i u m  s l o p e  a n a l y s i s  shou ld  b e g i n  w i t h  a  s tudy  o f  

h i s t o r i c  bed p r o f i l e s  t h r o u g h  t h e  p r o j e c t  area.  If t r e n d s  towards a g g r a d a t i o n  

o r  d e g r a d a t i o n  can be de tec ted ,  they  shou ld  be t r a c e d  t o  a  cause. Cases may 

a r i s e  i n  a  r e l a t i v e l y  u n d i s t u r b e d  watershed t h a t  show no s i g n i f i c a n t  change i n  

bed p r o f i l e s  ove r  l o n g  p e r i o d s  o f  t ime.  The l e n g t h  o f  t i m e  necessary  t o  

e s t a b l i s h  s t a b i l i t y  i n  bed p r o f i l e s  i s  h y d r o l o g i c a l l y  dependent ( i . e . ,  a  func- 

t i o n  o f  h i s t o r i c a l  c l i m a t o l o g y  and h y d r o l o g y ) .  However, i n  any case, t h e  

l o n g e r  t h e  r e c o r d  o f  a v a i l a b l e  da ta ,  g e n e r a l l y  t h e  more c o n f i d e n t  one can be 

i n  d e t e r m i n i n g  t h e  s t a b i l i t y  o f  t h e  bed. Watersheds t h a t  a r e  c o n s i d e r e d  i n  

e q u i l i b r i u m  may n o t  r e q u i r e  e q u i l i b r i u m  s lope  a n a l y s i s  u n l e s s  t h e  proposed 

f l o o d  p l a i n  improvements a1 t e r  t h e  sediment supp ly  o r  t r a n s p o r t  c a p a c i t y .  

If h i s t o r i c  bed p r o f i l e s  o r  f i e l d  i n s p e c t i o n s  i n d i c a t e  t h e  system i s  

a t t e m p t i n g  t o  a d j u s t  t o  an e q u i l i b r i u m  c o n d i t i o n ,  an a n a l y s i s  s h o u l d  be 

comple ted t o  determine what e q u i l i b r i u m  c o n d i t i o n  i s  b e i n g  sought  and how any 

proposed f l o o d  p l a i n  improvements m i g h t  cause an a1 t e r a t i  on i n  t h e  e q u i l  i b r i  urn 

ad jus tmen t .  The r e s u l t s  o f  t h i s  a n a l y s i s  can then  be i n c o r p o r a t e d  i n t o  t h e  

p r o j e c t  des ign.  



Since  t h e  a n a l y s i s  i s  u t i l  i z e d  t o  e v a l u a t e  l o n g - t e r m  c o n d i t i o n s ,  t h e  

a p p r o p r i a t e  d i s c h a r g e  f o r  c a l c u l a t i o n  purposes i s  t h e  dominant  d i scharge ,  

wh ich  i s  t h a t  d i s c h a r g e  p r e d o m i n a n t l y  r e s p o n s i b l e  f o r  channel  c h a r a c t e r i s t i c s .  

The dominant d i s c h a r g e  i s  t y p i c a l l y  between a  two- and a  f i v e - y e a r  e v e n t  f o r  

p e r e n n i a l  channels ,  and a  f i v e -  and a  ten -year  e v e n t  f o r  ephemeral channels .  

O f t e n  t h e  dominant d i s c h a r g e  i s  equal  t o  t h e  b a n k f u l l  d i s c h a r g e .  S ince  

e q u i l i b r i u m  s lope  c a l c u l a t i o n s  do n o t  have much p h y s i c a l  s i g n i f i c a n c e  o r  

impor tance  i n  t h e  overbank area,  b a n k f u l l  d i s c h a r g e  can be c o n s i d e r e d  an upper  

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

The f i r s t  and perhaps most  c r i t i c a l  s t e p  i n  an e q u i l i b r i u m  s l o p e  a n a l y s i s  

i s  t o  determine t h e  sed iment  s u p p l y  f rom t h e  upstream reach  f o r  t h e  dominant 

d i s c h a r g e .  I n  t h e  absence o f  a c t u a l  sediment supp ly  d a t a  ( i . e .  measured da ta  

o r  a n a l y t i c a l l y  c a l c u l a t e d  watershed sediment y i e l d ) ,  t h e  sediment supp ly  i s  

mos t  o f t e n  e v a l u a t e d  f rom computa t ion  o f  t h e  t r a n s p o r t  c a p a c i t y  ( s e e  S e c t i o n  

5.3.6) o f  t h e  upstream reach,  under  t h e  assumpt ion t h a t  i t  i s  i n  e q u i l i b r i u m .  

F o r  n a t u r a l ,  u n d i s t u r b e d  channels  and/or  watersheds,  t h i s  i s  a  reasonab le  , 

assumpt ion t h a t  can o f t e n  be v e r i f i e d  th rough  examina t ion  o f  h i s t o r i c a l  d a t a  

( s u c h  as p r o f i l e  a n a l y s i s  o r  a e r i a l  pho tog raphs ) .  However, f o r  d i s t u r b e d  

channels ,  e.g. i n  an u r b a n i z i n g  area,  c a l c u l a t i o n  o f  sed iment  supp ly  i s  more 

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

s u p p l y  reach does n o t  n e c e s s a r i l y  r e f l e c t  sediment supp ly .  S ince  u r b a n i z a t i o n  

g e n e r a l l y  reduces sediment supp ly ,  t h e  c a l c u l a t e d  t r a n s p o r t  c a p a c i t y  w i l l  

t y p i c a l l y  be l a r g e r  t h a n  t h e  a c t u a l  sed iment  supp ly .  A d d i t i o n a l l y ,  i f  chan- 

n e l  i z a t i o n  has occur red ,  t h e  t r a n s p o r t  c a p a c i t y  o f  t h e  e x i s t i n g  channel  may 

n o t  be s i m i l a r  t o  t h a t  f o r  t h e  channel  t h a t  e x i s t e d  i n  t h e  n a t u r a l ,  u n d i s -  

t u r b e d  watershed. There fo re ,  t o  p r o p e r l y  e s t a b l i s h  t h e  sed iment  supp ly  t o  

wh ich  t h e  channel  i s  a d j u s t i n g ,  i t  may be necessary  t o  l o o k  a t  h i s t o r i c a i  con- 

d i t i o n s  t o  e s t i m a t e  t h e  n a t u r a l  channel  c h a r a c t e r i s t i c s .  The c a l c u l a t e d  

t r a n s p o r t  c a p a c i t y  o f  t h i s  channel  i s  then  reduced t o  r e f l e c t  t h e  e f f e c t s  o f  

u r b a n i z a t i o n .  The c a l c u l  a t i o n  i s  o b v i o u s l y  s u b j e c t i v e  and r e 1  i es on e x t e n s i v e  

e n g i n e e r i n g  judgment and exper ience .  

A f t e r  e s t a b l i s h i n g  t h e  upstream sed iment  supp ly  r a t e ,  t h e  t r a n s p o r t  capa- 

c i t y  o f  t h e  s tudy  reach  i s  eva lua ted .  The sediment t r a n s p o r t  c a p a c i t y  o f  t h e  

s t u d y  reach  ( o r  each subreach t h e r e i n )  i s  computed on t h e  b a s i s  o f  t h e  same 

w a t e r  d i s c h a r g e  i . . ,  dominant d i s c h a r g e )  t h a t  was used f o r  t h e  assumed 

e q u i l i b r i u m  sed iment  supp ly  reach.  I f  t h e  c a l c u l a t e d  t r a n s p o r t  c a p a c i t y  does 



n o t  equal  t h e  supp ly ,  t h e  s l o p e  o f  t h e  s tudy reach  i s  a d j u s t e d  and t h e  t r a n s -  

p o r t  c a p a c i t y  re -eva lua ted .  T h i s  procedure i s  c o n t i n u e d  u n t i l  t h e  r e s u l t i n g  

sed iment  t r a n s p o r t  c a p a c i t y  equa ls  t h e  incoming supp ly ,  a t  which p o i n t  t h e  

e q u i l i b r i u m  s l o p e  w i l l  have been found. The e q u i l i b r i u m  s l o p e  can be c a l c u -  

l a t e d  f o r  any number o f  reaches be low t h e  supp ly  reach,  n o t  j u s t  t h e  reach  

immed ia te l y  below. When c o n d u c t i n g  t h i s  c a l c u l a t i o n ,  i t  i s  i m p o r t a n t  t o  

r e a l  i z e  t h a t  t h e  a p p r o p r i a t e  sediment supp ly ,  o r  i n f l o w ,  t o  any subsequent 

reach  i s  always t h e  v a l u e  computed f rom t h e  supp ly  reach.  

An e x p e d i e n t  way o f  d e t e r m i n i n g  h y d r a u l i c  c o n d i t i o n s  necessary  f o r  e v a l -  

u a t i o n  o f  sediment t r a n s p o r t  c a p a c i t y  i s  t o  assume t h a t  u n i f o r m  f l o w  p r e v a i l s .  

Mann ing ' s  e q u a t i o n  can then  be used t o  c a l c u l a t e  v e l o c i t y ,  depth  and t o p  w i d t h  

f o r  a  g i v e n  channel  s lope.  T h i s  can be done f o r  any channel  shape by t r i a l  

and e r r o r  and can be adapted e a s i l y  t o  hand-he ld  programmable c a l c u l a t o r s .  

However, i f  s i g n i f i c a n t  backwater  e f f e c t s  e x i s t  f rom a  b r i d g e  o r  r e s e r v o i r ,  

t h e  h y d r a u l i c  c o n d i t i o n s  s h o u l d  be computed assuming g r a d u a l l y  v a r i e d  f l o w .  

The s e l e c t i o n  o f  t h e  p r o p e r  channel  geometry i s  i m p o r t a n t  i n  e q u i l i b r i u m  , 

s l o p e  a n a l y s i s .  The sed iment  t r a n s p o r t  i s  p r o p o r t i o n a l  t o  some power o f  v e l o -  

c i t y  ( u s u a l l y  between 3.5 and 4.5 f o r  sand bed channels)  and i s  d i r e c t l y  p ro -  

p o r t i o n a l  t o  t h e  f l o w  w id th .  T h i s  makes t h e  e q u i l i b r i u m  s lope  v e r y  s e n s i t i v e  

t o  these parameters.  The a c c u r a t e  d e t e r m i n a t i o n  o f  area,  w e t t e d  p e r i m e t e r ,  

and t o p  w i d t h  as a  f u n c t i o n  o f  depth  a r e  easy t o  deve lop and a r e  u s u a l l y  s u f -  

f i c i e n t l y  a c c u r a t e  below t h e  b a n k f u l l  l e v e l .  Us ing  power r e l a t i o n s h i p s ,  n o r -  

mal depth  can be de te rm ined  d i r e c t l y .  Developed channel  s e c t i o n s  a r e  u s u a l l y  

t r a p e z o i d a l  and h y d r a u l i c  c o n d i t i o n s  can be de te rm ined  u s i n g  hand-he1 d  

programmable c a l c u l a t o r s .  

When assumpt ion o f  a  w ide channel  i s  reasonab le  ( i  .e., w i d t h - t o - d e p t h  

r a t i o  g r e a t e r  than  l o ) ,  c a l c u l a t i o n  o f  t h e  e q u i l i b r i u m  s l o p e  i s  s i m p l i f i e d  t o  

a  s i m p l e  f u n c t i o n  o f  u n i t  d i scharge .  The e q u a t i o n  i s  



where a, b  and c  a r e  t h e  c o e f f i c i e n t s  o f  t h e  power r e l a t i o n s h i p  d e s c r i b -  

i n g  sediment t r a n s p o r t  ( i  .e., qS = a  Y: vC, see Tab les  5.6a and 5 .6b) ,  n  i s  

t h e  Manning n, S i s  t h e  s l o p e  i n  f t l f t ,  q i s  t h e  u n i t  w a t e r  d i s c h a r g e  f o r  

t h e  reach  under  c o n s i d e r a t i o n ,  and qs i s  t h e  u n i t  sed iment  d i s c h a r g e  f o r  t h e  

s u p p l y  reach.  The d e r i v a t i o n  o f  t h i s  e q u a t i o n  i s  p r o v i d e d  by Simons, L i  & 

Assoc ia tes ,  I n c .  (1982) ;  however, t h e  fo rm o f  t h i s  e q u a t i o n  i s  s l i g h t l y  d i f -  

f e r e n t  due t o  t h e  d e f i n i t i o n  o f  t h e  exponents i n  t h e  power r e l a t i o n s h i p  

d e s c r i b i n g  sed iment  t r a n s p o r t .  Fur thermore,  E q u a t i o n  5.11 s h o u l d  o n l y  be used 

i f  t h e  r e s t r i c t i o n s  l i s t e d  i n  Tab le  5.7 f o r  E q u a t i o n  5.3a ( a s  used w i t h  Tab les  

5.6a and 5.60) a r e  met. Otherwise,  a  s e t  o f  r e g r e s s i o n  c o e f f i c i e n t s  s p e c i f i c  

t o  t h e  s i t e  under  i n v e s t i g a t i o n  s h o u l d  be developed. 

F o r  c a l c u l a t i o n  o f  e q u i l i b r i u m  s l o p e  i n  s e v e r a l  rsaches aelow t h e  supp ly  

reach,  t h e  c a l c u l d t i o n  simp1 i f i r s  even f u r t h e r  i f  Mann ing ' s  n, channel  

geometry and t o t a l  d i s c h a r g e  (Q) a r e  t h e  same i n  each reach.  F o r  t h i s  case, 

t h e  o n l y  v a r i a b l e  i s  bed s lope,  Sex. T h i s  c o n d i t i o n  t y p i c a l l y  e x i s t s  f o r  

c h a n n e l i z e d  c o n d i t i o n s  where channel  geometry i s  c o n s t a n t  and t h e r e  i s  no tri- , 
b u t a r y  i n f l o w .  The e q u a t i o n  i s  

where x  = ( 3 / 5 )  (213 c  + b )  and Sex i s  t h e  e x i s t i n y  channel  s l o p e  ( f t / f t )  

i n  a  g i v e n  reach .  From t h i s  e q u a t i o n  i t  can be q u a l i t a t i v e l y  e s t a b l i s h e d  t h a t  

t h e  e q u i l i b r i u m  s l o p e  w i l l  be l e s s  t h a n  t h e  e x i s t i n g  s l o p e  when sed iment  

s u p p l y  i s  l e s s  t h a n  t r a n s p o r t  c a p a c i t y ,  i . e . ,  an e q u i l i b r i u m  s l o p e  l e s s  t h a n  

t h e  e x i s t i n g  s l o p e  i n d i c a t e s  a  d e g r a d a t i o n a l  c o n d i t i o n .  

R e s u l t s  o f  equ i  1  i b r i  uin s l o p e  c a l c u l a t i o n s  a r e  used t o  p r e d i c t  1  ong-term 

changes t o  t h e  bed p r o f i l e  o f  a  r i v e r  system. These changes n o r m a l l y  w i l l  n o t  

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

w i l l  e v o l v e  i n  response t o  t n e  occur rence  o f  inarly f l o o d s  over  a  p e r i o d  o f  

t i tne.  There i s  no a c c u r a t e  way t o  p r e d i c t  how l o n g  i t  w i l l  t a k e  such s l o p e  

ad jus tmen ts  t o  occur .  L a r y e - s c a l e ,  man-made changes t o  a  r i v e r  system may 

i n d u c e  a  coinplete e q u i l i b r i u m  response w i t h i n  10 t o  100 y e a r s  o r  even l e s s ,  

w h i l e  n a t u r a l  changes on an u n d i s t u r b e d  r i v e r  May r e q u i r e  a  inucli l o n g e r  t i n e  

frame, perhaps on t h e  o r d e r  o f  100 t o  1,000 y e a r s .  

A f u r t h e r  c o m p l i c a t i n g  f a c t o r  i n  t h e  a p p l i c a t i o n  o f  e q u i l i b r i u z  s l o p e  

c a l c u l a t i o n s  focuses on t h e  l o c a t i o n  o f  a  p o i n t  f rom which t h e  computed 



e q u i l i b r i u m  s lope  can p i v o t .  I f  n a t u r a l  g e o l o g i c  c o n t r o l s  such as rock  

o u t c r o p p i n g s  o r  man-made grade c o n t r o l  s t r u c t u r e s  a r e  p resen t ,  t h e s e  f e a t u r e s  

can se rve  as p i v o t  p o i n t s .  F o r  a  g i v e n  r i v e r  reach  w i t h  such c o n t r o l s ,  t h e  

s l o p e  ad jus tmen t  w i l l  a lways p i v o t  about  t h e  downstream c o n t r o l  p o i n t ,  such 

t h a t  i f  t h e  e q u i l i b r i u m  s l o p e  i s  l e s s  than t h e  e x i s t i n g  s lope,  d e g r a d a t i o n  

w i l l  occur ,  w h i l e  i f  t h e  i n v e r s e  i s  t r u e ,  a g g r a d a t i o n  w i l l  occur .  F i g u r e  5.19 

i l l u s t r a t e s  how t h i s  w i l l  occur  f o r  t h e  two cases o f  e q u i l i b r i u m  s l o p e  b e i n g  

b o t h  g r e a t e r  than  and l e s s  than  t h e  e x i s t i n g  bed s lope .  

I d e n t i f i c a t i o n  o f  p i v o t  p o i n t s  i s  c r i t i c a l  t o  e q u i l i b r i u m  s l o p e  a n a l y s i s  

and r e l i e s  h e a v i l y  on e n g i n e e r i n g  judgment and i n t e r p r e t a t i o n .  F o r  example, 

a t  l a r g e  h o r i z o n t a l  d i s t a n c e s  f rom a  p i v o t  p o i n t ,  t h e  v e r t i c a l  d i s t a n c e  be- 

tween t h e  e x i s t i n g  bed s l o p e  and t h e  e q u i l i b r i u m  s l o p e  may become u n r e a l i s t i c .  

I n  these  cases t h e  eng ineer  must r e - e v a l u a t e  t h e  s e l e c t i o n  o f  p i v o t  p o i n t s  t o  

i n s u r e  t h a t  no p o t e n t i a l  c o n t r o l  p o i n t s  have been missed. I f  no c o n t r o l  

p o i n t s  can be l o c a t e d ,  t h e  amount o f  l ong - te rm d e g r a d a t i o n  may be c o n t r o l l e d  

by  t h e  channel  bank h e i g h t .  Un less a  channel  i s  formed th rough  rock  o r  

s t r o n g l y  cemented m a t e r i a l s ,  t h e r e  i s  u s u a l l y  a  maxirnum v e r t i c a l  h e i g h t  a t  

wh ich  a  channel  bank w i l l  no l o n g e r  be s t a b l e .  When t h i s  l i m i t  i s  reached, 

bank s l o u g h i n g  w i l l  b e g i n  t o  occur  wh ich  causes t h e  channel  t o  a d j u s t  h o r i z o n -  

t a l l y  r a t h e r  than  th rough  c o n t i n u e d  v e r t i c a l  c u t t i n g .  As t h e  channel  widens, 

t h e  v e l o c i t y  o f  f l o w  w i l l  decrease, r e s u l t i n g  i n  a  decrease i n  sed iment  t r a n s -  

p o r t  c a p a c i t y .  T h i s  t y p e  o f  channel  w iden ing  w i l l  c o n t i n u e  u n t i l  t h e  t r a n s -  

p o r t  c a p a c i t y  i s  b r o u g h t  i n t o  e q u i l i b r i u m  w i t h  t h e  sediment supp ly  t o  t h e  

reach.  

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

e q u i l i b r i u m  s lope ,  a  check shou ld  a l s o  be made t o  de te rm ine  if channel  armor- 

!'ng w i l l  be a  f a c t o r  i n  l i m i t i n g  t h e  amount o f  d e g r a d a t i o n  t o  a  v a l u e  l e s s  

t h a n  t h a t  p r e d i c t e d  by t h e  e q u i l i b r i u m  s lope  a n a l y s i s .  T h i s  may r e v e a l  t h a t  

a rmor ing  w i l l  a r r e s t  t h e  v e r t i c a l  channel  movement b e f o r e  t h e  p r e d i c t e d  

e q u i l i b r i u m  s l o p e  can be a t t a i n e d .  

Due t o  t h e  complex i n t e r a c t i o n  o f  v a r i a b l e s  t h a t  de te rm ine  l o n g - t e r m  

a g g r a d a t i o n / d e g r a d a t i o n  and t h e  s i m p l i f y i n g  assumpt ions t h a t  must be made i n  

a n a l y z i n g  such l o n g - t e r m  changes, t h e  numer ica l  r e s u l t s  from an e q u i l i b r i u m  

s l o p e  a n a l y s i s  must be c a r e f u l l y  e v a l u a t e d  t o  ensure they  a r e  reasonable .  

O v e r a l l ,  t h e  r e s u l t s  o f  t h i s  t y p e  o f  a n a l y s i s  can be v e r y  s u b j e c t i v e  and i n  

many cases may o n l y  be u s e f u l  i n  a  q u a l i t a t i v e  sense r a t h e r  than  q u a n t i t a t i v e .  



I n  t h i s  case, t h e  sed iment  s u p p l y  exceeds t h e  sed iment  t r a n s p o r t  
c a p a c i t y  of t h e  reaclh. Under t h i s  c o n d i t i c n ,  t h e  bed s l o p e  must 
i n c r e a s e  i n  o r d e r  t o  i n c r e a s e  t h e  t r a n s p o r t  r a t e  t o  ~ n a t c h  t h e  
s u p p l y  r a t e .  The i n i t i a l  excess o f  sediment s ~ p p l y  w i l l  cause 
a g g r a d a t i o n  a t  t b e  upst ream end o f  t 5 e  reach u n t i l  t h e  down- 
s t ream p o r t i o n  o f  t h e  bed s l o p e  i s  s teep  enoa$l t o  t r a n s p o r t  a l l  
t h e  incoming sediment.  

/ DEGRADATION / 

I n  t h i s  case, t h e  incoming  sediment s u o n l y  i s  l e s s  t h a n  t h e  
sed iment  t r a n s p o r t  c a p a c i t y  o f  t h e  read:. T h i s  sed iment  d e f i c i t  
w i l l  be s a t i s f i e d  by  a  renioval of be0 i i ~ a t e r i a l  t h r o u g h  t h e  reach  
u n t i l  t h e  bed s l o p e  i s  f l a t t e n e d  enouqh t o  reduce t h e  t r a n s p o r t  
c a p a c i t y  t o  t h e  p o i n t  t h a t  i t  matches t h e  incon l ing sed iment  s u p p l y .  

F i g u r e  5.19 R e l a t i o n s h i p  between e q u i l i b r i u m  s l o p e  and 
channel  beC c o n t r o l s .  



A summary of the  equil ibr ium slope procedure i s  presented a s  fol lows:  

Se lec t  upstream equil  ibrium supply reach and obta in  t h e  fol lowing data:  

a .  channel geometry 
b. channel s lope 
c .  sediment s i z e  d i s t r i b u t i o n  
d. channel r e s i s t ance  (Manning's n )  

Determine dominant discharge.  

Divide the  segment of the  r i v e r  system under ana lys i s  i n t o  sepa ra t e  
reaches of s i m i l a r  hydraul ic  c h a r a c t e r i s t i c s  and i d e n t i f y  cont ro l  po in t s .  

Obtain the  same information as  i n  Step 1 f o r  each downstream reach t h a t  
i s  t o  be analyzed. 

S e l e c t  an appropr ia te  sediment t r a n s p o r t  equation e . ,  from Table 5.5 
i f  appl i c a b l e )  . 
Es tab l i sh  the  sediment supply provided by the  upstream supply reach. 
This r a t e  wi l l  be the  sediment supply f o r  a l l  downstream reaches unless  
s i g n i f i c a n t  t r i b u t a r y  flow i s  encountered downstream of the  supply reach. 
I f  equi l ibr ium condi t ions  can be assumed in the  supply reach, the  sedi-  
ment supply wi l l  equal t h e  t r a n s p o r t  capac i ty  of the  supply reach. 

Compute the  sediment t r a n s p o r t  r a t e  f o r  each of the  downstream reaches by 
varying the  s lope through each reach un t i l  a t r a n s p o r t  r a t e  i s  found 
which matches the  sediment supply. This e s t a b l i s h e s  an equil  ibrium slope 
f o r  each reach. 

P ivot  equi l ibr ium s lopes  about control  po in t s  ( i f  any were i d e n t i f i e d )  t o  
determine long-term bed adjustment.  

Check any degradation dimensions determined from Step 8 t o  see i f  the  
maximum s t a b l e  bank he ight  or  armoring wi l l  control  the amount of bed 
adjustment poss ib le .  

Example: P r i o r  t o  t h e  es tab l i shment  of a s t r i c t  flood p la in  management 

program, r e s iden t i a l  development was a1 1 owed t o  encroach i n t o  the  f lood p la in  

of a d e s e r t  wash loca ted  in a rura l  area of Arizona. 

In order  t o  reso lve  t h e  f looding problem f o r  t h i s  community, a levee/  

channel iza t ion  p r o j e c t  has been proposed. The channel improvements wi l l  con- 

s i s t  of c l ea r ing  vegeta t ion  from the  e x i t i n g  channel i n  order  t o  lower the n 

value t o  0.025 a s  well as  widening t h e  channel t o  200 f t .  

An equi l ibr ium slope a n a l y s i s  i s  t o  be performed to  determine t h e  long- 

term aggradat ion/degradat ion t h a t  may be induced by these  channel improve- 

ments. The r e s u l t s  of t h i s  a n a l y s i s  wi l l  be incorporated i n t o  the  design of 

t h e  bank s t a b i l i z a t i o n  system f o r  t h e  proposed levee.  

5.79 



1. A f i e l d  i n s p e c t i o n  o f  t h e  s i t e  i n d i c a t e d  t h e  wash had v e r y  u n i f o r m  c h a r -  
a c t e r i s t i c s  b o t h  up and downstream o f  t h e  reach  f o r  proposed channel  
improvements. A c c o r d i n g l y ,  t h e  f o l l o w i n g  channel  parameters  were con- 
s i d e r e d  r e p r e s e n t a t i v e  o f  b o t h  t h e  upstream sediment supp ly  r e a c h  and t h e  
e x i s t i n g  downstream reach  which i s  t o  undergo c h a n n e l i z a t i o n .  

a. E x i s t i n g  channel  b o t t o m  w i d t h  i s  a p p r o x i m a t e l y  150 f t .  
b.  E x i s t i n g  bed s l o p e  = 0.007 f t / f t .  
c .  D50 ( b e d  m a t e r i a l )  = 0.5 mm. 
c .  G ( g r a d a t i o n  c o e f f i c i e n t )  = 2.0. 
e .  Average channel dep th  i s  about  4 ft. 
f .  E x i s t i n g  channel  n  v a l u e  was e s t i m a t e d  a t  0.04. 

2. A  h y d r o l o g i c  a n a l y s i s  o f  t h e  upstream d ra inage  a rea  i n d i c a t e d  t h e  10 -year  
e v e n t  has a  peak d i s c h a r g e  o f  3,000 c f s .  When Manning 's  E q u a t i o n  was 
a p p l i e d  t o  t h e  supp ly  s e c t i o n  channel  geometry w i t h  a  d i s c h a r g e  o f  3,000 
c f s ,  t h e  depth  o f  f l o w  was found  t o  be about  3  ft. S ince  t h i s  i s  w i t h i n  
a  f o o t  o f  b e i n g  b a n k f u l l ,  3,000 c f s  was chosen as t h e  dominant d i s c h a r g e .  

3. The proposed c h a n n e l i z a t i o n  o n l y  ex tends a long  a  1 , 5 0 0 - f o o t  r e a c h  o f  t h e  
wash so t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s  w i l l  be c o n f i n e d  t o  t h i s  l e n g t h .  
S ince  t h e  e x i s t i n g  channel  c o n d i t i o n s  and proposed channel  improvements 
a r e  u n i f o r m  t h r o u g h o u t  t h i s  l e n g t h ,  o n l y  one downstream r e a c h  w i l l  be 
used f o r  t h e  a n a l y s i s .  

An " a t - g r a d e "  s o i l  cement r o a d  c r o s s i n g  was d i s c o v e r e d  near  t h e  down- 
s t ream end o f  t h e  s tudy reach.  It was assumed t h i s  c r o s s i n g  would  w i t h -  
s t a n d  t h e  100-year d e s i g n  f l o o d ,  t h e r e f o r e  i t  was t o  be a  s t a b l e  c o n t r o l  
p o i n t  f o r  t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s .  

4. The e x i s t i n g  channel c o n d i t i o n s  th rough  t h e  s tudy  reach a r e  l i s t e d  i n  
Step 1. 

5. R e f e r r i n g  t o  Tab les  5.5 and 5.6a, i t  was determined t h a t  a  power r e l a -  
t i o n s h i p  o f  t h e  fo rm qS = a  yhb VC would  be t h e  most  e f f i c i e n t  way t o  
a n a l y z e  t h e  sediment supp ly  and t r a n s p o r t  c a p a c i t i e s  th rough  t h e  reach.  

From T a b l e  5.6a, t h e  f o l l o w i n g  c o e f f i c i e n t s  and exponents were o b t a i n e d  
u s i n g  t h e  d a t a  f rom Step 1: 

A c c o r d i n g l y ,  t h e  sed iment  t r a n s p o r t  e q u a t i o n  i s :  



6. Manning's E q u a t i o n  was used t o  compute t h e  v e l o c i t y  and h y d r a u l i c  depth  
f o r  t h e  upstream sediment supp ly  s e c t i o n .  The f o l l o w i n g  parameters  f rom 
Step 1 were used: 

s i d e  s lopes  = 1:l 

bed s lope  = 0.007 

Q = 3,000 c f s  

The c a l c u l a t i o n  y i e l d s  V = 6.40 f p s  
yh = 3.00 f t  

The sediment supp ly  i s  now c a l c u l a t e d  as t h e  t r a n s p o r t  c a p a c i t y  o f  t h e  
upst ream supp ly  s e c t i o n :  

T o t a l  sediment supp ly  = qS x average f l o w  w i d t h  

Qs  = 7.19 c f s  
i n  

7 .  The t r a n s p o r t  c a p a c i t y  o f  t h e  improved channel reach  w i l l  now be computed 
w i t h  d i f f e r e n t  bed s lopes  u n t i l  one i s  found which w i l l  y i e l d  a t r a n s p o r t  
c a p a c i t y  equal t o  t h e  incoming supp ly  r a t e .  The proposed chcnnel  param- 
e t e r s  a r e  as f o l l o w s :  

s i d e  s lopes = 1:l 

Us ing  t h e  dominant d i s c h a r g e  o f  3,000 c fs ,  Manning 's  E q u a t i o n  i s  f i r s t  
used t o  c a l c u l a t e  t h e  v e l o c i t y  and h y d r a u l i c  depth  f o r  s u b s t i t u t i o n  i n t o  
t h e  sediment t r a n s p o r t  equa t ion .  The c a l c u l a t i o n s ,  wh ich employ a 
t r i a l - a n d - e r r o r  sequence, a r e  summarized i n  t h e  f o l l o w i n g  t a b l e :  



Y h  qs F1 ow 
Slope V Width  Qs 

( f t l f t )  ( f t) ( f p s )  ( c f s l f t )  ( f t )  ( c f s )  

A s l o p e  o f  0.00315 y i e l d s  a  t r a n s p o r t  r a t e  o f  7.18 c f s  which i s  a p p r o x i -  
m a t e l y  equal t o  t h e  incoming s u p p l y  r a t e  o f  7.19 c f s .  A c c o r d i n g l y ,  t h i s  
can be taken  as t h e  e q u i l i b r i u m  s lope.  

8. By p i v o t i n g  t h e  e q u i l i b r i u m  s l o p e  around t h e  downstream c o n t r o l  p o i n t  
( s o i l  cement road  c r o s s i n g ) ,  i t  i s  de te rm ined  t h a t  up t o  5.8 f e e t  o f  
d e g r a d a t i o n  i s  p o s s i b l e  a t  t h e  upstream end o f  t h e  c h a n n e l i z e d  reach  ( s e e  
F i g u r e  5 .20) .  

T h i s  l o n g - t e r m  d e g r a d a t i o n  s h o u l d  be added t o  any o t h e r  a n t i c i p a t e d  e ro -  
s i o n  o r  scour  t o  g e t  a  t o t a l  toedown dep th  necessary t o  p r o t e c t  t h e  l e v e e  
f r o m  undermin ing.  A d d i t i o n a l l y ,  t h i s  l o n g - t e r m  d e g r a d a t i o n  may i n i t i a t e  
a  headcut upstream o f  t h e  c h a n n e l i z e d  reach.  F o r  t h i s  reason, con- 
s i d e r a t i o n  shou ld  be g i v e n  t o  p l a c i n g  a  g r a d e - c o n t r o l / d r o p  s t r u c t u r e  a t  
t h e  upstream end o f  t h e  channel .  

9. Backhoe p i t s  were excavated t o  a  dep th  o f  8 f e e t  a t  two l o c a t i o n s  i n  t h e  
e x i s t i n g  channel .  No bed m a t e r i a l  was encountered o f  a  s i z e  l a r g e  enough 
t o  fo rm an armor l a y e r .  A c c o r d i n g l y ,  a rmor ing  w i l l  n o t  l i m i t  t h e  p r e -  
d i c t e d  amount o f  l o n g - t e r m  d e g r a d a t i o n .  

5.3.8 Sediment C o n t i n u i t y  A n a l y s i s  

D i s c u s s i o n  - The sed iment  c o n t i n u i t y  p r i n c i p l e  a p p l i e d  t o  a  g i v e n  channel  - 
reach  s t a t e s  t h a t  t h e  sed iment  i n f l o w  minus t h e  sediment o u t f l o w  equa ls  t h e  

t i m e  r a t e  o f  change i n  sediment s to rage .  M a t h e m a t i c a l l y ,  t h i s  can be p re -  

sented as 
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Figure 5 .20 .  Existing a n d  Equilibrium Slope Prof i les  
for  Example Problem. 



F o r  a  g i v e n  d i s c h a r g e  a c t i n g  f o r  a  g i v e n  t ime,  t h e  volume o f  sed iment  depos- 

i t e d  o r  eroded i n  a  channel  reach i s  s imp ly  t h e  d i f f e r e n c e  between t h e  

upstream sediment supp ly  r a t e  (Qsin) and t h e  channel  sed iment  t r a n s p o r t  r a t e  

( Q s o u t  . I f  t h e  supp ly  r a t e  i s  g r e a t e r  than  t h e  t r a n s p o r t  r a t e ,  t h e  reach  i s  

d e p o s i t i o n a l ,  w h i l e  i f  t r a n s p o r t  i s  g r e a t e r  than  supp ly ,  genera l  scour  w i l l  

occur .  (The b a s i c  p r i n c i p l e  o f  t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s  i s  no change i n  

volume, i . e . ,  d V o l / d t  = 0  i n  E q u a t i o n  5.10.) 

The sediment c o n t i n u i t y  p r i n c i p l e  can be a p p l i e d  t o  ana lyze  c o n d i t i o n s  

d u r i n g  a  s i n g l e  d i s c h a r g e  (e .9 .  peak d i s c h a r g e  o f  a  100-year f l o o d )  o r  d u r i n g  

t h e  hydrograph o f  a  s i n g l e  f l o o d .  E i t h e r  of these  a p p l i c a t i o n s  p r o v i d e s  

i n f o r m a t i o n  on t h e  s h o r t - t e r m  e r o s i o n / s e d i m e n t a t i o n  o c c u r r i n g  on a  reach-by- 

reach  b a s i s .  

A p p l i c a t i o n  - The f i r s t  s t e p  i n  sediment c o n t i n u i t y  a n a l y s i s  i s  d e l i n e -  - 
a t i o n  of t h e  s tudy r e a c h  i n t o  a  number o f  subreaches. D e l i n e a t i o n  o f  sub- 

reaches i s  based on (1) p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  channel ,  such as t o p  , 

w i d t h  and s lope,  12) h y d r a u l i c  parameters,  such as depth  and, p a r t i c u l a r l y ,  

v e l o c i t y ,  13) bed-mate r ia l  sed iment  c h a r a c t e r i s t i c s ,  ( 4 )  areas o f  p a r t i c u l a r  

i n t e r e s t  t o  s tudy  o b j e c t i v e s ,  such as b r i d g e s  o r  l o c a t i o n s  o f  proposed channel  

improvements, and ( 5 )  t h e  d e s i r e  t o  m a i n t a i n  reach l e n g t h s  as u n i f o r m  as 

p o s s i b l e  t h r o u g h o u t  t h e  sys te~n.  I t ems  1, 2  and 3 a r e  g e n e r a l l y  s e l e c t e d  t o  

p r o v i d e  c o n s i s t e n c y  w i t h i n  t h e  subreach, so t h a t  r e p r e s e n t a t i v e  average con- 

d i t i o n s  may be determined.  F o r  example, c o n s i s t e n c y  i n  t o p  w i d t h  and channel  

l e n g t h  i n f l u e n c e  t h e  u t i l i z a t i o n  o f  sed iment  c o n t i n u i t y  r e s u l t s  i n  e v a l u a t i o n  

o f  v e r t i c a l  channel  response. As d i scussed  i n  S e c t i o n  5.3.9, e r o s i o n / s e d i -  

m e n t a t i o n  volumes f r o m  sed iment  c o n t i n u i t y  a r e  o f t e n  l i n e a r l y  d i s t r i b u t e d  

t h r o u g h  t h e  r e a c h  t o  de te rm ine  v e r t i c a l  channel  ad jus tmen ts .  T h e r e f o r e ,  i f  an 

upst ream reach  l e n g t h  i s  2,500 f e e t  and t h e  downstream reach  i s  o n l y  1,500 

f e e t ,  t h e  v e r t i c a l  ad jus tmen t  o f  t h e  channel  bed respond ing  t o  t h e  imbalance 

i n  sediment supp ly  and t r a n s p o r t  c a p a c i t y  betdeen reaches w i l l  be ~nlrch d i f -  

f e r e n t  f rom t h a t  had t h e  downstream reach  been d imens ioned as 2,500 f e e t .  

Fur thermore,  u n i f o r m  channel  l e n g t h s  a r e  i ~ n p o r t a n t  i n  m a i n t a i n i n g  t h e  

i n t e g r i t y  o f  sediment c o n t i n u i t y  a n a l y s i s .  Sediment c o n t i n u i t y  a n a l y s i s  does 

n o t  address t h e  t i m e  o r  channel  l e n g t h  t h a t  i t  takes  f o r  t h e  d i f f e r e n c e  be- 

tween sediment supp ly  and t r a n s p o r t  r a t e  t o  ach ieve  a  ba lance.  It i s  assumed 

t h a t  a ba lance w i l l  be ach ieved  w i t h i n  t h e  reach  r e g a r d l e s s  o f  i t s  l e n g t h .  



T h i s  i s  n o t  n e c e s s a r i l y  c o r r e c t .  F o r  example, i n  a  v e r y  s h o r t  d e p o s i t i o n a l  

reach,  p a r t i c l e  s e t t l i n g  t imes  may n o t  p e r m i t  t h e  c a l c u l a t e d  s e d i m e n t a t i o n  t o  

occur .  F o r  t h i s  reason i t  i s  recommended t h a t  reach  l e n g t h s  be k e p t  as u n i -  

f o rm as p o s s i b l e  t o  a v o i d  t h e  i n t r o d u c t i o n  o f  an a d d i t i o n a l  v a r i a b l e  t o  t h e  

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

A f t e r  subreach d e l i n e a t i o n ,  c h a r a c t e r i s t i c  geomet r i c  and h y d r a u l i c  

i n f o r m a t i o n  must be developed f o r  each subreach f o r  t h e  d i s c h a r g e ( s )  under  

c o n s i d e r a t i o n .  T h i s  i n f o r m a t i o n  may be computed manua l l y  t h r o u g h  u n i f o r m  f l o w  

o r  g r a d u a l l y  v a r i e d  f l o w  c a l c u l a t i o n s ,  o r  th rough  computer programs such as 

HEC-2. For  example, i f  HEC-2 o u t p u t  da ta  a r e  a v a i l a b l e ,  t h e  r e q u i r e d  v e l o -  

c i t y ,  depth  and t o p  w i d t h  d a t a  a t  v a r i o u s  c r o s s  s e c t i o n s  w i t h i n  t h e  s tudy  

reach  w i l l  be prov ided.  W i t h i n  a  g i v e n  subreach these d a t a  can be averaged t o  

d e f i n e  va lues  r e p r e s e n t a t i v e  o f  c o n d i t i o n s  i n  t h a t  reach  f o r  t h e  g i v e n  

d i scharge .  

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

subreach f o r  t h e  g i v e n  d i s c h a r g e ( s 1 ,  t h e  sediment t r a n s p o r t  c a p a c i t y  o f  each 

subreach i s  c a l c u l a t e d  u s i n g  an a p p r o p r i a t e  method (see  S e c t i o n  5 . 3 . 6 ) .  The 

sediment c o n t i n u i t y  p r i n c i p l e  i s  then  a p p l i e d  by compar ing t r a n s p o r t  c a p a c i t y  

on  a  reach-by-reach b a s i s ,  under  t h e  assumpt ion t h a t  t h e  sediment supp ly  t o  

any g i v e n  subreach i s  equal t o  t h e  t r a n s p o r t  c a p a c i t y  o f  t h e  a d j a c e n t  upstream 

reach.  The compar ison beg ins  a t  t h e  upstream end o f  t h e  s tudy reach  by 

d e s i g n a t i n g  t h e  f i r s t  subreach as a  supp ly  reach,  which i n i t i a t e s  t h e  c a l c u l a -  

t i o n  i n  Subreach 2. 

A p p l i c a t i o n  o f  sed iment  c o n t i n u i t y  a n a l y s i s  t o  a  f l o o d  hydrograph 

r e q u i r e s  d i s c r e t i z i n g  t h e  hydrograph i n t o  a  s e r i e s  o f  d i s c r e t e  d i scharges ,  as 

d e s c r i b e d  i n  S e c t i o n  3.5. The reach-by- reach compar ison i s  then  comple ted f o r  

each d i s c h a r g e  and t h e  t o t a l  volume o f  e r o s i o n  o r  d e p o s i t i o n  o c c u r r i n g  i n  any 

g i v e n  reach d u r i n g  t h e  f l o o d  i s  computed as VOLi = L ( Q  AT) where VOLi i s  s  
t h e  n e t  volume change d u r i n g  t h e  f l o o d  f o r  subreach i, Q S  i s  t h e  excess 

t r a n s p o r t  c a p a c i t y  o r  supp ly  i n  subreach i f o r  t h e  g i v e n  d i s c h a r g e  ( i . e .  

supp ly  minus t r a n s p o r t  c a p a c i t y )  , and AT i s  t h e  t i m e  i n t e r v a l  co r respond ing  

t o  t h a t  d i s c h a r g e  f rom t h e  d i s c r e t i z e d  hydrograph. It i s  i m p o r t a n t  t o  n o t e  

t h a t  t h i s  procedure y i e l d s  a  n e t  volume o f  e r o s i o n  o r  d e p o s i t i o n  t h a t  occu rs  

i n  response t o  passage o f  t h e  comple te  f l o o d  hydrograph, i . e . ,  we a r e  l o o k i n g  

a t  t h e  n e t  change i n  volume a t  t h e  - end o f  t h e  hydrograph. There may be t i m e  

i n t e r v a l s  w i t h i n  t h e  hydrograph where t h e  volume change f o r  t h a t  s p e c i f i c  



i n t e r v a l  wou ld  exceed t h e  n e t  volume change f o r  t h e  e n t i r e  hydrograph.  T h i s  

i s  i m p o r t a n t  t o  remember when u s i n g  t h e  s e d i n e n t  c o n t i n u i t y  p rocedure  t o  com- 

p u t e  genera l  scour,  s i n c e  an a n a l y s i s  o f  n e t  changes a t  t h e  - end o f  a  

hydrograph may under -es t ima te  a  t r a n s i t o r y  scour  c o n d i t i o n  t h a t  m i g h t  occu r  

d u r i n g  a  c r i t i c a l  t i m e  i n t e r v a l  w i t h i n  t h e  hydrograph. 

To e x p e d i t e  t h e  c a l c u l a t i o n  p rocedure  when e v a l u a t i n g  s e v e r a l  hydro- 

graphs,  t h e  f o l l o w i n g  a n a l y s i s  p rocedure  i s  suggested. F i r s t ,  i d e n t i f y  f i v e  

t o  t e n  d i scharges  adequate t o  span t h e  d i s c h a r g e  range o f  a l l  hydrographs.  

A f t e r  computing t h e  average h y d r a u l i c  c h a r a c t e r i s t i c s  i n  each subreach f o r  

each d i scharge ,  compute t h e  co r respond ing  s e d i i ~ ~ e n t  t r a n s p o r t  c a p a c i t i e s .  
b  Then, f o r  each subreach, deve lop a  r e l a t i o n s h i p  o f  t h e  f o r m  (J = a  Q where 

s  
Q s  i s  t h e  sediment t r a n s p o r t  c a p a c i t y  i n  c f s ,  I( i s  t h e  w a t e r  d i s c h a r g e  i n  

c f s ,  and a  and b  a r e  r e g r e s s i o n  c o e f f i c i e n t s .  The a n a l y s i s  o f  t h e  d i s c r e -  

t i z e d  hydrographs then  proceeds as o u t l i n e d  aoove, w i t h  t l i e  sed iment  t r a n s p o r t  

c a p a c i t y  f o r  any g i v e n  d i s c h a r g e  i n  any g i v e n  reach o b t a i n e d  by  u s i n g  t h e  

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

It i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  sediment c o r i t i n u i t y  a n a l y s i s  d e s c r i b e d  

h e r e i n  i s  based on t l i e  assumpt ion o f  r i g i d - b o u n d a r y  c o n d i t i o n s .  F o r  exalxple, 

d u r i n g  e v a l u a t i o n  o f  a  f l o o d  hydrograph, t h e  channel  geometry i s  assumed t o  

remain  unchanged t h r o u g h o u t  t h e  f l o o d .  A  more a c c u r a t e  a n a l y s i s  t e c h n i q u e  i s  

t o  update  t h e  channel c r o s s  s e c t i o n s  f o r  each d i s c h a r g e  l e v e l  o f  t h e  f l o o d  t o  

accoun t  f o r  t h e  computed e r o s i o n / s e d i ~ n e n t a t i o n  changes. T h i s  concep t  i s  

r e f e r r e d  t o  as quasi-dynamic r o u t i n g ,  and i s  t h e  b a s i s  o f  Leve l  111 a n a l y s i s  

where computer models such as HEC-2% a r e  a p p l i e d .  however, f o r  many p rac -  

t i c a l  e n g i n e e r i n g  a n a l y s i s  and des ign  problems t h e  a p p l i c a t i o n  o f  t h e  s e d i n e n t  

c o n t i n u i t y  p rocedure  i s  adequate and more c o s t  e f f i c i e n t .  

Example - As p a r t  o f  a  channel  s t a b i l i t y  s tudy  o f  t n e  Agua F r i a  R i v e r  

near  Phoenix,  A r i zona ,  a  sediment c o n t i n t i i t y  a n a l y s i s  was conducted f o r  t h e  

peak d i s c h a r g e  o f  t h e  10- and 1U0-year f l o o d s .  T h i s  a p p l i c a t i o n  o f   he s e d i -  

ment c o n t i n u i t y  procedure p r o v i d e d  i n s i g h t  t o  t h e  s h o r t - t e r m  response o f  t h e  

channel  . The approx imate 30-111i1e s tudy  reach was d i v i d e d  i n t o  10 reaches.  

Average h y d r a u l i c  and geomet r i c  c h a r a c t e r i s t i c s  f o r  t h e  10 redches were es tab-  

l i s h e d  frora IIEC-2 a n a l y s i s .  F o r  t h e  10-year f l o o d  peak t h e  main channel  v e l o -  

c i t i e s  ranged f rom 5 t o  7 f e e t  p e r  second ( f p s )  and f o r  t h e  100-year,  7 t o  10 

fps.  Sediment t r a n s p o r t  c a p a c i t y  was e s t i m a t e d  by t h e  Pleyer-Peter, M u l l e r  



bed-1 oad e q u a t i o n  i n  comb ina t ion  w i t h  t h e  E i n s t e i n  suspended l o a d  procedure.  

Reach 1 was u t i l i z e d  as t h e  supp ly  reach f rom which t h e  sediment c o n t i n u i t y  

c a l c u l a t i o n  began. T a b l e  5.12 g i v e s  t h e  r e s u l t s  f rom t h e  a n a l y s i s  and 

i n d i c a t e s  t h e  genera l  s c o u r / d e p o s i t i o n  c o n d i t i o n  o f  each reach.  

5.3.9 Q u a n t i f i c a t i o n  o f  V e r t i c a l  and H o r i z o n t a l  Channel Response 

D i s c u s s i o n  - Sediment c o n t i n u i t y  r e s u l t s  p r o v i d e  t h e  r a t e  and/or  volume 

o f  e ros ion /sed i rnen ta t ion  expected i n  each subreach. More mean ing fu l  r e s u l t s  

a r e  o b t a i n e d  when these va lues  a r e  c o n v e r t e d  t o  r e p r e s e n t  v e r t i c a l  and/or  

h o r i z o n t a l  changes i n  each subreach. Us ing  t h e  d e f i n i t i o n s  e s t a b l i s h e d  i n  

S e c t i o n  5.1.2, sed iment  c o n t i n u i t y  r e s u l t s  f rom a  s i n g l e  f l o o d  would be u s e f u l  

i n  q u a n t i f y i n g  genera l  scour /depos i  t i o n  o r  s h o r t - t e r m  l a t e r a l  m i g r a t i o n .  

A p p l i c a t i o n  - I n  t h e  absence o f  s i g n i f i c a n t  c o n t r o l s  t h e  e r o s i o n / s e d i -  

m e n t a t i o n  amounts can be assumed u n i f o r m l y  d i s t r i b u t e d  i n  t h e  streamwise 

d i r e c t i o n  f o r  any g i v e n  subreach. I f  t h e  cross-s t reamwise d i s t r i b u t i o n  i s  

a l s o  assumed un i fo rm,  then  w i t h  knowledge o f  t h e  reach l e n g t h  and by assuming 

a  r e p r e s e n t a t i v e  channel  w i d t h ,  t y p i c a l l y  t o p  w i d t h ,  t h e  u n i f o r m  depth  o f  ver -  

t i c a l  ad jus tmen t  can be eva lua ted .  As an a l t e r n a t i v e ,  t h e  c ross -s t reamwise  

d i s t r i b u t i o n  can be done a c c o r d i n g  t o  f l o w  conveyance; however, t h i s  can 

become a  t e d i o u s  c a l c u l a t i o n  by hand c a l c u l a t o r .  

I n  making t h e  d i s t r i b u t i o n ,  t h e  computed sed iment  volumes must  be 

c o r r e c t e d  f o r  p o r o s i t y .  The sediment t r a n s p o r t  equa t ions  used i n  t h e  sediment 

c o n t i n u i t y  a n a l y s i s  g i v e  answers i n  unbu lked volumes p e r  u n i t  t ime .  A  poro-  

s i t y  f a c t o r  must be a p p l i e d  t o  these  va lues  t o  a c c u r a t e l y  r e p r e s e n t  t h e  volume 

changes t h a t  w i l l  occu r  i n  t h e  channel  bed. Fo r  sand-bed channels ,  a  t y p i c a l  

p o r o s i t y  of n  = 0.4 can be assumed. The unbu lked sediment volumes computed 

by  t h e  t r a n s p o r t  e q u a t i o n s  a r e  then  c o r r e c t e d  as f o l l o w s :  

where V t  i s  t h e  b u l k e d  sediment volume, V S  i s  t h e  sediment volume computed 

by t r a n s p o r t  equa t ions ,  and n  i s  t h e  p o r o s i t y .  

E v a l u a t i o n  o f  l a t e r a l  m i g r a t i o n  amounts i s  Inore d i f f i c u l t  and n o t  as sub- 

j e c t i v e  t o  a  r i g o r o u s  a n a l y s i s  p rocedure  as a r e  v e r t i c a l  ad jus tments .  The two 

b a s i c  mechanisms o f  l a t e r a l  m i g r a t i o n  can be r e l a t e d  t o  e r o s i o n / s e d i m e n t a t i o n  



Table 5.12. Short-Term General Scour/Deposition Response. 

Reach 
10-Year --- 

Qs ( c f s )  bQS ( c f s )  Response 

Near 
Equilibrium 

Scour 

Deposition 

Scour 

Deposition 

Scour 

Deposition 

Equi 1 i br i  um 

Scour 

Deposition 

Scour 

Scour 

Scour 

Ueposi t i o n  

Scour 

Deposition 

Near 
Equilibrium 

Scour 

Q i s  sediment t r a n s p o r t  r a t e ,  bQS i s  general scour ( - ) / d e p o s i t i o n  (+ )  
r a t e s  of the  flood peak. 



t r e n d s  i n  t h e  channel .  The f i r s t  mechanism, a s s o c i a t e d  w i t h  channel  reaches 

o f  l a r g e  . w/d ( w i d t h l d e p t h )  r a t i o  where s i g n i f i c a n t  s e d i m e n t a t i o n  i s  

o c c u r r i n g ,  i s  t h a t  wh ich promotes bank i n s t a b i l i t y  and l a t e r a l  m i g r a t i o n  as a  

r e s u l t  o f  i nc reased  v e l o c i t i e s  and shear s t r e s s e s  a l o n g  t h e  banks as t h e  l o c a l  

energy g r a d i e n t  i n c r e a s e s .  The second mechanism, a s s o c i a t e d  w i t h  channel  

reaches o f  smal l  w/d r a t i o ,  t y p i c a l l y  i n  an e r o s i o n a l  mode, i s  t h a t  wh ich  

causes inc reased  bank i n s t a b i l i t y  f rom bank f a i l u r e s  as a  r e s u l t  o f  develop- 

ment o f  a  narrow, deep channel  w i t h  s teep banks. 

There a r e  severa l  v a r i a t i o n s  o f  t h e  f i r s t  mechanism i n v o l v i n g  channels  

where s i g n i f i c a n t  s e d i m e n t a t i o n  i s  o c c u r r i n g .  I f  s e d i m e n t a t i o n  occurs  as i s o -  

l a t e d  sand and g r a v e l  ba rs ,  t h e  l o c a l  energy g r a d i e n t  i n c r e a s e s  due t o  h i g h e r  

f l o w  v e l o c i t i e s  t h a t  r e s u l t  f rom a  r e d u c t i o n  i n  e f f e c t i v e  channel  area.  

A d d i t i o n a l l y ,  r e 1  a t i v e l y  s tab1 e  sand and g r a v e l  b a r  d e p o s i t s  d e f l e c t  t h e  f l o w  

towards t h e  more e r o d i b l e  bank1 i n e s .  Consequent ly ,  severe l o c a l i z e d  bank 

f a i l u r e s  may occur .  However, i f  d e p o s i t i o n  occurs  more u n i f o r m l y  a c r o s s  t h e  

channel ,  t h e  l o c a l  energy g r a d i e n t  downstream o f  t h e  d e p o s i t i o n  i n c r e a s e s  due 

t o  h i g h e r  v e l o c i t i e s  r e s u l t i n g  f rom an i n c r e a s e  i n  channel s lope .  The absence 

o f  c u r r e n t  d e f l e c t i o n  and t h e  more gradua l  i n c r e a s e  i n  v e l o c i t i e s  r e s u l t s  i n  

l e s s  severe bank e r o s i o n ,  b u t  e r o s i o n  takes  p l a c e  over  l o n g e r  d i s t a n c e s .  

Under e i t h e r  s i t u a t i o n ,  q u a n t i f y i n g  l a t e r a l  m i g r a t i o n  amounts f rom sediment 

c o n t i n u i t y  c a l c u l a t i o n s  i s  d i f f i c u l t .  G e n e r a l l y ,  i n  these t ypes  o f  reaches 

t h e  assessment o f  l a t e r a l  m i g r a t i o n  p o t e n t i a l  must  be made f rom q u a l i t a t i v e  

a n a l y s i s  such as h i s t o r i c a l  ev idence,  meander scars ,  meander w i d t h ,  geomorphic 

r e l a t i o n s h i p s ,  e t c .  

There a r e  a l s o  v a r i a t i o n s  o f  the  second mechanism i n v o l v i n g  a  t y p i c a l l y  

e r o s i o n a l  reach o f  t h e  channel .  The mode o f  bank f a i l u r e  as t h e  channel  deep- 

ens depends on bank m a t e r i a l  compos i t i on .  I n  a  channel w i t h  p r e d o m i n a t e l y  

c l a y  banks, f a i l u r e  may be by s l o u g h i n g  due t o  u n d e r c u t t i n g  by l o w - f l o w  d i s -  

charges.  I n  a  s t r a t i f i e d  bank w i t h  l enses  o f  e r o d i b l e  m a t e r i a l ,  enough of 

t h i s  m a t e r i a l  may be removed t h a t  t h e  b l o c k  c f  bank m a t e r i a l  above t i 1  t s  down- 

ward, open ing a  v e r t i c a l  t e n s i o n  c r a c k .  U l t i m a t e l y  t h e  bank f a i l s  i n  l a r g e  

b l o c k s .  P i p i n g  can a l s o  p r o ~ i i o t e  bank f a i l u r e  i n  a  s t r a t i f i e d  bank. Q u a n t i f y -  

i n g  l a t e r a l  m i g r a t i o n  amounts f o r  e r o s i o n a l  reaches i s  e a s i e r  than  f o r  reaches 

where sed imen ta t ion  i s  o c c u r r i n g .  The volume o f  e r o s i o n  computed f rom s e d i -  

ment c o n t i n u i t y  a n a l y s i s  can be assumed t o  come e n t i r e l y  f rom t h e  channel  

banks o r  can be d i s t r i b u t e d  between bed and banks. However, s i n c e  i t i s  d i f -  



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

m i g r a t i o n  i s  n o t  known w i t h  c e r t a i n t y ,  i t  i s  sometimes a p p r o p r i a t e  t o  assume 

t h e  r e q u i r e d  volume f i r s t  comes e n t i r e l y  f r o ~ n  one bank and then  t h e  o t h e r .  

The e x c e p t i o n  t o  t h i s  p rocedure  i s  when c o n t r o l s  i n h i b i t  movement i n  a  g i v e n  

d i r e c t i o n .  A d d i t i o n a l l y ,  i t  may be p o s s i b l e  t h a t  t h e  e n t i r e  volume c o u l d  come 

f r o m  a  s i n g l e  l o c a t i o n  on one bank, f o r  example, a  s h o r t - r a d i u s  bend i n  r e l a -  

t i v e l y  e r o d i b l e  m a t e r i a l  . 
I n  b o t h  mechanisms o f  l a t e r a l  m i g r a t i o n ,  development o f  s a t u r a t e d  banks 

above t h e  wa te r  l i n e  can i n c r e a s e  bank e r o s i o n  t h r o u g h  l o c a l  mass w a s t i n g .  

S a t u r a t e d  banks may deve lop d u r i n g  t h e  r i s i n g  s tage  o f  a  f l o o d ,  d u r i n g  wh ich  

f l o w  moves i n t o  t h e  bank f r o m  t h e  r i v e r ,  p romot ing  i n c r e a s e d  bank s t a b i l i t y ,  

p a r t i c u l a r l y  i n  t h e  s a t u r a t e d  c o n d i t i o n .  F low may a l s o  o c c u r  f rom t h e  bank t o  

t h e  r i v e r  due t o  a  groundwater t a b l e  t h a t  i s  h i g h e r  t h a n  t h e  r i v e r  s tage .  

T h i s  c o n d i t i o n  c o u l d  deve lop d u r i n g  a  wet  p e r i o d  as w a t e r  d r a i n i n g  f rom t h e  

watershed s a t u r a t e s  t h e  f l o o d  p l a i n  t o  a  l e v e l  h i g h e r  t h a n  normal.  

Example - A p r e l i m i n a r y  des ign  f o r  a  sewer l i n e  i n  t h e  City o f  Globe, 

A r i zona ,  proposed an a1 ignment  t h a t  f o l l o w e d  t h e  P i n a l  Creek channel  f o r  

a p p r o x i m a t e l y  3 m i l e s .  To e v a l u a t e  t h e  adequacy o f  t h e  proposed 6 - f o o t  

b u r i a l ,  an e r o s i o n / s e d i m e n t a t i o n  s tudy  was conducted.  The s tudy  i n c l u d e d  

a p p l i c a t i o n  o f  t h e  sed iment  c o n t i n u i t y  concep t  t o  e s t i m a t e  e ros ion /sed imen ta -  

t i o n  volumes, and then  t h e  c o n v e r s i o n  o f  these  volumes t o  genera l  scour/depo- 

s i t i o n  e s t i m a t e s .  

The a n a l y s i s  was conducted f o r  t h e  100-year  f l o o d  (peak d i s c h a r g e  19,500 

c f s ) .  F o r  simp1 i c i  ty, t h e  hydrograph was d i s c r e t i z e d  i n t o  t h r e e  d i s c h a r g e  

l e v e l s :  one peak and two medium f l o w s .  The s tudy r e a c h  was d i v i d e d  i n t o  

e i g h t  subreaches and, f rom a  HEC-2 a n a l y s i s ,  t h e  average h y d r a u l i c  c o n d i t i o n s  

f o r  each reach  were determined.  Sediment t r a n s p o r t  r a t e s  f o r  each of t h e  

reaches f o r  a l l  t h r e e  d i s c h a r g e s  were then  c a l c u l a t e d ,  and t h e  sed iment  con- 

t i n u i  ty  e q u a t i o n  ( E q u a t i o n  5.13) a p p l i e d  between reaches t o  e s t i m a t e  t h e  

e r o s i o n / s e d i m e n t a t i o n  f o r  each reach.  The depth  o f  genera l  s c o u r / d e p o s i t i o n  

was then  determined by u n i f o r m l y  d i s t r i b u t i n g  t h e  c a l c u l a t e d  volumes i n  each 

reach.  T a b l e  5.13 p r e s e n t s  t h e  r e s u l t s  and i n d i c a t e s  as much as 9 f e e t  o f  

genera l  scour  i s  p o s s i b l e ;  t h e r e f o r e ,  t h e  6 - f o o t  b u r i a l  dep th  was n o t  con- 



Tab le  5.13. Sediment C o n t i n u i t y  R e s u l t s .  
( 100-Year F l o o d )  

Reach 

Average 
P o t e n t i a l  

Bed L e v e l  Change 
( f e e t )  

+ 4.8 

+ 8 . 3  

- 9.4 

+ 1.2 

- 5.9 

- 0.5 

- 4.3 

Supp ly  Reach 



s i d e r e d  adequate u n l e s s  some t y p e  o f  c h a n n e l i z a t i o n  o r  grade c o n t r o l  was t o  be 

implemented i n  Reach 3. 

5.3.10 Loca l  Scour Concepts - -- - - - - - - 
D i s c u s s i o n  - L o c a l  scour  i s  observed whenever an a b r u p t  change i n  t h e  

d i r e c t i o n  o f  f l o w  occurs ,  such as a t  b r i d g e  p i e r s  o r  embankments. F o r  

example, l o c a l  scour  a t  b r i d g e  p i e r s  i s  a  r e s u l t  o f  v o r t e x  systems developed 

a t  t h e  p i e r .  Loca l  scour  occurs  when t h e  c a p a c i t y  o f  t h e  f l o w  t o  remove o r  

t r a n s p o r t  t h e  bed m a t e r i a l s  i s  g r e a t e r  than  t h e  r a t e  a t  which rep lacement  

m a t e r i a l  i s  supp l ied .  

D u r i n g  a  f l o o d ,  an e q u i l i b r i u m  c o n d i t i o n  between sed iment  supp ly  and 

t r a n s p o r t  c a p a c i t y  a t  a  scour  h o l e  may never  become e s t a b l i s h e d .  D u r i n g  t h e  

r i s i n g  l i m b  o f  t h e  hydrograph scour  occurs  and endangers t h e  h y d r a u l i c  s t r u c -  

t u r e .  A f t e r  t h e  peak has passed ( d u r i n g  t h e  f a l l i n g  l i m b ) ,  t h e  scour  h o l e  

r e f i l l s  as sediments d rop  o u t  w i t h  t h e  l o w e r  f l o w s .  T h e r e f o r e ,  t h e  c r i t i c a l  

t i m e  f o r  s t r u c t u r a l  s t a b i l i t y  d u r i n g  t h e  s to rm i s  near  t h e  peak f l o w  (see  

F i g u r e  5 . 2 1 ) .  Soundings made o f  scour  h o l e s  a f t e r  t h e  s to rm do n o t  i n d i c a t e  

t h e  p o t e n t i a l l y  dangerous s i t u a t i o n  t h a t  m i g h t  have e x i s t e d  d u r i n g  t h e  storm. 

The dep th  o f  scour  a l s o  v a r i e s  w i t h  t i m e  depending upon t h e  presence o r  

absence o f  bed forms. The t i m e  r e q u i r e d  f o r  dune o r  a n t i d u n e   notion i s  much 

l a r g e r  than t h e  t i m e  r e q u i r e d  f o r  l o c a l  scour .  Thus, even w i t h  s t e a d y - s t a t e  

c o n d i t i o n s ,  t h e  depth  o f  scour  i s  l i k e l y  t o  f l u c t u a t e  w i t h  t i n e  when t h e r e  a r e  

dunes o r  a n t i d u n e s  t r a v e l i n g  on t h e  channel  bed. The dep th  o f  t h e  scour  h o l e  

.is more v a r i a b l e  w i t h  l a r g e r  bed forms. When t h e  c r e s t  o f  t h e  dune o r  a n t i -  

dune reaches t h e  l o c a l  scour  area,  t h e  t r a n s p o r t  r a t e  i n t o  t h e  h o l e  i n c r e a s e s ,  

t h e  scour  h o l e  f i l l s  and t h e  scour  dep th  t e m p o r a r i l y  decreases.  Vhen a  t r o u g h  

approaches, t h e r e  i s  a  s m a l l e r  sed iment  supp ly  and t h e  scour  depth  i n c r e a s e s  

t o  t r y  t o  r e - e s t a b l i s h  e q u i l i b r i u m  i n  sediment t r a n s p o r t  r a t e s .  A mean scour  

dep th  between these  o s c i l l a t i o n s  i s  r e f e r r e d  t o  as e q u i l i b r i u m  scour  depth.  

A p p l i c a t i o n  - A  number o f  fo rmu las  a re  a v a i l a b l e  f o r  p r e d i c t i n g  l o c a l  -- 
scour  around b r i d g e  p i e r s .  Review o f  these fo rmu las  i n d i c a t e s  t h a t  each i s  

based on those f a c t o r s  t h a t  seem most i m p o r t a n t  i n  e v a l u a t i n g  l o c a l  scour  a t  

b r i d g e  p i e r s ;  however, most  o f  these formulas  a r e  based p r i m a r i l y  on model 

s tudy  da ta  i n  sand-bed l a b o r a t o r y  f lumes w i t h  l i t t l e  o r  no f i e l d  v e r i f i c a t i o n .  

There fo re ,  i t  i s  g e n e r a l l y  a d v i s a b l e  t o  u t i l i z e  s e v e r a l  f o rmu las  t o  i n s u r e  a  
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Figure 5.21. Temporal change of scour hole 
depth during a storm ( t y p i c a l ) .  



reasonably accurate estimate. Several of these formulas have been found t o  be 

par t icular ly  successful based on previous experience. A re la t ionship for 

square-nosed piers presented by Richardson, e t  a l .  (1975) i s  

and for a group of c i rcu la r  cylinders 

where AZ,s i s  the equilibrium depth of the scour hole, bp i s  the pier 

width (normal t o  the flow d i r ec t i on ) ,  Y i s  the upstream depth of flow, and 

Fr i s  the upstream Froude number (Fr = V/m with V the upstream velocity 

and g the acceleration of gravi ty) .  

The equations by Shen e t  a l .  (1966, 1969) for c i rcu la r  piers are 

and 

respectively,  where Rp i s  the pier  Reynolds number ( V  b p / v ) ,  V i s  the 

mean velocity of the undisturbed flow, bp i s  the width of pier projected on 

a plane normal t o  the undisturbed flow, v i s  the kinematic viscosi ty ,  arid 

Frp ( p i e r  Froude number) i s  V / q .  

The shape of the pier i s  a very s ignif icant  parameter with respect  t o  

scour depth because i t  r e f l ec t s  the strength of the horseshoe vortex a t  the 

base of the pier. A blunt-nose pier causes the deepest scour. Streamlining 

the f ront  end of the pier reduces the strength of the horseshoe vortex, thus 

reducing the scour. Streamlining the downstream end of piers reduces the 

strength of wake vortices.  Common shapes of piers a re  shown in Figure 5.22. 

The scour depth generally decreases as a consequence of streamlining, while 
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F i g u r e  5.22. Common p i e r  shapes. 



skewed p i e r  a l i g n m e n t  ( p i e r  n o t  p a r a l l e l  w i t h  f l o w  d i r e c t i o n )  w i l l  c r e a t e  

deeper scour  h o l e s .  The r e d u c t i o n  due t o  s t r e a m l i n i n g  can be e s t i m a t e d  f rom 

T a b l e  5.14, w h i l e  t h e  i n c r e a s e  due t o  skew can be de te rm ined  f rom F i g u r e  5.23 

( F a c t o r  KaL). As p r e v i o u s l y  i n d i c a t e d ,  t h e  maximum scour  depth  can be con- 

s i d e r a b l y  g r e a t e r  t h a n  t h e  e q u i l i b r i u m  scour  depth  due t o  dune bed forms. 

R ichardson,  e t  a l .  (1975)  sugges t  t h a t  scour  depths  can be up t o  30 p e r c e n t  

g r e a t e r  as a  consequence o f  bed forms. T h e r e f o r e ,  when dune o r  a n t i d u n e  bed 

forms a r e  p o s s i b l e ,  a  s a f e t y  f a c t o r  o f  1.3 i s  recommended, u n l e s s  t h e  magni- 

t u d e  o f  t h e  dune o r  a n t i d u n e  bed forms i s  c a l c u l a t e d  as  a  separa te  component. 

Ano the r  i m p o r t a n t  l o c a l  scour  zone a t  a  b r i d g e  c r o s s i n g  o c c u r s  a t  t h e  

abutments.  D e t a i l e d  s t u d i e s  o f  scour  around embankments have been made o n l y  

i n  l a b o r a t o r i e s .  F o r  example, L i u ,  e t  a l .  (1961)  i n v e s t i g a t e d  scour  around 

v e r t i c a l  w a l l  embankments f o r  s u b c r i  t i c a l  f l o w  i n  a  r e c t a n g u l a r  l a b o r a t o r y  

f l u m e  w i t h  sand-bed c o n d i t i o n s  and found  

where Y i s  t h e  upstream normal f l o w  depth,  a  i s  t h e  embankment l e n g t h  

(measured normal t o  t h e  w a l l  o f  t h e  f lume i n  t h e  model s t u d i e s ) ,  and F r  i s  

t h e  upstream Froude number ( u s i n g  t h e  upstream normal f l o w  dep th  as l e n g t h  

d i m e n s i o n ) .  L i u ,  e t  a l .  a l s o  p r e s e n t e d  l i m i t e d  d a t a  f o r  s p i l l - t h r o u g h  embank- 

ments,  where a  s p i l l - t h r o u g h  embankment has s l o p i n g  s i d e s  (i .e. t h e  

monly c o n s t r u c t e d  e a r t h e n  embankment). A n a l y s i s  o f  t h e  d a t a  

suggests  t h e  e q u a t i o n  

R ichardson  e t  a l .  (1975)  sugges t  t h a t  E q u a t i o n  5.17b be a p p l i e d  

embankments where a /y  i s  l e s s  than  25. F o r  embankments where 

g r e a t e r  than  25, t h e  e q u a t i o n  

more com- 

p r e s e n t e d  

(5 .176)  

o n l y  f o r  

a l y  i s  

(5 .18)  

i s  recommended. T h i s  e q u a t i o n  was developed f rom f i e 1  d  measurement of embank- 

ment scour  a t  r o c k  d i k e s  on t h e  M i s s i s s i p p i  R i v e r .  I t  i s  w o r t h w h i l e  t o  n o t e  

t h a t  embankment scour  e q u a t i o n s  a r e  a l s o  u s e f u l  f o r  e s t i m a t i n g  l o c a l  scour  a t  

bank p r o t e c t i o n ,  spur  d i k e s  and j e t t i e s .  



T a b l e  5.14. Reduc t ion  F a c t o r s  When A p p l y i n g  Formulas  
f o r  Square Nose P i e r s  t o  O ther  Shapes 
(assuming equa l  p r o j e c t e d  w i d t h s  o f  p i e r s ) .  

Type o f  P i e r  R e d l ~ c t i o n  F a c t o r  

Square nose 

C y l i n d e r  

Round nose 

Sharp nose 

Group o f  c y l i n d e r s  
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Figure 5.23. Scour inc rease  f a c t o r ,  K a L ,  wi th flow 

(from Lauren and Toch, 1956).  



Une o f  t h e  d i f f i c u l t i e s  i n  a p p l y i n y  Equa t ions  5.17b and 5.18 i s  d e f i n i -  

t i o n  o f  "e~~ibankment l e n g t h . "  ~+lodel  s tudy i n v e s t i g a t i o n s  c o n s i d e r e d  o n l y  s h o r t  

embankment l e n g t h s  i n  smooth, r e c t a n g u l a r  f lumes.  I n  p r o t o t y p e  s i t u a t i o n s ,  

t h e  embankments may span l a r g e  d i s t a n c e s  ac ross  t h e  overbank o f  a  w ide f l o o d  

p l a i n  w h i l e  s t o p p i n g  s h o r t  o f ,  o r  j u s t  s l i g h t l y  p r o t r u d i n g  i n t o ,  t h e  main 

channel .  3ue t o  t h e  n o r m a l l y  l a r g e  d i f f e r e n c e  i n  h y d r a u l i c  c h a r a c t e r i s t i c s  

between main channel  and overbank f l o w ,  c a u t i o n  must  be e x e r c i s e d  i n  d e f i n i n g  

t h e  embankment l e n g t h  f o r  such cases. F i g u r e  5.24 i l l u s t r a t e s  a  recommended 

embankment l e n g t h  d e f i n i t i o n  f o r  d i f f e r e n t  cases t h a t  may be encountered o u t -  

s i d e  t h e  rea lm o f  a  r e c t a n g u l a r  l a b o r a t o r y  f lume.  F o r  Case 2 o f  F i g u r e  5.24, 

t h e  eng ineer  shou ld  compute embankment scour  u s i n g  main channel h y d r a u l i c s  

w i t h  t h e  v a l u e  o f  a  , and compare t h i s  r e s u l t  t o  t h a t  o b t a i n e d  u s i n g  over -  
1 

bank h y d r a u l i c s  w i t h  t h e  v a l u e  f o r  a2 . The l a r g e r  o f  these  two s c o u r  depths  

would  be t h e  recormended des ign  va lue .  Oue t o  t h e  s e n s i t i v i t y  o f  Equa t ions  

5.17a, 5.17b, and 5.18 t o  embankment l e n g t h ,  e n g i n e e r i n g  judgment s h o u l d  

a lways be a p p l i e d .  

Another  d i f f i c u l t y  c o m o n  t o  any scour  c a l c u l a t i o n  i s  t h e  d e f i n i t i o n  o f  

t h e  base l e v e l ,  and i t s  r e l a t i o n  t o  b o t h  f l on i  depths  dnd scour  depths.  I n  a  

n o n p r i  smat i c  n a t u r a l  channel ,  t h e  upstreain nortndl depth  (Y) i s  g e n e r a l l y  

d e f i n e d  by t h e  h y d r a u l i c  depth  (Yh) f o r  purposes o f  scour  c a l c u l a t i o n s ,  w h i l e  

t h e  computed scour  amounts a re  r e f e r e n c e d  t o  t h e  tha lweg e l e v a t i o n .  I f  dunes 

e x i s t ,  t h e  upstream normal depth  would g e n e r a l l y  be r e f e r e n c e d  near  t h e  t o p  o f  

t h e  dunes ( i n  c o n s i d e r a t i o n  o f  e f f e c t i v e  f l o w  a r e a ) ,  w h i l e  t h e  scour  amounts 

s h o u l d  oe r e f e r e n c e d  t o  t h e  bo t tom o f  t h e  dunes. I n  t h e  presence o f  degrada- 

t i o n  and/or  genera l  scour,  t h e  u l t i m a t e  bed i n v e r t  e l e v a t i o n  shou ld  f i r s t  be 

e s t a b l i s h e d  f o r  these  scour  components, f rom which l o c a l  scour  depths  a r e  t h e n  

re fe renced .  

Once t h e  scour  depth  i s  a c c u r a t e l y  e s t a b l i s h e d ,  t h e  l a t e r a l  e x t e n t  o f  t h e  

scour  h o l e  i s  n e a r l y  a lways de te rm inab le  from t h e  depth  of scour  and t h e  

n a t u r a l  a n g l e  of repose o f  t h e  bed c i a t e r i a l .  k s a f e t y  f a c t o r  o f  2 s h o u l d  be 

a p p l i e d  t o  t h e  l a t e r a l  scour  h o l e  d i ~ n e n s i o n  t o  account  f o r  nonuni form f l o w  

c o n d i t i o n s .  T h i s  can be a c c o ~ a p l i s h e d  by d i v i d i n g  t h e  a n y l e  o f  repose by 2 and 

u s i n g  t h e  r e s u l t i n g  a n g l e  t o  d e f i n e  t h e  s i d e s  o f  t h e  scour  h o l e .  

Example - The des ign  o f  two b r i d g e  c r o s s i n g s  on t h e  Canada d e l  Oro Wash 

near  Tucson, A r i zona ,  r e q u i r e d  t i l e  e v a l u a t i o r l  o f  l o c a l  scour  around t h e  b r i d g e  
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Overbank Levee 

Upstream depth of flow, 
Y, and Froude number 
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p i e r s .  Each b e n t  c o n s i s t s  o f  f o u r  p i e r s ,  a l i g n e d  p a r a l l e l  t o  t h e  f l o w  (i .e., 

no skew), and each p i e r  was a  c o n c r e t e  c y l i n d e r  t h r e e  f e e t  i n  d i a m e t e r .  The 

d e s i g n  c o n d i t i o n s  a r e  s t a t e d  as f o l l o d s :  

QIOO = 33,000 c f s  

Y (average depth  o f  f l o w )  = 6.0 f e e t  

V (average v e l o c i t y )  = 18.2 f p s  

A  r e v i e w  o f  h i s t o r i c a l  photos  taken d u r i n g  f l o o d  s tage  a t  o t h e r  b r i d g e  

l o c a t i o n s  on t h e  Canada de l  Oro i n d i c a t e s  t h a t  two a d d i t i o n a l  f e e t  o f  d e b r i s  

b u i l d u p  beyond t h e  normal p i e r  w i d t h  c o u l d  be expected d u r i n g  a  100-year  

event .  Accord ing ly ,  t h e  e f f e c t i v e  p i e r  w i d t h  was s e t  as f o l l o w s :  

Loca l  scour was computed w i t h  Equa t ions  5.15b, 5.16a and 5.16b. The com- 

p u t a t i o n s  a r e  shown as f o l l o w s :  

0 '65  0.43 P  E q u a t i o n  5.15b: AZLs = 2.0 Y (Ti-) Fr 

Y and b  a r e  g i v e n  above. 
P  

S u b s t i t u t i n g  i n  Equa t ion  5.15b: 

E q u a t i o n  5.16a: AZeS = 0.00073 R 0.619 
P  

where R = -- V b ~  
P "  

2  w i t h  an assumed wa te r  tempera tu re  o f  7OUF, v = 1.059 x  f t  /sec, 

t h e r e f o r e ,  ( 1 8 . 2 ) ( 5 )  R = = 8.5 x  l o 6  
1.059 x 

S u b s t i t u t i n g  i n  E q u a t i o n  5.16a, 



Az,s 
= 0.00073 (8.5 x 10 ti ) 0'619 = 14.2 f e e t  

E q u a t i o n  5.16b: The p i e r  Froude number, F r  must  f i r s t  be c a l c u l a t e d  - - - - - - - P' 
t o  determine which form o f  E q u a t i o n  5.16b shou ld  be used: 

S ince  F r  > 0.2, t h e  f o l l o w i n g  e q u a t i o n  i s  used: 
P  

= ( 3 . 4 ) ( 5 ) ( 1 . 4 3 )  0 '67  = 21.6 f e e t  

A summary o f  t h e  c a l c u l a t i o n  i s  p r e s e n t e d  as f o l l o w s :  

Eq. 5.15b Eq. 5.16a Eq. 5.16b 

Loca l  e q u i l i b r i u m  12.0 f t  14.2 f t  21.6 f t  
scour  dep th  

Averaye = 15.9 f t  

C o n s i d e r i n g  t h e  average o f  t h e  t h r e e  c a l c u l a t i o n s ,  16 f e e t  o f  l o c a l  scour  

c o u l d  be expected d u r i n g  t h e  des ign  f l o w .  However, because o f  t h e  s i r n i l a r i t y  

o f  two o f  t h e  t h r e e  e s t i m a t e s ,  i t  

scour  dep th  w i l l  p r o b a b l y  be l e s s  

i s  reasonab le  t o  assume t h a t  t h e  e q u i l i b r i u m  

than  16 f e e t .  

5.3.11 C o n t r a c t i o n  Scour -- - 

D i c u s s i o n  - - C o n t r a c t i o n  scour  was d e f i n e d  i n  S e c t i o n  5.1.2 as a  s p e c i a l  

case o f  genera l  scour .  Scour a t  a  c o n t r a c t i o n  occurs  because t h e  f l o w  area 

becomes s m a l l e r  than  t h e  normal channel and t h e  average v e l o c i t y  and bed shear 

s t r e s s  inc rease ,  hence t h e r e  i s  an i n c r e a s e  i n  stream power (TV)  a t  t h e  con- 

t r a c t i o n  and more bed m a t e r i a l  i s  t r a n s p o r t e d  th rough  t h e  c o n t r a c t e d  s e c t i o n  

t h a n  i s  t r a n s p o r t e d  i n t o  t h e  s e c t i o n .  As t h e  bed l e v e l  i s  lowered,  v e l o c i t y  

decreases,  shear s t r e s s  decreases and e q u i l i b r i u m  i s  r e s t o r e d  when t h e  t r a n s -  

p o r t  r a t e  o f  sediment th rough  t h e  c o n t r a c t e d  s e c t i o n  i s  equal t o  t h e  incoming  

r a t e .  



A p p l i c a t i o n  - E v a l u a t i o n  o f  c o n t r a c t i o n  scour i s  by a p p l i c a t i o n  o f  t h e  

sed iment  c o n t i n u i t y  p r i n c i p l e  f o r  c o n d i t i o n s  a f t e r  e q u i l i b r i u m  has been 

achieved. T h a t  i s ,  

where QS1 i s  t h e  sediment t r a n s p o r t  c a p a c i t y  a t  t h e  upst ream s e c t i o n  and 

952 i s  t h e  va lue  a t  t h e  c o n t r a c t i o n .  When t h e  sediment t r a n s p o r t  c a p a c i t y  i s  

expressed i n  t h e  form o f  power f u n c t i o n s  (e.g.  as g i v e n  i n  Tab les  5.6a, 5.6b 

and 5.7). t h e  r e l a t i o n s h i p  i s  

Through m a n i p u l a t i o n  and simp1 i f i c a t i o n  o f  t h i s  equa t ion ,  a  r e l a t i o n s h i p  f o r  

t h e  f l o w  depth  Y2 ( a f t e r  e q u i l i b r i u m  i s  e s t a b l i s h e d )  can be d e r i v e d  as 

and 

where 

The amount o f  general  scour  i s  then  t h e  d i f f e r e n c e  between t h e  p re -scour  f l ow  

dep th  and t h a t  va lue  f rom Equa t ion  5.21 a f t e r  e q u i l i b r i u m  had been ach ieved,  

i .e., 

where AZ i s  t h e  genera l  scour  depth  and Y L 2  i s  t h e  o r i g i n a l  f l o w  dep th  
9s 

a t  t h e  c o n t r a c t i o n .  

If t h e  s i t e  under i n v e s t i g a t i o n  has h y d r a u l i c  and sediment p r o p e r t i e s  

t h a t  f a l l  o u t s i d e  o f  t h e  l i m i t s  l i s t e d  i n  Tab les  5.6a, 5.6b and 5.7, a  s e t  of 

r e g r e s s i o n  c o e f f i c i e n t s  ( a ,  b  and c )  shou ld  be deve loped f o r  t h e  s p e c i f i c  



c o n d i t i o n s  a t  t h a t  s i t e .  F o r  example, t h i s  r e g r e s s i o n  a n a l y s i s  can be pe r -  

formed by u s i n g  t h e  ir teyer-Peter, F l u e l l e r  bed- load e q u a t i o n  i n  comb ina t ion  w i t h  

t h e  E i n s t e i n  suspended-1 oad method01 ogy t o  compute t h e  u n i t  w i d t h  bed-mate r ia l  

l o a d  t r a n s p o r t  r a t e  f o r  a  range o f  d i scharges  a t  t h e  s i t e  under  i n v e s t i g a t i o n .  

Each u n i t  t r a n s p o r t  r a t e  i s  then  reg ressed  a g a i n s t  t h e  c o r r e s p o n d i n g  v e l o c i t y  

and depth  parameters  f o r  t h e  g i v e n  wa te r  d i scharges  (e.g. as e s t a b l i s h e d  f rom 

HEC-2 r e s u l t s ) .  The r e s u l t s  o f  t h i s  r e g r e s s i o n  a n a l y s i s  y i e l d  va lues  f o r  a, 
b  c  b  and c  ( d e s c r i b i n g  t h e  e q u a t i o n  qS = a  Y h  V ) wh ich can t h e n  be used i n  

t h e  above c o n t r a c t u a l  scour  a n a l y s i s .  As a  l e s s  t i ~ n e  consuming and l e s s  s i t e -  

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

t o  u t i l i z e  t h e  scour  e q u a t i o n s  p r e s e n t e d  on payes 58 t h r o u g h  62 o f  Sedimenta- 

t i o n  Eng ineer ing ,  ASCE l4anuals and Repor ts  on E n g i n e e r i n g  P r a c t i c e  140. 54 - 
(1975) .  

Example - C o n s t r u c t i o n  o f  a  b r i d g e  w i l l  r e s u l t  ill a r e d u c t i o n  i n  channel  

w i d t h  f rom 320 t o  240 f e e t .  Water -sur face p r o f i l e  a n a l y s i s  w i t h  t h e  b r i d g e  i n  

p l a c e  e s t a b l i s h e d  v e l o c i t y  and depth  i n  t h e  reach upstream o f  t h e  proposed 

b r i d g e  as 6.6 f p s  and 10 f e e t ,  r e s p e c t i v e l y ,  f o r  a  peak d i s c h a r g e  o f  27,500 

c f s .  S i m i l a r i l y ,  a t  t h e  b r i d g e  s i t e  t h e  v e l o c i t y  and dep th  were computed as 

10.2 f p s  and 11.2 fee t ,  r e s p e c t i v e l y .  

C o n s i d e r i n g  t h e  b e d - ~ n a t e r i a l  c h a r a c t e r i s t i c s ,  t h e  a p p r o p r i a t e  e m p i r i c a l  

power r e l a t i o n s h i p  f o r  sed iment  t r a n s p o r t  ( T a b l e  5.6a) i s  

There fo re ,  t h e  u n i t  sed iment  d i s c h a r g e  upstream o f  t h e  b r i d g e  i s  

and a t  t h e  b r i d g e  s i t e  

320 c f s  
9 = U.014 

s2 



The u n i t  wa te r  d i scharge  a t  t h e  b r i d g e  s i t e  i s  

The f l c w  depth  a t  t h e  b r i d g e  s i t e  a f t e r  e q u i l i b r i u m  i s  

The amount o f  scour  i s  then  

5.3.12 Bend Scour 

D i s c u s s i o n  

The bends a s s o c i a t e d  w i t h  meandering channels  w i l l  i nduce  t r a n s v e r s e  o r  

"secondary" c u r r e n t s  which w i l l  scour  sediment f ro in  t h e  ous ide  o f  a  bend and 

cause i t  t o  be d e p o s i t e d  a l o n g  t h e  i n s i d e  o f  t h e  bend. It i s  i m p o r t a n t  t o  

n o t e  t h a t  t h i s  s c o u r i n g  mecrianism i s  caused by t h e  s p i r a l  p a t t e r n  o f  secondary 

f l o w ,  and i s  n o t  due t o  a  s h i f t  o f  t h e  maximum l o n g i t u d i n a l  v e l o c i t y  f i l a m e n t  

a g a i n s t  t h e  o u t e r  bank. Channel bends w i l l  cause a  s h i f t  i n  t h i s  v e l o c i t y  

f i l a m e n t ,  b u t  th rough  t h e  bend t h e  maximum l o n y i  t u d i n a l  v e l o c i t y  i s  n o r m a l l y  

moved neare r  t o  t h e  i n s i d e  bank, whereas t h e  s h i f t  t o  t h e  o u t e r  bank occurs  

downstream o f  t h e  bend. It i s  a t  these  downstream l o c a t i o n s  t h a t  t h e  s h i f t  i n  

l o n g i t u d i n a l  v e l o c i t y  p a t t e r n s  w i l l  most  l i k e l y  cause l a t e r a l  e r o s i o n  o f  a  

channel  bank. 

The d i s c u s s i o n  p r e s e n t e d  i n  t h i s  manual w i l l  address t h e  v e r t i c a l  scour  

p o t e n t i a l  i n  a  channel  bend. A r e v i e w  o f  t e c h n i c a l  l i t e r a t u r e  w i l l  r e v e a l  t h e  

e x i s t a n c e  o f  s e v e r a l  t h e o r e t i c a l  r e l a t i o n s h i p s  t h a t  have been deve loped t o  

p r e d i c t  t h e  amount o f  scour  th rough  a  r i v e r  bend. To date ,  t h e r e  i s  no known 

p rocedure  which c o n s i s t e n t l y  y i e l d s  dn a c c u r a t e  p r e d i c t i o n  o f  bend scour  

t h r o u g h  a  wide range o f  l l y d r d u l i c  and geo l i le t r ic  c o n d i t i o n s .  Based on t h e  

assumpt ion o f  c o n s t a n t  stredim power t h r o u y h  t h e  channel bend, Z e l l e r  (1981) 

deve loped t h e  f o l l o w i n g  r e l d t i o n s h i p  f o r  e s t i i r l a t i n g  t h e  iaaxiinuri~ scour  c o w  

ponent  r e s u l t i n g  f ro la charlnel c u r v a t u r e  i n  sand-bed channels :  



a 
0.0685 yvoa8 2 - s i n  2  )0.2 

A z b ~ =  ~ 0 4 ~ ~ 3 -  [2 .1  (--- cos a -11 
h  'e 

where AZbs = bend scour component o f  t o t a l  scour depth ( f e e t )  

V = mean v e l o c i t y  o f  upstream f l o w  ( f p s )  

Y = -- maximum depth o f  upstream f l o w  ( f e e t )  

Yh = hyd rau l i c  depth o f  upstream f l o w  ( f e e t )  

Se = upstream energy s lope (bed s lope f o r  un i fo rm f l o w  cond i t i ons ,  

f e e t l f e e t )  

a = angle formed by the  p r o j e c t i o n  o f  t he  channel c e n t e r l i n e  from 

the  p o i n t  o f  curva ture  t o  a  p o i n t  which meets a  l i n e  tangent  t o  

t he  ou te r  bank o f  the channel (degrees, see F igu re  5.25) 

Mathemat ica l ly ,  i t  can be shown t h a t ,  f o r  a  simple c i r c u l a r  curve, the 

f o l l o w i n g  r e l a t i o n s h i p  e x i s t s  between a and the r a t i o  o f  rad ius  o f  curva ture  

t o  channel topwidth.  

where rc = rad ius  o f  curva ture  t o  c e n t e r l i n e  o f  channel ( f e e t )  

W = channel topwid th  ( f e e t )  

I f  the bend under e v a l u a t i o n  dev ia tes  s i g n i f i c a n t l y  from a  s imple c i r -  

c u l a r  curve, the engineer should consider  d i v i d i n g  the bend i n t o  a  s e r i e s  o f  

c i r c u l a r  curves and ana lyz ing  the  bend as a  compound curve. Under t h i s  proce- 

dure, t he re  would be a  d i f f e r e n t  va lue o f  a determined f o r  each segment 

o f  t he  compund curve. A scour depth would then be computed f o r  each segment 

o f  t he  curve us ing  the u determined f o r  t h a t  segment. 

A p p l i c a t i o n  

Equat ion 5.25 can be app l i ed  t o  na tu ra l  r i v e r  bends t o  ge t  an approx i -  

mat ion o f  the scour depth t h a t  can be expected i n  the bend du r i ng  a  s p e c i f i c  

water  discharge. The impact t h a t  o the r  s imul taneously  occu r r i ng  phenomena 

such as sand waves, l o c a l  scour, long- term degradat ion, e tc . ,  m igh t  have on 

bend scour i s  no t  known f o r  c e r t a i n .  I n  order  t h a t  the maximum scour i n  a  
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bend n o t  be underest imated,  i t  i s  recommended t h a t  bend scour  be c o n s i d e r e d  as 

an independent  channel ad jus tmen t  t h a t  shou ld  be added t o  those ad jus tmen ts  

computed f o r  l o n g - t e r m  degrada t ion ,  genera l  scour ,  and sand wave t roughs .  

Whether o r  n o t  bend scour  shou ld  be added on t o p  o f  l o c a l  scour  would  depend 

on t h e  t y p e  o f  o b s t r u c t i o n  c r e a t i n g  t h e  l o c a l  scour.  F o r  i s o l a t e d  s t r u c t u r e s ,  

such as t r a n s m i s s i o n  towers ,  t h a t  would n o t  a p p r e c i a b l y  d i s r u p t  t h e  secondary 

f l o w  p a t t e r n  r e s p o n s i b l e  f o r  bend scour ,  i t  would be recommended t h a t  bend 

scour  and l o c a l  scour  be computed s e p a r a t e l y  and added t o g e t h e r .  F o r  t h e  case 

o f  a s e r i e s  o f  armored spur  d i k e s  p l a c e d  a long  t h e  o u t s i d e  bank of a bend, t h e  

s p i r a l  f l o w  p a t t e r n  may be d i s r u p t e d  t o  t h e  p o i n t  t h a t  s i g n i f i c a n t  bend scour  

would  n o t  occu r .  E n g i n e e r i n g  judgement would  have t o  be e x e r c i s e d  i n  such 

cases when comput ing t h e  t o t a l  v e r t i c a l  scour  t h a t  m i g h t  o c c u r  i n  t h e  channel  

bed. 

The l o n g i t u d i n a l  e x t e n t  o f  t h e  bend scour  component i s  as d i f f i c u l t  t o  

q u a n t i f y  as t h e  v e r t i c a l  e x t e n t .  R o z o v s k i i  (1961) deve loped an e x p r e s s i o n  f o r  

p r e d i c t i n g  t h e  d i s t a n c e  f rom t h e  end o f  a bend a t  wh ich t h e  secondary c u r r e n t s  

w i l l  have decayed t o  a n e g l i g i b l e  magni tude.  T h i s  r e l a t i o n s h i p  i s :  

where X = d i s t a n c e  f rom t h e  end o f  channel  c u r v a t u r e  ( p o i n t  o f  tangency,  P.T.) 

t o  t h e  downstream p o i n t  a t  wh ich secondary c u r r e n t s  have d i s s i p a t e d  

( f e e t )  

C = chezy c o e f f i c i e n t  

g = g r a v i t a t i o n a l  a c c e l e r a t i o n  (32.2 fee t / secondz)  

Y = dep th  o f  f l o w  ( t o  be c o n s e r v a t i v e ,  use maximum dep th  o f  f l o w ,  e x c l u -  

s i v e  o f  scour .  w i t h i n  t h e  bend) ( f e e t )  

E q u a t i o n  5.27 s h o u l d  o n l y  be used as a gu ide  i n  d e t e r m i n i n g  t h e  d i s t a n c e  

downstream o f  a c u r v e  t h a t  secondary c u r r e n t s  \(ill c o n t i n u e  t o  be e f f e c t i v e  i n  

p r o d u c i n g  bend scour .  As a c o n s e r v a t i v e  e s t i m a t e  of t h e  l o n g i t u d i n a l  e x t e n t  

o f  bend scour ,  b o t h  t h r o u g h  and downst rear  o f  t h e  curve,  t h e  eng ineer  would  be 

a d v i s e d  t o  c o n s i d e r  bend scour  commencing a t  t h e  upst ream p o i n t  o f  c u r v a t u r e  

(P.C.) and e x t e n d i n g  a d i s t a n c e  X (computed w i t h  E q u a t i o n  5.27) downstream o f  

t h e  p o i n t  o f  tangency (P .T . )  E n g i n e e r i n g  judgement shou ld  be used i n  e l e c t i n g  

t o  d e v i a t e  f rom t h i s  g e n e r a l i z e d  recommendation. 



Example 

Proposed channel isprovements  on a  r i v e r  system i n c l u d e  t h e  i n s t a l  l a t i o n  

o f  so i l - cement  on t h e  channel banks t o  p r e v e n t  odnk e ros ion .  The r i v e r  r s a c h  

where these improvements a r e  t o  be i n s t a l l e d  i n c l u d e s  a  channel  bend wh ich  has 

t h e  f o l l o w i n g  h y d r a u l i c  data :  

Y = 9.39' 

V = 12.62 f p s  

Yh = 9.18' 

I n  o r d e r  t o  p r e v e n t  undermin ing o f  t h e  s o i l  cement bank p r o t e c t i o n ,  i t  i s  

d e s i r e d  t o  e x t e n d  t h e  so i l - cement  a  c e r t a i n  d i s t a n c e  below t h e  n a t u r a l  channel  

bed. T h i s  toe-down depth  w i l l  i n c l u d e  a l lowances f o r  l o n g - t e r m  degrada t ion ,  

genera l  scour ,  sand wave t roughs  and bend scour .  The maximuin bend scour  com- 

ponent  o f  t h e  toe-down depth  i s  computed as f o l l o w s :  

0.2 

2 , 0.2 
AZbs= s i n  12 0.0685 (9.391 (12.621°'8 j p . l  ( ) -1 j 

(9.18)0.4(0.0013)0.3 cos 24 

AZbs= 2.09 f e e t  (use  2.1 f e e t )  

T h i s  d imens ion (2.1 f t )  w i l l  De added t o  any o t h e r  computed v e r t i c a l  bed 

ad jus tmen ts  ( g e n e r a l  scour,  sand wave t roughs ,  e tc . )  f o r  t h e  cu rved  p o r t i o n  o f  

t h e  channel .  The d i s t a n c e  downstream o f  t h e  c u r v e  t o  which t h e  bend scour  

component w i l l  be a p p l i e d ,  i s  computed u s i n g  E q u a t i o n  5.27. 

1.486 where C = - n 

F o r  t i l e  des ign  f l o w ,  t h e  h y d r d u i i c  r a d i u s ,  K ,  was determined t o  be 9.03 

f e e t .  A c c o r d i n g l y ,  C i s  computed as f o l l o w s :  



S u b s t i t u t i n g  i n t o  E q u a t i o n  5.27:  

X = 319 f e e t  

There fo re ,  t h e  bend scour  component ( 2 . 1  f e e t )  w i l l  ' be a p p l i e d  t o  t h e  

s o i l - c e m e n t  toe-down dep th  t h r o u g h  t h e  e n t i r e  c u r v e  and f o r  319 f e e t  

downstream o f  t h e  p o i n t  o f  tangency o f  t h e  curve.  

5.3.13 Eva1 u a t i o n  o f  Low-Fl ow Channel Inc i sements  

D i s c u s s i o n  - When l a r g e  w id th -dep th  r a t i o s  e x i s t ,  c o n s i d e r a t i o n  s h o u l d  be 

g i v e n  t o  t h e  development o f  l o w - f l o w  channels .  F o r  example, a  channel  formed 

p r e d o m i n a n t l y  by a  5-year  t o  10-year f l o o d  w i l l  deve lop  w i d t h  and dep th  

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

e f f i c i e n t  manner; however, f o r  s m a l l e r  f l o o d s  these  channel  d imens ions may 

r e s u l t  i n  a  f l o w  p a t t e r n  approach ing shee t  f l o w  c o n d i t i o n s .  Ra the r  than  

c a r r y i n g  t h e  f l o w  i n  t h i s  manner, t h e  channel  w i l l  deve lop  a  l o w - f l o w  channel  

t h a t  p r o v i d e s  n o r e  e f f i c i e n t  conveyance o f  t h e  l o w - f l o w  d ischarges .  The 

development o f  a  l o w - f l o w  channel  w i l l  c r e a t e  e n t i r e l y  d i f f e r e n t  h y d r a u l i c  

c o n d i t i o n s  t h a n  those o c c u r r i n g  i n  t h e  o r i g i n a l  channel  geometry, and may 

c r e a t e  bank i n s t a b i l i t y  f rom inc i sement .  Therefore ,  i t  i s  i m p o r t a n t  f o r  t h e  

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

A p p l i c a t i o n  - There a r e  no r i g o r o u s  methodolog ies  f o r  t h e  p r e d i c t i o n  o f  

l o w - f l o w  channel  i nc i sement .  A f i e l d  i n s p e c t i o n  o f  t h e  s tudy  a rea  i s  p r o b a b l y  

t h e  b e s t  method t o  de te rm ine  t h e  p o t e n t i a l  f o r  l o w  f l o w  channel  i nc i sement .  

I f  t h e  e x i s t i n g  channel  has deve loped a  l o w - f l o w  channel ,  t h e n  i t  i s  a p p r o p r i -  

a t e  t o  use t h e  observed i n c i s e m e n t  dep th  f o r  d e s i g n  purposes.  If t h e  e x i s t i n g  

channel  does n o t  have l o w - f l o w  inc i sement ,  b u t  proposed c h a n n e l i z a t i o n  o r  

o t h e r  changes r e s u l t  i n  c o n d i t i o n s  f a v o r a b l e  f o r  l o w - f l o w  channel  development,  

t h e n  as a  r u l e  o f  thumb a reasonab le  i n c i s e m e n t  dep th  (aZi) i s  one t o  two 

f e e t .  The i n c i s e m e n t  dep th  s h o u l d  be added t o  any o t h e r  v e r t i c a l  channel  



ad jus tmen t  t h a t  i s  used t o  determine t h e  b u r i a l  depth  o f  p i e r s ,  p i p e l i n e s ,  

bank s t a b i l i z a t i o n ,  e t c .  

5.3.14 - E v a l u a t i o n  o f  Gravel  M i n i n g  Impacts - 
D i s c u s s i o n  - Common g r a v e l  m i n i n g  p r a c t i c e s  i n  a r i d  areas i n c l u d e  

i n s t r e a m  min ing ,  f l o o d - p l a i n  m i n i n g  and t e r r a c e  m in ing .  I n s t r e a m  and f l o o d -  

p l a i n  m i n i n g  a c t i v i t i e s  have p o t e n t i a l  impacts  on t h e  r i v e r  response and 

r e q u i r e  adequate h y d r a u l i c ,  e r o s i o n  and sed imen ta t ion  ana lyses  t o  deve lop  an 

accep tab le  m i n i n g  p l a n .  F o r  example, sand and g r a v e l  m i n i n g  may a f f e c t  t h e  

sed iment  movement and supp ly  i n  a  channel system. Such o p e r a t i o n s  can be 

b e n e f i c i a l  o r  d e t r i m e n t a l ,  depending on watershed and r i v e r  c h a r a c t e r i s t i c s  

and on t h e  m i n i n g  and management p r a c t i c e s  f o l l o w e d .  

Excess ive  sand and g r a v e l  removal f rom a  r i v e r  channel  ( removal  g r e a t e r  

t h a n  supp ly  i n  any g i v e n  reach)  can endanger t h e  s t a b i l i t y  o f  t h e  r i v e r  system 

and b r i d g e s  by i n d u c i n g  genera l  scour  and h e a d c u t t i n g .  F o r  example, b r i d g e s  

o v e r  t h e  S a l t ,  G i l a  and Agua F r i a  R i v e r s  have been endangered d u r i n g  f l o o d s  

due t o  s i g n i f i c a n t  bed e r o s i o n  and/or l a t e r a l  m i g r a t i o n  o f  channels .  Sand and 

g r a v e l  m i n i n g  i n  t h e  r i v e r  channel has been i d e n t i f i e d  as a  c o n t r i b u t o r  t o  

documented b r i d g e  i n s t a b i l i t y  and/or  f a i l u r e .  A n a l y s i s  o f  t h e  e f f e c t s  o f  sand 

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

and p r o t e c t i o n  o f  the  b r i d g e s  may be r e q u i r e d  where t h e  sand and g r a v e l  m i n i n g  

i s  o f  s i g n i f i c a n t  magnitude. 

On t h e  f l o o d  p l a i n  a d j a c e n t  t o  t h e  r i v e r  channel many o f  t h e  same pro-  

cesses a r e  a t  work; however, impacts  a r e  g e n e r a l l y  r e s t r i c t e d  t o  overbank 

f l o o d i n g  c o n d i t i o n s .  Water and sediment t r a n s p o r t  r a t e s  over  t h e  f l o o d  p l a i n  

a r e  g e n e r a l l y  reduced by the  i n f l u e n c e  on r e s i s t a n c e  t o  f l ow  o f  such 

f l o o d  p l a i n  f e a t u r e s  as v e g e t a t i o n  and s t r u c t u r e s .  J u s t  as h e a d c u t t i n g  above 

i n s t r e a m  g r a v e l  p i t s  can endanger upstream b r i d g e s ,  e r o s i o n  o f  f l o o d  p l a i n  

g r a v e l  p i t s  c o u l d  encroach on a d j a c e n t  p r o p e r t i e s  o r  t h r e a t e n  nearby s t r u c -  

t u r e s .  O f  equal concern when f l o o d  f l o w s  s p i l l  ove r  i n t o  a  g rave l  p i t  i s  t h e  

p o t e n t i a l  e r o s i o n  o f  a  d i k e  o r  b u f f e r  zone designed t o  separa te  t h e  p i t  f rom 

t h e  a c t i v e  r i v e r  channel .  A  headcut and e r o s i o n  t h r o u g h  such a  b u f f e r  zone 

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

impac t  b o t h  upstream and downstream reaches.  I f  t h e  channel  reach a d j a c e n t  t o  

a  f l o o d  p l a i n  g r a v e l  p i t  i s  geomorph ica l l y  a c t i v e ,  e.g. ,  m i g r a t i n g  l a t e r a l l y ,  



t h e  same r e s u l t  m i g h t  o c c u r  i f  p r o t e c t i v e  measures o r  an adequate b u f f e r  zone 

a r e  n o t  p r o v i d e d  d u r i n g  s i t e  development.  

A p p l i c a t i o n  - The e x t e n t  o f  damage t o  t h e  system t h a t  can r e s u l t  f rom a  

headcut  induced by sand and g r a v e l  m i n i n g  i s  a  f u n c t i o n  o f  volume and dep th  o f  

t h e  g rave l  p i t ,  l o c a t i o n  o f  t h e  p i t ,  bed-mate r ia l  s i z e ,  f l o o d  d i s c h a r g e ,  and 

sed iment  i n f l o w  r a t e s  and volume. The presence o f  an i n s t r e a m  g r a v e l  p i t  can 

add energy t o  t h e  system by i n c r e a s i n g  t h e  w a t e r - s u r f a c e  s lope,  o r  energy 

s lope ,  j u s t  upstream o f  t h e  p i t .  The s teeper  s lope  has g r e a t e r  e r o s i v e  power 

and can i n i t i a t e  bank e r o s i o n  and h e a d c u t t i n g .  These processes can t i p  t h e  

ba lance  o f  sediment t r a n s p o r t  and induce  d e g r a d a t i o n  j u s t  upstream o f  t h e  p i t  

and a g g r a d a t i o n  i n  t h e  p i t .  When s to rm r u n o f f  impinges on t h e  g r a v e l  p i t  t h e  

energy s lope,  f l o w  v e l o c i t y  and sediment t r a n s p o r t  c a p a c i t y  i n c r e a s e  a t  t h e  

ups t ream boundary o f  t h e  g r a v e l  p i t  and then  a t t e n u a t e  i n  t h e  g r a v e l  p i t .  I n  

response t o  t h e  changes o f  sed iment  t r a n s p o r t  c a p a c i t i e s  a t  t h e  p i t  boundary,  

t h e  channel i n i t i a t e s  bank s l o u g h i n g  and/or  d o w n c u t t i n g  upstream o f  t h e  p i t .  

Fur thermore,  s i n c e  t h e  v e l o c i t y  o f  f l o w  t h r o u g h  t h e  p i t  i s  n e g l i g i b l e  compared 

w i t h  b o t h  t h e  f l o o d - p l a i n  and main channel  v e l o c i t i e s ,  t h e  p i t  w i l l  a c t  as a  

sed iment  t r a p .  Due t o  t h i s  l o w e r e d  v e l o c i t y ,  wa te r  l e a v i n g  t h e  p i t  does n o t  

have t h e  c a p a c i t y  t o  c a r r y  sand- and g r a v e l - s i z e d  m a t e r i a l .  T h i s  r e l a t i v e l y  

sed imen t - f ree  wa te r  w i l l  f l o w  back i n t o  t h e  main channel  downstream, and t h u s  

t h e  p o s s i b i l i t y  o f  genera l  scour  due t o  t h e  i n t r o d u c t i o n  o f  c l e a r e r  wa te r  i n t o  

t h e  main channel  must be cons ide red .  

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

and h e a d c u t t i n g  depends on t h e  volume o f  t h e  p i t  and on t h e  i n f l o w  hydrograph.  

F o r  a  l o w - f l o w  e v e n t  an i n s t r e a m  p i t  w i l l  n o t  f i l l  o r  reach  e q u i l i b r i u m  as 

soon as i t  w i l l  d u r i n g  a  h i g h - f l o w  event .  D u r i n g  a  h i g h - f l o w  e v e n t  t h e  r i s i n g  

l i m b  o f  t h e  hydrograph r a p i d l y  f i l l s  t h e  p i t  w i t h  w a t e r  and drowns o u t  t h e  

e f f e c t  o f  a  s teeper  energy s lope .  T h i s  concept  i s  i l l u s t r a t e d  i n  F i g u r e  5.26 

f o r  r e p r e s e n t a t i v e  low- and h i g h - f l o w  hydrographs.  The c r o s s h a t c h i n g  i n d i -  

c a t e s  t h e  r e l a t i v e  t i m e s  r e q u i r e d  t o  f i l l  a  g rave l  p i t  t o  t h e  l e v e l  where 

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

F o r  a  g r a v e l  p i t  i n  t h e  overbank,  l ow  f l o w s  a r e  g e n e r a l l y  n o t  o f  concern.  

F l o o d  f l o w s  w i l l  n o t  be o f  concern  u n t i l  overbank f l ows  occur .  Wh i le  overbank 

f l o w s  a r e  f i l l i n g  a  f l o o d  p l a i n  g r a v e l  p i t ,  t h e  same p o t e n t i a l  e x i s t s  f o r  

h e a d c u t t i n g  and e r o s i o n  as w i t h  an i n s t r e a m  p i t ;  however, once t h e  f l o o d  p l a i n  

p i t  i s  f i l l e d ,  i t  w i l l  c o n s t i t u t e  ~ l y  a  poo l  o r  s lack -wa te r  area on t h e  f l o o d  



Time 

Figure 5.26. Relative time for filling a gravel pit and reaching 
equilibrium for a low and high flow event. 



p l a i n .  The c e n t r a l  segment o f  t h e  hydrograph,  then,  i s  c r i t i c a l  t o  t h e  s t a b i -  

l i t y  o f  a  f l o o d  p l a i n  p i t .  T h i s  concep t  i s  i l l u s t r a t e d  i n  F i g u r e  5.27, i n  

wh ich  t h e  c rossha tched  area r e p r e s e n t s  t h e  t i m e  between overbank s p i l l  i n t o  

t h e  p i t  and f i n a l  f i l l i n g  o f  t h e  p i t .  

The scour  and d e p o s i t i o n  problems a s s o c i a t e d  w i t h  sand and g r a v e l  m i n i n g  

a r e  v e r y  comp l i ca ted .  S i m p l i f y i n g  assumpt ions a r e  needed t o  o b t a i n  a  p rac -  

t i c a l  and economical s o l u t i o n .  The dominant p h y s i c a l  processes i n c l u d e  w a t e r  

r u n o f f ,  sediment t r a n s p o r t ,  sed iment  r o u t i n g  by s i z e  f r a c t i o n ,  d e g r a d a t i o n ,  

aggrada t ion ,  and b r e a k i n g  and f o r m i n g  o f  t h e  armor l a y e r .  These processes a r e  

unsteady and c o m p l i c a t e d  i n  n a t u r e .  Fur thermore,  each s i t u a t i o n  i s  u n i q u e  and 

r e q u i r e s  independent  a n a l y s i s .  No s t a n d a r d  p rocedure  can be adopted which i s  

u n i v e r s a l l y  a p p l i c a b l e  t o  a1 1  g r a v e l  m i n i n g  e v a l u a t i o n s .  However, some t y p i -  

c a l  s teps t h a t  m i g h t  be r e q u i r e d  t o  ana lyze a  headcut  p r o f i l e  upst ream o f  a  

g r a v e l  p i t  wou ld  i n c l u d e :  

S e l e c t i o n  o f  a  d e s i g n  hydrograph. Severa l  hydrographs may be e v a l u a t e d  
t o  determine t h e  s e n s i t i v i t y  o f  t h e  g r a v e l  p i t  t o  d i f f e r e n t  s i z e  and 
shapes o f  hydrographs.  

Determine g r a d a t i o n  o f  bed m a t e r i a l .  

Compute h y d r a u l i c  parameters  ( v e l o c i t y  and depth)  f o r  a  range o f  s lope  
va lues  and t h e  a n t i c i p a t e d  headcut  geometry.  

Determine u n i t  d i s c h a r g e  sediment t r a n s p o r t  r e l a t i o n s h i p  r e p r e s e n t a t i v e  
o f  t h e  c o n d i t i o n s  i d e n t i f i e d  i n  Steps 2 and 3. 

Dimension p i t  geometry f o r  b e g i n n i n g  o f  f l o o d  c o n d i t i o n s .  

S e l e c t  upstream sed iment  supp ly  c r o s s  s e c t i o n  and deve lop t r a n s p o r t  
e q u a t i o n .  

Route d i s c r e t i z e d  hydrograph th rough  sed iment  supp ly  s e c t i o n  and g r a v e l  
p i t .  A d j u s t  bed p r o f i l e  upstream and downstream o f  t h e  p i t  e n t r a n c e  a t  
t h e  end o f  each t i m e  s t e p  t o  ba lance  t h e  volume o f  m a t e r i a l  e roded f rom 
t h e  upstream edge o f  t h e  p i t  w i t h  t h e  volume o f  m a t e r i a l  d e p o s i t e d  w i t h i n  
t h e  p i t .  

Example - An i n s t r e a m  sand and g r a v e l  m i n i n g  o p e r a t i o n  j u s t  downstream o f  

t h e  O r a c l e  Highway B r i d g e  over  R i l l i t o  Creek i n  Tucson, A r i zona ,  was ana lyzed .  

The reach  l e n g t h  s t u d i e d  was a p p r o x i m a t e l y  two m i l e s  ( r i v e r  m i l e  4.00 t o  6.11, 

w i t h  t h e  b r i d g e  l o c a t e d  a t  r i v e r  m i l e  5.05. The g r a v e l  p i t  ex tended from m i l e  

4.65 t o  5.03. Assumed dimensions o f  t h e  p i t  f o r  a n a l y s i s  purposes were 

10 f e e t  deep by  400 f e e t  w ide by a p p r o x i m a t e l y  2,000 f e e t  l o n g .  Upstream o f  
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Figure 5.27.  Cr i t ical  time for  erosion of a floodplain gravel p i t .  



t h e  b r i d g e  t h e  channel  i s  350 f e e t  wide.  F i v e  c r o s s  s e c t i o n s  were used w i t h i n  

t h e  p i t  t o  d e f i n e  t h e  geomet r i c  c o n d i t i o n s .  

The hydrograph used f o r  t e s t i n g  was t h e  two-year f l o o d  e v e n t  w i t h  a  peak 

d i s c h a r g e  o f  7,000 c f s .  The 18-hour d u r a t i o n  was d i v i d e d  i n t o  s i x  t i m e  s t e p s  

o f  t h r e e  hours  each. The changes o c c u r r i n g  i n  t h e  geometry o f  t h e  upst ream 

edge o f  t h e  p i t  were d e f i n e d  a t  each o f  these t i m e  inc rements .  

The i n i t a l  c o n d i t i o n  was a  d r y  r i v e r  bed and an empty g r a v e l  p i t  ( i . e . ,  

no w a t e r ) .  P r i o r  t o  f i l l i n g  t h e  p i t  w i t h  wa te r  and sediment,  a  normal depth  

a p p r o x i m a t i o n  was used, r a t h e r  than  t h e  HEC-2 a n a l y s i s ,  t o  de te rm ine  t h e  

h y d r a u l i c  c o n d i t i o n s  and sed iment  t r a n s p o r t  r a t e  needed f o r  t h e  headcu t  p ro -  

f i l e  c a l c u l a t i o n s .  A f t e r  t h e  p i t  f i l l e d  w i t h  water ,  HEC-2 a n a l y s i s  Mas used 

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

t i m e  s t e p  ( t h r e e  hours )  i n i t i a t e s  t h e  headcut  by  e r o d i n g  t h e  c o r n e r  o f f  t h e  

upst ream edge o f  t h e  p i t  and d e p o s i t i n g  sediment i n  t h e  b o t t o m  o f  t h e  p i t  a t  

t h e  upstream end ( F i g u r e  5.28).  The s l o p e  o f  t h e  headcut  and d e p o s i t e d  

m a t e r i a l  i s  0.050; however, a  d i s c o n t i n u i t y  o f  2.40 f e e t  e x i s t s .  A t  t i m e  5.20 

hours  t h e  d i s c o n t i n u i t y  between t h e  headcut  and d e p o s i t i o n  s l o p e  d i sappears  

and a  c o n t i n u o u s  s lope o f  0.050 e x i s t s .  The changes o c c u r r i n g  t h r o u g h o u t  t h e  

hydrograph a r e  i l l u s t r a t e d  i n  F i g u r e  5.28. The p i v o t  p o i n t  a c t u a l l y  s h i f t e d  

upst ream 18 f e e t ,  a l t h o u g h  t h e  r e s o l u t i o n  on t h e  f i g u r e  does n o t  i l l u s t r a t e  

t h i s .  The c a l c u l a t e d  scour  o c c u r r i n g  a t  t h e  b r i d g e  as a  r e s u l t  o f  t h e  headcut  

was 4.7 f e e t  a t  t h e  end o f  t h e  storm, which i s  c o n s i s t e n t  w i t h  a c t u a l  soun- 

d i n g s  t h a t  i n d i c a t e d  a p p r o x i m a t e l y  f i v e  f e e t  o f  genera l  scour  f o r  t h i s  even t .  

5.3.15 Cumu la t i ve  Channel Ad jus tment  - -- 
D i s c u s s i o n  - The p o t e n t i a l  v e r t i c a l  ad jus tmen t  o f  t h e  channel  bed i n  any ----- 

g i v e n  r e a c h  i s  determined f rom c o n s i d e r a t i o n  o f  a1 1  t h e  p o s s i b l e  i n c r e m e n t a l  

ad jus tmen ts .  F o r  example, i t  i s  p o s s i b l e  t h a t  a  g i v e n  r e a c h  w i l l  be s i m u l t a -  

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

t h e  b r i d g e  c r o s s i n g s .  I n  t h i s  s i t u a t i o n  t h e  t h r e e  e r o s i o n  components would  

have t o  be accounted f o r  t o  e s t a b l i s h  t h e  u l t i m a t e  bed e l e v a t i o n .  

A p p l i c a t i o n  - The c u m u l a t i v e  channel  ad jus tmen t  a t  any g i v e n  l o c a t i o n  i s  

t h e  summation of s i x  p o s s i b l e  components: 



F i g u r e  5.26. D e f i n i t i o n  s k e t c h  o f  t h e  tempora l  changes 
a t  t h e  upst ream edge of a  g r a v e l  p i t .  



where hZtot i s  the  t o t a l  v e r t i c a l  ad jus tmen t  i n  bed e l e v a t i o n ,  AZ 
de9 

i s  

t h e  change f rom l o n g - t e r m  d e g r a d a t i o n  ( S e c t i o n  5.3.9) ,  nZIS i s  t h e  l o c a l  

s c s u r  depth  ( S e c t i o n  5.3.10), AZ i s  any r e l e v a n t  genera l  s c o u r  depth  
g  s  

(e.g. S e c t i o n  5.3.11 o r  5.3.14), A Z ~ ,  i s  t h e  bend scour  d e p t h  ( S e c t i o n  

5.3.12), AZi i s  t h e  l o w - f l o w  i n c i s e m e n t  dep th  ( S e c t i o n  5.3.13), and ha i s  

t h e  a n t i d u n e  wave h e i g h t  ( S e c t i o n  4.6.2). As a  c o n s e r v a t i v e  p r a c t i c e ,  any 

l o n g - t e r m  a g g r a d a t i o n  amount t h a t  m i g h t  mi t i g a t e  some e l e v a t i o n  decrease i s  

n o r m a l l y  n o t  cons idered.  

Due t o  t h e  complex i n t e r a c t i o n  t h a t  w i l l  occur  among these  s i x  phenomena, 

i t  i s  perhaps i m p o s s i b l e  t o  a c c u r a t e l y  p r e d i c t  t h e  t o t a l  cu rnu la t i ve  bed 

a d j u s t m e n t  t h a t  m i g n t  occu r  a t  a  g i v e n  l o c a t i o n .  The h y d r a u l i c  parameters  

( v e l o c i t y ,  depth,  t o p  w i d t h ,  e t c . )  t h a t  a r e  used t o  compute t h e  d imens ion o f  

each phenomenon w i l l  c o n s t a n t l y  change as t h i s  i n t e r a c t i o n  proceeds;  however, 

t h e  parameters  t h a t  a r e  used i n  t h e  c a l c u l a t i o n s  a r e  no rn ia l l y  based on r i g i d -  

bed c o n d i t i o n s  which g i v e  no c o n s i d e r a t i o n  t o  c i lannel  geometry changes t h a t  

may be i n i t i a t e d  as a  r e s u l t  o f  t h e  s imu l taneous  occur rence  o f  a l l  o r  p a r t  o f  

t h e  s i x  pherlo~nena. A c c o r d i n g l y ,  t h e  a p p l i c a t i o n  o f  a  f a c t u r  o f  s d f e t y  t o  t h e  

t o t a l  computed v e r t i c a l  ad jus t i l i en t  (AZtot) i s  ve ry  j udgmenta l ,  i . e . ,  no f i r m  

v a l u e  can be recolnmended. I n  d e c i d i n g  t o  app ly  a  f a c t o r  o f  s a f e t y  t o  t h e  con+ 

p u t e d  r e s u l t ,  t h e  eng ineer  s h o u l d  c o n s i d e r  t h e  magni tude o f  damage t h a t  i n i g h t  

accompany a  d e s i y n  f a i l u r e ,  t h e  p r o b a b i l i t y  o r  r i s k  t h a t  such an e v e n t  m i g h t  

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

r e l i a b i l i t y  o f  t h e  d a m  t h a t  were used i n  t h e  channel  a d j u s t m e n t  c a l c u l a t i o n s ,  

Depending upon t h e  answer t o  such ques t ions ,  t y p i c a l  s a f e t y  f a c t o r s  w i l l  p r o -  

b a b l y  range frob1 1.0 t o  1.5. 

Example - I n  t h e  example o f  S e c t i o n  5.3.9, a  p o t e n t i a l  d e g r a d a t i o n  of 9  

f e e t  was c a l c u l a t e d  f o r  Reach 3  o f  t h e  P i n a l  Creek channel .  F o r  purposes o f  

i l l u s t r a t i o n ,  assume a  b r i d g e  c r o s s i n g  i n  t h i s  reach  produces l o c a l  scour  a t  

t h e  b r i d g e  p i e r s  o f  12 f e e t  and 0.5 f e e t  of genera l  scour  t n r o u y h  t h e  c o n t r a c -  

t i o n .  The chanriel i s  s t r a i g h t  t h r o u g h  t h i s  reach o f  P i n a l  Creek, t h e r e f o r e  

bend scour  i s  n o t  a p p l i c a b l e .  Inadequate  d a t a  e x i s t  t o  compute l o w - f l o w  chan- 

n e l  i n c i s e m e n t ,  and t h e r e f o r e  a  v a l u ?  o f  one f o o t  i s  assu~~ied.  The p o t e n t i a l  

a n t i d u n e  h e i y h t  i s  c a l c u l a t e d  as 3.9 f e e t .  Therefore ,  t h e  t o t a l  p o s s i b l e  

scour  a t  t h e  b r i d g e  p i e r s ,  c o n s i d e r i n g  d s a f e t y  f a c t o r  o f  1.0, i s  



5.4  Leve l  I 1 1  A n a l y s i s  --- - 
5.4.1 General --- 
As d iscussed  i n  S e c t i o n  2 . 4 . 4 ,  Leve l  I 1 1  a n a l y s i s  i n v o l v e s  a p p l i c a t i o n  o f  

v a r i o u s  p h y s i c a l - p r o c e s s  mathemat ica l  models and p r o v i d e s  t h e  most  a c c u r a t e  

method o f  a n a l y s i s .  P h y s i c a l - p r o c e s s  model s  r e p r e s e n t  t h e  system b e i n g  

modeled by d i v i d i n g  i t  i n t o  t h e  r e l e v a n t  components, o r  p h y s i c a l  processes.  

I n  compar ison w i t h  regress ion-based models, where severa l  c o n t r o l  1  i ng p h y s i c a l  

processes may be lumped i n t o  one parameter o r  equa t ion ,  p h y s i c a l - p r o c e s s  

models u n i q u e l y  c o n s i d e r  t h e  govern ing  equa t ions  o f  each r e l e v a n t  p h y s i c a l  

process.  Fo r  example, a  p h y s i c a l - p r o c e s s  model f o r  wa te r  r o u t i n g  f rom a  

watershed would i n c l u d e  equa t ions  d e s c r i b i n g  i n t e r c e p t i o n  l o s s e s ,  i n f i l t r a t i o n  

r a t e s ,  o v e r l a n d  f l o w  r o u t i n g ,  and channel  f l o w  r o u t i n g .  The s o p h i s t i c a t i o n  o f  , 

most  p h y s i c a l - p r o c e s s  models, p a r t i c u l a r l y  i n  terms o f  t h e  number o f  p h y s i c a l  

processes cons ide red  and t h e  i t e r a t i o n s  per formed i n  s o l u t i o n  o f  v a r i o u s  

equa t ions ,  r e q u i r e s  computer a p p l i c a t i o n  f o r  s o l u t i o n .  

5 . 4 . 2  A p p l i c a t i o n  -- o f  Leve l  I 1 1  -- A n a l y s i s  

The d e c i s i o n  t o  conduct  a  Leve l  I11 a n a l y s i s  i s  g e n e r a l l y  based on pro-  

j e c t  o b j e c t i v e s  under  t h e  c o n s t r a i n t s  o f  t i m e  and budget.  F o r  e n g i n e e r i n g  

a n a l y s i s  o f  f l u v i a l  systems, t h e  most common Leve l  111 a n a l y s i s  a p p l i e d  i s  t h e  

e v a l u a t i o n  o f  e r o s i o n / s e d i m e n t a t i o n  u s i n g  a  moveabl e-bed model . Models deve l -  

oped f o r  t h i s  purpose i n c l u d e  HEC-6 (U.S. Army COE), HEC-2SR (Simons, L i  & 

Assoc ia tes ,  I n c .  ! and o t h e r s .  Wi th  a  moveable-bed model t h e  channel geometry 

i s  updated d u r i n g  a  g i v e n  f l o o d  s i m u l a t i o n  t o  r e f l e c t  t h e  e r o s i o n /  

s e d i m e n t a t i o n  t h a t  has occur red.  I n  c o n t r a s t ,  t h e  sediment c o n t i n u i t y  proce- 

dure  ( d i s c u s s e d  i n  S e c t i o n  5.3 .6)  i s  a  s i m p l i f i c a t i o n  o f  t h i s  a n a l y s i s  where 

t h e  channel boundary i s  n o t  updated.  G e n e r a l l y ,  r e s u l t s  o f  sed iment  con- 

t i n u i  t y  t e n d  t o  o v e r p r e d i c t ,  p r o v i d i n g  c o n s e r v a t i v e  e r o s i o n / s e d i r n e n t a t i o n  

volumes. T h e r e f o r e ,  t h e  d e c i s i o n  t o  conduc t  a  Leve l  111 a n a l y s i s  m i g h t  be 

m o t i v a t e d  by t h e  d e s i r e  o r  need f o r  more accura te ,  r e f i n e d  r e s u l t s .  

T h i s  need f o r  more a c c u r a t e  r e s u l t s  must be ba lanced  by t h e  t i m e  and 

money a v a i l a b l e .  As t h e  a n a l y s i s  becomes more comp l i ca ted ,  a c c o u n t i n g  f o r  
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more f a c t o r s ,  t h e  l e v e l  o f  e f f o r t  necessary becomes p r o p o r t i o n a l l y  l a r g e r .  I n  

t h e  a n a l y s i s  o f  f l u v i a l  systems no computer model can be t r e a t e d  as  a  b l a c k  

box. Proper  a p p l i c a t i o n  o f  t h e  model r e l i e s  upon an unders tand ing  o f  how t h e  

model opera tes  and upon c a r e f u l  e v a l u a t i o n  and i n t e r p r e t a t i o n  o f  r e s u l t s .  As 

w i t h  any model, t h e  computer i s  s imp ly  a  t o o l  t o  e x p e d i t e  t e d i o u s  o r  m u l t i p l e  

c a l c u l a t i o n s ,  and c o n c l u s i o n s  w i l l  s t i l l  r e l y  on e n g i n e e r i n g  judgment and 

i n t e r p r e t a t i o n .  

T h i s  concern i l l u s t r a t e s  t h e  va lue  o f  t h e  t h r e e - l e v e l  a n a l y s i s  approach, 

where t h e  r e s u l t s  o f  L e v e l s  I and I 1  p r o v i d e  i n s i g h t  and gu idance t o  t h e  Leve l  

111 a n a l y s i s .  The Leve l  111 a n a l y s i s  i s  never a  s u b s t i t u t e  f o r  L e v e l s  I and 

11; r a t h e r ,  t h e  r e s u l t s  o f  a l l  t h r e e  l e v e l s  complement each o t h e r  and m i n i m i z e  

t h e  r i s k  o f  er roneous c o n c l u s i o n s .  To i n i t i a t e  a n a l y s i s  o f  a  c o m p l i c a t e d  

p rob lem w i t h  a  Leve l  111 approach p r i o r  t o  L e v e l s  I and 11 c o u l d  n o t  o n l y  p ro -  

v i d e  i n c o r r e c t  s o l u t i o n s ,  b u t  r e s u l t  i n  wasted t i m e  and e f f o r t .  

As d i scussed  i n  S e c t i o n  5.3.6, f o r  many p r a c t i c a l  e n g i n e e r i n g  problems 

t h e  sediment c o n t i n u i t y  a n a l y s i s  o f  Leve l  I 1  i s  adequate, w i t h o u t  i n c u r r i n g  

t h e  t i m e  o r  expense o f  a  L e v e l  I11 a n a l y s i s .  I n  d e c i d i n g  i f  t h e  L e v e l  I 1  ana l -  

y s i s  i s  adequate, each case w i l l  need t o  be e v a l u a t e d  independen t l y ,  we igh ing  

t h e  o b j e c t i v e s  o f  t h e  p r o j e c t  a g a i n s t  t l i e  a v a i l a b l e  t i m e  and budget.  



V I .  CHAMNEL D E S I G N  CRITERIA 

6 .1  General 

I n f o r m a t i o n  p resen ted  i n  Chapters I t o  V p r o v i d e s  t h e  b a s i c  t o o l s  t o  con- 

d u c t  a  comprel iensive e n g i n e e r i n g  a n a l y s i s  o f  f l u v i a l  systems. l l o t  a l l  t h e  

techn iques  and method01 o g i  es p resen ted  w i l l  De a p p l i c a b l e  o r  necessary  i n  

eve ry  s i t u a t i o n  encountered.  P r o j e c t  o b j e c t i v e s  and scope w i l l  de te rm ine  t h e  

t y p e  o f  a n a l y s i s  and l e v e l  o f  s o p h i s t i c a t i o n  necessary.  Through p r o p e r  se lec-  

t i o n  and a p p l i c a t i o n  o f  t h e  methodolog ies  presented,  t h e  eng ineer  o r  des igner  

can comple te  a  l o g i c a l  sequence o f  ana lyses t h a t  w i l l  p r o v i d e  a  comprehensive 

u n d e r s t a n d i n g  o f  t h e  f l  u v i a l  system and i t s  response nechanislns. 

Such knowledge o f  t h e  f l u v i a l  system i s  u s e f u l  i n  and o f  i t s e l f  i n  o r d e r  

t o  e x p l a i n  v a r i o u s  h i s t o r i c a l  even ts  and/or  t o  p r e d i c t  p o s s i b l e  f u t u r e  con- 

d i t i o n s .  Fur thermore,  and o f  equal impor tance,  such knowledge w i l l  e s t a b l i s h  

t h e  des ign  c r i t e r i a  f o r  c h a n n e l i z a t i o n ,  b r i d g e  des ign,  bank reve tmen t  and 

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

b o t h  ma jo r  and m inor  e n g i n e e r i n g  des ign  has been p resen ted  i n  Chapters  I t o  V .  

i4a jor  des ign  i s  one where i f  f a i l u r e  occur red,  l o s s  o f  l i f e  i s  p o s s i b l e  and/or  

l o s s  o f  p r o p e r t y  c o u l d  be s i g n i f i c a n t .  F o r  a  in inor  des iyn ,  l i v e s  a r e  n o t  i n  

j eopardy  and t h e  p o t e n t i a l  l o s s  o f  p r o p e r t y  i s  r e l a t i v e l y  i n s i g n i f i c a n t .  

M a j o r  d ra inage  des ign  i n v o l v e s  a p p l i c a t i o n  o f  t h e  riiilore r i g o r o u s  a n a l y s i s  pro-  

cedures t h a t  p r o v i d e  reasonab le  q u a n t i t a t i v e  r e s u l t s .  Converse ly ,  m ino r  

d ra inage  des ign  can o f t e n  oe complered u s i n g  s i ~ n p l  i f i e d  concepts ,  r u l e s  o f  

thumb, miniri~um c r i t e r i a ,  e t c .  The f o l l o w i n g  s e c t i o n s  b r i e f l y  d i s c u s s  some o f  

t h e  s p e c i f i c  a p p l i c a r i o n s  o f  i n f o r n l a t i o n  i n  Chapters I t o  V t o  b o t h  ma jo r  and 

m inor  e n g i n e e r i n g  des ign  work. 

6.2 BankILevee H e i g h t  - 
The t o t a l  bank / levee  h e i g h t  r e q u i r e d  w i l l  be t h e  bank/ levee h e i g h t  neces- 

sa ry  t o  c o n t a i n  t h e  des ign  f l o o d  p l u s  any f reeboard.  The minimum g u i d e l i n e s  

d i scussed  i n  S e c t i o n  4.6.5 (2.0 f t  i n  r e c t a n g u l a r ,  2.5 ft i n  c o n c r e t e  t rape-  

z o i d a l ,  r i p r a p  o r  s o i l  cement channels,  and 3.1) f o r  e d r t h e n  l e v e e s )  p r o v i d e  a  

means o f  check ing  t h e  r e s u l t s  o f  Equa t ions  4.28a and 4.28b. These g u i d e l i n e s  

a r e  o f t e n  adequate f o r  d i r e c t  a p p l i c a t i o n  t o  m ino r  s t r u c t u r e  des ign.  F o r  

m a j o r  o r  m ino r  des igns w i t h  Froude nun~bers near one, an a d d i t i o n a l  f a c t o r  o f  

s a f e t y  lnay be a p p r o p r i a t e  due t o  t h e  p o t e n t i a l  f o r  s t a n d i n g  waves and o t h e r  

f l o w  i n s t a b i l i t i e s ,  i f  such phenomena canno t  be d i r e c t l y  q u a n t i f i e d .  



6.3 Bank/Levee Toedown -- 
Toedown i s  t h e  d i s t a n c e  bank reve tmen t  must be b u r i e d  t o  p r e v e n t  under-  

m i n i n g  as t h e  bed e l e v a t i o n  f l u c t u a t e s .  E q u a t i o n  5.28 o f  S e c t i o n  5.3.15 pro-  

v i d e s  t h e  t o t a l  c u m u l a t i v e  channel  ad jus tmen t  p o s s i b l e  f rom s i x  components 

( d e g r a d a t i o n ,  l o c a l  scour ,  genera l  scour,  bend scour,  l ow  f l o w  i n c i s e m e n t  and 

bed fo rms) .  Loca l  c o n d i t i o n s  w i l l  e s t a b l i s h  which o f  these  components must  be 

accounted f o r .  

S e l e c t i o n  o f  a  s a f e t y  f a c t o r  i s  dependent upon a c c e p t a b l e  r i s k ,  c o n s t r u c -  

t i o n  c o s t s ,  a v a i l a b l e  da ta  and s o p h i s t i c a t i o n  o f  a n a l y s i s ,  i . e .  Leve l  I ,  I 1  o r  

111. As s t a t e d  i n  S e c t i o n  5.3.15, s a f e t y  f a c t o r s  w i l l  p r o b a b l y  range f r o m  1.0 

t o  1.5. Due t o  t h e  n a t u r e  o f  sediment t r a n s p o r t  c a l c u l a t i o n s  and t h e  impor-  

t a n c e  and expense o f  bank revetment ,  e n g i n e e r i n g  judgment s h o u l d  always be 

a p p l i e d .  

6.4 L a t e r a l  M i g r a t i o n  

One i m p o r t a n t  a p p l i c a t i o n  o f  l a t e r a l  m i g r a t i o n  a n a l y s i s  ( S e c t i o n  5.3.9) 

i n  des ign  work i s  f o r  e s t a b l i s h i n g  a  b u f f e r  zone f o r  e r o s i o n  and f l o o d i n g  i n  

wh ich development would  n o t  be cons ide red  p r u d e n t .  I n  t h i s  c o n t e x t ,  t h e  

o p e r a t i o n a l  d e f i n i t i o n  o f  t h e  te rm "p ruden t "  i s  r e l a t e d  t o  t h e  concepts  o f  

h y d r o l o g i c  u n c e r t a i n t y ,  t h a t  i s ,  t h e  accep tab le  degree of r i s k  e s t a b l i s h e d  by 

t h e  r e t u r n  p e r i o d  ( r e c u r r e n c e  i n t e r v a l  ) o f  a  h y d r o l o g i c  even t .  The N a t i o n a l  

F l o o d  Insu rance  Program e s t a b l i s h e s  as a  p receden t  t h a t  when c o n s i d e r i n g  

h y d r o l o g i c  even ts  i n  urban areas i t  i s  g e n e r a l l y  n o t  c o n s i d e r e d  an e x e r c i s e  o f  

sound judgment t o  accep t  a  degree of r i s k  any g r e a t e r  t h a n  t h a t  a s s o c i a t e d  

w i t h  t h e  100-year  even t .  W i t h  r e f e r e n c e  t o  t h e  c a l c u l a t e d  r i s k  d iagram 

( F i g u r e  6.1), u s i n g  t h e  100-year  e v e n t  as a  b a s i s  f o r  t h e  d e f i n i t i o n  o f  

"p ruden t "  i m p l i e s  t h a t  t h e r e  i s  a  90 p e r c e n t  c e r t a i n t y  t h a t  t h e  e v e n t  w i l l  n o t  

o c c u r  i n  a  10-year  p e r i o d  and about  78 p e r c e n t  c e r t a i n t y  t h a t  i t  w i l l  n o t  

o c c u r  i n  25 y e a r s .  Converse ly ,  t h i s  means acceptance o f  a  c a l c u l a t e d  r i s k  o f  

10 p e r c e n t  i n  a  10-year  p e r i o d  and 22 p e r c e n t  i n  a  25-year  p e r i o d  i f  boun- 

d a r i e s  o f  t h e  b u f f e r  zone a r e  based on t h e  e r o s i o n  and f l o o d i n g  p o t e n t i a l  o f  a  

100-year  f l o o d .  Ask ing a  p r o p e r t y  owner t o  accep t  a  g r e a t e r  r i s k  t h a n  t h i s  

would n o t  appear t o  be p ruden t .  

Whi le  damages due t o  f l o o d i n g  a r e  g e n e r a l l y  a s s o c i a t e d  w i t h  a  s i n g l e ,  

s h o r t - t e r m  event ,  t h e  impac ts  o f  e r o s i o n  ( l a t e r a l  m i g r a t i o n )  can a l s o  be cumu- 

l a t i v e  ove r  t h e  l o n g  term. Consequent ly ,  one must assess t h e  e r o s i o n  po ten -  



Figure 6.1.  Calculated risk diagram. 



t i a l  n o t  o n l y  o f  a  s i n g l e  event ,  such as a  100-year f l o o d ,  b u t  a l s o  t h e  

c u m u l a t i v e  impac t  o f  a  s e r i e s  o f  s m a l l e r  f l o w s .  One approach t o  e v a l u a t i n g  

l o n g - t e r m  e r o s i o n  impacts  i s  t o  deve lop a  " r e p r e s e n t a t i v e "  annual s to rm and 

t h e n  t o  e x t r a p o l a t e  i n  t i m e  t h e  e f f e c t  o f  t h i s  storm. T h i s  concept  i s  s i m i l a r  

t o  t h e  p r a c t i c e  i n  h y d r o l o g y  o f  a d o p t i n g  t h e  two-year f l o o d  as b e i n g  represen-  

t a t i v e  o f  t h e  annual event ;  however, f o r  purposes o f  l o n g - t e r m  e r o s i o n  ana ly -  

s i s  t h e  r e p r e s e n t a t i v e  annual e v e n t  can be more a c c u r a t e l y  d e f i n e d  by a  proba- 

b i l i t y  w e i g h t i n g  o f  t h e  e r o s i o n  r e s u l t i n g  f r o ~ i l  seve ra l  s i n g l e  s torms (see  

S e c t i o n  3.4).  W i th  t h i s  approach t h e  long- te rm a n a l y s i s  o f  e r o s i o n  p o t e n t i a l  

accounts  f o r  t h e  p r o b a b i l i t y  o f  occu r rence  o f  v a r i o u s  f l o o d  even ts  d u r i n g  any 

one y e a r .  

A f t e r  e s t a b l i s h i n g  t h e  r e p r e s e n t a t i v e  annual s to rm f o r  e v a l u a t i n g  long-  

t e r m  e r o s i o n  ( l a t e r a l  m i g r a t i o n )  p o t e n t i a l ,  t h e  d u r a t i o n  i n  y e a r s  d e f i n i n g  t h e  

" l o n g  term" must  be determined.  F o r  example, based on b o t h  t h e  l i m i t a t i o n s  o f  

t h e  p r o b a b i l i t y  w e i g h t i n g  approach and t h e  s i n g l e - e v e n t  p r o b a b i l i t y  o f  

occu r rence  o f  a  100-year f l o o d  i n  a  25-year p e r i o d  (22  p e r c e n t ) ,  a  reasonab le  

d e f i n i t i o n  o f  t h e  " l o n g  term" f o r  an urban area m i g h t  be 25 y e a r s .  Thus t h e  

boundar ies  o f  an e r o s i o n  and f l o o d i n g  b u f f e r  zone c o u l d  r e p r e s e n t  t h e  envelope 

e s t a b l i s h e d  by t h e  reach-by- reach c a l c u l a t i o n  o f  t h e  e r o s i o n  and f l o o d i n g  

p o t e n t i a l  o f  e i t h e r  t h e  100-year f l o o d  ( s h o r t  te rm)  o r  t h e  c u m u l a t i v e  e r o s i o n  

impac t  o f  a  s e r i e s  o f  s m a l l e r  even ts  ove r  a  25-year  p e r i o d  ( l o n g  t e r m ) ,  

wh ichever  i s  g r e a t e r .  

The b u f f e r  zone i s  t h e n  p l o t t e d  by c o n s i d e r a t i o n  o f  t h e  c o n t r o l l i n g  f a c -  

t o r  (100-year  f l o o d i n g ,  100-year e r o s i o n ,  o r  l o n g - t e r m  e r o s i o n )  f o r  each c r o s s  

s e c t i o n  used i n  t h e  a n a l y s i s .  The boundary o f  t h e  b u f f e r  zone between c r o s s  

s e c t i o n s  can be drawn as a  smooth c u r v e  o r  as a  s e r i e s  o f  t a n g e n t  l i n e s  t h a t  

can be e a s i l y  r e f e r e n c e d  t o  e x i s t i n g  survey d a t a  and r e a d i l y  compared w i t h  

e x i s t i n g  survey p l a t s .  The b u f f e r  zone so d e f i n e d  goes one s t e p  f u r t h e r  t h a n  

t h e  c o n v e n t i o n a l  100-year f l o o d  p l a i n  boundary by c o n s i d e r i n g  p o t e n t i a l  

changes i n  channel  c o n f i g u r a t i o n  f ro in l a t e r a l  i n i g r a t i o n .  The s e l e c t i o n  of 

t h i s  d e f i n i t i o n  o f  t h e  b u f f e r  zone i s  suppor ted  by t h e  l e g a l  and p o l i c y  prece-  

den ts  o f  t h e  N a t i o n a l  F l o o d  Insu rance  Program, t h e  s h o r t -  and l o n g - t e r m  degree 

o f  r i s k  a s s o c i a t e d  w i t h  t h e  100-year r e t u r n  p e r i o d  even t ,  and t h e  accuracy o f  

t h e  methodology used f o r  e s t i m a t i n g  l o n g - t e r m  e r o s i o n  impac ts  [i .e. by 

l i m i t i n g  t h e  e x t r a p o l a t i o n  t o  reasonable  l e n g t h  i n  t i m e  (e .g . ,  25 y e a r s ) ] .  

F o r  d e t a i l e d  d i s c u s s i o n  o f  t h e  methodology and i t s  appl  i c a t i o n  t h e  r e a d e r  i s  

r e f e r r e d  t o  Lagasse, e t  a l .  (1984) .  

6.4 



6.5 -- Grade-Control  S t r u c t u r e s  

Grade-con t ro l  s t r u c t u r e s  a r e  e f f e c t i v e  channel  s t a b i l i z a t i o n  measures 

t h a t  may be used s i n g l y  o r  as an i n t e g r a l  p a r t  o f  a  s t a b i l i z a t i o n  p l a n  

i n v o l v i n g  bed and bank revetment ,  e t c .  The p r i m a r y  f u n c t i o n  o f  a  grade- 

c o n t r o l  s t r u c t u r e  i s  t o  decrease t h e  g r a d i e n t  o f  a  channel  t o  e i t h e r  c r e a t e  a  

c o n d i t i o n  o f  e q u i l i b r i u m  (sed imen t  i n f l o w  equal t o  sed iment  o u t f l o w ) ,  o r  t o  

reduce t h e  p r o t e c t i o n  r e q u i r e d  f rom o t h e r  s t a b i l i z a t i o n  measures. F o r  

example, a  g r a d e - c o n t r o l  s t r u c t u r e  can be used t o  decrease t h e  channel  s l o p e  

so t h a t  s m a l l e r  r i p r a p  can be used f o r  s t a b i l i z a t i o n .  I f  s u f f i c i e n t  coa rse  

m a t e r i a l  e x i s t s  i n  t h e  n a t u r a l  a l l u v i u m ,  i t  may be p o s s i b l e  t o  use grade- 

c o n t r o l  s t r u c t u r e s  t o  a s s i s t  i n  d e v e l o p i n g  an armor l a y e r  and a v o i d  t h e  need 

f o r  a l l  o r  p a r t  o f  t h e  bed o r  bank revetment .  

Grade-con t ro l  s t r u c t u r e s  can range i n  c o m p l e x i t y  f rom s i m p l e  r o c k  r i p r a p  

o r  so i l - cement  drop s t r u c t u r e s  t o  l a r g e  c o n c r e t e  s t r u c t u r e s  w i t h  b a f f l e d  

aprons and s t i l l i n g  bas ins .  F o r  many a p p l i c a t i o n s  i n  t h e  Southwest a  s e r i e s  

o f  s m a l l e r  s o i l - c e m e n t  drop s t r u c t u r e s  may be more e f f e c t i v e  and economical  

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

The des ign  o f  g r a d e - c o n t r o l  s t r u c t u r e s  t o  c r e a t e  e q u i l i b r i u m  c o n d i t i o n s  

i s  based on t h e  e q u i l i b r i u m  s lope  ( S e c t i o n  5.3.7) .  The des ign  o f  grade- 

c o n t r o l  s t r u c t u r e s  t o  be used i n  comb ina t ion  w i t h  r i p r a p  i s  based on t h e  i n c i -  

p i e n t  n o t i o n  s lope ,  as d e f i n e d  by t h e  S h i e l d s  r e l a t i o n  ( S e c t i o n  5.3.4) .  A f t e r  

e s t a b l i s h i n g  t h e  r e q u i r e d  des ign  s lope,  t h e  number and spac ing  o f  t h e  s t r u c -  

t u r e s  must be determined. The v e r t i c a l  h e i g h t  t h a t  must be c o n t r o l l e d  f o r  a  

g i v e n  r e a c h  t o  ach ieve  t h e  r e q u i r e d  s lope  can be e v a l u a t e d  f rom 

where AH i s  t h e  t o t a l  h e i g h t  r e q u i r i n g  s t r u c t u r a l  c o n t r o l  w i t h i n  t h e  reach,  

So 
i s  t h e  o r i g i n a l  channel  s lope,  S  i s  t h e  e s t i m a t e d  des ign  s lope,  and AX 

i s  t h e  l e n g t h  o f  channel  t o  be c o n t r o l l e d .  The number o f  drop s t r u c t u r e s  

r e q u i r e d  depends on t h e  maximum a l l o w a b l e  h e i g h t  o f  each s t r u c t u r e  (Hmdx), 

wh ich  i s  a  f u n c t i o n  o f  t h e  t y p e  o f  s t r u c t u r e  u t i l i z e d .  Ru les  o f  thumb f o r  

c o n s e r v a t i v e  d e s i g n  a r e  t h r e e  f e e t  f o r  r i p r a p  drop s t r u c t u r e s  and f i v e  f e e t  

f o r  s o i l  cement. The number o f  s t r u c t u r e s  r e q u i r e d  ( N )  t o  c o n t r o l  t h e  t o t a l  

v e r t i c a l  h e i g h t  w i t h i n  a  reach  i s  



AH N = g--- 
max 

and t h e  spac ing  L o f  t h e  drop s t r u c t u r e s  i s  

6.6 Common Bank P r o t e c t i o n  Methods -- 
Numerous t y p e s  o f  bank p r o t e c t i o n  a r e  a v a i l a b l e ,  i n c l u d i n g  v e g e t a t i o n ,  

r o c k  r i p r a p  (dumped, hand-placed, w i r e - e n c l o s e d  and g r o u t e d ) ,  s o i l  cement and 

c o n c r e t e ,  m a t t r e s s e s  ( c o n c r e t e ,  b r i c k ,  w i l l o w  and a s p h a l t ) ,  j a c k s  and j e t t i e s ,  

d i k e s  ( r o c k - f i l l e d ,  e a r t h - f i 1  l e d  and t i m b e r ) ,  au tomob i le  bod ies ,  and many 

o t h e r s .  Many p u b l i c a t i o n s  on channel  s t a b i l i z a t i o n  have been p r e p a r e d  by 

v a r i o u s  government agenc ies  and o t h e r s  d e t a i l i n g  t h e  d e s i g n  and a p p l i c a t i o n  o f  

d i f f e r e n t  techn iques .  It i s  n o t  i n t e n d e d  t h a t  an e x h a u s t i v e  coverage  o f  t h e  

v a r i o u s  channel  s t a b i l i z a t i o n  measures be made i n  t h i s  s e c t i o n ,  b u t  r a t h e r  t o  

b r i e f l y  r e v i e w  those methods t h a t  a re  most  a p p r o p r i a t e  t o ,  and have p roven  

s u c c e s s f u l  i n ,  t h e  Southwest.  I n  p a r t i c u l a r  t h e  use o f  dumped r o c k  r i p r a p ,  

w i re -enc losed  r i p r a p  and s o i l  cement w i l l  be cons ide red .  

Rock r i p r a p  i s  u s u a l l y  t h e  most economical m a t e r i a l  f o r  bank p r o t e c t i o n  

when a v a i l a b l e  i n  s u f f i c i e n t  s i z e  and q u a n t i f y  w i t h i n  a  reasonab le  hau l  

d i s t a n c e .  Rock r i p r a p  p r o t e c t i o n  i s  f l e x i b l e  and l o c a l  damage i s  e a s i l y  

r e p a i r e d .  C o n s t r u c t i o n  must be accompl ished i n  a  p r e s c r i b e d  manner, b u t  i s  

n o t  comp l i ca ted .  A l t h o u g h  r i p r a p  must be p l a c e d  t o  t h e  p r o p e r  l e v e l  i n  t h e  

bed, t h e r e  a r e  no f o u n d a t i o n  problems. Appearance o f  r o c k  r i p r a p  i s  n a t u r a l  

and a f t e r  a p e r i o d  o f  t i m e  v e g e t a t i o n  w i l l  grow between t h e  r o c k s .  Wave runup 

on r o c k  s lopes  i s  u s u a l l y  l e s s  t h a n  on o t h e r  t ypes  o f  s lopes .  F i n a l l y ,  when 

t h e  use fu lness  o f  t h e  p r o t e c t i o n  i s  f i n i s h e d ,  t h e  r o c k  i s  sa lvageab le .  

I m p o r t a n t  f a c t o r s  t o  be c o n s i d e r e d  i n  d e s i g n i n g  rock  r i p r a p  p r o t e c t i o n  

are:  

1. D u r a b i l i t y  o f  t h e  r o c k  

2. D e n s i t y  o f  t h e  r o c k .  

3. V e l o c i t y  ( b o t h  magni tude and d i r e c t i o r l )  o f  t h e  f l o w  i n  t h e  v i c i n i t y  o f  
t h e  r o c k .  

4 .  Slope o f  t h e  bed o r  bank l i n e  b e i n g  p r o t e c t e d .  



5. Angle o f  repose f o r  t h e  rock .  

6. S ize  o f  t h e  r o c k .  

7. Shape and a n g u l a r i t y  o f  t h e  rock .  

A good d i s c u s s i o n  o f  many o f  these f a c t o r s  i s  p r o v i d e d  by t h e  Corps o f  

Engineers  (1970) .  I n  t h i s  COE p u b l i c a t i o n  t h e  s i z e  o f  rock  r e q u i r e d  i s  based 

on t h e  t r a c t i v e  f o r c e  approach, g e n e r a l l y  cons ide red  t o  be a  more p h y s i c a l l y  

based and more a c c u r a t e  method than those based on t h e  p e r m i s s i b l e  v e l o c i t y  

approach. 

A  t r a c t i v e  f o r c e  approach t h a t  p r o v i d e s  t h e  e n t i r e  channel des ign  

(geometry and r i p r a p  s i z e ) ,  g i v e n  t h e  des ign  d ischarge  and s lope ,  i s  d e t a i l e d  

by Anderson, e t  a l .  (1970).  A more i n v o l v e d  t r a c t i v e  f o r c e  approach t h a t  

g e n e r a l l y  p r o v i d e s  a  more p r e c i s e  r i p r a p  s i z e  th rough  d e t a i l e d  c o n s i d e r a t i o n  

o f  l i f t  and d rag  f o r c e s  i s  t h e  s a f e t y  f a c t o r  approach, p resen ted  i n  Simons and 

Senturk  (1977) .  Another t r a c t i v e  f o r c e  approach t h a t  c o n s i d e r s  i n  d e t a i l  t h e  

l i f t  and drag f o r c e s  i s  t h e  p r o b a b i l i t y  methodology p resen ted  by L i  and Simons 

(1979) .  T h i s  methodology d e f i n e s  t h e  f a i l u r e  p r o b a b i l i t y  o f  r i p r a p  and p r o v i -  

des a  l e s s  s u b j e c t i v e  e s t i m a t e  o f  r i p r a p  s t a b i l i t y  than t h a t  p r o v i d e d  by t h e  

s a f e t y  f a c t o r  approach. F o r  example, L i  and Simons demonstrate t h a t  f o r  an 

assumed s e t  o f  f l o w  and geometry c o n d i t i o n s  ( c o n d i t i o n s  t h a t  a r e  i n  t h e  range 

o f  many p r a c t i c a l  des ign  s i t u a t i o n s )  a  r i p r a p  s a f e t y  f a c t o r  o f  1.0 has a  p ro -  

b a b i l i t y  o f  f a i l u r e  of 0.5. S i m i l a r l y ,  a  s a f e t y  f a c t o r  o f  1.5 has a  p robab i -  

l i t y  o f  f a i l u r e  o f  about  0.1 and n o t  u n t i l  a  s a f e t y  f a c t o r  o f  about  1.9 i s  t h e  

f a i l u r e  p r o b a b i l i t y  equal t o  zero.  

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

p r o b a b i l i t y  designs,  i s  a p e r m i s s i b l e  v e l o c i t y  approach t h a t  has found accep- 

tance  due t o  i t s  ease o f  a p p l i c a t i o n .  The method i s  d e t a i l e d  by t h e  Denver 

Urban Drainage and F l o o d  C o n t r o l  D i s t r i c t  (1982) and i s  u s e f u l  as a  check on 

r i p r a p  des igns developed f rom more complex procedures o r  as t h e  p r i m a r y  des ign  

method, p a r t i c u l a r l y  f o r  m inor  s t r u c t u r e  des ign.  The method i s  l i m i t e d  t o  

Froude numbers l e s s  than  0.8 and due t o  i t s  s i m p l i c i t y  i s  a n t i c i p a t e d  t o  p ro -  

v i d e  c o n s e r v a t i v e  design,  a  c o n s i d e r a t i o n  t h a t  may be o f  impor tance i f  l a r g e r  

rock  s i z e s  a r e  n o t  r e a d i l y  a v a i l a b l e  o r  i f  budget  c o n s t r a i n t s  e x i s t .  

A f t e r  e v a l u a t i n g  t h e  r e q u i r e d  median r i  prap s i z e ,  t h e  r i p r a p  g r a d a t i o n  

and f i l t e r  requ i rements  must be e s t a b l i s h e d .  R ip rap  g r a d a t i o n  shou ld  f o l l o w  a  

smooth p a r t i c l e  s i z e  d i s t r i b u t i o n  w i t h  a  r a t i o  of t h e  maximum s i z e  and t h e  



median s i z e  of about  two and t h e  r a t i o  o f  t h e  median s i z e  and t h e  20 p e r c e n t  

s i z e  a l s o  about  two. Wi th  a  d i s t r i b u t e d  s i z e  range, t h e  i n t e r s t i c e s  formed by 

l a r g e r  s tones a r e  f i l l e d  w i t h  s m a l l e r  s i z e s  i n  an i n t e r l o c k i n g  f a s h i o n ,  p re -  

v e n t i n g  f o r m a t i o n  o f  open pocke ts .  R i p r a p  c o n s i s t i n g  o f  a n g u l a r  s tones  i s  

more s u i t a b l e  t h a n  t h a t  c o n s i s t i n g  o f  rounded s tones.  C o n t r o l  o f  t h e  grada- 

t i o n  o f  t h e  r i p r a p  i s  a lmos t  a lways made by v i s u a l  i n s p e c t i o n .  

F i l t e r s  underneath  t h e  r i p r a p  a r e  recommended t o  p r o t e c t  t h e  f i n e  embank- 

ment o r  r i v e r b a n k  m a t e r i a l  f rom washing o u t  t h r o u g h  t h e  r i p r a p .  Two t y p e s  o f  

f i l t e r s  a r e  commonly used: g r a v e l  f i l t e r s  and p l a s t i c  f i l t e r  c l o t h s .  

D e t a i l e d  f i l t e r  des ign  i s  p r o v i d e d  by  t h e  COE (19701, Anderson, e t  a l .  (1970) ,  

Simons, L i  & Assoc ia tes ,  I n c .  (1981) ,  and o t h e r s .  

When adequa te l y  s i z e d  r i p r a p  i s  n o t  a v a i l a b l e ,  r o c k s  o f  c o b b l e  s i z e s  may 

be p l a c e d  i n  w i r e  mesh b a s k e t s  and used f o r  a  v a r i e t y  o f  channel  s t a b i l i z a t i o n  

prob lems.  The baske ts  a r e  c o n s t r u c t e d  i n t o  v a r i o u s  geomet r i c  shapes depending 

on t h e  a p p l i c a t i o n .  F o r  channel  1  i n i n g  a p p l i c a t i o n s  m a t t r e s s e s  a r e  commonly 

used, wh ich  as t h e  name i m p l i e s  a r e  r e l a t i v e l y  b road  and f l a t  ( t y p i c a l l y  l e s s  

t h a n  12 i n c h e s  t h i c k ) .  Rec tangu la r  b a s k e t s  ( g a b i o n s )  o f  more symmetr ica l  p r o -  

p o r t i o n  a r e  o f t e n  used as b u i l d i n g  b l o c k s  f o r  check dams, drop s t r u c t u r e s ,  

bank p r o t e c t i o n ,  e t c .  Modern gab ions and m a t t r e s s e s  a r e  made o f  a  t h i c k  s t e e l  

w i r e  mesh, woven w i t h  a  t r i p l e  t w i s t  a t  t h e  i n t e r s e c t i o n s .  Hedvy w i r e  i s  

sometimes added o r  woven i n t o  t h e  mesh b e f o r e  o r  a f t e r  f i l l i n g  t o  i n c r e a s e  

s t a b i l i t y  and d u r a b i l i t y .  The w i r e  mesh can be g a l v a n i z e d  o r  c o a t e d  w i t h  PVC 

i f  used under  h i g h l y  c o r r o s i v e  c o n d i t i o n s .  

The s t r e n g t h  and f l e x i b i l i t y  o f  t h e  s t e e l  w i r e  mesh a l l o w s  gab ions and 

m a t t r e s s e s  t o  change shape w i t h o u t  f a i l u r e  if undermined. They a r e  a l s o  pe r -  

meable, wh ich m i n i m i z e s  h y d r a u l i c  l i f t  f o r c e s ,  a l l o w s  v e g e t a t i o n  t o  grow and 

p r o v i d e s  some t r a p p i n g  e f f i c i e n c y .  It shou ld  be n o t e d  than  when gab ions u r  

m a t t r e s s e s  a r e  used i n  streams t r a n s p o r t i n g  cobb les  o r  r o c k s ,  t h e  w i r e  b a s k e t s  

can be damaged o r  broken, r e d u c i n g  o r  d e s t r o y i n g  t h e  p r o t e c t i o n  near  t h e  bed. 

Gabions and m a t t r e s s e s  a r e  s u p p l i e d  t c  t h e  j o b  s i t e  as f o l d e d  mesh and 

t i e d  i n  p a i r s .  They a r e  un fo lded ,  p l a c e d  i n  p o s i t i o n  l i k e  b r i c k ,  t i e d  

t o g e t h e r  and f i l l e d  w i t h  d u r a b l e  r o c k .  The mesh c o n t a i n e r s  can a l s o  be f i l l e d  

f i r s t  and p l a c e d  by hand o r  by c rane  t o  areas d i f f i c u l t  t o  access (e.g.  under  

w a t e r ) .  

A f t e r  an e x t e n s i v e  l i t e r a t u r e  rev iew,  Simons, e t  a l .  (1983) conc luded  

t h a t  t h e r e  was l i t t l e  i n f o r m a t i o n  on t h e  d e s i g n  o f  m a t t r e s s e s  f o r  channel  



l ining; consequently, from model and prototype s tudies ,  design guidelines were 

formulated. The major findings of the model and prototype s tudies  where 

(1) t h a t  hydraulic conditions in a mattress channel are the same as those in a 
gravel-cobble channel , ( 2 )  the roughness of the mattresses i s  mainly caused by 

the f i l l i n g  rocks, with an ins ignif icant  e f f ec t  from the wire mesh, and  

(31  flow velocity and shear s t ress  causing incipient  motion of the f i l l i n g  

rock w i t h i n  the mattress compartment are approximately twice as large as the 

same size of unbound rock. For steep slope cnannels of high velocity,  rocks 

within mattress compartments were found t o  propagate downstream, causing a 

r ipple  deformation of the mattress surface. Additionally, because of r e l a t i -  

vely large veloci t ies  a t  the mattress-to-bed interface,  f i l t e r  requirements 

and design are c r i t i c a l  to successful steep slope application. Following the 

design procedure suggested by Simons, e t  a l .  provides a mattress thickness 

t ha t  i s  1.5 t o  3.0 times l e s s  than the required thickness of dumped riprap.  

Consequently, s ignif icant  economies of cost  are often possible with mattress 

l in ings  since l e s s  rock i s  required, the required s ize  i s  smaller and excava- 

t ion requirements are l ess .  

In areas where any type of r iprap i s  scarce, use of in-place soi l  com- 

bined with cement provides a practical  a l ternat ive .  The resul t ing mixture, 

soi l  cement, has been successfully used as bank protection in many areas of 

the Southwest. A s t a i r s t ep  construction i s  typical ly  used, with each l i f t  

about 12 inches thick before compaction and about 6 t o  8 inches a f t e r  coinpac- 

t ion.  The l i f t s  are usually about 8 f e e t  wide t o  eas i ly  accommodate construc- 

t ion equipment. Unlike other types of bank revetment, where milder side 

slopes are desirable,  so i l  cement in a s t a i r s t e p  construction can be used on 
steeper slopes ( i  .e. typically one to one),  which reduces channel excavation 

costs .  For many applications,  soil  cement i s  a1 so more aesthet ical ly  pleasing 

than other types of revetment. 

For use in soil  cement, so i l s  should be easi ly  pulverized and contain a t  
l e a s t  5 percent, b u t  no more than 35 percent, s i l t  and clay (material passing 

the No. 200 s ieve) .  Finer textured so i l s  usually are d i f f i c u l t  to pulverize 

and require more cement, as do 100 percent granular s o i l s ,  which have no 

material passing the No. 200 sieve. In construction, special care should be 

exercised to prevent raw soi l  seams between successive layers of soi l  cement. 

If uncompleted embankments a re  l e f t  a t  the end of the day, a sheepsfoot r o l l e r  

should be used on the l a s t  layer t o  provide an interlock for the next layer.  



The completed s o i l  cement i n s t a l l a t i o n  must be pro tec ted  from d r y i n g  ou t  f o r  a  

seven-day hydra t ion  per iod.  Procedures f o r  cons t ruc t i ng  s o i l  cement slope 

p r o t e c t i o n  by the s t a i r s t e p  method can be found i n  "Suggested S p e c i f i c a t i o n s  

f o r  Soil-Cement Slope P ro tec t i on  f o r  Embankments (Cen t ra l -P lan t  Mix ing  

Method," Por t land Cement Assoc ia t ion  P u b l i c a t i o n  IS052W). 

When v e l o c i t i e s  exceed s i x  t o  e i g h t  f ee t  per second and the  f l o w  c a r r i e s  

s u f f i c i e n t  bed load t o  be abrasive, specia l  precaut ions are adv isab le  f o r  s o i l  

cement design. The aggregates i n  t h i s  case should conta in  a t  l e a s t  30 percent  

gravel  p a r t i c l e s  re ta ined  on a  No. 4 (4.75 mm) s ieve.  



VII. - COMPREHENSIVE - DESIGN EXAMPLE 

7.1 P r o j e c t  D e s c r i p t i o n  

Sportsman's Haven i s  a  sma l l ,  r e s o r t - o r i e n t e d  community l o c a t e d  a1 ong 

P i n t o  Creek i n  G i l a  County, A r i zona .  Due t o  i t s  l o c a t i o n  w i t h i n  t h e  100-year 

f l o o d  p l a i n ,  t h e  community i s  s u b j e c t e d  t o  f l o o d  damage when f l o w s  on P i n t o  

Creek exceed t h e  10-year  e v e n t  o f  about  16,500 c f s .  A t tempts  have been made 

1  oca l  l y  t o  p r o v i d e  some degree o f  f l o o d  p r o t e c t i o n  by c o n s t r u c t i n g  a  l e v e e  

embankment around t h e  community. Due t o  t h e  c o h e s i o n l e s s  n a t u r e  o f  t h e  

embankment m a t e r i a l ,  wh ich  was o b t a i n e d  f rom t h e  bed o f  P i n t o  Creek,  t h e  l e v e e  

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

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

100-year f l o o d  (46,785 c f s )  . 
Under t h e  a u t h o r i t y  o f  t h e  F l o o d  C o n t r o l  P l a n n i n g  Program, t h e  A r i z o n a  

Department o f  Water Resources under took a  reconnaissance l e v e l  e v a l u a t i o n  o f  

t h i s  prob lem and p repared  a  p r e l i m i n a r y  l e v e e  system des ign  which would  pro-  

v i d e  t h e  community w i t h  p r o t e c t i o n  f rom t h e  100-year  f l o o d .  T h i s  l e v e e  d e s i g n  

p r o j e c t  was s e l e c t e d  t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  o f  s e v e r a l  of t h e  a n a l y t i -  

c a l  t o o l s  p resen ted  i n  t h i s  manual. The f o l l o w i n g  pages p r e s e n t  a  Leve l  I and 

Leve l  I 1  a n a l y s i s  o f  t h e  P i n t o  Creek l e v e e  system. F i g u r e  7.1 p r e s e n t s  a  p l a n  

v iew o f  t h e  s tudy area and t h e  proposed l e v e e  a l i g n m e n t .  

7.2 Leve l  I 

General  ( q u a l i t a t i v e )  c h a r a c t e r i s t i c s  o f  P i n t o  Creek can be de te rm ined  

f rom a  r e v i e w  o f  h i s t o r i c a l  watershed d a t a  and an a p p l i c a t i o n  o f  some e m p i r i -  

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

amount o f  i n f o r m a t i o n  t o  be d e r i v e d  f rom t h i s  t y p e  o f  a n a l y s i s  w i l l  v a r y  f rom 

p r o j e c t  t o  p r o j e c t  s i n c e  t h e  amount o f  a v a i l a b l e  d a t a  w i l l  v a r y  f rom s i t e  t o  

s i t e .  

The Leve l  I a n a l y s i s  f o r  t h e  P i n t o  Creek P r o j e c t  w i l l  address t h e  

f o l l o w i n g  i t ems :  

1. S i n u o s i t y  

2. Geomorphi c  r e 1  a t i  onsh i  ps  

a. Lane 

b. Leopo ld  and Wolman 

3. H i s t o r i c a l  a e r i a l  photographs 
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4. H i s t o r i c a l  bed p r o f i l e  compar ison 

5 .  V i s u a l  g e o l o g i c a l  i n v e s t i g a t i o n  

A d e t a i l e d  d i s c u s s i o n  on each i t e m  f o l l o w s .  

1. S i n u o s i t y  - Leopold,  Wolman and M i l l e r  adopted t h e  s i n u o s i t y  r a t i o ,  
wh ich  i s  d e f i n e d  as t h e  tha lweg l e n g t h  d i v i d e d  by t h e  v a l l e y  l e n g t h ,  
as  a  c r i t e r i o n  which c o u l d  be used t o  c l a s s i f y  r i v e r  p a t t e r n s .  
Through t h e  o b s e r v a t i o n  o f  severa l  n a t u r a l  r i v e r  systems, t h e y  
conc luded t h a t  systems w i t h  a  s i n u o s i t y  r a t i o  equal t o  o r  g r e a t e r  
t h a n  1.5 would  be c l a s s i f i e d  as meander ing w h i l e  those  l e s s  t h a n  1.5 
would  be b r a i d e d  o r  s t r a i g h t .  
The s i n u o s i t y  o f  t h e  s t u d y  reach  i s  computed as f o l l o w s :  

t h a l  weg 1  eng th  s i n o u s i t y  r a t i o  = 
down ~ a l l  ey d i s t a n c e  

8925 - s i n u o u s i t y  r a t i o  = - 1.1 
8175 

T h i s  low v a l u e  i n d i c a t e s  t h a t  t h i s  reach of P i n t o  Creek i s  s t r a i g h t  
o r  b ra ided .  A d d i t i o n a l  ana lyses w i l l  n e x t  be conducted t o  c o n f i r m  
t h i s  f a c t .  General  c o n c l u s i o n s  w i l l  t h e n  be drawn r e g a r d i n g  channel  
p a t t e r n  c l a s s i f i c a t i o n .  

. Geomorphic R e l a t i o n s h i p s  - F i g u r e  5.5 w i l l  be used t o  examine t h e  
% x z n ? G $ - 6 r t w e e n  s lope,  d i s c h a r g e  and channel  p a t t e r n .  T h i s  ana- 
l y s i s  w i l l  be based on t h e  premise t h a t  t h e  dominant d i s c h a r g e  w i l l  
be most i n f l u e n t i a l  i n  d e t e r m i n i n g  t h e  channel p a t t e r n .  F o r  t h e  
P i n t o  Creek P r o j e c t ,  t h e  average bed s lope  t h r o u g h  t h e  e n t i r e  s tudy  
r e a c h  i s  0.0089 and t h e  dominant d i s c h a r g e  i s  16,514 c f s .  A p p l y i n g  
t h e s e  va lues  t o  F i g u r e  5.5 shows t h a t  t h e  channel p l o t s  w e l l  i n t o  t h e  
b r a i d e d  r e g i o n ,  u s i n g  b o t h  Leopo ld  and Wolman's c r i t e r i a  as w e l l  as 
L a n e ' s .  When u s i n g  F i g u r e  5.5 t h e  e n g i n e e r  shou ld  remember t h a t  
these  r e l a t i o n s h i p s  were d e r i v e d  f rom d a t a  on p e r e n n i a l  channels ,  
r a t h e r  than  ephemeral washes which a r e  more common i n  A r i zona .  
A c c o r d i n g l y ,  t h e i r  s t r i c t  a p p l i c a t i o n  i n  t h e  southwest  U n i t e d  S t a t e s  
s h o u l d  be w i t h  c a u t i o n  and know1 edge o f  t h e i r  d e r i v a t i o n .  

3. H i s t o r i c a l  A e r i a l  Photographs - Three s e t s  of h i s t o r i c a l  photos  were 
~ o C a t e ~ f o r i ; l i i s r < ~ ~ o f f ~ n t o  Creek. These pho tos  were taken  i n  
1947, 1967, and 1981. Examina t ion  of these p i c t u r e s  i n d i c a t e s  a  
b r a i d e d  channel  p a t t e r n  has e x i s t e d  d u r i n g  t h e  l a s t  38 y e a r s  ( s e e  
F i g u r e  7.2) .  O v e r a l l ,  t h e  b r a i d e d  channel segments appear na r rower  
i n  t h e  1947 and 1967 photos  than i n  t h e  1981 pho to .  T h i s  lnay be i n  
response t o  c o n s t r u c t i o n  o f  t h e  P i n t o  Creek b r i d g e  on Highway 88 i n  
1972. The approach embankments t o  t h i s  b r i d g e  p a r t i a l l y  o b s t r u c t  t h e  
f l o o d p l a i n  and cause t h e  f l o w  t o  be c o n c e n t r a t e d  i n  a  s m a l l e r  w i d t h  
t h a n  e x i s t e d  p r i o r  t o  b r i d g e  c o n s t r u c t i o n .  The w iden ing  o f  t h e  ~ i l a i n  
channel  f o r  about  two m i l e s  downstream o f  t h e  b r i d g e  may be t h e  r e s u l t  
o f  t h i s  l o c a l  c o n c e n t r a t i o n  o f  h i g h  v e l o c i t y  o f  f l o w  which has 
c l e a r e d  o u t  a  w ide r ,  c l e a n e r  channel s e c t i o n .  T h i s  l o c a l i z e d  



F i g u r e  7.2 Time sequence a n a l y s i s  o f  h i s t o r i c a l  a e r i a l  photographs.  



response d i m i n i s h e s  beyond t h e  two-mi le  downstream l i m i t  where t h e  
channel  assumes a  more c o n s i s t e n t  p a t t e r n  i n  a l l  t h r e e  p h o t o  se ts .  

4. H i s t o r i c a l  Bed P r o f i l e  Comparison - USGS quadrang le  maps were pre-  -- - p - ---- -- - - p -- - 
~ a r e d  f o r  t h i s  a rea  i n  b o t h  1949 and 1964. U n f o r t u n a t e l ~ .  t h e  1949 
map i s  a  15-minute quad w h i l e  t h e  1964 e d i t i o n  i s  a 7.5-m-inute quad. 
T h i s  n o n - u n i f o r m i t y  o f  s c a l e  p resen ted  a  prob lem s i n c e  t h i s  reach  o f  
P i n t o  Creek i s  on t h e  edge o f  t h e  maps and meanders back and f o r t h  
between them, making it i m p o s s i b l e  t o  measure t h e  e n t i r e  s tudy  r e a c h  
on e i t h e r  map. The t h i r d  bed p r o f i l e  was taken  f r o m  a  1981 
t o p o g r a p h i c  map ( 1 "  = 200, 2 '  C . I . )  p repared  e s p e c i a l l y  f o r  t h i s  
p r o j e c t .  

T a k i n g  topograph ic  measurements f rom these maps, superimposed bed 
p r o f i l e s  were p l o t t e d  a t  a  s c a l e  o f  1" = 1,000' h o r i z o n t a l ,  1" = 20 '  
v e r t i c a l  ( see  F i g u r e  7.3) .  Through t h e  s t u d y  reach,  t h i s  p l o t  shows 
a  f a i r l y  c o n s i s t e n t  drop ( a b o u t  3 . 0 ' )  i n  bed e l e v a t i o n  f rom 1949 t o  
1964 and a  v a r y i n g  amount o f  a g g r a d a t i o n  ( a b o u t  0 '  t o  1 ' )  f rom 1964 
t o  1981. 

There i s  no ev idence  o f  any s i g n i f i c a n t  manmade d i s t u r b a n c e  t o  t h e  
watershed t h a t  would  r e a d i l y  e x p l a i n  t h e  drop i n  bed e l e v a t i o n  b e t -  
ween 1949 and 1954, n o r  t h e  a g g r a d a t i o n  t h a t  has o c c u r r e d  s i n c e  1964. 
S ince  P i n t o  Creek d i scharges  i n t o  Roosevel t Lake, f l u c t u a t i n g  l a k e  , 
l e v e l s  c o u l d  i n f l u e n c e  t h e  bed p r o f i l e  t o  a  c e r t a i n  degree b u t  i s  
d o u b t f u l  t h a t  such i n f l u e n c e s  would  propagate  t h i s  f a r  ( t h r e e  m i l e s )  
upstream f rom t h e  l a k e .  F u r t h e r  i n v e s t i g a t i o n  i n t o  t h i s  p o s s i b i l i t y  
c o u l d  be pu rsu red  by r e v i e w i n g  h i s t o r i c a l  r e s e r v o i r  l e v e l  d a t a  f rom 
t h e  S a l t  R i v e r  P r o j e c t  and c o r r e l a t i n g  t h i s  i n f o r m a t i o n  w i t h  h i s t o r i -  
c a l  h y d r o l o g i c / h y d r a u l i c  d a t a  f o r  t h e  watershed t o  see i f  s i g n i f i c a n t  
f l o o d i n g  may have o c c u r r e d  d u r i n g  p e r i o d s  o f  l ow  l a k e  l e v e l s .  

Due t o  t h e  s c a l e  d i s c r e p a n c i e s  on t h e  two quad maps and p o s s i b l e  s u r -  
vey datum i n c o n s i s t e n c i e s  between t h e  USGS maps and t h e  1981 base 
map, t h i s  bed p r o f i l e  compar ison rnay n o t  be t o t a l l y  a c c u r a t e  and, 
t h e r e f o r e ,  s h o u l d  be i n t e r p r e t e d  w i t h  c a u t i o n .  F o r  these reasons,  
t h e  h i s t o r i c  bed p r o f i l e  e v a l u a t i o n  f o r  P i n t o  Creek w i l l  n o t  be con- 
s i d e r e d  a  r e 1  i a b l e  t o o l  f o r  t h e  Leve l  I a n a l y s i s .  

V i s u a l  Geo log ica l  I n v e s t i g a t i o n  - A f i e l d  v i s i t  was made t o  t h e  p r o -  
j e c t  T i t e  i n  o r d e ' r l o i d T t ? T y  any g e o l o g i c  f o r m a t i o n s  t h a t  m i g h t  
c o n t r o l  e i t h e r  h o r i z o n t a l  o r  v e r t i c a l  channel movement. T h i s  v i s i t  
a l s o  p r o v i d e d  an o p p o r t u n i t y  f o r  a  ground l e v e l  i n s p e c t i o n  o f  t h e  
channel  geometry, channel  p a t t e r n ,  and bed m a t e r i a l  compos i t i on .  
No n a t u r a l  o r  a r t i f i c a l  bed c o n t r o l s  were l o c a t e d  w i t h i n  t h e  s t u d y  
r e a c h  wh ich  c o u l d  be used f o r  p i v o t  p o i n t s  i n  an e q u i l i b r i u m  s l o p e  
a n a l y s i s .  

The wes t  bank t h r o u g h  Reach 2  was found t o  c o n s i s t  o f  r o c k  which w i l l  
r e s t r i c t  l a t e r a l  channel  m i g r a t i o n  a t  t h i s  l o c a t i o n .  T h i s  i s  
v e r i f i e d  th rough  a  c r o s s  check w i t h  t h e  h i s t o r i c  photos  which shows 
no westward bank movement th rough  Reach 2  s i n c e  1947. 
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V i s u a l  i n s p e c t i o n  o f  t h e  channel  t h r o u g h  a l l  f o u r  reaches r e v e a l e d  a  
wide,  b r a i d e d  p a t t e r n  w i t h  p o o r l y  d e f i n e d  banks t h a t  were 2 '  t o  3 '  i n  
h e i g h t .  The channel bed was composed p r i m a r i l y  o f  sand and sandy 
g r a v e l  w i t h  t h e  i n t e r m i t t e n t  presence o f  smal l  cobb les .  I s l a n d  and 
b a r  f o r m a t i o n s  were e v i d e n t  t h r o u g h o u t  t h e  s tudy reach.  Except  f o r  
t h e  rock  f o r m a t i o n  n o t e d  i n  Reach 2, a l l  o t h e r  p o r t i o n s  o f  t h e  chan- 
n e l  banks c o n s i s t e d  o f  e r o d i b l e  a1 luv ium.  

A1 1  aspects  o f  t h i s  Leve l  I a n a l y s i s  c o n f i r i n  t h e  e x i s t e n c e  o f  a  b r a i d e d  

channel  p a t t e r n .  B r a i d e d  channels  a r e  g e n e r a l l y  wide,  have u n s t a b l e ,  p o o r l y  

d e f i n e d  banks and c o n s i s t  o f  two o r  more main channels  t h a t  c r o s s  one ano the r  

g i v i n g  t h e  r i v e r b e d  a  b r a i d e d  appearance a t  l ow  f l o w .  These channe ls  have 

s i n u o s i t y  r a t i o s  l e s s  than  1.5 and e x h i b i t  s teeper  s l o p e s  than  meandering 

channels .  

B r a i d i n g  i s  b e l i e v e d  t o  r e s u l t  p r i m a r i l y  f rom random d e p o s i t i o n  o f  

m a t e r i a l s  ( sed imen t )  t r a n s p o r t e d  d u r i n g  h i g h  f l o w s  i n  q u a n t i t i e s  o r  s i z e s  t o o  

g r e a t  f o r  c o n t i n u e d  t r a n s p o r t  d u r i n g  l o w  f l ows .  A c c o r d i n g l y ,  as t h e  s t ream 

d i s c h a r g e  i s  reduced, l a r g e r  sediment p a r t i c l e s  b e g i n  t o  drop t o  t h e  bed as 

t h e  s t ream " s o r t s "  o r  l e a v e s  b e h i n d  those  s i z e s  o f  t h e  l o a d  wh ich  i t  i s  u n a b l e  

t o  t r a n s p o r t .  The accumu la t ion  o f  these p a r t i c l e s  on t h e  channel bed i n i -  

t i a t e s  t h e  f o r m a t i o n  o f  a  b a r  wh ich serves t o  t r a p  even more sed iment  p a r -  

t i c l e s .  A l though  t h e  depth  o f  f l o w  o v e r  t h e  growing b a r  i s  g r a d u a l l y  

decreased, v e l o c i t y  ove r  t h e  b a r  tends t o  remain  u n d i m i n i s h e d  o r  even t o  

i n c r e a s e  so t h a t  some p a r t i c l e s  moving a long  t h e  b a r  a r e  d e p o s i t e d  beyond t h e  

downstream end where a  s i g n i f i c a n t  decrease i n  v e l o c i t y  i s  a s s o c i a t e d  w i t h  t h e  

marked i n c r e a s e  i n  depth  o f  f l o w .  Thus, t h e  b a r  grows by success ive  a d d i t i o n  

o f  sed iment  p a r t i c l e s  a t  i t s  downstream end and some a d d i t i o n a l  g rowth  a l o n g  

i t s  s ides .  

The growth o f  t h e  b a r  w i l l  e v e n t u a l l y  reach  a  s i z e  t h a t  w i l l  s i g n i f i -  

c a n t l y  a l t e r  t h e  channel c a p a c i t y ,  a t  wh ich t i ine  t h e  channel  w i l l  seek a  new 

e q u i l i b r i u m  c o n d i t i o n  by e r o d i n g  and w iden ing  i t s  banks. A d d i t i o n a l  b a r s  w i l l  

t h e n  be propagated th rough  t h e  same process d e s c r i b e d  above u n t i l  t h e  channel  

o b t a i n s  i t s  c h a r a c t e r i s t i c  b r a i d e d  p a t t e r n .  

Because d e p o s i t i o n  i s  e s s e n t i a l  t o  t h e  fo rmat ion  o f  t h e  b r a i d e d  p a t t e r n ,  

i t  i s  obv ious  t h a t  sediment t r a n s p o r t  i s  e s s e n t i a l  t o  b r a i d i n g .  A lso,  t h e  

channel  banks must  be s u f f i c i e n t l y  e r o d i b l e  so t h a t  they ,  r a t h e r  t h a n  t h e  

newly formed b a r ,  g i v e  way as t h e  channel  c r o s s  s e c t i o n  i s  i n c r e a s e d  t o  p r o -  

v i d e  t h e  r e q u i r e d  f l o w  c a p a c i t y .  There fo re ,  sed iment  t r a n s p o r t  and e r o d i b l e  



banks p r o v i d e  t h e  e s s e n t i a l  c o n d i t i o n s  o f  b r a i d i n g .  However, r a p i d l y  f l  uc- 

t u a t i n g  changes i n  s tage  c o n t r i b u t e  t o  t h e  i n s t a b i l i t y  o f  t h e  sed iment  

t r a n s p o r t  reg ime as w e l l  as t o  e r o s i o n  o f  t h e  banks, so t h i s  f a c t o r  s h o u l d  

a l s o  be c o n s i d e r e d  as a  c o n t r i b u t o r y  cause o f  b r a i d i n g .  S t u d i e s  by Leopold,  

Wolrnan and M i l l e r  a l s o  i n d i c a t e  t h a t  h e t e r o g e n e i t y  o f  t h e  bed m a t e r i a l  may 

c r e a t e  i r r e g u l a r i t i e s  i n  t h e  movement o f  sediment,  and thus ,  may a l s o  c o n t r i -  

b u t e  t o  b r a i d i n g .  

7.3 Leve l  I1  

The Leve l  11 a n a l y s i s  w i l l  p r o v i d e  t h e  t e c h n i c a l  r e f i n e m e n t s  necessary  t o  

e s t a b l i s h  dimensions and s p e c i f i c a t i o n s  f o r  t h e  a c t u a l  l e v e e  des ign .  The end 

p r o d u c t  o f  t h i s  a n a l y s i s  w i l l  be: 

1. l e v e e  c r e s t  p r o f i l e  

2. de te rm ine  requ i rements  f o r  bank s t a b i l i z a t i o n  

3. maximum e s t i m a t e d  dep th  o f  bed movement a d j a c e n t  t o  a l l  p o r t i o n s  o f  
t h e  l e v e e  

4.  e s t i m a t e d  d i s t a n c e  o f  l a t e r a l  channel  m i g r a t i o n  o p p o s i t e  t h e  l e v e e d  
r e a c h  o f  t h e  s t ream 

F i g u r e  7.4 p r e s e n t s  a  b l o c k  diagram showing t h e  m a j o r  components o f  t h e  

L e v e l  I 1  a n a l y s i s .  A t e c h n i c a l  d i s c u s s i o n  and a n a l y s i s  o f  each o f  these  com- 

ponents  f o l l o w s .  

7.3.1 Levee Embankment l i e i g h t  - - 
The Corps o f  Eng ineers  HEC-2 program was used t o  e s t a b l i s h  t h e  w a t e r  s u r -  

f a c e  p r o f i l e  f o r  t h e  100-year des ign  f l o o d  o f  46,785 c f s .  T h i s  program was 

i n i t i a l l y  r u n  i n  t h e  s u b c r i t i c a l  mode u s i n g  channel  "nu va lues  shown i n  T a b l e  

4.2, "Fo r  Depth and F l o o d  C o n t r o l " .  S ince  i t  was a n t i c i p a t e d  t h a t  t h e  l a r g e  

f l ow  a s s o c i a t e d  w i t h  t h e  100-year e v e n t  would  produce f l o w  v e l o c i t i e s  s u f -  

f i c i e n t l y  h i g h  t o  c r e a t e  an t idunes ,  a  channel  "nu v a l u e  o f  0.030 was s e l e c t e d  

from T a b l e  4.2. T h i s  "n"  va lue ,  coup led  w i t h  t h e  s u b c r i t i c a l  assumpt ion f o r  

HEC-2, shou ld  produce a  d e s i g n  w a t e r - s u r f a c e  p r o f i l e  t h a t  r e f l e c t s  " w o r s t  

case"  t y p e  c o n d i t i o n s .  The r e a d e r  shou ld  remember, however, t h a t  t h e  "nu 

v a l u e s  s e l e c t e d  f o r  overbank areas s h o u l d  be based on t h e  b e s t  e s t i m a t e  o f  

a c t u a l  roughness i n  these  a reas  r a t h e r  t h a n  Tab le  4.2. Overbank areas t y p i -  
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F igu re  7.4 B l o c k  diagraril  o f  level I 1  a n a l y s i s .  



c a l l y  e x h i b i t  dense v e g e t a t i o n  o r  o t h e r  o b s t r u c t i o n s  t o  f l o w  and t h u s  have 

d i f f e r e n t  h y d r a u l i c  c h a r a c t e r i s t i c s  t h a n  t h e  main channel .  Overbank "nu 

v a l u e s  f o r  t h e  P i n t o  Creek a n a l y s i s  ranged f rom 0.045 t o  0.085. 

A r e v i e w  o f  t h e  s u b c r i t i c a l  HEC-2 r u n  u s i n g  t h e  "nu v a l u e s  l i s t e d  above, 

i n d i c a t e d  t h a t  c r i t i c a l  dep th  was assumed a t  s e v e r a l  c r o s s  s e c t i o n s .  T h i s  

l e a d s  one t o  suspec t  t h a t  t h e  s t ream w i l l  p r o b a b l y  be f l o w i n g  a t  c r i t i c a l ,  o r  

even s u p e r c r i t i c a l  a t  t h e  peak o f  t h e  d e s i g n  f l o o d ,  wh ich  i n  t u r n  l e n d s  c r e d i -  

b i l i t y  t o  t h e  assumpt ion o f  a n t i d u n e  f o r m a t i o n s  i n  s e l e c t i n g  a  channel  "nu 

v a l u e  f o r  t h e  l e v e e  h e i g h t  a n a l y s i s .  

Once t h e  d e s i g n  wa te r  s u r f a c e  p r o f i l e  i s  e s t a b l i s h e d  under  t h e  c r i t e r i a  

o u t l i n e d  above, t h e  l e v e e  c r e s t  e l e v a t i o n  i s  s i m p l y  equal t o  t h e  wa te r  s u r -  

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

The f r e e b o a r d  d imens ion f o r  t h i s  p r o j e c t  i s  computed t h r o u g h  a p p l i c a t i o n  

o f  o n l y  Equa t ion  4.2Bb, s i n c e  a  so i l - cement  l i n i n g  w i l l  be p l a c e d  t o  t h e  t o p  

o f  t h e  l e v e e  embankment. 

Freeboard f o r  E a r t h  Levee and Soi l -Cement L i n i n g  - -- - - - - - - 

Due t o  t h e  absence o f  channel  bends a l o n g  t h e  l e v e e ,  Ayse and hyS 
a r e  b o t h  zero .  R e f e r r i n g  t o  S e c t i o n  7.3.2.2.6, t h e  r e a d e r  w i l l  n o t e  
t h a t  ha v a r i e s  f rom r e a c h  t o  reach .  

O f  t h e  two r e m a i n i n g  terms,  ~ y d  i s  z e r o  due t o  t h e  absence o f  a  b r i d g e  
p i e r  a l o n g  t h e  l e v e e ,  w h i l e  AYagg w i l l  have t o  be assumed s i n c e  t h e  
l a c k  o f  p i v o t  p o i n t s  p r e v e n t e d  a  q u a n t i t a t i v e  assessment o f  l o n g - t e r m  
a g g r a d a t i o n  ( s e e  S e c t i o n  7.3.2.2.2). A v a l u e  o f  two f e e t  w i l l  be 
ass igned  t o  AYagg. The f r e e b o a r d  i s  now c a l c u l a t e d  as f o l l o w s :  

2. Reach 3: F.B.TOT EMB,.B.L. = 1 /2  (4 .3 )  + 2.0 = 4.15 f e e t  

3. Reach 4:  F.B. TOT EMB/B.L. 
= 1 /2  (2 .1 )  + 2.0 = 3.05 f e e t  

The f r e e b o a r d  d imens ion f o r  b o t h  t h e  l e v e e  and s o i l - c e m e n t  l i n i n g  i s  

measured f rom t h e  w a t e r - s u r f a c e  p r o f i l e  genera ted  by t h e  s u b c r i t i c a l  HEC-2 

a n a l y s i s ,  s i n c e  t h a t  c o n d i t i o n  w i l l  g i v e  t h e  maximum expected f l o o d  e l e v a t i o n  

f o r  t h e  d e s i g n  even t .  



The f r e e b o a r d  d imens ion f o r  t h e  upstream segment o f  l e v e e  t h a t  ex tends 

t h r o u g h  t h e  r i g h t  overbank t o  h i g h  ground w i l l  be based on b o t h  v e l o c i t y  head 

and FEMA requ i re laents .  The f r e e b o a r d  f o r  t h i s  seyment o f  l e v e e  w i l l  i n i t i a l l y  

b e  e s t i m a t e d  as t w i c e  t h e  v e l o c i t y  head f o r  t h e  overbank a t  c r o s s  s e c t i o n  

1409. A c c o r d i n g l y ,  t h e  f r e e b o a r d  i s  c a l c u l a t e d  t o  be: 

V 
2  2  

F ' B ~ ~ ~  EWB . L . ZY 
3.97 ) = 0.49 f t .  = 2  - = 2  (- 64.4 

Due t o  t h e  low  va lue  f o r  v e l o c i t y  heao and t h e  p o t e n t i a l  f o r  wave run-up 

i n  t h i s  area, t h e  overbank l e v e e  ( i n c l u d i n g  bank l i n i n g )  w i l l  be ass igned  a  

f r e e b o a r d  d imens ion equal t o  minimum FERA s tandards  o f  3.0 f e e t .  

7.3.2 Levee Embankinent S t a b i l i z a t i o n  

7.3.2.1 E r o s i o n  o f  Embankment k l a t e r i a l  

The r e s u l t s  of t h e  s u b c r i t i c a l  HEC-2 a n a l y s i s  used t o  e s t a b l i s h  t h e  l e v e e  

h e i g h t  r e v e a l e d  channel  v e l o c i t i e s  o f  10 t o  14 f p s  c o u l d  be expected a d j a c e n t  

t o  t h e  levee .  I f  s u p e r c r i t i c a l  c o n d i t i o n s  were t o  o c c u r  as a n t i c i p a t e d ,  t h e  ' 

v e l o c i t i e s  would be even h i g h e r .  S ince  t h e  l e v e e  embankment s h o u l d  be 

des igned t o  w i t h s t a n d  t h e  w o r s t  c o n d i t i o n s  expec ted  d u r i n g  t h e  des ign  even t ,  a  

s u p e r c r i  t i c a l  HEC-2 r u n  was made t o  e s t a b l i s h  an upper  l i n i  t f o r  a  v e l o c i t y  

p r o f i l e  th rougn  t h e  p r o j e c t  reach.  Again,  r e f e r r i n g  t o  T a b l e  4.2, a  channel  

"n "  v a l u e  o f  0.025 was s e l e c t e d  f o r  t h e  s u p e r c r i t i c a l  a n a l y s i s  used i n  t h e  

bank s t a b i l i t y  i n v e s t i g a t i o n .  The end r e s u l t  o f  t h e  l o w e r  "n" v a l u e  and 

s u p e r c r i t i c a l  HEC-2 r u n  was an average i n c r e a s e  o f  abou t  1 f p s  i n  v e l o c i t y  a t  

each c r o s s  s e c t i o n .  

I n  t h i s  p a r t i c u l a r  p r o j e c t ,  t h e  s u p e r c r i  t i c a l  a n a l y s i s  was somewhat acd- 

dernic i n  t h a t  t h e  10 t o  14 f p s  v e l o c i t i e s  a s s o c i a t e d  w i t h  t h e  s u b c r i t i c a l  r u n  

a l r e a d y  i n d i c a t e  t h a t  solne fo rm o f  bank p r o t e c t i o n  w i l l  be needed t o  p r e v e n t  

e r o s i o n .  T h i s  v e l o c i t y  range i s  w e l l  above t h a t  recoinmended f o r  e a r t h  embank- 

ments i n  such p u b l i c a t i o n s  as H y d r a u l i c  Des ign o f  F l o o d  C o n t r o l  Channels,  - 
Corps o f  Eng ineers ,  1970 and Open Channel H y d r a u l i c s ,  Chow, 1959. Cases may 

be encountered,  however, where a  s u b c r i  t i c a l  wa te r -su r face  p r o f i l e  may y i e l d  

mean v e l o c i t i e s  t h a t  a r e  l o w  enough t o  be c o n s i d e r e d  non-e ros ive .  I n  these  

cases, t h e  p o s s i b i l i t y  o f  s u p e r c r i t i c a l  f l o w  shou ld  be c o n s i d e r e d  as a  w o r s t  

case c o n d i t i o n  f o r  embankmerit e r o s i o n  i f  t h e r e  i s  a  reasonab le  chance of i t  

o c c u r r i n g .  The a b i l i t y  o f  t h e  l e v e e  o r  channel  bank t o  w i t h s t a n d  e r o s i o n  



s h o u l d  then  be based on t h e  s u p e r c r i  t i c a l  v e l o c i t i e s .  The e r o d i b i l i t y  o f  an 

e a r t h  embankment can be de te rm ined  by u s i n g  methods such as t h e  " a l l o w a b l e  

v e l o c i t y "  approach p r e s e n t e d  i n  Oesi  gn o f  Open Channels, T e c h n i c a l  Release 

No. 25, October,  1977, U.S.D.A., SCS. The r e a d e r  i s  r e f e r r e d  t o  Ti?-25 f o r  

d e t a i l e d  examples o f  t h i s  p rocedure .  

7.3.2.2 Toe-Down Requirements F o r  S t a b i l i z a t i o n  System 

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

would  e x i s t  d u r i n g  t h e  d e s i g n  even t ,  p r o v i s i o n s  inust  be m d e  t o  p r o t e c t  t h e  

l e v e e  embankment. S o i l  cement was s e l e c t e d  as one o f  t h e  most  economical  and 

d u r a b l e  a l t e r n a t i v e s .  

One o f  t h e  most  i m p o r t a n t  aspec ts  i n  d e s i y n i n g  t h e  s o i l  cenen t  system was 

t o  determine t h e  dep th  be low t n e  channel  i n v e r t  t h a t  t h e  s o i l  cement must  be 

ex tended i n  o r d e r  t o  p r e v e n t  u n d e r c u t t i n y  by v e r t i c a l  ad jus tmen ts  t o  t h e  chan- 

n e l  bed. Phenomena t h a t  must be c o n s i d e r e d  i n  t h i s  a n a l y s i s  i n c l u d e :  

1. armor p o t e n t i a l  
2. l o n g - t e r m  d e g r a d a t i o n  
3. l ow  f l o w  i n c i s e m e n t  
4. l o c a l  scour  
5. genera l  scour  
6. bend scour  
7 .  sand wave t roughs  

The a n a l y s i s  o f  each o f  these phenomena ( e x c l u d i n g  bend s c o u r )  i s  

d i s c u s s e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  sub-sec t ions .  Bend scour  was o i n i t t e d  due 

t o  t h e  absence o f  bends a l o n g  t h e  l e v e e .  

7.3.2.2.1 Armor P o t e n t i d l  

The f i r s t  s t e p  i n  a n a l y z i n g  t h e  v e r t i c a l  a d j u s t m e n t  o f  a  channel  bed 

s h o u l d  focus  on t h e  p o t e n t i a l  f o r  a r ~ n o r i n y  t o  o c c u r  d u r i n g  t h e  des ign  ever i t .  

I f  d rmor ing  were t o  occur ,  i t  may a c t  as a  c o n t r o l  f o r  t h e  m a j o r i t y  o f  t h e  

channel  bed and p r e v e n t  f u r t h e r  downward movement e x c e p t  a t  areas o f  l o c a l i z e d  

d i s t u r b a n c e  such as b r i d g e  p i e r s  o r  a l o n g  t h e  nose of a  spur  d i k e .  I f  i t  can 

be guaranteed t h a t  a rmor ing  w i l l  u n i f 0 r l ; l a l l y  occu r  ac russ  t h e  channel  d u r i n g  

t h e  d e s i g n  f low,  t h e  toe-down depth  f o r  a  bank s t a b i l i z a t i o n  system may be 

reduced from t h a t  which nay be r e q u i r e d  f o r  a  non-armored channel .  I f  t h i s  

c o n d i t i o n  ( a r m o r i n g )  were t o  occur ,  t h e  embankment s t a b i l i z a t i o n  system s h o u l d  

be keyed  i n t o  t h e  armor l a y e r  by  e x t e n d i n g  t h e  toe-down 2'  t o  3 '  below t h e  t o p  

o f  t h e  p r e d i c t e d  armor l a y e r  e l e v a t i o n .  

7.12 



For purposes of t h i s  example, t h e  armor c a l c u l a t i o n s  wi l l  be based on the  

hydraul ic  c h a r a c t e r i s t i c s  of Reach 2. S i m i l i a r  procedures would be appl ied  t o  

Reaches 3 and 4 t o  see  i f  channel armoring i s  probable a t  those l o c a t i o n s .  

1. The hydraul ic  parameters used in the  armor ana lys i s  of 2each 2 a r e  
l i s t e d  a s  follows: 

Q100 = 46,785 c f s  ( s u p e r c r i t i c a l  HEC-2 run) 

Channel topwidth = 559 f e e t  

Channel a rea  = 2,859 f e e t 2  

Energy s lope  = 0.0087 f e e t / f e e t  

2. Using S h i e l d ' s  r e l a t ionsh ip  (Sec. 5 .3 .4) ,  compute the  i n c i p i e n t  
motion p a r t i c l e  s i z e  f o r  the  design event ( 1 U O  yea r  f l o o u ) .  

Dc = sediment p a r t i c l e  s i z e  ( f t )  a t  i n c i p i e n t  motion 

T = shear  s t r e s s  on channel bottom ( 1 b / f t 2 )  

us = s p e c i f i c  weight of sediment (assume 165 l b / f t 3 )  

y = s p e c i f i c  weight of water (62.4 1 b / f t 3 )  

Shear s t r e s s  wil l  be computed using procedures in  Sect ion 4.3. Check 

width/depth r a t i o  t o  see i f  yds approaches yRS: 

A - 2859 hydraul ic  depth = - - = 5.11 f e e t  559 

width/depth r a t i o  = $ = % = 109 (o=T) 

b Since a > 10, yds can oe assumed equiva lent  t o  yRS and Figure 4.4 

can be used t o  compute the  maximum shear  s t r e s s  o r  t r a c t i v e  fo rce  on t n e  chan- 
nel bottom. 

T 
rnax 

- 1.0 From Figure 4.4b: - - 
uds 



T max = yds = (62.4) (5.11) (0.0087) 

T max = 2.77 l b / f t  2  

S u b s t i t u t i n g  i n  Eq. 5.5: Dc = L.11 

0.047 (165 - 62.4) 

3. Re fe r r i ng  t o  F igure  7.5, which i s  an average gradat ion  curve f o r  t he  
bed ma te r i a l  i n  P i n t o  Creek, i t  can be seen the re  are no p a r t i c l e  s izes  i n  t he  
bed as l a r g e  as 175 mm. Therefore, i t  can be concluded t h a t  a l l  bed p a r t i c l e s  
w i l l  be moving dur ing  the peak o f  the 100-year event  and t h a t  armoring w i l l  
n o t  occur. 

7.3.2.2.2 Long-Term Aggradat ion/Degradat ion 

A review o f  t he  Level  I h i s t o r i c a l  a e r i a l  photographs o f  P i n t o  Creek 

i n d i c a t e s  the channel a l ignment  through the  study reach has no t  been s tab le .  

The observed l a t e r a l  movement o f  the r i v e r  has probably  been accompanied by 

s lope changes i n  t he  bed p r o f i l e .  An e q u i l i b r i u m  slope ana l ys i s  w i l l  be per- 

formed t o  es t imate  the long  term response o f  the channel bed ad jacent  t o  t he  

proposed levee. 

For purposes o f  t h i s  example, an assumed s tab le  sediment supply s e c t i o n  

was l oca ted  approximately one m i l e  upstream o f  t he  proposed levee. I n  

l o c a t i n g  a  supply sec t ion ,  t he  engineer should look  f o r  a  s tab le  a l ignment  on 

h i s t o r i c a l  photos, a  s tab le  e l e v a t i o n  on h i s t o r i c a l  bed p r o f i l e s ,  and f i e l d  

evidence o f  t he  r i v e r ' s  impact on vegeta t ion  i n  t he  channel (exposed r o o t  

systems, bu r i ed  t r e e  trunks, etc.) .  

I t  should be noted t h a t  t he  Highway 88 b r i dge  l i e s  between t h e  se lec ted  

e q u i l i b r i u m  sediment supply sec t i on  and the proposed levee alignment. I f  

poss ib le ,  i t  i s  p r e f e r a b l e  t o  n o t  have any man-made obs t ruc t i ons  w i t h i n  t h a t  

reach o f  the channel between t h e  e q u i l i b r i u m  supply s e c t i o n  and the reach o f  

channel f o r  which the e q u i l i b r i u m  slope ana l ys i s  i s  being performed. Such 

obs t ruc t i ons  might  c r e a t e  hyd rau l i c  cond i t i ons  t h a t  cou ld  r e s t r i c t  t he  amount 

o f  sediment being supp l ied  t o  the study reach from the  upstream supply sec- 

t i o n .  For  t h i s  design example, t he  b r i dge  was assumed t o  have no impact i n  

c o n t r o l l i n g  t h e  sediment supply t o  t he  leveed reach o f  P i n t o  Creek. T h i s  
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assumption was based on the  f a c t  t h a t  the  bridge opening was g r e a t e r  than t h e  

e f f e c t i v e  channel width a t  the upstream supply sec t ion  and the  f a c t  t h a t  the  

channel bed s lopes  and n values a t  both loca t ions  were about equal .  Under 

t h e s e  condi t ions ,  the  bridge opening should be ab le  t o  pass the  incoming sedi -  

ment supply from t h e  10-year event  without causing any reduct ion i n  t r a n s p o r t  

capac i ty .  

P in to  Creek was divided i n t o  t h r e e  reaches along the  proposed l evee  

a1 i  gnment. The reach boundaries were s e l e c t e d  t o  provide segments of simi 1 i a r  

hydraul ic  c h a r a c t e r i s t i c s .  An equi l ibr ium s lope  wi l l  be computed f o r  each 

reach. A s e t  of d e t a i l e d  c a l c u l a t i o n s  wi l l  orlly ne shown f o r  Reach 2 ,  the  

same procedures would be appl ied  t o  the  o the r  two reaches. 

1. Dominant discharge = 16,514 c f s .  This  value was s e l e c t e d  on t h e  
r e s u l t s  of a dEC-2 a n a l y s i s  f o r  Reach 2 which showed t h e  bankfull  
discharge was about 16,620 c f s .  Lince t h e  10-year event had a 
d ischarge  of 16,514 c f s ,  i t  bias se l ec t ed  as  the  dominant discharge f o r  
use in t h e  equil ibr ium s lope  a n a l y s i s .  

2.  Compute sediment supply. 

a .  Equation 5.8b wi l l  be used t o  compute t h e  t r a n s p o r t  capac i ty  f o r  
t h e  upstrea~n supply sec t ion .  A gradat ion c o e f f i c i e n t  and D50 par- 
t i c l e  s i z e  must be determined f o r  use in t h i s  equat ion.  

b. A s i eve  a n a l y s i s  of bed material  a t  the  upstrea~n supply sec t ion  
provided t h e  following information:  

'84.1 Gradation c o e f f i c i e n t  = G = 

c .  A c ros s  sec t ion  p l o t  of the  upstrealti supply sec t ion  i s  shown i n  
Figure 7.6. A1 tnough t n i s  s ec t ion  was judged t o  have a cons tant  
"nu  value of 0.025, i t  i s  reco~~iniended the  sec t ion  be analyzed as  



h a v i n g  a  main channel  and an overbank. Even though t h e  "nu v a l u e  
i s  c o n s t a n t ,  t h e  h y d r a u l i c  c a l c u l a t i o n s  f o r  v e l o c i t y  and dep th  r y i l l  

d i f f e r  i f  t h e  e n t i r e  s e c t i o n  i s  c o n s i d e r e d  t o  oe "channe l "  versus 
a n a l y z i n g  t h e  s e c t i o n  as a  channel  w i t h  "overbank".  The s u b d i v i -  
s i o n  o f  t h e  s e c t i o n  i n t o  a  channel  and overbank s h o u l d  y i e l d  if iore 
a c c u r a t e  r e s u l t s  s i n c e  t h e  v e l o c i t y  and h y d r a u l i c  dep th  computd- 
t i o n s  f o r  each s u b d i v i s i o n  w i l l  be based on t h e  c a l c u l a t e d  con- 
veyance w i t h i n  each s u b d i v i s i o n .  T h i s  p rocedure  e l i m i n a t e s  t h e  
"we igh ted"  v e l o c i t y  and h y d r a u l i c  depth  t h a t  would  r e s u l t  f r o m  
b a s i n g  such c a l c u l a t i o n s  on t h e  t o t a l  conveyance f o r  t h e  e n t i r e  
c r o s s  s e c t i o n .  I n  a  'benched' c r o s s  s e c t i o n ,  such as shown i n  
F i g u r e  7.6, t h i s  p rocedure  a l l o w s  computa t ion  o f  sepera te  sed iment  
t r a n s p o r t  r a t e s  f o r  t h e  channel  and overbank. When u s i n g  a  power 
r e l a t i o n  such as E q u a t i o n  5.8b, which i s  dependent upon v e l o c i t y  
and h y d r a u l i c  depth, i t  i s  p r u d e n t  t o  c o n s i d e r  t h i s  approach t o  
i n s u r e  t h a t  t h e  v e l o c i t y  and dep th  parameters  a r e  t r u l y  represen-  
t a t i v e  o f  t h a t  p o r t i o n  o f  t h e  c r o s s  s e c t i o n  t o  wh ich  they a r e  b e i n g  
a p p l i e d .  

Through a  s e r i e s  o f  c o n v e r g i n g  i t e r a t i o n s  w i t h  Manning 's  Equa t ion ,  
t h e  f o l l o w i n q  h y d r a u l i c  oararneters were de te rm ined  f o r  t h e  s u p p l y  " " 

s e c t i o n :  

Q = 16,514 c f s  
S = 0.0097 
n  = 0.025 (channel  and overbank) 

Depth = 6.58 f e e t  

Q06 = 2,017 c f s  
'lo6 = 9.71 f p s  
A ~ B  = 207.6 ft.2 

d. S u b s t i t u t e  d a t a  f ro i l l  b. and c.  i n t o  Eq. 5.80: 

F o r  t h e  "channel "  s e c t i o n :  

average f l o w  br id th  = 117 f e e t  

A 743.3 t h e r e f o r e ;  Y = - = - h  W 117 



Figure  7.6. CROSS SECTION GEOMETRY FOR UPSTREAM 
SEDIMENT SUPPLY SECTION USED IN 

EQUILIBRIUM SLOPE ANALYSIS 

SCALE : I"  = 30' HORIZONTAL 

1 "  = 3'  VERTICAL 



For  t h e  overbank s e c t i o n :  - 
average f l ow  w i d t h  = 97 f e e t  

207.6 t h e r e f o r e ;  Y = -- h  97 

F o r  a w i d t h  o f  97 f e e t ,  
'SOB 

= (0.218) ( 9 7 )  

QsoB 
= 21.2 c f s  

T o t a l  sediment t r a n s p o r t  = Q - 
- "CH 

+ Q 
S~~~ 'OB 

= 395.7 c f s  
QsToT 

T h i s  va lue  (395.7 c f s )  w i l l  be used as t h e  sediment supp ly  f o r  a l l  
downstream reaches f o r  which t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s  i s  p e r -  
formed . 

3. Compute e q u i l i b r i u m  slope.  An i t e r a t i o n  procedure i s  now employed t o  
compute t h e  sediment t r a n s p o r t  c a p a c i t y  f o r  a  c r o s s  s e c t i o n  t y p i c a l  o f  
Reach 2. iUanningls E q u a t i o n  i s  used t o  compute V and Yh, w h i l e  
E q u a t i o n  5.8b i s  used t o  compute t r a n s p o r t  c a p a c i t y .  The bed s l o p e  
v a l u e  i s  a d j u s t e d  between i t e r a t i o n s  u n t i l  t h e  t r a n s p o r t  r a t e  equa ls  
t h e  supp ly  r a t e  (395.7 c f s ) .  A l l  c a l c u l a t i o n s  a r e  based on t h e  



f o l l o w i n g  da ta :  

Q = 16,514 c f s  
n  = 0.025 

050 = 1.91mm 
G = 3.74 
W = 552 f e e t  

qs computed u s i n g  Eq. 5.8b 

A s e r i e s  o f  i t e r a t i o n s  r e s u l t i n g  i n  an e q u i l i b r i u m  s l o p e  o f  0.0187 i s  
p r e s e n t e d  i n  Tab le  7.1. 

The same procedures o u t l i n e d  i n  Steps 1 t h r o u g h  3  a r e  a l s o  a p p l i e d  t o  t h e  

e q u i l i b r i u m  s l o p e  a n a l y s i s  f o r  Reaches 3  and 4. A  summary o f  t h e  p r e d i c t e d  

e q u i l i b r i u m  s lopes f o r  a l l  t h r e e  reaches a d j a c e n t  t o  t h e  proposed l e v e e  i s  

shown below: 

Reach -- 
E x i s t i n g  

S1 ope 
E q u i l i b r i u m  

S1 ope ---- 

The e x i s t i n g  s l o p e  o f  Reach 2 i s  0.0103 f t / f t .  A r e v i e w  o f  t h e  c a l c u l a -  

t i o n s  i n  Tab le  7.1 i n d i c a t e s  t h e  e x i s t i n g  s e d i m e n t - t r a n s p o r t  r a t e  f o r  Reach 2  

i s  c o n s i d e r a b l y  l e s s  than  t h e  incoming supp ly  (395.7 c f s ) .  The e x i s t i n g  

t r a n s p o r t  r a t e s  f o r  Reaches 3  and 4, 112.9 c f s  and 60.8 c f s ,  r e s p e c t i v e l y ,  a r e  

a l s o  c o n s i d e r a b l y  l e s s  than  t h e  e s t i m a t e d  s e d i ~ n e n t  supp ly  o f  395.7 c f s .  Due 

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

Reaches 2, 3, and 4 compared t o  t h e  upst ream s u p p l y  reach,  t h e  e n g i n e e r  m i g h t  

suspec t  t h a t  t h e  chosen e q u i l i b r i u m  supp ly  s e c t i o n  i s  n o t  r e a l l y  i n  

e q u i l i b r i u m .  Unless t h e r e  have been s i g n i f i c a n t  man-made changes i n  t h e  r i v e r  

system d u r i n g  r e c e n t  y e a r s  ( r e f e r  t o  Leve l  I h i s t o r i c a l  d a t a ) ,  i t  i s  u n l i k e l y  

t h a t  such l a r g e  d i f f e r e n c e s  would  e x i s t  between sediment t r a n s p o r t  r a t e s  f o r  

r i v e r  c r o s s  s e c t i o n s  t h a t  a r e  w i t h i n  a  m i l e  o f  each o t h e r .  

I n  c o n s i d e r a t i o n  o f  t h e  r e s u l t s  o b t a i n e d  f rom t h e  p r e v i o u s  e q u i l i b r i u m  

s l o p e  c a l c u l a t i o n s ,  t h e  eng ineer  shou ld  r e - e v a l  u a t e  h i s  s e l e c t i o n  o f  an 

e q u i l i b r i u m  s l o p e  c r o s s  s e c t i o n  t o  i n s u r e  t h a t  i t  has t r u l y  been a  l o n g  term, 

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

o f  a  b e t t e r  supp ly  s e c t i o n  f o r  t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s .  



Table 7.1.  Equilibrium Slope Calcula t ions  For Reach 2 .  

Slope V yh qs W Q s  
f t / f t  ( f p s )  ( f t )  ( c f s / f t )  ( f t )  ( c f s )  

Since 396.0 c f s  i s  approximately equal t o  t h e  supply r a t e  of 
395.7 c f s ,  t he  c a l c u l a t i o n s  a r e  terminated a t  t h i s  po in t  and 
0.0187 i s  accepted a s  t h e  equi l ibr ium slope.  



F o r  purposes o f  c o m p l e t i n g  t h i s  example, i t  w i l l  be assumed t h a t  t h e  o r i -  

g i n a l  e q u i l  i b r i u m  s l o p e  c a l c u l a t i o n s  a r e  v a l  i d .  A c c o r d i n g l y ,  one c o u l d  e x p e c t  

sed iment  d e p o s i t s  w i l l  b e g i n  t o  occur  i n  t h e  upstream p o r t i o n  o f  Xeach 2 i n  an 

e f f o r t  t o  steepen t h e  bed s l o p e  t o  0.0187 f t / f t  f o r  t h e  r e m a i n i n g  downstream 

p o r t i o n  o f  t h i s  reach.  

U n f o r t u n a t e l y ,  i n s p e c t i o n s  o f  t h i s  a rea  f a i l e d  t o  r e v e a l  any n a t u r a l  o r  

manmade c o n t r o l s  which c o u l d  be used as a  p i v o t  p o i n t  f o r  t h e  computed 

e q u i l i b r i u m  s lopes .  Under t h e s e  c i r cumstances ,  t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s  

can o n l y  be a p p l i e d  i n  a  qua1 i t a t i v e  sense, i . e . ,  Reaches 2, 3 and 4 shou ld  

aggrade over  t h e  l o n g  term. Response t o  such a g g r a d a t i o n  m i g h t  be l a t e r a l  

m i g r a t i o n ,  channel  b r a i d i n g ,  channel w iden ing,  o r  a  c o m b i n a t i o n  o f  these  phe- 

nomena. 

7.3.2.2.3 Low F low - Inc ise inen t  - - 
F i e l d  i n s p e c t i o n s  o f  t h e  s tudy  reach  p r o v i d e d  an o p p o r t u n i t y  t o  check t h e  

s t ream f o r  l ow  f l o w  i n c i s e m e n t .  A l ow  f l o w  channel  on t h e  o r d e r  o f  2 '  t o  2 .5 '  

was observed d u r i n g  t h i s  v i s i t .  

The proposed l e v e e  improvements do n o t  i n c l u d e  any ~ n o d i f i c a t i o n s  t o  t h e  

channel  bed which would  e l i m i n a t e  t h e  e x i s t i n g  low f l o w  channel .  I n  t h e  

absence o f  channel  improvements, the  i n v e r t  o f  t h e  e x i s t i n g  low  f l o w  channel  

w i l l  be used as a  base e l e v a t i o n  f ro in which a l l  scour ,  d e g r a d a t i o n ,  e t c .  

d imens ions w i l l  be measured. T h i s  d e c i s i o n  i s  j u s t i f i e d  on t h e  p r o b a b i l i t y  

t h a t  t h e  e x i s t i n g  low  f l o w  channel  w i l l  m i g r a t e  ac ross  t h e  s t ream bed and 

u l t i m a t e l y  be i n  c o n t a c t  w i t h  any p o i n t  a l o n g  t h e  l e v e e  toe .  

Had c h a n n e l i z a t i o n  been p a r t  o f  t h e  proposed p l a n ,  i t  would  have been 

p r u d e n t  t o  add 2 '  t o  t h e  toe-down dep th  f o r  t h e  s o i l  cement s i n c e  a  new l o w  

f l o w  channel  would  p r o b a b l y  r e - f o r m  t h r o u g h  t h e  c h a n n e l i z e d  reach  o f  t h e  

stream. T h i s  l o w  f l o w  d e p t h  can u s u a l l y  be based on t h e  dimensions o f  l o w  

f l ow  channels  observed p r i o r  t o  c o n s t r u c t i o n  o f  channel improvements. Any 

break i n  grade w i t h  t h e  n a t u r a l  channel i n v e r t  a t  t h e  upst ream and downstream 

end of t h e  c h a n n e l i z e d  reach  shou ld  a l s o  be cons ide red .  



7.3.2.2.4 Loca l  Scour -- - - - - - 
P o t e n t i a l  f o r  l o c a l  scour  occurs  a t  t h e  upstream end o f  t h e  proposed 

l e v e e  where t h e  a l i g n m e n t  t u r n s  e a s t e r l y  t o  t i e  i n t o  h i g h  ground and becomes 

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

overbank f l o w  and d i v e r t  i t  w e s t e r l y  where i t  w i l l  merge i n t o  t h e  main channel  

a t  t h e  upstream c o r n e r  o f  t h e  l e v e e .  As t h e  overbank f l o w  passes t h e  l e v e e  

c o r n e r  and r e - e n t e r s  t h e  main channel ,  t h e  v e l o c i t y  w i l l  i n c r e a s e  and generate  

a  scour  p o c k e t  around t h e  l e v e e  toe .  The approx imate dimensions o f  t h i s  scour  

h o l e  must be c o n s i d e r e d  i n  d e t e r m i n i n g  t h e  s o i l  cement t o e  down dep th  a t  t h i s  

1 o c a t i o n .  

S ince  t h e  s o i l  cement embankment w i l l  have s l o p i n g  s ides ,  e i t h e r  Equa t ion  

5.17b o r  5.18 w i l l  be used, t h e  f i n a l  s e l e c t i o n  b e i n g  de te rm ined  by t h e  r a t i o  
a  - . The a n a l y s i s  proceeds as f o l l o w s :  
Y  

1. Cross s e c t i o n  1409 ( s e e  F i g u r e  7.7) w i l l  be used t o  de te rm ine  t h e  
h y d r a u l i c  d a t a  needed f o r  t h i s  a n a l y s i s .  T h i s  c r o s s  s e c t i o n  i s  cho- 
sen because i t  r e p r e s e n t s  average r i g h t  overbank f l o w  c o n d i t i o n s  
p r i o r  t o  b e i n g  i n t e r c e p t e d  by t h e  levee .  

2. From t h e  s u p e r c r i t i c a l  HEC-2 r u n  f o r  t h e  100-year even t ,  t h e  
f o l l o w i n g  da ta  i s  o b t a i n e d :  

3. Compute . The embankment l e n g t h ,  a, w i l l  be measured by t a k i n g  

t h e  p r o i e c t e d  l e n g t h  o f  t h e  r i g h t  overbank l e v e e  p e r p e n d i c u l a r  t o  
f l o w  (see  F i g u r e  7.7) .  I n  t h i s  p a r t i c u l a r  case, "a"  i s  equal  t o  
t h e  w i d t h  o f  t h e  r i g h t  overbank a t  c r o s s  s e c t i o n  1409. "Y" w i l l  be 
computed as t h e  h y d r a u l i c  dep th  o f  t h e  r i g h t  overbank a t  c r o s s  sec- 
t i o n  1409. Us ing t h e  above d e f i n i t i o n s :  

a  = 560 f e e t  

Yh = 2.20 f e e t  



CROSS 
SECTION 
1409 

F i g u r e  7 .7  P lan  v iew o f  l e v e e  a l i g n m e n t  
ana lyzed  i n  l o c a l  s c o u r  e v a l u a t i o n .  

7.24 



a 560 = 254 t h e r e f o r e ;  - = y  rn 

Since  5 i s  g r e d t e r  t h a n  25, Equa t ion  5.18 w i l l  oe used. 
Y  

4. Compute embankment scour .  

v - where F r  = - - 3.97 
7 

T h i s  v e r t i c a l  scour  depth  w i l l  be assumed t o  ex tend  5U f e e t  on e i t h e r  
s i d e  o f  t h e  l e v e e  c o r n e r .  Assuming t h e  ued m a t e r i a l  a t  r h i s  l o c a t i o n  
has an ang le  o f  repose o f  38" ( t y p i c a l  f a r  sa11ds and g r d u e l s ) ,  t n e  
s i d e s  o f  t n e  scour  h o l e   ill be dssurned t o  s lope  a l o n g  t h e  l e v e e  t o e  
a t  an dng le  o f  15". T h i s  procedure p r o v i d e s  a  s a f e t y  f a c t o r  o f  2.0 
as d iscussed i n  S e c t i o n  5.3.10. 

The remainder  o f  the  r i g h t  overbank l e v e e  seyment s h o u l d  a l s o  i n c o r p o r a t e  some 

t o e  down f o r  t h e  s o i l  cement t o  p r e v e n t  p o s s i b l e  e r o s i o n  t h a t  may x c u r  as t h e  

overbank f l o w  impinges on t h e  l e v e e  and i s  d i v e r t e d  w e s t e r l y .  On t h e  b a s i s  o f  

e n g i n e e r i n g  judgement, t n e  remainder  o f  t h i s  segiilent o f  t h e  overbank l e v e e  

w i l l  oe t o e d  down a  d i s t a n c e  s l i g h t l y  g r e a t e r  than t h e  h y d r a u l i c  dep th  (2.20 

f e e t )  a t  c r o s s  s e c t i o n  1409. A toe-down depth  o f  3.0 f e e t  was chosen. 

7.3.2.2.5 General  Scour 

S ince  t h e  r i v e r  c r o s s  s e c t i o n  geometry i s  n o t  c o n s t d n t  th rough  t h e  t h r e e  

reaches a l o n g  t h e  proposed l e v e e  a l i gnment ,  t h e  sediment t r a n s p o r t  charac- 

t e r i s t i c s  w i l l  va ry  f rom reach t o  reach.  These v a r i a b l e  t r a n s p o r t  charac- 

t e r i s t i c s  w i l l  i n f l u e n c e  t h e  amount o f  sediment b e i n g  d e l i v e r e d  from reach  t o  

reach  f o r  a  g i v e n  f l o o d  event .  Any d i f f e r e n c e s  between sedimerlt  supp ly  t o  a  



reach and sediment t r a n s p o r t  capac i ty  within t h a t  reach wil l  cause e i t h e r  

scour o r  deposi t ion during t h e  flow event being modeled. These short- term bed 

changes can be evaluated using t h e  p r inc ip l e  of sediment con t inu i ty .  Any 

lowering of the  bed t h a t  occurs as  a r e s u l t  of t h i s  phenomenun i s  considered a 

type of general scour and needs t o  be considered i n  t h e  design of t h e  levee 

toe-down dimension. 

General scour of t h i s  type i s  most accura te ly  analyzed a t  Level I11 using 

a moveable bed computer loode1 such as  HiiC-2bK. However, a Level I1  approxima- 

t i o n  can be achieved using r igid-bed hydraul ic  and sediro2nt-transport ca lcu la-  

t i o n s  t o  es t imate  t h e  imbalance between sedi~i ien t - t ranspor t  capac i ty  and 

sediment supply between adjacent  reaches.  The net  imbalance within a reach 

can be converted t o  a volume which in t u r n  i s  converted t o  a channel bed depth 

adjustment.  

Since the 100-year f lood i s  the  design s tandard f o r  t h i s  levee  p r o j e c t ,  

t h i s  event was used i n  the  following ana lys i s .  The data  requirements and 

c a l c u l a t i o n  sequence fol lows.  

1. Disc re t i ze  the 100-year f lood hydrograph a t  1 hour i n t e r v a l s  ( s e e  
Figure 7 . 8 ) .  

2 .  Develop sediment t r a n s p o r t  r a t i n g  curves f o r  each of the  four  reaches.  
The hydraul ic  data  required f o r  these  c a l c u l a t i o n s  can be taken froill 
the  HEC-2 runs f o r  t h e  2 - ,  5-, l o - ,  2 5 ,  50-, and 100-year peak 
discharge values. Since only oile r a t i n g  curve i s  developed f o r  each 
reach,  average hydraul ic  parameters which a r e  c h a r a c t e r i s t i c  of each 
reach must be used. For purposes of t h i s  exa~nple, the  ve loc i ty ,  a r e a ,  
and topwidths fror ,~ t h e  HEC-2 analyses were averayed f o r  a l l  t h e  c ross  
sec t ions  in each reach. These average values were segregated by chan- 
nel and overbank p a r t i t i o n s  in order  t h a t  sediment t r a n s p o r t  ca l cu la -  
t i o n s  could be performed within each of these  p a r t i t i o n s .  The t o t a l  
t r a n s p o r t  r a t e  f o r  each reach ( f o r  a given d ischarge)  i s  the  sum of the  
t r a n s p o r t  r a t e  f o r  t h e  channel plus the  t r a n s p o r t  r a t e  f o r  the  
overbank( s )  . 
The end product of t h i s  s t e p  i s  a curve represent ing  a p l o t  of qs vs. i )  
f o r  the  range of water discharge values being evaluated.  Figure 7.9 
i l l u s t r a t e s  the  r a t i n g  curve developed f o r  Reach 2 .  

3 .  Route design hydrograph through the  study reach. The purpose of t h i s  
s t e p  i s  t o  determine the  amount of sediment t rdnspor ted  through each 
reach during the passage of a given hydrograph. This i s  accomplished 
i n  a t abu la r  forinat as  i l l u s t r a t e d  i n  Table 7 . 2 .  The sediment 
t r a n s p o r t  for  each s t e p  of the  hydrograph i s  read f ro~n  the  sediment 
t r a n s p o r t  r a t i n g  curve f o r  each reach. The t r a n s p o r t  r a t e s  f o r  each 
time in t e rva l  a re  then summed t o  g e t  a t o t a l  t r a n s p o r t  r a t e  f o r  each 
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F i g u r e  7.9 Sediment t r a n s p o r t  r a t i n g  c u r v e  - Reach 2, 
P i n t o  Creek a t  Spor tsman 's  Haven. 



Table  7 . 2 .  General  Scour A n a l y s i s  Us ing  Sediment C o n t i n u i t y ,  100-year  Even t  

QS ( c f s )  
Time 9 

(Hours)  ( c f s )  Reach 1 Reach 2  Reach 3 Reach 4 

TOTAL: 

DIFFERENCE: 



reach  f o r  t h e  d u r a t i o n  o f  t h e  hydrograph. The d i f f e r e n c e  i n  t r a n s p o r t  
r a t e s  be tveen  a d j a c e n t  reaches r e p r e s e n t s  t h e  sed iment  imbalance t h a t  
must  be s a t i s f i e d  th rough  scour  o r  d e p o s i t i o n .  

4. The t r a n s p o r t  r a t e  imbalance between reaches must  be c o n v e r t e d  t o  sed i -  
ment volumes b e f o r e  channel  bed ad jus tmen ts  can be computed. The 
volume c o n v e r s i o n  and sed iment  d i s t r i b u t i o n  th rough  each r e a c h  i s  most 
e a s i l y  accompl ished i n  a t a b u l a r  fo rmat .  The f o l l o w i n g  i n f o r m a t i o n  i s  
needed f o r  t h i s  s t e p :  

D i f f e r e n c e  i n  sed iment  t r a n s p o r t  r a t e s  ( A  Q s )  between a d j a c e n t  
reaches.  

Time i n t e r v a l  f o r  t h e  d i s c r e t i z e d  hydrograph ( a t ) .  

Channel and overbank reach  l e n g t h s .  

Channel and overbank w id ths .  

Channel and overbank conveyance va lues .  

Sediment p o r o s i t y .  

The procedure c o n s i s t s  o f  c o n v e r t i n g  t h e  A Qs  v a l u e s  t o  volumes by 
mu1 t i p l y i n g  A Qs  ( c f s )  by t h e  d i s c r e t i z a t i o n  i n t e r v a l ,  A t  ( h r )  and a 
seconds t o  hours  c o n v e r s i o n  f a c t o r  (3,600).  T h i s  c a l c u l a t i o n  y i e l d s  an 
unbu lked  sediment volume i n  c u b i c  f e e t .  T h i s  volume i s  then  d i s t r i -  
b u t e d  t h r o u g h  t h e  channel  and overbanks i n  p r o p o r t i o n  t o  t h e  conveyance 
r a t i o s  f o r  each o f  these  p a r t i t i o n s .  The p r o p o r t i o n e d  volume f o r  each 
p a r t i  t i o n  i s  then  u n i f o r m a l  l y  d i s t r i b u t e d  by d i v i d i n g  t h e  volume by t h e  
p r o d u c t  o f  t h e  p a r t i t i o n  l e n g t h  and w i d t h .  The r e s u l t a n t  answer w i l l  
r e p r e s e n t  v e r t i c a l  bed movement i n  terms o f  unbu lked sediment.  To 
c o r r e c t  f o r  sed iment  b u l k i n g ,  t h i s  answer must be d i v i d e d  by ( 1 - n ) ,  
where n i s  sed iment  p o r o s i t y .  

The genera l  scour  c a l c u l a t i o n s ,  u s i n g  t h e  sediment c o n t i n u i t y  p r i n c i p l e  

and r i g i e e d  h y d r a u l i c s ,  a r e  summarized i n  T a b l e  7.3. T h i s  a n a l y s i s  p r e d i c t s  

a p p r o x i m a t e l y  3 t o  5 f e e t  o f  genera l  scour  f o r  Reaches 2 and 3 b u t  n e a r l y  6 

f e e t  o f  a g g r a d a t i o n  f o r  Reach 4. T h i s  i l l u s t r a t e s  t h e  dynamic changes t h a t  

can occur  i n  a r i v e r b e d  d u r i n g  a ma jo r  f l o o d .  The e n g i n e e r  must remember 

t h a t  these  a r e  n e t  changes t h a t  would  be e x p x t e d  a t  t h e  - end o f  t h e  

hydrograph.  T r a n s p o r t  imbalances may occur  - d u r i n g  t h e  hydrograph t h a t  produce 

temporary  scour  t h a t  i s  more severe than  t h e  n e t  cnange observed a t  t h e  end o f  

t h e  f l o o d .  A t  Leve l  11, t h i s  a d d i t i o n a l  scour  p o t e n t i a l  i s  accounted f o r  by 

a p p l y i n g  a f a c t o r  o f  s a f e t y  t o  t h e  sum o f  a l l  scour  components. 



Table 7.3. P i n t o  Creek 100-year Sediment C o n t i n u i t y  Ana lys is .  

(1) 

Reach 
.- 

2 
V 

W ,-- 
3 

4 

( 3 )  ( 4 )  ( 5 )  ( 6 )  ( 7 )  ( 8 )  ( 9 )  (10)  
V e r t i c a l  Movement 

( f e e t )  
A t  Length Width -. KP n = 0.4 

( h r )  P a r t i  t i o n  ( f e e t )  ( f e e t )  KPARTITION KTOTAL KT ikbiil 'ex - - - - ~ u i R e a  

LOB 1,190 54 12,759 0.025 
1 .O CH 1,190 547 505,858 518,613 0.975 

ROB N/ A 0 0 0 

LOB 1,170 427 105,289 0.256 
1.0 CH 1,190 484 306,275 411,569 0.744 

ROB N/ A 0 0 0 

LOB 1,320 67 2 206,149 0.437 
1.0 CH 1,190 487 266,009 472,158 0.563 

ROB N/ A 0 0 0 

o r /  c o l .  10 = c o l .  2 x c o l  . 3 x 3600 s [ ( c o l  . 5) x ( c o l  . 611 x c o l .  9 

~t = t ime i n t e r v a l  f o r  d i s c r e t i z e d  hydroyraph 

K = conveyance 



7.3.2.2.6 Sand Wave Troughs - 
The r e s u l t s  o f  t h e  HEC-2 h y d r a u l i c  a n a l y s i s  f o r  t h i s  p r o j e c t  i n d i c a t e  

t h a t  s u p e r c r i t i c a l  f l o w  w i l l  p r o b a b l y  o c c u r  i n  P i n t o  Creek d u r i n g  t h e  100-year  

f l o o d .  T h i s  c o n d i t i o n  w i l l  l e a d  t o  t h e  f o r m a t i o n  o f  an t idunes  i n  a  sand bed 

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

nes dunes would n o r m a l l y  be expected t o  occur  near  t h e  c e n t e r  o f  t h e  channel  

c r o s s  s e c t i o n ,  t h e  f o r m a t i o n  o f  sand o r  g r a v e l  b a r s  may c r e a t e  a  meander ing 

f i l a m e n t  o f  h i g h  v e l o c i t y  f l o w .  I f  t h i s  f i l a m e n t  were t o  be d i v e r t e d  ac ross  

t h e  channel  and b e g i n  f l o w i n g  n e x t  t o  t h e  l e v e e ,  an t idunes  c o u l d  fo rm a l o n g  

t h e  l e v e e  t o o .  Under these  c o n d i t i o n s ,  t h e  t roughs  c r e a t e d  by  these  bed forms 

c o u l d  undercu t  t h e  s o i l - c e m e n t  embankment and cause a  l e v e e  f a i l u r e .  To p r o -  

t e c t  a g a i n s t  t h i s  t y p e  o f  f a i l u r e ,  t h e  s o i l  cement shou ld  be ex tended a  s u f -  

f i c i e n t  d i s t a n c e  be low t h e  channel  bed t o  p r e v e n t  u n d e r c u t t i n g  by a n t i d u n e s .  

The e s t i m a t e d  depth  o f  a n t i d u n e  t r o u g h s  i s  computed by u s i n g  E q u a t i o n  

4.25: 

The computed v a l u e  o f  
ha 

r e p r e s e n t s  t h e  d i s t a n c e  f rom t h e  c r e s t  t o  t h e  

t r o u g h  o f  an a n t i d u n e  ( s e e  F i g u r e  4.7) .  A c c o r d i n g l y ,  ha must be d i v i d e d  by 

two t o  g e t  t h e  t r o u g h  dep th  be low t h e  o r i g i n a l  bed e l e v a t i o n .  When u s i n g  t h i s  

e q u a t i o n ,  t h e  e n g i n e e r  must  remember t h a t ,  i n  r e a l i t y ,  ha can never  exceed 

t h e  a c t u a l  dep th  o f  f l o w  (Yo) .  There fo re ,  t h e  t r o u g h  depth  c a l c u l a t i o n s  must  

be compared t o  t h e  a c t u a l  depths  o f  f l o w  expected i n  a  channel .  I f  t h e  

computed v a l u e  o f  ha exceeds Yo, ha s h o u l d  be assumed equal  t o  Yo .  

The p r o p e r  v a l u e  t o  use f o r  V i n  E q u a t i o n  4.25 i s  t h e  maximum v e l o c i t y  

expec ted  w i t h i n  t h e  channel  c r o s s  s e c t i o n ,  r a t h e r  t l i an  a  we igh ted  channel  

average o f  t h e  v e l o c i t y .  T h i s  may e n t a i l  s u b d i v i d i n g  a channel  s e c t i o n  i n t o  

v e r t i c a l  s t r i p s  and comput ing conveyance v a l u e s  f o r  each, wh ich can then  be 

combined w i t h  known energy s l o p e s  f rom a  HEC-2 a n a l y s i s  t o  d e r i v e  a v e l o c i t y  

f o r  each s t r i p .  

I f  t h e r e  i s  a  wide v a r i a t i o n  i n  maximum v e l o c i t y  f rom one c r o s s  s e c t i o n  

t o  t h e  n e x t ,  t h e  e n g i n e e r  shou ld  c o n s i d e r  sepera te  a n t i d u n e  c a l c u l a t i o n s  f o r  

d i f f e r e n t  reaches o f  t h e  r i v e r .  The squared v e l o c i t y  te rm i n  E q u a t i o n  4.25 

makes t h i s  c a l c u l a t i o n  ve ry  s e n s i t i v e  t o  changes i n  t h i s  parameter .  



For t h i s  p r o j e c t ,  average maximum v e l o c i t i e s  (based on t h e  maximum velo- 

c i t y  a t  each cross  sec t ion  within a reach)  were determined f o r  Reaches 2 ,  3,  

and 4 and trough depth c a l c u l a t i o n s  were performed f o r  each reach. These 

c a l c u l a t i o n s ,  which employed Equation 4.25, a r e  summarized i n  Table 7.4.  

7.3.3 Lateral Migration -- 
Changes t o  the boundaries of r i v e r  systems occur in  t h e  hor izonta l  d i r ec -  

t i o n  a s  we1 1 a s  the  v e r t i c a l .  Quite o f t e n ,  horizontal  movement i s  induced or  

aggravated by the  cons t ruc t ion  of man-made improvements within a  f loodp la in .  

In the  case of the  Pinto Creek p r o j e c t ,  the  i n s t a l l a t i o n  of an armored levee  

along the e a s t  bank of the  r i v e r  may acce le ra t e  e ros ion  along the  west bank. 

The so i l  cement embankment wi l l  e l imina te  a  potent ia l  sediment source along 

the  e a s t  bank t h a t  may have h i s t o r i c a l l y  been required t o  help s a t i s f y  de f i -  

c i t s  between upstream supply and t r a n s p o r t  capac i ty  within a  given reach.  

Analysis of l a t e r a l  migration po ten t i a l  i s  perhaps most accu ra t e ly  de ter -  

mined through a Level I review of h i s t o r i c a l  a e r i a l  photographs of t h e  r i v e r  

system. The proposed i n s t a l l a t i o n  of an armored l evee ,  however, in t roduces  a  

va r i ab le  t h a t  i s  not  r e f l e c t e d  i n  the  channel movement observed in h i s t o r i c a l  

photos. 

As discussed i n  Sect ion 5.3.9, q u a n t i f i c a t i o n  of l a t e r a l  migrat ion i n  a  

d is turbed  r i v e r  system can be pursued through the  app l i ca t ion  of the sediment 

con t inu i ty  concept.  I f  a  sediment d e f i c i t  i s  found t o  e x i s t  within a  given 

reach as  t h e  r e s u l t  of rout ing  the  design hydrograph through the  reach, a  

worst case condit ion can be estab1i:hed by assuming the  sediment d e f i c i t  i s  -- 
s a t s i f i e d  by using one bank of the  reach as the s o l e ,  loca l  sediment supply. 

The sediment d e f i c i t  could e i t h e r  be uniformly d i s t r i b u t e d  along t h e  e n t i r e  

bank l i n e  o r  be concentrated in a  loca t ior ,  bihere a  bend might form o r  i s  

a lready in ex is tence .  The following ana lys i s  f o r  P in to  Creek wi l l  i l l u s t r a t e  

both cases.  

1. Use sediment con t inu i ty  and assume a l l  sediment d e f i c i t s  wil l  be 
s a t i s f i e d  by erosion of material  from the west bank. The a n a l y s i s  
w i l l  use data  from the  general scour ana lys i s  (Sec t ion  7.3.2.2.5) f o r  
t h e  100-year f lood.  



Table  7.4. C a l c u l a t i o n  o f  An t idune  Trough Depths.  

Average Maximum Trough Depth  ( f e e t )  
Reach V e l o c i t y  ( f p s )  h a  ( f e e t ) '  (112 x h a )  

- - 

'ha = 0.027 v 2  ( E q u a t i o n  4.25). 



2 .  Reach 2  - T h i s  r e a c h  w i l l  be armored a l o n g  t h e  e a s t  bank, as a  r e s u l t  
o f  t h e  proposed s o i  1-celllent levee,  and p r e s e n t l y  c o n s i s t s  o f  n a t u r a l  
r o c k  a long  t h e  west  bank. As a  r e s u l t ,  no l a t e r a l  channel  movement 
i s  expected t o  o c c u r  i n  t h i s  reach.  

3. Reach 3 - F r o ~ ~ i  t h e  sed iment  c o n t i n u i t y  a n a l y s i s ,  t h i s  r e a c h  has a  
t o t a l  sediment supp ly  d e f i c i t  o f  686 c f s  ( see  Tab le  7 . 2 ) .  T h i s  v a l u e  
i s  conver ted  t o  a  volume as f o l l o w s :  

v o l .  = (686)  (1 hour )  (3,600) 

Vo l .  = 2,469,600 f e e t 3  

C o r r e c t  f o r  b u l k i n g  (assuming a  p o r o s i t y  o f  n = 0 . 4 ) ,  

The average vtest bank h e i g h t  (HI  t h r o u g h  Reach 3 i s  s i x  f e e t ,  w h i l e  
t h e  Dank l e n g t h  i s  1,170 f e e t .  A s s u ~ r ~ i n g  u n i f o r m  e r o s i o n ,  t h e  l a r e r a l  
bank movement i s  c o ~ ~ l p u t e d  as f o l l o w s :  

Volu~ne Sed. i l e f  
H W t i X L d i l  

AW = 586 f e e t  

An a l t e r n a t i v e  t o  t h e  u n i f o r m  e r o s i o n  approach i s  t o  assume t i l e  e r o -  
s i o n  w i l l  o c c u r  as a  s e m i - c i r c u l a r  bend. The volume o f  e r o s i o n  i s  
computed as: 

Vol  umegank 
1 = - n r 2 ~  2 

Assuming t h e  volume o f  bank e r o s i o n  equa ls  t h e  volume o f  sed iment  
d e f i c i t  ( i  .e., bed and bank m a t e r i a l s  a r e  s i m i l a r ) ;  o r  

Vol ulnegank = VolumeSed, Def 

we can s o l v e  f o r  t h e  r a d i u s  o f  t h e  s e i n i - c i r c l e  as f o l l o w s :  



r = 661 f e e t  

The s e m i - c i r c u l a r  e r o s i o n  p a t t e r n  g i v e s  a  wors t -case c o n d i t i o n  f o r  
t h i s  reach.  S e l e c t i o n  o f  t h e  d imens ions f o ~ i n ~ ~ i ' i j i i ~ ~ F r z o n e  
a l o n g  t h e  wes t  bank i s  a  m a t t e r  o f  exper ience  and e n g i n e e r i n g  judge-  
ment, and shou ld  n o t  be based s o l e l y  on t h e  r e s u l t s  o f  a  q u a n t i t a t i v e  
a n a l y s i s  such as t h a t  p r e s e n t e d  above. Cases may a r i s e  where i t  
would  be more economical  t o  c o n s t r u c t  some t y p e  o f  s t r u c t u r a l  lneasure 
t o  p r e v e n t  e r o s i o n ,  r a t h e r  t h a n  p u r c h a s i n g  t h e  r i g h t - o f - w a y  f o r  an 
e r o s i o n  b u f f e r  zone. 

F o r  t h i s  p r o j e c t ,  an e r o s i o n  b u f f e r  zone was s e l e c t e d  as t h e  p r e -  
f e r r e d  a1 t e r n a t i v e  f o r  t h e  west  bank. The west  bank i s  undeve loped 
p r o p e r t y  and can be purchased a t  a l ow  c o s t .  Based on t h e  r e s u l t s  o f  
t h e  q u a n t i t a t i v e  l a t e r a l  m i g r a t i o n  a n a l y s i s ,  a  r e v i e w  o f  h i s t o r i c a l  
pho tos  d a t i n g  back t o  1947, and t h e  topography a l o n g  t h e  wes t  bank, a 
v a r i a b l e  w i d t h  b u f f e r  zone was recommended f o r  t h e  wes t  bank t h r o u g h  
Reach 3. 

Due t o  t h e  reconnaissance l e v e l  n a t u r e  o f  t h e  Department o f  Water 
Resource s tudy,  subsur face  g e o l o g i c a l  d a t a  was n o t  a v a i l a b l e  f o r  t h e  
stream bank o p p o s i t e  t h e  proposed levee .  However, a  rock  f o r m a t i o n  
i s  v i s i b l e  a l o n g  t h e  west  bank t h r o u g h  t h e  m a j o r i t y  of Reach 2. The 
topography a l o n g  t h e  wes t  bank suggests  t h a t  t h i s  r o c k  f o r m a t i o n  con- 
t i n u e s  under t h e  s u r f a c e  and p r o b a b l y  c o n s t i t u t e s  t h e  s teep r i d g e l i n e  
a l o n g  t h e  west  bank o f  Reach 3. On t h i s  assumpt ion,  t h e  b u f f e r  zone 
f o r  Reach 3 w i l l  be t a k e n  as t h a t  area f r o m  t h e  west  edge o f  t h e  
100-year f l o o d p l a i n  t o  t h e  base o f  t h e  s teep  r i d g e  ( s e e  F i g u r e  7 . 1 ) .  
T h i s  w i d t h  w i l l  v a r y  f rom 200'  t o  3 0 0 ' ,  and i s  w i t h i n  t h e  l i m i t s  
d e r i v e d  frorn t h e  q u a n t i t a t i v e  a n a l y s i s .  Obv ious ly ,  t h e  g e o l o g i c a l  
assuinpt ions used i n  t h i s  a n a l y s i s  would  have t o  be v e r i f i e d  p r i o r  t o  
a  f i n a l  d e l i n e a t i o n  and a c q u i s i t i o n  o f  t h e  b u f f e r  zone. 

4. Reach 4 - The sed iment  c o n t i n u i t y  a n a l y s i s  i n d i c a t e s  t h i s  r e a c h  w i l l  
r e c e i v e  more sediment t h a n  i t  i s  capab le  o f  t r a n s p o r t i n g .  As a  
r e s u l t ,  bank e r o s i o n  due t o  i n s u f f i c i e n t  sediment supp ly  s h o u l d  n o t  
occu r .  However, as t h e  bed aggrades, t h e  channel  geometry c o u l d  
change and cause t h e  main  channel  t o  s h i f t  w e s t e r l y  and p o s s i b l y  
a t t a c k  t h e  wes te rn  bank w i t h  h i g h  v e l o c i t y  f l o w .  T h i s  i s  a  v e r y  
dynamic process which i s  d i f f i c u l t  t o  q u a n t i f y .  E s t i m a t i n g  t h e  
amount o f  l a t e r a l  e r o s i o n  i n  aggrad ing  reaches i s  a  m a t t e r  o f  e n g i -  
n e e r i n g  judgement. Again,  as f o r  Reach 3, t o p o g r a p h i c  f e d t u r e s  and 
h i s t o r i c a l  photos  were used i n  e s t a b l i s h i n g  a  r e a l i s t i c  b u f f e r  zone 
t h r o u g h  Reach 4. T h i s  zone i s  an e x t e n s i o n  o f  t h e  one t h r o u g h  Reach 
3  and e s s e n t i a l l y  f o l l o w s  t h e  base o f  ano the r  s teep  r i d g e l i n e  wh ich  
i s  suspected t o  be o v e r l y i n g  r o c k  a l o n g  t h e  n o r t h e r n  h a l f  o f  t h e  
r e a c h  ( s e e  F i g u r e  7 .1  f o r  b u f f e r  zone l i m i t s ) .  



Al though  F i g u r e  7 .1  does n o t  e x t e n d  f a r  enough downstream t o  show 
t h i s  f e a t u r e ,  P i n t o  Creek makes about  a  35" bend t o  t h e  e a s t  a f t e r  
l e a v i n g  Reach 4. I n  t h e  absence o f  any v i s i b l e  t o p o g r a p h i c  o r  geo lo-  
g i c  e r o s i o n  r e s i s t a n t  f e a t u r e s  i n  t h i s  downstream area,  t h e r e  i s  a  
good chance t h a t  some a c c e l e r a t e d  e r o s i o n  c o u l d  o c c u r  on t h e  o u t s i d e  
o f  t h i s  bend. T h i s  e r o s i o n  process may be f u r t h e r  a c c e l e r a t e d  as a  
r e s u l t  o f  t h e  s t r a i g h t e n e d  a1 ign lnent  o f  t h e  r i v e r  f rom t h e  Highway 88 
b r i d g e  th rough  ileach 4. The proposed l e v e e  tends t o  c o n c e n t r a t e  t h e  
f l o o d  wa te r  i n  a  s t r a i g h t  l i n e  t h a t  i s  d i r e c t e d  i n t o  t h i s  bend. 
P r i o r  t o  c o n s t r u c t i o n  o f  t h e  proposed l e v e e ,  t h e  wa te r  sp read  o u t  
t h r o u g h  Sportsman's Haven and d i d  n o t  l a u n c h  such a  c o n c e n t r a t e d  
a t t a c k  a t  t h e  e n t r a n c e  t o  t h e  bend. 

As p a r t  o f  t h e  f i n a l  d e s i g n  phase o f  t h i s  p r o j e c t ,  i t  would  be recom- 
mended t h a t  a  d e t a i l e d  a n a l y s i s  be made o f  t h i s  prob lem i n  o r d e r  t h a t  
m i t i g a t i o n  measures i n i g h t  be taken  i f  t h e  damage p o t e n t i a l  was found 
t o  be severe and d i r e c t l y  r e l a t e d  t o  c o n s t r u c t i o n  o f  t h e  upst ream 
1  evee system. 

The q u a n t i t a t i v e  assessment o f  1  a t e r a l  m i g r a t i o n  p r e s e n t e d  i n  t h i s  sec- 

t i o n  i s  based on a  s i n g l e  f l o o d  even t .  R e a l i z i n g  t h a t  l a t e r a l  m i g r a t i o n  i s  a  

c o n t i n u a l  process ove r  a  l o n g  p e r i o d  o f  t i m e ,  some s a f e t y  f a c t o r ,  say 2.0, 

c o u l d  be a p p l i e d  t o  t h e  q u a n t i t a t i v e  c a l c u l a t i o n s  t o  e s t a b l i s h  a  l o n g - t e r m  ' 

1  i m i t .  It must be emphasized, however, t h a t  q u a n t i t a t i v e  c a l c u l a t i o n s  s h o u l d  

o n l y  be used w i t h  c o n s i d e r a b l e  e n g i n e e r i n g  judgement and an a p p r e c i a t i o n  o f  

h i s t o r i c a l  even ts  and p h y s i c a l  c o n s t r a i n t s  such as topography and geo logy.  

7.4 Summary and Conc lus ions  -- - - -- - 
Based on t h e  p r e c e d i n g  ana lyses,  we a r e  now p repared  t o  e s t a b l i s h  t h e  

c r i t i c a l  des ign  dimensions f o r  t h e  proposed l e v e e  system. 

1. Levee C r e s t  P r o f i l e  
The c r e s t  o f  t h e T e v e e  w i l l  para1 l e l  t h e  s u b c r i  t i c a l  w a t e r - s u r f a c e  
p r o f i l e  f o r  t h e  100-year  f l o o d .  As shown below, t h e  t o p  o f  t h e  
l e v e e  embankment and t h e  so i l - cement  b d n ~  p r o t e c t i o n  w i l l  be e l e v a t e d  
an equal d i s t a n c e  above t h i s  w a t e r - s u r f a c e  p r o f i  1  e. These f r e e b o a r d  
d imens ions a r e  minimum va lues  and may be i n c r e a s e d  s l i g h t l y  d u r i n g  
d e s i g n  t o  e l i m i n a t e  numerous grade breaks d u r i n g  a c t u a l  l e v e e  
c o n s t r u c t i o n .  



Freeboard Distance Above Design Water 
Surface P r o f i l e  ( f e e t )  - - - -- 

Reach Levee Cres t  SO i  1  -TeG%nttfi<i-f~ 

Upstream 
Right Overbank 3.0 

2 3.8 
3 4.2 
4 3.1 

Requi rements For Bank S tab i l  i  za t ion  ------ 
The need f o r  bank s t ab i l i z ; iT0?1 i -o reven t  e ros ion  of the  e a r t h  levee  
was discussed in Sect ion 7.3.2.1. For t h i s  p r o j e c t ,  a  soi l -cement  
b lanket  i s  proposed along the  stream-side face of the levee  t o  pre- 
vent  e ros ion .  

Toe-Down Requirements For Soil-Cement Embankment ----- 
The so i l  cement must be - e X t G i d T ~ n i u % h b e l  ow exi s t i  no around < 

e leva t ion  so as  t o  prevent  undermining by t i e  mu1 t i p l e  scouring pro- , 

cesses  t h a t  occur on both a  s h o r t  and long-term b a s i s .  This  toe-down 
dimension i s  determined as  the  sum of a l l  the  v e r t i c a l  channel 
adjustments t h a t  were analyzed in Sect ion 7.3.2.2. A summary of t h e  
recommended toe-down depths f o r  s p e c i f i c  reaches of t h e  levee  i s  pre- 
sented  i n  Table 7.5. 

Lateral  Channel Migration - - - - -- -- -- -- 
Arrnorinq of the proposed e a s t  bank levee throuqh an app l i ca t ion  of . . 
s o i l  cement may a c c e l e r a t e  erosion along t h e  ipposi  teVbank of the  
stream. As a precaut ionary measure, an eros ion  bu f fe r  zone i s  recom- 
mended along the  west bank of Pinto Creek. The bu f fe r  zone dimen- 
s ions  a r e  summarized a s  follows: 

Reach Buffer Zone ( f e e t )  

0  (na tu ra l  rock) 
200 - 300 
130 - 350 

For t h i s  p r o j e c t ,  the  buffer  zone wi l l  be measured from the  west edge 
of the 100-year f lood p la in .  Unique circumstances on o the r  p r o j e c t s  
might d i c t a t e  t h a t  such buffer  zones be measured from d i f f e r e n t  
re ference  poin ts .  



Table  7.5. Summary o f  Soi l-Cement Toe-Down Dimensions 

T o t a l  
Long-Term Low Flow L o c a l  General  An t idune  C a l c u l a t e d  

Degrada t ion  Inc i sement  Scour Scour Troughs S a f e t y  Toe-Down 
Reach ( f e e t )  ( f e e t )  ( f e e t )  ( f e e t )  ( f e e t )  F a c t o r  ( f e e t )  

Upstream 
R i g h t  
Overbank 01 

Upstream 
Levee 
Corner o1 N / A ~  6.9 3.6 3.5 1.3 18.2 

l ~ h e  e q u i l i b r i u m  s l o p e  o r  genera l  scour  a n a l y s i s  p r e d i c t  a g g r a d a t i o n  o r  depo- 
s i t i o n ,  r e s p e c t i v e l y ,  a t  t h e s e  l o c a t i o n s .  As a  c o n s e r v a t i v e  approach, 
aggrada t ion  o r  d e s p o s i t i o n  i s  n o t  a l g e b r a i c l y  added i n t o  t h e  toe-down dep th ,  
a  zero bed ad jus tmen t  i s  assumed f o r  t h e s e  cases. 

2 ~ h e  i n v e r t  o f  t h e  e x i s t i n g  low f l o w  channel  w i l l  be used as a  base e l e v a t i o n  
f rom which a l l  o t h e r  bed p r o f i l e  ad jus tments  w i l l  be measured. 

30n t h e  b a s i s  o f  e n g i n e e r i n g  judgement, t h e  h y d r a u l i c  dep th  i n  t h e  r i g h t  o v e r -  
bank was s e l e c t e d  as b e i n g  r e p r e s e n t a t i v e  o f  t h i s  t y p e  o f  scour .  

4 ~ h e s e  a re  minimum va lues  and may be i n c r e a s e d  s l i g h t l y  d u r i n g  d e s i g n  t o  e l i -  
m i n a t e  numerous grade breaks d u r i n g  c o n s t r u c t i o n .  



T h i s  conc ludes t h e  d e s i g n  example. The i n t e n t  o f  t h i s  s e c t i o n  was t o  

i l l u s t r a t e  t h e  a p p l i c a t i o n  o f  a n a l y t i c a l  concep ts  p r e s e n t e d  i n  t h i s  manual t o  

an a c t u a l  p r o j e c t  s tudy .  As can be seen f rom t h e  above a n a l y s i s ,  " r e a l  w o r l d "  

problems do n o t  always conform t o  t h e  i d e a l  c o n d i t i o n s  o f t e n  used t o  d e s c r i b e  

t h e  t h e o r y  o f  a  t e c h n i c a l  procedure.  F o r  i n s t a n c e ,  i n  t h i s  prob lem we found  

no c o n t r o l s  i n  t h e  channel bed t h a t  c o u l d  be used as p i v o t  p o i n t s  f o r  an 

e q u i l i b r i u m  s l o p e  a n a l y s i s .  A  prob lem was a l s o  suspected i n  t h e  s e l e c t i o n  o f  

a  sediment supp ly  s e c t i o n  f o r  t h e  e q u i l i b r i u m  s l o p e  a n a l y s i s .  The l a t e r a l  

m i g r a t i o n  a n a l y s i s  demonst ra ted t h e  need f o r  c o n s i d e r a b l e  e n g i n e e r i n g  judge-  

ment i n  s e l e c t i n g  an e r o s i o n  b u f f e r  zone. 

Very seldom w i l l  p r o j e c t s  i n v o l v i n g  f l u v i a l  systems be encountered t h a t  

l e n d  themselves t o  an i d e a l  o r  t e x t b o o k  s o l u t i o n .  A l l  t h e  q u a n t i t a t i v e  p roce-  

dures out1  i n e d  i n  t h i s  manual s h o u l d  o n l y  be used as g u i d e l i n e s .  As empha- 

s i z e d  t h r o u g h o u t  t h i s  des ign  manual, t h e  f i n a l  s o l u t i o n  t o  a  s p e c i f i c  p rob lem 

must be based on e n g i n e e r i n g  judgement and exper ience .  - 
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APPENDIX A 

PACIFIC SOUTHWEST INTER-AGENCY COMMITTEE (PSIAC) 

METHOD FOR PREDICTING WATERSHED SOIL LOSS 

Note: The i n f o r m a t i o n  p resen ted  i n  APPENDIX A i s  f rom t h e  f o l l o w i n g  source:  -- 
" P a c i f i c  Southwest In te r -Agency  Committee, R e p o r t  o f  t h e  Water 

Management Subcommittee on F a c t o r s  A f f e c t i n g  Sediment Y i e l d  i n  t h e  

P a c i f i c  Southwest Area and S e l e c t i o n  and E v a l u a t i o n  o f  Measures f o r  

Reduc t ion  o f  E r o s i o n  and Sediment Y i e l d , "  October ,  1968. 

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

The m a t e r i a l  t h a t  f o l l o w s  i s  suggested f o r  use i n  t h e  e v a l u a t i o n  o f  s e d i -  

ment y i e l d  i n  t h e  P a c i f i c  Southwest. It i s  i n t e n d e d  as an a i d  t o  t h e  es t ima-  

t i o n  o f  sediment y i e l d  f o r  t h e  v a r i e t y  o f  c o n d i t i o n s  encoun te red  i n  t h i s  area.  

The c l a s s i f i c a t i o n s  and companion g u i d e  m a t e r i a l  a r e  i n t e n d e d  f o r  b road  

p l a n n i n g  purposes o n l y ,  r a t h e r  t h a n  f o r  s p e c i f i c  p r o j e c t s  where more i n t e n s i v e  

i n v e s t i g a t i o n s  o f  sed iment  y i e l d  would be r e q u i r e d .  F o r  these  purposes i t  i s  

recommended t h a t  map d e l i n e a t i o n s  be f o r  areas no s m a l l e r  than  10 square 

m i l e s .  

It i s  suggested t h a t  a c t u a l  measurements o f  sed iment  y i e l d  be used t o  t h e  

f u l l e s t  e x t e n t  p o s s i b l e .  T h i s  d e s c r i p t i v e  m a t e r i a l  and t h e  r e l a t e d  numer i ca l  

e v a l u a t i o n  system would b e s t  se rve  i t s  purpose as a means o f  d e l i n e a t i n g  boun- 

d a r i e s  between sediment y i e l d  areas and i n  e x t r a p o l a t i o n  o f  e x i s t i n g  d a t a  t o  

areas where none i s  a v a i l a b l e .  

T h i s  may i n v o l v e  a p l o t t i n g  o f  known sed iment  y i e l d  d a t a  on work maps. 

Prepared m a t e r i a l s  such as g e o l o g i c  and s o i l  maps, t o p o g r a p h i c ,  c l i m a t i c ,  

v e g e t a t i v e  t y p e  and o t h e r  r e f e r e n c e s  would be used as a i d s  i~ d e l i n e a t i o n  of 

boundar ies  s e p a r a t i n g  y i e l d  c l a s s i f i c a t i o n s .  A s tudy  o f  t h e  genera l  r e l a -  

t i o n s h i p s  between known sediment y i e l d  r a t e s  and t h e  watershed c o n d i t i o n s  t h a t  

produce them would be o f  s u b s t a n t i a l  b e n e f i t  i n  p r o j e c t i n g  d a t a  t o  areas 

w i t h o u t  i n f o r m a t i o n .  



Sediment Y i e l d  C l a s s i f i c a t i o n  

I t  i s  recommended t h a t  sediment y i e l d s  i n  t h e  P a c i f i c  Southwest a rea  be 

d i v i d e d  i n t o  f i v e  c l a s s e s  o f  average annual y i e l d  i n  a c r e - f e e t  p e r  square 

m i l e .  These a r e  as f o l l o w s :  

C l a s s i f i c a t i o n  1 > 3.0 a c r e - f e e t / s q u a r e  m i l e  

2 1.0 - 3.0 

3 0.5 - 1.0 

4 0.2 - 0.5 

5 < 0.2 

N ine  f a c t o r s  a r e  recommended f o r  c o n s i d e r a t i o n  i n  d e t e r m i n i n g  t h e  sed i -  

ment y i e l d  c l a s s i f i c a t i o n .  These a r e  geo logy,  s o i l s ,  c l i m a t e ,  r u n o f f ,  

topography,  ground cover ,  l a n d  use, u p l a n d  e ros ion ,  and channel  e r o s i o n  and 

sed iment  t r a n s p o r t .  

C h a r a c t e r i s t i c s  o f  each o f  t h e  n i n e  f a c t o r s  which g i v e  t h a t  f a c t o r  h i g h ,  

moderate, o r  l ow  sed iment  y i e l d  l e v e l  a r e  shown on Tab le  A-1.  The sed iment  

y i e l d  c h a r a c t e r i s t i c  o f  each f a c t o r  i s  ass igned  a  numer i ca l  v a l u e  r e p r e s e n t i n g  

i t s  r e l a t i v e  s i g n i f i c a n c e  i n  t h e  y i e l d  r a t i n g .  The y i e l d  r a t i n g  i s  t h e  sum o f  

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

Convers ion t o  y i e l d  c l a s s e s  shou ld  be as f o l l o w s :  

R a t i n g  

> 100 

75 - 100 

50 - 75 

25 - 50 

0 - 25 

C lass  -- 
1 

2 

3 

4 

5 

G u i d e l i n e s  which accompany t h e  t a b l e  a r e  an i n t e g r a l  p a r t  o f  t h e  p roce-  

dure .  They d e s c r i b e  t h e  c h a r a c t e r i s t i c s  o f  f a c t o r s  which i n f l u e n c e  sed iment  

y i e l d  and these  a r e  summarized i n  t h e  space p r o v i d e d  on t h e  t a b l e .  

The f a c t o r s  a r e  g e n e r a l l y  desc r ibed ,  f o r  purposes o f  a v o i d i n g  c o m p l e x i t y ,  

as i n d e p e n d e n t l y  i n f l u e n c i n g  t h e  amount o f  sed iment  y i e l d .  The v a r i a b l e  i m p a c t  

o f  any one f a c t o r  i s  t h e  r e s u l t  o f  i n f l u e n c e  by t h e  o t h e r s .  To accoun t  f o r  

t h i s  v a r i a b l e  i n f l u e n c e  i n  any one a rea  would r e q u i r e  much more i n t e n s i v e  

i n v e s t i g a t i o n a l  procedures than  a r e  a v a i l a b l e  f o r  b road  p l a n n i n g  purposes.  



To br ie f ly  indicate the interdependence of the fac tors  discussed separa- 

t e l y ,  ground cover i s  used as an example. If there i s  no vegetation, l i t t e r  

or rock fragments protecting the surface, the rock, s o i l ,  and topography 

express t he i r  uniqueness on erosion and sediment yie ld .  If the surface i s  

very well protected by cover, the charac te r i s t i cs  of the other fac tors  are 

obscured by th i s  circumstance. In similar vein, an a r id  region has a high 

potential fo r  erosion and sediment y ie ld  because of l i t t l e  or  no ground cover, 

sensi t ive  so i l s  and rugged topography. Given very low intensi ty  r a in fa l l  and 

rare  in tervals  of runoff, the sediment y ie ld  could be qui te  low. 

Each of the 9 factors  shown on Table A-1 are paired influences with the 

exception of topography. T h a t  i s ,  geology and so i l s  a re  d i rec t ly  re1 ated as 

are climate and runoff, ground cover and land use, and upland and channel ero- 
sion. Ground cover and land use have a negative influence under average or 

bet ter  conditions. Their impact on sediment y ie ld  i s  therefore indicated as a 

negative influence when affording be t te r  protection than t h i s  average. 

I t  i s  recommended tha t  the observer follow a feedback process whereby he 

checks the sum of the values on the table  from A through G with the sum of 

and I .  In most instances high values in the  former should correspond to  hi5 

values in the l a t t e r .  If they do not, e i t he r  special erosion conditions e x i s t  

or  the A through G factors  should be re-evaluated. 

Although only the high, moderate and low sediment yie ld  levels  a re  shown 

on the attached table ,  interpolation between these levels  may be made. 

Surface Geology 

Over much of the southwest area ,  the e f f ec t  of surface geology on erosion 

i s  readily apparent. The weaker and sof te r  rocks are more eas i ly  eroded and 

generally yie ld  more sediment than do the harder more r e s i s t an t  types. 

Sandstones and similar coarse-textured rocks tha t  d is integrate  to form per- 

meable so i l s  erode l e s s  t h a n  shales and related mudstones and s i l t s t ones  under 

the same conditions of precipi ta t ion.  On the other hand, because of the 

absence of cementing agents in some s o i l s  derived from sandstone, large storms 

may produce some of the highest sediment yie lds  known. 

The widely dis t r ibuted marine shales,  such as the Mancos and shale mem- 

bers of the Moenkopi Formation, const i tu te  a group of highly erodible for- 

mations. The very large areal extent of the shales and the i r  outwash deposits 



g i v e s  them a r a n k  o f  s p e c i a l  impor tance  i n  r e l a t i o n  t o  e r o s i o n .  Few o f  t h e  

s h a l e  areas a r e  f r e e  f rom e r o s i o n .  O c c a s i o n a l l y ,  because o f  s l o p e  o r  c o v e r  

c o n d i t i o n s ,  metamorphic r o c k s  and h i g h l y  f r a c t u r e d  and deep ly  weathered g r a n i -  

t e s  and g r a n o d i o r i t e s  produce h i g h  sediment y i e l d .  L imestone and v o l c a n i c  

o u t c r o p  areas a r e  among t h e  mos t  s t a b l e  f o u n d  w i t h i n  t h e  wes te rn  l a n d s .  The 

p r i n c i p a l  reason f o r  t h i s  appears t o  be t h e  e x c e l l e n t  i n f i l t r a t i o n  charac-  

t e r i  s t i c s ,  wh ich a1 l o w  most  p r e c i p i t a t i o n  t o  p e r c o l a t e  i n t o  t h e  u n d e r l y i n g  

r o c k s .  

I n  some areas,  a l l  g e o l o g i c  f o r m a t i o n s  a r e  covered  w i t h  a1 l u v i a l  o r  

c o l l u v i a l  m a t e r i a l  wh ich may have no r e l a t i o n  t o  t h e  u n d e r l y i n g  geo logy.  I n  

such areas t h e  g e o l o g i c  f a c t o r  would  have no i n f l u e n c e  and s h o u l d  be ass igned  

a  v a l u e  o f  0  i n  t h e  r a t i n g .  

S o i l s  
A- 

S o i l  f o r m a t i o n  i n  t h e  P a c i f i c  Southwest g e n e r a l l y  has n o t  had c l i m a t i c  

c o n d i t i o n s  conduc ive t o  r a p i d  development. T h e r e f o r e ,  t h e  s o i l s  a r e  i n  an 

immature s tage  o f  development and c o n s i s t  e s s e n t i a l l y  o f  p h y s i c a l l y  weathered 

r o c k  m a t e r i a l s .  The presence o f  sodium ca rbona te  ( b l a c k  a l k a l i )  i n  a  s o i l  

t ends  t o  cause t h e  s o i l  p a r t i c l e s  t o  d i s p e r s e  and r e n d e r s  such a  s o i l  suscep- 

t i b l e  t o  e r o s i o n .  

There a r e  e s s e n t i a l l y  t h r e e  i n o r g a n i c  p r o p e r t i e s - - s a n d ,  s i l t ,  and c l a y - -  

wh ich  may i n  any comb ina t ion  g i v e  s o i l  i t s  p h y s i c a l  c h a r a c t e r i s t i c s .  Organ ic  

substances p l u s  c l a y  p r o v i d e  t h e  b i n d i n g  m a t e r i a l  wh ich tends t o  h o l d  t h e  s o i l  

separa tes  t o g e t h e r  and form aggregates.  Aggregate f o r m a t i o n  and s t a b i l i t y  o f  

t h e s e  aggregates a r e  t h e  r e s i s t a n t  p r o p e r t i e s  o f  s o i l  a g a i n s t  e r o s i o n .  

U n s t a b l e  aggregates  o r  s i n g l e  g r a i n  s o i l  m a t e r i a l s  can be v e r y  e r o d i b l e .  

C l i m a t e  and l i v i n g  organisms a c t i n g  on p a r e n t  m a t e r i a l ,  as c o n d i t i o n e d  by 

r e l i e f  o r  topography over  a p e r i o d  o f  t ime ,  a r e  t h e  e s s e n t i a l  f a c t o r s  f o r  s o i l  

development. Any one o f  these f a c t o r s  may overshadow o r  depress a n o t h e r  i n  a  

g i v e n  area and cause a  d i f f e r e n c e  i n  s o i l  f o rmat ion .  F o r  i n s t a n c e ,  c l i m a t e  

de te rm ines  what t y p e  o f  v e g e t a t i o n  and animal p o p u l a t i o n  w i l l  be p r e s e n t  i n  an 

area,  and t h i s  w i l l  have a  d e f i n i t e  i n f l u e n c e  o r  de te rm ine  t h e  t y p e  o f  s o i l  

t h a t  evo lves.  As an example, s o i l s  d e v e l o p i n g  under  a  f o r e s t  canopy a r e  much 

d i f f e r e n t  f rom s o i l s  d e v e l o p i n g  i n  a  g r a s s l a n d  community. 

The raw, sha ley  t y p e  areas (mar ine  s h a l e s )  o f  t h e  P a c i f i c  Southwest have 

v e r y  l i t t l e ,  i f  any, s o l i d  development.  C o l l u v i a l - a l l u v i a l  f a n  t y p e  a reas  a r e  



u s u a l l y  present  a t  t he  lower e x t r e m i t i e s  o f  the steeper s l op ing  sha le  areas. 

I n f i l t r a t i o n  and p e r c o l a t i o n  are u s u a l l y  minimal on these areas due t o  t he  

f i n e  tex tu red  nature o f  the s o i l  ma te r i a l .  Th i s  ma te r i a l  i s  e a s i l y  d ispersed 

and probably has a h igh  shr ink -swe l l  capac i ty .  Vegetat ion i s  gene ra l l y  

sparse, and cons i s t s  o f  a s a l t  deser t  shrub type. 

There are areas t h a t  con ta in  s o i l s  w i t h  d e f i n i t e  p r o f i l e  development, and 

a lso,  stony s o i l s  t h a t  con ta in  few f i n e s ,  which c o n s t i t u t e s  an improved physi -  

ca l  c o n d i t i o n  f o r  i n f i l t r a t i o n  and p l a n t  growth over the f i n e  t e x t u r e d  shaley 

areas. These areas u s u a l l y  occur a t  h igher  and more mo is t  e leva t i ons  where 

bare, hard c r y s t a l l i n e  rocks prov ide  t h e  s o i l  paren t  ma te r i a l .  Vegetat ion and 

o the r  ground cover, under these circumstances , prov ide  adequate p r o t e c t i o n  

aga ins t  the e ros i ve  fo rces  and thus low sediment y i e l d  r e s u l t s .  

I n  a r i d  and semi-ar id  areas, an accumulation o f  rock fragments ( d e s e r t  

pavement) o r  calcareous m a t e r i a l  ( c a l i c h e )  i s  no t  uncommon. These l a y e r s  can 

o f f e r  subs tan t i a l  r es i s tance  t o  e ros ion  processes. 

The two extreme cond i t i ons  o f  sediment y i e l d  areas have been descr ibed. 

In te rmed ia te  s i t u a t i o n s  would con ta in  some fea tu res  o f  the two extremes. One 

such s i t u a t i o n  migh t  be an area o f  predominately good s o i l  development t h a t  

con ta ins  small areas o f  badlands. Th i s  combinat ion would poss ib l y  r e s u l t  i n  

an in te rmed ia te  c l a s s i f i c a t i o n .  

Cl imate and Runoff 

C l i m a t i c  f a c t o r s  are paramount i n  s o i l  and vegetal  development and de ter -  

mine the q u a n t i t y  and discharge r a t e  o f  r u n o f f .  The same f a c t o r s  c o n s t i t u t e  

t he  fo rces  t h a t  cause eros ion  and the  r e s u l t a n t  sediment y i e l d .  L ikewise,  

temperature, p r e c i p i t a t i o n ,  and p a r t i c u l a r l y  the d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  

dur ing  the growing season, a f f e c t  the q u a n t i t y  and q u a l i t y  o f  t he  ground 

cover as we l l  as s o i l  development. The q u a n t i t y  and i n t e n s i t y  o f  p r e c i p i t a -  

t i o n  determine the amount and discharge r a t e s  of runoff  and r e s u l t a n t  detach- 

ment of s o i l  and the t r a n s p o r t  media f o r  sediment y i e l d .  The i n t e n s i t y  of 

p r e v a i l i n g  and seasonal winds a f f e c t s  p r e c i p i t a t i o n  p a t t e r n ,  snow accumulat ion 

and evaporat ion ra te .  

Snow appears t o  have a minor e f f e c t  on upland slope e ros ion  s ince 

ra ind rop  impact i s  absent and r u n o f f  associated w i t h  snow m e l t  i s  gene ra l l y  i n  

r e s i s t a n t  mountain systems. 



F r o n t a l  storms i n  which p e r i o d s  o f  moderate t o  h i g h  i n t e n s i t y  p r e c i p i t a -  

t i o n  occur  can produce t h e  h i g h e s t  sed iment  y i e l d s  w i t h i n  t h e  Southwest.  I n  

humid and subhumid areas t h e  impac t  o f  f r o n t a l  s torms on sed iment  may be 

g r e a t e s t  on up land  s lopes  and u n s t a b l e  g e o l o g i c  areas where s l i d e s  and o t h e r  

d o w n h i l l  s o i l  movement can r e a d i l y  occu r .  

Convec t i ve  thunders to rm a c t i v i t y  i n  t h e  Southwest has i t s  g r e a t e s t  

i n f l u e n c e  on e r o i s o n  and s e d i m e n t a t i o n  i n  A r i z o n a  and New Mexico and p o r t i o n s  

o f  t h e  a d j o i n i n g  s t a t e s .  H i g h  r a i n f a l l  i n t e n s i t i e s  on l o w  d e n s i t y  c o v e r  o r  

e a s i l y  d i s p e r s e d  s o i l s  produces h i g h  sediment y i e l d s .  The average annual  

sediment y i e l d  i s  u s u a l l y  k e p t  w i t h i n  moderate bounds by i n f r e q u e n t  o c c u r r e n c e  

o f  thunders torms i n  any one l o c a l i t y .  

H igh  r u n o f f  o f  r a r e  f requency  may cause an impac t  on average annual  s e d i -  

ment y i e l d  f o r  a  l o n g  p e r i o d  o f  t i m e  i n  a  watershed t h a t  i s  s e n s i t i v e  t o  e r o -  

s ion ,  o r  i t  may have l i t t l e  e f f e c t  i n  an i n s e n s i t i v e  watershed. F o r  example, 

sed iment  t h a t  has been C o l l e c t i n g  i n  t h e  b o t t o m  o f  a  canyon and on s i d e  s l o p e s  

f o r  many y e a r s  o f  l o w  and moderate f l o w s  may be swept o u t  d u r i n g  t h e  r a r e  

e v e n t ,  c r e a t i n g  a  l a r g e  change i n  t h e  i n d i c a t e d  sed iment  y i e l d  r a t e  f o r  t h e  

p e r i o d  o f  r e c o r d .  

I n  some areas t h e  a c t i o n  o f  f r e e z i n g  and thawing becomes i m p o r t a n t  i n  t h e  

e r o s i o n  process.  Impermeable i c e  u s u a l l y  forms i n  areas o f  f i n e  t e x t u r e d  

s o i l s  where a  supp ly  o f  m o i s t u r e  i s  a v a i i a ~ l e  b e f o r e  t h e  advent  o f  c o l d  

weather.  Under these c o n d i t i o n s  t h e  i c e  o f t e n  p e r s i s t s  t h r o u g h o u t  t h e  w i n t e r  

and i s  s t i l l  p r e s e n t  when t h e  s p r i n g  thaw occurs .  I n  some i n s t a n c e s  w a t e r  

t e n d s  t o  r u n  ove r  t h e  sur face o f  t h e  i c e  ana n o t  oetacn s o i l  p d r t i c l e s ,  b u r  i r  

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

c r e a t e  a v e r y  e r o d i b l e  s i t u a t i o n .  S p r i n g  r a i n s  w i t h  i c e  a t  s h a l l o w  d e p t h  may 

wash away t h e  l o o s e  m a t e r i a l  on t h e  s u r f a c e .  

I n  some areas o f  t h e  P a c i f i c  Southwest, p a r t i c u l a r l y  t h o s e  u n d e r l a i n  by  

mar ine  sha le ,  f r e e z i n g  and thaw ing  a l t e r s  t h e  t e x t u r e  o f  s o i l  near  t h e  su r -  

face ,  and t h u s  changes t h e  i n f i l t r a t i o n  c h a r a c t e r i s t i c s .  These areas 

g e n e r a l l y  do n o t  r e c e i v e  enough snow o r  have c o l d  enough tempera tu res  t o  b u i l d  

a  snow pack f o r  s p r i n g  me1 t. L a t e r  i n  t h e  y e a r  s o i l  i n  a  l oosened  c o n d i t i o n  i s  

a b l e  t o  absorb a  l a r g e  p a r t  o f  t h e  e a r l y  r a i n f a l l .  As r a i n s  o c c u r  d u r i n g  t h e  

summer, t h e  s o i l  becomes compacted on t h e  s u r f a c e ,  t h u s  a l l o w i n g  more wa te r  t o  

r u n  o f f  and a f f o r d i n g  a  g r e a t e r  chance f o r  e r o s i o n .  



Topography 

Watershed s lopes ,  r e 1  i e f ,  f l o o d p l a i n  development, d r a i n a g e  p a t t e r n s ,  

o r i e n t a t i o n  and s i z e  a r e  b a s i c  i t e m s  t o  c o n s i d e r  i n  c o n n e c t i o n  w i t h  

topography.  However, t h e i r  i n f l u e n c e  i s  c l o s e l y  a s s o c i a t e d  w i t h  geo logy ,  

s o i l s ,  and cover .  

G e n e r a l l y ,  s teep  s lopes  r e s u l t  i n  r a p i d  r u n o f f .  The r i m r o c k  and 

badlands,  common i n  p o r t i o n s  o f  t h e  P a c i f i c  Southwest,  c o n s i s t  o f  s t e e p  s l o p e s  

o f  s o f t  sha les  u s u a l l y  m a i n t a i n e d  by t h e  presence o f  o v e r l y i n g  cap r o c k .  As 

t h e  s o f t  m a t e r i a l  i s  eroded, t h e  cap r o c k  i s  u n d e r c u t  and f a l l s ,  expos ing  more 

s o f t  sha les  t o  be c a r r i e d  away i n  a  c o n t i n u i n g  process.  However, h i g h  s e d i -  

ment y i e l d s  f rom these  areas a r e  o f t e n  m o d i f i e d  by t h e  temporary  d e p o s i t i o n  o f  

sediment on t h e  i n t e r m e d i a t e  f l o o d p l a i n s .  

The h i g h  mounta in  ranges,  a l t h o u g h  h a v i n g  s teep  s lopes ,  produce v a r y i n g  

q u a n t i t i e s  o f  sediment depending upon t h e  t y p e  o f  p a r e n t  m a t e r i a l s ,  s o i l  deve- 

lopment,  and cover  wh ich d i r e c t l y  a f f e c t  t h e  e r o s i o n  processes.  

S o u t h e r l y  exposed s lopes  g e n e r a l l y  erode more r a p i d l y  t h a n  do t h e  

n o r t h e r l y  exposed s lopes  due t o  g r e a t e r  f l u c t u a t i o n  o f  a i r  and s o i l  tem- 

p e r a t u r e s ,  more f r e q u e n t  f r e e z i n g  and thaw ing  c y c l e s ,  and usua l  1  y  l e s s  ground 

cover .  

The s i z e  o f  t h e  watershed may o r  may n o t  m a t e r i a l l y  a f f e c t  t h e  sed iment  

y i e l d  pe r  u n i t  area.  G e n e r a l l y ,  t h e  sediment y i e l d  i s  i n v e r s e l y  r e l a t e d  t o  

t h e  watershed s i z e  because t h e  l a r g e r  areas u s u a l l y  have l e s s  o v e r a l l  s l o p e ,  

smal l  e r  p r o p o r t i o n s  o f  up1 and sediment sources,  and more o p p o r t u n i t y  f o r  t h e  

d e p o s i t i o n  o f  upstream d e r i v e d  sediments on f l o o d p l a i n s  and fans .  I n  a d d i -  

t i o n ,  l a r g e  watersheds a r e  l e s s  a f f e c t e d  by smal l  c o n v e c t i v e  t y p e  storms. 

However, under o t h e r  c o n d i t i o n s ,  the  sediment y i e l d  may n o t  decrease as t h e  

watershed s i z e  i n c r e a s e s .  There i s  l i t t l e  change i n  mountainous a reas  o f  

r e l a t i v e l y  u n i f o r m  t e r r a i n .  There may be an i n c r e a s e  o f  sed iment  y i e l d  as t h e  

watershed s i z e  i n c r e a s e s  i f  downstream watersheds o r  channels  a r e  more suscep- 

t i b l e  t o  e r o s i o n  t h a n  u p s t r e a l l  a reas.  

Ground Cover 

Ground c o v e r  i s  d e s c r i b e d  as a n y t h i n g  on o r  above t h e  s u r f a c e  o f  t h e  

ground which a1 t e r s  t h e  e f f e c t  o f  p r e c i p i t a t i o n  on t h e  s o i l  s u r f a c e  and p r o -  

f i l e .  I n c l u d e d  i n  t h i s  f a c t o r  a r e  v e g e t a t i o n ,  l i t t e r ,  and r o c k  f ragments .  A 



good ground cover  d i s s i p a t e s  t h e  energy o f  r a i n f a l l  b e f o r e  i t s t r i k e s  t h e  

s o i l  su r face ,  d e l i v e r s  w a t e r  t o  t h e  s o i l  a t  a  r e l a t i v e l y  u n i f o r m  r a t e ,  impedes 

t h e  f l ow  o f  water ,  and promotes i n f i l t r a t i o n  by  t h e  a c t i o n  o f  r o o t s  w i t h i n  t h e  

s o i l .  Converse ly ,  t h e  absence o f  ground cover ,  whether  t h r o u g h  n a t u r a l  g rowth  

h a b i t s  o r  t h e  e f f e c t  o f  o v e r g r a z i n g  o r  f i r e ,  l e a v e  t h e  l a n d  su r face  open t o  t h e  

w o r s t  e f f e c t s  o f  storms. 

I n  c e r t a i n  areas,  smal l  r o c k s  o r  r o c k  f ragments  may be so numerous on t h e  

s u r f a c e  o f  t h e  ground t h a t  t h e y  a f f o r d  e x c e l l e n t  p r o t e c t i o n  f o r  any u n d e r l y i n g  

f i n e  m a t e r i a l .  These r o c k s  absorb t h e  energy o f  f a l l i n g  r a i n  and a r e  

r e s i s t a n t  enough t o  p r e v e n t  c u t t i n g  by f l o w i n g  wa te r .  

The P a c i f i c  Southwest i s  made up o f  l a n d  w i t h  a l l  c l a s s e s  o f  ground 

cover .  The h i g h  mounta in  areas g e n e r a l l y  have t h e  most v e g e t a t i o n ,  w h i l e  many 

areas i n  t h e  d e s e r t  r e g i o n s  have p r a c t i c a l l y  none. The abundance o f  vegeta-  

t i o n  i s  r e l a t e d  i n  a  l a r g e  degree t o  p r e c i p i t a t i o n .  I f  v e y e t a t i v e  ground 

cover  i s  des t royed  i n  areas where p r e c i p i t a t i o n  i s  h i g h ,  abnorma l l y  h i g h  e ro -  

s i o n  r a t e s  may be exper ienced.  

D i f f e r e n c e s  i n  v e g e t a t i v e  t y p e  have a  v a r i a b l e  e f f e c t  on e r o s i o n  and 

sed iment  y i e l d ,  even though pe rcen tages  o f  t o t a l  ground c o v e r  may be t h e  same. 

F o r  i n s t a n c e ,  i n  areas o f  p i n y o n - j u n i p e r  f o r e s t  h a v i n g  t h e  same percen tage  o f  

ground cover  as an area o f  g rass ,  t h e  absence o f  u n d e r s t o r y  i n  some o f  t h e  

p i n y o n - j u n i p e r  s tands would  a l l o w  a h i g h e r  e r o s i o n  r a t e  t h a n  i n  t h e  area of 

g rass .  

Land Use - 

The use o f  l a n d  has a  w i d e l y  v a r i a b l e  impac t  on sediment y i e l d ,  depending 

l a r g e l y  on t h e  s u s c e p t i b i l i t y  o f  t h e  s o i l  and rock  t o  e r o s i o n ,  t h e  amount of 

s t r e s s  e x e r t e d  by c l i m a t i c  f a c t o r s  and t h e  t y p e  and i n t e n s i t y  o f  use. F a c t o r s  

o t h e r  than  t h e  l a t t e r  have been d i scussed  i n  a p p r o p r i a t e  p l a c e s  i n  t h i s  gu ide.  

I n  a lmos t  a l l  i n s t a n c e s ,  use e i t h e r  removes o r  reduces t h e  amount o f  

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

env i ronment .  A c t i v i t i e s  which remove a l l  v e g e t a t i o n  f o r  p a r t s  o f  each y e a r  

f o r  severa l  y e a r s ,  o r  pe rmanen t l y ,  a r e  c u l t i v a t i o n ,  urban development, and 

r o a d  c o n s t r u c t i o n .  Graz ing ,  l o g g i n g ,  m in ing ,  and f i r e s  a r t i f i c a l l y  i nduce  

permanent o r  temporary r e d u c t i o n  i n  c o v e r  d e n s i t y .  

H i g h  e r o s i o n  hazard  s i t e s ,  because o f  t h e  geo logy,  s o i  1  s, c l i m a t e ,  e t c . ,  

a r e  a l s o  o f  h i g h  hazard  f rom t h e  s t a n d p o i n t  o f  t y p e  and i n t e n s i t y  o f  use. F o r  



example, any use which reduces cover density on a steep slope with erodible 

s o i l s  and severe cl imatic conditions will strongly a f f ec t  sediment y i e l d .  The 

extent of t h i s  e f f ec t  will depend on the area and  in tens i ty  of use r e l a t i v e  t o  
the ava i lab i l i ty  of sediment from other causes. Construction of road or urban 

development with numerous cu t  and f i l l  slopes through a large area of 

widespread sheet or gully erosion will probably not cause a change in  sediment 

y ie ld  c lass i f ica t ion .  Similar contruction and continued disturbance in an 

area of good vegetative response t o  a favorable climate can ra i se  y ie ld  by one 

or  more c lass i f ica t ions .  

Use of the land has i t s  greates t  potential impact on sediment y ie ld  where 

a del icate  balance ex i s t s  under natural conditions. Alluvial valleys of f i ne ,  

eas i ly  dispersed s o i l s  from shales and sandstones are highly vulnerable t o  

erosion where intensive grazing and t r a i l i n g  by livestock have occurred. 

Valley trenching has developed in many of these valleys and provides a l a rge  

par t  of the sediment in high y ie ld  c lasses  from these areas. 

A decline in vegetative density i s  n o t  the only e f f ec t  of l ivestock on 

erosion and sediment yie ld .  Studies a t  Badger Wash, Colorado, which i s  

underlain by Iflancos shale,  have indicated t ha t  sediment y ie ld  from ungrazed 

watersheds i s  appreciably l e s s  t h a n  from those t ha t  are grazed. This d i f -  

ference i s  a t t r ibuted to the absence of soil  trampling in the ungrazed areas ,  

since the density of vegetation has not noticeably changed since exclusion 

began. 

Areas in the a r id  and semi-arid portions of the Southwest t ha t  are sur- 

faced by desert  pavement are much less  sensi t ive  to grazing and other use, 

since the pavement affords a subs t i tu te  fo r  vegetative cover. 

In cer ta in  instances the l o s s  or deter iorat ion of vegetative cover may 

have l i t t l e  noticeable on-site impact b u t  may increase o f f - s i t e  erosion by 

acceleration of runoff. This could be par t icular ly  evident below urbanized 

areas where accelerated runoff from pavement and rooftops has increased the 

s t r e s s  on downstream channels. Widespread destruction of cover by poor 

logging practices or by brush and timber f i r e s  frequently increases channel 

erosion as well as t ha t  on the d i rec t ly  affected watershed slopes. On the 

other hand, cover disturbances under favorable conditions, such as a cool,  

moist climate, frequently r e su l t  in a healiny of erosion sources within a few 

years.  



Up1 and Slope E r o s i o n  

T h i s  e r o s i o n  form occurs  on s l o p i n g  watershed l a n d s  beyond t h e  c o n f i n e s  

o f  v a l l e y s .  Sheet e r o s i o n ,  wh ich i n v o l v e s  t h e  removal o f  a  t h i n  l a y e r  o f  s o i l  

o v e r  an e x t e n s i v e  area, i s  u s u a l l y  n o t  v i s i b l e  t o  t h e  eye. T h i s  e r o s i o n  fo rm 

i s  ev idenced by  the  f o r m a t i o n  o f  r i l l s .  Exper ience  i n d i c a t e s  t h a t  s o i l  l o s s  

f rom r i l l  e r o s i o n  can be seen i f  i t  amounts t o  about  5 t o n s  o r  more p e r  ac re .  

T h i s  i s  e q u i v a l e n t  i n  volume p e r  square m i l e  t o  a p r o x i m a t e l y  2 a c r e - f e e t .  

Wind e r o s i o n  f rom up land  s l o p e s  and t h e  d e p o s i t i o n  o f  t h e  eroded m a t e r i a l  

i n  st ream channels  may be a  s i g n i f i c a n t  f a c t o r .  The m a t e r i a l  so d e p o s i t e d  i n  

channe ls  i s  r e a d i l y  moved by  subsequent r u n o f f .  

Downslope s o i l  movement due t o  c reep can be an i m p o r t a n t  f a c t o r  i n  s e d i -  

ment y i e l d  on steep s lopes u n d e r l a i n  by u n s t a b l e  g e o l o g i c  f o r m a t i o n s .  

S i g n i f i c a n t  g u l l y  e r o s i o n  as a  sediment c o n t r i b u t o r  i s  ev idenced  by  t h e  

presence o f  numerous raw c u t s  a l o n g  t h e  h i l l  s lopes .  Deep s o i l s  on m o d e r a t e l y  

s teep  t o  s teep s lopes  u s u a l l y  p r o v i d e  an env i ronment  f o r  g u l l y  development.  

Processes o f  s lope  e r o s i o n  must be c o n s i d e r e d  i n  t h e  l i g h t  o f  f a c t o r s  

which c o n t r i b u t e  t o  i t s  development. These have been d i scussed  i n  p r e v i o u s  

s e c t i o n s .  

Channel E r o s i o n  and Sediment T r a n s p o r t  - - - -- - - - -. - -- 

I f  a  s t ream i s  ephemeral, r u n o f f  t h a t  t r a v e r s e s  t h e  d r y  a l l u v i a l  bed may 

b e  d r a s t i c a l l y  reduced by  t r a n s m i s s i o n  l o s s e s  ( a b s o r p t i o n  by channel  

a l l u v i u m ) .  T h i s  decrease i n  t h e  volume of f l o w  r e s u l t s  i n  a  decreased po ten -  

t i a l  t o  move sediment.  Sediment may be d e p o s i t e d  i n  t h e  streambed f rom one o r  

a  s e r i e s  o f  r e l a t i v e l y  smal l  f l o w s  o n l y  t o  be p i c k e d  up and moved on i n  a  sub- 

sequent l a r g e r  f l o w .  Sediment c o n c e n t r a t i o n s ,  determined f rom f i e l d  measure- 

ments a t  c o n s e c u t i v e  s t a t i o n s ,  have g e n e r a l l y  been shown t o  i n c r e a s e  many f o l d  

f o r  i n s t a n c e s  of no t r i b u t a r y  i n f l o w .  Thus, a1 though wa te r  y i e l d  p e r  u n i t  

a rea w i l l  decrease w i t h  i n c r e a s i n g  d ra inage  area,  t h e  sed iment  y i e l d  p e r  u n i t  

a rea may remain n e a r l y  c o n s t a n t  o r  may even i n c r e a s e  w i t h  i n c r e a s i n g  d ra inage  

area.  

I n  i n s t a n c e s  o f  c o n v e c t i v e  p r e c i p i t a t i o n  i n  a  watershed w i t h  p e r e n n i a l  

f l o w ,  t h e  r o l e  o f  t r a n s m i s s i o n  l o s s e s  i s  n o t  as s i g n i f i c a n t  as i n  watersheds 

w i t h  ephemeral f l o w ,  b u t  o t h e r  channel  f a c t o r s ,  such as t h e  shape o f  t h e  chan- 

n e l ,  may be i m p o r t a n t .  



F o r  f r o n t a l  s to rm r u n o f f ,  t h e  f l o w  d u r a t i o n s  a r e  g e n e r a l l y  much l o n g e r  

t h a n  f o r  c o n v e c t i v e  storms, and r u n o f f  i s  o f t e n  -genera ted  f rom t h e  e n t i r e  

bas in .  1" such i n s t a n c e s ,  sediment removed f rom t h e  l a n d  s u r f a c e s  i s  

g e n e r a l l y  c a r r i e d  o u t  o f  t h e  area by t h e  r u n o f f .  Stream channel  d e g r a d a t i o n  

and/or  aggrada t ion  must be c o n s i d e r e d  i n  such cases,  as w e l l  as bank scour .  

Because many o f  t h e  stream beds i n  t h e  P a c i f i c  Southwest a r e  composed o f  f i n e -  

g r a i n e d  a l l u v i u m  i n  w e l l  d e f i n e d  channel  s, t h e  p o t e n t i a l  f o r  sed iment  

t r a n s p o r t  i s  l i m i t e d  o n l y  by  t h e  amount and d u r a t i o n  o f  r u n o f f .  L a r g e  volumes 

o f  sediment may thus  be moved by  these  f r o n t a l  storms because o f  t h e  l o n g e r  

f l o w  d u r a t i o n s .  

The comb ina t ion  o f  f r o n t a l  storms o f  l o n g  d u r a t i o n  w i t h  h i g h  i n t e n s i t y  

and l i m i t e d  a r e a l - e x t e n t  c o n v e c t i v e  a c t i v i t y  w i l l  g e n e r a l l y  be i n  t h e  h i g h e s t  

c l a s s  f o r  sediment movement i n  t h e  channels .  Storms o f  t h i s  t y p e  g e n e r a l l y  

produce b o t h  t h e  h i g h  peak f l o w s  and t h e  l o n g  d u r a t i o n s  necessary  f o r  maximum 

sediment t r a n s p o r t .  

Sediment y i e l d  may be s u b s t a n t i a l l y  a f f e c t e d  by t h e  degree o f  channel  

development i n  a  watershed. T h i s  development can be d e s c r i b e d  by t h e  channel  

c r o s s  s e c t i o n s ,  as w e l l  as by geomorphic parameters  such as d ra inage  d e n s i t y ,  

channel  g r a d i e n t s  and w id th -dep th  r a t i o .  The e f f e c t  o f  t h e s e  geomorphic pa ra -  

me te rs  i s  d i f f i c u l t  t o  e v a l u a t e ,  p r i m a r i l y  because o f  t h e  s c a r c i t y  o f  sed iment  

t r a n s p o r t  d a t a  i n  t h e  P a c i f i c  Southwest. 

I f  t h e  c r o s s  s e c t i o n  o f  a  stream i s  such as t o  keep t h e  f l o w  w i t h i n  

d e f i n e d  banks, then  t h e  sed iment  f rom an upst ream p o i n t  i s  g e n e r a l l y  

t r a n s p o r t e d  t o  a  downstream p o i n t  w i t h o u t  s i g n i f i c a n t  l o s s e s .  Conf inement  o f  

t h e  f l o w  w i t h i n  a l l u v i a l  banks can r e s u l t  i n  a  h i g h  e r o s i o n a l  c a p a b i l i t y  of a  

f l o o d  f l o w ,  e s p e c i a l l y  t h e  f l o w s  w i t h  l o n g  r e t u r n  p e r i o d s .  I n  most channels  

w i t h  wide f l o o d p l a i n s ,  d e p o s i t i o n  on t h e  f l o o d p l a i n  d u r i n g  f l oods  i s  o f t e n  

s i g n i f i c a n t ,  and the  t r a n s p o r t  i s  t h u s  l e s s  than t h a t  f o r  a  w i t h i n  bank f low.  

The e f f e c t  o f  t h i s  t r a n s p o r t  c a p a b i l i t y  can be e x p l a i n e d  i n  t e r ~ n s  o f  t r a c t i v e  

f o r c e  which s i g n i f i e s  t h e  h y d r a u l i c  s t r e s s  e x e r t e d  by t h e  f l o w  on t h e  bed of 

t h e  stream. T h i s  average bed-shear s t r e s s  i s  o b t a i n e d  as t h e  p r o d u c t  of t h e  

s p e c i f i c  w e i g h t  o f  t h e  f l u i d ,  h y d r a u l i c  r a d i u s ,  and energy g r a d i e n t  s lope.  

Thus, g r e a t e r  dep th  r e s u l t s  i n  a  g r e a t e r  bed shear and a  g r e a t e r  p o t e n t i a l  f o r  

moving sediment.  By t h e  same reason ing,  s teep  s lopes  ( t h e  energy s l o p e  and 

bed s l o p e  a r e  assumed t o  be e q u i v a l e n t )  a l s o  r e s u l t  i n  h i g h  bed-shear s t r e s s .  

The boundary between sediment y i e l d  c l a s s i f i c a t i o n s  i n  much o f  t h e  

P a c i f i c  Southwest may be a t  t h e  mounta in  f r o n t ,  w i t h  t h e  h i g h e s t  y i e l d  
A . l l  



d e s i g n a t i o n  on t h e  a l l u v i a l  p l a i n  i f  t h e r e  i s  e x t e n s i v e  channel  e r o s i o n .  I n  

c o n t r a s t ,  many mounta in  streams emerge f rom canyon reaches and t h e n  sp read  

o v e r  f a n s  o r  v a l l e y  f l a t s .  Here wa te r  depths  can decrease f r o m  many f e e t  t o  

o n l y  a  few inches  i n  s h o r t  d i s t a n c e s  w i t h  a  r e s u l t a n t  l o s s  o f  t h e  c a p a c i t y  t o  

t r a n s p o r t  sediment.  Sediment y i e l d  o f  t h e  h i g h e s t  c l a s s i f i c a t i o n  can t h u s  

d r o p  t o  t h e  l o w e s t  i n  such a  t r a n s i t i o n  f rom a  c o n f i n e d  channel  t o  one t h a t  

has no d e f i n i t i o n .  

Channel bank and bed c o m p o s i t i o n  may g r e a t l y  i n f l u e n c e  t h e  sed iment  y i e l d  

o f  a  watershed. I n  many areas w i t h i n  t h e  P a c i f i c  Southwest,  t h e  channe ls  i n  

v a l l e y s  d i s s e c t  u n c o n s o l i d a t e d  m a t e r i a l  which may c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  s t ream sediment l oad .  Bank s l o u g h i n g  d u r i n g  p e r i o d s  o f  f l o w ,  as w e l l  as 

d u r i n g  d r y  p e r i o d s ,  p i p i n g ,  and bank scour  g e n e r a l l y  add g r e a t l y  t o  t h e  s e d i -  

ment l o a d  o f  t h e  s t ream and o f t e n  change upward t h e  sed iment  y i e l d  c l a s s i f i c a -  

t i o n  o f  t h e  watershed. F i e l d  examina t ion  f o r  areas o f  head c u t t i n g ,  

a g g r a d a t i o n  o r  degradat ion,  and bank c u t t i n g  a r e  g e n e r a l l y  necessary  p r i o r  t o  

c l a s s i f i c a t i o n  o f  t h e  t r a n s p o r t  expectancy o f  a  stream. Geology p l a y s  a  

s i g n i f i c a n t  r o l e  i n  such an e v a l u a t i o n .  Geo log ic  c o n t r o l s  i n  channels  can 

g r e a t l y  a f f e c t  t h e  stream regimen by  l i m i t i n g  d e g r a d a t i o n  and headcuts .  Thus, 

t h e  t r a n s p o r t  c a p a c i t y  may be p r e s e n t ,  b u t  t h e  supp ly  o f  sediment f rom t h i s  

source i s  l i m i t e d .  

Man-made s t r u c t u r e s  can a l s o  g r e a t l y  a f f e c t  t h e  t r a n s p o r t  c h a r a c t e r i s t i c s  

o f  t h e  stream. F o r  example, channel  s t r a i g h t e n i n g  can t e m p o r a r i l y  u p s e t  t h e  

channel  e q u i l i b r i u m  and cause an i n c r e a s e  i n  channel  g r a d i e n t  and an i n c r e a s e  

i n  t h e  stream v e l o c i t y  and t h e  shear s t r e s s .  Thus, t h e  sed iment  t r a n s p o r t  

c a p a c i t y  o f  t h e  stream may be t e m p o r a r i l y  i nc reased .  S t r u c t u r e s  such as 

d e b r i s  dams, l i n e d  channels,  d rop  s p i l l w a y s ,  and d e t e n t i o n  dams may d r a s t i -  

c a l l y  reduce t h e  sediment t r a n s p o r t .  



AN EXPLANATION OF THE USE OF THE RATING CHART (TABLE A - 1 )  FOR 

EVALUATING FACTORS AFFECTING SEDIMENT Y I E L D  I N  THE P A C I F I C  SOUTHWEST FOLLOWS 



T a b l e  A.1 .  F a c t o r s  A f f e c t i n g  Sedinient Y i e l d  i n  the P a c i f i c  Southwest. 
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Use o f  t h e  R a t i n g  C h a r t  o f  F a c t o r s  A f f e c t i n g  
Sediment Y i e l d  i n  t h e  P a c i f i c  Southwest 

The f o l l o w i n g  i s  a  summary o f  t h e  sediment y i e l d  c l a s s i f i c a t i o n  p r e s e n t e d  
f o r  t h i s  method01 ogy. 

C l a s s i f i c a t i o n  -- R a t i n g  
Sediment Y i e l d  

AF/sq. m i .  

I n  most i ns tances ,  h i g h  va lues  f o r  t h e  A  th rough  G f a c t o r s  shou ld  
cor respond t o  h i g h  va lues  f o r  t h e  H  and/or  I f a c t o r s .  

An example o f  t h e  use o f  t h e  r a t i n g  c h a r t  i s  as  f o l l o w s :  

A watershed o f  15 square m i l e s  i n  western  Colorado has t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s  and sediment y i e l d  l e v e l s :  

F a c t o r s  

A Sur face  geology 
B S o i l s  

C C l i m a t e  

D Runo f f  
E Topography 
F  Ground cover  
G Land use 
H Upland e r o s i o n  

I Channel e r o s i o n  

Sediment - Y i e l d  L e v e l s  

Mar ine  Shales 
E a s i l y  d i spersed ,  h i g h  

s h r i n k - s w e l l  c h a r a c t e r i s t i c s  
I n f r e q u e n t  c o n v e c t i v e  

s torms,  f reeze- thaw occur rence  
H igh  peak f l o w s ;  l o w  volumes 
Moderate s lopes 
Sparse, l i t t l e  o r  no l i t t e r  
I n t e n s i v e 1  y grazed 
More than 50% r i l l  and g u l l y  

e r o s i o n  
O c c a s i o n a l l y  e r o d i n g  banks and 

bed b u t  s h o r t  f l o w  d u r a t i o n  

TOTAL 

R a t i n g  -- 

10 

10 

7 
5 

10 
10 
10 

2 5 

5 - 

92 

T h i s  t o t a l  r a t i n g  o f  92 would i n d i c a t e  t h a t  t h e  sediment y i e l d  i s  i n  
C l a s s i f i c a t i o n  2. T h i s  compares w i t h  a  sediment y i e l d  o f  1.96 a c r e - f e e t  p e r  
square m i l e  as t h e  average o f  a  number o f  measurements i n  t h i s  area. 



APPENDIX B 

MODIFIED UNIVERSAL SOIL LOSS EQUATION 

FOR PREDICTING WATERSHED SOIL LOSS 

The M o d i f i e d  U n i v e r s a l  S o i l  Loss Equa t ion  (NUSLE) d e s c r i b e d  by W i l l i a m s  

(1975) i s  an e m p i r i c a l l y  d e r i v e d  methodology f o r  p r e d i c t i n g  watershed sedir,ient 

y i e l d  on a  pe r -s to rm b a s i s .  The MUSLE i s  

Y s  = RW K LS C P (B.1)  

where Y s  i s  sediment y i e l d  i n  t o n s  f o r  t h e  s to rm even t ,  Rw i s  a  s t o r m  

r u n o f f  energy f a c t o r ,  K i s  t h e  s o i l  e r o d i b i l i t y  f a c t o r ,  LS i s  t h e  topo- 

g r a p h i c  f a c t o r  r e p r e s e n t i n g  t h e  comb ina t ion  o f  s l o p e  l e n g t h  and s l o p e  gra-  

d i e n t ,  C i s  t h  ecover  and management f a c t o r  and P i s  t h e  e r o s i o n  c o n t r o l  

p r a c t i c e  f a c t o r .  F a c t o r s  K, LS, C and P  a r e  as d e f i n e d  f o r  t h e  Un i -  

v e r s a l  S o i l  Loss E q u a t i o n  (USLE), as rev iewed i n  l a t e r  paragraphs ( S m i t h  and 

Wischmeier, 1975, Wischmeier, 1960, and Wischmeier and Smith,  1978, p r o v i d e  

d e t a i l e d  d e s c r i p t i o n s  o f  t h e  USLE f a c t o r s  and t h e i r  v a l u e s ) .  

The s torm r u n o f f  energy f a c t o r  Rw i n  Equa t ion  B . l  r e p r e s e n t s  t h e  modi- 

f i c a t i o n  o f  t h e  USLE where Rw i s  g i v e n  by 

I n  Equa t ion  8.2, V i s  t h e  s to rm e v e n t  r u n o f f  volume i n  a c r e - f e e t ,  qp i s  

t h e  s to rm e v e n t  peak f l o w  r a t e  i n  c f s ,  and a and 3 a r e  c o e f f i c i e n t s .  

U t i l i z a t i o n  o f  a  s torm r u n o f f  f a c t o r  makes t h e  I4USLE a p p l i c a b l e  t o  s e m i a r i d  

r e g i o n s  o f  t h e  West where s h o r t - d u r a t i o n ,  h i g h - i n t e n s i t y  s torms a re  cominant .  

F o r  watersheds hav ing  measured sediment da ta ,  va lues  f o r  t h e  c o e f f i c i e n t s  a 

and 8 can be d e r i v e d  th rough  c a l  i o r a t i o n .  W i l l i a m s  and B e r n d t  (1972) d e t e r -  

mined va lues  f o r  a and 6 o f  95 and 0.56, r e s p e c t i v e l y ,  f o r  exper imen ta l  

watersheds i n  Texas and Nebraska. 

S o i l  e r o d i b i l i t y  f a c t o r  K was found by Wischmeier e t  a l .  (1971) t o  be a  

f u n c t i o n  o f  p e r c e n t  o f  s i l t ,  p e r c e n t  of coarse sand, s o i l  s t r u c t u r e ,  p e r -  

m e a b i l i t y  o f  s o i l ,  and p e r c e n t  o f  o r g a n i c  m a t t e r .  The s o i l  e r o d i b i l i t y  

nomograph i s  shown i n  F i g u r e  B.1. 

Wischmeier (1972) p resen ted  a  ne thod  i n c l u d i n g  g r a p h i c a l  a i d s  f o r  d e t e r -  

m i n i n g  t h e  cover  and management f a c t o r  (cropping-management f a c t o r  C ) .  The 



Figure B . 1 .  Soil  e r o d i b i l i t y  nonlograph used t o  d e t e r -  
mine f a c t o r  K f o r  s p e c i f i c  t o p s o i l s  o r  
subsoi l  horizons.  Solu t ions  a r e  in  tons /  
ac re  (from Wischnleier e t  a l . ,  1971) .  



cropping-management f a c t o r  can be d i v i d e d  i n t o  t h r e e  d i s t i n c t  t ypes  o f  e f f e c t s  

a s  f o l l o w s :  Type I - e f f e c t s  o f  canopy c o v e r  (C* ) ,  Type I 1  - e f f e c t s  o f  mu lch  

o r  c lose -g row ing  v e g e t a t i o n  i n  d i r e c t  c o n t a c t  w i t h  t h e  s o i l  s u r f a c e  (CII), and 

Type 111 - t i l l a g e  and r e s i d u a l  e f f e c t s  o f  t h e  l a n d  use (CIII). The cover  and 

management f a c t o r  i s  d e f i n e d  as t h e  p r o d u c t  o f  these f a c t o r s :  

Type I - Canopy Cover. Leaves and branches t h a t  do n o t  d i r e c t l y  c o n t a c t  

t h e  s o i l  a r e  e f f e c t i v e  o n l y  as canopy cover .  A canopy can i n t e r c e p t  f a l l i n g  

r a i n d r o p s ,  b u t  waterdrops f a l l i n g  f rom t h e  canopy may r e g a i n  an a p p r e c i a b l e  

v e l o c i t y ,  a1 though n o t  t h e  t e r m i n a l  v e l o c i t i e s  o f  f r e e - f a l l i n g  r a i n d r o p s .  

There fo re ,  canopy cover  reduces r a i n f a l l  e r o s i v i t y  by r e d u c i n g  i m p a c t  energy 

a t  t h e  s o i l  su r face .  The amount o f  r e d u c t i o n  depends on h e i g h t  and d e n s i t y  o f  

t h e  canopy. F i g u r e  8.2 shows t h e  canopy f a c t o r  as a  f u n c t i o n  o f  h e i g h t  and 

d e n s i t y  o f  t h e  canopy. Canopy f a c t o r s  f o r  v a r i o u s  pe rcen tages  o f  c o v e r  a t  

h e i g h t s  o f  0.5, 1.0, 2.0 and 4.0 meters  may be o b t a i n e d  d i r e c t l y  f rom t h i s  

graph. 

Type I 1  - Mulch and Close-Growing Vege ta t ion .  A mulch a t  t h e  s o i l -  

atmosphere i n t e r f a c e  i s  much more e f f e c t i v e  than  an e q u i v a l e n t  pe rcen tage  o f  

canopy cover .  Because i n t e r c e p t e d  r a i n d r o p s  have no r e m a i n i n g  f a l l - h e i g h t  t o  

t h e  ground, t h e i r  i m p a c t  on t h e  s o i l  s u r f a c e  i s  e l i m i n a t e d .  A mulch t h a t  

makes a good c o n t a c t  w i t h  t h e  ground a l s o  reduces runo f f  v e l o c i t y ,  wh ich  

g r e a t l y  reduces t h e  p o t e n t i a l  o f  r u n o f f  t o  de tach  and t r a n s p o r t  s o i l  m a t e r i a l .  

S u b s t a n t i a l  r a i n f a l l  s i m u l a t o r  d a t a  a r e  now a v a i l a b l e  on e r o s i o n - r e d u c i n g  

e f f e c t i v e n e s s  o f  v a r i o u s  amounts and t ypes  o f  n u l c k e s  used on c r o p l a n d  and 

c o n s t r u c t i o n  s i t e s .  E x t r a p o l a t i o n  o f  these d a t a  t o  o t h e r  mulches and c l o s e  

covers  such as those a s s o c i a t e d  w i t h  range o r  woodland i s  f a c i l i t a t e d  by 

e x p r e s s i n g  them on t h e  b a s i s  o f  p e r c e n t  su r face  cover  r a t h e r  than  t o n s  p e r  

acre .  T h i s  convers ion  and a  p r e l i m i n a r y  summar izat ion o f  d a t a  a r e  r e f l e c t e d  

i n  t h e  r e l a t i o n s h i p  c u r v e  shown i n  F i g u r e  8 . 3 .  

Type I11 - Res idua l  E f f e c t s  o f  Land Use. - T h i s  c a t e g o r y  i n c l u d e s  r e s i d u a l  

e f f e c t s  o f  l a n d  use on s o i l  s t r u c t u r e ,  o r g a n i c  m a t t e r  c o n t e n t  and s o i l  den- 

s i t y ,  e f f e c t s  o f  t i l l a g e  o r  l a c k  o f  t i l l a g e  on s u r f a c e  roughness and p o r o s i t y ,  

r o o t s  and subsur face stems, b i o l o g i c a l  e f f e c t s ,  and o t h e r  f a c t o r s .  T h i s  fac -  

t o r  can be e v a l u a t 2 d  f rom F i g u r e  8.4 by knowing t h e  p e r c e n t  o f  r o o t  network  i n  

t h e  t o p s o i l  r e l a t i v e  t o  a  good r o t a t i o n  meadow. T h i s  p e r c e n t  o f  r o o t  network  



Figure B.2.  Influence o f  vegetal canopy on effect ive-  
EI ( a f t e r  Wi schniei er  , 1972) .  



Figure 8.3. Effect of p l a n t  residues or close-growing 
stems a t  the soil surface (after  Wisch- 
rneier, 1972) .  



F i g u r e  B.4. Type 111 e f f e c t s  on u n d i s t u r b e d  l a n d  
areas ( a f t e r  Wischmeier, 1972) .  



$F i s  o f t e n  a  d i f f i c u l t  v a l u e  t o  e s t i m a t e .  The o v e r a l l  C f a c t o r  can be e v a l -  

u a t e d  by t h e  p r o d u c t  o f  t h r e e  s u b f a c t o r s ,  i . e . ,  Type I, I 1  and 111 s u b f a c t o r s .  

i The topograph ic  f a c t o r  LS i s  d e f i n e d  as t h e  r a t i o  o f  s o i l  l o s s  f r o m  any 
s l o p e  and l e n g t h  t o  s o i l  l o s s  f rom a  72 .6 - foo t  p l o t  l e n g t h  a t  a  n i n e  p e r c e n t  

s lope,  w i t h  a l l  o t h e r  c o n d i t i o n s  t h e  same. S lope  l e n g t h  i s  d e f i n e d  as t h e  

d i s t a n c e  f rom t h e  p o i n t  of o v e r l a n d  f l o w  o r i g i n  t o  t h e  p o i n t  where e i t h e r  

s l o p e  decreases t o  t h e  e x t e n t  t h a t  d e p o s i t i o n  b e g i n s  o r  r u n o f f  wa te r  e n t e r s  a  

w e l l - d e f i n e d  channel  (Smi th  and Wischmeier, 1957). E f f e c t  o f  s l o p e  l e n g t h  on 

s o i l  l o s s  i s  p r i m a r i l y  a  r e s u l t  o f  i n c r e a s e d  p o t e n t i a l  due t o  g r e a t e r  accumu- 

l a t i o n  o f  r u n o f f  on t n e  l o n g e r  s lopes.  dased on d a t a  f o r  s l o p e s  between t h r e e  

and 20 p e r c e n t  and w i t h  l e n g t h s  up t o  400 f e e t ,  Wischmeier and S m i t h  (1965)  

proposed t h e  t o p o g r a p h i c  f a c t o r  be computed as 

where .A i s  s lope  l e n g t h ,  S i s  p e r c e n t  s lope,  and n  i s  an exponent 

depending upon s lope .  The exponent n  i s  g i v e n  by 

n  = 0.3 f o r  s l o p e  < 3 p e r c e n t  

n  = 0.4 f o r  s lope  = 4  p e r c e n t  

n  = 0.5 f o r  s l o p e  > 5  p e r c e n t  

E r o s i o n - c o n t r o l  p r a c t i c e  f a c t o r  P accounts  f o r  t h e  e f f e c t  o f  conser -  

v a t i o n  p r a c t i c e s  such as c o n t o u r i n g ,  s t r i p  c ropp ing ,  and t e r r a c i n g  on e r o s i o n .  

I t  i s  d e f i n e d  as t h e  r a t i o  o f  s o i l  l o s s  u s i n g  one o f  these  p r a c t i c e s  t o  t h e  

l o s s  u s i n g  s t r a i g h t  row f a r m i n g  up and down t h e  s lope .  T e r r a c i n g  i s  g e n e r a l l y  

t h e  most e f f e c t i v e  c o n s e r v a t i o n  p r a c t i c e  f o r  dec reas ing  s o i l  e ros ion .  T h i s  

f a c t o r  has no s i g n i f i c a n c e  f o r  d l d l a n d  areas and can be s e t  a t  1.0. 

When e s t i m a t i n g  sed iment  y i e l d  u s i n g  t n e  RUbLE, a  u s e f u l  c o m p u t a t i o n  i s  

t o  express sediment y i e l d  i n  terms o f  an average c o n c e n t r a t i o n  (ppm) based on 

t h e  t o t a l  wa te r  and sediment y i e l d s .  T h i s  v a l u e  can be compared w i t h  measured 

s t ream da ta  i n  t h e  area,  i f  a v a i l a b l e .  Annual sed iment  y i e l d  f r o m  t h e  l a n d  

s u r f a c e  can be e s t i m a t e d  u s i n g  t h e  MUSLE i n  c o m b i n a t i o n  w i t h  t h e  p r o b a b i l i t y -  

w e i g h t i n g  p rocedure  d e s c r i b e d  i n  S e c t i o n  3.4. A p p l i c a t i o n  o f  t h e  I4USLE t o  

e s t i m a t e  u a t e r s h e d  s o i l  l o s s  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  exa~nple .  

Example: 

Watershed area = 25.3 m i  2  

Annual r a i n f a l l  = 10.0 i n .  



Average r u n o f f  = 1.5 p e r c e n t  o f  r a i n f a l l  = 0.15 i n .  

Watershed s o i l :  43 p e r c e n t  s i l t  and v e r y  f i n e  sand 

40  p e r c e n t  sand 

1 p e r c e n t  o r g a n i c  m a t t e r  

F i n e  g r a n u l a r  s t r u c t u r e  

Moderate p e r m e a b i l i t y  

Average watershed s l o p e  = 14 p e r c e n t  

Average s l o p e  l e n g t h  = 280 f t  

Canopy cover  d e n s i t y  = 10 p e r c e n t  

Average f a l l  h e i g h t  = 1.5 f t  

Close-growing v e g e t a t i o n  d e n s i t y  = 15 p e r c e n t  

i l o o t  netbiork i n  t o p s o i l  (weeds) = 20 p e r c e n t  

F o r  purposes o f  i l l u s t r a t i o n ,  assume a = 95 and 8 = 0.56 

Step 1: Determine F a c t o r  Values 

Rw F a c t o r  

See Tab le  8.1. 

K F a c t o r  

K f a c t o r  nomograph ( F i g u r e  B . l )  K = 0.26 

C F a c t o r  

From F i g u r e  8.2 f o r  10 p e r c e n t  canopy cover  CI = 0.90 

From F i g u r e  0.3 f o r  15 p e r c e n t  ground cover  CII = 0.67 

F r o n  F i g u r e  B.4 f o r  20 p e r c e n t  r o o t  network  CIII = 0.42 

LS F a c t o r  

A p p l y i n g  E q u a t i o n  B.4, 

P F a c t o r  

No s u p p o r t i n g  p r a c t i c e s ,  t n e r e f o r e  P = 1.0 

Step 2: ~ p p l y  E q u a t i o n  0 .1  

R e s u l t s  a r e  g i v e n  i n  Tab le  8.2. 



Table 8.1. Factor  Rw Calcula t ion .  

Return Period Runoff Volume Peak Runoff 
( y e a r s )  ( a c - f t )  ( c f s )  

- 
Rw --- 

2 123 340 37,800 

5 320 900 108,400 



Table 8 .2 .  MUSLE Sediment Yield Estimate. 

Return Period Washload 
(years)  Rw (tons 


