
V I .  M I L D  SLOPE CHANNEL DESIGN 

6.1 In t roduc t ion  

I n  many a r e a s  of t h e  Eas te rn  Coal Province t h e  mine suppor t  f a c i l i t i e s  

a r e  o f t e n  loca t ed  i n  s t ream o r  r i v e r  bottom a r e a s  where mild s lope  cond i t i ons  

e x i s t .  To accommodate t h e  f a c i l i t i e s  o r  t o  provide  l a r g e r  s to rage  a r e a s ,  

l a r g e r  streams o r  r i v e r s  have been r e l o c a t e d  us ing  mild s l o p e  channel design 

procedures .  Addi t iona l ly ,  t h e  s l o p e s  around t h e  upper per imeter  of a b a c k f i l l  

o r  s p o i l  f i l l  a r e a  a r e  o f t e n  mild s l o p e  channels .  Mild s l o p e  channel design 

involves  t h e  concepts  of a l l u v i a l  channels  un le s s  t h e  channel i s  cons t ruc t ed  

i n  durable  bedrock. An a l l u v i a l  channel  is  a waterway f lowing through a 

n a t u r a l  a l luvium c o n s i s t i n g  of c l a y ,  s i l t ,  sand, g rave l  o r  boulders .  Under 

t h e s e  cond i t i ons ,  t h e  boundary of  t h e  channel can e a s i l y  change i ts  con- 

f i g u r a t i o n .  Therefore,  i n  a l l u v i a l  channel design problems t h e  concepts  of 

movable-boundary hydrau l i c s  as w e l l  a s  rigid-boundary hydrau l i c s  must be 

appl ied .  The concepts  of movable-boundary hydrau l i c s  apply t o  s m a l l  un l ined  

d ive r s ion  d i t c h e s  a s  w e l l  a s  l a r g e  s t ream systems, s i n c e  both  can q u a l i f y  a s  

a l l u v i a l  channels .  P l a t e  6.1 i l l u s t r a t e s  an unl ined  d ive r s ion  channel around 

t h e  edge of a b a c k f i l l  a rea .  The channel appears  r e l a t i v e l y  s t a b l e  and i s  a 

good example of s t a b l e  channel  design based on a l l u v i a l  channel  concepts.  

However, i f  t h e  channel  is  n o t  p rope r ly  designed and overbank flow occurs ,  

excess ive  r i l l i n g  and gu l ly ing  can be expected on t h e  s t e e p e r  f a c e  of t h e  f i l l  

a r e a  ( P l a t e  6 . 2 ) .  

Th i s  s e c t i o n  of t h e  manual i s  p re sen ted  n o t  only f o r  t h e  purposes of 

des igning  channels  i n  mild s l o p e  a reas ,  b u t  a l s o  t o  g ive  t h e  des igner  an  

understanding of t h e  e n t i r e  drainage system t h a t  w i l l  be a f f e c t e d  by an  opera- 

t i o n .  Addit ional ly,  i f  a n  ope ra t ion  is  n o t  proper ly  reclaimed t o  near  n a t u r a l  

cond i t i ons ,  t h e r e  w i l l  be  t h e  p o t e n t i a l  f o r  a long-term inc rease  of unnatura l  

sediment l oad  i n  a stream. Th i s  i n c r e a s e  i n  sediment w i l l  have many 

downstream consequences. Fur ther ,  i f  a channel is  p laced  on f i l l  m a t e r i a l s  

and t h e  designed l i n i n g  f a i l s ,  t h e  channel  w i l l  f unc t ion  as a movable boun- 

dary  channel. In  s t e e p  s l o p e  a r e a s  t h e  channel w i l l  become deeply i n c i s e d  i n  

t h e  embankment wi th  con t inua l  adjustments  u n t i l  some s t a b i l i t y  i s  achieved o r  

u n t i l  n a t u r a l  bed rock is  reached. This  w i l l  most l i k e l y  no t  r e s u l t  u n t i l  

a f t e r  tremendous e ros ion  has  occurred.  

The flow of  water  a long  an  a l l u v i a l  channel bottom produces f o r c e s  t h a t  

i n i t i a t e  sediment motion. The amount of sediment en t r a ined  depends on t h e  
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c h a r a c t e r i s t i c s  of t h e s e  fo rces ,  r e f e r r e d  t o  a s  hydrodynamic f o r c e s  i n  l i t e r a -  

t u r e  on channel s t a b i l i t y .  For a given sediment p a r t i c l e  a c r i t i c a l  o r  

t h re sho ld  value of t h e  hydrodynamic f o r c e s  must be reached before  sediment 

motion begins.  The magnitude of f o r c e  necessary t o  i n i t i a t e  motion depends on 

g r a i n  s i z e  and bed-material  p r o p e r t i e s .  Af te r  t r a v e l i n g  some d i s t a n c e  down- 

stream, sediment en t r a ined  with t h e  flaw can a l s o  s e t t l e  back t o  t h e  bed sur-  

f ace .  The process  of sediment t r a n s p o r t  i s  cha rac t e r i zed  by t h i s  cyc l e  of 

motion and r e s t .  The r a t e s  and f requencies  a t  which t h e  c y c l e  occurs  a r e  ran- 

dom v a r i a b l e s  depending on sediment c h a r a c t e r i s t i c s ,  flow condi t ions ,  channel 

shape, t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  and many o t h e r  f a c t o r s .  The complexity 

o f  t h e  problem makes design of a s t a b l e  a l l u v i a l  channel and p r e d i c t i o n  of 

geomorphic changes i n  a s t ream bed d i f f i c u l t .  

S t a b l e  a l l u v i a l  channel design involves  t h e  concepts  of s t a t i c  and dyna- 

mic equi l ibr ium. S t a t i c  equi l ibr ium e x i s t s  when t h e  bed and banks of t h e  

a l l u v i a l  channel  a r e  n o t  i n  motion and it can be considered a s  a r i g i d  boun- 

dary system. This  cond i t i on  e x i s t s  a s  long a s  t h e  hydrodynamic fo rces  a r e  

l e s s  than  t h e  c r i t i c a l  o r  t h re sho ld  values.  Dynamic equi l ibr ium e x i s t s  when 

t h e  channel boundary i s  i n  motion such t h a t  t h e  sediment t a n s p o r t i n g  capac i ty  

i s  equal  t o  t h e  sediment supply r a t e .  According t o  Lane (1953), "A s t a b l e  

channel i s  an unl ined  e a r t h  channel ( a )  which c a r r i e s  water,  ( b )  t h e  banks and 

bed of which a r e  n o t  scoured objec t ionably  by moving water ,  and ( c )  i n  which 

ob jec t ionab le  depos i t s  of sediment do not  occur." This  d e f i n i t i o n  i s  based on 

dynamic equi l ibr ium concepts.  

Economies i n  c o s t  can o f t e n  be r e a l i z e d  by designing t h e  channel con- 

s i d e r i n g  t h e  processes  of e ros ion  and sedimentation, r a t h e r  than  a t tempt ing  t o  

c r e a t e  s t a b i l i t y  through expensive r i p r a p  o r  o t h e r  channel s t a b i l i z a t i o n  

measures. S t a t i c  equi l ibr ium concepts  a r e  app l i cab le  p r imar i ly  t o  gravel-  

cobble bed channel systems, while  dynamic equi l ibr ium concepts  must be u t i -  

l i z e d  i n  sand-bed channel systems. The s t a b l e  a l l u v i a l  channel design methods 

d iscussed  i n  t h i s  chapter  a r e  based p r imar i ly  on t h e  s t a t i c  equi l ibr ium con- 

c e p t  s i n c e  stream beds t h e  Eas te rn  Coal Province a r e  t y p i c a l l y  gravel-cobble 

t ype  systems. P a r t  2 w i l l  p r e sen t  design gu ide l ines  f o r  sand bed systems. 

6.2 Determination of Drainage P a t t e r n s  and Diversion Alignment 

Channel alignment i s  an important f e a t u r e  of channel design. Carefu l  

cons ide ra t ion  must be given t o  a l l  f a c t o r s  a f f e c t i n g  loca t ion ,  inc luding  com- 



pa r i son  of a l t e r n a t e  alignments.  Location of a  d ive r s ion  channel depends on 

t h e  a p p l i c a t i o n  and motive f o r  i t s  use. Diversions can be used t o  c o n t r o l  and 

manage t h e  drainage of a  mine s i t e  ( such  a s  i n t e r c e p t i o n  and d ivers ion  of sur-  

f a c e  r u n o f f ) ,  o r  t o  r e l o c a t e  and r e - e s t a b l i s h  stream channels  ( s e e  Sec t ion  

1 .4 ) .  I f  t h e  motive is management of s u r f a c e  drainage dur ing  mining t h e  

e x i s t i n g  drainage p a t t e r n s  must be e s t ab l i shed .  This  can be accomplished with 

a  good topographic map. I f  the  motive is  r e l o c a t i n g  o r  r e - e s t ab l i sh ing  a  

s t ream channel,  experience and engineer ing  judgment combined wi th  a  c a r e f u l  

study of  t h e  l o c a l  condi t ions  i s  requi red .  

Many f a c t o r s  a f f e c t  t h e  planned alignment of a  channel.  Topography, t h e  

s i z e  of t h e  proposed channel,  t h e  e x i s t i n g  channel,  t r i b u t a r y  junct ions,  

geologic  cond i t i ons ,  channel s t a b i l i t y ,  r i g h t s  of way, r equ i r ed  s t a b i l i z a t i o n  

measures, and o t h e r  phys i ca l  f e a t u r e s  e n t e r  i n t o  t h i s  dec is ion .  General r u l e s  

t o  fol low i n  determining d ive r s ion  channel alignment include:  ( 1 )  fol low t h e  

genera l  d i r e c t i o n  of n a t u r a l  drainageways, (2) provide r e l a t i v e l y  s t r a i g h t  

channels wi th  gradual  curves,  ( 3 )  make use of n a t u r a l  o r  e x i s t i n g  channels  

when poss ib l e ,  and (4) avoid uns t ab le  s o i l s  and o t h e r  n a t u r a l  condi t ions  t h a t  

i n c r e a s e  cons t ruc t ion  and maintenance c o s t s  (Schwab e t  a l . ,  1966). Channel 

alignment and t h e  use  of gradual  curves a r e  p a r t i c u l a r l y  important.  Gradual 

curves  minimize supere leva t ion  and p o s s i b l e  bank eros ion .  Fur ther  gu ide l ines  

f o r  channel alignment a r e  given by S o i l  Conservation Serv ice  (1977) Technical  

Release No. 25. 

The s h o r t e s t  alignment between two p o i n t s  may provide  t h e  most e f f i c i e n t  

hydraul ic  layout ,  b u t  it might n o t  meet a l l  t h e  o b j e c t i v e s  of t h e  channel 

improvement o r  g ive  due cons ide ra t ion  t o  t h e  l i m i t a t i o n s  imposed by c e r t a i n  

phys i ca l  f e a t u r e s .  The s h o r t e s t ,  w e l l  planned alignment should be used i n  

f l a t  topography i f  geologic  cond i t i ons  a r e  favorable  and i f  phys i ca l  and pro- 

p e r t y  boundaries  permit.  

A l t e rna t e  alignment should be considered i n  a r e a s  where geologic  con- 

d i t i o n s  p r e s e n t  a  s t a b i l i t y  problem. An a l t e r n a t e  alignment may l o c a t e  t h e  

channel i n  more s t a b l e  s o i l s .  In  some cases ,  t h e  alignment of t h e  e x i s t i n g  

channel may be s a t i s f a c t o r y  wi th  only minor changes. An alignment r e s u l t i n g  

i n  a  longer  channel may, t o  a  minor degree, he lp  t o  a l l e v i a t e  s t a b i l i t y  

problems. A longer  channel w i l l  decrease  t h e  energy g r a d i e n t  which, i n  t u r n ,  

w i l l  decrease  t h e  v e l o c i t i e s  and t r a c t i v e  fo rces .  



6.3 Al luv ia l  Channel Concepts 

The f l u v i a l  system, composed of watersheds and a l l u v i a l  channels ,  i s  a 

h ighly  complex system involving t h e  processes  of e ros ion  and sedimentat ion.  A 

conceptual  drawing of t h e  f l u v i a l  system i s  given i n  Figure 6.1. Erosion i n  

t h e  watersheds s u p p l i e s  p r imar i ly  f i n e  sediments t h a t  a r e  t r anspor t ed  by 

overland flow t o  t h e  a l l u v i a l  channel  system. Within t h e  a l l u v i a l  channel 

system, c o n s i s t i n g  of  streams, r i v e r s ,  and r e s e r v o i r s ,  t h e s e  f i n e  sediments 

a r e  t r a n s p o r t e d  downstream, i n  a d d i t i o n  t o  t h e  t r a n s p o r t  of coa r se r  sediments 

eroded from t h e  bed and banks of  t h e  a l l u v i a l  channel.  

A l l u v i a l  channel systems a r e  very dynamic i n  na tu re  and genera l ly  experi-  

ence s i g n i f i c a n t  changes i n  depth,  width, alignment and s t a b i l i t y  wi th  t ime, 

p a r t i c u l a r l y  dur ing  t h e  f loods  of long dura t ion .  The dynamic na tu re  of 

watershed and channel systems r e q u i r e s  t h a t  l o c a l  problems and t h e i r  s o l u t i o n s  

b e  considered i n  terms of t h e  e n t i r e  system. Natura l  and man-induced changes 

i n  a channel f requent ly  i n i t i a t e  responses t h a t  can be propagated f o r  long 

d i s t a n c e s  both upstream and downstream (Simons and Senturk, 1977). Successful  

s t ream and r i v e r  u t i l i z a t i o n  and water  resources  development r e q u i r e  a genera l  

knowledge of t h e  e n t i r e  watershed and r i v e r  system and t h e  processes  a f f e c t i n g  

it. Understanding p o t e n t i a l  changes r e q u i r e s  a knowledge of t h e  p r i n c i p l e s  of 

e ros ion ,  sedimentat ion,  and sediment t r a n s p o r t  processes .  

6.3.1 General Sediment Transport  Theory 

The amount of m a t e r i a l  t ranspor ted ,  eroded, o r  depos i ted  i n  an a l l u v i a l  

channel  is  a func t ion  of sediment supply and channel t r a n s p o r t  capac i ty .  

Sediment supply inc ludes  t h e  q u a l i t y  and q u a n t i t y  of sediment brought t o  a 

given reach.  Transport  capac i ty  involves  t h e  s i z e  of bed ma te r i a l ,  flow r a t e ,  

and geometric and hydraul ic  p r o p e r t i e s  of t h e  channel. Both t h e  supply r a t e  

and t h e  t r a n s p o r t  capac i ty  may 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 

given reach. 

The t o t a l  sediment load i n  a stream i s  t h e  sum of t h e  bed-material  load 

and wash load. The bed-material  l oad  is  t h a t  p a r t  of t h e  t o t a l  sediment 

d ischarge  which i s  composed of g ra in  s i z e s  found i n  t h e  bed. The wash load is  

t h a t  p a r t  composed of p a r t i c l e  s i z e s  f i n e r  than those  found i n  app rec i ab le  

q u a n t i t i e s  i n  t he  bed (Simons and Senturk, 1977). Wash load can inc rease  bank 

s t a b i l i t y ,  reduce seepage and inc rease  bed-material  t r a n s p o r t  and can be 

e a s i l y  t r anspor t ed  i n  l a r g e  q u a n t i t i e s  by the  stream, bu t  is  usua l ly  l i m i t e d  



Figure 6.1. Watershed-river system. 



by a v a i l a b i l i t y  from t h e  wate r shed  and  banks. The bed-mate r ia l  l o a d  is  more 

d i f f i c u l t  f o r  t h e  s t r e a m  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 .  

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 t h e  f low i n  one o r  more o f  t h e  

f o l l o w i n g  ways: ( 1 )  s u r f a c e  c r e e p ,  ( 2 )  s a l t a t i o n ,  and ( 3 )  suspension.  

S u r f a c e  c r e e p  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 l o n g  t h e  bed. S a l t a t i o n  

i s  t h e  c y c l e  of motion 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. Suspen- 

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

e n t i r e  motion. Sediments t r a n s p o r t e d  by s u r f a c e  c r e e p ,  s l i d i n g ,  r o l l i n g  and 

s a l t a t i o n  are r e f e r r e d  t o  as bed  load ,  and  t h o s e  t r a n s p o r t e d  by suspens ion  are 

c a l l e d  suspended load .  The suspended l o a d  c o n s i s t s  of sands ,  silts,  and  

c l a y s .  The bed-mate r ia l  l o a d  is  t h e  sum of bed l o a d  and  suspended bed- 

m a t e r i a l  load .  

6.3.2 Stream Form and  C l a s s i f i c a t i o n  

Streams and  r i v e r s  can  be c l a s s i f i e d  b road ly  i n  t e r m s  o f  channe l  p a t t e r n ,  

t h a t  is, t h e  c o n f i g u r a t i o n  o f  t h e  r i v e r  a s  viewed on a map o r  from t h e  air .  

P a t t e r n s  i n c l u d e  s t r a i g h t ,  meandering, b r a i d e d ,  o r  some combinat ion of t h e s e  

( F i g u r e  6 . 2 ) .  

6.3.2.1 S t r a i g h t  Channels 

A s t r a i g h t  channe l  can  be  d e f i n e d  as one t h a t  does  n o t  f o l l o w  a s i n u o u s  

course .  Leopold and Wolman (1957)  have p o i n t e d  o u t  t h a t  t r u l y  s t r a i g h t  chan- 

n e l s  a r e  r a r e  i n  n a t u r e .  Although a s t r e a m  may have r e l a t i v e l y  s t r a i g h t  

banks ,  t h e  thalweg, o r  p a t h  o f  g r e a t e s t  d e p t h  a l o n g  t h e  channe l ,  i s  u s u a l l y  

s i n u o u s  ( F i g u r e  6 .2b) .  A s  a  r e s u l t ,  t h e r e  i s  no s i m p l e  d i s t i n c t i o n  between 

s t r a i g h t  and  meandering channe l s .  

The s i n u o s i t y  o f  a s t r e a m  o r  r i v e r ,  t h e  r a t i o  o f  t h e  tha lweg  l e n g t h  t o  

down v a l l e y  d i s t a n c e ,  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 channe l s .  S i n u o s i t y  v a r i e s  from a v a l u e  o f  u n i t y  t o  a v a l u e  o f  

t h r e e  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 a s  

t h e  d i v i s i o n  between meandering and s t r a i g h t  channe l s .  It s h o u l d  be  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 i n u o u s  thalweg developed between a l t e r n a t e  

b a r s  ( F i g u r e  6 .2b)  a sequence o f  sha l low c r o s s i n g s  and deep p o o l s  is  

e s t a b l i s h e d  a l o n g  t h e  channel .  



a )  Broided b) Stroight c) Meondering 

Figure 6 .2 .  River channel patterns. 



6.3.2.2 The Braided Stream 

A braided stream o r  r i v e r  is  gene ra l ly  wide wi th  poorly def ined  and 

uns t ab le  banks, and i s  cha rac t e r i zed  by a s teep ,  shallow course  with mul t ip le  

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 igure  6 .2a ) .  Braiding was s tud ied  

by Leopold and Wolman (1957) i n  a labora tory  flume. They concluded t h a t  

b r a i d i n g  i s  one of many p a t t e r n s  which can maintain quasi-equi l ibr ium among 

t h e  v a r i a b l e s  of discharge,  sediment load, and t r a n s p o r t i n g  a b i l i t y .  Lane 

(1957) concluded t h a t ,  genera l ly ,  t h e  two primary causes t h a t  may be respon- 

s i b l e  f o r  t h e  bra ided  condi t ion  a re :  ( 1 )  overloading, t h a t  is, t h e  s t ream may 

be suppl ied  wi th  more sediment than  it can c a r r y ,  r e s u l t i n g  i n  depos i t ion  of 

p a r t  of t h e  load, and ( 2 )  s t e e p  s lopes ,  which produce a wide shallow channel 

where b a r s  and i s l a n d s  form r e a d i l y .  

E i t h e r  of t h e s e  f a c t o r s  a lone,  o r  both i n  conce r t ,  could  be r e spons ib l e  

f o r  a bra ided  p a t t e r n .  I f  t h e  channel i s  overloaded wi th  sediment, depos i t i on  

occurs ,  t h e  bed aggrades,  and t h e  s l o p e  of t h e  channel i nc reases  i n  an  e f f o r t  

t o  maintain a graded condit ion.  A s  t h e  channel s teepens ,  t h e  v e l o c i t y  

i nc reases ,  mu l t ip l e  channels  develop and cause t h e  o v e r a l l  channel system t o  

widen. The mul t ip l e  channels ,  which form when ba r s  of sediment accumulate 

w i th in  the  main channel, a r e  genera l ly  uns t ab le  and change p o s i t i o n  with both 

time and s t age .  

Another cause of b ra id ing  i s  e a s i l y  eroded banks. I f  t h e  banks a r e  

e a s i l y  eroded, t h e  s t ream widens a t  h igh  flow and a t  low flow b a r s  form which 

become s t a b i l i z e d ,  forming i s l ands .  In  genera l ,  then,  a bra ided  channel has a 

s t e e p  s lope ,  a l a r g e  bed-material  load  i n  comparison wi th  i ts  suspended load,  

and r e l a t i v e l y  smal l  amounts of s i l ts  and c l ay  i n  t h e  bed and banks. 

6.3.2.3 The Meandering Channel 

A meandering channel i s  one t h a t  c o n s i s t s  of a l t e r n a t i n g  bends, g iv ing  an  

S-shaped appearance t o  t h e  p l an  view of t h e  stream o r  r i v e r  (F igu re  6 . 2 ~ ) .  

More p r e c i s e l y ,  Lane (1957) concluded t h a t  a meandering s t ream i s  one whose 

channel alignment c o n s i s t s  p r i n c i p a l l y  of pronounced bends, t h e  shapes of 

which have - no t  been determined predominantly by t h e  vary ing  na tu re  of t h e  

t e r r a i n  through which the  channel passes .  The meandering s t ream o r  r i v e r  con- 

sists of a s e r i e s  of deep pools  i n  t h e  bends and shallow c ros s ings  i n  t h e  

s h o r t  s t r a i g h t  reach  connect ing t h e  bends. The thalweg flows from a pool  



th rough  a c r o s s i n g  t o  t h e  n e x t  poo l ,  forming t h e  t y p i c a l  S curve  o f  a  s i n g l e  

meander loop.  

A s  shown s c h e m a t i c a l l y  i n  F i g u r e  6 .2 ,  t h e  p o o l s  t e n d  t o  be  somewhat tri- 

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

c r o s s i n g  t h e  channe l  t e n d s  t o  be  more r e c t a n g u l a r ,  w i d t h s  a r e  g r e a t e r  and 

d e p t h s  a r e  r e l a t i v e l y  sha l low.  A t  low f lows  t h e  l o c a l  s l o p e  is  s t e e p e r  and 

v e l o c i t i e s  a r e  l a r g e r  i n  t h e  c r o s s i n g  t h a n  i n  t h e  poo l .  A t  low s t a g e s  t h e  

tha lweg  i s  l o c a t e d  very c l o s e  t o  t h e  o u t s i d e  o f  t h e  bend. A t  h i g h e r  s t a g e s ,  

t h e  tha lweg  t e n d s  t o  s t r a i g h t e n .  More s p e c i f i c a l l y  t h e  tha lweg  moves away 

from t h e  o u t s i d e  o f  t h e  bend, encroach ing  on t h e  p o i n t  b a r  t o  some degree .  I n  

t h e  extreme c a s e ,  t h e  s h i f t i n g  o f  t h e  c u r r e n t  c a u s e s  c h u t e  channe l s  t o  develop 

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

6 . 3 . 3  Bed and Bank M a t e r i a l  

Bed m a t e r i a l  i s  t h e  sediment  m i x t u r e  o f  which t h e  s t reambed is composed. 

Bed m a t e r i a l  r a n g e s  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  channe l  l a r g e l y  depends on 

t h e  s i z e  o f  p a r t i c l e s  i n  t h e  bed. It i s  o f t e n  n o t  s u f f i c i e n t  t o  j u s t  know 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  p o t e n t i a l  f o r  d e g r a d a t i o n ;  
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knowledge of t h e  bed-mate r ia l  s i z e  d i s t r i b u t i o n  i s  impor tan t .  A s  w a t e r  f lows  

o v e r  t h e  bed, 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,  armoring t h e  bed. The a rmor ing  p r o c e s s  

i s  a n  i m p o r t a n t  concep t  f o r  u n d e r s t a n d i n g  a l l u v i a l  channe l  r esponse .  

The armoring p r o c e s s  b e g i n s  a s  t h e  nonmmoving c o a r s e r  p a r t i c l e s  s e g r e g a t e  

from 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 .  T h i s  g e n e r a l l y  

r e p r e s e n t s  t h e  l o w e s t  l e v e l  t o  which t h e  bed i s  t u r n e d  o v e r  by t h e  bed form 

movement t h a t  accompanies t h e  t r a n s p o r t  p r o c e s s .  F i n e  bed m a t e r i a l  is leached  

u p  th rough  t h i s  c o a r s e  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 .  A s  

movement c o n t i n u e s  and d e g r a d a t i o n  p r o g r e s s e s ,  a n  i n c r e a s i n g  number of non- 

moving p a r t i c l e s  accumulate  i n  t h e  s u b l a y e r .  T h i s  accumulat 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  s o  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  main ta ined  a t  i t s  former  i n t e n s i t y .  E v e n t u a l l y ,  enough c o a r s e  

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  ( P l a t e  6 .3) .  

When f i n e s  can no l o n g e r  be l e a c h e d  from 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  



Plate 6.3. Typical armoring situation. 



a r r e s t ed .  Th i s  f i n a l  cond i t i on  i s  s i m i l a r  t o  a r iprapped  channel with a gra- 

n u l a r  f i l t e r  l aye r .  

Examination of 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  important  

c h a r a c t e r i s t i c s :  

1. Less  t han  a s i n g l e  complete covering l a y e r  of l a r g e r  g rave 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  armoring e f f e c t  f o r  a p a r t i c u l a r  discharge.  

2. A n a t u r a l  " f i l t e r "  apparent ly  develops between t h e  l a r g e r  s u r f a c e  par- 
t i c l e s  and t h e  subsur face  m a t e r i a l  t o  prevent  l each ing  of t h e  underlying 
f i n e s .  

3. The sh ing led  arrangement of s u r f a c e  p a r t i c l e s  is  no 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 ev iden t  throughout t h e  g rave l  grada t ion .  

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  t h e  bed a g a i n s t  moderate d ischarges  can 

be  d i s r u p t e d  du r ing  high flow, b u t  may be r e s t o r e d  a s  f lows diminish.  It i s  

ev iden t  t h a t  an  armor l a y e r  w i l l  t end  t o  accumulate i n  a r e a s  of n a t u r a l  scour  

i n  t h e  channel  o r  stream, such a s  on t h e  upstream end of i s l a n d s  and ba r s .  

Bank m a t e r i a l  i s  i n  genera l  made up of sma l l e r  o r  t h e  same s i z e d  par-  

t i c l e s  a s  t h e  bed. Thus, banks a r e  o f t e n  more e a s i l y  eroded than  t h e  bed 

u n l e s s  p r o t e c t e d  by vegeta t ion ,  cohesiveness ,  o r  some type  of man-made pro tec-  

t i o n .  Stream banks can be c l a s s i f i e d  according t o  s t a b i l i t y  by cons ide ra t ion  

o f  vege ta t ion ,  cohesiveness ,  frequency of p r o t e c t i o n ,  l a t e r a l  migrat ion ten-  

denc ie s  of t h e  stream, e t c .  

6 . 3 . 4  Lane Rela t ion  

A b a s i c  phys i ca l  process  t h a t  occurs  i n  a s t ream i s  i t s  p u r s u i t ,  i n  t h e  

long run ,  of a balance between t h e  product  of water flow and channel s lope  and 

t h e  product  of sediment d ischarge  and s i z e . .  The most widely known geomorphic 

r e l a t i o n  embodying t h e  equi l ibr ium concept i s  known a s  Lane 's  p r i n c i p l e  

(F igu re  6 . 3 ) .  

Lane (1953) s tud ied  t h e  changes i n  r i v e r  morphology caused by modifica- 

t i o n s  of water and sediment d ischarges .  S imi l a r  bu t  more comprehensive t r e a t -  

ments of channel response t o  changing cond i t i ons  i n  r i v e r s  have been presented  

by Leopold and Maddock ( 1953),  and o t h e r s .  A l l  r e sea rch  r e s u l t s  support  t h e  

fo l lowing  genera l  s ta tements:  

1 .  Depth of flow i s  d i r e c t l y  p ropor t iona l  t o  water d i scharge  and inve r se ly  
p ropor t iona l  t o  sediment discharge.  



Figure 6.3. Schematic of the Lane relationship 
for qualitative analysis. 



Width of channe l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  water d i s c h a r g e  and  t o  s e d i -  
ment d i s c h a r g e .  

Shape o f  channe l  e x p r e s s e d  as  width-depth r a t i o  i s  d i r e c t l y  r e l a t e d  t o  
sed iment  d i scharge .  

Meander wavelength  i s  d i r e c t l y  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  and  t o  
sed iment  d i scharge .  

S lope  o f  s t r e a m  channel  is i n v e r s e l y  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  and  
d i r e c t l y  p r o p o r t i o n a l  t o  sed iment  d i s c h a r g e  and g r a i n  s i z e .  

S i n u o s i t y  of s t ream channe l  i s  p r o p o r t i o n a l  t o  v a l l e y  s l o p e  and  i n v e r s e l y  
p r o p o r t i o n a l  t o  sed iment  d i s c h a r g e .  

These  r e l a t i o n s  w i l l  h e l p  t o  de te rmine  t h e  r e s p o n s e  o f  any water-conveying 

c h a n n e l  t o  change. 

A mathemat ical  s t a t e m e n t  o f  t h e  above p r i n c i p l e s  i s  (Lane,  1953) :  

QS QsD50 (6 .1 )  

where Q is t h e  w a t e r  d i s c h a r g e ,  S is t h e  channe l  s l o p e ,  
Qs 

i s  t h e  s e d i -  

ment d i s c h a r g e  and  D i s  t h e  median d iamete r  of t h e  bed m a t e r i a l .  
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6.3.5 S h i e l d s '  R e l a t i o n  

An e v a l u a t i o n  of r e l a t i v e  s t a b i l i t y  can  be  made by e v a l u a t i n g  t h e  i n c i -  

p i e n t  motion paramete rs .  The d e f i n i t i o n  o f  i n c i p i e n t  motion i s  based  on t h e  

c r i t i c a l  o r  t h r e s h o l d  c o n d i t i o n  where 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  o f  sed iment  p a r t i c l e s  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  i n c i p i e n t  

motion,  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  b a l a n c e d  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 .  The i n i t i a t i o n  o f  motion i s  i n v o l v e d  i n  

many geomorphic and  h y d r a u l i c  problems such  a s  l o c a l  s c o u r ,  s l o p e  s t a b i l i t y ,  

s t a b l e  channel  d e s i g n ,  e t c .  These problems can o n l y  be hand led  when t h e  

t h r e s h o l d  of sediment  motion i s  f u l l y  unders tood.  

The b e g i n n i n g  of motion o f  bed m a t e r i a l  i s  known t o  b e  a f u n c t i o n  of t h e  

d i m e n s i o n l e s s  number ( s e e  Simons and  Senturk , 1977) . 

where T i s  t h e  c r i t i c a l  boundary s h e a r  s t r e s s ,  
Y S  

and y a r e  t h e  s p e c i -  
C 

f i c  w e i g h t s  o f  t h e  sediment  and wate r ,  r e s p e c t i v e l y ,  and D i s  a charac -  
S 

t e r i s t i c  d iamete r  o f  t h e  sed iment  p a r t i c l e .  T h i s  pa ramete r  (F,) i s  o f t e n  



r e f e r r e d  t o  a s  t h e  Shie lds  parameter.  Sh ie lds  determined a  g raph ica l  r e l a -  

t i o n s h i p  between t h i s  parameter and t h e  shear  v e l o c i t y  Reynolds number (R,) 

f o r  d e f i n i n g  i n c i p i e n t  motion (F igu re  6 . 4 ) .  This  r e l a t i o n s h i p ,  known a s  t h e  

Sh ie lds  diagram, was developed by measuring bed-load t r a n s p o r t  f o r  va r ious  

va lues  of -r/(yS - y D a t  l e a s t  twice a s  l a r g e  a s  t h e  c r i t i c a l  va lue  and 
S 

t hen  e x t r a p o l a t i n g  t o  t h e  p o i n t  of vanishing bed load. This  i n d i r e c t  proce- 

dure  was used t o  avoid t h e  imp l i ca t ions  of t h e  random o r i e n t a t i o n  of g r a i n s  

and v a r i a t i o n s  i n  l o c a l  flow cond i t i ons  t h a t  may r e s u l t  i n  g r a i n  movement even 

when T / ( Y  - y 1 D is  considerably below t h e  c r i t i c a l  value.  
s 

I n  t h e  reg ion  where R, is  70-500 t h e  boundary is  completely rough and 

F, i s  considered independent of  R,. Numbers f o r  t h e  cons t an t  value of F, 

i n  t h i s  region range from 0.047 t o  0.060, o r  

6.3.6 Sediment Transport  Equations 

Sediment t r a n s p o r t  equat ions  a r e  used t o  determine t h e  sediment t r a n s p o r t  

capac i ty  f o r  a  s p e c i f i c  s e t  of flow condi t ions .  Many formulas have been deve- 

loped s i n c e  DuBoys f i r s t  p resented  h i s  t r a c t i v e  f o r c e  equat ion  i n  1879. 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  i s  t o  s e l e c t  one o r  more of t h e  

a v a i l a b l e  equat ions  f o r  use  i n  s o l v i n g  t h e  given problem. The s e l e c t i o n  i s  

n o t  s t r a igh t fo rward ,  s i n c e  t h e  r e s u l t s  of d i f f e r e n t  formulas can g ive  

d r a s t i c a l l y  d i f f e r e n t  r e s u l t s ,  and it i s  usua l ly  no t  p o s s i b l e  t o  p o s i t i v e l y  

determine t h e  one provid ing  t h e  b e s t  r e s u l t .  Addi t iona l ly ,  some of t h e  

methods a r e  considerably more complex than  o the r s .  The i n i t i a l  cons ide ra t ion  

i s  t o  dec ide  what p o r t i o n  of t h e  sediment t r a n s p o r t  needs t o  be est imated.  I f  

it is d e s i r a b l e  t o  know t h e  c o n t r i b u t i o n  of t h e  bed load  and t h e  suspended 

load  t o  t h e  bed-material  discharge,  formulas f o r  each a r e  ava i l ab l e .  Other 

formulas provide  d i r e c t  de te rmina t ion  of t h e  bed-material  discharge.  A common 

f e a t u r e  of a l l  sediment t r a n s p o r t  equat ions  i s  t h a t  t h e  washload i s  no t  

included s i n c e  it i s  governed by upstream supply. 

A second cons ide ra t ion  i n  dec id ing  what formula(s )  t o  use i s  t h e  type  of 

s t ream o r  r i v e r  condi t ions  t h a t  e x i s t .  It is important  t o  s e l e c t  a  formula 

t h a t  was developed under cond i t i ons  s i m i l a r  t o  t hose  of t h e  given problem. 

For example, some formulas were developed from d a t a  c o l l e c t e d  i n  sand-bed 



Figure 6.4. Shie lds '  Diagram. 



streams where most of t h e  sediment t r anspor t  was suspended load, while o the r  

equations a r e  based on condit ions of predominantly bed-load t ranspor t .  

In  add i t ion  t o  t h e  use of purely a n a l y t i c a l  o r  empirical  formulas, the re  

a r e  methods ava i l ab le  f o r  evaluat ing  t h e  bed-material discharge based on 

measured suspended load and o the r  normal stream flow measurements. BY use of 

observed data  these  r e s u l t s  a r e  usual ly  more accura te  and r e l i a b l e  than those 

given by o the r  formulas. Unfortunately, measured da ta  a r e  o f t e n  not  ava i l ab le  

f o r  t h e  des i red  stream locat ion ,  o r  the  da ta  a r e  not  r ecen t  enough o r  of long 

enough dura t ion  t o  provide s u f f i c i e n t  accuracy. 

Considering these  f a c t o r s ,  t h e  r e l a t ionsh ip  i s  presented below is recom- 

mended f o r  app l i ca t ion  i n  OSM Regions I and 11. It i s  a  commonly used and 

wel l  accepted method f o r  computing t h e  bed-material discharge i n  a  cobble-bed 

stream. In using any sediment t r anspor t  methodology, considerat ion should be 

given t o  so lu t ion  by s i z e  f r ac t ion .  Dif ferent  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  

from a  ca lcu la t ion  based on a  s i n g l e  representa t ive  gra in  s i ze .  Solut ion of 

t h e  t o t a l  bed-material discharge by s i z e  f r a c t i o n  ana lys i s  i s  based on 

weighted average of t h e  sediment t r anspor t  f o r  each given s i ze .  

Meyer-Peter, Muller Equation. The Meyer-Peter, Muller Equation (MPM) is  

a  simple and commonly used equation f o r  evaluat ing  the  bed mate r i a l  t r anspor t  

i n  a  cobble-bed stream. Most of t h e  da ta  used i n  developing t h e  equation were 

obtained i n  flows with l i t t l e  o r  no suspended load. A common form of t h e  

equation i s  ( U .  S. Bureau of Reclamation, 1960) : 

where 
qb is t h e  bed-load t r anspor t  r a t e  i n  volume per  u n i t  width f o r  a  spe- 

c i f i c  s i z e  of sediment, 
'lo 

is  t h e  t r a c t i v e  fo rce  (boundary shear  s t r e s s ) ,  

T i s  t h e  c r i t i c a l  t r a c t i v e  force ,  p i s  t h e  dens i ty  of water and y is  
C s 

t h e  s p e c i f i c  weight of sediment. The c r i t i c a l  t r a c t i v e  fo rce  i s  defined by 

t h e  Shie lds  parameter (Equation 6 . 2 ) .  The t r a c t i v e  fo rce  o r  boundary shear  

s t r e s s  a c t i n g  under t h e  given flow condit ions i s  defined by 



where p is t h e  d e n s i t y  of  t h e  f lowing water  and f  is t h e  Darcy-Weisbach 

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

A genera l  form of t h e  MPM equat ion  was presented  by Shen (1971) a s  

i n  which a  and b4 a r e  cons t an t s .  When t h e  cons t an t s  i n  t h i s  equat ion  a r e  
4  

c a l i b r a t e d  wi th  f i e l d  d a t a ,  good r e s u l t s  a r e  u sua l ly  obtained.  

6.4 S t a b l e  A l luv ia l  Channel Design - Method of Maximum Permiss ib le  Veloc i ty  

6.4.1 General Procedure 

Two major v a r i a b l e s  a f f e c t i n g  channel design and sediment t r a n s p o r t  a r e  

v e l o c i t y  and shea r  s t r e s s .  In  r e a l i t y ,  determining shea r  s t r e s s  i s  usua l ly  

d i f f i c u l t .  Therefore,  v e l o c i t y  i s  o f t e n  accepted a s  t h e  most important  f a c t o r  

when designing s t a b l e  a l l u v i a l  channels  u s ing  t h e  s t a t i c  equi l ibr ium approach. 

The procedure i s  based on t h e  cond i t i on  t h a t  i f  t h e  adopted mean v e l o c i t y  i s  

lower than  maximum pe rmis s ib l e  v e l o c i t y  ( o r  t h e  nonerodible  v e l o c i t y ) ,  t h e  

channel i s  assumed t o  be s t a b l e  ( F o r t i e r  and Scobey, 1926).  

Appreciable work has  been devoted t o  developing t h e  pe rmis s ib l e  v e l o c i t y  

approach. Many l i m i t s  have been suggested f o r  t h e  pe rmis s ib l e  v e l o c i t y  under 

given condi t ions ;  however, experience has  i d e n t i f i e d  d i sc repanc ie s  i n  t h e s e  

va lues .  For example, channels ca r ry ing  sediment may be s t a b l e  a t  v e l o c i t i e s  

h ighe r  t han  t h e  given l i m i t i n g  v e l o c i t y .  Consequently F o r t i e r  and Scobey 

(1926) in t roduced  a  c e r t a i n  i n c r e a s e  i n  t h e i r  l i s t e d  va lues  of maximum 

pe rmis s ib l e  v e l o c i t i e s  when water was t r a n s p o r t i n g  c o l l o i d a l  s i l t .  The 

au tho r s  emphasized t h e  importance of e x e r c i s i n g  judgment on each p a r t i c u l a r  

problem. Subsequently t h e s e  l i m i t s  were recommended by a  Spec ia l  Committee on 

I r r i g a t i o n  Research, ASCE. Since then  many des igns  have been based on t h e i r  

suggested pe rmis s ib l e  v e l o c i t i e s .  

Table  6.1 a  summarizes t h e  pe rmis s ib l e  v e l o c i t i e s  given by F o r t i e r  and 

Scobey. Other t a b u l a r  l i s t i n g s  of  permiss ib le  v e l o c i t y  a r e  given i n  Tables  

6 . lb ,  6 . l c  and 6. ld.  

The des ign  procedure f o r  a  t r a p e z o i d a l  channel u s ing  t h e  maximum per- 

mi s s ib l e  v e l o c i t y  c o n s i s t s  of t h e  fo l lowing  s t e p s  (Chow, 1959): 



Table 6 . l a .  Maximum Permissible Veloci t ies  Tables 
by F o r t i e r  and Scobey ( 1 9 2 6 ) .  

Mean ve loc i ty  of canals  a f t e r  aging (dZ3 f t )  
Water 

t ranspor t ing  
Water noncolloidal  

Or ig inal  Material 
t r anspor t ing  silts,  sands 

Clear water, c o l l o i d a l  gravels  o r  
Excavated no d e t r i t u s  si l t  rock fragments 
For Canals n f t / s e c  m/sec f t / s e c  m/sec f t / s e c  m/sec 

1. Fine sand 
( c o l l o i d a l )  0.02 1.5 0.46 2 .50 0.76 1 .50 0.46 

2. Sandy loam 
(noncolloidal)  0.02 1.45 0.53 2.50 0 .76  2.00 0.6 1 

3 .  S i l t  loam 
(noncol lo idal )  0.02 2.00 0.61 3.00 0.91 2.00 0.61 

4 .  Al luvia l  si l t  
when noncolloidal 0.0 2 2.00 0.61 3.50 1.07 2.00 0.61 

5. Ordinary f irm loam 0.02 2.50 0.76 3.50 1 .07 2.25 0.69 

6 .  Volcanic ash 0.02 2.50 0.76 3.50 1.07 2.00 0.6 1 

7 .  Fine gravel  0.02 2.50 0.76 5.00 1.52 3.75 1.14 

8. S t i f f  c lay  (very 
c o l l o i d a l  ) 0.025 3.75 1.14 5.00 1.52 3.00 0.9 1 

9 .  Graded, loam t o  
cobbles, when 
noncolloidal  0 .03  3.75 1.14 5.00 1.52 5.00 1.52 

10. Al luvia l  s i l t  
when c o l l o i d a l  0.025 3.75 1.14 5 . O O  1 .52 3.00 0.9 1 

11. Graded, s i l t  t o  
cobbles, when 
c o l l o i d a l  0 .03  4.00 1.22 5.50 1.68 5.00 1.52 

12. Coarse gravel  
( noncolloidal)  0.025 4.00 1.22 6 .00  1.83 6.50 1 .98  

13. Cobbles and 
shingles  0.035 5.00 1.52 5.50 1.68 6 .50  1.98 

14. Shales and 
hard pans 0.025 6.00 1 .83  6.00 1.83 5.00 1.52 



T a b l e  6.lb. Maximum P e r m i s s i b l e  V e l o c i t i e s  T a b l e s  
by E tchever ry  ( 1916) . 

Material 
Mean V e l o c i t y  

(fps) 

Very l i g h t  p u r e  s a n d  of qu icksand  c h a r a c t e r  

Very l i g h t  loose s a n d  

Coarse  s a n d  o r  l i g h t  sandy s o i l  1.50- 2.00 

Average sandy s o i l  

Sandy loam 

Average loam, a l l u v i a l  s o i l ,  v o l c a n i c  a s h  s o i l  

Fi rm loam, c l a y  loam 

S t i f f  c l a y  soil ,  o r d i n a r y  g r a v e l  s o i l  

Coarse  g r a v e l ,  c o b b l e s ,  s h i n g l e s  5.00- 6.00 

Conglomerates,  cemented g r a v e l ,  s o f t  s l a t e ,  tough hard-pan,  
s o f t  sed imenta ry  rock 6.00- 8.00 

Hard rock  10.00-15.00 

C o n c r e t e  15.00-20.00 



Table 6. l c .  Maximum Permiss ib le  V e l o c i t i e s  ~ a b l e s l  
by U.S. Army Off i ce  (1970).  

Channel Ma te r i a l  
Mean Channel 

Veloc i ty  ( f p s )  

Find sand 
Coarse sand 
Fine  gravel2 
Ea r th  

Sandy si l t  
S i l t  c l a y  
Clay 

Grass- l ined e a r t h  ( s lopes  < 5%13 
Bermuda g r a s s  - sandy silt - silt  c l a y  
Kentucky Blue Grass - sandy s i l t  

- si l t  c l a y  
Poor rock ( u s u a l l y  sedimentary) 

S o f t  sandstone 
Sof t s h a l e  

Good rock ( u s u a l l y  igneous o r  ha rd  
metamorphic)* 

l ~ a s e d  on TM 5-886-4 and CE Hydraulic Design 
Conferences of 1958-1960. 

2 ~ o r  p a r t i c l e s  l e s s  than  f i n e  g rave l  (about  20 mm = 
3/4 i n .  1 .  

3 ~ e e p  v e l o c i t i e s  l e s s  t han  5.0 f p s  un le s s  good 
cover  and proper  maintenance can be obtained.  

*May be  used wi th  judgment i n  durable  bedrock. 



Table 6. ld. Formulas f o r  Maximum Permissible Velocity f o r  Canals 
Constructed i n  Alluvium. 

1 -  Mavis, e t  a l .  (1937) 

D = s i z e  of p a r t i c l e  i n  mil l imeters  
(Vb) = Maximum permissible ve loc i ty  a t  t h e  bottom, f t / s e c  

f's = dens i ty  of p a r t i c l e  i n  lb-sec2/f t4 

p = densi ty  of water i n  lb-sec2/f t4 

2. Carstens (1966) 

a = s lope  of p lane  bed, English un i t s .  
4 = n a t u r a l  angle  of repose 

3. Neil1 (1967) 

D  
-0.20 

p e r  = 2.5 (2) 
s 

(-- - 1) g D  
P 

d = flow depth, f t  
English un i t s .  

4. Mixtskhulava, T. E. 

Metric u n i t s  a r e  required, 
D > 2 m  

and 

v = Maximum permissible mean ve loc i ty  i n  q s  
Per  



1 .  For t h e  given k ind  of  m a t e r i a l  forming t h e  channel  body, e s t ima te  t h e  
roughness c o e f f i c i e n t  n (Sec t ion  4.51, s i d e  s lope  z (Table 4.3) ,  and 
t h e  maximum pe rmis s ib l e  v e l o c i t y  V. 

2. Compute t h e  hydrau l i c  r a d i u s  R by t h e  Manning formula (Equation 4.13) . 
3 .  Compute t h e  water  a r e a  r equ i r ed  by t h e  given d ischarge  and pe rmis s ib l e  

v e l o c i t y ,  o r  A = Q/V. 

4.  Compute t h e  wetted perimeter ,  o r  P = A/R. 

5. Using t h e  express ions  f o r  A and P from Table 4.1, so lve  s i m l t a -  
neously f o r  b and y. 

6. Add a proper  freeboard,  and modify t h e  s e c t i o n  f o r  p r a c t i c a b i l i t y .  

6.4.2 Evalua t ing  t h e  Channel f o r  Reasonable Shape 

F o l l w i n g  t h e  design procedure us ing  maximum pe rmis s ib l e  v e l o c i t y  can 

r e s u l t  i n  a very shallow, wide channel,  a s  i l l u s t r a t e d  i n  t h e  example a t  t h e  

end of t h e  chapter .  This  type  of  c r o s s  s e c t i o n  i s  c l e a r l y  n o t  d e s i r a b l e  s i n c e  

t h e  water  would probably no t  flow uniformly a c r o s s  t h e  e n t i r e  width. Rather, 

it would t e n d  t o  concen t r a t e  i n  one a r e a  by scour ing  a new deeper,  narrower 

channel w i th in  t h e  l i m i t s  of t h e  broader  channel. Therefore,  cons ide ra t ion  

must be given t o  t h e  computed channel  dimensions t o  i n s u r e  t hey  r ep resen t  a 

p r a c t i c a l  design. Empir ical  formulas have been developed t h a t  provide  

guidance i n  a s s e s s i n g  t h e  p r a c t i c a l i t y  of a channel  design. Some of t h e  fo r -  

mulas used t o  e v a l u a t e  depth of flow o r  t h e  width-to-depth (b /d)  r a t i o  are 

given below. 

1. U.S. Bureau of Reclamation procedure 

A = Area i n  f t 2  

and f o r  a t r a p e z o i d a l  c r o s s  s e c t i o n  

2. I r r i g a t i o n  Se rv i ce  Procedure, I n d i a  

d = J A / ~  

and f o r  a t r a p e z o i d a l  cross section 



It should be  noted  t h a t  t h e  preceding empi r i ca l  formulas a r e  simply 

guide l ines .  These equat ions  do n o t  apply t o  a l l  conceivable  flow condi t ions ,  

no r  do they  d i f f e r e n t i a t e  between p r a c t i c a l  and imprac t i ca l  channel  

con f igu ra t ions .  

Channel des igns  having width-to-depth (b/d) r a t i o s  s i g n i f i c a n t l y  d i f -  

f e r e n t  from t h e  empir ica l  r u l e s  (Equat ions 6.7-6.10) should be eva lua t ed  

f u r t h e r .  It may be p o s s i b l e  t o  improve t h e  channel design by us ing  a proper ly  

designed l i n i n g  o r  i n s t a l l i n g  grade c o n t r o l  s t r u c t u r e s .  These methods w i l l  be 

d i scussed  i n  t h e  fo l lowing  sec t ion .  

6.4.3 Evaluat ion of t h e  Need f o r  Rock Riprap o r  Grade Cont ro l  S t r u c t u r e s  

I f  t h e  c r o s s  s e c t i o n  determined from t h e  s t a b l e  channel  design procedure 

(Sec t ion  6.4.1) i s  n o t  economical o r  accep tab le  according t o  t h e  b/d r a t i o  

(Sec t ion  6.4.2),  t hen  a more p r a c t i c a l  c r o s s  s e c t i o n  can be designed by us ing  

a channel  l i n i n g  and/or grade c o n t r o l  s t r u c t u r e s .  A channel l i n i n g  a l lows  

des igning  f o r  a l a r g e r  pe rmis s ib l e  v e l o c i t y  wi thout  scour  o r  e ros ion  of t h e  

channel.  For ins tance ,  i f  t h e  bedrock of t h e  n a t u r a l  ground i s  a poor sed i -  

mentary rock s t r a t a  wi th  a luw pe rmis s ib l e  v e l o c i t y ,  a sma l l e r  channel l i n e d  

wi th  a durable  r i p r a p  may be more economical and s t a b l e .  Addi t iona l ly ,  chan- 

n e l  l i n i n g s  can be used t o  reduce o r  e l imina te  seepage l o s s e s  from t h e  chan- 

ne l .  The r educ t ion  of seepage i s  n o t  u sua l ly  a major concern i n  a s u r f a c e  

mine opera t ion ;  however, it may become important  i n  a r e a s  of t h e  mine s i t e  

where seepage could  cause water  q u a l i t y  o r  s t a b i l i t y  problems. Poss ib l e  s t a -  

b i l i t y  problems from seepage inc lude  s l i ppage  a long  b a c k f i l l  a r e a s ,  mass o r  

s u r f a c e  sloughage of  waste s i t e s  and bank s loughing i n  o therwise  s t a b l e  chan- 

n e l s  due t o  seepage po re  pressure .  I d e a l l y ,  channel  l i n i n g s  f o r  d ive r s ion  

s t r u c t u r e s  should be maintenance f r e e  and have a long des ign  l i f e ,  s i n c e  they  

w i l l  have t o  remain "forever"  a f t e r  bond i s  re leased .  

Grade c o n t r o l  s t r u c t u r e s  can reduce t h e  v e l o c i t y  upstream of t h e  s t ruc -  

t u r e  t o  a nonerosive va lue .  Mul t ip le  grade c o n t r o l  s t r u c t u r e s  can be used t o  

c o n t r o l  long reaches  of  a stream. The des ign  procedures  f o r  channel l i n i n g s  

and grade col. trol s t r u c t u r e s  fol low.  



6.5 Vegetat ive Linings 

6.5.1 General 

Vegeta t ive  l i n i n g s  can be a  p r a c t i c a l ,  economical method of channel pro- 

t e c t i o n  i n  r eg ions  where t h e  vege ta t ion  can be grown. Minor e r o s i o n  damage t o  

a  vege ta t ive  l i n i n g  o f t e n  r e p a i r s  i t s e l f  where a  r i g id - type  l i n i n g  would 

p rog res s ive ly  d e t e r i o r a t e  u n l e s s  r epa i r ed ;  however, it i s  w e l l  known t h a t  

v e g e t a t i v e  l i n i n g s  do n o t  wi ths tand  l a r g e  shea r  f o r c e s ,  nor  do they  e a s i l y  

su rv ive  long  p e r i o d s  of  submergence. Therefore,  under t h e s e  cond i t i ons ,  vege- 

t a t i v e  l i n i n g s  may be i m p r a c t i c a l  and o t h e r  l i n i n g s  such a s  rock r i p r a p  should 

b e  u t i l i z e d .  Often composite l i n i n g s  c o n s i s t i n g  of rock r i p r a p  i n  a r e a s  of  

h igh  shea r  o r  long t e r n  submergence and vege ta t ion  i n  t h e  remainder of t h e  

c r o s s  s e c t i o n  can be u t i l i z e d  t o  reduce cos t s .  I n t e r m i t t e n t l y  spaced vegeta- 

t i v e  d i v e r s i o n s  a r e  commonly used on s u r f a c e  mine ope ra t ions  f o r  long s l o p e s  

o f  b a c k f i l l  a r e a s  and waste s i t e s  t o  c o l l e c t  d ra inage  without  g u l l y  erosion.  

6.5.2 Design Procedure - Maximum Permiss ib le  Veloc i ty  

S ince  about  1935, many flow tests over  common American and Aus t r a l i an  

g r a s s e s  have been performed and summarized by Cox and Palmer (1948),  Ree and 

Palmer ( l 9 4 9 ) ,  and Eas tga t e  (1966).  In  each test depth scour  and gene ra l  

appearance of t h e  channel  w a s  noted. Whenever cond i t i ons  were such t h a t  unac- 

c e p t a b l e  r a t e s  of scour  and d e s t r u c t i o n  of t h e  channel  l i n i n g  occurred,  t h e  

mean v e l o c i t y  of flow was noted. Then t h e  maximum mean v e l o c i t y  t h e  channel 

wi ths tood  without  s i g n i f i c a n t  damage was suggested a s  t h e  maximum pe rmis s ib l e  

v e l o c i t y .  V e l o c i t i e s  t a b u l a t e d  i n  Table 3 of t h e  "Handbook of Channel Design 

f o r  S o i l  and Water Conservation" a r e  reproduced i n  Table 6.2. 

I t  should be noted t h a t  maximum pe rmis s ib l e  v e l o c i t y  i s  gene ra l ly  less 

f o r  s t e e p e r  s lopes .  Also, v e l o c i t i e s  s t a t e d  were o f t e n  exceeded wi thout  

damaging t h e  experimental  channels  from which t h e  d a t a  were derived.  Of 

course,  t h e s e  channels  were u s u a l l y  prepared wi th  g r e a t  ca re  and under 

i d e a l  cond i t i ons ,  r e s u l t i n g  i n  vege ta t ive  l i n i n g s  of g r e a t e r  d e n s i t y  and 

uni formi ty  than  those  found i n  t h e  f i e l d .  Therefore,  t h e  des igner  should 

t y p i c a l l y  u se  s l i g h t l y  lower v e l o c i t i e s  t o  provide f o r  a  margin of e r r o r .  

Design of vege ta ted  channels  i s  complicated by t h e  f a c t  t h a t  t h e  r e l a t i v e  

roughness i s  a func t ion  of depth  o r  hydrau l i c  r ad ius .  The S o i l  Conservation 

Se rv i ce  has  i d e n t i f i e d  t h e  degree of re ta rdance  by vege ta t ion  he igh t  according 

t o  d a t a  given i n  Table 6.3. Design c h a r t s  given i n  F igures  6.53 t o  6.5e can 



Table 6.2 Permiss ib le  V e l o c i t i e s  f o r  Channels Lined wi th  Vegetation. 1 
The va lues  apply t o  average uniform s t a n d s  o f  each type  of 
cover  ( S o i l  Conservation Serv ice ,  1954). 

Permiss ib le  v e l o c i t y  ( fps)  
Slope 

Cover  an ge2 Erosion E a s i l y  
(pe rcen t )  r e s i s t a n t  s o i l s  eroded s o i l s  

0-5 
Bermdagrass  . . . . . .  5-10 

ove r  10 

Buff a l o g r a s s  
Kentucky b lueg ras s  . . .  0-5 
Smooth brome 5- 10 
Blue g r a m  over  10 

20-5 
Grass mixture . . . . . .  5-10 

Lespedeza s e r i c e a  
Weeping lovegrass  
Y e l l o w  bluestream . . . .  30-5 
Kudzu 
A l f a l f a  
Crabgrass  

4 
Common lespedeza . . . .  50-5 

Sudangrass 2 

'use v e l o c i t i e s  exceeding 5 f e e t  p e r  second only  where good covers  and 
proper  maintenance can be obtained.  

2 
Do n o t  use  on s l o p e s  s t e e p e r  t han  10 pe rcen t  except  f o r  s i d e  s l o p e s  i n  
a combination channel. 

3 ~ 0  n o t  use  on s lopes  s t e e p e r  t han  5 pe rcen t  except  f o r  s i d e  s l o p e s  i n  
a combinat ion  channel. 

4Annuals--used on mild s l o p e s  o r  a s  temporary p r o t e c t i o n  u n t i l  permanent 
covers  a r e  e s t ab l i shed .  

5 
Use on s l o p e s  s t e e p e r  t han  5 pe rcen t  is  no t  recommended. 



Table 6 . 3 .  Guide t o  Se l ec t ion  o f  Vegetal Retardance*. 

Average he ight  
o f  vegetat ion 

( inches)  
Degree o f  Retardance 

Good Stand Fair  Stand 

More than 30 . . . . . . .  A 

1 1 t 0 2 4 . . . . . . . . .  B 

6 t 0 1 0  e m . . . . . . .  C 

2 t 0 6 . .  . . . . . . . .  D 

. . . . . . .  Less than 2 E 

*From U . S .  S o i l  Conservation Service  (19%) . 



Figure 6.5a. Solution of t h e  Manning equation for retardance A 
(very high vegeta l  retardance) ( U . S .  S o i l  
Conservation Service) .  



Figure 6.5b. Solution of  t h e  Manning equation f o r  retardance B 
(high vegeta l  re tardance) .  (U.S. SCS) 



Figure 6 . 5 ~ .  Solut ion  of t h e  Manning equation f o r  retardance C 
(moderate vege ta l  re tardance) .  ( U . S .  SCS) 



Figure  6.5d. Solu t ion  of  t h e  Manning equat ion  f o r  r e t a rdance  D 
(low v e g e t a l  r e t a r d a n c e ) .  (U.S. SCS) 



Figure 6 .5e .  Solut ion  of t h e  Manning equation for  retardance E 
(very low vege ta l  retardance).  (U.S. SCS) 



then be used t o  so lve  t h e  Manning equat ion,  us ing  t h e  maximum pe rmis s ib l e  

v e l o c i t y  f o r  t h e  given vege ta t ion  (Table 6 .2 ) .  The design procedure involves  

two s t e p s .  F i r s t ,  t h e  bottom width of t h e  vegeta ted  channel i s  determined s o  

t h a t  t h e  v e l o c i t y  i s  l e s s  t han  t h e  maximum pe rmis s ib l e  v e l o c i t y  f o r  t h e  mowed 

cond i t i on  of minimum re ta rdance .  Second, t h e  channel depth is  determined by 

t h e  need t o  provide t h e  design capac i ty  under cond i t i ons  of maximum r e t a r -  

dance. The procedure i s  summarized i n  Sec t ion  6.8 and i l l u s t r a t e d  by an  

example i n  Sec t ion  6.9. 

6.5.3 Composite Linings 
I I 

Vegetat ion i s  a l s o  p a r t i c u l a r l y  s u i t e d  f o r  u se  i n  combination wi th  o the r  

r i g i d  l i n i n g  ma te r i a l s  t o  produce a composite l i n i n g .  V e l o c i t i e s  i n  a 

s t r a i g h t ,  uniform channel  a r e  genera l ly  g r e a t e s t  i n  t h e  upper p a r t  of t h e  

middle po r t ion .  V e l o c i t i e s  decrease  toward t h e  channel  s i d e s  and bottom. 

Although t h e  mean v e l o c i t y  might exceed t h e  permiss ib le  va lue  f o r  a g r a s s  

l i n i n g  and t h u s  r e q u i r e  a h ighe r  c o s t  l i n i n g ,  t h e  mean v e l o c i t y  i n  t h e  

t r i a n g u l a r  s e c t i o n  embracinq t h e  upper edge of t h e  bank s l o p e  might be low 

enough f o r  grass. The most economical s o l u t i o n  would probably be t h e  com- 

b i n a t i o n  of a r ig id- type  l i n i n g  i n  t h e  lowest  p a r t  of t h e  channel and g r a s s  

l i n i n g  on t h e  upper bank s lopes .  

Combination l i n i n g s  a r e  a l s o  used where t h e  channel bottom r e q u i r e s  pro- 

t e c t i o n  which could  be fu rn i shed  by a g r a s s  l i n i n g ,  b u t  low f lows of long 

du ra t ion ,  from snow melt o r  seepage, r e t a r d  o r  p reven t  t h e  growth of grass .  

I n  such a s i t u a t i o n ,  t h e  channel  could  be paved wi th  a r ig id- type  l i n i n g  t o  

c a r r y  t h e  low flow and wi th  g r a s s  above t h e  e l e v a t i o n  of t h e  cont inued low 

flow. Ree (1951) desc r ibes  t e s t s  on composite l i n i n g s  i n  a channel on a ten- 

pe rcen t  s lope.  Figure 6.6 is  a reproduct ion  of R e e f s  f i g u r e  showing t h e  

dimensions and v e l o c i t y  d i s t r i b u t i o n .  Ree concluded t h a t  t h e  usua l  p r a c t i c e  

of  summing c a l c u l a t e d  d ischarge  r a t e s  f o r  t h e  component p a r t s  of t h e  c r o s s  

s e c t i o n  t o  g ive  t h e  capac i ty  of  a composite channel  seems a v a l i d  method. 

Furthermore, h e  found t h a t  high v e l o c i t i e s  i n  t h e  g u t t e r  s e c t i o n  do n o t  c a r r y  

over  apprec iab ly  t o  t h e  grassed  p o r t i o n  of  t h e  waterway and t h e r e f o r e  

concluded t h a t  observed scour  a t  t h e  junc t ion  cannot be a t t r i b u t e d  t o  excessi-  

vely high v e l o c i t i e s .  However, based on t h e  e a r l i e r  d i scuss ion  regard ing  t h e  

p r o b a b i l i t y  of high-veloci ty  eddies  i n t e r m i t t e n t l y  reaching  t h e  bed and 

caus ing  eros ion ,  it seems prudent  t o  provide some s o r t  of apron. The apron 
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Figure 6.6. Dimensions and velocity distribution, Ree (1951). 



should be designed s o  t h a t  t h e  v e l o c i t y  p r o f i l e  w i l l  be  continuous a c r o s s  t h e  

j o i n t ,  t h u s  prevent ing  t h e  formation of a shear  zone and i t s  r e s u l t i n g  tu r -  

bulence. Figure 6.7 shows two examples of such junct ions.  The s u r f a c e  of t h e  

r i g i d  l i n i n g  should l i n e  up wi th  y ' ,  t h e  v e l o c i t y  i n t e r c e p t  of t h e  f lowing 

water ,  a t  design depth. The design of t h e  r i p r a p  p a r t  of t h e  c r o s s  s e c t i o n  

should be according t o  procedures  o u t l i n e d  i n  Sec t ion  6.6. 

6.5.4 Es t ab l i sh ing  Vegetat ive Linings 

Temporary l i n i n g s  a r e  f l e x i b l e  coverings used t o  p r o t e c t  a channel  u n t i l  

permanent vege ta t ion  can  be e s t ab l i shed .  The l i n i n g  m a t e r i a l s  a r e  u sua l ly  

biodegradable and do n o t  r e q u i r e  removal a f t e r  t h e  vege ta t ion  becomes 

e s t ab l i shed .  Some t y p i c a l  temporary l i n i n g s  t e s t e d  by Miss i s s ipp i  S t a t e  

Univers i ty  i n  1968 f o r  t h e  Miss i s s ipp i  S t a t e  Highway Department a re :  

Eros ione t  3 1 
inch. Norma 
s t e e l  p ins .  

5 - a paper  yarn  wi th  openings approximately 7/8 inch  by 1/2 
l l y  used t o  ho ld  o t h e r  m a t e r i a l s  such a s  s t raw.  Secured wi th  

J u t e  mesh - a woven mat of coarse  j u t e  yarn wi th  openings about  3/8 inch  
by 3/4 inch. Held i n  p l a c e  wi th  s t e e l  p ins .  

Stranded f i b e r g l a s s  roving  wi th  Erosion 315 - f i n e  g l a s s  f i b e r s  blown 
o n t o  t h e  channel  bed us ing  compressed a i r  and a s p e c i a l  nozzle,  and he ld  
i n  p l a c e  wi th  s t e e l  p i n s  and  Eros ione t  ( s e e  No. 1 above).  

3/8-inch f i b e r g l a s s  mat - a f i n e  g l a s s  f i b e r  mat s i m i l a r  t o  furnace  a i r  
f i l t e r  m a t e r i a l  h e l d  i n  p l a c e  with s t e e l  p i n s .  

1/2-inch f i b e r g l a s s  mat - same a s  No. 4 above, except  t h i c k e r  and more 
dense. May r e t a r d  seed  germination and vegeta t ion  growth. 

Exce ls ior  m a t  - d r i e d  shredded wood h e l d  toge the r  wi th  a f i n e  paper  n e t  
and  secured  wi th  s t e e l  p i n s .  

Straw wi th  e r o s i o n e t  - chopped s traw h e l d  i n  p l a c e  wi th  Eros ione t  and 
s t e e l  p i n s .  

Chemical s o i l  s t a b i l i z e r s  a r e  another  means of  p r o t e c t i n g  a channel  u n t i l  

vege ta t ion  can be e s t ab l i shed .  Chemical s o i l  s t a b i l i z e r s  a r e  designed t o  c o a t  

and p e n e t r a t e  t h e  s o i l  s u r f a c e  and bind t h e  s o i l  p a r t i c l e s  toge ther .  They can 

b e  used both i n  l i e u  of  temporary mulch m a t e r i a l  and i n  conjunct ion  wi th  t h e  

m a t e r i a l  t o  a c t  a s  a mulch t a c k  and s o i l  binder .  Chemical s t a b i l i z e r s  

gene ra l ly  work b e s t  on d ry ,  h ighly  permeable s p o i l ,  o r  in -p lace  s o i l s  s u b j e c t  

t o  s h e e t  flow r a t h e r  t han  concent ra ted  flow. 



Figure 6 . 7 .  Detail of  suggested grass t o  riprap junction. 



6.6 Rock Ftiprap Design 

6.6.1 General 

Many procedures  a r e  a v a i l a b l e  f o r  des igning  rock r i p r a p  f o r  mild s lope  

channels.  In t h i s  contex t  t h e  d e f i n i t i o n  of mild i s  i n  t h e  hydraul ic  sense  

(where t h e  Froude number i s  l e s s  than  one) and n o t  i n  t h e  topographic sense.  

The Froude number i s  based on v e l o c i t y  and flow depth,  which both depend on 

channel  s i z e  and roughness ( i . e . ,  r i p r a p  s i z e ) ;  t h e r e f o r e ,  t h e  des igner  must 

f i r s t  assume t h e  channel cond i t i on  w i l l  b e  mild and proceed wi th  t h e  design 

( u n l e s s  experience d i c t a t e s  o the rwi se ) .  Af te r  eva lua t ing  t h e  channel s i z e  and 

D50 
r i p r a p  s i z e ,  t h e  des igner  must check t h e  Froude number t o  i n s u r e  t h a t  

t h e  mild s lope  assumption was c o r r e c t  and consequently t h a t  t h e  procedure 

a p p l i e d  was va l id .  Regardless of t h e  procedure used, t h e  genera l  concepts  

r e l a t e d  t o  r i p r a p  design given i n  Sec t ion  5.1 m u s t  be followed. 

A r i p r a p  design procedure adopted by t h e  Denver Urban Drainage and Flood 

Cont ro l  D i s t r i c t  p rovides  a  s imple means f o r  de te rmina t ion  of r i p r a p  protec-  

t i o n .  The design procedure i s  based on t h e  flow v e l o c i t y  V and hydrau l i c  

r a d i u s  R. Defined r i p r a p  c l a s s e s  a r e  s e l e c t e d  according t o  t h e  channel  s i d e  

s lope  and computed q u a n t i t y  2 / ~ ~ * ~ ~ ,  where V is t h e  v e l o c i t y  and R is  

t h e  hydraul ic  rad ius .  The primary advantage t o  t h i s  des ign  methodology is  t h e  

quick,  simple de te rmina t ion  of a  s t a b l e  channel l i n ing .  A l i m i t a t i o n  t o  t h i s  

procedure i s  t h a t  it i s  only  v a l i d  f o r  s u b c r i t i c a l  flows where t h e  Froude 

number ( s e e  Sec t ion  4.2.5) i s  less than  0.8.  For mild s lope  Froude numbers 

between 0.8 and 1.0 t h e  des igner  should use  t h e  s t e e p  s l o p e  des ign  procedure 

(Sec t ion  5.3) which w i l l  g ive  a n  adequate  design,  a l though s l i g h t l y  

conserva t ive .  

Other s i m p l i f i e d  r i p r a p  design procedures  inc lude  t h e  methodology pre- 

s en ted  i n  Nat ional  Cooperative Highway Research Program Report (NCHRP) 

No. 108, (Highway Research Board, 1970).  This  r i p r a p  design was developed 

from research  performed a t  t h e  Univers i ty  of Minnesota. One advantage t o  t h e  

NCHRP No. 108 design procedure is  t h a t  i s  al lows f o r  design of t h e  e n t i r e  

channel  s e c t i o n  based only upon design d ischarge  Q and s lope  S. For t h i s  

r i p r a p  design method, c h a r t s  have been developed t o  provide s o l u t i o n  f o r  both 

a  hydrau l i ca l ly  e f f i c i e n t  c r o s s  s e c t i o n  a s  we l l  a s  t h e  r i p r a p  s i z e  r equ i r ed  

f o r  s t a b i l i z a t i o n .  The Federa l  Highway Administrat ion u t i l i z e d  t h e  NCHRP 

r i p r a p  design methodology i n  i t s  Hydraulic Engineering C i r c u l a r  No. 15 

(Fede ra l  Highway Administrat ion,  1975).  However, t h e  r i p r a p  design procedure 



was modified t o  conform wi th  t h e  concept  of maximum pe rmis s ib l e  depth of flow, 

as used i n  t h e  c i r c u l a r .  Again, f i g u r e s  and c h a r t s  have been developed t o  a i d  

i n  design. 

6.6.2 Recommended Riprap Design Procedure 

Only t h e  Denver Urban Drainage and Flood Control  D i s t r i c t  r i p r a p  design 

methodology i s  presented  i n  t h i s  manual. Th i s  method was s e l e c t e d  due t o  i ts  

e a s e  of  understanding and app l i ca t ion .  Table 6.4 i n d i c a t e s  t h e  r equ i r ed  

r i p r a p  type  f o r  s p e c i f i c  va lue  of t h e  parameter Ordinary r i p r a p  is  

c l a s s i f i e d  and a g rada t ion  s p e c i f i e d ,  according t o  c r i t e r i a  shown i n  Table 

6.5. To i n s u r e  t h e  method i s  a p p l i c a b l e  t o  t h e  given cond i t i ons  t h e  des igner  

must check t h e  Froude number c r i t e r i a  (Fr  < 0.8) a f t e r  determining t h e  D 
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s i z e  and channel  dimensions. I f  t h e  Froude c r i t e r i a  a r e  n o t  m e t ,  t h e  s t e e p  

s lope  r i p r a p  design procedure given i n  Sec t ion  5.3 must be used. Sec t ion  

6.9.4 provides  an example t h a t  i l l u s t r a t e s  t h e  procedure. 

6.6.3 Riprap P r o t e c t i o n  i n  Channel Bends 

Flow around a bend i n  a channel  genera tes  secondary c u r r e n t s  which i n  

t u r n  modify t h e  v e l o c i t y  p r o f i l e  and shea r  s t r e s s  d i s t r i b u t i o n  through t h e  

bend. The r e s u l t  of t h i s  modi f ica t ion  i n  s t r e s s e s  is  t h a t  t h e  banks on t h e  

o u t s i d e  of  t h e  bend become more s u s c e p t i b l e  t o  e ros ion .  For t h i s  reason,  

a d d i t i o n a l  p r o t e c t i o n  measures a r e  o f t e n  necessary i n  channel bends. 

The Denver Urban Drainage and Flood Control  D i s t r i c t  Drainage Manual spe- 

c i f i e s  t h a t  r i p rap - l ined  channel bends should have a r a d i u s  of cu rva tu re  of a t  

l e a s t  two t imes  t h e  t o p  width b u t  no less than  50 f e e t .  

For a s p e c i f i c  r a t i o  of channel t o p  width t o  bend r a d i u s ,  F igure  6.8 can 

b e  used t o  determine t h e  r a t i o  of shea r  s t r e s s  i n  a bend t o  shea r  i n  a 

s t r a i g h t  channel. The r a t i o  is  then  app l i ed  d i r e c t l y  t o  t h e  parameter 
v2/R0. 3 3 

used i n  t h e  r i p r a p  des ign  procedures.  The r i p r a p  p r o t e c t i o n  pro- 

vided i n  t h e  curve should be extended both upstream and downstream of t h e  bend 

f o r  a d i s t a n c e  a t  l e a s t  equal  t o  t h e  bend length .  

6.7 Riprap Design wi th  Grade Control  S t r u c t u r e s  

6.7.1 Appl ica t ion  

Where a long  channel i s  t o  be cons t ruc t ed  i n  an  e r o d i b l e  material a more 

economical r i p r a p  des ign  may b e  achieved through t h e  use  of s t r a t e g i c a l l y  



Table 6 .4 .  Ftiprap Requirements for Channel Linings i n  Mild Slope 
Channels (Fr < 0.8). 

Channel Side Slope 
4: 1 3: 1 2.5: 1 2: 1 

Type L riprap should be buried t o  reduce vandalism. 
Side slopes steeper than 2:l should be designed a s  retaining walls .  
Table va l id  for  Froude numbers less than 0 . 8 .  



Table 6.5. C l a s s i f i c a t i o n  and Gradat ion of Ordinary Riprap f o r  Mild Slope 
Channels (Fr < 0.8) . 

% Smaller Than Minimum K * 
Riprap Given S ize  m Dimension 

Designat ion by Weight ( i nches )  ( i nches )  

Type VL 

Type VH 

*Kk = mean p a r t i c l e  s i z e ,  equ iva l en t  t o  D 
50 

* * ~ t  l e a s t  30% o f  a l l  s t o n e s  by weight s h a l l  be  t h i s  dimension. 

***Bury t y p e s  VL and L wi th  n a t i v e  s o i l  t o  p r o t e c t  from vandalism damage. 



Ratio of the Shear Stress on the Outside of a .  
Bend to the Mean Shear Stress 

Figure 6.8. Effect of bend on boundary shear s tress  (after 
Soi l  Conservation Service design manual). 



placed grade c o n t r o l  s t r u c t u r e s .  A grade 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  g r a d i e n t  of a channel  t o  some s lope  where a smal le r  s i z e  rock 

w i l l  be  s t a b l e .  I f  s u f f i c i e n t  coa r se  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  alluvium, 

it may be  p o s s i b l e  t o  develop a n  armor l a y e r  ( s e e  Sec t ion  6.3.3) and avoid t h e  

need f o r  r i p rapp ing  e n t i r e l y .  

The design procedure i s  based on t h e  s t a t i c  equi l ibr ium s l o p e  f o r  t h e  

given p a r t i c l e  s i z e .  The s t a t i c  equi l ibr ium s lope  i s  t h a t  s lope  where t h e  

p a r t i c l e s  remaining on t h e  bed and banks of t h e  channel a r e  no t  t r anspor t ab le  

by t h e  flow. For example, i f  a c e r t a i n  rock s i z e  i s  a v a i l a b l e  f o r  r i p r a p  a t  

t h e  mine s i t e ,  t h e  maximum s l o p e  ( s t a t i c  equi l ibr ium s l o p e )  a t  which t h a t  rock 

w i l l  be  s t a b l e  f o r  t h e  des ign  flow can be determined. I f  t h e  s lope  of t h e  

n a t u r a l  t e r r a i n  i s  g r e a t e r  t han  t h e  s t a t i c  equi l ibr ium s lope ,  t hen  drop s t ruc -  

t u r e s  can be  used t o  achieve t h e  r equ i r ed  s t a t i c  equi l ibr ium slope.  Simi- 

l a r l y ,  i f  gravel-cobble t y p e  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  alluvium, t h e  

s l o p e  a t  which t h e  DS0 o f  t h i s  m a t e r i a l  w i l l  be s t a b l e  can be determined. 

If this s l o p e  is  ob ta inab le  through grade c o n t r o l  s t r u c t u r e s ,  then  r i p r a p  w i l l  

n o t  be  necessary.  

To determine t h e  f e a s i b i l i t y  of  grade c o n t r o l  s t r u c t u r e s ,  t h e  c o s t s  of 

r i p rapp ing  t h e  channel wi th  l a r g e  rock a t  t h e  n a t u r a l  s l o p e  of t h e  t e r r a i n  

must be compared t o :  ( 1 )  c o s t s  of excavat ion t o  achieve a sma l l e r  s lope ,  ( 2 )  

i n s t a l l a t i o n  of drop s t r u c t u r e s ,  and ( 3 )  r i p rapp ing  wi th  a sma l l e r  s i z e  rock. 

Addi t iona l ly ,  t h e  eco log ica l  impacts of grade c o n t r o l  s t r u c t u r e s  on f i s h  habi- 

t a t  i n  p e r e n n i a l  s t reams must be  considered. The primary concern wi th  t h e  

i n s t a l l a t i o n  of many c l o s e l y  spaced grade c o n t r o l  s t r u c t u r e s  i s  t h e  r e s t r i c -  

t i o n  they  might have on f i s h  movement. One a d d i t i o n a l  eco log ica l  considera-  

t i o n  i s  necessary  i f  grade c o n t r o l  s t r u c t u r e s  a r e  be ing  used t o  achieve a 

s t a t i c  equi l ibr ium s lope  based on t h e  development of an  armor l aye r .  This  

procedure i m p l i c i t l y  assumes t h a t  channel s t a b i l i t y  i s  a t t a i n a b l e  a t  some 

reduced s l o p e  by al lowing l i m i t e d  degrada t ion  t o  occur.  The degradat ion pro- 

c e s s  involves  s o r t i n g  of t h e  p a r t i c l e s  comprising t h e  n a t u r a l  a l luvium t o  

achieve  t h e  armor l aye r .  The downstream sediment loading  r e s u l t i n g  from t h i s  

p roces s  must be compared t o  background sediment concent ra t ions  t o  e s t a b l i s h  i f  

adverse  environmental impacts w i  11 occur.  



6.7.2 Types of  Grade Control  S t r u c t u r e s  

Grade c o n t r o l  s t r u c t u r e s  can range i n  complexity from simple rock r i p r a p  

t y p e  drop s t r u c t u r e s  t o  conc re t e  s t r u c t u r e s  wi th  b a f f l e d  aprons and s t i l l i n g  

bas ins .  For t h e  range of d i scharges  and v e l o c i t i e s  t y p i c a l l y  expected on a  

s u r f a c e  mine s i t e ,  and cons ider ing  t h e  cons t ruc t ion  techniques  t y p i c a l l y  

employed, only t h e  design of  rock r i p r a p  s t r u c t u r e s  is  covered i n  t h i s  manual. 

Figure 6.9 i l l u s t r a t e s  a  loose  rock drop s t r u c t u r e .  

General  gu ide l ines  f o r  cons t ruc t ion  of l oose  rock drop s t r u c t u r e s  

cons t ruc t ed  i n  mild s l o p e  channels  a r e  s i m i l a r  t o  s t o n e  check dams. The 

fo l lowing  s p e c i f i c  recommendations a r e  made: 

Maximum drop h e i g h t  of  t h r e e  f e e t  ( g u i d e l i n e s  f o r  des igning  loose  rock 
drop  s t r u c t u r e s  f o r  drop h e i g h t s  g r e a t e r  t han  t h r e e  f e e t  a r e  given i n  t h e  
P a r t  2. 

Top width no less t h a n  f i v e  f e e t .  

Downstream s lope  o f  2 h o r i z o n t a l  t o  1 v e r t i c a l .  

25 pe rcen t  of t h e  rock by volume w i l l  be  18 inches  o r  l a r g e r .  The 
remaining 75 pe rcen t  s h a l l  be we l l  graded m a t e r i a l  c o n s i s t i n g  of suf-  
f i c i e n t  rock smal l  enough t o  f i l l  t h e  voids  between t h e  l a r g e r  rocks.  

Energy d i s s i p a t i o n  should be provided a t  t h e  downstream t o e  of a s t ruc -  
t u r e  wi th  a smal l  plunge pool  and l a r g e  rocks. 

6.7.3 Design Procedure Involving Grade Cont ro l  S t r u c t u r e s  

Development of  t h e  graphica l  design procedure p re sen ted  below is d e t a i l e d  

i n  Appendix D. The design procedure i s  based on a n  a p p l i c a t i o n  of  Shie lds '  

r e l a t i o n  (Equat ion 6.3) and t h e  Manning equat ion  (Equation 4.13) .  The p r i -  

mary design r e l a t i o n s h i p  i s  

where S is t h e  s t a t i c  equi l ibr ium s lope ,  Gs 
is t h e  s p e c i f i c  g r a v i t y  of t h e  

bed and bank ma te r i a l ,  o f t e n  assumed t o  be 2.65, DS0 i s  t h e  median r i p r a p  

s i z e  a v a i l a b l e  o r  t h e  armor p a r t i c l e  s i z e  p r e s e n t  i n  t h e  n a t u r a l  alluvium, and 

R is t h e  hydrau l i c  r ad ius .  

The r e l a t i o n s h i p  de f in ing  R f o r  a  given combination of Manning's n, 

d i scharge  Q and DS0 i s  given i n  F igures  6.10a t o  6.10c, where K is 

def ined  a s  
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Figure 6 .9 .  Definition sketch of a rock riprap drop structure 
(protection upstream and downstream according to 
Section 5 . 4 ) .  



For values of K beyond t h e  limits given i n  t h e  f i g u r e s ,  Equation D . 9  i n  

Appendix D must be solved. 

The design procedure us ing these  f i g u r e s  is  simple t o  apply. Af ter  

e s t a b l i s h i n g  t h e  
DS0 

of  t h e  a v a i l a b l e  r iprap ,  o r  t h e  n a t u r a l  alluvium f o r  

development of  an armor layer ,  t h e  value of  K is conputed f o r  t h e  design 

f l w  Q and t h e  r ep resen ta t ive  Manning n. For gravel-cobble s i z e  rock 

Equation 4.18 gives a good es t ima te  of t h e  Manning n. With K es tabl i shed,  

t h e  value of  R is determined from t h e  graphs. Equation 6.11 can then be 

solved f o r  t h e  s t a t i c  equil ibrium s lope  requi red  t o  maintain s t a b i l i t y  f o r  t h e  

given D and flow condit ions.  I f  t h e  n a t u r a l  t e r r a i n  s lope  i s  l e s s  than 
5 0 

t h e  computed s t a t i c  equil ibrium slope,  t h e  r i p r a p  w i l l  be s t a b l e  without  t h e  

need f o r  drop s t ruc tu res .  Otherwise, drop s t r u c t u r e s  w i l l  be needed t o  

e s t a b l i s h  t h e  requi red  slope. 

6.7.4 Spacing of  Grade Control  S t ruc tu res  

I f  t h e  above computation i n d i c a t e s  grade c o n t r o l  s t r u c t u r e s  a r e  required,  

t h e  number and spacing of  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  

he igh t  t h a t  must be con t ro l l ed  f o r  t h e  given reach t o  achieve t h e  requi red  

s t a t i c  equil ibrium s lope  can be evaluated from 

where AH is t h e  t o t a l  he igh t  r equ i r ing  s t r u c t u r a l  cont ro l ,  
So 

is  t h e  o r i -  

g i n a l  channel s lope,  S is t h e  est imated s t a t i c  equil ibrium slope,  and AX 

i s  t h e  length  of channel t o  be control led.  

To prevent  highly eros ive  v e l o c i t i e s  a t  t h e  base of a  rock r i p r a p  drop 

s t r u c t u r e ,  t h e  maximum allowable he igh t  of t h e  s t r u c t u r e  i s  t h r e e  f e e t .  

Therefore, t h e  number of s t r u c t u r e s  N required t o  con t ro l  t h e  t o t a l  v e r t i c a l  

he igh t  i s  
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Figure 6.10b. Relat ionship between hydraulic  radius  R and K f o r  t rapezoidal  
channel with 2 : l  s i d e  s lopes  and 10-foot base width. 





Figure  6.10~. Rela t ionsh ip  between hydrau l i c  r a d i u s  R and K f o r  t r a p e z o i d a l  
channels  wi th  2:l s i d e  s lopes  and 14-foot base width.  





The spac ing  L of t h e  drop s t r u c t u r e s  is  then  

6.7.5 P ro t ec t ion  of  Grade Cont ro l  S t r u c t u r e s  

The v e l o c i t y  of flow on t h e  downstream s i d e  of a drop s t r u c t u r e  can be 

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

undercut t ing  of t h e  s t r u c t u r e .  Therefore,  a r i p r a p  t r a n s i t i o n  between t h e  t o e  

and t h e  downstream channel  must be provided wi th  adequate  energy d i s s i p a t i o n  

measures. 

The method f o r  determining t h e  l eng th  of p r o t e c t i o n  r e q u i r e d  below a 

grade c o n t r o l  s t r u c t u r e  i s  i d e n t i c a l  t o  t h e  procedure f o r  p r o t e c t i o n  below 

s t e e p  s l o p e s  p re sen ted  i n  Sec t ion  5.4. A r i p r a p  l a y e r  should be extended 

below t h e  s t r u c t u r e  f o r  a d i s t ance  equal  f i v e  t imes t h e  downstream depth of 

f law,  b u t  never l e s s  t han  15 f e e t .  Addi t iona l ly  a smal l  plunge pool  can be 

provided a t  t h e  downstream t o e  t o  h e l p  d i s s i p a t e  energy. 

Design Procedure Summary 

Design channel  based on maximum permiss ib le  v e l o c i t y  method according t o  

s t e p s  1-6, Sec t ion  6.4.1. 

Evaluate  t h e  channel  f o r  reasonable shape us ing  Equations 6.7-6.10, and 

engineer ing  judgment. 

I f  a more h y d r a u l i c a l l y  e f f i c i e n t  channel  i s  des i r ed ,  eva lua t e  t h e  use  of 

l i n i n g s  ( v e g e t a t i o n  o r  r i p r a p )  o r  grade con t ro l  s t r u c t u r e s .  Table 6.6 

w i l l  a i d  i n  t h i s  eva lua t ion .  

a .  Vegetat ion 

1 )  Determine maximum pe rmis s ib l e  v e l o c i t y  f o r  given vege ta t ion  

t y p e  from Table 6.2. 

2) To design f o r  s t a b i l i t y ,  assume vege ta t ion  i s  mowed and iden- 

t i f y  r e t a rdance  c l a s s  from Table 6.3. 

3) Enter  F igu res  6.5a-e f o r  given v e l o c i t y ,  r e t a rdance  and design 

s l o p e  t o  e s t a b l i s h  R. 

4 )  Ca lcu la t e  A = Q/V.  

5 )  Determine d f o r  given b such t h a t  



Table 6 .6 .  Application Conditions for Various Types 
of  Channel Lining. 

Lining Type Velocity Flow Duration Slope 

Vegetation Less than 5 fps Short-term Mild 

Riprap Less than 12 fps Year-round Mild or  
Steep 

Composite 
Vegetation & According t o  above Short-term According t o  
r iprap above 

Riprap & drop Less than 12 fps  Year-round Mild or 
structures Steep 



Then check A = bd + zd2 
6 )  The design depth must now be increased  t o  c a r r y  t h e  flow when 

t h e  g r a s s  is  long - i d e n t i f y  r e t a rdance  c l a s s  f o r  uncut con- 

d i t i o n  from Table 6.3. 

7 )  Assume new depth and c a l c u l a t e  R f o r  t h e  given bottom width. 

8 )  Enter  F igu res  6.5a-e w i th  computed R and des ign  S t o  de te r -  

mine V. 

9 )  Compute Q = VA and compare t o  design Q I t e r a t e  i f  calcu- 

l a t e d  Q l e s s  t han  des ign  Q. 

10)  Add proper  f r eeboa rd  (Equat ion 4.20) .  

b. Riprap 

1 )  Assume a K s i z e  ( 6 ,  9 ,  12,  18 o r  24 i n . )  and c a l c u l a t e  
m 

Manning's n from Equation 4.18. 

2 )  Evaluate  V, d and R f o r  t h e  design Q, S,  and channel  

geometry from c h a r t s  i n  Appendix C. The channel design s lope  

should  be t h e  uniform s l o p e  r equ i r ed  t o  allow t h e  channel  t o  be 

cons t ruc t ed  through s l i g h t  changes i n  grade. I f  excavat ion 

amounts a r e  t o o  g r e a t  t o  al low a uniform channel  s lope  through 

changes i n  t e r r a i n  s lope ,  t h e  channel  can be designed t o  fol low 

t h e  changes i n  grade. For ease i n  cons t ruc t ion ,  a s i n g l e  chan- 

n e l  c r o s s  s e c t i o n  adequate f o r  each s l o p e  can be designed by 

u s i n g  t h e  maximum s l o p e  t o  s i z e  t h e  r i p r a p  r equ i r ed ,  and t h e  

minimum s l o p e  t o  e s t a b l i s h  flow depth and f r eeboa rd  requi re -  

ments ( t r a n s i t i o n  requirements  must be cons idered  i f  t h i s  pro- 

cedure is  used ) .  
0 * 3 3  and determine t h e  r i p r a p  type  from Table 6.4 3 )  Compute V /R 

and K from Table 6.5. 
m 

4 )  Check t h e  K determined from c a l c u l a t i o n  wi th  t h e  assumed 
m 

value. 

5 )  I t e r a t e  u n t i l  convergence occurs .  

6 )  Check Froude number c r i t e r i a  (F  < 0 .8 ) ;  i f  acceptab le  cont inue r 
w i t h  design.  

7 )  Determine g rada t ion  from Table 6.5. 



8 )  Determine f i l t e r  requirements.  

9 )  Add proper  freeboard.  I f  t h e  channel des ign  is f o r  a reach  

wi th  s l i g h t  changes i n  grade, t h e  mi ldes t  s l o p e  should now be 

used t o  e v a l u a t e  flow depth and f reeboard  requirements.  

c. Drop S t r u c t u r e  

1 E s t a b l i s h  D of a v a i l a b l e  r i p r a p  o r  bed ma te r i a l .  
50 

2 )  Compute K according t o  Equation 6.1 2 u s ing  Equation 4.1 8 f o r  

Manning's n. 

3 )  Determine R f romFigures6 .10a-c .  

4 )  Solve Fquat ion 6.11 f o r  t h e  s t a t i c  equ i l i b r ium slope.  

5 )  If t h e  s l o p e  of t h e  n a t u r a l  t e r r a i n  is l e s s  t han  t h e  s t a t i c  

equ i l i b r ium s lope ,  no drop s t r u c t u r e s  a r e  requi red .  

6 )  I f  d rop  s t r u c t u r e s  a r e  requi red ,  eva lua t e  t h e  number and 

spac ing  necessary  from Equations 6.1 4 and 6.15, r e spec t ive ly .  

6.9 Design Examples - Using Step-By-Step Procedures Outl ined Above 

6.9.1 Example of t h e  Lane Rela t ion  Evaluat ion of Disturbances t o  
A l l u v i a l  Channels 

The impact of a new s u r f a c e  mine ope ra t ion  on a stream o r  r i v e r  can be 

q u a l i t a t i v e l y  p r e d i c t e d  us ing  t h e  Lane Relat ion.  Assuming t h a t  t h e  watershed 

was r e l a t i v e l y  undis turbed  f o r  a long p e r i o d  of t i m e ,  s t reams and r i v e r s  would 

have achieved a s t a t e  of  approximate equi l ibr ium. This  cond i t i on  is  commonly 

r e f e r r e d  t o  a s  "graded" by g e o l o g i s t s  and "poised" by engineers ,  implying 

i n s i g n i f i c a n t  aggrada t ion  o r  degrada t ion  i s  occurr ing.  With t h e  la rge-sca le  

l and  d i s tu rbance  and c l e a r i n g  of t h e  mine opera t ion ,  t h e  product ion  of sedi-  

ment i s  g r e a t e r ,  and consequent ly t h e  sediment d ischarge  
Qs 

would inc rease  

t o  Q + . Assuming t h e  p a r t i c l e  s i z e  ( D  ) and water  d i scharge  ( Q  do no t  
s 5 0 

change, t h e  channel  g r a d i e n t  S must i nc rease  t o  maintain t h e  p r o p o r t i o n a l i t y  

o f  t h e  Lane Relat ion.  

This  w i l l  occur  due t o  aggrada t ion  of sediment i n  t h e  upper reaches  of t h e  

channel (s  ) due t o  t h e  overloaded sediment condit ion.  

A second a p p l i c a t i o n  of t h e  Lane Rela t ion  i s  t h e  q u a l i t a t i v e  a n a l y s i s  of 

t h e  impact of a sediment pond on t h e  downstream channel. Assuming t h e  sed i -  



ment pond i s  extremely e f f e c t i v e ,  t hen  t h e  
Qs 

from t h e  pond t o  t h e  channel 

may be l e s s  t han  what o r i g i n a l l y  e x i s t e d  i n  t h e  channel  i n  i t s  graded o r  

po i sed  s t a t e .  Under t h e s e  cond i t i ons ,  and assuming Q and 
D5 0 

do n o t  

change, t h e  channel  s l o p e  must decrease  downstream of t h e  pond t o  maintain t h e  

p r o p o r t i o n a l i t y  of t h e  Lane Rela t ion .  

Therefore,  t h e  r e l a t i v e l y  c l e a r  water  d i scharge  from t h e  sediment pond 

induces scour  i n  t h e  channel  immediately downstream. Addi t iona l ly ,  t h e  chan- 

n e l  banks may become uns t ab le  due t o  t h e  degradat ion.  With t ime t h e  sediment 

pond may f i l l  and sediment would once aga in  be a v a i l a b l e  t o  t h e  downstream 

channel. Then, except  f o r  l o c a l  scour ,  t h e  channel g r a d i e n t  would aga in  

i n c r e a s e  t o  t r a n s p o r t  t h e  inc reased  sedimel.': load. 

6.9.2 Example of t h e  Method of  Maximum Permiss ib le  Veloc i ty  ( A l l u v i a l  o r  
Bedrock Channel) 

Compute t h e  bottom width and t h e  flow depth of a  t r a p e z o i d a l  channel  l a i d  

on a  s l o p e  o f  0.0 2 and c a r r y i n g  a  des ign  d ischarge  of 75 c f s .  Assume t h e  

channel  i s  t o  be excavated i n  e a r t h  con ta in ing  nonco l lo ida l  coa r se  g rave l s  and 

pebbles  and no a d d i t i o n a l  p r o t e c t i o n  w i l l  be requi red ,  t h a t  is,  t h e  channel 

w i l l  be designed t o  be i n  s t a t i c  equi l ibr ium without  u se  of a  l i n i n g .  The 

design procedure would be  i d e n t i c a l  i f  t h e  channel  were be ing  c u t  i n  bedrock. 

Only t h e  va lue  of t h e  pe rmis s ib l e  v e l o c i t y  would change. 

Solu t ion  

For t h e  given condi t ions ,  t h e  fo l lowing  a r e  es t imated:  n  = 0.025, 

z = 2, and maximum pe rmis s ib l e  v e l o c i t y  = 4.0 f p s .  

Using t h e  Manning formula, so lve  f o r  R. 

o r  R = 0.33 f t .  

Then A = 75/4.0 = 18.7, A = ( b  +zd) d = ( b  + 2d) d = 18.7 f t 2  

P = A/R = 18.7/0.33 = 56.7 f t .  

P = b + 2 4 1  + i? d = 56.7 f t .  

Solving t h e  two equat ions  s imultaneously,  



S u b s t i t u t i n g  f o r  b  i n  t h e  second e q u a t i o n  y i e l d s  

The latter e q u a t i o n  i s  of t h e  form 

which c a n  be  s o l v e d  by t h e  q u a d r a t i c  equa t ion :  

Using t h e  a p p r o p r i a t e  v a l u e s  of A,  B and C produces  t h e  r e s u l t  

Note t h a t  i n  t h i s  c a s e  t h e  d e p t h  and h y d r a u l i c  r a d i u s  are e q u a l  ( t o  t h e  

second  dec imal )  a s  a r e s u l t  o f  t h e  channe l  b e i n g  h y d r a u l i c a l l y  wide 

(b/d  > 1 0 ) .  

6 .  Add f reeboard .  F i r s t  e v a l u a t e  i f  t h e  f l o w  i s  s u b c r i t i c a l  o r  

s u p e r c r i t i c a l  : 

v F r = - -  - 4 0  = 1.3;  s u p e r c r i t i c a l  (where t h e  f low d e p t h  d  
JQL /32/2(0.33) is  used f o r  t h e  c h a r a c t e r i s t i c  l e n g t h  

l e n g t h  L). 
Equa t ion  4.7 

T h e r e f o r e ,  from T a b l e  4.4 

c = 0.25 and  0 .25(d)  = 0.08 < 1.0 use  1.0 f t  
f b  

I F.B. = 1.0 + - A Z =  1.0 + 0 = 1.0 Equa t ion  4.20 
2  

There fore ,  a bottom wid th  of b  = 12.6 f  t and a channe l  d e p t h  of d  = 1.33 f t  

are r e q u i r e d  f o r  a  s t a t i c  e q u i l i b r i u m  channe l  i n  t h e  n a t u r a l  e x c a v a t e d  e a r t h  

o f  t h i s  example. 



6.9.3 Example of Vegetated Channel Design 

Assuming t h e  channel descr ibed  i n  t h e  example of Sec t ion  6.9.2 does not  

flow f o r  long  du ra t ions ,  design a t r a p e z o i d a l  vege ta ted  waterway f o r  t h i s  

l oca t ion .  Use a g r a s s  mixture a s  t h e  vege ta t ion  and assume an  e a s i l y  eroded 

s o i l .  

Determine des ign  v e l o c i t y  from Table 6.2 a s  3 f p s .  

Determine r e t a rdance  c l a s s  from Table 6.3 a s  D f o r  t h e  mowed condit ion.  

Determine R a s  0.37 f o r  two pe rcen t  s lope ,  from Figure  6.5d. 

Ca lcu la t e  A = Q/V. 

Determine b and d such t h a t  

A good assumption f o r  channels t h a t  must be designed wi th  a low per- 

m i s s i b l e  v e l o c i t y  i s  t h a t  t h e  f i n a l  c r o s s  s e c t i o n  w i l l  be  h y d r a u l i c a l l y  

wide, t h e r e f o r e ,  t h e  flow depth  d w i l l  approximately equal  t h e  hydrau- 

l i c  r a d i u s  R . The a r e a  r e l a t i o n  can  then  be so lved  f o r  t h e  bottom width 

b and t h i s  va lue  assumed f o r  design. Therefore,  u s e  b = 30 assume d 

= 0.8 and i t e r a t e  u n t i l  R = 0.8. 

Therefore,  A = 29, R = 0.8 and a c t u a l  capac i ty  Q = 87 c f s .  

From Table 6.3 t h e  r e t a rdance  c l a s s  f o r  unmowed is  B. 

Assume d = 1.5 f t ,  t hen  R = 1.3. 

From Figure  6.5b, w i th  R = 1.3 and S = 2 pe rcen t ,  V = 4.0 f p s .  

which i s  t o o  h igh  f o r  t h e  vegeta t ion .  Therefore t r y  lower d 

d = 1.2 f t ,  then  R = 1.1 

From Figure  6.5b V = 3.0 f p s  

Q = VA = 3.0 [30(1.2)  + 3(1.22)1 = 121 c f s .  Since 121 > 75 c f s ,  t r y  a 

lower d. Try d =  1.1 then  R =  1.0. FromFigure  6.5b, V =  2.3 f p s  

and  



Q = VA = 2.3 [3O( 1.1) + 3(  1. 112] = 84  cfs--close enough t o  75 c f s .  

10. F reeboard  

F i r s t ,  de te rmine  i f  t h e  f low i s  s u b c r i t i c a l  o r  s u p e r c r i t i c a l  f o r  b o t h  

c o n d i t i o n s  (mowed, unmowed) 

v ~ r = - -  - = 0.55; subcritical 3 .O 
Equa t ion  4.7 

JZ J32.2(0 .9 )  (mowed) 

v F r  = - -  - 2.3 
= 0.39; s u b c r i t i c a l  Equa t ion  4.7 

JZ J(32 .2)  (1.1) ( u n w e d )  

T h e r e f o r e ,  f rom T a b l e  4.4 

cfb= 0.20 f o r  unmowed and  mowed c o n d i t i o n s  

c ( d )  = 0.20(1.6) = 0.32 < 1.0; u s e  1.0 f t  
f b  

Equa t ion  4.20 

T h e r e f o r e ,  u s e  F.B. = 1.0 f t .  

The c h a n n e l  d imensions  are t h e n  b = 30 f t ,  channe l  dqth  = 2.1 f t  w i t h  a 

c a p a c i t y  f o r  8 4  c f s .  

6.9.4 Example o f  Riprap  Design 

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

example, r o c k  r i p r a p  c a n  b e  used. The channe l  d imensions  f o r  s t a t i c  

e q u i l i b r i u m  were (Example of S e c t i o n  6.8.3) b = 12.6 f t  and d = 0.33 f t .  

T h e r e f o r e ,  f o r  a l i n e d  channe l  assume b = 8 f t .  

1. Assume K s i z e  o f  9 i n c h e s ,  t h e r e f o r e  
m 

Equa t ion  4.18 

= 0.038 

2. From c h a r t s  i n  Appendix C f o r  Qn = 75(0.038)  = 2.85 on a two p e r c e n t  

s l o p e  



d = 1.3  f t .  

There fore ,  

From T a b l e  6.4 r e q u i r e d  r i p r a p  is Type L. 

4 .  For  Type L, K = 6 i n .  There fore ,  must r e c a l c u l a t e .  
m 

5 .  n = 0.0395 (6/12)  1 /6 

= 0.035 

Qn = 75(0.035) = 2.62 

f rom Appendix C 

2 
8 ( 1 * 2 5 )  + 2 ( 1 * 2 5  = o.97 

T h e r e f o r e  R = 
2 0.5 

8+2(1 .25) (2  +1) 

and  from T a b l e  6.4 t h e  r e q u i r e d  r i p r a p  i s  Type L.  T h e r e f o r e ,  t h e  

r e q u i r e d  r i p r a p p e d  c h a n n e l  t o  convey 75 c f s  on a two p e r c e n t  s l o p e  h a s  

a n  e i g h t - f o o t  bot tom wid th ,  a f low d e p t h  o f  1.25 f t ,  and  a median r i p r a p  

s i z e  of s i x  i n c h e s .  

6 .  Check Froude Number 

v F ~ = - -  - - = 0.90; s u b c r i t i c a l  Equa t ion  4.7 5.7 

J ~ L  432.2(1 . 2 5 )  

T h e r e f o r e ,  s i n c e  t h e  Froude Number i s  g r e a t e r  t h a n  0 .8  t h e  s t e e p  s l o p e  

r i p r a p  d e s i g n  p r o c e d u r e  must be used. 

From S e c t i o n  5.5.1 

1 )  Design d i s c h a r g e  = 75 c f s  

2 )  Channel s l o p e  = 0.02 



3) Use 8 f t  bottom width 

4 )  S ince  t h e  lowest  s l o p e  shown on t h e  des ign  curves  (F igu res  5.3 t o  

5.7)  is 0.05, t h i s  va lue  w i l l  be  used. This w i l l  p rovide  a s l i g h t l y  

conserva t ive  design. Since t h e r e  i s  n o t  a graph f o r  8 f t  bottom 

widths,  u se  t h e  6- and 10- f t  graphs and l i n e a r l y  i n t e r p o l a t e .  

6 f t  D = 0.85 
5 0 

10 f t  DS0 = 0.58 

Theref o r e  f o r  8 f t  bottom width D = 0.72. From Table 5.2 t h e  
5 0 

des ign  DS0 = 0.75. 

5)  Gradat ion 

Thickness 

6 )  h r a l u a t e  f i l t e r  requirements  a s  p rev ious ly  discussed.  

6.9.5 Grade Cont ro l  S t r u c t u r e s  

I f  t h e  a v a i l a b l e  r i p r a p  on a mine s i t e  c o n s i s t s  of rock wi th  a - 
D50 - 

6 i n .  and it i s  requ i r ed  t o  des ign  a channel  t o  t r a n s p o r t  200 c f s  on a s l o p e  

of f o u r  p e r c e n t  f o r  500 f t ,  w i l l  grade c o n t r o l  s t r u c t u r e s  be requi red?  Assume 

a t r a p e z o i d a l  channel  w i t h  a bottom width of  10 f t  and 2: 1 s i d e  s lopes .  

A s  given, t h e  D50 of t h e  a v a i l a b l e  r i p r a p  i s  s i x  inches .  

= 1.9 x lo8 

From Figure  6.1 1b R = 1.28 f t .  

Equation 6.1 2 

Equation 6.11 



5.  Since 0.04 > 0 . 0 3 ,  grade control structures are required. 

6 .  From Equation 6 . I 3  the elevation to  be controlled i s  

and the required nmber of structures 

Therefore, uae two structures spaced 

L = AZ 5.0 
W 

= - = 250 f t  apart 
2 

Therefore, the f i r s t  structure i s  250 f t  downstream and the second i s  a t  

500 f t .  
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