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CHAPTER 5. CHANNEL LOCATION, ALIGNMENT A.ND 

HYDRAULIC DESIGN 

Location & Alignment 

Channel alignment is an important feature of channel design. It 
should be selected with careful consideration given to all factors 
affecting its location, including an economic comparison of alter- 
nate alignments. The economic analysis should include all costs 
such as channel construction, rights-of-way, bridges, stabilizing 
measures and maintenance. 

Many factors affect the planned alignment of a channel, Topography, 
the size of the proposed channel, the existing channel, tributary 
junctions, geologic conditions, channel stability, rights-of-way, 
existing bridges, required stabilization measures, farm boundaries, 
land use, and other physical features enter into this decision. 

The shortest alignment between two points may provide the most 
efficient hydraulic layout but it might not meet all the objectives 
of the channel improvement or give due consideration to the limita- 
tions imposed by certain physical features. The shortest, well 
planned alignment should be used in flat topography if geologic 
condi'tions are favorable and if physical and property boundaries 
permit . 
Alternate alignment should be considered in areas where geologic 
conditions present a stability problem. An alternate alignment may 
locate the channel in more stable soils. In some cases, the align- 
ment of the existing channel may be satisfactory with only minor 
changes. An alignment resulting in a longer channel may, in a 
minor degree, help to alleviate stability problems. A longer channel 
will decrease the energy gradient which, in turn, will decrease the 
velocities and tractive forces. A meander channel will increase 
Manning's coefficient "n" which will reduce velocities. A meander 
channel, however, presents the problem of erosion at the curves in 
the channel which, in erosive soils, may require structural protection 
such as jetties, riprap, brush maps, etc. Suggested minimum radii 
of curvature are cited in NER, Section 1621, Chapter 6, for channels 
of indicated size and gradient. Guidance for alignment consideration 
in design of higher velocity channels is presented later in this 
chapter under Supercritical Flow. When alternate alignments and 
designs are not feasible, or do not assure a stable channel, 
stabilization structures should be included in the design. Such 
structures are discussed in a later section of this chapter. 



Where feasible, the alignment should be planned to make use of 
existing, adequate bridges and road structures which have many 
years of remaining life. From a technical standpoint, bridges 
and road structures in poor condition should not influence the 
alignment, Care should be exercised to minimize cases of iso- 
lating parts of fields from the rest of the farm, but good 
alignment should not be sacrificed to follow all farm boundaries. 
Long reaches of channel should be located in the low areas, 
particularly where drainage is a problem. Long tangents should 
be used wherever possible. In meander channels, good alignment 
should not be sacrificed to use the maximum amount of the old 
c hanne 1. 

The above discussion on alignment deals with subcritical flow 
only. Supercritical flow requires consideration of some of the 
most complex problems in hydraulics and may require model studies 
for a basis of design criteria, A discussion on supercritical 
flow may be found in NEH, Section 5 g / ,  

Hydraulic Design 

Criteria and procedures for hydraulic design of all types of 
channels are presented for subcritical and supercritical flow 
conditions , 

Subcritical Flow 

Design procedures for subcritical flow conditions for a limited 
range of functional and hydraulic conditions commonly encountered 
in agricultural drainage work are described in NEH, Section I&/, 
Chapter 6,  The following procedures apply to all conditions of 
subcritical flow: 

Step 1. - - Determine the design discharge for all channel reaches. 
Use methods given in Chapter 4. Where overbank flow contributes 
a significant amount of water, it is best to assume that the 
discharge changes abruptly at arbitrary points within the channel 
reach and that the discharge remains constant between these 
points. As a guide to selection of these arbitrary points, Q 
should not be decreased more than 10 percent at any such point. 
As an example, consider a 10,000-foot reach of channel with over- 
bank flow and no significant tributaries, Q = 3000 cfs at the 
downstream end and 2000 cfs at the upper end. Here it would be 
logical to reduce Q by 200 cfs increments at each of four evenly 
spaced points within the reach. (The last 200 cfs reduction would 
be at the upstream end of the reach.) 



Step 2.  - - Determine the  water su r face  e l eva t ion  a t  the  downstream 
end of proposed construct ion.  (Assuming t h a t  the  approximate channel 
alignment has a l ready been set,) The method f o r  determining t h i s  
water surface  e l eva t ion  va r i e s  wi th  the  o u t l e t  condition: 

Water s t ages  i n  the  o u t l e t  a r e  independent of channel discharge. 
For t h i s  condit ion i t  is  necessary t o  have s t a g e  d a t a  on the  
o u t l e t  stream or  t i d a l  o u t l e t .  Two water surface  p r o f i l e s  must 
usual ly  be run on the t r i b u t a r y  channel--one wi th  the  water su r -  
f ace  a t  the  o u t l e t  a t  the  h ighes t  poss ib le  e l eva t ion  wi th in  the  
design f lood frequency t o  insure  capaci ty ,  and one wi th  the water 
surface  a t  the  lowest l e v e l  wi th in  the  above l i m i t a t i o n  t o  insure  
channel s t a b i l i t y  with the  r e s u l t i n g  increased veloci ty .  

Out le t  is a t  a cont ro l  point  where c r i t i c a l  flow e x i s t s .  In t h i s  
case ,  the  con t ro l  point  e s t ab l i shes  the  water su r face  e levat ion  
a t  c r i t i c a l  depth. 

Out l e t  i s  a t  a point  i n  the  stream where the water surface  can be 
es tabl i shed.  In  t h i s  case,  where the  downstream channel i s  p r i s -  
matic ,  the water surface  e levat ions  a t  the  o u t l e t  t o  the improved 
reach may be es tabl i shed by the  methods out l ined i n  T. R. 15, o r  
by an assumption of uniform flow a t  t h a t  point  i f  the  downstream 
prismatic channel i s  s u f f i c i e n t l y  long and i s  not  a f fec ted  by 
grade changes. 

I n  the  event t h a t  the  downstream channel i s  non-prismatic, i t  w i l l  
be necessary t o  begin water su r face  p r o f i l e  ca lcu la t ions  a t  a 
point  considerably downstre using the  methods out l ined i n  

2 8 '  T, R. 14 o r  NEH, Sect ion 5.- , Supplement A ,  t o  determine the 
water su r face  e levat ion  a t  the  s t a r t i n g  point  f o r  construct ion.  

Step 3 .  - - Es tab l i sh  the  water surface  cont ro l  l i n e  by the  methods 
out l ined i n  Chapter 6 ,  NEH, Sect ion ldl. Such a con t ro l  l i n e  is 
he lp fu l  i n  e s t ab l i sh ing  a des i rab le  hydraulic  grade l i n e  and sub- 
sequently,  the  design inver t  grade, I n  s e t t i n g  the  hydraulic  con t ro l  
l i n e ,  considerat ion must be given t o  freeboard requirements and, 
where appl icable ,  t o  add i t iona l  depth required f o r  superelevation 
of the  water su r face  and flow i n  the  uns table  range. 

Freeboard is defined as the  a d d i t i o n a l  channel depth required f o r  
s a f e t y  above the  ca lcula ted  maximum depth of water.  Freeboard i s  
exclus ive  of add i t iona l  depth computed f o r  superelevation o r  tur -  
bulence i n  the  uns table  range, Freeboard f o r  t rapezoidal  channels 
a t  s u b - c r i t i c a l  flow should be equal  t o  o r  g rea te r  than 20% of the  
depth a t  design discharge but not  less than one foot .  (10% i s  
s a t i s f a c t o r y  f o r  rectangular  l ined  channels a t  s u b - c r i t i c a l  flow.) 



I n  c lose ly  cont ro l led  i r r i g a t i o n  canals  o r  channels where overbank 
f looding i s  permissible a t  frequent  i n t e r v a l s ,  the  above freeboard 
c r i t e r i a  may be disregarded. 

Where poss ib le ,  it i s  advisable t o  keep the  design water surface  
below the  l e v e l  of na tu ra l  ground. There i s  usual ly  no objec t ion  
t o  containing the  freeboard i n  f i l l .  Occasionally, such a g rea t  
saving can be accmpl ished by containing p a r t  of the  design d i s -  
charge i n  f i l l  over low areas  i n  the  p r o f i l e  t h a t  i t  i s  economical 
t o  do so  even a t  the  expense of c lose  cons t ruct ion  con t ro l  on the  
dike. 

Curve r a d i i  should' be s u f f i c i e n t l y  g r e a t  t o  l i m i t  superelevation 
of the  water surface  t o  one foo t  above computed depth of flow o r  
10% of water surface  width, whichever i s  the  l e a s t ,  

The amount of  superelevation may be determined a s  follows f o r  
s u b c r i t i c a l  flow i n  t rapezoidal  channels: 

s = v2 (b + 2 zd) 

2 (gR - 2 2 ~ 2 )  

where the  terms a r e  a s  defined i n  the  glossary. 

Channels whose energy gradients  a t  design flow have a s lope a t  o r  
near  c r i t i c a l  (0.7sc< so < 1 . 3 ~ ~ )  w i l l  requi re  add i t iona l  depth a s  
follows : 

where the  terms a r e  as defined i n  the  glossary.  

The above c r i t e r i o n  appl ies  t o  flows with v e l o c i t i e s  s l i g h t l y  
g r e a t e r  than c r i t i c a l  as  we l l  a s  t o  s u b - c r i t i c a l  flow i n  the 
uns table  range. Where poss ib le ,  grades and/or cross  sec t ions  
should be adjus ted  t o  avoid the  uns table  range. 

S tep  4 .  - - S e l e c t  values of ~ a n n i n ~ ' s  c o e f f i c i e n t  "n". The 
est imation of r e a l i s t i c  values of the  roughness c o e f f i c i e n t  "n" 
i s  an important f a c t o r  i n  channel design, The value "n" ind ica tes  
the  n e t  e f f e c t  of a l l  f a c t o r s ,  except grade and hydraulic  radius,  
causing r e t a r d a t i o n  of flow i n  the reach of channel under 
considerat ion.  The est imation of "n" warrants c r i t i c a l  study and 



judgement in the evaluation of the factors affecting its value. The 
primary factors are: irregularity of the surfaces of the channel 
sides and bottom, variations in shape and size of cross sections, 
obstructions, vegetation, and alignment of the channel. 

A systematic proced re for the estimation of "n" values is contained 
207 in NEH, Section 5-- , Supplement B. This procedure should be used 

and supplemented by any other applicable data. 

Table 1 in SCS-TP-61 G/ lists a range of "n" values for various 
channel linings and conditions, and contains a method of estimating 
II n 11 values for various vegetal linings. 

The design capacity of a channel should be based on the "nu value 
anticipated after the channel has aged, giving consideration to the 
degree of maintenance that can reasonably be expected. When stability 
is in question, the stability of the channel should be checked with 
the "n" valuz anticipated immediately after construction. 

Step 5 ,  - - Determine the allowable side slopes by procedures given 
in Chapter 6 of this guide or NEH, Section 16, Chapter 6, if appli- 
cable. 

Step 6. - - Determine allowable velocities or tractive forces for the 
various reaches, depending on which procedure is to be used to check 
channel stability against flowing water. These values will need to 
be considered when selecting channel sizes and slopes in step 7. Use 
procedures given in Chapter 6 of this guide. Since the depth of flow 
is required for use in both the velocity and tractive force proced- 
ures, this step will have to be done concurrently with step 7. 

Step 7. - - Determine the size and shape of channel needed. Since 
the side slopes have been determined by other considerations, the 
design problem becomes the determination of the required depth and 
bottom width. 

Trial cross sections may be selected by assuming uniform flow condi- 
tions and solving for the depth or width by using ~anning's equation. 
Several combinations of depth and width should be evaluated. 

Generally, the most economical channel will be one in which the 
hydraulic grade line approaches the water surface control line 
determined in step 2. When this is planned, the slope of the water 
surface control line may be used as the value of s in Manning's 
formula. The depth of flow determined for the reach will give the 
position of the channel bottom. The slope of the channel bottom 
may be made parallel to the water surface control line. If care is 
used in selecting the proportions of the cross section, only a 



s l i g h t  change i n  depth of flow o r  i n  bottom width a t  t he  ends of 
each reach w i l l  r e s u l t .  For the  above condi t ion ,  the  e f f e c t  of 
t r a n s i t i o n s  on the  water sur face  p r o f i l e  w i l l  be smal l  and f o r  
a l l  p r a c t i c a l  purposes the water su r face  c o n t r o l  l i n e  becomes the  
t r u e  water s u r f a c e  p r o f i l e  f o r  the  channel.  (See Fig, 6-13, NEH, 
Sect ion l&/) 

Step 8. - - Compute the  water sur face  p r o f i l e  f o r  the  bes t  apparent 
c ross  sec t ion .  Hydraulic design methods ou t l ined  i n  NEH, Sect ion - 
I&/, Chapter 6 a r e  based on the  assumption t h a t  Manning's formula 
def ines  the  s lope  of the hydraulic  gradient .  This assumption is  
v a l i d  f o r  channels where changes i n  v e l o c i t y  head from one reach 
t o  the  next  a r e  i n s i g n i f i c a n t ,  and w i l l  provide a  s h o r t  c u t  t o  
water su r face  p r o f i l e  ca l cu la t ions .  

The genera l ly  accepted method of computing the  water sur face  
p r o f i l e  i s  ou t l ined  i n  T. R. 15. Water su r face  p r o f i l e s  must 
begin a t  t he  downstream end of the  work and proceed upstream. 
Where reaches a r e  long, the  upstream p a r t  of the  reach w i l l  
u sua l ly  approach a condit ion of uniform flow. 

Often, the  completed water sur face  p r o f i l e  w i l l  po in t  up the need 
f o r  reproport ioning the  c ross  s e c t i o n  t o  provide more capaci ty  o r  
more economy, Usually an adequate and economic cross  sec t ion  may 
be a r r ived  a t  wi th in  two t r i a l  so lu t ions .  

Curves i n  alignment. - - Often it i s  necessary t o  re-evaluate 
curves i n  e a r t h  channels a f t e r  the  hydraulic  design i s  otherwise 
complete, With v e l o c i t i e s  known i t  i s  poss ib le  t o  determine 
the  minimum curve radius  permissible without p ro tec t ion ,  a s  out-  
l i ned  under "Channel S tabi l i ty ."  The decis ion  between complying 
wi th  t h i s  minimum radius  and shor tening  the  radius  and providing 
'rock r i p r a p  bank protec t ion  on the  curve then becomes a matter  
of economics, Cost of right-of-way, severance o r  s t r u c t u r e  removal 
may be g r e a t e r  than the c o s t  of p ro tec t ing  a t i g h t  curve. I n  very 
f l a t  topography (so< 0.001 f t  ./f t .) Table 6.1, NEH Section I&/, 
may be used t o  determine minimum rad ius  of unprotected curves, 

Side drainage. - - Major t r i b u t a r i e s  on which work i s  t o  be done 
a s  a  p a r t  of the  p ro jec t  a r e  usua l ly  brought i n  a t  channel i n v e r t  
grade. Water sur face  p r o f i l e s  above the  junct ion on both t r i b u -  
t a r i e s  may be ca lcu la t ed  as  s t a t e d  above. 

Minor t r i b u t a r i e s  a r e  usua l ly  brought i n  a t  an e l eva t ion  above 
the  channel i n v e r t .  The channel bank, thus exposed, must b e  pro- 
t ec t ed  by rock r i p r a p ,  concre te ,  pipe over-pour o r  o the r  methods. 



Overland flow en te r ing  the  channel should be concentrated where possi-  
b l e  and brought i n  a t  se lec ted  locat ions ,  Where it i s  not  p r a c t i c a l  
t o  concentrate such flow, the  channel bank should be protected o r  
vegetated,  unless  the  s o i l  ma te r i a l s  a r e  s u f f i c i e n t l y  r e s i s t a n t  t o  
the  eros ive  fo rces  applied t o  remain s t ab le .  

Where low areas  must be drained i n t o  the channel, i t  may be necessary 
t o  i n s t a l l  conduits  through a d ike  and a t t a c h  automatic drainage gates 
t o  the  conduits t o  prevent outflow from the  channel, 

Channel entrance.  - - Flood channels a r e  usual ly  terminated a t  the  
upstream end where: 

1. The discharge i s  s u f f i c i e n t l y  small  t h a t  the  e x i s t i n g  f a c i l i t y  has 
adequate capaci ty ,  o r  

2, The benef i t s  from addi t ional  length of channel improvement w i l l  no t  
j u s t i f y  the  cos t  thereof. 

I n  t h e  former case ,  the work may usual ly  be terminated by a simple 
t r a n s i t i o n  from the  constructed channel t o  the  e x i s t i n g  channel. 
Occasionally i t  w i l l  be necessary t o  i n s t a l l  a drop spillway s t r u c t u r e  
t o  reconci le  the  grade d i f ference ,  

I n  the  l a t t e r  s i t u a t i o n ,  i t  may be necessary t o  cons t ruct  wing dikes 
t o  c o l l e c t  the  upstream flow and concentrate i t  i n t o  the  constructed 
channe 1. 

Ear th  channels wi th  grade cont ro l  s t ruc tu res .  - - This type of pro- 
t e c t i o n  i s  p a r t i c u l a r l y  s a t i s f a c t o r y  where e x i s t i n g  channels have 
p lenty  of capacity.  

Energy gradient  i s  cont ro l led  by proportioning the  weir notch so t h a t  
the  head necessary t o  operate the  weir a t  design discharge corresponds 
t o  the  uniform flow depth upstream from the  s t r u c t u r e ,  thus defining 
the  water surface  p r o f i l e .  I n  t h i s  case ,  energy d i s s i p a t i o n  i s  
accomplished a t  the  s t ruc tu res  by changing p a r t  of the hor izonta l  
ve loc i ty  t o  v e r t i c a l  and d i s s ipa t ing  the  v e r t i c a l  ve loc i ty  head i n  the  
plunge pool. Drops t h a t  a r e  exceptionally low i n  r e l a t i o n  t o  t a i lwa te r  
( p a r t i c u l a r l y  submerged drops) a r e  l i k e l y  t o  be i n e f f i c i e n t  and t h e i r  
basins must be q u i t e  long t o  accomplish energy d i s s ipa t ion .  

Three types of drop spi l lway s t r u c t u r e s  a r e  commonly used i n  Service 
work: 

1. Type B Drop Spillway 

2, Type C Drop Spillway 

3 ,  Box I n l e t  Drop Spillway 



C r i t e r i a  f o r  t he  design of Type B and Type C drops may be found i n  
NEH Sec t ion  ilk! Type B drops have s h o r t e r  b a s i n s ,  a r e  n o t  so  
deeply bu r i ed ,  and, consequently,  a r e  cheaper where hydraul ic  con- 
d i t i o n s  permit  t h e i r  use.  Type B s t r u c t u r e s  a r e  n o t  designed f o r  
submergence o r  h igh  t a i l w a t e r  t o  f a l l  r e l a t i o n s h i p s .  

The Type C s t r u c t u r e  i s  more t o l e r a n t  of h igh  t a i l w a t e r  and submer- 
gence, bu t  must be longer and more deeply bur ied  below the  down- 
s t ream channel  i n v e r t .  

C r i t e r i a  f o r  the  design of t he  Box I n l e t  drop sp i l lway may be found 
i n  SCS-TP-~o&/. This s t r u c t u r e  i s  u s e f u l  when a  long weir  c r e s t  
i s  needed i n  a  r e l a t i v e l y  narrow channel ,  when deep excavat ion 
would be d i f f i c u l t  and expensive, when a  s i z a b l e  pool i n  t h e  bas in  
would c o n s t i t u t e  a  h e a l t h  hazard,  and on h igh  drops where p o t e n t i a l  
s l i d i n g  c o n s t i t u t e s  a s t a b i l i t y  problem. 

Lined channels.  - - Rock, concre te  o r  o the r  t r apezo ida l  l i n i n g  i s  
u s u a l l y  provided f o r  channels a t  s u b c r i t i c a l  flow where v e l o c i t i e s  
a r e  s u f f i c i e n t l y  g r e a t  t h a t  t h e  bottom and banks of an unprotected 
channel would be uns tab le .  When v e l o c i t i e s  a r e  s u p e r c r i t i c a l ,  rock 
l i n i n g  w i l l  u sua l ly  be uneconomical because of t he  l a r g e  s i z e  rock 
and t h i c k  s e c t i o n  requi red  f o r  s t a b i l i t y .  

Hydraulic des ign  procedure i s  s i m i l a r  t o  t h a t  f o r  unprotected 
e a r t h  channels.  Addi t iona l  depth  may be r equ i r ed  on curves because 
of supere leva t ion  of the  water sur face .  

Because of t h e  r e l a t i v e l y  high c o s t  of rock and f i l t e r  b lanket  o r  
o t h e r  l i n i n g  m a t e r i a l ,  i t  is  b e s t  t o  design f o r  maximum hydraul ic  
r ad ius  w i th in  l i m i t s  of a v a i l a b l e  depth ,  bank s t a b i l i t y  and 
reasonable excavat ion equipment width. 

Ea r th  channels wi th  bank p ro t ec t ion  only. - - This type of pro- 
t e c t i o n  i s  used when unprotected banks would be uns t ab le ,  bu t  the  
bottom i s  n a t u r a l l y  e ros ion  r e s i s t a n t ,  

Hydraulic des ign  procedure i s  t h e  same a s  f o r  unprotected e a r t h  
o r  rock-l ined channels except  f o r  the  composite f r i c t i o n  c o e f f i -  
c i e n t .  

S u p e r c r i t i c a l  Flow 

Hydraulic des ign  procedure f o r  l i n e d  channels a t  s u p e r c r i t i c a l  flow 
may d i f f e r  q u i t e  r a d i c a l l y  from t h a t  f o r  s u b c r i t i c a l  channels,  
Here, the  p r i n c i p a l  concern i s  wi th  capac i ty  and, w i th in  l i m i t s ,  
t h e  g r e a t e r  the v e l o c i t y  the  more economical t he  c ross  s e c t i o n ,  a s  
a l l  s u p e r c r i t i c a l  channels no t  excavated i n  rock w i l l  r e q u i r e  l i n i n g .  



Although the  procedure f o r  the s e l e c t i o n  of t r i a l  c ros s  s e c t i o n s ,  
a l ignment ,  and grade i s  s i m i l a r  t o  t h a t  f o r  s u b c r i t i c a l  channels ,  
f i n a l  design d i f f e r s  I n  the  fol lowing ways: 

1. S t a b i l i t y  a g a i n s t  e ros ion  is no longer  a f a c t o r ,  having been 
accomplished by mechanical p ro t ec t ion ,  

2, Side  i n l e t s  f o r  small  d i scharges  can usua l ly  be brought i n  a t  
any l e v e l  above channel grade without  s p e c i a l  p ro t ec t ion .  

3 .  Junct ions  f o r  channels w i th  s u p e r c r l t i c a l  flow must be c a r e f u l l y  
designed. Supplemental model s t u d i e s  may be needed i f  the  pro- 
posed des ign  d i f f e r s  r a d i c a l l y  from junc t ions  on which model 
s tudy  information i s  a l r eady  a v a i l a b l e .  

4 ,  Supere leva t ion  on curves is  an important f a c t o r  i n  design. 

5. Trapezoidal  s ec t ions  should be avoided on curves.  

6 .  For s u p e r c r i t i c a l  flow, water  su r f ace  p r o f i l e s  must be run i n  
a downstream d i r e c t i o n .  

Design Procedure. - - T r i a l  c ros s  s e c t i o n s  and grades may usua l ly  be 
s e l e c t e d  on the  b a s i s  of uniform flow c h a r a c t e r i s t i c s .  I n  super- 
c r i t i c a l  reaches i t  i s  un l ike ly  t h a t  changes w i l l  be needed when the 
water  su r f ace  p r o f i l e  i s  computed, Curves w i l l  n ea r ly  always r e q u i r e  
a d d i t i o n a l  depth. Superelevat ion of  t he  water s u r f a c e  may be d e t e r -  
mined us ing  the  methods descr ibed  below: 

1. For r ec t angu la r  channels a t  s u b c r i t i c a l  v e l o c i t y ,  o r  a t  super- 
c r i t i c a l  v e l o c i t y  where a s t a b l e  t r ansve r se  s lope  has been 
a t t a i n e d  by use  of an upstream easement curve ( s p i r a l  easement 
o r  compound curve) .  

S = 
3v2 b 
4gR  

(See g lossary)  

2 .  S u p e r c r i t i c a l  v e l o c i t y  - simple curve. 

Location of the  f i r s t  po in t  of maximum depth  on the  ou t s ide  w a l l  
may be determined by the  fol lowing formula: 

where the  terms a r e  a s  def ined  i n  the  g lossary .  



Either spiral easements or compound curves may be employed to reduce 
superelevation in accordance with the following criteria. 

3. Compound Curve Criteria 

The complete curve is to consist of three sections; a central 
section with radius Rc and an approach and terminal section 
each with a radius Rt equal to twice Rc. This produces a 
superelevation in the zone of the first maximum equal to one- 
half the normal superelevation produced in a simple curve 
whose radius is equal to that of the central section. 

The length of each transition curve in terms of the c,entral 
angle 

- 1 et = tan 
b 

Rt tan a 
Compound curves shall be used under the following conditions: 

When necessary to limit superelevation to one foot allow- 
able maximum. 

When two successive curves occur with an intervening 
tangent less than 1000' in length, 

4. Spiral Easement Curve 

Such easement curves other than the constant radius trans- 
ition may be used provided that a simple disturbance pattern 
is produced, and the maximum wave height on the outside wall 
at the beginning of the curvature of the main curve is equal 
to : 

Trapezoidal lined channels are not recommended for curved align- 
ment at supercritical flow because of the difficulty in predicting 
wave run-up on the sloped banks. 

Freeboard. - - Minimum freeboard of 0.2 times the depth should be 
provided for rectangular channels at supercritical flow and 0.25 
times the depth for trapezoidal supercritical channels. 



Junction structures. - - Design of channel junction structures has not 
been covered in any standard hydraulic reference. Specific studies 
have resulted in criteria and guidance on analysis and design of 
elements of the problem. Model study may be necessary to confirm or 
refine design of important structures. 

Model study of confluences has made evident the need to make the 
junction with the two flows as nearly parallel as possible. This 
reduces velocity and momentum components (which cause waves normal 
to the direction of combined flow) to a minimum. 

Having accomplished this, application of the momentum principle to 
the junction will provide a reliable analysis for design. Further 
guidance for junction design is contained in Fig, and "Hydr au 1 i c 

'-"/ prepared by Model Studies for Whiting Field Naval Air Station," - 
the Soil Conservation Service. 

Channel entrance. - - Some type of structure with weir control is 
needed at the entrance to the lined section. Such a structure may 
be either the straight weir or folded weir type. Folded weirs require 
a drop to prevent sybmergence. 

Transitions. - - Simple transitions in bottom width of rectangular 
channels may ,usually be handled by limiting the angle between the 
transition walls to ten degrees or less. Transitions between 
rectangular and trapezoidal sections, particularly where the trap- 
ezoidal section is in earth, are more complex. The attached paper 
on transitions (see Appendix I) has been used in the design of 
several transitions that function satisfactorily. 

Channel outlet. - - The SAF Basin is the most satisfactory outlet 
structure where rectangular R/C channels at supercritical flow dis- 
charge into an earth section. It is also permissible to use a R/C 
transition to a trapezoidal rock-lined section. The rock lining 
should extend a sufficient distance downstream at zero or very low 
gradient that velocities are reduced to those permissible in the 
earth materials in the bed and banks of the channel. 

Bridges and Culverts. - - Crossings over relatively narrow, rectangular 
R/C channels are easily accomplished with R/C single span box culverts. 
These, when bottom slab and sidewalls match those of the channel, have 
no hydraulic effect. This is also true for clear span bridges over 
rectangular or trapezoidal channels. Losses caused by bridge piers 
or interior walls of multiple cell box culverts may be determined by 
the momentum method. (See Appendix 11) 
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APPENDIX I TO CHAPTER 5 

CHANNEL PLANNING AND DESIGN 

TUNS1 TIONS 

Important Transitions Where it is Necessary to Conserve Head 

Circumstances requiring a change in channel section occur frequently. 
The crossing of.roads, the changing of grades, and many topographic 
conditions provide situations where acceleration or deceleration of 
flow is necessary to meet required changes of cross section. 

Adequate design of transition structures to provide for gradual 
changes of the flow section is important because at such places the 
capacity of the whole system is frequently determined. Poor trans- 
ition design not only vitiates good channel construction but may 
cause undesirable backwater effects . 
Although transition design is based on the Bernoulli and Continuity 
equations, experience plays a very significant part, Model studies 
and observations of many actual structures have indicated several 
rules to be followed. They are:* 

1. The water surface should be smoothly transitioned to meet end 
conditions. 

2. The water surface edges should not at any section converge at 
an angle greater than 28' with the center line, nor diverge at 
an angle greater than 25O. 

3. In well designed transitions, losses in addition to friction 
should not exceed -10 hv for convergence and .20 hv for divergence. 

4. In general it is desirable to have bottom grades and side slopes 
meet end conditions tangentially. (Usually this rule must be 
violated when critical depths are approached going from an earth 
channel to a lined ditch.) 

To outline the specific steps in designing a transition, it is 
desirable to reduce ~ernoulli's equation to a more convenient form. 
Equation (5.1- 1) reads 

v2 P v2 P - 2 +  2 2 i 2 + h f  1 - F  I + " =  (Eq. 5.1-1) 
2 g W 2g W 



If the flow takes place on sufficiently flat slopes so that P 
P - +  a 

equals WY, then the terms w are exactly equal to the elevation 
of the water surface for all elements. If a fall of surface 
downstream is taken as positive, Bernoulli's equation becomes: 

A W.S. = b h  -f hf $. impact v 
(Eq. 5.1-2) 

For simplicity, the term "impact" is used as a measure of losses 
due to change in direction of stream lines in both converging 
and diverging transitions. In a converging transition, these 
losses are truly due to impact as stream lines impinge against 
the converging walls. In a diverging transition, losses are 
caused primarily by eddy currents resulting from negative pres- 
sures along the diverging walls. 

In relatively short transition structures the ordinary friction 
losses given by the Manning formula are small compared with the 
impact losses and the head loss in the transition is very nearly 
.I04 h, for inlets and .20a hv for outlets. Equation (5.1-2) 
reduces finally to 6 W . S .  equals 1.10bh, for inlets and AW.S. 
equals .80Ahv for outlets, Friction loss must be considered 
for long transitions and for velocities in excess of 20 fps. 

These simple relationships assisted by the continuity equation 

Q = A1 V1 A2 V2 (Eq. 5.1-3) 

form the basis of all transition design, Detailed steps to be 
followed in the computation follow. 

1. From the quantity of flow compute the velocities and velocity 
heads at the end sections. 

2. Compute the overall change in water surface from 

nW.S. equals 1.10 A hv (inlets) 

AW.S- equals . 8 0 a  \ (outlets) 

(neglecting ordinary friction loss) 

3. Construct a smooth curve to represent the water surface having 
the computed change in elevation and tangent to the surfaces 
at the ends. Two reverse parabolic curves are good, However, 
any smooth curve can be used. 



4, Mark t h i s  s u r f a c e  curve a t  6 t o  10 s t a t i o n s  (depending on the  
s i z e  of t h e  s t r u c t u r e ) ,  and t a b u l a t e  t h e  t o t a l  W.S. from the  
beginning of t he  t r a n s i t i o n  t o  each s t a t i o n .  The d i s t ance  
between these  s t a t i o n s  i s  assumed a t  f i r s t  and then  ad jus ted  
u n t i l  t he  d e s i r e d  condi t ions  a r e  reaches.  

5.  Compute hv f r o m  A W.S. o r  A W.S. f o r  each s t a t i o n  and 

1.1.0 0.80 

eva lua t e  each k, and V, 

6. Prom Q equals  AV, ob t a in  t h e  c ros s  s e c t i o n a l  a r e a  requi red  a t  
each s e c t i o n .  

7.  Assuming a bottom grade l i n e  t o  meet end cond i t i ons ,  l i s t  depths 
a t  each s t a t i o n .  

A, 
8. Evaluat ing the  average width from d ,  s e l e c t  s i d e  s lopes  t o  make 

t h e  water s u r f a c e  converge smoothly according t o  t he  requirements 
of r u l e s  2 and 4. I f  t h i s  cannot be done by adjustment  of s i d e  
s l o p e s  a long ,  t he  t r a n s i t i o n  may be lengthened, t h e  bottom grade 
l i n e  changed o r  t he  water  s u r f a c e  may be var ied .  A juggl ing of  
t hese  c o n t r o l s  w i l l  f i n a l l y  produce the  r equ i r ed  r e s u l t s .  

Care should be taken i n  designing the  t r a n s i t i o n  when t h e  v e l o c i t y  
goes through c r i t i c a l .  On i n l e t  t r a n s i t i o n s  the  bottom should be 
r a i s e d  g radua l ly  u n t i l  t he  c r i t i c a l  depth i s  reached and j u s t  beyond 
it should drop a s  f a s t  a s  poss ib le .  I n  t h i s  way the  c r i t i c a l  depth  
i s  very uns t ab le  and unless  t h i s  i s  done t h e  c r i t i c a l  depth may n o t  
come a t  t he  computed loca t ion  and cause improper loading i n  the  
channe 1 be low. 

It is poss ib l e  t o  design an o u t l e t  t r a n s i t i o n  from a s u b c r i t i c a l  t o  
a super  c r i t i c a l  depth without  going through a hydrau l i c  jump, bu t  
i t  i s  b e t t e r  t o  avoid t h i s  condi t ion  i f  poss ib l e .  

9 .  To allow f o r  t h e  f r i c t i o n  l o s s ,  compute P and R f o r  each s e c t i o n  
and compute the  r a t e  of f r i c t i o n  l o s s ,  f, f o r  flow a t  each 
s e c t i o n  from 

f = n2 v2 
413 (Eq. 5.1-4) 

2.208R 

10. Then t h e  f r i c t i o n  l o s s  between any two s e c t i o n s  equals  the  
average va lue  of f  f o r  t he  two s e c t i o n s  t imes the  length  between 
s e c t i o n s .  



11. Then the water surface and bottom at each section must be 
dropped an amount equal to the summation of the values found 
in step 10. (From the beginning to the point in question.) 

These steps are illustrated in the following examples, 



Design an i n l e t  t rans i t ion  from an ear th  channel, with a discharge of 314 C.P.S., bottom width 18.0 feet ,  
depth 4.30 feet ,  r ide  rlopes 2:1, area 114.40 square f ee t  and a velocity of 2.75 feet  per second, t o  a rectangular 
concrete lined channel, with a width of 12.5 fee t ,  depth 4.220 feet ,  area 52.70 square feet  and a velocity of 5.97 
fee t  per second.* 

Cr i t i ca l  depth i n  not involved in  t h i s  t ransi t ion,  

* This t rans i t ion  was taken from "Deeign 
by Jul ian Hinds, from "Transactionr of 

* I n  thie  case the s tat ion8 a re  given i n  

of Important Trana i t ions ,  not Involving C r i t i c a l  Flow or  the Eydraulic Jump" 
the American Society of C.E." Vol. 92, Page 1430 e t  seq. 

distances .direct. 





FIGURE 5.1-1 

TYPICAL TRANSITION TO RECTANGULAR FLUME 





Design an i n l e t  t rans i t ion  from an ear th  channel with a discharge of 200 C.F .S . ,  bottom width 10.0 fee t ,  
depth 3.68 f ee t ,  side slopes 1-1/2: 1, area 57.11 square feet  and a veloci ty  of 3.5 fee t  per second t o  a rectangular 
concrete lined channel w i t h  a width of 5.17 fee t ,  depth 2.58 feet, area 13.34 square fee t  and a  velocity of  15.0 
fee t  per second. 

In t h i s  example the depth i s  greater than the c r i t i c a l  in  the ear th  channel and less  than c r i t i c a l  i n  the 
concrete lined channel. In such a t rans i t ion  the bottom should have a slope less  than the c r i t i c a l  up to  the  
point of c r i t i c a l  depth, a t  t h i s  point i t  should break sharply to  a slope greater than c r i t i c a l .  In t h i s  example 
the c r i t i c a l  depth i s  a t  s t a ,  6 or 20 fee t  from the ea r th  channel. 

I I Sta t ion  1 

* By plo t t ing  it was found s distance of 4 f t .  b e t e e n  s ta t ions  f i t  the desired conditions. 

* n equals 0.013 













FIGURE 5.1-3 

TYPICAL OUTLET TRANSITION 





TYPICAL INLET TRANSITION TO PIPE LINE 

PLAN 

SECTION AA 

SECTION BB 

SECTION CC 

SECTION EE 

SECTION DD 



Less Important Trans i t ions  

This type of design i s  used when head i s  not  a t  a  premium. 

The e levat ion  of the water su r face  a t  each end i s  known. No attempt 
i s  made t o  t r a c e  out  the water su r face  curve a t  intermediate points .  
The s ides  a r e  s t r a i g h t  l i n e s  and can be made v e r t t c a l  when going 
from an e a r t h  channel t o  a  rectangular  o r  c i r c u l a r  sec t ion  and v ice  
versa .  I f  the  s i d e  slopes of the  two sec t ions  a r e  d i f f e r e n t ,  they 
should be gradually warped t o  meet the  end condit ions.  The bottom 
should be l a i d  i n  tangent t o  the  grade a t  each end. 

I n  the  absence of more s p e c i f i c  knowledge the  length  of the  t r a n s i -  
t i o n  should be such t h a t  a  s t r a i g h t  l i n e  jotning the  flow l i n e  a t  
the  two ends of the  t r a n s i t i o n  w i l l  make an angle of about 12 112' 
with the  axis  of the  s t ruc tu re .  

Neglecting f r i c t i o n  the  losses  can be taken as 0.15 hv f o r  i n l e t ,  
and 0 , 2 5 0  hv f o r  o u t l e t  t r a n s i t i o n s .  

I n  t r a n s i t i o n i n g  from an e a r t h  channel t o  a  l ined channel with a  
ve loc i ty  g rea te r  than the  c r i t i c a l ,  the  e a r t h  channel should be 
contracted a t  the  entrance t o  the  t r a n s i t i o n  s u f f i c i e n t  t o  develop 
c r i t i c a l  depth, and not  develop scouring v e l o c i t i e s  above. The 
bottom of the t r a n s i t i o n  should drop rapidly  from the  entrance and 
connect tangent t o  the  grade on the channel below. 

The procedure i n  designing such a  t r a n s i t i o n  is :  

1. Compute the  length. 

2. Compute the  change i n  water surface  from: 

W.S. equals 1.15 hv ( i n l e t s )  

W.S. equals 0.75A hv (ou t l e t s )  

(neglect ing ordinary f r i c t i o n  loss)  

To i l l u s t r a t e  t h i s  procedure let i t  be required t o  design a  t r a n s i -  
t i o n  from an e a r t h  channel car ry ing 100 second f e e t ,  bottom width 
12.6 f e e t ,  depth of water 2 . 1  f e e t ,  t o t a l  depth 2.6 f e e t ,  s ide  
s lopes  1-1/2 t o  1 and an average ve loc i ty  of 3.0 f e e t  per  second t o  
a  concrete l ined  channel with a  bottom width of 3.0 f e e t ,  depth of 
water 1.72 f e e t ,  t o t a l  depth 2.0 f e e t ,  s i d e  slopes 1-1/2 t o  1 and an 
average ve loc i ty  of 10.43 f e e t  per  second. 



The normal depth i n  the concrete channel of 1.72 f e e t  is l e ss  than 
the  c r i t i c a l ,  therefore  i t  i s  necessary t o  develop a veloci ty  
g rea te r  than the  c r i t i c a l .  The e a r t h  channel should be contracted 
t o  develop c r i t i c a l  depth, without an excess drawdown e f f e c t  i n  the 
e a r t h  channel above. I n  the  e a r t h  channel under considerat ion i t  
is  necessary t o  contrac t  the  bottom t o  a width of 8.5 f e e t ,  the  
s i d e  slopes being 1-112 t o  1. 

d, equals  1.44 f e e t  

Vc equals 6.5 f e e t  per second 

1. Length of t r a n s i t i o n  

2.33 x c o t  12-112~ equals 2 .33  x 4.51 equals 10.5 f e e t  say 
10.0 f t .  

2. W.S. equals 1.15 

equals 1.15 (1.035) equals 1.19 f e e t  (See Fig.  5.1-5) 



Top of bank 

Top of  / injng 1 - f l 3 .  1. 19' 
T 1.44' 

-4- 

Side Efevafion Showing Bof fom & Approx. W S. 

Secflan A - A  S e c f ~ o n  B-B 





APPENDTX I1 TO CHAPTER 5 

MOMENTUM METHOD OF DETERMINING BRIDGE PIER LOSS * 
Flow p a s t  an obs t ruc t ion  has been divided i n t o  th ree  types which 
follow roughly "Class A and B" flow a s  defined by Yarnell ,  and "Class 
C" flow a s  indica ted  by Yarnell  and defined herein.  The d e f i n i t i o n s  
a s  given by Koch and Carstanjen f o r  the  th ree  flow condit ions follow: 

"Class A" flow i s  defined as  a  flow condit ion whereby c r i t i c a l  flow 
wi th in  the  cons t r i c t ed  bridge s e c t i o n  is  i n s u f f i c i e n t  t o  produce 
the  momentum required downstream. It is  apparent t h a t  f o r  t h i s  type 
of flow, the  bridge sec t ion  i s  not  a  "control  point" and, therefore ,  
the  upstream water  depth is  cont ro l led  by the  downstream water 
depth plus the  t o t a l  losses  incurred i n  passing the  bridge sect ion.  

"Class B" flow is  defined a s  a  flow condit ion whereby c r i t i c a l  flow 
wi th in  the cons t r i c t ed  bridge sec t ion  produces o r  exceeds the 
momentum required downstream. When t h i s  condit ion e x i s t s ,  the  up- 
stream water depth is independent of the  downstream water depth, 
being contro l led  d i r e c t l y  by the c r i t i c a l  momentum required wi th in  
the  cons t r i c t ed  bridge sec t ion  and the  entrance losses .  

"Class C" A s p e c i a l  form of "Class B" flow occurs when the upstream 
water i s  flowing a t  a  s u b c r i t i c a l  depth and containing s u f f i c i e n t  
momentum t o  overcome the  entrance losses  and produce a super- 
c r i t i c a l  ve loc i ty  wi th in  the  cons t r i c t ed  bridge sec t ion .  

The drawing on the  following page, e n t i t l e d  "Bridge P ie r  Losses by 
the  Momentum Method" shows the  water surface  p r o f i l e s  and momentum 
curves f o r  the  th ree  c l a s ses  of flow. 

Momentum, as  r e f e r r e d  t o  above, i s  defined a s  t o t a l  momentum or  t e P t o t a l  of s t a t i c  and k i n e t i c  momentum, and may be w r i t t e n  as m + 9_ 
&A 

where m = t o t a l  s t a t i c  pressure of the  water a t  a  given sec t ion  
i n  pounds 

Q = discharge i n  cubic f e e t  per  second 

g = acce le ra t ion  of g rav i ty  i n  f e e t  per  second per second 

A = channel cross-sect ional  a rea  i n  square f e e t .  

* ~ a t a  derived from "Report of Engineering Aspects,  Flood of 
March 1938, Los Angeles, Cal i fornia ,"  - Appendix I, Theoret ical  
and Observed Bridge P ie r  Losses - U. S. Engineer's Off ice ,  Los 
Angeles, Ca l i fo rn ia ,  - May 1949 and from "Approximate Method 
Determines Bridge P ie r  Loss," by G .  M. Al len ,  Jr., i n  March 
1953,  C i v i l  Engineering. 



The unit weight of water (w) should appear in each term, but 
since it would cancel in the final equations, it has been assumed 
equal to unity, dimensions being pounds per cubic foot. 

Based on experiments under all conditions of open channel flow 
where the channel was constricted by short flat surfaces perpend- 
icular to flow, such as bridge pier, Koch and Carstanjen found that 

%q2 the total kinetic loss was equal to w h e r e  Ag is the area of 
*lgA1 

the obstruction on the upstream surface and A1 is the water area in 
the upstream unobstructed channel. For circular nose piers, Koch 

noq2 and Carstanjen show that 2/3 of .( should be used. It is 
(A1&A1) 

apparent that the static pressure mo against the upstream obstructed 
area is not effective downstream, whereas the static pressure 
against the downstream obstructed area is effective downstream, 
Therefore, if we let the subscripts 1, 2, and 3 represent condi- 
tions upstream, within and downstream of the constricted section, 
respectively, we may write the general momentum relationship as 
follows : 

Total upstream momentum minus the momentum loss at entrance 
must equal the total momentum within the constricted section, 
or 

Total momentum within the constricted section plus static 
pressure on the downstream obstructed area must equal the total 
momentum in the downstream channel, or 
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The general  momentum equation follows: 

The above equations cannot be solved a s  presented,  and it i s  necessary 
t h a t  a simpler method be used. The t o t a l  sum of momentum and hydro- 
s t a t i c  pressure  f o r  each sec t ion  (Fig, 5.2-3) f o r  equal  depths of 
flow pas t  each s e c t i o n  should f i r s t  be determined. Using equal depths,  
4 - % = % = A3 - AO (or A1 = A3) and M - MO = Y = MJ - MO (or  1 

Also, f o r  equal  depths, t h e  sum of momentum and hydros ta t i c  pressure 
f o r  each s e c t i o n  I, 11, and I11 is: 

where, f o r  equal  depths, A1 = Ag 

The values f o r  equations I, 11, and 111 a r e  determined f o r  various 
depths, both s u b c r i t i c a l  and s u p e r c r i t i c a l .  A curve f o r  each sec t ion  
i s  p l o t t e d  using the  depth a s  the o rd ina te  and the values from col-  
umns I, 11, and 111 a s  the  absc i s sa  (see Fig. 5 . 2 4 ) -  A v e r t i c a l  
l i n e  passed through the  th ree  curves glves a graphic s o l u t i o n  of 
the equations,  a s  it gives, f o r  equal momentum, t h e  corresponding 
depths of flow. 

This v e r t i c a l  l i n e  must i n t e r s e c t  a minimum of f i v e  depth values,  
and preferably  six. Drwg, No. 7-N-Eng, 248, page 3,  shows the  
depth of flow and i ts  indica ted  c l a s s .  If only one value,,d!s i n t e r -  
sec ted  on curve 11, the  flow is c r i t i c a l  a t  Sect ion 11. 

Values of I'd" on the  lower por t ions  of Curves I and IU: a r e  used f o r  
s u p e r c r i t i c a l  flow, and on the  upper port ions for s u b c r i t i c a l  flow. 



Backwater computations w i l l  determine e i t h e r  a flow depth a t  
Sect ion I o r  In, depending upon type of flow condit ions,  and 
the  curves g ive  a d i r e c t  so lu t ion ,  a s  the v e r t i c a l  l i n e  must 
pass through the known depth on Curve I o r  111, and must a l s o  pass 
through Curve 11. I f  t h i s  v e r t i c a l  l i n e  does not  pass through 
Curve 11, i t  i s  poss ib le  t h a t  the  momentum of the  given depth 
i s  not  g r e a t  enough f o r  the  flow t o  pass the  obs t ruct ion ,  and a 
change i n  the  computed depth must be made. The flow would then be 
c r i t i c a l  a t  Sect ion  11, a s  the  c r i t i c a l  depth is the  depth a t  
which the  momentum and pressure is t h e  minimum. 

Example 

Given a t r a p i z o i d a l  channel, base-width 16 f e e t ,  side-slopes 
1-3/4:1 and capacity Q = 5000 c.f.s,  

Fig. 5.2-2. Cross-section of channel showing center  bridge p i e r .  
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Fig, 5.2-3, Longitudinal sec t ion  along c e n t e r l i n e  of channel 
ind ica tes  th ree  locat ions:  I - immediately upstream, I1 - Under 
bridge,  111 - Immediately downstream. 

Compute Ml - M3 by solving f o r  the d i s t ance  7 from the  water surface  

t o  the  cen te r  of gravi ty  of the  t rapezoidal  s e c t i o n  where 'jr = d(T -f- 2b). 
3(T + b) 

(T = top width and b = base width) and mult iplying 7 by the  area  A, - 
o r  (,MI = y A1). The d is tance  f o r  the  obs t ruct ion ,  which i s  of 

t h i s  mul t ip l i ed  by A w i l l  give M rec tangular  area A i s  -* 
0 2 '  0 ' 0 * 

Quanti t ies  f o r  the  remaining columns can be e a s i l y  computed by use of 
the  formulas given on pages 5.2-2 and 5.2-5 and i n  the column head- 
ings i n  Table 5.2-1. 

Momentum values given i n  columns I, 11, and 111, Table 5.2-1, a r e  
shown p lo t t ed  on the  graph, Fig, 5 - 2 4 ,  giving curves I, 11, and 111. 
From a point  on Curve I, which represents  the upstream depth d draw 
a v e r t i c a l  l i n e  through Curves I1 and I11 which w i l l  give the  

1' 

depth  values f o r  the  sec t ions  under the bridge and immediately down- 
stream. For the  example given, r e f e r  t o  the  curves on Fig. 5 - 2 4 ,  
For an upstream depth of 8.0 f e e t ;  t he  depth under the  bridge is 
9.3  f e e t  and the  depth immediately downstream is  8.7 f ee t .  As the 
flow upstream i s  a t  s u b c r i t i c a l  depth, d i s  l e s s  than dc and 
"Class C" flow app l i e s  (see Fig, 5.2-1). 

1 

It is shown i n  Table 5.2-1 t h a t  the  bridge sec t ion  includes an 
18-inch wide p le r .  As  debr is  p i l e s  up on the  center  p i e r  i t s  n e t  



effect is to widen the center pier increasing A and M The effect 
0 0 - 

of such debris accumulations can be estimated by computing flow 
conditions for the wider pier that would result when debris had 
accumulated, In critical cases the effect of debris lodging against 
piers can be minimized by constructing a 2:1 incline on the upstream 
edge of the piers. This causes debris to rise toward the surface 
and widen only a portion of the pier height. It should be noted, 
however, that the top eight (8) feet are normally considered to be 
affected by such debris so an inclined leading edge on piers in 
shallow streams would not be too effective. 

The momentum method of computing the approximate change of water 
surface is not dependent upon coefficients "R' as are necessary in 
the formulas derived by Nagler, Weisbach, Rehbock and others (see 
USDA Technical Bulletin No. 429, "Pile Trestles as Channel 
Obstructions" and USDA Technical Bulletin No. 442, "Bridge Piers 
as Channel Obstructions"). 

A check computation for the raise in water surface due to the 
bridge obstruction was made using the Nagler formula. The co- 
efficient K varies from .87 to .94 with the channel contraction 
approximately five percent. The difference in water surface 
elevation between the depth in the unobstructed channel and the 
depth caused by the obstruction was from 0.7 to 0.8 foot. Dif- 
ference in depths indicated by the Momentum Method was greater, 
shown by the curves to be 1.3 feet, and is on the conservative 
side. 

The water surface profile, above and below bridges, can be c m -  
puted by the standard step method, as described in a report 
"Technical Memorandum - Water Surface Computation in Open 
Channels" by R. F. Wong, Los Angeles District Corps of Engi- 
neers, and also given in King's Handbook of Hydraulics. 



hi1 = S t a t i c  moment i n  u n o b s t r u c t e d  channel 

Mo = S t a t i c  moment o f  o b s t r u c t i o n  

M I  - Mo = S t a t i c  moment i n  o b s t r u c t e d  channel 

MOMENTUM LOSSES AT BRIDGES S e c t i o n  
Table 5.2-1 

P r o j e c t  Bul l  Creek Channel L o c a l ~ t y  idges over channel 

BY Data 
Q  = 5,000 c.f.S. S h e e t  1 o f  1 R A J .  February 1953 

' = K i n e t i c  momentum i n  o b s t r u c t e d  channel 
g  (A1 A2 

Q ~  
T 

~ 2  Q ~ ( A ~ - A ~ )  
d A1= A3  M3 Ag *l - *o % - M~ g ( ~ l -  %) - 

g AL2 I3 A12 
( 1) ( 2 )  ( 3) 

4 92 165 6.0 12.0 86 I54 9028 92 7889 
5 124 274 7.5 18.8 U6 255 666L 50 5908 
6 159 133 9.0 27.0 150 386 5176 31 4607 
7 198 , 592 . 10.5 36.8 187 555 4l13 20 3723 
8 240 811 12.0 48.0 228 763 3405 13.5 3073 
9 286 1075 13.5 60.8 272 lOLlr 2 849 9.5 2591 

+ = K i n e t i c  momentum i n  u n o b s t r u c t e d  channel 

A. Q~ = K i n e t i c  momentum l o s t  

g  A1 

$ - 
g  A3 

( 4 )  

8440 
6261 
4883 
3921 

3235 
2715 

I  

( I ) +  ( 3 )  

8043 

10 335 1384 15.0 75.0 320 1309 2426 6.9 2- 

ll 388 1746 16.5 90.8 3 n  1655 2090 5.2 1924 
12 Wrt 2158 18.0 108 426 2050 1825 3.9 1680 
13 SO4 2636 19.5 126.8 484 2509 1602 3.1 1.482 

2318 

2001 
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I I  
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CHAPTER 6. STABILITY EVALUATION AND DESIGN 

In t roduc t ion  

The a n a l y s i s  of e a r t h  channels wi th  acceptab le  l i m i t s  of s t a b i l i t y  i s  of 
primary importance t o  S o i l  Conservation Serv ice  a c t i v i t i e s .  The evalua- 
t i o n  o r  design o f - a n y  water conveyance system t h a t  inc ludes  e a r t h  channels 
r e q u i r e s  knowledge of t h e  r e l a t i o n s h i p s  between flowing water and t h e  e a r t h  
m a t e r i a l s  forming t h e  boundary of t h e  channel ,  a s  we l l  a s  an understanding 
of t h e  expected stream response when s t r u c t u r e s ,  l i n i n g ,  vege ta t ion ,  o r  
o t h e r  f e a t u r e s  a r e  imposed. These r e l a t i o n s h i p s  may be  t h e  c o n t r o l l i n g  
f a c t o r s  i n  determining channel alignment,  grade,  dimensioning of c r o s s  
s e c t i o n  and s e l e c t i o n  of design f e a t u r e s  t o  a s s u r e  t h e  ope ra t iona l  requi re -  
ments of t h e  system. 

The methods included he re in  t o  eva lua t e  channel s t a b i l i t y  a g a i n s t  t h e  flow 
f o r c e s  a r e  f o r  bare  e a r t h .  When eva lua t ions  i n d i c a t e  t h e  a b i l i t y  of t h e  
s o i l  i s  i n s u f f i c i e n t  t o  resist o r  t o l e r a t e  t h e  f o r c e s  appl ied  by t h e  flow 
under cons ide ra t ion  i t  may be necessary t o  cons ider  t h a t  t h e  channel has  
mobile boundaries .  The magnitude of t he  channel i n s t a b i l i t y  needs t o  be  
determined i n  o r d e r  t o  eva lua t e  whether o r  no t  v e g e t a t i v e  p r a c t i c e s  and/or  
s t r u c t u r a l  measures a r e  needed. Where such p r a c t i c e s  o r  measures a r e  
r equ i r ed ,  methods of a n a l y s i s  t h a t  app ropr i a t e ly  eva lua t e  t h e  s t ream's  
response should be  used. 

F igure  6-1 provides  genera l  guidance i n  s e l e c t i n g  eva lua t ion  procedures 
t h a t  apply t o  v a r i o u s  s i t e  condi t ions .  

A l l  terms used i n  t h i s  chapter  a r e  def ined  i n  t h e  g lossary  on page 6-87. 

S t a b i l i t y  Evaluat ion 

Methods p r e s e n t l y  used by t h e  SCS i n  t h e  eva lua t ion  of t h e  s t a b i l i t y  of 
e a r t h  channels a r e  based on t h e  fol lowing fundamental phys ica l  concepts.  

1. E s s e n t i a l l y  r i g i d  boundaries.  S t a b i l i t y  is  a t t a i n e d  when t h e  i n t e r -  
a c t i o n  between flow and t h e  m a t e r i a l  forming the channel boundary is 
such t h a t  t h e  s o i l  boundary e f f e c t i v e l y  r e s i s t s  t h e  e ros ive  e f f o r t s  
of t h e  flow. 

Where proper ly  evaluated and designed t h e  bed and banks i n  t h i s  c l a s s  
of channels  remains e s s e n t i a l l y  unchanged during a l l  s t ages  of flow. 
The p r i n c i p l e s  of hydraul ics  based on r i g i d  boundaries  a r e  a p p l i c a b l e  
i n  analyzing such channels.  

The procedures  descr ibed i n  t h i s  chapter  t h a t  a r e  based on t h i s  
d e f i n i t i o n  of s t a b i l i t y  a r e :  

a .  Allowable v e l o c i t y  approach. 

b. T r a c t t v e  s t r e s s  approach. 

c .  T r a c t i v e  power approach. 
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2. Mobile Boundaries. Stability is 
sediment enters the channel from 
of the channel to carry material 

attained when the rate at which 
upstream is equal to the capacity 
having the same composition as the 

incoming sediment. The bed and the banks of the channel are mobile 

and may vary somewhat from designed position. Stability in such 
channels may be determined by methods that use the principles of flow 
in channels with movable boundaries. 

The procedures described in this chapter that are based on this 
definition of stability are: 

a. Sediment Transport Approach. 

b. Modified ~egimei Approach. 

Procedure for Determining Sediment Concentration 

The stability of a channel is influenced by the concentration and physical 
characteristics of the sediment entering the channel and available for 
transport as bedload and in suspension. Procedures for computing sediment 
transport are described in NEH-3, Chapter 4 . z /  If clear water is not 
used, stream gage data when available and representing a wide range of 
flows are useful in predicting sediment loads. When the clear water 
procedure is not chosen and suitable data are not available, there is 
a method of making rough estimates of sediment loads presented in Geologic 
Note 2. 

Allowable Velocity Approach 

General 

This method of testing the erosion resistance of earth channels is based 
on data collected by several investigators. 

Figure 6-2 shows "Allowable Velocities for Unprotected Earth channels" 
developed chiefly from data by Fortier and scobeyal, ~an*', by 
investigators in the U. s . S  .~.26/ and others. The allowable velocities 
determined from Figure 6-2 refer to channels formed in earth with no 
vegetative or structural protection. The Fortier and Scobey data shown 
on Figure 6-2 were collected by the authors from engineers experienced 
in irrigation systems. The canals were well-seasoned, were on low 
gradients, and had flow depths of less than 3 feet. 

Stability is influenced by the concentration of fine material carried 
by the flow in suspension. There awe two distinct types of flow 
depending on concentration of material in suspension. 

1. Sediment free flow is defined as the condition in which fine material 
is carried in suspension by the flow at concentrations so low that it 
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has no effect on channel stability. Flows with concentrations 
lower than 1,000 pprn by weight are treated as sediment free flows. 

2. Sediment laden flow is the condition in which the flow carries fine 
material in suspension at moderate to high concentrations so that 
stability is enhanced either through replacement of dislodged particles 
or through formation of a protective cover as the result of settling. 
Flows in this class carry sediment in suspension at concentrations 
equal or larger than 20,000 pprn by weight. 

Estimation of the concentration of sediment in suspension is best 
made by sampling. See NEH, Section 3 for methods of sampling. If 
the concentration is not known from measurement, it can be estimated 
by the methods in Geologic Note 2. 

Sediment transport rates are usually expressed in tons per day. To 
convert them into concentration use the equation: 

Eq.  6-1 

See page 4-41 of NEH 3, Chapter 4, for conversion from concentration 
in parts per million to milligrams per liter. 

Depending on the type of soil, the effect of concentration of fine 
sediment (material smaller than 0.074 mm) in suspension on the allowable 
velocity is obtained from the curves on Figure 6-2. 

If the suspended sediment concentration equals or exceeds 20,000 pprn 
by weight, use the sediment laden curve on Figure 6-2. If the sus- 
pended sediment concentration is 1,000 pprn or less by weight, use the 
sediment free curve on Figure 6-2. A linear interpolation may be made 
between these curves for suspended sediment concentrations between 
1,000 pprn and 20,000 ppm. 

Adjustment in the basic velocity to reflect the modifying effects of 
frequency of runoff, curvature in alignment, bank slopes, density of 
bed and bank materials, and depth of flow are made using the adjustment 
curves on Figure 6-2. 

The alignment factor, A, and the depth factor, D, apply to all soil 
conditions. The bank slope factor, B, applies only to channels in 
soils that behave as discrete particles. The frequency correction, 
F, applies only to channels in soils that resist erosion as a coherent 
mass. The density correction factor, Ce, applies to all soil materials 
except clean sands and gravels (containing less than 5 percent material 
passing size #200). 



Figure 6-2 gives the correct ion f ac to r s  (F) f o r  frequencies of occurrence 
lower than 10  percent. Channels designed f o r  l e s s  frequent flows using 
t h i s  cor rec t ion  f ac to r  should be designed t o  be s t ab l e  a t  the 10 percent 
chance frequency discharge a s  wel l  a s  a t  the design discharge. 

I f  the s o i l s  along the channel boundary behave a s  d i s c r e t e  p a r t i c l e s  with 
DT5 l a rge r  than 0.4 nun f o r  sediment laden flow o r  l a rge r  than 2.0 mu f o r  
sediment f r e e  flow, the allowable ve loc i ty  i s  determined by adjust ing the 
basic  ve loc i ty  read from the  curves on Figure 6-2 f o r  the e f f e c t s  of 
alignment, bank slope, and depth. I f  the  s o i l s  behave a s  d i sc re t e  
p a r t i c l e s  and D T 5  i s  smaller than 0.4 mm f o r  sediment laden flow o r  
2.0 mm f o r  sediment f r e e  flow the  allowable ve loc i ty  is 2.0 fps .  For 
channels i n  these s o i l s  no adjustments a r e  t o  be made t o  the  basic  
ve loc i ty  of 2.0 fps.  

I n  cases where the s o i l s  i n  the  channel boundary r e s i s t  erosion a s  a 
coherent mass, the allowable ve loc i ty  i s  determined by adjust ing the  
basic ve loc i ty  from Figure 6-2 f o r  the  e f f e c t s  of depth, alignment, 
bank slope, frequency of occurrence of design flow, and fo r  t he  densi ty  
of the boundary s o i l  mater ials .  

Design Procedure f o r  Allowable Velocity Approach 

The use of t h e  allowable ve loc i ty  approach i n  checking the  s t a b i l i t y  of 
ea r th  channels involves bhe f ollou5ng s teps  : 

1. Determine the  hydraulics of the  system. This includes hydrologic 
determinations a s  well  a s  t he  stage-discharge re la t ionships  f o r  the  
channel considered. The procedures t o  be used i n  t h i s  s tep  a r e  
included i n  Chapter 4 and Chapter 5 of t h i s  Technical Release. 

2. Determine the  proper t ies  of the  e a r t h  mater ia l s  forming the  banks and 
bed of the design reach and of t he  channel upstream. 

3. Determine sediment y ie ld  t o  reach and ca lcu la te  sediment concentration 
f o r  design flow. 

4. Check t o  s ee  i f  the  allowable ve loc i ty  procedure is applicable.  Use 
Figure 6-1. 

5. Compare the  design ve loc i t i e s  with the allowable v e l o c i t i e s  from 
Figure 6-2 f o r  the mater ials  forming the  channel boundary. 

6. I f  the allowable ve loc i t i e s  a r e  l e s s  than design ve loc i t i e s ,  i t  may be 
necessary t o  consider a mobile boundary condition and evaluate the  channel 
using appropriate  sediment t ranspor t  theory, 

Examples of Allowable Velocity Approach 

Example 6-1 

Given: A channel is t o  be constructed t o  convey the  flow from a 2 percent 
chance flood through an in tens ive ly  cu l t iva ted  area.  The hydraulics of the  



system i n d i c a t e  t h a t  a  t r apezo ida l  channel wi th  2 : l  s i d e  s lopes  and a  
40 f o o t  bottom width w i l l  c a r r y  t h e  design flow a t  a depth of 8.7 f e e t  
and a  v e l o c i t y  of 5.45 fps .  S o i l  i n v e s t i g a t i o n s  r e v e a l  t h a t  t h e  channel 
w i l l  be excavated i n  a  moderately rounded c l ean  sandy g rave l  wi th  a D 7 ~  
s i z e  of 2.25 inches.  Sampling of s o i l s  i n  t h e  dra inage  a r e a  and e s t ima te  
of e ros ion  and sediment y i e l d  i n d i c a t e  t h a t  on an average annual b a s i s  
approximately 1000 tons  of sediment f i n e r  than  1 . 0  mm. and 20 tons  of 
m a t e r i a l  coa r se r  than 1 . 0  rnm a r e  a v a i l a b l e  f o r  t r a n s p o r t  i n  channel.  The 
amount of abras ion  r e s u l t i n g  from t h e  t r anspor t ing  of t h i s  small  amount of 
sediment coa r se r  than  1 .0  mm. i s  considered i n s i g n i f i c a n t .  Sediment t r ans -  
p o r t  computations i n d i c a t e  a l l  of t h e  sediment suppl ied  t o  t he  channel w i l l  
be  t ranspor ted  through the  reach.  The sediment t r a n s p o r t  and hydrologic  
eva lua t ions  i n d i c a t e  t h e  design f low w i l l  t r a n s p o r t  t h e  a v a i l a b l e  sediment 
a t  a  concent ra t ion  of about 500 ppm. The channel is  s t r a i g h t  except f o r  
one curve wi th  a  r ad ius  of 600 f e e t .  

Determine : 

1. The a l lowable  v e l o c i t y ,  Va 

2. The s t a b i l i t y  of t h e  reach.  

Solu t ion :  Determine b a s i c  v e l o c i t y  from Figure 6-2, sediment f r e e  curve 
because sediment concent ra t ion  of 500 ppm is l e s s  than 1,000 ppm. 

Vb = 6.7 f p s  

Depth c o r r e c t i o n  f a c t o r ,  D = 1.22 (from Figure  6-2) 

Bank s lope  co r r ec t ion ,  B = 0.72 (from Figure 6-2) 

Alignment co r r ec t ion  A 

curve r ad ius  - .- - 6C)o = 8 - 0 2  
water su r f ace  width 74.8 

A = 0.89 (from Figure  6-2) 

Densi ty  co r r ec t ion ,  Ce ,  does no t  apply 

Frequency c o r r e c t i o n ,  F, does not  apply 

Va = VbDB = (6.7)(1.22)(0.72) s t r a i g h t  reaches 

= 5.88 f p s  

Va = VbDBA = (6.7)(1.22)(0.72) (0.89) curved reach  

= 5.24 f p s  



The proposed design velocity of 5.45 fps is less than Va = 5.88 fps in the 
straight reaches but greater than Va = 5.24 fps in the curved reaches. 
Either the channel alignment or geometry needs to be altered or the curve 
needs structural protection. 

Example 6-2 

Given: A channel is to be constructed to convey the flow from a 2 percent 
chance flood through an intensively cultivated area. The hydraulics of the 
system indicate that a trapezoidal channel with 2:l side slopes and a 40 
foot bottom width will carry the design flow at a depth of 8.7 feet and a 
velocity of 5.45 fps. The channel is to be excavated into a silty clay CL 
soil with a Plasticity Index of 18, a dry density of 92 pcf, and a specific 
gravity of 2.71. Sediment transport evaluations indicate the design flow 
will have a fairly stable sediment concentration of about 500 ppm. with 
essentially no bed material load larger than 1.0 mm. The channel is straight 
except for one curve with a radius of 600 feet. The 10 percent chance flood 
results in a depth of flow of 7.4 feet and a velocity of 4.93 fps. 

Determine : 

1. The allowable velocity, V, 

2. The stability of the reach. 

Solution: Sediment concentration of 500 ppm is less than 1,000 ppm 
therefore it is classed as sediment free flow. 

Vb = 3.7 fps (from Figure 6-2) 

for the 2 percent chance flood 

Depth correction, D = 1.22 (from Figure 6-2) 

Density correction, compute e. 

Ce = 1.0 (from Figure 6-2) 

Frequency correction, F = 1.5 (from Figure 6-2) 

Alignment correction A 

Curve radius - - 
water surface width 6oo = 8.02 

74.8 

A = 0.89 (from Figure 6-2) 



V, = VbDCeF S t r a i g h t  reach 

V, = (3.7)(1.22)(1.0)(1.5) = 6.77 f p s  

Va = VbDCeFA Curved reach 

The design ve loc i ty  is l e s s  than t h e  allowable ve loc i ty  f o r  t he  2 percent 
chance flow. Check the  10  percent chance flow v e l o c i t y  with no frequency 
cor rec t ion  aga ins t  t h e  allowable v e l o c i t y  f o r  t he  10 percent  chance flow. 

Va = VbDCe S t r a igh t  reaches 

Va = (3.7)(1.19)(1.0) = 4.40 f p s  

V = VbDCeA Curved reaches a 
V, = (3.7)(1.19)(1.0):(0.90) = 3.96 f p s  

The allowable ve loc i ty  with no frequency cor rec t ion  is exceeded by the  
10 percent chance flow ve loc i ty .  An evaluat ion should be  made t o  est imate 
t he  magnitude of scour o r  poss ib le  depth of scour before an armor is formed 
(See page 6-30). Using t h i s  procedure i n  conjunction with the  appropriate  
s e d i ~ e n t  t r anspor t  equations, t he  magnitude of i n s t a b i l i t y  can be evaluated. 
Channel alignment, s lope ,  o r  geometry must be a l t e r e d  o r  the  channel must 
be protected.  

Example 6-3 

Given: The same condit ions a s  i n  Example 6-1 except t h a t  the  suspended 
sediment concentrat ion is  30,000 ppm. 

Determine : 

1. The allowable ve loc i ty ,  V, 

2. The s t a b i l i t y  of the  reach. 

Solution: The suspended sediment concentrat ion of 30,000 ppm i s  g rea t e r  
than 20,000 ppm. 

Therefore i t  is  c lassed  as sediment laden flow. 

Vb = 9.0 fps  (from Figure 6-2) 

Depth cor rec t ion  f a c t o r  D = 1.22 (From Figure 6-2) 

Bank Slope cor rec t ion  f a c t o r  B = 0.72 (From Figure 6-2) 

Alignment cor rec t ion  f a c t o r  A = 0.89 (From Figure 6-21 

Density cor rec t ion  f a c t o r ,  Ce does not  apply 

Frequency cor rec t ion  f a c t o r  F, does not  apply 



Va = VbDB = (9.0) (1.22) (0.72) = 7.91 f p s  f o r  s t r a i g h t  reaches 

Va = VbDBA = (9.0) (1.22) (0.72) (0.89) = 7.04 f p s  f o r  t h e  curved reach 

The proposed design v e l o c i t y  of 5.45 f p s  i s  l e s s  than V, = 7 .91  f p s ,  s t r a i g h t  
reaches  and Va = 7.04 f p s  i n  t h e  curved reaches.  This  reach of channel is 
considered t o  be s t a b l e  r e l a t i b e  t o  scour.  Use sediment t r a n s p o r t  equat ions  t o  
determine t h e  p o s s i b i l i t y  of channel aggradation.  

Example 6-4 

Given : 

1. Trapezoidal  channel t o  convey t h e  50 percent  chance f lood a t  bank f u l l  
flow. 

2. The 10-year peak discharge exceeds t h e  2-year peak by 30 percent ;  t h e  
10-year flow f o r  as-build cond i t ions  exceeds. bank f u l l  capaci ty .  

3. From design hydrau l ic  ca lcu la t ions :  

Bottom Width - 30 f t .  
Flow Depth = 9.0 f t .  (bank f u l l )  
Side  Slopes - 2:1 
n (aged condi t ion)  = 0.030 
n (as-bui l t  condi t ion)  = 0.025 
Veloci ty  (aged condi t ion)  = 3.3 f p s  (bank f u l l )  

4. Sharpest  C m e  = 350 f t .  r ad ius .  

5. Estimated sediment concentra t ion a t  design discharge = 2000 ppm. 

6. Two l a y e r s  of s o i l  material a r e  t o  be evaluated f o r  s t a b i l i t y .  The 
upper l a y e r  i s  c l a s s i f i e d  CL; t h e  p l a s t i c i t y  index is  1 5  and t h e  
void  r a t i o  i s  0.9. The lower l a y e r  is  c l a s s i f i e d  a s  a GM with a 
D75 p a r t i c l e  s i z e  of 10 mm. 

Determine : 

1. The a l lowable  v e l o c i t y  f o r  t h e  CL and GM mater ia l s .  

2. The s t a b i l i t y  of t h e  channel. 

So lu t ion  : 

1. CL Layer 

From Figure  6-2 f o r  coherent p a r t i c l e s ,  t h e  a l lowable  v e l o c i t y  = 
(bas ic  v e l o c i t y  )DAFC, 



Basic v e l o c i t y  f o r  sediment laden flow (20,000 ppm) = 4.75 fps .  

Basic v e l o c i t y  f o r  sediment f r e e  flow (1000 ppm) = 3.25 f p s .  

Basic v e l o c i t y  f o r  2000 ppm sediment concent ra t ion  (by l i n e a r  
i n t e r p o l a t i o n )  = 3.33 fps.  

Computations f o r  co r rec t ion  f a c t o r  A f o r  sharpes t  curve: 

Curve r ad ius  - -  - 350 = 5.3 
Water su r face  width 6  6 

Correct ion f a c t o r  F = 1.0 
Correct ion f a c t o r  A = 0.75 
Correct ion f a c t o r  D = 1.23 
Correct ion f a c t o r  Ce  = 0.97 

Allowable ve loc i ty  f o r  s t r a i g h t  channel = Va = VbDAFCe 
Va = ( 3 . 3 3 ) ( 1 . 2 3 ) ( 1 . 0 ) ( 1 . 0 ) ( 0 . 9 7 )  = 3.97 f p s  

This  i s  g r e a t e r  than  t h e  3.3 f p s  design value and t h e  
channel is s t a b l e  f o r  t h i s  condit ion.  

Allowable v e l o c i t y  f o r  sharpes t  curve = Va = VbDAFCe 
Va = (3.33)(1.23)(0.75)(1.0)(0.97) = 2.98 f p s  

This  is  l e s s  than  t h e  3.3 f p s  design va lue  and t h e  
channel i s  not  s t a b l e  f o r  t he  sha rpes t  curve. 

GM Layer 

From Figure 6-2, t h e a l l o w a b l e  v e l o c i t y  i s  Va = (vb) DAB 

Vb f o r  sediment laden flow (20,000 ppm) = 5.3 f t l s e c  

Vb f o r  sediment f r e e  flow (1,000 ppm) = 3.4 f t l s e c  

V f o r  2000 ppm sediment concent ra t ion  (by l i n e a r  i n t e r p o l a t i o n )  = b 
3.5 f t / s e c  

Correct ion f a c t o r  A = 0.75 (R = 350') 
Correct ion f a c t o r  D = 1.23 
Correct ion f a c t o r  B = 0.71 

Allowable v e l o c i t y  f o r  s t r a i g h t  channel 
V, = VbDAB = (3.5)(1.23)(1.0)(0.71) = 3.06 f p s  



Allowable velocity for sharpest curve 
Va = Vb DAB = (3.5)(1.25)(0.75)(0.71) = 2.29 fps 

Summary : 

The upper layer (CL) is stable for the straight sections and unstable 
for curve with a radius of 350 ft. 

The lower layer (GM) is unstable for both the straight and curved 
sect ions. 

This condition may need additional evaluation using the appropriate sediment 
transport equations. 

Tractive Stress Approach 

General 

The tractive force is the tangential pull of flowing water on the wetted 
channel boundary; it is equal to the total friction force that resists 
flow but acts in the opposite direction. Tractive stress is the tractive 
force per unit area of the boundary. The tractive force is expressed in 
units of pounds, while tractive stress is expressed in units of pounds per 
square foot. The tractive force in a prismatic channel reach is equal to 
the weight of the fluid prism multiplied by the energy gradient. 

The tractive stress approach to channel stability analysis provides a 
method to evaluate the stress at the interface between flowing water 
and the materials in the channel boundary. 

The method for obtaining the design or actual tractive stress acting on 
the bed or sides of a channel and the allowable tractive stress depends 
on the DT5 size of the materials inv lved. When coarse grained discrete 

2 57 particle soils are involved Lane1* method is used. When fine grained 
soils are inv lved, a method derived fr rn the work of Keulegan and modified 
by E i n s t e i ~ ~ ,  and Vanoni and is used. The separation size for 
this determination is D75 = 114 inch. 

Coarse-grained Discrete Particle Soils - Dg5 > 1/4 inch - Lane's Method 
A. Determination of Actual Tractive Stress 

1. Actual tractive stress in an infinitely wide channel. 

Generally, Manning's roughness coefficient n reflects the overall 
impedence to flow including grain rou ness, form roughness, vegeta- 

v 2 9  tion, curved alignment, etc. Lane s-- work showed that for soils 
with a D75 size between 0.25" (6.35mm) and 5.0" (127mm) the value 
of Manning's coefficient n resulting from the roughness of the soil 
particles is determined by: 

~ ~ ~ 1 1 6  
n = t with D,5 expressed in inches (Eq. 6-2) 
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The v a l u e  of n t  determined by e q u a t i o n  6-2 r e p r e s e n t s  t h e  
r e t a r d a n c e  t o  f low caused by roughness  of t h e  s o i l  g r a i n s .  

U s e  nt  from e q u a t i o n  6-2 a s  a f i r s t  s t e p  i n  t h e  p rocedure  i n  
NEH, S e c t i o n  5 ,  Supplement B t o  de te rmine  t h e  t o t a l  v a l u e  of 
Manning's c o e f f i c i e n t .  The v a l u e  of n t  from e q u a t i o n  6-2 can 
be  used n e x t  i n  e q u a t i o n  6-3 t o  compute s t ,  t h e  f r i c t i o n  g r a d i e n t  
a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  boundary m a t e r i a l  b e i n g  cons idered .  

The t r a c t i v e  s t r e s s  a c t i n g  on t h e  s o i l  g r a i n s  i n  an  i n f i n i t e l y  
wide channe l  is found by: 

( E q .  6 -4)  

where t h e  terms a r e  a s  d e f i n e d  i n  t h e  g l o s s a r y .  

2. D i s t r i b u t i o n  of t h e  t r a c t i v e  s t r e s s  a long  t h e  channe l  p e r i m e t e r :  

In open c h a n n e l s  t h e  t r a c t i v e  s t r e s s e s  a r e  n o t  d i s t r i b u t e d  
uniformly a l o n g  t h e  p e r i m e t e r .  Labora to ry  exper iments  and 
f i e l d  o b s e r v a t i o n s  have i n d i c a t e d  t h a t  i n  t r a p e z o i d a l  channe l s  
t h e  s t r e s s e s  a r e  v e r y  s m a l l  n e a r  t h e  wa te r  s u r f a c e  and n e a r  
t h e  c o r n e r s  of t h e  channel  and assume t h e i r  maximum v a l u e  n e a r  
t h e  c e n t e r  o f  t h e  bed. The maximum v a l u e  on t h e  banks o c c u r s  
n e a r  t h e  lower  t h i r d  p o i n t .  

F i g u r e  6-3 and 6-4 g i v e  t h e  maximum t r a c t i v e  s t r e s s e s  i n  a 
t r a p e z o i d a l  channel  i n  r e l a t i o n  t o  t h e  t r a c t i v e  s t r e s s  i n  
a n  i n f i n i t e l y  wide channel  having t h e  same d e p t h  of f low and 
v a l u e  of st .  

3.  T r a c t i v e  s t r e s s e s  on curved r e a c h e s :  

Curves i n  channe l s  cause  t h e  maximum t r a c t i v e  s t r e s s e s  t o  i n c r e a s e  
above t h o s e  i n  s t r a i g h t  channe l s .  The maximum t r a c t i v e  s t r e s s e s  
i n  a channe l  w i t h  a s i n g l e  curve  occur  on t h e  i n s i d e  bank i n  t h e  
upst ream p o r t i o n  of t h e  c u r v e  and n e a r  t h e  o u t e r  bank downstream 
from t h e  curve .  Compounding of c u r v e s  i n  a channel  compl ica tes  
t h e  f low p a t t e r n  and c a u s e s  a compounding of t h e  maximum t r a c t i v e  
s t r e s s e s .  

F i g u r e  6-5 g i v e s  v a l u e s  of maximum t r a c t i v e  s t r e s s e s  based on 
judgment coupled w i t h  v e r y  l i m i t e d  exper imenta l  d a t a .  It does  
n o t  show t h e  e f f e c t  of d e p t h  of f l o w  and l e n g t h  of curve  and 
i t s  u s e  is  o n l y  j u s t i f i e d  u n t i l  more a c c u r a t e  i n f o r m a t i o n  is  
o b t a i n e d .  F i g u r e  6-6 w i t h  a similar d e g r e e  o f  accuracy ,  g i v e s  
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t h e  maximum t r a c t i v e  s t r e s s e s  a t  v a r i o u s  d i s t a n c e s  downstream from 
t h e  curve .  

B. Allowable T r a c t i v e  S t r e s s  

The a l l o w a b l e  t r a c t i v e  s t r e s s  f o r  channe l  beds ,  T , composed of s o i l  
p a r t i c l e s  w i t h  d i s c r e t e ,  s i n g l e  g r a i n  behav ior  wikk a g iven  D75 i s :  

-r = 0.4 D75 
Lb 

When 0.25 i n .  < DT5 < 5.0 i n .  (Eq .  6-5) 

The a l l o w a b l e  t r a c t i v e  s t r e s s  f o r  channe l  s i d e s  T i s  l e s s  t h a n  t h a t  of Ls 
t h e  same m a t e r i a l  i n  t h e  bed of t h e  channe l  because  t h e  g r a v i t y  f o r c e  
a i d s  t h e  t r a c t i v e  s t r e s s  i n  moving t h e  m a t e r i a l s .  The a l l o w a b l e  t r a c t i v e  
stress f o r  channe l  s i d e s  composed o f  s o i l  p a r t i c l e s  behaving a s  d i s c r e t e  
s i n g l e  g r a i n  m a t e r i a l s ,  c o n s i d e r i n g  t h e  e f f e c t  of t h e  s i d e  s l o p e  z and 
t h e  a n g l e  of r e p o s e  4 w i t h  t h e  h o r i z o n t a l  i s  

R 

T = 0 .4  K D 7 5 .  . . . 0.25 i n .  < D75 < 5.0 i n .  (Eq.  6 - 6 )  
L s 

F i g u r e  6-7 g i v e s  a n  e v a l u a t i o n  of t h e  a n g l e s  o f  repose  corresponding 
t o  t h e  d e g r e e  of a n g u l a r i t y  of t h e  m a t e r i a l .  F i g u r e  6-8 g i v e s  v a l u e s  
of K from e q u a t i o n  6-7. 

When t h e  u n i t  weight ys of t h e  c o n s t i t u e n t s  of the  m a t e r i a l  having a  
g r a i n  s i z e  l a r g e r  t h a n  t h e  D75 s i z e  i s  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  
160  l b / f t 3 ,  t h e  l i m i t i n g  t r a c t i v e  s t r e s s  T L ~  and TLS a s  g iven  by 
e q u a t i o n s  (6-5) and (6-6) shou ld  be m u l t i p l i e d  by t h e  f a c t o r .  

F i n e  :rained S o i l s  - D,, < 114 i n c h  - 

A. De te rmina t ion  of Actual  Tra .c t ive  S t r e s s  

1. Refe rence  t r a c t i v e  s t r e s s  

The e x p r e s s i o n  f o r  t h e  r e f e r e n c e  t r a c t i v e  s t r e s s  i s :  

r = y R s  
w t e  

(Eq.  6-9) 
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I n  a given s i t u a t i o n  y and se a r e  known s o  t h a t  the only  unknown 
i s  Rt .  The va lue  of Rt can be determined from t h e  logar i thmic  
f r i c t i o n a l  formula developed by Keulegan and modified by   in stein .ul 

v 
= 5.75 l o g  (12.27 Rt > (Eq. 6-10) 

g Rt Se 
k s 

ks is t h e  D65 s i z e  i n  f t .  

The f a c t o r  x i n  equat ion 6-10 desc r ibes  t h e  e f f e c t  on t h e  f r i c t i o n a l  
r e s i s t a n c e  of t h e  r a t i o  of t h e  c h a r a c t e r i s t i c  roughness l eng th  k, 
t o  t he  th i ckness  of t h e  laminar sublayer  6. This  th ickness  i s  
determined from t h e  equat ion 

(Eq. 6-11) 

A r e l a t i o n s h i p  between x and ks/6 has  been developed empi r i ca l ly  
by ~ i n s t e i z !  and represented  by a curve. With the he lp  of t h i s  
curve and equat ions  6-10 and 6-11 t h e  va lue  of Rt can be determined 
provided t h a t  V,  s e ,  ks and t h e  temperature of t h e  water  a r e  known. 
The computational s o l u t i o n  f o r  Rt fol lows an i t e r a t i v e  procedure 
which is  r a t h e r  involved. A s i m  l e r  g raph ica l  s o l u t i o n  has been 
developed by Vanoni and  brook^^ and t h e  b a s i c  family of curves 
t h a t  c o n s t i t u t e  i t ,  is  shown i n  F igure  6-9. Figure 6-10 shows 
t h e  ex tens ion  of che curves o u t s i d e  t h e  reg ion  covered i n  t h e  
o r i g i n a l  p u b l i c a t  ion. 

Figure 6-11 g ives  curves from which va lues  of d e n s i t y  p and kine- 
mat ic  v i s c o s i t y  of t h e  water v can be obta ined .  

The computation of r e f e rence  t r a c t i v e  stress (T) i s  f a c i l i t a t e d  
by fol lowing t h e  procedure on page 6-28. 

2.  D i s t r i b u t i o n  of t h e  t r a c t i v e  s t r e s s  along t h e  channel per imeter :  

I n  open channels  t he  t r a c t i v e  s t r e s s e s  a r e  no t  d i s t r i b u t e d  uniformly 
along t h e  per imeter .  Laboratory experiments and f i e l d  observa t ions  
have ind ica t ed  t h a t  i n  t r a p e z o i d a l  channels t h e  s t r e s s e s  a r e  very  
small  near  t h e  water s u r f a c e  and near  t h e  co rne r s  of t he  channel 
and assume t h e i r  maximum va lue  near  t he  c e n t e r  of t h e  bed. The 
maximum va lue  on t h e  banks occurs  near  t h e  lower t h i r d  poin t .  

The graphs i n  F igures  6-12 and 6-13 may be used t o  eva lua t e  
maximum s t r e s s  va lues  on t h e  banks and t h e  bed r e spec t ive ly .  
These f i g u r e s  a r e  t o  be used along wi th  r ,  t h e  r e f e rence  t r a c t i v e  
s t r e s s ,  t o  ob ta in  va lues  f o r  t h e  maximum t r a c t i v e  s t r e s s  on t h e  
s i d e s  and bed of t r apezo ida l  channels  i n  f i n e  grained s o i l s .  
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FIGURE 6-12 : Applied Maximum Tractive Stresses, T,, 
On Sides Of Straight Trapezoidal Channels. 

FIGURE 6-13 : Applied Maximum Tractive Stresses, T,, , 
On Bed Of Straight Trapezoidal Channels. 

Curves reproduced from I' Tentative Design Procedure for Ripmp -Lined 
Channels National Cooperative Highway Research Program. Report No. 108 
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3. T r a c t i v e  stresses i n  curved r e a c h e s :  

F i g u r e s  6-5 and 6-6 used t o  de te rmine  t h e  maximum t r a c t i v e  s t r e s s e s  
i n  curved r e a c h e s  f o r  c o a r s e  g r a i n e d  s o i l s  may a l s o  be  used t o  
o b t a i n  t h e s e  v a l u e s  f o r  f i n e  g r a i n e d  s o i l s .  The v a l u e s  f o r  t h e  
maximum t r a c t i v e  s t r e s s e s  on  t h e  beds  and s i d e s  as determined above 
a r e  used i n  c o n j u n c t i o n  w i t h  t h e s e  c h a r t s  t o  o b t a i n  v a l u e s  f o r  
curved r e a c h e s .  

B. Allowable T r a c t i v e  S t r e s s e s  - F i n e  g r a i n e d  s o i l s  

The s t a b i l i t y  of channe l s  i n  f i n e  g r a i n e d  s o i l s  ( D 7 5  '0.25'') may b e  
checked u s i n g  t h e  c u r v e s  i n  F i g u r e  6-14. These c u r v e s  were developed 
by ~ane?i?/. The c u r v e s  r e l a t e  t h e  median g r a i n  s i z e  of t h e  s o i l s  t o  
t h e  a l l o w a b l e  t r a c t i v e  stress. Curve l i s  t o  b e  used when t h e  s t ream 
under c o n s i d e r a t i o n  c a r r i e s  a l o a d  of 20,000 ppm by weight o r  more of 
f i n e  suspended sediment .  Curve 2 i s  t o  b e  used f o r  s t reams  c a r r y i n g  
up t o  2,000 ppm by weight  of f i n e  suspended sediment .  Curve 3 is  f o r  
sediment f r e e  f lows  ( l e s s  t h a n  1 ,000  ppm). 

When t h e  v a l u e  of DcjO f o r  f i n e  g r a i n e d  s o i l s  i s  g r e a t e r  t h a n  5 mm u s e  
t h e  a l l o w a b l e  t r a c t i v e  s t r e s s  v a l u e s  shown on t h e  c h a r t  f o r  5 mm. 

For  v a l u e s  of DS0 l e s s  t h a n  t h o s e  shown on t h e  c h a r t  (0.lmm) u s e  
t h e  a l l o w a b l e  t r a c t i v e  stress v a l u e s  f o r  0 . 1  mm. However, i f  t h i s  
i s  done 0 . 1  mm should be  used a s  t h e  s i z e  i n  o b t a i n i n g  t h e  
r e f e r e n c e  t r a c t i v e  stress. 

Procedures  - T r a c t i v e  S t r e s s  Approach 

The u s e  of t r a c t i v e  stress t o  check t h e  a b i l i t y  of e a r t h  channe l s  t o  
resist  e r o s i v e  s t r e s s e s  i n v o l v e s  t h e  fo l lowing  s t e p s :  

1. Determine t h e  h y d r a u l i c s  of t h e  channe l .  T h i s  i n c l u d e s  h y d r o l o g i c  
d e t e r m i n a t i o n s  a s  w e l l  a s  t h e  s t a g e - d i s c h a r g e  r e l a t i o n s h i p s  f o r  
t h e  channe l  being c o n s i d e r e d .  The p rocedures  t o  be used i n  making 
t h e s e  d e t e r m i n a t i o n s  a r e  inc luded  i n  Chapter  4 and Chapter  5 of 
t h i s  T e c h n i c a l  Release .  

2. Determine sediment y i e l d  t o  reach  and c a l c u l a t e  sediment 
c o n c e n t r a t i o n  f o r  d e s i g n  f low.  

3 .  Determine t h e  c h a r a c t e r  of t h e  e a r t h  m a t e r i a l s  i n  t h e  boundary of 
t h e  channe l .  

4 .  Check t o  s e e  i f  t h e  t r a c t i v e  stress approach i s  a p p l i c a b l e .  
U s e  F i g u r e  6-1. 



5. Compute t h e  t r a c t i v e  stresses exer ted  by t h e  flowing water on t h e  
boundary of t h e  channel being s tud ied .  U s e  t h e  proper procedure as 
e s t a b l i s h e d  by t h e  D75 s i z e  of t h e  m a t e r i a l s .  

6. Check t h e  a b i l i t y  of t h e  s o i l  m a t e r i a l s  forming t h e  channel t o  resist 
t h e  computed t r a c t i v e  s t r e s s e s .  

The computation f o r  t h e  re fe rence  t r a c t i v e  stress f o r  f i n e  grained s o i l s  
i s  f a c i l i t a t e d  by using t h e  following procedure: 

1. Determine se and V: Evaluate Manning's n by t h e  method descr ibed 
i n  NEH-5, Supplement B. 

2. Enter t h e  graphs i n  Figure  6-11 wi th  t h e  v a l u e  of temperature i n  
O F  and read t h e  d e n s i t y  p and t h e  kinematic v i s c o s i t y  of t h e  water v .  

v 3. Compute - . 
gvse 

4. Compute V 

k k s s e  

5. Enter  t h e  graph i n  Figure  6-9 (o r  Figure  6-10) wi th  t h e  computed va lues  
i n  s t e p s  2 and 3 above and read t h e  v a l u e  of V 

J *C/P 

6. Compute -r from v , V and p 

m r  

where t h e  terms a r e  def ined i n  t h e  g lossa ry .  

Examples - T r a c t i v e  S t r e s s  Approach 

Example 6-5 

Given: A channel i s  t o  be const ructed through.an a r e a  of i n t e n s e  c u l t i v a t i o n .  
The bottom width of t h e  t r a p e z o i d a l  channel i s  1 8  f e e t  wi th  s i d e  s l o p e s  of 
1 1 2 : l .  The design flow i s  262 c f s  a t  a depth  of 3.5 f e e t  and a v e l o c i t y  
of 3.23 fps .  The s lope  of t h e  energy grade l i n e  i s  0.0026. There is  one 
curve i n  t h e  reach,  wi th  a r a d i u s  of 150 f e e t .  The aged n va lue  is  estimated 
t o  be  0.045. The channel w i l l  be  excavated i n  a GM s o i l  t h a t  is nonplas t i c ,  
wi th  D75 = 0.90 inches (22.9 nun). The g r a v e l  is  very  angular.  



Determine: The a c t u a l  and a l lowable  t r a c t i v e  s t r e s s .  

Solu t ion :  Since D75  114 inch  use  t h e  Lane method. 

nt = ( 0 . 9 0 ) ~ 1 ~ / 3 9  = 0.0252 (from Eq. 6-2) 

From equat ion  6-3: st = (n t /n)*  se = (0 .0252/0 .045)~  0.0026 = 0.00082 

a c t u a l  -rw = yw ds t  = (62.4)(3.5)(0.00082) = 0.179 psf 

b/d ( r a t i o  of bottom width t o  depth)  = 1813.5 = 5.14 

from Figure  6-3 and 6-4 T ~ I T ~  = 0.76; - r b / ~ m  = 0.98 

Rc/b ( r a d i u s  of curve/bottom width) = 150118 = 8.33 

r T = r IT = 1 . 1 7  (F igure  6-5) 
bc b s c  s 

Actual T~ = (0.179)(0.98) = 0.175 p s f ;  

a c t u a l  -rs = (0.179)(0.76) = 0.136 psf 

Actual rbc = (0.175)(1.17) = 0.205 p s f ;  

a c t u a l  r = (0.136) (1.17) = 0.159 psf  
S C  

Solving f o r  a l lowable  t r a c t i v e  stress - 

= 38.4' (From Figure 6-7) K =  0.45 (From Figure 6-8) 
R 

a l lowable:  T~~ = (0.4)(D7,) = (0.4)(0.90) = 0.36 

al lowable:  T = 0.4 KD75 = (0.4)(0.45)(0.90) = 0.162 
Ls 

Comparing a c t u a l  with a l lowable ,  t h e  channel w i l l  be s t a b l e  i n  
s t r a i g h t  and curved s e c t i o n s .  

Example 6-6 

Given: A channel is  t o  be cons t ruc ted  through an a r e a  of i n t ense  
c u l t i v a t i o n .  Bottom width of t h e  t r a p e z o i d a l  s e c t i o n  is  18 f e e t ,  s i d e  
s lopes  a r e  1- l12: l .  Design flow i s  262 c f s ,  w i th  a depth  of 3.5 f e e t  
a t  a  v e l o c i t y  of 3.23 fps .  Slope of t h e  hydraul ic  grade l i n e  is 0.0026. 
The design temperature i s  50° F. The channel w i l l  be  c u t  i n  nonp la s t i c  
SM s o i l ,  wi th  a D75 s i z e  of 0.035 inches ,  a n65 s i z e  of 0.01075 inches 
(0.273 mm) and a DcjO of 0.127 mm. The n  va lue  f o r  t h e  channel is  0.045. 
There a r e  no curves i n  t h e  reach. Sediment load i s  q u i t e  l i g h t  i n  t h i s  
l o c a l i t y ,  i n  t h e  range of c l e a r  water  c r i t e r i a .  

Determine: The a c t u a l  t r a c t i v e  s t r e s s  and t h e  al lowable t r a c t i v e  s t r e s s .  

Solut ion:  Since t h e  D Y 5  s i z e  is l e s s  than 114 inch  use  t h e  r e f e rence  
t r a c t i v e  s t r e s s  method. 



v = 1.42 x f t 2 / s e c . ,  p = 1.940 l b  s e c 2 / f t 4  ( F i g u r e  6-11) 

v/- = 21.6 (Froin F i g u r e  6-9) 

r = v2 p / ( ~ / m ) 2  = (3.232) 1 . 9 4 / ( 2 1 . 6 ) ~  = 0.0434 psf 

b/d ( r a t i o  o f  bottom wid th  t o  d e p t h )  = 1813.5 = 5.14 

r s / T  2 1 . 0 ;  T = 1 .31  (from F i g u r e  6-12 and 6-13) 
b  

Ac tua l  T r a c t i v e  S t r e s s e s :  

T s = (0.0434) (1.0) = 0.0434 p s f ;  T~ = (0.0434) (1.31) = 0.0569 psf  

Allowable T r a c t i v e  S t r e s s e s :  

D5 0 = 0.127 mm; from F i g u r e  6-14 and assuming c l e a r  wa te r  f low 
(curve  No. 3) t h e  a l l o w a b l e  t r a c t i v e  f o r c e  i s  0.025 p s f .  Both 
t h e  bed and t h e  banks of t h e  channe l  a r e  u n s t a b l e .  An e v a l u a t i o n  
shou ld  be  made t o  e s t i m a t e  t h e  magnitude of s c o u r  o r  p o s s i b l e  d e p t h  
of scour  b e f o r e  a n  armor is  formed (Refer  t o  n e x t  s e c t i o n ) .  Using 
t h i s  ~ r o c e d u r e  i n  c o n j u n c t i o n  w i t h  t h e  a p p r o p r i a t e  sediment t r a n s p o r t  . 
e q u a t i o n s ,  t h e  magnitude of i n s t a b i l i t y  can b e  eva lua ted .  

Formation of Bed Armor i n  Coarse M a t e r i a l  

I n  m a t e r i a l  where t h e  c o a r s e s t  f r a c t i o n  c o n s i s t s  of g r a v e l  o r  c o b b l e s  a n  
armoring of t h e  bed commonly d e v e l o p s  i f  t h e  a l l o w a b l e  t r a c t i v e  s t r e s s  is  
exceeded and s c o u r  occurs .  The d e p t h  a t  which t h i s  armor w i l l  form may be 
e v a l u a t e d  i f  i t  i s  determined t h a t  some d e t e r i o r a t i o n  o f  t h e  channe l  can 
b e  p e r m i t t e d  b e f o r e  s t a b i l i t y  i s  reached .  The D g o  - Dg5  s i z e  of a r e p r e -  
s e n t a t i v e  sample of bed m a t e r i a l  i s  f r e q u e n t l y  found t o  be  t h e  s i z e  paving 
channe l s  when s c o u r i n g  s t o p s .  F i n e r  s i z e s ,  such a s  t h e  D 7 5  may form t h e  
armor,  once t h e  f i n e r  material is  eroded.  On t h e  o t h e r  hand, t h e  c o a r s e s t  
p a r t i c l e s  may n o t  be  s u f f i c i e n t l y  l a r g e  t o  p r e v e n t  s c o u r .  The D g 5  s i z e  i s  
cons idered  t o  be abou t  t h e  maximum f o r  pavement fo rmat ion  w i t h i n  p r a c t i c a l  
l i m i t s  of p l a n n i n g  and des ign .  

The fo l lowing  p rocedure  may be  used f o r  de te rmin ing  d e p t h  of s c o u r  ' to 
armor fo rmat ion .  

The a c t u a l  t r a c t i v e  stress under  d e s i g n  h y d r a u l i c  c o n d i t i o n s  is computed 
i n  accord  w i t h  e q u a t i o n  6-5. By r e a r r a n g i n g  t h i s  e q u a t i o n  

D = 
Tb 

0.4 
, where D is  t h e  l i m i t i n g  s i z e  



For example 

T~ = 0.6 psf 

0.6 Then D = ------ = 1.5 inches .  
0.4 

Reading from t h e  s i z e  d i s t r i b u t i o n  curve of a r e p r e s e n t a t i v e  bed sample, 
i t  i s  determined t h a t  1 .5 inches i s  t h e  D g O  s i z e .  With armor customari ly  
forming a s  a s i n g l e  l a y e r ,  t h e  depth  of scour t o  formation of a D 9 0  s i z e  
armor i s  equal  t o  t h e  D g O  s i z e  i n  inches  d iv ided  by t h e  percentage of 
m a t e r i a l  equal  t o  o r  l a r g e r  than  t h e  armor s i z e .  For t h i s  case  
1 . 5  G0.10 a 1 5  inches (1.25 f t . )  depth t o  armor formation. 

Annoring of t h e  bed w i l l  no t  u sua l ly  develop i n i t i a l l y  a s  a f l a t  bed 
a c r o s s  t he  channel .  Af te r  forming an  armor along t h e  thalweg, ba r s  of 
f i n e r  m a t e r i a l  w i l l  next  be removed, followed by an inc reas ing  a t t a c k  
on t h e  banks. 

T rac t ive  Power Approach 

General 

I n  genera l  t h e  observa t ions ,  assumptions, and computational methods used 
i n  t h e  development and use  of t h e  a l lowable  v e l o c i t i e s  and the  t r a c t i v e  
s t r e s s  methods of a n a l y s i s  a r e  based on c o r r e l a t i n g  a s o i l s  e ros ion  
r e s i s t a n c e  wi th  simple index p r o p e r t i e s  determined on d is turbed  samples. 
These methods a t  t h e i r  p resent  s t a t e  of development do no t  a s s e s s  t h e  
e f f e c t s  of cementation, p a r t i a l  l i t h i f i c a t i o n ,  d i spe r s ion ,  and r e l a t e d  
geologic  processes  on t h e  e r o s i o n a l  r e s i s t a n c e  of e a r t h  ma te r i a l s .  

This  l i m i t a t i o n  has been recognized f o r  many years .  In t h e  e a r l y  1960's ,  
e f f o r t s  were made by SCS i n  t h e  Western s t a t e s  t o  eva lua t e  t h e  s t a b i l i t y  
of channels i n  cemented and p a r t i a l l y  l i t h i f i e d  s o i l s .  The procedures 
r e s u l t i n g  from t h i s  e f f o r t  have come t o  be known a s  t h e  Trac t ive  Power 
Approach. 

I n  t h i s  approach t h e  aggregate  s t a b i l i t y  of s a t u r a t e d  s o i l s  is  assessed  
by use  of t h e  unconfined compression t e s t .  F i e l d  observa t ions  of s e v e r a l  
channels were evaluated a g a i n s t  t h e  unconfined compressive s t r e n g t h  of 
s o i l  samples taken from the  same channels.  The r e s u l t s  a r e  shown on 
Figure  6-15. S o i l s  i n  channels wi th  unconfined compressive s t r e n g t h  
ve r sus  t r a c t i v e  power t h a t  p l o t  above and t o  t h e  l e f t  of t h e  S- l ine  on 
Figure  6-15 have ques t ionable  r e s i s t a n c e  t o  e ros ion .  S o i l s  i n  channels 
wi th  unconfined compression s t r e n g t h  versus  t r a c t i v e  power t h a t  p l o t  below 
and t o  t h e  r i g h t  of t h e  S-line can be expected t o  e f f e c t i v e l y  r e s i s t  the  
e r o s i v e  e f f o r t s  of t h e  stream flow. 
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Figure 6 -15 
Unconfined Compressive Strength And Tractive 

Power As Relaled To Channel Stability 



Trac t ive  power i s  def ined  a s  t h e  product of mean v e l o c i t y  and t r a c t i v e  
s t r e s s .  Use t h e  app ropr i a t e  method based on s o i l  c h a r a c t e r i s t i c s  a s  
descr ibed  i n  t h e  t r a c t i v e  f o r c e  procedure t o  c a l c u l a t e  t h e  t r a c t i v e  
s t r e s s .  

Procedure - T r a c t i v e  Power Approach 

The use  of t r a c t i v e  power t o  eva lua t e  e a r t h  channel s t a b i l i t y  involves 
t h e  fol lowing s t e p s :  

Determine t h e  hydraul ics  of t h e  channel.  This  inc ludes  hydrologic  
de te rmina t ions  a s  wel l  a s  t he  s tage-discharge r e l a t i o n s h i p s  f o r  t he  
channel being considered,  The procedures t o  be used i n  making these  
de te rmina t ions  a r e  included i n  chapters  4  and 5 of t h i s  Technical 
Release. 

Evaluate t h e  sediment t r a n s p o r t  ca r ry ing  capac i ty  i n  t he  design reach 
t o  (a)  determine the  sediment concent ra t ion  and (b) t e s t  t he  possi-  
b i l i t y  f o r  aggradat ion.  

Determine t h e  phys ica l  c h a r a c t e r i s t i c s ,  inc luding  t h e  s a t u r a t e d  
unconfined compressive s t r e n g t h  of t h e  e a r t h  m a t e r i a l s  i n  t h e  
boundary of t h e  channel.  The procedures f o r  making t h i s  determina- 
t i o n  a r e  included i n  chapter  3 of t h i s  Technical  Release. 

Check t o  s e e  i f  the  T rac t ive  Power Approach i s  app l i cab le .  Use 
Figure 6-1. 

Compute t h e  t r a c t i v e  power of t h e  flows being evaluated.  Use t h e  
mean v e l o c i t y  determined i n  s t e p  one and t h e  procedures  i n  t h i s  
chapter  t o  determine the  t r a c t i v e  s t r e s s .  Use t h e  method t h a t  i s  
appropr i a t e  f o r  t h e  g r a i n  s i z e  of t h e  channel ma te r i a l s .  

Determine t h e  e ros ion  r e s i s t a n c e  of t h e  m a t e r i a l s  i n  t he  channel 
boundary from Figure 6-15. 

The fol lowing example i l l u s t r a t e s  the  use of t he  Trac t ive  Power Approach 
t o  eva lua t e  channel s t a b i l i t y :  

Example 6-7 - Trac t ive  Power Approach 

Given: A channel is  t o  be cons t ruc ted  f o r  t h e  dra inage  of an a r e a  of 
moderate c u l t i v a t i o n .  Its bottom width is  t o  be  46 f e e t ,  s i d e  s lopes  
2-1/2:1, design flow depth 15.0 f e e t ,  and est imated n  va lue  of 0.03. 
The channel w i l l  be excavated i n  clayey si l t  (ML) having a  P l a s t i c i t y  
Index of 3 and a  D75 s i z e  of 0.15 mm, a D G 5  s i z e  of 0.00256 inches 
(0.065 mm), and an unconfined compressive s t r e n g t h  of 790 p s f .  The 
hydraul ic  g rad ien t  i s  0.00042, a s  determined by water  su r f ace  p r o f i l e  
c a l c u l a t i o n s .  There a r e  no curves i n  t h i s  reach of channel.  The 
water  temperature f o r  t he  period under cons idera t ion  is  taken a s  50°F. 



Design f low i s  4750 c f s  a t  a  dep th  of 13.5  f e e t  and a  v e l o c i t y  of 3.77 f p s .  

Determine: The a c t u a l  t r a c t i v e  power and e v a l u a t e  t h e  s t a b i l i t y  of t h e  
channe l .  

S o l u t i o n :  S i n c e  t h e  D 7 5  < 114 i n c h  use  t h e  r e f e r e n c e  t r a c t i v e  s t r e s s  method. 

v = 1.42 x f t 2 / s e c ;  p = 1.940 l b  s e c 2 / f t 4  ( F i g u r e  6-11) 

= 3 . 7 7 3 / ( ( 3 2 . 2 ) ( 1 . 4 2  x 10-5)(0.00042) = 2.79 x l o 8  

v/J gkSse = 3.7714 (32.~)(0.00256/12)(0.00042) = 2220 

From F i g u r e  6-10 v/- = 27 

T = v2 p / ( ~ / m ) 2  =(3.772)  1 . 9 4 0 / ( 2 7 ) ~  = 0.0378 

b /d  = 46/15 = 3.07; T / T  = 1 . 2 1  ( F i g u r e  6-12) 
s 

T,,/T = 1 . 4 5  F i g u r e  6-13 

T =(0 .0378)(1 .21)  = 0.0458 
S 

T, =(0 .0378)  (1.45 = 0.0548 

Use t h e  l a r g e r  of T o r  T t o  compute t r a c t i v e  power. s b 

T V = (0 .0548)(3 .77)  = 0.207 - Actua l  T r a c t i v e  power 
b 

The t r a c t i v e  power v e r s u s  unconfined compress ive  s t r e n g t h  p l o t s  w e l l  i n t o  
t h e  non-erosive  zone (F igure  6-15). The channe l  should  be s t a b l e  f o r  t h e  
d e s i g n  c o n d i t i o n s .  




