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a 

INTROOUCTION 

The purpose o f  t h i s  t echn ica l  guide i s  t o  present several  methods which can 
be app l ied  i n  computing degradat ion o f  a stream channel occu r r i ng  because o f  
changes i n  f l o w  regimen o r  reduced sediment l oad  below a dam o r  d i ve rs ion  
dam, and t o  p rov ide  procedures t o  use i n  es t imat ing  maximum scour depth o f  
channels f o r  design o f  a s t r u c t u r e  such as a br idge o r  siphon crossing.  

I n  t h i s  guide, t h e  f o l l o w i n g  d e f i n i t i o n s  have been adopted: 

Degradation. - The long-term process by  which streambeds and f l o o d  p l a i n s  
are lowered i n  e leva t i on  due t o  t h e  removal o f  ma te r i a l  from t h e  boundary 
by f l o w i n g  water. 

Aggradation. - The long-term process by  which streambeds and f l o o d  p l a i n s  
are r a i s e d  i n  e l e v a t i o n  due t o  t h e  depos i t i on  o f  ma te r i a l  eroded and 
t ranspor ted  f rom o the r  areas. 

Scour. - The enlargement o f  a f l o w  s e c t i o n  by t h e  removal o f  boundary 
ma te r ia l  through t h e  a c t i o n  o f  f l u i d  mot ion du r ing  a s i n g l e  discharge 
event. The r e s u l t s  o f  t h e  scour ing  a c t i o n  may o r  may n o t  be ev ident  
a f t e r  t h e  passing o f  t h e  f l o o d  event. 

BACKGROUND ON DEGRADATION 

Computations by  computer a p p l i c a t i o n  o f  some o f  t h e  more soph is t i ca ted  
mathematical models app l ied  t o  degradat ion below a dam are no t  described 
i n  these gu ide l ines .  The best known o f  these so lu t i ons  i s  t h e  Corps o f  
Engineers (1977) HEC-6 computer program. A more comprehensive and sophis- 
t i c a t e d  Reclamation (Bureau o f  Reclamation) computer model, which can deal 
w i t h  uneven scour and depos i t ion  across and along a r i v e r  i s  be ing  developed 
and should be a v a i l  ab le  f o r  use i n  1985. The o b j e c t i v e  o f  most models i s  t o  
s imu la te  the  behavior o f  an a l l u v i a l  channel by combining a steady-state 
backwater computation f o r  d e f i n i n g  channel hyd rau l i cs  w i t h  a sediment t rans-  
p o r t  model. I t  i s  o f t e n  d i f f i c u l t  t o  v e r i f y  t h e  sediment t r a n s p o r t a t i o n  
r e s u l t s  from models w i t h  t h e  t o t a l  sediment t ranspor t  o f  t h e  r i v e r  under 
i nves t i ga t i on .  The desk c a l c u l a t o r  approach t o  channel degradat ion below a 
dam, developed f o r  Reclamation and descr ibed by  Lane (1948), was a forerunner 
t o  t h e  more soph is t i ca ted  mathematical models. Although more o f  the  compre- 
hensive mathematical models are becoming a v a i l  able, t hey  are  s t i l l  undergoing 
development and change. An example o f  a s tudy  t o  v e r i f y  one o f  these mathe- 
ma t i ca l  models i s  described by  Mengis (1981). The methods described i n  t h i s  
t echn ica l  guide should be appl ied be fore  any attempt t o  use the  more sophis- 
t i c a t e d  mathematical models. 

Before undertak ing any degradat ion s tudy  below a dam, an eva lua t ion  i s  needed 
of t h e  degree o f  d e t a i l  r equ i red  t o  complete t h e  study, o f  t h e  appropr ia te  
design da ta  f o r  t h e  dam, and o f  t h e  f u t u r e  environmental cond i t i ons  below t h e  
dam. The type o f  s tudy  described i n  t h i s  t echn ica l  guide i s  considered a 
minimum requirement be fore  recommending a more soph is t i ca ted  mathematical 
model. There i s  considerable support f o r  these procedures which were appl ied 
i n  s tud ies  prepared i n  the  1950's t o  channels such as t h e  Colorado R iver  



below Glen Canyon Dam, Middle Loup R ive r  below M i lbu rn  Dam, and Niobrara 
R iver  below Nord'en Dam. Observed degradat ion pa t te rns  s ince  cons t ruc t i on  
below Glen Canyon Dam and Mi lburn Dam have supported t h e  r e s u l t s  o f  t h e  
degradat ion studies.  I n  the  case o f  N iobrara  River below Norden Dam, a 
mathematical model s tudy  made b y  Shen (1981) agreed c l o s e l y  w i t h  r e s u l t s  o f  
t h e  s tud ies  made using t h e  procedure descr ibed i n  t h i s  guide1 ine. 

Most e x i s t i n g  r i v e r s  o r  streams are  i n  a quasi -equi l  i b r i u m  s t a t e  when con- 
s idered on a long-term basis .  While i n  t h i s  s ta te ,  t h e  stream sediment 
processes o f  degradat ion and aggradat ion are r e l a t i v e l y  a t  a s t a n d s t i l l  and, 
i f  occur r ing ,  a r e  o n l y  o f  l o c a l i z e d  nature.  The s t a t e  o f  stream e q u i l i b r i u m  
as descr ibed by Lane (1955) may be expressed q u a l i t a t i v e 1  y b y  t h e  f o l l o w i n g  
equat ion: 

where: 

Qs = Bed ma te r ia l  discharge 
Q,, = E f f e c t i v e  diameter o f  bed m a t e r i a l  m i x t u r e  
Qb = Water d ischarge t o  determine bedload t r a n s p o r t  
% = Slope o f  t h e  streambed 

k = Constant o f  p r o p o r t i o n a l i t y  

It i s  recognized t h a t  i n  some s i t u a t i o n s  o the r  hyd rau l i c  parameters may be 
equal 1 y important  as slope. 

When any one o f  t h e  fou r  va r i ab les  i s  a l t e r e d ,  one o r  more o f  the  o ther  
v a r i a b l e s  must ad jus t  i n  order  t o  r e t u r n  the stream t o  a s t a t e  o f  equi -  
l i b r i u m .  An obvious case i s  when a dam and r e s e r v o i r  a re  constructed on a 
stream, e l i m i n a t i n g  o r  d imin ish ing  the  sediment l oad  downstream from the 
dam. The re1  a t i v e l  y c l e a r  water re1  eased t o  the  stream below t h e  dam i s  
capable o f  eroding both  channel bed and banks when re leased i n  s u f f i c i e n t  
quan t i t y .  If t h e  exposed bed and banks are  composed o f  sediment p a r t i c l e s  
t h a t  can be moved o r  picked up b y  t h e  f l o w i n g  water, degradat ion w i l l  occur. 
The degradat ion process can occur v e r t i c a l l y  (streambed), l a t e r a l l y  (stream- 
banks), o r  bo th  depending upon the stream discharge and t h e  p a r t i c l e  s i ze  and 
cohesive p rope r t i es  o f  t h e  ma te r ia l  forming the  bed and banks. I n  the 
process o f  e s t a b l i s h i n g  a new s t a t e  o f  equ i l i b r i um,  t h e  stream slope w i l l  
decrease and the  sediment p a r t i c l e s  remaining i n  the  streambed a f t e r  some 
t i m e  1 apse w i l l  be the  coarser  f r a c t i o n  o f  t h e  o r i g i n a l  bed ma te r ia l .  
Equat ion 1 prov ides  a comparative eva lua t i on  which mere1 y i n d i c a t e s  an 
imbalance i n  channel e q u i l i b r i u m  t o  be expected and t h a t  a change i n  regimen 
i s  imminent. To q u a n t i f y  t h i s  change r e q u i r e s  a p p l i c a t i o n  o.f sediment t rans-  
p o r t  equat ions e i t h e r  i n  t h e  form o f  a mathematical model o r  i n  1 ess d e t a i l  
b y  t h e  empi r ica l  1 y t es ted  equations and procedures descr ibed i n  t h i s  techn i -  
ca l  gu ide l i ne .  The e f f e c t  o f  t h i s  change i n  regimen below a dam i s  t o  
produce general degradat ion and lower ing o f  t a i l  water e leva t i ons .  

Other examples o f  change i n  s ta te  o f  e q u i l i b r i u m  are  t h e  d is turbance created 
by  t ransbas in  d ivers ions ,  wastewater, o r  r e t u r n  f l ows  from an i r r i g a t i o n  
p r o j e c t  which increase the  water supp ly  o f  a stream system. The r e s u l t i n g  
increase i n  the streamflow component i n  equat ion 1 w i l l  increase the normal 



stream velocity which d i r e c t l y  influences the sediment transport  capacity of 
t he  stream. This in turn leads t o  channel adjustments which i f  uncontrolled 
will in time establ ish a new s t a t e  of equil ibrium. 

t i  
4 1 A c lose ly  related problem tha t  i s  not necessar i ly  associated with the equi- 

librium relationship defined by equation 1 i s  the  natural scour occurring a t  

l I the time of a peak-flood discharge. Suff ic ient  channel scour as described by 
Lane and Borland (1954) may occur during higher floodflows t o  cause severe 
damage o r  threaten the s t a b i l i t y  of any s t ruc tu re  located e i ther  along the 
bank of a r i ve r  or across the channel. In ant ic ipat ion of channel scour, a 
crossing s t ruc ture  such as a siphon or  bridge should be designed t o  withstand 
any scour which might occur in conjunction with the design flood. 

GENERAL DEGRADATION 

Basic Factors Influencing Degradation 

The two basic fac tors  influencing the extent of degradation in a stream 

l i channel are: (1) hydraulic properties including r iver  channel veloci t ies ,  
hydraulic gradient o r  slope, and depths of flow associated w i t h  peak discharges 
and throughout the range in discharges, and ( 2 )  pa r t i c l e  s ize  d i s t r ibu t ion  of 
sediments in the channel bed and banks. A careful evaluation of these 

l i fac tors  i s  essential  to  any degradation analysis. One additional factor i s  
the  combination of streambed and val ley cont ro ls  which may ex i s t  in the 
channel reach subject  t o  degradation. ' The cont ro ls  may be rock outcrops, 

i i cobbles and boulders in the channel, vegetation growing along the banks, o r  
manmade s t ructures  which act  to control water l eve ls  and retard degradation 
processes. A control i n  the channel may in some cases prevent any appreciable 
degradation from occurring above i t .  Conversely, a change o r  rmoval of an 
exist ing control may i n i t i a t e  the degradation process. 

The water discharge f o r  the stream channel i s  essent ia l  to  the analysis. 
This requires information on the volume as well as the flow release pattern 
from an operation study for  a reservoir or from any planned increases t o  the 
water supply t o  a stream system. In many stream systems, both the vol m e  and 
d is t r ibu t ion  of the change in water supply can be i l lus t ra ted  by use of a 
flow-dur ation curve. The flow-duration curve i s  a cumul a t ive  frequency 
rela t ionship,  usually used to  represent long-term conditions, t h a t  shows the 
percent of time tha t  specific discharges were equalled or exceeded in a given 
period. The curves representing a fu ture  water supply can be compared 
d i r e c t l y  with h i s tor ic  flow-duration curves for  evaluating the significance 
of  any changes. Flow-duration curves are  used in computer application of the 
mathematical modeling for  studying r iver  channel degradation. The approach 
described in t h i s  technical guide1 ine for  computing degradation u t i l i z e s  the 
dominant discharge method for  representing water discharge. 

The discharge value used in degradation analysis i s  referred t o  as the 
dominant discharge for  the stream channel. Dominant discharge i s  defined as 
the discharge which, i f  allowed to  flow constantly,  would have the same 
overall channel shaping e f fec t  as the natural f luctuating discharges as 
i l l u s t r a t ed  by the flow-duration curve. The dominant discharge used i n  
channel s t ab i l i za t ion  work usually i s  considered t o  be e i ther  the bank-full 



discharge o r  t h a t  peak d ischarge having a recurrence i n t e r v a l  o f  approxi-  
mate1 y 2 years  on  an uncont ro l led  stream. When streamflow i s  regu la ted  by an 
upstream dam, t h e  problem o f  de termin ing  the  dominant d ischarge becomes more 
d i f f i c u l t  if d e t a i l e d  data on f u t u r e  r e s e r v o i r  re leases a r e  n o t  ava i lab le .  
If re leases from t h e  r e s e r v o i r  f l u c t u a t e  cons iderab ly  due t o  incoming f loods ,  
t h e  mean d a i l y  d ischarge der ived f r a n  an ope ra t i on  study which i s  equal led o r  
exceeded on the average o f  once every 2 years  can be considered as t h e  
dominant d ischarge.  

The type o f  sediments forming t h e  bed and banks o f  t h e  stream channel w i l l  
i n f l uence  the  ex ten t  o f  degradat ion. The type o f  bed m a t e r i a l  a lso d i c t a t e s  
t h e  approach used i n  es t imat ing  t h e  depth  o r  moun t  o f  degradat ion.  I n  
s i t u a t i o n s  where the  streambed i s  composed o f  t ranspor tab le  m a t e r i a l  extending 
t o  a depth  g rea te r  than t h a t  t o  k h i c h - t h e  channel can be expected t o  degrade, 
t h e  approach most usefu l  i s  t h a t  o f  computing a s tab le  channel slope, t h e  
v o l  une o f  expected degradat ion, and then determin ing a three-s lope channel 
p r o f i l e  which f i t s  these values. However, i n  s i t u a t i o n s  where the  bed 
m a t e r i a l  inc ludes  a s u f f i c i e n t  q u a n t i t y  o f  l a r g e  s ize  o r  coarse m a t e r i a l  
which cannot be  t ranspor ted  b y  normal r i v e r  discharges, t h e  bes t  approach i s  
t o  compute the depth o f  degradat ion requ i red  t o  teve lop  an armoring layer .  
The fo rma t ion  o f  t h e  armoring l aye r  u s u a l l y  can be a n t i c i p a t e d  t o  con t ro l  
v e r t i c a l  degradat ion when approximate ly  1 0  percent  o r  more o f  t h e  bed mate- 
r i a l  i s  o f  armoring s i ze  o r  l a r g e r .  Th is  1 ayer develops as t h e  f i n e r  mate- 
r i a l  i s  sor ted out and t ranspor ted  dovmstream. Ve r t i ca l  degradat ion occurs 
a t  a progressive1 y slower r a t e  u n t i l  t h e  armoring layer  i s  o f  s u f f i c i e n t  
depth t o  i n h i b i t  the  process. 

Bed M a t e r i a l  Sampling 

Bed m a t e r i a l  samples o f  t h e  sur face l a y e r  as we1 1 as t h e  under1 y ing  sediment 
should be c o l l e c t e d  f o r  ana lys is  throughout  t h e  reach o f  t h e  r i v e r  under 
i n v e s t i g a t i o n .  It i s  important  t h a t  samples be rep resen ta t i ve  o f  the  mate- 
r i a l  i n  the  zone o f  an t i c i pa ted  scour, t h a t  i s  v e r t i c a l l y ,  l a t e r a l l y ,  and 
l o n g i t u d i n a l l y .  Therefore, t h e  number o f  samples depends on the  homogeneity 
o f  m a t e r i a l  i n  t h e  streambed. If t h e  streambed i s  f a i r 1  y uni form, f i n e -  
gra ined m a t e r i a l  o f  sand s izes  i n  the range from 0.062 t o  2.0 mm, a v o l  u- 
met r i c  o r  b u l k  sampling procedure i s  f o l l owed .  Bulk samples u s u a l l y  a re  dug 
out b y  shovel from exposed sandbars, o r  f o r  underwater c o n d i t i o n s  b y  a bed 
m a t e r i a l  sampler such as t h e  BM-54, BMH-60, o r  BMH-80 (Federal In teragency 
Sedimentat ion P ro jec t ,  1963). Core samples taken i n  the stream channel as a 
p a r t  o f  geologic  s i t e  i n v e s t i g a t i o n  may be  used i f  t h e y  a r e  considered 
rep resen ta t i ve  o f  channel bed m a t e r i a l .  Pn example o f  a sampling program f o r  
b u l k  sampling would be t o  c o l l e c t  about t h r e e  samples i n  each c ross  sec t ion  
which i f  loca ted about 0.5 mi  (0.8 km) apar t  f o r  a 5 m i  (8-km) reach would 
p rov ide  about 33 samples f o r  s ieve  ana lys i s .  Each sample would conta in  b o t h  
sur face and subsurface ma te r ia l  and an a r i t hme t i c  average o f  a l l  33 samples 
would p rov ide  a composite s ieve  ana lys is .  

The sampling o f  r i ve rbeds  composed o f  g rave l  o r  cobble m a t e r i a l  >2.0 mm which 
. may be un i fo rm ly  mixed through the  degradat ion  zone o r  as a pavenent over 

f i n e r  s i z e  sediments i s  more complicated. A good d e s c r i p t i o n  o f  sampling 
procedures under v a r i a b l e  types o f  sediment i s  g i ven  b y  Wolman (1954), 
K e l l e r h a l s  (1967), Leopold (1970), and K e l l e r h a l s  and Bray (1971). 



For a gravel or cobble bed r iver ,  the  sampling procedure i s  dependent on the 
purpose o r  objectives of the study. If the investigator i s  conducting a 
sediment transport  study t o  quantify t he  bedload movement, then surface 
samples of the streambed are needed. A degradation or  scour study requires 
samples of both the surface as we1 1 as the under1 ying sediments. In the 
1 a t t e r  case,  i t  ' i s  necessary f o r  the investigator to determine e i ther  by 
sampling or  judgment the appropriate procedure for  properly weighting the 
proportion of surface and subsurface sediments. 

The procedures for  sampling and analysis of samples for  gravel and cobble 
riverbeds can be quite varied depending on r iver  conditions. For "deep 
water" sampling, a drag bucket technique i s  used. The s ize  of the bucket i s  
dependent on the s ize  of rocks. A bucket-type "jaw" sampler with jagged edge 
on the open end of the  bucket having a diameter of about 1 foot  (0.3 m) has 
been used with some success by Reclamation for  cobble bed material. On many 
r ive r s ,  deep water sampling can be avoided by finding an exposed gravel b a r  
w i t h  material s observed to  be simil ar to  the underwater material and sampl ing 
under d ry  bed conditions. 

The techniques for  sampling of bed material on exposed gravel bars or  under 
shallow water are described by Wolman (1954) or Kellerhals and Bray (1971). 
The most common methods are:  

1. Volune or  bulk sample collected for  s ieve analysis by weight. 

2. Grid sampling h e r e  a l l  material i n  a specified surface area i s  
col lected,  usually a square tha t  can vary from 1.5 to  3 f t  (0.5 to 0.9 m) 
on each side.  

3. Random sampling of rocks a t  predetermined distance along a s t ra igh t  
l i n e  usually by a random step procedure or  col lect ing those a t  grid inter-  
section points over a large areal coverage such as a 50-ft (15-m) square. 

All t h r ee  methods require  an investigator to  make a f i e l d  selection f o r  s i t e  
selection based on representativeness of the bed material . Method 1 usual 1 y 
i s  applicable to small s ize  gravels where the sample can be taken to a 
laboratory f o r  sieve analysis. Methods 2 and 3 a re  applicable t o  larger rock 
h e r e  a surface count and measurement of the la rger  par t ic les  can be made and 
then converted to  an equivalent customary bulk sieve analysis. The conver- 
sion i s  especial ly  important i f  f iner  material i s  encountered during the 
count method h i c h  could be analyzed by s ieve analysis and combined w i t h  the 
count method for  a composite s ize  analysis.  

The count method involves the measurement of the intermediate axis of par- 
t i c l e s  la rger  than about 1 /2  inch (13 mm). Each rock i s  measured and grouped 
into an appropriate s i ze  and class  and then th row away. A minimum-of from 
75 to 100 rocks usually a r e  considered necessary t o  have a representative 
sample. The conversion o r  weighting fac tor  f o r  each s ize  f ract ion i s  direct1 y 
proportional to  ~3 w i t h  D being the geometric mean diameter for  a s ize  
f rac t ion .  An example computat-ion for  conversion of rock count to  sieve 
analysis by weight is shown in table  1 f o r  sample No. 9-2 in the Colorado 
River. I t  i s  advisable to  photograph the bed material a t  a1 1 sampling 



locations.  If the surface material is sampled by the  count method, a photo- 
graph of this material as well as the  underl ying material i s  important. 

I Figures 1 and 2 show the  surface material and under1 ying sediments a t  a 

#l 
sampling location on the  Colorado River (Pemberton, 1976). Figure 3 i l l u -  
s t r a t e s  the  r e s u l t s  of sampling programs conducted in the Colorado River 
below Glen Canyon Dam prior  to construction of the dam i n  1956 and subsequent 
t o  construction in 1966 and 1975. The armor material in 1966 and 1975 was 

I analyzed by the count method while a l l  other samples were averaged from a 
bulk s ieve analyses.. 

Table 1. - Conversion of rock count (grid-by-number) to sieve 
analysis by weight - Sample No. 8-2 Colorado River 

be1 ow Glen Canyon Dam - 1975 

1/ Measurement of intermediate axis .  - 

, Gmml/ / Meighting S ize  D - 
Size range eometric mean f ac to r  

1n 03 (mm3) 
(103) 

Hydraulic Properties 

The hydraulic properties of the stream channel a t  the dominant discharge are 
required i n  the degradation analysis.  These properties include flow area, 
width, depth, and veloci ty  which usually can be obtained from the water 
surface prof i le  computations fo r  the ta i lwater  reach downstream from the dm. 
The accuracy of the f i e l d  data i n  defining channel hydraulics a s  well as 
location of the proper channel sect ions  is comparable to t h a t  given i n  the 
c r i t e r i a  fo r  a water surface p ro f i l e  computation described by Reclamation 
(1957). The hydraulic properties of a l l  the cross sections a re  averaged for 
the dominant discharge to determine representative da ta  i n  the reach where 
degradation i s  expected t o  occur. If a d i s t i n c t  break in slope occurs i n  the 
overall  reach, a subdivision into one o r  more reaches selected on the basis  of 
slope should be made for  averaging the  hydraulic properties.  The water 
surface slope i s  assumed equal t o  the energy gradient fo r  a l l  computations. 

Upon obtaining data on p a r t i c l e  size of bed and bank material and the channel 
hydraulic properties,  a method o f  analysis  i s  chosen t o  apply t o  the  stream 
channel being considered. The two techniques presented in the  following 
discussion, e i t he r  the armoring or  l imit ing slope method, a r e  recommended as 

Count 
in s ize  
range 

Count 
x ~3 
(106) 

Per- 
centage 

Percent 
f iner  



Figure 1. - Gravel-cobble s i z e  armoring in Colorado River below Glen Canyon 
Dam i n  July 1975. 
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Figure 2 .  - Material underlying armor layer i n  Colorado River below GI 
Canyon Dam i n  July 1975. 
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I! a1 te rna t ive  choices. For general degradation, the  armoring method i s  tested 
f i r s t  because a sediment transport  study may not be necessary with a result ing 

l i 
savings in time and cost for  compu'tations. If the  armoring method i s  not 
applicable,  then the s tab le  slope method i s  used. 

I I DEGRADATION LIMITED B Y  ARMCRING 
II 

When the channel bed downstream f r m  a dam contains more than 10 percent 
coarse material which cannot be transported under dominant flow conditions 
armoring will in time develop. The formation of an armoring layer a t  the 
maximum depth of degradation will depend on such factors  as reservoir  opera- 
t ions ,  t he  amount of armoring material available in the scour depth zone 
below streambed, and the dis tance to  which t h i s  material extends dowstream. 

There a r e  several ways t o  compute the s ize  of bed material required for  

l i armoring and each method i s  regarded as a check on the others .  Each method 
computes a d i f fe ren t  armoring s ize  and some judgment may be required in 
select ing the lower s ize  l imita t ion of nontransportable mater ia l .  Reclama- 

l I t ion  recommends the following methods t o  determine armoring s i ze :  

a I 1. Meyer-Peter, Muller (bedload transport  equation) 

l i  2. Competent bottom velocity 

3. Lane's t r a c t i v e  force theory 

4. Shields diagram 

5. Yang incipient motion 'I 
Meyer-Peter, Muller (Bedload Transport Equation) 

I i Bedload t ransport  equations provide a method to  compute a nontransportable - 
p a r t i c l e  size representing coarse bed material capable of forming an armoring 
layer. To describe a nontransportable s ize ,  t he  kye r -Pe te r ,  Muller (1948) 
bedload equation (Sheppard, 1960) for  beginning transport  of individual 
pa r t i c l e  s izes ,  may be applied when rewritten i n  the form: 

I I where: 

D - Individual pa r t i c l e  s ize  i n  millimeters k -0.19 inch-pound units (0.058 metric units)  
d = Mean water depth a t  dominant dischar e , f t  (in) 
S = Slope of energy gradient,  f t j f t  (dm7 

I I ns = Manning's "n" for  bed of stream 
Dg0 = Par t ic le  size i n  millimeter a t  which 90 percent of bed material 

by weight is f ine r  



Bedload equat ions, such as t h e  Schok l i t sch  equat ion (Shu l i t s ,  1935), t h a t  were 
developed on an experimental  bas i s  f o r  m a t e r i a l  o f  a uni form size, may a1 so 
be appl ied us ing t h e  i n d i v i d u a l  p a r t i c l e  s i z e  r a t h e r  than the mean size. 
Other bedload equat ions c o u l d  a1 so b e  used t o  determine the t r a n s p o r t  r a t e  o f  
var ious  p a r t i c l e  s i z e  ranges f o r  the  dominant d ischarge cond i t i on ,  s e l e c t i n g  
t h a t  s ize  range where t h e  t r a n s p o r t  becomes n e g l i g i b l e  as t h e  rep resen ta t i ve  
armoring s ize .  Some judgment i s  requ i red  i n  choosing the  p o i n t  where the 
t r a n s p o r t  i s  adequate1 y d imin ished such as t o  reasonably assume t h a t  the 
p a r t i c u l a r  s i z e  range i s  coarse enough t o  a c t u a l l y  form an armor. 

Competent Bottom V e l o c i t y  - 

I n v e s t i g a t i o n s  show t h a t  the s i z e  o f  a p a r t i c l e  plucked from a streambed i s  
p ropo r t i ona l  t o  t h e  v e l o c i t y  o f  f l o w  near the  bed. The p a r t i c l e  s t a r t s  t o  
move a t  what i s  c a l l e d  t h e  competent bottom v e l o c i t y  (Mavis and Laushey, . 
1948) which i s  approximate ly  0.7 t imes Vm, t h e  mean channel v e l o c i t y .  The 
competent bottom v e l o c i t y  method f o r  determin ing armoring s i z e  i s  computed 
from a r e l a t i o n s h i p  between mean channel v e l o c i t y  w i t h  armoring s i ze  b y  t h e  
equat ion: 

Dc = 1.88 vm2 inch-pound u n i t s  (3 )  

Dc = 20.2 vm2 me t r i c  u n i t s  

where: 

Dc = Armor s ize,  mm 
Vm = Mean channel v e l o c i t y ,  f t / s  (mls) 

Lane's T r a c t i v e  ~ & e  

The t r a c t i v e  f o r c e  method i s  based on the r e s u l t s  o f  a s tudy  b y  Lane (1952). 
He summarized the  r e s u l t s  o f  many s tud ies  i n  a r e l a t i o n s h i p  o f  c r i t i c a l  
t r a c t i v e  f o r c e  versus t h e  mean p a r t i c l e  s i z e  diameter i n  m i l l i m e t e r s ,  which 
i s  reproduced on f i g u r e  4. Th is  method e n t a i l s  computing the  c r i t i c a l  
t r a c t i v e  f o r c e  (equat ion  4 )  us ing t h e  channel hyd rau l i cs  f o r  dominant d i s -  
charge. By s e l e c t i n g  an appropr iate curve on  f igure .4 ,  u s u a l l y  t h e  recom- 
mended set  o f  "curves f o r  cana ls  w i t h  c l e a r  water i n  coarse noncohesive 
m a t e r i a l  ," a c r i t i c a l  t r a c t i v e  f o r c e  g i ves  t h e  lower s i ze  1 i m i t  o f  the  
nontransportable m a t e r i a l ,  Dc. 

Tc = C r i t i c a l  t r a c t i v e  fo rce ,  l b l f t 2  (g/m2) 
Tw = S p e c i f i c  weight)(mass) o f  water, 62.4 l b l f t 3  ( 1  t/m3) 

d = Mean water depth, f t  (m) 
S = Slope, ft lft ( d m )  



Figure 4. - Tractive force versus transportable sediment size (after Lane, 
1952). 



Shields Diagram 

Many investigators use the Shields diagram (Shields,  1936), f i gu re  5, 

!I 
t o  define the i n i t i a t i on  of motion fo r  various pa r t i c l e  s izes .  In the 
process of armoring of a streambed for  predcininately gravel s ize  material 

I 
>l. 0 mm and high Reynold's number R3500, the Shields parameter given below 

I I 
provides a method for  determining an armor s ize .  

I T* = T c  = 0.06 
(Ts - Tw)Dc (5 

1 I 1 where: 

Tx = Dimensionless shear s t r e s s  
Tc = Critical  shear s t r e s s  = T,,,dS, l b / f t 2  (t/m2) 
Ts = Specific weight (mass) of the  pa r t i c l e  
TW = Specific weight (mass) of water 
Dc = Diameter of pa r t i c l e  

Inch-pound units Metric un i t s  

Tw = 62.4 1b l f t3  Tw = 1.0 t/m3 
TS = 165 1b/f t3  TS = 2.65 t/m3 

d = depth, f t  d = depth. m . . . - 
S = slope, f t / f t  S = slope, m / m  

Dc = s i ze ,  f t  Dc = s i z e ,  m 

Yang Incipient Motion 

Yang (1973) developed a re1 ationship between dimensionless c r i t i c a l  velocity,  
V c r / w ,  and shear veloci ty  Reynold's number, R*, a t  incipient  motion. 
Under rough regime conditions where R*>70, the equation for  incipient 
motion b i c h  i s  considered applicable to  bed material s ize  larger than about 
2 mm by Reclanation i s :  

where: 

Vcr  = Cri t ical  average water veloci ty  a t  incipient motion, f t l s  (MIS) 
w = Terminal f a l l  veloci ty ,  f t / s  i d s )  

The se t t l i ng  velocity by Rubey (1933) f o r  material larger than 2 mm in 
diameter will approximate the f a l l  veloci ty  by: 

w = 6.01 ~ ~ 1 1 2  inch-pound units (7 

w = 3.32 ~ ~ ~ / 2  metric units  



Gloss beads   van on^) 
Sand  ( W h i t e )  
Sond i n  air ( W h i t e )  2.10 
S t e e l  shot  ( W h ~ t e )  7.9 

F igure  5. - Shields diagram f o r  i n i t i a t i o n  of bed m a t e r i a l  movement 
8 



Equations 6 and 7 can be combined t o  give: 

! Dc = 0.00659 vcr2 inch-pound uni ts  

D, = 0.0216 vCr2 metric uni ts  

1 Depth t o  Armor and Volume Computations 

1: After determining the  s ize  of the material required to armor the streambedi 
i from e i ther  an average of the  f i v e  methods o r  a judgment decision on the best  

method, an estimate can be made of the  probable ver t ical  degradation before 
s tab i l  ization i s  reached. The armoring computations assume t h a t  an armoring 
layer will form as shown on f igure  6 by t he  equations: 

I where: 

1 1 ya = Thickness of armoring layer 
1 .  y = Depth from original  streambed t o  bottom of the  armoring layer 

I i yd = Depth frcm original  streambed to  top of armoring layer or the 
depth o f  degradation 

I Ap = Decimal percentage of or iginal  bed material larger than the armor 

I! 
si ze, Dc 

[Degraded st reambed 

Y = Depth t o  b o t t o m  o f  t he  ormoring layer 

Yd = Depth o f  deg rodo t~on  

Yo = Armor~ng layer 

Dc = Diameter of armor mater ia l  

dp = Deomal percentage of or~grnol  bed moferrol 
larger than Dc 

Figure 6. - Armoring def ini t ion sketch. 



The percentage of the bed material equal to  or greater than the required 
armoring s ize ,  Dc, can be determined from the bed material s ize  analysis 
curve from samples collected of the streambed material through the reach 
involved and a t  a depth through the anticipated scour zone. This size 
analysis gives t he  value Ap t o  be used in equation 11. The depth, ya, of 
the  required armoring may vary, depending on the l imiting p a r t i c l e  s ize ,  from 
a thickness of one pa r t i c l e  diameter to three pa r t i c l e  diameters or  one and 
three times the armoring s ize ,  respectively.  A rough guide f o r  use in design 
i s  e i the r  th ree  armoring pa r t i c l e  diameters or  0.5 f t  (0.15 m), whichever i s  
smaller. Although armoring has been observed to  occur w i t h  l e s s  than three 
pa r t i c l e  diameters, va r i ab i l i t y  of channel bed material and occurrence of 
peak discharges d i c t a t e  the use of a thicker armor layer.  

The armoring technique is based on two basic assumptions t h a t  may or  may not 
hold f o r  the par t icular  channel studied. The assumptions are:  (a )  that  the 
degraded channel will have the same hydraulic conditions as  the  exist ing 
channel, and (b)  tha t  the ultimate slope o f  the degraded channel would be 
equal t o  the slope of the exist ing channel. Lateral degradation or erosion 
of the  channel banks may occur simultaneously w i t h  armoring of the streambed. 
A description of the  methods for  predicting la teral  degradation i s  given i n  
subsequent section "Degradation Limited by a Stable Slope." 

An example of the streambed degradation computation 1 imited by armoring using 
the f i v e  recommended methods are given below. The following data are known 
for  the example computations for  a channel downstream of a storage dam: 

Q = Dominant discharge = 500 f t 3 / s  (14.2 m3/s) 
B = Channel width = 60 f e e t  (18.3 meters) 
d = Mean channel depth = 4 f e e t  (1.22 meters) 
V, = Mean channel veloci ty  = 3.4 f t / s  (1.04 m/s) 
S = Stream gradient = 0.0021 
Dc = Armoring s ize  = diameter in mil 1 imeters 
n s  = Manning's "n" for  bed of stream = 0.03 

Meyer-Peter, Muller (bedload transport  equation): 

Inch-pound units Metric uni ts  

Dgo assumed = 34 mm Dgg = 34 mm 



I l l '  Competent bottom v e l o c i t y :  

I Inch-pound u n i t s  Me t r i c  u n i t s  

Dc = 1.88 vm2 0, = 20.2 V 2 
Dc = 1.88 (3.4)2 
D, = 22 mm 

Dc = 20.2 (T.04)2 
4 = 22 mm 

Lane's t r a c t i v e  fo rce :  

Inch-pound u n i t s  Me t r i c  u n i t s  
. ... 

1' : ~ ~ . ~ S ( 4 . 0 ) ( 0 . . 0 0 2 1 )  Tc = Tw ds 
T c . =  106 g/m3 (1.22) (0.0021) 

Tc = 0.524 l b / f t 2  Tc = 2560 g/m3 .. . 
Dc from f i g u r e  4 = 3 1  mm Dc f rom f i g u r e  4 = 3 1  mm 

Sh ie lds  diagram: 
! 
i 1 .  . , . I nch -poundun i t s  M e t r i c  u n i t s  

TWdS 0 = a  I c s - Tw) D c -06  ('Ts - T ~ )  
TwdS 

I, - 62.4 (7iO) (0.002;) 
C , 0.06 65 - 62.4 D = 

1.0 (1.22) (0.0021) 
c 0.06 (2.65 - 1 )  

Dc = 0.0851 f t Dc = h 0 2 6  m 4 = 26 mm 
I 

Dc = 26 mm 

Yang i n c i p i e n t  motion: 

Inch-pound u n i t s  Me t r i c  u n i t s  

Dc = 0.00659 vCr2 Dc = 0.0216 V ,2 
Dc = 0.00659 (3.4)2 Dc = 0.0216 (E.04)~  
Dc = 0.00762 f t  Dc = 0.0234 m 
Dc = 23 mm Dc = 23 mm 

I 
Mean o f  the  above f i v e  methods f o r  computing armoring s i z e  i s  24 mm, which 

I i was adopted as a rep resen ta t i ve  armoring size. By use o f  equat ions 10 and 
11, a three- layer  th ickness  o f  n o n t r a n s p r t a b l e  m a t e r i a l  t o  form an armor, 
and an assumed 17 percent  of  bed m a t e r i a l  >24 mm ( f rom s i z e  ana lys is  o f  

i i streambed m a t e r i a l ) ,  t h e  depth o f  degradat ion i s :  

Ya = 3Dc = 3 (24) = 72 mm = 0.236 f t  (0.072 m) 
i 
I i Inch-pound u n i t s  M e t r i c  u n i t s  



3rd = 1.15 f t  yd = 0.351 m 

I t  i s  d i f f i cu l t  to determine the distance that degradation will extend 
downstream when an armoring condition i s  the limiting factor. With the 
assumption that  the degraded and existing slopes are the same, degradation 
can be predicted to extend downstream until the voltnne of material degraded 
from the channel plus tributary contributions equals the estimated annual  
vol une of eroded material mu1 t ipl ied by some time period usual1 y equal to the 
economic l i f e  of the structure in the following equation form: 

Vg = VA T ( 1 2 )  

where: 

Vg = Total volune of degradation, f t 3  ( d )  
VA = Estimated annual volwne of eroded material, f t 3 / p  ( d / a )  

T = Time in years (equals 100 years for most USBR studies) 

The actual physical process of degradation begins a t  the dam and continues 
downstream with the depth of degradation diminishing in proportion t o  the 
sediment load picked up below the dam. Ps the upstream reach becomes armored, 
degradation, and, consequently, channel pickup i s  reduced and the next reach 
downstream i s  subjected to a similar degradation process until i t  armors, 
af ter  which the process moves o n  down river. 

In the more sophi sticated mathematical model s degradation computations are 
made by dividing the stream into reaches. PJI ini t ial  step i s  t o  compute the 
vol une of sediment carried out of each reach by the riverflows over a speci- 
fied time frane. The difference between the volune of material transported 
out of the reach and that brought into the reach from the immediate upstream 
reach would determine the degradation in the reach. 

DEGRADATION LIMITED B Y  A STABLE SLOPE 

The limiting or stable slope method for computing degradation i s  based on the 
degrading process controlled by zero or negligible transport of the material 
forming the bed of the stream channel. I t  can be applied to  cases where the 
amount of coarse material i s  insufficient to form an armoring layer on the 
channel bed. 

The stable slope i s  determined by application of several methods such as 
(1) Schokl itsch bedload equation (Shul i t s ,  1935) for conditions of zero 
bedload transport, ( 2 )  Meyer-Peter, Muller (1948) bedload equation for 
beginning transport, ( 3 )  Shields (1936) diagram for no motion, and ( 4 )  
Lane's (1952) relationship for cri t ical  t ract ive force assuming clear water- 
flow in canal s. Other bedload equations are equally as applicable as the 
Schokl itsch or Meyer-Peter , Mu1 ler equations for zero bedload transport. 
However, many of these involve t r ia l  and error computations until a slope i s  
found t o  produce negligible bedload transport. 

Stable slope computations are made for the dominant discharge which i s  
defined as the flow effecting the ultimate shape and hydraulics of the 
channel . 
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Schoklitsch Method 

I - The Schoklitsch equation for zero bedload transport i s  expressed as follows: 

where: 

SL = Stable slope, f t / f t  (dm) 
K = 0.00174 inch-pound units (0.000293 metric units) 
D = Mean particle '  size, mm 
B = Channel width, f t  ( m )  
Q = Dominant discharge, f t3 / s  (m3^/s) 

Meyer-Peter, Mu1 ler Method 

Limiting slope computations by the Meyer-Peter, Mu1 ler  beginning transport 
1 i equation are: 1 

l i  
where: 

I SL = Stable slope, f t . / f t  ( d m )  

3 K = 0.19 inch-pound units (0.058 metric units) 

= Ratio of total flow in f t3 /s  (m3/s) to flow over bed of stream 
i j QB 
I A, in f t3/s  (m3/s). Usually defined at  dominant discharge vhere 2 = 1 

L(B 
for wide channels 

Dm = Particle size a t  which 90 percent of bed material b v  weiaht i s  
a- - < 

- finer 
n, = Manning's "n" for bed of stream 1 - 

D = Mean particle size, mm 
d Mean depth, f t  ( m )  

Shields Diagram Method 

The use of Shields diagrm for computing a stable slope involves the re1 a- 
tionship of the boundary Reynold's number R* varying with the dimensionless 
shear stressT* shown on figure 5 as follows: 



where: 

Rx = boundary Reynold's number 
Ux = Shear v e l o c i t y  a, f t / s  ( d s )  
SL = Slope, ft/ft ( d m )  

R = Hydrau l ic  rad ius  o r  mean depth f o r  wide channels, f t  (m) 
g = Acce le ra t i on  due t o  g r a v i t y ,  32.2 f t ls .2 (9.81 d s 2 )  
D = P a r t i c l e  diameter, ft (m) 
v = Kinematic v i s c o s i t y  o f  water v a r y i n g  w i t h  temperature, f t 2 / s  

(m21s) 

and 

T, = T c  
( r s  - r w )  D (16) 

where: 
T x  = Dimensionless shear s t r e s s  
Tc = C r i t i c a l  shear s t ress  l b / f t 2  (t/m2) equal t o  T d S L  
Ts  = S p e c i f i c  weight (mass) o f  p a r t i c l e s ,  165.4 l b / f t 3  (2.65 t/m3) 
Tw = S p e c i f i c  weight (mass), 62.4 l b / f t 3  (1 t/m3) 

d = Mean depth, ft (m) 
SL = Slope, ft/ft ( d m )  

D = P a r t i c l e  diameter, ft (m) 

Lane's T r a c t i v e  Force Method 

The f o u r t h  method suggested for  computing t h e  s t a b l e  slope i s  t o  use the 
c r i t i c a l  t r a c t i v e  f o r c e  re1  a t ionsh ips  shown b y  Lane (1952). C r i t i c a l  t r a c -  
t i v e  f o r c e  i s  de f i ned  as t h e  drag o r  shear ac t ing  on the  wetted area o f  t h e  
channel bed and i s  expressed as: 

T~ = rwdSL 
r e w r i t i n g  i n  terms o f  SL 

(17) 

SL = Tc/Tw d . . (18) 

where : 

Tc = C r i t i c a l  t r a c t i v e  force, l b / f t 2  (t/m2) (may be  read from t h e  
curve on f i g u r e  4. Enter t h e  abscissa sca le  w i t h  the D50 o r  4, 
i n  m i l l i m e t e r s  and read t h e  c r i t i c a l  t r a c t i v e  force value from 
the cu rves . fo r  cana ls  w i t h  c l e a r  water & Tw = S p e c i f i c  weight (mass) of water, l b / f t  (t/m3) 

d = Mean water depth f o r  dominant d ischarge,  ft (m) 

Example o f  t h e  S tab le  Slope Computations 

An example problem f o r  a s tab le  o r  1 i m i t i n g  slope, SL, computat ion i s  g i v e n  
below showing t h e  fou r  methods: 

Q = Dominant d ischarge = 780 f t 3 / s  (22.1 11131s) 
B = Channel w id th  = 350 ft (107 w) 
d = Mean water depth = 1.05 ft (0.32 m) 
S = Slope o f  energy g rad ien t  = 0.0014 
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D = Bed mater ia l  s ize  050 = 0.000984 ft (0.3 mm) 
Dgg  = 0.00315 f t  (0.96 mm) 

= Manning's l'nll f o r  bed o f  stream = 0.027 
V = Mean v e l o c i t y  from Manning's equation = 2.13 f t / s  (0.649 

s) % u = Kinematic v i s c o s i t y  o f  water = 1 x l o 5  f t 2 / s  (0.929 x 10 ) m2/s 

SCHOKL ITSCH METHOD: 

Inch-pound u n i t s  Met r ic  u n i t s  

SL = 0.00174 (0.222) 

SL = 0.000386 ft/ft 

MEYER-PETER, MULLER METHOO: 

Inch-pound u n i t s  Met r ic  u n i t s  

SL = 0.000243 ft/ft 

SHIELDS DIAGRAM METHOO: 

Inch-pound u n i t s  Met r ic  u n i t s  

"* D 
R* = - 

V 
VS, T* = 14 Tc on f i g u r e  5 



Inch-pound units Metric un i t s  

from f igure  5, T, = 0.035 = 
Tc from diagram, T, = 0.035 / 

( r s  - Tw)D 

recompute R, = 21.5 ( O 0.0014 .0000541) recompute R, = 21.4 ( 0.0014 
O .0000541)1'2 

from f igure  5, T, = 0.039 = 
(Ts 'T,.,) 

from diagram, T, = 0.039 

SL = 0.0000603 f t / f t  SL = 0.0000603 dm 

LANE'S TIACTIVE FORCE METHOD: 

TC = Tw ~ S L  o r  SL = Tc/Twd 

Read f igure  4 with D = 0.3 mm 

Inch-pound units Metric un i t s  

Tc = 0.028 l b / f t 2  Tc  = 137 g/m2 

The select ion of the  most appropriate s tab le  or  limiting slope can be based 
on an average of a l l  four methods as shown below in t ab l e  2 or can be selected 
from the technique considered most appl icable. In applying any of the  
methods,some judgmental changes could be made i n  assumptions o f  no change i n  
channel hydraulics o r  bed material p a r t i c l e  s i ze  analysis. In the example 
problem,a possible change would be t o  assume t h a t  with degradation the D50 
could increase t o  g rea te r  than the 0.3 mm. However, this  change would be 
dependent on the cha rac t e r i s t i c s  o f  the p a r t i c l e  s ize  d i s t r i bu t ion  curve. In 
some s i tuat ions , the  s t ab l e  slope computed by any of the four methods could be 
equal t o  o r  greater  than the streambed slope. This would indicate  a negl igible  
amount of degradation usual ly  applicable to a streambed t h a t  is already 
armored or  the equation i s  not applicable t o  t h i s  case. Depending on f i e l d  
condit ions fo r  an appraisal level invest igat ion, the  s t a b l e  slope could be 
taken as equal to one-half the  streambed slope and used in the computations. 



Table 2. - Stable  slope 

Method Stable slope 
f t / f t  (m/m) 

1. Schoklitsch 0.000386 
2. Meyer-Peter, Mu1 l e r  0.0002 43 
3. Shields diagram 0.0000603 
4. Lane's t r a c t i v e  force 0.000427 

Average 0.000279 

Volume computations 

The next step in the degradation computations i s  to estimate the volume of 
material expected to be removed from the channel. If there  are no downstream 
controls  or  bedrock outcrops tha t  would l imi t  the degradation process and 
l i t t l e  depletion i n  the steamflow w i t h  minor regulation by the  reservoir  
upstream, i t  can be assumed the stream i s  capable of picking u p  a load of 
coarse sediments ( p a r t i c l e  s izes  greater  than 0.0625 mm) equal t o  tha t  
portion of the his tor ic  load greater than 0.0625 mm. I f ,  however, the 
streamflow i s  depleted or s ign i f ican t ly  regulated,  the  sediment load picked 
up from the channel will be l e s s  than the h i s tor ic  load, which is greater 
than 0.0625 mm. This new sediment load can be determined from a sediment 
ra t ing  curve o r  p lo t  of stream discharge versus sediment t ransport  specifi-  
ca l ly  for  s izes  equal t o  or  greater than 0.0625 mm. The rating curve i s  
developed from Modified Einstein computuations described by Colby and Hembree 
(1955), Bureau of Recl anation (1955), and Bureau of Recl mat ion (1966) from 
measured data taken a t  a section considered representative of the downstream 
channel degradation reach. If suf f ic ien t  observed data are  not available,  a 
curve can be developed from computed transport  values determined by appl ica- 
t ion of appropriate bed material load equations (ASCE, 1975; Simons and 
Senturk, 1977; and Strand and Pemberton, 1982) t ha t  u t i l i z e  the channel 
geometry defined by the channel cross sections of the reach being investi-  
gated. The annual load determined from t h i s  curve by weight (mass) can be 
converted, through the r iver  densi ty  analysis described by Lara and Pemberton 
(1965), t o  an annual volume of degradation, VA. 

The annual volume multiplied by a time period T (usual1 y equal t o  100 years 
o r  the economic l i f e  of the s t ructure)  gives the to ta l  volume of degrada- 
t ion ,  Vg, in f t 3  (m3) usually expressed by equation 12. 

After determining the s tab le  slope and vol m e  of material removed, the  mean 
depth of  degradation applicable to  the e n t i r e  w i d t h  of the channel a t  the dam 
can be computed and the degraded channel p rof i le  defined as shown on 
f igure  7. The practical  accuracy of  t he  r e s u l t s  of t h i s  technique improves 
when the following conditions prevail : 

1. The future  degraded channel will not d i f f e r  g rea t ly  from the existing 
channel; thus ,  t he  stream channel geometry defined by average cross sections 
i s  common t o  both exis t ing and degraded conditions. 



2. The slope of t h e  e x i s t i n g  streambed w i t h i n  the  expected degraded channe 
reach i s  f a i r l y  uniform; the re fo re ,  an average g r a d i e n t  can be used f o r  the 
computations. 

3. The bed m a t e r i a l  i s  considered homogeneous throughout t h e  reach and can 
be  represented by  a s i n g l e  p a r t i c l e  s i z e  g rada t i on  curve.  

4. The bed i s  f r e e  o f  any nonerod ib le  b a r r i e r s  t h a t  would prevent the 
stream from degrading t o  form t h e  average s t a b l e  s e c t i o n  a t  the s tab le  
slope. 

The depth o f  degradat ion and degraded p r o f i l e s  are  determined b y  the  f o l l o w -  
ing  procedure us ing t h e  s t a b l e  slope technique: 

F i r s t  t h e  l o n g i t u d i n a l  area de f i ned  as t h a t  area between the  e x i s t i n g  stream- 
Bed and degraded streambed (see f i g .  7) i s  computed by  t h e  equat ion: 

ag = Vg/Bd (19) 

.- 

Notes 

dp ; D e p t h  of degradation a t  the dom 

AS S - S ~n f t  / f  t ( r n / r n )  
q b L  

F i g u r e  7.  - Degraded channel p r o f i l e  - three-slope method general 
c h a r a c t e r i s t i c s .  



where: 

ag = Longitudinal area, f t 2  (m2) 
V g  = Volume of degradation, f t 3  (1x3) 
Bd = Water surface w i d t h  fo r  the dominant discharge, f t  (m) 

The depth of degradation i s  computed by the equation: 

dg = 1.28 (asgag)0.5 (20) 

where: 

dg = Depth of degradation, f t  (m) 
ASg = Difference between the exist ing streambed slope, Sb, and the 

s table  slope, SL, f t / f t  ( d m )  - 
The length of the degraded channel reach is computed by: 

Lg = 1.625 dg/ASg (21) 

where: 

Lg = length of t he  degraded channel reach;ft  (m) 

Referring t o  f igure  7 ,  the  degraded prof i le  can be determined using the 
diagram and the equations shown to  determine the length and slope for  each 
segment of the prof i le .  

If l a t e r a l  degradation i s  a s ignif icant  factor ,  a special analysis i s  neces- 
sary t o  determine the degraded channel width. Some l a t e r a l  movement should 
be suspected &ere the banks a r e  composed of similar material as the bed 
and do not have the necessary vegetation to r e s i s t  erosion. Where l a t e r a l  
movement i s  indicated, the extent of ver t ical  degradation general 1 y i s  not 
a s  g rea t  because some of the transported material i s  supplied from the 
streambanks . 
The prediction of bank erosion in a degrading reach of r i ve r  usually i s  made 
by e i the r  a permissable ve loc i ty  and/or t r ac t ive  force methods. Cr i te r ia  for  
determining a degraded width of channel assumes a homogeneous streambank 
material and t h a t  the degradation process eventually will reach a s t a t e  of 
equil ibrium. The background material fo r  c r i t e r i a  used in application of 
e i t he r  method i s  described by Lane (1952), Lane (1955), and Glover et a l .  
(1951). The procedure outlined by Glover, e t  a l .  (1951) requires four basic 
factors:  (a )  the tangent of the  angle of repose of the bank material ,  ( b )  
c r i t i c a l  t r ac t ive  force,  (c )  longitudinal slope of the channel, and (d)  a 
roughness coeff ic ient  for  use i n  the Chezy equation. The procedure usually 
i s  more appl icable to  a narrow confined a1 1 uvial channel typical  of a canal- 
type section. 

The method used for  most wider type r iver  channels i s  t o  combine the c r i t e r i a  
given by Lane (1952) for  ve loc i ty  and c r i t i c a l  t r ac t ive  force with actual 
f i e l d  data and Manning's equation in the form: 
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'1 1 Inch-pound uni t s  Metric uni ts  

1 1 . 4 8 6 ~ ~ 5 1 3  112 g = _ F ; B d  

I I 
Q =- 

n s~ 
'I3 metric (22) S~ 

The Lane (1952) reference summarizes e a r l i e r  work by other investigators !I which included the tabulation by Fortier  and Scobey (1926) of l imiting 
ve loc i t ies  compared w i t h  values of t r a c t i v e  force f o r  s t r a igh t  channels a f te r  
aging and i s .  shown in tab le  3. Table 3 i s  used primarily in a qua1 i t a t i v e  

11 
manner f o r  comparing t r a c t i v e  forces and ve loc i t ies  f o r  sediment laden 
channel s versus c l ea r  water channel s. .. . .  

The f i r s t  step in the computations for  chan'nel widening in a degrading reach 

l I >.of r i ve r  below an u p s t r e v  dam i s  t o  compute the t r ac t ive  force and velocity 
under exist ing r e l a t i v e l y  s t a b l e  channel conditions (with sediment) a t  a 
dominant'or channel forming discharge. The reduced t r a c t i v e  force or vel oc- 

l i  i t y  f o r  c lear  water re leases  from an upstream dam can then be computed by 
applying an appropriate adjustment r a t i o  f r m  values given i n  t ab le  3 or f r m  
other c r i t e r i a  such a s  given in references by Lane (1952) or ASCE (1975). 

I!  ' 
The use of a t r ac t ive  force adjustment i s  described in de ta i l  in these 
guidel 'ines, a1 though other techniques involving velocity c r i t e r i a  or  regime 
rela t ionships  are considered by many invest igators  as  equally re l iab le .  

8 I In the appl ication of the t r ac t ive  force method, the reduced t r ac t ive  force,  
calculated in accor.dance with the changes t o  clear water, i s  used to  predict 
a new channel cross section by combining equations 4 and 22. 

I I  
. .. . 

In the previously c i ted  example problem the exist ing t r a c t i v e  force from 
equation 4 . gives: . 

lpi Inch-pound units Metric uni ts  

I I 
Tc = 62.4 (1.05) (0.0014) Tc = 1 .0  (0.32 (0.0014) 

Tc = 0.092 l b l f t z  Tc = 0.000448 t / m 2  = 448 g/m2) 

I' I, I f  the material i n t h e  banks was " f ine  sand col loidal" ,  the  above t rac t ive  
forces would, from t ab l e  3, be reduced by the  r a t i o  of 0.027 + 0.075 
(132 t 366 metric) = 0.36. Applying t h i s  correction to the exist ing t r ac t ive  

@ ! 
force gives  a c lear  water t r ac t ive  force of 0.033 l b l f t z  (161 g/m2). This 
i s  s l i gh t ly  greater than the t rac t ive  force of 0.028 l b I f t 2  (137 g/m2) read 
d i r e c t l y  from f igure  4 f o r  a D = 0 . 3  mm shown' under Lane's t r a c t i v e  force 

I!, 
method f o r  computing a s t a b l e  slope. Pn average adjustment r a t i o  of 0.5 
would apply t o  most a 1  1 uvial banks of s i l t -  and sand-si ze sediments. 

In addition t o  'the adjustment for  c lear  water, a correction f o r  sinuosity 

1 I' s imilar  t o  t ha t  described by Lane (1952) for  canals i s  app l i cab le to  some 
r i v e r s  a s  shown i n  t ab le  4: 

. . 

I !  
I I. . '. 
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Table 4. - Sinuosity correction fo r  canals I 
Tract ive  

Degree of s inuos i ty  force  Velocity 
( % I  ( % I  

S t ra igh t  canals  100 100 
S l igh t ly  sinuous canal s 90 95 
Moderate1 y sinuous cana ls  75 87 
Very sinuous canals  60 78 

The next s tep in the width computations by reduced t r ac t i ve  force i s  t o  
compute the  new width, B i ,  bv combininq eauation 4 and eauation 22 which . &. - " .  -- 
gives:  

Inch-pound un i t s  Metric units  

In the example problem for  c lear  water re leases  using the t rac t ive  force  
method and w i t h  no correction fo r  sinuosity,  

Inch-pound un i t s  Metric uni ts  

The example shows t h a t  t he re  would be a reduction in exist ing width of 
350 f t  (107 m )  to 291 f t  (89 m) i n  the upper reach where the-stable slope i s  
0.000279. However, using f igure  7 as an example of the  degradation p ro f i l e  
and breakdown i n t o  subreaches,the degraded width computations from equation 
23 a r e  shown i n  t ab l e  5 f o r  the example problem. In tab le  5,  the  adjustment 
i n  t r a c t i v e  force  from c lear  water to sediment Laden water conditions assumes 

AIc an equal change between reaches as defined by - 
3 '  



Table 5. - Degraded width computations by t r a c t i v e  f o r ce  

.. . 

I/ Div i s i on  o f  reach i n t o  th ree  subreaches w i th  equal change i n  - 
AS9. slope as defined by --3 

The f i n a l  step f o r  the example problem i s  the  volune computations o r  the . - 
app l i ca t ion  o f  equations 12 and 19  through 23 as wel l  as the equations shown 
on f i gu re  7 f o r  reach lengths.  The annual sand ,(material  >0.062 mm) removal 
i s  assmed t o  be equal t o  the h i s t o r i c  sand load o f  1 x 106 ft31yr 
(28.3 x 103 m3/a) and the average wid th  f ran t ab l e  5 equal t o  354 f t  
(108 m) .  The width i n  reach 1 was assumed t o  remain a t  350 f t  (107 m) rather 
than reduced t o  291 ft (89 m) as shown i n  t a b l e  5. 

The long i tud ina l  area in the degraded reach (see f i g .  7 )  i s  computed f o r  T = 
100 years (eq. 12), h e r e  V g ( l ~ o )  = 1 x l o 8  ft3 (2.83 x l o 6  3 )  by  equation 19 
as fo l lows:  

Inch-pound u n i t s  Met r ic  u n i t s  

8 
I 

6 2 - 0.282 x 10 ft a = 2-8: lo6 = 26.2 x 10 3 1 2 " =  354- 9 08 

The depth o f  degradation i s  computed by  equation 20 as fo l lows:  
I 

Inch-pound u n i t s  ; . .  . Met r ic  u n i t s  

dg = 1.28 [(0.0014 - 0.000279) dg = 1.28 [(0.0014 - 0.000279) 
0.282 x 1 0 6 1 ~ -  26.2 x 10310.5 

dg = 1.28 (17.8) dg = 1.28 (5.42) 
dg = 22.8 ft dg = 6.94 m 

I 
The l eng th  o f  the  degraded channel reach from equation 21 fo l lows:  

- 1.625 (22.8) 
g 0.0014-0.000279 ' .  

28 

i 

Reach 

1 
2 
3 

Natural 
channel 

Slope - I/ 

0.000279 
0.000653 
0.00103 
0.0014 

T rac t i ve  f o r ce  
Adjustment 

r a t i o  

0.36 
0.57 
0.78 
1.00 

B1 = Degraded 
width from 

equation 23 c 
l b / f t 2  (g/m2) 

0.033 (151) 
0.053 (259) 
@.073 (356) 
0.092 (448) 

ft 

291 
357 
355 
350 

(m) 

(89) 
(109) 
(108) 
(107) 



Inch-pound units Metric units 

37.05 n L = 1.625 (6.94) 
Lg  =m 9 0.001 12 

Lg = 33 100 f t  . . . L g  = 10100 m 

and for  the subreaches: 

Inch-pound units Metric units . 

L = 22.8 = 10 200 f t  - 1 2 (0.00112) 
- 6.94 = 3 100 m 

1 
L1 2 (0.00112 

L = (6'94) = 2 300 m 2 7TgxmTq.j 

- 3 (22.8) - 1 5  3 0 0 f t  
L3 - 4 (0.00112) - L = 

3(6.94) = 4  700m 
3 4 (0.00112) 

CHANNEL SCOUR DURING PEAK FLOODFLOWS -.  , The design of any structure located either along the riverbank and flood 
plain or across a channel requires a river study t o  determine the response of 
the riverbed and banks to large floods. A knowledge of fluvial morphology 
combined with f ield experience i s  important in both the collection of ade- 
quate f ie ld  d a t a  and selection of appropriate studies for predicting the 
erosion potential. . I n  most studies, two. processes must be considered, 
(1)  natural channel scour, and (2 )  scour induced by structures placed by man 
either in or adjacent to the main river channel. 

! 
Natural scour occurs in any moveable bed river but i s  more severe when 
associated with restr ict ions in river widths, caused by morphological 
channel changes, and influenced by'erosive flow patterns resulting from 
channel a1 inement such as a bend in a meandering river.  Rock outcrops a1 ong 
the bed or banks of a stream can r e s t r i c t  the normal river movement and t h u s  
effect  any of the above influencing factors.  Manmade structures can have 
varying degrees of influence, usually dependent upon either the restriction 
placed upon the normal river movement or by turbulence in flow pattern 
d i rec t ly  related to the structure. Examples of structures that  influence 
river movement would be (1)  levees placed t o  control flood plain flows, thus 
increasing main channel discharges; (2 )  spur dikes,-groins, riprapped banks, 
or bridge abutments used to control main channel movement; or (3.) pumping 
plants or headworks to canals placed on a riverbank. Scour of the bed or 
banks caused by these structures i s  tha t  created by higher local velocities 
or  excessive turbulence a t  the strucutre. Structures placed direct ly j n  the 
river consist of ( 1 )  piers and piling for either highways or railroad bridges; 
(2) dams .across the river for diversion or storage, (3 )  grade control struc- 
tures'such as rock cascades, gabion controls or concrete baffled apron d rop  

- 
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s t ructures;  Or ( 4 )  Occasionally a powerline or  tower s t ruc ture  placed in the 
flood plain b u t  exposed t o  channel erosion with extreme sh i f t ing  or movement 
of a r iver .  All of the  above may be subject to  higher local ve loc i t ies ,  b u t  
usually are  subject t o  the more c r i t i ca l  local scour caused by turbulence and 
he1 icoidal flow pat terns .  

The prediction of r iver  channel scour due to. floods i s  necessary for  the 
design of many Reclamation s t ructures .  These Reclamation guidelines on scour 
represent a summary of  some of the more applicable techniques which are  
described in greater  de t a i l  in the reference publications by T. Blench 
(1969), National Cooperative Highway Research Program Synthesis 5 (1970), 
C. R. Neil1 (1973), D. B. Simons and F. Senturk (1977), and S. C. Jain 
(1981). The paper by S. C. Jain (1981) summarized many of the  empirical 
equations developed for  predicting scour of a streambed around a bridge pier .  
I t  should be recognized tha t  the many equations are  empirically developed . 
from experimental s tudies .  Some are  regime-type based on practical  condi- 
t ions  and considerable experience and judgment. Because of the complexity of 
scouring action as re la ted t o  velocity,  turbulence, and bed materials,  i t  i s  
d i f f i c u l t  to  prescribe a d i r e c t  procedure. Reclamation practice i s  to 
compute scour by several methods and u t i l i z e  judgment i n  averaging the 
r e s u l t s  o r  selection of the  most applicable procedures. 

- 
I The equations for  predicting local channel scour usually can be grouped into 

C j those applicable to  the two previously described processes of e i ther  a 
natural channel scour or scour caused by a manmade s t ructure .  A fur ther  
breakdown of these processes i s  shown in table  6 where Type A equations a r e  

i l  
those used for natural r iver  erosion and Types B, C, and D cover various 
manmade structures.  

f The importance of experience and judgment i n  conducting a scour study cannot 

I I be overemphasized. I t  should be recognized t h a t  the techniques described in 
these guide1 ines mere1 y provide a s e t  of practical  too ls  in guiding the 

I investigator to estimate the amount of scour for  use in design. The collec- 

!j 
t ion of adequate f i e l d  data to  define channel hydraulics and bed or bank 
materials t o  be scoured govern the accuracy of any study. They should be 
given as much emphasis as the methodology used in the analytical study. 

# \ Field data are  needed to  compute water surface prof i les  f o r  a reach of r iver  
in the determination of channel hydraulics for  use in a scour study. With no 

I r e s t r i c t i ons  in channel width, scour i s  computed from the average channel 
hydraulics for  a reach. If a s t ructure  r e s t r i c t s  the r iver  width, scour is 

I' i computed from the channel hydraulics a t  the res t r ic t ion .  In a l l  cases, scour 
estimates should be based upon the portion of discharge i n  and hydraulic 
charac te r i s t ics  of the main channel on1 y. 



Table 6.  - Classification of scour equation for  various s t ruc tu re  designs 

r 

R, ~ l t h o u ~ h  each scour problem must be analyzed individually, t h e r e  are  some 
general flow and sediment transport  charac te r i s t ics  t o  be considered in 
making the judgmental decision on methodology. The general conclusion 
reached by Lane and Borland (1954) was tha t  floods do not cause a general 
lowering of streambed, and r ive r s  such as  the Rio Grande may scour at the 
narrow sect ions  b u t  f i l l  up' a t  the wider downstream sections during a major 
flood. Another general sediment transport  character is t ic  i s  the  influence of 

I;. a 1 arge sediment load  on scour lrhich includes the var ia t ion of sediment 
t ransport  associated with a high peak, shor t  duration flood hydrograph. The 
1 arge sediment concentrations usually of c lay  and s i l t  s ize  material will 
occur on the r i s ing  stage of the hydrograph up and through the peak of the ... 

flood while the  fa l l ing  stage of the flood with deposition of coarser sedi- 
ments in the bed of the channel may be accompanied by greater  scour of the 
wetted channel banks. Channel scour a1 so occurs when the capaci ty  of stream- 
flow with extreme high ve loc i t ies  i n  portions of the channel c r o s s  section I! will t ranspor t  the bed material a t  a greater r a t e  than rep1 acement material r 
a r e  supplied. Thus, m a x i m u m  depth of channel scour during the flood i s  a 
function of t he  channel geometry, obstruction created by a s t ruc ture  ( i f  )I , any), t he  ve loc i ty  of flow, turbulence, and s ize  of bed material .  

1 Design Flood 

The f i r s t  s t ep  i n  local scour study f o r  design of a s t ruc ture  i s  selection of 
design flood frequency. Reclamation c r i t e r i a  for  design of most structur'es 
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Equation 
type 

A 

B 

C 

D 

Scour 

Natural channel for  r e s t r i c -  
t ions  and bends 

Bank1 ine s t ructures  

Midchannel s t ructures  

Hydraul ic s t ructures  
across channel 

Design 

Siphon crossing or any buried 
pipe1 ine. S t a b i l i t y  study of 
a natural bank. Waterway f o r  
one-span bridge. 

Pbutments t o  bridge or  siphon 
crossing. Bank slope protection 
such as r iprap,  e t c .  Spur 
dikes, groins, e t c .  Pumping 
plants. Canal headworks. 

Piling for  bridge. Piers for  
flume over r iver .  Powerline 
footings. Riverbed water intake 
structures.  

Dams and diversion dams. 
Erosion controls.  Rock cascade 
drops, gabion cont ro ls ,  and 
concrete drops. 



shown in table 6 varies from a design flood estimated on a frequency basis 
from 50 t o  100 years. This pertains t o  an adequate waterway for passage of 
the floodflow peak. The scour calcul ations for these same structures are 
always made for a 100-year flood peak. The use of the 100-year flood peak 
for scour i s  based on variabil i t y  of channel hydraulics, bed material , and 
general complexity of the erosive process. The exception in the use of 
the 100-year flood peak for estimating scour would be the scour hole immedi- 
ately below a large dam or a major structure where loss of structure could 
involve 1 ives or  represent a catastrophic event. In th is  case, the scour for 
use in design should be determined for a flow equal t o  50 percent of the 
structure design flood. 

Equation Types A and B (See Table 6 )  

Natural river channel scour estimates are required in design of a buried 
pipe, buried canal siphon, or a bankline structure. For most siphon cross- . 
ings of a river,  the cost of burying a siphon will dictate either the selec- 
tion of a natural narrow reach of river or a restriction in width created by 
constructing canal bankline levees across a portion of the flood plain. A 
summary of available methods for computing scour a t  constrictions i s  given by 
Neill (1973). The four methods for estimating general scour at constricted 
waterways described by Neill (1973) are considered the proper approach for 
estimating scour for use in either design of a siphon crossing or where 
general scour i s  needed of the riverbed for a bankline structure. The four 
methods supplemented with Reclanation's procedure for applicatian are given 
be1 ow: 

Field measurments of scour method. - This method consists of observing 
or measuring the actual scoured depths either a t  the river under investi- 
gation or a similar type river.  The measurements. are taken during as high 
a flow as possible to minimize the influence of extrapolation. 

A Reclamation unpublished study by Abbott (1963) analyzed U.S. Geological 
Survey discharge measurement notes from several streams in the southwestern 
United States, including the Gal isteo Creek a t  Domingo, New Mexico, and 
developed an empirical curve enveloping observed scour at the gaging 
s ta t ion.  This envelope curve for use in siphon design was further sup- 
ported by observed scour from crest-stage and scour gages on  Gallegos, 
Kutz, Largo, Chaco, and Gobernador Canyons in northwest New Mexico 
collected during the period from 1963 to  1969. The scour gages consisted 
of a series of deeply anchored buried flexible tapes across the channel 
section t h a t  were resurveyed after a flood t o  determine the depth of scour 
at a specific location. The results  of these measurements are shown on 
figure 8 along with the envelope curve for Galisteo Creek tha t  support 
scour estimates for wide sandbed (D50 varying from 0.5 to 0.7 mm) ephem- 
eral streams in the southwestern United States by the equation. 

ds  = K (q)O. 24 (24) 
where: 

ds  = Depth of scour below streambed, f t  ( m )  
K = 2.45 inch-pound units (1.32 metric units) 
q = Unit water discharge, f t3 /s ,per  f t  of width (m3/s per m 

of width) 
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q,'UNIT DISCHARGE (m3/s per rn width )  
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Figure 8. - Navajo Indian Irrigation Project - scour versus unit discharge. 
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The use of equation 24 except as a check o n  other methods would be limited - 
to channels similar to those observed on relatively steep slopes ranging 
f r m  0.004 to 0.008 f t / f t  (dm). Because of shallow depths of flow and 
medium to coarse sand size bed material the bedload transport should also 
be very high. 

Regime equations supported by f ie ld  measurements method. - This approach 
as suggested by Neil1 (1973) on recommendations by Blench (1969) involves 
obtaining field measurements in an incised reach of r iver  from vhich the 
bankfull discharge and hydraluics can be determined. From the bankfull 
hydraulics in the incised reach of r iver ,  the flood depths can be computed 
by: . 

df = Scoured depth below design floodwater level 
di = Average depth a t  bankfull discharge in incised reach 
qf = Design flood discharge per unit width 
qi = Bankfull discharge in incised reach per unit width 

m = Exponent varying from 0.67 for sand to 0.85 for  coarse gravel 

This method has been expanded for Reclamation use t o  include the empirical 
regime equation by Lacey (1930) and the method of zero bed-sediment 
transport by Blench (1969) in-the fonn of the Lacey equation: 

where: 

dm = Mean depth at  design discharge, f t  ( m )  
Q = Design discharge,ft3/s (m3/s) 
f = Laceyls s i l t  factor equals 1.76 ( D  )1/2 where 4, equal mean 

grain size of bed material in miTlimeters 

and the Blench equation for "zero bed factor": 

d fo  = Depth for zero bed sediment transport, f t  (m) 
9f = Design flood discharge per unit width,ft3/s per f t  (m3/s per m )  

Fbo = Blench's "zero bed factor" in f t / s 2  ( ~ 1 ~ 2 )  from figure 9 

The maximum natural channel scour depth for design of any structure placed 
below the streambed (i .e. ,  siphon) or along the bank of a channel must 



CHART FOR ESTIMATING Fbo ( A F T E R  B L E N C H )  

Figure 9. - Chart for est imat ing Fb,, ( a f t e r  Blench, 1969). 
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consider the probable concentration of floodflows in some portion of the 
natural channel. Equations 25, 26, or 27 for  predicting t h i s  maximum depth 

I 
I are to  be adjusted by the empirical multiplying factors, Z, shown for 

formula Types A and B ( table  6 ) ,  in table 7. An i l lustration o f  maximum 

' I  
scour depth associated with a flood discharge i s  shown in a sketch of a 

I natural channel, figure 10. As shown in table 7 and on figure 10, the d,  

I 
equals depth of scour below streambed. 

Table 7. - Multiplying factors, Z, for use 
in scour depths by regime equations 

Condition 

I ,  

1 Equation Types A and 0 

Straight reach 
I' Moderate bend 

I Severe bend 
Right angle bends 

I Vertical rock bank or wall 

1 Equation Types C and D 
1 

Nose of piers 
Nose of guide banks 
Small dam or control 

across river 

I I I I 
11 Z value selected by USBR for use on bends in river. - 

Value of Z 

River Section ace 

Neil1 
d s  = Z df 

NOTE: dfO 7 df > dm. Poinf C is low poinf of nofurol section. 

Figure 10. - Sketch of natural channel scour by regime method. 

Lacey 
ds  = Z dm 

B1 enc h 
d s  = Z dfo  



Although not shown on f igure  10, the  d f  from Ne i l l ' s  equation 25 i s  
usually less than the  d f o  from Blench's equation 27 b u t  greater  than the 
dm from Lacey's equation 26. 

The design of a s t ruc tu re  under a r i ve r  channel such a s  a siphon i s  based 
on applying the  scoured depth, ds,  as obtained from t ab l e  7 to the low 
point i n  a surveyed sect ion,  as shown by point C on f i gu re  10. This 
c r i t e r i a  i s  considered by Reclamation as an adequate s a f e ty  fac tor  f o r  use 
i n  design. In an al luvial  streambed, designs should also be based on 
scour occuring a t  any location i n  order t o  provide fo r  channel shif t ing 
with time. 

Mean veloci ty  from f i e l d  measurements method. - This approach represents 
an adjustment in surveyed channel geometry based on an extrapolated design 
flow velocity.  In Reclamation's application of t h i s  method, a se r ies  of a t  
l e a s t  four cross  sect ions  a r e  surveyed and backwater computations made 
for  the design discharge by use of Reclamation's Water Surface Prof i le  
Computer Progran. In addition t o  the  surveyed cross  sections observed, 
water surface elevations a t  a known or measured discharge are needed t o  
provide a check on Manning's " n "  channel roughness coef f ic ien t .  This 
procedure a1 lows f o r  any proposed waterway r e s t r i c t i o n s  t o  be analyzed fo r  
channel hydraul ic  cha rac t e r i s t i c s  including mean ve loc i ty  a t  the design 
discharge. The usual Reclamation application of t h i s  method i s  t o  deter-  
mine the mean channel depth, dm, from the computer output data  and apply 
the Z values defined by Lacey i n  t ab le  7 to compute a scour depth, dS,  
by equation 29 where ds = Z dm. 

Examples of more unique solut ions  t o  scour problems were Reclamation 
s tudies  on the Colorado River near Parker, Arizona, and Sa l t  River near 
Granite Reef Diversion Dam, Arizona, where an adjustment i n  " n "  based on 
pa r t i c l e  s ize  along w i t h  a Z value from t ab l e  7 provided a method of 
computing bed scour. The select ion of a pa r t i c l e  s ize  "nl '  associated 
w i t h  scour i n  the above two examples was computed from the Str ickler  
(1923) equation f o r  roughness of a channel based on diameter of par t i c les  
h e r e :  

C K = -  
ow" 

(31 1 

C ~ 2 6  from Nikuradse (1933) and " n "  = 1 / K .  The appropriate "n" values 
fo r  the  two r ive r s  based on p a r t i c l e  s i ze  and engineering judgment were 
selected as f o l l  ows: 

River - D (mm) Par t i c l e  s ize  "n" Selected "n" 

Co1 orado 0.2 0.01 0.01 4 
S a l t  18 0.02 0.02 

In the Colorado River study, t he  exis t ing channel '3:' value of 0.022 
was adjusted down to 0.014. due to bed material p a r t i c l e  s ize  to give a 
computed water surface a t  design discharge representat ive  of a scoured 
channel. With a Z value of 0.5, t he  scoured section in the form of a 
t r i ang lu la r  section combined with the accepted "n" of 0.022 provided a 
close check on the water surface computed without scour. An i l l u s t r a t i on  
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o f  t h i s  technique i s  shown i n  sketch on f i g u r e  l l a .  Another example i s  
shown on f i g u r e  l l b  f o r  a S a l t  River scour s tudy  where t h e  p a r t i c l e  s i ze  
"no' o f  0.02 gave a reduced mean depth. Scour was assumed t o  be i n  the  
shape o f  a t r i a n g l e  h e r e  the  average depth o f  scour would be equal t h e  
depth a t  an "nu equal t o  0.02 subtracted from depth a t  an "n" equal t o  
0.03. (See example problem i n  subsequent paragraph.) 

Competent o r  l i m i t i n g  v e l o c i t y  c o n t r o l  t o  scour method. - T h i s  method 
t c t i o n  u n t i l  the  mean 
v e l o c i t y  i s  reduced t o  t h a t  where l i t t l e  o r  no movement o f  bed m a t e r i a l  i s  
t ak ing  place. It g ives  t h e  maximum l i m i t  t o  scour e x i s t i n g  i n  o n l y  t h e  
deep scour ho le  p o r t i o n  o f  the  channel c ross  sec t i on  and i s  s i m i l a r  t o  the 
Blench equat ion 27 f o r  a "zero bed fac to r . "  

The empi r ica l  curves, f i g u r e  12, der ived b y  N e i l l  (1973) f o r  competent 
v e l o c i t y  w i th  sand or  coarser bed m a t e r i a l  (>0.30 mm) represent  a combining - 
o f  regime c r i t e r i a ,  Sh ie lds  (1936) c r i t e r i o n  f o r  m a t e r i a l  >1.0 mm, and a 
mean v e l o c i t y  fo rmula  r e l a t i n g  mean v e l o c i t y  V, t o  the  shear v e l o c i t y .  The 
competent v e l o c i t i e s  f o r  e ros ion  o f  cohesive m a t e r i a l s  recommended by  Nei l  1 
(1973) are g i ven  i n  t a b l e  8. The scour depth o r  increase i n  area o f  scoured --c 
channel sec t i on  w i t h  corresponding increase i n  depth f o r  competent v e l o c i t y ,  
Vc, i s  determined by  r e l a t i o n s h i p  o f  mean v e l o c i t y ,  Vm, t o  Vc i n  the 
equation: 

where: 

dS = Scour depth below streambed, f t  (m) 
I$, = Mean depth, f t  (m) 

. - 

Table 8. - Ten ta t i ve  gu ide  t o  competent v e l o c i t i e s  f o r  e ros ion  o f  
cohesive ma te r ia l s *  ( a f t e r  N e i l l ,  1973) 

* Notes: (1) T h i s  t a b l e  i s  t o  be regarded as a rough gu ide  only ,  i n  
t h e  absence o f  da ta  based on l o c a l  experience. Account must b e  taken 
o f  the  expected c o n d i t i o n  o f  t h e  m a t e r i a l  a f t e r  expasure t o  weather- 
i ng  and sa tu ra t i on .  (2 )  I t  i s  no t  considered advisable t o  r e l a t e  the  
suggested low, average, and h igh  values t o  s o i l  shear s t r e n g t h  o r  
other  convent ional  ind ices ,  because o f  the  predominat ing e f f e c t s  of 
weathering and s a t u r a t i o n  on the  e r o d i b i l i t y  o f  many cohes ive  s o i l s .  

Depth o f  f l o w  
ft m 

5 1.5 
1 0  3 
20 6 
50 15 

Competent mean v e l o c i t y  
Low values - 

e a s i l y  e r o d i b l e  
m a t e r i a l  

f t / s  

1.9 
2.1 
2.3 
2.7 

Average values 

ml s 

0.6 
0.65 
0.7 
0.8 

f t l s  

3.4 
3.9 
4.3 
5.0 

H igh  values - 
r e s i s t a n t  

m a t e r i a l  m/s 

1.0 
1.2 
1.3 
1.5 

f t / s  

5.9 
6.6 
7.4 
8.6 

m ls  

1.8 
2.0 
2. % 

- 2.6 



f Wafer surface for "n" =0.022 w/o scour 

I1 I1 - n -0.014 W/O scour 1 Water surface for 6, ,, 
n = 0.022 W/ scour 

a. Colorodo River Sf  udy 

I! .,.... 

wher surface for  "n" = 0.03 w/o scour 

II . . 

Ir, : 
l i  
I I  b. Sol t  River Sfudy 

Figure 11. - Sketch of scour from water surface prof i le  computations and 
reduced "n" f o r  scour. 



The use of figure 12 and table 8 recommended by Neill (1973) has had 
1 imited application in Reclamation, b u t  appears t o  be a potential useful 
technique for many Reclmation studies on scour and armoring of the 
channel . 

Equation Type C (See Table 6 )  

The principal references for design of midchannel structures for scour 
such as at  bridge piers are National Cooperative Highway Research Program 
Synthesis 5 (1970), C. R. Neill (1973), Federal Highway Administration, 
Training and Design Manual (1975), Federal Highway Administration (1980), and 
S. C. Jain (1981). The numerous empirical re1 ationships for computing scour 
at  bridge piers include one or more of the following hydraulic parameters: 
pier width and skewness, flow depth, velocity, and size of sediment. The 
many relations available were-further broken dom by Jain (1981) to two 
different approaches: (1) regime, and ( 2 )  rational. 

The Federal Highway Administration has funded numerous research projects to 
assist  in improving their  designs of bridge piers. This research has not 
resulted in any one recornended procedure. Reclanation's need for scour 
estimates a t  midchannel structures i s  limited. The procedures adopted are to 
t r y  a t  least  two techniques and apply engineering judgment in selecting an 
average or most re1 iable method. The regime approach i s  t o  use either 
equations 26, 27, 28, o r  30 and a Z value from table 7.  An appropriate Z 
value to use for piers i s  1.0 as found for the railway bridge piers applied 
t o  the Lacey equation 29 reported by Central Board of Irrigation and Power 
(1971). 

The rational equation selected for scour at piers i s  described by Jain (1981) 
in the form: . .. 

h e r e :  

ds  = Depth of scour below streambed, f t  ( m )  
b = Pier size, f t  (m) 
d = Flow depth, f t  (m) 

Fc = Vc/m = Threshold Froude number 
Vc = Threshold velocity, f t / s  ( d s )  from f i  ure 12 5 g = Acceleration due to gravity, 32.2 f t / s  (9.81 m/s2) 

Equation Type D (See Table 6 )  

Immediate1 y downstream from any hydraul ic structure the riverbed i s  subject 
to the erosive action created by the structure. Some type of s t i l l ing basin 
or energy dissipator as described by Reclanation (1977) i s  provided in the 
design of such structures t o  dissipate the energy thereby reducing the 
erosion potential. There s t i l l  remains a t  most structures, below the point 
h e r e  the structure ends and the natural riverbed material begins, a poten- 
t i a l  for scour. The magnitude of th i s  scour hole will depend on a combina- 
tion of flow velocity, turbulence, and vortices generated by the structure. 
Simons and Senturk (1977) describe many of the avail able equations. 



Figure 12. - Suggested competent mean velocities for significant bed movement 
of cohesionless materials, in terms of grain size and depth of flow (after 
Neill, 1973). 
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Methods adopted by  Reclanat ion fo r  computing l o c a l  scour below a hydrau l ic  
s t r u c t u r e  across t h e  r i v e r  channel a r e  based on e i t h e r  t h e  regime o r  r a t i o n a l  
approach. Scour computations should be made b y  several methods and enai-  
neer ing judgment used t o  s e l e c t  the most appropr iate.  In t h e  regime a6proach, 
t h e  Lacey o r  Blench equat ions 26, 27, 29, and 30, respec t i ve l y ,  w i t h  Z values 
from t a b l e  7 are app l icab le .  

The most appropr ia te  emp i r i ca l1  y developed r a t i o n a l  methods f o r  scour below a 
s t r u c t u r e  are those by Schokl i t s c h  (1932), Veronese (1937), o r  Zimmerman and 
Maniak (1967). Scour computations b y  Schok l i t sch  are made by: 

where: 

ds = Depth o f  scour below streambed, f t  (m) 
K = 3 . 1 5  inch-pound u n i t s  (K = 4 . 7 0  me t r i c  u n i t s )  
H = V e r t i c a l  d is tance between the  water 1 eve1 upstream and downstream 

o f  t h e  s t ruc ture ,  f t  (m) 
q = Design discharge per u n i t  width,  f t 3 / - s  p e r  ft (m3/s per m) 

090 = P a r t i c l e  s i ze  f o r  which 90 percent  i s  f i n e r  than, mm 
d, = Downstream mean water depth, f t  (m) 

The Veronese (1937) equat ion f o r  computing t h e  scour ho le  depth below a low 
head s t i l l i n g  basin design i s  as f o l l o w s :  

where: 

dS = Maximum depth o f  scour below streambed, f t  (m) 
K = 1.32 inch-pound u n i t s  (K = 1.90 met r ic  u n i t s )  

HT = The head from upstream r e s e r v o i r  t o  t a i l w a t e r  l e v e l ,  f t  (m) 
q = Design d ischarge per u n i t  w id th ,  f t 3 J s  per f t  (m3/s per m) 
d, = Downstream mean water depth, f t  (m) 

The Zimmerman and Maniak (1967) equat ion f o r  l o c a l  scour below a s t i l l i n g  
basin can be c a l  cu l  ated by: 

where : 

ds = Depth o f  scour below streambed, ft (m) 
K = 1.95 inch-pound u n i t s  (K = 2.89 met r ic  u n i t s )  
q = Design d ischarge per  u n i t  width, f t 3 / s  per ft (m3/s per m) 

D85 = P a r t i c l e  s i z e  f o r  which 85 percent  i s  f i n e r  than, mm 
d, = Downstream mean water depth, f t  (m) 
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Example Problem 

A scour study was prepared for a reach of the Salt RiTer channel downstream 
from the existing Granite Reef Diversion Dam and near the Granite Reef 
Aqueduct which serves as  an example of the different methods for computing 
scour during a design peak flood. These example computations are shown in 
table 9. The channel hydraul ics represent an arithmetic average from water 
surface profile computations using six sections on the river defining a 
reach length of 6850 f t  (2090 m ) .  To show the many different methods for 
computing local scour occuring during a flood, several hypothetical situations 
are used such as a bridge pier, 10-ft (3.05-111) wide and a control structure 
with a design head, H = 5 f t  (1.52 m). A summary of the results  i s  given in 
table 10. 

Table 10. - Summary of channel scour during a floodflow 
on Salt River 

Design 

Siphon or bank1 ine structure 
with minor restriction ( A  and B) 

Bridge pier or Spur dike 
from bank (C) 

Be1 ow control structure 
across river (0) 

CONCLUSIONS 
. . 

These describe the procedures available for computing general 
river channel degradation and local scour during peak floodflows for use in 
design of Reclamation structures. Recommendation of a specific method for 
prediction of either channel degradation or local scour i s  diff icult  because 
of the complexity and variabil i t y  o f  the many parameters infl uencing the 
erosive action of a river channel. Factors such as river discharges, 
channel hydraulic characteristics, velocities, turbulence, bedload transport, 
suspended sediment; bed material size, gradation, and natural rock controls 
a l l  affect the degradation and erosion process. Most procedures described 
are empirically developed in laboratory studies with a limited amount of 
f ie ld  data on measurement of scour to verify the results.  Because of the 
complexities involved in defining the parameters t o  use in the equations and 
variabil i ty in results,  Reclamation recommended procedure is  to .try several 
methods and from experience and engineering judgment select the techniques 
and results most appl icable to the problem. 

43 

ds  - scour below streambed 
f t  

8.99 

12.2 

11.6 

m 

2.74 

3.72 , .  

. . .  
3.54 



II' . 

I\ The f i e l d  data needed to define the parameters in many equations a r e  c r i t i c a l  

I 
i n  the select ion and application of a specific procedure. Because of the 
importance i n  col lect ion of f i e l d  data,  these guide1 ines include a descrip- 

l i  t ion  of the  appropriate bed material sampl ing techniques. Through experience 
investigators conti.nue to  mphasize the importance of col lect ing appropriate 

I f i e l d  data which governs the accuracy of  any analytical  study and should be 

l i given as much emphasis a s  the methodol.ogy used i n  the analytical  study. 

I 

I 
l i 

'I n I 
i i 
ii , . 
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I, 
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Table 9. - Example problem - S a l t  R i ve r  scour study below Gran i te  Reef Diversion Dam 
ClVm data: Inrh-gund ""It3 

r C 
C ' lm d, 10 (1.46) 14.6 

vc f ~ m  f19t.q 12 la,.  3 . a  C1.a (l.zr10.3 (O.I)O.X]) 

7.0 . 131.2 i 21.4)IlZ "" 

* "W.  11.5 + 10.6 r 14.6 r 3 
(3.51 + 3.21 - 4.4s # 3) 12.2 

(3.72) 

. 
d . 3.15 (7.20) - 12.4 
e: - 22.7 - 12.1 10.1 

-4.7 11.52)0.2 110.310.51 
8 . 3.751 13.14j 

Ytronw (151 d. . I ~ ~ 0 . 2 2 5  qO.Y . 4a a,. 1.32 lrP.225 (LII)O.Y . 12.4 
d l .  24.2. 12.4 11.8 

( d s  - 1.5 (l.Xl0.225 (10.31Q.n . 3.78) [I.w] 
2 l m m n  
1M ~ n 1 . L ~ ~ ~  ) @ . f1;Q.e) ( 1 ~ . ~ ) ~ , 9 3  .lz,, w . i i i m  
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Mission of the Bureau of Reclamation 

The Bureau of Reclamation of the U.S. Department of the l n t e r i ~ r i ~  
responsible for the development and conservation of the Nation's 
water resources in the Western United States. 

The Bureau's original purpose "to provrae for the reclamation of arid 
and semiarid lands in the West" today covers a wide range of interre- 
lated functions. These include providing municipaland industrial water 
supplies; hydroelectric power generation; irriqation water for agricul- 
ture; water quality improvement; flood contr&; river navigation.. river 
regulation and control: frsh and wildlife enl~ancement; outdoor recrea- 
tion; and research on water-related design, consrructlon, materials, 
atmopheric management, and wind and solar power. 

Bureau programs most frequently are the result of close cooperation 
with the U.S. Congress, other Federal agencies, States, local govern- 
ments, academic institutions, water-user organizations, and other 
concerned groups 

for Sale." It describes some of the technical publications currently 
available, their cost, and how to  order them. The pamphlet can be 
obtained upon request from the Bureau of Reclamation, Attn 0.922, 


