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HECB, Scour and Deposition in Rivers and Reservoirs 
I 

For the Maricopa County Flood Control District 

David T. Williams, President 
WEST Consultants Inc., Carlsbad, CA 

DAY 1 

8:00 - 8: 15 am Introduction and Administration 

8: 15 - 9: 15 am Sediment Transport in Natural Rivers 

9: 15 - 9:30 am Break 

9:30 - 10:OO am Properties of Non-Cohesive Sediment 

Shape factors, specific gravity, settling velocities, initiation of 
motion, types of loads, cohesive sediments. 

10:OO - 11:30 am Introduction to HEC-6 and Basic Data Requirements 

History, basic principles, capabilities and limitations, computational 
sequence, distinction between run data and calibration data, data 
sources. 

11:30 - 12:30 pm Lunch 

12:30 - 1: 15 pm Interpretation of HEC-6 Output and Results 

Explanation of input and output information, control of output, 
interpretation of results, accuracy assessment, procedures of running 
HEC-6 in fixed and mobile bed conditions. 

1 : 15 - 3:00 pm Workshop 1, HEC-6 in Fixed Bed Mode 

Development of hydrologic data, geometric model development, 
hydraulic calibration. 

3:OO-3:15pm Break 
I 

, I 
3: 15 - 3:30 pm Workshop 1 Review 



HECd, Scour and Deposition in Rivers and Reservoirs 

For the Maricpoa County Flood Control District 

David T. Williams, President 
WEST Consultants Inc., Carlsbad, CA 

DAY 1. cont. 

3:30 - 500 pm 

DAY 2 

8:00 - 9:15 am 

9:15 - 9:30 am 

I 9:30 - 11:30 am 

Review of Sediment Transport Functions 

Computations of sediment transport rates by several procedures, 
multiple transport functions, terminology, function limitations. 

Selection of Sediment Transport Relations 

Break 

Development of Bed Material and Inflowing Sediment Load 

Development of the sediment boundary for HEC-6, definition of 
terms, sources of data and costs, sampling procedures, where to 
collect samples, sensitivity of results to data variability, strategy for 
developing a sampling program. 

Lunch 

Workshop 2, Development of Sediment Data for HEC-6 

Development of inflowing sediment load, bed gradation, program 
execution in moveable bed mode. 

Break 

Workshop 2 Review 

Calibratiodvalidation Techniques and Interpretation of Results 



HEC-6, Scour and Deposition in Rivers and Reservoirs 

For the Maricopa County Flood Control District 

David T. Williams, President 
WEST Consultants Inc., Carlsbad, CA 

DAY 3 

8:00 - 9:00 am Hydrology Generation Using WATSTORE and Histogram Generator 

Use of utility program, "Sediment Weighted Histogram Generator" 
to develop long term HEC-6 hydrology input 

9:00 - 9: 15 am Break 

9: 15 - 1 1 : 30 am Workshop 3, Verification of HEC-6 

Experimentation with' hydraulic and sediment parameters to assess 
effects on model performance, adjustments to reproduce field 
observations, sensitivity analysis. 

11:30 - 12:30 pm Lunch 

12 : 30 - 1 : 00 pm Workshop 3 Review 

1 :00 - 2:45 pm Workshop 4, Use of Features of HEC6; Stream Network Application 

2:45 - 3:00 pm Break 

3:00 - 3: 15 pm Workshop 4 Review 

3: 15 - 4: 15 pm Estimation of Sediment Yield 

4: 15 - 4:45 pm Case Study: 

EPNG Pipeline Crossing of the Gila River near Coolidge, Arizona 

4:45 - 5:00 pm Open Discussion, Closure 



WATER SURFACE PROFILE CALCULATION 

1 
1. CIasslficatlons of Open Channel Flow 

a. Steady vs. Unsteacv_ 

7 - - 

Steady Flow 
-- 

Depth and velocity at 2 given 

location do not vary with time. 

b. Uniform vs. Varied 

Depth and velocity vary 

with time rt a given location 

Uniform Flovr 

Depth 2nd velocity zre constant 

with distznce zlong the channel 

Vzried Flow 

Depth and velocity vzry with 

distance along the channel. 

Gradually varied flow- 

depth changes grzdually over'a long distance. 

Rapidly varied flour- 
depth chznges abruptly over a short distance. 



c. Subcritical vs. Supercritics1 

Effect of graviti:ionai forces relztive to inertid forces 

represented by :he Froude No., a dimensionless ritio. 

where Fr = Froude No. 

V = Mezn Velocity = Q/A 

g = grzvitztionil ~ccelerition 

D = hydraulic mean depth = 

This definition of  Froude No. applies only where a uniform 
velocity distribution can be issumed. 

For Frc 1 flovr is su bcritical 

Fr = 1 flow is critical 

Fr > 1 flovr is supercriticzl 



2. Veloclty Dlstrlbutlon In a Cross Section 

a. Factors influencina velocitv distribution 

Velocity dstribution is ~ffel,ed by s h ~ p e  cf cross sebion, 

rouphness of boundzries, presence of bends, etc. 

b. Evaluaticn of kinetic enerqy hezd for a cross section 
2 2 

v 4 v 2 

V1 = meen velocity for suberea @ 
V P  = meen velocity for subarea @ 



ffinetic energy hezd = discharge-weighted valocity head 
1 

(Qr + QP) V L  

c. Tvpiczl vzlues of velocity coefficient, a 

Channel type 

Regular channels, flumes, spillvdays 

Min. I Avo. I Max., 

1.10 1 1.15 1 1.20 

Nzturzl strezms 

Rivers under ice cover 

River vzlleys, ~verflooded 

From Chow, .Open Channel Hydraulics 

1.15 

1.20 

1.50 

1.30 

1.50 

1.75 

1.50 

2.00 

2.00 



(Mmning Eq.) 

I .5 Let K = conveyance = - A R Y3 

For a given wzter surfzce 2nd total dischrrge, determine Q1 2nd Q 

Assume S is constant for a cross section 

Then 



Or in general 

where i designates subsection number. If this eq. is combined with the equation 
with the equation for a, there results 

3, Pressure Dlstrlbutlon In a Channel Section 

\ plane A 

Pressure on plane A = b b ~ Y  = (i-Atmos. pressure) 
b b 

pressure 
Pressure hezd = - Y L  - - 

Y 
= L 

Y 

1 Piezometric head = Z + pressure head = Z + L = h 



The pressure distribution in a still body of water is hydrostatic, which means 

I 
thzt the pressure head is everywhere equzl to the depth below the waier surfsce. 

A hydrostatic pressure distribution mEy be assumed to exist in a moving fluid 
where streamlines are approximately straight and parallel. 

4. Energy Prlnclples 

a. Tot21 eneray hezd for a cross seciion 

For a bed slope of 1 :lo, 8 = 5'40' and cos 0 = 0.99. The cos O term in the 

energy equation is usually assumed equal to I. 



b. The enerav eaustion 

Datum i 
Upstrezn Downstrezm 

c. timitations of energv ecuziion 

(1) Stezdy Flow 

(2) One dimensional flow 

(3) Graduzlly varied flow 
(hydrostatic pressure distribution sssurned) 

(4) Channels of small slope (c1 :I 0) 

(5) Friction Slope Sf = Constant for a given cross section 



(1) Totzl Loss 

h e = h t i - h ,  

where h e  = tot4 errergy loss 
h = energy loss due :o friction 

h. = other lcsses 

(2) Ccntraction 2nd expansion lcsses 

where 

C = Empiricsl Ccntraction Coe3cient: (VUp-Vdn ) = NegaGve 

C . = Empiricsl Exptnsion Ccefiycient: (Vu6Vdn) = Positive 

vz2 
a2- = Dov~nstrezm Velccity Hezd 

29 



(3) Determining friction loss in a channel reac? 

Let 

- 
where S = representztive friction slope 

L = reach length 

. .~proxim~tions for 5 

substituting (3) in (I)  
2Q 2 

h f . = ~  [ K l + K 2  ] 
Tot4 Energy Loss Equz2on: 

V2 VZ 
h e  = c  a 1 -  

I 
1 2 9  



5. Critical Depth and Its significance 

a. Definition of critical depth 

'The depth zt which total ensroy head is 
a minimum for a given dischzge. 

b. Computztion of criticzl deoih in irreaular channels 
v2 

Minimize Z i y + 6 
29 

W E ~ E ~  

Surface 

Elevation 

Elevstion of energy line 
H 

c. Ccntrols and their sianificsnce in ooen chmnel flovr 

References: 

a. EM 11 10-2-1409, "Btckwzter Curves in River Chulnels,' Corps of Engineers, 1959. 

b. French, Richard H., Open Chtnnel Hydrzulics, McGraw-Hill, 1985 

c. Henderson, F.M., Open Channel flow, MacMillan, 1966. 

d. U.S. Army Corps of Engineers, Water Surfzce Profiles, IHD 
Volume 6, The Hydrologic Engineering Center, July 1972. 

e. Chovr, Ven Te, Open Channel Hydraulics, McGraw-Hill, 1959. 



S E D I K N T  W S P O 3 T  I N  NATURAL STREAPS 

PTIBILE BOLNDARY CONDITIONS 

P/HY ~ R R Y  FSOUT SEDIMENT? 

- h DECREASE DECREE O F  L N E E  PROTECTION 

- ~ Q V E S  VALUABLE RESERVOIR STORAGE ' 

- I IE~FERES WITH E ~ V I  GATION 

- CI?N U;iDERT.lINE CPat!4EL CROSSINGS 

- h NVERSLY AFFECT WATER QUALITY 

SEDI 14El4T W 4 S F O R T  PROCESS : 

- EROSIO~\~: WCI SUlfFkCEl S7REAM CHANNEL 



BASINS F I L I N G ,  PLAINS DEGRADING, S \ W P S  FORIJIING, ETC, - 
O CAUSES: WEATHER, PDUNTAIN B U I D I N G ,  SEA LEVEL CHANGES) ETC, 

RIVER f W i D E R 8  CHANNEL ERODES, SHOALING, ETC , 

CAUSES: TRANSPORT CAPACIPI, SEDIENT SIJPPLY, M'S 
WORKS 

100 y t s n  ago 

Valley material dtposiltd by the river 



" CHANGES FLOO~PLAI N GEOETRY, SCOURS S T R U ~ R E S  I DEBRI S/ 
SEDI PENT D E W S  ITS 

O C~USES: FL03D M~GNITUDEI SPECIFIC  LOCATIONI SPECIFIC  
REGULATION WORKS 

- BED LOAD 

SUSPENDED BED LOAD 



STW REGIE. 

- UPPER: .HILLY, STEEP, BOULDERS AND GRAVU. I N  BED 

- LOWER: U U V I P L  PLAIN, SANPSILT-QAY IN BED 

USUALLY CDNCERNED WITH RESPECT TO L W E R  REG1 fE 

WERE : 

QS = BED t44TERIPL Lorn 

= AMMGE SEDIMKT SIZE 

Q = DISCHARGE 

SF = E.G,L. SLOPE 

ON PN ANNUAL BAS1 S, Dg3 FND Q PRE APPl?OXII.Y\TELY CONSTANT 



IP 
. 

( 0 ,  DJ tS PROeORTKmK TO ( O f 1  
. .  . . .,.....,.... _ ... . .. .'. . .'.'.. ... ... . 

'WHEFE ' 4 = SED(YEKT'D~XHIRQ 
40- EUW KawuT SIZE 
Q - WATER C 4 S C W a  
s =sumz 

~ i g u r e  8. Schematic o f  the Lane relationship 
for qua1 itative analysis. 



" SEDIPENT LOAD IN I S  APPROXIMTELY EQUAL TO TRPNSPORT 
CAPACIN OUT, CAUSING BANK EROSION (MISSISSIPPI  RIVER) 

' 
SEDIMENT LOAD I N IS LESS THAN TMI~SFORT CAPACITY 
OUT, CALLS1 NG DEEP, \.r'IDE RIVERS (COLORADC) RIVERS - 
UREANIZIiG STRWSG) 

67.1~ RIVER CAN- EXPERIEtKE ALL THREE REG1 I 9 3  OVER I T S  LENGTH 



Circvlrtory current in water 
flowing around I river bend 

Efiect of a curved channel on watcr !3o\v. (U.S.G.S.) 

J 5 c n c ~ c  vie\:- of gcr.c:zkcd l i s g r z n  cT c \ . .  d i s s b u u ' o n  in a m m . d c r ;  
0p.2 Fzrabolzs with irio!.~ b a i c a t c  dc:.;lsuczm vdociry vcc:on; Iamrnl 
C O ~ O ~ C ~ I  of v c l s i y  is :bo\rx by gray z r c u ;  ail scctioas u e  vicwcd from a 
: h ~ r . g i n ~ ' F c ~ i l i c n  to I'.C Id1 of a-d r b ~ c  thc i .d i \ idur l  5ccticrr. (From 
F!,<,l k r ~ r t ~ r r s  in  q t o z c r p * c l a ~  by L c o p l d ,  \ V o l n m ,  and SlZcr .  \V. y. 
F r c c x a n  m d  Camprzy. Cop)Ti~ht 9 1S64.) 



l 3 c  = c a n l c 6 s g  g c 5 c  ci LL.c Cc lo rz lo  River a t  L~.C Loop, W o t r  l i ozb .  
Uuh. T h c  channel h z  c x t  down:~.zrd n o r e   an 1,030 5 c r  s i x c  L!C 

Co13ral0 Plateau a rea  b%ln t3 ix s o r e  tL?1 I riilicn y c r n  aso. 
(U.S.G.S.) 

Set:ezring c n o v e  bank Progmsivety 5u;iClr.p point bar 
/ 1 

D a u  cbfaincd i r o n  succzslivc :crurJry: ;f \\'.I;:s 3ranck r.c3r Rzckvil!c, 
.\I3ri!rad, ,how larc?-1 r=i+jrs:ion of a :ivcr c h ~ n n c l  by r?,c 5 u i i d i ~ 3  of 3 
;eL>r Sir ic to  rhc r:rcs= and thc ccncurrcnt crcsion of rhc oppc:itc bank. 
?>c coarln.~3riorr cf rcch point bzr bui!ji-g :crc!u in rhc Icvc!opnct.r cf a 
Flccd 7lrin. D i z ~ r a x s  in lo\-.cr fish1 icdiczrc ?cziCon of :he c:cx rcc:icn 
rclzri:.: :> c b r n c c i  t c c &  (Frcm Lcopold, 51!l. GtoI. Scr. A m r r i r ~ ,  Junc 1973.1 



GENERAL S E D i E N T  T3ANSTORT f S E C T S  

-3E\rZLO?ING XATER S U Z F A C E  E L E V A T I O N S  

USUALLY R I G I D  EOUNDA3Y ASSUlC3TION 

9 2 D  CZANCES DURING TS2 YEA2 

TIMES OF !SASURE!GNT 

F!ISI!IG/F~.ILIXG CL3XS 

R I S I N G  -\---a 

-CHP.NNELIZATIO.!J 

SHORTEN,  DEZPEEI, WIDEN CHANIdEL 

STREEJY % I L L  R E S E S K  E Q U I L I E R I L M  

T R I B U T J 3 Y  Ef FSCTS 

-CHANNELIZATIO!I CAN CAUSE: 

UPST3ELf.I 

I11 I:.;PROVED REACH AND COWtiST3Ed l l  



A ZFSESVOI2 CAN CAUSE: 

IN POOL 

t 3C.WNS'i?.f 2.! 

*KO51 FAX DO'ATJS??S~L.I? 



D I E R T  P L O Y  TEA? VOULD EAVZ GO::= INTO OVER3ANX STORACS 

D I F F I C U L T  T- - .  - - - - -  - - -. 



~ p p r o d o f i o n l  

Dcg!odofion 01 Dom 
c' 

Fig. 2 . 1 2  C h a r a e l  a d j u s t z e n t  above and below a Zam. 
- 

F i n c l  E c v i l i t r i u m  GroQc  

Oricinol  
Eaui l ibr  ium 

A 

F i g .  2.13 Changes i n  c h z n n e l  s l o p e  i n  r e s p o n s e  t o  an. i n c r e a s e  
i n  sed iment  l o a d  a t  ; l o i n t  C . 

H@oacUl 
Drop i n  Boar  L e v e l  

Tt ibu!ory 

M o i n  C h o n n r l  

L o c a l  E f f e c t s  U p s t r e a n  E f f e c t s  D o m s t r e a n  E f f e c r s  

1.  Headcut t i r ig  1. I n c r e a s e d  v c l o c i t y  1. I n c r e a s e d  t r a n s p o r t  
t o  n a i n  c h a n n e l  

2 .  C c ? e r a l  s c o u r  2 .  I n c r e a s e d  bed 2 .  A g g r a d a t i o n  
o z t e r i a l  t r a n s p o r t  

3 .  L o c a l  s c o u r  . 3 .  U n s t z b l e  c h a n n e l  3 .  l n c r c a s e d  f l o o d  
s t a g e  

4 .  9ank i n s t a b i l i t y  4 .  ~ d s s i b l e  change o f  4 .  P o s s i b l e  c h a n g e  o f  
f o m  o f  r i v e r  f o m  of  r i v e r  

5: High v e l o c i t i e s  
- - -  

Fig. 2 .14 Lcwcring cf b a s e  l e v e l  f o r  t r i b u t a r y  s t r e l m .  



I ? j . d r a u l i c s  o f  S e d i s e n t  T r a n s ? o r r ,  \ f a l t e r  H.  G r t f ,  bfcGrsw H i l l ,  1971  

Ri\*cr ! - :echlnics  ( t u o  v o l u ~ g e s ) ,  l i s i e h  \\'an S h e n ,  E d i t o r  and  P u b l i s h e r ,  -.-- 
1971 

E l r v i r o n n e n t a l  i n ~ a c i  on R i v e r s  (Volume 3  o f  R i v e r  1 : e c h a n i c s )  
H s i e h  'den S h e n ,  E d i t o r  a n d  P u b l i s h e r ,  1 9 7 3  

I<,.>je S o u n d a r y  i : y d r z u l i c s ,  A .  J .  R a u d k i v i ,  Pergamon P r e s s ,  1 9 7 6  

A n  -- I n t r o d u c z i o n  t o  F l u v i a l  H y d r s u l i c s ,  S e r g e  L e l i a v s k y ,  D o v e r ,  1955 

C i e n  - . . .. C h a n n e l  Flow,  H e n d e r s o n ,  P lac rn i l l an  1 9 6 6 ,  C h a p t e r  1 0  

> ; e c h n n i c s  o f  S e d i r i e n t  T r a n s p o r t ,  bf. S.  Y a l i n ,  Pergamon Press, 1972 .  

S c d i n e n t  T r a n s p o r t  i n  . A l l u v i a l  S t r e a m s ,  B o g a r d i ,  J a n o s ,  L .  1974 . --- 

S e d i m e n t a t i o n  I n v e s t i q a t i o n s o f  R i v e r s  a n d  R e s e r v o i r s ,  EM 1110-2-4000, 
Depar tmen t  o f  t h e  Army, W a s h i n g t o n ,  D . C . ,  1988 .  



Three L e v e l s  o f  A n a l y s i s  f o r  
Conduct ing  Sed imen ta t  i o n  E n g i n e e r i n g  E v a l u a t i o n s  

L e v e l  O b j e c t i v e s  

I d e n t i f y  problems and 
conduc t  q u a l i t a t i v e  
a s se s smen t .  

S tudy  Components 

I d e n t i f y  t h e  p rob lems  and a n a l y z e  
them q u a l i t a t i v e l y  t h rough  t h e  
a p p l i c a t i o n  o f  g e n e r a l  p r i n c i p l e s .  
V i s i t  t h e  problem s i t e  and compi l e  
and  r e v i e w  a v a i l a b l e  d a t a .  
Use these data to support your 
q u a l i t a t i v e  a s s e s s m e n t .  I d e n t i f y  
d a t a  needs  f o r  h i g h e r  l e v e l  
s t u d i e s .  

I1 R e f i n e  p r o b l e n  d e f i n i t i o n  R e f i n e  t h e  d e f i n i t i o n  o f  t h e  
p rob lems  i d e n t i f i e d  d u r i n g  t h e  
L e v e l  I s t u d y .  O b t a i n  a d d i t i o n a l  
d a t a .  Conduct q u a n t i t a t i v e  
e n g i n e e r i n g  a n a l y s i s .  

I11 Conduct thorough q u a n t i t z c i v e  P r e p a r e  a  t ho rough  s t a t e m e n t  o f  
z n a l y s e s  of t h e  problem.  t h e  problem. C o l l e c t  a l l  n e c e s s a r y  

d a t a .  Per form i n t e r m e d i a t e  and 
advanced  a n a l y s e s  o f  t h e  problem 
t h r o u g h  t h e  a p p l i c a t i o n  of one  o r  
more s i m u l a t i o n  models  ( p h y s i c a l  
a n d / o r  n u x e r i c a l )  . Attempt t o  
v e r i f y  r e s u l t s .  





MOVABLE BED MODEL 



i 
INFLOU , BANKS I 

S E D I E E N T  S O U R C E S  I N  A R l V E R  R E A C H  



DISCHARGE (CFS)  

Figure  4 .  Sl ope-di scharge re1 a  t i  ons.  



1 I 
T h s l w e g  S l n u o s l t y  /. 

. A Channel  S l n u o s l t y  i 
T h a l w e g  

T h a l w e g  S l n u o s l t y  

-0-  

a i 
Meandering T h a l w e -  

C h a n n e l  

I 
C h a n n e l  S l n u o s l t y  

I 

'A. 
A - V 

1 
Braided 

C h ~ n n e l  
CI) 

B r a l d e d  

SLOPE,  S- 

F i g u r e  5. C h a n n e l  p a t t e r n  versus slope 
a n d  siniuosi t y  ( ~ a h n ,  i971) 



PROPERTIES OF NON-COHESIVE SEDIMENT 

AND CHARACTERISTICS OF ITS MOVEMENT 

Ref: Sed imen ta t ion  E n g i n e e r i n g ,  V.  Vanoni,  Ed. ,  ASCE Manual 
No. 54, 1975. 

I .  Non Cohesive Sed imen ta t ion  M a t e r i a l s  

A.  P a r t i c l e s  t h a t  do n o t  s t i c k  t o  e a c h  o t h e r .  I n d i v i d u a l  

p a r t i c l e s  r e t a i n  t h e i r  p h y s i c a l  p r o p e r t i e s  a t  a l l  

t imes .  

A .  Sediment Grade S c a l e ;  Shown i n  Attachment  #1 & 2 .  

1. Note g e o m e t r i c  s p a c i n g  o f  g r a d e s  

2 .  Note s i z e  range.  C o a r s e s t  p a r t i c l e s  a r e  t r a n s -  

p o r t e d  by r o l l i n g  a l o n g  bed. F i n e s t  a r e  t r a n s - '  

' p o r t e d  i n  s u s p e n s i o n .  

B.  Shape of P a r t i c l e s :  

The most u s e f u l  shape  f a c t o r  i s  McNownts: 

where a , b ,  & c  a r e  m u t u a l l y  p e r p e n d i c u l a r  p a r t i c l e  d imens ions  

and a  > b  > c .  

C .  S p e c i f i c  g r a v i t y  

The s p e c i f i c  g r a v i t y  o f  sed imen t  m a t e r i a l  depends on 

t h e  m i n e r a l  compos i t ion  of  t h e  r o c k  from which it o r i g i n a t e d ,  

on i t s  wea the r ing  h i s t o r y  and on t h e  s o r t i n g  t h a t  has  o c c u r r e d  

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

g r a i n s  r ange  from l e s s  t h a n  2 . 5  t o  5 .3 .  Q u a r t z ,  a  v e r y  common 



m i n e r a l  i n  sediments ,has  a  s p e c i f i c  g r a v i t y  o f  2 .65 .  

Because t h e  s p e c i f i c ,  g r a v i t y  o f  t h e  p a r t i c l e  is  a n  

i m p o r t a n t  parameter  i n  sed imen t  t r a n s p o r t ,  it i s  d e s i r a b l e  

t h a t  it be de termined f o r  samples  o f  t h e  sediment  for 

which non-cohes ive  sediment  l o a d s  a r e  t o  be computed. 

D. S e t t l i n g  V e l o c i t i e s  o f  S i n g l e  Spheres  

where w s e t t l i n g  v e l o c i t y  

g  a c c e l e r a t i o n  o f  g r a v i t y  

d  d i a m e t e r  of  t h e  s p h e r e  

CD d r a g  c o e f f i c i e n t  

Y s  s p e c i f i c  weight  o f  t h e  p a r t i c l e  

y s p e c i f i c  weight  o f  wa te r  

For 0 . 1  > R = wd/v, ( 2 1 

where v i s  t h e  k inemat i c  v i s c o s i t y ,  CD = 2 4 / R .  For R > 0.1  

t h e  c o e f f i c i e n t  of  d r a g  needs  t o  be de te rmined  e m p i r i c a l l y .  

The a t t a c h e d  f i g u r e  t 3  shows such  a c u r v e .  The s e t t l i n g  

v e l o c i t y  of a s p h e r e  can  be  c a l c u l a t e d  from t h i s  c u r v e  by 

f i r s t  c a l c u l a t i n g  t h e  submerged weight  

and f / p v 2 ,  where p i s  t h e  d e n s i t y  o f  t h e  f l u i d  mass. E n t e r  

t h i s  v a l u e  on t h e  a u x i l i a r y  s c a l e  i n  1 3 ,  f o l l o w  t h e  s l o p i n g  



l i n e s  down t o  t h e  c u r v e  f o r  s p h e r e s ,  and r e a d  t h e  cor respond-  

ing  v a l u e  of R. w can  t h e n  be c a l c u l a t e d  from R v i a  equa t ion  

( 2 )  

The s e t t l i n g  v e l o c i t i e s  f o r  s p h e r e s  hav ing  a  d e n s i t y  

of 2 . 6 5  can  be r e a d  from a t t a c h m e n t  # 4 .  

E. C o r r e c t i o n  o f  S e t t l i n g  V e l o c i t y  f o r  Shape F a c t o r .  

Attachment 1 5  shows p l o t s  f o r  c o r r e c t i n g  t h e  f a l l  

v e l o c i t y  c a l c u l a t e d  f o r  s p h e r e s  f o r  p a r t i c l e  shape.  

F. C o r r e c t i o n  o f  F a l l  V e l . ~ c i t i e s  f o r  High Concen t ra t ion  
of Suspended Sediment 

where wh i s  t h e  "h indered  s e t t l i n g  v e l o c i t y "  and ( P is  t h e  

volume c o n c e n t r a t i o n  o f  suspended p a r t i c l e s :  cu  cm 

of p a r t i c l e s  p e r  cu cm o f  s u s p e n s i o n .  

G. S p e c i f i c  Weights of  Sediment  Beds 

Bulk d e n s i t i e s  of  n o n - c o h e s i v e  sediment  beds v a r y  widely 

depending on p a r t i c l e  s i z e  d i s t r i b u t i o n ,  p a r t i c l e  d e n s i t y ,  

and pack ing .  C o n s o l i d a t i o n  becomes a  f a c t o r  w i t h  f i n e r  

p a r t i c l e s  ( s i l t  and c l a y ) .  At tachment  t 6  shows v a r i a t i o n s  

o f  s p e c i f i c  we igh t s  w i t h  p a r t i c l e  s i z e .  Attachment t 7  shows 

extreme v a r i a t i o n s .  

I t  i s  u s u a l l y  a d v i s a b l e  t o  measure  s p e c i f i c  weights  when 

a  c o n v e r s i o n  of weight  of m a t e r i a l  d e p o s i t e d  t o  d e p o s i t  

volume i s  r e q u i r e d .  



11. 1 n i 6 a t i o n  o f  Sediment blotion by C u r r e n t s  

A. Sediment p a r t i c l e s  a r e  l i f t e d  from t h e i r  

p l a c e  i n  t h e  bed b y  p r e s s u r e  f l u c t u a t i o n s .  These f l u c t u -  

a t i o n s  a r e  random and t h e r e  is  a  wide d i s t r i b u t i o n  i n  peak 

p r e s s u r e s .  There  i s  n o t ,  t h e r e f o r e ,  a c e r t a i n  c u r r e n t  o r  

bed s h e a r  s t r e s s  t h a t  i s  t h e  " t h r e s h o l d "  o f  sediment  t r a n s -  

p o r t .  Most experimenters u t i l i z e  "weak motion" a s  i n i t i a -  

t i o n  of  motion o r  e x t r a p o l a t e  t o  z e r o  mot ion  from a  

f u n c t i o n  t h a t  is  d e f i n e d  f o r  h i g h e r  f lows .  From a  combina- 

t i o n  o f  mechanics and d imens iona l  a n a l y s i s  S h i e l d s  o b t a i n e d  

w h e r e . r c  i s  t h e  bed s t r e s s  n e c e s s a r y  t o  i n i d a t e  m o t i o n ,  U,= is  

t h e  s h e a r  v e l o c i t y  needed t o  i n i t i a t e  mot ion  and t h e  t e rm 

i n  p a r e n t h e s i s  i s  t h e  b o u n d a r y . ~ e y n o l d s  number, R,. 

R e c a l l  t h a t  f o r  s t e a d y ,  un i fo rm f l o w ,  

where r  i s  t h e  a v e r a g e  s h e a r  s t r e s s  a round t h e  w e t t e d  boundary 

R h  i s  t h e  h y d r a u l i c  r a d i u s  of  t h e  c h a n n e l ,  and S i s  t h e  (energy)  

s l o p e .  

s o  t h a t  bo th  r and U, can  be  o b t a i n e d  f o r  u s e  i n  e q u a t i o n  5. 

Equa t ion  5 c a n  be s o l v e d  f o r  r c  o r  d  by means o f  a  

S h i e l d s  Diagram a s  shown i n  Attachment  18 .  T h i s  p l o t  shows 

1 t h e  r e l a t i o n  f o r  an  a r t i f i c a l l y  f l a t t e n e d  bed under  f u l l y  



developed t u r b u l e n t  f lows .  One can  c a l c u l a t e  t h e  v a l u e  o f  

*c' f o r  example, by t r i a l ,  u s i n g  s u c c e s s i v e  v a l u e s  of U, t o  

c a l c u l a t e  both  r c / ( y s - y ) d  and R, u n t i l  t h e  r e s u l t i n g  p l o t t e d  

p o i n t  f a l l s  on t h e  c u r v e .  

A l t e r n a t i v e l y ,  t h e  f u n c t i o n  shown above t h e  a u x i l i a r y  

s c a l e  i n  1 8  can be  c a l c u l a t e d ,  t h e  c o r r e s p o n d i n g  v a l u e  of 

r c / (ys -y )d  found l e a d s  d i r e c t l y  t o  r c .  

A p l o t  of sediment  s i z e  for v a r i o u s  c r i t i c a l  s h e a r  

s t r e s s e s  i s  shown i n  a t t achment  1 9 .  T h i s  p l o t  was c a l c u l a t e d  

using a sediment p a r t i c l e  density of 2 . 6 5  gm/cu cm. 

Example Problem 

\+'hat i s  t h e  c r i t i c a l  s h e a r  s t r e s s  f o r  a 1 mm uniform 

sand having a  d e n s i t y  of 2.65 gm/cu cm i n  w a t e r  a t  20°c? 

S o l u t i o n :  U n i t s  g iven  a r e  m e t r i c ,  s o  t h a t  it is e a s i e s t  

t o  u s e  m e t r i c  v a l u e s  f o r  t h e  d i m e n s i o n l e s s  numbers r e q u i r e d .  
2 The k inemat i c  v i s c o s i t y  of  wa te r  a t  2 0 ' ~  i s  .0100 cm /S.  

y = bg and P,  = 2.65 gm/cm. The a u x i l i a r y  f u n c t i o n  u s i n g  

c e n t i m e t e r  gram second u n i t s ,  i s  

d  n e s  
T = 0 . 0 3 3 ~  1 .65  x 980 x  0 . 1  = 5.34 

cm 

Check: U, = = 2 . 3 1  cm/s 



111. Sediment Loads i n  R i v e r s  

1 

The way t h a t  non-cohes ive  p a r t i c l e s  a r e  t r a n s p o r t e d  

depends on t h e i r  s i z e  and on t h e i r  i n t e n s i t y  of t h e  c u r r e n t s .  

The bed load  c o n s i s t s  o f  p a r t i c l e s  t h a t  r o l l  a long  t h e  bed. 

The - suspended l o a d  c o n s i s t s  of p a r t i c l e s  t h a t  a r e  c a r r i e d  

by t h e  w a t e r s  above t h e  bed.  The c o a r s e r  p o r t i o n  o f  t h e  s u s -  

pended p a r t i c l e s - - t y p i c a l l y  p a r t i c l e s  l a r g e r  t h a n  . 0 2  mrn-- 

o c c a s i o n a l l y  s e t t l e  t o  t h e  bed and a r e  s u b s e q u e n t l y  r e s u s -  

pended.  Th i s  p r o c e s s  goes  on c o n t i n u a l l y  i n  a l l u v i a l  

c h a n n e l s  and t h e  amount of  suspended p a r t i c l e s  of  t h e s e  

s i z e s  t e n d s  t o  e s t a b l i s h  an  e q u i l i b r i u m  w i t h  t h e  bed i n a t e r i a l .  

The p o r t i o n  o f  t h e  sediment  t h a t  r o l l s  a long  t h e  bed  p l u s  

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

1 . t h e  bed i n  s i g n i f i c a n t  amounts is  c o l l e c t i v e l y  c a l l e d  t h e  

bed m a t e r i a l  l o a d .  

The remaining suspended l o a d - - t h a t  m a t e r i a l  t h a t  i s  

compr ised  o f  p a r t i c l e s  s m a l l e r  t h a n  a b o u t  20  m i c r o m e t e r s - -  

i s  c a l l e d  wash l o a d .  Because t h e r e  i s  l i t t l e  i n t e r c h a n g e  

w i t h  t h e  bed,  t h e r e  i s  n o t  a r e l a t i o n  between d i s c h a r g e  and 

wash l o a d  i s  de termined by t h e  s u p p l y  t o  t h e  s t r e a m .  

The bed m a t e r i a l  l o a d  p l u s  t h e  wash l o a d  i s  c a l l e d  t h e  

t o t a l  l o a d .  

I V .  V e l o c i t y  P r o f i l e s  

T u r b u l e n t  momentum t r a n s p o r t  i n  s t r e a m s  r e s u l t s  from 

mixing  i n i t i a t e d  by t h e  roughnesses  of  t h e  bed and banks.  

Dimensional  c o n s i d e r a t i o n s  and i n t u i t i v e  models  l e a d  t o  a 
1 

v e l o c i t y  p r o f i l e  d e s c r i p t i o n  o f  



vhere u is the velocity at distance y from the bed, k is von 

Karman's constant, A is a constant that is experimentally 

found to be 30.1 for rough beds having roughness of yo. A 

bed is rough vhen the height of the roughness elements 

begin to compare with the thickness of the viscous layer at 

the bed (i.e., 11.6 v / U * . )  

Karman's constant is 0.4 for clear water, but at high 

concentrations of suspended sediment, the sediment a l t e r s  

the velocity profile. Attachments #lo, #I1 show this effect. 

Notice that the velocities are higher in the upper regions 

of the flow. Apparently the presence of high concentrations 

of suspended solids near the bed inhibits the upward pro- 

pagation of mixing. 

V. Suspended Sediment Concentration Profiles 

Rouse (1937) derived a vertical concentration profile 

from the one-dimensional diffusion equation and a simplified 

model of vertical mixing in open channel flow. His equation 

where c is the suspended sediment concentration at y ,  and 
c is the concentration at y = a. Equation 9 shows that the a 

concentration at any elevation above the bed increases to the 

power proportional to v. The settling velocity is therefore 



I a very important parameter! 

COHESIVE SEDIMEKTS 

Ref: Mitchell, J.K. Fundamentals of Soil Behavior, J. Wiley, 
1976. 

I. Composition 

A .  C l ~ y  and silt minerals are the dominant components 

of cohesive sediments. Algae are the next most 

common constituents followed by bacteria and other 

organic material. 

B. These particles are small. Gravitational forces 

are consequently small and settling velocities are 

low. 

C. Sediment loads in typical lowland streams are largely 

composed of these materials: wash loads make up to 

90 percent of the loads of many streams. 

D. These particles can be either cohesive or non- 

. cohesive, depending on the dissolved salt composition 

and concentration of the stream waters. 

11. Clay Minerals 

A .  There are three principal clay mineral groups. 

Their important properties are summarized in the 

following table: 



HEC-6: RESERVOIR SEDIMENT CONTROL APPLICATIONS1 

Caveat: "... the choice of a model at this time is arbitrary, and the choice of a modeler is probably more 
important than the choice ofa m&l." (Dawdy and Vanoni 1986) 

1. Some Ristory of HEC-6 Development md Appli~ations.~ The following list smmmim efforts of the 
Corps' Wataways Expaiment Station (WES) and Hydrologic Engin#ring &nkr (HEC). Numerous 
rtsearch and projact applications of HEC-6 have bem paformed by otha Corps' offices, govcmmcnt 
agencies, privatc consultants, uuivcrsitics, and foreign countries that an not rtported hat. 

The "Time Sequencing Methodn of scour and deposition calculations was developed at the 
Little Rock District of the Corps of Engineers in 1967 by Tony Thomas; it lead to the 
development of HEC-6. Thc motivation for that effort was to confirm land acquisition 
n q d  for Ozark M o i r  on the Arkansas River, rtcognizing potential fbture (50- 
ya r )  sedimentation 

0 The next major developmcnt was made at HEC for the Walla Walla District in the early 70's. 
The need was to predict firture watcr surface clcvations for levees at Leuiston ID on Lower 
Granite Reservoir. Thc hcmpration of bed material sorting and armoring and expansion of 
transport of grain s k s  up to 64mm was dom at this time. 

First complete documeatation published by HEC for "Scour and Deposition in Rivers and 
Reseavoirs", 1973. 

0 First HEC "Sediment Transport" training course pnscnted, 1973. 

0 The third major development was made in 1974 fot thc Fort Worth District They necded to 
predict W e  maintenance druiging on the proposed Trinity River Navigation Project which 
consisted of 22 I& and dams in series. Silt and clay were the dominant sediment classes. 
The code was m&ed to handle a system of locks and dams and to transport, deposit, and 
consolidate clays and silts. 

Comparison of model results with laboratory fl urne data (Thomas and Pr& 1977). 

' Prepared by D. Michael Gee. Research Hydraulic Engineer, Hydrologic Engineering Center. 609 2d St ,  Davis, 
California 95616. 

Contributions to this section by Tony Thomas of WES arc gratefWy *wlodged 



"Scour a d  Depitim in Rivm d Rcsavoirs" is designated as "HEC-6", publication of 
u s d s  manual ad public release of tbc mode& 1977. 

Tbe next major dtvelopmcnt ~ s g s  made for tbc Walla Walla District in 1978 to handle a 
&odritic n c h v d  of strums. This led to tbc "Nctwork Version" developed by WES. 

Addition of gravel mining capability at HEC, 1980. 

Addition of graphics using HEC-HGP (Hydraulics Graphics Package), 1980. 

The next major dtvelopmcnt wm made for Mt St Helcns studies on the Toutlc and Cowlitz 
rivers for the Portland District bring 1980- 1985. Several tramprt functions wtrt added to 
tbc model and the capability of including the effect of high conwnlrations of fines on the 
transport of sands using Colby's w d o n  factor was added. A normal dtpth 
approximation to supacritical flow was developed. Tbtse enhancancnts were made to the 
Network Version which was given the name "TABS- I " and bccame'the research version of 
tbc m&l at WES. 

Publication of HEC Training Document No. 13, "Guidelines for the Calibration and 
Application of Computcr Program HECdn, 198 1. 

Application to the Arkansas River, CO - simulation of irrigation diversions and use of HEC- 
DSS for hydrologic data managaDmt (Gee 1983). 

Release by HEC of a microamputcr (PC) version of HEC-6,1985. 

Addition of cohesive sediment m i o n  algorithms. This was initially made to TABS- 1 for 
Vicksburg District studies of the Red River Navigation Projtct in 1986. 

Implementation of a commercial vmdor system by HEC for sohare distribution and 
support outside of the Fbdesal Govcrnmenf 1988. 

The nexl nlajor development of TABS- 1 was madt for studies of the Richard B. Russell 
m o k  pumpback hydropowtr project by the Savannah District. This modification 
changed geometry fles fiom sequential storage to random access storage. 

A major enhancunent was made to TABS-1 for dredging studies in the lower Mississippi 
River for the Ncw Orleans District in 1991. The ratt of dredging could be prescribed as well 
as  the location of the out-fall discharge. 

Documentation and public release of a network version, based on TABS-1, of HEC-6 by 
HEC, 1991. 

Major update of TD- 13,1992. 

Update of u d s  manual, 1993. 

Ongoing work at WES with TABS-I involves coupling of the sediment transport algorithms 



with the UNET unsteady flow program. It is planncd to include the d t s  of this work in 
the HEC NcxGen River Analysis System c u r r d y  Mdagoing dcsign and d c v e l o p ~  

2. HEC-6 Description. 

HEC-6 (HEC 1991) is a one-dimensional movable boundary optn channel flow and sediment 
mov& mods1 Qignai to simukte changes in river profiles duc to scour and deposition over fairly long 
time pcriods ( t yp idy  ycars, altbough applications to single flood events art possible). Tke continuous flow 
m r d  is broken into a of steady flows of variable discharge and duration (see Figure 1). For each 
flow a watP s u r f ~ ~ t  profle is calculat#l (using study flow standard-step backwater computations) thcnby 
providing =gy slope, velocity, depth, dc. at cach uoss section Potential sediment transport rates are then 
computed at cach a t i o n  for the given bed material grain sL t  distribution These rates, combined with the 
duration of tbc flow allow for a volumetric acmmting of sahmt for each reach. The amount of scour or 
deposition at each section is tben computed and the cross d u n  shapc adjusted ~ccordingly (Figurc 2). The 
computations then p d  to thc next flow in the s q z  and the computation cycle is rcpcatcd beginning 
with the updated geometry. The sediment calculations art performed by grain size fiaction thereby allowing 
for the simulation of hydraulic sorting and armoring. Fcatum of the model include: capability to analyze 
networks of streams (Figure 3), automatic channel dredging, various levee and encroachment options, and 
several options for computation of sediment m r t  rates. 
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Figure 1. 
Flow Data Compression. 
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Figure 2 HEC-6 Cross Section Adjustment 



HEC-6 (HEC 199 1) is a movable lmdaxy model. It was formulated around Einstein's basic 
concepts (Einstein 1950) of sediment transport; bowcva, it is designed for the noncquilibriurn case. 
Einstein did not address the nonepilibriurn condition, but his "particle exchangen concept was extended in 
HEC-6 by noting that whcn stdimcnt is in transport there wiil be a &ual exchange between particles in 
motion a d  particles on the bui d m .  The residue in the bed may be memuable, as in the ursc of the "bai 
material load", or it may be ~measlrrable, as in the case of "wash load". The stability of particles on the bed 
surf= may be rcIatd to inatia, as in tbc case of wn-cohesivt particles; or that stability may be primarify 
el&troshemisal, as in thc case of mhaivc particles. Energy f o n a  acting to en& a particle may be 
p r i m d y  gravity i&d, as in thc case of flow in inland rivas; or the forces may be combinations of energy 
sources such as gravity, tides, waves, and density ammts, as in thc coastal zonc. D;n& types of sediment 
require diEacnt entrainment functions dcpcading upon thc propensity of the sediment to change 
hydrodynamic and physical properties of the flow and upon the sensitivity of the sediment type to water 
temperature and chemistry. 

a. Equations offlow. The equations for comemation of energy and water mass arc simplified by 
eliminating the time derivative from the motion equation wlich leaves the gradually varied steady flow 
equation It is solved using the standard-step method for watcr surf= profiles. The follouing terms are 

h a t m r n  
End d Project 

Figure 3 Example Stream System Network 

6 



wilere 
g = accclaation due to gravity 
h - - watn slPfaa2 el~~atiorl  

. s. - - slopc of amgy linc 
u - - flow velocity 
X - - distance in the d i d o n  of flow - - d o n  for transverse distribution of flow velocity 

Q =  UA+Q, (conservation of watcr) (2) 

wilere 
A - - ms-sectional area of flow 

Q1 
= l a t d  or tributary inflow 

Q = main stem wata discharge downstm h m  Ql 
U a main stem m ~ a n  ~ g t c r  ~~IOcity ~pstrtam fi-om Q1 

b. Friction andfonn losses. Both fiction and form lasses are included in S,; bed roughness is 
prescribed with Manning n values. n valucs may vary with watcr discharge, location, or be rclattd to bed 
material size (limerioos 1970). 

c. Equation ofsediment continuity. The h e r  equation is used for conservation of sediment: 

Q, S 
- 4  B,- + q,= 0 (wnservation of sediment) (3) 

x t 

where 
B, - - uidth of bed sediment control volumt 
Q = volume!ic sediment discharge rate 
0 

- - lateral or tributary stdimcnt discharge rate 
t - - time 

y, 
- - bed d a c e  elevation 

a! Equation ofsediment transport. Einstein's (Einsttin 1950) work is definitive and presents a 
complete view of the proccsscs of equilibrium sediment transportation; it, however, has been more usel l  for 
understanding those processes than for application, partially because of the numerical complexity of the 
computations. Many other d e r s  have contributed sediment transport finctions - always attempting to 
develop one which is reliable when compared with a variety of field data The resulting functions are 
numerous, yet no single fiinction has proved superior to the others for all conditions. Therefore, the following 



functional form is pnscnkd hst to show the importsrace of various parametas. 

e f f i v c  width of flow 
effcctivc depth of flow 
effective particle diamdrz of the mixhtrc 
ganndric mean of particle diamctas in each size class i 
total bed &a1 didurge rate in units of weigWtirne (e.g., todday) 
grainshapcf- 
Man of particles of the i"' size class that an found in the bed S, 
of energy grade line 
specific gravity of fluid 
specific gravity of sediment particles 
warn tcmpcraturc 
flow velocity 

Sediment transport rates arc calculated for grain s i n s  up to 64 mm (soon to be manded to 2000 
mm). Sediment sizes larger than 64 mm, that may exist in the bed, are used for sorting.cornputations but arc 
not bz~nsported For deposition and erosion of clay and silt s i m  up to 0.0625 mm Krone's (1962) method is 
used for deposition and Ariathurai's (1976) adaptation of Parthenaides' (1965) method is used for scour. The 
default for clay and silt allows only deposition using a method based on settling velocity. 

I The sediment transport fimction for btd &a1 load is s e l d  by the user. Transport hc t ions  
available in the program include the following: 

a Toffdeti's (1966) transport function 
b. Maddea's (1 963) modification of Lamds  (1 958) relationship 
c. Yang's (1 973) slmm power for sands 
d Duboys tmqmrt fimction (Vanoni 1975) 
e. Ackers-Whitt (1973) transport function 
f Colby (1 964) transport hct ion 
g. Toffdeti (1966) and Schoklitsch (1930) combination 
h Meyer-Pctcr and M d a  (1948) 
i. Toffdeti and Meya-Pctcr and M a e r  combination 
j. Madden's (1985, unpublished) modification of Laursen's (1958) relationship 
k. Parthenaides (1 965). Ariathurai (1 976) and Krone (1 962) for cohesive sediments 
I. Copeland's (1990) modification of Laursen's relationship (Copeland and Thomas 1989) 
m. User specification of transport coefficients based upon observed data 

e. Computational methodology. Descriptions of the computational methodology USA in HEC-6 and 
application of the program arc presented in the HEC-6 u s d s  manual (HEC 199 1). 

Experienct has shown that successll application of movable boundary models may require substantid 
effort to reproduce field observations, i.e., calibration. The general topic of application and calibration of 



numerical riva &Is is thoroughly covered in Cunge, d aL (1980). 



3. Specific Reservoir Simulation Capabilities. 

I Usa can spccifj. watcr slrrfact ticvations (iaternal boundary conditions) to simulate opmtion 
and control of rcsavoir pool elcvatioas as fundons of time. 

0 Allows for deposition and compaction of cohesive sediments with time. 

Provides for runtrainment of cohesive d i m a ~ t s  basal on quations presented by Parthenaides 
(1%5). 

0 Can simulate deposition at various p o l  levels and, therefon, compute impacts of w o i r  
deposits on upstram water surface profiles. 

D Has a "parallel flow" capability, which means that several discharges in the time series of flows 
can be modeled without updatrng boundary geometry - achicvcs computational efficiency. 

0 Can compute trap efficiencies and perfom voIumetric accounting of s m e n t  by grain s i x .  

4. Some Limitations of HEC-6 with Regard to Reservoirs. 

0 It is a one-dimensional m&l. 

0 h i t y  variations dut to thermal stratification or sediment concentrations an not included in the 
hydraulics. 

0 Modeling of the stnrctvc is limited by what the usa can do with cross d o n s  and water surface 
elevations. 

5. Some Additional HEC and Corps of Engineers Software for Reservoir Analysis. 

0 HEC-5 "Simulation of Rod Control And Conservation Systems" (HEC 1982). 

HEC-5Q "SimuIation of Flood Control and Conservation Systems - Appendix on Water Quality 
Analysis" (HEC 1986). 

HEC-PRM "Prescriptive Rtsentoir System Analysis Model - Missouri River System 
Application" (HEC Ttchnic.a.1 Paper No. 136 Nov. 199 1). 

0 HEC NexGen project. 

O TABS-2 "Open Channel Flow and Sedimentation," tw&ensional flow and sediment modeling 
system (vertically avcragtd). 

a. Purpose. The purpose of the TABS-2 systcm (Tbornas and McAnally, 1985) is to provide a 
complete set of generalized computer programs for two-dimensional numerical modeling of openxhannel 
flow, transport proccsscs, and sedimentation. These processes art m&led to help analyze hydraulic 



cngincaing and cnvirom4 d t i o n s  in watemays. The systtm is designed to be used by cngintcrs and 
scientists who nad nd be u>mputa ocpcrts. 

b. &sniption. TABS-2 is a collection of  gcnaalized computer programs and utility codcs integrated 
into a numerical modeling system for studying twcxhmsionsl  hydraulics, transport, and sedimentation 
processes in rivas, rtscrvoirs, bays, and estuaries. A schematic rcpwtation of the systcm is shown in 
Figure 4. 

Figure 4 TABS2 Schematic 

c. Uses. It can be used either as a stand-alone soIution technique or as a step in the hybrid modeling 
approach The basic conctpt is to calculate water-surface elevations, cummt p a t . ,  dispersive transporf 
sediment mion ,  transport and deposition, resulting bed surf= elevations, and feedback to hydraulics. 
Existing and proposed geometry can be a n d y d  to ddtrmine the impact of  projcct designs on flows, 
sedimentation, and salinity. The caldattd velocity pattern around structures and islands is particularly 
usell. 



REFERENCES 

Ackns, P., d White, W. R, "Scdimtnt transport: new approach and analysis," Journal ofthe Hydraulics 
Division, ASCE, Vol. 99, No. HY 1 I, pp. 204 1-2060,1973. 

Ariathurai, R, grid Krone, R B., "Finite element model for cohesive sediment transport," Journal of the 
Hydraulics Division, ASCE, pp. 323-33 8, March 1976. 

Colby, B. R, "Practical computations of b e d - W a l  discharge," Proceedings, ASCE, Vol. 90, No. HY2, 
1964. 

Copeland, Ronald R, and Thomas, W. A., Cone Madera CreekSedimentation Study, Technical Report 
HL89-6, USACE, Waterways Experiment Station, Vicksburg, MS, April 1989. 

Copeland, Ronald R, Waimea Sedimenration Study, Kauai, H d i .  Numerical Model Investigation, 
Technical Report HL90-3, USACE, Watnways Expxbcnt Station, Vicksburg, MS, May 1990. 

Cunge, J. A,, Holly, F. M., and Vervey, A., PracticalAspects of Compuran'onal Riwr Hydraulics, 1980, 
Pitman, London 

Dawdy, D. R and Vanoni, V. A., Mockling Muvial Channels, Watcr Resources Rcsearc4 Vol. 22, No. 9, pp 
71s-8 Is, August 1986. 

Einstein, Hans AIM "The &d-Load Function for S W  Tmspfa t ion  in Open Channel Rows," U.S. 
Department of Agriculture Ttchnical Bulletin No. 1026, Soil Conservation Service, Washington, D.C., 1950, 
71 PP. 

Gee, D. M., "Pm5ction of the Efftcts of a Flocd Control Projtct on a Meandering Stream," 1983, 
Procctdings of the ASCE Confcrtnce Rivers '83 (also published as HEC Technical Paper No. 97). 

Krone, R B., f i m e  Studies ofthe Transport of Sediment in Estuarial Shoaling Processes, Hydradc 
Engineering Laboratory, University of California, Berkelqr, CA, 1962. 

Lawsen, E. M., "The total sediment load of streams," Journal ofthe Hydraulics Division, ASCE, Vol. 84, 
No. HY1, p. 1530-1 to 1530-36, February 1958. 

Lirnerinos, J. T., " M a t i o n  of the Manning Coefficient fiom Measured Bed Roughness in Natural 
Channels," Water Supply Paper 1898B, 1970, U.S. Geological Survey. 

Madden, E. B., "Channel Design for M&ed Sediment Regime Conditions on the Arkansas River," Paper 
No. 39, Proceedings of the Federal Inter-Agency Sedimentation Confirence, Miscellaneous Publication No. 
970, Agricultural Research Service, U.S. Govenunent Printing Office, 1963, pp. 335-352. 

Meyer-Peter, E., and MiUer, R, "Formulas for M-load transporf" International Association of Hydraulic 
Research, 2nd Meeting, Stockholm, 194 8. 

Parthenaides, E., "Erosion and Deposition of Cohesive Soils," Journal of the Hydraulics Division, ASCE, 



March 1%5, pp. 755-771. 

Schdditsch, A, Handbuch &s Wasserbmres, Springer, Vienna (2nd d), English Translation (1937) by S. 
Shulits, 1930. 

Thomas, W. A. and Prasuhn, A. L., "Mahamtical Modeling of Scow and Deposition," Journal of the 
Hydraulics Divisioq ASCE, Vol. 103, No. HY8, 1977 (Aug.), pp. 85 1-863. 

Thomas W. A. and McQnalIy, W. H., "Open-Chanacl Flow and Stdimentation TABS-2," Usds Manual, 
U.S. Army Carps of Engintas Wataways Ex@nent Station (WES), Jmtmdon Report HL-85- I, 1985. 

Toffaleti, F. B., A Procedure for Computation of Total River Sond Discharge and Detailed Distribution, 
Bed to Surjize, bnmi~ommittcc on Chanml Stabilization, U.S. Axmy Corps of Enginocrs, Novemba 1966. 

U.S. Army Corps of EngiDtcrs, Hydrologic Engk&ng Cents (HEC), "Effects of Dam Rcmoval: An 
Approach to Sedimentation," Technical Papcr No. 50,1977, Davis, CA. 

U.S. Army Corps of Enginens, Hydrologic Engineering Ceatcr (HEC), "HEC-5, Simulation of Flood Control 
and C o m a t i o n  Systems, Usa's Manual," April 1982, Davis, CA. 

U.S. Army Corps of Engineas, Hydrologic Engineaing Centcr (HEC), "HEC-5, Simulation of Flood Control 
and C o m a t i o n  Systems, Appendix on Wata Quality Analysis," Scpt 1986, Davis, CA. 

U.S. Army Corps of Engineers, Hydrologic Engineering Ccnter (HEC), "HEC-6, Swur and Deposition in 
Rivers and Rtsavoirs, Usa's Manual," August 1993, Davis, C A  

U.S. Army Corps of Enginens, Hydrologic Engineering Ccntcr (HEC), "Prescriptive Reservoir System 
AnaIysis Model - Missouri River Systm Application," Technical Paper No. 136, Nov. 199 1, Davis, CA. 

U.S. Army Corps of Engineers, Hydrologic Engineering Center (HEC), "Guidelines for the Calibration and 
Application of Computer Program HEC-6," Od 1992, Davis, CA. 

Vanoni, Vito A., ed, "Sedimentation Enginering," American Society of Civil Engineers Manual No. 54, 
1975, New York, NY. 

Yang C. T., "Incipient motion and stdiment transporf" Journal of the Hydrcrulics Division, ASCE, Vol. 99, 
No. KYIO, hoc. Paper 10067, pp. 1679-1 704, Oc tok  1973. 



SUROXARY OF HEC-6 CAPABILITIES AND LIRXITATIONS 

1. One-Dimensional 

2. Movable Boundary 

3. Steady State Open Channel Flow 

4. Continuous sequence of flows segmented into a series of steady 
state flow events 

5. Standard Step Backwater Computations 

6 .  Sediment transport rates computed at each section 

7. Volumetric accounting of each sediment size in each reach 
(between cross sections) 

8. Amount of scour or depositio~l is computed for each reach and 
cross section geometry is adjusted after flow event 

9. Sediment calculatio~~s are done by grain size fraction 

10. Allows for simulatioll of hydraulic sorting and armoring 



SURlTtlARY OF HEC-6 CAPABILITIES AND LI3lITATIONS 

Limitations 

1. One-Dimensional 

2. Sequence of steady state and equilibrium conditions 

3. Meanders not considered 

4. Bank widening not considered 

5. River Network Constrains 

a. Sediment transport in distributaries not possible 

b. Flow around islands (closed loops) cannot be simulated 
directly 

c. Only one junctio~l or control point is allowed between 
adjacent cross sections 

6 .  Split flow callnot be simulated 

7. Supercritical flow is approxi~nated by nor~nal depth 
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DATA REOUIREMENTS FOR HEC-6 

Defini t ions:  

INPUT ( o r  RUN) DATA: The data needed to opera te  a computer 
program. 

CALIBRATION DATA: Field  d a t a  o r  observat ions used t o  
evaluate  the performance of a model and adjust model 
parameters if necessary. 

VERIFICATION DATA: Additional f i e l d  d a t a ,  not  used t o  
c a l i b r a t e  t h e  m d e l  parameters, used to v e r i f y  t h e  
model performs adequately under cond i t ions  o the r  t han  those  
f o r  which it was ca l ib ra ted ,  

obi ect ive :  

The ob jec t ive  of this lecture is t o  de sc r ibe  t h e  required  
j n ~ u t  data f o r  HEC-6. 



HEC-6 I n ~ u t  Data F i l e  Structure 

SEDIMENT 

DATA 

GEOMETRIC 

FIDW 

DATA 

A 

- 



NOTE: The geometric and sediment d a t a  apply t o  t i m e  zero ;  t h a t  
is, t h e  beginning of  t h e  s imulat ion.  

GEOHETRIC DATA 

Item: 

Cross sec t ions ,  

Records : 

XlfX3,GR 

Source (s) : 

F i e l d  surveys,  top0 
maps, HEC-2 d a t a  
sets. 

NOTE: Cross s e c t i o n s  s e l e c t e d  for HEC-2 may n o t  be 
optimal f o r  HEC-6. The d i f f e r e n c e  is between hydrau l i c  
conveyance c o n t r o l s  and reach-averaged sediment 
t r a n s p o r t  c h a r a c t e r i s t i c s .  

Boundary roughness: NC,NV F i e l d  e s t ima t ion  and 
c a l i b r a t i o n .  

NOTE: Boundary roughness is desc r ibed  by Manning's 
r e l a t i o n  i n  HEC-6. It may vary  w i t h  d i s t a n c e ,  
e levat ion ,  o r  discharge;  b u t  is n o t  d i r e c t l y  coupled 
w i t h  the sediment t r a n s p o r t  a s  i n  the Eins te in-  
Barbarossa approach. 

Expansion-Contraction Losses: NC 

Channel subdivis ions:  X 1  

Bed width: H 

F i e l d  e s t ima t ion  and 
c a l i b r a t i o n .  

F i e l d  e s t ima t ion  and 
c a l i b r a t i o n .  

F i e l d  e s t ima t ion  and 
c a l i b r a t i o n .  



Flg 2.2 Sectlon 24 
Solid Ilne: Oct 1983 
Dajhed line: Sept 1986 



SEDIXENT DATA 

Item: 

Sediment p r o p e r t i e s  : 

 rain s izes :  

Records : Source (sl : 

F i e l d  e s t ima t ion .  

11-14 ~ e t e r m i n e d  from 
f i e l d  
samples/measure- 
rnents. 

NOTE: The number of g r a i n  s i z e s  selected on 
t h e  1 1 - 1 4  r ecords  governs t h e  L and N 
records.  

Transport  funct ion:  I 4  

Weighting fac to r s :  I5 

In f  lowing sediment: L 

User s e l e c t e d .  

Computational 
smoothing. 

F i e l d  measurements 
and/or c a l c u l a t i o n  
(egg.  use o f  t h e  
CORPS system),  inpu t  
a s  a func t ion  of  
w a t e r  d i scharge .  

NOTE: Need g r a i n  s i z e  d i s t r i b u t i o n  of t h e  
inf lowing sediment load.  Typica l ly  this is  
the grada t ion  of  t h e  bed m a t e r i a l  load  (no t  
the same a s  t h a t  of the bed m a t e r i a l ) ;  f o r  
open r i v e r s  wash load can  b e  neglected,  f o r  
r e s e r v o i r s ,  however, wash load  may b e  
dominant. 

Ehd mate r i a l  gradat ion:  N F i e l d  sanipling. 

POTE: A bed m a t e r i a l  g r a d a t i o n  must be 
suppl ied  at each c r o s s  s e c t i o n ;  experience 
h a s  shown, however, that smoothing t h e  
changes i n  g rada t ion  from s e c t i o n  t o  s e c t i o n  
w i l l  a i d  the HEC-6 s o l u t i o n .  
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Legend: 
Points are USGS samples 
Line: 1977 COE relotion 
Dashes: 1987 HEC relation 



Item: Records : 

Print/plot control, * 

Water surface elevation 
or rating curve, R,RC 

Water discharge, Q 

Time interval 

source ( s )  : 

User selected; data 
will be saved for 
plotting at times 
that a "Btt level 
sediment print is 
requested. 

Gage data, uniform 
flow computations. 

Flow records; 
continuous, flow- 
duration, or 
stochastic, 

User developed. 

NOTE: Time intervals may vary; smaller time 
intervals yield better results but take more 
computer time. Several methodologies have 
been developed for compression of flow 
records. Time intervals must be selected to 
preserve inflowing sediment volume. 

Water temperature Flow records. 



Legend: 
Solid Line: Preproject Flows 
Dashed Line: Project  Flows 
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SURlRlARY OF RECORD SEQUENCE FOR HEC-6 

TITLE RECORDS (required): TI-T3 

2. GEOMETRIC DATA 

A. Manning's n (required unless repeated) - NC, NV (also can 
adjust by SKI and SKL - see Hydrologic data) 

B. QT - (optional) used for tributary discharges 

C. X1 - (required) start of a cross section 

D. X3 - (optional) ineffective flow - note: similar but not the 
same as X3 of HEC-2 

E. X5 - (optional) internal boundary condition specification; 
adiusts water surface elevations - note: not the same 

F. XL - (optional) conveyance limits 

G. GR - (required unless repeated) ground stations and 
elevatiolls 

H. H or HD (required) sedinle~lt reservoir determination, 
dredging limits 

I. EJ - (required a t  end of seg~lle~l t  geometric data) end of 
aeonlets y b 

I. STRIB - (optional unless si~llulatio~l of tributaries) idelitifies 
start of tributary geoi~letry 

K. CP - (required if $TmB is used) indicates locatio~l of 
tributary within network 



SUMhIAJ3.Y OF RECORD SEQUENCE FOR HXC-6 (continued) 

3. SEDIMENT DATA 

A. T4-T8 - (required) title records 

B. 11 - (required) sediment properties and selection of transport 
method 

C. I2 - (required for clay transport) clay properties 

D. I3 - (required for silt transport) silt properties and number 
of size fractions 

E. I4 - (required for sand transport) sand properties and 
nunlber of size fractions 

I5 - (optional) weighing factors for computations 

J and K - (optional) user specified transport relation 

(required) discharge for inflowing load 

I. LT - (required) total load for inflowing load 

J. LF - (required) fractio~l of total load for each grain size 

K. PF (or N) - (required) bed gradation 

L. $LOCAL - (optional) identifies inflowi~lg load records 
for local inflows or diversio~ls 

M. LQL, LTL, LFL - (optional) same as LQ, LT, and LF 
but for local inflows and diversions 



SUMRiARY OF RECORD SEQUENCE FOR HEC-6 (continued) 

4. HYDROLOGIC DATA (continued) 

L. VJ, VR - (optional) used in conjunction wirh SVOL, 
specifies elevation intervals for computations 

M. * - (required) indicates a set of information is to follow for 
a single discharge 

N. Q - (required) discharge 

0.  R - (required if rating curve is not specified) downstream 
water surface elevation for specified discharge 

P. S - (optional) shifts water surface elevatio~l 

Q. T - (required for first discharge) water temperature 

R. W - (required ude r s  X record js used) duration of discharge 

S. X - (optional) discharge duration and coinputational 
irlcrernent 

T. $$END - (required) end of hydrologic data 



INTERPRETATION OF RESULTS fROM HEC-6 

Objective: t o  present t he  types of information which may be 

prlnted out  and t o  i l l u s t r a t e  how t o  i n t e r p r e t  the 

ca lcu la ted  resul ts. 

1. Geometric da ta  

A. Normal pr ln tout  

B. B-level pr ln tout  

C. Ddevel pr in tout  ( t r ace )  

D. END OF GEOMETRIC DATA 

2. Sediment data  

A. Normal pr in tout  

B. B-level p r ln tou t  

C. C-level p r in tou t  ( t r a c e )  

D. END OF SEDIMENT DATA 

3. Hydrologic da ta  

A. The desired level  of p r l n t o u t  must be spec l f l cd  - t h e  de fau l t  

1s  "NO PRIHTOUTn. 

1 of  3 



B. Hydraulic calculations. Request an A-level printout on the f i r s t  

event to  aid in debugging the data deck. 

C. Sediment calculations. Rquest an A-level printout f o r  volumes. 

If  bed change and sediment loads a re  desired, request a 8-level. 

All values are calculated whether o r  not a printout i s  requested. 

D. END OF JOB 

4. Interpmtation of calculated tesul t s  

The most cormon printout levels are "none" in hydraulic calculations 

and B-level in sediment calculations. However, when debugging a new 

data deck i t  i s  useful to have an A-level printout i n  hydraulic cal- 

culations. For this  reason both are described below. 

A. "Nu Is  the dfscharge number when making para1 lel  calculations 

B. "Discharge" Is the prescribed water discharge 

C. "Water surface" Is the calculated water surface elevation 

D. "Energy Line" and "Velocity head" a r e  self  explanatory 

E. "Alpha" i s  the horizontal velocity d i s t r l  bution factor 

F. "Top width" i s  total  water surface w i d t h  

G .  "Avg bedH i s  the water surface elevatton minus the. hydraulic depth 



H. "Avg ~ e l o c i t y  In subsection 1 2 3 .., 7" a r e  the average velocity 

values i n  each subsection (i.e., l e f t  overbank, channel, rlght 

. overbank) 

I. "Accumulated daysu i s  the number of days since t i m  zero 

3.  "Inflow" and "Outflow" are the accunulated volune of sediment 

K. "Bed change" i s  the accunulated amount since time zero 

L. "W.  S, Elev" i s  the water surface elevatlon for  the stream bed 

profile a t  the beglnning of the event being analyzed 

M. "Thalweg e l "  i s  the lowest elevation in cross section a t  the end 

of the event being analyzed 

I .  "Water discharge" self  explanatory 

0. "Sediment load1' i s  the amount of clay, s i l t ,  o r  sand that  is 

passing the cross section, Identified in colmn 1,  expressed in 

tons/day 



I OUTPUT SPECIFICATION! 

FIELD I 

1 COLUMN 

PN 

END 

N-o ff 
A-on 

(COMMENT) 

FIELDS 2-10 

TITLE 



Workshop 1 

Using HEC-6 on the PC (Fixed Bed Mode) 



Workshop 1 

' r s V E ~ O ~ ~ ~ ~ ~  OF HYDROLOGIC DATA FOR HEC-6 

References: [ l ]  HEC-6 User's Manual 

Objective: The student demonstrates skiii in coding Hydrologic Data, executing the program 
and reading the output. 

1. END PRODUCT 

The end product is an example execution. 

2. PROCEDURE 

2.1 Summary of Tasks. Locate the basic HEC-2 data fiIe provided for this workshop. (A 
copy is shown below.) Modify the HEC-2 file to incorporate the additional data required 
to execute HEC-6. Execute the job and provide the interpretations requested below. 

2.2 HEC-2 Input Data File. 

T1 WORKSHOP PROBLEM 1 HONDAY 
T2 COED YOUR TEAM NO, NAMES, DATE, AND DESCRIPTlVE INFO FOR THIS WORKSHOP HERE 
T3 WORKSHOP TO DEMONSTRATE THE APPLICATION OF HEC-6 IN A FIXED BED MODE. 
NC .080 .080 .03 .3 .5 
X1 0.67 2 0 653 
GR 743.1 0 710 6 8 710 120 710.2 150 709.1 17 8 
GR 711.6 214 711.9 264 710.5 320 709 360 707 390 
GR 706 415 703.3 450 703.1 49 2 702 530 703.9 570 
GR 703.1 610 705 635 711 647 715 649 743.1 653 
X1 .78 19 696 590 590 590 
GR 743.1 0 711.5 62 710.3 78 711.7 102 710.9 137 
GR 711 173 712.5 208 714.6 270 713.3 320 711.3 340 
GR 708.8 402 707.3 458 706.3 475 706 493 705.3 . 513 
GR 706 558 707.8 611 709 625 743.1 696 
X1 .92 13 710 1122 1690 1690 1690 
GR 743.1 0 ,717 5 3 7 17 550 715 673 735 710 
GR 707.5 740 707.9 780 706.7 840 706.8 878 708.2 9 10 
GR 708.8 990 707.4 1046 743.1 1122 
X1 1.16 17 1040 1593 2290 2290 2290 
GR 743.3 0 717 52 717 964 715 1008 730 1040 
GR 710 1074 708 1080 708.1 1140 707.9 1190 708.2 1230 
GR 710 1304 711.7 1324 713.5 1360 7 15 1395 717 1450 
GR 717 1540 743.3 1593 
FJ 



A. Geometric Data Set 

H-record Add an H-record after each cross section data set. 
X3-record An ineffective area record is always recommended even though it is not 

- < m i r e d  for the program to execute. 

B. Sediment Data Set 

Omit for a fixed bed execution. 

C. Hydrologic Data Set 

Run the 2 events shown below. 

Discharge Starting Water 
Surface Elevation 

7 10 
715 

D. Fluid Properties: 

T-record Water temperature, Degrees F, is not needed for a fixed-bed execution. 

3. READING THE OUTPUT 

Use your output to answer the following questions. 

3.1 Geometric Data. 

Were any 'error or diagnostic' messages indicated as the program read and processed the 
Geometric Data Set? 

Why is 'NO O F  CROSS SECTIONS READ IN" important? 

What is the maximum number of cross sections that can be used in a single run? 

3.2 Hydraulic Computations. 

Locate the message 'FIXED BED MODEL" in the output. This only appears if there is no 
sediment data. It indicates the beginning of hydraulic calculations. 

3.2.1 A-Level Output. 

How does one request output from hydraulic computations? 

What output is produced if none is requested? 



What does the reference to "Boundary Condition Data" mean? 

z 
.-4 
L 

In the column headings following the boundary conditions table, in the output, there is a 
reference to "AVG VELOCITY IN SUBSECTION". 

What subsection is the Channel? 

What subsection is the Left Overbank? 

What subsection is the Right Overbank? 

What percent of the total discharge flows in the channel at section 1.16? 

What is the HYDRAULIC DEPTH at section 1.16? 

3.2.2 B-LeveI Output. 

In addition to the calculated results indicated by the **** coIumn headings, this level of 
output shows values for 3 other "setsn of variables. One of these other sets is entitled 
"Reach Properties by Strip" and contains the values used in the solution of the Manning 
equation at this cross section. Locate and describe what the other two sets show. 

Velocity and flow distribution are critical in sediment movement calculations. Complete 
the following table. 

Table 1. Channel Velocity and Flow Distribution 

Section ID Q V Q* Q V 
4 f ps 

Qh 
River Mile cfs f PS 4 

If this were an accurate model of velocity and flow in the river, describe what you expect 
the channel bed deposits to look like as one moves from section 1.16 toward section 0.67? 

What is the maximum number of EVENTS that can be coded for a single run? 



HYDROLOGIC INPUT 

Defines Downstream 
Boundary as f(Q) 

~itle card for each event 
Discharges (cfs) 

Downstream WSEL (ft) 

Shift in rating curve (ft) 

Water temperature ( O F )  

Duration (Days) 



PROCEDURE FOR RUNNING HEC-6 IN A FIXED BED MODE 

1. With refe3ee&% HEC-6 User's Manual, Appendix A, Input Description. 

a. Required records: T I  through T3, NC, XI, GR, H, EJ, SHYD, *, Q, T, W, and 

SSEND. Also, the user needs to include a downstream boundary condition by using R 

records. 

b. Optional records: NV, X3, XS, SRATING and RC. 

c. Do not include records T4 through LQS and the command records %DREDGE and 

$NO DREDGE. 

d. Use I-day on the W record (for this example). 

2. Calculation of Multiple Water Surface Profiles 

a. If only one stream segment is being modeled, up to ten multiple profiles may be 

calculated by using the parallel computation option on the Q record, if MNQ (I1 record, 

Field 4) is set to 10. 

b. If tributaries are present, a series of profiles may be calculated by stacking *, Q, R, W 

sets of records in the data stream. There is no program limit on the total number of sets. 

The R record may be omitted if a SRATING table is being used. 

3. Output 

The default output from water surface profile caIcuIations is "NO OUTPUT. 

Therefore, put an "A" in column 5 of each record in the data set to trigger an A-level 
output. 



Workshop 1 

Solutions 

HECd - Development of Hydrologic Data 



Workshop 1 Answers 

DEVELOPMENT O F  HYDROLOGIC DATA FOR HEC-6 

-<- 

References: [ l j  :%C-6 User's Manual 

Objective: The student demonstrates skill in coding Hydrologic Data, executing the program 
and reading the output. 

I. END PRODUCT 

The end product is an  example execution. 

2. PROCEDURE 

2.1 Summary of Tasks. Locate the b v i c  E C - 2  data file provided f o r  this workshop. (A 
copy is shown below.) Modify the HEC-2 file to incorporate the additional data required 
to execute HEC-6. Execute the job and provide the interpretations requested below. 

2.2 Final HEC-6 I n p u t  Data  File. 

T1 WORKSHOP PROBLEH 1 
T2 R. Copeland, R. MacArthur, J. Tinios 
T3 WORKSHOP TO DEMONSTRATE THE APPLICATION OF HEC6 IN A FIXED BED MODE 
NC .080 .080 .03 .3 -5 
X1 0.67 20 653 
GR 743 .l 0 710 6 8 710 120 710.2 150 709.1 
GR 711.6 214 711.9 264 710.5 320 709 360 707 
GR 706 415 703.3 450 703.1 492 702 530 703.9 
GR 703.1 610 705 635 711 647 715 649 743.1 
H 
X1 .78 19 6 9 6 590 590 590 
GR 743.1 0 711.5 62 710.3 78 711.7 102 710.9 
GR 711 173 712.5 208 714.6 270 713.3 320 711.3 
GR 708.8 402 707.3 458 706.3 475 706 493 705.3 
GR 706 558 707.8 611 709 625 743.1 696 
H 
X1 -92 . 13 710 1122 1690 1690 1690 
GR 743.1 0 717 5 3 717 550 715 6 7 3 735 
GR 707.5 740 707.9 780 706.7 840 706.8 878 708.2 
GR 708.8 990 707.4 1046 743.1 1122 
H 
Xl 1.16 . 17 1040 1593 2290 2290 2290 
GR 743.3 0 717 5 2 717 964 715 1008 730 
GR 710 1074 708 1080 708.1 1140 707.9 1190 708.2 
GR 710 1304 711.7 1324 713.5 1360 715 1395 717 
GR 717 1540 743.3 1593 
H 
EJ 



SHyD 
* A RUN 1. ILLUSTRATE THE HYDXOLOGIC DATA SET 
Q 25000 
R 710 
W 1 
* B RUN 2 .  . ' $ m T R A T E  A MORE DETAILED PRINTOUT 
Q 50000 

C 

A. Geometric Data Set: 

H-record .Add an H-record after each cross section data set. 
X3-record An ineffective area record can be used, though i t  is not required fo r  the 

program to execute. 

B. Sediment Data Set: 

Omit for a fixed bed execution. 

C. Hydrologic Data Set: 

Run the 2 events shown below. 

Discharge 
CFS 

Starting Water 
Surface Elevation 

710 
7 15 

D. Fluid Properties: 

T-record Water temperature, Degrees F, is not needed for  a fixed-bed execution. 

3. READING THE OUTPUT 

Use your output to answer the following questions. 

3.1 Geometric Data. 

Were any "error o r  diagnostic" messages indicated as the program read and processed the 
Geometric Data Set? 

NO , 

Why is "NO OF CROSS SECTIONS READ W important? 

The model can only'handle a limited number of cross sections.  
This limit can be found In the banner on page  1 of the output. 

What is the maximum number of cross sections that can be used in a single run? 



3.2 Hydraulic Computations. 

Locate the message 'FIXED BED MODEL" in the output. This only appears if there is no 
sediment data. It indicates the beginning of hydraulic calculations. 

How does one request output.from hydraulic computations? 

Enter A, B, C, D, or E in column 5 of the records in 
the Hydrologic Data set. 

What output is produced if none is requested? NONE! 

What does the reference to 'Boundary Condition Data' mean? 

The water discharge, water surface elevation and water 
temperature at the "outflorf boundary of the model. 
Control Point $1 is always the downstream boundary of 
the model. 

In the column headings following the boundary conditions table, in  the output, there is a 
reference to 'AVG VELOCITY lN SUBSECIION". 

2 
What subsection is the Channel? 

I  
What subsection is the Left  Overbank? 

3 
What subsection is the Right Overbank? 

What percent of the total discharge flows i n  the channel at section 1.16? 

84.7% at 25,000 d s  and 75.0% at 50,000 cfs 

What is the HYDRAULIC DEPTH at section 1.16? 

8.56 at 25,000 cfs and 12.38 at 50,000 d s  

3.2.2 B-Level Output. 

In additio; to the calculated results indicated by the **** column headings, this level of 
output shows values for  3 other 'sets" of variables. One of these other sets is entitled 
"Reach Properties by Stripn and contains the values used in the solution of the Manning 
equation a t  this cross section. Locate and describe what the other two sets show. 

I)  X-Section coordinates immediately following the X-Section 
identification and 

2) N-VALUE,SLOPE,EFW,EFD,VAG hydraulic parameters for the 
sediment computations later. 



Velocity and flow distribution are critical in sediment movement calculations. Complete 
the following table. 

Table 1. 
-<- 

2 -- - 
Section ID Q 
River Mile cfs 

Channel Velocity and Flow Distribution 

If this were an accurate model of velocity and flow in the river, describe what you expect 
the channel bed deposits to look like a s  one moves from section 1.16 toward section 0.67? 

I would expect scour. 

What is the maximum number of EVENTS that can be coded for  a single run? 

The program does not limit the number of events that 
one can code. 
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ALER ASEL CE CC L FA WR TAN CR L 
P .050000 .000000 1.000000 1 .oooooo 1 

SECTION NO. 1 RIVER MILE= .670 
-<- 

-a -z- 

SECTIOH NO. 2 RIVER MILE= ,780 

SECTION NO. 3 RIVER U I L E =  .920 

S E C T I O n  NO. 4 RIVER WILE= 1.160 

NO. O F  CROSS S E C T I W S  READ 1H FOR T H I S  S T R E M  S E M E N T =  4 
NO. O F  INPUT DATA KESSACES = 0 

TOTAL NO. OF CRCSS SECTIOHS 1W THE Y E I K # K  = b 
END O F  C E M E T R l C  DATA 

1 
FIXED 6ED WWEL 

* A RUN 1. ILLUSTRATE THE HYDROLffiIC DATA S E T  

GWNDXRY COI;DlTIDW DATA, COWTROL POINT YO. 1 
TIWE S T E P  NO. 1 

WATER DISCHARGE= 25000.00 
ELEVATIW= 710.000 

TEUPERATU?E= .OOO 
FLWJ DUMTIM((DAYS)  1.000 

.*** H DISCHARGE UATER ENERGY M L O C l T Y  ALPHA TOP AVC AVG VELOCITY I H  S U B S E C T I W  
C F S  SURFACE L l Y E  ItW WIDTH BED 1 2 3 4 5 6  

SEC NO. .670 

**SUSRWTINE ELOEQff C R I T l U L  V.S. USED AT S E C  MO. -670 AT T I R E  = 1.00 DAYS. 
"" 1 25000.0 711.042 713.238 2.196 1.000 485.29 706.72 .OO 11.89 

F L W  DISTRIBUTIOW ( X )  = - 0  100.0 

SEC NO. .780 
*.** 1 25000.0 715.326 716.335 1.009 1.000 583.62 710.01 .OO 8.06 

F L W D I S T R l B U T l O H ( X ) =  .O100.0 

SEC NO. .920 
"" 1 25000.0 718.315 719.076 .761 1.475 W9.83 708.29 .76 7.10 

F L W  D I S T R I W T I O W  (I) = 2.9 97.1 

SEC NO. 1.160 
"** 1 25000.0 720.613 720.949 -3% 2.088 1L66.53 712.05 1.07 5.03 

F L W  DISTRIELtTIOW (I) = 15.3 84.7 



B RUN 2. ILLUSTRATE A M E  DETAILED PRlNTQlT 

BCUNOARY CONDlTlOW DATA, CONTROL PDINT NO. 1 
TIHE STEP NO. 2 

WATER DISCHARGE= 50000.00 
ELEVATIW= 715.000 

TEMPERANRE= .OOO 
FLW DURATIOW(DAYS) 1 . ~ 6 - y  

. . 
*"* N DlSCKARGE WATER ENERGY VELOCITY ALPHA TOP AVG AVC VELDCITY IN NBSECTlON 

CFS SURFACE LIME HEAD VIOTH BED 1 2 3 4 5 6 7  

SEC NO. .670 

"** 1 50000.0 715.000 717.014 2.011 1.000 591.27 707.57 -00 11.38 .OO .OO .OO .OO .00 
FLW DlSTRIBUTlW ( X )  = .O 100.0 .O .O .O .O .O  

REACH PROPERTIES BY STRIP 
INEFF FLW EL 

U/S SECTIW.. . CCUVEYMCE 
AREA 

HYD RADIUS 
REACH.. . Y 

SORT(L) 
D/S SECTIW... AREA 

HYD RADIUS 

SEC NO. .780 
X-SECTION mDIIIATES (STA,ELEV) 

.OD0 743.100 .OOO 743.100 .001 743.099 62.000 711.500 78.000 710.300 
102.000 711.700 137.000 710.900 173.000 711.000 208.000 712.500 270.000 714.600 
320.000 713.300 340.000 71 1.300 402.000 708.800 458.000 707.300 47s .000 706.300 
493.000 706.000 513.000 705.300 558.000 706.000 611.000 707.800 625.000 709.000 
695.W 743.100 696.000 743.100 

t... 1 50000.0 717.238 719.424 2.186 1.000 591.28 710.11 .OO 11.86 .OO 
FLW DISTRIBUTIOH (XI = .O 100.0 .O 

REACH PRWERTIES BY STRIP 
IKEFF FLUJ EL 

U/S SECTIW... CDWMYANCE 
AR Eh 

HYD RADIUS 
REACH.. . Y 

SORT(L) 
O/S SECTIW... AREA 

XYD RADIUS 



REACH PROPERTIES BY S T R I P  1 
I N E F F  F L W  EL -%'%'9.00 

U/S SEKTIW... CONVEYANCE 187179. 
AREA 3359. 

HYD RADIUS 5.20 
REACH.. . -<- N .0800 

" :=L) 41.1096 
D / S  S E C T I W . . .  AREA 0. 

HYD RADIUS .OO 

W-VALUE,SLWE,EFY,EFD,VAt= .030000 .OO22i4 337.18 1C.N 9.23 

S E C  NO. 1.160 
X-SECTIOW ClXYlDlYATES (STA,ELEV) 

.OOO 743.300 .OOO 763.300 52.000 717.000 964.000 717.000 1008.000 715.000 
1040.000 730.000 1074.000 710.000 1033.000 708.000 1140.000 708.100 1190.000 ?07.5U0 
lt30.000 708.200 130L.000 710.000 1324.000 71 1 .DO 1360.000 713.500 13P5.000 715.000 
1450.000 717.000 1540.000 717.000 1592.999 743.300 1593.000 743.300 

REACH P R W E R T I E S  BY S T R I P  
I U E F F  F L W  EL 

U / S  S E C T I W . .  . CWVEYANCE 
AREA 

HYD U D l U S  
REACH.. . N 

S R T ( L )  
D / S  S E C T I W . . .  ARVI 

HYD RADlUS 

0 DATA ERRORS DETECTED. 

TOTAL WO. O F  E M N T S  READ= 2 
TOTAL NO. OF WS PROFlLES= 2 
ITERATIOUS IW EXUER E P  = 0 
EUD OF J08 

JOB C M P L E T E D  
RUM T I U E  = 0 H a J R S ,  0 KlWUTES 6 1.38 SECOWDS 
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I. SEDIMENT TRANSPORT MECHANICS 

1. DETACH-%' AND THRESHOLD OF TRANSPORT - - 
1.1 Cohesive and Non-cohesive Sediments 

It is important to be aware of the presence of cohesive 
sediments in a problem area. Cohesive sediments are very fine 
particles of clay, organic material, fine silts, and certain 
industrial and mining wastes that exhibit colloidal properties. 
The surface .charge present on these particles can cause them 
under certain physical and chemical conditions in the suspending 
water, to form flocs that settle out much faster than the 
individual particles. Higher salt content and pH promote 
flocculation. . Cohesive sediments resist erosion due to the 
interparticle bond which is a force usually much larger than the 
weight of the particle. A soil with only 5% clay may exhibit 
properties similar to that of the pure clay rather than the 95% 
non-cohesive material it is composed of. 

1.2 Incipient Motion 

1.2.1 Instantaneous Forces on a Particle 

The condition of incipient movement for an assembly of 
cohesionless, loose, and solid particles is described in terms of 
the forces acting on the particle by: 

Ft 
tan @ = -- 

Fn 

where Ft and Fn are the forces parallel and normal to the angle 
of repose f. In our study Ft and F, are resultants of the 
hydrodynamj-c drag FD, the lift force FL, and the submerged weight 
W. The condition of incipient movement under the action of these 
forces becomes, according to E,. (1): 



where angle U is the inclination of the bed from the horizontal 
at which-iwi-pient sediment movement takes place. This situation 
is illustrated in Fig 1. 

9 
I 

/ 

FIGURE 1 

FORCE DIAGRAM ON PARTICLES IN A 
COHESIONLESS LOOSE BED 

In the usual way, drag and lift forces are expressed by: 

and 

where ub = fluid velocity at the bottom of the channel 

C D I C ~  = drag and lift coefficient, respectively 

d = particle diameter 

kl,k2 = particle shape factors 

p = liquid density 

The submerged weight of the particle is expressed as: 

W = k3 (p, - p) gd3 ( 5 )  

with k3 being another shape factor and p, being the solid- 
particle density. 

Introducing Eqs. (3), (4) and (5) into Eq. (2) yields: 



(ub2 ) cr 2k3(tan 4 cos 0 - sin C) ----------- = ........................ 
CDkx + C ~ k z  tan $ 

(6) 
(P=/P -1)gd 

- /- - 
with (ub)== as the critical bottom velocity at which, according 
to Eq. (I), incipient sediment motion takes place. 

However, the lift coefficient CL is dependent on the 
velocity gradient (which is related to the shear stress at the 
bottom) and not on the velocity itself. For example, there is no 
lift on a sphere in a uniform free stream. 

1.2.2 Critical Shear Stress for Scour 

It is not possible to define a particular shear stress at 
the bottom at which motion is incipient. Both the hydraulic 
shear stress produced by the flow, and the resistance of bed 
particles to scour, are not single valued functions. Turbulent 
velocity fluctuations produce a distribution of shear stress at 
the bed. Similarly, inhomogeneity of particle size and shape 
results in a distribution of critical shear stresses at the bed. 

Critical shear stress is measured in the field or in 
laboratory flumes and other devices that are able to apply 
variable hydraulic shear stress to a bed or soil sample. 
Typically, a plot of erosion rate vs. mean hydraulic shear stress 
is made. 

- 
c 

(shear stress) 
FIGURE 2 

Measurement of Critical Shear Stress 

The idealization shown above is usually adequate for 
practical problems where the sediment is of uniform size or 
cohesive in nature. It is not valid for a mixture of different 
particle sizes. 



1.3 Shields Diagram 

Shield's Diagram (Figure 3) for the critical shear stress 
for scourcis- based on experimental data. Shields used the 
dimensionless shear or boundary Reynolds number u*d,/v and the 
dimensionless shear stress To / ( ys-y) d, to develop a curve of 
critical values for scour. 

Here, 

u* = friction or shear velocity 

d = mean sediment diameter 

Ys = specific gravity of sediment 

Y = specific gravity of suspending water 

To = shear stress at the bed 

and v = kinematic viscosity 

FIGURE 3 

Shields Diagram 



If it is assumed that the initiation of motion is determined by 
the critical shear stress Tc, (Y,-Y) is and the kinematic 
v i s c o s i t y - ~ 3 ' i m e n s i o n l e s s  analysis yields, 

where f denotes function of. The left hand portion of the 
equation will be called the dimensionless critical shear stress 
and denoted by T*, and the variable on the right is called the 
critical boundary Reynolds number, R* 

1.4 Critical Velocity 

FIGURE 4 

Critical Water Velocities for Quartz Sediment 
as Function of Mean Grain Size 

Figure 4 shows data on critical velocity plotted against mean 
sediment size for quartz sediment in water (p, = 2.65 g/cm3) 
obtained from three sources. The data points and the curves of 
the upper limit, mean, and lower limit of the critical mean 
velocity are taken from the work of Hjulstrom (1935) who prepared 
the curves based on the data of several workers. The curves are 



for flows with depths of at least lm. The data for mean sediment 
size less than 0.01 mm were taken from Fortier and Scobey (1926). 
In such fine sediments, cohesion is an important factor in 
determininq-eritical conditions. The relationship of Mavis and 
Laushey (1949) was developed by fitting a curve to observed data 
most of which were obtained under Mavis's supervision. In these 
cases, the bottom velocity was obtained by extrapolating velocity 
profile measurements to the plane of the bed. The curve in Fig. 
4 labeled Shields, was calculated from Shields1 diagram for 
quartz sand in water at 650 F. In the calculations, the 
roughness size k,, of the sediment was taken equal to the mean 
size and the bottom velocity was assumed to occur at y = d, or y 
= 11.6v/u*,whichever was larger. The curve marked I1Shieldsl1 in 
Fig. 4 has a slope of 0.5 indicating that the bottom velocity, 
u,, is proportional to dS1/= which agrees with the sixth power 
law (Sutherland, 1966) . 

The curve for Shields' data gives substantially higher 
critical bottom velocities than that of Mavis and Laushey. 
However, Mavis and Laushey (1966) have called attention to the 
fact that their curve represents a lower envelope of the data on 
which it was based. Because of this, the data of Mavis and 
Laushey are in better agreement with the Shields results than is 
indicated on Fig. 4. Bottom velocities were calculated from the 
Hjulstrom data by the same relationship used in calculating u, 
from Shields1 data assuming a flow depth of 1 m. These results 
did not agree with either of the values given by the other two 
curves of Fig. 4. Thus, the data for critical velocity are 
considerably less consistent than those for critical shear 
stress. Therefore, it is recommended that data on critical shear 
stress be used wherever possible. 

2. DEFINITIONS OF VARIOUS SEDIMENT LOADS 

Einstein in developing his bed-load function made the 
following definitions: 

Bed load: Bed particles moving in the bed layer. This motion 
occurs by rolling, sliding, and, sometimes, by jumping. 

Suspended load: Particles moving outside the bed layer. The 
weight of suspended particles is continuously supported by the 
fluid. 

Bed laver: A flow layer, 2 grain diameters thick, immediately 
above the bed. The thickness of the bed layer varies with the 
particle size. 

Bed material: The sediment mixture of which the moving bed is 
composed. 



Wash load: That part of the sediment load which consists of 
grain sizes finer than those of the bed. 

Bed-mated&*-oad: That part of the sediment load which consists 
of grain sizes represented in the bed. 

Bed-load function: The rates at which various discharges will 
transport the different grain sizes of the bed material in a 
given channel. 

Bed-load equation: The general relationship between bed-load 
rate, flow condition, and composition of the bed material. 

Vanoni describes the various loads as: 

Contact load: Rolling and sliding bed particles: 

Saltation load: Bed particles that jump for short times and then 
return to the bed to come to rest, continue to move on the bed, 
or execute further jumps. 

Suspended load: Bed particles that make frequent jumps and may 
remain in suspension for appreciable lengths of time. 

We can simplify all this and remove ambiguities by making the 
following definitions. 

1. BED LOAD - Particles derived from the bed that roll, 
slide and saltate. 

Their motion is in a layer near the bed and their transport 
rate is lower than that of the surrounding water due to periods 
of rest .and acceleration. The composition of the bed load will 
usually differ from that of the material that composes the bed. 

2. SUSPENDED LOAD- Particles that move at a horizontal 
velocity that can be approximated by that of the local suspension 
velocity. 

These particles may be derived from the bed materials or 
have remained in the water column from upstream sources (i.e., 
wash load). We can estimate their transport rate from the local 
suspension velocity. 

Note that in unsteady flows at different times and locations 
different sediments can compose each type of load. 

3. SUSPENDED SEDIMENT TRANSPORT 

The suspended sediment discharge in lbs per second per unit 
width of channel, q,, for steady uniform two-dimensional flow is 



where v and c vary with y and are the time averaged flow velocity 
and volurrletric - concentrations, respectively. The integration is 
taken over the depth between the distance "a1! above the bed and 
the surface of the flow ny,lf. The level "all is assumed to be 2 
grain diameters above the bed layer. Sediment movement below 
this level is considered as bed load rather than suspended load. 

The discharge of suspended sediment for the entire stream 
cross-section, Q,, is obtained by integrating Equation (8) over 
the cross-section to give, 

where C is the average suspended sediment concentration by 
volume. 

The vertical distribution of both the velocity and the 
concentration vary with the mean velocity of the flow, bed 
roughness, and the size of bed material. The distributions are 
illustrated in Figure 5. Also v and c are inter-related. That 
is, the velocity and turbulence at a point is affected by the 
sediment at the point, and the sediment concentration at the 
point is affected by the point velocity. Normally this inter- 
relation is neglected or a coefficient is applied to compensate 
for it. 

Figure 5 
Schematic sediment and velocity profiles 

To integrate Equation (9) v and c must be expressed as 
functions of y. The one-dimensional gradient type diffusion 
equation is employed to obtain the vertical distribution for c 
and the logarithmic velocity distribution is assumed for v in 
turbulent flows. 



The one-dimensional diffusion equation describes the 
equilibrium condition when the quantity of sediment settling 
across a-ei-t area due to the force of gravity is equal to the 
quantity of sediment transported upwards resulting from the 
vertical component of turbulence and the concentration gradient. 

After extensive manipulation of these previous equations, 
the vertical sediment distribution for turbulent flow can be 
derived and is shown below, 

where 

c = the concentration at a distance y from the bed: 

c,= the concentration at a point a above the bed: and 

Z = w/Bku* the Rouse number, named after the engineer who 
developed the equation in 1937. 

W = fall velocity of the sediment particle at a point 

k = Von Karmants constant 

B = a coefficient relating the kinematic eddy viscosity and 
mass transfer coefficient, normally taken as 1. 

u* = Shear velocity 

Figure 6 shows a family of curves obtained by plotting 
Equation 10 for different values of the Rouse number Z. It is 
seen that for small values of Z, the sediment distribution is 
nearly uniform. For large Z values, little sediment is found at 
the water surface. The value of Z is small for large shear 
velocities u* or small fall velocities. 
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Figure 6 
Graph of suspended sediment distribution 

Thus for small particles or for extremely turbulent flows, the 
concentration profiles are uniform. 

The values of B and k have been investigated. For fine 
particles B-1.0.  Also, it is well known that in clear water k = 
. 4  but apparently decreases with increasing sediment 
concentration. 

4. BED FORMS 

In open channel flow the Froude number F is often used as 
the criterion for bed form development. 

F < 1  normal depth > critical depth, tranquil flow 

F > 1  normal depth < critical depth, rapid flow 

F = l  critical flow 



Idealized sketches of the various bed-forms are shown below. 
At extremely low velocities the critical shear stress of the bed 
is not exceeded and sediment motion does not occur. An increase 
in the veloc&w-may result in sediment movement and formation of 
bed-forms. The common bed-forms occurring in a lower regime have 
dune pattern and are triangular-shaped elements with a steep 
downstream and a gentle upstream slope. The downstream slope is 
inducive to flow separation and migrates in the downstream 
direction. The spacing and the geometry of the elements are 
random for an individual one, but uniform in the statistical 
sense. Individual dune patterns are referred to as ripples or 
dunes. Ripples are understood to be small bed-forms, whereas 
dunes are larger ones and are out of phase with the water 
surface. Ripples may be superposed upon the upstream side of 
dunes. 

As the flow velocity is increased further the upper regime 
is reached. The first bed-form to be observed is a plane bed, a 
bed surface devoid of any "bed-forml1. A further increase in the 
velocity causes the water surface to become unstable. The plane 
bed changes into a bed-form similar to and in phase with the 
surface wave--called antidunes, which may remain stationary or 
move upstream or downstream. At lower Froude numbers, anti - 
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Figure 7 
Idealized bed-forms in Alluvial Channels 

After Simons et. al. (1961) 

dunes appear as standing sand and water waves. However, at 
higher Froude numbers, the surface waves may grow, become 
unstable, and break in the upstream direction, If the latter 
occurs, the antidunes are destroyed, the bed becomes flat, and 
formation of antidunes starts all over again. Extremely strong 
antidune.activity leads to chutes and pools flow. 

Between the lower and the upper regime there is a transition 
zone. For a given flow condition, the bed configuration is 
erratic; it may range from developed dunes to a flat bed, or it 
may consist of a heterogeneous array of bed-forms. 

One bed-form not necessarily linked with a flow regime, and 
probably reflecting more than any other bed-form the three- 
dimensionality of natural streams, is the bar. Bars are large 
depositional features and have a length of the same order as the 
channel width or longer. Several different types of bars have 
been observed. In general it may be said that they have the 
geometry of a dune, but are much larger. Bars are created at 
high flow and may appear as little islands or peninsulas during 
low flow. 

11. SEDIMENT TRANSPORT EQUATIONS 

Sediment transport equations are broken down in the section 
as to the type of transport, being either bed load or total bed 
material load. They are further subdivided according to the 



basic concepts behind the various equations including tractive 
torce, discharge formulae, lift force, dimensional analysis, and 
other regression analyses. In the following discussion the wash 
load or fie-material load is not considered. Therefore, the bed 
material load is taken to be equivalent to the total load which 
can be divided into a bed load and a suspended load. 

Sediment transport equations are often subdivided into 
tractive force formulas of a DuBoys form such that transport is a 
function of (T-T,,,,iCa1), and discharge formulas such as that of 
schoklitsch written as a function of ( q - q ) .  Other 
investigators (Einstein, Toffaleti) use very complex formulae 
based on the balance of lift forces and gravitational forces 
coupled with stochastic methods. The Yang, and Ackers-White 
methods utilize dimensional analyses. Yet other procedures, 
including Colby, and Shen and Hung are based on regression 
analyses of fairly extensive data bases. 

1. BED LOAD FORMULAE 

1.1 Tractive Force Equations 

1.1.1 Duboys Formula (1879, Brown 1950) 

in which g, = sediment discharge, in pounds per second per foot 
of width; qD = coefficient with dimensions of cubic feet per 
pound per second; 7, = yrbS bed shear stress, in pounds per 
square foot; Y = specific weight of water, in pounds per cubic 
foot; 7, = critical bed shear stress at which sediment movement 
begins; rb = bed hydraulic radius, in feet (determined by the 
Side-wall Correction method); and S = slope of stream, in feet 
per foot. Values of qD and 7, obtained by Straub and reported in 
Brown, 1950 are given as functions of median size of the bed 
sediment, d50, in Fig. 8. These quantities were based mainly on 
data from experiments by Gilbert (1914; Johnson, 1943) in small 
flumes. Eq. 11 as presented herein is valid only for the foot- 
pound-second system of units. 



Median size of bed sedimmt d,. in millimeters 

Figure 8 
Coefficient ?D and Critical Shear Stress T, for BuBoyl s Eq 2.227 

as Functions of Median Size of Bed Sediment. 

1.1.2 Shields Formula (Shields, 1936) 

Y 'I: 
in which s = specific weight of the sediment grains; c = 
critical bed shear stress for sediment of size dSo given by 
Shields graph, Fig. 3, and all other quantities in Eq. (12) are 
already defined except that since the equation is dimensionally 
homoqeneous, the quantities can be expressed in any consistent 
set of units. 

The Shields formula is based mainly on data from two flumes 
with widths of 40 cm and 80 cm, respectively, with five sediments 
of specific gravities ranging from 1.06-4.2. The lightest 
sediment was made of amber particles with a median size of 1.56 
mm. The other sediments were well sorted with median sizes 
ranging from 1.7 mm-2.5 mm. Ripples were produced on the bed but 
none of them were very high or steep. Because the sediments in 
the experiments were coarse and the shear stresses low, 
essentially all of the sediment moved was bed load. 



1.2 Discha-Formulas 

1.2.1 Schoklitsch Formula (Shulits, 1935) 

in which q,+ = critical value of q for initiating motion of 
sediment of mean size, d,i as given by Eq. 14, pi = fraction by 
weight of that fraction of the bed sediment with mean size, d,i; 
the  symbol,^ , denotes summation for all sets of values of piI 
dsi, and q,iIiand other ,ymbols are as defined previously. All 
quantities in Eq. (14) are expressed in the foot-pound-second 
system of units. 

To determine sets of values of pi and dSi a mechanical 
analysis of a representative sample of the bed sediment is made 
and a size distribution curve prepared. A set of size grades is 
then selected and the corresponding pi values can be determined 
from the size distribution curve. The mean size, dsiI of a 
fraction is often taken as the geometric mean of the extreme 
sizes in the fraction. 

The Schoklitsch formula was based mainly on data from 
experiments by Gilbert (1914) in small flumes with well-sorted 
and also graded sediments with median sizes ranging from 0.3 mm-5 
mm. Sediment discharges calculated with the formula also agreed 
well (Shulits, 1935) with bed load discharges calculated with the 
samplers in two European rivers that have gravel beds. This 
suggests that it is a bed load formula that should not be applied 
to sand bed steams that carry considerable bed sediment in 
suspension. 

1.3 Similitude and Dimensional Analysis 

1.3.1 Meyer-Peter and Muller Formula (1948) 

The Meyer-Peter and Muller formula is based on data 
from experiments in flumes ranging in width from 15 cm-2 m with 
slopes varying from 0.0004-0.02 and water depths ranging from 1 



cm-120 cm. The sediments used in the experiments ranged from 
coal with a small specific gravity, Ys , / ,Y ,  = 1.25, to river 
sediment to barite with a specific gravity in excess of four. 
Some of thesediments were graded and others were sorted. The 
mean sizes and effective diameters, dm, of the sediments ranged 
from 0.4 mm-30 mm. The advantage of this formula over the older 
Meyer-Peter formula, is that it can be used for graded sediments 
under flow conditions that give rise to dunes and other bed 
forms. Most of the data upon which the formula is based were 
obtained in flows with little or no suspended load which suggests 
that the formula is not valid for flows with appreciable 
suspended loads. 

2. BED MATERIAL LOAD EQUATIONS 

2.1 Tractive Force Equations 

2.1.1 Laursen (1958) 

For the Laursen (1958) method, the particle size 
distribution is divided into n size fractions, pi, which have 
mean size DSi and fall velocity wi. The concentration is 
calculated from r 1 

The value of Y ,  is obtained from 

where S = 11.6v/u* is the thickness of the laminar sublayer. 

The function f(u*/w~) is given in Figure 9. 
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Figure 9 
Function f(u*/w) for Laursen Formula, Eq. 2.231a 

The Laursen formula is intended to apply only to natural 
sediments with specific gravity of 2.65. 

Laursen determined the function in Fig. 9 by correlating 
values of the function obtained from flume data of several 
investigators with u*/w from the data. The flumes used by the ' 

investigators ranged in size from one 10.5 in. wide and 40 ft 
long to the one used by Laursen that was 3 ft wide and 90 ft 
long. The sediments all hade specific gravities of close to 2.65 
and varied in median sizes from 0.011 mm-4.08 mm with grain size 
distributions from well-sorted to well graded. 

Laursen also compared values of sediment discharge 
calculated by his relation with values observed on three small 
streams: the Niobrara River near Cody, Neb. (Colby and Hembree, 
1955); Mountain Creek in South Carolina (Einstein, 1944), and 
West Goose Creek in Mississippi (Einstein, 1944). The streams 
had flow depths in the range from 0.12 ft-1.3 ft and bed sediment 
with median sizes 0.277 mm, 0.86 mm, and 0.287 mm, respectively. 
The agreement between observed and calculated sediment discharge 
was good for the Niobrara River, but only fair for the other two 
streams. 



2.2 Lift @me - Stochastic Approaches 
2.2.1 Einstein (1950) 

Probably the most complex computational procedure is 
that of Einstein. To begin the procedure bed material is divided 
into size fractions. Suspended load is computed by size fraction 
using the Rouse equation (equation 19). 

Calculation of the sediment discharge of a stream by the 
Einstein bed load function can be carried out in three parts. 
The first part involves collecting field data that include 
measurements of: (1) Slope; (2) data on cross section from 
which one can determine the bed width and the cross-sectional 
area and wetted perimeter of the banks as functions of depth; (3) 
a representative sample of the bed sediment; (4) a mechanical 
analysis of the bed sample from which the weight fraction,pi, can 
be determined for each size, d,i, and values of d,5 and dG5 can 
be read; and (5) an estimate of the friction factor of the 
channel banks. 

In the second part, calculations are made to determine 
values of the bed hydraulic radius, rVb,due to sand grain 
roughness for a range of values of water discharge Q. 

The third part of the calculation uses the results of the 
first two to finally determine the total bed sediment discharge, 
G,, for several values of Q. 

The steps in the calculation of bed load transport are: 
1. Field data required for calculation are: (a)S=channel 

slope; (b)data on bed width and cross-sectional area and wetted 
perimeter of banks as a function of water depth; (c)friction 
factor of banks of channel (estimated); (d)sample of bed sediment 
from which values of weight fractions pi can be determined foe 
several mean sizes d,i along with the specific weight; Ys, d,,, 
and de5; and (e)water temperature. 

2. Hydraulic calculations (see Vanoni 1975 ASCE 
Sedimentation Manual) 

3. Sediment discharge calculation (see Vanoni 1975) 
The coefficients in Einstein's bed load function, were 

determined by fitting the function to flume data. The data were 
obtained in flume experiments with two well-sorted sediments of 
mean size 28.65mm and 0.785 mm, respectively. These are shown to 
demonstrate the fact that the theory agrees with data from 
experiments with sorted sediments. The data used to determine 
the coefficients were from experiments in a flume 10.5 in. wide 
and 40 ft long with high transport rates of graded fine sands. 

2.2.2 Toffaleti (1968) 

Toifaleti (1968) used the Einstein (1950) method as an 
inspiration for the development of this technique. Since the 



technique is quite complex, a full description is not given here. 
Full descriptions of the method can be found in Vanoni (1975, pp. 
209-213) and White, Milli, and Crabbe (1973, pp. 35-41). 

The-pc4ncipal similarity between the Einstein and Toffaleti 
techniques is the use of an empirical equation to determine a bed 
load concentration from which the suspended load concentration 
can be determined. For the Toffaleti technique, the suspended 
zone is divided into an upper, middle, and lower zone. For each 
zone the integral of the product 'of the concentration equation 
and the velocity equation has been replaced by an explicit 
function. These functions were developed for the English system 
of measurement, and are not dimensionally homogeneous. 

The Toffaleti formula is based on extensive data from seven 
rivers and flume data from four investigators. The rivers are 
the Mississippi at St. Louis (Jordan 1966), Rio Grande at 
Bernalillo (Nordin 1964) , Middle Loup (Hubbell and Matejka 1959) , 
Niobrara (Colby and Hembree 1955), and three rivers in the lower 
Mississippi Basin, the data for which are not published. These 
seven rivers had depths ranging from less than 1 ft to over 50 ft 
and bed sediments in the fine and medium sand ranges. The flume 
data were by Kennedy (1961), Vanoni and Brooks (1957), Einstein 
and Chien (1953), Guy, et all (1966), and Waterways Experiment 
Station of the United States Corps of Engineers. The flumes 
ranged in width from 10.5 in - 8 ft, the flow depths ranged from 
as little as 2 in - 2 ft and the bed sediment had median grain 
sizes ranging from 0.3 mm - 0.93 mm. 
2.3 Similitude and Dimensional Analysis 

2.3.1 Ackers and White (1973) 

The Ackers and White (1973) method is based on a 
combination of grain shear stress and shear stress. The basic 
concentration equation is 

where F,, is the mobility number defined by 

n t 1.-n 
u* u* 

F 3 -  

and u*' is given by 

u*' = . lor 4 3  log ;;- 



The-quam-ities n, A, m, and c are functions of D,, which is 
defined by 

where R, = q / v  is the grain Reynolds number. 

When D,, > 60 the four coefficients are: 

and for 60 2 D,,> 1: 

n = 1-0.56 log D,, 

log c = 2.86 log D,, - (log D,,)Z - 3.53 
The Ackers and White equation was developed from a 

combination of laboratory flume and river data. It is most 
applicable in the sand size range from approximately 1 to 3 mm. 

2.3.2 Yang (1973) 

This technique is based primarily on dimensional 
analysis. The principal variable is the dimensionless unit 
stream power, vS/w. Concentration is obtained from 

(21) 

where log c = a l +  a2 log ($ - y) 

and w is fall velocity. 



_ --- 
~hec~itical velocity is determined from 

As written here, the concentration is given in mass per unit 
mass. To convert to ppm, 6 should be added to the right side of 
Eq. (21). 

Yang based his equation on sets of flume and field data 
including the Niobrara River near Cody, Middle Loup at Dunning, 
Nebraska, Mississippi River at St. Louis, Mountain Creek at 
Greenville, S.C. and the Rio Grande near Bernalillo, N.M. Flume 
studies included were those of Guy, Simons and Richardson (1966) 
Schneider, Nomicos (1956), Vanoni and Brooks (1957), Stein 
(1965), and Williams (1967). Particle sizes varied from 0.152- 
1.35 mm. 

2.4 Regression approaches or others not easily classified 

2.4.1 Colby (1964) 

After investigating the effect of mean flow velocity, 
shear, shear velocity computed from mean velocity, stream power 
of flow, flow depth, viscosity, water temperature, and 
concentration of fine sediment on the bed-material discharge per 
foot of channel width, Colby (1964) developed the four graphical 
relations shown in Figures 10 and 11 for determining the bed- 
material discharge. In developing his computational curves Colby 
was guided by Einstein's bed-load function (Einstein 1950) and an 
immense amount of data from streams and flumes (Simons and 
Richardson 1966). Data were used from at least a score of 
streams including those from the Middle Loup River, Niobrara 
River, Colorado River at Taylor's Ferry and the Mississippi at 
St. Louis. However, it should be understood that all curves for 
the 100 ft depth, most curves of 1.0 ft and 0.1 ft are not based 
entirely on data but are developed from limited data and theory. 

In utilizing Figures 10 and 11 to compute the bed-material 
discharge the following procedure is utilized: (1) the required 
data are mean velocity U, depth d, median size of bed material 
DSo1 water temperature T and fine sediment concentration CE; (2) 
uncorrected sediment discharge q ~ i  for the given U, d, and D50 
can be found from Figure 11 by first reading q ~ i  knowing U and 



D50 for the two depths that bracket the desired depth. Then a 
logarithmic scale of depth versus qTi is used to interpolate in 
order to determine the bed-material discharge per unit width for 
the actual--d; U and D50; (3) two correction factors kl and k, 
shown in Figure lla and llb respectively, account for the effect 
of water temperature and fine suspended sediment on the bed- 
material discharge. If the bed-material size falls outside the 
0.2 to 0.3 mm range, factor k3 from Figure llc is applied to 
correct for sediment size effect. True sediment discharge qT 
corrected for water temperature effect, presence of fine 
suspended sediment, and sediment size is given by 
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Figure 10. Relation of discharge of sands to mean velocity for 
six median sizes of bed sands, four depths of flow, and a water 
temperature of 60 degrees F (Colby 1964). 
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Figure 11. Colbyts correction curves for temperature and fine 
sediment (Colby 1964). 



2.4.2 Shen and Hung (1971) 

Shen and Hung (1971) developed a single equation 
using advawed- curve fitting techniques. The equation does not 
use dimensionless parameters and the units are in the English 
system. The equation for C in ppm by mass is: 

where 

The quantities v and w are the flow velocity and fall 
velocity of the median sediment particle, respectively, in ft/s. 
The coefficients are: 

which have been rounded to 8 significant figures. 
This equation is based on 587 data points mainly for flume 

data. An evaluation (Simons and Senturk 1966) indicated that 
prediction of sediment transport for flumes to be quite good. 
However, the equation underpredicted measured transport for the 
Rio Grande, Mississippi, Atchafalaya, Red Rivers and Pakistani 
canals. Its major limitation is its dependance on flow depths 
for a limited range. 

2.5 Equations Based on Partial Measured Data 

2.5.1 Modified Einstein (1955) 

Colby and Hembree (1955) and subsequently others 
proposed a modified Einstein procedure to obtain the total 
sediment transport rate in a river. The term Ifmodified Einstein 
procedureff usually gives the impression that it serves the same 
purpose as Einstein's (1950)  procedure. Actually these two 
procedures, although based on similar principles, serve entirely 



different purposes. Einstein's procedure used mainly for design 
purposes (as well as other equations that predict the bed- 
material discharge), estimates bed-material discharges for 
different >zirver discharges based on channel cross section and 
sediment bed samples on selected uniform-flow river reaches. The 
modified Einstein procedure, on the other hand, estimates total 
sediment discharge (including wash load) for a given water 
discharge from measured depth-integrated suspended sediment 
samples, stream flow measurements, bed-material samples, and 
water temperature for specific discharge at the cross section. 

Major differences between the modified Einstein procedure 
(1955) and original Einstein procedure (1950) include: 

1. The modified calculation is based on a measured mean 
velocity rather than on a calculated velocity from the given 
slope, and depth is observed in each vertical in which 
velocity is measured. 

2. The suspended-load exponent Z in equation (19) is 
determined from the observed Z value for a dominant grain 
size. Values of Z for other grain sizes are derived from 
that of dominant size and are assumed to vary with the 0.7 
power of their fall velocity. 

3. A slight change in the hiding factor is introduced. 

4 .  The depth d is used to replace the hydraulic radius. 

5. The value of Einstein's intensity of bed-load transport 
is arbitrarily divided by a factor of two to fit the 
observed transport data more closely. There is some 
criticism on this point. 

Data needed are stream discharge Q, mean velocity U, cross 
sectional area A, stream width B, mean value d, of the depths at 
verticals where suspended sediment samples were taken, measured 
sediment discharge concentration C,', size distribution of the 
measured load is, size distribution of bed material at the cross 
section ibl and water temperature T. 

The modified Einstein procedure rendered good predictions 
for the Niobrara and Loup Rivers as demonstrated by Schroeder and 
Hembree (1956) . Also, the theory should be generally more 
applicable to streams of different character because much of the 
sediment discharge is actually measured. This is particularly 
true for deeper streams. 

3 .  Develop Your Own Transport Equation - Power Relations 
The following paragraphs describe an accurate and efficient 

method of evaluating sediment discharge. The method is based on 
easy to apply power relationships that estimate the sediment 
transport rate based on the velocity and depth of flow. The 



power relationships were developed from computer generated data 
obtained from solution of the Meyer-Peter, Muller bed-load 
transport equation and EInsteinls integration of the suspended 
bed-material discharge. A publication by Simons, Li and 
Fullerton (1981) details the development procedure. 

The results of the sediment transport equation determination 
are presented in Table 1. These results show the high level of 
dependence that sediment transport rates have with respect to 
velocity. The dependence on depth is less important. Note that 
some sizes have a proportional dependence and others are 
inversely proportional. Some exhibited almost no dependence. 
The smaller sizes have the proportional dependence since the 
smaller material is more easily suspended and the resulting 
sediment concentration profiles are more uniform. Thus, the 
larger the depth, the more sediment which will be suspended for a 
given velocity. For the larger sizes of sediment, the sediment 
is more difficult to suspend and keep in suspension. As the 
depth increases for a given velocity, the intensity of the 
turbulent transfer properties decreases for these sizes. The 
increase in area available for suspended sediment with the 
increased depth does not totally counterbalance the reduced 
turbulent transfer characteristics. The result is an inverse 
dependence of transport rate on depth for these larger sizes. 
The sizes with almost no dependence on depth in their transport 
rate fall between these two extremes. 

TABLE 1 

a 1 .05~1  o - ~  
a1 
a2 

0.21 
3 3.71 

J q = sedltaent transpod ra te  In f t  /sac (unbulked) V - veloclty I n  f t / w c  ? = depth I n  fee t  G = gradation coef f ic ient  



When applying the equations given in Table 1, care should be 
taken so that the range of parameters being used is not out of 
the range used to develop the equations. Table 2 lists the range 
of parameters used in the equation development. When using the 
equations to determine sediment transport rates, the conditions 
should be checked against Table 2. If conditions are within the 
ranges outlined in Table 2, the regression equations should 
provide results within ten percent of the theoretically computed 
values. 

Table 2 
Range of Parameters Examined 

Parameter 
Value 
Range 

Froude No. 1 -4 
Velocity 6.5-26 ( f t / s e c )  
Manning's n 0.015 - 0.025 
Bed Slope 0.005 - 0.040 
Unit Discharge 10-200 ( c f s / f t )  
Part ic le  Size  d > 0.062 mm , 

d9i 7 - 15 nn 

4. Summary 

A number of bed load and bed material transport equations 
have been presented in previous sections. They are not the only 
equations in use, in fact many more are available. They are, 
however, available in the "CORPS" system of programs from WES or 
in HEC - 6. As we have developed so many equations for 
application to specific circumstances it is to be expected that 
one might become confused over which method to use. The key is 
to utilize an equation within the range of variables for which it 
was developed. The rest of this section will attempt to provide 
some hard and fast rules of applications. Should you ever 
question the most applicable formula for your problem, please 
consult someone with more background in sedimentation 
engineering. 

Table 3 lists the transport equations described herein and 
indicates whether they are bed load on total bed material 
transport equations, are for a single grain size or a full size 
distribution, gives the size range and hydraulic conditions for 
which the equations were developed, and lists the data bases used 
in their development. 



TABLE 3 

Sediment Transport Type Uniform Size S 1 ope Basis o f  Equation 
Equation Graln Range 

Size 

I 
(m) 

Duboys Bed-load Yes 0.1-4.0 ------ G i l be r t  and Johnson small flume 
data. 

Shields Bed-load Yes 1.7-2.5 ----- Two flumes widths 40-80 cm., 5 
sediments s.g. = 1.06-4.2. A l l  
moved as bed- 1 oad , we 1 1 sorted. 

Schokl i tsch Bed-load Yes 0.3-5.0 .006- .03  G i l be r t  flume data, we l l g raded  
and sorted. Compared we1 1 w i t h  2 
European gravel bed r i ve rs .  

Meyer-Peter Bed-load Yes 0.4-30 .0004 - .02 Flume experiments, widths 15cm - 
6 Mul ler  2m, depths lcm - l2Ocm. Sediments 

ranged from coal t o  r i v e r  sediment 

Laursen Bed No .011-4.08 ----- Flumes from 10.5 in.  wide and 40 
Mater ia l  f 1 umes ft. long t o  3 ft; wlde and 90 ft. 
Transport ,277-. 86 long. s.g. =2.65 Well sorted t o  

r i v e r s  wel l  graded. Niobrara River, 
Mountain Creek, and West Goose 
Creek. Depth ranged from . 12- 
1.3 ft. w i t h  050=.277, .S6 and 
2.87 mn. 

I E inste in  Bed No .785mm ---- Flume experiments 10.5 in .  wlde 4C 

Mater ia l  28.651~11 ft. long w i t h  sorted sediment and 
Transport graded f i n e  sand. 

T o f f a l e t i  Bed No Fine t o  --- 7 r i ve r s ,  depths .I - 50 ft., 
Mater ia l  Med 1 urn flumes 10.5 in.- S ft., depths 2 
Transport Sand In. - 2 ft.. Mississippi, F i c  

Rivers, Grande, Middle Loup, Niobrara, 
.3-9.3 Lower Mississippi-3 r i ve rs .  
f 1 umes 

Ackers - White Bed Yes 1-3 ----- Flume and lowland r i ve rs .  
Mater ia l  
Transport 

Bed Yes .152-1.35 .0000428-.0075 SIX sets o f  flume data, Niobrara, 
Mater ia l  Middle Loup, Miss iss ipp i ,  Mountain 
Transport Creek, Rio Grande. Depths vary 

from .1 - 5 f t .  w i t h  exception o f  
Miss iss ipp i ,  D=16-50ft. 

Col by Bed Yes .I-.8 ----- Extensive flume and r i v e r  data. 
Mater ia l  Probably most complete i n  t h i s  
Transport regard. Depth 1 - 100 ft. 

Shen and Hung Bed Yes Sands ------ Flumes and r i v e r s  o f  small depth. 
Mater ia l  

I Transport 

Modified Einstein, Tota l  No .28 .0013 Niobrara Nlobrara and Middle Loup 
Load Niobrarrr Rivers. 



Direct comparison of available methods for calculation of 
sedtment transport has been done in the fairly recent past by the 
following authors: 

1) Shulits and Hill (1968) 

2) White, Milli and Crabbe (1973) 

3) Brownlie (1981) 

Additional references that the reader might wish to investigate 
include, 

1) ASCE Sedimentation Manual (1975) 

2) Simons and Senturk (1976) 

3) Other Sedimentation engineering texts. 

Please see the complete list of references appended to this 
section for further information. The most complete work is 
Brownlie's (1981). Figure 12 shows Brownlie's comparison of the 
accuracy of fourteen sediment transport equations including his 
own. Brownlie based his statistical analyses on 20 sets of flume 
data and 11 sets of field data. In other words he applied each 
transport equation using these individual data for comparison. 
As he had not developed his own equation prior to the analysis it 
is not surprising that his function shows the best fit to the 
data. If each equation had been applied only within the 
constraints for which they were developed agreement would have 
been much better. It is instructive, however, to note the range 
of variability. 



METHODS FOR P R E D I C T I N G  CONCENTRATLON 
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METHOD 

F igu re  1 2  Comparison of methods for predicting sediment concentration. 
Median and 16 and 84 percentile values are based on the 
approximation of a log-normal distribution of errors. 



REFERENCES 
Brownlie ( 1 9 8 1 )  

ASCE Task F o r c e ,  " F r i c t i o n  F a c t o r s  i n  Open Channels ,"  J o u r n a l  of t h e  
H y d r a u l i c s  D i v i s i o n ,  ASCE, Vol 89 ,  No. HY2, March 1963,  
pp. 97-143. 

A c k e r s ,  P. and White,  W.  R . ,  "Sediment T r a n s p o r t :  New Approach and 
A n a l y s i s , "  J o u r n a l  of  t h e  Hydrau l i c s  D i v i s i o n ,  ASCE, Vol. 99,  No. 
H Y  11, November 1973,  pp. 2041-2060. 

Alam, A. M .  Z . ,  Cheyer,  T. F. and Kennedy J. F., " F r i c t i o n  F a c t o r s  f o r  
Flow i n  Sand Bed Channe l s , "  Hydrodynamics L a b o r a t o r y  Repor t  
No. 78,  M a s s a c h u s e t t s  I n s t i t u t e  of Technology,  Cambridge, 
M a s s a c h u s e t t s ,  J u n e  1966. 

Alam, A. M .  2. and Kennedy, J. F. ,  " F r i c t i o n  F a c t o r s  f o r  Flow i n  Sand 
Bed C h a n n e l s , "  J o u r n a l  of  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, Vol. 95 ,  
No. HY6, November 1969,  pp. 1973-1992. 

A l l e n ,  J .  R. L . ,  "Computat ional  Models f o r  Dune Time-lag: An 
A l t e r n a t i v e  ~ o u n d a r ~  C o n d i t i o n , "  Sed imenta ry  Geology,  Vql. 16 ,  
1978,  pp. 255-279. 

Bagno ld ,  R. A . ,  "An Approach t o  t h e  Sediment T r a n s p o r t  Problem from 
Genera l  P h y s i c s , "  U.S. Geo log ica l  Survey ,  P r o f e s s i o n a l  Paper 
422-1, U.S. Government P r i n t i n g  O f f i c e ,  Washington,  D.C. ,  1966. 

B a y a z i t ,  M., " F r e e  S u r f a c e  Flow i n  a  Channel of  Large R e l a t i v e  
Roughness ,"  J o u r n a l  of  H y d r a u l i c  Resea rch ,  Vol. 1 4 ,  No. 1 ,  1976, 
pp. 115-126. 

B i shop ,  A. A . ,  Simons, D. B. and Richardson ,  E. V . ,  " T o t a l  Bed 
H a t e r i a l  T r a n s p o r t ,  Proc .  ASCE, Vol. 91 ,  H Y 2 ,  February  1965. 

B r o m l i  e l  W.  R. , "Re-exami n a t i o n  of Nikuradse  Roughness Data,  " 
J o u r h a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, ~ o l .  107 ,  No. H Y 1 ,  
J a n u a r y  1 9 8 1 ,  pp. 115-119. 

Chang, H. H . ,  "Flood P l a i n  S e d i m e n t a t i o n  and E r o s i o n , "  San Dfego 
County Department of S a n i t a t i o n  and Flood C o n t r o l ,  1976. 

Chang , N. H. and H i l l ,  J. C., "A Case S tudy  f o r  E r o d i b l e  Channel 
Using a  Mathemat ica l  Model," March 1981.  

Chu, H. and Moeta fa ,  H. G . ,  "A Mathemat ica l  Model f o r  A l l u v i a l  Channel 
S t a b i  1 f t y  , '* proceed ings  of E n g i n e e r i n g  Workshop on Sediment 
H y d r a u l i c s ,  C a l i f o r n i a  S t a t e  U n i v e r s i t y ,  Long Beach, February 3 ,  - 
1979, pp. 130-150. 



Colby ,  B.  R . ,  " D i s c o n t i n u o u s  R a t i n g  C u r v e s  f o r  P i g e o n  Roos t  Creek  and 
Cuffawa C r e e k s  i n  N o r t h e r n  M i s s i s s i p p i  ," R e p o r t  ARS41-36, 
A g r i c u l t u r a l  Resea rch  S e r v i c e ,  A p r i l  1960.  

Cunge,  J. A. and P e r d r e a u ,  N . ,  "Mob i l e  Bed F l u v i a l  M a t h e m a t i c a l  
M o d e l s , "  La H o u i l l e  B l a n c h e ,  No. 7-1973, pp. 561-580. 

Davdy, D. R . ,  "Dep th -Di scha rge  R e l a t i o n s  of A l l u v i a l  S t r e a m s  -- 
D i s c o n t i n u o u s  R a t i n g  C u r v e s , "  Wate r -Supp ly  P a p e r  1948-C, U.S. 
G e o l o g i c a l  S u r v e y ,  Wash ing ton ,  D.C. 1961.  

Dobb ins ,  W.  E.,  " E f f e c t  of T u r b u l e n c e  on S e d i m e n t a t i o n , "  T r a n s a c t i o n s ,  
ASCE, Vol. 1 0 9 ,  Pape r  No. 2218 ,  1 9 4 4 ,  pp. 629-678. 

E i n s t e i n ,  H .A . ,  " E s t i m a t i n g  Q u a n t i t i e s  of  Sed imen t  S u p p l i e d  t o  S t r e a n s  - - 
t o  a c o a s t , "  C o a s t a l  E n g i n e e r i n g  C o n f e r e n c e  P r o c e e d i n g s ,  1 9 5 0 ,  
pp. 137-139. 

E i n s t e i n ,  H. A. and B a r b a r o s s a ,  N . ,  " R i v e r  Channel  Roughness , "  
T r a n s a c t i o n s ,  ASCE, Vol 1 1 7 ,  1 9 5 2 ,  pp. 1121-1146. 

E n g e l u n d ,  F.'.; C l o s u r e  t o  " H y d r a u l i c  R e s i s t a n c e  o f  A l l u v i a l  S t r e a m s ,  " 
J o u r n a l  o f  t h e  H y d r a u l i c  D i v i s i o n ,  ASCE, Vo l .  9 3 ,  Nc. HY4, J u l y  
1 9 6 7 ,  pp. 287-296. 

Engelund , F. and F r e d s o e ,  J. , "A Sed imen t  T r a n s p o r t  Model f o r  S t r a i g h t  
A l l u v i a l  C h a n n e l s , "  N o r d i c  H y d r o l o g y ,  Vol .  7 ,  1976 ,  pp. 293-306. 

E n g e l u n d ,  F.,  and Hansen ,  E. ,  "A Moslograph o n  S e d i m e n t  T r a n s p o r t  i n  
A l l u v i a l  S t r e a m s ,  T e k n i s k  V o r l a g ,  Copenhagen,  Denmark, 1967.  

F r e d s o e ,  J . ,  "Unsteady  Flow i n  S t r a i g h t  A l l u v i a l  S t r e a m s :  
M o d i f i c a t i o n  o f  I n d i v i d u a l  Dunes , "  J o u r n a l  o f  F l u i d  M e c h a n i c s ,  - 
Vol .  9 1 ,  P a r t  3 ,  1979,  pp. 497-512. 

Garde ,  R. J .  and Ranga R a j u ,  K. G . ,  " R e s i s t a n c e  R e l a t i o n s h i p s  f o r  
A l l u v i a l  Channel  F low,"  J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  
ASCE, Vol .  9 2 ,  HY4,  J u l y  1 9 6 6 ,  pp. 77-100. 

G a r d e ,  R. J. and Ranga R a j u ,  K.G., Mechan ic s  o f  S e d i m e n t  and  A l l u v i a l  
S t r e a m  Prob lems .  Wi lev  E a s t e r n  L i m i t e d .  New D e l h i .  1977 .  483  PP. 

Gee,  D -  M . ,  "Sediment  T r a n s p o r t  i n  Non-s teady  Flow ," U n i v e r s i t y  
o f  C a l i f o r n i a ,  B e r k e l e y ,  C a l i f o r n i a ,  R e p o r t  4EC 22-3, 1973.  

G e s s l e r ,  J . ,  " C r i t i c a l  S h e a r  S t r e s s  f o r  Sed imen t  M i x t u r e s , "  P r o c .  of  
F o u r t e e n t h  C o n g r e s s  of  I n t e r n a t i o n a l  A s s o c i a t i o n  f o r  H y d r a u l i c  
R e s e a r c h ,  Vol .  3 ,  1971 ,  C1-1 - Cl-8.  

G r a f ,  W. H . ,  H y d r a u l i c s  o f  S e d i m e n t  T r a n s p o r t ,  McGraw-Hill Book 
Company, 1971.  



H e n d e r s o n ,  F. M . ,  Open Channe l  F low,  Macmil lan  P u b l i s h i n g  Company, 
I n c . ,  New York, 1966 ,  522  pp. 

H y d r o l o g i c  E n g i n e e r i n g  C e n t e r ,  "HEC-6 Scour  and D e p o s i t i o n  i n  R i v e r s  
and R e s e r v o i r s , "  U.S. Army Corps of E n g i n e e r s ,  Computer Program 
723-G2-L2470, 1976.  

J a n s e n ,  P. P , ,  e t  a l . ,  P r i n c i p l e s  o f  R i v e r  E n g i n e e r i n g :  The Non-Tidal 
R i v e r ,    ear on P i  tman P u b l i s h e r s ,  I n c . ,  B e l n o n t ,  C a l i f o r n i a ,  
1979 ,  509 pp. 

J o r d a n ,  P. R . ,  " F l u v i a l  Sed imen t  of t h e  M i s s i s s i p p i  a t  S t .  L o u i s ,  
M i s s o u r i , "  U.S. G e o l o g i c a l  S u r v e y ,  Water -Supply  P a p e r  1802 ,  
W a s h i n g t o n ,  D . C . ,  1965.  

L a n e ,  E. W .  and  C a r l s o n ,  E. J., "Some F a c t o r s  A f f e c t i n g  t h e  S t a b i l i t y  
o f  C a n a l s  C o n s t r u c t e d  i n  C o a r s e  G r a n u l a r  M a t e r i a l s , "  P r o c e e d i n g s ,  
M i n n e s o t a  I n t e r n a t i o n a l  H y d r a u l i c s  C o n v e n t i o n ,  Sep tember  1953 ,  
pp .  37-48. 

L e o p o l d ,  L. B. and Maddock, T . ,  J r . ,  "The H y d r a u l i c  Geometry of S t ream 
C h a n n e l s  and Some P h y s i o g r a p h i c  I m p l i c a t i o n s , "  G e o l o g i c a l  S u r v e y  
P r o f e s s i o n a l  P a p e r  252 ,  U.S. Depar tment  o f  t h e  I n t e r i o r ,  U.S. 
Government  P r i n t i n g  O f f i c e ,  Wash ing ton ,  1 9 5 3 ,  5 7  pp.  

L i g g e t t ,  J .  A. and Cunge,  J .  A . ,  "Numer ica l  Methods of S o l u t i o n  of  t h e  
U n s t e a d y  Flow E ~ u a t i o n s , "  Uns t eady  Flow i n  Open C h a n n e l s ,  
K. Mahmood and V. Y e v j e v i c h ,  e d s . ,  Wa te r  R e s o u r c e s  P u b l i c a t i o n s ,  
F o r t  C o l l i n s ,  C o l o r a d o ,  1 9 7 5 ,  pp. 89-182. 

L i m e r i n o s  , J.  T. , " D e t e r m i n a t i o n  o f  t h e  Kanning  C o e f f i c i e n t  from 
Measured  Bed Roughness  i n  N a t u r a l  C h a n n e l s , "  S t u d i e s  of Flow i n  
A l l u v i a l  C h a n n e l s ,  U.S. G e o l o g i c a l  S u r v e y ,  Water -Supply  P a p e r  
1898-0, 1 9 7 0 ,  47  pp.  

McCracken ,  D. D. and  Dorn ,  W .  S . ,  Numer ica l  Methods a n d  F o r t r a n  
programming W i t h  A p p l i c a t i o n s  I n  E n g i n e e r i n g  and  S c i e n c e ,  J o h n  
Wi ley  and  S o n s ,  I n c . ,  Nev York,  1968 ,  457  pp. 

M o s t a f a ,  M. G. and McDermid, R. M . ,  D i s c u s s i o n  o f  "Sediment  T r a n s p o r t  
M e c h a n i c s :  H y d r a u l i c  R e l a t i o n s  f o r  A l l u v i a l  S t r e a m s , "  ASCE Task  
Commi t t ee .  J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n .  ASCE. Vol .  97. 
No. HY10, O c t o b e r  1 9 7 1 ,  pp. 1777-1780. 

N a k a t o ,  T . ,  " E v a l u a t i o n  o f  S e v e r a l  E x i s t i n g  S e d i m e n t - T r a n s p o r t  
F o r m u l a s  f o r  t h e  S a c r a m e n t o  R i v e r , "  F i n a l  R e p o r t ,  u n p u b l i s h e d ,  
March 1 9 8 1 ,  2 1  pp. 



N i k u r a d s e ,  J . ,  "Laws of  Flow i n  Rough P i p e s , "  ( t r a n s l a t i o n  o f  
" S t r o m u n g s g e s e t z e  i n  r a u h e n  Rohren , "  1 9 3 3 ) ,  N a t i o n a l  A d v i s o r y  
Committee f o r  A e r o n a u t i c s  Tech  Memo 1292 ,  W a s h i n g t o n ,  D.C., 1950 ,  
6 2  PP* 

Ponce ,  V .  M . ,  I n d l e k o f e r ,  H. and Simmons, D. B . ,  "The Conve rgence  o f  
I m p l i c i t  Bed T r a n s i e n t  Mode l s , "  J o u r n a l  o f  t h e  H y d r a u l i c s  
D i v i s i o n ,  Vo l .  1 0 5 ,  HY4, A p r i l  1 9 7 9 ,  pp. 351-363. 

P r e i s s m a n n ,  A . ,  " D i f f i c u l t < s  ~ e c o n t r i e s  dans  l a  C a l c u l  d e s  Ondes de 
T r a n s i t i o n  2 F r o n t  R a i d e , "  C o n g r e s s  of t h e  I n t e r n a t i o n a l  
A s s o c i a t i o n  f o r  H y d r a u l i c  R e s e a r c h ,  Semina r ,  Len ing rad  , U.S.S.R., 
1965.  

Ranga R a j u ,  K. G . ,  " R e s i s t a n c e  R e l a t i o n  f o r  A l l u v i a l  S t r e a m s , "  
La H o u i l l e  B l a n c h e ,  So. 1, 1 9 7 0 ,  pp. 51-54. 

Ranga R a j u ,  K. G . ,  G a r d e ,  R. J. and Bhardwa j ,  R . ,  " T o t a l  Load 
T r a n s p o r t  i n  A l l u v i a l  C h a n n e l s , "  J o u r n a l  o f  t h e  H y d r a u l i c s  
D i v i s i o n ,  ASCE, Vo l .  107 ,  No. HY2, Feb rua ry  1 9 8 1 ,  pp. 179-191. 

R o t t n e r ,  J . ,  "A Fo rmula  f o r  Bed-Load T r a n s p o r t ,  La H o u i l l e  B l a n c h e  
No. 3 ,  May 1 9 5 9 ,  pp. 301-307. 

Shen ,  H. W. and Hung, C. S., "An E n g i n e e r i n g  Approach  t o  T o t a l  Bed- 
M a t e r i a l  Load by R e g r e s s i o n  A n a l y s i s , "  Symposium t o  Honor 
H. A. E i n s t e i n ,  1971.  

S t r e e t e r ,  V. -L., F l u i d  Mechan ic s ,  F i f t h  Edi t i o n ,  McGraw-Hill Bool: 
Company, I n c . ,  New York,  New York,  1971,  755  pp. 

S t r i c k l e r ,  A . ,  " C o n t r i b u t i o n s  t o  t h e  Q u e s t i o n  of  V e l o c i t y  Formula and 
Roughness  D a t a  f o r  S t r e a m s ,  C h a n n e l s  and C l o s e d  P i p e l i n e s , "  1923 ,  
t r a n s l a t i o n  by T. Roesgen and W. R. Brownli  e ,  W .  M. Keck 
L a b o r a t o r y  T r a n s l a t i o n  T-10, C a l i f o r n i a  I n s t i t u t e  of Techno logy ,  
P a s a d e n a ,  C a l i f o r n i a ,  J a n u a r y  1 9 8 1 ,  104  pp. 

Vanoni ,  V .  A . ,  "Da ta  Used t o  Develop  S h i e l d s  Diagram,"  W .  M. Keck 
L a b o r a t o r y  of H y d r a u l i c s  and W a t e r  R e s o u r c e s ,  T e c h n i c a l  
Memorandum 65-2, D i v i s i o n  o f  E n g i n e e r i n g  and A p p l i e d  S c i e n c e ,  
C a l i f o r n i a  I n s t i t u t e  of T e c h n o l o g y ,  P a s a d e n a ,  C a l i f o r n i a ,  A p r i l  
1 9 6 5 ,  8 pp. 

Vanoni ,  V.  A . ,  " F a c t o r s  D e t e r m i n i n g  Bed Forms of A l l u v i a l  S t r e a m s , "  
J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, Vo l .  1 0 0 ,  HY3, March 
1974 ,  pp. 363-377. 

Vanoni ,  V .  A * ,  e d . ,  S e d i m e n t a t i o n  E n g i n e e r i n g ,  ASCE Manuals  and 
R e p o r t s  o n  E n g i n e e r i n g  P r a c t i c e ,  No. 5 4 . ,  New York, 1975.  



Whi te ,  W .  R . ,  P a r i s ,  E. and B e t t e s s ,  R ,  " A  New Gene ra l  Method f o r  
P r e d i c t i n g  t h e  F r i c t i o n a l  C h a r a c t e r i s t i c s  of A l l u v i a l  S t r e a m s , "  
Repor t  No. I T  187 ,  H y d r a u l i c s  Resea rch  S t a t i o n ,  W a l l i n g f o r d ,  
E n g l a n d ,  J u l y  1979. 

Whi re ,  W .  R. , M i l l i  , H. and  C r a b b e ,  A .  D. , "Sediment  T r a n s p o r t :  
An A p p r a i s a l  o f  A v a i l a b l e  Methods ,  Vol .  2 ,  Pe r fo rmance  of  
T h e o r e t i c a l  Methods when A p p l i e d  t o  Flume and F i e l d  D a t a , "  
Repor t  No. INT 119 ,  H y d r a u l i c s  R e s e a r c h  S t a t i o n ,  W a l l i n g f o r d ,  
B e r k s h i r e ,  Eng land .  

W i j b e n g a ,  J .  H. A. and K l a a s s e n ,  C. J . ,  "Changes  i n  Bedform Dimens ions  
Under U n s t e a d y  Flow C o n d i t i o n s  i n  a  S t r a i g h t  F lume,"  Second 
I n t e r n a t i o n a l  C o n f e r e n c e  o n  F l u v i a l  S e d i m e n t s ,  U n i v e r s i t y  of 
K e e l e  (U.K.),  September  1981 .  

Yang, C. T . ,  " I n c i p i e n t  Mot ion  and Sed imen t  T r a n s p o r t , "  J o u r n a l  o f  t h e  
H y d r a u l i c s  Division, ASCE, Vol .  99 ,  No. HY10, O c t o b e r  1 9 7 3 ,  
pp .  1679-1704.  

D a t a  S o u r c e s  

Abdel -Aal ,  F a r o u k ,  M., " E x t e n s i o n  o f  Bed Load Formula t o  High Sed imen t  
R a t e s , "  PhD t h e s i s  p r e s e n t e d  t o  t h e  U n i v e r s i t y  of C a l i f o r n i a ,  a t  
B e r k e l e y ,  C a l i f o r n i a ,  December 1969.  

B a r t o n ,  J. R . ,  and  L i n ,  P.N., "A S t u d y  o f  t h e  Sed imen t  T r a n s p o r t  i n  
A l l u v i a l  C h a n n e l s , "  R e p o r t  No. CEF 5YRB2,  C o l o r a d o  S t a t e  
U n i v e r s i t y ,  F o r t  C o l l i n s ,  C o l o r a d o ,  1 9 5 5 ,  4 1  pp. 

B o r g a r d i ,  J . ,  and Yen, C. H . ,  " T r a c t i o n  o f  P e b b l e s  by Flowing  W a t e r ,  
PhD t h e s i s  p r e s e n t e d  t o  t h e  S t a t e  U n i v e r s i t y  of  Iowa,  1939,  
6 6  PP* 

C a s e y ,  H . J . ,  "Uber  Cesch iebebewegung , "  P r e u s s .  V e r s u c h s a n s t .  f u r  
Wasserbau  und S c h i f i b a u ,  B e r l i n ,  M i t t . ,  Vol .  1 9 ,  1 9 3 5 ,  8 6  pp. 
( T r a n s l a t i o n  on f i l e  a t  U.S. S o i l  C o n s e r v a t i o n  S e r v i c e ,  
W a s h i n g t o n ,  D.C.). 

Chaudhry ,  H. M . ,  Smi th ,  K.  V.  H. and  V i g i l  H ,  "Compu ta t ion  of  Sediment  
T r a n s p o r t  i n  I r r i g a t i o n  C a n a l s , "  P r o c .  I n s  t i  t u t i o n  o f  C i v i l  
E n g i n e e r s ,  Vo l .  4 5 ,  P a p e r  7 2 4 1 ,  1 9 7 0 ,  pp. 79-101. 

Chi  t a l e s ,  S. V . ,  " H y d r a u l i c s  o f  S t a b l e  C h a n n e l s , "  T a b l e s  13 and 1 7 ,  
Government  o f  I n d i a ,  M i n i s t r y  of  I r r i g a t i o n  and Power ,  C e n t r a l  
Wa te r  and Power Commission,  1966.  



Chyn, S.D., "An E x p e r i m e n t a l  S t u d y  of t h e  Sand T r a n s p o r t i n g  C a p a c i t y  
o f  t h e  F lowing  Water  o n  Sandy Bed and t h e  E f f e c t  of t h e  
C o m p o s i t i o n  o f  t h e  Sand,"  t h e s i s  p r e s e n t e d  t o  t h e  M a s s a c h u s e t t s  
I n s t i t u t e  of  Techno logy ,  Cambr idge ,  M a s s a c h u s e t t s ,  1 9 3 5 ,  3 3  pp. 

C o l b y ,  B. R . ,  and  Hembree, C. H . ,  "Computa t ions  of  T o t a l  Sed imen t  
D i s c h a r g e  N i o b r a r a  R i v e r  Near  Cody, Nebraska , "  Water-Supply 
P a p e r  1357 ,  U. S. G e o l o g i c a l  S u r v e y ,  Wash ing ton ,  D.C., 1955.  

C o s t e l l o ,  W.R., "Development  o f  Bed C o n f i g u r a t i o n  i n  Coa r se  S a n d s , "  
R e p o r t  74-1, Depar tment  o f  E a r t h  and P l a n e t a r y  S c i e n c e ,  
M a s s a c h u s e t t s  I n s t i t u t e  o f  Techno logy ,  Cambr idge ,  M a s s a c h u s e t t s ,  
1974.  

C u l b e r t s o n ,  J . K . ,  S c o t t ,  C. H. and  B e n n e t t ,  J. P . ,  "Sumrrary of  
A l l u v i a l - C h a n n e l  Da ta  from R i o  Grande Conveyance Channel  , New 
Mexico ,  1965-69 ,"  P r o f e s s i o n a l  Pape r  5 6 2 - 5 ,  Uni t ed  S t a t e s  
G e o l o g i c a l  S u r v e y ,  Wash ing ton ,  D.C.  , 19 72,  49  pp. 

Da Cunha,  L. V. , " R i v e r  Mondego , P o r t u g a l , "  P e r s o n a l  Communicat ion,  
L a b o r a t o r i o  N a c i o n a l  De E n g e n h a r i a  C i v i l ,  Li s b o a ,  1969.  

Daves ,  T. R. , "Summary of  E x p e r i m e n t a l  D a t a  f o r  Flume T e s t s  o v e r  F i n e  
Sand ," Depar tmen t  of  C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  of 
Sou thampton ,  1971.  

E a s t  P a k i s t a n  Wate r  and Power Development  A u t h o r i t y ,  "Flume S t u d i e s  of 
Roughness  and  Sed imen t  T r a n s p o r t  of Movable Bed of Sand ," Annual 
R e p o r t  o f  H y d r a u l i c  R e s e a r c h  L a b o r a t o r y  f o r  1966 ,  1967,  
1968-1969,  Dacca .  

E i n s t e i n ,  H .A . ,  "Bed Load T r a n s p o r t a t i o n  i n  Moun ta in  C r e e k , "  U.S. S o i l  
C o n s e r v a t i o n  S e r v i c e ,  SCS-TP-55, 1944,  5 0  pp. 

E i n s t e i n ,  H. A. and  Ch ien ,  N . ,  " E f f e c t s  of Heavy Sediment  
C o n c e n t r a t i o n  n e a r  t h e  Bed on  V e l o c i t y  and Sed imen t  
D i s t r i b u t i o n , "  MIU) S e r i e s  No. 8 ,  U n i v e r s i t y  of C a l i f o r n i a ,  
I n s t i t u t e  of  E n g i n e e r i n g  R e s e a r c h  and U.S. Army E n g i n e e r i n g  
D i v i s i o n ,  M i s s o u r i  R i v e r  C o r p s  of  E n g i n e e r s ,  Omaha, Nebraska ,  
A u g u s t  1955.  

F o l e y ,  M. G . ,  "Scour  and F i l l  i n  Ephemeral  S t r e a m s , "  W .  M .  Keck 
L a b o r a t o r y  R e p o r t  No. KH-R-33, C a l i f o r n i a  I n s t i t u t e  of 
T e c h n o l o g y ,  P a s a d e n a ,  C a l i f o r n i a ,  1975. 

F r a n c o ,  J o h n  J . ,  " E f f e c t s  o f  W a t e r  T e m p e r a t u r e  o n  Bed-Load Movement," 
J o u n r a l  o f  W a t e r v a y s  a n d  H a r b o r s  D i v i s i o n ,  ASCE, Vol .  9 4 ,  No. 
WW3, P roc .  P a p e r  6083,  Augus t  1968 ,  pp. 343-352. 



G i b b s ,  C.  H . ,  and N e i l l ,  C. R . ,  " I n t e r i m  R e p o r t  on L a b o r a t o r y  S tudy of 
Basket-Type Bed-Load S a m p l e r s , "  R e s e a r c h  Counc i l  of A l b e r t a  i n  
a s s o c i a t i o n  w i t h  Depar tment  of C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  of 
A l b e r t a ,  A p r i l  1972 ,  Number REH/72/2. 

G i l b e r t ,  G. K . ,  "The T r a n s p o r t a t i o n  o f  D e b r i s  by Running W a t e r , "  
U. S. G e o l o g i c a l  S u r v e y ,  P r o f e s s i o n a l  P a p e r  86 ,  1914 .  

Guy, H. P . ,  Simons,  D. B. and R i c h a r d s o n ,  E. V . ,  "Summary o f  A l l u v i a l  
Channel  Da ta  from Flume E x p e r i m e n t s ,  1956-61,"  U.S. G e o l o g i c a l  
S u r v e y ,  P r o f e s s i o n a l  P a p e r  462-1, 1 9 6 6 ,  9 6  pp. 

H i l l ,  H. M., S r i n i v a s a n ,  V.S. and Unny, T. E., J r . ,  " I n s t a b i l i t y  o f  
F l a t  Bed i n  A l l u v i a l  C h a n n e l s , "  J o u r n a l  o f  H y d r a u l i c s  D i v i s i o n ,  
ASCE, Vo l .  95 ,  No. HY5, September  1 9 6 9 ,  pp. 1545-1558. 

H o ,  Pang-Yung, "Abhang igke i  t d e r  Geschi  ebebewegung von d e r  Kornform 
und d e r  T e m p e r a t u r e , "  P r e u s s .  V e r s u c h s a n s t .  f u r  Wasse rbau  and  
S c h i f f b a u ,  B e r l i n ,  M i t t . ,  Vol .  3 7 ,  1 9 3 9 ,  4 3  pp. 

H u b b e l l ,  D. W .  and M a t e j k a ,  D. Q., " I n v e s t i g a t i o n  o f  Sed imen t  
T r a n s p o r t a t i o n ,  Midd le  Loup R i v e r  a t  Dunn ing ,  N e b r a s k a , "  U.S. 
G e o l o g i c a l  S u r v e y ,  Wa te r  Supp ly  P a p e r  No. 1476 ,  1959.  

J o h n s o n ,  J. W .  , " L a b o r a t o r y  I n v e s t i g a t i o n s  o n  Bed-Load T r a n s p o r t a t i o n  
and  Bed Roughness ,"  U.S. S o i l  C o n s e r v a t i o n  S e r v i c e ,  SCS-'IT-50, 
1943.  

J o r i s s e n ,  A .  L. ,  "E tude  E x p e r i m e n t a l e  du T r a n s p o r t  S o l i d e  d e s  Cours 
d l E a u , "  Revue U n i v e r s e l l e  d e s  Mines ,  Belg ium,  Vo l .  1 4 ,  No. 3 ,  
1938,  pp. 269-282. 

K a l i n s k e ,  A .  A . ,  and H s i a ,  C. H . ,  "S tudy  o f  T r a n s p o r t a t i o n  of  F i n e  
S e d i m e n t s  by Flowing W a t e r , "  Iowa U n i v e r s i t y  S t u d i e s  i n  
E n g i n e e r i n g ,  B u l l e t i n  2 9 ,  

Kennedy,  J .  F . ,  " S t a t i o n a r y  Waves and A n t i d u n e s  i n  A l l u v i a l  C h a n n e l s , "  
R e p o r t  KH-R-2, W .  M. Keck L a b o r a t o r y  o f  H y d r a u l i c s  and Water  
R e s o u r c e s ,  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,  P a s a d e n a ,  
C a l i f o r n i a ,  1961.  

Kennedy,  J. F. and Brooks ,  N. H . ,  " L a b o r a t o r y  S t u d y  o f  An A l l u v i a l  
S t r e a m  of C o n s t a n t  D i s c h a r g e , "  P r o c e e d i n g s ,  F e d e r a l  In te r -Agency 
Sed imen t  C o n f e r e n c e ,  H i s c .  Pub. 970 ,  U.S. Depa r tmen t  of  
A g r i c u l t u r e ,  1963 ,  pp. 320-330. 

K n o t t ,  J.M., "Sediment  D i s c h a r g e  i n  t h e  T r i n i t y  R i v e r  B a s i n ,  
C a l i f o r n i a , "  Wate r -Resource  I n v e s t i g a t i o n s  49-73, 'U.S.  G e o l o g i c a l  
S u r v e y ,  1974,  62 pp. 



L a u r s e n ,  E. M . ,  "The t o t a l  Sed imen t  Load of S t r e a m s , "  ASCE, J o u r n a l  
o f  t h e  H y d r a u l i c s  D i v i s i o n ,  V o l e  8 4 ,  No. H Y 1 ,  P roc .  P a p e r  1530 ,  
F e b r u a r y  1 9 5 8 ,  36  pp. 

L e o p o l d ,  L. B . ,  " P e r s o n a l  Communica t ion ,  " S e d i m e n t  T r a n s p o r t  Da ta  f o r  
V a r i o u s  U.S. R i v e r s , "  1969.  

MacDougall  , C. H. , "Bed-Sediment T r a n s p o r t a t i o n  i n  Open C h a n n e l s ,  " 
T r a n s a c t i o n s  of  t h e  Annual Mee t ing  1 4 ,  Amer ican  G e o p h y s i c a l  
Un ion ,  1 9 3 3 ,  pp. 491-495. 

Mahmood, K . ,  e t  a l . ,  " S e l e c t e d  E q u i l i b r i u m - S t a t e  Da ta  from ACOP 
C a n a l s ,  " C i v i l ,  M e c h a n i c a l  a n d  E n v i r o n m e n t a l  E n g i n e e r i n g  
Depar tment  R e p o r t  N o .  EWR-79-2, George Wash ing ton  U n i v e r s i t y ,  
W a s h i n g t o n ,  D.C., F e b r u a r y  1 9 7 9 ,  495  pp. 

Mav i s ,  F. T . ,  L i u ,  T. ,  and S o u c e k ,  E . ,  "The T r a n s p o r t a t i o n  o f  D e t r i t u s  
by Flowing Water  -- 11," Iowa U n i v e r s i t y  S t u d i e s  i n  E n g i n e e r i n g ,  
B u l l e t i n  11, 1937,  28 pp.  

M e y e r - P e t e r ,  E . ,  and  M u l l e r ,  R . ,  "Fo rmulas  f o r  Bed Load T r a n s p o r t , "  
P r o c e e d i n g s ,  Second Mee t ing  o f  I n t e r n a t i o n a l  A s s o c i a t i o n  f o r  
H y d r a u l i c  S t r u c t u r e s  R e s e a r c h ,  S t o c k h o l m ,  1 9 4 8 ,  2 6  pp. 

M i l h o u s ,  R.T. , "Sediment  T r a n s p o r t  i n  a  Grave l -Bo t  tomed S t r e a m  ," 
PhD t h e s i s ,  Oregon S t a t e  U n i v e r s i t y ,  1 9 7 3 ,  232  pp. 

N u t t e r ,  Douglas  G e r a l d ,  " A  Flume S t u d y  of  M l u v i a l  Bed 
C o n f i g u r a t i o n s , "  M a s t e r s  t h e s i s  s u b m i t t e d  t o  t h e  F a c u l t y  
o f  G r a d u a t e  S t u d i e s ,  U n i v e r s i t y  o f  A l b e r t a ,  1971.  

NEDECO, "Rio  Magdalena  and Cana l  d e l  Dique P r o j e c t ,  M i s s i o n  T c c n i c a  
Colombo-Holandesa,"  NEDECO R e p o r t ,  NEDECO, t h e  Hague, 1973.  

N e i l l ,  C. R . ,  " L a b o r a t o r y  S t u d y  o f  Scour  of C o a r s e  Uniform 
Bed M a t e r i a l  ," P e r s o n a l  Communica t ion ,  R e s e a r c h  C o u n c i l  of 
A l b e r t a ,  1967.  

N o r d i n ,  C. F. ,  J r . ,  "Flume S t u d i e s  vi t h  F i n e  a n d  C o a r s e  S a n d s , "  
Open F i l e  R e p o r t  76-762, U.S .  G e o l o g i c a l  S u r v e y ,  Wash ing ton ,  
D.C., 1976 ,  1 8  pp. 

N o r d i n ,  C. F. and B e v e r a g e ,  J .  P . ,  "Sed imen t  T r a n s p o r t  i n  t h e  
R i o  Grande ,  Nev Mexico ,"  P r o f e s s i o n a l  P a p e r  462-F, U.S. 
G e o l o g i c a l  S u r v e y ,  Wash ing ton ,  D.C. 1 9 6 5 ,  3 5  pp. 

O ' B r i e n ,  M. P . ,  "No te s  on  t h e  T r a n s p o r t a t i o n  o f  S i l t  by S t r e a m s , "  
T r a n s a c t i o n s  o f  t h e  Annual M e e t i n g  1 7 ,  Amer i can  G e o p h y s i c a l  
Un ion ,  1 9 3 6 ,  pp. 431-436. 



O n i s h i ,  Y . ,  J a i n ,  S. C. and Kennedy,  J. R . ,  " E f f e c t s  o f  Meandering i n  
A l l u v i a l  C h a n n e l s , "  J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, 
Vol .  1 0 2 ,  No. KY7, J u l y  1976,  pp.  899-917. 

P a i n t a l ,  A. S . ,  "Concept  of C r i t i c a l  S h e a r  S t r e s s  i n  Loose  Boundary 
Open C h a n n e l s , "  J o u r n a l  o f  H y d r a u l i c  R e s e a r c h ,  No. 1, 1971,  
pp.'  90-113. 

P e t e r s o n ,  A. W. , and Howel l s  , R. F . ,  "A Compendium of S o l i d s  T r a n s w r t  
Da ta  f o r  Mob i l e  Boundary C h a n n e l s , "  R e p o r t  No. HY-1973-ST3, 
Depa r tmen t  of C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  of A l b e r t a ,  Canada ,  
J a n u a r y  1973.  

P r a t t , . C .  J . ,  "Summary of E x p e r i m e n t a l  D a t a  f o r  Flume T e s t s  o v e r  
0 . 4 9  mm Sand ," Depar tmen t  of C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  of  
Sou thampton ,  1970.  

Samide ,  C .  W .  , "Sed imen t  T r a n s p o r t  Measu remen t s , "  H a s t e r s  t h e s i s  p r e -  
s e n t e d  t o  t h e  U n i v e r s i t y  of A l b e r t a ,  J u n e  1971.  

S a t o ,  S . ,  Kikkawa,  H. and A s h i d a ,  K . ,  " R e s e a r c h  on  t h e  Bed Load . 
T r a n s p o r t a t i o n , "  J o u r n a l  o f  R e s e a r c h ,  P u b l i c  Works Resea rch  
I n s t i t u t e ,  Vol .  3 ,  R e s e a r c h  P a p e r  3 ,  C o n s t r u c t i o n  M i n i s t r y ,  
Tokyo,  J a p a n ,  March 1 9 5 8 ,  2 1  pp. 

S e i  t z  , H. R. , "Suspended and Bedload Sed imen t  T r a n s p o r t  i n  t h e  Snake 
a n d  C l e a r w a t e r  R i v e r s  i n  t h e  V i c i n i t y  of  L e w i s t o n ,  I d a h o , "  
F i l e  R e p o r t  76-886, U.S. G e o l o g i c a l  S u r v e y ,  B o i s e ,  I d a h o ,  1 9 7 6 ,  
77 PP* 

S h e n ,  H. W . ,  Mel lema,  W .  J. and H a r r i s o n ,  A.S., " T e m p e r a t u r e  and 
M i s s o u r i  R i v e r  S t a g e s  Near  Omaha," J o u r n a l  o f  t h e  H y d r a u l i c s  
D f v i s i o n ,  ASCE, Vol .  1 0 4 ,  No. HY1, J a n u a r y  1978 ,  pp. 1-20. 

S h i n o h a r a ,  K i  n j i  and T s u b a k i  , T o i c h i r o ,  "On t h e  C h a r a c t e r i s t i c s  of 
Sand Waves Formed Upon Beds of  t h e  Open Channe l s  and R i v e r s , "  
R e p r i n t e d  from R e p o r t s  of  R e s e a r c h  I n s t i t u t e  o f  A p p l i e d  
M e c h a n i c s ,  Kyushu U n i v e r s i t y ,  Vo l .  V I I ,  No. 25 ,  1959.  

S imons  , D. B. , "Theory  o f  D e s i g n  of  S t a b l e  Channe l s  i n  A l l u v i a l  
M a t e r i a l s ,  PhD t h e s i s ,  C o l o r a d o  S t a t e  U n i v e r s i t y ,  May 1957. 

S i n g h ,  B . ,  " T r a n s p o r t  o f  Bed-Load i n  C h a n n e l s  w i t h  S p e c i a l  R e f e r e n c e  
t o  G r a d i e n t  Form," PhD t h e s i s  p r e s e n t e d  t o  t h e  U n i v e r s i t y  of 
London,  London,  E n g l a n d ,  1960.  

S o n i ,  J .  P.,  " S h o r t  S t a t i s t i c a l  A n a l y s i s  o f  T o t a l  Load C o n c e n t r a t i o n , "  
J o u r n a l  of t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, Vo l .  1 0 6 ,  No. H Y 8 ,  
Augtlst 1980 ,  pp. 1383-1389. 



S t e i n ,  R. A . ,  "Labora to ry  S t u d i e s  of T o t a l  Load and Apparent  Bed 
Load,"  J o u r n a l  of Geophys ica l  Resea rch ,  Vol.  7 0 , ~  NO. 8 ,  1965,  
pp. 1831-1842. 

S t r a u b ,  L. G . ,  " T r a n s p o r t a t i o n  C h a r a c t e r i s t i c s  M i s s o u r i  R i v e r  
Sed iment , "  M.R.D. Sediment S e r i e s  No. 4 ,  S t .  Anthony F a l l s  
H y d r a u l i c  L a b o r a t o r y ,  M i n n e a p o l i s ,  M l n n i s o t a ,  A p r i l  1954 .  

S t r a u b ,  L. G . ,  Anderson,  A.  G. and Flammer, G. H. , "Exper iments  on t h e  
I n f l u e n c e  of Temperature  on t h e  Sediment Load,"  M . R . D .  Sediment 
S e r i e s  No. 1 0 ,  S t .  Anthony F a l l s  l i y d r a u l i c  L a b o r a t o r y ,  
Minneapo l i s ,  M n n i s o t a ,  J a n u a r y  1958. 

T a y l o r .  B.  D . .  "Temperature  E f f e c t s  i n  A l l u v i a l  S t reams ."  W .  M .  Keck - 
~ a b o r a t o ; ~  o f  H y d r a u l i c s  and Water Resources  ~ e ~ o r ;  KH-R-27, 
C a l i f o r n i a  I n s t i t u t e  of Technology,  Pasadena,  C a l i f o r n i a ,  
August 1971,  204 pp. 

T o f f a l e t i ,  F. B . ,  "A P rocedure  f o r  Computation of  t h e  T o t a l  R i v e r  Sand 
Discharge  and D e t a i l e d  D i s t r i b u t i o n ,  Bed t o  S u r f a c e , "  T e c h n i c a l  
Repor t  No. 5 ,  Committee of Channel S t a b i l i z a t i o n ,  Corps of 
E n g i n e e r s ,  U. S. Amy,  November 1968. 

Uni ted  S t a t e s  Department of t h e  I n t e r i o r ,  Bureau of Rec lamat ion ,  
" I n t e r i m  R e p o r t ,  T o t a l  Sediment  T r a n s p o r t  Program, Lower 
Colorado  River  B a s i n , "  J a n u a r y  1958,  175 pp. 

United S t a t e s  Amy Corps of E n g i n e e r s ,  U.S. Waterways Exper iment  
S t a t i o n ,  Vicksburg ,  M i s s i s s i p p i ,  " S t u d i e s  of R iver  Bed M a t e r i a l s  
and T h e i r  Movement w i t h  S p e c i a l  R e f e r e n c e  t o  t h e  Lower 
M i s s i s s i p p i  R i v e r ,  Paper  17 ,  1935A, 161 pp. 

United S t a t e s  Army Corps of E n g i n e e r s ,  U.S. Waterways E x p e r i m e ~ ~ t  
S t a t i o n ,  Vicksburg ,  M i s s i s s i p p i ,  " E f f e c t  of T u r b i d i t y  on Sand 
Movement," unpub l i shed  r e p o r t  of e x p e r i m e n t s ,  1935B. 

Uni ted  S t a t e s  Army Corps of E n g i n e e r s ,  U.S. Waterways Exper iment  
S t a t i o n ,  - V i c k s b u r g ,  M i s s i s s i p p i ,  "Flume T e s t s  Made t o  Develop a  
S y n t h e t i c  Sand Which W i l l  Not Form R i p p l e s  When Used i n  
Movable-Bed Models,"  T e c h n i c a l  Memorandum 99-1 ( u n p u b l i s h e d ) ,  
1936A, 21 pp. 

United S t a t e s  Army Corps of E n g i n e e r s ,  U.S. Waterways Exper iment  
S t a t i o n ,  Vicksburg ,  M i s s i s s i p p i ,  "Flume T e s t s  of  S y n t h e t i c  
Sand Mix tu re  (sand No. l o ) , " - T e c h n i c a l  Memorandum 95-1 
( u n p u b l i s h e d ) ,  1936B, 2 1  pp. 



U n i t e d  S t a t e s  A m y  Corps  of E n g i n e e r s ,  U.S. Waterways Exper iment  
S t a t i o n ,  V i c k s b u r g ,  M i s s i s s i p p i ,  " S t u d i e s  of Light -Weight  
M a t e r i a l s ,  w i t h  S p e c i a l  R e f e r e n c e  t o  t h e i r  Movement and u s e  a s  
Model Bed Ma t e r i a l  , " T e c h n i c a l  Memorandum 103-1 ( u n p u b l i  s h e d ) ,  
1936C, 56 p p .  

Vanon i ,  V.  A .  , and Brooks ,  N. H. , " L a b o r a t o r y  S t u d i e s  o f  t h e  Roughness  
a n d  Suspended Load of A l l u v i a l  S t r e a m s , "  M.R.D. Sediment  S e r i e s  
No. 11, C a l i f o r n i a  I n s t i t u t e  of  Techno logy  S e d i m e n t a t i o n  
L a b o r a t o r y ,  1957 ,  1 2 1  pp. 

Vanon i ,  V.  A . ,  and Hwang, L i  San ,  " R e l a t i o n  Between Bed Forms and 
F r i c t i o n  i n  S t r e a m s , "  J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, 
Vol .  9 3 ,  No. H Y 3 ,  P r o c .  P a p e r  5 2 4 2 ,  May 1967 ,  pp. 121-144. 

West  B e n g a l ,  Government  o f ,  " S t u d y  on  t h e  C r i t i c a l  T r a c t i v e  F o r c e  
V a r i o u s  Grades  of Sand ," Annual R e p o r t  of t h e  R i v e r  Resea rch  
I n s t i t u t e ,  West B e n g a l ,  P u b l i c a t i o n  No. 2 6 ,  P a r t  I ,  1965,  
pp. 5-12. 

W i l l i a m s ,  G. P . ,  "Flume Width  and Wate r  Dep th  E f f e c t s  i n  Sediment  
T r a n s p o r t  E x p e r i m e n t s , "  U.S. G e o l o g i c a l  S u r v e y ,  P r o f e s s i o n a l  
P a ~ e r  562-H. 1970.  

Willis. J .  C.. Coleman,  N. L. and '  E l l i s ,  W. M., " L a b o r a t o w  S tudy  of  
T r a n s p o r t  o f  F i n e  S a n d , "  J o u r n a l  o f  H y d r a u l i c s  D i v i s i o n ,  ASCE, 
Vol .  9 8 ,  HY3, P r o c .  P a p e r  8765 ,  March 1 9 7 2 ,  pp. 489-501. 

Willis,  J . C . ,  "Suspended Load from E r r o r - F u n c t i o n  M o d e l s , "  J o u r n a l  o f  
t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, Vo l .  1 0 5 ,  No. HY7, J u l y  1979 ,  
pp. 801-816. 

Znamenskaya,  N. S . ,  " E x p e r i m e n t a l  S t u d y  of  t h e  Dune Movement of  
S e d i m e n t , "  T r a n s a c t i o n s  of  t h e  S t a t e  H y d r o l o g i c  I n s t i t u t e  
( T r u d y  GGI) No. 1 0 8 ,  1 9 6 3 ,  pp. 89-111. T r a n s l a t e d  by L. G. 
Robb ina .  



REFERENCES 
Shulits (1968)  

American  G e o p h y s i c a l  Union, T r a n s ,  R e p o r t  o f  t h e  subcornmi t t e e  
on  s e d i m e n t  t e rmino logy ,  Vol .  28 ,  No. 6 ,  pp .  936-938 ( 1 9 4 7 ) .  

A l b e r t s o n ,  M .  L . ,  J .  R .  B a r t o n ,  and  D.  B .  S imons ,  F l u i d  
mechan ic s  f o r  e n g i n e e r s ,  P r e n t i c e - H a l l ,  I n c , ,  Englewood 
C l i f f s ,  N .  J .  (1960 ) .  

A x e l s s o n ,  V . ,  The L a i t a u r e  d e l t a - - a  s t u d y  of  d e l t a i c  morphology 
and processes, Geograf iska  Anna le r ,  Vo l .  49 ,  S e r .  A 1967  
(1) 

B a r n e s ,  H .  H . ,  J r . ,  Roughness c h a r a c t e r i s t i c s  o f  n a t u r a l  chan-  
n e l s ,  U .  S .  G .  S .  Water-Supply Pape r  1849  ( 1 9 6 7 ) .  

Bagno ld ,  R .  A , ,  An app roach  t o  t h e  s e d i m e n t  t r a n s p o r t  p rob l em 
f rom g e n e r a l  p h y s i c s ,  U. S .  G .  S. P r o f .  P a p e r  422-1 (1966 ) .  

Bu rz ,  J . ,  Schwebs t o f f -  und G e s c h i e b e f z h r u n g  i n  den  s t a u r i u n e n  
d e s  I n n .  M i  t t e i l u n g e n  d e r  Bayer .  Landess  t e l l e  f i r  Gewas- 
s e r k u n d e  und d e r  I n n v e r k  AG, Hunich ( 1 9 5 4 ) .  

Bu rz ,  J . ,  D e l t a b i l d u n g  lm Anmersee und Chiemsee .  M i t t e i l u n g  
a u s  dem A r b e i t s b e r e i c h  d e r  Bayer .  Landess  t e l l e  f i r  ~ e w i s -  
s e r k u n d e ,  Munich (1956 ) .  

Casey ,  H .  J . ,  h e r  Geschiebebewegung.  D o c t o r a l  D i s s e r t a t i o n ,  
T e c h n i s c h e  Hochschu le ,  B e r l i n ,  Germany ( 1 9 3 5 ) .  P r e u s s i s c h e  
D r u c k e r e i -  und Verlags-Aktiengesellschaft B e r l i n .  T r a n s l a -  
t i o n  No. 35-1, U.  S .  A n y  Waterways Expe r imen t  S t a t i o n ,  
V icksbu rg  , Miss. 

C o l e b r o o k ,  C. F . ,  T u r b u l e n t  f l o w  i n  p i p e s ,  w i t h  p a r t i c u l a r  
r e f e r e n c e  t o  t h e  t r a n s i t i o n  r e g i o n  b e t w e e n  smooth  and  
rough  p i p e  l a w s ,  P a p e r  So .  5204, J .  I n s t .  C .  E . ,  pp .  133-  
156  (Feb .  1 9 3 9 ) .  

Chow, V .  T . ,  Open-channel  h y d r a u l i c s ,  McGraw-Hill Book Co.,  
New York ( 1 9 j 9 ) .  

C h i e n ,  N . ,  Meyer -Pe te r  f o r n u l a  f o r  b e d l o a d  t r a n s p o r t  and E i n s t e i n  
b e d l o a d  f u n c t r o n ,  M i s s o u r i  R i v e r  Div .  S e d i m e n t  S e r i e s  N O .  7 

1 .  (March, 1 9 5 4 ) .  



Chang, Y .  L . ,  L a b o r a t o r y  i n v e s t i g a t i o n  of  f lume t r a c t i o n  and 
t r a n s p o r t a t i o n ,  T r a n s .  A .  S.  C. E . ,  Vol. 104 ,  pp .  1246- 
1313  ( 1 9 3 9 ) .  

Co lby ,  B .  R .  and  C .  H .  Hembree, c o m p u t a t i o n s  of  t o t a l  s e d i m e n t  
d i s c h a r g e - - N i o b r a r a  R i v e r  n e a r  Cody, Nebraska ,  U.  S .  G .  S. 
Water-Supply P a p e r  1357 (1955) . 

C h i e n ,  N . ,  The p r e s e n t  s t a t u s  of  r e s e a r c h  on s e d i m e n t  t r a n s -  
p o r t ,  T r a n s .  A .  S .  C .  E . ,  Vol .  1 2 1 ,  pp. 833-884 (1956) .  

C h e b o t a r e v ,  N .  P . ,  Theo ry  of  s t r e a m  r u n o f f .  T r a n s l a t e d  from 
t h e  R u s s i a n  f o r  t h e  U .  S .  Dep t .  o f  A g r i c u l t u r e  and  t h e  
N a t i o n a l  S c i e n c e  F o u n d a t i o n .  A v a i l a b l e  a s  TT65-50027 
f rom U .  S .  Dept .  o f  Commerce, C l e a r i n g h o u s e  f o r  F e d e r a l  
S c i e n t i f i c  and T e c h n i c a l  I n f o r m a t i o n ,  S p r i n g f i e l d ,  Va. 
( 1 9 6 6 ) .  

Du Boys, P . ,  Le Rhone and  l e s  ~ i v i g r e s  > L i t  A f f o u i l l a b l e .  
A n n a l e s  d e s  P o n t s  e t  chausGes ,  5 S e r . ,  Vol. 1 8 ,  pp. 141- 
195  (1879) .  

E i n s t e i n ,  H .  A . ,  Der  h y d r a u l i s c h e  o d e r  P r o f i l r a d i u s ,  Schwe ize r -  
i s c h e  B a u z e i t u n g ,  Vo l .  103 ,  No. 8 (Feb. 24,  1934) .  

E i n s t e i n ,  H.  A , ,  The bed - load  f u n c t i o n  f o r  s e d i m e n t  t r a n s p o r t a -  
t i o n  i n  open  c h a n n e l  f l o w s ,  U .  S .  D .  A . ,  S o l 1  C o n s e r v a t i o n  
S e r v i c e ,  Wash ing ton ,  D .  C . ,  Tech .  B u l l e t i n  No. 1026 ( S e p t .  
1 9 5 0 ) .  

~ i n s i e i n ,  H .  A . ,  S e c t i o n  17-11, R i v e r  s e d i m e n t a t i o n ,  Handbook 
o f  A p p l i e d  H y d r o l o g y ,  e d i t e d  by V .  T. Chow, McGraw-Hill 
Book Co. (1964) .  

E i n s t e i n ,  H .  A , ,  and  R. D. Banks,  L i n e a r i t y  o f  f r i c t i o n  i n  open  
c h a n n e l s ,  I n  t .  Assn .  o f  S c i e n t i f i c  Hydrology,  P u b l .  34 ,  
V o l .  3 ,  pp .  488-498 (1951) .  

Eck, B . ,  T e c h n i s c h e  ~ t r o n u n ~ s l e h r e ,  6 t h  E d i t i o n ,  V e r l a g  S p r i n g e r ,  
B e r l i n  (1961) .  

E i n s t e i n ,  H .  E .  a n d  N .  L .  B a r b a r o s s a ,  R i v e r  c h a n n e l  r o u g h n e s s ,  
T r a n s .  A .  S .  C .  E . ,  P a p e r  No. 2528,  Vol. 117 ,  pp .  1121-1146 
( 1 9 5 2 ) .  

E l ze rman ,  J .  J. and  H .  C .  F r i j l i n k ,  P r e s e n t  s t a t e  o f  t h e  i n v e s -  
t i g a t i o n s  on b e d l o a d  movement i n  H o l l a n d ,  I X t h  Assembly o f  
t h e  I n t e r n a t i o n a l  Union o f  Geodesy and  Geophvs i c s ,  B r u s s e l s ,  

N O .  1-4,  pp. 100-116 (1951) .  



E i n s t e i n ,  H .  A . ,  Formulas  f o r  t h e  t r a n s p o r t a t i o n  o f  b e d l o a d ,  
T rans .  A .  S. C. E . ,  Vol .  1 0 9 ,  p .  5 6 1  (1942) .  

E i n s t e i n ,  H .  A. and  N .  Chien ,  T r a n s p o r t  of s ed imen t  m i x t u r e s  
w i t h  l a r g e  r a n g e s  o f  g r a i n  s i z e s ,  M i s s o u r i  R i v e r  D iv .  
Sediment  S e r i e s  No. 2  ( J u n e  1953) .  

El-Samni, Ahmed El-Sayed,  Hydrodynamic f o r c e s  a c t i n g  on p a r -  
t i c l e s  i n  t h e  s u r f a c e  o f  a s t r e a m  b e d ,  Univ .  o f  C a l i f .  
( B e r k e l e y )  , Ph . D.  T h e s i s  ( 1949) .  

E h r e n b e r g e r ,  R . ,  D i r e k t e  Geschiebemessungen a n  d e r  Donau b e i  
Wien und d e r e n  b i s h e r i g e  E r g e b n i s s e .  Die W a s s e r w i r t s c h a f t ,  
No. 34 (1931) .  

~ i d ~ e n G s s i s c h e s  A m t  f c r  W a s s e r w i r t s c h a f  t . Unte r suchungen  i n  
d e r  Na tu r  u b e r  B e t t b i l d u n g ,  Gesch iebe -  und ~ c h w e b s t o f f u h r u n g .  
M i t t e i l u n g  No. 33  (1939) .  

E i n s t e i n ,  H .  A , ,  Bed load  t r a n s p o r t a t i o n  i n  Mounta in  C r e e k .  U .  
S .  S o i l  C o n s e r v a t i o n  S e r v i c e ,  TP No. 55  (1944) .  

F r i j l i n k ,  H .  C . ,  D i s c u s s i o n  d e s  f o r m u l e s  d e  d g b i t  s o l i d e  d e  
K a l i n s k e ,  d ' ~ i n s  t e i n  e t  d e  Meyer-Pe ter  e t  ~ u l l e r ,  ( ~ G r i c h ) .  
T r a n s p o r t  H y d r a u l i q u e  e t  ~ g c a n t a t i o n  d e s  ~ a t g r i a u x  S o l i d e s ,  
Compte Rendu d e s  ~ e u x i g m e s  ~ o u r n g e s  de  L I H y d r a u l i q u e ,  
Grenob le ,  F r a n c e ,  p u b l i s h e d  by La H o u i l l e  B lanche  ( J u n e  
1952)  . 

G i l b e r t ,  G .  K . ,  T r a n s p o r t a t i o n  o f  d e b r i s  by r u n n i n g  w a t e r ,  U .  
S. G. S .  P r o f .  P a p e r  8 6  (1914) .  

Ga rde ,  R .  J .  and  M .  L. A l b e r t s o n ,  Bedload t r a n s p o r t  i n  a l l u v i a l  
c h a n n e l s ,  La H o u i l l e  B lanche ,  Vol. 1 6 ,  pp.  274-286, w i t h  
French  t r a n s l a t i o n  (May-June 1961) .  

Haywood, 0. G . ,  Jr . ,  Flume e x p e r i m e n t s  on  t h e  t r a n s p o r t a t i o n  by 
w a t e r  o f  s a n d s  and  l i g h t - w e i g h t  m a t e r i a l s ,  D i s s e r t a t i o n ,  
D.Sc. ,  Mass. I n s t .  o f  Tech.  (1940) .  

Hansen ,  E, Bed load  i n v e s t i g a t i o n  i n  Skive-Karup R i v e r ,  Hydrau l i c  
Lab.,  T e c h n i c a l  U n i v e r s i t y  o f  Denmark, B u l l e t i n  No. 1 2 ,  
Copenhagen (1966) .  

H u b b e l l ,  D.  W . ,  A p p a r a t u s  and  t e c h n i q u e s  f o r  m e a s u r i n g  bed load ,  
U .  S .  Geo l .  S u r v e y  Water-Supply P a p e r  1 7 4 8  (1964) .  



Johnson ,  J .  W . ,  L a b o r a t o r y  i n v e s t i g a t i o n s  on bed- load  t r a n s p o r -  
t a t i o n  and  bed r o u g h n e s s ,  U S .  D. A , ,  S o i l  C o n s e r v a t i o n  
Se rv : ce ,  Washington ,  D .  C .  ( 1943) .  

Keu legan ,  G .  H . ,  Laws o f  t u r b u l e n t  f l o w  i n  open c h a n n e l s ,  Res .  
P a p e r  RF1151, J .  o f  Res., N a t r o n a l  Bureau  o f  S t a n d a r d s ,  
Vol .  21 ,  pp. 707-741 (Dec. 1938) .  

Kramer, H . ,  M o d e l l g e s c h i e b e  und S c h l e p p k r a f t ,  M i t t e i l u n g  d e r  
P r e u s s .  Ve r suchsans  t a l c  f;r Wasse rbau  und S c h i f f b a u  (VWS) , 
H e f t  9  (1932): 

K a l i n s k e ,  A.  A , ,  Movement o f  s e d i m e n t  a s  b e d l o a d  i n  r i v e r s ,  
T r a n s .  Am.  Geophys. Un , Vol. 28 ,  NO.  4  (Aug. 1 9 4 7 ) .  

Kramer, H . ,  Sand mix tures  and sand movement i n  fluvial models, 
'T rans .  A .  S .  C .  E . ,  V o l .  100 ( 1 9 3 5 ) .  

L a u r s e n ,  E .  M . ,  S e d i m e n t - t r a n s p o r t  mechan ic s  i n  s t a b l e - c h a n n e l  
d e s i g n ,  T r a n s ,  A .  S .  C. E . ,  Vol .  1 2 3 ,  pp .  195-203 (1958) .  

L i u ,  K .  T-H., E f f e c t  o f  s e d i m e n t  d i s c h a r g e  o n  t h e  pe r fo rmance  
o f  a  V-type m e a s u r i n g  f l ume ,  M.Sc. T h e s i s ,  U n i v e r s i t y  of  
I d a h o  (1964) .  

L a u r s e n ,  E  M . ,  An I n v e s t i g a t i o n  o f  t h e  t o t a l  s e d i m e n t  l o a d ,  
F i n a l  R e p o r t  t o  O . N . R . ,  I o v a  I n s t .  o f  H y d r a u l i c  R e s . ,  Iowa 
C i t y ,  Iowa ( J u n e  1 9 5 7 ) .  

L a u r s e n ,  E,. M., The t o t a l  s e d i m e n t  l o a d  o f  s t r e a m s ,  P r o c .  A .  
S .  C .  E . ,  J .  Hyd. D i v . ,  No. H Y 1 ,  Vo l .  84 ,  pp .  1530-1  t o  
1530-36 (Feb .  1 9 5 8 ) .  

Lawson, J.  D . ,  Sediment  t r a n s p o r t  i n  a l l u v i a l  c h a n n e l s ,  p ,  465 
of  Hydraulics and F l u i d  Mechanics ,  e d i t e d  by R .  S i l v e s t e r ,  
Pergamon Press -McMil lan  Co . ,  New York  (1964) .  

Meye r -Pe t e r ,  E . ,  H .  F a v r e  and  A .  E i n s t e i n ,  Neuere  V e r s u c h s r e s u l -  
t a t e  u b e r  den G e s c h r e b e t r i e b .  S c h w e r z e r i s c h e  B a u z e l t u n g ,  
Vol .  1 0 3 ,  No. 1 3 ,  pp .  1 4  ;-I50 (March ' 4 1 ,  1 9 3 4 ) .  

Meye r -Pe t e r ,  E .  and  C .  L i c h t e n h a h c ,  A l t e s  und Neueres  Gber den 
F l u s s b a u  m i t  b e s o n d e r e r  ~ e r b c k s i c h t i ~ u n ~  d e r  s a n k t g a l l i s c h e n  
R h e l n t a l e s .  E idg .  Depa r t emen t  d e s  I n n e r n ,  ~ e r o f f e n t l i c h u n g e n  
d e s  E i d g .  Arntes f i r  S t r a s s e n -  und F l u s s b a u .  Bern ,  Swl t ze r -  
l a n d  ( 1 9 6 3 ) .  



Johnson ,  J .  W . ,  L a b o r a t o r y  i n v e s t i g a t i o n s  on bed- load  t r a n s p o r -  
t a t i o n  and bed  r o u g h n e s s ,  U S .  D. A . ,  S o i l  C o n s e r v a t i o n  
Serv :  c e ,  Washington,  D .  C .  (1943) .  

Keu legan ,  G .  H . ,  Laws o f  t u r b u l e n t  f l o w  i n  open c h a n n e l s ,  Res .  
P a p e r  RF1151, J .  o f  R e s . ,  N a t r o n a l  Bureau o f  S t a n d a r d s ,  
Vol .  21,  pp. 707-741 (Dec. 1938) .  

Kramer, H . ,  M o d e l l g e s c h i e b e  und S ~ h l e p p k r a f t ,  M i t t e i l u n g  d e r  
P r e u s s  . Versuchsans  t a l  t f L r  Wasserbau  und S c h i f f b a u  (VWS) , 
H e f t  9  ( 1 9 3 2 ) .  

K a l i n s k e ,  A .  A , ,  Movement of  s e d i m e n t  a s  b e d l o a d  i n  r i v e r s ,  
Trans. Am.  Geophys. Un , V O ~ .  2 8 ,  N O .  4  (Aug. 1947) .  

Kramer, H . ,  Sand m i x t u r e s  and  s a n d  movement i n  f l u v i a l  models ,  
'T rans .  A .  S .  C .  E . ,  Vo l .  100 ( 1 9 3 5 ) .  

L a u r s e n ,  E .  M . ,  S e d i m e n t - t r a n s p o r t  mechan ic s  i n  s t a b l e - c h a n n e l  
d e s i g n ,  T r a n s ,  A .  S .  C. E . ,  Vol .  1 2 3 ,  pp .  195-203 (1958) .  

L i u ,  K .  T-H., E f f e c t  o f  s e d i m e n t  d i s c h a r g e  on  t h e  pe r fo rmance  
o f  a  V-type measu r ing  f l ume ,  M.Sc. T h e s i s ,  U n i v e r s i t y  o f  
I d a h o  (1964)  . 

L a u r s e n ,  E M . ,  An I n v e s t i g a t i o n  o f  t h e  t o t a l  s e d i m e n t  l o a d ,  
F i n a l  R e p o r t  t o  O . N . R . ,  Iowa I n s t .  o f  H y d r a u l i c  Res., Iowa 
C i t y ,  Iowa ( J u n e  1 9 5 7 ) .  

L a u r s e n ,  E,. M . ,  The t o t a l  s e d i m e n t  l o a d  o f  s t r e a m s ,  P r o c .  A .  
S.  C .  E . ,  J .  Hyd. D iv . ,  No. H Y 1 ,  Vol .  84 ,  pp.  1530-1 t o  
1530-36 (Feb . 1958) . 

Lawson, J .  D . ,  Sediment  t r a n s p o r t  i n  a l l u v i a l  c h a n n e l s ,  p ,  465 
o f  H y d r a u l i c s  and F l u i d  Mechanics ,  e d i t e d  by R. S i l v e s t e r ,  
Pergamon Press -McMil lan  Co. ,  New York  (1964) .  

Meye r -Pe t e r ,  E . ,  H .  F a v r e  and  A .  E i n s t e i n ,  Neuere  V e r s u c h s r e s u l -  
t a t e  i b e r  den  G e s c h l e b e t r i e b .  S c h w e ~ z e r i s c h e  B a u z e l t u n g ,  
Vol .  103 ,  No. 1 3 ,  pp. 147-150 (March ' 4 1 ,  1 9 3 4 ) .  

Meye r -Pe t e r ,  E .  and  C .  L i c h t e n h a h r ,  Altes und Neueres  Gber den 
F l u s s b a u  m i t  b e s o n d e r e r  ~ e r b c k s i c h t i ~ u n ~  d e r  s a n k t g a l l i s c h e n  
R h e l n t a l e s .  E idg .  Depar tement  d e s  I n n e r n ,  ~ e r g f f e n t l i c h u n g e n  
d e s  E i d g .  Amtes f i r  S t r a s s e n -  und F l u s s b a u .  Bern,  Swl t ze r -  
l a n d  (1963) .  



~ u l l e r ,  R . ,  T h e o r e t i s c h e  Grund lagen  d e r  F l u s s -  und Wildbachver-  
bauungen.  D i s s e r t a t i o n ,  M i t t e i l u n g e n  a u s  d e r  V e r s u c h s a n s t a l t  
f u r  Wasserbau a n  d e r  ~ i d g e n E s s i s c h e n  T e c h n i s c h e  Hochschu le ,  
No. 4, ~ z r i c h  ( t 9 4 3 ) .  

Meye r -Pe t e r ,  E . ,  H .  F a v r e  and  R. ~ u l l e r ,  B e i t r a g  z u r  Berechnung 
d e r  ~ e s c h i e b e f i i h r u n g  und d e r  N o r m a l p r o f i l b r e i t e  von G e b i r g s -  
f l u s s e n .  S c h w e i z e r i s c h e  B a u z e i t b n g ,  Vol .  105 ,  No. 9 ,  pp .  95- 
1 1 3  (March 2 ,  1935) .  

Meye r -Pe t e r ,  E. and R .  ~ u i l e r ,  Formulas  f o r  bed - load  t r a n s p o r t ,  
I n t .  Assn.  f o r  H y d r a u l i c  R e s . ,  S tockholm (1948) .  

Moss, M .  E . ,  E f f e c t s  o f  o p e r a t i o n a l  p r o c e d u r e s  i n  f lumes  w i t h  
movable b e d s ,  P r e l i m i n a r y  d r a f t  o f  u n p u b l i s h e d  p a p e r  p r e -  
s e n t e d  a t  A .  S .  C. E. H y d r a u l i c s  D i . . .  C o n f . ,  Tucson,  A r i z .  
(Aug. 1 9 6 5 ) .  

Mav i s ,  F. T . ,  L i u ,  T-Y, and Soucek ,  E.,  The t r a n s p o r t a t i o n  o f  
d e t r i t u s  by f l o w i n g  wa te r -11 .  Univ. o f  Iowa S t u d i e s ,  
S t u d i e s  i n  EngLg.  B u l l .  11, New S e r i e s  No. 341, S e p t .  1, 
1937.  

Meye r -Pe t e r ,  E .  a n d  ~ i l l e r ,  R . ,  E i n e  Fonne l  z u r  Berechnung d e s  
G e s c h i e b e t r i e b s ,  S c h w e i z e r i s c h e  B a u z e i t u n g .  Vol .  6 7 ,  No. 
3 ,  J a n u a r y  15, 1949,  pp.  29-32. 

~ G l l e r ,  R., Die En twick lung  d e r  f l u s s b a u l i c h e n  H y d r a u l i k ,  
Wasser-  und E n e r g i e w i r t s c h a f t ,  No. 8 / 9 / 1 0 ,  (1960) .  

O l ~ r i e n ,  M. P . ,  No te s  on  t h e  t r a n s p o r t a t i o n  o f  s i l t  by s t r e a m s ,  
T r a n s .  Am. Geophys. Un.,  P a r t  11 (1936) .  

P e r n e c k e r ,  L.  and H.  Vol l rners ,  Neue ~ e t r a c l ~ t u n ~ s r n ' d ~ l i c h k e i t e n  
d e s  F e s t s t o f f t r a n s p o r t e s  i n  o f f e n e n  G e r i n n e n .  D i e  Wasser-  
w i r t s c h a f t ,  Vol .  55, No. 1 2 ,  p .  386 (Dec.  1 9 6 5 ) .  

Rouse ,  H . ,  F l u i d  mechan ic s  f o r  h y d r a u l i c  e n g i n e e r s ,  Eng. Soc .  
Monograph, McGraw-Hill Book Co . ,  New York (1938)  and  Dover 
P u b l . ,  New York (1961) .  

1 Rouse ,  H . ,  E d i t o r ,  E n g i n e e r i n g  h y d r a u l i c s ,  J .  Wiley  & Sons ,  
New York (1950) .  



R o t t n e r ,  J . ,  En t r a jnemen t  d e s  m a t g r i a u x  p a r  c h a r r i a g e .  La 
H o u i l l e  B lanche ,  Vol .  1 4 ,  No. 3 ,  pp. 285-307, w i t h  E n g l i s h  
t r a n s l a t i o n  (May-June 1959) . 

R i c h t e r ,  W . ,  Zur F l u s s b e t t u m b i l d u n g  u n t e r h a l b  von F l u s s k r a f t -  
werken.  D o k t o r - I n g e n i e u r  D i s s e r t a t i o n ,  T e c h n i c a l  U n i v e r s i t y ,  
B e r l i n ,  Germany ( J u l y  1964) .  

S t r a u b ,  L .  G . ,  M i s s o u r i  R i v e r  R e p o r t ,  Appendix X V ,  U .  S. S e r i a l  
No. 9829,  House Document No. 238, 73 rd  Congres s ,  2nd S e s s i o n ,  
(1935) .  

S t r a u b ,  L .  G . ,  T e n n i n a l  r e p o r t  on t r a n s p o r t a t i o n  c h a r a c t e r i s t i c s - -  
b l i s s o u r i  R i v e r  s e d i m e n t ,  U n i v e r s i t y  o f  Minneso ta ,  S t  . Anthony 
F a l l s  Hydraulxc Lab., Minneapol i s .  Minnesota,  M i s s o u r i  River 
Div.  Sediment  S e r i e s  No. 4 ( A p r i l  1954) .  

S h u l i t s ,  S . ,  D i s c u s s i o n :  s e d i m e n t - t r a n s p o r t  mechanics  i n  s t a b l e -  
c h a n n e l  d e s i g n ,  T r a n s .  A .  S.  C .  E . ,  Vol .  123,  pp. 204-206 
( 1 9 5 8 ) .  

S h i e l d s ,  A . ,  Anwendung d e r  Aehn l i chke i t smechan ik  und d e r  Turbulenz-  
f o r s c h u n g  a u f  d i e  Geschiebebewegung. M i t t e i l u n g e n  d e r  P reus -  
s i s c h e n  V e r s u c h s a n s t a l t  f u r  Wasserbau und S c h i f f b a u ,  B e r l i n  
(1936) .  T r a n s l a t i o n ,  W .  P .  O t t  and J. C. Van Uche len ,  S o i l  
C o n s e r v a t i o n  S e r v i c e ,  C a l i f .  I n s t .  o f  Tech. ,  P a s a d e n a ,  C a l i f .  

Schobe r ,  R . ,  Versuch Gber den  Re ibungswide r s t and  zwischen 
f l l e s s e n d e m  Wasser  und bene tz t em Umfang, Dresden (1916) .  

S h u l i t s ,  S . ,  C. D.  Sims and D.  J. S t u l l ,  The dilemma of bed load  
f o r m u l a s ,  u n p u b l i s h e d ,  p r e s e n t e d  a t  3 6 t h  Annual  Mtg., A m .  
Geophys.  Un., Washington ,  D. C. (May 1955) .  

S h u l i t s ,  S . ,  The S c h o k l i t s c h  bed load  f o r m u l a ,  E n g i n e e r i n g ,  pp. 
644 and 687 ( J u n e  2 1  and  28, 1935) .  

S c h o k l i t s c h ,  A . ,  Handbuch d e s  Wasserbaues ,  S p r i n g e r - V e r l a g ,  
Vienna ,  2nd Ed.,  Vol. I (1950) .  

S t a l l ,  J.  B . ,  N .  L .  Rupani  and P .  K. Kandaswamy, Sed imen t  t r a n s -  
p o r t  i n  Money Creek ,  P r o c .  A .  S .  C.  E . ,  J. Hyd. Div.  H Y 1 ,  
Vol .  84 ,  (Feb .  1958) .  

Sheppa rd ,  J .  R. ,  I n v e s t i g a t i o n  o f  Meyer-Peter ,  MGller  Bedload 
Formulas ,  U .  S .  Bureau  o f  Rec lama t ion ,  J u n e  1960.  

S c h o k l i t s c h ,  A . ,  Der G e s c h i e b e t r i e b  und d i e  G e s c h i e b e f r a c h t ,  
W a s s e r k r a f t  and W a s s e r w i r t s c h a f t ,  Vol .  29 ,  N O .  4 ,  pp. 37- 
4 3  (Feb. 1 6 ,  1934) .  



S c h o k l i t s c h ,  A . ,  S t au raumver l andung  und Kolkabwehr,  V e r l a g  von  
J u l i u s  S p r i n g e r ,  Vienna ( 1 9 3 5 ) .  

S c h o k l i t s c h ,  A . ,  Berechnung d e r  G e s c h i e b e f r a c h t ,  Wasser-  und 
E n e r g i e w i r t s c h a f t ,  No. 1 (1949) .  

U n i t e d  N a t i o n s  Economic Commission f o r  Asia a n d  t h e  F a r  E a s t ,  
The s e d i m e n t  problem,  F lood C o n t r o l  S e r i e s ,  No. 5 ,  Bangkok 
(1953) .  

Vennard ,  J .  K . ,  E l emen ta ry  f l u i d  mechan ic s ,  4 t h  e d i t i o n ,  J .  
Wiley & S o n s ,  New York ,  p .  286 ( 1 9 6 1 ) .  

Vanoni ,  V .  A . ,  N .  H .  Brooks  and  J F. Kennedy,  L e c t u r e  n o t e s  
on sed imen t  t r a n s p o r t a t i o n  and c h a n n e l  s t a b i l i t y ,  W .  H .  
Keck Lab o f  H y d r a u l i c s  and Water  R e s o u r c e s ,  C a l i f .  I n s t .  
of Techn . ,  ~ i s a d e n a ,  C a l i f . ,  R e p o r t  No. KH-R-1 ( J a n .  1 9 6 1 ) .  

Waterways Exper:ment  S t a t i o n ,  U .  S .  S t u d i e s  o f  r i v e r  b e d  mate- 
r i a l s  and  t h e i r  movement, w i t h  s p e c l a l  r e f e r e n c e  t o  t h e  
lower M i s s i s s i p p i  R i v e r ,  P a p e r  1 7  (1935) .  

Whi t e ,  C.  H , E q u i l l b r i u r n  o f  g r a i n s  on bed  o f  s t r e a m ,  P r o c .  
R .  Soc. London. Vol .  174A, pp.  322-334 ( 1 9 4 0 ) .  

W i l l i ,  W . ,  Anwendung e i n i g e r  G e s c h i e b e t r i e b f o r m e l n  a u f  d e n  
Rhein !rn F u s s a c h e r - D u r c h s t i c h  und dem N i o b r a r a  R i v e r  b e i  
Cody, Nebraska ,  U.  S .  A . ,  f u r  den  F a l l  g l e i c h f g r r n i g e n  
A b f l u s s e s  und G e s c h l e b e t r i e b e s ,  I n t e r n a l  R e p o r t  T5,  S w i s s  
F e d e r a l  I n s t .  o f  Techno logy ,  ~ { r i c h  (May 1963) .  

Y a s s i n ,  A .  M . ,  Mean r o u g h n e s s  c o e f f i c i e n t  Ln open  c h a n n e l s  w i t h  
d i f f e r e n t  r o u g h n e s s e s  o f  b e d  and  s i d e  w a l l s ,  M i t  t e i l u n g e n  
a u s  d e r  V e r s u c h s a n s  a l t  fGr Wasserbau  und Erdbau ,  No. 27 ,  
Eidg .  T e c h n i s c h e  Hochschu le ,  ~ G r i c h ,  V e r l a g  Leeman. 

Y a l i n ,  S . ,  D ie  t h e o r e t i s  .he A n a l y s e  d e r  Mechanik  d t r  G e s c h i e -  
bebewegung. M i t t e i l u n g s b l a t t  d e r  B u n d e s a n s t a l t  f i i r  Wasserbau,  
No. 8, K a r l s r u h e  (March 1 9 5 7 ) .  

Y a l i n ,  S , S u r  l a  rnecaniqt.e du  mouvement d e s  r n a t g r i a u x  s o l i d e s ,  
La H o u f l l e  B lanche ,  N s .  6 ,  p .  607 (Nov. 1 9 5 8 ) .  



Y a l i n ,  S . ,  An e x p r e s s i o n  f o r  bedload t r a n s p o r t a t i o n ,  Proc .  A .  S. 
C .  E . ,  J .  Hyd. Div. ,  H Y 3 ,  Vol. 89 (Elay 1963) ;  H Y 1 ,  Vol. 90 
( J a n .  1964) .  A b s t r a c t  i n  Trans .  A .  S .  C .  E . ,  Vol. 129, 
p. 665 (1964) .  

Z e r n i a l ,  G .  A. and E.  M. Laursen,  S e d i m e n t - t r a n s p o r t i n g  charac-  
t e r i s t i c s  of s t r e a m s ,  P roc ,  A .  S.  C .  E . ,  J .  Hyd. Div., N O .  
H Y 1 ,  Vol. 89 ( J a n .  1963) .  

Z e l l e r ,  J .  ~ i n f i i h r u n g  i n  den S e d i m e n t t r a n s p o r t  o f f e n e r  Ger inne.  
S c h w e i z e r i s c h e  Bauze i tung ,  Vol. 81 ,  Nos. 34, 35 and  36 of 
Aug. 22, 29 and S e p t .  5 ,  1963, r e s p .  



SELECTION OF SEDIMENT 
TRANSPORT RELATIONS 

David T. Williams 

WEST Consultants, Inc. 

INTRODUCTION 

Need 

Presently, there are numerous sediment transport relations developed under 
various river and flume conditions. In fact, Alonso (1980) identified 14 bedload 
formulas and 17 total bed material load formulas that have been used to  some extent. 
There are many more that have not attained prominence and more formulas will 
continue to be developed. The sediment modeler is then confronted with which of 
these sediment transport relations is the best for the river under investigation. 

Selection of an appropriate sediment transport relation is very important in 
modeling of a river's response to existing and project conditions. Ideally, one would 
measure the sediment transport of a river for a wide range of flow conditions and 
compare the results with computed values using various sediment transport relations. 
The relation that best fits the data for the full range is then selected. Two problems 
come into mind, however. Often there is not sufficient data, either in time andlor in 
space, to fully evaluate the effectiveness of a transport relation. Another problem is 
that we are often required to simulate future conditions involving s i e c a n t  changes 
in the flow and sediment conditions. For instance, a future upstream impoundment 
may completely change the flow range and the amount of sediment entering the reach 
of concern. A channel shortening could completely change the bed material, slope, 
and channel geometry. Calibration of a sediment relation for existing conditions may 
not be valid if the described future conditions are anticipated. 

In order to properly determine the appropriate sediment transport relation for 
any given river condition, a physically and process based selection method is required. 
This presentation shows some commonly used qualitative selection procedures and 
references a paper by this writer regarding an attempt at  a quantitative procedure. 



SEDIMENT TRANSPORT RELATION 
SELECTION PROCESS 

Selection Process 

Sediment transport rates depend on such variables as particle size and 
gradation, stream dimensions and configuration, amount of washload, bedforms, 
turbulent intensity, and bed annoring. The macroscale variables such as differing 
hydrology, geology, and climate also affect the transport rate. Because of the large 
range and number of influencing variables, it is not possible to  select a sediment 
transport relation that satisfactorily encompasses all the stream conditions that the 
sediment engineer would encounter. However, a stream may be analyzed using 
certain transport functions if the selection of these hc t ions  is performed under a 
systematic selection procedure and their limitations are fully understood. 

Qualitative Selection Procedure 

The following selection procedure is suggested by Shen (1971). 

If field data is available: 

1. Use the Modified Einstein Method (Colby and Hembree, 1955) to estimate the 
measured suspended load and bedload based on measured data. There is a 
question of whether Einstein's intensity of bedload transport should be 
arbitrarily divided by a factor of two. 

2. Separate bed material load from the washload and analyze them separately. 

3. Decide which available sediment transport equation best agrees with the 
measured data and use it to estimate the sediment transport rate for the 
design flow, where actual measurement is not available. 

If no measured data are available: 

1. Use Einstein's (1950) procedure if bedload is a significant portion of the total 
bed material load. Otherwise see 4 below. 

2. Use Colby's (1964) method for rivers with flow depths less than or about 10 
feet: also see 4 below. 

3. Use Toffaleti's (1968) method for large rivers. 



4. Use Shen and Hung (1971) method for flume data and small rivers. 

Yang (1986) makes these further suggestions for no measured data: 

1. Use Meyer-Peter and Miiller's (1948) formula when the bed material is coarser 
than 5mm. 

2. Use Yang's (1973) sand formula for sand bed laboratory flumes and natural 
rivers with washload excluded. Use Yang's (1984) gravel formula for gravel 
transportation when the bed material is between 2 and 10mm. 

3. Use Ackers and White (1973) or Engelund and Hansen's (1967) equation for 
subcritical flow in the lower flow regime. 

4. Use Laursen's (1958) formula for laboratory flumes and shallow rivers with 
fine sand or coarse silt. 

5. A regime or regression equation can be applied to a river only if the flow and 
sediment conditions are similar to  that from which the equation was derived. 

The above procedures and recommendations are useful but no guidance is given 
on what criteria must be satisfied to decide which transport equation best agrees with 
the data. Also, the range of conditions to be analyzed is often larger than the range 
of data used to develop the transport equation. This does not necessarily preclude 
the use of the relation but no guidance is given to evaluate the confidence one should 
have in these transport hnctions if applied beyond their data range and there is no 
field data for verification. 

Quantitative Selection Procedure 

Because of the lack of a systematic procedure to  suantify the applicability of 
a sediment transport relation's ability to  emulate a river situation, Williams (1986) 
proposed a procedure to give relative weightings to sediment transport relations as 
they apply to a given river system. An abbreviated version of the paper is enclosed. 



REFERENCES 

Ackers, P. and White, W. R., "Sediment Transport: New Approach and 
Analysis," Journal of the Hydraulics Division, ASCE, Vol. 99, No. HY11, Nov. 
1973, pp. 2041-2060. 

Alonso, C. V., "Selecting a Formula to  Estimate Sediment Transport Capacity 
in Nonvegetated Channels," Conservation Research Report No. 26, CREAMS 
(A Field Scale Model for Chemicals, Runoff, and Erosion from Agricultural 
Management Systems), Chapter 5, W. G. Knisel, ed., U. S. Department of 
Agriculture, May 1980, pp. 4265-4439. 

Colby, B. R., "Practical Computation of Bed-Material Discharge," Journal of the 
Hydraulics Division, ASCE, Vol. 90, No. HY2, March 1964, pp. 217-246. 

Colby, B. R., and Hembree, C. H., "Computation of Total Sediment Discharge, 
Niobrara River near Cody, Nebraska," U. S. Geolo~cal Survey Water-Supply 
Paper 1357, 1955, 187 pp. 

Einstein, H. A., "The Bed-Load Function for Sediment Transport in Open 
Channel Flows," Technical Bulletin No. 1026, U. S. Department of Agriculture, 
Soil Conservation Service, 1950. 

Engelund, F. and Hansen, E., "A Monograph on Sediment Transport in 
Alluvial Streams," Teknisk Forlaq, Technical Press, Copenhagen, Denmark, 
1967. 

Laursen, E. M., "The Total Sediment Load of Streams," Journal of the 
Hydraulics Division, ASCE, Vol. 54, No. HY1, Feb. 1958, pp. 1-36. 

Meyer-Peter, E., and Miiller, R., "Formulas for Bed-Load Transport," 
Proceedings of the 3rd Meeting of the International Association of Hydraulic 
Research, Stockholm, 1948, pp. 39-64. 

Shen, H. W., "Total Sediment Load," River Mechanics, Edited by H. W. Shen, 
Chapter 13, Fort Collins, CO, 1971. 

Shen, H. W., and Hung, C. S., "An Engineering Approach to Total Bed 
Material Load by Regression Analysis," Proceediners of the Sedimentation 
Symposium, Chapter 14, Berkeley, CA, 1971. 

Toffaleti, F. B., "A Procedure for Computation of the Total River Sand 
Discharge and Detailed Distribution, Bed to Surface," Technical Report No. 5, 
Committee on Channel Stabilization, U. S. Army Corps of Engineers, 
Vicksburg, MS, Nov. 1968. 



12. Williams, David T., "Considerations in the Selection of Transport Equations in 
Sediment Transport Modeling," in Essays of River Mechanics, Report CER85- 
86 PYJ-28, Civil Engineering Department, Colorado State University, Fort 
Collins, CO, 1986, pp. 126-142. 

13. Yang, C. T., "Sediment Transport and Unit Stream Power," Handbook of Civil 
En~neerinc, Technomic Publishing, 1986. 

14. Yang, C. T., "Unit Stream Power Equation for Gravel," Journal of Hydraulic 
Engineering, ASCE, Vol. 99, No. HY10, Oct. 1973, pp. 1679-1704. 

15. Yang, C. T., "Unit Stream Power Equation and Sediment Transport," Journal 
of the Hydraulics Division, ASCE, Vol. 98, No. HY10, Oct. 1972, pp. 1805-1826. 



BED SEDIMENT GRAIN SIZE, rnm 

PICURE 1. DEPTH of 2 FEET 



BED SEDIMENT GRAIN SIZE, mm 

FIGURE 2. DEPTH OF 10 FEET 



ON THE SELECTION OF SEDIMENT TRANSPORT EQUATIONS 

David T. ~ i l l i a m s l ,  M.ASCE, and P ie r re  Y. ~ u l i e n ' ,  M.ASCE 

ABSTRACT 

Existing sediment t ranspor t  relationships have been calibrated 
under a cer ta in  range of experimental  conditions which can be  described by 
t h e  dimensioriless grain size, t h e  mobility number, and t h e  dinlensionless 
flow dept.h. For given st-ream flow conditions an  index describing the  
number of pa ramete rs  within t h e  range of experimental  values is defined. 
The applicability of four sediment t ranspor t  equations for  sand-bed 
channels undcr limited flow conditions (Slope = 0.0005 ft/ft and n= 0.02)can 
be  assessed from t h e  value of th is  index. Higher applicability is found a t  
flow depths  less than 2 f t .  I-ow applicability is observed e i the r  a t  flow 
depths larger than 10 f t  o r  for sediment s izes  smaller than 0.125 mm. 

METHODOLOGY 

In t h e  analysis of t h e  alluvial r iver response t o  natural  and 
man-induced changes, engineers and modelers a r e  of ten confronted with 
t h e  selection of an  appropriate sediment  transport  equation. The 
complexity of t h e  selection process has  been recognized by most 
investigators and existing guidelines include those of Shen (1971) and Yanq 
(1 986). 

Existing sedimcnt t ranspor t  relationships a r e  based upon 
calibration against  f lume and river data .  I t  is believed that. an  analysis 
highlighting t h e  range of applicability and t h e  inherent l imitations of 
sediment t ranspor t  relationships should be conducive t o  an implementation 
of existirig gr~idelines. The interesting results  of a preliminary 
investigat-ion limited in scope t o  four sediment  transport  equations applied 
t.o hypothetical  flow conditions a r e  presented. 

1 
Research tiydraulics Engineer, k4ydraulics I-aboratory, USAE 
Waterways Experiment Station,  Vicksburg, MS. 

2 
Asst. Prof., Depar tment  of Civil Engineering, Colorado S t a t e  
University, F o r t  Collins, Colorado 80523. 



In spite of t h e  complexity of sediment t ranspor t  due  t o  t h e  large  
number of  variables involved, t h e  dominant processes can be  described with 
fewer  dimensionless parameters.  Among t h e  key dimensionless parameters  
se lected in th is  analysis, t h e  re la t ive  roughness (or submergence) 2,  t h e  
mobility number F and t h e  dimensionless grain s izes  d defined below 

9 r 
a r e  common t o  several  t ranspor t  equations. 

g r  

The parameter  d indicates t h e  ra t io  of gravity t o  viscous forces  
9r  

applied on sediment par t ic les  and involves t h e  following variables: t h e  
sediment  s ize  d, t h e  gravitat ional accelera t ion g,  t h e  specific gravity of 
sediments  G and t h e  kinemat ic  viscosity u. The paramete r  F i s  

gr 
equivalent t o  t h e  Shields number; and depends on  t h e  shear  velocity U,. 
The re la t ive  submergence Z, describes resistance t o  flow and varies with 
flow depth  D. 

The four sediment t ranspor t  equations se lected a r e  those  of Ackers 
and White (1973), Shen and Hung (1971), Toffaleti  (1968) and Yang (1973). 
The range of applicability for  each  of t h e  t h r e e  dimensionless parameters  
for t h e s e  equations is shown in Table 1. Note t h a t  t h e s e  values were  
obtained using t h e  combinations of variables t h a t  maximized o r  minimized 
t h e  parameters.  

Table 1 - Range of t h e  Paramete rs  d F and Z 
9r'  gr 

Equation 

Ackers- White 

Shen-Hung 

Tof fa le t i  

Y ang 

2 Williams et al. 

- -. -. . - - - - - - - - - . . . - -A - - . . - - .  . . 



Under given field conditions, the  th ree  parameters ,  d F and Z can  
9r'  9r  

be  calculated f rom Eqs. 1 ,  2 and 3 and compared with t h e  ranges  presented 
in Table I. An applicability index is defined a s  t h e  sum of t h e  number of 
pa ramete rs  within t h e  range of values in Table I (High = 3 parameters ;  
Medium = 2 o r  1 parameter ;  Low = 0 parameter) .  Of course, bes t  results  
a r e  expected for high values of t h e  index because t h e  field conditions a r e  
within t h e  flow conditions used for calibration of t h e  sediment t ranspor t  
equation. Low values of t h e  index indicate t h a t  t h e  sediment t ranspor t  
calculations involve extrapolation beyond t h e  range of applicability of t h e  . 
sediment  t ranspor t  equation, which may yield e i ther  accura te  or  incorrect  
results. 

t iypothetical  flow conditions have been se lected t o  t e s t  t h e  usefulness 
o f  t.he applicability index t o  sand bed channels. Steady uniform flow in 
wide channels was  considered with keeping t h e  slope constant  a t  0.0005 
f t / f t ,  Manning's n = 0.02, wa te r  tempcrature  a t  70°F, and specific gravity 
of t h e  sediments G = 2.65. Sediment t ranspor t  capaci ty  was  calcula ted for 
flow depth  ranging f rom 0.5 to 20 f e e t  assuming uniform sand bed with 
sediment  s ize  ranging from 0.0625 t o  2mm. In spi te  of these  flow 
limitations, t h e  variabilities of t h e  th ree  pa ramete rs  are: 

RESULTS 

The results  of th is  analysis a r e  shown in t e r m s  of applicability tables  
showing t h e  values of t h e  applicability index in a matrix of sediment  s ize  
and flow depth. As an  example,  t h e  applicability table  for e a c h  of t h e  four 
sediment  t ranspor t  equations a r e  shown in Table 2. The resul ts  obtained 
f rom this  analysis of l imited flow conditions a r e  ra ther  instructive: (1) 
Most equations have a relat ively high applicability a t  flow depth  less than 2 
f t ;  (2) None of these  equations shows high applicability for sediment  sizes 
less than 0.125 mm; and (3) t h e  applicability index for these  equations a t  
flow depths  larger than 10 f t  a r e  in general  relat ively low. 

Additional informat.ir )ri  or1 t h e  corr~parison of sediment  t ranspor t  
capaci ty  of these  four equations has been compiled by Williams (1986). 
Extension of th is  investigation t o  a wide range of slope and roughness 
values has  been undertaken. 
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Table 2. 
Applicability tables o f  four sediment transport equations 

(at slope = 0.0005 ftlft, n = 0.02) 

Method Sediment Size 
(mm) 

Depth, Feet 

0.0625 L L. L- L L 
Ackers 0.125 M M L L L 
and 0.25 I i H H M L 
White 0.5, L 1-1 M I- L 

1 .O L t i  M L L 
2.0 L M M M L 

Shen 0.0625 M M M M M 
and 0.125 M M M M M 
Hung 0.25 H t i  M M L 

0.5 H H H M L 
1 .o H t i  M L L 
2.0 H H M L L 

0.0625 M M M M M 
0.125 H H H I4 H 
0.25 t4 1.4 t i  I i M 

Toffalet i  0.5 H 1.4 M M L 
1 .o M M M L L 
2.0 M M L L L 

0.125 H M M M M 
Y ang 0.25 t i  M M M I- 

0.5 t i  t i  M I- L 
1 .O t -i H M I- L 
2 .o 1-4 M M M L 

Williams e t  al. 

.. . . - 
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DEVELOPMENT O F  BED MATERIAL AND I N F L O W I N G  LOAD DATA 

BED HATERIAL DATA 

1. Cohesive 

Particle diameter 
Specific Weight of material 
Threshold of particle deposition 
Shear stress threshold for particle erosion 
Shear stress threshold for mass erosion 
erosion rate for particle erosion 
erosion rate for mass erosion 
unit weight of initial deposit 
compaction rate 
unit weight of compacted deposit 

a. Particle diameter and distribution 
b. Specific weight 

1. sand-bed streams are characterized by bedforms 
a. dunes 
b. antidunes 
c. plain bed 

2. Gravel-bed streams 
a. riffles and pools 
b. gravel bars 

3. Boulder-bed streams 
a. pools 
b. steps 

C. Bed M a W a l  Dlstrlbutlons 

1. Cumulative frequency curves 

a. Uniform distributions are characteristic of many large 
sand-bed streams 

b. Heterogeneous distributions are characteristic of 
coarser bed 

c. Bimodal distributions occur in sand and gravel streams 

2. Standard Deviation applies to uniform distributions 



1. Longitudinally : Expect a steady decrease in grain size 
in the downstream direction. This is generally 
attributed to decrease in slope. Longitudinal 
oscillations are due to variations in river cross- 
sections and meandering. 

2. Laterally : Due to meandering and variation in depth. 

3 .  Vertically : Due to variations in hydraulic conditions 
with hydrograph. 

4. ' Temporally : Due to change in supply from watershed or 
change in hydraulic conditions upstream. 

1. Identify study objective and focus bed material data 
collection on appropriate size material. 

a. Maintenance is usually concerned with sediment 
accumulation - focus on deposits 

b. Degradation and scour studies are dependant on 
armoring process - be sure armoring sizes are 
included in sampling program. 

2. N Card 

Field I: Comment 

Field 2: SAE - The fraction of the bed surface are 
exposed. Used as a means of providing artificial armor. 

1.0 = total area exposed 
blank = 1.0 

.000001 = armored 

Field 3: DMAX - Maximum grain size in feet .Usually 
larger than maximum grain size class in model. 

Field 4: DXPI - Grain size of upper break point in 
gradation curve in feet 

Field 5: XPI - Percent finer for DXPI 
Field 6: Total grain size fraction in bed 

0 = Sums fractions on subsequent fields 
1.0 = Normalizes subsequent fractions to 100 percent 



Field 7: Fraction in smallest model size class 

Fields 8-10: Fractions for subsequent size classes 

Fields 2-10: Continuation card'for additional size class 
fractions 

3. PF Card 

Field 1: Comment 

Field 2: Cross Section Location (from X 1  card) 

Field 3: SAE 

Field 4 :  DMAX in m 

Field 5: Grain size on gradation , curve in mm 

Field 6: Corresponding Percent finer 

Continuation on PFC card starting in .Field 1 



SEDIMENT INFLOW DATA 

1. By sampling technique 

a. Measured Load 
b. Unmeasured Load 

primary transport driving force 

a. Turbulence: Suspended Load 
b. Shear Stress: Bed Load 

3. By primary sediment source 

a. Watershed: Wash ~ o a d  
b. Streambed: Bed Material Load 

source and force 

a. Suspended Bed Material Load 
b. Bed Load 

B. Sampled Sus~&ed Load as b u t  data for HEC 6 - 

1. . Requires data for a full range of discharges: beware of 
simple power regression fits! 

Expect data scatter 

a. Long-term changes occur due to watershed development 

b. Short-term changes occur due to construction or flood- 
drought cycles 

c. Changes during the rise and fall of the hydrograph 
occur due to changes in bed form or bed material 
gradation 

3. Conduct sensitivity analysis using envelope of sampled 
data 



4. Determine size class distribution 

a. Separate wash load and bed-material load 

Percentage in each size-class varies with discharge 

c. Estimate size-class percentage 

I) Calculations 

2) Use limited sample data and sediment transport 
weighted average 

where: Pi = Weighted average percent in size class i 
n = Number of samples 

Qsj = Sediment discharge of sample j 
Pij = Percentage of sediment sample j in size 

class i 

1. In sand-bed streams can usually be estimated or 
ignored 

2. Requires extensive sampling program over a wide range 
of discharges to obtain reliable results 

where: Se = Sediment Yield from project basin 
Sm = Sediment Yield from gaged basin 
Ae = Drainage area from Project basin 
Am = Drainage area from gaged basin 



1. Identify a stable upstream reach with a definable 
average bed naterial gradation representative of the 
study reach 

2. Apply several transport functions 

3. Calculate by size class 

1. Need surveys with aggradatiop or doaradation trends 

2. Hydrology in between surveys 

3. Assume stable channel 

G. -v Inflow 

1. Sampled data 

2. Assume same concentrations as main stem 

3. Calculate equilibrium potential 

H. Bank- 

1. Compare upstream and downstream sampled data 

2. Historical 'data 

. a. aerial photos 

b. surveys 



Development of Sediment Data 

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary 
Hydraulics, Vicksburg, MS 

Objective: The student will know a method for developing the sedimentary data set for 
HEC-6. 

References: US Army Corps of Engineers, "Chamel Stability Assessment for Flood Control 
Projects, " Engineering Manual 1 110-2-141 8, October 3 1, 1994. 

1. Instructions for coding the sedimentary data are found in Appendix A, Section 2 in 
the HEC-6 User's Manual. Record names are also listed in Appendix A, pgs. v 
and vi. Tasks in this workshop are presented in the order that follow. 

The following records will be required: 

T4 
T5 
T6 
T7 
T8 
I1 
I4 
LQ 
LT 
LF 
LF 
LF 
LF 
LF 
LF 
LF 
LF 
LF 
LF 
PF 
PFC 

CFS 80000 
T/D ? ? ? ? ?  
VFS 
FS 
MS 
CS 

VCS 
VFG 
FG 
MG 
CG 

VCG 
c m t  

A-23(Page in HEC-6 Manual) 
11 

2. Classifv the Stream. A stream can be classified as a bed load, a suspended load or a 
wash load stream depending on the properties of the sediment in the boundary 
material. If the boundaries are primarily clay, the stream is a wash load stream. If 

wk2prob. txt Page-1 
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the boundaries are sand, the stream can be simulated as a suspended, bed-material 
load stream. If the bed is primarily sand with a thin gravel surface layer, it is 
probably a sand bed stream with armoring. If the bed is gravel, the stream is a 
gravel bed stream. When the bed is predominately gravel with a secondary (relatively 
small) mode of sand deposits in the samples, it is a gravel bed stream with a sand 
through put. 

The Bed Material Gradation curve for the stream in this example is shown in figure 
2. 1. 

Dmax is m 

Dmin is mm 

How much cohesive sediment was found in the bed samples? 

How much sand? 

2.2 Therefore, the stream channel in this example can be classified as [wash load, 
sand bed, sand and gravel bed] channel. 

2.3 Non-cohesive Sediment Transport theory [can, can not] be used to 
calculate the inflowing sediment load at this study area. 

(HEC6 can be applied to all of the above streams, but it can not calculate its 
inflowing sediment load if the stream is a clay boundary-wash load type 
stream. In wash load type of streams the only way to determine the transport 
rate for the sediment entering the study area is to measure it.) 

3. Selection of a Transport Function. Use the Corps of Engineers Table attached to 

this workshop (Figure 6.2) and select the transport function . 
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4. Code the PF-Record. 

Type Menu6 and select the basic data file: H6WRKSHl.DAT. 

4.1 Geometric Data and Hydraulic Data have been coded. Locate where Sedimentary 
Data should be placed in the file. 

4.2 Following the instructions for the PF record, code the SECID of the first XI record. 

SAE leave blank 
Drnax - Start with Dmax and code enough points along the Gradation Curve 

(Fig. 2.1) to approximate it with a series of straight lines. 

Only 1 PF record will be required. The data will be applied to every cross section in the 
model. 

5 .  Code the 14-Record. Code the number of the transport function that you selected in 
14-2(MTC). (i.e. the notation 14-2 means the I4 record, field 2) 

5.1 Number of grain sizes. Choose the number of grain sizes to code using the table on p 
A-3 1 of the HEC-6 User's Manual and Figure 2.1. Code the ID NUMBER (Column 
1, Table A2-2, page A-32) for the smallest grain size in 14-3, and the ID NUMBER 
for the largest grain size in 14-4. 

5.2 Let the other variables on this record default. (This is the usual case.) 

6. Code the 11-Record. The only pertinent field on the 11-Record is the 11-2(SPI). 
Type in $$KO$ ......... . . . . . . for this example to decrease computer running time, but in the actual 
case use 20. 
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7.  Calculate the inflow in^ Load. 

7.1 Code the LO-LT-LF Records, TRIAL 1. The LQ - LT Records form a table which 
defines the inflowing sediment discharge for any water discharge in the Hydrologic 
Data Set. The water discharge is read in and the sediment discharge is found by log- 
log interpolation from this table. The sediment load is found by multiplying the 
sediment discharge by the fractions on the LF-Records which follow. 

This work shop will calculate the inflowing sediment load for only 1 water discharge: 

Q = 80,000 cfs. 

(Note: This discharge, 80,000 cfs, was selected because it  is about the bank 
full flow. In the general case at least 2 discharges - one low and one high, 
are needed, and usually more than 2 discharges should be calculated to define 
the shape of the inflowing load curve. However, the procedure is the same 
for each.) 

7.1.1 First Trial. Code the 80,000 cfs in LQ-2. Code only the record types on the LT 
and LF records which follow. Note: There must be one LT-Record, and there 
must be one LF-Record for each grain size class which was selected on the I- 
Records. 

7.1.2 Execute 

7.1.3 View the output on Console. Search for the string $VOL 

Locate the first TABLE SB-2 above this print out (i.e. Page Up) and record the Time 

TIME = days 

Locate the table below the $VOL print out entitled: 

SUMMARY TABLE: MASS AND VOLUME OF SEDIMENT 

and record the Total Sediment Inflow tons 

Total Sediment passing Section 0.78 tons 
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Calculate the discharge rate passing 
Section 0.78 by dividing mass by time tons/ day 

Code the sediment discharge rate passing Section 0.78 on the LT record for Trial 2. 

Locate the next table: (titled) 

TOTAL SEDIMENT - per grain size - THROUGH EACH CROSS SECTION (tons) 

and record the sediment load for each grain size class, for cross sections 0.92 and 0.78, in 
the following table. Calculate the fraction of each size class in this table. (Col E.) 

Trial 1. Calculate Inflowing Bed Material Load 

7.2 Code LO-LT-LF Records. TRIAL 2. Code the fractions from column E on the LF 
records in the field below the 80,000 cfs water discharge. Rerun HEC6 with this new 
data set. 
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SIZE 
CLASS 

A 

VFS 

FS 

MS 

CS 

VCS 

VFG 

FG 

MG 

CG 

VCG 

TOTAL 

CROSS 
SECTION 
0.92 

B 

TONS 

CROSS 
SECTION 
0.78 

C 

TONS 

TOTAL BY 
SIZE CLASS 
TONS = COL 

B+C 

D 

TONS 

FRACTION 

COL (D) 
- - - - - - - - - - - -  - 
COL D (TOTAL) 

E 



7.2.1 View the output on Console. Search this new output for the string $VOL and repeat 
7.1 

Record the Time TIME = Days 

Record the Total Sediment Inflow 

Total Sediment passing Section 0.78 

Calculate the discharge rate passing 
Section 0.78 by dividing mass by time 

tons 

tons 

Locate the "TOTAL SEDIMENT - per grain size . . ." table and calculate the new 
fractions for each size class. 

Trial 2. Calculate Inflowing Bed Material Load 
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FRACTION 

COL (D) 
= - - - - - - - - - - -  
COL D (TOTAL) 

E 

SIZE 
CLASS 

A 

VFS 

FS 

MS 

CS 

VCS 

VFG 

FG 

MG 

CG 

VCG 

TOTAL 

CROSS 
SECTION 
0.78 

C 

TONS 

CROSS 
SECTION 
0.92 

B 

TONS 

TOTAL BY 
SIZE 
CLASS 

TONS = 
COL B+C 

D 

TONS 



8.0 Check Long Term Behavior. Replace the TRIAL 1 LF values with the fractions 
from table 2. Create a long period hydrology by adding the following records to the 
workshp2.dat input file just above the $VOL record. 

B RUN 6 .  
8 0 0 0 0  

3  0  . 2 5  
B RUN 7 .  

8 0 0 0 0  
. 2 5  3 0  

B RUN 8 .  
8 0 0 0 0  

.25  3 0  
B RUN 9 .  

8 0 0 0 0  
. 25  3 0  

Execute this data set and fill in the following table using the SB-2 results at TIME = 120 
days. 

Table 6.3 Status of the Bed Profile and Sand Transport 

There is no physical reason why the bed elevation should change in this study reach. (i.e. 
Why the BED CHANGE column should show such large pluslminus values.) Reduce the 
inflowing sediment discharge (LT-Record) until the BED CHANGE at Section 0.67 is 
approximately 0. Record your final Inflowing Sediment Discharge, Q,, in the space below: 

Inflowing Sediment Discharge for Q, = 86,000 cfs 

SECTION 
NUMBER 

1 . 1 6 0  

0 . 9 2 0  

0 . 7 8 0  

0 . 6 7 0  

Convert the Sediment Discharge to Concentration mgll 
(i.e. Q, = 0.0027*C*QW) 

Q 
cf s 

80,000 

80 ,000  

80 ,000  

80 ,000  

BED CHANGE 
f t  
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Development of Sediment Data 
Solutions 

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary 
Hydraulics, Vicksburg, MS 

Objective: The student will know a method for developing the sedimentary data set for 
HEC-6. 

References: US Army Corps of Engineers, "Channel Stability Assessment for Flood Control 
Projects, " Engineering Manual 11 10-2-1418, October 3 1, 1994. 

Solution file is H6WRK2S.DAT 

1. Instructions for coding the sedimentary data are found in Appendix A, Section 2 in 
the HEC-6 User's Manual. Record names are  also listed in Appendix A, pgs. v 
and vi. Tasks in this workshop are presented in the order that follow. 

The following records will be required: 

T4  
T5 
T6  
T 7  
T 8  
I1 
I 4  
LQ CFS 8 0 0 0 0  
LT T / D  ? ? ? ? ?  
LF VFS 
L F  F S  
LF M S  
LF CS 
L F  VCS 
LF VFG 
L F  FG 
L F  MG 
LF CG 
L F  VCG 
P F  c m t  
PFC 

A - 2 3  ( P a g e  i n  HEC-6 Manual) 
11 

II 

I 1  

11 

A - 2 4  
A - 3 1  - 33 
A - 3 7  
A - 3 8  
A - 3 9  
I 1  

11 

I 1  

II 

11 

I 1  

II 

11 

I 1  

A - 4 0  
II 

2. Classifv the Stream. A stream can be classified as a bed load, a suspended load or a 
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wash load stream depending on the properties of the sediment in the boundary 
material. If the boundaries are primarily clay, the stream is a wash load stream. If 
the boundaries are sand, the stream can be simulated as a suspended, bed-material 
load stream. If the bed is primarily sand with a thin gravel surface layer, it is 
probably a sand bed stream with armoring. 'If the bed is gravel, the stream is a 
gravel bed stream. When the bed is predominately gravel with a secondary (relatively 
small) mode of sand deposits in the samples, it is a gravel bed stream with a sand 
through put. 

The Bed Material Gradation curve for the stream in this example is shown in figure 
2. 1. 

Dmax is 128 mm 

Dmin is 

How much cohesive sediment was found in the bed samples? 0 

How much sand? 18 % 

2.2 Therefore, the stream channel in this example can be classified as [wash load, 
sand bed, sand and gravel bed] channel. 

2.3 Non-cohesive Sediment Transport theory h n ,  can not] be used to 
calculate the inflowing sediment load at this study area. 

2.4 Is HEC6 a~~ l i cab l e?  YES 

(HEC6 can be applied to all of the above streams, but it can not calculate its 
inflowing sediment load if the stream is a clay boundary-wash load type 
stream. In wash load type of streams the only way to determine the transport 
rate for the sediment entering the study area is to measure it.) 

3. Selection of a Transport Function. Use the Corps of Engineers Table attached to 

this workshop (Figure 2.2) and select the transport function . 

Toffaleti ~ l u s  Mever-Peter and Mueller Combination 
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4. Code the PF-Record. 

Type Menu6 and select the basic data file: H6WRKSHl.DAT 

4.1 Geometric Data and Hydraulic Data have been coded. Locate where Sedimentary 
Data should be placed in the file. 

4.2 Following the instructions for the PF record, code the SECID of the first X1 record. 

SAE leave blank 
Dmax - Start with Dmax and code enough points along the Gradation Curve 

(Fig. 2.1) to approximate it with a series of straight lines. 

PF . 6 7  1 . 0  1 2 8  64 99 3 2  98  1 6  7 8  
PFC 8  3 8  4  25  2  1 7  1 4  . 5  .1 
PFC. 0 6 2 5  0  

Only 1 PF record will be required. The data will be applied to every cross section in the 
model. 

5. Code the 16Record. Code the number of the transport function that you selected in 
14-2(MTC). (i.e. the notation 14-2 means the I4 record, field 2) 

5.1 Number of grain sizes. Choose the number of grain sizes to code using the table on p 
A-3 1 of the HEC-6 User's Manual and Figure 2.1. Code the ID NUMBER (Column 
1, Table A2-2, page A-32) for the smallest grain size in 14-3, and the ID NUMBER 
for the largest grain size in 14-4. 

5.2 Let the other variables on this record default. (This is the usual case.) 

6. Code the 11-Record. The only pertinent field on the 11-Record is the 11-2(SPI). 
Type in .,........ . . . . . . . . .... . . . .. . for this example to decrease computer running time, but in the actual 
case use 20. 
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7.  Calculate the Inflowing Load. 

7.1 Code the LO-LT-LF Records, TRIAL 1. The LQ - LT Records form a table which 
defines the inflowing sediment discharge for any water discharge in the Hydrologic 
Data Set. The water discharge is read in and the sediment discharge is found by log- 
log interpolation from this table. The sediment load is found by multiplying the 
sediment discharge by the fractions on the LF-Records which follow. 

This work shop will calculate the inflowing sediment load for only 1 water discharge: 

Q = 80,000 cfs. 

(Note: This discharge, 80,000 cfs, was selected because it is about the bank 
full flow. In the general case at least 2 discharges - one low and one high, 
are needed, and usually more than 2 discharges should be calculated to define 
the shape of the inflowing load curve. However, the procedure is the same 
for each.) 

7.1.1 First Trial. Code the 80,000 cfs in LQ-2. Code only the record types on the LT 
and LF records which follow. Note: There must be one LT-Record, and there 
must be one LF-Record for each grain size class which was selected on the I- 
Records. 

TRIAL 
1 2 3 4 
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7.1.2 Execute 

7.1.3 View the output on Console. Search for the string $VOL 

Locate the first TABLE SB-2 above this print out (i.e. Page Up) and record the Time 

TIME = 1.25 days 

Locate the table below the $VOL print out entitled: 

SUMMARY TABLE: MASS AND VOLUME OF SEDIMENT 

and record the Total Sediment Inflow 

Total Sediment passing Section 0.78 

0 tons 

147.947 tons 

Calculate the discharge rate passing 
Section 0.78 by dividing mass by time 118.357 tonsfday 

Code this new sediment discharge rate on the LT record for Trial 2. 

Locate the next table: (titled as follows) 

TOTAL SEDIMENT - per grain size - THROUGH EACH CROSS SECTION (tons) 

and record the sediment load for each grain size class, for cross sections 0.92 and 0.78, in 
the following table. Calculate the fraction of each size class in this table. (Col E.) 
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Trial 1. Calculate Inflowing Bed Material Load 

TABLE SB-2: STATUS OF THE BED PROFILE AT TIME = 1.250 DAYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SECTION BED CHANGE WS E L N  THALWEG Q TRANSPORT RATE (tons/day) 
NUMBER (ft) (ft) (ft) ( c ~ s )  SAND 

1.160 -3.04 725.69 704.86 80000. 43860. 
0.920 -0.33 722.66 706.37 80000. 81867. 
0.780 -1.61 720.03 703.69 80000. 101409. 
0.670 0.05 719.00 701.05 80000. 97954. 

7.2 Code LO-LT-LF Records, TRIAL 2. Code the fractions from column E on the LF 
records in the field below the 80,000 cfs water discharge. Rerun HEC6 with this new 
data set. 

SIZE CLASS 

A 

VFS -~ 
FS 

MS 

CS 

VCS 

VFG 

FG 

MG 

CG 

VCG 

TOTAL 
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CROSS 
SECTION 

0.78 

C 

TONS 

126 

126 

126 

10879 

26592 

14813 

21911 

55912 

17366 

93 

147,944 

CROSS 
SECTION 

0.92 

B 

TONS 

73 

73 

73 

7534 

18541 

10279 

14966 

36354 

9364 

1 

97,258 

TOTAL BY 
SIZE CLASS 

TONS = COL 
B+C 

D 

TONS 

199 

199 

199 

18,413 

45,133 

25,092 

36,877 

92,266 

26,730 

94 

245,202 

FRACTION 

COL(Di) 
- - ------ 

COL D(T0TAL) 
E 

0.0008 

0.0008 

0.0008 

0.0751 

0.1841 

0.1023 

0.1504 

0.3763 

0.1090 

0.0004 

1.0000 



7.2.1 View the output on Console. Search this new output for the string $VOL and repeat 
7.1 

Record the Time TIME = 1.25 Days 

Record the Total Sediment Inflow 147.946 tons 

Total Sediment passing Section 0.78 150.806 tons 

Calculate the discharge rate passing 
Section 0.78 by dividing mass by time 120.645 tons/ day 

Locate the "TOTAL SEDIMENT - per grain size . .." table and calculate the new 
fractions for each size class. 

Trial 2. Calculate Inflowing Bed Material Load 
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FRACTION 

COL (Di) 
- - - - - - -  - 

COL D (TOTAL) 

E 

0.0017 

0.0016 

0.0015 

0.0828 

0.1862 

0.1017 

0.1483 

0.3686 

0.1073 

0.0004 

1.0001 

SIZE 
CLASS 

A 

VFS 

FS 

MS 

CS 

VCS 

VFG 

FG 

MG 

CG 

VCG 

TOTAL 

CROSS 
SECTION 
0.78 

C 

TONS 

238 

235 

208 

11763 

27228 

15025 

22139 

56340 

17533 

97 

150,806 

CROSS 
SECTION 
0.92 

B 

TONS 

187 

187 

174 

9514 

20643 

11121 

15968 

38397 

10040 

2 

106,233 

TOTAL BY 
SIZE 
CLASS 

TONS = 
COL B+C 

D 

TONS 

425 

422 

382 

21,277 

47,871 

26,146 

38,107 

94,737 

27,573 

99 

257,039 



TABLE S B - 2 :  STATUS O F  THE BED P R O F I L E  AT TIME = 1.250 DAYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S E C T I O N  BED CHANGE WS ELEV THALWEG Q TRANSPORT RATE ( t o n s / d a y )  
NUMBER ( f t )  (ft) ( f t )  ( c f s )  SAND 

1.160 0.83 726.33 708.73 80000. 112522. 
0.920 0.41 722.76 707.11 80000. 95977. 
0.780 -1.41 720.03 703.89 80000. 107627. 
0.670 0.20 719.00 701.20 80000. 100912. 

8.0 Check Long Term Behavior. Replace the TRIAL 1 LF values with the fractions from 
table 2. Create a long period hydrology by adding the following records to the 
workshp2.dat input file just above the $VOL record. 

* B RUN 6 .  
Q 8 0 0 0 0  
X 3 0  . 2 5  
* B RUN 7 .  
Q 8 0 0 0 0  
X . 2 5  
* B RUN 8 .  
Q 8 0 0 0 0  
X . 2 5  
* B RUN 9 .  
Q 8 0 0 0 0  
X . 2 5  

Execute this data set and fill in the following table using the SB-2 results at TIME = 120 
days. 

Table 6.3 Status of the Bed Profile and Sand Transport, TIME = 120 Days 

wk2prob. ans Page-8 
February 6 ,  1995 

SECTION 
NUMBER 

1 . 1 6 0  

0 . 9 2 0  

0 . 7 8 0  

0 . 6 7 0  

Q 
cfs 

80,000 

80 ,000 

80 ,000  

80 ,000  

BED CHANGE 
ft 

2 . 0 3  

2 . 1 7  

- 0 . 9 2  

0 . 5 1  

TRANSPORT RATE 
tons/day 

1 2 0 , 6 5 6  

1 2 0 , 6 5 3  

1 2 0 , 6 5 3  

1 2 0 , 6 5 3  



The channel in this study is in equilibrium, and there is no physical reason why the bed 
elevation should change over time. Therefore, the BED CHANGE column should not 
show such large plusfminus values. Reduce the inflowing sediment discharge (LT-Record) 
until the BED CHANGE at Section 0.67 is approximately 0. Record your final Inflowing 
Sediment Discharge, Q,, in the space below. 

Inflowing Sediment Discharge for Q, = 80,000 cfs 100.010 tonsfday. 

Convert the Sediment Discharge to Concentration 463 mgll 
(i.e. Q, = 0.0027*C*Qw) 
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CALI BRATION Ah'D VERIFICATION TECHNIQUES 

OBJECI'IVE: Es tab l i s i~mcnt  of  s t e p s  f o r  c a l i b r a t i n g  and v e r i f y i n g  HEC-6 

Defin i t ion  of  c a l i b r a t i o n :  The development of r e p r e s e n t a t i v e  d a t a  and model 

parameters based on known o r  deduced p ro to type  behavior.  

Def in i t ion  o f  v e r i f i c a t i o n :  The demonstrat ion o f  t h e  c a l i b r a t e d  model's a b i l i t y  

t o  s imulate  prototype behavior  f o r  a  t ime record  d i f f e r e n t  from t h a t  used 

i n  c a l i b r a t i o n .  A c a l i b r a t e d  model i s  n o t  n e c e s s a r i l y  a v e r i f i e d  model. 

I .  Understanding the  h i s t o r i c  behavior  o f  t h e  system. 

A. Assemble a l l  p e r t i n e n t  records  

0. Determine da t a  d e f i c i e n c i e s  

1. Assess e f f e c t  o f  d e f i c i e n c i e s  on a b i l i t y  t o  model 

2 .  E s t a b l i s h  program o f  d a t a  ' a cqu i s i t i on  

C. Gain knowledge on system response t o  extreme e v e n t s  i n  terms o f  

channel changes and sediment t ransported. .  

D. Es t ab l i sh  t h e  impacts o f  impoundments, land use ,  e t c , ,  o u t s i d e  t h e  

s tudy  a rea ,  p r e s e n t  and f u t u r e .  

I 

E. Locate anomalies i n  geometric,  hydro logic ,  h y d r a u l i c ,  and sediment 

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

F. View t h e  s tudy a r e a  with a  person f a m i l i a r  wi th  t h e  h i s t o r i c  

behavior  of t h e  a r ea .  

1. Note scour  and depos i t i on  l o c a t i o n s  



2. Locate and i d e n t i f y  

a. encroachment a r e a s  

b. man-made and n a t u r a l  l evees  

c. c u t o f f s  

d.  i n e f f e c t i v e  flow a reas  

e. rock outcrops o r  a r eas  r e s i s t a n t  t o  s cour  

f ,  sand ba r s  

g. changes i n  bed grada t ion  

h.. bed roughness 

i. bed forms 

3.. Locate and in t e rv i ew people who have observed t h e  system dur ing  

extreme events .  

11. Hydraulics - Fixed Bed Mode 

A. Geometry 

1 ,  Check da t a  "bus ts t t  by computer p l o t s  of '  t h e  c r o s s  s e c t i o n s  

and comparing them t o  hand p l o t t e d  o r  p r e v i o u s l y  p l o t t e d  Ce. g.. , HEC-.2 

p l o t s )  c ross  s e c t i o n s  .. 

2 .  Be w i l l i n g  t o  modify surveyed geometry i f  t h e  modi f ica t ion  i s  

r e p r e s e n t a t i v e  o f  t h e  reach.  



3.  Obtain d e t a i l e d  p r i n t o u t  o f  geometry and look f o r  any unusual 

behavior o f  t h e  hydrau l i c  parameters.  

B. Tes t  with a range of  d i scharges  us ing  f i x e d  bed mode. 

1. Low flow 

a. Use an extremely low f low t h a t  is i n  t h e  records. 

b. Check f o r  extreme changes i n  v e l o c i t y ,  depth, o r  width 

of flow. 

2. Bankfull flow 

a.  P lo t  bank e l eva t ions  ve r sus  c a l c u l a t e d  water s u r f a c e  

e l eva t ion .  

b. Adjust geometry t o  "smooth out" i r r e g u l a r i t i e s .  

3. Flood flow 

a. Use h i g h e s t  flow of r e c o ~ d  o r  h i g h e s t  flow i n  s tudy  i f  

l a r g e r  t han  maxinun h i s t o r i c a l  f lood.  

b. P lo t  water sur face  and v e l o c i t y  p r o f i l e s  and v e r i f y  t h a t  

a l l  d r a s t i c  changes, e i t h e r  i nc reases  o r  dec reases ,  a r e  v a l i d .  

c. Compare changes i n  v a l l e y  width wi th  water  s u r f a c e  s lope  

and a d j u s t  geometry i f  needed. 

C. Ca l ib ra t ion  of  n-values 

1. Compare c a l c u l a t e d  water  s u r f a c e  p r o f i l e s  with r a t i n g  curves 

and observed p r o f i l e s .  



2. If neces sa ry ,  change n-va lues  by d i scha rge  i f  bed for .  s predominate. 

3. Change n-values with d is tance ,  i f  needed. 

4.  Es tab l i sh  performance c r i t e r i a  - suggested 

a. 25 percent  of t h e  wa te r  depth 

b, Lesser  o f  (a)  and + 0.5 it 

D. HEC-6 l i m i t a t i o n s  and c a p a b i l i t i e s  on n-va lues  

1. May vary  with e l e v a t i o n  o r  d i scharge  

2 .  May change a t  each s e c t i o n  

3.  Must be s p e c i f i e d  f o r  each  subsec t ion  

4.  Not r e l a t e d  t o  water tempera tures  

5.. Not r e l a t e d  t o  bed g rada t ion  

6,  Cannot change with t ime dur ing  a  run  

E ,  Other  adjustments  

1. Expansion and c o n t r a c t i o n  lo s ses  

2. Channel and overbank limits 

3 ,  Expansion, con t r ac t ion ,  r a i s i n g ,  o r  lowering of c r o s s  s e c t i o n s  

4 .  I n e f f e c t i v e  flow a reas  when water  s u r f a c e  is below l evee  he igh t  

5. Placement o f  weirs  and head l o s s  o f  wei rs  

4 



F. Flow d i s t r i b u t i o n  

1. Verify t h a t  t h e  model conveys t h e  c o r r e c t  percentage  o f  t o t a l  

flow i n  t h e  channel f o r  a l l  f lood d i scha rges .  

2. \$'hen a d j u s t i n g  t h i s  d i s t r i b u t i o n ,  check i n e f f e c t i v e  flow a rea  

f i r s t .  

3 .  Make f i n a l  ad jus tnen t  f o r  percentage  o f  f low i n  channel by 

using n-values.  

4 .  The A-level p r i n t o u t  (column 5 on *-Cards i n  Hydrology) p r i n t s  

flow d i s t r i b u t i o n .  

I1 I. Hydrology 

A. Determine computational i n t e r v a l s  (w-card) 

1. Dependent on: 

a. water d i scharge  

b. sediment load 

c.  c ross  s e c t i o n  spac ing  

2 .  Test  f o r  each low, bank f u l l ,  and peak f l o o d  flow 

a ,  Check f o r  o s c i l l a t i n g  bed change 

b.  Adjust t ime i n t e r v a l s  t o  t h e  l a r g e s t  bu t  s t i l l  s t a b l e  

i n t e r v a l s  

c. Repeat f o r  s eve ra l  c r o s s  s e c t i o n s  



4. Check model performance a g a i n s t  expected p r o t o t ) . ~ e  behavior  

5 .  Extend hydrograph at t h e  e s t a b l i s h e d  i n t e r v a l  and check f o r  

equi l ibr ium condi t ions  

B. Es t ab l i sh  d ischarge  his togram 

1.. Insure  t h a t  peaks a r e  r ep re sen ted  

2. Check f o r  annual mass c o n t i n u i t y  

a, water 

b. sediment 

3.. Time i n t e r v a l  should be long enough t o  al!ow t h e  water  t o  

p a s s  through t h e  longest  reach,  

4. U t i l i t y  program "Sediment Weighted Historgam Generator ,"  

HYHIS 

I V .  Sediment d a t a  c a l i b r a t i o n  - movable bed mode 

A. Inf lowing sediment load 

1. Develop inf lowing sediment load curve 

a.  hleasured (suspended) load - 90 t o  95% of  t o t a l  

b. Unmeasured load 

c. Tota l  load 

d,  Check f o r  p rope r  annual sediment volume by i n t e g r a t i n g  

with t h e  annual water hydrograph 



(1) measured f o r  p r o j e c t  

(2) water q u a l i t y  papers  

(3)  r eg iona l  a n a l y s i s  of  sedimcnt y i e l d  

(4) sediment y i e l d  models such a s  USLE, MUSLE, and o t h e r  

e ros ion  type models 

2 .  Develop grada t ion  curve of  inf lowing load 

a. P lo t  fraction of t o t a l  load  f o r  c l a y ,  silt, and sand 

versus  d ischarge  using suspended measurement. 

b. Using both suspended measurements and bed ma te r i a l  g rada t ion ,  

subdivide sands i n t o  c l a s s  i n t e r v a l s .  

c. I f  bed g rada t ions  a r e  a c c u r a t e  and t h e  assumption o f  

equi l ibr ium condi t ions  i s  v a l i d ,  have t h e  program c a l c u l a t e  inf lowing 

grada t ion  by i t e r a t i o n  o f  outf low g rada t ion  as inf low g r a d a t i o n  u n t i l  

both a r e  i d e n t i c a l .  

B. Bed grada t ion  

1. P l o t  p r o f i l e s  of  bed g rada t ion  along r i v e r  mi le  

a. Compare g rada t ion  changes wi th  hydrau l i c  changes ' 

b. Use f o r  i n t e r p o l a t i o n  o f  bed g rada t ion  o f  unmeasured 

c r o s s  s e c t i o n  

2. I f  t h e  grada t ion  of  t h e  inf lowing sediment load i s  accu ra t e ,  

have the  program c a l c u l a t e  t h e  bed g rada t ion  r equ i r ed  t o  t r a n s p o r t  t h e  

sediment load. 



3.  In  c ros s  s e c t i o n s  wi th  con t inua l  d e p o s i t i o n  (such s i n  r e s e r v o i r s )  

d e t a i l e d  bed  grada t ions  a r e  no t  necessary.  

V. F u l l  c a l i b r a t i o n  run 

A. Minor adjustments f o r  s imula t ion  o f  c a l i b r a t i o n  t ime per iod  and 

compare r e s u l t s  t o  pro to type  behavior., 

B. If major adjustments a r e  r equ i r ed ,  r e p e a t  c a l i b r a t i o n  procedures 

p rev ious ly  descr ibed .  

V I  . V e r i f i c a t i o n  

A. Compare c a l i b r a t e d  model performance with ohscrved pro to type  

behavior  f o r  v e r i f i c a t i o n  t ime pe r iod .  

1.. Evaluate  changes over  t ime 

a ,  Water s u r f a c e  p r o f i l e  

b ,  Average bed e l e v a t i o n  

c. Sediment y i e l d  

2 ,  Check d i sc repanc ie s  by comparison with any pro to type  anomalies 

t h a t  t h e  program cannot . s imula te .  

a. Make ad jus tmen t s  i f  necessary  

6 .  If t h e  anomalies a r e  s eve re  (e,g.  , mult i -dimensional)  , 
develop approximation techniques .  

B. Reca l ib ra t e  i f  r equ i r cd  changes f o r  v e r i f i c a t i o n  a r e  severe 



SEDIMENT WEICKTED HI~TOGRAN GENERATOR (swHG) 

I n t r o d u c t i o n  

SWHG is a u t i l i t y  p rogran  t h a t  p r o c e s s e s  mean d a i l y  d a t a  and, us ing  

va r ious  c r i t e r i a ,  develops a his togram t h a t  1 m p s ' n e a n . d a i l y  events  i n t o  

r e p r e s e n t a t i v e  d i scharges  and t h e  per iods .  How t h e  r e p r e s e n t a t i v e  d i s c h a r g e  

i s  determined is  d i scussed  i n  t h e  theory s e c t i o n .  The program a l s o  suns v a t e r  

and sediment d i scharge  volumes by month and tFme i n t e r v a l  as s p e c i f i e d  by t h e  

H card.  If gage o r  t e c p e r a t u r e  records  are inpur  h e d i a t e l y  a f t e r  t h e  f i r s t  

H ca rd ,  minimuas, r a x i n u r s  and averages a r e  d i sp layed  by nonth .  

Hean d a i l y  d a t a  f o r  t h e  = i n  stem can be i n  t h e  form of d i scharges  i n  c f s  

o r  s t a g e s .  I f  s t a g e s  a r e  used ,  a r a t i n g  curve  mst b e  provided.  Up t o  

9 t r i b u t a r i e s  nay be  i n p u t  a f t e r  t h e  main stem i n p u t ;  however, they must be i n  

c f s .  I f  t h e r e  a r e  no mean d a i l y  d i scharges  a v a i l a b l e  f o r  a t r i b u t a r y ,  they 

can be genera ted  by i n s e r t i o n  of F cards .  The F c a r d s  g e n e r a t e  t r i b u t a r y  

. f low by u s i n g  a r e l a t i o n s h i p  ( s p e c i f i e d  by 
titc 

u s e r )  of = i n  stem flow t o  

tributary flow. Tr ibu ta ry  d a t a  is not  d i s p l a y e d  on t h e  p r i n t o u t ,  only t h e  d a t a  

i n p u t  inmedia te ly  a f t e r  t h e  f i r s t  H ca rd  and b e f o r e  t h e  f i r s t  ER card  is d i s -  

played.  When c a l c u l a t i o n  of  a h i s t o g r a n  is requested (IDH on H c a r d ) ,  t h e  

h is togram t i m e  i n t e r v a l s  a r e  de te rn ined  by m a k t  s t e n  i n p u t  on ly  and t h e  

r e p r e s e n t a t i v e  t r i b u t a r y  d i s c h a r g e s  a r e  t h e  average of d i s c h a r g e s  i n  t h e  time 

i n t e r v a l .  

Gage Record I n p u t  

Sometimes sediment t r a n s p e c t  is s i g n i f i c a n t l y  a f f e c t e d  by sudden o r  r ap id  

change i n  w a t e r  s u r f a c e  e l e v a t i o n  which may n o t  be  r e l a t e d  t o  d i scharge  (e .g . ,  



b a c k v a t e r  e f f e c t s ,  v e i r  o p e r a t i c n .  r t c o .  Hrau .'.;iy :?LP- r e c o r d s  m y  b e  i n p u t  

and a c r i t e r i o n  of mzxirnum change i n  v t r e t  s u r f a c e  e l e v n r l o n  L - i t h i n  a t i ~ e  

i n t e r v a l  c a n  b e  s p e c i f i e d .  LThen t h i s  c r i t e r i o n  i s  exceeded ,  r b e  t i ~ e  i s  r g c  

o f f  and ,  i f  h i s t o g r a m  c a l c u l a t i o n  is s p e c i f i z d ,  the ave rage  g a z e  e1eva::on is  

conputed  and o u t p u t  a s  R ca rds  for R5C-6 h y d r o l o g i c  i n p u t .  I f  tk.e s t u d y  arc2 

i s  between two gage s t a t i o n s ,  t v o  Ease r e c c r d s  rtay b e  i n p u r  and t .dzigh:fr3 

of e a c h  gage  r e c o r d  s p e c i f i e d  t o  r e p r e s e n t  t h e  a c t u a l  nean  d a i l y  v a t e r  s u r f z c e  

e l e v a t i o n  i n  t h e  s t u d y  a r e a .  

Tempera tu re  Record I n p u t  

Tempera ture  changes  can change  s e d I = e c t  t r a n s p c r t  r a t k s  I f  t h e  changes 

a r e  s i g n i f i c a n t ,  t e m p e r a t u r e  r e c o r d s  r a y  be jnpuc and  a  c r i t e r i o n  o f  zaxitun 

change  i n  t e n p e r a t u r e  can  te s p e c i f i e d .  T3e d z t a  may b e  e n t e r e d  a s  average  

m n t h l y  t e n p e r a t u r e s ,  one  yea r  of  n e a n  d a i l y  t e m p e r a t u r e s  t o  b e  u s e d  f o r  t h e  
6( aL+d<l n e t 4  dq;17 f i - y c f l a h r c ~  G r  k &+;/c r ~ % c * 4 p e f f r 4 .  

e n t i r e  r e c o r d  p e r i o d ,  When t h e  t e n p e r a t u r e  c r i t e r i o n  is  exceeded ,  t h e  t i ~ e  

is  c u t  o f f  and ,  i f  h i s t o g ~ a n  c 2 l c u l a t i c n  i s  s p e c i f i e d ,  t h e  a v e r a g e  t e n p e r a t u r e  

i s  conpu ted  azd  c u t p u t  3s 'i c a r l s  f o r  i?EC-6 11ydrolog:c inpi,:. 

A l l o v a b l e  Daca S i z e  and Ti-e I n t e r v a l s  

The t o t a l  nunbe r  c: z e i n  d a i i y  d a t a  f o r  = i n  .:re=, t r l t u c a r i e s ,  .?nd gages  

hlst n o t  exceed  22 ,000.  The t o t a l  t iuzber of nean  d a i l y  t emperacu re s  i n ? u t  c u s t  

mt exceed  9200. I f  c n l y  s aaL? s t em , c a l y s i s  is ::o b e  s i d e ,  69 y e a r s  c f  r e c o r d  

c a n  b e  i n p u t .  I f  a main s t c n  and two t r i b u t a r i e s  a r e  t o  b e  a n a l y z e d ,  t h e  r e c o r d  

l e n g t h  c a n  b e  up t o  20  y c a r s .  I f  c r e  of  che t r i b u t a r y  d i s c h a r g e s  w a s  g e n e r a t e d  

by t h e  F c a r d  o p t i o n ,  30 y e a r s  of  r e c o r d  can  b e  i n p u t .  The m x i z u a  t i ~ e  i n t e r v a l  

f o r  e a c h  H c a r d  is 366 days .  A n a l y s i s  by v a t e r  y e a r  c a n  b e  done  by i n p u t t i n g  10 

i n  f i e l d  5 and 9 on f i e l d  6 on t h e  H c a r d s  and s t a r c i n g  w i t h  O c t o b e r  i n p u t .  NO 

gaps  a r e  a l l o v a b l e  between H c r r d  t i r se  i n t e r v a l s .  

I Sugges t ed  Sequence o f  Ana lys i s  

Each d a t a  s e c  of  main s c e n ,  t r L b u t a r i e s ,  g a g e s ,  and t e n p e r a t u r e s  should  be  



ana lyzed  s e p a r a t e l y  b e f o r e  merging  t o g q t h e r  and c a l c u l a t i n g  t h e  h is togram.  

a .  b i n  stem check ( e x c l u d e  F, T ,  and  B c a r d s ) .  

1. On H c a r d s ,  l e a v e  f i e l d s  2 ,  3, 4 ,  7 ,  9,  and 10 b l a n k  and r u n  

program w i t h  main stem d i s c h a r g e s  o r  s t a g e s  and  a sediment  l o a d  

c u r v e  (G c a r d ) .  

2. Check d a i l y ,  monthly ,  and t i m e  i n t e r v a l  t o t a l s  a g a i n s t  p u b l i s h e d  

r e c o r d s  and make any c o r r e c t i o n s .  

3 .  Run p rograa  a g a i n  and,  i f  s a t i s f i e d  w i t h  t h e  d a t a ,  change 

f i e l d  10 (NCSF) on  t h e  H c a r d .  

4. If an  average  a n n u z l  sediment  y i e l d  is b e i n g  c a l i b r a t e d ,  a d j u s t  

t h e  sed inen r  l o a d  c u r v e  (G c a r d )  u n t i l  t h e  r i g h t  y i e l d  is  o b t a i n e d ,  

5. A f t e r  t h e  d a t a  a r e  c o r r e c t e d  and a s a t i s f a c t o r y  sediment  l o a d  

c u r v e  o b t a i n e d ,  change  f i e l d  1 0  on t h e  H c a r d s  t o  0  and make a 

produc t ion  run.  P l o t t i n g  t h e  d a t a  is  r e c o m e n d e d .  

b. T r i b u t a r y  check. 

Do t h e  s a n e  a s  f o r  t h e  r a i n  s t em a n a l y s i s  b u t  u s i n g  t r i b u t a r y  d a t a .  

Analyze each t r i b u t a r y  s e p a r a t e l y .  Leave f i e l d  2 o n  H card  b l ank .  

c. Gage check (exclude  F, T, G, and B c a r d s ) .  

1. If n o r e  than  o n e  gage  is t o  b e  u s e d ,  a n a l y z e  s e p a r a t e l y .  P l a c e  

t h e  gage d a t a  a f t e r  t h e  f i r s t  H c a r d  and end u i t h  an  ER c a r d  

fo l lowed by a d d i t i o n a l  H c a r d s .  

2.  On H c a r d s ,  l e a v e  f i e l d s  2 ,  3 ,  4 ,  7 ,  9 ,  and I0 b lank  and r u n  

progran .  

3. Check maximuas, ninizrums and a v e r a g e s  by rconth and time i n t e r v a l  

a g a i n s t  p u b l i s h e d  r e c o r d s  and make any c o r r e c t i o n s .  P l o t t i n g  o f  

t h e  d a t a  i s  r e c o m e n d e d .  

4. Repeat  S t eps  1 th rough  3 f o r  second gage  i f  a p p l i c a b l e .  

d .  Tempera ture  check ( e x c l u d e  F, T, C, and B z a r d s ) .  

I f  mean d a i l y  t e m p e r a t u r e s  a r e  u s e d ,  go th rough  t h e  same s t e p s  a s  i n  

t h e  gage  check. 



e. Combined check. 

1. Mter  a11 components have  been  c o r r e c t e d ,  i n c l u d e  F c a r d s  i f  

t r i b u t a r i e s  a r e  t o  b e  g e n e r a t e d ,  G c a r d s  f o r  sediment  l o a d  

cu rve ,  T c a r d s  i f  t e m p e r a t u r e s  a r e  i n p u t ,  B c a r d s  i f  g a g e  

r e c o r d s  are inpu t .  On t h e  H c a r d s ,  i n p u t  t h e  number o f  

t r i b u t a r i e s  (exc lude  t h e  n u d e r  o f  t r i b u t a r i e s  g e n e r a t e d  by 

F c a r d s )  i n  f i e l d  2 (ITRB), i n p u t  0 i n  f i e l d  9 (IDH) and 

i n p u t  1 i n  f i e l d  10 (NGSF). 

2. P l a c e  =in  stern, t r i b u t a r y ,  gage(s)  and  t empera tu re  d a t a  

s e p a r a t e d  by ER c a r d s  i m e d i a t e l y  a f t e r  t h e  f i r s t  H c a r d .  

Mte r  t h e  l a s t  ER c a r d ,  p l a c e  t h e  remaining  H c a r d s .  Run 

t h e  program. 

3. Check f o r  any e r r o r  messages  and a a k e  a p p r o p r i a t e  c o r r e c t i o n s  

and r e r u n .  

4 .  S e l e c t  a p p r o p r i a t e  t o l e r a n c e s  f o r  t empera tu re  and gage  changes 

on  t h e  B c a r d  and s e d i n e n t  a c c u 3 u l a t i o n  ( s e e  t h e o r y  s e c t i o n )  

on  t h e  H c a r d s .  I n p u t  1 i n  f i e l d  9 (IPH) on t h e  H c a r d s  and 

r u n  program. 

5 .  Check o u t p u t  znd a d j u s t  h i s t o g r a m  c r i t e r i a  a s  needed and r e r u n  

u n t i l  s a t i s f i e d  w i t h  t h e  h i s t o g r a m  b e i n g  g e n e r a t e d .  

6. I n p u t  1 i n  f i e l d  7 (PUN) t o  g e n e r a t e  HEC-4 hydrology on 110  

u n i t  7 ( t a p e  7 ) .  Rename and s a v e  t h e  110 u n i t .  P l o t  t h e  

HEC-6 hydrology and o v e r p l o t  w i t h  t h e  mean d a i l y  d a t a  t o  a s s u r e  

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

is  g e n e r a t e d  w i t h a s  few e v e n t s  a s  p o s s i b l e .  Programs have  been 

made t o  e a s i l y  do t h i s  p l o t t i n g .  I f  t h e r e  a r e  t o o  many h i s tog ram 

e v e n t s  o r  s i g n i f i c a n t  e v e n t s  a r e  be ing  "smoothed o v e r , "  r e p e a t  

s t e p s  4  th rough 6.  

7.  Run HEC-6 w i t h  t h e  g e n e r a t e d  h i s tog ram and do  t h e  a n a l y s i s  a s  

d e s c r i b e d  i n  t h e  theo ry  s e c t i o n .  



The g e n e r a l i z e d  computer  program HEC-6, "Scour and D e p o s l t l o n  i n  

R i v e r s  and Rese rvo i r s , "  u s e s  a sequence  o f  d i s c r e t e  d i s c h a r g e s  (a h i s tog ram)  

t o  c a l c u l a t e  sediment t r a n s p o r t  f o r  t h e  t i m e  pe r iod  to  be modeled. 

S imu la t ion  r u n s  of 50 y e a r s  o r  w r e  a r e  sometimes needed f o r  e v a l u a t i o n  

o f  p r o t o t y p e  behavior .  A SO.  y e a r  s i m u l a t i o n  w u l d  r e q u i r e  18 ,250  backwater  

p r o f i l e s  i f  mean d a i l y  f low r e c o r d s  were used .  T h i s  number o f  computa t ions  

c o u l d  be reduced i f  t h e  a c t u a l  mean d a i l y  f l o w s  c o u l d  be grouped i n t o  

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

of t h e  r a t e r  d i s c h a r g e  v s .  s e d h e n t  t r a n s p o r t  p r o c e s s .  Such is  t h e  

purpose of  t h e  "Sediment Weighted His tograrn Genera tor"  (SWHG) . 

Eq. 1 

I t  h a s  been found from a n y  sediment  s t u d i e s  t h a t  s ed imen t  d i s c h a r g e  

i s  g e n e r a l l y  r e l a t e d  t o  v a t e r  d i s c h a r g e  i n  t h e  form: 

G = KQ' 

where 

G = sediment  d i s c h a r g e  ( u s u a l l y  i n  t o n s j d a y )  

. Q = d i s c h a r g e  ( u s u a l l y  i n  c f s )  

K = a  f a c t o r  vhich can  be t aken  a s  a n  i n d e x  of  r e l a t i v e  e r o d i b i l i t y  

c = s l o p e  of t h e  c u r v e  o n  l o g a r i t h m i c  p a p e r  measured i n  u n i t s  o f  

l o g a r i t h m i c  c y c l e s .  

His tograms a r e  u s u a l l y  g e n e r a t e d  by t i m e  l nc remen t ing  a  con t inuous  

hydrograph  and o b t a i n i n g  a v e r a g e  d i s c h a r g e s  f o r  t h e  t i n e  inc remen t s  s u c h  

t h a t  t h e  a r e a s  under t h e  hydrograph  and h i s t o g r a m  a r e  e q u a l .  I f  t h i s  

procedure  i s  used ,  v a t e r  volume is  conse rved .  I f  a s e d i m e n t  hydrograph 

and a sed iment  h is togram g e n e r a t e d  by t h e  w a t e r  h i s t o g r a m  and Equat ion  1 

were  compared, t h e  a r e a  under  a c t u a l  s e d i m e n t  hydrograph  and t h e  g e n e r a t e d  



sediment histogram would not  be equal because of the  nonl inear i ty  of  

Equation 1. 

Example 1 :  

Day Q G t o n s l d a y  Q x G  

1 1 1 1 

2 2 3 18 1 1577 

ave.  5 . 7 5  4 5 . 2 5  394 .25  

.If the ave rage  d i s c h a r g e  is used a s  t h e  gove rn ing  pa rame te r ,  

G = ( 5 . 7 ~ ) ~  = 33.06 t o n s l d a y  

T o t a l  G f o r  4 days  = 3 3 . 0 6  x 4 = 1 3 2 . 2 4  t o n s  

The a c t u a l  G - f o r  4 d a y s  i s  181 t o n s  (27% e r r o r )  

If t h e  ave rage  sed imen t  d i s c h a r g e  i s  used a s  t h e  gove rn ing  p a r a m e t e r ,  

Qave = 7 = 445.25 = 6 . 7 3  c i a  

T o t a l  Q f o r  4 d a y s  - 6 .73  x 4  = 2 6 . 9 2  c i s -days  

The a c t u a l  Q f o r  4 d a y s  is 23 c i s - d a y s  ( 1 7 2  e r r o r )  

I t  can  be  s een  t h a t  i f  a time p e r i o d  is t o  be r e p r e s e n t e d  by o n e  d i s c h a r g e  



and a c t u a l  d u r a t i o n ,  bo th  w a t e r  volume and  sed imen t  volume cannot  be 

conserved .  I n  sediment  s t u d i e s ,  c o n s e r v a t i o n  o f  i n p u t  s ed imen t  volume 

i s  e s s e n t i a l  because i t  is t h e  o n l y  s o u r c e  o f  sed iment  o t h e r  than  t h e  bed. 

Hovever, c o n s e r v a t i o n  o f  v a t e r  volume is a l s o  Fmportant  because  o f  t h e  

i n f l u e n c e  i t  h a s  on h y d r a u l i c  c o n d i t i o n s ;  r-hich, i n  t u r n ,  a f f e c t  t h e  sed iment  

t r a n s p o r t  c a p a c i t i e s .  Because o f  t h e  i m p o r t a n c e  o f  both M t e r  and sediment  

c o n s e r v a t i o n  (wi th  s e d i n e n t  c o n s e r v a t i o n  b e i n g  t h e  most impor t an t ) ,  i t  is  

proposed t h a t  t h e  p roduc t  of  t h e  v a t e r  and  sediment  d i s c h a r g e  (sediment  

weighted d i s c h a r g e )  b e s t  d e s c r i b e s  t h e  i n f l u e n c e  o f  bo th .  For each d i s -  

cha rge  t h i s  product  (Q x  G) i s  c a l c u l a t e d  and  ave raged  o v e r  t h e  t ime 

pe r iod .  A Q v s .  Q x  G t a b l e  can  be g e n e r a t e d  and a  Q c a n  be ob ta ined  f o r  

t h e  averaged  Q x G .  

Example 2: 

C x Q  Q ~ + l  
I 

K 

Q f o r  t h i s  c a s e .  Q = d= 

Qave = 394'.25 

S i n c e  t o t a l  sediment  is t o  be conse rved ,  t h e  time d u r a t i o n  is changed s o  

t h a t  f o r  t h e  i n t e r p o l a t e d  G, t o t a l  s e d i n e n t  volume is conse rved .  T h i s  is  

t h e  compu ta t iona l  d u r a t i o n  b u t  r e p r e s 2 n t s  t h e  r e a l  t h e  d u r a t i o n .  



Computat ional  d u r a t i o n  = 
181 t o n s  

53.77 t o n s / d a y  - 3.37 d a y s  

T o t a l  C = 3.37 d a y s  x 53.77/day - 181 (OX e r r o r )  

T o t a l  Q = 7.33 x 3.37 d a y s  - 24.7 

A c t u a l  average  Q i s  23 (7.4% e r r o r )  

However, 7.42 e r r o r  is much l e s s  t han  17% e r r o r  i n  Exaxple 1  

The  4 days  of  v a t e r  and sediment  f l o v  i s  nov r e p r e s e n t e d  by a Q o f  7.3' 

f o r  a d u r a t i o n  o f  3.37 days v i t h  OZ e r r o r  i n  s ed imen t  volume a n d  7.4Z e r r o r  

i n  w a t e r  volume (compared t o  172) .  

The  "Sediment Weighted H i s t o g r a n  Genera tor"  program w i l l  p roduce  

r e p r e s e n t a t i v e  e v e n t s  of  d i s c h a r g e  and t h e  a s s o c i a t e d  d u r a t i o n  i n  days 

v i t h  a uaxlmurn e v e n t  d u r a t i o n  o f  30 days .  I n  some c a s e s ,  h o v e v e r ,  

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

e v e n t s  o r  produces t i n e  p e r i o d s  which a r e  t o o  long  f o r  t h e  HEC-6 model. 

A second c o n s t r a i n t  is  in t roduced  t o  scconmodate t h e s e  c o n s i d e r a t i o n s .  

T h i s  c o n s t r a i n t  s e t s  a  l i m i t ,  AHAGIC i n  t o n s ,  on  t h e  maximum amount of 

i n f l o w i n g  sediment  d i s cha rge  accumula ted  d u r i n g  a s i n g l e  h i s t o g r a n  

e v e n t .  Da i ly  sed iment  v e i g h t s  ( t o n s )  a r e  accumula ted  u n t i l  t h e  q u a n t i t y  

e x c e e d s  MIACIC. A t  t h a t  p o i n t ,  t h e  r e p r e s e n t a t i v e  M t e r  d i s c h a r g e  f o r  

t h e  t ime  per iod  is c a l c u l a t e d  a s  d e s c r i b e d  above .  An approach  f o r  

a s s i g n i n g  hHAGIC is t o  c a l c u l a t e  t h e  v e i g h t  o f  s ed imen t  t h a t  would be 

r e q u i r e d  t o  f i l l  t h e  bed of t h e  s h o r t e s t  r e a c h  1 f o o t  deep.  Another  way 

t o  e s t a b l i s h  AKAGIC is  e s t i m a t e  t h e  sed iment  d i s c h a r g e ,  t o n s / d a y ,  a t  

4 1 i c h  t h e  s t r eam bed begins  t o  s i g n i f i c a n t l y  change  from t h e  G v s .  Q c u r v e .  

The f i n a l  t e s t  f o r  AHAGIC i s  v h e t h e r  o r  n o t  t h e  HEC-6 code w i l l  e x e c u t e  

p r o p e r l y  v i t h  t h e  c a l c u l a t e d  His togram.  



The t e s t  i n  HEC-6 can be conducted by s e l e c t i n g  a r e l a t i v e l y  s h o r t  

but h i g h l y  v a r i a b l e  Q time period (e.g. 2 mo.) i n  which one model is run 

with t h e  a c t u a l  cean d a i l y  flows and a n  o t h e r  v i t h  a generated histogram. 

S i g n i f i c a n t  d i f f e r e n c e s  i n  model performance ( l .e .  magnitude and temporal 

t r end  o f  computed bed p r o f i l e s )  s u g g e s t s  AHAGIC is t o o  l a r g e .  A couple  

of t r i a l s  and checks w i l l  u s u a l l y  be s u f f i c i e n t .  



I. G e t  data from "HYDRODATA'. 

11. Run "HYDTOHIS": Convercs hydro&ta t o  a f i l e  t h a t  v i l l  go 
i n t o  "HISTGRAH". 

E d i t  "HYDTOHIS" output  f i l e  fo l lowing  HYHTSdocumentation. 
Hust add fol lowing card:  G I  T I  5. H. F i r s t  H c a r d  v i l l  
appear  i n  t o p  of f i l e  a f t e r  B ca rd .  Others  v i l l  appear at bottom 
o f  f i l e .  Remember t o  a l s o  add  inpu t  on H c a r d s  a t  bottom of  
f i l e .  

111. Run 'HISTCRAH" 

I N :  OUTFILE FROH "HYDTOHIS" 
OUT: FILEl.DAT 
OUT: H6INPUT.DAT 

HYDRODATA 7 
\L 

HYDRO. DAT 
I 

OLITHYD . DAT 

& 
FILE1. DAT 

H6INPUT. DAT 



T  Card - T i t l e  Cards - 3 Required 

f i e l d  Variable  - Value D e s c r i p t i o n  

0 ID T Card i d e n t i f i c a t i o n .  

1- 10 AN Alphanumeric t i t l e  or d e s c r i p t i o n .  



R Card - Rating Cunte - Required if mean d a i l y  s t a g e s  (S ca rds )  a r e  inpu t  
i n s t e a d  of mean d a i l y  d i s c h a r g e  (Q c a r d s )  f o r  t h e  main stem. 

F i e l d  - 
0 

1 

2 

Variable 

I D  

NPTS 

SZERO 

ST(2).. . 

e t c .  

Value Desc r ip t ion  

R Card i d e n t i f i c a t i o n  i n  colunn 1. 

+ The number of  ~ a t e r  s u r f a c e  va lues  t h a t  vill be read.  

+ If t h e  r a t i n g  t a b l e  i s  a s t age-d i scharge  curve r a t h e r  
than e leva t ion-d i scharge ,  e n t e r  gage ze ro  here.  

+ Lowest f l o v  i n  c f s ,  subsequent f l o v s  must be 
i n c r e a s i n g .  

+ ' Lowest water  s u r f a c e  e l e v a t i o n ,  o r  s t a g e ,  correspond- 
ing  t o  lor-est f lov .  

Enter  up t o  20 p o i n t s  us ing f i e l d  1-10 on subsequent 
ca rds .  Put R i n  colunn 1 on a l l  c a r d s .  

Continue e n t e r i n g  up t o  NPTS p a i r s  o f  nunbers. 



P CARD T r i b u t a r y  flow genera t ion  card.  Opt iona l .  Used f o r  c a l c u l r t i n g  
r i b u t a r y  f low as  a r a t i o  of main stern f low f o r  HEC-6 h y d r o l o g i c  inpu t  

~n t h e  absence of t r i b u t a r y  f low d a t a .  Up t o  3 t r i b u t a r i e s  can  be generated 
d y  placing s e t s  of  F cards  i n  sequence.  I f ,  f o r  i n s t a n c e ,  t h e r e  is d a t a  o n  
Q o r  S cards  f o r  t h e  f i r s t  and t h i r d  t r i b u t a r y  upstream from t h e  dovnstream 
boundary and t h e  second t r i b u t a r y  is t o  be genera ted ,  then  NTRB(NFI) is  2 
and Q o r  S c a r d s  f o r  t r i b u t a r y  one  and t h r e e  w u l d  be r i g h t  a f t e r  each o t h e r .  

F i e l d  Var iable  Value Desc r ip t ion  

0 I D  F Card i d e n t i f i c a t i o n  i n  column 1. 
1 NTRB (NET) + T r i b u t a r y  number t h a t  t h i s  t r i b u t a r y  genera t ion  

corresponds  t o ,  count ing from dovnstream t o  upstream. 

2 NFPT(W) + Number of p o i n t s  (up t o  20) d e f i n i n g  t h e  r e l a t i o n -  
s h i p  of n a i n  stem flow t o  t r i b u t a r y  flow. 

3 LOCFQ (NFT) fl Main s t e n  f low i n t e r p o l a t i o n  is a r i t h m e t i c .  

1 Pain s t e n  f low i n t e r p o l a t i o n  is logar i thmic ,  logl0. 

4 LOGFQT(NET) 0 T r i b u t a r y  f low i n t e r p o l a t i o n  i s  a r i thmet ic .  

1  T r i b u t a r y  f low i n t e r p o l a t i o n  is logar i thmic ,  logl0. 

5 Qm(NFT, 1) + Lowest d i s c h a r g e  o f  main s tem,  subsequent d i s c h a r g e s  
must be i n c r e a s i n g .  

6 Qn(NET, 1) + T r i b u t a r y  d i s c h a r g e  corresponding t o  w i n  stem 
d i scharge .  

7 QM(NFT, 2) + E n t e r  up t o  20 p o i n t s  us ing  f i e l d s  1-10 on subsequent 
c a r d s .  
Put  F i n  column 1 on a l l  c a r d s .  

8 QFT(Nm,2) + Continue e n t e r i n g  up t o  NFPT(NR) p a i r s  of p o i n t s .  

10 e t c .  



C Card - Sediment Load Curve - Requi red  

F i e l d  - V a r i a b l e  Value D e s c r i p t i o n  

0 I D  G Card i d e n t i f i c a t i o n  i n  column 1. 

1 INPTS + Number o f  sediment  load  v a l u e s  t h a t  v i l l  be 
r e a d  (up t o  20) .  

2 L o w  0 Flov  i n t e r p o l a t i o n  is a r i t h m e t i c  

1 Flow i n t e r p o l a t i o n  is  l o g a r i t h n i c ,  logl0, (recommended) 

3 LOGQS 0 S e d i n e n t  load i n t e r p o l a t i o n  i s  a r i t h m e t i c .  

1 Sedlment  load  i n t e r p o l a t i o n  is l o g a r l t h n i c ,  l o g l 0 ,  
(recommended). 

4 XMnT Blank D e f a u l t  t o  1.0. 

+ H u l t i p l y i n g  f ~ c t o r  o f  sed iment  l o a d  (e.g. ,  t o  
i n c r e a s e  sediment  l o a d  by 7 X ,  i n p u t  1 .07 ) .  

+ F i r s t  d i s c h a r g e  ( i n  c f s )  o f  t h e  t a b l e ,  subsequent  
d i s c h a r g e s  e u s t  be i n c r e a s i n g .  

+ Sediment  l oad  ( i n  t ons /day )  c o r r e s p o n d i n g  t o  f i r s t  
d i s c h a r g e .  

+ Ente r  up t o  20 p o i n t s  u s i n g  f i e l d s  1-10 on 
subsequen t  ca rds .  Pu t  G i n  c o l u ~ n  1  o n  a l l  c a r d s .  

+ Cont inue  e n t e r i n g  up t o  INPTS p a i r s  o f  p o i n t s .  

1 0  e t c .  



T - CARD - Water  Temperature - Requi red  i f  t e m p e r a t u r e  c a r d s  are i n p u t  and  T-cards 
ire t o  be o u t p u t  w i t h  t h e  h f s t o g r m  f o r  u s e  i n  HEC-6 h y d r o l o g i c  i n p u t .  

F i e l d  - V a r i a b l e  Value - D e s c r i ~ t  i o n  

0 ID T Card i d e n t i f i c a t i o n  i n  c.olumn 1. 

1 JTT 0 Water t e m p e r a t u r e  is i n p u t  i n  u n i t s  of  F a r e n h e i t  
d e g r e e s .  

1 Water t empera tu re  is i n p u t  i n  u n i t s  of  C e l s i u s  
d e g r e e s .  

0 Average month ly  w a t e r  t e m p e r a t u r e  w i l l  be  i n p u t .  

1 366 days o f  a v e r a g e  d a i l y  water tempera ture .  
( I n c l u d e  Feb rua ry  29) w i l l  be i n p u t .  See note belov 
f o r  encoding d e t a i l s .  This d a t a  w i l l  be r eused  a s  
many t imes  a s  n e c e s s a r y  t o  p r o v i d e  a  d a i l y  r a t e r  
t empera tu re  f o r  each  mean d a i l y  v a t e r  d i s c h a r g e  on 
Q o r  S c a r d s .  

2 I n p u t  a  c o n t i n u o u s  r e c o r d  o f  mean d a i l y  r a t e r  
t e m p e r a t u r e s  e q u a l  i n  l e n g t h  t o  Q o r  S c a r d s  o f  t h e  
main stem. 

TB(I) + I n p u t  ave rage  monthly t e m p e r a t u r e  f o r  J a n u a r y  i f  
KT = 0. F o l l o v  w i t h  w n t h l y  t e m p e r a t u r e s  f o r  
February ,  Uarch,  e t c .  u s i n g  f i e l d s  4-10 and  con- 
t i n u i n g  on a n o t h e r  T c a r d  s t a r t i n g  i n  F i e l d  1. 

Note: I f  NT - 1 o r  2, t h e  f o l l o v i n g  f o m  shou ld  be  used  f o r  a l l  a d d i t i o n a l  
T-cards ,  and rhe  l a s t  T-card should  be  fo l lowed  by a n  ER c a r d .  T h i s  s e t  
of T c a r d s  is t o  b e  p l aced  a f t e r  t h e  Q,  S o r  Y c a r d s  ( a f t e r  t h e  co r -  
responding  ER c a r d ) ,  ~ % i c h e v e r  is i n p u t  l a s t .  

F i e l d  V a r i a b l e  Value D e s c r i p t i o n  

0 I D  T  - Card i d e n t i f i c a t i o n  i n  column 1. 

1 -- AN Time i d e n t i f i c a t i o n  (e.g.,  F e b r u a r y  1972 
is 1972-02). 

2- 1 8  D m ( I )  + Hean d a i l y  ~ a t e r  t e m p e r a t u r e .  Subsequent  c a r d s  
u s e  f i e l d s  2-10 f o r  v a l u e s  o f  Dm. Xust have  f o u r  
c a r d s  f o r  e a c h  month. 



B-CARD - Parameter  D e f i n i t  - 
u t p u t  v i t h  t h e  h i s t o g r a m  

: ion Card - Requi red  i f  Ic-cards o r  X-cards a r e  t o  be 
f o r  u s e  i n  HEC-6 h y d r o l o g i c  i n p u t .  Requi red  i f  gage  

accords a r e  i n p u t .  

Field V a r i a b l e  Value - D e s c r i p t i o n  

0 I D  - B Card i d e n t i f i c a t i o n  i n  coiumn 1. 

1 NCACE Number of  gaging  s t a t i o n s  used  i n ' d e t e r m i n i n g  t h e  
s t a r t i n g  e l e v a t i o n s  f o r  wa te r  s u r f a c e  p r o f i l e  c a l c u l a -  
t i o n s  (HEC-6 R-card) c a n n o t  be changed on subsequent  
B c a r d s .  

0 R c a r d s  a r e  n o t  o u t p u t  v i t h  t h e  h i s t o g r a m .  

I t 2  Enter number o f  gaging s t a t i o n s  (sets o f  Y-cards) 
i n p u t  t o  c o z p u t e  R-card v a l u e s .  

2 GZ 1 - ,a,+ Gage z e r o  of  f i r s t  g a g i n g  s t a t i o n  i f  s t a g e s  a r e  i n p u t .  

3 GS 2 - ,a,+ Gage z e r o  of second g a g i n g  s t a t i o n  i f  s t a g e s  a r e  i n p u t .  

Weighting f a c t o r  a p p l i e d  t o  f i r s t  g a g i n g  s t a t i o n  
uhen computing represents t i v e  s t a g e  be t veen  two gages .  

0 D e f a u l t s  t o  0 . 5 .  ( e q u a l  v e i g h t i n g  f o r  each  gage)  

+ Ente r  v a l u e  be tveen  0 and 1. 

5 DYH + H a x h u n  a l l o v a b l e  change  i n  s t a r t i n g  downstream 
v a t e r  s u r f a c e  e l e v a t i o n .  When Dm is equaled o r  
exceeded,  a  new h i s t o g r a m  even t  w i l l  be  s t a r t e d .  

0 D e f a u l t s  t o  99999.0. 

6 WIV The c o m p u t a t i o n a l  tine s t e p  on t h e  X-card (HEC-6 hy- 
d r o l o g i c  i n p u t )  is a p p r o x i n a t e l y  e q u a l  t o  t h e  number 
of  days  i n  t h e  h i s t o g r a n  e v e n t  d i v i d e d  by XDIV. 

0 D e f a u l t s  t o  1.0. W-cards w i l l  be o u t p u t .  

+ Ente r  a n  i n t e g e r  v a l u e  g r e a t e r  t h a n  1. X-cards 
w i l l  be o u t p u t .  

7 DM + Haximum a l l o v a b l e  change  i n  w a t e r  t e m p e r a t u r e  i n  i n p u t  
u n i t s .  When Dm is e q u a l l e d  o r  exceeded ,  a  new 
h i s tog ram e v e n t  w i l l  be s t a r t e d .  

fl D e f a u l t s  t o  99. 



H c a r d  - 
l e n g t h .  
c a r d s  go 

I n p u t  c o n t r o l  card .  Requi red  f o r  e a c h  time p e r i o d  u p  t o  one  y e a r  i n  
The f i r s t  H c a r d  comes b e f o r e  t h e  Q o r  S c a r d s .  The rest o f  t h e  H 
a f t e r  t h e  l a s t  ER c a r d .  P l ace  a  b l a n k  H c a r d  a f t e r  t h e  Las t  H c a r d  t o  

t e r m i n a t e  t h e  j o b .  

F i e l d  V a r i a b l e  Value - D e s c r i p t i o n  

C o l  1 I D  H Card i d e n t i f i c a t i o n .  

Col 5-8 IYR + Year of hydrograph.  

2 ITRB tl No t r i b u t a r i e s  a r e  p r e s e n t .  

+ I n d i c a t e  number o f  t r i b u t a r y  Q o r  S c a r d  sets of  
mean d a i l y  f l o v  hydrograph  a r e  i n p u t  (Note: Exclude 
t h e  numbers o f  t r i b u t a r i e s  c a l c u l a t e d , u s i n g  t h e  
F-card option). Stack t h e  hyd rog raphs  i n  sequence  
f rom d o n s t r e a m  t o  ups t ream.  P l a c e  on ER c a r d  a f t e r  
e a c h  t r i b u t a r y  hydrograph.  

3  SWSED 

10 NGSF 

+ S p e c i f i c  v e i g h t  o f  s ed imen t ,  l b s / c f .  

0 D e f a u l t  = 93  l b / c f .  

+ Weight of  accumula ted  sed imen t  f o r  d e t e w i n i n g  each  
h i s t o g r a n  i n t e r v a l ,  t ons .  

+ Number of f i r s t  month o f  hyd rog raph  t i m e  p e r i o d  
(e .g .  2 is f o r  Feb rua ry ) .  

0 D e f a u l t s  t o  1 ( ~ a n u a r y ) .  

+ Number of l a s t  month of hyd rog raph  t i n e  p e r i o d .  

0 D e f a u l t  i s  12 (December) 

1 C r e a t e  o u t p u t  f i l e  ( I / O  u n i t  10) o f  h i s tog ram f o r  
HEC-6 h y d r o l o g i c  i n p u t .  IDH (H-9) must be 1 o r  3. 

0 Do n o t  c r e a t e  o u t p u t  f i l e .  

+ E l e v a t i o n  of  g a g e  z e r o  i f  s t a g e s  are i n p u t  (S-cards) .  

d P r o c e s s  d a t a  and  d i s p l a y  b u t  do  n o t  c a l c u l a t e  
h i s  togram o r  domina t e  d i s c h a r g e .  

1 C a l c u l a t e  h i s t o g r a m  o n l y  and d i s p l a y .  

2 C a l c u l a t e  domina t e  d i s c h a r g e  o n l y  and d i s p l a y .  

3 C a l c u l a t e  both h i s  togram and domina te  d i s c h a r g e  o n l y  
and  d i s p l a y .  

0 P r i n t  d a i l y  c a l c u l a t i o n s  f o r  t i m e  pe r iod .  

1 P r i n t  summary (month ly  and y e a r l y  o n l y )  f o r  t ime pe r iod .  



Q o r  S Card - Inpu t  hydrograph, mean d a i l y  f l o ~ ~  n r  w a n  d a i l y  e l e v a t i o n s / s t a g e s .  
Required. 

F i e l d  Var iable  Value 
7 - D e s c r i p t i o n  

Col 1 I D  Q Discharge in c f s  a r e  i n p u t .  

S Stage  i n  f t .  a r e  i n p u t .  

Col  2-3 - AN Time i d e n t i f i c a t i o n  (e.g.  Februar'y 1972 is  1972-02).  

2-10 Q(I) + Discharges  o r  s t a g e s .  Subsequent c a r d s  use f i e l d s  
2-10 f o r  values  o f  Q o r  S. Hust have four c a r d s  f o r  
each month. 

If stage is input. t h e r e  m u s t  be R c a r d s  present .  A s e t  o f  Q o r  S cards, 
t e rmina ted  by an ER ca rd ,  is requi red  f o r  the  n a i n  s t e n  and each t r i b u t a r y .  If 
Q c a r d s  are changed t o  S ca rds ,  R c a r d s  nust  be placed be fore  t h e  H cards 
r e p r e s e n t i n g  the  S c a r d  t h e  i n t e r v a l .  T r i b u t a r i e s  - must use  Q c a r d s  - S c a r d s  
a r e  n o t  a l loved . 



ER - Card - Separator for s e t s  of data. Required a f t e r  each set  of Q ,  5, T, 
or Y cards. 

Field Variable Value Description 

0 ID ER Card ident i f i ca t ion .  

1-10 - A N .  Alphanumeric description of  data s e t .  



j o b  c o n t r o l  pa rame te r s  can  be  changed f o r  any  H-card t ise p e r i o d  by p l a c i n g  
I 

t h e  a p p r o p r i a t e  j o b  c o n t r o l  c a r d  b e f o r e  t h e  H-card i t  a p p l i e s  t o .  

' * I n d i c a t e s  c a r d s  r e q u i r e d  f o r  b a s i c  a p p l i c a t i o n  
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4 C0hTIi;UE FOR 0 
5 - 
9 

TB(2)  ;.. 'UP TO 
5 
4 

1 i 

.g 0 
3 3 < C-c 

C 

a 
4 Q O R S  ./ 
d 

I 

1 

/ 

\ I 1 

* I n d i c a t e s  cards r e q u i r e d  f o r  b a s i c  a p p l i c a t i o n  



* I n d i c a t e s  cards  requ i red  f o r  b a s i c  a p p l i c a t i o n  



I 1  tiUCtiESTEfi111N SEDIHEHT S T U D Y  
1 :' LOIIP CURVE I S  llS=,OOXO (EXP 1.55)  
1 3  111luIt1 U lLL l~ \ t l ! ; v  UESI HARCIi 1 9 0 2  
(; 1 - 1 I 1  1. 
T 7 1 6 0  7  0  
1' U 9  9  7 Y6 9  5 9  4  
Ic 
H 19:;2 I 10000  1  
01752-  1  US, 6 5 .  85  1 05 ,  
(11?52- 1  83 .  0 1 .  0 3 ,  0 3 .  
01951-  1  104 ,  7G e 85.  83.  
01551-  1  7 4 .  ; .t a I 7 1 ,  7 0  

1  
87  
o v .  
70 .  

74 .  
87 .  
U I .  
U3. 

459.  
160 .  

5300 .  
5 1 0 .  
5 2 0 ,  
236.  
2 0 5 ,  
236  
148 ,  
140 .  
113.  

08,  
70 ,  

798 .  
3  10 a 

104.  
1 9 7 ,  
084 .  
173  
513 .  
273 .  
140 .  
153 .  
'106. 

66.  
so. 
SO e 



T 1 ROCHESTERI~N SEDIHENT STUDY 
T  2 LOAD CURVE I S  OS=.OOXO (EXF  1 . 5 5 )  
T 3  DAVID UILLIAHS, UES,  ARCH 1 9 0 2  

THE II iT'UT SE[ l lMEIIT LOAD CllRUE HAS 2 POINTS AH[! THE SEDInEI(T I S  TO Id€ H U L T l F L I E D  PY 1 .0  L O 6 0  I AHll  LOGOS I 
THE SEDIHENT LOAD CURVE TAELE FOLLOUS 

TllE FOLLOUING NONTllLY TEHFERATURES ( F )  U I L L  PE USE11 
JA I IU~~RY FK[IRU;,WY ~ ~ R C H  AFKIL nn Y JUNE 

7 1  .O bU.0 70 .0  9 0 . 0  45 .0  3 2 . 0  
JULY AUGUST SEPT . OCIOPEI; ttOULHkCl( LaLC. 

76.0 9 0 . 0  0 9  .O 97 .0  7 5 . 0  ' j  :; • 0 

INFORt lATION FROn P  CARD 
I GZ1 GZ2 OUF DYH 

0  3 . 0 0  On00 .SO 9 9 9 9 9 0 0 0  
XD IU  DTt lpF 
1 .00  1 5 8 0 0  

. CFS-DnYS ACRE-FECT 8 TONS Act :€-FEE1 
1UTAL W & T  ER DISCHARGE 9 2 2 9 2  0 1 0 3 0 5 8 . 5  4 TOTAL SEDlnENT DISCttfiRGC 3 4 2 6 1 5 . 6  1 7 7 . 0  
CUI~HULAT I V E  LII S C H A R G E  9 2 2 9 2 .  o 1030;o.s L C U ~ ~ U L A T I V E  DISCHARGE 3 6 2 6 1 5 . 6  179.0 

I {UnkEk  OF I I I S C ~ ~ A R G E  EVEIlTS IIi TllE HYDROGRAF'H= 3 6 6  

1lhX. WIITER 1lISCHARGE 1S 7300 ,O  
I ! I I . ( .  kJATEA IIISCHARGE I S  50 ,O 
n ~ k t t  WATER DISCWAKGE 1 s  2 5 2  2 

t I l l t iTHLY VALUES 
I I I l I t  I H JtINU;LR'f FEDFiI!ARY I1ARCli APH 1L HAY JUIJE JULY AUGUST S E Y T .  OCTUFEF; I I O U E ~ N C R  [IE (: . 
n C ~ S I I  7:;YS. 4 8 7 .  1 5 0 2 5 .  2 4 2 5 3 .  5 4 9 5 .  1S012 .  9 4 3 0 .  0 2 6 5 .  304".  2 1 4 G .  lll';2, 1 3 5 8 .  
O kCFT 21.13. 4933.  3 1 3 0 0 ,  4U105,  1 0 0 9 9 .  ' 2 9 7 7 6 .  1 0 7 0 4 .  1 6 3 9 3 .  603 * .  4 2 4 5 1  3753 .  3 6 8 5 .  
1IS THS 237:;. 2 3 1 0 .  1 0 9 0 2 3 .  1 1 5 2 7 6 .  7 7 5 6 .  7 0 S 3 5 .  2 2 5 0 6 .  1 7 0 3 6 .  3 1 4 0 .  1 7 5 9 ,  14H'J. 1 4 1 5 .  
n s  nr.r 1 . 2  1.1 53  o 56.9  3,o 30 .0  11 .1  0 . 4  1.6 . 9  . 7  .7 



~ I C C U ~  IIAY T IME D S  USE INTPL o n t t ~  Ul tTER Y I E L D  S E I l I t i E N T  
III;Y flIl11X 1 1 ~ 1 t (  U - C A R D  X-CARII R-CARII 0-CAR[I 1-CARD ACTUAI. Ill STOGRAn V I E L t t  CK1TEI ; IO l~  EXCEELIE[l  

134. 
154. 
53.1. 

3160. 
7300. 
5300. 
3 4 20. 
1103, 
912, 
064, 
937. 
S U 1 .  
360. 
136. 

23-19. 
47JO. 
2230, 
1 GPO. 
409. 
3 10. 

15.16. 
0n4. 

1060, 
3U2, 
96. 
69. 
uo, 
61, 

EVENTS 

ToTnC U A Y S  - 3 4 2 ,  
T U I A L  S E L ~ I H E H T  I N  TUNS = 362616. 

4 O C ~ t ~ 4 4 C 4 t l ~ t t 4 4 t 4 4 4 4 ~ b t ~ t ~ t t t t : ~ % t t & ~ t ~ t % $ t t ~ ~ a t ~ ~ ~ ~ 8 a ~ t t t t t ~ 8 t a ~ ~ : : 8 : 8 8 ~ : 8 t 8 : $ 8 t $ : $ ~ & ~ $ 4 8 : 8 8 ~ 8 8 8 ~ 8 ~ : & i 8 8 8 8 & & b 8 8 t 8 ~ t ~ : & : 4 : 8 : 4 ~ ~ 8  

Y E A R  1953 START HONTti = 1 END HONTIi = 12 AHAOIC = 10000. U N I T  U T  OF SED. 93.0 I T R P  I 1 11111 * 1 
t A 4 S b I b 4 t 4 4 4 4 & 8 t & i t t 4 8 4 ~ 4 l l 4 i t t t & $ ~ t t t t t ; l $ 8 l t 4 t t t 4 t 8 ~ ~ 8 t ~ t 8 ~ 8 t ~ t ~ ~ t 8 ~ 8 ~ 8 8 t 8 t $ $ i $ ~ 8 t 8 ~ t 8 $ ~ $ $ 8 8 4 ~ ~ t 8 8 $ t 8 ~ 8 ~ 8 t 4 ~ ~ ~ ~ 8 ~ 8 ~ ~ 8 ~ 8 4 8 ~ l & 8 ~ 8 8  

CFS-DAYS ACRE-FEET t TONS ACRE-FEE 1 
1 UTt IL  UATER I I ISCHAKGE 59709.0 1 10509.7 8 T O T A L  SEDIMENT DISCIIARGE 127300.3 62.9 
C U ~ ~ U L A T  I V E  [IISCHARGE 152001 .o 301640~2 : C U ~ ~ U L A T I V E  DISCIIAROE 430004 o 241  .v 

NUHllL'E OF LIISCHARGC EVENTS I N  THE HYIIROORAFII- 365 
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VERIFICATION OF HEC-6 

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary 
Hydraulics, Vicksburg, MS 

References: 

[I] HEC-6 User Manual. 
[2] Guidelines for the Calibration and Application of Computer Program HEC-6, The 

Hydrologic Engineering Center, US Army Corps of Engineers, Davis, CA. 

Objective: The student demonstrates skill in interpreting HEC-6 print out and adjusting input 
to reproduce field observations. 

Input file is H6WRKSH3.DAT 

1. PROBLEM. 

A HEC-2 data set is being converted for HEC-6 computation. Sediment and hydrology data 
have already been added, and a trial execution has been made. The HEC6 model is now ready 
for verification. 

2. END PRODUCT 

The end product of this workshop will be an HEC-6 model that is verified for one water 
discharge. 

3. MODEL VERIFICATION. 

3.1 Diagnosis. The following diagnosis is made using printout from the trial #1 Run. The last 
event in that printout is shown on the next page. 

3.1.1 End of Run Results. The first tables to scan to find out how well the sediment 
calculations represent the prototype are the SA- and SB-tables in the HEC=6 print out. These 
2 tables will be printed for each hydrologic event which has a B in column 6 . The final event 
in this verification run is reproduced below. Notice the rather large trap efficiency, 9%,  in the 
SA-1 table on the next page. This model is of a river which is in equilibrium. What should the 
trap efficiency be? 

wk3prob. txt Page-1 
February 6, 1995 



In this case, 9% trap efficiency is too large; there is a problem which must be resolved before 
this model is verified. The following steps illustrate the process. 

3.1.2 Most Active Cross Section. First, scan every SB-2 table in the printout for the cross 
section having the largest BED CHANGE value. This cross section is referred to as "the most 
active section. " 

TIME STEP # 1 0  
B RUN 10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Workshop Problem VII. VERIFICATION OF HEC6 MODEL 

ACCUMULATED TIME (yrs) .... 0 . 0 2 7  
FLOW DURATION (days) ...... 1 . 0 0 0  

UPSTREAM BOUNDARY CONDITIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Stream Segment # 1 I DISCHARGE I SEDIMENT LOAD I TEMPERATURE 
Section No. 4 5 7 0 . 0 0 0  1 (cfs) I (tons/day) I (deg F) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

INFLOW I 90000.00  1 21942.14  1 5 0 . 0 0  

TABLE SA-1. TRAP EFFICIENCY ON STREAM SEGMENT # 1 
Workshop Problem VII. VERIFICATION OF HEC6 MODEL 
ACCUMULATED AC-FT ENTERING AND LEAVING THIS STREAM SEGMENT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TIME ENTRY SAND 
DAYS POINT * INFLOW OUTFLOW TRAP EFF 

1 0 . 0 0  4 5 7 0 . 0 0 0  1 0 8 . 3 3  
TOTAL= 0 . 0 0 0  1 0 8 . 3 3  9 8 . 9 6  0 . 0 9  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TABLE SB-2 : - - - - - - - - - - -  
SECTION 
NUMBER 

4 5 7 0 . 0 0 0  
2 8 7 0 . 0 0 0  
2280 :OOO 

5 9 0 . 0 0 0  
0 . 0 0 0  

TABLE SB-1: SEDIMENT LOAD PASSING THE BOUNDARIES OF STREAM SEGMENT # 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SEDIMENT INFLOW at the Upstream Boundary: 

GRAIN SIZE LOAD (tons/day) I GRAIN SIZE LOAD (tons/day) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
..... VERY FINE SAND.... 1797.84  1 FINE GRAVEL.. 1693.78  

......... . . . . .  FINE SAND 1 9 7 3 . 8 4  1 MEDIUM GRAVEL 2619.76  ..... MEDIUM SAND.. ..... 2 9 8 6 . 0 6  COARSE GRAVEL 3081.76  
COARSE SAND ....... 2 1 0 2 . 9 8  / VERY COARSE GRAVEL 4 1 8 0 . 0 0  ..... VERY COARSE SAND.. 5 9 4 . 6 6  SMALL COBBLES 0 . 2 2  ..... VERY FINE GRAVEL.. 911.24  1 LARGE COBBLES 0 . 0 0  - - - - - - - - - - - - -  - - - - - - - - - - - - -  

TOTAL = 21942.14  
SEDIMENT OUTFLOW from the Downstream Boundary 

GRAIN SIZE LOAD (tons/day) I GRAIN SIZE LOAD (tons/day) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
VERY FINE SAND .... 1885.65  FINE GRAVEL ....... 1172.45  

... FINE SAND ......... 2088.63  1 MEDIUM GRAVEL.. 1 7 9 0 . 5 0  

STATUS OF - - - - - - - - - - -  
BED CHANGE 

(ft) 
2 . 0 9  

- 1 . 6 3  
0 . 5 4  

- 0 . 9 2  
0 . 0 7  

MEDIUM SAND ....... 3 0 9 3 . 1 4  
....... COARSE SAND 2214 . O O  

VERY COARSE SAND.. 5 1 5 . 2 2  
VERY FINE GRAVEL.. 6 5 4 . 7 1  

THE BED PROFILE AT TIME = 1 0 . 0 0 0  DAYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
WS ELEV THALWEG Q TRANSPORT RATE (tons/day) 

(ft) (ft) (cfs) SAND 
729.14  7 0 9 . 9 9  90000.  1 3 7 1 8 .  
7 2 6 . 0 7  7 0 1 . 5 7  90000.  1 7 6 9 8 .  
7 2 5 . 5 5  7 0 3 . 2 4  90000.  1 7 3 7 0 .  
7 2 3 . 0 4  7 0 4 . 3 8  90000.  1 8 1 8 4 .  
7 2 2 . 3 0  7 0 2 . 0 7  90000.  1 8 5 2 1 .  

.... COARSE GRAVEL. 2 1 4 3 . 7 7  
VERY COARSE GRAVEL 2962.60  
SMALL COBBLES. .... 0 . 0 0  
LARGE COBBLES.... . 0 . 0 0  
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Which is the most active cross section? 

3.1.3 Numerical Stabilitv Test. The next step is to determine whether or not the most active 
cross section is numerically stable by plotting a bed change hydrograph, i.e. BED CHANGE 
vs TIME. 

(HINT: There is no single table showing such a hydrograph. It has to be compiled by scanning 
the printout with an editor. In this case, scan the printout for cross section 4570, view every 
SB-2 table, and write the BED CHANGE value and its TIME in the spaces provided in Table 
1 below. There are 10 events in the hydrograph, and each event flowed for 1 day. All 10 
events are for the same water discharge - 90000 cfs and have SA & SB- tables. The BED 
CHANGE values are accumulative. All other values in table SB-2 are instantaneous. Plot the 
BED CHANGE values which you have just recorded in Table 1 on the graph below the table.) 

Is the model numerically stable? 

Table 1. Scan all SB-2 Tables Using Editor 

SECTION BED CHANGE WS ELEV THALWEG Q TRANSPORT RATE (tons/day) TIME 
NUMBER (ft) (ft) (ft) ( c ~ s )  SAND DAYS 

Notes : 
(1) This is the bed change at the end of day 1 

(10) This is the accumulated bed change at the end of day 10 

2;-----+-----+-----+-----+-----+-----+----- +-----+-----+-----I  
B I I I I I I I I I I I I 

I /  I I 

E I I I I I I 

I I I I /  I I I I I 
D I I I I I I I I 

I I I I 
I 

I I I I I I I I I 1 I c - - - - -+ - - - - -+ - - - - -+ - - - - -+ - - - - -+ - - - - -+ - - - - -+ - - - - -+ - - - - -+ - - - - - l  

H I I I I 
I ' I  I I 

A I I I I 
I I / / /  I I I i I 

N I I I I I I I I 
I I I I 

I I 
I 

G I I I 1 I I I I I I 
E OI-----+-----+-----+-----+-----+-----+-----+-----+-----+-----l I 

0 1 2 3 4 5 6 7 8 9 10 
TIME IN DAYS 
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3.1.4 Hydraulic Calculations. The next step is to check hydraulic computations for flow 
distribution. The following values were collected by scanning the HEC-6 print out for the 
string /FLOW DISTRI using the utility "grep." Notice the hydraulic computations proceed 
from DOWNSTREAM TO UPSTREAM in direction whereas the sediment results in Table 
SB-2 are from UPSTREAM TO DOWNSTREAM in direction. ( I added the Cross Section 
column for reference.) 

Table 2. Calculated Flow Distribution, Initial Trial 

Cross 
Section 

Left Main Right 
Overbank Channel Overbank 

FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

FLOW DISTRIBUTION ( % )  = 12 .I71 87.829 0.000 

FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

FLOW DISTRIBUTION ( % )  = 30.719 69.281 0.000 

3.2 Potential Problems. There is a flow distribution problem at sections 2280 and 4570. 
For example, only 69.3% of the water is conveyed within the channel portion of cross 
section 4570, and 90,000 cfs is suppose to be the bank full flow. List some possible causes 

I of such a problem. 

3.3 Task 2. In this case the problem is a HEC-2 data set which has no X3-records. Insert 
X3-Records into the data set given to you. Use Method 1 option for defining ineffective 
flow area(X3-1, p A-10). A listing of the existing data set is shown in Table 3. Execute 
and tabulate the new flow distributions in Table 4. 

Table 3. The HEC-6 Input Data File. 

T1 Workshop Problem 111. VERIFICATION OF HECC MODEL 
T2 WORKSHOP TO DEMONSTRATE HEC-6 MODEL VERIFICATION 
T3 Sediment Transport in Rivers and Reservoirs 
NC .080 .080 .03 .3 . S  
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- - 

X1 2870 13 570 1182 590 590 590 
GR 743.1 0 743 53 74 3 500 740 570 707 710 
GR 704.0 740 704.4 780 703.2 840 703.3 878 704.7 910 
GR 708.8 990 717.4 1046 743.1 1182 
H 
X1 4570 17 1040 1593 1700 1700 1700 
GR 743.3 0 717 5 2 717 964 715 1008 735 1040 
GR 710 1074 708 1080 708.1 1140 707.9 1190 708.2 1230 
GR 710 1304 711.7 1324 713.5 1360 715 1395 717 1450 
GR 717 1540 743.3 1593 
H 
E J 
T4 Workshop Problem 111. Sediment Data 
TS A. Inflowing Load is Calculated from the Bed Gradation: DATASET # 1 
T6 B. Bed Gradations from Field Samples of Top 1-ft. DATASET # 1 
T7 C. Transport Method is Laursen (Madden-1985) 
T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, WES 
I1 2 0 
I4 13 1 12 
LQ Q 1000 10000 90000 
LT QS 200 1200 22000 
LF VFS 0.49999 0.50000 0.08172 
LF FS 0.17065 0.03577 0.08972 
LF MX 0.21649 0.04672 0.13573 
LF CS 0.05499 0.07747 0.09559 
LF VCS 0.00624 0.04373 0.02703 
LF VFG 0.00147 0.00665 0.04142 
LF FG 0.00460 0.02099 0.07699 
LF MG 0.02008 0.06456 0.11908 
LF CG 0.02548 0.10284 0.14008 
LF VC 0.00000 0.10126 0.19000 
LF SC 0 0 0.00001 
LF LC 0 0 0 
PF 0 150 128 95 64 53.3017 
PFC 16 11.9206 8 5.7197 4 3 .I665 2 2.6834 
PFC .5 2.2526 .25 1.0636 .I25 0.4569 .0625 0 
PF 590 150 12 8 9 4 64 56.4491 
PFC 16 9.5599 8 3.6605 4 1.6432 2 1.2737 
PFC .5 1.0523 .25 0.4937 -125 0.2132 .0625 0 
PF 2280 150 128 96 64 66.9754 
PFC 16 16.0606 8 7.4191 4 3.5252 2 2.4365 
PFC .5 1.6181 .25 0.8359 0.125 0.3613 .0625 0 
PF 4570 150 128 95 64 69.5031 
PFC 16 19.4004 8 9.8218 4 4.9831 2 3.5241 
PFC .5 2.0968 .25 1.1474 .I25 0.4842 .0625 0 
SHyD 
$RATING 
RC 6 20000. 10000 0 711.5 715 719 720.6 722.3 
RC 723.6 
+ AB RUN 1. STABILIZE THE MODEL FOR A WATER DISCHARGE = 2-YR FLOOD PEAK 
Q 90000 
T 50 
W 1 
+ B R U N 2  
Q 90000 
W 1 

B R U N 3  
Q 90000 
W 1 

wk3prob. txt Page5 
February 6 ,  1995 



W 1 
B RUN 7 

Q 9 0 0 0 0  

Table 4 Calculated Flow Distribution, Task 2 

Cross 
Section 

Left Main Right 
Overbank Channel Overbank 

FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

FLOW DISTRIBUTION ( % )  = 0.000 

FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

FLOW DISTRIBUTION ( % )  = 0.000 

3.4 Calculated Hydraulic and Sedimentation Values. 

3.4.1 End of 10 davs. Fill in the calculated values in the space provided in table 5. These 
results are available for comparison with any measured data. 

Table 5. Results from Sediment Calculations, TIME = 10 days 

SECTION BED CHANGE ws ELEV THALWEG Q SEDIMENT LOAD IN TONS/DAY 
NUMBER f t f t ft C ~ S  SAND 
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3.4.2 Test for Equilibrium, Task 3.  Ten days may not be long enough to develop the 
equilibrium case. Use X5 records and extend the hydrograph period to 50, 100, 200 and 300 
days. How many days passed before the sediment transport rate at all cross sections became 
constant and equal to the inflow. 

4. SENSITIVITY TESTS. 

4.1 Check Sensitivity to  Hydraulic Roughness, Task 4. Test sediment calculations to 
stream bed roughness using the Limerinos Method for calculating bed surface n-values. That 
option is selected by placing a $KL- Record after the $HYD. Modify your data file and 
execute the program producing C-Level print out in the Sediment Module for events 1 and 
10. Using that C- Level print out, plus data from Table 3,  fill in the following table. Did 
model performance improve when the n-value was calculated by Lirnerinos Method? 

Table 6 .  n-Value Test 

n-values used i n  HEC-2 Channel n-values,  

X-Section LOB ROB CH Limerinos Method 

Event #1 Event #10 

4.2 Sensitivity to Tailwater Boundary Condition, Task 5. Increase the tailwater +2.0 
feet using a Shift Record (S-Record). The Hydrologic Data sequence is 
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Did the model behave as expected? 

5. OTHER WATER DISCHARGES. Assuming the model is now calibrated for 90,000, 
is it also calibrated for all flows? 
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VERIFICATION OF HEC-6 
SOLUTIONS 

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary 
Hydraulics, Vicksburg, MS 

References: 

[I] HEC-6 User Manual 
[2] Guidelines for the Calibration and Application of Computer Program HEC-6, The 

Hydrologic Engineering Center, US Army Corps of Engineers, Davis, CA. 

Objective: The student demonstrates skill in interpreting HEC-6 print out and adjusting input 
to reproduce field observations. 

Solution output files are: H6WRK31S.DAT, H6WRK32S.DAT, H6WRK33S.DAT, 
H6WRK34S.DAT, H6WRK35S.DAT 

1. PROBLEM. 

A HEC-2 data set is being converted for HEC-6 computation. Sediment and hydrology data 
have already been added, and a trial execution has been made. The HEC6 model is now ready 
for verification. 

2. END PRODUCT 

The end product of this workshop will be an HEC-6 model that is verified for one water 
discharge. 

3. MODEL VERIFICATION. 

3.1 Diagnosis. The following diagnosis is made using printout from the trial #1 Run. The last 
event in that printout is shown on the next page. 

3.1.1 End of Run Results. The first tables to scan to find out how well the sediment 
calculations represent the prototype are the SA- and SB-tables in the HEC=6 print out. These 
2 tables will be printed for each hydrologic event which has a B in column 6 . The final event 
in this verification run is reproduced below. Notice the rather large trap efficiency, 9%,  in the 
SA-1 table on the next page. This model is of a river which is in equilibrium. What should the 
trap effeciency be? It should be 0 %. 
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In this case, 9% trap efficiency is too large; there is a problem with the model which must be 
resolved before proceeding. 

3.1.2 Most Active Cross Section. First, scan every SB-2 table in the printout for the cross 
section having the largest BED CHANGE value. This cross section is referred to as "the most 
active section." 

TIME STEP # 10 
* B RUN10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Workshop Problem VII. VERIFICATION OF HEC6 MODEL 

ACCUMULATED TIME (yrs) . . . .  0.027 
FLOW DURATION (days) . . . . . .  1.000 

UPSTREAM BOUNDARY CONDITIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Stream Segment # 1 DISCHAKGE I SEDIMENT LOAD TEMPERATURE 
Section No. 4S70.000 1 (cfs) 1 Itons/dayl 1 (deg FI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

INFLOW I 90000.00 1 21942.14 I 50.00 

TABLE SA-1. TRAP EFFICIENCY ON STREAM SEGMENT # 1 
Workshop Problem VII. VERIFICATION OF HEC6 MODEL 
ACCUMULATED AC-FT ENTERING AM) LEAVING THIS STREAM SEGMENT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TIME ENTRY * SAND 
DAYS POINT INFLOW OUTFLOW TRAP EFF 
10.00 4570.000 108.33 
TOTAL= O.OOO* 108.33 98.96 0.09 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TABLE SB-2: STATUS OF THE BED PROFILE AT TIME = 10.000 DAYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SECTION BED CHANGE WS E L N  THAtWEG Q TRANSPORT RATE (tons/day) 
NUMBER (ft) (ft) (ft) (c~s) SAND 
4570.000 2.09 729.14 709.99 90000. 13718. 
2870.000 -1.63 726.07 701.57 90000. 17698. 
2280.000 0.54 725.55 703.24 90000. 17370. 
590.000 -0.92 723.04 704.38 90000. 18184. 

0.000 0.07 722.30 702.07 90000. 18521. 

TABLE SB-1: SEDIMENT LOAD PASSING THE BOUNDARIES OF STREAM SEGMENT # 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SEDIMENT INFLOW at the Upstream Boundary: 

GRAIN SIZE LOAD (tons/day) I GRAIN SIZE LOAD (tons/day) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
VERY FINE SAND.... 1797.84 FINE GRAVEL ....... 1693.78 
FINE SAND . . . . . . . . .  1973.84 / MEDIUM GIUWFL. .... 2619.76 
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MEDIUM SAND . . . . . . .  2986.06 
COARSE SAND. ...... 2102.98 
VERY COARSE SAND. . 594.66 
VERY FINE GRAVEL.. 911.24 

... COARSE GRAVEL.. 3081.76 
VERY COARSE GRAVEL 4180.00 
SMALL COBBLES..... 0.22 

..... LARGE COBBLES 0.00 - - - - - - - - - - - - -  - - - - - - - - - - - - -  
TOTAL = 21942.14 

SEDIMENT OUTFLOW from the Downstream Boundary 
GRAIN SIZE LOAD (tons/day) I GRAIN SIZE LOAD (tons/day) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

....... VERY FINE SAND . . . .  1885.65 FINE GRAVEL 1172.45 
.. ........ FINE SAND. 2088.63 MEDIUM GRAVEL... 1790.50 

..... MEDIUM SAND ....... 3093.14 COARSE GRAVEL 2143.77 
COARSE SAND ....... 2214.00 2962.60 

..... VERY COARSE SAND.. 515 -22 SMALL COBBLES I VERY GRAVEL 
0.00 

VERY FINE GRAVEL.. 654.71 LARGE COBBLES ..... 0.00 - - - - - - - - - - - - -  - - - - - - - - - - - - -  
TOTAL = 18520.66 



Which is the most active cross section? 4570 

3.1.3 Numerical Stabilitv Test. The next step is to determine whether or not the most active 
cross section is numerically stable by plotting a bed change hydrograph, i.e. BED CHANGE 
vs T M E .  

(HINT: There is no single table showing such a hydrograph. It has to be compiled by scanning 
the printout with an editor. In this case, scan the printout for cross section 4570, view every 
SB-2 table, and write the BED CHANGE value and its TIME in the spaces provided in Table 
1 below. There are 10 events in the hydrograph, and each event flowed for 1 day. All 10 
events are for the same water discharge - 90000 cfs and have SA & SB- tables. The BED 
CHANGE values are accumulative. All other values in table SB-2 are instantaneous. Plot the 
BED CHANGE values which you have just recorded in Table 1 on the graph below the table.) 

Is the model numerically stable? YES 

Table 1. Scan all SB-2 Tables Using Editor 

SECTION BED CHANGE 
NUMBER (ft) 

WS ELEV 
(ft) 

THALWEG 
(ft) 

TRANSPORT 
SAND 

RATE (tons/day) TIME 
DAYS 

Notes: 
(1) This is the bed change at the end of day 1 

(10) This is the accumulated bed change at the end of day 10 

21-----+-----+-----+-----+-----+-----+-----+-----+-----+-----1 I 

B I I I I I * 
I I I I I I I I I 

E I I I I I I I * I I 
I I 

D I I I I 1 I * I I I I I 1 I I 
1 * I 

I 
I I I I I I I I I I 

c lI-----+-----+-----+-----+-----+-----+-----+-----+-----+----- 
I I t I 

I 
H I I I I I I I I I I 
A I I I I I I I I I I * I 

N I I I I I I I I I * 
* I 

I 
G I I I I I I I I I 
E O*-----+-----+-----+-----+-----+-----+-----+-----+-----+----- 

I 

9 
I 

0 1 2 3 4 5 6 7 8 10 
TIME IN DAYS 
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3.1.4 Hydraulic Calculations. The next step is to check hydraulic computations for flow 
distribution. The following values were collected by scanning the HEC-6 print out for the 
string /FLOW DISTRI. Notice the hydraulic computations proceed from DOWNSTREAM 
TO UPSTREAM in direction whereas the sediment results in Table SB-2 are from 
UPSTREAM TO DOWNSTREAM in direction. (I added the Cross Section Column for 
reference .) 

Table 2. Calculated Flow Distribution, Initial Trial 

Cross 
Section 

Left Main Right 
Overbank Channel Overbank 

0 FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

590 FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

2280 FLOW DISTRIBUTION ( % )  = 12.171 87.829 0.000 

2870 FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

4 5 7 0 FLOWDISTRIBUTION ( % )  = 30.719 69.281 0.000 

3.2 Potential Problems. There is a flow distribution problem at sections 2280 and 4570. 
For example, only 69.3 % of the water is conveyed within the channel portion of cross 
section 4570, and 90,000 cfs is suppose to be the bank full flow. List some possible causes 
of such a problem. 

3.3 Task 2. In this case the problem is a HEC-2 data set which had no X3-records. Insert 
X3-Records into the data set given to you. ,Use Method 1 option for defining ineffective 
flow area(X3-1, p A-10). A listing of the data set is shown in Table 3. Execute and 
tabulate the new flow distributions in Table 4. 

Table 3. The HEC-6 Input Data File. 

T 1 Workshop Problem 111. VERIFICATION OF HEC6 MODEL 
T2 WORKSHOP PROBLEM TO DEMONSTRATE HEC-6 MODEL VERIFICATION 
T3 Sediment Transport in Rivers and Reservoirs 
NC .080 .080 .03 .3 .5 
X1 0 2 0 653 
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xl ....... .......... sso 19 696 590 590 590 
......... 

, .:.;.:.::;::.::.;..s g .................. cR. 74'3...i 0 711.5 62 710.3 78 711.7 102 710.9 137 
GR 711 173 712.5 208 714.6 270 713.3 320 711.3 340 
GR 708.8 402 707.3 458 706.3 475 706 493 705.3 513 

GR 705.8 990 717.4 1046 743.1 1122 
H 
X1 2870 13 570 1182 590 590 590 
X3 10 
GR 743.1 0 743 5 3 743 500 740 570 
GR 704.0 740 704.4 780 703.2 840 703.3 878 
GR 708.8 990 717.4 1046 743.1 1182 
H 

X.1 4.!.?.9 17 1040 1593 1700 1700 1700 ..... x3,;.::;;, ;:;;>ro 
: cr7.4..j :.;i 

0 717 52 717 964 715 1008 
GR 710 1074 708 1080 708.1 1140 707.9 1190 
GR 710 1304 711.7 1324 713.5 1360 715 1395 
GR 717 1540 743.3 1593 
H 
E J 
T4 Workshop Problem 111. Sediment Data 
T5 A. Inflowing Load is Calculated from the Bed Gradation: 
T6 B. Bed Gradations from Field Samples of Top 1-ft. 
T7 C. Transport Method is Laursen (Madden-1985) 
T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, 
I1 20 
I4 13 1 12 
LQ Q 1000 10000 90000 
LT QS 200 1200 22000 
LF VFS 0.49999 0.50000 0.08172 
LF FS 0.17065 0.03577 0.08972 
LF MX 0.21649 0.04672 0.13573 
LF CS 0.05499 0.07747 0.09559 
LF VCS 0.00624 0.04373 0.02703 
LF VFG 0.00147, 0.00665 0.04142 
LF FG 0.00460 0.02099 0.07699 
LF MG 0.02008 0.06456 0.11908 
LF CG 0.02548 0.10284 0.14008 
LF VC 0.00000 0.10126 0.19000 
LF SC 0 0 0.00001 

DATASET # 1 
DATASET # 1 

WES 

LF LC 0 0 0 
PF 0 150 128 95 64 53.3017 32 22.6062 
PFC 16 11.9206 8 5.7197 4 3 .I665 2 2.6834 1 2.6189 
PFC .5 2.2526 .25 1.0636 .I25 0.4569 .0625 0 
PF 590 150 128 9 4 64 56.4491 32 21.6422 
PFC 16 9.5599 8 3.6605 4 1.6432 2 1.2737 1 1.211 
PFC .5 1.0523 .25 0.4937 .I25 0.2132 .0625 0 
PF 2280 150 128 96 64 66.9754 32 30.7065 
PFC 16 16.0606 8 7.4191 4 3.5252 2 2.4365 1 2.2003 
PFC -5 1.6181 .25 0.8359 0.125 0.3613 .0625 0 .  
PF 4570 150 128 95 64 69.5031 32 34.2786 
PFC 16 19.4004 8 9.8218 4 4.9831 2 3.5241 1 3.1602 
PFC .5 2.0968 .25 1.1474 .125 0.4842 -0625 0 
S m  
$RATING 
RC 6 20000. 10000 0 711.5 715 719 720.6 722.3 
RC 723.6 
* AB RUN 1. STABILIZE THE MODEL FOR A WATER DISCHARGE = 2-YR FLOOD PEAK 
Q 90000 
T 50 
W 1 
* B R U N 2  
Q 90000 
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W 1 
B R U N 3  

Q 9 0 0 0 0  
W 1 

B R U N 4  
Q 9 0 0 0 0  
W 1 

B R U N S  
Q 9 0 0 0 0  
W 1 

B R U N 6  
Q 9 0 0 0 0  
W 1 
* B R U N 7  
Q 9 0 0 0 0  
W 1 

B R U N 8  
Q 9 0 0 0 0  
W 1 

B R U N 9  
Q 9 0 0 0 0  
W 1 

B RUN 1 0  

Table 4 Calculated Flow Distribution, Task 2 

Cross 
Section 

Left Main Right 
Overbank Channel Overbank 

0 FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

5 9 0 FLOW DISTRIBUTION ( % )  = 0.000 100.000 0.000 

2280 FLOW DISTRIBUTION ( % )  = 0.000 

2870 FLOW DISTRIBUTION ( % )  = 0.000 

4 5 7 0 FLOW DISTRIBUTION ( % )  = 0.000 

3.4 Calculated Hydraulic and Sedimentation Values. 

3.4.1 End of 10 days. Fill in the calculated values in the space provided in table 5. These 
results are available for comparison with any measured data. 

Table 5. Results from Sediment Calculations, TIME = 10 days 

SECTION BED CHANGE WS ELEV THALWEG Q SEDIMENT LOAD IN TONS/DAY 
NUMBER ft f t ft cfs SAND 
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3.4.2 Test for Equilibrium, Task 3.  Ten days may not be long enough to develop the 
equilibrium case. Use X5 records and extend the hydrograph period to 50, 100, 200 and 300 
days. How many days passed before the sediment transport rate at all cross sections became 
constant and equal to the inflow. 

Between 100 and 200 days the model reached equilibrium. 

4. SENSITIVITY TESTS. 

4.1 Check Sensitivity to Hydraulic Roughness, Task 4 . Test sediment calculations to 
stream bed roughness using the Limerinos Method for calculating bed surface n-values. That 
option is selected by placing a $KL- Record after the $HYD. Modify your data file and 
execute the program producing C-Level print out in the Sediment Module for events 1 and 
10. Using that C- Level print out, plus data from Table 3,  fill in the following table. Did 
model performance improve when the n-value was calculated by Limerinos Method? 

Table 6 .  n-Value Test 

n-values used in HEC-2 Channel n-values, 

X-Section LOB ROB CH Limerinos Method 
Event #1 Event #10 

4.2 Sensitivity to Tailwater Boundary Condition, Task 5. Increase the tailwater +2.0 
feet using a Shift Record (S-Record). Did model behave as expected? 

Yes. De'posirioh accGned.""TheeBEO CHANGE, calculated far &.base test was ,a*?$ ft at 
cross section 4570, end of f'0 days, In Task 5, the bed change increased to 0.96 fi. Trap 
efficiency increased from -4 A .to *2d 75. when Task '5 was lun to 300 days, the model 
reached equilibrium between 200 snd'3OO . . . . . . . .  days. The BED CHANGE . . . . . . .  at . section . 4570 
subilized ar 1.92 ft, 
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5. OTHER WATER DISCHARGES. If the model is calibrated for 90,000, is it now 
ready for all flows? 

After verifying the model bihatrior.for t h e ' c h a ~ e l  forming discharge, always test a low 
flow and the flood peak before accepting that model as verified. Follow the same procedure 
as illustrated in this workshop for each of these tests. 
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USE OF FEATURES OF HEC-6 

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary 
Hydraulics, Vicksburg, MS 

Reference: 
[I] HEC-6 User Manual 

Objective: The student demonstrates skill in combining existing main stem and tributary 
data sets into a stream network model for HEC-6. 

Input file is H6WRKSH4.DAT 

1. END PRODUCT 

The end product is an example execution. 

2. PROBLEM 

One Main stem and one tributary data set have been formed and debugged for HEC-6. A 
schematic of the system is shown in figure 1. The main stem data set starts at River Mile 
100.67 and goes to 101.16. The tributary data set starts at the confluence with the main 
stem and contains cross sections at River Mile 0.67, 0.78, 0.92 and 1.16. Combine these 
into a stream network model and provide the special output according to instructions in 
paragraph 3,  Procedure. 

Figure 1. Schematic of the Stream Network 
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3. PROCEDURE 

3.1 Summary of Tasks. Locate the basic, HEC-6, data file provided for this workshop, 
H6WRKSH4.DAT. A copy is shown below. 

3.2 HEC-6 Input Data File. 

T 1 Workshop Problem IV. USE OF FEATURES OF HEC-6, Main Stem Branch 
T2 STREAM NETWORK EXAMPLE PROBLEM 
T3 Sediment Transport in Rivers and Reservoirs 
NC .080 .080 .03 .3 .5 
X1100.67 2 0 653 
X3 10 
GR 743.1 0 710 6 8 710 120 710.2 150 709.1 178 
GR 711.6 214 711.9 264 710.5 320 709 360 707 390 
GR 706 415 703.3 450 703.1 492 702 530 703.9 570 

EJ 
T4 Workshop Problem IV. MAIN STEM SEDIMENT DATA. 
T5 A. Inflowing Load is Calculated from the Bed Gradation: DATASET # 1 
T6 B. Bed Gradations from Field Samples of Top 1-ft. DATASET # 1 
T7 C. Transport Method is Laursen (Madden-1985) 
T 8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, WES 
I1 2 0 
I4 13 

LF VFS .0917 .0917 .0917 .0917 
LF FS .lo16 
LF MS .I515 
LF CS .I428 
LF VCS .I462 
LF VFG .I717 
LF FG .I383 
LF MG .0386 
LF CG .0173 
LF VCG .0004 
PF AVG 100.67 
PFC 14 16 
PFC 1.75 0.5 
S W  
$RATING 
RC 6 
RC 723.6 

AB RUN 1. 
Q 100000 
T 50 
W . 5  
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B R u N 2  
Q 100000 
W .5 

B R u N 3  
Q 100000 
W .5 
* B R U N 4  
Q 100000 
W .5 

B R U N S  
Q 100000 
W .5 

B RUN20 
Q looooo 
X 2 0 .5 
* B RUN40 
Q l00000 
X .5 20 
$JOB 
T1 Workshop Problem IV. TRIBUTARY GEOMETRY 
T2 STREAM NETWORK EXAMPLE PROBLEM 
T3 Sediment Transport in Rivers and Reservoirs 
NC .080 .080 .03 .3 .5 
X1 0.67 2 0 653 
X3 10 
GR 743.1 0 710 6 8 710 120 710.2 150 
GR 711.6 214 711.9 264 710.5 320 709 360 
GR 706 415 703.3 450 703.1 492 702 53 0 
GR 703.1 610 705 635 711 647 715 649 
H 0.67 697.0 6 4 648 705 320 570 
X1 .78 19 696 590 590 590 
X3 10 
GR 743.1 0 711.5 62 710.3 78 711.7 102 
GR 711 173 712.5 208 714.6 270 713.3 3 20 
GR 708.8 402 707.3 458 706.3 475 706 493 
GR 706 558 707.8 611 709 625 743.1 696 
H 0.78 700.3 56 638 705 208 258 
X1 .92 13 710 1122 1690 1690 1690 
X3 10 
GR 743.1 0 717 53 717 550 715 673 
GR 707.5 740 707.9 780 706.7 840 706.8 878 
GR 708.8 990 707.4 1046 743.1 1122 
H 0.92 701.7 40 1066 705 74 0 990 
X1 1.16 17 1040 1593 2290 2290 2290 
X3 10 
GR 743.3 0 717 52 717 964 715 1008 
GR 710 1074 708 1080 708.1 1140 707.9 1190 
GR 710 1304 711.7 1324 713.5 1360 715 1395 
GR 717 1540 743.3 1593 
H 1.16 702.9 40 1542 705 1074 1324 
EJ 
T4 Workshop Problem IV. TRIBUTARY SEDIMENT DATA 
TS A. Inflowing Load is Calculated from the Bed Gradation: 
T6 B. Bed Gradations from Field Samples of Top 1-ft. 
T7 C. Transport Method is Laursen (Madden-1985) 
T8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, 
I1 20 
I4 13 
LQ Q 1000 
LT QS 200 
LF VFS .0017 
LF FS .1516 
LF MS .I515 
LF CS .0828 
LF VCS .I862 
LF VFG .I617 
LF FG .I483 
LF MG .lo86 
LF CG .0073 
LF VC .0004 
PF AVG 0.67 
PFC 14 16 
PFC 1.75 0.5 
$m 

AB RUN1. 
Q 80000 

DATAS ET 
DATASET 

WES 
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* B R U N 3  
Q 8 0 0 0 0  
W . 2 5  

B RUN 4 
Q 8 0 0 0 0  
W .25 
* B R U N 2 0  
Q 8 0 0 0 0  
X 2 0  .5 

B R U N 4 0  
Q 8 0 0 0 0  
X .5 2 0  
S S END 

A. Geometric Data Set: Cut and paste the HEC-6 file to form the geometric model for a 
stream network model. 

B. Sediment Data Set: Cut and paste the HEC-6 file to form the sediment data set for the 
stream network model. 

C. Hydrologic Data Set: Form the hydrologic data set to run the 5 events shown below. 
Each has a duration of 1 day. Request an A-level print out from hydraulics for the first 
event. Request a B-level print out from sediment for first 4 events, and request a C-level 
print out from sediment for the 5'th event. 

Event 
No 

1 
2 
3 
4 
5 

Discharge CFS, 
at the D/S Boundary 

Main Tributary 

100,000 90,000 
100,000 90,000 
100,000 90,000 
100,000 10,000 
100,000 10,000 

Water Starting Water 
Temperature Surface Elevation 
Degrees F 

Main Tributary 
Stem Stem 
5 0 50 (MainStemRating 
5 0 5 0 Curve- provided) 
5 0 5 0 I t  

5 0 5 0 I t  

5 0 5 0 It 

- Add the necessary data records to calculate dredging after the 5'th event in the 
Hydrologic Data Set. The dredging template is already coded in the geometric data 
(H-Cards) . 

- Add the data cards necessary for restricting the detailed print out, requested for event 
#5, to X-Section #2 on the tributary(See $PRT-CP-PN-END coding instructions). 

- Execute the job, highlight the requested output in the printed results from the run, 
and be prepared to discuss the results in the review. 
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USE OF FEATURES OF HEC-6 
Solution 

Note: This workshop was originally developed by W. A. Thomas, Mobile Boundary 
Hydraulics, Vicksburg, MS 

1. Completed Input Data File. 

T1 Workshop Problem IV. USE OF FEATURES OF HEC-6, Main Stem 
T2 STREAM NETWORK EXAMPLE PROBLEM 
T3 Sediment Transport in Rivers and Reservoirs 
NC -080 .080 .03 .3 .5 
X1100.67 2 0 653 
X3 10 
GR 743.1 0 710 6 8 710 120 710.2 150 
GR 711.6 214 711.9 264 710.5 3 2 0 709 360 
GR 706 415 703.3 450 703.1 4 92 702 530 

GR 703.1 610 705 635 711 647 715 649 
H 100.67 697.0 64 64 8 
X1100.78 19 696 590 590 590 
X3 10 
GR 743.1 0 711.5 62 710.3 78 711.7 102 
GR 711 173 712.5 208 714.6 270 713.3 320 
GR 708.8 402 707.3 458 706.3 475 706 493 
GR 706 558 707.8 611 709 625 743.1 696 
H100.78 700.3 5 6 638 
QT 2 
X1100.92 13 1122 ' 690 690 690 
X3 10 
GR 743.1 0 717 53 717 550 715 573 
GR 707.5 740 707.9 780 706.7 840 706.8 878 
GR 708.8 950 707.4 1046 743.1 1122 
H 100.92 701.7 40 1066 
X1101.16 17 1593 1290 1290 1290 
X3 10 
GR 743.3 0 717 52 717 964 715 
GR 710 1074 708 1080 708.1 1140 707.9 
GR 710 1304 711 1310 713.5 1360 715 
GR 717 1540 743.3 1593 
H 101.16 702.9 40 1542 
EJ 
ST313 
CP 
T 1 Workshop Problem IV. TRIBUTARY GEOMETRY 
T2 STREAM NETWORK PROBLEM 
T3 Sediment Transport in Rivers and Reservoirs 
NC .080 .080 .03 .3 .5 
Xl 0.67 2 0 653 
X3 10 
GR 743.1 0 710 6 8 710 120 710.2 
GR 711.6 214 711.9 264 710.5 320 709 
GR 706 415 703.3 450 703.1 492 702 
GR 703.1 610 705 63 5 711 64 7 715 
H 0.67 697.0 6 4 64 8 705 320 
XI .78 19 696 590 590 590 
X3 10 
GR 743.1 0 711.5 62 710.3 78 711.7 
GR 711 173 712.5 208 714.6 270 713.3 
GR 708.8 402 707.3 458 706.3 475 706 
GR 706 558 707.8 611 709 625 743.1 
H 0.78 700.3 56 63 8 705 208 
X1 .92 13 710 1122 1690 1690 1690 
X3 10 
GR 743.1 0 717 53 717 550 715 
GR 707.5 740 707.9 780 706.7 840 706.8 
GR 708.8 990 707.4 1046 743.1 1122 
H 0.92 701.7 40 1066 705 740 
X1 1.16 17 1040 1593 2290 2290 2290 

Branch 
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GR 710 1074 708 1080 708.1 1140 707.9 1190 
GR 710 1304 711.7 1324 713.5 1360 715 1395 
GR 717 1540 743.3 1593 
H 1.16 702.9 40 1542 705 1074 1324 
EJ 
T4 Workshop Problem IV. MAIN STEM SSDIMENT DATA. 
T5 A. Inflowing Load is Calculated from the Bed Gradation: 
T6 B. Bed Gradations from Field Sasples of Top 1-ft. 
T7 C. Transport Method is Laursen (Madden-1985) 
T 8 D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, 
I1 2 0 
I4 13 
LQ CFS 1000 10000 100000 200000 
LT T/D 2.9 100 25000 185227 
LF VFS .0917 .0917 .0917 .0917 
LF FS .lo16 .lo16 .lo16 .lo16 
LF MS ,1515 .I515 .I515 .1515 
LF CS .I428 .I428 .I428 .1428 
LF VCS .I462 .I462 .I462 .1462 
LF VFG .I717 .I717 .I717 .I717 
LF FG .I383 .I383 .I383 .I383 
LF MG .0386 .0386 .0386 .0386 
LF CG .0173 .0173 .0173 .0173 
LF VCG .0004 .0004 .0004 .0004 
PF AVG 100.67 150 95 12 8 6 1 6 4  
PPC 14 16 6.65 8 3.32 4 2.48 2 
PFC 1.75 0.5 0.89 0.25 0.38 0.125 
STRIB 
T4 Workshop Problem IV. TXIBUTARY SEDIMENT DATA 
T 5 A.  Inflowing Load is Calculated from the Bed Gradation: 
T 6 B. Bed Gradations from Field Samples of Top 1-ft. 
T7 C. Transport Method is Laursen (Madden-1985) 
T 8 . D. Sediment Model # 1 Dated 1 June 1988, WA Thomas, 
11 2 0 
I4 13 
LQ Q 1000 10000 90000 
LT QS 200 1200 25000 
LF VFS .0017 .0017 .DO17 
LF FS .I516 .I516 .I516 
LF MS .I515 .I515 .I515 
LF CS .0828 .0828 .0828 
LF VCS .I862 .I862 .I862 
LF VFG .I617 .I617 .I617 
LF FG .I483 .I483 .I483 
LF MG .lo86 .lo86 .lo86 
LF CG .0073 .0073 .0073 
LF VC .0004 .0004 .0004 
PF AVG 0.67 150 9 5 128 6 1 6 4 
PFC 14 16 6.65 8 3.32 4 2.48 2 
PFC 1.75 0.5 0.89 0.25 0.38 0.125 
s m  
$RATING 
RC 6 20000. 10000 0 711.5 715 719 
RC 723.6 

Aa RUN 1. 
Q 100000 90000 
T 5 0 5 0 
W 1 
+ B R U N 2  
Q 100000 90000 
W 1 
+ B R U N 3  
Q 100000 90000 
W 1 
+ B RUN 4 
Q 100000 loo00 
W 1 
S PR 
CP 2 
PS 0.78 
END 

C RUN 5 
Q 100000 10000 
W 1 
$DREDGE 
$NO DREDGZ 
$$EM) 

DATASET # 1 
DATASET # 1 

WES 

DATASET # 1 
DATASET # 1 

WES 
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Chapter 3 

Methods for Estimating Sediment Yield 

3.1 Background 

In the United States, soil erosion and soil losses from watersheds were first 
investigated intensively in association with agriculture. Tillage was found to dramatically 
increase erosion rates and thus loss of valuable agricultural soils. Early estimates were 
based on observations that various cultural and land use practices differed in their ability to 
control soil erosion. These initial estimating procedures involved single factor equations to 
represent local conditions where other contributing factors were nearly constant. Multiple 
factor relationships were developed as more data became available and researchers were 
able to describe multiple contributing factors. A variety of field-plot erosion studies were 
carried out beginning in 191 7 (Smith, 1966), to attempt to quantify erosion rates based on 
precipitation, crop patterns, soils, and slope characteristics. Zingg (1 940) related soil loss to 
slope steepness and length. Soil erodibility and land management practices were later 
incorporated into quantitative techniques (Smith, 1941, Smith and Whitt, 1947, and Van 
Doren and Bartelli, 1956). Musgrave (1947) added a rainfall parameter to develop an 
empirical relation using factors for erodibility and vegetative cover, the land slope and slope 
length, and the 30-minute, 2-year frequency rainfall amount. 

The Universal Soil Loss Equation (Wischmeier and Smith, 1960) was developed to 
overcome deficiencies in Musgrave's equation in predicting erosion rates by storm, season, 
or crop year based on average annual rainfall patterns. The USLE became the basic 
equation for estimating soil loss from sheet erosion, and data for estimating the various 
factors were tabulat'ed for a wide variety of field conditions and geographic locations. 
Revisions of the USLE (MUSLE, RUSLE) have been developed to extend its applicability 
(Williams, 1975 and Weltz et al., 1987). The general accuracy of the USLE equation for 
estimating soil loss from field plots has been confirmed by a large number of data in various 
environmental conditions (Vanoni, 1975), however, its applicability to complex watersheds 
has been questioned (Haan et al., 1994). 

Although sheet and rill erosion are primary sources of sediment in most watersheds, 
other sources as described in Chapter 2 may be significant. In addition, transport of eroded 
sediments downstream to a specified point is influenced by a complex set of interacting 
geomorphic processes including erosion, entrainment, transportation, deposition and 
compaction. 

Researchers have focused on development of physically-based relations to replace 
the empirical form of the USLE for computation of sheet and rill erosion. However, the 
application of physically-based models to complex watersheds is not a common practice. 
Physically-based models typically contain equations with constants and exponents which 
must be determined for each watershed or basin and location-specific hydrologic conditions, 
and the data requirements are often overwhelming. A variety of empirical and semi- 
empirical models have also been developed and utilized. Refer to Appendix A 'Progress 
Report on Land Surface Erosion,' for a summary of several of the more common models. 



Attempts are currently underway by researchers to combine soil loss and hydrologic models 
so that sediment movement within and from watersheds can be estimated. However, no 
single numerical modeling technique has emerged as  a suitable technology for use in 
estimating sediment yield for the purposes of river or reservoir sedimentation studies. 

Many of the existing models were developed for application to agricultural lands and 
have limited applicability in other types of watersheds. Furthermore, calibration data is often 
unavailable, or available only for moderate hydrologic conditions. The applicability of these 
models to extreme hydrologic events, typically required in many Corps of Erigineers 
analyses, would be extremely limited due to the lack of calibration data. Because erosion 
and sediment transport processes are not fully described as yet, a process-based sediment 
yield estimation procedure is not likely to be developed for some time. 

3.2 Recommended Approach to Sediment Yield Estimation 

In practice, sediment yield must  often be estimated on an average annual or single 
event basis for complex watersheds with limited available data. A general approach in use 
by many investigators is to utilize a number of techniques to estimate yield, and then cross- 
check results against one another and against engineering judgement. In the absence of a 
verified, widely applicable specific technique, this approach is recommended. 

Investigators should select techniques for estimation of sediment yield based on an 
understanding of the dominant geomorphic and hydrologic processes occurring in a 
watershed. Particular attention should be given to determining which sources of sediment 
are likely to be predominant, and the ability of the drainage system to transport produced 
sediment to the point at which yield must be estimated. 

Selected techniques will vary depending on the purpose of the investigation and the 
availability of measured data. For example, estimation of single event sediment loads in a 
river channel for an extreme hydrologic event may differ significantly from average annual 
estimates. 

In general terms, total sediment yield can be estimated by summing potential sources 
and then reducing the estimate to reflect the transport capability in the fluvial system. This 
general approach is illustrated in Figure 3.1. 

3.3 Estimating Sediment Sources 

For each of the categories shown in Figure 3.1, several potential methods are 
available for use in qualitative estimates. Multiple methods should be selected for 
comparative purposes. Selection of methods should be based on their applicability to 
particular type of problems, or geographic areas, and the investigators' familiarity with the 
methods. Because all of the methods involve judgement in selection of parameters, 
familiarity with application of a particular method is an important consideration. 
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Table 3.1 lists estimation techniques that may be considered for particular 
applications. The table includes several empirical computation methods, two comparative 
methods (aerial photography and topographic surveys), and three regional relationship 
methods (Dendy and Bolton, 1976, Strand and Pemberton, 1982, and SCS Yield Rate Maps 
and local or regional soil lossfyield rate estimates from soil and water conservation 
agencies). Several of the methods are briefly described below. 

Table 3.1 
Sediment Source Estimation Techniques 

3.4 USLE Method 

The Universal Soil Loss Equation (USLE) is perhaps the most widely used method for 
estimating soil erosion. The equation was originally developed for application to agricultural 
fields, but its use has been greatly extended in practice. The USLE was derived for 
estimating average annual yield, and not single event volumes. In spite of its wide historical 
application, investigators should be careful to recall that the equation was intended for 
estimation of sheet and rill erosion, on relatively small agricultural plots. Its accuracy for 
application to complex watersheds, especially for forest and rangeland, depends on the 
experience of the user. However, the method has the advantage that large amounts of data 
are available for parameter estimation based on practice. (See Kirkby and Morgan, 1980, 
Haan et al., 1994 and Barfield et al., 1981 .) The equation has the form, 

where: 
A = average annual sheet and rill erosion (massfarea) 
R = Rainfall erosion index (length'mass/area'intensity) 
K = soil erodibility factor (mass/area/unit of R) 



LS = slope length and steepness factor (dimensionless) 
C = vegetative cover factor (dimensionless) 
P = erosion control practice factor (dimensionless) 

The equation has traditionally been applied in English units, and the various factors 
contain some embedded units based on experimental methodology. Therefore, application 
of the equation in English units, and conversion of the results to metric units may be more 
practical than conversion of all the factors to metric units. To calculate erosion, each of 
these factors is assigned a numerical value. Mitchell and Bubenzer (in Chapter 2 of Kirkby 
and Morgan, 1980) discuss the application of the USLE using metric units. 

3.5 MUSLE Method 

The Modified Universal Soil Loss Equation (MUSLE) was developed by Williams 
(1 975), and Williams and Berndt (1976) to predict erosion from a single storm event. 
Williams modified 'R' in the USLE to be a storm runoff energy factor. The value.3 Williams' 
modified R represents the product of runoff volume and peak discharge for an event, and is 
given by: 

where: R, = Williams' modified R factor 
V = the storm event runoff volume 
Q = the storm event peak discharge 
a and b = empirical constants 

Williams and Berndt (1972) used data from experimental watersheds from 3 acres to 
7 mi2 in size to estimate a = 95 and b = 0.56 (for V and Q in English units). These values are 
widely used. Typical accuracy of the MUSLE is shown in Figure 3.2 from Williams (1 975). 
The spread in the data is typical of most predictive procedures and can be even larger 
depending on basin complexity and significance of episodic processes. Williams' MUSLE 
Method is simple to use; however, like the other methods described here, it does not predict 
a time distribution (sedigraph) or a size distribution of sediment. Mass wasting, gullying, 
floodplain erosion and channel erosion processes are also not considered. 

3.6 RUSLE Method 

The Revised Universal Soil Loss Equation (RUSLE) was developed by Weltz et al. 
(1987) to extend and update the USLE for non-agricultural applications, and to incorporate 
data,collected in a variety of geographic areas since the development of the USLE. 

Various improvements are incorporated into the calculation of the equation factors, 
but the form of the equation remains that of the USLE. Revisions include new methods for 
estimating R in the western United States, adjustments for splash erosion on flat slopes, 
development of a seasonally variable K term, a subfactor method for calculating C, new L S  
calculation methods based on rill/interrill erosion ratio, and new methods for calculating P. 



Observed Sediment (Tons) 



Readers should refer to Chapter 8 in Haan et al. (1994) for further information on the 
limitations and application of RUSLE. 

3.7 PSIAC Method 

The Pacific Southwest Interagency Committee Method (PSIAC, 1968) provides a 
guide for estimating yields from a watershed rating procedure based on climatic and physical 
characteristics. The method is intended primarily for planning purposes and results in a 
range of expected annual sediment yield values. The procedure was developed for basins 
in the western United States and is typically applicable for areas greater than 30 km2 
(10 mi2); however, it has been successfully applied to smaller basins. 

Nine factors are used to account for land use, channel erosion and transport, runoff, 
geology, topography, upland erosion, soils, ground cover, and climate. The PSIAC 
technique has compared well with actual watershed data (Shown, 1970, and Renard, 1980). 
Unlike the USLE and its variations, the PSIAC method estimates total annual sediment yield, 
rather than sheet and rill erosion. The method can be used to estimate changes in sediment 
yield due to land use changes. 

3.8 Aerial Photography and Topographic Surveys 

Comparison of sets of historical photos and surveys to present watershed conditions 
can of-ten provide a means to estimate special types of sediment production such as 
gullying, channel bank erosion, and mass wasting. 'It is important to separate and quantiiy 
slow accretionary processes from more rapid and episodic avulsionary processes. Channel 
cross sections are necessary to make accurate estimates of bed degradation or 
aggradation. 

Where historical aerials are not available, current aerial photography may still provide 
valuable supportive information such as length of eroding banks, extent of gullying, or extent 
and location of mass wasting processes. 

Sequences of aerial photographs can be used to estimate channel bank or gully 
erosion by measuring aerial differences between sets of photos and computing volume 
based on average bank heights from field reconnaissance. Aerial photographs may also be 
useful in estimating bank erosion losses for single hydrologic events or longer term erosion 
and bank migration rates, if photos are available for periods before and after comparable 
historical events. Examination of historical aerial photographs is recommended for all levels 
of sedimentation investigations. Sediment production rates and volumes estimated from 
examining historical photographs can be compared to values obtained from empirical 
estimation formulas discussed above. 

3.9 Gully Erosion Estimates 

Estimates of gully erosion are best developed from field surveys, examination of 
historical cross section data or the examination of detailed aerial photographs i f  they are 



available. I f  no data are available, gully erosion estimates can be made using an equation 
developed by Thompson (1 964) or the procedure outlined in Technical Release 32 (SCS, 
1966). Both are empirical methods that estimate gully head advancement based on 
drainage area and rainfall parameters. In both cases, the average depth and width of gullies 
must  be estimated to compute the volume for a single gully, and this value must be 
multiplied by the number of gullies in the watershed to estimate total gully erosion. 

These methods have obvious limitations in accuracy, but may be effectively used in 
concert with aerial photography and field reconnaissance and geomorphic assessments. 
Where gullying is a significant fraction of total sediment production, more detailed field 
measurements may be necessary. Consultation with the local SCS is advised. 

3.1 0 Regional Analysis 

Regional sediment yield analyses have been conducted for some areas of the United 
States. A s  shown in Figure 3.1, these methods are recommended as a check on other 
computations rather than as primary computation methods. They are also useful in 
providing quick preliminary estimates of yield. Discussions of several of the more widely 
applied regional methods are presented in Chapter 3 and Appendix C of the EM 11 10-2- 
4000 (USACE, 1989). 

Dendy and Bolton (1 976) developed two regression equations relating unit sediment 
yield to drainage area and mean annual runoff based on sedimentation data from about 800 
reservoirs throughout the continental United States. Strand and Pemberton (1 982) 
developed a similar regional relationship for use in the semi-arid areas of the United States. 
The Soil Conservation Service (SCS, 1974) has developed a map of generalized sediment 
yield rates for the Western United States. Tatum (1963) proposed a method for computing 
sediment yield and debris volumes from arid, brush-covered mountainous areas in Southern 
California. Calculations are made from nomographs using an equation with adjustment 
factors for size, shape and slope of the drainage area, 3-hour precipitation, the portion of the 
area that may have burned and the years since the last burn and flood. Refer to Appendix C 
of EM 11 10-2-4000 (USACE, 1989). All of these regional relationships are useful in 
providing general estimates for relatively large areas for the purpose of establishing a range 
of reasonable values. However, they should be used with caution for specific sites, 
especially where watershed conditions are unique or extreme. 

3.1 1 Effects of Disturbance 

Watershed sediment production, transport and yield are influenced by a complex set 
of geomorphic processes that are spatially and temporally dynamic. A s  a completely 
integrated system, the watershed sediment and water flow budgets represent a complex 
balance of forces. Once disturbed, erosion forces can outweigh erosion resistant and 
stabilizing forces resulting in dramatic increases in sediment production and yield. Typical 
events and activities that most often lead to increases in sediment yield include logging, 
mining, clearing and cultivation for agriculture, grazing, road construction, clearing and 
grading associated with urbanization, brush and forest fires, and extreme drought followed 
by extreme runoff events. 



The effects of urbanization can lead to a number of sediment problems. Urbanization 

1 usually involves site preparation, grading, and excavation activities. Accelerated soil loss in 
the project area with sediment deposition in downstream flood control channels is common 
during construction. Therefore, during the construction phase of urbanization projects, the 
soil surface is typically exposed and disturbed leading to measurable increases in erosion 
and sediment production. Once constructed, paved and landscaped, however, sediment 
production from an urbanized area may drop below its original undisturbed amount, 
especially in basins utilizing concrete-lined drainage channels and local storm water. 
detention ponds or debris basins. 

3.1 2 Adjustment for Transport Capacity 

Usually, a part of the soil eroded in a watershed is temporarily or permanently stored 
s o  that sediment yield out of a catchment is less than the amount of sediment production. 
The ratio of yield to gross production (erosion) is called the sediment delivery ratio (SDR). 
SDR is a dimensionless number less than or equal to one. The gross erosion and sediment 
delivery ratio method for estimating sediment yield is a two-step procedure. First the gross 
erosion (sediment production) in a catchment of given area is computed. Gross erosion 
includes interill, rill, gully and stream erosion. Then a sediment delivery ratio is estimated 
from empirical curves available in the literature (Kirkby and Morgan, 1980, and Barfield et al., 
1981). Sediment yield from the catchment is obtained from the product of gross erosion and 
SDR. 

Typically, specific sediment yield is observed to decease with increasing area. There 
are a few locations in the world, however, where yield is observed to increase with area. 
This anomalous condition has been observed in the Middle Yellow River Basin in China 
(Vanoni, 1975): where fine loessol soils are easily eroded and carried by runoff of even low 
intensity. There is greater production in the lower watershed with little loss resulting in an 
increase in specific yield and delivery ratio with area. The same anomalous condition has 
been reported for catchments in Canada and North America comprised of fine glacial 
materials. Urbanized catchments that are highly channelized with very efficient concrete 
lined drainage channels also tend to have higher sediment delivery ratios. 

Sediment delivery ratio equations have been developed from studies of watersheds in 
particular regions, but have limited applicability elsewhere. Reservoir sedimentation data 
may be useful in estimating SDRs for watersheds with similar hydrologic and geomorphic 
characteristics to the study watershed. Sediment delivery ratio adjustments must  normally 
be applied to methods where sheet and rill erosion are estimated using USLE or RUSLE. 

Measured flow sediment data may be utilized to check the accuracy of sediment 
yields computed, based on erosion sources (see Section 3.1 3). Even where data are 
limited, an estimate of yield from flow and suspended sediment concentration data can 
assist in establishing reasonable bounds. For single event analyses, computed results 
should be checked against practical limits for maximum suspended sediment concentration. 
Where a maximum expected suspended sediment concentration can be selected, maximum 
yield can be calculated as: 

Y,max = Cmax V (3.3) 

where: 



Y,max is the maximum sediment yield (mass), 
Cmax is the maximum expected concentration (mass/volume) 
and V is the volume of clear water runoff (volume) 

3.13 Use of Measured Flow and Sediment Load Data 

Rigorous determination of sediment yield requires that field data be utilized for 
hydrologic, hydraulic, and sediment characteristics of the study area. The empirical methods 
described above should only be relied upon to establish trends or make reasonable 
estimates of expected ranges of yields. Unfortunately, detailed historical water and sediment 
discharge data are seldom available, and collection of data is of-ten beyond the budgetary 
limitations of investigations. Limited data, in conjunction with empirical or regional analysis, 
will significantly improve the accuracy of estimates. A good discussion of estimating 
sediment yield based on field measurements, is provided in EM 11 10-2-4000 (USACE, 
1989). Direct measurements are divided into categories of in-stream sampling and reservoir 
sedimentation investigations. 

In-stream sampling is the most reliable approach for determining sediment yield, 
provided sufficient data are available over a suitable time period and range of hydrologic 
conditions. Where available, long-term sediment gage records provide a reliable means of 
calculating yield. It  is the measured suspended sediment load that is usually reported. 
Therefore, an adjustment must be made to account for larger materials moving as bed load, 
and sediment moving within about 0.2m of the bed. Field sampling methods are discussed 
in Guy and Norman (1 976), Vanoni (1 975), and USGS (1978). The unmeasured portion of 
the load is usually between 5 and 15 percent of the measured load, and can be estimated by 
empirical techniques (Colby, 1957). Adjusted long-term sediment discharge records can be 
used directly to estimate average annual yield and single event yield. However, adjustments 
may be necessary to account for watershed changes and hydrologic variation. 

One of the most common methods used to estimate average annual yield is the flow- 
duration sediment-discharge rating curve method. The flow duration curve is integrated with 
the sediment discharge rating curve at the basin outflow point. This procedure can be easily 
utilized to predict changes in sediment yield due to changes in hydrologic regime via the flow 
duration curve or due to changes in watershed sediment production via the sediment- 
discharge rating curve. The sediment-discharge rating curve can also be modified to 
account for only those particles within a specific size range (e.g., sand and gravel). 
Unfortunately, the sediment-discharge rating curve is very difficult to develop without 
extensive flow and measured sediment load data. Sediment-discharge rating curves are not 
linear and often display looped cutve characteristics making them very difficult to estimate 
without measured data from the basin being studied. The general flow-duration sediment- 
discharge curve procedure is illustrated in Figure 3.3. A detailed discussion of this 
computational technique is provided in EM 11 10-2-4000 (USACE, 1989). The manual also 
provides a number of cautions regarding use of the method, and provides guidance on 
appropriate methods for analysis of data. 
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3.1 4 Reservoir Sedimentation Data 

I Several regional sediment yield equations are based on relationships derived from 
reservoir sedimentation measurements (e.g., Tatum, 1963, Dendy and Bolton, 1976, and 
Strand and Pemberton, 1982). In some cases, reservoir sedimentation data may be 
available within the study watershed or in an adjacent watershed with similar characteristics. 
Care should be taken to ensure that soils, topography, precipitation, land use, agricultural 
development, and other basic characteristics are similar enough to warrant transfer of data 
from one watershed or region to another. 

For areas east of the Rocky Mountains, the USDA (1 978) has a developed procedure 
for transferring data. Specific sediment yield is adjusted for basin size according to the 
following guidelines, where A, = area of the basin for which yield will be estimated and A, = 
area of the basin for which measured data exists: 

for 0.5 < A, /A, < 2.0 direct transfer 

for A, I A, c 0.1 or A, 1 A, > 10.0 no transfer 

for other ratios of A, I A, Ye = Y, (A, 1 A,)0.8 

where: Ye = the total annual estimated yield in the unmeasured basin 
and Y, = the total annual measured yield at the reservoir site. 

These guidelines do not apply to mountainous areas or other watersheds which, I based on dominantgeomorphic processes, would not be expected to exhibit a relatively 
smooth relationship between specific sediment yield and drainage area. Examples of these 
types of areas are sites where significant deposition may occur upstream of the estimate 
point, or where channel bank erosion contributes significantly to sediment yield in the lower 
portions of a watershed. 

A s  with other methods, accuracy in transfer of reservoir data is limited by variability 
between watersheds, but is often useful in establishing reasonable bounds for estimates. 
Investigators should utilize all available data and compare results from as many different 
estimating procedures a s  possible. Comparison of results from regional procedures, yield 
maps, reservoir measurements and empirical formulas should establish reasonable bounds 
for yield (MacArthur et al., 1990). 

3.15 Transfer of In-Stream Data 

In-stream sampling data from various points in a study watershed may be integrated 
to give annual yield. This procedure will normally result in a relationship between annual 
yield and drainage area which may be extrapolated to other points in the basin. In the case 
where considerable scatter in the plotted yield vs. drainage area plots are evident, 
investigators should look for geomorphic factors that could influence the data and attempt to 
isolate those factors. These techniques, plus limited in-stream sampling at the estimate ~ point, may provide a reasonable basis for both annual yield and single event estimates. 



Transfer of in-stream data between watersheds can be attempted using a procedure 
similar to that described in Section 3.14, but with low expected accuracy. Cautions relating 
to watershed characteristics similar to those for transfer of reservoir sedimentation data 
should be applied. Data should be transferred only for annual sediment yield and not for 
single event measurements. 

3.1 6 Temporal and Spatial Variability 

Regardless of the analyses used or the watershed type, it is essential that temporal 
and spatial variability of sediment yield be considered in making estimates. These 
considerations should be based on weiershed reconnaissance, and a basic understanding 
of basin geomorphology. The following hypothetical examples illustrate the need for 
thoughfful application of esiimates based on variability. 

1) In-stream sampling in a mountain gorge is used to calculate average annual 
and event-based sediment yields for a small stream. Just downstream of the 
gorge, the stream becomes braided as  the gradient decreases on an alluvial 
fan. Sediment yield estimates based on upstream measurements, will likely 
be significantly in error below the alluvial fan for specific events due to 
temporary storage of sediments at low flow, and the potential for avulsive 
changes in channel location during extreme flows. 

2) Reservoir sedimentation data from the past 50 years are used to estimate 
sediment yield for a new reservoir in a forested watershed. More careful 
examination of historical land use patterns would reveal that grazing was 
initiated in the last 10 years, and that urban development is expected to 
increase by 100% over the next 10 years. A long-term estimate of sediment 

' storage volume for a reservoir might be significantly in error. 

3) An empirical method is used to estimate average annual sediment yield for a 
chaparral watershed. The following years, a fire occurs in the watershed 
which increases sediment yield by a factor of 8. Analysis of historical data 
might indicate that the watershed could experience a fire on the average of 
once every 50 years, thus significantly affecting 'average' annual sediment 
yield, and drastically affecting yield from individual events. 

These examples are intended only to illustrate the potential for temporal and spatial 
variability in watershed yield estimates, and not to typify specific design conditions. Each 
watershed will have a unique set of characteristics which vary in space and time, and the 
investigator must apply engineering judgement to arrive at a reasonable estimate. 

3.1 7 Comparison and Engineering Judgement 

Although the state of the science in computer modeling of erosion and sediment 
transport processes continues to advance, variability between watersheds is extremely high, 
and data requirements for calibration are often out of reach. Therefore, methods with 
recognized limitations in accuracy are often adopted. As outlined in Figure 3.1, one of the 



most important elements in making reasonable estimates of sediment yield is utilization of 
several methods or techniques based on as much measured information as  one can find, 
and comparison of all the results. This approach is essential where in-stream data is limited 
or lacking. 

In any sediment yield estimate, engineering judgement will play a part in screening 
data and selecting computational factors. In addition, judgement must often be applied to 
account for temporal and spatial variability in the watershed characteristics which affect 
sediment yield. Judgement must also applied to account for the effects of watershed 
disturbances or the coincidence of hydrologic events with other events or processes (e.g., 
fire, landslides, channel avulsion) which significantly effect sediment production and yield. 
lnvestigators should always visit the project area, review the areas upstream and 
downstream from the project site and examine as much of the drainage basin above the site 
as possible. If  possible, it is advisable to make an aerial reconnaissance of the basin prior to 
making yield estimates so that othenvise unnoticeable basin geomorphic or land use 
characteristics might be observed. Investigators should consider the historical and 
geomorphic evolution of the basin and determine whether the system is reasonably stable or 
adjusting to an imbalance of forces or past activities. 



Chapter 4 

Estimating Basin Sed imen t  Yield 
and Total Inflowing Load Characteristics 

4.1 Background 

Sediment transport computer models for streams and reservoirs require the 
specification of the inflowing sediment load as an upstream boundary condiiion. For models 
such as HEC-6 it is necessary not only to know total inflowing sediment load for a range of 
discharges (the sediment-discharge rzting curve), but also to subdivide the load into various 
grain size classes. Obviously, it is most desirable to obtain measured sediment load and 
gradation data for various flow conditions, and to base model input on measured data. 
However, these data are frequently unavailable or incomplete. This chapter describes the 
steps required to develop the total inflowing sediment load and gradation assuming little 
measured data are available for the study site. 

4.2 General Procedures 

The first step is to acquire relevant background information for the subject watershed 
including basin geomorphology, soil characteristics, dominant erosion and transport 
processes, descriptions of historical events and past floods. Measured flow and sediment 
load data are often not available for the study site, but may be available for adjacent basins 
and watersheds. Available data and reports should be obtained and carefully examined. It 
is also beneficial to contact people viho actually collected and prepared that data to discuss 
what they saw, and any difficulties, shortcomings or limitations in the data. Occasionally, the 
data may be of the quality that it can be transposed to the study area for use in calibrating or 
circumstantiating the basin yield and total load relationships. Effort spent early in a study to 
establish what sediment production and yields are reasonable or not reasonable for various 
flood magnitudes, is critical to the rest of the investigation. 

Prior to adopting a method for calculating sediment yield, it is very important to 
conduct a field reconnaissance of the project site and of the general watershed area 
upstream from the site. It is important to determine whether significant portions of the 
annual yield are coming from individual localized mechanisms such a s  gullying, bank caving 
or mass wasting. Has the basin been burned, clear cut, over-grazed or altered by other 
disturbances that can affect sediment production? .The field reconnaissance allows the 
engineer to determine the main source of sediment entering the project. It is very beneficial 
to involve an experienced fluvial geomorphologist in the initial field reconnaissance studies. 
From that inspection and a review of available data for the basin, the most appropriate 
method or methods for estimating sediment yield and grain size distributions can be 
selected. I f  sedimentation is critical to the recommended project alternative, a rigorous 
sediment yield analysis is recommended early in the project planning process. 



I 
Once the initial data review and field reconnaissance are accomplished, procedures 

outlined herein and in Chapter 3 of Engineering Manual 11 10-2-4000 (USACE, 1989) can be 
applied to estimate basin yield. The following outline can be used for general study 
purposes. Because every basin and river system is unique, specific study procedures may 
require adjustment and refinement to accomplish the objectives of the investigation. The 
procedures presented herein are discussed in more detail and illustrated with an example 
problem in Chapter 6. 

4.3 General Steps for Estimating Sediment Yield 

Potential methods for estimating sediment yield in ungaged catchments include: (1) 
application of regression equations based on detailed basin characteristics like rainfall 
intensities, soil properties, ground cover, etc., (2) use of regional relationships based on 
global basin characteristics like drainage area, altitude and slope-aspect ratio; (3) 
transposition of data from similar basins where reliable data are available; (4) integration of 
annual or single event yields from stream sediment rating curves and flow-duration curves or 
hydrographs; and (5) application of empirical methods described in Chapter 3. Any estimate 
should account for: (1) sheet, rill and interrill erosion from upland land surfaces; (2) gully 
erosion, stream bed and bank erosion; and (3) mass wasting processes in the basin. The 
following general steps are necessary to estimate basin sediment yield. Several of these 
steps may require iterative applications and adjustment in order to develop reasonable 
estimates. 

(1) Perform field inspection and review of available data. Discuss observations 
and results from previous studies with local SCS field office, USGS field 
survey people, County flood control and channel maintenance personnel, and 
Corps of Engineers hydrology and hydraulics personnel. 

(2) I f  little or no data are available, prepare a field sampling program to at least 
collect several bed material and bank material samples from sediment source 
areas and stream channel locations upstream and through the study area. 
Perform standard sieve analyses and settling tests on the samples. 

(3) Examine published long-term daily discharge records and sediment gage 
records. The standard procedure used by the USGS is to plot the daily water 
discharge hydrograph and the daily sediment concentration graph, then 
integrate them as prescribed by Porterfield (1 972). Results from this exercise 
are expressed in Uday. Before comparing sediment yields, the period-of- 
record data should be examined for homogeneity. Adjustments for upstream 
reservoirs, hydrologic record, land use changes, and farming practices may be 
necessary before the correlation between sediment yield and water yield can 
be established. 

(4) Develop the daily water discharge - suspended sediment load rating curve 
from gage data. Integrate the flow duration curve with the measured sediment 
load - discharge rating curve to develop a good representation of the process- 
based average annual yield. (Details of how to prepare these curves and 
compute these values are summarized in Section 3-6 in EM 1 1 10-2-4000 
(USACE, 1989). 



(5) When no field measurements exist, and at least some are required to make 
dependable sediment yield estimates, a limited sediment sampling program is 
highly recommended early in the planning phases of the study. This level of 
short duration sampling is often referred to as "flood water sampling." Caution 
is necessary, however, because the short record data set will not necessarily 
provide a representative sample of watershed processes for the full range of 
possible hydrologic conditions. Therefore, these data are less dependable 
than the flow duration sediment discharge rating technique. The lack of large 
flood data may bias the yield results. 

(6)  Apply several regional ~nalysis procedures (Tatum, 1963, Dendy and Bolton, 
1976, and PSIAC, 1968) to estimate average annual yield. Compare the 
results to published informztion or reports obtained from other studies in the 
area. Compare the yields by plotting yield vs. effective drainage area. Figure 
3.1 summarizes a generalized yield estimating procedure. Attempt to 
establish upper and lower bounds on the yield - drainage area curve for low, 
average and high sediment production years (MacArthur et al., 1990). Use 
this range of yield values during the sediment load sensitivity studies. 

(7) Use one or more yield estimating equations to estimate the average annual 
and single event sediment yields for a range of events (e.g., USLE, RUSLE, 
PSIAC, MUSLE). 

(8) Multiply your gross sediment yields by an appropriate sediment delivery ratio 
(SDR) i f  necessary to give the net sediment yield at the project location. For 
more information on how to estimate the sediment delivery ratio and when to 
apply it, please refer to Section 3-1 4 in EM 11 10-2-4000 (USACE, 1989) and 
pages 293-294 in Design Hydrology and Sedimentology for Small Catchments 
(Haan et al., 1994). 

(9) A quick method for estimating single event sediment yields involves 
application of several reliable "annual yield" estimating methods to establish 
the average annual yield first. Then, assume that an equivalent amount of 
sediment to the average annual yield occurs during a 2-year event. Also 
assume that greater single event yields can be approximated by the linear 
extrapolation of the annual value by multiplying the annual yield by the ratio of 
the peak single event water flow to the 2-year flows. 

Yield, = Yield ,,,,, * QjQ, 

where Yieldi is the single event yield for an i"-year storm event and Qi is the 
peak water discharge for the ?"year event. 

This method is only recommended as a procedure for establishing rough 
estimates of single event yields and for cross-checking values developed by 
other methods. 

(10) Another procedure for estimating single event and average annual yields is 
through the application of the MUSLE single event yield method. Use the 
MUSLE procedure to develop single event yield estimates for the 5-, lo-,  50- 



and 100-year events. Convert the single event sediment yields to an average 
annual value (if applicable) by integrating the sediment yield vs. probability 
curve. Compare this value with observed reservoir annual yield data and/or 
computed annual yield values. Select the most reliable value for annual yield. 
(This procedure is demonstrated in the example problem discussed in 
Chapter 6.) 

(1 1) Decide whether gully, stream bank erosion or mass wasting processes are 
active in your study basin. Determine whether your selected annual and 
single event estimating procedures adequately account for these processes. 
No generalized analytical procedures are presently available to explicitly 
calculate these types of sediment production for the full range of possible 
events. Measured data are obviously the most reliable source to use; 
otherwise application of empirical relationships and the careful examination of 
pre- and post-flood event photographs are necessary. 

When time, data, and budget permit, process-based erosion and yield models can be 
used to develop average annual and single event yields. A review of watershed erosion 
models is presented in Appendix A. Application of process-based erosion and yield models 
is generally complex and requires detailed data collection for development of model input 
parameters and calibration. Application of models of this type is beyond the scope of this 
report. 

4.4 General S teps  for Estimating Sediment Discharge Curves and 
Grain Size Distribution Relationships for Use  In Mobile Boundary 
Models 

(1) ColFect representative bed material sediment samples through the project 
reach (see Chapter 3, USGS, 1978). Develop grain size distribution curves 
for each bed and bank sample and plot the representative grain sizes (D,,, D,, 
and Dl,) with distance from downstream to upstream. 

(2) Develop a sediment gradation curve for the wash load using measured data or 
watershed soil surveys. If there are no data, apply Einstein's (1 950) 
assumption that the largest representative size present in the wash load is 
approximately equivalent to the Dl, of the bed material load. Using this 
assumption and soil survey data regarding the approximate percentages of 
sands, gravels, silts, and clays, develop an approximate grain size distribution 
curve for the wash load fraction of the total load. (Refer to Chapter 6 for an 
example of this procedure.) 

(3) Estimate the fraction of the total sediment load that travels as bed material 
load and the fraction that travels as wash load. Two methods are presented in 
the example problem discussed in Chapter 6. Method one is the presently 
preferred method for use with computer program HEC-6. It involves using 
HEC-6 through an iterative procedure to synthesize its own inflowing bed 
material load and gradation from the grain size distribution curves measured 
in the field. Wash load is then computed as the difference of the total 



sediment yield volume or weight (estimated from procedures discussed in 
Section 4.3) and the HEC-6 estimated bed material load. Method 2 develops 
the bed material load by starting with the estimated total sediment load from 
the computed basin yield. The approximate percentage of bed material load to 
total load is estimated from information and data measured in the study area. 
Because there are no established rules of thumb for the ratio of bed material 
load to total load, one assumes a value based on field observations or 
measured information and checks to see if that assumption is reasonable (see 
step number 6). I f  it is not, new percentages are assumed and checked until 
the estimated bed material load produces reliable results. Chapter 6 presents 
an example application of the Method 2 procedure for estimating inflowing 
load and the grain size distribution of that load. 

(4) Develop a composite total load gradation curve by combining the bed material 
gradation data and curves with the wash load gradation data and curves. 

(5) Apply the Corps' S A M  procedures (Thomas et al., 1992) to estimate bed form- 
dependent n values. Also utilize S A M  to select the most appropriate transport 
function for a particular river type. Check to see if the river is capable of 
carrying the estimated single event sediment load using SAM or HEC-6. 
Determine whether the river through your study reach is "supply limited" during 
large events or "transport limiied.' I f  it is sediment supply limited, channel bed 
and bank erosion may be important. I f  it becomes transport limited during 
large events, sediment accumulation and possible channel avulsion may 
occur. 

(6) Once the total inflowing load curve is complete and an appropriate transport 
function(s) is selected, use them in HEC-6 or other stream sedimentation 
models to determine if the estimated load and gradations are in balance with 
the stream hydraulics and basin yield estimates. I f  significant deposition or 
scour occurs in the first few upstream cross sections, then the inflowing load 
may require adjustment. Once the model performs properly and the computed 
HEC-6 results appear stable, compare the volumes of total load, bed material 
load and wash load to observed data. Make adjustments to the load, grain 
size distribution or transport function according to procedures outlined in the 
HEC-6 User's Manual, CPD-6, (HEC, 1993) and TD-13 (HEC, 1992). 

(7) Perform model calibration and sensitivity studies according to guidelines 
provided in Chapters 3, 5 and 6 of CPD-6 (HEC, 1993) and Section 3.5 in 
TD-13 (HEC, 1992). 



Chapter 5 

Evaluation of Sediment Yield Results 

5.1 General 

Due to the diverse nature of Corps projects and geographic location, a standard 
method for estimating sediment yield is not employed throughout the Corps. Instead, 
individual district offices select their own procedures based on the type of project being 
investigated, the availability of data and the potential significance that sedimentation 
processes have on project performance (USACE, 1989). Consequently, a variety of 
procedures are used throughout the Corps, but are all related closely to one of three basic 
approaches for estimating sediment yield, including: (1) determining sediment yield directly 
from sampling and monitoring programs or from river and reservoir surveys, (2) transposition 
and/or extrapolation of measured data from watersheds with similar characteristics to the 
study area, and (3) application of empirical relationships (predictive equations) and regional 
equations to estimate annual or single event yields. The following sections discuss the 
inherent difficulties associated with developing yield estimates and offer advice for checking 
and evaluating estimated results. 

5.2 Limitations of Sediment  Estimating Procedures 

1 Estimating basin sediment yield for average annual and single event conditions 
requires the application of several yield estimating procedures in order to establish a 
reasonable range of results. Estimation of sediment transport load curves and grain size 
distributions for those load relationships may also involve the application of several methods 
in order to check and cross-check the sensitivity and reliability of estimates. Ask for input 
early in the study from others experienced with the basin being investigated and check your 
estimates with measured information from the area or from similar basins to circumstantiate 
your results. Some general considerations and limitations to remember: 

The variability of sediment yield from year to year, and perhaps from decade 
to decade, is likely to be high. This is especially true in flashy ephemeral 
watersheds. In extreme events like a 100-year flood, there may be a wide 
range of possible yields depending on antecedent basin conditions. The 
occurrence or non-occurrence of infrequent intense storm events can greatly 
affect measured annual yield rates. Spatial variability is also likely to be high, 
and relatively local sources can contribute large amounts of sediment (e.g., 
disturbed areas or mass wasting processes). Establishment and use of long- 
term continuous data records are important, but even long-term data may fail 
to account for spatial and temporal variability in extreme events. 

(2) The lack of local data affects estimation of grain sizes as  well as yields. Grain 
size distributions of delivered sediment loads are difficult to estimate. There 
are no presently available direct methods for computing the grain size 
distribution of sediment loads estimated directly from basin yields. Direct 



measurement methods are the most reliable; however, soil survey information 
can be used to make estimates when no measured data are available. Refer 
to Field Methods for Measurement of Fluvial Sediments, by the USGS (Guy 
and Norman, 1976). 

(3) The geomorphic behavior of the basin during a severe (e.g., 100-year) event, 
particularly the response of steep unstable canyon areas and exposed 
channel banks is difficult to predict. It is important to attempt to establish an 
historical geomorphic understanding of the study basin and how it may have 
responded in the past during significant runoff events. 

(4)  Seismic activity and land surface subsidence can result in significant basin 
responses (plan and profile adjustments). This may greatly affect sediment 
production, yield and channel stability. Determine whether these processes 
are affecting the study area. 

(5) In light of these limitations and complications, there will be uncertainty 
associated with sediment yield and load estimates. Therefore, always perform 
sensitivity tests to evaluate the impact of your assumptions and of the 
uncertainty in the yield, load curve, or grain size distribution estimates on the 
project evaluations. If halving, doubling or tripling the sediment load does not 
greatly affect the performance of the project being evaluated, then additional 
data and analysis may not be necessary. 

5.3 Evaluation Procedures 

When little or no measured yield data are available, it may not be possible to calibrate 
or verify estimated values. It therefore becomes necessary to evaluate results using a 
variety of checking and sensitivity procedures. The general procedures outlined in Figure 
3.1 are recommended. Herein, "calibration" refers to the development of representative data 
and model (estimation procedure) parameters based on known or deduced prototype 
behavior. "Verification" involves the demonstration of the calibrated model's (or estimation 
procedure's) ability to simulate prototype behavior for a time record different from that used 
during calibration. A calibrated model (or procedure) is not necessarily a verified model (or 
procedure). The following partial list of suggested evaluation procedures may be useful. 
Many additional checks and evaluation procedures are described in EM 1 1 10-2-4000 
(USACE, 1989), EM 11 10-2-141 6 (USACE, 1993), CPD-6 (HEC, 1993), and TD-13 (HEC, 
1992). 

Evaluation procedures can be generally divided into the evaluation of data and 
information during the  early stages of an investigation, and the evaluation of computed 
results. Ttie following procedures apply to data and information: 

(1) Data should be reviewed to assess its accuracy and applicability based on 
internal consistency, collection methods, and watershed conditions during 
collection. 

(2) Review of the history and geomorphology of the basin is necessary to interpret 
trends in the data and its reliability for use under present conditions. Review of 



reports and literature, field reconnaissance, and interviews with individuals 
who have previous field and analysis experience in the study area are 
essential components of the historical review. Data can also be correlated to 
watershed conditions using historical aerial photography. 

(3) I t  is advisable to conduct at least limited field sampling to determine whether 
reported data can be duplicated or verified, and to identify changes, 
conditions, or sampling techniques which may significantly influence accuracy 
or reliability of available data. 

(4) Evaluate data in a temporal context to determine whether the period of record 
for the data is likely to accurately depict important parameters and meet study 
objectives. 

(5) Evaluate data needs  based on study requirements. For example, river 
sedimentation models are likely to require less accuracy in sediment yield 
estimates than reservoir sedimentation studies. 

(6) Establish reasonable ranges for accuracy in the data, and use these ranges in 
sensitivity analyses. 

(7) Methods for preparing and checking sediment data for use in computer 
program HEC-6 are discussed in Chapters 3,5, and 6 of CPD-6 (HEC, 1993) 
and in Chapters 3 through 7 of TD-13 (HEC, 1992). 

The following procedures apply to the evaluation of computed results: 

(1) Compare computed results to measured data, even if  available data are 
limited. - 

(2) Assess the accuracy of computed results based on field observations or . 
measurements while the fluvial transport system is active (i.e., during a 
significant runoff event). If possible, verify computed results with field 
measurements. 

(3) Evaluate results from a geomorphic perspective to determine whether 
computed results are consistent with observed or documented geomorphic 
trends. 

(4) Evaluate computed results developed from a number of different methods, 
and consider potential explanations for the differences. Differences in 
computed results for sediment yield are often on the order of 50 to 200 
percent. Selection of values for use should be based on their potential impact 
on project performance. 

(5) Utilize initial results to decide what types of sensitivity tests are appropriate. 

(6) Compare results to data or results from previous studies, and for other basins 
(e.g., computed results or reservoir sedimentation surveys). 



(7) Establish reasonable bounds for sediment estimates, and evaluate results 
against this acceptable range. If methods appear to under or over estimate 
acceptable values, review the approach to isolate potential weak areas, and 
conduct sensitivity analyses to refine the method. 

(8) Present the results with an explanation of expected accuracy and limitations. 
Clearly document assumptions, boundary conditions, data analysis, and 
methodology. 



APPENDIX A 

PACIFIC SOUTHWEST INTER-AGENCY COMMITTZE (PSIAC) 

METHOD FOR PREDICTING WATERSHED SOIL LOSS 

Note: The information presented in APPENDIX A is from the following source: 

"Pacific Southwest Inter-Agency Committee, Report of the Water 

Management Subcommittee on Factors Affecting Sediment Yield in the 

Pacific Southwest Area and Selection and Evaluation of Measures for 

Reduction of Erosion and Sediment Yield," October, 1968. 

Introduction 

The material that follows is suggested for use in the evaluation of sedi- 

ment yield in the Pacific Southwest. It is intended as an aid to the estima- 

tion of sediment yield for the variety of conditions encountered in this 

area. 

The classifications and companion guide material are intended for broad 

planning purposes only, rather than for specific projects where more 

intensive investigations oi sediment yield would be required. For these 

purposes it is recommended that map delineations be for areas no smaller than 

10 square miles. 

It is suggested that actual measurements of sediment yield be used to the 

fullest extent possible. This descriptive material and the related numerical 

evaluation system would best serve its purpose as a means of delineating 

boundaries between sediment yield areas and in extrapolation of existing data 

to areas where none is available. 

This may involve a plotting of known sediment yield data on work maps. 

Prepared materials such as geologic and soil maps, topographic, climatic, 

vegetative type and other references would be used as aids in delineation of 

boundaries separating yield classifications. A study of the general rela- 

tionships between known sediment yield rates and the watershed conditions 

that produce them would be of substantial benefit in projecting data to areas 

without in£ ormation. 



SedLment Yield C1wlflcatia . . 
It is recommended that sediment yields in the Pacific Southwest area be 

divided into five classes of average annual yield in acre-feet per square 

mile. These are as follows: 

Classification 1 > 3.0 acre-feet/square mile 
2  1.0 - 3 . 0  I t  II 

3 0.5 - 1 . 0  I1  I t  

4 0.2 - 0 .5  II II 

5  < 0.2 I 1  II 

Nine factors are recommended for consideration in determining the sedi- 

ment yield classification. These are geology, soils, climate, runoff, 

topography, ground cover, land use, upland erosion, and channel erosion and 

sediment transport. 

Characteristics of each of the nine factors which give that factor high, 

moderate, or low sediment yield level are shown on Table A - 1 .  The sediment 

yield characteristic of each factor is assigned a numerical value 

1 representing its relative significance in the yield rating. The yield rating 
1 

is the sum of values for the appropriate characteristics for each of the nine 

factors. Conversion to yield classes should be as follows: 

Ratina Class 
> 100 1 
75  - 100 2  
50 - 75 3 
25 - 50 4 

0  - 25 5  

Guidelines which accompany the table are an integral part of the proce- 

iure. They describe the characteristics of factors which influence sediment 

rield and these are summarized in the space provided on the table. 

The factors are generally described, for purposes of avoiding complexity, 

is independently influencing the amount of sediment yield. The variable 

mpact of any one factor is the result of influence by the others. To 

.ccount for this variable influence in any one area would require much more 

ntensive investigational procedures than are available for broad planning 

I 
urposes . 



To briefly indicate the interdependence of the factors discussed separa- 

tely, ground cover is used as an example. If there is no vegetation, litter 

or rock fragments protecting the surface, the rock, soil, and topography 

express their uniqueness on erosion and sediment yield. If the surface is 

very well protected by cover, the characteristics of the other factors are 

obscured by this circumstance. In similar vein, an arid region has a high 

potential for erosion and sediment yield because of little or no ground 

cover, sensitive soils and rugged topography. Given very low intensity 

rainfall and rare intervals of runoff, the sediment yield could be quite low. 

Each of the 9 factors shown on Table A-1 are paired influences with the 

exce2tion of tcpography. That is, geology acd soils are directly related as 

are climate and runoff , ground cover acd l a d  use, and upland and channel 
erosion. Ground cover and land use have a negative influence under average 

or better conditions. Their impact on sediment yield is therefore indicated 

as a negative influence when affording better protection than this average. 

It is recommended that the observer follow a feedback process whereby he 

checks the sum of the values on the table from A through G with the sum of H 

and I. In most instances high values in the former should correspond to high 

values in the latter. If they do not, either special erosion conditions 

exist or the A through G factors should be re-evaluated. 

Although only the high, moderate and low sediment yield levels are shown 

on the attached table, interpolation between these levels may be made. 

-face Ceoloav 

Over much of the southwest area, the effect of surface geology on erosion 

is readily apparent. The weaker and softer rocks are more easily eroded and 

generally yield more sediment than do the harder more resistant types. 

Sandstones and similar coarse-textured rocks that disintegrate to form per: 

neable soils erode less than shales and related mudstones and siltstones 

under the same conditions of precipitation. On the other hand, because of 

the absence of cementing agents in some soils derived from sandstone, large 

storms may produce some of the highest sediment yields known. 

The widely distributed marine shales, such as the Mancos and shale mem- 

bers of the Moenkopi Formation, constitute a group of highly erodible for- 

mations. The very large areal extent of the shales and their outwash deposits 



gives them a rank of special importance in relation to erosion. Few of the 

shale areas are free from erosion. Occasionally, because of slope or cover 

conditions, metamorphic rocks and highly fractured and deeply weathered 

granites and granodiorites produce high sediment yield. Limestone and 

volcanic outcrop areas are among the most stable found within the western 

Lands. The principal reason for this appears to be the' excellent 

infiltration characteristics, which allow most precipitation to percolate 

into the underlying rocks. 

In some areas, all geologic formations are covered with alluvial or 

colluvial material which may have r.0 relation to the underlying geology. In 

such areas the geologic factor would have no influence and should be assigned 

a value of 0 in the rating. 

Soil formation in the Pacific Southwest generally has not had climatic 

conditions conducive to rapid development. Therefore, the soils are in an 

immature stage of development and consist essentially of physically weathered 

rock materials. The presence of sodium carbonate (black alkali) in a soil - 
tends to cause the soil particles to disperse and renders such a soil suscep- 

tible to erosion. 

There are essentially three inorganic properties--sand, silt, and clay-- 

which may in any combination give soil its physical characteristics. Organic 

substances plus clay provide the binding material which tends to hold the 

soil separates together and form aggregates. Aggregate formation and 

stability of these aggregates are the resistant properties of soil against 

srosion. Unstable aggregates or single grain soil materials can be very 

srodible. 

Climate and living organisms acting on parent material, as conditioned 

3y relief or topography over a period of time, are the essential factors for 

;oil development. Any one of these factors may overshadow or depress another 

in a c'ven area and cause a difference in soil formation. For instance, 

:limat= determines what type of vegetation and animal population will be 

]resent in an area, and this will have a definite influence or determine the 

:ype of soil that evolves. As an example, soils developing under a forest . . 
:anopy are much different from soils developing in a grassland community. 

The raw, shaley type areas (marine shales) of the Pacific Southwest have 

-ery little, if any, solid development. Colluvial-alluvial fan type areas are 



I usually present at the lower extremities of the steeper sloping shale areas. 

Infiltration and percolation are usually minimal on these areas due to the 

fine textured nature of the soil material. This material is easily dispersed 

and probably has a high shrink-swell capacity. Vegetation is generally 

sparse, and consists of a salt desert shrub type. 

There are areas that contain soils with definite profile development, and 

also, stony soils that contain few fines, which constitutes an improved 

physical condition for infiltraticn and plant growth over the fine textured 

shaley areas. These areas usually occur at higher and more moist elevations 

where bare, hard crystalline rocks provide the soil parent material. 

Vegetation and other ground cover, under these circumstances, provide 

adequate protection against the erosive forces and thus low sediment yield 

results. 

In arid and semi-arid areas, an accumulation of rock fragments (desert 

pavement) or calcareous material (caliche) is not uncommon. These layers can 

offer substantial resistance to erosion processes. 

The two extreme conditions of sediment yield areas have been described. 

I Intermediate situations would contain some features of the two extremes. One 

such situation might be an area of predominately good soil development that 

contains small areas of badlands. This combination would possibly result in 

an intermediate classification. 

Clim,ate and Runoff 

Climatic factors are paramount in soil and vegetal development and deter- 

mine the quantity and discharge rate of runoff. The same factors constitute 

the forces that cause erosion and the resultant sediment yield. Likewise, 

temperature, precipitation, and particularly the distribution of 

precipitation during the growing season, affect the quantity and quality of 

the ground cover as well as soil development. The quantity and intensity of 

precipitation determine the amount and discharge rates of runoff and 

resultant detachment of soil and the transport media for sediment yield. The 

intensity of prevailing and seasonal winds affects precipitation pattern, 

snow accumulation and evaporation rate. 

Snow appears to have a minor effect on upland slope erosion since 

I raindrop impact is absent and runoff associated with snow melt is generally 

in resistant mountain systems. 



Frontal storms in which periods of moderate to high intensity precipita- 

tion occur can produce the highest sediment yields within the Southwest. In 

humid and subhumid areas the impact of frontal storms on sediment may be 

greatest on upland slopes and unstable geologic areas where slides and other 

downhill soil movement can readily occur. 

Convective thunderstorm activity in the Southwest has its greatest 

influence on eroison (sic) and sedimentation in Arizona and New Mexico and 

portions of the adjoining states. High rainfall intensities on low density 

cover or easily dispersed soils produces high sediment yields. The average 

annual sediment yield is usually kept within moderate bounds by infrequent 

occurrence of thunderstorms in any one locality. 

High runoff of rare frequency may cause an impact on average annual sedi- 

ment yield for a long period of time in a watershed that is sensitive to ero- 

sion, or it may have little effect in an insensitive watershed. For example, 

sediment that has been collecting in the bottom of a canyon and on side 

slopes for many years of low and moderate flows may be swept out during the 

rare event, creating a large change in the indicated sediment yield rate for 
. . 

the period of record. 

In some areas the action of freezing and thawing becomes important in the 

erosion process. Impermeable ice usually forms in areas of fine textured 

soils where a supply of moisture is available before the advent of cold 

yeather. Under these conditions the ice often persists throughout the winter 

3nd is still present when the spring thaw occurs. In some instances water 

=ends to run over the surface of the ice and not detach soil particles, but 

it is possible for the ice in a surface layer to thaw during a warm period 

~ n d  create a very erodible situation. Spring rains with ice at shallow depth 

nay wash away the loose material on the surface. 

In some areas of the Pacific Southwest, particularly those underlain by 

xarine shale, freezing and thawing alters the texture of soil near the sur- 

iace, and thus changes the infiltration characteristics. These areas 

jenerally do not receive enough snow or have cold enough temperatures to 

mild a snow pack for spring melt. Later in the year soil in a loosened 

:ondition is able to absorb a large part of the early rainfall. As rains 

xcur during the, summer, the soil becomes compacted on the surface, thus 

illowing more water to run off and affording a greater chance for erosion. 



T o ~ o a r W  

Watershed slopes, relief, floodplain development, drainage patterns, 

orientation and size are basic items to consider in connection with 

topography. However, their influence is closely associated with geology, 

soils, and cover. 

Generally, steep slopes result in rapid runoff. The rimrock and 

badlands, common in portions of the Pacific Southwest, consist of steep 

slopes of soft shales usually maintained by the presence of overlying cap 

rock. As the soft material is eroded, the cap rock is undercut and falls, 

exposing more soft shales to be carried away in a continuing process. 

However, high sediment yields from these areas are often modified by the 

temporary deposition of sediment on the intermediate floodplains. 

The high mountain ranges, although having steep slopes, produce varying 

quantities of sediment depending upon the type of parent materials, soil 

development, acd cover which directly affect the erosion processes. 

Southerly exposed slopes generally erode more rapidly than do the 

northerly exposed slopes due to greater fluctuation of air and soil 

temperatures, more frequent freezing and thawing cycles, and usually less 

ground cover. 

The size of the watershed may or may not materially affect the sediment 

yield per unit area. Generally, the sediment yield is inversely related to 

the watershed size because the larger areas usually have less overall slope, 

smaller proportions of upland sediment sources, and more opportunity for the 

deposition of upstream derived sediments on floodplains and fans. In addi- 

tion, large watersheds are less affected by small convective type storms. 

Eowever, under other conditions, the sediment yield may not decrease as the 

watershed size increases. There is little change in mountainous areas of 

relatively uniform terrain. There may be an increase of sediment yield as 

the watershed size increases if downstream watersheds or channels are more 

susceptible to erosion than upstream areas. 

Qound Cover 

Ground cover is described as anything on or above the surface of the 

ground which alters the . effect . of precipitation on the soil surface and pro- 

file. Included in this factor are vegetation, litter, and rock fragments. A 



good ground cover dissipates the energy of rainfall before it strikes the 

soil surface, delivers water to the soil at a relatively uniform rate, 

impedes the flow of water, and promotes infiltration by the action of roots 

within the soil. Conversely, the absence of ground cover, whether through 

natural growth haSits or the effect of overgrazing or fire, leave the land 

surface open to the worst effects of storms. 

In certain areas, small rocks or rock fragments may be so numerous on the 

surface of the ground that they afford excellent protection for any 

underlying fine material. These rocks absorb the energy of falling rain and 

are resistant enough to prevent cutting by flowing water. 

The pacific Southwest is made up of land with all classes of ground 

cover. The high mountain areas generally have the most vegetation, while 

many areas in the desert regions have practically none. The abundance of 

vegetation is related in a large degree to precipitation. If vegetative 

ground cover is destroyed in areas where precipitation is high, abnormally 

high erosion rates may be experienced. 

Differences in vegetative type have a variable effect on erosion and 

sediment yield, even though percentages of total ground cover may be the 

same. For instance, in areas of pinyon-juniper forest having the same 

percentage of ground cover as an area of grass, the absence of understory in 

some of the pinyon-jmiper stands would allow a higher erosion rate than in 

the area of grass. 

a Use 
The use of land has a widely variable impact on sediment yield, depending 

largely on the susceptibility of the soil and rock to erosion, the amount of 

stress exerted by climatic factors and the type and intensity of use. 

'actors other than the latter have been discussed in appropriate places in 

:his guide. 

In almost all instances, use either removes or reduces the amount of 

latural vegetative cover which reflects the varied relationships within the 

mvironment. Activities which remove all vegetation for parts of each year 

ior several years, or permanently, are cultivation, urban development, and 

-oad construction. Grazing, logging, mining, and fires artif ically (sic) 

.nduce permanent or temporary reduction in cover density. 

High erosion hazard sites, because of the geology, soils, climate, etc., 

.re also of high hazard from the standpoint of type and intensity of use. For 



1 example, any use which reduces cover density on a steep slope with erodible 

soils and severe climatic conditions will strongly affect sediment yield. 

The extent of this effect will depend on the area and intensity of use 

relative to the availability of sediment from other causes. Construction of 

road or urban development with numerous cut and fill slopes through a large 

area of widespread sheet or gully erosion will probably not cause a change in 

sediment yield classification. Similar contruction (sic) and continued 

disturbance in an area of good vegetative response to a favorable climate can 

raise yield by one or more classifications. 

Use of the land has its greatest potential impact on sediment yield where 

a delicate balance exists under natural conditions. Alluvial valleys of 

fine, easily dispersed soils from shales and sandstones are highly vulnerable 

to erosion where intensive grazing and trailing by livestock have occurred. 

Valley trenching has developed in many of these valleys and provides a large 

part of the sediment in high yield classes from these areas. 

A decline in vegetative density is not the only effect of livestock on 

erosion'and sediment yield. Studies at Badger Wash, Colorado, which is 

! underlain by Mancos shale, have indicated that sediment yield from ungrazed 

watersheds is appreciably less than from those that are grazed. This dif- 

ference is attributed to the absence of soil trampling in the ungrazed areas, 

since the density of vegetation has not noticeably changed since exclusion 

began. 

Areas in the arid and semi-arid portions of the Southwest that are sur- 

faced by desert pavement are much less sensitive to grazing and other use, 

since the pavement affords a substitute for vegetative cover. 

In certain instances the loss or deterioration of vegetative cover may 

have little noticeable on-site impact but may increase off-site erosion by 

acceleration of runoff. This could be particularly evident below urbanized 

areas where accelerated runoff from pavement and rooftops has increased the 

stress on downstream cha~els. Widespread destruction of cover by poor 

logging practices or by brush and timber fires frequently increases channel 

erosion as well as that on the directly affected watershed slopes. On the 

other hand, cover disturbances under favorable conditions, such as a cool, 

moist climate, frequently result in a healing of erosion sources within a few 

I years. 



S ~ Q Q P  Fro- 

This erosion form occurs on sloping watershed lands beyond'the confines 

of valleys. Sheet erosion, which involves the removal of a thin layer of 

soil over an extensive area, is usually not visible to the eye. This erosion 

form is evidenced by the formation of rills. Experience indicates that soil 

loss from rill erosion can be seen if it amounts to about 5 tons or more per 

acre. This is equivalent in volume per square mile to aproximately (sic)2 

acre-feet. 

Wind erosion from upland slopes and the deposition of the eroded material 

in stream channels may be a significant factor. The material so deposited in 

channels is readily moved by subsevent runoff. 

Downslope soil movement due to creep can be an important factor in sedi- 

ment yield on steep slopes underlain by unstable geologic formations. 

Significant gully erosion as a sediment contributor is evidenced by the 

presence of numerous raw cuts along the hill slopes. D e e ~  soils on 

moderately steep to steep slopes usually provide an environment for gully 

development. 

Processes of slope erosion must be considered in the light of factors 

which contribute to its development. These have been discussed in previous 

sections. 

n ' 6  

If a stream is ephemeral, runoff that traverses the dry alluvial bed may 

3e drastically reduced by transmission losses (absorption by channel 

-11luvium) . This decrease in the volume of flow results in a decreased poten- 
zial to move sediment. Sediment may be deposited in the streambed from one 

2r a series of relatively small flows only to be picked up and moved on in a 

;ubsequent larger flow. Sediment concentrations, determined from field 

xeasurements at consecutive stations, have generally been shown to increase 

lany fold for instances of no tributary inflow. Thus, although water yield 

ler unit area will decrease with increasing drainage area, the sediment yield 

)er unit area may remain nearly constant or may even increase with increasing 

irainage area. 

In instances of convective precipitation in 2 watershed with perennial . . 
flow, the role of transmission losses is not as ,c zaificant as in watersheds 

rith ephemeral flow, but other channel factors, such as the shape of the 

.hamel, may be important. 



I For frontal storm runoff, the flow durations are generally much longer 

than for convective storms, and runof f is of ten generated -f rorn the entire 

basin. In such instances, sediment removed from the land surfaces is 

generally carried out of the area by the runoff. Stream channel degradation 

and/or aggradation must be considered in such cases, as well as bank scour. 

Because many of the stream beds in the Pacific Southwest are composed of 

fine-grained alluvium in well defined channels, the potential for sediment 

transport is limited only by the amount and duration of runoff. Large 

volumes of sediment may thus be mcved by these frontal storms because of the 

lcnger flow dnrations. 

The combination of frontal s t o n s  of long duration with high intensity 

and limited areal-extent convective activity will generally be in the highest 

class for sediment movement in the channels. Storms of this t E e  generally 

produce both the high peak flows and the long durations necessary for maximum 

szdiment transport. 

Sediment yield may be substantially affected by the degree of channel 

development in a watershed. This development can, be described by the channel 

I cross sections, as well as by geomoqhic parameters such as drainage density, 

channel gradients and width-depth ratio. The effect of these geomorphic 

parameters is difficult to evaluate, primarily because of the scarcity of 

sediment transport data in the Pacific Southwest. 

If the cross section of a stream is such as to keep the flow within 

defined banks, then the sediment from an upstream point is generally 

transported to a downstream point without significant losses. Confinement of 

the flow within alluvial banks can result in a high erosional capability of 

a flood flow, especially the flows with long return periods. In most 

channels with wide floodplains, deposition on the floodplain during floods is 

often significant, and the transport is thus less than that for a within bank 

flow. The effect of this transport capability can be explained in terms of 

tractive force which signifies the hydraulic stress exerted by the flow on 

the bed of the stream. This average bed-shear stress is obtained as the 

product of the specific weight of the fluid, hydraulic radius, and energy 

gradient slope. Thus, greater depth results in a greater bed shear and a 

greater potential for moving sediment. By the same reasoning, steep slopes 

(the energy slope and bed slope are assumed to be equivalent) also result in 

i high bed-shear ..stress. 

The boundary between sediment yield classifications in much of the 

Pacific Southwest may be at the mountain front, with the highest yield 



designation on the alluvial plain if there is extensive channel erosion. In 

contrast, many mountain streams emerge from canyon reaches and then spread 

over fans or valley flats. Here water depths can decrease from many feet to 

only a few inches in short distances with a resultant loss of the capacity to 

transport sediment. Sediment yield of the highest classification can thus 

drop to the lowest in such a transition from a confined channel to one that 

has no definition. 

Channel bank and bed composition may greatly influence the sediment yield 

of a watershed. In many areas within the Pacific Southwest, the channels in 

valleys dissect unconsolidated material which may contribute significantly to 

the stream sediment load. Bank sloughing during periods of flow, as well as 

during dry periods, piping, and bank scour generally add greatly to the sedi- 

ment load of the stream and often change upward the sediment yield 

classification of the watershed. Field examination for areas of head 

cutting, aggradation or degradation, and bank cutting are generally necessary 

prior to classification of the transport expectancy of a stream. Geology 

plays a significant role in such an evaluation. Geologic controls in 

channels can greatly affect the stream regimen by limiting degradation and 

headcuts. Thus, the transport capacity nay be present, but the supply of 

sediment from this source is limited. 

Man-made structures can also greatly affect the transport characteristics 

of the stream. For example, channel straightening can temporarily upset the 

channel equilibrium and cause an increase in channel gradient and an increase 

in the stream velocity and the shear stress. Thus, the sediment transport 

capacity of the stream may be temporarily increased. Structures such as 

debris darns, lixied channels, drop spillways, and detention dams may drasti- 

cally reduce the sediment transport. 



AN EXPLANATION OF THE USE OF THE RATING CHART (TABLE A-1)  FOR 

EVALUATING FJ.CTORS AFFECTING SEDIMENT YIELD I N  THE: PACIFIC SOUTHWEST FOLLOWS 



Table A . 1 .  Factors Affecting Sediment Yield in the Pacific Southwest 
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Use of the Rating Chart of Factors Affecting 
Sediment Yield in the Pacific Southwest 

The following is a summary of the sediment yield classification presented 

for this methodology. 

Classification 
Sediment Yield 

P,atins - 
In most instances, high values for the A through G factors should 

correspond to high values for the H and/or I factors. 

An example of the use of the rating chart is as follows: 

A watershed of 15 square miles in western Colorado has the following 

characteristics and sediment yield levels: 

Factors Ratins 

A Surface geology 
B Soils 

C Climate 

D Runoff 
E Topography 
F Ground cover 
G Land use 
H Upland erosion 

I Channel erosion 

Marine Shales 
Easily dispersed, high 
shrink-swell characteristics 

Infrequent convective 
storms, freeze-thaw occurrence 

High peak flows; low volumes 
Moderate slopes 
Sparse, little or no litter 
Intensively grazed 
More than 50% rill and gully 
erosion 

Occasionally eroding banks and 
bed but short flow duration 

TOTAL 9 2 

This total rating of 92 would indicate that the sediment yield is in 

Classification 2. This compares with a sediment yield of 1.96 acre-feet per 

square mile as the average of a number of measurements in this area. 
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NTRODUCTION 

Pumose 

El Paso Natural Gas Company (EPNG) is proposing to replace a gas pipeline that ruptured (2026 
line) during the January 1993 floods. The new line would be buried beneath the Gila River near 
Coolidge, AZ between Mile Posts 13-15 as measured using EPNG stationing. The purpose of 
this study was to determine 100 year flood scour depths due to general and local scour in the 
river, and the possible lateral extent of the scour. This was used to obtain recommended pipe 
burial depths and limits. An area map is shown in Figure 1 and a project site map in Figure 2. 

Scope 

WEST Consultants conducted a detailed scour analysis of the pipeline crossing and the results 
are documented in this report. This analysis was performed using the sediment transport 
computer program, HEC-6, "Scour and Deposition in Rivers and Reservoirs" to compute general 
scour. An analytical local scour analysis was then conducted to determine the total scour 
potential. Channel migration patterns from aerial photographs were analyzed to estimate 
probable lateral movement of the river near the proposed pipeline alignment. 
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PROJECT DESCRIE'TION 

General 

The Gila River originates in southeastern Arizona and is tributary to the Colorado River with 
the confluence of the two rivers at Yuma, Arizona (Figure 1). The project site is located on the 
mainstem Gila River near the town of Coolidge, Arizona. Upstream flow reguIation occurs as 
a result of Coolidge Dam on the Gila River. Coolidge Dam is used primarily for imgation and 
is owned by the Bureau of Indian Affairs, but is operated by the Bureau of Reclamation. 
Approximately half of the drainage area upstream of Coolidge is regulated by Coolidge Dam. 
The San Pedro river is the major tributary drainage between the pipeline crossing and the dam. 
Completely dry river beds are a common occurrence in the Gila River during portions of the 
year. Thunderstorms and flash floods are also common in the summer months. The largest 
floods are most likely to occur from mid-December through March and are the result of regional 
rain storms, or rain on snow events. 

January 1993 Flood 

A 6 inch O.D. gas pipeline (2026 line) crossing the Gila River between MiIe Posts 13 and 15 
near Coolidge ruptured during the early January 1993 storm. This crossing is approximately 
twenty-five miles downstream of the USGS stream gage on the Gila River at Kelvin, hourever, 
no major tributaries enter between Kelvin and the pipeline crossing. The contributing drainage 
area upstream of Kelvin is 18,011 square miles. The provisional January 1993 storm 
hydrograph is presented in Figure 3. The peak at the pipeline crossing would lag that time 
shown in Figure 3 by approximately 4 hours, the travel time from Kelvin to Coolidge. The peak 
flow should be approximately the same. That peak flow of approximately 50,000 cfs, which 
would correspond to a flow slightly greater than the 25 year flood (Roeske, 1978), was estimated 
provisionally by the USGS. Figures 4 and 5 show this and other upstream and downstream 
flood frequency estimates made below Coolidge Dam (Roeske, 1978). 

The meander belt at this crossing, which is at approximately a 30 degree angle to the pipeline 
crossing, is approximately 6700 feet across. The stream channel migrated laterally during the 
January 1993 flood and during previous floods. Complicating factors caused great changes in 
stream location during the January 1993 flood, including failure of the Attaway Road Bridge 
(completed by Pinal County in 1988189) north and south abutments just upstream of the pipeline 
crossing, and a chute cutoff of a meander immediately upstream of Attaway Road. The channel 
shifted laterally over two thousand feet during the flood. Failure of the pipeline occurred as a 
result of the lateral channel shift which undercut the pipe in a location that had previously been 
perceived as an overbank area outside of the flood channel. Pipeline burial depth was more 
shallow in that location. The proposed pipeline alignment is shown in Figure 2. 



Background Tnformation and Field Reconnaissance 

WEST Consultants conducted a background information survey in  order to obtain any pertinent 
information concerning the hydraulics, hydrology, and sedimentation issues for the site. The 
agencies that provided information were Pinal County, the U.S. Army Corps of Engineers (Los 
Angeles District), and the U.S. Geological Survey. In conjunction with this effort, WEST 
Consultants conducted a field reconnaissance of the site. 

The field reconnaissance crew consisted of sedimentation engineers from WEST Consultants and 
geotechnical engineers from Sergent, Hauskins and Beckwith (SHB), the geotechnical 
engineering firm that conducted the surface and subsurface soils analyses. The WEST 
Consultants personnel determined the locations of surface samples to be taken and used in the 
sediment model described later. Exploratory drilling locations were generally along the 
proposed burial alignment. 

Field and Laboratory Activities 

Sediment samples were collected at sites determined in the field by WEST Consultants. SHB 
collected and analyzed the samples under separate contract to EPNG. The sediment samples 
were analyzed for grain size distribution (sieve analysis) down to approximately 0.0625 mm. 
Samples from the borings were characterized and analyzed to determine depth of bedrock or 
strongly cemented (flow resistant) soils. This information was documented by boring logs. The 
information was helpful in determining the trenching requirements for pipeline placement and 
the likely maximum depth of scour. The results of the geotechnical investigstion were 
documented in a separate report by SHB. 



HYDROLOGIC ANALYSIS 

General 

The long term hydrologic information used in this study was obtained from the USGS stream 
gage, Gila River at Kelvin, Arizona. This USGS data was extracted from CD-ROM optical 
discs and associated software obtained from U. S. WEST (1988). The development of the 100 
year flood used in the sediment transport model is described in detail later. 

Historic Streamflows 

The USGS stream gage on the Gila River at Kelvin has been in continuous operation since 1913. 
Upstream regulation of the river for peak flows has existed since completion of Coolidge Dam 
in 1941. The record from 1913 through 1986 was utilized to establish long term hydrologic 
trends at the project site. Flows are normally low from April through mid-December with some 
thunderstorm peak floods occumng in August through October. The historic wet period begins 
in mid to late December and continues through March. In order to present a range of possible 
flow conditions during the potential construction season Figures 6-10 are used to portray the 
average mean daily flow and the maximum mean daily flow observed during the period of record 
for May through September, respectively. 

The 100 year flood peak flow of 130,000 cfs for the site was obtained by using the streamflow 
record from the Gila River at Kelvin streamgage and the USGS regional flood frequency analysis 
which includes Coolidge regulation (Roeske, 1978). The shape of the hydrograph was obtained 
by using the USGS provisional estimate for the January 1993 storm which had a peak of 50,000 
cfs (USGS provisional estimate). The hydrograph was increased to reflect the difference 
between this event and the 100 year flood. The 100-year design hydrograph is shown in Figure 
11. For comparative purposes peak annual instantaneous flows of record are presented in Table 
1 

Flow Durine Construction Period 

As noted in the previous section, mean daiIy flows can vary from essentially zero to flood 
conditions. Mean daily flow variances possible during a possible construction window from 
May to September are presented in Figures 6-10. It is apparent from these figures that the 
optimal construction season is from May through June. Large thunderstorms are quite normal 
during July, August and September. Peak instantaneous flows can be significantly larger than 
mean daily flows particularly during thunderstorm events. In order to provide a better estimate 
of the larger flows that can be expected during a construction period, a flood frequency analysis 
was performed to determine the 5 and 10 year peak flows. These peaks are 3360 cfs and 3970 
cfs in May, 4050 cfs and 4650 cfs in June, 10,990 cfs and 12,060 cfs in July, and 17,330 cfs 



and 21,200 cfs in August for the 5 and 10 year floods, respectively. It is recommended, based 
upon historic streamflows, that construction activities be initiated and completed before July, if 
possible. Following that date, streamflows increase significantly and can maintain relatively 
high levels due to thunderstorms through September and into October. Flows do decrease in 
later October and November until increasing again during the regional storm events during the 
winter. 

Due to dam instability and ongoing construction at Coolidge Dam, the Bureau of Reclamation 
is planning to release at high levels until the Coolidge pool level is reduced to one-half the full 
pool volume. They plan to release 4200 cfs until May 1, 2000 cfs from May 1 to June 1, and 
1500 cfs from June 1 through August. The previous analysis for the 5 and 10 year peak flows 
takes this information into account. The aforementioned flows are targets and are variable on 
a week to week basis. 



SCOUR AND SEDIhlENT TRAh'SPORT MODELmTG AND ANALYSIS 

A detailed scour and sediment transport analysis was conducted at this site in order to provide 
criteria for pipeline construction, design and permitting. 

Pumose of Sediment Trans~ort Modelinp 

There are essentially two kinds of scour - general (degradation) and local. General scour is 
associated with general streambed lowering over a significant stream reach length. This occurs 
under conditions such as depletion of upstream sediment sources (e.g., scour downstream of 
reservoirs), and changes in stream gradient. Local scour is associated with streambed erosion 
at specific locations across and, to some extent, along the stream. Examples of local scour 
include the deepening incision of the low flow channel, constriction or pier scour at bridges or 
between bridge abutments, flow concentrations at severe stream bends, and impinging flows at 
stream confluences. 

Traditional.computation of scour depth addresses only the local scour component of the total 
scour and does not include the general lowering of the streambed during the design event and/or 
long term general scour trends. A more comprehensive approach is to determine the general 
scour of the streambed using the design hydrograph (supplemented with a long term hydrograph) 
and add the local scour component to the general scour to obtain the total scour depth. The 
concept of local and general scour is illustrated in Figure 12. The general scour portion of the 
total scour requires information on the geometry of the stream upstream and downstream of the 
pipeline crossing, hydraulic parameters (depth ,velocity, width, etc.) of each discharge of the 
design hydrograph and long term hydrograph, the sediment gradation of the bed surface, volume 
and composition of the sediment entering the reach for each discharge, and the flow and duration 
of each portion of the design hydrograph. 

This type of analysis requires the use of a numerical sediment transport model. The sediment 
transport model, HEC-6, "Scour and Deposition in Rivers and Reservoirs," (U. S. Corps of 
Engineers, 1977) was selected to model the general scour of the stream crossing. 

Description of HEC-6 Model 

HEC-6 is a one-dimensional, movable boundary, open channel flow model designed to simulate 
streambed profile changes over fairly long time periods. Since its initial nationwide distribution 
by the HydroIogic Engineering Center (HEC) of the Corps of Engineers in 1973 and again in 
1977, 1987 and 1991, it has been the most widely used one-dimensional sediment transport 
model in the U. S. and particularly, with the Corps of Engineers. 

In general terms, the model first calcuIates the hydraulics of each discharge increment in a 



hydrograph to determine hydraulic parameters such as flow depth, water velocity, and effective 
flow width for each cross section. It then computes the sediment transport potential at each 
cross section using the hydraulics of the main channel. Sediment contribution at the upstream 
end of the reach being modeled is simulated by the use of a sediment vs. discharge relation and 
is specified by the user. This load is compared to the sediment transport potential of the cross 
section. If the inflowing load is larger than its transport potential, the difference is deposited 
in the cross section. If the inflowing load is less than the transport potential, it is picked up 
(scoured) from the bed, taking into account the avaiIabi1ity of material in the bed (e.g., bedrock, 
armoring, etc.). The sediment load leaving the cross section then becomes the inflowing load 
to the next downstream cross section. This continues until the most downstream cross section 
is simulated. For the next discharge in the hydrograph, the hydraulics are again computed using 
the new cross sectional geometry formed by the previous discharge. The cycle is repeated until 
the entire hydrograph is simulated. Further details of the model are presented in the HEC-6 
User's Manual (USACOE, 1991) and MzcArthur et. al. (1990). 

The creation of HEC-6 input files for each river segment containing the pipeline crossing 
requires the development of channel geometry from field surveys, hydraulic analysis for the 
water discharges being simulated, the input of representative streambed material size 
distributions, the creation of an inflowing sediment rating curve, and development of a design 
hydrograph containing the design event and a representative long term hydrograph. The 
procedures used in developing the HEC-6 inputs are described in the following sections. 

DeveIooment of Geometry and Hydraulics 

The streambed and overbank geometry are required for input in the sediment transport model. 
Surveys were conducted by El Paso Natural Gas contract survey crews and provided to WEST 
Consultants. A flow of approximately 8000 cfs existed in the river at the time of the survey. 
Accordingly, the survey crews were unable to survey the channel bottom that was covered by 
water. In order to estimate the actual underwater geometry we assumed a thalweg shape 
consistent with previous observations and conducted a normal depth computation for 8000 cfs 
at each cross section such that the water surface elevation met that which was observed for this 
flow during the field survey. Cross sectional geometry was then input into the HEC-6 model. 
Cross sections as surveyed throughout the reach and computed water surface elevations for the 
100-year peak flow are presented in Appendix B. 

Streambed Gradation 

A field sediment data collection program was conducted at the site. Bed sediment samples and 
gradations within the study reach are also a requirement for sediment transport modeling. These 
streambed gradations were input to the HEC-6 model. At cross sections that do not have 
samples taken, the upstream and downstream cross section gradations were linearly interpolated 
to produce a representative gradation. This interpolation is performed automatically in HEC-6. 



Limits of Erodible Bed 

1 From the field reconnaissance and plots of the cross sections, the lateral limits of scour were 
determined and input to the HEC-6 model. The model assumes that erosion is uniform between 
these limits but deposition can occur outside these limits but within the wetted portions of the 
channel. In general, the limits of scour are within what is termed the "active bed" and are often 
located just within the main channel limits. 

inflow in^ Sediment Load 

Generally, no information was available on the sediment entering the stream crossings from 
upstream sources. To develop a sediment rating curve (the relation between water discharge and 
sediment discharge by grain size), it was assumed that the upstream cross sections were in quasi- 
equilibrium. This means that the sediment gradation of the streambed determines the sediment 
loads passing the cross sections and the amount of sediment entering the reach is generally equal 
to the amount of sediment exiting the reach. For a range of flows, the inflowing sediment for 
the HEC-6 model was assumed and the amount of sediment passing the upstream cross sections 
noted. The sediment load passing these cross sections was then used as the inflowing sediment 
load. This iterative process was continued until the inflowing sediment load is consistent with 
the sediment load passing the upstream cross sections and no significant scour or deposition 
occurred in these cross sections (consistent with the equilibrium assumption). The inflowing 

I 
sediment loads from the last iteration were used as a basis for later analysis. 

Development of Streamflow Hvdrograph 

In order to use HEC-6 for sedimentation analysis, a 100-year flood hydrograph must be 
developed which comprises a long term event as well as the hydrograph'of the design event. 
The 100-year storm hydrograph was developed using the same pattern as observed in the January 
1993 hydrograph at Kelvin. The hydrograph was shifted upward to represent the difference 
between the observed peak of the 1993 storm of 50,000 cfs as compared to the 100-year peak 
flow (Roeske, 1978) of 130,000 cfs. Using an in house computer program called the Sediment 
Weighted Histogram Generator, an output file of the representative 100-year flood histogram was 
created in HEC-6 input format. 

Results of Scour Analvsis 

The HEC-6 model computed a maximum average scour depth of 6.3 feet at cross section 5000. 
Due to the extreme skew of the pipeline crossing to the river, the alignment actually crosses 
sections 3000 through 8000 (Figure 2). The maximum general scour at each cross section was 
used to compute total scour depth. It must be understood that the results of the simulation are 
representative of the general scour and that the actual local scour must be added to the general 



scour to obtain the total scour, as depicted in Figure 12. Determination of local scour is 
theoretically beyond the capabilities of HEC-6 or any 1-dimensional sediment transport model; 
however, analytical methods can be used to approximate it. 

Lacey (U.S Bureau of Reclamation, 1984) estimated that the local scour for a straight reach 
should be about 25% of the flow depth, 50% for a moderate bend and 75% for a severe bend. 
Blench (USBR, 1984) sugpests that this value should be 60% of the flow depth, even for reaches 
that range from straight to severe bends. This implies that the local scour is just as great in a 
straight reach as in a severe bend. Since the general scour was already conservative (maximized 
scour conditions), Lacey's relation was chosen to determine the local scour and thus the a 
scour depth. The pipeline crossing site has moderate flow angles to the main stream and would 
be classified as a moderate bend in the Lacey method. 

For the peak discharge of the 100-year flood (130,000 cfs), the flow depths along the pipeline 
crossing from cross sections 3000 to 8000 vary from approximately 10 to 15 feet. Assuming 
Lacey's relation for a moderate bend, the local scour would vary from 5 to 7.5 feet. A safety 
factor of 3 feet was added to reflect the effect of antidunes as were observed during the January 
1993 storm. 

Using the aforementioned computational techniques the total scour depth for the 100-year design 
event at the crossing was estimated along the entire crossing. Due to the extreme skew of the 
crossing to the river channel and assuming that the actual incised stream channel can migrate 
over the entire width of the meander belt total scour potential in feet mean sea level elevations 
are presented below. This crossing, therefore, has a possibility of maximum scour over the 
entire meander belt. 

EPNG STATION TOP OF PIPE BURTAL ELEVATION 

Lateral Scour 

A lateral scour analysis, based upon use of historic aerial photographs and other site specific 
information, was then conducted in order to determine the maximum extent of pipe burial depth. 



Meander belt width and activity were taken into consideration in the assessment of lateral 

I migration of the alluvial channel. The lateral limits of maximum scour are estimated to occur 
between engineering stations 719f75  (approximate centerline of a field road) and 787+00. 



COXCLUSIONS ANXI RECOMMENDATIONS 

The following conclusions and recommendations are outgrowths of this study. 

1. General scour depth as computed by HEC-6 for the design event is a maximum of 6.3 
feet in the vicinity of pipeline crossing. 

2. The local scour was estimated at vary from 5.4 to 6.7 feet, resulting in a total estimated 
scour depth at the proposed pipeline crossing varying from 8.6 to 14.7 feet. These total 
scour depths include a safety factor to incorporate the effects of antidunes. Based upon 
the scour depth, the pipeline should be buried below elevations as presented on page 9. 

3. Lateral movement of the channel is anticipated during large flood events. The active 
meander belt width is approximately 6700 feet and extends from engineering stations 
719+75 to 787+00. 

4. Construction should begin as soon as possible as there is a greater probability of higher 
streamflows during thunderstorms in August and September. Ideally, the construction 
should be completed by 1 July. 
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EXAMPLE OF LOCAL SCOUR 

EXAMPLE OF GENERAL & LOCAL SCOUR 

Figure 1 2 .Examples of Local and Generzl Scour 


