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HEC-6 is a computer grogran develoaed by the Eydroloqic Zngineerinq 

Center for the Fathenatical modeling of scour and deposition in 

rivers and reservoirs. Since its release in 1977 it has been used 

successfully in m n y  studies. Xowever, some users have exgerienced 

difficulty in operation, application, or interpretation of results 

from the slodel. 

In order to Setter understand those difficulties and to find ways 

to inprove the utilization of EC-6, the Rydroloqic Engineering 

Center contracted with DMA Civil Engineers and Geologists to provide 

suggestions and sgecific examples of modifications to the XEC-6 

conguter progra and/or docunentation. 9MA was requested to investi- . - 
gate the areas of theoretical --- . - soundness, scone - . . . of - - - apglicability, 

- 
ease - - of use, reliability, conputational efficiency, and credibility. _- _ _.__ - - 

Four tasks were outlined for D14A to complete. First was a review 

of the literature, in particular to identify and summarize critical 

analyses of HEC-6. Second vas to identify sgeciffc groblen areas in 

.XC-6 and to identify their origins and/or causes. 3 i r 4  was to 

xake specific recommendations for rectification of problens identified. 

Fourth was to gregare a report of the findings of the study. 

n i s  report is prepared to satisfy the fourth task. It will cover 

the first three tasks in order. 



The review a s  t o  inc lude ,  but no t  n e c e s s a r i l y  be l i n i t e d  t o ,  f i v e  

s p e c i f i c  r epo r t s .  They were those  by W. W. Sayre of  Univers i ty  o f  

Iowa, J. Webb of  Colorado S t a t e  Un ive r s i t y ,  D. 9. Dawdy of N O R E C ,  - 
P.F. Ruff of  U i z o n a  S t a t e  Univers i ty ,  and t h e  National  Acadezy of 

Sciences panel  s tudy  on t h e  use  o f  hydrodynaaic c o n ~ u t e r  models 

f o r  f l ood  insurance s tud ie s .  

The f i n a l  s tudy was t o  be included only  i f  r e s u l t s  becane a v a i l a b l e  

p r i o r  t o  t h e  i n i t i a t i o n  o f  t h i s  c o n t r a c t .  They have n o t ,  and 

t h e r e f o r e  t h e  !!AS r e p o r t  w i l l  no t  be s g e c i f i c a l l y  included i n  t h i s  

r epo r t .  However, t h e  gene ra l  knowledge gained by Xr. Cawdy, a nenber 

of t h a t  pane l  and an au tho r  o f  t h i s  r e p o r t ,  w i l l  a i d  i n  t h e  p repa ra t ion  

of t h i s  r e ? o r t ,  a l though no panel  f i n d i n g s  can be included. 

The s tudy  by P.F. Fluff is i n  t h e  planning s t age .  Tdo s e t s  o f  d a t a  

a r e  t o  be assembled and used f o r  a comgarative s tudy  o f  t h e  per for -  

mance of s e v e r a l  models f o r  e s t ima t ing  scour  and d e ~ o s i t i o n .  One 

s e t  o f  data .  i s  near  c o m ~ l e t i o n  and t h e  f i r s t  c o m ~ u t e r  runs u i t h  t h e  

f i r s t  s e t  of d a t a  a r e  glanned f o r  aid-Deceaber. ' 3e re fo re ,  no 

r e s u l t s  a r e  a s  ye t  a v a i l a b l e  and t h a t  s tudy  w i l l  no t  be d iscussed  

f u r t h e r  i n  t h i s  repor t .  Sayre ' s  and N O 3 ~ C ' s . s t u d i e s  w i l l  be 

re ferenced  i n  d iscuss ions  i n  t h e  t e x t  a t  t h e  a p ~ r o p r i a t e  time. 

Webb, 1980, reviewed and compared KEC-6 with  t u o  o t h e r  sediment 

models, KU'dASZX and Simons and L i ' s  model. 'debb's . - -. - -- reao* - i nc ludes  

a review of  t h e  b a s i c  theory  and vorkings o f  a l l  t h r e e  models. The 

review - _ _ - - _  a m e a r s  t o  b e - - q u i t e . s u p e r f i c i a l ,  no t  nuch more than  what is  - --- .  --- 



presented i n  t h e  User 's  :,!anual f o r  each model. ;!ebb does poin t  ou t  

t h a t  a l though t h e  program vas d e v e l o ~ e d  f o r  t h e  inexperienced use r  

t h e r e  a r e  some shortcomings i n  t h e  gu ide l ines  given i n  t 5 e  User 's  

&nual. Fiis cmbined  - ~ i t h  t h e  f a c t  t h a t  EEC-6 . . .  has t h e  a b i l i t y  t o  

genera te  much of i t s  d a t a  can l e a d  t o  t h e  inaoa ropr i a t e  use of  t h e  - . -- 

Brownlie, 1981, has reviewed HEC-6 and p o i n t s  ou t  f i v e  a r e a s  which he 

f e e l s  a r e  shortcomings i n  t h e  nodel. H i s  f i r s t  ob j ec t ion  i s  t h a t  

t h e  model uses  t h e  step-backwater nethod and consequent ly daes -- - - 

not  ----- truLj~rnode1--unsteady - -  - . - . - .  flow. Although t h i s  i s  c o r r e c t  and s e v e r a l  

q t h e r  i n v e s t i g a t o r s  have used t h e  somenturn equat ion  t 9  model. unsteady 

flow, it i s  not  a c r i t i c a l  ~ o i n t .  For t h e  range of  a p p l i c a t i o n s  

t h e  use  of t h e  energy based step-backwater procedure is  adequate 

and- a , change  -. - . . . . - - . i n  it i s  not .  warranted a t  t h i s  t i a e .  The second ob jec t ion  

fol lows from t h e  f i rs t ,  t h a t  is t h a t  t h e  hydraul ic--and -- - --- sediment - 

equa t ions -a re  ____ - . uncuugled. Again wi th  t h e  p r e s e n t  s ta te -of - the-ar t  

t h i s  ---. i s  - - t h e  most reasonable approach. One needs t o  keep i n  a i n d  . . 

t h a t  a d d i t i o n a l  complexity does no t  n e c e s s a r i l y  l e a d  t o  increased  

accuracy. Furthernore t h e  a d d i t i o n a l  c o q u t a t i o n a l  c o s t  a r e  not  + 

j u s t i f i a b l e .  - .- 

S r o m l i e  has  a v a l i d  ob jec t ion  t o  t h e  l i x i t e d  nunber of  s ed i sen t  - ;t" 

r e l a t i o n s  ..--- ...-- of fe red  i n  IEC-6. - He a l s o  p o i n t s  ou t  t h e  l a c k  of guidance -x 
i n  t h e  User 's  Yanual a s  t o  t h e  s e l e c t i o n  o f  a n o s t  app ropr i a t e  

r e l a t i o n .  This  ob jec t ion  i s  q u i t e  v a l i d  and h a s  been observed by 

o t h e r  users .  This  can be remedied by a d d i t i o n a l  work as poin ted  

out  i n  Sec t ions  3 and 4 o f  t h i s  r epo r t .  



The l a s t  t u o  of 3rownl ie ' s  ob jec t ions  d e a l  v i t h  t h e  d e f i n i t i o n  of 

s lope  and sedinent  discharge.  In EFES-6 s lo?e  i s  de f ined  by Yannings 

equat ion  v i t h  a  known c o e f f i c i e n t  a t  each cross-sec t ion .  S roxn l i e  

recommends an a l t e r n a t e  approach based up02 h i s  work which i s  not 

n e c e s s a r i l y  b e t t e r .  Brownlie 's  equat ion  is  f o r  dunes while  nos t  

i n t e r e s t  i n  sand bed s t reams is i n  t h e  h igher  f lows,  probably upger 

r e g b e ,  no t  dunes. Las t ly ,  equ i l i b r ium sediment t r a n s p o r t  f o r  each -- -. - 

discharge  i s  assuned i n  HEC-6. Brownlie sugges ts  an a l t e r n a t i v e  

method t o  determine t h e  sediment t r a n s p o r t .  B a s i c a l l y  it is j u s t  a 

new embi r i ca l  f o r n u l a  no t  n e c e s s a r i l y  any b e t t e r .  

Brownlie 's  work on an  unsteady sediment t r a n s p o r t  xodel  f o r  sand 

bed s t reams shows soae i n t e r e s t i n g  r e s u l t s ,  bu t  t hey  a r e  pre l imi-  

nary a t  bes t .  A t  p resent  h i s  model r e q u i r e s  a 10-second t i n e  s t e p  

f o r  a reach  l eng th  of 100 meters  and a flow depth  of 2 meters. This  

r e p r e s e n t s  s i g n i f i c a n t  c o m ~ u t a t i o n a l  c o s t s  which a r e  not  j u s t i f i a b l e .  . - .- --- - . . . . . - - - . . . - . . - 

However, if t h i s  work is  cont inued a b e t t e r  t h e o r e t i c a l  model' may 

r e s u l t .  - 



3.1 S t a b i l i t y  C r i t e r i a  Inadequa6Lcs 

The following bas i c  equat ions  a r e  eaployed i n  t h e  E X - 6  ztodel: 

(1) Flox-cont inui ty equat ion:  

( 2  ) 710-J-energy equat ion:  

( 3  ) Sediaent - t ranspor t  equat ion:  

( 4 )  S e d b e n t - c o n t i n u i t y  equat ion:  

where 
2 

X = c ros s - sec t iona l  a r e a  ( L  ) 

B = movable-bed v i d t h  ( L )  

c  = sedixent  concent ra t ion  (nondixens iona l )  

d = g r a i n  diameter  of sed ixent  m a t e r i a l  (L) 

G = sedinent  d i scha rge  ( L 3 / ~ )  

g = g r a v i t a t i o n a l  a c c e l a r a t i o n  (C /8 ) 
XI, = head l o s s  Setween s e c t i o n s  k-1 and k (L) 

h  = water s u r f a c e  e l e v a t i o n  (L) 

p = volume shape f a c t o r  (nondinens iona l )  

3 
Q = v a t e r  d i scha rge  ( L  /TI 



11 
= l a t e r a l  v a t e r  i n f l o v  2er  u n i t  ~ ~ i c l t h  !r,"/~) 

S = energy ~ r a d i e n t  (nondimensional)  

T = water  teingerature ( O F )  

u  = v e l o c i t y  component i n  t h e  x -d i r ec t ion  ( L/T) 

V = zean v e l o c i t y  i n  t h e . c r o s s  s e c t i o n  (LIT)  

x = l o n g i t u d i n a l  d i s t a n c e  a long  t h e  channel (L) 

y = xovable bed e l e v a t i o n  (L) 

z = v e r t i c a l  d i s t a n c e  perpendicular  t o  t h e  x-axis  ( L )  

d =  v e l o c i t y  heed c o r r e c t i o n  f a c t o r  (nondislensional) 

The s e d b e n t - c o n t i n u i t y  equat ion  (5) i s  so lved  by enployinq an  

e x ~ l i c i t  f i n i t e - d i f f e r e n c e  scheme as follows: 

This  i s  t h e  cen t r a l -d i f f e r ence  sche3e and i s  sub jec t  t o  t h e  c o n t r o l  

of numerical s t a b i l i t y .  I n  o r d e r  t o  c o n t r o l  t h e  n m e r i c a l  s t a b i l i t y ,  

EC-6 uses  t h e  c r i t e r i o n  (Zxh ib i t  6 ,  o.  17 o f  t h e  Vser 's  .%nual, r e f .  1 3 ) .  

A x  DD A t = -  = -  v LTI 

L -- 
,& c-2 : L 4  + ' . \ . > L C . .  

where DD i s  t h e  flow dura t ion  (T) and LTI i s  t h e  t o t a l  nunber of \ 

i n t e g r a t i o n  i n t e r v a l s  used i n  c a l c u l a t i n g  sed ixent  novement. 

In  t h e  ~ E C - 6  s t a b i l i t y  c r i t e r i o n  confusion a r i s e s  from t h e  f a c t  t h a t  t h e  

A t  is determined e i t h e r  by 1) a ?re-assigned va lue  o f  LTI=SPI 

( ~ x h i b i t  6 ,  p. 17 ,  o r  by 2) a d e f a u l t  c a l c u l a t i o n  of A X / V .  I n  t h e  



f i r s t  op t ion  t h e  :.!anual reconnends t h e  use  of a  va lue  i n  t h e  range -% - kL?- L'..- t L 

RF, ,+..-A. 4-- 
f ron  l c t o  50 such t h a t  t h e  va lue  s e l e c t e d  r e s u l t s  i n  t h e  l e a s t  y 

%,\&,,A-. t 
o s c i l l a t i o n .  This  i s  a  very  a r b i t r a r y  c r i t e r i o n .  I n  t h e  second 

oa t ion ,  t h e  v e l o c i t y  (v) is s e l e c t e d  by t h e  d i f f e r e n t  -4eighting 

f a c t o r s  betveen 0  and 1 from t h e  consequent c r o s s  s ec t ions .  %c-6 

presen t s  t v o  schemes ( ~ x h i b i t  3, p. 1 3 )  t o  i l l u s t r a t e  t h e  s e n s i t i v i t y  

o f  t h e  ca l cu la t ion .  Once aga in ,  t h i s  r e v e a l s  t h e  inadequate  

t r e a t s e n t  of t h e  s t a b i l i t y  problem. To remedy t h i s  de f i c i ency ,  

Sayre, 1979, suggested Cheat s conceat of  a  s t a b i l i t y  c r i t e r i o n  ( ~ h e r i ,  

A b e t t e r  s t a b i l i t y  c r i t e r i o n  has t o  cons ide r  t h e  fol lowing d i f f e r e n t  

s t a b i l i t y  condi t ions :  1 )  The flow t r a n s p o r t  s t a b i l i t y  condit ion.  In  

t h e  most gene ra l  water and sediment r o u t i n g  nodel ,  t h e  unsteady 

shal low water equat ion ( o r  Saint-Venant equat ion)  must be r e t a ined .  

Froa t h i s  equat ion ,  t h e  cond i t i on  of s t a b i l i t y  could be obta ined  

on t h e  b a s i s  of t h e  n m e r i c a l  scheme chosen, a n d ' i n  gene ra l ,  

ends uo wi th  t h e  Courant s t a b i l i t y  condi t ion  (advec t ion  cond i t i on ) .  

( s e e  d e t a i l s  i n  t h e  t e x t s  of  numerical s o l u t i o n  i n  unsteady ogen 

channel  flow, e . g . ,  F a b o n d ,  e t .  al. 1975). 2 )  The sed iaen t  

t r a n s p o r t  s t a b i l i t y  condit ion.  This  s t a b i l i t y  cond i t i on  can be found 

from so lv ing  t h e  advec t ion-d i f fus ion  equat ion  o f  susgended-load 

and bed-load t r a n s p o r t  ( s e e  Sec t ion  3.2 , and/or  Vanoni , 1975 ) , i f  

a numerical scheme i s  used. ?'he s t a b i l i t y  cond i t i ons  a r e  con t ro l l ed  

by t h e  worst case of t h e  Courant condi t ion  ( advec t ion )  o r  t h e  

d i f f u s i o n  condit ion (iioye, 1978). 3)  The s e d b e n t  c o n t i n u i t y  

s t a b i l i t y  condition. This  is t h e  only  s t a b i l i t y  cond i t i on  considered 



by ~ZC-6, as discussed  before.  I t  i s  equ iva l en t  t o  so lv ing  t h e  

f i r s t  o rde r  advec t ion  equat ion ( ~ q u s t i o n  6 )  f r o n  ~ h i c h  t h e  fo l lov inq  

s t a b i l i t y  c r i t e r i o n  is  e s t a b l i s h e d  ( p o t t e r ,  1973) : 

Congaring equa t ions  ( 9 )  a n d ( 8 )  r e v e a l s  t h a t  t h e  apo ropr i a t e  s t a b i l i t y  
\ 

c r i t e r i o n  f o r  !?X-6 should cons ide r  t u o  parameters  i n  a d d i t i o n  t o  

v e l o c i t y  and reach length. The f i r s t  parameter i s  t h e  volume s h a ~ e  ' 
T 

f a c t o r ,  which i s  r e l a t e d  t o  t h e  p o r o s i t y  of  t he  sediment ma te r i a l s .  A* 

--..- . . .  -- 
The second pa rzqe te r  is t h e  concen t r a t ion  of t h e  sed izen t  t r a n s g o r t .  - - - -  . - - - 

L 

This  i n g l i c i t l y  l e a d s  t o  t h e  sediment t r a n s g o r t  s t a b i l i t y  condit ion.  

Due t o  t h e  tvo-dizensional  n a t u r e  of t h e  sed iaen t  t r a n s p o r t  equat ion ,  

t h e  s ed izen t  t r a n s b o r t  r a t e s  a r e  g e n e r a l l y  obta ined  without  cops ider ing  

t h e  t r a n s p o r t  mechanism of  t h e  sed inen t  concen t r a t ion  ( f o r  a d e t a i l e d  

d i scuss ion  of t h i s  seo Appendix A ) .  A s  a  r u l e  of  thuzlb, t he '  higher  I .  
--- 

I 
t h e  t r a n s p o r t  ( c o n c e n t r a t i o n ) ,  t h e  sma l l e r  t h e  t ime s t e p  ( ~ t )  which 

\ a* 
should --.. --- be adopted. . The t i n e  s t e p  ( A t )  3 u s t  be chosen i n  sucn a *.my! 

t5at t h e  t o t a l  s ed iaen t  t r a n s a o r t  does not  exceed t h e  a v a i l a b l e  

bed 3 a t e r i a l s .  

Another important f a c t o r  t o  be considered i n  t h e  s e l e c t i o n  of t h e  

t ime s t ep  i n  a d d i t i o n  t o  t h e  s t a b i l i t y  c r i t e r i o n  of equat ion  ( 9 )  i s  
.- -- 

t h e  phys i ca l  c o n s t r a i n t s  of t h e  a v a i l a b i l i t y  of bed m a t e r i a l ,  a m o r i n g  -- .-. . -  . . . - .. - -  . 

e f f e c t s ,  and t h e  chanqe of corngosition o f  bed ma te r i a l s .  This  only 
- .. - 

holds t r u e  for t h e  :-IEC-6 zode l ,  due t o  t h e  modeling tec.hnique o f  

bed arrnoring and sedirnent s o r t i n g  processes .  



A d e f i n i t i v e  t ime s t e p  cannot be e a s i l y  achieved i n  t h e  e rodib le-  

bed aode l ,  a s  con t r a s t ed  t o  t h e  fixed-bed nodel.  This  i s  due t o  t h e  

na tu re  of t h e  feedback o f  t h e  l o c a l  flow and sediment t r a n s p o r t s ,  

even i n  a  "known discharge" and "uncoupled" node1 (such  a s  ~EC-6 

and o t h e r  z o d e l a ) .  Tne dilemna l i e s  i n  t h e  d i f f i c u l t y  introduced by 

t h e  d i f f e r e n t  t i z e  s t e p s  de r ived  f o r  numerical s t a b i l i t y  a s  v e l l  

as f r o 5  t h e  phys i ca l  J u s t i f i c a t i o n ,  such as t h e  a v a i l a b i l i t y  of b 

l o c a l  s ed iaen t  x t e r i a l s .  I n  gene ra l ,  t h e r e  is a  t rade-of f  of t h e  - -  - - - 8  

accuracy,  cornguter c o s t ,  and phys i ca l  reasoning.  That i s ,  a t i a e  :, ---- - 

s t e p  t o o  szall r e q u i r e s  t o r e  c r o s s  s e c t i o n s ,  excess ive  computer t ime,  

and c r e a t e s  t h e  p o s s i b i l i t y  of v i o l a t i o n  of  t h e  phys ics  of  t h e  

~ r o b l e n .  3n t h e  o t h e r  hand, a  t ime s t e p  too  l a r g e  v i l l  l e a d  t o  

i n s t a b i l i t y .   his only can be s tud ied  by numerical expe r inen ta t ion ,  

a s  pe r fo r sed  by t h e  w r i t e r s  (YORTSC, 1.981). 



3.2 Theore t i ca l  Iaadequacies  

In o rde r  t o  i n v e s t i g a t e  t h e  t h e o r e t i c a l  inadequacies  of SC-6, a 

d i scuss ion  of t h e  nore gene ra l  t h e o r i e s  of v a t e r  and sediment 

rout ing  aode l s  i s  vorthwhile .  A s  s t a t e d  i n  Sec t ion  3.1, t h e  governing 

equat ions a r e  f l ov -con t inu i ty ,  noaenturn, sed igent - t rans?or t  and 

sed igent -cont inui ty .  For convenience, t h e  f l ov -con t inu i ty  and nonentum 

equat ions w i l l  be  c a l l e d  t h e  water r o u t i n g  zode l ,  and t h e  sediment- 

c o n t i n u i t y  equat ion v i l l  be c a l l e d  t h e  sed ixen t  rou t ing  model. 

These two nodels  a r e  as follows: 

~ a t e r  9out ing :lode1 : 

S e d i ~ e n t  Routing :4odel: 

(13 

(14)  

2 
where qsl = l a t e r a l  s ed iaen t  inf low p e r  u n i t  width ( 5  /T)  

v = l a t e r a l  i n f l o ~  v e l o c i t y  (L/T)  
1 

w = v e l o c i t y  component i n  t h e  z d i r e c t i o n  ( L/T) 

Ws = s e t t l i n g  v ? l o c i t y  f o r  g r a i n  ~ r t i c l e  (L/T)  



Ex = sedinent diffusion coefficient in the x-direction ( !T) 

Cz = sedinent diffusion coefficient in the z-direction (I,'?) 

A conparison between equations (1) and (111, and (2) and (12) reveals 

that in the 9 2 ~ - 6  zodel, "unsteady" terns in the flow transport ar2 

neglected, as is the coupling of the feedback or interaction hetveen 

the vater and sedinent routing. This i3plies that EC-6 belongs to 

the category of "known discharge" and "uncoupled" vater and sedizent 

routing models. .4.n advantage of t5ese assu,?lptions is the siqlifi- 

cation in aathenatical manipulation and larse saving in computational 

cost. Boyever, the flow and sedisent transport nust be considered 

in such a way that the physical reasoning can be justified. As 

mentioned in Section 3.1, the-selection of a suitable At and A x  is 

vital -.. . . - - to - . - the validation- of, the ~XC-6 sodel. Consequently, EC-6 

should be used with caution in rapidly-changing flow conditions, such 

as the sinulation of flash flood events. Due to these assumptions, 

there are some concerns about the coupling/feedback between hydraulic 

con;utation, sediaent transport computations, and scour/de~osition 

conputations. This consideration  ill be deferred until Section 3.4. 

3.2.2 Sedinent Transoort Com~utation 

There are five options in EC-6 to calculate the sedinent transgort 

rates, namely: 1) Toffaleti's method; 2) laursen's relationship 

aodified by Idadden for large rivers; 3) a functional relationshi? 

between unit-width sedinent transport capacity and the depth-slope 

product; 4 )  Yang' s stream power method; and 5) W o y s '  method. Since -- 
all of the options are for sand bed streams and-not . . gravel bed streams 



:<E?-6 cannot s i a u l a t e  t h e  broad s g e c t r u 3  o f  rivers which ranze f r o 3  - - - 

l a r g e  gravel-bed t o  f i n e  sand-Sed channels.  In  a d d i t i o n  ~ S C - 6  - .- ----. 
cannot be  used f o r  cases  ~ h e r e  t h e  inf lowin8  sediment load i s  unknown 

v i t h o u t  aod i fy ing  t h e  ingut  sed ixent  d a t a  i n i t i a l i z e d  i n  t h e  L-card. 

The au tho r s  have found t h a t  an  e q u i l i b r i u ~  load  can be generated by 
74 ocu 

t h e  - -  u s e  --- of a.du;my cross-sec t ion .  : f l C  rocoqnizes  t h i s  and i s  aware 
k- LL.- --- 

t h a t  an  e q u i l i b r i u n  load  can be develoyed through suces s ive  approxi- 

mations us ing  information provided by C-level outnut .  The User ' s  J 

;.bnual (3ef. 13) needs t o  add res s  t h i s  i s s u e  as it i s  e s p e c i a l l y  

c r i t i c a l  f o r  inexgerienced use r s .  

? a s t  exgerience has shown t h a t  ZEC-6 i s  no t  a p p l i c a b l e  t o  gravel-bed 

streams. Prasuhn and Sin;, 1980, po in ted  o u t  +,hat T o f f a l e t i ' s  

nethod, t h e  recomendsd  nethod i n  XSC-6, vas  found t o  g r e a t l y  under- 

e s t i n a t e  g rave l  ~ o v e z e n t  vhen Cotton Vood Creek and t h e  Sacraaento 

River were analyzed. m e r e f o r e ,  t o  handle va r ious  k inds  of r i v e r s ,  

a a o r e  . . . . - . . v e r s a t i l e  - s e t  of s ed izen t  t r a n s p o r t  equa t ions  should Se - 
incorporated.  These could be  6 )  E i n s t e i n '  s se thod;  7 ) Modified 

Z i n s t e i n l s  nethod; 8)  Colby's method f o r  sand-bed s t reams,  a s  u e l l  a s  

' 3 3  r-0- r z  w w  
9)  ideyer-Peter and ! u e l l e r l s  method; or. 10)  S c h o k l i t s c h ' s  method f o r  

\ 

gravel-bed streems. The adoption of an a p p r o p r i a t e  sediment- t ransaort  

func t ion  t o  s u i t  a p a r t i c u l a r  s t ream is  considered one of t h e  nore  * 
d i f f i c u l t  t a s k s  i n  water  and sediment rou t ing  because it requ i r e s  

d a t a  c a l i b r a t i o n  a s  wel l  as engineer ing  J u d p e n t ,  i n t u i t i o n ,  and 

experience.  



3.2.3 Sedizent ?\ou+* in? :.:ode1 

~ l t h o u ~ h  the sediment-continuity equation (16) is the sicglest 

equation of the. soverning equations, it is the sost difficult 

grocess to model in water and sediaent routing ?rocedures. m i s  

stens from the difficulty - . in'dafining 1) scour/deposition distri- 
- - 

bution in a cross-section 3rofile; 2) lateral channel aigration of a 

channel, with adjust~ent; and 3) anoring effects. 

3.2.3.1 Scour/~e~osition Distribution in Cross-Section Frofile 

In HEC-6, the scour/deposition degth is assumed uniformly distributed 

along the cross-section profile. This is in contrast to other 
?.U*CJ, 

UucGL. models (sinons and Li, 1979), which distributes the amount of scour/ 
Au-T QuW 

deposition 5y the relative aagnitude of conveyance. X refinenent 

to the distribution of scour amount across the cross-section Sased on 

the concegt of relative magnitude of conveyance should be considered. 

'3e larger the conveyance the larger the tractive force and the deeper - - _ _ _  .- - -- - . 
. --.- 

the scour. For the degositio<~2rocess it is accegtable that the --- - .- ..-. - 

cross section be unifody deposited, or even deposited inversely 

progortional to the conveyance. -. . .- 

3.2.3.2 Lateral Channel ;figration on Channel Width Ad.justnent 

H~C-6 is a one-dimensional nodel with no -- provision ..- ----- .. . ---  to specify a - 
- 
lateral adjustment of sediaent transport rate across the cross sections, --.-. --- .- 
nor to simulate the-developqent of river meandering or bank migration. --- 

It is evident from equation (16) that the . -  - erodible ..- . .. channel width .. . (5) 
_y -. .-.__ _--. 

has _ to . _ _. be - . . _ ?respecified . . . . . - . 
and kept-vithout change during the sedhent 

. - . . . . - . , . . ... . - -  

routing process. It is felt that a close examination of the work 

on lateral channel migration, such as develoaed by Chang, 1982, and 



Parker ,  e t .  al., 1982, may be v o r t h v h i l e  t o  i n v e s t i s a t e  even i f  a 

one-dimensional aodel  i s  adopted. 

3.2.3.3 Armorins Z f f e c t s  

To cons ider  a m o r i n g  e f f e c t s  and t h e  hydrau l i c  s o r t i n g  of t h e  

corngosition of  bed .?raterial, XSC-6 i n t roduces  t h e  concegt of 

" e q u i l i b r i m  depth1' ,  "model bottom depth1', and "Active and Inac t ive  

zones ( l a y e r s ) " ,  " s t a b i l i t y  of a rno r  l aye r " ,  e t c . .  

A n  equi l ibr ium water  __ depth  __ f o r  which sediment w i t h , a  p a r t i c u l a r  -. - -. --. grain-  . .- . . , 

s i z e  -_ .  becomes _ _ _ _ _  _--. i r g o b i l e - i s  ob ta ined  by combining 14anningts equat ion ,  

S t r i c k l e r l s  e ~ l a L i o n ,  ar.d E i c s t e i n ' s  bed-load func t ion:  (TQ 39 

where Deq = equ i l i b r ium water  dea th  (L) 

p = v a t e r  d i scharge  p e r  u n i t  t o p  width ($IT) . . 

d = g r a i n  d iameter  of  s ed iaen t  m a t e r i a l  (L) 

Q = wste r  d i scharge  ( L ~ / T )  

w = to?  width 

A problem a r i s e s  from overbank f low,  where u n i t  d i scharge  Fer u n i t  

width of flow might decrease due t o  a sudden i n c r e a s e  o f  t o p  width, 

a s  t o t a l  d i scharge  increases .  This  r e s u l t s  i n  a n  incons is tency  of  

e q u i l i b r i u n  depth c a l c u l a t i o n  which has been experienced by t h e  w r i t e r s  

(NORT~C, 1981) , and t h e  scour  decreas ing  a s  d ischarge  increases .  

Therefore it i s  recornended - .- ___ t h a t  _ _ _ _  t h e  - equ iva l en t  width ( e f f e c t i v e  -__ _.- .vidth! . 

be used. - 



This i s  con t r ad ic to ry  t o  r e a l  world obse rva t ions  i n  scour  and f i l l  

nrocesses .  A second problem occurs  vhen t h e  dev ia t ion  betveen t h e  

c a l i b r a t e d  .%nni.nql s c o e f f i c i e n t  ( n )  and t h e  S t r i c k l e r ' s  equat ion -..-- - -  

i s  s i g n i f i c a n t :  

Sayre ( 3ef .  2 )  has shown t h a t  the-.e-qu&libriyn-depth ---- .. i 2 3 u i t e  -- 

s e n s i t i v e  - tg - - the  n  .values. ( ~ e  obta ined  Ceq = 29.7 f t .  and 51.3 f t .  

when us ing  n  = .0104 and .020 r e spec t ive ly . )  Validatio-n - of  . S t r i c k l e r ' s  ---  - . -  .. 

ept ion  i s  very  ques t ionable ,  e s p e c i a l l y  i n  t h e  dune regime, a s  .--- ---- - . . . . .- - - . . a  

i n v e s t i g a t e d  by Rurkhan and Dawdy, 1976. 

For de t e rn in ing  t h e  3eq i n  t h e  n i x t u r e  o f  g r a i n  s i z e s  a t  t h e  bed 

. su r f ace ,  a n  e f f e c t i v e  procedure i s  adopted by t h e  assumptions t h a t  

t h e  a m o r  l a y e r  is  equal  t o  a t h i c k n e s s  o f  one g r a i n  diameter  from 

which 

2  s m - d  Dse = - - 
3 PC 

(19)  

i s  obtained.  Tfiis fo l lows  i n  t h e  sane  s o i r i t  o f  t h e  d e f i n i t i o n  of 

t h e  th i ckness  of  bed-layer (e .g . ,  Z i n s t e i n  used txo gra in .d i ame te r s  

f o r  bed-layer,  E i n s t e i n ,  1950). It would be i n t e r e s t i n g  t o  s t u d y t h e  - 

s e n s i t i v i t y  -- - ---. ---. of --  t h e  - r e s u l t s  of t h e  equ i l i b r ium depth i n  a heterogeneous 

rnixturtzl 5 y a s s u i n g  s e v e r a l  n u l t i ? l e s  of  g r a i n  diameter.  Simons and -- _ _ _ ._ _. -- --c--- , -. - 

L i  used a two g r a i n  l a y e r  d e f i n i t i o n  i n  t h e i r  model, ZCZSR. 

A f i n a l  comment about  t h e  e q u i l i b r i m  depth i s  t h a t  t h e  e q u i l i b r i u n  

depth,  3 rd ,  i s  equiva len t  t o  t h e  channel r eg ine  depth. One such 

fo rnu la  i s  obtained by Laursen, 1957: 



The regime depth of  a  s t r e a n  i s  def ined  as t h e  equi l ibr ium d e ~ t h  fron 
.- - -. -- -- 

vhich t h e  stream-bed has  no scour  under t h e  c s n d i t i o n  o f  long- te rx  -- - - " 

cons tan t  flow. Sediment rou t ing  is  a dynanic and unsteady process ,  - -. -- - . . 

and t h e  depth of  t h e  scour /degos i t ion  is  es t imated  f r o n  t h e  func t ion  

of s ed izen t  t r a n s p o r t .  Therefore,  t o  o b t a i n  a neaningfu l  s o l u t i o n ,  

t h e  s u  of  scour  depth,  t h e  naxisum depth  t h e  r i v e r  w i l l  reach under 

long t e r n  cons tan t  flow cond i t i ons ,  p l u s  t h e  vater depth  has t o  be 

l i x i t e d  t o  t h e  equ i l i b r ium depth,  oven i f  t h e r e  is no rock outcrop  

r e - t r i c t i c n .  The equ i l i b r ium __ __-- d e p t h - i s  an i n d i c a t o r  o f  t h e  n a t u r a l  - - - -  . - 

ars0rin.g Drocess. _ _  --- -_ -. _ - 

In  322-6, t h e  program des igna te s  t h e  zone of z t e r i a l  betveen t h e  

bed s u r f a c e  and e q u i l i b r i u n  depth a s  Act ive,  and t h e  zone from ' 

e q u i l i b r i m  d e g t h , t o  t h e  aode l  Sottom as Inac t ive .  Only t h e  s a t e r i a l  

. i n  t h e  Active zone i s  s u b j e c t  t o  scour.  hihen a l l  m a t e r i a l  i s  reaoved 

from t h e  Active zone, t h e  bed i s  completely a rnored  f o r  t h a t  hydraul ic  

condit ion.  However, t h e  n a t e r i a l  is allowed t o  in te rchange  betveen 

t h e  Active and I n a c t i v e  l aye r .  It is argued h e r e  t h a t  t h e  de f in i t i on  ---..- 

of t h e  model bottom i s  as i a p o r t a n t  a s  t h a t  of t h e  equi l ibr ium depth. -- ---- . .- . 

Unfortunately,  1 ~ ~ c - 6  a r b i t r a r i l y  a s s igns  t h i s  va lue  e i t h e r  by a  

d e f a u l t  o f  10 f t .  o r  any nunber as s > e c i f i e d  by t h e  users .  Again, on ly  

under t h e  condi t ion  of known rock outcrop  i n  t h e  streambed can t h e  

nodel  bottom be we l l  deternined.  In o t h e r  ca ses ,  t h i s  i s  not  

.bo-m "a d r i o r i " ,  and i s  i g l i c i t l y  r e l a t e d  t o  t h e  de te rmina t ion  of  

t h e  depth  o f  s t r e a n  scour.  I n  t h e  w r i t e r s  e x ~ e r i e n c e ,  t h e  f i n a l  -__ _-__.._ .--- .- - - -.- - . .-- -. .-- --. .- 



V'Ltb - 7  

r e s u l t  of t h e  scour  de?tS is  heav i ly  dene2dent on $he values of  t h e  +L,ce-c .-- 
L & ' d d  - - 

nodel  bottom dedth (YoRTZS, 1981).  In  one t e s t ,  it was found t h a t  FI==-- * - .  - .  - 
t h e  scour  depth doubled vhen t h e  va lue  of model b o t t o a  depth uas  

doubled. 

To uodate  t h e  Active and I n a c t i v e  l a y e r s  ( o r  zones) ,  t h e  model must I 
r e c a l c u l a t e  t h e  g rada t ion  of t h e  bed m a t e r i a l s  (PC) and t h e  r a t i o  

of s u r f a c e  a r e a  of p o t e n t i a l  scour  t o  t o t a l  s u r f a c e  a r e a  (SX) i n  

Equation (19) .  This  is accomplished by a bookkeeging process  i n  t h e  

HTC-6 Frogran. These parameters a r e  r e l a t e d  t o  t h e  s t a b i l i t y  of  

a r a o r  l a y e r .  

These concepts a r e  b e s t  i l l u s t r a t e d  by f i g u r e  1 f o r  t h e  case wi th  and I 
t h e  c a s e  without  a r x o r  l a j e r  r e s t r i c t i o n s .  I n  Case 1 where t h e r e  

is  not .  an a n o r  l a y e r  r e s t r i c t i o n ,  t h e  ea_uilibrium depth  i s  h ighe r  than  

t h e  model bottom. In  t h i s  ca se  t h e r e  i s  no l i m i t a t i o n  on t h e  p o t e n t i a l  

scouring. I n  Case 2 where t h e r e  i s  an  a m o r  l a y e r  r e s t r i c t i . o n ,  

t h e  e q u i l i b r i u n  depth is  l o v e r  t han  t h e  z o d e l  bottom and t h e r e  i s  a 

l i x i t a t i o n  on the p o t e n t i a l  scouring.  The aaxiaum scour  depth i s  t h e  

d i f f e r e n c e  between t h e  t h a l u e g  e l e v a t i o n  and t h e  model bottom. Both I 
cases  a r e  d i f f e r e n t i a t e d  by the fol lowing condi t ions :  

Condition A: D,I>D1eq*D,q D.1 + Dse 

Condition B: Dd<Dleq=+ DFq = D l e q  + Dse 

G e s s l e r l s  concept of t h e  5ed s t a b i l i t y  f a c t o r  ( 3 s ~ )  ( ~ e f .  16 ,  17 ,  181, 

Is introduced i n  H ~ C - 6  t o  ugdate  t h e  S d 2  by a l i n e a r  r e l a t i o n s h i p .  

It vas  co in t ed  out  by Sayre ,  1979, t h a t  aninc-~nsistency.._betu_en.,,,the I 
Cess le r  and XEC-6 fo rnu la t ion  was de tec ted .  IZC-6 used: -.. . - - - .--, - . - .. . - .- - 
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A .  

Yhile  Sayre argued t h a t  dni should not be inc luded  i n  t h e  denominator 

and numerator in Zquation ( 2 1 ) ,  t h e  au tho r s  would have t o  agree  wi th  
, - - - - _  . . - -. . . 

Sayre ( see Aggendix B )  . 

It i s  not  c l e a r  vne ther  g rada t ion  of t h e  composition o f  5ed n a t e r i a l  ! 

both -- i n  - the-Active -- and . - I n a c t i v e - l a y e r s  . .-- is  updated a f t e r  t h e  

hydrau l i c  -. s o r t i n g  Frpcess.  By t r a c i n g  t h e  EZC-6 grogram, t h e  w r i t e r s  

found t h a t  t h e  updat ing o f  t h e  g rada t ion  of t h e  composition of bed 

m a t e r i a l s  uas  t t r c u g h  t h e  new s t o r a g e  a r r a y s  o f  Active and I n a z t i v e  

l aye r s .  .?owever, t h e  w r i t e r s  found some d i f f i c u l t y  i n  t h e s e  

d e f i n i t i o n s ,  vhich v i l l  be de l inea t ed  i n  Sec t ion  3.3 .  



The ?oar docu3entat ion concerning t h e  t h . eo re t i ca1  b a s i s  presented i n  - . - -  . .-.. 

t h e  LJserts IIanual and t k e  connuter  ;roTra!n l i s t i n g  ~ s % e  it almost 

i ~ ? n o s s i > l p _ t p  understand t h e  a lgo r i thmic  s t r u c t u r ?  and connuter  

proqramninl:. 9 e  -~ r : t e r s  have found t h a t  it i s  d i f f i c u l t  t o  t r a c k  

t h e  corresponde3ce betveen t h o  t h e o r e t i c a l  f o r n u l a t i o n ,  nune r i ca l  d i s -  

c r e t i z a t i o n  and inp lenen ta t ion  of t h e  conguter  proqra,ming. 3 i s  

d i f f i c u l t y  has Seen ~ a ~ n i f i e d  by t h e  l i 3 i t e d  m n u a l  t r a c i n g  ( v e r i f i -  

c a t i o n )  of t h e  coa?uter  program -zhich was ~mder t aken .  Therefore ,  

it is a d a i t t e d  t h a t  t h e  conclus ions  i n  t h e  f o l l o u i n s  a r e  considered 

only  t e n t a t i v e .  This  handicay.can only be circuzlvented by a nore  

involved 2rogran t r a c i n g  e f f o r t ,  a s  recommended i n  Sec t ion  4 . 3 .  

The n a i n  proSlems a r i s e  from t h e  update ,  t r a n s f e r ,  s t o r a g e ,  a l l o c a t i o n ,  

r e t r i e v a l ,  a n d . i n i t i a l i z a t i o n  of t h e  a r r a y s  o r  s i n g l e  v a r i a b l e s .  

3.3.1 3 e  ZC and C 9  VariaSles (hit-6 43)  

These t ~ o  l a r a n e t e r s  a r e  read  f r o n  t h e  XC-card of t h e  9YS-2 Format 

o r  f r o s  t h e  ?-Card of t h e  S e d i ~ e n t  Forslat. 30 th  a r e  s t o r e d  i n  comon 

block. These t v o  2arameters a r e  never s t o r e d  i n  "age ( b ) ,  a s  a r e  t h e  

n-values. It i s  s t a t e d  i n  the 'EX-6 User's :fanual t h a t ,  "Zxaansion 

and con t r ac t ion  c o e f f i c i e n t s  cannot be changed f ron  t h e  va lues  s e t  

a t  t h e  start of t h e  d a t a  deck." [ ~ x h i b i t  6 ,  p. 4 ) .  Eowever, t h e r e  

a l s o  i s  a n  i n s t r u c t i o n ,  " I n s e r t  an 2C-Card i n  t h e  reach where t h e  

change i s  des i r ed .  " i t  6 ,  . 4 ) .  Therefore,  without  , s t o r i n g  

CC and CE i n  Ta9e 4 -- 3asic Geometric Data Tape, t h e r e  w i l l  be a  

con t r ad ic to ry  u>dat ing  of t h e  CS and CS va lues  f o r  t h e  changinq reach. 



.?rlthouyh t h e  32  and 27 va lues  ai;ht -Jar% reach by r each ,  t h e  ? r e sen t  

a l g o r i t k n  s t r u c t u r 3  cannot achieve  t h i s  goal .  The - - . a o s t  . . . . se r ious  

discrepancy i n  t h e  baclwater  conputa t ion  w i l l  occur  i n  t h e  reach -- - ..-. - 
where d r a s t i c  chanse i n  t h e  v e l o c i t y  head occu r s ,  such a s  wei rs ,  

b r idges ,  o r  o t h e r  k j d r a u l i c  c o n t r o l  s t r u c t u r e s .  

D e n  admi t t ing  t h a t  CC -- and CT cannot be  changed from t h e  va lues  

s e t  a t  t h e  s t a r t  of t h e  d a t a  deck, a s  s t a t e d  i n  t h e  a~-6 Yanual, 

c o r r e c t  - -- . . . - - -. v a l u e s - a r e  ---. not  ~ o s s i b l e  due t o  t h e  fo l lowing  FOST4AU ... ...-. .... kr --..--.---... 2 

s t a t e n e n t s  (EC-6 ve r s ion  2.7, Nov. 1, 1975): EC-6 298, 2 3 9 ,  322, 

and 323 i n  XC-2 Foraa t ,  and EC-6 484, 485 i n  t h e  Sediment F o m t  

( s e e  Appendix C ) .  These c o n t r a d i c t i o n s  and d i s c r e ~ e n c i e s  need t o  

be cor rec ted .  

3.3.2 The CAR (14c.4~) and GD (:.IGD) Arrays - T--LC~- T- w-=~<sy 
141- q-72- --.<>,,', c- ,;c .- ,- 

These tsro v e c t o r  a r r a y s  a r e  t h e  z o s t  i q o r t a n t  v a r i a b l e s  encountered %C-'=% 

i n  t h e  EBZ-6 program. Without understanding t h e  a l l o c a t i o n  of each 

v e c t o r ,  it i s  no t  p o s s i b l e  t o  t r a c e  t h e  inp lenen ta t ion  of t h e  cornouter 

a l g o r i t h m .  To c o m e n t  on t h i s  "a lack  box" (\!ebb, 1380) t - p e  of  

progras  and a l s o  t o  c l a r i f y  t h e  o r i g i n a l  d e f i n i t i o n s  o f  some b a s i c  

pa rane te r s  o f  t h e  ZAR and G3 a r r a y s  (progran  l i s t i n g ,  EC-6 3593- 

3630),  t h e  fo l lov inq  t a b l e s  a r e  prepared. Table 1 shows t h e  CAY 

Array and Table 2 i l l u s t r a t e s  t h e  BD a r r ay .  T5ese t a b l e s  a r e  pre- 

2a ra to ry  t o  t h e  f u r t h e r  co.ments on t h e  a l g o r i t h n i c  inadequacies.  

X f i r s t  check wi th  page 9 of t h e  User 's  !%%ma1 r e v e a l s  t h a t  t h e  

i n e q u a l i t i e s  f o r  d e t e r n i n i n s  t h e  naxbua nmnber of g r a i n  s i z e s  should 

be - r ev i sed  .. . - - . v i t h  t h e  fol lowing t v o  equat ions:  



T A B U  1 

' I A ? I A B E S  S T O E D  I N  THZ CAR (HCAR)  AP,".AY 

VARIAB U S  

SPI 

UWD/TON 

WA/TON 

S U K  

SASE 

rBG 

VOLUME S H A P X  FACTOR 

DY LS T 

DS COEFFICIEXTS 

STORAGE 

1 

2 

3 

4 

5 

6 = NVS 

6 + NR = NVS + ?lR = N G 9  

6 + 2XR = NGR + NR = NTC 

6 + 2NR + 3NSAND = NAP 

VOLUME VS DEPTS FUNCTIOTf (MOVABLE 3 E D  WIDTH) NYV + HR(LC) = N I S  

IBACTIYE STORAGE N I S  + HR(NGS + 1) = K5 

TaIBUTARY Q-@ ( LOG) RATING TABIS K5 + N T ~ I ~ ( Y G S  + 1) = YCP3 

TOTAL = (NTRIS + LQ) (HGS + 1) + ~ ( N S A N D  + 1) + NR(NGS + 3 + LC) + N'E = 
NCAR 



TABLE 2 

VARIBLES STORED I N  THE G3 ( MGD) ARRAY 

VARI AB LES 

ACT1 VE S TOARGE 

#Am mGm 

AVG. SEC. YO. 

SAE 

S AE 

1-XPI 

DXPI 

DMAX 

MODEL BOTTOtil 

GAL 

SLOPS 

N-VALUE 

TOP VIIYIIS 

WAmR SURFACE 

EQUILIBRIUZ4 BED E U V  

DIS CEIARGX 

STORAGES 

LF + (NGS + 1) = L5 

L5 + 1 = L5 + LEB 

L5 + 2 

LS + 3 = L5 + ISA 

L5 + 4 = L5 + LSA 

L5 + 5 = L5 + L P A  

L5 + 6 = L5 + LDA 

L5 + 7 = L5 + LDM 

~5 + 8 = L5 + LW 

L5 + 9 = L5 + LGA = 

Y E  + MI?Q = NNV 

:n?v + MNQ = NT!4 

Nl?J + KNQ = NED 

NED + KNQ = NVE 

NWS + XNQ = :El3 

NEB + MNQ = NCQ 

NCQ + MNQ 

INFLOW S E D I E I T  B R ( X )  + ( E O R  + INTL + 1) NSFR = NGD 

TOTAL = NR (XGS + 8MNQ + NSE) +  ISOR OR + INTL + 1) NSFR = NGD 

NSE = 1 0 ,  NK = (NGS + 8 m Q  + NSE), LF = (IR - ~ ) ( N K ) ,  IR = 1, . . ., NX 



The s t o r s ~ e  caps  of Ll... and G3 i n  Tables 1 and 2 -~111 a i d  i n  . 

understanding t k e  t h e o r e t i c a l  backqround of t h e  ~ r o q r a m i n g  and f o r  

I n-unerical a n a l p i s .  I f  t h e  present  s t r u c t u r e  o f  t h e  ?rog.ran! i s  z a i n t a i n e d , .  

Tables 1 and 2 should be included i n  a n  u ~ d a t e  of t h e  User ' s  !"anual. 

3 . 3 . 3  Coef f i c i en t s  of S n e c i a l  Transoort  Function 

There i s  very poor d o c u e n t a t i o n  of t h e  r e l a t i o n s h i p  used i n  t l ie 

s p e c i a l  t r s n s g o r t .  func t ipn .  ( o g t i o n  ( 3 )  of t h e  Sedisent  t r a n s o o r t  

cozquta t ion ,  Sec t ion  3.2.2).  ay t r a c i n g  t 3 e  g r o g r m i n g  (EX-6 

I 
i 4475-b498), it -as found t h a t  t h e  sed inent  t r a n s p o r t  equat ion i s  

r e l a t e d  by: 

I 
! where, 

?:cations (24 )  and (25)  a r e  d i f f e r e n t  f r o n  t h e  d e f i n i t i o n s  s t a t e d  

i n  t h e  J-Card and X-Card ( ~ x h i 5 i t  6 ,  p. 26; and Sxh ib i t  7 )  with  C 2 

added and G? = GP * STO. Since they  a r e  t h e  r e s u l t  o f  a curve f i t t i n g  

process  t h e  co r r ec tnes s  of t hose  d i sc repanc ie s  could not  be judged. 

Bouever, a cons is tency  should be maintained between t h e  b a s i c  t heo ry  

and t h e  a l g o r i t h a  a s  wel l  a s  t h e  input  i n s t r u c t i o n s  i n  t h e  User 's  

3Ianual. 



3.3.4 'J3dstin.; of  t h e  Gradation c f  3e2 : k t e r F a l s  

The a c c u r a c ~  -~L..the proccss  f or- ' lgdz t ing  g rada t  ion  of SeC n a t e r i a l s  

i s ~ u e s t i o n a b l e .  - ----  - The J u s t i f i c a t i o n  f o r  t h i s  cannot be conf i rned  - ~ i t h o u t  

d e t a i l e d  t r a c i n g  of t h e  progran,  by s u b x i t t i n g  d i f f e r e n t  condi t ions  

of f l o v  and sedinont  t r a n s g o r t .  I n  t h e  f o l l o v i n g ,  on ly  t h e  incon- 

s i s t e n c y  - - -  of t h e  .- u n i t s  s to red  i n  t h e  3A3 and G3 a r r a y s  ~ i l l  be 

pin?ointed f o r  t h e  a n a l y s i s  of  updat ing of t h e  g rada t ion  of bed 

c a t e r i a l s .  It i s . r e c o m e n d e d  t h a t  i n  a d d i t i o n  t o  t h e  t r a c i n g ,  t h e  

I l o y _ c h a r t  -- of this ~ ~ d a t i n g  Srocess  should be prepared i n  f u t u r e  vork. 36 

(1) The i n a c t i v e  bed l a y e r  is read  f r o n  t h e  ??-Card by 

g r a i n  s i z e  f r a c t i o n s  ( Z x h i b i t  6 ,  p. 30) .  Zovever, i n  f i e l d  

6 of t h e  :I-Card, t h e  t o t a l  of g r a i n  s i z e  f r a c t i o n s  i n  t h e  bed 

C~,9(%5)  sras read. This  i s  not  t r u e  i n  t h e  a l g o r i t h  i t s e l f ,  

C A ! ? ( K ~ )  can never be  ass igned  such a s  1 .0  i n  t h e  ?Zanual. It 

i s  t h e  surmation of t h e  sand g r a i n  s i z e  f r a c t i o n s  only (YPC-6 

559-5558).  This i s  a l s o  t h e  case  f o r  t h e  a c t i v e  5ed l a y e r  

~ 3 (  ~ 5 )  ( ZC-6 5620-5623 1. 

(2) l a e n  t h e  v a r i a b l e  XPI (?I-card, f i e l d  5 ,  Zxh ib i t  6 ,  p. 30)  

i s  l e f t  blank,  t h e  a l g o r i t h 3  a s s i g n s  0.95 ( I X C - ~  55381, i n s t e a d  

of 1 .3  a s  t h e  iilanual says.  

3 There a r e  some a d d i t i o n s  which have i n c o n s i s t e n t  u n i t s  

' i n  t h e  updating Crocess of t h e  sand bed ma te r i a l s .  For 

exanple,  s*~~=sD(LGS) (XEC-6 3815) has t h e  u n i t  o f  l eng th  ( f t  1. 

Xovever, t h i s  q u a n t i t y  has been ~ l i x e d  wi th  t h e  u n i t  o f  t o n s ,  

such a s  W E  = (3VT + GD( W )  )/SAE (ZC-6 4400),  'nD = G D ( L ~ )  + 

xm (EC-6 4569). SAg = ( o D ( L ~ )  + H'IT) /VS~  (HZC-6 4636) and 



? I ( L )  = [.73(2~) + : z ( L ) ]  /;?.il (is:-; b 5 2 2 ) .  3 e  only 

except ion t o  t h i s  nixed zode occurs  vhen ~;'T,r9 = 0 ("2-6 4134)  

o r  DEQ QAL' (:Ec-5 4326). 

(4) trov ---- t h e  - - - grada t ion  of bed a a t _ e r i a l s . - i s  ca l cu la t ed  a f t e r  

t h e  a rnor  . ... . grocess  i s  not  c l e a r .  The comautation i s  c a r r i e d  out  

5y t h e  Io l lov ing  s t a t e n e n t :  PI (L)  = [ ~ 3 (  LL) + SD( L)] / [ ~ 3 (  ~ 5 )  + 

Houever, i f  t h i s  a lgor i thm is r i g h t ,  G ~ ( L S )  is t h e  sunnat ion 

of t h e  sand ?o r t ion  only ,  without  cons ider ing  t h e  c l a y  o r  s i l t  

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

c?(L)  vas  e s t i z a t e d  a s  100z of each  f r a c t i o n ,  ?I(L)  w i l l  be 

o v e r e s t i ~ ~ t e d .  This i x p l i e s  o u t f l o v  sed izcn t  d i scha rge  of 

sand, GPR = G?(L)  * PI(L)  (SC-6 4583 )  i s  o v e r e s t h t e d .  

- - These d i sc reganc ie s  should be i n v e s t i g a t e d  and co r rec t ed  a s  necessary. 

3.3.5 Inadeauate  3 e f i n i t i o n  of Var ia3 les  -- i n  .Ugorith?s 

T!-ie C e f l n i t i o n  o f  t h e  v a r i a b l e s  o r  a r r a y s  used i n  t h e  programp11ing 

i s  incoxple te  o r  erroneous. Zxhib i t  4 ( 3 e f .  1 3 )  does s i v e  sone i l l u s t r a t i o n s -  

of  t h e  a l l o c a t i o n  of va r i ab l e s .  Xowever, t h i s  3 h i S i t  should be 

checked t o  v e r i f y  i t s  accuracy. The x i s s i n g  d e f i n i t i o n s  should be 

prepared f o r  comgleteness. 

3.4 Ihnner  i n  vhich  PouplinglFeedback Occurs - 3etveen H y d n u l i c  
S o a ~ u t a t i o n s ,  3ediy.ent Transport  f o r n ~ u t a t i o n s ,  and Scour1 
D e ~ o s i t i o n  *2ozputat i ons  

As sen t ioned  i n  Sec t ion  3.2 t h e  T~ZC-6 :*:ode1 belongs t o  t h e  s imples t  

category of v a t e r  and sed izen t  r o u t i n g  models wi th  t h e  a s s m p t i o n s  



v i s i o n s ,  during a  ti== inc renen t ,  t h e  water  s u r f a c e  p r o f i l e  i s  c a l c u l a t e d  

i ' r oa  a s ? e c i f i e d  k n o ~ n  d ischarge  by us ind  a  steg-'gackwater procedare.  

A s e a i s e n t  t r a n s g o r t  equat ion i s  then  chosen t o  c a l c u l a t e  t h e  t o t a l  

sedi;aent load  a t  each c ros s - sec t ion  us in4  the  hydraul ic  parameters 

obtained t h r m d h  t h e  backwater c a l c u l a t i o n .  ? i n a l l y ,  t h e  4 c ~ r s d a t i o n /  

agg raaa t ion  a t  each s e c t i o n  i s  ob ta ined  by rou t ing  t h e  sed izen t  con- 

t i n u i t y  e2uat ion  f r o n  u2stream t o  a o ~ n s t r e a z .  

-. 
h e  t o  t h e  coaplex systems i n  water  and s e d h e n t  t r a n s - p r t  i n  n a t u r a l  

s t r e u s ,  t h e  one -dhens iona l  "known d i s c h a r ~ e "  and "uncougled" .zodel 

is widely used t o  keep t h e  a a t h e n a t i c a l  i n t r a c t a b i l i t y  t o  a a i n i ; ; u  

and t o  avoid  t h e  ex tens ive  co;t t o  o p e r a t e  t \ e  model. ?owever, t h e  

~ e r i t  or' t h i s  model depends unon t h e  a ~ p r o p r i a t e  s e l e c t i o n  of A t ,  

t h e  t i n e  s t e p ,  and Ax,  t h e  reach  l e n ~ t h ,  as d iscussed  i n  Tect ion 3.1. .-. 

R good c o m e n t  on t h e  couplin&/feedback between hydraul ic  coxpu- 

t a t i o n s ,  s ed iaen t  t r a n s 2 o r t  ~ o n ~ u t a t i o n s ,  and scour /depos i t ion  

computations has .been  aaae  by Sayre, 1979, and v i l l  not %e repeated 

here.  I n  ~ s n e r a l ,  t o  o b t a i n  r e l i a b l e  r e s u l t s ,  o-dinj t o  t h e  un- 

coupled na tu re  of t h e  b a c k - a t e r  c o a ~ u t a t i o n ,  t \ e  ~ e d A e n t  d ischarge  

~ o a ~ a t a t i o n ,  ana t h e  s e d h e n t  r o u t i ~ ,  t h e  t ime increnent  , A t , should _ _________ __..- --- .. - -- - 
be kept  s h o r t  enoudh t o  a s s u r e  t h a t  t h e  feedback hetwecn water and 

s e l i h e n t  r o u t i ~  v i l l  be n c & l i d i b l e .  If t h e  u?_da,$ed c ros s - sec t ions  
. . ... . .. . 

a r e  used t o  ~ e r f o r m  a nev b a c k n t e r  c a l c u l a t i o n  dur ing  a  t is le  increment 

t h e  chanses of bed p r o f i l e  a s  a r e s u l t  of t h e  c h a w e s  of p e v i o u s  

backdater  c a l c u l a t i o n s  should be i n s i g n i f i c a n t .  



in 9~2-6, durin; a f l o w  d u r a t i o n ,  33, no n a t t e r  how long o r  s h o r t ,  t h e  

hydraul ic  cogguta t ion  and sedinent  t r a n s p o r t  cagac i ty  a r e  c a l c u l a t e d  

once and a r e  n o t  r e c a l c u l a t e d  u n t i l  t h e  next  flow dura t ion .  30wever, 

t h e  g rada t ion  or' Sed l aa t e r i a l  and sand sedinent  d i scharge  can be 

updated i2I t b e s .  l h i s  v i l l  c r e a t e  not on ly  t h e  couplin&/feedback 
, 

--. . 
;roolea, but a l s o  a s t a b i l i t y  ; roblea ( s e e  Sec t ion  3 .1) .  To handle - -I___ .-- 

t h e s e  two problems it is recoclcended t h a t  t h e  A t  as d e t e m i n e l  by 

t h e  s t a b i l i t y  c r i t e r i o n ,  p l u s  s p e c i f i c a t i o n  of  t h e  cond i t i on  of 

SPI = I, should be  used r a t h e r  than  t h e  bianual i n s t r u c t i o n s .  T!~is is a l l  

t h e  more necessary when s h u l a t i n g  rapidly-changing f l o v  condi t ions .  

The sediment t r a n s p o r t  fo rnu la  chosen f o r  a given nodel  and t h e  a n n e r  

i n  which i t s  output  i s  conputed a r e  i n c o r t a n t  f a c t o r s  i n  modeling 

water-sediaent rout ing .  Nost sed ixent  t r a n s g o r t  f o m u l a e  have e i t h e r  

v e l o c i t y  o r  bed shear  s t r e s s  as a  parqetgr .  I f  bed shea r  s t r e s s  is  - ._-_ ----.-.- __-._- ---.--.. - _.---- 

based uDon l o c a l  energy s lope ,  oroblems can r e s u l t .  The negat ive  

feedback c h a r a c t e r ' i s t i c  of  step-backwater conputa t ions  does not  . 

hold f o r  coxputed l o c a l  energy s lope.  For example, t h e  l o c a l  energy 

s l o ~ e  cozputed by 332-2 can be s t r o n g l y  o s c i l l a t o r y .  It i s  not  

unusual f o r  r e s u l t s  f o r  a  reach t o  apgear q u i t e  accep tab le  i n  t e r n s  

of t h e  hydraul ic  pa rane te r s ,  y e t  t o  have v a r i a t i o n s  of  a n  order  of  

magnitude i n  conputed energy sloge. This  i s  a  = a t h e m t i c a l  a r t i f a c t  

of t h e  s o l u t i o n  alqori thm, and does not a f f e c t  t h e  accuracy  of  

coaputa t ions  of  x a t e r  su r f ace  e l e v a t i o n ,  depth ,  and ve loc i ty .  

2-Iodelers u se  s e v e r a l  apgroaches t o  overcoze t h i s  problem i n  s e d i s e n t  



routi .?g zoCelin;. i73r exaxple, Z 3 2 S 3  -__ by _ 3ixons .__ s a h L i  conpute bed 

ahear s t r e s s  a s :  

.&ere To is  bed shear  s t r e s s ,  f  i s  3arc;r-Veisbach f r i c t i o n  f a c t o r  
0 

2 
and 7 i s  xean v e l o c i t y  of flow. 3ecause V is not g r e a t l y  a f f e c t e d  by 

t h e  o s c i l l a t o r y  c h a r a c t e r i s t i c  and f  i s  e i t h e r  cons tan t  o r e i s  a func t ion  
0 

of degth  vhich a l s o  i s  no t  g r e a t l y  a f f e c t e d ,  t ! - i~s lo_qe_j - rohlen  i s  -- --- .. 
avoided. Sizilarly, in K W A S Z R  and UU;V'SX an empirical ?ewer func t ion  ---.- 

. a-. _ 
of v e l o c i t y  and degth i s  used..,Chang anproaches t h e  problen  by 

using t h e  geometric aean of - - -  t h e  - --- energy -. s lope  a t  two ad jacen t  - sec t ions  

t o  comuute e f f e c t i v e  energy s l o ~ e  i n - h i s  FLW1A.L nodels .  Thus, i f  -- -- --.__ _. - - .  - * - - -  - .  

o s c i l l a t i o n s  a r e  g ropor t iona l ,  t h a t  i s  doubling t h e  s lope  f o r  one. 

c ross -sec t ion  ha lves  it f o r  t h e  nex t ,  t hen  t h e  g e o n e t r i c  nean y i e l d s  

"cor rec t"  va lues  of energy s lope.  IIowever, t h e  FLTMAL width ad jus t -  

nent  i s  s t r o n g l y  r s l a t e d  t o  t h e  v a r i a t i o n  i n  energy s lope  along t h e  

s t r e a ,  a s  v i l l  be d iscussed  i n  Sec t ion  4.1.2. Any e r r o r s  of approxi- 

m t i o n  i n  step-backwater a r e  thrown i n t o  t h e  conputed energy s loge  

values.  For e x a g l e ,  i n  E C - 2 ,  if 'dSZL i s  s i t h i n  . O 1  f o o t  of TISSL 

o r  if T X X L  = 23, t h e  a ~ p r o x i m a t i o n  a lgor i thm s tocs .  The r e s u l t s  

are "good enough" f o r  eve ry th ins  but s looe ,  i f  s lope  is  used d i r e c t l y  

i n  subsequent ca l cu la t ions .  

Inco r rec t  downstrem kyoundary .. . . .. c o n d i t i o n ~ . c a n p r o d u c e  . ..- . . .. . . . .--, major o s c i l -  

l a t i o n s  i n  conguted l o c a l  energy s loge .  Use o f  t h s e  va lues  v i l l  - - ---. 

h p a c t  upon t h e  r e s u l t i n g  e s t h t e s  of s ed inen t  t r a n s p o r t  and of  

scour and depos i t ion .  



The sedtxent  t r a n s g o r t  mechanizn vould have neqat ive  feedback and 

s t a b t l i z e  i f  t h e  channel had a  f i x e d  bed. Zowever, it does not .  

The movable bed in t roduces  a p o s i t i v e  feedback. Zxangle: Assx2e a 

p r i s x a t i c  channel -.fit5 a  downstream e l e v a t i o n  boundary condi t ion  vhich 

i s  conputed a t  n o r x l  depth ,  and which is t o o  lov .  This  c r e a t e s  a  

s lope  too  s t e e ?  and a  v e l o c i t y  t o o  high with r e l a t i o n  t o  t h e  t r u e  

world. ;*!ore s ed iaen t  t r a n s ~ o r t  v i l l  5 e  nodcled a t  t h e  downstream 

boundary than  a t  t h e  po in t  where r e s u l t s  converge under r i g i d  

boundary flow as su rq t ions .  Therefore,  t h e  downstream cross-sec t ion  

scours .  Yext t i a e  s t e p  normal depth  is  even lower,  e t c .  A similar 

i l l u s t r a t i o n  can be sho-rn f o r  s e t t i n g  t h e  e leva t ion  t o o  high. 

S i z i l a r l y  s ed izen t  input  s e t  as an  u g s t r e m  boundary cond i t i on  can 

induce p o s i t i v e  feedback. Too much sediment input  c r e a t e s  f i l l ,  

i nc reases  s lope  t o  pass  t h e  load.  Next s e c t i o n  then  f i l l s  t o  pa s s  

t h e  sedislent. Eventual ly t h e  e n t i r e  r each  approaches, a new e q u i l i b r i m  

s lope  wi th  v e l o c i t i e s  s u f f i c i e n t  t o  t r a n s p o r t  t h e  inpu t  sediment. 



4.0 3 E C 3 ~ ~ N D A T X O N S  FOR FURTEIS3 :JO,SK 

Y ! y  recomendat ions  have been made i n  pass ing  i n  Sec t ion  3 of t h e  

regor t .  This  s e c t i o n  w i l l  summarize those  recomendat ions .  Some 

w i l l  be  expanded upon, o t h e r s  merely w i l l  be  r e f e renced  back t o  t h e  

t e x t  where they  a r e  explained.  Secommendations w i l l  be  presented 

i n  t e r n s  o f  ex tens ions  of  t h e  t h e o r e t i c a l  b a s i s  o f  EC-6, ex tens ions  

o f  t h e  p r a c t i c a l  u ses  o f  HEC-6, improvements ( o r  c o r r e c t i o n s )  o f  

t h e  c o q u t e r  code, and improvements i n  t h e  documentation of FEC-6. 

4.1 Extensions of t h e  Theoretical Basis o f  XC-6 

T h e o r e t i c a l  b a s i s  is meant as t h o s e  a s p e c t s  o f  t h e  model which involve 

t h e  b a s i c  equat ions  governing t h e  s e d h e n t  rou t ing  nodel .  These 

inc lude  t h e  s L a g i l i t y  - - c r i t e r i o n  - . -  f o r  t h e  equat ions ,  i n t e r a c t i o n s  

in t roduced  by t h e  phys i ca l  system, and ex_tensions o f  t h e  ~ ~ d e l t a  

i nc lude  more a s p e c t s  o f  t h e  physical-system. 

4.1.1 Choice of S t a b i l i t y  C r i t e r i o n  

If HEC-6 i s  t o  be used f o r  s i t e  s p e c i f i c  ana lyses  where dynamic 

c ross-sec t ion  r a t h e r  than s t a b l e  long-term reach  scour  and fill i s  of  

i n t e r e s t ,  a semi-research p r o j e c t  should b e  undertaken. A s tudy  a r e a  

should be s e l e c t e d  where p l e n t i f u l  d a t a  e x i s t  i n  terms o f  frequency o f  

cross-sect ion.  The Federa l  Flood Insurance Progran undoubtedly has 

genera ted  some of these .  One example i s  t h e  b p q u a  Biver  a n d - i t s  -- 

t r i b u t a r i e s  i n  Douglas County, Oregon. The USGS d i d  a r eq iona l  planning -.-- ___ _ _.... _ - -- ./ 
study i n  conjuc t ion  wi th  t h e  FIS, and many more c ross-sec t ions  than  

normal were co l lec ted .  The Rio Grande a t  B e r n a l l i l o ,  New Mexico, has  m-. - 
-- __ - - -  4 

- - 

cross-sec t ions  over  t ime p l u s  a  cons ide rab le  m o u n t  o f  s e d h e n t  data .  



S i a i l a r l y ,  t h e  Zorps xay have reaches vhich were s tud ied  f o r  naviga t ion  

and - fo r  which a  dense s e t  of c ross -sec t ions  a r e  a v a i l a b l e .  The 

Lhpqua i s  r e l a t i v e l y  f r e e  of nan-made cons t ruc t ions ,  a s  i s  t h e  F,io 

Grande. Another s tudy a r e a  could be cnosen.on t h e  b a s i s  of t h e  

ex i s t ence  of such c o n s t r i c t i o n s .  

Having chosen t h e  s tudy s i t e s ,  two r e l a t e d  groblems could be 

a t tacked .  F i r s t ,  what i s  the  e f f e c t  of  A x ,  A t  and reach l eng th ,  

and how s e n s i t i v e  a r e  r e s u l t s  t o  v i o l a t i o n  o f  t h e  Courant s t a b i l i t y  

c r i t e r i o n ?  Second, given that only  part of t h e  data i s  used f o r  

a n a l y s i s ,  can t h e s e  r e s u l t s  be used t o  develo? a means t o  i n t e r p o l a t e  

r e s u l t s  a t  i n t e m e d i a t e ,  " too dense'' c ross -sec t ions?  S p l i t  sample 
P 

t e s t i n g  could be  used t o  develog p r e d i c t i o n s  f o r  each cro-ss-section 

, t o  check a g a i n s t  c o z ~ u t e r  model c a l c u l a t i o n s .  

4.1.2 Bank Sros ion  and Xigra t ion  

A t  p r e sen t  ~ E C - 6  has  no _ bank _ - .  eros ion  o r  __- migrat ion-algori thms.  

Erosion/depos-it ion i s  assumed t o  occur  u n i f o m l y  a long  t h e  Sed of  -- - 

t h e  --- cross-sect ion.  - The p o s s i b i l i t y  o f  a t t a c k i n q  t h i s  problem should 

be considered. 

%o nlethods . e x i s t  i n  t h e  l i t e r a t u r e  t o  model a d j u s t n e n t s  i n  t h e  

channel  c ross -sec t ion ,  and they  have q u i t e  d i f f e r e n t  approaches. 

3ne i s  Yoward Chang's bank eros ion  a l g o r i t h ~  and t h e  o t h e r  i s  Gary 

P a r k e r ' s  zeander  migra t ion  theory.  

Chang's ap?roach is through t h e  nininum s t ream power concept.  I n  

f i n i t e  d i f f e r e n c e  f o m ,  t o t a l  s t ream gower is: 



where N i s  t he  nunber of c ros s - sec t ions  i n  t h e  r e a c h , i s  s n e c i f i c  

ve igh t  of t h e  flow mixture ,  % and Si a r e  d ischarge  and energy s loge  

a t  t h e  ith cross-sec t ion ,  andAxi is  t h e  d i s t a n c e  between cross-  

s ec t ions .  ? m i n i m  is found by a d j u s t i n g  t h e  v a r i a t i o n s  i n  weiqhted 

averaqe energy g a d i e n t  

s u b j e c t  t o  c o n s t r a i n t s  on width changes f o r  each t ime s t ep .  ??rds, 

excess  s e d i ~ e n t  outflow i s  a l l o c a t e d  f i r s t  t o  Sank e ros ion ,  then  t o  

bed eros ion/depos i t ion .  m e  width of  t h e  c ros s - sec t ion  i s  changed 

t o  c r e a t e  a nore  u n l f o r n  s tudy  reach. 

A s t r o n g  dra-dbac$ --- - t o  t h e  a p p l i c a t i o n  of t h i s  xethod i s  t h e  o s c i l -  

l a t o r -  na tu re  of l o c a l  s loge  va lues  computed i n  s t e p - b a c k ~ a t e r  

a l g o r i t b s .  :hang ~ a r t l y  overcomes t h a t  b y t S e  use  of a weighted 

average enerBy s lope ,  bu t  t h e r e  r ena ins  a . chance  of  vide17 erroneous- 

r e s u l t s  -.-- .- der ived  from t h e  mithematical  a r t i f a c t  of t h e  s o l u t i o n  

' f ie re  Chang a t t a c k s  t h e  problen  of  l o c a l  bank eros ion  dur ing  t h e  

passage of a des ign  storm, Parker  a t t a c k s  t h e  problen  o f  t h e  normal 

bank e ros ion  which r e s u l t s  i n  meander development and migrat ion.  

Parker  uses  s t a b i l i t y  a n a l y s i s  t o  d e r i v e  30 th  l i n e a r  and second 

o rde r  a p p r o x h a t i o n s  f o r  bend developnent.  For t h e  l i n e a r  case ,  



t h e  bend equat ion i s :  

a  neander s t a b i l i t y  c r i t e r i o n  is: 

and downstroan n i z r a t i o n  speed a t   xinu nun i n s t a b i l i t y  is: 

I 

I - where C i s  t h e  r e c i p r o c a l  of  t h e  9arcy-Yeisbach r e s i s t a n c e  co- 
f  

e f f i c i e n t ,  A i s  a  parameter,  F i s  t h e  Froude nunber. 

Pa rke r ' s  a p ~ r o a c h  has had U n i t e d  a p p l i c a t i o n ,  bu t  apoears  t o  have 

p o t e n t i a l .  Eov it responds t o  v a r i a b i l i t y  i n  flow and w h e t h e r s i t  
+I4 P- 

I -  can be adapt& f o r  design s t o m  a n a l y s i s  a r e  open quest ions.  E n ' i  
. -  

I U.-L~J 4 .-._ - M , ~ ~ ~ % o % i  and Parker  have e n t i r e l y  d i f f e r e n t  aaproaches t o  ansver  d i f f e r e n t  
. -. 

i prob lem.  30th should be i n v e s t i ~ a t e d  f o r  i nc lus ion  i n  %c-6. *. -.. . - -.-- .,.- - -  --- -- 

4.1.3 Eed am or in^ and Sediaent  So r t ing  Processes  ! - 

Severa l  a s p e c t s  of t h e  bed arnor ing  and s e d h e n t  s o r t i n g  process  

I were d iscussed  e a r l i e r .  I n  p a r t i c u l a r ,  what seen  t o  be  s p e c i f i c  

progranminq e r r o r s  o r  a r e a s  of u n c e r t a i n t y  i n  i n t e r n r e t a t i o n  w i l l  

be  covered sega ra t e ly .  

TZle bed sor t ing-arnor ing  a lgor i thm has  a  major i npac t  on resul ts ,  ---- - -. .-- ------ -, . -. - 

rne  s o r t i n g  a lgor i thm a f f e c t s  bed s i z e  d i s t r i b u t i o n .  If bed s i z e  

a f f e c t s  r e s i s t a n c e  t o  flow, as it should, t hen  t h a t  a l g o r i t h  has a 



rajgr iz?ac t  on ve loc i t :~ ,  d e ~ t h ,  and sed iz?n t  t r a n s p o r t .  If t h e  

sediment t r a n s o o r t  f o r k l a  i s  based on v e l o c i t i e s ,  a  s t rong  i n t e r -  

a c t i o n  i s  s e t  up v i t h  t h e  s o r t i n g  a l g o r i t k ! .  

EZC-6 seems t o  hsve a  b i a s  i n  i t s  s o r t i n g  a l g o r i t h ! .  ?or  exarn>le 

t v o  cases ,  San Loren20 3 i v e r  and S a l t  River a r e  case  s t u d i e s  a v a i l a b l e  

because they  ? rev ious ly  were performed f o r  t h e  dAS-XRC study. 

S t r e ~ 9  S t a r t i n g  S i z e  350(m) Zndinq S ize  650(m3) 

San Lorenzo 0.27 0.63 

S a l t  

.I A l l  f l n e r  g rada t ions  of sedixnent became c o a r s e r  and t h e  c o a r s e r  A- 

grada t ions  of  sed inent  became f i n e r .  :*fore c a s e s  should be considered 

t o  d e t e r a i n e  vhe ther  t h i s  is  a  t h e o r e t i c a l  b i a s  o r  a  r e s u l t  o f  

t h e s e  d a t a  only. 

ConceGs - . of e q u i l i S r i u n  depth,  t h i ckness  - . of t h e  bed l a y e r ,  and t h o  

Active-Inact ive _ .  - - - zones a r e  covered i n  3.'2.3 and t h e  ques t ions  r a i s e d  

t h e r e  should be i n v e s t i z a t e d  and,  i f  p o s s i b l e ,  answered. 

4.1.4 Addition of Sedizent  T r a n m o r t  Functions 

A t  p resent  KEC-6 uses  Laursen' s r e l a t i o n s h i p ,  " f f a l e t i  ' s  formula, 

;.vL "b 

Yans's nethod and h 3 o y ' s  method :& an  e m p i r i c a l l y  der ived  shea r  

r e l a t i o n  a s  sed inent  t r a n s p o r t  func t ions .  Simons and L i ,  Chang, 

R:U, and IIO3TZC use o t h e r  func t ions .  Yore v e r s a t i l i t y  can be adt?e? 



those  codels  which do provide such v e r s a t i l i t y  30 not nrovide adequate 

g u i d e l i n e s  f o r  a' proaer  choice?. :.:ore --. v e r s a t i l i t y  - . should be incorzor-  - .-- .. 
# 

a t e d  i n  ~ E C - 6 ,  bu t  only wi th  sn  zdequate s e t  of gu ide l ines  f o r  t h e  

choice of a sed inent  t r a n s p o r t  func t ion .  
.--...- 

4.2 Computer Code and Algori tbqs 

3 e  a l g o r i t h n i c  inadequacies  and ques t ions  r a i s e d  i n  Sec t ion  3.3 

shauld be  addressed. The ---- cosauter-.;rogran ....-.- should  be  - .-. tes>ed.,by.,,an . 

exarn~le ---.--_____._ t r a c i n ~ o f .  - a -da t a - se t -yh ich -  5roduces  anomalous r e s u l t s  as 

we l l  as one ---.- which - - groduce?~ reasonable .--. -- r e s u l t s ,  A d e t a i l e d  f l sy .  
-"a 

c h a r t  f o r  t h e  program should be drovided,  e s p e c i a l l y  i n  t h e  sediment 
.d.'* 

rou t ing  portion.,  Xore s t r u c t u r e d  p rog raming  should be used so t h a t  

t h e  flow of  t h e  grogram is  e a s i e r  t o  understand and it can be  nore  

e a s i l y  adapted t o  nini-comguters. The new sedinent  t r a n s p o r t  func t ions  . 

should 5 e  coded and t e s t e d ,  as should t h e  d i f f e r e n t  conceats  of t h e  

Sed a m o r i n g  2rocess  mentioned e a r l i e r .  

4.2.1 S e l e c t i o n  o f . 3 i v e r  3ross-Sect ions 

>!ore guidance should be given on s e l e c t i o n  of r i v e r  c ross -sec t ions  and .- 
--- - - -  - - 

t h e i r  -.-_ spacing. The requirements f o r  water  su r f ace  p r o f i l e  de t e r -  -- 

n i n a t i o n  by backwater comautations a r e  q u i t e  c i i f fe rdnt  from r e q u i r e l e n t s  

f o r  s cour  and depos i t ion .  I n  p a r t i c u l a r ,  i f  c ross -sec t ion  r a t h e r  than  - -  

reach changes a r e  important ,  spacing becomes c r i t i c a l .  

The e l e v a t i o n  of -.- t h e  . water  s u r f a c e  p r o f i l e , . m y  be d e t e m i n e d  by,-a. 
-7 -- ... . -_ ---. 

few c r i t i c a l  c ross -sec t ions .  Dawdy and Isbtayed, 1978, s t a t e :  

"Three major po in t s  a r e  seen. . .. F i r s t ,  t h e  step-backwater e l eva t ions  



are  c o n t r o l l e d  Sy a fcv  c r i t i c a l  reaches f lov ing  aL?lost a t  n o m a l  

depth. Second, Judic ious  choice of  those  c o n t r o l l i n g  c ross-sec t ions  

g ives  r e s u l t s  J u s t  a s  good a s  t h e  more d e t a i l e d  da t a  with m c h  

l e s s  e f f o r t .  Third,  t hose  c ross -sec t ions  nay be ~ i c k e d  from an 

accu ra t e  tooograohic map and g ive  J u s t  a s  good answers." 

This is  not  t h e  case  f o r  aovable beds. Sased on t h e i r  s tudy of  t h e  

Xiddle Rio Orande i n  Mew b!exico, Culbertson and Dawdy, 1964, s t a t e :  

"Therefore,  it seens  t h a t  t h e  scour  and f i l l  t h a t  occurs  during 

high water  o f t e n  may be l o c a l  i n  ex t en t .  I n  na r rov  o r  c o n t r a c t i n g  

s e c t i o n s ,  t h e  bottom scours  during pe r iods  o f  i nc reas inq  flow and 

f i l l s  dur ing  per iods  of diminishing flow. I n  wide o r  expanding 

s e c t i o n s  t h e  oppos i te  seens  t o  be t r u e . "  T3us o o t i x a l  .cfioice o f  

c ross -sec t ions  f o r  XEC-2 i s  not o g t i n a l  f o r  KSC-6. -- - - .  . . . .. .. 

In a aeandering stream, c o n t r o l  s e c t i o n s  a r e  a t  t h e  cross-over 

p o i n t s   here t h e  o u t s i d e  o f  t h e  meander swi tches  from one bank t o  

t h e  o the r .  Those c o n t r o l  s e c t i o n s  a r e  a ~ p r o x i ~ t e l y  r ec t angu la r  i n  

shape. The s e l e c t i o n  o f  a l l  c ross -sec t ions  a t  such c o n t r o l  s e c t i o n s  

probably would r e s u l t  i n  accu ra t e  d e t e r n i n a t i o n  o f  m t e r  su r f ace  

p r o f i l e s .  Bowever, it would i n d i c a t e  l i t t l e  o r  no scour  o r  f i l l  

dur ing  a s t o r n  event  because each cross-sec t ion  vould be s i m i l a r  

i n  geometry and sedinent .  

The d i f f e r e n c e s  -. -_ ..-. between _ __ . t h e  t v o  - -.. ~ r o b l e m s  and-thei.r-_differing d a t a  . . . . *  

requirements -.- - . should..be . - developed. Perhaps a Guidance !4emorandum 

such a s  Tra in ing  9ocument Yo. 13 should be  w r i t t e n  on t h e  s e l e c t i o n  

of c ross -sec t ions .  



4.2.2 Z f fec t s  of 3 o u d a r y  " n d i t i o n ~  

?.~-;-Isc-~ docmentat ion does not have a s u f f i c i e n t  d i scuss ion  of 

boundary condi t ions  and t h e i r  e f f e c t  on r e s u l t s  i n  t e r n s  of 

scour  and f i l l .  YSC-2 has  a  b u i l t  i n  neqa t ive  feedSack. I f  a  

downstrean e l e v a t i o n  i s  chosen t o o  high o r  t o o  low, t h e  !4-1 and 

'1-3 cu-rves cause r e s u l t s  t o  converge u ~ s t r e a a ,  and r e s u l t s  t o  

co inc ide  a f t e r  a  reach,  t h e  l eng th  depending upon t h e  i n i t i a l  

e r r o r .  in his a p p l i e s  t o  s t a g e ,  v e l o c i t y  and depth ,  b u t  not  t o  

l o c a l  s lope ,  a s  d i scussed  e a r l i e r .  ) 

3 e  s e n s i t i v i t y  of  boundary condi t ions  a r e  known t o  t h e  s t a f f  a t  

E X ,  but  a r e  only h i n t e d  a t  i n  t h e  documentation. A r e p o r t  such 

as Tra in ing  Docment :lo. 1 3  should b= prepared. It should show 

exanales  of  "cor rec t"  and " inco r rec t "  boundary cond i t i ons  and t h e i r  

output .  'Ris w i l l  a i d  u s e r s  i n  recognizing t h e i , r  groblems and .  

c o r r e c t i n g  - t h m .  Fu r the r ,  it w i l l  a i d  t h e  u s e r  i n  understanding t h e  

a o d ~ l i n g  of  scour  and depos i t ion .  Perhaps as i n p o r t a n t ,  it v i l l  

show t h e  u s e r  t h a t  t h e  node1 is not  wrong and he i s  no t  g r o s s l y  

n i s u s i n g  it. Thus, confidence on t h e  p a r t  o f  t h e  u s e r  i n  u s ing  and 

i n t e r p r e t i n g  t5e model ou tgu t  zay  r e s u l t .  

Preyara t ion  of Guidel ines  f o r  Yse of EC-6 

A s  d i scussed  i n  Sec t ion  3 ,  s e v e r a l  s e t s  o f  g u i d e l i n e s  should be  
\ 

preoared. F i r s t  is a  s e t  of g u i d e l i n e s  f o r  th=>roger  _ __ _ choice ______.-, of 

t h e  nunber of c ros s - sec t ions  and t h e i r  l oca t ion .  ?!he d i f f e r e n c e s  
--a . -  . ,  

betveen c r i t e r i a  f o r  EC-2  and X ~ C - 6  should be  covered. Second is  
-7 

gu ide l ines  f o r  t h e  s e l e c t i o n  -- of - downstream . - . -- .- -.- and - -. ups t r ean  .--.. . .... . boundary - .  



condi t ions .  ? i s  should d i scuss  i n t e r a c t i o n s  v i t h i n  t h e  proqarn, ---- --. 

and how t h e  boundav  cond i t i ons  a f f e c t  those  i n t e r a c t i o n s .  ? i r d ,  

a gene ra l  s e t  o f  gu ide l ines  should be prepared which expands upon 

Training 3 o c u ~ e n t  Yo. 13. It should d e s c r i b e  minimum d a t a  s e t s  
. . . . -. - . . - 

necessary  f o r  s o l u t i o n  o f  d i f f e r e n t  t ypes  of problems, f u r t h e r  a i d s  

i n  c a l i b r a t i o n  and v a l i d a t i o n  of t he  xode l ,  and should cover 

a a u l i c a t i o n s  - - and l b i t a t i o n s  of  t h e  model. 

. - .. +--- 
,' Computer graphics  could b e  introduced a s  an op t ion  f o r  EC-6. Line - 

- .. _.<..- ----- 
p r i n t e r  output  seldom is adequate  and each computer and p l o t t e r  

coabina t ion  has 2 e c u l i a r i t i e s  vhich aake  a u n i v e r s a l  p l o t t e r  package 

impossible.  Yovever, sone guidance concerning what can he shorn,  

hoir it can be shown, and how it can be  used t o  judge and i n t e q r e t  

nodel o u t ~ u t  vould Se h e l p f u l .  

4 .4  Vser Z o c ~ ~ e n t a t i o n  ~ \ b -  --u+S. 
/ 

Seve ra l  n i s t a k e s  and m i s p r i n t s  i n  t h e  l Jser l s  fhnua l  have been 

i d e n t i f i e d  and should be  co r r ec t ed .  The rJser l s  :.Zanual should be 

extended t o  g ive  a more.thorough._oicture of  what t a k e s  p l ace  i n  . - -. -- _ _ _ _ _  . -4-- 

t h e  va r ious  c a r t s  o f  t h e  program.. The s e v e r a l  guidance =emoranda 
-.--- 

mentioned i n  Sec t ion  4.3 a long  wi th  o t h e r s  a l r e a d y  a v a i l a S l e  could 

be i n c l u d e d - i n  a subsequent o v e r a l l  r e v i s i o n  o f  t h e  ' J ser ' s  Vanual. 

A Programaer's !.?anual should be p r e ~ a r e d  which a l s o  inc ludes  t h e  

r e v i s i o n s  suggested e a r l i e r .  
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. . 

?he transport of sediment concentration is governed Sy equation 

15, p.  3: 

Squation '(15) is a two dinensional (in the x-z and  steady. 

Solution of equation (15) requires the distribution of velocity 

fields u, v ,  and vs. The simplify the mathematics Jinstein (3ef. 7) 

assumed conditions of steadyness and unifomess in the channel 

a a reach ( i. e., - = - = 0) thereby reducing equation (15) to: 
at ax 

,Purthermore Yinstein replaced the vertical velocity tern, w, with 

?.ousets (~ef. 25) logrithmic velocity distribution, and introduced his 

bed boad equation to evaluate sediment discharge, G, as follows: 

B u c  dz+ 

- 
bed load suspended load' 

where a is the elevation of two grain size above some arbitrar~ 

datum (equal to y + 2d). The details of this can be found in Bef. 7. 

:.lost of the sediaent transoort equation such as Tof faleti ' s, !-!edified 

Einstein's, Colbyts, etc. were derived from this original Zinstein 

conceat (Ref. 25). 



It is evident that the sediment discharge, 5, is obtained by the 

integration,of sediaent concentration and is innlicitly related to 

the hydraulic and sediment ?aranetcrs, without solving t h e  tvo- 

dixsnsional equation (zq. 15) governing the transdort nechanisn 

of the sediaent concentration. 
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Fro3 Gess le r  (3e f .  8, eq. 10  and eq. 18) : 

and 

D i f f e r e n t i a t i n 3  t h e  f i r s t  equat ion r e s u l t s  i n :  

dpo(k)  = p;(k) d k  

S u b s t i t u t i n g  i n t o  t h e  second equat ion:  
f r. 

2 a d ?  Ck) 
k i n  -- 
'mu 

[hi* q dP 0 (k) 

which can be ap?roxisa ted  by: 

!I GS 
PROB PROB PI. 

i-1 1 

Zq A~~ N GS PI103. PI  
i 

i=l 

An example of  how t o  c a l c u l a t e  q is given by Gess l e r  (Ref.  8).  
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F T h  t t '  

NCP-0 
C C - 1 .  
C € = l .  
I C G - I T L  ( K P )  
Nit - 0  
TAN-0. 
CHL-0. 
U R I T E  ( L P 1 1 3 2 0 )  
WRITE ( L P #  1 3 2 5 )  ICG#ALEHDASEL#CEICC,LFI 

C 
C BRANCH Tn 1 2 0 0  FRCh 1 2 i C . 0 1  
C 1235.04 1245.02 1255.06 
1200 STENCL-0. 

STENCR-0. 
READ ( I N ~ 1 0 1 0 )  ~CGBIDTIFLD 

C TEST FOR EJ  CAFb (END UF J09  CARD) 
I f ( I C G e N E . I T L ( h E ) I  G C  TU 12C5 
11-I(€ 
J J  -EJ 
I F  ( I D T * N E * I T L  (KJ) 1 GO T O  1 2 5 5  
G O  TO 1 8 3 0  . 

C 
C TEST FOR hC-CARD I F - ~ A L ~ J E S B C C  AND C E )  
C B R A N C ~  1 0  1 2 0 5  FPCH 1 2 ~ 0 . 0 3  

1205  I F ( I C G e N E a I T L ( E C ) )  G C  T n  1 2 4 0  
I F ( I D T e N E * I T L ( F C ) )  G C  TO 1 2 2 5  
I f  (FCD( l ) .GT~Oe)XNVR ( l ) = F L D ( l )  
IF (FL0 (2 ) .L€ .Oe)GC T O  1 2 1 0  
X N V k / 3 J - F L D ( Z I  
NPAR-0  

c R R A N C ~  T O  1 2 1 0  F P C ~  1 2 ~ 5 . 0 3  
1 2 1 0  I F  ( F L D ( 3 )  eLE.0. ) G O  T G  1 2 1 5  

X N V R ( Z ) = F l D ( 3 )  
N P A P - 0  

C t3NANCP T O  1 2 1 5  FPFH l i l C . 0 0  
1 2 1 5  I F  ( F L U ( 4  eGT.0. )CC=FLOi4  )+1 

I F  (FLD(5I.GTeO.)CE=le-FLL(5) 
WRITE ( L P # 1 3 2 0 )  
WRITE ( L t r l 2 2 0 ) C E # C C  

1 2 2 0  FOPRAT ( 2 2 h r Z F l C e 6 )  
G G  T O  12CO 

C 
C  T E S T  FOP NU C A F D  
C BRANCH TQ 1 2 2 5  FRCH 12C5.01 

1 2 2 5  IF( IDTeEQe I T L ( K b )  ) G O  TQ 1 2 3 0  
I . . ,L I  

1 G I ;  

b t C 6  
hFCk 
H t C 6  
h t C 6  
hECk 
h E C C  
HEC6 
h E C t  
h F C t  
HECC 

1235.01  hECt 
1815.01 h E C t  

h i C 6  
H t C t  
hEC6 
h f C 6  
h k C t  
HEC6 
HECC 
h E C t  
h E C t  
hEC6 
HEC6 
hEC6 
h E C C  
HEC6 
HEC6 
hEC6 
P t C 6  
HEC6 
HEC6 
HEC6 
H t C 6  
I - E C t  
t ILC6 
HEC6 
h € C C  
kEC6 
hEC6 
HEC6 
htCt 
hEC6 
h E C t  
kEC6 
hE C6 



R E A D  ( I N 1 1 1 2 5 1  I C G P I C T I I S I ,  ( X (  I ) S I = I D N V T C )  
WRITE ( L P r l l 7 5 ) I C G ~ I C T ~  151, ( X ( 1  ) ? I * ~ P N W T C )  
WPITE ( 4 )  L X ( I I r l ~ 1 , N W T C )  

C BRANCP T O  1 3 1 5  FPCP 
1 3 1 5  CONTINUE 

C  
C READ Y C A R D  
C  F L L  (1) ( 2 )  ( 2 ) ( 4 1 ( 5 )  ( 6 1  ( 7 1  ( 8 )  
C R k  A D  A L E P # A S E L , C ~ , C C # X F L ~ X L C # T A N # C P L  

READ ( I N B ~ O C O ) I C G P F L D  
C S E  T C O E F F I C I E K T S  CF CChTRACTION AND F X P L N S I C H  

I F  (FLD(11.GT.O. ) b L E R . F L D ( l )  
A S E C - f L D ( 2  
CE*FLC(  3 )  
C C  = F L D ( 4 )  
L F A * F L D ( 3 ) + 1 o l  
N W - F L D ( 6 ) t O . l  
T A N - F L D ( 7 )  
CRC*FLD( 6) 
W R I T E  ( C P # 1 3 2 0 )  

C  BRANCH TO 1 3 3 0  FRFN 
1 3 2 0  FORHAT( 1 / 8 1 H  A L E R  AS EL C E 

EJR TAN C R L  1 
U R I T E  ( L P # 1 3 2 5 )  I C G ~ ~ L ~ ~ ( # A S E L B C E ~ C C ~ L F A ~ N P ~ T ~ N ~ C P L  

c H R b N C I -  TO 1 3 2 5  k R C H  
1 3 2 5  FCRHAT ( l X ~ A l r 4 F  1 0 ~ 6 r 2 1 1 0 ~ F  l ~ . b ~ F 1 0 * 2 )  

CC - C C t l  . 
CE-1.-CE 

C  
C R t A D  C H G S S  S E C T I O k  DATA S E T S  
C READ A CARD 
C  F L D  (1) ( 2 1  ( 3 )  ( 4 )  (5) ( 6 ) ( 7 ' )  
c R E  A D  A V G S ~ I U ~ P ~ X Y P K E I D # N C H D S ~ S S L #  K Q C H  
C  BRANCH T C  1 3 3 0  FRCH 

1 3 3 0  READ ( I N ~ 1 0 0 0 1 1 C G # F L C  . 
C 
C PRCGRAM E ) I P E C T S  btJ A CARD 

I l - H A  
JJ -KRC 

HEC 6 
H t C b  
h€CC 

131G.03 hL C 6 
hkC6 
HEC6  
h E C t  
t-ECb 
hECk 
h E C C  
HEC6 
HECb 
kEC6 
HEC6 
PEC 6 
hECb 
HEC6 
HEC6 
hEC6 
HEC6 

1155 .12  1 2 1 5 e 0 2  HEC6 
C C L F  4 hECt 

h t C t  
FECb 

1 1 5 5 . 1 3  HEC6 
HECb 
H t C 6  
HECC 
HECb 
HEC6 
r E c 6  
hkC6 
~ E C  e 

1 3 3 0 . 1 1  1 8 2 5 . 0 2  HtCC 
h E C t  
bE C 6 
h E C C  

' bECt 
t'iFT h 



m-A-2. #I-. -L- - - -  --.. . - - -- ---- - - - - -- - 4  -- m ~ R S I u a 8  l o t , .  a*-/ L. - J l Y .  - 3 - - r 4  
- 

Y L R S I U I .  1 . 2  2e-. I 2  - - b  35 t- -' 
VERSILN  1 . 2  2 7 4 ~ ~ 7 2  HE CC. 3 5 0 4  

VERSION 1.1 3 0 ~ ~ ~ 7 2  H E C ~  358  5 
V t R S I O N  1.0 1 2 J b N 1 9 7 2  H L C b  3 5 9 b  
+ h k C t  35 8 7  
T H I S  M O D U L E  P E O U I P E S  S U I ? P O U l I N E S  * * * * * C I P I N P E F F C I ~ D B E C G F ~ * * * ~ *  BE C t 3 5 P @  
T H I S  S U U F C U T  I N €  GILLS * * * C  I T I H P E F F D ~ A D P E D G P ~ ~ C I U B U Y ~  E L P G D ? P I P . L O A D  kECt 3 5 6 %  

S P O I E R  D TFPQD6** *  H E C C  3590 
4 h E L 6  359  1 
S E D l l l t N T  P C U T I N G  P P C G P 6 H  h E C 6  3592  
GD b P P A Y = G P L l N  S 1 7 E  L b T A #  D E P O S I T S  I N  P F S E P V C I P I  t . , E C t  
C A R  A P R 4 Y = C c E F F  I C  I L N T  b R P A Y  h L C 6  

hEC b 22 359 3 7 
S T O R A G E  P A P  C C P ( b C P b Y 1  hEt6  3 596 
S P I I t-ECb 3597 1 
TONIUh'D 2 HEC6 3 5 9 e  
Ukbt 3 t r E C b .  3 5 9 9  
SUK 4 H L C 6  2600 
B S A E  5 k€CC ZC01 
VFLUHE S H b F E  F C C T C E  t N P  t - E C t  3602 
NOT U S E D  t h R  bEC t 3 6 U  3 
DS C O E F F I C I E N T S  t 3 e N G S  l i E C 6  3604  
N - C C P R E C I  I G h  C O E F .  I e N G S  hEC6 3603 
a-as RATIPG T A B L E  + L O * ( N G S + I  I I - E C ~  3t  o t  
VOLUHE V S  O E P T t -  F U h C T I C N t N R  bECt 3607 
I N A C T I V E  S T O R A G E  t h P * I N G S + l )  bECt 360 e 
T O T A L  L Q ~  ( N G S t 1  I t 3 4  ( t J G S + l ) t N R *  I h G S + 4 ) + 5  h E C 6  3 6 0 9  

H k C  6 3 t 1 C  
S T G R A G E  R E P  G C (  P E k A Y  1 hEC6 3 6 1 1  
A C T I V E  S T C R A C E  L 5 = ( N G S I l )  bEC6 3612 
R t A C H  L E N G T H  l 1 kECt 36 13 
A V G .  S t C .  N O *  62 bECb 3 t 1 4  
I D E N T I F Y  USE VF S A E  + 3  h € C C  3t.L 5 \ 

- S A E  + 4  FFCb 3 h l C  1 
P  1 +5 . H E C t  3 t  1 7  
0 1  t b t - F C C  3 6 1  I 
0 2  . +7 . H F C L .  361 9 
P O D F L  B b T l O P  + E  h€Ct  3620 i 
N O T  U S E 0  t 9  h F i C  3 t 2  1 ! 
S L C P E  I F  t N C  FFCt 3 t 2 2  
N - V A L U E  +KO t i F C 6  3 6 2 3  \ 
T O P  b I D T h  +NO t I € C L \  3 6 2 4  
D E  P  T H  + N C  H t C 6  I 7625 ; 
V E L C C I T Y  + N O  PECt j C Z b  
U A T E k  S U P f  ACE t b C  t - E C t  
E O U I I  I R w  I U F  BEE L L E V  + N O  ) F C C  3 0 2 U  
D I I C C t I A k G E  + N O  bf C 6  362 S 
T n T b I  ( h G S + R * N C + l O  I b N P  t I C h  

3 f 2 7  I 
2t ,3  o---- - .  



- -. - -- - ----- - -. - - - - -- ---- -- - - .  . - 
. - c e - i T, 5 1 ' .  P C I  :1:- . -3 .+LC, 

23G ' 5 1 5 5  G l S L = G T S L t G S  (1  1 h E C t  
I F ( K S k ( 1 3 1 . G I . O )  h P I l E  ( L P r 5 l b O )  G T S L P ( G S ( : ) ~ I = I S C S P L S G S )  h E C C  

C  ORLNCk TO 5 1 6 0  FECR 52CC.01 5 t 4 0 . 0 1  FECC 
5 1 6 0  FOPRAT( 3 0 ) r , b H  S  I L T - r  . 6F15.2 3 PECt 

I S U B - 1 4 1  P t  I L S A  HFCt 
235 G D ( ~ S U ~ ) = ~ O ( I S ~ ~ ) ~ G T S L * O O ( N ) / ( I : ~ S L * A C F T )  hECt 

C BPbNCH TC 5 l h 5  FRPY ' 1 5 0 e O G  FEC t 
5 1 6 5  IF ( t 'TCeEO.0)  GO T L  5 1 0 C  hEC6 

I L  S A = I L S A + l  HECC 
GT-0. .  hEC6 
H V T = S D ( L G S  bEC6 
D O  5 1 7 0  1-IGSILGS H k C t  

- 5 1 7 0  GT=GTtGS (I 1 HEC P 
I F  (KSW(13)  .GT.OI biR11E ( L P , 5 1 7 5 )  ET, ( G S ( 1  ) , I = I G S r l G S  HECt 

C BRINCH TO 5 1 7 5  FRflH 5 2 1 5 . 0 1  5 8 4 5 . 0 1  PECt 
5 1 7 5  F O R E A T ( 1 9 P r 1 7 H  SAND AND LARGER* , 6 ~ 1 5 . 2  / ( 5 1 X r S F 1 5 . 2 ) )  HEC 6 

I S U B = I A L P t  I L S A  hEC6 
C D ( I S U B ) = G D ( I S U B ) + G T * C D ( N ) /  (UUC*ACFT) PECt  

C  HEC6 
C HAJCR CORPUTATILN LCCPr TRANSPORT CAPACITY r VCLUtE O f  DEPCS I T  CR hEC6 
C SCOUR AND CHAhGE I N  CROSS S E C T I Q N  CALCULATEC HFCt  
C IR-LOOP INOEVr  USED TO CALCULATE SUBSCRIPT CF X-SECTION CUCRENTLY PEC6 
C B E I N G  L N L L Y I Z E D  PEC6 
C B R ~ N C F  T C  5 l e 0  F R O P  ~ l t 5 . ~ ~  HEC6 

5180 DO 5875 I R = l , h H  HECe 
C  DATA FRGH 8ACKbbTLR PRCGRAF I S  STCPED FROH DNST TC. U rST  FEC t 

, C COnPUTE SUBSCPICT TO P I C K  UF DATA I N  REVERSE CPDEE k F C n  STCFbCE t-EC6 
C L F = F I R S T  bODF A E C V E  THAT F O P  L = l  t - E C t  

LPP=C) t i  E C 6 
L F = ( N P - I P 3 4 h K  , , ' 

HEC6 
~5 = L F + N G S +  I ti h t c t  
I T V - L 5 + 1  H t C 6  
I X S = L 5 + 2  HEC6 
K F - ( N R - I R ) * ( N G S I l  ) t N I S  bECC 
KS=KFtNGS+ 1 h E C O  
I R C - N k - I R *  1 H t C 6  
NDS=LFtNGS+NSE t-FCC 
NNV*NDS+HFC - . 

I hEC6 
NTY=NNVtHNO hEC6 

/ NtD*NTWtHNP . h E C C  
NVE*NED+Pb'O . I a '  HFC6 
N k S = t I C S t 5 * r b o  . H t C b  
NEB.KDS+6*MNO , htC6 
NCO=NDSt7+MhO HCCt 
LPST=O HECt 
I F  1 I N T L . L t  r C )  C C  TC 5 2 2 5  b f  C t  
I F  (LTFDeF.E . IFCI  C G  TL 5 2 2 5  hf C t  



--- . t '  ' 
- -. - -- - . t b  r - - -  h i  - 

--- v -  0 -- - 1 - 0 :  . . L P I - - -- ( I ,  l 1 F (  t 
- 0 CH jw FRCP 5321.03 5335 .14  t i t c t  

-- - 3 c - I h t  
G O  TC 5 3 5 0  

C 
IIt Cb 
PECC. 

8PPNCh 3 4 5  F R C C  533?5.@] 
5 3 4 5  IF (T fA .LT .STsc )  G O  T C  5 3 5 0  ).'FCC: 

I F ( K S L ( ~ ~ ) + G J . O )  LRITE (LP,-EU~ TFA,SD. ) ' F C C  
C HECC 

@ @ A N c ~ ~  5 3 5 5  FRoh 5 3 4 6 . ~ 1  5345 .06  k t c t  
5350 YSDAwOo 

USDI -0 .  hFC6 

0 0  5 3 5 5  I=ISGS,LSCS I - E C t  
I S U B = L F  t I h F C t  

~~~~~USCA~GDIISUB) H L C 6  
I S U 0 = K F t  I 

C BRANCH T C  5 3 5 5  
5 3 5 5  USDI -USDI+CAF(  I S U B  J 

I I '  I S U B - L B S L t  I k C  
- GPS ( I S U B  J =GTSL 

CORRECT FOR DENSITY CHANGE DUE TO C C P P A C T I C N  
U S C - C C S D * I I F E  - CVSA-UUSL tUSC*.5 
I F  (CUSA. GT.PUSD 1 C W S C ~ P U S D  

=-+vs o r = h s o r ~ c b s ~  
.'%VSDI-USCII PUSD 

VSO*VSOA+VSDI . ' 
IF ( L S u ( l 4  ).EQoO 1  G C  T O  5 3 6 5  
U R I T E  ( L f ' ,  5 3 6 0 1  T I M E S C U S A ~ V S O A ~  ~ ~ 0 1  

360 F P P p I T ( 2 1 *  T I P E  C ~ S J ,  VSOAIVSDI=, 1 5 x , f l s o h , 2 ~ l  

AND C 

F * C * * 4 * * * 1 1 1 * * 4 + ~ l e * ~ 4 + 4 4 + l 4 4 ~ + ~ 4 ~  
c - SAND ANU GRAVFL I S  P E N  I F  f i t  CP(CULATE 1 ~ b t , r l i 0 ~ ~  p k  
C .. ... . BQAhCI- T C  5 3 6 5  F P C M  5 3 ? 0 . 0 0  5 ' 5 3 6 5  IC(PTC.€C.OJ GO T C a - .  

I F  ( ~ ~ h ( 1 3 )  O G T ~ O ) .  ) ,R ITE (LP, 5370)  
5 3 7 0  FORPAT ( I 5 H  SAhD J . 

. USNI=CAC (KS) 
: . \ :USNI-GU(LS) .. . . . 

C ' BYPASS 111 E G U I L I B R U i M  D E P T k C A L C U L A T I O L S  I F  NC P f L  t C T i X 1 1 1 .  
I b T G T 0 1  G C  To, 5300  

c HO EOUILIBRIU~~ DEPTH C C ~ P S  P O S S  I B L ~  
VSF=HVJ 

- - 

GPL* t  P A X  
SGC.0. 
I S u B * L 5 t l r ~  
~ e € ' G @ ( I S U P J  1 , .  

f X f l e E P E  

hFCG 
H € C 6  
t € C t  
t't Ct 
HECt! 
t v E  C 6  
C - E C c  
tl i C t .  
l r r  r . 



FTN 4 . t + 4 2 8  

C BRANCH TO 5 4 6 5  FRCM 5 4 5 5 . 0 1  
3 4 6 5  FClPH4T ( 36H E ~ C P U A L ~ C ~ ' D ~ ~ D E D Z P  0 2  r l S X r S F 1 5 . 6 )  

WRITE ( L P p 5 4 7 C ) S b C r  S C C r  GAL 
5470 FORHAT ( 1 2 P  S A E ~ S C C , G ~ L P ~ ~ X P ~ ~ X ~ ~ F ~ ~ ~ ~ I  

C 
C CALCULATE VCLUHE CF SCCUR T C  E Q U I L I R R I U r  
C BRbNCH T C  5 4 7 5  F R C H  5455 .00  
5475 ISUk=hWS+Y 

EXR-GD(1SUB) -OIL  
I F ( O E Q * G T e D 4 L )  G C  TC 5 4 8 5  
D E O - C A L  

C TPbNSFER b L L  r L T E F L b L  FPCR A C T I b f  T l l  IP 'hCTJVF L A Y E R  
E B E - t X B  
GD ( L 5 ) ~ O .  
DG 5480  1 - I G S r t C S  
ISUB=I<F *I 
J S U B - L F t I  
CbR(ISUBl*C6R(ISUB)+G@(JSUR) 
G D ( L 5 l = G D ( L 5 ) + S D ( l )  

C  BRANCH T O  5 4 8 3  F R T P  5 4 3 5 . 0 6  
54EG G D ( J S U 8 ) - S C (  I) 

W S N I = k S N I + U S E I  
CAR(kS)=WSMI  
USNA-0. 
G O  TO 5 3 5 0  

C RRARCP TP 5 4 9 5  F P n Y  : 4 i : . c i  
5485 ISUP=blWS+h 

EBE*GD( ISUP) -Dk  C 
I S U L = L S t L P P  
I t t E P E o G t . G D ( I S U B ) )  G C  T O  5 Z 1 0  
I L  f v c ~ . t ~ ? \  I r \  r r v  TI- ~ c n n  

HEC6 
P E C C  
HECb 
tl E C  6  
HEC6 
h k C 6  
hEC C 

' h E C t  
HECb 
hkC6 
hEC6 
k E C  6 
H k C 6  
HEC6 
bEC6 
P E C 6  
hEC6 
hEC6 
t i LC6  
tIEC6 
t F C t  
h E C t  
HFCo 
PtCb 
bCCC 
t l L C  t 
t r E c t  
t 4 F C t  
I-tee 
t 1 C C b  
, . P ,  



L 

8 1  5 5 5 4 0  I S U E - L F + I  
G D ( I S U M 1 - G D ( I S U t ) + T P P  h€Ck 

. I S U P = K F +  I bLC6 
CAR( ISUB)=CAFI  I ~ U E A ' I ~ P  t t C C  
G D ( L 5 ) = G D ( L 5 ) + T t  P I i L C  6 

6 2 0  c. C A R  ( K 5 I = C A R ( F 5 ) - l P P  t I E C 6  B C A N C t  T C  5 5 4 5  CRCY 55?0.01 k i c k  
h F C t  

- - 
G D (  I S U B ) = E B k  

C  
F I R S T .  S E C C W D  b N D  T h l P O  A L T E R h A T l V E S  FCF  C A l C U L A T I h G  065 P b E  t't Ct? 

P L C T I V t  L b Y E P *  I N L C T I V E  L A Y E P  A N 0  P P C P A E I L l T l  I U N C T I L N  
P E C b  
PtCb b 

T t l P - G E ( L 5 I  
C  F I R S T  C H O l C t  I f  P O S I I I V E  

I F  ( T H P * G T * O * )  G C  T F  5 5 8 0  
C SECCE:D C H P I C E  I F  0 0 5 1 T I V E  1 ' 

I M P - C L R ( F 5 )  
l F ( T P Q * G T  * O * )  G I  T C  f570 

C  T H I R D  C H O I C E - L A S T  R E S O P T  
c c  - . ,  B R A N C H  TI' 5555 F R C V  

. .  . 

T C T ~ * T F C / ~ ~ A  
C A L L  C I T I C  ( I R P O . P N ~ ~ P B T ~ T I ~ T I T C T L ~ P R O P ~ I F L )  
P I  ( I ) - P P C - e  
S P B = S Y B + P P C B  

r t 3 R b N C b  T C  5 5 6 0  F P C Y  

h fC6 
H E C 6  
H E C  6 
I - E C C  
bEC6 
DFC6 

' t i E C  t 
HtCt 
tit Cb 
t-ECb 
tltC6 
H E C 6  
HCCC 

5 5 ! 5 e G 1  bEC tb 
t ' c c  C " 

3560  CONTIhUF 
C O P ~ E C ~ L I O ~ - P ~  

H E C C  
C .__--- 

---.---oQ--5565 I = I G S I  L G S  
h f C b  

- - -  . 
P I  ( 1  ) = P I  (1  ) J S P k  

h€Cb 
->r B P ~ N C ~  T r  5 5 6 5  F Q C Y  5 : t C a O l  t-kct 

PEC6 
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.&a t i t  Cf 

L BRANCH T f ?  5 6 5 3  F R C P  5640 .01  5 6 4 0 . 0 5  t k C 6  
5 6 5 0  CONTINUE HAL6 

C b f C 6  
GO TC 5 b 6 0  h F C t  

92 5 C  ULC6 
c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ n r ~ r ) ~ n n ~ n n n r ~ n n v n n v n ~ ~ r r ~ r ~ r r r r r r r r ~ r  H E C ~  
C TRAHSPORT BY C L L R S I B S  HETWCD AS HCDIFIFC O Y  FD V P D D F E ,  SbO* C C P P S  FECC 
C .. B R A N C H  TC '655 FPPM 5 6 l C . 0 0  t E C t  

5 6 5 5  C b L L  : - C L ~ ! C D ~ _  ( E ~ L , ~ ~ E L , E F O B E F ~ ~ E D G # S L ~ ~ P I ~ U W W ~ V ~ L ~  , l t )  -.-A PEC6 
930 c ~ ~ ~ n ~ h ~ f i n ~ n ~ ~ ~ ~ ~ ~ ~ ~ ~ n ~ r ? n ~ l n n r n n r ~ ~ n n n ~ ~ ~ ~ r r r r r r r r t r ~ r n r ~  H E C ~  

C HECb 
C BPbNCH TO 5663 FPCH 5 6 1 5 . 0 1  5620 .03  hEC6 
C  s t 3 0  007  5650.01 kEC6 

5ee0,. IF (KSU(13) .GT.G)  b P I T E  ( L P # 5 6 6 5 )  ( C P ( I ) , I ~ I C ? , L C S )  P E C t  
' 935 5 6 6 5  FORYAT(36H TRIIQSPCPT C I P A C I T Y ( F 1 N E  T O  CCbRSE) # 1 5 # # 5 € 1 ? . 8  f HEC6 

( 5 1 X 1 5 E l S e 8  1 )  HEC6 
c B R A N C H  T O  5670 ~ ~ r n  5715 .05  H E C ~  

5 6 7 0  FOPRAT(Z6H VCLUPE OF D E P O S I T S ( T t N S )  r l O X r  bE15.8 / ( 5 1 X , 5 € 1 5 . e )  1 H f C 6  
C PEC6 

950 C D I S T R I B U T E  SEDIKENT I F  R E S E R V O I R  B Y  F X N E P  E O U 6 T l C P  b f  C C  
C . -. hEC6 
C R ~ G B ~ G B W G R ~ G B P G P ~ G P ~ G B h G B H G ~ f l G B ~ G ~ ~ G P ~ G R G @ B t G P P G h G b 6  HEC6 
C CALCULATE BED F b T C P l b L  COMPCSITION FPOH I N F l l l U I N G  L G b C  HECt 

IF( IBGeLE.OJ, t& ~ ~ F i b 9 d  PEC6 
94 5 CALL B E D G k A  ~ ~ B G , G P , G S ~ P G D P P I , S A E  1 b k C b  

I b G s I B G - 1  bFCb 
I F  I I B G e G T e O )  G C  T C  5610 H E C 6  
00  5 6 7 5  ~ - I G S I L C S  hFC t 
I S U k m L f  + I hEC6 

950 C BRANCH T O  5 6 7 5  C R O P  5 t 7 0 . 0 5  HECC 
5C75 G D ( I S U B ) = C D ( L 5 ) + P I ( 1 )  H E C t  

I F ( I R o G E . h R 1  G O  T C  5 t B O  hEC6 
I k G = C A R ( L I E G )  tECb 
GC T G  5 8 7 5  

9 5 5  
t4ECh 

C RRLNCH TO 5 6 8 0  FRCf l  t t ' i5.01 hECb 
5680 1BG.O HEC6 

WR T TE  (1 PI 5 0 5 5  ) HECb 
U R l T F  (LP,56M5) P L C C  

5 t ~ 5  FCPf iLT ( 5 e P  BED C P b C b I I O N  W b S  CALCULATED FRPP I N C L O L J I R G  StC; I I?Ft ,T  1 hECk 
960 a 0 4 0  1 H t C 6  

CAR(LIBGI.0.  H E C C  
G O  10 5 1 3 5  

C 
P f  C6 

a. 

~ ~ G ~ Y G R P G ~ ~ ~ G ~ P G ~ F G C ~ C ~ M G P ~ ~ G ~ H G E R G ~ P G C M C L ~ ~ P ~ ~ G ~ G E C P C F G ~ H C  t E C C  
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, . . . . -. .. - . Srr 62s )UP  

- 5 1 ' S f '  I- =' 
G C  1 C  5 7 1 0 .  -. - -. b -- h t ~ ,  * 

C B R A N C P  T O  5 7 0 Q  F P C H  
5 7 0 0  L l l  I . 1 + € 6 4 C 3 . * C C  ( E  1 / C T  

I f ~ L T I o G T o l )  6C T C  t 7 1 C  
C B R A N C H  T C  5705 FRCK 

5 7 0 5  L T I - 1  

B R A N C H  Tn 5 7 1 0  F P @ P  
3710 F L T I - L T A  

D U R = D D ( N  ) / F L T I  
D P  5 7 1 3  L = I G S r L C S  
G S R ( L ) = C e  

*.GS (1 ) = G S  (1  ) * O U R  
G P I L I - G P ( L  ) * G U C  

C tlR6NCP TO 5715 F R O P  
"5715 CCNTINUE 

I F  ( K S k ( l 4 l e l E o O )  G C  T C  5 7 2 5  
W R I T E  ( L P ~ 5 7 2 0 1  I T l r S D I ~ D U P s D T  
I S U B - I G S * L F  
J S U R - L G S  4 1 F  
W R I T E  ( L P r 5 6 7 C )  G C ( 1 5 ) p  ( G O ( I I ~ I = I S U P I J S C , U ~  

C t$PbNCl- T C  5 7 3 0  F R l Y  
5 7 2 0  F C F t b T ( 2 1 P  4 3 2 5  l T 1 r S F l n 0 U P ~ D T ~ n l S X r I I 5 r Z F l 5 ~ 4 ~  

C B R A N C H  T r  5 7 2 5  F R C Y  
5725 0 0  5593 N T 1 = 1 ~ 1 T l  

V R D - C D ( L  5 +PUT 
f F ( S A E e G E . O e I  6C T O  5 7 3 0 .  
S A E - 0 ,  
GO TO 5 7 3 5  

C . B R A N C H  T C  5 7 3 0  ) P C P  
5 7 3 0  I F ( S b E e G T * I *  I S b f = l *  

C 
C B R A N C H  T O  5 7 3 5  F P C Y  

5 7 3 5  G S A E = S A E * * R : A E  
00 57-70 1 - I ~ S P L C S  
SDA.*O. 
G S C = S D ( L  ) 
11 - L F + l  

. . ..... 

HEC6 
I - E C t .  
hEC6 
H f C 6  
H € C k  

'.bt C 6 
5 7 C O e 0 1  PFCt  

HECb 
H € C t  
t t C b  
t1ECk 
k E C 6  
P E C 6  
H E C C  
H E C 6  
hECb 
t-tCb 
PECk 
CILC C 
b ' E C t )  
t.EC.6 
b I C t  
r tct  
t - E C t  
).€ C 6 
h E C t  
hEC6 
H E C 6  
I - L C ~  
H E C  t 
h L C  t. 
h E C 6  
H t  (; t 
t-t C C  
t l € C C  
bEC6 
t E C t  
l l f  r t 
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-- t t c ,  - u.r I -- - -- - P E C L  
' C URea,,H 1 ~ ;  C 7 3 J  F R C P  5 7 4 E r 0 2  t t t C C  

5 . , u  S T u = b S ( L  I - G P R I C :  Z A E  hFC6 
IFISTO.LT.C)  C G  l r  5 7 5 5  b t C C  
G S P ( L ) - G S R ( L ) + G S ( L )  I k t C 6  
GC T C  5 7 7 0  k ~ C t  

C  BRANCP T O  5 7 5 5  F R C B  57FC.01  H E C 6  
5 7 5 5  R E H = G D ( L C ) + S T C  b E C b  

I F ( R E t ' a G T e 0 . )  6 0  T O  5760 . ) c f  Cb 
G O ( L S ) = G D ( L S ) - G D ( L L 1  bEC6 

. G S R ( L l = G S P  ( L ) + G S ( L  ) + G D ( L L )  bCCC 
S T O = - C D (  L L  I htCb 
GO ( L L  ) - o  h ~ c e  
G O  T O  5 7 6 5  t E C C  

C B R A N C H  TO 5760 F R O r  5 7 5 5 . 0 1  t:E C t  
5710 G O  ( C S l = G D I L S ) * S T O  HECt  

G S R  (L 1 - G S P  (L ) t G S  (1 ) - S f @  t 1 € C 6  
G D ( L L ) = R E H  H E C ~  

C BRbNCk TO 5765  FPOP 5 7 4 0 . 0 5  5 7 5 5 . 0 6  P E C 6  
5765 V 5 E - U S E + $  T O I S D A  hEC6 

C hECt 
C 8RdNCk T O  577' l  F R C H  5712.61 5 7 3 5 . 0 5  b t C t  

. C 5 7 4 P . 0 3  5 7 5 C . 0 3  F E C L  
'.7-2770 C O N T I k U E  -- HECb 

IF ( U S ~ ( I ~ ) . L E . O )  G O  T O  5 7 8 5  HECb 
IF (LPR.GT.NI I )  cc T C  5785 t . ~ c t  
W R I T E  ( L P ~ 5 7 7 5 1  N T I P S A E P  l P I ( l ) r l ~ I G C ~ L G S )  t E C t  

5 7 7 5  F C P r A T ( 1 6 H  4 3 4 5  h T I r S A i ~ P I ~ 2 0 X ~ 1 6 ~ ~ ~ . 5 t 5 F 1 5 ~ 4 / ~ 5 l X t 5 F 1 ~ ~ 4 l  l P E C 6  
W R I T E  ( C P r 5 7 8 0 1  ( G S R ( 1 1 r  I = I G S , L G S )  HECb 

57EO F O R R A T  ( 5 1 x 9  3 E 1 5 . 8 9  H E C 6  
L P R - C P K + L T I I l G  -.- 

C 
1 PECt  

C \ PEC t 
B R d H C l '  T T  5 7 e 5  F P O n  5770.Ul 5 7 7 C . 0 2  bECt 

5785 S A E t ( G O ( L 5 ) + h V T ) / V S I  
C 

H E C 6  
B R ~ N C H  T O  5790 F P ~ H  5 7 2 5 . 0 ~  H F C ~  

>790 U N T I N U E  PEC6 
I S U b = L 5 + L S b  P F C  t 
G G (  I S U B ) = S A E  H € C C  
I S U P x L S t L G A  h E C C  
GO ( I S U B I - G A L  bLCb 
G T m O .  PECb 
D C  3795 I = I G S P L G S  P I C 6  
G S ( I ) = G S P I I ) / b D  ( N )  

C 
t - t C C .  
hFC6 

C t 4 f C t  
5795 G T - G T t G S  ( I  1 

I t1€c6 
I S U P - l e s A + I C C  I E C t  

'GPS( ISUB)=GT t i ~ c e  
V h t ! = ( ( G O ( L 5  ) + C A R  ( F 5 ) ) / U h O  

B R A N C H  T C  5795  FHrk 5 7 5 0 . 0 6  



15 , I SUB=LS+LPA 
G U ( I S U B I = f L D ( S I  
ISUE=K5 

- C A R ( I S U B ) = F L D ( t  1 /,'' 
/ 

DO 6 4 8 0  I l l r K E h  
10 I I I S U B - K F t I  

I 
C BRANCh T C  6 4 8 0  FROb t 4 7 5 . 1 4  

6 4 8 0  C A R I I S U B ) = F L D ( I + 6 )  
I 
I 

I S U R - F F t 5  
JSUB-KF+NGS 

' 5  1 I F  ( N G S ~ G T . ~ ) R E A C ( I U N ~ T I ~ C ~ ~ ) ( C A R (  I ~ D I ~ I S U B ~ J S U B )  

1 
6 4 8 5  F C l R t l A T f d X ~ 9 F 8 . 0  

I C  VARIABLES CN N E I T  CbPD = SAE @ H A #  CXPI  F P I  
I ISUf!=L5+LSb 
! JSU8=LS+LDH 

.O KSUB-LStCDA 
L SUB=LS+LPA 
H S U B = K F t l  
NSUR=KFtLFN 
WRITE ( L P 1 6 1 1 0 )  I C G r  1DT# I S I # G D  ( I S U b ) r G C ( J S U t l ) r G O ( F S 1 1 F ) r G C ( L S l P ) r  

5 '  l C A R ( K 5 ) r  ( C A R ( [  ) r  I ~ H S U B P R S U P )  
I S U R - K F t 5  
JSUB=KF+NCS 
I F  ( IhGSoLT.0 )  U P I T E  ( L P r b 4 9 0 )  ( C A R ( T ) r I ~ I S U P r J S L l P )  

6 4 9 0  FORWAT I 9 N r 9 F 1 2 . 3  1 
0 I S U B = L 5 + L P A  

- ' I F  ( G D ( I S U E ) o G T a C o )  G L  TO 6 4 5 5 '  

1. I S U B = L S t L P A  
G D ( I S U R ) = 2 9 5  I . . 
ISUB=L5+LDA 

5 G D (  ISUB)=SD(LGS 
C BRANCH TI' 6495 FROF 6450 .02  

6 4 9 5  I S U B = L S * L  FA 
1 

C D ( I S U B I ~ ~ . - G D ( I S U B ~  
ISUBmLS+LSA :-- 

0 I F  ( G D t I S U e  ) * L E O ~ ~ )  G L J ( I S U B ) ~ l o  
I S U B = L S + I S A  - 
JSUB=LS+LSA 
GD ( I S U B ) = G O ( J S ( I P )  
I SUBmL5tLC.M 

5 IF (GG( ISUP) .LE .O. I  G ~ ( I S U B ) - S O ( L G S )  
I Sl lb=L5+LOA 

s I F  ( ( : D ( I S U t  ) . L t . C . )  ( L ( ' I S U F ! ) = S O ( L G S )  
R t  A l i  ( I U N I T r b l 0 3 )  1 C G r I D T r  l S I r  ( F L O I K ) r K = 2 , 1 0 )  

h FC C 
bCC6 
t- t C t  
ttEC6 
t!FC6 
b F C t  
H E C t  
tct C6 
hFCb 
C'E C 6 
t I E C b  
bEC6 
PEC6 
HECb 
t 4 L C C  
HEC6 
) i F C  t 
H €C 6 
hFC6 
PECt  
h E C t  
t 1 E C 6  
P t  C t  
t i E C 6  
HEC6  
PFC t 
HFC6 
hFC6 
HEC6 
HCCC 
HECC 
tcF(.b 
t . E C t  
PECb 
h l C b  
t i E  C6 
PFC6 
t 1 E C 6  
HtCI. 
P F C L  

C6 
hFCC 
I - f  C f  
l d F (  t 



" 6 5 5 5  - CONTINUE 

,, I 
10 /10 /7b  l b * G O * 1  

. ' 8  , 
I 

t-ECb 5 t 2 4  
HECt E t 2 5  
HECk 5 6 2 6  
H F C C  5627 
F t C t  5 t 2  t 
k € C t >  k t ?  9 

bECt 5h  30  
H L C ~  3 3  1 
P L C  t 5 6 3  2 
PFCt  5L3 :  
I \[  C b  56 3 4  

- ,  L a  A )  


