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SYNOPSIS

The re l -a t ionship of  sediment  t ranspor t  to  f lu id  f low , is

cons ide red .  Phys i ca l  reason ing  l eads  to  d imens ion less  g roup ings

of  the var iab les which are d. i f ferent  for  coarse sediment  and for

f i ne  sed imen t ,  because  o f  d i ss im i l a r  modes  o f  t ranspor t .  Th i s

concept  prov ides a basis  for  a  new analys is  of  data f rom f lume

exper iments,  and a rnethod for  deal ing wi th  t rans i t ional -  s izes of

sed imen t  i s  sugges ted .  The  ana lys i s  suppor t s  t he  theo ry  pu t

forward,  and tentat ive predic t ive equat ions are der ived which

re la te  to ta l  bed  sed imen t  f l ux  to  measurab le  p rope r t i es  o f  f l ow .

This is the f i rst  report  on a cont inuing invest igat ion and

i t  is  reconmended that the next report  on an extended analysis is

awa i ted  be fore  app ly ing  the  resu l ts .



INTRODUCTION

Many  theo r ies  have  been  pu t  f o rward  i n  a t tempts  to  p rov ide

f rameworks  fo r  t he  ana lys i s  o f  da ta  on  sed imen t  t ranspor t ,  some

be ing  based  on  the  phys i cs  o f  pa r t i c l e  mo t ion  and  o the rs  on

s im i l -a r i t y  p r i nc ip les  o r  d imens iona l -  a rgumen ts .  Many  equa t ions

have  been  p roposed  as  a  resu l - t  o f  t hese  ana lyses ,  o f  va ry ing

degrees  o f  comp lex i t y ,  ye t  even  the  more  soph is t i ca ted  o f  t he

procedures and formul-ae remain open to quest ion.  I t  is  wel -1 known

that  very d i f ferent  answers may resul t  f rom the use of  these

a l te rna t i ve  me thods ,  and  the re  i s  a t  p resen t  no  rea l l y  sound  bas i s

on  wh ich  any  one  cou ld  be  se lec ted  to  the  exc fus ion  o f  t he  o the rs .

The  t ranspor t  o f  non -cohes i ve  sed imen ts  by  a  s teady  un l fo rm

f low  o f  f l u i d  i n  an  open  channe l -  i s  a  comp lex  p rocess ,  and  the

phys i cs  o f  t h i s  two -phase  mo t ion  i s  as  ye t  i ncomp le te l y  under -

s tood .  The  eng inee r i ng  aspec t  o f  t he  sub jec t ,  name ly  t he  p red i c t -

ion of  the sediment  t ranspor t  ra te f rom a knowledge of  the f l low

pa rame te rs  ( o r  v i ce  ve rsa ) ,  i s  no t  necessa r i l y  advanced  by

inc reas ing  comp lex i t y  i n  t he  compu ta t i ona l  p rocedures  to  be

fo l -1owed .

There  has  been  an  academic  p re fe rence  fo r  shea r  s t ress  as

the  ma in  pa ramete r  de f i n ing  the  s t reamts  t ranspor t i ng  power .

However ,  t he  to ta l -  shea r  on  a  de fo rmed  bed  ( r i pp led  o r  duned)  i s

i n  pa r t  composed  o f  t he  a long -s t ream componen ts  o f  t he  no rma f

p ressu res  on  the  i r regu la r  bed  p ro f i l e .  As  these  no rma l  p ressu res

w i l l  no t  con t r i bu te  d i rec t l y  t o  sed imen t  mo t ion ,  mos t  cu ruen t

me thods  separa te  the  bed  shear  i n to  the  non - t ranspor t i ng  fo rm
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l oss  and  the  shear  on  the  g ra ins ,  As  the  ra te  o f  t ranspor t  i s

ve ry  sens i t i ve  to  t ranspor t i ng  power r  & f lV  i naccu racy  i n  t h i s

separa tLon  p rocedure  wou ld  g i ve  l a rge  e r ro rs  o f  p red i c t i on .  I n

eng inee r ing  p rac t i ce ,  t h i s  f ac to r  i s  o f  g rea t  impor tance  because

few natura l  s t reams or  l r r igat ion channels  in  a l - luv ia l  sand have

a  p l ane  bed .

Seve ra l  resea rche rs  have  sugges ted  tha t  shea r  s t ress  i s  no t

the  mos t  conven ien t ,  no r  t he  mos t  ra t i ona l ,  bas i s  o f  a  sed imen t

t ranspor t  f unc t i on ,  and .  have  p roposed  me thods  o f  co r re la t i on

tha t  use  ave rage  s t ream ve loc i t y  i n  p re fe rence  to  shear  s t ress .

The purpose of  the present  paper  is  to  develop and examine

a  new f ramework  fo r  t he  ana lys i s  o f  t r anspor t  da ta .  T f  success -

fu1 ,  t h i s  w i l - 1  avo i .d  re f i nemen ts  wh ich  comp l i ca te  the  app l i ca t i on

wi thout  adding mueh to accuracy;  the advantages of  d . imensional

ana lys i s  w111  be  i nco rpo ra ted ,  bu t  phys i ca l  a rgumen ts  w i l l  be

used  l n  de r i v l ng  the  fo rm o f  t he  func t i ons  to  be  tes ted ;  t he

va r iab les  w i l -1  be  d i rec t l y  re la ted  to  those  the  eng inee r  can

readi ly  v isual ise and measure;  and the uncer ta in ty  of  s lope

separa t i on  p rocedures  w i l l -  be  avo ided .

So many rey iews of  prev ious work have been publ ished,  e i ther

in  the i r  own r ight  or  as in t roduet ions to  new work,  that  no

apology is  necessary for  not  inc lud ing such a rev iew in  th is

paper .  An  un fo r tuna te  resu l t  o f  such  an  omiss ion  i s  t he  l oss  o f

the oppor tuni ty  for  acknowledging by name many prev ious workers

in  sed imen t  resea rch ,  The  wr i t e r  apo log i ses  fo r  h i s  f a i l u re  to

make ind iv idual  acknowledgement  of  the ideas in  the l i terature

wh ich  have  been  deve loped  to  fo rm the  p resen t  t rea tmen t  o f  t he

sub j  ec t  .
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General  Approach

The procedures  to  be  descn ibed s ide-s tep  s lope separa t ion

and a l - lowance fon  wa l l  shear  a t  the  ou tse t ,  be ing  based on  mean

stream veloci ty and gross energy degradat ion.  The former seems

appropr iate for  coarse sedlments,  and the lat ter  for  f ine sediments,

wi th a t ransi t ion between these zones where the desir"abi l i ty  of

includlng both f ieasures of  t ransport ing capaci ty wi l l  be examined.

Physieal  eonsiderat ions lead to certain preferred groupings

of the independ.ent vartabl-es,  wi th one of  the non-dimensional

parameters  be ing  a  no t ionaL e f f tc iency  o f  t ranspor t ,  i .e .  the

rat io of  the rate at  which work is done to the power expended.

The dimensionless groups that f inal ly emerge have the advantage

of separat ing the englneer ing vaniables,  as wel l  as the main

quant i t ies measuned in typical  f lume exper iments.  Thus they have

the rneni t  of  convenience as wel l  as avoiding spu:: ious correlat ions.

After deducing the framework of  analysis,  certain coeff ic ients

are evaluated by ref  e.nence to exper iments on eoarse sediments,

and a pant lcular set  of  exper imental  data for  a s ingle sediment s ize

is used to suggest a fonm of equat ion for  fur ther examinat ion.

This then petmits the analysis of  intermediate sediment s izes to

proceed on  a  f i r tn  s ta t i s t i ca l  bas is ,  the  empi r i ca l  coe f f i c ien ts

relevant to the t ransi t ion ?ange of  mater ia ls being deduced. on the

basis of  minimising scatter,  The extent to which the in i t ia l  hy-

potf leses are suppo:: ted,  in the sense of  providing a sound basis

o f  da ta  ana l -ys is ,  can  then be  rev iewed,  and l im i ta t ions  es tab l i shed.

, : J F



THEORETICAL ANALYSIS

Coarse  sed imen t

The  de f i n i t i on  o f  a  coa rse  sed imen t  w i l l  be  de fe r red  fo r  t he

present  except  for  the premise that  the t ranspor t  o f  such mater ia l

i s  a  t f bed r f  p rocess ;  i n  o the r  words  when  coa rse  sed imen ts  move

they  rema in  c lose  to  the  bed .  The  agency  under  wh ich  they  move

is  the  ve loc i t y  f i e l d  ex i s t i ng  a t  t he  g ranu la r  su r face ,  wh ich

de te rm ines  the  shear  s t ress  on  the  g ra ins ,  I f  r i pp les  o r  dunes

ex i s t ,  t he  t ime-ave rage  shear  s t ress  w i l l  . va ry  f rom po in t  t o  po in t ,

being a mazimum at the crests and a minimr"un in the troughs of the

bed  fea tu res .  The re fo re  a1 /e rage  va lues ,  bo th  spac ia l  and  tempora l ,

a re  cons ide r :ed ,  d i s t i ngu l sh ing  be tween  the  t rue  shear  s t ress  and

the  componen ts  i n  t he  d i ree t i on  o f  mo t ion  o f  no rma l  p ressu res  on

the i r regul -ar  bed.  Thus

'"u * € emi . , . . .  ( 1 )

as  poss ib l e ;  de f i n i t i ons  a re

f f i x  cg  deno tes  coa rse  g ra in

far  as the t ranspor t  o f

rned ,  i s  assumed  to  bea r  a

e loc i t y  as  i n  t he  case  o f  a

. . . . . ( 2 )

bed  to  the  g ra ins ,  de f i ned  as

o f  t he  g ra in  roughness .

{Standard terminol -ogy ls  used as far

g i ven  a t  t he  end  o f  t he  paper ; ( t f r e  su

cond i t i ons ) .  The  e f f ec t i ve  shea r ,  so

coarse  ma te r ia l  nea , r  t he  bed  i s  conce

s im i la r  re la t i onsh ip  to  mean  s t ream v

p lane  g ranu la r  su r f ace  a t ' r es t .

T'or rough-turbulent f low:

. ' \r  / ' ,  .  ' . . \
+ = /32 ros (13:ry )cg  \  n " /

wher "e  v^_  i s  t he  shear  ve loc i t y  asc r io o

/ ( r . .1  ( ) ,  and k .  i s  a  l inear  measure

-4



More genera l l y ,

4TJ = a 7
Y . . . . .  ( l )

/32  1og(oy lD)

where o ls a numerical  constant,  incorporat ing both the factor

L2 ,3  tha t  appears  in  eqn 2  and a  cons tan t  o f  p ropor t iona l i t y

relat ing k" to the median sediment diameter D.

The shear  s t ress  g iven by  eqn J  ac ts  on  a  s ing le  layer  o f

g ra ins ' ,  the i r  res is tance to  s l id ing  or  ro l l ing  mot ion  be ing  a

resu l t  o f  the i r  immersed we igh t  and a  coef f i c ien t  o f  f r i i t i on ,

tan  Q,  The res is tance o f  a  un i t  a rea  o f  g ra ins  i s  thus

p  tan  0 .pe(s - f )o

where p is a void or packing factor.  Omit t ing the factor p

tan  0 ,  wh lch  can be  taken as  cons tan t  fo r  typ ica l l y  shaped

sed iments ,  the  ra t io  o f  the  app l ied  s t ress  7"u to  th is  res is t -

ant stress.  descr i r - r"es the sedirnent nobi l i ty ,  whi .ch wi l l  be

denoted  Fcg
Thus

F- cB {T (4)

62-E1 TD los (q,yJD)

The convent ional-  def in l t ion of  a coarse grained surface

is one where the f low at  the bed is fu3-1y turbulent and the

shear  s t ress  thereon is  there fore  independent  o f  v iscos i ty .

The va lue  o f  ?cg  a t  wh ich  mot ion  beg ins  is  no t  a  func t ion  o f

the Reynol-ds nurnber of  the grain in th is zone. s igni f icant

transport  wi l - l -  exist  at  values of  F"u above this cr i t ical

va lue ,  and i t s  e f f i c iency  w i l l  depend on  the  va lue  o f  F"U:
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c1ea r l y  e f f i c i ency  i s  ze ro  a t  and  be low  the  c r i t i ca l  va l ue .

The  use fu l  wo rk  ra te r  pe r  un i t  o f  p lan  a rea ,  i s

\B *1 ,gb (s ) t an0

where g*  is  the sediment  load (weight  in  a i r  per  un i t  width- D

per  un i t  t ime)  w i th  an  assumed  ang le  o f  dynamic  f r i c t i on  0 .

The der ivat ion of  the formula above is  obv ious for  s l id ing

mot ion  i n  con tac t  w i th  a  p lane  ho r i zon ta l  bed ,  bu t  i t  can

al -so be shown to apply  to  an i r regular  bed

The par t  o f  the s t ream power that  generates the gra in

shear  s t ress  i s  g i ven  5y?"gv r  p€ r  un i t  a rea  o f  bed .  Ca l l i ng

the  e f f i c i eney  o f  t he  p roces "  E "g ,  u t i l i s i ng  eqn  J  and  omi t t i ng

tan  Q  on  the  bas i s  t ha t  any  va r ia t i on  i n  i t  w i l l  a l so  be  a

func t i on  o f  F-  cg '

. . . . .  (5 )

. . . . .  (6 )

E

_ 2

Lroe (sylD )l \

was suggested  tha t

u"u : uo C*y sg [roe-!gvlo)] 'z

ob xn pgvy

where  XO i s  t he  t ranspor t  o f  bed  sed imen t  exp ressed  as  a

concen t ra t i on  by  we igh t ,

d iv ided by the mass f low

Thus

E _ : 32,ry c*lcgy . s

For  eoarse sedi ruents,  i t

. . . . .  (7 )

IFcs]

i . e .  t he  mass  f l ux  o f  sed imen t

ra te  I

cg

6-
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but  a  more  conven ien t  equ iva len t  express ion  is

o"u = f  (F"e)

where

.....(e)

" " ' (ro)

G.. -  i s  d i rec t l y  p ropor t iona l  to  the  sed iment  in  t ranspor t  per
u 6

un i t  a rea  o f  t he  bed ,  and  th i s  i s  a  func t i on  o f  a  mob i l i t y

number  depend ing  d i rec t l y  on  s t ream ve loc i t y .  As  th i s  i nco r -

po ra tes  an  r r immersed r r  g rav i t y  e f fec t  and  sed imen t  d iamete r ,

i t  has the form of  a  Froude number.

Pa r t i c ]e  Reyno lds  number

The Reynol -ds number of  an ind. iv idual  gra in determines the

ex ten t  t o  wh ich  v i scous  fo rces  i n f l uence  i t s  mo t ion .  A  pa r t i c l e

Reyno lds  number  above  a  ce r ta in  l im i t  deno tes  tha t  v i scous  e f fec ts

a re  neg l i g ib le ,  and  the  g ra in  i s  a  coa rse  one ;  a  Reyno lds  number

be low  a  d i f f e ren t  l im i t  deno tes  a  p redominance  o f  v i scous

e f fec ts ,  wh ich  i s  t he  usua l  de f i n i t i on  o f  a  f i ne  pa r t i c l e  i n

hyd rau l i cs ;  be tween  these  l im i t i ng  va lues  the  pe r fo rmance  o f

the gra i -n  is  t rans i t ional .  Par t ic le  Reynolds number is  impor tant

i n  ex tended  the  ana lys i s  t o  f i ne  and  t rans i t i ona l  ma te r i a l s .

The usual -  def in i t ion of  the Reynolds number of  a  gra in on

the  bed  uses  the  g ra in  shear  s t ress  ( i n  t he  fo rm o f  shea r

ve loc i t y )  as  the  cha rac te r i s t i c  ve loc i t y ,  and  thus  may  be

wr i t t en :

o"g = u.uu"u'=#
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R"n
RZ 1oe (oy/D ) ),)

Thus the transport  of  grains at  the

a more general  fo: :m of  eqn ! ,  which

sed iment  s izes

Ggr
f  { 3  . R o }^  g r '

Gcg

This would not be a conveni-ent framework

T* "  and  Reu  bo th  depend  on  1?1og  (ay /D) ,

remaLns constant  dur ing a typ ica l  set  o f

w i th  a  s ing le  sed imen t .  Th i s  i s  read i l y
_2 -Z
R"o  by  f re^ 'T - -3  wh ich  w i l l  be  deno ted  D_ .ueg tg r

5 r "f*ii}*
This form of  gra in Reynolds number remains

typ ica l -  exper imenta l  ser ies,  cond.ucted at  a

The  p re fe r red  func t i on  i s  t he re fo re :

o f  ana l ys i s  becapse

so nei ther  group

f lume exper iments

avo ided  by  rep lac ing

. . . . . ( 11 )

constant  dur ing a

s teady  tempera tu re .

lD

bed  can  be

could apply

. . . . .  ( 11 )

desc r ibed  by

to  t rans i t i ona l

(re1

"  " ' ( r l1

The f iner  sedLments wi l l  t ravel  a t  least  par t ly  in

suspens ion ,  However ,  t he  Beyno lds  number  o f  a  pa r t i c l e  i n

suspens ion  i s  no t  assoc ia ted  w i th  shear  ve l -oc i t y  a t  t he  bed ,

bu t  w i t h  i t s  own  f a11  ve loc i t y ,  i . e .

Res

t {?gr;  Dgr}

The drag coef f ic ient

o f  Re" .  A t  t he  te rm ina l_

, .  (15 )

o f  a  fa1 l - ing  par t i c le  i s  a  func t ion

ve loc i ty ,  d rag  equa ls  the  immersed

=wD
v

F B -



(omi t t ing  numer ica l coe f f i c ien ts  )

f c9l

These dimensionless groups may

It  is  thus seen

number is val id

from Stokes l-aw

and hence t t  l s

law fo r  f ine  par t i c les ,

e

]

b

3

combined to y ie l d

. . . . .  ( 16 )
. . )

g {s-1.) D' _ f,
t "

i, e, w = 'E .ts'*l-! 'D2 f
)  _ (Dsr)

This may be compared with Stokes

- s {s*l)  D2

(17)

(18 )v

that  the D_- -  form of  part ic le Reynolds
8r

for descr ib ing the departure of  fa11 veloci ty

ln  the  t rans i t i on  ?ange  o f  pa r t i c le  s i zes ,

re levant  to 'an f  phases  o f  sed iment  t ranspor t .

F 9 -



Fine  sed iment

A l though i t  was  suggested  tha t  the  t ranspor t  o f  coarse

sed iment  was pr imar i l y  a  bed process ,  f ine  sed iments  t rave l

3-argely in suspension, and the turbulent intensi ty which

prov ides  the  mot ive  power  i s  a  func t ion  o f  the  to ta l  shear

on the  bed.  Assuming the  ra t io  o f  channe l  w id th  to  depth

to be large enough for the bulk of  the shear to be carr ied

by  the  bed :

T f -
r 6 €eYi

The st ream power,  pe?

The wor:k done in

*, S psvw

where w is the fa l - ] -  veloci tv

Thus

eff ic lency -= 
"rSU

. . . . .  ( 19 )

un i t  p lan  a rea ,  i s  now g i ven  by  ro_V .
r 5

keep ing  the  sed iment  in  suspens ion  is :

where vo_ is  the shear  ve1_oci ty  def inedrg
'Fo r  sma l1  pa r t i c l es ,  S tokes  t  l aw  app l i es

w  -  ' g iD? ' ( s *1 )
w . -

1Bu

ftnit t ing the numerfcal constant,
T

E^ =  X
I g  S

{sv!-') 
2 2u?

o . --  uV  v f . ,T"*,

. . . .  (20 )

as  / ( r . ^ /p )  =  / (ey i )

,  and

. . . . . (21 )

coarse  mater ia l  i s  now

to  be  g iven by  the  ra t io

ygv f
' {  u  o^2

! 6

The t reatment  of

i napp rop r ia te .

pa r t i c l e  mob i l i t y  f o r

fns tead  i t  i s  assumed

- l_o



of  shear  ve loc i t y ,  v fg ,  to  fa l l  ve loc i t y ,  w .

Thus

vtF-,
3-  =  lg  u

'g  gDz(s- l )

Erg = f Gu*, ou" )

and def lne

(22 )

I t  wiLl  be remembered that a two-var iable funct ion for

sediment transport emerged from the theory fon coarse grains

(eqn B).  Simi l -a: : ly ,  for  f ine mater ia l  we would expect

UrU = f (Fre) . . . . . (23)

In  o rder  to  e l - im ina te  bo th  g (s -1)  and I  f rom the  d imens ion less

sediment tnansport  parameter,  and bear ing in mind the need

to  cover  the  t : :ans l t ion  zone,  i t  i s  conven ien t  to  genera l i se

the above to

G t ^  =
r -6

This y ie l -ds

- 4 ?
t r F / N J- f e ^  f e  " o r- o  r ( >

. . . . .  (24)

. . . . . (25)

. . . . .  (26)ur* = (q)
\  sT/

Eqn 2 l l  is  : :ep laced by

. , . , . (zT)

to form a funct ion analogous to eqn 14 for coarse sediments.

uf*  = f  tPr*Dur3lz,  ou")

11



Comprehens ive  func t i on

Recap i tu la t i ng :

Coarse gra in zonel

u"u =  f  (Fcg)

Tine gra ln zonel

ur* = t {trruDur3Jz, o*")

' ' = ' / ' t  
" I  '  f  '  I(\ .u) .{Eu = r/ 

utu 
: D | . . . .(zs)\-FD/ I ' 

t,Ag- 
t "e")

Not ing  the  s im i l -a r i t i es  be tween  eqn  28  and  29 ,  we  may  wr i t e

a  func t i on  wh ich  compn ises  bo th ,  ds  fo l l ows : -

G - - ^  :  f  (T . , .  i  D . , - )  . . . . . ( l o )g r

where

/ '  \  / . '  \n
u*, = (#) (;l .....or)

\ n

r '  =  /  .V .  r -  \1Yx ' /Je loe ' (qYlo) )sr \,zZ'g-:m ,E.toe(avzof \ v /
\ -

, . . . ( ]2 )

D _ - -  =  [ 6 r u ' r , /  I  O  . . . . . G 3 )-s? (t9+ D

where  n  =  Q  fo r  coa rse  ma te r ia l ,  and  n  =  1  fo r  f i ne  ma te r ia l .

, ' .e. U = r !  ,v i  \  "" '1zB)r rEr -sD -  rL,61-r . lD 
Gtosr"vtuJ

-L2



As the  need to  d is t ingu ish  be tween f ine  and coarse  mater ia l

has ended with the der ivat ion of  a common funct ion,  the

convent ional-  nomenclaturre for  overal l  shear veloci ty in a

wide  channe l r  v *  =  , f f i ,  rep laces  r fg .

I t  ls  to be expected that the above funct ional  form wi l l

apply through the transi t ion range of  sedl-ment s izes,  wi th

Ocn<1,  w i th  f (  re fe r r ing  to  the  to ta l  t ranspor t  o f  bed mater ia l ,

i r respec t ive  o f  whether  i t  i s  bed load (usua l ly  regarded as

sed iment  Ln  contac t  w i th  and sa l ta t ing  Jus t  above the  bed)

on bed mater ia l -  t ravel t - ing largely in suspension.

Equat ions J0 t ,o 33 provide the required comprehensive

framewo::k for  data analysls,  the ant ic ipated type of  fami ly

of  curves being as shown in Fig.  1.  We have yet to determine

emplr ieal l -y a sui tabl-e value for the coeff ic ient  o,  the form

of  the  func t lon  ( i .  e ,  the  shape and d ispos i t ion  o f  curves  in

?ig.  l - )  and how n var ies wi th OU". In f ig 1&, the fami ly of

curves  cons is t  o f  i so-Dgr  1 ines ,  w i th  
"g"  "u  

absc issa  and

6- -  as  o rd ina te .  Th is  i s  the  bas ic  fo rm fo r  ana lys ing
5 r

exper i .menta l  data,  each test  ser ies being at  a  constant  va lue

o f  D^ - .  I n  f i g  l b ,  t he  same func t i ona l  re la t i onsh ip  has  been
5 r

shown as  iso-Ggr  l ines  w i th  Dg"  u"  absc issa  and F*"  as

ord ina te .  The lowest  l - fne  on  th is ,  represent ing  a  t r i v ia l

rate of  t r"ansport ,  is  ] -oosi l -y akln to the Sfr ieras(1) in i t ia l

motton curve, the upper l ines being for a progressively more

ac t i ve  bed .

-  1 i  -



Because  a  much  s imp le r  re la t i onsh ip  i s  expec ted  fo r

coa rse  sed imen t  t han  fo r  i n te rmed ia te  s i zes ,  t h i s  zone  w i l l

be  examined  f i r s t ,  As  q  occu rs  w i th in  a  l oga r i t hm ic  te rm,

the va lue ot  fU,  is  not  s t rongly  dependent  upon the va lue

asc r ibed  to  c ,  Tn  o rde r  t o  op t im ise  i t s  e f fec t  i n  a l l ow ing

for  the re l -a t ive depth VJD,  data cover ing a wide range of

re la t i ve  dep ths .  a re  requ i red .  Mos t  t es t  se r i es  w i tn  we l l -

es tab l - i shed  mo t ion  co re r  a  ra the r  na r row  range  o f  dep ths ,  so

Nei l - l -  t  s  d .ata on the in i t ia l -  mot ion of  gravels  in  the range

6 ,2 ' rw r t  <  D  <  28 ,1  mm were  u t i l i sed  Q) .  These  cove r  a  2oo -

fo l -d  range of  y , /D.

By  eqn .  C3) ,  i n i t i a l  mo t i . on  i s  de f i ned  by

o = r{n_}
L CgJ

Coarse  sed imen t
%

. ' I t
i . e .  ,  , u  ,

fr-s(s-fi

' 14
'ffi

ANALYSIS OF FLUME DATA

cons tan t  x  l og  (o , y /D )

Th is  i s  p lo t ted  i n  F ig  .  2a :  o f l  a  1og  l i nea r  bas i s .  The

expected re la t ionship of  V/ l f f iD to  D/y would p lot  as a

s t ra igh t  l i ne ,  t he  i n te rcep t  o f  wh ich  on  the  x -ax i s  de f i nes

the  va lue  o f  o  ( l og (oy . /n )  =  O) .  The  cons tan t  i s  g i ven  by  the

in te rcep t  on  the  ve r t l ca l  l - i ne ,  1og (c r , y /D )  =  1 .0 ,  An  ove ra l l

f i t  t o  a l - l  t he  p lo t ted  po in t s  i s  shown :

. . . . .  (14)

o.oe5 1oe(ry) . . . . . (35)

r 1 4 ?



This  i s  an  unreaL is t i ca l l y  h igh  va fue  o f  o  bu t

that the data rea11y forrn two groups depending

i t

on

appears

whether

the sedl .ment consl .dered is above or below 15 nm. Al though

there is appreciabLe scatter,  each group approximates to

. . . . . ( ]6 )

( t r re 1lnes go through the point  D/y = 10, V/Gl i l -DD = 0)

The cons tan t  var les  f rom 0 .19  to  O,2J ,  depend ing  on

whether  the  grave l  i s  f ine  or  coarse ,  bu t  there  is  no t  a ,

sys temat ic  var la t ion  w i th  d iameter .  The s izes  do  no t  p lo t

in  a  sequence o f  curves ,  and th is  suggests  tha t  the t tcons tan t t t

var ies  because o f  some o then pecu l la r i t y .  Fac tors  such as

seel i :nent shape or packlng, or subject ive def in i t ion of  in i t ia l

motton mlght be rel-evant but i t  seems more probable that  the

change in  the  t rcons tan t r f  oecurs  because in  th is  par t i cu la r

tes t  ser ies  the  f low was supercn i t i ca l  fo r  the  th ree  coarses t

s izes  and sub-c r i t i ca l  fo r  the  th ree  f iner  ones .  An in te r -

ac t ion  he tween the  bed roughness  and the  f ree-sur face  cou ld

change the apparent mobl3-t ty of  a sediment.  L ines denot ing

Tr  va lues  o f  0 .8 ,  1 .0  and  I ,25  have  been  added  to  T ig .  2a

to  i l l us t ra te  th is  fac to r .

In  v iew o f  the  c loseness  o f  the  a  va lue  i -n  eqn.  36  to

the rrstandardt t  value of  ] -2, j  in the rough turbulent equat ion,

i t  l s  reasonab le  to  p roceed w i th  the  ana lys is  on  the  bas is

that cr  = 1O.,  but  i t  is  stressed that th is is an approximate

va lue  chosen fo r  conven ience.  The da ta  a re  too  sca t te red

to  p rov ide  a  re f ined es t imate .

= constant t"*(#)
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F ig .  2b  re l a t l ng  t o  g l ass  sphe res  and  ce l1u1ose  ace ta te

ba l l - s  l - ends  suppor t  t o  a  va lue  o f  10 ,  bu t  aga in  the re  i s  some

var ia t i on  o f  t he  t f cons tan t t f  f o r  supe rc r i t i ca l  f l ow .

One  o f  ou r  genera l  a ims  i s  t o  es tab l i sh  the  Dgr  va lue

tha t  sepa ra tes  coa rse  sed imen t  f rom t rans i t i ona l  s i zes ,  bu t

a  p re l im ina ry  es t ima te  o f  t he  l im i t  i s  needed  (based  on

prev ious t reatments of  sediment  t ranspor t ,  and boundary

f r ic t ion on inrmobi le  sur faces )  in  order  to  assemble and

cons ide r  t ranspor t  da ta .  A  med ian  sand  d iamete r  o f  be tween

l -  nrn and 2 r rn is  appropr ia te,  i .e ,  
"  

Og,  va lue between 25

and 50 wi l - l -  probabl -y  form the l imi t  between the t rans i t ion

and  rough  zones  C fo r  sand  i n  wa te r  a t  150C-  D  =  25  D  w i th"g r  ' /

D  i n  r nm) ,

In  order  to  avoid an upper  phase of  sediment  t ranspor t ,

which the present  theory is  not  in tended to cover ,  t ro  f lume

data for  channel  ?roude rn lnbers approaching or  exeeeding

un i t y  were  i nc luded  i n  the  subsequen t  ana lys i s :  an  upper

l - im i t  o f  ' F r  =  O ,  B  was  app l i ed  i n  se lec t i ng  da ta .

The data for  coarse mater ia l  were f rom the fo l lowing

sources  I

[ a )  U ,S ,  Wa te rways  Expe r imen t  S ta t i on ,  sand  9 r  4 .1  m(3 )

(b )  L fu ,  sands  fT ,  IT I ,  IV  and  V Io  d iamete rs  J .4  mm,  2 .3  rn rn

1 .4  rma ,  1 ,8  n rn (4 ,  5 )

t c )  W l l ] - i ams ,  sand  o f  d i ame te r  1 ,35  r * (6 )

F ig .  3  shows  these  da ta  p l -o t ted  separa te l y ,  t he  pa ramete rs

b-e ing determined f .nom equat ions J l  ,  32 and 3 j ,  wi th  n = 1.

ft  is c\ear that al-1 a?e remarkabl-y simil_ar.

The curYes approach a l imi t ing va lue of  F. , r -  asymptot ica l ly

F 1 - 6 G



at 1ow values of  the t ranspont parameter ou".  This asymptote

there fore  represents  nomina l  in i t ia r  mot ion ,  su f f i c ien t ly

wel l -  def ined by a t r iv ia l  t ransport  of  sediment corresponding
,  t r

to  Gon. , . ,  T ,  10 ' .  
Th is  asymptot ic  va lue of  F_.^  is  denoted A,

ts,r- gr

and  F ig .  J  shows  tha t  i t  i s  app rox ima te l y  O , I77 .  The re  i s

a  va r ia t l on  o f  up  to  ten  pe r  cen t  e i t he r  s ide  o f  t he  mean

valuer  &s in  Tabl -e 1.  The f igure of  0 .19 that  emerged f rom

cons ide r ing  Ne i l l t s  i n i t i a l -  mo t ion  tes ts  i n  t he  sub -c r i t i ca l -

range is  wi th in  the same range of  va lues.

The recent  tests  by Wi l l iams have many features to  commend

them,  and  i t  i s  s ign i f i can t  t ha t  t hey  show ra the r  l ess  sca t te r

than some of  the other  resul ts .  They are par t icu lar ly  va luable

therefo: :e  in  consider ing an expl ic i t  funct ional  equat ion.  The

type  o f  re l -a t i onsh ip  sugges ted  by  F ig .  3  i s  a  power  func t i on

o f  Go , "  w i th  (T - *  -  A ) .  Th i s  i s  examined  i n  the  1og -1og  p lo t  o f
6t- Br'

? ig .  4a ,  where  the  } f i l - ] - i ams  da ta  i s  shown  by  bo ld  open  c i r c les .

They  l - i e  c l ose  t o  a  l i ne  w i t h  s l ope  1 .5 ,  i . e .  f o r
-  ^ - l l  - )10

G__-  :  0 ,338 ( r '_ -  -  A)1 .5  . , . . .GT)gr  gr

where A ls  as.  g iven in  Tabl_e 1.

Al - though there is  neasonable agreement  between the

genera l  cu rves  p lo t ted  i n  F ig .  J ,  t he  t ype  o f  p lo t  i n  4a  i s

ve ry  sea rch ing :  ?u " -A  =  o .o2A  : :ep resen ts  a  2  pe r  cen t  i nc rease

in ve loc l ty  compared wi th  the nominal  s tar t  o f  mot ion,  and

To , -A  =  O .1A  i s  a  1O pe r  cen t  i nc rease .  Thus  qu i te  sma l l

eruo?s ln the rneasur:ement of average f low depth over an

t7



i r regu la r  bed cause a  b ig  change in  the  p lo t t ing  pos i t ion .

?or  the  coarser  sed iments  (Dgr  >  34) ,  equat ion  J7

expressei t  in engineer ing terms becomes:

x : o,rla * /.-_:L=- *.;; i l  -o.lztr.t
r 

L,@G;:I-)D 
r-\.'5\r

No change in  the t ranspor  t  ye\at ion seems neces"r ; ;  ; " t : t '

resul t  o f  a  change in  bed form f rom plane to  r ipp led or  duned

( f r ig f rer  s tages of  bed devel -opment  have been exc luded f rom

the  ana l - ys i s ) .  Th i s  i s  suppo r ted  by  re fe rence  t o  F ig .  3 ,

where  d i f f e ren t  symbo ls  a re  used  to  deno te  bed - fo rm.  I t  i s

apparent  then that  a  negl ig ib le  rate of  t ranspor t  is  def ined

by r

4{ ,rgfs-T)D 1og (1oy/d) . . . . .3e)

Th is  app l - i es  to  sands  and  g rave l s  o f  d iamete r  I . 35

above wi th  s .uh-er i t ica j -  f  low in  the channel .

The anal-ysis confi.rms that sediment transport

sens i t i ve  to  mean  s t ream ve loc i t y ,  espec ia l l y  when

is  no t  much  aboye  tha t  wh ich  i n i t i a tes  mo t ion .

mm and

as very

ve loc i ty

18



In te rmed ia te  sed iment  s izes  ( t rans i t ion  zone)

Equat ions J0 to JJ provide the framework for  the analysis

of  f lurne data for  tntermediate sediment s izes.  An opt imisat ion

procedure is required to der ive the value of  n which minimises

the  sca t te : :  in  the  da ta ,  and the  s ta t i s t i ca l  method depends

on an expl- ic i t  funct ion to examine. f t  was in i t ia l ly  assumed

that the form of the t ransport  funct ion would remain s imi lar

to  tha t  in  the  coarse  zoner  i .e ,  the  curve  re la t ing  GU, '  to

,*o for a given val-ue uf Og* wil l have the same shape on a

1og-Lo9 p1ot.  The genera1 funct lon j -s thenefore der ived from

eg.  (37) ,  by  inser t tng  the  coarse-gra in  va lue  o f  A ,  and then

perrni t t ing a shi f t  of  the curve by introducing a coeff ic ient

R

G=gr

where

and g

o,338 (S3gr  -  O, tT l )1 '5 . . . . .  (40)

(41 )

. . . . .  (42)

. . . . .  (41)

**"=s(+tn
1r (u*& loe(rovzo))n

\v/
Fgr

f (Dsr) = f [eP)-,
Cons lde r in8  G*o  as  ond lna te  and  Fg r  as  absc i ssa ,  t he  op t im isa t i on

procedu: :e mln iar i .sed the hor izonta l  d isp lacement  of  po ints  f rom

the  ave rage  l i ne  con fo rm ing  w i th  eqn .  (40 ; ,  on  a  l eas t  squa re

bas i s .
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po in t ,  bea r i ng

g iven  by

(  44 )

s ing le  sed imen t ,

cons tan t  B  may  be

rewr i t ten

. . . . .  (46)

(45)

The computer  programme was therefore designed to

ml_nl_ml_se:=ITf"-(ffi]'r
Le

n  1 1 7
where : : i t -L  has been replaced by the var iab le A.  The

P

search for  min imum eruor  was conducted by vary ing both

A  and  n ,  bo th  o f  wh ich  were  expec ted  to  depend  on  Dor " ,

bu t  wou ld  take  cons tan t  va l -ues  i n  a  g i ven  tes t  se r i es .

The search progra i lme involved many computer  runs.
_ 2

Ef fec t i ve l y  i t  p lo t ted  fe  aga ins t  A  and  n ,  and  found

the A and n va lues g iv ing the lowest  va lue wi th in  the

summat i -on  e r ro r  con tou rs .  The  sea rch  reduced  the  n

s tep  fou r  t imes  as  i t  app roaches  the  op t imum,  and  then

reduced  the  A  s tep  as  a  f i na l  re f i nemen t ,  as  fo l l ows :

-20



l - s t  computer  run :

2nd  r f  r r

?n r l  t t  t t

4tfr  \  n r l

6 f . h  l l  f l

An.
I

An^
I

an. .
)

A t4

O.25  ,

0 .05  ,

o.o1 ,

0.0o2 ,

0.  ooo4 ,

AA.
l_

AAz

AAI

aA4

A } I -

0.01

0 .01

0 .01

o .  01

o .  002

Fewer  s teps  i n  A  we re  needed  because  t he  pos i t i on  o f  t he

min imum R.M.S .  e r ro r  va r i es  much  l -ess  w i th  A  than  w i th  n

when  the  mesh  s i ze  i s  reduced . .  The  compu te r  p rog ram was

wr i t ten in  ALGOL for  use on the KDF 9 computer  at  Culhant ,

and  each  run  takes  up  to  4  m ins  fo r  M<JO (number  o f  t es t

^ ^ . i - + ^  \
P L r l l I L / D  /  .

The  da ta  p rocessed  i n  t h i s  way  cons i s ted  o f  t en  se t s

o f  f l ume  exper imen ts  ,  conduc ted  by  Guy ,  S imons  ,  and
( z \

-  R i cha rdson \ r / ,  w i t h  sands  i n  t he  range  0 .19  mm <  D  <  O .9J  mm,
\  / a \

t oge the r  w i th  Kennedy  and  B rooksw i  t es t s  on  a  f i ne  O_ .14  mm

sand ,  and .  t he  W i ] l i u r r ( 6 )  da ta  f o r  r .  j j  mm sand+  wh i ch  was

the  f i nes t  g rade  i nc luded  ten ta t i ve l y  i n  t he  coa rse -g ra in

^ - ^ 1 . , ^ . i ^
d . r rd . -LJ  D -L  D .

The  resu l - t s  o f  t he  compu te r  ana lys i s  a re  shown  in

tab l -e  2 ,  where  the  op t imum n  and  A  va lues  a re  l i s ted

aga ins t  D_- .  The  ana lys i s  was  success fu l  i n  t ha t  accu ra te
O T

bes t - f i t  va l -ues  o f  A  and  n  were  ob ta ined  wh ich  va r ied

FAoennoh ' l r r  cons i s ten t l y  w i t h  D_ -^ .  n ,  t he  coe f f i c i en tv v r r u r u v e t r u r J  " g r .  . . ,

t ha t  d i s t i ngu i shes  be tween  the  coa rse -g ra in  bed -p rocess

theo ry  and  the  f i ne -g ra in  tu rbu l -ence - t ranspor t  t heo ry ,

*  See  foo tno te  on  page  3 I
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va r ies  as  p red i c ted  f rom a  va lue  o f  abou t  I  a t  t he  f i ne

end  o f  t he  spec t rum to  0  a t  t he  coa rse  end .  As  t he

eva lua t i on  i s  no t  sub jec t i ve ,  i t  p rov i des  s t r ong  ev idence

in  suppor t  o f  t he  theo ry  tha t  was  p ropounded .

A l - so  i nc luded  i n  tab l -e  2  a re  the  va fues  o f  t he  s tandard

dev ia t i on ,  S  =  R .M .S .  e r ro r ,  and  t he  equ i va len t  pe rcen tage

sca t te r  i r  F " , . , . .  Remember ing  i t s  f o rm,  d i sc repanc ies  i n
o _

F. , '  w i l l  a r i se  f rom the  measuremen t  o f  dep th ,  d i scha rge  pe r

un i t  f l ume  w id th ,  and ,  med ian  sed imen t  d iamete r .  The

depar tu res  o f  t he  expe r imen ta l -  po in t s  f rom the  p lo t  o f  t he

sugges ted  fo rmu l -ae  a re  the re fo re  no t  un reasonab le ,  even  i f

t he  poss ib i l i t y  o f  e r ro r  i n  t he  measu remen t  o f  t he  quan t i t i e s

+ 1 ' - ^ +  - ^ r . ^  * ; h e  f , r . a n s n o r , . h  n a r " a m e l e r  G  a r e  d i s c o u n t e d .v r t Q v  l l l d , n s  ( , t I J  U r r e  u r  q r r u y v l  v  I J d , I ' a l l l e  U g I '  t g "

T h c  h i  c r h  n a l  ' i  c h i  I  i  f  r r  n  f  { - l - r a  W i l _ l i a m S  d a t a +  i S  C O n f  i r m e d ,  b U tv r r u  y t r l f  r 4 l l l u  u q u

some o f  t he  f i ne r  sands  g i ve  resu l - t s  t ha t  dev ia te  app rec iab l y

f r om the  bes t - f i t  equa t i on  o f  t he  cu rve  t es ted .

I n  f i gu re  5 ,  t he  op t im i sed  va lues  o f  n  and  A  a re  p l o t t ed ,

and  cu rves  a re  i nd i ca ted  wh ich  wou l -d  be  su i tab l -e  func t i ons

fo r  app l i cab ion  t o  sed imen t  t r anspo r t  p rob lems .  I t  appea rs

f rom th i s  p l o t  t ha t  W i f l i ams  I . 35  mm sand  i s  j us t  w i t h i n

the  t rans i t i on  zone ,  wh ich  ex tends  f rom D" , r "  =  f  t o  D . " r "  =  35 .
o -

The  sugges ted  equa t i on  f o r  n  i s :

T < D. , r ,  <  35,

n  =  2 .21 -  -  1 .43  1og  D* " (47)

e r 1  
>  3 5 ,  n  -  o ; c r 1  

<  T ,  n  =  1 ' O

*  See  foo tno te  on  page  3 I
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I t  i s  no t  poss ib le ,  w i th  the  L im i ted  amoun t  o f  da ta

so  fa r  ana lysed ,  t o  de f i ne  the  va r i -a t i on  o f  A  w i th  DUr

wi th assurance.  The fu l l - l ine drawn in  the upper  par t  o f

f i g .  5  co r responds  t o :

1 n t r
A  _  ! . v J
n

/-v u
f r h
6 f

(48)

when D__-  <  35 ;  A  =  0 .127 fo r  D__ >  35 .gr 6r

However  th is  invol -yes a d j -scont inu i ty  in  A between the

t rans i t i on  and  coa rse  s i zes  o f  sed imen t .  More  accu ra te

da ta  i s  requ i red  fo r  t he  t rans i t i ona l  sand  s i zes  i n  o rde r

to  de f i ne  th i s  f unc t i on  be t te r .

Fo r  compar i son  w i th  the  *u "  -  Fu*  p lo t s  f o r  coa rse

sed imen t  i ncLuded  in  f i g .  3 ,  f i g .  6  has  been  p repa red  f rom

the  da ta  fo r  t rans i t i ona l  s i - zed  ma te r ia l s .  The  fu l1  l i nes

a re  the  bes t - f i t  equa t i ons  based  on  the  op t im ised  va l -ues

of  n  and A.  This  permi ts  us to  rev iew the s imi lar i ty

hypo thes i s  t ha t  l - ed  to  the  use  o f  t he  same power  func t i on

as  app l i ed  to  coa rse  ma te r ia l .  The re  i s  ev idence  tha t  t he

equa t ion  i s  a  l - ess  sa t i s fac to ry  f i t  t o  t he  da ta  fo r  t he

f i -nes t  o f  t he  ma te r ia l - s  cons ide red .  The  p lo t s  fo r  DUr  <  7

sugges t  t ha t  an  exponen t  i n  equa t i on  (4 )  d i f f e r i ng  f rom

1.5  wou ld  be  a  more  accu ra te  f i t ,  so  tha t  t he  p resen t

ana lys i s  can  no t  be  cons ide red  to  have  found  the  bes t  so l -

u t i on  f on  f i ne  ma te r l . a l s ,  O* "  .  T .  (<O . i  mm sand ) .

s 2 j =



An op t im isa t i on  p rocedure  tha t  pe rm i t s  t h i s  exponen t

to  va ry  as  we l l  as  va ry ing  n  and  A  i s  f eas ib le ,  and  i s

now under  woVr us i -ng addi t ional  data for  sands of  median

s i ze  be low  0 .2  mm.  The  b roken  l i nes  i n  t he  sec t i ons  o f

f i g .  6  fo r  D^ -  <  7  rep resen t  a  rough  i n te r im  so lu t i on
e L '
tf,'

on1y .

F ig .  7  con ta ins  comprehens ive  p lo t s  o f  t he  t rans i t i on
-r!'

and f ine zone data,  in  the form G*"  against  #  
-  1 .  This

may be compared wi t f r  the corresponding coarse gra in p lo t

o f  f i g .  4 ,  and  i t  w i l - l  be  obse rved  tha t ,  apa r t  f r om the

resu l t s  f o r  D_-  <  T ,  ag reemen t  w i th  the  fo rm o f  equa t i on
I5 r

t es ted  i s  r easonab l y  sa t i s f ac to r y .

s 2 4



DTSCUSSTON OF RESULTS

In i t i a l  mo t ion

Because the quant i ty A represents the Fgr value at

wh ich  t ranspor t  beg ins ,  nomina l  in i t ia l  mot ion  can be

represented  in  a  fash ion  ana logous to  the  Sh ie lds  curve .

Th is  i s  shown in  f ig .  B ,  where  42  is  p lo t ted  aga ins t  oU" .
/ ^ \

Ne i l - l s t  \ z /  resu l t s  f o r  g rave l  beds  a re  i nc luded  i n  the

p1o t ,  om i t t i ng  the  resu l t s  w i th  super -c r i t i ca l -  f l ow .
ro \

The vers ion of  the Shie l -ds curve g iven by Brownt"  has

also been add.ed for  compar ison,  tak ing A2 as equiva lent
r r  I

to  Shie lds parameter  = j* - - - - *  The equiva lence isgLS_J_ , tu

immed ia te l y  apparen t  f o r  f i ne  ma te r ia l s  (eqn .  42 ,  w i th

n  =  l - ) ,  and  i s  a l - so  co r rec t  f o r  coa rse  ma te r ia l s  under

p lane  bed  cond i t i ons ,  i nvok ing  the  rough- tu rbu len t

equa t ion .

There is  a  surpr is ing d iscrepancy between the eon-

vent ional -  Shie lds curve and a nominal -  in i t ia l -  mot ion

cond i t i on  rep resen ted  by  FU"  =  A .  The  l a t te r  i s  e f fec t i v -

e l y  an  ex t rapo la t i on  o f  t he  equa t ion  fo r  es tab l i shed

mot ion  to  ze?o  mo t ion .  No t  on l y  i s  t he  f i ne  end  d i f f e ren t

i n  i t s  genera l  e leva t i on  ( though  no t  necessa r i l y  i n  i t s

s lope )  t f r e  coa rse  end  d i f f e rs  too  i n  t he  reve rse  d i rec t -

i on .  No  l ess  s ign i f i can t  i s  t he  apparen t l y  sho r te r  l eng th

of  t rans i t ion,  and the l -ack of  any apprec iable d ip  in  the

func t i on .

The  fu l I  l i ne  i n  f i g .  B  i s  one  poss ib le  func t i on ,

s25



co r respond ing  bo  eqn .  48  f o r  Dg r  <  35  and  A  =  O . I77

fo r  D^ -  >  35 .  However ,  t he re  i s  c lea r l y  a  good  dea l

o f  unce r ta in t y  as  to  wha t  t he  bes t  re la t i on  m igh t  be ,

tha t  cou l -d  be  reso l ved  on l y  by  the  acqu is i t i on  and

ana l ys i s  o f  mo re ,  accu ra te  da ta .

The val -ues of  A upon which f ig .  B depends are

based  on  a  func t i on  fo r  es tab l i shed  sed imen t  t ranspor t

wh ich ,  espec ia l l y  a t  t he  i n te rmed ia te  and  h ighe r  ra tes ,

imp l i es  the  ex i s tence  o f  r i pp les  o r  o the r  bed  fo rms

This  poss ib ly  expla ins why the A va l -ue does not  agree

wi th prev ious data ( f rom Shie l -ds and other  sources )  for

the  th resho ld  cond i t i on  when  the  bed  i s  p1ane .  M in ima l -

t ranspor t  under  p lane  bed  cond i t i ons  wou ld  no t  f o l l ow

the  equa t ion  tha t  was  deduced  fo r  G  -  >  l -O-4 .gr

Es tab l i shed  mo t ion

The  fo rm o f  f unc t i on  env i saged  in  f i g .  1  an t i c i pa ted

that  the curves would over lap,  a  feature that  seemed

l ike ly  bear ing in  mind the d ip in  the convent ional -  Shie lds

cu rve .  Th i s  d ip  hav ing  apparen t l y  been  d i scoun ted  by  the

p resen t  ana lys i s ,  and  the  func t i on  th rough  the  t rans i t i on

zone being approx imate ly  s imi lar  to  that  in  the coarse

zone,  the fami ly  of  curves that  f ina l ly  emerges is  some-

wha t  s imp le r  t han  f i g .  1 .

F ie .  9  shows  the  de r i ved  equa t ion  p lo t ted  i n  t he

form of  i .so-D__ l ines on F_--  and G_--  axes.  F ig.  10 showsgr gr gr

i so -G  - -  cu rves  w i th  F  and  D  as  axes .  The  b roken  l - i nesgr gr gr

26



for  Dgr  < 7 acknowl-edge the uncer ta j -n ty  in  the f ine-

gra in  func t ion .

Recap i tu la t ing ,  the  equat ions

0 .025 (49)

(50)

l --n

(51  )

$2)

/ t r : ( \
. . . . .  \ ) J l

. . . . .(r '+)

. . \ ) ) )

. .  (56)

are :

_\ ' . t
1 '

I
where

gr

F
o7

_Xys

v* t r

'/scsT)D ffi. toe( roylo )

Dgro f

D

n and

u gr

Dgr

A are  func t ions

/  \  r . /3
I e(s-r)  I
t2 t
\ v  /

35:

A -
n

n=

< 35:

n

O.TT7

0

7 < ou"

D <7
c'T1

I  n K

,r
C ?

2.2 t

1 .  O5

,E-gr

1 .0

n= I .43  loe  Dgr

2 '7

.  .  .  .  .  (57)



Because  o f  t he  d i scon t i nuous  equa t ion  used  fo r  A ,

the  sed imen t  cu rves  i n  f i g .  10  show a  d i scon t i nu i t y  as

we l - l - ,  bu t  t he  t ype  o f  ad j  us tmen t  t ha t  wou ld  a r i se  i f  a

con t i nuous  func t i on ,  such  as  the  cha in -do t ted  l i ne  i n

f i g .  5 ,  was  used  i ns tead  i s  eas i l y  env i saged .  I t  i s  t o

be  expec ted  tha t  f u r the r  ana lys i s  w i l l  p roduce  such  a

cont inuous funct ion,  and wi l -1  fur ther  amend the shape

o f  t he  cu rves  fo r  t he  f i ne  zone  because  o f  t he  need  fo r

an  exponen t  i n  eqn .  49  wh ich  va r ies  when  Drn  .  7 .

CONCLUSIONS

Th is  t rea tmen t  o f  t he  t ranspor t  o f  bed -ma te r ia l  i s

based  on  the  concep t  t ha t  p red i c t i ve  equa t i ons  fo r  coa rse

sediment  and for  f ine sediment  might  wi th  advantage be

based  on  d i f f e ren t  d imens ion less  g roup ings  o f  t he  depend-

en t  and  i ndependen t  va r i ab les .  The  d i f f e ren t  g roups

wou l -d  re f l ec t  t he  d i ss i rn i l - a r  modes  o f  t ranspor t ,  t he

t ranspor t  o f  coa rse  sed imen t  be ing  p r imar i l y  a  bed  p roeess

l - inked to  net t  gra in shear  and the t ranspor t  o f  f ine

sed imen t  be ing  l a rge l y  i n  suspens ion ,  when  g ross  shear

ve loc i t y  and  the  sed imen t  f a l l  ve loc i t y  a re  the  mos t

s i -gn i f icant  var iab l -es .

Phys i ca l  a rgumen ts  were  used  to  deduce  d imens ion less

pa ramete rs ,  and  the  hypo thes i s  was  made  tha t  t he  t rans i t i on

zone  be tween  coa rse  and  f i ne  sed imen ts  cou ld  be  acconmo-

zo



dated by phasing the one pneferred group of  parameters

out as the other group was phased in.  An analysis of

laboratory exper iments tested the method, wi th promising

resul- ts.  The detai l -ed concl-usions that emerged are as

fo l lows :

1 .  Data  fo r  coarse  maten ia l

of  values of  y/D conf i rm

descr ibed by

F_ -  =  cons tan tcg

whene F = !cg
.,/32-Ts -T)D 1og ( oylD )

2 .  P rov ided  the  f l ow  i s  sub -c r i t i ca l ,  t he  th resho ld

va l -ue  o f  F "U  i s  abou t  O . I77 ,  and  c  i s  app rox ima te l y

10 .  (Th i s  va lue  was  then  used  i n  the  res t  o f  t he

ana lys i s  )  .

3 ,  The  desc r ip t i on  r r coa rse t t  may  be  app l i ed  to  sands

and  g rave ls  above  I . 4  run  med ian  s i ze  (OU"  >  35 ) .

4.  The f lume data c l rosen for  analys is  p lo t  as a

s ing le funct j -on,  thus conf i rming the form of

equa t i on  9 .

5.  Th-e one re la t ionship covers both p lane bed con-

d i t i ons  and  those  sub -c r i t i ca l  s ta tes  o f  f l ow

invo l v ing  bed  fea tu res .

6 .  Fo r  coa rse  sed i -men t ,  t r anspor t  can  be  exp ressed

as  a  power  func t i on  o f  t he  ve loc i t y  excess  ove r

the threshol -d s tate.  In  d i rnensionless terms

o"u :  o .3JB (Fce O.r77)1 '5

cover lng a wide range

tha t  in i t ia l  mot ion  is

. . . . .  (58)
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7 .  Sed imen t  t r anspo r t ,  espec ia l l y  i n  t he  l - owe r

range ,  i s  ve ry  sens i t i ve  t o  s t r eam ve l - oc i t y .

Accu ra te  p red l c t i ons  o f  t r anspo r t  cou ld  on l y

be  ob ta ined  th rough  accu ra te  measuremen t  o f

r r a ' l  n ^ r ' + t ,vv rvv r v r ,  as  we l1  as  o f  t he  o the r  i ndependen t

va r i ab les .

B .  P rev ious l y  pub l i shed  da ta *  f rom f l ume  tes ts  o f  f i ne

and medium sands broadly  conf i rm the hypotheses

on  wh ich  the  ana lyses  were  based .  The  t rans i t i on

coe f f i c i en t ,  n ,  va r i es  as  p red i c ted  f r om n  :  Q

at  D. , r "  =  35 to  n = l - .0  at  D. , ,  =  f  .
o -  t 3 -

9 .  The  ex ten t  o f  t he  t rans i t l on  zone  seems  to  be

less  t han  imp l i ed  by  p rev ious  s tud ies r  e .B .  t he

conven t iona l  Sh ie lds  cu rve .  Fo r  sando  i t  ex tends

f rom D-^  =  1 .4  mm to  D -^  =  O .J  mm.
)v  ) u

10 .  The  d imens ion l -ess  coe f f i c i en t  A  i s  a  func t i ' on  o f

Fg" ,  bu t  compar i son  w i th  the  Sh ie lds  cu rye  shows

tha t  ex t rapo la t i on  o f  an  equa t ion  fo r  we l - l - -es tab -

l i shed  mo t ion  back  to  ze ro  t ranspor t  does  no t

ag ree  w i th  the  th resho l -d  cond l t i on  on  a  p lane  bed .

11 .  A  s im i l a r  f o rm o f  eoua t i on  to  tha t  wh ich  ho lds  fo r

coa rse  sed imen t  a l so  app l i es  t o  t he  t r ans i t i on

range ,  bu t  t he re  i s  ev idence  o f  depar tu re  i n  t he

f i ne  zone .

: -2 .  The  sed imen t  f unc t i on  ten ta t i ve l y  pu t  f o rward  i s

de f i ned  by  equa t i ons  49  t o  57 .  I t  i s  i l - l - us t r a ted

in  f i gu res  9  and  10 .

+  See  foo tno te  on  page  3 I
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I t .  The  p resen t  equa t i ons  a re  conven ien t  bo th  as  a

f ramework for  analys ing new data f rom laboratory

and  f i e ld ,  and  a l - so  fo r  des ign  pu rposes ,  beeause

they  p rov ide  a  ve ry  d i rec t  and  s t ra igh t - fo rward

method  o f  compu ta t i on .

I t  i s  s t r essed  t ha t  t h i s  r epo r t  i s  an  i n te r im  accoun t *

o f  a  con t i nu ing  p rog ramme o f  s tudy .
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NOMENCLATURE
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hyd rau l i c  mean  dep th
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o nominal -  in i t ia l -  mot ion

p  p red i c ted

s  deno tes  a  suspens ion  p rocess

cg  deno tes  coa rse  g ra i n  s i t ua t i on

fg  deno tes  a  f i ne  g ra in  s i t ua t i on

g r  deno tes  a  d imens ion l -ess  pa ramete r  f o r  any  g ra in  s i ze  o f
sed imen t
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