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ABSTRACT

The study of sediment transport general ly is very diff icult but more so in
the case of  estuar ies because:

- the water movements are continually changing with the rise and faII of
the tide

- certain sediments are not found in some parts, leading to unsaturated
loads in the water

- a wide range of sediment exist,s on the bed and in suspension.

In recent years sediment transport models have been developed and used for
rnaking engineering assessments of the impact of works on the sediment
regime. At present the fulI potential of the models cannot be realised
because of the lack of cal ibration and verif ication data, and gaps in our
understanding of the fundamental sedimentation processes.

Recent research, funded by the Department of the Environment under Research
Contract PECD 7/6/56, demonstrated that computer models of sediment
transport can simulate the effects of variable t idal movements and part ly
saturated loads of sediment. The objeetive of the present research project
is to consider the problems associated with mixtures of sediment.

The f irst phase of this project included a l i terature review of the
transport of sand mixtures including consideration of f ield data, threshold
of motion, faI1 velocity and bed, suspended and total load transport. This
report summarises the main references on the subject and contains a brief
descript ion of the latest theories being considered by other workers in this
f ield. The main factors which wil l  need to be taken into account in the
computer model of sediment mixtures have been identified as the
incorporation of different saturation concentrations for different mixtures
of size fractions, different bed exchange rates result ing from different
sett l ing velocit ies and armouring of the bed by coarser grains, and variable
bed composit ion arising from differential sett l ing and resuspension.

The information obtained from the l i terature review wil l  be assessed in the
next stage of the work and used to formulate a computer model for simulating
the transport of mixtures. This wil l  be described in the main contract
report due in the Spring of 1990.
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1 INTRODUCTION

The numerical"  model predict ion of sediment transport

plays an import.ant role in assessing the impact of

engineering works in t idal  est,uar ies. The models can

be used to assess deposit ion,/erosion problems during

the early design stages and can ident i fy possible

future maintenance commitmenLs such as the dredging of

shipping channels.

A lot  of  work has been done in the past on the motion

of uniform sands in one dimensional f1ows. In t idal

estuaries the problems become more di f f icul t  because

the water movements are continually changing with the

r ise and fal l  of  the t ide, a wide range of sediment

exi-sts on the bed and in suspension and certain

sediments are found in some parts but not in others

which may lead to unsaturated loads in the water

co]umn.

Tn order to i rnprove the usefulness of exist ing

sediment transport  models in engi-neering appl icat ions

a number of developments have been outlined in

relat ion to the model l ing sand mixtures:

-  incorporat ion of di f ferent saturat ion

concent.rat ions for di f ferent size fract ions

- di f ferent bed exchange rates result ing from

var iab le  se t t l ing  veLoc i t ies

- var iable bed composit ion ar is ing from dif ferent ial

erosion and deposit ion

- the possibi l i ty of  armouring of f iner grains by

coarser grains

- eff ic ient and accurate methods of calculat ing

saturat ion concentrat ions



2 .L

GENERAL

BACKGROUND

Mixture theory

- ini- t ia l isat ion of bed composit ion in si tuat ions of

var iable supply of erodible mater ial

The aim of this l - i terature review was to ident i fv the

key workers in this f ie ld of study and to br ing

together many of the relevant references. This

inter im report  is not an in depth technical  review but

is intended as a reference guide for the researchers

undertaking the next phase of the research contract.

The transport  of  f ine mater ial-s in turbulent f lu id

f low plays an important role in a broad range of

discipl ines and this has been refLected in the

research l i terature. Fluid-sol id mixture theory has

been deve loped (McTigue,  1981)  wh ich  mode ls  bo th  the

f luid and part iculate phases as cont inua whi lst  taking

account of turbulent f luctuat ions of the veloci t ies

and concentrat ions. Const i tut ive equat ions describing

the shear stresses occurr ing in a mixture have been

derived by Ackermann and Shen Q982) [see also Shen

and Ackermann ( 1982) I whil-st other researchers have

invest igated bouyancy forces and concentrat ion

distr ibut ions in f lu id-soI id mixtures (Zhaoyin, L987 ,

and Zhaohui and Ti-ancheng, I9B7).

One of the drawbacks of model l ing transport  of  sand

mixtures in estuaries is the dearth of f ie ld data.

However,  in recent years a number of in-si tu

sedimentat ion studies have been undertaken by Vale and

S u n d b y  ( 1 9 8 7 ) ,  J a r v i s  a n d  R i l e y  ( 1 9 8 7 ) ,  B e d f o r d  e t  a I

(1987)  wh ich  re f lec t  an  inc reas ing  concern  in  the  lack

of relevant f ie ld data for the assessment of t ransport

formul-ae and rnathematical  model-s.  One of the most

2 .2 FieId and f lume

studi -es



extensive sedimentation surveys to be reported i-n the

l i te ra tu re  was car r ied  ou t  by  A l len  (1971)  in  the

Gironde estuary. He monitored t idal  current and lrave

induced transport  and invest igated their  ef fect on the

grain size distr ibut ions in the estuary. This data

was later used by Owens (1986) as val idat ion data for

his sediment transport  model.

The pattern of natural ly occurr ing grain size

distr ibut ions is often approximated by a Gaussian or

normal- distr ibut ion where the 1og histogran

approximates to a parabola. Bagnold and

Barndor f f -N ie lsen (1980) ,  however ,  found tha t  measured

sand grain distr ibut ions often approxi-mate to a

hyperbol ic distr j -but ion. Their  f indings were further

substant iated by Deigaard and Fredsoe ( 1978) who

showed, by simulat ion, that or iginal ly log-norrnal ly

distr ibuted sand wi l l  tend to become

J-og-hyperbol ical ly distr ibuted after sort ing. Work on

size distr i -but ions of sand has been eont inued by

Barndor f f -N ie lsen and Chr is t iansen (1988)  whose f ie ld

studies have shown that the mass-size distr ibut ions of

sands vil1 vary depending on whether they are from a

predominantly depositional environmental- or

predominant ly erosional environment.

The development of numerical-  models to simulate graded

sediments has demanded that there be complementary

physical  model studies in order to gain a ful l

understanding of the physical  processes encountered in

graded sed iments  (Whi te ,  I972;  Br idge,  1981;  West r i ch

and Juraschek ,  1985;  R ibber ink ,  1987) .  In  par t i cu la r ,

A l la rd  (1987)  has  car r ied  ou t  a  ser ies  o f  we l l

control led f lume experiments using sand part ic les in

an effort  to isolate certain phenomena and to assess

their  relat ive importance. More recent ly,  Wilcock and

Southard (  19BB) undertook a large range of f lume

studies on a range of graded sediment samples to

invest igate incipient motion of the individual grain



2.3  Numer ica l  mode ls

s izes .  Rakocz i  (1987)  has  aLso inves t iga ted  the

effect of  sediment mixtures on ini t iat ion and

development of sediment motion in a ser ies of

Iaboratory invest igat ions .

The major i ty of sediment transport  research, whether

i t  be f lume experiments, f ie ld studies or numerical

model development,  has been carr ied out for steady

uniform f low condit ions. Efforts have been made to

develop more advanced models to handle unsteady and

non-uniform condit ions (Brownl ie,  1981; Krishnappen,

1981;  Tsu j ino to ,  1987 and Lyn,  1987)  bu t  these are

general ly only appl icable to sediment transport  in

r i ver  channe ls .  However ,  Marko fsky  e t  a I  (1985)  have

deve loped a  mode l  spec i f i ca l l y  fo r  use  in  t ida l

waters .  Us ing  the i r  mode l ,  they  inves t iga ted  the

sensit iv i ty of model results to numerical  as wel- l  as

physical  parameters such as discharge, l -ocat ion of

sediment source, strat i f icat ion and t idal  motion. In

part icular,  they invest igated methods of l imit ing the

numerical-  di f fusion generated within the model.

In recent years a number of one dimensi-on models have

been developed to take account of graded sediments

(Borah e t  a I ,  I9B2;  Kar im and Kennedy,  1985;  Kar im and

Ho11y,  1986)  wh ich  show good cor re la t ions  w i th  f lume

experiments but which fal ter vhen compared with f ie ld

dat ,a .  Lu  and Shen (1985)  chose Lo  inves t iga te  the  use

of  an  ex is t ing  sed iment  t ranspor t  fo rmula ,  i .e

E ins te in 's ,  and found tha t  E ins te in 's  h id ing  fac to r

cou ld  in  fac t  p rov ide  reasonab le  bed load esL imales .

Ce1 ik  and Rod i  (1985)  p roposed a  mode l  wh ich  invo lved

new approaches for determining eddy-di f fusivi ty,

transport  capacity and bed-boundary condit ions. The

mode l  was  app l ied  to  non-equ i l ib r ium t ranspor t

si tuat ions and close agreement between predict ion and



J . . t

TRANSPORT OF

SAND MIXTURES

Thresho ld  o f

sediment motion

measurement was found. An afternative two-dimensional

ver t i ca l  mode l  was  proposed by  van R i jn  (1986)  in

which f in i te-element methods lrere used to solve the

convect i-on-di f fusion equat ion. The model developed by

Lee and Ahn (1986) r .ras derived from

convect ive-di f fusion theory but they included a

hindered sett l ing effect of  the part ic les and the

vertical veloci-ty component due to tidal movement. A

ser ies  o f  mode l  tes ts  reveafed  the  sens i t i v i t y  o f

sediment transport  to these parameters and

demonstrated a hysteresis effect of  the sediment

concentrat ion between f lood and ebb t ides. Temporal

lag between variat ions in t idal  f low and corresponding

variat . ions in sediment concentrat ions were also

evident,  parLicul-ar ly for grain sizes r"r i th low fal l

v e l o c i t i e s .

The importance of the bed shear stress as the

governi-ng mechanism causing sediment motion has been

recognised for many years and ini t iat ion of motion is

general ly expressed in terms of appl ied bed shear

s t ress  in  the  fo rm o f  a  Sh ie lds '  curve  (Sh ie lds ,

1936) .  M i l le r  e t  a I  0977)  have used care fu l l y

selected data for the ini t iat ion of motion under

unidirect ional f l -ow condit ions to develop a nodif ied

Shields-type threshold diagram to extend the l imits of

the or iginal  diagram by three orders of magnitude.

However,  one of the l imitat ions of the empir ical

relat ionships they derived were the grain size

distr ibut ions used in the experiments. These were

fai-r ly cLosely graded whereas i t  is known that

natural ly occurr ing sediments general ly have a much

wider size distr ibut ion. Other researchers have

developed Shields-type threshofd curves for graded



m a t e r i a l .  f n  p a r t i c u l a r ,  S i n g h a l  e t  a I  ( 1 9 8 0 )

conducted a ser ies of experiments using natural ly

occurr ing sands. They found that rather than

fol lowing Shields'  curve the experimental  data gave

aLterna t ive  re la t ionsh ips  fo r  each s ize  o f  bed

mater ial-  thereby indicat ing that there was an

interact ion due to the grading of the sand. They

further found that the data could be grouped

corresponding to di f ferent values of turbulence

coeff ic ient which suggested that Shields curve was

derived in the short  turbulence coeff ic ient range.

Hammond et al  (  1984) undertook a number of in-si- tu

studies in t idal  areas where the bed mater ial  was

c lass i f ied  as  a  g rave l  (2  -  50mm).  Compar isons

bet lreen observed data, Shields'  curve and their  own

flume experiments were conducted. As expected with

graded bed mater ial- ,  they found that the larger grains

experienced a disproport ionately large fract ion of the

bed shear stress due to their  increased exposure and

this resulted in their  threshold of motion being lower

than that predicted for a uniform bed. These

experiments helped to reinforce the importance of

grain protrusion in coarsely packed, non-cohesive

g r a i n s .

r+  ' : ^  11- -  assumed tha t  the  t rac t i ve  fo rce  ar .r  L  r D  S s r r e r  4 I  a y

in i t i -al isat ion of motion wi l l  be the same as that at

wh ich  the  mot ion  ceases .  Re id  and Fros t ick  (  1984)

have shown that this is not necessari ly the case when

considering coarse-grained mixtures. Their  f ie ld

studi-es on coarse-grained al luvial  streams indicated a

hysteresis effect in which the threshold of motion was

ini t iated at one value of the shear stress but that

motion rras ceased at a much lower shear stress than

that predicted by the Shields curve. Whi lst  this may

not  be  d i rec t l y  app l i cab le  to  sand t ransporL ,  i t  does

indicate a need to consider possible hysteresis tSpe

ef fec ts  in  bed load t ranspor t .



3 . 2  F a 1 I  v e l o c i t y

The threshold of motion cannot be considered as a

purely det.erminist ic phenomenon because of the

f luctuat ions of bottom f low and Lhe randomness of both

part ic le size and their  posi t ion in the bed. The

random variable approach was adopted by many of the

ear l ie r  researchers ,  such as  E ins te in  (1942) ,  and more

recent ly improved stochast ic models have been

developed (Mingmin and Qiwei,  1982) which incorporate

a combined method of mechanist ics and probabi l i ty.

Sediment transport  calculat ions and mathematical

model l ing of erosion and deposit ion general ly require

an es t imate  o f  the  sed iment  se t t l ing ,  o r  fa1 l ,

veloci ty.  Because the caLcul-at ions are sensit ive to

fa I I  ve loc i ty  bes t  es t imates  are  essent ia l .  In  the

1970 's  Zanke (1977)  der ived  an  express ion  fo r  sand

p a r t i c l e s  ( 0 . 1  -  1 . O m m ) ,  a n d  f o r  c o a r s e r  p a r t i c l e s  v a n

Ri- jn (1984) gives an al ternat ive expression. Of

part icular use in sand transport  calculat ions,

Hal lermeier (1981) ut i l ised publ ished measurements of

faI I  veloci t ies of commonly occurr ing sand part ic les

to develop an empir ical  relat ionship for use with

f ine, medium and coarse sands.

Refinements of fal l  veloci ty calculat ions to take

account of shape factors (Prashun and Knofczynski,

1985) and concentrat ion dependent fal I  veloci t ies

(Lavel le and Thacker,  i97B) have been proposed in

recent years. However,  a l imit ing fact.or in fal l

veloci ty data l ies j -n the fact that the major i ty of

tests are carr ied out under control led laboratory

condit ions. Efforts are now being made to carry out

in-si tu fal l  veloci ty measurements (van Ri jn and

Nienhu is ,  1985)  and the  e f fec t  o f  un i fo rm f low on

part ic le sett l -ement has also been considered (Li  and

S h e n ,  1 9 7 5 ) .



Bed load

transport

Sediment mixtures introduce an addit ional degree of

complexi ty into bed load transport  calculat ions. In

the past,  a number of bed load transport  formulae have

been developed vhich are based on an effect ive, or

representat ive, grain size. For use with sediment

mixtures the fundamental approach has been (instead of

adopt ing a single representat ive sediment size) to

spl i t  the sediment up in to a number of s ize ranges

and to take a representat ive sediment diameter for

each range.  S ize  d is t r ibu t ion  and par t i c le

interact ion, however,  are knor,m to play an important

rol-e in transport  processes and attent ion is now being

focussed in this area. The physical-  processes to be

considered are, on the one hand, a sheJ-ter ing of f iner

grains by larger grains thereby reducing their

transport  rate; on the other hand, larger grains are

more exposed than they vould otherwise be in a uniform

bed and their  t ransport  is greater due to the larger

f luid forces they experience

Proff i t  and Sutherl-and (1983) modif ied exist , ing bed

load formulae for use with non-uniform sediments by

def ining an exposure correct ion factor which al1ows

for the increased mobi l i ty of  coarse part ic les and

reduced mobi l i ty of  f iner part ic les, as compared with

their  mobi l i ty in a uniform sediment bed. Acceptable

correlat ion with laboratory control led data was found

by Pro f i t t  and  Suther land bu t ,  as  i s  o f ten  the  case,

compar ison w i th  f ie ld  da ta  was less  success fu l .  The

variat ion between bed mater ial  distr ibut ion to

transported mater ial  distr ibut ion was thought to be

the pr ime reason for the discrepancies. Systematic

tes ts  to  i so la te  the  e f fec t  o f  bed mater ia l  g radat ion

and sort ing on bed load transport  are relat ively

scarce but their  importance was i-nvest igated by

K laassen (1987) .  He found tha t  ver t i caL  sor t ing  o f



bed mater ial  had an appreciable effect on bed form

dimensions and hence resistance to f low and transport

ra tes .  K laassen e t  a l -  (1987)  have fu r thered  the i r

work in the dune regime area and found, contrary to

the f lat  bed case, that the transport  rates of coarser

grains is reduced. The reduct ion in transport  rate

was due to a temporary storage of coarse grains in the

troughs of adjacent dunes.

Misr i  et  aI  (1984) undertook an extensive experimental

program to invest igate the bed load transport  of

non-uniform sediments and made comparisons with

pred ic t ions  us ing  E ins te in 's  method (E ins te in ,  1942) .

The predicted transport  var ied considerably from these

experimental  results and Misr i  et  al  evolved an

alternat ive method of calcul-at ing transport  rates in

non-uniform mixtures. They developed a coeff ic ient

s in i la r  to  E ins te in 's  she l te r ing  coef f i c ien t  wh ich

took account of the shelter ing of f iner grains but

also increased the exposure of coarser grains. Their

work was found to give sat isfactory results for

Laboratory data but the method did not give good

results when compared with f ie ld data. Samaga et al

(  1986) recognised some of the inadequacies of Proff i t

and  Suther land 's  and Mis r i  e t  a I ' s  exper imenta l

studies and undertook a further set of  f lume studies

for non-uniform sediments. The studies conf irmed

Misr i  et  al- 's f indings concerning the inadequacies of

Einstein's method and due to the much wider range of

var iables studied led to an improved exposure

correct ion factor.  This had the advantage of being

based on a combinat ion of f lume and f ield data.

An important feature of sediment transport  in t idal

es tuar ies  a re  spat ia l  and tempora l  lag  e f fec ts .  These

can be  de f ined as  the  a l luv ia l  sys tem's  inab i l i t y  to

irunediately overcome constrained sediment boundary

condit ions and to immediately respond to an imposed

change in discharge.



3 .4 Suspended load
+ e ^ - - - - ^ - +
L !  A r r - P U t  L

A one dimensional unsteady flow and sediment routing

model with the abi l i ty to incorporate these effects is

descr ibed in  Ph i l l i ps  and Suther land (1985) .  The

performance of the model was test.ed against laboratory

flume experiments and a good correl-at.ion between

simulated and measured sediment hydrographs and yields

were reported. This was a cont inuat ion of

Sutherland's previous research in this f ie l-d which

included invest igat ion of non-equi l ibr iurn bed load

t ranspor t  in  s teady  f lows (BeI I  and Suther land,  1983)

and his work vi th Proff i t  (Proff i t  and Sutherland,

1983) on non-uniform sediments.

In  recent  years  Arman in i  and d i  S i l v io  (1987)

developed a model- to simulate erosion/deposit i -on in

t idal  channels with non-uniform bed mater ial .  They

recognised the shortcomings of using local and

instantaneous equi l ibr ium condit j -ons. The phase shif t

between hydrodynamic and sedi-mentologic quant i t ies

was incorporated in their  model by the inclusion of

spat ia l  and tempora l  lag  e f fec ts .  In  the i r  s tudy  o f

the evol-ut ion of a trench dredged across a t idal

channel,  they found the results were less sensit ive to

the composit ion of the sediment mixture than in

simi lar studies using steady f low (Armanini  and di

S i l v i o ,  1 9 8 5 )  .

The suspended transport  of  uni form sediment.s has been

studied extensi-vely during the last f ive decades.

Suspended load transport  descr ibes the motion of

par t i c les  wh ich  are  fu l l y  sur rounded by  the  f lu id .

Owing to  the  we igh t  o f  the  par t i c les  there  is  a

tendency to sett l -e but this is counter balanced by the

i r regu la r ,  tu rbu len t  ve loc i ty  components  o f  the  f lu id .

The hydraul ic condit ions of the f lu id determine

whether  a  par t i cu la r  g ra in  f rac t ion  is  in  suspens ion

or nol.  There exists an interchange between the bed

load and suspended load in addit ion to that between

the bed l-oad and the bed.

10



During suspended load transport  there is a tendency

for the grain fract ions to undergo size-sort ing

(Sengupta 1975).  The grain size distr ibut ion at

di f ferent heights above the bed becomes skewed when

compared with that of  the bed load mater ial .  The

result ing suspended load distr ibut ion has been found

to be a funct ion of the ini t ia l  bed load di-str ibut ion

and the  f low ve loc i ty  (Sengupta ,  7979) .

Samaga and Ranga Raju (1985) carr ied out a ser ies of

f l -ume experiment.s and f ield tests to gain a better

understanding of the physical  processes affect ing

suspended transport  of  mixtures. The processes

involved are :  the shelter ing or exposure effect which

inf luences the concentrat ion of s ize fract ions close

to the bed; the interference of one size fract ion with

the others in the process of entrainment and suspended

load, thereby affect ing the exponent in the sediment

distr ibut ion equat ion. The f indings of Samaga and

Ranga Raju concluded that some of the wel l  establ ished

suspended sediment transport  methods gave poor results

for the individual s ize fract ions in a mixture. An

alternat j-ve method was developed, based on a

correct ion factor for each size fract ion, rrhich gave

better results al though only one set of  f ie ld data was

used in the comparison. Further val idat ion is

required to ful Iy ver i fy the method.

Samaga e t  a l ' s  in te res t  in  th is  f ie ld  o f  research  has

included invest igat ions into the concentrat ion

distr ibut ions of sediment mixtures (Samaga et aI ,

1986).  The agreement between exist ing predictors and

f ield data was found to be unsat isfactory. The f ield

data suggested that the sediment distr ibut ion exponent

for any size fract ion in a mixture was not constant

over the whole depth of f low. A two layer model was

proposed which gave improved results against l imited

f i e l d  d a t a .

l 1



3 . 5  T o t a l  l o a d

transport

DISCUSSION

The total  bed mater ial  load is the sum of the bed load

and suspended load but excLudes the wash 1oad. The

present day methods for the calculat ion of total  load

are of two kinds. First ly,  a sutnmation of the bed

load and suspended load and, secondly,  methods which

d i rec t l y  re la te  to ta l  load  w i th  the  f low parameters .

In the case of non-uniform sediments the transport

rate of one size fract ion is strongly affected by the

presence of the other fract ions and calculat ions based

on a representat ive size fract ion wi] l  noL be

c o r r e c t .

Ackers and White's sediment transport  method was

modif ied by Day ( 1980) for use with graded sediment by

including an ini t ia l  motion parameter for each size

f rac t ion .

Samaga et al  (1985) proposed a rnethod for the

computat ion of total  load transport  of  each size

fract ion in the bed mater ial .  The method used the

transport  reLat ionships of uni form bed mater ial  as a

basis but then introduced a shelter ing coeff ic ient to

account for the graded bed mater ial .  The result ing

semi-empir ical  total  load transport  formula was based

on f lurne data but ver i f icat ion of the method with

f i e l d  da ta  was  no t  repo r ted . A ful l -  assessment of the

method has therefore yet  to  be made.

This inter im report  has highl ighted the key workers

researching into the transport  of  sand mixtures and

has ident i f ied the present ly avai lable relevant

l i terature. This report  does not contain an in depth

technical  assessment of the l i terature but merely

indicat.es what ideas and information are avai lable for

the use in next phase of the research project.

T2



The publ ished research highl ights the need to model

interact ions between size fract ions rather than

attempting to seem the effect of  quasi- independent

fracLions. Al though suitable studies are not

numerous, models should be val idated against f ie ld

data wherever possible as comparisons with laboratory

measurements often give falsel-y opt imist ic results
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