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MANAGEMENT PERSPECTIVE

Fine-grained sediments.play an important role in thé transport of
certain classes of hydrophobic contaminants in river systems. The
contaminant concentration in particulate form can be several orders of
magn1tude h1gher ‘than that in the d1ssolved phase. The concentration‘
. a1so varies with the size of the part1c1e/’the finer the particle, the
-higher the concentrat1on. Therefore an understanding of the dynamics
of the sett11ng of various sizes of sed1ments is essent1a1 to the
‘understand1ng of pathways and fate of contaminants. 4This vreport
provides new information on the settling of fine sediments. It is
found that deposition occUrs'in all s1ze classés and that the size
d1str1but1on of a .suspéension becomes f1ner as sett11ng proceeds. It |

is also found that the sett11ng velocity does not rema1n constant

throughout the sett11ng process. ‘This new 1nformat1on 1mproves our

ab111ty to model the transport of sed1ment and contam1nants.



PERSPECTIVE DE LA DIRECTION

Des sed1ments de faible. granulométr1e Jouent un role important -
dans le transport de certa1nes classes de contam1nants hydrophobes ‘

; dans les reseaux hydrograph1ques. La: concentration de contam1nants

5‘_sous forme de particules peut etre de p]us1eurs ordres de grandeur

plus,e]evee que celle des contam1nants en solut1on, La concentration
varie également avec 1la ta111e des part1cu1es, p]us Te d1ametre de la
particule est petit, p1us la concentrat1on est e]evee.' Il est donc
essentiel. de comprendre la. dynam1que de 1a decantat1on des sédiments

'de d1fferentes ta111es pour connattre les voies d'acheminement et le
’deven1r des contam1nants. Le présent rapport fournit de  nouvelles
données sur la décantation des sédiments oe'faible”granu1ométrie.' Les:
part1cu1es de toutes les classes de granu]ometr1e sed1mentent et la
d1str1but1on granu]ometr1que d’ une so]ut1on s'établit des particu1es

1es plus grosses. au plus pet1tes. On,a également constqte que la.
~v1tesse de sed1mentat1on n'est pas constante tout' do long du
processus. Cette nouvelle donnee nous permet d'etab11r un meilleur

modéle du transport des sediments et des contam1nants.



~ ABSTRACT

Experiments on settling of cohesive sediments were carried out in

'turbu1ent flows in an annu]ér,f1ume using kaohinfte clay as well as a

natural river sediment. Results indicate that the fihEr‘fractiqns

were able to deposit because they were settling as flocs.  Data on
‘ concentrat1on and size distribution of dispersed samples were used to
calculate the effect1ve settling velocities for the different size

- fractions.
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Des expériehces sur lé sédimentatiqn des sédiments cohérgnts ont
été réalisées dans des &coulements turbulents dans un bassin
circglaire en se servant de kaolinite,}minéralxéfgileux; aussi bien
-que &e sédiments d'un‘cours»d'eau. »\Les'réSultats‘montrent'que‘les
fractions de p]ué faible granulométrie 'pouvaﬁent Se dépbser parce
qu'elles le faisaient sous forme dé flocs.  Les données sur la
- concentration et 1la _distribution granulométrique d'échantillons de- :
dispersion ont &té utiﬁisées‘ afih de calculer 1gs. vitesses dé'

sédimentatidn réelles des différentes fractions granulométriques.}



INTRODUCTION

Erosion and deposition of fine cohesive sediments are‘two of the

‘key processes governing the movement - and fate of sedimentébound

.contaminants in the aquatic environment. While the transport

processes for non- cohes1ve sediments are fa1r1y well known the same
cannot be said for cohesive sed1ments. Due to phys1cochem1ca]'forces
as we]l as b1olog1ca1 factors, fine sediments form flocs - and
aggregates which sett]e at rates complete]y different from those of
the1r const1tuent pr1mary part1c1es. Mater1a1 wh1ch would never be&
able to deposit if they were cohes1onless can flocculate and settle
out and in the process remove the assoc1ated contam1nants from the
water column. Knowledge of the manner in wh1ch cohes1ve sed1ments ]
sett]e and depos1t is therefore very 1mportant for mode111ng the fate
and pathway of contam1nants, espec1a11y since the degree of affinity
of contaminants with sediments can vary with size. ' ‘ _

Kranck (1980) measured the size distribution during the settling
of a suspension of kaolinite in a 15 cm d1ameter cy11nder and foundy
that the shape of the d1str1but1on curves stayed constant wh11e the
concentration in all sizes decreased. This lead to the conclusion
that each floc contained within it a dupiicate'of the,single grain

size distribution of the whole suspension, which also meant that the

| material deposited consisted of the same size‘partic1es as those left

in suspension.

Mehta and Lott (1987) proposed a model for settling in which each

 size class has its own critical shear stress. If the bed shear stress

is below th1s critical value all the 1n1t1a11y suspended mater1a1 of
that s1ze will eventually dep051t.v For a bed shear stress above the

cr1t1ca1,va1ue, there will be no deposition at all. For any given .




EQUIPMENT AND PROCEDURE
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'flow, sed1ment in those classes in wh1ch the cr1t1cal shear stress is

less than the bed shear stress will not depos1t. Accord1ng to this
model the deposited material will have a size d15tr1but1on qu1te
d1fferent from the mater1al left in suspens1on.

There is relatively l1ttle 1nformat1on on' the change in . s1ze

dlstr1but1on dur1ng settl1ng in turbulent flows. Pathen1ades and'

-Kennedy (1966) analyzed one sample from an annular flume exper1ment .

after the settling suspens1on had reached equ1l1br1um and found that
the median diameter had=decreased‘to 0.2~um.from the 1n1t1al valué of

0.9 umi‘ Mehta et al. (1982) measured the size diStribution of

i mater1al which was depos1ted 1n a 100 metre long flume in wh1ch a

kaol1n1te-water slurry was d1scharged contlnuously into the upstream_
end. It was found that the med1an diameter 1ncreased with d1stance
along the flume from about 4 um to 10 um, w1th most of the clayey
fract1on passing out of the flume. | ‘

In thls paper, measurements of changes in COnCentration and slze»

distribution dur1ng the settling of several types of suspen51ons are

.»reported. The settling; experiments were carr1ed out in turbulent

flows 1n ‘an annular flume. These data can prov1de some useful 1ns1ght_

into the process of settl1ng of cohes1ve sed1ments. )

The experiments were carried out ln an annular flume which has an

' .outs1de d1ameter of two metres and a channel 20 cm in w1dth. A top
r1ng which f1tted 1ns1de the channel could be lowered S0 that it just
» touched the - water surface. Flows were generated by rotat1ng the ring

at var1ous speeds.
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Two different sediments were tested. The first was a kaolinite
clay w1th-a mean diameter of about 6.8 nicrone.. The second was a
Eediment obtajned frem the Nith river in Southern Ontario, containing'
~a combination of kaolinite and mortmorillonite and hav1ng a mean
d1ameter of about 12 microns. The kao]1n1te clay was tested using
distilled water as well as a 2% salt solution as the fluid med1um,
while the river sediment was tested- us1ng water drawn from the river.
F1ow depths were kept relatively constant at- about 8 cm.
| Before beginning an experiment, the water sediment mixture was
thorough]y mixed first by a mechanical mixer and then by running the
top ring at a high speed. The ring was_then s]owed to the desired
speed to begin the experiment. Samples were withdrawh from the flume
periodically until the concentration reached and remained at a
constant equilibrium value. The samp]es were taken at mid-depth as
" tests had shown that the concentration was virtually uniform over the
depth. __‘FolTOWing. the comp]etion‘ of one experimental run, the
sediments were completed resuspended and the experiment was repeated
using another speed for the top ring.. |

The concentration of eaeh sample‘was determfned by fiﬁtration,
drying and weighing. The grain size distribution of the dispersed
; samples, i.e., the primary particle distrthution,~was determined using.
the Malvern Particle Size Analyzer (mode1 2660 ¢) which operates on
‘the Tight diffraction principle (Fraunhoffer diffraction). Complete
details of thedinstrument can be found 1in Weiner.(1984). Prior to
'introducing the Samplesbinto the sample eell of the instrument they
were treated with a,disperSing agent:and were shaken on a shaker to
break up any flocs which might haVe formed. A magnetic stirrer in the

{

sample cell kept the part1c1es in suspension during the measurement.
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The outpot of the Malvern Particle SiZe 'Analyzer 'consists .of
percentage of partic]es-by voiume in different ste fractions and a
cumu]at1ve ‘size d1str1but1on curve from which med1an d1ameter and
other stat1st1cs of the size distribution were ca]cu1ated.

| Bed shear stress measurements were made us1ng a 2 mm diameter
‘Preston tube. The shear stress increases steadllyefrom the,1nner_wa11
to the 'outer wa]i and> the value at mid-width is a reasonable

representation of the average bed shear stress;A
RESULTS AND. DISCUSSION,

The pattern of the decrease in}concentratiOnwdoring‘Settling'is
similar to that foUnd“by Mehta and " Partheniades (1975) and Lick
(1982) ‘As deposition  takes place, the - suspended 'Sediment"
concentrat1on f1rsb’decreases and then becomes ‘constant at some value
which has been termed the equ111br1um concentration. | ' The. ratlo
between the_equ111br1um concentrat1on and the initiaT concentration
~ depends on‘the_bed Shear stress generatedaby the'f1ow. ‘This ratio
decreases When the bed shear stress 1s‘reduced as more sediment is
dble to deposit. | | | |

The data show that the median diameter, Dsp, of tne-material-left
in sﬁspension (1n,diSpersed state) also behaVes in thé same manner as:‘
the concentrat1on, d.e., it decreases w1th time before levelling off
at a. constant value. As shown in. Figs. 1. to 3, the curves of )
versus time are'very s1mtlar to the concentration-versUS time .curves.
The med1an d1ameter ‘becomes constant at about the same time thef"
concentrat1on becomes constant. This behav1our_can~be found for every:

- test run. SJZE distribution curves for a typical‘test.run are shownu‘
in Fig. 4. ‘ From the above results one can infer'that the:materi;]f

{
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which has deposited does not have the same size distribution as the ’
initially suspended material. |

After reaching equilibrium, the suspension. has a.median diameter,
- Deq, which is f1ner thatn the Dsg of the original suspens1on. The
valués of Degq for the various runs are 11sted in Table 1. It can be
 seen that Dgq decreases as the bed shear stress decreases. With a
~ lower shear stress, there are less disruption of the flocs and more
flocs are able to depos1t. ,
~ The decrease of the median diameter with time meahs that more of
the coarser ‘fraction have seftled"out ledving f1ner mater1a1 in
sdspension‘ This may not seem very different .from the settling of
cohesionless’ \mater1a1 in wh1ch‘ the _gra1n$ -are settling singly.
However, it can be shown: that the size distribution of the suspension -
is quite different from that resulting from single grain,seftling.
Fig. 5‘gives the size distribution histograms for eufun using the Nith
- River sediment. ~ Shown ar the initial distribﬁtien, when the
concentration was 10424 ppm, and the distribution at t = 274 min. when
‘the settling had reduced the concentration to 5274 ppm. It can be
seen that the concentration of every size fraction had decreased,
indicating that material from every'size range had deposited. Also
shown in the figure js'ythe dfstribution: obtained fhon1 a ngmericai
model aesuming vsing]e grain 'settling. The -humerical model is a
solution of the advective diffusionh,eqUation,a with a constant
" horizontal ve]oc1ty and a fall velocity g1ven by Stokes Law. 'Using
the initial size d1str1but1on and total concentrat1on, the 1initial
~concentration of each size c]ass is calculated. The_model is then
applied to each size class tovobta1n the change in concentration and

subsequently, the change in size dﬁstribution with time.” The computed
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siza distributiOﬁ when the total concentration has droppéd to 5274 dpm
is shown as a comparison. In this case, there is practically no
deposition of the mater1a1 smallér than 3 m1crons. Ihe depdsition of
the finer fractions is also much smaller, while a mUch'larger amount -
~ is deposited from the coarser fractions. Thus it is_évidedt that floc
settlidg was occuring 1n3the experiments and this enabled the finer
fraétidns to settle out -much sooner than they wod]d have oiherwise,

even though the coarser material was still depositing faster.

Tab]e 1.. Change of Deq withwbed shear stress . \

Top ring © Bed shear  Dgq’

speed = - stress _ :
(rpm) - (dynes/cmz) (micron)

Kaolinite- 7.0 1.32 5.2
distilled - 8.0 - 1,72 5.5
water . 9.0 2.18 5.8
: - 10.0 2.69 . 5.9
11.0 3.25 6.4
"Kaloenite- 7.4 1.47 - 5.0
2% salt . 8.0 1.72 5.1
‘solution . 11.0 3.25 6.2
_Nith River 7.0 1.32 9.4
sediment - 8.0 - 1.72 9.7
- - 9.0 2.18 10.2
11,0 3.25 10.5

Us1ng the data on total concentrat1on and size d1str1but1on, 1t
is poss1b]e to ca]culate the concentrat1on of each particular size
fract1on _1n vthe “suspe951on. with samples obtained throughout the
period of sett]ing,.the change in concenfratidh of each size fraction
with time can be obtained. Th1s data can be used to calcu1ate the

effect1ve settling ve]oc1ty of each size fract1on.
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The time rate of change of concentration in the suspension can be

written as

—— = -W.C. ' | . - (1)

in which Cj is the concentration of the ith sizevclass, Wi is the
effective settling velocity for that size class, h is the water depth
and t is the time.’ Iﬁ most.models of sediment transport the'settling
veloc1ty is cons1dered to be constant for any s1ze class (Mehta - and ]
Lott, 1987 Onishi, 1981) This" may;be true for cohesion]ess material
but 'When sediments are sett1tn§ as .flocs the effective’ settling
velocity may well oe changing as settling progresses. Howeyer; for
any discrete period of time, one' cAn' define an average settling |
velocity as | |

A el IS Wt (2)

AN
1

By integrating Eq. 1, the average settling Ve1ocity over a given

~time period can be ca]cu]ated\from the concentration data as

—h . C(t7) '
PR (S o ,-(3);

AN

Fig. 6 is a plot of the aVerage sett]ing.Velocity of some of the size
‘classes against time for a runtih which the shear stress was low

enough for all the material to eVentua]]y deposit. It can be seen

that theré is a def1n1te 1ncrease of W; w1th size in the early

stages. However the sett11ng ve]ocity for the 1arger s1zes decreases

much more rap1d1y S0 that w, becomes pract1ca11y the same for all

| sizes as time goes on. The same trend is found for all the_other runs - -
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as Well.k Some typical examples are shown in Figures 7 to 9. It can

be seen that, exéept for the smallest 51zé‘class, Wi does hot remain
- constant during settling.
It is fairly well" known that the overall settl1ng rate of a

sediment suspension is an 1ncrea51ng funct1on of the total

concentrat1on, provided that the concentrat1on is not so high that ’

hindered settl1ng takes place. In. the1r modelvfor cohe51ve sediment-

‘settling, Mehta and Lott (1987) extended this idea to the distribution
of settling veloc1ty for the var1ous s1ze classes. The1r assumption
is ‘that the distribution of the settllng velocity, ¢(Wj), 1is the

same as the distrlbUtidn> of initial edncentration, 0(Cogi).  The

hcr1t1cal shear stress for dep051t1on for each size is also related to

- its . settl1ng veloc1ty and hence to the distribution of initial
| concentrat1on. Their model also assumes that ‘the sedlment ~comprising
those classes for wh1ch the critical shear: stress for depos1tion is
larger than the actual bed shear stress will all deposit-While those
classes with critical shear less than the bed shear will not deposit
at all. lhese asSunptibns.can be examtned,using the presented data.

_ L : ;
Figure : 10a shows the concentration’ histograms ~for a

kaol1n1te distilled water test at the beg1nn1ng and partway through |

the settl1ng. F1gure 10b shows “the correspond1ng settling veloc1ty

h1stogramss There is l1ttle resemblence between the concentrat1on and’
.settling velocity d1str1but1ons at e1ther t1mes. This is found to be |

true for all the test runs., Figures 11 and 12 show typ1cal results

from the Kaolinite- salt solution and the Nith R1ver sed1ment data.

These results, plus the finding that depos1t1on of all sizes occur

-fdur1ng settl1ng, certa1nly cast doubt on the assumpt1ons used by Mehta

and Lott.




SUMMARY AND CONCLUSIONS

Size distribution measurements 'of the - dispersed suspended
sediment samples show that the change of the median size with t1me 1sA
similar to that of the total concentrat1on f.e., an 1n1t1a1 decrease
followed by steady state value at about: the same time as the
concentration reaches its equilibrium value. As the bed shear stress
increases, the steady state value of the'median'size‘also increases.
| An examination_ of the fuil distribution of suspended sediment
Irevea]s that settling of sediment occurs in al] size fract1ons with
effective settling ve]oC1t1es varyihg depend1ng on the s1ze the finer -
fractions settling slower than the coarser fractions. Settling was
occuring in all size classes. .This shows that the finer fractions
must.have been settling as f]dcs}becauseiunder the condition of single
grain settling, the .depo$ition of finer. fractions has to be
practically.zero as predicted by a numerica]<m0de1.

The fact that the size distr1but1on changes as sett11ng
progresses, with D5p decreasing, implies that flocs are not composed
of part1c1es from all size classes in the same proportion as the
original suspens1on, as inferred by- Kranck (1980) from experiments in
settling columns. This resultvsuggests that the coarser particles are |
associated with stronger flocs which can Withstand the higher shear_
near the bed and are able to depos1t wh11e the flocs conta1n1ng more
of the finer mater1a1 get broken up near the bed and are resuspended.
This is also cons1stent with the result that D5p increases as the
shear stress increases. When the shear stress is increased, some of
the flocs wh1ch were strong enough to sett]e previously are now also
broken up and resuspended. As these conta1n more larger particles,

the: d1str1but1on in the suspens1on becomes coarser.
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The present daté also do not suppoft the sediment sorting model

. proposed - by _Mehta‘ and Lott (1987). According 'to Mehta (and Lott,

certain size. fractions which have lower values of cr1t1ca1 shear

stress for deposition do not. deposit at atil. Howeveré present results
show that deposﬁtion is evident for.aJl size classesf

. The-effective~sett1ing‘velqcity.which is usually assumed to be
cOnstant for a given size of sediment is shown to decfease‘as settling:
progresses. This shoU]dvbe taken fnto account in future quel]in§

efforts. . -
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NOTATIONS

'Ci r ‘concéntratioﬁ'in,the ith size class

Co - initial concentration -

Dsg median diameter

Deq  median diameter in the eﬁui]ibrium 3ﬁspension
h ¢ depth of flow

t :  time

Wy settling velocity of the ith size class

¢ a_functﬁon
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Think Recycling!

Pensez a recycler !




