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Abstract

This paper deals with the sedimentation of highly concéedraediment suspensions (co-
hesive as well as non-cohesive) and the beginning of theotidation of cohesive sedi-
ments. Based on a comparison of existing empirical formatesexperimental data, the
particle Reynolds number was shown to be of importance ®mb#haviour of particularly
non-cohesive sediments. In addition it plays a role in deit@ng whether one or two
interfaces develop during the sedimentation phase. Indke of cohesive sediments, the
estimation of the gelling concentration, althoughidult, seems to be fundamental. Some
suggestions on the estimation of the permeabilityfiddent and total settling function
are then given in order to improve the modelling of the seditagon and consolidation
behaviour for concentrations close to the gelling conedian.

Key words: sedimentation, consolidation, settling velocity, perbilitg, high
concentration, cohesive sediments, gelling concentratio

1. Introduction

The interest in understanding physical characteristicsobfesive sediment has in-
creased significantly during the last 30 years. Cohesiviesgds play an importantrole in
river and estuary engineering because of their capahilibyrtd pollutants. Another impor-
tant issue is the transport, sedimentation and consadidati fine sediments in reservoir,
navigation channels or harbour basins.

Most of the research has been carried out on the settlingvwettimcentration mud
suspensions (Van Leussen, 1988; Dyer & Manning, 1999, armtrays) or on the con-
solidation regime (Gibsost al., 1967; Been & Sills, 1981 among others). Few authors
(Winterwerp, 1999, Camenen, 2008) have studied hindetdthgeof cohesive sediments
where large concentrations of sediments ffect the settling velocity. Dankers & Win-
terwerp (2007) attempted to link the hindered regime withdbnsolidation regime intro-
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ducing a total settling velocity or settling function inding permeability &ects. It seems
however that many unknowns still exist about the behavida mud suspension at the
onset of its gelling concentration (defined as the concgatrdor which the flocs form
a space-filling network, Winterwerp & Van Kesteren, 2004).ektuaries, wave induced
turbulence can stronglyfiect the hindered regime (Gratietal, 2005), which can create
highly concentrated fluid mud layer with concentrationselto the gelling concentration.
On the other hand, the mechanics of lutocline (interfacerevlaesharp gradient in sedi-
ment concentration exists and generally maintained themksrbulence) and fluid mud
are also stronglyféected by the hindered settling velocity of the sediments|éWaki et
al, 1989). Mehta (1991) also showed that erosion processateamy influenced by the
state of the mud (fluid, non-consolidated, and consolidatédis thus fundamental to
better understand the behaviour of cohesive sediments wdke gelling concentration.

A study on the &ects of the choice of hindered settling formulas for the iseditation
regime is presented in this paper using the Kynch theoryZJL9Based on experiments
of sedimentation in a quiescent fluid (where turbulence wigible), the ability of the
formulas to induce one or two interfaces depending on thecg@aiReynolds number is
emphasized. The second part of this paper establishes @aleitity equation and a total
settling function that can be used in an advectidiiudion model.

2. 1DV equations for a sedimentation-consolidation model

2.1. Equation for sedimentation and consolidation

Assuming that solid particles are of the same size, shapelansity (al), that both
the solid particles and the fluid of the suspension are incesgible (a2), that the flow
is one-dimensional (a3), and that the settling velocity artiples in a dispersion and the
dissipation cofficient can be determined by the local particle concentraiidy (a4), a
general 1D equation for the sedimentation and consolidaggimes may be (Toorman,
1996, 1999) :

oc 0 0
Fm + g [W«(c)c] + g

D(c)z—‘;] =0 1)

whereWg(c) is the total settling velocity function including permdéip e ffects andD(c)

is the total dissipation cdicient, andc the volumetric concentration of matter. The total
dissipation cofficient is the sum of the molecularfilision dfects O,), consolidation
diffusion dfects O.), and eddy dtusivity or turbulence fects O;). The molecular dif-
fusion Dy, is generally negligible and the eddyfidisivity D; may be estimated using a
k — e turbulence model. However, for an experiment with no hyginaanic constraints
(waves or current) and considering the flow is one-dimeradjdhe turbulenceféects are
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negligible. A sedimentation consolidation experimenthigst represented by three main
regimes (Toorman & Berlamont, 1991; Dankers & Winterwei@) 2, cf. Fig. 1) :

1. hindered regime, where the settling velocity is mainiyeit by the concentration of
particles ( the total pressure minus the neutral pressusatar in pores orféective
stressr’ = 0) ;

2. permeability regime, where the settling velocity fuoatis mainly driven by the
permeability. This mode physically represents compresaimd expulsion of pore
water ¢’ ~ 0) ;

3. dfective stress regime, where particle deformation caustssiucompressiorof >
0; diffusion term due t®, cf. Eq. 1).

The first regime corresponds to the sedimentation regimereds the two last regimes
correspond to the consolidation regime. However, the pabifity regime may be mod-
elled in a similar way as the sedimentation regiie,with D = 0.

d=cWs
P hindered regime
permeability regime
effective stress regime
0 : : : : :
0 Cm Cer Cgel Ck Cmax C
Om Ocr  Omax ()

Figure 1: Schematic view of the thredi@rent prevailing processes in a sedimentation consabidatper-
iment from the flux curved® = cWy) as a function of concentratian

The following study will focus on the estimation of the tosektling velocity function.

2.2. The Kynch model for the sedimentation of particles

Kynch (1952) developed a theory on sedimentation based emdtch experiment.
This experiment consists of an initially well-mixed suspien of particles with a concen-
tration uniformly initialized tocy in a settling column subject to gravity only. This sus-
pension will separate into threefidirent phases (one approaching the maximum packing
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particle concentration = Co at the bottom of the container, one with a well-mixed sus-
pensionc = ¢, in the middle of the container at the initial average coneian, and clear
water at the top of the container). Using the same assungpéisrior Eq. 1 and adding
that solid particles are all small with respect to the sajticolumn, the mass-balance of
the suspended sediments (Eq. 1) simplifies into the simple wgquation ire-direction,
known as the Kynch equation:

o o0 _
ot 9z
where® = Wy, c is the sediment flux or the Kynch batch flux density functiamg ¥y,

the hindered settling velocity, which is assumed to be atfanmf c and Wy (settling
velocity of a single particle) only.

(2)

3. Sedimentation and batch theory

The Kynch sedimentation experiment is a simple and intexgs$ést to quantify and
calibrate the hindered settling velocity formulas, inchglthe beginning of the perme-
ability regime for cohesive sediments. As larger uncetisnare observed for cohe-
sive sediments because of their stochastic charactserigtensity, size and shape of the
population of sediments), the hindered settling veloadyrfulas were first tested against
non-cohesive data. The hindered settling formulas stuidi¢kis paper were previously
presented and compared by Camenen (2008). Equations aréecp appendix A.

3.1. Non-cohesive sediments

In case of non-cohesive sediments, the Kynch equation (Egfdly valid. Assuming
W4, is a function of concentration only, Kynch (1952) showed thgq 2 may be rewritten
as follows:

oc oc

5 + WsoF(c)a—Z =0 3)
wheref(c) = Wg /Wy corresponds to any semi-empirical equation for the hirtleffects
on the settling velocity, and

o[cf(c)]
5 (4)

Eq. 3 may be solved by integrating along the characteristgsldz/dt = WgF(C)
(method of characteristics). Concentration gradientsese when the characteristic lines
converge (Winterwerp & Van Kesteren, 2004). Moreower, and thereforéd®d/dc, may
have a minimum at = ¢.,.. Forc < ¢, dF/dc < 0, and two interfaces (upper interface

F(c) =

4
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Figure 2: Schematic view of the development of two (a) or iménterfaces in the Kynch sedimentation test
with non-cohesive sediments depending on the initial cotragoncy (the lines with an arrow correspond
to the iso-concentration lines witly < €1 < C2 < Crmax)-

corresponding to the settling front and lower interfaceegponding to the bed front) will
develop €¢f. Fig. 2a). Forc > ¢y, dF/dc > 0, and only the upper interface develops (
Fig. 2b).

The choice of the hindered settling formulas may signifiganfluence the results for
the Kynch theory, even if the formulas yield similar preghatfor the settling velocity.
Indeed, if two hindered functionf, and f, yield same result foc = c; (fa(c1) ~ fy(cy)),
Fa(c1) = {9[cfa(c)]/aC}c=c, may difer significantly fromFy(c;) = {d[cfy(C)]/IC}e=c,. It
results from the variability of the semi-empirical expliess for the hindered functions
(see appendix A). Thus, the prediction @f, which separate the two regimes oraf
for which the maximum flux densitp = cWs is reached may vary significantly with
the choice of the hindered settling formula@sandc,, correspond to the 1st and 2nd
derivatives of the functiolr with respect ta, respectively.

The particle Reynolds numb&.. = W.d/v (v is the kinematic viscosity of water),
which characterizes the flow regime around a settling gartis a measure of the relative
weight of the inertial forces and frictional forces to théalodrag forces. For a single
particle, the drag cd&cient decreases with the particle Reynolds number. Andafigyel
particle Reynolds numbers, the velocity of a particle masthe lessféected by the wake
of the surrounding particles. Based on experimental resRiichardson & Zaki (1954)
suggested the formula= (1 - ¢)" where the index decreases with the particle Reynolds
number from 4.8Re. < 1) to 2.2 R.. > 1). With this formula, the maximum of the
functioncf increases from 0.06 to 0.14 for large.; and, as a consequence, knowing that
d(cmf(cy))/dc = 0 andf(cnax) = O, the curve steepens wher> ¢, and the coordinate
of the inflection point¢ = c) also increases with the particle Reynolds number (see also
in Fig. 4). Using Rowe’s (1987) empirical fit far, solutions may be obtained with the
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Richardson & Zaki equation as functions of the particle Régs numbeR., :

1 1+40175R.Y*
“n+1l 57+0586R.,%*

(5)

Crm

2 2+035R.Y*
" n+1l 57+0586R,%*

Cor (6)
Cm andc are increasing functions &%. (0.18 < ¢, < 0.30 and 036 < ¢, < 0.60).

Using a large data set from batch experiments (Oliver, 18gnnonet al., 1964,
Baldocket al., 2004), the flux density functiort{ = ®/Wy) is plotted in Fig. 3 versus the
relative concentration/cax With the particle Reynolds number emphasized. The general
behaviour of the Richardson & Zaki formula is confirmed by da¢a. A hindered settling
formula should thus take into account théeet of the particle Reynolds number. Due to
the scatter in the data and relatively small number of datatgat is however diicult to
precisely identify the position of the critical concentoatc,, (inflection point). Only an
analytical expression df (or a curve fitting of the data) can be used to estinogte

0.14 T —%

R, <107
* © 10%<R,<01
0.12f 5w 1| ¢ 01<R,=<1
* v 1<R,<10
01l S L ||« 10<R,<10
: w % . 10°<R_<10°
oV * i &
o A " R,.> 10
#* ¥
Qoosr VIt g
; ¢ Og v * ——*7 *
-~ v O* O L
o 006 % 2880 Ty L,
. <§ * - v VVO %O o * ¥ 5%&
v We ” Fon
0.04f v % * *
' , v g v ¥
ov * o ¥
v 8V i Tk
v FOFk
0.02f % : PR Congs
o) ¥ —V**
O Tk
§ *ﬁ
0 i i i i Ho
0 0.2 0.4 0.6 0.8 1
cl/c
max

Figure 3: Flux density functiondf/Wy = cf) as a function of the relative concentratigit.x for a range
of particle Reynolds numbeF..

Expressions focf andF are reported in the literaturef( Camenen, 2008 for de-
tails). The Richardson & Zaki (1954), Souslby (1997, p.13®), Winterwerp (1999)
and Dankers & Winterwerp (2007) formulas, as well as the firediRichardson & Zaki
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formula and Camenen formula based on mixture theory (Came@08) are plotted as
a function of concentration in Fig. 4 (see Appendix for theatgtion of the formulas).
Following Camenen (2008), the modified Richardson & Zakifola will be used as a
reference :

Cmax
Ws ne1 c
—=(1-0"t[1- — (7)
WSO Crrax
(a) (b)
0.15 T 1 T T
- - R&Z == R&Z
— R&Zm — R&Zm
== Winterwerp - - Winterwerp
== D&W == D&W
—— Soulshy ) —— Soulshy
— Camenen ) — Camenen
0.1r 05F A\
‘\,‘\
P Bl ) -~ A\
-~ - N \
u\t—j/ 4" ~~‘~ g \\
o o= N w s
Il’-'. \\
a2 o ‘~\ ‘~~
0.051 ! &oo sl of SRS
) ~ i~ S
N ~~~ e -~'~._ ——
0 i i i —05 i i i i
0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1
cl/c clc
max max
(€) (d)
0.15 T T 1 T T
== R&Z == R&Z
— R&ZmM B\ — R&Zm
- = Winterwerp w - - Winterwerp
‘== D&W bR ‘-~ D&W
—— Soulshy W —— Soulshy
— Camenen o — Camenen
0.1 & 05k N
O
— LmT T T T, ~ N "\ \\
) " Tl \’\‘ o N
= R ~ s T NN
© PR "‘, \/\ AN
l"" s~ \,\ « “a
,I/ e ‘N, o
0.05F A Ao NN or oY N
,,-’ ‘N, S N, S . \\ -
0 i i i i —05 i i i
0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1
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Figure 4: Variation of the flux density functiods = cf (a and c) andr (b and d) with the relative concen-
trationc/cmax Using the diferent studied formulas for two fiierent particle Reynolds numbeRs, = 0.1 (a
and b) andR.. = 100 (c and d).

The flux density functiorcf using several formulas is plotted against the volumetric
concentration in Figs. 4a and 4c for twdldrent particle Reynolds numbeiR,( = 0.1

7
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and 100, respectively). It is observed that the formulafdyigiite diferent results for
the prediction of the hindered settling velocity. Consetlye the formulas also yield
large diferences in the prediction af,, and especiall,. In Table 1, the resultscy,
cmf(cm), andcy) are presented for two fierent particle Reynolds numbef,(= 0.1 and
100, respectively) depending on the formula used, togetfiteran estimation based on
polynomial fits over experimental data. An estimation oféh®r made on the estimation
of ¢, Cmf(Cm), andcy is also provided.

Re. = 0.1 Re. = 100
Cm/Crax  P(Cm) Cor/Cmax | Cm/Cmax  P(Cm)  Cor/Crmax
experimental data 0.29 006 052 0.38 Q10 Q75
+0.04 +001 <007 +0.05 +002 <010
Richardson & Zaki 0.28 0072 Q55 0.42 0111 084
Souslby 0.28 0071 Q55 0.41 0117 081
Winterwerp 0.37 0087 Q82 0.37 0087 Q082
Dankers & Winterwerp 0.27 0068 Q60 0.27 0068 Q60
modified Richardson & Zak| 0.27 0071 Q55 0.40 Q115 -
Camenen 0.27 0073 Q55 0.41 0116 Q81

Table 1: Estimation of they,, ®(cy,) andc, values for non-cohesive sediments wih = 0.1 andR.. = 100
based on experimental data and using hindered settlingilasm

The Winterwerp (1999) and Dankers & Winterwerp (2007) folasyobtained for co-
hesive sediments) seem inaccurate for non-cohesive setiras they do not take into
account the fect of the particle Reynolds number, even though it cleariipénces the
results. Even for small Reynolds number, the Winterwerpida fails to predict,, or
Cy (see Tab. 1). The Dankers & Winterwerp formula yields be#sults wherR., = 0.1
although it slightly overestimates.. Moreover, the Winterwerp and Dankers & Winterw-
erp formulas, as well as the Richardson & Zaki and Soulshyédas, yield a flux density
function® > 0 whenc = Cyay, Whereas it should be zero.

The Souslby formula (1997, p.135-136), modified Richard&odaki formula and
Camenen formula based on mixture theory (Camenen, 2008)weey similar results, all
implying thatc,, andc,, do vary with the particle Reynolds number. They show, howeve
different behaviour for large concentrations closeqtg: the Soulsby formula tends to
overestimate the flux as it yields > 0 whenc = c,y; for relatively high particle Reynolds
number R.. > 100,cf. Figs. 4d and 5), the modified Richardson & Zaki yields no value
for ¢, whereas for relatively low particle Reynolds number, @lgls two values foc, (as
observed by Shannaat al., 1964); the Camenen formula yields a functien= 0 when
C = Cmax (Cf tangential to the ling(c) = 0), which seems to disagree with experimental

8
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data.

In Fig. 5,c, andcy, were estimated using the Richardson & Zaki, modified Ricéand
& Zaki, Soulsby, and Camenen formulas as well as experimhéata. Results based on
experimental data were obtained using polynomial fits oata goints ¢f. Fig. 3). For
small Re., ¢ is less than Bc .y, and increases to 0.4-@5x at higherRe.. The four
formulas are in good agreement with experimental estimatié slight dispersion occurs
depending on the formula for large particle Reynolds nusbEor smallRe,, ¢ is less
than Q55C ., and increases t0.9c,x at higherRe... The modified Richardson & Zaki
formula predicts a second value fog (calledc ) for low R.. which decreases from
0.95 Re. < 1) to 0.85 at a critical particle Reynolds numidr ., ~ 50. Above this
critical value, no solution exist far,, which means that the modified Richardson & Zaki
formula will always result in the occurrence of two intedacin a settling suspension,
whatever the initial concentration. Again, the four foremilare in good agreement with
experimental estimations whd®, < 200. ForR.., > 200, it is dificult to conclude as
there are large uncertainties on the experimental estimati, was actually not always
observed depending on the polynomial fit.

7 NN NN * ) o c¢_(R2)
A * m
0ol IO % 5 R | N (374
o o c¢_(RZm)
0.8 % 1« (Té?))
A C m
cr,2
0.7 x ! 1 ¢, (Soulsby)
06 X + ¢, (Soulsby)
s 4 o ¢_(Camenen)
g % +j§ o # 50 © m
o 05 + 5 © x €, (Camenen)
o O o]
B 8 88 60 od ® Cm (exp.)
0.4 é * Cg (exp.)
8

0.2

0.1

0—3 ‘—2 ‘—1 ‘0 ‘1 ‘2 ‘3 ‘4 5

10° 10° 10" 10" 100 10° 10° 10" 10
R..

Figure 5: Concentrations, andc., as a function of the particle Reynolds number using the Raden &
Zaki (RZ), modified Richardson & Zaki (RZm), Soulsby, and Garan formulas as well as experimental
results €f. Fig. 3).

The study of the sediment flux functions for sedimentatiopeexnent with non-
cohesive sediment showed interesting results about fasypdrformances. For the predic-
tion of typical parameters such @gandc,, the Richardson & Zaki, modified Richardson

9
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& Zaki, Soulsby, and Camenen formulas yield the best resdite two latest formulas
also show a better behaviour for the sediment flux close torthemum concentration

Crnax .

3.2. Cohesive sediments

Batch theory is not exactly applicable to cohesive suspassibecause they corre-
spond to a population of sediments with varying size, dgrasid shape. Moreover, as a
floc is made of sediment matter and water, the volumetric @oinationc does not prop-
erly describe the floc volumes. Assuming that this poputati@y be represented by a
single particle with fixed characteristics, Kranenburgd@Rapplied Eg. 2 to the volumet-
ric concentration of flocg (¢ = (os— p)/(os —p)c , wherep, ps, andp; are the water,
sediment, and flocs densities, respectively), and rewhatequation as follows:

09 2 _
=+ WeoF(¢) == = 0 ®
o - A10) o)

wheref (¢) = Wg/Wqy.

Eq. 8 may be solved by integrating along the characteristestz/dt = WsF(¢) as
for the non-cohesive sediments case. In the same way assfootincohesive sediments,
the functionF may have a minimum at = ¢.. For¢ < ¢4, dF/d¢ < 0, two interfaces
will also develop €f. Fig. 6a). Forp > ¢, dF/d¢ > 0, only the upper interface is visible
(cf. Fig. 6b). One main dierence with sand is that cohesive particles are deformétble.
explains whygax > Cmax (cf. Camenen, 2008). First, water is ejected from pore space
only (0.6 < ¢ < ¢max). When the gelling concentration is reach@d+£ ¢nox ~ 0.85
whenc = cg) and consolidation begins, the volumetric concentratibfiaxs ceases
to increase; the floc densipy increases, and so, the volumetric concentration of matter
increasesy < Cped,1 < Ched2 < Ched,3 < Cmax)-

In Fig. 7, flux density functiong f andF are plotted versus/¢max Using the formulas
considered earlier, and using a typical particle Reynoldslrer for cohesive sediments :
Re. = 0.1. For all of the following tests, a constant gelling concatiwnCyy = 100 gl (or
Cqa = 0.038) was assumed, however, this value may also vary witharteje Reynolds
number. The maximum volumetric concentration of flpgg, was set to 0.85. Following
Camenen (2008), the reference formula was the modified Rlsba & Zaki. For cohesive
sediments, assuming the size and density of the floc to béasdanandn > 2, Eq. 7 may
be modified as :

w,

~ . . ¢ Pmax
Ww-(l‘c)/z(l‘@/“(l‘ ) (10)

Prax

10
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clear water

Pnax or Cgel front

Figure 6: Schematic view of the development of one (b) or tairfterfaces in the Kynch sedimentation
test with cohesive sediments depending on the initial cotnagongg (the lines with an arrow correspond
to the iso-concentration lines withy < ¢1 < ¢2 < Pmax, @NACgel < Ched,1 < Ched,2 < Coed,3 < Crmax)-

This differs slightly from the original suggestion (Eq. 11 in Camerg908), which had
a factor of (1- ¢)"? instead of (1- ¢)"?; Because of buoyancyffects, one should have
(1 - ¢)* with x > 1 whereas — 2 could be less than 1).
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Figure 7: Variation of the flux density functiogs (a) andF (b) with the relative concentratiopy ¢max
using various formulas and assumiRg = 0.1 and a constant gelling concentratiOgy = 100 gl for all
the tests.

In Table 2, the resultss,, omf(¢m), andee) are presented fdRe. = 0.1 depending on
the formula used, together with an estimation based on pafyal fits over experimental
data. An estimation of the error made on the estimatiofQfpn, f (¢rm), andge is also
provided.
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Pm/ Pmax D(¢m) Per | Prmax
experimental data 040+ 010 018+0.10 Q75+0.15
Richardson & Zaki 0.20 0072 Q41
Souslby 0.20 0071 Q40
Winterwerp 0.40 0120 116
Dankers & Winterwerp 0.27 0086 Q60
modified Richardson & Zak 0.33 0126 068
Camenen 0.32 0121 Q66

Table 2: Estimation of the,, ®(phim) and phig values for cohesive sediments wiga, = 0.1 based on
experimental data and using hindered settling formulas.

The Soulsby and the Richardson & Zaki equations yield simnéaults as both equa-
tions include the fect of the hindered settling velocity using a ffla@ent (1- ¢)" with
n ~ 4.7 for smallR... These minimizd= at¢s = 2/(n+ 1) (cf. Eq. 6),i.e. ¢g ~ 0.4dmax
for fine sediments, which appears to be too low. Both equatioderestimaté-values
as they underestimate the settling velocity (Camenen, 2008 Winterwerp, modified
Richardson & Zaki and Camenen relationships behave simfiarthe functionf at low
volumetric concentration{¢max < 0.5). As the Winterwerp formula does not take into
account the possibility that.x < 1 (the assumption.x = 1 is stated), it yields a larger
flux for large concentrations. However, dfdrent calibration oCyy for the Winterwerp
formula would produce estimates similar to Richardson &iZaikd Camenen relation-
ships. On the other hand, it does not yield any minimum forféimetion F, and thus will
always predict the existence of two interfaces in a settingpension. Dankers & Win-
terwerp proposed a modification that improved this behavamd derived a minimum for
the functionF. However, this modification significantly decreased the mitagle of the
density function.

To confirm these results, experimental data obtained wittesiwe sediments were
analysed (Thorn, 1981; Ross, 1988; Wolargtlal., 1989, 1992; Moret al., 2002; Gra-
tiot, 2004; and Dankerst al., 2005). All of these studies used natural mud with the
exception of the Wolanslet al. (1989) and Dankerst al. (2005) data sets (kaolinite)
and one data set from Momt al. (2002) where the mud was pretreated. In the case
of cohesive sediments, large uncertainties occur as tleeasid density of the floc can-
not be measured accurately and because these values ne@esatistical measure of a
population. In dilute suspensions, the size (and the dgradithe floc varies with the con-
centration (due to flocculation). Itis assumed that the flaracteristics (size and density)
did not change during the sedimentation experiments, amel mtentical to the flocs at the
maximum concentration, below which hindereftieets were not observe (~5 to 10
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g/l). The assumption of a constant mean floc size may be jussfiezk the flocculation
effects (increase of the mean size of the flocs with concentlatiay be balanced by
the concentrationféects (decrease of the mean size of the flocs with concenirdtie
to floc breakup). The density of the floc is then calculateshgishe estimated gelling
concentrationi.e. p; = p + (s — p)Cga /Pmax (With ¢nax = 0.85). This latter was evalu-
ated to maximize the fit to experimental data poilig(varying from from 30g to 909/
depending on the data set), with the exception of the Dardteals data set, where the
gelling concentrationGgy ~ 85 gl) was estimated experimentally.

In Fig. 8, the flux density functiond{/Wy = ¢f) is plotted versus the relative con-
centrationp/¢max USiNg the data collected for cohesive sediments, withg@arReynolds
numberRe, emphasized. The results show a lot of scatter due to expetainencertainties
(including estimation of gelling concentration) and theiahility in floc characteristics,
as they were assumed constants. The data corresponding d@.x should correspond to
the consolidation regime. As data points are based on vdlimo®ncentration of matter
¢, physically unrealistic values @f are observed in Fig. 8 when> ¢4y as¢ should be
lower thangmax. Whenc > Cga, ¢ = dmax but the floc density increases as water is expelled
from the floc. It is dificult to determine the influence of the particle Reynolds neinfitom
these experimental results, because of the scatter in thedd also because they cover a
narrow range of particle Reynolds numbers«(202 < R., < 2). Using polynomial fits
over data sets), and¢, were approximated (see also Tab. 2 and Fig. 9) and a rough es-
timation of ¢, and¢., may be suggested :D< ¢n/Pmax < 0.4 and 06 < ¢ /Pmax < 0.8,
which confirms the results from the modified Richardson & Z&dmenen, and Dankers
& Winterwerp formulas. Using a particle Reynolds numBer = 0.2 (median values of
the collected data) andyy = 100g], the curves obtained from the modified Richardson
& Zaki, Camenen and Dankers & Winterwerp equations aregddtigether with the data
in Fig. 8. As observed before, the Dankers & Winterwerp fdara@ems to underestimate
values for flux density.

The Winterwerp and Dankers & Winterwerp formulas also yildonstant value for
¢m and ¢, N0 matter what the particle Reynolds number is (see Tab. D&nkerset
al. (2005) found from observations in their settling column éndCyq = 85 gl and
Re. = 3 x 1072 and by comparing the rising bed in the concentration timesgthat
the settling behaviour changed fo'58 < ¢, < 0.55, which mean®¢ /¢max ~ 0.68.
These values are consistent with results of the modifieddRidon & Zaki and Camenen
equations¢y ~ 0.6-0.7¢ay, cf. Tab. 2).

In Fig. 9,¢m andg¢, were estimated using the Richardson & Zaki, modified Richard
son & Zaki, Soulsby, and Camenen formulas as well as expatahdata. Results based
on experimental data were obtained using polynomial fits daéa points when possible
(cf. Fig. 8). Theg,, andg. values vary significantly among empirical formulas. The-sen
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Figure 8: Flux density functiond{/Wy = ¢f) as a function of the relative concentratigfynax using the
collected data for cohesive sediments with the particlen@kls numbeR.. emphasized.

sitivity to the particle Reynolds number is therefore nos@eng as for the non-cohesive
sediments. If the Richardson & Zaki and Souslby formulakigemilar results as for non-
cohesive sediments (theflidirences only correspond to the ratiQx/¢max), the modified
Richardson & Zaki and Camenen formulas yield much largere&(50% larger for both
¢m ande. ). Experimental data although scattered indicate that tblesRdson & Zaki and
Souslby formulas significantly underestimate gagand¢. -values. The sensitivity to the
gelling concentrationGge = 50 g/l, Cyq = 100 gl, Cyy = 200 gl andCyg = 500 gl were
tested for a fixed particle Reynolds number) appears to bkgitgg for the relationship
betweenp, or ¢ andR... An increasing gelling concentration tends to slightlyréase
dm,» dmf (o), ande. This may be explained as all these equations, as wellhas ¢,
are mainly function ob, independantly o€g4el, and are plotted versuys In the same way
as for non-cohesive sediments, no solution is found for tbdified Richardson & Zaki
and Camenen formulas fai/dc = 0 (¢) whenRe, > 70 andR., > 200, respectively
(cf. Fig. 9b). For typical cohesive sediments wh&eg < 1, ¢, and ¢, do not vary
significantly with the particle Reynolds number. The Wimterp formula thus yields co-
herent results fog,, (¢m = 0.390ax). The Winterwerp formula, modified by Dankers &
Winterwerp also estimates reasonable valuegdoandg,,, although they appear slightly
underestimateds, = 0.27Qax andpe = 0.600Pmay)-

The study of the sediment flux functions for sedimentatiopeednent with cohesive
sediment showed interesting results about formulas pednces although experimental
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Figure 9: Concentratios, (a) ands., (b) as a function of the particle Reynolds number using tloh&id-
son & Zaki (RZ), Souslby, modified Richardson & Zaki (RZm)dabamenen formulas.

results do not allow any conclusion on the influence of pirtReynolds number. For
the prediction of typical parameters suchgasandé., the modified Richardson & Zaki,
Dankers & Winterwerp, and Camenen formulas yield the bestite

4. Permeability regime

As proposed by Toorman (1996, 1999) and also Winterwerp9Q}i9Be initial phase
of the consolidation regime (ejection of pore water) mayraguded in the 1D equation
for sedimentation through the total settling velocity ftioo Wy (cf. Egs. 1 and 2). The
difficulty lies in determining the permeability of mud.

4.1. Estimation of the permeability

Many relationships have been proposed to estimate periitgaBermeability is often
a function of the void ratie,, = 1/c—1. Among others, Townsend & McVay (1990) used a

power law relationshipcf. Eq. 11) whereas Bartholomeeusen (2003) used an exponential

function (cf. Eq. 12) :

K = Ager® (1)
K = AcexpBuen) (12)

Both formulations, however, require the calibration of teaficients. It should also be
noted that these relations (Egs. 11 and 12) are mainly erapisind derived from data
where dfective stress are expressed in kPa or even MPa (far from theegpéility regime

15



Author-produced version of the article published in Continental Shelf Research, vol. 31, p. 106-111.
The original publication is available at http://www.sciencedirect.com/ - doi:10.1016/j.csr.2010.07.003

defined in section 2.1). Merckelbach (2000) and Merckell&ga&ranenburg (2004) sug-
gested a fractal approach to estimate permeability, amdftinenulation includes theféect
of sand content :

2
Crnud 0t
= (13
where ¢y and cgng are the volumetric concentrations for mud and sand, resspéct
(Cmud = (1 — Psand)C @NdCend = PsandC Wherepeng is the sand content (in %) ards then
the total volumetric concentration of matter), amd< 3 is the fractal dimension. When
sand content is negligible;ug/(1 — Csang) & €. The degree to which permeability depends
on concentration may be indicated by. The codicient A (Axp Or Ace) remains to be
determined.

Bartholomeeusent al. (2002) made a prediction exercise (named “Sidere”), using
a batch of sediments from the river Scheldt (Antwerpen, Bely. The grain size dis-
tribution were given approximately by the parametess dso, dgo, €qual to 6, 70, and
210 um, respectively, with a specific gravity equal $o= 2.72. Different experiments
were performed with an initial density 1300 pnmixint < 1550kg'm?® greater than the
structural density, which corresponds approximately teltirgy concentratiotyy ~ 0.1-
0.15. Several scientists (Bartholomuseeusen, Carrier&lPenumadu, Masada & Chan,
Merckelbach, Van Kesteren, Winterwerp, and ZnidarcicBartholomeeused al., 2002
for details) calibrated their own model using the same erpartal data ¢f. Fig. 10).
Though large dferences were observed for the calibration of thettments “A” and “B”
depending on the specific formulations used (Eq. 11, 12 osd8also Bartholomeeusen
et al., 2002), similar results were observed wheR @ ¢ < 0.5,i.e. Cig < C < 4Cyq,
which corresponds to the limit of validity of the present mab@tonsolidation included as
a sedimentationféect). However, one can observe in Fig. 10 that all these fasnyield
a large variability in the results wherx cyg.

To fit Eqs. 11,12, and 13 to the data requires the estimatidwmfcodficients with
significant risks of disconnection with the settling chagsistics of the sediment. One way
to estimate the permeability cheients may be to use the hindered settling characteristics
of the sediment since the permeability function redéfs= (s—1)kc (wheres = ps/p is the
relative density of matter). Eq. 13 wifla,ng = 0% givesk = A,cB (with B, = —2/(3-ny)).
Fixing By, it is possible to find a concentratian= cq/y (With y a fixed parameter to be
calculatedy > 1) such that the slope of the hindered velocity function esgthme as the
permeability functioni.e. d{log(Wg,)}/dc = d{log(Wk)}/dlog(c) = Bx + 1. The parameter
A is determined from the relationshik(c = Cga/x) = (S— 1)K(C = Cga/x)Cga /x- Then,
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Figure 10: Estimation of the permeabilikyas a function of the concentrati@husing various empirical
formulas calibrated by several scientists for the “Sidexagrcice ((a) refers to Eq. 11; (b) to Eq. 12 and (c)
to Eq. 13).

for ¢ > cya/x, We obtain :

_ Wan(C = Cget /x) [ c rk
(s—1)Cga/x |Coalx

4.2. Total settling function

As hindered settling functions yielM/s = 0 whenc > ¢y and permeability functions
(Egs. 11,12, and 13) cannot be linked to the settling vetoghtenc < cgq, Winterwerp
(1999) suggested defining a fitting function to obtain an ueigquation fokVy :

(s—1)kc
1+&(s—1)ke

(14)

Wsk = Wsh + (15)
with ¢ ~ 10%-10° being a heuristic parameter to obtain a smooth transitidwesn the
descriptions for the hindered settling regime and the pahitiey regime €f. Fig. 11).

Using Eq. 14, a second method to compute the total settlingtimn may be sug-
gested :

C
Wi, if c<-
X
WSk = By+1 C (16)
Wi = Wgh(C = Cga/x) [X—C] if ¢c>2
Cgel X
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Figure 11: Estimation of the total settling velocity furmtiWg (based on Eqg. 15 or on Eq. 16) compared to
experimental data (a) from Wolans#tial. (1989;Cgq = 709/, Ac = 7x 10°%, B¢ = 3.4, and¢ = 1 x 10%)
and (b) from Dankers & Winterwerp (200Cyq = 85gl, Ax = 4 x 107, By = 3.5, and¢ = 3 x 10°).

Estimates of the total settling velocity functid¥y are presented in Fig. 11 and are
compared to experimental data (a) from Wolanatkal. (1989) and (b) from Dankers
& Winterwerp (2007). For both cases, Eq. 10 has been plotegdug data (after an
estimation oWy andcyg) as well as\, based on Eq. 13 (withsng = 0%) and fitted with
the experimental data (fit of the diieientsA, and By). The total settling functioWy
was then plotted using Egs. 15 and 16. For Eq. 16, a secondi@yia the permeability
function was estimated by using Eqg. 14 with the same sByaes forW.

If W > W4, Yc (cf. Fig. 11Db), both equations yield unsatisfactory resultee Winter-
werp method tends to overestimate results for the hindezttlihg) regime. On the other
hand, the present method tend to underestimate resultedgrearmeability regime. On
the other hand, if th&\ function intersects thé/y, function (f. Fig. 11a), both equations
yield satisfactory results. Eq. 15 does however induce@diinuity in the slopelWg,/dc
atc = cygg Which seems to be unrealistic. Indeed, in reality, becafisiecovariability of
the cohesive patrticles in the suspension, the consolideatgime may start locally before
the concentration reaches its gelling point (which is defigiwbally). As shown in Fig.
11, data points present a smooth transition between theet@ddegime and the perme-
ability regime , which is not reproduced by Eq. 15. Moreo¥sy, 15 needs to fit three
parametersAy, By, and¢) whereas Eq. 16 needs to fit only one parameigy. (

It is important to realize how the use of the total settlingpeay function influences
sedimentation dynamics. In Fig. 12, the flux density funwib (calculated using total
settling velocity functiolWg based on Eq. 15 or on Eqg. 16 fitted with the experimental
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data of Dankers & Winterwerp, see also Fig.11) have beerteplotersus the relative
concentration/¢max. It appears that Eq. 16 induces a slight decrease of the f@yg;
compared to the original formula for the hindered settlikg.( 10). On the other hand,
Eq. 15 yields a discontinuity in the functidhfor ¢ = ¢max = ¢dge With a change in the
sign ofdF/d¢. Following the study of Concha & Birger (2002), it yields ateirface for
¢ = dmax = dge» Which does not seem to be physically realistic.

0.4
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I I
0.2 0.4 0.6 08 1 1.2 1.4
?/e
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Figure 12: Variation of the flux density functidghwith the relative concentratiopy ¢max. The flux density
function is calculated using total settling velocity fuiect Wy based on Eqg. 15 or on Eq. 16 fitted with the
experimental data of Dankers & Winterwerp, see also Fig.11b

5. Conclusions

The dfect of the hindered settling formula on predicting sediragan has been pre-
sented. For non-cohesive sediments, the particle Reynaoiadber strongly fiected esti-
mates of the critical concentrationg, where the flux reaches a maximum, aRd above
which only one interface will be observed during a batch expent (if ¢, > cy). For
cohesive sediments, as the particle Reynolds number igagnemaller than 1, the ef-
fect of Re. was not as significant. One mainfiitulty remains in determining the gelling
concentration. The modified Richardson & Zaki formula sisige by Camenen (2008)
appeared to yield the best overall results among the stdidiedilas compared to the ex-
perimental data, i.e. the best representation of the defusittion for both non-cohesive
(Cm, ®(cym), andcy) and cohesived,, ®(¢m), andg.) sediments. However, the valida-
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tion with cohesive experimental data remaingidilt because of the uncertainties and the
inherent variability of cohesive sediments.

Several propositions for the estimation of permeabilityavalso discussed for con-
centrations two to three times larger than the gelling cotraion. A fundamental issue,
which is the link between the hindered regime and the peritityalegime, was discussed.
It appeared preferable to obtain a relationship\Wg that remains smooth at= cy to
avoid prediction of a physically unrealistic interfacelaistconcentration. A solution was
suggested using a permeability function that is tangetttidde hindered settling function.

Many uncertainties remain in the description of cohesivirsents, hindered settling
velocities and consolidation of cohesive sediments.: the influence of organic con-
tent and flocculation, the interaction between particledifierent sizes (as muds often
have a large particle size distribution), and sedimenbhydor consolidation. The model
proposed in this paper suggests some improvements comieatiee existing literature.
Some #orts are still needed to better understand the dynamicsspiesisions close to the
gelling concentration, and to be able to represent themetetively simple way hat could
be applicable in engineering models.
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Appendices

A. Settling functions

The following settling functions were used in the paper. yraee written for cohesive
sediments; in case of non cohesive sedimentsg.

e Richardson & Zaki (1954) f = (1 - ¢)";

[10.36 + 1.049(1- ¢)*7d,%]V? — 10.36

e Souslby (1997) f = 3
[10.36% + 1.049,°]¥/2 — 10.36

whered, = [(s—- 1)g/v]*/3d andd grain diameter;

. s (A-¢)(1-0),

e Winterwerp (1999) if = T 14255
. _(1-9(1-0),
e Dankers & Winterwerp (2007) f = 1255 250
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Camenen (2008)f — Vmix ‘/(A/ B)Z/N/4 + (4/3d*mix3/ B)l/N - (A/ B)l/N/Z
V. (A/B)2N/4 + (4/3d.%/B)N — (A/B)IN/2

whereA, B, andN are codicients for the settling formula, which are function of
the grain shape and roundness (see Camenen, 2007; forlrsstnds, A = 24.6,

B = 0.96, andN = 1.53; for flocs,A = 27,B = 2.1, andN = 1.2) and subscriptix
yields that the kinetic viscosity and density were caladdor a mixture (wate#
sediments).

B. Table of notation

The following symbols are used in this paper :

A B [-] codficients

c [-] . | volumetric concentration of matter

Ched [-] volumetric concentration of matter in the bed for a batch |ex-
periment

Cruds Csand  [—] . | volumetric concentration of matter for mud and sand, respec
tively

C [071] : | mass concentration of mattel & psC)

d [m] . | sediment grain diameter

dk [m] . | sediment grain diameter for which k% of the grain by mass
is finer

D [mPsY] : | total dissipation coicient

Dn, [mPs!] : | dissipation cofficient due to molecularfiects

D, [mPs™1] : | dissipation cofficient due to consolidation-dision dfects

Dy [m?s1] : | dissipation cofficient due to turbulencefects

e [-] . | void ratio @, = 1/c— 1)

f [-] . | function corresponding to the hinderingfexts f =
Wen /W)

F [-] . | function corresponding to the hinderingfects ¢ =
d(fc)/ac)
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[m]

[-]

[-] :
[mPs™] :
[gI7]
[gI7]
[gI7]
[gI7]

[-]
[ms?]
[Pa]

permeability

index introduced by Richardson & Zaki (1954)
fractal dimensionrfs < 3)

codficients

sand content (%)

particle Reynolds numbeR{, = Wgd/v)
sediment relative densitg & ps/p)

time

settling velocity

settling velocity of a single particle in a dilute suspemsio
hindered settling velocity

total settling velocity function

vertical coordinate

parametery > 1)

heuristic parameteg (~ 10*-10°)

kinematic viscosity of water

water density

floc density

density of a mixture (sand and mud)
sediment densityp ~ 2650)

volumetric concentration of floc® (= (os — p)/(o+ — p)C)
sediment flux or density functiom(= WsC)
effective stress

The following subscripts are used in this paper for the vatrin concentrationsc(or

¢)
0 initial value ¢ = 0);
m critical value for which the sediment flux is maximum;
mix value calculated for a mixture (watersediments -sand, mud-);

critical value above which only one interface will be obsshduring
a batch experiment;
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g . | value corresponding to the space-filling network formedHmy par-
ticles andWy, = O (in case of non-cohesive sedimegf$ = Crax; IN
case of cohesive sedimemits= ¢max Whenc = Cyq);

K . | hypothetical valuedy) corresponding to the end of the permeability
regime;

kps kes ki | suspcripts liked to the type of empirical function used tineate the
permeability (power lawa, exponential law, fractal apjgiga

max . | maximum volumetric concentratiol,x ~ 0.65 for undeformable

particlesp ~ 0.85 for deformable particlesf. Camenen, 2008);

26



