
Multimodal particle size distributions of fine-grained sediments:
mathematical modeling and field investigation

Byung Joon Lee & Erik Toorman & Michael Fettweis

Received: 21 January 2013 /Accepted: 16 January 2014 /Published online: 1 February 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract Multimodal particle size distributions (PSDs) of
fine-grained cohesive sediments are common in marine and
coastal environments. The curve-fitting software in this study
decomposed such multimodal PSDs into subordinate log-
normal PSDs. Four modal peaks, consisting of four-level
ordered structures of primary particles, flocculi, microflocs,
and macroflocs, were identified and found to alternately rise
and sink in a flow-varying tidal cycle due to shear-dependent
flocculation. The four modal PSD could be simplified further
into two discrete size groups of flocculi and flocs. This
allowed the development of a two-class population balance
equation (TCPBE) model with flocculi and flocs to simulate
flocculation involving multimodal PSDs. The one-
dimensional vertical (1-DV) TCPBE model further incorpo-
rated the Navier-Stokes equation with the k-ε turbulence clo-
sure and the sediment mass balance equations. Multimodal
flocculation as well as turbulent flow and sediment transport
in a flow-varying tidal cycle could be simulated well using the
proposed model. The 1-DV TCPBE was concluded to be the
simplest model that is capable of simulating multimodal

flocculation in the turbulent flow field of marine and coastal
zones.
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1 Introduction

Fine-grained cohesive sediments undergo a range of physical,
chemical, and biological processes while traveling from an
upstream river to a downstream estuary or coast. The physical
processes include advection, dispersion, sedimentation, floc-
culation, etc. The chemical processes include chemical reac-
tions occurring in solution and on the sediment surface, and
biological processes involve a range of activities of microor-
ganisms, plants, and animals. Among the many physical,
chemical, and biological processes, flocculation has been
reported to be the most important process for determining
the size, settling velocity, and deposition rate of fine-grained
cohesive sediment particles in a marine and coastal environ-
ment (e.g., Krone 1962; Gibbs 1985; Fettweis 2008; Manning
et al. 2006).

Flocculation is the combined process of particle size
growth and decay by aggregation and breakage in a turbulent
flow field, and can determine the size and settling velocity of
the cohesive sediment particles (van Leussen 1994;
Winterwerp and van Kesteren 2004). Low turbulent flow
enhances particle aggregation and increases the size and set-
tling velocity of cohesive sediment particles, but high turbu-
lent flow enhances floc breakage and decreases the size and
settling velocity. Moreover, flocculation in the marine and
coastal environment develops a multimodal particle size dis-
tribution (PSD) with four-level ordered aggregate structures of
primary particles, flocculi (a compound word of floc and
nuclei), microflocs, and macroflocs (Fig. 1) (Michaels and
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Bolger 1962; Firth and Hunter 1976; Francois 1985; van
Leussen 1994). Multimodal particle size distributions have
been reported to determine the fate of sediments by control-
ling settling (e.g., Fettweis et al. 2012; Lee et al. 2012) and
erosion/deposition (e.g., Letter and Mehta 2011).

Many mathematical models have been developed to simu-
late the flocculation of cohesive sediments in marine and
coastal environments. Some flocculation models are realistic
with substantial computations, whereas others are approxi-
mate with relatively small computations. For example, a
multi-class population balance equation (PBE) is realistic for
simulating the flocculation of many particles and floc size
groups but it is mathematically complicated with many
coupled differential equations (e.g., Verney et al. 2011; Xu
et al. 2008). A single-class PBE is mathematically simple and
robust with only one floc size group but is unable to simulate
flocculation involving multimodal PSDs, which is referred to
as multimodal flocculation. Therefore, a two-class PBE
(TCPBE) consisting of the discrete size groups of flocculi
and flocs was developed recently to simulate multimodal
flocculation, particularly bimodal flocculation, with a mini-
mum number of equations and computations (Lee et al. 2011,
2012). Sophisticated flocculation models with many discrete
floc size classes (e.g., Verney et al. 2011; Xu et al. 2008) or a
continuous size distribution (e.g., Maerz and Wirtz 2009)
would be more accurate and precise than the TCPBE for
simulating multimodal flocculation. On the other hand, the
TCPBE can be a practical alternative to such sophisticated
models with less computational cost, considering that a com-
bination of two discrete size groups of flocculi and flocs can
approximate a multimodal PSD. The TCPBE is at least better
for simulating multimodal flocculation than many contempo-
rary flocculation models with a single floc size group (e.g.,
Son and Hsu 2009; Winterwerp 1998).

To simulate the fate of fine-grained cohesive sediments in a
marine and coastal environment correctly, a flocculation

model must be solved in a coupled manner with hydrodynam-
ic and sediment transport models. For example, hydrodynam-
ics controls the flocculation kinetics for determining the floc
size growth and decay rates by shear-dependent flocculation
in a turbulent flow field. The flocculation kinetics then con-
trols sediment transport because it determines the size, settling
velocity, and deposition rate of cohesive sediment particles.
Hydrodynamics also controls the sediment transport for de-
termining the advection and dispersion of cohesive sediment
particles. Sediment transport gives a feedback to hydrodynam-
ics, such as a turbulence reduction due to stratification of the
sediment concentration.

In this study, a one-dimensional vertical (1-DV) TCPBE,
combining the Reynolds-averaged Navier-Stokes (RANS)
equation with the k-ε turbulence closure, sediment mass bal-
ance equation, and TCPBE, was developed to simulate the
interactive processes shown above. The RANS equation with
the k-ε turbulence closure, sediment mass balance equation
and TCPBE were used to simulate turbulent flow, sediment
transport, and the flocculation kinetics, respectively. This
paper reports the behavior of multimodal PSDs of fine-
grained cohesive sediments in a flow-varying tidal cycle and
validates the capability of the 1-DV TCPBE for simulating
multimodal flocculation and cohesive sediment transport.

2 Mathematical models

2.1 Fluid mechanics and sediment transport equations

The RANS equations were used to simulate flow movement.
For a one-dimensional vertical water column, the RANS
equations were simplified to a streamwise momentum conser-
vation equation, neglecting advection, as shown in Eq. (1).
The equation incorporated the eddy viscosity but discarded
the molecular viscosity because (far enough from the bed) the
former is several orders higher than the latter in a marine and
coastal zone.

∂U
∂t

¼ ∂
∂z

Cμ
k2

ε
∂U
∂z

� �
−
1

ρ
∂p
∂x

ð1Þ

In Eq. (1),U is the time averaged velocity component, t and
z are time and space, ρ is the fluid density, p is the piezometric
pressure, Cμ is an empirical scaling parameter, k is the turbu-
lent kinetic energy, and ε is the turbulent energy dissipation
rate. Assuming local equilibrium of the flow field, the hori-
zontal pressure gradient term (the last term of Eq. (1)) is
approximated by U*

2/H, where U* and H are the mea-
sured friction velocity and water height, respectively.
Only the friction velocity (U*) and water height (H)
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Fig. 1 Multimodal PSD and schematic diagrams of the four-level or-
dered aggregate structures of primary particles, flocculi, microflocs and
macroflocs, modified from Lee et al. (2011)
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were available for calculating the horizontal pressure gradi-
ent term (see Section 3.1).

The sediment mass balance equation was used to simulate
the one-dimensional vertical transport of flocculi and flocs in
the water column (Eq. (2)). As shown in Fig. 2, size-fixed
flocculi and size-varying flocs approximate a bimodal PSD
varying in time and space. To track the three time- and space-
dependent variables, the number concentration of floc-
culi (NP) and the size and number concentration of flocs
(DF and NF), the sediment mass balance equation incor-
porates three differential equations for the time rate of
change in the following: (1) the number concentration
of flocculi in suspension (dNP/dt), (2) the number con-
centration of flocs in suspension (dNF/dt), and 3) the
number concentration of flocculi bound in flocs (dNPF/
dt). On the right-hand side of Eq. (2), the respective
terms represent turbulence-mediated dispersion, gravity-
driven sedimentation, and flocculation kinetics. The

flocculation kinetics (Ai+Bi) incorporates the TCPBE, which
can simulate bimodal flocculation (see also Section 2.3).

∂Ni

∂t
¼ ∂

∂z
C

0
μ
k2

ε
∂Ni

∂z

� �
− ws;i

∂Ni

∂z
þ Ai þ Bið Þ ð2Þ

In Eq. (2), Ni=Ni (z, t) represents the number concentra-
tion, subscript i represents flocculi and flocs in suspen-
sion (NP and NF) and the flocculi bound in flocs (NPF=
NC×NF), NC is the floc size index representing the
number of flocculi bound in a floc, C'μ is an empirical
scaling parameter (Ai+Bi) is the respective growth and
decay rates of Ni by aggregation and breakage, and ws,i

is the settling velocity of flocculi or flocs.
The modified Stokes equation, including the use of fractal

theory for floc packing and shaping, and the Schiller’s equa-
tion for the turbulent drag correction, was used to calculate the
floc settling velocity (ws,i) (Schiller 1932). The Richardson-
Zaki equation was also included to calculate the correction
factor (ΦHS) for hindered settling in a highly concentrated
near-bottom mud layer (Eqs. (3) and (4)) (Richardson and
Zaki 1954; Winterwerp 1998), even though it was only valid
for relatively low concentrations (Toorman 1999).

ws;i ¼ ΦHS
1

18

ρs−ρwð Þg
μ

D3−nf
P

Dnf −1
i

1þ 0:15Re0:687i

 !
ð3Þ

ΦHS ¼ 1−ϕð Þa ϕ << ϕmax≈0:7 ð4Þ

In Eqs. (3) and (4), Dp=size (diameter) of flocculi (i.e., the
group of primary particles and flocculi), Di is the size of ith
class particles or flocs,DF is the size of flocs (i.e., the group of
microflocs and macroflocs), replacing Di in Eq. (3), nf is the
fractal dimension for describing the particle-organizing
scheme in a floc, ρs is the particle density, ρw is the fluid
density, g is the gravitational acceleration, μ is the fluid
viscosity, ΦHS is the correction factor for hindered settling, Φ
is the volumetric concentration of flocs (cubic meter flocs per
cubic meter), and Rei is the Reynolds number of a particle or
floc (=Di ·ws,i·ρw/μ).

2.2 Turbulence closure

The two-equation k-ε turbulence closure was selected to sim-
ulate the fluid turbulence, which consequently controls the
turbulence-mediated sediment dispersion and flocculation
(Eqs. (5) and (6)). The two-equation model has the two
differential equations for the conservation of turbulent kinetic
energy and its dissipation rate (k and ε), and incorporates the
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Fig. 2 Schematic diagrams of a continuous particle size distributions and
b discrete size groups of flocculi and flocs before and after flocculation,
from (t0, x0) to (t1, x1). b also represents the flocculation strategy of the
TCPBE
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turbulent kinetic energy production and buoyancy de-
struction terms (P and G). In particular, the buoyancy
destruction term (G) is incorporated to simulate the
particle-fluid interactions, considering the damping effect of
sediment stratification on the fluid turbulence. The buoyancy
by stable sediment stratification can destroy or dampen the
flow turbulence (Burchard and Baumert 1998; Rodi 1980;
Toorman 2003).

∂k
∂t

¼ ∂
∂z

Cμ

σk

k2

ε
∂U
∂z

� �
þ P þ G − ε ð5Þ

∂ε
∂t

¼ ∂
∂z

Cμ

σε

k2

ε
∂ε
∂z

� �
þ C1

ε
k

P þ C3Gð Þ − C2
ε2

k
ð6Þ

In Eqs. (5) and (6), the standard model coefficients were
applied: σk=1.0, σε=1.3, C1=1.44, C2=1.92 and C3=−1.4
(Burchard and Baumert 1998; Conley et al. 2008).

The turbulent kinetic energy production term (P) and the
buoyancy destruction term (G) are expressed in Eqs. (7) and
(8), respectively. The turbulent Schmidt number is closed with
the Munk-Anderson damping functions, Eq. (9) (Munk and
Anderson 1948). The gradient Richardson number (Ri) is a
dimensionless measure of the stability of stratification
(Eq. (10)). Under the stratification effect (Ri>0), the damping
effect on turbulence will be considered by the buoyancy
destruction term (G) and the stability coefficient of the eddy
viscosity (Cμ

′ ).

P ¼ Cμ
k2

ε
∂U
∂z

� �2

ð7Þ

G ¼ C
0
μ
k2

ε
g

ρo

∂ρ
∂z

ð8Þ

C
0
μ ¼ Cμ

1þ 10Rið Þ1=2
1þ 1:33Rið Þ3=2

for Ri≥0

¼ Cμ ¼ 0:09 for Ri < 0

ð9Þ

Ri ¼ −
g

ρo

∂ρ
∂z

� �. ∂2U
∂z2

� �
ð10Þ

Table 1 lists the boundary conditions of the time- and
space-dependent variables. The top boundary conditions
of flow velocity (U) and turbulent kinetic energy and
dissipation rate (k and ε) were treated as a closed
boundary (i.e., zero-flux boundary), but the bottom
boundary conditions incorporated the friction velocity
(U*) describing flow over a rough bottom boundary.
The top boundaries of the number concentrations of
flocculi in suspension, flocs in suspension and flocculi
bound in flocs (NP, NF and NPF) were set to be a closed
boundary, but the bottom boundaries were open for erosion
and deposition, following the formulations of shear-dependent
erosion and continuous deposition (Eqs. (11) and (12))
(Ariathurai 1974; Le Hir et al. 2011; Winterwerp 1998). In
the 1-DV TCPBE model, both flocculi and flocs were subject
to deposition, but only flocculi to erosion, which may be
referred to as entrainment or disruption (Winterwerp and van
Kesteren 2004).

EP ¼ M

π=6ð ÞD3
PρP

τ=τ c−1ð Þ if B > 0 and τ > τc ð11Þ

Di ¼ ws;iN i ð12Þ

In Eq. (12), subscript i is P, F or PF, representing
flocculi in a suspension, flocs in suspension and floc-
culi bound in flocs, respectively. M is the empirical
erosion rate parameter, τ is the bottom shear stress,
and τc is the critical shear stress for erosion. The
denominator over M is used to convert the mass con-
centration to the number concentration. The erosion of
flocculi (EP) is effective only when a pool of erodible
sediments is available on the bottom (B>0) and the
bottom shear stress is over the critical shear stress
(τ>τc), according to the Ariathurai-Partheniades equa-
tion (Ariathurai 1974).

2.3 Flocculation Kinetic Model

The two-class PBE includes size-fixed flocculi and size-
varying flocs as building blocks and buildings, respectively,
to simulate bimodal flocculation (Fig. 2). The number of
flocculi bound in a floc (NC) is used as an index of the floc size
in the TCPBE. As this new size index becomes one for flocculi
(NC=1), it gives the simplicity of the TCPBE. The TCPBE
incorporates three coupled differential equations describing the
time rate of change in: (1) the number concentration of
microflocs (dNP/dt), (2) the number concentration of macroflocs
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(dNF/dt), and (3) the total number concentration of microflocs
bound in macroflocs (dNPF/dt) (NPF=NC×NF) (Eq. (13)), and

they were incorporated to the growth and decay rates (Ai+Bi) of
Eq. (2). Lee et al. (2011) explained the TCPBE in depth.

AP þ BPð Þ ¼ −
1

2
αβPPNPNP

NC

NC−1

� �
−αβPFNPN F þ f NCaFN F

AF þ BFð Þ ¼ þ 1

2
αβPPNPNP

1

NC−1

� �
−
1

2
αβFFN FN F þ aFN F

APF þ BPFð Þ ¼ þ 1

2
αβPPNPNP

NC

NC−1

� �
þ αβPFNPN F− f NCaFN F

ð13Þ

In Eq. (13), f is the fraction of flocculi generated by floc
breakage. α is the collision efficiency factor, β is the collision
frequency factor, and a is the breakage kinetic constant. The
collision efficiency factor (α) is generally used as an
application-specific fitting parameter, and the collision fre-
quency factor (β) is applied as a theoretical function correlated
with Brownian motion, turbulent shear rate, and differential
settling. Table 2 lists the aggregation and breakage kernels for
the collision frequency factor (β) and the breakage kinetic
constant (a) (Burd and Jackson 2002; Lee et al. 2011). The
aggregation kernels consist of the theoretical functions of
Brownian motion, differential settling and turbulent shear,
but the breakage kernel is composed of only the shear-
dependent breakage kinetics function.

2.4 Numerical methods

The operator splitting algorithm and Gauss-Seidel itera-
tion were applied to solve the nonlinear partial differ-
en t i a l equa t ions of the 1-DV TCPBE mode l
(Eqs. (1)–(13)). According to the operator splitting al-
gorithm, the flocculation kinetic equations (Eq. (13))
were decoupled and solved explicitly in each time step,
to cope with the complexity and nonlinearity (Aro et al.
1999; Winterwerp et al. 2006). Each operator was
solved using the Gauss-Seidel iterative method, in which
the dependent variables are updated iteratively until the con-
vergence limit in each time step is satisfied. The con-
verged values were then used as the seeding values of the
next time step.

Tide equations (Eqs. (14) and (15)) that fit a time series of
the measured friction velocity (U*) and water height (H) in a
flood-ebb tidal cycle were used as the input of the momentum
conservation equation for driving turbulent flow.

U � ¼ 0:035 − 0:015⋅COS 2⋅2π= 12:4ð Þ⋅t h½ � þ 0:5ð Þ ð14Þ

H ¼ 7:4 − 2:0⋅COS 2⋅2π= 24:8ð Þ⋅t h½ � þ 4:0ð Þ ð15Þ

Note that the water height changes during a tidal cycle. To
account for the change in water height, the equally spaced grid
cells along the water column were set to change their size with

Table 1 Top and bottom boundary conditions of the Navier-Stokes equation with the k-ε turbulence closure and sediment mass balance equation

Boundary conditions at the bottom Ub ¼ U�
κ ln

zb
zo kb ¼ U2

�ffiffiffiffiffi
Cμ

p εb ¼ U3
�

κ⋅zo ws;iN i−C
0
μ
k2

ε
∂Ni
∂z

� �
z¼zb

¼ Ei−Di

Boundary conditions at the top ∂U
∂z

� �
z¼zs

¼ 0 ∂k
∂z

� �
z¼zs

¼ 0 ∂ε
∂z

� �
z¼zs

¼ 0 ws;iN i−C
0
μ
k2

ε
∂Ni
∂z

� �
z¼zs

¼ 0

Table 2 Aggregation and breakage kernels of the 1-DV TCPBE modi-
fied from Lee et al. (2011)

Aggregation kernel Breakage kernel

βBR;ij ¼ 2kT
3μ

1
Di
þ 1

D j

� �
Di þ Dj

� �
βSH;ij ¼ 1

6 Di þ Dj

� �
3G

βDS,ij=2πDi
2|ws,i−ws,j|

ai ¼ EbG
Di−DP
DP

� �p
μG

Fy=D2
i

� �q

Di diameter of a particle size class i, βBR collision frequency
factor by Brownian motion, βSH collision frequency factor by
fluid shear, βDS Collision frequency factor by differential settling,
k Boltzmann’s constant, T absolute temperature (K), p, q Empir-
ical parameters, μ Absolute viscosity of the fluid, G fluid turbu-
lent shear rate (per second), wi sedimentation velocity of size
class i, Eb breakage efficiency factor, Fy yield strength of flocs
(10−10 Pa)
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increasing time. Each transport equation (i.e. Eqs. (1), (2), (5),
(6); X=U, Ni, k, ε) was corrected with an additional advection
term (Eq. (16)) based on the Arbitrary Euler-Lagrange (ALE)
method (Huerta and Liu 1988).

Δz tð Þ−Δz t−Δtð Þ
Δt

� �
∂Χ z; tð Þ

∂z
ð16Þ

where z(t) is the elevation of a node at time t.

3 Material and methods

3.1 Field Measurements

The study area was located in the Belgian coastal zone facing
the southern North Sea. This area is of interest because of the
occurrence of a coastal high turbidity area. The measurements
indicated variations in the SPM concentration near the shore
area of 20–70 mg l−1 and reaching 100 to >3,000 mg l−1 near
the bed (Fettweis et al. 2010). Because substantial mud depo-
sition formed over a broad area near the measuring site, the
effect of horizontal advection and dispersion, rather than 1-
DV processes, was assumed to be minor. The SPM is charac-
terized by the development of multimodal PSD (Fettweis et al.
2012; Lee et al. 2012). Grain size analysis found that the
suspended matter in the study area consisted mostly of clay
(41 %) and silt (57 %) with a small amount of sand (2 %)
(Fettweis 2008). Therefore, flocculation was supposed to be
the major contributor for developing a multimodal PSD of
such fine-grained cohesive sediments. Tides are semi-diurnal
with a mean tidal range at Zeebrugge of 4.3 m (2.8 m) at the
spring (neap) tide and maximum current velocities of more
than 1 m s−1. Tidal ellipses are commonly well-aligned with
the coastline orientation. A tripod was deployed approximate-
ly 1 km from the shore line in a water depth of 5.5 m below
MLLWS (mean lowest low water at spring tide), and the
current velocity, turbulent shear, salinity and suspended sedi-
ment were measured in the field measurement campaign from
the 15th of April 2008 to the 30th of April 2008. Sediment
samples near the tripod showed variable sediment character-
istics (fine sand, silt/clay) with a D50 grain size of the sand
fraction of approximately 150μm. Themeasuring instruments
on the tripod were a 5 MHz SonTekR Acoustic Doppler
Velocimeter (ADV Ocean), a 3 MHz SonTekR Acoustic
Doppler Profiler (ADP), two D&AR optical backscatter sen-
sors (OBS), a Sea-birdR SBE37 CT system, a Sequoia
ScientificR Laser In Situ Scattering & Transmissometer
100C (LISST-100C), and two SonTekR Hydra systems for
data storage and batteries. The values measured from OBS,
LISST, and ADV were averaged over each 10-min period and
recorded. Two OBSs measured the SPM concentrations at 0.2

and 2 m above the bed (mab). The ADV measured a time
series of flow velocity and turbulent intensity at 0.2 mab. The
respective horizontal x and y velocity components (U and V)
were projected to the alongshore axis directed to the northeast
(65°) and the cross-shore axis directed to the southeast (155°)
(Baeye et al. 2011). The high frequency ADV (25 Hz) mea-
surements allowed the velocity to be decomposed in terms of a
mean and fluctuating part and to calculate the turbulent kinetic
energy (TKE) and bottom friction velocity (U*) with the
inertial dissipation method (Fettweis et al. 2010; Sherwood
et al. 2006; Trowbridge and Elgar 2001). The LISST-100C,
which was attached to the tripod at 2 mab measured the size
distribution of the volume-equivalent spherical particle/flocs
in 32 logarithmically spaced size groups over the range of
2.5–500 μm (Agrawal and Pottsmith 2000).

3.2 Decomposition of a Multimodal PSD

The observed multimodal (four-peaked) PSD was assumed to
be formed by four overlapping unimodal log-normal PSDs of
the primary particles, flocculi, microflocs, and macroflocs
(Fig. 1). The data was used as the input to the selected
software (DistFitTM; Chimera Technologies, USA) which per-
formed curve-fitting analysis and the decomposition of the
observed PSD into the subordinate log-normal PSDs
(Eq. (17)) (Lee et al. 2012; Whitby 1978).

dV

dD
¼
X
i¼1

4 V iffiffiffiffiffiffi
2π

p
ln σið Þ exp −

1

2

ln D=Di

� �
ln σið Þ

0
@

1
A

22
64

3
75 ð17Þ

In Eq. (17), V and D are the volumetric concentration and
diameter of each size interval of the LISST-100C measured
PSD, respectively. dV/dD is the normalized volumetric frac-
tion by the width of the size interval and is used for curve-

fitting to a log-normal distribution (Hinds 1999). Di is the

geometric mean diameter Dg;i

� �
, which is equivalent to the

median diameter (D50,i) for a log-normal distribution
(Weisstein 2006), σi is the geometrical standard deviation,

and V i is the volumetric concentration of an ith unimodal

PSD. Eq. (17) has twelve fitting parameters for Di , σi and V i

of primary particles, flocculi, microflocs, and macroflocs.
Based on the observation, the mean diameters of the primary
particles, flocculi, microflocs, and macroflocs were limited to
3, 15, 20∼200 and 200∼500 μm, respectively, in curve-fitting

analysis. The best-quality PSD provided parameter values (Di

, σi and V i ) for the subordinate log-normal PSDs of the
primary particles, flocculi, microflocs, and macroflocs. The
resulting parameter values were then used as indicators of
cohesive sediment flocculation and transport dynamics. The
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smaller and larger two fractions of the decomposed four-class
distribution (i.e., primary particles+flocculi and microflocs+
macroflocs) were summed up further to a two-class distribu-
tion (i.e., flocculi and flocs), and the two volume-weighted
mean diameters were calculated for the smaller and larger
fractions. The volume fractions and volume-weighted mean
diameters were then used for model calibration and validation
of 1-DV TCPBE.

3.3 Model calibration and validation

The best-quality simulation of the 1-DV TCPBE, which was
fitted to the experimental data, was obtained while changing
the adjustable fitting parameters of the collision and breakage
efficiency factors (α and Eb), erosion constants (M and τc) and
floc characteristics (ρp and nf). On the other hand, the other
kinetic and physicochemical constants and the initial condi-
tions were fixed at the standard values, which have been found
in previous studies (Table 3) (Burchard and Baumert 1998;
Lee et al. 2011; Luyten et al. 2002; Winterwerp and van
Kesteren 2004). The simulated results of the 1-DV TCPBE
were compared with the experimental data from field
measurements.

4 Results and discussion

4.1 Field observation on multimodal PSDs

The flood and ebb tidal flows were almost symmetrical during
the entire measuring period and were characterized by the
similar magnitude of the flow velocities but with opposite
alongshore directions. The median floc size (D50) and particle
size distribution (PSD) of the cohesive sediments varied as a
function of the flood-ebb tidal flows (Fig. 3). During the slack
water, theD50 reached amaximum and the PSDswere skewed
towards the larger size classes with a substantial amount of
microflocs and macroflocs (e.g., t=7.00 and 14.50 hours).
During peak flow, the D50 was minimal and the PSDs were
skewed towards the smaller sized classes with a substantial
number of primary particles and flocculi (e.g., t=4.33 and
10.17 hours).

Flocculation is controlled mainly by fluid turbulent shear
that determines the D50 and PSDs during a tidal cycle
(Fettweis et al. 2006). Low turbulence during slack water
enhances aggregation and reduces breakage, whereas the op-
posite occurs during peak flow conditions. This behavior
agrees well with the findings of the present study, and points
to the occurrence of mainly fine-grained cohesive sediments
in suspension at the measuring site (e.g., clay and silt) (see
Section 3.1), rather than sand particles. The latter would not
affect D50 or PSDs in the observed way.

The height of the four modal peaks of the primary particles,
flocculi, microflocs, and macroflocs changed as a function of
the turbulence intensity during the tide, resulting in different
multimodal PSDs (Fig. 3c). During the peak flow condition,
the peaks of the primary particles and flocculi (the first and
second peaks from the left of a PSD) increased, whereas the
peaks of micro- and macroflocs (the third and fourth peaks)
(e.g., 4.33 and 10.17 hours) decreased. The opposite was
observed during slack water (e.g., 7.00 and 14.50 hours).
For many PSDs, peaks recurred at approximately 3 and
15 μmwith small variations, which were defined as the modal
peaks of the primary particles and flocculi, respectively. The
other peaks were defined as the modal peaks ofmicroflocs and
macroflocs, and recurred at 50∼200 and 200∼500 μm, respec-
tively, with large variations in the floc size caused by aggre-
gation and breakage (see also Fig. 1). These four-level ordered
aggregate structures of primary particles, flocculi, microflocs,
and macroflocs are common in marine and coastal environ-
ments (Lee et al. 2012; van Leussen 1994). The primary
particles are fine particles consisting of fragmented clay par-
ticles, organic and calcareous particles, picophytoplankton
and bacteria. The primary particles are often smaller than the
size range of the LISST 100C; these fine “out of range”
particles affect the entire PSD, with a significant increase in
the volume concentration of the smallest two size classes
(Andrews et al. 2010) explaining the rising tail in Fig. 3c
during peak flow (e.g., 4.33 and 10.17 hours). Flocculi, which
are seldom broken down to the lowest-level primary particles,
are considered the major building blocks of flocs rather than
primary particles in a marine and coastal environment.
Microflocs and macroflocs form with flocculi and primary
particles because of the physicochemically and biologically
mediated flocculation in the salt- and biomass-enriched sea
water (Eisma 1986; van Leussen 1994).

4.2 Numerical Simulation of Multimodal Flocculation

The four-level ordered aggregate structures of the primary
particles, flocculi, microflocs and macroflocs may be simpli-
fied further to a two-level structure of flocculi (primary parti-
cles and flocculi) and flocs (microflocs and macroflocs) for
modeling and simulation (Lee et al. 2012). The sharp peak of
the primary particles, which in reality consists mostly of out-
of-range particles below the lowest measurable size, can
merge to the peak of flocculi. Furthermore, settling flux anal-
ysis of the multimodal PSDs showed the two discrete size
groups of flocculi and flocs could approximate a continuous
multimodal PSD with a relatively small error less than 9.5 %
(Lee et al. 2012). Therefore, the TCPBE with size-fixed
flocculi and size-varying flocs has been proposed as the
simplest model that is capable of simulating multimodal floc-
culation (see also Fig. 2b) (Lee et al. 2011).

Ocean Dynamics (2014) 64:429–441 435



The collision and breakage efficiency factors (α and Eb),
erosion constants (M and τc) and floc characteristics (ρp and
nf) were selected as the adjustable fitting parameters to iden-
tify the best-quality simulation. The collision efficiency factor
(α) of the best-quality simulation was 0.2 within the theoret-
ical range between 0 and 1, and the breakage efficiency factor
(Eb) was 3.0×10−5 close to 2.0×10−5 of the earlier 1-DV
simulation of Winterwerp (1998). The empirical erosion con-
stant (M) was estimated to be 1.0×10−3 kg/m2/s, which is
slightly larger than the typical value of mud deposits (0.01×
10−3∼0.5×10−3) (Winterwerp and van Kesteren 2004). The
critical shear stress for erosion was set to 1.5 Pa, which is also
larger than those of typical mud deposits (0.2∼0.8 Pa)
(Winterwerp and van Kesteren 2004). Considering the high
erosion rate and critical shear stress, cohesive sediments at the

measuring site appear to be more resistant to erosion, but they
undergo massive erosion once the shear stress exceeds a
critical value. The floc characteristic parameters ρp and nf
were set to 1,800 kg/m3 and 2.3, respectively. Remarkably,
the fractal dimension corresponds to the maximum of the
typical values for mud flocs (1.8∼2.3), pointing to the forma-
tion of dense and fast-settling flocs at the measuring site. The
remaining parameters for hydrodynamics, sediment transport
and flocculation kinetics were fixed according to reference
values, as shown in Table 3 (Burchard and Baumert 1998; Le
Hir et al. 2011; Lee et al. 2011; Winterwerp and van Kesteren
2004). Future research should examine these values more
closely.

Simulations of the 1-DV TCPBE were carried out during
different tidal cycles using a curve fitted to the measured

Table 3 Parameters and initial
conditions of the 1-DV TCPBE
for the best-quality simulation

a p was set as 1.0 to narrow FSDs,
instead of 0.5 of Winterwerp and
van Kasteren (2004)
bNPT=c/(0.167 ⋅π ⋅DP

3 )/ρS, as-
suming that flocculi are spherical

Kinetic parameters and physicochemical constants

Classification Symbol Value Description

Flocculation kinetics α 0.2 Collision efficiency factor [−]
Eb 3.0e-5 Efficiency factor for breakage [s0.5/m]

Fy 1.0e-10 Yield strength of flocs [Pa]

f 1.0 Fraction of flocculi by breakage [−]
pa 1.0 Empirical parameter of breakage kinetics

q 3.0 - nf Empirical parameter of breakage kinetics

Turbulent flow Cμ 0.09 Model fitting coefficients [−]
C1 1.44

C2 1.92

C3 −1.4
σk 1.0

σε 1.3

κ 0.4 Von Karmen’s coefficient [−]
zo 0.001 Bottom roughness length [m]

zb 0.01 Distance from the bottom [m]

Erosion deposition M 1.0e-3 Empirical erosion parameter [kg/m2/s]

tc 1.5 Critical shear stress for erosion [pa]

B 2.24 Total mass of erodible sediments [kg/m2]

Sediment property ρP 1800 Density of flocculi [kg/m3]

ρw 1050 Density of sea water [kg/m3]

DP 15.0 Diameter of flocculi [μm]

nf 2.3 Fractal dimension of flocs [−]
a 4.0 Exponent of Richardson-Zaki eqn [Pa]

Initial conditions (at t=0)

Sediment concentration c 0.32 Total mass conc. of sediments [g/L]

NPT
b 1.004e+11 No. conc. of flocculi [/m3]

Seeding flocs DF,0 100 Diameter of seeded flocs [μm]

FracF,0 0.1 Mass fraction of seeded flocs [−]
TCPBE NP,0 (1−FracF,0) NPT No. conc. of flocculi [/m3]

NF,0 (DF,0/DP)
−nf (FracF,0) NPT No. conc. of flocs [/m3]

NPF,0 (FracF,0) NPT No. conc. of flocculi bound in Flocs [/m3]
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friction velocity (U*) and water height (H) to drive turbulent
flow (Fig. 4a). In Fig. 4b, the eddy viscosity represents the
flow turbulence and particle/floc resuspension capability in
the 1-DVwater column. The eddy viscosity of the best-quality
simulation was maximal with a bell-shaped profile around the
peak flow (e.g., t=4.33 and 10.17 hours). Immediately after
slack water, the eddy viscosity reached a minimum and de-
veloped a bell-shaped profile skewed towards the bottom
(e.g., t=7.00, 8.67 and 14.50 hours). Buoyancy destruction
due to the high-rate settling of large flocs and the resulting
sediment concentration stratification might explain the form
of the profile around slack water. On the other hand, sediment
concentration stratification and turbulence destruction were
lower than in the other 1-DV simulations (Winterwerp 2011;
Winterwerp et al. 2006), probably because erosion and depo-
sition without a fully developed, high concentrated near-
bottom mud layer was possible in the bottom boundary of
the 1-DV TCPBE.

The simulated profiles of the suspended sediment concen-
tration depend on the fluid turbulence during the tidal cycle
(Fig. 4c). For example, the sediment concentration increased
during peak flow (e.g., t=4.33 and 10.17 hours), and de-
creased around slack water (e.g., t=8.67 and 14.50 hours).
This suggests that the high turbulence around peak flow
enhances erosion and resuspension, thereby bringing sedi-
ments upward into the water column. A low turbulence,
however, enhances flocculation, settling, and deposition,
bringing sediments down to the bottom. The sediment
concentration profiles of the best-quality simulation
fitted the measured data reasonably, except that they
lagged behind the measured data, particularly around slack

water (e.g., t=7.00 and 10.17 hours; see also Fig. 5e). This
will be discussed later in this section.

The 1-DV TCPBE could simulate the flocculation kinetics
during a flow-varying tidal cycle. The simulated profiles of
the mean floc size (DF) were close to the measured data, and
increased in size at slack water and decreased during peak
flow (Fig. 4d). More importantly, the simulated discrete peaks
of flocculi and flocs are an approximation of the measured
multimodal PSDs (Fig. 4e). The measured PSDs of flocculi
with a high concentration (NP ↑) and flocs with a small size
and low concentration (DF ↓, NF ↓) are skewed toward the
smaller sizes during peak flow (e.g., t=4.33 and 10.17 hour).
During slack water, the measured PSDs are skewed towards a
larger size (e.g., t=8.67 and 14.50 hour), which is reflected in
the low concentration of flocculi (NP ↓) and the high concen-
tration of flocs with a large size (DF ↑, NF ↑) The results from
the 1-DV TCPBE simulation (inverse triangles) followed
closely the measured and averaged trajectories of the flocculi
and flocs (circles), as shown in Fig. 4e. The 1-DV TCPBE
could approximately simulate a multimodal PSD by adjusting
the two discrete peaks of the flocculi and flocs, although it
could not simulate the entire domain of a multimodal PSD. On
the other hand, the 1-DV TCPBE was unable to simulate the
floc size growth and sediment accumulation near the bottom,
particularly during slack water, because of the open-bottom
boundary condition of the 1-DV TCPBE (see Eqs. (11) and
(12)) that allows large flocs to settle quickly from the water
column. This problem might be solved by combining the
model with one that takes near-bottom processes into account.

The best-quality simulation of the 1-DV TCPBE model
was reasonably close to the measured data during the entire
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measuring period, following the typical up-and-down patterns
(Fig. 5). The flocculi mass fraction (fp) increased to 70 % and
the floc size (DF), which is defined as the mean diameter of
flocs, but not of the entire PSD, decreased to 80 μm around
peak flow (Fig. 5c, d). This suggests that a high fluid turbu-
lence enhances the breakage of flocs into flocculi and smaller
flocs, resulting in the entrainment of flocculi into the water
column (see 2.2. Turbulence Closure and Eq. (11)). After peak
flow, the flocculi mass fraction (fp) dropped below 40 % (the
flocmass fraction (fF) increased suddenly to 60%) but the floc
size (DF) remained small (approximately 80 μm). This behav-
ior suggests that a large number of flocculi, which are

entrained from the bed into the water column, aggregated
rapidly to small-sized flocs after peak flow, but that the time
was insufficient to form large flocs.

Around slack water, the flocculi mass fraction (fp) de-
creased to 20 % and the floc size (DF) increased sharply to
200 μm, indicating that the flocculi aggregated to large flocs
during the low fluid turbulence at slack water. The 1-DV
TCPBE model could simulate these up-and-down trends of
the flocculi mass fraction (fp) and floc size (DF) during the
entire flood-ebb tidal cycles, but it could not simulate the
sharp increase in floc size up to 200 μm around slack water
(Fig. 5c). According to Maggi (2009), biologically mediated
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flocculation accelerates floc size growth, which can explain
the sharp increase in floc size around slack water; biologically
mediated flocculation is not incorporated in the 1-DV
TCPBE. Another possible explanation for the sharp increase
in floc size is the damping of turbulence by the formation of
highly concentrated near-bottom sediment suspension layers,
which increases the aggregation capability and floc size
(Winterwerp 2011). On the other hand, the 1-DV TCPBE
model cannot simulate properly the formation of highly con-
centrated near-bottom suspension layers and the turbulence
damping because of the open-bottom boundary for erosion/
deposition.

The simulated sediment concentrations are different at high
and low water, in contrast to the measured data (see Fig. 5e).
As described in Section 2, a change in the water level results in
the dilution of cohesive sediments in the water column during
high water. Expansion to 2- or 3-D transport models, which
take horizontal sediment transport into account, should solve
this problem. In addition, it is important to note that the 1-DV
TCPBE model resulted in a lag of the simulated sediment
concentration behind the measured, particularly around slack
water (Fig. 5e; see also Fig. 4c). The measured sediment
concentrations decreased and increased faster than the simu-
lated ones, while approaching and leaving the slack water
period, respectively. In other words, the measurements
showed faster deposition and erosion behavior than the simu-
lations. This possibly points to the occurrence of other processes
than the ones incorporated in the 1-DVmodel (i.e., flocculation,
sedimentation, erosion and deposition). Biologically mediated

flocculation could be one of the missing processes in the 1-DV
TCPBE. Therefore, it is important to know what else is missing
in the 1-DV TCPBE model.

The model cannot simulate correctly the formation and
disruption of the highly concentrated near-bottom suspen-
sion layer and its damping effects on turbulence. Highly
concentrated near-bottom suspension layers are formed dur-
ing low-energy moments around slack water (e.g., Baeye
et al. 2011). The measurements, however, were carried out
above this expected layer. Therefore, there was no direct
evidence for this hypothesis. On the other hand, the present
model, like other currently used sediment transport models,
has no correlation with the near-bottom boundary conditions
in the turbulence model, resulting in an underestimation of
turbulence damping, an incorrect bottom shear stress esti-
mation (based on traditional assumptions that ignore drag
modulation), and erroneous sediment fluxes in both the
horizontal and vertical directions (i.e., transport and ero-
sion, respectively). The model results can only be improved
by including these phenomena.

5 Conclusion and recommendations

The results from field measurements and curve-fitting analy-
ses indicated the occurrence of a multimodal PSD consisting
of four-level ordered aggregate structures of primary particles,
flocculi, microflocs, and macroflocs. The four modal PSDs
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could be simplified further into two discrete groups of flocculi
and flocs, which led to the idea of developing the TCPBE. The
1-DV TCPBE, combined with the Navier-Stokes equation
with the k-ε turbulence closure and sediment mass balance
equation, demonstrated its ability to simulate multimodal
flocculation and transport of fine-grained cohesive sediments
in a marine and coastal environment. In particular, the discrete
size groups (i.e., flocculi and flocs) of the 1-DV TCPBE were
proven to be a reasonable approximation of a continuous
multimodal PSD in modeling and simulation. Because the 1-
DV TCPBE model is simple but can simulate multimodal
flocculation, it is a promising candidate for modeling floccu-
lation in large-scale multi-dimensional simulations. On the
other hand, the 1-DV TCPBE would need to include a high-
resolution sediment-fluid interaction model to provide accu-
rate simulations of the formation and disruption of highly
concentrated, near-bottom mud suspension layers.
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