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ARTICLE INFO ABSTRACT

Keywords: The settling behavior of cohesive sediments plays a key role in estuarine sediment dynamics and harbor main-
Se"ﬂin_g_ tenance. This study aimed to assess the applicability of Ultrasound Velocity Profiling (UVP) to capture the spatial
Deposition and temporal evolution of the settling process and to derive concentration-dependent settling velocities. Labo-
gz::ﬁzmon ratory experiments were conducted in a settling column with initial sediment concentrations (Co) of 0.3-80 g/L,
Sediment using cohesive sediments from the Port of Hamburg. A 4 MHz transducer was utilized to measure the vertical
Ultrasound particle velocities with a resolution of 0.08 mm/s and a sampling volume height of 1 mm. Effective settling
UVP velocities were derived from the UVP measurements and compared to the settling velocities obtained from the
Elbe lutocline evolution. Subsequently, common mathematical models were fitted to the data. The results demonstrate

Port of Hamburg that UVP is a suitable, non-intrusive method for high-resolution imaging of settling processes, revealing
concentration-dependent characteristics in particle movement in unprecedented detail. The calculated effective
settling velocities increased approximately linearly in the flocculation settling range until a maximum of W max =
2 mm/s was reached at Cyp = 3.5 g/L, followed by an asymptotic decline in the hindered settling range. The
associated deposition flux showed a broad maximum of approximately 0.01 kg/(m?s) for Cy in the range of 5-15
g/L. The results provide previously unavailable, site-specific data on the settling behavior of the studied cohesive

sediments. Potential application areas of UVP include the execution of field experiments and the automated high-

resolution tracking of the lutocline or bed level.

1. Introduction

The settling velocity of cohesive sediments is a key parameter for
understanding and modeling sediment dynamics in estuarine and
coastal systems. Since this parameter is highly site-specific and the
processes underlying the settling and deposition of cohesive sediments
are not yet fully understood, there is a need for straightforward field and
laboratory methods to investigate and quantify it.

The settling velocity of cohesive sediment flocs is primarily
controlled by their properties like size, density and shape (Winterwerp
et al., 2021). A given volume usually contains a large number of flocs
with different settling velocities. A common simplification is therefore to
describe the total population by a characteristic or effective settling
velocity w; (e.g., Pejrup and Mikkelsen (2010)). Unless otherwise
specified, the term “settling velocity” in this work always refers to this
characteristic value. Since in natural environments flocs are constantly
in a transient state of formation and breakup, their bulk properties are
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strongly influenced by the frequency of interparticle collisions. As the
collision frequency is dependent on the particle concentration, the sus-
pended sediment concentration (SSC) is commonly used as an aggregate
parameter to approximate the effective settling velocity (Mehta and
McAnally, 2008). Many field and laboratory studies investigated the
settling velocity of cohesive sediments in relation to the suspended
sediment concentration (Odd and Rodger, 1986; Ross, 1988; Delo and
Ockenden, 1992; Wolanski et al., 1992). Both field and laboratory ex-
periments show an increase of the settling velocity for increasing sedi-
ment concentrations up to a threshold in the range of SSC = 1-10 g/L,
what is often termed flocculation settling (cf. Fig. 1A). For higher sedi-
ment concentrations, the settling velocities decrease again due to the
increasing effects of the upward directed return flow of water. This is
referred to as hindered settling. Fig. 1B illustrates the temporal evolu-
tion of a settling experiment in a settling column in the hindered settling
regime after homogenization. Characteristic features are the formation
of a lutocline, a sediment formation line and a settling zone of virtually
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Fig. 1. A) Schematic relation between sediment concentration and effective
settling velocity (adapted from Mehta and McAnally (2008)); B) Illustration of
the settling process in a settling column for suspensions in the hindered settling
range (adapted from Imai (1981)).

constant sediment concentration and settling velocity (Kynch, 1952;
Imai, 1981). Once the SSC exceeds a critical value, the flocs interconnect
to form a continuous network. This is called the gelling point and is
commonly seen as transition between suspension and (soft) sediment
bed, or between settling and consolidation. The gelling concentration is
reported to be in the range of SSC = 20-120 g/L (Dankers, 2006;
Papenmeier, 2012; te Slaa, 2020).

Different mathematical models for the prediction of the settling ve-
locity of cohesive sediments in relation to the sediment concentration
were proposed. One widely used empirical approach for the range of
flocculation settling is a simple power-law formulation reading (van
Leussen, 1994; Whitehouse et al., 2000):

w, = kC" (€D)

herein, w; expresses the effective settling velocity [m/s], C [kg/m?’] is
the sediment concentration and k as well as n are empirical parameters,
which need to be fitted on experimental data. For the range of hindered
settling, Winterwerp (1999) proposed a semi-empirical model, which is
based on the approach of Richardson and Zaki (1954). The formulation
of Winterwerp (1999) accounts for viscosity and return flow effects and
has the form:

1-¢)"(1-4¢)

1+25¢ 2)

Ws = Wsr

with w;, as reference settling velocity of a single mud floc in still
water [m/s]. The solid volume fraction is calculated as ¢, = C/p, [-],
with p, as density of the sediment particles [kg/m®]. The parameter ¢ =
C/Cge [—] describes the actual sediment concentration in relation to the
gelling concentration. The value of the exponent m is usually set tom = 2
(Winterwerp et al., 2021). By substituting w;, in Eq. (2) with w, from Eq.
(1), a continuous formulation applicable for both flocculation settling
and hindered settling is obtained (Weilbeer (2008)).

Another model which is supposed to cover the whole range of floc-
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culation settling as well as hindered settling was proposed by Wolanski
et al. (1989). The original model was further generalized in Mehta
(2014) and reads:

3

W = Q e
s — Ww T Tmy,
(c2 +b2)"

herein, a,, may be interpreted as settling velocity scaling coefficient, n,,
as flocculation settling exponent and b,,, m,, as hindered settling coef-
ficient and exponent, respectively. All these empirical parameters need
to be calibrated based on experimental data.

Ultrasound velocity profiling (UVP) was introduced to the field of fluid
mechanics by Takeda (1986) and has been successfully applied to study
multiphase flows in pipes and free surface channels since then (e.g.
Wiklund and Stading (2008), Pedocchi and Garcia (2012), Hitomi et al.
(2021)). In UVP, velocity profiles along an ultrasound beam are calculated
by analyzing the backscattered echo of suspended particles (see Section
2.2). The main advantages of the UVP technique are the non-intrusive
application, the capability to measure in opaque suspensions and the
high spatial and temporal resolution. The particle type and the flow
conditions are typically chosen to prevent settling due to particle weight,
ensuring that the particles move with the flow and allowing the particle
motion to directly reflect the velocity field. Hunter et al. (2011) instead
showed that UVP may also be used to investigate the settling process of the
particles itself. They used coagulated and non-coagulated glass particles
for their experiments in a settling column under quiescent conditions and
settling velocities were successfully measured, despite the relatively low
velocity resolution applied. Patzke (2025) conducted comparable exper-
iments with natural cohesive sediments and laid the foundation for the
present work. In the present study, the experimental procedure, the set-
tings of the UVP device and the processing of the measurement data have
been further improved. Traditional methods for determining the settling
velocity of cohesive sediments are typically based on visual tracking of the
lutocline in settling columns, optical measurements, or indirect estimates
from concentration profiles (Winterwerp and van Kesteren, 2004; Man-
tovanelli and Ridd, 2006). These approaches often provide limited spatial
or temporal resolution and may be affected by the opacity of the sus-
pension. In contrast, UVP offers the potential to resolve the internal ve-
locity structure of the settling suspension and to capture the settling
process continuously in space and time. The novelty of the present study
therefore lies in the systematic and optimized application of UVP to
investigate the settling behavior of natural cohesive sediments and to
obtain high-resolution information on concentration-dependent settling
dynamics.

The aims of this study are to:

e Examine the applicability of UVP as a non-intrusive technique to
study the settling process of cohesive sediments over a wide range of
concentrations.

e Derive effective settling velocities from the measurement data.

o Analyze the influence of the suspended sediment concentration on
the settling velocity and fit existing mathematical models to the data.

2. Material and methods
2.1. Sampling site and sediment properties

The sediment used for the experiments was collected in the Elbe in
the area of the Port of Hamburg in August 2024. Sampling was con-
ducted using a van Veen grab sampler in the semi-enclosed, hydrody-
namically sheltered side channel “Kohlfleet”, which is a known
sedimentation hotspot (Fig. 2). Especially during periods of low river
discharge of the Elbe, the upstream limit of the turbidity zone of the Elbe
estuary shifts toward the Port of Hamburg and leads to increased sus-
pended sediment concentrations (Weilbeer et al., 2021). As the
“Kohlfleet” is located at the western end of the Port of Hamburg, the
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Fig. 2. Sampling site ,Kohlfleet” in the area of the Port of Hamburg. The red
dot in panel A indicates the location of the Port of Hamburg. (Bed-level data:
WSV (2024); background image: LGV (2024)).

turbidity zone reaches it prior to other parts of the harbor and the low-
energy conditions foster sedimentation, comparable to a harbor basin.
The sediment sample was stored in an airtight, optically opaque
container in a cooling unit.

The grain size distribution of the sample was derived by a combined
sieve and hydrometer analysis following ISO 17892-4 (DIN, 2017). For the
sieve analysis (diameter (D) > 63 pm), the sample was dried at 105 °C,
whereas the hydrometer analysis was conducted using the wet sample.
The clay content was 33% (D < 2 pm), the silt content was 64% (2 pm < D
< 63 pm) and the fine sand content was 3% (D > 63 pm), leading to a
median diameter Dsy of 8 pm. Additionally, the particle volume distri-
bution was measured in a dispersed and a flocculated state with a Malvern
Mastersizer 3000 to obtain an indication of the floc sizes formed by the
sediment sample (Fig. 3). For the dispersed state D5 y = 13 pm and for the
flocculated state Dsoy = 74 pm was derived. The curve shown for the
flocculated state corresponds to a sample of Cp = 1 g/L at a shear rate of G
= 50 1/s, after reaching equilibrium. Shear rates of this magnitude may
lead to partial floc breakup (van Leussen, 1994). However, lower shear
rates were not feasible during the flocculation tests, as the suspension had
to be continuously pumped through the measuring unit, imposing
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Fig. 3. Volume distribution of particle sizes measured in a Malvern Mastersizer
3000 in dispersed state and flocculated state for the utilized sediment sample.
The flocculated state corresponds to the equilibrium state reached at Co = 1 g/L
and G = 50 1/s.
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corresponding shear rates within the tubing. Since the shear rates in the
conducted settling column experiments were much lower after reaching
quiescent conditions, the floc size distribution may have been shifted to-
ward even larger floc sizes. For concentrations of 5 g/L and 20 g/L, Dso v
values of 47 pm and 32 pm, respectively, were measured in the flocculated
state, indicating decreasing floc sizes with increasing Cy. This trend may
be attributed to increasing mutual hindrance between particles in this
concentration range (Whitehouse et al., 2000). The differences between
the Mastersizer's laser diffraction analysis for the dispersed state and the
hydrometer analysis are due to the respective measurement principles and
target values. In van Rijn et al. (2025) these differences are discussed in
detail and comparable deviations of Dsy and Dsg v are reported. The loss
on ignition (LOI) was determined following EN 17685-1 (DIN, 2023) by
annealing at 550 °C and provides an approximation of the total organic
content of the sample. The LOI was measured as 12%.

In addition to the sediment, site-specific water was collected for the
laboratory experiments. The salinity was 0.4 PSU, indicating freshwater
conditions close to the freshwater-brackish transition. The speed of
sound (c) was 1475 m/s at room temperature of 18 °C.

2.2. Ultrasound velocity profiling and DOP3010 device

Ultrasound Velocity Profiling (UVP) is an acoustic technique used to
measure velocity profiles in fluids by analyzing the backscattered echoes
from suspended particles. Unlike continuous-wave Doppler methods,
UVP systems operate in a pulsed mode: short ultrasonic bursts are
transmitted into the medium, and the echoes returning from scatterers
are recorded as a function of time. Therefore, the technique is also
referred to as Pulsed Ultrasound Velocimetry (PUV). The travel time of
the echo provides the depth (d [m]) information of the sampling volume:

AT
with ¢ [m/s] as the speed of sound and AT [s] as time difference between
emission and reception of the echo. To calculate the velocity of the
moving particles the phase shift between successive echoes is evaluated
and converted to a frequency shift, which allows the application of the
Doppler equation:
CfD

V= 2fzcos(5) )

herein, v [m/s] is the velocity of the particles relative to the ultrasonic
beam axis, fp [1/s] the Doppler frequency shift, fz [1/s] the frequency of
the emitted signal and 6 [rad] the potential angle between the beam axis
and the mean direction of particle motion.

Since a single sampling volume contains numerous particles moving
at different velocities, the received acoustic signal represents a spectrum
of Doppler frequencies. The signal is subsequently filtered and decom-
posed, allowing the individual velocity components contributing to this
spectrum to be isolated. A characteristic mean velocity vy, is then ob-
tained by computing the spectral-intensity-weighted average across all
velocity bins, accounting for their respective contributions to the overall
signal (Fig. 4). This provides a representative estimate of the particle
velocity within the sampling volume. Implications of this assumption
are discussed in Section 4.

The maximum detectable particle velocity (Vmqy) is given by the
Nyquist-Shannon sampling theorem as:

Cferr

Vmax = 4f cos(8) ©)

with fprr [1/5] as pulse repetition frequency. Phase shifts leading to
velocities above this threshold are misinterpreted, and the calculated
velocities are folded back into the low/negative velocity range. This
effect is called aliasing. Additional information on the working princi-
ples of UVP can be found in Takeda (1991), Takeda (1995), Poelma
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Fig. 4. Example of a power spectrum obtained from a sampling volume. The
spectrum corresponds to a sampling volume at a depth of 30 cm in an experi-
ment with Cy = 4 g/L, and was averaged over T = 150-240 s. Spectral intensity
is expressed in arbitrary units. The zero intensity at v = 0 mm/s results from
high-pass filtering applied before the spectrum was computed by the DOP3010.

(2017) and Hoskins et al. (2010).

For the UVP measurements conducted in the present study, a Signal
Processing DOP3010 device (Signal Processing S.A., 2025) was utilized
with a 4 MHz transducer, which had an outer diameter of 8 mm con-
taining a piezoelectric element with a diameter of 5 mm. Both the
emitting frequency and the piezoelectric element diameter govern the
extent of the ultrasonic beam perpendicular to the beam axis. For the
given parameters, the near field, in which the acoustic field is approxi-
mately cylindrical with a diameter close to that of the emitter, had a
length of ~1.7 cm. In the far field (> 1.7 cm distance to the transducer)
the beam spread with an effective half angle $ of 2.2° (cf. Signal Pro-
cessing S.A. (2025)). This effective half angle corresponds to the —6 dB
beam boundary, where the acoustic intensity is reduced to 25% of its on-
axis value. Table 1 summarizes the settings of the DOP3010 and addi-
tional parameters used in the UVP measurements.

2.3. Experimental setup and procedure

The basic experimental setup is illustrated in Fig. 5. It consisted of an
acrylic column with a width of 20 cm and a height of 70 cm, which was
filled with a water-sediment suspension to a height of 50 cm, resulting
in a suspension volume of 15.7 L. Following homogenization (see the
next paragraph), a top plug was inserted into the column to accurately
position the ultrasound transducer along the central axis. The transducer
extended 2 cm below the foam plug to ensure continuous contact with
the suspension and was connected to the DOP3010 controller, which
was in turn connected to a computer running the UDOP software
package. In this configuration, the ultrasound beam axis coincided with
the direction of particle settling.
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Fig. 5. Schematic outline of the experimental setup. Length specifications are
in cm.

To investigate the influence of the initial sediment concentration
(Co) on settling behavior and settling velocity, Co, was increased incre-
mentally in successive experiments within each experimental run (see
Table 2 for an overview of the conducted experiments). In the first
experiment of a run, sediment was added until an initial concentration of
Co = 0.3 g/L was reached. This value is reported in the literature as the
lower boundary for flocculation settling (Mehta, 2014), and preliminary
tests showed that no reliable results were obtained below this concen-
tration due to large scatter. The suspension was homogenized in a
standardized manner by stirring for 1 min using a high-torque hand
mixer equipped with a helical ribbon impeller with a diameter of 14 cm.
The high shear rates applied during homogenization additionally caused
floc breakup. After homogenization was completed, a thin metal plate
with a width matching the inner diameter of the settling column was
inserted into the column for 5 s to suppress the rotational flow and was
then carefully removed. Subsequently, the top plug carrying the trans-
ducer was positioned in the column. The start of the UVP measurement,
defined as T = 0 s, was set to 1 min after the end of the homogenization
process. The standard measurement duration was 6 min, as a substantial
part of the initially suspended sediment had deposited at the column
bottom within this time. For selected experiments, the measurement
duration was extended to up to 60 min to investigate processes occurring
over longer timescales and to assess the capability of the applied method

Table 1

Parameters and settings of the DOP3010 used for the UVP measurements.
Parameter Value Description
Emitting frequency (fz) 4 MHz
Pulse repetition period (PRP) 9.3 ms

Emissions per profile 20

Velocity profile output interval 345 ms
Velocity scale (Vimax) + 10 mm/s see Eq. (6)
Velocity resolution 0.078 mm/s
First gate depth 10 mm
Spatial resolution/Vertical extent of 1.1 mm
sampling volumes
Speed of sound 1475 m/s
Doppler angle () 0°

Signal amplification (TGC) 40 dB

Corresponding to a pulse repetition frequency (fprr) of ~108 Hz
Number of consecutive pulses from which one velocity profile is calculated
(PRP * Emissions per profile) + time for internal data processing and transmission

The velocity range is divided into 256 discrete bins

Spatial resolution (distance between discrete output points) and vertical extent of sampling volumes are equal,
preventing overlap between sampling volumes

Transducer positioned in the main direction of particle movement
Uniform value, independent of the distance to the transducer
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Table 2
Overview of the conducted experiments.

SSC-range Measurement techniques Total number of
[g/L] experiments
0.3-20 UVP
UVP and photographic 46
20-30 X .
Run 1 evaluation of lutocline
30-80 photofgraphlc evaluation of 5
lutocline
Run 2 0.3-10 UvVP 18
Repeatability 0.5-10 UVP 20

tests

to capture these effects. After completion of each experiment, the sus-
pended sediment concentration was increased and the procedure was
repeated. The step size of the concentration increase was adjusted in
relation to the total SSC and ranged from ASSC = 0.05 g/L at total SSC
< 1 g/L and ASSC = 2.5 g/L for total SSC > 20 g/L.

SSC measurements were performed using both an optical Hach Sol-
itax hs-line sc probe, which was pre-calibrated for the internal conver-
sion of turbidity to SSC, and an Anton Paar DMA 35 density meter. The
two devices showed good agreement, with a mean deviation of
approximately 5% for SSC values between 0.3 and 30 g/L. For SSC < 5
g/L, data from the optical probe were used, whereas for SSC > 5 g/L data
from the density meter were applied, as the respective measurement
principle excels in this concentration range.
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2.4. Calculation of concentration-dependent settling velocities

To obtain concentration-dependent effective settling velocities wy,
the particle velocity v, recorded by the DOP3010 for each sampling
volume was further averaged over a defined depth interval of the
settling column and a specified time period for each experiment (Fig. 6).

For initial sediment concentrations Cy < 2.5 g/L, no distinct settling
zone could be identified. To maximize the amount of data included in
the averaging procedure for this range of concentrations, the depth in-
terval was therefore set to 10-48 cm and the time window to T =
150-330 s. The initial period up to 150 s was excluded to avoid the
influence of the homogenization process. Time intervals beyond 330 s
and depths under 10 cm were excluded to account for ongoing particle
settling and regions in which the assumption of an approximately ho-
mogeneous sediment concentration may no longer be valid.

For Cy > 2.5 g/L, a progressively more distinct settling zone was
observed. Within this zone, the sediment concentration is approximately
homogeneous and equal to the initial sediment concentration (Kynch,
1952). The corresponding settling velocities were calculated as the mean
of the data contained within the rectangles illustrated in Fig. 6D-1. These
rectangles span a time interval from T = 150-240 s and are bounded by
the lutocline above and the sediment formation line below along the
depth axis. If no sediment formation line was discernible due to limited
ultrasound penetration at high concentrations (Cy > ~20 g/L), the non-
penetrated lower section of the column was excluded from the analysis.

As a lutocline was detected in all UVP measurements for Cy > 2.5 g/
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Fig. 6. Measured vertical particle velocities in the settling column over depth and time. Downward directed velocities are shown as positive values (red), upward
directed velocities as negative values (blue). The initial concentration of each experiment is shown on the top right. The marked boxes indicate the values over which
was averaged to determine w;. In panels D-E, the emerging boundary between the settling zone and the dilute suspension zone is highlighted by a gray dashed line.
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L, settling velocities were additionally derived from the slope of the
lutocline. The results obtained from both approaches were compared for
mutual validation and to assess the consistency of the measurement
data. For initial sediment concentrations above 20 g/L, the lutocline was
sufficiently sharp to be unambiguously identified by visual inspection of
the settling column. Photographs were taken at regular intervals, from
which the settling velocity of the lutocline was determined. This
approach allowed, on the one hand, verification of the agreement be-
tween the UVP-derived velocities and visual observations and, on the
other hand, extension of the investigated SSC range to concentrations for
which the applied UVP setup was no longer applicable (see Table 2).

3. Results
3.1. Temporal evolution of the settling process

The temporal evolution of the settling process as captured by UVP is
illustrated in Fig. 6 for different initial sediment concentrations. In all
experiments shown, decaying turbulent fluctuations were observed
during approximately the first 150 s of the measurements, representing
remains of the homogenization process. After the homogenization-
induced turbulence had dissipated, particles in the suspension gener-
ally settled along the beam axis. However, the characteristics of the
observed particle motion differed substantially depending on the initial
sediment concentration.

Fig. 6A-C shows the resulting particle motion for initial sediment
concentrations up to 2 g/L. In this concentration range, no distinct settling
zone was formed. Overall, the magnitude of the mean particle velocity v,
increased with increasing sediment concentration, while regions of
slightly upward-directed particle motion became progressively less pro-
nounced. Although turbulence damping generally increases with sediment
concentration and may influence the time required for dissipation of
homogenization-induced turbulence, it cannot explain the observed trend
in ;. Instead of a reduction in velocity fluctuations, the data indicate a
systematic shift of the entire velocity distribution toward higher
downward-directed values with increasing Cy.

From an initial concentration of 3 g/L onward (Fig. 6D-F), a progres-
sively clearer separation became apparent between a lower section with
virtually homogeneous settling velocities and an upper section dominated
by random turbulent structures. This pattern corresponds to the formation
of a settling zone and a dilute suspension zone, as illustrated in Fig. 1B.
Although the lutocline could be clearly identified in the ultrasound
measurement data at initial concentrations of only a few grams per liter,
visual observations during the experiments showed that the transition
zone still had a vertical extent of several centimeters at these concentra-
tions. With increasing initial concentration, the transition became sharper,
and at Cyp = 20 g/L the lutocline position could be determined visually
with a precision of +1 mm (Fig. 7). The measured vy, in the settling zone
generally decreased with increasing initial concentration. For Cy > ~10
g/L, small-scale patterns of alternating upward and downward particle
motion developed within the settling zone (Fig. 6G-I). This behavior was
also confirmed by visual observations: transient clouds of particles formed
that either settled downward or were transported upward by the return
flow, indicating markedly turbulent conditions. At the bottom of the
column, a bed layer of increasing thickness formed as sediment deposited
(Fig. 6D-H). Within this bed layer, particles formed a continuous network
and individual particle motion was no longer observable. Because the
layer as a whole underwent consolidation, during which vertical particle
motion is much slower than during settling, it appeared as zero values in
the measurements. From Cp =~ 20 g/L onward, the ultrasound signal no
longer penetrated the full column depth (see Fig. 6I). Viable measure-
ments were obtained up to Cp = 30 g/L. Above this concentration, the
penetration depth became too low and the measurement data were no
longer reasonable.

Fig. 8 shows the results of the UVP measurements for an initial
sediment concentration of 10.1 g/L over an extended measurement
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Dilute suspension zone

Settling zone

= N

Fig. 7. Sharpening of the transition between the dilute suspension zone and the
settling zone with increasing initial sediment concentration. The corresponding
concentrations are given in the top right corner. The position of the lutocline for
Co = 20 g/L and Cp = 30 g/L is indicated by a red dotted line.

period of 20 min. As in Fig. 6D-H, both the settling zone and the bed
layer are clearly identifiable. In addition, the echo amplitude received
by the transducer at four selected points in time is illustrated, from
which qualitative information can be derived. To reduce noise, a moving
average over a period of 5 s was applied. The echo amplitude profiles
exhibited an approximately exponential decrease with depth within
each zone in the settling column, consistent with theory for a constant
signal amplification level in a homogeneous medium (Ainslie, 2010). In
the dilute suspension zone, the echo amplitude also decreased with time,
indicating the ongoing reduction of sediment concentration due to
settling. At the interface between the dilute suspension zone and the
settling zone, as well as between the dilute suspension zone and the bed
layer, a peak in echo amplitude was observed. This reflection resulted
from the contrast in acoustic impedance between the adjacent zones.
The peak was relatively broad at T =100 s and T = 300 s, reflecting the
diffuse boundary between the dilute suspension zone and the settling
zone at the given initial sediment concentration. In contrast, a sharp
boundary existed between the bed layer and the dilute suspension zone,
leading to a more pronounced echo-amplitude peak at T =600 s and T =
1000 s. At the sediment formation line, no distinct peak in echo
amplitude was identified.

Fig. 8 further illustrates that turbulence in the dilute suspension zone
diminished with time. This behavior was observed in all experiments
with extended measurement durations. The relatively strong turbulence
present in this layer during the settling phase was likely primarily
induced by the upward-directed return flow from the settling zone.
During the early stage of the consolidation phase, turbulence decreased
markedly as drainage rates of pore water from the bed became much
lower. Nevertheless, even after 60 min of experimental duration, some
velocity fluctuations were still observed. These were presumably
convective flows, induced by small gradients in sediment concentration
and temperature, as well as by the ongoing settling of particles. Com-
parable observations have been reported in the literature (e.g. van
Leussen (1994)). The results demonstrate that even under laboratory
conditions, the settling process of cohesive sediments is never truly
“quiescent”.
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Lutocline-based estimates were not included in the fit.



M. Witt et al.

3.2. Concentration-dependent effective settling velocities and settling
fluxes

Fig. 9A-B shows the concentration-dependent settling velocities
derived as described in Section 2.4. The results are presented on both
logarithmic and linear axes to reveal details across the full data range
and to facilitate interpretation. For initial sediment concentrations Cop <
3.5 g/L, the calculated settling velocities increased approximately lin-
early with increasing initial concentration, corresponding to the floc-
culation settling range (cf. Fig. 1A). Despite the change in the evaluation
procedure associated with the development of a lutocline for Cy > 2.5 g/
L, a smooth transition in the calculated settling velocities was obtained.
Within the flocculation settling range, the spread of the data decreased
with increasing Cy, consistent with the observations shown in Fig. 6A-C.
This reduction in scatter may be attributed both to increased turbulence
damping and to a decreasing ratio between unavoidable velocity fluc-
tuations and the mean downward-directed particle velocity. At Cy = 3.5
g/L, a maximum settling velocity of ws mex = 2 mm/s was reached. The
measured maxima were W mq, = 2.01 mm/s at Cy = 3.48 g/L for run 1
and W mex = 1.98 mm/s at Cy = 3.37 g/L for run 2. For initial concen-
trations above of 3.5 g/L, the experiments fell within the hindered
settling regime, which was reflected by continuously decreasing settling
velocities. Fig. 9C-D show the settling flux D, calculated from the settling
velocity as D = w;Cy. The settling flux increased with initial sediment
concentration until it reaching a plateau for 5 g/L < Cy < 15 g/L, with
values of D & 0.01 kg/(mzs). This plateau implies an inverse relation-
ship between w; and C, within this concentration range. At higher initial
concentrations, the settling flux decreased again.

The settling velocities calculated directly from the UVP particle ve-
locity data and those derived from the slope of the lutocline identified in
the visualized UVP data were in close agreement. This agreement con-
firms the theoretical consistency of both approaches and indicates the
reliability of the particle velocities measured by the UVP system. Only
for Co > 20 g/L, a slight tendency toward higher settling velocities
derived directly from the particle velocity data was observed, which
may be attributed to the proximity to the operational limits of the
DOP3010 under the applied settings. It should be noted that differences
in w; are amplified by the corresponding values of Cy in Fig. 9C-D. The
photographic evaluation of the lutocline for C, > 20 g/L was consistent
with the UVP-based approaches and extended the data set up to Cp = 80
g/L.

3.3. Fitting of mathematical models

The mathematical models for the calculation of w, described in
Section 1 were fitted to the settling velocities derived from the UVP
particle velocity data. The best-fit parameters, determined using a least-
squares approach, are summarized in Table 3, and the fitted models are
visualized in Fig. 9A-B. The deposition flux shown in Fig. 9C-D was

Table 3
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calculated by multiplying the model-derived settling velocities by Cop.
For the model of Weilbeer (2008), the reference settling velocity w;, was
calculated from the power-law formulation given in Eq. (1). To obtain
reasonable results and to limit the influence of this parameter to the
flocculation settling regime, a maximum value of w,, = 2.81 mm/s was
defined. This value corresponds to the reference settling velocity ob-
tained from fitting the model of Winterwerp (1999) to the data.

All fitted models reproduced the overall trend of the measurement
data to a high degree. Since the Weilbeer model is composed of the
power-law approach for the flocculation settling regime and the Win-
terwerp model for the hindered settling regime, the model curves are
nearly congruent within the respective concentration ranges. However,
the composite model is capable of providing a smooth transition be-
tween the two regimes. When comparing the models of Weilbeer and
Wolanski, notable deviations occurred for initial sediment concentra-
tions Co > 30 g/L. Extending the data range for model fitting to initial
sediment concentrations of up to 80 g/L by including photographic
lutocline data had virtually no influence on the derived best-fit param-
eters (see Table 3). This behavior may be partly attributed to the fitting
procedure, which is sensitive to both data density and the magnitude of
absolute errors, but primarily reflects differences in the mathematical
structure of the model formulations. While the Weilbeer model predicts
a settling velocity of zero at Cy = Cg, the Wolanski model approaches
this value asymptotically. Manually imposing a higher value for Cg
resulted in a substantially poorer fit of the Weilbeer model in other
concentration ranges.

With respect to the upper limit of the initial sediment concentrations
investigated, the Wolanski model showed the best agreement with the
measurement data (cf. Fig. 9). However, the exact initial sediment
concentration at which the settling process transitions into a consoli-
dation process remains unclear. Which model performs best in a higher-
level hydro-morphodynamic model of e.g. an estuary will depend
largely on how the transition from a highly concentrated suspension to a
sediment bed is implemented, respectively how the settling velocity
formulation is embedded into other submodels or holistic approaches (e.
g. Kaveh and Malcherek (2024)).

Whitehouse et al. (2000), Pejrup and Mikkelsen (2010) and Mehta
(2014) summarized best-fit parameters for the power-law approach (Eq.
(1)) and the Wolanski model, derived from field and laboratory in-
vestigations of settling velocities of cohesive sediments from various
other estuaries. The parameters obtained for sediments from the Port of
Hamburg in the present study were in good agreement with ranges re-
ported in the literature, as were the reference settling velocity and gel-
ling concentration derived for the Winterwerp model.

3.4. Repeatability and sensitivity

The good repeatability of the results was already evident from the
close agreement between the outcomes of experimental runs 1 and 2. To

Overview of the derived best-fit parameters for the mathematical models described in Section 1. The parameters correspond to settling velocities wy [mm/s] as a
function of Cy [kg/m3]. Model fits were performed based on the settling velocities derived from the UVP particle velocity data. For the Winterwerp (1999) model, the
parameter m was fixed at m = 2. RMSE denotes the root mean squared error. The upper limits of the Cy ranges (3.5 g/L and 30 g/L) correspond to the transition between
flocculation settling and hindered settling and to the maximum initial sediment concentration for which UVP measurements were feasible. (*): For Co > 30 g/L, the
UVP dataset was extended using settling velocities derived from the photographic evaluation of the lutocline.

Best-fit parameters

Model Co k n Wy Ceel ay by n, my, RMSE
[g/L] [-] [-] [mm/s] [g/L] [-] [-] [-] [-] [mm/s]
Power-law 0.3-3.5 0.50 1.05 - - - - - - 0.20
Winterwerp (1999) 3.5-30 - - 2.81 44.63 - - - - 0.08
- 0.3-30 0.55 1.24 - 44.91 - - - - 0.17
Weilbeer (2008) 0.3-80* 0.55 1.24 44.95 0.17
. 0.3-30 - - - - 223.64 5.78 1.32 1.72 0.19
P al. 0

Wolanski et al. (1989) 0.3-80* 212.39 5.75 1.33 1.71 0.19
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further assess the repeatability and sensitivity of the UVP-based settling
velocity measurements, additional experiments and analyses were con-
ducted. Fig. 10A shows the results of repetition experiments for four
different initial sediment concentrations, each based on five repetitions.
Both the mean settling velocities and their trends with respect to the
initial sediment concentration were consistent with the findings shown
in Fig. 9. The standard deviation and range of the derived settling ve-
locities were comparatively large for Cp = 0.5 g/L and Cy = 1 g/L,
reflecting weak turbulence damping and particle motion that was
influenced by random flow structures (Fig. 6A-C). Comparable scatter in
settling velocity measurements at low initial concentrations has been
reported in other field and laboratory studies and appears to be inevi-
table (e.g. Odd and Rodger (1986), Wolanski et al. (1992)). In contrast,
for Co = 4 g/L and Cp = 10 g/L, both the standard deviation and the
range were small, owing to increased turbulent dissipation and the
development of a distinct settling zone with almost homogeneous
settling velocities.

Fig. 10B illustrates the influence of the time period over which
particle velocities were averaged to calculate w; and further supports the
relationships described above. For Cy < 1 g/L, the derived settling ve-
locities were highly sensitive to the length of the averaging period.
Extending the averaging duration reduced the scatter in the data, as
random flow structures were increasingly averaged out, leaving the net
settling velocity. This effect was particularly pronounced when the
averaging period was increased from one minute to two minutes,
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Fig. 10. A) Repeatability of UVP settling velocity measurements for four
different initial sediment concentrations. The settling velocities were derived
from the UVP particle velocity data following the procedure described in Sec-
tion 2.4 (SD denotes the standard deviation). B) Sensitivity of the calculated
settling velocities to the length of the averaging period. For Cy > 2.5 g/L, black
rhombuses indicate the settling velocities derived exclusively from particle
velocities within the settling zone. Low-opacity markers show the settling ve-
locities that would be obtained if the calculation were performed analogously to
the Cyp < 2.5 g/L case.
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whereas a further extension had a reduced impact. For 1 g/L < Cp < 2.5
g/L, both data scatter and sensitivity to the averaging period were
reduced overall, indicating an increasing stability of the suspension
within this concentration range.

For Cy > 2.5 g/L, the settling velocities used in the analyses pre-
sented in the preceding sections were derived exclusively from particle
velocities measured within the emerging settling zone (cf. Fig. 6D-I). In
Fig. 10B, these values are shown as black rhombuses. For comparison,
the low-opacity markers in this concentration range indicate the settling
velocities that would be obtained if the calculation were performed
analogously to the Cy < 2.5 g/L case (averaging over a fixed column
section between 10 and 48 cm depth and over the specified time period).
The resulting settling velocities were generally lower than those derived
from the settling zone alone, but followed the same overall trend. This
reduction resulted from the inclusion of regions associated with the bed
layer and the dilute suspension zone, which exhibited virtually no and
partially upward-directed particle velocities, respectively.

4. Discussion

This section discusses overarching aspects of the applied methodol-
ogy, the resulting limitations of the study, and implications for future
research.

With the experimental setup used in this study, UVP measurements
have been successfully conducted for initial sediment concentrations of
up to 30 g/L. The maximum measurable sediment concentration, or
equivalently the penetration depth of the ultrasound signal, could in
principle be increased by raising the emitting power or the amplification
level of the received backscatter. However, such adjustments may lead
to saturation at the receiver stage and consequently to erroneous mea-
surements (Signal Processing S.A., 2025). An alternative approach
would be the use of a lower emitting frequency, which would increase
penetration depth but reduce the spatial and velocity resolution of the
measurements. Considering the measured particle velocities, the high
velocity resolution required for the UVP measurements could only be
achieved by limiting the maximum detectable velocity Vi, This led to
aliasing effects in some experiments during the first 60 s of the mea-
surements. Since this period was not used for further evaluation, this
was considered acceptable. In preliminary tests, an increase of vy, by a
factor of three was also evaluated, but this resulted in a corresponding
reduction in resolution. In this configuration, aliasing could be pre-
vented, but the calculated settling velocities showed a systematic devi-
ation of approximately +20% compared to those derived from the
lutocline curves. The measurement settings applied in this study there-
fore represent a compromise based on extensive preliminary testing and
careful consideration of the associated trade-offs.

The experiments were conducted under laboratory conditions.
Careful attention was paid to ensuring identical starting conditions and
experimental procedures for all experiments. However, mixing and the
associated generation of turbulence were necessary to produce a ho-
mogeneous initial suspension. After mixing ceased, the state of the
suspension evolved from highly turbulent to nearly quiescent condi-
tions. For the flocs, this implies that after extensive breakup during
mixing, they subsequently grew again. The rate of floc growth depends
on the frequency of interparticle collisions, that is, on sediment con-
centration (see Section 1). Therefore, the observed increase in settling
velocity within the flocculation settling regime is presumably a time-
dependent effect. This consideration also applies to field conditions, as
flocs are continuously in a transitional state between breakup and
growth driven by varying flow conditions. However, laboratory exper-
iments cannot fully reproduce the genesis of flocs under natural condi-
tions, owing to the complex and site-specific history of turbulence and
concentration regimes experienced in the field. Consequently, labora-
tory experiments in the flocculation settling regime can only provide an
approximation of settling velocities under natural conditions. Field
studies, in contrast, are inherently dependent on the timing and location
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of the measurements. When the initial sediment concentration corre-
sponding to Wsmax Was reached (Co = 3.5 g/L), visual observations
indicated that the flocculation process was completed within 1-2 min
after the end of mixing. At even higher initial concentrations, floccula-
tion occurred within seconds. These observations are consistent with the
findings reported by Imai (1980) and Winterwerp et al. (2021). Because
the influence of time diminishes in the hindered settling regime, a
reasonable comparability with quiescent field conditions can be
assumed. In the literature, some authors report higher settling velocities
measured under field conditions compared to laboratory tests (Wolanski
et al.,, 1992; Delo and Ockenden, 1992). This observation might be
influenced by the generally high variability of settling velocities in the
field (Manning and Schoellhamer, 2013) and by turbulence effects
(Gratiot et al., 2005).

The flocs contained in a cohesive sediment suspension exhibit a
spectrum of sizes, densities, and shapes. Consequently, characterizing
the settling velocity by a single value represents a marked simplification.
Often, the median settling velocity is used as a characteristic value
(Pejrup and Mikkelsen, 2010; Defontaine et al., 2023). In the present
study, settling velocities were derived from characteristic particle ve-
locities vy, which were calculated for each sampling volume as spectral-
intensity-weighted averages across all velocity bins. The intensity of the
received acoustic signal depends on particle size and may be further
modified by flocculation processes (Ainslie, 2010; MacDonald et al.,
2013). As a result, the measured power spectra, and thus the settling
velocities derived from them, may be biased toward larger particles and
flocs. However, the velocity spectra obtained from the UVP measure-
ments were consistently unimodal and approximately bell-shaped when
averaged over time, indicating the presence of a well-defined dominant
settling velocity (cf. Fig. 4). Given that the spectra were relatively nar-
row and that the settling velocities derived from the UVP measurements
were in good agreement with visual observations of the lutocline, the
influence of this spectral weighting on the results is considered accept-
able. Nevertheless, the settling velocities obtained from the UVP particle
velocity data should be interpreted taking into account the limitations
discussed above.

In future studies, the experimental setup could be enhanced by
directly assessing the floc size evolution within the settling column.
Implementing such measurements is challenging, as commonly used
devices for floc size determination, such as LISST instruments or the
Malvern Mastersizer, exhibit limitations with respect to maximum
sediment concentration or require continuous pumping of the suspen-
sion. The latter can alter the floc size distribution due to the relatively
high shear rates occurring within the tubing. Nevertheless, such mea-
surements would provide an extended data base for interpreting the
settling velocities measured by UVP and for comparison with field
conditions. Applying controlled shear rates to the suspension through
continuous agitation would additionally allow turbulence effects to be
quantified explicitly (e.g. van Leussen (1994)). Other applications that
can in principle already be realized using the current experimental setup
include i) the execution of field investigations with sampling procedures
comparable to Owen (1976), ii) the derivation of sediment concentra-
tion profiles from processed echo amplitude data (Meral, 2008; Pedocchi
and Garcia, 2012), and iii) the automated, high-resolution tracking of
the bed level evolution in a range of laboratory experiments (cf. Fig. 8).

5. Conclusion

The aim of this study was to assess the applicability of UVP for
investigating the settling process of cohesive sediments, to derive
concentration-dependent settling velocities, and to evaluate and adapt
common modeling approaches based on the experimental data. The
results highlight both the possibilities and limitations of UVP in this
context and provide a previously unavailable dataset on the settling
behavior of cohesive sediments from the Port of Hamburg in the Elbe
estuary. The main findings can be summarized as follows:
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1. The UVP measurements allowed for a non-intrusive, high-resolution
investigation of the settling process in space and time. The results
revealed sediment-concentration-dependent flow patterns in the
dilute suspension and the settling zone in unprecedented detail. In
addition, the measurements enabled reliable identification and
tracking of the lutocline, the sediment formation line, and the evo-
lution of the bed level. Using the applied experimental setup, UVP
measurements were feasible for initial sediment concentrations of up
to Co = 30 g/L.

2. Above Cy = 2.5 g/L, a diffuse lutocline was detectable in the visu-
alized UVP data. With increasing initial sediment concentration, the
lutocline progressively sharpened, allowing its position to be deter-
mined with a precision of one millimeter at Cy = 20 g/L based on
photographic evaluation. The settling velocities derived directly
from the UVP particle velocity data and those obtained from the
lutocline evolution (both the visualized UVP data and photographic
analyses) showed strong agreement. These results may be inter-
preted as direct evidence that the settling velocity can be reliably
inferred from the lutocline evolution.

3. The effective settling velocities increased approximately linearly
with increasing initial sediment concentration until a maximum
value of Wymex = 2 mm/s was reached at Co = 3.5 g/L, corre-
sponding to the flocculation settling regime. For Cy, > 3.5 g/L, the
settling velocities exhibited an asymptotic decay for further
increasing initial sediment concentrations, indicating the hindered
settling regime.

4. The settling flux, calculated as D = w;Cy, reached a broad maximum
of D = 0.01 kg/(m?s) within the range 5 g/L < Cy < 15 g/L. At higher
initial sediment concentrations, the settling flux decreased, as the
reduction in settling velocity outweighed the increase in sediment
concentration.

5. The applied mathematical models allowed a highly accurate fit to the
calculated concentration-dependent settling velocities, and the ob-
tained fit parameters corresponded remarkably well with values re-
ported in the literature. The behavior of the models proposed by
Weilbeer (2008) and Wolanski et al. (1989) differed for concentra-
tions close to the gelling point due to their mathematical structure.
The relatively large absolute differences in the calculated settling
flux within this concentration range underscore the importance of a
suitable transition between settling and consolidation in higher-level
numerical models.

Overall, the results demonstrate that UVP provides a robust and
versatile tool for the detailed investigation of cohesive sediment settling
across a wide range of concentrations. Future work should focus on
extending the approach toward field applications and on coupling UVP
measurements with floc size and turbulence observations to further
improve parameterizations of cohesive sediment transport.
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