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1 Introduction

Much of the �ne sediment in rivers, estuary and costal zones
exists in the form of �ocs. In the estuarine areas where freshwater
and saline water converge, certain regions have relatively high
salinity levels, combined with abundant organic matter and
chemical substances, facilitating the formation of �ocs. Cohesive
components and physicochemical interactions between particles
facilitate their coagulation into loose, �occulent aggregates. Natural
�ocs in an estuary grow with increasing time, salinity, suspended
particulate matter concentration, and with decreasing turbulence
(Mikes�, 2011). The in�uence of various environmental factors
renders �occulation settling more complex than the traditionally
de�ned settling of discrete, single particles. These �ocs continually
undergo aggregation and disaggregation, resulting in constant
changes in their size, effective densitiy, settling velocity(SV), and
surface area (Lick et al., 1993). Flocculation occurs in the freshwater
rivers, estuaries and in coastal waters, indicating that dynamic
break-up and re�occulation processes persist throughout
suspended sediment transport (Guo and He, 2011). The
�occulation process is governed by Brownian motion, differential
settling and turbulent shear (Winterwerp, 1998).

The SV of �ne sediment, also referred to as terminal or fall
velocity, is a critical parameter in ocean engineering studies. It is
vital for understanding of suspension, deposition, mixing, and
exchange processes (Song et al., 2008). Furthermore, the
�occulation-settling of cohesive sediment is a primary driver of
sediment deposition and topographical evolution in estuaries (Liu
et al., 2023).

Fine sediment particles possess a larger speci�c surface area,
enabling them to adsorb more negatively charged groups. This
characteristic enhances their cation exchange capacity and
promotes �occulation (Chen et al., 2005). The critical particle size
for �occulation typically ranges from 10 to 30 mm, depending on
speci�c water environments and sediment types (Zhang
et al., 2001).

The sediment in the Yangtze Estuary, primarily originating
from the Yangtze River basin, consists mainly of �ne particles
transported by runoff. Several studies suggest that the critical
�occulation particle size in Yangtze Estuary is approximately 32
mm (Zhang et al., 1995; Tang et al., 2007). Approximately 90% of
the suspended sediment in this Estuary is smaller than 32 mm, with
most particles being below the general critical �occulation size of 30
mm (Zhang et al., 1995; Guang et al., 1996). Sediment particles
smaller than 30 mm are known to exhibit signi�cant �occulation.

During �occulation, sediment particles do not behave as
discrete entities but aggregate into �ocs that are signi�cantly
larger than the primary particles. Experiments results indicate
that SV of these �ocs can be up to four orders of magnitude
greater than that of their constituent primary particles. Such
substantial temporal variations in SV and the timescale of
�occulation help explain why models using a constant SV often
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fail to accurately simulate observed vertical pro�les of suspended
sediment concentration(SSC) (Winterwerp et al., 2002).

Based on increasing sediment concentration, the settling
process is commonly categorized into four distinct phases: free
settling, �occulation-accelerated settling, hindered settling (Hwang,
1989; Wolanski et al., 1989), and consolidation settling (Mehta and
McAnally, 2008). It is well established that SV initially increases
exponentially with SSC, but begins to decline after reaching a peak
value at a speci�c concentration threshold (Cole and Miles, 1983;
Burt, 1986; Nicholson and O’Connor, 1986). Hindered settling
occurs when the downward motion of �ocs is impeded by the
upward �ow of �uid displaced by the settling aggregates. As the �oc
concentration increases further and approaches a critical density, a
space-�lling network forms, reducing the SV to nearly zero and
marking the transition to consolidation settling phase. This high-
concentration suspension is often termed �uid mud.

Over the past few decades, the SV of �ne sediment has been
extensively investigated using various approaches, including
laboratory experiments (Wan et al., 2015; Liu et al., 2023), �eld
observations (Sternberg et al., 1999; Agrawal and Pottsmith, 2000;
Maa and Kwon, 2007; Guo et al., 2017) and theoretical modeling
(Winterwerp, 1998; Winterwerp et al., 2006). Laboratory
experiments offer the distinct advantage of enabling SV
measurements under carefully controlled conditions, such as
speci�c SSC, salinity, and temperature.

Numerous laboratory studies on the �occulation settling of �ne
sediment have often focused on the effect of a single factor, such as
SSC (You, 2004), temperature (Lau, 1994; Portela et al., 2013; Qiao
et al., 2017, 2019; Zhang et al., 2020), salinity (Portela et al., 2013;
Ou et al., 2016), or turbulence intensity (Manning and Dyer, 1999).
Another branch of experimental research has explored the
synergistic effects of two factors, most commonly the interplay
between SSC and turbulence (Ha and Maa, 2010; Pejrup and
Mikkelsen, 2010). The coastal long-period waves have been found
to be closed related to the movement of sediment and near the
coastal and estuary areas (Gao et al., 2021, 2024).

This study investigates the SV of cohesive, �ne-grained
sediment through laboratory experiments and theoretical analysis.
More than 200 settling tests were conducted under quiescent
conditions, measuring SV across a wide range of sediment
concentration and salinity levels. A comprehensive formula for
predicting SV was developed, incorporating key factors such as
salinity, sediment concentration.

The organization of the paper is as outlined below. Following
this introduction, Section 2 describes the experimental
methodology, including the setup, sample collection and
procedures for the settling tests. Section 3 presents a detailed
analysis of the results, examining the distribution patterns of SV
under varying salinity and concentration conditions. Section 4
develops a predictive formula captures both the �occulation-
accelerated settling and hindered settling phases. Finally, Section
5 summarizes the principal conclusions.
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2 Materials and methods

This study investigates the effects of salinity and SSC on the SV
of cohesive sediment through a series of laboratory settling
experiments. A newly designed settling cylinder was employ to
test seawater and sediment samples collected from the Yangtze
Estuary. The SV was determined using the McLaughlin formula
method, based on extensive tests conducted under a wide range of
salinity and SSC conditions.
2.1 Platform design, construction, and
sensor calibration

Conventional laboratory methods for measuring the SV of �ne
sediment primarily involve either collecting water samples or
immersing instruments into the suspension. These methods infer
SV by measuring the temporal evolution of the vertical SSC pro�le.
However, both approaches present certain limitations:
Fron
a. Water sampling offers limited spatial resolution and can
introduce signi�cant measurement errors, especially in low-
concentration suspensions. This is due to the need for
frequent sampling at �xed ports and the inherently sparse
distribution of sampling points.

b. Instrument-based methods, such as those utilizing optical
backscatter sensors (OBS), enable continuous spatial
pro�ling but may introduce disturbances into sediment
settling process due to the instrument frequent vertical
tiers in Marine Science 03
movement of the sensor probe. To minimize these
disturbances and errors caused by meniscus effects during
probe insertion, larger containers are often required, which
increases experimental costs and the volume of
sediment needed.

c. Inconsistencies in experimental materials (e.g., sediment
type, water chemistry) across different studies can lead to
signi�cant variations in reported SV values, complicating
direct comparisons.
Collectively, these factors compromise the accuracy and natural
representativeness of SV measurements. Therefore, there is a clear
need to re�ne traditional experimental apparatus and
methodologies to obtain more reliable SV data.

For this study, a novel experimental apparatus—termed the
“Large-scale Suspended Sediment Pro�le High-resolution
Measurement and Sliding Sampling Device”—was designed and
constructed. A schematic diagram of the platform is presented
in Figure 1.

The core component is a settling cylinder with a height of 92 cm
and an inner diameter of 36 cm. The integrated system comprises
the following key elements:
• A movable platform chassis.
• A high-range and a low-range Argus Suspension Meter

(ASM) for comprehensive concentration measurement.
• An optical backscatter sensor (OBS).
• A �xed bottom agitator and a handheld auxiliary agitator.
• A sliding sampling tube assembly.
FIGURE 1

Experimental platform (left: high-concentration group, center: low-concentration group, right: clear water group).
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Compared to traditional settling cylinders, this newly designed
device offers several signi�cant advantages:
Fron
a. High-Resolution, Non-Intrusive Pro�ling: Sensors are
mounted at 1 cm intervals, recording data at 1-second
intervals. This con�guration enables continuous, high-
resolution observation of the settling dynamics without
disturbing the water column. Parameters such as
sediment concentration, salinity, and temperature can be
monitored in real time at speci�c depths.

b. Enhanced Measurement Capability and Portability: The
dual-range ASM system ensures high accuracy across an
extended measurement range. The integrated mobile
chassis signi�cantly improves the portability of the
entire setup.

c. Complementary Spatial Sampling: The built-in sliding
sampling tube allows for discrete water sample collection
at various depths, providing data that validates and
complements the continuous sensor measurements.

d. Guaranteed Homogeneity: The combination of a �xed
bottom agitator and an auxiliary handheld agitator
ensures the initial and sustained homogeneity of the
sediment-water mixture throughout the experiment.
In summary, this innovative apparatus represents a substantial
improvement over traditional static settling columns, enabling
high-resolution, real-time investigation of sediment settling
behavior under controlled conditions.
2.2 Sample collection and experiment
preparation

To ensure that the experimental conditions closely resemble the
natural conditions of the Yangtze Estuary, �eld campaigns were
conducted to collect natural sediment, high-salinity seawater, and
freshwater for the settling experiments. The sampling locations are
shown in Figure 2.

Sediment samples were obtained from the mid-lower reach of
the North Passage on May 14, 2015. Due to the large quantity of
sediment required for the extensive test series, it was impractical to
rely solely on suspended sediment collected directly from the water
column, as repeated settlement and concentration would be
prohibitively time-consuming. Therefore, an alternative
preparation method was employed.

Bottom mud was collected from the seabed at the sampling site,
alongside suspended sediment from the mid-depth (0.5H) of the water
column. In the laboratory, the bottom mud was diluted with
freshwater. After allowing coarser particles to settle, the supernatant
rich in �ne particles were repeatedly extracted. The grain size
distribution of this processed sediment was then analyzed and
con�rmed to match that of the naturally collected suspended
sediment from the mid-depth water column. This procedure
ensured that the experimental sediment samples were representative
of the in-situ suspended material while providing a suf�cient volume
tiers in Marine Science 04
for testing. The median particle size (D50) of the prepared samples
was approximately 16 mm. The particle size distribution curves of the
laboratory-prepared sediment samples and the natural mid-layer
suspended sediment are closely aligned (Figure 3), with both having
a median grain size of 16 mm. These results demonstrate that the
sediment prepared for this experiment accurately represents the
natural suspended sediment.

In previous studies on sediment settling experiments, various
water types have been employed. Results indicate that the measured
SV of sediment varies signi�cantly depending on the water medium,
with natural undisturbed water yielding more representative
accurate results compared to puri�ed or arti�cially prepared
alternatives (Wan et al., 2015). To ensure quality of water
samples for this study, natural freshwater and high-salinity
seawater were collected separately from the middle reach of the
North Channel and an offshore site southeast of the Deepwater
Navigation Channel, respectively (Figure 2b).
2.3 Instrument con�guration and
calibration

The core measuring instrument in this experimental platform is
the ASM sensor. The ASM sensor array consists of multiple
individual sensors positioned at 1 cm intervals, providing a high
vertical spatial resolution. It is capable of generating high-resolution
SSC pro�les at 1cm intervals when concentrations remain below
saturation levels (typically SSC< 9 kg/m3) (Lin et al., 2020).

The optical measurement principle of the ASM presents a trade-
off: accurate data at high concentrations require a sensor with a
large measurement range, whereas higher precision at low
concentration is achieved with a low-range sensor. To ensure
precise measurements across the wide spectrum of SSCs
encountered in this study, both high-range and low-range ASMs
were integrated into the platform in a speci�c structural
con�guration. Extensive tests were conducted to con�rm the
absence of mutual interference between the co-located sensors.

This dual-range instrument con�guration not only enhances
measurement accuracy across different concentration regimes but
also effectively extends the overall measurable SSC range. The
integrated system thereby guarantees the acquisition of high-
quality, continuous spatiotemporal data throughout the experiments.

Furthermore, extensive interference tests were conducted to
ensure that no mutual interference occurred between the different
sensors when operated simultaneously. The integration of both
high- and low-range instruments enhances experimental accuracy
and extends the overall measurement range, thereby ensuring the
collection of high-quality, continuous spatiotemporal data
throughout the experiments.

Prior to the formal experiments, all sensors (ASM and OBS)
were calibrated using the prepared sediment samples. As illustrated
in Figure 4, this calibration established the relationship between the
optical signals (in Formazin Turbidity Units, FTU, or
Nephelometric Turbidity Units, NTU) and the corresponding
sediment concentrations. This step is essential for converting the
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instruments’ raw readings into accurate suspended sediment
concentration (SSC) values, as it de�nes the correlation speci�c to
the optical properties of the sediment used.
2.4 Experimental design

Based on the actual variations in salinity and SSC in the Yangtze
Estuary, this study designed speci�c experimental groups to ensure
Frontiers in Marine Science 05
a reasonable range of salinity and SSC values. The experiment was
conducted under stable temperature conditions (23 – 0.5°C) and a
consistent water depth (approximately 90 – 0.5 cm).

Salinity was set at 11 levels: 0, 0.5, 1, 2, 4, 6, 8, 12, 16, 23, and 30
PSU (Practical Salinity Unit). Sediment concentration was set at 19
levels: 0.15, 0.2, 0.3, 0.5, 0.7, 1, 1.2, 1.5, 1.7, 2, 2.2, 2.5, 2.7, 3, 4, 5, 6, 7,
and 8 kg/m� (Liu, 2025). A more intensive sampling of test
conditions was implemented within sensitive ranges of these
parameters, resulting in a total of over 200 individual settling tests.
FIGURE 2

Location of three sampling sites in the Yangtze Estuary. (a) Bathymetry map of the Yangtze Estuary. (b) Locations of the sampling sites. Sediment
samples were collected at site 1, located downstream of the North Passage. Freshwater samples were taken at site 2, in the middle of the North
Channel, where freshwater dominates. Saline water was collected at site 3, where dominated by saline water.
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2.5 Method to calculate SV

The SV was derived from the temporal evolution of SSC pro�les
by applying the principle of mass conservation. Under the
assumption that the vertical diffusion term is negligible, the one-
dimensional vertical mass balance equation reduces to the following
form:
Frontiers in Marine Science 06
�c
�t

+
�wsc
�z

= 0 (1)

in which, c is the instantaneous sediment concentration at time t
and depth h, t is the time, z is the height above the bed and ws is the
instantaneous, depth-dependent SV at depth h.

Integrating Equation 1 over depth, yields Equation 2:

(wsc)z=h = �
�
�t

Z h

0
cdz (2)

An approximate solution by �nite differences is Equation 3:

wn
s = �

cn+1 � cn

Dtn

� �
hn

cn (3)

in which, wn
s represents the vertically averaged SV at time n,

cn+1 and cn are the vertically averaged sediment concentrations of at
time n+1 and n, respectively, hn is the height of the water column
after sample collection at time n and Dtn is the time interval between
n+1 and n.

This McLaughlin formula provides instantaneous SV values at
different water depths. However, during the actual settling process,
the instantaneous SV varies at both temporally and spatially. To
obtain a more representative value, this study adopts the median
SV, de�ned as the average SV over the period t50–the time required
for the initial sediment concentration to decrease by 50% at given
depth (Pejrup and Mikkelsen, 2010; Portela et al., 2013; Wan et al.,
2015). The median SV, as suggested by Burt (1986), is a common
term used to described the settling velocity in laboratory
FIGURE 4

Calibration of Large-range ASM, Low-range ASM & OBS.
FIGURE 3

Comparison of the particle size distributions of the two sediment samples (The red line represents the natural suspended sediment sample; the blue
line represents the laboratory-prepared sediment sample).
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experiment. The reason why median settling velocity is used instead
of mean settling velocity is that fairly often only a little more than
50% of the settling velocity range can be described by use of the
settling tube method because of the low settling velocity (Pejrup and
Mikkelsen, 2010). The median settling velocity W50 was calculated
according to the method described by the bottom withdrawal
method (Sedimentation, 1953; Owen, 1976).

The median SV(w50) was calculated by integrating the
instantaneous, depth-dependent SV(wn

s ) overt the time interval
t50 by Equation 4:

w50 =
1
t50

Z t50

0
wn

s dt (4)

in which, t50 is the elapsed time after the SSC decreased to 50%
of its initial value at a speci�c depth.

The McLaughlin formula is widely used in �ne sediment studies
(You, 2004; Wan et al., 2015) due to its solid physical basis, as it
closely aligns with the fundamental de�nition of SV.
2.6 Experimental procedure

The experimental procedure consisted of the following
sequential steps:
Fron
a. Salinity Con�guration: The salinity was �rst adjusted
according to the experimental plan. The original high-
salinity water was diluted with fresh water collected from
the Yangtze Estuary to achieve the target salinity. The water
level in the settling cylinder was maintained at
approximately 90 cm throughout this process. A bottom-
mounted stirrer, assisted by auxiliary stirrers, ensured
thorough mixing of the suspension. Salinity was
monitored in real-time, and the water level was
kept constant.

b. Sediment Concentration Con�guration: The predetermined
mass of prepared sediment was gradually injected into the
cylinder while continuous stirring ensured its even
distribution. This process was repeated until the target
suspended sediment concentration (SSC) was reached.
During this stage, water temperature and bottom-layer
salinity were monitored in real-time, and the water level
was kept constant.

c. Initiation of Settling Experiment: The stirring device was
activated to homogenize the suspension completely. After
stirring cease, the suspension was allowed to stand for 3
minutes to reach a near-static state. The experiment
commenced at time t0, with vertical SSC pro�les recorded
at 1-mintue intervals. Data collection continued until the
SSC in the representative near-bottom water layer decreases
to 50% of its initial background value, recorded as time t50.
This procedure generated continuous SSC pro�le data with
a spatial resolution of 1 cm and a temporal resolution of
1 minute.
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d. Settling Velocities Calculation. The instantaneous sediment
SV was calculated from the continuous pro�le data using
Equation 3. The median SV (w50) for each layer was then
determined using Equation 4. The median SV of the near-
bottom water layer was adopted as the representative SV for
the speci�c salinity and SSC condition.
3 Results and analysis

3.1 Representative settling process

Figure 5 presents the time series of SV across various water
layers under four representative conditions: low salinity and low
SSC, high salinity and low SSC, low salinity and high SSC, and high
salinity and high SSC. A common trend observed under all
representative conditions is that: the SV increases progressively
from the upper layers to the lower layers. However, signi�cant
differences exist in the temporal evolution of SV among the
different scenarios.

a) Low Salinity and Low SSC (Figure 5a):
In this scenario, the settling process appears uniform across all

water layers due to weak �occulation. The SV rapidly reaches a
maximum (approximately 0.08–0.24 mm/s, depending on depth)
within a few minutes and then decreases very gradually over the
subsequent hour. The consistent settling rates across layers indicate
minimal �occulation-induced strati�cation.

b) High Salinity and Low SSC (Figure 5b):
Here, �occulation plays a more signi�cant role, particularly in

the lower layers. In the surface layers, SV peaks (about 0.09–0.38
mm/s, depending on the depth) within minutes and declines slowly.
In contrast, the center and bottom layers takes approximately ten
minutes to reach peak SV, after which it gradually declines with
minor �uctuations over the subsequent hour. The pronounced
settling observed throughout the water column indicates that the
increased salinity promotes the formation of larger �ocs, thereby
enhancing settling rates, especially in deeper layers.

c) Low Salinity and High SSC (Figure 5c):
Under these conditions, distinct SV peaks are evident in each

layer (ranging from 0.18 to 0.6 mm/s). The ascending limb of each
peak re�ects the �occulation-accelerated settling phase, where
particle aggregation enhances the settling rate. The descending
limb represents the subsequent phase where coarser particles have
deposited, leaving �ner particles with lower settling velocities in
suspension, thereby reducing the average SV over time. This pattern
indicates more complex �occulation dynamics compared to low
SSC conditions.

d)High Salinity and High SSC (Figure 5d):
In this scenario, sediment in the upper layers settles rapidly

initially. The SV in these layers peaks (between 0.38 and 0.7 mm/s)
within 5–7 minutes but then decreases drastically over the next
twenty minutes. Meanwhile, SV in the lower layers remains nearly
constant during this period. The settling process is signi�cantly
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accelerated by high salinity, with the overall duration markedly
shorter than under low salinity and low SSC conditions. The
synergistic effect of high SSC, which increases particle collision
frequency, and high salinity, which strengthens inter-particle
bonding, leads to the rapid formation of large �ocs and an
accelerated settling process.
3.2 Distribution of settling velocity

The median SV of cohesive �ne sediment from the Yangtze
Estuary was determined using the methodology described in
Section 2. The resulting SV distribution, presented as an isoline
map in Figure 6a, clearly illustrates it variation across a spectrum of
salinity and SSC conditions.

The isolines map reveals distinct regimes. In regions of low SSC
(<1.5 kg/m�), the SV isolines are relatively straight and parallel
Frontiers in Marine Science 08
across the entire salinity range (0–30 PSU). A similar pattern is
observed under low salinity conditions (<0.5 PSU), where straight
isolines extend across the full SSC range (0–8 kg/m�). These
patterns indicate consistently low SV values, suggesting weak
�occulation and slow settling rates where particle aggregation
is minimal.

In contrast, a more complex isoline pattern emerges at high SSC
(>1.5 kg/m�) and salinity levels (>0.5 PSU). The highest SV values
appear within an SSC range of 3.5~4.5 kg/m� and a salinity range of
21.5~26 PSU salinity, indicating a zone of intense �occulation
activity. The absolute maximum SV of 0.9 mm/s was recorded at
4 kg/m� SSC and 23 PSU salinity.

The three-dimensional representation of the SV distribution
(Figure 6b) reinforces these trends. The surface exhibits an
irregular, curve morphology. Low SV values, depicted in cool
colors, dominate the region of low SSC and salinity, while the
highest values, shown in warm colors, form a prominent ridge in
FIGURE 5

The time series of sediment SV under four representative conditions. (a) low salinity and low SSC (S = 4 PSU; C = 1 kg/m�), (b) high salinity and low
SSC (S = 30 PSU; C = 1 kg/m�), (c) low salinity and high SSC (S = 0.5 PSU; C = 8 kg/m�) and (d) high salinity and high SSC (S = 30 PSU; C = 8 kg/m�).
The color lines represent the time series of sediment SV variation at depths of different distance below the water surface.
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