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Abstract Sediment found in China’s Yangtze and Yellow
River systems is characterized by large silt fractions. In
contrast to sand and clay, sedimentation and erosion behav-
iour of silt and silt–clay–sand mixtures is relatively un-
known. Therefore, settling and consolidation behaviour of
silt-rich sediment from these river systems is analysed under
laboratory conditions in specially designed settling columns.
Results show that a transition in consolidation behaviour
occurs around clay contents of about 10 %, which is in
analogy with the transition from non-cohesive to cohesive
erosion behaviour. Above this threshold, sediment mixtures
consolidate in a cohesive way, whereas for smaller clay
percentages only weak cohesive behaviour occurs. The set-
tling behaviour of silt-rich sediment is found to be in anal-
ogy with granular material at concentration below 150 g/l.
Above 150–200 g/l, the material settles in a hindered set-
tling regime where segregation is limited or even prevented.
The results indicate that for modelling purposes, multiple
sediment fractions need to be assessed in order to produce
accurate modelling results.
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1 Introduction

In general, the rate of suspended sediment transport is
governed by erosion and sedimentation processes. Sedimen-
tation (net increase in bed level) generally prevails during
relatively low-energy conditions, whereas sediment is resus-
pended from the bed during more energetic conditions. The
shear stress at which sediment is eroded depends on the
grain size (non-cohesive sediment), or on the degree of
consolidation and material properties of clay (cohesive sed-
iment). Cohesive sediments consolidate, thereby increasing
their resistance against erosion in time, whereas non-
cohesive sediment beds form a rigid bed upon deposition.
The erosion threshold of non-cohesive material therefore
only depends on grain size, and is reasonably known from
Shield’s (1936) diagram for the initiation of motion. Van
Rijn reports on more recent work (1984; 2007) on transport
of non-cohesive material. Erosion processes of mud beds
have received attention since the work of Partheniades
(1962), Krone (1962) and Ariathurai and Arulandan
(1978). The erosion rate of mud beds depends on the degree
of consolidation of which our knowledge has advanced
significantly since the pioneering work of Terzaghi and
Fröhlich (1936), through the work of, e.g. Been and Sills
(1981) and Merckelbach (2000). Since the 1990s, more
attention has been paid to mixtures of sand and mud. The
effect of mud on erosion thresholds of sand–mud mixtures
was determined by, e.g. Mitchener and Torfs (1996) and Van
Ledden et al. (2004), and of sand on mud beds by Jacobs
(2011). Similarly, the impact of sand on hindered settling
[Dankers and Winterwerp (2007), Cuthbertson et al. (2008;
2010) and Manning et al. (2011, 2010)] and consolidation
(Torfs et al. (1996) are reasonably well understood.

Compared to the present state of knowledge on the be-
haviour of sand, mud and sand–mud mixtures, little is
known about erosion and sedimentation processes of silt-
dominated mixtures. Here, silt is defined as the sediment
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fraction of which the particle sizes vary between 2 and
63 μm with a base-mineral that does not show cohesive
behaviour, e.g. quartz and feldspar. Silt is the most abundant
sediment type in China’s main rivers; the Yangtze River and
the Yellow River. Knowledge on the behaviour of silt is
especially important for these rivers. This holds both for
sedimentation and erosion processes.

Roberts et al. (1998) demonstrated that the erosion rate of
silt particles strongly depends on the density of the silty bed,
and that the density of silty beds increased with time as a
result of consolidation-like processes. Unfortunately, Rob-
erts et al. paid little attention to this behaviour, which we
will refer to as pseudo-consolidation. Moreover, Roberts
used industrial instead of natural sediment, without any clay
or sand fraction. This makes it difficult to determine to what
extent Roberts’ results can be applied to natural conditions.
Up to now, no dedicated experiments exist on the deposition
behaviour of natural silt-dominated sediment mixtures. We
therefore set out to do dedicated experiments on the com-
paction (pseudo-consolidation) and settling behaviour of
silt-dominated sediment mixtures.

The aim of this paper is to obtain more fundamental
knowledge on the settling and (pseudo-)consolidation of
silt-dominated sediments in general. The properties of silt
and the relevance for better understanding of erosion and
consolidation behaviour are elaborated in Section 2. Our
methods are introduced in Section 3, and results presented
in Section 4. After discussion (Section 5), we present our
conclusions.

2 Silt-dominated systems

2.1 Definition of silt and silt skeleton

Sediments consist of mineral and organic components. This
study restricts to the minerals, in which silicates are pre-
dominant. Mineral composition enables to distinguish be-
tween these silicates. The main forms of silicates are quartz,
feldspar and clay minerals. Minerals encountered in the
riverine environment are silicate and phyllo-silicates. Sili-
cate minerals are formed by a framework of silicon-oxygen
tetrahedra, described by the overall formula SiO2. Feldspars
are a group of rock-forming silicate minerals that make up
as much as 60 % of the earth’s continental crust. After
feldspar, quartz is the most abundant silicate mineral.
Phyllo-silicates (sheets) are clay minerals built from tetra-
hedra structures. Clay minerals can be divided into the
following groups; kaolin (China clay), smectite (including
montmorillonite), illite and chlorite. The most important
difference between phyllo-silicates (clays) and silicates (silts
and sands) is that the former can bind water whereas the
latter cannot.

Generally, cohesive sediment mixtures consist of clay, silt,
(fine) sand particles, organic matter and water. Particle size
analyses enable to distinguish individual sediment particles.
The three size fractions common in (fine) sediments dynamics
are clay, silt and sand. Non-cohesive sediment consists of sand
and gravel sized particles (d>63 μm). In the silt fraction
(2 μm<d<63 μm) quartz and feldspar are the dominant
minerals, whereas in the clay fraction (d<2 μm) kaolinite,
illite, smectite (or montmorillonite) and chlorite are dominant.
It must be stressed that these categories refer to sediment size
classes and not to physical properties, such as cohesiveness.
This implies that in the silt fraction clay minerals can be
present, and vice versa. Little information can be found in
the literature on the behaviour of the silt fraction with respect
to its sedimentation and entrainment behaviour. Silt is classi-
fied as non-cohesive from a mineralogical point of view, since
its main constituents are quartz and feldspar. However, ero-
sion studies on silt-rich sediment indicate cohesive-like be-
haviour (Jin et al. 2002; Roberts et al. 1998).

When considering the mechanical behaviour of fine
sediment-mixtures, the mineral composition in combination
with particle size distributions are important discriminators.
Ternary diagrams are commonly used to illustrate mass
fractions of sand, silt and clay to classify sediment types.
The presence of clay minerals is a criterion for sediment
mixtures to show cohesive behaviour. Van Ledden et al.
(2004) argues that transition in erosion behaviour can be
expected when (1) the bed changes from cohesive to non-
cohesive and (2) the sediment type determining the govern-
ing network changes. Cohesive or non-cohesive behaviour
is attributed to the clay content. A transition is found at clay
contents of 5–10 %. The network structure depends on the
overall porosity. Granular skeletons occur when sand and/or
silt particles are in mutual contact. A sand network structure
occurs when the volume fraction of sand exceeds 40–50 %
(Kuerbis et al. 1988; Floss 1970). Similarly, silt particles
form a network structure when the volume fraction of the
silt particles (Ψsi) relative to the pore volume around the
sand particles [Ψsi/(1−Ψsa)] is higher than 40–50 %. In other
cases, the clay fraction forms a network structure if suffi-
cient clay is present in the sediment mixture. However, the
clay content must be higher than the aforementioned offset
in order to form a network structure. Because of the cohe-
sive properties of the clay particles, very open-structured
networks can be formed, requiring only a small clay volume
fraction relative to the pore fraction left by the silt and sand
particles. Sand and silt particles can then be treated as single
entities, whereas the volume-filling network is formed by
the clay fraction (Merckelbach 2000). The subzones, which
classify as soil based on the formed network structure are
shown in Fig. 1, where sand- and silt-dominated skeletons
are indicated by areas A and B, respectively. This study
focuses on sediment in area B.
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2.2 Implications of silt-rich sediment systems

Both the Yangtze and Yellow River originate at the Qinghai-
Tibetan Plateau in Western China from where the Yellow
River continuous her course through the Chinese Loess
Plateau. In this region, intense soil erosion and weathering
occurs. Its geological composition mainly consists of loess,
contributing to about 90 % of the huge sediment load. The
median particle size of this loess varies between 15 μm in
the south to 50 μm in the north (Wan and Wang 1994).
Because of the Yellow River course through the rich loess
soils in the upper regions of the catchment area, relatively
large amounts of CaCO3 are dissolved in the water resulting
in an increased pH value. pH measurements in the Yellow
River show values of individual tributaries between 8.2 and
8.7 (He et al. 2006; Wu et al. 2005b; Xia et al. 2004). For the
Yangtze River, average pH value of individual tributaries is
between 7.7 and 8.4 (Chen et al. 2002). The influences of
these relatively high pH values of the Yellow River water on
sedimentation processes are yet unknown. The two major
sediment-producing areas of the Yangtze River, the drainage
areas of the lower Jinshajiang (eastern Qinghai plateau) and
the Jialingjiang (central China) rivers, produce 70 % of the

river’s total sediment load. The median grain size at the
control station of the Jinshajiang River is approximately
20 μm, and at the control station of the Jialingjinag River
the sediment fraction coarser that 50 μm is only 8 % (Xu
2007). This causes the Yangtze and Yellow Rivers to carry
large silt contents in their sediment discharge causing impli-
cations in understanding their morphological behaviour.
Some implications of silt-rich sediment are addressed
below:

& Van Maren (2007; 2009a; 2009b) identifies several hy-
drodynamic and soil mechanical processes that play a
role in the Yellow River, which are attributed to high silt
contents. The occurrence of hyper-concentrated flow
may lead to a collapse of the turbulent flow field, result-
ing in massive deposition on the floodplains and in the
main channel. Consequently, water is captured in the
bed resulting in an excess pore water pressure. Over
time, this excess pore water pressure dissipates, thereby
decreasing the porosity of the bulk material. As a result,
the critical bed shear stress for erosion increases. This
process, governed by pore water pressure dissipation
rates, is much faster for silty sediment than for clays.
The morphological behaviour of the river channel there-
fore depends on the pseudo-consolidation behaviour of
silt.

& Roberts et al. (1998) performed erosion experiments
with pure quartz particles, thereby varying the particle
size d50 between 5 and 1,350 μm. They found that with
increasing particle size, the erosion rate first increases,
reaches a maximum, and then decreases. In their experi-
ments, they observed that the bed eroded as chunks.
Such mass erosion is an indication for cohesive sedi-
ment behaviour. For cohesive sediment, it is known that
the time scale of the driving mechanism is a determining
factor for the response mechanism of the bed (see
Winterwerp and Van Kesteren 2004); when deforma-
tion rates are high, pressure gradients will not be
compensated by pore water flow. The behaviour of
the bed is referred to as undrained erosion and the
bed erodes in chunks.

& Over the last 50 years, large reservoirs are being con-
structed in both river systems, trapping large amounts of
silt. As a result, both rivers are becoming sandier, which
may strongly alter the dynamic behaviour of sediment.
Better knowledge on the behaviour of silt enables a
more accurate prediction reservoir siltation.

These observations suggest that the stability/erodibility
of silt-rich sediment is governed by the ratio between defor-
mation of the soil and the status of the pore water pressure.
The deformation rate of the soil is a function of the eroding
forces, the pore water pressure and the dissipation rate of
pore water over or under pressure. The rate of dissipation of
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Fig. 1 Sand–silt–clay triangle with transition for cohesion and net-
work structures. Ψs represents the solid fraction of sand, silt and clay. I,
non-cohesive sand dominated; II, cohesive sand dominated; III, non-
cohesive mixed; IV, cohesive clay dominated; V, cohesive silt domi-
nated; VI, non-cohesive silt dominated network structure. Bold broken
lines represent transition to sand or sand–silt-dominated network struc-
tures for overall porosities of n=40 % and n=50 %. The horizontal
broken line represents a claycontent (8 %) for the transition between
cohesive and non-cohesive behaviour. Shaded areas A and B indicate
the area of sand- and silt-dominated network structures, respectively.
Redrawn after Van Ledden et al. (2004)
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pore water pressure gradients is a function of particle
size and packing of the silt skeleton. Pore water pres-
sure gradients and packing are governed by the way the
bed is formed. To better understand these bed formation
processes, laboratory deposition experiments are carried
out on silt-rich sediments from both the Yangtze and
Yellow River.

3 Study area and fieldwork

To better understand the behaviour of silt-dominated sedi-
ment in natural systems, fieldwork is carried out at two silt-
rich environments in the Yangtze Estuary and the Lower
Yellow River (Fig. 2). In both systems, 30-cm-long sedi-
ment cores are taken to determine in situ densities and
particle size distributions (PSD). Bulk samples were taken
to study sedimentation behaviour under confined laboratory
conditions. In the Yangtze Estuary, additional surface sedi-
ment samples are taken. In order to perform sedimentation

experiments under natural conditions, water samples are
also collected in the field. Fieldwork processing and sedi-
mentation experiments are carried out at the State Key
Laboratory of Estuarine and Coastal Engineering (SKLEC)
of the East China Normal University (Shanghai).

3.1 Study area

3.1.1 Yangtze River estuary

The Yangtze Estuary is shaped by fluvial deposits from the
6418 km long Yangtze River and by tides, resulting in a
typical funnel-shaped estuary. The most important mor-
phological features of the Yangtze Estuary are extensive
intertidal flats separated by large channels. Upon entering
its estuary, the Yangtze River is divided by Chongming
Island into the North Branch and the South Branch.
Chongming Island is the largest island in this estuary
covering approximately 1,600 km2. On the East of this
island, ecologically important wetlands can be found with

Yellow River

Yangtze River

Lower Yellow 
River

Yangtze River 
Estuary

1

2

Loess Plateau

Qinghai-Tibetan 
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3 42
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1

Fig. 2 The Yangtze River and the Yellow River in China. The Lower
Yellow River (1) and the Yangtze River Estuary (2) are sites for
fieldwork and sediment sampling in present study. Sampling locations

of minicores, surface and bulk sediment on Chongming Island are
indicated in 2, 3 and 4. Yellow River sampling locations for minicores
and bulk samples H, J and K are indicated in 1
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an area of about 326 km2. These wetlands consist of an
unvegetated tidal flat and a vegetated salt marsh. This
tidal flat is the source of all Yangtze Estuary samples.
For simplicity, we will refer to the sediment from this
location as Yangtze Estuary sediment.

3.1.2 Lower Yellow River

The Yellow River is characterized by extremely high sedi-
ment loads and deposition rates, and rapid channel migra-
tion (Wu et al. 2005a). This rapid morphological
development is attributed to high loads of dominantly silty
sediment. Samples were taken in the braided reach of the
Yellow River and its main tributary (the Weihe River, just
upstream of its confluence with the Yellow River).

3.2 Fieldwork and processing

Fieldwork is carried out in late September 2009, early
November 2010 and late April 2011 in the Yangtze Estuary,
and in April 2011 in the Lower Yellow River. During the
fieldwork mini-cores, surface samples and bulk samples are
taken. Sampling methods and times of sampling are shown
in Table 1. Yangtze Estuary sampling locations of mini-
cores, surface sediment (upper 3 cm) and bulk material
(sample of several kg) are shown in Fig. 2 (2, 3 and 4).
Sampling has been done both on the tidal flats and in the
marsh. One bulk sample was taken from the navigation
channel (sample O).

In the Lower Yellow River, mini-cores and bulk samples
are sampled near Huayuankou (unvegetated floodplain;
samples J and K) and from the Weihe River (unvegetated
river bank; sample H), close to where it meets the Yellow
River, see Fig. 2 (1).

Mini-cores were taken by using 30-cm-long PVC pipes
with an inner diameter of 36 mm and sharpened edges at the
intruding side. A plunger (from a 100-ml syringe) of equal
diameter fits inside the PVC pipe. To reduce compaction of
the sediment during extraction, the plunger was held at the
sediment surface while the PVC pipe was pushed into the
sediment. This method has been applied previously by
Montserrat et al. (2009). After sampling, the cores were

frozen. The time between sampling and freezing varied
between 5 to 48 h. Next, the cores were sliced into intervals
ranging from 2 to 7 cm. These intervals were analysed on
porosity and PSD. Surface sediment samples (upper 3 cm)
are only analysed on PSD. Bulk sediment samples were
taken in combination with water samples, to be used in the
laboratory experiments; bulk samples remained constantly
saturated.

PSD analysis of surface samples and mini-cores was
done by making use of laser diffraction (LS-100 particle
size analyzer). All samples were dispersed chemically by
treatment with a sodium–hexametaphosphate solution, in
combination with ultrasonic dispersion.

3.3 In situ conditions and spatial segregation

Yangtze Estuary sediment shows a variety of sediment compo-
sitions as a result of spatial variations (Fig. 3). According to the
classification by Van Ledden et al. (2004), these sediments can
be classified as cohesive silt, non-cohesive silt and non-
cohesive mixed (areas V, VI and III in Fig. 1, respectively).
Chongming Island tidal flat sediment is found to be mainly silt
dominated, where the southern-eastern tidal flat is governed by
non-cohesive silt and non-cohesive mixed in contrast to the silt-
dominated north-eastern tidal flat. The porosity isolines in
Fig. 3 indicate the boundaries of sand or silt-dominated network
structures for different porosities (Van Ledden et al. 2004).
Maximum porosities correspond with the loosest packing of a
granular skeleton and is approximately 50 %, whereas mini-
mum porosities correspond to the most dense packing of a

Table 1 Timetable of fieldwork activities in the Yangtze River Estuary
and the Lower Yellow River

Sept 2009 Nov 2010 April 2011

Yangtze
Estuary

Minicores Surface samples Bulk
samples A, B and C

Minicores Bulk
samples L, M
and O

Yellow
River

− − Minicores Bulk
samples H, J and K
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Fig. 3 Ternary diagram of sand–silt–clay distributions in Yangtze
Estuary and Yellow River 2009 and 2011 minicores in combination
with measured in situ porosity and Yangtze Estuary surface sediment
samples
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granular skeleton which is approximately 40 %. The in situ
porosities of the upper 30 cm of Yangtze Estuary sediment
generally varies between 40 and 80 % and is especially high
for ycl>10 %. Below this threshold, in situ porosities are
approximately 10 % larger than the porosity isolines in the
silt-dominated area, whereas above this threshold in situ poros-
ities are up to 50–60 % larger. In addition, clay/silt ratios of
approximately 0.125 are observed for ysa>5 %, whereas for
ysa<5 % clay/silt ratios vary between 0.38 and 0.1.

Sediment from the Yellow River floodplains is found to
be non-cohesive, varying between sand-dominated, silt-
dominated and a mixture of these types (areas I, III and VI
in Fig. 1). Clay contents do not exceed 6 %. Again, in situ
porosities deviate only 5 % from the porosity isolines in the
sand-dominated area. Sediment porosities do not exceed
50 %. In general, a trend of decreasing in situ porosity is
observed with increasing sand content, following porosity
isolines. Porosities below 45 % are only rarely observed,
which is expected as the minimum possible porosity is
approximately 40 %.

4 Sedimentation experiments

Consolidation processes are usually studied using settling
columns, primarily focusing on density development within
the consolidating bed itself, and excess pore water pressure
dissipation. In previous studies, pore water pressure meas-
urements were done with piston riser tubes or pressure
transducers. Here, pore water pressure is measured using
pressure transducers. In previous studies (Been and Sills
1981; Merckelbach 2000) density profiles were measured
by making use of X- or γ-radiation. A great advantage of
this method is that it is non-intrusive and measures a con-
tinuous vertical profile with high accuracy (±2 kg/m3).
However, the extensive safety measures required with re-
spect to radiation hazards make this method increasingly
difficult to apply. Therefore, we use a new method in our
sedimentation experiments, which uses electrical conductiv-
ity to measure densities. The greatest advantage of this
method is that it allows measuring a continuous density
profile during the sedimentation experiment. Other advan-
tages are the non-intrusiveness without the disadvantage of
radiation hazards. A disadvantage is the large influence of
temperature fluctuations, which needs to be compensated
from continuous temperature measurements.

Below, we will first introduce the settling column set-up,
followed by calibration and measurement protocols.

4.1 Set up settling columns

All sedimentation experiments are carried out in 1.30-m-
high PMMA transparent columns. The inner diameter of

these columns is 10.0 cm. The columns are equipped
with an impermeably base. A scale bar attached to the
column wall enables the measurement of interface de-
velopment. Pore water pressure ports are mounted in the
column walls at ten intervals of 5.0 cm each, starting at
5.0 cm from the bottom. In addition, one port is located
at a level of 1.0-m height, which is used as a reference
pressure, since it is always located above the sediment.
Each port entry was provided with a Vyon plastic filter
to prevent sediment leaks. The ports were connected via
small tubes to a pressure-measuring unit. This method
has been previously used by Bowden (1988) and later
by Merckelbach (2000). The pressure-measuring unit
houses one pressure transducer. This pressure transducer
can be connected to any of the pressure ports, one at a
time. The transducer is connected to a variable water
head for calibration. The accuracy of the pore water
pressure values from calibration is 1-mm water head,
or 10 Pa.

The density parameters are measured using electrical
conductivity. This is done with a conductivity concen-
tration meter (CCM) developed by Deltares. The princi-
ple of a CCM measurement is based on the conductivity
gradient of a sediment–water mixture due to a gradient
in non-conductive sediment concentration in the moni-
tored area. The CCM houses 20 ports, which can mea-
sure simultaneously. Each port is connected to a double
platinum electrode, mounted in the wall of the column,
flush with its curvature to reduce the influence of the
probes on the deposition process. Each pair of electrode
is placed with a mutual vertical distance of approxi-
mately 1 cm. The vertical placement differs from the
method used by Blewett et al. (2001), where the elec-
trodes were placed opposite of each other along the
column wall. We will refer to a pair of electrodes as a
(conductivity) probe. All columns houses 10 of these
conductivity probes at 5, 15, 20, 25, 30, 35, 40, 45, 50
and 65 cm from the base plate. The top probe was
placed at a higher level with the aim to function as a
reference measurement in the overlying clear water. In
total, five columns (with 10 conductivity probes each)
are available for our experiment and therefore not all
experimental series can be carried out simultaneously. A
new series of experiments within the same columns
requires re-calibration of all 10 conductivity probes.

The setup was placed in an air-conditioned environment,
but nonetheless not free from temperature fluctuations. In
order to correct for temperature fluctuations, the temperature
inside the columns is measured at the tip of a 50-cm-long
temperature probe. The sensitivity of the temperature probes
has a resolution of ±0.1 °C. Temperature and conductivity
measurements inside a single column are always carried out
simultaneously.
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4.2 Conductivity probes

4.2.1 Theory of conductivity measurements

Electrical conductivity of a medium is sensitive to
temperature, salinity, pH and solid content fluctuations.
In this study, pH and salinity are constant in all ex-
perimental series; hence, our conductivity measure-
ments are a function of temperature and solid
content. The electrical conductivity as function of wa-
ter is generally non-linear. However, the degree of
nonlinearity is relatively small in a temperature range
of environmental monitoring (0–30 °C) and a linear
equation is commonly used to represent this relation
(Sorensen and Glass 1987). In our study, the tempera-
ture is generally kept between 20 and 25 °C. There-
fore, the conductivity of water and the sediment–water
mixture can be described by:

Kw ¼ Kw;ref 1þ kΔTð Þ
Km ¼ Km;ref 1þ λΔTð Þ ð1Þ

Where Kw and Km are the conductivity of water and the
sediment–water mixture respectively, Kw,ref and Km,ref are
reference conductivities, ΔT a temperature gradient and κ
and λ coefficients describing the influence of temperature
on conductivity. Dai et al. (2009) studied the relationship
between suspended sediment concentration and electrical
conductivity. A linear relation between sediment concentra-
tion and electrical conductivity was found, which can be
written as:

fs ¼ 1� Km

Kw

� �
a ð2Þ

Where øs is the volume concentration (defined as the
ratio of solids volume and the total wet volume) and a
represent the conductivity parameter. From øs, the mass
concentration c is computed via c=ρs øs. Substituting
(1) in (2) results in a function describing the solid
content as a function of temperature, solid content and
electrical conductivity.

4.2.2 Calibration and accuracy

In each column, a series of sedimentation experiments is
carried out with sediment from different sources (see
Section 3.3 for a detailed explanation). All probes in
each column are calibrated with the same sediment–
water mixture as used in the corresponding series of
sedimentation experiment. By rewriting (1) and (2) as

a polynomial function the measured concentration can
be expressed in terms of øs:

V ¼ aT þ bfs þ gTfs þ " ! fs ¼
V � aT � "

b þ gT
ð3Þ

Where V is the output voltage of a conductivity measure-
ment, T the temperature, øs the solid content and α, β, γ, and
ε are coefficients. In this way, the linear influence of tem-
perature, the linear influence of solid fraction and one cross
term for the influence of temperature and solid fraction are
taken into account. For our experiments, coefficients α, β, γ,
and ε are determined by calibration. Therefore, a calibration
is carried out both on concentration and temperature. In a
specially designed calibration beaker samples are prepared
of which the output voltage of the CCM is measured for
different temperatures, the latter one is increased by using an
immersion heater. The measurement error of each probe
system (temperature, probe distance, wiring) is defined as
the root mean square error (RMSE, σε

2) of measured (M)
and observed concentration (O) for each temperature–
concentration combination (i). In addition, the RMSE was
determined for each individual concentration, for which a
characteristic (for all columns) result of column L is shown
in Fig. 4. The RMSE (σε

2) is defined as:

σ2
" ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Mi � Oið Þ2
n

s
ð4Þ

Since the RMSE varies only little over the range of
observed øs, the accuracy of each probe is defined as the
overall RMSE of the calibration. For all probes in each
column, the accuracy in øs is found to be below 0.01,
corresponding with a mean error in concentration smaller
than ±26.5 g/l.

Segregation occurred in most of our experiments, result-
ing in a vertical variation in sediment composition. Due to
an anticipated different conductivity per composition, cali-
brations were carried out with the sandiest and the most
clayey composites. Surprisingly, we found that there was no
measurable difference in electrical conductivity between
these for our experiments extreme composites. The variation
in clay content of approximately 8 % is apparently not
influential enough to result in significant changes in con-
ductivity in present measurements.

4.3 Experimental method and program

A total of nine bulk samples are collected from the field; six
from the Yangtze River Estuary and three from the Yellow
River floodplains (Fig. 2). The Yangtze River bulk samples
are labelled A, B, C, L, M and O and the Yellow River bulk
samples are labelled H, J and K. With each of these bulk
samples a series of sedimentation experiments are carried
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out in different settling columns, one column for each sam-
ple, labelled with a letter referring to the bulk sample. For
each new experimental series, the conductivity probes need
to be re-calibrated since the conductivity of the pore water
changes per sampling location. All columns are equally
equipped with measurement devices. In all experimental
series, the initial concentration varies for each experiment.
During sedimentation, vertical mass concentration and ver-
tical pore water pressure profiles are measured. In addition,
visual interfaces are recorded manually.

All nine series of sedimentation are carried out following
the same protocol. For each experimental series, a container
was prepared with sufficient sediment and water to fill a
column with initial concentrations of up to 800 g/l. To
achieve this, the bulk samples had to be diluted. For col-
umns A, B, C and O, water at the proper pore water salinity
was added. Water added to the sediment for columns H, J,
K, L and M originated from the corresponding sampling
location. The overlying clear water in each container is
introduced into the column first. With this clear water, a
reference concentration measurement is carried out, and the
tubes leading to the pressure transducer are carefully filled
with water to prevent air-entrapment within. Next, the sed-
iment within the container is homogenously mixed again for
5 min after which a volume of the sediment–water mixtures
from the container was added to the column. Now, the
sediment–water mixture within the column is mixed gently
with a porous pounder for 5 min after which the mixture is
left to settle. For each following test with higher initial
concentration in the same series, the container was mixed
up again and a new volume from the container was added to
the column. The initial concentrations were obtained by
averaging the measured concentration during the first 10 s
of each test. During the experimental series, the container
and the columns are sealed to prevent evaporation of the
pore water. Calibration of the conductivity probes is carried

out after each experimental series. In this way, it can be
checked whether any drift of the probes had occurred with
respect to the initial clear water concentration measurement.

Table 2 presents all initial concentrations used in all
series. It can be seen that the smallest initial concentrations
are in the same order of magnitude as the accuracy of the
conductivity probes. Since settling velocities are relatively
large at these concentrations, both the clear water concen-
tration and the concentration during settling are measured
within the same timescale. The offset from the clear water
concentration is a certainty and therefore quantitative meas-
urements at the low concentrations are still considered us-
able. Only during the last experiment, pore water pressures
are measured. After the last experiment, sediment samples
are taken along the columns. This is done at the locations of
the conductivity probes.

Due to blurring of the conductivity signal during meas-
urements in columns M and O, only visual observations of
the sediment–water interface are recorded. The reasons for
the failure of these conductivity measurements can be mul-
tiple, but has not been subject of study in this research.

5 Sedimentation experiments: results and analysis

The bulk samples reflect the spatial variation in sediment
composition, following from PSD analysis (Fig. 5) and
corresponding sand, silt, clay contents and d50 (Table 3). A
series of sedimentation experiments is carried out with these
samples, as described in Section 3. Before analyzing our
results, we will describe measurement results and analysis of
one settling column sedimentation experiment in detail
(Fig. 6: experiment A10).

In the majority of the experiments (including A10, Fig. 6)
segregation is observed visually, resulting in two interfaces.
An upper interface represents the top of a settling clay–water
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mixture. A clear transition between this layer and the overlying
clear water indicates that all particles settle at a single velocity.
Sediment in this layer consists of a clay–water mixture as
revealed by particle size analysis, and the observation of
drainage channels [resulting from non-homogeneously
distributed fluid flow in the horizontal plane, character-
istic for clay-dominated mixtures (Winterwerp and Van
Kesteren 2004)] Initially, the upper interface settles with
a constant velocity until time t3. Here, an inflection
point in the settling curve is observed. From this point
forward, the settling velocity is reduced significantly
indicating the transition from a hindered settling regime
into consolidation beyond time t3. Hence, this inflection
point represents the gelling point (Dankers 2006). A
second, internal interface marks the transition between
the settling and/or consolidating clay–water mixture and
underlying granular layer. This granular layer builds up

between times t0 and t2, indicating that the majority of
the granular material settles within this timeframe.

Concentration isolines (isolutes) are derived from the con-
tinuous concentration measurements. These isolutes initially
increase linearly in time (until inbetween t1 and t2) in the lower
27 cm and decrease linearly in time (until t1) in the overlying
mixture. After t2 the isolutes in the lower 27 cm are horizontal.
The first derivative of these isolutes provides a settling velocity
within the settling sediment–water mixture (internal settling
interface). Between t1 and t2, the isolutes converge, indicating
an increasing vertical concentration gradient, and hence a
reduction in settling velocity. After t2, the isolutes in the lower
27 cm are horizontal, marking complete sediment deposition.

In addition to interface observations and concentration
measurements, a pressure transducer measures pore water
pressures to determine excess pore water pressure dissipa-
tion. At the end of each experiment (tend), sediment was
collected from the settling column at the locations of con-
ductivity probes (which are removable) for particle size
analysis.

Summarizing, the experiments consist of a phase with
rapid settling of granular material, allowing computation of

Table 2 Initial concentration in experimental series in g/l. T1–T12 represents the number of experiments per series

Test number

Series 1 2 3 4 5 6 7 8 9 10 11 12

A Yangtze − − 82 175 155 224 281 314 252 382 426 396

B Yangtze 41 44 144 154 209 218 213 401 − − − −

C Yangtze 66 160 241 290 367 − − − − − − −

H Yellow 76 278 205 298 334 414 667 − − − − −

J Yellow 11 74 131 249 310 488 − − − − − −

K Yellow 42 143 119 135 364 − − − − − − −

LYangtze 545 717 705 701 720 707 − − − − − −

M Yangtze 40 56 75 104 343 − − − − − − −

O Yangtze 24 44 62 78 211 − − − − − − −

Results of bold marked initial concentrations are visualized in Fig. 10
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Table 3 Sand, silt and clay contents, and d50’s of sediment used in
column experiments

Column Cl [%] Si [%] Sa [%] d50 [μm]

A Yangtze 11 77 12 25

B Yangtze 9 86 5 28

C Yangtze 8 62 30 33

H Yellow 6 20 74 114

J Yellow 7 53 40 53

K Yellow 15 78 7 14

L Yangtze 3 63 34 49

M Yangtze 10 85 5 14

O Yangtze 12 86 2 10
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settling velocities (t0–t1), a phase with settling clays and
hindered settling of granular material (t1–t2), a phase with
settling clays in a consolidating bed (t2–t3), whereas the final
stage is a consolidating clay–water mixture (t3–tend). These
measurements allow quantitative analyses of segregation
mechanisms, hindered settling velocities and structural den-
sities of multiple sediment fractions, of which results are
presented in the next section.

5.1 Segregation

Vertical profiles in sediment fraction, d50 and concentration
at t2, t3 and tend of the test with the highest initial concen-
tration per series, are show in Fig. 7 (for some restrictions
see Section 3.3). Results for Yangtze Estuary and Yellow
River sediment are separately discussed below. Below, we
will only refer to the letter of the discussed column(s) in
Fig. 7.

5.1.1 Yangtze River estuary sediment
(Columns A, B, C, L, M and O)

The largest segregation is observed in column C, which
contains together with column L the coarsest sediment of
all Yangtze Estuary samples. In column L however, segre-
gation does not occur. In columns A and B, the silt fraction
settles from the overlying layer in which clay percentages
are higher. In contrast to column C, columns A, B and L
show less segregation within the granular layer. The granu-
lar layer in column A even shows a more or less constant
sand content, only slightly increasing toward the bottom.

Sand is absent in all top layers of columns A, B, C and L
indicating that sand and/or silt particles are not supported by

a network structure in the settling phase. The clay/silt ratio in
the overlying settling mixture is approximately 0.25 in all
these columns whereas the average clay/silt ratio of the bulk
sample is 0.14. A constant clay/silt ratio is not observed in the
bed. Clay percentage generally decreases with depth, which is
compensated by an increasing sand and/or silt content.

The density profiles in columns K (at t3) and L have a
sawtooth-like character which is probably caused by local accu-
mulation of pore fluid pockets rather than by a lack of accuracy.
We support this suggestion by the measurements in column K,
where the sawtooth-like character develops over time.

In columns M and O limited segregation occurred even
though initial concentrations are quite low (343 and 211 g/l) in
comparison to columns A, B, C and L (367 to 707 g/l).
Apparently, the initial concentrations are above the structural
density, so a network structure of flocs is formed, reducing the
settling velocity of silt and sand particles within the mixture.
This can be attributed to the relatively high clay percentages.

5.1.2 Yellow River sediment (Colums H, J and K)

Segregation in Yellow River columns is in analogy with
Yangtze Estuary columns; larger particle settle faster, leaving
a clay-dominated mixture to settle and consolidate on top of
the deposited sand and/or silt-dominated bed. Column H
shows constant sand, silt and clay contents in the lower
40 cm of the granular layer, whereas the d50 and fs clearly
decrease in upward direction. In columnH, the d50 is primarily
determined by the sand fraction (74 %, see Table 3), and
therefore the sand–silt–clay segregation does not necessarily
relate to the d50. The clay-dominated mixture overlying the
granular layer is relatively thin, because of the low clay
content (6 %; see Table 3). In column J, the clay content is
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also low, and vertically uniform in the granular layer. The sand
content increases with depth and fs increases slightly with the
sand content whereas the clay content is constant. Column K
shows larger vertically increasing clay contents which results
in a more pronounced vertical gradient in solid content fs. In
the lower 20 cm of column K, segregation is the strongest.

5.2 Structural density and gelling concentration

The structural density (ρstr) of granular material is defined as
the concentration at which a space-filling network occurs
where particles support each other at their loosest packing.
For cohesive (flocculated) material the structural density is
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defined as the gelling concentration (cgel) at which a
space filling network develops, which is the onset for
consolidation (Winterwerp 2001). When discussing the
structural density, we will refer to granular material,
whereas we use the term gelling concentration for
clay-dominated mixtures. Generally, structural densities
are in the order of 1,600–1,800 g/l, whereas gelling
concentrations may be as low as 50–100 g/l. In our
experiments, both conditions are observed, often simul-
taneously. Between t0 and t2, granular material forms a
network structure, whereas the overlying clay mixture
forms a network structure between times t0 and t3.

5.2.1 Structural density

Conductivity probes measure the concentration develop-
ment during deposition and hence can be used to determine
structural densities. The structural density is related to the
sediment composition, based on particle size analysis. Most
of the sediment samples in the vertical profile of the col-
umns are silt dominated (Fig. 8). The samples without sand
(upper layers) have a relatively high porosity. The porosity
decreases with increasing sand content (up to Ψsa≈20 %);
for higher sand contents, the porosity is more or less con-
stant around 50 %. An opposite trend is found for the clay
content. It is important to note that such a direct correlation
cannot be observed for the silt fraction. In the silt-dominated
area (Ψsi>67 %), both high and low porosities are found,
depending on the fractions of the other two constituents.
Sediment mixtures with the largest porosity (n>70 %) do
not contain sand and are all located in the overlying

consolidating sediment layer. These high porosities appear
to occur when the clay content exceeds 11 %.

Relating d50 to porosity is not straightforward in a ternary
diagram, and is therefore plotted against porosity (Fig. 9).
The porosity decreases with the median grain size d50: this
can be quantified with a simple empirical formulation by
Van Rijn (2007), relating ρstr and/or cgel to d50 (median
diameter of entire sediment mixture):

cgel or ρstruct ¼
d50
dsand

ρstruct;sa ð5Þ

Where dsand (=63 μm) is the smallest particle size of a
non-cohesive bed (sand) and ρstruct,sa is the dry bulk density
of the corresponding sand bed; ρdry=(1–n)ρs. Despite its
empirical background, a prediction of porosity, using Eq.
(5) shows qualitative similarity with a linear fit through the
measured porosities and the d50 for d50<63 μm. The gelling
concentration of the overlying clay–water mixtures (red
dots) are computed using this method as well. Results are
presented in Table 7.

5.2.2 Gelling concentration

The gelling concentration of the overlying clay–water mix-
ture can be determined by three other methods: the first
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method by direct measurement (results in Table 4) on the
basis of the mass balance of the clay–water mixture by
taking the average concentration above and below the inter-
nal rising interface of the clay-dominated mixture. This
interface is represented by the green dotted line in Fig. 6
(results in Table 5) using settling velocity and concentration
measurements. All methods are described extensively by
Dankers (2006) in which she argues that the second method
overestimates the calculated gelling concentration in com-
parison with method one. The second method can only be
applied for non-granular sediment, which makes it suitable
for our results from columns M and O (Yangtze Estuary
sediment only). The third method is a result of the research
by Dankers, which will be discussed in Section 5.3.

Continuous concentration measurements (method one)
during the sedimentation process allow direct determination
of the gelling concentration of the overlying clay mixture.
For this purpose, a conductivity probe is located within the
consolidating layer. Probe 4 of experiment A10 is located
within this layer (Fig. 10). The granular material settles from
the mixture first, resulting in a concentration decrease in the
top four probes and concentration increase in the bottom six
probes. Probes where the sediment–water interface settles
below, measure zero concentration (clear water). The

concentration measured within the settling mixture start to
increase as the flocs settle on the granular bed. Initially, the
concentration increases rapidly (settling) after which this
increase reduces (consolidation). The transition between
the rapid concentration increase and the following reduction
is considered to be the gelling point. The corresponding
gelling concentrations measured with this method are shown
in Table 4 for the experiments in columns A, B, C, H, J and
K. Since the thickness of the clay-dominated layers in the
consolidation phase of the Yellow River columns is small,
only a few direct measurements of the gelling concentration
are available.

From our experiments, we have derived a mean gelling
concentration of 107±22 g/l using the first and 136±22 g/l
using the second method for Yangtze Estuary clay–water
mixtures. For Yellow River clay, only the former method is
applied for which we derived a gelling concentration of 81±
17 g/l.

5.3 Settling velocity

As explained in the introduction of this section, settling
velocities of both sediment fractions are measured. The first
time-derivative of the observed settling interface between t0

Table 4 Gelling concentrations in gramme per litre resulting from direct concentration measurement

Test number

Series 2 3 4 5 6 7 8 10 11 12

A Yangtze − − − − 95 85 115 136 120 140

B Yangtze − − − 94 122 93a − − − −

C Yangtze 71 80 127 a 119 − − − − − −

H Yellow − − − 74 45 a 78 − − − −

J Yellow − − − 90 101 − − − − −

K Yellow − 95 84 80b − − − − − −

a Clay suspension settled along interface during deposition of clay–water mixture
b Concentration in which segregation is prevented, measured in the settling phase (=minimal cgel). cgel Yangtze River clay=107±22 g/l. cgel Yellow
River clay=81±17 g/l

Table 5 Characteristics of ex-
periment in columns M and O;
initial concentration, effective
settling velocity, gelling concen-
tration, fractal dimension and
permeability parameter

Column+test no. co [kg/m
3] ws [mm/s] cgel [kg/m

3] nf [−] Kk [m/s]

O1 24 0.18 173 2.69 1.05e−15

O2 44 0.12 159 2.72 1.04e−15

O3 62 0.09 132 2.74 1.11e−15

O4 78 0.06 128 2.75 1.08e−15

O5 211 0.004 co>cgel 2.82 1.34e−13

M1 40 0.30 107 2.71 1.05e−15

M2 56 0.18 126 2.73 1.07e−15

M3 75 0.12 144 2.75 1.11e−15

M4 104 0.09 118 2.76 1.11e−15

M5 343 0.003 co>cgel 2.74 8.32e−13
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and t3 gives the effective settling velocities of the clay
mixture, whereas the first time-derivatives of between t0
and t1 computed isolutes (example in Fig. 6), give the
settling velocities of the granular fraction.

5.3.1 Hindered settling of clay–water mixtures

Figure 11 shows the effective settling velocities ws of the
visually observed interface of the overlying clay–water mix-
ture, as function of the measured mass concentration øs, for
Yangtze Estuary sediment (a) and Yellow River sediment (b).
The settling velocity decreases with increasing concentration,
indicating hindered settling effects. The overlying sediment–
water mixture is a clay-dominated mixture for which Dankers
(2006) relates the settling velocities to sediment concentration:

ws ¼ ws;0
1� fð Þm 1� fp

� �
1þ 2:5f

ð6Þ

Where ws is the effective settling velocity, ws,0 the settling
velocity of individual aggregates, øp is the volumetric concen-
tration of the primary particles, øp=c/ρs in which c is the mass
concentration and ρs the density of the sediment, and ø is the
volumetric concentration of the mud flocs (ø=c/cgel). At ø=1,
the sedimentation process changes from hindered settling into
consolidation. The parameter m is an empirical parameter,
which accounts for non-linear effects. When non-linearity is
taken into account, all effects generated by a particle settling in
a suspension are incorporated. Dankers (2006) concluded that
an m value of 2 in Eq. (6) to be a good estimate. Equation 6 is
valid in the hindered settling regime of mono-dispersed par-
ticles, and can therefore be applied when sand and silt particles

have already settled (i.e. after t2). This always holds for the
upper interface. Fitting of ws,0 and cgel in Eq. 6 with the
measured ws and ø, using m=2, result in gelling concentra-
tions of 240 and 133 g/l for the Yangtze Estuary and Yellow
River clay–water mixture with corresponding values for ws,0

of 0.26 and 0.40 mm/s, respectively; these values are much
larger than obtained above.

5.3.2 Hindered settling of granular material

Settling velocities as function of the measured mass con-
centration are determined by the slope of the isolutes for
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Yangtze Estuary sediment and Yellow River sediment
(Fig. 12). The connected points represent the measured
settling velocities within a single experiment. First, both
figures show increasing effective settling velocities with
concentration; the slope of the ws–c line is positive. With
further increasing concentration settling velocities reduce;
the slope of the ws–c line approaches 0 or even becomes
negative. This decrease in settling velocity with increasing
concentration indicates hindered settling effects. Both for
Yangtze Estuary and Yellow River sediment, the transition
from increasing to decreasing settling velocities occur at

mass concentration of approximately 150 - 200 g/l. It can
be seen that effective settling velocities in column H are
larger which is attributed to the relatively large size of the
individual particles (Fig. 7).

The regime in which particles settle can be derived
from the slope in the ws–c plots (Fig. 12). A positive
slope indicates descending diverging isolutes in the h–t
plane of the corresponding experiment (the example in
Fig. 6 shows diverging isolutes). In this regime the
settling velocity is a function of the particle size (Zanke
1997). The lower initial concentrations show the largest
settling velocities, as well as the largest range in settling
velocities. The highest fall velocities are measured ear-
lier in the sedimentation experiment (Fig. 6). We attri-
bute this observation to segregation; the largest particles
settle faster with higher velocities. From these observa-
tion we conclude that a positive slope in the h–t plane
represent normal settling (unhindered).

A transition from positive to negative slopes in the ws–c
plane is observed around concentration of 150–200 g/l in
columns A, B, J and K. In columns C and H, no clear
transitions are found. Zero (constant ws) or negative slopes
indicate parallel descending isolutes or descending converg-
ing isolutes in the h–t plane, respectively. For granular
material, the Richardson and Zaki (1954) expression for
reduced fall velocity is presented by:

ws ¼ ws;0 1� c=cbedð Þn ð7Þ

Where for cbed the volume concentration of immobile
sediment is used (1,600 kg/m3 based on the volume con-
centrations of the deposited beds in Fig. 7). The decrease in
ws with c (using three arbitrary values of ws,0 within the here
measured range and n=4; see Fig. 12) correspond with
observations above c≈150–200 g/l, indicating hindered set-
tling. From the d50 profiles in Fig. 7 we observed segrega-
tion in all granular layers confirming that within the
hindered settling regime, differential settling occurs based
on particle size. Particle sizes corresponding to the hindered
settling measurements in Fig. 12 are found to be in the order
of 30–70 μm.

5.4 Consolidation

Conductivity measurements in columns M and O failed
(explained in Section 3.3). However, particle size analysis
shows that vertical segregation did not occur in these col-
umns (Fig. 7). As a result of the relatively high clay con-
tents, a network structure of flocs is formed capturing
interstitial material. In such fully cohesive conditions, ma-
terial functions can be derived by applying existing consol-
idation theories following Merckelbach (2000), as will be
elaborated below.
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Due to their cohesive character, clay particles in suspen-
sion tend to form aggregates. Krone (1962) noted that clay
particles (primary particles) form flocs, which can join to
form floc aggregates. These floc aggregates (or flocculi) can
join to form larger aggregates, and so on (Merckelbach et al.
2002). This process can be mathematically described using
fractal dimensions. Assuming a bed built from fractal struc-
tures (deposited mud flocs); it is assumed that the bed
structure itself also exhibits fractal properties. Figure 7
shows little vertical segregation in columns M and O and a
homogeneous clay fraction exceeding 10 %. Therefore, the
mixture deposits as a composite mixture of which the
sediment behaviour is considered to be homogeneous.
Merckelbach (2000) studied the behaviour of consolidating
mud layers. From different stages of (hindered) settling and
consolidation physically founded equations for permeability
and effective stress are derived (material functions), which
solve the Gibson equation (Gibson et al. 1967). These equa-
tions are applicable when the behaviour of soft sediment is
dominated by clay, but the sediment may also contain small
fractions of silt and sand.

From plots of the sediment–water interface versus time on
double logarithmic scales (Fig. 13), the permeability parame-
ter (Kk) and the fractal dimension (nf) can be determined
(Merckelbach 2000). In both columns, the largest initial den-
sity was above the structural density, and hence in a consoli-
dating stage from t0. For these curves, consolidation
characteristics for the initial stage of consolidation (small
effective stresses) can be determined by fitting Eq. (8):

hðtÞ ¼ 2� n

1� n
"m

� �1�n
2�n

n� 2ð ÞKk
ρs � ρw

ρw

� � 1
2�n

t
1

2�n ð8Þ

For all other experiment material functions can be deter-
mined from the settling phase by fitting Eq. (9):

hðtÞ ¼ "m
fs;0

� fs;0
1�nKk

ρs � ρw
ρw

t ð9Þ

Where ζm is the Gibson height, øs,0 is the solid volume
fraction at t0, h is the height of the sediment–water interface,
and n=2/(3−nf). Effective settling velocities of the mixture
are determined by taking the first derivative from the initial
settling curves in Fig. 13. Gelling concentrations can be
determined on the basis of the mass balance of the settling
mixture and from average concentration above and below
the lower interface (Dankers 2006). All experimentally de-
rived parameters are shown in Table 5.

The consolidation characteristics obtained from fully cohe-
sive behaving sediment in columns M and O allow a compar-
ison with cohesive sediment from other sources. Earlier
consolidation experiments are described and analysed by,
e.g.Merckelbach et al. (2002) and Been (1980). These authors

studied the consolidation behaviour of mud layers without
sand. Merckelbach found Kk values of in the range 10−14 to
10−16m/s with fractal dimensions between 2.72 and 2.75.
Perfectly spherical flocs with no interstitial pore space would
have nf=3. When in suspension, the fractal dimension of mud
flocs is generally around nf≈2. Therefore, the fractal dimen-
sion in a consolidating is generally more close to 3. Results of
present fractal dimension computations (Table 5) show an
increase in fractal dimension with increasing initial concen-
tration, which was found by Merckelbach as well. Values
found for nf are in the same order of magnitude as was found
by Merckelbach whereas the values for Kk are one order of
magnitude larger (10−13 to 10−15m/s). This implies that for
Yangtze Estuary fresh clay deposits consolidate faster than the
Ems-Dollar sediment tested by Merckelbach.

5.5 Pore water pressure dissipation

In order to meet the one-dimensional volume balance equa-
tion of a settling sediment–water mixture, pore fluid has to
move in opposite direction as the sediment. When the per-
meability of a soil is sufficiently large, the excess pore water
pressure gradients are dissipated within the timescale of the
settling process. In columns A, C, H and J we measured
these pore water pressures. We observed that in the granular
layer, excess pore water pressure gradients (dpe/dz=0) are
negligible in contrast to the with depth linear increasing
gradients in the overlying clay-dominated mixture. A lower
limit for the permeability of the granular layer can be esti-
mated from the excess pore water pressure dissipation in the
initial stage after deposition following Darcy’s law:

pw ¼ ρgz ð10Þ

Where z is the depth in the column and pw is the hydrostatic
pore water pressure, which can be substituted by the excess
pore water pressure gradient pe when differentiated to time.
The volume balance required that the settling velocity of the
granular material equals the fluid velocity leading to:

dpw
dt

¼ ρg
dz

dt
S

dpe
dt

¼ �ρgu ð11Þ

Next, by integrating over the depth of the granular layer,
the fluid velocity can be determined:

u ¼ �
Zzgran

0

dpe
dt

þ 1

ρg

� �
dz ð12Þ

Pore water velocities are normalized with the thickness of
the corresponding granular layers (Fig. 14). The largest fluid
velocities are measured during the first 2 to 3 h of the
sedimentation experiments.
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The permeability of a soil is a measure for the rate at
which pore water pressure gradients can be dissipated. The
permeability of sand (order 10−5–10−4m/s) is generally
much larger than that of clayey soils (order 10−12–10−10

m/s) whereas the permeability of silts are found in-
between (Lambe and Whitman 1979). The computed fluid
velocities (Fig. 14) are an indication for the upper limit of
the permeability of the granular layer. The largest fluid
velocities are observed at the beginning of the test between
times t0 and t2. These velocities are generated by the dissi-
pation of excess pore water pressure in the last stage of
sedimentation of the granular material. The dissipation of
excess pore water pressure in the granular layer is arrested
by the overlying consolidating clay–water mixture. From
the material functions (permeability parameter Kk and the
fractal dimension in the bed nf) obtained by the fits on the
settling and consolidation curves (Fig. 13) the permeability

of Yangtze Estuary clay can be determined as function of the
solids contents (Merckelbach 2000):

kclay ¼ Kk
fms

1� fsas

� �� 2
3�nf ð13Þ

Where fms is the combined solid content of silt and clay
particles and fsas is a correction for the solid content of the sand
fraction. In addition, the permeability of the deposited silt layer
is determined by making use of a slightly modified Kozeny–
Carman Equation (10) (Carrier 2003). Here Ckc is a constant, μ
is the viscosity of the pore water and S is the specific surface
area of the sediment. In order to compute the specific surface
area of the granular layer in columns A, C, H and J, the average
grain size distribution of the granular layer is applied.

ksilt ¼ Ckc
g

μρ
1

ρs � ρwð Þ2
1

S2
1� fs

3

fs
2

� �
ð14Þ

The largest permeability of the granular beds is computed
for the sediment with the largest d50 (Table 3). The perme-
ability of the granular material varies only one order of
magnitude between loose and dense packing, whereas clay-
ey soils can vary up to 6–7 orders of magnitude within the
same øs range. The permeability of the Yangtze Estuary clay
mixture is smaller than the permeability of the Yangtze
Estuary silt (Fig. 15).

6 Discussion

6.1 Dynamics of solids

6.1.1 Consolidation

Density development in sediment deposits is a result of
consolidation and/or compaction. Consolidation is the
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process after deposition where pore water is driven out of
flocs and the space in between flocs. Strictly following this
definition, silt deposits cannot consolidate since silt does not
flocculate, and silt particles do not contain water. However,
the permeability of fine silt is low [103–104 orders of mag-
nitude lower than sand (Lambe and Whitman 1979)], and
therefore pore water is expelled more slowly from fine silt
deposits. Additionally, restructuring of the packing of gran-
ular material may also lead to a density increase in time. We
refer to these processes as pseudo-consolidation to differen-
tiate from the physical consolidation process in fully cohe-
sive sediment which is governed by outflow of pore water
only. Differentiating these mechanisms is difficult in non-
homogeneous sediment mixtures. Nonetheless, our results
show varying consolidation behaviour which can be attrib-
uted to varying sediment compositions.

The structural density or gelling concentration depends
on the type of network structure that is formed. According to
Van Ledden et al. (2004) a water–sediment mixture is dom-
inated by the clay–water matrix when the clay content
exceeds 5–10 %. We measured a large range of densities
for ρstruct and cgel (Fig. 9) in sediment which is indicated as
silt-dominated, based on the sediment fraction distribution.
An important observation is that for ysi>70 %, the porosity
(both in the field and in the settling columns) mostly
exceeds 60 %. Such high porosities indicate that the network
structure is dominated by a clay–water matrix, whereas
sediment fraction analyses would suggest a silt-dominated
skeleton. The high porosities we found are related to rela-
tively short consolidation periods. Even though the clay
content may be low (7 %<ycl<25 %), the permeability of
silt is so low that the porosity of the silt-water mixture only
slowly decreases. Potentially, the amount of silt is large
enough to form a silt-dominated network structure. In order
to reach a state where the silt particles form the skeleton,

more water has to be expelled from the pores of the clay
minerals.

In our settling columns, we measured density develop-
ment in layers with varying sediment composition in col-
umns A, B, C, H, J and K. Therefore, we distinguish
between layers based on the dominant sediment fraction.
We refer to sand dominated when ysa>67 % (shaded area A
in Fig. 1) and to clay dominated when ycl>10 % (areas II,
IV and V in Fig. 1). Both conditions are in analogy with Van
Ledden et al. (2004). For silt-dominated sediment we apply
two conditions: ycl<10 % and ysi>50–60 %, indicated by
area VI in Fig. 1. Results of density development within
these layers are shown in Table 6.

The density of sand-dominated sediment remains fairly
constant, whereas the density of the clay-dominated sediment
continuously increases. The silt-dominated sediment shows
small density increments, which already occur during the first
2–3 h of the experiment, which corresponds with the timeframe
in which the largest excess pore water pressures dissipate. In
columns H and J only small solid fraction increments (øs≈
0.005–0.01) are observed over the first 5 days. The in situ
porosities are generally smaller, which is attributed to a longer
consolidation period. For quartz particles with mean diameter
(dm) of 5.7 μm, Roberts et al. (1998) found a density increase
from 1,710 to 1,775 kg/m3 (≈ 4 % of a solid fraction increase
from 0.43 to 0.47) in 2.5 days, after which density development
rates reduced significantly.

We conclude that pseudo-consolidation occurs in natural
silt-dominated sediment in the form of pore water dissipa-
tion within the first 2–3 h after deposition. After that, con-
solidation rapidly slows down. The porosity variation in silt-
dominated sediment between in situ and laboratory meas-
urements deviate approximately 5 %. This indicates that
after the first 2–3 h consolidation only slowly continues.
During this secondary consolidation phase, either pore water
is being expelled from the interstitial clay flocs, or compac-
tion is significantly delayed by the low permeability of the
silt fraction. The small density increase indicates that little
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Table 6 Solid fraction increase in sand-, silt- and clay-dominated
layers with the corresponding timeframe

Column Sand dominated
ysa>70 %

Silt dominated ycl<
10 %, ysi>50 %

Clay dominated
ycl>10 %

Δøs Δt (h) Δøs Δt (h) Δøs Δt (h)

A − − 0.005 24 0.01 24

B − − 0.005 0.5 0.01 7

C 0 3.5 0.005 2.5 0.03 3.5

H 0 124 0.005 124 − −

J 0.002 166 0.01 166 0.06 166

K 0 47 0.01 1 0.02 47
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clay is present in the bed to influence consolidation and
sedimentation processes.

The behaviour of the overlying clay–water mixture follows
generally accepted theories on settling and consolidation for
cohesive sediment. A comparison between the overlying con-
solidation clay–water mixture and the underlying granular
layer between t3 and tend show the largest transition in consol-
idation behaviour around clay percentages of 8–10 % in
columns A, B, C, H and J. Maximum clay fractions at which
consolidation behaviour does not alter into cohesive consoli-
dation can be found between 5–10 %. In column M and O,
where consolidating is according to generally accepted cohe-
sive sediment consolidation theories, clay percentages of ap-
proximately 12 % are found. Therefore, we conclude that the
transition between cohesive and non-cohesive consolidation
can be related to clay percentages of around 10 % in the
Yangtze estuary and Yellow River sediments.

This implies that in dynamic environments (when sediment
is regularly resuspended), and where the sediment mixture is
silt-dominated (based on sediment fraction analysis) and clay
contents exceed 10 %, the network structure is dominated by
the clay–water matrix. A sharp increase in porosity is ob-
served both in the field and in settling columns when the clay
content exceeds 10–12%. Again, in situ porosities are smaller
(≈15%) than settling column porosities. For ycl<10%, in situ
porosities deviate only little (≈5 %) from the theoretical po-
rosity for those sediment fraction composition as defined in
the silt-dominated area of Fig. 1. Therefore, sediment below
this threshold can already be classified as a soil, whereas the
sediment above this threshold is still dominated by the clay–
water matrix, thereby defining the transition from cohesive to
non-cohesive behaviour. Therefore, we conclude that area V
in Fig. 1 may only be referred to as silt-dominated when fully
consolidated. In the non-cohesive silt-dominated area (VI) the
measured porosities (both in situ and laboratory) match the
theoretical porosities based on sediment fraction Van Ledden
et al. (2004) of silt-dominated sediment well for ycl<10 %,
although the porosity of recently deposited sediments are
somewhat smaller, which is attributed to a small consolidation
potential.

6.1.2 Gelling concentration

Four methods were used to compute the gelling concentra-
tion/structural density (Table 7). Dankers (2006) concluded
that direct measurement of cgel is the most reliable and that
the mass balance method overestimates cgel. Based on the
results in Table 7 we conclude that the Van Rijn formulation
(Eq. 5) overestimated cgel as well. The fit of Eq. 6 on the
measured ws–c data shows good agreement with the mea-
sured gelling concentration of Yellow River clay. This fit on
the Yangtze River data is in less good agreement with the
direct measurements, probably caused by a variation in

salinity in the Yangtze River columns (A, B and C). A
variation in salinity influences ws,0 in the settling stage of
the experiment through flocculation processes: flocs sizes
have a positive relation with salinity and the settling velocity
of a single floc increases with floc size.

Although the gelling concentration in the Yellow River is
lower than in the Yangtze River, using the direct measure-
ment, the gelling concentration in both rivers is fairly sim-
ilar. Apparent differences in measurement methodology are
close to physical differences between the Yangtze and the
Yellow River. Despite the different trajectories of the Yellow
and Yangtze River, the mineralogy of the clay minerals
show a remarkable resemblance [Table 8, based on Li et
al. (1984), Ren and Shi (1986), Shiming et al. (2008), Xu et
al. (2009), Yang et al. (2004)]. Even more surprising, is that
the Yellow River samples were taken in a fresh water
environment, whereas the Yangtze River sediment was sam-
pled in saline/brackish water. This is in line with Guo and
He (2011) who concluded from observations in the Yangtze
River that freshwater flocs are not necessarily smaller than
those found in saline environments. Above all, the largest
factor influencing the gelling concentration appears to be the
initial sediment concentration (Table 4). This is anticipated
since higher initial concentrations result in larger flocs on
which the gelling concentration depends. Dankers (2006)
uses a mean gelling concentration in order to overcome this
problem in modelling purposes.

6.1.3 Settling velocity

Two different settling regimes can be distinguished for the
granular material. At low concentrations (c<150–200 g/l)

Table 7 Gelling concentrations of Yangtze and Yellow River clay
determined with various methods

Method Yangtze Estuary clay Yellow River clay

Direct measurement 107±22 81±17

Mass balance 136±22 −

Fit Eq. 6 (Dankers 2006) 240, r=0.42 133, r=0.37

Computed with Eq. 5
(Van Rijn 2007)

178±51 184±25

Table 8 Mineral composition of Yangtze and Yellow River clay

Mineral Yangtze River, % Yellow River, %

Illite 66 64

Smectite 8 15

Kaolinite 12 9

Chlorite 14 12
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the settling velocities increase with particle size and sedi-
ment concentration, and the sediment segregates. For c>
150–200 g/l, particles settle in a hindered settling regime,
where ws decreases with increasing c and segregation is
smaller. The magnitude of the measured settling velocities
indicates that the material is not flocculated, which is sup-
ported by the magnitude of the gelling concentration; for
concentrations exceeding cgel settling velocities are still
larger than 1 mm/s indicating the material is not consolidat-
ing. The settling velocities can be modelled with a modified
Richardson–Zaki equation (Eq. 7) for hindered settling with
n=4 being characteristic for granular material (Fig. 12).

6.1.4 Clay–silt ratios

Merckelbach (2000) found in his consolidation experiments
that the sand fraction partially segregated from the clay and
silt fraction, but the clay–silt ratio remained more of less
constant at all levels above the base. He concluded that this
indicated that the silt particles are not part of the flocs
network structure, but merely act as space filling material.
In our experiments, the clay fraction is always increasing in
upward direction; since the clay fraction in the lower regions
of the columns is smaller than measured in the bulk sample,
clay is transported upwards by the return flow of depositing
coarser particles. This vertical transportation mechanism
reveals that in silt-rich environments clay and silt are not
always transported simultaneously, as indicated by Van
Ledden et al. (2004). In all columns, the clay content never
exceeds 9 % in the granular layer. In the silt-dominated
granular layer, the silt–clay ratio is approximately 9:1
whereas in clay-dominated layers the silt–clay ratio is
approximately 7:1. In the overlying clay-dominated mixture
the silt–clay ratio is approximately 4:1–5:1. Therefore, we
conclude that in these silt-rich environments silt is not only
transported while captured within flocculated clay aggregates,
but also as individual particles.

6.2 Dynamics of pore water

The largest dissipation rates of excess pore water pressure in
the granular sub-layer are measured during the first 2–3 h of
the sedimentation process. Figure 15 shows that the com-
puted permeabilities of the granular layer correspond with
the range of the measured pore water velocities. After these
first hours, the fluid velocity decreases but excess pore water
pressures are still present in the granular layer. Total dissi-
pation of these excess pressures is prevented by the overly-
ing consolidating clay-mixture. The gelling concentration of
Yangtze and Yellow River clay amount to about øs≈0.04–
0.05, which indicates that around this point, the permeability
of the overlying clay–water mixture is less than the perme-
ability of the granular layer. This observation is supported

by the excess pore water profiles; these increase linearly
with depth in the clay–water mixture, whereas they are
constant in the granular layer, indicating an absence of pore
water pressure gradients. At the granular interface, the ex-
cess pore water profiles connect and the excess pressure in
the granular layer equals the maximum pressure in the
bottom of the clay–water mixture. The dissipation rate of
excess pore water pressure is the largest in column H, which
also shows one of the largest segregation rates. Segregation
of sediment prevents mixing of fine and coarser particles,
and therefore pores and permeability are larger. For non-
segregating material, the spaces between the particles are
filled up to a larger extent with fine grains, reducing the
permeability. This is reflected in the Kozeny–Carman equa-
tion by S (the specific surface area) in the denominator.
Figure 15 shows that the permeability’s for columns A
(not segregated) and H (segregated) varies an order of
magnitude.

6.3 Implications

6.3.1 Yellow river

Unique morphodynamic processes such as hyper-
concentrated floods (HCF), mass erosion and mass deposi-
tion occur in the Yellow River as a result of the large amount
of fine grained sediment with large silt contents. The median
grain size of sediment from the loess plateau varies between
15 and 50 μm, with 10–20 % clay particles (Wan and Wang
1994). Most of the samples in our experiments have a
similar d50 and clay content. HCF’s can lead to a collapse
of the turbulent structure of the flow leading to high vertical
sediment concentration gradients. Due to this stratification,
near-bed sediment concentrations increase while near-bed
flow velocities decrease, resulting in rapid sediment depo-
sition (Van Maren et al. 2009b). During this stage, the bed
may rise for several meters (Wan and Wang 1994), which is
referred to as mass deposition. Our experiments showed that
during deposition at concentrations approximating HCF
concentrations, water remains captured in the silty bed.
After deposition, this pore water is expelled from the bed
within a timeframe of 2–3 h. Therefore, we conclude that
within the timescale of one flood, all excess pore water is
expelled from the silty sediment beds. In our experiment, the
overlying clay-dominated mixture arrests the dissipation of
pore water from the granular layer due to a difference in
permeability. Due to the dynamic environment in riverine
systems, such a layer will not be present and therefore it is
anticipated that excess pore water dissipation rates will
increase slightly. Within the timeframe of our experiments,
no significant consolidation was measured in silt-rich sedi-
ment beds. However, a comparison between in situ porosi-
ties and laboratory porosities on sediment from the same
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source shows that some consolidation (≈5 %) is still possi-
ble. The small consolidation rates are ascribed to the low
permeability of the silty soil.

Typical concentrations at the onset of HCF are found
to be 200–300 g/l. From our experiments we observed
that hindered settling of the silt fraction already occurs at
concentration around 150–200 g/l. Interestingly, a con-
centration of ~150 g/l is also the critical concentration in
the stability diagram developed for HCF in the Yellow
River (Van Maren et al. 2009a). At concentrations ex-
ceeding 150 g/l, the flow velocity required to hold sed-
iment in suspension decreases resulting in vertically
uniform sediment concentration profiles and rapid erosion
rates. Below these concentrations, both silty and granular
material settle under normal conditions, e.g. larger par-
ticles settle faster than the smaller ones resulting in
strong segregation. Within the hindered settling regime,
segregation of granular material is limited, and can even
be absent, resulting in a more evenly distributed PSD in
the deposited bed. This implies, following the Kozeny–
Carman permeability relating to the specific surface area,
that the permeability of the bed is homogenous.

6.3.2 Yangtze River

The high number of dams constructed in the Yangtze River
catchment area influence sediment properties in the down-
stream direction, both in discharge and size. Van Maren et
al. (2013) hypothesize that these reservoirs most strongly
influence the silt fraction because sand and silt is mostly
trapped within the reservoirs (and the clay fraction is flushed
through), while sand is resuspended from the downstream
river bed. A possible effect they anticipate is that the Yang-
tze River mouth may become depleted of silt. The results
obtained from present study gain insight to the impact of
such a removal of silt on the silt-dominated Yangtze Estuary
tidal flats.

Removal of silt from a clay–silt–sand mixture will lead to
relatively higher clay fractions, and therefore the clay content
will more easily exceed the critical 10 % (above which we
observed fully cohesive consolidation behaviour) on
Chongming’s northern tidal flats. This may have several con-
trasting impacts on erosion behaviour. First, the erosion rate of
cohesive sediment beds is typically larger than a non-cohesive
sediment bed (Mitchener and Torfs 1996; Panagiotopoulos et
al. 1997). At the same time, consolidation of the sand–mud
mixture will take longer, resulting in larger erosion rates of
poorly consolidated material. When sediment has time to
consolidate, a decrease in silt content may increase the resis-
tance to erosion, whereas the resistance to erosion may de-
crease when sediment has little time to consolidate. Obviously
the exact impact depends on the (spatially varying) mud
content, with the largest resistance of erosion occurring in

sand–mudmixtures with 30–50%mud (by weight) according
to Mitchener and Torfs (1996).

A removal of the silt fraction in the sand–silt-dominated
tidal flats southeast on Chongming Island will make the
sediment sandier, resulting in a higher d50 and structural
density. This implies that the sedimentation and consolida-
tion behaviour remains non-cohesive. However, for the
grain size range on these flats (d50=30 to 50 μm), Roberts
et al. (1998) demonstrated that the erosion threshold
decreases with increasing grain size. In this range of particle
size, the influence of bulk density on the erosion rate is
larger than the influence of particle size on the erosion rate.
Therefore, we expect that erosion rates on the south-eastern
mudflat of Chongming Island will decrease.

6.3.3 Modelling of sedimentation processes

The work presented here has several implications for numerical
modelling of sediment mixtures in general, but of silt-
dominated mixtures in particular. This concerns the settling
stage as well as the erosion stage. Multiple fractions settle at
different speeds in the free settling zone, as elaborated for
instance by Dankers (2006) and Manning et al. (2010). This
requires multiple settling velocities, with settling of the finest
fraction(s) preferentially done using a flocculation model [as
advocated byManning et al. (2010)] The cohesive behaviour of
Yellow River as well as Yangtze Estuary sediments observed
during our experiments suggest that flocculation is also impor-
tant in silt-dominated suspensions [including fluvial environ-
ments, thereby supporting recent observations by Guo and He
(2011) in the Yangtze River].

Our experiments have further shown that segregation
occurs at concentrations up to 200 g/l in silt-rich sediment
systems. Above this concentration, the various fractions
settle in a more uniform manner, which should be correctly
numerically implemented in numerical models describing
these conditions. The work presented here provides obser-
vations to improve numerical modelling of hindered settling
of sediment mixtures. But although an adequate description
of settling velocities is important for the settling phase, it
may be even more important for the subsequent erosion.
Multi-fraction multi-layer models become increasingly
more common (Geleynse et al. 2011; Le Hir et al. 2011;
Sanford 2008). In such models, erosion of sediment layers
may be strongly influenced by armouring effects resulting
from deposition of poorly erodible material, and hence,
correct simulation of individual settling (allowing formation
of armouring layers) or mass settling is essential (especially
if sand–mud interactions are accounted for).

Concentrations around 200 g/l are generally very high for
natural conditions. Such conditions are typical for fluid mud
and for the hyperconcentrated floods briefly described ear-
lier. Fluid mud often forms in ports or low-energy areas
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where erosion of fluid mud deposits is generally not an issue.
However, erosion of sediment deposited during hyperconcen-
trated floods is essential for the morphodynamics of some silt-
dominated rivers [with the Yellow River as the best example,
see e.g. van Maren et al. (2009a; 2009b)]. The experiments
described in this paper are essential to improving our quantita-
tive description of erosion–sedimentation mechanisms in such
silt-dominated systems.

7 Conclusions

Sedimentation experiments with silt-rich sediment from the
Yellow River and Yangtze Estuary have been carried out in
specially designed settling columns. These columns contain
a series of vertically equidistantly placed conductivity
probes and pore water outlets, in order to continuously
measure vertical density profiles and time series of excess
pore water pressures. This setup allows studying the phys-
ical processes of sedimentation in silt-rich sediment. Present
setup allows determining material properties in two ways;
structural densities, gelling concentrations and permeabil-
ities are measured directly. Settling velocities, gelling con-
centrations, consolidation rates, fractal dimensions and
permeability parameters are measured by applying know
sedimentation theory from literature to the direct measured
properties. Owing to the high flexibility and accuracy, we
conclude that this setup is suitable for studying sedimenta-
tion mechanisms.

Our laboratory experiments on silt-rich sediment, in com-
bination with fieldwork in silt-rich environments, show
some general trends with respect to the effect of silt on
sedimentation processes. The most important findings of
the present study can be summarized in the following
conclusions:

& We conclude that silt-rich sediment settles in an analo-
gous manner as sandy material for concentration below
150 g/l; differential settling velocities lead to segrega-
tion. Between 150–200 g/l the settling regime alters into
hindered settling. Now, segregation rates reduce or even
vanish. Grain sizes of this material are in the range
between 30 and 70 μm.

& Segregation in silt-rich sediment systems is strongly
dependent on the clay percentage and the initial concen-
tration. In order to form a space filling clay–water mix-
ture, the initial concentration of the clay fraction has to
be close to the gelling point. For clay percentages above
10 % and small sand percentages (<5 %) the clay–water
mixture is strong enough to capture interstitial material.
Only 1–2 % smaller clay percentages lead to segregation
of silt and sand from the clay–water matrix. For ycl>
10 % the material shows fully cohesive consolidation

behaviour. For ycl<10 % and ysi>50 % sediment
shows weak cohesive behaviour due to the low
permeability of the silt fraction. For ysa>70 % no
consolidation occurs. Therefore, we conclude that
the transition between cohesive and non-cohesive
consolidation behaviour in silt-rich sediment occurs
at a threshold in the clay content of about 10 %,
which is in analogy with the threshold for cohesive
and non-cohesive erosion behaviour.
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