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Preface

Sediment Transport Research – Further Recent Advances is a book that covers a wide 
range of topics. The effective management of many aquatic environments requires 
a detailed understanding of sediment transport and dynamics. This has both envi-
ronmental and economic implications, especially where there is any anthropogenic 
involvement. Numerical models are often the tool used for predicting the transport 
and fate of sediment movement in these situations, as they can estimate the vari-
ous spatial and temporal fluxes. However, the physical sedimentary processes can 
vary quite considerably depending upon whether the local sediments are fully 
cohesive, noncohesive, or a mixture of both types. For this reason, for more than 
half a century, scientists, engineers, hydrologists, and mathematicians have all been 
continuing to conduct research into the many aspects which influence sediment 
transport. These issues range from processes such as scour, erosion, and deposition 
to how sediment process observations can be applied in sediment transport model-
ing frameworks. This book draws on international scientific research to examine 
the following sediment transport–related issues: sand nourishment, mud dynamics, 
computational fluid dynamics (CFD), beach morphology, anthropogenic activi-
ties, soil erosion, dredging, flocculation processes, and water quality aspects. The 
research was carried out by researchers who specialize in the transport of sediments 
and related issues.

It is a great pleasure to write the preface to this book published by IntechOpen. It 
comprises eight chapters written by a truly international group of research scientists 
who specialize in areas such as sediment properties and characteristics, geomorphol-
ogy, water quality, rheology, sedimentary related legislation, particle dynamics, and 
numerical modeling. The majority of the chapters are concerned with sediment trans-
port–related issues in estuarial, coastal, or freshwater environments. For example, 
they present an assessment of suspended sediment dynamics during sand nourish-
ments and storm events; and the impact of salt on cohesive sediment transport. 
Other contributions in this book include physics–biology links in mud dynamics, soil 
erosion and losses, turbulent flow assessments, relating beach morphology to waves 
and ground subsidence, power technology, and linking anthropogenic activities to 
sediment accumulation rates. Authors are responsible for their views and subsequent 
concluding statements.

In summary, this book provides an excellent source of information on recent 
research on sediment transport, particularly from an interdisciplinary perspective. 
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Chapter 1

Impact of Salt on Cohesive 
Sediment Transport
Soukaina Benaich and Judy Q. Yang

Abstract

The erosion and transport of cohesive sediment are more difficult to study than 
non-cohesive sediment, largely because these processes vary with the salt in the 
water. Clay minerals are the major components that contribute to the cohesiveness of 
cohesive sediment because they have significantly larger surface charges and surface 
area-to-volume ratio than non-cohesive sediment. The electrochemically active clay 
surfaces can adsorb ions on their surfaces, form an electrical double layer, and cause 
clay particles to aggregate or form a gel. In this chapter, we first discuss the properties 
of clay minerals, including the structure of clay primary particles, their surface charge 
and area, and their interaction with ions in water. The surface charges and surface 
areas of clay are several orders of magnitude larger than non-cohesive sand, thus pre-
disposing it to interactions with salt in aqueous environments. Second, we summarize 
studies that reveal the role of salts, specifically salinity and sodium absorption ratio 
(SAR), on sediment aggregation, stability, and settling speed. An increase in salinity 
from 0.15 to 1.5 ppt has been shown to increase the erosion threshold of smectite clay 
by more than 10 times. These findings underscore the crucial role of salt in shaping 
cohesive sediment transport.

Keywords: cohesive sediment, clay, mud, transport, salinity, ions, salt, sodium 
adsorption ratio

1.  Introduction

A fundamental understanding of sediment transport and the effects of salts is 
essential for managing water resources, protecting habitats, and addressing concerns. 
Clay minerals, widely present in cohesive sediment, can interact with salts and sedi-
ment movement. In the following section, we summarize the characteristics of clay 
minerals including their classification, particle size distribution, surface area, and 
surface charges. These characteristics dictate how clay particles aggregate and interact 
with ions in water. We then explore the formation and significance of the electrical 
double layer (EDL) surrounding clay particles. We discuss the role of EDL in particle 
aggregation, dispersion, and transport. In the third section, we delve into studies that 
investigate how salinity influences sediment transport processes. We analyze how 
variations in salt concentrations affect factors like coagulation processes, stability 
levels of sediments, particle size distributions, and settling rates of clay aggregates. In 
Section 4, we examine the effects of sodium adsorption ratio (SAR) and sodicity on 

XIV
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erodibility to underscore their significance in soil erosion processes across soil types. 
In Section 5, we delve into research elucidating the correlation between salt content 
and the gelatinous status of smectite clay, providing insight into the influence of 
salt quantity on clay erosion thresholds. Finally, we present viewpoints on how salt 
interacts with clay minerals and impacts sediment transport in aquatic environments.

2.  Clay minerals

2.1  The properties and classifications of clay minerals

Cohesive sediment is ubiquitous in aquatic ecosystems, and clay is a major 
component of cohesive sediment [1]. In many fields such as geomorphology, clay is 
defined as fine sediment particles less than 2 microns [2]. Many of these micron-size 
clay particles, obtained by sieving the soils and sediment collected from the field, are 
made up of thousands to millions of nanometer-size clay primary particles, which are 
aluminosilicates that have layered structures. Clay minerals are a major contributor 
to the cohesiveness of sediment aggregates due to their large surface-area-to-volume 
ratio and large surface charges. Many clay minerals, such as kaolinite and smectite, 
consist of SiO4 tetrahedral and AlO4 octahedral structures, and they can be classified 
into two types based on how the tetrahedral and octahedral sheets are arranged, as 
shown in Figure 1. The first type is called the 1:1-layer type or silicate clay, which 
consists of one tetrahedral sheet bonded to one octahedral sheet through hydrogen 
bonds. This type of clay has a typical particle size of less than 10 μm, and a surface 
charge ranging from 0.5 to 9 × 104 m2 kg−1. An example of this type is kaolinite. The 
second type is known as the 2:1 layer type or smectite clay and it includes one octa-
hedral sheet positioned between two tetrahedral sheets. Both illite and smectite clay 
have a 2:1 layer structure. The mean thickness of the smectite primary particle is on 
the order of 1 nm [3]. The structure of montmorillonite, a common smectite clay, is 
shown in Figure 1. The total surface area of smectite is about 700 m2 g−1.

In general, clay minerals can be further classified into five groups based on cation 
substitutions occurring within their layers. These groups include kaolinite (chemical 
composition: Al2Si2O5(OH)4), illite (Mx[Si6.8Al1.2] Al3Fe0.25Mg0.75O20(OH)4), vermicu-
lite Mx[Si7Al] Al3Fe0.5Mg0.5O20(OH)4, smectite (Mx[Si8]Al3.2Fe0.2Mg0.6O20(OH)4), 

Figure 1. 
Schematic diagrams of kaolinite and montmorillonite, which represent 1:1 and 2:1 clay types. Their sizes are 
indicated in the figure.
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and chlorite ((Al(OH)2.55)4 [Si6.8Al1.2] Al3.4Mg0.6O20(OH)). Each group has different 
characteristics and plays an important role in geological and environmental processes 
[4]. In this article, we focus on discussing kaolinite and smectite because they are the 
two most common clay and represent the 1:1 and 2:1 clay types.

2.2  The size distribution of clay primary particles

Most of the clay minerals are nano- to micro-size particles. For example, the 
lengths of kaolinite particles have three peaks, located at 0.075, 0.3, and 1.2 μm [5]. 
The smallest peak, which makes up 10–15% of the particles may indicate the thick-
ness of kaolinite particles. The other two peaks correspond to the dimensions of the 
kaolinite’s basal plane resulting in aspect ratios of 16 and 4, respectively [5]. The other 
two dimensions of smectite clay have been shown to range from 100 to 200 nm [4]. 
Ca2+ montmorillonite, a typical smectite clay, demonstrates two particle sizes reach-
ing their peak at 0.6 and 1.5 μm while Na+ montmorillonite shows a single prominent 
particle size with the highest occurrence, at 1.5 μm. These distributions provide 
information about the size features of montmorillonite [5].

2.3  Surface area and charges

Clay aggregates have extensive internal surface area because they consist of layers 
of clay primary particles. These layers of some clays such as kaolinite and montmoril-
lonite are structured like a book, leading to significantly more internal surface area. 
For example, the surface area of kaolinite ranges from 169 to 170 m2/g [6], which is 
about three orders of magnitude larger than the surface area of non-cohesive sand of a 
similar weight.

The surfaces of many clay minerals are mostly electronegatively charged. However, 
this might change depending on the chemical composition and pH of the surrounding 
solution. Specifically, the clay surface attracts thousands of cations like Na+, H+, and Ca2+, 
which induces an ionic double-layer [7]. The electric charge, on pristine kaolinite clay 
nanoparticles measured through electrostatic force microscopy (EFM) is around 25 nC/
cm2 [8]. Estimation of the surface charge of clay is difficult because the clay can exchange 
cations with the solution and change its surface charge. For example, the surface 
charges of kaolinite are pH-dependent––its surface charge ranges from 2.9 × 10−14 to 
6.4 × 10−15 nC/cm2 for pH between 4 and 6 and becomes negative (−4.5 × 10–14 nC/cm2) at 
pH = 9 [9]. Due to these large surface charges, clay can adsorb abundant cations on their 
surfaces and exchange abundant cations with the surrounding solution. The interactions 
between clay and cations are linked with the cation exchange capacity (CEC) of soils.

The interactions between clay and cations also depend on the type of cations 
because the interactions between clay minerals and multivalent cations are different 
from their interactions with monovalent cations. Multivalent cations can bridge two 
negatively surfaces charged surfaces. For example, a calcium cation with two posi-
tive charges can bind to a negatively charged clay particle on one side and capture 
another negatively charged clay particle on the other side, causing these clay particles 
to aggregate [10]. Bridging clay particles is a key mechanism behind the flocculation 
phenomenon [11]. Clay’s retention and aggregation have been consistently shown to 
increase in the presence of divalent or multivalent ions [11]. In contrast, monovalent 
ions enhance the dispersion and spread of clay. Due to the complex interactions 
between clay and ions, the aggregation and transport of cohesive clay are expected to 
be largely impacted by the amount and type of ions in water [11].
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2.4  Electric double-layer

When the particle is negatively charged, it attracts positive cations from the solu-
tion. This layer of cations is tightly bound to the surface and such layer is called the 
Stern layer, as shown in Figure 2. The cations in the Stern layer further attract anions 
in the solution that are less strictly adhered to the clay. This layer of anions is called 
the diffuse layer. The surface charge, Stern layer, and diffuse layer constitute the 
electric double-layer (EDL) [12]. EDL plays a critical role in the electrostatic stabiliza-
tion of colloids and is fundamental for colloid stability and transport [13].

The interactions between EDLs play a critical role in particle aggregation and disper-
sion, and as a result, the factors that impact EDL will impact particle aggregation, disper-
sion, and transport. The surface potential of clay and the disjoining pressure among clay 
are two commonly used parameters that characterize the electric potential on the surface 
of a particle and the electrical interactions among two clay particles. Both parameters 
are related to EDL and are impacted by many factors including clay surface charge, the 
distance between clay particles, the polarization of water, and the ions in the solution. 
Surface potential is influenced by the surface charge and the separation between surfaces 
when EDLs overlap. In addition, according to the Poisson-Boltzmann theory, the polar-
ization of water molecules and counterions influences how ions/water interact with the 
soil particle surface and can cause a reduction in surface potential. The midpoint poten-
tial between colloidal particles decreases with increased ion polarization [14].

Furthermore, the electrostatic part of disjoining pressure is linked to the interac-
tions of the layer (EDL). Water molecule and counterion polarization impact the 
relationships between ions/water and soil particle surfaces, which impact the disjoin-
ing pressure. Water molecule polarization enhances pressure among soil particles 
whereas counterion polarization diminishes it. The interactions within the EDL 
affected by water and counterion polarization have a significant impact on how soil 
colloidal particles come together or separate and their transport [14]. Furthermore, 
the EDL is impacted by the types of ions in water. Divalent ions have been found to 
decrease the double-layer thickness, which could lower the colloid surface potential 

Figure 2. 
Schematic diagram of the electrical double layer surrounding a negatively charged clay particle. The size is  
not to scale.
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and impact colloidal transport. Knowledge of the impact of ions on EDL and clay 
disjoining pressure could be used to improve understanding of the role of salt on 
clay aggregation, dispersion, and transport. However, current knowledge of the EDL 
of clay and the nano- to microscale clay interactions remains incomplete, making it 
difficult to understand how salt impacts clay aggregation, dispersion, and macroscale 
transport. In the next sections, we present studies demonstrating how salt impacts 
clay and cohesive sediment transport at the macroscale.

3.  Salinity and sediment transport

Salts have been shown to impact the transport of cohesive sediment at the mac-
roscale (centimeter to meter scale). Such impact can be attributed to the large surface 
charge and area of clay and its ability to adsorb cations and form an EDL, as described 
above. In this section, we summarize papers that discuss how salinity impacts 
cohesive sediment transport. Salinity (g/L) is a key parameter that represents the 
total mass of dissolved salt in a liter of water. Salinity has been shown to impact the 
coagulation and stability of clay Edzwarld et al. [15], the growth rate and shape of  
the aggregates, and settling velocity [16], as discussed below.

First, Edzwarld et al. [15] studied the connection between ionic strength and the 
coagulation of suspended clay minerals through laboratory experiments and field 
investigation. For laboratory experiments, they mixed three types of clay minerals 
(kaolinite, illite, and montmorillonite) with buffer solution at ionic strength ranging 
from 0.03 to 0.3 M. Afterward, they placed the solution in a reactor with a stirring 
shaft that generates controlled shear and measured the number of particles under 
shear using microscopic counting as a function of flocculation time. Their study 
shows that the number of particles decreases with increasing flocculation time, 
which is on the order of 10 minutes. They further show that the number of particles 
decreases faster with increasing ionic strength, suggesting that an increase in ionic 
strength increases the flocculation of these three types of clay. From their number 
of particles versus the time curve, they determined the stability factor based on a 
mathematical model developed by Smoluchowski [17]. Specifically, Smoluchowski 
[17] described the aggregation of particles due to the movement of the fluid.

 
Gndn

dt
4−

=
Φα
π

  (1)

Here, n is the concentration of particles at time t, α is the stability factor, φ   
is the volume of colloidal particles per unit volume of suspension, and G is the  
root mean square velocity gradient. This equation demonstrates that the aggregation 
of clay particles is controlled by the shear as well as the stability of the factor, .α  
Edzwarld et al. [15] estimated α  based on the measured n versus t curve for these 
three types of clay mixed with a solution at various salinity, and their laboratory 
experiments show that α  increased by 2–4 times for all three clays when the ionic 
strength increased from 0.05 to 0.3 M. They further show that this trend held across 
solution compositions whether it was buffered NaCl solutions or synthetic estuarine 
solutions. This finding emphasizes an influential connection between ion concentra-
tion and the rate of coagulation.

In addition to laboratory experiments, Edzwarld et al. [15] collected sediment 
samples from the Pamlico River Estuary, which has a salinity ranging from 0.5 ppt in 
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Washington to 16 ppt at the mouth of the river. Afterward, they determined the type 
of clay minerals in the sediment samples using X-ray diffraction analysis. They also 
measured the number of particles in a reactor with a stirring shaft, from which they 
estimated the stability value α. Their results show that the stability factor of the field 
clay samples increased by 2–4 when salinity increased from 0.04 to 0.3 M. This result 
further confirms that salinity plays a critical role in clay coagulation.

In addition to coagulation and stability factors, salinity has been found to impact 
the size and shape of clay colloids as well as how fast they deposit. Abolfazli and 
Strom [16] conducted laboratory experiments to investigate how changes in salinity 
impact the aggregation of three types of clay: kaolinite, natural mud, and natural mud 
without organic matter (treated with sodium hypochlorite). The experiments were 
conducted in a 13-L mixing chamber, and turbulence was generated by a stirrer motor 
connected to a paddle, which allowed for adjustment of the mixing rate and turbulent 
shear rate (G) within the chamber. The mixing chamber had a camera system inte-
grated into its setup to measure the size of particles or flocs. This system consisted of 
an LED source placed inside the tank and an external camera that captured images 
of particles passing through the opening created by the light source and tank wall. 
The camera system is capable of capturing flocs ranging from 5 to 1500 μm in size. 
The sizes of these particles or flocs were determined by extracting their projected 

two-dimensional area ( fA ) using the formula 
π

=
4 fA

df  where fd  represents the 

diameter or size. To generate size distributions based on both volume and size statis-
tics like 50d  (which represents the floc size by volume) the identified particles were 
categorized into log-sized bins. Abolfazli and Strom [16] measured 50d  at various ionic 
strength and shear rates. In addition, they calculated the growth rate of the flocs as 
the changes in 50d  during a short period ( tD ) after a stepwise decrease in turbulent 
shear rate. Based on the size and growth rate measurements, they found that for mud 
with and without organic matter, an increase of salinity by 1–3 ppt can decrease the 
number of non-flocculated particles and increase floc size. Their study indicates a 
strong interaction between organic matter and salt, which needs further investigation.

In addition to the flocculation stability, salinity has been shown to impact the size 
and speed at which sediment particles settle, key parameters that control suspended 
sediment transport [18]. In this study, cohesive-suspended sediment was sampled 
from the Severn Estuary, high shear was first applied to break down these sediments, 
and then low shear was applied to suspend the particles for two hours. Afterward, the 
distribution of particle sizes and the settling velocity of the particles were measured 
using particle image velocimetry and image processing techniques. The results showed 
that sediment particles tend to clump when there is a higher concentration of sedi-
ment, but this change in the size of the flocs is not affected by changes in salinity levels. 
The speed at which particles settled ranged from 0.2 to 1.2 mm/s and was influenced by 
both the concentration of suspended sediment and salinity levels. The study discov-
ered that in saltwater when sediment concentration is higher, the proportion of larger 
flocs increases. However, at lower salinity levels (<2.5 ppt), this proportion decreases 
by 7%. When salinity is low (2.5 ppt), the settling velocity increases with increasing 
suspended sediment concentration. However, at higher salinity levels (20 ppt), the floc 
settling velocity decreases with increasing suspended sediment concentration. The 
research suggests that salinity plays a key role in the setting of suspended sediment.

Krahl et al. [18] conducted a study to explore the role of salinity and extracellular 
polymeric substances (EPS) on the settling behavior of smectite clay, Wyoming 
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bentonite. The main goal was to determine the coagulation concentration (CCC) 
needed for bentonite to start forming flocs in saline water. The researchers used the 
following three setups: differential settling experiments to measure CCC, settling time 
standard hydrograph analysis to study grain size distribution, and jar test experiments 
to compare floc size and settling behavior of bentonite with and without xanthan gum 
(a substitute for EPS). Sodium chloride was used to adjust the salinity and simulate 
neutral pH conditions in riverine waters. The findings indicated that even a small 
amount of salinity causes aggregation. For aggregates with a size of 184.8 μm, a set-
tling speed of 2.0 mm/s was measured. When EPS was added to bentonite in saltwater, 
the aggregate sizes increased and settled faster than those without it. They further 
suggest that salinity is the trigger of flocculation, while EPS can further increase 
aggregate size. These findings further highlight the importance of salinity in influenc-
ing how particles clump together and the settling of these particles, as well as the 
complicated interactions among organic matter and salts. Investigations of the interac-
tions between organic matter, salt, and clay minerals are needed yet currently lacking.

4.  Sodium-adsorption ration and sodicity

In addition to salinity, the sodium absorption ratio (SAR), which is the amount of 
sodium Na relative to calcium (Ca) and magnesium (Mg) in water extract from satu-
rated soil, plays a significant role in sediment erodibility, yet its role has been under-
researched [1]. Soils with high SAR cause the clay to have higher water absorption and 
high porosity, which could lead to high erodibility. Parwada et al. [19] investigated 
how various physical and chemical factors affect the erosion rate of soils, including 
the SAR. They prepared clay samples with varying compositions of pore fluids. These 
samples were compressed into tubes and allowed to expand before being tested in 
a rotating cylinder apparatus. Then they placed the samples in a rotating cylindri-
cal device and measured the erosion rate under different shear stresses. The results 
suggest that the types of cations, for example, monovalent versus multivalent, have a 
noticeable impact on sediment erodibility, yet such impact remains to be quantified.

Sodicity, defined as high sodium ion concentration compared to other cations in 
soil, has been used to characterize the impact of sodium on soil erosion. When soil 
structure starts to get impacted because of high sodium concentration, we call it sodic 
soil. Parwada et al. [19] collected soil samples from the Ntabelanga area in Eastern Cape 
province, South Africa, and analyzed the SAR, clay dispersion ratio, and other analyses 
to reveal a correlation ratio with land loss. The study found that clay presence contrib-
utes to soil stability, soils with more sand or silt tend to be more erodible. Soil sodicity, 
on the other hand, was measured by exchangeable sodium percentage (ESP) and SAR 
parameters, indicating that it can have an impact on soil erosion. However, in the 
Ntabelanga area, the sodicity level was low, and it was not the main cause of soil erosion, 
compared with other factors such as the soil organic carbon content. Such observations 
further highlight the importance of organic-salt interactions in clay erodibility.

Knowledge about the role of salts on erosion is particularly important for coun-
tries like Australia, where the salinization of water and land is significant and has 
been shown to cause land loss. It has been estimated that about 5.7 million hectares 
of soil in Australia are at stake and up to 20,000 km of streams are estimated to be 
affected 17 years from now [20]. Previous studies have linked high sodium levels with 
increased erosion and sediment transport, yet little evidence exists to support the 
relationship between sodicity and soil erodibility [20]. Ghadiri et al. [20] conducted 
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a study that compared two soils with different characteristics, one with and another 
one without sodium. The research investigates the effects of soil salinity and sodicity, 
on soil erodibility, sediment transportation, and water quality downstream. Through 
measurements of erosion in simulated rainfall conditions on two soils in Queensland, 
it was observed that sediment loss increased when the soil was treated with sodium. 
These observations suggest that higher sodicity can lead to a weakening of soil aggre-
gates and that the type of ions plays a critical role in sediment and soil erosion.

Like sodicity, Singer et al. [21] investigated the effects of Exchangeable Sodium 
Percentage (ESP) on soil erodibility in the Colusa Basin drain. They conducted three 
experiments using a rainfall simulator in their laboratory. The experiments involved 
eroding samples of soil types, such as Colusa silt loam, Pescadero, Sacramento A 
horizons, Contra Costa silty clay loam, and Hillgate loam. To measure ESP, Singer et al. 
experimented using soil samples, prepared soil batches, and applied leaching solutions 
with varying ratios of NaCl and CaCl2. These solutions were then used to wash moist-
ened soil samples weighing 1100 grams each. After leaching the amount of sodium was 
determined, in the soil. For Hillgate soil, the values were 16, 42, 69, and 80%. For Contra 
soil, the values were 19, 42, 75, and 81%. To remove salts from the samples a solution 
containing 95% ETOH was used, which was confirmed by conducting an AgNO3 test on 
the leachates. The actual ESP was determined by displacing sodium, with NH4 acetate. 
To ensure uniformity in the effect of leaching solutions divalent cations were first 
removed using Na acetate before leaching the soil using solutions that contain Ca and 
Na ions. Soil loss, soil detachment, and runoff volume were measured to assess how ESP 
influences soil erodibility. They first observed that lower ESP values (4) in Colusa silt 
loam resulted in a reduction of 20–24% in soil loss compared to high ESP values (54 and 
73) [21]. These results highlight the impact of exchangeable ions on soil erosion.

Carlin et al. [22] conducted a field investigation in the Gulf of Mexico to examine 
the salt wedge’s movement and the sediment’s transport from the Brazos River to the 
Gulf of Mexico. A salt wedge is a layer of salt or seawater below fresh water. They 
measured salinity and turbidity and collected bottom topography and seismic data to 
investigate how a salt wedge interacts with suspended sediment in the Brazos River. To 
profile the water column, CTD (conductivity, temperature, and depth) and OBS (opti-
cal backscatter sensors) probes were deployed to measure the salinity and suspended 
sediment concentration during research expeditions in 2007, 2010, and 2012. The con-
centration profiles measured by OBS both longitudinally and vertically were analyzed 
to create a model representing sediment concentration across the river section. A mass 
balance analysis was carried out to estimate changes in transport from loads to the Gulf 
of Mexico. Their results show that the salt wedge modulates the transport of suspended 
sediment. Specifically, they show that when river discharge is low, it results in a salt 
wedge that captures sediment and creates a decimeter-thick mud layer. These field 
investigations further emphasize the important role of salt in modulating the transport 
of cohesive sediment, especially in estuaries where freshwater and saltwater meet.

5.  Salinity and clay gelatinous status

San Juan et al. [23] investigate how salinity impacts the erosion threshold and 
microstructures of smectite clay. The study examined the erosion threshold of clay 
using an oscillating-grid tank having an oscillating grid moving up and down to gener-
ate a range of shear stress and turbulent kinetic energy. They tracked the movement of 
a synthetic smectite clay, laponite, using a laser sheet and a digital camera. In addition, 
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they directly measured the shear stress and turbulent kinetic energy using particle 
image velocimetry. They gradually increased the shear and identified the critical shear 
stress to erode the clay. The experiments were repeated at seven water salinities ranging 
from 0.1 to 10 ppt, as well as two different consolidation states. In addition to erosion 
measurements, they measured the yield stress of the clay samples using a rheometer.

Furthermore, they imaged the microstructure of the clay under various salinities 
using a confocal laser scanning microscope. The study discovered that the ero-
sion threshold of the smectite clay increased by more than 10 times as the salinity 
increased from 0.15 to 1.5 ppt. However, when the salinity was higher than 1.5 ppt, 
the changes in erosion threshold with increasing salinity were not significant. They 
further show that the change in the dependency of erosion threshold on salinity 
coincided with a transformation in the microstructures of the clay. Specifically, at 
a salinity of less than 1.5 ppt, the clay is from a gel, and as such to erode the gel, the 
internal bonds of the gel must be broken down. They anticipate that the internal 
strength of the gelatinous clay network increases with increasing salinity, which is 
why the erosion threshold increases with increasing salinity. At salinity larger than 
1.5 ppt, the clay becomes isolated aggregates. The erosion of these aggregates does not 
require the internal bonds of the gelatinous network to be broken down, which is why 
salinity plays a less important role in controlling the erosion threshold. Our recent 
study also shows that bentonite clay forms a gel at low salinity and becomes liquid-like 
at high salinity, as shown in Figure 2. They further show that given time to consoli-
date the erosion threshold of the clay doubled due to alterations in its microstructures. 
However, the impact of consolidation was much smaller than the impact of salinity. 
These findings emphasize the crucial role of salinity in controlling clay microstruc-
tures, rheological properties, and the onset of erosion (Figure 3, [23]).

6.  Discussion

The studies outlined above offer valuable insights into the aggregation, settling, 
and erosion behaviors of cohesive sediment-containing clay under diverse salt con-
ditions. However, quantitative predictive models for cohesive sediment transport 
remain lacking, especially under varying salt conditions. Most of the present studies 
do not control the mineral composition and the clay content in the sediment, making 
it difficult to develop quantitative measures of the role of clay on cohesive sediment 
transport. Moreover, cohesive clay often harbors significant amounts of organic matter 

Figure 3. 
Pictures of bentonite samples prepared at salinity 0 ppt (a) and 35 ppt (b). The sample was tilted by 30 ° to 
illustrate the gel or liquid states.



Sediment Transport Research – Further Recent Advances

10

and biological components, further complicating predictions of cohesive sediment 
transport. Therefore, additional research is needed to comprehensively understand how 
factors, such as clay content, mineral composition, and organic and biological constitu-
ents interact to influence cohesive sediment transport under varying salt conditions.

7.  Conclusions

This chapter reviews the connection between salt and the movement of cohesive 
sediment with a focus on clay minerals. First, we discuss the characteristics of clay 
minerals including their classifications, size distribution, surface area, charges, and 
EDL. Compared with non-cohesive sand, the large surface area and surface charge of 
clay minerals contribute to their cohesiveness. The interactions between clay minerals 
and salt contribute to the dependency of clay and cohesive sediment transport on salt. 
We also delve into the formation of the layer EDL around clay particles and how this 
layer influences particle aggregation and dispersion.

In addition to clay minerals, we review studies that explore how salinity affects the 
transport of sediment. Specifically, we discussed how salinity influences the coagula-
tion, stability, size variations, and settling speed of clay aggregates. Furthermore, 
we discuss how the SAR and sodicity impact sediment erodibility. These studies 
emphasize the role of ions such as sodium in regulating soil erodibility across soil 
types. Furthermore, we discussed a paper that investigated the influence of salinity 
on the microstructures and erosion threshold of smectite, which reveals a nuanced 
relationship between salt concentration and clay characteristics. Research has shown 
that raising the salinity level from 0.15 to 1.5 ppt can increase the erosion threshold of 
clay by more than 10 times. Similarly, an increase in the SAR from 4 to 73 can lead to a 
reduction in soil erosion by around 20–24%. These findings underscore the role of salt 
in regulating sediment movement.

This chapter provides perspectives on how salt interacts with clay particles and 
their transport in water systems. The various research works summarized in this 
chapter underscore the important role of salt in controlling clay properties and cohe-
sive sediment transport. A fundamental understanding of particle characteristics, 
such as clay surface areas, surface charge, and EDL is key to understanding how salt 
impacts clay transport. More research is needed to improve the fundamental under-
standing of the impact of salt on the interactions among clay primary particles and 
the transport of clay and cohesive sediment.
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Put the Land Back on the Land: 
A National Imperative
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Abstract

The Rivers and Harbors Act of 1899 (RHA1899), the Soil Conservation Act of 
1935 (SCA1935), and the Clean Water Act (CWA1972) were pivotal in managing 
United States (US) waters. RHA1899 provided the Army Corps of Engineers author-
ity to regulate dredge and fill operations. SCA1935 authorized the US Department 
of Agriculture to combat soil erosion. CWA1972 empowered the US Environmental 
Protection Agency to regulate point-source pollution. The implementation of the 
European Soil Charter of 1972 and the 2000 European Water Framework Directive 
empowered Europe to address similar soil erosion and water quality problems. By 
2022, improvements in erosion losses were obtained with soil conservation programs, 
but continued losses of organic topsoil threatened soil health, human welfare, and 
water ecosystems. Worldwide losses, estimated at 24 billion tonnes per year, include 
US and European losses of ~3 billion and 970 million tonnes per year, respectively. 
Approximately 60% of eroded materials are delivered to rivers and lakes threaten-
ing waters. Dredged freshwater sediments, however, have beneficial uses including 
restoring health of agricultural and forestry lands and water resources. National 
initiatives involving defense, agriculture, and environmental governmental units are 
proposed for recycling organic, nutrient-rich aquatic sediments in world-wide Put the 
Land Back on the Land programs.

Keywords: beneficial uses, carbon storage, circular economy, dredging, erosion, lake 
sediments, national security, nutrients, soil health, water storage

1.  Introduction

The world’s land and water resources are constantly changing due to natural 
and anthropogenic forces. Causative agents for these changes are numerous, but a 
commonality among many identified agents is the influence of erosion. Knowledge 
of sediment generation, downgradient transport, and deposition have been well 
described [1, 2] and advances in our understanding of these processes continue as 
outlined in this book.

Soil erosion and its effects on water quality at catchment scales have become a 
recent focus for many investigations because of the importance of nonpoint source 
inputs of nitrogen, phosphorus, and organic carbon to waterways which contribute 
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to the eutrophication of many global waters [3]. Worldwide losses of fertile topsoil 
have been estimated at 24 billion tonnes per year [4] with United States (US) and 
European Union (EU) having losses of ~3 billion [5] and 970 million tonnes per 
year, respectively [6]. By the beginning of the twenty-first century, it was also rec-
ognized that 90% of US croplands, due to soil erosion, were losing fertile soil faster 
than it could be replaced by natural regenerative processes [7, 8]. These erosional 
losses, besides delivering nutrients and organic carbon to waterways and impacting 
agricultural production, have reduced reservoir and lake water storage capacity. 
Deposition of these eroded soils has restricted navigation, made lands adjacent to 
waterways prone to flooding, and delivered various contaminants (e.g., pesticides 
and heavy metals) to aquatic systems throughout the world. Approximately 60% of 
the eroded soil is deposited rivers and lakes [5]. Pimentel [5] concluded that “soil 
erosion is second only to population growth as the biggest environmental problem 
the world faces.”

The total costs of land degradation to any country alone are difficult to accurately 
estimate because of the many uncertainties associated with calculating cost esti-
mates [9], but annual global damage from soil erosion has been estimated at $400 
billion (USD) with US agricultural losses alone reaching ~$37 billion per year [5]. 
Removing ~135 million m3 of sediment annually from EU and United Kingdom (UK) 
waters [10] is estimated to cost 2.3 billion euros (€) per year (~$2.6 billion USD). In 
fiscal year 2022, the US Congress allocated $3.44 billion specifically for navigation 
maintenance and improvements of harbors and inland, coastal, and intracoastal 
waterways [11].

Removing sediments from waterways is expensive. But to reduce the total costs 
associated with soil erosion to societies, here we present an approach that we call Put 
the Land Back on the Land. This approach focuses on waterways that are not included 
in traditional coastal navigation, harbors, and inland and intracoastal waterways. Our 
proposed approach will assist in mitigating many land and water problems due to soil 
erosion. We proffer the approach will lead to improved cost/benefit ratios to societies 
by reincorporating sediments deposited in aquatic systems back onto the watershed 
landscape.

If soil erosion is the second biggest worldwide environment problem due to its 
threat to food security [5], our Put the Land Back on the Land addresses not only a 
national imperative of many nations, but an important national security issue for 
those nations. To understand our contention that now is the time to implement Put the 
Land Back on the Land programs across the world, we discuss four themes:

• Historical Development of the Erosion Problem and Its Management

• Key Steps for Implementing a Put the Land Back on the Land Program

• Risk Considerations

• Research for Successful Sediment Recycling

We also identify some of the major socio-political influences on the manage-
ment of eroded sediments deposited in aquatic systems (Sections 2.1, 2.2). We 
especially note influences before and after the rise of the environmental movement 
on the development of regulations imposed by the US and the EU for dredged 
sediments. Next, we discuss problems with using and interpreting sediment 
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quality guidelines (SQGs) developed for aquatic systems when applied to soils and 
experiences with sediment reuse in agriculture (Sections 2.3, 2.4). We then discuss 
key steps needed for implementation of a successful national sediment recycling 
program (Sections 3.1, 3.2, 3.3, 3.4). Finally, we highlight some risk considerations 
(Section 4.0), identify research needed for successful sediment recycling (Section 
5.0). and conclude that recycling aquatic sediments is inevitable to maintain sus-
tainable productivity of agricultural lands. Given the possible future risks posed 
by projected climate change and other environmental changes, the loss of vital 
topsoil, and diminishing agricultural/forestry lands to population growth, now is 
the time to begin to Put the Land Back on the Land!

2.  Historical development of the erosion problem and its management

The poet Maya Angelou reportedly stated that you cannot really know where you are 
going until you know where you have been. The written history on dredging, soil ero-
sion, and their environmental impacts (e.g., eutrophication) are dominated by authors 
from Europe and the US [12]. This is also true for the beneficial use of dredged material 
[13]. To understand actions taken by different world governments during specific times, 
actions must be placed in the context of socio-political norms [14].

2.1  Why soil erosion is a concern?

Humankind through the ages have used water systems for the transportation of 
people and goods. Waterborne transportation, however, was often hindered by the 
movement of bottom sediments and the sedimentation of eroded material from 
upstream watersheds. Humans responded first by removing bottom materials by 
hand, then by animal power, and finally by use of machines. The breakthrough in 
sediment removal technology [15, 16] was the development of the suction dredge 
in the eighteenth century by American Nathaniel Lebby (1857) and French engineer 
Henri-Émile Bazin (1867). Suction dredging facilitated the creation of channels and 
harbors of sufficient depth for larger and larger ships and became over time one of the 
commonly used methods in modern dredging [17].

The severity of soil erosion in upstream watersheds depends on geomorphic pro-
cesses [18]; thus, humankind’s responses to soil erosion vary. However, erosion at many 
worldwide sites became, and still is, a major constraint to agriculture, affecting crop 
yields and jeopardizing the sustainability of agriculture activities [19, 20]. Land degra-
dation is therefore considered one of the planet’s greatest environmental issues [21].

Soil erosion, however, is known to have beneficial agricultural effects downstream 
from the original fields. Deposition of eroded sediments created the fertile floodplain 
soils (e.g., the Mississippi River and Nile River basins) and created land (e.g., deltas) 
that benefited wildlife and humans [22]. But regular flooding was required to main-
tain land fertility and flooding over time was deemed undesirable by humans living 
alongside flowing waters. Most societies, therefore, established flood control projects 
(e.g., 1928 Flood Control Act, 70th US Congress, Sess. 1. Ch. 569, enacted May 15, 
1928) to prevent damage to infrastructure and provide water storage. Soil erosion 
mitigation or Keep the Land on the Land became the dominant approach to maintain 
agricultural vitality and there was little consideration of using dredged sediments to 
maintain soil fertility [23]. Dredged materials were viewed as a waste to be disposed 
of quickly and cheaply.
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Although significant improvements in erosion losses have been obtained in 
many countries, losses of organic topsoil remain at levels threatening soil health 
and national welfare [24], raising the question as to why dredged sediments are not 
routinely recycled back onto agricultural lands. There are of course many reasons put 
forth, but the toxicity of chemicals in the dredged material became a major concern 
for the environmental movement in the 1970s [25]. Implementing dredging programs 
then became problematic because of the necessity to comply with new laws and 
regulations designed to provide protection for the environment and human health. 
Besides the scientific and legal issues, there were also social and cultural issues. The 
number of stakeholders involved increased and each group had varying opinions on 
what to do. There was angst among stakeholders because there were uncertainties 
about the impact of a proposed project on other community problems. Most impor-
tantly, the economic burden of any dredging project became a confrontational issue. 
Implementing projects, therefore, became the proverbial Gordian Knot and numerous 
desired dredging projects in the US and Europe reached a standstill.

The United States Environmental Protection Agency (USEPA) and the United 
States Army Corps of Engineers (USACE) recognized that due to efforts implemented 
under the Clean Water Act (CWA1972: 3 U.S.C. §1251 et seq. 1972) that both sediment 
and water quality have improved to a point where toxicity criteria are often achieved. 
Dredged materials from many US water bodies were now deemed “clean enough” to 
be recommended for beneficial uses [26, 27]. For example, one identified use after 
appropriate evaluations (physical, chemical, and biological) was applying dredged 
material to agricultural and forestry lands to reclaim and conserve topsoil. Similar 
conclusions were also reached in Europe [28].

2.2  Past efforts and challenges

Waterways have served as transportation routes throughout history. People also 
dug channels to irrigate crops. Maintaining waterways for commercial and national 
defense became a priority for many nations in the nineteenth century as ships of war 
became larger and more goods and people were transported by larger ships. In the 
case of the US, the USACE was assigned the mission of constructing and maintain-
ing reliable, navigation systems. USACE and military organizations in Europe were 
the only organizations in the nineteenth century that had the engineers needed to 
improve and develop new dredging technology as well as the ability to address the 
economic and national security imperatives of their country.

Until the 1970s, dredged materials were viewed as beneficial in Europe and the 
US. They were used to fill coastal and inland marshlands, to create land for building 
sites, roads, and rails to cross lowlands, as well as for agriculture. For many countries, 
wetlands were considered an obstacle to development. This belief was best illus-
trated in the US when Congress passed the Swamps Land Act of 1850 (Thirty-First 
Congress, Chapter 84) that provided the mechanism for transferring title of federally 
owned wetlands to states that would drain the land for productive agricultural uses. 
The nutrient-rich soil under wetlands was especially attractive as agricultural land 
once drained.

In the twentieth century, the 1930s Dust Bowl in the US focused attention on soil 
erosion (Public Law 74-76, Statute 163). The Dust Bowl was viewed as a national 
disaster because the uprooting of topsoil posed a national security threat [29]. Soil 
erosion, however, was treated as a natural resource management issue, not a national 
defense issue. The US Congress established the Soil Conservation Service (SCS) 
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to combat soil erosion and “to preserve natural resources, control floods, prevent 
impairment of reservoirs, and maintain the navigability of rivers and harbors, protect 
public health, public lands and relieve unemployment.” Consequently, SCS initiated 
a program for building water bodies across the US to trap sediments eroding from the 
land and increase water storage for agricultural and forestry operations.

The problem of soil erosion became severe enough in Europe to be part of the 
environmental agenda of the EU due to its impacts on food production, drinking 
water quality, eutrophication, and ecosystem services [6]. Small reservoirs became 
the preferred infrastructure for use against intensive runoff processes [30]. As in the 
US, European small reservoirs increased in number to provide greater water storage 
and trapping of sediments [31].

By the 1970s, Earth Day and the rising environmental movement established 
a new “Environmental Paradigm” [32, 33]. Concurrently, a new social movement 
emphasizing the importance of “Deep Ecology” emerged, a phrase originated in 1972 
by Norwegian philosopher Arne Naess [34, 35]. This social change led to the promul-
gation of many new laws, regulations, and policies in both Europe and the US as well 
as worldwide [36, 37], with the two pieces of iconic legislation being the CWA1972 
and the 2000 European Water Framework Directive (Directive 2000/60/EC).

The CWA1972 was passed in response to the discharge of hazardous substances 
into rivers, the loss of wetlands by dredging and in-filling, and nutrient enrichment, 
which were becoming national environmental concerns. The 1977 CWA [Section 
404(f)], however, exempted discharges associated with normal agricultural and for-
estry activities. By 1987, many of the discharges of toxic materials from point sources 
had been removed or plans to remove them established. Parties interested in eutro-
phication issues expanded the focus from point source controls to include nonpoint 
sources of pollution (Section 319 of CWA). Although agriculture was recognized as 
a major source of nonpoint source nutrients, exemptions for agriculture remained in 
place for the US. The agricultural exemptions recognized that American agriculture 
fulfilled the public need for supplying abundant and affordable food and fiber. Other 
nations also had similar exemptions for agriculture.

By the 1970s, many world scientists also began to focus on the eutrophication 
of lakes [38]. The Clean Lakes Program (CWA Section 314) directed the USEPA to 
develop better methods for removing silt, aquatic growth, and other obstructions in 
lakes. USEPA was also directed to create silt traps and devices to prevent sediment 
deposits in lakes and demonstrate the benefits of using dredged material for land 
reclamation. Subsequently, many international conventions (London Convention 
of 1972, Barcelona Convention of 1976, Helsinki Convention of 1992, and OSPAR 
Convention of 1992) encouraged the exploration of alternative uses for dredged mate-
rials. Such efforts, however, were stymied due to a lack of funding and concerns about 
using contaminated sediments. USEPA came to view dredging and other palliative 
approaches (e.g., aquatic weed control) as “short-term” solutions for eutrophication 
problems and used regulation 40 CFR Part 35.1650-2 to disallow funding for many 
desired dredging projects and other lake management palliative methods.

Accepting that dredged materials could have beneficial uses was also hindered 
because agronomic units of government were focused on Keep the Land on the Land 
programs, that is, erosion control. Environmental governmental units, which often 
blamed agriculture and dredging for the loss of wetlands [39], began to focus on sedi-
ment contamination issues. This concern about contaminants in sediments, coupled 
with limited data in the early stages, fostered the belief that dredged sediments should 
always be treated as a waste!
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The management approach for dredged material, therefore, became to place sedi-
ments into confined disposal facilities (CDF) or dispose materials in the open water of 
large lakes (e.g., the US and Canadian Great Lakes) or the oceans. Despite the holding 
capacity of CDFs becoming limited and the dumping of materials in open waters being 
restricted in the twenty-first century, legislative limitations developed in the late twen-
tieth century hindered the recycling of dredged sediments, especially in the EU [40].

2.3  Sediment contamination

Research on contaminated underwater sediments evolved slowly in the latter part 
of the twentieth century. One of the most important regulatory tools for aquatic sedi-
ment management has been the development of sediment quality guidelines (SQGs). 
Guidelines were based on the hypothesis that a chemical concentration level could be 
identified in sediments below which aquatic life would not be harmed. The Threshold 
Effect Limit (TEL) hypothesis was first proposed by the USEPA and USACE in the 
early 1970s to assess the disposal of dredged material at sea [41, 42]. The contami-
nated sediments issue, however, was not specifically addressed in the laws of the US 
until the Water Resources Development Act of 1992 (WRDA).

Since the 1980s, numerous SQGs have been established by different organizations 
and countries with each SQG incorporating different criteria to account for the varied 
conditions in which sediment contamination occurs. Consequently, identifying 
the concentration threshold for chemicals below which aquatic life was not harmed 
remained problematic [43] and only guidelines, not numerical legal standards, exist 
for most nations.

The development of SQGs led to the use of both the TEL and Probable Effect Limit 
(PEL). As noted previously, the TEL is the sediment contamination concentration at 
which a toxic response was first observed for benthic test organisms. The PEL was the 
concentration at which a great percentage of the benthic population showed a toxic 
response. Concentrations above the PEL were deemed problematic. When a chemical 
concentration was between the TEL and PEL, professional judgment was to be used to 
assess the consequences of sediment contamination.

Because of the uncertainty factors (UF, generally not reported) inherent in dif-
ferent SQG approaches, nations are still developing SQGs in the twenty-first century. 
In South America, SQGs that are meaningful for the unique biological conditions of 
tropical and high-altitude environments are being developed [44]. However, the more 
significant issue to consider for agricultural interests is that SQGs have been devel-
oped for aquatic systems, not agricultural lands. If the sediment is not going to be 
re-used in a wet system (e.g., wetland restoration), SQGs are of limited value for dry 
land application. Consequently, various guidelines for agricultural soil health have 
been developed, and there is an ongoing need to define contaminant risk levels for 
agricultural soils. Most agricultural TELs are greater than aquatic TELs (Table 1).

In the case of heavy metals, the background concentrations at a particular geo-
graphic location need to be considered. In highly mineralized soils, existing aquatic 
SQGs might be exceeded, resulting in unnecessary restrictions on the recycling of 
dredged sediments. Spreading dried dredged material in thin layers across a large agri-
cultural landscape links to the historical practice “Dilution is the Solution to Pollution.” 
Dredged sediments and the agricultural lands proposed for deposition should, 
therefore, be tested for contaminants. Each nation has established toxicity levels for 
various contaminants that are likely to elicit toxic effects. If the spreading process is 
done so that the final contaminant concentration is below the toxicity levels known to 
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Substance Sediment Soil3 Compost4

TEL1 Lowest 
effect Level 2

Severe 
effect level2

TEL Lower guideline 
value

Agricultural 
use

Metals

Arsenic (As) 5.9 6 33 5 50 23

Cadmium (Cd) 0.6 0.6 9 1 10 1

Cobalt (Co) 20 100

Chromium (Cr) 37.3 26 110 100 200 70

Copper (Cu) 35.7 16 110 100 150 150

Iron (Fe)

Manganese (Mn)

Nickel (Ni) 18 16 50 50 100 60

Lead (Pb) 35 31 110 60 200 120

Antimony (Sb) 2 25 2 10

Vanadium (V) 100 150

Zinc (Zn) 123 120 270 200 250 500

Mercury (Hg) 0.17 0.5 2 0.7

PAHs and PCBs

Anthracene 50 85.3 1100 1000 5000

2-Methylnaphthalene 70 670

Acenaphthene 10 16 500

Acenaphthylene 10 44 640

Benzo(a)anthracene 70 261 1600 1000 5000

Benzo(a)pyrene 90 430 1600 200 2000

benzo(b)fluoranthene 70 1000 5000

benzo(ghi)perylene

benzo(k)fluoranthene 60

Chrysene 110 384 2800

Dibenz(a,h)
anthracene

63,4 260

Fluoranthene 110 600 5100 1000 5000

Fluorene 20 19 540

Henanthrene

Naphthalene 30 160 2100 1000 5000

Indeno(1,2,3-cd)
pyrene

Phenanthrene 90 240 1500 1000 5000

Pyrene 150 665 2600
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cause toxic effects in organisms, there should be no environmental impact. The United 
States Department of Agriculture (USDA) developed simple equations to identify the 
maximum amount of material that can be applied to a given amount of land [51].

Land application experience with materials previously considered waste has been 
gained by spraying or spreading biosolids (sewage sludge) onto the land surface. Both 
the EU and US emphasize the beneficial effect of recycling nutrient rich biosolids, 
while seeking to reduce risks from pathogens and other contaminants [52, 53]. Injecting 
of biosolids beneath the land surface or incorporating the biosolids into the soil by 
discing the soil can serve to either condition the soil or fertilize crops and vegetation 
grown in the soil. Landfarming is also a “Dilution is the Solution to Pollution” biotreat-
ment technology that uses available agricultural methods to enhance biodegradation 
of organic contaminants. The Dilution is A solution to pollution approach should not 
be summarily discounted because it has been branded with a bad connotation in the 
past. Sediments, once spread in thin layers and mixed into the underlying soil, permit 
natural attenuation processes to degrade and immobilize many contaminants [54].

While the presence of chemical contaminants has occupied the attention of many 
scientists during the latter part of the twentieth century, one of the other issues that 
was a major concern was the eutrophication of aquatic systems from point source and 
nonpoint source nutrient inputs [38, 55].

2.4  Sustainability (eutrophication, the circular economy, soil health, and plant 
growth)

Concerns regarding eutrophication and the approaches to use to mitigate adverse 
effects of nutrient enrichment dominated world-wide research efforts in the late 
twentieth century [55]. Once Vollenweider [56] introduced the concept of nutrient 
loading to the scientific community, governmental environmental agencies began to 

Substance Sediment Soil3 Compost4

TEL1 Lowest 
effect Level 2

Severe 
effect level2

TEL Lower guideline 
value

Agricultural 
use

Total PAH 870 4022 44,792 15,000 30,000 10,000

Total PCBs 34 22.7 180 100 500 100
1TEL, threshold effect level; Represents the concentration below which adverse effects on sediment-dwelling organisms 
are unlikely to be observed regarding metals [45] and organic contaminants [46].
2Screening criteria for sediments in New York State. The Lowest Effect Level indicates a level of sediment contamination 
that can be tolerated by the majority of benthic organisms, but still causes toxicity to a few species. The Severe Effect 
Level indicates the concentration at which pronounced disturbance of the sediment dwelling community can be 
expected. A sediment is considered contaminated if either criterion is exceeded. If both criteria are exceeded, the 
sediment is considered to be severely impacted. If only the Lowest Effect Level criterion is exceeded, the impact is 
considered moderate [47, 48].
3The Finnish legislation sets concentration levels by each hazardous element to identify soil contamination and 
remediation needs. Threshold value is equally applicable for all sites, and it indicates the need for further assessment 
of the area. In areas where background concentration is higher than the threshold value, background concentration is 
regarded as the assessment threshold. The second concentration level is the so-called “guideline value.” If this is exceeded, 
the area has a contamination level which presents ecological or health risks. Different guideline values are set for 
industrial and transport areas (higher guideline value) and for all other land uses (lower guideline value) [49].
4Maximum limit values of heavy metal concentration in compost “class. A” which is suitable for agriculture in 
Europe [50].

Table 1. 
Screening criteria for metals (mg kg−1), polycyclic aromatic hydrocarbon (PAHs; μg kg−1 dry weight), and total 
polychlorinated biphenyls (PCBs; μg kg−1 dry weight) in sediment, soil, and compost.
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focus on limiting point source nutrient inputs, especially phosphorus, to waterways 
with many successes [57]. However, it was realized that lakes were very complex and 
often responded differently to point source and nonpoint source nutrient control 
strategies [58]. This was especially true for shallow (<3 m), productive lakes where the 
internal supply of nutrients was great [59–61]. In many systems, internal nutrients, 
especially phosphorus, were mobilized (released) into the water column as sediments 
became anoxic [62, 63] or wind mixing brought nutrient-rich sediments into the 
water preventing improvements in water quality [61, 64].

Conversion of natural landscapes to agricultural and urban uses occurred throughout 
the world with population growth and changing climate. Human activities, however, 
often increased erosion, sediment transport, and sedimentation in aquatic systems. 
Erosion rates can be 100 to 1000 times greater than the geological erosion rate [65]. The 
implications for eutrophication are considered well known [66, 67]. Changes in agricul-
tural operations [68] and the construction of wetlands [39, 69–71] have been some of the 
measures employed to try to control nonpoint source nutrient inputs. Best management 
practices (BMPs) have proven to be largely inadequate for restoring eutrophic lakes; 
thus, additional measures will be needed to reduce internal nutrient supplies [61, 72].

Explanations for the inadequate BMP responses have centered on legacy P [73, 74] 
and N [75] inputs from the waterbody’s watershed stymying management programs 
[76–78]. Soil phosphorus buildup due to past management practices (Legacy P) is often 
considered a root cause for eutrophication. Legacy nutrients also exist in lake and river 
sediments [64, 79]. Missimer et al. [64] concluded that despite extensive efforts to con-
trol external nutrient loads into Florida’s Lake Okeechobee, the frequency of algal blooms 
will continue until the sediments containing legacy nutrients are removed [61, 63].

Khare et al. concluded that the most cost-effective approach for achieving an average 
flow-weighted total phosphorus (TP) concentration of 40 μg/L at Lake Okeechobee’s 
inflows would require an estimated $4.26 billion [70]. This approach involves the 
implementing of nutrient management BMPs, Dispersed Water Management pro-
grams, as well as the construction of ~200 km2 of Wetland Restoration and Stormwater 
Treatment Areas (STAs). The total costs and the need for such a large wetland area may 
be daunting for all but the most affluent nations and those with the capacity to convert 
a great quantity of agricultural/forestry lands to wetlands. Whether or not wetlands 
could reduce nonpoint source nutrient inputs sufficiently to lower Lake Okeechobee’s 
TP remains speculative and does not address the Legacy P problem.

Federal and state scientists estimated that fully dredging Lake Okeechobee would 
cost at least $1 billion, but <$4.26 billion for the establishment of BMPs, and restored 
wetlands and the construction of STAs [80]. Dredging would remove decades of 
Legacy P helping reduce in-lake TP and algal bloom frequencies [61, 64]. Deepening 
Okeechobee would increase water storage and provide water needed for agriculture 
and the growing population of south Florida [14]. Reducing the need to raise lake 
levels would also decrease detrimental ecological damage to Okeechobee’s marshes 
[14, 81]. Past efforts to reduce nonpoint nutrient inputs to Lake Okeechobee have 
failed to meet legally established goals [61, 64], but dredging will provide benefits 
even if nutrient inputs are not decreased [82].

Many lake restoration experts, however, now support removing bottom sediments to 
promote the concept of sustainable lake restoration [83]. Sustainable lake restoration can 
improve water quality, while delivering numerable socio-economic benefits. It also melds 
well with the Circular Economy concept developed in Europe [84, 85]. The Circular 
Economy Action Plan (CEAP) was accepted by the European Commission in March 
2020. The concept, however, has not been readily adopted in other nations because 
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of limited documentation of any successes. There are also cultural barriers, a lack of 
consumer interest and awareness, as well as a hesitant company culture and concerns by 
policy makers [86]. Removal of nutrients from lake ecosystems for their recovery and 
re-use (i.e., circular economy) should be prioritized [63].

Because the concept of reusing sediment aligned with circular economy principles 
and coincided with growing interests in global sustainability, research on the impact 
of reused sediment on soil and plant growth increased in the early twenty-first cen-
tury. Studies demonstrated that there were significant benefits for applying aquatic 
sediments to agricultural lands [40, 87–90]. Benefits included improved topsoil 
organic matter content, a greater amount of available water and nutrients for plants, 
and improved crop yields [40, 87–91]. As a soil amendment, some recycled sediments 
also improved soil cation exchange capacity [87, 92], elevated soil pH [93, 94], and 
decreased soil bulk density [87, 95].

Application of recycled lake sediment has been tested on vegetables and fruits 
[87, 93, 96], field crops like cereals and grasses [96–100], and ornamentals [101, 102] 
with positive effects on yield response. In general, studies where the recycled sediments 
were tested against control soils that were adequately fertilized similar growth resulted. 
As an example, Woodard [95] reported that forage crops (alfalfa and big bluestem) 
grown in a South Dakota lake’s sediment had similar or slightly higher shoot dry matters 
and higher relative N and P uptakes compared with those plants grown in silty clay loam 
soil. Ebbs et al. [93] also suggested that reclaimed slightly alkaline silty loam sediment 
from Lake Peoria (Illinois) could be utilized for vegetable production.

Crop yield benefits have been most notable in nutrient-deficient soils [87, 92, 
95, 97]. A recent promising example of sediment recycling for soil fertilization 
comes from Lake Mustijärv (Estonia), where sediment removal and recycling led to 
increased growth and nutrient uptake of grass mixture, demonstrating the potential 
of sediment as a valuable resource in both short and longer terms [98, 99, 103]. 
Similar approaches have also been developed at Lake Ormstrup (Denmark) to reduce 
internal phosphorus loading and establish links to circular economy principles [104]. 
These efforts highlighted the growing interest in sediment recycling as a sustainable 
agricultural practice for closing the human-related nutrient cycle.

However, not all sediment recycling experiments have yielded positive results. 
Reduction in crop yields, due to soil compaction of loamy sand soil, occurred when 
sediment from Besko Reservoir (Poland) was added [105]. Chechlo Reservoir 
(Poland) sediment with a 2.7-fold lower carbon content and poor P and K fertility 
also reduced crop yields [106]. Also, sediment from constructed Finland wetlands 
had very low P availability for plants [107, 108], probably because of great amounts 
of P-binding compounds in sediments. Sediment originating from diverse sources 
(e.g., agriculture, industry, or urban areas) will have varying soil properties and may 
contain pollutants such as heavy metals and organic pollutants [40]. Given these 
variations in sediments quality and the associated ecological risks, it is essential to 
conduct appropriate evaluations of the sediments and to characterize their composi-
tions to appropriately apply amendments and treatments when warranted before 
utilizing them in agricultural lands.

3.  Key steps for implementing a Put the Land back on the Land Program

In the twenty-first century, “Sustainability” emerged as a scientific goal to find 
ways to use natural resources in a manner to guarantee their continuity and the 
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continuity of humanity itself [109]. Put the Land Back on the Land is an approach 
to sustainability for each nation’s agricultural and forestry lands. However, educa-
tion will be an important component if the approach is to be successful for dredged 
materials that have been viewed as a waste (often a hazardous waste) since the 1970s. 
Also, the number of stakeholders involved has increased and each has varying opin-
ions on what to do. Conflict resolution will become important to avoid the proverbial 
Gordian Knot.

3.1  Prioritizations

Every nation has issues that must be prioritized, with national defense being 
a top priority for all nations. A key component of all national defense strategies is 
food security [110–112]. Global population increases generally lead to a reduction 
of farmland due to increasing urbanization. Urbanization further limits global food 
production capacity [113, 114]. Losses of organic topsoil also threaten soil health and 
national welfare [24, 29]. Consequently, the USDA established a soil health division in 
2015. Feeding more people with less farmland or less productive farmland, therefore, 
requires technological changes and the development of appropriate public policies to 
ensure vital food security within the global security system.

Regenerative farming has garnered increased attention in the twenty-first century 
as a technological change that offers promise to resolve some issues related to agricul-
tural lands [115, 116]. This approach, however, maintains the same soil management 
philosophy of Keep the Land on the Land. While retaining the Keep the Land on the 
Land approach is still valid, it is not sufficient alone to address erosion and loss of top-
soil. To address the many intertwining issues associated with erosion (e.g., the shal-
lowing of waterways and eutrophication), a holistic Put the Land Back on the Land 
freshwater sediment recycling program and needed infrastructure enhancements 
must be developed in addition to the current Keep the Land on the Land approach to 
enhance and maintain the productivity of agricultural and forestry lands through the 
remainder of the twenty-first century.

3.2  Funding

Limited local governmental budgets, as well as limited local sponsor budgets, 
discourage the removal of sediments from waterbodies and the use of more costly 
beneficial use alternatives, even if those alternatives are more environmentally sus-
tainable [117]. Alternatively, many port dredging projects are funded at the national 
level. The Food & Global Security Network (NETWORK) convened a meeting of 22 
experts (military minds, NGO leaders, scientists, and practical farmers) to discuss the 
critical importance of soil health [118]. The NETWORK called on national govern-
ments to formally recognize healthy soil as a strategic asset and critical for maintain-
ing national security.

Approximately 877 billion dollars (USD) were spent on US national defense in 2022 
and 17 billion dollars (USD) were spent on Army Civil Works studies and projects 
(Public Law 117-58), to maintain existing infrastructure, repair damage, and dredge 
channels in response to floods and coastal storms. NETWORK experts urged each 
nation’s defense departments to work with their agricultural and environmental coun-
terparts to jointly oversee delivery of increased food sovereignty as well as the regenera-
tion of soil function. Each agency can no longer work just within their own legislatively 
mandated silo if environmental sustainability is to be achieved. This philosophical shift 
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emphasizes that holistic management can be a more efficient approach for managing 
soil erosion problems and restoring the vitality of agricultural lands.

In the US, a 2% annual increase in the nation’s defense budget would provide 
adequate funding (~17 billion annually) to support the operation of a national Put the 
Land Back on the Land program for freshwater systems and develop the infrastructure 
needed to support such a program. With adequate funding, Put the Land Back on the 
Land initiatives can aid in closing an important environmental loop that would limit 
nutrient loss from agricultural lands. Each nation can adjust funding to meet their 
national need.

3.3  Contacting potential stakeholders

First, the Put the Land Back on the Land approach is workable only if supported 
by landowners willing to accept reclaimed sediments. These landowners will include 
agricultural/forestry landowners, or other landowners desiring organic sediments 
for soil augmentation. Due to past erosion control programs, many if not most 
agricultural landowners have small water bodies on their land to trap sediments. 
Initial efforts should focus on these waters as the landowners recognize the trapped 
sediments came from their land. Governmental agricultural organizations should test 
these sediments for soil quality to demonstrate how testing will also be done on sedi-
ments from other water bodies. This knowledge should help to alleviate contamina-
tion concerns by not only the agricultural landowner but other stakeholders agreeing 
to accept reclaimed sediments.

Involving landowners directly is key to helping with an understanding of the ben-
efits of putting the material back on their land. Some landowners with waterbodies on 
their properties, however, may not initially want governmental employees or contrac-
tors on their land. If the “Do It Myself” attitude becomes the limiting factor, equip-
ment such as agitator pumps and soaker hoses can be provided to those landowners 
for delivery of sediments to the surrounding lands. When placing large amounts of 
water on the land would interfere with intended agricultural/forestry operations 
or contribute to new soil erosion, parabolic wedge-wire filters or a vertical geotube 
dewatering tower (Figure 1) could be utilized. These devices offer a simple economi-
cal approach for both small and large landowners needing to remove sediments from 
their waterbodies. The parabolic wedgewire or the vertical dewatering systems not 
only permit a return of the water to the water body but provide a form of sediment 
that can be spread on the land using available (owned or rented) farm equipment.

For landowners not wanting to work on their waters, but receiving truckable 
sediments from distant waters, centralized processing facilities can be developed and 
scaled to the size of the waterbody having sediments removed. From these facilities, 
dry material of appropriate quantity can be delivered, per agreement with the land-
owner, to the agricultural lands without disrupting normal agricultural operations.

One encouraging example of the ways to engage landowners is a decision-making 
tool for Brazilian farmers who commonly use sediments from close-by lakes and 
ponds that dry out regularly, making the dredging more feasible. The app (https://
resed-cientista-chefe-v1.streamlit.app/, App Developer- Brennda Bezerra Braga 
Ph.D) facilitates farmers to calculate the economically feasible distance for transpor-
tation of the sediments based on the properties of soils and sediments and the costs of 
alternative, mineral fertilizer.

The advantage of first working directly with landowners is that it will build their 
support for accepting beneficial material from other water sources. A list of willing 
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landowners will facilitate determination of the available acreage for receiving aquatic 
sediment enhancements. Successful sediment removal will, by removing decades of 
legacy nutrients deposited in the water bodies, reestablishes the sediment trapping 
ability of waterways, thus reducing the delivery of erodible material downstream. The 
cooperative work efforts will open the opportunity for conservation staff to ensure 
effective erosion management strategies (e.g., filter strips and sediment retention 
ponds) are in place. More importantly, the landowners, especially the agricultural/
forestry owners, may then become part of the solution for mitigating ongoing eutro-
phication by receiving potentially more nutrients that are released by their lands.

Many freshwater water bodies located downstream of agricultural/forestry lands 
have accumulated sediments that restrict intended uses of the water bodies. Each 
nation’s environmental organization should work with non-landowning stakehold-
ers to prioritize waters for refurbishment and the establishment of sustainable lake 

Figure 1. 
Parabolic rundown screen (a) and vertical geotube tower (b) removing dredge material at farm sites. MuckVac™ 
sediment processing unit (c) and application tractor (d) used by AGUACULTURE of Clearwater, FL.
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restoration programs [83]. These stakeholders need to be informed the Put the Land 
Back on the Land program is not a program to drain wetlands or remove base materials 
from a water body to increase water storage. The approach for sediment removal is 
analogous to vacuuming the nutrient-rich organic matter off the bottom to provide 
material to replenish lost topsoil.

The non-landowning stakeholders will be informed removed sediments will be 
tested for contaminants and results reported to them and the soil recipients to ensure 
soil health on lands proposed for disposal. In Florida, the Florida Department of 
Environmental Protection (FDEP) discourages agricultural landowners from placing 
material on their land if nutrients can re-enter waterways to contribute to nonpoint 
source nutrient loads. All stakeholders and regulatory agencies must acknowledge 
that multiple decades of legacy nutrients will be removed from these waterways. Even 
though there is the possibility of future inputs of some of these nutrients coming back 
into these waterways, the net reduction of nutrients should outweigh what re-enters 
from the reclaimed sediments.

Another concern of landowners and non-landowners is the loss of water during 
sediment removal operations. When there is sufficient water, where loss of water 
does not become a major stakeholder concern, and nearby agricultural or forest 
lands are reachable (~1.6 km), a vacuum system (MuckVac™) that ensures only the 
free-floating, unconsolidated muck is extracted from the lakebed has been used in 
South Florida. The extracted sedimentary material is conveyed via a diesel pump 
and reinforced lay-flat hoses, to a specialized Application Unit. If needed, removed 
material can be stored in mobile frac tanks until applied to the land. The Application 
Unit is an agricultural-grade tractor that pulls the lay-flat hose through the application 
field (Figure 1). The discharge of the material is meticulously calibrated to agronomic 
rates. To reach a distant site (>1.6 km), additional pumps are used (AGUACULTURE, 
www.agcutech.com, Clearwater, FL).

For many waters, the stakeholders do not want water removed from their water 
body and regulatory agencies often apply water quality standards to the returning 
dredge water. In 2000, there was another breakthrough in dredging technology, 
the Genesis Rapid Dewatering System™ (RDS) by Genesis Water (Figure 2). The 
RDS system permitted rapid dewatering of dredged sediments. Separation of solids 
and water from the dredged materials helped mitigate the size of needed disposal 
areas and thus reduce the overall project footprint [119]. Because the RDS system is 
scalable, waters in urbanized areas could be dredged. Dredged materials were also 
repurposed after physical, chemical, and biological characterization [119]. Less 
contaminated or uncontaminated sediments generally are suitable for commercial or 
beneficial reuse without treatment [120]. The RDS system also treats the return water 
to meet local water quality standards. Returning water to the dredged system has a 
tremendous economic impact for project developers.

Since the introduction of RDS, improvements in the system have been made by 
Revive Water Technologies of Bloomington, Illinois. The system now provides a continu-
ous 1:1 operating ratio of dredging to dewatering, timely production of stackable 
and truckable solids, immediate release of clear water discharge, and mobility with 
minimal energy and maintenance. Besides removing legacy nutrients from the return 
water, the system also greatly reduces the concentrations of various water quality 
contaminants from these same return waters (Table 2).

Having the dewatered sediments truckable is a great advantage as uncontami-
nated material can be delivered to more distant recipient lands. As dry sediments, 
large amounts of material could be transported by rail to distant agricultural lands. 
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Transportation by rail would also permit contaminated sediments to be shipped to 
remote decontamination centers where treatments could be applied to make material 
suitable for agricultural uses.

3.4  Legislative laws, regulations, policies, and potential bottlenecks

Each nation has a myriad of laws, regulations, and policies governing dredging 
and disposal of removed materials. Typically, there is little meshing because the 
laws, regulations, and policies were developed for each regulatory agency staying 
within its narrowly defined legislative mission. Sometimes agency missions overlap 

Figure 2. 
A 15 m3/min Genesis Rapid Dewatering System™ (a), clear return water (b), and truckable dry material (c) as 
operated by Revive Water Technologies of Bloomington, Illinois.
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but there is a tendency for each agency to only cite the laws, regulations, and policies 
used by their agency. When broad-based program like Put the Land Back on the Land 
is advanced, confusion often follows. For example, Finland and the Czech Republic 
permit direct reuse of sediments dredged from inner water bodies on agricultural soils 
if contaminant concentrations meet their national legislation thresholds [40]. Other 
European nations do not, and current EU actions place limitations on the application 
of sediments in agriculture [40].

Dredged sediments, recognized as natural resources, pose challenges in terms of 
management and disposal, contingent on factors like sediment type, pollution levels, 
and proximity to disposal facilities near dredging areas [40]. The diverseness of these 
environmental factors has made it difficult to formulate universal sediment manage-
ment regulations. Consequently, the EU has indirectly addressed dredged material 
management by applying existing directives like the EU Water Framework Directive, 
EU Waste Directive, and EU Directive on protected areas, rather than a dedicated 
framework directive [40]. The EU Water Framework Directive checks water quality, 
but contamination limits for sediments vary by member state. The Waste Directive 
classifies sediments as either hazardous or non-hazardous waste, potentially allowing 
reuse (receiving codes in the European Waste Catalogue 170,505 (hazardous waste) 
or 170,506 (non-hazardous waste)). The Groundwater Directive oversees dredging 
activities, with a focus on groundwater quality and flood control. The European 
Landfill Directive does not cover using dredged sludge for fertilization or deposit-
ing non-hazardous sludges near water bodies, and the Habitat and Birds Directives 
safeguards biodiversity and controls dredging near nature protection sites.

The lack of specificity in existing European legislative guidance causes uncertainty 
about the legality of the Put Land Back on the Land approaches and may hinder or stop 
its implementation. The use of recycled sediments on agricultural lands as well as their 
use as fertilizers therefore needs greater legislative clarity. The laws, regulations, and 
policies also need to be reviewed to facilitate greater agency cooperation for achieving 
each nation’s goal to achieve environmental sustainability. In the US, USACE and USEPA 
have worked closely on sediment removal and beneficial use efforts since the end of the 
twentieth century and bringing closer cooperation/joint efforts with the USDA-National 
Resource Conservation Service will greatly enhance future management efforts.

Parameters Influent concentration Revive RDS concentration Reduction percentage

Arsenic 160 μg/L 3.3 μg/L 97.9%

Copper 790 μg/L 2.3 μg/L 99.7%

Iron 290,000 μg/L 170 μg/L 99.9%

Lead 9100 μg/L 8.2 μg/L 99.9%

Nickel 250 μg/L 2.3 μg/L 99.1%

Mercury 4.0 μg/L 0.062 μg/L 98.5%

Total nitrate 16.7 mg/L 11.35 mg/L 31.9%

Phosphorous 4500 μg/L 48 ppb 98.9%

Total suspended 
solids

150,000 mg/L 15 mg/L 99.9%

Table 2. 
Sawgrass Lake—demonstration of rapid dewatering technology. U.S. Lake Dredging Project: RDS Contaminant 
Reduction (modified table re-produced with permission from Author) [121].
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4.  Risk considerations

Each society will have to confront issues where there are pros and cons to be 
considered. For policy makers, decisions are often influenced by uncertainty. Here, a 
distinction must be made between generic uncertainty as a human (i.e., not knowing 
or understanding risk to oneself or family if there is any presence of a contaminant 
at all) and the use of scientific uncertainty factors in the law and toxicology. When a 
water quality standard is placed in legislative law, the published number is associated 
with an uncertainty factor of 10, 100, or 1000 depending on the quality and type of 
toxicological study conducted [122].

When extrapolating from valid experimental results, a 10-fold factor is applied 
[123]. This is done in studies involving prolonged exposure to average, healthy 
humans. This factor is intended to account for the variation in sensitivity among 
the members of the human population. An additional 10-fold factor is used when 
extrapolating from valid results of long-term studies on experimental animals (the 
results of studies of human exposure are not available or are inadequate). This factor 
is intended to account for the uncertainty involved in extrapolating from animal data 
to humans. Finally, an additional 10-fold factor is used when extrapolating from 
less than chronic results on experimental animals and there are no useful long-term 
human data [124].

When dealing with recycled sediments or soil health, and in the absence of 
specific data sufficient to support the setting of legislatively authorized standards, 
regulatory agencies use guidelines when setting regulations and policies. Their use is 
generally based on professional judgment. The Society of Environmental Toxicology 
and Chemistry (SETAC, offices in North America and Europe) recommended aquatic 
sediment management decisions should be based on site-specific information gener-
ated to evaluate the predictive ability of SQGs at a site of interest [43]. Sediment 
assessment frameworks for aquatic systems as for soil assessment frameworks, there-
fore, must be flexible for different management purposes. Policy makers must use 
their judgment to determine the greater good when dealing with recycled sediments 
because guidelines may not adequately account for the combined impact of various 
contaminants when they are present together, as opposed to situations involving 
only one type of contaminant [125]. While it is well recognized that the operational 
approach to environmental risk management strategies for sediments is to reduce 
the potential risk of contaminants, as total elimination of environmental risk from 
contaminants is typically not feasible or achievable, the lack of total risk elimination 
of contaminants from recovered sediments should not necessarily preclude the reuse 
and reincorporation of these sediments back on the landscape. Evaluations of poten-
tial risks from multiple contaminants can be evaluated, and potential concentration 
level limits can be developed to provide the desired level of protection that would 
allow these sediments to be safely reincorporated onto the landscape for beneficial 
uses.

As a matter of practicality, when only a TEL for an aquatic system is available, 
multiplying that number by an uncertainty factor of 10 will most likely approach 
a guideline derived for soil. If that number is associated with another uncertainty 
factor of 10, there is still a good safety factor for soil. While this approach would 
be technically sound for sediments from many waters, there will be a limited 
number of waters where the sediments might have to be classified as non-usable to 
avoid risks. However, the understanding of risk continues to evolve and numbers 
between a TEL and PEL are in a gray zone. Professional judgments will still be 
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needed to interpret risk factors until better toxicological data are derived [122–124]. 
Whenever soil-based screening level guidances are available, they should be exam-
ined for use when considering land-based applications of dredged sediments. In 
the absence of such soil-based screening level guidances, then use the above stated 
TEL with uncertainty factor approach.

5.  Research for successful sediment recycling

The implementation of sediment recycling programs such as Put the Land Back on 
the Land necessitates a continued comprehensive and multidisciplinary approach. To 
address the intricate challenges associated with sediment management, it is impera-
tive to merge insights from diverse fields including environmental science, agricul-
ture, engineering, and law. Such an approach will be needed to continue developing 
scalable, cost-effective, sediment removal technologies that can adapt to individual 
environmental systems.

Past research initiatives have focused on understanding the impact of sediment 
recycling on both soil environmental conditions and waterbody ecosystem, in addi-
tion to assessing potential benefits for plant production. The sediment excavation and 
reuse initiatives in Lake Mustijärv and the ongoing efforts in Lake Ormstrup emphasize 
the importance of merging limnology, agriculture, and engineering expertise [98, 99, 
103, 104]. In addition, engineering research has contributed innovations such as the 
MuckVac™ system and the Genesis Rapid Dewatering System™ (RDS), streamlining 
the extraction and reuse processes. These technologies showcase the collaborative efforts 
of engineers and environmental scientists in creating efficient and sustainable sediment 
management tools. Moreover, efforts need to be made to address economic impacts. 
The economic loss due to the decline of land productivity (on-site effects) caused by 
water erosion is estimated at about 1.25 billion € per year in the EU [126]. Considering 
economic principles, agricultural advancements, and techniques for sediment removal 
provides a holistic perspective on Put the Land Back on the Land.

6.  Conclusions

There are certain inevitabilities that all societies on earth will have to deal with 
regularly. Sediment erosion will continue and there will be a loss of organic top-
soil and nutrients. Sedimentation will result in the shallowing of waterways, and 
eutrophication of aquatic systems will continue. Throughout the twentieth century, 
knowledge regarding how to mitigate these problems advanced considerably and 
improvements have been made. Techniques for removing sediments from waterways 
to support commercial and/or recreational uses advanced to the point where removed 
sediments can now be rapidly dewatered and the water returned to the targeted 
waterway safely. Beneficial uses for dredged material have also been identified, but 
continued education will become paramount for success [109].

Agriculture fulfills the vitally important public need for all nations in supplying 
abundant and affordable food and fiber. The loss of organic topsoil and the diminishing 
productivity of agricultural lands will, therefore, become the premier concern for many 
nations in the remainder of twenty-first century as food security IS national security.

American President Dwight D. Eisenhower [127] during his 1961 farewell speech 
spoke about the military-industrial complex and discussed the people’s expectation 
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that political leaders must find essential agreement on issues of great moment, the 
wise resolution of which will better shape the future of a Nation. He also noted that all 
proposals must be weighed in the light of a broader consideration: the need to main-
tain balance in and among national programs—balance between the private and the 
public economy, balance between cost and hoped for advantage—balance between 
the clearly necessary and the comfortably desirable; balance between essential 
requirements as a nation and the duties imposed by the nation upon the individual; 
and balance between actions of the moment and the national welfare of the future. 
Good judgment seeks balance and progress; lack of it eventually finds imbalance and 
frustration. We submit the holistic Put the Land Back on the Land program meets 
these criteria and avoids the impulse to live only for today [128] without considering 
environmental sustainability for future generations.

Sufficient knowledge regarding the recycling of dredged materials now exists and 
in the words of American President Franklin Delano Roosevelt “We have nothing to 
fear but fear itself” [129]. The management goal for all dredged materials should, 
therefore, be to use removed material beneficially unless chemically unsuited to 
remain in the environment. The soil management philosophy of Keep the Land on the 
Land (i.e., soil conservation) has made important contributions to the worldwide 
conservation effort and needs to continue in the future. The Keep the Land on the 
Land management approach, however, failed to close an important environmental 
loop for nutrients, ultimately threatening environmental sustainability. Recycling 
aquatic sediments to agricultural lands is inevitable. The time is now that Nations 
should adopt and implement the Put the Land Back on the Land approach to foster 
sustainability and resiliency of both the aquatic and terrestrial resources that are 
imperatives to not only their individual national interests, but more broadly the col-
lective Global Planetary interests that benefit all peoples.
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Chapter 3

Beach Changes Triggered by 
Ground Subsidence and Waves 
Generated by Easterly Trade Wind 
near Pekalongan on North Shore of 
Java Island
Takaaki Uda, Susumu Onaka and Tomohiro Mori

Abstract

The shoreline recession caused by ground subsidence due to the excessive 
pumping of underground water and that caused by wind waves incident from the 
easterly direction under the tropical monsoon weather was investigated, taking the 
Pekalongan area on Java Island as a study area. The study area was divided into nine 
subareas on both sides of the Comal River delta, and the shoreline changes in each 
subarea were investigated using satellite images. Field observation was also carried 
out on August 10, 2022, in the Pekalongan area, and the height of ground subsidence 
was measured together with the observation of the inundated area using a UAV. It 
was found that, in this area, the height of ground subsidence reached approximately 
1.6 m, and the sinking area has been rapidly expanding. In this area, predominant 
waves are constantly incident from the easterly direction under the tropical trade 
wind condition, and in some cases, waves are obliquely incident at a significantly 
large angle relative to the direction normal to the shoreline. Along the east coast of 
the Comal River mouth, the mean wave incidence angle was as large as 22° clockwise, 
whereas on the west side, the angle increased up to 42°, causing marked shoreline 
changes due to high-angle wave instability.

Keywords: ground subsidence, shoreline recession, Java Island, Pekalongan,  
high-angle wave instability, longshore sand transport

1.  Introduction

A substantial proportion of the world’s sandy coastline is already eroding, and such 
a situation may be exacerbated by climate change. Vousdoukas et al. [1] showed that 
these ambient trends in shoreline dynamics, combined with coastal recession driven 
by sea level rise, could result in the near extinction of almost half of the world’s sandy 
beaches by the end of the century. Mentaschi et al. [2] gave a global and consistent 
evaluation of coastal morphodynamics between 1980 and 2015 based on satellite 
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observations and concluded that the observed global trend in coastal erosion could 
be enhanced by future sea level rise along with the discussion on the impact due to 
anthropogenic factors. Thus, if a sea level rise develops, there will be an acceleration of 
existing beach erosion [3]. The changes predicted globally are already in evidence on 
sections of the world’s coastline where land subsidence has produced a relative sea-level 
rise. Thus, the ground subsidence has the same effect as the sea level rise, implying that 
the study on ground subsidence is important to understand the impact of sea level rise 
to the coastal lowland. This could be done by a fact-finding investigation on real coasts.

Here, we aim to study the real example occurring between Pekalongan and 
Pemalang in Central Java, Indonesia, where severe ground subsidence has already 
occurred not only by the excessive pumping of underground water but also wave-
induced sand transport under the constant tropical trade wind; topographic changes 
due to ground subsidence and wave action have simultaneously occurred. When a 
non-uniform ground subsidence occurs along the coastline, the longshore inclination 
of the shoreline changes, resulting in the occurrence of longshore sand transport, 
even though waves are incident normal to the previous shoreline. In this manner, the 
study on the combined effect of the ground subsidence and longshore sand transport 
to the topographic changes along a specific coast is no less important compared with 
the study on the global effect by sea level rise.

The coastline in the present study area between Pekalongan and Pemalang runs 
approximately in the east-west direction, and the shoreline protrudes into the Java 
Sea at the Comal River delta (Figure 1). Along this river delta coastline, waves may be 
incident at a large angle relative to the direction normal to the shoreline because of the 
protrusion of the shoreline, causing significant beach changes.

As regard to the ground subsidence in this area, Chaussard et al. [4] estimated 
the rate of ground subsidence in Pekalongan to be 3–10 cm/yr. in 2013. Then, 

Figure 1. 
Satellite image of the study area between Pemarang and Pekalongan, taken on 29 September 2021.
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Andreas et al. [5] collected the evidence for subsidence based on repeated leveling 
measurements, GPS surveys, InSAR (Interferometric Synthetic Aperture Radar) 
measurements, extensometer, etc., and showed that the average rate of subsidence 
was as large as 0.01–0.1 m/yr. in 2018. They also pointed out that although dykes 
have been built against tidal inundation around the coasts on north Java coast, the 
dike subsiding through times results in the failure in their capability against ground 
subsidence and sea level rise, because the land subsidence and the sea level rise con-
tinue through times. Sarah and Soebowo [6] presented a brief review on land sub-
sidence along the north coast on Java Island, and they showed the main features of 
the land subsidence including the subsurface geology, land subsidence monitoring, 
and analysis of possible causes and mechanism. Their time series analysis of InSAR 
images revealed that subsidence in Pekalongan occurred at a rate of 4.8–10.8 cm/
year, suspected to be caused by groundwater withdrawal for agriculture.

Moreover, Andreas et al. [7] showed again in 2020 remote sensing capabilities on 
land subsidence and coastal water hazard using the GNSS (Global Navigation Satellite 
System) and InSAR data and concluded that, in the Pekalongan area, the ground 
subsidence started since late 1970s and the entire ground subsidence reached 3.7 m 
until 2015.

Sidiq et al. [8] also investigated the ground subsidence of the entire Java Island 
using SAR satellite images and argued that the height of ground subsidence in 
Pekalongan reached 22 cm between 2017 and mid-2020. Thus, most of the studies 
focus on the rate of ground subsidence in the inland area of Pekalongan, and studies 
on the interaction between cumulative ground subsidence and beach changes caused 
by the imbalance in longshore sand transport due to waves are rare.

Similar ground subsidence triggered by the excessive pumping of underground 
water has occurred in the southern part of Kujukuri coastal plain in Chiba Prefecture, 
Japan, and the maximum ground subsidence reached 90 cm between 1968 and 2012, 
causing the shoreline recession of 18 m when assuming the foreshore slope of 1/20 
[9]. When the effect of sea level rise associated with the greenhouse effect occurs with 
the ground subsidence, enormous damage may occur. Therefore, in this study, beach 
changes were investigated, taking the suburbs of Pekalongan as an example, where 
coastal lowland vulnerable for coastal damage develops along the coastline, and both 
the ground subsidence and the shoreline recession caused by the imbalance in long-
shore sand transport due to waves simultaneously have occurred. Through the study, 
we investigate not only the expansion of the inundation area associated with ground 
subsidence but also the reversal in the direction of longshore sand transport caused by 
local ground subsidence. Moreover, along the study area, the angle of the predominant 
waves takes a value greater than 45°, possibly causing high-angle wave instability. We 
also discuss a measure to prevent the devastation of the coastline along such a coast.

First, nine subareas were adopted alongshore between Pekalongan and Pemarang 
located 20 km west of the Comal River delta (Figure 1), and the shoreline changes in 
each subarea were investigated using Google Earth, together with field observation 
on 10 August 2022 near Pekalongan. In Figure 1, the lowland shown in black extends 
in the vicinity of the shoreline in subareas 1–4 west of Pekalongan where significant 
ground subsidence occurred and particularly large ground subsidence occurred in 
subareas 2 and 4.

The results of the study in each subarea are described in Chapter 3. Then, in 
Chapter 4, the longshore distribution of the angle relative to the direction normal to 
the shoreline is shown, which closely relates to the longshore sand transport on each 
coast. Then, discussions were made in Chapter 5.
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Regarding the wave characteristics in this area, wave height was measured by 
Sakuno et al. [10] using the satellite sea level altimeter. They showed that the signifi-
cant wave height with a high probability of occurrence in the Java Sea ranges between 
0.5 and 1.0 m, relatively low with a wave period shorter than 4 s. Furthermore, the 
significant wave height H95 with the non-exceedance probability of 95% was 1.48 m.

2.  Method of study

The Comal River delta protrudes into the Java Sea in the central part of the study 
area (Figure 1). In this area, subareas 1–4 were set westward from Pekalongan east 
of the Comal River delta, whereas subareas 6–9 were set alongshore until Pemalang 
west of the river delta along with subarea 5 at the center of the Komal River delta. 
The shoreline of the Comal River delta has an asymmetric shape with respect to 
the centerline of the delta, as shown in Figure 1. A straight line is drawn in the 
east–west direction at a location 4.2 km south of the river mouth, and the direction 
normal to the shoreline at the intersections between this line and the shoreline is 
calculated; the angle of the direction normal to the shoreline with respect to the 
north becomes 50° (N50°E) on the east side and 41° (N41°W) on the west side of the 
delta. Thus, the angle of the direction normal to the shoreline relative to the north 
on the east side (50°) is larger than that of 41° on the west side of the river delta. 
This asymmetry of the river delta is assumed to be due to the asymmetric effect of 
waves incident from the eastern side of the river delta under the constant action of 
easterly wind. Because when waves are incident from the direction of the center line 
dividing a symmetric river delta into two, a symmetric river delta must be formed 
due to the symmetric action of waves.

In this study, the suburbs of Pekalongan (subarea 2) where severe ground subsid-
ence occurred, the Sikebu River mouth (subarea 4), the Comal River delta (subarea 
5), and subarea 6 west of the river delta, as shown in Figure 1, were selected out 
of nine subareas, and the shoreline changes in each subarea were investigated. The 
distribution of wave incidence angle relative to the direction normal to the shoreline 
was measured in these nine subareas because oblique wave incidence is vital to cause 
the longshore sand transport.

3.  Results of the study in each subarea

3.1  Subarea 1 (suburbs of Pekalongan)

Figure 2 shows a satellite image of the area immediately west of Pekalongan taken 
on 29 September 2021. The residential area of Pekalongan extends along the left bank 
of the Banger River. Severe ground subsidence occurred in this area, and the urban 
area is surrounded by the submerged area shown in black. In addition, jetties of 
approximately 300 m length have been constructed on both sides of the Banger River, 
and the shoreline advances most on the east side of the jetty, implying that westward 
longshore sand transport prevails in this area.

On the other hand, the shoreline was assumed to retreat at the west end of the 
seawall because the shoreline in the urban area west of the river mouth is fixed by the 
seawall. Therefore, when adopting a rectangular area in Figure 2 west of the urban 
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area, satellite images taken five times between March 2003 and September 2021 were 
compared (Figure 3).

In March 2003, no clear evidence of erosion or effects of ground subsidence 
were observed, and the shoreline extended straight in the east-west direction, and a 
sandy beach extended alongshore with neatly divided gardens and fish ponds in the 
hinterland (Figure 3(a)). However, by September 2009, groins and a seawall were 
constructed, as shown in Figure 3(b), east of the crematory indicated by a circle 
in Figure 3(a) as a measure against erosion. Then, because of the ground subsid-
ence and the blockage of westward longshore sand transport, the shoreline was 
retreated by 54 m at the west end of the seawall by August 2013 (Figure 3(c)). Here, 
in Figure 3(c), the propagation of swell waves from the northeast can be clearly 
identified; therefore, the direction normal to the wave crests immediately offshore 
of the wave breaker zone near the crematory was determined to be N36°E. Because 
the direction normal to the shoreline in this vicinity is N14°E, waves are obliquely 
incident clockwise at an angle of 22° relative to the direction normal to the mean 
shoreline, resulting in the predominance of northwestward longshore sand transport 
and erosion at the west end of the seawall. Moreover, ground subsidence was intensi-
fied between 2009 and 2013, and footpaths of the fish pond became invisible.

Then, a straight seawall was constructed at a location 30 m offshore of the shore-
line west of the crematory as a measure against erosion until April 2014 and con-
nected to the seawall constructed earlier (Figure 3(d)). However, these seawalls lost 
their function because of ground subsidence, and they were destroyed by September 
2021 (Figure 3(e)). Simultaneously, severe ground subsidence occurred, and farm-
lands and fish ponds that extended in the coastal lowland in 2003 were submerged 
under the sea surface and the facilities of the crematory remained under the sea.

Figure 2. 
Satellite image of the area near Pekalongan and detailed study area.
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As mentioned above, marked topographic changes occurred between March 2003 
and September 2021 in subarea 1. The situation of the ground subsidence was con-
firmed on August 10, 2022, by the field observation. Figure 3(e) shows the location 
(Sts. 1–9) where photographs were taken. First, at St. 1 shown in Figure 3(e), the dif-
ference in elevation between the sea surface at the subsided land on the right (west) 
side of the seawall and the surface of the coastal road on the left was measured using 
a measuring stick (Figure 4(a)). As a result, the elevation of the road surface was 
found to be 0.2 m lower than that of the sea surface at that time. As the tide level at 
the measurement time was the mean sea level (MSL) + 0.10 m, the ground elevation 
of the road was MSL − 0.10 m.

Similarly, Figure 4(b) shows the measurement of the ground elevation on the 
east side of the road, and the ground elevation was found to be 0.8 m lower than the 
elevation of the road. Although the elevation of the road has been raised after the suc-
cessive ground subsidence, the ground elevation of the residential area has not been 

Figure 3. 
Satellite images of subarea 1 at Pekalongan.
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changed; these indicate that the ground elevation in this vicinity is MSL − 0.90 m. 
As the ground elevation before the ground subsidence was not known, the accurate 
ground subsidence could not be determined. However, when the original ground 
elevation of the coastal lowland was assumed to be equal to the berm height of 
MSL + 0.7 m, described later, the ground subsidence was determined to be 1.6 m.

Figure 4(c) taken at St. 3 near the crematory further seaward of St. 2 shows 
the condition of the seawall. The seawater spouted out through a small hole of the 
seawall to the road on the east (right) side of the seawall of 0.8 m height. It is clearly 
understood from this photograph that the sea level was higher than the road level. 
Furthermore, Figure 4(d) taken at St. 4 shows the east side of the crematory, after 
walking straight along the road toward the sea. From this photograph, it seems that 
the crematory is floating on the sea with a mangrove forest.

Then, the situation in the vicinity of the crematory was observed in detail, which 
showed that almost all the land on the east side of the crematory subsided below 
the sea surface, and the trees were submerged below the sea surface, as shown 
in Figure 4(e). This crematory was located approximately 50 m landward of the 
shoreline in 2003, as shown in Figure 3(a), but the crematory sunk below the sea 
surface because of the ground subsidence and the sand discharge due to the westward 
longshore transport.

However, a low berm was formed near the retreated shoreline. Therefore, the 
berm height was measured relative to the sea level at 12:35 on 10 August 2022, which 
showed that the berm height was 0.6 m (Figure 4(f )). As the elevation of the sea 
surface at the measurement time was MSL + 0.10 m, the berm height relative to the 

Figure 4. 
Photographs showing ground subsidence taken at Sts.1–9 in Pekalongan.
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MSL was 0.7 m. In addition, the vertical seawall protecting the seaward side of the 
crematory was severely damaged by wave action along with the inundation behind 
the seawall owing to wave overtopping (Figure 4(g)).

When the condition of a road extending along the east side of the crematory, as 
shown in Figure 3(e), was investigated after the observation near the crematory, the 
road was found to be protected against waves and erosion by both a 0.8-m-high verti-
cal seawall and the zig-zag-shaped revetment in front of the seawall (Figure 4(h)). 
However, the seawall was severely destroyed by waves with no trace of its original 
shape remaining (Figure 4(i)).

Figure 5 shows an oblique image of the measurement carried out on July 1, 
2022, using a UAV (drone: DJI Phantom 4 Pro V2.0). This image clearly shows that 
ground subsidence occurred in an extensive area along the road, and the ground 
on both sides of the road subsided below the sea surface. Although a slender 
mangrove forest remained west of the crematory, all the surrounding areas were 
submerged below the sea surface, and the seawall constructed along the coastline 
was invisible.

3.2  Subarea 4 (Sikebu River mouth)

The Sikebu River in subarea 4 flows into the Java Sea at a location 8.6 km west of 
the Semut River in subarea 3. The coastline inclination near this river mouth forms 
an angle of 37° clockwise relative to that of the mean coastline between subareas 
1 and 3, as shown in Figure 1. Therefore, under the condition that waves are incident 
from the northeast, the angle between the direction normal to the shoreline and the 

Figure 5. 
Oblique image of the study area taken on 1 July 2022.



55

Beach Changes Triggered by Ground Subsidence and Waves Generated by Easterly Trade Wind…
DOI: http://dx.doi.org/10.5772/intechopen.1004907

wave direction becomes smaller than those in subareas 1–3, implying the decrease in 
longshore sand transport compared with those in subareas 1–3.

The satellite image taken in February 2005 is shown in Figure 6(a). At that time, 
the Sikebu River significantly meandered and then flowed out to the Java Sea near the 
river mouth because the mouth was closed by a sand spit extending southeastward. 
Here, wave crestlines can be clearly observed offshore of the shoreline in this satel-
lite image. Therefore, the wave incident angle was determined to be N27°E from the 
direction normal to the crestline offshore of the shoreline. As the direction normal 
to the mean shoreline at that time was N50°E, as shown in Figure 6(a), waves were 
incident at an angle of 23° counterclockwise relative to the direction normal to the 
shoreline in this area, causing southeastward longshore sand transport, which is dif-
ferent from the predominance of westward longshore sand transport in subareas 1–3. 
The reversal in the direction of longshore sand transport from westward in subareas 
1–3 to southwestward in subarea 4 is due to the change in the shoreline angle; the 

Figure 6. 
Satellite images of subarea 4 (Sikebu River mouth).
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coastline near subarea 4 forms an angle of 37° clockwise relative to that of the mean 
coastline between subareas 1–3 because subarea 4 is located on the eastern side of the 
Comal River delta significantly protruding northward, and waves from the eastern 
side are incident counterclockwise relative to the direction normal to the shoreline.

Figure 6(b) shows a satellite image taken in September 2009. The river, which 
meandered significantly southeastward, became straight because of the extension 
of two jetties at the river mouth. The south jetty was asymmetrically arranged with 
the south jetty being longer than the north jetty by approximately 70 m. Therefore, 
the shoreline may locally advance on the southeast side of the jetty owing to the wave 
diffraction effect of the jetty, but the shoreline formed was straight.

Then, until April 2017, the shoreline retreated in the area south of the jetty, 
whereas on the north side of the river mouth, sand was deposited, resulting in the 
shoreline reaching the tip of the north jetty (Figure 6(c), although the south jetty was 
shortened relative to that in 2009 (Figure 6(b)). The fact that the shoreline advanced 
on the north side of the jetty and retreated on the south side clearly indicates that 
southeastward longshore sand transport prevailed at this river mouth until 2017.

However, the shoreline on the north side of the river mouth was retreated by 80 m 
by June 2019, although the shoreline on the south side did not change (Figure 7(d)). 
Here, wave crestlines can be observed offshore of the left bank of the river mouth. Thus, 
the wave incident angle was determined from the satellite image; the angle of N59°E 
was determined from the direction normal to the crestline offshore of the shoreline, as 
shown in Figure 6(d). Thus, the wave angle was found to rotate clockwise by 32° relative 
to the initial wave angle (N27°E) in 2005 because of severe ground subsidence.

Near the river mouth, many small roads separating fishponds disappeared owing 
to the ground subsidence. The same condition can be seen from the satellite image 
taken in July 2020, as shown in Figure 6(e). The shoreline on the north side of the 
river mouth markedly retreated because of significant ground subsidence west of the 
Sikebu River. When comparing the shoreline in April 2017 (Figure 6(c)) with that in 
July 2020 (Figure 6(e)), the shoreline recession on the north side of the river mouth 
reached 110 m until July 2021 because of marked ground subsidence. Thus, marked 
topographic changes occurred owing to the ground subsidence since 2019 at the 
Sikebu River mouth, causing the reversal in the direction of longshore sand transport, 
although southeastward longshore sand transport was predominant in 2005. It is 
concluded that when the non-uniform ground subsidence occurs along the coastline, 
the longshore inclination of the shoreline changes, resulting in the occurrence of 
longshore sand transport, even if waves are incident from the direction normal to the 
previous shoreline.

3.3  Subarea 5 (Comal River)

The shoreline changes in subarea 5 around the Comal River mouth were similarly 
investigated using the satellite images taken five times between September 2009 and 
May 2022 (Figure 7). The images show that this river flowed northward in September 
2009 with an opening at the north end. It is found that the sediment supplied from 
the river was deposited around the river mouth, forming a shallow offshore terrace 
(Figure 7(a)). On the other hand, the amount of sand deposited on the west side of 
the river was smaller than that on the east of the river mouth, and an extensive lagoon 
enclosed by a slender barrier island was formed. The greater deposition of sand on 
the east side indicates that the sediment supplied from the Comal River was mainly 
transported to the east coast.
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Then, in 2015, the right tributary was formed at a location 1.1 km south of the river 
mouth of the main stream (Figure 7(b)). At this time, an umbrella-shaped sandbar 
was remained offshore of the mouth of the main stream, and two slender sandbars 
have extended along the marginal line of the offshore terrace: one is westward and 
the other is southwestward. The effect of the main stream was assumed to be weak-
ened because of the decrease in discharge, and the offshore terrace started to deform 
mainly owing to wave action.

In June 2017, although a shoal still remained offshore of the main stream, the 
size of the sandbar extending in the east–west direction offshore of the river mouth 
decreased, and the sandbar moved southward by approximately 120 m (Figure 7(c)). 
As the sediment was also supplied from the right tributary, another shoal started to 
be formed offshore of the mouth of this tributary. The formation of this shoal can be 
recognized from the formation of white-capped breaker lines along the external line 
of the shoal.

Figure 7. 
Satellite images of subarea 5 (Comal River mouth).
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In July 2020, the slender sandbar located offshore of the mouth of the main stream 
moved by 400 m southward compared with its previous location in October 2015 
because the amount of discharge of the right tributary increased (Figure 7(d)). At 
the same time, the increase in the size of the terrace offshore of the mouth of the right 
tributary can be seen from the distribution of the breaker zone. Then, until May 2022, 
the sandbar extending in the east–west direction offshore of the main stream further 
moved southward by approximately 180 m while maintaining its slender shape, and 
the river mouth of the main stream was completely buried with sand. Thus, since 
2015, when the effect of the mainstream was weakened, a slender sandbar extending 
in the east–west direction offshore of the main stream has moved southward while 
maintaining its direction.

For the parallel movement of a slender sandbar while maintaining its shape, it is 
necessary that the predominant waves are incident from the direction normal to the 
shoreline of the slender sandbar. Therefore, the direction normal to the shoreline was 
determined from the satellite image (Figure 7(e)), which was found to be northward 
approximately parallel to the flow axis of the Comal River. Thus, the Comal River 
flowed northward until 2009 with the sediment being supplied north of the river 
mouth. However, because of the excavation of the right tributary by May 2022, all 
the discharge of the river flowed through this tributary. As a result, the mouth of the 
main stream was completely closed by a sandbar, and an offshore slender sandbar 
connected to the right bank of the river mouth was formed. The slender sandbar 
offshore of the river mouth moved southward owing to the action of waves incident 
from the north, while maintaining its shape.

3.4  Subarea 6 (Kauman River mouth)

The Kauman River mouth is located 5.2 km southwest of the main stream of 
the Comal River. In this area, the westward extension of the river mouth bar was 
investigated from the satellite images taken three times between June 2014 and July 
2020 (Figure 8). In June 2014, the sandbar of the right bank extended by 69 m from 
point A at the west end of the mangrove forest (Figure 8(a)). Until August 2017, the 
sandbar elongated westward by 250 m west of A. During this period, the smooth sand 
supply from the right to the left bank was assumed to be interrupted owing to the 
extension of the sandbar on the right bank.

When a sand spit is formed at the tip of the barrier island, the sand spit itself 
develops owing to the continuous supply of sand from the upcoast, and almost all 
sand is used for the elongation of the sand spit, resulting in the disruption of continu-
ous sand movement along the shoreline because of the discontinuity in shoreline at 
the tip. Noshi et al. [11] showed an example of rapid development of a recurved spit 
at the south end of Phan Rang Bay located in the southeast part of Vietnam, and the 
beach was eroded on the opposite side of the tip of the sand spit during the elonga-
tion of the sand spit. The same examples were observed along the curved shoreline 
north of Pengambengan fishing port located in the western part of the Bali Strait [12] 
and along the barrier island developed in Nakatsu tidal flat, Japan [13]. Accordingly, 
the same phenomenon is assumed to occur at the southeast end of the barrier island 
elongating along the Kauman River mouth.

Furthermore, in Figure 8(b), another sandbar started to elongate westward 
while covering the previous sandbar. This sand spit further elongated up to a location 
520 m west of point A by July 2020 (Figure 8(c)). Here, in Figure 8(c), many wave 
crest lines can be seen offshore of the breaker zone; therefore, the wave angle can 
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be determined from the shape of these crestlines; the wave direction indicated the 
north. On the other hand, when a line normal to the shoreline was drawn at the center 
of the long sand spit, the direction of this normal line became N42°W; waves were 
obliquely incident clockwise by 42° relative to the direction normal to the shoreline, 
and this condition is close to the angle of 45° at which the shoreline instability will 
occur owing to high-angle wave instability [14]. For this reason, intensive westward 
longshore current (sediment transport) was induced in subarea 6, resulting in the 
elongation of a sand spit.

3.5  Subarea No. 9 (Wirasa River)

The Wirasa River flows into the Java Sea at a location 3.8 km northwest of 
Pemalang. Figure 9(a) shows the satellite image of this river taken in October 2004. 
The parallel jetties were already constructed at the river mouth by October 2004, and 
the east jetty was longer than the west jetty. As the east jetty blocked longshore sand 
transport, the shoreline on the east side of the river advanced offshore relative to that 
on the west side, indicating the predominance of westward longshore sand transport. 
When drawing a line normal to the shoreline at a location 130 m east of the east jetty, 
the direction became N11°E. Similarly, the direction normal to the shoreline at a 
location 370 m east of the east jetty that was not affected by the blockage of longshore 
sand transport can be determined to be north. Finally, it is concluded that waves are 
incident at an angle of 11° clockwise at this river mouth. As the wave diffraction zone 
is formed west of the jetties against waves incident from the N11°E direction, a bay-
shaped shoreline was formed immediately west of the west jetty.

Similarly, Figure 9(b) shows the satellite image taken in September 2013. Because 
the east jetty was extended up to a location 220 m offshore of the seawall, the wave 

Figure 8. 
Satellite images of subarea 6 (Kauman River mouth).
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diffraction effect was intensified, causing the shoreline to advance by approximately 
40 m west of the jetty. Here, wave crest lines can be seen at a location 130 m offshore 
of the east jetty; therefore, the wave incidence angle can be measured to be N16°E. 
This angle is close to that of N11°E obtained in Figure 9(a).

4.  Longshore sand transport and shoreline instability

The incident wave angle in subareas 1–9 set along the shoreline of the Comal River 
delta was evaluated by two methods. First, the wave direction was determined from 
the direction normal to the wave crestline offshore of the breaker zone shown in satel-
lite images (Type I). Second, the wave direction was determined from the difference 
in angle between the directions normal to the shoreline before and after the construc-
tion of a groin (Type II). Table 1 shows the wave angle determined in each subarea by 
Type I or II method.

Table 1 indicates that the mean wave angle in subareas 1–3 east of the Comal River 
delta was as large as 22° clockwise on average; therefore, marked westward longshore 
sand transport could occur. In contrast, in subarea 4, immediately east of the Comal 

Number of 
subarea

Wave 
direction

Wave 
angle

Wave 
angle

Date of taking satellite image

1 N36°E 22° I 27 August 2013

2 N34°E 20° II 19 April 2014 and 29 September 
2021

3 N40°E 23° II 4 May 2020

4 N27°E −23° I 1 February 2005

5 N 0° II May 2022

6 N 42° I 5 July 2020

7 N 35° I 5 July 2020

8 N12°E 22° II 16 June 2017

9 N16°E 16° I 16 October 2004

Table 1. 
Wave angles at subareas 1–9.

Figure 9. 
Satellite images of subarea 9 (Wirasa River mouth).
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River mouth, the wave angle was −23° in 2005 before the occurrence of the marked 
ground subsidence, which was the reversed direction relative to those in subareas 
1–3. However, after the ground subsidence, the wave angle rotated by 30° in this 
area, causing the reversal in the direction of longshore sand transport. In addition, in 
subarea 5 at the tip of the river delta, the wave direction was from the north.

In subarea 6 west of the river delta, the wave angle was as large as 42°, which is 
sufficiently large to cause the development of shoreline undulation due to the mecha-
nism of high-angle wave instability [14]. In domains, such as subarea 6, when a groin 
is extended to block longshore sand transport, a stable shoreline cannot be formed 
upcoast of the groin, and longshore sand transport may flow out downcoast turning 
around the tip of the groin [15, 16].

Uda and Serizawa [16] carried out a numerical simulation of the extension of a 
sand spit around groins constructed on a coast satisfying the condition of high-angle 
wave instability using the BG model [17], taking the coast of Narvacan in Lingayen 
Gulf in the Philippines. A model beach with a uniform profile ranging in the depth 
zone between the berm height (hR) and the depth of the closure (hc) was set up on 
the upstream end on a solid bed, as shown in Figure 10, with sand being supplied 
from the upcoast boundary between hR and hc, and subsequent beach changes due to 
wave action were predicted. A solid flat bed with the depth of hc was assumed in the 
offshore zone. A seawall was set along the coastline concurrently with the installation 
of eight groins of 490 m length at 90 m intervals. Incident wave height was assumed 
to be 2 m, which is equal to the berm height, and wave period was assumed to be 8 s. 
Waves were assumed to be incident from the clockwise direction of θ = 55°. The wave 
field was calculated using the energy balance equation. The calculation was carried 
out up to 3 × 104 steps, where 104 steps correspond to 0.9 years. The other calculation 
conditions are shown in Table 2.

Figure 10 shows the results of the calculation. Because waves are obliquely 
incident from the clockwise direction at an angle of 55°, leftward longshore sand 
transport developed, and sand supplied from the northwest (right) boundary was 
deposited while forming a sand body, which moved southeastward over the tips of 
the groins. There is a gap between the tip of the groin and the downcoast shoreline at 

Wave conditions Incident waves: HI = 2 m, T = 8 s, wave direction θI = 55° relative to x-axis

Berm height hR = 2 m

Depth of closure hc = 6 m

Equilibrium slope tanβc = 1/10

Coefficients of sand 
transport

Coefficient of longshore sand transport Ks = 0.01
Coefficient of Ozasa and Brampton term K2 = 1.62Ks

Coefficient of cross-shore sand transport Kn = Ks

Mesh size Δx = Δy = 10 m

Time intervals Δt = 0.8 h

Duration of calculation 3.2 × 104 h (4 × 104 steps)

Boundary conditions
Shoreward and landward ends: qx = 0
Right and left boundaries: dqy /dy = 0
Lower right corner of beach edge: dqx /dx = 0 or dqy /dy = 0

Table 2. 
Calculation conditions.
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the groin located at the southeast end, so a slender sand spit elongated southeastward 
(leftward) while leaving a lagoon behind it. Then, a barrier island was formed after 
the elongation of the slender sand spit. These results corresponded well with the 
measured changes [16]. Thus, it is concluded that a statically stable shoreline cannot 
be formed using groins under high-angle wave instability, because longshore sand 
transport may flow out downcoast turning around the tip of the groin. It is required 
to maintain continuous sand movement on such a coast satisfying high-angle wave 
instability.

In areas further west, the wave angle in subarea 7 located 7.7 km southwest of the 
Comal River mouth is 35°, and those in subareas 8 and 9 are 22 and 16°, respectively. 
Although the oblique wave angle decreases with distance from the Comal River 
mouth, waves are obliquely incident clockwise at a large angle at any points, causing 
westward longshore sand transport. Therefore, when a jetty is extended on such a 
coast, careful attention on downcoast erosion is required.

5.  Discussion

Along the shoreline of 33 km length between Pekalongan and Pemalang in Central 
Java, nine subareas were adopted from both sides of the Comal River delta, and the 
characteristics of longshore sand transport in each subarea were investigated using 
satellite images. As a result, it was found that the wave angle relative to the direction 
normal to the shoreline is large at 22° on average in subareas 1–3 east of the Comal 
River delta, causing significant beach changes due to westward longshore sand trans-
port. In subarea 4 (Sikebu River mouth), the reversal of longshore sand transport was 
observed because of the marked ground subsidence.

Finally, the mechanism is schematically shown in Figure 11. When the wave 
angle is sufficiently small, the shoreline between the groins is stabilized for the 
shoreline to be normal to the wave direction (Figure 11(a)). However, when 

Figure 10. 
Prediction of development of a sand spit around the tip of groins when waves are obliquely incident to the 
direction normal to the shoreline at an angle of 55° [16].
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high-angle wave instability occurs, the volume of sand to be deposited upcoast of 
groin G1 is minimal, and almost all the sand discharges downcoast and the shore-
line retreats up to the seawall (Figure 11(b)), resulting in the formation of flying 
spits [14, 16].

For a soft measure against erosion to be adopted on such a coast, the continuity of 
longshore sand transport must be maintained (Figure 11(c)). Thus, in subarea 6, the 
only way to maintain the present shoreline is to form a dynamically stable shoreline by 
maintaining the continuity of longshore sand transport, that is, sand bypassing.

Apart from beach changes caused by longshore sand transport, severe ground 
subsidence due to the excessive pumping of ground water occurred in subareas 1–4 
west of Pekalongan with a maximum subsidence of the ground reaching approxi-
mately 1.6 m in height, and the submerged coastal land had been expanding. For the 
measures against the submergence of the ground and erosion by the spatial imbalance 
in longshore sand transport, the setting back of the seawall is under way at present 
together with the installation of pump stations to discharge seawater for the reduction 
in water level in subareas 1–4. Accordingly, not only short-period measures should 
be taken but also the pumping of the underground water, which is thought to be 
the primary cause of the ground subsidence, should be controlled in these areas. In 
addition to these, mangroves should be planted to form a forest in an extremely shal-
low sea offshore of the seawall to enhance wave attenuation. In the areas west of the 
Comal River mouth, the effect of ground subsidence was not very marked, but waves 

Figure 11. 
Schematic of shoreline changes around groins.
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were obliquely incident at a large angle from the eastern side. Therefore, maintaining 
the continuity of longshore sand transport is required in the long-term methods such 
as sand bypassing.

6.  Conclusions

It was found that, in the Pekalongan area, the height of ground subsidence reached 
approximately 1.6 m which is much greater than the expected sea level rise of 0.6 m 
in the coming 100 years reported in IPCC [18], and the sinking area has been rapidly 
expanding at present. Together with the ground subsidence, the predominant waves 
constantly developing under the easterly trade wind are incident to the coast, caus-
ing a significant shoreline recession downcoast of the structures. Along the coastline 
east of the Comal River mouth, the mean wave incidence angle was as large as 22° 
clockwise, whereas on the west side, the angle increased up to 42°, causing marked 
shoreline changes due to high-angle wave instability, resulting in significant beach 
changes. Therefore, in this area, maintaining the continuity of longshore sand trans-
port is required in the long-term methods such as sand bypassing instead of structural 
defense using groins or detached breakwaters.
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A Novel Method of Hydro-Vacuum 
Dispersion of Metallurgical Melts: 
Research and Implementation
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and Giorgi Sakhvadze

Abstract

In parallel with the gradual expansion of the consumption of powder materials 
and the increasing demands placed on them, the competition between the producers 
of powders is continually intensifying. There is no doubt that the future belongs to 
technologies that provide high productivity and low-cost powders. Consequently, the 
technology and techniques of powder production need constant revision and mod-
ernization. For this goal we have developed and proposed a new method and installa-
tion for hydro-vacuum dispersion of melts, the essence of innovation and advantage 
of which lies in sucking and dispersing the melt in the direction opposite to the action 
of the force of gravity, under gravity overload 150-200g conditions, where the main 
work is performed by hydraulic rarefaction resulting from a sharp refraction of 
direction (on 162-degree angle) and rapid expansion (х10) of a high-pressure water 
annular flow, with the superimposition of spatial shock- pulsating waves generated 
in the outer shell of the formed cone-shaped vortex. The device is characterized by 
high production and low energy costs, while powders - by increased specific surface, 
improved purity and high activity. The enhanced activity of our powders is due to the 
formation of non-equilibrium mechanoactivation structural-deformation stresses 
in them, which leads to the accumulation of excess chemical energy in them. It is 
justified that the application of the method is also highly effective for dispersing slag 
melts and obtaining amorphous hardened powdery raw materials with high hydraulic 
activity, suitable for the production of construction cement. Appropriate recom-
mendations for the industrial implementation of the developed innovative technology 
have been proposed.

Keywords: powder technology, hydro-vacuum dispersion, high-performance unit, 
activated metal powder, simulation, industrial implementation

1. Introduction

Among the numerous methods of dispersing metallic melts into functional 
powders, today, the most widespread in industrial practice is the technology of 
high-pressure water or gas jet spraying (atomization) of the melt [1, 2]. Nevertheless, 
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due to the difficulty of mastering the technological process and the limited functional 
capabilities of the equipment (periodic work cycle, technical service difficulty, low 
productivity, harmful effects on the environment [3, 4]), the issue of industrial 
unification and large-scale implementation of the mentioned technology remains a 
problem.

A comprehensive overview analysis of the achievements and problems of further 
development of modern technologies for the production of powder materials is 
presented in the study [5].

According to the results of this research especially acute problems are to be solved 
in 3D printing technology for large-size products and—in the direction of obtaining 
biocompatible powder materials. Particularly problematic is the need to eliminate 
the phenomenon of non-uniform temperature distribution in the powder bed when 
machining large workpieces. This makes it difficult to control the stress distribution 
and leads to effective deformation of the workpiece. In addition, increasing the size of 
the moulded part also leads to an increase in the amount of unmelted residual powder. 
This significantly degrades the mechanical properties of the product and reduces its 
service life. All this leads to the necessity of an updated approach to both the tech-
nologies of additive manufacturing and—methods of obtaining and controlling the 
quality and properties of the obtained powders. We have to search for new, funda-
mentally different from conventional technologies methods of obtaining powders 
with specified sizes, shapes and properties.

Also problematic is the solution of the problem of increasing the efficiency of 
powders used in the processes of hydromallurgical recovery of minerals from their 
aqueous solutions, which are produced during mining of the latter [6].

Unlike additive manufacturing, powders used in hydrometallurgy, pyrometal-
lurgy, SHS-metallurgy or other related industries do not need to have a clearly defined 
spheroidal shape. The main requirement for them is a highly developed surface area 
(high specific surface area) and a high degree of mechanochemical activation.

Provision of guaranteed one-stage cost-effective production of powders with the 
noted properties is the primary task of our research. Known and currently used pow-
der production installations cannot directly produce powders with the desired prop-
erties. All of them require additional physical, mechanical or chemical treatment.

In addition, the gained practice shows, that due to the peculiarities of the tech-
nological processes, it is practically impossible to process melts of different types 
(of different chemical composition and viscosity) with one plant. In each individual 
case, the equipment needs to be retooled, to change working nodes and their operat-
ing modes. In addition, in the large-scale production of powders (for example, the 
production of iron powder), operational management of the efficiency of the melt 
sputtering process, including stabilization of the conditions of formation into indi-
vidual granules, long-term maintenance of operational properties, elimination of the 
problem of oxidation, gas saturation and reduction of pyroporosity, has remained an 
unsolved task until now [7–9]. As a result, the powders obtained by this method are 
inevitably subjected to additional sorting-mechanical crushing in an inert gas envi-
ronment, as well as to further thermal, hydrogen-reducing treatment [10, 11].

Similar problems exist in the relatively less common centrifugal dispersion and 
ultrasonic disintegration processes of atomization metallurgical melts [12–14]. In 
all cases, the powders require a finishing thermomechanical (activation) treatment 
[15, 16]. Without this step, the powders remain in a passive (chemically low-activity) 
phase. Therefore, their direct use in mining and metallurgical, machine-building, 
construction and other fields is less effective [17–19]. The need to optimize the alloy 
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dispersion process and hydrogen reduction treatment of the obtained powders is 
especially acute when dispersing active metal alloys such as aluminum, magnesium, 
Armco Iron, low-carbon alloyed steels, modified cast iron, etc. Due to all of the above, 
the process of dispersing metallurgical melts into functional powders is considered 
one of the most high-tech, expensive and difficult production processes, which 
requires further research and optimization.

Based on the above, the main purpose of the study was the development and 
implementation of a conceptually new, drastically different methodological approach 
to the process of dispergation of melts, leading to the direct production of powder 
particles in a mechanically activated state. To achieve this purpose, it is necessary 
to solve the task of non-uniaxial volume-shift deformation of particles solidifying 
during dispergation. Practical provision of obtaining the desired effect is possible by 
forced acceleration of the melt jet leading to simultaneous gradient linear and angular 
acceleration, fragmentation and solidification in the field of forces directed opposite 
to the universal gravitational force. Such an approach to the dispersion process will 
certainly lead to the formation of solidified melt particles in a non-equilibrium, 
energetically stressed structural-phase state.

The relevance and significance of the shock-wave effect on the dispersed jet is also 
emphasized in the studies [20, 21], which found that the liquid metal droplet under-
goes breakup through the shear-induced entrainment mode for the studied range of 
Weber number values (We ≈ 400–8000). The prevailing mechanism is explained 
based on the relative dominance of droplet deformation and Kelvin-Helmholtz wave 
formation.

We have established that such a special condition necessary for obtaining the 
desired effect is the initiation of vertical suction and hydromechanical dispersion 
of the melt, carried out with the help of a specially formed for this purpose lifting 
force of a high-speed annular water flow with a rarefied (hydro vacuum) core. The 
new method and device constructed in this case should provide high productivity, 
technological flexibility and versatility, where the problem of eliminating the need 
for additional chemical and physical-mechanical treatment of the resulting powders 
should also be solved.

2. Research methodology and materials

As a rational solution to the above problem, we chose the way of improving the 
design of the pilot unit [22] and expanding the functional capabilities of the innova-
tive method of hydrovacuum dispersion of alloys [23], specially developed by us 
earlier for the above purpose. The general arrangement of the new dispersion unit and 
its main process juncture is illustrated in Figure 1.

The main technological unit (Hydro-vacuum Dispergator) contains: the body/hous-
ing 1 with a lateral high-pressure water tangentially delivery elbow pipe 2; the Venturi 
tube of relatively small dimeter and length 3 concentrically mounted in the body 1, 
with bottom position of the inlet duct 3′ and the circular collector channel 4 formed 
between the inner surface of the body/housing 1 formed and shell of Ventura tube 3, 
coupled with the high-pressure water delivery lateral elbow pipe 2; the semi-toroidal 
internal (convergent-divergent) confuser 5 formed through the lower end of the 
Venturi tube 3–3′ and the collector channel 4 in the extreme lower peripheral part 
of the body/housing 1; the suction nozzle 6 axially placed from its inner surface at 
a (l) longitudinal and (h) transverse distance with a cylindrical perforation 6′ (d); 
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lower 7 and upper 7′ flat toroidal flanges for sealing the water-injection hydraulic 
system (body 1, annular duct 4); in the converging duct 3′ of the Venturi tube 3, the 
dispersion chamber 8, formed on the top of the sucker 6 with the diffuser 8′; the pulp 
discharger 9 within the diffuser 8′ flexibly connected to the upper end of the pipe 3, 
and the guiding channel 9′ in its hydrocycline-type collector-settler.

For research and technological improvement of the design developed by us, the 
simulation modeling method was applied. In particular—the computer software mod-
ule Solidworks Flow Simulation [24] based on the laws of theoretical hydrodynamics 
and hydromechanics was used for the simulation modeling of the device. When mod-
eling, the flow rate (velocity) of the water supplied to create a hydro-vacuum in the 
device was used as a variable parameter, the range of variation of which was within 
the limits of 0.015–0.029 m3 s−1. During the calculations, variation of the geometrical 
parameters (l, h) of the semi-toroidal confuser (5) forming a conical vortex from the 
water supplied at high pressure from the circular collector channel (4) of the dis-
persion-diffusion chamber (8–8′) of the body (1), from the (initial) values l = 16.69, 
h = 5 mm, within ±50% deviation limits, obtained when making design solution. At 
the same time, the pressure of the water supplied in the circular collector channel (4) 
of the device was varied in the range of 4–23 bar. Through the comparative analysis 
of the modeling results carried out as a result of the mentioned approach, the optimal 
values of the construction and technological parameters necessary and sufficient to 
ensure the desired theoretical value of hydro-vacuum (−1 bar) were determined.

In order to evaluate the accuracy and effectiveness of the data obtained as a result 
of the modeling, standard methods and tools of hydrometry were used for the experi-
mental research, including a digital water pressure measuring manometer with an 
electronic transmitter PTL-25A (measurement range 0–25 bar) and a vacuum meter 
Leybold THERMOVAC TTR 91 (measurement range 5.10−4 ÷ 1000 microbar).

For recording vibrations of the hydro-vacuum dispersion chamber, a digital 
gyroscope mounted on the device, a noise meter (Integrating Sound Level Meter) for 
recording the acoustic spectrum, including the ultrasonic range of acoustic noise, liq-
uid metal temperature measuring contact thermocouples with digital galvanometers, 
etc. were also used. Accumulation and processing of experimental data was carried 
out online, directly during the conduct of experimental studies, through the use of a 
special experimental computer platform Grab ExP.

Figure 1. 
Innovative installation of hydrovacuum dispersion of metallurgical melts: H—hydro-vacuum dispergator; 
WP—electric drive of water pump; M—manometer; P—pressure regulator; HT—high-pressure water tap; 
IPC—inverter for smooth pressure control; S—suction nozzle; C—casting ladle; M—mold for casting; L—liquid 
melt; HC—hydrocyclone; PS—pulp precipitation sector; T—tank for purified water.
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Experimental studies were conducted, alternately, both using a high-purity alumi-
num of the 1000 series, aluminum scrap, secondary gray cast iron and its slag melts. 
An induction furnace Termolit ICMEF-0.06 was used for melting. Structural and 
metallographic studies were performed using a metallographic microscope Neophot 
32 (Carl Zeiss).

To evaluate the quality of the activity of the obtained aluminum powder, a special 
tool—a FANN-432 model manometric calcimeter [25], with an automated magnetic 
stirrer and an automatic sodium hydroxide supply function was used, which led to the 
rapid removal of the oxide film from the surface of the investigated particles and an 
increase in the rate of hydrogen release from dissociated water molecules.

To evaluate the activity of iron powder obtained from the melt of secondary 
cast iron, the method of analyzing the cementation (extraction) ability of copper 
from acid sulfide solutions was used [26]. In turn, to assess the hydraulic activity 
of the obtained slag granulate, the method of lime (CaO) absorption was applied. 
For this purpose, an aqueous solution of lime (Ca(OH)2) with a density of 1.0 g/
cm3 was prepared. The change in CaO concentration was monitored at intervals of 
24 h, by titrimetric method with 1 H hydrochloric acid solution, according to GOST 
22688-2018.

Structural and metallographic studies of the obtained powder particles were car-
ried out using both metallographic optical microscope “Neophot 32 (Carl Zeiss)” and 
autoemission scanning electron microscope “JSM-7800F” and X-ray diffractometer 
“DRON-7”.

3.  Technological features and advantages of the hydro-vacuum dispersion 
process

In contrast to the traditional methods of production of functional powders of met-
allurgical melts for various purposes, the essence of the innovativeness and advantage 
of our proposed technology lies in the suction-dispersion of metallurgical melts in the 
opposite direction of the force of gravity, under 150–200 g gravity overload condi-
tions, where the main work performs the rarefaction formed in the vortex core of the 
conical profile formed as a result of the rapid expansion of the annular flow delivered 
by high pressure and the sharp 162° change of the flow direction in a closed space 
(hydraulic vacuum). The shear forces (tensile stresses) vertically, bottom-up created 
on the surface of the cylindrical jet of melt absorbed in the vacuum action zone, 
inclined to each other by 36°, and directed upwards by 72° from the horizontal plane, 
create fundamentally different and hydrodynamically optimized conditions of melt 
dispersion. At the same time, intense processes of hydraulic friction, hydromechani-
cal adhesion and capillary disintegration take place, where, in contrast to traditional 
technologies, the impact of hydrodynamic flows of water with increasing angular 
acceleration on the particles (droplets) taken from the dispersed melt continues until 
they solidify and enter a special collector. This additionally conditions large-scale 
3D twisting-deformation and intense micro-volume cavitation-impulse (ultrasonic 
acoustic) treatment of the formed particles, thus achieving the irreversible effect of 
their microstructural segregation, gradient migration and tension (mechanoactiva-
tion). Consequently, targeted powders are obtained with improved purity, increased 
surface area and activity.

The process of vertical suction and dispersion of the metallic melt in Figure 2 is 
represented as a hydro-mechanical scheme.
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The vertically sucked liquid metallic jet, extending through the zone of hydrauli-
cally rarefied funnel formed in the core of the cone-shaped water jet shell injected 
from under the semi-toroidal annular confuser (5), in the process of axial displace-
ment and exit from the compression zone, under the influence of force hydro-
mechanical impact narrows in cross-section (d1 > d2), accelerates, and then, due 
to elastic forces of acceleration expands again, accelerates, and in the consequence 
of excited powerful centrifugal-tangential tensile forces destroys, splashing in the 
dispersion chamber (8) with small shapeless drops. The process proceeds so quickly 
that the possibility of vapor accumulation and excessive pressure rise is completely 
excluded. At the same time, vapor shells formed around the surfaces of high-
temperature metal droplets (with a critical temperature of 375°C [27]), in addition to 
intensive heat exchange and cooling effect, increase the potential energy of repulsion, 
contributing to their quick removal from the zone of rapid hydrodynamic interac-
tion. It is noteworthy that both before entering and after leaving the zone of primary 
radial compression, force stretching and vortex twisting (Figure 2, Section 1), in 
the body of the metal jet, drawn vertically directed cone-shaped core of the funnel, 
under the influence of the formed dynamic vacuum and shock waves of rarefaction, 
bubble cavitation clusters (caverns) with the effect of pseudo-boiling are formed. 
These clusters progressively expand (grow) as the absorbed metal is released from the 
zone of hydrodynamic compression, stretching and twisting. It is in the marked zones 
of pseudo-boiling, where the density and strength of the liquid metal weakens the 
most, that centers of disintegration appear, supplied in the dispersion chamber (8) of 
the liquid metal jet. Some of the gases released after the disintegration of the liquid 
metal jet (Figure 2, zone FSZ) were carried away with water, and the other part, most 

Figure 2. 
Hydro-mechanical scheme of hydro-vacuum dispersing process: υ—linear velocity of displacement of melt 
particles, m/s; α—angle of attack of injected water on the suction jet, deg; d1—initial diameter of the suction jet, 
mm; d2—diameter of the jet after vortex-stretching influence, mm; ω—angular velocity of rotation, rad/s; ξ—
value of hydraulic resistance, kg/m3.
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likely, together with the shells of water vapor formed on the surfaces of the particles, 
formed new cavitation bubbles. As the marked vapor-gas mixture cooled and con-
densed, and, accordingly, the internal pressure of the shell dropped, which occurred 
in micro- and nanosecond intervals, these cavitation bubbles collapsed and generated 
cumulative micro explosions coinciding in the direction of its flow vector. Due to the 
high dispersion speeds (water supply speed 250–400 m/s) and, consequently, the 
high intensity of cavitation detonations, the frequency of these micro-explosions was 
in the ultrasonic range. Photographs showing the formation, growth, and collapse 
of cavitation caverns are presented in Figure 3, obtained as a result of high-speed 
photofixation (exposure rate 105 frames/s).

The above-mentioned cumulative impact effect, caused by the phenomenon of 
cavern collapse, clearly manifested itself in Figure 4, which shows an illustration of 
the surface of a powder particle with a cavitation ablation crater, and with subse-
quently formed satellite nano-sized spheroidal particles.

From the point of view of explaining the hydromechanical laws of the process of 
angular twisting of a dispersed jet and shear deformation of individual droplets emitted 
from it, it is necessary to emphasize that, based on the laws of hydrodynamics and the 

Figure 3. 
Nucleation (1), growth (2) and collapse (3) of cavitation cavities in the process of hydrovacuum dispersing.

Figure 4. 
The surface of a powder particle with a cavitation ablation crater (a), and with subsequently formed satellite 
spheroidal nanosized particles (b).
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properties of Newtonian liquids, in the process of hydromechanical capture and acceler-
ation of the melt, in the peripheral layers of the latter, due to differences in displacement 
velocities across the jet cross-section (the central zone always lags behind the peripheral 
zone, υmin < υmax), the initial conventional rectangular microparticle of the dispersed 
melt will always deform linearly and turn into a parallelogram. In the diagram (Figure 2, 
Section 1), this deformation is indicated by a shift dl. The segment dl characterizes the 
magnitude of the deformation during the time dt, i.e. dl = dυ·dt, then the velocity gradi-
ent dυ/dx = dl/dt·dx but dl/dx = tgγ, then dυ/dx = tgγ/dt. Therefore, the transverse velocity 
gradient is the relative shear/displacement strain rate. Thus, the tangential stresses 
important from the point of view of the fragmentation of the sucked melt jet depend 
linearly on the relative strain rate, which means that, unlike the deformation of solids, 
the magnitudes of the tangential stresses and the degree of associated linear and angular 
shear, in this case, mainly depend on the hydrodynamic injection power, the angle of 
attack α, the depth of the associated rarefaction and the area of its effect, rather than on 
the simple linear velocity of the water flow υ. The formation of a hydraulic structure of a 
cone-shaped dynamic vortex with an evacuated funnel, adjustable in power and geomet-
ric parameters, providing vertical (axial) intake and dispersion of the target melt through 
the force action of rarefaction shock waves with accompanying cavitation pseudo-boiling 
fronts, can be considered one of the main distinctive technological features of the process 
of obtaining metal powders by the method hydro-vacuum dispersion.

The mentioned phenomenon provides obtaining powder particles with fibrous, 
non-equilibrium structurally tense (i.e. mechanically activated) state, which is a 
result of flattening and asymmetric twisting of drops of liquid metallic breaking 
away from the liquid metal sucked in the dispergator under conditions of volumetric 
impact by shock-pulsating waves of hydraulic rarefaction. A schematic of this process 
with the formation of the Kelvin-Helmholtz wave effect is depicted in longitudinal 
Section 1′ in Figure 2. This feature can be considered as an essential distinguishing 
sign of particles obtained by hydrovacuum dispersion of melts. This feature is clearly 
illustrated in Figure 5, which shows the characteristic morphology and microstruc-
ture of a particle obtained by hydrovacuum dispersion of liquid cast iron.

The technological system implementing the mentioned process (operating plant, 
water circulation mechanism, pulp separator, etc.) is distinguished by its compactness 
and mobility. It can be used practically in metallurgical production of any scale for large-
tonnage production of activated, functional powder from any type of molten metal.

Figure 5. 
Surface morphology (a) and microstructure (b) of iron powder particles obtained by hydrovacuum dispersion of 
melts.
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In order to regulate the granulometric composition of the powder particles, the 
device also provides for the regulation of the rarefaction formed in the core of the 
vortex of the melt suction cone profile, both by controlling the speed and pressure of 
the water supplied to the device, and also by changing the vortex profile (shape and 
height), which is achieved by a semi-toroidal confusor that vertically sprays water sup-
plied by pressure in the body of the device by adjusting the section (dimensions l, h) of 
the confuser (convergent-divergent) nozzle (5).

Implementation of such a fundamentally different controlled process provides the 
possibility of continuous production of absolutely homogenized pulp, and therefore, 
relatively homogeneous, highly activated functional powders.

The proposed technology is environmentally safe. No smoke, steam or dust is 
released during the work process, because the water circulating in the technological 
system itself performs the function of both an air filter and a steam condenser. The 
device operates quietly and without significant vibrations, is compact and easy to 
install (installation is not related to significant reconstruction of the smelting plants 
or foundry area). The technical water used in the working area circulates in its own 
pipe system and also does not pollute the environment. The technology is energy-
efficient, eliminates high-temperature heat treatment of the received powders in a 
regenerating environment. Therefore, it is highly profitable and cost-effective.

4. Research results and discussion

The results of simulation modeling and parallel experimental research (Figure 6) 
showed us that in order to operate the device with the maximum possible efficiency, 
which was expressed in the condition of providing technical −1 bar power vacuum 
with minimum expenses (water pressure), it is necessary to reduce the parameters 
h and l of the semi-toroidal confuser (Figure 1, position (5)) to the optimal values 
obtained by the simulation model. These values are: hopt = 3.24 mm, lopt = 8.75 mm.

It was determined that, as a result of the optimization of the mentioned param-
eters, in order to obtain −1 bar rarefaction in the hydro-vacuum dispersion chamber 
(Figure 1, position 8), in exchange for the supply of water at a rate of 0.029 m3 s−1 into 
the circular collector channel (4) with a pressure of 16–20 bar used by us so far it will 
be enough to develop a speed of 0.022 m3 s−1 and a pressure of 13.2 bar. The effective-
ness of the mentioned solution is clearly proven by the results of the report on the 
acceleration rates of the melt particles absorbed/dispersed under the influence of the 
pressure drop and created rarefaction in the confuser-diffuser pair (5–8), which is 
presented in Figure 7 in the form of diagrams.

From the diagrams presented, it can be seen that the reduction of the height (h) 
of the confuser (5) by 35% and the thickness (l) by 47% increases the pressure drop 
rate in the mentioned transition zone from 11 to 8 bars and increases acceleration of 
the water-carried metal particles from 3.0–3.5 to 4.1–4.3 × 102 m s−1, which also leads 
to a change in the amplitude-frequency characteristic of shock waves generated in 
the device. This is one of the key factors in terms of improving the intensity of melt 
dispersion and the kinetics of mechanoactivation of the formed powder particles.

From the diagrams showing the results of the reporting data, it can also be seen 
that as a result of the optimization of the geometrical parameters of the confuser (5) 
in the diffuser part of the hydro-vacuum device 8–8′, the amplitude of the shock-
wave impact generated on average decreases from 0.35 to 0.065 units. On the other 
hand, it is observed that the frequency decreases by 40% after reaching the height of 
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120 mm, and in the optimized case, on the contrary, it increases sharply after reach-
ing the height of 180 mm. In addition, it can be seen from the diagrams that if in the 
first case the zone of active dispersions is located in the height range of 25–180 mm, as 
a result of parametric optimization, the height of this zone increases to 250 mm. This 
also indicates the activation of cavitation processes and the strengthening of shock 
waves accompanying the rarefaction front.

By checking the adequacy of the obtained results, which was carried out by 
modernizing the structural elements of the device in accordance with the simula-
tion model and a new trial-experimental investigation, we were convinced of the 
high (≈95%) accuracy and efficiency of the latter. This is clearly confirmed by the 
graphic material constructed as a result of the experimental research data presented 
in Figure 8, where it can be seen that as a result of the parametric optimization of the 
device and process, similar to the simulation model, the amplitude of the vibrations 
of the dispersion chamber decreases, and the frequency increases, so that the gravi-
tational overload, that is, the average rate of the vacuum suction-acceleration of the 
dispersed particles decreases relatively insignificantly, by 0.004 m s−2.

The above is further supported by the data recorded by the digital audio 
recorder and the acoustic spectrograms obtained as a result of their processing in 
Figures 9 and 10. In particular, it can be seen from these spectrograms that after 
parametric optimization of the hydro-vacuum device, the power of the noise emit-
ted during its operation, i.e. the density of its spectrum, decreases at the expense 
of reducing the amplitude of acoustic waves, i.e. the kinetic energy. This leads to 
the ability to transfer the potential energy accumulated in these waves to a greater 
distance (height), and this is very important in terms of increasing the efficiency 

Figure 6. 
Simulation model of hydro-vacuum dispersing unit operation and prototype in industrial conditions.
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of cavitation currents acting on dispersed particles, i.e., secondary mechanoactiva-
tors. The said is also quite similar to the results of the above-mentioned simulation 
modeling (Figure 5(d)) and supports it.

In order to compare the hydromechanical processes generated in the dispersion 
chamber of the device, in particular, the model and actual profiles of the force hydro-
dynamic currents, during the experimental work, the procedure of artificial freezing 

Figure 7. 
Results of the simulation study: Indicators of pressure drop and velocity increase of the water supplied to the 
dispersion chamber in relation to its vertical location, before optimization ((a) and (c)) and after optimization 
((b) and (d)) of the dispersing process.

Figure 8. 
Vibration of the dispersion chamber of the hydro-vacuum unit before (indicated by the red arrow) and after the 
working process: (a) vibration’s sweep, mm and overload dynamics before optimization of operating parameters 
and water pressure, (b) after optimization.
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of the jet sucked into the device was carried out, which was carried out by means of a 
gentle reduction of the water pressure and braking of the dispersion process.

Based on the imprint (Figure 11) left on the peripheral layers of the cylindrical 
flow of molten metal absorbed by the hydrodynamic shell of the vortex of water 

Figure 9. 
Amplitude spectrum of the audio signal before and after pumping the melt into the dispersion chamber: (a) 
spectrum before optimizing the geometrical parameters of the converging duct (5); (b) after optimizing.

Figure 10. 
Acoustic spectrum of the hydro-vacuum dispersion process in the established operating mode of the equipment: (a, 
a′) before optimization and (b, b′) after it.
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sucked into the disperser and conically ejected from the confuser (5), there is no 
doubt that the ejected water shell, passing through the 36° inclined skirts of the 
conical cap of the suction nozzle (6), experiences angular acceleration corresponding 
to the direction of negative rotation of the water tangentially delivered from the tube 
(2) in the circular collector channel (4), identical to the forces shown in the graphical 
simulation model (Figure 2).

It is noteworthy that according to the existing imprints, the actual indicator of 
the inclination of the vector of the angular movement of the hydrodynamic vortex 
of water was the value provided by the design α ≈ 18 ± 0.5 deg, which indicates 
the operation of the device in conditions as close as possible to the optimal ones. 
Deviation from the optimal values of the technological regimes for the larger value 
(water pressure 13.2 bar, velocity 0.022 m3 s−1) led to a decrease in the mentioned 
angle, and to a small value, on the contrary, to an increase.

The study of the granulometric composition of the obtained powders, the results 
of which, in turn, are presented in the form of histograms illustrated in Figure 9, 
showed that the dominant fraction of particles obtained after the optimization of the 
hydro-vacuum dispersion process is 100–150 μm, which is on average 60–80 μm less 
than the fraction formed before the optimization of the process (Figure 12). In addi-
tion, its specific share has increased from 10–15% to 25–34%. This effect is also clearly 
illustrated by the micro-images shown in Figure 13.

The laboratory analysis performed on the manometric calcimeter determined that 
the reduction of the dispersity of the obtained aluminum powder particles led to an 
increase in the content of active particles from 95–96% to 99%, which is explained by an 
increase in the specific surface of the latter and the degree of mechanoactivation, that 
is, in the concentration of the hidden physico-chemical energy accumulated in them.

Figure 11. 
Effect of hydromechanical action on the suction metal flow: (a) suction profile for aluminum and (b) the same 
for gray cast iron.
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Experimental studies also revealed the need to manage the technological parame-
ters having a significant influence on the granulometric composition of powders, such 
as: the initial temperature of the melt and the speed of its absorption in the disperser. 
It is significant that the diameter of the inner cylindrical channel of the suction nozzle 
is the key factor in regulating the speed of melt absorption, i.e. dispersion cost. It was 
determined experimentally that in the case of hydro-vacuum dispersion of alumi-
num, the rational weight ratio “liquid metal: water” is 1:20 ÷ 1:23. Therefore, in the 
case of a water velocity of 0.022 m3 s−1, the optimum speed of aluminum supply to the 
dispersion chamber shall be 0.0011–0.00095 m3 s−1, which in mass units corresponds 
to a speed of 2.5–3 kg s−1.

When dispersing liquid cast iron, the rational weight ratio “liquid metal: water” is 
1:50–1:55; the optimal vacuum depth is −0.85 ÷ −0.91 bar, achieved at the pressure of 
injected water 12–16 bar.

The operational management of the process is carried out through a programmed 
operating computer/laptop, where the function of the supporting signal is performed 
by the operationally controlled granulometric composition of the produced powder. 
In case of deviation from the latter’s target indicators, a control impact signal is 
generated by means of a special portable express analyzer integrated with a computer 
with a special controller, based on which the computer program using the MATLAB 
simulation modeling database automatically makes a decision to manage the disper-
sion process, in particular, the suction speed of the molten metal, by appropriate 

Figure 13. 
Cast iron powder microparticles before (a) and after (b) optimization of the hydro-vacuum dispergation process.

Figure 12. 
Granulometric composition of obtained powders before (a) and after (b) optimization of the hydro-vacuum 
dispersion process.
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adjustment of the pressure and consumption of the water tangentially entering in the 
circular collector channel (4) and semi-toroidal convergent-divergent confuser (5).

The results of the analysis of the chemical activity of the iron powder we obtain 
clearly showed the advantage of our method of hydrovacuum dispersion of melts. In 
contrast to conventional powdered iron (e.g. CMS Magnetics brand, 200 microns, Fe 
99.95%), with the help of which copper is extracted from sulfate solutions and quarry 
wastewater from the mining and enrichment of copper ores of the Kazreti deposit 
(Georgia) in the form of its divalent hydroxide Cu(OH)2, which requires subsequent 
energy-intensive reduction firing in a hydrogen environment, our powder, due to the 
presence of an amorphous phase, predominantly containing γ modification of iron 
(Feγ) [28], directly ensured the production of particles of pure elemental copper. The 
sequence of chemical reactions taking place was as follows:

 ( )+ + + → + + + +ãFe Fe C 4CuSO 4H O 4FeSO 2Cu 2Cu OH 2H C3 4 2 4 22    (1)

                     ( )+ + → + +ãFe Fe C 6H SO 2Fe SO C 6H3 2 4 2 4 23
       (2)

         ( ) ( ) ( )+ → +Fe SO 3Cu OH 3CuSO 2Fe OH2 4 42 33
       (3)

    + → +ãCuSO Fe FeSO Cu4 4          (4)

In contrast to the traditional cementation process [26], here the iron consumption 
is reduced due to the formation of Fe3+ trivalent iron ions (Fe2(SO4)3) active for cop-
per extraction. The need for sulfuric acid is also reduced because, in contrast to the 
compared process, there is no formation of free water molecules neutralizing the set 
acidity. As a result, it leads to the possibility of maintaining the acidity at a less aggres-
sive level (pH 2.0–2.5 instead of pH 1.0), gives the opportunity to reduce the molar 
ratio of copper-iron M(Cu):M(Fe) to 1.0:1.1, which leads to savings of iron powder 
consumption by 30–35% to 2.5–3 kg/m3.

As a result of experimental studies, it was also found that the use of hydrovacuum 
dispersion method is also highly effective for dispersing slag melts and obtaining from 
them amorphous solidified (glassy) powdery raw materials with high hydraulic activ-
ity, suitable for the production of construction (Portland) cement [29]. In the case of 
hydrovacuum dispersion of slag, the rational weight ratio “slag: water” was 1:18.

Figure 14 shows that the surface of the grains is smooth and vitreous, without crys-
tal roughness, the grains do not contain pores and metallic inclusions. Comparatively 
small granules consist of smoother and transparent, vitreous formations.

XRD spectral analysis (Figure 14(2)) showed that the XRD diffractogram does 
not contain clearly distinguished diffraction peaks of the crystalline component, 
which of course indicates the absence of such phases, accordingly, it can be stated that 
the structure is mainly composed of vitreous, hydrous active, amorphous phase.

The results of the analysis of hydraulic activity of the obtained slag granules showed 
that on average their activity on CaO absorption is 650–750 mg/g, which is almost twice 
higher than that of slag granulated by traditional water technologies [21, 30, 31]. The 
slag granulated in this way, in addition to its use in the production of construction and 
ceramic materials [32], can also be successfully used as a substitute for mineral abra-
sives applied for sandblasting of parts for various purposes [33].
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The proposed method of hydrovacuum dispersion of metallurgical alloys and 
the device for its realization on the basis of the above experimental studies is imple-
mented and started up at the production site of “Geo Enterprise” LLC. [34].

5. Conclusions

A systematic analysis of the above results allows us to conclude that:

1. A new method for dispersing metallurgical melts has been developed, the 
essence of which is to initiate the process of forced vertical vacuum suction of 
the liquid melt in the form of a thin jet and its droplet fragmentation by gradient 
(layer-by-layer) acceleration in a force field of hydromechanical action. The 
source of the suction effect is the rarefied core of the water vortex formed in 
the central zone of the dispersion chamber;

2. The process is dynamically controlled and can be carried out continuously. The 
pulp formed with water cools instantly without emitting steam, smoke or dust;

Figure 14. 
Morphology (1), EDS and XRD spectrograms (2) of granules obtained by hydro-vacuum granulation of gray cast 
iron slag [29].
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3. The productivity of the proposed method and dispersing unit is on average 
10 times higher than that of conventional atomization installations of identical 
dimensions. This increase in productivity will undoubtedly lead to a significant 
reduction in the production cost of the resulting powders. In addition, dynamic 
vacuumization of metal flow and hence additional possibility of its physical 
purification from harmful non-metallic and gas impurities can lead to the pos-
sibility of using cheap secondary metals and alloys as a starting material instead 
of currently used pure metals;

4. A schematic hydromechanical and computer simulation modeling of the operat-
ing features of the dispersion chamber was carried out. A comparative analysis of 
the data obtained by modeling with experimental data was performed. It is deter-
mined that the further improvement of the simulation model and the consideration 
of parameters of such essential importance as the initial temperature of the melt, 
its viscosity and the speed of its suction in the dispersion chamber, will give us the 
opportunity to identify the necessary technical conditions for the optimization of 
hydro-vacuum dispersion regimes for the free-flowing melt of practically any type 
and technological complexity without conducting preliminary experimental studies;

5. Morphological and physio-chemical studies of the obtained powders have shown 
their advantage over analogs in terms of mechanochemical activity, which is 
achieved by the peculiarity of the proposed method of hydromechanical impact 
on the surface of the hardenable particles unevenly three-dimensional shock 
waves of rarefaction and pulsating cavitation detonations;

6. It has been established that the method and unit of hydro-vacuum dispersion 
are universal and can also be effectively used for the treatment of slag melts. It is 
shown that the high degree of structural amorphization and glass transition of 
the obtained slag microgranules gives them high hydraulic activity suitable for 
the production of Portland cement;

7. From the viewpoint of industrial implementation of the developed unit, the opti-
mal operating modes of the hydro-vacuum device for dispersing metal melts are: 
water pressure—13.2 bar, water supply rate—0.022 m3 s−1, thickness of the outlet 
neck of the annular confuser for the reverse ejection (on 162°) of water—3.24 mm, 
the suction speed of the melt—2.5–3 kg s−1, which, when working on aluminum 
melts, is provided by the suction cylinder nozzle with the inner channel diam-
eter of 8 mm. In the case of dispersing liquid cast iron, the rational diameter 
of the suction cylinder nozzle is 4.5 mm, and in the case of granulation of slag 
melts—15 mm.

Acknowledgements

The authors acknowledge funding support from the Shota Rustaveli National 
Science Foundation of Georgia, Grant no. AR-22-1495.

For technical support, the authors also acknowledge the directors of the R. 
Dvali Institute of Mechanics of Machines and “Geo Eenterprise” LLC, Mr. Tamaz 
Natriashvili, (Academician of the National Academy of Sciences of Georgia) and 
Mr. Zurab Magradze.



Sediment Transport Research – Further Recent Advances

84

Author details

David Sakhvadze1, Gigo Jandieri2*, Besik Saralidze3 and Giorgi Sakhvadze4

1 R. Dvali Institute of Machine Mechanics, Tbilisi, Georgia

2 Metallurgical Engineering and Consulting Ltd, Tbilisi, Georgia

3 F. Tavadze Metallurgy and Materials Science Institute, Tbilisi, Georgia

4 Metal Powder Ltd., Tbilisi, Georgia

*Address all correspondence to: gigo.jandieri@gmail.com

For support during the modeling and technical measurement phase, special 
thanks to Anzor Kuparadze and Nata Sulavkvelidze, managers of G3D Ltd.

Conflict of interest

The authors declare no conflict of interest.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



DOI: http://dx.doi.org/10.5772/intechopen.1004129

85

A Novel Method of Hydro-Vacuum Dispersion of Metallurgical Melts: Research and Implementation

References

[1] Dunkley JJ. Metal powder 
atomisation methods for modern 
manufacturing. Advantages, limitations 
and new applications for high value 
powder manufacturing techniques. 
Johnson Matthey Technology Review. 
2019;63(3):226. DOI: 10.1595/ 
205651319X15583434137356

[2] Wallner S. Powder production 
technologies. Berg Huettenmaenn 
Monatsh. 2019;164:108-111. 
DOI: 10.1007/s00501-019-0832-2

[3] Korobeinikov I, Perminov A, 
Dubberstein T, Volkova O. Modification 
of liquid steel viscosity and surface 
tension for inert gas atomization of 
metal powder. Metals. 2021;11:521. 
DOI: 10.3390/met11030521

[4] Fredriksson C. Sustainability of 
metal powder additive manufacturing. 
Procedia Manufacturing. 2019;33:139-
144. DOI: 10.1016/j.promfg.2019.04.018

[5] Shanthar R, Chen K, Abeykoon C. 
Powder-based additive manufacturing: 
A critical review of materials, methods, 
opportunities, and challenges. 
Advanced Engineering Materials. 
2023:Art 2300375. DOI: 10.1002/
adem.202300375

[6] Binnemans K, Jones PT. The twelve 
principles of circular hydrometallurgy. 
Journal of Sustainable Metallurgy. 
2023;9:1-25. DOI: 10.1007/
s40831-022-00636-3

[7] Powell D, Rennie A, Geekie L, 
Burns N. Understanding powder 
degradation in metal additive 
manufacturing to allow the upcycling 
of recycled powders. Journal of 
Cleaner Production. 2020;268:122077. 
DOI: 10.1016/j.jclepro.2020.122077

[8] Grubbs J, Sousa BC, Cote D. 
Exploration of the effects of metallic 
powder handling and storage conditions 
on flowability and moisture content for 
additive manufacturing applications. 
Metals. 2022;12:603. DOI: 10.3390/
met12040603

[9] Vignes A, Krietsch A, Dufaud O, 
Santandréa A, Perrin L, Bouillard J. 
Course of explosion behaviour of metallic 
powders – From micron to nanosize. 
Journal of Hazardous Materials. 
2019;379:120767. DOI: 10.1016/j.
jhazmat.2019.120767

[10] Baranovskiy A, Pribytkov G, 
Krinitcyn M, Homyakov V, Dankovcev G. 
Mechanical activation of self-propagating 
high temperature synthesis in titanium, 
carbon black and iron-based alloy 
powder mixtures. AIP Conference 
Proceedings. 2019;2167(1):20031. 
DOI: 10.1063/1.5131898

[11] Liu X, Zhang X, Li J, Zhu Q , 
Deen N, TangY. Regeneration of iron 
fuel in fluidized beds part II: Reduction 
experiments. Powder Technology. 
2023;420:118183. DOI: 10.1016/j.
powtec.2022.118183

[12] Zverovshchikov A, Bolshakov G. 
Simulation of the kinematics and gas 
dynamics of the centrifugal dispersion 
stand. Journal of Physics: Conference 
Series. 2021;2094:042046. 
DOI: 10.1088/1742-6596/2094/4/042046

[13] Cegarra S, Pijuan J, Riera M. 
Cooling rate modeling and evaluation 
during centrifugal atomization process. 
Journal of Manufacturing and Materials 
Processing. 2023;7:112. DOI: 10.3390/
jmmp7030112

[14] Kustron P, Korzeniowski M, 
Sajbura A, Piwowarczyk T, Kaczynski P, 



Sediment Transport Research – Further Recent Advances

86

Sokolowski P. Development of high-
power ultrasonic system dedicated 
to metal powder atomization. 
Applied Sciences. 2023;13(15):8984. 
DOI: 10.3390/app13158984

[15] Politano O, Fourmont A, 
Le GS, et al. Mechanical activation 
of metallic powders in planetary 
ball mills: Multi-scale modeling 
and experimental observation. IOP 
Conference Series: Materials Science 
and Engineering. 2019;558:012034. 
DOI: 10.1088/1757-899X/558/1/012034

[16] Le GS, Bernar F. The mechanical 
activation of metallic powder, an 
essential route to prepare dense 
nanostructured materials by SPS. 
In: XV International Symposium on 
Self-Propagating High-Temperature 
Synthesis. 2019. pp. 124-125. 
DOI: 10.24411/9999-0014A-2019-10045

[17] Bayrakova O, Golovchenko O, 
Aknazarov S. Mechano-activation and 
SHS of difficultly taken ore. Eurasian 
Chemico-Technological Journal. 
2011;13(3-4):189-197. DOI: 10.18321/
ectj84

[18] Kozhakhmetov Y, Skakov M, 
Wieleba W, et al. Evolution of 
intermetallic compounds in 
Ti-Al-Nb system by the action of 
mechanoactivation and spark plasma 
sintering. AIMS Materials Science. 
2020;7(2):182-191. DOI: 10.3934/
matersci.2020.2.182

[19] Tanvar H, Dhawan N. Extraction of 
rare earth oxides from discarded compact 
fluorescent lamps. Minerals Engineering. 
2019;135:95-104. DOI: 10.1016/j.
mineng.2019.02.041

[20] Sharma S, Chandra NK, Kumar A, 
Basu S. Shock-induced atomisation of 
a liquid metal droplet. Journal of Fluid 
Mechanics. 2023;972:7. DOI: 10.1017/
jfm.2023.705

[21] Xiang Y et al. Experimental 
investigation on debris bed 
formation from metallic melt coolant 
interactions. International Journal of 
Thermal Sciences. 2023;192:108398. 
DOI: 10.1016/j.ijthermalsci.2023.108398

[22] Sakhvadze D, Jandieri G, 
Tsirekidze T, Gorbenko I. Device for 
producing metallic powder from melt. 
GE Patent 20156384B, Oct. 12, 2015

[23] Sakhvadze D, Sakhvadze G, 
Jandieri G. Method for metallic 
powder preparation and device for 
implementation thereof. GE Patent 
20207078B, Mar. 10, 2020.

[24] Matsson JE. An Introduction to 
SOLIDWORKS Flow Simulation. 
Beginner – Intermediate; 2022. 376 p

[25] Bazhenov I. Automated complex 
for determination of aluminum activity 
and gas release kinetics. In: Scientific 
and Practical Conference "Modern 
Autoclaved Aerated Concrete" St. 
Petersburg, 2015, Collection of Reports. 
pp. 16-19 (in Russ.)

[26] Mironov V, Shishkin A, Polyakov A, 
Trace Y. Extraction of copper from 
aqueous solutions using iron powder 
materials. Ecology. Journal of Belarus. 
State University. 2018;1:97-102 (in Russ.)

[27] Ternovoj J, Bagljuk G, Kudievskij S. 
Theoretical Basics of Processes of 
Atomization of Metal Melts: Monografija. 
Zaporozh’e: Izdatel’stvo ZGIA;  
2008. 298 p

[28] Sakhvadze D, Jandieri G, 
Bolkvadze J. Novel technology of metal 
powders production by hydrovacuum 
dispersion of melts. Machines, 
Technologies, Materials. 
2018;12(6):236-239. Available from: 
https://stumejournals.com/journals/
mtm/2018/6/236



DOI: http://dx.doi.org/10.5772/intechopen.1004129

87

A Novel Method of Hydro-Vacuum Dispersion of Metallurgical Melts: Research and Implementation

[29] Sakhvadze D, Jandieri G, 
Jangveladze G, et al. A new technological 
approach to the granulation of slag 
melts of ferrous metallurgy: Obtaining 
glassy fine-grained granules of improved 
quality. Journal of Engineering 
and Applied Science. 2021;68:22. 
DOI: 10.1186/s44147-021-00019-7

[30] Tobo H, Watanabe K, Kuwayama M, 
Goto S, Goto H, Tanaka T. Effect of water 
granulation conditions on density and 
grain size of granulated blast furnace 
slag. ISIJ International. 2015;55(11):2499-
2508. DOI: 10.2355/isijinternational.
ISIJINT-2015-254

[31] Yu P, Wang S, Li Y, Xu G. A review 
of granulation process for blast furnace 
slag. MATEC Web of Conferences. 
2016;68:6007. ICIEA. 2016:1-4. 
DOI: 10.1051/matecconf/20166806007

[32] Pryadko N. Change in material 
properties at mechanoactivation. 
Research & Development in Material 
Science. 2021;15(3):RDMS.000862. 
DOI: 10.31031/RDMS.2021.15.000862

[33] Dang J, Li J, Lv X, Yuan S, 
Leszczyńska-Sejda K. Metallurgical slag. 
Crystals. 2022;12(3):407. DOI: 10.3390/
cryst12030407

[34] Congress of scientists. Together 
with scientists, we will be able to do 
the impossible! Information notice. 
Electronic resource. 2023. Available from: 
https://civilizebuli.ge/?p=10744  
(in Georgian)





89

Chapter 5

The Physics-Biology Links in 
Suspended and Settled Estuarine 
Mud Dynamics: A Review
Eric Wolanski and Michael Elliott

Abstract

In marine, coastal and estuarine environments, it is not possible to understand the 
ecological processes unless there is a very good understanding of the physical forcing 
factors. In turn, once the physics of an area creates the conditions for colonisation 
by the biota, then, very often, the biota modifies the physical and biogeochemical 
processes. This review details the physical processes involved both in the substratum 
and the water column, especially in muddy sedimentary systems typical of estuar-
ies and coastal areas. Using recent studies to show that the physical and biological 
structure and processes work in tandem to create the water column and sedimentary 
features, the analysis shows that the physics creates the conditions both for chemical 
mediation and for biological colonisation. The responses on and by the biota include 
both the micro- and macroorganisms that influence flocculation, floc creation and 
disintegration, especially through the production of extracellular mucous substances, 
bioerosion and biostabilisation. Colonisation is firstly by microorganisms and then by 
macroorganisms. These organisms then create feedback loops where they modify the 
structure of both the flocs and the bed sediment. It is emphasised that these aspects 
need to be incorporated into the engineering models of fine sediment dynamics of 
estuarine and coastal waters, in order to increase their reliability.

Keywords: erosion, settling, flocculation, bioconsolidation, bioerosion, feedback 
loops, modelling

1.  Introduction

Much of the scientific and engineering literature about the physical aspects of 
cohesive sediment (mud) dynamics comes from laboratory experiments, whereas the 
biological information comes from laboratory, field and field mescosm studies (e.g., 
[1]). Clay particles have a diameter <4 μm, whereas silt particles are 4–63 μm, and 
silt and clay together are usually termed ‘mud’ [2]. The silt particles have microbial 
coatings, whereas clay particles have electrostatic charged surfaces, and both types 
adhere to each other to form flocs in the presence of salt in the water. Such flocs have 
a diameter of typically 50–1000 μm, and they contain thousands of mud particles. 
The clay crystallite has positive ions on the face surfaces and negative charges in the 
interior, but a broken bond at the edges. The formation of the flocs created by clays, in 
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the absence of biology, is due to electric attraction between the dissolved salt ions Na+ 
in salt water and the negative charges of the clay particles at the edges [3]. The micro-
bial coating on the silt particles, and to a lesser extent sand grains (>63 μm), creates 
adhesion between particles which varies with salinity and pH of the water column [4].

Although originally based on the physics indicated by Stoke’s Law, more accurately 
based on laboratory studies of the erosion and settling of mud, engineers have derived 
formulae for the erosion rate E and the settling rate D [5].

 ( ){ }n
c c cE = 0, if u < u A u / u – 1 , if u > u  (1)

 ( ){ }2
f d d dD= SSC w 1u / u , if u < u ;0, if u > u   (2)

In these equations, SSC is the suspended solids concentration, wf is the settling 
velocity of the suspended sediment, u is the water speed, uc and ud are threshold 
velocities for respectively entrainment and deposition, A is an erosion parameter 
(that is generally assumed to have a fixed value for a given mud at a given site) and n 
is a constant (2 < n < 4).

However, when the various parameters and constants in the above equations are 
derived from laboratory experiments, these equations are inaccurate for field applica-
tions [6]. The reason for that is that biological materials and processes and organisms 
play a dominant role in fine sediment dynamics. This is described and explained here 
for (a) settling, (b) consolidation, and (c) erosion.

2.  The influence of the biological materials in mud dynamics

2.1  Settling

The pioneer laboratory studies [7–9] showed that wf varies with SSC and that 
there are two different ranges: firstly, an enhanced settling range whereby for SSC 
values typically <1 g L−1, where wf increases with increasing SSC values. Secondly, 
there is a hindered settling range whereby for larger values of SSC (typically >5 g L−1), 
wf decreases with increasing SSC values. The common assumption was that, in the 
enhanced settling range, the floc size (and hence also the settling velocity if the floc 
density remains constant) increases with increasing SSC values and that in the longer 
settling range, the flocs hinder their descent by interfering with each other.

The commercialization of optical backscatter instruments to measure SSC 
greatly advanced the knowledge of suspended mud particle dynamics in the field as 
it enabled wf to be measured from the sequential vertical profile of the suspended 
particle concentration around slack tide (when the turbulence is the weakest in the 
tidal cycle); this is derived using a string of optical backscatter profiles or frequent 
measurements of the vertical profile using a CTD equipped with an optical backscat-
ter. These field studies indicated that the settling velocity derived from laboratory 
studies differs by up to an order of magnitude from that measured in the field. The 
enhanced settling range is shown in Figure 1.

The difference by an order of magnitude of the floc settling velocity in nature and in 
laboratory experiments is the result of the influence of biological interactions. Firstly, 
biology-generated flocculation is very rapid (Figure 2). Secondly, biology-derived floccu-
lation increases the size of the flocs by orders of magnitude from that due to salt-induced 
flocculation and is determined not by fractal properties (such as prevails for snowflakes) 
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Figure 1. 
Dependence of the settling velocity wf of the suspended sediment on the suspended sediment concentration (SSC) 
in the enhanced settling range from (1) laboratory experiments with mud from the Elbe, Weser and Severn 
estuaries and (+) from Hinchinbrook Channel and (2) in the field in Hinchinbrook Channel and Muddy Creek, 
tropical Australia. The value of wf in the laboratory is comparable for all the sampled estuaries, and it is about 
an order of magnitude smaller than that in the field. Modified from [10].

Figure 2. 
Microphotographs of suspended fine sediment in the muddy La Sa Fua River in (a) freshwater about to enter 
Fouha Bay in Guam, (b) mixed with 17 ppt salinity Fouha Bay water after (b) 5 min, (c) 10 min and (d) 
30 min. The width of the microphotographs is 1000 μm.
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Figure 3. 
Microphotographs of typical flocs in muddy estuaries and coastal waters in Papua New Guinea and tropical 
Australia. The width of the microphotographs varies between 500 and 1000 μm.

but instead by the biological materials on the surface and inside the flocs (Figure 3). As 
shown in Figure 3, the mucus has produced a complex shape and size of the flocs.

Each floc is a matrix (mesh-like structure) of inorganic and organic matter, 
forming a maze of low-density zones and impervious zones. The settling floc dis-
places water, some of which flows around the floc and some through the floc [1]. The 
extreme situation of biological control of the settling occurs for large sticky mucus 
sheets with a few attached particles of mud that act as a ballast. This makes the mucus 
sheet form an inverse parachute dragged downward by the settling floc [11].

In nature, as opposed to laboratory experiments, the estuarine flocs appear as 
marine snow flocs of fine (silt and clay) particles. The particles are bound together 
with a sticky mucus membrane called EPS and TEP (extra-cellular polymeric sub-
stances and transparent exopolymer particles from bacteria and diatoms). Hence, 
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the floc becomes a complex mixture of microbial coatings, absorbed and adsorbed 
organic matter, silt and clay particles, dead and live plankton and macroscopic aggre-
gates of biological origin [1, 12]. The floc structure is fundamentally controlled by the 
mucus (mucopolysaccharides/glycosaminoglycans) [13].

The formation of larger and faster sinking flocs is facilitated by the fresh TEP, 
which is highly sticky and traps small flocs that small-scale turbulence brings in con-
tact. In a temperate climate, the smallest amount of fresh TEP and the smallest floc 
size occur in winter when the biological activity is the smallest [14]. Small mud flocs 
grow into large muddy marine snow flocs by using the mucus to stick on the clay and 
silt particles and the dead organic matter [15–21]. In some cases, clay and silt particles 
are segregated in small sub-units held together by mucus. Fine sediment flocs can 
reach as large as 2 cm in length when they aggregate over dead chain-forming diatoms 
[22]. The porosity of such flocs is high. In turbid waters (SSC > 500 mg l−1), the flocs 
are smaller, because of the lack of light for photosynthesis.

As the small flocs cluster together with increasing turbulence, the growing aggregate 
is more porous and its strength reduced. Consequently, these large but weak aggregates 
are broken by a high shear rate once the turbulent kinetic energy dissipation rate exceeds 
a threshold value of the order of 10−6 W kg−1 [23, 24]. Thus, the floc size varies within 
a tidal cycle because the turbulence also varies within that cycle [25]. At the same time, 
the biological processes, materials and organisms constantly change the flocs in time [1]. 
The influence of organisms is dictated by their biological traits (their mobility, mode of 
feeding and position in the water column). For example, the zooplankton feed on the 
flocs and on the mucus (Figure 4a and b); also, they move through the floc while the 
mud sticks on their bodies, thus changing the shape of the flocs (Figure 4c); also, faecal 
pellets produced by the zooplankton are created by aggregating small flocs (Figure 4d); 
the plankton live in the high-mucus, low-density/porous area of the muddy marine 
snow floc that it disturbs (Figure 4e), and the plankton change the shape and density 
of the floc by being ‘glued’ to it (Figure 4f). The biological materials are a fundamental 
building block of muddy marine snow. These biological processes then influence the size 
and shape of the flocs, thereby affecting the way in which the flocs are influenced by the 
physical processes, a de facto feedback loop. In essence, the physical and microbiological 
processes create the flocs and then the macrobiology (the organism behaviour) modi-
fies the flocs which in turn creates a further change by physical processes. This gives a 
physical-biological-physical loop. Secondly, as indicated above, are the interactions with 
the physical processes – the turbulence affects the floc size because, at small turbulence 
intensity, it helps small flocs collide with each other and aggregate to form larger flocs, 
and, at high levels of turbulence (e.g., during peak tidal currents or under wave action), 
it breaks up the larger flocs into smaller flocs [25].

The microbial loop is a central process in using and recycling nutrients in the 
water column [27], and its efficiency relies on the amount of surface available over 
which it occurs; this is particularly important in the turbidity maximum areas of estu-
aries [28]. The flocs may be formed from organic detritus as predominantly carbon, 
but with increasing bacterial colonisation, the nitrogen component increases, that is, 
with age, there is often a decrease in the C/N ratio. In turn, this increases the nutri-
tional value of the flocs for planktonic and macrobenthic suspension feeding organ-
isms. Given the increasing surface area:volume ratio with decreasing size of particle, 
smaller particles have a large surface area on which the bacterial film can form.

The density of the organic-rich flocs varies from floc to floc [21, 29, 30]. For instance, 
faecal pellets are formed by suspension-feeding benthic bivalves and are much denser 
and have a faster settling velocity than other biology-rich flocs, whereas the looser 
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Figure 4. 
Video clips available at https://intech-files.s3.amazonaws.com/a043Y00000yGSwYQAW/a093Y00001h6OeqQAE/
Videos%20%28Full%20Chapter%29-The%20physics-biology%20links%20in%20fine%20sediment%20
dynamic%20%282024-04-23%2015%3A48%3A53%29.zip. (a) The mucus enveloping small sediment particles 
attracts a copepod that feeds on it. (b) A copepod feeding on a muddy marine snow floc. (c) A plankton moving 
through a mud floc with mud sticking on its body and preventing it from escaping. (d) The process of pelletisation. 
(e) A plankton immersed in a highly porous, muddy marine snow floc comprising clay, silt particles and TEP. (f) 
A plankton stuck in a sticky floc and making it in increase in size by more mud sticking on it. (g) Consolidation 
processes of the highly organic Lake Apopka mud, Florida. The view shows the sediment both above and below 
the bed. Flocs above the bed are settling down. The left arrow points to a growing micro-channel. Water moves 
upwards in the micro-channel and rolls flocs upwards along the walls of the micro-channel to keep it open. The 
right arrow points to a channel that is getting blocked by flocs settling in its opening and plugging it. (h–j) settling 
muddy marine snow flocs stick to the tentacle-like cirri of a Pyrgomatid barnacle and smother it as the barnacle 
is unable to dislodge the sticky flocs and sedimentation continues. (a) and (b) are adapted from [26].
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pseudo-faeces produced are mucus-rich and they add to the floc material. Further, their 
rate of production is not constant; for SPM < 300 mg l−1, the filtration rate by bivalves 
increases with increasing SPM, but it decreases for SPM > 300 mg l−1. Also, macro-flocs 
aggregated by the mucus (EPS and TEP) appear to have the lowest density, then likely 
the smallest settling velocity. Further, zooplankton break up flocs by feeding on them 
and thus decrease the floc settling velocity, while other plankton break flocs by moving 
through them while being glued to them by the mucus (Figure 4a–f).

While physical and physico-chemical processes can create the sedimentary systems, 
both on the bed and in the water column, it is then that biological processes modify those 
physical processes with feedback loops [1]. Previously, engineers neglected these interac-
tions—for example, they applied the fractal theory to mud particle flocs to parameterise 
their shape and size, assuming thus that mud flocs are similar to snowflakes and that the 
biology can be ignored (e.g., [31]). However, from Figures 2, 3 and 4a–f, it is clear that 
there is little in natural estuaries and coastal waters that visually resembles the ‘fractal 
flocs’ derived from theoretical or laboratory models with no biology. That the biology has 
a dominant effect on the settling velocity wf is evidenced by the failure of models to pre-
dict wf from flocculation models and fractal theory that ignore the biology. The common 
observation from field studies is that the floc size varies during the tidal cycle [9, 32].

Clearly, wf cannot be measured in the laboratory and from models where the 
biology is neglected. There is a difference by a factor of 5–10 between the observed 
settling velocity of mud flocs with and without the biology (Figure 1). For all these 
biological and physical reasons, as indicated above, the settling velocity of individual 
mud flocs at a given site also varies greatly during a tidal cycle [33]. In the hindered 
settling range, the settling of flocs strongly depends on the density, hence on the 
biology as biological-rich flocs have a much lower density than inorganic flocs. At 
SSC > 5 g L−1, the settling flocs align themselves one behind the other, each floc set-
tling in the lee of the preceding floc (Figure 5; [34]). Water moves upwards in micro-
channels. In the presence of turbulence, settling is locally stopped by the turbulence 
moving a floc sideways in the micro-channel and blocking it.

Figure 5. 
Settling of high-density mud flocs for SSC > 5 g L−1. Adapted from [1].
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2.2  Consolidation

The settled mud is initially water-rich as the flocs are very porous. It is thus 
readily erodible. It slowly consolidates by expelling water through micro-channels. 
This process is very slow; typically, it takes 3 weeks to 3 months per m for organic-
poor mud. For organic-rich mud, it can take up to 20 years [35] because inorganic 
mud, i.e., the mineral particles, is heavier and therefore it expels water faster 
sideway towards the micro-channels than organic mud does. Dewatering occurs 
when the water moves upwards through micro-channels (Figure 6). While doing 
so, it rolls mud flocs upwards along the walls of the micro-channel to finally 
expel them, thus widening the micro-channels and accelerating the dewater-
ing (Figure 4g). Occasionally, a micro-channel can get plugged on top by mud 
flocs in the overlying water column settling in the opening of the micro-channel 
(Figure 4g).

Figure 6. 
Photograph of a dewatering micro-channel in Lake Apopka mud. The mud is consolidating by expelling water 
sideway from the flocs, and this water flows upwards in the micro-channel.
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Mud deposition at tidal frequencies commonly forms laminae several cm 
thick, therefore creating strata (laminae) (Figure 7). Each lamina was depos-
ited in a discrete hydrodynamic event. Each lamina has a different density 
varying between 1.4 and 2.1 g cm−3 [36]. Older (deeper) laminae can have a 
smaller  density than overlying laminae, because a new lamina settled on top 
of another one can block its dewatering micro-channels and hence prevent 
consolidation.

2.3  Erosion

Once the particles have settled, the sediment created is subject to physical, 
chemical and biological forces and interactions (Figure 8). Microorganisms 
continue to coat the particles and lead to biogeochemical processes, while mac-
roorganisms will colonise the sediments according to the environmental toler-
ances and biological traits of the organisms [37, 38]. Biological processes by those 
macroorganisms such as bioturbation, biodeposition and bioerosion will dictate 
the nature of the sediments; bioturbation (the process of burrowing and sediment 
turnover by organisms) will aerate cohesive sediments and therefore change the 
chemical regime. Cohesive sediments with a low porosity and poor permeability 
will become anoxic, as shown by the position of the redox potential discontinuity 
[1, 12]. The erosion rate is greatly affected by the biological activity in the bottom 
mud. The bed can be destabilised or stabilised, according to the specific biological 
activity although wider climatic and ambient conditions will also influence these 
characteristics [12, 39, 40].

Figure 7. 
(a) Photograph of muddy laminae on the banks of the Ord estuary, Australia. (b) Vertical profile of density as a 
function of depth through a sequence of muddy laminae in the Scheldt estuary, Belgium-the Netherlands, adapted 
from [36].



Sediment Transport Research – Further Recent Advances

98

2.3.1  Destabilisation by bioturbation

At a microorganism level, diatoms produce oxygen that can form an air bubble in 
the sediment. The bubble loosens and even dislodge the sediment. This increases the 
erosion rate [41]. At a microorganism level, burrowing animals disturb the sediment to 
a depth of typically ~1 m for mangrove crabs, down to ~ a few mm for meiofauna; ero-
sion is increased by the feeding behaviours of large bivalves (Figure 9; [39, 40, 43–45]). 
The sediment is deposited at the surface from where it is easily eroded [21]. The small 
bioturbating macrofauna are apparently the most efficient organisms to erode a highly 
muddy substratum [46]. Biological processes may initiate the formation of tidal creeks 
in the case of the crab Chasmagnathus granulatus digging burrows. A depression ring 
results, which grows and links with other rings; in turn, this directs the tidal flows that 
excavate a tidal creek [47, 48].

Figure 8. 
Physical, chemical and biological processes in cohesive sediments. Adapted from [12].
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2.3.2 Stabilisation by filtering the mud and armouring the bed

Conversely, the biological processes and organisms can stabilise the mud [21]. Algae 
mats and biofilms armour the surface of mud banks and protect the sediment from ero-
sion (Figure 10a; [30, 49, 50]). Benthic diatoms biostabilise the mud surface [51, 52].

Especially as the result of mucopolysaccharide production. However, this process 
is reversed when the amphipod Corophium volutar feeds on the benthic diatoms that 
bind the sediment particles; in turn, this process can be controlled by birds feeding 
on this amphipod. Tube worms such as Terebellids or Sabellids whose tube protrude 
above the sediment surface also affect the boundary layer currents and may reduce 
erosion [12]. Fauna living on the bottom also trap the mud flocs because they are 
sticky. For instance, barnacles trap the mud flocs as they stick on their tentacle-like 

Figure 9. 
(a) A 10 cm deep burrow structure produced by H. diversicolor as revealed by computer-aided tomography, 
adapted from [42] (b) A 1.2 m deep mangrove mud crab burrow. Adapted from [1].
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Figure 10. 
(a) A biofilm on a tropical mud flat armouring the underlying mud flat. Source: Norman Duke. Adapted 
from [1]. (b) A mussel bed armouring the mud. Source: Wadden Sea National Park of Lower Saxony. (c) 
The leather mudweed Avrainvillea amadelpha trapping mud in Maunalua Bay, Hawaii. (d) The dense 
vegetation of a Rhizophora mangrove forest. (e) The dense salt marsh vegetation along a tidal creek. Source: 
Steve Hillebrand.
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cirri that they try to dislodge, a process that is increasingly less successful with 
increased sedimentation rate (Figure 4h–j; [19]). In addition to producing faecal 
pellets and pseudofaeces, oyster and mussel beds armour the bed, thus preventing 
erosion (Figure 10b; [53–55]). The leather mudweed Avrainvillea amadelpha, a marine 
invader in Maunalua Bay, Hawaii, traps 0.2 kg of mud /m2 below the canopy for years 
and another 0.2 kg of mud/m2 in the canopy (Figure 10c; [56]).

The mangrove or saltmarsh vegetation fringing the open water of an estuary is a 
mud trap due to the small-scale recirculating flows behind the vegetation that create 
flow stagnation, which in turn promotes the settling of mud (Figure 10d-ed-e;  
[1, 57–63]). The trapping of mud in this dense vegetation is most efficient; for 
instance, a mangrove forest that covers only 3.8% of the river drainage area traps 
40% of the riverine mud inflow [63, 64]. Mangroves can trap up to 1000 tonnes of 
mud km−2 yr−1 [63, 64]. Similar processes occur in saltmarsh-fringed estuaries, and 
especially so when the saltmarsh vegetation is taller than 8 cm [65–69]. The rates of 
sedimentation in U.K. saltmarshes average 4.3 mm yr−1 over two years of observation, 
with large local spatial and temporal fluctuations [70, 71]. A similar high sedimenta-
tion rate is found in U.S. saltmarshes [72].

Also, at the macro-scale, biology also helps mitigate bank erosion, for which no 
reliable engineering formulae are available. Mass slippage often occurs at low water 
after a river flood when the soil is saturated and its weight is increased by the ground-
water [73]. In macro- and hyper-tidal estuaries, the banks experience a frequent 
transition between stability at high tide and instability at low tide, and this also leads 
to bank slippage [74]. Nevertheless, some estuaries with steep banks remain stable 
against bank slippage because slippage is hindered by the roots of the trees and plants 
on the shores that increase the cohesiveness of the soils, by the vegetation covering 

Figure 11. 
An aerial photograph of the dying freshwater vegetation and the resulting bare mud areas following the 
permanent intrusion of a tidal creek in the formerly freshwater floodplains of the Mary River, Northern Territory, 
Australia.
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the banks and protecting them from the swift currents, and by the organics from 
decaying roots making the soil more cohesive [1, 75–79]. When the freshwater region 
of an estuary transitions permanently from fresh to saline, such as in the Mary River, 
Northern Territory, Australia, its freshwater vegetation is killed, thus removing the 
protection that the freshwater vegetation provided. This results in swift bank erosion, 
in the lengthening of the tidal creek in the formerly freshwater floodplains and in 
the formation of new, bare mud flats that erode and provide new mud to the estuary 
(Figure 11; [80]). However, in many estuaries, the freshwater vegetation will give way 
to reedbeds, such as Phragmites australis, and then saltmarsh and seagrass beds with a 
progression down the estuary and increasing salinity. While reedbeds may create 1.5 
high reeds during the growing season, at the end of the growing season, the reeds col-
lapse and are added to the detrital pool of the estuary. The stubble (broken straws) left 
behind then traps sediment, reduces bed erosion and stabilises the reed-bed area [81].

3.  Some engineering implications

The long-term sequestration in the mud of persistent organic pollutants, radionu-
clides and heavy metals on the fine sediment is a serious problem for industrialised 
countries attempting to clean up their estuaries from legacy pollution that started 
with industrialisation 100–200 years ago [82, 83]. Those contaminants may be 
stored in the sediments through diagenetic processes, especially if these sediments 
are anoxic and consolidated, thereby creating biogeochemical conditions leading to 
insoluble stored products [27]. Aeration by bioturbation will then change the oxygen-
ated regime and so liberate newly soluble products. Hence, bioturbation is important 
in slowly cleaning up this polluted mud by allowing ventilation of the mud through 
animal burrows and increasing the depth of oxidation of the mud [84]. The flush-
ing out of these pollutants depends on the biology through the occurrence of anoxia 
generated by plankton or algae blooms, the role of bacteria, DOM and the presence 
of macroalgae and macrophyte roots, all of which generally decrease metal mobility 
[85–88]. However, not all these natural processes are beneficial; for instance, the 
bacterial communities convert mercury to its more toxic methylmercury form [89] 
and methanogenic and reducing bacteria will produce methane CH4 and the more 
toxic hydrogen sulphide H2S. Also, some of these processes will prevent permeability 
and hence oxygenation of the sediments, and so the sediments remain anoxic.

Cholera is still causing morbidity and mortality in many developing countries. Its 
causative agents are Vibrio cholerae O1 and O139. It is transmitted mainly through water 
and by eating shrimps and fish that host the bacteria. The zooplankton responding to 
anthropogenic inputs controls cholera incidence [90]. In addition, the resuspension of 
fine sediments from polluted tidal flats raises Vibrio cholera concentration in the water, 
which suggests a Vibrio cholera-coupled mud-pelagic dynamics [91].

Fluid mud impacts the propagation of tides in an estuary by diminishing bottom 
friction [92–94]. Its removal by dredging can make the estuary self-deepening, which 
in turn generates severe environmental and socio-economic problems [95].

4.  Concluding remarks

It is emphasised here that in all estuarine and coastal sedimentary systems, the 
physical and biological structure and processes work in tandem to create the resulting 
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water column and sedimentary features. The physics then creates the conditions both 
for chemical mediation and for biological colonisation that occurs in all estuarine and 
coastal environments worldwide and is dependent on the prevailing temperature, 
salinity and pH conditions. That colonisation will be firstly by microorganisms and 
then by macroorganisms. These organisms then always create feedback loops where 
they modify the structure of both the flocs and the bed sediment. This changes the 
behaviour of the flocs and the bed sediment features. This should always be incorpo-
rated into the engineering models of fine sediment dynamics of estuarine and coastal 
waters, for those models to become reliable.

Land use in the catchment upstream of estuaries and along the shores of estuaries, 
land claim in coastal wetlands, pollution, dams/barriers and dredging, among many 
other causes, have profoundly degraded many estuaries worldwide [96]. There are 
attempts worldwide in many, if not all, maritime states to restore the ecosystem health 
of the degraded estuaries [97, 98]. The degradation of estuaries in the developed 
world started in the 1700s with land claim for agriculture and then continued through 
the Industrial Revolution of the 1800s with the addition of contaminants from 
industries. Many of the underlying causes for degradation are due to mishandling the 
mud either at the source (e.g., erosion) or at the sink (deposition). Most commonly, 
the experience suggests that the solution involves combining the use of plants and 
animals and acknowledging the role of the microbial populations and the materials 
that they exude, together with wise engineering, eco-engineering (i.e. nature-based 
solutions) and geo-engineering measures [1, 99–103].
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Flocculation Dynamics of Cohesive
Sediment in Turbulent Flows Using
CFD-DEM Approach
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Abstract

Two-phase computational fluid dynamics - discrete element method (CFD-DEM)
framework has gained attention in cohesive sediment transport due to its capability of
resolving particle-particle interactions and capturing the time evolution of individual
flocs and hence the flocculation dynamics of cohesive sediment in turbulent flows. For
cohesive sediments of size smaller than the Kolmogorov length scale, the point-particle
approach is commonly used, in which the flow around particles is not fully resolved,
and the hydrodynamic force on particles is parameterized by the drag law. The accuracy
of floc dynamics, aggregation, breakup, and reshaping therefore strongly depends on
force parameterization of individual point-particles that make up the floc. In this chap-
ter, we review recent advances in the state-of-art two-phase CFD-DEMmodel approach
on cohesive sediment transport and make recommendation for future research.

Keywords: two-phase approach, CFD-DEM coupling, long-range hydrodynamic
interactions, drag model, flocculation dynamics

1. Introduction

Cohesive sediment transport is important for many geoscience and engineering
applications. Cohesive sediments can adsorb pollutants (e.g., heavy metals,
microplastics, and nutrients) and are a concern for water quality [1, 2]. The transport
of estuarine and nearshore cohesive sediment plays an important role in coastal
processes and the functioning of healthy ecosystems [3]. Cohesive sediment particles
can aggregate with organic particles, such as bacteria, phytoplankton, and algae to
form large flocs, marine snow [4], or algal-sediment aggregates [5]. The transport of
flocs is therefore one of the key processes in the biogeochemical cycling of the ocean.
Modeling the dynamics and transport of suspended sediment is essential to calculate
sediment budgets and to provide relevant knowledge for the investigation of biogeo-
chemical cycles. During transport, cohesive sediments undergo a complex flocculation
process of aggregation, breakup, and reshaping, which determines the floc size and
shape spectrum that in turn affects their sedimentation rate. Our ability to confidently
predict the suspended sediment transport critically depends on how accurately we are
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able to parameterize the shape and size distribution of the cohesive sediments and
hence their density and settling velocity.

Population balance equation (PBE) approach has been widely used to model floc-
culation dynamics in suspended cohesive sediment, in which floc properties change
with ambient flow conditions due to either aggregation or breakup processes [6, 7]. By
assuming fractal entities of flocs, the aggregation and breakup processes can be
modeled as power-law relations. With recent advancements in imaging techniques,
Spencer et al. [8] proposed a five-level hierarchy of floc aggregation, in which the floc
structures are scale dependent. For microflocs (O 10μmð Þ), electrochemical forces and
bridging mechanism by biological activities are of equal importance. For macroflocs
(O 100 μmð –1 mmÞ), the backbone mechanism due to protruding filamentous bacte-
ria influences the size and shape of macroflocs. The filaments can provide structural
integrity by increasing the tensile strength of the flocs. Through the anchoring mech-
anism, the abundance and morphotype of bacteria affect the shapes of megaflocs
(O 1 mmð Þ). Due to the scale dependence of flocs structures, fractal theory cannot
represent or predict the behavior of flocs in natural environments. A model frame-
work that can resolve interactions among particles to better characterize the floc
structure needs to be developed for more accurate prediction of floc properties in
engineering or geoscience applications.

The advantage of the PBE approach is that it can scale to large systems of practical
interest. In addition, PBE approach can capture the complex behavior of floc dynam-
ics and predict the bimodal or multimodal floc size distributions that have been
observed in the field [9, 10], compared to the single-class model using averaged floc
size. However, the accuracy of the PBE approach entirely relies upon the fidelity of
the closure models of aggregation and breakup processes, which have generally been
motivated by experimental measurements of floc size and settling velocity. The video
camera systems used in previous studies also have difficult in tracking individual flocs
and directly observe aggregation and breakup processes in 3D [11, 12]. Numerical
simulations using CFD-DEM approach can fill this gap to develop accurately models
floc-floc and flow-floc interactions and hence improve PBE model accuracy on the
prediction of cohesive sediment transport.

The two-phase CFD-DEM coupling framework has gained popularity in studies of
sediment transport [13, 14], where sediment particles are modeled as dispersed phase
by the discrete element method (DEM) [15, 16]. Turbulence-sediment interactions are
modeled by momentum transfer between the continuous fluid phase and the dis-
persed sediment phase. Two approaches, namely the particle-resolved (PR) and the
point-particle (PP) approaches, have been widely used. The PR simulations resolve
the flow around individual particles and have been used to investigate important
mechanisms in flocculation dynamics, such as aggregation and differential settling
[17, 18]. The PR approach is computationally expensive and limited to simulations
with a small number of particles (a few thousand), which may not be sufficient to
capture mesoscale processes and obtain converged statistics. On the other hand, the
PP approach can efficiently implement millions of particles [19]. However, important
hydrodynamic interactions at the microscale, such as flow blockage and sheltering by
neighboring particles, are not resolved [20].

In this chapter, we will review the recent advancements in the two-phase CFD-
DEM approach to cohesive sediment transport studies. The review is structured as
follows: Section 2 outlines the fundamental methodology of the CFD-DEM approach,
followed by a discussion of its applications to flow modeling and future research
(Section 3). We provide a summary of this approach in Section 4.
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2. Two-phase CFD-DEM coupling approach for cohesive sediment
transport in turbulent flows

2.1 Two-phase modeling approach

Two-phase modeling approach has been widely used in sediment transport.
Depending on the volumetric concentration of sediment (ϕ) and Stokes number (St)
defined as the ratio of the particle response time to the characteristic timescale of the
turbulent flow, different computational approaches has been developed to turbulent
multiphase flow [21], including the dusty gas, equilibrium Eulerian, Eulerian,
Lagrangian point-particle, and fully resolve approaches. For dilute flow, one-way
coupled or two-way coupled approaches are often adopted. In one-way coupled
approach, only the effects of the continuous fluid phase on particles are considered,
while the reverse effect is neglected. On the other hand, in two-way coupled
approach, the fluid-particle interaction term is also introduced in the fluid momentum
equation. When interactions among particles (collisions) become important, four-way
coupled approach should be used. For sufficiently dilute flow, the fluid does not feel
the presence of particles and particles move in response to the fluid; one-way coupling
can be used. For large particles of St> 1, point-particle Lagrangian approach is
uniquely suited. For small particles, the Eulerian approaches are more computation-
ally efficient. In the limit of St<0:2, the equilibrium Eulerian approximation (or
mixture theory) can be adopted to study fine sediment suspension [22, 23]. For
0:2≤ St≤O 1ð Þ, both the Eulerian two-fluid and Lagrangian point-particle approaches
are comparable. For cohesive sediment transport, the volumetric concentration is
typically dilute and particle-particle interactions are important; the point-particle
Lagrangian approach is better suited.

Two-phase CFD-DEM approach has gained popularity in flocculation dynamics of
cohesive sediment in turbulent flows [17, 18, 24–26]. For primary particles of size
smaller than the Kolmogorov length scale (η), the local average method of Anderson
and Jackson [27] can be used to directly derive the fluid momentum equation as
follows (equation set I in [28]):

∂α

∂t
þ ∇ � αuð Þ ¼ 0, (1)

and
∂αu
∂t

þ ∇ � αuuð Þ ¼ � 1
ρ
∇pþ ∇ � τ þ Finter þ Ft, (2)

where u is the fluid velocity, α is the fluid volume fraction, τ is the viscous stress
tensor, and p is the fluid-phase pressure. Finter is the interphase force exchange term,
and Ft is the external force to drive the turbulent flow. For homogeneous isotropic
turbulence, a linear forcing term is commonly implemented [29]. The particle-fluid
interaction force is the sum of all particle-fluid interaction forces acting on individual
particles, including the drag force, pressure gradient force, viscous force due to fluid
shear stress, virtual mass force, Basset force, and lift force [28]. In one-way coupled
approach, Finter term is neglected.

Figure 1a shows the CFD-DEM simulation results of flocculation dynamics of
cohesive sediment in homogeneous isotropic turbulence. Initially, 200,000 mono-
dispersed spherical particles were introduced into the flow field. Due to collision, flocs
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formed and grew in size till an equilibrium floc size distribution developed when the
aggregation process balanced with the breakup process. The isosurfaces represent the
turbulent coherent structures. By turning off the linear forcing term, the decaying
turbulent flow relaminarized to quiescent flow. Figure 1b shows the gravitational
settling of flocs in still water with gravitational acceleration pointing downward.
Preferential orientation occurred with major axis of flocs aligning with the direction of
gravity for large flocs. In CFD-DEM simulations, sediment is modeled as dispersed
phase, and the evolution of floc properties can be directly obtained from model results
(Figure 1b). Flocs can be identified by the connectivity of spheres, and the floc size
can be characterized by the number of primary particles (spheres) consisting the floc.
Floc structure can then be derived from the relative position of particles to the center
of the floc, defined as

xf ¼
PN

i¼1xp,i

N
, (3)

where xf is the center of the floc, xp is the center of the particles consisting the floc,
i is the label of the particle, and N is the total number of the particles in the floc. To
characterize the structure of flocs, fractal dimension and gyration radius have been
commonly used. The fractal dimension Nf is defined as

N ¼ Lf

Lp

� �nf
, (4)

where Lf is the floc size, defined as the floc size along the longest principle axis,
and Lp is the size of the primary particle.

The gyration radius is defined as the root-mean-square distance of particles from
the floc center as

Rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1
xp,i � xf
�� ��2

r
: (5)

Figure 1.
(a) Flocculation dynamics of cohesive sediment in homogeneous isotropic turbulence. (b) Preferential orientation of
flocs with respect to gravity in gravitational sedimentation with effects of long-range hydrodynamic interactions.
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By turning off the linear forcing term, turbulence was allowed to decay over time,
and the flow relaminarized to a quiescent state. Figure 1b shows the gravitational
settling of flocs in the final still water with gravitational acceleration pointing down-
ward. Preferential orientation occurred with the major axis of flocs aligning with the
direction of gravity for large flocs.

2.2 Discrete element method for cohesive sediment

Interactions among primary particles play an important role in aggregation and
breakup processes of cohesive sediment. To resolve particle-particle interactions, the
sediment phase is modeled by the discrete element method (DEM), in which motions
of individual particles are tracked following

dxi

dt
¼ vi, (6)

mi
dvi

dt
¼
X

Fi, (7)

and

Ii
dωi

dt
¼
X

Ti: (8)

where x is the position vector, v is the particle velocity vector, F is the force vector,
and m is the mass of the particle. The subscript “i” is the particle label. The force on
particle “i” is the sum of the collision force (Fc) between particle i and all other
particles j, the hydrodynamic force (Ff ), and the gravitational force (Fg) as
Fi ¼

P
jFc,ij þ Ff ,i þ Fg,i. I is the moment of inertia, ω is the angular velocity of the

particle, and T is the hydrodynamic torque on the particle.

2.2.1 Cohesive force: DLVO and XDLVO theories

In CFD-DEM approach, the stickiness of cohesive sediment is modeled by pairwise
interaction forces, which are given as functions of distance between particles. Parteli
et al. [30] showed both types of attractive forces, namely, adhesion and nonbonded
van der Waals forces, need to be taken into account to accurately model the particle
interactions [30]. DLVO theory [31, 32] has been widely used in cohesive sediment
studies to model the electrochemical interactions among particles, in which
nonbonded attractive van der Waals and repulsive electrostatic double layer interac-
tions are considered. In CFD-DEM simulations, the repulsive electrostatic interactions
are often neglected and the van der Waals force is given by

FvdW ¼

AHReff

6D2
min

en if δn >0,

AHReff

6 δn �Dminð Þ2 en if �Dmax ≤ δn ≤0,

0, if δn < �Dmax,

8>>>>><
>>>>>:

(9)
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in which δn is the overlap distance (Figure 2), and en is the normal unit vector
connecting centers of two spheres. AH is the Hamaker constant. Dmin is introduced to
avoid the singularity of the equation at δn ¼ 0. As the surface of the particle is not
smooth, Dmin can also be interpreted as the surface roughness as there is always a
minimal distance between two particles at contact. Dmax is the cutoff distance of the
van der Waals interaction. The effective radius is defined as Reff ¼ RiRj

RiþRj
for two

contacting particles of radius Ri and Rj, respectively.
The classic DLVO theory models the electrochemical interactions among particles

and assumes the particle surfaces to be chemically inert, which is not valid for organic
particles, such as bacteria. As the organic particles play important role in floc properties
[8] and hence the flocculation dynamics, effects frommicrobial communities need to be
considered in cohesive sediment transport. To model biological interactions, DLVO
theory has been extended as XDLVO [33, 34] to include additional mechanisms, such as
bridging effects and acid-base energy from hydrogen bonding [35–38]. DLVO and
XDLVO theories provide the ideal framework for modeling the complex cohesive par-
ticle interactions. In natural environments, several different mechanisms simulta-
neously contribute to the attractive force among cohesive sediment particles (i.e.,
stickiness) and affect the floc properties. To predict flocculation dynamics more accu-
rately, measurement on particle interaction forces becomes important. With Atomic
Force Microscopy (AFM), particle level force as a function of distance between two
particles can be measured and directly implemented in DEM simulations [39–41].
However, detailed measurements on particle interaction force are still limited; system-
atic studies to quantify the interaction forces between particles under different ionic
strengths, surface coasting, pH, biomaterials, and so forth need to be conducted.

Figure 2.
(a) Schematic of a particle-particle collision handled by the soft-sphere discrete element method. The overlap
distance δn represents the deformation in the contact region. (b) The spring-dashpot soft-sphere contact model in
discrete element method.
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2.2.2 Adhesive contact mechanics

In DEM framework, sediment particles are modeled as soft spheres, allowing small
overlaps between two particles in contact. Contact mechanics models are often used to
account for the collisional behavior of particles, which provide a variety of options for
the normal, tangential, rolling, and twisting forces resulting from the contact. These
forces are hence implemented to model the complex interactions among the cohesive
sediment particles. To model adhesion of particles, two conflicting approximations
have been developed, namely the Johnson-Kendall-Roberts (JKR) approximation [42]
and the Derjaguin-Muller-Toporov (DMT) approximation [43]. In JKR model, adhe-
sion forces outside the area of contact are neglected and elastic stresses at the edge of
the contact are infinite. In DMT model, the geometry is assumed to be Hertzian and
hence the adhesion force could not deform the surface even the adhesion is taken into
account [44]. The dispute was about the magnitude of the pull-off force. Tabor [45]
introduced a parameter μ [45], such that for small μ, DMT should be used and for
large μ, JKR should be used. Recently, Greenwood [46] pointed out the errors in DMT
thermodynamic method and argued that Hertzian geometry does not occur [46].
Therefore, we will focus on the JKR model in the following discussion.

For soft clay particles, the Johnson-Kendall-Roberts (JKR) model gives

Fne,jkr ¼ 4Ea3

3R
� 2πa2

ffiffiffiffiffiffiffiffi
4γE
πa

r !
en, (10)

where a is the radius of the contact zone and is related to the overlap δn according
to

δn ¼ a2

R
� 2

ffiffiffiffiffiffiffiffi
πγa
E

r
, (11)

in which E is the Young’s Modulus, R is the radius of the particle, and γ is the
surface energy density. The overlap between particle “i” and particle “j” is given as
δn ¼ Ri þ Rj � ∣xi � xj∣. JKR model allows for a tensile force beyond contact (δn <0),
up to a maximum of 3πγR. When two particles are not in contact initially, they will not
experience this force until they come into contact (δn >0); then, as they move apart,
they experience a tensile force up to 3πγR till they lose contact. Therefore, this force
can be used to define the yield strength of the floc.

In addition to the adhesive elastic force, a viscoelastic damping force model is used

Fn,d ¼ �ηDVn, (12)

where ηD is the viscoelastic damping coefficient and Vn is the relative velocity
along the direction of the unit vector en. The total normal force is the sum of the
adhesive elastic JKR and viscoelastic damping terms

Fn ¼ Fne,kjr þ Fn,d: (13)

The tangential force (Ft) is given by the Mindlin no-slip model [47] as

Ft ¼ �min μtFn0, j�ktaξ þ Ft,djð Þet, (14)
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in which μt is the friction coefficient, kt is the elastic constant for tangential
contact, and ξ is the tangential displacement accumulated during the entire duration
of the contact. The unit vector et is in the relative tangential velocity direction. Ft,d is
the damping term for the tangential force, which follows the same general form as the
normal damping force (Eq. (13)) but uses the relative velocity along the direction of
the tangential vector et. The normal force value Fn0 used to compute the critical force
is given as

Fn0 ¼ ∣Fn þ 2Fpulloff ∣ ¼ ∣Fne,jkr þ 6πγR∣: (15)

Cohesive sediment flocs experience restructuring in turbulent flow, in which the
relative position of primary particles consisting the flocs changes without breakup
[48]. To account for floc restructuring, a rolling friction model of a pseudo-force
formulation [49] is often implemented. The rolling pseudo-force model does not
contribute to the total force on either particle but acts only to induce an equal and
opposite torque on the particle, which allows adjustment of rolling displacement of
the contacting pair and hence floc restructuring. The rolling friction model allows the
adjustment of rolling displacement of the contacting pair. The rolling pseudo-force is
computed analogously to the tangential force as

Froll,0 ¼ krollξroll � γrollvroll, (16)

in which kroll is the elastic constant for rolling, γroll is the damping constant
for rolling, ξroll is the rolling displacement, and vroll is the relative rolling
velocity [50].

A Coulomb friction criterion truncates the rolling pseudo-force if it exceeds a
critical value:

Froll ¼ min μrollFn0, jFroll,0jð Þek, (17)

where ek is the direction of the pseudo-force. The rolling pseudo-force does not
contribute to the total force on either particle, but acts only to induce an equal and
opposite torque on each particle according to

Troll,i ¼
RiRj

Ri þ Rj
n� Froll, (18)

Troll,j ¼ �Troll,i: (19)

In DEM simulations, the time step is constrained by Young’s modulus of particles.
To accelerate the simulation, particle stiffness is often reduced by several orders of
magnitude. Numerous studies show stiffness can be reduced by orders of magnitude
without altering collisional behavior of particles [51] and bulk transport rate of sedi-
ment [52]. With adhesive JKR model, the adhesive forces need to be scaled appropri-
ately with a reduced stiffness [53, 54]. In addition, in point-particle Lagrangian
approach, the flow around particles is not resolved; the lubrication force can affect the
collisional behavior of the particles by decelerating two approaching particles. The
enhanced dissipation from the lubrication forces can be modeled by a reduced effec-
tive restitution coefficient [55], which is defined as the ratio of the magnitude of
relative velocity of particles after collision to the magnitude of the velocity before
collision.
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2.2.3 Hydrodynamic force: long-range hydrodynamic interactions

Maxey-Riley-Gatignol equation describes the motion of a small rigid sphere in a
nonuniform flow [56] and is widely used in point-particle Lagrangian approach. The
hydrodynamic force on a particle moving in the flow is the sum of the quasi-steady
drag force, undisturbed flow force (sum of pressure gradient force and viscous force
due to undisturbed fluid shear stress), added mass force, Basset history force, and lift
force. For cohesive sediment transport studies, the Stokes number of the flocs is
generally small. In most previous studies, only the drag force and pressure gradient
force are considered for simplicity. The total hydrodynamic force on particle “i” is
therefore given as

Fhd,i ¼ Fd,i þ Fp,i, (20)

in which Fd and Fp are the quasi-steady drag force and undisturbed flow force,
respectively.

The undisturbed flow force experienced by the particle is calculated as

Fp,i ¼ �∇pþ ∇ � τð ÞVp,i, (21)

where the pressure gradient and stress divergence are interpolated to the particle
center. In the current formulation, only the hydrostatic pressure is used to calculate
the force Fp for simplicity. The buoyancy force due to the hydrostatic pressure is
Fp,i ¼ �ρfgVp,i, where g is the gravitational acceleration vector and Vp ¼ πD3

p=6 is the
volume of the particle.

The accuracy of model prediction on particle motion strongly depends on the drag
model. In the context of cohesive sediments, the Reynolds number of the primary
particle (2–6 μm) and flocculi (6–50 μm) is smaller than 1. In a turbulent flow, the
Reynolds number of aggregates that are smaller than the Kolmogorov scale is expected
to be smaller than unity [57, 58]. Since most flocs tend to be smaller than the Kolmo-
gorov scale, the hydrodynamic drag will be evaluated based on Stokes flow approxi-
mation for cohesive sediment transport.

The Free Draining Approximation (FDA) has been widely used to study deforma-
tion and breakup of aggregates in shear flow due to its simplicity and computational
efficiency [59, 60]. In FDA, Stokes drag law is used to calculate the hydrodynamic
force of individual particles that make up the floc, neglecting the hydrodynamic
interactions between particles within the floc. Previous studies found FDA can yield
qualitatively the same results as studies that fully resolve the flow around particles
[61, 62]. In FDA, the shielding effect of neighbors is neglected, and hence, the drag
force is overpredicted. However, it can be expected that the drag force on a particle
will be influenced by its neighbors—those that are attached to it as part of the floc and
those that are part of a nearby floc in case of floc-floc interaction. These effects are
currently ignored, and their importance must be carefully examined.

The drag force Fd on particle “i” is given as

Fd,i ¼ 1
2
ρCDA∣u� vi∣ u� við Þ: (22)

ρ is the fluid density, and A ¼ πD2
p=4 is the projected area of the spherical particle

with Dp as the diameter of the spherical particle. For very dilute flow with sediment
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concentration ϕ≪0:1%, the standard drag coefficient CD for an individual particle is
used, which is given as

CD ¼
24
Re p

1þ 0:15Re 0:687p

� �
, if Re p < 1000

0:44, otherwise,

8<
: (23)

where Re p ¼ ∣u� v∣Dp=ν is the particle Reynolds number, which is mostly likely
to be quite small.

In FDA approach, effects of neighbor particles are oversimplified by a correction
to the drag coefficient, which is a function of volumetric concentration of sediment
(ϕ). It has been claimed that this simplification works reasonably for sand transport
with moderate particle Reynolds number as hindered settling. However, in the Stokes
limit, the drag force on two nearby particles is smaller than the Stokes drag of a single
particle due to the shielding effect [63]. The shielding effect is represented by
λs ¼ 1� λ, with λ ¼ Fi=6π μaU∞, and Fi is the drag force on the particle.

While a particle-resolved simulation is computationally out of reach, traditional
point-particle approach with free draining assumption completely ignores the
shielding effect. Different approaches have been developed to model the shielding
effects by neighbor particles. At the level of two approaching particles in an
unbounded fluid, their hydrodynamic interaction can be completely described in
terms resistance functions [64]. For a system of N interacting particles, Brady [65, 66]
introduced Stokesian Dynamics (SD) and accelerated Stokesian Dynamics (ASD),
which have been applied to study breakage of colloidal aggregates in shear flow
[67, 68]. In SD approach, the particles are modeled as rigid spheres, and long-range
hydrodynamic interactions are modeled accurately except for close-contact of parti-
cles. Stokesian Dynamics simulations are computationally expansive as the computer
time scales with total number of particles as N3. SD approach has only been applied to
study aggregation, breakup, and restructuring of aggregates (flocs) under simple
shear in laminar flow.

There have been many theoretical studies on the sheltering effects by neighbor
particles at Stokes limit. Filippov developed an exact approach using spherical har-
monics to calculate the hydrodynamic force and torque on aggregates of spherical
particles in the Stokes limit [69]. However, the exact method of Filippov is also
computationally expensive and scales as N3 for a floc containing N particles. On the
other hand, data-driven approach has been quite successful in predicting the shielding
effects by neighbor particles. Kim and Lee [70] developed an empirical formula for
the shielding effect of neighbor particles, which unlike Filippov’s exact approach does
not require solving a large linear system. Ma et al. [71] developed binary (pairwise)
and trinary interaction models enabled by graph neural network to accurately account
for the effects of neighboring particles in a computationally efficient manner.

Figure 3 shows numerical simulation results using two different drag models. By
including the shielding effect from neighbor particles, the Kim-Lee (K-L) model is
able to predict the dependence of floc settling velocity as a function of floc size
(represented as the number of primary particles nf consisting the floc), while the floc
settling velocity is constant (single particle settling velocity) in the FDA approach. In
addition, the shielding effect from neighbor particles can also affect the breakup and
restructuring by turbulence, as it shields the particle from external flow, allowing the
growth of larger flocs. The equilibrium floc size distributions show a significant
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difference. The K-L model predicts a bimodal distribution with two peaks, while the
FDA model predicts a single peak. The first peak appears at around nf ¼ 10 in both
cases, while a second peak shows at nf around 50 with K-L model.

3. Applications and future research

The advantage of the point-particle Lagrangian approach is its capability to resolve
interactions among particles, which makes it the ideal candidate to study the floccu-
lation dynamics of cohesive sediment. In many previous studies, the particle-
unresolved DNS-DEM approach has been implemented, in which all scales up to the
Kolmogorov length scale are fully resolved; however, flows around individual parti-
cles are not resolved. Zhao et al. applied the unresolved DNS-DEM model to study
flocculation dynamics under homogeneous isotropic turbulence and identified the
equilibrium floc size distribution depends on the cohesive number, which is defined as
the ratio of floc strength to the turbulence intensity [72]. They also proposed a new
flocculation model with a variable fractal dimension that can predict the temporal
evolution of the floc size and shape. Zhao et al. [73] applied the one-way coupled
CFD-DEM model framework and found that the intermediate shear gives rise to the
largest flocs and proposed a simple model for the equilibrium floc size [73]. Yu et al.
[24] applied the one-way coupled CFD-DEM model to investigate the reshaping of
flocs by turbulence, which leads to more compact flocs at equilibrium [48]. They
identified the cohesion number defined as the ratio of floc strength to the turbulent
shear rate controls the reshaping mechanisms. With low cohesion number, the
breakup-regrowth dominates the reshaping of turbulence dominates as turbulent
shear can effectively break the flocs. With high cohesion number, flocs are resilient to
small-scale turbulent shear; floc restructuring by hydrodynamic drag plays an impor-
tant role, in which flocs reshape without breakup. The one-way coupled simulation
results have also been used to develop aggregation and breakup kernels [24, 48] by
tracking the time evolution of the flocs (Figure 4). Yao and Capecelatro [26]
performed two-way coupled model simulations to study the breakup of aggregates in
homogeneous isotropic turbulence [26]. They also showed the cohesion number plays
a key role in the breakup process and conducted a scaling analysis to develop a
phenomenological model of the breakup process.

Figure 3.
(a) Floc settling velocity. (b) Floc size distribution.
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CFD-DEM approach tracks motions of individual particles; therefore, we can
study how turbulence affects floc structures. Different geometric measures have been
used to characterize the floc structure, including fractal dimension, gyration radius,
and sphericity. Previous studies [24, 48] have identified the compaction of flocs in
turbulent flow, in which the gyration radius decreases and fractal dimension increases
for flocs of given size (defined by the number of particles in the floc). For instance,
the most stable structure for trimers (flocs consisting of three particles) is the equi-
lateral triangle (Figure 5) with the interior angle of the triangle formed by three
particles of π=3. At early stage of the simulation, there were many linear trimers with
interior angle of 0 or π; however, we observed the dominant peak at π=3 at the
equilibrium stage, suggesting the trimers evolved into the most stable and compact
structure by turbulence.

Looking at the future, there is great potential in point-particle Lagrangian model-
ing framework that can resolve the complex particle-particle and turbulence-particle
interactions. More observational data sets on force versus distance between particles
are needed to accurately model interactions among particles, including effects of
temperature, ionic strength, bacterial strength, and so on. Previous studies did not
consider the long-range hydrodynamic interactions among particles mainly due to
computational cost. Efficient algorithms to account for the sheltering effects from
neighbor particles need to be developed. With both numerical simulation results and
observational data sets, detailed scaling analyses need to be conducted to develop
parameterization of important flocculation processes, including aggregation, breakup,

Figure 4.
(a) The probability density function (PDF) that a floc of size nf becomes a floc of size nf ¼ 8 in a nondimensional
time period of 2 (blue circles) and the PDF that a floc of size nf ¼ 8 evolves into a floc of size nf over the same
period (red pluses). (b, c) the same as frame (a) for nf ¼ 16 and 24.

Figure 5.
(a) Flocs at early stage of simulation, (b) flocs at the equilibrium stage, and (c) the corresponding distribution of
the interior angles of trimers (a floc consisting of three primary particles).
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and restructuring processes. However, we must recognize the role of high-resolution
laboratory experiments as a ground truth for model validation, as well as the role of
theoretical frameworks to develop more accurate phenomenological models of floc-
culation dynamics with more accurate representations of physical processes.

4. Conclusion

Two-phase CFD-DEM framework has gained traction in cohesive sediment trans-
port due to its capability of resolving particle-particle interactions. In this chapter, we
have presented an overview on recent advances in the state-of-art two-phase CFD-
DEM approach on cohesive sediment transport in turbulent environments. We
outlined the fundamental methodology of CFD-DEM approach, including models for
the CFD-DEM coupling and interparticle interactions, which is followed by a quick
discussions of the applications to cohesive sediment transport. The two-phase CFD-
DEM approach tracks motions of individual particles and hence can provide valuable
information of floc evolution under turbulent flow. These information can be used to
develop more accurate parameterizations of aggregation and breakup models for
population balance approach for more precise prediction of cohesive sediment trans-
port in natural environments. At last, we identified research gaps on the drag force
parameterization, which could guide future research. To overcome the flaws in the
widely used free-draining approximation, shielding effects from neighbor particles
need to be considered.
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Chapter 7

Suspended Particle Dynamics 
during Sand Nourishments and 
Storm Events: A Comparative 
Analysis
Daniela Glueck and Hendrik Schubert

Abstract

Understanding sediment transport during sand nourishment and storm events 
is crucial for coastal management and environmental preservation. This chapter 
provides key insights for policymakers, coastal engineers, and researchers working 
to balance coastal protection and ecosystem sustainability. It offers an analysis of 
suspended particle behavior in the water column post-sand nourishment, a coastal 
protection measure, in comparison to a natural storm event. This allows estimat-
ing spatial and temporal effects of coastal protection measures on turbidity and 
sedimentation in neighboring areas. Pronounced differences in increased turbidity 
longevity were observed, with sand nourishment-induced turbidity persisting for at 
least 3 months, spanning a minimum of 4 km along the coast. Additionally, this study 
reveals elevated nutrient concentrations in the pore water of nourished sediment and 
the water column during the sand nourishment, along with an increase in fine sedi-
ment particles in the nourished sediment due to the use of sand from sedimentation 
sinks.

Keywords: suspended particles, Baltic Sea, coastal protection, nutrient release, 
turbidity

1.  Introduction

Coastal protection measures are crucial for safeguarding vulnerable coastal areas, 
but they pose challenges to environments like sandy beaches and dunes, already 
threatened by issues such as coastal squeeze [1]. The introduction of foreshore struc-
tures, especially hard ones, can impact sediment dynamics, hydrodynamics, and depo-
sitional processes [2–4] and influencing the distribution of non-native species [1, 5]. 
Moreover, protecting cliffs with engineered solutions deactivates them, disrupting 
sediment supply to beaches and increasing the risk of dune breaches. In areas where 
dunes serve as the primary coastal protection, preventing breaches is crucial to 
mitigate the threat of storm surges and floods in the coastal hinterland.
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Hence, enhancement of natural coastal protection is increasingly explored, 
particularly coastal protection through dunes. Strategies involve mitigating sediment 
transport, stabilizing the coast addressing negative sediment balances. Sand nourish-
ments, regarded as such nature-based coastal protection measures [6, 7], counter 
sediment deficits caused by the absence of cliff breaks or sediment traps, ensuring 
coast-parallel sediment transport preventing shoreline retreat. Well-managed dunes 
play a crucial role in this protection, although wear and erosion are anticipated and 
the problem of the sediment deficit, which is erosion, is not solved but only the 
consequences are covered, necessitating regular nourishments for maintenance [8].

There are three primary methods for nourishing sandy beaches, but all involve 
using dredged marine sands. The first method uses the sand to replenish the entire 
intertidal zone’s sand budget, while the second and third method aim for installing 
a sediment budget as reinforcement on the beach and dune, backshore, or in the 
foreshore area [9, 10]. After deposition of the sand, it is expected that the sediment is 
redistributed naturally by wave actions and wind [10, 11]. During foreshore nourish-
ments, the sand is mostly dumped or sprayed directly from the ship into the target 
area while for intertidal or backshore nourishments, the sand needs to be transported 
onto the beach, for example, with pipelines [10]. However, these marine sediments, 
characteristic of a marine sea bottom, differ from the nutrient-poor beach and dune 
ecosystem. Therefore, beach nourishments pose risks by introducing non-native 
sediments, disturbing natural habitats and dune succession. This includes biota burial 
and habitat loss [2, 3], along with changes in plant diversity and coverage attributed 
to significant anthropogenic activity [12, 13], resulting in reduced essential ecosystem 
functions [14].

But the more fundamental problem is the availability of suitable sand deposits 
whose sediment properties match the desired backwash sites. The growing demand 
for larger sand volumes in nourishments poses a potential future challenge: sedi-
ment availability. In Mecklenburg-Western Pomerania, the sand volume used for 
nourishment has steadily increased over the decades (1964–2016), reaching a peak 
in 2004 with over 2,000,000 thousand cubic meters of sand [15]. As coastal erosion 
intensifies with rising sea levels, surpassing this volume becomes a plausible scenario 
(Figure 1).

On the other hand, this could be overcome by generating closed cycles, meaning 
that the material used for sand nourishment is gathered from the areas where eroded 
material got deposited.

But even doing so, another problem still remains – the disturbance of both, the 
sand nourishment, as well as the sand extraction ecosystems. Sand nourishment is a 
massive impact, covering the respective habitat with meters of sand, burying fauna 
and flora. Especially plants are sensitive because in contrast to fauna, plant diaspores 

Figure 1. 
Volume of sand in thousand cubic meters (TCM) used for sand nourishment in Mecklenburg-Western Pomerania 
between 1964 and 2016 [15].
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and vegetative parts are restricted in their ability to reach back to the surface by elon-
gation in darkness. However, beach vegetation in most of the cases is rather scarce and 
ephemeral because of trampling by beach visitors [12] and mechanical disturbance 
during autumn/winter storms with high water levels. Dune vegetation is in a process 
of succession, which gets interrupted by the nourishment [16]. This loss of plant cover 
after sand nourishment provokes increased eolian transport, as depicted in Figure 2, 
and resets the succession to the white dune stage [17]. Planting suitable species soon 
after nourishment is consequently part of such coastal protection measures, but still, 
the system remains in a white dune stage. But given repeated nourishment events, 
the succession to brown dune with full coverage or even coastal forest with high 
resistance to flooding and eolian transport erosion is impossible. Sand nourishment 
therefore must be seen as a massive impact which restores a desired coastal profile on 
the cost of biodiversity and erosion resistance provided by vegetation cover.

Figure 2. 
Examples of erosion effects and protective measures. Upper left: Undisturbed beach stretch at the Danish coast, 
fully covered by vegetation; upper right: (planted) dune forest, allowing for complete vegetation cover beneath 
the trees, at north Jylland; middle left: Eolian sand transport at an unvegetated dune; middle right: Surface of 
a beach treated by sand nourishment after a storm event (Warnemuende) composed of gravel and coarse sand 
on fine sand; lower left: Gravel dune at the Atlantic coast; fine material has been blown and washed away 
irrespective of the availability of fine material at the neighbored beach; lower right: Plumes of fine material 
eroding from the Dornbusch cliff at Hiddensee.
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Moreover, extracting sediments from the donor site during nourishment results 
in habitat loss. Numerous studies have shown that it takes months to years for condi-
tions at the donor site to return to their pre-extraction state [18–21]. The regeneration 
timeline is influenced by the extraction method; large-scale dredging creates less deep 
sediment funnels that replenish more quickly than dredging a limited number of very 
deep funnels [22, 23].

It must be taken into account that such a reset in dune vegetation succession after a 
sand nourishment also occurs after storm surges, removing at least part of the dunes 
[24]. The obvious consequences of sand nourishments for coastal ecosystems, espe-
cially increased turbidity and sedimentation in the water column, but also nutrient 
translocation from the terrestrial part of the beach ecosystem into the aquatic one will 
occur during such an event too. The same applies for changes in grain size distribution 
[24] and biodiversity.

So, the question to what extent sand nourishment is comparable to a storm event 
with respect to duration and strength of mechanical disturbance should be analyzed 
carefully in order to estimate its overall effect on coastal ecosystems. This applies 
especially for the Baltic Sea, a microtidal system with pronounced seasonality of 
storm events [25], where data about the effects of storm surges on nutrient concentra-
tion and sedimentation characteristics are scarce.

Our study aims to sort out several key research questions focusing on the dynamics 
after sediment deposition in coastal areas following sand nourishments in comparison 
with sediment erosion by storm events:

• By investigating sediment composition at the nourishment site, we seek to 
understand the behavior of the nourished sediment and sediment sorting 
processes both in the shallow water as well as on the terrestrial part of the coast 
after sand nourishment.

• As the nourished sediment was sourced from deeper deposition sites, it may 
maintain high nutrient concentrations. Nutrient concentrations in both sediment 
pores and the water column were measured as we intend to estimate the quantity 
of released nutrients and the temporal and spatial extent of their impact.

• Additionally, we aim to assess the turbidity plume generated by the nourish-
ment, both composition by organic and inorganic particles and its persistence 
and spatial spread.

• For a meaningful comparison of these findings with natural disturbances, 
specifically storms, we measured identical parameters there.

This comprehensive approach allows us to gain insights into the short-term and 
long-term effects of sand nourishments on sediment composition, nutrient release, 
and turbidity, in order to get a basis for evaluation of the ecological impact of this 
kind of coastal protection by stakeholders as, for example, environmental agencies, 
policy makers, and governmental bodies responsible for coastal protection.

The following chapter also follows this order of content after an introduction to 
the study sites and the selected methods. The results are first discussed at regional 
level before being placed in a wider context. We conclude with a summary of the 
results and point out further topics that must be taken into consideration when 
analyzing sediments in the coastal area of the Baltic Sea.
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2.  Study sites and methods

The German Baltic Sea Coast is characterized by extensive flat coasts, presenting 
sandy beaches and shallow water bodies [26]. The originally highly indented coastline 
was smoothed by shore parallel sediment transport with capacities up to 200,000 m3 
each year [27]. Accumulation of predominantly sandy sedimentary material in 
calm zones lead to the formation of shallow landforms. Elevated moraine hilltops, 
remnants of the last ice age, are now connected by narrow land bridges. These land 
bridges were formed through the erosion of material from the island cores by currents 
and are now known as the “bodden compensation coast.” Moreover, a formation of 
shallow and sandy landforms with increasing sealing off of former sea bays (= inland 
Bodden coast) with partly strongly reduced coastal dynamics and sedimentation 
processes developed [27].

The formation and reshaping of this coastal region is therefore dependent on 
the sediment supply by erosion of cliffs transported by strong lateral currents. Both 
sites subject to latest scientific research are located in this area and show this kind 
of sediment transport but differ regarding their sediment availability (Figure 3). 
Graal Mueritz receives sediment from sand transported from the more western coast 
sections, while Ahrenshoop originally also depended on more western cliff breaks 
for sediment supply. But breakwaters now protect some of these cliffs in the 15 km 
coastal stretch between the cities. A breakwater just before Ahrenshoop serves as an 
additional sediment trap to stabilize the shore but hinders lateral sediment transport, 
impacting the adjacent beach. Due to the absence of sediment supply from cliff 
breaks, the still high lateral sand transport rates weaken the protective function of the 
dunes in Ahrenshoop, exposing the city to storm surges. The coastal retreat is up to 
50 cm per 100 years decreasing the sand budget of the dune and beach. To counteract 
this, beach nourishments are carried out every few years [8].

Systematic coastal and flood protection at the German Baltic Sea Coast started 
in the first half of the ninteenth century including dunes stabilized by wooden piles. 
After more severe storm surges in the second half of the ninteenth and the first half of 
the twentieth century, these measures were enforced by dikes, followed by groynes, 
sand nourishments, revetments, and more [27]. The dike in Ahrenshoop was built in 

Figure 3. 
Map of the nourishment site (Ahrenshoop) and storm site (Graal Mueritz) located at the German Baltic Sea 
coast in Mecklenburg Western Pomerania in the north-east of Germany. The overview of the Baltic Sea coast with 
adjacent countries is on the left side. On the right side is the map of the two sites with important landmarks, such 
as nearby cliffs and breakwater.
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1959, the breakwater in 1986, and the groynes in 2006 all support the national coastal 
protection dune which was already nourished six times in this century [28].

During the most recent nourishment in winter 2021/22, approximately 600 thou-
sand cubic meters of sand were deposited along a 4 km stretch of beach and dune. A 
duker connected the dredging vessel to the beach, allowing sediment to be flushed 
through to the beach. Heavy machinery on the beach then distributed the sediment, 
shaping the new contours and slope of the dune and beach. The desired dune crest 
height was 5 m with a seaward dune foot height of additional 2 m. The inclination 
of the seaward slope was 1.3, the beach slope 1.25, and the underwater slope 1.3. A 
surface protection by planting of more than 50.000 m2 of marram grass Ammophila 
arenaria ended the measure [28].

In Graal Mueritz, the changes in dune and beach profile are not changing as much 
as in Ahrenshoop. The natural coastal protection by the coastal dunes in combination 
with groynes is enough to ensure the safety of the population protected by coastal 
measures. There are no additional sand nourishments necessary to support the sedi-
ment transport toward the beach and dune.

As already mentioned, the distance between the two sites representing exemplary 
sediment transport conditions is very small with only 15 km. Both sites are located 
in the southeastern part of the Baltic Sea which is described as a coastal sand accu-
mulation zone consisting of sand bottom based on sand and small gravel [26]. Both 
sites are subjected to the same wind and wave regime [29], and the hydrological and 
oceanographical (salinity, temperature) conditions are identical [26]. The sedi-
ment characteristics before the nourishment were similar for both mean grain size, 
0.3291 ± 0.0883 mm in Ahrenshoop and 0.2778 ± 0.0582 mm in Graal Mueritz, and 
sorting grade, 1.2589 ± 0.3662 in Ahrenhoop and 1.3011 ± 0.3156 in Graal Mueritz.

For the comparison of the two events at the sampling site, sediment cores and 
water samples were taken. The upper 20 cm sediment was analyzed for grain size 
distribution [30] and water content [31], sorting grade [30], and organic and carbon-
ate content [32].

The mean grain size (MGS) of each sediment sample was determined according to 
the following equation (Eq. (1)) [30]:

 A bMGS c
B
∗

= ∗   (1)

with A = difference between the two sieve sizes between which the average grain 
size lies, b = 50 minus the sum of percentages of all fractions below 50%, B = percent-
age value of the fraction that exceeds 50% when adding up the percentages, starting 
with the smallest fraction, and c = size of the sieve of B.

The sorting grade(s) of each sediment sample was determined according to the 
following equation (Eq. (2)) [30]:

 3 H N 100s
100

∗ + −
=   (2)

with H = percentage of main sediment fraction and N = sum of the main fraction’s 
neighboring fractions.
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Suspended particles in the water samples were filtered through a glass fiber filter 
(pore size = 0.4 μm). The filters were burned at 550°C for 4 h for ignition loss to 
determine the organic portion. Nutrient concentration was analyzed using the spec-
trophotometric method by an UV/VIS Spectrometer (Lambda 2, Perkin Elmer) [33]. 
A pre-experiment showed that surface water samples are sufficient for comparison 
[29]. The water depth was 4 m at both sites. The water samples in Ahrenshoop were 
collected from a drifting research vessel. The water samples in Graal Mueritz were 
taken from a sea bridge that extended about 100 m into the Baltic Sea.

3.  Results and discussion

During the nourishment campaign, 600.000 m3 of sand were deposited along 
a 4 km long beach stretch at Ahrenshoop. Related to the area (0.4 km2), this means 
a cover of about 1.5 m thickness of allochthonous material. As can be seen from 
Figure 4, the nourished beach differs largely from the previous state with respect to 
grain size distribution. In general, the excavated material had higher proportions of 
fine material with large differences between the samples taken a feature which could 
still be observed after 1 year. A distinct difference between beach and dune was the 
relatively high proportion of fractions >500 μm at the beach compared to the dune 
before nourishment. This can be explained by preferential erosion of fine material 
during flooding events at the beach. Consequently, a slight increase in the percentage 
of coarse material within a year after nourishment can be observed at the beach, but 
not at the dune.

This assumption is supported by the results of calculation of sorting grade, shown 
in Figure 5. The highest sorting grade was observed at the dune prior to nourishment. 
Dune systems are built by eolian transport, accumulating mainly highly mobile fine 
material [34]. Coarse material, as introduced by nourishment, will not be blown away 
and remains at the surface until being covered by fine material again, a process which 
seems to take more than the year covered by our observation. Consequently, sorting 
grade dropped after nourishment and remained low. In this case, one can speculate 

Figure 4. 
Grain size composition at the nourishment site. Shown is the percentage of the different grain size classes at the 
beach (left panel) and dune (right panel) before and after the sand nourishment.
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that such a nourishment with coarser fractions may contribute to the resistance of 
dune systems against eolian erosion [35]. Such reduction of transversal transport may 
negatively impact leeward areas in a dynamic system similar to the effects described 
after protection measures against cliff erosion [36].

In contrast to this, sorting grade at the beach and shallow water between the 
groyne lines increased sharply by the nourishment. All these sections are prone to 
wave action, washing away fine material and leaving coarse fractions. At the beach, 
eolian transport may similarly contribute to this with a net loss of fine fractions to the 
dunes which, at least when being vegetated, act as sinks.

As can be seen from Figure 5, the excavated material, taken from sedimentation 
areas, is more sorted than the material left at the exposed erosion areas. However, 
onset of erosion takes place immediately and within 1 year sorting grade of the wave-
action exposed sites fall back to the initial value. A similar trend can be observed at 
the beach, but readjustment is not finished within a year probably because eolian 
transport being a less efficient erosion process compared to continuous wave action.

All data presented so far indicate fast erosion of fine material at the beach and the 
offshore water sections. Originating from sedimentation sinks, the excavated material 
is rich in organic material (see Table 1) and, consequently, nutrients. This can be seen 
by the high concentrations of dissolved nitrogen species and phosphate in the pore 
water of the fresh material shown in Figure 6. Exposed to erosion, these nutrients are 
released into the water column, resulting in a fast drop of pore water concentrations 
which fell back to the original levels within half a year.

Figure 5. 
Sorting grade kinetics at different sections after nourishment. Shown are temporal changes in sorting grade before 
and after sand nourishment at Ahrenshoop at the dune, the beach, and the midsections between groyne lines in 
front of the beach (“shallow”), halfway the groyne line (“mid”), and at the end of the groyne line (“deep”).

Grain size/
mm

Sorting 
grade

Water content/% 
of wet weight

Organic content/% 
of dry weight

Carbonate content/% 
of dry weight

0,270 ± 0,005 1388 ± 0,460 8658 ± 1248 10,090 ± 1450 0,501 ± 0,060

Grain size in mm, sorting grade, water content in % of total wet weight, organic and carbonate content in % of total 
dry weight are shown, both mean and standard deviation.

Table 1. 
Sediment characteristics of the nourished sediment taken from sediment cores at the sand depot site.
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In the water column, the effect is even less pronounced. Phosphate and reduced 
nitrogen species exhibited elevated levels only during nourishment, when being 
washed out directly (Figure 7). After nourishment, the remaining release from pore 
water (compare Figure 6) seems to be converted immediately by plankton organ-
isms which have been shown to be incredibly fast in nutrient uptake, for example, 
incorporating pulses of DIP into BM within 30 minutes [37]. This does not apply for 
nitrate, where elevated levels could be observed for about half a year. In this case, 
seasonality of the nutrient limitation regime must be taken into account. As shown by 
several authors [38, 39], autotrophs of the coastal systems of this part of the Baltic are 
N-limited during summer only, whereas in winter, energy limitation is dominating. 
Decrease of DIN therefore occurs at late spring, when N-limitation becomes effective 
and priming cyanobacterial development [40]. Nitrite and ammonia are not only 
N-sources for autotrophs but also used by prokaryotes as a source for energy as long 
as oxygen is available [41]. Therefore, the sharp drop of these oxygenation-sensitive 

Figure 6. 
Temporal development of the nutrient concentrations (nitrate, nitrite, ammonia, and phosphate) in μmol per 
L in the pore water of the sediment cores taken at the nourishment site (Ahrenshoop): Ahrenshoop at the dune, 
the beach, and the midsections between groyne lines in front of the beach (“shallow”), halfway the groyne line 
(“mid”), and at the end of the groyne line (“deep”). At the nourishment site, samples were taken before and 
during the nourishment as well as after the nourishment: 1 month, 3 months, 6 months, and 1 year after.
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N-species reflects bacterial activity, converting them to nitrate and/or N2 [41]. 
However, bacterial growth requires phosphate, and the increased bacterial activity by 
organic material and reduced N-species provided by the nourishment here contrib-
utes to the fast decline in DIP observed.

The concentration of suspended solids (TSS) in the water column increased within 
a range of minimum 100 to 400 m from the nourished shore during the nourishment 
process. The resulting turbidity plume, as illustrated in Figure 8, extended along the 
coast for a minimum of 4 km. It is noteworthy that the sand nourishment occurred 
sequentially in specific locations, estimated to span approximately 50 to 100 m in 
length, with no simultaneous actions taking place. As soon as one of those locations 
was finished, the nourishment moved to the next section. Despite this, the turbidity 
originating from where the sand was nourished, was carried by waves and currents 
throughout the surrounding water column, dispersing along the coast. The precise 
dimensions of this turbidity plume were not determined due to unexpected exten-
sion and limitations in the sampling plan, which allowed for sampling within a 4 km 

Figure 7. 
Temporal development of the nutrient concentrations (nitrate, nitrite, ammonia, and phosphate) in μmol per L 
in the surface water samples taken at the nourishment site (Ahrenshoop) at different distances to the shore: 100, 
200, 300, and 400 m. At the nourishment site, samples were taken before and during the nourishment as well as 
after the nourishment: 1 month, 3 months, 6 months, and 1 year after.
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radius along the coast of Ahrenshoop. But in this radius of 4 km, elevated turbidity 
was measured during the sand nourishment. The extension of the turbidity plume 
into the Baltic Sea cannot be precisely determined, but we assume it to exceed 400 m, 
as we measured still elevated turbidity at this distance. The turbidity plume caused 
by sand nourishments are therefore not spatially limited to the exact nourishment site 
but can spread a long distance along the coast and into the open sea. This is especially 
important for coasts with a strong lateral current, such as the Baltic Sea.

Although elevated turbidity persisted 1 month post-nourishment, it gradually 
diminished and was no longer detectable by 6 months after the nourishment, see 
Figure 9. The organic content of these suspended solids was generally low and even 
lower post-nourishment, constituting only about 25% of the TSS. Homogeneity of 
TSS concentration throughout the water column during sand nourishments was 
demonstrated in Ahrenshoop [26] and by similar studies elsewhere [42].

In contrast to nourishments in other coastal areas, TSS levels were notably higher 
during the Ahrenshoop nourishment [42, 43]. This difference could be attributed to 
either a generally higher basal TSS in the Baltic Sea or seasonal variations. However, 
seasonal influence was ruled out as measurements taken 1 year post-nourishment 
occurred during the same season as the nourishment itself. One year after the coastal 
intervention, during the same seasons as the nourishment was performed, TSS levels 
returned to a low state, resembling pre-nourishment conditions. This suggests that 
the baseline turbidity of the Baltic Sea might be inherently higher than that of other 
oceans.

The sedimentation process was not quantified due to the low particle concentra-
tion, averaging around 0.4 g/L during the nourishment. Consequently, the height-
ened turbidity did not impact the submerged vegetation, primarily composed of 

Figure 8. 
Mean total suspended solids (TSS) in g per L in the surface water samples at the nourishment site (Ahrenshoop), 
from left to right: Upper row – Before, during, and 1 month after the sand nourishment; lower row – 3 months, 6 
months, and 1 year after the nourishment. Red colors indicate high TSS concentrations, while blue colors indicate 
a lower concentration. The samples were taken along a 4 km long coastal section and up to 400 m away from the 
beach.
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macroalgae attached to hard substrates. Despite sediment conditions indicating a 
potential habitat based on mean grain size, seagrass was not identified in the area. The 
macroalgae predominantly attached to wooden groynes near the shore, representing 
the sole hard substrate in that area.

To assess and classify such an artificial event and its repercussions, it was essential 
to compare it with a natural event, such as a storm event (Figure 9). During the sand 
nourishment, a significant amount of suspended material was observed in the water 
column, but the organic component was relatively low. Conversely, during the storm, 
the situation was reversed. Although the total suspended solids (TSS) concentration 
was lower than during the nourishment, the organic fraction increased. This pattern 
persisted in measurements taken before and after the storm. Overall, the turbidity 
caused by the storm diminished within a few days, showing pronounced differ-
ences with respect to longevity in comparison to the turbidity plume caused by sand 
nourishment.

The explanation for the different extension, both spatially and temporarily of 
those turbidity plumes, lies in the organic content of the sediment. At the extraction 
site, where sediment was sourced for nourishment, the organic content remained 
around 10% of the wet weight (Table 1). However, due to the extraction technique, 
these organic particles were washed out before reaching the nourishment site. After 
extracting the sediment, the drain of excess water takes place before the vessel moves 
to the nourishment site [42], creating another turbidity plume. This plume consists of 
very fine sediment fractions indicating that most of the organic content is left at the 

Figure 9. 
Total suspended solids (TSS) in g per L and organic portion of TSS in % in the surface water samples at 100 m 
distance to shore at the nourishment site (Ahrenshoop, on the left side) in comparison with the TSS during a 
storm (Graal Mueritz, on the right side). At the nourishment site, samples were taken before and during the 
nourishment as well as after the nourishment: 1 month, 3 months, 6 months, and 1 year after. The storm samples 
were taken before and during the storm, as well as three and 5 days after the storm.
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dredging site [44]. As a result, the sediment arriving at the nourishment site had low 
organic material, causing the turbidity plume to consist mainly of inorganic material 
like very fine sands and silts. The organic content at coastal sites where sand nourish-
ments take place is usually decreased averaging below 2% [45]. Even months after 
the nourishment, the organic content in the suspended solids in the water column 
remained very low. In contrast, at the storm site, the sediment is richer in organic 
content as no organic-poor sediment is nourished there, leading to suspended solids 
composed mostly of organic material.

A substantial portion of the nourished sediment comprised very fine grain sizes 
(Figure 10). Approximately 10% of the sample fell below 63 μm, and nearly 20% 
ranged around 100 μm. The predominant fraction, constituting over 60% of the sedi-
ment, fell between 200 and 500 μm, categorized as middle sand. Coarser fractions 
collectively accounted for less than 10%. These findings align with the composition 
of the turbidity plume at the nourishment site, mainly consisting of inorganic but 
very fine material. This material was rinsed from the beach during the nourishment, 
accumulating in the water column and becoming suspended from the sea floor by 
waves and currents.

In addition to an elevated concentration of total suspended solids (TSS) during 
storm events, there was also an increase in nutrient concentrations (Figure 11). 
However, this increase was relatively small compared to the impact of the sand 
nourishment. Nitrite and phosphate, in particular, exhibited minimal changes, while 
nitrate and ammonia concentrations mostly increased, returning to pre-storm levels 
after 5 days. The nutrient concentrations during the storm were lower than during the 
nourishment because no additional sediment from deeper layers of the sea bottom, 
enriched with nutrients, was deposited at the storm site. Consequently, there were no 
heightened nutrient concentrations within the sediment that could be washed out by 
increased waves and currents during the storm event.

Regrettably, all samples collected during the storm event were taken from the 
water surface due to the impossibility of sampling from deeper layers. The paramount 
concern for human safety during the samplings led to challenging conditions, hin-
dering sampling from multiple water depths. The waves and currents posed risks, 

Figure 10. 
Percentage of the different grain size classes at the sand depot site. This sediment was used for the sand 
nourishment in Ahrenshoop.
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making secure sampling unfeasible. As a result, it is plausible that TSS and nutrient 
concentrations during storms may differ between surface samples and samples from 
the sea bottom, with the latter potentially exceeding concentrations measured before.

4.  Critical interpretation and inter-comparison

Increased turbidity is a common observation during and after sand nourishments 
in various studies [9, 46–48]. But as the baseline turbidity in the Baltic Sea, ranging 
usually between 0.1 and 0.3 g/L, already surpasses that of other oceans by the factor 
50 [29], and this results in significantly higher turbidity levels during and post-sand 
nourishments. This regional irregularity underscores the unique environmental 
dynamics influencing the impact of coastal activities on turbidity in the Baltic Sea.

The results of this research indicate that the effects of sand nourishments disappear 
within an acceptable period of about 6 months at the deposition site, but also indicate 
strong effects on the decomposition site. Only limited studies focus on the sediment 
deposition site, the source of sediment for sand nourishment. The existing research 
highlights that habitat restoration may require decades once sediment is extracted 
and depending on the extraction method, large holes in the seafloor can form, filling 
with organic material and leading to anoxic conditions. Consistent with these findings 
and shown here, a substantial part of organic material and fine grain size classes are 
lost already during the extraction process. This means that buried organic material is 
resuspended in the water column and subsequently forms a fluffy layer, which alters the 
oxygen balance of the upper sediment layers and has a negative effect on the infauna at 
the extraction site [49]. Consequently, the turbidity plume and nutrient concentrations 
at the extraction site should be investigated and taken into account as well.

Most of these effects are not in the focus of the local stakeholders responsible for 
coastal protection, but should be assessed in more detail to allow for optimization of 
the whole coastal process.

It is also important to note that this study, comparing the impact of nourish-
ments and storms on sandy shores in the Baltic Sea, warrants careful consideration. 

Figure 11. 
Temporal development of the nutrient concentrations (nitrate, nitrite, ammonia, and phosphate) in μmol per L 
in the surface water samples taken at the storm site (Graal Mueritz) before, during, and after the storm.
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Variations in TSS concentrations between surface and sea bottom samples are pos-
sible, but collection of the latter was not possible while prioritizing human safety dur-
ing sampling. Therefore, further research should include turbidity measurements at 
multiple water depths during storm events to rule out the possibility of stratification 
of turbidity even at low water depths, as is the case in the Baltic Sea. A comparison 
at calm weather conditions was already performed [29]. Ongoing advancements in 
measuring devices will help to enhance data accuracy, as new devices are currently in 
development and construction.

5.  Conclusion and assessment

The study assessed the effects of beach nourishment with respect to the impact 
on grain size distribution and nutrient concentration changes at the aquatic and 
terrestrial part. It must be taken into account that the studied sites are located in the 
microtidal Baltic Sea, differing largely from tidal coasts with respect to wave action 
along the littoral coastal gradient.

The results showed that the sand nourishment resulted in a long-lasting shift 
of grain size distribution and sorting grade of dune systems and beaches due to the 
increase of finer sediments, whereas in the aquatic part, the impact vanished within 
about 6 months. For nutrients, pore water concentrations of dissolved inorganic 
nitrogen as well as phosphate fell back to the original values within 6 months; in the 
open water, the effect of the nourishment campaign vanished even faster except for 
nitrate. Elevated nitrate concentrations were still detectable 3 months after the sand 
nourishment. This difference between nutrient kinetics can be explained by the 
seasonal limitation regime of the study area with an onset of nitrogen limitation in 
early summer.

For turbidity, the same applies. After 1 year, TSS returned from 0.4231 ± 
0.0110 g/L during the nourishment to levels similar to previous to the nourishment 
with 0.1634 ± 0.0211 g/L, which is in good agreement with the loss of fine material 
in the shallow water regions of the nourishment area. Summarizing sand nourish-
ment can be characterized as a heavy, but surprisingly short-term impact for the 
aquatic part of the coastal ecosystem as most effects can no longer be detected after 6 
months. For the terrestrial part, mid-term effects at least must be taken into account 
lasting for at least 6 months, most prominent changes in grain size distribution of the 
dune influencing its eolian erosion resistance and consequently also alongshore sand 
transport.

Comparing sand nourishment with a storm event, striking differences were found 
especially with respect to nutrients. In general, the nutrient concentration was lower 
with around 5.9419 ± 1.5221 μmol/L during storm events than during the nourish-
ment, where concentrations reached 7.8270 ± 1.8676 μmol/L. Ammonia exhibited the 
most pronounced kinetics after a storm, which can be explained by the high organic 
content of the resuspended material. For quantification of the global effects, it should 
be taken into account that a storm event impacts large areas, whereas sand nourish-
ment concentrates on small spots. However, in both cases, the nutrient pulses were 
taken up by the biota within short time.

While concluding that the nourishment effects are vanishing within an accept-
able time frame of about 6 months at the deposition site, the results also point to 
heavy impact on the extraction site. But another problem still to be investigated is 
toxic substances. During extraction, continuous control for explosives and military 
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debris takes place. But other toxic substances have polluted the coastal seas as well, 
part of them accumulating in sedimentation sinks [50]. Routine assessment for such 
substances should be performed to prevent the pollution of recreation areas via sand 
nourishment.

The study presented here must be taken as a site-specific example where the pre-
nourishment situation should not be mistaken as a “natural state.” At Ahrenshoop, the 
neighboring cliff, which under natural conditions would be the source of material to 
keep the beach’s matter balance, has been protected by a wall. Consequently, natural 
beach erosion is not balanced anymore by cliff erosion with consequences also for the 
factors (pore water nutrient content and grain size distribution) studied here. The 
pre-nourishment data therefore do not reflect a natural situation, but the equilibrium 
state of an altered system is kept by repeated sand nourishments. For assessing a 
natural state, more research on nutrient and sediment dynamics on unaltered cliff 
erosion-beach deposition systems are required.
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Abstract

The sediments of streams and rivers partly preserve the records of the activities 
that surround them. In natural areas, mineral sediments are deposited and organic 
plant material is carried by rainfall. If in urban or densely cultivated areas, the records 
are complemented by other organic materials, and chemicals and solid particles from 
human activities. Studying sediment profiles of small watercourses throughout their 
hydrological cycle allows us to observe oscillations in sediment inputs and correlate 
them with the surrounding uses. This makes it possible to observe influences on 
erosion processes in areas of exposed soil due to agriculture, on the reduction of water 
flow in primary channels due to soil sealing and on changes in the solid content of 
sediments due to the incorporation of anthropogenic materials, like microplastics. 
The methodological procedures presented in this chapter and used in two case studies 
carried out the obtention of sediment profiles ranging from 12 to 71 cm in length, 
enabling in-depth analysis of the content of anthropogenic particles. In the urban 
basin studied, we found up to 5160 part./kg of microplastics, and in the rural basin, 
there were only a few sparse fragments, highlighting urban waste and activities as the 
main source of these materials.

Keywords: sampling, strata, core sampler, microplastics, chemical pollution, 
flow reduction

1.  Introduction

In order to assess the state of integrity of soils, waters and sediments in urban 
water bodies, it is necessary to characterise the quality of these elements of the physi-
cal environment. Many of the interactions between elements occur through water 
flows from springs and streams that drain urban and rural catchments.

The influence of human beings as modifying agents of the physical environment 
has long been pointed out. The extent of these modifications and the way they affect 
the physical and chemical properties of soils, sediments and waters depends on the 
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type of anthropogenic action and the intensity of the alteration caused. The diversity 
of chemical products and materials has never been greater than it is today [1].

Water resources and their quality are closely related to the characteristics of 
the geoenvironment (geological formations, soils, surface and underground water 
bodies, gases and organisms), which give them geogenic signatures; anthropogenic 
activities, through modifications to geological, physical, chemical and biochemical 
processes, modify these signatures, incorporating elements that make it possible to 
identify them [2].

Rivers are the main carriers of sediment loads. Water and wind carry the soil 
particles that break off to the watercourses, which transport them to the lower 
reaches. Human action on the vegetation cover, exposing the soil and causing rivers to 
silt up, can aggravate the natural surface processes. Changes in soil cover allow more 
rainwater to run off the surface and carry particles of various natural and artificial 
products into watercourses, increasing sedimentation and changing their composi-
tional characteristics [3].

The study of sediment in watercourses and its composition provides an assess-
ment of the natural components originating from the weathering and erosion of the 
surrounding rocks and soils, as well as materials originating from human industrial, 
urban and rural activities upstream, such as plastic, metals, wood, paper, cardboard, 
bricks and other construction waste that can be incorporated into river sediment. The 
composition reflects greater or lesser anthropisation; one of the indicators is the pres-
ence of plastics (macro or micro), whose dispersion and effects on terrestrial aquatic 
environments are still poorly studied. Much of the plastic produced is a source of 
pollution for the geoenvironment and in terrestrial water bodies; it accumulates in 
places with low water flow velocity, such as lakes, floodplains and meanders [4–6].

Farming activities are also a major cause of environmental change, interfering 
with water dynamics as they alter surface geological materials through the revolving 
of materials excavated, turned over and landfilled, modifying the natural structure, 
destroying the layer of organic matter and allowing the leaching of materials [7, 8].

These surface alterations have an impact on watercourses and transported sedi-
ment, leaving a record of variations in composition and volume in the deposits [9]. In 
addition, this process of sedimentary deposit formation can change over time due to 
variations in water flows, influencing the records found [10].

The content and characteristics of the sediment deposited can indicate an input 
of sediment greater than the transport capacity of the water flow (siltation), the flow 
of organic matter transported by torrents or the flow of anthropogenic materials or 
contaminants [11].

Another effect of anthropogenic alterations is that, during rainfall, a greater flow 
of water reaches the channel, with less infiltration. This suddenly concentrated flow 
generates marginal erosion and the consequent loss of riparian vegetation. Legally 
protected, riparian vegetation, when denser and intact, has the capacity to retain part 
of the flow of sediment and other materials that can reach the watercourse, as well as 
retain erosion processes on the banks of watercourses.

Evidence of degradation of the physical environment makes it possible to assess 
the health of the water environment for aquatic fauna, for example. Moreover, they 
can guide the environmental recovery of the areas drained by the river basin.

In the history of humankind, the Neolithic Revolution represents a milestone in 
the development of the species and its capacity as modifiers of the physical environ-
ment. Previously, natural agents such as volcanic processes, erosion, landslides, 
weathering and the transport of materials were responsible for remodelling the 
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surface and creating new deposits. After the Neolithic Revolution, there were several 
technological revolutions, and now humans, as agents modifying the environment, 
carry out excavations and earthworks, build cities, extract minerals and produce solid 
waste. It is important to emphasise the intensity of human actions on Earth, especially 
in comparison with the planet’s lifespan.

As pointed out by [12], human activities in the 21st century move far more sedi-
ment per year than all the rivers on Earth, as well as convert half of all habitable land 
to agriculture. Moreover, rivers, the source of water necessary for life, are turned 
degraded, polluted and modified.

The human population, through its technology, is capable of irreversible negative 
changes and impacts. In this sense, the Anthropocene Working Group (AWG) studies 
whether human impacts can be so significant as to indicate a new geological epoch 
[13, 14]. Regardless of these chronostratigraphic definitions, in this post-World War 
II period, the Great Acceleration of population growth, industrialisation and use of 
mineral and energy resources in the middle of the 20th century, such as the extraction 
and processing of oil, producing fossil fuels and other derivatives, generated new 
persistent materials, among them synthetic polymers [15].

Plastics and their incorporation into our daily lives are well known. Their effects 
on the environment are still being studied.

Disposable plastic appeared in 1909 because of US legislation banning the use of 
communal cups on trains in order to prevent the spread of disease; in 1938, polyam-
ide (fibres that make up fabrics) was invented, introducing plastic into the fashion 
industry. In the 1950s, fabrics made from polyester took over the market because they 
were cheap, were easy to wash and did not require ironing. Between 1970 and 1980, 
plastic began to be used in the manufacture of children’s toys, spacecraft components 
and objects related to music and photography. In the 1990s, plastic was used in the 
automotive industry because it was a lightweight material, increasing the fuel effi-
ciency of vehicles. In the 2000s, on the other hand, the call for environmental protec-
tion increased and the issue of recovering and recycling plastics gained attention [16].

In the drinks market, the first tests with plastic packaging took place in 1970 by 
Coca-Cola and went into commercial production in 1976 by Amoco for Pepsi Cola [17].

In Brazil, the use of plastic bags began in 1980, due to the rising cost of paper [18].
Of all the plastic produced in the world in 2015, 2.5 x 109 tonnes (30.12%) are in 

use, 0.6 x 109 tonnes (7.22%) were recycled, 0.8 x 109 tonnes (9.63%) were inciner-
ated and the remaining 4.9 x 109 tonnes (59.03%) were disposed of in open dumps 
and landfills and dispersed in inappropriate places [5]. Much of this material will 
accumulate and sediment in water bodies.

Given its persistence in the environment, plastic is one of the most important 
constituents of future technofossils, since it is widely exploited by today’s industry, is 
present on a large scale in the daily lives of the world’s population [19] and occurs in 
various sedimentation environments.

Plastic in the environment receives a classification according to its size: macro-
plastics are those larger than 5 mm, microplastics are smaller than 5 mm [20] and 
nanoplastics are tens of nanometres or less [5]. Macroplastics are waste that is visible 
to the naked eye, such as bags, bottles, toys, fishing nets and packaging. Microplastics 
are not easily visible to the naked eye, being microspheres, pellets and secondary frag-
ments derived from macroplastics and fabric fibres and according to [5] microplastics 
have a considerable capacity to cause biological damage. The diffusion of nanoplastics 
possibly occurs to the same extent as the previous ones, but due to the lack of method-
ology for their detection, they are little studied.
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Sediments are a result of hydrosedimentological dynamics and their anthropisa-
tion have relation to these characteristics, but also due to the shape and complexity of 
the different land uses in the surrounding area [21–23].

In order to understand the diffusion of non-natural particles, our research group 
is trying to assess the extent to which the sediments are impacted, whether they are 
composed of anthropogenic materials, whether they are little anthropised or whether 
they indicate alterations resulting from the environment.

The objectives of this chapter are:

• to present the methodology and procedures developed and adopted by the group, 
seeking to analyse anthropogenic changes and their recording in depth, which 
highlights changes in deposits over time;

• to present and discuss the results of two different applications.

To this purpose, we structured the text as follows: topic 2 describing the methodol-
ogy and methods of analysis, topic 3 applying it to the determination of microplastics 
in sediments from urban and rural watercourses and topic 4 applying it to the iden-
tification of anthropisation of watercourses in rural areas, seeking to evaluate the 
different types of results with its application.

We end with a discussion of the results, comparison with other studies and 
conclusions.

2.  Sampling and analysis methodology

The methodology for collecting sediment profiles and analysing composition and 
the presence of anthropogenic materials was developed looking for in-depth data, as 
these are still incipient. It was applied in two locations: first in an urban basin [24] and 
then in a rural basin [25], the results and specific aspects of which will be presented in 
sections 3 and 4.

We developed a corer-type sampler and used to collect the sediment profile, which 
tipe is indicate in studies that aim to verify changes on a temporal scale, since we can 
observe the successive sediment layers. The sampler consists of a two-inch, 1 m-long 
geomechanical PVC tube with an internal plunger for suction, working in a similar 
way to a syringe [26].

As these are shallow bodies of water, sampling takes place inside the channel by 
driving the sampler into the bed sediment while lifting the plunger, allowing the 
sample to enter. The sampler is then removed and the sample extracted by pushing 
the plunger.

In general, samples are taken in two separate collections over the course of a 
hydrological year in order to observe changes between periods of drought and periods 
of greater rainfall intensity, which are characteristic of the climate in the southeastern 
region of Brazil. In the case of climatic features with a different rainfall regime, col-
lections during the year should be adapted.

The sample profiles collected are divided every 10 cm or when different layers 
occur (textural, compositional or colour variations) and stored.

The sub-samples are dried at room temperature and separated into particle size 
fractions (>4.75 mm, 4.75 to 1.18 mm and 1.18 mm to 75 μm and < 75 μm) by sieving 
using a sieve shaker. After sieving, the fractions are weighed and stored.
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The particle size fractions referring to pebbles, gravel and other materials 
>1.18 mm are sorted with the naked eye or using a hand magnifier and tweezers. 
Anthropogenic fragments found are identified, separated, photographed and stored.

The fraction corresponding to sands between 1.18 mm and 75 μm is quartered 
using a metal spatula and glass base, prepared and analysed under a stereomicro-
scope. A quarter of the volume is separated for analysis and a third of the remaining 
material is kept for replication.

In an attempt to define the best preparation method, we carried out a comparative 
analysis of samples of this fraction [24] without degradation of organic matter (OM) 
and with degradation of organic matter. Degradation was chosen because it makes it 
easier to see the natural material compared to the artificial one, reduces analysis time 
and minimises possible errors arising from the similarity between plastic fibres and 
roots and other smaller fragments of organic matter.

The degradation of OM is carried out by adding 30% hydrogen peroxide (no filter-
ing was carried out) to the sediment in beakers or porcelain crucibles [27, 28], using 
a sufficient volume to cover the sample, which is stirred with a glass rod and then 
covered to avoid contamination. After the reaction ceases, the samples are dried using 
a sand bath. Once drying is complete, H2O2 is added again, waiting for oxidation to 
finish and drying to take place.

At the end of the degradation process, the samples are analysed under a stereomi-
croscope, taking note of any unnatural particles present, recording them and identi-
fying them where possible.

In the 2 studies presented below, due to their peculiarities, the materials were 
counted in different ways.

The <75 μm fraction can be sent for chemical analyses, which will not be presented 
in this chapter.

3.  The Água Branca stream basin and plastics

The presence of plastics in the sediments was the focus of the methodology in this 
river basin in the interior of Brazil.

The aim of the study was to identify the occurrence of the artificialisation of river 
sediment and the deposition of anthropogenic material on the bed of water bodies in 
a river basin, correlating them with the characteristics of urban and rural use of the 
surrounding area.

The Água Branca Stream Basin drains a large part of the urban area of Itirapina, 
a municipality located in the interior of the state of São Paulo, Brazil, with an area of 
564.603 km2 and 16,148 inhabitants [29].

In this study, we selected sample points (shown in Figure 1) in streams located in 
areas of greater and lesser urbanisation in order to verify the sedimentation patterns 
of artificially produced materials.

The sampling campaigns took place in November 2018 (spring) and May 2019 
(autumn). The first campaign occurred after a period of drought from April to July, 
followed by rainfall of approximately 50 mm until November. The second followed a 
period of heavier rainfall, reaching 180 mm in February. In May 2019, rainfall halved 
compared to the previous month.

We also observed the accumulation of man-made materials on the banks or in the bed 
of the stream. In these cases, we took photographs and collected specimens of interest.

This text will focus on the macro and micro scales of anthropogenic fragments.
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The samples collected from the sediment profiles underwent the separation and 
sorting procedure presented in item 2. For more details on the specific procedures, 
read [24].

The material retained on the 4.75-mm and 1.18-mm sieves and observed with the 
naked eye, when there was evidence of plastic material, underwent a heat resistance 
test that allows plastic, organic matter and mineral grain identification. The descrip-
tion of this procedure is in [24].

Figure 1. 
Description of the sediment collection points. Source: Author (2019).
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The material in the fraction corresponding to sands from 1.18 mm to 75 μm had 
all the anthropogenic particles separated, photographed, identified (where possible), 
quantified and statistically evaluated [24].

Plastic, the most common artificial material today, is also present in the air. In this 
study, we considered the possibility of sample contamination throughout the sort-
ing and sample preparation stage. Therefore, the samples from point P4 (Limoeiro 
Stream) were defined as blanks for this study. The fibres and other fragments 
observed at this point could be the effects of contamination and we disregarded them 
from the analyses, extrapolating to the other points.

Considering the geological substrate of the basin, composed of sandy sedimentary 
rocks, and the granulometric analysis, the sandy matrix sediments, with little silt and 
clay, correspond to what was expected. There is a predominance of quartz grains, 
some opaque minerals (some ferrous with magnetic attraction) and micas. We can 
find organic material incorporated into the sediment and artificial components such as 
plastic.

The main anthropogenic material observed was plastic (macro and microplastic). 
The economy of the study area have a not significant impact by industrial production, 
so the uses of the basin are predominantly urban (housing) and commercial (sale 
of finished products and provision of services); the artificial materials found in the 
samples are a reflection of this occupation. The following sections present the results 
and discussion of each point studied.

We observed the deposition of materials of artificial origin in the bed of water 
bodies at some points. The following subsections detail the points where we observed 
macroscopic traces of sediment artificialisation.

In the bed of the unnamed stream, in the urban area (P1), it is possible to see the 
deposition of artificial waste such as plastic and cardboard.

In the Água Branca Stream - urban area (P2), the collection occurred in the 
canalised section of the stream, where we found artificial material such as roof tiles, 
fragments of bricks, shoes and plastics deposited. We observed the presence of fish 
and aquatic macro invertebrates.

In the Tibiriçá Reservoir (P6), a place of transition from a lotic to a lentic environ-
ment, all the drainage from the upstream basin contributes to the composition of 
the sediment. The margin of the reservoir has an accumulation of artificial materials 
and in addition to the sediment pro-files we collected these deposited objects for 
characterisation.

Figure 2 shows some of these objects. The oldest container found dates back to 
1993. This demonstrates the reservoir’s capacity to retain material from the drainage 
network. All the specimens collected received solar radiation for years. All the items 
collected are perfectly preserved and the degradation observed in some items is due 
to mechanical abrasion (e.g. Axe deodorant packaging). The most recent packaging 
collected was dated 2015.

Although some of the material is undated, it is possible to infer its antiquity 
considering that it is packaging for products that are not in commercial circulation. 
The observations made show that artificially altered deposits occur mainly in envi-
ronments with more intense sedimentation.

The sediment profiles collected ranged from 16 to 71 cm in length (longer in P6) 
and was possible divide them in 2 to 4 sub-samples.

Analysis of the sediment profiles showed that the finer fractions are the ones that 
make it possible to see the greatest compositional variability.
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In the macroscopic analysis we observed few fragments, consisting of microplas-
tics, plant fibres and glass, with the exception of point P6, which showed a greater 
quantity of anthropogenic fragments at different sample depths. At point P5, in 
contrast to the samples from the other points where sand predominates, we observed 

Figure 2. 
Examples of objects collected at Tibiriçá Reservoir deposited within the sediment. Source: Author (2019).
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a different sediment composition, with material similar to sawdust used to cover 
vegetable beds (organic matter).

In addition, we found sticks and leaves from the riparian forest that exists in 
this stretch. We observed organic matter (fragments of leaves, sticks, algae, macro 
invertebrate cocoons, seed shells) in the surface layer of point P4, while the deeper 
layers were mostly composed of sand. At this point, we did not observe the presence 
of artificial materials as expected.

Microscopic analysis revealed many fragments. Table 1 shows the quantity of 
plastic fragments, plastic fibres and other materials (paper or glass) observed in the 
profiles studied (material between 1.18 mm and 75 μm in size).

Figure 3 shows some examples of the fragments recorded in 2018 and 2019.
A detailed analysis of the results follows in [24].

Fragments Fibres Other Total

2018 2019 2018 2019 2018 2019 2018 2019

P1.1 part./100 g 14 9 19 76 0 0 34 85

part./kg 140 90 190 760 0 0 340 850

P1.2 part./100 g 0 49 22 130 0 0 22 179

part./kg 0 490 220 1300 0 0 220 1790

P2.1 part./100 g 20 40 72 29 0 0 92 69

part./kg 200 400 720 290 0 0 920 690

P2.2 part./100 g 8 8 65 40 4 0 77 48

part./kg 80 80 650 400 40 0 770 480

P2.3 part./100 g 11 12 2 0 0 0 13 12

part./kg 110 120 20 0 0 0 130 120

P3.1 part./100 g 2 1 13 16 0 0 15 17

part./kg 20 10 130 160 0 0 150 170

P3.2 part./100 g 0 1 2 10 0 0 2 12

part./kg 0 10 20 100 0 0 20 120

P3.3 part./100 g 0 3 0 0 0 0 0 3

part./kg 0 30 0 0 0 0 0 30

P3.4 part./100 g 0 — 20 — 0 — 20 —

part./kg 0 — 200 — 0 — 200 —

P3.5 part./100 g 0 — 4 — 0 — 4 —

part./kg 0 — 40 — 0 — 40 —

P4.1 part./100 g 0 0 0 0 0 0 0 0

part./kg 0 0 0 0 0 0 0 0

P4.2 part./100 g 0 0 0 0 0 0 0 0

part./kg 0 0 0 0 0 0 0 0

P4.3 part./100 g 0 0 1 0 0 0 1 0

part./kg 0 0 10 0 0 0 10 0

P5.1 part./100 g 30 13 6 10 0 0 36 23

part./kg 300 130 60 100 0 0 360 230



Sediment Transport Research – Further Recent Advances

160

The results indicate that the Água Branca stream basin is undergoing a process of 
artificialisation of the sediment of urban water bodies, with microplastics being the 
most significant materials incorporated into the sediment profile.

The sedimentation and accumulation of materials visible to the naked eye (macro 
fragments) such as cardboard, plastics and the remains of construction materials can 
be seen in the stream beds.

The Tibiriçá Reservoir - P6 (a lentic environment with a slower water flow) has the 
greatest accumulation of micro and macroplastics, as shown in Figure 3. This site receives 
all the drainage from the urban area of Itirapina, which is part of the Água Branca Stream 
basin, and seems to contain the macroplastics. It was possible to collect packaging dating 
back to 1993, showing the degradation caused by poor solid waste management.

Of the material observed, the lowest concentration is in the deepest layer of the 
sediment, indicating greater removal of light materials by the water or greater recent 
input of anthropogenic materials.

In the study, we observed that a higher percentage of artificial materials occurs in 
the November 2018 collection compared to May 2019. It may be related to the intense 
rainy season prior to the last collection, which may have carried a greater contribution 
of mineral sediments and carried away the fragments of microplastics, which are the 
main materials found.

We concluded that the type and intensity of land use influences the amount of 
microplastics. Considering the watercourses (lotic environments) in the tributary 
of the Água Branca Stream in an urban area with a lower density of occupation and 
surrounding grass vegetation (P1), we found a lower amount than at the point in the 
urban centre (P2), surrounded by commercial and residential use and without ripar-
ian vegetation. We observed the highest concentration of artificial materials at this 
point. The point located in a rural area had less artificial material than the other two.

Fragments Fibres Other Total

2018 2019 2018 2019 2018 2019 2018 2019

P5.2 part./100 g 13 5 32 13 0 0 45 18

part./kg 130 50 320 130 0 0 450 180

P5.3 part./100 g 8 17 12 0 1 0 22 17

part./kg 80 170 120 0 10 0 220 170

P6.1 part./100 g 86 17 430 26 0 0 516 43

part./kg 860 170 4300 260 0 0 5160 430

P6.2 part./100 g 9 3 82 11 0 0 91 14

part./kg 90 30 820 110 0 0 910 140

P6.3 part./100 g 5 — 31 — 0 — 36 —

part./kg 50 — 310 — 0 — 360 —

P6.4 part./100 g 12 — 42 — 0 — 55 —

part./kg 120 — 420 — 0 — 550 —

Source: Author (2020).

Table 1. 
Average number of artificial micro-materials observed in the sediment in the study area (sorting with a 
stereomicroscope, referring to grain sizes between 75 μm and 1.18 mm). Where: -, non-existent layer and 0, no 
fragments.



161

Sediment Profiles and Recording the Effects of Anthropogenic Activities
DOI: http://dx.doi.org/10.5772/intechopen.1005894

This highlights the need for intervention to prevent this artificialisation from 
intensifying as the city grows. Aquatic invertebrates and fish consume microplastics, 
and in turn, they serve as food for humans (knowledge about the deleterious effects 
on humans is still limited). An action to clean the reservoir and remove large plastics 
would be important to prevent them from degrading and generating new microplas-
tics in the future.

4.  Barrinha stream basin

The aim of this study was to identify the environmental quality and geoenviron-
mental changes of a watershed between a rural area and an area of environmental 
protection, by means of a set of environmental data and verification of the influence 
of land use on watercourses through deposited sediments.

The Barrinha Stream basin, with an estimated area of 7.7 km2, in the district of 
Cachoeira de Emas, municipality of Pirassununga located in the interior of São Paulo 
state, Brazil, is a micro-watershed that is under the influence of surrounding uses 
(Figure 4).

Although much of it is within the area of the National Centre for Research and 
Conservation of Continental Aquatic Biodiversity - CEPTA - ICMBio, there are 
some springs occupied by various agricultural and urban uses, which are impact-
ing soil degradation, sediment input into the stream, natural vegetation and, 
consequently, local aquatic life. Although it is not a protected area, the farm area 
has fragments of cerrado (savannah), cerradão (forested savannah) and riparian 
vegetation that are well preserved and where environmental education activities 
occurs.

Figure 3. 
Fragments of artificial materials observed in the 2018 samples in the sediment of the bodies of water in the Água 
Branca Stream basin. Scale: 1 mm. Source: Author (2020).
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The Barrinha Stream is a second order watercourse and was originally 3180 m 
long. However, after the installation of five dams, embankments and the construction 
of tanks, around 27% (approximately 877 m) of the original length was affected [31]. 
The institution’s fishing ponds uses the water.

The collection methodology used a corer sampler to verify the composition and 
characteristics of the sediments, identifying possible points of sediment accumula-
tion and siltation related to the degradation of the basin’s soil and its variability in 
depth, which would be related to the periods of greater and lesser water flow in the 
channels.

The sediments of the Barrinha stream were collected in two periods, one in the 
autumn of 2022 (May) after the rainy season and the second in the middle of the 
rainy season in the summer of 2023 (March).

The samples were collected at 4 points (P166, P173, P174, P175), which run from 
the floodplain of the spring to near the mouth of the stream (Figure 5).

As a result of this study, we observed great variability in water flows, with some 
stretches already characterised as intermittent.

The area of the course’s main source, in a floodplain, is dry almost all year round. 
The influence of the surrounding sugar cane plantations is evident. It was not possible 
to collect recent sediment at this site.

In May 2022, the Barrinha Stream had little water flow and some of the points 
studied were dry or with little water. In March 2023, at the end of a period of intense 
rainfall, the stream had a greater quantity of water, but in some places, such as P174, 
there was already a significant accumulation of organic matter, indicating that the 
transport of mineral materials was not happening with such intensity and there was 
already a decrease in water flow, although the tributary that flows into this point had a 
good water flow. P175, at the mouth of the Barrinha Stream on the Mogi Guaçu River, 

Figure 4. 
Micro-basin of the Barrinha stream with the delimitation of the CEPTA area, study points and sample collection. 
Sources: [30, 31].
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Figure 5. 
Sediment collection points, UTM WGS 84 coordinates (m). Description of the points in May 2022 and March 
2023. Source: Authors, 2022.
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had a rise in level of approximately 1 m, influenced by the flooding of the latter, and it 
was not possible to collect profile 2.

The samples collected measured between 12 and 31 cm in length. We separated 
the profiles collected (Figure 6) into 1 to 4 sub-samples samples by homogeneous 
sections (colour, texture, fraction), that we sent to the laboratory for analysis.

The fraction separation and treatment procedures were the same as those 
described in item 2, with some modifications because there were points with a large 
accumulation of macroscopic organic matter (branches and leaves, for example) and 
also because the sediment was finer and more aggregated.

The samples were left to dry at room temperature and, for the silt-clay samples 
that were more difficult to dry, we used an open oven. The use of a closed oven is not 
recommended because there is a risk of burning other materials present in the sample, 
such as anthropogenic materials.

After drying, the samples were first analysed visually, looking at the content of the 
organic matter fragments and their size. Then we weighed the samples and the visible 
organic matter (e.g. twigs, seeds, leaves, small insects) separated.

In this study, there were many samples with a large amount of OM and we used 
degradation. The method promotes the removal of organic colloids and the dispersion 
of clay, facilitating the granulometric separation of the fractions [32].

We analysed 16 samples from Barrinha Stream in May 2022 and 12 samples in 
March 2023 (Table 2).

Profile 1 of P175, which had been subdivided into three samples in the first col-
lection, showed only one sample of homogeneous sediment in the second collection, 
indicating greater deposition of mineral materials, compatible with the input during 
the rainy season.

Analysis of the sediment samples showed that in the period without rainfall (May 
2022) there was more accumulation of OM (> %), in more subsamples of the sand 
fraction, compatible with the period of lower water flow.

In the May 2022 collection, Am1 from P174 - profile 1 had the most organic matter, 
accounting for 14.7% of its total weight. Am1 from P175 - profile 1 was the sample 
with the lowest percentage of organic matter of its total weight, with only 1.3%.

However, in the 2023 collection, only four samples underwent the procedure. And 
of these four, the sample with the highest percentage of organic matter is Am 3 from 
P173, indicating a large input of sediment coming with the water flow and deposited 
on the previously dry site with a large amount of MO deposited, which corroborates 
the result found.

The granulometric separation (Table 3) showed that sandy sediments predomi-
nate (fraction between 1.18 and 0.75 mm).

Figure 6. 
Examples of the profiles collected in the area. Source: Photographs by the authors (2022).
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The samples from P175, profile 1/Am2/2022 and profile 2/Am2/2022 had frag-
ments of basaltic and sandstone rocks and a greater weight of the >4.75 mm fraction.

Stereomicroscope analyses revealed that there were not many fragments of 
anthropogenic materials.

The May/2022 samples had the same basic composition: quartz with some iron 
oxide concretions. Samples P165 - Am1 (floodplain area) and P166 - Am4 had a large 
amount of OM (roots, branches, seeds and bark) in all fractions. Sample P166 - Am3 
had a fibre that appeared to be fabric and sample P175 (profile 1) - Am 2 had a frag-
ment of foam.

In the March/2023 samples, the composition remained the same. However, we 
observed more rounded grains of quartz, indicating a possible different source of 
the material. Samples P173 - Am2, P174 (profile 1) - Am1 and P174 (profile 1) - Am2 
contained a large amount of OM, such as seeds or twigs, in all their fractions. Sample 
P174 (profile 1) - Am1 had a fragment that looked like cardboard. Sample P174 
(profile 2) - Am1 had a plastic fragment (Figure 7).

The presence of quartz grains in all the samples reiterates the perception that the 
micro-basin has mainly sandy-textured soil.

The use of the surrounding land (crops, mining and dams) has negatively affected 
the environmental quality of the watershed. Temporary crops such as sugar cane 
mostly occupy the basin. The areas with anthropogenic influence reduce the flow 
of surface water, as in the reduced floodplain due to nearby temporary crops, and 

May/2022 March/2023

Point Total (cm) Sample Length (cm) % OM Total (cm) Sample Length (cm) % OM

p. 166 31 1 17 25.5 1 12 4.82

2 5 2 10.5 5.64

3 5 3 3 7.79

4 4 2.5

p. 173 No profile 
taken (=40)

1 9.17 23 1 3

2 5.3 2 10

3 2.33 3 7

4 3 8.84

p. 174 
(perfil 1)

12 1 8 14.7 22 1 6

2 4 3.1 2 16

p. 174 
(perfil 2)

18 1 6.5 22 1 17.5

2 9.5 2 4.5

3 3

p. 175 
(perfil 1)

21.5 1 6.5 1.3 15 1 15

2 13

p. 175 
(perfil 2)

15 1 7.5 No collection due to excess water

2 7.5

Where: sample 1 = top; samples 2, 3 and 4 = > depth.

Table 2. 
Measurement of the samples collected in May 2022 and March 2023 and % MO of the samples that underwent 
degradation with H2O2.
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generate an increase in sediment in the watercourses. The preservation of forest veg-
etation is greater within CEPTA’s boundaries, favouring the availability of water and 
the balance of the streams, such as the spring that flows into P174. We also observed 
eroded areas and exposed soil used for dumping waste, which are source areas for the 
sediment that reaches the stream.

Point Sample
(Am)

Total 
sample 
weight 

(g)

Fraction weight > 
4.75 mm (g)

Fraction 
weight 

between 
4.75 and 

1.18 mm 
(g)

Fraction 
weight 

between 
1.18 and 

0.75 mm 
(g)

Fraction weight  
< 0.75 mm (g)

May 2022

166 1 29.93 0 1.44 27.81 0.53

2 30.35 0 3.85 25.87 0.61

3 31.04 0 0.61 29.57 0.65

4 29.14 0 0.27 27.83 0.54

173 1 21.81 0 0.16 15.80 5.85

2 26.81 0 <0.001 14.55 11.91

3 28.99 0 <0.001 25.46 3.46

174 (prof 1) 1 6.94 0 <0.001 4.44 2.42

2 35.74 0 0.45 32.02 3.48

174 (prof 2) 1 30.40 0 <0.001 29.70 0.35

2 30.57 0 0.66 29.54 0.28

3 30.84 0 0.87 29.25 0.33

175 (prof 1) 1 31.36 0.69 0.45 32.02 3.48

2 171 96.04 2.44 64.98 7.37

175 (prof 2) 1 37.01 8.13 1.50 25.30 2.23

2 196 104.83 15.29 63.49 3.09

March 2023

166 1 29.21 0 0.009 27.71 1.35

2 28.93 0.87 2.23 23.57 2.09

3 28.29 1.6 2.93 20.40 2.52

173 1 18.55 4.78 7.4 5.5 0.89

2 30.48 0 2.2 25.31 3.2

3 27.75 0 0.009 23.3 4.1

4 30.28 0 0.14 26.68 2.93

174 (prof 1) 1 31.29 3.35 8.36 17.57 0.66

2 30.18 0.26 2.12 25.5 1.8

174 (prof 2) 1 30.59 0 0.62 29.76 0.001

2 30.51 0 1.28 28.28 0.85

175 (prof 1) 1 30.39 0 0.89 24.82 4.05

Table 3. 
Weight of the samples collected and their respective fractions.
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In conclusion, it is clear that the use of the area around the Barrinha Stream has sig-
nificantly affected its watercourse. We found many points with sediment accumulation, 
raising the concern of possible silting of the water body, combined with the low water 
flow, which prevents sediment transport. We found traces of materials of human origin 
in sediment samples, as well as the greater degradation of water bodies where there is 
construction in the surroundings. The floodplain area is almost permanently devoid of 
water accumulation, and organic soil has shown that there has been a reduction in its 
perimeter, influencing the flow of the Barrinha Stream, which is intermittent at various 
points where there was a continuous flow observed in previous research in 1994 [33].

The area of forest on CEPTA’s perimeter and its effect on the perenniality of the 
watercourses highlight its importance for preserving native vegetation in the basin, in 
contrast to the surrounding areas where cultivated land predominates.

It is necessary to invest in measures to protect and conserve the watercourses in 
order to minimise the negative impacts of the use of the surroundings, especially the 
springs.

5.  Discussion

The formation of river sediments with anthropogenic alteration occurs when 
artificial materials are incorporated into the riverbed. Plastics are the main solid waste 
generated in urban centres, so they are the main waste incorporated into sediments.

There is a great deal of media coverage of the harmful effects of plastics 
on the aquatic environment, degrading not only the quality of this resource but also 
the biota. Despite being a major current environmental problem, research into the 
impacts of this material is also recent, especially if we consider microplastics (par-
ticles smaller than 5 mm) [34].

According to the survey carried out by [35], benthic fauna can consume micro-
plastic incorporated into river sediment depending on the organisms’ feeding mode. 
In Serra Talhada, Pernambuco, Brazil, [36] observed plastic residues in the stomach 
contents of 83 per cent of the fish collected. These researchers state that their study 
suggests that the biota is vulnerable to the microplastics present in freshwater and 

Figure 7. 
Photographs of items highlighted in the microscopic analysis. Source: Author (2023).
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that they are associated with areas with more intense urbanisation, also highlighting 
that the poorest community feeds on these fish.

With regard to the harmful effects of microplastics in drinking water, the World 
Health Organisation (WHO) [37] states that the knowledge available to date is limited 
and represents a low concern for human health. On the other hand, this same lack 
of conclusive studies is a cause for concern, because it is still unknown how these 
particles act on our bodies.

The WHO points out that plastics have low toxicity and, because they are 
insoluble, are unlikely to be absorbed by the gastrointestinal tract. However, it also 
points out that particle size can influence the absorption of toxicity, with smaller 
particles posing a greater risk. He also points out that additives and monomers (mol-
ecules made up of a single segment) can become bioavailable in the gastrointestinal 
tract [37]. The human body exposes itself to microplastics through ingesting food or 
water containing microplastics, inhaling microplastics in the air or dermal contact 
through textiles or air [38].

As pointed by [39], each person ingests 39,000 to 52,000 microplastic particles per 
year, depending on the age and gender of the individual. If we consider inhalation, 
this value varies between 74,000 and 121,000 particles per person. Also according to 
these authors, if we consider the recommended water intake using only bottled water, 
a consumption of 90,000 microplastic particles occurs, while if only tap water is con-
sumed there are 4000 particles (research carried out considering a North American 
diet).

According to [38], the increase in the occurrence of neurodegenerative dis-
eases, immunological disorders and cancer may be related to increased exposure 
to environmental contaminants, including microplastics. Therefore, knowing 
the distribution pattern of these materials and quantifying them is of the utmost 
importance to subsidise future studies related to research into the harmful effects 
on humans.

From a geological point of view, studies suggest that the artificialisation of sedi-
ment can change the patterns of sediment erosion, transport and deposition. An 
initial experiment carried out in the laboratory considered different microplastics 
(types, shapes and sizes) compared to natural sediment. Microplastics with spherical 
shapes move more quickly compared to natural sediments [40].

The results obtained in the studies are in line with the global trend of increasing 
concentrations of artificial materials incorporated into river sediments.

The bibliographical research showed the lack of studies carried out in tropical 
freshwater river environments, especially studies of layer profiles. In this sense, our 
research helps to understand the behaviour of riverbed sediment anthropisation.

Until now, there are no standardised methods for detecting microplastics in sedi-
ments, which makes comparisons difficult.

Table 4 summarises the main research carried out on the subject, relating to sedi-
ment collection methodologies and analysis of the results.

With regard to the sampling methodology and its results, we observed that studies 
are converging towards obtaining in-depth data, with profile sampling, emphasising 
the relevance of the methodology proposed in this chapter. The results we obtained 
are consistent with those obtained in other studies [21, 22, 49, 50].

The degradation of the organic matter in the samples proved to be important 
in facilitating the visualisation and optical identification of the artificial materials 
incorporated into the sediment in the two cases studied. In the second case, in an area 
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Author Year Goals Results

[41] 2017 Whether a WWTP effluent is a source of 
MPs in a river in Canada and whether this 

material is deposited in the sediment, 
with an Ekman sampler

They found few particles in relation to other 
studies and emphasise the need for similar 

methods for comparison

[42] 2019 Study the types and sizes of plastic 
fragments in the Guanabara basin (Rio 

de Janeiro, Brazil) using a Van Veen grab

The high availability of MPs in the sediment 
suggests high risk of contamination to 

benthic organisms and fishes

[43] 2019 Study the incidence of MPs as a function 
of population size and urbanisation in 

Auckland (New Zealand)

In the MP incidence, local-scale factors may 
be more important than catchment-scale 

processes in small streams

[44] 2019 Investigate the abundance, distribution 
and sources of MPs in Tibetan river 

sediments collected with stainless steel 
shovel

The abundance of MP in the sediments of 
urban areas was higher than that in rural 

areas. But there was no statistical difference 
in the surface water of urban and rural areas

[45] 2019 Estimate MP values   in the water column 
and surface sediments in Florida’s largest 
estuary (Tampa Bay), including spatial 
and temporal variations in these values

Found highest concentrations of MP in 
sediments close to industrial sources. It is 
impractical to remove the numerous and 

tiny microplastic particles from the water or 
sediments

[27] 2019 Investigate the abundance of MPs in a 
highly urbanised area in Mexico, using a 

trowel and a Van Veen grab sampler

MPs were more abundant in the urban-
industrial corridor

[46] 2019 Study the sources and potential risks of 
MPs in Lake Poyang (China)

The results indicate domestic sewage and 
fishing activities as the main sources of MP 

found in water, sediments and biota

[47] 2020 Check for a correlation between local 
characteristics and the abundance of MPs 
in sediments of a river in Canada, using a 

Petite Ponar Grab for sampling

Concentrations of MPs are due to 
environmental filters, point sources and 

sediment characteristics

[48] 2018 Establish a methodology to assess the 
risk of microplastic contamination in 

sediment for the context of urban rivers 
of Chinese mega cities

Using the plastic compounds, they defined 
the toxicity and, after the recognition of the 
MP type and concentration, defined the risk 

of contamination

[4] 2018 Establish the magnitude of 
contamination of benthic sediments by 

MPs and explain the observed patterns in 
abundance and distribution in rivers in 

the United Kingdom

The biggest change in MP abundance was 
due to the presence of a lake, more than 
to population density. They observed a 

mechanism of MP fixation in freshwater 
environments by caddisflies

[22] 2019 Investigated sources, fate and seasonal 
and spatial distribution of MPs in a river 
basin and estuary in China, investigating 
water and sediment. Used a grasp bucket 

for sediment

Areas with high population and gross 
domestic product presented more MPs in 
sediment and water, indicating impacts of 
human activities and economic activities

[21] 2017 Study on the pollution of sediments in 
water bodies due to land use

More than the type of use, the complexity 
of the forms of occupation and layout of the 
different land uses influence the distribution 

of pollutants

[49] 2021 Study of MPs in sediment layers using 
profile sampling in a river basin in China

The plastic particles decrease in depth and 
occur more frequently in places with more 

intense human activity
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with a higher content of riparian vegetation, it was crucial to separate the humidified 
OM from the mineral grains and other fragments.

As [45] states, it is impractical, if not impossible, to remove microplastics from the 
water column or separate this contamination from sediments and that the best way to 
reduce the potential risks of this contamination is to control the source of microplas-
tics entering the aquatic system. The environmental legislation aimed at restricting 
plastics may be responsible for the reduction in some types of plastic found in some 
studies [10].

6.  Conclusion

There are various methods of sediment collection used to study anthropisation 
and detection of non-natural particles, such as microplastics, and it is not possible 
to make a complete comparison of the results found or even of the most correct 
methodology [23, 50].

In this research, we developed the geomechanical PVC sampler, which fulfilled 
its functions and proved to be a viable and low-cost tool, but it is necessary to discard 
from the fragment counts all the possible particles of this material found in the 
sediments. Other studies have used samplers with transparent PVC liners, with the 
same problem of the possibility of contamination [10], but the analysis of the volume 
collected per layer is lost when the aim is to evaluate particles per volume collected. 
With the sampler used, it was possible to take sediment samples of a significant size 
(from 16 to 26 cm in the first study and from 12 to 31 cm in the second), within the 
range of values obtained in other studies [51].

The study of sediment can lead to an understanding of the degradation caused 
to the aquatic system and the sediment profile can show us the impacts suffered 
by the water body over time [52]. In the two cases studied, we observed this 
degradation.

In the Água Branca Stream basin, the urban influence left this record in the 
microplastic content, and the influence of lentic areas on retention was clear from 
the macroplastics found and their dating. Although solar radiation and water play the 
role of degradation, considering the intact materials deposited there since the 1990s, 
contamination by microplastics will be long-lasting. Considering the maximum 
values of 5160 part./kg in the 2018 sampling in P6 and comparing it with profile data 
from different areas from the mainland to the mouth, analysed by [51], these are com-
patible with some lakes and floodplains, although there are others with much higher 
levels and this is related to the occupation characteristics.

Author Year Goals Results

[50] 2024 Reviewed studies about MPs in Asian 
lentic environments

The lakes are overlooked and poor studied. 
It is not possible to compare results due to 

absence of standard methods

[10] 2024 They studied the sediments upstream 
and downstream of the French 

metropolis, with collection of sediment 
profiles and dating

There is a greater volume of MP downstream 
and also in more recent layers, but with a 

decrease in polymers from industrial sources

Table 4. 
Summary of the main objectives and results of the most recent research into microplastics (MP) in sediments.
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With regard to the rural area studied, we saw that in the sediments of Barrinha 
Stream, there are few plastic fragments, but the reduction in water and the large 
amount of sediment contributed by the replacement of natural vegetation with tem-
porary crops are evident. For this site, studies of physico-chemical parameters may 
reveal other influences of agricultural activities on sediment quality. It was possible 
to observe that, even when the volume of anthropogenic fragments is not significant, 
the sediment analysis records the variations in flow and sediment input that occur 
over time due to occupation of the surroundings.

The knowledge and impacts of waste in the ocean is widespread, but there is still 
no good knowledge of these impacts in freshwater environments; likewise, research 
in this field is also recent, and there are no conclusive studies on the impact of micro-
plastics on the human body, for example.

In the last years, several articles have been published dealing with continental 
sediments, but there is still no unified methodology and since this is a new field 
of study, all new approaches are necessary and important. The generation of stan-
dardised methodologies and norms happens after many different studies and meth-
ods, arriving at a robust state of the art.

The methodological procedures for sediment collection and analysis presented 
in this chapter and used in the two case studies possibilited in-depth analysis of the 
content of anthropogenic particles in the sediments, highlighting urban waste and 
activities as the main source of these materials.

Future studies of sediments must deal with their dating, as carried out by [10] 
for a more precise assessment of the inputs and removals of microplastics by water 
during hydrological cycles.

There is a need to expand and disseminate legislation that defines more restric-
tions on the use of plastics, especially those aimed at controlling disposable 
utensils.

It is therefore important to emphasise the importance of Environmental Education 
and scientific dissemination projects on the subject and to bring knowledge to the 
community, sensitising them to the degradation of aquatic environments and the 
ingestion of microplastics by invertebrates and fish and the possible impacts on 
human health. It is also important to emphasise the damage caused to watercourses by 
changing land uses; the human population grows and loses water sources necessary 
for its survival.
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