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Abstract 

Keywords: geotechnical engineering, consolidation, cohesive and non-

cohesive, density. 

Settling and consolidation of suspended clay particles are significant issue 

in many fields such as geotechnical engineering, coastal and hydraulic 

engineering, and environmental engineering. A comprehensive literature review 

was conducted on the settling, consolidation and erosion of mixed soil material 

(cohesive and non-cohesive). 

Soil beds formed by sedimentation process of loose particles will be either 

show a segregated or homogeneous in structure, depending on the depositional 

environment. These sediments initially undergo self-weight consolidation and 

may be eroded under high flow rate. A number of studies have recently 

investigated the characteristic of consolidated clay bed in stagnant water. Hence, 

consolidation parameters were determined using a well-known vertical settling 

column consolidation test setup. However, limited research studies are available 

for deposition and consolidation of a mixture of sediment (clay, silt and sand) 

under flow conditions which are more representative of what happens in nature. 

A long flume and pump were used to create different turbulent conditions and 

simulate the natural process (flow velocity 0.05 ,0.08 and 0.136 m/s with Reynold 

number 4.43 × 106,65.1× 106 and 10.85× 106 respectively). The results for 

deposition and consolidation of different mixtures under stagnant and turbulence 

conditions were analyzed and compered in term of compressibility, permeability 

as well as shear strength. The results of this experimental research program 

indicated that the flow rate, initial concentration, height of settling and composition 

of sediment are all important factors that could affect the final bed dry unit weight. 



 

 

II 

 

Two non-intrusive techniques were applied for measuring the dry unit weight at 

settling and consolidation stages. Impact echo technique has never been applied 

to measure the dry unit weight of self-weight consolidation along the vertical 

stratification of cohesive and non-cohesive particles. Also, a novel conductance 

sensor has been developed to improve the efficiency of this technique. The 

limitations of using these techniques will be highlighted in this study.  
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 Introduction 

1.1 Background 

At present, cohesive soil plays a key role in the functioning of healthy eco-

systems. Cohesive soil cover a large part of the earth's surface with the exception, 

perhaps, of some deserts and some parts of the ocean seabed. Coastal areas 

comprise approximately 69 % of the major cities of the world; therefore, 

understanding how coastal aquatic environments are evolving due to sediment 

transport is important (Wang and Andutta, 2013). On the other hand, deposition of 

cohesive particles is one of the major problems of sewerage networks. A survey 

has suggested that up to 25,000 km of UK sewerage networks may be affected by 

in-pipe sediment deposits (Arthur et al., 2008; Crabtree, 1989). A long-term 

accumulation of such deposit in the sewer increases the risk of changes occurring 

in the sediments such as consolidation and cementation (Ebtehaj and Bonakdari, 

2013).  

Sedimentation is the process by which the particles in suspension move to 

settle out of a fluid, caused by the inability of the fluid to carry these particles (Jia 

et al., 2018). The settling of sediment particles becomes impeded due to the 

proximity of other sediment particles, which can be an important process in highly 

muddy environments (Spearman and Manning, 2017). Cohesive particles may 

settle as dispersed particles or in the form of clusters of particles as a result of the 

flocculation process. Settling as a group of particles or as flocs depends on several 

factors such as, the concentration of particles, turbulence and present of 

flocculation agent (Johansen, 1998; Sills, 2003). As a result of the settlement of 
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many particles as either dispersed particles or flocs, the bed particles becomes 

consolidated under its own weight.  

Consolidation is the time dependent compaction of the soil structure as a 

result of its own weight and possibly due to other loads exerted on it (Zhou et al., 

2016). The particles on the bed may not be compacted enough to resist the 

induced shear stress by high flow Reynolds number (in turbulent regime), and thus 

these particles become eroded. M For example, over the past several decades, 

severe land loss, due to erosion has been observed along the sedimentary basin 

of United State Gulf Coast (Williams et al., 2001). 

The effect of global warming on the earth system has been an increasing 

concern world-wide due to increasing greenhouse gas emission. The potential 

effects of climate change on various life cycles could be significant. Climate 

change is expected to have stronger effects on the erosion, and deposition of 

sediment which would raise precipitation rates and may lead to more erosion 

(Asselman et al., 2003; Zhou et al., 2017). As the atmosphere gets warmer, it can 

hold more moisture. The intensity of downpours (and therefore the risk of floods) 

depends in part on how much water the air can hold at a given time. Increasing 

rainfall rate leads to increase eroded material that leads to increase of 

concentration of suspended sediment and thus the settling and deposition of 

particles will be affected. In addition, Significant episodes of coastal erosion are 

often associated with extreme weather events (coastal storms, storm surge and 

flooding) but also with tsunami. 
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Sediment load transported by the world’s rivers provides an accurate and 

sensitive indicator of changes in operating parameters of the earth system and 

gives rise to significant environmental problems (Walling, 2009). On the other 

hand, some human activities may indirectly accelerate the processes of erosion, 

transport and sedimentation. For instance, soil erodibility is enhanced by plowing 

and tillage. In agricultural land, the erosion rate can be 100-1000 times higher than 

the geological erosion rate. During the construction of roads and highways, severe 

erosion can occur due to removal of protective vegetation, leaving steep cut and 

fill slopes unprotected. Such erosion can cause local scour problems along with 

serious sedimentation downstream (Julien, 2010). 

 

1.2 Significance of research 

Consolidation of mixed cohesive and non-cohesive soil particles is a 

significant issue in many fields such as geotechnical engineering, coastal and 

hydraulic engineering and environmental engineering. However, despite being a 

common process in cohesive mudflats, self-weight consolidation has received 

limited attention (Zhou et al., 2016). In addition, Zhou et al. (2016) urged 

researches to focus future studies on estuarine environments that are usually 

characterized by the presence of sand- soft soil mixtures. It is vital that future 

studies gain a deeper understanding of the processes involved in the long term (at 

least over a month) self-weight consolidation and shear strength development (Lo 

et al., 2014; Sha et al., 2018).  
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Long-term experiments for sediment suspension and consolidation are still 

limited (Sha et al., 2018), because all previous studies focused on investigating 

sedimentation, consolidation and erosion process of sand and soft soil separately 

(Jacobs et al., 2007). Linking those three processes for mixture on soft soil and 

sand under turbulence flow is vital for geotechnical engineer who may have had 

relatively a limited experience. Thus this might provide some interesting and 

provoking thoughts different outlooks. Moreover, this study aimed to give a better 

understanding to what happens to coastal areas by introducing the effect of 

turbulence that makes the experiments more convenient and representative to the 

natural processes. 

The flocculation process by which the fine particulates collide and clump 

together into flocs that can settle under their own weight. Flocculation process 

covered in this study is important not only in the field of geotechnical engineering 

but also in water treatment and chemistry. Rivers may contain some harmful 

substances such as bacteria. Some of these rivers may be used as the main 

source of drinking water in some poor countries, because bacteria is not heavy 

enough to settle to the bed adding some flocculants to drinking water stimulates 

bacteria to adhere to soil particles (stimulating the flocculation process) and 

deposit on the bottom, thus it is easy to get rid of these harmful substances. 

Civil and Environmental engineers frequently face sediment transport 

issues such as local scouring, sedimentation in reservoirs, erosion after floods or 

dam breaching flows, as well as long term aggradation or degradation of the 

riverbed (Dewals et al., 2011). Such sediment related problems are of huge 



 

 

5 

 

importance in most river engineering projects, calling for structures to be designed 

where sediment transport issues are considered from the very early stages of 

project development. In addition, Flooding and coastal erosion are two of the 

biggest natural hazard risks affecting the safety and sustainability of communities 

across Wales. Climate change projections suggest that Wales could have different 

rainfall patterns in the future, along with rising sea levels leading to severe flooding 

and erosion. In general, soil erosion in coastal areas refers to the removal of 

surface material by moving water, depends upon both the resistance of a soil to 

shear failure and the energy of the flowing water (Williams et al., 2001). 

 

1.3 Aims and objectives 

 

The primary aim of the proposed PhD project was to experimentally 

investigate deposition, consolidation, and subsequent erosion of mixed soft 

cohesive and non-cohesive particles under turbulent flow. To achieve this primary 

aim, the following stages were agreed upon and set as targets; 

1- Experimental work: In this stage, prepare the longitude flume with all 

measurement devices to run the proposed experiments. Tests were 

conducted to: (A) evaluate the effects of different concentration on the 

development of bed density, (B) investigate the effects of turbulence 

(different flow rate with velocity 0.05 ,0.08 and 0.136 m/s) on the deposition 

and subsequent consolidation of sediment, (C) Investigate the effects of 

different composition of sediment on the shear strength and the density of 
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bed, (D) To find the optimum percentage of added clay to the sandy soil to 

prevent bed segregation. In addition, the effect of increasing amount of 

non-cohesive soil content in the mixture on the gel point density will be 

observed and (E) Observe the critical shear stress for cohesive and non-

cohesive particles deposition in all the experiments. Furthermore, the 

formed bed will be layered, and some sample extracted to observe the 

development of angle of fraction by using shear box 

   

2- Analysis comparison: In this stage, results from experimental work are 

used to develop a constitutive equation to predict the behaviour of the 

consolidated bed under the effect of turbulence. Constitutive equations are 

depending on linking the effective stress and bed permeability to void ratio. 

In addition, constitutive equations are compared with previous studies 

equations.  

 

3- Study the effect of sediment composition on the on the bed surface shape 

and bed stability. In addition, observe the flow effect on formation and 

shifting of ripples. Moreover, the variation and bed height were discussed 

under different flow rate conditions that reproduced via flume tests. 
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 Literature review 

 

Sedimentation is the principal process through which our surrounding soils were 

originally formed. To understand a soil structure, an understanding of the 

behaviour of sediments is required. Sedimentation and consolidation phases, are 

poorly understood because they are rarely studied and analysed together for full 

range of sediments. However, the literature discribes approaches to define the 

behaviour (in sedimentation and consolidation) of materials with characteristics 

similar to those of sludge. 

Sediments are divided into organic and inorganic materials, which can be 

transported by wind or water. Erosion and weathering factors are the source of 

most mineral sediments, while organic sediments are usually waste materials and 

decomposing materials such as algae 

2.1 Cohesive and non-cohesive bed particles 

 

Sediments are broadly classified as fine-grained cohesive and coarse-grained 

non-cohesive soils. Cohesive soil refers to particles less than 63 μm in diameter 

that responsible for the cohesive nature of mud. Particles less than 2 μm are called 

clay minerals which are produced by the chemical weathering of primary minerals. 

Colloidal fractions of clay minerals are so small in size (smaller than 0.1 μm) that 

they are difficult to be deposited, due to Brownian motion. In addition, particles 

ranging from 2 μm to 63 μm are called silt-sized particles. Silt particles commonly 

consist of quartz, but they may also include feldspars or micas. On the other hand, 
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non-cohesive soil particles generally consists of larger discrete particles than 

cohesive soils. Sand particles are commonly composed of the mineral quartz, and 

have a size ranging from 63 μm to 2 mm (Grabowski et al., 2011). Moreover, 

organic components of sediment include a wide variety of biogenic structures and 

compounds, including living organisms, organic colloids, detritus, and extracellular 

polymeric substances (EPS) as shown in Figure 2.1. 

 

 

Figure 2.1: Diagrammatic representation of sediment microstructure (Grabowski et 

al., 2011). 

 

 

Clay particles that smaller than 2µm are called clay minerals such as 

montmorillonite, illite, and Kaolinite. However, some particles such as  feldspar 

quartz may have the same size as clay mineral but do not have the same plasticity 

when mixed with water. It is necessary to understand the composition and 
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structure of clay minerals in order to understand the geochemistry of the 

flocculation process (Sills, 2003). 

Two basic crystalline units form clay minerals are; (1) a silicon-oxygen tetrahedron, 

and (2) an aluminium or magnesium octahedron. A silicon-oxygen tetrahedron unit 

consists of a silicon atom surrounded by four oxygen atoms as shown in Figure 

2.2. The combination of the tetrahedron units forms a silica sheet (Das, 2013; 

Kolay, 2007). 

 

Figure 2.2: A silicon tetrahedron and octahedron (Sills, 2003). 

 

 

An octahedral unit consists of an aluminium or a magnesium atom surrounded by 

six hydroxyl units. The combination of the aluminium octahedral units forms a 

gibbsite sheet, whereas the combination of the magnesium octahedral units forms 

a brucite sheet. When the silica sheets are stacked over the octahedral sheets, the 

oxygen atoms are replaced by the hydroxyls to satisfy their valence bonds as 

shown in Figure 2.3 (Das, 2013; Kolay, 2007). 
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Figure 2.3: Structures of silica tetrahedron and aluminium/magnesium 

octahedron (Kolay, 2007). 

 

Kaolinite is a clay mineral that consists of two-layered silica and gibbsite sheets. 

These two layers are bonded together by secondary valence forces which are 

formed when atoms in one molecule bond to atoms in another molecule and 

hydrogen bonding(Das, 2013; Kolay, 2007).  Montmorillonite and illite are clay 

minerals that consist of three-layered sheets which are silica sheet at the top, an 

octahedral sheet in the middle, and a silica sheet at the bottom. Illite layer sheets 

are held together strongly by potassium ions. However, montmorillonite layer 

sheets are held together by water, which fills the space between the three-sheet 

layers (Das, 2013; Kolay, 2007). 

 

Sand grains are either mineral particles, rock fragments or biogenic in origin. Sand 

particles form mostly by the chemical and/or physical breakdown of rocks. This 

process is collectively known as weathering. The composition of sand varies, 

depending on local rock sources and conditions. However, the most common 
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constituent of sand, in inland continental and non-tropical coastal settings, is silica 

(silicon dioxide, or SiO2), is found widely in nature and assumes several crystalline 

and quartz forms (Moody, 2013). The second most common type of sand is 

calcium carbonate, such as aragonite. Calcium carbonate is a different mineral 

from quartz, which is softer, more soluble, and more vulnerable to the chemical 

process (Welland, 2009). 

 

2.2 Sedimentation in stagnant water 

 

The sedimentaion process of clay particles can be divided into three stages, as 

shown in Figure 2.4. During the flocculation stage, no significant settling occurs. 

For some particles such as kaolinite, the stage is only tens of seconds long for 

others including bentonite slurry, it lasts tens of minutes. During the settling stage, 

flocs start to settle gradually and form a bed layer, which undergoes primary 

consolidation and associated dewatering. This stage may vary from minutes to 

hours depending on the initial concentration of the suspended particles. The upper 

edge of the settling zone falls with time to become part of the bed, the boundary of 

the third stage. The third stage is called the consolidation stage and lasts a long 

time varying from hours to days, months, or years to reach full consolidation 

(Mehta and McAnally, 2008). 
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Figure 2.4: Flocculation, settling, and consolidation zones (adapted from Mehta and 

McAnally, 2008) 

 

 

The settling velocity of floc relies on the density and shape of the formed floc, which 

in turn depends on the frequency of inter-particle collision and the outcome of the 

collisions. One of the important parameters that influence collisions is particle 

concentration in the suspension. Therefore, the settling velocity of flocs can be 

estimated using the concentration of the suspended parameter. Settling velocity 

for the suspended flocs is divided into four zones: free settling, flocculation settling, 

hindered settling, and negligible settling. Free settling occurs at low suspension 

concentrations (less than 1 kg/m³). Free settling can be measured using Stokes' 
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law (Mehta and McAnally, 2008). The second zone is flocculation settling and 

occurs when suspension concentrations are more than 1 kg/m³ and less than 10 

kg/m³ resulting in denser, stronger, and larger flocs. When the concentrations more 

than 10 kg/m³ and less than 100 kg/m³ are tested, the flocs start to hinder each 

other while they are settling; therefore, settling velocity decreases with increasing 

concentration in this zone. At concentrations more than 100 kg/m³, the settling of 

particles is very slow as consolidation takes over (Mehta and McAnally, 2008). 

2.3 Sedimentation in flowing water 

 

The flow of water may add turbulence to the formed bed. Therefore, the erosion 

stage may follow the settling of flocculation and deposition of sediment particles 

as shown in the Figure 2.5. At low turbulent shear, settling velocity and floc size 

increase. This is because the number of collisions increases with turbulence 

forming large flocs that may settle faster than the individual particles. On the other 

hand, high turbulence may break up flocs that are not strong enough, and thus 

settling velocity and particle size decrease (Ha and Maa, 2010; Johansen, 1998). 
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Figure 2.5: Transport and aggregation of sediment particles or flocs (Mehta and 

McAnally, 2008) 

 

2.3.1 Transport of sediment 

Sediments come mostly from the sea and are transported in estuaries by the tidal 

currents during ebb and flood flows. Increasingly saline waters in estuaries and the 

high level of turbulence enhance cohesive particles to form flocs and grow in size 

as a result of frequent interparticle collisions and increased cohesion. Floc settling 

velocities can be up to four orders of magnitude larger than the settling velocities 

of the individual particles (Bellessort, 1973). Flocculated particles settle towards 

the bottom, and then deposit on the bed and consolidate. Those particles could be 

resuspended by erosion when velocities are maximal as shown in Figure 2.6 

(Reible, 2014; Thiebot et al., 2011). 
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Figure 2.6: Description of the cohesive particles transport processes (Thiebot et al., 

2011). 

Non-cohesive material, primarily fine and medium sands, are generally not 

associated with contaminants. Incipient motion of a non-cohesive particle starts 

when the flow-induced forces are greater than the resistance forces. 

Fortier and Scobey (1926) conducted an extensive field survey of maximum 

permissible values of mean velocity in channels for bed material ranging from fine 

sand to cobbles. The velocity values could be used for preliminary designs 

because there is no theoretical study to support or verify them. The first stander 

reference curve for particle inception motion tools that hydrologists and geologists 

rely on were derived from a large amount of experimental data was done by 

Hjulstrom (1935). Hjulstrom (1935) identified correlations between particle sizes 

and the minimum water velocity needed to erode and transport sediment. 

Hjulstrom (1935) curves are used to determine whether a river will deposit, erode, 

or transport sediment. The lower curve shows the deposition velocity as a function 

https://en.wikipedia.org/wiki/River
https://en.wikipedia.org/wiki/Deposition_(geology)
https://en.wikipedia.org/wiki/Erosion
https://en.wikipedia.org/wiki/Sediment_transport


 

 

16 

 

of particle size while the upper curve shows the critical erosion velocity in cm/s as 

a function of particle size in mm. Therefore, all points below the Hjulstrom curve 

indicate conditions under which grains are not in motion, whereas points above the 

curve indicate conditions under which grains are in motion (Charlton, 2007; Yu et 

al., 2018).  

 

Figure 2.7: Hjulstrom's curve (Huggett, 2016) (adapted from Hjulström, 1935). 

 

The upper line or critical erosion curve shows the minimum erosional velocity or 

critical erosion velocity needed to initiate sediment erosion and lift a particle of a 

certain size. The lower line or or settling curve shows the maximum velocity at 

which a river can be flowing before a particle of a certain size is deposited. The 
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zone in-between these two curves is the zone of transport. coarser sediments 

(sand and gravel) it takes just a little higher velocity to initially erode particles than 

it takes to continue to transport them. Fine sediments (clay and silt) considerably 

higher velocities are required for erosion than for transportation because these 

finer particles have cohesion resulting from electrostatic attractions. Logically, the 

entrainment velocity decreases as particle size decreases on coarse material side 

of the Hjulstrom curve. The easiest soil to erode is sand particles with a size 

between 0.2 mm and 0.7 mm. However, the relationship is rather different for 

particles smaller than 0.2 mm, because the entrainment velocity increases as the 

particle size decreases on the fine sand to silt and clay side of the curve. This is 

because small particles tend to be partly or wholly enclosed within the laminar 

sublayer during most flows. Drag forces are lower within this layer, and particles 

are not exposed to turbulent lift forces. In addition, the cohesive forces between 

clay particles further increase the force required to set them in motion (Charlton, 

2007). The boundary conditions may restrict the use of Hjulstrom curve. Of these 

restrictions, the flume that was used in the Hjulstrom study had one-meter-deep 

water and a planar bed. As a result, it is difficult to use the Hjulstrom curve to 

predict the velocity at initial motion under natural conditions. 

An alternative approach, which is more relevant to modern sediment transport 

theory, was devised by the American engineer Albert Shields in 1936 (Charlton, 

2007). Shields had drawn the most famous and widely used diagram of incipient 

motion based on shear stress. Different grain sizes (such as amber, lignite, 

graphite) were examined by Shields (1936) to find a relationship between the 
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critical dimensionless bed shear stress from initial movement data of flume 

experiments and the boundary Reynolds number. Thus, it can be used to calculate 

the initiation of motion of sediment in a fluid flow. The important factors of this 

diagram are initial motion shear stress 𝜏, difference in density between sediment 

and fluid (𝜌𝑠 − 𝜌𝑓), particle diameter 𝑑, kinematic viscosity 𝑣 and the gravitational 

acceleration 𝑔.  

𝑑
(𝜏𝑐 𝜌𝑓⁄ )

1/2

𝑣
=

𝑑𝑈∗

𝑣
   (1) 

 

𝜏𝑐

𝑑(𝜌𝑠−𝜌𝑓)𝑔
=

𝜏𝑐

𝛾𝑑[(𝜌𝑠/𝜌𝑓)−1]
   (2) 

where; 𝜌𝑠 and 𝜌𝑓  are the densities of sediment and fluid respectively; 𝑔 specific 

weight of water; 𝑈∗ shear velocity; and 𝜏𝑐  critical shear stress at initial motion. 
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Figure 2.8:Shields diagram. 

 

Particles incipient motion start when 𝜏𝑐 (critical shear stress) overcomes  𝜏 (shear 

stress). Whereas, the flow is not able to move the particles if the points below the 

curve. The curve changes to a straight line when the shear velocity Reynolds 

number is less than three. This happen when the sediment particle is very small, 

and the critical tractive force is independent of sediment size (Liu, 1957). 

Nevertheless, White (1940) showed that for a small shear velocity Reynolds 

number, the critical tractive force is proportional to the sediment size. Shields 

diagram is now firmly established, especially in the field of hydraulic engineering, 
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by virtue of its rational basis in fluid dynamics. However, this curve is criticized as 

there is no data for Re greater than 600 or less than approximately 2. 

White (1940) assumed that the lift force and the slope have insignificant influences 

on incipient motion and hence can be neglected compared to other factors. 

According to White (1940), a particle will start to move when shear stress is equal 

to 𝐶5(𝛾𝑠 − 𝛾)𝑑. 

𝜏𝑐 = 𝐶5(𝛾𝑠 − 𝛾)𝑑   (3) 

Thus, the critical shear stress is proportional to sediment diameter. The factor 𝐶5 

is a function of the density and shape of the particle, fluid properties, and 

arrangement of the sediment particles on the bed surface. Values of 𝜏𝑐 =

𝐶5(𝛾𝑠 − 𝛾) for sand in water ranges from 0.013 to 0.04 when the British Standard 

system is used. 

2.3.1.1 Modes of sediment transport 

The sediment load of a river is transported in various ways. Formulas to calculate 

sediment transport rate exist for sediment moving in several different parts of the 

flow. These formulas are often segregated into bed load, suspended load, and 

wash load as shown on Figure 2.9. 

Dissolved load 

Dissolved matter is invisible (especially ions from chemical weathering), and is 

transported in the form of chemical ions. This type of load can result from mineral 

alteration due to chemical erosion, or even groundwater seepage into the stream. 

https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Weathering#Chemical_weathering
https://en.wikipedia.org/wiki/Ions
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The amount of material carried as a dissolved load is typically much smaller than 

the suspended load (McCconnell, 2016). 

Suspended load 

A suspended load is composed of fine sediment particles suspended and 

transported through the stream. These materials are too large to be dissolved but 

too small to lie on the bed of the stream (Mangelsdorf et al., 1990). Suspended 

load and suspended sediment are similar but are not the same. Suspended 

sediment refers to any particles kept uplifted in water, whether the water is flowing 

or not. On the other hand, suspended loads require moving water to keep the 

sediment transporting above the bed. The size of the particles that can be carried 

as a suspended load is dependent on the flow rate. Stream flow keeps these 

suspended materials, such as clay and silt, from settling on the stream bed. 

Suspended load is the result of material eroded by hydraulic action at the stream 

surface bordering the channel, as well as erosion of the channel itself. Suspended 

load accounts for the largest majority of stream load (McCconnell, 2016). 

Bed load 

The bed load consists of the larger sediment that is transported by saltation, rolling, 

and dragging on the riverbed. Bed load materials are largest and heaviest 

materials in the stream, ranging from sand and gravel to cobbles and boulders. 

These materials move slower than the flow and spend most of their time on or near 

the stream bed. There are two main ways to transport bed load: traction (heaviest 

material left the bottom of bed either roll or slide along the bed) and saltation (small 

particles skipping along stream bed) (Dey, 2014). 

https://en.wikipedia.org/wiki/Suspended_load
https://en.wikipedia.org/wiki/Suspended_load
https://en.wikipedia.org/wiki/Bed_load
https://en.wikipedia.org/wiki/Saltation_(geology)
https://en.wikipedia.org/wiki/Stream_bed
https://en.wikipedia.org/wiki/Bed_load
https://en.wikipedia.org/wiki/Saltation_(geology)
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Wash load 

The finest fraction of the suspended load is called the wash load and refers to the 

smaller sediments, primarily clays, silts, and fine sand fractions smaller than 

0.0625 mm. Wash load sediment can be carried over many kilometres in a matter 

of hours. 

Total load transport 

The total sediment load is the sum of the bed load, suspended load and wash load. 

However, in laboratory studies, the wash load is usually included under the 

suspended load. In addition, the wash load gets easily mixed with suspended load 

during transportation due to a similar process. 

 

Figure 2.9: Modes of sediment transport (Dey, 2014). 

2.3.1.2 Bar-Forming  

The formation of bars affects bank failures and channel shifts, which is one of the 

practical issues closely related to river control and hazard prevention (Repetto et 

al., 1999; Zhang et al., 2017b).The formation of bars is ascribed to the instability 

of the bed topography affected by three-dimensional perturbations from both flow 

and sediment transport (Parker, 1976). The number and size of bars can also be 
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used as criteria to distinguish between straight and winding rivers (Crosato and 

Mosselman, 2009). Two types of bars can be found in rivers: migrating and non-

migrating. Non-migrating bars have a larger wavelength and amplitude than 

migrating bars (Crosato et al., 2011). Due to the heterogeneity of the channel width 

and curvature in natural alluvial rivers, non-migrating bars are more likely to be 

observed. Zhang et al (2017) found that as the head cut migrated upstream in the 

flume, the accompanying undercut gradually forced the unconfined flow to run into 

the low-elevation zone, lowering the water level and inducing the outcrop of 

regions free from the incision (i.e., bars). 

 

Figure 2.10: elevation of the experimental at different time (Bar1, Bar2, Bar3 and Bar4 

indicate the location of each bar) (Zhang et al., 2017b) 
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A large number of studies have been completed on the formation of bed forms 

because bars have a significant impact on the fluvial morphology (An et al., 2013; 

Lisle et al., 1991). However, little known about how they form in sediment scouring 

processes. Further study on the process of bar formation under scouring 

conditions would be helpful to complement the possible ways of bar formation in 

the natural rivers. Lisle et al. (1991) described the detail of bar formation in a steep 

channel with mixed-size sediment under constant discharge and sediment feed 

and pointed out that the persistent deposition of coarse particles on the bar heads 

prevented downstream migration of bars. The development of bars in response to 

the change of sediment supply was also studied in several laboratory experiments 

(Nelson et al., 2009). 

2.3.2 Settling 

 

Settling velocity is an important parameter to describe the deposition of soil 

particles. Generally, the settling velocity of suspend particles depends on the 

gravitational and drag forces. Winterwerp and Van Kesteren (2004) used the 

balanced equation by these forces to represent the settling velocity of individual 

mud flocs in still water:  

𝑤𝑠,𝑟 =
𝛼𝑔(𝜌𝑠−𝜌𝑤)𝐷𝑝

3−𝑛𝑓
𝐷𝑓

𝑛𝑓−1

18𝛽𝜇(1+0.15𝑅𝑒𝑝
0.687)

   (4) 
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where 𝛼 and 𝛽 are coefficients depending on the shape of particles (𝛼 = 𝛽=1 for 

spherical); 𝜌𝑠 , 𝜌𝑤 ,are the densities of sediment particles and water respectively, 

𝐷𝑝and 𝐷𝑓, are diameters of the primary particles and the flocs, respectively; 𝑛𝑓, is 

the fractal dimension; 𝑅𝑒𝑝, is particle Reynolds number; and 𝑔, is gravitational 

acceleration;  and 𝜇 is viscosity of water. 

When; 𝛼 = 𝛽=1 which is for spherical particles, 𝑅𝑒𝑝, is less than 1, and 𝑛𝑓 = 1, the 

Stokes' formula will be simplified to; 

𝑤𝑠,𝑟 =
(𝜌𝑠−𝜌𝑤)𝑔𝐷𝑓

2

18𝜇
         (5) 

The previous equation of settling velocity is applicable for suspended floc at low 

concentration. However, when concentration of particles in a specific volume of 

water increases, the suspended flocs tend to hinder each other in their settling. In 

hindered settling, the added number of particles in an enclosed area creates a 

slower-moving mixture similar to the traffic jam on roads. A further increase in 

concentration causes the flocs to be unable to settle faster due to self-weight 

consolidation. Winterwerp and Van Kesteren (2004) developed a formula for 

hindered settling velocity 𝑤𝑠 which is given by equation (6); 

𝑤𝑠 = 𝑤𝑠,𝑟
2−2∅𝑠

2−3∅𝑠
[

√25+1.2𝑑∗𝑚
2 −5

√25+1.2𝑑∗
2−5

]
1.5

    (6) 

where; ∅ is volumetric concentration of the primary particles and 𝑑∗ and 𝑑 ∗𝑚 are 

grain parameters that can be determined by: 
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𝑑∗ = (
(𝜌𝑠−𝜌𝑤)𝑔

𝜌𝑣2 )
1 3⁄

× 𝑑 𝑎𝑛𝑑 𝑑∗𝑚 = (
(𝜌𝑠−𝜌𝑚)𝑔

𝜌𝑚𝑣2
𝑚

)
1 3⁄

× 𝑑  (7) 

Where; 𝑣 is the clear water kinematic viscosity; 𝑣𝑚, stand for the mixture kinematic 

viscosity; 𝜌, is clear water density; 𝜌𝑚, is mixture density; and 𝑑 is diameter of the 

primary particles. 

The settling behaviour of the suspensions depends on electrolyte concentration 

and pH. When the pH of the solution is 2, kaolinite suspensions are highly 

flocculated, and the particles settle in flocculated form for all concentrations of 

NaCl. By contrast, at pH 9, only suspensions in 0.1 M NaCl settle in the flocculated 

form, whereas kaolinite suspensions with the NaCl concentration <0.001 M settles 

in deflocculated form. Similarly at pH 7, the only sediments that settle in flocculated 

form do so in 0.1 and 0.001 M NaCl (Nasser and James, 2009). Tsai and Hu 

(1997), studied the relationship between flocculated particles and applied shear at 

a variety of pH values and found that, the effect of pH on the floc size depends on 

the shear stress.  At pH = 6.0 (concentration = 100 mg / L) increase shear stress 

leading to decrease floc size. Whereas, at pH = 7.5 increasing shear stress till 400 

𝑠−1 (inverse seconds) leading to increase floc size and the further increase of 

shear stress to 500 s-1 result in decreasing the floc size.  

 Sand content increase the settling rate of a mixture of mud-sand suspension 

(Mitchener and Torfs, 1996). Adding more sand to a mud-sand mixture, increases 

the settling velocity of microflocs (<160 μm); and reduces the settling velocity of 

the macrofloc (>160 μm). A microfloc can be consisted of unflocculated fine sand 

and flocculated clay particles, as a result microfloc have wider range in settling 
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velocities and effective densities and the larger macrofloc fraction. In addition, the 

settling velocity of microfloc formed by mixing sediment at a higher level of 

turbulent shear stress (τ~0.6 Pa), more than the settling velocity of microfloc 

formed by pure natural muds (Manning et al., 2010). 

2.3.2.1 Flocculation 

Flocculation occurs as a result of the presence of the forces of attraction between 

fine sediment particles. Clay particles have a negative charge that is balanced by 

cations in double layers (clay-water-electrolyte interaction). Thus, clay particles 

repel each other when their double layers touch each other. This repulsive force 

depends on the sizes of the double layers on the two particles. On the other hand, 

an attraction force acts between all adjacent pieces of matter known as Van der 

Waal's force (Lambe and Whitman, 1969). This attraction force is not affected by 

changes in the ionic concentration of the fluid, whereas, the repulsive force 

depends on the ionic concentration of the fluid. High ionic concentration (saline 

water) reduce the repulsive force (Johansen, 1998). If the net force between the 

particles is repulsive, the particles of clay will settle individually and form a dense 

layer at the bottom as shown on Figure 2.11. On the other hand, if the magnitude 

of the attractive force is greater than the magnitude of the repulsive force, the net 

result will be attractive and flocs will be formed. These flocs settle to the bottom 

with different settling velocity depending on some parameters such as 

concentration (Das, 2013).  
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Figure 2.11:(a) Dispersion and (b) flocculation with different contact of clay (Das, 

2013). 

Van Olphen (1977) divided the particle-particle interactions of clay as follow; face-

to-face (FF), edge-to-face (EF) and edge-to-edge (EE) association. The formation 

of these types of associations depends on attractive or repulsive forces 

(Ravisangar et al., 2005). Krone (1963) divided the aggregation growth into four 

orders. The zero order aggregates (initial aggregation) have stronger bonds than 

the next order. Therefore, the density and shear strength decrease with increasing 

aggregation order as shown on Figure 2.12. However, an increase in aggregate 

order results in an increase in settling velocity (McAnally, 2000). 
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Figure 2.12: Modes of particle association (Van Olphen, 1977; Ravisangar et al., 

2005). 

The collision of cohesive particles brings suspended particles close to each other 

and thus stimulates the flocculation process. There are three mechanisms for 

collision between particles: Brownian, Turbulent motion and differential settling. 

These mechanisms of collision form different sizes of flocs. The flocs formed by 

turbulent motion are stronger than other types of flocs. In estuaries, differential 

settling becomes dominant in slack water conditions (Van Leussen, 1988), 

whereas, turbulent motion is the most important collision mechanism in marine 

environments (Dyer and Manning, 1999; Mehta, 1989; Van Leussen, 1988).The 

number of collisions increase at relative low turbulent shear. As a result, floc size 

and settling velocity increase with suspended sediment concentration.  

2.3.2.2 Segregation 

The bed layer formed by mixing suspended sand and clay can exhibit alternating 

layers (segregation) or mixtures (van Ledden, 2003). Winterwerp and Van 
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Kesteren (2004) conclude that the sandy layer formed under the muddy layer, 

because sand particles can pass through nonconsolidated mud to reach the bed 

first (Winterwerp and Van Kesteren, 2004). However, segregation can occur in 

pure mud (0% sand) when dense compact flocs sink to the bed (Torfs et al., 1996).  

Manning et al. (2010) found that fine sand particles can be captured by floc 

structure in the presence of biological activity. Biological extracellular polymeric 

substances (EPS) have two effects (1) produce cage-like structure around the fine 

sand particles and (2) increase the adhesion between the sand and clay particles. 

Segregation can be prevented by continuous network structure before the sand 

settle to the bed otherwise, the bottom deposited bed will consist of sand particles 

only. The continuous network structure is formed when the initial suspension 

concentration of the mud in the mixture exceeds the gel points density (Toorman 

and Berlamont, 1993; Torfs et al., 1996). The gel points is the concentration that 

continuous card house-like structure is formed in the mud and effective stresses 

develop. In addition, the gel point varies depending on sediment type (Toorman 

and Berlamont, 1993).  

Segregation depends on the initial concentration of suspension and the amount of 

sand that can be held by the network structure; the latter depends on organic 

content, mineralogical, and chemical composition of mud. Segregation is the 

function of the height of the settling column. In addition, flocculation plays an 

important role in forming a homogeneous settled bed. Moreover, sand grains 

settling on a muddy bed are likely to settle through non-consolidated or partially 
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consolidated mud. However, new layer of sand will be formed if the muddy layer 

is well consolidated (Le Hir et al., 2011; Waeles et al., 2007). 

2.3.2.3 Effect of turbulence on settling of sediment 

Turbulence is an important factor affecting the processes of both aggregation and 

breaking flocs, depending on the strength of the flocs and shearing force. If the 

mud flocs are strong enough to withstand the maximum shearing caused by 

turbulence, then the flocs will settle to the bed. At low turbulent shear, settling 

velocity and floc size increase. This is because the number of collisions increases 

with turbulence, forming large flocs that may settle faster than the individual 

particles. On the other hand, high turbulence may break up flocs that are not strong 

enough, thus decreasing the settling velocity and particle size (Johansen, 1998). 

In turbulent flows, several researchers discussed the effects of turbulence on 

sediment settling velocity. Graf (1984) presented a comprehensive review of the 

effects of turbulence on suspended- solid particles. Nielsen (1993) suggested that 

the fall velocity of sediment particles increases or decreases depending upon 

turbulence intensity, particle density, and characteristic length scale and time scale 

of the turbulence. It may found that the reduction and increase of settling velocity 

were due to the relative turbulence intensity 𝜎/w0 (where w0 is terminal settling 

velocity). This mean that, heavy particles can be slowed by 20–40% in relatively 

weak grid turbulence, whereas the settling velocity can be increased considerably 

in stronger turbulence. 
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2.3.3  Consolidation 

 

Sedimentation is the process by which the particles in suspension move to settle 

out of the fluid, caused by the inability of a fluid to carry these particles (Jia et al., 

2018). The settling of sediment particles becomes impeded due to the proximity of 

other sediment particles, which can be an important process in highly muddy 

environments (Spearman and Manning, 2017). Cohesive particles may settle as 

dispersed particles or in the form of particle clusters as a result of the flocculation 

process. Settling as a group of particles or as flocs depends on several factors 

such as, the concentration of particles, turbulence and flocculation agent 

(Johansen, 1998; Sills, 2003). Due to the settlement of many particles such as 

dispersed particles or flocs the bed become consolidated under its own weight. 

Consolidation is the time dependent compaction of the soil skeleton as a result of 

its own weight and possibly due to other loads exerted on it (Zhou et al., 2016).  

Flocculated particles have less density and shear strength than their constituent 

flocculated units. This difference is due to voids in the flocs that yields an overall 

density less than their components. The flocs are formed in suspension and 

crushed in deposition due to overburdening to their constituent units. Thus, the 

shear strength of the bed increases due to high density of floc constituent units. 

The shear strength of cohesive bed material increase with depth for two reasons: 

(1) variation of primary particle size with depth, and (2) consolidation and 

associated physico-chemical changes due to overburdening (Parchure and Mehta, 

1985). Consolidation decreases the thickness of the deposited bed through 
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changes in porosity. As the result, consolidation increases bed dry density and 

shear strength. Thus, consolidation has direct effects on bed erodibility (Kuijper et 

al., 1989).  

The sedimentation rate of a flocculated suspension of cohesive soil particles is 

usually much faster than that of a dispersed suspension, but a much denser 

sediment deposit is obtained from a dispersed suspension. Since particles in a 

dispersed suspension settle individually, they slide and roll among each other to 

reach the lowest possible position in the crowded bottom of the bed, resulting in a 

closely packed structure. However, in flocculated suspensions, the loosely formed 

flocs will settle as such and may pile up at the bottom in a voluminous structure 

(Ravisangar et al., 2005). The drained or undrained column systems have different 

effects on the consolidation rate. Berlamont et al. (1993) found the consolidation 

rate of the drained column is much higher than that of the undrained column. 

Self-weight consolidation is the process where pore water is driven out of the flocs 

and out of the space between the flocs due to its overburden pressure (Johansen, 

1998; Winterwerp and Van Kesteren, 2004). There are two types of consolidation. 

Primary consolidation occurs when bed self-weight of exceeds the seepage force 

(when effective stresses are first developed) and end when the seepage force has 

completely dissipated. The seepage force is the force lessens as the bed continues 

to undergo self-weight consolidation. At the consolidation stage, the self-weight of 

the particles expels the pore water, and thus, the particles come closer to each 

other. Secondary consolidation begins during the primary consolidation due to the 
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deformation and rearranging of the individual particles and may end after weeks 

or months from the end of primary consolidation. At this stage, bonds between the 

flocs breaks down and the density of bed increases, because flocs breaks down 

to their components, that have higher densities higher than the floc it-self 

(Johansen, 1998). 

Self-weight consolidation can be defined as the process in which a reduction in 

volume takes place by expulsion of pore water, resulting in closely consolidated 

sediment particles and increased bed density (Kynch, 1952; Mitchener and Torfs, 

1996; Zhou et al., 2016). The duration of the consolidation period varies from a few 

days to weeks or more, forming the final thickness of sediment bed that depends 

on the type of sediment, initial sediment mass, and pore fluid composition 

(Parchure and Mehta, 1985). The presence of sand particles assists in drainage 

and consequentially more rapid compaction (Terwindt and Breusers, 1972).  

The Gibson consolidation theory was initially proposed for pure mud relating the 

pore water release to the sediment void ratio. Several models in the past have 

been developed based on the Gibson theory to simulate pure mud consolidation 

(Chauchat et al., 2013; De Boer et al., 2007; Thiebot et al., 2011; Winterwerp and 

Van Kesteren, 2004). However, only a few studies have applied this theory to 

mixed sediments (Chauchat et al., 2013; Le Hir et al., 2011; Toorman, 1996; 

Toorman, 1999) due to the difficulty of simulating soil consolidation for moderate 

to large sand contents typically larger than 10 - 20 % (Grasso et al., 2015; Wang 

et al., 2018). 
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Consolidation is primarily considered to occur for cohesive soil material while 

existing studies show that an addition of insignificant amount of sand may enhance 

the consolidation process. The effect of non-cohesive on consolidation process 

depends on mineralogical and chemical composition of the mixed sediments (Torfs 

et al., 1996; Zhou et al., 2016). Compared with pure mud, sand content speeds up 

the consolidation process and increases the bed density and permeability of the 

mixture sediment. However, segregation occurs when more than 10 % of sand is 

added (i.e., total sand content >23.5%). In addition, 23.5 % sand content is 

considered to be the critical sand content for increasing bed density (i.e adding 

sand above this percentage did not speed up the consolidation process anymore) 

(Torfs et al., 1996). Consolidation can be increased by the addition of sand for two 

reasons: (1) sand particles move downward producing drainage paths in the 

overlying mud resulting in pore water being expelled faster, and thus speeding up 

consolidation; (2) sand particles drag fine silts down through the bed leaving 

coarser silts at the top of the bed with higher densities (Torfs et al., 1996). van Rijn 

and Barth (2018) conducted set of laboratory settling columns of varying lengths 

from 0.5 m to 3 m for observing the consolidation process of soft mud–sand 

mixtures. The result of this study showed that the primary consolidation process 

proceeds fairly quickly (10–50 days) if the percentage of sand (>63 mm) is larger 

than approximately 30%. 
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2.3.3.1  Identifying consolidation zone 

Sedimentation zone started when particles in suspension move to settle out of the 

fluid whereas consolidation zone started when reduction in volume takes place by 

expulsion of pore water. The consolidation zone can be distinguished by: 

Stress: Johansen (1998)  explained stress or consolidation theory that was first 

developed by  Terzaghi, (1923) by using Equation 8 and Figure 2.13: 

𝜎 = 𝜎′ + 𝑢𝑤   (8) 

This theory shows that the stress state function (effective stress 𝜎′) is the 

difference between the total stress 𝜎 and the pore water pressure 𝑢𝑤. Been and 

Sills (1981) stated that the pore water pressure and the total stress are equal at 

the interface where there is no effective stress. Soil structure is formed when 

certain density and effective stresses are developed. Kynch (1952), formulated a 

theory that shows density development during consolidation. The zone when the 

effective stress changes from 𝜎′ =0 (suspension zone) to 𝜎′ > 0 (bed zone) is 

called the transition zone. At transition zone, Mehta (1989) found that, the 

difference between the total stress and the pore water pressure is not necessary 

equal to the effective stress. 
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Figure 2.13: Stress distribution during consolidation (Johansen, 1998). 

  

Concentration: Thiébot and Guillou (2006) identified the range of the three zones 

for the mud of the Rance River in western France as shown in Figure 2.14. For the 

first zone (sedimentation zone t < 40 min), the interface gradually sinks down at a 

nearly constant speed. The range of the transition zone is between 40min and 

1350 min, and the interface appears near the bottom of the column, revealing that 

the mud is obtaining saturated soil characteristics. The third zone (t > 1350min), 

represents the consolidation stage of the beds. 
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Figure 2.14: Settling curve obtained with mud of the Rance River in western France 

(Thiébot and Guillou, 2006). 

Chauchat et al. (2013) stated that consolidation stage occurs when the 

concentration is above the gel point (between 30 and 150 g/l) where a solid 

skeleton is developing. By contrast, hindered settling stage occurs when the 

concentration exceeds a given threshold value (between 3 and 30 g/l). 

The gelling point concentration is determined when the volumetric concentration 

of flocs becomes equal. Winterwerp (2002) proposed a relationship between gel 

point concentration Cgel and floc size Df.: 

𝐶𝑔𝑒𝑙 = 𝜌𝑠 [
𝐷𝑝

𝐷𝑓
]

3−𝑛𝑓

   (9) 

Where; 𝜌𝑠 is sediment density; 𝐷𝑓 and 𝐷𝑝diameters of the flocs and the primary 

particles, respectively; and 𝑛𝑓 fractal dimension.  

Dankers (2006), presented two methods to determine the gel point. The first 

method depends on the mass balance of the settling profile and from average 
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concentrations above and below the lower interface as shown in Figure 2.15. The 

gelling concentration is then given by: 

𝐶𝑔𝑒𝑙 =
𝐶0ℎ−𝐶2𝛿2

𝛿1
    (10) 

where; 𝐶0 and ℎ are the initial concentration and the initial height, respectively; 𝐶2, 

concentration in the area from the upper interface to the shock or lower interface; 

𝛿1, height from the bottom of the column to the lower interface at time t1 and; 𝛿2, 

the height from the lower interface to the top interface at time t1. 

 

Figure 2.15 :Determination of the gelling concentration from a settling curve (in 

Dankers, 2006) (VAN, 2013). 

  

2.3.3.2 Sedimentation and consolidation theories 

Sedimentation and consolidation are two different processes each of which has 

been described by a different theory: for sedimentation, the (Kynch, 1952) and for 

consolidation Terzaghi, (1923) and Gibson et al. (1967) theories as shown on 
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Figure 2.16. However, both processes can be presented in one unified theory such 

as those presented by (Toorman, 1996; Van and Van Bang, 2013). 

Sedimentation process occurs when the suspended particles started to settle. The 

theory of sedimentation of non-cohesive soil particles must include the terminal 

settling velocity of a single spherical particle and the hindered settling velocity of 

particles. By contrast, the theory of sedimentation of cohesive soil particles must 

include the terminal settling velocity of a single spherical shape, the settling 

velocity and hindered settling velocity of flocs (Van and Van Bang, 2013). 

 

Figure 2.16: Diagram of different processes involved in the settling transport (left: non-

cohesive, right: cohesive) (VAN,. 2013). 
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2.3.3.3 Sedimentation theory 

 

Kynch (1952) developed a theory of sedimentation that was dependent on the 

hypothesis that, the settling velocity of the particles is determined by the local 

particle density only. By observing the height of the interface, the relationship 

between the particle density and the settling velocity can be calculated: 

𝑉(𝐶)
𝜕𝐶

𝜕𝜁
+

𝜕𝐶

𝜕𝑡
= 0    (11) 

𝑉(𝐶) = 𝑉𝑠 + 𝐶
𝜕𝑉𝑠

𝜕𝐶
    (12) 

where; c is the sediment concentration, ζ is the Eulerian co-ordinate and 𝑉𝑠 is the 

settling velocity, which is a function of the local concentration only. Been (1980) 

linked settling velocity 𝑉𝑠 as a function of permeability as follows: 

𝑉𝑠 = − (
𝛾𝑠

𝛾𝑤
− 1)

𝑘

1+𝑒
    (13) 

where, 𝛾𝑠  𝑎𝑛𝑑 𝛾𝑤  are unit weights of sediment and water respectively; 𝑒 void ratio; 

and k permeability. 

2.3.3.4  Consolidation theories 

 

Terzaghi's consolidation theory for one-dimensional was developed for small strain 

(the stress-strain behaviour of the soil skeleton is linear and elastic). This theory 

depends on a number of assumptions: the clay is fully saturated and 

homogeneous, the water and solid constituents are incompressible, the bed has a 
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constant permeability, the soil obeys Darcy's law of permeability and the pore 

water and the vertical displacements are small compared with the thickness of the 

soil layer. 

 Terzaghi considered his theory on pore pressure (u) as the dependent variable: 

𝜕𝑢

𝜕𝑡
= 𝐶𝑣

𝜕2𝑢

𝜕𝑡2      (14) 

where; t is the time from the beginning of consolidation; 𝐶𝑣 is the coefficient of 

consolidation given by  

𝐶𝑣 =
𝑘

𝑚𝑣𝛾𝑤
=

𝑘(1+𝑒0)

𝑎𝑣 𝛾𝑤

 (15) 

where 𝑒0 is the initial void ratio, k is the coefficient of permeability, 𝑚𝑣 is the 

coefficient of volume change 𝑚𝑣 =
𝑎𝑣

1+𝑒0
 , 𝑎𝑣 is the coefficient of compressibility and 

𝛾𝑤 is the unit weight of water. 

This theory is principally restricted to infinitesimal strains and assumed that the 

thickness of the compressible layer is constant and, the deformation of the layer 

during consolidation is small compared with its thickness (Thomas and Patrick 

2015). However, in estuaries and lakes, the strains can be large and the 

application of the conventional theory by Terzaghi is not justified. Infinitesimal 

strain theory was replaced by the more general finite strain approach developed 

by Gibson et al. (1967). 
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Terzaghi’s one-dimensional consolidation theory is unsatisfactory when the strains 

involved are substantial (such as in the range of 20 % or more), when the stress-

strain behaviour of the soil skeleton is non-linear and not elastic, and when self-

weight consolidation is involved (Schiffman et al., 1984). Gibson et al. (1967) 

developed a one-dimensional finite strain consolidation theory that has no 

restriction on the magnitudes of the strain. Gibson’s theory (1967) is based on five 

assumptions: (1) soft soil is saturated and settlement is a vertical process only; (2) 

grains and fluid are incompressible; (3) effective stress and permeability both are 

function of void ratio only; (4) the continuity of the pore fluid flow; and  (5) the 

vertical equilibrium of the soil, and the equation of motion (Darcy's law) with respect 

to the relative velocities of the water and the sediment particles. Moreover, Gibson 

et al. (1967) considered that the soil compressibility and permeability may vary 

during consolidation. Effective stress and permeability are both a function of the 

void ratio given by Equations 16 and 17 

𝜎′ = 𝜎′(𝑒)    (16) 

𝑘 = 𝑘(𝑒)    (17) 

Gibson et al. (1967) represented finite strain non-linear consolidation process in 

terms of the void ratio e: 

𝜕𝑒

𝜕𝑡
+ (

𝛾𝑠

𝛾𝑤
− 1)

𝜕

𝜕𝑒
[

𝑘(𝑒)

1+𝑒
]

𝜕𝑒

𝜕𝑧
+

𝜕

𝜕𝑧
[

𝑘(𝑒)

𝛾𝑤(1+𝑒)

𝑑

𝑑𝑒
[𝜎′(𝑒)]

𝜕𝑒

𝜕𝑧
] = 0         (18) 

where: k [m/s] is the hydraulic conductivity and 𝜎′ [Pa] is the effective stress. The 

void ratio e is defined as: 
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𝑒 =
𝜙

1−𝜙
=

𝑣𝑜𝑙𝑢𝑚𝑒 𝑣𝑜𝑖𝑑𝑠

𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑜𝑖𝑑𝑠
   (19) 

where; 𝜙 is the porosity (volume voids); Z is a material coordinate related to the 

Lagrangian coordinate (a) as z=∫
1

1+𝑒0(𝑎)
𝑑𝑎

𝑎

0
  where 𝑒0 is the void ratio at time t= 0.  

The effect of self-weight on consolidation is given by the first term of Equation 18. 

To simplify and arrive at analytical solutions for Equation 18 the effect of self-

weight consolidation can be neglected by setting 𝛾𝑠 = 𝛾𝑤. 

In (1979) Lee and Sills derived the governing equation for a finite strain nonlinear 

primary consolidation in terms of the porosity n (i.e the dependent variable is 

porosity): 

 

𝜕𝑛

𝜕𝑡
= −

𝜕

𝜕𝑥
{[

𝑘

𝛾𝑤
(1 + 𝑒)

𝑑𝜎′

𝑑𝑒
]

𝜕𝑛

𝜕𝑥
} − {(𝐺𝑆 − 1)

𝑑

𝑑𝑛
[𝑘(1 − 𝑛)2] −

𝜕𝑞

𝜕𝑥

𝑑

𝑑𝑛
[

𝑘

𝛾𝑤
(1 − 𝑛)]} .

𝜕𝑛

𝜕𝑥
+

𝑘

𝛾𝑤
(1 − 𝑛)    (20) 

where; G, =
𝜌𝑠

𝜌𝑤
 is the specific gravity of solids; q is a distributed body force within 

the soil layer, and x is a spatial (Eulerian) coordinate. Other variables remained 

the same as those used in Gibson's derivations. 

For a thin layer the above equation becomes: 

𝜕𝑛

𝜕𝑡
= −

𝜕

𝜕𝑥
[

𝑘

𝛾𝑤
(1 + 𝑒)

𝑑𝜎′

𝑑𝑒

𝜕𝑛

𝜕𝑥
]    (21) 
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where the self-weight of soil is negligible. Been (1980) studied sedimentation and 

soil formation in natural silt to gain a fundamental understanding of the process 

and behaviour of soil at very low stresses. Been showed that the Gibson equation 

can be reduced to that developed by Kynch (1952) for hindered settling when the 

effective stress is reduced to zero.  

Xin-Yu et al. (2005) yielded even more practical result from Gibson’s theory. They 

carried out an analytical solution for the non-linear finite strain self-weight 

consolidation using a generic assumption to relate the effective pore pressure to 

void ratio which can be presented as: 

𝑑

𝑑𝑒
(

𝑑𝑒

𝑑𝜎′
) = 𝛼(𝑒 − 𝑒0)    (22) 

where; 𝛼 and 𝑒0 correspond to the test result and void ratio of soil, respectively. By 

using the above assumptions, the consolidation equation can be changed to: 

𝜕𝑒

𝜕𝑇
=

𝜕2𝑒

𝜕𝑧2 − 𝜔(𝑒 − 𝑒0)
𝜕𝑒

𝜕𝑧
       (23) 

in which 

𝜔 = 𝛼(𝛾𝑠 − 𝛾𝑓)/𝛾𝑓                           (24) 

𝑇 = 𝑔𝑡                                       (25) 

where; 𝛾𝑠 and 𝛾𝑓  are specific gravities of soil skeleton and water, respectively; 𝑒 is 

void ratio; Z spatial variable with material description; k(e) permeability model 
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coefficient dependent on void ratio; and 𝜎′ effective pore pressure. 𝛼 and 𝑒0 

correspond to test results and the initial void ratio of soil, respectively. 

2.3.3.5 Unifying theories 

 

Toorman (1996) found that sedimentation and consolidation process can be 

described by using one theory (unified theory). Toorman (1996) derived an 

equation using the Darcy-Gersevanov law.This equation allows the computation 

of the time evolution of the density profile. 

𝜕∅

𝜕𝑡
+

𝜕(𝑣∅)

𝜕𝑧
=

𝜕∅

𝜕𝑡
+

𝜕𝑆𝑠

𝜕𝑧
= 0      (26) 

where; ∅ is the sediment volume fraction, 𝑆𝑠 is the total sediment flux, and 𝑣 is the 

average sediment particle velocity. 

 

2.3.3.6 Linked sedimentation and consolidation  

 

The first attempt to link and show the similarity between Kynch’s theory (Kynch, 

1952) and the consolidation theory was done by Been (1980). Been found that 

both the large strain consolidation equation (Gibson et al., 1967) and the (Kynch, 

1952) sedimentation equation can be derived from the two phase flow mod. 

Moreover, the effective stress is equal to zero in the sedimentation process of 

suspension. Pane and Schiffman (1985) linked the two processes by introducing 
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an interaction coefficient to describe the effective stress changing in transition from 

sedimentation to consolidation: 

𝜎 = 𝛽(𝑒)𝜎′ + 𝑢𝑤    (27) 

where; 𝜎 is vertical total stress; 𝜎′,  vertical effective stress; u, water pressure [Pa]; 

and 𝛽, is the interaction coefficient that is a function of the void ratio. When 𝛽 is 

equal to zero (no particle-particle contact); and if 𝛽 is equal to one (full particle-

particle contact). 

The interaction coefficient 𝛽 is equal to unity when 𝑒 < 𝑒𝑠 (= maximum void ratio 

for which a soil exists) and means that full particle-to-particle contact occurs as 

shown on Figure 2.17. By contrast, the transition zone between suspension and 

consolidation soil occurs when  𝑒𝑆 < e < 𝑒𝑚 (= minimum void ratio for which a 

suspension exists). Using the (Pane and Schiffman, 1985) equation the Gibson 

equation, was modified to become: 

𝜕𝑒

𝜕𝑡
+ (

𝛾𝑠

𝛾𝑤
− 1)

𝜕

𝜕𝑒
[

𝑘(𝑒)

1+𝑒
]

𝜕𝑒

𝜕𝑧
+

𝜕

𝜕𝑧
[

𝑘

𝛾𝑤(1+𝑒)
𝛽

𝑑𝜎′

𝑑𝑒

𝜕𝑒

𝜕𝑧
] +

𝜕

𝜕𝑧
[

𝑘

𝛾𝑤(1+𝑒)

𝑑𝛽

𝑑𝑒
𝜎′

𝜕𝑒

𝜕𝑧
] = 0       (28) 

 

where; z is the solid thickness or material co-ordinate [m]; and t is time in seconds. 

When the void ratio is larger than the specific value 𝑒𝑚 (𝑒 > 𝑒𝑚), 𝛽  is equal to zero 

because no effective stresses are present. Therefore, Equation 28 can be reduced 

(when 𝛽 = zero) to become: 
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𝜕𝑒

𝜕𝑡
+ (

𝛾𝑠

𝛾𝑤
− 1)

𝜕

𝜕𝑒
[

𝑘(𝑒)

1+𝑒
]

𝜕𝑒

𝜕𝑧
= 0    (29) 

 

Equation 28 becomes similar to Gibson's equation when 𝛽 = 1 and e < es 

(represents a structural void ratio where effective stress is present, and the 

interaction coefficient is equal to unity). However, Equation 28 becomes similar 

Kynch's equation when 𝛽 =0 and e > 𝑒𝑚 (a maximum suspension void ratio where 

there is no effective stress and the interaction coefficient is zero). 

 

Figure 2.17: Modified effective stress principle Pane and Schiffman (1985). 

Pane and Schiffman (1985) obtained the governed equation of the transition stage 

and defined the limiting void ratios among these three stages as 𝑒𝑚 and  𝑒𝑆 

respectively. Although the proposed hypothesis is excellent and meaningful, the 

mechanism of this is incomprehensible all the same and the equation is unable to 

be used because there is no practical method to obtain 𝑒𝑚 and 𝑒𝑆. 
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Xu et al. (2012) divided the consolidation of sedimentation for two stages, as 

shown on the Figure 2.18. The first stage is called non-Terzaghi soil because the 

Terzaghi effective theory cannot applied, due to an effective stress of the flocs are 

lower than the yield force of flocs and the voids in flocs are not compressed, 

however, the voids among the flocs are compressed. In the second stage called 

Terzaghi soil, the effective stresses increases and exceed the yield stress 

therefore, the flocs are broken and both voids among the flocs and in the flocs are 

compressed. The critical void ratio between the consolidation state and fluid state 

is soil formation void ratio 𝑒𝑚  and  the boundary void ratio between no-Terzaghi 

soil and Terzaghi soil is 𝑒𝑆. 

Xu et al. (2012) stated that the equation of Pane and Schiffman is unable to be 

used because there is no practical method to obtain 𝑒𝑚 (soil formation void ratio) 

and  𝑒𝑆. Gui found relationships to determine the 𝑒𝑚 soil formation and  𝑒𝑆 critical 

void ratio between non-Terzaghi soil and Terzaghi soil as expressed as the 

following equations: 

𝑒𝑚 = 8.6𝑒𝐿   (30) 

ℎ𝑡

ℎ0
=

1+𝑒𝑡

1+𝑒𝑠
    (31) 

where; 𝑒𝐿 is void ratio at liquid limit; ℎ𝑡 and 𝑒𝑡 are the height of mud and average 

void ratio at time t respectively and ℎ0 , is the initial height of the mud. 
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Figure 2.18: Relationship between void ratio and effective stress during sedimentation 

(Gui-Zhong, et al, 2012). 

 

2.3.3.7 Parameters and constitutive equation  

 

The Gibson finite strain consolidation governing equation is highly non-linear, and 

therefore, the analytical solution for the governing equation is difficult. The 

compressibility and permeability relationships were assumed to simplify and solve 

the governing equation (Wang et al., 2018).  

2.3.3.8 Gibson’s parameters 

Void ratio 

The Gibson equation is a force balance equation for the bulk material containing 

two parameters, effective stress and permeability, for which closure equations are 

needed, traditionally expressed in terms of void ratio or volume fraction. Void ratio 

e is defined as the volume of voids divided by the volume of solids and is widely 
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used for large strain consolidation problems. It is a dimensionless quantity in 

material science, and is closely related to porosity as: 

𝑒 =
𝑣𝑣

𝑣𝑠
=

𝑣𝑣

𝑣𝑇−𝑣𝑣
=

1−𝜙

𝜙
                   (32) 

 

where; e is the void ratio, ϕ is porosity, 𝑣𝑣 is the volume of void-space (such as 

fluids), 𝑣𝑠 is the volume of solids, and 𝑣𝑇 is the total or bulk volume. The increase 

in void ratio (decrease in density) as floc diameter increases means that there is 

an alteration in the number of particle bonds per unit floc volume. 

Effective stress 

Self-weight consolidation is the process whereby the soil layer load is gradually 

transferred from the fluid phase to the developing soil structure, thus decreasing 

the pore pressure and leading to an increase in effective stress. Therefore, 

effective stress has been used to identify the transition to a sediment consolidating 

structure from an overlying suspension (Sills, 2003). The maximum stress that can 

occur, is assumed to be determined by the number of inter-particle bonds per unit 

area multiplied by the bond strength. When the effective stress exceeds the 

maximum stress that can be realized, the network restructures to increase the 

number of inter-particle bonds per unit area (Bartholomeeusen et al., 2002; 

Merckelbach et al., 2002). Mitchell (1998) showed experimental evidence that 

indicate effective stress is proportional to the number of bonds per unit area. Thus, 

the effective stress 𝜎' may be written as  

https://en.wikipedia.org/wiki/Dimensionless_quantity
https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Porosity
https://en.wikipedia.org/wiki/Porosity
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𝜎′ = 𝑎𝑂                       (33) 

 where; 𝑂 is the number of bonds per unit area and a is the strength of a single 

bond (in N). 

Permeability 

Permeability of soil is the ability of a material to transmit fluids during the 

consolidation process. The physical and chemical properties of the soil have 

significant effects on bed permeability. The formal name is hydraulic conductivity, 

which refers to the ability of a soil to conduct water. The permeability in all previous 

settling column experiments was calculated using Darcy-Gersevanov flow 

relationship. The latter is the adapted version of Darcy's empirical law which 

accounts for relative movement. Therefore, for undrained conditions the flow 

equation can be rewritten as 

𝑣𝑠 = 𝑘
1

𝛾𝑤

𝜕𝑢𝑒

𝜕𝑥
                    (34) 

where; 𝑘 is permeability, 𝑣𝑠 is the solid velocity and 
𝜕𝑢𝑒

𝜕𝑥
 is the excess pore water 

pressure gradient need to be determined from experimental data. 

2.3.3.9 Constitutive equation 

Gibson et al. (1981) simplified Gibson (1967) consolidation equation by assuming 

function (X, ʎ) as constant to take a linear form. 

𝑋 = −
𝑘

𝛾𝑤(1+𝑒)

𝑑𝜎′

𝑑𝑒
 𝑎𝑛𝑑 ʎ = −

𝑑

𝑑𝑒
(

𝑑𝑒

𝑑𝜎′
)   (35) 
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However, using these functions 𝑋 (e) and ʎ (e) as constant values would result in 

poor predictions, because these functions are highly variable for most clays 

according to (Benson Jr and Sill, 1985; Carrier Iii, 1985; Govindaraju et al., 1999; 

Hawlader et al., 2008). 

Liu and Znidarčić (1991) predicted the void ratio of the soil as a function of the 

vertical effective stress as follows: 

𝑒 = 𝐴(𝜎′ + 𝑍)𝐵   (36) 

where; A and B are constants, having the usual notation as in other power-function 

models, and Z is an additional soil parameter with a unit of stress. 

Gibson theory has been derived with different variables and coordinate systems 

by Toorman (1996) and Winterwerp and Van Kesteren (2004). Toorman (1996) 

presented a unifying theory consistent with the Gibson equation for sedimentation 

in a suspension and self-weight consolidation in a quiescent fluid. This theory is 

considered to be a logical extension of Kynch's sedimentation theory, developed 

to include self-weight consolidation and Brownian diffusion.  

𝜕∅𝑠

𝜕𝑡
=

𝜕

𝜕𝑧
[𝑤0∅𝑠 +

𝑤0

∆𝛾𝑠
(

𝜕𝜎′

𝜕𝑧
+

𝑑II

𝑑∅𝑠

𝜕∅𝑠

𝜕𝑧
)] =

𝜕

𝜕𝑧
[𝑤0∅𝑠 +

𝑤0

∆𝛾𝑠
(

𝜕𝜎′

𝜕𝑧
+ 𝐷𝐵

𝜕∅𝑠

𝜕𝑧
)] (37) 

where; ∅𝑠 is solids volume fraction, 𝑤0 is stress-free relative settling rate or stress-

free filtration rate, II is osmotic pressure, ∆𝛾𝑠 is sediment unit buoyant weight, t is 

time, z is vertical co-ordinate, 𝜎′ is effective stress, and 𝐷𝐵 is the Brownian diffusion 

coefficient.  
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Toorman (1999) presented the relationships between permeability, effective 

stress, and diffusivity to better predict sedimentation and consolidation using the 

numerical model. 

𝐶𝐹 = −
𝑘

𝜌𝑓(1+𝑒)

𝑑𝜎′

𝑑𝑒
   (38) 

where; k is the permeability and 𝜌𝑓 is the pore fluid density. 

The void ratio e was used as the dependent variable in the Gibson theory. 

However, Merckelbach and Kranenburg (2004)  used the volume fraction of solids 

as the dependent variable, therefore consolidation may be modelled as: 

𝜕∅𝑠

𝜕𝑡
−

𝜌𝑠−𝜌𝑤

𝜌𝑠

𝜕

𝜕𝑧
[𝑘∅𝑠

2] −
1

𝜌𝑤𝑔

𝜕

𝜕𝑧
[𝑘∅𝑠

𝜕𝜎′

𝜕𝑧
] = 0   (39) 

Hawlader et al. (2008) derived Equation 40 from the Gibson equation, which was 

solved numerically using Crank–Nicolson’s finite difference technique using 

appropriate initial and boundary conditions and the new constitutive model. The 

proposed model successfully simulates the settlement of the soil layer, void ratio, 

and pore water pressure distributions with the progress of consolidation. 

Therefore, the finite strain one-dimensional consolidation can be solve using this 

model with pertinent initial and boundary conditions. 

𝜕𝜎′

𝜕𝑡
=

𝛼

𝐴1
{

𝜕2𝜎′

𝜕𝑧2 + 𝛽 [
𝜕𝜎′

𝜕𝑍
+ (𝛾𝑆 − 𝛾𝑊)]}   (40) 

where; 𝜎′ is effective stress, t is time, z is the material coordinate, 𝛾𝑆 and 𝛾𝑊 are 

unit weights of soil solids and water, respectively. 𝛽 is a parameter dependent on 
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void ratio e (𝛽 = [
𝐷

𝑒
−

1

(1+𝑒)
]

𝜕𝑒

𝜕𝑧
). 𝐴1 is a parameter equal to 𝐴1 =  (−

𝜕𝑒

𝜕𝜎′
) and 𝛼 is a 

parameter equal to 𝛼 =
𝑘

(1+𝑒)𝛾𝑤
. 

It can be seen that, the sedimentation and consolidation can be described using 

different variables, such as void ratio (Gibson et al., 1967), porosity (Lee and Sills), 

volume solid fraction (Toorman, 1996), excess pore water pressure, and 

concentration (Jeeravipoolvarn et al.; Krizek and Somogyi, 1984). However, these 

variables are associated with some problems. For example, void ratio tends to be 

an infinite value when the mass fraction of a suspension is zero and the value of 

volume solid fraction = 1 never occurs in practice (Toorman, 1999). Porosity has 

the same limitation (Grasso et al., 2015). A summary of a well-known constitutive 

equations are presented in Table 2.1 
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Table 2.1: A summary of some constitutive equation (Hawlader et al., 2008) 

Sources and users Constants Compressibility Permeability 

(Gibson et al., 

1981) 

g and ʎ 
𝑔 = −

𝑘

𝛾𝑤(1 + 𝑒)

𝑑𝜎′

𝑑𝑒
= 𝑐  𝑎𝑛𝑑 ʎ = −

𝑑

𝑑𝑒
(

𝑑𝑒

𝑑𝜎′
) = 𝑐 

Been and  Sills 

(1981) 

g and 𝑘′ 
𝑔 = −

𝑘

𝛾𝑤(1 + 𝑒)

𝑑𝜎′

𝑑𝑒
= 𝑐  𝑎𝑛𝑑 𝑘 = 𝛾𝑤𝑘′(1 + 𝑒) = 𝑐 

(Koppula and 

Morgenstern, 

1982) 

c1,c2,c3,c4,c5 𝑒 = 𝑐1𝜎′𝑐2 + 𝑐3 𝑘 = 𝑐4(1 + 𝑒)𝜎 ,𝑐5 

Carrier et al. 

(1983) 

A, B, E and F 𝑒 = 𝐴𝜎𝐵 
𝑘 =

𝐸𝑒𝐹

1 + 𝑒
 

Merckelbach and 

Kranenburg 

(2004)  

𝐾𝑘 , 𝐾𝜎  𝑎𝑛𝑑 𝑛 𝑘 = 𝐾𝜎∅−𝑛 𝑘 = 𝐾𝑘∅−𝑛 

 

2.3.3.10 Effect of turbulence on consolidation 

Fine particles intrudes into the river bed as a response to the interaction between 

the turbulence of the channel flow and the settling properties of the suspended 

particles. As a result of different processes, these fines particles are deposited in 

the river bed or incorporated into its top layer so that the pore space is reduced 

(i.e. the river bed is progressively clogged). The formed bed has a compact texture, 

comparatively high resistance against increasing discharges and reduced 

hydraulic conductivity (Hart and Sly, 2012). 

Lau and Droppo (2000) stated that when suspended cohesive soil is exposed to 

turbulent shear during deposition, the formed beds are more resistant to erosion 
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than the beds formed in quiescent deposition. In addition, sands are compact as 

well largely due to the influence of waves and turbulence by a process that is much 

less well understood (Chiou et al., 2012). 

Beds formed under quiescent conditions are less resistant to erosion than those 

formed under flowing conditions, because the flow produces stronger flocs and 

develops the connection between bed particles (Lau and Droppo, 2000). According 

to Lau and Droppo (2000), when suspended cohesive is exposed to turbulent 

shear during deposition, the formed beds are more resistant to erosion than those 

formed in quiescent deposition. Moreover, deposits aggregate under shear stress 

are denser and larger and require higher critical shear stresses for erosion. 

2.3.4   Erosion 

 

Critical stress and erosion rate are used to describe the erosion of a bed. Critical 

stress is the initial resistance to motion, whereas, erosion rate is the difference 

between applied stress and critical stress (Sanford, 2008). Wang (2003) found that 

at low stress the erosion stays roughly constant and tends to increase sharply 

when the shear stress becomes more than a critical value. The erosion can be 

divided into two stages: the thin top layer (fluff) with high water content is easily 

eroded by tidal currents, whereas, the consolidated bottom layer needs high shear 

stress to become eroded (Wang, 2003).  

Erosion has several different forms as it is shown in Figure 2.19; (1) Entrainment 

(behaves as a viscous fluid). (2) Floc erosion (the strength of the floc less than bed 
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shear stresses). (3) Surface erosion (swelling when the bed is over-consolidated). 

(4) Mass erosion (undrained shear strength of the bed less than external stresses). 

 

Figure 2.19: Type of erosion (Winterwerp and Van Kesteren, 2004). 

Erodibility can be expressed as a threshold for erosion, which is the critical bed 

shear stress (τc) that starts bed erosion. Low erosion threshold means highly 

erodible bed. Moreover, erodibility can also be expressed as erosion rate (E) which 

is the mass of sediment eroded per unit time once the threshold is exceeded. High 

erosion rates at a low excess shear stress means highly erodible bed (Grabowski 

et al., 2011). 



 

 

59 

 

Sanford and Maa (2001) and Grabowski et al. (2011) used power law erosion to 

link the threshold for erosion (critical bed shear stress (τc)) with erosion rate (E) in 

the equation: 

𝐸 = 𝑀[𝜏𝑏 − 𝜏𝑐(𝑧)]𝑛    (41) 

where; M and 𝑛 are empirical rate parameters, 𝜏𝑏 is applied bottom shear stress, 

and 𝑧 is depth of erosion. All these parameters depend on sediment properties at 

a given excess shear stress (Grabowski et al., 2011). 

Ansari et al. (2003) found that the maximum scour depth decreases with increasing 

mean particle size 𝑑50 for non-cohesion soils. However, the primary factors that 

control soil erodibility are grain-size distribution, void ratio, and plasticity index 

(chang, 2011). 

A correlation analysis was performed to find a relationship for estimating critical 

erosive shear stress  𝜏𝑐 of broadly graded landslide deposits and to examine 

primary influencing factors related to 𝜏𝑐. Plasticity index PI, void ratio e and fines 

content, P were found to have strong correlations with 𝜏𝑐. Hence, these three 

parameters were examined by Chang et al. (2011) further in a multi-parameter 

regression analysis, yielding the regression equation: 

𝜏𝑐 = 6.8(𝑃𝐼)1.68 × 𝑃1.37 × 𝑒−0.79              (42) 

The bulk density increases and the coefficient of erodibility decreases with the 

depth of deposition (Bhattacharyya et al., 2011). An empirical relationship between 
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critical shear stress 𝜏𝑐 and wet bulk density 𝜌𝑏 was developed by Amos et al. 

(2004) for natural lacustrine, estuarine, and marine muds, defined as: 

𝜏𝑐  =  5.44 × 10−4 ×  (𝜌𝑏) − 0.28         (43) 

where; 𝜏𝑐 is critical shear stress (N 𝑚−2) and ρb is the wet bulk density (kg 𝑚−3), 

The critical shear stress was found to increase with decreasing water content and 

the erodibility of clay was predicted using Atterberg limits (Raudkivi, 1998). Fukuda 

and Lick (1980) ran experiments on different types of sediment to identify the 

influence of water content and particle size on the erosion. The results showed 

that increasing water content causes a logarithmic increase in the erosion rate.  

Montmorillonite has the smallest range of particle size and the largest cation 

exchange capacity (CEC) and therefore is considered the most electro-chemically 

active mineral. By contrast, kaolinite is the least electro-chemically active mineral 

(Grabowski et al., 2011). Kaolinite is considered to have the lowest erodibility for 

soils, while montmorillonite has the highest erodibility (Morgan, 2009; Torfs, 1995). 

The variation of erodibility is linked to the variation of cation exchange capacity 

and its expansive nature. When water infiltrates clay units, it creates a space 

between these units, as this spacing increases the attraction between clay units 

decreases and becomes less resistant to erosion (Grabowski et al., 2011). 
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Table 2.2: Characteristics of clay mineralogies (Grabowski et al., 2011). 

 Particle size Plasticity CEC 

(meq/100 g) 

Erodibility 

Kaolinite Large Low 3–15 Low 

Illite Med Med 10–40 Med 

Montmorillonite Small High 80–150 High 

 

Mitchener and Torfs (1996) found that shear stresses required to erode 

montmorillonite bed is less than that required for a kaolinite bed. Moreover, the 

critical shear stress tends to increase with an increasing bed bulk density. Roberts 

et al. (1998) reported that erosion rates depend on bulk density for fine particle 

size, whereas, bulk density does not have an effect on erosion rates for large 

particles (equal to or greater than 222 µm).  

When sediments are mixtures of sands and muds, the armouring of the bed 

surface by winnowing of the fines particles also becomes an important factor in 

limiting erodibility (Traykovski et al., 2004). In addition, it has been found that 

mixtures of mud and sand appear to erode differently than either sediment type 

alone (Sanford, 2008). 

Kamphuis and Hall (1983) and more recently Bhattacharyya et al. (2011) found 

that, clay content and plasticity index increase the resistance of erosion of 
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cohesive soil, and that soil with a low clay content (high silt and sand content) 

erodes by larger particle size. Panagiotopoulos et al. (1997) and Le Hir et al. (2008) 

found that if mud content increases more than 30%, the resistance of bed erosion 

suddenly increase as shown in the Figure 2.20. The increase in the resistance of 

mud content due to the clay minerals fill the spaces between the sand particles 

leading to create a smoother surface that is more difficult to erode. In addition, the 

mixture with small grains of sand yields an erosion resistance greater than that 

with large-grained particles, because small sand particles have sharp corners 

which means high internal friction angles ∅𝑜, resulting in small particles that can 

resist higher traction forces. 

 

Figure 2.20: Variation in the critical mean threshold current speed with mud content 

(Panagiotopoulos et al., 1997). 
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Increasing clay content leads to increased swelling, shrinkage and compressibility 

of the soil bed, as well as more plasticity of the soil. However, the permeability and 

angle of friction decrease with decreasing clay content (Raudkivi, 1998). Kamphuis 

and Hall (1983) found that the resistance of cohesive soil increases with plasticity 

index and clay content.  

Mitchener and Torfs (1996) indicated that adding soft soil (< 62.5 µm) to sand 

increase the erosion resistance of the bed. For example, critical shear stress 

increases by a factor of 10 after adding 30 % of soft soil to sand. This outcome 

was confirmed by Franz (2017) and is due to the effect of soft soil in binding the 

sand particles together. On the other hand, adding sand to soft soil leads to 

changes in the micro-structure of soft soil and increases the erosion resistance of 

the bed. For example, critical shear stress increases by a factor of 2 when adding 

sand up to 50 % to soft soil. Kandiah (1976) found that the resistance of mixed bed 

was due to clay-sand bonds and clay-clay bonds. Furthermore, the sand content 

effect on the erodibility of cohesive soils depends on the Sodium Adsorption Ratio 

(SAR) of the pore water. At a small SAR, the clay-sand bonds are weaker than the 

clay-clay bonds, and an increase in clay content results in an increase in overall 

bed strength. By contrast, at a high SAR, the clay-sand bonds would be stronger 

than the clay-clay bonds, and an increase in clay content would result in an 

increase in erodibility (Huang et al., 2011; Winterwerp and Van Kesteren, 2004). 

 According to Panagiotopoulos et al. (1997) and Le Hir et al. (2008) , the sand 

particles (𝑑50 = 152.5 and 215 µm) are still in contact of each other when the clay 
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mineral content is less than 11% by dry weight. Therefore, the resistance of 

erodibility is linked to the increase in the angle of internal friction. However, if the 

clay content is more than 11% by dry weight, the sand particles are no longer in 

contact with each other, because they are covered with clay particles, 

Consequently, erosion is controlled mainly by the resistance of the clay fraction as 

shown in Figure 2.21 (Panagiotopoulos et al., 1997). In addition, Bhattacharyya et 

al. (2011) and Mitchener and Torfs (1996), found that critical shear stress depends 

on the grain size of the sand when sand percentages are between 70% and 100%. 

 

Figure 2.21: Conceptual model showing the mechanism for the initiation of sediment 

motion for: (a) pure sand particles; (b) sand and mud mixtures with mud content M < 

30%; and (c) sand and mud mixtures with mud content M > 30% (Panagiotopoulos et 

al, 1997). 
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Lick et al. (2004) found that, adding 2% bentonite was enough to coat and bind 

quartz particles, thus increasing critical shear stress. The force of binding (coating) 

is proportional to the square of the particle diameter. Therefore, the three 

resistance forces for erosion between quartz particles are the gravitational force, 

cohesive force, and binding force. The clay mineral content (5-10%) by weight is 

enough to fill the spaces between the sand particles, and take control of bed 

erodibility characteristics (Raudkivi, 1998). Mitchener and Torfs (1996) reported 

that, the transition between non-cohesive and cohesive erosion behaviour 

depends on the sand size and clay mineral as shown in Table 2.3. For example, 

when adding 3 % mud content (kaolinite) by dry weight to the sand, the bed eroded 

as a cohesive bed, whereas, 10% of mud by weight was defined by the British 

Geological Survey (BGS) as the transition between sand and muddy sand.  

Table 2.3: Mud percentages (% by weight less than 62.5 µm) at which the mode of erosion 
changed from cohesionless to cohesive-type behaviour. for different cohesive materials 
mixed with sand (Mitchener Hilde,1996). 

Cohesive material Sand size 

(µm) 

% mud (by weight) at 

transition in erosion 

mode  

Reference 

Kaolinite 230 3% Torfs, 1995 

Montmorillonite 230 7-13% Torfs, 1995 

Laponite clay 120-4100 5-15% Alvanez-

Hemandez, 1990 
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Mitchener and Torfs (1996) found that the critical shear stress reaches the 

maximum when the percentage of sand is between 50% and 70%. This increase 

in shear stress occurs for two reason; (1) the cohesive bonding between particles 

and compaction of the cohesive bed due to the presence of sand, and (2) the 

smoothing of the sand due to the presence of mud. This means that critical bed 

shear stresses for erosion depend on both the cohesive properties of the mud and 

the grain size of the sand. The form of sandy layer erosion is bedload transport 

with ripple formation as a common feature. However, despite the small amount, 

muddy layers are eroded as suspended sediment transport (Mitchener and Torfs, 

1996). Moreover, adding mud (between 3 % and 15 %) to sand changes sandy 

erosion to muddy type erosion as a result of the bed eroding similar to a cohesive 

bed, as well as, a reduction of sand content, leading to the decreased size of 

particles that erode from the bed (Kamphuis and Hall, 1983). 

2.3.4.1 Effect of turbulence on erosion:  

The turbulent flow induces a hydraulic force and a hydraulic torque on a particle 

which can lead to bed erosion and define its motion when suspended in the flow. 

Panagiotopoulos et al. (1997) found that turbulent flow produces a bed that is more 

compacted and thus more resistant to erosion (if the shear stress less than particle 

shear strength) than to laminar flow. Sanford and Maa (2001) used the Power law 

to express the relationship between critical bed shear stress (τc)) and erosion rate 

(E) (see Equation 41). 
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 Turbulent and laminar flow can be identified by using Reynolds number. If the 

value of Reynolds number (Re) is less than approximately 2000, then flow is 

laminar; if it is greater than 4000, then the flow is turbulent. If the Re value is in 

between these two numbers, then it is in the transition zone. 

𝑅𝑒 =
𝜌𝑉𝑑

𝜇
=

𝜌𝑉𝑅ℎ

𝜇
               (44) 

Where 𝜌= density, V = mean velocity, d = diameter of particle or 𝑅ℎhydraulic 

radius for open channel and 𝜇 = viscosity. 

2.3.5 Summary 

In this chapter an attempt has been made to cover the behaviour of cohesive and 

non-cohesive soil material, transportation, consolidation and erosion. The theories 

of these process have been studied extensively in this chapter. The literature on 

theories of one-dimensional consolidation exhaustive with consolidation tests 

mostly undertaken in traditional geotechnical setups, for example settling column. 

In addition, well-known attempt to solve Gibson theory using constitutive equations 

have been summarized in this chapter. It is noted that, there is thus lack of 

knowledge amongst geotechnical engineers about the sedimentation and 

consolidation process of mixed sediment under flow condition because all previous 

studies focused on investigating sedimentation, consolidation and erosion process 

of sand and soft soil separately. 
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Consequently, this study aims to bridge the gap in the literature by undertaking a 

series of experiments in longitudinal flume to investigate the effect of flow on the 

consolidation of mixed sediment. 
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  Development of density measuring techniques  

3.1 introduction 

In this chapter a coordinated experimental investigation was undertaken to 

examine the consolidation behaviour of mixture of cohesive and non-cohesive soil 

material placed within columns. Two non-intrusive technique (impact echo and 

conductivity techniques) were applied for measuring the sediment dry unit weight 

at settling and consolidation stages.  

Impact echo technique has never been applied to measure bed dry unit weight of 

self-consolidation along the vertical stratification of cohesive and non-cohesive soil 

material. Also, a novel conductance sensor has been developed to improve the 

efficiency of this technique. The accuracy of dry unit weight using both techniques 

devices would be verified by calibrating and comparing actual dry unit weight using 

extracted samples. More than two experiments for each method were conducted 

to ascertain the validity of the results and were compared with the results of 

previous studies. In addition, the limitations of using these techniques will be 

highlighted in this chapter. 

3.2 Experimental Materials  

3.2.1 Materials 

Clay and sand materials were used as cohesive and non-cohesive soil material 

and mixed with different percentages to develop four different material with 

composition as shown in Table 3.1. The mixtures were examined under two 
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conditions namely stagnant (settling column) and turbulent (longitudinal flume) 

condition. 

Table 3.1: Materials composition. 

Name Materials 

M1 M2 M3 M4 

Composition 0 % Clay + 100 

% Sand 

20 % Clay + 80 

% Sand 

30 % Clay + 70 

% Sand 

50 % Clay + 50 

% Sand 

 

The cohesive soil used in this study was dry powder clay soil. BS-1377-2 1990 and 

BS-1377-4:1990 were used to determine the clay properties (Atterberg limits) 

using calibrated cone penetration device. The clay particles are less than 75 µm, 

liquid limit and plasticity index were determined to be 63.49% and 30.93% 

respectively. Moreover, the soil was classified as clay soil with medium plasticity 

(CI) according to BS 5930:1999 and BS EN ISO 14688-1:2002. 
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Figure 3.1: Sieve analysis of sand material 

 

Data on the sand grain sizes are presented in Table 3.2. These sizes were 

obtained from sieve analysis test according to BS-1377-2:1990 as shown on 

Figure 3.1. The important index properties of sand soil were summarized in the 

Table 3.2. The sand soil was classified as Poorly graded sand (SP). (According to 

BS EN ISO 14688-1:2002 and BS EN ISO 14688-2:2004). 
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Table 3.2: Material Properties 

Material Property value 

Clay Liquid limit (%) 

Plastic limit (%) 

Plasticity Index (%) 

63.49 

32.56 

30.93 

 d10  (µm) 180 µm 

 d30  (µm) 230 µm 

 d50 (µm) 280 µm 

Sand d60  (µm) 300 µm 

 Uniformity coefficient 𝑐𝑢 1.6 

 Coefficient of curvature 𝑐𝑐 0.8 

 

3.2.2 Compaction test of different mixture materials 

According to BS 1377-4:1990 Standard Proctor test was carried out on different 

mixture of clay and sand materials. Figure 3.2 shows relationships for dry unit 

weight as a function of water content for all different soils mixture. It should be 

noted that the curve for pure sand (M 1) was relatively flat as water content has 

minimal effect on the achievable compaction. The curves for different sand clay 

mixtures were concaved over the intermediate range of moisture contents. The 

peak of these curves correspond to the maximum dry unit weight at an optimum 

moisture content. The peak point increased with adding 20 % of clay content. 

However, this peak point dropped down with further increase of clay content to 30 

% and to 50 %. Clay materials filled the gaps between sand grains, leading to an 
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increase in the maximum dry unit weight (from 0 to 20 %). However, max dry unit 

weight decreased with further increase in the fine material  to 30 and 50 % due to 

the fact that increasing clay particles leads to taking extra space between sand 

particles as a result sand particle are no longer in contact with each other. 

 

Figure 3.2: Compaction curve for different clay-sand mixture (M1 (0 % Clay+ 100 % 

Sand) M2 (20 % Clay+ 80 % Sand), M3 (30 % Clay+ 80 % Sand) and M4 (50 % Clay+ 

50 % Sand)). 

3.3 Experimental devices: 

3.3.1 Small settling column 

Vertical cylindrical columns (tubes) with 0.6 m height and 0.1 m diameter as shown 

in Figure 3.3. The walls of these columns were made from clear Perspex to allow 

viewing of the behaviour of the sediments through the sidewall. A self-adhesive 

ruler was attached to the outside of the column wall to register the water and 
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sediment levels.  Pore-water pressure ports were tapped in to the sidewalls at 20, 

80, 170, 300 and 500 mm from the base of the column. Each pressure port at the 

inlet has a polyethylene hydrophilic filter that is 3.0mm thick and has a nominal 

pore size of 35micron; this would ensure any clogging of the pore-water pipes 

would not occur. Pore-water pipes (2.5mm inner diameter) were connected to the 

pressure port from one end and all other end of Pore-water pipes were connected 

to manifold. A single electronic pressure transducer is attached to a measuring unit 

(manifold) that can be selected to read each individual line coming from the 

column. Five pipelines are connected to manifold valves from one side and to 

different height along the column from the other side. The manifold has two more 

valves one for air bubbles bleeding and the other is connected to reservoir tank. 

The reservoir tank is used to release the pressurized water on the manifold before 

moving from one pipeline to the other. 
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Figure 3.3: Settling Column and all measurement devices. 

3.3.2 Manifold 

A single calibrated electronic transducer (UNIK 5000) is attached to a measuring 

unit (manifold) that can be selected to read each individual line coming from the 

column. Five pipelines are connected to manifold valves from one side and to 

different height along the column from the other side. The manifold has two more 

valves one for air bubbles bleeding and the other is connected to reservoir tank. 

The reservoir tank is used to release the pressurized water on the manifold before 

moving from one pipeline to the other.      
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3.3.3 Conductance meter  

 The used conductance meter was used to measurements of dry unit weight. This 

device is made of custom of printed circuit board PCB which consist of 32 

conductor strips contained on the board, which all its probes is constructed from a 

uniform conductive material, and its size is 150 mm in width and 650mm in length. 

To produce the incremented-length array, each of the strips acts as a wave probe 

wire and is cut at an angle. In this experimental work, the conductance probes 

were adjusted into pairs of uniform separation and yielding 31 effective wave 

probes extending downward from the top of a vertical inner side of the vessel. 

Reading of the electric conductance was collected by an NI DAQ data acquisition 

system transfer later for analysis. The development and first use of this kind of 

conductance meter was used for measuring the depth of water and sediment in 

sewer pipes (Horoshenkov and Nichols, 2013). 

The idea of all the electric sensors is to apply electrodes for measurement of the 

electrical conductivity of the material, which would include a set of source 

electrodes to put current into a sample and get a feedback of the measured voltage 

potentials.    

3.3.4 Impact echo sensor  

Principle of impact echo method 

The most common application of ultrasonic testing in civil engineering is to 

determine the velocity of sound in materials, which is related to the quality of the 

material. Impact echo technique is an acoustic technique based on introducing a 
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transient stress wave into the specimen by a short duration mechanical impact and 

monitoring the dynamic displacements caused by the arrival of waves reflected 

from internal defects and external boundaries. The displacement waveforms are 

analysed in the frequency domain. If the speed of the wave is known, the interface 

or the distance to defect could be measured by calculating the whole interval from 

the onset of the wave to the reception of the echo. Regarding stress waves, three 

types of waves can be generated through impact echo test including horizontal 

wave (S-wave), surface wave (R-wave) and longitudinal wave (P-wave). The shear 

waves (S-waves) cause movement perpendicular to the direction of wave 

propagation, whereas R waves travel away from the impact point along the 

surface. From Figure 3.4, it can be seen that P-wave displacements are related to 

a normal stress and indicate the maximum distance to the point of impact as it 

travels at the fastest speed, while S waves represent the minimal. 

 

Figure 3.4: Stress waves caused by impact echo (Carino, 2001). 
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Impact echo generates a high energy wave which has the ability to penetrate into 

the sediment. P-waves and S-waves are reflected by the different sediment 

densities. Once the reflected waves return to the surface, they create 

displacements which are measured by a receiving transducer. In the early 

research of impact echo method, time domain analysis was utilized to evaluate the 

time from the onset of the impact up to the return of the P- wave (Carino et al., 

1986). This technique is time-consuming and needs skills to identify the results in 

a proper way. However, the breakthrough of this technique was achieved when 

the frequency analysis was used instead of time domain analysis (Carino et al., 

1986; Sansalone and Carino, 1986). The underlying principle of frequency analysis 

is explained in Figure 3.5. After applying impact on the surface test, P-waves are 

generated as a result of the impact subjecting to the multiple reflections between 

the surface of the sample and the reflecting interface. When the P-wave reaches 

the test surface, it can lead to a displacement in the waves. Hence, the periodic 

pattern of the waveform is depended on the round-trip distance of P wave. If the 

transducer is placed near to the impact echo point, the round–trip distance will be 

2T, where T is the space between the test surface and reflecting interface. The 

frequency of reflected wave at the receiver depends on the wave speed and the 

distance between the test surface and the reflecting interface.  
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Figure 3.5: Principle of impact echo method (Malhotra, 2004). 

 

The frequency analysis is mainly used to determine the dominant frequencies of 

the recorded waveform. This can be achieved by the use of Fast Fourier Transform 

technique (FFT) by transforming the time domain displacement waveforms into the 

frequency domain. These frequencies corresponding to the arrival of the multiple 

reflections of stress wave and appear as peaks in the resulting amplitude spectrum 

representing the dominant frequencies in the waveform. The reflection of the wave 

is dependent on the angle of the wave and the acoustic impedance of the solids 

(Carino, 2001).  
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3.4 Calibration of dry unit weight sensor: 

3.4.1 Calibration of dry unit weight sensor 

3.4.1.1 Impact echo sensor 

 Piezoelectric transducers were attached to the settlement column containing the 

soil sample and a mechanical impact was applied from the opposite end using a 

pendulum with weight of 100g. The impact amplitude was recorded by the 

piezoelectric transducers attached to the opposite side of the column as shown in 

Figures 3.6, the pendulum swing was kept constant for all measurements of 

100mm.  

Impact events were recorded digitally using USB DAQ from National Instruments. 

The resultant time histories were analysed using LabVIEW software. Figure 3.7 

shows impact time history that resulted from the pendulum impacting on the 

surface of the tube recorded by the four piezoelectric transducers placed at 

different heights along the tube. 
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Figure 3.6: Four piezoelectric transducers and pendulum. 
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Figure 3.7: Impact echo waveform captured from the settling column. 

Various amounts of clay suspension were tested in the settling column, 

relationship between sound impact and dry unit weights was obtained, frequency 

response was then compared for various concentrations, sampling rate used was 

100kHz and the frequency   spectra of interest was between 100 to 10,000 Hz.  

The value of the peak frequency in the magnitude spectrum can be used to 

calculate the sound velocity by using equation (45(.   

 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 2𝑓𝑑 .. ( 54 ) 

where; f is freq and d is diameter of settling column. 

A half-Hamming window was applied to the signal, which was then FFT-processed 

so that narrow band relative acceleration levels could be calculated. This 

procedure was carried out for known dry unit weight in order to get calibration 

curve.The results show as dry unit weight of formed bed increases in the column 
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the dominant peak shifts towards the lower frequencies, after 600 minutes as 

shown on Figure 3.9. The calibration graph was plotted using equation 45, which 

allowed frequency data to be converted to velocity. The relationship between the 

velocity of the transmitted vibration, and the dry unit weight is linear. Accordingly, 

the relative dry unit weight of the sediment samples was determined using the 

calibration data for the used soil material There are positive correlation between 

sound travelling through the sediment and the dry unit weight of sediment as 

shown on Figure 3.10. The calibration graph can be used to measure bed dry unit 

weight of consolidated soil without disturbing the bed. 

 

Figure 3.8: Settling column connected with piezoelectric transducers and pendulum. 
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Figure 3.9: Impact echo results of sample after 600 minutes. 

 

  

  

Figure 3.10: The calibration graph of different sediments composition using impact 

echo method. 
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3.4.1.2 Conductance meter 

Conductance wave probes function by calculating the conductance between two 

partially submerged conductors and outputting a voltage proportional to the 

submerged depth as shown on Figure 3.11. The ratio of the output voltage to the 

submergence depth (V/d) is governed by the electrical properties of the substance 

being tested, and the material and geometrical arrangement of the probe 

conductors. The device is manufactured from a piece of electrical strip-board with 

tinned-copper conductors and measures just 300 mm in width, so local variations 

in sediment and water position are small.  

 

Figure 3.11: Conductance meter. 

Different beds with known dry unit weight (by extract samples) were tested on the 

settling column by conductance meter Figure 3.12 to get the relationship between 

conductance and dry unit weight. Accordingly, the relative dry unit weight of the 

clay samples was determined using the calibration data for clay Table 3.3 and 

Figure 3.13 For each sediment mixture, regression analysis was used to predict 

the calibration equation that link conductance, height of measured layer and layer 

dry unit weight. These calibration equations are used to measure bed dry unit 
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weight of consolidated clay without disturbing the bed. The accuracy of 

conductance meter is found to be about 0.25% of measured dry unit weight.  

 

Figure 3.12: Settling column connected with Conductance meter. 

Table 3.3: Calibration tests data for different sediment composition using conductance 
sensor 

M 1 (0%Clay+100%Sand) M 2 (20%Clay+80%Sand) 

Height 

(m) 

Conductance Dry unit weight 

kN/mᶟ 

Height 

(m) 

Conductance Dry unit weight 

kN/mᶟ 

0.02 0.818917366 15.300 0.02 0.878130 16.85 

0.04 0.82797663 15.200 0.04 0.883433 16.7 

0.06 0.827722944 15.000 0.06 0.891339 16.6 
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0.08 0.827469259 14.800 0.08 0.894039 16.4 

0.10 0.836528523 14.700 0.10 0.878521 15.85 

0.12 0.836274838 14.500 0.12 0.881222 15.65 

0.14 0.836021152 14.300 0.14 0.881319 15.4 

0.15 0.826454517 14.000 0.15 0.884020 15.2 

 

 M 3 (30%Clay+70%Sand) M 4 (50%Clay+50%Sand) 

Height 

(m) 

Conductance Dry unit weight 

kN/mᶟ 

Height 

(m) 

Conductance Dry unit weight 

kN/mᶟ 

0.02 0.861967336 16.234 0.02 0.859470232 16.000 

0.04 0.867817353 16.149 0.04 0.866485457 15.900 

0.06 0.875722982 16.006 0.06 0.873500682 15.800 

0.08 0.873218183 15.977 0.08 0.880515907 15.700 

0.10 0.881123811 15.707 0.10 0.887531131 15.600 

0.12 0.883824226 15.510 0.12 0.881167189 15.300 

0.14 0.881319428 15.280 0.14 0.874803247 15.000 

0.15 0.873609415 14.988 0.15 0.875128888 14.800 

 

(M 1) 𝛾𝑑 = 6.75659893617158 − 10.5284052475933 ∗ 𝐻 + 10.7377367409756 ∗ 𝐶      (46) 

(M 2)𝛾𝑑 = 0.298890639306872 − 13.4425105033654 ∗ 𝐻 + 19.2115079598192 ∗ 𝐶   (47) 

(M 3) 𝛾𝑑 = −1.0030853907178 − 16.2642832002203 ∗ 𝐻 + 20.4452745260461 ∗ 𝐶     (48) 

(M 4) 𝛾𝑑 = 3.41164710911165 − 10.9335763113898 ∗ 𝐻 + 14.9486138942993 ∗ 𝐶     (49) 
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Where: 

𝛾𝑑 ; dry unit weight, H; height of the layer and C is the conductance at that layer. 

  

 

 

Figure 3.13:Calibration experiments for different sediment composition for conductivity 

sensor. 
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Figure 3.14: Error bars for uncertainty in dry unit weight measurement for the used 

techniques. 

 

Random samples were tested and the amount of variation or dispersion of dry unit 

weight of data values were represented in Figure 3.14. This Figure represent the 

error bars that used to indicate the error or uncertainty in a reported measurement 
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for the used techniques. The standard deviation of weight measured by impact 

echo sensor was more than that measured conductivity meter. The measured 

values by impact echo and conductivity vary by ±2.5 and ±1.25 respectively. 

Therefore, the uncertainty by using impact echo for dry unit weight measurement 

is more than conductivity technique. 

 

3.4.2 Calibration of pressure transducer 

Calibration is a process when the output signal of the sensor is compared to the 

value measured by an accurate device, and the relationship between the 

measured and the accurate value is determined. The calibration of transducers in 

all previous settling column studies were performed by raising and lowering the 

water level to a known height (known pressure). In this study, GDS pressure 

volume controller was used to apply accurate pressure in order to develop 

calibration equation for used two pressure transducers as shown in Figures 3.15 

and 3.15. The transducers were connected to Agilent 34901A 20 channel 

multiplexer, and the data acquisition system was adjusted to measure voltage in 

mV units due to the variation of the applied pressure on the pressure transducers. 

The accuracy of the pore water pressure readings is ∓ 5 Pa. 

. 
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Figure 3.15: Calibration pressure transducers setup. 
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Figure 3.16: Calibration curve for the used pressure transducers. 
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consolidation behavior at room temperature of 20-22° C as shown in Table 3.4. 

Sediments were mixed in dry condition before added into water the column. The 

columns were filled with water to about 0.18 meter to insure there is no leakage 

and to prevent segregation. The pressure reading of all pipelines were checked 

before adding the mixture to the column. After adding the sediment into settling 

column, dry unit weight readings were taken at regular intervals while the soft soil 

in the column was settling and consolidating. Generally, this was done every hour 

for the first 8 hours of an experiment and thereafter every 24 hours up to the end 

of test. At the end of the settling and consolidation stages, sampling was carried 

out to extract samples from each layer to get the actual dry unit weight.  

Of note: the top of the column was covered with a lid in order to minimize and 

prevent water evaporation, but air may kept atmospheric. 
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Table 3.4:  Experiments details for P1 

Test name Fixed Variable Variable 

Composition (Slurry mixture) Concentration 

(g/L) 

Initial Height  

(m) 

T 1 0%Clay+100%sand 100 0.35 

T 2 

T 3 

20%Clay+ 80% sand 

30%Clay+ 70% sand 

100 

100 

0.35 

0.35 

T 4 50%Clay+ 50% sand 100 0.35 

T 5 20%Clay+ 80% sand 100 0.35 

T 6 20%Clay+ 80% sand 150 0.35 

T 7 20%Clay+ 80% sand 100 0.35 

T 8 20%Clay+ 80% sand 100 0.6 

    

Note: T 2, T 5 and T 7 are the same experiments and it had been repeated in order to reduce 

the error rate that caused the change of temperatures 

3.6 Results and discussion of using impact echo and conductivity 

techniques 

In these experiments a coordinated experimental investigation was undertaken to 

examine the consolidation behaviour of cohesive and non-cohesive soil material 

placed within columns. Two non-intrusive technique were applied for measuring 

the sediment dry unit weight at settling and consolidation stages.  

3.6.1 Using two methods together 

The first set of tests (T1 to T4 in Table 3.4) was conducted to examine the accuracy 

of two sensor by comparing them with the actual dry unit weight results (extracted 

samples). At the end of the settling and consolidation stages, sampling had to be 

done to extract the bed samples from each layer to get the bed dry unit weight. 
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Cylinder sampler was used to extract the bed samples. Of note, data attained from 

the settling column experiments were presented as bed height against bed dry unit 

weight as shown on Figures (3.17, 3.18 and 3.19). Dry unit weight increases as 

the height decreases to reach the maximum at the base of settling column. 

Increased dry unit weight due to self-weight consolidation and cumulative weight 

gain of soil layers. It can be seen from these figures, with an increase in the 

proportion of soft materials, there are positive and negative effects of adding clay 

content on the final bed dry unit weight. The effect of fine material on the bed dry 

unit weight increases with the increase of soft materials from 0% to 20%. adding 

20% of clay leads to increase in dry unit weight from 14.6 to 15.1 kN/m3. On other 

hand, when increasing the portion of soft material to 50% a negative effect of soft 

materials on dry unit weight was observed. The dry unit weight was found to be 

14.8 KN/m3 for material with 50% of clay and 50% sand. The positive effect of soft 

materials on dry unit weight (from 0% to 20%) due to the clay minerals fill the 

spaces between the sand particles leading to decreasing void ratio and greater 

soil particle contacts. Reduction on dry unit weight when increasing clay content 

from 20% to 50% is due to the sand particles are no longer in contact with each 

other, because they are covered with clay particles (Panagiotopoulos et al,1997). 

Torfs, et al (1996) found that the critical percentage of sand above which the dry 

unit weight of the bed layer did not increase further, appeared to be between 18 to 

32 % sand. 

Both non- intrusive techniques are very sensitive to the change in bed dry unit 

weight. The material ability to conduct an electric current increase with increasing 
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the bed dry unit weight. Also, the impact-generated stress (sound) waves that 

propagate through bed particles are increased with the increase in the bed dry unit 

weight. Dry unit weight results obtained from both methods are relatively close in 

the upper layers. While the results are show about 3 % difference at the base. The 

maximum differences from actual dry unit weight are ranging from (0 to 0.3 KN/m3) 

and (0 to 0.2 KN/m3) for conductance and impact method respectively.  

 

Figure 3.17: Dry unit weight profile for sediment mixture M 1 with initial concentration 

100g/L. 
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Figure 3.18: Dry unit weight profile for sediment mixture M 2 with initial concentration 

100g/L. 

   

 

Figure 3.19: Dry unit weight profile for sediment mixture M 4 with initial concentration 

100g/L. 
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The maximum difference between actual dry unit readings and impact echo dry 

unit reading are at the base. This is due to of the effect of boundary condition on 

the transmission of acoustic waves in the lower layers. in addition, the sediment 

material at the base are coarser than the top layers due to segregation 

phenomenon. As the result, the calibration curve for the lower layers must be 

different from the upper layers. The previous tests were repeated three times and 

the amount of variation or dispersion of dry unit weight of data values were 

represented in Figure 3.20. This Figure represent the error bars that used to 

indicate the error or uncertainty in a reported measurement for the used 

techniques. The standard deviation of weight measured by impact echo sensor 

was more than that measured conductivity meter. The measured values by impact 

echo and conductivity vary by 0.4 and 0.16 respectively. Therefore, the uncertainty 

by using impact echo for dry unit weight measurement is more than conductivity 

technique. 
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Figure 3.20: Error bar of impact echo and conductivity technique dry unit measurment. 
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impact of pendulum (impact echo technique) decreases with the increase in the 

dry unit weight with time. This is because the energy of the shock (impact of 

pendulum) becomes a kinetic energy that leads to hindrance and delay suspended 

particles. What is happening in with impact echo technique is common law (Energy 

is not destroyed or developed). Park et al. (2014) have found that the application 

of ultrasound during self-weight consolidation can markedly enhance the time rate 

of settlement.  

The results show clearly that the consolidation rates were almost dependent on 

the initial concentration. The bed dry unit weight increased with the increase in the 

sediment concentration reaching 14.1 and 14.4 kN/m3 for 100 g/l and 14.8 and 

15.3 kN/m3 for 150 g/l after 30 days as shown in Figure 3.22. The reason for this 

is due to a reduction in the void ratio which gave rise to a greater soil particle 

contact, leading to increased strengthening of physical-chemical bonds and 

increased effective stress. In addition, increasing the initial concentration of 

suspended particles led to increase consolidation time due to the particles 

hindered each other and thus the suspended particles take long time to reach the 

bed.   

Figure 3.23 shows the chang of bed height with time for sediment mixture with 

initial concentration 100g/L and 150g/L. There are rapid change in dry unit weight 

in the first and second day followed by slight increase for both concentrations. This 

is because the suspended particles at the start of the test were not hindering each 

other due to the big spaces between them. Whereas, the suspended particles after 
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the second day became close to each other and started to hinder each other while 

they were settling.   

  

  
Figure 3.21: Dry unit weight profile for sediment mixture M 2 with initial concentration 

(A and B)100g/L and (C and D)150g/L at different time. 
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Figure 3.22: Dry unit weight profile for sediment mixture M 2 with initial concentration 

100g/L and 150g/L after 30 days. 

 

 

 

 

Figure 3.23: Chang of bed height with time for sediment mixture with initial 

concentration 100g/L and 150g/L. 
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3.6.3 The effects of height on the dry unit weight measurements 

 

In this set of tests, two different initial settling heights were used in order to observe 

the effect of height on final bed dry unit weight. Dry unit weight was also measured 

for two experiments under the same condition by using two dry unit weight 

measurement techniques in order to check how these techniques are sensitive to 

the change of height. 

The data obtained from 0.35 m and 0.6 m settling column experiments were 

presented as bed height against bed dry unit weight after 30 days from starting the 

experiments as shown in Figure 3.24. Dry unit weight increased as the bed height 

decreased to reach a maximum value at the base of settling column. Increased dry 

unit weight due to self-weight consolidation and cumulative weight gain of soil 

layers. The process of self-weight consolidation varies according to the initial 

height. Increasing the initial height of settling from 0.35 m to 0.6 m increased the 

dry unit weight in particular in the lower bed layers. The increase in height gives 

the opportunity of particles to create network structure to prevent segregation and 

thus causing an increase in the dry unit weight from 14.50kN/m3 for 0.35m height 

to 15.83kN/m3 for 0.6m height. 

In addition, from Figures 3.25 (a,b) show the interface between sediment and water 

during the duration time of the experiments for two different initial height 0.35 m 

and 0.6 m respectively. The interface between water and sediment drop quickly 

during the first 24 hours. Afterwards, the interface level went down gradually with 
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time for both settling height as shown on Figures 3.25 (a,b). However, the drop of 

interface level on the two experiments that carried out on settling height 0.3m are 

not identical as it happened with 0.6m settling height.  

  

Figure 3.24: Dry unit weight profile for sediment mixture M 2 with different settling 

height  

 

 
 

Figure 3.25: Dry unit weight profile for sediment mixture M 2 with different 

settling height (A height 350mm and B height 600 mm). 
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3.7 Summary 

In chapter, a literature review covered different density measurements techniques 

that have been used in previous studies. Non-intrusive techniques have been 

developed and applied for detecting internal condition of structures for many years. 

However, impact echo technique has never been applied to measure the dry unit 

weight of self- consolidation sediment along the vertical stratification of cohesive 

and non-cohesive soil material. A novel conductance meter has been developed 

to improve the efficiency of this technique. In this chapter, set of experiments 

conduct in settling column in order to develop an accurate non-destructive 

technique in order to measure dry unit weight. A number of conclusions can be 

drawn from these investigations; 

1- The impact echo technique is a novel technique in determining the dry unit 

weight of soils, in comparison to conductivity technique that have been 

developed by using Printed circuit board. Both techniques are cheaper and 

less complicated in comparison with other techniques. 

2- Impact echo and conductivity are both non-intrusive techniques. However, 

the impact echo technique is not preferred when the initial concentration 

is less than 150g/L or the settling height less than 0.6m. 

3- The developed conductance meter can measure and detect the change of 

the dry unit weight at each 1 mm from the bed sediment. Whereas, the 
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distance between measured dry unit weight points using Impact echo 

techniques about 10mm. 

4- The initial concentration and initial height of sediment have a great 

effect on the dry unit weight and both techniques are sensitive to this effect. 
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 Consolidation under stagnant condition 

4.1 Introduction 

In this chapter the results of second group of tests (p2) are presented and 

discussed to illustrate the compressibility characteristics of clay sediments at 

different initial height of suspension rate (1.4,1.6 and 1.8m) under stagnant 

condition. The clay was used as a dry sediment because the settling and 

consolidation takes longer than mixed sediment as a result more results and 

observation time for these stages. In addition, the results of this study were 

analyzed and compered with the results of previous studies of settling column in 

term of compressibility and permeability. 

4.2 Experimental devices for P2: 

A vertical settling column tests were carried out for the following reasons: 

1- to get a simplified overview of the basics of settling and consolidation 

parameters and to understand the relationship between these 

parameters. 

2- to know how the effective stress and the total stress will be calculated. 

Because the theory of consolidation will be the close to consolidation 

under turbulent condition. 

3- to assess the accuracy of using conductance technique (conductance 

meter) for bed density measurement. It might be used on the longitudinal 

flume. 
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4.2.1 long Cylindrical columns 

Vertical cylindrical columns have diameter 0.1 mm and 2 m height as shown in 

Figure 4.1. the column can be disconnecting at 0.6 m to act as an access point to 

testing of the settlement beds also, bottom cap of the column can be removed and 

samples extruded out for sampling at required sample thickness. A self-adhesive 

ruler was attached to the outside of the column wall to register the water and 

sediment levels. Within this lower 600m of the column, pore-water pressure ports 

were tapped in to the sidewalls at 20, 80, 170, 300 and 500mm from the base of 

the column. Pore-water measured through stand pipes (Piezometers) connected 

to the pressure ports at sides of the settling columns. 

 

Figure 4.1: Long Settling column. 
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4.3 Experimental procedure for P2: 

Hydration the slurry for 24h with stirring before starting the test. The 

columns filled with water to about 0.6 meter to insure there is no leakage and to 

reduce the distance pouring the mixture in columns to prevent segregation. The 

pressure reading of all pipelines were checked before adding the mixture by using 

the pump. The slurry stirred again for 10 minutes immediately before being 

pumped on the column. After the slurry was pumped by using a peristaltic pump, 

pore water pressure and dry unit weight readings were taken at regular intervals 

while the mud in the column was settling and consolidating. Generally, this was 

done every hour for the first 8 hours of an experiment and thereafter every 24 hours 

up to the end of test. All calculations were depending on the measurement of pore 

water pressure and bed dry unit weight. The void ratio was calculated depending 

on the bed dry unit weight measurement, and the effective stress was calculated 

by subtracting the pore water pressure measurement from the total stress. The 

purpose of these tests is to examine the effect of different clay concentration to the 

dry unit weight of bed as shown in Table 4.1.  

Note: the top of the column was covered with a lid that has a small hole in order to 

minimize and prevent water evaporation, whilst air is kept at atmospheric. 

The clay was mixed to the required concentration with tap water and the dry unit 

was measured by Impact echo sensor. Results obtained from these experiments 

are summarized in Table 4.1. 
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Table 4.1: test data and result  

Test 

number 

Initial 

slurry 

Height 

(m) 

Sediment 

composition 

Initial fine 

sediment 

concentration 

(g/L) 

Final dry unit 

weight 

KN/mᶟ 

Duration 

(days)  

C1 1.4 100% Clay 150 13.47 33 

C2 1.6 100% Clay 150 14.65 38 

C3 1.8 100% Clay 150 15.37 40 

 

 

4.4 Results and discussion 

4.4.1 Dry unit weight development with time 

 

Figure 4.2 shows a series of dry unit weight profiles over time as a bed 

consolidates from a clay sediment C1. The first profile (0 hours) shows the dry unit 

weight of the input slurry to be just above 11 kN/m3. As time passes (15 hours), 

the sediment water interface (top surface) of the suspension settles, while a region 

lower in the column becomes denser. At 48 hours the consolidation stages started 

at the bottom because the initial suspension concentration of the mud in the 

mixture exceeds the gel points density (Toorman and Berlamont, 1993; Torfs et 

al., 1996). As no mass is added or lost, the area under the curves must remain the 

same so that the amount of settlement is counterbalanced by the increased dry 

unit weight. After 9 days (216 hr) consolidation abruptly slows down, thus in the 
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Figure 4.2 the settlement between 0 to 9 days is about twice the settlement that 

took place after 9 days. When the sediment gains some strength and starts to 

consolidate, water is expelled through small dewatering channels. Dewatering 

channels largest is at the beginning of the test and compressed whenever with the 

progression of consolidation process. The consolidation process is completed 

when the excess pore water pressure is drop to zero. C1 consolidation test time 

was 33 days (792 hr) with a dry unit weight about 13.47 kN/m3.  

 

Figure 4.2: Dry unit weight profile for C1. 

Figure 4.3 shows the clay slurry has dry unit weight of about 11.1 KN/m3 at the 

beginning of the experiment. After 0.6 days (15hr), consolidation has started in the 

bottom about 100 mm from the column base and above this level the dry unit 

weight has increased uniformly to a little over 12 kN/m3. After nine days (216 hr), 
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the consolidation front has reached a level of 0.1 m, with a further uniform increase 

in dry unit weight to around 13.5 kN/m3 above. In addition, after 30 days have 

passed, the interface water sediment level droped slowly and the subsequent dry 

unit weight profiles are typically as straight. When the excess pore water pressure 

drops to zero the consolidation process is completed. The consolidation stage for 

C2 test ended after 38 days (912 hr) with a dry unit weight about 14.65 kN/m3. 

 

Figure 4.3: Dry unit weight profile for C2. 

At the beginning of C 3 experiment the dry unit weight throughout the column was 

a uniform just more than 11.5 KN/m3 and it remained constant for approximately 
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weight at the base of the column and a decrease in the elevation of the slurry 

surface Figure 4.4. After 48 hours the initial suspension concentration of the mud 

in the mixture exceeds the gel points density as a result the consolidation process 

started. As the height of sediment surface fell dramatically, the dry unit weight near 

to the base increases. After 9 days have passed, the consolidation front has 

reached the surface of the bed and the subsequent dry unit weight profiles are 

typically convex. The consolidation process is completed for this test after 40 days 

(960 hr) with a dry unit weight about 15.37 kN/m3. 

 

Figure 4.4: Dry unit weight profile for C 3. 
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13.47 and 14.65 kN/m3. As shown in Figure 4.5 there are rapid change in dry unit 

weight in the first 24 hours followed by slight increase until the end of the test. This 

is because the suspended particles at the start of the test were not hinder each 

other due to the big spaces between them. Whereas, the suspended particles after 

the first day came close to each other and started to hinder each other while they 

were settling. The consolidation process started at 48 hours for C 1 (1.4 m initial 

settling height) and C 2 and C 3 tests takes more than 48 hours for initial 

suspension concentration of the mud to exceeds the gel points density to start the 

consolidation process. When the sediment gains some strength and starts to 

consolidate, water is expelled through small dewatering channels. Dewatering 

channels largest is at the beginning of the test and compressed whenever with the 

progression of consolidation process. However, the overall self-weight for initial 

height will lead to further water dissipation thus the bed dry unit weight will increase 

with the height increase.   

4.4.2 Excess pore water pressure profile: 

 

At the beginning of the experiments the soil particles are entirely supported by the 

pore fluid and the slurry can therefore be considered as a dense fluid. Gradually 

the particles become self-supported and this transient self-weight consolidation 

process can be observed by the dissipation of excess pore water pressure (the 

difference between measured and hydrostatic pore water pressure). The excess 

pore pressures have dropped to zero after 30 days (720hr), demonstrating that 

consolidation is complete by this stage as shown in Figure 4.5. The corresponding 
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results for the other experiments C 2 and C 3 are shown in Figure 4.6 and Figure 

4.7. Due to its larger initial height, the consolidation of C 3 takes longer than C 2.  

Figures (4.5,4.6,4.7) depict the corresponding excess pore water pressure profiles 

of the dry unit weight profiles presented earlier Figures (4.2,4.3,4.4). The initial 

excess pore water pressure profiles have a triangular shape and the gradient of 

the profile is representative of the initial dry unit weight of the experiments. In 

addition, there is no flow across the bottom boundary and therefore the excess 

pore water pressure gradient at the base must be the highest value throughout 

experiment. This feature is clearly visible in all the measurements after the start. 

The excess pore water pressure gradient along the height decreases with time 

until no excess pressure exists throughout the bed height. At this final stage the 

consolidation process has finished and the total pore water pressure equals the 

hydrostatic value. The amount of excess pore water pressure that has to transfer 

to the soil grains depends on the initial dry unit weight and height. For example, 

experiments C 1 and C 3 have a similar initial concentration, but C 3 has a higher 

initial height; thus, the excess pore water pressure at the base is initially higher. 
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Figure 4.5: Excess pore pressure profile for C 1. 

 

 

Figure 4.6: Excess pore pressure profile for C 2. 
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Figure 4.7: Excess pore pressure profile for C 3. 
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C1, C2 and C3 dropped gradually during the first 300 hours and followed by a 

slightly decrease. This is because at the start of test till 300 hours there are some 

suspended particles are still settling. Whereas, after 300 hours the interface level 

dropped slowly because the bed are formed and started to consolidate. The water 

sediment interface were almost constant after 600 hours for all initial heights. 

 

 

Figure 4.8: the effect of initial sediment height on interface level. 
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(integration of dry unit weight profiles). If there is no difference between total stress 

and pore-water pressure this will indicate a zero effective stress (the soil still in 

suspension). The consolidation stage started when the clay particles get in contact 

with each other so that the effective stress becomes more than 0 kN/m3. 

The effective stress, σ', is defined as the difference between total stress (σ), and 

pore water pressure u, 

𝜎′ = 𝜎 − 𝑢              (50) 

where the total stress in a settling column experiment is: 

𝜎 = 𝜎0 + ∫ 𝜌𝑔𝑑𝑧
0

−𝑍
    (51) 

 

The total stress at a certain depth is obtained by integrating the density profile from 

the water surface (0) to the location (z). 

The effective stress and void ratio data for experiment C1, C2 and C3 are 

represented in Figure 4.9. At first sight, there were a steep decrease on the void 

ratio on the first 24 hours followed by a gradual decrease for the rest of test period. 

This means that particles come into contact to each other and begin to transfer 

inter-particle stress. Figure 4.9 show that a power law relationship exists between 

effective stress and void ratio. 

 

𝑒 = 𝐴𝜎 ,𝐵     (52) 
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𝑒 = 1.5225𝜎 ,−0.232    (53) 

Where; e = void ratio; 𝜎 , effective stress, and A, B = material property constants. 

According to the test result there was an exponential relationship between the void 

ratio and effective stress as shown in the Figure 4.9.  

 

Figure 4.9: Relation between void ratio and effective stress. 
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weight profiles. The excess pressure gradient used in (3.1) is the average of the 

excess pressure gradients pertaining to these two dry unit weight profiles. A 

column is divided in N imaginary levels. Each level corresponds to a certain 

percentage of the total mass that is in between the bottom and that level. This 

percentage must be constant with time. Then, from two consecutive dry unit weight 

profiles, the settlement rates of the levels can be calculated. The pressure gradient 

𝜕𝑢

𝜕𝑧
  is calculated from the corresponding pore water pressure profiles for the 

average height of the two levels. With these parameters, the local permeability can 

be calculated. 

in the upper layers (less dense), the water passing through out the particles faster 

than bottom layers (more dense layers). As the void ratio increases the 

permeability increases as shown on Figure 4.10. The bed formed with the initial 

height 1.4m is more permeable than the one formed with 1.6m that more 

permeable than using 1.8m as the initial height for suspension. 
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Figure 4.10: Relationship between permeability and void ratio. 

4.4.6 Relation between dry unit weight and depth 

 

At the end of the settling period sampling had to be done to extract the bed samples 

from each layer to get the bed dry unit weight. This part of experiments test has 

been conducted to check the final dry unit weight with actual dry unit weight to 

insure and double check all dry unit weight measurements were right. Sampler 

was used to extract the bed samples. The bed dry unit weight increased to get the 

maximum at the bottom part of settling column as shown on Figure 4.11. The soil 

layers on the bottom had more dry unit weight than the top layers. This is because 

the bottom layers had more effective stress than the top layers. The void ratio 

decreases with depth and gave rise to greater soil particle contact (increase 

effective stress), leads to the increased the bed dry unit weight. 
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Figure 4.11: Relationship between bed dry unit weight and depth height. 

Figure 4.11 shows comparison of bed dry unit weight that measured from impact 

echo technique with the bed dry unit weight that measured by extracted the bed 

layers. The extraction technique gave more value of bed dry unit weight than the 

non drustive technique. The percentage of differences between two methods were 

ranging between 1 to 5%. 

4.5 Validation of obtained results 
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1- The excess pore water pressure function has to fulfil the following three 

conditions: excess pore water pressure at the sediment surface has to be 

zero; at the bottom the boundary condition, (
𝜕𝑢

𝜕𝑥
) = 0, has to be satisfied; 

and in between the expression has to be flexible enough to fit the data 

points well (Hawlader et al., 2008). 

2- It is well known that dredged slurry behaves like fluid, and there is no 

effective stress among soil particles. During sedimentation process, soil 

particles settle downward until some particles are in contact with each 

other generating effective stress in sediments (Zhang et al., 2017a). 

3- The sediment interface drops and an overlying layer of water is formed 

during consolidation. Since water flows upwards, the excess pore water 

pressure reduces and the effective stress and the dry unit weight 

increases. Consolidation will continue until all the excess pore pressure 

has dissipated and the soil skeleton is entirely self-supported. 

The purpose of validation is to ensure the accuracy of all techniques that have 

been used to measure the parameters of soil consolidation, in order to establish 

confidence in those techniques in the future work. The common way for validating 

obtained results is by comparing these results with data range and previous 

correlations.  Alexis et al., (1992) presented experimental data of void ratio and 

effective stress that issued from a hundred tests in one graph. Alexis data were 

collecting from different studies, in order to point out common trends although the 

experimental conditions and the soil composition were different in these various 
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tests.In addition, 48 experimental curves (For the effective stress) have been used 

on Alexis studies. 

Figures 4.12 and 4.13 show the maximum and minimum values of Alexis graph 

were compared with the obtained result C1 ,C2 and C3. According to Figure 4.13 

It can be clearly seen that, the void ratio and effective stresses of all experiments 

located between Alexis data. 

 

Figure 4.12: Comparison of effective stress results of P 1 with Alexis results. 
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.  

Figure 4.13: Comparison of permeability results of P 1 with Alexis results. 

4.6  Summary 
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due to the particles hindered each other and thus the suspended particles 

take long time to reach the bed.   

2- The bed dry unit weight increased with decrease of bed depth to reach the 

maximum at the bottom part of settling column. This increase is due to the 

decrease of void ratio and the increase of effective stress with depth that 

leads to great soil particle contact as a result dry unit weight increases. 

3- The obtained results are in agreements with previous experiments results 

that have been conducted on different types of soil. The void ratio, 

permeability and effective stresses of all experiments are located between 

Alexis data. 
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  Results and discussion of longitudinal flume 

introduction 

Soil settlements formed during sedimentation process will be either segregated 

or homogeneous in nature, depending upon the prevailing depositional 

environment. These sediments initially undergo self-weight consolidation and 

may erode with high flow rate. This chapter studies the information about the 

compressibility characteristics of mixture of sediments (cohesive and non-

cohesive sediment) at different flow rate (10,15,25 m³/hr with velocity 0.05 ,0.08 

and 0.136 m/s respectively). In addition, the same material has also examined 

under stagnant condition (Settling column). The consolidation of bed sediment 

formed under stagnant and turbulence condition are compared and discussed. 

In addition, this chapter observe segregation for different sediment composition 

and different flow rate. Samples were extracted from the middle part of flume 

and examined in shear box and odometer for shear stress, permeability and 

void ratio. In addition, sediment transportation and ripple forming have been 

observed during the test period and discussed on this chapter. In addition, the 

results and discussion for the flow rate or shear stress required to erode formed 

bed are highlighted as well. 

5.1 Experimental devices for MI: 

A longitudinal flume was used on these experiments to; 1- make the consolidation 

experiments under conditions similar to what happens in nature (In pipe, the 

surface of water are subjected to additional pressure. However, the surface of 
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water in Open channels are exposed only to atmospheric pressure, therefore Open 

channels are more representative of river runoff), 2- explore the impacts of 

turbulence and the change of composition on the final bed dry unit weight, 3- 

observe the effect of soft materials on the bed shear strength and erosion. 

5.1.1 Longitudinal Flume 

 The main experiments were carried out in 8 m long, 0.3 m wide and 0.3 m height. 

The longitudinal flume slope is controlled at the outlet side by a pivote as shown 

on Figure 5.1. The flume walls are made from clear Perspex to allow viewing of 

the behaviour of the sediments through the sidewall. Two groups of pore-water 

pressure ports were tapped in to the middle panel at about 4 m from the inlet point 

of the flume. The first group of pore-water pressure were tapped in to the sidewall 

at 20, 40, 60, 80,100 and 120 mm above the base. The second group of pressure 

ports were tapped at 10, 30, 50, 70, 90 and 110 mm and were connected to the 

pore pressure transducer through a manifold to enable measurement of pore water 

pressure in individual lines connected to different ports. The pressure transducer 

was calibrated for a range of 0 to 2.0 m head of water.  

The main flume is connected to four tanks. Tank 1 is the inlet tank that is directly 

connected to the pump and has a funnel shape to reduce the possibility of 

sedimentation near the pump and to keep sediments in suspension form. Tank 2 

is the outlet tank and is located at the end of the channel. A wooden sheet was 

fixed into Tank 2 to change the interior shape of a cube into a triangular prism to 

prevent deposition outside of the flume channel. Supplier tanks (Tank 3 and Tank 

4) are connected to each other using a 250 mm pipe. The purpose of using two 
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supply open reservoirs is to stir manually any sediments so that they are carried 

by water and pumped again to the flume channel. The supply tanks are internally 

divided into two parts. The first part is the smaller part (part 1) of the reservoirs and 

thus facilitate the re-mixing of the sediments and prevent the deposition outside 

the channel and this part is connected to the pump directly. The second part (part 

2) of the tanks, which is the largest part of the supplier tanks provide additional 

space for storage in the case of emergency. 

The depth of water in the flume was controlled using louver gate adjustable weir 

at the downstream end of the flume. Louver gate is made up of four parallel blades 

which rotate on their central shaft. All the blades are connected through linkages. 

This gate can be used for isolating or regulating the flow with half turn movement 

of the blades. This type of gates allows water to pass and obstructs the release of 

sediments outside the channel. In addition, this gate can be adjusted to minimize 

drawdown effects and to produce the maximum possible reach of uniform flow 

depth. The flow into flume was controlled using an electronically controlled pump. 

The flow rate was measured and monitored using a flowmeter (MAG 8000) 

mounted close to the inlet tank. 
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Figure 5.1: Longitudinal Flume. 

 

The conductance meter used in all those tests is developed at the University of 

Bradford and utilities of custom printed circuit board (PCB) which consist of 100 

conductor strips contained on the board. All probes are constructed from a uniform 

conductive material, and its size is 150 mm in width and 300 mm in height. To 

produce the incremented-length array, each strip acts as a wave probe wire and 
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is cut at an angle. In this experimental work, the conductance probes were 

adjusted into pairs of uniform separation yielding 32 effective wave probes 

extending downward from the top of a vertical inner side of the vessel. Reading of 

the electric conductance was collected by a Data Acquisition (DAQ) box, and data 

were transferred to a LabVIEW program. 

5.1.2 Flow meter 

The transmitter drives the magnetic field in the sensor, evaluates the flow signal 

from the sensor, and calculates the volume passing through. It delivers the 

required information via the integrated pulse output or communication interfaces 

as part of a system solution. Its intelligent functionality, information and diagnostics 

ensure optimum meter performance and information to optimize water supply and 

billing. 

5.1.3 Automatic Oedometer 

GDS Automatic Oedometer System with hydraulic cell was used to conduct 

permeability tests. The apparatus comprises of a load cell, loading frame, Smart 

Keypad, the frame’s internal motor displacement, and displacement transducer as 

shown in Figure 5.2. The load cell has the capacity to measure the force up to 10 

kN and external digital dial gauge can measure up to 15 mm with 0.0003 mm 

resolution. This device can be driven manually through its Smart Keypad or 

automatically by the PC which receives the data in the GDS Lab software. 
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The base of the hydraulic cell is connected with a pressure- volume controller so 

that a target base pressure of 35 kN/m2 was applied on the bottom of specimen 

since the start of the test while the top of specimen was kept under water at 

atmospheric pressure. The change of flow rate with time recorded automatically 

and used to calculate permeability of the specimen. All tests were conducted at 

room temperature according to BS 1377-6:1990-4. 

 

Figure 5.2: Automatic Oedometer. 

 

5.1.4 Direct shear box 

A direct shear test is conducted to measure the shear strength properties of soil. 

The extracted specimen is placed in a shear box. The upper part of the box is 

pulled laterally until the sample fails after applying vertical confining stress. The 

load applied and the strain induced is recorded at frequent intervals to determine 
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a stress–strain curve for each confining stress. At least three specimens are tested 

at different confining stresses to determine the soil cohesion (c),  and the angle of 

internal friction, commonly known as friction angle ( ϕ ). 

5.2 Calibration of used devices 

5.2.1 Calibration of automatic Oedometer 

Soil samples extracted from the bed formed on the longitudinal flume will be tested 

with automatic oedometer in order to get permeability of each layer. The specimen 

was placed on hydraulic cell that connected with a pressure- volume controller. A 

35 kN/m base pressure was applied on the bottom of specimen since the start of 

the test while the top of specimen was kept under water at atmospheric pressure. 

The common laboratory testing method for permeability constant and falling head 

were used to test pure sand and mixture of sand and clay as shown in Figure 5.3. 

The results of these experiments were used to check the result that has been got 

from of automatic oedometer test. A falling-head permeability test was conducted 

for different sand clay mixture. The diameter and length of the test specimen were 

100 and 150 mm, respectively. Whereas, the pure sand was placed and tested by 

constant head permeability. In this experiment, the permeability calculation 

depends on collecting water that passes through a sample at certain time. 
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Figure 5.3: Constant and falling head permeability. 

Three experiments were conducted on clay and sand sample by using automatic 

oedometer and falling-head and constant head permeability at room temperature 

20 °C. The results of clay permeability using the two methods were more similar 

than sand permeability results as shown on Table 5.1. The average clay 

permeability between 10−8  to 10−10 m/sec (Reeves et al., 2006). 
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 Table 5.1:permeability results using two methods. 

Test number Falling-head permeability 

m/sec 

Automatic Oedometer 

m/sec 

1 6.35 × 10−8 5.8 × 10−8 

2 5.95 × 10−8 6.05 × 10−8 

3 6.13 × 10−8 5.75 × 10−8 

Average 6.14 × 10−8 5.8 × 10−8 

Test number Constant-head permeability 
m/sec 

Automatic Oedometer 
m/sec 

1 5.05 × 10−5 4.77 × 10−5 

2 5.30 × 10−5 4.93 × 10−5 

3 5.41 × 10−5 5.02 × 10−5 

Average 5.25 × 10−5 4.9 × 10−5 

 

5.2.2 Calibration of flow meter 

Calibration should be done using the same fluid and pipe work configuration within 

which the flow meter will operate Figure 5.4. However, this is not always possible 

in practice, therefore the meter needs to be tested in a laboratory first and the 

calibration standard has to be installed in the application process. A standard 

calibration results in max. ± 0.4 % uncertainty and an extended calibration ± 0.2 % 

(for MAG 8000 irrigation ± 0.8 %). Regardless, all precautions, some amount of 

disturbance in the meter is inevitable. 
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The way that have to be used to calibrate a flowmeter must be accurate enough 

to perform the calibration. The flow meters require periodic calibration to ensure 

proper functioning. This can easily be done by using another calibrated meter for 

the reference or by following the pre-decided flow rate. The accuracy mainly 

depends upon the range of the instruments and the temperature as well as the 

specific changes in the weight of the fluid. In addition, the calibration has to be 

done under conditions that are typical of the flowmeter’s actual operation. 

Accuracy of flow meter of ± 0.2 % has been verified by collecting volume of liquid 

(mixture of water and clay pumped on the Flume) on outlet at specific period of 

time. 

 

Figure 5.4: Flow meter. 
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5.2.3 Pump calibration  

Centrifugal pumps are used to transport fluids (water and sediment) by the 

conversion of rotational kinetic energy to the hydrodynamic energy of the fluid flow 

Figure 5.5. The fluid enters the pump impeller along or near to the rotating axis 

and is accelerated by the impeller, flowing radially outward into a diffuser or volute 

chamber (casing), from where it exits. The fluid gains both velocity and pressure 

while passing through the impeller. The doughnut-shaped diffuser, or scroll, 

section of the casing decelerates the flow and further increases the pressure. 

A variable frequency drive is used for adjusting a flow or pressure to the actual 

demand by controlling the rotational speed of an alternating current electric motor. 

It controls the frequency of the electrical power supplied to a pump and reduces 

power consumption.  

The pump was operated at 30,35,40,45,50 Hz frequency and the Flow rate and 

total head were recorded. The frequency curves were plotted for each frequency 

as shown in Figure 5.6. The pump was calibrated by comparison Performance 

curve at 50 Hz at laboratory with manufacturing Performance curve at the same 

frequency. With the matching of these two curves confirms that the pump is 

currently very accurate and effective. 
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Figure 5.5: Sediment pump. 

 

 

Figure 5.6: The frequency curves for sediment pump. 
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5.3 Experimental procedure MI 

Twelve experiments were carried out using the longitudinal flume to explore the 

influences of composition on consolidation behavior at room temperature of 20-

22° C as shown in Table 5.2. Sediments were mixed in dry condition before added 

into water flume. The pressure reading of all pipelines were checked before adding 

the mixture to the flume. The experiments on the longitudinal flume were 

conducted under different flow rate of (10,15 and 25 mᶟ/hr with velocity 0.05 ,0.08 

and 0.136 m/s respectively) to assess the effect of turbulence on sedimentation 

and consolidation. The soil was added at a constant rate during all tests using Rain 

Box (0.3×0.3×0.3 wooden box with regular slots for regular dry soil material 

distribution) at a rate of 1.6kg per minute and the pump was kept running till the 

end of consolidation stage Figure 5.7. Pore water pressure and dry unit weight 

were monitored and recorded during the whole duration of test. At the end of the 

settling and consolidation stages, sampling was carried out to extract samples from 

each layer to get the permeability by odometer as shown on Figure 5.8. In addition, 

samples were extracted from the middle part of flume and used to conduct self-

weight consolidation on settling column at the same water height 1.7 m. The 

sampler was inserted in the formed bed slowly till reach the flume base. the latter 

has metal strips that can be separated and raised with the sampler.   

Of note, three experiments (number 1,4 and 10 as shown on Table 5.2) were 

repeated in order to check repeatability of flume experiments and to carry out bed 

erosion tests. The erosion test was conduct directly after the consolidation test by 

increasing the discharge and changing the slope from 0.005 to 0.01. 
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Figure 5.7: Adding sediment to the flume. 

Table 5.2: Experiments details 

Test 
name 

Fixed Variable   

Slope 
m/m 

Materials Flow rate 
(mᶟ/hr) 

Reynold number   
× 106 

 

Velocity 
(m/s) 

1-3 0.005 M1 10, 15, 25 4.34, 65.1, 10.85 0.05,0.08,0.136 

4-6 0.005 M2 10, 15, 25 4.34, 65.1, 10.85 0.05,0.08,0.136 

7-9 0.005 M3 10, 15, 25 4.34, 65.1, 10.85 0.05,0.08,0.136 
10-12 0.005 M4 10, 15, 25 4.34, 65.1, 10.85 0.05,0.08,0.136 

 

 

Figure 5.8: Sketch of sampling location on the flume. 
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5.4 Results and discussion 

5.4.1 Effect of turbulence on dry unit weight profile 

Samples were extracted from longitudinal flume at the end of consolidation stage 

and applied in the settling columns with the same height of water. The height in all 

experiments was measured using a self-adhesive ruler and the dry unit weight 

using conductance meter. The data obtained from the flow condition using 

longitudinal flume and stagnant condition using settling column experiments were 

presented as bed height  sediment against bed dry unit weight after 30 days from 

starting the experiments as shown on Figure 5.9. Dry unit weight increased as the 

bed height decreased to reach a maximum value at the base of flume and settling 

column. Increased dry unit weight due to self-weight consolidation and cumulative 

weight gain of soil layers. The process of self-weight consolidation varies 

according to the flow rate. Increasing the discharge 10,15 and 25 mᶟ/hr increased 

the dry unit weight and shows this increase visible in the lower layers of bed. 

Increased flow rate from 10 to 25 mᶟ/hr led to increase dry unit weight at varying 

rates with changing sediment composition. Dry unit weight increased by 10 % 

when increasing flow from 0 to 25 mᶟ/hr for sediment (20 % clay + 80 % sand), 

whereas this percentage was 5 % when using sediment with no clay. This is 

because the number of collisions increases with turbulence forming large flocs that 

may settle faster than the individual particles. In addition, the flow of water drives 

the clay particles to come closer and thus form network structure that can hold and 

hinder sand particles thus prevent segregation (Asselman et al., 2003; Johansen, 

1998).           
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Figure 5.9: Dry unit weight profile for different sediment mixture (A,B,C and D for the used 

material M1, M2, M3 and M4 respectively) with flow rate 25 mᶟ/hr. 
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5.4.2 Effect of clay content on the dry weight profile 

Data presented in Figure 5.10 show distinctive behaviour for bed dry unit weight 

with an increase in the proportion of soft materials at the same flow rate. There 

were positive and negative effect of adding clay content on the final bed dry unit 

weight. The effect of fine material on the bed dry unit weight increased with the 

increase of soft materials from 0 % to 20 %. adding 20 % of clay led to increase in 

dry unit weight from 15.23 kN/mᶟ to 16.533 kN/mᶟ at flow rate of 25 mᶟ/hr (0.136 

m/s). On other hand, when increasing the ratio of soft material to 30 % and 50 % 

the negative effect of soft materials begins. The dry unit weight became 15.77 and 

15.82 kN/mᶟ for 30 and 50 % of clay respectively (Flow rate 25 mᶟ/hr with velocity 

(0.136 m/s)). The same positive and negative effect of addition of clay materials 

happen with 10 and 15 mᶟ/hr with velocity 0.05 and 0.08 m/s respectively. 

The final consolidation rates are almost dependent on the clay content. The dry 

unit weight increased with the increase in soft materials from 0 % to 20 % due to 

the clay content is just fill the space between the sand particles that are still in 

contact. While the decrease in dry unit weight with increased soft material (from 

30 % to 50 %) due to the sand particles are no longer in contact with each other, 

because they are covered with clay particles (Panagiotopoulos et al., 1997). 

The effect increasing soft materials on bed dry unit weight is similar on the 

compaction test and consolidation test. The maximum dry unit weight increases 
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with increase of the clay content from 0 % to 20 % and further increase in the clay 

content decreases the maximum dry unit weight. The increase in the dry unit 

weight can be attributed to the fact that clay particles fills the voids of sand and 

increases the dry unit weight.  

  

 

Figure 5.10: Dry unit weight profile under different flow rate ((A): 0.05 m/s, (B): 0.08 

m/s and (C) :0.136 m/s. 
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5.4.3 Excess pore water pressure profiles 

 

Figure 5.11 presents the measured excess pore water pressure profiles of tests 

performed under flow of 25 mᶟ/hr. the excess pore water pressure calculated by 

subtracting hydrostatic pore water pressure from the measured pore water 

pressure using pressure transducer. The excess pore water pressure at the top 

is equal to zero and increases downwards. This excess of pressure reduces with 

the continuation of consolidation process and approaches zero at the end of this 

process. During consolidation, the sediment surface drops and at the surface the 

excess pore water pressure equals zero. At the beginning of consolidation 

process, pore water pressure takes the responsibility of the load resistance 

(external load or self-weight load). Because self-loads are highest at the bottom, 

pore water pressure is larger at the base. In addition, the final state of 

consolidation is the steady-state or hydrostatic pore water pressure in which all 

the excess pore water pressures in the soil bed have dissipated.  

From Figure 5.11 it can be noted that the excess pore water pressure behaves 

with two different ways with increase in clay material. Addition of soft clay content 

led to reduce speed of excess pore water pressure dissipation due to the increase 

of dry unit weight when the clay content was less than 20 %. For the same reason 

the rate of dissipation increases when the fine material increases from (30 % to 

50 %). 

In addition, from Figure 5.12 shows the rate of dissipation of pore water pressure 

as a function of height for the same sediment mixture (M 2). The rate of 

dissipation was faster at the beginning of all test and decreases over time. This 

was due to the fact that the total weight of the suspension is borne by the pore 
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water, which cannot be expelled quickly because of the low permeability of the 

mud layer. On the other hand, increase flow discharge leading to a decrease in 

rate of dissipation. 25 mᶟ/hr lead to hindred particles each other more than 10 

and 15 mᶟ/hr and thus self-weight loading development and excess pore water 

dissipation takes more time. Increasing the flow leads to increased dry unit weight 

and therefore the void ratio decreases and as a result the water dissipation rate 

decreases. The duration of consolidation for pure sand and clay are less than the 

mixed sediment because the start of consolidation point depend on gel point that 

varies depending on sediment type (Toorman and Berlamont, 1993).  
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Figure 5.11: Excess pore pressure profile for different sediment mixture (A,B,C and 

D for the used material M1, M2, M3 and M4 respectively) with flow rate 0.136 m/s. 
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Figure 5.12: Excess pore pressure profile under different flow rate ((E): 0.05 m/s, (F): 

0.08 m/s and (G) :0.136 m/s for mixture M 2. 
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the total weight of the suspension is borne by the pore water, which cannot be 

expelled quickly because of the low permeability of the mud layer. When the 

consolidation process proceeds the pore water is expelled slowly and the mud 

particles aggregates start to take over the load: effective stress develops and 

excess pore water pressure decreases. The value of excess pore pressure in all 

trials is as large as possible at the beginning of the experiment and decreases 

over time as the self-weight consolidation started. The dissipation of the excess 

pore water pressure for flow rate with 0.136 m/s takes more time than flow with 

(0.05 and 0.08 m/s. Increase the flow rate leads to increase density as a result 

the pore water dissipation decreases. 

 

Figure 5.13: Excess pore pressure profile under different flow rate (0.05 m/s, 0.08 

m/s and 0.136 m/s for mixture M 2 
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5.4.4  Void ratio vs effective stress 

 

The consolidation stage starts when the sediment particles become in contact 

with each other so that the effective stress was greater than zero. The pore water 

pressure and total stress were similar at the interface where there is no effective 

stress that starts to increase until reaches the maximum value at the bottom of 

the flume. The total stress in the flume under self-weight consolidation can be 

determined by integration of density profiles. Thus, the effective stress 

distribution can be calculated by subtracting a measured pore-water pressure 

from the total stress (integration of density profiles). If there is no difference 

between total stress and pore-water pressure, this indicates a zero-effective 

stress (the soil still in suspension).  

The void ratio is calculated directly by using the density profiles and the total 

stress is obtained from the integration of density profiles. At the levels at which 

the pore water pressure 𝑢𝑤 is measured the effective stress 𝜎′ can be calculated 

using the effective stress principle:𝜎′ = 𝜎 − 𝑢𝑤. It can be seen that the void ratio 

decreases with an increase in effective stress.  

With increase of effective stress, the void ratio decreases. However, for an 

effective stress smaller than the range 0.7 to 0.8 kPa, the void ratio changes 

significantly, while for higher values of effective stress a much smaller change is 

observed. Effective stress corresponded to a higher void ratio in the early stages 

of consolidation and a lower one later on. The relationship between effective 

stress and void ratio varies with change of sediment type. However, all the 

equations relationship has the same power form as shown on Figure 5.14. The 

void ratio is less when used 20 % of clay with sand from any other mixture as a 
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result this sediment mixture have highest effective stress. While, 0 % clay 

sediment showed the lowest effective stress and highest void ratio. 

 

 

 

 

Figure 5.14: Relationship between effective stress and void ratio for different 

sediment mixture (M 1, M 2, M 3 and M4). 
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under 0.136 m/s and 0.8 to 0.9 for the bed that formed under 0.5 m/s. The 

increase in the flow velocity leading to an increase of bed dry unit weight and thus 

the void ratio decreases. 

5.4.5 Void ratio vs permeability  

 

Samples were extracted from consolidated bed and examined to investigate the 

effect of clay content and turbulence on permeability. All the extracted specimens 

were placed in GDS Automatic Oedometer System with hydraulic cell to initiate 

the permeability test. A pressure-volume controller is connected to the base of 

the hydraulic cell in order to apply a base water pressure of 35 kN/mᶟ on the 

bottom of the specimen whereas, the top of specimen was kept under water at 

atmospheric pressure. The permeability tests were performed according to BS 

1377-6 (1990). Results of these tests are presented in Figure 5.15. 

The top bed layers are more permeable than the lower layers because the void 

ratio in the lower bed layers are less than in the upper layers, as a result the ability 

of allowing water to pass through is as low as possible at the bottom. The 

relationship between void ratio and permeability are exponential relationship in 

all tests that have been conducted. The ability of a sediment to allow water to go 

through is reduced when clay content increased to 20 %. But when the clay 

content increases to 30 and 50 % the ability of the mixture to pass the water 

increased. 

Also, Increasing the turbulence leads to reduce void ratio which in turn results in 

reduced permeability of bed. Because the flow urges sand particles to drag fine 

clay down through the bed leaving coarser sand at the top of the bed with higher 

dry unit weight. Sand particles move downward producing drainage paths in the 
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overlying soft soil Which increased the permeability of the mixture. Therefore, 

turbulence would cause reduction on permeability due to increased dry unit 

weight. But the relationship between void ratio and permeability still the same as 

long as the same sediment composition is used. The permeability of the clay/sand 

mixtures is found to be a function of void ratio  (Datta, 2005).  

 

Figure 5.15: Relationship between permeability and void ratio. 
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5.18). It can be clearly seen from these figures, the percentage of passing of 

coarse materials for the extracted layers is more closely in comparison with fine 

materials. In addition, there are more segregation in the bottom (0- 0.05 m) layer 

M2 test in contrast with the same layer in M3 and M4. As a result, the rate of 

increase of midden particle size is the greatest in both layers of M2 test. 

Segregation is less when the clay content was increased to 50 % (M4) because 

the continuous network structure formed before the sand reach settle to the bed 

for both extracted layers. Segregation depends on (1) Initial concentration of 

suspension (2) The amount of sand that can be hold by network structure (Kuijper 

1992). 

 

Figure 5.16: Result sieve analyses for M 2 at different height. 
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Figure 5.17: Result sieve analyses for M 3 at different height. 
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Figure 5.18: Result sieve analyses for M 4 at different height. 
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Figure 5.19: Result sieve analyses for M 2 formed under 10 m3/hr, 5 m3/hr and 25 

m3/hr. 
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forming network structure from fine particles in order to carry coarse particles 

then the segregation can be reduced or prevented (Toorman and Berlamont, 

1993; Torfs et al., 1996).  

 

Figure 5.20: Error bar of sieve analysis test for formed bed with 20% clay content. 

 

0

20

40

60

80

100

120

2 1.18 0.7 0.6 0.5 0.3 0.25 0.15 0.075 0.063

%
 P

a
ss

in
g

Particle size (mm) 

Orginal sediment mixture

0 - 0.05 m  from the base

0.05 - 0.1 m from the base



 

161 

 

 

Figure 5.21: Error bar of sieve analysis test for formed bed with 30% clay content. 
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Figure 5.22: Error bar of sieve analysis test for formed bed with 50% clay content. 
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be obviously seen that when increasing the normal stress on the sample shear 

strength is increased. In addition, despite the fact that, increase soft materials 

have biggest effect on cohesion and angle (decrease from 36.1 to 33.1 for by 

adding 20 % of clay). The change in flow rate have an effect on the angle of 

friction. For 0 % clay sediment, the angle of friction varies between 36° to 36.4° 

with cohesion 7.3 kPa and 7.1 kPa for 10 and 25 mᶟ/hr respectively. In addition, 

the angle of friction increased from 34.3° to 34.7° with cohesion 9.1 kPa and 8.9 

kPa for 10 and 25 mᶟ/hr when the sediment is mixture of 20 % clay and 80 % 

sand. The effect of flow rate is indirect because the layer formed under different 

flow have different dry unit weight that have effect on cohesion and angle of 

friction.  
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Figure 5.23: Relationship between shear stress and normal stress for different Flow 

rate. 
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This is because the dry unit weight of the lower layers is larger than the upper 

layers and thus the resistance for erosion increases in these layers. The value of 

critical stress increases with the increase in the ratio of soft materials in the bed 

materials from 0% to 20% and decreases with further increase from 20% to 50%. 

The resistance to erosion decreases with the reducing in clay content. Bed with 

0 % clay erode 28 Pa whereas 20 % clay bed erodes at 35.4 Pa. 

 

The 0% clay content bed formed under flow rate 0.05 m/s eroded under shear 

stress 28 Pa. Whereas, 34.3 Pa and 33.1 Pa are the critical shear stress  that 

capable to erode bed with 20% and 50% clay content respectively (Both formed 

This is due to the clay minerals fill the spaces between the sand particles leading 

to create a smoother surface then is more difficult to erode as shown on Figure 

5.25. The cohesive effect of the soft soil in binding the sand particles together. 

Kandiah and Arulanandan (1974) found that the resistance of mixed soil bed due 

to clay-sand bonds and clay-clay bonds. The sand particles are still in contact 

with each other when the clay mineral content was less than 20 % by dry weight. 

On the other hand, if the clay content is more than 20 % by dry weight, the sand 

particles are no longer in contact with each other, because they are covered with 

clay particles, Consequently, erosion is controlled mainly by the resistance of the 

clay fraction. 
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Figure 5.24: Dry unit weight profile for different sediment mixture (A,B and C for the 

used material M1, M2 and M3 respectively) with flow rate 0.05 m/s. 

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

10 12 14 16 18

H
ei

g
h
t 

m

Dry unit weight kN/m3

0 Min (The end of Consolidation)
10 Min
1 hour
3 hours
6 hours

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

10 12 14 16 18
H

ei
g
h
t 

m

Dry unit weight  kN/m3

0 Min (The end of Consolidation)
10 Min
1 hour
3 hours
6 hours

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

10 12 14 16 18

H
ei

g
h
t 

m

Dry unit weight kN/m3

0 Min (The end of Consolidation)

10 Min

1 hours

3 hours

6 hours



 

167 

 

   

 

 

 

(A) 

 

 

(B) 

 

Figure 5.25: Effect of clay content on bed surface resistance of erosion (A 0 % clay 

and B 20 % clay) 

 

5.4.8 Effect of clay content on surface forming and sediment 

transportation  

 

The sand layers reach the end of the channel after 5 hours, while the addition of 

50 % of the clay leads to delaying the arrival of the mixture to the end of the 

channel which took more than 8 hours of the beginning of the test.  Whereas, the 

mixture of 20 % clay need 5 hours and 40 minutes to form a bed with 0.14 mm 

height at the outlet of the flume. The higher the clay content, the lower the speed 

of sand grains. This is because clay particles gather and form network structure 

that can hold and hinder sand particles. The speed of the sand grains is reduced 

 by half when 30% of the clay is added to the sand.   
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The flow effect of formation of ripples varies depending on the type of the bed soil 

material. Figure 5.26 shows the bed level of the right sides of the cross sections 

of the flume between 3 to 5 m under 25 m3/hr discharge. It is noticeable that 

some ripples have occurred in the upper surface due to the effect of flow on 

transporting the sediment. The flow effect of formation of ripples varies with time. 

The shift of bed channel can be observed by monitor the change in the shape of 

ripples with time. At least 2 same ripple could be observed were shifted their 

location with the passage of time when the clay content was more than 0% 

(sediment mixture C 2, C 3 and C 4). whereas, it is difficult to identify shift ripple 

when the sediment is just sand. This because the bed formed with sand and 0 % 

clay content has less stability than other bed material mixture that have clay 

content 20, 30 and 50 % of clay. The formation of ripples is ascribed to the 

instability of the bed topography affected by three-dimensional perturbations from 

both flow and sediment transport (Parker 1976; Zhang, et al 2017). 
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Figure 5.26: Longitudinal bed level both side view for cross section 300 to 500 mm 

flume length  under the discharge of 25 m3/hr (C 1 20 % clay , C 2 30 % clay,C 3 50 

% clay ). 
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Figure 5.27: Longitudinal bed level both side view under the discharge of 25 m3/hr 

(C 1 20 % clay , C 2 30 % clay and C 3 50 % clay ). 
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5.5 Validation of obtained results 

 

The obtained results from consolidated bed under flow condition were compared 

with wide range of previous results that had been collected by Alexis et al. (1992). 

Alexis data were collecting from different studies that had about 100 tests, in 

order to point out common trends. 

Figures 5.28 and 5.29 show the obtained results from longitudinal flume and the 

maximum and minimum values of Alexis graph. According to these figures It can 

be clearly seen that, the void ratio, effective stresses and permeability of all 

experiments are not on the range of Alexis data. This is because of the effect of 

flow condition have not been included in all previous studies. Increasing the flow 

leads to increase dry unit weight in comparison with stagnant condition (Alexis 

data) and therefore the void ratio decreases and as a result the water dissipation 

rate decreases. In addition, the constitutive equation for large sand content is 

difficulty to simulate sediment consolidation typically larger than 10 - 20 % 

(Grasso et al., 2015; Wang et al., 2018). The variation dry unit weight and the 

composition of the bed material along the flume has to be taken into account for 

the simulation of consolidation and erosion. 
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Figure 5.28: Comparison of permeability results of turbulent flow with Alexis results. 

 

 

Figure 5.29: Comparison of effective stress results of turbulent flow with Alexis results. 
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5.6 Summary 

A comprehensive laboratory investigation has been conducted to explore the 

impacts of turbulence and the change on composition on the deposition and 

consolidation. A number of conclusions can be drawn from this investigation; 

1- Flow water has a greater effect than stagnant water on the dry unit weight 

due to the number of collisions increases with turbulence condition more 

than stagnant condition forming large flocs that settle faster than the 

individual particles. 

2- With the increase in flow rate, particles can come nearer to other particles, 

which results in increase effective stress and thus dry unit weight 

increases.  

3- The rate of dissipation of excess pore water pressure decreases with 

increase of flow discharge and varies depending on sediment mixture. 

However, the relationship between void ratio and permeability do not 

change with change of sediment mixture. 

4- The consolidation process time increase with increase of clay content. 

However, 20 % of clay content found to be the critical clay content after 

which the duration of consolidation will decrease. This content of clay will 

delay the gel points and the formation of network structure as a result the 

consolidation time increases.  

5- Sand and clay contribute to each other’s final compressibility in the 

sediment mixture. However, adding more than 20 percent of clay is 

enough to alienate sand particles (no longer in contact with each other) 

and dominates mixture behavior. 
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6- The increase of flow discharge has less effect on the angle of friction 

compared with effect of increase soft material in the sediment mixture. 

7- The increase of resistance of mud content due to the clay minerals fill the 

spaces between the sand particles leading to create a smoother surface 

that is more difficult to erode. 

8- The flow rate plays important role in the homogeneity of bed material. Bed 

material formed under 25 m3/hr (0.136 m/s) has Less segregation than 

that formed under flow rate 10 m3/hr and 15 m3/hr. This is due to Increase 

flow rate leads to delay the settling of sand particles and urge the clay 

particles form continuous network structure faster than less low flow rate. 
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 Conclusions and Recommendations  

 

In this Chapter a coordinated experimental investigation was undertaken 

to examine the compressibility, permeability and shear strength behaviour of 

cohesive and non-cohesive soil placed within columns and longitudinal flume. In 

addition, A discussion of compressibility characteristics of clay material at 

different initial height of suspension rate (1.4,1.6 and 1.8m). 

Two non-intrusive technique were applied for measuring the dry unit 

weight at settling and consolidation stages. Non-intrusive techniques have been 

developed and applied for detecting internal condition of structures for many 

years. However, impact echo technique has never been applied to measure the 

dry unit weight of self- consolidation along the vertical stratification of cohesive 

and non-cohesive particles. Also, a novel conductance sensor has been 

developed to improve the efficiency of this technique. The limitations of using 

these techniques will be highlighted in this Chapter. 

6.1 Conclusions 

A comprehensive laboratory investigation has been conducted to explore 

the impacts of stagnant and turbulence condition on different soil composition. 

The deposition, consolidation and erosion were observed for different flow rate. 

The development of dry unit weight during the consolidation stage was measured 

by using two non-intrusive technique. A number of conclusions can be drawn 

from this investigation; 

; 

1- Two non-intrusive techniques (The impact echo and conductivity) have 

been developed and used measure dry unit weight. Both techniques are 
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cheaper and less complicated in comparison with other dry unit weight 

techniques. 

2- The impact echo technique is not preferred when the initial concentration 

is less than 150g/L or the settling height less than 0.6m. 

3- The initial height of settling and initial concentration plays important role in 

the development of bed shear strength and homogeneity of bed material. 

4- The final bed dry unit weight increased with the increase of initial 

suspension height because the void ratio decreases and gives rise to 

greater soil particle contact, leads to the increased strengthening of 

physical-chemical bonds the effective stress will be increased. 

5- Sand and clay contribute to each other’s final compressibility in the 

sediment mixture. However, adding more than 20 percent of clay is 

enough to alienate sand particles (no longer in contact with each other) 

and dominates mixture behavior. 

6- Increase clay content up to 50 % leads to increase resistance of mixture 

to erosion. As clay minerals fill the spaces between the sand particles 

leading to create a smoother surface that is more difficult to erode. 

7- Flow water has a greater effect than stagnant water on the dry unit weight 

due to the number of collisions increases with turbulence condition more 

than stagnant condition forming large flocs that settle faster than the 

individual particles.  

8- The rate of dissipation of excess pore water pressure decreases with 

increase of flow discharge and varies depending on sediment mixture. 

However, the relationship between void ratio and permeability do not 

change with change of sediment mixture. 
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9- Increase the flow discharge up to 25 m3/ hr has less effect on the angle of 

friction compared with effect of increase soft material in the sediment 

mixture. 

 

6.2 Recommendations for further research 

 

Base on the experiments and analysis presented in this thesis, the 

recommendations for the further studies are listed as follows: 

1- Set of experiment with different initial height of suspended sediment in the 

longitudinal flume to assess the combination of turbulent flow and height 

of sediment on deposition and consolidation.  

2- Further set of experiments using different sediment material and 

composition to assess the change on compressibility and permeability 

under turbulence flow condition. 

3- Consideration of biological effect on self-weight consolidation under 

flow condition. 

4- Consideration of salinity and flocculant effect on self-weight 

consolidation under flow condition. 

5- A study that cover compressibility and permeability characteristics for 

a range of sediment mixture (from cohesive and non-cohesive soil) 

which transported under different flow laminar flow. 

6- A successful modelling that cover for transportation, deposition, and 

consolidation as well as erosion under different flow rate (turbulent and 

laminar flow) and composition. 
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