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ABSTRACT 
Understanding of fundamental erosion characteristics of seabed sediments on which 

pipelines and other structures are found is critical for the design of these facilities. The 

erosion threshold condition of cohesive sediments is not well understood because of the 

complexity and variability of natural sediments. Most of the existing methods for 

evaluating the erosion behaviours of seabed sediment are often only applicable to the 

certain particular sediment types and test conditions. There appears to be a need for 

more research efforts in this area.  

In the present research, the threshold of motion of four moderately consolidated 

sand/clay mixtures and scores of field samples found in North West Shelf of Australia 

was tested in unidirectional currents, wave-induced oscillatory flow and combined 

waves and currents using the mini O-tube testing facility. As for unidirectional steady 

currents, the threshold shear stress τcr was correlated with some basic soil properties, e.g. 

particle size d50, mud content Pm, plasticity index PI and bulk density ρd. It was found 

that τcr positively correlated with mud content Pm, plasticity PI and bulk density ρd for 

field samples. The relationship between dimensionless threshold shear stress θcr and 

dimensionless median particle size D* was established as an algebraic expression for the 

present test results. For the case of oscillatory flow and combined currents and waves, 

the initial motion of selected sand/clay mixtures (M1) was examined and the threshold 

of motion was found to be greater than that obtained by Shields curve.  

Finally, erosion rate of field samples was tested and an improved expression was 

proposed by introducing a sediment-specific coefficient. This coefficient was then 

correlated with several soil and fluid parameters, e.g. particle size, mud content, grain 
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Reynolds number and bed shear stress. The results of the present test and proposed 

method are expected to provide reference to the general application on evaluating the 

erosion behaviours of seabed sediments. 
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1 INTRODUCTION 
1.1 Background  
Global energy consumption will rise by nearly 50 percent from 2009 to 2035 (US EIA, 

2011). Most of the growth occurs in emerging economies outside the Organization for 

Economic Cooperation and Development (OECD) with energy use increases by 84 

percent in their reference cases, especially in non-OECD Asian countries led by China 

and India.  

Offshore oil and gas production has become an increasing significant component of 

world’s energy supply and more funds are invested on offshore facilities and 

infrastructures. With increasingly construction of offshore facilities on the seabed, the 

potential hazard to the environment comes into notice. One of the considerations is the 

understanding of dynamic characteristics of seabed sediment on which offshore 

platforms and submarine pipelines stand upon. To improve design and maintenance 

against such problems related to scour due to sediment movement and to reduce the 

engineering costs, erosion behaviours of sediment will be the focus of this study. 

The erosion of sediment is the detachment of particles or aggregations from earth 

surface. Erosion occurs when sediment is subject to the natural force of flowing water, 

wind, gravity and ice, etc. Human activities can also accelerate erosion condition such 

as agriculture, urbanization, mining operations, infrastructure construction (Vanoni, 

1975). In marine environments, offshore facilities may cause a series of local influence 

on accelerating seabed sediment erosion. The presence of structures gives rise to an 

increase of both flow velocity and turbulent intensity in the vicinity of the structure 

(Whitehouse, 1997). For example, established pipelines are susceptible to scour and the 

generation of free spans which develop from a small scour hole and then extend to a 

prolonged unsupported gap beneath the pipeline (Cheng and Li, 2003). As a result, the 
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pipeline is likely to sag or fail due to the loss of support. A lot of reported and 

unreported pipeline failures occurred since the placement on the seabed (Herbich, 1985), 

which can bring about economic and environmental problems. Therefore, the erosion of 

sediment and its effect on the adjacent structures has engineering, economic and safety 

implications. 

Sediment is a loose material broken down from rock mass or shell remnants by 

processes of weathering and erosion, and is subsequently transported or deposited by 

the hydrodynamic action of fluids. The natural seabed sediments are normally classified 

as non-cohesive sediments and cohesive sediments based on electrochemical bond 

between sediment particles. While in the field situation, sediments are widely found as a 

mixture of both types of particles in the form of homogeneous or laminated bed 

(Panagiotopoulos, et al. 1997). Besides, seabed sediments are also subjected to the 

combined actions of fluid flow and biological dynamical process, which leads to 

complexity and difficulty in proposing a universal applicable evaluation method to 

characterize the erosion process of seabed sediment in marine system.  

1.2 Threshold of motion 
The threshold of motion of sediment is regarded to reach when the flow velocity 

increases to a critical value that, if increases even slightly will bring the grain into 

motion (Vanoni, 1975). The quantities such as bed shear stress and bed friction velocity 

corresponding to this critical condition reach their critical values as well. Yalin (1972) 

considered this phenomenon as critical stage of initiation of sediment transport, and 

surface and uppermost bed layer can have either an “instantaneous” or a “statistical” 

(average) meaning. Further increase of flow velocity will subsequently lead to mass 

erosion (Winterwerp and VanKesteren, 2004) and an increased erosion rate.  
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For non-cohesive sediments, the resistance to erosion is mainly provided by 

gravitational friction force which is predominantly influenced by grain particle size and 

density. To parameterise the critical criterion, Shields (1936) has originally provided a 

curve based on the experimental data in the form of a dimensionless Shields parameter 

θcr versus grain Reynolds number Re*. The Shields curve has supported by a large 

number of experimental data on threshold of motion of non-cohesive sands. Moreover, 

some efforts have also been contributed to modify the Shields diagram to a practical 

application, e.g. a dimensionless grain diameter D* was proposed by Van Rijn (1993) 

and then modified by Soulsby (1997) to resolve the iteration of friction velocity u* 

which appear on both axes. The validation of modified method to evaluate the initial 

motion of sediment has been justified by a large set of experimental data on non-

cohesive sediment, as shown in Figure 1-1. 

 

Figure 1-1 Shields curve proposed by Soulsby with reference of previous data set (After Soulsby, 
1997) 

However, as more experiments conducted on sample with fine grains (d50<62.5μm), the 

Shields curve was found to underestimate the threshold of motion (Vanoni, 1975; 

Kamphuis and Hall, 1983; Mehta and Lee 1994; Panagiotopoulos, et al., 1997; Righetti 
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and Lucarelli, 2007 and Jacobs, et al., 2010). Fine-grained sediments are defined as 

grains with median particle size less than 0.075 mm diameter (Briaud et al. 2004; Task 

Committee of ASCE, 1968). Other soil classification methods recommend a size of 0.06 

mm (British Standard) or 0.062 mm as (Lane, 1947) the boundary. Despite the 

differences in division points in different systems, they all present ponderable criteria of 

classification for sediment particle size and corresponding soil properties (Cheung, 

2007). Considering the relationship between cohesion and particles size demonstrated 

by Mehta and Lee (1994) together with preceding methods, the soil classification shown 

in Table 1-1 is used for the present research. 

Table 1-1 Soil classification 

Clay Silt Sand Gravel Cobbles

 Fine Medium Coarse Fine Medium Coarse Fine Medium Coarse  

<0.002 0.002-
0.006 

0.006-
0.02 

0.02-
0.0625 

0.0625-
0.2 

0.2-0.6 0.6-2 2-6 6-20 20-60 >60 

Unit: mm 

Sediment can be characterised by particle size distribution (PSD), composition of 

particles in different size categories, and plasticity. By analysing the distribution of 

particle size, the fraction of fine-grained sediment can be identified. With grain size 

become smaller under 62.5 μm, cohesion should be taken into account, though not all 

fine sediment is cohesive. The fine particles especially the clay mineral particles have a 

high specific surface area and thin shape with negligible weight, and are predominantly 

influenced by electrochemical bond between fine particles. Besides, erodibility of 

cohesive sediment can be influenced by plasticity and consolidation situation. These 

properties have been parameterised as Plasticity Index PI and bulk density ρd, and 

research efforts have been devoted on investigating the relationships between these 

quantities with erosion threshold (Smerdon and Beasley, 1961; Mehta and Lee, 1994; 
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Dou, 2000; Kamphuis and Hall, 1983; Panagiotopoulos, et al., 1997; Jacobs, et al, 2010). 

However, the formulations and demonstrations available are highly empirical and 

dependent on only one or two factors. The experimental results are scattered and 

inconclusive (Amos, et al., 2010), but at least the basic relations could still be able to be 

identified. An evaluation method is necessary to describe the process of erosion 

threshold and to analyse the comprehensive effects of these key parameters on the initial 

motion.    

1.3 Erosion rate 
The transport rate of sediment is present when the flow velocity beyond the critical 

stage of sediment movement (Yalin, 1972). The erosion rate per unit area of bed or the 

benthic flux is commonly used to quantify the loss of bed sediment. Some empirical and 

semi-empirical expressions and models have been proposed for erosion rate of non-

cohesive sediment (Einstein, 1942; Meyer-Peter and Müller, 1948; Yalin, 1963; 

McDowell and O’Connor, 1977; Van Rijn, 1984; Soulsby, 1997). In contrast, the 

erosion rate of cohesive sediment or mixtures of coarse and fine grains is still not well 

understood. Some previous research works have related erosion rate with bed shear 

stress for cohesive sediments (Kandiah, 1974; Ariathurai and Arulanadan, 1978; Mehta 

and Parthenaides, 1979; Mitchener and Torfs, 1996; Houwing, 1999). However, more 

laboratory or field observations are required to obtain a universal expression and the 

coefficients in this expression need to be calibrated with different soil properties. 

Sediment shear strength generally increases with depth beneath the sediment surface 

due to geostatic load, and hence the erosion resistance increases correspondingly with 

depth z (Lambe and Whitman, 1969; Eisele et al., 1974; Hayter, 1984). This causes 

variation of erosion threshold during the eroded process (eroded depth) and should be 

considered when evaluating erosion rate of sediments in field (Amos, et al., 2010).  
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Bed forms are initiated by fluid dynamic motion over movable sediment materials (Van 

Rijn, 1993), which can be usually observed in nature. Effect of shape and dimension of 

bed profile on the velocity distribution above the bed was presented and discussed (Liu, 

1957; Allen, 1968; Engelund, 1970; Van der Berg et al., 1989; Fredsøe, 1982; Van Rijn, 

1984). Most efforts were made to explain the bed forms of non-cohesive sediment (d50 > 

62.5μm) in currents, waves and combined of current and wave by analysing characters 

of bed sediment and fluid flow. In contrast, fewer attempts on experiments are devoted 

to study the characteristics of bed profiles of cohesive sediment, but instead the 

concentration profile of suspended load was investigated by some experiments (Mehta 

and Parthenaides, 1979; Zreik, et al., 1998). Besides, some efforts have been put on 

scour of cohesive sediment around the piers (Briaud, 1999; Babu, et al. 2003), pipelines 

(Van der Velden and Bijker, 1992).   

1.4 Research aim 

A number of moderate cohesive sediments were found in the North West Shelf of 

Western Australia, where predominant offshore explorations take place. These 

sediments are susceptible to erosion under typical North West Shelf metocean 

conditions. Due to the lack of reliable evaluation method on erosion behaviour of 

cohesive sediments, the present evaluation methods often neglect the cohesion of such 

sediments and treat them as “non-cohesive” sediment. This often leads to over-

conservative designs of subsea pipelines and structures. Therefore the aim of the present 

research is to provide a reliable and feasible method to evaluate the erosion characters 

by conducting a series of experiments on artificial mixed samples and fields sediments. 

A closed-loop Mini O-tube (MOT) facility is employed to carry out the proposed tests 

in the present research. This facility comprises of a closed circular channel of water 
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driven by a turbine, with an enlarged rectangular test section in which experiments were 

conducted. The MOT is able to measure the erosion threshold and erosion rate of non-

cohesive and cohesive sediment.  

A series of laboratory experiments to investigate erosion behavior of cohesive 

sediments and develop practical and realistic erosion assessment methods for weak to 

moderate cohesive sediments, especially those found in the North West Shelf. Test 

results are calibrated by published experimental data and results of field survey 

programs. 

The assessment of erosion will be intimately linked with novel tools developed by 

geotechnical specialists, in particular full-flow penetrometers such as the T-bar, to 

measure the shear strength of the surficial soils Accurate strength measurements, 

combined with particle sizing and quantification of aspects such as shape and relative 

smoothness, will allow a significant advance in or ability to predict erosion thresholds 

around offshore facilities. With the increasing number of subsea structures such as 

pipelines, Subsea Isolation Valve Umbilicals (SSIVs), Pipeline End Manifolds (PLEMs) 

and gravity anchors being installed in the North West Shelf, significant cost savings can 

be achieved through the improved understanding of erosion processes of the seabed 

sediments. 

  



School of Civil and Resource Engineering  
The University of Western Australia 

19 
 

2 LITERATURE REVIEW 
2.1 General 
Sediment transport process is dominant in the vicinity of seabed in currents and/or 

waves (Van Rijn, 1993). Therefore it is of crucial importance to understand the 

properties of near-bed fluid motion, e.g. velocities and bed shear stress over a rough bed. 

The erosion behaviour of cohesive sediment has raised more concern and has been 

extensively studied in the past few decades. Surface erosion threshold of sediment is a 

well-recognized measurement to evaluate the stability of marine sediment (Amos, 2010). 

The failure of surface sediment, as a response to hydraulic force exerting, is influenced 

by a wide range of fluid and sediment properties.  

2.2 Flow conditions 

Fluid dynamic force on near-bed region is the major cause of sediment transport process. 

Therefore, measurement of hydrodynamic force is based on the knowledge of direction 

and magnitude of flow velocities and bed shear stress in the vicinity of bed (Van Rijn, 

1993). Fluid flow is normally classified as current, wave and combined of current and 

wave, and its force acting on the seabed corresponds to unidirectional steady flow, 

oscillatory flow and combination of both.     

2.2.1 Currents 

The granular materials of seabed form the bottom roughness and influence the velocity 

distribution above the bed via a turbulent boundary layer near the bed. The current 

velocity increases rapidly within the boundary layer at the bed from zero to a maximum 

near the water surface (Soulsby, 1997). The velocity distribution is influenced by the 

bottom roughness, and this effect has been investigated by Nikuradse (1933) by doing a 

set of experiments for pipe flow. He introduced a standard parameter known as 
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Nikuradse roughness ks to all types of roughness element. As a result of bed roughness, 

the velocity tends to zero at a height z=z0, where z0 is defined as the bed roughness 

length. The velocity develops with distance above the bed can be represented by the 

logarithmic law: 

* 0

1 lnU z
u zκ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
                                                                                                           (2-1) 

Where U is the velocity at the height z above the bed, u* is the bottom friction velocity 

(or shear velocity), κ is the von Karman’s constant equals to 0.40 (Dyer, 1986; Soulsby, 

1983) and z0 is the bed roughness length. The bed roughness length z0 under current 

flow is dependent on the friction velocity of current, viscosity of fluid and physical 

properties of bed surface in grain scale. Christoffersen and Jonsson (1985) developed an 

expression of z0 with these quantities which well fits the experimental results by 

Nikuradse (1933): 

*
0

*

1 exp
30 27 9

s sk u kz
u
ν

ν
⎡ − ⎤⎛ ⎞= − +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

                                                                                        (2-2) 

where ks is the Nikuradse constant, ν is kinematic viscosity of water and u* is the 

friction velocity. The Eq. (2-2) is valid for all hydrodynamic flow conditions, including 

hydrodynamically smooth, transitional and rough flow. These three types of 

hydrodynamic flow are defined as: 

Hydrodynamically rough flow                         u*ks/ν>70                                          (2-3) 

Transitional flow                                            5<u*ks/ν<70                                        (2-4) 

Hydrodynamically smooth flow                       u*ks/ν<5                                            (2-5) 
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Where Re*=u*ks/ν is roughness Reynolds number. Generally, the hydrodynamically 

smooth or transitional flow applies to bed with muds or fine sands, and 

hydrodynamically rough applies to coarse grains.  

Another way to determine the bed shear stress is via plotting the Reynolds shear stress 

τRe= 2
*/u v u′ ′−  with vertical distance above the bed y. Previous research findings 

showed that τRe is linearly related to y (Song and Graf, 1994; Yang and Lee, 2007) 

2
*/ 1 /u v u y h′ ′− = −                                                                     (2-6)   

in which 'u and 'v  are averaged velocity fluctuations in x and y directions, respectively, 

h is the water depth. In the duct flow, the water depth h is unknown, but there exist a 

point where the shear stress is zero and it needs to be calibrated for each test. Based on 

the assumption of linear distribution of τRe above the bed, the bed shear tress τb=ρu*
2 

can be solved if one knows the flow fluctuation 'u and 'v at certain distance above the 

bed.  

2.2.2 Waves  

Wave is one of the major causes to transport the seabed sediment, as well as steady 

current mentioned before. A simple progressive or monochromatic wave over a 

horizontal bottom can be characterized by a single value of wave height H, wave period 

T and wave length L. Figure 2-1 schematises a monochromatic (regular or single-

frequency) wave propagating in the x direction at the sea.  
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The frictional effect near the bed generates an oscillatory boundary layer in the vicinity 

of bed as well as current flow. The oscillatory boundary layer is comprised of a thin 

layer (transition layer) near the bed and an upper layer of irrotational oscillatory flow. 

Wave orbital velocity amplitude Uwave increases from zero to the peak value at the top 

of boundary layer Uw as shown in Figure 2-2 based on the demonstration of Van Rijn 

(1993). The distance from bed and the nearest level where Uwave equals Uδ is defined as 

the thickness of wave boundary layer δ. Velocity Uδ at δ equals the peak value Uw. 

 

Figure 2-2 Wave boundary layer (after Van Rijn, 1993) 

Hydraulic flow regime in oscillatory wave boundary layer was originally presented by 

Jonsson (1966) in the form of relative roughness r vs. wave Reynolds number Rw, as 

shown in Figure 2-3. Relative roughness r is expressed by r=Aw/ks, where Aw is the 

semi-orbital excursion and ks is Nikuradse roughness. Wave Reynolds number is 

defined as Rw=UwAw/v, where Uw is maximum wave orbital velocity amplitude, v is 

kinematic viscosity. In Figure 2-3, different flow regime, e.g. laminar, smooth turbulent, 

transition and rough turbulent flow, has been divided by solid line. Based on eddy 

viscosity assumption of turbulent boundary layer, Kajiura (1968) provided a method to 
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calculate the characteristics of wave boundary layer, e.g. friction factor and profiles of 

velocity and shear stress. Kajiura’s method has been favourably compared with 

pertinent numerical results and experimental observations. Kamphuis (1975) carried out 

a series of experiments on sediment transport in waves for both fixed and mobile bed, 

and defined the wave friction factors in laminar, smooth and rough turbulent flow 

regimes, as depicted dashed line in Figure 2-3. However, Figure 2-3 shows a typical 

study on the theory of flow regime among other well recognised research work, for 

instance, Li (1954), Sleath (1974).  

Jonsson (1966) attempted to systematize the previous observations and measurements 

of wave boundary layer, and provided the proper flow regime for a pure simple wave 

motion with short period. Based on more experimental data and established theories, 

Kamphuis (1975) suggested the upper limit of laminar to be Rw=104, and lower limit of 

smooth turbulence to be Rw=6·105 based on the measured experimental data in the wave 

flumes. By indicating the range of roughness Reynolds number Rw, Kamphuis proposed 

a transition regime to rough turbulence for oscillatory flow which is presented in Figure 

2-3 as dashed line. Note that transition zone from laminar to smooth turbulence 

suggested by Kamphuis shifts to right due to lower limit for smooth turbulence is 

Rw=6·105 which is twice of that proposed by Jonsson, and transition zone to rough 

turbulence proposed by Kamphuis moves downward compared with Jonsson’s model. 

Despite there are difference expressions for the oscillatory wave flow regime, this chart 

still provides a preliminary guideline for the researchers to identify the flow regime for 

the laboratory measurement. 
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 Figure 2-3 Hydraulic regimes in oscillatory flow (after Jonsson, 1996 and Kamphuis, 1975) 

For the case of oscillatory flow, the amplitude bed shear stress τw is applied to estimate 

the stability of bed sediment, which is obtained from the ‘quadratic stress law’ 

          21
2w w wf Uτ ρ=                                                                                                     (2-7) 

where Uw is the bottom orbital velocity, and fw is wave friction factor. Jonsson (1966) 

proposed the expressions for wave friction factor fw and the wave boundary layer 

thickness δ for different flow regimes shown in Figure 2-3. On the basis of previous 

research by Kajiura (1968) and Jonsson (1966), Kamphuis (1975) developed a 

systematic method to determine the wave bottom friction and shear stress by a number 

of experimental studies on five artificial beds with various roughness. Since some of the 

expressions for fw are implicit and need iterations, more efforts were contributed to 

define fw in simple and explicit form (Swart, 1974; Nielsen, 1992 and Soulsby, 1997). 

Due to the space limitations, only typical formulae and expressions (Kajiura, 1968; 

Jonsson, 1966; Kamphuis, 1975 and Soulsby, 1997) for wave friction factor fw are 
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presented here, as shown in Table 2-1. Note that all their theories share a common 

expression for laminar flow (Eq. 2-10). 

Table 2-1 Expressions to determine the wave friction factor 

 

Reference Expression Flow type 

Jonsson, 1966 

1 1log 0.08 log
4 4 sw w

A
kf f

+ = − +       (2-8) Rough turbulence 

1 12log log 1.55
4 4 w

w w

R
f f

+ = −       (2-9) Smooth turbulence 

            
2

w
w

f
R

=                                           (2-10) Laminar 

Kajiura, 1968 

Kamphuis, 
1975 

1 1log 0.254 log
4.05 4 sw w

A
kf f

+ = − +    (2-11) Rough turbulence 

1 1log 0.135 log
8.1 w

w w

R
f f

+ = − +     (2-12) Smooth turbulence 

Soulsby, 

1997 

            

0.52

0.237w
s

Af
k

−
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

                         (2-13) Rough turbulence 

           0.1870.0521w wf R−=                             (2-14) Smooth turbulence 

2.2.3 Combined Waves and Currents 

The influence of combined waves and currents is of great importance in the transport of 

seabed sediments. In shallow waters near the coasts, progressive waves may encounter 

relatively strong currents and consequently vary the distribution of velocities and bed 

shear stress (Van Rijn, 1993). The boundary layer in the vicinity of seabed is associated 

with nonlinear interaction between waves and currents. It is mainly due to the bed shear 

stress generated by turbulence, which is a nonlinear phenomenon. As a result of 

interaction between waves and currents, both mean and oscillatory shear stresses 

increase. Consequently, an enhanced bottom roughness modifies the current as well as 
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wave velocity profile. With regard to sediment transport, the research focus is generally 

on the modification of wave kinematics, generation of mass transport of waves or 

streaming current, and the enhancement of bottom friction, bed shear stress and energy 

dissipation of waves due to interactions of waves and currents (Soulsby, et al., 1993). A 

number of models have been developed to describe the combined waves and currents 

flow boundary layer, which were reviewed by Soulsby, et al. (1993) and then included 

several new results since then. They summarised that the established models are mainly 

categorised by the time independent turbulent eddy viscosity model (Grant and 

Madsen,1979 and Christoffersen and Jonsson, 1985); the mixing-length analytical 

model employing Prandtl’ s theory of mixing length (Bijker, 1966 and Van Kesteren 

and Bakker, 1984; Fredsøe, 1984); the model based on the depth-integrated momentum 

equation by assuming the logarithmic velocity distribution in the boundary layer 

(Fredsøe, 1984);the fully numerical models using turbulent-energy closure (Davies et al., 

1988  and Huynh-Thanh and Temperville, 1991). There are other well recognized 

theories, e.g. Tanaka et al., 1983; O'Connor and Yoo, 1988; Sleath, 1991, but the 

descriptions are precluded here due to time and space limitation. Soulsby (1995) derived 

a data based method by fitting and optimising the 13 coefficients in the parameterised 

expressions for mean bed shear stress τm and maximum bed shear stress τwc.  

The time-invariant eddy viscosity model is based on the assumption that the eddy 

viscosity ε varies linearly with the distance z from the sheared boundary (Grant and 

Madsen, 1979). Then the maximum combined shear stress τwc associated with wave and 

current motion is defined by 

                      wc wm cτ τ τ= +                                                                                                       (2-15) 



School of Civil and Resource Engineering  
The University of Western Australia 

28 
 

where τwc is maximum combined shear stress, τc is the current shear stress and τwm is 

maximum wave shear stress. The maximum bed shear stress τwm for wave component is 

defined as  

          2 2
* 1 / 2wm wm wc wu f Uτ ρ ρ= =                                                                     (2-16) 

where u*wm is the friction velocity for wave component, fwc is friction factor of 

combined waves and currents, Uw is bottom wave orbital velocity.  

The current shear stress τc is defined as  

                         2
*c cuτ ρ=                                                                                         (2-17) 

where u*c  is friction velocity for current only. The maximum total shear stress for 

combined motion is determined by 

2 2
* */wc wc wmu C uστ ρ = =                                                               (2-18) 

where 21 2 cosCσ σ σ φ= + + , σ=τc/τwm and u*wc is friction velocity of combined flow. 

To solve the friction factor fwc, in terms of both waves and currents, one should 

iteratively solve by a simple manner demonstrated in a lecture note of University of 

Washington provided by Parsons (2004), 

( )10 10
1 1log log 0.017 0.24 4 /

4 / 4 /
w

wc
swc wc

C A f C
kf C f C
σ

σ
σ σ

⎡ ⎤ ⎡ ⎤
+ = − +⎢ ⎥ ⎢ ⎥

⎢ ⎥ ⎣ ⎦⎣ ⎦
   (2-19) 

which is applicable for fully rough conditions (i.e. ks≥3.3v/u*wc), where Aw is semi-

orbital excursion, ks is Nikuradse roughness. 

For the case of smooth beds (i.e., ks<3.3v/u*wc), the fwc is iteratively computed by 
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( )10 10
Re1 1log log 0.17 0.06 4 4 /

504 4 / 4 4 / wc
wc wc

C f C
f C f C

σ
σ

σ σ

⎡ ⎤
+ = − +⎢ ⎥

⎢ ⎥⎣ ⎦
      

(2-20) 

Once the fwc is solved, the wave maximum shear stress and combined total shear stress 

can be obtained. Solution for combined waves and currents friction factor fwc varies 

with different methods that researchers employed. Grant and Madsen (1979) provided a 

general expression for fwc, of which expression and related relationship is presented in 

their paper. They also presented a reference diagram shown in Figure 2-4 of typical 

calculated results of fwc, where solid lines stand for codirectional flow (φ =0°) and 

dashed lines represent the transdirectional flow (φ =90°). For combined flow with angle 

φ <60°, the result of solid line is suggested by them; whilst for whose 60°<φ <90°, the 

interpolation is advised. The |Uc|is the magnitude of steady current velocity and |Uw| is 

the maximum near-bottom orbital velocity, which are tested at the same distance above 

the bed. 

 

ks/A=10

|Uc|/|Uw|

fwc
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Figure 2-4 Friction factor of combined waves and currents fwc (after Grant and Madsen, 1979) 

In practical application and author’s better understanding on the theories, the present 

research applies the eddy viscosity model for the calculation of parameters, e.g. friction 

velocity or bed shear stress in combined motion of currents and waves. However, the 

calculation procedure presented in this context is simplified due to space limitation. For 

more detailed derivation and calculation of bed shear stress for combined waves and 

currents, one could refer to the publication of Grant and Madsen (1979) and the lecture 

note of University of Washington given by Parsons. 

2.3 Erosion threshold 

Threshold of motion for single sediment grain can be interpreted theoretically in the 

way of mechanical analysis (Yalin, 1997; Dou, 2000; Mehta and Lee, 1994; Righetti 

and Lucarelli, 2007; Ternat, et, al., 2008). Assuming the original seabed is flat without 

any features, non-deformable with a unidirectional steady flow exerting on sediment 

corresponding to time-averaged current flow velocity. The net upward hydrodynamic 

force acts on the lower edge of a particle or a floc due to the velocity difference between 

surface and lower layer of the particles (Zhang, 2000). This upward force keeps 

increasing as the velocity is increased until pits or cracks appear at bed surface, which 

indicates that the external water is able to follow these small paths to reach internal pore 

water. Meanwhile some small vortices may form around the cracks or pits and 

enhancing the failure of bonds of flocs along the cracks. The threshold of motion 

happens when the electrochemical bond is broken by hydrodynamic force, thereafter the 

grain is transported by water. A sketch of various forces acting on a particle is 

illustrated in Figure 2-5. 
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Figure 2-5 Force analysis on a particle grain (after Mehta and Lee, 1994 and Ternat, et al., 2008) 

The initial motion of a particle is determined by the equilibrium of four forces acting on 

the particle: the resultant of drag force FD, the net lift force FL, buoyant weight G’ and 

cohesion force Fc (if any), the angle of repose 1φ  as shown in Figure 2-5. The critical 

state of particle can be analysed through moment balance (Yalin, 1997; Dou, 2000; 

Mehta and Lee, 1994; Righetti and Lucarelli, 2007; Ternat, et al., 2008). The expression 

for the joint forces exerting on the particle at critical condition based on moment 

balance is:  

    ( )c'D LF a G F F b′ ′⋅ = + − ⋅                                                                                       (2-21) 

where a’ and b’ are arms of horizontal and vertical forces to point of inter-granular 

contact P. The buoyant gravity is the function of grain shape factor kG, submerged 

particle weight and particle size, and the expression for buoyant gravity is written as 

3)( gdkG sG ρρ −=′ . Both forces FD and FL are consequences of fluid flow and are 

proportional to square of the friction velocity u*, which can be defined as 22
* dukF DD ρ=

and 22
* dukF LL ρ= respectively, where kD and kL drag and lift coefficients, and u* is 

bottom friction velocity. Let tan 1φ =b’/a’ and arrange Eq. (2-21) by substituting the 

forces with above expressions, the equation for threshold shear stress τcr can be written 

FL

FD
O

G’+Fc

P

Φ

Uc
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b
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as the sum of threshold shear stress of sand component τsa and mud component τm 

(Mehta and Lee, 1994) 

( )
( ) ( )

2
* 2tan tan

G s c
cr sa m

D L D L

k gd Fu
k k k k d

ρ ρ
τ ρ τ τ

φ φ
−

= = + = +
+ +

                                            (2-22) 

If divided by (ρs-ρ)gd, Equation (4) can be normalised in a dimensionless form  

( ) ( ) ( )( ) 3tan tan
cr G c

sa m
s D L D L s

k F
gd k k k k gd

τ θ θ
ρ ρ φ φ ρ ρ

= + = +
− + + −                        (2-23) 

where θcr, θsa and θm are threshold Shields parameter of mixture, sand component and 

mud component respectively. An equivalent treatment is applied to define θsa and θm 

(and τsa and τm) since the corresponding particle size dsa and dm does not equal the 

mixture particle size d. The τsa and θsa for sand is directly in accordance with dsa, and dm 

is a nominal particle size of mud corresponding to τm and θm. This equivalent 

conversion makes it easier for practical application because the threshold Shields 

parameter for sand component can be predicted by Shields curve in advance. The θsa 

represents the Shields parameter for non-cohesive sediment if the cohesion is negligible, 

and is a function of grain Reynolds number Re=u*d/ν.  

With regards to the erosion of entire sediment grains, it is complex to define a critical 

shear stress for the erosion threshold due to the stochastic fluid dynamic forces and the 

sediment resisting forces (Van Rijn, 1993). An unambiguous evaluation method is 

needed to define the erosion threshold. Extrapolation of measured transport rates to the 

zero transport rate which is correspond to the critical bed shear stress is a commonly 

used criterion (Shields, 1936). Other studies defined the critical condition by calculating 

the number of particle grains entrained by flow per unit time and area (Delft Hydraulics, 

1972; Graf and Paris, 1977). It was found that the initial motion of particles could be 
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measured at smaller bed shear stress than the predictive value from Shields curve. A 

typical figure presented by Graf and Paris (1977) showed that the Shields curve locates 

in the region where hundreds of particles entrained per unit area, which indicates that 

Shields curve represents significant motion of particles over the entire surface. Similarly, 

Yalin (1972) indicated that the boundary to separate the states of “no motion” and 

“motion” has no thickness. It is hard to determine the erosion threshold by experiment 

observations since the experiment results have to fall in each state separated by this 

boundary. Yalin (1972) defined a constant ε as thickness of the observed transport rate 

as shown in Figure 2-6, where the variation transport rate q* with increasing bed shear 

stress θ is presented. The critical shear stress θcr and crθ% represent theoretical and 

experimental (significant movement) values and the gap between them explains the 

ambiguity of determination of initial motion of bed sediment. This will consequently 

result in a band of Shields curve considering the effects of observation on initial motion 

or fluctuation of flow. 

 

Figure 2-6 Thickness of critical stage of sediment motion 

2.3.1 Erosion threshold in steady currents 

The relationship between τcr and basic soil properties of non-cohesive sediments was 

quantitatively investigated by Shields (1936). It is regarded that the resistance to erosion 

mainly provided by gravity, friction force which are influenced by grain particle size 

q*

θθcr crθ%

ε

O
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and density, etc. Shields (1936) has originally provide a curve based on the 

experimental data in the form of a dimensionless Shields parameter θcr versus grain 

Reynolds number Re*. Shields parameter θcr denotes a ratio of critical shear stress τcr 

acting on the grain to the buoyant weight to resist it, which is defined as 

( )
cr

cr
s d

τθ
ρ ρ

=
−                                                                                            (2-24) 

where τcr is critical bed shear stress calculated by expression 2
*cr uτ ρ= , ρ and ρs are fluid 

and particle density, d is median particle size. For threshold in oscillatory waves and 

combined of waves and currents, the corresponding shields parameter become θw and 

θmax respectively. The grain Reynolds number Re* is expressed as  

* *Re /u d ν=                                                                                              (2-25) 

where u* is friction velocity and ν is viscosity of fluid. The Shields curve has supported 

by a large number of experimental data on threshold of motion of non-cohesive sands. 

However, because the friction velocity u* appears on both coordinates of the Shield 

diagram, it is inconvenient to use it. Therefore, some efforts have also been contributed 

to modify the Shields diagram to practical application, e.g. a dimensionless grain 

diameter D* was proposed by Van Rijn (1993)  

     ( ) 1/3

* 2

1g s
D d

ν
−⎡ ⎤

= ⎢ ⎥
⎣ ⎦

                                                                                       (2-26) 

where s=ρs/ρ. Then the Shields parameter θcr is plotted D* to generate a modified Shield 

curve which is proposed by Soulsby (1997) to resolve the iteration of friction velocity 

u* which appear on both axes. An algebraic correlation between θcr and D* fits the 

experimental data closely is proposed by Soulsby (1997) 



School of Civil and Resource Engineering  
The University of Western Australia 

35 
 

[ ]*
*

0.30 0.055 1 exp( 0.02 )
1cr D

D
θ = + − −

+                                                                   (2-27) 

This modified Shields curve is compared with previous experimental data in current, 

wave and combined wave and current motion, and shows favourable agreement as 

depicted in Figure 1-1.  

Erosion threshold of cohesive sediment or mixtures of sand and mud in steady currents 

attracted more research interests since around 1950s. In primitive state, the erosion 

behaviour of cohesive sediment is observed by engineering experience of operating the 

canals (Sundborg, 1956; Dunn, 1959; Smerdon and Beasley, 1961). Then more 

laboratory or field investigations were conducted on artificial sand/mud mixtures or 

field samples (Kamphuis and Hall, 1983; Mitchener and Torfs, 1996; Panagiotopoulos, 

et al., 1997), and some basic measurable soil properties were found to influence the 

erosion resistance of those sediments, e.g. shear strength, bulk density, plasticity index, 

clay or silt content, etc. The correlations between erosion threshold and soil properties 

will be reviewed and demonstrated in the latter chapter 2.4.      

2.3.2 Erosion threshold in oscillatory waves 

With regard to the threshold of non-cohesive grains under oscillatory waves, Komar and 

Miller (1974) using five sets of published data including test results of Bagnold (1946), 

Manohar (1955)，Eagleson et al. (1958), Horikawa and Watanabe (1967) and Rance 

and Warren (1969). They proposed that the threshold is best matched by the equation 

for particle size d50<0.5mm (median and fine sands) is  

( ) ( )
2

1/2
00.21 /w

s

U d d
gd

ρ
ρ ρ

=
−

                                                                            (2-28) 
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where Uw is the near bottom velocity, d0 is the near bottom orbital diameter of the wave 

motion, d is median particle size of sediment grains,  ρ is water density, ρs is sediment 

density. For the particle size d50>0.5mm (coarse sand and coarser), the Eq. (2-29) is 

proposed to model the threshold of erosion 

( ) ( )
2

1/4
00.46 /w

s

U d d
gd

ρ π
ρ ρ

=
−

                                                                         (2-29) 

By using Jonsson’s formulae of wave friction factor, the test data of erosion threshold, 

inclueding tests by Bagnold (1946), Manohar (1955)，Eagleson et al. (1958), Horikawa 

and Watanabe (1967) and Rance and Warren (1969), showed good agreement with 

models of Shields (1936) and Bagnold (1946) which are developed from data of 

threshold in steady current flow.   

Initial motion of deposited sand and mud mixtures in oscillatory waves was examined 

by Panagiotopoulos, et al. (1997) using an oscillating tray in a recirculating flume. The 

wave-induced critical velocity was observed to increase linearly with mud content Pm 

when Pm>11%. For the mixtures with Pm less than 11%, no significant trend was 

revealed in their tests. 

2.3.3 Erosion threshold in combined currents and waves 

With regard to the combined flow of currents and waves, a number of studies 

(Bijker,1966; Grant and Madsen, 1979; Van Kesteren and Bakker, 1984; Fredsøe, 1984; 

Christoffersen and Jonsson, 1985; Davies et al.,1988; Myrhaug and Slaattelid, 1989; 

Huynh-Thanh and Temperville, 1991; Soulsby, 1993) focused on how to determine the 

bed shear stress considering the interaction of steady current and oscillatory wave and 

bed roughness due to different particle-sized sediment grain. Some of these studies 

aimed to find out or specify the threshold of bed sediments.  
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Bijker (1966) conducted a set of tests on several stones and sands in oscillatory wave 

being propagated perpendicularly to current. Bijker demonstrated an increase of bed 

shear stress in currents due to wave motions, and quantified this effect in terms of the 

test result. Bed shear is determined by means of energy slope, because it is not feasible 

to measure the bed shear directly and bed shear can’t be determined by means of the 

velocity profile in that case. However, the magnitude of threshold shear stress has not 

been specified in Bijker’s paper, whilst most of the measured bed shear stress was 

beyond the critical condition since ripples were observed in the course of tests.  

Measurements of combined waves and currents over a rough bed were carried out by 

George and Sleath (1979) in a chamber with oscillating bed and superimposed mean 

drift. Their research aimed to illustrating the results of velocity measurements in a 

collinear combined steady and oscillatory flow over a rough bed. The rough bed 

included five different diameters of spheres: 37.8 mm, 18.60mm, 12.34 mm, 6.32 mm 

and 3.10 mm. It was noted in their experiment that the difference of the measured 

velocity u emerged when mean drift was superimposed on the oscillating bed. On the 

basis of the experimental results, they analyzed the relationships between dimensionless 

parameter u/Uc (Uc is the velocity of main current drift) and other dimensionless 

parameters that characterized the fluid and bed features, i.e. height above the bed, bed 

roughness, Reynolds number based on oscillatory wave and running time. It was 

observed that the combined flow may be regarded as a small perturbation from the 

oscillatory flow provided that the current flow is relatively weak. Sediment transport in 

the opposite direction was observed at a wave period of 2.0 second, which was similar 

with the observations of Natarajan (1969) and Inman and Bowen (1962). 
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Hammond and Collins (1979) investigated the erosion threshold of four cohesionless 

sand-sized quartz grains in a combined motion of currents and waves with an oscillating 

carriage installed in a unidirectional flume. The erosion threshold of the flat beds was 

determined by visual observation, and the results indicated the relations of the threshold 

velocity Uwc in combined flow motion with grain size d50 and wave period T. Uwc tends 

to increase with increasing particle size or decreasing period. They indicated that grain-

size dependence could be explained from existing empirical relationships based on 

mechanism of initial motion (Yalin, 1972; Komar and Miller, 1974). The dependence of 

wave period was influenced by statistical fluctuations in near-bed stress (bursting). 

2.4 Sample characteristics 

As more laboratory flume experiments performed on sample with fine materials 

(d50<62.5μm), the Shields curve was found to underestimate the threshold of erosion of 

fine particles (Righetti and Lucarelli, 2007; Mehta and Lee, 1994; Mitchener and Torfs, 

1996). The erosion of cohesive sediment deposit is complex (Amos, et al., 1982) due to 

turbulent flow boundary layer near the bed (Nikuradse, 1933; Jonsson, 1966; Kamphuis, 

1975; Van Rijn, 1984; Christoffersen and Jonsson, 1985; Soulsby, 1997); the history of 

deposition and consolidation of bed sediment (Partheniades et al., 1968; Ariathurai & 

Arulanandan, 1978; Thorn & Parsons, 1980; Parker, 1986; Allersma, 1988 and Van 

Ledden, et al., 2004); the particle size distribution, mineralogy and organic content of 

bed material (Yalin, 1972; Van Rijn, 1984; Mehta and Lee, 1994;  Dou, 2000; Righetti 

and Lucarelli, 2007 and Ternat, et, al., 2008) the effects of the chemistry and 

electrochemical bond of flocs or aggregates (Krone, 1963; McCave, 1984; Dyer, 1989; 

Lick and Huang, 1993 and Partheniades, 1993); the effect of water temperature and 

salinity of the eroding fluid (Krone, 1962; Kelly and Gularte, 1981. Raukivi and Tan, 
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1984). Therefore, the threshold bed shear stress τcr has been correlated to several 

measurable soil properties, e.g. particle size distribution, plasticity, bulk density, etc. 

2.4.1 Particle size distribution 

The particle size distribution (PSD) of a material is the relative amount of particles 

sorted according to size. Particle size influences bed roughness, and is significant for 

determination of bed shear stress. The PSD of a soil sample can be expressed by a plot 

of percent finer by weight versus diameter (Lambe and Whitman, 1969). The most often 

used method of determination is sieve analysis, which separates the grains by a series of 

different size of screens. By measuring the quantity of particles retained on each sieve, a 

list of mass fraction corresponding to the size of sieve will be obtained. There are three 

most used standards for sieves analysis: International Test Sieve Series ISO 3310:2000, 

British Standard Sieve Series BS 410:2000 and American Standard Sieve Series ASTM 

E11:95 (Cheung, 2007).  

Sieve analysis proves to be an easier and accurate method for sorting particles greater 

than 75μm, but is not valid for sorting the finer particles (<75μm). The hydrometer 

method is applied to determine the particle size distribution of fine sediments, based on 

the measurement of velocity and dry mass of soil particles in a sedimentation solution. 

Alternatively, apparatus using laser-diffraction techniques such as Malvern Particle 

Sizer is able to determine the particle size, while its valid range is limited within the 

range of 1 to 800μm. In the present study, both sieve analysis and hydrometer analysis 

are employed, which are available in the soil laboratory of the school.   
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2.4.2 Sand and mud mixtures 

Natural sediments are widely found as a mixture of sand (d50>62.5μm) and mud 

(d50<62.5μm). The erosion behaviour of sediment can be influenced by the properties of 

both types of grains and their interactions. A conceptual framework for the 

characteristics of sand/mud mixtures is proposed by Van Ledden, et al., (2004) which is 

supported by field and laboratory observations. The concept of network structure for 

sediment mixture is defined by the relative composition of sand, silt and clay particles. 

Differences in erosion behavior could be shown when the network structure changes 

from sand-dominated to mud-dominated particle mixtures, as shown in Figure 2-7 (a) 

and (c) respectively. The critical state in Figure 2-7 (b) describes a threshold of coarse 

particle losing contact of each other.  

 
          (a) Sand-dominated                                      (b) critical                                    (c) mud-dominated 

Figure 2-7 Three main network structures for sand and mud mixtures 

Several erosion experiments have demonstrated that the erosion characteristics can 

change dramatically when small amounts of mud are added to a sand bed. The effects of 

fraction of fine materials with d50<62.5μm on erosion characteristics were tested by 

Dunn (1959), Smerdon and Beasley (1961), Kamphuis and Hall (1983), Mitchener and 

Torfs (1996), Panagiotopoulos et al., (1997) and Jacobs et al., (2010). Dunn (1959) 

examined τcr for sediments in silt to sand range from several channels in U.S., and found 

that τcr greatly increases with more amounts of silt or clay added. In the tests conducted 
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by Kamphuis and Hall (1983), sand and clay mixtures with different clay content (Pcl) 

were consolidated under the pressure in the range of 48 kPa – 350 kPa. It was found that 

the capacity of cohesive sediment to resist erosion increases with clay content (Pcl) and 

plasticity index (PI). Mitchener and Torfs (1996) observed a significant increase for 

threshold shear stress τcr when mud is added to sand and a change of erosion mode by a 

transition zone with mud content (Pm) between 3 and 15%. Panagiotopoulos et al. (1997) 

tested the erosion threshold of mixed sediment deposits under steady current and found 

erodibility of mixture is affected by clay content and soil stress history. Jacobs et al. 

(2010) examined the erosion behaviours of relative dense artificial sand-mud mixtures, 

and the results indicated a steady augment of τcr with Pm increasing. 

When it comes to the natural sedimentation system, the erosion behaviour of sediment 

can be affected by deposition and consolidation process, and consequently the dry bulk 

density may change. The packing situation of sediment is also essential to threshold 

erosion of sediment, and is usually parameterized by bulk density and porosity, etc. Dou 

(2000) summarized that the initial velocities of mud deposits increase linearly with dry 

volume weight at certain coastal sites in China. Mehta (1991) suggested that critical 

shear stress τcr has a power relationship with soil porosity, which indicates the 

consolidation situation of sediment. Jacobs et al. (2010) specified the maximum and 

minimum granular porosity to identify the packing situation of sand, silt and clay 

mixture. On the basis of field measurements, Allersma (1988) empirically correlated the 

dry density of bed ρd with mass fraction of sand component (Psa) 

8.0)2801300(480 saccd Pααρ −+=                                                                     (2-30) 

where ρd is dry density of sediment, αc is the consolidation coefficient which ranges 

from 0 (fresh deposits) to 2.4 (old deposits).  
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2.4.3 Plasticity 

The fine particles especially the clay mineral particles have a high specific surface area 

and thin shape with negligible weight, and are predominantly influenced by 

electrochemical bond between fine particles (McAnally and Mehta, 2003). The fine 

plates of clay mineral may experience dissociation, absorption and crystal exchange 

(Chen, et al. 1994). This will consequently lead to charge potential surface of the 

particle, and an electric field generated by this charge around particle and the water 

molecules are absorbed in the formation of an electrical double layer around it. The first 

layer is composed of firmly absorbed ion on the soil particles due to chemical 

interactions, while the second layer comprises ions loosely contacted with solid 

particles by electric attraction and thermal motion thus it is also referred to as the 

diffuse layer (Mitchell 1976; Sridharan and Jayadeva, 1982). Thus it results in a 

variation of basic situation of a soil, e.g. solid or liquid like. Based on the theory of 

double layer, the water surrounding is classified as strongly bound water, weakly bound 

water and free water (Chen, et al., 1994) and is interpreted in Figure 2-8. The Figure 

presents a process of variation of water membrane around soil particles with water 

content w (%) increasing. Figure 2-8 (a) shows a soil with low water content, where 

water membrane strongly associated with soil thus the soil appears a solid or semi-solid 

state. When the soil contains more water, the absorbed water membrane forms another 

layer of weakly bound water corresponding to the electrical diffuse layer as shown in 

Figure 2-8 (b). The weakly bound water does not flow freely but can transport from 

thick to thin part of membrane if subjected to an external force. The shape of the soil is 

changeable without cracks and fractures, due to the existence of weakly bound water. 

The soil shows plastic characteristic in this range of water content. If continuously 

adding more water, a considerably amount of water might be out of the radius of 
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more evident colloidal property, and moreover large clay fraction will contribute to high 

PI. Skempton introduced a colloidal activity of a soil to linearly relate clay fraction with 

Plasticity Index which is expressed as   

1 clPI A P=                                                                                                 (2-31) 

where A1 is the activity of clay mineral, Pcl (%) is the clay content by dry weight. Based 

on the test result between PI and Pcl, three classes of clay were recognised as inactive 

with A1<0.75, normal with 0.75<A1<1.25 and active with A1>1.25. 

The correlation of threshold erosion of sediment with Plasticity Index PI has been 

considered by Smerdon and Beasley (1959), and an expression was given as  

( )0.840.163cr PIτ =                                                                                      (2-32) 

where τcr is threshold shear stress, PI is Plasticity Index (%). Although it is easier to use 

in practical application, Eq. (2-32) is still highly empirical formulation relating only one 

parameter to determine threshold of motion of sediment under co-effects of packing 

situation, bed composition and soil materials.     

2.4.4 Sediment classification 

The classification of soil is a systematic and dynamic categorization based on 

distinguishing properties of soil (e.g. soil particle size, mineralogy and Atterberg Limits, 

etc.), and eventually forms a guidance for practical application. The most commonly 

used method of soil classification for engineering purpose, among others, is the Unified 

Soil Classification System (USCS) as presented in  
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Table 2-2. This system classifies mineral and organo-mineral soils for engineering 

purposes by laboratory tests on soil particle size, Liquid Limit (LL), and Plasticity Index 

(PI) (ASME D2487-83). This standard introduces dual symbols to name different 

groups, e.g. GP stands for poorly graded gravel, CL for clay. If the test results indicate 

that the soil is close to another soil classification group, the borderline condition can be 

presented with two symbols separated by a slash, for example, CL/CH, GM/SM.  
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Table 2-2 The Unified Soil Classification System (USCS) 

Major divisions Group symbol Group name 

Coarse grained soils 
more than 50% 

retained on 
0.075mm (No. 200) 

sieve 

Gravel <50% of 
coarse fraction 

retained on No. 4 
(4.75mm) sieve 

Clean gravel <5% 
smaller than No. 200 

Sieve 

GW 
Well grade gravel, 

fine to coarse gravel 

GP Poorly graded gravel 

Gravel with >12% fines
GM Silty gravel 

GC Clayey gravel 

Sand ≥50% of 
coarse fraction 

passes No.4 sieve 

Clean sand 
SW 

Well graded sand, 
fine to coarse sand 

SP Poorly-graded sand 

Sand with >12% fines 
SM Silty sand 

SC Clayey sand 

Fine grained soils 
more than 50% 
passes No. 200 

sieve 

Silt and clay Liquid 
Limit <50 

Inorganic 
ML Silt 

CL Clay 

Organic OL 
Organic silt, organic 

clay 

Silt and clay Liquid 
Limit ≥50 

Inorganic 

MH 
Silt of high 

plasticity, elastic silt 

CH 
Clay of high 

plasticity, fat clay 

Organic OH 
Organic clay, 
organic silt 

Highly organic soils Pt Peat 

 

Other approaches to soil classification include natural system methods, e.g. French Soil 

Reference based on presumed soil genesis, taxonomic criteria such as U.S. Department 

of Agriculture (USDA) soil taxonomy and the World Reference Base for Soil Resources, 

etc. 

2.5 Erosion rate 

When the τb bed shear stress exceeds the critical condition τcr, the seabed sediment 

transport will occur, and then the transport rate in time and space scale is present (Yalin, 

1972; Komar and Miller, 1975). When the flow velocity is beyond the critical condition, 
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the transport stage is recognized as an indicator of the hydraulic force, which is defined 

by the ratio of bed shear stress over critical shear stress 

T b

cr

τ
τ

=                                                                                                      (2-33) 

where τb and τcr are bed shear stress and critical bed shear stress respectively. The 

erosion rate has been related to bed shear stress. There are two forms of sediment 

transport which are namely bed-load and suspended load, depending on the bed 

sediment particle size and the flow conditions (Van Rijn, 1984). The bed-load transport 

is characterised by rolling, sliding and saltating of sand particles at the bed surface layer. 

The erosion rate per unit area of bed or the benthic flux is commonly used to quantify 

the loss of bed sediment (Einstein, 1942; Meyer-Peter and Müller, 1948; Yalin, 1963; 

McDowell and O’Connor, 1977; Van Rijn, 1984; Soulsby, 1997; Amos et al., 2010). 

Erosion rate q of bed load sediment transport is found to be a function of bed shear 

stress, and some empirical and semi-empirical expressions and models have been 

proposed for non-cohesive sediment. Meyer-Peter and Müller (1948) developed a 

simple empirical relationship between the dimensionless erosion rate q* and 

dimensionless excess shear stress based on the experimental data on coarse sands or 

gravels (0.4mm<d<30mm) with water depth h from 1cm to 120cm, slope from 0.4 to 20. 

The formula proposed by Meyer-Peter and Müller is written as 

( )3/2
* 8 crq θ θ= −                                                                                             (2-34) 

where q* is the dimensionless bed transport rate q* for sediment volumetric discharge 

per unit width, and is expressed as 
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( )*
3

s

s

qq
gd

ρ ρ
ρ

=
−                                                                                         (2-35) 

where qs is the bed load transport rate per unit width in m2/s, ρs is particle density, ρ is 

fluid density, g is acceleration of gravity, d is median particle size.  The dimensionless 

Shields parameter θ in terms of the ratio of hydraulic force acting on the bed sediment 

grain to the buoyant weight of the grain is defined as   

( )
=

s gd
τθ

ρ ρ−                                                                                          (2-36) 

where τ is bed shear stress. Analogously, θ is the dimensionless Shields parameter. 

Some semi-empirical models to describe the erosion rate of non-cohesive sediment such 

as Bagnold (1956), Einstein (1950), Yalin (1963) were developed from mechanism of 

sediment motion. Bagnold derived the expression of bed load transport using the energy 

principles and considering the bed roughness and particle size, which is expressed in a 

dimensionless manner 

 ( )1/2
* crq bθ θ θ= −                                                                                    (2-37) 

where coefficient b is dependent on fluid and sediment features. The formula of Einstein 

(1950) is derived from probabilistic theory by introducing a quantity P to represent the 

probability of detachment of particles. This expression eventually arrives at the 

following relation of q* and θ 

( )

( )*
2

*

1/
* *

* *1/

11
1

B
x

B

A qe dx
A q

θ η

θ ηπ

−
−

− +

− =
+∫                                                                        (2-38) 

where the most suited coefficients A*=43.5, B*=0.143 and η=0.5 are obtained by fitting 

the experimental data of Meyer-Peter and Müller (1948) and Gilbert (1914). Yalin 
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(1963) derived the bed load formula based on the study of non-fluctuating (time average) 

and average saltation of sediment particles, of which the equation is shown in a 

dimensionless form as  

( ) ( )1
* 1 2 21 ln 1crq a S a S a Sθ −⎡ ⎤= − +⎣ ⎦                                                                 (2-39) 

where S is the dimensionless excess bed shear stress expressed as ( ) /b cr crS τ τ τ= − , 

coefficients a1 is 0.635 and a2 is a function of density of fluid and sediment and 

threshold bed shear stress expressed as ( )0.4
2 2.45 / s cra ρ ρ θ= . Van Rijn (1984) 

proposed an expression (Eq. 39) for bed load sediment transport for particles in the 

range 0.200-2 mm (median and coarse sand) by analysing the saltation and trajectory of 

sediment particles. This formula is expressed as  

( ) 2.1 0.3
* *0.053 / /cr crq Dθ θ θ= −⎡ ⎤⎣ ⎦                                                                    (2-40) 

where D* is the dimensionless particle size expressed in Eq. (2-26). 

All the formula above aimed to describe the bed load transport rate of non-cohesive 

sands, when applying them to the cohesive sediments or mixture of sand and mud, the 

validity of these models is the question one may raise. For the case of cohesive 

sediments, the erosion threshold and erosion rate may be influenced by a wide range of 

soil properties such as cohesion, packing situation, mineralogy, etc. Mehta, et al. (1989) 

demonstrated the physical processes of cohesive sediment transport in estuaries, which 

include natural cycle of settling and deposition, consolidation, erosion and suspension in 

the tide dominated environment. They reported a typical profile of bed shear strength τs 

given by Thorn and Parson (1980) and wet bulk density ρb obtained by Watts (1954) 

varying with depth below the water surface, as shown in Figure 2-10. This figure 

presents a transitional profile of bed from muddy water through slurry to firm mud, with 
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increasing bulk density. Since the plane of the bed was usually ill defined and the 

method applied to measure the depth of water at the sediment/water interface would 

have considerably influenced the results, Mehta, et al. (1989) introduced a systematic 

method to evaluate the concentration, bed strength or fluxes of the bed at different 

levels. In the area of high density suspensions, the bed levels are defined by the 

measured results of surveys using techniques such as leadlines (sounding weights) or 

acoustic sounders (echo sounders, sonar). The parameter that defines bed levels 

(nautical and hydrodynamic depths) is essentially related to density. The nautical bed 

has been specified at a bulk density between 1.1 and 1.2 g/cm3, based on the acceptable 

levels of ship hull resistance in muddy waters. Although the hydrodynamic bed depends 

on bed resistance, it is defined in a very approximate way by bed density. 

 

Figure 2-10 Definitions of bed level and profiles of erosion shear strength vs. bulk density (after 

Mehta, et al., 1989) 

The investigations of bed erosion mainly focus on the deposited or consolidated 

sediment surface, where is specifically in the range of hydrodynamic depths. Amos et al. 

(1992) demonstrated two modes of erosion for cohesive beds: ‘TypeⅠ’ erosion which 
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steadily reaches peak and then asymptotically decreases to zero in sediment mass (M) 

over time (t); ‘Type Ⅱ’ erosion which is constant and continuous (Ariathurai and 

Krone, 1976).  

Parchure and Mehta (1984) investigated the erosion behavior of soft cohesive sediment 

deposits by carrying out a set of laboratory experiments. The examined deposits 

represent the top and active layer of estuarial beds. Their studies built a relationship 

between erosion rate qs (eroded mass per unit area per unit time) and excess bed shear 

stress τb –τcr, which is defined as 

1
b cr

s
cr

Cq h M
t

τ τ
τ

⎛ ⎞−∂
= = ⎜ ⎟∂ ⎝ ⎠

                                                                                (2-41) 

where h is the depth of flow, C is the concentration of flow and the coefficient M1 is the 

value when τb=2τcr. They indicated that the magnitude of M1 depends on the physic-

chemical parameters which characterize the strength of inter-particle bond instead of the 

soil mechanical indices such as Atterberg limits. It was observed from their experiments 

that the bed concentration C gradually approaches to a constant value over time after 

erosion occurred. It can be explained by two principal different mechanisms, i.e. erosion 

rate E and deposit rate D of entrained material in the units of mass, which is expressed 

in general form 

C E D
t

∂
= −

∂
                                                                                           (2-42) 

As discussed previously by Parchure and Mehta (1984), the /C t∂ ∂ approaches zero 

when D is close to E or both of them approach zero. These two explanations reflect two 

different erosion mechanisms: first case relates to a steady-state transport of non-

cohesive sediments and the concentration tends to become a constant; second case 
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relates to erosion behaviour of cohesive sediments of which the /C t∂ ∂ decreases with 

time and finally approaches zero. 

The erosion rate qs for cohesive sediment was expressed as an empirical power function 

of the excess bed shear stress in some studies (e.g. Ariathurai and Arulanadan, 1978; 

Mehta and Partheniades, 1979; Kusuda et al,1982; Houwing, 1999), which was 

summarized by Wiberg and Smith (1989) and Amos (2010) as  

( )s ,/
n

b cr zdM dt q A τ τ= = −                                                                         (2-43) 

where τb is applied bed shear stress, and τcr,z is critical shear stress at the eroded depth z, 

A is coefficient related to soil or fluid properties, n is 1.5 suggested by Wiberg and 

Smith (1989). This equation illustrates the change of erosion rate as a response of 

varying excess bed shear stress. At the eroded depth z, the excess shear stress tends to 

diminish in time and vanishes as applied bed stress τ is equal to critical stress τcr,z 

(Amos, et al., 2010).  

2.6 Aim of Present Study 

The purpose of the present research is to investigate the sediment and fluid properties 

that may influence erosion behaviour of field samples in the Northwest Shelf of 

Western Australia as well as several homogeneous sand and mud mixtures. By 

conducting a set of laboratory experiments, the mass of erosion is determined by 

measured data of bed profile under different applied bed shear stress. The measured data 

is then correlated with properties of sediment, e.g. particle size, mud content or 

Plasticity Index, etc. A systematic method to evaluate the erosion behavior of field 

samples or reconstituted samples is proposed in the present research based on the 
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context of present experiment setup, the results are compared with previous 

experimental data or predictive models.   
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3 EXPERIMENT APPARATUS AND METHODS 
3.1 Experiment setup 

A closed-loop Mini O-tube (MOT) facility is employed to carry out the proposed tests 

in the present research. This facility comprises of a closed circular channel of water 

driven by a turbine, with an enlarged rectangular test section in which experiments were 

conducted. As shown in Figure 3-1, the length of the whole test section is 1800mm, the 

cross section of sediment and water is 120×220mm and 200×200mm in the test section 

as shown in A-A. The diameter of pipe is 150mm as shown in B-B. The surface of 

sediment is levelled with platform at two ends, where two vent pipes are placed to allow 

exhaust of trapped air in the pipe. A pump is connected at top left of the tube, which 

runs at a constant speed to provide steady flow and oscillates to simulate wave action, 

and can generate oscillatory flows superposed on unidirectional currents.  

 

Figure 3-1 Plan view of Mini O-tube. The MOT system mechanically includes a pump, a test section, 
several section of pipe connected by flanges and two vent pipes. 

The MOT can accommodate the loose samples (non-cohesive sand or silt) in the whole 

test section and level them for erosion test. The test section is also able to accommodate 

the mixed or tube samples via an embedded semi-cylindrical sample holder with a 

diameter of 72mm and a length of 300mm. Several semi-cylindrical blocks with various 
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length (10mm-60mm) are prepared in case of the samples are not long enough to fill the 

holder. Figure 3-2 shows the configuration of the MOT testing system including ADV 

for velocity measurement, Laser and 3D camera for obtaining bed profile data. An 

Acoustic Doppler Velocimeter (ADV) is used to measure flow velocity in the O-tube. A 

three dimensional (3D) Laser camera is employed to observe and scan sediment bed 

profile. Erosion depth of sample is acquired by processing the data of the scanned bed 

profile.  

 

Figure 3-2 MOT testing system  

3.1.1 Acoustic Doppler Velocimeter (ADV) 

The Acoustic Doppler Velocimeter (ADV) is employed to record instantaneous velocity 

components by measuring the velocity of particles in a remote sampling volume (5cm 

beneath the probe) based upon the Doppler shift effect. Data acquisition is through a 

computer-based interface (Horizon ADV) by which one can change instrument settings 

and file directory and monitor real time flow components in three coordinates. Horizon 

ADV is capable of displaying the flow boundary by measuring the velocity along the 

vertical plane near the bed. This feature will allow ADV to measure the flow boundary 

near the bed and threshold velocity of sediment. The measured results of velocity 

distribution will be compared with well-accepted experiment observations or theoretical 

Test Section

ADV

Laser Camera



School of Civil and Resource Engineering  
The University of Western Australia 

56 
 

expression to validate the performance of MOT testing system. However, caution must 

be taken when testing as slight water movements can cause a ± 0.2cm error in 

measuring the distance above the bed (Cheung, 2007). 

3.1.2 3-Dimensional laser scanner 

The profile of sample surface was measured by a SICK ranger 3D laser scanner, which 

has a precision of ±0.1mm. Using the laser to measure the distance between target 

object and itself, the scanner is able to bring an exact three-dimensional image of the 

scanned area and matrix data of height over the scanned area are restored by an 

interface program. Original measured data by 3D laser camera will be calibrated by real 

scale (length, width and height) of reference object and then will be treated by 

multiplying the corresponding factors to achieve the real scale. The typical scanned 

image will be shown in Chapter 4. 

3.2 Experiment procedure 

3.2.1 Sample preparation  

All the samples tested in present research are listed in Table 3-1, which are classified in 

three categories.   

Table 3-1 General information of tested samples 

Group No. Category Amount of samples Range covered 

1 Four types of sands 4 No.1-No.4 

2 Reconstituted sand and mud mixtures 20 No.5-No.24 

3 Field samples 25 No.25-No.49 

Samples in Group 1 (G1) are tested to calibrate the validity of the original O-tube 

facility for the erosion threshold. The samples used in G1 are calcareous sand, and three 

uniform silica sands with different particle size, corresponding to sample No. 1-4 
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respectively. The test results were compared with well-known Shields curve and 

previous data set to validate the testing system. G2 samples are reconstituted mixture of 

G1 sands and kaolin clay respectively, and increasing clay content is added in samples 

in each group. G3 samples are obtained from the North West Shelf of Western Australia. 

The sand samples (G1) were put in the whole test section and levelled to a flat surface, 

as shown in Figure 3-3. Note that some air may be trapped in the void of sand particles, 

so necessary ruffling has been done. The reconstituted mixtures (G2) were mechanically 

stirred with water for ten minutes to achieve homogeneous slurry with water content at 

around Liquid Limit. The mixtures were then put into a cylinder of 72mm internal 

diameter for consolidation in one direction via a weight and hanger system. A small 

hammer was used to tap the cylinder to make sure the air is not trapped in the mixture. 

The samples were then consolidated under 8kPa pressure for 1 to 2 days till less water 

draining out and then cut into two halves for erosion test. These samples are expected to 

have moderate consolidated situation and may possess a comparable strength as natural 

seabed sediment within one meter depth from bed surface.  

Each consolidated soil sample to be tested was cut into two even halves for two 

independent runs of test. The half sample is placed in a semi-cylindrical sample holder 

embedded in the smooth bed of the test section of MOT, as shown in Figure 3-4. The 

reconstituted sample was submerged in water for approximately 12 hours before testing 

to allow it to adjust itself to an equilibrium stable situation.  Care was taken to ensure 

the test sample is not disturbed during the filling of MOT, and no air is trapped in the 

tank. 

A field sample (G3) contained in a tube container is split into two semicircular halves 

for independent testing. This results in two identical samples available for testing. A 
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half sample is placed in a sample holder on the smooth bed of the test section of MOT. 

A mechanical cutting thin plate with flat edge was used to flat the sand bed, and care 

was taken during the process. The reference sand bed level was labelled at the flow tank 

to assist us levelling the sand bed. Result of erosion at middle section of the sand bed 

was regarded as most valid part because the boundary effects may occur at two ends of 

sample section. 

 

Figure 3-3 Sand in the whole test section 

 

Figure 3-4 Sample in semi-cylinder holder in the test section 

3.2.2 Erosion threshold 

The present erosion tests were conducted under steady current flow conditions, which 

were generated by the pump controlled via a computer program. Generated velocity 
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started from a small value (0.2 m/s) and increased by 0.05 m/s as the initial stage of the 

test if no substantial change of sample surface. The increment of velocity was then 

reduced at a later stage when small amount of sediments become unstable. Each 

velocity lasts for 10 minutes before velocity is increased. This process is repeated until 

significant erosion of the sample is observed. The threshold motion of sediment (surface 

erosion) is defined as the majority amount of surface particles of sediments begin to 

move, or a few flocs for cohesive sediment begin to flake off. An Acoustic Doppler 

Velocimeter (ADV) is used to measure the critical velocity simultaneously with probe 

at 5cm above the bed, which means that the probe is at 10cm above bed since it is only 

able to measure the sampling volume beneath 5cm. The velocity corresponding to the 

critical condition is recorded as U5 which stands for critical velocity measured at 5cm 

above the bed. Based on this measured velocity, the bottom friction velocity u* and 

threshold shear stress τcr can be computed by a series of manipulations (see Eq. (2-1) to 

(2.5)).  

Test procedure of erosion threshold of sediment in oscillatory flow is similar to that in 

steady current flow. While the wave amplitude velocity is from 0.08m/s with increment 

of 0.025m/s (approx.) and lasts for 10 min, and this process is repeated until initial 

motion of sample occurs. Instantaneous wave amplitude velocity is monitored by ADV 

as well, and the critical bottom orbital velocity Uw is recorded when erosion threshold 

of sediment happens. For the case of combined current and wave motion, the current 

velocity is fixed at 0.16m/s (approx.) and then wave amplitude velocity increases from 

zero with increment of 0.025m/s until the critical state occurs. 
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3.2.3 Erosion rate 

Once the threshold velocity is obtained, the test is continued to determine the erosion 

rate of the soil sample under velocities higher than the threshold velocity. The procedure 

for erosion rate testing is described as following: 

1. Expose the soil sample to the threshold velocity for a period of time and then erosion 

depth is measured by scanning the sample surface using the 3D laser scanner. 

Considering the boundary effect may take place around the border of sample, the 

average erosion rate over the central 25% of sample surface is defined as the erosion 

depth h, which is schematized in Figure 3-5. In this figure, the letter L and W stand for 

length and width respectively.  

2. Scan the sample surface after the sample is placed in the test section with surface flat 

or intact, and obtain the original profile of sample surface. 

W

L/4L/4

L

Central 25% area

W
/4

W
/4

Sample

 

Figure 3-5 Definition of central 25% area of sample surface 
L is the length of sample surface, W is the width of sample surface 

3. Increase steady current velocity until the critical velocity is found, which has been 

demonstrated specifically in test procedure of erosion threshold. Run the test for 2 

minutes to 1 hour depending on the specific feature of each sample. Then the erosion 

rates over 25% sample surface will be obtained by processing the data matrix of 

scanned bed profile. 
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4. Run the test again at 1.2 times of the threshold velocity, and then measure the erosion 

depth through scanning. The duration of each erosion test varies from about 2 minutes 

to 1 hour depending on the composition of each sample. For instant, when fast erosion 

occurs to the tested sample, the duration of each run would be relatively short. This is 

often the case for some non-cohesive samples. Whilst for most of the cohesive samples 

especially those with substantial fine material content, the duration of erosion test could 

be fairly long. The erosion rates over 25% sample surface are calculated. 

5. Finally, run the test again at 1.4 times of the threshold velocity, and then measure the 

erosion depth through scanning. The duration of each erosion test again varies from 

about 2 minutes to 1 hour. The erosion rates over 25% sample surface are calculated.  

3.3 Tests of particle size distribution  

Sieve analysis is employed to grade the particles greater than 75 μm, as shown in Figure 

3-6 (a). The dry sieve analysis shakes the sample through progressively smaller meshes 

(ranging from 1.18 mm to 75 μm) to determine its gradation. This is done using a shaker 

for 10 minutes. Procedure for sieve analysis is complied with Australian Standard (AS 

1289.3.6.1). 

For finer particles, hydrometer is applicable to determine the particle size distribution 

(Figure 3-6 (b)). A hydrometer (specified in Figure 3-6 (b)) is comprised of a bulb 

containing a weighted material to make it float upright, and a thin cylindrical stem. 

According to Archimedes' principle, the lower the density of the substance, the farther 

the hydrometer will sink. The liquid with well-dissolved fine material to be tested is 

poured into a tall cylindrical container with scale marks (right one in Figure 3-6 (b)), 

and the hydrometer is immersed into the liquid until it floats freely. Once it floats stably, 

the reading at the top of the liquid meniscus touches the stem of the hydrometer is 
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recorded. Detailed procedures to calculate the fine particle distribution are complied 

with Australian Standard (AS 1289.3.6.3). Therefore, the particle size distribution of 

sample is determined by sieving in combination with hydrometer analysis for sample 

with fine particle component. 

                                    

                          (a) Sieves                                                                                   (b) Hydrometer 

Figure 3-6 Test devices for particle size distribution analysis 

3.4 Atterberg limits 

In present research, the liquid limit is determined by using a cone penetrometer (CPT), 

which is shown in Figure 3-7. The method is performed only on that portion of a soil 

that passes the 425μm sieve. Sample to be tested is put in a small cup and placed under 

the cone. Adjust the tip of cone slowly down to just above the centre of the sample 

surface without touching it. Record the initial reading on the gauge at this point. Once 

the cup and cone are in place, the cone is dropped and a final reading of the cone 

position is recorded after five seconds. The total penetration into the sample is the 

difference of final reading and initial reading. At least three readings between 15 mm to 

25 mm were obtained for each sample in order to reduce any errors. Test the moisture 

Hydrometer
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(water) content w(%) corresponding to each run by scooping out around 20-30g from 

the cup. Based on the test results, the penetration readings are plotted against moisture 

content. The liquid limit is the moisture content corresponding to a cone penetration of 

20 mm. 

 

Figure 3-7 Photograph of cone penetrometer 

Plastic limit (PL) is determined by rolling homogeneous sediment samples into 3 mm 

diameter threads and measuring the moisture content of these threads. If the threads 

crumbled before reaching 3 mm in diameter, the material is too dry and additional water 

should be added. Two tests are expected to be conducted and the average moisture 

content is the PL. Results are valid when two readings of moisture content are within 2% 

error. 

After liquid limit (LL) and plastic limit (PL) have been determined, the liquidity index 

(LI) and plasticity index (PI) can be computed by  

PI LL PL= −                                                                                          (3-1) 
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w PLLI
LL PL
−

=
−

                                                                                         (3-2) 

where w is natural moisture content, and it is only available for some field samples in 

present research. 

3.5 Packing condition 

Average compressive strength of 8 kPa was applied to the G2 samples contained in a 

cylinder via a weight and hanger device. Once the samples are consolidated uniformly, 

samples are placed in the MOT to examine the critical bed shear stress and erosion rate.  

The bulk density ρs denotes the degree of compaction of soil. For example, the particle 

density of quartz is around 2650kg/m³ but the bulk density of a mineral soil is usually 

between 1000 and 1600kg/m³. Soils with high content of organics or clay may have a 

bulk density well below 1000kg/m³. Bulk density ρs of soil is determined by  

s
s

m
V

ρ =                                                                                                  (3-3) 

where ms is the dry mass of soil weighed after oven dried, V is the total volume of 

sample including pore and solid volume. The bulk density a soil is inversely related to 

the porosity of it, and porosity n is defined by the ratio of pore volume over total 

volume 

vVn
V

=                                                                                                  (3-4) 

3.6 Calculation methods 

Theories and methods regarding on erosion threshold in various motions and erosion 

rate in current motion have been reviewed in previous chapter. By analyzing the flow 
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condition in MOT system, appropriate methods are chosen and validated by the results 

of calibration tests.  

3.6.1 Erosion threshold 

For erosion threshold in steady current, the measured velocity U5 at the same level (5cm) 

above the bed is used to calculate the bottom friction velocity u* by a series of 

expressions (see Eq. (2-1) to Eq. (2-5). To justify the applicability of these equations, 

results of velocity at different distance above the bed obtained by the above 

manipulations will be compared with measured velocity along the vertical plane by 

ADV. Threshold shear stress τcr in current motion is calculated by τcr= ρu*
2. Then the 

dimensionless shear stress θcr obtained by Eq. (2-24) of test result will be plotted against 

the dimensionless particle size D＊by Eq. (2-26), and compared with Shields curve. 

Further tests will be conducted on the basis of good performance of these expressions. 

Threshold shear stress τw in oscillatory flow is determined by Eq. (2-7). The wave 

friction factor fw will be obtained by three methods which are summarised in Table 2-1, 

and the results of three methods will be presented in Shields diagram in the form of 

wave Shields parameter θw vs. D*. For the case of combined motion of waves and 

currents, the threshold shear stress τwc is computed by Eq. (2-15) to Eq. (2-20), and the 

results will be plotted in Shields diagram with combined flow Shields parameter θmax vs. 

D*.  

3.6.2 Erosion rate 

Primarily, calibration tests are conducted to examine the erosion rate of several sand 

samples, and the dimensionless erosion rate q* will be plotted against the dimensionless 

bed shear stress (Shields parameter). This result will be compared with previous well-
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accepted models for sand erosion rate to validate the erosion test results using MOT 

system.  

Further tests will be conducted to field samples. Comparisons are expected to make on 

these results with previous experiments data and models, in order to find the difference 

of erosion behaviour between cohesive sediment and non-cohesive. Erosion rate of 

cohesive sediments will be correlated with the soil basic parameters, and discussions 

will be presented in latter chapters. 
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4 RESULTS ON EROSION THRESHOLD 

4.1 Erosion threshold in currents 

A series of experiments have been conducted on sand samples, mixed sand/mud 

samples and field samples to examine their erosion behaviours. The observation of 

erosion threshold was described and discussed with reference of previous criteria. It was 

found that the determination of erosion threshold of cohesionless sands is more distinct 

and detectable than that of cohesive samples. Therefore, the initial motion of a typical 

cohesive sample was analysed based on the scanned profiles of critical stage. The 

erosion threshold of all the tested samples including sands, sand/mud mixtures and 

fields samples were plotted in the form of Shields diagram and compared with Shields 

curve and previous data set. The results of critical bed shear stress τcr are higher than 

that predicted from Shields curve, which is principally due to cohesive bond between 

the sediment particles. Erosion threshold τcr of sediment was correlated with some basic 

soil properties, e.g. particle size, mud content, plasticity index and packing situation. As 

an important part of the present research, these soil properties were examined by 

specific experimental apparatus in the soil laboratory.  

The bed composition of these samples is specified by recording the mass fraction of 

different particle size range as Pcl, Psi, Psa and Pm, which are mass fraction of clay, silt, 

sand and mud (sum of clay and silt) respectively. The particle size ranges for clay, silt 

and sand are under 2μm, 2-62.5μm and 62.5μm-2mm respectively. The distribution of 

particle size is obtained by soil tests based on sieve test for sand-ranged particles and 

hydrometer test for finer grains. There are many ways to denote the representative 

particle size of sediment and relate it to the erosion and transport. Median particle size 

d50 is the most frequently used parameter in previous studies to relate it with erosion 
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behaviors. A relation of nominal diameter and sieve diameter of sand particles was 

plotted for 200 individual particles with diameter ranging from 0.2-30mm, and general 

good agreement was shown, as reported by USGS (1957). Besides, it is much easier for 

practical application to take d50 as representative particle size for comparison with 

established test results or theories. For artificial sand/mud mixtures bulk density ρd is 

obtained by ρd=ms/V, where ms is the dry weight of both sand and clay, and V is the 

volume it occupies calculated by length times cross section of cylinder. For field 

samples, the density of ρd is obtained from geotechnical report. The water content w (%) 

is the ratio of mass of water over mass of dry solid sample. The Plasticity Index of some 

typical samples has been tested and reported in Table 4-1. The division of each sample 

is specified in the USCS classification and presented in the table.  

Table 4-1 Basic properties of all samples 

Group 
No. 

Sample 

No. 
Pcl (%) Psi (%) Psa 

(%) Pm (%) d50 
(mm)

ρd 
(kg/m3)

w 
(%) PI (%) USCS 

1 Sand 
samples 

1 0.0 0.0 100.0 0.0 0.345 - - - SP 

2 0.0 0.0 100.0 0.0 0.498 - - - SP 

3 0.0 0.0 100.0 0.0 0.159 - - - SP 

4 0.0 0.0 100.0 0.0 1.322 - - - SP 

2 
Artificial 
sand/mud 
mixtures 

5 6.0 4.0 90.0 10.0 0.323 1638.4 24.2 - SP 

6 12.0 8.0 80.0 20.0 0.305 1616.9 24.8 - SC/SM 

7 18.0 12.0 70.0 30.0 0.260 1565.4 26.6 10.8 SC/SM 

8 24.0 16.0 60.0 40.0 0.215 1478.3 30.2 - SC/SM 

9 30.0 20.0 50.0 50.0 0.083 1412.8 33.1 19.6 SC/SM 

10 42.1 27.9 30.0 70.0 0.004 1293.5 39.2 23.9 ML 

11 60.1 39.9 0.0 100.0 0.0015 999.0 61.3 27.0 CL 

12 6.0 4.0 90.0 10.0 0.47 1655.0 22.3 - SP 

13 12.0 8.0 80.0 20.0 0.452 1627.6 23.2 - SC/SM 

14 18.0 12.0 70.0 30.0 0.435 1539.9 26.7 10.8 SC/SM 

15 24.0 16.0 60.0 40.0 0.363 1424.7 31.8 - SC/SM 

16 30.0 20.0 50.0 50.0 0.182 1429.9 31.5 15.6 SC/SM 

17 6.0 4.0 90.0 10.0 0.15 1666.2 21.8 - SC/SM 

18 12.0 8.0 80.0 20.0 0.14 1625.4 23.2 13.0 SC/SM 

19 30.0 20.0 50.0 50.0 0.112 1355.9 35.3 16.0 SC/SM 

20 6.0 4.0 90.0 10.0 1.283 1624.9 23.6 - SC/SM 
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21 12.0 8.0 80.0 20.0 1.207 1579.9 25.2 - SC/SM 

22 30.0 20.0 50.0 50.0 1.069 1414.5 32.4 16.1 SC/SM 

23 2.2 6.8 91.0 9.0 0.307 1374.5 35.0 - SM 

24 4.9 22.7 72.4 27.6 0.219 1391.8 34.1 - SM 

3 Field 
sample 

25 23.3 24.1 52.6 47.4 0.070 1262.8 43.6 10.0 ML 

26 12.2 21.4 66.4 33.6 0.097 1286.5 41.5 7.0 SM 

27 12.9 60.9 26.2 73.8 0.038 1130.8 51.8 - MH 

28 11.7 55.8 32.5 67.5 0.046 1260.0 42.6 - ML 

29 9.0 7.5 83.5 16.5 0.126 1385.7 35.8 - SC/SM 

30 26.6 42.8 30.6 69.4 0.030 940.5 70.1 25.0 CH 

31 22.3 28.5 49.2 50.8 0.060 1071.5 56.7 16.0 ML 

32 20.4 27.2 52.4 47.6 0.086 1208.8 46.1 15.0 SM 

33 3.7 11.5 84.8 15.2 0.208 1383.8 35.5 - SC/SM 

34 10.1 40.8 49.1 50.9 0.061 1350.1 36.3 7.8 ML 

35 10.6 28.5 60.9 39.1 0.098 1435.7 31.9 - SM 

36 6.3 21.7 72.0 28.0 0.100 1573.7 25.8 - SM 

37 2.3 10.9 86.8 13.2 0.200 1563.7 26.2 - SW 

38 0.0 8.3 91.7 8.3 1.200 1740.0 21.4 - SW 

39 7.5 12.0 80.5 19.5 0.150 1300.0 40.3 - SW 

40 6.8 6.0 87.2 12.8 0.120 1370.0 36.8 - SP 

41 0.0 4.1 95.9 4.1 0.550 1610.0 26.1 - SW 

42 0.0 6.6 93.4 6.6 0.120 1330.0 38.7 - SP 

43 0.0 4.1 95.9 4.1 1.500 1660.0 24.0 - SW 

44 0.0 3.3 96.7 3.3 1.400 1600.0 26.4 - SP 

45 0.0 5.0 95.0 5.0 0.320 1430.0 33.7 - SP 

46 4.8 6.0 89.2 10.8 1.500 1750.0 21.2 - SW 

47 0.0 6.6 93.4 6.6 1.200 1670.0 23.8 - SW 

48 6.8 6.0 87.2 12.8 0.190 1360.0 37.2 - SW 

49 0.0 5.8 94.2 5.8 0.410 1480.0 31.5 - SW 

 

4.1.1 Threshold of motion 

Erosion threshold of non-cohesive sands in steady current flow is observed and 

determined by gradually increasing the speed of the pump via a computer program. At 

each increment of velocity, the readings of ADV were recorded simultaneously and at 

least 1000 points were collected for each run. The time average current velocity was 

obtained by averaging the tested velocity samples. It was found that the tested velocities 

at 5cm (approx.) above the flat bed linearly increase with the input values which 
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represent the pump rotation speed as presented in Figure 4-1. The maximum value of 

magnitude of pump speed is 4 corresponding to 3000r/min. According to the 

measurement, there is linear relationship between the input speed and time averaged 

velocity as shown in this figure. Considering the effect of bed roughness on the current 

velocity in the flow boundary, several tests were conducted on different bed with 

various sizes of particle grains. The median particle size of No.1, 3 and 35 samples are 

0.345, 0.159 and 0.098 mm respectively, which fall in the range of fine to median sand. 

The test results of velocity on the smooth plate linearly increase speed generated by 

pump with smallest scatter compared with other three types of bed. However, the 

difference of tested velocities among three different beds with various particle sizes is 

not so distinct, despite the test results with input value at 1-2 are slightly smaller (than 

that predicted by the linear regression curve.  

 

Figure 4-1 Relationship between tested velocity and input value of the pump 

Erosion threshold of four types of sands is basically determined by visual observation. 

By increasing the velocity step by step, a stage will come when small portion of sands 

begin to move. Generally for present test condition, if adding 0.1-0.2 input value which 

is corresponding to 0.027-0.054m/s, one can observe the motion of large amount of 
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particles. A schematic figure is shown in Figure 4-2 as an illustration of situation of 

surface sediment grains as current flow velocity Uc increasing. The critical velocity is 

interpreted as a range between lower limit Ucr,l and upper limit Ucr,u, and the transitional 

zone lies between them where the bed feature is detectable in experiment. Sand particles 

remain stable until velocity Uc reaches lower limit of Ucr,l, where small amount of 

particles are entrained. It should be pointed out that the lower limit Ucr,l is actually the 

extrapolated value as erosion rate qs=0 (Yalin, 1972), which is slightly smaller than the 

velocity corresponding to small motion. When Uc reaches the upper limit Ucr,u, 

significant motion of particles (bedload transport) will be observed and the ripples will 

form. In the present research, erosion threshold is defined as the significant motion of 

surface particles for non-cohesive sands. 

 

Figure 4-2 Schematic figure of erosion threshold of non-cohesive sediments 

The observation of erosion threshold for sediments with substantial fine particles is 

featured by flocs or aggregations detaching from the sediment surface, while the erosion 

rate vary with the mud content in mixture. The failure mode of sediment is influenced 

by the network structure, as plotted in Figure 2-7. Clay/silt-dominated mixture is 

randomly eroded in flocs due to the strong electrochemical bond, while sand-dominated 

mixture transports as bed load under flow velocity beyond critical condition. The 

process of erosion is harder and slower for sample with higher fine content, and begins 

at the weakest area of sample. In Figure 4-3, with current velocity increasing, there are 

generally three states of erosion can be schematized.  

stable unstable

Ucr,l

Velocity Uc

Ucr,u

Transitional  zone from small to large motion
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Figure 4-3 Schematic figure of erosion threshold of cohesive sediments 

Observations on erosion test of cohesive sediments showed that local scour occurs first 

as response to lower limit of critical velocity Ucr,l, and the entire erosion will achieve 

around the upper limit critical velocity Ucr,u. The thickness of transitional zone from 

local to entire erosion is dependent on sediment-specific properties, e.g. mud content, 

packing situation, chemistry and electrochemical bond, plasticity, etc. In the present 

study the entire erosion stage cannot be reached for those samples with substantial clay 

content due to the generated velocity is beyond the range of pump of MOT system. The 

present observations showed that the rate of mass erosion of cohesive sediments 

generally experiences steady increase initially with increasing flow velocity and then 

approaches a constant after certain period of time. This is probably due to the effect of 

bed form on the reduction of flow boundary in the vicinity of the bed. The process 

described above is applicable for moderate or well consolidated sediment, while for 

fresh deposited bed, the phenomenon of fluid mud entrain and phase change should be 

considered (Winterwerp and Van Kesteren, 2004). Erosion threshold is defined by the 

extrapolated value of bed shear stress or velocity corresponding to the erosion rate qs=0 

(Shields, 1936; Yalin, 1972). 

The consolidated, homogeneous mixed soil samples (G2) are consolidated vertically but 

tested horizontally, so they are assumed to possess uniformity vertically but 

inhomogeneity horizontally when put in the sample holder for erosion test. The soil 

strength peaks near top end and gradually approaches a uniform distribution along the 

Velocity Uc

Ucr,l Ucr,u

stable UnstableTransitional 

Transitional  zone from local to entire erosion
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rest of the length, as a result of the combined effect of gravitational and additional stress. 

Besides, considering the boundary effect of along the margins of sample, the middle 25% 

of surface area is regarded to be valid and accurate for evaluation of erosion threshold 

and erosion rate. The soil body within this area is assumed to be isotropic. Field samples 

(G3) are obtained from 0-1 meter from surface of seabed sediment, which is primarily 

consolidated by gravitation. Therefore the soil strength of field sample increases from 

zero at the surface to maximum value at the bottom. Observations on erosion threshold 

also showed that the erosion began from the top end to bottom. Since the length of 

sample is still quite short (most of them are within 0.5m depth from surface), the 

variation of vertical strength is roughly in a range within 10kpa. Considering the 

boundary effect, the scanned profile of the middle 25% of surface area is used for 

evaluation of erosion threshold and erosion rate. 

Figure 4-4 shows a scanned bed profile of No.6 sample with 80% calcareous sand and 

20% kaolin clay before and after erosion. The sample surface is scanned by the 3D laser 

camera. The initial motion of sample occurred under a steady current flow of 0.685m/s, 

where some flocs are detached from surface as shown in Figure 4-4 (b). A large scour 

hole with maximum length of 30mm and maximum depth of 3mm appeared near the 

middle bottom end during 10-minute erosion. In the mean time, another smaller erosion 

slot was formed right upwards from the bottom scour hole. These locations were circled 

as eroded area in Figure 4-4 (b). Erosion normally begins at the weak area of sample 

surface while boundary effect may take place at the grains near the sample holder which 

might cause inaccuracy on calculation of erosion rate. To minimize the boundary effect 

on measuring the erosion of sample, the measured data of central 25% area of sample 

was used as demonstrated in previous section 3.2. The process of scour was observed to 

extent from original eroded region to downstream under steady current flow, meanwhile 



School of Civil and Resource Engineering  
The University of Western Australia 

74 
 

the surface at downstream silted up a bit because the stop of entrained upstream 

particles. 

 

(a) Scanned sediment surface before erosion 

 

(b) Scanned sediment surface after erosion for 10min 

 

(c) Scanned sediment surface after erosion for 20min 

 

Eroded area
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(d) Scanned sediment surface after erosion for 30min 

Figure 4-4 Scanned images of sediment surface before erosion and after erosion under steady 

velocity of 0.85m/s for No.6 sample, where z represents the height of sample in mm. 

The potential eroded aggregation is assumed to subject combined action of shear stress 

generated by flow and upward pressure as a result of hydrodynamic force (Figure 4-5). 

Under the steady current flow condition, the hydrodynamic pressure difference between 

surface and sub-layer tends to push the surface aggregate upwards and exerts a tension 

on the potential eroded floc. The predominant erosion resistance provided by the 

cohesion between the aggregates is strong enough to overcome the external flow forces 

as the flow velocity is small. The roughness of sediment surface is another cause to 

determine the location of failure. The initial motion often occurs at the weak areas, and 

also which is symbolled by a crack “sketching” the weak edge. Then the shear force 

continues to cut the aggregate through the path of crack and consequently break the 

connection of potential eroded aggregate and the remaining layer. The threshold of 

motion happens when the bond has totally been cut off and aggregate is entrained by 

flow. This process of erosion for cohesive sediment is random compared with sand 

transport, which is featured by more continuous movement after threshold of motion. A 

possible reason for the stochastic movement of surface erosion is the inhomogeneity of 

sediment strength horizontally and the weak area is supposed to have larger erodibility. 

Another possible reason is that the turbulence fluctuation of bed shear stress (Vanoni, 
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1964, Partheniades, 1965) which exceeds the mean bed shears tress and entrains the 

weak aggregate, which may otherwise, remain stable.  

Sediment surface
Shear stress

Hydrodynamic
pressure

eroded floc  

Figure 4-5 Schematic figure of potential eroded aggregation 

4.1.2 Results of calibration test 

First consideration is to confirm that the expressions of describing the flow boundary 

can represent the flow regime in MOT system. The applicability of Eq. (2-1) to Eq. (2-5) 

is confirmed by the calibration tests conducted on four types of sands and smooth plane. 

The velocity at 5cm above the bed U5 was measured when initial motion was observed, 

and then the bottom friction velocity u* is obtained by applying Eq. (2-1) and (2-2). In 

the velocity profile modeled by Eq. (2-1) for different sands at critical flow velocity is 

compared with tested velocities along the water depth from 0.5cm-10cm above the bed.  

In Figure 4-6, the symbol× represents the measured velocity vertically above the bed, 

and each measurement is based on the time averaged value at different height. The solid 

line plots a calculated velocity profile based on the calculation using reference measured 

velocity U2.5. Based on the value of Re*= u*ks/ν for four beds with different roughness, 

figure (a) typically represents a transitional flow boundary, (b) represent a transitional 

flow at the lower limit, (c) represents a hydrodynamically rough flow, and (d) represents 

a hydrodynamically smooth flow. 
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Figure 4-6 Velocity profile of different beds 

The modeled velocity profile shows a general agreement with a difference between 

±15%. These four sands typically represent different types of flow regime in boundary 

layers. For No. 1 and 2 sands, the range of grain Reynolds number Re* is between 5 to 

70 and this indicates a transitional flow. The Re* of No.4 sand reflects 

hydrodynamically rough flow regime. The flow boundary of critical condition of No.3 

sand is just above the boundary of smooth and transitional flow. For samples with 

smaller d50 which are typically mud or fine sands, the flow regime of hydrodynamically 

smooth often occurs.  

Bed shear stress can be determined alternatively from Reynolds shear stress via Eq. (2-

6). Velocity at 5cm (approx.) is used to calculate the friction velocity u*. Then the 

profiles of Reynolds shear stresses for four sands are shown in Figure 4-7. It shows a 

linear relation with vertical distance from bed. Study of Yang and Lee (2007) has 

concluded that linear distribution and semi-logarithmic distribution (i.e. log-law) of 

velocity is dominant only when the wall-normal velocity v is zero. In the present test, 

Velocity m/s

Re*=12.5 Re*=5.3 Re*=81.0 Re*<5
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the original bed is flat and it can be assumed to be quasi-uniform when critical condition 

occurs. Thus Reynolds shear stress distribution is linear and the measured wall-normal 

velocities are relatively small ranging between 0-0.3cm/s. 

 

Figure 4-7 Profiles of measured Reynolds shear stress for four sands 

Friction velocities u*,2 obtained from log-law (Eq. 2-1, 2-2) are compared with velocities 

u*,1 from Reynolds shear stress (Eq. 2-6), of which the results are shown in Table 4-2. It 

can be found that the friction velocities u*,1 calculated from Reynolds shear stress are 

greater than from that from log-law with 11-22.8% difference for No.1-3 sands (fine 

and median sands), and smaller for No.4 coarse sand. In the present test, the velocity 

distribution complies with logarithmic law and Reynolds shear stresses are linearly 

distributed vertically, which indicates a uniform or quasi-uniform flow condition at the 

boundary. Thus both calculation methods for friction velocity are valid for present study.  
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Table 4-2 Comparison of friction velocities obtained from two methods 

 
sample 

No. 
d50, mm u*,1, m/s u*,2, m/s difference 

1 0.345 0.019  0.015  0.228  

2 0.498 0.019  0.017  0.111  

3 0.159 0.016  0.013  0.169  

4 1.322 0.024  0.027  -0.111  

Second consideration is to validate the calculated critical shear stress τcr by comparing it 

with previous test results and Shields curve. The calibration test result for four types of 

sands are compared with the modified Shields curve and the envelope of previous data 

set and showed in Figure 4-8. The modified shields curve has been verified by previous 

test data and it can be a good yardstick to calibrate the present test result. It is observed 

that the present experimental data fall well within the range of previous experimental 

data envelope, and the values of θcr are higher than that predicted by Shields curve 

which was proposed by Soulsby (1997). The discrepancy exists possibly due to the 

variation of criteria of erosion threshold. Present test results are based on the movement 

of significant amount of surface grains. Besides, the systematic and computational error 

may account for the deviation of data. While the results still lie in the range of previous 

data set, it is reasonable to trust the validity of the mini O-tube and the erosion test on 

mixtures can be conducted subsequently.  
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Figure 4-9 Threshold of motion for three groups of samples in present test  

To investigate the enhancement of θcr for samples with mud components, the present 

test results together with pertinent experimental results are plotted in the Shields 

diagram, as depicted in Figure 4-10. The previous research has been described in the 

section 2.4, and is summarised in Table 4-3. According to the results reported in the 

table, the features of samples with greater θcr or critical shear strength are summarised as: 

1) under higher consolidated pressure (e.g. Dunn, 1959; Kamphuis and Hall, 1983); 2) 

contain more finer-sized materials (Dunn, 1959) or larger mud content (Kamphuis and 

Hall, 1983); 3) show greater plasticity with larger magnitude of PI (Smerdon and 

Beasley, 1961). While for the samples with smaller θcr which are easier to be eroded, the 

characteristics of soil are just opposite to the samples with larger θcr, e.g. naturally 

deposited (Panagiotopoulos, et al., 1997) or possess less plasticity (Jacobs, et al., 2010). 

According to the previous and present experimental data, the magnitude of θcr as a 

function of D* is evidently higher than that predicted by Shields curve based on the 

experimental results of non-cohesive sediments. The present research attempts to 

provide a best fit expression for the erosion threshold of cohesive sediment or mixtures 

of coarse/fine particles reported in the research stated here: 
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[ ]*2
*

3.33 0.08 1 exp( 0.02 )
0.017cr D

D
θ = + − −

+                                       (4-1) 

 

                                Figure 4-10 Threshold of motion for cohesive sediments 

The present Shields curve goes through the range of the experimental data, agreeing 

well with data of field sample in present research, results of Jacobs, et al. and partial 

results of Lick, et al., but deviating from results of Dunn (1959) and Panagiotopoulos, et 

al. (1997). An error band shown in dashed line was presented in Figure 4-10, and some 

test results from Dunn fall at the upper boundary of the band while data from 

Panagiotopoulos, et al mainly distribute at the lower boundary. The difference between 

predicted value of critical shields parameters can be up to an order of magnitude for 

sediment particles with D* ranging from 1-10 (d50 ranged between 0.04-0.4mm). It 

appears that the present curve favourably agrees with the test results of naturally 

deposited or minor consolidated sediments, e.g. Lick. et al., present field samples, 

partial samples from Jacobs, et al. The deviations of other test results are influenced by 

several sediment properties, e.g. consolidation, plasticity, mud or fine content, etc. 

Table 4-3 have reported the test results of cohesive samples found in various locations 

around the world, of which the threshold shear stresses vary from each other with 
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different soil characteritics. The erosion resistance of sediment is influenced by 

coupled-effects of several sediment properties, e.g. Plasticity, mud content Pm and 

conditions of consolidation, etc. For instance, although the samples used in tests of 

Panagiotopoulos, et al. have essential mud fraction up to 50%, the natural deposition of 

sediments might lead to a loosely contact of particle grains and thus a relatively smaller 

shear resistance. In contrast, results from Dunn have shown that the threshold shear 

stress increase by an order of magnitude with mud content Pm increasing from 5-95% 

under moderate consolidation. For samples with comparable plasticity index (Smerdon 

and Beasley, 1961 and Kamphuis and Hall, 1983), the erosion resistance can be notably 

different due to varying consolidation pressure or mud content. In present test, the 

threshold shear stress was correlated with the basic soil properties aforementioned 

separately while the results were analysed comprehensively considering the coupled 

effects of the rest characteristics. These results would be reported in the following 

sections.    
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Table 4-3 Sample properties of previous experiments 

Reference Sample location Consolidation 
pressure Pc (kPa)

Plasticity index PI 
(%) 

Fine content Pm 
(%) 

Particle size d50 
(mm) 

shear strength Sv 
(kPa) 

Critical shear 
stress τcr (Pa) 

Dunn, 1959 
Sand to silty sand 

from several 
Channels in U.S. 

Pc=1.2-14.4kPa 0-15.6% Percentage of mud 
5.0-95.0% 0.014-0.328mm 3.6-14.4kPa 2.46-23.46Pa 

Smerdon and 
Beasley, 1961 

Silty loam to clay 
from Missouri 

N/A 
(Soil are 

compacted and dry 
for approx. 20 hr 
before erosion) 

6.6-44.3% 15-58% N/A N/A 0.73-4.14 Pa 

Kamphuis and 
Hall, 1983 

Consolidated clay 
materials from 

Mackenzie river 
bottom in Canada 

48kPa-350kPa 11.3-38.4% 60-95% N/A 1.9-27.0 kPa 0.2-18.4Pa 

Mitchener and 
Torfs,1996 

Mixtures of fine 
sand and cohesive 

material 

N/A 
(Relative dense 

packing) 
N/A 0-30% N/A N/A 0.35-2.6Pa 

Panagiotopoulos, et 
al., 1997 

Mixtures of sand 
and mud 

0 
(Naturally deposited)

N/A 0-50% 0.078-0.215mm N/A 0.074-0.144Pa 

Lick. et al., 2004 
Mixtures of quartz 
sand and bentonite 

clay 

N/A 
(Bulk density ρd 

varied from 1650-
1950kg/m3) 

N/A 0-2% 0.015-1.35mm N/A 0.3-0.91Pa 

Jacobs et al., 2010 Mixtures of sand 
and silt 

N/A 
Mixtures are left 
for 24hr in the 

exsiccator 

0-19.7% 4-79% 0.058-0.16mm 

Undrained shear 
strength 

Cu ranging from 
0.10-0.81kPa 

0.106-1.50Pa 
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4.1.3.2 Correlations of τcr with mud content Pm 

To analyse the roles of different grains in mixture play on erosion resistance, the 

threshold shear stress τcr of four sand/clay mixtures is plotted as a function of mud 

content Pm. Different increasing trends of τcr for four mixtures (M1-M4) are shown in 

Figure 4-11, where Mixture1-4 are corresponding to the No. 1-4 sand and kaolin clay. A 

major difference for M4 is evident, because the No. 4 sand is in the coarse sand range 

which gives larger erosion resistance due to the gravity and friction of sand. Although 

the same clay is used in four mixtures, the increasing rate of shear strength Δτcr/ΔPm for 

M4 is still larger than other three groups. A possible reason is that the network structure 

of coarse sand provides more pore space to accommodate fine particle. In this case, the 

clay mineral is more likely to form stronger aggregation which results in higher erosion 

resistance. Moreover, more fines in mixture causes the lower permeability and reduce 

dissipation rate of pore water pressure (Jacobs, et al., 2010), and thus decrease 

erodibility. The erosion threshold of mixtures composed by fine sand (M3) starts from 

relatively lower anchor point but increases significantly when more clay added in, and 

reaches higher value than that of mixutres with median sand when Pm=60%. 

 

Figure 4-11 Threshold shear stress τcr vs. mud content Pm for four groups of mixtures 
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The range mud content (<62.5 μm) increases from 0 to 100%, the increase mode of τcr is 

found to be a sigmoid curve with Pm increasing. The mode of this increasing is mainly 

characterized by three stages with increasing mud content based on the test result of 

M1-M4, namely initial, growing and equilibrium stage (S1, S2 and S3 in Figure 4-12). 

The Figure shows a typical test data of M1, where the increasing trend of threshold 

shear stress is presented with fines added. This relationship has been represented by a 

logistic function which depicts the “S-shaped” growth of the critical shear stress as a 

function of mud content Pm.  

  

Figure 4-12 The increasing trend of threshold shear stress vs. mud content 

These three stages represent that the dominant erosion resistance source shifts from sand 

to mud. Samples with Pm ranged between 0 to about 15% possess a sand-dominated 

mixture and shows erosion behaviours of sand. The surface erosion of sand is featured 

by ripples and dunes forming and bed load transport exerting by the threshold shear 

stress. The erosion behaviour changes as mud fraction increasing via a transitional zone 

between 3-15% mud stated by Mitchener and Torfs (1996). Van Ledden et al. (2004) 

indicated that the reason is transition in network structure of mixtures. As a small 

amount of fines is added to sand, the inter-granular friction reduces and consequently 

leads to easier erosion (Mehta and McAnally, 2003). It is observed in the test that 
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aggregation has formed and entrained as initial motion for M1 sample with 10% Pm, but 

the mode of erosion is fast and steady since the structure is still not secure because mud 

content is small. The erosion resistance for M1 sample with 20% Pm is higher based on 

the observation that the rate of erosion of aggregation is slower and becoming stochastic, 

which infers a stable network structure of sand and mud has preliminary formed. For the 

samples with higher mud content, the friction between the coarse grains is gradually 

losing due to the contacts are stopped by fines, thus the clay-like erosion behaviour is 

shown during erosion process. 

The observed trends of the increase of the threshold shear stress with clay content in the 

present study can be represented by a logistic function (also known as the Verhulst 

model or logistic growth curve). It is often applied to model the "S-shaped" curve of 

growth of some variables. The initial stage of growth is approximately exponential and 

the growth slows when reaching at a saturating stage. To apply this function to model 

the growth of critical shear stress τcr, a dimensionless shear stress τ* is proposed to 

enable the comparability of the four mixtures with different sands. The logistic function 

describing the dimensionless shear stress τ* as function of mud fraction (Pm) is 

suggested as  

baP
sa

cr
me

c
+−+

==
1

*

τ
τ

τ                                                                               (4-2) 

where τ* is dimensionless shear stress, a, b and c are sediment-specified coefficients, 

and Pm is mud fraction in percentage. This logistic function is applied to test data of four 

groups of mixtures. The particle size is applied to investigate the filling and binding 

effect as coarse grain size varies in mixtures. The coefficients a, b were correlated to the 

particles size of four sands since clay size is constant for four groups and reported in 

Table 4-4. The result of regression analysis shows that the coefficient a can be set as 
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constant average value 0.088 because of a small variation, which is modified on the 

basis of analysis of Ye, et al. (2011). The coefficients b and c decrease as dsand increases 

in linear relation as shown in Figure 4-13. Physically, the enhancement of sample 

strength with more fines added could be attribute to cohesion of clay itself and/or the 

interaction between coarse and fine particles. Therefore the coefficient b can be defined 

as effect of interaction of coarse and fine grain on the resistance to erosion. Smaller b 

value leads to steeper increase of erosion resistance. The coefficient c is actually the 

ratio of threshold shear stress of pure clay to that of pure sand. The smaller c value the 

smaller discrepancy of erosion resistance between coarse and fine grain, which indicates 

coarser sand with clay remains constant. 

Table 4-4 Best fitted coefficients for four mixtures 

 Mixture a b c dsand (mm)

1 0.088 2.8 17.5 0.345 

2 0.088 2.6 14.3 0.498 

3 0.088 3.0 21.1 0.159 

4 0.088 1.2 5.7 1.322 

 

 

(a) Coefficient b vs. sand diameter dsand 
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(b) Coefficient c vs. sand diameter dsand 
Figure 4-13 Correlations between coefficients b and c and sand diameter dsand 

Since the field samples (G3) in present research may comprise of various types of 

coarse and fine grains rather than uniform mixtures in G2, a statistical method is utilized 

to describe the relationship between threshold shear stress τcr and mud content Pm. The 

results are divided into three groups in terms of particle size (see Table 1-1), which are 

fine, medium, and coarse sand. Figure 4-14 reveals a general increase trend of τcr of 

sands when Pm increasing, but shows a decrease mode for particles in coarse silt range. 

The τcr of coarse sand increases dramatically when small amount of mud added in, and 

the increase rate is greater than median and fine sand, which is similar to the increase 

mode of coarse sand and clay mixture. For the case of fine sand, the threshold Pm shear 

stress τcr experiences a steady increase with more mud added and peaks at around 50% 

but decreases by 0.5-1N/m2 with Pm>60%. 
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Figure 4-14 Threshold shear stress vs. Mud content for field samples 

4.1.3.3 Correlations of τcr with Plasticity Index PI 

The electrochemical bond between fine particles is one of the reasons to enhance the 

erosion resistance of sediments. As stated in previous chapter, this bond exerts via a 

water membrane between fine particles and the strength of the membrane is subject to 

the water content of sediment. The bond is tight when sample is at the solid and plastic 

state, which will correspondingly yield larger erosion resistance. Therefore the range of 

water content (the Atterberg Limits) is not only a measure to distinguish the states of 

sample but also an indicator of its resistance strength to external erosion forces. The 

Plasticity Index (PI) indicates the plasticity of a soil by quantifying the capacity of a soil 

possess to contain the weakly bound water. The PI of a reconstituted sample is tested in 

accordance with Australian Standard (AS 3.3.1), which is the difference between liquid 

limit and plastic limit. It correlates positively with clay content in a linear relationship 

(Skempton, 1965; Mitchell, 1976) and expressed by Eq. (2-31). The test results of PI for 

some typical samples in four groups are presented in Figure 4-15, and a linear 

expression, PI=0.53Pcl best depicts the variation trend of PI. This result is similar to the 

test results of Skempton and Mitchell, while slope of the curve in Figure 4-15 may vary 
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with different sediment properties. A parameter of activity was introduced by Skempton 

in Eq. (2-31) to represent the slope of this curve. According to the activity that was 

classified by Eq. (2-31), the artificial samples used in the present test with an activity of 

0.53 are inactive clay. The inactive clays fraction in present artificial mixed samples are 

predominantly kaolin clay, and it is regarded as one of the contributions to inactivity of 

sediments ( Skempton and Northey 1953; Skempton, 1953).  

 

Figure 4-15 Plasticity Index as a function of clay content (%) for four types of sand/clay mixtures 

For field samples, the PI is plotted against the clay content Pcl in Figure 4-16 based on 

the available data, which are only small portion of the field samples. They are No. 25, 

26, 30, 31, 32 and 34 samples, most of which are in the range of silt or silty sand with 

d50 ranged between 0.03-0.098mm. The lack of PI for the rest of samples is mainly due 

to the unmeasurable plastic limit (PL), and mostly of them are sand dominated 

sediments and made up of carbonate and kaolin clay. The average activity of these 

samples is 0.72 which reflects that the clay size minerals they contain are mainly 

inactive.  
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Figure 4-16 Plasticity Index as a function of clay content (%) for field samples 

The threshold shear stress τcr of present test observations is plotted against the plasticity 

index PI, as Figure 4-17 shown. The present test result of sand/clay mixture yields a 

relative larger τcr due to a moderate consolidation. An expression τcr=0.354PI^0.73 is 

proposed to describe the relationship between τcr and PI which is shown in solid line. In 

comparison, the Smerdon and Beasley’s (S&B) equation τcr=0.163PI^0.84 is shown in 

dashed line. Eleven silty or clayey samples collected from Missouri State were used in 

Smerdon and Beasley’s experiment, with PI ranging between 6.6-44.1. However, 

condition of consolidation for their samples was not reported. Equation 

τcr=0.163PI^0.84 best matched the relationship between threshold shear stress and PI, 

and the correlation coefficient R2 is 0.896. While for present test samples, erosion 

resistance vary greatly for artificially mixed samples and field samples. Expression 

τcr=0.354PI^0.73 favourably agrees with the results of most artificially mixed samples 

and minor portion of field samples, but still diverges from the rest of field sample data. 

In contrast, S&B equation underestimates the results of sand/clay mixtures but still goes 

through the scattered data of field samples. It appears to be more suitable to correlate PI 

with erosion threshold for the field samples or other naturally deposition samples alike. 

Although threshold shear stress τcr has correlation with plasticity index PI, the scatter of 
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the relationship infers that τcr might still be influenced by some other soil properties, 

e.g. bulk density, clay/silt content, fine material, organic content, etc. Therefore the 

evaluation of τcr should be taken compressively considering the effects of other soil 

characters.  

 

Figure 4-17 Threshold shear stress τcr vs. Plasticity Index PI for sand/clay mixtures and field 

samples  

4.1.3.4 Impact of packing situation on τcr 

Previous studies suggested that τcr reasonably correlates with situation of consolidation, 

which can be physically expressed by a group of parameters, e.g. bulk density, volume 

or mass fraction of solid components, porosity (Mehta, 1991; Dou, 2000; Van Ledden, 

et al., 2004). For the present test program, the sand/clay mixture samples were 

consolidated under the same pressure of 8kPa and reached a status of moderate 

consolidation. For this reason, the bulk density is used to quantify the packing situation 

of these samples. The dry density is plotted against sand content (%) in Figure 4-18 

together with αc value range. As demonstrated in Chapter 2, a consolidation coefficient 

αc is proposed by Allersma (1988) and applied by Van Ledden et al. (2004) combining 

the classification of bed types. Based on these theories, the solid lines in Figure 4-18 
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represent different values of αc from 0 (fresh bed) to 2.4 (consolidated bed), and each 

line stands for the same consolidation level. According to Figure 4-18, the αc of 

mixtures and field samples in present tests is between 0.8 and 2.4. For sand/clay 

mixtures, results are within a relatively higher range of αc (from 1.8 to 2.3) which 

indicates a moderate consolidated situation for the reconstituted samples. While the 

field samples, the range of αc reflects a natural deposited seabed which is much smaller 

than that under moderated consolidation. 

 

Figure 4-18 Variation of dry density with weight fraction of sand for sand/mud mixtures and field 
samples 

Erosion resistance of sediment is dependent on packing situation of artificially 

generated mixtures or consolidation history for naturally deposited sediment. To 

understand this relationship, the τcr is plotted against the dry bulk density ρd as shown in                

Figure 4-19.  
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               Figure 4-19 Threshold shear stress τcr vs. dry bulk density ρd 

The critical shear stress τcr appears in general to decrease with bulk density for 

sand/clay mixtures. According to Figure 4-18, sample with smaller sand content will 

result in reduction of bulk density for the same consolidation degree. Thus the sand/clay 

mixtures with small bulk density usually contain more clay fraction thus enhance the 

erosion resistance. While for field samples, the τcr is weakly correlated with the bulk 

density ρd. The scatter of erosion resistance of field samples with ρd might be attributed 

to different mineralogy, grain size, organism and electrochemistry for each sample.  
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wave flow over bed increases, the shear stress exerting on the sediment particles will be 

sufficient to entrain them into the flow (Komar and Miller, 1974). This shear stress 

corresponding to the stage of initial movement of sediment particles is defined as 

critical shear stress τw in oscillatory wave. In the present research, a set of experiments 

was conducted on sand/clay mixtures (with 10%-50% and 100% clay content) to 

understand the relationship between critical shear stress and fluid and soil features. Note 
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that the two sample halves are allocated to be tested in waves and combined of currents 

and waves separately. 

4.2.1 Flow features 

The maximum near bottom velocity of wave is significant to acquire the bed shear 

stress and friction velocity due to oscillatory wave. The magnitude of maximum 

velocity in the vicinity of bed could vary with bed with different roughness. Maximum 

wave orbital velocity measured at around 5cm above the bed with period of 5s is found 

to increase in a power function with the input wave amplitude value (rotation speed of 

pump). This is shown in Figure 4-20 with comparison of measured velocity above 

different beds, where the velocities decrease due to the existence of bed roughness 

compared with the results on smooth bed. However, the velocities tested above various 

rough beds including No.1 to No.4 sands are generally in the range of input amplitude 

between1.8 to 2.6.  

 

Figure 4-20 Maximum wave velocity vs. the input wave amplitude 

Measured velocities at threshold condition for four sands are typically showed in Figure 

4-21. These velocities over time were obtained at around 5cm above the bed, and the 
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peak positive velocity is chosen to estimate the threshold shear stress under oscillatory 

flow. Note that the period of the oscillatory flow is 5 second for all the tested samples.  

 

(a) Velocity over time for No.1 sand 

 

(b) Velocity over time for No.2 sand 

 

(c) Velocity over time for No.3 sand 
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(d) Velocity over time for No.4 sand 

Figure 4-21 Measured velocity over time for four sands with period=5s 

Wave boundary layer is formed in the vicinity of bed due to the friction of rough bed 

surface. The wave boundary layer is comprised of a thin layer near the bed and an upper 

layer of oscillatory flow. Velocity profiles of four sands (No.1-No.4) are presented in 

Figure 4-22 at critical stage of each sample in oscillatory wave boundary. The velocity 

generally reaches a peak value at certain distance above the bed and then reduces to a 

relative stable value upwards. The thickness of wave boundary is relatively smaller than 

that of current boundary (see Figure 4-6), and it varies with different bed roughness as 

well. According to Figure 4-22, the thickness of wave boundary layer for No.1-No.4 are 

0.005m, 0.008m, 0.002m and 0.005m respectively, based on the determination by 

Figure 2-2. 
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Figure 4-22 Velocity profile of four sands at critical stage in oscillatory flow boundary 

The flow regime in the wave boundary layer is essential to understand the sediment 

erosion threshold and transport process. In present research, the flow regime in wave 

boundary layer of each sample will be identified in different region of the chart shown 

in Figure 4-23. As the flow regime is dependent on wave Reynolds number Rw and 

relative roughness r, the flow type varies with wave threshold velocity, bed roughness 

and wave amplitude for different sample. For example, No.1-3 sands (fine and medium 

sands) and most of sand/clay mixtures with Rw ranged between 104 and 106 would 

generally experience a transitional flow from smooth turbulence to rough turbulence 

since the relative roughness ranges between 60-3000. While for No. 4 sand which is 

coarse sand, the flow regime in the wave boundary at the critical condition becomes 

rough turbulent flow. The flow type for kaolin clay (No.11 sample) at the critical 

condition is in the smooth turbulent flow regime in terms of Jonsson’s classification. In 

comparison, except for three samples, i.e. fine sand (No.3), 50% No.1 sand and 50% 

clay mixture (No. 9) and kaolin clay (No.11), of which the flow types are in the 

transitional regime from laminar and smooth turbulence, the rest samples experience a 

transitional flow from smooth turbulent to rough turbulent flow.  
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Figure 4-23 Wave boundary for sand and sand/clay mixture samples 

4.2.2 Threshold of motion 

Erosion threshold of sand and mixture samples in oscillatory flow with period of 5s is 

examined by gradually increasing the amplitude of the flow until the initial motion of 

small portion of sample is observed. Then the increment of amplitude will be reduced to 

1/2 of initial value and applied to the sediment until significant surface sand particles 

begin to move or flocs of sand/clay mixtures are flaked off. Each step of the test is 

complied with test procedure stated in section 3.2. Results of calibration tests will be 

illustrated in advance, which validate the experiment apparatus and calculation methods.    

Calibration tests were conducted on four silica sands and the results would be validated 

by Shields curve and previous experimental data. Erosion threshold denoted by critical 

shear stress τw was computed by three methods (Jonsson, 1966; Kamphuis, 1975 and 

Soulsby, 1997). As shown in Figure 4-24, the wave Shields parameter θw obtained by 

Jonsson’s model is close to that by Soulsby’s formula for all four sands. For median 

sized sands, magnitude of θw calculated from Kamphuis’ model appears to be smaller 
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than other two models. The θw calculated by three methods is higher than that predicted 

by Shields curve, but still within the area of dashed line which indicates data envelope 

of previous experiment. Although the value of θw varies with different calculation 

method, the wave threshold shear stress is considered to be identical due to the same 

sample tested.   

 

Figure 4-24 Results of calibration tests on four types of sands 

Properties in oscillatory flow for four sands and M1 group mixtures are shown in 
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Table 4-5, in which τw,1, τw,2 and τw,3 represent for threshold shear stresses in oscillatory 

flow calculated from formulae of Jonsson (1966), Kajiura (1968) and Kamphuis (1975), 

and Soulsby (1997) respectively.  
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Table 4-5 Parameters of four sands and M1 mixtures in oscillatory flow 

Sample 
No. 

Wave orbital 
velocity Uw, 

m/s 

Wave 
period T, s

Particle 
size d50, 

mm 

Mud 
content %

τw,1 
(N/m2) 

τw,2  
(N/m2) 

τw,3 
(N/m2)

1 0.196 5 0.345 0 0.334 0.225 0.306 

2 0.244 5 0.498 0 0.545 0.309 0.510 

3 0.179 5 0.159 0 0.218 0.197 0.178 

4 0.261 5 1.322 0 0.908 1.071 0.940 

5 0.208 5 0.323 10 0.262 0.245 0.233 

6 0.435 5 0.305 20 0.783 0.736 0.488 

7 0.549 5 0.26 30 1.116 1.051 0.615 

8 0.577 5 0.215 40 1.205 1.136 0.646 

9 0.703 5 0.083 50 1.637 1.545 0.788 

11 0.814 5 0.0015 100 2.062 1.949 1.470 

 

Comparison of τw obtained from different methods are made by plotting dimensionless 

wave shields parameter θw against dimensionless D*, as shown in Figure 4-25. A 

general increase of θw is shown with more clay added in the sand which is reflected by 

smaller particle size, but θw varies with different calculation methods. The θw obtained 

by Jonsson’s method for mixture samples is close to that calculated from Kamphuis’ 

method with range of difference within 7%. On the contrary, the results obtained from 

Soulsby’s method are higher than the other two methods with a range of difference from 

11% to 54%. 
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Figure 4-25 Threshold of motion of sands and sand/clay mixtures in oscillatory flow 

The results of erosion threshold of cohesive sediments in oscillatory flow are still in 

shortage until now. A typical test result was reported by Panagiotopoulos, et al., (1997). 

They examined the erosion threshold of deposited mixtures of sand and clay in 

oscillatory flow as well as the steady currents. The wave-induced erosion threshold was 

determined as the dislodgement of a few particles or flocs at the top layer of sample. 

The maximum wave-induced critical shear stress is calculated by Eq. (2-6), in which the 

friction factor fw is determined by Eq. (2-11) proposed by Kamphuis (1975). 

Panagiotopoulos et al. reported that the wave threshold shear stress τw increases with 

more mud (d50<62.5μm) adding in the two sorts of sands (d50=152.5, 215μm). 

Comparison between test results of Panagiotopoulos et al. (simplified as PVC) and 

present test is made by plotting the wave threshold shear stress τw against the mud 

content Pm, as shown in Figure 4-26.  
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Figure 4-26 Comparison of results of present test and test of Panagiotopoulos et al. 

With Pm increasing from 0 and 100, the wave threshold shear stress τw of present test is 

one order of magnitude larger than that of PVC test. A possible explanation is that the 

mixed samples in present test are under moderate consolidation before test, while in 

PVC’s test the mixtures were form by naturally settling. Besides, different clay 

mineralogy contained in the mixture may affect the erosion behaviours, e.g. illite, 

expansive undefined clays, kaolinite and chlorite were analysed in PVC’s test. 
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the velocities are measured at 5cm above the bed. The test results of erosion threshold 

for M1 and sand samples are reported in  

Table 4-6, including the current and wave velocities respectively, wave period, particle 

size, combined shear stress at critical condition. 

Table 4-6 Results of erosion test in combined waves and currents for M1 and sand samples 

Sample 
No. 

Current 
velocity 
Uc, m/s 

Wave 
velocity 
Uw, m/s 

Ratio 
Ur=Uw/Uc 

Wave 
period 

T, s 

Particle 
size d50, 

mm 

Dimensionless 
diameter, D* 

Combined 
threshold 

shear stress 
τcw, N/m2 

Dimensionless 
shear stress θ 

1 0.170 0.093 0.546  5 0.345 8.866 0.390 0.0665 

2 0.148 0.114 0.773  5 0.498 12.534 0.314 0.0396 

3 0.172 0.076 0.441  5 0.159 3.996 0.249 0.0958 

4 0.167 0.173 1.030  5 1.322 33.362 0.705 0.0332 

5 0.167 0.170 1.058  5 0.323 8.276 0.374 0.0689 

6 0.153 0.365 2.377  5 0.305 7.791 0.959 0.189 

7 0.154 0.452 2.936  5 0.260 6.621 1.252 0.292 

8 0.172 0.503 2.934  5 0.215 5.458 1.451 0.413 

9 0.169 0.793 4.706  5 0.083 2.101 1.364 1.014 

11 0.167 0.815 4.883  5 0.0015 0.0374 1.395 60.207 

With increasing wave amplitude generated, surface particles begin to jump and roll to 

downstream. However, particles appeared to move or stop periodically, which is due to 

the superimposed wave flow on current. Since the current flow is not sufficient to 

entrain the initial motion of the sands used in present test, the maximum shear stress of 

the combined waves and currents is the reason for the erosion threshold of these 

samples. Erosion threshold of sand/clay mixtures occurred when subjected to even 

larger wave amplitude than sands. For No.5 sample with 10% clay content, the erosion 

threshold is featured by the bedload transport of various sized flocs which will be 

dissipated in the shearing flow after entrainment. For mixtures with 20% Pm and greater, 
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a clay dominated network structure is formed and the rate of erosion become much 

slower. Compared with the sediment erosion rate in currents, the erosion rate in 

combined waves and currents is estimated to be smaller since the transport of particles 

is no longer continuous.  

4.3.2 Comparison with Shields diagram 

The maximum bed shear stress τwc of combined currents and waves is obtained from a 

series of treatment which is simply expressed by Eq. (2-15)-(2-20). The present test 

results of No.1-No.4 sands are shown in Figure 4-27 and expressed in blue square 

marks. Compared with the reference previous test data obtained from Soulsby (1997) in 

gray triangular marks, the present results are within the data range of previous tests. 

However, the threshold shear stress of No.1-No.3 sands is larger than that Shields curve 

estimates, which is depicted in solid line in Figure 4-27. In this figure, the test results 

are compared with Shields curve which is plotted in solid line. It is observed that the 

maximum threshold shear stress of combined currents and waves of the present 

sand/clay mixtures is greater than that predicted by Shields curve.  

 

Figure 4-27 Erosion threshold of sands and sand/clay mixtures in combined waves and currents 
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Erosion threshold of No.1 sand and clay mixtures with increasing clay content has been 

examined in three different flow types in present test. It was found that the erosion 

threshold is generally higher that predicted by Shields curve for all three types of flow. 

One of the contributions is due to the adding amount of mud (d50<62.5μm) in sand.  

To investigate the capability of different flow to entrain the same sediment, the 

threshold shear stress is plotted against the mud content for three types of flow. The 

results are present in Figure 4-28, where the threshold shear stress in three flow 

conditions, i.e. current, oscillatory flow and combined of current and wave are shown as 

a function of mud content Pm. It is found that two times larger bed shear stress generated 

by current flow is required to entrain the samples than that provided by wave or 

combined of wave and current flow. Threshold shear stresses in oscillatory flow and 

combined flow are comparable in present test. Since a relatively small current flow 

velocity was contributed in generating combined flow, the oscillatory shear stress 

dominates in the combined total shear stress. It is expected that more patterns of 

combination of currents and oscillatory flows are used in determining the erosion 

threshold of sand/mud mixtures.   
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Figure 4-28 Threshold of motion of M1 sand/clay mixtures in three different types of flow 
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before. 
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Figure 4-29 Threshold shear stress for sand/mud mixture in current and wave (after 
Panagiotopoulos et al.) 
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5 RESULTS ON EROSION RATE 
5.1 Non-cohesive sands 
When detachment of surface particles or flocs begins, the original flat and stable bed 

becomes mobile and consequently a new bed profile takes shape over time. In the 

present test, only current flow condition is considered to evaluate the erosion rate of 

sediment.  

5.1.1 Erosion process 

For non-cohesive sediment, bed features such as dunes and ripples are commonly 

observed when flow velocity reaches the critical stage. Erosion rate of three samples in 

sand-sized range were examined by measuring the erosion depth of each flow velocity 

during a period of time. The variation of bed profile of sand sample is scanned by 3D 

laser camera corresponding to each flow velocity, of which the results will be used to 

calibrate the MOT testing system. A typical scanned result of No.1 sample is shown in  

Figure 5-1, as a series of bed profiles for each current flow velocity.  

 

          

(a) Before erosion                                                        (b) After 20min with U5=0.315m/s 
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(c) After 20min with U5=0.387m/s                                 (d) After 20min with U5=0.439m/s  

         

(e) After 20min with U5=0.490m/s                                      (f) After 20min with U5=0.542m/s  

         

(g) After 20minwith U5=0.593m/s                                        (h) After 20min with U5=0.645m/s  
Figure 5-1 Bed profile change after erosion for increasing current velocity  

It can be observed from Figure 5-1 that the bed profile of No.1 sand (d50=0.345mm) 

begins from small ripples which are obviously shown in (c) and develops to larger scale 

scouring pit extending to downstream. Considering the boundary effect of sample due to 
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the geometry of sample holder, the average erosion depth over central 25% area is used 

to evaluate the erosion rate.  

5.1.2 Erosion rate 

The morphodynamics bed sediment is attributed to bedload transport, deposition and 

suspension. With regards to the present test, which is one dimensional case for sediment 

transport, the relationship between bed level variation and transport rate qs can be 

expressed as (Soulsby, 1997)  

1
1

sqh
t n x

∂∂
= −

∂ − ∂
                                                                                      (5-1) 

where h is erosion depth or bed level, n is bed sediment porosity, qs is the volumetric 

transport rate per unit width in m2//s. The transport rate qs can be obtained by integrating 

the term on the left hand side of Eq. (5-1) along the length (x-coordinate) which is 

actually the length of each sample in present test 

( ) ( )
0

1 1
l

s
h hq n dx n l
t t
∂ ∂

= − = −
∂ ∂∫                                                                  (5-2) 

where l is the length of sample and it is independent of erosion depth h. In present test, 

the erosion depth h is calculated by averaging the values of dot matrix of the difference 

between the measured height and original bed level over the central 25% area. A 

schematic figure of data acquisition and treatment is shown in Figure 5-2, where hij is 

the erosion depth for each point with specific x and y coordinate, L and W stand for 

length and width respectively. The sum of data points which is symbolled as ∑hij over 

the central 25% area can be trimmed from the original scanned data, and the average h 

(erosion depth) is obtained by h=∑hij/N, where N is the number of the data points. 

Then the transport rate qs will be solved for after calculating the porosity n, erosion 
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depth h, sample length l and erosion time t. The qs is then transformed to dimensionless 

transport rate q* by employing Eq. (2-34). 

 

Figure 5-2 Schematic figure of data measurement for erosion rate 

Erosion rate of three sand samples (No. 1, 2 and 36 respectively) were examined by 

scanning the bed profile at the end of time period for each current flow velocity. These 

results are compared with the established formulae (Meyer-Peter and Müller, 1948; 

Yalin, 1963; Van Rijn, 1984), which have been validated by a number of experiment 

results on non-cohesive particles. The test results of transport rate and the parameters 

used to compute the transport rate for No. 1, 2 and 36 are shown in Table 5-1, in which 

the result of three models demonstrated above are also presented. The parameters in this 

table (from left to right in the first row) include median particle size d50, erosion depth h, 

sample length l, erosion time t, coefficient (1-n) where n is porosity, transport rate qs, 

dimensionless transport rate q*, dimensionless bed shear stress θ, dimensionless 

transport rate calculated by model of Meyer-Peter and Müller q*,M, dimensionless 

transport rate calculated by model of Yalin q*,Y, and dimensionless transport rate 

calculated by model of Van Rijn q*,V.  
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Table 5-1 Parameters regarding on transport rate and comparison between different modelled 

results 

Sample d50 
(mm) h mm l (mm) t (s) 1-n qs (m2/s) q* θ q*,M q*,Y q*,V 

No.1 

0.345 0.116 250.5 300 0.597 3.92E-08 0.0015 0.0500 0.0080 0.0014 0.0015 

0.345  0.290 250.5 300 0.597 9.75E-08 0.0037 0.0670 0.0356 0.0108 0.0121 

0.345  0.627 250.5 180 0.597 3.52E-07 0.0133 0.0868 0.0810 0.0336 0.0383 

0.345  2.843 250.5 180 0.597 1.59E-06 0.0604 0.1093 0.1459 0.0756 0.0873 

0.345  1.583 250.5 180 0.597 8.88E-07 0.0336 0.1093 0.1459 0.0756 0.0873 

0.345  2.374 250.5 120 0.597 2E-06 0.0757 0.1346 0.2327 0.1430 0.1678 

0.345  1.697 250.5 120 0.597 1.43E-06 0.0541 0.1346 0.2327 0.1430 0.1678 

0.345  3.404 250.5 60 0.597 5.73E-06 0.2170 0.1627 0.3437 0.2418 0.2897 

0.345  1.974 250.5 60 0.597 3.32E-06 0.1258 0.1936 0.4814 0.3782 0.4643 

0.345  0.947 250.5 60 0.597 1.59E-06 0.0604 0.1936 0.4814 0.3782 0.4643 

No.3 

0.159 0.019 253.38 300 0.637 1.04E-08 0.0013 0.0965 0.0024 1.23E-06 4.96E-07

0.159 0.807 253.38 300 0.637 4.34E-07 0.0543 0.1267 0.0518 0.0054 0.0032 

0.159 0.371 253.38 120 0.637 4.98E-07 0.0624 0.1613 0.1458 0.0248 0.0156 

0.159 0.184 253.38 120 0.637 2.48E-07 0.0310 0.1613 0.1458 0.0248 0.0156 

0.159 1.066 253.38 120 0.637 1.43E-06 0.1793 0.2002 0.2848 0.0636 0.0416 

0.159 4.151 253.38 120 0.637 5.58E-06 0.6984 0.2437 0.4725 0.1273 0.0864 

0.159 3.660 253.38 120 0.637 4.92E-06 0.6158 0.2437 0.4725 0.1273 0.0864 

0.159 2.682 253.38 60 0.637 7.21E-06 0.9025 0.2917 0.7140 0.2215 0.1561 

0.159 2.321 253.38 60 0.637 6.24E-06 0.7811 0.2917 0.7140 0.2215 0.1561 

0.159 3.142 253.38 60 0.637 8.45E-06 1.0574 0.3444 1.0146 0.3520 0.2576 

0.159 1.502 253.38 60 0.637 4.04E-06 0.5055 0.3444 1.0146 0.3520 0.2576 

No.36 

0.100 0.164 273.88 300 0.594 8.87E-08 0.0221 0.1262 0.1363 0.0433 0.0494 

0.100 0.302 273.88 300 0.594 1.64E-07 0.0407 0.1262 0.1363 0.0433 0.0494 

0.100 0.893 273.88 300 0.594 4.84E-07 0.1204 0.2131 0.4791 0.2347 0.2868 

0.100 0.721 273.88 300 0.594 3.91E-07 0.0973 0.2131 0.4791 0.2347 0.2868 

0.100 1.260 273.88 180 0.594 1.14E-06 0.2832 0.2656 0.7457 0.4188 0.5328 

0.100 1.563 273.88 180 0.594 1.41E-06 0.3513 0.2656 0.7457 0.4188 0.5328 

0.100 2.023 273.88 120 0.594 2.74E-06 0.6818 0.3239 1.0843 0.6777 0.8999 

0.100 2.964 273.88 120 0.594 4.02E-06 0.9990 0.3239 1.0843 0.6777 0.8999 

0.100 4.355 273.88 120 0.594 5.9E-06 1.4680 0.3880 1.5028 1.0237 1.4211 

0.100 3.637 273.88 120 0.594 4.93E-06 1.2259 0.3880 1.5028 1.0237 1.4211 

0.100 3.605 273.88 60 0.594 9.77E-06 2.4299 0.4581 2.0092 1.4688 2.1340 

In Figure 5-3, the q* of three sands is plotted against Shields parameter θ and shown in 

figure (a), (b) and (c) respectively. The calculated transport rate with three models are 

shown in black solid line for Meyer-Peter and Müller, blue dashed line for Yalin and 
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orange dashed line for Van Rijn respectively. It is found that the results calculated by 

Yalin’s model are similar to that obtained by Van Rijn’s model.  These two models well 

illustrate the transport rate of No.1 and No.36 samples. Whilst for the case of No.3 

sample which is fine uniform silica sand, both models of Yalin and Van Rijn appear to 

underestimate the transport rate by an order of magnitude. The empirical expression 

proposed by Meyer-Peter and Müller well depictes the first two case of No.3 sample 

despite overestimating the initial transport rate for No.1 and No.36 samples. The 

discrepancy between test results and predicted results is possibly due to different 

assumption of model derivation. For instance, the model of Meyer-Peter and Müller is 

assumed to characterize the erosion rate of sample with d50 ranged between 0.4-30mm.  

 

(a) Comparison of experimental result of No.1 sample with calculated results of three models  
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(b) Comparison of experimental result of No.3 sample with calculated results of three models 

 

(c) Comparison of experimental result of No.36 sample with calculated results of three models 

Figure 5-3 Comparison of present experiment results and three models for erosion rate 
 

5.2 Cohesive sediments 

5.2.1 Erosion depth over time 

As stated in the review of literature, two types of bed erosion are demonstrated by 

Amos (1992). The principal difference is whether or not the process erosion is time 

dependent. With regards to the cohesive sediment, some laboratory experiment 

observed that the bed flux of deposited sediment decreased over time and gradually 

ceased (Parchure and Mehta, 1984; Zreik, et al., 1998; Briaud, et al., 1999). However, 
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the erosion behaviours of moderate consolidated sand and mud mixtures are still not 

well understood, especially the mass of erosion in a time scale. A typical result is shown 

in Figure 5-4, where the average erosion depth h in mm over the central 25% of sample 

surface is plotted against the eroded time in hr. At the condition of critical velocity Ucr, 

the erosion depth h increases with eroded time t initially but approaches a constant after 

1 hour time period. The relationship between erosion depth h and time t may be 

expressed by exponential (Parchure and Mehta, 1984) or hyperbolic function (Briaud, et 

al., 1999). In present test, a linear curve is proposed to illustrate this process of erosion, 

which is principally demonstrating the initial stage of erosion. The erosion rate is 

supposed to decrease over time as a result of reduction of flow velocity mainly due to 

bed form change. The principal focus is put on the initial erosion rate right after 

entrainment in present consideration. Erosion rate E is in each figures is calculated from 

h/t (mm/hr). 

 

(a) Erosion depth vs. time at critical velocity Ucr 
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(b) Erosion depth vs. time at velocity 1.2Ucr 

 

(c) Erosion depth vs. time at velocity 1.4Ucr 

Figure 5-4 Measurement of erosion depth for sample 23 (80% No.1 sand +20% No. 35 sample) in a 
time scale at three velocities after critical condition.  

To analyse the effect of mud content on erosion rate, erosion depth of sample 24 over 

time after the critical condition is shown in Figure 5-5. Compared with the result of 

sample 23, the erosion rate E of sample 24 is smaller due to more mud content given the 

same preparation condition. The actual mud content Pm for sample 23 is 9%, so this 

sample may possess a dominant sand structure with silt staying in the void but not 

sufficient to fill. Erosion behaviour was principally shown as a typical sand sample in 

the test observation. While for sample 24, the initial motion of sample began with local 

erosion at the weak area, instead of a general motion at the whole sample surface.  
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(a) Erosion depth vs. time at critical velocity Ucr 

 

 

(b) Erosion depth vs. time at velocity 1.2Ucr 

 

 

(c) Erosion depth vs. time at velocity 1.4Ucr 

Figure 5-5 Measurement of erosion depth for sample 24 (50% No.1 sand +50% No. 35 sample) in a 
time scale at three velocities after critical condition 
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5.2.2 Bed profile  

Extensive experiments were conducted on the field samples (except No.28-31 samples) 

to investigate their erosion rate under current velocities beyond the critical velocity. By 

scanning the bed profile of each sample before the after erosion at critical velocity Ucr, 

1.2Ucr and 1.4Ucr, the average erosion depth over 25% central area of sample is 

obtained from the measured data. Take test No.24 sample as an example, the following 

interpretation will show how to process the measured data in present research.  

Firstly, a photograph is taken before sample is placed in the MOT test section, as shown 

in Figure 5-6 which is one half of borehole sample. The sample holder is 300mm length, 

and several white blocks with best suited size in various lengths are prepared in case 

that the sample length is insufficient to fill the entire holder. According to the 

geotechnical site investigation, No.24 sample is a type of silty sand that obtained from 

0-0.3m depth from seabed surface with d50=0.097mm and mud content Pm=33.6%. 

Once the sample surface is levelled with the edge of holder and blocks are placed and 

attached to fill the gap, the sample is placed in the MOT test section.   

 

Figure 5-6 Photograph of the No.26 sample half A before test 

Before running any current flow, the profile of sample surface is scanned by 3D Laser 

camera in advance as shown in Figure 5-7 (a), which is taken as an initial reference for 

erosion depth calculation. In this figure, a two dimensional profile of sample surface is 

shown with x-coordinate representing the length of sample in the direction of current 

White blocks Sample 
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flow. The elevation legend is shown in a colour bar on right and the contour of sample 

surface can be interpreted.  

After scanning profile before erosion, the current flow is generated from very small to 

critical velocity. Once the critical velocity Ucr is reached, the sample is exposed to the 

erosion at Ucr for 1hr and the sediment bed surface will be scanned of which the profile 

is shown in Figure 5-7 (b). This figure shows that at some area of the upstream and 

midst the erosion depth of sediment is up to -13mm and the surface erosion occurs 

almost over the entire sample.  

Then the current velocity is increased to 1.2Ucr and 1.4Ucr, and run for 1hr respectively. 

Similarly to the previous procedure, the profile is scanned and displayed in Figure 5-7 

(c) and (d). It is clearly shown that the erosion area of sample extends to downstream 

and the erosion depth becomes deeper when sample is subject to supercritical velocities. 

The erosion starts with a small pit or hole, where is featured by inhomogeneous area 

such as shell, wormhole or very coarse grain. The local scour at this area is intensified 

and cause larger erosion than other relatively flat surface. Erosion occurs more often at 

the boundary of the sample holder especially the upstream part, as shown in Figure 5-7, 

(b) and (c). The process of erosion for this sample generally develops from local to 

entire area of sample surface over the erosion time, which agrees with the illustration in 

section 4.1.1.  
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(a) Profile of sample before erosion (t=0) 

 

(b) Profile of sample after erosion for 1hr by flow velocity 0.659m/s 

 

(c) Profile of sample after erosion for 1hr by flow velocity 0.800m/s 

 

(d) Profile of sample after erosion for 1hr by flow velocity 0.934m/s 
Figure 5-7 Profiles of No.26 sample half A at different stages 
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5.2.3 Erosion rate 

As stated in previous section, erosion depth h over the central area of sample can be 

computed from the measured data and then erosion rate per unit area E=h/t is solved for. 

The erosion rate per unit width qs is obtained from Eq. (5-2). The dimensionless erosion 

rate q* can be computed by Eq. (2-33). Based on the general expression q*=A(θ-θcr)3/2 

that have been summarised by Wiberg and Smith (1989) in a dimensionless form, a 

comprehensive coefficient A is dependent on the sediment specific characteristics, such 

as particle size, mud content, plasticity and packing situation, etc. For the case of sand 

or gravel without mud component, typical value of the coefficient A is suggested as 

constant 8 by Meyer-Peter and Müller (1948), and agrees well with results of sand 

samples in present test shown in Figure 5-3. However, the magnitude of A varies with 

smaller particle sized grain especially those with clay or silt content. In present test, an 

attempt was made to find this coefficient A for each sample and analyse whether it is 

related with the basic physical sediment properties, e.g. particle size, mud content, bed 

shear stress, etc. The test results are modelled by the general equation q*=A(θ-θcr)3/2 and 

the corresponding A value is obtained, and four typical fitting results are shown in 

Figure 5-8. Based on the available experiment results, the exponent 1.5 is used to model 

the general relationship between dimensionless erosion rate q* and bed shear stress θ for 

all the samples. General favourable agreement is shown for most of the results, while 

several curves might overestimate the erosion rate, e.g. Sample 24, 26.          



School of Civil and Resource Engineering  
The University of Western Australia 

125 
 

 

                                      (a) Sample 23                                                                          (b) Sample 24 

 

                                        (c) Sample 25                                                                         (d) Sample 26 

Figure 5-8 Curve fitting for the erosion rate as a function of Shields parameter 

Sediment-specific coefficient A, rather than taken as a constant, is found to be a variable 

for samples in present test. One possible reason is that due to different basic soil 

properties the erosion behaviour of sediment will vary greatly. The present 

consideration focuses on the several basic soil and fluid specific parameters, e.g. 

particle size, mud content, bed shear stress, etc. In Table 5-2, these parameters and  

coefficient A are summarised, including sediment specific properties, e.g. particle size 

d50, mud content Pm and fluid properties such as threshold Shields parameter θcr or grain 

Reynolds number Re*. Then correlation is made between coefficient A and these soil 

properties based on this quantitative information. Note that the erosion rate of No.28-31 

samples is not available at this stage.    
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Table 5-2 Coefficient A and various sediment properties for field samples  

Sample 
No. Coefficient A 

Median 
particle size d50 

(mm) 

Mud content (%)
Pm 

Threshold Shields 
parameter θcr 

Grain Reynolds 
number Re* 

23 0.254 0.307 9.0 1.300 24.662 

24 0.040 0.219 27.6 0.850 12.015 

25 0.022 0.070 47.4 1.343 2.858 

26 0.132 0.097 33.6 0.262 2.032 

27 0.053 0.038 73.8 1.790 1.290 

32 0.057 0.046 67.5 1.898 1.765 

33 0.397 0.126 16.5 0.231 2.817 

34 0.082 0.061 50.9 2.745 3.174 

35 0.027 0.098 39.1 0.581 2.973 

36 0.023 0.100 28.0 0.759 3.503 

37 1.123 0.200 13.2 0.158 4.517 

38 0.170 1.200 8.0 0.069 45.545 

39 0.842 0.150 20.0 0.135 2.775 

40 0.667 0.120 12.0 0.258 2.773 

41 0.368 0.550 4.0 0.071 14.319 

42 1.181 0.120 7.0 0.224 2.572 

43 0.372 1.500 4.0 0.054 56.248 

44 0.046 1.400 3.0 0.049 48.425 

45 4.399 0.320 5.0 0.091 7.168 

46 0.274 1.500 10.0 0.045 51.747 

47 0.891 1.200 7.0 0.038 33.907 

48 1.252 0.190 12.0 0.151 4.209 

49 0.804 0.410 6.0 0.072 9.266 

 

Variation of coefficient A can be attributed to the different particle-sized grains 

contained in the sediment, especially those with high mud content may have smaller A 

value. The relationship between A and d50 for present test and several previous tests 

(Amos, et al., 1992; Mitchener and Torfs, 1996; Straub and Over, 2010) is plotted in 

Figure 5-9. A dashed line is placed at d50=0.062mm to divide the silt and sand grain 

particles. The general result indicates that fine-grained sediments may have smaller A 
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which is probably because the cohesion is significant to resist the erosion forces. To a 

certain degree, the coefficient A can be considered as the adjustment of excess bed shear 

stress as a response to different soil properties. 

 

Figure 5-9 Coefficient A vs. Particle size d50 (mm) 

For present test results, it is found that the value of A increases with particle size of silt 

median sand with d50 ranging from 0.038 to 0.32mm, but decreases when d50>0.32mm. 

Different size of the tested samples is presented in Figure 5-10, and they are labelled in 

different marks. It indicates that fine-grained sediments may have smaller A which is 

probably because the cohesion is significant to resist the erosion forces. Whilst samples 

composed of coarse grains (d50>0.6mm) may be hard to erode over time, and the values 

of A is correspondingly reduce with particle size increasing from 0.6mm.  
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Figure 5-10 Coefficient A vs. Particle size d50 for present test 

Correlation between coefficient A and mud content Pm for present test and related 

previous tests is shown in Figure 5-11. This figure shows that the value of A generally 

increases with Pm ranged between 0-13% specifically for present samples and then 

decrease when Pm>13% for all samples. It implies that A is sensitive with the sample 

with small amount of mud content for present samples. With regard to samples in 

Mitchener and Torfs (1996) and Amos, et al. (1992), the values of coefficient A 

decrease with mud content Pm increasing. Whilst there are no strong correlations 

between A and Pm for Straub and Over’s test, of which the value of A are rather small 

with range between 10-5 and 10-2.   
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Figure 5-11 Coefficient A vs. Mud content Pm (%) 

Different particle size of samples used in present test are marked and shown in Figure 5-

12. The values of A generally increase with Pm ranging from 0-13% and decrease with 

Pm>13%. The fine sands have a decreasing A value as Pm increasing, which is similar 

with the case of median sands and silts. A possible reason is that sediment with more 

silt or clay content is harder to be eroded.  

 

Figure 5-12 Coefficient A vs. Mud content Pm (%) for different sized grains in present test 
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Except for the coarse sand samples, coefficient A of other three categories of samples 

mainly decreases with Pm growing. It means that sample is easier to be entrained with 

more mud adding. It contradicts with well-accepted understanding of erosion behaviour 

for most of the sand and mud mixtures. Therefore, a typical image of No. 43 sample is 

present for further analysis. As shown in Figure 5-13, this sample comprises of coarse 

and fine particles, and most of them are cohesionless. The small amount of mud content 

(4%) is mostly form by very fine fragment of sands without cohesion. This part of 

grains at the surface are entrained by fluid flow at critical stage and followed by mass 

erosion afterwards. Therefore, more fine fragment of sand contained in these samples, 

more likely they have a greater erosion rate. Other coarse sands, e.g. No.38, 44, 46 and 

47, are observed to have similar erosion behaviour with No.43 sample of which the 

erosion process will not be specified here due to space limitations.  

 

Figure 5-13 Image of No. 43 sample 

The grain Reynolds number Re*=u*d/ν is a key parameter to indicate the hydrodynamic 

roughness in the boundary layer near the bed. Here it is used to correlate with the 

coefficient A to investigate the relationship between them, and the results are presented 

in Figure 5-14. In this figure, fine grained sediment including silt and fine sand 

including most samples in tests of Straub and Over, Mitchener and Torfs and some 

samples in present test and Amos et al.’s test, are mainly located in the smaller value 

range of Re* between 0 to 5, where the flow boundary is mainly hydrodynamic smooth 

(Soulsby, 1997). But the value of A is not distinctly linked with Re* for hydrodynamic 
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smooth flow. With regards to the transitional flow with 5<Re*<70, the result shows that 

only small amount of test samples of Straub and Over and Amos et al. and some of 

present test samples fall in this flow regime.  While correlations between Re* and A are 

rather scatter for these samples. None of these tests has experienced hydrodynamic 

rough flow regime. 

 

Figure 5-14 Coefficient A vs. grain Reynolds number Re* 

With regard to the relationship between A and threshold shear stress, the results of all 

four tests are show in Figure 5-15. It is found that the coefficient A generally decreases 

with the threshold shear stress τcr for all the test results. It means that sample which has 

larger threshold shear strength is even harder to be eroded.  

This is different from the classical model for sand erosion rate (Meyer-Peter and Müller, 

1948) which suggests that A can be taken as constant. Based on the result shown in 

Figure 5-15, a best-matched expression Eq. (5-3) with correlation coefficient R2=0.8 is 

proposed to model the trend of coefficient A 
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2.350.09 crA τ −=                                                                                           (5-3) 

 

Figure 5-15 Coefficient A vs. threshold shear stress 
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6 CONCLUSION 

6.1 Summary of completed works 

A number of experiments were conducted to investigate the erosion behaviours of sands 

(G1), artificial mixtures of sand and clay (G2) and fields samples (G3) obtained from 

North West Shelf of Western Australia by employing an original close-loop Mini O-

tube (MOT) testing system. Prior to the erosion tests, the basic soil properties, e.g. 

particle size distribution, mud content, plasticity index, bulk density were examined in 

the soil laboratory. These parameters were then correlated with the erosion threshold 

shear stress to interpret the fundamental of shear strength of sediment from the view of 

geotechnical engineering.  

At first, calibration tests on four sands were conducted to verify the applicability of 

MOT test facility for wide size-ranged sediment at different flow boundary layer 

conditions including currents, waves and combined motions of both. The well-accepted 

Shields curve was used to calibrate the threshold motion of these four sand samples (G1) 

and thus provides a reference for further tests on sand/mud mixtures and field samples. 

Favorable agreements were found compared with Shields curve and previous reference 

data set. 

Then further experiments were conducted on four groups of artificial mixtures and some 

field samples to investigate their erosion behaviours. The results of erosion threshold 

varied with the composition of sediment material, and reflect the erosion character of 

dominant network structure of mixture. The erosion threshold of sand-dominated 

sample is featured by major surface erosion and continuous bedload transport, while for 

clay-dominated sample flocs or aggregations detaching from the sediment surface.  
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For G2 mixtures, the results of the erosion threshold shear stress showed a strong 

dependence on the increasing mud content Pm in the form of a sigmoid shaped growth, 

which can be expressed by a logistic function. This function characterizes the three 

stages of τcr with increasing Pm, namely initial, growing and equilibrium stage which 

depicts the dominant network structure shifts from sand to clay. The experimental 

results are plotted in the form of dimensionless Shields parameter θcr against 

dimensionless grain size D*. Except for the four sands in G1, the values of θcr of 

sand/clay mixtures (G2) and field samples (G3) are higher than the results gained from 

Shields curve (dashed line). It is attributed to a moderate consolidation, relatively higher 

mud content for the samples used in present test. The present research attempts to 

provide a best fit expression for the erosion threshold of cohesive sediment or sand/mud 

mixtures based on related previous and present experimental data. The plasticity index 

(PI) of samples is related with the enhancement of erosion resistance. The test results of 

PI for some typical samples in four groups are obtained. An expression, PI=0.53Pcl, best 

depicts the relationship between PI and clay content Pcl, of which the activity indicates 

an inactive clay.  The threshold shear stress τcr of present test observations is plotted 

against the plasticity index PI. An expression τcr=0.354PI^0.73 is proposed to describe 

the relationship between τcr and PI which is shown in solid line. In comparison, the 

Smerdon and Beasley’s equation τcr=0.163PI^0.84 is shown in dashed line, which 

underestimates the results of sand/clay mixtures but still goes through the scattered data 

of field samples. Since the experimental result of PI is limited, further investigation is 

expected to conduct on the relationship between τcr and PI with sufficient data 

supporting. Erosion resistance of sediment is also dependent on packing situation of 

artificially generated mixtures. The critical shear stress τcr appears in general decrease as 

dry bulk density increasing with regard to sand/clay mixtures. Since in present test the 
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sand/clay mixture samples are under the same pressure of 8kPa and reached a status of 

moderated consolidated, and the variation of bulk density is relatively small.   

With regards to the field samples (G3), it was found that threshold shear stress τcr of 

sands increases when Pm increasing, but decreases for particles in coarse silt range. The 

τcr of coarse sand increases dramatically when small amount of mud added in, and the 

increase rate is greater than median and fine sand, which is similar to the increase mode 

of coarse sand and clay mixture. For the case of fine sand, the threshold Pm shear stress 

τcr experiences a steady increase with more mud added and peaks at around 50% but 

decreases by 0.5-1N/m2 with Pm>60%. Most of the available test results of PI are in the 

range of silt or silty sand. The average activity of these samples is 0.72 which reflects 

that the clay minerals they contain are mainly inactive. The Smerdon and Beasley’s 

equation τcr=0.163PI^0.84 still goes through the scattered data of PI of field samples. 

Since the experimental result of PI is limited, further investigation is expected to 

conduct on the relationship between τcr and PI with sufficient data supporting. The 

consolidation coefficient αc of field samples in present tests is between 0.8 and 2.4, 

which indicates a natural deposited seabed. The critical shear stress τcr appears in 

general increase with the ρd for the field samples. 

Oscillatory flow plays an important in entraining the seabed sediment. Prior to the 

erosion tests, the velocity profile of oscillatory flow was measured by ADV. Three ways 

are used to calculate the wave friction factor which is a key parameter to obtain the 

wave threshold shear stress. The erosion threshold of four sands was verified by 

comparing with the Shields curve. The measured results are higher than that obtained 

from Shields curve while still within the range of previous reference data set. Further 

tests were then carried out on sand/mud mixtures in M1 group. A general increase of θw 

is shown with more clay added in the sand and it is greater than that obtained by Shields 
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curve. The wave threshold shear stress τw for M1 mixtures is found to increase with 

mud content Pm.  The threshold shear stress in wave τw for present test is compared with 

tested τw of Panagiotopoulos et al., and τw for present test is an order of magnitude 

larger than that of their test. A possible reason is due to different consolidation before 

test, and different clay mineralogy contained in the mixture may also affect the erosion 

behaviours.  

With regards to combined motion of waves and currents, the nonlinear interaction 

between to flows results in an enhancement of bottom shear friction. Erosion threshold 

of four sands were examined, and then the results were compared with Shields curve 

and previous reference data to justify the testing system. After this calibration, the 

erosion threshold of M1 sand/mud mixtures was tested and compared with Shields 

curve, and the results of present test were greater than that predicted by Shields curve as 

well. The threshold shear stress τ for all three types of flow, i.e. current, wave and 

combined current and wave, was plotted against the mud content Pm, and τ generally 

increases with Pm for all three flow conditions. However, it is found that relatively 

larger bed shear stress generated by current flow is required to entrain the samples than 

that provided by wave or combined of wave and current flow. Panagiotopoulos et al. 

analysed that it possibly due to the different definition of the threshold of motion for 

current and wave.  

Erosion rate of several sands and field samples was then determined by scanning the 

profile of original and eroded sample surface. It can be observed that the erosion of non-

cohesive sands begins from small ripples and develops to larger scale scouring pit 

extending to downstream. Test results of erosion rate of three sand samples were 
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compared with the well-accepted and validated formulae (Meyer-Peter and Müller, 

1948; Yalin, 1963; Van Rijn, 1984), and favourable agreements were shown.  

Then erosion rate of field samples which comprise of sand and mud grains, was 

examined according to the same procedure. The erosion rate as a function of excess bed 

shear stress was presented in the similar formula proposed by Meyer-Peter and Müller 

(1948), where the constant 8 is substituted by a sediment-specific coefficient A. It is 

found that the value of A increases with particle size of silt median sand with d50 

ranging from 0.038 to 0.32mm, but decreases when d50>0.32mm. The value of A 

generally increases with Pm ranged between 0-13% and then decrease when Pm>13%. It 

implies that A is sensitive with the sample with small amount of mud content. The 

coefficient A is correlated with grain Reynolds number Re*=u*d/ν and the results are 

classified by different particle size category. Fine grained sediment including silt and 

fine sand are mainly located in the hydrodynamic smooth flow, while for median sand 

and coarse sand, the flow type in the boundary layer is transitional flow. With regard to 

the relationship between A and threshold shear stress, it is found that the coefficient A 

generally decreases with the threshold shear stress τcr for all the test results. It means 

that sample which has larger threshold shear strength is even harder to be eroded.  

6.2 Future works 
Future works regarding on the erosion threshold and erosion rate of cohesive sediment 

or sand/mud mixtures are expected in the following aspects: 

1. Some more soil basic properties, e.g. shear strength, mineralogy, thixotropy and 

rheology of soft clay dominated sediment can influence the erosion behaviours of 

cohesive sediments. More tests are expected to be carried out with consideration of 

these soil properties; 
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2.  For the erosion threshold of cohesive sediments under combined waves and currents, 

further experiments are expected to be carried out at different wave periods other than 5 

second to investigate the effect of wave period on the initial motion of cohesive 

sediments; 

3. To investigate the variation of bed flux over time, more tests can be done on testing 

the bed profile of various cohesive sediments in time series. Furthermore, the flow 

regime variation due to the change of bed profile of cohesive sediment can be an 

attractive topic for simulation or experiment. 
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Nomenclature 
A Coefficient regarding on equation of erosion rate  

Aw semi-orbital excursion 

A1 Activity of clay mineral 

A* Coefficient =43.5 in Einstein’ model of transport rate  

a Coefficient in Eq. (4-2) 

a1 Coefficient =0.635 in Eq. (2-38) 

a2 Coefficient ( )0.42.45 / s crρ ρ θ=  in Eq. (2-38) 

a’ Arm of force in the horizontal plane 

b Coefficient in Eq. (4-2) 

b’ Arm of force in the vertical plane 

B* Coefficient =0.143 in Einstein’ model of transport rate 

C Concentration of flow 

Cσ Factor defined by 21 2 cosCσ σ σ φ= + +  

c Coefficient in Eq. (4-2) 

D* Dimensionless particle size 

D Deposit rate in Eq. (2-41) 

d or d50 Median particle size 

d0 Orbital diameter of the wave motion 

dsa or dsand Particle size of sand component 

dm Particle size of mud component 

E Erosion rate in Eq.(2-41) 

FL Net lift force 
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FD Resultant of drag force 

Fc Cohesion force 

fw Wave friction factor 

fwc Friction factor of combined waves and currents 

G’ Buoyant weight 

g Acceleration due to gravity 

h Water depth 

H Wave height 

ks Nikuradse roughness 

L Wave Length 

LI Liquidity index of sediment 

LL Liquid limit of sediment 

M Mass of erosion sediment 

M1 Coefficient in Eq. (2-40)  

ms Dry mass of sediment weight 

PI Plasticity index of sediment 

PL Plastic limit of sediment 

Psa Mass fraction of sand component 

Psi Mass fraction of silt component 

Pm Mass fraction of mud component 

Pcl Mass fraction of clay component 

qs Sediment transport rate 

q* Dimensionless erosion rate 

Re* Grain Reynolds number for currents 
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Rw Reynolds number for waves 

Re Reynolds number for combined flow 

r Relative roughness of wave flow regime 

s Parameter defined by ρs/ρ 

T Transport stage 

U Velocity at the height z above the bed 

Uc Current velocity at certain distance above the bed 

Ucr Critical velocity of currents 

Ucr,l Lower limit of critical current velocity 

Ucr,u Upper limit of critical current velocity 

Uw Maximum wave orbital velocity amplitude 

Ur Ratio of oscillatory flow velocity Uw over steady current velocity Uc 

Uδ Wave velocity at boundary layer δ 

uc Current velocity component 

u* Bottom friction velocity due to currents 

u*wc Friction velocity due to combined motion of currents and waves 

u*c Friction velocity due to currents only 

um Near bottom velocity 

V Total volume of sediment 

'u  Averaged velocity fluctuations in x direction 

'v  Averaged velocity fluctuations in y direction 

w Water content of sediment 

z Distance above the bed 
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z0 Bed roughness length 

z0a Apparent roughness 

zr Arbitrary distance above the bed outside the wave boundary layer 

δw Thickness of wave boundary layer 

ε Thickness between the observed and theoretical transport rate  

η Coefficient =0.5 in Eq. (2-48) 

θ Shields parameter for currents 

θsa Threshold Shields parameter for non-cohesive sand 

θm Threshold Shields parameter for cohesive mud 

θcr Threshold Shields parameter of sediment 

crθ%  Experiment observed threshold Shields parameter 

θw Shields parameter due to waves 

θmax Shields parameter due to combined flow  

κ Von Karman’s constant equals to 0.40 

ν Kinematic viscosity of water 

ρ Density of water 

ρs Particle density of sediment 

ρd Dry density of sediment 

σ Factor defined by τc/τwm 

τcr Threshold shear stress due to currents 

τw Threshold shear stress due to waves 

τwc Maximum bed shear stress due to combined waves and currents 

τb Bed shear stress due to currents 
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τc Bed shear stress for current component 

τwm Maximum bed shear stress for wave component  

τsa Threshold shear stress of sand component 

τm Threshold shear stress of mud component 

τs Bed shear strength 

τ*
 Dimensionless threshold shear stress due to currents 

φ  Angle between the wave and current motion 

1φ  Angle of repose 

n Porosity of sediment 

 

 
 

 


