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Abstract 
 

In predicting the critical shear stress for sand and mud mixture, a new formulation 
based on the critical shear for pure sand and pure mud together with fraction 
contents was developed. This formulation was calibrated with the experimental 
data to obtain the value for the single empirical coefficient in the formula. Then 
the formula was verified using the experimental data with good agreement 
between the predictions and data being achieved. In comparison with the existing 
formulation, the new formulation has advantages of being applicable to any types 
of mud and sand mixtures with any sand and mud fractions. In addition the 
formula contains only one tuning coefficient which can be easily determined 
using site-specific data.  
 
Keywords:  Critical shear stress, sediment transport and sand and mud mixture.  

 
 
 
1. INTRODUCTION 

 
Historically, erosion studies have been concentrated largely on the 

behaviour of cohesive and non-cohesive sediments separately because their  
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properties are very different [7]. The erosion resistance of sediment is 
parameterised by critical shear stress and erosion rate. When flow velocity 
increases gradually over a loose sedimentary bed, the motion of sediments occur 
if the bed shear stress induced by the flow exceeds a certain critical value of shear 
stress. The critical shear stress condition is the condition to be just less than that 
necessary to initiate sediment motion, which is known as incipient motion. The 
shear stress of sediment motion forms an integral part of the understanding of 
sediment transport.  

Shield [1] was the first to describe the critical shear stress on individual 
particles for non-cohesive sedimentary bed under unidirectional stream flow. 
Since then, numerous researchers have conducted research to determine critical 
shear stress for erosion. For instance, Roberts et al., [11] studied erosion rates and 
critical shear stress of uniform size quartz particles from fine grained (5 
micrometer in diameter) to coarse grained (1350 micrometer in diameter) 
sediments. They identified that the critical shear stresses of finer particles are 
strongly dependent on particle size and bulk density unlike for the larger particles 
for which the critical shear stresses are strongly dependent on particle size only. 

Recently, critical shear stress for sand and mud mixture has been given 
some attention. This includes erosion formulation of sand and mud mixture based 
either on pure sand [16] or pure mud [17]. Torfs [13] showed that traditional non-
cohesive formulation for sand could be applied to the mixture whenever mud 
content is less than around 3-15 percent. Clearly, based on previous experiments, 
erosion behaviour changed dramatically when a small amount of mud was added 
to a sand bed [7] or vice versa [18].This happens because the dominant parameters 
affecting critical shear stress and erosion rate are changed. Based on this, it would 
be incorrect to apply a single formula derived from either sand or mud processes 
to the sand and mud mixture. For this reason, Van Ledden [15] proposed critical 
shear stress formulation separately for sand and mud mixture to describe the 
erosion behaviour for full range of mud content. His formulation consists of two 
equations, one for the non-cohesive mixture and one for the cohesive behaviours. 
Therefore, a single critical shear stress formulation to describe the entire mud 
content range or vice-versa without considering the partition between the 
behaviours is not yet available. 
 This research discusses about critical shear stress for sand and mud 
mixture and limitation of the existing formulation. Next, parameters that affect the 
behaviour of sand and mud mixture are presented. Then a new formulation and 
selection of critical shear stress for single fraction sediment are described. Lastly, 
calibration, validation, and sensitivity of the new formulation are presented 
consecutively in further sections.  
 
 
2. MODEL LIMITATION  
 

Researchers have addressed the factors affecting critical shear stress for 
erosion of sand and mud mixture (cohesive). For instance the critical shear stress 
increases with depth due to consolidation and physical-chemical changed of  
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variation particle size [9]. The consolidation process which involves the slow 
expulsion of interstitial pore water from the compacting sediment results in more 
densely packed sediment. The surface critical shear stress varies from one site to 
another increasing as the bed bulk density increases [18]. Kamphuis and Hall [5] 
indicated also that the shear stress increases with plasticity index and vane shear 
strength of the sediment. Moreover the shear stress was known to be affected by 
biological activity and organic content [10]. Biological and organic content can 
create binding force between clay minerals in muddy sediments.  

Regarding the above information, noticeably many factors influence 
critical shear stress. However to include all these factors in the critical shear stress 
model is beyond the present knowledge. The influence of several factors is only 
partly and qualitatively understood even for the pure mud beds [20]. Furthermore, 
in previous experiments the role of chemical and biological factors with sand and 
mud mixture was not studied, which makes validation of these factors impossible 
at present [15]. 

As noted previously, a new formulation to predict the critical shear stress 
for sand and mud mixture was proposed by [15]. The relationship between the 
critical shear stress and mud content from 0 to 100 percent was developed. To 
apply the formulation for whole range of mud content, he made a distinction 
between non-cohesive and cohesive for the mixture. A coefficient, which is called 
the critical mud content( )crmP ,  and represents the transition between non-cohesive 
and cohesive, was introduced in the formulation. If the percentage of mud content 
is greater than the critical mud content, the sand and mud mixture is considered to 
behave as cohesive sediment. Therefore, the formulation to express the critical 
shear stress for non-cohesive sand and mud mixture is given as [15]: 

 ( )β
τ
τ

m
cr

nce P+= 1,  m,crm PP <      (1) 

and for cohesive mixture is given by 
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where 
nce,τ  and ce,τ  = critical shear stress for non-cohesive and cohesive sand and mud 

mixture respectively 
crτ  and eτ      = critical shear stress for pure sand and pure mud respectively 

mP  and m,crP   = percentage of mud and critical percentage of mud respectively 
β                    = an empirical coefficient  

This transition in the transport behaviour has been reported by researchers 
such as Mitchener and Torfs [7] where they suggest that the transition is in a 
range of 3 to 15 percent mud content. While, as reported by Houwing [4], the 
range is around 20 to 30 percent. In natural bed sediments, this transition also 
depends on the clay content in the mud. As described by Van Ledden [15] each 
type of mud will display different critical shear stress even though the same 
amount of clay content is available. He commented that it could be due to the  
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different binding capacity of each mud type.  
 
One of the deficiencies in the existing formulation is that one has to select the 
coefficient of critical mud content within the range for each particular mud type. 
As this range is wide and not precisely known the determination of the coefficient 
could lead to inaccuracies in the prediction of critical shear stress. Moreover, this 
coefficient might not be similar from site to site and makes it difficulty to justify 
the use of a single value for it. In the proposed formulation, this limitation is 
removed so that the formulation can be applied without considering the type of 
clay involved in the mixture.  

 
 

3. METHODOLOGY 
 

To develop a new formulation for the critical shear stress for sand and 
mud mixture a number of assumptions are introduced most of which are similar to 
those made by Van Ledden [15] : 
1. Only the physical factors are considered to describe the critical shear 
stress for erosion whereas chemical and biological factors are neglected; 
2. The effect of the sediment fraction and cohesion of the sediment are 
assumed to be the major contributing parameters to the critical shear stress; 
3. The layer of sediment mixture is assumed homogeneous with depth 
and in the horizontal plane; 
4. Remoulded bed samples can be used in describing the critical shear 
stress of sand and mud mixture and 
5. Moderate flow condition is considered. 
 

Although these assumptions may somewhat limit the formulation in its 
applications in real mud found in estuaries it is better than any existing general 
formulations that can be found in the literature since the key physical factors are 
well represented in the formulation with model parameters being calibrated and 
verified based on the available experimental data.  
 
3.1 Sediment fraction 

 
Fine sediment bed comprises of sand, silt and clay, and these sediments 

are classified according to their individual grain particle size. In this research, silt 
and clay are treated as one fraction of sediment. According to the British Standard 
test sieves, the grain size of fine sand is between the ranges of 0.06 to 2 mm, silt 
between the ranges of 0.002 to 0.06 mm and finally for clay is less than 0.002 mm. 
The shear stress for erosion of natural bed shows the different threshold 
depending on the composition of the sand, slit, clay and water. The sediment 
becomes cohesive depending on the quantity of mud in the mixture. As the mud 
content (clay and silt particles less than 0.05 mm in diameter) increases, clay and 
silt particles will fill the gaps between the spaces of the sand particles. A non- 
cohesive bed has a granular structure without cohesive forces between the  
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individual particles. The particle size and its weight are important parameters for 
the erosion. Cohesive bed forms a coherent mass due to electrochemical 
interactions between the particles and the bed and has certain shear strength 
before deformation. At this stage, the interactions between particles dominate the 
erosion behaviour, and the size and weight of sand particles are less important 
[15]. Van Rijn [16] stated that sand and mud mixture will tend to exhibit the 
cohesive property when the mud fraction reaches 20 to 30 percent (all sediment 
less than 0.05 mm in diameter) and below it the mixture is essentially non-
cohesive. Mitchener and Torfs [7] identified a transition from non-cohesive into 
cohesive behaviour at the mud content (less than 0.063 mm in diameter) being 
only 3 to 15 %. Van Ledden [15] indicated that the cohesive property is strongly 
influenced by critical clay content (5 to 10 percent) to generate the cohesiveness 
and if the mud content is below the critical value, the mixture will exhibit non-
cohesive property.  
 

Many researchers have studied critical shear stress through experimental 
work on sand and mud sediment mixture. Panagiotopoulos et al., [8] studied the 
influence of clay on the threshold of movement of fine sandy beds. The mixed 
sediment consisting of sands and cohesive estuarine mud was tested under the 
action of unidirectional currents and wave conditions. The sediment mixture 
contained cohesive estuarine mud and fine-grained quartz sands of 

5.152 micrometer and 215  micrometer in diameter. These two unimodal sands 
were mixed separately with various proportions of the Combwich mud by 5%, 
10%, 20%, 30%, 40% and 50%, by dry weight. These percentages correspond to 
1.8, 3.6, 7.2, 10.8, 14.4 and 18 percent of clay mineral. These researchers found 
that the mean critical shear stress increases in small increment with increasing 
mud content up to 30 percent which corresponded to 11 percent of clay content 
(Figure 1). Above this until 50 percent, the mean critical shear stress increases 
dramatically.  

 
Williamson and Ockenden [19] used HR straight uni-directional current 

flume to study the erosion behaviour. The flume erosion tests were carried out at 
HR on homogeneous mixtures of natural mud from the Usk Estuary in UK. The 
King’s Lynn sand was used with a median particle diameter of 150 micrometer. 
The mixtures were prepared with 0, 25 and 50 percent of sand added by weight 
and had average dry densities of 547 kg/m3, 562 kg/m3 and 611 kg/m3 
respectively. The depth of flow was kept constant at 150 mm for all the erosion 
tests. The flow was increased from zero in small steps until erosion was observed 
visually on the surface of the mud and sand mixture bed. These researchers 
showed that the critical shear stress increases with increasing mud content, a trend 
that is the same as that found by Panagiotopoulos et al., [8]  (Figure 2.0). 
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Figure 1: Variation of mean critical shear stress with mud content 
(Panagiotopoulos et.al., [8] ) 

 
 
 

611kg/ m 3  
562kg/ m 3  547kg/ m 3  

                    
Figure 2: Variation of critical shear stress with sand content (Williamson 

and Ockenden, [18]) 
       

            
Ockenden and Delo (1988 cited in Mtichener and Torfs, [7]) used HR 

carousel test to study on Hong Kong Mud. The experiment was conducted in HR 
Wallingford. Sediments were artificial mixtures and homogeneous. The sediments 
comprised natural mud and sand. Mud from Victoria Harbour, Hong Kong was 
sieved through 200 micrometer. Sand used was King’s Lynn and had a mean 
diameter of 230 micrometer. These researchers displayed the critical erosion shear 
stress profiles against depth for sand contents ranging from 0 to 60 percent 
(Figure 3). It shows that the critical shear stress increases with depth and 
percentage of sand content. At 50 percent of sand content, the bottom bed 
produces more resistance to erosion than 11 percent of sand content or pure mud 
bed. 
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Figure 3. Erosion shear stress profiles obtained from Carousel tests on 
homogeneous beds of Hong Kong mud (Mitchener and Torfs, [7]) 

  
Moreover, the experiments for sand and mud mixture were conducted by 

Van Rijn and Louisse (1987 cited in Van Rijn, [13]). These researchers performed 
wave experiments with mixtures of fine sand (0.1 mm in diameter) and kaolinite. 
The results showed that a consolidated bed of 75 percent kaolinite and 25 percent 
sand has a similar erosional behaviour as pure (100 percent) kaolinite bed. 
However, consolidated bed consisting of 25 percent of kaolinte and 75 percent of 
fine sand has a completely different behaviour.  

Undoubtedly, the sediment fraction plays an important role in determining 
critical shear stress for erosion for the sand and mud mixture. Therefore, in any 
new formulations, it is necessary to account explicitly for the fractions of sand and 
mud to predict the accurate values of the critical shear stress for the sediment 
mixture.  
 
 
3.2 Cohesion  
 

Many researchers have attempted to formulate theoretically the critical 
shear stress of cohesive sediment taking into account the effect of cohesion on the 
critical shear stress. The cohesion factor is manipulated and assigned as a 
coefficient which is determined by the specific experimental data. For instance, 
Taki [12] studied the critical shear stress of cohesive sediment based on the theory 
of electrochemical anchoring force. The coefficient of cohesive force was derived 
from the condition under Van der Waals force and force due to the surface charge 
of particles. The coefficient of cohesive force was determined by experimental 
data. Moreover, Torfs et al., [14] studied the critical shear stress on fine-grained 
sediments (clay) with sand. Through laboratory flume experiments under steady 
flows the data of critical shear stress was obtained. To introduce the cohesion 
factor due to fine fraction, these researchers applied the relationship of cohesive  
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bed shear strengths proposed by Parchure and Mehta [9] and Mehta and Parchure 
(2000) (cited in Flemming et al., [3]). By mathematical manipulation, the 
cohesive factor was formulated and the parameters involved in the formulation 
were then treated as a coefficient. Lick et al., [6] studied the initiation movement 
of uniform-size of quartz particles and derived the formulation of critical shear 
stress with and without the effects of cohesive forces. The analysis included fluid 
lift and drag, gravitational force on the particle and cohesive forces between 
particles. To include the cohesiveness of the fine fraction into the critical shear 
stress formulation, the Van der Waals attraction forces between two particles was 
considered.  
 

From the above literatures, it can be said that the researchers have 
introduced several ways to incorporate the cohesion factor associated with the fine 
sediment fraction in the mixture. In the proposed formulation, the contribution of 
cohesiveness is set up by inserting the value of critical shear stress of pure mud 
which was obtained directly from the experimental data so that the need for 
specifying a cohesive factor is avoided in the formulation. 
 
Network structure 
 

The critical shear stress for erosion also depends on the network structure 
in a sediment bed [15]. This researcher had drawn the schematic diagram of non-
cohesive sediment as shown in Figure 4 to illustrate the sand particles effects on 
the soil volume. He described that when the volume content of sand is large, the 
network structure is formed because sand particles make contact with each other 
(Figure 4a) but when the water content increases, the network structure becomes 
weak reaching the so-called critical volume content for sand (Figure 4b). He 
noticed that at this condition the internal angle of friction is still the main 
mechanism of initiation of the motion. Moreover, as more water is added the 
sediment becomes detached from each other and behaves as fluid and the angle of 
internal friction is insignificant (Figure 4c).  

The situation of sand and mud mixture can be described in analogy to pure 
sand. As shown by Panagiotopoulos et al., [8] in the mixture the gaps between the 
sand particles are filled by mud and water (Figure 5a). However, the differences in 
the shear stress should be expected for the sand and mud mixture when the 
network structure changes from sand dominated to clay dominated. The volume of 
sand more than 30 percent can build a sand network structure whereas the clay 
fraction builds the clay network structure if sufficient clay is available in the 
sediment mixture (Figure 5b).  

It could be argued that packing of the sediment particles is related to the 
network structure of sediment bed. Bakker and Van Kesteren (1998 cited in Van 
Ledden, [15]) stated that for an extreme flow, the packing of sand constitutes a 
main contribution factor to the shear stress.  
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Figure 4:  Network structure in a sand bed for different volume fractions of   
sand.(a) volume fraction less than critical volume content for sand; (b) volume 
fraction same as critical volume content for sand and (c) volume fraction more 
than critical volume content for sand (Van Ledden, [15]) 

 

 
Figure 5:  Ideal models for (a) sand and mud mixtures with mud content by 
volume or weight less than 30 percent; (b) sand and mud mixtures with mud 
content more than 30 percent (Panagiotopoulos et al., [8]). 
 
3.3 New formulation and selection of critical shear stress for single 
fraction sediment  
 
In formulating the critical shear stress for the sand and mud mixture, only two 
fractions are considered. As noted previously, the sediment size distribution plays 
an important role in controlling critical shears stress, so the sediment fraction has 
to be explicitly accounted for in the model. The content of sand fraction will be 
denoted by sP  representing the ratio of the sand particles’ dry weight to the 
mixture dry weight or the sand particles’ mass to the mixture’s mass. The mud 
fraction will be denoted by )P1(P sm −= representing the total mixture dry weight 
minus the sand particles’ dry weight. Panagiotopoulos et al., [8] argued that as 

→mP 0 (decreasing mud content), the increases shear stress may be attributed to 
an increase in the angle of internal friction. The critical shear stress must approach 
to pure sand, se,τ  as mP = 0. At large mP  the mud fraction surrounds the sand 
particle and controls the critical shear stress of the mixtures. The critical shear 
stress must approach that for the pure mud, me,τ  as sP  = 0.  

Due to the existence of the sand fraction, critical shear stress for pure sand 
must be selected. Based on previous experimental data by Delft Hydraulics (1989  
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cited in van Rijn, [16]), it was found that for sand sample diameter of 0.2 mm, the 
critical shear stress in a range of 0.2 to 0.4 2N/m . It can be argued that the value 
of critical shear stress for a particular size is usually different from one experiment 
to another experiment. One of the reasons is because of the difficulty to control 
the parameter setting for the experiment. Alternatively to obtain the critical shear 
stress for identical non-cohesive particles, Shields developed a relation between 
the dimensionless shear stress, *τ , and the friction/particle Reynolds number, 

νd/uRe ** = , such as: 
 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛=

−
=

νγγ
τ

τ
du

d
*

* f
s

b       (3) 

 
where bτ  = bed shear stress; sγ  = specific weight of the particle; γ  = specific 
weight of water; d = diameter of particle; *u = friction critical velocity and 
specified as ρτ /u* b=  and ν  = kinematic viscosity. 

Shields determined the form of this relation using experimental data 
(Figure 6). However, Yalin [21] proposed a dimensionless diameter of the particle 
instead of Reynolds number, eR . The dimensionless diameter is defined as 

 

 
3/1

2
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* dd ⎟⎟
⎠

⎞
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⎛ −
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νρ
ρρ g        (4) 

 
where *d  = dimensionless diameter; d = diameter of particle ( 50d ); sρ  = density 
of particle; ρ  = density of water; g = gravitational acceleration; ν  = kinematics 
viscosity. Consequently, the equation (3) can be expressed as 
 
 ( )** df=τ         (5) 
 
and the relationship for equation 5 is given with Figure 7. Equation 5 and the 
Figure 7 are used to find the critical shear stress for pure sand in this study. Dong 
(2007) used a different formula to calculate the critical shear stress for non-
cohesive particles. This is given by 
 ( ) ( )-0.6

p-7.7R0.6-
pp* 10 x 06.0R22.0R +== fτ  

ν
pp

p

DRgD
R =        (6) 

 
where  

pD  = particle diameter; pR  = gravity based particle Reynolds number;  
ν  = kinematic viscosity 

( ) ρρρ /R s −= )  
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where  
sρ  = density of particle  

ρ  = density of water.  
 

 
Figure 6: Shields curve [22] 

 
 

 
Figure 7: Dimensionless shear stress τ * d [21]. 

  
The new formulation that describes the critical shear stress for erosion of 

sand and mud mixture is written as 
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Where 

 
 smτ  = critical shear stress for erosion of sand and mud mixture 
 
 sP  = sand content (volume or mass) 
 
 se,τ  = critical shear stress for erosion of pure sand; 
 

me,τ  = critical shear stress for erosion of pure mud  
 
β  = an empirical coefficients 
 
 
The empirical coefficient β  is to be determined by fitting the prediction 

against the experimental data. Physically this coefficient may be seen as 
representing the packing of the sand sediment in the mixture. Equation 7 applies 
when the sand content. sP  is 100 percent and the second term on the right hand 
side vanishes. Thus the first term on the right hand side is dominant when the 
mixture is sand dominant. On the other hand when the sand content, sP , is 
approaching zero, the first term on the right hand side vanishes and the second 
term on the right hand side is dominant.  

 
 
 
4. RESULTS AND DISCUSSION 
 
 
4.1 Calibration  
 
 

Experimental data from Panagiotopoulos et al., [8] with two different sizes 
of sand are used for the calibration. The first experiment was started with pure 
sand bed for the size of 0.1525 mm in diameter and the second experiment for the 
size of 0.215 mm in diameter. The measured values of the critical shear stresses 
for pure sand for the first and second experiments were 0.094 2N/m  and 
0.074 2N/m respectively. Mud fractions of 5%, 10%, 20%, 30%, 40% and 50%, by 
dry weight were then added to the sand bed for subsequent experiments. The 
measured critical shear stresses corresponding to each mud fraction are tabulated 
in Table 1 and Table 2.  
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Table 1:  Experimental data of critical shear stress for sand size 152.5 mμ  [8] 
 

Sand size ( )mμ  Mud (%) Experimental data of critical shear stress 
( )N/m 2  

152.5 0 0.094 
5 0.095 
10 0.098 
20 0.108 
30 0.114 
40 0.132 
50 0.144 

 
 
 

Table 2 Experimental data of critical shear stress for sand size 215 mμ  [8] 
 

Sand size ( )mμ  Mud (%) Experimental data of critical shear stress 
( )N/m 2  

215 0 0.074 
5 0.079 
10 0.085 
20 0.092 
30 0.096 
40 0.114 
50 0.142 

 
To apply the new formulation, the two values of critical shear stresses for 

pure sand and pure mud are needed. The critical shear stress for pure sand is taken 
directly from the experimental data. For the sand size of 0.1525 mm, the critical 
shear stress is 0.094 2N/m  whereas for the sand size of 0.215 mm it is 
0.074 2N/m . Meanwhile for the pure mud, the critical shear stress is taken similar 
as pure sand for each size of sand. To fit the line based on the formulation with 
the experimental data, the values for coefficientβ  were selected as 0.1, 0.15 and 
0.20. The predicted values of critical shear stresses with different mud content and 
coefficient of β are plotted in Figure 8 and Figure 9. 

As shown in Figure 8 and Figure 9, the predicted critical shear stresses are 
broadly consistent with the experimental data showing increased values with 
greater mud fractions. The three lines for predicted values are convex upwards 
and by varying the coefficient, β , the sensitivity of the formula with the 
coefficient and nonlinear behaviour are demonstrated. The coefficients of 0.1 and 
0.2 show the highest and lowest predictions respectively. Meanwhile for the 
coefficient of 0.15, the values are in between these predictions. It seems that for  
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the sand-rich condition, by changing these coefficients, the differences of 
predicted values are small, unlike with the mud-rich condition where the 
differences in the values are greater. That the predicted values of critical shear 
stress increase with the increasing mud content means that the mud fraction 
becomes more important as it makes the sediment mixture more cohesive. The 
network structure of the sand particles becomes increasingly broken for greater 
mud contents as more mud particles fill the gaps between sand particles and the 
effect of particle size becomes insignificant in determining the critical shear stress 
[8] ,[15].  
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Figure 8: Predicted critical shear stress for sand stress for sand size 0.1525 mm for 
calibration with different  β       
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 Figure 9: Predicted critical shear stress for sand size 0.215 mm for calibration 
with different β           

       
 
 

4.2 Sensitivity and validation of model formulation 
 

Ideally the proposed formulation should be tested against critical shear 
stress measurements on sediment bed composed of sand and mud for the entire 
range of mud contents or vice versa. However such experimental data are not 
available. Therefore the experimental data from Ockenden and Delo (1988, cited 
in Mitchener and Torfs, [7]) were considered for the validation. The sand size of 
0.230 mm in diameter was used in the experiments. The critical shear stresses 
were obtained by projecting the lines from the Figure 3 to the zero rate of 
transport. The results of critical shear stresses correspond to 0 %, 11 % and 50 % 
of mud fraction are tabulated in Table 5. This experiment was started with pure 
mud bed and the measured critical shear stress for the pure mud was 0.085 2N/m . 
To validate against the experimental data and identify the sensitivity of the 
proposed formulation, three critical shear stresses values of pure sand are selected 
which are 0.085, 0.10 and 0.15 2N/m  whereas the coefficient β  is set as 0.15. 
The results of the predicted critical shear stress are plotted in Figure 10. 

 



 

68                                                                                                  M. F. Ahmad et al 
 
 
 

Table 5: Experimental data of critical shear stress for sand size 152.5 mμ  [7] 
 

Sand size 
( )mμ  

Mud 
(%) 

Sand 
(%) 

Experimental data of critical shear 
stress( )N/m 2  

230 
100 0 0.085 

89 11 0.10 
50 50 0.18 
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Figure 10: Predicted critical shear stress for validation with different se,τ  
 

In general, Figure 10 shows that the calculated critical shear stresses 
increase as sand content increasing. With the constant coefficient,β , the trend of 
the three curves are shown as exponential. By increasing the critical shear stress 
for pure sand, the predicted values increase accordingly. The critical shear stress 
of 0.15 2N/m for pure sand gives the highest values of predicted shear stress as 
compare to 0.085 and 0.1 2N/m . These curves also indicate that the formulation is 
sensitive to critical shear stress of pure sand.  
 For the validation, Figure 10 shows that the critical shear stress of 0.15 

2N/m  for pure sand gives better prediction of critical shear stress as compared 
with the experimental data. This value of 0.15 2N/m  is calculated from the 
equation 4 and 5, therefore it seems the reasonable value has been chosen for the  

20 40 60 80 100 
Increase in sand (%) 
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validation test. The predicted values for the sand of 0, and 50 percent are less 2 
percent whereas for 11 percent of sand is less 13 percent to the experimental data. 
The highest difference between the predicted and calculated is approximately 
0.02 2N/m . Since the experimental data for this particular test are not available 
from the region between 11 to 50 percent, therefore it is not clearly defined. 
However, it is expected that the trend is similar as predicted by the formula where 
the maximum in the critical shear stress could be achieved at 50 percent of sand. 
This situation is confirmed by Michener and Torfs [7]where in the region between 
50 to 70 percent should be a maximum in the critical shear stress for sand and 
mud mixture. The calculated shear stress is increasing dramatically from 11 to 30 
percent and then slightly increases until it reach maximum at 50 percent. It seems 
reasonable that the predicted value increase by a factor of 2 for the addition of up 
to 50% sand [7]. 
 

 
5. CONCLUSIONS 
 

The critical shear stress for erosion is an important parameter in predicting the 
morphological behaviour. Numerous formulations of the critical shear stress for 
erosion of sediments consisted of a single fraction were available but the only 
known formulation of the critical shear stress for erosion for sand/mud mixture 
was that by Van Ledden [15]. However, to use his formulation one must know at 
the critical mud content below which the mixture is non-cohesive and above 
which it is cohesive. In comparison with the formulation of Van Ladden [7], the 
new formulation proposed in this thesis has three advantages as follow: 

 Only one tuning coefficient was involved in the formulation. It is 
dependent on the type of mud and can be easily determined using site-specific 
data. 

 A single formulation of the critical shear stress instead of two is applicable 
for the whole range of relative sand and mud contents. 

 No critical mud content crmP ,  was involved so the formulation can be 
applied for any type of mud 
 
The robustness of the formulation has been successfully demonstrated using 
mixtures with various sand and mud fractions.  
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