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ABSTRACT 
Many factors affect the erosional properties of cohesive sediments, including its grain size, 
textural property, arial exposure and other factors. To understand the distribution of non 
cohesive and cohesive sediments in coastal areas of lowlands, which leads to zonation of sand, 
mud and mixed deposits is of great importance. It determines which areas collect nutrients and 
pollutants, as these tend to adhere to or be part of cohesive sediments and which areas form the 
right habitat for flora and fauna. The most important factor in sediment dynamics is the shear in 
the form of coaxial and non-coaxial component of shear strength of the soil and the shear force 
from the environment. All other factors are only secondary compared to natural ones. Pure shear 
or coaxial shear component is applicable only for pure clay. The non-coaxial shear or simple 
shear is applicable only for sand. However in nature the combinations in various percentages of 
clay and sand are only possible. The simple ocean sediment is a combination of clay, sand and 
mud. In general, sediment transport is of two types : non cohesive and cohesive. In the non-
cohesive type sand and mud are assumed to behave independently during erosion and deposition. 
In cohesive type the erosional behavior of sand and mud is not independent deviating from the 
conventional rule- of- thumb the calmer the water, the finer the bed sediments, in this paper, an 
attempt is made as a conceptual model, the role of coaxial and non-coaxial component of shear 
strength of soils on sediment dynamics in the marine environment.                     

Key Words : Coaxial, Non-coaxial shear, Lowland, Pure shear, Simple shear, Erosion, 
Deposition 

 
INTRODUCTION 

In estuaries and tidal lagoons, bed sediments are 
continuously picked up, transported and 
deposited. Due to different sediment properties, 
the flux and direction of transport of non-
cohesive and cohesive sediments are often not 
equal. The result is a strongly varying clay, sand 
and mud content in the bed in both horizontal 
and vertical directions. A large number of 
sediment processes are involved in the 
distribution of sediments. Erosion and deposition 
are the most obvious processes, but 
consolidation, flocculation and physical and 
biological mixing within a bed may also affect 
the bed composition. However, the present 
knowledge of these processes for mixtures of 
non- cohesive and cohesive sediments is limited. 
Simplifications are therefore inevitable.  

MATERIAL AND METHODS 
Characteristics of mud, sand and clay 
Mud 
Mud flocs form a network in the sea water 
column and sand particles are trapped. The 
cohesive mud flocs behave more or less 
independently during deposition. The erosional 
process is not dominated by the mud content in 
sediment dynamics. The deposition of mud will 
increase the thickness of the bed. The so called 
cohesion of the mud is only  a pseudo-cohesion.  
Sand 
Sand is a cohesionless frictional material. In the 
absence of  binding material clay, sand is 
independent and capable of moving to different 
location under shear forces. Sand is susceptible  
to simple shear or non-coaxial shear in the 
absence of clay.  *Author for correspondence 
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Clay 
There  are many types of clay, but very dominant 
types are Kaolinite, Illite and Montmorrilonote 
(smectite group). Clays are susceptible to coaxial 
shear or pure shear. Being highly cohesive by 
nature, along with sand clay will resist shear to 
maintain stability.  

 

RESULTS AND DISCUSSION 
The concept of coaxial and non-coaxial 
strain  
Isotropic stress acts equally in all directions, it 
results in a volume change of the body 
deviatoric stress, on the other hand, changes 
the shape of a body(Fig. 1 to Fig. 5) 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 :  The mean (hydrostatic ) and deviatoric components of the stress. (a) mean stress causes 
volume change and (b) deviatoric stress causes shape change1 

 
 
 
 

 
 

 
 
 
 

 
 

Fig. 2: (a) Rigid spheres slide past one another to accommodate the shape change without 
distortion of the individual marbles. (b) the shape change is achieved by changes in the shape of 

individual clay balls to ellipsoids are quite different1 

 
(a) 

 
(b) 

Fig. 3 : (a) Pure shear coaxial shear (b) Simple shear non-coaxial shear 

(b) (a) 

Simple Shear Pure Shear 
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Fig. 4 : A combination of simple shear (a) and transpression (b)reflecting 
extension and shortening components1 

 
 
 
  
                 
                                                                                                        
                                                                                                          
 
 
 
 
 
 

Fig. 5 : Homogeneous strain1 

Fig. 4 explain a special case of non-coaxial and 
pure shear (co-axial strain) called general shear 
or general non-coaxial strain. It shows two types 
of general shear transtension and transpression 
(Fig. 4(a)) and reflecting extension and 
shortening components (Fig. 4(b)). Fig. 5 refer 
homogeneous strain describes the transformation 
of a square to a rectangle or a circle to an ellipse. 
Two material lines that remain perpendicular 
before and after strain are the principal axes of 
the strain ellipse solid, lines. The dashed lines are 
material lines that do not remain perpendicular 
after strain, they rotate toward the long axis of 
the strain ellipse.1 In a homogeneously strained, 
two-dimensional body there will be at least two 
material lines that do not rotate relative to each 
other, meaning that their angle remains the same 
before and after strain.  A material line connects 
features, such as an array of grains that are 

recognizable throughout a body’s strain history.  
The circle deforms and changes into an ellipse. 
In   homogeneous strain, two orientations of 
material lines remain perpendicular before   and 
after strain. These two material lines form the 
axes of an ellipse that is called strain ellipse. The 
principal incremental strain axes rotate to the 
finite  strain  axes,  a  scenario  that is called non-  
coaxial strain   accumulation. The case in which 
the same material lines remain the principal 
strain axes at each  increment is called coaxial 
strain  accumulation.  The circle and the strained 
ellipsoids help to identify the anisotropic 
behavior of clay. Since the sample is pure clay 
only pure shear is involved and the simple shear 
is applicable only for sand.  
These flow lines represent pure shear (a), general 
shear (b), simple shear (c) and rigid –body 
rotation (d). The cosine of the angle α is the 
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kinematic vorticity number,Wk for these strain 
histories;  Wk =0,0 Wk 1, Wk=1, and Wk =∞, 
respectively.  Avoiding the math, a convenient 
graphical way understands this parameter is 
shown in Fig. 6. When tracking the movement of 
individual points within a deforming body 
relative to a reference line, we obtain a 
displacement field (or flow lines) that   enables 
us to quantify the internal vorticity. The angular 
relationship between the  asymptote and the 
reference line defines Wk: Wk=cos α For pure 
shear Wk= 0 Fig. 6(a), for general shear 0  Wk    
1 Fig. 6(b)   and for simple shear Wk = 1          
Fig. 6(c). Rigid- body rotation or spin can also be 
described by the kinematic vorticity number      
(in   this   case,  Wk = ∞  Fig. 6(d).  When  α = 00,          

Cos α= 1, represents simple shear. When α = 900, 
Cos α = 0, represents pure shear. 
Homogeneity and heterogeneity (Variability, 
CV )2            
The coefficient of variation  
A static measure often used in describing the 
amount of variation in a Population is the 

coefficient of  , is the standard 

deviation as a fraction of the mean. The applica-
tion of cv is explained in (Fig. 7). Variation of Cv 
with scale and depositional environment, SCS-
Swaley Cross Stratification and 
HCS=Hummocky Cross-Statification. Homoge-
nous region is taken as Cv < 0.5 : 0.5< Cv<1 is 
heterogenous  and  Cv > 1 is very heterogenous. 

          
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 : Particle paths or flow lines during progressive strain accumulation. 

  
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 :  Application of coefficient of variation 



J. Environ. Res. Develop. 
Journal of Environmental Research And Development                   Vol. 7 No. 4A, April-June 2013 

1632 
 

Skempton points and identification of 
deposition and erosion zones 
Superimposing Fig. 8(b) on Fig. 8(a) modified 
Skempton points ( clay samples), and matching 
exactly the quadrants I, II, III, IV the role of 
coaxial and non-coaxial component of shear 
strength of soils on depositional and erosional 
tendencies can be explained. In all the 
quadrants presence of clay in excess less 

sufficient or absence ultimately determines 
sediment dynamics.  
When coaxial shear and non-coaxial shear are 
considered, the presence of mud does not carry 
significant importance as far as cohesion and 
friction are concerned. It is assumed that mud 
does not affect the conceptual model. The 
following illustrative example proves the fact 
beyond doubt. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 : Superimposing figures of clay samples 

Erosion 
In recent years, erosion experiments were carried 
out with mixtures of non- cohesive and cohesive 
sediments (Torfs,1995; Panagiotopoulos 1997). 
By adding mud to a sand bed , Torfs observed 
that the non-cohesive behavior of the bed was 
increasingly suppressed. Above a critical mud 

content (% < 0.063 mm), the bed behaved 
cohesively. However, the critical mud content 
was not the same for different sand – mud 
mixtures.  
Panagiotopoulos observed a critical clay content 
(% < 0.002 mm) of 10.8 %. The experimental 
results are summarized in Table 1. 

Table 1 : Critical mud content and clay content for the experiments 

Experiment Clay type Critical mud 
content 

Critical clay 
content 

Torfs (1995) Kaolinite 4% 3% 

Torfs (1995) Montmorillonite 13% 4% 

Panagiotopoulos et al.(1997) Combwich 30% 10.8% 
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The critical clay content for the experiments of 
Torfs was calculated by a re-analysis of these 
experiments. Torfs also measured the critical 
shear stress for erosion of sand –mud mixtures 
with a varying mud content. The critical shear 
stress in (Fig. 9) both as a function of the mud 
content and the clay content. The clay content 
was calculated by a re-analysis of the 
experimental data. The critical shear stress 
differs significantly for the two sand –mud 
mixtures at the same mud content, but is about 
the same at the same clay content. The 
observations of the transition between non-
cohesive and cohesive behavior as well as the 
critical erosion shear stress suggests that the 
erosion process is dominated by the clay 
content and not the mud content itself. The 
mud content plays only a secondary role in the 
process. In the following pages the mud 
content or its role is not discussed.  
In Fig. 9 the points related to Kaolinite and 
Montmorillonite clay lie on the left hand side 
of the figure. The points shift towards the Y 
axis which represents the coaxial shear or pure  

shear. The points in quadrant IV is  purely by 
the cohesion of Montmorillonite on mud and 
therefore the clay content % dominates over 
mud content itself. The quadrants I, II, III, IV  
(Fig. 9) represent the cohesion and friction as 
per the Fig. 8.  
Geological variation and scale 
Cv , as a measure of relative variation in basic 
permeability, can be used to compare and 
contrast facies, formations and marine 
sediments. The smaller stratal elements appear 
to have the most uniform properties. The larger 
the element, the more opportunity for 
variability. 
The general eqn for CV total is     (CV = 
Coefficient of variation or Heterogeneity)  

CV total = ,  
P = 1 (Taking element No: 1 as clay) 
Element 2 sand (1 - p) = o 

CV total = , 

CV total =   = Cv1  (clay) 
Similarly for p = 0 for clay 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 : Measured critical bed shear stress vs mud and clay content 
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CV total =   ,   

CV total = = CV 2 for sand 

The common shear strength eqn is   
 = [C + σ tan ф]  

Cos α = ,   

 = (C + σ tan ф)  

When α = 900, cos α = 0 for pure clay p = 1,  
Sand (1 - p) = 0,Ф = 0. 

 = (C + σ tan (0)) ,   
 = C (CV1) = for pure clay.   CV1 = 1,  = C 

For pure sand p = 1.      

 = (C + σ tan ф)  
For pure sand p = 0.        

 = (C + σ tan ф)  
 = (C + σ tan ф) (  + ) 
 = (C + σ tan ф  

For clay C = 0,         
 = ( ) σ tan ф        

 if       
Heterogeneity  

  or  
 = σ tan ф,  

The influence of coaxial and non-coaxial 
components of shear strength of soil 
In Fig. 10  the external forcing is characterized 
by two parameters : The amplitude of the bed 
shear stress gives the level of forcing   (τb ) and 
the time variation of the forcing is 
characterized by the tidal period ( Ttide  ). The 
three conceptual critical shear parameters are 
defined: τd for mud deposition, τe,nc for non-
cohesive erosion and τe,c for erosion of sand 
and clay in the cohesive regime. These 
parameters can be made dimensionless by 
using the maximum bed shear stress.  
Using these parameters the bed shear stress is 
plotted during half a tidal period for the 
possible three situations. The three critical 
shear stresses are given with horizontal lines. 
The symbols denote whether or not erosion    
or  deposition  takes  place.  If  the  Fig. 10(b) 

is superimposed on the mirror image of       
Fig. 10(a) the  total picture is obtained. The 
upper half of the Fig 10(b) represents cohesive 
erosion and the lower half non-cohesive 
erosion however the characteristics of the 
quadrants I,II,III,IV  remain unchanged . The 
three situations are discussed below  
Situation 1: Erosion of mud from non-cohesive 
bed as well as erosion of sand and mud from a 
cohesive bed are not possible, because the 
maximum bed shear stress is always lower 
than the critical bed shear stress for erosion 
during the tidal period. Mud and sand 
deposition are always possible because it is 
within the critical shear stress.  
Situation 2 : Above the critical shear stress 
erosion of sand from the non- cohesive regime 
can occur. In other words, the non-cohesive 
regime is controlled by clay % and amount 
which resists the erosion of sand. When the 
shear stress is above the value of non-cohesion 
the excess sand cannot be held by the clay and 
therefore the excess sand is eroded. Similarly 
on the right hand side of the non-cohesive 
regime the excess sand deposited over and 
above clay deposition is eroded.  
Situation 3 : In situation 3 the conceptual 
model behavior is strongly comparable to 
situation 2. The only extra possibility is 
erosion in the cohesive regime (Fig. 10(b)).In 
the cohesive regime the situation is different. 
The upper half of the Fig. 10(b) both left and 
the right sides represent high cohesion. The 
higher amount of clay deposited along with 
sand resist the bed shear. When the bed shear 
exceeds critical shear for erosion the excess 
sand is eroded. High cohesion and high friction 
cannot exist together. Either the sand may be 
excess or clay may be excess. The excess 
quantity of clay or sand is eroded.  
All these three situations are shown in             
Fig. 10 (b). In all these three situations the 
coaxial and non-coaxial components of shear 
strength controls the entire erosion and 
deposition processes. Sand and clay are always 
susceptible to different coaxial and non- coaxial 
shear depending upon the mixture Fig. 11. 
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Fig. 10 : Overview of situations   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 : (a)The mechanism and progress of non-coaxial / simple shear  
(b) The mechanism and progress of coaxial / pure shear 
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As non-coaxial / simple shear increases,     
(Fig. 12) the major axis of the ellipse becomes 
more  and  more  parallel to X axis as shown in 

Fig. 12(c). Similarly for coaxial / pure shear 
the perpendicularity is maintained on 
compression, as shown in Fig. 12(b)  
 

 
(a) 

(Sizes of the ellipses are not to scale ) 

  
 (b) 

Pure shear 
coaxial shear 

(c) 
Simple shear 

non-coaxial shear 

Fig. 12 : Sizes of the ellipses 

Interpretation  
1. The upper half of the Fig. 13 represents  

Cohesive area or high cohesion.  

2. The lower half of the Fig. 13 represents 
Non-cohesive area or low cohesion. 

3. When α = 0 only friction varies along X axis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 13 : Interpretestion
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4. When α = 900 represents cohesion along Y 
axis. 

5. For low values of  α in low cohesion (c ), 
low friction φ  quadrant when p = clay = 0.5 
and 1-p = sand =0.5 the total 0.5+0.5 =1 
satisfying the basic equation p + (1-p) =1 

6. When α = 450 in low cohesion ( c), high 
friction φ when p = 0.25 and (1-p) = 0.75  
then 0.25 + 0.75 = 1 

7. When α = 450 , in high cohesion  (c ) , high 
friction φ the equilibrium cannot exist 
together since it has to satisfy p + (1-p) =1 
high cohesion and high friction cannot 
exist together. The maximum value can be 
p = 0.5 and (1-p) = 0.5 , 0.5 + 0.5 = 1 
representing high quantity sediments. 

8. For high values of  α in high cohesion (c),  

low friction φ quadrant, p = 0.75 and (1-p) 
= 0.25 , then 0.75 + 0.25 = 1 This analysis 
clearly separates the upper cohesive area 
and lower non-cohesive area in Fig 13. 

9. In Fig. 14 the external forcing is 
characterized by two parameters : The 
amplitude of the bed shear stress gives the 
level of forcing and the time variation of 
the forcing is characterized by the tidal 
period. All parameters are shown as 
dimensionless factors . 

10. When the bed shear is low(τ d), sand , clay 
and mud will deposit, because the 
maximum shear stress is always lower than 
critical bed shear for erosion.  The coaxial 
and non-coaxial component of shear 
strength of the sediments is not mobilized.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 : External foxing 

11. When the critical bed shear stress exceeds 
훕e nc in non-cohesive regime ( lower half of 
Fig. 14), the green inner circle 
representing clay is enclosed by red circle. 
The outer red circle ( representing sand ) is 

eroded. The remaining clay and sand 
stabilize.   Since  the  excess and  over  and  
above low cohesion level of clay, the erosion 
is cohesionless, non-cohesive sand erosion 
represented by symbol.(*****) 
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12. When the bed shear exceeds e c  in cohesive 
regime ( Upper half Fig. 14 ) the red circle is 
enclosed by green circle. 

13. Both clay and sand resist together, the shear 
resistance offered by sediments increases to 
a nem level as the critical bed shear increases 
to e c   Over and above  e c the excess sand 
and clay are eroded. Along with sand the 
cohesive material clay is also eroded, the 
erosion is called cohesive erosion, 
represented by symbol.  

14. In all situations  and conditions p + (1-p) = 1 
has to be satisfied. With this condition the 
diameter of green or red circle will contract 
or expand . 

15. The association and disassociation  of clay 
and sand in particular proportion help to 
develop coaxial and non-coaxial component 
of shear strength to sediments . 

16. For other environmental problems and 
applications related to geotechnical 
engineering, the reader is directed to refer 
references.3-5 

CONCLUSION 
The presence of mud will not affect the coaxial 
and non-coaxial components of shear strength of 
sediments. Mud exhibits pseudo cohesion only. 
But deposition of more and more mud will 
increase sediment thickness. Sediment dynamics 
in coastal areas, the combination of clay and sand 
( coaxial and non-coaxial components of shear 
strength) will ultimately determining the 
sediment dynamics. The association or otherwise 
of clay and sand in particular proportion helps to  

develop coaxial and non-coaxial component of 
shear strength to sediments.The general and 
typical grain size distribution from coastal region 
towards seaward is clay    sandyclay    clayey 
sand and     clean sand.  In other words from 
coaxial shear component (pure shear associated 
with clay ) ending up in non-coaxial component 
of shear strength (simple shear associated with 
clean sand ) . The clean sand just roles in the 
absence of clay or coaxial component of shear 
strength. 
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