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ABSTRACT 

 

One of the major considerations in the design and construction of a bridge is the 

scour around its foundation. Many of the bridge failures have been attributed to the scour 

or the undermining of hydraulic structures (i.e. piers, abutments and spur dikes etc.). 

Hence, for safe and economic design of hydraulic structures, it becomes essential to 

estimate the scour depth around such structures with greater accuracy. The accurate 

estimation of scour depth around bridge piers and spur dikes below the stream bed is 

important since, that determines the depth of such structures. Several formulae and 

mathematical models developed for the estimation of the scour depth are still primarily 

based on theoretical approaches and laboratory tests because of variable field data. 

Accurate field measurements are difficult to obtain due to the severe three dimensional 

flow pattern that occur at bridges during flooding, high cost of instrumentation and the 

costs of getting skilled personnel at bridge sites during period of peak flow. Unrealistic 

estimation of scour depth may lead to either over expenses in the construction or failure 

of the structure. 

Several studies are available on the scour around spur dikes and abutments in 

cohesionless sediment mixtures, but very few works have been carried out with cohesive 

sediments. Estimation of scour depth around spur dikes has attracted considerable 

research interest. Different prediction methods were presented by Garde et al. (1961), 

Melville (1992, 1997), Lim (1997), Cardoso and Bettess (1999), Melville and Chiew 

(1999), Ahmad and Rajaratnam (2000), Kothyari and Ranga Raju (2001), Sarma and Roy 

(2001), Thompson (2002) and Oliveto and Hager (2002, 2005) etc. The studies of scour 

around partially submerged spur dike and abutments in cohesionless sediments were 

conducted by Ettema and Muste (2004), Dey and Barbhuiya (2004, 2005), Giri and 

Shimizu (2004, 2005), Ezzeldin et al. (2007), Kothyari et al. (2007), Nasrollahi et al. 

(2008), Fazli et al. (2008), Zhang and Nakagawa (2008), Ghodsian and Vaghefi (2009), 

Vaghefi et al. (2009), Giri (2010), Uddin and Hossain (2011), and Masjedi and 

Foroushani (2012), Rashedipoor et al. (2012) and Zhang et al. (2012) etc. The 

experiments with submerged dikes for the prediction of scour depth were carried out by 

Kuhnle et al. (1999, 2002), Elawady et al. (2001) and Rodrigue-Gervais et al. (2011) etc.  
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No studies have been conducted on scour depth around spur dikes (partially 

submerged and submerged) founded in cohesive sediment mixtures. Only few studies 

have been conducted on the scour around bridge abutments embedded in cohesive 

sediment mixtures consisting of clay and sand viz; Monilas and Reiad (1999), Oh et al. 

(2007), Chen (2008), Abou-seida et al. (2012) and Debnath et al. (2014).  

Kand (1993), Ansari (1999), Molinas et al. (1999), Briaud et al. (1999, 2001), 

Ram Babu et al. (2002), Kho (2004), Brandimate et al. (2006), Debnath and Chaudhuri 

(2010a, 2010b) and Chaudhuri and Debnath (2013) studied the scour depth around bridge 

piers embedded in the mixtures of cohesive sediments containing clay, sand and silt. 

Kumar (2011) and Kothyari et al. (2014) studied scour in the wake region of bridge pier 

embedded in mixtures of cohesive sediment composed of clay-gravel and clay-sand-

gravel mixtures. Very limited investigations have been carried out on scour around spur 

dikes and bridge piers founded in cohesive sediments with gravel present in it. Thus, there 

is a need for in-depth study on the effect of presence of cohesive material (clay) in 

addition to gravel and sand on the process of scour around pier and spur dikes founded in 

cohesive sediments. 

The present investigation was taken up to fill the above mentioned gaps in knowledge. 

 

EXPERIMENTAL SETUP AND PROCEDURE 

Extensive experiments were undertaken to study the process of scour around spur 

dikes (partially submerged and submerged) and pier founded in clay- gravel and clay-

sand-gravel mixtures and to quantify the flow and turbulence fields around the spur dikes 

founded in cohesive sediment mixtures. The experiments were conducted in a fixed bed 

masonry flume of 25.0m length, 1.0m width and 0.60m depth, which is located at the 

Hydraulic Engineering Laboratory of Civil Engineering Department, Indian Institute of 

Technology, Roorkee, India. Experiments were conducted on two longitudinal slopes of 

the flume bed viz; 0.003 and 0.005. The slope of the flume was changed to 0.005 by 

pasting the cementing material from upstream to downstream of the flume. The flume had 

a test section of 4.0m length, 1.0m width and 0.60m depth, starting 12m downstream of 

the flume entrance.  
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Locally available clay excavated from a depth of 1.0m below the ground was used 

as cohesive material. The clay properties were determined as per Indian Standard Code 

(IS-1498, 1970; IS-2720-29, 1975 and IS-2720-10, 1991). The median size of clay was 

0.0014mm as observed by laser particle size analyzer. The geometric standard deviation

)( 1684 ddg  for the same was 2.16. The median size of sand and gravel obtained by 

sieve analysis were observed to be 0.24mm and 2.7mm respectively, and geometric 

standard deviation for the same was 1.41 and 1.21 respectively. The relative density of 

sand and gravel was 2.65. The engineering properties of clay material were: liquid limit 

(LL) = 43%, plastic limit (PL) = 22% and plasticity index (PI) = 21%, optimum moisture 

content (OMC) = 19%, maximum dry density  maxd = 16.43 kN/m3, cohesion at OMC = 

49.23 kN/m2, angle of friction at OMC ( )( c = 30.7o and relative density 2.65. The 

mineralogical properties of clay were determined by X-ray diffraction (XRD) test. It was 

observed the clay were composed of approximately 77.5% Illite, 18% Kaolinite, and 

4.5% Montmorillonite. 

 Cohesive sediments were prepared by mixing clay material with fine gravel and 

fine sand-fine gravel mixtures (each in equal proportion) in proportions varying from 

10% to 50%. The channel bed of cohesive sediments was prepared as per Kothyari and 

Jain (2008). The unconfined compressive strength of the sediments was determined using 

laboratory based unconfined compression test apparatus as per IS - 2720-Part X (1991). 

The bulk unit weight of sediment was computed as per IS-2720-Part XXIX (1975) using 

standard core cutter method. The value of dry density was computed using the observed 

value of bulk density and antecedent moisture content. The void ratio was derived from 

computed value of dry density of cohesive sediments. 

Spur dikes with transverse length of 6.10cm, 8.90cm and 11.52cm were used as 

partially submerged spur dike. However, spur dike with 11.52cm transverse length was 

used for the submerged dike experiments. In all the experiments, single spur dike was 

installed at o90 angle to the direction of flow. Piers with outer diameter 11.52cm and 

8.9cm were used for the study conducted in cohesive sediment mixtures. The spur dike or 

pier was installed 14m downstream of the flume entrance. 

The instantaneous three dimensional velocities and turbulence characteristics 

around the partially submerged and submerged spur dikes were measured by a down 
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looking 16MHz Vectrino+ Acoustics Doppler Velocimeter (ADV) in the three spatial 

direction x, y and z at a sampling rate of 25Hz. In the data analysis, positive x- axis was 

along the flow direction, the positive y- axis was across the left of flow and positive z- 

axis was vertically upward. Intersection point of spur dike, inner face of wall and the 

original bed is considered as the origin (0, 0, 0) for the grid measurement.  

 

MATHEMATICAL MODELLING FOR TEMPORAL VARIATION OF DEPTH 
OF SCOUR  

A mathematical model for the computation of scour depth in cohesive sediments was 

developed by using Kothyari et al. (2007) method for the computation of depth of scour 

in cohesionless sediments as the basis.  

Analysis of data on temporal variation of scour depth around spur dikes and piers 

revealed that dd c /  is inversely proportional to clay percentage )( cP , unconfined 

compressive strength )(UCS , dimensionless cohesion )( *C and dimensionless angle of 

internal friction )( * for both sediment mixtures. After making a number of trials using all 

relevant dimensionless parameters, it was  found that the following functional 

relationships for maximum depth of scour could be derived for variation of dd c /  with 

change in values of )( cP , )/1( ** C and )1( *UCS .  




















 **

*

* ),1(,1),( tUCS
C

Pf
d
d

c
c


 

Here, cd  is depth of scour in cohesive sediment mixtures, d is depth of scour in 

cohesionless sediment, cP  is clay percentage, *UCS  is dimensionless unconfined 

compressive strength, *C  is dimensionless cohesion and *  is dimensionless angle of 

internal friction.  ao dUtt * = time parameter. The variation of scour depth with ** C

did not show significant influence on scour depth in any cases. 

Multiple nonlinear regression analysis was used to find out relationship for scour 

depth around spur dikes (partially submerged and submerged) and pier using all pertinent 

dimensionless parameters. 
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Temporal Variation of Depth of Scour around Partially Submerged Spur Dike 

For depth of scour at nose of partially submerged spur dike in clay-gravel and 

clay-sand-gravel mixtures  

un
un

cun F
d
d

          

Where, unF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at nose of the partially submerged spur dike and is expressed as 

 321 )()001.01()P5( **c
aaa

oun tUCSaF        

Where, 

335.0;705.0;82.1;00144.0 321  aaaa o  for %20%10  cP  

(Adjusted R2= 0.798) 

and  

786.0;25.0;75.4;1025.1 321
6   aaaa o   for %50%30  cP  

(Adjusted R2= 0.837) 

For depth of scour at the wake of the partially submerged spur dike in clay-gravel and 

clay-sand-gravel mixtures  

 uw
uw

cuw F
d
d

          

Where, uwF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at the wake of the partially submerged spur dike and is expressed as 

 321 )()01.01()P5(c **c
ccc

ouw tUCSF       

Where, 

324.0;1067.0;525.1;00195.0 321  cccco      for %20%10  cP   

(Adjusted R2= 0.785) 

and 

638.0;306.0;633.3;1096.2 321
5   cccco       for %50%30  cP   

         (Adjusted R2= 0.792) 

The temporal variation of computed depth of scour around partially submerged dike was 

also compared with the corresponding observations and mostly a satisfactory comparison 

was noticed. 
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Temporal Variation of Depth of Scour around Submerged Spur Dike 

In the case of scour depth at nose of the submerged spur dike founded in mixtures 

of clay-gravel and clay-sand-gravel  

sn
sn

csn F
d
d

            

Where, snF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at nose of the spur dike and is expressed as 

 321 )()01.01()P5(b **c
bbb

osn tUCSF 
     

 

Where, 

298.0;444.0;365.1;0032.0 321  bbbbo   for %20%10  cP  

(Adjusted R2= 0.85) 

and  

895.0;43.0;535.5;107.5 321
7   bbbbo   for %50%30  cP  

(Adjusted R2= 0.95)
 

 

In the case of scour depth at wake of the submerged spur dike founded in mixtures of 

clay-gravel and clay-sand-gravel  

sw
sw

csw F
d
d

            

Where, swF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at wake of the spur dike and is expressed as 

 321 )()01.01()P5(d **c
ddd

osw tUCSF        
Where,  

331.0;4355.0;024.1;0028.0 321  dddd o   for %20%10  cP   

(Adjusted R2= 0.76) 

and  

876.0;281.0;33.4;101.6 321
7   dddd o  for %50%30  cP  

(Adjusted R2= 0.90) 

 The temporal variation of computed depth of scour around partially submerged 

dike was also compared with the corresponding observations and mostly a satisfactory 

comparison was noticed. 
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Temporal Variation of Depth of Scour around Pier 

For depth of scour at the sides of the pier in clay-gravel and clay-sand-gravel mixtures  

ps
p

cps F
d
d

          

Where, psF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at the sides of the pier and is expressed as 

 321 )()1()(Pm **c
mmm

ops tUCSF         

Where,  

3385.0;0914.0;226.1;00024.0 321  mmmmo   for %20%10  cP  

(Adjusted R2= 0.844) 

and  

656.0;3785.0;653.2;1068.9 321
7   mmmmo   for %50%30  cP  

(Adjusted R2= 0.813) 

For depth of scour at the wake of the pier in clay-gravel and clay-sand-gravel mixtures  

 pw
p

cpw F
d

d
          

Where, pwF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at the wake of pier and is expressed as 

 321 )()1()(Pn **c
nnn

opw tUCSF        

Where, 

342.0;346.0;678.1;109.5 321
5   nnnno   for %20%10  cP  

         (Adjusted R2= 0.853) 

and  

747.0;253.0;42.2;1041.2 321
8   nnnno   for %50%30  cP  

(Adjusted R2= 0.808) 
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The comparisons between computed and observed depth of scour at pier sides 

based on aD , a , dR and d  indicate that however, differences exists between 

corresponding computed and observed values, the accuracy of predictions of depth of 

scour for cohesive sediments is similar to those of Jain and Kothyari (2009 a and 2010) 

for bed load and suspended load transport in case of cohesive sediment mixtures and 

Yang et al. (1996); Almedeij and Diplas, (2003) relationships for sediment transport of 

the cohesionless sediments. Here, aD is average discrepancy ratio based on the average 

value of the logarithm ratio between computed and observed results, a  is standard 

deviation based on the average value of the logarithm ratio between computed and 

observed results, dR is average discrepancy ratio based on the difference of computed and 

observed value and d  is standard deviation of the computed results based on difference.    

 

FLOW CHARACTERISTICS AROUND THE PARTIALLY SUBMERGED AND 
SUBMERGED SPUR DIKES 

The flow characteristics around the partially submerged and submerged spur dike 

in the clay-gravel were analyzed in the form of mean velocity, turbulence intensity, 

Reynolds stresses and turbulent kinetic energy. Quadrant analysis was also carried out to 

quantify the contribution of outward interaction, ejection, inward interaction and sweep 

events out of whole data for a particular hz value.  

At locations (5, 5), (5,10), (10,5) and (10,10) in the flow field of partially 

submerged and submerged spur dikes, very small values of longitudinal velocity 

component u (negative) were obtained whereas, larger values of u were obtained within 

the flow field bounded by the region x = 5 to 20cm and y = 15 to 25cm. At the point (5, 

15) the value of u varied from 1.24 to 1.48 times the approaching flow velocity for 

partially submerged dike and 1.07 to 1.38 times the approaching flow velocity for 

submerged dike (velocity profile were measured from bed surface to water surface). 

The maximum value of longitudinal component of turbulence intensity occured 

near the original bed level ( hz /  = 0.3 to -0.3) just behind the partially submerged spur 

dike within the region x = 5 to 20cm and y = 5 to 10cm. Whereas, in the case of 

submerged spur dike, maximum value of longitudinal component of turbulence intensity 
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was observed to occur near the original bed level ( hz /  = 0.5 to -0.25) just behind the 

submerged spur dike within the region x = 5 to 20cm and y = 5 to 10cm. 

The maximum value of Reynolds stress component ''wu  was observed to occur in 

the wake zone of partially submerged and submerged spur dikes. The value of Reynolds 

stresses component ''wu  is larger for partially submerged spur dike than that for 

submerged spur dike whereas, the Reynolds stress component ''wv  did not show 

significant value around the spur dikes (partially submerged and submerged). 

The maximum value of turbulent kinetic energy was observed to occur in the 

wake zone (bounded by the region x = 5 to 20cm and y = 5 to 10cm) of partially 

submerged and submerged dike. Outside the scour hole, the values of the turbulent kinetic 

energy were larger for submerged spur dike than those for partially submerged dike 

while, within the scour hole the values of turbulence kinetic energy were larger for 

partially submerged dike than those observed for submerged spur dike. 

Quadrant analysis of ADV data showed that the values of outward and inward 

interaction were higher within the scour hole in partially submerged spur dike as 

compared to the values of ejection and sweep events, while outside of the scour hole the 

values of ejection and sweep events were higher as compared to the values of outward 

and inward interaction events. It was also observed that value of outward and inward 

interactions increases toward the lower most regions within the scour hole in case of 

partially submerged dike. 

 In case of submerged spur dike, the values of outward and inward interaction 

events were higher at the downstream of the submerged dike (x = 5, 10 and 20cm) than its 

upstream (x = -15 and -5cm) at an azimuthal plane of y = 5 and 10cm. The trend observed 

for ejection and sweep events around the submerged spur dike was also similar to that 

observed around partially submerged spur dike. At outside of the scour hole, small values 

of ejection and sweep events were measured at the downstream of the submerged dike (x 

= 10 and 20cm) than its upstream (x = -15 and -5cm) at an azimuthal plane of y = 5 and 

10cm. While, within the scour hole at (5, 5) and (5, 10) the ejection and sweep events 

have maximum value at lower most level and decreases near initial bed level.  
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CHAPTER - I 

 

INTRODUCTION 

 

1.1 PRELIMINARY REMARKS 

Scour is the natural phenomenon caused by the flow of water that excavates the 

material from the bed and stream banks, and also carries materials away from the 

hydraulic structures. One of the major considerations in the design and construction of a 

bridge is the scour around its foundation. Many of the bridge failures have been attributed 

to the scour or the undermining of hydraulic structures (i.e. piers, abutments and spur 

dikes etc.). Hence, for safe and economic design of hydraulic structures, it becomes 

essential to estimate the scour depth around such structures with greater accuracy. The 

accurate estimation of the scour depth around bridge piers and spur dikes below the 

stream bed is important since, it determines the depth of foundation of such structures. 

Several formulae and mathematical models developed for the estimation of the scour 

depth are still primarily based on theoretical approaches and laboratory tests. Accurate 

field measurements are difficult to obtain due to the severe three dimensional flow pattern 

that occur at bridges during flooding, high cost of instrumentation and the costs of getting 

skilled personnel at bridge sites during period of peak flow. Unrealistic estimation of 

scour depth may lead to either over expenses in the construction or failure of the 

structure. 

Studies during the last few decades have shown that the most common cause of 

bridge failures is the removal of bed material around bridge foundations. In 1973, Federal 

Highway Administration of USA reported that 383 bridges failed due to catastrophic 

floods (Federal Highway Administration, 2001). The research showed that 25% of the 

failures involved pier damage while 75% of it included abutment scour. In 1985, flood in 

Pennsylvania, Virginia and West Virginia damaged 73 bridges. Similarly, 17 bridges in 

New York and New England were either damaged or destroyed due to scour by the spring 

flood of 1987 as stated by the Federal Highway Administration of USA.  In 1993, 23 

bridge failures, 14 from abutment scour and 2 from pier scour, resulted from floods 
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caused a damage of $15 million in the upper Missisippi basin. In Georgia, the total 

financial loss from tropical storm in 1994 was approximately $130 million because more 

than 100 bridges had to be replaced and repaired due to flooding (Federal Highway 

Administration, 2001). Kamojjala et al. (1995) detailed the damage and costs of bridge 

failures associated with the catastrophic flood of the Mississippi River in 1993. Parola et 

al. (1997) stated that over 400 bridge crossings on federal aid routes and over 2000 non-

federal aid bridges were damaged during the 1993 Mid-West flooding. These studies 

underscore the importance of predicting the depth of scour accurately. Improving the 

understanding of the scour phenomenon is therefore vital to the engineer responsible in 

the design of foundations of hydraulic structure.  

Scour around a bridge pier, abutment and spur dikes in alluvial channel is still a 

matter of concern, although there have been significant advances made in this area of 

research. A series of bridge failures have been reported in the recent past due to pier scour 

(Kothyari, 2007). Similarly, the scouring/erosion from the bank and bed of rivers and 

man-made channels are the common problem in the management of water resources. This 

has revived the interest in advancing our understanding of the scouring process. A spur 

dike is an elongated structure; one end of which is installed at the bank of a river or 

stream and the other end projecting into the flow or current (Kuhnle et al. 1999). Spur 

dikes are used to protect abutment scour and river bank erosion. The spur dikes are 

generally of irregular shapes. These are designed for partially submerged (non-

submerged) conditions and installed in the field. These partially submerged spur dikes are 

submerged during flood events and acts as submerged dike. When flow passes the spur 

dike, the natural balance of streams or river is disruped, which causes major disturbance 

in the pattern of flow around the base of the structure and this disturbance leads to a 

process of scour (Ezzeldin et al., 2007). 

Several studies have been conducted to predict the depth of scour around piers and 

spur dikes founded in uniform or non-uniform cohesionless sediments and it is well 

understood at present. However, the river/ stream bank and bed sediment consist of non-

cohesive as well as cohesive materials such as a mixture of gravel, sand, and clay (Jain 

and Kothyari, 2009). Generally mixtures of cohesive sediments are found in upland areas 

of catchment (Kothyari and Jain, 2008).  The process of scour in cohesionless sediment 

(i.e. sand and gravel) is a function of the submerged weight of particle only, whereas in 

cohesive sediment the other resisting forces such as electrostatic and Van der Waals 
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forces play a main role besides the submerged weight of the particles. These forces attract 

molecules to each other like a magnet; hence resist the scouring (Mitchell, 1993). The 

bonding forces of cohesive material depend on many factors such as type of clay, clay 

percentage, moisture content and its drainage conditions present in the mixture of 

cohesive sediment (Jain and Kothyari, 2009). Due to such properties of cohesive material, 

the incipient flow conditions and scour depth prediction become very difficult. In case of 

cohesionless sediment (i.e. sand and gravel) the scour will reach its maximum value in 

hours while in cohesive sediment mixtures bed, it will take days to reach maximum scour 

under the similar flow conditions. The scour depth depends on the rate and duration of the 

scour (Wang et al., 1997). 

The flow field around bridge piers and spur dikes is three dimensionally separated 

vertical turbulent flow. Therefore, the process of scouring around these structures is a 

complex phenomenon. Presence of cohesive sediment around the structure makes the 

scouring phenomenon even more complex. Over it, the unsteadiness and possibility of 

flow reversal at bridge site during the flood add more complexity to the flow field. The 

local flow structure and the type and properties of the erodible bed govern the scouring 

pattern around the piers (Raudkivi, 1990). The process of scour around spur dikes and 

bridge piers is affected by several interdependent variables such as flow, structure shape 

and its size, and sediment characteristics. 

Figure 1.1 depicts a stream bed consisting of cohesive sediment mixture in river 

Kosi at Kushinagar, Uttarakhand, India and Figure 1.2 depicts the formation of large 

scour hole around the bridge pier in the same river. Whereas, Fig. 1.3 depicts the practical 

application of spur dike at river Bhakhra near Haldwani, Uttarakhand India and Fig. 1.4 

depicts the failure of spur dikes in same river due to flood in monsoon season.  
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Fig. 1.1 Bed material of river Kosi at Kushinagar, Uttrakhand (India) 

 

 

 

Fig. 1.2 Bride pier scour at river Kosi at Kushinagar, Uttrakhand (India) 
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Fig. 1.3 Spur dikes installed at river Bhakhra near Haldwani, Uttrakhand (India) 

 

 

 

Fig. 1.4 Failure of Spur dikes at river Bhakhra near Haldwani, Uttrakhand (India) 



6 
 

1.2 COHESIVE SEDIMENTS 

Non-cohesive and cohesive sediments are distinguished by their median particle 

size. If the sediment median particle size is larger than 62 microns, they are usually 

defined as non-cohesive sediments. Non-cohesive sediments do not have significant 

forces between the adjacent particles (Shan, 2010 and Kumar, 2011). Cohesive sediments 

include silt and clay particles. The particles usually have shape of a flat plate or a needle 

and a high specific surface defined as the ratio of surface area to volume (Partheniades, 

2007). This indicates that it has a high potential to adsorb ions, which in turn generates 

attractive or repulsive surface forces. Commonly, the surface forces dominate cohesive 

sediments entrainment, and the effect of the submerged particle weight is usually 

negligible (Raudkivi and Tan, 1984). 

Due to the small particle size, cohesive sediments are easily suspended in water. 

With increased dissolved chemicals in water, suspended particles flocculate into flocs. 

The inherent structure of flocs is quite different from non-cohesive sediments. The latter 

is composed of individual particles, between which no interactional forces exist. In newly 

deposited cohesive sediments, the dominant fabric is believed to be open, and the flocs 

are mainly connected through edge-to-edge and edge-to-face attachment, which is called 

card-house structure. In consolidated cohesive sediments, flocs are strongly connected 

through face-to-face attachment, which means high cohesion inside the sediments 

(Partheniades. 2007). This microcosm property is controlled by the inter-particle forces 

during the flocculation. Also the forces induced by flow play a dominant role in the 

deposition and erosion characteristics of cohesive sediments.  

 

1.3 PRESENT STATE OF KNOWLEDGE 

The topic of erosion and scour around bridge piers and spur dikes founded in 

cohesionless sediments have been extensively studied worldwide during last many 

decades (Garde and Ranga Raju, 2006). Similarly, the flow characteristics around the 

pier, abutments and spur dikes founded in cohesionless sediments have been studied 

reasonably well by various investigators in recent past. However, very limited studies 

have been performed on scouring around pier embedded in cohesive sediment mixture 

consisting of clay, silt and sand. In recent times, Kumar (2011) conducted a study on 
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bridge pier scour in clay-sand-gravel mixtures. However, the studies on scour around spur 

dikes embedded in cohesive sediment mixture of clay, sand and gravel are not available 

in the literature to the best of the author’s knowledge.  

The depth of scour around spur dikes and bridge pier is dependent on the 

resistance of the sediment to scour/ erosion. The critical shear stress of the sediment is an 

index of such resistance. Therefore, a brief review of the incipient motion of the cohesive 

sediments is presented here and is followed by a review of literature on the depth of scour 

around spur dikes (partially submerged and submerged), bridge piers, and flow 

characteristics around spur dikes. 

 

1.3.1 Incipient Motion of Sediments 

Several experimental studies were conducted to determine the critical shear stress 

of non-cohesive and cohesive sediments by various researchers viz; Dunn (1959), 

Smerdon and Beasley (1959, 1961), Hong and Xu (1991), Murty and Choudhry (1991), 

Srivastava and Contractor (1992), Mahapatra and Murty (1994), Yang et al. (1996), 

Ansari (1999), Dou (1999), Ramesh et al. (2000), Zhang (2000), Jiang et al. (2001), Patel 

and Rati (2006), Patel et al. (2009 a, b), Lundkvist et al. (2007) etc. Inception of scour 

occurs if the erosive force generated by the flowing water overcomes the forces between 

the soil particles (Kuti and Yen 1976, Mirtskhoulava 1991, Annandale 1995, Kessel and 

Blom 1998, Kothyari and Jain 2008 and Srivastava 2008). 

 

1.3.2 Scour around Spur Dike/ Abutments 

The flow pattern at spur dikes and bridge abutment is quite similar since they have 

essentially same structures and same configurations in the rivers. Several studies are 

available on scour around spur dikes and abutments in cohesionless sediment mixtures, 

but only a few are available with cohesive sediment. Estimation of scour depth around 

spur dike has attracted considerable research interest recently.  

Different prediction methods are presented by Garde et al. (1961), Melville (1992, 

1997), Lim (1997), Cardoso and Bettess (1999), Melville and Chiew (1999), Ahmad and 

Rajaratnam (2000), Kothyari and Raju (2001), Sarma and Roy (2001), Thompson (2002) 

and Oliveto and Hager (2002, 2005). The studies of scour around partially submerged 
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spur dike and abutments in cohesionless sediments were conducted by Ettema and Muste 

(2004), Dey and Barbhuiya (2004, 2005 a), Giri and Shimizu (2004, 2005), Ezzeldin et al. 

(2007), Kothyari et al. (2007), Nasrollahi et al. (2008), Fazli et al. (2008), Zhang and 

Nakagawa (2008), Ghodsian and Vaghefi (2009), Vaghefi et al. (2009), Giri (2010), 

Uddin and Hossain (2011), and Masjedi and Foroushani (2012), Rashedipoor et al. (2012) 

and Zhang et al. (2012). The experiments with submerged dike for the prediction of scour 

depth were carried out by Kuhnle et al. (1999, 2002), Elawady et al. (2001) and 

Rodrigue-Gervais et al. (2011).  

No such studies have been conducted on depth of scour around spur dikes 

(partially submerged and submerged) founded in cohesive sediment mixtures. Only few 

studies have been conducted on the scour around bridge abutments embedded in cohesive 

sediment mixtures consisting of clay and sand viz; Molinas and Reiad (1999), Oh et al. 

(2007), Chen (2008), Abou-seida et al. (2012) and Debnath et al. (2014).  

 

1.3.3 Scour around Bridge Piers 

The phenomenon of scour around uniform piers founded in cohesionless sediment 

have been extensively investigated and well documented. Most of the studies have been 

conducted under clear-water condition. Several researchers have studied the scour depth 

evolution with uniform sediment viz. Ettema (1980), Kothyari (1989), Yanmaz and 

Altinbilek (1991), Kothyari et al. (1992, a,b), Graf and Yulistiano (1998), Ansari (1999), 

Melville and Chiew (1999), Melville and Coleman (2000), Oliveto and Hager (2002, 

2005), Yanmaz (2006), Kothyari (2007), Kothyari and Kumar (2010), Pagliara et al. 

(2010, 2014), Pagliara and Carnacina (2011, a,b). Sediment gradation effect on scour 

depth in non-uniform sediment has been studied by Ettema (1980), Raudkivi and Ettema 

(1983), Melville and Sutherland (1988), Kothyari et al. (1992,a), Oliveto and Hager 

(2002) and Cheng et al. (2004) among many others. 

Until recently, no method has been available to estimate the equilibrium scour at 

bridge piers founded in cohesive soil. The common practice is to use the scour prediction 

formulas developed for non-cohesive soil to estimate the local scour in cohesive soil as 

well, although it is well known that the scour mechanism is different in the two cases. 

Recent bridge surveys conducted by local and federal authorities in the United States, 

New Zealand and Europe show that the pier scour in cohesive soil is considerably less 
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than that predicted by the widely used scour prediction formulas such as HEC-18 

(Richardson et al., 1991). Although several investigations have been conducted recently 

to study scour in cohesive soil (e.g. Hosny, 1995; Briaud et al., 1999; Ting et al., 2001 

and Ansari et al., 2002); no general-purpose formula is presently available to predict the 

equilibrium local pier scour in cohesive soil, as these studies are considered to be in the 

initial stage (Ansari et al., 2002). Experimental study of local pier scour in cohesive soil is 

challenging due to the complex erosion characteristics of the clay and the difficulty in 

scaling the properties of the cohesive soil (Ting et al., 2001).  

Kand (1993), Ansari (1999), Molinas et al. (1999), Briaud et al. (1999, 2001), 

Ram Babu et al. (2002), Kho (2004), Brandimarte et al. (2006), Debnath and Chaudhuri 

(2010a, 2010b) and Chaudhuri and Debnath (2013) are the few who studied the scour 

depth around bridge piers embedded in the mixtures of cohesive sediments containing 

clay, sand and silt. Kumar (2011) and Kothyari et al. (2014) studied scour in the wake 

region of bridge pier embedded in mixtures of cohesive sediment composed of clay-

gravel and clay-sand-gravel mixtures.  

 

1.3.4 Flow Characteristics  

In the recent past, studies on the flow characteristics over the rough and smooth 

beds were carried out by Srivastava and Ranga Raju (1983), Mazumder et al. (2006), and 

Ojha and Mazumder (2010). The studies of flow characteristics around bridge piers 

founded in cohesionless sediments have been carried out by Melville and Raudkivi 

(1977), Dey et al. (1995), Ahmad and Rajaratnam (2000), Graf and Istiarto (2002), 

Muzzammil and Gangadhariah (2003), Dey and Raiker (2007), Kumar (2007, 2012) and 

Kumar et al. (2012). Flow pattern around spur dikes founded in cohesionless sediments 

were studied by several researchers viz. Sukhodolov et al. (2004), Duan (2009), Duan et 

al. (2009), Ghodsian and Vaghefi (2009), Yaeger (2009), Duan et al. (2011), Koken 

(2011). Studies on flow pattern around the abutments were carried out by Ahmed and 

Rajaratnam (2000), Barbhuiya and Dey (2003, 2004), Dey and Barbhuiya (2005 a, 2006), 

Koken and Constantinescu (2014). However, no investigation has been conducted to 

study the flow characteristics around spur dikes founded in cohesive sediment consisting 

of clay and gravel. 
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1.4 OBJECTIVES OF THE PRESENT STUDY     

The present study was conducted to determine the process and depth of scour 

around spur dikes and bridge piers embedded in cohesive sediment mixtures consisting of 

clay-gravel and clay-sand-gravel. The specific objectives of the present study are: 

(i)   Identification of correct parameters influencing the depth of scour around spur dikes 

and bridge piers founded in clay-gravel and clay-sand-gravel mixtures. 

(ii) To study temporal variations of scour depth around spur dikes and bridge piers 

founded in cohesive sediment consisting of clay-gravel and clay-sand-gravel 

mixtures. 

(iii) Development of mathematical model for computation of scour depth around spur 

dikes and bridge piers founded in cohesive sediment consisting of clay-gravel and 

clay-sand-gravel mixtures. 

(iv) Assessment of flow characteristics around spur dikes founded in cohesive sediment 

mixture bed. 

 

1.5 LIMITATIONS 

The present study is confined under clear water scour conditions. The partially 

submerged spur dikes having a transverse length (length perpendicular to the direction of 

flow) of 6.1cm, 8.9cm and 11.52cm were used for the experiments. Only one submerged 

dike of transverse length 11.52cm with an overtopping ratio (i.e. ratio of approaching 

flow depth to height of the structure) of 1.40 was used. The circular piers having diameter 

of 8.9cm and 11.52cm were used in the experiments. The cohesive sediment mixtures 

were prepared using equal proportion (by weight) of sand and gravel mixed with varying 

percent of clay. The clay material of single mineral composition was used. The 

experiments were conducted with uniform gravel and sand having median size of 2.7mm 

and 0.24mm respectively and a constant width flume was used throughout. 
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CHAPTER - II 

 

REVIEW OF LITERATURE 
 

2.1 GENERAL 

The process of scour around hydraulic structures such as spur dike, abutment and 

bridge piers is a complex phenomenon. It involves three dimensional flow patterns. 

Potentially catastrophic events such as enlargement of rivers, damage of highways, bridge 

failure, and bridge collapse due to excessive scour around spur dikes, abutments and 

bridge piers causes potential loss of life. Various aspects of the process and phenomenon 

of scour around hydraulic structures have been studied in the past by several researchers 

but these studies were mainly confined to cohesionless sediments. Only few studies have 

been carried out in the past on scour around bridge piers and abutments embedded in 

cohesive sediments. It is essential to get information on the process and phenomenon of 

scour, parameters influencing the depth of scour and three dimensional characteristics 

around spur dikes/abutments and bridge pier. The scouring process and flow pattern 

around spur dikes and abutments are quite similar since these structures have similar 

configuration in rivers.   

Keeping in view the main objectives of the study, which is to study the scour 

around spur dikes and bridge piers founded in cohesive sediment mixtures containing 

clay-gravel and clay-sand-gravel, the literature review has been divided into the following 

sections: 

2.2 Cohesive Sediment and its Characteristics  

2.3 Factors affecting Erosion/ Scouring of Cohesive Sediments 

2.4 Scour around Spur Dikes/Abutments  

2.4.1 Partially submerged spur dike/ abutment scour in cohesionless sediments 

2.4.2 Scour around submerged spur dike in cohesionless sediments 

2.4.3 Spur dike/ abutment scour in cohesive Sediments 

2.5 Scour around Bridge Piers 

2.5.1 Piers scour in cohesionless sediments 

2.5.2 Piers scour in cohesive sediments 
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2.6 Flow Characteristics  

2.6.1 Flow pattern around spur dike 

2.6.2 Flow pattern around abutment 

 

2.2 COHESIVE SEDIMENT AND ITS CHARACTERISTICS  

Sediment containing clay is generally known as cohesive sediment. The sediment 

having particle size less than 0.062mm is considered as cohesive sediment (Shan, 2010). 

These particles possess greater specific surface area compared to silt and sand. Due to 

this, cohesive particles are more active in physiochemical processes. Cohesive sediments 

are composed of clay, silt, sand and organic matter which have strong forces between 

particles due to their surface ionic charges. Cohesive sediment contains organic and 

inorganic minerals (Hayter, 1983). Inorganic mineral contains clay and non-clay 

minerals. Generally, clay minerals are silica, alumina, montmorillonite, illite and kaolinite 

and non-clay minerals are quartz, carbonate, feldspar, mica and many more. Particles of 

clay minerals are flat in shape and their surface carries negative electrical charges.  These 

charges are balanced externally by exchangeable ions (mostly cations). This phenomenon 

of cations exchange is very important in soil chemistry and soil physics. Clay minerals 

have the properties of absorbing certain cations, anions and remain in an exchangeable 

state. These ions (cations and anions) are replaced by other anions and cations of water 

molecules. The interaction between clay particles and water is the primary mechanism 

that governs the erosion of cohesive soils. The cation exchange is slower in clay having 

montmorrilonite minerals while rapid in the kaolinite. 

Different types of electrical bonds act among clay particles that are responsible for 

variation of behavior between cohesive and cohesionless materials. These are 

(a) Primary valence bond: These bonds are the strongest bond that holds atoms together 

in the basic mineral units. These minerals are divided into three categories i.e. ionic, 

covalent and heterpolar.  

(b) Hydrogen bonds: The hydrogen bonds occur when two other atoms as in water 

molecules strongly attract hydrogen atom. Hydrogen bonds are strong and it prevents the 

layer to separate in the presence of water. 
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(c) Van der Waals Bonds (Secondary Forces): These bonds arise from electrical 

moments existing within the units. Van der Waals bonds contribute to clay strength and 

cause soils to hold water. Van der Waals forces attract molecules to each other like 

magnet and hence resist the scouring (Mitchell, 1993). 

 

2.2.1 Effect of Compaction on Cohesive Soils 

Fundamentals of compaction of cohesive soil were established by Proctor (1933) 

and it was concluded that shear strain obtained in compacted soil mainly depends on the 

method of compaction, water content and compactive effort. The effect of compaction 

includes elimination of larger pores, breakdown of flocculated aggregates, destruction of 

shear planes and production of more homogeneous arrangement. 

 

2.2.2 Shear Strength of Cohesive Sediment 

The forces acting among the cohesive sediment particles are not yet fully 

understood. They vary with drainage condition, type of clay, clay percentage, degree of 

saturation and type of shear application etc. (Ansari, 1999 and Ansari et al., 2003). When 

clay mixed with sand or gravel or both, the mixture of these also exhibits cohesion. For 

such cohesive sediments the shear strength sh is given by 

cnush C  tan         (2.1) 

 Here, uC  is cohesion, n  is normal shear stress and c  is the angle of internal friction of 

clay. It is to be mentioned that the parameter of cohesion uC  and c  depend strongly on 

the type of shear test, the drainage conditions, rate of application of shear force, pre-

consolidation pressure and degree of saturation of sediments (Ansari, 1999). The 

magnitude of uC  is also controlled by the inter-particle forces which depend on clay 

contents (quality and quantity), the ion dissolved in water and the stress history (Jain, 

2007). 

 

2.3 FACTORS AFFECTING EROSION/ SCOURING OF COHESIVE 
SEDIMENTS 

Several experimental studies have been conducted to determine the critical shear 

stress of cohesive sediments in laboratory flume and in jet flows by various researchers 

viz; Sundborg (1956), Dunn (1959), Smerdon and Beasley (1959, 1961), Laflen and 



14 
 

Beasley (1960), Hong and Xu (1991), Yang et al. (1996), Ansari (1999), Dou (1999), 

Zhang (2000), Jiang et al. (2001), Mazurek et al. (2001, 2003), Lundkvist et al. (2007), 

Kothyari and Jain (2008). Inception of scour occurs if the erosive forces generated by the 

flowing water overcome the forces between the soil particles (Kuti and Yen 1976, 

Mirtskhoulava 1991, Annandale 1995, Kessel and Blom 1998). 

Smerdon and Beasley (1961) conducted a flume study on eleven cohesive 

Missouri soils to relate basic soil properties (plasticity index, dispersion ratio, mean 

particle size and percent clay) to critical shear stress. Soil samples in the flume were only 

leveled after placement, but not compacted. With the increase in flow rates, it was 

observed that a stage was reached when the soil particles started to move. The shear stress 

corresponding to that stage was considered critical shear stress )( cc . They developed 

empirical relations between the soil properties and critical shear stress as 
84.0)(16.0 PIcc          (2.2) 

63.0)(2.10  rcc D         (2.3) 

501.281054.3 d
cc

         (2.4) 

cP
cc

0182.010493.0         (2.5)  

Where, 

cc = critical shear stress (Pa) 

PI = plasticity index 

rD = dispersion ratio 

50d  = mean particle size (m) 

cP = percent clay by weight (%). 

The relations with PI and rD  were considered the most reliable in the study because the 

two parameters are directly related to cohesion properties of the soil. 

 Kamphuis and Hall (1983) conducted several experiments to study the initiation 

of sediment particle motion under clear water unidirectional flow conditions in 

consolidated cohesive sediments. In those experiments only clay content and 

consolidation pressure were varied. It was found that critical shear stress required to start 

erosion increased with an increase in clay content and consolidation pressure. Similarly, 

Kothyari and Jain (2008) observed that the critical shear stress of cohesive sediment was 
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mainly influenced by abundance of clay and unconfined compressive strength of 

sediment mixtures. 

Raudkivi (1990) observed that particle size, clay content, plasticity index and 

dispersion ratio are the important properties of cohesive sediments which affect the 

critical shear stress. He concluded that the erosion resistance decreased with an increase 

of water content since, the inter-particle bonds decrease with increasing the distance 

between the particles when the soil moisture increases. An opposite conclusion was 

observed for consolidated clays with an oriented-structure. He observed that the erosion 

rate decreased with an increase in water content, and opined that the behavior and 

characteristics of clay water system control the erosion characteristics of cohesive soil. 

Hosny (1995) stated that when the clay percentage increases in the soil mixture, it 

increases the cohesion and erosion resistance and decreases the erosion rate. Mostafa 

(2003) stated that water is the main agent generating cohesion between clay particles of 

cohesive soil. Lack of enough water in the soil hampers the redistribution of cations and 

anions and hence, there exists weak Van der Waals forces within the soil. With an 

increase in moisture content in the soil, the redistribution of cations and anions increases 

which on other hand increases the Van der Waal forces. Increase in this force increases 

the cohesion and this continues till the optimum moisture content is reached. The soil 

having high plasticity index creates higher resistance to the erosion (Graf, 1984 and Grim, 

1962).  

Ansari et al. (2007) conducted several experiments to study the condition of 

incipient motion in cohesive sediment bed consisting of clay-sand mixtures. The cohesive 

sediment beds were compacted to various dry densities at different antecedent moisture 

contents. When antecedent moisture content varied from 5% to 27%, clay percentage 

from 5% to 20%, the range of vane shear strength was obtained as 0.2kN/m2 to 

191kN/m2. It was observed that the following variables affect the shear stress at incipient 

motion  

),,,,,( * ascc dePIWWf          (2.6) 

Based on the dimensional analysis the following relationship was considered for critical 
shear stress 
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Where, cc  is the critical shear stress of cohesive sediment mixtures, 
cc* is dimensionless 

critical shear stress of cohesive sediment mixtures, W is the antecedent moisture content 
of cohesive sediments, *W  is the moisture content at saturation ( *W  is equal to liquid limit 

( LL ) for plastic sediments), PI  is the plasticity index, e  is the void ratio, s  is the 

difference in the specific weight of the cohesive sediments and fluid and ad  is the 
weighted arithmetic mean size of cohesive sediments. 

Kothyari and Jain (2008) conducted experiments to study the influence of 

cohesion on the incipient motion of the cohesive sediment mixture consisting of clay, 

sand and gravel. They used two types of sediment mixtures in their experiments, (i) clay 

percentage varying from 10 to 50% was mixed with fine gravel by weight and (ii) clay 

percentage varying from 10 to 50% was mixed with equal proportion of fine sand and 

fine gravel by weight. They identified that clay percent, antecedent moisture content, void 

ratio and unconfined compressive strength of the sediment mixtures bed are main factors 

affecting the incipient motion of the cohesive sediment mixtures.  

They propose a relationship to determine the critical shear stress of the cohesive 

sediment mixtures containing clay-gravel and clay-sand-gravel %)50%10(  cP  as 

follows 

20/9
*

6/12/3 )001.01()1(94.0 UCSePc
c

cc  


      (2.9) 

Where, cc = critical shear stress for cohesive sediment mixtures, c = critical shear stress 

for cohesionless sediments, cP = clay percentage, e = void ratio and *UCS = dimensionless 

unconfined compressive strength of the cohesive sediment mixtures can be defined as

aws d
UCSUCS

)(*  
  ; s is specific weight of sediment, w  is specific weight of water. 

Ahmad et al. (2011) conducted a study on the critical shear stress for sand and 

mud mixture. They developed a formulation based on the critical shear for pure sand and 

pure mud together with fraction content. The formulation given in Eq. 2.10 describes the 

critical shear stress for the erosion of sand and mud mixture.   
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Where, 

sm = critical shear stress for the erosion of sand and mud mixture 

sP = sand content (volume or mass) 

se, = critical shear stress for erosion of pure sand 

me , = critical shear stress for erosion of pure mud 

a = an empirical coefficient. 

 

2.4 SCOUR AROUND SPUR DIKES/ ABUTMENTS  

Several studies are available on the scour around spur dikes and abutments in 

cohesionless sediment mixtures, but only a few studies are available with cohesive 

sediment. Flow pattern around spur dike and abutments are very similar. Estimation of 

scour depth around spur dike has attracted considerable research interest. Different 

prediction methods are presented on scour around spur dike and bridge abutments in 

cohesionless sediments viz; Garde et al. (1961), Gill (1972), Melville (1992, 1997), Lim 

(1997), Kuhnle et al. (1999, 2002), Cardoso and Bettess (1999), Melville and Chiew 

(1999), Ahmad and Rajaratnam (2000), Kothyari and Raju (2001), Sarma and Das (2001, 

2003), Oliveto and Hager (2002, 2005), Dey and Barbhuiya (2004, 2005 a),  Kothyari et 

al. (2007), Nasrollahi et al. (2008), Fazli et al. (2008), Zhang and Nakagawa (2008), 

Uddin et al. (2011), Zhang et al. (2012) and Mohammadpour et al. (2013). The scour 

around abutments embedded in cohesive sediment mixtures consisting of clay and sand 

were studied by few investigators such as Molinas and Reiad (1999), Oh et al. (2007), 

Chen (2008), Abou-seida et al. (2012) and Debnath et al. (2014). 

  

2.4.1 Partially Submerged Spur Dike/ Abutment Scour in Cohesionless Sediments 

Garde et al. (1961) conducted experiments with right angled spur dikes. They used 

four sizes of spur dikes with channel contraction ratios  BLB a /)(   equal to 0.90, 

0.835, 0.667, and 0.530 in a 0.60m wide laboratory flume. Here, B is the width of the 

flume and La is the length of the abutment perpendicular to the direction of flow. Bed 

materials of median size 0.20mm, 0.45mm, 1.00mm and 2.25mm and specific gravity 
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2.70 were used. The duration of experiments varied between 3 to 5 hours. Using 

dimensional analysis, they proposed the following equation to predict the scour depth. 

3/214 r
m F

h
dh




         (2.11) 

Where, h  is the approach flow depth, md = maximum depth of scour in cohesionless 

sediment,  = contraction ratio and Fr  is the approach flow Froude number.  

Zaghloul (1983) conducted several experiments to investigate the influence of 

sediment characteristics, approaching flow conditions and geometry of spur dikes on the 

maximum depth and pattern of scour around spur dike. It was observed that the Froude 

number of approaching flow and opening ratio at the location of spur dike significantly 

affect the maximum scour depth. It was also observed that during the development of 

scour hole the depth of scour progresses linearly with the logarithm of the time.  

Lim (1997) proposed an equation for equilibrium scour depth around vertical-wall 

abutment under clear-water flow conditions as: 
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Where, Ks is the foundation shape factor, θc is Shield’s entrainment factor, and dF is the 

densimetric particle Froude number. The duration of experimental run was between 72 to 

193 hours. The uniform sand having d50=0.94mm was used. The vertical wall shaped 

abutment model was constructed with lengths La=5cm, 7.5cm, 10cm, 12.5cm, and 15cm. 

A good agreement was observed between the computed and measured values of scour 

depth. 

Melville (1997) presented an integrated approach to estimate the equilibrium 

scour depth at an abutment as 

KKKKKKd sdywIe         (2.13) 

Where,  

K is an empirical expression accounting for the various influences on scour depth;  

Kyw=flow depth-abutment size factor ≡ Kyb for piers and KyL for abutments; 

KI =flow intensity factor,  

Kd =sediment size factor; 

Ks =foundation shape factor; 
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Kө =foundation alignment factor; 

Kσ =approach channel geometry factor;  

Kyw and de have the dimension of length, while the other K factors are dimensionless. 

Kothyari and Ranga Raju (2001) noticed that scour process around a spur dike 

was similar to that around a pier except that the boundary layer effect induced by the 

channel wall might cause less scour in the case of spur dikes and abutments.  

Kuhnle et al. (2002) conducted a series of experiments with three spur dikes. 

These dikes were angled at 45o, 90o and 135o to the downstream of channel sidewall. 

They studied maximum volume of scour hole and maximum bank erosion potential under 

clear water overtopping flow conditions at various angles of spur dikes. The spur dikes 

having contraction ratios of 0.125 and 0.250 were used in the experiments. They observed 

maximum volume of scour hole around spur dike having 135o angle and highest bed 

erosion in the vicinity of spur dike at 45o angle. However, the region around 90o angled 

spur dike had least bed erosion in the near bank.  

Dey and Barbhuiya (2005,a) presented a semi- empirical model for computation 

of temporal variation of scour depth around abutments. They used three different sizes of 

abutments viz; vertical-wall, 45° wing-wall, and semicircular in their experiments. They 

conducted experiments with uniform and non-uniform sediments under clear water flow 

conditions. The theory of conservation of mass of sediment was used for developing the 

model. The results predicted by model showed satisfactory agreement with the observed 

data on temporal variation of depth of scour in uniform and non-uniform sediments. 

Ezzeldin et al. (2007) conducted experiments to study the process and depth of 

scour around spur dikes. They proposed several equations to compute maximum depth 

and length of scour hole. They found that scour depth computed from the proposed 

equations showed good agreement with observed depth of scour in experiments. The 

proposed equations are 

(a) Equation to compute depth of scour 

)941.0142.6(  re
m FCC
h

d
        (2.14) 

(b) Equation to compute length of scour at upstream of spur dike 

)4.12.12(  re
up FCC
h

L
        (2.15) 
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(c) Equation to compute length of scour at upstream of spur dike 

)263.2274.21(  re
down FC
h

L        (2.16) 

Where, md = maximum depth of scour, h = approaching flow depth, rF = Froude number, 

eC and C = factors depending on contraction ratio and angle of orientation respectively, 

upL = length of scour hole at upstream of spur dike, and downL = length of scour hole at 

downstream of spur dike. 

Kothyari et al. (2007) suggested that, it is more realistic to relate the depth of 

scour around hydraulic structures to the difference between actual and the entrainment 

densimetric particle Froude number i.e. ).F(F dd   They verified this concept by studying 

variation of depth of scour with time for different values of ( dd FF  ) considering a large 

volume of data from different laboratories. The relationships proposed by them for the 

determination of temporal variation of scour around spur dikes and bridge pier are 

Tzdd ddgR log)FF(272.0/ 3/22/1
*         (2.17)  

Where, diF defined as 

6/125.0
* )(33.2F

a

h
di d

RD      for 10* D     (2.18)                                

6/112/1
* )(08.1F
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h
di d

RD    for 15010 *  D    (2.19)

6/1)(65.1F
a

h
di d

R
    for 150* D     (2.20)  

and dF defined as 

For scour around spur dike               
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For bridge pier scour  

3/16/14/1 )(26.1FF g
a

h
did d

R
 







       (2.22) 

Where, *d = dimensionless scour depth, d = instantaneous scour depth in cohesionless 

sediment, Rz = reference length = 3/12)(hD for cylindrical pier = 3/12)(hb for spur dike, g = 

geometric standard deviation, T = time parameter,  = represents the element shape; s = 
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submergence; ca = cascade parameter. For singular spur dikes ca =1; 3.0)/( hss  ; 

)/( Bb and  =5/4, s = effective spur height; b = effective spur width relative to the 

approach flow direction; hR =hydraulic radius and *D = Dimensionless grain size is 

calculated by adgD 3/12'
* )/(  . 

Fazli et al. (2008) conducted several experiments to study the depth of scour and 

flow pattern around spur dike installed at 90o channel bend. They found that approaching 

flow Froude number ( rF ) is an important parameter for the prediction of maximum depth 

of scour and height of point bar. These parameters increased with an increase in the 

Froude number. The depth of scour was also observed to increase with an increase in 

transverse length of spur dikes (i.e. effective spur width relative to the approach flow 

direction).  

Vaghefi et al. (2009) conducted experiments to study the influence of length of 

spur dike on amount of scour using a T-shaped spur dike installed at angle of 90° in 

channel bend. They observed that, the depth and volume of scour as well as ridge height 

at the downstream of spur dikes increased with an increase in the length of the T-shaped 

spur dike. The maximum scour depth was located at the upstream nose of spur dike at a 

distance of about 10 to 20% of the spur dikes length.  

Masjedi et al. (2010a) conducted laboratory experiments to study the effects of the 

Froude number, location and length of spur dike on the depth of scour around spur dike 

installed at 180o channel bend. It was found that the depth of scour increased with an 

increase in Froude number and length of spur dike whereas the same was found to 

decrease with an increase in wing length of spur dike.  

Masjedi et al. (2010b) and Rashedipoor et al. (2012) observed that the maximum 

depth of scour was highly dependent on the duration of experimental run and it increased 

with increase in Froude number and spur dike length. 

 

2.4.2 Scour around Submerged Spur Dike in Cohesionless Sediments 

Elawady et al. (2001) carried out experiments to investigate the effect of opening 

and overtopping ratios on depth of scour around submerged spur dike. The overtopping 

ratio is defined as the ratio of approaching flow depth to height of the structure above the 
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bed. The opening and overtopping ratios were varied from 0.77 to 0.98 and 1.07 to 5.2 

respectively. It was found that spur dike with largest opening ratio formed small scouring 

area whereas, large depth of scour was observed around spur dike with smallest 

overtopping ratio.  

Rodrigue-Gervais et al. (2011) conducted several laboratory investigations to 

study the temporal variation of scour around rough surfaced deflectors. Experiments were 

conducted under three overtopping ratios viz. 1.22, 1.83 and 3.67. Experimental results 

revealed that depth, length and volume of scour hole increased with an increase in 

overtopping ratio at constant approaching flow conditions. The process and location of 

scour hole were different for largest overtopping ratio (i.e. 3.67). 

Uddin et al. (2011) carried out laboratory investigations to study the effect of 

orientation angle of bell mouth submerged groin on scour depth under clear water flow 

conditions. Experiments were conducted with submerged groin at four different 

orientations i.e. 60o, 90o, 135o and 150o. The maximum depth of scour was observed to 

occur at head of the bell mouth groin installed at 90o angle while the minimum was 

observed for 135o angle. The time to attain equilibrium scour was different for different 

orientations of submerged groin. The longitudinal and transverse extent of scour was 

maximum for higher discharge and gradually decreased with decrease in discharge. For 

the same discharge, maximum scour depth was observed in spur dike oriented at 90o 

angle.  

 

2.4.3 Partially Submerged Spur Dike/ Abutment Scour in Cohesive Sediments 

 Molinas and Reiad (1999) conducted laboratory experiments to study the 

influence of cohesion on abutment scour. They conducted 121 experiments on vertical 

wall abutments embedded in cohesive sediment mixtures. Cohesive material consisted of 

natural montmorrilonite clay and commercial kaolinite clay. In their experiments, clay 

fraction varied from 0.15 to 0.4 by weight. Clay was mixed with sand fraction of 0.1 to 

0.5 by weight. They concluded that the maximum scour depth decreased with an increase 

of clay fraction and degree of compaction.  

Oh et al. (2007) conducted several experiments to study the effect of length of 

abutment on scour depth in cohesive soil under clear water condition. They used a wing- 

wall shaped abutment for the experiments. The Porcelain clay was used in the 
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experiments. It has a median particle diameter 50d = 0.003mm, plasticity index PI = 

14%, critical velocity cU = 0.95m/s and critical shear stress cc = 1.7N/m2. The location of 

scour hole in Porcelain clay was observed to occur at the center of the test section or 

somewhat downstream of the abutment.  

Abou-Seida et al. (2012) conducted laboratory experiments on local scour at 

bridge abutments on cohesive soil. They used Kaolin clay having median particle size 

md 13.050  and pH ranged from 4.0 to 4.5. Other properties were: liquid limit

%6.46)( LL , plastic limit %4.21)( PL , plasticity index %2.25)( PI , optimum moisture 

content %21)( OMC and moisture of natural clay equal to 0.6%. The experiments 

consisted of 40 runs with the kaolin clay mixed with silica. They varied clay content, 

compactions and liquidity indices.  

They performed two series of tests; in first test series, the effect of clay content 

was investigated by keeping the percentage of clay )( cP at 2, 5, 10 and 20% and in the 

second test series mixture compaction )( ompC was kept at 57, 69, 80 and 88%. They used 

the least squares approach to obtain relations among the various variables. They applied 

their finding in the range of 55.03.0  rF , %20(%)%2  cP , %88%57  ompC , and 

99.0(%)03.0  LI and  proposed different equations for equilibrium scour depth )( ced , 

scour volume )( ceV , scour width )( ceW , lateral side slope )( side and longitudinal slopes of 

the scour hole.  

The dimensionless equilibrium scour depth is 

36.235.0
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        (2.23) 

The equilibrium scour volume ceV is 

3.2

3 0.4 







b

d
b
V cece         (2.24) 

The equilibrium scour width ceW is 

cece dW 8.1          (2.25) 

The lateral side angle of the scour hole side (in deg.) is 

10.079.009.033.074.0  LICPF ompcrside       (2.26) 
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The lateral upstream angle up (in deg.) is 

06.059.007.002.053.2  LICPF ompcrup       (2.27) 

The lateral downstream angle down (in deg.) is 

13.035.117.008.1009.0  LICPF ompcrdown       (2.28) 

The equilibrium time of scour et (in hours) is 

05.082.012.058.027000  LICPF
h
tU

ompcr
eo       (2.29) 

The development of non-dimensional depth of scour in cohesive soil with time is given as  
158.0
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Debnath et al. (2014) conducted experiments on local scour around abutments in 

clay/sand-mixed cohesive sediment bed. Out of 117 experiments, 87 experiments were 

conducted with vertical wall and 30 experiments were conducted with wing wall 

abutments respectively. Abutments were embedded in bed of cohesive sediment mixtures. 

It was observed that as water content was less than 24%, the maximum equilibrium scour 

depth reduced with an augment in clay content in clay-sand mixtures for both types of 

abutments. Further, it was also concluded that, for water content greater than 24%, the 

equilibrium scour depth reduced with an augment in clay content up to 50% and 

thereafter it increased. 

 

2.5 SCOUR AROUND BRIDGE PIERS 

2.5.1 Piers Scour in Cohesionless Sediments 

An extensive amount of literature exists on scour around bridge piers founded in 

cohesionless sediments. Several researchers investigated the scour depth evolution with 

uniform and non-uniform sediment mixtures e.g. Ettema (1980),Yamnaz and Altinbilek 

(1991), Melville and Chiew (1999, Fukuoka et al. (1994, 1997), Graf and Yulistiano 

(1998), Raiker and Dey (2005), Kumar and Kothyari (2012), Raudkivi and Ettema (1983) 

and, Mellville and Sutherland (1988). The methods of estimation of scour depth have 

been proposed by Melville (1975), Melville and Sutherland (1988), Kothyari et al. (1992 

a, b), Melville and Coleman (2000), Yanmaz and Cicekdag (2001), Mia and Nago (2003), 

Sheppard et al. (2004), Oliveto and Hager (2002, 2005), Kothyari et al. (2007), Hager and 
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Unger (2010), Uchita and Fukuoka (2010) and Kothyari and Kumar (2012) among many 

others. Only few studies are mentioned here for completeness. 

Oliveto and Hager (2002, 2005) proposed a relationship for the computation of the 

maximum scour depth md  at the pier as a function of time t. They observed that the 

densimetric particle Froude number is the dominant parameter controlling the scour 

process. Particle Froude number is given as 2/1
50)'/( dgUF od  , where oU = velocity of 

approach flow; gg s )][('   = relative gravimetric acceleration; s = sediment density; 

 = fluid density; and 50d median grain size. By combining dF  with parameters for 

reference length Rz and reference time Rt , they proposed a scour relationship as 

TFzdd dgRp log068.0/ 5.12/1
*     for dd FF     (2.31) 

Mia and Nago (2003) proposed a design method to predict temporal variation of 

scour depth. The experiments were conducted with a cylindrical pier founded in uniform 

sediment bed under steady clear water flow condition. Modified bed load transport theory 

proposed by Yalin (1977) was used to include the temporal development of shear velocity 

at pier nose. They stated that the depth of scour hole reached equilibrium when bed shear 

stress and critical bed shear stress approaches to be equal.  

Chang et al. (2004) carried out several experiments to investigate the depth of 

scour around circular bridge piers under steady and unsteady clear water flow conditions 

with uniform and non-uniform sediments. They investigated the effect of sediment size 

on depth of scour around circular pier nose. They developed a mixing layer concept for 

calculation of equilibrium scour depth in non-uniform sediments. They also proposed a 

regression formula to estimate the thickness of mixing layer in terms of median size and 

geometric standard  deviation  g of the bed material when  3g .  

Link (2006) conducted laboratory experiments to investigate temporal variation of 

three dimensional scour hole geometry around circular pier. They used high resolution 

non-intrusive method to measure time dependent scour hole geometry. 

Kothyari et al. (2007) suggested a relationship for a circular bridge pier on the 

basis of difference between actual and the entrainment densimetric particle Froude 

number i.e. )F(F dd   explained in section 2.4.1 (Eq. 2.22).  
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Lu et al. (2011) investigated the scouring around non-uniform cylindrical piers 

and developed a semi-empirical model for the estimation of scour depth with time. The 

concept of volumetric extraction of bed material from the scour hole and the formation of 

primary vortex inside the hole were included in the model development. They validated 

this model using experimental data of their own along with others. A very good 

agreement was observed between the results obtained from the proposed model and 

experiments. 

 

2.5.2 Piers Scour in Cohesive Sediments 

Kand (1993) suggested some guidelines to determine the scour depth in cohesive 

sediments after studying scour around bridges in India founded in clayey strata. He stated 

that in case of cohesive sediments, a modified value of Lacey’s silt factor to be used in 

Lacey-Inglis method (Garde and Ranga Raju; 2006) 

)10( 2/1
uc CFf           (2.32)  

Where, fc is Lacey’s clay factor for cohesive sediments, Cu is cohesion in kN/m2 and  FӨ 

is a coefficient based on angle of internal friction.  

Briaud et al. (1999) proposed a step by step SRICOS method to compute the scour 

depth around cylindrical bridge pier embedded in clay. In their experiments, the diameters 

of cylindrical piers varied from 25 to 76mm and 76 to 229mm in smaller and larger 

flumes respectively. They used three different types of clay and one type of sand. They 

developed a new erosion function apparatus (EFA). They computed the initial rate of 

scour around the pier using the curve generated by EFA. The model proposed by Briaud 

et al. (1999) was validated by using the observations taken in the Laboratory and field. 

Molinas et al. (1999) carried out experiments to investigate the influence of 

cohesive material properties on local scour around piers. They used sediment mixture 

composed of fine sand, silt, and montmorillonite clay of medium plasticity. In their 

experiments, the intensity of compaction varied from 58 to 93%, the initial water content 

in unsaturated and saturated clay varied from 15 to 20% and 32 to 48% respectively. They 

observed that the slope of the scour hole in cohesive sediment mixture was steeper than 

cohesionless sediments. The slope became steeper with an increase in amount of 

compaction. The slope of scour hole was observed low in compacted unsaturated 

mixtures and was very similar to that in cohesionless sediments.  They also found that the 
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volume of scour hole decreased with an increase in compaction and initial water content. 

The high resistance to erosion was offered by saturated mixtures with low initial water 

content. 

Ting et al. (2001) conducted laboratory experiments to study the influence of the 

Reynolds number, Froude number, and approach flow depth on scour depth around the 

circular piers embedded in clay. They made a comparison of depth of scour in sand and 

clay. Three types of clay were used in the experiments and its median size and plasticity 

index varied from 0.0006mm to 0.0062mm and 14.15 to 39.78 respectively. A total of 43 

numbers of experiments were conducted with circular pier having diameter of 25mm and 

75mm. They found that the maximum depth of scour hole and its shape is a function of 

pier Reynolds number. They proposed an equation to estimate the depth of scour. 

682.012.0 epcpm Rd          (2.33)                   

Here, Pier Reynolds number /DUR oep  . 

Ansari et al. (2002) studied the influence of cohesion on scour around bridge 

piers. They used clay-sand mixture as cohesive sediment in their experiments. They 

showed the variation of ece dd  with  
*rWW  and ** C (Fig. 2.1). It was found that the 

depth of scour around pier in cohesive sediments initially decreased with an increase in 

*rWW  up to 1.0 thereafter it starts increasing with further increase in 
*rWW . They also 

found that the rate of erosion was least when 
*rWW approaches unity and 0PI . It was 

also concluded that scour depth in plastic sediments reduces with an increase in ** C . 

Here parameter  ** C  represents the cohesion strength of the sediment mixture. The 

variation can be shown by following equations 
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Ansari et al. (2003) studied the effect of cohesion on the pier scour 

experimentally. They noted that the maximum scour occurs either at the sides of the pier 

or downstream of the pier depending on clay properties. They presented a mathematical 

model to compute the variation of pier scour depth with time in cohesive soil. The model 

approximately calculated the shear stress under the horseshoe vortex from the size of the 

horseshoe vortex. The constants of the model were determined from their experimental 

results and the model was verified with the same experimental data. They related the 

equilibrium scour depth in cohesive soil to that in non-cohesive soil through regression 

equations in terms of water content (saturated water content), clay content, the soil angle 

of repose, and the plasticity index. They suggested that their regression equation could be 

used at the field scale, assuming that the soil is fully saturated. 

Ram Babu et al. (2002) proposed an empirical equation to compute the depth of 

scour around pile of given diameter and approaching flow velocity. They utilized 

hyperbolic law to fit the data to obtain ultimate depth of scour. Ram Babu et al. (2003) 

also developed a simple instrument to measure depth of scour around vertical pile at any 

instant founded in silty-clay in laboratory experiments. They presented a relationship to 
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measure depth of scour after considering soil properties, fluid parameters, flow duration 

and characteristics of the model. 

Brandimarte et al. (2006) developed a methodology to study the scour risk at 

bridge foundation in cohesive soils. They applied the developed methodology for analysis 

of scour around piers of Woodrow Wilson Bridge on river Potomac in Washington D.C. 

USA. The sediment deposits in the river mainly consisted of soft clay, silt and silty sand. 

The proportion of soil (particles less than 0.06 mm) varied from 48 to 71% and plasticity 

index varied from 33 to 41%. In their study, the scour depth in cohesive soils was 

estimated by method proposed by Briaud et al. (2001). They also stated that the process 

of scour in cohesive soil occurs at a slow rate. 

Debnath and Chaudhuri (2010,a) conducted experimental investigations on local 

scour around cylinders embedded in clay and clay-sand mixed beds. The effect of clay 

percentage and water content present in the sediment mixture on depth of scour hole and 

on its geometry were investigated in this study. They found that the depth of scour 

decreases with an increase in clay content at water content less than 24% in clay-sand 

mixture. While, at water content greater than 27%, the maximum depth of scour decreases 

with an increase in clay content up to 50% to 70%; thereafter it increases. Various 

equations were proposed to estimate the depth of scour using regression analysis. The 

equations are given below 

37.029.172.1
**

ˆF05.2  scrpcpm Pd    for W =20-23.22% and %85%20  cP   (2.36) 

69.001.122.0
**

ˆF64.3  scrpcpm Pd    for W =27.95-33.55% and %50%20  cP   (2.37) 

89.019.028.1
**

ˆF52.20  scrpcpm Pd    for W =27.95-33.55% and %100%50  cP   (2.38)        

29.036.062.072.0
**

ˆF32.3  scrpcpm WPd  for W =33.60-45.92% and %70%20  cP   (2.39) 

19.024.158.061.0
**

ˆF8  srpcpm WCd    for W = 33.60-45.92% and %100%70  cP   (2.40)      

Where, 
*cpmd  is dimensionless maximum depth of scour in cohesive sediment = bdscmp* , 

rpF = Pier Froude number =   5.0gDUo , cP = clay fraction by dry weight of mixture, 
*

ˆs = 

dimensionless bed shear strength = 2/ os U .  
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Debnath and Chaudhuri (2010,b) carried out several experiments to investigate the 

scour around bridge pier in clay-sand mixture bed. The experimental results showed that 

the clay content present in clay-sand mixture significantly reduces the peripheral 

expansion and depth of the scour hole. It was observed that initiation of sediment removal 

in the process of scour commenced from the side of the pier in clay-sand mixture bed. 

They also found that the depth of scour and peripheral of scour hole increase with an 

increase in water content in the cohesive sediment. 

Dey et al. (2011) presented results of experimental investigation on scour around 

vertical pile founded in clay and clay-sand mixture beds under waves. They stated that the 

depth of scour reduces with an augment of clay content in clay-sand mixture.  They used 

Keulegan- Carpenter number for the prediction of variation of equilibrium scour depth in 

different clay percentages in sediment mixture and they found that it follows potential 

law. 

Kothyari et al. (2014) conducted several experiments to study the depth of scour 

in wake region of circular pier embedded in cohesive sediment mixtures. The cohesive 

sediment mixtures were prepared by mixing clay, sand and gravel by weight. The 

experiments were conducted on two types of sediment mixtures (i) clay percentage 

varying from 20 to 60% was mixed with fine gravel by weight and (ii) clay percentage 

varying from 20 to 60% was mixed with equal proportion of fine sand and fine gravel by 

weight. Using dimensional analysis and after considering all relevant parameters, they 

proposed the following equation for the computation of scour depth in wake region of 

piers. 

In the case of clay-gravel mixtures  

1

1

pwp

cpw

Fd
d

          (2.41) 

and in the case of clay-sand-gravel mixture 

2

1

pwp

cpw

Fd
d

          (2.42)  

Where, cpwd  is instantaneous depth of scour around pier in cohesive sediment at the wake 

of the pier and pd  is instantaneous depth of scour around pier in cohesionless sediment. 
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1pwF  and 2pwF represents the coefficient of cohesion of clay-gravel and clay-sand-gravel 

sediment mixtures bed and are expressed as 

  24.0'42.0
*

64.5 )()1(1
*1

 tUCSPF cpw  

  42.0'69.0
*

98.5
2 )()1(1

*

 tUCSPF cpw     

Where, '
*

t is dimensionless duration of experimental run which can be expressed as 
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u

tt *'
*

         (2.43)  

Barbhuiya and Chakma (2012) carried out experiments to investigate the influence 

of consolidation on local scour around bridge pier in cohesive soil. They concluded that 

the equilibrium scour hole decreased with the increase in dry density of clay and silt 

content. However, it increases with an increase in sediment size. 

Chaudhuri and Debnath (2013) conducted a study on initiation of bridge pier 

scour and equilibrium scour hole profile in cohesive sediment bed. It was observed that 

the scour started from the sides of the pier at 45o to 270o angle in case of circular pier. 

However, in case of square pier, the scour commenced from corner of upstream facing 

wall at 45o and 315o angle and moves towards the downstream end. The system of 

measurement of angles for both the piers is shown in Figure 2.2. They stated that the 

maximum equilibrium depth of scour and its peripheral expansion decreased with an 

increase in clay content up to 50% and thereafter it increased. They also found that the 

expansion of downstream equilibrium scour hole was more than that of upstream. 

 

 

 

 

    

   (a)       (b) 

Fig. 2.2 System of measurement of angles for (a) circular pier and (b) Rectangular pier 
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Link et al. (2013) conducted experiments to quantify the effect of bed compaction 

on depth of scour around piers embedded in clay-sand mixtures. Experiments were 

performed in the laboratory flume with natural cohesive sediment. The depth of scour was 

measured using a non-intrusive high resolution system. They observed that the sediment 

was scoured in the form of particle by particle and/or aggregate by aggregate and chunks 

of aggregate. They stated that the maximum depth of scour occured at the wake of the 

pier with an increase in the ratio of actual to Proctor’s optimum molding water content

)ˆ(w . It was observed that the depth of scour decreased with an increase in water content 

)ˆ(w up to 2.5. While in case of ŵ>2.5, depth of scour increases with an increase in water 

content. 

 

2.6 FLOW CHARACTERISTICS  

Several studies have been carried out on flow characteristics in scour hole around 

spur dikes, abutments and bridge piers founded in cohesionless sediments in recent time. 

Some studies have been conducted to understand the flow characteristics around bridge 

piers founded in cohesionless sediments viz; Melville and Raudkivi (1977), Dey et al. 

(1995), Ahmad and Rajaratnam (2000), Graf and Istiarto (2002), Muzzammil and 

Gangadhariah (2003), Dey and Raiker (2007), Kumar (2007, 2012). Flow pattern around 

spur dikes was studied by several researchers viz. Sukhodolov et al. (2004), Duan (2009), 

Duan et al. (2009), Ghodsian and Vaghefi (2009), Yaeger (2009), Duan et al. (2011), 

Koken (2011). Studies on flow pattern around abutments were carried out by Ahmed and 

Rajaratnam (2000), Barbhuiya and Dey (2003, 2004), Dey and Barbhuiya (2005 b, 2006), 

Koken and Constantinescu (2014). A few of these studies based on three dimensional 

flow velocities around spur dikes and abutments founded in cohesionless sediment are 

reviewed here. 

 

2.6.1 Flow Pattern around Spur Dike 

Sukhodolov et al. (2004) measured three dimensional turbulent flow velocities 

around spur dike using Acoustic Doppler Velocimeter at a sampling rate of 25Hz for 100-

300s. They used ExploreV 1.5 software developed by Nortek for the processing of 

measured instantaneous velocities. The spikes generated in the velocities data were 

removed and replaced by linear interpolation using 3-sigma filter incorporated in 
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software. It was observed that the time averaged mean velocities of vertical distribution 

follow the power law in the deeper part of groin field having depth range of 5.01.0  hz . 

For the same depth range 5.01.0  hz , the turbulence kinetic energy distributions follow 

the slope of the semi-theoretical description and it increased at the upper flow layers. 

Uijttewaal (2005) carried out laboratory investigations to test the effect of 

different shapes of groyne on the flow field. They tested four different types of groynes. 

They arranged groynes in an array of five identical fields. The velocities were measured 

by Particle Tracking Velocimetry (PTV) around the groynes. Experimental data were 

used to study the process of vortex formation and detachment near the groyne head. They 

found that turbulence characteristics at downstream of the groyne can be manipulated by 

changing the slope of the groyne head and permeability. They also found that flow around 

groynes becomes more complex in the submerged condition and were dominated by three 

dimensional effects. 

Kuhnle et al. (2008) conducted laboratory experiments to study the flow pattern 

and process of scour around spur dikes. The three dimensional velocities were measured 

using Acoustic Doppler Velocimeter around a trapezoidal shaped spur dike installed at 

fixed flat bed. The observations were taken at a frequency of 50Hz for 5 minutes 

duration. It was found that the length of the eddy zone was 1.6 times of spur dike length 

and four times of the dike height at the downstream of spur dike. They stated that the 

maximum bed shear stresses found to be 2.7 times of the approaching flow shear stresses. 

Duan (2009) conducted several laboratory experiments to study the mean and the 

turbulent flow structure around spur dike by using micro-ADV at a sampling rate of 

25Hz. He selected nine vertical profiles with 7-9 points at 1cm spacing for velocity 

measurements. He measured about 1500 instantaneous velocities at each node. The 

results are presented in the form of mean velocities, mean and turbulence kinetic energy, 

turbulence intensities, Reynolds and bed shear stresses. From the measured velocities, it 

was observed that flow near the water surface is in reverse direction while at the bottom 

flow remained in a downward direction. In the flow recirculation zone, turbulence kinetic 

energy, normal stresses and downstream component of Reynolds stresses close to the 

wake centre of each node reached a maximum value. Reynolds stresses were used to 

calculate bed shear stresses. It was also stated that maximum bed shear stresses were 

about three times as large as approaching flow mean bed shear stresses. 
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Duan et al. (2009) measured the mean and turbulent flow through emergent dike 

on a flat and scoured bed. The location of deepest scour was observed at downstream of 

the spur dike tip. He stated that the bed shear stresses in the scoured zone increased by 

contribution of component of Reynolds shear stresses ''wu and ''wv . In case of fixed 

bed surface, high shear stresses were observed to occur at upstream side of the spur dike 

due to ''vu  component. In scoured bed condition, the stream wise mean velocity 

reduced while transverse and vertical velocities increased. 

Ghodsian and Vaghefi (2009) conducted experiments to study scour and flow 

field in scour geometry around T-shape spur dike installed at 90o bend. Experiments were 

conducted under clear water condition. Flow measurements within the scour hole were 

taken by ADV-Vectrino at a sampling rate of 50Hz for a period of one to three minutes. 

The measured values from polar coordinates were converted to Cartesian coordinates. 

They found that longitudinal velocity components showed a nonlinear variation.  

However, in the zone between spur dike wing and outer wall of the channel, the 

magnitude of this velocity was minimum.  

Yaeger (2009) conducted experiments to examine the average flow and turbulence 

characteristics around a series of spur dikes. The experiments were conducted in a 

laboratory flume of 0.6m width and 12.2m length. The instantaneous velocities in the 

three spatial directions x, y and z were measured using a 16 MHz Sontek micro-ADV at a 

sampling rate of 25Hz. Two series of experiments were performed. Three spur dikes were 

placed perpendicular to the direction of flow and another three dikes were angled into the 

direction of flow. WinADV software from Sontek was used for post-processing of data. 

They found that turbulence intensities ''uu and ''vv  were most prominent, but ''ww  

was much lesser than other two. They found the horizontal component of Reynolds 

stresses ''vu was larger than others two. 

Duan et al. (2011) measured three dimensional flow fields around spur dike using 

micro-ADV. He performed experiments at a sampling rate of 25Hz for duration of about 

one to two minutes. The observations were taken to study the turbulent burst around the 

spur dike over the flat and scoured bed. Quadrant decomposition was used to analyze 

turbulent fluctuations of velocities ( ',',' wvu ). Contributions of extreme events were 

quantified by the analysis of conditional Reynolds stresses. They observed that sediment 
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particles are transported by sweep and ejections )0',0';0',0'(  wuwu  within the scour 

hole. The magnitude of 'w measured at flat bed was much larger than that measured at 

fully scoured bed. The extreme events with 21 H , the conditional Reynolds stresses 

''wu  were stronger than ''wv . The extreme events with 51 H  were rare and only 

occurred at several locations. The relative contribution to extreme events by ''wv  was 

larger than ''wu within the scour hole.  

Koken (2011) conducted several experiments to investigate the turbulent flow 

structure around spur dikes angled at 60o, 90o and 120o under various flow conditions. 

Instantaneous three dimensional velocities were measured using Acoustic Doppler 

Velocimeter at a sampling rate of 25Hz for 30s. It was found that the size, coherence and 

orientation of horseshoe vortex around spur dike were significantly different. The 

amplitude of oscillations was much larger in spur dikes angled at 90o than other two. The 

total kinetic energy and root mean square of pressure fluctuation induced by horseshoe 

vortex into the flow were also lager in spur dikes angled at 90o. Largest recirculation cell 

was observed in case of 60o. The scoured area around spur dikes angled at 90o was 2% 

and 15% larger than the spur dike angled at 60o and 120o respectively. 

 

2.6.2 Flow Pattern around Abutment 

Barbhuiya and Dey (2003) conducted laboratory investigations to study the flow 

field characteristics within scour hole formed around three different types of abutments 

using Acoustic Doppler Velocimeter (ADV). The observations were taken at a frequency 

of 50Hz under clear water flow conditions. Rectangular vertical wall, polygonal 45o wing-

wall and semi-circular abutments were used in the experiments. The time averaged three 

dimensional velocities were measured at vertical/ azimuthal and horizontal planes at the 

upstream of abutments. They found that primary vortex existed inside the scour hole with 

downflow. However, the flow field showed reverse flow in the downstream of abutment 

due to separation of flow. 

Barbhuiya and Dey (2004) measured the three dimensional turbulence 

characteristics around 45o wing-wall abutment installed in the rigid bed. They used 

Acoustic Doppler Velocimeter to measure instantaneous velocities at a sampling rate of 

50Hz at azimuthal and horizontal planes. The measured data were used to analyze the 
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Reynolds stresses, turbulence intensity, turbulence kinetic energy and time averaged 

velocity components. Experimental results revealed the existence of the primary vortex 

with downflow at the upstream of abutment. They also found recirculation of flow along 

with strong shedding of wake vortex and high Reynolds stresses in the wake region of 

abutments. 

Dey and Barbhuiya (2006) further investigated the three dimensional turbulent 

flow characteristics within scour hole around 45o wing-wall under clear water flow 

conditions using ADV. They measured three dimensional velocity data, turbulence 

intensity, time averaged velocity, Reynolds stresses and turbulence kinetic energy at 

different azimuthal and horizontal planes. They found that flow field was chaotic due to 

vortex shedding in the downstream of abutment. They used Reynolds stresses and 

velocity gradients to compute bed shear stress within the scour hole. They stated that bed 

shear stress increased with the increase in the polar coordinate )( .  

2.7 CONCLUDING REMARKS 

The process of scour around spur dikes and bridge piers founded in cohesionless 

uniform and non-uniform sediments have been studied extensively and are reasonably 

well understood at present. Similarly, the flow characteristics within the scour hole and 

on the rigid bed around the pier founded in cohesionless sediment are well explored in 

recent past. However, the river bed is commonly composed of mixture of cohesive as well 

as cohesionless sediments like clay, sand and gravel etc. The phenomenon of bridge prier 

and spur dikes scour is complex. It becomes more complex when these structures are 

founded in cohesive sediment mixtures. The review presented in this chapter brings out 

the fact that the process of scour around spur dikes and bridge piers founded in clay-sand 

mixtures is affected by number of flow and sediment parameters. However, the process of 

scour around spur dikes founded in cohesive sediments consisting of clay-sand-gravel 

mixture has not been studied yet, except one on pier scour in such cohesive sediment 

mixtures by Kumar (2011). Several experimental investigations have been carried out 

earlier to describe the flow and turbulence characteristics around the pier founded in 

cohesive sediments. However, no study has been conducted yet to illustrate the flow and 

turbulence characteristics around spur dike founded in channel bed composed of clay-

gravel and clay-sand-gravel sediment mixtures. 
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CHAPTER - III 

 

MODELLING OF THE PROCESS OF SCOUR AROUND SPUR 
DIKES AND BRIDGE PIERS FOUNDED IN COHESIVE SEDIMENT 
MIXTURES 
 

3.1 GENERAL 

The main objective of present investigation is to assess the effect of cohesion on 

the process and depth of scour around spur dikes (partially submerged and submerged) 

and bridge piers embedded in cohesive sediment mixtures consisting of clay-gravel and 

clay-sand-gravel. The objective also includes the study of flow characteristics around the 

spur dikes embedded in cohesive sediment bed. The functional relationships are also 

developed for the determination of temporal variation of scour depth around spur dikes 

and bridge piers.    

Keeping in view of these objectives, a mathematical model was formulated for the 

computation of the temporal variation of scour depth around spur dikes and bridge piers 

embedded in the clay-gravel and clay-sand-gravel sediment mixtures. Quadrant analysis 

was performed to understand the flow pattern around the spur dike as well as in the scour 

hole formed around the spur dikes embedded in such cohesive sediment bed.  

 

3.2 ANALYTICAL CONSIDERATIONS  

Based on the comprehensive review of literature (Chapter II), it was noted that 

numerous studies were carried out on the spur dikes and bridge pier scour in cohesionless 

sediments. However, no study has been conducted on the depth of scour around spur 

dikes (partially submerged and submerged) embedded in cohesive sediment bed 

consisting of clay, sand and gravel. Only one study was conducted by Kumar (2011) on 

bridge pier scour in cohesive sediment bed consisting of clay, sand and gravel.  

In nature, the river bed and banks consist of cohesionless as well as cohesive 

materials such as sand, gravel and clay (Jain and Kothyari, 2009). Hence, it becomes 

essential to study the process and possible depth of scour around hydraulic structures 
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founded in the mixtures of cohesionless and cohesive sediments. There are many 

cohesionless and cohesive parameters which together affect the process and depth of 

scour around the structures. It is difficult to understand the effect of these parameters 

analytically. Hence, systematic laboratory experiments were carried out in the present 

study to understand these processes of scour. 

 

3.3 DIMENSIONAL CONSIDERATIONS 

Various analytical and semi-theoretical methods proposed by different 

investigators revealed that scour depth around spur dike and bridge pier in cohesionless 

sediments is a function of hydraulic characteristics of flow, sediment characteristics and 

spur dike/ bridge pier parameters. More often the sediment characteristics used in the 

cohesionless sediment mixtures are of median size and standard deviation (Kothyari et al., 

2014). In case of the mixtures of cohesive sediment, scour depth is influenced by a large 

number of inter-dependent variables such as clay content, antecedent moisture content, 

unconfined compressive strength and dry density of the sediment. These variables play a 

significant role in scouring and erosion process of cohesive sediment mixtures (Jain and 

Kothyari, 2009, 2010).   

In compacted cohesive sediment beds, water content and clay percentage were 

identified as controlling parameters for abutment scour (Molinas and Reiad, 1999) and 

bridge pier scour (Molinas et al., 1999; Ansari et al., 2002; Debnath and Chaudhury, 

2010a, b). The influence of such variables on scouring phenomenon is difficult to 

investigate by analytical methods. In cohesive sediments forces such as electrostatic and 

Van der Waals forces are also important parameters. Electrostatic forces are repulsive 

forces whereas Van der Waals forces are relatively weak electromagnetic forces. These 

forces attract molecules to each other like magnet (Mitchell, 1993); and hence resist the 

scouring.  

The depth of scour around spur dikes and bridge piers in cohesive sediments is 

mainly affected by the following variables: 

 dUCSedCPfd swdshcaucc ,,,,,,,,,,       (3.1) 

Where, cd  is the scour depth in cohesive sediment, uC  is the cohesion, d is dry density, 

UCS is the unconfined compressive strength, ad is the arithmetic mean size of cohesive 
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sediment mixture, e  is the void ratio, d  is the dry density of sediment mixtures, c  and 

sh  are angle of internal friction for clay and cohesionless sediment respectively, w  is 

specific weight of water, s is specific weight of sediment, d  is instantneous scour depth 

in cohesionless sediment. The arithmetic mean size of cohesive sediment mixture )( ad is 

calculated by a procedure proposed by Kothyari and Jain (2008), Jain and Kothyari 

(2009, 2010) and Kothyari et al. (2014).  

The variables cP , uC , c , sh , s , w , ad and UCS can be written in non-

dimensional form as per Buckingham- theorem (Peerles, 1967; Kothyari and Jain, 2008 

and Kothyari et al., 2014)  
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        (3.3) 

Where, *C  is dimensionless cohesion and *  is dimensionless angle of friction of the 

mixtures of cohesive sediment. The cohesive sediment mixtures were formed by mixing 

different proportions of the clay, sand and gravel. Therefore, the parameters *C  and *  are 

the main indicators of improved cohesiveness of the cohesive sediment mixtures.  

 Using dimensional analysis, the variables UCS and t can also be written into 

dimensionless form as (Kothyari and Jain, 2008 and Kothyari et al. 2014)  
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Where, *UCS  is dimensionless unconfined compressive strength and *t  is the 

dimensionless time. The term *UCS  represents the scouring resistance of cohesive 

sediment bed.  

Thus, the Eq. (3.1) can be summarized as 

),,,,,,,( **** tUCSCPdfd wdcc        (3.6) 
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Using dimensional analysis of the various variables, Eq. (3.6) is arranged in 

dimensionless form as  
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       (3.7) 

Scour depth may be function of **.C as shear strength is directly proportional to 

the same. However, an attempt has been made to relate scour depth with ** /C  which is 

in agreement with earlier investigators too (Ansari et al., 2002; Jain and Kothyari 2009, 

2010; and Kothyari et al., 2014).   

The functional form given in the Eq. (3.7) was used to compute the scour depth 

around spur dikes and bridge piers embedded in the mixtures of cohesive sediment 

containing clay-gravel and clay-sand-gravel. The depth of scour around spur dikes and 

bridge piers in cohesionless sediment ( d  ) in the Eq. 3.7 may be obtained by using any 

suitable relationship proposed by several researchers. In the present study, the value of d  

is obtained by the relationship proposed by Kothyari et al. (2007). This relationship was 

proposed for the temporal evolution of maximum depth of scour around hydraulic 

structures (i.e. bridge pier, abutment, spur dike etc.) using large set of VAW data (Oliveto 

and Hager 2002, 2005).  

3.4 MODELING OF TEMPORAL VARIATION OF SCOUR AROUND SPUR 
DIKES AND BRIDGE PIERS EMBEDDED IN COHESIVE SEDIMENT 
MIXTURES 

For the design of foundation of any hydraulic structure (i.e. spur dikes, bridge 

piers, abutments etc.), the realistic estimation of scour depth is essential. The previous 

literatures have recommended that the estimation of time dependent depth of scour is 

more important than the estimation of maximum depth of scour for the safe and optimal 

design of foundation. In real field, most of the hydraulic structures are constructed on the 

land composed of cohesionless and cohesive sediments.  

An attempt has been made in this study to develop a mathematical model for the 

computation of temporal variation of scour depth around spur dikes and bridge piers 

founded in mixture of clay-gravel and clay-sand-gravel. The mathematical formulations 

proposed by Kothyari et al. (2007) were used for the development of the present model.   
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The transport rate of sediment mainly depends on the resultant shear stress which 

is the difference of total shear stress and critical shear stress for the incipient motion 

condition exerted by the flow. Accordingly, Kothyari et al. (2007) suggested that it is 

more realistic to relate the depth of scour around bridge elements to the difference 

between actual and the entrainment densimetric particle Froude number i.e. ( dd FF  ). 

They verified this concept by studying the variation of depth of scour with time for 

different values of ( dd FF  ) after considering a large volume of data from different 

laboratories. 

Oliveto and Hager (2002) had earlier proposed the entrainment conditions 

represented by dF , relative to circular bridge piers and rectangular elements as 

did FF            (3.8) 

Where, diF  is densimetric particle Froude number for incipient motion condition 

and   is ratio between dF  and diF . Based on Shields diagram and involving the 

dimensionless grain size *D , they proposed relationships to compute diF  based on three 

ranges of *D . 

Following Oliveto and Hager (2002, 2005), Kothyari et al. (2007) also suggested 

that the sediment entrainment is caused by presence of a flow obstructing element such as 

spur dike, pier etc. Its effect tends to become small when element width reduces and 

entrainment process is then governed exclusively by the Shields criterion. The relative 

depth thus becomes important in addition to channel geometry for the entrainment 

criterion. The analysis of data of Oliveto and Hager (2002) by Kothyari et al. (2007) 

resulted in the following relationship for dF  
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6/1)(65.1F
a

h
di d

R
    for 150* D     (3.12) 

As the sediment mixtures used in present study are highly non-uniform in nature, 

arithmetic mean size ad  rather than 50d  (Kothyari et al., 2007) has been considered for 

computations in the present study. Therefore, above Equations (2.18) to (2.22) are re-

written after replacing 50d  by ad . In the present study, geometric standard deviation g

(Kothyari et al., 2007) is also replaced by '
g  for cohesive sediment mixtures in Eq. 2.17, 

where 5084
' ddg  (Melville and Sutherland, 1988).  

Utilizing the data set of Oliveto and Hager (2002, 2005) for pier and abutment 

scour, a general relationship was presented by Kothyari et al. (2007) for temporal 

evolution of maximum depth of scour based on the similitude of Froude number. They 

relate the depth of scour to the difference between the actual and the entrainment 

densimetric particle Froude numbers as below 

Tzdd ddgR log)FF(272.0/ 3/22/1'
*  


     (3.13) 

Using the Eq. (3.13) as the basis, a computational procedure was proposed to 

determine the temporal variation of depth of scour in cohesive sediment mixtures. The 

proposed methodology is schematically described in the Fig. 3.1. It illustrates the steps to 

be followed in the computations. Details of derivation of corresponding relations given in 

Fig. 3.1 are described in the Chapter V.  
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Fig. 3.1 Algorithm for computation of the temporal variation of scour depth around spur dike and 
bridge pier founded in clay-gravel and clay-sand-gravel mixtures 
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3.5 QUADRANT ANALYSIS 

Flow characteristics around spur dike on scoured bed consisting of cohesive 

sediment mixtures are not studied so far. In present study the quadrant technique (Lu and 

Willmarth, 1973) has been used to identify the bursting trends in the flow within the 

scoured profile around the spur dike. The interaction between turbulent bursts and 

sediment motion can be determined by quadrant analysis (Cava et al., 2005 and Storm 

and Papanicolaou, 2007). The turbulent bursts events are defined by four quadrants and 

are classified as  

 Outward interaction )0',0',(  wuIQuardant .  

 Ejection )0',0',(  wuIIQuardant . 

 Inward interaction )0',0',(  wuIIIQuardant and, 

 Sweep )0',0',(  wuIVQuardant .  

In simple meaning, it is possible to spot an ejection event if a low-speed fluid with 

0' u  and an upward velocity 0' w , observed to occur simultaneously (Cellino and 

Lemmin, 2004). Here, 'w  is defined as www ' . Similarly, sweep event can be 

identified by simultaneously observing a high speed fluid moving towards the bed  0' u  

and 0' w (i.e. 'w  has downward direction). Two other events are defined as outward 

interaction when 0' u   and 0' w and inward interaction when 0' u and 0' w . These 

two events are generally observed to be less dominant in the flow field compared to 

ejection and sweep. 

 The averaged stream-wise velocities and the vertical velocities were decomposed 

into the instantaneous velocities following their sign for the quadrant analysis. This 

approach was proposed by Lu and Willmarth (1973) and is termed as ''wu  quadrant 

splitting scheme. The schematic representation of various quadrants in ''wu  plane is 

shown in Figure 3.2. The cross hatched region in this Figure is called the “hole” and is 

defined as the one bounded by the curves  

22 '''' wuHwu                 (3.12) 

Where, H = hole size representing a threshold level as given in Nezu and Nakagawa 

(1993). 
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Fig. 3.2 Definition sketch of the ''wu  plane (after Nezu and Nakagawa, 1993)  

  

The hole size ‘H’ permits to distinguish between strong and weak events. Weak 

events are included in the case of small value of hole size and only strong events are 

included in the case of large value of hole size (Cellino and Lemmin, 2004).  

 

3.5.1 Conditional Statistics of Reynolds stress 

The organization of vortices in space and time (also called coherent structures) 

control the wall turbulence. These structures are responsible for the resistance to sediment 

motion and its transport process (Mazumder and Ojha, 2007). Reynolds stresses 

contribution and turbulence productions are associated with turbulent events. They are 

demonstrated by conditional sampling technique (Lu and Willmarth, 1973; Wallece et al., 

1972). At any point in a stationary flow, the contribution to the total Reynolds stress from 

quadrant i, excluding a hyperbolic hole of size H is  

dtwuItwtuwu
T

HiTHi )''()(')('lim''
0

,,               (3.13) 

Here, angle bracket denotes a conditional average and the indicator function ‘I’ follows 

)''(, wuI Hi     1 if ( ''wu ) is in the ith quadrant and if  '''' wuHwu   

                =     0, otherwise    {  
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Here, ‘H’ is the threshold parameter in the Reynolds stress signal which enables to 

extract those values of ''wu  from the whole set of data which are greater than H times 

''wu  values. The threshold parameter ‘H’ is used here to get an idea of the relative 

importance of various quadrant events in generating shear stress of particular strength. 

The stress fraction for ith quadrant can be defined as 

''/'', , wuwuHS Hii                  (3.14) 

and it satisfies 

1
4

1
0, 

i
iS                  (3.15) 

Where, HiS ,  indicatively defines occurrence probabilities of a particular event. As per 

Ojha and Majumder (2008)  

H

H
H S

S
S

,4

,2                  (3.16) 

Equation (3.16) is a measure of relative dominance of sweep and ejection event. 

The above analysis thus enables one to map the flow field under investigation. 

The quantification of bursting trends (sweep and ejection) in the degraded or scoured 

profile of channel bed around spur dike/pier should be useful in deciding the methods for 

scour protections. 

 

3.6 CONCLUDING REMARKS 

A non-dimensional form of relationship for the computation of the depth of scour 

around spur dikes and bridge piers embedded in the mixtures of clay-gravel and clay-

sand-gravel is hypothesized. A flow chart explaining the comprehensive procedure for the 

computation of temporal variation of depth of scour around spur dikes and bridge piers in 

such cohesive mixtures has also been proposed. The conditional statistics of Reynolds 

stresses has been described to identify the bursting trends (ejection and sweep) in flow 

over a scoured bed caused due to spur dikes in cohesive sediment mixture.  
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CHAPTER - IV 

 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

 

4.1 GENERAL 

To achieve the objectives set for the study, there is a need to collect data for, (i) 

Identifying the correct parameters influencing depth of scour around spur dike and bridge 

pier embedded in clay-gravel and clay-sand-gravel sediment mixtures, (ii) Studying the 

temporal variation of depth of scour around spur dike and bridge pier founded in cohesive 

sediments consisting of clay-gravel and clay-sand-gravel mixtures, (iii) Studying the flow 

characteristics in scour hole around spur dike in such cohesive sediments mixtures (iv) 

Developing the mathematical model for computation of maximum depth of scour around 

spur dike and bridge pier founded in cohesive sediments consisting of clay-gravel and 

clay-sand-gravel mixtures. 

Keeping in view these objectives, a set of planned laboratory experiments were 

conducted on the above mentioned aspects using cohesive sediment mixtures consisting of 

clay-gravel and clay-sand-gravel in various proportions. Experiments were undertaken to 

understand the influence of cohesion on various processes of scour around spur dike and 

bridge pier. It was done by systematic variation of percentage of clay in the sediment 

mixtures. The experiments were carried out in the Laboratory of Hydraulic Engineering 

Section in the Indian Institute of Technology Roorkee, Roorkee, India. In this chapter, 

materials and equipment used and the experimental procedure followed for the present 

study are described. 

 

4.2 SEDIMENTS USED 

Three types of sediments i.e. sand, gravel and clay were used in all the experiments 

in varying proportions. Fine sand and fine gravel were considered as the base sediment in 
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case of all mixtures. In order to prepare cohesive mixture, clay was added in various 

proportions to the base sediment. Detailed engineering properties of all the sediments and 

their mixtures were determined after conducting various tests. The details of the properties 

are described herein. 

 

4.2.1 Properties of Clay, Sand and Gravel 

The clay dug out from 1.0m depth below the ground surface was used in the 

experiments. The properties of the clay and its mixtures were determined as per Indian 

Standard Code (IS-1498, 1970; IS-2720-29, 1975 and IS-2720-10, 1991). A laser particle 

size analyzer was used to find out the median size of clay particle. The median size ( 50d ) 

of clay, sand and gravel were 0.0014mm, 0.24mm and 2.7mm respectively. The geometric 

standard deviation )( 1684 ddg  for the same was 2.16, 1.41 and 1.21 respectively. The 

relative density of sand and gravel was 2.65. Figure 4.1 depicts particle size distribution 

curve for clay, sand and gravel. Figure 4.2 (a-c) shows the photographic view of the clay, 

sand and gravel used in the experiments.  

 

Fig. 4.1 Grain size distribution of clay, sand and gravel 
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  (a)    (b)    (c) 

Fig. 4.2 View of bed materials (a) clay, (b) sand and (c) gravel 

The engineering properties of clay material were: liquid limit (LL) = 43%, plastic 

limit (PL) = 22% and plasticity index (PI) = 21%, optimum moisture content (OMC) = 

19%, maximum dry density  maxd = 16.43 kN/m3, cohesion at OMC, uC = 49.23 kN/m2, 

angle of friction at OMC ( )( c = 30.7o and relative density = 2.65.  

The X-Ray Fluorescence (XRF) test was conducted to determine the percentage of 

various oxides present in the different composition of sediment mixtures. The result of 

XRF test is shown in Table 4.1. The mineralogical properties of clay were determined by 

X-ray diffraction (XRD) test. The results of the XRD test are shown in Fig. 4.3. The 

analysis showed the presence of minerals in the clay as Illite = 77.5%, Kaolinite = 18% 

and Montmorillonite = 4.5%. The running conditions for XRD test are summarized below: 

Radiation K (Potassium) Voltage 40 KV 

Target Cu (Copper) Range 2 KC/s 

Filter Ni (Nickel) Chart speed 1 cm per minute 

Scanning angle 4o to 40o of 2α Goniometric speed 1o of 2 α / minute 

Current 30 mA   
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Table 4.1: The results of XRF test for various compositions of sediment mixtures 

 

 
Fig. 4.3 Results of X-Ray Diffraction test for clay 
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Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 Sum LOI 

% % % % % % % % % % % % 

1 100% Clay 1.14 3.70 17.74 58.18 0.12 3.87 1.07 0.72 0.11 6.95 93.60 6.70 

2 100% Sand 0.58 0.44 4.34 90.97 0.02 0.91 0.33 0.19 0.03 1.17 98.98 0.94 

3 100% Gravel 1.22 3.01 7.51 72.77 0.09 1.45 3.43 0.35 0.06 2.68 92.57 6.57 

4 50 % Sand + 50 % Gravel 0.96 1.67 5.79 81.97 0.04 1.10 1.44 0.26 0.04 1.86 95.13 3.43 

5 10% Clay +90 % Gravel 1.16 2.95 9.73 69.60 0.10 1.74 3.33 0.40 0.06 3.29 92.36 6.18 

6 20% Clay +80 % Gravel 1.23 3.04 10.07 68.92 0.09 2.01 3.16 0.43 0.07 3.48 92.50 6.29 

7 30% Clay +70 % Gravel 1.31 2.87 10.72 70.03 0.08 2.22 2.70 0.46 0.07 3.71 94.17 6.41 

8 40% Clay +60 % Gravel 1.28 3.07 12.15 66.24 0.08 2.47 2.64 0.49 0.08 4.39 92.89 6.23 

9 50% Clay +50 % Gravel 1.16 3.29 13.26 64.96 0.11 2.79 3.00 0.55 0.08 4.57 93.77 6.91 

10 10% Clay+45 % Sand + 
45% Gravel 1.07 1.72 7.83 78.53 0.08 1.51 1.61 0.33 0.05 2.49 95.22 3.59 

11 20% Clay+40 % Sand + 
40% Gravel 1.11 2.33 9.93 73.88 0.06 1.76 1.87 0.37 0.06 2.89 94.26 4.43 

12 30% Clay+35 % Sand + 
35% Gravel 1.13 2.23 10.20 72.99 0.07 1.99 1.57 0.41 0.07 3.41 94.07 4.37 

13 40% Clay+30 % Sand + 
30% Gravel 1.13 2.40 11.78 71.49 0.08 2.35 1.45 0.47 0.08 4.09 95.32 4.61 

14 50% Clay+25 % Sand + 
25% Gravel 1.20 2.87 12.70 67.82 0.09 2.63 1.92 0.51 0.08 4.53 94.35 5.53 
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Maximum dry density and optimum moisture content of clay-gravel and clay-sand-

gravel mixtures were found out following the standard Proctor compaction test. The 

results obtained are shown in Fig. 4.4 and Fig. 4.5.   

 
Fig. 4.4 Variation of dry density and optimum moisture content of clay-gravel mixtures for 

different clay percent by standard Proctor compaction method 

 

 

Fig. 4.5 Variation of dry density and optimum moisture content of clay-sand-gravel 
mixtures for different clay percent by standard Proctor compaction method 
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4.3 DETAILS OF EXPERIMENTAL SET UP 

4.3.1 Flume 

Extensive experiments were carried out in a fixed bed masonry flume. It was 

25.0m long, 1.0m wide and 0.35m deep. The flume setup has a maximum discharging 

capacity of 120 l/s. The experiments were conducted on two bed slopes viz; 0.003 and 

0.005. The slope of the flume was changed to 0.005 by pasting the cementing material 

from upstream to downstream of the flume. Flume had 4.0m long, 1.0m wide and 0.60m 

deep test section. The test section was at 12m downstream of the flume entrance. A 

constant flow rate was maintained into the flume with the aid of an over head tank. The 

mixture of cohesive sediment was filled into the test section up to the channel bed level. A 

layer of sediment being used in the respective experiment was pasted and leveled 

uniformly in order to create the roughness on the upstream of test section similar to that in 

the test section. The general view of the experimental setup is shown in Fig. 4.6. 

 
Fig.4.6 Photographic view of the experimental flume 
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4.3.2 Slope and Discharge Measurement  

The slope of the flume was measured with the help of two containers. These 

containers were connected at their bottom by a long plastic tube. They were positioned on 

the flume bed at predetermined distant locations along the length of the flume. Sufficient 

care was taken to remove the air bubbles from the connecting tube. The containers were 

allowed for sufficient time to equalize water levels in them. The water levels in both the 

containers were measured by means of a point gauge mounted on rails parallel to the bed 

surface. The water level difference between these two containers gave the vertical drop of 

flume for that length. The surveyor’s level was also used to cross check the slope of the 

flume. Both the methods gave results very close to each other. However, slope measured 

with the former procedure has been adopted for computation purposes. Discharge in the 

flume was measured by a sharp crested weir installed at the downstream end of the flume. 

The tail gate provided at downstream end of the flume was used to regulate the depth of 

flow in it. 

 

4.3.3 Preparation of Cohesive Sediment Bed 

Firstly, the clay obtained from the field was dried in the sunlight. It was then 

ground to convert into powder form. This powder clay was used in the preparation of 

cohesive sediment mixture. Its proportion was varied from 10% to 50% by weight. 

Accurately weighed clay powder, sand and gravel were mixed thoroughly. Water was 

then added into this mixture. It was again mixed uniformly. The prepared mixture was left 

covered with a polythene sheet for 24 hours. It was done to achieve uniform distribution 

of moisture throughout the sediment mixture. The sediment mixture was again mixed 

thoroughly prior to placing it into the test section. The spur dike was then fitted in the 

groove (provided in the side wall of the flume) prior to filling of sediment into the test 

section of the flume. The test section was filled with the prepared cohesive sediment 

mixture. Sediment mixture in the test section was compacted by the dynamic compaction 

method. The dynamic compaction method was successfully applied by Hanson (1990), 

Robinson and Hanson (1995), Hanson and Hunt (2006), Kothyari and Jain (2008), Jain 

and Kothyari (2009) and Kothyari et al. (2014). 

The filled sediment mixture was compacted in three different layers of 0.10m 

thickness each. These layers were compacted with the help of a cylindrical roller of 
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0.63m length and 0.23m diameter (Fig. 4.7,a). The dead weight of cylindrical roller was 

100N and it can be raised up to 200N by filling the water inside it. A wooden rammer was 

used to compact the sediments at the sides of the channel and area near by spur dike. The 

rammer was 0.40m long, 0.10m wide and 0.07m thick (Fig. 4.7,b). The previous 

(existing) layer was made rough using trowel before laying next layer over it to provide 

proper bonding between the consecutive layers. A sharp edge trowel was used to remove 

(trim off) additional sediment from the bed. The trimmed bed surface was then 

smoothened using the wooden template starting from beginning to the end of the test 

section. The final thickness of sediment bed in the test section was 0.30m.  

Upon completion of bed preparation, the samples were taken from three locations 

for the measurement of bulk density, antecedent moisture content and unconfined 

compressive strength. The tests were carried out to ensure that placement and compaction 

of sediment mixture was uniform. The values of bulk density, antecedent moisture content 

and unconfined compressive strength were found to be alike at all three positions. Finally, 

the prepared bed of sediment mixture was saturated for 24 hours before the beginning of 

each experimental run. 

 

               
Fig. 4.7 A view of compaction of the channel bed by (a) roller and (b) rammer 
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4.3.4 Spur Dikes 

Three spur dikes with transverse length of 6.10cm, 8.90cm and 11.52cm were used 

in the partially submerged spur dike experiments. However, dike with 11.52cm transverse 

length was used in the submerged spur dike experiments. The height of the partially 

submerged spur dikes was 60cm in all cases. The spur dikes were made of 3mm thick 

metal sheet. In all the experiments, single spur dike was installed at o90 angle to the 

direction of flow (Fig. 4.7). The spur dike was installed at 14m downstream to the flume 

entrance. A 3mm transparent perspex sheet was used to cover the area around the spur 

dike to prevent scour around spur dike before flow attains the predetermined hydraulic 

conditions. 

  

4.3.5 Piers 

Three sizes of cylindrical iron pipes of outer diameter 11.52cm, 8.9cm and 6.1cm 

were used in the experiments. All three sizes of piers were used in the case of cohesionless 

sediment while experiments with cohesive sediment mixtures were conducted with first 

two sizes of piers viz; 11.52cm and 8.9cm. The surfaces of the pipes were painted to give 

a smooth finish. 

 

4. 4 MEASUREMENTS 

4.4.1 Antecedent Moisture Content 

 For the measurement of the antecedent moisture content of the prepared bed, three 

samples were taken from different locations along the test section. These samples were 

brought to the lab. They were weighed accurately and kept in an oven at a temperature of 

105o for a period of 24 hours. Oven dried samples are again accurately weighed. The 

difference between the weight of the wet and dry samples gave the moisture content of 

the bed. 

4.4.2 Measurements of Dry Density and Unconfined Compressive Strength 

Following the Indian Standard Code (IS: 2720-Part XXIX, 1975), standard core 

cutter method was used to determine the bulk unit weight of the sediment. The values of 

measured antecedent moisture content and bulk density were used to calculate the dry 
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density of the sediment mixture. The computed value of the dry density was used to 

calculate the void ratio of the cohesive sediment bed. 

For the determination of the unconfined compressive strength of the cohesive 

sediment bed, three cylindrical samples were taken from different locations along the 

compacted bed. These samples were tested in unconfined compression apparatus to 

determine the unconfined compressive strength of the bed as per Indian Standard Code 

(IS: 2720-Part X, 1991). 

 

4.4.3 Flow and Scour Depths Measurements 

The approaching flow depth and scour depth were measured by a vertical point 

(1.2m in length graduated to centimeters and millimeters) with flat bottom having an 

accuracy of 0.1mm. The flat bottom point gauge was used to avoid the penetration of 

gauge in the scoured bed while measuring the scour depth. 

                    
(a)       (b) 

Fig. 4.8(a-b) Measurement of unconfined compression strength of sediment mixture 
sample 

 

4.4.4 Acoustic Doppler Velocimeter 

Numerous intrusive and non-intrusive techniques and instruments have been 

developed to study the flow pattern/ turbulent characteristics in an open channel flow. Out 

of that, one type is point or probe measurement in which a sensing instrument is inserted 

into the flow to measure the flow properties. Reddy et al. (2012) used Particle Image 

Velocimetry (PIV) for turbulence analysis of flow. Another such instrument is the 
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Acoustic Doppler Velocimeter (ADV). Vectrino+ Acoustics Doppler velocimeter (ADV) 

manufactured by NORTEK, Denmark was used to measure the instantaneous velocities. 

As the name itself suggests, it is based on the Doppler shift principal. ADV records very 

accurate three dimensional instantaneous velocities (Kraus et al., 1994). The ADV has 

one sound emitter transducer and four receiving transducers. The ADV measures the 

velocity within a sampling volume of approximately 0.09cm3 located 5cm away from the 

sensing elements. Owing to this instrumental constraint, the velocity of the top 5cm flow 

depth was not measured. The sound emitter generates an acoustic signal that is reflected 

back by sound-scattering particles present in the water, which are assumed to move with 

the same velocity as of water. The scattered sound signal is detected by the receivers and 

the flow velocity in three directions is calculated. 

The evaluation of ADV for its utility in turbulence analysis showed that ADV can 

measure the velocity and Reynolds shear stress within ±1% accuracy of estimated true 

value (Voulgaris and Trowbridge, 1998). Ali and Lim (1986) and Liriano and Day (2000) 

studied the velocity inside a scour hole using ADV. Dey and Raikar (2007) studied flow 

through loose gravel bed with ADV. Kumar et al. (2011) studied the flow pattern in the 

scour hole and in the wake region using ADV. Based on the literature and wide 

acceptance of ADV, it has been selected for the turbulence analysis in this study. The 

measurements were taken at any particular point for long durations to ensure that 

observations become stationary. The instantaneous three-dimensional velocities were 

measured around the spur dike. Figure 4.9 shows the measurement of data using ADV. 

 
Fig.4.9 Data measurement by Vectrino+ ADV 



60 
 

4.5 EXPERIMENTAL PROCEDURE 

Experiments are conducted in two series, first to measure the depth of scour in 

cohesionless and cohesive sediments and second to measure the flow pattern around the 

spur dikes (partially submerged and submerged) using ADV. 

 

4.5.1 Spur Dike Scour 

Before the start of an experimental run, a single spur dike (partially submerged or 

submerged) was installed 14m downstream of the flume entrance in the groove provided 

in the side wall of the flume. Spur dike was at 90 angle to the direction of flow. The 

channel bed with cohesive sediment mixtures was prepared by following the steps 

explained in section 4.3.3. The area around the spur dike was covered with 3mm thick 

transparent perspex sheet (Fig. 4.10) in order to prevent any scouring before the flow 

attains the predetermined flow conditions. Initially, the flume was filled with water at a 

very low rate. When required flow depth and discharge were achieved in the flume, the 

perspex sheet was taken out very cautiously ensuring that no scouring takes place during 

removal of the sheet. The depth of scour was measured at various time intervals.  

 
Fig 4.10 Covering nearby area around spur dike by a transparent perspex sheet prior to 

start of an experimental run 
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4.5.1.1 Scour around partially submerged spur dike in cohesionless sediments 

A total of six experimental runs were carried out in cohesionless sediments (i) 

gravel (ii) mixture of sand and gravel (in equal proportion by weight). Three partially 

submerged spur dikes, each of 0.061m, 0.089m and 0.1152m transverse length and 0.60m 

in height were selected for the experiments. The sediment bed was leveled prior to 

running the each experiment. All experiments were conducted under clear water condition 

for a period of 18-20 hours or till equilibrium condition was reached. An equilibrium 

condition was supposed to achieve when the two consecutive scour depth of measurement 

were found to same or 1mm difference within 3-4 hours of measurements. The ranges of 

hydraulic parameters for these experiments are given in Table 4.2. Appendix- A shows 

the sediment and hydraulic details of the data of cohesionless sediments. 

 

Table 4.2 Range of data for scour around partially submerged dike in cohesionless 
sediments 

'
ad (mm) h  (m) oU (m/s) oS (-) uned (m) 

ujed (m) 

1.47 – 2.70 0.112 - 0.125 0.41 – 0.55 0.003 0.073 – 0.180 0.073 – 0.197 

Here, '
ad  is the arithmetic mean size of cohesionless sediment (base sediment) and oS is 

the bed slope of channel, h is the approaching flow depth, oU  is the approaching flow 
velocity, uned is the equilibrium depth of scour at the nose of partially submerged spur 

dike in cohesionless sediments and ujed  is the equilibrium depth of scour at the junction 
of wall and partially submerged spur dike in cohesionless sediment. 

4.5.1.2 Scour around spur dikes in cohesive sediments 

A total of 40 experimental runs were conducted with spur dikes in cohesive 

sediment mixtures (30 experiments with partially submerged spur dike and 10 

experiments with submerged spur dike). The runs were conducted using three different 

sizes of partially submerged spur dikes explained in section 4.5.1.1. In addition, a 

submerged spur dike of 0.1152m transverse length was also used in the experiments 

conducted on cohesive sediment mixtures. To quantify the influence of cohesion on the 

depth of scour around spur dike (partially submerged and submerged), the experiments 

were conducted in two series viz; (a) clay percentage varying from 10 to 50% was mixed 

with fine gravel by weight and (b) clay percentage varying from 10 to 50% was mixed 
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with equal proportion of fine sand and fine gravel by weight. The initial dry density and 

unconfined compressive strength were measured to quantify compaction of the prepared 

sediment bed. 

All experiments were conducted for a period of 24-40 hours or till equilibrium 

condition was reached. The ranges of hydraulic parameters for partially submerged spur 

dike are given in Table 4.3 and Table 4.4 for clay-gravel and clay-sand-gravel mixture 

respectively. Appendix-B and Appendix-C show the sediment and hydraulic details of 

partially submerged dike embedded in clay-gravel mixtures and clay-sand-gravel 

mixtures respectively. The ranges of hydraulic parameters for submerged spur dike are 

given in Table 4.5 and Table 4.6 in case of clay-gravel and clay-sand-gravel mixtures 

respectively. Data on temporal variation of scour depth at nose (dcun) and at the wake 

(dcuw) of the partially submerged spur dike in clay-gravel and clay-sand-gravel sediment 

mixtures is given in Appendix-D.  

Appendix-E shows the sediment and hydraulic details of submerged spur dike for 

the same. Data on temporal variation of scour depth at nose (dcsn) and at the wake (dcsw) 

of the submerged spur dike in clay-gravel and clay-sand-gravel sediment mixtures is 

given in Appendix-F. For documentation, the experimental runs of clay-gravel sediment 

mixtures were designated as DpCG1.1, DsCG3.3, PCG5.5 etc. Here, first character stands 

for type of structure i.e. partially submerged spur dike (Dp), submerged spur dike (Ds) and 

pier (P) etc., second character stands for clay (C), third character stands for gravel (G), 

the fourth character stands for clay percentage and fifth character (after decimal) stands 

for experiment number. Similarly the experimental runs of clay-sand-gravel mixtures 

were designated as DpCSG1.1, DsCSG4.2, PCSG5.5 etc. Here, SG stands for sand-gravel 

and meaning of other characters remain same. 

Table 4.3 Range of data on scour around partially submerged spur dike in cohesive 
sediments consisting of clay-gravel mixtures  

cP  

(%) 

ad  

(mm) 

W  

(%) 
d  

(kN/m3) 

e  

(-) 

UCS  

(kN/m2) 

h  

(m) 
oU

(m/s) 
oS  

(-) 
cuned

(m) 
cuwed

(m) 

10-  

50 

1.357- 

2.431 

5.59- 

17.51 

13.22- 

18.26 

0.42- 

0.92 

0.0- 

16.76 

0.072- 

0.122 

0.578- 

1.222 

0.003-

0.005 

0.0- 

0.149 

0.017- 

0.128 

 Here, cuned and cuwed is an equilibrium depth of scour in cohesive sediment mixtures at 
nose and at the wake of the partially submerged spur dike respectively.  
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Table 4.4 Range of data on scour around partially submerged spur dike in cohesive 
sediments consisting of clay-sand-gravel mixtures  

cP  

(%) 

ad  

(mm) 

W  

(%) 
d  

(kN/m3) 

e  

(-) 

UCS  

(kN/m2) 

h  

(m) 
oU

(m/s) 
oS  

(-) 
cuned

(m) 
cuwed

(m) 

10-  

50 

0.742- 

1.324 

8.46- 

13.70 

17.29- 

19.11 

0.37- 

0.55 

0.0- 

53.53 

0.071- 

0.135 

0.504- 

1.201 

0.003- 

0.005 

0.0- 

0.150 

0.005- 

0.148 

  

 

Table 4.5 Range of data on scour around submerged spur dike in cohesive sediments 
consisting of clay-gravel mixtures  

cP  

(%) 

ad  

(mm) 

W  

(%) 
d  

(kN/m3) 

e  

(-) 

UCS  

(kN/m2) 

h  

(m) 
oU

(m/s) 
oS  

(-) 
csned

(m) 
cswed

(m) 

10-  

50 

1.357- 

2.431 

5.57- 

16.80 

13.98- 

20.54 

0.27- 

0.86 

0.0- 

15.14 

0.077- 

0.125 

0.555- 

0.142 

0.003- 

0.005 

0.010- 

0.120 

0.036- 

0.109 

 Here csned and cswed is equilibrium depth of scour in cohesive sediment mixtures at nose 
and at the wake of the submerged spur dike respectively.  
 
 
 
Table 4.6 Range of data on scour around submerged spur dike in cohesive sediments 

consisting of clay-sand-gravel mixtures  

cP  

(%) 

ad  

(mm) 

W  

(%) 
d  

(kN/m3) 

e  

(-) 

UCS  

(kN/m2) 

h  

(m) 
oU

(m/s) 
oS  

(-) 
csned

(m) 
cswed

(m) 

10-  

50 

0.742- 

1.324 

8.58- 

13.92 

17.17- 

18.91 

0.37- 

0.51 

0.0- 

54.61 

0.084- 

0.130 

0.489- 

1.105 

0.003- 

0.005 

0.003- 

0.120 

0.026- 

0.132 

 

4.5.2 Pier Scour 

 

4.5.2.1 Pier scour in cohesionless sediments 

Similarly, total six experimental runs were conducted in cohesionless sediments in 

case of pier in (i) gravel (ii) mixture of sand and gravel (in equal proportion by weight). 

The experimental runs were conducted using three different sizes of piers. The diameter 

of piers was 0.061m, 0.089m and 0.1152m. All piers were 0.60m high. A series of 

experimental runs started with three runs on gravel bed, followed by three runs on bed 
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composed of equal proportion of sand and gravel. The pier was installed 14m downstream 

of the flume entrance. All experiments were conducted following the procedure as 

explained in section 4.5.1. The ranges of hydraulic parameters for these experiments are 

given in Table 4.7. Appendix-G shows the sediment and hydraulic details of the 

experimental runs on cohesionless sediments. In cohesionless sediments, the maximum 

depth of scour was observed at the nose of the pier. 

 

 
Fig 4.11 Covering nearby area around pier by a transparent perspex sheet prior to start of 

an experimental run 
 
 
Table 4.7 Range of data for scour around pier in cohesionless sediments 

'
ad (mm) h  (m) oU (m/s) oS (-) 

pned (m) 

1.47 – 2.70 0.112 - 0.125 0.386 – 0.55 0.003 0.048 – 0.166 

Here, pned is an equilibrium depth of scour at the nose of pier in cohesionless sediments. 

4.5.2.2 Pier scours in cohesive sediment mixtures 

A total of 20 experimental runs were conducted in cohesive sediment mixtures on 

pier scour. The runs were conducted using two piers of 0.089m and 0.1152m in diameter. 
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An approach similar to that followed for the quantification of the influence of cohesion on 

scouring around spur dike was also followed for pier scour.  

The ranges of data considered in the experimental investigation are given in Table 

4.8 and Table 4.9 for clay-gravel mixtures and clay-sand-gravel mixtures respectively. 

Appendix-H shows the sediment and hydraulic parameters of cohesive sediments 

consisting of clay-gravel mixtures collected in the present study, whereas Appendix-I 

shows the same for cohesive sediments consisting of clay-sand-gravel mixtures. Data on 

temporal variation of scour depth at sides (dcps) and at the wake (dcpw) of the pier in clay-

gravel and clay-sand-gravel sediment mixtures is given in Appendix-J. 

 

Table 4.8 Range of data on scour around bridge pier in cohesive sediments 
consisting of clay-gravel mixtures  

cP  

(%) 

ad  

(mm) 

W  

(%) 
d  

(kN/m3) 

e  

(-) 

UCS  

(kN/m2) 

h  

(m) 
oU

(m/s) 
oS  

(-) 

cpsd  

(m) 

cpwd  

(m) 

10-  

50 

1.357- 

2.431 

5.46- 

17.36 

12.76- 

18.10 

0.44- 

1.04 

0.0- 

16.11 

0.087- 

0.125 

0.573- 

1.011 

0.003- 

0.005 

0.029- 

0.124 

0.013- 

0.083 

 Here, cpsd and cpwd is an equilibrium depth of scour at side and at the wake of the pier in 

cohesive sediments mixture bed.  
 

Table 4.9 Range of data on scour around bridge pier in cohesive sediments 
consisting of clay-sand-gravel mixtures  

cP  

(%) 

ad  

(mm) 

W  

(%) 
d  

(kN/m3) 

e  

(-) 

UCS  

(kN/m2) 

h  

(m) 
oU

(m/s) 
oS  

(-) 

cpsd  

(m) 

cpwd  

(m) 

10-  

50 

0.742- 

1.324 

8.37- 

13.88 

17.34- 

19.61 

0.33- 

0.50 

0.0- 

54.07 

0.08- 

0.127 

0.534- 

1.066 

0.003- 

0.005 

0.020- 

0.140 

0.018- 

0.111 

 

4.5.3 Flow Pattern around Spur Dikes 

The study of the flow field, turbulence characteristics and Reynolds stresses were 

planned within the scour hole around the spur dike. A down looking 16MHz Vectrino+ 

microADV was used to measure instantaneous velocities in the three spatial direction x, y 

and z at a sampling rate of 25Hz. In the data analysis, positive x- axis was along the flow 
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direction, the positive y- axis was across the left of flow and positive z- axis was 

vertically upward. The ADV measurements were taken in only two experimental runs; 

one with partially submerged spur dike and another with submerged spur dike embedded 

in clay-gravel sediment mixture (30% clay + 70% gravel).  

Once equilibrium conditions were achieved, the flow was stopped and the bed was 

allowed for sufficient time to drain out the water. The dried scour hole was fixed by 

spraying the regin (instant adhesive) over it. After fixing of the scour hole, ADV 

measurements were taken at various cross sections as shown in Fig.4.12. The origin 

(0,0,0) is also shown in figure. In all, observations were taken at 68 locations in case of 

both runs (Fig. 4.12). At each measuring node 1,800 instantaneous three dimensional 

velocities were recorded. The lowest point of measurement was 5mm above the channel 

bed. Up to two centimeters from the bed, the measurements were made at 5mm interval, 

while the interval was kept 1cm in higher region. 

The data collected from the ADV had the file extension “.vno”. Using the 

Vectrino Plus software, the “.vno” files were converted to “.adv” files that were readable 

by the WinADV software. WinADV has the capacity of processing multiple files at a 

time. After the conversion, the raw data was filtered with using WinADV software by 

Phase-space threshold despiking method (Goring and Nikora, 2002) and communication 

errors were filter out. The measured velocities in the processed data file were used to 

calculate the following turbulence characteristics: (a) mean velocities in the longitudinal, 

transverse, and vertical directions denoted asu , v , w  respectively; (b) Reynolds stresses, 

''vu , ''wu , and ''wv  in which 'u , 'v and 'w are velocity fluctuations in 

longitudinal, transverse, and vertical directions, respectively.  
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Fig. 4.12 Systematic plot of measuring grid 
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CHAPTER – V 

 

ANALYSIS OF DATA, RESULTS AND DISCUSSIONS 

 

5.1 GENERAL 

Since, no data is available on scour around spur dikes (partially submerged and 

submerged) founded in cohesive sediment mixtures consisting of clay-gravel and clay-

sand-gravel mixtures, the data collected during the present study only were analyzed and 

results obtained are discussed in this Chapter. The scour around bridge piers founded in 

cohesive sediment mixtures consisting of clay-gravel and clay-sand-gravel was carried 

out by Kumar (2011) only, but the clay used for the preparation of mixtures had very low 

plasticity index (PI= 6.16%). Therefore, few more experiments were carried out in the 

present study with clay having large plasticity index (PI = 21%). Based on the functional 

relationships derived in Chapter-III, new methods are proposed for the computation of 

maximum depth of scour around spur dikes and bridge piers embedded in cohesive 

sediment mixtures consisting of clay-gravel and clay-sand-gravel mixtures.  

Using the method developed, a computational procedure was evolved to predict 

temporal variation of depth of scour in such cohesive sediment mixtures. The study of 

flow structure, turbulence characteristics and Reynolds stresses were done through the 

analysis of data recorded using ADV around the spur dikes after development of scour. In 

the present study partially submerged spur dike, fully submerged spur dike and bridge 

pier were used in the experiments.  

Keeping the above discussion in view, the experimental results were divided into 

following sections: 

5.2 Scour around partially submerged spur dike founded in cohesive sediment mixtures 

5.3 Scour around submerged spur dike founded in cohesive sediment mixtures 

5.4 Scour around bridge piers founded in cohesive sediment mixtures 

5.5 Flow characteristics around partially submerged and submerged spur dikes 
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5.2 SCOUR AROUND PARTIALLY SUBMERGED SPUR DIKE FOUNDED 
IN COHESIVE SEDIMENT MIXTURES 

In the present study, three different sizes of spur dikes, each having transverse 

length of 6.10cm, 8.90cm and 11.52cm were used for the experiments. All spur dikes 

were 60cm high. The spur dikes were made of 3mm thick metal sheet. In all the 

experiments, single spur dike was installed 14m downstream to the flume entrance at an 

angle of o90 angle to the direction of flow. A 3mm transparent perspex sheet was used to 

cover the area around the spur dike to prevent scour around spur dike before the start of 

experiment. The flume was initially filled with water at very low rate. When required 

flow depth and discharge were achieved in the flume, the perspex sheet was taken out 

very cautiously ensuring that no scouring takes place around the spur dike during the 

removal of sheet. The temporal variation of scour depth was measured by point gauge 

having an accuracy of 1.0 mm.  

The ranges of different measured parameters and experimental conditions are 

presented in Appendix-B and Appendix-C for cohesive sediment bed composed of clay-

gravel mixtures and clay-sand-gravel mixtures respectively. 

5.2.1 Visual Observations 

From the laboratory experiments of scouring around partially submerged spur dike 

founded in cohesionless sediment, it was observed that scouring started from the nose of 

the spur dike immediately after the beginning of each experimental run. The maximum 

depth of scour was observed at the junction of wall and spur dike in cohesionless 

sediment. Similar result was also obtained by Ballio et al. (2010). However, in case of 

cohesive sediment bed, the scouring started from the wake region of the spur dike as 

shown in Figs. 5.1(a) and 5.1(b). In cohesive sediment, the maximum depth of scour was 

observed at wake region of the spur dike.  



71 
 

     
Fig. 5.1 Initiation of scour at partially submerged spur dike in cohesive sediment mixtures  

(a) 30% Clay + 70% Gravel and (b) 10% Clay + 45% Sand + 45% Gravel  

No significant sediment deposition was observed in wake zone of the spur dike in 

the experiments conducted in cohesive sediment mixtures bed except experiments with 

10% clay. It was contrary to experiments conducted on cohesionless sediment bed in 

which significant deposition was observed to occur at wake region of spur dike. The 

scour pattern around spur dike was more or less similar to cohesionless sediment at 10% 

clay content in clay-gravel mixture and %20  in clay-sand-gravel mixture [See Figs. 5. 

2(a) and 5.2(b)]. In such cases, significant scour occurred at upstream of spur dike as 

well. At 10% clay content, the depth of scour was greater at spur dike nose than that of its 

wake in both types of cohesive sediment mixtures. 

 

    
Fig. 5.2 Pattern of scour around partially submerged spur dike in cohesive sediment 

mixtures (a) 10% Clay + 90% Gravel and (b) 20% Clay + 40% Sand +40% 
Gravel 

(a) (b) 

(a) 

Run no DPCG1.3 
Pc = 10% 
b = 0.061 m 
Uo = 0.603 m/s  
UCS = 0 

Flow 

(b) 

Run no DPCSG2.1 
Pc = 20% 
b = 0.1152 m 
Uo = 0.657 m/s 
UCS = 11.52 kN/m2 

Flow 
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At clay content %20  in cohesive sediment mixture, the scouring took place with 

removal of individual sediment particles. It was observed that the rate of sediment 

removal was faster at lower clay percentage in sediment bed as compared to higher clay 

content. At higher percentage of clay %)30( scouring started with removal of sediment 

in the form of flakes. Similar processes of sediment inception were observed in clay-sand 

mixture bed by Ansari et al. (2002). It was also observed in the case of detachment and 

transports of sediment from cohesive sediment bed containing clay-gravel and clay-sand-

gravel (Jain and Kothyari 2009, 2010) and in the process of scour around pier (Kothyari 

et al., 2014). At clay content %30 , smaller scour depth occured at nose of spur dike than 

that of wake region in both types of cohesive sediment mixtures. Various shapes of scour 

hole were observed in the cases of different clay content presents in the sediment mixture 

bed. In case of 30% clay content in sediment bed, a deep vertical scour hole (almost 

cylinder) was observed at the end of experimental run [see Figs 5.3(a) and 5.3(b)]. The 

shape of scour hole changes with the augment of clay content in sediment bed. In case of 

clay content %40  the depth of scour was observed to reduce. However, the areal extent 

of scour increased in the wake zone of spur dike as shown in Figs. 5.4(a) and 5.4(b). In 

case of some experimental runs conducted with the highest clay content %)50( and the 

smallest transverse length of spur dike, very less or negligible scour depth was noticed to 

occur at wake region of the spur dike (see Appendix-B and Appendix-C). 

 

     
Fig. 5.3 Pattern of scour around partially submerged spur dike in cohesive sediment 
mixtures (a) 30% Clay + 70% Gravel and (b) 30% Clay + 35% Sand + 35% Gravel 

Run no DpCG3.2 
Pc = 30% 
b = 0.089 m 
Uo = 0.735 m/s 
UCS= 9.95 kN/m2 

Flow 

(a) 
Run no DpCSG3.1 
Pc = 30% 
b = 0.1152 m 
Uo = 0.681 m/s 
UCS=41.63 kN/m2 

Flow 

(b) 
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Fig. 5.4 Pattern of scour around partially submerged spur dike in cohesive sediment 
mixtures (a) 40% Clay + 60% Gravel and (b) 40% Clay + 30% Sand + 30% Gravel 

 
In order to investigate the influence of clay percentage and unconfined 

compressive strength on the depth of scour at nose ( cund ) and at the wake of partially 

submerged spur dike ( cuwd ), Figs. 5.5 to 5.8 were prepared.  From these Figs. 5.5 and 5.6, 

it is evident that the maximum scour depth reduced with an augment of clay fraction in 

cohesive sediment mixtures. Similarly, the scour depth also decreased with an 

enhancement in unconfined compressive strength of the mixtures of cohesive sediment 

(Figs. 5.7 and 5.8). Kothyari et al. (2014) also identified the clay percentage and 

unconfined compressive strength as main parameters to affect scour depth in pier wake 

zone in mixtures of cohesive sediment composed of clay-gravel and clay-sand-gravel. 

Jain and Kothyari (2009, 2010) also quantified clay percentage and unconfined 

compressive strength of the cohesive sediment mixture to act as controlling parameter to 

affect the transport rate of bed load and suspended load composed of clay-gravel and 

clay-sand-gravel. 

Run no DpGC4.1 
Pc = 40% 
b = 0.1152 m 
Uo = 0.936 m/s 
UCS= 16.22 kN/m2 

Flow 

(a) (b) Run no DpGSC5.1 
Pc = 50% 
b = 0.1152 m 
Uo = 1.184 m/s 
UCS= 50.82 kN/m2 

Flow 
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Fig. 5.5 Variation of scour depth with time at nose of the partially submerged spur dike 
for various clay percentages in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.6 Variation of scour depth with time at the wake of the partially submerged spur 
dike for various clay percentages in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.7 Variation of scour depth with time at nose of the partially submerged spur dike 

for various clay unconfined compressive strength of clay-gravel mixtures 
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Fig. 5.8 Variation of scour depth with time at the wake of the partially submerged spur 

wake for various unconfined compressive strength of clay-sand-gravel mixtures 
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5.2.2 Depth of Scour at Nose and at the Wake of the Partially Submerged Spur Dike 
in Cohesive Sediment Mixtures 

In this section, the effect of cohesive parameters on scour depth around partially 

submerged dike is analyzed and discussed.  

Figures 5.9 and 5.10 present the variation of dimensionless scour depth with time 

at nose and at the wake of the spur dike for different clay percentage present in sediment 

bed composed of clay-gravel and clay-sand-gravel. In these figures cund and cuwd are 

observed depth of scour at nose and at the wake of spur dike in cohesive sediment 

mixtures respectively. Very small depth of scour (<1cm) was observed at nose of the spur 

dike in clay-sand-gravel mixture containing clay %40  (Appendix- C), hence, these data 

were dropped from the analysis (Fig. 5.10). The depth of scour was observed to be much 

smaller in the case of cohesive sediments mixture as compared to same sized (non-

uniform) cohesionless sediment. Figures 5.9 and 5.10 show that depth of scour in 

mixtures of cohesive sediment was considerably different due to the presence of clay in 

the mixture. However, an organized variation of scour depth with clay percentage present 

among the mentioned data can be noted from the figures. It is also clear from these 

figures that the scour depth reduced drastically with an augment of clay percentage in 

sediment bed.  

In order to identify the influence of shear strength of cohesive sediment mixtures 

on scour depth at nose and at the wake of the partially submerged spur dike, the variation 

of dimensionless depth of scour with unconfined compressive strength was studied 

(Figures 5.11 and 5.12). The entire data was classified into three ranges of unconfined 

compressive strength in the case of both mixtures. It is clearly observed form the figures 

that the capability to resist the scour in cohesive sediment mixtures enhanced with the 

augment in unconfined compressive strength. Hence, the scour depth reduced with an 

augment of unconfined compressive strength of sediment bed. Several investigators such 

as Robinson and Hanson (1995), Kothyari and Jain (2008), Jain and Kothyari (2009, 

2010) and Kothyari et al. (2014) recognized unconfined compressive strength as strength 

parameter in case of the mixtures of cohesive sediment beds. 



77 
 

100 1000 10000 100000

1

10

100

 

cun

un

d
d

Time (sec)

(CG)   Pc

 

 

 10%
 20%
 30%
 40%
 50%

  
 (CSG)  Pc

 10%
 20%
 30%

 
Fig. 5.9 Temporal variation of dimensionless scour depth with clay percentage at nose of 

the partially submerged spur dike in clay-gravel (CG) and clay-sand-gravel 
(CSG) mixtures 
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Fig. 5.10 Temporal variation of dimensionless scour depth with clay percentage at the 
wake of the partially submerged spur dike in clay-gravel (CG) and clay-sand-
gravel (CSG) mixtures 
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Fig. 5.11 Temporal variation of dimensionless scour depth with UCS at nose of the 

partially submerged spur dike in clay-gravel (CG) and clay-sand-gravel (CSG) 
mixtures 
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Fig. 5.12 Temporal variation of dimensionless scour depth with UCS at the wake of the 

partially submerged spur dike in clay-gravel (CG) and clay-sand-gravel (CSG) 
mixtures 
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The functional relationships for the computation of depth of scour at nose and at the wake 

of partially submerged spur dike in clay-gravel and clay-sand-gravel mixtures were 

derived in Chapter- III, which is rewritten here as 
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      (5.1) 

From Appendix-B and Appendix-C, the range of  wd   is from 1.34 to 1.94 for 

the data collected in this study. The analysis of variable  wd    with scour depth 

showed that variation  wd  in this small range could not completely elucidate the 

variation in scour depth. Therefore, this variable was eliminated from further analysis and 

new functional relationship can be considered as: 
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      (5.2) 

The functional form given in Eq. (5.2) was used to compute the scour depth 

around partially submerged spur dike in mixture of clay-gravel and clay-sand-gravel. The 

value of )/( wnud  in the Eq. (5.2) may be obtained by using proper relationship for scour 

depth at nose or at the wake of partially submerged spur dike in cohesionless uniform and 

non-uniform sediments as the case may be. In the present study, the relationship 

suggested by Kothyari et al. (2007) was used for the calculation of scour depth around 

spur dike in uniform and non-uniform cohesionless sediments.  

Other parameters such as vane shear strength and plasticity index were used by 

Ansari et al. (2002) and, Debnath and Chaudhuri (2010a) as strength parameters for 

cohesive sediments. Due to presence of gravel in cohesive sediment mixtures in present 

study, it was difficult to calculate plasticity index (Kothyari and Jain 2008) while vane 

shear strength was used only in case of soft clayey soils (Kothyari et al. 2014). However, 

Abou-seida et al. (2012) observed that Froude number, clay content, compaction and 

liquidity index were the parameters which affected the scour around abutment in clayey 

soil.  

The variation of scour depth with ** C did not show noteworthy influence on 

scour depth. A similar result was also observed by Kothyari et al. (2014). Therefore, the 
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variable ** C was removed from the further analysis and then Eq. (5.2) can be re-written 

for computation of scour depth at nose and at the wake of the partially submerged spur 

dike as: 

]),1(),[( **
)/(

)/( tUCSPf
d
d

c
wnu

wncu        (5.3) 

Above relation is applicable to cohesive sediment mixture only. It is important to 

make use of the variable )1( *UCS  in place of *UCS  so that Eq. (5.3) is suitable when

0UCS . Analysis of the presently collected data revealed that dimensionless scour depth 

is inversely proportional to )1( *UCS for both sediment mixtures as shown in Fig 5.13 

and Fig. 5.14.  
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Fig. 5.13 Variation of dimensionless scour depth with (1+UCS*) at nose of partially 
submerged spur dike in (a) clay-gravel and (b) clay-sand-gravel mixtures 

 

0 150 300 450 600 750

0

30

60

90

120

150

 

cuw

uw

d
d

1+UCS*

UCS< 5 kN/m2

5< UCS (kN/m2)<10
UCS >10 kN/m2

 

 

(a)

 
0 1000 2000 3000 4000 5000

0

30

60

90

120

150

 

cuw

uw

d
d

(b)

1+UCS*

UCS< 10 kN/m2

10< UCS (kN/m2)<40
UCS >40 kN/m2

 

Fig. 5.14 Variation of dimensionless scour depth with (1+UCS*) at the wake of partially 
submerged spur dike in (a) clay-gravel and (b) clay-sand-gravel mixtures 
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The scour depth reduces drastically as clay content in sediment mixture goes 

beyond 20 % as evident from Figs. 5.9 to 5.10. Therefore, whole data have been analyzed 

in two ranges of clay percentages to incorporate this effect into analysis. However, scour 

depth can be considered as a continuous function of clay but accuracy of estimation 

decreases due to above fact. Debnath and Chaudhuri (2010, a) also proposed various 

relationships based on various clay contents in sediment bed to estimate scour depth 

around pier in clay-sand mixtures. Kothyari et al. (2014) also proposed relationships in 

two ranges of clay to estimate the scour depth in wake zone of pier founded in cohesive 

sediment mixtures.  

Multiple nonlinear regression analysis was used to find out relationship for scour 

depth at nose and at the wake of partially submerged spur dike using all pertinent 

dimensionless parameters. Following relationships were obtained for describing the 

variation of )/( wncud .  

For depth of scour at nose of partially submerged spur dike in clay-gravel and 

clay-sand-gravel mixtures  

un
un

cun F
d
d

          (5.4) 

Where, unF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at nose of the partially submerged spur dike and is expressed as 

 321 )()001.01()P5( **c
aaa

oun tUCSaF        (5.4a) 

With 

335.0;705.0;82.1;00144.0 321  aaaa o  for %20%10  cP  

(Adjusted R2= 0.798) 

and  

786.0;25.0;75.4;1025.1 321
6   aaaa o   for %50%30  cP  

(Adjusted R2= 0.837) 

For depth of scour at the wake of the partially submerged spur dike in clay-gravel and 

clay-sand-gravel mixtures  

 uw
uw

cuw F
d
d

          (5.5) 
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Where, uwF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at the wake of the partially submerged spur dike and is expressed as 

 321 )()01.01()P5(c **c
ccc

ouw tUCSF       (5.5a) 

With 

324.0;1067.0;525.1;00195.0 321  cccco      for %20%10  cP   

(Adjusted R2= 0.785) 

and 

638.0;306.0;633.3;1096.2 321
5   cccco       for %50%30  cP   

         (Adjusted R2= 0.792) 

The comparison between observed depth of scour at nose ( cund ) and that computed using 

Eq. (5.4) is presented in Fig. 5.15. Figure 5.16 shows the same for scour at the wake 

)( cuwd of partially submerged spur dike using Eq. (5.5). 
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Fig. 5.15 Temporal variation of ratio between observed and calculated depth of scour at 
nose of the partially submerged spur dike in clay-gravel and clay-sand-gravel 
mixtures 
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Fig. 5.16 Temporal variation of ratio between observed and calculated depth of scour at 
the wake of the partially submerged spur dike in clay-gravel and clay-sand-
gravel mixtures 

 

The discrepancy ratio and standard deviation given by Yang et al (1996) were 

used to indicate the goodness of fit between observed scour depth and the values 

computed using Eq. (5.4) and Eq. (5.5) respectively for the nose and wake of the partially 

submerged spur dike. These parameters for scour depth at nose and at of the wake region 

of partially submerged spur dike embedded in cohesive sediment mixtures are defined 

below 

Discrepancy ratio 
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i d

d
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)/(        (5.6) 

Where, 
icwncud
,)/( and 

iowncud
,)/( represents the corresponding values of computed 

and observed scour depth in mixtures of cohesive sediments at nose and at the wake of 

partially submerged spur dike respectively. 

Mean discrepancy ratio 
N

R
R

n

i
i

 1        (5.7) 

Here N represents the total number of data used in the comparison and  
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Standard deviation  
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The comparison based on discrepancy ratio and standard deviation between 

observed and computed values of scour depth at nose and at the wake of partially 

submerged spur dike in mixtures of cohesive sediment are summarized in Table 5.1. 

 

Table 5.1  Summary of discrepancy ratio and standard deviation between observed 
and computed value of scour depth at nose and at the wake of partially 
submerged spur dike in cohesive sediment mixture 

 
Depth of scour 
          at 

    
 Percent of data in Range 

 

Mean 

( R ) 

 
Standard 
Deviation 

        () 

 
Number of 
data sets 

       (N) 0.75-1.25 0.5-2.0 0.33-3 

Nose 54.196 92.565 98.321 1.0767 0.4666 417 

Wake 51.771 90.551 98.622 1.0841 0.5032 508 

 

Yang et al. (1996) suggested dR , d , aD and a parameters to obtain goodness of 

fit between observed and calculated values. The parameters dR and d  were based on the 

difference between the observed and their corresponding calculated value, whereas the 

parameters aD  and a on the basis of average value of the logarithm ratio between 

observed and calculated values. These parameters are given as: 
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For a perfect fit, 0dR  and 0d . 
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Here, dR is average discrepancy ratio and is calculated on the basis of difference of 

computed and observed value. d  is the standard deviation of the computed results based 

on difference. 

ioic wncuwncui ddD
,, )/()/( loglog 

      
(5.11) 
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For a perfect fit, 0aD  and 0a . 

Here, iD  is the discrepancy ratio and was calculated on the basis of logarithm ratio 

between calculated and observed values, aD  is average discrepancy ratio and was 

calculated on the basis of average value of the logarithm ratio between computed and 

observed values. a  is the standard deviation and calculated on the basis of average 

value of the logarithm ratio between observed and computed values. 

The evaluation based on aD , a , dR and d parameters between computed and 

observed values of scour depth at nose and at the wake of partially submerged spur dike 

in the mixtures of cohesive sediment is summarized in Table 5.2.  

 

Table 5.2  Comparison of computed and observed values of scour depth at nose and 
at the wake of the partially submerged spur dike in the mixtures of 
cohesive sediment based on logarithm ratio and difference between 
computed and observed results  

 
Depth of scour 
          at 

aD  a  dR  d  Number of 

data sets 

Nose -0.00101 0.1651 0.0758 0.0175 417 

Wake -0.00184 0.1757 0.0842 0.0157 508 
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Figures 5.17 and 5.18 were prepared to show the comparison of observed scour 

depth and the values calculated from the proposed Eq. 5.4 and Eq. 5.5 for nose and wake 

of the partially submerged spur dike respectively. It is evident from the figures that the 

proposed relationship yielded satisfactory outcome with maximum error of two folds for 

92.5% of total data for nose and 90.5% of the total data for the wake of the partially 

submerged spur dike. Although, the scattering of data (Figs. 5.17 and 5.18) is large, but it 

is acceptable in the perspective of parallel results reported by Kothyari et al. (2014) for 

pier scour and by Jain and Kothyari (2009, 2010) for transport of cohesive sediments 

composed of gravel-clay and gravel-sand-clay mixtures. Yang et al. (1996) and, Almedeij 

and Dilpas (2003) also reported results within the same error range in the case of 

transport of cohesionless sediment mixtures.  However, no other data are available to the 

best of the author’s information on scour depth at nose and at the wake region of partially 

submerged spur dike founded in cohesive sediment consisting of clay-gravel and clay-

sand-gravel mixtures. 

 

 

 
Fig. 5.17 Comparison of computed versus observed depth of scour at nose of the partially 

submerged spur dike  
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Fig. 5.18 Comparison of computed versus observed depth of scour at the wake of the 
partially submerged spur dike 

5.2.3 Graphical Comparisons for Temporal Variation of Depth of Scour around 
Partially Submerged Spur Dike in Cohesive Sediments 

As mentioned in Chapter-III, the determination of temporal variation of depth of 

scour is necessary for realistic estimation of design depth of scour. The mathematical 

formulation presented in Chapter-III was used to establish the relationships for computing 

the temporal variation of maximum depth of scour at the nose and wake zone of partially 

submerged spur dike in cohesive sediment mixtures. A graphical comparison between 

observed and computed temporal variation of depth of scour is presented here. 

5.2.3.1 Depth of scour at nose of the partially submerged spur dike in clay-gravel 
and clay-sand-gravel mixtures 

Figures 5.19 and 5.20 show the comparison of observed and computed temporal 

variation of scour depth at nose of the spur dike in clay-gravel and clay-sand-gravel 

mixture respectively. Predicted values of scour depth are very close to their respective 

observed value. As mentioned earlier, the process of scour in cohesive sediment was 

significantly different from that of cohesionless sediments. In case of cohesive sediment 

mixtures having lower percentage of clay %)20( , most of the scour occured in the initial 

1 to 2 hour of experimental run. When the experiments were conducted with sediment 
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bed having higher clay percentage 40% to 50 %, the scour in these runs initiated very 

slowly and even at the end of experimental runs a very small depth of scour was 

observed. The Figs. 5.19 to 5.20 are presented as an illustration which compares the 

observed and computed temporal variation of depth of scour at nose of the spur dike in 

clay-gravel and clay-sand-gravel mixtures. The comparison between observed and 

computed values is mostly satisfactory as shown in these and many other such figures 

(not shown here) which in turn confirms the conclusion that present model can predict the 

depth of scour in clay-gravel mixtures with reasonable accuracy. Poor comparison as 

depicted by Figs. 5.19 (a, c) for clay-gravel and Fig. 5.20 (a) for clay-sand-gravel were 

seen to occur in a few runs only. 

 

0 20000 40000 60000 80000
0.00

0.05

0.10

0.15

0.20

Run No. DPCGN1.3

Pc = 10%
UCS = 0
Uo = 0.603 m/s
h = 0.115 m
b = 0.061 m

Time (sec)

d cu
n (m

)

 Observed
 Calculated

(a)

 
0 30000 60000 90000 120000

0.00

0.03

0.06

0.09

0.12

Run No. DPCGN2.2

(b)

Pc = 20%

UCS = 2.16 kN/m2

Uo = 0.693 m/s
h = 0.120 m
b = 0.089 m

Time (sec)

d sc
n (m

)

 Observed
 Calculated

 

 

0 40000 80000 120000 160000
0.00

0.01

0.02

0.03

Run No. DPCGN4.3

(c)

Time (sec)

d cu
n (m

)

Pc = 40%

UCS = 16.76 kN/m2

Uo = 1.222 m/s
h = 0.072 m
b = 0.061 m

 Observed
 Calculated

 
0 40000 80000 120000 160000

0.000

0.005

0.010

0.015

Run No. DPCGN5.2

(d)

Pc = 50%

UCS = 15.14 kN/m2

Uo = 1.128 m/s
h = 0.078 m
b = 0.089 m

Time (sec)

d cu
n (m

)

 Observed
 Calculated

 

Fig. 5.19 Temporal variation of depth of scour at nose of the partially submerged spur 
dike in clay-gravel mixture 
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Fig. 5.20 Temporal variation of depth of scour at nose of the partially submerged spur 

dike in clay-sand-gravel mixture 
 

The comparison of predicted and observed depth of scour shows that the model is 

able to satisfactorily predict results for the data in this range obtained from the sediment 

bed consisting of clay-sand-gravel mixtures. The proposed model was similarly applied to 

all the other data collected in present study and found to be satisfactory (not presented 

here in detail due to space limitation). It is however worth noting that, in overall the 

model results have been mostly satisfactory. 

5.2.3.2 Depth of scour at the wake of the partially submerged spur dike in clay-
gravel and clay-sand-gravel mixtures 

The depth of scour at wake of the spur dike was also computed using the proposed 

model (Eq. 5.5). Figures 5.21 and 5.22 show as an illustration the comparison of observed 

and computed temporal variation of depth of scour at wake of the spur dike in clay-gravel 
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and clay-sand-gravel mixture respectively. The results of model were mostly satisfactory 

in these and in many other runs. A poor comparison between observed and computed 

values as seen in Figs. 5.21(b) for clay-gravel and 5.22(a) for clay-sand-gravel were seen 

to occur only for few runs. In case of the highest percentage of clay in the sediment bed, 

the observed depth of scour was very less which is also well predicted by the proposed 

model (Fig. 5.21 b). 
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Fig. 5.21 Temporal variation of depth of scour at the wake of the partially submerged 

spur dike in clay-gravel mixture 
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Fig. 5.22 Temporal variation of depth of scour at the wake of the partially submerged 

spur dike in clay-sand-gravel mixture 
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5.3 SCOUR AROUND SUBMERGED SPUR DIKE FOUNDED IN COHESIVE 
SEDIMENT MIXTURES 

In the present study, a single metallic spur dike of 3mm thickness and 11.52cm 

transverse length was installed in the side wall groove provided at 14m downstream of the 

flume entrance. The dike was installed at an angle of 90  to the direction of flow. The 

overtopping ratio (ratio of approaching flow depth to structure height above the bed level) 

for submerged spur dike was maintained at 4.1 .  The temporal variation of scour depth 

was measured by point gauge having an accuracy of 1.0 mm.  

5.3.1 Visual Observations 

The experiments were conducted with submerged spur dike founded in the 

mixtures of clay-gravel and clay-sand-gravel. The ranges of different measured 

parameters and experimental conditions are presented in Appendix-D for cohesive 

sediment bed composed of clay-gravel and clay-sand-gravel mixtures. From the 

experiments, it was observed that similar to the scouring in partially submerged spur dike, 

the scouring for the present case also started from the downstream corner of the wake 

region (Fig. 5.23). 

 
Fig. 5.23 Initiation of scour around submerged spur dike in clay-sand-gravel mixture 

(20% Clay + 40% Sand + 40% Gravel) 
 

Flow 
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5.3.1.1 Scour in clay-gravel mixtures 

Different patterns of scour holes are shown in Fig. 5.24 (a-c) in clay-gravel 

mixtures. In case of experiments conducted with 10% clay, the observed shape of scour 

hole around the submerged dike was deep and had a large periphery. In these experiments 

(when %10cP ), the sediments deposition took place in the downstream of submerged 

dike [Fig. 5.24(a)]. However, in experiments conducted with clay percentage %20 , no 

sediment deposition occured in the downstream of the spur dike. In case of experiments 

conducted with higher clay percentage ( %30 ), the longitudinal and transverse extent of 

scour hole decreased, and the deep vertical shape (almost cylindrical) of the scour hole 

was observed [Fig. 5.24(b)]. Experimental runs with the highest clay percentage (=50%) 

in the sediment bed, the longitudinal and transverse length of the scour hole increased 

whereas lesser depth of the scour hole was observed [Fig. 5.24(c)]. 

 

  

   

Fig. 5.24(a) Pattern of scour hole around submerged spur dike in cohesive sediment 
mixture of 10% Clay + 90% Gravel 

 

(a) Run no DSCG1.1 
Pc = 10% 
b = 0.1152 m 
Uo = 0.555 m/s  
UCS = 0 
 

Flow 
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Fig. 5.24(b) Pattern of scour hole around submerged spur dike in cohesive sediment 

mixture of 30% Clay + 70% Gravel 
 
 
 

 
Fig. 5.24(c) Pattern of scour hole around submerged spur dike in cohesive sediment 

mixture of 50% Clay + 50% Gravel 
 

(b) Run no DSCG1.3 
Pc = 30% 
b = 0.1152 m 
Uo = 0.694 m/s  
UCS = 9.19 kN/m2 
 

Flow 

(c) Run no DSCG1.5 
Pc = 50% 
b = 0.1152 m 
Uo = 1.142 m/s  
UCS = 14.06 kN/m2 
 

Flow 
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5.3.1.2 Scour in clay-sand-gravel mixtures 

Figure 5.25 (a-c) shows the different patterns of scour hole observed in clay-sand-

gravel sediment mixtures. The observations made with submerged spur dike were very 

similar to those observed in partially submerged spur dike. When experiments conducted 

with cohesive sediment mixtures having 10% clay content, the maximum scour depth was 

observed at nose of the spur dike and sediment was observed to deposit at wake region of 

spur dike. However, in experiments conducted with clay content %20 the maximum 

scour depth was observed at wake of the spur dike. Almost cylindrical shape of the scour 

hole was observed in sediment mixture having 20% clay content [Fig. 5.25(a)]. Scour at 

the junction of wall and submerged spur dike was also observed in such experiments. In 

the case of experiments conducted with high clay content %)40( cP , very small scour 

depth (<1cm) was observed at nose of the submerged dike [Fig. 5.25 (b and c)] and 

maximum scour depth was observed at wake of the spur dike. 

 

 

 
Fig. 5.25(a) Pattern of scour hole around submerged spur dike in cohesive sediment 

mixture of 20% Clay + 40% Sand + 40% Gravel 
 

(a) Run no DSCSG2.2 
Pc = 20% 
b = 0.1152 m 
Uo = 0.577 m/s  
UCS = 11.84 kN/m2 
 

Flow 
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Fig. 5.25(b) Pattern of scour hole around submerged spur dike in cohesive sediment 

mixture of 40% Clay + 30% Sand + 30% Gravel 
 

 

 
Fig. 5.25(c) Pattern of scour hole around submerged spur dike in cohesive sediment 

mixture of 50% Clay + 25% Sand + 25% Gravel 

(b) Run no DSCSG2.4 
Pc = 40% 
b = 0.1152 m 
Uo = 0.969 m/s  
UCS = 51.90 kN/m2 
 

Flow 

(c) Run no DSCSG2.5 
Pc = 50% 
b = 0.1152 m 
Uo = 1.01 m/s  
UCS = 54.61 kN/m2 
 

Flow 
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To investigate the influence of cohesion on scour depth at nose and at the wake of 

the submerged dike, Figs. 5.26 to 5.29 were prepared. In these figures )( csnd is scour 

depth at nose and )( cswd is scour depth at the wake of the submerged dike founded in the 

mixtures of clay-gravel and clay-sand-gravel. The scour depth at nose and at the wake of 

the submerged dike decreases with an increase in clay percentage in the mixtures of clay-

gravel and clay-sand-gravel (Fig. 5.26 and Fig. 5.27). Similarly, scour depth at nose and 

at the wake of the submerged dike also decreased with an increase in unconfined 

compressive strength of clay-gravel and clay-sand-gravel sediment mixture (Fig. 5.28 and 

Fig. 5.29). Similar results were also obtained in experiments conducted with partially 

submerged dike embedded in cohesive sediment mixtures. 
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Fig. 5.26 Temporal variation of scour depth with clay percentage at nose of the 

submerged dike in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.27 Temporal variation of scour depth with clay percentage at the wake of the 

submerged dike in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.28 Temporal variation of scour depth with unconfined compressive strength at nose 

of the submerged dike in clay-gravel and clay-sand-gravel mixtures 



98 
 

0 40000 80000 120000 160000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 

 

 d cs
w
(m

)
 3.30 0.118     0.653      0.003 
15.14 0.080     1.099      0.005 
11.84 0.122     0.577      0.003 
 54.61 0.084     1.015      0.005

Time (sec)

UCS (kN/m2) h (m) Uo (m/s) S
o

Clay-Gravel

Clay-Sand-Gravel

 
Fig. 5.29 Temporal variation of scour depth with unconfined compressive strength at the 

wake of the submerged dike in clay-gravel and clay-sand-gravel mixtures 

 

5.3.2 Depth of Scour at Nose and at the Wake of Submerged Spur Dike 

The temporal variation of scour depth with various percentage of clay was 

measured at nose and at the wake of the submerged spur dike founded in clay-gravel and 

clay-sand-gravel mixtures. Figure 5.30 shows the temporal variation of scour depth at 

nose of the submerged spur dike whereas Fig. 5.31 shows the same at the wake of 

submerged dike. These figures clearly revealed that the scour depth at nose )( csnd  and at 

the wake )( cswd  of the submerged dike in cohesive sediment mixtures was much smaller 

than calculated scour depth for cohesionless sediment under same flow conditions and 

submerged dike size. Very small scour depth (<1cm) occured at nose of the submerged 

spur dike with 40% and 50% clay content present in the mixture of clay-sand-gravel. 

Therefore, the experimental runs resulting in scour depth smaller than 1cm was not 

considered in the calculations and hence not shown in Fig. 5.30. It was clearly observed 

from these figures that the scour depth at both the locations reduced drastically with the 

increment of clay percentage in the sediment mixtures bed.  
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Fig.5.30 Temporal variations of dimensionless scour depth with clay percentage at nose 

of the submerged dike clay-gravel (CG) and clay-sand-gravel (CSG) mixtures  
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Fig. 5.31 Temporal variations of dimensionless scour depth with clay percentage at the 

wake of the submerged dike in dike clay-gravel (CG) and clay-sand-gravel 
(CSG) mixtures 
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Figures 5.32 and 5.33 were prepared to identify the effect of shear strength of 

clay-gravel and clay-sand-gravel sediment mixtures on scour depth at nose and at the 

wake of submerged dike respectively. The variation of scour depth with unconfined 

compressive strength (UCS) was studied. In these figures, the whole data was classified 

into two ranges of UCS for clay-gravel mixtures and three ranges of UCS for clay-sand-

gravel mixtures. From these figures it is clearly observed that the scour depth reduced 

with an augment in unconfined compressive strength. The capability to resist the scour 

depth increased with increase in UCS of clay-gravel and clay-sand-gravel mixtures. These 

results are very similar to that of partially submerged dike founded in cohesive sediment 

mixtures containing clay-gravel and clay-sand-gravel.  
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Fig. 5.32 Temporal variations of dimensionless scour depth with UCS in clay-gravel (CG) 

mixture at nose and at the wake of the submerged dike  
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Fig. 5.33 Temporal variations of dimensionless scour depth with UCS in clay-sand-gravel 

(CSG) mixture at nose and at the wake of the submerged dike in clay-sand-
gravel mixtures 

 

From the dimensional analysis, the functional relationship for the computation of 

depth of scour at nose and at the wake of submerged spur dike in clay-gravel and clay-

sand-gravel mixtures was derived in Chapter- III, which is rewritten here as 









 **

*

*

)/(

)/( ,,,, tUCSCPf
d
d

w

d
c

wns

wncs





       (5.14) 

From Appendix- E, the range of variable )( wd  is from 1.42 to 2.09 in the 

present study.  The analysis of data indicated that the variable )( wd   in this small range 

could not fully explain the variation of scour depth around submerged dike. Also the 

variation of scour depth with ** C  did not show significant influence of the variable 

** C  on depth of scour around submerged dike. Similar results were also obtained in 

section 5.2.2. Therefore, these variables were eliminated from further analysis and new 

functional relationship can be considered as: 

 *
)/(

)/( ,, * tUCSPf
d
d

c
wns

wncs          (5.15) 
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Considering all dimensional parameters, the following functional relationship was 

proposed for the computation of scour depth at nose )( csnd and at the wake )( cswd of the 

submerged dike founded in the mixtures of clay-gravel and clay-sand-gravel. 

 **
)/(

)/( ),1(),( tUCSPf
d
d

c
wns

wncs        (5.16) 

It is important to make the use of variables ( )1 *UCS in place of  *UCS  so that Eq. (5.16) 

is also suitable when UCS = 0. Above relation is valid for cohesive sediment mixtures 

only. 

Eq. (5.16) was used to find out the scour depth at nose and at the wake of the 

submerged dike founded in clay-gravel and clay-sand-gravel mixtures. Analysis of the 

presently collected data (all experimental runs) revealed that scour depth at nose/wake of 

submerged dike is inversely proportional to Pc (Figures 5.30 and 5.31) and *1 UCS  

(Figures 5.34 and 5.35) for both the sediment mixtures. Multiple nonlinear regression 

analysis was used to find out relationship for scour depth at nose and at the wake of the 

spur dike using all pertinent dimensionless parameters.  
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Fig. 5.34 Variation of dimensionless scour depth with )1( *UCS  at nose of the 

submerged spur dike in clay-gravel mixtures 
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Fig. 5.35 Variation of dimensionless scour depth with )1( *UCS  at the wake of the 

submerged spur dike in clay-sand-gravel mixtures 

 

Similar to analysis conducted in the case of partially submerged dike, whole data 

have been analyzed in two ranges of clay percentages. Following relationships were 

proposed for describing the variation of scour depth at nose )( csnd  and at the wake )( cswd  

of submerged spur dike. 

In the case of scour depth at nose of the submerged spur dike founded in mixtures 

of clay-gravel and clay-sand-gravel  

sn
sn

csn F
d
d

           (5.17) 

Where, snF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at nose of the spur dike and is expressed as 

 321 )()0101()5( b
*

b
*

b
cosn tUCS.PbF 

      
(5.17a) 

With 

298.0;444.0;365.1;0032.0 321  bbbbo   for %20%10  cP  

(Adjusted R2= 0.85) 

and  

895.0;43.0;535.5;107.5 321
7   bbbbo   for %50%30  cP  

(Adjusted R2= 0.95)
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In the case of scour depth at wake of the submerged spur dike founded in mixtures of 

clay-gravel and clay-sand-gravel  

sw
sw

csw F
d
d

           (5.18) 

Where, swF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at wake of the spur dike and is expressed as 

 321 )()01.01()P5(d **c
ddd

osw tUCSF        (5.18a) 

With  

331.0;4355.0;024.1;0028.0 321  dddd o   for %20%10  cP   

(Adjusted R2= 0.76) 

and  

876.0;281.0;33.4;101.6 321
7   dddd o  for %50%30  cP  

(Adjusted R2= 0.90) 

In order to find the goodness of fit between observed and calculated values, 

discrepancy ratio )( iR , mean discrepancy ratio )( iR , standard deviation of the estimate

)( , average discrepancy ratio based on difference )( dR , average discrepancy ratio based 

on logarithm ratio )( aD and, standard deviation of estimate based on difference )( d and 

logarithm )( a were used and described in previous section 5.2 (Eq. 5.6 to Eq. 5.13).  

The comparison between observed and computed values of scour depth at nose 

and at the wake of the submerged spur dike founded in mixtures of cohesive sediment 

containing clay-gravel and clay-sand-gravel based on discrepancy ratio and standard 

deviation is summarized in Table 5.3. Evaluation based on aD , a , dR and d

parameters is presented in Table 5.4. 

 

 

 

 



105 
 

Table 5.3  Comparison between observed and computed value of scour depth at nose and at the 
wake of the submerged spur dike in the mixtures of cohesive sediments containing 
clay-gravel and clay-sand-gravel based on discrepancy ratio and standard deviation  

 
Depth of scour 
           at 

 
  Percent of data in Range 

Mean 

( R ) 

Standard 

Deviation 

        () 

Number of 

data sets 

       (N) 
0.75-1.25 0.5-2.0 0.33-3 

Nose 67.175 97.709 100      1.0263      0.2924       131 

Wake 50.292 95.906 99.415      0.9827      0.3975       171 

 

Table 5.4 Comparison of computed and observed values of scour depth at nose and at wake of 
the submerged spur dike in the mixtures of cohesive sediments containing clay-gravel 
and clay-sand-gravel on the basis of logarithm ratio and difference between 
computed and observed results  

Depth of scour 
           at  

aD  a  dR  d  Number of 

data sets 

Nose     -0.0043     0.1172      0.0264      0.0148        131 

Wake     -0.0350     0.1495     -0.0173      0.0145        171 

 

The comparison of observed scour depth and the values calculated from the 

proposed Eq. (5.17) for nose and Eq. (5.18) for wake of the submerged spur dike are 

presented in Fig. 5.36 and Fig. 5.37 respectively. It is evident from these Figures that the 

proposed relationships yielded satisfactory outcome with maximum error of two folds for 

97.7% of the total data for nose and 95.9% of total data for wake of the submerged dike 

respectively. The scattering of data in Fig. 5.36 and Fig.3.37 are large, but it is acceptable 

in the perspective of parallel results reported by Kothyari et al. (2014) for pier scour and 

by Jain and Kothyari (2009, 2010) for transport of cohesive sediments containing clay-

gravel and clay-sand-gravel. The data shown in Figs. 5.36 and 5.37 are from 10 

experimental runs of scour depth measured at different time intervals. However, no other 

data was available on scour depth at nose and at the wake of the submerged spur dike 

founded in mixtures of cohesive sediment consisting clay-gravel and clay-sand-gravel to 

the best of the author’s knowledge.  
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Fig. 5.36 Comparison of computed versus observed scour depth at nose of the submerged 

spur dike 

 

 
Fig. 5.37 Comparison of computed versus observed scour depth at the wake of the 

submerged spur dike 
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5.3.3 Graphical Comparisons for Temporal Variation of Depth of Scour around 
Submerged Spur Dike in Cohesive Sediments 

The mathematical formulation presented in Chapter-III was used to set up the 

relationships for computing the temporal variation of depth of scour at nose and at the 

wake of submerged dike in cohesive sediment mixtures. A graphical comparison between 

observed and computed temporal variation of depth of scour around submerged dike is 

presented here. 

 

5.3.3.1 Depth of scour at nose of the submerged spur dike in clay-gravel and clay-
sand-gravel mixtures 

Figures 5.38 and 5.39 are presented as illustrations which compare the observed 

and computed temporal variation of depth of scour at nose of the spur dike in clay-gravel 

and clay-sand-gravel mixtures respectively. Predicted values of scour depth were very 

close to their respective observed values. The comparison between observed and 

computed values was mostly satisfactory as shown in these and many other such figures 

(not shown here) which in turn confirms the conclusion that present model can predict the 

depth of scour in clay-gravel mixtures with reasonable accuracy.  
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Fig. 5.38 Temporal variation of depth of scour at nose of the submerged spur dike in clay-

gravel mixture  

 

 



108 
 

0 20000 40000 60000 80000
0.00

0.05

0.10

0.15

0.20

0.25
(a)

Run No. DSCSGN1.1

Pc = 10%
UCS = 0
Uo = 0.489 m/s
h = 0.130 m
b = 0.1152 m

Time (sec)

d cs
n (m

)
 Observed
 Calculated

  
0 50000 100000 150000 200000

0.00

0.02

0.04

0.06

0.08

0.10
(b)

d sc
n (m

)

Pc = 20%

UCS = 11.84 kN/m2

Uo = 0.577 m/s
h = 0.122 m
b = 0.1152 m

Run No. DSCSGN1.2

Time (sec)

 Observed
 Calculated

 
Fig. 5.39 Temporal variation of depth of scour at nose of the submerged spur dike in clay-

sand-gravel mixture  

 

5.3.3.2 Depth of scour at the wake of the submerged spur dike in clay-gravel and 
clay-sand-gravel mixtures 

The depth of scour at the wake of the spur dike was also computed using the 

proposed model (Eq. 5.18). Figures 5.40 and 5.41 show as an illustration the comparison 

of observed and computed temporal variation of depth of scour at wake of the spur dike in 

clay-gravel and clay-sand-gravel mixture respectively. The results of model were mostly 

satisfactory in these and in many other runs. A poor comparison between observed and 

computed values is seen in Fig. 5.40 (a) for clay-gravel and 5.41 (a) for clay-sand-gravel 

mixtures.  

The proposed model was similarly applied to all the other data collected in present 

study and the results obtained were similar to those reported here. It is however worth 

noting that in overall the model results have been mostly satisfactory. 
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Fig. 5.40 Temporal variation of depth of scour at the wake of the submerged spur dike in 

clay-gravel mixture  
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Fig. 5.41 Temporal variation of depth of scour at the wake of the submerged spur dike in 

clay-sand-gravel mixture  
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5.4 SCOUR AROUND BRIDGE PIER FOUNDED IN COHESIVE SEDIMENT 
MIXTURES 

In the present study, two cylindrical iron pipes of outer diameter 11.52cm and 

8.9cm were used in the experiments. The surfaces of the pipes were painted to give a 

smooth finish.  The temporal variation of scour depth at sides as well as at the wake of the 

pier was measured by point gauge having an accuracy of 1.0 mm. The ranges of 

different measured parameters and experimental conditions are presented in Appendix-F 

and Appendix- G for cohesive sediment bed composed of clay-gravel mixtures and clay-

sand-gravel mixtures respectively. 

5.4.1 Visual Observations 

5.4.1.1 Inception of scour around pier  

From the laboratory experiments of cohesionless sediment, it was observed that 

scouring started from the sides of the pier immediately after the beginning of each 

experimental run and extended towards the nose of the pier. The maximum depth of scour 

was observed at the nose of the pier in cohesionless sediment. However, in case of 

cohesive sediment bed, the scouring started from the sides of the pier at a point where 

separation of flow occured as shown in Figs. 5.42(a) and 5.42(b) and maximum depth of 

scour was observed at the sides of the pier.  Ansari (1999) and Kumar (2011) stated that 

the scour always initiates from the sides of the pier. Measurement of the shear stress on a 

rigid flat bed around the pier by Hjorth (1975), Ettema (1980) and Ahmed and Rajratnam 

(1998) showed that the average shear stress at the pier was approximately ten times the 

shear stress produced by the approach flow irrespective of the flow condition and the pier 

size, so long as the contraction caused by the pier is not severe.  

From the experiments, it was observed that at clay content %20  in cohesive 

sediment mixture, the scour hole formed by the removal individual particles. It was also 

observed that the rate of sediment removal was faster at lower clay percentage compared 

to higher clay content. At higher percentage of clay, scouring started with removal of 

sediment in the form of flakes. Similar process of sediment inception was observed in 

clay-sand mixture bed (Ansari et al., 2002) and in mixtures of gravel-clay and gravel-

sand-clay in scour depth around pier (Kothyari et al., 2014).  
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Fig. 5.42 (a-b) Initiation of scour around bridge pier in cohesive sediment mixtures  
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5.4.1.2 Scour around pier  

The pattern of scour around bridge pier was more or less similar to cohesionless 

sediment at clay content %10  in clay-gravel and clay-sand-gravel mixture. In such cases 

the significant scour occured at the nose of the bridge pier and the shape of the scour hole 

was conical in plan. The maximum depth of scour was observed at nose of the bridge pier 

in both types of cohesive sediment mixtures (at 10% clay content). No scour depth 

occured at nose of the pier when clay percent was increased from %20 to %50  in clay-

gravel and clay-sand-gravel mixtures. At %20 to %50  clay in clay-gravel and clay-sand-

gravel mixtures, the maximum depth of scour was observed to occur at the sides of the 

pier. 

 In all cases, no sediment deposition was observed in wake of the pier while the 

experiments conducted under clear water condition on cohesive sediment mixtures. It was 

contrary to experiments conducted on cohesionless sediment bed in which significant 

deposition was observed to occur at wake region of the pier. Different shapes of scour 

hole were observed with various clay content presents in the sediment mixture of clay-

gravel [Figs 5.43 (a-b)] and clay-sand-gravel [Figs 5.44 (a-b)]. The scour hole shape 

changed with the augment of clay content in sediment bed. At clay content %40  in 

sediment mixtures, comparatively larger depth of scour was observed in clay-gravel 

mixture [Fig. 5.43 (b)] than that in clay-sand-gravel mixture [Fig. 5.44 (a-b)].  

 

 

          
Fig. 5.43 (a-b) Patterns of scour hole around bridge piers in clay-gravel mixtures 

Run no PCG4.1 
Pc = 40% 
D = 0.1152 m 
Uo = 0.838 m/s 
UCS = 15.68 kN/m2 

(b) 

Flow 

Run no PCG2.1 
Pc = 20% 
D = 0.1152 m 
Uo= 0.683 m/s 
UCS = 3.68 kN/m2 

Flow 

(a) 
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Fig. 5.44 (a-b) Patterns of scour hole around bridge piers in clay-sand-gravel mixtures 

 

5.4.1.3 Influence of clay percentage and unconfined compressive strength on scour 

depth 

To investigate the influence of clay percentage and unconfined compressive 

strength of the mixtures of cohesive sediment on scour depth at side )( cpsd  and at the 

wake )( cpwd  of the pier, Figs. 5.45 to 5.48 were prepared. From these figures, it was 

observed that the maximum scour depth reduced with an increase of clay fraction and 

unconfined compressive strength in cohesive sediment mixtures. Similar results were also 

obtained in experiment conducted with spur dike (partially submerged and submerged) 

embedded in cohesive sediment mixtures consisting of clay-gravel and clay-sand-gravel 

(described in section 5.2 and section 5.3). 

Run no PCSG5.1 
Pc = 50% 
D = 0.1152 m 
Uo = 0.861 m/s 
UCS = 52.34 kN/m2 

(b) 

Flow 

Run no PCSG4.2 
Pc = 40% 
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Uo = 0.980 m/s 
UCS = 51.47 kN/m2 

(a) 

Flow 



114 
 

0 50000 100000 150000 200000
0.00

0.05

0.10

0.15

0.20

0.25
d cp

s (m
)

Time (sec)

  0 0.125 0.550 0.003 0.1152
 10% 0.121 0.573 0.003 0.1152
 30% 0.115 0.760 0.003 0.1152
  0 0.115 0.390 0.003 0.1152
 20% 0.112 0.614 0.003 0.1152
 40% 0.101 0.844 0.005 0.1152

D (m)Pc h (m) Uo (m/s) So

Clay-Sand-Gravel

Clay-Gravel

 
Fig.5.45 Variation of scour depth with time at sides of the pier for various clay 

percentages in clay-gravel and clay-sand-gravel mixtures 
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Fig.5.46 Variation of scour depth with time at sides of the pier for various unconfined 

compressive strength of clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.47 Variation of scour depth with time at the wake of the pier for various clay 

percentages in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.48 Variation of scour depth with time at the wake of the pier for various 
unconfined compressive strength of clay-gravel and clay-sand-gravel mixtures 
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5.4.2 Depth of Scour at Sides and at the Wake of the Pier in Cohesive Sediment 

Mixtures 

To quantify the depth of scour around circular piers founded in cohesive 

sediments in comparison to those of cohesionless sediments of similar bulk 

characteristics, Figs. 5.49 and 5.50 were prepared. These figures were prepared using the 

present experimental data which depict the temporal variation of depth of scour at sides 

and at the wake of the pier for various percentages of clay present in the bed material 

consisting of clay-gravel and clay-sand-gravel mixtures respectively. In Figs. 5.49 and 

5.50, psd  and pwd are the depth of scour (at sides and at the wake of the pier respectively) 

computed using Kothyari et al. (2007) model considering the clay-gravel mixture to be 

cohesionless and; cpsd  and cpwd  are the observed depth of scour at sides and at the wake 

of pier in cohesive sediment mixtures respectively. It was observed in these figures that 

the depth of scour in cohesive sediment was much smaller as compared to corresponding 

values of depth of scour calculated by considering sediments as cohesionless. However, 

Figs. 5.49 and 5.50 indeed revealed that depth of scour in cohesive sediment mixture was 

drastically different due the presence of clay in the mixture but a systematic variation 

with clay content present among the mentioned data was noted. Similar results were also 

obtained in the experiments conducted with spur dike (partially submerged and 

submerged) embedded in cohesive sediment mixtures (described in section 5.2 and 5.3). 

To quantify the effect of shear strength of cohesive sediments on the depth of 

scour, the variation of UCS with corresponding depth of scour was studied. Figures 5.51 

and 5.52 were prepared in which the data was classified as per three ranges of UCS in 

clay-gravel and clay-sand-gravel mixtures. The ability of the cohesive sediment to resist 

the scour increased with the increase in UCS is well illustrated by Figs. 5.51 and 5.52. 

Such results were reported earlier by Robinson and Hanson (1995) in the context of head 

cut erosion testing of clay-silt-sand mixtures and by Jain and Kothyari (2009, 2010) in the 

context of detachment of clay-gravel and clay-sand-gravel mixtures.  
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Fig. 5.49 Temporal variation of dimensionless scour depth with clay percentage at sides 

of the pier in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.50 Temporal variation of dimensionless scour depth with clay percentage at the 

wake of the pier in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.51 Temporal variation of dimensionless scour depth with UCS  at sides of the pier 

in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.52 Temporal variation of dimensionless scour depth with UCS  at the wake of the 

pier in clay-gravel and clay-sand-gravel mixtures 
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The functional relationships for the computation of depth of scour at sides and at the 

wake of pier in clay-gravel and clay-sand-gravel mixtures derived in Chapter- III, is 

rewritten here as 









 **

*

*

)/(

)/( ,,,, tUCSCPf
d
d

w

d
c

wsp

wscp





      (5.19) 

As observed in Appendix- H and Appendix- I, the range of  wd   is from 1.30 to 

1.99 for the data collected in this study. The analysis of variable  wd   with scour depth 

showed that the variation of  wd  in this small range could not completely elucidate the 

variation in scour depth around pier. Similar results were also obtained in experiments 

conducted with partially submerged and submerged spur dike embedded in cohesive 

sediment mixtures. Therefore, this variable was eliminated from further analysis and new 

functional relationship can be considered as: 
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      (5.20) 

The functional form given in the form of Eq. (5.20) was used to compute the scour 

depth around pier in mixture of clay-gravel and clay-sand-gravel mixtures. The value of 

)/( wspd  in the Eq. (5.20) was obtained using relationship suggested by Kothyari et al. 

(2007) for the calculation of scour depth around pier in uniform and non-uniform 

cohesionless sediments.  

The variation of scour depth with ** C did not show significant influence of 

** C  on scour depth. A similar result was also observed by Kothyari et al. (2014) in pier 

scour in clay-gravel and clay-sand-gravel mixtures. Therefore, the variable ** C was also 

removed from the further analysis and then Eq. (5.20) is re-written for the computation of 

scour depth at sides and at the wake of the pier as:  

]),1(),[( **
)/(

)/( tUCSPf
d
d

c
wsp

wscp        (5.21) 

Above relation is valid for cohesive sediment mixtures only. It is important to 

make use of the variable )1( *UCS in place of *UCS  so that Eq. (5.21) is suitable when 

(UCS = 0) as well. Equation (5.21) is used to find out the scour depth at sides and at the 
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wake of the pier founded in cohesive sediment mixtures consisting of clay-gravel and 

clay-sand-gravel. Analysis of the presently collected data (all experimental runs) revealed 

that scour depth at sides/ wake of the pier is inversely proportional to Pc (Figures 5.49 and 

5.50) and *1 UCS  (Figures 5.53 and 5.54) for both the sediment mixtures.  
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Fig. 5.53 Variation of dimensionless scour depth with *1 UCS  at sides of the pier in (a) 
clay-gravel and (b) clay-sand-gravel mixtures 
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Fig. 5.54 Variation of dimensionless scour depth with *1 UCS  at the wake of the pier in 

(a) clay-gravel and (b) clay-sand-gravel mixtures 

 
Similar to analysis conducted in the case of spur dikes, whole data have been 

analyzed in two ranges of clay perecentages. Multiple nonlinear regression analysis was 

used to find out new relationships for scour depth at sides and at the wake of the pier 

using all pertinent dimensionless parameters. Following relationships were proposed for 

describing the variation of )( cpsd  and )( cpwd . 
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For depth of scour at sides of the pier in clay-gravel and clay-sand-gravel mixtures  

ps
p

cps F
d
d

          (5.22) 

Where, psF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at sides of the pier and is expressed as 

 321 )()1()(Pm **c
mmm

ops tUCSF        (5.22a) 

With  

3385.0;0914.0;226.1;00024.0 321  mmmmo   for %20%10  cP  

(Adjusted R2= 0.844) 

and  

656.0;3785.0;653.2;1068.9 321
7   mmmmo   for %50%30  cP  

(Adjusted R2= 0.813) 

For depth of scour at the wake of the pier in clay-gravel and clay-sand-gravel mixtures  

 pw
p

cpw F
d

d
          (5.23) 

Where, pwF = parameter that represents cohesion of clay-gravel and clay-sand-gravel 

mixtures at the wake of pier and is expressed as 

 321 )()1()(Pn **c
nnn

opw tUCSF          (5.23a) 

With 

342.0;346.0;678.1;109.5 321
5   nnnno   for %20%10  cP  

         (Adjusted R2= 0.853) 

and  

747.0;253.0;42.2;1041.2 321
8   nnnno   for %50%30  cP  

(Adjusted R2= 0.808) 

The derived relationships viz; Eqns. 5.4 - 5.5, 5.17- 5.18 and 5.22 - 5..23 are useful to 

determine the temporal evolution of scour depth around spur dikes/ pier in the field 

conditions for the known value of clay percentage and unconfined compressive strength 

of cohesive sediment mixtures. The flow conditions and spur dikes/ pier characteristics 

are taken care by Kothyari et al. (2007) relationships in the above equations.   
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The comparison between observed depth of scour at side ( cpsd ) and at the wake ( cpwd ), 

and computed depth of scour using Eq. 5.22 and Eq. 5.23 for sides and wake of the pier 

respectively are presented in Figs. 5.55 and 5.56. 
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Fig. 5.55 Temporal variation of ratio between observed and calculated depth of scour at 

sides of the pier in clay-gravel and clay-sand-gravel mixtures 
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Fig. 5.56 Temporal variation of ratio between observed and calculated depth of scour at 

the wake of the pier in clay-gravel and clay-sand-gravel mixtures 
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The goodness of fit between observed and calculated values of scour depth was 

analyzed by obtaining the following parameters viz; discrepancy ratio )( iR , mean 

discrepancy ratio )( iR , standard deviation of the estimate )( , average discrepancy ratio 

based on difference )( dR , average discrepancy ratio based on logarithm ratio )( aD and, 

standard deviation of estimate based on difference )( d and logarithm )( a . These 

parameters have already been described in previous section 5.2 (Eq. 5.6 to Eq. 5.13).  

The comparison between observed and computed values of scour depth at sides 

and at the wake of the pier founded in mixtures of cohesive sediment containing clay-

gravel and clay-sand-gravel based on discrepancy ratio and standard deviation is 

summarized in Table 5.5. Evaluation based on aD , a , dR and d parameters is 

presented in Table 5.6. 

 

Table 5.5  Comparison between observed and computed value of scour depth at sides and at the  
wake of the pier in the mixtures of cohesive sediments containing clay-gravel and clay-
sand-gravel based on discrepancy ratio and standard deviation  

 
Depth of scour 
           at 

  Percent of data in Range Mean 

( R ) 

Standard 

Deviation 

        () 

Number of 

data sets 

     (N) 
0.75-1.25 0.5-2.0 0.33-3 

Side 52.57  92.57 99.42   1.1134    0.4309     350 

Wake 60.29  94.03 99.70   1.0759    0.4225     335 

 

 

Table 5.6  Comparison of computed and observed values of scour depth at sides and at the wake 
of the pier in the mixtures of cohesive sediments containing clay-gravel and clay-
sand-gravel on the basis of logarithm ratio and difference between computed and 
observed results  

Depth of scour 
           at 

aD  a  dR  d  Number of 

data sets (N) 

Side  0.01828    0.1551    0.1134   0.01459       350 

Wake  0.00457    0.1490    0.0760   0.0103       335 
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The comparison of observed scour depth and the values calculated from the 

proposed Eq. (5.22) for sides and Eq. (5.23) for wake of the pier are presented in Fig. 

5.57 and Fig. 5.58 respectively. It is evident from these Figures that the proposed 

relationships yielded satisfactory outcome with maximum error of two folds for 92.5% of 

the total data for side and 94% of total data for wake of the pier respectively. The 

scattering of data in Fig. 5.57 and Fig. 5.58 are large, but it is acceptable in the 

perspective of parallel results reported by Kothyari et al. (2014) for pier scour and by Jain 

and Kothyari (2009, 2010) for transport of cohesive sediments containing clay-gravel and 

clay-sand-gravel. Similar results were also obtained in experiments conducted with 

partially submerged and submerged spur dikes founded in cohesive sediment mixtures.  

 

 

 
Fig. 5.57 Comparison of computed versus observed depth of scour at sides of the pier 

0.0001

0.001

0.01

0.1

1

0.0001 0.001 0.01 0.1 1

)Observed(cpsd

)Computed(cpsd

Band indicating 
0.5 and 2 times 
scour depth 



125 
 

 
Fig. 5.58 Comparison of computed versus observed depth of scour at the wake of the pier 

 

Scour around hydraulic structures takes place under the dynamic process of 

entrainment, deposition and transport (Kothyari et al; 2014). The bed shear stress gets 

altered as soon as erosion starts because of non-uniform erosion pattern and also due to 

cohesive sediment in suspension which may cause drag reduction (Jain and Kothyari, 

2009). As a result, observed scour depth over a time period can be considerably higher 

and lower than computed scour depth in case of cohesive sediment mixtures. Large 

scattering of data in Figs. 5.17 to 5.18 in the case of partially submerged spur dike, Figs. 

5.36 to 5.37 in the case of submerged spur dike and Figs 5.57 to 5.58 in the case of pier is 

attributable to this phenomenon. 
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5.5  FLOW CHARACTERISTICS AROUND PARTIALLY SUBMERGED AND 
SUBMERGED SPUR DIKES 

 
One of the main objectives of the present investigation is to study the flow pattern 

around the spur dikes (partially submerged and submerged). To fulfil this objective 

Vectrino+ ADV was used to measure the instantaneous three components of velocity. 

Measurement of flow structure at different measuring nodes was done as per the 

experimental details given in the Chapter – IV (Fig. 4.12). The data for cohesive 

sediments consisting of clay-gravel (30% Clay + 70% Gravel) was chosen for the study of 

flow pattern around partially submerged and submerged spur dikes. The flow structure 

studied herein comprises of the vertical distribution of longitudinal velocity, turbulence 

intensities, Reynolds stresses and turbulence kinetic energy. The discussion on the flow 

pattern in the scour hole developed in cohesive sediment consisting clay-gravel bed is 

made. The discussion on quadrant analysis is presented at the last. 

5.5.1 Flow Field around Spur Dike  

In Chapter-IV, the methodology of measurements through ADV is explained. The 

flow field was measured at various points as shown in Fig. 4.13. In longitudinal direction 

flow field was measured at x = -40, -15, -5, 0, 5, 10, 15, 20, 40, and 80 cm from the spur 

dike. The spur dike was installed at 0 (zero) point, and the negative and positive sign 

represents the upstream and downstream side of the spur dike, respectively. In the 

transverse direction for both upstream and downstream, velocity was measured at y = 5, 

10, 15, 20, 25, 35 and 50 cm up to the center of the flume by taking right hand side wall 

of the channel at 0 (zero). The analysis of measuring points existing nearby the spur dike 

are presented and explained in detail. 

5.5.1.1 Vertical distribution of longitudinal velocity 

The variation of time averaged component of velocity (longitudinal componentu ) 

in various planes is shown in Figs. 5.59 (a-d). The velocity component was normalized by 

the velocity of approach flow oU . The vertical distance z  (negative and positive value of 

z  represents the depth below and above the initial bed level respectively) was normalized 

at each location by an approaching flow depth h . Further, it is to be clarified that 0z  

denotes the initial level of channel bed (i.e. level of the channel bed before the 

commencement of scour).  
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Figure 5.59 (a) and Fig. 5.59 (c) show the vertical distribution of longitudinal 

velocity around partially submerged and submerged spur dike respectively. The value of 

longitudinal velocity u  was observed to increase towards downstream of dike. It was also 

observed to increase away from right wall where spur dike was installed. At upstream of 

the spur dike (partially submerged and submerged) and in the plane y = 5cm and 10cm, 

the velocity component u was observed to reduce gradually towards the spur dike. 

Beyond these planes towards left wall the value of u was observed to increase. Very 

small value of u  (negative) is obtained in the region immediate downstream of spur dike 

(i.e. x = 5 to 10cm and y = 5 to 10cm). In the wake region of spur dike and in the plane y 

= 15 to 25 cm, large values of velocity component u were obtained from section x = 5cm 

towards x = 20cm. At these points values of u component varied from 1.15 – 1.55 times 

of the approaching flow velocity for partially submerged spur dike, whereas, it varied 

from 0.93 to 1.50 times of the approaching flow velocity for submerged spur dike. At the 

point (5, 15) the value of u  varied from 1.24 to 1.48 times the approaching flow velocity 

for partially submerged dike and 1.07 to 1.38 times the approaching flow velocity for 

submerged dike (velocity profiles were measured from bed surface to water surface).  

Figure 5.59 (b) and Fig. 5.59 (d) show the vertical distribution of longitudinal 

velocity at y = 15cm from the right wall at different values of x around the partially 

submerged and submerged spur dike respectively. From the figures, it is observed that the 

value of velocity component u decreased from x = -40 to x = - 15; thereafter it increased 

up to x = 10 for partially submerged dike and x = 20 for submerged spur dike. It again 

decreased up to x = 80cm in both types of spur dikes. The velocity profile taken at 

location (10, 15) showed the maximum value of longitudinal velocity componentu . The 

longitudinal velocity at (10, 15, 0.5) and (10, 15, 3) were observed to be 1.48 and 1.45 

times the approaching flow velocity respectively for partially submerged spur dike. 

Similarly, at locations (10,15, 0.5) and  (10, 15, 6) the value of u is 1.12 and 1.40 times 

the approaching flow velocity respectively (whereas it is 1.32 times the approaching flow 

velocity at 3cm above from the bed surface) for submerged dike . Hence, the value of u
was large towards the bed surface for partially submerged dike than submerged spur dike. 
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Fig. 5.59 (a) Normalized profiles of longitudinal velocity componentu around partially 

submerged spur dike 
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Fig. 5.59 (b) Normalized profiles of longitudinal velocity componentu at front of the 

partially submerged spur dike (y =15) 
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Fig. 5.59 (c) Normalized profiles of longitudinal velocity componentuaround submerged 

spur dike 
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Fig. 5.59 (d) Normalized profiles of longitudinal velocity componentu at front of the 
submerged spur dike (y =15) 
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5.5.1.2 Turbulence intensity 

The variation of normalized longitudinal turbulence intensity ''uu  across the 

flow depth in various planes is shown in Figs. 5.60 (a-b). The turbulence intensity was 

normalized by the shear velocity *u  in the approach flow. Vertical distance z was 

normalized by the approaching flow depthh. Figure 5.60 (a) shows the variation of 

normalized longitudinal turbulence intensity ''uu across the depth of flow around the 

partially submerged spur dike. From this figure it was observed that the maximum value 

of longitudinal component of turbulence intensity occured near the original bed level (

hz /  = 0.3 to -0.3) in the downstream region bounded by x = 5 to 20cm and y = 5 to 10cm. 

This indicates the importance of turbulence intensity in sediment detachment for the 

process of scour to happen. Duan et al. (2009) also observed that the dimensionless 

longitudinal turbulence intensity 






*uuu ''  was larger at the downstream of the spur 

dike than flat bed. Similarly, Kothyari and Jain (2006) observed a maximum value of 

turbulence intensity near the original bed surface before the start of detachment in 

degraded bed profile of clay- gravel mixtures.  

Figure 5.60 (b) shows the variation of normalized longitudinal turbulence 

intensity ''uu across the depth of flow around the submerged spur dike. At the 

downstream of the submerged dike, the dimensionless longitudinal turbulence intensity 








*uuu '' is larger than flat bed. Turbulence intensity pattern similar to partially 

submerged dike is also observed around the submerged dike. In the case of submerged 

dike, maximum value of longitudinal component of turbulence intensity was observed to 

occur near the original bed level ( hz /  = 0.5 to -0.25) in downstream region bounded by x 

= 5 to 20cm and y = 5 to 10cm.  

The variation of normalized vertical component of turbulence intensity '' ww

across the flow depth around the spur dikes (partially submerged and submerged) is 

shown in Figs. 5.61 (a-b). The vertical component was also normalized by the value of *u  

and vertical distance z was normalized by the value ofh. The variation almost follows the 

same trend as observed for longitudinal turbulence intensity. However, the magnitude of 

vertical component was smaller than that of corresponding longitudinal component [Figs. 
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5.61(a-b)].  Occurrence of maximum value of  */ uuu ''  and */ uww '' at 0hz  clearly 

indicates that turbulence intensity is responsible for scour and suspension of sediment 

particle which is in conformity with the findings of previous investigators (Mazumdar and 

Ojha, 2007).  

From the Figs. 5.60 (a-b), it was observed that the magnitude of dimensionless 

longitudinal turbulence intensity is larger for the partially submerged spur dike than that 

of submerged spur dike. 
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Fig. 5.60 (a) Normalized profiles of turbulence intensities component ''uu measured 
around partially submerged spur dike 
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Fig. 5.60 (b) Normalized profiles of turbulence intensities component ''uu measured 

around submerged spur dike 
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Fig. 5.61 (a) Normalized profiles of turbulence intensities component ''ww  measured 
around partially submerged spur dike 
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Fig. 5.61 (b) Normalized profiles of turbulence intensities component ''ww measured 
around submerged spur dike 

 

5.5.1.3 Reynolds stresses 

The variation of normalized ''wu component of Reynolds stresses along the 

vertical depth around the partially submerged and submerged spur dikes in various 

azimuthal planes is shown in Figs. 5.62(a-b). This component of Reynolds stress was 

normalized by the square of shear velocity of the approach flow i.e. 2
*u . The maximum 

value of Reynolds stress was observed to occur in the plane y = 5cm and 10cm from 

section x = 5cm towards x = 20cm of partially submerged and submerged spur dikes 

[Figs. 5.62 (a-b)]. The Reynolds stresses at the other measuring nodes remained fairly 

uniform and much smaller. This indicates that turbulence is more prominent in the wake 

zone of the spur dike than in front of it. Larger scour in the wake zone in comparison to 

upstream of spur dike in cohesive sediments can be attributed to this reason. Similarly, 

Kumar (2011) also observed the larger value of Reynolds stresses in the wake zone of the 

pier than in front of pier embedded in cohesive sediment mixtures consisting of clay-

gravel and clay-sand-gravel. From the Figs. 5.62 (a-b) it is also observed that the values 

of normalized ''wu component of Reynolds stresses was larger for partially submerged 

spur dike than that of submerged dike.   
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Figures 5.63(a- b) show the variation of ''wv  component of Reynolds stress across 

the flow depth around the partially submerged and submerged spur dike in various 

azimuthal planes. The component of Reynolds stresses were normalized using the square 

of shear velocity i.e. 2
*u . The component ''wv  of Reynolds stress obtained around the 

spur dikes (partially submerged and submerged) does not show significant value [Figs. 

5.63 (a-b)]. Kumar (2007) reported that Reynolds stresses components ''wu and ''wv  do 

not show conclusive trend in the case of scour around compound pier founded in 

cohesionless sediment. However, Dey and Raikar (2007) reported that there is existence 

of a core of higher magnitude of turbulence intensities and Reynolds stresses within the 

scour hole.  
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Fig. 5.62 (a) Normalized profiles of Reynolds stresses component ''wu measured around 

partially submerged spur dike 
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Fig. 5.62 (b) Normalized profiles of Reynolds stresses component ''wu measured around 
submerged spur dike 
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Fig. 5.63 (a) Normalized profiles of Reynolds stresses component ''wv measured around 

partially submerged spur dike 
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Fig. 5.63 (b) Normalized profiles of Reynolds stresses component ''wv measured around 

submerged spur dike 

 

5.5.1.4 Turbulence kinetic energy 

The turbulenence kinetic energy can be expressed as  

 ''''''
2
1 wwvvuuk           

Figures 5.64 (a-b) show the variation of turbulence kinetic energy across the flow 

depth around the partially submerged and submerged spur dikes in various azimuthal 

planes. The value of k  was normalized by the square of shear velocity i.e. 2
*u . The 

turbulence kinetic energy is a qualitative representation of turbulence fluctuations around 

the spur dike. The maximum value of turbulence kinetic energy was observed to occur in 

the plane y = 5cm and 10cm from section x = 5cm towards x = 20cm of partially 

submerged and submerged dike [Figs. 5.64 (a-b)].  The result indicated that maximum 

turbulence fluctuations occured in the flow within the scour hole near the spur dike. 

Further away from spur dike, at various measuring nodes, fairly uniform and much 

smaller value of turbulence kinetic energy was observed. Kumar (2011) also observed 

maximum value of k  near the pier in the wake zone and its value reduced away from the 
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pier in cohesive sediment mixtures bed. Similarly, Kumar (2007) also observed maximum 

value of k  near the pier in the wake zone and its value reduced away from the pier.  

The experimental runs were conducted for partially submerged and submerged 

spur dike founded in cohesive sediment mixture consisting of clay-gravel mixtures. In 

comparison, the values of the turbulence kinetic energy outside the scour hole were larger 

for submerged spur dike than those in partially submerged dike. It was also observed that, 

within the scour hole, the values of turbulence kinetic energy are larger in case of 

partially submerged dike than those observed in submerged spur dike. 

After the detailed analysis of turbulence intensity, Reynolds stresses and TKE in 

scour zone around spur dike, it was found that the maximum scour depth developed along 

the path of the detached layer where the turbulence intensity was the maximum. The 

higher magnitude of Reynolds stresses and TKE was also observed within the scour hole 

and it was maximum at the bottom of the scour hole. Similar results were also observed 

by Duan et al (2009) in the case of scour around partially submerged spur dike and by 

Dey and Raikar (2007), Kumar (2011) and Kumar (2012) in the case of scour around 

bridge pier. The magnitudes of turbulence intensity, Reynolds stresses and TKE were 

higher in case of partially submerged dike than submerged spur dike. Due to this, the 

depth of scour depth in partially submerged dike found to be larger than submerged dike.   
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Fig. 5.64 (a) Normalized profiles of turbulence kinetic energy measured around partially 
submerged spur dike 
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Fig. 5.64 (b) Normalized profiles of turbulence kinetic energy measured around 

submerged spur dike 
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5.6 QUADRANT ANALYSIS 

To carry out quadrant analysis, the longitudinal fluctuating velocity uuu '  and 

the vertical fluctuating velocity www '  were decomposed following their sign using 

WinADV software (Nortek, 2000). Data filtration was carried out by Phase-space 

Threshold method included in the WinADV software and these filtered data was used in 

further analysis. A code was developed in FORTRAN-90 to obtain the contribution of 

outward interaction, ejection, inward interaction and sweep events out of whole data for a 

particular hz /  value. As defined in Chapter-III, HiS ,  indicatively defines occurrence 

probability of a particular event, the same was obtained using the code developed herein. 

The occurrence probability for each event over the entire flow depth around the partially 

submerged and submerged dikes was obtained. The bursting events were computed 

around the partially submerged spur dike at different measuring node (i.e. x = -15, -5, 0, 

5, 10 and 20cm; and y = 5, 10, 15 and 20cm). The negative and positive values of x 

represent the upstream and downstream of the spur dike respectively.  The results 

presented herein were obtained by performing computations with H = 0 for all events.  

 

5.6.1 Bursting Events around Partially Submerged Spur Dike 

The contributions of different bursting events (i.e. outward interaction, ejection, 

inward interaction and sweep) around partially submerged dike are shown in Figs. 5.65 

(a-d) to 5.68 (a-d). From Figs. 5.65 (a-d) and 5.67 (a-d) it is clearly observed that the 

values of outward and inward interaction were higher at the downstream of the partially 

submerged dike (x = 5, 10 and 20cm) than its upstream (x = -15 and -5cm) at an 

azimuthal plane of y = 5 and 10cm. At measuring planes y = 15 and 20cm, small values of 

outward and inward interaction events were observed. 

 Figures 5.66 (a-d) and 5.68 (a-d) show distribution of ejection and sweep events 

around the partially submerged spur dike at various measuring nodes respectively. The 

small values of ejection and sweep events were measured at the downstream of the 

partially submerged dike (x = 5, 10 and 20cm) than its upstream (x = -15 and -5cm) at an 

azimuthal plane of y = 5 and 10cm. The values of ejection and sweep events increased 

from y = 15 to 20cm in downstream of the spur dike.  
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From the analysis it was observed that value of outward and inward interactions 

increases toward the lower most regions within the scour hole in case of partially 

submerged dike. Similar results were obtained by Kumar (2011) in case of pier scour. The 

larger value of outward and inward interaction as observed in the lower most 

measurement layer supports the finding of Nelson et al. (1995), since it denotes a 

potential for near bed flow to transport more sediments than elsewhere in water column. 

5.6.2 Bursting Events around Submerged Spur Dike 

The contributions of different bursting events (i.e. outward interaction, ejection, 

inward interaction and sweep) around submerged spur dike are shown in Figs. 5.69 (a-d) 

to 5.72 (a-d). Figures 5.69 (a-d) and 5.71 (a-d) show the distribution of outward and 

inward interaction events around submerged spur dike measured at various nodes 

respectively. The trend of outward and inward interaction events were very similar to that 

observed around partially submerged spur dike. The values of outward and inward 

interaction events were higher at the downstream of the submerged dike (x = 5, 10 and 

20cm) than its upstream (x = -15 and -5cm) at an azimuthal plane of y = 5 and 10cm. At 

measuring nodes y = 15 and 20cm, smaller values of outward and inward interaction 

events were measured. 

 Figures 5.70 (a-d) and 5.72 (a-d) show the distribution of ejection and sweep 

events around the submerged spur dike at various measuring nodes respectively. The 

trend observed for ejection and sweep events around the submerged spur dike was also 

similar to that observed around partially submerged spur dike. At outside of the scour 

hole, small values of ejection and sweep events were measured at the downstream of the 

submerged dike (x = 10 and 20cm) than its upstream (x = -15 and -5cm) at an azimuthal 

plane of y = 5 and 10cm. While, within the scour hole at (5, 5) and (5, 10) the ejection 

and sweep events have maximum value at lower most level and decreases near initial bed 

level. Their values further increase towards the water surface. Duan et al. (2011), Kumar 

(2011) and Jain et al. (2015) also found that the ejection and sweep events are more 

dominant than other two events. The values of ejection and sweep events increased 

marginally from y = 15 to 20cm in downstream of the submerged spur dike. 
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Fig. 5.65 (a) Distribution of outward interaction event at various measuring nodes around 
the partially submerged dike at y = 5cm 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

Si,H

H=0 hz

 x = -15
 x = -5
 x = 5
 x = 10
 x = 15

y = 10

Outward Internation

 

Fig. 5.65 (b) Distribution of outward interaction event at various measuring nodes around 
the partially submerged dike at y = 10cm 
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Fig. 5.65 (c) Distribution of outward interaction event at various measuring nodes around 
the partially submerged dike at y = 15cm 
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Fig. 5.65 (d) Distribution of outward interaction event at various measuring nodes around 
the partially submerged dike at y = 20cm 
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Fig. 5.66 (a) Distribution of ejection event at various measuring nodes around the 
partially submerged dike at y = 5cm 
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Fig. 5.66 (b) Distribution of ejection event at various measuring nodes around the 
partially submerged dike at y = 10cm 
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Fig. 5.66 (c) Distribution of ejection event at various measuring nodes around the 
partially submerged dike at y = 15cm 
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Fig. 5.66 (d) Distribution of ejection event at various measuring nodes around the 
partially submerged dike at y = 20cm 
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Fig. 5.67 (a) Distribution of inward interaction event at various measuring nodes around 

the partially submerged dike at y = 5cm 
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Fig. 5.67 (b) Distribution of inward interaction event at various measuring nodes around 
the partially submerged dike at y = 10cm 
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Fig. 5.67 (c) Distribution of inward interaction event at various measuring nodes around 

the partially submerged dike at y = 15cm 
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Fig. 5.67 (d) Distribution of inward interaction event at various measuring nodes around 

the partially submerged dike at y = 20cm 
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Fig. 5.68 (a) Distribution of sweep event at various measuring nodes around the partially 

submerged dike at y = 5cm 
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Fig. 5.68 (b) Distribution of sweep event at various measuring nodes around the partially 
submerged dike at y = 10cm 
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Fig. 5.68 (c) Distribution of sweep event at various measuring nodes around the partially 

submerged dike at y = 15cm 
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Fig. 5.68 (d) Distribution of sweep event at various measuring nodes around the partially 

submerged dike at y = 20cm 
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Fig. 5.69 (a) Distribution of outward interaction event at various measuring nodes around 
the submerged dike at y = 5cm 
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Fig. 5.69 (b) Distribution of outward interaction event at various measuring nodes around 
the submerged dike at y = 10cm 
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Fig. 5.69 (c) Distribution of outward interaction event at various measuring nodes around 
the submerged dike at y = 15cm 
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Fig. 5.69 (d) Distribution of outward interaction event at various measuring nodes around 

the submerged dike at y = 20cm 
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Fig. 5.70 (a) Distribution of ejection event at various measuring nodes around the 
submerged dike at y = 5cm 
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Fig. 5.70 (b) Distribution of ejection event at various measuring nodes around the 

submerged dike at y = 10cm 
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Fig. 5.70 (c) Distribution of ejection event at various measuring nodes around the 
submerged dike at y = 15cm 
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Fig. 5.70 (d) Distribution of ejection event at various measuring nodes around the 

submerged dike at y = 20cm 
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Fig. 5.71 (a) Distribution of inward interaction event at various measuring nodes around 
the submerged dike at y = 5cm 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

y = 10

S
i
,H

H=0 hz Inward Interaction

 x = -15
 x = -5
 x = 5
 x = 10
 x = 15

 
Fig. 5.71 (b) Distribution of inward interaction event at various measuring nodes around 

the submerged dike at y = 10cm 
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Fig. 5.71 (c) Distribution of inward interaction event at various measuring nodes around 

the submerged dike at y = 15cm 
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Fig. 5.71 (d) Distribution of inward interaction event at various measuring nodes around 

the submerged dike at y = 20cm 
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Fig. 5.72 (a) Distribution of sweep event at various measuring nodes around the 
submerged dike at y = 5cm 
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Fig. 5.72 (b) Distribution of sweep event at various measuring nodes around the 

submerged dike at y = 10cm 
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Fig. 5.72 (c) Distribution of sweep event at various measuring nodes around the 
submerged dike at y = 15cm 
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Fig. 5.72 (d) Distribution of sweep event at various measuring nodes around the 

submerged dike at y = 20cm 
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5.7   CONCLUDING REMARK 

Visual analysis of process of scour around spur dike and pier in cohesive sediment 

mixtures formed by clay-gravel and clay-sand-gravel have been presented using the data 

collected in the present study. The extent, depth of scour and shape of scour hole were 

significantly different in cohesive sediments as compared to that in cohesionless 

sediments. Relationships were proposed to compute the temporal variation of depth of 

scour at nose and at the wake of the spur dikes (partially submerged and submerged) and 

at sides and in the wake zone of piers founded in clay-gravel and clay-sand-gravel 

sediment mixtures. The proposed relationships formulated in the Chapter-III were 

verified by the experimental data of depth of scour around partially submerged spur dike, 

submerged spur dike and pier in above mentioned cohesive sediment. Flow 

characteristics, turbulence intensities, Reynolds stresses and quadrant analysis of the flow 

around the spur dikes were also studied by measuring data at different grid points around 

the spur dikes. The study of flow and turbulence field signifies the sediment detachment 

and its transport by showing higher normalized velocity component, turbulence intensities 

and Reynolds stresses. 
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CHAPTER - VI 

 

CONCLUSIONS 
 

6.1 GENERAL 

The main objective of present study was to investigate the influence of cohesion 

on the process of scour around spur dikes (partially submerged and submerged) and pier; 

and to study the flow characteristics around the spur dikes (partially submerged and 

submerged) founded in cohesive sediment consisting of clay-gravel and clay-sand-gravel 

mixtures. To achieve this, experiments were conducted to study the influence of cohesion 

on the above mentioned processes by varying the clay content in an organized manner. 

The experiments were conducted with two types of sediment mixtures; the first type was, 

fine gravel mixed with clay in varying proportions (10 to 50 %) and the second type was, 

fine gravel and fine sand in equal proportion by weight mixed with varying proportions of 

clay (10 to 50 %). For flow characteristics analysis ADV data was collected around the 

spur dikes after stabilization of scour hole. The working relationships were developed to 

compute the temporal variation of maximum depth of scour around spur dikes and piers 

in cohesive sediment mixtures.  

The detailed conclusions derived from present study are summarized below. 

 

6.2 COHESIVE PARAMETRS AFFECTING SCOURING PROCESS 

The variables namely; proportion of clay fraction present in the mixture and 

unconfined compressive strength of the bed material were found to be significantly 

affecting the process of scour around spur dikes and pier. The value of observed depth of 

scour in cohesive sediment mixtures appeared to be much smaller in case of cohesive 

sediments compared to depth of scour in same sized cohesionless sediment. It was also 

found to decrease with an increase in the clay percentage and unconfined compressive 

strength of sediment bed. Based on dimensional consideration a functional relationship 

(Eq. 3.7) was derived in the present study for the estimation of depth of scour around the 

spur dikes and pier in clay-gravel and clay-sand-gravel mixtures. 
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6.3 SCOUR AROUND PARTIALLY SUBMERGED SPUR DIKE 

The process of scour around partially submerged dike in cohesive sediment 

mixtures was found to be significantly different from that in cohesionless sediment. In 

cohesionless sediment, the scouring started from the nose of the spur dike immediately 

after the beginning of each experimental run and the maximum depth of scour was 

observed at the junction of wall and spur dike. However, in case of cohesive sediment 

bed, the scouring started from the wake region of the spur dike as shown in Figs. 5.1(a) 

and 5.1(b) and the maximum depth of scour was observed in the wake region of the spur 

dike (Figs. 5.2–5.4).  

Relationships in the form of Eq. (5.4) and Eq. (5.5) were proposed to estimate the 

depth of scour at nose and at the wake of the partially submerged spur dike founded in 

cohesive sediment mixtures. The observed values of depth of scour at nose and at the 

wake of the partially submerged spur dike were compared against their corresponding 

values computed by the proposed relationship as shown in Figs. 5.17 and 5.18 

respectively. The proposed relationship yielded satisfactory outcome with maximum error 

of two folds for 92.5% of total data for nose and 90.5% of the total data for the wake of 

the partially submerged spur dike. The scatterness of results by the proposed method as 

seen in Figs. 5.17 and 5.18 and similar other figures albeit was large, but is acceptable in 

the context of similar results generally reported in the literature on transport studies of the 

cohesive and cohesionless sediments.  

Using the Eq. (2.17) as the basis, a computational procedure was proposed to 

determine the temporal variation of depth of scour in cohesive sediment consisting of 

clay-gravel and clay-sand gravel mixture. The proposed methodology was schematically 

described in Fig. 3.1 by illustrating the steps to be followed in the computations. 

Relationships described in Eq. (5.4) and Eq. (5.5) were proposed for the prediction of 

depth of scour at nose and at the wake of partially submerged spur dike. The graphical 

comparison of observed values of temporal variation of depth of scour with that 

computed by the proposed model revealed that proposed model very well predicted the 

depth of scour in such cohesive sediment mixtures (Figs. 5.19 to 5.22).  The proposed 

method shall be useful in obtaining design value of depth of scour for hydraulic design of 

new bridges. 
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6.4 SCOUR AROUND SUBMERGED SPUR DIKE 

The scouring initiates from the downstream corner of the submerged spur dike at 

the wake region (Fig. 5.23) and the maximum depth of scour was also observed at the 

wake of the dike. These results are very similar to partially submerged dike observations. 

The relationships described in Eq. (5.17) and Eq. (5.18) were used to estimate the 

depth of scour at nose and at the wake of the submerged spur dike founded in cohesive 

sediment mixtures. The observed values of depth of scour at nose and at the wake of the 

submerged spur dike were compared against their corresponding values computed by the 

proposed relationship as shown in Figs. 5.36 and 5.37 respectively. The proposed 

relationships yielded satisfactory outcome with maximum error of two folds for 97.7% of 

the total data for nose and 95.9% of total data for wake of the submerged dike 

respectively. 

The methodology is schematically described in Fig. 3.1 by illustrating the steps to 

be followed in the computations of depth of scour in cohesive sediment mixture. 

Relationships described in Eq. (5.17) and Eq. (5.18) were proposed to predict depth of 

scour at nose and at the wake of submerged spur dike. The graphical comparison of 

observed values of temporal variation of depth of scour with that computed by the 

proposed model revealed that proposed model very well predicted the depth of scour in 

such cohesive sediment mixtures (Figs. 5.38 to 5.41). 

   

6.5 SCOUR AROUND PIER 

 In Cohesionless sediment, the process of scour started from the sides of the pier 

immediately after the commencement of each experimental run and the scour hole 

extended towards the nose of the pier. The maximum depth of scour was observed at the 

nose of the pier. However, in case of cohesive sediment bed the scouring started from the 

side of the pier at a point where separation of flow occured as shown in Figs. 5.42(a) and 

5.42(b) and the maximum depth of scour observed at the sides of the pier. 

Relationships described in Eq. (5.22) and Eq. (5.23) are used to estimate the depth 

of scour at sides and at the wake of the pier founded in cohesive sediment mixtures 

consisting of clay-gravel and clay-sand-gravel mixtures. The observed values of depth of 

scour at sides and at the wake of the pier were compared against their corresponding 
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values computed by the proposed relationships as depicted in Figs. 5.57 and 5.58. The 

proposed relationships yielded satisfactory outcome with maximum error of two folds for 

92.57% of the total data for side and 94% of total data for wake of the pier respectively.  

 

6.6 FLOW CHARACTERISTICS AROUND THE PARTIALLY SUBMERGED 

AND SUBMERGED SPUR DIKES 

The flow characteristics around the partially submerged and submerged spur dike 

in the clay-gravel were analyzed in the form of mean velocity, turbulence intensity, 

Reynolds stresses and turbulence kinetic energy. Quadrant analysis was also carried out 

to quantify the contribution of outward interaction, ejection, inward interaction and sweep 

events out of whole data for a particular hz value. Specific conclusions on flow 

characteristics are as follows 

(i) At locations (5, 5), (5,10), (10,5) and (10,10) in the flow field of partially 

submerged and submerged spur dikes, very small values of longitudinal velocity 

component u (negative) were obtained whereas, larger values of u were obtained within 

the flow field bounded by the region x = 5 to 20cm and y = 15 to 25cm.  

At the point (5, 15) the value of u varied from 1.24 to 1.48 times the approaching 

flow velocity for partially submerged dike and 1.07 to 1.38 times the approaching flow 

velocity for submerged dike (velocity profile were measured from bed surface to water 

surface). 

(ii) The maximum value of longitudinal component of turbulence intensity occured 

near the original bed level ( hz /  = 0.3 to -0.3) just behind the partially submerged spur 

dike within the region x = 5 to 20cm and y = 5 to 10cm. Whereas, in the case of 

submerged spur dike, maximum value of longitudinal component of turbulence intensity 

was observed to occur near the original bed level ( hz /  = 0.5 to -0.25) just behind the 

submerged spur dike within the region x = 5 to 20cm and y = 5 to 10cm. 

(iii) The maximum value of Reynolds stress component ''wu  was observed to occur in 

the wake zone of partially submerged and submerged spur dikes [Figs. 5.62 (a - b)]. The 

value of Reynolds stresses component ''wu  is larger for partially submerged spur dike 

than that for submerged spur dike whereas, the Reynolds stress component ''wv  did not 
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show significant value around the spur dikes (partially submerged and submerged) [Figs. 

5.63 (a - b)]. 

 (iv) The maximum value of turbulence kinetic energy was observed to occur in the 

wake zone (bounded by the region x = 5 to 20cm and y = 5 to 10cm) of partially 

submerged and submerged dike [Figs. 5.64(a - b)]. Outside the scour hole, the values of 

the turbulence kinetic energy were larger for submerged spur dike than those for partially 

submerged dike while, within the scour hole the values of turbulence kinetic energy were 

larger for partially submerged dike than those observed for submerged spur dike. 

(v)  Quadrant analysis of ADV data showed that the values of outward and inward 

interaction were higher within the scour hole in partially submerged spur dike as 

compared to the values of ejection and sweep events, while outside of the scour hole the 

values of ejection and sweep events were higher as compared to the values of outward 

and inward interaction events. It was also observed that value of outward and inward 

interactions increases toward the lower most regions within the scour hole in case of 

partially submerged dike. 

(vi) In case of submerged spur dike, the values of outward and inward interaction 

events were higher at the downstream of the submerged dike (x = 5, 10 and 20cm) than its 

upstream (x = -15 and -5cm) at an azimuthal plane of y = 5 and 10cm. The trend observed 

for ejection and sweep events around the submerged spur dike was also similar to that 

observed around partially submerged spur dike. At outside of the scour hole, small values 

of ejection and sweep events were measured at the downstream of the submerged dike (x 

= 10 and 20cm) than its upstream (x = -15 and -5cm) at an azimuthal plane of y = 5 and 

10cm. While, within the scour hole at (5, 5) and (5, 10) the ejection and sweep events 

have maximum value at lower most level and decreases near initial bed level.  
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APPENDIX- A 

Sediment and hydraulic parameters for experimental runs of partially submerged 
spur dike in cohesionless sediments 
 

Run da (mm) h (m) b (m) uned (m) 
ujed (m) Time 

(min) 
DpG1 2.70 0.125 0.1152 0.180 0.197 2160 

DpG2 2.70 0.125 0.089 0.147 0.162 1440 

DpG3 2.70 0.125 0.061 0.106 0.115 1440 

DpSG1 1.47 0.112 0.1152 0.122 0.117 1200 

DpSG2 1.47 0.112 0.089 0.096 0.081 1200 

DpSG3 1.47 0.112 0.061 0.073 0.073 1200 
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APPENDIX- B 

Sediment and hydraulic parameters for experimental runs of partially submerged spur dike founded in cohesive sediment formed 
by clay-gravel sediments mixture 

Run No. Pc 
(%) 

da 
(mm) 

W 
 (%) 

d 
(kN/m3) 

UCS 
(kN/m2) e h 

(m) 
Uo  

(m/s) So 
b 

(m) 
cuned  

(m) 
cuwed  

(m) 
Time  
(min) 

DpCG1.1 10 2.431 6.17 15.58 0.00 0.79 0.120 0.578 0.003 0.1152 0.149 0.128 960 

DpCG1.2 10 2.431 5.95 14.15 0.00 0.83 0.118 0.588 0.003 0.0890 0.112 0.102 960 

DpCG1.3 10 2.431 5.59 13.22 0.00 0.92 0.115 0.603 0.003 0.0610 0.094 0.086 960 

DpCG2.1 20 2.163 7.68 14.88 2.11 0.76 0.122 0.690 0.003 0.1152 0.110 0.118 1200 

DpCG2.2 20 2.163 6.62 14.82 2.16 0.74 0.120 0.693 0.003 0.0890 0.093 0.100 1800 

DpCG2.3 20 2.163 7.27 15.05 2.60 0.71 0.117 0.702 0.003 0.0610 0.067 0.077 1560 

DpCG3.1 30 1.894 9.50 15.50 9.14 0.64 0.122 0.717 0.003 0.1152 0.071 0.100 2400 

DpCG3.2 30 1.894 11.00 15.35 9.95 0.67 0.119 0.735 0.003 0.0890 0.052 0.083 2400 

DpCG3.3 30 1.894 12.06 16.19 10.11 0.66 0.117 0.747 0.003 0.0610 0.027 0.072 2400 

DpCG4.1 40 1.626 11.61 17.90 16.22 0.45 0.094 0.936 0.005 0.1152 0.033 0.071 2400 

DpCG4.2 40 1.626 11.76 18.26 16.22 0.42 0.091 0.967 0.005 0.0890 0.023 0.052 2400 

DpCG4.3 40 1.626 11.83 18.10 16.76 0.43 0.072 1.222 0.005 0.0610 0.021 0.043 2400 

DpCG5.1 50 1.357 17.12 17.44 14.60 0.50 0.095 0.926 0.005 0.1152 0.012 0.047 2400 

DpCG5.2 50 1.357 15.28 17.13 15.14 0.49 0.078 1.128 0.005 0.0890 0.010 0.037 2400 

DpCG5.3 50 1.357 17.51 17.33 14.60 0.51 0.078 1.128 0.005 0.0610 0.000 0.017 2400 

180 



181 
 

APPENDIX- C 
 

Sediment and hydraulic parameters for experimental runs of partially submerged spur dike founded in cohesive sediment formed 
by clay-sand-gravel sediments mixture 
 

Run No. Pc 
(%) 

da 
(mm) 

W 
(%) 

d 
(kN/m3) 

UCS 
(kN/m2) e h 

(m) 
Uo 

(m/s) So 
b 

(m) 
csned  

(m) 
cswed  

(m) 
Time  
(min) 

DpCSG1.1 10 1.324 8.46 17.49 0.00 0.49 0.126 0.504 0.003 0.1152 0.150 0.148 960 

DpCSG1.2 10 1.324 8.74 17.29 0.00 0.50 0.126 0.504 0.003 0.0890 0.130 0.116 960 

DpCSG1.3 10 1.324 8.97 16.82 0.00 0.55 0.126 0.504 0.003 0.0610 0.103 0.085 840 

DpCSG2.1 20 1.179 10.19 18.34 11.52 0.42 0.114 0.657 0.003 0.1152 0.102 0.131 1560 

DpCSG2.2 20 1.179 12.38 17.42 13.73 0.49 0.121 0.619 0.003 0.0890 0.088 0.101 1560 

DpCSG2.3 20 1.179 11.07 17.55 11.73 0.48 0.119 0.629 0.003 0.0610 0.058 0.075 1560 

DpCSG3.1 30 1.033 12.04 18.80 41.63 0.38 0.134 0.681 0.003 0.1152 0.060 0.083 1800 

DpCSG3.2 30 1.033 11.99 19.11 40.39 0.36 0.135 0.676 0.003 0.0890 0.042 0.056 1800 

DpCSG3.3 30 1.033 11.85 18.85 40.60 0.38 0.119 0.767 0.003 0.0610 0.020 0.028 1680 

DpCSG4.1 40 0.888 11.71 18.98 48.77 0.37 0.099 0.824 0.005 0.1152 0.017 0.051 1800 

DpCSG4.2 40 0.888 12.35 18.80 53.53 0.38 0.085 1.003 0.005 0.0890 0.010 0.031 1800 

DpCSG4.3 40 0.888 11.99 18.65 53.42 0.39 0.071 1.201 0.005 0.0610 0.006 0.016 1800 

DpCSG5.1 50 0.742 13.43 18.13 50.82 0.43 0.072 1.184 0.005 0.1152 0.012 0.032 2400 

DpCSG5.2 50 0.742 13.52 18.45 52.45 0.41 0.072 1.184 0.005 0.0890 0.003 0.017 2400 

DpCSG5.3 50 0.742 13.70 18.42 51.90 0.41 0.071 1.201 0.005 0.0610 0.000 0.005 2400 
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APPENDIX- D 

 

Data on temporal variation of scour depth at nose (dcun) and at the wake (dcuw) of the 
partially submerged dike in clay-gravel (CG) and clay-sand-gravel (CSG) sediment 
mixtures 

 

Run No.  DPCG 1.1     Run No. DPCG 1.2 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

1 0.008 2 0.005 

4 0.024 5 0.020 

10 0.045 11 0.051 

15 0.049 16 0.059 

30 0.067 31 0.065 

60 0.087 61 0.078 

120 0.096 121 0.094 

240 0.114 241 0.104 

360 0.14 361 0.12 

480 0.141 481 0.123 

600 0.143 601 0.126 

720 0.146 721 0.127 

840 0.149 841 0.128 

960 0.149 961 0.128 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

1 0.005 2 --- 

4 0.009 5 0.006 

10 0.016 11 0.023 

15 0.027 16 0.027 

30 0.031 31 0.038 

60 0.042 61 0.056 

120 0.052 121 0.066 

240 0.061 241 0.078 

360 0.083 361 0.088 

480 0.097 481 0.093 

600 0.111 601 0.098 

720 0.111 721 0.102 

840 0.112 841 0.102 

960 0.112 961 0.102 
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Run No.  DPCG 1.3     Run No. DPCG 2.1 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

1 0.003 2 0.000 

4 0.005 5 0.004 

10 0.009 11 0.009 

15 0.018 16 0.020 

30 0.027 31 0.035 

60 0.037 61 0.050 

120 0.048 121 0.060 

240 0.055 241 0.070 

360 0.075 361 0.079 

480 0.087 481 0.084 

600 0.091 601 0.085 

720 0.092 721 0.085 

840 0.094 841 0.086 

960 0.094 961 0.086 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

3 0.003 5 0.005 

5 0.009 11 0.011 

10 0.016 16 0.018 

15 0.021 31 0.024 

30 0.025 61 0.030 

60 0.031 121 0.035 

120 0.037 241 0.041 

240 0.044 361 0.049 

360 0.05 481 0.057 

480 0.059 601 0.067 

600 0.068 721 0.076 

720 0.084 841 0.090 

840 0.102 961 0.109 

960 0.109 1081 0.115 

1080 0.110 1201 0.118 

1200 0.110 1321 0.118 
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Run No.  DPCG 2.2     Run No. DPCG 2.3 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

3 --- 4 0.004 

5 0.004 6 0.007 

10 0.008 11 0.012 

15 0.011 16 0.018 

30 0.016 31 0.026 

60 0.022 61 0.033 

120 0.029 121 0.038 

240 0.036 241 0.045 

360 0.044 361 0.054 

480 0.053 481 0.061 

600 0.061 601 0.067 

720 0.065 721 0.072 

840 0.070 841 0.078 

960 0.074 961 0.083 

1080 0.079 1081 0.087 

1200 0.084 1201 0.091 

1320 0.088 1321 0.096 

1440 0.091 1441 0.098 

1560 0.093 1561 0.100 

1680 0.093 1681 0.100 

1800 0.093 1801 0.100 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

5 0.000 6 0.003 

10 0.002 11 0.005 

15 0.005 16 0.008 

30 0.009 31 0.013 

60 0.014 61 0.019 

120 0.019 121 0.025 

240 0.025 241 0.032 

360 0.033 361 0.040 

480 0.040 481 0.047 

600 0.048 601 0.056 

720 0.056 721 0.063 

840 0.060 841 0.066 

960 0.063 961 0.069 

1080 0.065 1081 0.071 

1200 0.066 1201 0.074 

1320 0.067 1321 0.076 

1440 0.067 1441 0.077 

1560 0.067 1561 0.077 
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Run No.  DPCG 3.1     Run No. DPCG 3.2 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

10 0.000 11 0.003 

15 0.000 16 0.004 

30 0.000 31 0.007 

60 0.002 61 0.009 

120 0.003 121 0.011 

240 0.005 241 0.014 

360 0.009 361 0.018 

480 0.012 481 0.020 

600 0.017 601 0.024 

720 0.020 721 0.029 

840 0.023 841 0.035 

960 0.027 961 0.041 

1080 0.031 1081 0.048 

1200 0.035 1201 0.058 

1320 0.040 1321 0.067 

1440 0.046 1441 0.072 

1560 0.051 1561 0.078 

1680 0.056 1681 0.085 

1800 0.060 1801 0.090 

1920 0.065 1921 0.094 

2040 0.068 2041 0.097 

2160 0.070 2161 0.098 

2280 0.071 2281 0.100 

2400 0.071 2401 0.100 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

15 0.000 16 0.003 

30 0.000 31 0.003 

60 0.000 61 0.005 

120 0.002 121 0.008 

240 0.003 241 0.010 

360 0.004 361 0.013 

480 0.007 481 0.017 

600 0.011 601 0.021 

720 0.014 721 0.026 

840 0.018 841 0.030 

960 0.021 961 0.036 

1080 0.026 1081 0.043 

1200 0.032 1201 0.052 

1320 0.036 1321 0.059 

1440 0.041 1441 0.066 

1560 0.044 1561 0.070 

1680 0.047 1681 0.073 

1800 0.048 1801 0.076 

1920 0.05 1921 0.080 

2040 0.051 2041 0.082 

2160 0.051 2161 0.083 

2280 0.052 2281 0.083 

2400 0.052 2401 0.083 
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Run No.  DPCG 3.3     Run No. DPCG 4.1 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

30 0.000 31 0.002 

60 0.000 61 0.004 

120 0.000 121 0.006 

240 0.002 241 0.007 

360 0.002 361 0.010 

480 0.004 481 0.012 

600 0.005 601 0.015 

720 0.008 721 0.017 

840 0.011 841 0.021 

960 0.014 961 0.027 

1080 0.017 1081 0.033 

1200 0.020 1201 0.040 

1320 0.020 1321 0.048 

1440 0.021 1441 0.057 

1560 0.021 1561 0.064 

1680 0.022 1681 0.067 

1800 0.022 1801 0.069 

1920 0.025 1921 0.071 

2040 0.026 2041 0.071 

2160 0.026 2161 0.072 

2280 0.027 2281 0.072 

2400 0.027 2401 0.072 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

120 0.000 121 0.004 

240 0.000 241 0.007 

360 0.004 361 0.009 

480 0.006 481 0.011 

600 0.006 601 0.014 

720 0.007 721 0.016 

840 0.008 841 0.018 

960 0.009 961 0.022 

1080 0.011 1081 0.026 

1200 0.012 1201 0.034 

1320 0.014 1321 0.041 

1440 0.018 1441 0.049 

1560 0.023 1561 0.055 

1680 0.023 1681 0.058 

1800 0.027 1801 0.062 

1920 0.029 1921 0.066 

2040 0.032 2041 0.067 

2160 0.032 2161 0.069 

2280 0.033 2281 0.070 

2400 0.033 2401 0.071 
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Run No.  DPCG 4.2     Run No. DPCG 4.3 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

120 0.000 121 0.003 

240 0.000 241 0.005 

360 0.000 361 0.006 

480 0.003 481 0.009 

600 0.003 601 0.011 

720 0.005 721 0.014 

840 0.006 841 0.016 

960 0.007 961 0.018 

1080 0.007 1081 0.023 

1200 0.008 1201 0.029 

1320 0.011 1321 0.033 

1440 0.011 1441 0.037 

1560 0.013 1561 0.040 

1680 0.016 1681 0.044 

1800 0.018 1801 0.047 

1920 0.020 1921 0.048 

2040 0.021 2041 0.050 

2160 0.022 2161 0.051 

2280 0.023 2281 0.051 

2400 0.023 2401 0.052 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

360 0.000 361 0.002 

480 0.000 481 0.003 

601 0.000 601 0.005 

720 0.002 721 0.007 

840 0.002 841 0.009 

960 0.004 961 0.009 

1080 0.006 1081 0.012 

1200 0.007 1201 0.014 

1320 0.009 1321 0.018 

1440 0.01 1441 0.023 

1560 0.013 1561 0.029 

1680 0.016 1681 0.037 

1800 0.018 1801 0.039 

1920 0.020 1921 0.042 

2040 0.020 2041 0.042 

2160 0.021 2161 0.043 

2280 0.021 2281 0.043 

2400 0.021 2401 0.043 
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Run No.  DPCG 5.1     Run No. DPCG 5.2 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

240 0.000 241 0.003 

360 0.000 361 0.004 

480 0.000 481 0.006 

600 0.000 601 0.009 

720 0.000 721 0.011 

840 0.002 841 0.012 

960 0.003 961 0.013 

1080 0.005 1081 0.015 

1200 0.006 1201 0.018 

1320 0.007 1321 0.020 

1440 0.008 1441 0.024 

1560 0.008 1561 0.029 

1680 0.011 1681 0.036 

1800 0.011 1801 0.041 

1920 0.011 1921 0.042 

2040 0.012 2041 0.045 

2160 0.012 2161 0.046 

2280 0.012 2281 0.046 

2400 0.012 2401 0.047 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

240 0.000 361 0.003 

360 0.000 481 0.003 

480 0.000 601 0.005 

600 0.000 721 0.007 

720 0.000 841 0.008 

1080 0.003 961 0.011 

1200 0.003 1081 0.013 

1320 0.004 1201 0.016 

1440 0.004 1321 0.022 

1560 0.007 1441 0.027 

1680 0.007 1561 0.029 

1800 0.007 1681 0.030 

1920 0.009 1801 0.030 

2040 0.009 1921 0.032 

2160 0.010 2041 0.034 

2280 0.010 2161 0.035 

2400 0.010 2281 0.037 
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Run No.  DPCG 5.3     Run No. DPCSG 1.1 

Time 
(min.) 

dcuw  
(m) 

601 0.002 

721 0.003 

841 0.005 

961 0.005 

1081 0.007 

1201 0.009 

1321 0.009 

1441 0.011 

1561 0.013 

1681 0.014 

1801 0.014 

1921 0.016 

2041 0.017 

2161 0.017 

2281 0.017 

2401 0.017 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

1 0.025 2 0.037 

4 0.069 5 0.054 

10 0.079 11 0.063 

15 0.089 16 0.068 

30 0.098 31 0.081 

60 0.112 61 0.092 

120 0.121 121 0.105 

240 0.131 241 0.124 

360 0.138 361 0.135 

480 0.143 481 0.141 

600 0.148 601 0.145 

720 0.149 721 0.147 

840 0.150 841 0.148 

960 0.150 961 0.148 
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Run No.  DPCSG 1.2     Run No. DPCSG 1.3 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

1 0.014 2 0.025 

4 0.040 5 0.040 

10 0.065 11 0.052 

15 0.078 16 0.066 

30 0.086 31 0.075 

60 0.099 61 0.082 

120 0.107 121 0.091 

240 0.113 241 0.099 

360 0.119 361 0.106 

480 0.125 481 0.110 

600 0.128 601 0.114 

720 0.128 721 0.115 

840 0.130 841 0.116 

960 0.130 961 0.116 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

1 0.01 2 0.017 

4 0.025 5 0.033 

10 0.032 11 0.045 

15 0.058 16 0.051 

30 0.07 31 0.062 

60 0.079 61 0.067 

120 0.085 121 0.072 

240 0.092 241 0.076 

360 0.095 361 0.079 

480 0.1 481 0.082 

600 0.102 601 0.084 

720 0.103 721 0.085 

840 0.103 841 0.085 
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Run No.  DPCSG 2.1     Run No. DPCSG 2.2 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

4 -- 5 0.004 

10 0.005 11 0.008 

15 0.008 16 0.010 

30 0.013 31 0.015 

60 0.019 61 0.024 

120 0.028 121 0.033 

240 0.039 241 0.045 

360 0.048 361 0.058 

480 0.058 481 0.073 

600 0.069 601 0.084 

720 0.078 721 0.096 

840 0.084 841 0.105 

960 0.090 961 0.112 

1080 0.094 1081 0.120 

1200 0.098 1201 0.126 

1320 0.101 1321 0.129 

1440 0.102 1441 0.131 

1560 0.102 1561 0.131 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

10 0.003 11 0.005 

15 0.006 16 0.009 

30 0.009 31 0.013 

60 0.014 61 0.019 

120 0.020 121 0.028 

240 0.03 241 0.039 

360 0.041 361 0.051 

480 0.054 481 0.062 

600 0.062 601 0.075 

720 0.070 721 0.081 

840 0.075 841 0.085 

960 0.079 961 0.090 

1080 0.082 1081 0.094 

1200 0.085 1201 0.097 

1320 0.087 1321 0.099 

1440 0.087 1441 0.100 

1560 0.088 1561 0.101 
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Run No.  DPCSG 2.3     Run No. DPCSG 3.1 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

10 0.000 11 0.003 

15 0.002 16 0.005 

30 0.004 31 0.009 

60 0.007 61 0.015 

120 0.011 121 0.020 

240 0.016 241 0.029 

360 0.023 361 0.04 

480 0.030 481 0.049 

600 0.036 601 0.055 

720 0.041 721 0.061 

840 0.044 841 0.065 

960 0.047 961 0.068 

1080 0.051 1081 0.070 

1200 0.053 1201 0.072 

1320 0.056 1321 0.074 

1440 0.057 1441 0.075 

1560 0.058 1561 0.075 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

10 0.000 11 0.003 

15 0.002 16 0.005 

30 0.004 31 0.007 

60 0.006 61 0.010 

120 0.009 121 0.014 

240 0.012 241 0.018 

360 0.014 361 0.021 

480 0.017 481 0.024 

600 0.022 601 0.029 

720 0.026 721 0.033 

840 0.033 841 0.039 

960 0.040 961 0.050 

1080 0.046 1081 0.061 

1200 0.051 1201 0.072 

1320 0.054 1321 0.076 

1440 0.057 1441 0.080 

1560 0.059 1561 0.082 

1680 0.060 1681 0.083 

1800 0.060 1801 0.083 
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Run No.  DPCSG 3.2     Run No. DPCSG 3.3 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

15 0.000 16 0.002 

30 0.000 31 0.003 

60 0.003 61 0.005 

120 0.005 121 0.007 

240 0.007 241 0.010 

360 0.010 361 0.013 

480 0.012 481 0.015 

600 0.015 601 0.019 

720 0.019 721 0.024 

840 0.024 841 0.030 

960 0.029 961 0.036 

1080 0.035 1081 0.042 

1200 0.038 1201 0.047 

1320 0.040 1321 0.051 

1440 0.041 1441 0.053 

1560 0.042 1561 0.054 

1680 0.042 1681 0.056 

1800 0.042 1801 0.056 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

30 0.000 31 0.002 

60 0.002 61 0.003 

120 0.004 121 0.005 

240 0.005 241 0.008 

360 0.007 361 0.010 

480 0.008 481 0.012 

600 0.011 601 0.012 

720 0.011 721 0.016 

840 0.014 841 0.017 

960 0.017 961 0.020 

1080 0.019 1081 0.023 

1200 0.019 1201 0.024 

1320 0.019 1321 0.026 

1440 0.020 1441 0.028 

1560 0.020 1561 0.028 

1680 0.020 1681 0.028 
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Run No.  DPCSG 4.1     Run No. DPCSG 4.2 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

30 0.000 31 0.005 

60 0.000 61 0.008 

120 0.003 121 0.0100 

240 0.005 241 0.012 

360 0.006 361 0.014 

480 0.007 481 0.017 

600 0.007 601 0.021 

720 0.008 721 0.023 

840 0.010 841 0.028 

960 0.012 961 0.034 

1080 0.014 1081 0.039 

1200 0.015 1201 0.043 

1320 0.016 1321 0.046 

1440 0.017 1441 0.048 

1560 0.017 1561 0.049 

1680 0.017 1681 0.050 

1800 0.017 1801 0.051 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

60 0.000 61 0.004 

120 0.000 121 0.006 

240 0.002 241 0.009 

360 0.003 361 0.010 

480 0.005 481 0.013 

600 0.007 601 0.015 

720 0.007 721 0.016 

840 0.007 841 0.019 

960 0.008 961 0.020 

1080 0.008 1081 0.023 

1200 0.008 1201 0.026 

1320 0.009 1321 0.028 

1440 0.009 1441 0.030 

1560 0.010 1561 0.030 

1680 0.010 1681 0.031 

1800 0.010 1801 0.031 
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Run No.  DPCSG 4.3     Run No. DPCSG 5.1 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

60 0.000 61 0.002 

120 0.000 121 0.003 

240 0.000 241 0.005 

360 0.000 361 0.006 

480 0.002 481 0.006 

600 0.002 601 0.009 

720 0.003 721 0.009 

840 0.003 841 0.010 

960 0.006 961 0.011 

1080 0.006 1081 0.012 

1200 0.006 1201 0.013 

1320 0.006 1321 0.014 

1440 0.006 1441 0.015 

1560 0.006 1561 0.016 

1680 0.006 1681 0.016 

1800 0.006 1801 0.016 
 

Time 
(min.) 

dcun  
(m) 

Time 
(min.) 

dcuw  
(m) 

120 0.000 121 0.003 

240 0.000 241 0.004 

360 0.000 361 0.004 

480 0.002 481 0.006 

600 0.003 601 0.007 

720 0.006 721 0.008 

840 0.007 841 0.01 

960 0.007 961 0.01 

1080 0.008 1081 0.011 

1200 0.009 1201 0.014 

1320 0.009 1321 0.016 

1440 0.009 1441 0.019 

1560 0.01 1561 0.02 

1680 0.01 1681 0.023 

1800 0.011 1801 0.027 

1920 0.011 1921 0.029 

2040 0.011 2041 0.031 

2160 0.012 2161 0.032 

2280 0.012 2281 0.032 

2400 0.012 2401 0.032 
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Run No.  DPCSG 5.2     Run No. DPCSG 5.3 

Time 
(min.) 

dcuw  
(m) 

361 0.002 

481 0.002 

601 0.004 

721 0.005 

841 0.006 

961 0.006 

1081 0.008 

1201 0.010 

1321 0.011 

1441 0.011 

1561 0.014 

1681 0.014 

1801 0.015 

1921 0.015 

2041 0.017 

2161 0.017 

2281 0.017 

2401 0.017 
 

Time 
(min.) 

dcuw  
(m) 

721 0.001 

841 0.003 

961 0.003 

1081 0.003 

1201 0.003 

1321 0.003 

1441 0.004 

1561 0.004 

1681 0.004 

1801 0.004 

1921 0.005 

2041 0.005 

2161 0.005 

2281 0.005 

2401 0.005 
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APPENDIX- E 
 

Sediment and hydraulic parameters for experimental runs of submerged spur dike founded in cohesive sediment formed by clay-
gravel and clay-sand-gravel sediment mixtures 

 

Run No. Pc 
(%) 

da 
(mm) 

W 
(%) 

d 
(kN/m3) 

UCS 
(kN/m2) 

e h 
(m) 

Uo 
(m/s) So 

b 
(m) 

csned  
(m) 

cswed  
(m) 

Time  
(min) 

DsCG1.1 10 2.431 5.57 13.98 0.00 0.86 0.125 0.555 0.003 0.1152 0.120 0.109 960 

DsCG2.1 20 2.163 7.46 15.41 3.30 0.69 0.118 0.653 0.003 0.1152 0.076 0.081 1560 

DsCG3.1 30 1.894 8.84 16.11 9.19 0.61 0.126 0.694 0.003 0.1152 0.066 0.088 2400 

DsCG4.1 40 1.626 12.71 16.89 15.14 0.54 0.080 1.099 0.005 0.1152 0.025 0.06 2400 

DsCG5.1 50 1.357 16.80 20.54 14.06 0.27 0.077 1.142 0.005 0.1152 0.010 0.036 2400 

DsCSG1.1 10 2.431 8.58 17.17 0.00 0.51 0.130 0.489 0.003 0.1152 0.134 0.132 960 

DsCSG2.1 20 2.163 11.19 17.60 11.84 0.48 0.122 0.577 0.003 0.1152 0.073 0.096 1560 

DsCSG3.1 30 1.894 12.27 18.91 39.09 0.37 0.128 0.713 0.003 0.1152 0.031 0.067 1800 

DsCSG4.1 40 1.626 12.19 18.56 51.90 0.40 0.088 0.969 0.005 0.1152 0.006 0.039 1800 

DsCSG5.1 50 1.357 13.92 18.33 54.61 0.42 0.084 1.015 0.005 0.1152 0.003 0.026 2400 
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APPENDIX- F 

 

Data on temporal variation of scour depth at nose (dcsn) and at the wake (dcsw) of the 
submerged spur dike in clay-gravel (CG) and clay-sand-gravel (CSG) sediment 
mixtures 

 

Run No.  DSCG 1.1     Run No. DSCG 2.1 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

1 0.005 2 0.004 

4 0.010 4 0.008 

10 0.033 6 0.020 

15 0.051 11 0.034 

30 0.062 16 0.048 

60 0.084 31 0.064 

120 0.095 61 0.075 

240 0.108 121 0.093 

360 0.114 241 0.100 

480 0.117 361 0.105 

600 0.119 481 0.107 

720 0.119 601 0.108 

840 0.120 721 0.109 

960 0.120 841 0.109 
 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

5 0.007 6 0.010 

10 0.012 11 0.018 

15 0.015 16 0.025 

30 0.022 31 0.034 

60 0.031 61 0.044 

120 0.039 121 0.051 

240 0.046 241 0.057 

360 0.052 361 0.060 

480 0.056 481 0.063 

600 0.059 601 0.066 

720 0.064 721 0.068 

840 0.068 841 0.070 

960 0.070 961 0.073 

1080 0.073 1081 0.076 

1200 0.075 1201 0.078 

1320 0.076 1321 0.080 

1440 0.076 1441 0.081 

1560 0.076 1561 0.081 
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Run No.  DSCG 3.1     Run No. DSCG 4.1 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

30 0.000 31 0.003 

60 0.002 61 0.005 

120 0.003 121 0.007 

240 0.005 241 0.009 

360 0.007 361 0.012 

480 0.010 481 0.015 

600 0.011 601 0.02 

720 0.013 721 0.023 

840 0.016 841 0.027 

960 0.021 961 0.032 

1080 0.027 1081 0.038 

1200 0.036 1201 0.045 

1320 0.046 1321 0.057 

1440 0.051 1441 0.065 

1560 0.053 1561 0.070 

1680 0.057 1681 0.073 

1800 0.06 1801 0.081 

1920 0.061 1921 0.084 

2040 0.063 2041 0.086 

2160 0.065 2161 0.087 

2280 0.065 2281 0.088 

2400 0.066 2401 0.088 
 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

120 0.000 121 0.003 

240 0.003 241 0.004 

360 0.005 361 0.006 

480 0.006 481 0.008 

600 0.006 601 0.011 

720 0.009 721 0.013 

840 0.011 841 0.016 

960 0.012 961 0.020 

1080 0.012 1081 0.027 

1200 0.016 1201 0.033 

1320 0.019 1321 0.039 

1440 0.021 1441 0.044 

1560 0.024 1561 0.047 

1680 0.024 1681 0.05 

1800 0.025 1801 0.054 

1920 0.025 1921 0.056 

2040 0.025 2041 0.058 

2160 0.025 2161 0.059 

2280 0.025 2281 0.060 

2400 0.025 2401 0.060 
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Run No.  DSCG 5.1     Run No. DSCSG 1.1 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

360 0.000 361 0.003 

480 0.000 481 0.003 

601 0.000 601 0.005 

720 0.000 721 0.006 

840 0.002 841 0.009 

960 0.002 961 0.011 

1080 0.004 1081 0.013 

1200 0.005 1201 0.016 

1320 0.005 1321 0.021 

1440 0.006 1441 0.024 

1560 0.007 1561 0.024 

1680 0.007 1681 0.028 

1800 0.009 1801 0.029 

1920 0.009 1921 0.031 

2040 0.010 2041 0.034 

2160 0.010 2161 0.034 

2280 0.010 2281 0.035 

2400 0.010 2401 0.036 
 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

1 0.014 2 0.019 

4 0.026 5 0.025 

10 0.043 11 0.041 

15 0.055 16 0.049 

30 0.075 31 0.068 

60 0.087 61 0.075 

120 0.099 121 0.084 

240 0.112 241 0.104 

360 0.121 361 0.108 

480 0.125 481 0.123 

600 0.129 601 0.131 

720 0.133 721 0.132 

840 0.134 841 0.132 

960 0.134 961 0.132 
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Run No.  DSCSG 2.1     Run No. DSCSG 3.1 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

10 --- 11 0.002 

15 0.003 16 0.003 

30 0.006 31 0.007 

60 0.009 61 0.011 

120 0.013 121 0.016 

240 0.016 241 0.022 

360 0.018 361 0.028 

480 0.024 481 0.036 

600 0.031 601 0.047 

720 0.040 721 0.060 

840 0.049 841 0.073 

960 0.057 961 0.082 

1080 0.064 1081 0.087 

1200 0.069 1201 0.091 

1320 0.073 1321 0.094 

1440 0.073 1441 0.096 

1560 0.073 1561 0.096 
 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

30 0.000 31 0.004 

60 0.003 61 0.006 

120 0.004 121 0.010 

240 0.006 241 0.012 

360 0.008 361 0.015 

480 0.011 481 0.018 

600 0.013 601 0.022 

720 0.016 721 0.031 

840 0.018 841 0.043 

960 0.021 961 0.049 

1080 0.025 1081 0.053 

1200 0.028 1201 0.056 

1320 0.029 1321 0.060 

1440 0.03 1441 0.063 

1560 0.031 1561 0.065 

1680 0.031 1681 0.067 

1800 0.031 1801 0.067 
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Run No.  DSCSG 4.1     Run No. DSCSG 5.1 

Time 
(min.) 

dcsn  
(m) 

Time 
(min.) 

dcsw  
(m) 

240 0.000 241 0.003 

360 0.002 361 0.006 

480 0.002 481 0.009 

600 0.003 601 0.011 

720 0.004 721 0.016 

840 0.005 841 0.025 

960 0.005 961 0.031 

1080 0.006 1081 0.031 

1200 0.006 1201 0.034 

1320 0.006 1321 0.036 

1440 0.008 1441 0.037 

1560 0.008 1561 0.039 

1680 0.008 1681 0.039 

1800 0.008 1801 0.039 
 

Time 
(min.) 

dcsw  
(m) 

481 0.003 

601 0.003 

721 0.005 

841 0.005 

961 0.007 

1081 0.009 

1201 0.010 

1321 0.013 

1441 0.015 

1561 0.018 

1681 0.020 

1801 0.021 

1921 0.023 

2041 0.025 

2161 0.026 

2281 0.026 

2401 0.026 
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APPENDIX- G 

Sediment and hydraulic parameters for experimental runs of pier founded  
in cohesionless sediments 

Run da (mm) h (m) D (m) pned (m) Time  
(min) 

PG1 2.70 0.125 0.1152 0.166 2160 

PG2 2.70 0.125 0.089 0.140 1440 

PG3 2.70 0.125 0.061 0.094 1440 

PSG1 1.47 0.115 0.1152 0.090 1200 

PSG2 1.47 0.115 0.089 0.068 1200 

PSG3 1.47 0.115 0.061 0.048 1200 
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APPENDIX- H 
 

Sediment and hydraulic parameters for experimental runs of bridge pier founded in cohesive sediment formed by clay-gravel 
sediments mixture 

Run No. Pc 
(%) 

da 
(mm) 

W 
(%) 

d 
(kN/m3) 

UCS 
(kN/m2) 

e h 
(m) 

Uo 
(m/s) 

So D 
(m) 

cpsd  
(m) 

cpwd  
(m) 

Time  
(min) 

PCG1.1 10 2.431 5.76 13.08 0.00 0.99 0.121 0.573 0.003 0.1152 0.124 0.083 1800 

PCG1.2 10 2.431 5.46 12.76 0.00 1.04 0.117 0.593 0.003 0.089 0.101 0.076 1800 

PCG2.1 20 2.163 8.09 15.78 3.68 0.65 0.114 0.716 0.003 0.1152 0.101 0.065 1800 

PCG2.2 20 2.163 7.49 15.49 2.92 0.68 0.113 0.722 0.003 0.089 0.080 0.049 1560 

PCG3.1 30 1.894 9.14 16.18 9.08 0.61 0.115 0.760 0.003 0.1152 0.087 0.049 2400 

PCG3.2 30 1.894 8.18 16.41 9.14 0.58 0.113 0.774 0.003 0.089 0.030 0.013 1440 

PCG4.1 40 1.626 11.97 17.93 15.68 0.45 0.125 0.704 0.005 0.1152 0.050 0.037 2400 

PCG4.2 40 1.626 12.82 18.10 16.11 0.44 0.115 0.765 0.005 0.089 0.034 0.025 2400 

PCG5.1 50 1.357 17.36 16.71 14.06 0.56 0.087 1.011 0.005 0.1152 0.041 0.034 2400 

PCG5.2 50 1.357 17.30 16.76 14.60 0.55 0.087 1.011 0.005 0.089 0.029 0.020 2400 
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APPENDIX- I 
 

Sediment and hydraulic parameters for experimental runs of bridge pier founded in cohesive sediment formed by clay-sand-gravel 
sediments mixture 

Run No. Pc 
(%) 

da 
(mm) 

W 
(%) 

d 
(kN/m3) 

UCS 
(kN/m2) 

e h 
(m) 

Uo 
(m/s) 

So D 
(m) 

cpsd  
(m) 

cpwd  
(m) 

Time  
(min) 

PCSG1.1 10 1.324 8.37 17.34 0.00 0.50 0.119 0.534 0.003 0.1152 0.140 0.111 962 

PCSG1.2 10 1.324 8.99 17.54 0.00 0.48 0.118 0.538 0.003 0.089 0.122 0.094 962 

PCSG2.1 20 1.179 10.19 18.34 11.30 0.42 0.122 0.614 0.003 0.1152 0.107 0.051 1560 

PCSG2.2 20 1.179 9.63 17.78 11.08 0.46 0.127 0.589 0.003 0.089 0.085 0.039 1560 

PCSG3.1 30 1.033 10.44 18.80 36.33 0.38 0.117 0.780 0.003 0.1152 0.056 0.041 1800 

PCSG3.2 30 1.033 11.09 19.61 41.09 0.33 0.116 0.786 0.003 0.089 0.034 0.030 1800 

PCSG4.1 40 0.888 11.81 19.07 54.07 0.36 0.101 0.844 0.005 0.1152 0.032 0.032 1800 

PCSG4.2 40 0.888 11.45 18.50 51.47 0.40 0.087 0.980 0.005 0.089 0.025 0.019 1800 

PCSG5.1 50 0.742 13.61 18.27 52.34 0.42 0.099 0.861 0.005 0.1152 0.028 0.025 2400 

PCSG5.2 50 0.742 13.88 18.39 53.09 0.41 0.080 1.066 0.005 0.089 0.020 0.018 2400 
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APPENDIX- J 

 

Data on temporal variation of scour depth at sides (dcps) and at the wake (dcpw) of the 
pier in clay-gravel (CG) and clay-sand-gravel (CSG) sediment mixtures 

 

Run No.  PCG 1.1     Run No. PCG 1.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

1 0.005 2 0.003 

3 0.012 4 0.006 

5 0.022 6 0.018 

10 0.030 11 0.025 

15 0.046 16 0.031 

30 0.053 31 0.044 

60 0.061 61 0.052 

120 0.070 121 0.061 

240 0.075 241 0.066 

360 0.091 361 0.070 

480 0.098 481 0.074 

600 0.104 601 0.076 

720 0.115 721 0.079 

840 0.120 841 0.081 

960 0.124 961 0.082 

1080 0.124 1081 0.083 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

1 0.003 2 ---- 

3 0.008 4 0.004 

5 0.012 6 0.009 

10 0.022 11 0.016 

15 0.027 16 0.021 

30 0.032 31 0.028 

60 0.041 61 0.034 

120 0.049 121 0.046 

240 0.057 241 0.054 

360 0.062 361 0.061 

480 0.081 481 0.063 

600 0.088 601 0.068 

720 0.089 721 0.071 

840 0.094 841 0.073 

960 0.101 961 0.075 

1080 0.101 1081 0.076 
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Run No.  PCG 2.1     Run No. PCG 2.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

3 0.003 4 0.000 

5 0.006 6 0.000 

10 0.010 11 0.002 

15 0.014 16 0.005 

30 0.020 31 0.009 

60 0.026 61 0.014 

120 0.031 121 0.020 

240 0.037 241 0.024 

360 0.042 361 0.029 

480 0.048 481 0.036 

600 0.053 601 0.043 

720 0.063 721 0.049 

840 0.074 841 0.055 

960 0.081 961 0.059 

1080 0.088 1081 0.064 

1200 0.093 1201 0.064 

1320 0.097 1321 0.064 

1440 0.099 1441 0.065 

1560 0.100 1561 0.065 

1680 0.101 1681 0.065 

1800 0.101 1801 0.065 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

5 0.002 6 0.000 

10 0.004 11 0.003 

15 0.007 16 0.005 

30 0.011 31 0.007 

60 0.016 61 0.011 

120 0.022 121 0.016 

240 0.029 241 0.019 

360 0.035 361 0.021 

480 0.042 481 0.026 

600 0.053 601 0.034 

720 0.06 721 0.038 

840 0.064 841 0.040 

960 0.069 961 0.043 

1080 0.073 1081 0.045 

1200 0.075 1201 0.047 

1320 0.078 1321 0.048 

1440 0.079 1441 0.049 

1560 0.08 1561 0.049 
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Run No.  PCG 3.1     Run No. PCG 3.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

10 0.003 11 0.000 

15 0.003 16 0.000 

30 0.006 31 0.002 

60 0.008 61 0.003 

120 0.011 121 0.005 

240 0.015 241 0.008 

360 0.017 361 0.011 

480 0.021 481 0.013 

600 0.025 601 0.015 

720 0.028 721 0.019 

840 0.031 841 0.021 

960 0.035 961 0.022 

1080 0.041 1081 0.025 

1200 0.049 1201 0.029 

1320 0.057 1321 0.032 

1440 0.065 1441 0.036 

1560 0.072 1561 0.038 

1680 0.077 1681 0.041 

1800 0.081 1801 0.041 

1920 0.084 1921 0.043 

2040 0.086 2041 0.047 

2160 0.087 2161 0.047 

2280 0.087 2281 0.049 

2400 0.087 2401 0.049 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

10 0.002 11 0.000 

15 0.004 16 0.000 

30 0.005 31 0.002 

60 0.007 61 0.002 

120 0.01 121 0.004 

240 0.012 241 0.006 

360 0.016 361 0.007 

480 0.019 481 0.008 

600 0.021 601 0.008 

720 0.022 721 0.009 

840 0.023 841 0.010 

960 0.026 961 0.010 

1080 0.028 1081 0.011 

1200 0.030 1201 0.012 

1320 0.030 1321 0.012 

1440 0.030 1441 0.013 
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Run No.  PCG 4.1     Run No. PCG 4.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

120 0.002 120 0.000 

240 0.003 241 0.002 

360 0.005 361 0.004 

480 0.008 481 0.007 

600 0.010 601 0.008 

720 0.012 721 0.010 

840 0.015 841 0.012 

960 0.017 961 0.013 

1080 0.020 1081 0.015 

1200 0.025 1201 0.017 

1320 0.029 1321 0.018 

1440 0.033 1441 0.022 

1560 0.037 1561 0.025 

1680 0.041 1681 0.028 

1800 0.044 1801 0.030 

1920 0.045 1921 0.032 

2040 0.047 2041 0.034 

2160 0.049 2161 0.036 

2280 0.050 2281 0.037 

2400 0.050 2401 0.037 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

120 0.002 121 0.000 

240 0.003 241 0.003 

360 0.005 361 0.003 

480 0.007 481 0.005 

600 0.010 601 0.006 

720 0.011 721 0.009 

840 0.013 841 0.010 

960 0.016 961 0.012 

1080 0.018 1081 0.013 

1200 0.020 1201 0.015 

1320 0.023 1321 0.016 

1440 0.026 1441 0.018 

1560 0.028 1561 0.019 

1680 0.028 1681 0.021 

1800 0.031 1801 0.023 

1920 0.032 1921 0.024 

2040 0.033 2041 0.025 

2160 0.034 2161 0.025 

2280 0.034 2281 0.025 

2400 0.034 2401 0.025 
 

 

  



210 
 

Run No.  PCG 5.1     Run No. PCG 5.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

360 0.004 361 0.003 

480 0.004 481 0.004 

600 0.006 601 0.004 

720 0.009 721 0.006 

840 0.011 841 0.009 

960 0.014 961 0.012 

1080 0.017 1081 0.014 

1200 0.020 1201 0.016 

1320 0.022 1321 0.019 

1440 0.025 1441 0.021 

1560 0.028 1561 0.025 

1680 0.031 1681 0.028 

1800 0.034 1801 0.029 

1920 0.036 1921 0.031 

2040 0.039 2041 0.032 

2160 0.040 2161 0.034 

2280 0.041 2281 0.034 

2400 0.041 2401 0.034 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

360 0.003 361 0.002 

480 0.004 481 0.002 

600 0.005 601 0.003 

720 0.005 721 0.004 

840 0.006 841 0.005 

960 0.006 961 0.007 

1080 0.009 1081 0.008 

1200 0.011 1201 0.010 

1320 0.013 1321 0.012 

1440 0.016 1441 0.013 

1560 0.020 1561 0.015 

1680 0.023 1681 0.016 

1800 0.025 1801 0.018 

1920 0.027 1921 0.019 

2040 0.028 2041 0.020 

2160 0.028 2161 0.020 

2280 0.029 2281 0.020 

2400 0.029 2401 0.020 
 

  
 

  



211 
 

 

Run No.  PCSG 1.1     Run No. PCSG 1.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

2 0.024 3 0.028 

5 0.041 6 0.033 

11 0.052 12 0.039 

16 0.064 17 0.045 

31 0.081 32 0.051 

61 0.090 62 0.053 

121 0.108 122 0.066 

241 0.119 242 0.078 

361 0.125 362 0.091 

481 0.132 482 0.096 

601 0.137 602 0.104 

721 0.139 722 0.108 

841 0.140 842 0.110 

961 0.140 962 0.111 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

2 0.022 3 0.016 

5 0.030 6 0.021 

11 0.042 12 0.036 

16 0.055 17 0.041 

31 0.064 32 0.052 

61 0.079 62 0.055 

121 0.092 122 0.060 

241 0.099 242 0.073 

361 0.116 362 0.086 

481 0.119 482 0.09 

601 0.12 602 0.092 

721 0.122 722 0.093 

841 0.122 842 0.094 

961 0.122 962 0.094 
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Run No.  PCSG 2.1     Run No. PCSG 2.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

4 0.004 5 ---- 

10 0.007 11 0.003 

15 0.009 16 0.004 

30 0.012 31 0.006 

60 0.016 61 0.009 

120 0.021 121 0.011 

240 0.026 241 0.015 

360 0.035 361 0.017 

480 0.047 481 0.021 

600 0.062 601 0.025 

720 0.072 721 0.028 

840 0.078 841 0.033 

960 0.086 961 0.039 

1080 0.091 1081 0.045 

1200 0.097 1201 0.048 

1320 0.103 1321 0.049 

1440 0.107 1441 0.050 

1560 0.107 1561 0.051 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

10 0.003 11 0.000 

15 0.005 16 0.002 

30 0.008 31 0.003 

60 0.010 61 0.006 

120 0.013 121 0.008 

240 0.017 241 0.011 

360 0.02 361 0.013 

480 0.026 481 0.016 

600 0.032 601 0.018 

720 0.042 721 0.022 

840 0.053 841 0.025 

960 0.065 961 0.030 

1080 0.076 1081 0.034 

1200 0.082 1201 0.037 

1320 0.084 1321 0.039 

1440 0.085 1441 0.039 

1560 0.085 1561 0.039 
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Run No.  PCSG 3.1     Run No. PCSG 3.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

15 0.003 16 0.002 

30 0.005 31 0.002 

60 0.006 61 0.004 

120 0.008 121 0.006 

240 0.011 241 0.007 

360 0.013 361 0.010 

480 0.016 481 0.012 

600 0.018 601 0.016 

720 0.023 721 0.02 

840 0.027 841 0.025 

960 0.033 961 0.029 

1080 0.039 1081 0.033 

1200 0.043 1201 0.036 

1320 0.048 1321 0.038 

1440 0.051 1441 0.039 

1560 0.054 1561 0.040 

1680 0.055 1681 0.040 

1800 0.056 1801 0.041 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

30 0.002 31 0.000 

60 0.002 60 0.000 

120 0.005 121 0.000 

240 0.006 241 0.003 

360 0.008 361 0.004 

480 0.011 481 0.006 

600 0.014 601 0.009 

720 0.018 721 0.013 

840 0.023 841 0.016 

960 0.026 961 0.020 

1080 0.028 1081 0.023 

1200 0.029 1201 0.027 

1320 0.032 1321 0.029 

1440 0.032 1441 0.029 

1560 0.033 1561 0.030 

1680 0.034 1681 0.030 

1800 0.034 1801 0.030 
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Run No.  PCSG 4.1     Run No. PCSG 4.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

60 0.002 61 0.003 

120 0.004 121 0.003 

240 0.006 241 0.005 

360 0.006 361 0.007 

480 0.009 481 0.008 

600 0.011 601 0.009 

720 0.013 721 0.012 

840 0.016 841 0.015 

960 0.019 961 0.015 

1080 0.021 1081 0.019 

1200 0.025 1201 0.022 

1320 0.028 1321 0.026 

1440 0.030 1441 0.028 

1560 0.031 1561 0.031 

1680 0.032 1681 0.031 

1800 0.032 1801 0.032 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

60 0.003 61 0.002 

120 0.005 121 0.003 

240 0.005 241 0.006 

360 0.006 361 0.006 

480 0.008 481 0.008 

600 0.009 601 0.008 

720 0.011 721 0.011 

840 0.015 841 0.012 

960 0.016 961 0.013 

1080 0.017 1081 0.014 

1200 0.018 1201 0.016 

1320 0.021 1321 0.016 

1440 0.023 1441 0.017 

1560 0.024 1561 0.019 

1680 0.024 1681 0.019 

1800 0.025 1801 0.019 
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Run No.  PCSG 5.1     Run No. PCSG 5.2 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

480 0.002 481 0.002 

600 0.002 601 0.003 

720 0.004 721 0.003 

840 0.007 841 0.005 

960 0.009 961 0.008 

1080 0.011 1081 0.010 

1200 0.012 1201 0.013 

1320 0.015 1321 0.016 

1440 0.017 1441 0.018 

1560 0.020 1561 0.022 

1680 0.022 1681 0.022 

1800 0.025 1801 0.024 

1920 0.027 1921 0.024 

2040 0.028 2041 0.025 

2160 0.028 2161 0.025 

2280 0.028 2281 0.025 

2400 0.028 2401 0.025 
 

Time 
(min.) 

dcps  
(m) 

Time 
(min.) 

dcpw  
(m) 

480 0.003 481 0.000 

600 0.003 601 0.002 

720 0.004 721 0.004 

840 0.006 841 0.007 

960 0.008 961 0.007 

1080 0.009 1081 0.008 

1200 0.010 1201 0.009 

1320 0.011 1321 0.009 

1440 0.011 1441 0.012 

1560 0.014 1561 0.013 

1680 0.016 1681 0.015 

1800 0.017 1801 0.017 

1920 0.019 1921 0.017 

2040 0.019 2041 0.018 

2160 0.020 2161 0.018 

2280 0.020 2281 0.018 

2400 0.020 2401 0.018 
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