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Abstract  
Hydrodynamic forces on a solitary bivalve shell, resting over a 
sand bed, are analyzed to determine the critical shear stress for 
the condition of incipient motion including the effect of turbulent 
fluctuations. Three types of shells, namely Coquina Clam, Cross-
barred Chione and Ponderous Ark, were tested experimentally for 
the condition of incipient motion. The results obtained using the 
present model agree satisfactorily with the experimental data.  
 
Introduction  
Various types of bivalve shells are deposited in biologically 
productive coastal regions encompassing the surf zone, tidal 
entrance and estuarine waters near the entrances. The beach at 
John o'Groats in Scotland is one of the examples of a beach 
exclusively composed of about 97% of the surficial sedimentary 
material as shells. A matrix of shell debris is also found in 
Southern Gulf Coast of Florida in USA and the banks of Lower 
Medway estuary in England.  
 
The shell halves of a live bivalve shell being almost like a mirror 
image are joined at a tip known as umbo. When shells die, the 
shell halves are eventually separated out by the action of flow of 
water over a period of time. Thus, most of the coastal 
sedimentary material consists of the separated halves of shells. 
Little is known about the transport of shells under the flow of 
water, as no attempt has so far been made to determine the 
movement of shells by the action of flow. In this study, the 
incipient motion of shells on a horizontal sand bed, under a 
unidirectional flow of water, is investigated theoretically and 
experimentally for some commonly available species of bivalve 
shells, namely Coquina Clam, Cross-barred Chione and 
Ponderous Ark.  
 
Shape Parameters  
The irregular shaped particles are usually defined by the Corey 
shape factor SF as  
 

abcSF /=              (1) 
 
where a, b and c = longest, intermediate and smallest dimensions 
of particle along three mutually perpendicular axes, respectively. 
The main drawback of using SF is that it does not account the 
distribution of the surface area and the volume of the particle. To 
overcome this difficulty, Alger and Simons [1] proposed a new 
shape parameter β given by  
 

)/( ns ddSF=β            (2) 
 
where ds = area diameter, that is the diameter of a sphere having 
the same surface area as that of the particle; and dn = nominal 
diameter, that is the diameter of a sphere having the same volume 
as that of the particle. Thus, ds and dn are given by  
 

π/sds =             (3) 
3 /6 πvdn =             (4) 

 
where S = total surface area; and v = volume.  
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e 1. Shape of bivalve shell and its dimensions along three mutually 
ndicular axes.   

re 1 shows the dimensions a, b and c of a bivalve shell. Its 
 can be considered as an ellipse having major and minor axes 
nd b1, respectively. The base area As of a shell is 
oximated by that of an ellipse, as was done by Mehta et al. 
t is  

11125.0 baAs πα=            (5) 
 

e α1 = area shape factor. As b usually passes through the 
onal region, b1 can be represented introducing a new shape 
r α2 as b1 = α2b. It is also observed that a1 is equaling a. 
efore, the base area As is given by  

abAs παα 2125.0=           (6) 

total surface area S is related to the base area As as  

SAs 35.0 α=             (7) 

e α3 = factor. Using (1) - (7), the shape parameter β and area 
eter ds are expressed as  

3
4 /57.0 vc αβ =           (8) 

abds 4707.0 α=            (9)  

e α4 = α1α2/α3.  

aration of Samples of Shells  
e types of bivalve shells, namely Coquina Clam, Cross-
d Chione and Ponderous Ark, shown in Figure 2 were used 

he testing. The relative density s of a particular type of shell 
determined. Each shell was weighed and numbered for 

er identification. The volume of shell v was determined from 
, where m is the mass of shell and ρ is the mass density of 



water. The factors α1 and α2 occur as a product α1α2 in (6) being 
considered as a single shape factor. The factor α1α2 was 
estimated using a, b and As. The base area As was measured by 
using a plan-meter. Furthermore, it is not appropriate to use α3 
and α4 separately, as α3 occurs in (8) and (9) through α4 (= 
α1α2/α3). However, α3 was obtained from (7), using the known S, 
which was obtained from S = 2v/tc. Here, tc is the thickness of the 
shell that was measured at the origin of the three mutually 
perpendicular axes. This was verified from some samples, for 
which S was determined by dividing the shell surface into a 
number of trapezoidal subareas.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Selected samples of bivalve shells from left to right: Coquina 
Clam, Cross-barred Chione, and Ponderous Ark.  
 
Experimental Set-up and Procedure  
Experiments were conducted in a rectangular flume of 0.075 m 
wide, 0.25 m deep and 5 m long. The sand particles of an 
appropriate size were glued on the surface of the floor in order to 
simulate the roughness. Two sizes of sands, having mean 
diameters d = 0.80 mm and 0.30 mm, were used for creating the 
bed roughness. Before starting an experimental run, the shell with 
umbo downstream position was placed, at the middle of the sand 
bed, 3.5 m downstream the inlet of the flume in order to get a 
fully developed flow. Water was introduced to the set-up by 
gradually opening a valve in the upstream and the discharge was 
adjusted so that the incipient condition was reached when the 
shell started moving on the sand bed. An important feature of 
shell movement was noticed in the experiments. When the shell 
was placed with umbo upstream or sidewise position, the shell 
spun by the action of flow velocity to become umbo downstream 
position and moved in the streamwise direction. The main cause 
of spinning motion is attributed to the fact that a turning moment 
was induced due to the unbalanced hydrodynamic force as the 
umbo is always eccentric to either of the side of the shells. This is 
regarded as unstable condition. However, the shell with umbo 
downstream position moves under lower flow velocity without 
any spin being the case for incipient motion. Once the incipient 
condition was reached, the discharge Q and the corresponding 
flow depth h were registered. The flow depth h is a distance from 
the free surface of flow to the virtual bed level. The virtual bed 
level was considered at 0.25d below the top level of the bed 
particles, as was done by Dey [2] and Dey et al. [6]. Here, d is the 
mean sand diameter. The angle of friction φ between shell and 
sand bed was determined by tilting the flume, keeping a shell on 
the rough bed of the flume in submerged condition, until the shell 
just started to move.  
 
Estimation of Bed Shear Stress  
The equation of bed shear stress τb as a function of dynamic 
pressure is used here. It is  
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2125.0 bbb Vf ρτ =          (10) 

e f = friction factor; and V = mean velocity of flow. 
cript b refers to the quantities associated with the bed. The 
brook-White equation, used to evaluate fb, is given below:  














+−=

bbb

bs

b fRA
Pk

f
51.2

8.14
ln86.01     (11) 

e ks = equivalent sand roughness; A = flow area; P = wetted 
eter; and R = Reynolds number of flow. In the present 
, the bed is rough and the side-walls are smooth. As a result 

hich, fw is considerably different from fb; where subscript w 
s to the quantities associated with the side-walls. 
equently, τw is significantly different from τb. Therefore, 
ni's [9] method of side-wall correction for a rectangular 

e is used here (also available in Dey and Debnath [4,5]).  

z 

e 3. Definition sketch: (a) Schematic presentation of forces acting 
shell in convex upward and downward conditions; and (b) frontal 

of a shell in convex upward condition.  
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Forces Acting on a Shell  
In a unidirectional flow, the force acting on a shell in convex 
upward and downward conditions placed on a horizontal sand 
bed is shown in Figure 3(a). The forces are the downward force 
due to its submerged weight (FG) and the hydrodynamic force, 
being resolved into drag force (FD) and lift force (FL). When the 
shell is about to move downstream from its original position, the 
equation of force balance is  
 

Ds FF =             (12)  
 
where Fs = static Coulomb friction force between shell and sand 
bed. The static Coulomb friction force is given by  
 

cLGs FFF µ)( −=           (13) 
 
where µc = static Coulomb friction factor = tanφ. Equating (12) 
and (13), one gets  
 

φtan)( LGD FFF −=         (14)  
 
Using (8), the submerged weight of the shell is given by  
 

35.1
4

3 /)1(185.0)1( βαρρ gcsgsvFG −=−=    (15) 
 
where g = gravitational constant. The drag force FD is given as  
 

pmDD AuCF 25.0 ρ=          (16) 
 
where CD = drag coefficient; um = mean flow velocity received by 
the frontal area of shell; and Ap = frontal area of shell. The view 
of shell in convex upward condition [Figure 3(a)] is similar to a 
car, whose value of CD being 0.45 is used here. On the other 
hand, the value of CD in convex upward condition considered 
0.54 gives reasonable results. The frontal area Ap with umbo 
downstream position is approximated by a segment of circular 
arc having height c and chord length a. It is  
 

ξ222 )1ˆ25.0(25.0 += acAp        (17) 
 
where  = a/c; and  â
 

22

2

2

2

)4ˆ(
4ˆˆ4

4ˆ
4ˆ

arccos
+

−
−











+

−
=

a
aa

a
aξ       (18) 

 
 The lift force FL, caused by the shear flow, is as follows:  
 

smLL AuCF 25.0 ρ=          (19) 
 
where CL = lift coefficient. The base area As is obtained from (6).  
 
Equation of Incipient Motion  
Using (15) - (19) into (14), the equation of incipient motion of 
shells on a horizontal bed in normalized form is obtained as  
 

)tan1(ˆˆˆ
tan37.0ˆ

23

5.1
4

φλβ

φα
τ

+
=

psmD
o

AkuC
     (20) 

 
where  = normalized time-averaged critical shear stress, that is 
u

oτ̂

*
2/∆gks or τb/∆gρks; u* = time-averaged shear velocity, that is (τb 

/ρ)0.5; ∆ = s - 1;  = umû m/u*; = ksk̂ s/c;  = ApÂ p/c2; and λ = 
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D, that is CLAs/(CDAp). The incipient motion over a sand bed 
ntrolled by the applied instantaneous shear stress (fluctuating 
s) at the bed [3,7]. The most important event for incipient 
on is the sweep event, which has a dominant role in mobility 
e particles at the bed. The sweep event applies shear in the 
tion of flow and provides additional forces to the viscous 
r stress. Keshavarzy and Ball [7] reported that the magnitude 
stantaneous shear stress in sweep event is much larger than 
-averaged shear stress. Thus, they gave following equation:  

∗∗ −+= upu t )cos11( ψα       (21) 

e u*t = total shear velocity (= u* + ut); ut = instantaneous 
r velocity (= u*p 1−α cosψ or ρτ /t ); τt = instantaneous 

r stress; p = probability of occurring sweep event; α = τt /τb; 
ψ = sweep angle. Therefore, incorporating the influence of 
ntaneous shear stress, (20) can be modified as  

223

5.1
4

)cos11)(tan1(ˆˆˆ
tan37.0ˆ

ψαφλβ
φα

τ
−++

=
pAkuC psmD

  (22) 

avarzy and Ball [7] observed from the experimental data that 
requency of sweep events and the sweep angle ψ are 30 

ent and 22°, respectively, for a region close to the bed. They 
reported that τt ≈ 1.4τb near the bed.  

rmination of  mû
frontal area of the shell with umbo downstream position is 
n in Figure 3(b). The mean velocity of flow received by the 
al area of the shell is given by  

∫
+

=
δ

ε

c

p
m dztu

A
u 1          (23) 

e t = frontal width of the shell at z with umbo downstream 
ion; δ = normal distance between top of the bed particle and 
irtual bed level, that is ζd; ζ = a factor; and ε = normal 

nce between the bottom or zero-velocity level of the shell 
the virtual bed level. Here, ζ = 0.25 is considered, as was 
 by Dey [2]. The width t in Figure 3(b) is  

)ˆˆˆ25.0)(ˆˆ1( 2 zdazdc +−−+ ζζ  convex upward   (24a) 

)ˆˆ1ˆ25.0)(ˆˆ( 2 zdadzc −++− ζζ  convex downward (24b) 

e  = d/c; and  = z/c. The normalized velocity 
ibution over a sand bed in completely rough regime is  

d̂ ẑ

)ˆ/ˆln()/1(ˆ ozzku =          (25) 

e u  = u/uˆ *; k = von Karman constant (= 0.4);  = zoẑ o/c; and 

zero-velocity level above the virtual bed level (= 0.033ks). In 
study, ks is assumed as d, as was done by Dey [2]. The 
tions of u , derived using (24a), (24b) and (25) into (23), mˆ

∫
+









+−−+=

d

op
m zd

z
zzdazd

A
u

ˆ1

ˆ

2 ˆ
ˆ
ˆ

ln)ˆˆˆ25.0)(ˆˆ1(ˆ
5ˆ

ζ

ε

ζζ   

                for convex upward  (26a) 
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                for convex downward   (26b) 
 
where  = ε/c;  = ζ  if ζ  > ; and  =  if ζ  ≤  
[Figure 3(b)]. The Simpson’s rule is used to solve (26a) and 
(26b).  

ε̂ ε̂ d̂ d̂ oẑ ε̂ oẑ d̂ oẑ

 
Results  
As the lift coefficient CL for shells is not known, the model is 
required to be calibrated extensively. The experimental data of 
incipient motion of shells are used to calibrate (22), making CL a 
free parameter. The variation of estimated CL with β is shown in 
Figure 4. As it is difficult to find a relationship between CL and β 
from Figure 4, the average values of CL, obtained as 0.206 and 
0.953 in convex upward and downward conditions, respectively, 
are used for the computational purposes.  
 
 
 
 
 
 
 
 
 
 
 C

 

 
 
 
 
 
 
 
 
 
 

 
Figure 4. Variation of CL with β in convex upward and downward 
conditions.  
  
The equations developed in the preceding sections were used to 
provide a solution for  for incipient motion of shells. The 

comparisons of the values of  obtained using present model 
with the experimental data in convex upward and downward 
conditions are shown in Figure 5. The values of correlation 
coefficients between experimentally obtained and computed  
in convex upward and downward conditions are 0.685 and 0.583, 
respectively. The model slightly underestimates the experimental 
results in convex downward condition. Nevertheless, the present 
model does a satisfactory job of estimating  with the 
experimental data on horizontal bed.  

oτ̂

oτ̂

oτ̂

oτ̂

 
Conclusions  
The incipient motion of bivalve shells on a horizontal sand bed, 
under a unidirectional flow of water, has been modeled from the 
basic concept of hydro-dynamics, including the effect of 
turbulent fluctuations. The present model agrees satisfactorily 
with the experimental data of incipient motion of shells in convex 
upward and downward conditions.  
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