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The standard Shields number (* describing the mobilility of sediment takes the form
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(1)

where (b denotes boundary shear stress, ( denotes water density, (s denotes sediment density, g denotes gravitational acceleration and D denotes particle size.  It does not seem to be widely recognized that the assumption of hydrostatic pressure is implicit in (1).  This is seen better by writing the Shields number in the form
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(2)

The term in the denominator is now seen to explicitly include the Archimedian term corresponding to the weight of the displaced water, or buoyant pressure force Fp.  The origin of this term is as follows.  Let xi be the position vector such that x3 is upward vertical and ph denote the hydrostatic pressure distribution.  The governing relation for this distribution is
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(3)
In general, the pressure Fbi force on a particle is given as


[image: image5.wmf]òò

òòò

¶

¶

-

=

-

=

dV

x

p

dS

n

p

F

i

oi

surface

bi







(4)
where noi is an outward surface normal vector on the surface of the body.  In the case of a hydrostatic pressure distribution, (4) reduces with (3) to
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(5)
so generating the buoyant force term that appears in the denominator of (2).  
The assumption of hydrostatic pressure is an accurate one for the case of relatively uniform, rectilinear flow.  In the case of flow around an obstacle such as a bridge pier, however, non-hydrostatic pressures can be quite significant.  Before exploring the implications of this, it is of value to review the significance of non-hydrostatic pressure on a particle.
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The degree to which the vertical pressure distribution deviates from hydrostatic can be characterized in terms of the dimensionless number Nh = - (1/(g)(p/(x3.  The condition for hydrostatic pressure is
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(6)
in which case the pressure force acting on a submerged particle is the buoyant force given by (5) (Figure 1a).  In the case for which
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(7)
the buoyant force is larger than the hydrostatic value (Figure 1b), and in the case for which
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(8)
the buoyant force is less than the hydrostatic value (Figure 1c).
The total pressure can be written in terms of the sum of a hydrostatic component ph and a dynamic component pd. In general the pressure force on a particle Fpi can be written as
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(9)
Reducing with (3), it is found that
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(10a)
where the subscript “P” denotes “evaluated a the centroid of the particle” and
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(10b)
denotes the non-hydrostatic component of the pressure force.

Now the extra pressure force (i may act in tangentially to the bed as well as normal to it.  In the interest of simplicity, however, a nearly horizontal bed is considered.  The boundary shear stress (bi is taken to be a vector with components only in the x1 and x2 directions.  The generalization of the concept of Shields number to this case is
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(11)

The focus of the present discussion is the component (3.  It is relevant to ask whether or not this term could be sufficiently large to have a strong effect on sediment transport.  To this end, consider flow approaching a bridge pier, as sketched in Figure 2.  The approach velocity (averaged over turbulence) U(z) is assumed to follow a logarithmic law:
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(12)

where ks is a roughness height scaling with D as
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(13)

and nk is an order-one number (2 ~ 4), and ( is the Karman constant.
An estimate of the dynamic stagnation pressure produced along the bridge pier by the flow is given by the Bernoulli relation;


[image: image16.wmf]2

d

U

2

1

p

r

=










(14)

The vertical dynamic pressure gradient acting on a bed particle near the upstream face of the bridge pier can then be estimated as
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(15)
The total upward vertical pressure force on a particle is then estimated as
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(16)

Quick estimates with the above equation suggest that the upward vertical pressure force can easily become negative, pressing the particle against the bed and severely reducing mobility compared to what might be indicated by the standard Shields number.  For example, for the case u( = 0.05 m/s, D = 1 mm and nk = 3, 8.5u(2/((nkgD) takes the value 1.81.
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Direct study of the problem of the effect of non-hydrostatic pressure on sediment motion around such obstacles as bridge piers may be rather difficult.  Fortunately, the work of Cheng and Chiew (1999) suggests a simplification.  Non-hydrostatic pressure gradients drive groundwater flow.  The vertical component of D’Arcy’s law can be expressed in the form
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(17)

where K denotes the hydraulic conductivity.  Thus upward or downward seepage flow through a sediment bed can create a non-hydrostatic component of pressure affecting the particles at the bed surface.  Cheng and Chiew (1999) have used this to study the effect of seepage on the incipient motion of particles.  The same work could be easily extended to determine the effect of seepage, and by extension non-hydrostatic pressure gradients, on the sediment transport rate itself.

A simple experimental design calls for creating a seepage flow from or to the bed, and studying the tendency of the seepage flow to locally increase or decrease the sediment transport rate.  Any such tendency should be reflected in a) the zone of seepage itself and b) the zone just downstream of the seepage, as illustrated in Figure 3.
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Figure 3
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