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ABSIRACT

An o<perlnental study, figrded by the Department of the Envirorunent, was rnade
to determlne the depth of loeaI scour around large obetructlong such as
caiseong and cofferdams uged durlng the constructj.on of brldges acrosg
riverg and egtuarLes. Thege gtructures are usually larger than the
conpleted brldge plers go the constructlon phase can be-morE critical ln
terms of, gcour depth. Model and prototlrye data for large obstructlons are
ltnlted but suggegt that exlatlng destgn formrlae tend io overestlnate the
amount of gcour. The present study theref,ore concentrated on cases whEre
the wtdth of the structure was large ln reletlon to the depth of f1ow.

The ocperlmentg were carried out :[n a 2.4m wlde f].ume using square and
clrcular vert ical piers r i th r j .dthg of B.0.lm, o.2n and 6.+n; the square
piers were get nornal to the fIow. A unlf,orrn saa{ytth a trean sJ.ze of d.n-
0.145m4 wag uged es the rnoblle bed naterLal. The maln scour tests were 

--

carried out using a mean flow velocity U below the threshoLd value U^ for
general bed movenent. Thie was done Ln order to ltrnit scour to the 

-

avallable depth ln the f,lune end to prevent the formatlon of a rippled bed.
Tegts were nade at f,low deptha of Io- 0.05n, 0.10n, 0.20n and 0.40m, g:lvlng
ratlog of depth to pier eize in the'range yn/B - 0.125 to 4.0. Each iegt 

-

was continued untll the scour depth wag con5ldered to be at or close to
equLllbriun, and duratlone varied f,ron 44 hours to about 72 hours. A
detalred survey of, the scour hole was raade at the end of each tegt.

A second set of testg was carrled out rlth one square and one circular pler
to deternlne the relatLonshlps betveen scour depth and f,Iow velocity. fir ttre
case of the aquare pler, scoutr was found to etart at a veloclty of lbout
U - 0.375 Uo and to inerease lLnearly rtth increasLng velocity up to U - U..
rn the cage-of the circular-pler, scour started at about u - 0.5 u" and
varled non-lLnearly with velocity.

TheEe depth/velocity reLationshi.ps were then used in the anaLysls of the
resultg fron the nain scour tests. For given fLow condltions, the depth ot
Ecour e! I square pler (at zero angle of lncidence) waE on average 1.33
timeg the depth et a circular pler of, equal width. The results ior both
pier t5peo were cornblned to produce a si.ngle relatlonshlp descrlblng the
effect of relative flow depth yolB on the depth of Ecour. As expected, this
was found to predlct signifleanily l.ess gcour than two exlstlng deslgn
formtrlae when the relatlve flow depth tsolB was ( 1.

The results of the study ltere sumarlsed Ln a get of equatlons whlch tat<e
account of, pier sj.ze and shape, flow depth and flow veloclty. Ttre equatlons
give estfunates of scour in unj.form gedlnents that are conservatj.ve reLative
to aI1 the tests carrled out ln the present study. The new equations are
congidered to be motre accurate (and economlcel) than existing design
formul'ae when appl.led to large obstructions such as cofferdarns j.n ielatively
shallow water.





swBoLs

a Constant in Equation (5)

B Width of pier normal to longitudinal centreline

c Constant in Equation (23)

D Duration of test

d Sediment size

dr"* Maximum particle size in grading

d' Sj-ze not exceeded by n% of sedirnent by weight

dSO Mean particle size

d50. Mean particule size of armoured bed

Fa Frrnction describing effect of sediment size, Equation (20)

F" Function describing effect of pier shape

F,, Function describing effect of frow velocity, Equation (lB)

t" Function describing effect of frow depth, Equation (19)

f" Function describing effect of pier shape, Equation (9)

f,, Function describing effect of flow velocity, Equation (B)

fo Function describing effect of angle of incidence

g Acceleration due to gravity

L Length of pier parallel to longitudinal centreline

R* Particle Re5molds number

s Relative specific gravity of sedinent

t Time

U Depth-averaged flow velocity

U' Notional velocity, Equation (17)



S$IBOLS (Contrd)

U. Maxinr:m value of U resisted by armoured bed

U" Va1ue of U at threshold of sediment movement

U", Maxiruurn possible value of U. for armoured bed

u* Shear velocity

.*" Shear velocity at threshold of sediment movement

Yo DePth of flow

ys Equilibrir:m depth of scour below bed level

Y"" Va1ue ot ys at threshold condition (U/U" = 1)

Is1 Scour depth on left-hand side of pier

Y", Maximm value of yr" in deep water

Yt Depth of scour at time t

ct Angle of incidence between flow and pier centreline

B Factor in Equation (4)

T Coefficient in Equation (23)

u Kinernatic viscosity of water

p Density of water

og Geometri-c standard deviation of sedirnent grading, Equation (15)

t Shear stress applied by flow

t" Value of r at threshold of sedfunent movement

V" Shields parameter, Equation (1)
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I INTRODUCTION

A structure located in flowing nater produces a
complex three-dj-mensional flow pattern that nay cause
localised scouring of a sand or gravel bed. Ttre
foundations of bridges which cross alluvial channels
can therefore be r:ndermined by local scour, and
failures have occurred fairly regularly in the uK and
around the world. As a result, rmrch ocperirnental
research has been carried out on local scour in order
to identify the mechanisms involved and develop
nethods of prediction. The subject has proved to be
very cornplex, but it is now possible to estimate scour
depths with reasonable accuracy for sinple shapes of
pier that are relatively slender in relation to the
depth of flow (see for example Melville & Sutherland
(1e88 )  ) .

It has been found from many sma11-scale studies that
naxluum depths of scour are typically between 1.5
tines and 3.0 tirnes the width of the structure, and
these results are supported reasonably well by field
measurements of scour at bridge piers. However, as
pointed out by Carstens &, Shanna (1975), sirnple
geometric scaling seems unreasonable when applied to
large marine structures such as oil produetion
platforns which can have diameters of the order of
100m. It is likely in such cases that other factors
associated with the structure of turbulent flows
intervene to prevent the occurrence of very large
scour depths.

A simj-lar but less extreme scale problem occurs with
cofferdams and caissons used during the construction
of river and estuary crossings. These structures are
usually nuch larger than the final bridge piers, and
can therefore represent a more criti.cal design
condition. Limited research has indicated that scour



PREVIOUS SIUDIES

2.L Mechanisns of

loca1 scour

depths are reduced when a structure is large in

relation to the depth of flow. However, results from

some model studies of bridge crossings carried out by

Hydraulics Research indicated that existing forrmrlae

tended to overestirnate scour depths at large

obstructions such as cofferdams. The present study

was therefore designed to i.nvestigate systematically

the effect of structure size in relatively shall.ow

flows using a large fh:me available at Hydraulics

Research. Ttre project was fi:nded by the Construction

Industry Directorate of the Department of the

Environment as part of its research progrdnne on

hydraulic structures and alluvial processes.

When an obstacle is placed in flowing water it can

produce general scour and local scour. General scour

occurs across the whole width of a channel, and is

caused by an increase in mean flow velocity resulting

from the blockage due to the obstacle. By contrast,

local scour is concentrated around the obstacle, and

is caused by localised increases in flow velocity due

to streamline curvature, turbulence and the

establishment of complex vortex notions.

Local scour develops first on the sides of an obstacle

where streamline curvature produces the highest mean

velocities ; in the case of a vertical circular

cylinder, potential flow theory predicts that the

maximr:rn velocity on the sides is equal to twice the

upstream velocity. Stagnation pressures also develop

on the upstream face of the obstacle, and due to the

variation in velocity with depth these pressures are

higher at the surface than at the bed. As a result,

flow develops down the face of the obstacle and



produces a notched scour hole around its upstreara
edge. As the scour continues at the sides, the holes

extend forwards rlntil they neet and form a single

large hole upstream of the obstacle. Flow passing

over this hole separates and produces a vortex

rotating 6bout a horizontal axis transverse to the
flow. Ttris is conunonly termed a tthorseshoerr vortex
because it is U-shaped in plan w.ith two arms which

Ir:rap around the base of the obstacle before being

carried downstream by the flow. The horseshoe vortex

is effective at picking up and transporting naterial

eroded fron the notch at the base of the obstacle, and
is usually the doninant mechanism of local scour.

The principal features are shown diagramnatically in
Figure 1.

Trso other mechanisms can also cause loca1 scour. Flow

separation at the downstrearn end of an obstacle
produces rwaken vortiees which are shed periodically

from either side and which rotate about a vertical
axis. Reduced pressures in the vortex cores can lift
sediment from the bed and transport it dovnstrealn.

Wake vortices tend to produce long, relatively narrow
scour holes extending downstream of the obstacle on

either side.

the other mechanisn is caused by flow separation at
vertical changes in the cross-sectional shape of the
obstacle. ttTrailingrf vortices are formed which
normally rotate about horizontal axes parallel to the
flow. Such vortices may not produce significant scour

unless they are close to the bed.

Upstream of an obstacle, a re-circulating vortex forms

at the water surface, as indicated in Figure 1. ttris

vortex does not influence flow conditions at the bed

when the water is deep in relation to the size of the



2,2 Threshold of

movement

obstacle. However, in shallow flows, the surface

vortex acts to reduce the strength of the horseshoe

vortex which is of opposite sign. As a result, depths

of local scour tend to reduce as the flow depth

decreases below a certai.n lirnit.

The horizontal extent of a scour hole depends

principally on the depth of scour that develops and

the angle of repose of the sedi-ment. Ttre plan shape

of the hole is also affected by the geometry of the

obstacle, and by the relative funportance of the three

types of vortex motion (horseshoe, wake and trailing)

which give rise to the scour.

llovement of bed material occurs when the shear stress

t applied by the flow to particles at the surface

exceeds a critical value t". The threshold condition

for non-cohesive sediment is described by the

well-known Shields curve (see Henderson (1966), p.411)

which defines a relationship between the Shields

parameter

V o = T

"  ;sG: i ld

and the particle Reynolds number

R* = u*d

where uo is the shear velocity given by

1A
uir  = k/p) '"

(  1 )

(2 )

(3 )



and d is the particle size ; other quantities are

defined in the list of Synbols at the beginning of

this report. For fully-developed turbulent flow, the

shear velocity is related to the flow depth yo and the

depth-averaged velocity U by the Karman-Prandtl

equation

u
u*

= 5 .75  lo8r ' ,-Eb) +6 ( 4 )

where B is a constant and d' is the particle size not

exceeded by n% of the sediment by weight. Various

researchers have used different values of p and n;

t{elville &, Sutherland (1988) recorunended F = 2 in

conjunction with the mean sediment size, dr'. At the

threshold of movement the parameters r, u* and U

attain their critical values rc, u*c and U".

Alternative forrmr.lae for determining the critical flow

velocity which do not require use of the Shields curve

are given by Hanco (1971)

u "  =  a  [g  ( s -1 )  a ]% {yo /a )  
o '2  (5 )

where a = 1.0 for dgO , 0.7run and a = L.2 to 1.4 for

d gO ( 0.7rnn, and by Ackers & White (1973)

u
u"  = [ logto ( lOro/dt t )  1 .  [32g (s-1)d3s]"

- L / 6

. t0 .23te(s-1)ar l t "z t  +o. t4 l  (6)



2.3 E:cperimental

studies

Breusers et al (L977) made a conprehensive survey of

the nany studies which had previously been carried out

on local scour. Ttre principal findings can be

illustrated by considering the following equation

which Breusers et al recorunended for predicting the

equilibrium scour depth ys at an obstruction.

v^
i  

= 1.5 fu(U/UJ . tantr (fo /B) . f"(shape)

. fo (ct, L/B)

where B is the vidth of the

longitudinal- centreline.

(7 )

structure normal to its

of the effect of flow

(8a)

(8b)

Ttre fi:nction

velocity and.

takes account

the form

f u
has

fo = 0, for U/Uc < 0.5

fo = 
S- 

-  1) ,  for  0.5 < U/Uc < 1.0
c

f  = 1.  for  U/U > 1.0uc

This o<presses the finding that local scour at an

obstruction begins when the average flow velocity

upstream is about 0.5 of the critical value at which

the bed would begin to move in the absence of the

obstruction. The scour depth then increases

approximately linearly with increasing velocity until

a maximum is reached when the bed is on the point of

general rnovement (ie. U = U"). "C1ear-waterfl scour is

said to occur when U/U" 3 I because there is no

(8c )



transport of sediment into the scour hole from

upstreara. When the general threshold of movement is

exceeded, rtlive-bedrr scour occurs and the scour depth

fluctuates due to the periodic passage of dunes past

the obstruction. Ttre average value of the maximum

scour depth under live-bed conditions is typically

about 90% of the depth at the critical condition

U/V" = 1.0, so the naxfumrm clear-water value

represents the most severe design case. For live-bed

scour, a margin of safety is necessary beeause of the

temporal fluctuations in scour depth, so a figure of

fo = 1 is used for all U/Uc > 1 in Equation (8c). The

nu-ltiplying factor of 1.5 represents an average value

determined from a large aurnber of studies, but

Breusers et al (L977) recomrended that a value of 2

should be substituted when using Equation (7) for

design.

Ttre function tantr (folB) in Equation (7).takes account

of the effect which the depth of flow has on local

scour. Wtren the water depth is more than two or three

tirnes the.width of the obstruction, the function has

effectively a constant vblue of 1.0. Below this

approximate Iinit, a reduction in water depth

decreases the depth of scour, as oq>lained in Section

2.Lt for very shallow flows the function is

approximately equal to yolB.

The shape function f" has the following recomaended

values:

circular and rounded piers : f" = 1.0

streamlined shapes : f" = 0.75

(9a)

(eb)

(9c)square and rectangular piers: f" = 1.3



The function f- describes the effect of the angle of
(l

incidence a between the flow and the centreline of the

pier. The value of fo also depends on the

Iength./width ratio LlB of the pier, and can be

deternined fron curves produced by Laursen & Toch

(1953). Ttre fi:nction has a mininum value of fo= 1.0

when the flow is in line with the pier (a = 0).

Breusers et al (1977) also detailed other formulae

developed by earlier researchers for predictJ.ng the

equilibriu! scour depth, and those which are relevant

to the present study include the following.

(l) Hanco (1971) - nodified by Breusers et aI:

v  0 .2  v  0 .13

f = s.: ( #) (i) (ro)

(2) Shen et al (f966) :

y  - -2  O.2L5 ' ! /  0 .355' : =2 (L )  
( - o )  ( 1 r )

B  
-  \  q l v t  t  

B '- - o

(3) Torsethaugen (1975) 3

": =o.n (+ -r.og) (+) 62)B ' U l r
c

A11 three formulae apply to circular cylinders.

Equation (12) is of particular interest because it was

obtained from tests with relatively shallow flows in

the range 0.2 < yolB < 0.65 ; most of the extrleriments

were carried out with U/U = 0.8.c

Since 1977 significant ne\r research has been carried

out at the University of Auckland, particularly on the

effects of non-uniform sedi.rnent gradings. The

following is a brief sr:runary of results reported by



Raudkivi &, Ettema (1983), Melville (1934), Raudkivi
(1996), Mervilre & sutherland (l9gg) and chiew E

llelvi l le (1989).

Equation (7) was developed nainly fron data for

wtiformly graded sediments, and curve A in Figure 2

indicates how the scour depth varies with flow

velocity for such sediments. Beyond the critical flow

velocity U" , the scour depth decreases and reaches a

mini-mr:m when the drrnes approaching the scour hole

attaj.n their maximr:m steepness. The scour depth then
increases again as the dunes become flatter and

reaches a second naxinum when the transitional

flat-bed stage occurs.

If the size of a uniform sediment is less than about

0.5rrn to 0.7rm, rippJ.es begin to form on the bed

before the critical flow velocity is reached.

Movernent of the ripples produces a small rate of

sediment transport so that clear-water scour cannot be

maintained up to U/U" = 1.0. As a result, the depth

of scour is only about 70% of that which occurs w.ith a

coarser non-rippling sedirnent. At higher flow

velocities, general bed movement eliminates the effect

of rippling and the curves for fine and coarse

sediments merge, as illustrated by curve B in Figure

2 .

Scour depths are also reduced if the grading of the

sediment is non-uniform, as shown by curve C in Figure

2. As the flow velocity is increased, the finer
particles of the mixture are removed and the upstream

bed becomes armoured with the coarser particles. As a

result, clear-water scour can persist to a flow

velocity which is higher than the critical velocity U"

corresponding to the rnean sediment size, d5O, of the

original mixture. The mean size, d50r, of the

armoured bed is related to the maxirutrn sediment size,

d*ax, in the original mixture by

9



d5o" = dmax/l.8 (  13 )

Ttre maxfunrn flow velocity, U", which the armoured bed

can resist is given by

U =0 .8U
a c a

( 14)

where U"" i" the critical velocity corresponding to

th. d50" particle si-ze (calculated as described in

Section 2.2). The first maxinr:m scour depth therefore

occurs at U" (see Figure 2), and nay be lower than for

a uniform material if some of the finer sediment
particles in the upstream bed are being transported.

At higher flow velocities, the effect of armouring

disappears and a second rnaxinun scour depth occurs

when the transitional flat-bed stage is reached. Ttre

behaviour of a non-r:niform sedirnent is only different

from a uniforrn one if its geometric standard

deviation

doo
o_  =  #  )1 .3  ( 15 )g o5o

Based on these various findings, Melville & Sutherland
(1988) developed the following design formrla for

estimating equilibrium scour depths at obstructions.

y" = 2.4 Fu (U'lUc) . F"(folB) . Fd(d/B)

B

.  Fs (shape) .  fo (a, L/B) (16)

This is similar in form to Breusers et alrs Equation

(7) but i.ncludes the effects of some additi-onal

factors. The flow veloci.ty function F' depends on the

notional velocity

10



ur  =  u-  (ua-u" )  (17)

where U is the mean flow velocity, U. is the maxirn'm
velocity that can be resisted by a non-uniform
sediment after armouring has occurred, and U" is the
critical velocity based on the dr. size of the
original

U  = [ J .
ac

F =u

F =u

The

flow

sediment mixture

The function F

; for a uniform sediment

is given by

I  u ' luc l

l r f o r

function Fv
depth yo is

u

, for Vt /Uc

u' luc > I

<1 (  18a)

( 18b)

( 19a)

( leb)

F =v

reduces the predicted scour if the
less than 2.68, and has the forru

0 .78  ( yo /n ;0 '255 ,  f o r  yo /B  <  2 .6

t y= l , f o r yo /B>2 .6

The sedfunent size was found not to influence the scour
significantly unless the particle size exceeded
approxi-rnately B/25. Beyond this linit, the scour
depth was reduced because the particles were large
enough to block the notched scour hole around the base
of the obstacle (see Figure l) and dissipate some of
the energy of the associated dorrn-flow. rtre function
FU is given by

Fd = 0.57 1oero1 2.24B/dso) ,  for  B/dso s 25 (20a)

FU = 1.0 , for B/drO ) 25 (20b)

For live-bed scour and for a uniform material, the
mean sediment size dr. should be used in Equation
(20); for clear-water scour with a non-uniform
sediment, the mean size of the armoured 1ayer, d50",

11



EXPERI}IENTAL

ARRA}IGEMENT

3.1 Flume facility

should be used.

the pier shape factor has a value of F" = 1.0 for a

circular cylinder ; values in the range F" = 1.11 to

1.40 are suggested for rectangular piers. l.telville &

Sutherland recorrnend (like Breusers et a1) the use of

the data produced by Laursen &, Toch (1953) on the
effect of the angle of incidence ; for zero ineidence,

f o  =  1 .0 .

Equation (16) is intended to produce conservative

estimates of scour under all conditions, so the

various fi:nctions described above represent envelope

curves to the available data. According to Melville

& Sutherlandrs Equation (16), the maxfum:rn possible

scour depth for a circular cylinder is 2.48, which

conpares with the figure of 2.08 given by the [designrl

version of Breusers et al 's Equation (7).

A11 tests lrere carried out in a large fh:me facility

having the dinensions:

widrh 2.4
Depth 1.2
Length 28.O

FIow to the flurne was provided by three centrifugal

punps having a combined total maxirm:m discharge of 0.5

cumecs. Discharges were measured using orifice

plates, conforming to British Standard 1042 Part I
(f964), instal led in al l  three pipe 1ines. '

m

m

m

t2



A false floor arrangement (see Figure 3) reduced the

available depth of the flume to approximately 0.6n.

The false floor created a working section where nobile

bed material and piers of various shapes and si.zes

could be located.

Water levels in the flume were controlled using a

fully adjustable tailgate, and levels could be

monitored using tapping points located at the upstrearn

and downstrean ends of the test section.

Graduated rails nere accurately levelled on the tops

of both walls of the flune along the length of the

test section. These were used, in conjunction with a

cross-beam and a nanually-operated point gauge, to

survey the size and shape of the scour holes produced

in the tests. Photographs taken by a camera mounted

verticallf above the test area were also used to aid

the measurement of the horizontal exEent of the scour

holes.

Some time was spent at the beginning of the project on

trials of an automatic bed-profiling machine for

surveying the scour holes. The instrr:ment used an

optical head to traverse across the f1ume, but in its

existing form it was not able to follow the steep

sides of the scour holes. It therefore proved

necessary to resort to the manual method of

measurement described above.

Before the testing of any piers started, several

horizontal velocity traverses and vertical velocity

profiles were taken for flows with varying depths and

diseharges. This was carried out in order to

establish that a uni-form flow distribution existed in

the region of the test area.

13



3.2 Choice of

material

bed

The study was specifically designed to investigate the

effects of flow depth and structure size on the depth

of scour. It was therefore decided to carry out the

tests only under clear-water scour conditions (ie.

0.5 s U./U" s 1.0), and to avoid some of the

conplicating factors due to the sediment si.ze and

sedirnent grading described in Section 2.3.

Ttre size of sedirnent used in the oqleriments vas

partly decided by the requirement that the achievable

flow velocity in the flume at the naximrm depth should

not be less than the corresponding critical velocity

U" of the sediment. Ttre available pumping capacity

thus gave a linit of U" s 0.35 m/s at a depth of

yo = 0.6 m. A quantity of quartz sand (Kings Lynn 100

supplied by British Industrial Sands) with a mean size

of d.^ = 0.145 rurn nas available, and was considered
) U

suitable as it was predicted to have a threshold

velocity of about U" = 0.31 rnls.a yo = 0.6 m. Ttr is

sand had the advantage of a narrow grading; as shown

in Figure 4 ; its principal characteristics were:

d:s
dso
dos

=  0 .128  mn
=  0 .145  mu
= 0.160 run
=  0 .174  mn
= 0.230 run

= dg4ld50 = 1.20

2 .62

dg+

dge

og
s =

The geometric standard deviation og was below the

limit of 1.3 given by Me1vi11e & Sutherland (1988),

see Equation (15), so the grading could be considered

as being effectively uniform ; conplications due to

the armouring of the bed rsere therefore avoided.

14



3.3 Piers

However, the sedirnent was fine enough to be subject to
rippling when the flow velocity approached U". As
described in Section 2.3, rippling can cause the
maximurn scour depth to be somewhat lower than would
occur with a coarser uniform sediment. ft was decided
for this reason that most of the tests with different
depths of flow and sizes of structure would be carried
out at flow velocities below the general threshold of
movement (see also Section 3.4).

E:qrloratory tests were carried out in a smaller 0.9I5n
wide flume to determine values of the mean threshold
velocity U^ for the Kings Lynn 100 sand under flat-bed-c
conditions at flow depths of 0.05 o, 0.1 m and 0.2 m.
The results are shown in Table 1, together rith an
estimate of U- at a depth of 0.4 m obtained by curve-c
fitting and extrapolation. Ttre measurements are also
conpared with predj.cted values of Uc given by
Equations. (5) and (6) and by the Shields curve (see

Section 2.2r. It can be. seen that the measurements
are in good agreement with Hancors Equation (5) with
a  =  L .2 .

Caissons and cofferdams used during the construction
of bridges are the rnost conrnon examples of
obstructions that are large in relation to the depth
of flow. Such structures are generally simple in
shape, so it was decided to earty out the present

study with vertical piers of square and circular
cross-section. At the outset of the project, it vas
envisaged that piers with more conplex geometries

might also be studied, but this did not prove possible

within the constraints irnposed by budget and time.

15



3..4 E:cperirnental

procedure

The piers used in the study were reguired to be as

large as possible, so an initial test was carried out

in the 2.4 m wide fh.me with a square pier of side

0.80 m. This was for:nd to cause too large a bLockage

in the fh:me because the flow patterns around the pier

were adveisely affected by the constriction. It was

therefore decided to carry out tests on farnilies of

sguare and circular piers having widths of 0.40 n,

0.20 m and 0.10 n. Ttre maxirur:n size represented a

blockage ratio of 1:6 which was consi.dered

satisfactory (Raudkivi & Ettena (1983) adopted a

similar limit). Ttre nininurn pier size corresponded to

a relative sediment ratio of B/drO = 690 which was

well outside the range within which sediment size

night have been ocpected to influence the naximm

scour depth (see Equation (20)). The square piers

were always tested normal to the flow.

The layout of the flume and the nounting arrangement

for the piers (see Figure 3) linited the depth of

scour that could be allowed to about 0.4 n. Initial

tests indicated that the sraxinun scour depths at the

threshold condition U = U" would be of the same order

as those found in previous studies, ie between 1.5 and

3 times the pier width. Ttris, together with the

desire to avoid rippling of the sedi:nent bed (see

Section 3.2), led to the decision to carry out most of

the tests at a mean f low velocity of U = 0.18 n/s,

corresponding to an average value of about U/U"= O.75.

Tests were made using water depths of Io = 0.40 m,

0.20 n, 0.10 m and 0.05 n. Rippling of the sediment

bed occurred at the lowest depth, and nade it

difficult to measure the size of the scour'hole

accurately. Tests at this level were therefore

carried out with a velocity of U = 0.1.7 m/s which was

1 6



TEST RESULTS A}ID
A}IAIYSIS

low enough to naintain a flat bed upstream of the
pier .

Ttre durations of the scour tests ranged from 44 hours

to more than 70 hours. The maxfunum depths in the

scou! holes rrere measured regularly during the course

of each test in order to help judge when an

equilibrir:m condition had been reached. Increases in

scour depttr tended to occur very slowly towards the

end of a test, so a decision about the equilibrir:rn

state necessarily had to be somewhat subjective.

I Blaisdell (1988) has suggested that in fact no

equilibrir:m condition exists and that scour may

continue indefinitely at an infinitesfunally snall

rate. However, a series of tests carried out over

very long periods would not be very practicable, and

the results would be of only theoretical interest

since in nature steady flow conditions seldom persist

for more than a few daysl.

At the end of each test, a detailed survey of the

scour hole was made using the manually-operated point

gauge and photographs were taken with a camera rnounted

above the fh:rne.

For the reasons described in Section 3.4, it was

decided to carry out the main scour tests at flow

velocities below those needed for general bed

movement. Separate tests were therefore made with a

particular combination of pier size and water depth to

study how the scour depth j-ncreased with flow velocity

up to the threshold condition U = U". The water depth

used was y^ = 0.10m, and five tests at different- o

4.L Effect of  f low

velocity
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velocities were carried out with the 0.10rn wide square

pier and another four with the 0.10m diameter circular

pier. Ttre scour hole around a pier usually had two

low points, one on either side of the pier. Ttre scour
depths y"1 and I", given in Table 2 refer to the

left-hand side and right-hand slde, respectively, of

the pier when viewed from upstream.

Figures 5a and b show in non-dimensional form how the

scour depth varied with flow velocity for the square

and circular piers. It can be seen in the case of the

sguare pier (Figure 5a) that a well-defined linear

relationship exists between the ratios y"/y"" and

U/U^, where y__ is the scour depth at the criticalc '  - s c
velocity U^. Ttre equation of the best-fit line is- c

v (21)
squarep ier :  ;9  =1.6  

t - -O.uJsc c

for  0 .375 < U. /Uc < 1.0

In the case of the circular pier, a curved

relati.onship applies and this can be approximated by

Q2)
v

circular pier :  - i -L- = I  -  3.66 (1 - g-) 0'76
Y"" \' u" '

fo r  0 .52  <  V/Vc  <  1 .0

which is shown plotted in Figure 5b. Also included

are lines corresponding to Equation (Bb) which is used

18



4.2 Effects of pier

size and flow

depth

in Breusers et al's Equation (7), and Equation (18a)

which is used in Melville & Sutherlandrs Eguation
(16); in the latter case the sedirnent is assumed to be

uniform so that U" = U". The comparisons show that

llelville &, Sutherlandrs equation overestimates the

scour, particularly at low velocities, while Breusers

et alrs eguation rurderestimates it, particularly in

the case of circular cylinders in the velocity range

0.7  <u/u  <  0 .9 .c

The main scour tests were carried out using three

sguare and three'circular piers in four different

degths of water. The values of relative flow depth

,,'lyolF 
studied with the square piers are shown in the

--following 
rnatrix.

Pier wi.dth B (n)

0 .40  0 .20  0 .10

nater

depth

yo

(m)

0 .40 1.00  2 .oo  4 .00

0 .20 0 .50  1 .00  2 .00

0 .10 o ,25  0 .50  1 .00

0 .05 0.12s  0 .25  0 .50

In the case of the circular piers, attention nas

concentrated on the smaller values of yo/B and the

corresponding test rnatrix was as follows.

19



Pier dianeter B (n)

0 .40  0 .20  0 .10

water

depth

yo

(m)

0 .40 1 .00

0 ,20 0 .50  1 .00

0 .10 o,25  -  1 .00

0 .05 0 .125  0 .25  0 .50

As described in Section 3.4, the tests were carried

out at a flow velocity of about 0.18 n/s, except in

the case of the lowest water depth (]ro= 0.05m) where

it proved necessary to reduce the velocity slightly to

about 0.17 m/s. Table 3 gives for each test : the

exact value of the mean flow velocity U ; the flow

ratio U/U"; the depths of scour ysl and I", on the

left-hand and right-hand sides of the pier at the end

of the test ; the mean value y" of l"1and y", ; and

the duration D of the test. Test C.7 with it" O.+O *

diameter pier was unusual in that there \ras a

significant difference i.n scour depths between the two

sides of the pier. The test was therefore repeated as

number C.7R ; the seour holes remained asynunetric but

the deeper scour nolr occurred on the right-hand

instead of the left-hand side.

Data on the development of the scour holes with time

are given in Table 4. Some previ.ous researchers have

fitted such data to an e>rponential equation of the

form

20



yt

v  
=  r - eq ) ( - c t / )  ( 23 ,

where ya is the scour depth at time t and y" is the

equilibriurn scour depth. If such an equation \rere

valid, it could be used to estimate the ultirnate scour

depth from measurements obtained over a li-nited
period. Unfortunately, the data in Table 4 did not

fit Equation (23) with constant values of the

coefficients c and y, so such an extrapolation was not

considered justified. The analysis described in

Section 4.3 was therefore based on the scour depths

measured at the end of each test.

Ttre scour patterns obtained at the ends of Tests 5.6

to S.17 and C.5 to C.13 are shown in contour form in

Figures 6 to 26. The scour holes around the square

piers were usually almost slzrnetrical and were deepest

at the two upstream corners. In the case of the

circular piers, the naxirrum scour depths occurred

towards the sides and tended to be somewhat less

s5nmetrical ; this was probably because the points of

flow separation were able to shift as the scour holes

developed. Comparison of the Figures indicates that

geometric scaling is valid over the range of

conditions investj.gated in this study. Ihus, tests

with different sizes of pier produced sfunilar shapes

of scour hole ; also the ratios between the size of

the pier and the dimensions of the scour hole remained

approxfunately constant. This can be seen, for

example, by comparing Figures 6, 11 and 16 for sguare

piers with a relative flow depth of yo./B = 1.00 ;
Figures 7, 12 and 17 for yo/B = 0.50 ; and Figures 18,

23 and 25 for circular piers at yo/B = 1.00.

2t



4.3 Analysis

Ttre purpose of the following anaLysis was to identify

from the test results how the depth of scour varied

with pier size and flow depth. Ttre scour data in

Table 3 could not be conpared directly because the

tests at different water depths nere carried out vith

different values of the flow ratio U/U". Ttre first

step therefore was to scale the results so as to

predict values of the scour depth y"" 
"t 

the critical

threshold condition U = U". As oqrlained in Section

4.1, separate best-fit relationships were established

between yr/y". and U,/U" for the sguare pier (Equation

(2f)) and the circular pier (Equation Q2)), based on

the measurements obtained with the 0.1&tr wide piers in

a water depth of 0.10n. Similar t54pes of curves have

been obtained by previous researchers for different

ratios of pier size to water depth, and it seems

reasonable to assume that Equations (21) and (22) cart

be applied to the other tests carried out in this

study. Table 3 therefore gives caLculated values of

the ratio ysclB, where the measured scour depth y"

(equa1 to the mean of JI"1 and y", or either side of

the pier) was scaled op, using either Eq-uation (21) or
(22') , to give the value of y""at U=U".

The values of ts""/B for the square piers are plotted

against the relative flow depth yolB in Figure 27a.

It can be seen that the results obtained with

different pier sizes at the same flow depth ratio

agree reasonably wel1, and suggest that geometric

scaling is valid over the range of conditions studied.

An unexpected feature is that the value of y""/B does

not }evel off at a value of yo/B = 1 - 2, as found by

some previous researchers, but continues to increase

up to about yo/B = 3 - 4. the corresponding set of

results for the circular piers is shown in Figure 27b.
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These cover only relative flow depths up to yo /B =

1.0, but again there is no evidence of a levelling off

in the value of y""/B at this lirnit.

Comparison of Figutes 27a and b shows that, for equal

values of relative flow depth, the square piers

erqrerienced greater scour depths than the circular

ones. Ttre mean ratios between the scour depths for

the two pier shapes lrere

yolB

0 .  125

o .25

0 .50

1 .00

y"" (square) /y"" (circular)

1 .70

1 .54

1 .46

1 .20

The overall mean value of the ratio (taking into

account the number of points) was I.33, which is in

reasonable agreement with other studies (eg f_ = 1.3

in Breusers et alts Equation (7) and F" = i . t i  to 1.4

in Melville & Sutherlandrs Equation (16)). Accepting

this mean figure of 1.33, it was then possible to

analyse on a conrnon basis the two sets of data for the

sguare and circular piers.

In order to determine by how mrch the depth of scour

was reduced by shallow-water effects, it was first

necessary to estimate the maxirnr:n scour depth, y"*,

which would occur in deep water. As ercplained above,

the effect of relative flow depth extended to higher

levels than expected,, so data were available from

only three tests with yolB > 2. The largest scour

ratio measured was y"/B = 3.19 for the square pier at

YolB = 4. According to Melville &, Sutherland (1988),

the maxirm:m value of the scour ratio for a-square pier

in deep water can be ocpected to be in the tarrge 2.7
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to 3.4 (depending on the assumed value of the shape

factor F" in Equation (16)). This suggests that the

scour recorded in the test at yo/B = 4 was close to

the maxirm:m value which would occur in deep water.

Ttre following analysis was therefore carried out

assuming maxfum:m values of y__/B = 3.2 for square-sm
piers and y"*/B = 2.4 for circular piers; these

figures are consistent with the mean shape factor of

1.33 (square/circular) and also with Equation (16) for

circular piers.

the required fi:nction describing the effect of

relative depth was obtained by dividing the values of

I""/B by the corresponding ratios of y"r/B given

above. A11 the data for the square and circular piers

are plotted in the form of y""/y"m versus Io /B in

Figure 28. Ttre vertical line and circle at each value

of yo /B indieate, respectively, the range of the data

and the mean value; the individual data points are

listed in Table 5. Ttre equation of the best-fit curve

in Figure 28 is

Y""
= 0.44 (Vo / i l0 '67 ,  for  yo /B < 3.4 (24)

. Y"t

For yo lB > 3.4, the ratio. X""/y", = 1

AIso shown in Figure Zg is the envelope curve to all

the data in the present study, which has the equation

Y""

Y"t
=  0 .55  ( v  

o  / 8 )0 ' 60 ,  f o r  yo  /B  <  2 .7  ( 25 )

These curves are compared with the depth functions

proposed by Breusers et al (from equation (7)) :

Y""
= tanh (Vo /B)

Y"t

24
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by Torsethaughen

2 . 4 )  z

(fron Equation (12) assuning y"r/B =

r"c 
=

Y"t
0.345 ( ro  /B)

,  for 0., < yo /B  <  0 .65 ; (27)

and by Melville & Sutherland (fron Equation (19a))

Yo^

*  
=  0 .78  ( vo  /B )  

0 '25s ,  f o r  y  
o /B  s  2 .6  (28 )

Equation (27) underestirnates the scour depths obtained

in the present study, but it relies on an assumption

abogt the deep-water scour ratio y"r/B, the value of

which was not determined.

Equations (26) and (28) appear to significantly

overestimate the depth of scour that occurs when the

size of an obstruction is large in relation to the

depth of flow. fn the case of structures such as

bridge cofferdams, which can tlpica11y have widths

between 10m and 15m, the differences in the predicted

scour depths can be substantial in absolute terms.

Equation (25), which provides safe estimates for all

the tests in the present study, is proposed as a

suitable method for predicting seour depths around

large obstructions.

The results of the present study can therefore be

surrynarised in the following prediction formula

ys = 2.4 fs (y"/)t".).  (y""/y"*)

where for a circular cylinder f" = 1.0 and

25
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b 
= 1- 3.66 (t - -ft i ' tu

, . f o r  O .52  <  U /U"  s  1 .0 ,

Q2)

For a
f =- s

ys
Ysc

and y"/y"" = 1.0 when U/Uc > 1.0.

Methods of predicting the cri.tical velocity U" are
given in section 2.2. Hanco's Equation (5) wi.th a
value of a = 1.2 was found to give satisfactory
results in this study, and cornpares reasonably with
other formrlae when used with larger flow depths and
sediment sizes.

square pier at zero angle of incidence
1.33  and

1.6 
b 

-  0 .6

,  for  0.37s = $;= t .

and y"/y"c = 1.0 when U/Uc > 1.0.

Eguation (21) can also be oq>ected to apply to
rectangular piers in line with the flow. For both
square and circular piers, the value of y""/y"* is
determined from Equation (25) ; ysc/ysm= 1.0 when
yo lB  >  2 .7 .

1. Scour tests were carried out using square and
circular piers with widths of B = 0.1m, 0.2m and
0.4m. The relative flow depths studied with the
s q u a r e  p i e r s  w e r e  y o l B  =  0 . 1 2 5 ,  0 . 2 5 ,  0 . 5 0 ,  1 . 0 ,
2.0 and 4.0, and with the circular piers they were

Ys lB =  O.L25,  0 .25 ,  0 .50  and 1 .0 .  I t re  square  p ie rs
were always tested normal to the f1ow.

2. Ihe effect of flow velocity on scour depth was
studied using 0. lm rride square and circular piers

(21 )

CONCLUSIONS
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with a flow depth of yo= 0.1m. With the sguare

pier, a linear relationship was established between

scour depth and velocity (Equation (21))3 with the

circular pier, the relationship was non-linear
(Equation (22)).

3. For given flow conditons, the depth of scour at a

sguare pier (at zero angle of incidence) was on

average 1.33 tirnes the depth at a circular pier of

equal width.

4. The effect of relative flow depth )rolB on the scour

depth is shown in Figure 28. The naxfumrn depth of

scour in deep water, ysm, was estimated to be equal

to 3.2 B for square piers and 2.4 B for circular

piers. The best-fit curve describing the effect of

relative flow depth is given by EEration (24). ltle

upper envelope to the data in Figure 28 is given by

Equation (25), which provides conservative

estimates of scour relative to all the tests in the

present study.

5. The results of the study are surnnarised by

Equations (29), (25), (22) and (21), which are

recorrnended for estimating scour depths around

large obstructions in shallow water. I{hen yolB (

1, these equati.ons predict significantly smaller

scour depths than Breusers et alts Equation (7) and

t{elvi l le & Sutherland's Equation (16).
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TABLE 5  :  ANALYSED DATA FOR RELATIVE FLOW DEPTH

TEST CODE
NUI"IBER yo

( m )
B

( m )
-Ia-
B

Ysc
Ysm

s l4

s10
s15

s6
s11
s16
s1
s2
S3
S4
s5
C 5
C9
c 1 1
C2
c3
c4

s7
s12
s17
C6
CL2

S 8
s 1 3
C 7
C 7 R
c 1 0

S9
C 8

40

o .40
o .20

o .40
4 .20
o ,  10
o .10
o .  10
o .  10
o .  10
o .  10
o .40
o .20
o .  10
o .  10
o .  10
o .  10

o
o
o
\J

o

2A
1 0
o5
20
o5

o .  10
o .  05
o .  10
o .  10
o .  05

o .  05
o .  05

1 0

o -20
o .10

o .  40
o .20
o .  10
o .10
o .  10
o .10
o .  10
o .10
o .40
o .20
o .  10
o .  10
o .  10
o .  10

o
o
o
o
o

40
20
1 0
4c)
1 0

o
o
\J

o

4 0
70
4 0
4 0
?o

o.4c )
o .40

oo

2 . O O
2 . O O

1 . O O
1 . O O
1 . O O
1 . O O
1 . O O
1 . O O
1 . O O
1 . O O
1 . O O
1 .  O O
1 . O O
1 . O O
1 . O O
1 . O O

o .50
o .  50
o .  50
o .50
o .  50

o
o
r}
o
\J

2 5
2 5
7 5
2 5
2 5

o
o

L23
123

997

o .673
o  . 624

o .453
o .416
o .473
o .3?a
o .467
o .392
o .403
o .438
o .492
o  . 421
o .  541
o .416
o .479
o .522

o
o
o
o
o

29t
322
2L6'
21()
294

o
L'

2L3
749
1 5 4
L57
1 4 5

o
o

o?9
07a





FIGURES.





*lsl[n -->

Horseshoe
vortex

- /-r{- 
t/  \ ^  ,

Fig 1 Diqg.ram-patic representation of flow pattern at an
obstruction



ct
E o

-!., (l,
=.cr
a D -s a u
E F

PE r
.0E
6€ --:
FE
5 o
t r € i

,
,

tEA
&g

Eg
69

o)c'F^
Eo )
.9.s
oF-eE
' =o )
c CLe

8.96
g  L - r l

EE( ' ,
E E E
EEE
E E 'E
EE3
c c o==z
<dt( )

Fig 2 Variation of scour depth with velocity for differcnt
sediments



o-
.oE
l- :f

(t,

(l,

6
-9)
:6

\t

E
.s
(a
q.e
(t,
c(I)
L_

.S-R

=

g

€

(D
6
o.
CDc
C
:
o
€

Ig
cs

!g
Es
E(t
E

E C L
o E
tr- 6

oo-
E
Jo-
6o,
:t
L

c
(t)
o

E$e
EE E?
5"85

Fig 3 Layout of flume facility



(3

e
E

E
tJJ
F
LJ
=
CE

o

t!,
)
(J
H

F
E
CEd o -

o

cl
(f

c\l
o
l.o

o
sf

( lLt6!aM Ag1 3Z I  su3oNn o/o

cl
|.n

(:l
(o

o
f\

o o a
( ] o ) @

t

\

o c l

SIZE GRFDING OF SEDiMENTFIG 4



'c)
f

3s^/sA

FIG 5A VRRIRTION OF SCOUR DEPTH WiTH FLO\I/  VELOCJTY
FOR SGURRE P]ERS



llo

tr!
c!

H . . ,

f

tn

o

Lfi'

O

tn
N

c)

N

o

(o

o

@

o

N

Cf

VRRIRTION OF
FOR C I RCULRR

cs4 /s6

SCOUR DEPTH
PIERs

FIG 5b WITH FLO!{ VELOC]TY



lo
(\l

' o \

R/
+

8-+

I
E

ff gg*o
-
(D
(5()
a

Fig 6 Scour pattern for Test SG



lo
ot+

E
,F.g

f*Ee*
o >9m d.Ep

c
o

ETE >
i5

o
I
(D
(tt()
U)

Fig 7 Scour pattern for Test 57



u)
?

R

o\

o

C)
Ao

\)

E
,F.g

rE  :6*
5E [H83Y EFE
l l  i l  

F 6 o
Sm dEe

c
.9

EIE >
i5

Fig 8 Scour pattern for Test S8



F
EE
t ro
Fs

I l l

*o

c
o

E=E -
i5

o
-
.q)
CU
o(t,

|o
+

I

ro
N

a

E

fiH
EBE
EFE
5€E

Fig 9 Scour pattern for Test Sg



\.U'

S\-
-q---/

E

ff gEI

c
o

E.E -
?5

o
x
(D
(6()
U'

Fig 10 Scour pattern for Test S10



E

ff ggt

c
.9

ETE >
i5

E
E

- O
tc ,

l--l
I

o l
F - 1

o l
6 l
( ) JU'I

I
I

I
lo

Fig 11 Scour pattern for Test S11



E

ff gE*

c

E.E -
i5

()
T

-g(U
()
a

Fig 12 Scour pattern for Test Si2



E

ff gg*

c
o
l i s  F  - .
E ioo i>

E

o
-
(D
(E
I
U)

Fig 13 Scour pattern for Test S13



E

ff ggt

c
.9

EaE >
i5

E
E
o
o
rJ'

-'l

o
: *
o
(5( ) -
CN

Fig 14 Scour pattern for Test S14



[-qr

\

L-p.
+

c
o

EAE >
i5

E
E
o
or{)

E
Eo
|o.=

sE IE-
5E Eg8
TY eH*
S6 d.Ee

o
I
o
$()
U)

Fig 15 Scour pattern for Test S15



E

ff gEt

c
o

E"E -
i5

o
I _

o
(u( ) -
(t)

Fig 16 Scour pattern for Test 516



E
,F.g

EE sHe
T; EH*
*o <5Ee

c
.o

EAE >
i5

o
- -
(D
G'( ) -
CI'

Fig 17 Scour pattern for Test S17



E

ff gEt

c
o

ETE >
i5

E
E
o
o
l('

o
x
-!9
at
o
U)

Fig 18 Scour pattern for Test CS



o/

E
.F.g

EE sHe
TY EH*
*o  dEp

E
o

EAE >
i5

o
I -

.lP
(5( ) -(t)

Fig 19 Scour pattern for Test G6



E

ff ggt

c
o

E"E *
i5

Fig 20 Scour pattern for Test CZ



tJ)./

/ '

{

\

urz

( .

\_

E

EE Eet
?Y EH*
So dEe

c
o. - >
? ( s l  -
Xoo:>
i5

o
-
(t,
(It
o
o

o

Fig 21 Scour pattern for Test C7R



E

ff EEt

E
.9

EIE >
i5

E
E
o
o
1()

o
I
(l)

G'()
a

Fig 22 Scour pattern for Test C8



c
o
. ! i+  )  -
xoo j>
Y  G -
6

E
E
o
oro

E
,F.g

t r  E  :6 -
EE Egg
RK EFE
l l  i l  

F 6 o
Sm dEp

a
I _
<l)
(s( ) -
a

Fig 23 Scour pattern for Test C9



lo
<\t _

( *

E

ff ggt

c
o
E + lxoo>g  = -
i5

o
-
(D
(E()
U'

Fig 24 Scour pattern for Test C10



E

ff gE*

c
o
E s )  - .

Eo8->
6

o
I
o
al()
a

Fig 25 Scour pattern for Test Gll



E
,F.g

EE tHe
TT EHH
So d.Ee

c
.9 \

EIE >
i5

o
-
(l)
(U
oq,

Fig 26 Scour pattern for Test C12



x

rfr F
CL
tu

. c l

=
o
J
lJ_

Lrj

H

F
(\ cE

J
u
u,

+ t o N d o

(a /esr )  Htd3o uno3s lA I lu t3u

€ € €sst s
<r(\ d

ssts l
[ i l t l

6AOeQ

o x

VRRIRTiON OF
RELRTIVE FLOW

RELRTIVE SCOUR DEPTH WITH
DEPTH SOUFRE PIERS

FIG 27a



c.,l

Ft

@ \

;s

F.

rrJ
t3

=
cf( o t

. t L
o

l!

F

J
trJ
u.

.+

(:l

c!

o

tf! lf,) d tf,, tt, tt, (f
. N N . N

O
cl cl

(BAsx)  H ld to  un03s lA I lu t tu

< X

{  I  X <  g

E E €
s s s
sF(\ e

stsst
[ i l t l

( D @ o

x o l

VRRIRTION OF RELRTIVE
RELRTIVE FLO}', DEPTH

SCOUR DEPTH !{ITH
CIRCULRR PIERS

FIG 27b



q
LtJ
J
co
CE
F

lrJ
ll.l
an

(t,
l--z
c3
o-

CE
F
CE
o

u,
o
IL

*.N:

ctz,
CE
J
G
LrJ
L

F
=tn
oa

trJ
J
J
H

J
lrJ
=

J
--  CE
<f t.f)
(\I(\IF
-- t r j

z,z,(noooa
F.Hlr l
FF( ' '
ccc=
=3 l r l
a e t E
tlJll.lEl

z,
lrl(:,
G

F
tr.J
g,
u,
cf
F

t\

l\
I.
t'
il"

\
t

lrj
(L

F

rrJ
z.
H

J

A

{u'".J.
n2t

.?

*.);
.#

'"d..-
) \ed

tr

F

LrJ
o
-
(3
J(\t L

t!

H

t-.-
cc
J
ut
u,

rf,r < to [n tn (J
( \ N . $ l

o
H O IIISr (f,

TT

FIG 28 FUNCTiON FOR EFFECT OF RELRTIVE FLOI{ DEPTH


