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FOREWORD 

This report describes a laboratory study of scour around bridge 
piers at Froude numbers up to 1.5. It also describes an 
objective review of the experimental limits of existing 
equations and presents a new equation to predict scour in high 
Froude number flows. 

Research in bridge scour is included in the Federally 
Coordinated Program of Highway Research and Development as 
part of Task 1 of Project SH "Protection of the Highway from 
Hazards :Attributed to Flooding." Dr. Roy E. Trent is the 
Project Manager. 

This research was conducted by the University of Iowa at 
Iowa City, Iowa for the Federal Highway Administration 
Office of Research under Contract FH-11-7296. 

Sufficient copies of this report are being distributed to 
provide a minimum of one copy to each FHWA region office, 
one separate copy to each regional hydraulic engineer, one 
copy to each division office, and one copy to each State 
highway agency. Direct distribution is being made to the 
division offices. 
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I. INTRODUCTION 

The safe and economical design of bridge piers requires 
accurate prediction of the maximum expected,depths of scour 
of the stream bed around them. The interaction between the 
flow around a bridge pier and the erodible sediment bed 
surrounding it is very complex. In fac4 the phenomenon is 
so involved that only very limited success has been enjoyed 
by the attempts to model scour computationally, and physical 
models remain the principal tool employed for estimating 
expected depths of scour. 

There are three factors which intervene to change bed 
elevations at bridge sites. First, there may be a general 
aggradation or degradation of the river be~which accom­
panies changes in the water and sediment discharges of the 
stream. Second, there may be scour due to shifting and 
migration of bed forms (dunes, antidunes, bars, etc) and 
river banks. Third, the higher local velocities produced 
by the presence of the pier and the resulting constriction 
and obstruction of the flow create local scour around the 
pier. Scour depths due to the first two factors may occur 
regardless of a bridge crossing. Though the conceptual 
separation of the three scour processes is helpful in under­
standing the entire scour problem, these processes are not 
completely independent. 

This study is primarily concerned with the local scour 
that occurs around bridge piers. Two types of scour may be 
identified; (1) clear-water scour - where material is 
removed from the scour hole and not replaced, and (2) scour -
that occurs with general sediment transport. Scour at the 
pier due to the presence of the pier alone can be investi­
gated in the clearwater regime only. In the sediment­
transport regime, scour at the pier occurs due to changes in 
the flow pattern produced by both the pier and the bed 
forms. It is not possible to separate the contributions 
of the two factors to the scour as the isolation of the 
velocity fields generated by them is very intricate. 

Following the- e-xperimental study of Chabe-:r-t and Engel­
dinger (1956) on local scour around bridge piers, most of 
the investigators in this area concurred on the general shape 
of the curve which delineates the variation of scour depth 
with mean flow velocity. According to this curve, scour 
depthincreaseswith increase in mean velocity in the clear­
water regime, reaches an absolute maximum at a velocity 
approximately equal to the threshold velocity (hereinafter 
referred to as the mean velocity for incipient sediment 
motio~., and decreases slightly with further.increase in mean ve­
locity in the sediment-transport regime where it fluctuates non-
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periodically about the equilibrium scour depth due to 
bed-form migration. Since the maximmn scour depth is re­
quired in designing bridge piers, most of the experimental 
studies in the past were conducted either in the clear-water 
regime or with flow velocities not much higher than 
the threshold velocity in the sediment-transport regime. 
Scour due to bed forms in the latter case was considered to 
be insignificant in comparison to that due to the presence 
of the pier. Since scour depths in most experimental 
studies were measured after stopping the flow, it was 
inadvertently assumed that the change in the maximum scour 
around the pier due to the deposition of suspended sediment 
was insignificant. This presumption clearly is not true 
at high flow velocities as there is a lot of sediment in 
suspension similar to that in a river during floods. 

A wide variety of empirical equations based upon a, 
limited range of data (both laboratory and prototype) have 
been developed in the past to estimate the maximmn scour 
depths around bridge piers. Unfortunately the relatively 
large scatter in the available data on local scour around 
bridge piers makes it possible to fit a wide variety of 
curves which diverqe greatly at high Froude numbers and high 
relative depths of the flow ·. (Froude number F = V//gy, 
relative depth= y/b, where Vis the mean flow velocity, 
y is the mean flow depth, g is the acceleration due to 
gravity and bis the pier size). Not only that their 
extrapolation to higher Froude numbers and relative depths 
cannot be used as a sound basis for pier design, it is also 
difficult to draw conclusions regarding the appropriateness 
of these formulas at low Froude numbers and relative depths. 

A. Scope of the Study 

The primary objective of the present study was to 
gather data on scour depths obtained in flows of high Froude 
number to validate or invalidate the formulas based on 
scour depths generated at low Froude numbers. The investi­
gation was pursued in the following stages: 

(1) The·existing literature on physical model studies 
of bridge-pier scour was reviewed and the findings were 
summarized in the state-of-the-art section of this report. 
The limitations of some of the predictors of local scour 
in terms of the range of parameters used in their develop­
ment, the nature of the bed material, and the adequacy of 
the analysis in considering the impact of bed forms were 
discussed. 

(2) A series of laboratory experiments in a flume using 
cylindrical piers were conducted at high Froude numbers, and 
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the data on the depth and geometry of the scour pattern 
developed in cohensionless bed material were obtained. A 
special technique to measure the scour below the mean bed­
elevation was adopted to overcome the problem of sediment 
deposition when the flow was stopped. 

(3) The variation of the maximum scour depths with 
changes in flow and sediment conditions was analyzed, and 
a formula to predict the scour depth at higher Froude 
numbers was developed. 

(4) The potential predictors of the maximum clear­
water scour were compared with the experimental data. 
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II, A REVIEW OF THE STATE~o;p..;.THE-ART 

Several reviews (National Cooperative Highway Research 
Program 1970; Anderson, 1974; Melville, 1975; and Breusers, 
Nicollet and Shen, 1977) on local scour around bridge piers 
have appeared in the literature in the past several years. 
A brief summary of the current status on this subject matter 
is presented in this section. 

A. The Mechanism of Local Scour 

The system of vortices (horseshoe-vortex system, 
wake-vortex system, and/or the trailing-vortex system) 
which develop around the ?ier and the downward component of 
velocity on the front face of the pier, are the basic agents 
of local scour, as was long ago recognized by various in­
vestigators including Posey (1949), Laursen and Toch (1956), 
Bata (1960), Neill (1964), Roper, Schneider and Shen (1967), 
and Melville (1975). The variations in the intensity of 
the horseshoe vortex and in the strength of the down flow, 
and the interaction between them during the formation of 
the scour hole were explained by Melville (1975). The 
ho'rseshoe vortex is initially small and comparatively weak. 
With the formation of the scour hole, however, the vortex 
rapidly grows in size and strength as additional fluid 
attains a downward component and the strength of the down 
flow increases. As the scour hole enlarges, the circulation 
associated with the horseshoe vortex due to its expanding 
cross sectional area increases but at a decreasing rate. 
The rate of increase is controlled by the quantity of fluid 
supplied to the vortex via the downflow ahead of the cylin­
der. This in turn is determined by the discharge of the 
approach flow. 

An equilibrium condition is attained when the depth of 
scour ahead of the cylinder is just sufficient so that the 
magnitude of the vertically downward flow can no longer 
dislodge surface grains at the bed. The equilibrium depth 
of scour for a particular bed waterial and under c-lear water 
scour conditions thus should be a function of the magnitude 
of the downward flow ahead of the cylinder, which in turn 
is primarily a function of the diameter of the cylinder and 
the magnitude of the approach flow velocity. The flow depth 
has only an indirect effect on the magnitude of the down­
flow and hence on the depth of scour. This concept of the 
scour development for the clear water case should also be 
applicable for scour with general sediment-transport. 
Equilibrium in the latter case is achieved when the depth of 
scour is such that the time average rate of sediment erosion 
and removal by the vertically downward flow and the system 
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of vortices is equal to the time average rate of sediment 
supply to the scour hole. 

B. Estimation of Scour Depth 

The flow in the vicinity of the pier is so complex that 
a complete analytical or nurnerial description of the scour 
process is not possible at the present time. Accordingly, 
phenomena involving local scour around bridge piers have 
been studied most extensively in laboratory experiments, 
from which several empirical formulas have been developed 
to estimate the maximum scour depths around bridge piers. 
In general, they are based upon a limited range of data and 
are applicable to conditions similar to those for which 
they were derived. It is difficult to confirm their 
adequacy for design purposes due to limited field measure­
ments. Though there are some similarities among the • 
various empirical relations, they differ widely in terms of 
the hydraulic variables considered to be significant. Most 
of the scour relations can be expressed in the form of 
the following general equation 

(2-1) 

in which d is the scour depth measured below mean bed 
elevation,sb is the width of the pier projected on a plane 
normal to undisturbed flow, Dis the mean sediment size, A 
and Bare constants, m, n, p and rare exponents, and the 
remaining symbols have been defined earlier. The values of 
the constants A and B, and the exponents m, n, p and r 
depend upon the pier shape, the angle of attack of the 
flow, and the sediment properties. Equation 2-1 indicates 
that the scour depth is a function of four variables; the 
pier size, the flow depth, the flow velocity, and the 
sediment size. The values of the constants and exponents 
in Eq. 2-1 for circular piers based on the relations pro­
posed by the various investigators are summarized in Table 
2-1. There are other empirical relations which could not 
be eKpressed in the form of Eq. 2-1; these are listed in 
Table 2-2. • 

The scour relations can be classified in several ways. 
They are grouped into six categories depending upon the 
number of significant hydraulic parameters in each relation. 
The only significant parameter is the pier size in Group I; 
the flow depth and the pier size in Group II; the flow 
depth and velocity in Group III; the flow depth and velocit~ 
and the sediment size in Group IV; the flow depth and 
velocity, and the pier size in Group V; all four parameters 
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TABLE 2.1 - CONSTANTS AND EXPONENTS IN EQ. 2-1 

Group Investigator Regime Approach A B m n p r Remarks 

I Breusers (1965) Incipient Rational 1.40 0 0 0 0 0 
motion 1 

Larras (1963) Incipient Rational l.42°i: 0 0 0 0 0 
motion 

II Blench (1969) Sediment Regime 1.80 -1 3/4 0 l 0 y = regime depth 
transport 

Laursen (1958) Sediment Rational 1.11 0 1/2 0 0 0 Transformed & sim-
plified by Mel-
ville (1975) 

Laursen & Toch Incipient Rational 1.35 0 0.3 0 0 0 Transformed & sim-
(1956) motion plified by Neill 

(1964) 
C'\ Arunachalam Sediment Regime 1. 95 -1 5/6 0 1 0 y = regime depth 

(1965) transport 
III Ahmad (1962) Sediment Regime 3.18K -1 1 2/3 1 0 K ~1.2 

transport 
Shen et al Incipient Rational 11.00 0 1 2 0 0 
(1969) motion 

V Shen et al Incipient Rational 3.40 0 1/3 2/3 0 0 
(1969) motion 
Hancu (1971) Incipient Rational 2.42 0 1/3 2/3 0 0 

motion 
Inglis-Poor1a Incipient Rational 4.05 -1 3/4 1/2 1 0 
(Thomas, 1962) motion 



Group 

III 

IV 

V 

-..J 

VI 

TABLE 2 .. 2 - SCOUR RELATIONS NOT EXPRESSIBLE IN THE FORM OF EQ. 2-1 

Investigator Regime Approach 

Chitale (1962) 

Inglis Lacey 
(1949) 

Knezevic ( 196 0) 

Bata (1960) 

Maza (1968) 

Hancu (1971) 

Garde ( 1961) 

Chabert and 
Engeldinger 
(1956) 

clear water 

sediment 
transport 

clear water 

clear water 

clear water 
and sediment 
transport 

clear water 

Rational 

Regime 

Rational 

Rational 

Rational 

Rational 

Rational 

clear water Rational 
and sediment 
trnasport 

Formula 
ds 2 

- = (-0.51+6.65F - 5.49F) y 
D = 0.946(Q/f)l/ 3 

s 

3/2 
'(q-q') 

d = 8.72 5/4 3/4 
s y g 

ds 

Yo 
= 10 (F 2 _ 3D) 

y 

ds - f(F,y/b) b-

d 
s 

b= 2.42(~V - l)F2 / 3 (y/b)l/ 3 
C C 

D 
s 
y = 4.0n1n2n3 ¼(F)n 

d' = f(b,y,V,D) s 

Remark 

D 
s 

Q = 
f = 

= scour depth below 
water surface 

discharge in cfs 
Lacey silt factor= 
1. 76/D50 

q = vy 
q' = q ford = 0 

s 

graphica,l form 

V = threshold velocity 
Fe = V //gy 

C C 

a = (B-b) /B 
B = clear channel width 

n1 ,n?.,n 3 and n are 
funcEions of particle 
drag coefficient, 
Froude number & Pier 
shape 

graphical form 



in Group VI. The scour formulas are divided into three 
groups based on the flow regimes; (i) clear water, (ii) 
incipient sediment motion, and (iii) sediment transport 
regimes. The formulas for the condition of the incipient 
sediment motion predict the absolute maximum scour which 
is assumed to occur at flow velocity approximately equal to 
the thresholdvelocity. The empirical relations are cate­
gorized into two classes based on two different approaches; 
(i) regime and (ii) rational approaches. 

A comparison made by Anderson (1974) of the several 
formulas listed in Tables 2-1 and 2-2 showed that the esti­
mates of the relative scour depths differed widely, partic­
ularly for the higher values of Froude number and relative 
depth. The divergence among the curves representing the 
various scour formulas clearly indicated that most of these 
equations are applicable only for certain range of flow 
conditions and should not be extrapolated for flow condi­
tions outside that range. 

A summary of the experimental data including the range 
of parameters used to develop the various scour formulas is 
given in Table 2-3. Some general observations which apply 
to most studies are as follows: 

1. Due to the presumption that the maximum scour 
occurs at a flow velocity nearly equal to the threshold 
velocity, most studies in sediment transport regime were 
conducted with velocities slightly higher than the threshold 
velocity. This remark expl~ins why certain parameters had a 
limited range in these studies. None of these studies, 
therefore, considered the effect of bed forms in their 
analysis. Shen et al (1969), however, suggested that the 
amplitude of the bed forms should be added to the equilibrium 
scour depth for design purposes. 

2. Scour depths in all studies, except by Laursen 
and Toch (1956) who determined scour depths by means of 
an electric scour meter with flow running conditions, were 
measured after stoppi-ng -t-b.e flow. Due to the depositi-o-n -of 
the suspended sediment in the scour hole during the flow 
closure, measured scour depth were always less than actual 
scour depths. The difference between the measured and 
actual scour depths increases with velocity and becomes 
significant at velocities higher thanthresholdvelocity. 
This reasoning explains why Chabett and Engeldinger 
(1956) did not observe any increase in scour depth with 
increase in the flow velocity. 

3. The scour depth in clear water regime approaches 
a limit asymptotically and takes a long time to reach this 
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Investi-
g;1tor 

BrU")Sf1r6 
(1965) 

Knezevic 
(1960) 

Inglis-
?oon.::t 

1.0 (1962) 

l:iursen 
.ar.d ~och 
ll95F.l 

l\t-:,ad 
11962) 

Reproduced I rom 
best available copy. 

Model 
or 
Field 

l'!ndel 

Model 

M<Yiel 

Model 

Field 

Model 

Field 

Regime 

Incipient 
motion 

clear 
water 

InciI?icnt. 
mot1.on 

Incipient 
moti.on 

Seni.ncnt 
mo·,ernent 

Sediment 
movement 

Sediment 
movement. 

Tl\BLE 2-3 Rl\NGES OF Pl\Rl\METE:RS 

Range of Parameters 

Ch,:innel Pier Sediment Flow Flow 
width size size velocity depth ., b D V y 

(n,1) (cm) (ffilll) (m/sl (cm) 

-
o.~5 5.0 0.2 0.20-0.40 25.0 

11.0 0.2 0.20-0.40 50.0 

l.(/0 10.0 0.2• 0.12-0.22 6.5-15.0 
1.6* 0.16-0.38 6.5-15.0 
3.0* 0.23-0.46 6.5-15.0 

5.4 o.3 0.18-0.42 11.5-53.0 
10.7 0.3 0.30-0.38 25. 0-41. 0 
17.3 0.3 0.34-0.45 32.0-61.0 
17. 3 1.3 0.42-0.50 25.0-48.0 

1.52 6.1' 0.44 0.30 9.0 
0.58 0.30-0.61 6.1-27.4 
0.97 0.38-0.61 6.1-24.4 
1.30 0.46-0.69 6.1-24.4 

41 122 
2.252 0.69-0.76 9.1-~4.4 
0.45 - 350.** 

190.~- 0.24 1.58-3.44 426,7-
304.B• 804.7 

(M9-ximum scour data on railroad bridge on River Ravi 
from 1948-1958. K v~lues lie beLween 1.17 and 1.99) 

Relative Froude 
depth number 

Y. F 
b 

5.0 0.13-0.26 
4.5 0.09-0.18 

0.7-1.5 0.10-0.27 
0.7-1.5 0.13-0.48 
0.7-1.5 0.21-0.so 

2.1-9.6 0.17-0.21 
2. 3-3. 0 0.19 
1.9-3.5 0.17-0.19 
l.9-2.8 0.23-0.27 

1.5 0.32 
l.0-4.5· 0.23-0.64 
l.0-4.0 0.20-0.59 
l.0-4.0 o. 44-0. 79 
1..5-4.0 0.49-0. 72 

2.1-3.6 0.19-0.49 

near Lahore, Pakistan 

Threshold! 
Froude 
Number 

F 
C 

0.19 
O.H 

0.23-0.31 
0.45-0.61 
0.61-0.80 

0.15-0.27 
0.17-0.20 
0.14-0.18 
o. 28-0, 36 

0.33 
0.24-0.42 
0.30-0.51 
0.36-0.59 
0.44-0.63 

o.o5-o.o6 

Comments 

Experiments were conducted to verify results ob­
tqincd by Chabcrt and Engeldinger. Main purpose 
of investigation was to study scour due to pile 
groups in sea beds 

Pier was round-nosed rectangular 10cmx60cm placed 
parallel to the flow. *Dqo sand sizes fu~nished 
in report. 050 computed using cg= 1.4 

Piers we~e round-nosed with a length-to-width 
ratio of 1. 7 and were placed parallel to the flow. 
In all runs -0.l<(F-F )<O; tests conducted at 
four scales; 1/40, 1/65~ 1/105, and 1/210 

*Pier wns squnre-nosed dumbell shaped, 6.lcmx40.SC1!1 
and set at 30° to the flow. 
-0,l<F-F <0.15 for most of runs 
•*Maximu2-l.,b~erved scour on the Skunk River for 
this depth= 213cm 

Estimates of scour depths are based on river nodel 
studies for various bridge sites. *;:>ata is given 
in prototype dimensions. No model scale given. A 
acale distortion factor was used to obtain the 
correct scour depths. Used average discharge per 
unit width to compute K (defined in Table 2-1) 
though the flow distributions were largely 
nonu_nifol.]!1 

1The values for F are based on the threshold velocity determined from the Shields' criterion for the critical shear stress 
(Vanoni, 1975) aHd the logarithmic velocity distribution given by V ;v.=2.5 ln (ll,02yX/D50), wher~ V* is the critical shear 
velocity, and Xis a correction factor accounting for the effece ofcviscoaity. A value ot 0.01 cm /s for the kinematic 
viscosity oJ: water was assumed in the computations. 

2aased on the recent data (1979) supplied by USGS 
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w 
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2.44 

1.12 

Incipient 1.83 
mot ion 
and 
Sedirr,ent 
transrnrt 

clear 2-2.5 
water 
and 
Incipient 
motion 

clear 
water and 

Incipient 
ir,otion 

Sediment 
movement 

Pier 
size 

b 
(cm) 

17.4 

5.0 

15.2 

13.0 
3.0-
20.0 

13.0 

Sediment 
S1-ZC 

~~) 
0. 16 
0.24 
0.68 
1151 

1. 70 
1. 70 

0.24 

0.46 

0.25 
0.50 

1.50 

0.50 
2.00 

5.00 

0.17-0.39 

'rl\BLE 2-3 RANGES OF PARAMETERS (continued) 

RQnqe of Para.meters 

Flow 
velocity 

V 
(m/s) 

0.24-0.58 
0.21-0.51 
0.21-0.53 
0.27-0.59 

0.48 
0.40-0.58 

0.14-1.02 

0.38 

0.34 
0.23-0.44 

0.43 

1.84-2.28 

0.20-0.60 
0.28-0.88 

0.50-0.90 

Flow 
depth 

y 
(cm) 

16.2-38.1 
18.3-44.2 
17.7-44.2 
15.8-32.9 

10.7 
7.3-15.9 

Relative 
depth 

y 
b 

0.9-2.2 
1. 1-2. 5 
1. 0-2. 5 
0. 9-3. 4 

1. 4-2 .1 

11.4-26.8 0.8-1.8 

17.6 1.2 

21.3 
30.0-57.2 

42.5 

1740-1880 

5.0 
5. 0-17. 5 

6.0-16.5 

0. 4 
0. 3-2. 0 

o. 5-1. 3 

Froude 
number 

F 

0.13-0. 46 
0.10-0.38 
0.10-0.40 
0.15-0.48 

0.47 
0.46 

Threshold 
Froude 
Number 

F 
C 

0.16-0.22 
0.15-0.22 
0.23-0.33 
0.35-0.46 

0.54 
0.47-0.62 

0.10-0.95 0.19-0.26 

0.29 0.25 

0.24 0.20 
0.14-0.24 0.17-0.22 

0.21 0.32 

0.15-0.18 

0.29-0.86 0.44 
0.21-0.97 0.46-0.71 

0.44-0.93 0.81-1.11 

Comments 

-0.20<F-F <•J.24. Data show some tre:-:ds w t:1 v/b 
and D50 , 5ut their effects were r.ct co:1s G.er~d 1:i 

the correlation. Sa:1e tests at higher v locities 
had "uncontrolled" sediment move.-:-:ent 

*Experiments covered a range of variables 
including pier slope, pier length, pier width, 
angle of attack. Experimental ~ethod enta~led hold­
ing all but one factor constant in each set of ru:-.~ 

Relationship •~as based on an analysis of the lc:ig 
contraction solution 

Equation was primarily based on the experimental 
results of Chabert and Engeldinger (1956) 

Did not report pier width. Presented results 
as d /y. Piers were models of existing/proposed 
pier~ and were constructed in two scales, 1:30 
and 1:60 

Report on maximum observed scour at 17 bridgesites 
in India. Most recent obsen,.ation in l9'2- Rtver 
discharges range from 820 to 63,700 rn /s 



limit for certain flow conditions. It has not been possible 
to ascertain from the various reports whether limiting 
depths were attained in all tests. This point should be kept 
in mind if large scattering in data for this regime is ob­
served. 

4. Scour fonnulas based on 'regime' approach used an 
empirical fonnula, derived mainly from canal data, relating 
the average stable channel depth of an alluvial channel to 
the dominant discharge and bed material. Some scour fonnula 
assumed that scour depths at structures could. be expressed 
as some multiple of the average regime depth. These equa­
tions should be applied in cases in which the flow, sediment 
transport, and channel characteristics are quite similar 
to those from which the particular fonnula was derived. 
The equations based on 'regime' approach are, therefore, not 
considered in the comparative analysis, which is described 
later. 

5. From the experimental results it may be concluded 
that the scour depth increases with the pier size. The scour 
fonnulas in Groups III & IV in Tables 2-1 and 2-2 predict 
that the scour depth is independent of the pier size and 
are, therefore, not applicable outside the range of variables 
from which they are derived. These fonnulas also are 
excluded from the comparative analysis. 

A comparative analysis of the various predictors for the 
maximu.~ clear-water scour {incipient sediment motion) which 
are based on the rational approach and belong to Groups I, 
II, V and VI is included in Chapter IV. The fonnulas by 
Maza (1968), Garde (1961), and Chabert and Engeldinger 
(1956) are not included in the analysis as they are expressed 
in the graphical fonn. 
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III. EXPERIMENTAL EQUIPMENT & PROCEDURE 

A. Equipment 

This section briefly describes the flume, the bed 
material and other instruments used in carrying out the 
experiments. 

Flume: The experiments were conducted in the glass­
walled tilting sediment flume located in the West Annex of 
the Iowa Institute of Hydraulic Research. The working sec­
tion of the flume is rectangular in cross-section, 27-
meter long, 91-centimeter wide, and 46-centimeter deep. 
Water and sediment are recirculated by two axial-flow, 
variable-speed pumps, each pump discharging into separate 
20-centimeter return lines. Flume discharge is measured 
by a calibrated orifice meter in each line; the combined 
maximum discharge is about 160 liters per second. Piezo­
meters for measuring local water surface elevations are 
located at three-meter intervals along the flume. They are 
all connected to a central manometer board for ease in 
determining the slope of the water surface. The slope of 
the flume can be changed while it is operating by means of 
an electrically driven tilting mechanism. 25-millimeter 
diameter rails supported by the flume walls serve as the 
vertical reference for all elevation measurements. 

A motorized instrument carriage rides on the flume 
rails (Figure 3-1) along the full length of the channel. 
The carriage drive is a DC electric motor remotely operated 
by a solid-state motor control which can be set at any 
speed in either direction. Instruments attached to the 
carriage can be positioned anywhere across the width of 
the flume. A standard point gage with a vertical resolution 
of 0.3 millimeter is used to measure elevations. 

Ultrasonic distance meter: Bed profiles, from which 
average bed slopes with respect to the flume rails were 
determined, were measured by means of an ultrasonic 
distance meter ("sonic sounder"), Model l-O--S4, manufactured 
by Automation Industries, Inc., Boulder, Colorado, and 
modified by the Institute. The sensing head of the meter 
is mounted on the carriage, and as it moves along the channel 
at constant speed, output (local bed elevations) in the form 
of voltage levels at specified intervals is recorded on-
line via an analog-to-digital converter by the Institute's 
IBM 1801 Data Acquisition and Control System. Calibration 
tests of the sonic sounder show a virtually linear relation 
between voltage level and bed elevation in the range of 
depths encountered in the project. 
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Figure 3-1. Instrument carriage·and flume. 
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Bed material: Three sizes of sand were used as bed 
material. The fine sand was laboratory grade white quartz 
and the medium and coarse sands were locally obtained filter 
sands. Sieve analyses were conducted after recommendations 
by Vanoni, et al (1961). The particle size distribution 
for each sand is shown in Figure 3-2. The respective geo­
metric mean sizes and standard deviations are given below. 

Sand Fine Medium Coarse 

D5 0 (mm) 0.25 1.50 2.50 

0 l. 34 1. 25 1. 25 
g 

The nominal depth of the sand bed in the flume was about 
20 centimeters. 

Piers: Two piers, 50.8 millimeters and 101.6 milli­
meterslin diameter, were made from clear plastic tubes. 
Each pier was built so that the top portion could be re­
moved during data acquisition with the sonic sounder. 
Both piers were placed in the flume for each run, the 
smaller pier about 11 meters downstream of the head of 
the flume and the other pier 9 meters further downstream. 
The experimental data on the mean velocity distriubtion 
downstream of a cylinder of diameter b (Rouse, 1959) show 
that the maximum velocity difference in the wake of the 
cylinder reduces to less than 1% of the ambient velocity 
beyond about 170 b downstream of the cylinder. There was, 
therefore, no significant effect of the upstream pier on 
the mean velocity distribution of the flow approaching the 
downstream pier. The effect on the turbulent velocity 
profile was assumed to be unimportant as the turbulence 
level in the ambient flow was high. 

B. Experimental Procedure 

Flow establishment. The depth of flow for all runs 
was maintained at 10.16 centimeters, except for the depth 
tests. Uniform flow conditions with the piers in place 
were established for each run by setting the discharge and 
then tilting the flume until the bed and water surface 
slopes were parallel to the flume rails. Exactly parallel 
conditions were not sought as sonic sounder measurements 
of the bed profile enabled determination of the bed slope 
with respect to the flume rails. The total bed slope was 
the sum of the flume slope and the measured bed slope. The 

1 All experimental measurements were carried out in FPS 
system and later converted to SI system. 

14 



99.9 

99.5 

99.0 

98.0 

90 

a:: 80 
w 
~ 70 
LL 

1- 60 
z 
w 50 
(J 

o:: 40 
w 
a.. 30 

20 

10 

2.0 

1.0 

0.5 

0.1 

0 
.06 

0 
~ 

□ 

1~ 
.08 .I 

D50 "ii 
0.25 1.34 

1.50 1.25 

2.50 1.25 

// 
.2 .3 A .5 .6 .8 1.0 2.0 3.0 4.0 5.0 

SIEVE SIZE (mm) ; 

Figure 3-2. Size frequency graph. for three sands 

15 



flow was allowed to run until there were no appreciable 
changes in flow conditions. Once uniform flow was established, 
the flow was stopped, the flume drained, and the bed around 
each pier prepared for measuring scour (described below). 
The flume was then filled again and the run made under the 
established uniform flow conditions. Each experiment in 
sediment transport regime was allowed to run long enough 
for several complete cycles of bed configurations to pass 
the piers; in clear water regime, it was allowed to run until 
the approximate maximum scour was reached. 

Water surface slope: The water surface slope for each 
run was detennined from the piezometer readings obtained 
from the manometer board. At higher Froude numbers where 
the readings fluctuated extensively, the minimum and maxi­
mum fluctuations at each station were noted and the averages 
used in computing the slope. A linear regression program 
for hand held calculators was used to determine the best fit 
line on the data. 

Mean bed elevation (MBE): After each scour run, the 
bed profile along the centerline of the flume was measured 
with the sonic sounder. The length of a profile was about 
14 meters. A marker was placed at either end of the 14-
meter interval so that the sonic sounder recorded their 
presence as discontinuities in the bed profile. The carriage 
speed was then adjusted so that, at a sampling time interval 
of 80 milliseconds, approximately 2000 points were collected 
between the markers. A linear regression analysis was per­
formed on them to determine the bed slope and the MBE at 
each pier. This analysis was done on the IBM 360 Computer 
at The University of Iowa Computer Center after transferring 
the data on cards. As a visual check on the bed profiles, 
computer-drawn plots of the data were created by the Versatec 
Plotter facilities available at the Computer Center. 

Scour measurement: During the initial phase of the 
project, it became apparent that the conventional method 
(stop the flow and measure scour by a point gage) did not 
yield the correct scour depths around the piers because the 
scoured holes partially filled in as the flow stopped. 
The 111 t-r.8snni c sounder could not he us-ed to measur-e s-c-o-a-i 
depths without stopping the flow since the faint echoes from 
the suspended sediment obscured echoes from the sand bed. 
Since maximum scour was the principal concern, a means of 
recording it was devised by vertically embedding in the 
sand strings of yarn spaced at 3.05 centimeters in a square 
grid pattern around each pier. As the sand was eroded, the 
exposed portions of the strings bent over at the bed and 
were covered during the bed aggradation thus preserving the 
lowest level of scour. Upon completion of each run the 
strings were excavated (Figure 3-3) and the points of 
articulation measured with the point gage. The bed 
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Figure 3-3. Photograph showing excavated strings 
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preparation mentioned previously therefore consisted of 
embedding the strings around the piers after uniform flow 
conditions were achieved. The maximum scour value for 
each run was the difference between the MBE (as determined 
above) and the lowest measured point of scour. 

Depth tests: For the depth tests, the flume width was 
reduced to 61 centimeters by means of a temporary partition 
and a third pump with a 15 centimeter return linewas installed 
to increase the discharge to about 185 liters per second. 
The additional pump siphoned water, from the downstream 
end of the flume and discharged it back upstream into the 
flume through a diffuser box. Only the smaller pier was used 
in these tests. The procedures for establishing uniform 
flow and measuring scour were the same as before. The 
approximate flow depth for the depth tests was 23 centi­
meters. One test at low Froude number was conducted with 
the original flume width to study the effect of the aspect 
ratio. 
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IV. EXPERIMENTAL RESULTS 

A. Test Parameters 

Th~ flow conditions for the various runs and the prin­
cipal results obtained in these tests are summarized in 
Table 4-1. The threshold velocity used in computing the 
threshold Froude number given in column 6 of Table 4-1 is 
based on the logarithmic velocity distribution (see Table 
2-3 for the expression) and the Shields' criterion for the 
critical shear stress. The maximum scour below the mean bed 
elevation due to bed forms only listed in column 8 is the 
average of the scour readings measured at the embedded 
strings located 6 pier diameter (the most upstream row} up­
stream of the smaller pier. It is assumed that the scour 
hole around the pier did not affect the scour due to bed 
forms this far upstream of the pier. The examination of 
the longitudinal cross-sections of the scour holes confirmed 
the validity of this assumption. The scour depths presented 
in columns 9 and 10 are the maximum values below the mean 
bed elevation observed near the upstream end of the piers, 
and include the effect of bed forms. Runs No. C-6 and c-7 
were conducted with reduced flume width of 61 cm. The flows 
at Froude number 1.2 and higher in the flume were very rough 
(Figure 4.1). The flow conditions particularly in Runs F-4 
and M-7 were unsteady and the results for this run are, there­
fore, questionable. The bed-form conditions for the various 
runs are given in column 13. No flat-bed regime was ob-
served in the tests with the medium and coarse sands. 

B. Shape of the Scour Hole 

The data on measured scour depths around each pier 
were punched on cards, and the longitudinal cross-section 
through the center of the pier and the contours of the 
scour hole were drawn using the Versatec Plotter. A typical 
plot for Run C-3 is shown in Figure 4.2. The plots for other 
runs are given in Appendix. The data in these figures is 
shown in thousands of a foot. The strings were embedded only 
~lQ~g ~~~ qenter-line in Runs F-1, M-2, M-4, and C-2; contour 
plots for these runs are, therefore, not included in the 
appendix. The scour holes were similar to a frustum of an 
inverted cone, and the maximum scour depth always occurred 
at the upstream end of the pier. Similar observations were 
recorded by the earlier investigators. 

C. Analysis of the Experimental Results 

The dimensional analysis of the scour parameters has 
been presented by several investigators including Bruesers 
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I\.) 

0 

Run Sediment Depth M<'!lan 
No. Siz9 V<'!llocity 

D5\> y V 

(cm) l[m/s) (m:,i. 

(1) (2) (3) (41 

F-1 0.25 10.2 .6.5o 
F-2 

I 
fl,, 75 i 

F-3 1 1.00 

F-4 1.20 

M-l 1.50 0 11 • 50 

M-2 01'. 65 

M-3 0.75 

.\1-4 0.85 

M-5 1.00 

M-6 l.. 20 

M-7 1.50 

C-1 2.50 a.so 

c-2 

l 
0.62 

C-3 0,75 

C-4 1.00 

C-5 1.20 

C-6 24.7 0'•• 82 

C-7 21.6 h41 

c-0 24.1 0,'11, 79 

* unless indicated otherwise 

TABLE 4,1 - SUMMARY OF TEST PARAMETERS AND MODEL RESULTS 

Froude Thresholc Slope Max. Scour Max. Total Scour 
ds 

Bed 
Number Froude due to 

ds \cm) Condition 
Number Bed-forms 7, 

F F s b=5.08cm b=l0.16cm b=5.08cm b=l0.16cm C xlo- 4 (cm) (y/b,,,2)* (y/b=l) (y/b=2)* (y/b=l) 
(5) (6) (7) (8) (9) (10) (11) (12) (13) 

a.so 0.29 20 0,9 8.4 12.0 1.65 1.18 Dunes 
o. 75 l 22 0.3 9.9 15.0 1. 95 1.48 FlaL 
1.00 39 2.1 11. 4 15.9 2.24 1.56 Antidune 
1.20 63 3.4 15.7 18.5 3.09 1. 82 Chutes, Pools 

a.so a.so 12 0 8.6 13.2 1.69 1.30 Incipient Motion 
0,65 

I 
35 2.7 8.7 12.3 1.71 1.21 Dunes 

Q.75 51 3.0 8.6 12.4 1.69 1.22 Dunes 
Q.85 73 4.9 9.8 13.9 1. 93 1. 37 Dunes 
1.00 112 6.7 11. 5 15.4 2.26 1.52 Antidunes 
1. 20 137 6.7 12,9 17.4 2.54 1. 71 Antidunes 
1.50 160 6.4 15.0 - 2.95 - Chutes, Pools 

a.so 0.63 13 "'o 9.7 16.0 1.91 1.57 Flat 
0,62 

l 
19 0 7.3 14.1 1.44 1. 39 Incipient Motion 

0.1s 40 2.4 l 7. 5 13.9 1.48 1.37 Dunes 
1.00 113 3,4 10,3 14.9 2.03 1.47 Dunes 
1. 20 169 s.a 10. 1 15.~ 2.11 1.56 Dunes 
o.53 0,46 10 1,8 8. 7 (y/b=4. 9) - l,7l(y/b=4,9) - Dunes 
0,96 0.48 65 5,2 ll.3(y/b=4.3) - 2,22(y/b=4.3) - Dunes 
0,51 0.47 10 1.a 9,4(y/b=4.7) - 1. 85 (y/b=4. 7) - Dunes 



Figure 4-1. Top view looking upstream showing surface 
waves. Run F-4. 
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et al (1977) and Neill (1970). On the assumption that the 
influence of fluid viscosity on scour is negligible, the 
scour depth for natural sediments can be expressed as 

-=fy F -ds ( D) 
b b' ' y 

(4-1) 

Furthermore, the relative sediment size, D/y, can be ex­
pressed as a function of threshold Froude number, F, (F = 
V / ✓gy, where V is the threshold velocity), using €he 18g­
a~ithroic veloci€y distribution and the Shieldsr criterion 
for the initiation of sediment movement, i.e. 

Fe = f (D/y) (4-2) 

Equation 4-1, after replacing D/y by Fe from Eq. 4-2, reduces to 

d~ = t(i;, F, Fe) (4-3) 

The variation of the relative scour depth with Froude 
number for three values of critical Froude number is shown 
in Figures 4-3 and 4-4 for y/b = 1 and 2, respectively. The 
scour depth first slightly decreases and then increases with 
the increase in the Froude number (or velocity, as the flow 
depth was constant in these tests). The decrease in the scour 
depth occurs for (F - F) < 0.15, which indicates that for 
this range of Froude nuffiber the rate sediment removed from 
the scour hole by the downflow and system of vortices is less 
than that transported into the scour hole by the flow. No 
decrease in the scour depth was observed in the tests with 
fine sand since (F - F) in all these tests was greater than 
0.15. This reduction in the scour depth at velocities 
slightly hi·gher than the threshold velocity was reported 
also by previous investigators. The increase in the scour 
depth with Froude number (or velocity) for (F - F) > 0.15 
is, however, not in concord with their conclusion~ The 
principal reason for this discrepancy, as explained earlier, 
lies in the scour measuring techniques. 

A c--om~ris0n 0f the total scour depth (column-s- 9 and 10 
of Table 4-1) with the maximum scour due to bed-forms alone 
(column 8) shows that the contribution of the latter to 
the former in most cases becomes significant as the 
velocity increases. However, it should not be concluded 
that the increase in the scour depth in Run F-2 is higher 
than that in Run F-1 but the scour depth due to bed-forms 
alone has the opposite trends. It is neither possible to 
separate the two components of the scour depth (one due to 
bed-forms and the other due to the pier) nor necessary as 
the total scour depth is required in designing a pier. 
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Hence, the formula to predict the total scour depth will be 
developed. 

The scour around the pier reaches equilibrium when the 
time average rate of sediment erosion and removal by the 
vertically downward flow along the face of the pier and 
the system of vortices around the pier is equal to the time 
average rate of sediment supply to the scour hole. The 
latter, according to Onishi, Jain and Kennedy (1976), is 
proportional to (F - F )n. This observation suggests that 
F and F in Eq. 4-3 caR be grouped as (F - F). Previous 
investi~ators expressed the scour formulas ifi the form of 
power relations; Eq. 4-3 is, therefore, written as 

d~ = A ( r,f (F - F c) n (4-4) 

The regression analysis of the experimental data yielded 
A= 1.86, m = 1/2, and n = 1/4. The data with (F - F )< 
0.15 were not used in the regression analysis. A com~arison 
of Eq. 4-4 with the experimental data, including that of 
Shen et al (1969), and Chabert and Engeldinger (1956) with 
(F - F) < 0.15, is shown in Figure 4-5. Some of the data 
pointscof-other investigators, particularly for which the 
.flow velocity was much higher than the threshold velocity, 
lie below the regression line as the measured scour depth in 
these tests was less than the actual scour depth due to the 
deposition of the suspended sediment in the scour hole 
during the flow closure. Equation 4-4 with A= 2.0 envelope 
all the data for W - F )> 0.2 except two data points corres­
ponding to Runs F-4 an8 M-7 in which the flow conditions in 
the flume were unsteady due to the formation of chutes and 
pools on the bed. 

Depth tests: To evaluate the effects on scour of very 
large relative depths, a few tests (Runs No. C-6, C-7 and 
C-8) using only smaller piers were conducted at relative 
depths of about 5. The flow conditions for Runs C-6 and 
C-8 were almost identical except the flume widths in the 
two runs were 61 cm and 91 cm, respectively. The data for 
Run C-7 were not used in the correlation analysis. The 
observed scour is about 70% of the scour predicted by Eq. 
4-4 with A= 1.86. It indicates that Eq. 4-4, which was 
developed using data only for y/b = 1 and 2, does not 
predict scour depths accurately at high relative depths. 
The observed scour depths in Runs C-6 and C-8 are almost 
equal. The blockage effects on scour in these tests were, 
therefore, not significant. 
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Maximum clear-water scour. 
be simplified to 

d 
s 

b = 

Equation 4-3 for F - F can 
C 

(4-5) 

The scour formulas of Group Vin Tables 2-1 and 2-2 are in 
the form of Eq. 4-5. This equation would be in accord 
with the scour formulas of Group II if the influence of Fe 
on scour depth is found to be small. If the effect of 
the depth off low in addition is found to be insignificant, 
Eq. -4-5 would belong to the scour formula of Group I. In 
order to determine the range of flow parameters for which 
the various scour formulas are valid, these formulas are 
compared with the available s,cour data for circular piers. 
A summary of the experimental data used in this comparative 
analysis is presented in Table 4-2. Only flow conditions 
with 0.02 < (F - F) < 0.1 were included; the lower limit 
of 0.02 instead ofczero was used to insure that the equil­
ibrium scour depth was achieved in the experiment. 

The comparison betwen the observed scour depths 
(Table 4-2) and the scour depth predicted by various 
formulas is shown in Figure 4-6. The values of linear 
correlation coefficient, r, between the observed and pre­
dicted scour depth are also included in these figures. The 
correlation coefficient indicates how well the equation fits 
the data. The lines of perfect agreement based on formulas 
by Larras, Shen et al, and Lausen and Toch form an envelope 
for all data. Breusers' relation envelops the data for (y/b) 
(y/b) < 3 only and hence underpredicts scour depths for 
(y/b) ~ 3. The scour formula by Laursen is similar to that 
by Lau~sen and Toch as the former was derived by adjusting 
a constant in the solutionfura_long constriction to agree 
with the latter. Laursen's relation, however, underpredicts 
for y/b ~ 1. The expressions by Shen et al, and Hancu are 
iden-t--i-c-al except for the coefficient A (Eq. 2-1). Hancu' s 
formula with A= 2.42 seems to give the best fit for the 
data while Shen's formula with A= 3.40 envelops the data. 
Inglis-Poona's relation is in agreement with data for fine 
sand (d < 0.5 mm) and y/b < 4. 

~ ~ 

From design and safety considerations a predictor 
which envelops the experimental data is desirable. The 
formulas by Larras, Shen et al, and Laursen and Toch fall 
in this category. An arbitary criterion, that a formula 
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TABLE 4.2 - SUMMARY OF DATA USED IN 
COMPARATIVE ANALYSIS 

Flow Pier Mean Flow Max. Investigator 
velocity diameter sediment depth scour 

size d~pth 
(m/s) (cm) (mm) (cm) (cm) 

0.82 5.1 2.50 24.7 8.7 Present study 
0.40 15.2 0.24 21.9 18.0 Shen et al 
0.32 15.2 0.24 11.6 13.4 
0.36 15.2 0.24 15.6 15.8 
0.38 15.2 0.24 20.6 17.1 
0.44 15.2 0.24 21.0 21. 0 
0.41 15.2 0.24 26.3 18.6 
0.38 15.2 0.46 17.6 16.6 
0.50 91.4 0.46 61. 0 54.9 
0.85 5.0 3.00 20.0 7.0 Chabert & 

0.85 10.0 3.00 20.0 12.5 Engeldinger 

0.85 15.0 3.00 20.0 18.5 
0.76 5.0 3.00 10.0 8.7 
0.76 10.0 3.00 10.0 13.1 
0.76 15.0 3.00 10.0 17.5 
0.66 5.0 1.50 20.0 9.8 
0.66 10.0 1.50 20.0 17.0 
0.66 15.0 1.50 20.0 20.3 
0.40 5.0 0.52 19.7 9.5 
0.40 10.0 0.52 19.7 12.2 
0.40 15.0 0.52 19.7 14.9 
0.42 5.0 0. S-2 -35.0 9.0 
0.42 10.0 0.52 35.0 12.0 
0.42 15.0 0.52 35.0 13.7 
0.37 10.0 0.52 10.0 11. 5 
0.37 15.0 0.52 10.0 13.3 V 

0.30 13.0 0.50 5.0 11.3 Hancu 
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is satisfactory if it over-predicts less than 30 pereent of 
the observed scour depth, is adopted to compare these three 
fonnulas. This criterion is represented by a dashed 
line in Figure 4-6.This criterion is met by the formula of 
Larras for y/b > 3, Shen et al for fine sand and y/b > 1, 

~ ~ 
and Laursen and Toch for almost all of the data. It can, 
therefore, be inferred that the scour formula of Laursen 
and Toch is the best among these formulas to predict the 
maximum clear water scour. 

A regression analysis of the data (Table 4-2), baijed 
on the assumption that the relative scour depth is a power 
function of the threshold Froude number and the relative 
depth, yielded 

(4-6) 

The coefficient 1.41 in Eq. 4-6 was modified to 1.84 in 
order to form an envelop for all data; it resulted in 

d 5 (B)0.30(Fc)0.25 = 1. 84 
b 

(4-7) 

The comparison of Eq. 4-6 and 4-7 with the data is presented 
in Figure 4-6(h). The dashed line in this figure repre­
sents the criterion (30 percent over prediction) mentioned 
before. This equation is satiqfactory for almost all of 
the data as is tl1e case for the 4:tursen and 'Ibch fonrrula. 
The exponent of (y/b) in Eq. 4-7 is identical to that in the 
Laursen and Toch formula. These two formulas predict the 
same scour depth for F = 0.29. Equation 4-7 for F < 
0.29 predicts less scolir depths than that given by taursen 
and Toch formula. Equation 4-7 is a better predictor for 
the maximum clear-water scour than the Laursen and Toch 
formula due to the following reasons: 

1. 'I'he laboratory experiments on -iocal scour con­
ducted recently by Ettema (1976), Nicollet (1971) and 
Hancu (1971) indicate that the maximum clear water scour 
depends upon the sediment size. Equation 4-7 also on sub­
stituting for Fe from Eq. 4-2 shows that scour depth is 
a function of sediment size, while Laursen and Toch 
equation predicts that it is independent of sediment 
size. 

2. The correlation coefficient for Eq. 4-7 is higher 
than that for Laursen and Toch relation. 
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3. For most practical cases Fe is small and probably 
less than 0.3; Equation 4-7 predicts less (hence leading 
to an economical design) but safe (because it forms the 
envelop for all data) scour depth. 

An attempt to develop a scour formula for clear-water 
regime (F < F) proved futile. A lot of scatter in the 
available expgrimental data was observed. This scatter was 
probably due to insufficient time allowance for the equil­
ibrium scour to be attained in most experiments. Further­
mor~ a scour predictor for O < (F - F) < 0.2 could not be 
developed as there are not en~ugh expgririlental data available 
in this range of Froude number. The scour depth for 
this range of Froude number is, however, bounded by the 
scour depths given by Eq. 4-4 with A= 2.0 and Eq. 4-7 , 
and the greater of the two bounds can be adopted for the 
design purpose. 
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V. CONCLUSIONS 

The scour depth around a circular pier in sediment 
transport regime (F > F) first slightly decreases and then 
increases with the incrgase in the Froude number. Scour 
depth at high Froude numbers is larger than the maximum clear­
water scour. The contribution of bed-form scour to the total 
scour depth becomes significant with higher flow velocities. 
The regression analysis of the experimental data gave the 
following expression for the total scour depth: 

d 0 25 O.S f F 0 15 (4 4 ) s = 1. 86 (F - F ) • (Y) ; or - F c > • - • a 
b C b 

The regression analysis of some of the experimental data of 
the previous investigators gave the following expression 
(Eq. 4-6) for the maximum clear-water scour depth: 

( 4-6) 

On increasing the coefficients 1.86 to 2.0 in Eq. 4-4.a. and 
1.41 to 1.84 in Eq. 4-6, the modified equations envelop the 
data. The following two equations are, therefore, recommended 
for design: 

2.0 (F - F ) 0 • 25 (y/b)O.S for (F - F) > 0.2 (4-4.b) 
C C -

for maximum clear­
water scour ( 4-7) 

It is also recommended that the scour depth for design 
purposes for 0 < (F - F) < 0.2 can be assumed equal to the 
larger of the t~o value~ o~tained from Eqs. 4-4.b and 4-7 . 

-=It -is further ~sugges~ea. tha-t s1m11.ar experiments at 
high Froude numbers be conducted to investigate the effect 
on scour of the pier shape and the large relative depth. 
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APPENDIX 

Longitudinal cross-sccti"ons and contours of the scour holes 

GRID= 0.2 FT (6.10 CMJ 

Run F-1 FR=.05 Y/B=2 D50=0.25MM 2-inch pier 

GRID= 0.2 FT 16.10 CMJ ___ _ 

• MBE 
-·-· ·-· ----· --· ·-- ·-- ·--- .... 

.. : ..... • ..... · ..... · ..... _. 

Run F-1 FR=.5 Y/B=l D50=0.25MM 4-inch pier 
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GRID= 0.2 FT (6.10 CMJ 

-----·-

••••• • ••• ■ •• ••••• : ••••• • ••••• 

. . - ........................ . 

CONHIURS = 0. 05 FT ( 1. 52 CMJ 

l-25- ~ss - -ae -a2 __ _..,..-elevation in thousandths· of a foot 
• ,of! 

- -ll9 

-Ll 7 

-l22 

-107 

RUN F-2 FR=0.75 T/6=2 050=0.25MM 2-INCH PIER 
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GRID= 0.2 FT 16:l □ _CMJ ___ _ 

J:!BE_. _____ .. _____ --·· -·· . . . . ·-·-·-·--·-. . 

CCINT □ URS = 0.05 FT (1.52 CMJ 

RUN F-2 FR=0.75 Y/B=l 050=0.25MM ~-INCH PIER 
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GRID = 0. 2 FT l6. 10 CMl 

:MBE: ... _ _ __ ._ 
. . . . . 

CflNTOURS = 0.05 FT (1. 52 CM) 

;,l,\S -v -62 -65 ~ -sit --.......::q2 -qs 

-59. -55 -52 -76 -77 -70 

-62 -sit -86 -BlJ 

-62 -76 -81 

-69 -65 101 -BO 

-55· -56 -59 -75 -61 -62 -79 -BB -71 

-61! -56 -so -Sil -56 -81 -SB -56 -51 

RUN F-3 · FR=l. 0 Y/B=2 □ 5□=0.25MM 2-INCH PIER 
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GRID = 0. 2 FT (6. 10 CMJ 

: MBE 
·--- --· . . --·-· 

CONTCJURS = 0.05 FT ( 1. 52 CMJ 

.:,1,9 -v -62 - 6 5 --.__;;lU} -611 ,-112 -1;3 

-59 -55 -76 -77 -70 

-62 -SY -BS -BY 

-62 -76 1 -I -81 

-69 -65 -2 -!BB -I _l_O_l -ao 

~ 
-55 -58 -59 -75 -81 -82 -79 -B8 -71 

-64 -56 -50 -SY -56 -Bl -SB -56 -51 

RUN F-3 FR= 1. 0 Y/8=2 DSO=D.25MM 2-INCH PIER 
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• MBE ·----·-· -----· --·. -- • -- : 
. . . ·--·--·-. . . . 

crJNTcrURS 0.05 FT (1. 52 CMJ 

-82 -87 -67 -61!, -82 -69 -ea -es -90 -81,1 -BZ. -77 

-ea 

7s -129 -12:a 

-119 -122 -111 

-113 -"'(" 
-98 -120 -1oi. 

-94. -121 -LOS 

-71 -97 

':..1,18 -76 -59 ~ -57 -a~ -63 -78 -84. -90 -99 -89 

RUN F-3 FR=l.O 1/B=l DS0=0.25MM 4:-INCH PIER 
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GRID = 0. 2 FT t6. 10 CMl 

21,BE_. __ ·--· ---· ---· _ -._:_ .. ___ _ 
. . 

CClNTC!UR5 = 0.05 FT (1.52 CMl 

-117 -129 -125 -110-......::_~-103 -128 

-103 -79 -77 -62 -ll3 

RUN F-l! FR=l,2 T/6=2 050=0.25MM 2-INCH PIER 

44 



GRID = 0.2 FT (6.10 CMJ 

: MBE --·· --·· ·--- ·----·-- ·----

CCINHIURS = 0. 05 FT ( 1. 52 CMl 

-73 -80 -8~-68 -78 -110 -115 a -91 -95 -82 -69 

-66 -96 - -1 5 -129 -101 

-92 -129 

-4,95 -192 -1\!I! 

-101 -

=-1 -8 -185 -138 

-13<± -113 

-sa -99 

-76 -73 -91,1 

-63 -56 -57 -59 -57 -58 

RUN F-4 FR=1.2 1/B=l DS0=0.2SMM 4-INCH PIER 
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GRID = 0. 2 FT (6. 10 CMl 

: MBL_ ___________ ._ --·· . . ' . ·--·--·--·--QJf----eJ----,;i;i..---,:ci... 
- ..p;i-_..,e-· _-e313....----E!l 
-E9 EB 

CCINTCIURS 0.05 FT (1. 52 CMl 

-2ll -32 -31 -30 -32 -38 -32 -28 -30 -31 -32 -36 -37 

-29 -37 -45 -33 -32 -31 -62 -67 -67 -61! 

-Lt5 -1 I 3 -118 -1 I q -10 -99 -83 

-63 -1!.16 -136 -129 -115 -99 -82 

-56 -1 -118 
~ 

-87 -65 -SY 

\ 
95,~o6 -13-5 -121 ~ 1-0-3 ---Sl -67 

-LI ~-, - -87 -76 -66 --- 3 9 - 2 7 - 3 l ~ I • S 6 - S 8 - 5 9 -------38 -Lil -!.12 -35 -24 -23 -25 -25 -24 -30 -36 -LIO -ij2 

RUN M-1 FR=.5 'f/B:::2 050=1.SMM 2- INCH PI ER 
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MBE 
---· 

[5 

-L!7 

-37 

-32 

-29 

-32 

-29 

-20 

GRID= 0.2 FT [6.10 CMJ ___ _ 

CCINHJUAS 0.05 FT (1.52 CM) 

-32 

-39 

-39 

-29 

-3ll, 

-36 

-30 

-22· 

-36 

LI 

37 

- ~ LI 

-61 

~"' 
-33 -j\ ~ 

-32 -31 ~ 

-65 -72 -73 -72 

-119 -116 

-120 

-11 

-135 -139 -126 -129 

-56 -BS -95 -91 

RUN M-1 FR=.5 T/B=l 050=1.SMM ij-INCH PIER 

47 

-63 -75 -66 -67 

-97 -69 -90 -85 

-125 -92 -67 -.79 

- 07 

-150 -lYO -121 -107 

-130 -113 -107 -103 

-95 -97 -91.! -90 



GRID= 0.2 FT [6.10 CMl . . . . 

MBE ...... -- --· - .·--. --- ·--- --

Run M-2 FR=.65 Y/B=2 D50=1.SMM 2-inch pier 

GRID=0.2FT (6.l0CMJ 
• • . • • • . . . . :;a...,,..,,.,..~t 

• MBE - ·--· --· --·. --· ------ ·-----·---~ ·-

Run M-2 FR=.65 Y/B=l D50=1.SMM 4-inch pier 
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GRID= 0.2 FT £6.lQ CMJ 

,_ 

. . . - .• .. - . -·- .... : ..... · ..... · .. -

celNHIUR5 = 0.05 FT (1. 52 CMl 

-135 -129 -132 -11!~ -138 ~55 

-139 -131 -119 -131! -131 -136 -123 

-136 -1S1 

-102 -116 -112 

~-70 

-93 -9l! -73 -71 

-98 -88 -89 -98 -91 -106 

-76 <>-l!S -83 -52 -SB 01 

-85 -80 -82 -71 -75 -67 -69 

RUN M-3 FR=.75 Y/8=2 

49 

. . . . . . ·--·- ·-- -- --- ·-. . . . . . 

. ·.- - .. ·.· .. - -

.... · .. - .. : ...... · - .... · ..... . 

-13$ -lll.1 -11!2 -129 -11!2--155 

-12$ -122 -132 -138 -121! -99 

-lll.1 -11/,S -126 -11 -es -97 

-116 -86 -62 

-11 -73 -72 -61 -55 

-190 -87 -66 -60 

-106 -85 

-90 -90 -111! 

-76. -73 

050==I.5MM 2-INCH PIER 



GRID= 0.2 FT (6. 10 CMJ ___ _ 

: MBE . -· -· ·--·-· --·. --·. --·· --·· ·-·-- -·- ·--

CeJNrnURS = 0.05 FT (1. 52 CM) 

~ 
-102 -105~-100 -11 I -128 -120 53 -126 -1Y3 -130 -11Y 

-113 -117 -106 -HS -119 -111 

-106 -118 -123 -105 02 -83 

-78 (-Y5 
- 06 

-78 -76 -61 -39 

-98 -73 -92 -60 

-77 -65 -87 -92 

-97 02 -82 -80 

-121 -129 -135 -162 -152 151 -126 -126 -131 -120 102 -89 

RUN M-3 FR=.75 1/B=l 050=1.5MM Ll-INCH PIER 
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GRID= 0.2 FT £6.10 

: M8E : . __..... . . . . __ . :-:--.-- . .;._ . .,; . . . . . . . - . . 

• .... •. - ... -. - . - - : - . - .. · ... - .· . · ...... · - .... -. - .. - :.. - ..... -
. . . . . . . . -

. . ......... - - ... - . - ... - -

Run M-4 FR=.85 Y/B=2 D50=1.5MM 2-inch pier 

• MBE • 
-· ·-·-· --·. ---• -- --· -- • 

- . . . ----------. . . . - . . . 

..... · ..... · .. ' .. : ..... · ..... · ..... : .... ,· ..... · ..... · ........... . . . . . . . . . . . 

. . . . . . . . . 
····························----······················ 

Run M-4 FR=. 85 Y/B=l •. DSO=l. SMM 4-inch. pier 
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GRID= 0.2 FT 16.10 CM) 

·--· 

........ ·. 

CClNH!URS = 0.05 FT fl. 52 CMl 

-160 -192 -168 -159 200 -190 -198 

-190 -160 -189 -187 -200 

-221 

-183 -175 -!Sil. -17! 

-150 -159 -2ll.l -22! 

RUN M-5 FR=l,0 Y/8=2 

52 

. . . . . . . ·-·-·-·---.,·-·­. . . ' . . 

199 -213 -218 -210 ~-18? 

-232 -208 -29Y 

-233 -!SY 

-21-5 -1117 

-2~5 -127 

-237 -159 -1119 

-220 ·181 

-1611 

-211 -2ll.5 -185 -21B 

050=1.SMM 2-INCH PIER 



GRID= 0.2 FT 16.10 CMJ--~-

: MBE . 
-·-· ·--·-· --·- --·- ---- -·----·-- . . ·----. . 

CCINHlURS = 0.05 FT (1.52 CM! 

7 
-229 -21!3 -228 -227 -225 -21!,2 - 39 -261 -236 -220 -218 

-206 -21!1J. -256 -272 -273 -21!,3 -2 -177 

-225 -213 -23_6 -273 -163 

-232 -11!,\l. 

-263 -279 -123 

-21J5 -236 -109 

~ 
r1ss -219 -192 -157 -15!! 

-201!, -225 -202 -228 -208 -2 -171 -157\-lijl,I 

-220 -233 -203 -202 -238 -225 -23ij ~196 -156 -177 -l!JS 

RUN M.-5 FR=l.O Y /B=l 050=1.SMM L!-INCH PIER 

53 
( 



GRID = O. 2 FT £6. 10 CMl 

2!_BE..,____ ---'-· ---. ---- . -- . . . . ·--·--·--·-- ·----- . ......; 

.... : ..... · 

CCINHJURS = 0.05 FT (1. 52 CMJ 

-2ij0 -2ijij -23\! -226 -203 -21~6 -22ij -213 -211~3 -213 -221 

-22 -269 -271 -2311 -2111 -217 -2110 -221 -210 -225 -221 ,z234 -257 

-270 -283 -280 -277 -276 -208 -233 -239 -233 -254 

-256 -271 -270 -296 -297 -239 -202 -221 

\-,OS 
-27 _,,"V" -ea<-rn 

-23ij ij9 
~21l~ 

-2311 -206 ·-201 -214 -216 

>--251 -223 -236 -211 -230 -2115 -216 -219 -216 -207 -221 -249 -233 

-225 -227 -229 -237 -219 D -216 -215 -2111 -219 -228 -213 

-223 -232 -228 -221 -217 -213 -195 -20D -202 -217 -240 -242 -235 

AUN M-6 FA=1.2 Y/8=2 050=1.SMM 2-INCH PIEF! 
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GRID= O.?_f!. !6.10 CMJ ___ _ 

~BE ______ _ . . . - . . . . --- --· -·------------ ·- . . --·-. . . . 

CCJNTGUR5 = 0.05 FT (1.52 CMl 

-226 -211 -233 v252 -22'!. -2'!.5 -2 9 -271 -261! -260 

-239 -209 -220 -233 -22'!. -257 -261! -280 -278 -283 

-226 -236 -283 -2'!.3 -2'-!3 -2l!5 

-251 -257 -279 -239 -18'!. -197 

-222 -251! -269 255 -183 \-131 

-235 -187 -1'!.'-l 
\ 

- 39 -2 2 -171J -170 

t 8 -287 -269 -279 -262 -222 -211 -205 

-26/~7 -235 -229 -212 -189 86 

RUN M-6 FR=l.2 Y/B=l 050=1.SMM 1.b-INCH PIER 
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GRID = 0. 2 FT rn. 10 CMJ 

MBE 
-··--· ---·-· . . ----· ··-·----~ ·---- . ....; . . 

CCJNrnURS = 0.05 FT (1.52 CMl 

-27'< -267 -273 -262 -263 -270 -257 -259 -287 -266 -253 -281 \-21.10 

-3ll7 -297 -273 -297 -271 

350 -3 .. 1 -203 -278 -292 

-326 -30~297 -39ij -287 -259 

_,,~~ ::"§s3 -373 -26 -251 

-34,l -339 -339 -3~7 ~ij -297 -25ij -252 -262 

2ij6 -290 -280 -260 -269 

~ -226 -215 -210 -223 -23· -262 55 -221 -232 

~199 -205 -207 -206 -202 -2Qij -213 -226 -203 -217 -22ij ✓-197 

RUN M-7 FR= 1. 5 Y/8=2 050= 1. SMM 2-INCH PIER 
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;Ji.Bt..,___ ·--· . . . --·-·--· . . . . ·-·-·-·-. . . . . . 

.... · ..... :. ..... · ..... · ... 

-----~- ........................ . 

Cl:INHIURS ,: 0.05 FT (1.52 CM) 

-260 -265 -265 -~-250 -21,11 ~-202 -216 - 11 ...,,.-11!8 -178 

• -18ij -181 -21!7 -215 202 -175 

200 -172 -160 

-228 -111 

-227 -235 -108 

;>-ac, -113 

-2l!S -222 -llJO 

-215 -230 -220 -218 -197 

-203 -229 -238 -219 -196 -180 -175 .....-,.1 l!I! -1 5 -225 -172 

RUN M-7 FR=l. 5 Y/8=1 050=1.SMM !.!-INCH PIER 

57 



GRID= 0.2 FT CM) 

: MBE : . . . . ---'-· ·---·--·-· _______ . ___ _ . . . . 

. ·.· .... : .... · ...... _ 

... ' .. · ..... . ..... : ..... · ..... 

CEINHJUAS 0.05 FT (1. 52 CM) 

-32 -28 -33 -26 -33 -2B -21 -21! -23 -20 -26 -25 

-32 -29 -31 -27 -25 -26 -21 -23 -25 -32 -31! -39 

-29 -33 -31 -55 -55 -58 -Sil -SB -61 

-35 -3B -86 -79 

-95 -189 -90 -70 

-92 -3 2S6 -63 
<-ij~ 

-22 -236 -211! -_87 -60 

-15 -16 -Bij -70 

-1 -2 -1 -5 -58 -62 -69 

-2 2 5 6 -ll -9 -18 -20 -so 

-3 2 .....--:-r---o -1 9 0 -9 -21 

RUN C-1 FR=,5 '1' /B=2 D50=2,5MM 2-INCH PIER 
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• ~ J • • • - • • -- ·-- ·-- ·-- --- ·--· ·-· ·-. . . . . . . . 

.......................... ·--=---· .......................... - ......... . 

CelNHlURS = 0.05 FT {1.52 CMJ 

18 22 21 22 21 19 -2--. 7 6 

30 28 91 26 -149 

16 15 1'4 -75 

18 l1 -12 -81 

a -125 -el! 

s -125 -ea 

7 -1oq 

5 -169 -lt!S 

-187 -l68 

s -222 -172 -159 

13 lll. -197 -196 -182 -165 -16!,! -1\19 

ll!. 9 lll. llJ. -158 -1 -1'!1 -121! 

20 2S 2S 2! 21 21J. -80 -77 -79 -78 -67 

RUN C-1 FR=,5 i/B=l 050=2,SMM !!-INCH PIER 
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GRID = □. 2 FT CS. 10 CMJ 

·M 

' ' .... _ ... ' .. · .. '.:.'. '·.' ... 

- ..... · ..... : ..... · ..... · ... . . . . .............. · ..... : .......... . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . ' ....... . ....... - .................... . 

Run C-2 FR=.62 Y/B=2 D50-2.SMM 2-inch pier 

. G~.ID. '."'. ~~?. ~! .. c~ 7 10 CMJ ___ .,. .......................... . 

. • ..... · .. ' .. : ' .... · ... . . ,' ... ',', ..... 

. . . . . . . . ···························---.......... . . ............... . 

Run C-2 FR=.62 Y/B=l D50=2.SMM 4-inch pier 
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GRID= 0.2 FT (6.10 CMJ 

: MBE . . . . . . . .. __ _ . . . . . . ·-- ·-- ·-- ·-- ·-- ·-

. . . - . . . . . . .. · . . . . : . . . - . . . . . . ... ·.· .... ; .... · ...... _ ... - . 

... : ..... · ... · .. · ..... 

CE!NTelURS = 0.05 FT (1. 52 CMl 

-81 -7] -75 -78 -76 -91 -78 -Bl -75 -85 -85 -ss -97 

-65 -si. -70 -75 -68 -75 -85, -76 -88 -91 -88 -100 -St; 

-85 -61,\ -85 -69 -71 -63 -79 -ss -93 -91! -61 -so -Bil 

-54, -.66 -72 -83 -71! -68 -61 

-52 -61 -66 -66 08 -+ -ss -61 -51 

-5+- -ss -6!.J, -75 51 -2-0!1- -71 -76 -56 

-52 -57 -so -77 -72 -88 -86 101 -BB -BL! -es 

-EH -51 -61 -69 -56 -68 -60 -77 -82 -86 -92 -es -7\l 

-51 -53 -65 -70 -51 -60 -60 -62 -52 -67 -6~ -11 -714 

RUN C-3 FR=.75 T/8=2 050=2.SMM 2-INCH PIER 
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GRID=0.2FT (6.lOCMJ 

MBE ·--·-· ·--·. --- -·· ··- -·-- - ·-·-- --·- ...... 

CCINTCIURS = 0.05 FT (1. 52 CM) 

-136 -118 • 134, -132 -14,4, -150 -164, -14,8 -162 -174, vv -199 

-192 -160 -152 -154, -179 -177 -161 -na -169 

-159 -·168 -178 -189 -1B9 -177 -190 -184, -174, -168 -156 -181 -158 

-150 -193 -176 -162 -180 ~:::: -182 -16 -136 -142 -110 

-163 -166 -171 -162 -1 7 -16 -139 -114 -124 -123 

-1~7 -169 -15lf -209 -237 -1B2 -14,6 -130 -149 -135 

-1 -160 -130 -134, -14,4, -137 -134, -12Y -123 

-130 -190 -130 -124, -110 -103 -191 -127 -129 -12Y 

-113 -100 -109 -90 -1~-96 

RUN C-LJ FR= 1. 0 Y/B=2 050=2.SMM 2-INCH PIER 
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:MBE ... ____ . ___ . ___ _ . . . . . . 
• - --- --- --- --- --. . . . . . . 

- .. ·.· .... ; .... 

~-==--'· ......................... . 

CBNTBURS = 0.05 FT (1. 52 CMJ 

-115 -139 - l!l -183 -166 ~46 -166 -163 -176 -163 -175 -11,18 -129 

)-se -11!1 1l!6 -199 -173 -170 -168 -11a 

-116 -173 -176 

-11!0 -!59 

-126 -1 

-110 -187 -l11J 

~

-·-105 

-116 -165 -159 -119 -92 

)-96 -136 ll6 - -ll!S -129 -128 

-108 -118 -116 -122 -!ll.9 -11l6 -132 -130 -133 -1✓..,171 
RUN C-1! FR=l.O T/B=l D50=2. SMM I.J:-INCH PIER 
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GRID o: O. 2 FT (6.10 CMJ 

:J'!.BE_: __ ---·--·- --·· 
-· -- ·--- -·-- . ......._. • .....; 

CCINTt:IURS = 0.05 FT (1. 52 CMl 

:::0 -179 -21D -22ll -229 -222 -231 -197 -198 -182 -208 -209 

-1es -207 -2Sl -231 -2\J.2 -2\J.B -2111 -19 -205 -210 -20B 

-200 -201 -215 -20B -203 -206 -195 -17[[ -199 

-157 -179 -184 -lYY 

-183 -176 - 77 01 l - 66 -127 -146 -140 

-206 -198 -161 --un -1-SB - -150 

-2 2 -175 -169 -229 -209 -224 -195 -188 -!BS 

·-i197 -193 -206 -216 -222 -171 -191 -160 -171 <-20'. 

-192 -187 199 -215 -222 ~ -151 -1B0 -167 -166 

AUN C-5 FR=1.2 Y/B=2 050=2.SMM 2-INCH PIER 
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GRID ,; 0. 2 FT (6. 10 CMJ 
-----"'.I 

J:!..BE_. __ . . . ··-------·--: . . . . -----·---- --·-. . . . 

CCINT(:]LJRS = 0.05 FT· (1.52 CMJ 

-178 -176 -m-~ -206~ -2'7-200 -220 -218 -216 

-J71l, -172 -212 -219 ·-232 -227 -220 -216 -217 -215 -226 -203 

-216 -156 

-19 -217 -121 

-187 -110 

-195 -121.! 

~~1 -19 
-212 -196 -181,! -182 

~ _,,, ,,a -218 -223 -185 

-226 -210 -215 -175 --205 -202 -232 -219 -206 -210 -~25 -202 -2114 

RUN C-5 FR=l.2 Y/B=l 050=2.SMM !.!-INCH PIER 
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