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a b s t r a c t

The following is a presentation of the results of 
laboratory experiments on scour in a long contraction and 
around circular bridge piers in cohesionless bed material 
at different flow velocities. It has been found that the 
scour depth in the dear-water regime increases until the 
flow reaches the critical for movement. The experiments also 
show that the scour depths in the sediment transport regime 
first decreases in subcritical flow and slightly in super
critical flow, then increases with increases in velocity.
The finding of the results has led to the discussion of 
some predictor formulas and implementation of various 
modifications.
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CHAPTER 1

INTRODUCTION

The safe and economical design of bridges requires 
accurate prediction of the maximum expected depths of scour 
of the stream around the piers and abutments. The inter
action between the flow around a bridge pier, or an abutment, 
and the erodible sediment bed surrounding it, is very com
plex. The pier in the channel disturbs the flow in the im
mediate vicinity. The pattern of flow is changed and, as a 
result, the bed of the river can be changed. If the scour 
around the pier is not predicted correctly, the soil sup
porting the structure will be removed. If not anticipated 
correctly, this will probably cause a bridge failure.

There are three factors which influence the eleva
tion of the stream bed around bridge piers or abutments.
The first of these is degradation of. the stream bed through
out a portion of the river. This is not because of the 
bridge and the approaches, but for other reasons, such as a 
sill or low dam working as a trap for the sediment load 
coming from upstream. Degradation can also result from the 
cut-off of a loop or meander in a stream, or from sand and 
gravel mining operations.

1
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The second type of scour that needs to be evaluated 
is general scour which is usually a case of long contrac
tion scour. Often, a bridge is placed on a narrow reach of 
the river. This means that. When flooding occurs a natural 
contraction results and the bed first scours and then fills 
up again when the flood recedeso

The third type of scour results from the nonuni-' /
formity of the flow due to the presence of the bridge, the 
approaches, the abutments, and the piers.

Several researchers (1, 2, 3) have suggested formulas 
for predicting scour around bridge piers and/or abutments.
The fundamental difference, but not the only difference, be
tween the suggestions is the effect of velocity of flow and 
sediment size. The primary concern of this investigation 
was to clearly demonstrate the effects of velocity on scour 
throughout the complete range of interest. The three condi
tions considered were: 1) dear-water scour in which the
material is removed from the scour hole and not replaced;
2) scour which occurs with general sediment transport in 
subcritical flow; and >3) scour Which occurs with general 
sediment transport in supercritical flow. The two geometries 
considered were; (1) the long contraction, and (2) the
circular bridge pier.



CHAPTER 2

CONCEPTS

Scour is the removal of the bed or bank materials 
because the capacity of the flow in an area is greater than 
the supply of sediment to the area, and because the bed (or 
bank) material can be moved by the flow. Because the move
ment. of: the sediment making up the boundary is dependent on 
the velocity of flow (or boundary shear) and on the sediment 
size and composition, some effects of velocity on scour can 
be expected. The variation in capacity for transport and 
sediment supply, however, usually will be mostly the result 
of geometry which causes the non-uniformities of flow. The 
simplest geometry is that of the long contraction in which 
the equilibrium conditions in a wide and a narrow reach are 
compared, with the flow in each being uniform, and, there
fore, describable.

1. Scour in a Long Contraction
To demonstrate the scour in a long contraction, the

' ■ ■ " ’ ■ . . .transitions from wide to narrow and back to wide should be
ignored because Of the non-uniformity of the flow. Assuming 
there is an equilibrium state of sediment transportation, 
the flow and the sediment transport can be described
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adequately in the two uniform flow reaches; the wide and the 
narrow. ,

If the bed and banks are rigid and flow is sub- 
critical, the water surface in the contraction will drop and 
the velocity will increase as shown in Figure 2.1. If the 
sediment movement is in proportion to the velocity and the 
bed is movable, then the capacity of sediment discharge in 
the contraction will be increased. As a result of imbalance 
between the sediment supply to the contraction and that which 
is leaving it, the bed (which is now considered erodible) in 
the contraction will start to drop and the velocity to de
crease, and the sediment movement will decrease until the 
flow reaches the equilibrium condition again. This is when 
the sediment supply to the contraction equals, the sediment 
leaving it. This means that scour occurs in the contraction 
area.

To evaluate the depth of scour in this condition,
assuming the slopes are not much different, the energy2 2v2 v

y 0 - y^ + ^  ^  + , can define the scourequation> 'd - 
depth as shown in Figure 2.2.

Depth of scour is a matter of kinetic energy and 
loss, and the two depths of flow. If velocity heads and loss 
are small, the depth of scour can be defined as the dif
ference between the depth in the contraction and the depth
in the reach d y2 - yr



a) plan view

b) profile-rigid bed

yi y2

c) profile-erodible bed

Figure 2.1. Subcritical rigid and erodible contraction.

Figure 2.2. Contraction profile.
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If the flow is supercritical, assuming the bed and 

the banks are fixed, the flow in the contraction will rise, 
as demonstrated in Figure 2.3, and the velocity will de
crease. If the sediment discharge is proportional to the 
velocity, the ratio of the sediment discharge in the con
traction to the discharge in the reach will be less than in 
the ratio of the balance condition. So, the tendency to 
deposition in contraction will continue because the rise in 
the bed elevation in the contraction will result in a smaller 
and smaller velocity and, therefore, in capacity to move 
sediment out of the contraction. This behavior would, at 
last, cause (energy) critical control in the contraction, 
subcritical flow upstream, deposition upstream, scour in 1 
the contraction, and probably a cyclic, unsteady condition 
which is never in equilibrium.

If somehow there is a deep enough scour hole in the
contraction, there is a possiblility that the same general*
solution for subcritical flow will be applicable for super
critical flow. The solution to the long contraction at 
equilibrium does not depend upon whether the flow is sub
critical or supercritical. Manning's equation and a sedi
ment-transport relationship are both presumably adequate 
for both types of flow. However, the kinetic energy terms 
and the losses in subcritical flow tend to be insignificant
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a) plan view

b) longitudinal cross-section

Figure 2.3. Supercritical rigid contraction.

but are large in supercritical flow. Two very different 
behaviors can be speculated upon for the supercritical 
condition.

If the flow can move material in the narrow reach 
but not in the wide reach, the condition is that of clear-

T 1
water scour when the limiting shear is = 1 in the

contraction. Unless the sediment is extremely large, the



8
velocity will be low and this case of scour wi 1L'.usually be 
one of subcritical flow.

Lorenz G. Straub (1) was the first to analyze the 
long contraction. Using the Manning equation to describe 
the flow and DuBoys formula to describe the sediment movement, 
and assuming the section is wide enough so that R = y, the 
equation should be as follows:

Bi 3/7 - T 7 + ^
(ir> {— ~— —B2

t B 1/2
+ 4(1 ~-Tl W2 i 3/7 (2.1)

2 (1 - — ) T1

For general movement, when xc << t ^, this equation reduces 
to:

^2
?!

9/14
(2.1a)

This implies no velocity or sediment size effect,if 
the),movement is general and if the velocity is well above the 
critical for sediment movement. Laufsen (2) developed an 
equation to predict depth of flow at the contracted section.

6/7(2+a/3+a) 6/7(a/a+3)
(2.2)
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The exponent a, given below, represents the 

velocity effects on scour with different types of sediment 
movement because it depends on the shear velocity over the

(the movement as bed load);

(the movement as bed load 
+ suspended load)?

(the predominant mode of 
movement is by suspension).

in the approach channel and w is 
the fall velocity of the bed material.

VT Q l 0
Assuming —  - 1 = c—  and R = ky, then the equa

t e  . Tc
tion (2.1) becomes (refer to Silverston and Laursen (3), 
Laursen (4))

fall velocity.

/ T q / p / w  < j a  =  1

1 a = 1

> 2  a

is the shear velocity

(2.3)

n 6/7(a+2/a+3) „ 6/7(a/a+3) „ 6/7(l/a+3) . a/a+3n9 ■ 9 1
(5 /  ‘“I 1 (*2l
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2Here —  results from the shear approximation, and 
1

demonstrates another velocity effect on the depth of scour. 
Laursen (5) proposed a formula for clear water

scour

y2
*1

6/7
(2.4)

where is the particle shear and is less than the total
boundary shear

30y1/3
(2.5)

TC 4d 50°

Here y ^ a n d  are the depth, velocity and
width of the approach flow plus the scour in the long con-
traction. and ^2 are the width and depth in the con-
traction, and term d50 is the median diameter of the bed
materials. From this equation another effect of velocity on 
depth of scour from the particle shear becomes very clear.

Thus, there are at least four ways in which scour is 
affected by the velocity, usually in concert with some other 
factor. Some of these effects are small, some large.
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1. Clear water scour conditions in which

T0 v 2—  = — -— i /o 9/0 is an important parameter. 
c 120y 7 d 7

2. Weak movement where cannot be ignored and
scour actually decreases with an increase in velocity; the

T t t « .
; ■ r : L 0 9 L n dparameter ot interest is now (— --- l)/(— — - - 1) which

Tc Tc
again combines velocity, depth and sediment size.

3. Mode of movement, whether movement is entirely as 
bed loadj, includes some Suspended load, or is predominantly

7 . , . • /V 7Psuspended load. The parameter of interest — -—  is related
to velocity because the boundary shear and the velocity are
highly correlated, as are the fall velocity and the sediment
size.

4. The kinetic energy and loss terms in the full 
definition of scour depth are the only effects that can 
easily be put into a form utilizing a Eroude umber.

2. Scour Around A Bridge Pier 
The scour that occurs around a simple circular pier 

is fundamentally the same as the scour in a long contraction, 
but different in detail and greater in magnitude because of 
a much more complex three-dimensional flow pattern. The 
flow that approaches the pier dives down into the scour hole, 
forms a horseshoe spiral roller around the front and sides 
of tiie pier, which slowly rises and mixes with the main flow.
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The scour hole which is formed contains this spiral roller. 
The shape of the scour hole to the front and sides is that 
of a truncated cone wrapped around the front:-half of the 
pier (rounded at the bottom) with a slope equal to the angle 
of repose of the sediment. Two tails flare out and rise to 
the back of the pier and a dune is formed in the wake (or 
lee) of the pier. In general, scour at bridge piers and 
abutments is the same as scour in a long contraction in that 
it is a consequence of an imbalance between capacity to move 
sediment out of an area and the amount of the supply of sedi
ment coming into that area. The limit of scour at bridge 
piers and abutments is again either a balance of supply and 
capacity (scour by sediment-transporting flow) or a boundary 
shear equal to the critical tractive force (clear-water 
scour).

Laursen (2, 5) extended the solution for the long
contraction to scour at abutments and piers by making three
assumptions. First, that the depth of local sdour does not
depend on the degree of contraction until the scour holes
from neighboring piers or abutments start to overlap.
Second, the width of the scour hole laterally out from the
pier boundary across the flow was equal to approximately
2.75d ... Third, one could imagine a long contraction (formed s
by three walls);
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(1) a wall parallel to the flow through the center of the 

pier,
(2) a wall parallel, to the flow and tangential to the edge 

of the scour hole, and

(3) another wall parallel to the flow and tangential to and 
extending downstream from the edge of the pier, en
closing the wake.

The scour in this contraction is assumed to be a fraction 
(— ) of the scour depth (d ) at the pier, as in Figure 2.4 
1 For a rectangular pier and bed load movement
(a = -j) the long contraction solution for general bed 
movement becomes:

d .d q
S "  s ^ l)1-69 - 1]5-5^ [(ry

gested
A shape correction coefficient of 0.9 and 
(r) value of 11.5 modifies this equation

b_
*0

6.1—— [(Y 0 10.35y 0 + l )1"69 - 1]

a sug- 
to

for a simple circular pier.
If Tg is not much greater that t^, 

equation should be
then the
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a 

b/ 

B1 = b/2+2.75d5 * ~----------~----------~ 1/r d = 2.75d s 

d 
s 

a) plan view 

b) section a-a 

Figure 2.4. The fictitious long contraction. 

d c 0.44 d 1. 69 
b 5. 5~[ (_l) (~ + 1) 1] = -y··r Yo c2 Yo {) 

T' T' 
where _j!_ 1 = c_Q and the subscripts 1 and T Tc c 

s 

2 refer 

to the approach flow and the flow in the fictitious long 

r I 

contraction. The-evaluation of the ratio (or must 
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be by trial-and-error; assuming — ^ = 1 , finding the depth
2 C1 of flow in the fictitious long contraction, finding — ,

C2
correcting the scour depth, etc» until the solution is as 
close as desired.

In the case of clear water scour, Laursen proposed 
the formula for a rectangular pier

_b_
*0

7/6

5.5-^t-
+ 1)

T, V2
c

11.

For a circular pier, d^ results should be multi
plied by 0.9. How, or if, one can adapt the kinetic energy 
and loss (Froude Number) effect of the long contraction to 
the pier is not clear. There does not appear to be much 
water surface configuration except for a stagnation rise at 
the front of the pier.

The crucial difference between the equations con
tained in the Training and Design Manual prepared for the 
FHWA by Colorado State University staff and faculty (6) and 
those of-Laursen, is the effect of the Froude Number. By 
changing those symbols to conform with the symbols used 
herein, the C.S.U./HIRE equation becomes

ds
b 2.57 (^i) ,0.43

0.35
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(for circular bridge piers, including 30% additional for 
a dune effect).

In the CSU/HIRE equation the velocity effect is in
cluded as a Froude Number, and there is no sediment size 
effect. Moreover, there is one effect over the entire range 
of conditions that could be encountered without any clear 
qualification as to the limits of applicability of the 
equation.

In contrast, the Laursen equations predict several 
velocity effects in different cases, usually in connection 
with the sediment size, and with the Froude number entering, 
(if at all), through kinetic energy and loss considerations.

A recent report by Jain and Fisher (.7) presents two 
equations for scour at a circular pier. One is for the ap
proach flow at the critical for movement

1.41,X,°-3 (Fc, 0-25.

The other for sediment - transport flow

d 0.25 0.5
= 1.86 (F - Fc) (|)

The sediment size is implicit in the term of Fc
which is the Froude Number at the critical for movement 
(at some depth of flow and for some size of sediment).
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The statement is made that for 0 < F - F  <0 .2 , the—  c —
equation predicting the -larger depth of scour should be
used. The statement is also made by Jain and Fisher that,
for F greater than •3? , the depth of scour first dips
slightly and then increases. Clear-water scour, except at
the critical for movement in the approach flow, is ignored
by Jain and Fisher, and the dip in the d versus Froudes
Number curve is approximated by a horizontal line (which 
probably should be extended to the sediment transporting 
equation rather than terminated at F - F c = 0.20.

The three answers to the question of the effect of 
velocity on scour around a circular pier are plotted in 
Figure 2.5 for a depth of flow of sixteen feet, a pier of 
diameter eight feet, a sediment size of 0.04 inches, and 
velocities ranging from zero to 40 fps (-O' <_ F _< 1.76) .
For evaluating a real bridge, the scour depth would be
evaluated for various discharges which would involve changes 
in depth of flow and velocities of flow with only a rela
tively small change in Froude Number = For the purpose of 
evaluating, and understanding scour prediction equations, 
the plot of Figure 2.5 is more interesting. The C .S.U/HIRE 
concept is decidedly different from the other two and there 
is as much difference as similarity between the Jain and 
Fisher and the Laursen concepts.



16 ft.
d = 1 mm
8 ft. diameter pier

and Fisher

v(fps)
Figure 2.5. Predicted velocity effect on scour.



| CHAPTER 3

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

1 o Equipment
The flume used in the experiment was seven feet long 

and two feet wide. There was a tank upstream to supply the 
water, and a hopper above the flume entrance to supply the 
sediment to the flow. The sand was trapped by a section 1.5 
feet long and one foot deep at the downstream end of the 
flume, which was connected to a tail-water tank. A pump and 
a pipe with a valve connected the tail tank to the head tank. 
The flume was self contained and recirculated the water, but 
not the sediment. A tail gate after the sand trap controlled 
the water surface elevation in the flume. The pipe was two 
inches in diameter and was fitted with a calibrated partial 
orifice to measure the discharge. Up-and-downstream piezo
meters openings of the orifice were connected to a mano
meter reading the difference in the piezometric head.

The average size of the bed material (sand grains) 
equaled 0.4 mm, and the nominal depth of the sand in the 
flume was four inches.

Two parallel plates sixty inches long and one six
teenth of an inch in thickness with six inch radius quarter- 
round transitions were used as a long contraction. The width

.19 ' ■ '̂
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of the contraction was twelve inches (see Figure 3.1).
Another two plates, of the same material, were used as an 
expansion, gradually increasing in width from twelve inches 
to 24 inches over a length of twenty-four inches. This left 
a wide section twenty-four inches long after the transition 
as shown in Figure 3.2. A transparent, plastic, circular 
cylinder with an outside diameter of three inches, and six 
inches in height was used as the pier.

The partial, or segmental, orifice was calibrated by 
weight/time measurement. The discharge versus differential 
head relationship is shown in Figure 3.3.

Several plates, each with a slot of a different size 
(e.g., x 1 , l x .l, 1 x i, 1 x . etc. , inches) could
be bolted to the bottom of the sand hopper. They gave rates 
of sand feed of 0.0158, 0.0313, 0.0842, or 0.2471 pounds
per second for the Qg. The sand dropping from the slot was 
distributed <bver the width of the flume by a set of splitters 
shown in Figure 3.4.

2. Procedure
Preliminary runs were made to find the combinations 

of sand feed, discharge, and tail gate setting which would 
come as close as possible to maintaining a depth of 0.1 feet 
for the desired range of velocities. The water surface and 
bed elevation were measured with a point gage reading to
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Figure 3.1. The long contraction.
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Figure 3.2. The expansion.
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100.0
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Figure 3.3. Head vs. discharge for the orifice.
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Figure 3.4. Sand splitters.
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O o  001 feet; the point gage operating off a carriage riding 
on horizontal, lateral rails which were on another carriage 
riding on horizontal, longitudinal rails=

The standard operating procedure was to run the flume 
without any obstruction (long contraction or pier) to an 
equilibrium state as was desired. The water surface profile 
and bed profile were then measured. The long contraction 
form, or the pier, was then inserted and the run resumed and 
allowed to achieve equilibrium of the scoured condition.
When the run was one of dear-water scour, this could take a 
long time (as long as seventy-two hours) and, even then, 
there was always a little uncertainty as to whether the final 
critical state had been reached in the scoured portion. Water 
surface and bed elevations were again measured. The same 
measurement procedure was used in the sediment transport 
regime after the flow reached a condition in which the sedi
ment supply to a section equaled the sediment leaving that 
section. The raw plots of the measurements can be found in 
Appendix B.



CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION 

1 <> The Long Contraction
The flow conditions and the principal results ob- !. 

tained in these tests for the long contraction are sum
marized in Table 4.1 and plotted in Figures 4.1 and 4.2. For 
high velocities (high Froude Number, high sand feed) it was 
not possible to obtain a depth of flow of 0.1 feet. The 
first three runs from column 3 show clear watercscour with no 
sediment supply. The other four runs demonstrate the data 
of scour with sediment-transport conditions. The last two 
runs present data on deposition in the expansion. Column 7 
shows that in the clear-watier conditions, with increasing 
velocity, but with the depth in the approach staying con
stant, the depth in the contraction increases. For the sedi
ment transport condition with increasing Velocity and sedi
ment supply, the depth in the contraction decreases but so 
does the depth in the approach.

The last two runs tried to match two previous con
traction runs with expansion runs - thus piecing together 
the full story of a contracted reach. The attempt was not 
altogether successful.

26



Table-4.1. Summary of test parameters and model.results in a long contraction.

Flow Sediment
Run Discharge Supply No. (c.f.s) (lb/sec)1 2  3

ApproachDepth
yi(ft.)4

Approach Velocity (ft/sec)5

FroudeNumber(F)
6

y2Measure(ft.)
7

4 -(ft.)8
s> Head

LoseV ft-9

' y2 withwithout Laursen x Shear Shear'(ft.) (ft.)10 11

*■measure(ft.)12

. swithout
FroudeNo.Effect(ft.)13

ds
withFroudeNo.
Effect(ft.)14

1 0.103 0 0.1 0.52 0.29 0.127 0.006 0.012 — 0.124 0.075 0.048 0.027
2 0.122 0 0.1 0.61 0.34 0.151 0.005 0.009 — 0.147 0.102 0.065 0.051
3 0.138 0 0.1 0.69 0.38 0.160 0.005 0.009 — 0.156 0.117 0.074 0.06
4 0.240 0.0158 0.1 1.2 0.67 0.164 0.012 0.025 0*150 0.157 0.110 0.099 0.057
5 0.240 0.0313 0.09 1.33 0.87 0.15 0. Oil 0.02 0.135 0.14 0.105 0.091 0.05
6 0.240 0.0842 0.074 1.622 1.051 0.118 0.023 0.05 0.111 0.116 0.120 0.117 0.036
7 0.240 0.2471 0.063 1.90$ 1.338 0.099 0.035 0.075 0.095 0.099 0.165

dd
0.146 0.036

8 0.240 0.053 0.073 1.78 0.84 0.135 0.008 0.03 0.11 0.110 0.04 0.04 0.068
9 0.240 0.2471 0.05 2.4 1.337 0.10 — 0.04 0.075 0.076 0.015 0.01 0.05
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The raw data of Table 4.1 is processed somewhat, and 
compared with predictions of scour in Table 4.2 and Figures

' ' ■ • y 24,1 and 4.2. The depth ratio — , as measured, increases
yl

for the clear-water scour regime as expected and then de
creases slightly even into the supercritical flow range.
The third figure in the depth ratio .is hardly significant, 
but the data is evidence that the depth ratio decreases 
about ten percent after movement begins in the approach.

Also shown in Table 4.2 are the flow-depth ratio pre 
dictions according to Laursen (Equations (2.2) and (2.4)). 
The predictions of depth in the contraction were slightly 
less than measured, but mostly less than five percent which 
is about as accurate as the measurements were. The value of

-.ffiy.?- for the sediment-transporting flow was in the range of

0.36 to 0.9, indicating that the mode of movement should 
be by bed load and just beginning to have some suspended 
load. The mode of movement, as observed, seems to be bed 
load and, therefore, the exponent of 0.59 on the width 
ratio was, therefore, used for the predictions. An ex
ponent of 0.64 would give a closer agreement between 
predictions and measurements.

In comparing the results in column 11, which repre
sented Laursen"s formula for depth of water in the

30
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Table 4.2. Dimensionless depth of flow in a long 

contraction.

— ^ (measured)

1.47> with

1.67
with (—— )1.10

1.505.limit

contraction, (taking shear into consideration), with the 
results in column 10, which ignores the shear ratio, it is

easy to see that the —  effect is small but does reduce the
C2

depth in the contraction.
Column 12 in Table 4.1 is the measured depth of scour 

which was determined as.the difference between the extensions 
of the bed elevation in the approach and the bed elevation in
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the contraction to a point halfway along the transition.
Column 14 is a prediction of the depth of the scour through

<  v 2manipulation of the energy equation, dg + y^ + = ^2 + 2g
+ Hl in which represents the head loss evaluated from
the difference between the total head lines in the contraction 
and the wide reach.

In comparing the depth of scour measure column 12 to 
the depth of scour in column 14, in the clear-water scour 
condition, the difference is about thirty-six percent, but, 
with sediment transport flow, the difference is much less 
falling between 2,5 percent and 13,7 percent, and for the 
expansion the difference is between 0 and thirty-three per
cent. Examining column 13 it is obvious that the Froude 
number effect is not small and columns 8 and 9 show that 
kinetic energy differences and the loss are not negligible

In Table 4.3 the scour depth (or deposition) was made 
dimensionless to remove the effect of the variable approach 
depth. The determination of scour depth as simply the dif
ference in flow depth is obviously inadequate because the 
kinetic energy terms are not small. Including the kinetic 
energy terms and the loss term brings the predicted scour 
(or deposition) depths much closer to the measured, but the 
measured scour is still greater than the predicted, although 
the pattern is the same.
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Table 4.3. Dimensionless depth of scour in a long 

contraction.

(Hl measured)—  measured

1.10

0.51
0.13

The supercritical flow in the contraction did not 
deposit as had been speculated that it might. Instead, the 
behavior of the flow that is indicated by the contraction and 
expansion runs, is the flow going down into a scour hole 
through the contraction and the coming back uphill as it 
comes out of the contracted reach. Because of the energy 
losses, the uphill coming out of the contraction rises much 
less than the downhill portion going into the contraction 
falls, nevertheless, the flow goes down and up. This
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behavior might have been possible because of the short flume 
and the way in which the runs were made separately. A dif
ficulty in applying this finding to a long river reach or a 
long flume is that the bed elevation upstream of the con
traction is higher than the bed elevation downstream of the 
contraction, (greater than the difference due to the slope of 
the channel). Thus, if there is a long uniform flow reach, 
into which a contracted reach is placed, the wide reach im
mediately downstream of the contraction must scour or the wide 
reach immediately upstrean of the contraction must fill (or 
both). The normal uniform flow conditions just downstream 
of the scoured wide section, or just upstream of the filled, 
wide section cannot be in equilibrium with the scoured or 
filled sections and a stable condition can hardly be possible. 
The behavior to be expected with supercritical flow and a 
contraction is, therefore, still not entirely clear although 
those runs indicate scour in the contraction is possible in 
some situations and that it is then quite deep because of 
kinetic energy effects.

2. The Bridge Pier
The flow conditions and the principal results ob

tained in these tests with a cylindrical pier are summarized 
in Table 4.4, and drawn in the Figures 4.3 to 4.5. cColumn 3 
of the table shows the first six runs with no sediment supply
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Table 4.4. Summary of test parameters and model results for 

a bridge pier.
1----

Run
No.
1

Flow
Dis
charge
(cfs)
2

Sedi- -
ment.
Supply
( W
sec)
3

Ap
proach
depth/.
W :h
(ft.)
4

Flow
Velocity
(ft/
sec)
5

Froude
Number
6

Shear
Ratio
T0/Tc
7

Depth
of
Scour

(ft.)
8

1 0.05 0 0.10 0.25 0.14 0.14 0.0
2 0. 072 0 0.10 0.36 0.20 0.20 0.008
3 0.103 0 0.10 0.52 0.29 0.41 0.094
4 0.122 0 0.10 0.61 0.34: 0.56 0.155
5 0.138 0 0.10 0.69 0.38 0.72 0.22,
6 0. 240 0.0158 0.10 1.2 0.667 2.17 0.20
7 0. 240 0.0313 0. 09 1.33 0.780 2.77 0.195
8 0.240 0.053 0.073 1.64 1.07 4.52 0.143
9 0.240 0.0842 0.073 1.64 1.44 6.71 0.154

10 0.240 0.134 0. 055 2.18 1.64 8.77 0.182

(dear-water condition) and the other five runs with sediment 
supply (sediment-transport conditions). The shear ratio in 
column 7 of Table 4.4 is based on Laursen's particle shear 
over the critical tractive force. The scour depths pre
sented in column 8 are the measured values obtained of the 
difference between bed elevation at the bottom of the scour



(f
t.

0.5
CSU/HIRE

Jain and Fisher

Experiment
Laursen after the
coefficient
modification
Laursen

0.75 1.25
v(fps)

Figure 4.3. Comparison of various scour formulas with experimental data.
w



dg (ft.)

^Experiment

Laursen after the
coefficient
modification

0.10 Laursen

1.5 1.6 1.70.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Froude Number

Figure 4.4. Relationship between Froude Number and depth of scour around 
bridge pier. u>



0.25

0.20

0.15

0.10

0.05

Figure 4.5. Relationship between shear ratio and depth of scour around 
bridge pier.

w
00



hole, exactly upstream from the pier, to the water surface 
upstream from the stagnation minus the average flow depth in 
the reach. This shows an increase in scour depth with an 
increase in velocity for clear-water conditions. However, 
the point at which the flow reaches the critical for movement 
(flow velocity equal 0.82 ft./sec.) was not reached. The 
scour at the critical condition for movement was extrapolated 
as shown by the dashed curve of Figures 4.3 to 4.5. Runs 
number 7 and 8 show that the depth of scour decreases 
slightly when transport begins. In runs number 9 and 10, 
which are supercritical flow in the approach, the scour again 
increases.

Analysis and Discussion
It is interesting to compare the results of the ex

periment with the predictions obtained from Laursen's 
formulas, the formula of C.S.U./HIRE, and those of Jain and 
Fisher.

Comparison and Discussion of the Results of Laursen* s 
Formulas with those of the Experiment. In the case of 
Laursen's concept. Table 4.4 and Figures 4.3 to 4.5, show 
that the predicted scour depth is less than measured but the 
pattern of variation with velocity is similar. For example, 
in dear-water scour the depth of the scour increases until
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it reaches the critical for movement when the velocity of 
the flow is equal to 0.82 ft./sec. There is also agreement 
in the reduction of scour with sediment supply until the 
velocity of the flow reaches 1.64 ft./sec. However, when 
the velocity of the flow is increased past 1.64 ft./sec., 
the flow is supercritical and there is a larger discrepancy 
between the results of the experiments and those predicted 
according to Laursen.

In Laursen"s analysis, however, the width of the 
scour hole was a constant multiple of the scour depth 2„75ds 
For subcritical flows, the width of the scour holes in the 
experiments was about 2.75d , but for the supercritical runs 
the scour hole width was less than 2.75dg , as a result the 
depth of scour increases because the amount of sediment 
captured by the scour hole is relatively less. The differ
ence between the experiment results and Laursen"s formulas 
can be reduced by changing the 2.75 factor in the formula 
to 1.83.

For the dear-water scour case a better prediction
T0would be possible by modifying th& evaluation of —— which
c

in a flow situation like this might well be different than 
in a uniform, normal flow. For all the cases the prediction 
could be forced to improve by using a larger value of r. 
However, there is no other justification for such a
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modification beyond the fact that the scale of the experiment 
is extremely small.

• Comparison and Discussion of the Results of the 
C.S.U.1s/HIRE Formula with the results of the Experiment.
The concept of Colorado State University (7) presents an en
tirely different picture of scour hole behavior. As shown in 
Table 4.5 and Figure 4.3, C.S.U."s predictions show a dif
ference in scour with velocity but not because it is d e a r -  
water scour and sediment-transport scour. There is no effect 
of sediment size and although there is a Froude Number effect 
it is not explicitly ascribed to the velocity heads or the 
losses, or the changes in flow pattern, or changes in the 
scour pattern.

Their prediction formula shows only a continuously 
increasing scour depth with increasing velocity of flow.

In overall comparison, C.S.U.’s predictions are much 
greater than measured (as much as three times, and even if 
the dune factor was not included) and has a very different 
pattern of variation of scour with velocity from that of the 
measurement.

Comparison and Discussion of the Results of Jain and 
Fisher Formulas with the Results of the Experiment. Jain and 
Fisher (8) found the depth of scour in the sediment transport
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Table 4.5. Summary of data used in comparative analysis for 

a bridge pier.

Ap
proach
Velocity
(ft/sec)

d s
Mea
sure 
(ft.)

as
?!

as
Laurseri
(ft.)

as
d se . s . u /
HIRE 
(ft. )

V
d s
Jain & 
Fisher 
(ft.)

ds
yl

0.25 0. 0 0 0. 002 0. 02 0.20 2.0 — ” —
0.36 0.008 0.08 0, 03 0.3 0.24 2.4 —

0.52 0. 094 0.94 0. 053 0.53 0.27 2.7 — — ——
0.61 0.155 1.55 0.083 0.83 0.29 2. 9 — ——
0.69 0.22 2.2 0.12 1.2 0.31 3.4 — “** —
0.82 0.245 2.45 0.21 2.1 0.33 3.6 0.22 2.2
1.2 0.20 2. 0 0.156 1.56 0.39 4.3 0.20 2.0
1.33 0.195 2.16 0.145 1.61 0.4 4.44 — ——
1.64 0.143 1.96 0.12 1.64 0.43 5.89 — —

2.0 0.154 2.57 1.38 2.3 0.45 7.5 0.293 4.88
2.18

"

0.182 3.3 1.53 2.78 0.47 8.54 0.307 5.58

regime first slightly decreases when sediment transport 
starts and then increases with the increases in the velocity 
or Froude Number. This is exactly what these experiments 
also show. As shown in Table 4.5 and Figure 4.3, depth of 
scour in dear-water scour with incipient motion in the ap
proach is about the same as would be predicted by Laursen's
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equation and is somewhat less than measured or extrapolated. 
For higher velocities, results predicted by their other 
equation are higher than the experimental results. The pre
dicted pattern is closer to the measured variation with 
velocity than the C.S.U./HIKE predictions, but not as good 
as the pattern predicted by the Laursen equations. However, 
there are certain limitations on.the Jain and Fisher form
ulas. For example, they do not demonstrate what happens 
between Froude Number equal to zero and the point of maximum 
dear-water scour, nor do they show what occurs between m a x - - 
imum dear-water scour and the Froude number predicting the 
same scour with sediment-transporting flow.



CHAPTER 5

CONCLUSIONS

The conclusions that can be drawn from this experi-
-ment are as follows:

There are three distinct scour conditions which can 
be affected by the velocity of flow. First, scour resulting 
from clear-water flow. Second, scour resulting from bed
load transporting flow where the boundary shear is not much 
greater than the critical tractive force. Third, scour for 
flows where the velocity head (therefore Froude Nutiibei’) is 
large. In the long-contraction case this effect can be ex
plained by the velocity head difference and the energy loss; 
in the pier case, by. the steepening of the scour hole. The 
fourth effect of "velocity" because of the mode of movement 

(bed or suspended) was not demonstrated in these experiments.

1. ' Clear-water Scour
When the flow velocity is very low, there is no scour 

because the velocity which causes the boundary shear is not 
high enough to remove the bed particles anywhere. When the 
approach velocity exceeds 0.25 ft./sec., (in this experiment) 
the boundary shear, which occurs as a result, is higher than 
the critical tractive force of the particles in the

44
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contraction and around the pier. Thus, the particles move 
and scour occurs; the higher the velocity, the greater the - 
scour.

2. Scour by Bed-load Transporting Flow 
A decrease in the scour depth occurs with an increase 

in velocity greater than that which results in a boundary 
shear greater than the critical tractive force in the ap
proach to the long contraction or to the pier. The decrease

—  = 2.75T and
C ,Tow h e n ---=

Tc
4.5 andF  = 0.78, for the long contraction and when

F = 1.07, for the pier, at which points the scour begins to 
increase again because of the third, following, effect.

3. Scour Affected by the Velocity Head 
As the velocity head becomes larger, compared to the 

depth of flow and the depth of scour, the velocity head dif
ferences and the energy (head) loss become significant, in 
the case of the long contraction, and the scour depth con
sequently increased. In the case of the pier, the slope of 
the scour hole was steeper for the greater velocity head, 
the scour hole therefore captured less of the approaching 
sediment load, and the depth of scour was greater. .As shown 

in Figures 4.3 to 4.5, the shape of the curve obtainedxby
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plotting measured scour depth against velocity (or any 
parameter containg the velocity) was the same as that of the 
scour predicted by Laursen's, methods (note that the width of 
the scour hole around the pier was corrected for large 
velocity heads), but the measured scour was somewhat greater 
than the Laursen predictions. This discrepancy may be due
to the extremely small scale of the experiments.

. i 'The scour predictions based on the FEWA training and
;
design manual prepared by C.S.U. were much greater than 
measured and the scour-velocity curve was not the correct 
shape. The scour predictions based on Jain and Fischer's 
paper were better than the C.S.U./HIRE predictions, but were 
higher than the measured scour depths/ and the shape of the 
predicted scour-velocity curve was not especially good.

A difficulty still remains as to the effect of super
critical flow on the scour in a long contraction. The pieced 
together experiment in this flume indicates scour in the long 
contraction rather than deposition, but it also indicates a 
discontinuity in the bed of the stream above and below the 
long contraction that could not be stable. A much larger 
(and longer) flume is needed to resolve the dilemma. In the 
case of the pier in supercritical flow, a scour hole de
veloped and no trace of a supercritical wave was noticed.



APPENDIX A

LIST OF SYMBOLS

B ,= width of channel (ft.) 
b = width (diameter of pier (ft.)
c = coefficients pertaining to shear velocity-full velocity 

ratio approximation, 
d = particle diameter (ft.) 
d^ = depth of deposition (ft.) 
dg = depth of scour (ft.)
k = coefficient pertaining to hydraulic radius approximation
A = abutment length (ft.)
n = Manning roughness coefficients

3Q = flow rate (ft. /sec.)
R = hydraulic radius (ft.) 
s = flume slope 
v = velocity of flow (ft./sec.) 
y = depth of flow (ft.)
(b = fall velocity (ft./sec.) 
p = density of fluid (lbs. sec.^/ft.^)

2t = critical tractive force acting on the bed (lbs./ft. )
2T, = total tractive force acting on the bed (lbs./ft. )u

Tq = portion of the total tractive force associated with the
2sediment particles (lbs./ft. )

47
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0 = subscript for approach flow conditions
1 = subscript for upstream, wide, reach conditions
2 = subscript for downstream, narrow, reach conditions



APPENDIX B

LONGITUDINAL CROSS-SECTIONS 
FOR THE EXPERIMENT RUNS
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