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ABSTRACT

Four classes of variables are apparent in the problem of
scour around bridge piers and abutments--geometry of piers and
abutments, stream-flow characteristics, sediment characteristics,
and geometry of site. The laboratory investigation, from its in-
ception, has been divided into four phases based on these classes,
In each phase the variables in three of the classes are held con-
stant and those in the pertinent class are varied. To date, the
first three phases have been studied.

Typical scour hole patterns related to the geometry of the
pler or abutment have been found. For equilibrium conditions of
scour with uniform sand, the velocity of flow and the sand size do
not appear to have any measurable effects on the depth of scour,
This result is especially encouraging in the search for correlation
between model and prototype since it would indicate that, primarily,
only the depth of flow might be involved in the scale effect. The
technique of model testing has been simplified, therefore, because
rate of sediment transportation does not need to be scaled. Prior
to the establishment of equilibrium conditioms, however, depths of
scour in excess of those for equilibrium conditions have been found.
A concept of active scour as an imbalance between sediment transport
capacity and rate of sediment supply has been used to explain the
laboratory observatioms.

INTRODUCTION

Many of the failures of bridges recorded in the past can be atiributed directly to the
undermining of piers or abutments by scour. A graphic example of such occurrences, during the
Kansas River flood of July, 1951, was the failure of the Rock Island railroad bridge at Topeka,
Kansas, shown in Fig. 1. A pier or abutment will be absolutely safe from scour only if based
on firm bed rock and of sufficient structural stability to stand by itself. Such a foundation,
though desirable, is often economically unobtainable--particularly in alluvial streams where a
solid geological formation may only be found at great depth. For the latter condition, a cal-
culated risk must be taken, and the pier or abutment must be built in such a manner that the
probability of scour action disturbing the stability of the pier is balanced against the re-~
placement cost of the entire bridge structure. If means can be obtained for the prediction of
the amount of scour, the calculated risk can then be confined to the probability of flood oc-
currences,

To ascertain the influence of the various factors which determine the extent of the scour
hole is the purpose of the model study upon which this paper is based. Conducted at the Iowa
Institute of Hydraulic Research, the program is sponsored by the Iowa S8tate Highway Commission
and the Bureau of Public Roads [1, 2].

GENERAL CONSIDERATIONS

The phenomenon of scour is itself complex; scour around bridge piers and abutments is
even more complex because conditions, both matural and man-made, vary greatly from one site to
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Fig. 1 - "A graphic example.”
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another. That criteria for design are still lacking today, after years of experience in

bridge building, is, therefore, not surprising. The geometry of the piers and abutments and
the geometry of the site are but two of the classes of variables to be considered. The stream-
flow characteristics and the sediment characteristics are the other classes.

Complete separation of the many variables was not feasible even with the controls existent
in the laboratory. The investigation could, however, be divided into four phases: geometry
of pier and abutment, hydraulics of the stream, sediment characteristics, and geometry of site,
The laboratory studies to date have been limited to the first three phases. The variables of
three classes were held constant in each phase and those of the pertinent class were varied.

Several observations, which increase the knowledge of the nature of scour, were made in
the course of the investigations. The scour holes were found to be characterized by certain
features which applied to all models tested. The modification of the mean flow pattern could
be correlated to the extent of the scour hole. For equilibrium conditions, velocity and sedi-
ment size were found to have no measurable effect on the depth of scour. The depth of scour
was, however, related to the depth of flow., During the tramsient stage, before equilibrium
conditions were established, excess scour depths occurred, and seemed to be a function of all
three of these variables.

THE SCOUR PHENOMENON

If an obstruction is placed in a stream, the flow pattern in the vicinity of that obstruc-
tion will be modified. Since the transport capacity is a function of the flow characteristics,
the transport capacity pattern will also be modified. In any area where the transport capacity
is not equal to the rate at which material is supplied, scour or deposition must occur. The
bed configuration will then change until a balance is again achieved between capacity and sup-
ply.

Scour around bridge piers and abutments is a particular case of this general problem. The
special characteristic of this case is the functional relationship of the rate of supply to
the flow conditions in the unobstructed stream. The capacity in the vicinity of the pier or
abutment is related to these same flow conditions and to the geometry of the obstruction.

GEOMETRY OF PIERS AND ABUTMENTS

For the purpose of conducting the first phase of the investigation, two flumes, 35 ft
long and 5 ft wide, were constructed in the Institute laboratory (Fig. 2). Removal of the di-
viding wall left a single flume 10.5 ft wide. The flow was measured by means of an orifice
plate in the 10-in. line supplying both flumes. Simple tailgates provided water-level control.

The many existing pier and abutment shapes used in Iowa were arbitrarily reduced to the
models shown in Figs. 3 and 4. Only modern pier shapes, relatively slender in cross section,
were considered. The abutment shapes were also representative of modern Iowa designs,

Preliminary tests led to a standard run with a depth of 0.3 ft and a velocity of 1.25 fps
for comparison of shape effects. At this flow condition, the movement of sediment did not
lower the overall hed elevation, while the scour hole formed in easily observable time. The
sand used had a mean diameter of 0.58 mm, as shown in Fig. 5. The measurement of the scour
depth was accomplished by means of layers of dyed sand, 0.01-ft thick at intervals of 0.1 ft.
Scour exposed successively the layers of the dyed sand, thus permitting quick determination of
the depth.

Scour depths observed in the tests are summarized in Figs. 3 and 4 for piers and abut-
ments, respectively. It is readily apparent that the inclusion of a web between the two pier
shafts, a practice which is frequently followed, causes considerable increase in the depth of
scour at any angle of attack other than zero. This observation is of importance because a
large number of streams change their main flow direction with stage. Thus, a pier which at
one stage is aligned with the flow may be positioned badly at ancther stage if there is a web
between the shafts, The rectangular shafts cause a deeper. scour hole to develop than do the
round shafts. This shape effect of the pier shafts, however, is small compared to the shape
effect of the webbed, skewed piers (see Fig, 6). It is noteworthy that the greatest scour oc-
curs around the forms which would be expected to distort the flow pattern the most. This
causal connection is demonstrated by the correlation of scour depth d to drag ceefficient Cp
shown in Fig. 7, in which the subscripts denote the angle of attack.
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Fig. 3 - Effect of pier geometry
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Scour depth around abutments is
found to be primarily a function of the
contraction of the flow section. The
shape of the abutment itself also affects
the scour, but to a lesser extent. The
scour holes observed have similar shapes,
with the deepest section always adjacent
to the upstream corner (Fig. 8). 1In the
protection of abutments this typical
shape of the scour hole should be taken
into account,

A continuation of the study of pier
geometry was conducted by Schneible [3].
Three simple streamlined shapes were
tested. The results of these tests are
shown by Tables I and II. A comparison
with the scour depth occurring at a
single round shaft was made, both on the
basis of equal area and equal width. A
more judicious basis of comparison should
include structural strength, stability,
and construction cost. The angle of at-
tack is a primary factor in determining
the depth of scour arnund these shapes
as around webbed piers. The advantage of
streamlining is lost if the axis of the
pier is skewed to the stream.

Schneible also investigated the ef-
fect of arrestor devices placed around a
single round shaft. The arrestors which
gave the best reduction are summarized in
Table III. Subsequent tests indicate
that the lateral extent of these arrestor
shapes depends on the vertical position-
ing. If placed at stream-bed elevation,
the lateral extent of the arrestor must
be very great to inhibit scour. If
placed below the bed level, the lateral
extent of the arrestor can be reduced,
but the size required is a function of the
unarrested scour depth. If the stream
bed is subject to fluctuations in eleva-
tion, the proper location of the arrestor
is even more indeterminate.

EFFECT OF VELOCITY AND DEPTH OF FLOW

An investigation of the effect of
stream-flow characteristics must, of
necessity, involve the normal movement of
the bed load. The flume shown in Fig. 9
with dimensions similar to those previous-
ly given has a sediment trap at the down-
stream end. Bed load falling into this
trap was weighed continuously by means of
an interconnected balance. An elevator
at the upstream end was then used to feed
sand into the stream at the same rate.

By this method it was possible to make
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continuous runs of considerable length to check

on the eauilibrium conditions obtaining for scour.
The shape of the pier, Model IT with web in Fig.

3, and the angle of attack were held constant
throughout this set of experiments, as was the size
of sand used. Various depths and velocities of

flow were tested. The maximum depth was limited by
the height of the flume walls, and the minimum by
the Froude number approaching unity. The maximum
velocity was limited by the tendency of the sand to
be carried past the trap in suspension, and the
minimum by an approach to zero bed-load movement in
the flume. In terms of sediment movement, the vari-
ation in flows used was considerable: {rom 0.004

1b per sec to 0.27 1b per sec, or a seventy-fold
range,

Fig. & - Scour patterns around piers.
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Fig. 5 - Sand characteristics.

For the purpose of taking continuocus measurements of the depth of scour, other means
than the dyed sand used for the first phase had to be devised.

An electrical scour meter was
used which gave a continuous
record. Electrodes were placed
in the face of the pier, and
the method depended for indica-
tion of depth on the difference
in conductivity of the water
and sand-water mixture.

Routine operation of a run
began with the establishment of
the required flow at a large
depth and, consequently, low
velocity over a previously
leveled sand bed. The tailgate
was then lowered to establish
the desired depth of flow. At
5-min intervals the amount of
sand trapped was measured and
the elevator was raised an
equivalent amount. The depth of
scour at the upstream shaft of
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Fig. 7 - Correlation with drag

the model pier was automatically and con-
tinuously measured by the scour meter. The
run was continued until equilibrium had

been established for both the rate of trans-
port and the depth of scour.

As the data plotted om Fig. 10 indi-
cate, the depth of flow is a primary factor
in the determination of the depth of scour,
whereas the velocity of flow has little in-
fluence. A consideration of the relation-
ship of velocity and depth of flow to the
transport balance provides an explanation
of their effect on the equilibrium depth of
scour. The primary transport agent is the
velocity of flow at the bed. In the flume
this velocity is a function of the depth
and the mean velocity of the flow. 1In the
scour hole a spiral roller is formed, and
the transport in the scour hole is depend-
ent on the angular velocity of this roller
and the size of the hole. As a first ap-
proximation the roller velocity should be
a function of the mean velocity of flow.

If this is assumed, the mean equilibrium depth of scour should be a function only of the depth

of flow.

flow will result in an increase in the angular velocity of the roller.

Because of the interrelation of the velocities, any increase in the mean velocity of

The balapce of trans-

port capacity in the flume and in the scour hole should thus be maintained without a change in

the depth of scour.

Similarly, the argument ex-
plains the influence of the depth
of flow. The velocity at the grain
level decreases with an increase of
the depth of flow. The scour hole
must then enlarge if the depth of
flow increases, to maintain the
balance of transport capacities.

This logical concept of scour
is further confirmed by the experi-
ments summarized in Fig. 11.
Transport into the scour hole was
minimized in runs in which the mov-
able sand bed was confined to a
small area around the pier. The
variation of transport capacity in
the scour hole as a function of the
depth of scour was thus obtained.
The rate-of-scour curve is influ-
enced at small depths by the un-
steadiness resulting from flow
establishment, at large depths by
the significant, but low, rate of
movement into the hole. Extra-
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Fig. 8 - Scour patterns around abutments.

polation of the middle portion of any curve intersects the normal rate of supply to the scour

hole at the equilibrium depth.

For nonequilibrium conditions the balance of transport capacities is not attained and the

conclusions based on this concept are not applicable,.
configuration gradually formed from the initially level bed.

in the flume was less than normal.

In each run, the natural slope and bed
During this period the transport

As a result, the depth of scour could be greater than the
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final equilibrium depth, That this
excess depth of scour is the result of
a required bed configuration as well
as bed slope is shown in Fig, 12, Al-
though a study of this unsteady phe-
nomenon has not yet been given complete
consideration, the experimental evi-
dence suggests the possibility that
this phase of the scour hole formation
may be of importance during flood
flows, A related phenomenon is the
oftnoted general degradation of the
stream bed. The depth of scour is to
be measured, of course, from this new
bed level.

EFFECT OF SEDIMENT SIZE

The explanation of the effect of
depth and velocity of flow can be ex-
tended logically to include the effect
of sediment size on the equilibrium
Gepth of scour, For uniform size sands,
the material being transported as bed
load in the flume and the material be-
ing scoured from around the pier are
the same. Since the sediment size will
not have any effect on any existing
balance of the transport capacities,
the equilibrium depth of scour should
not be affected by a change in sediment
size, Figure 10 includes results of
runs with four sizes of sediment, the
characteristics of which are shown in
Fig. 5. Within the precision of the

scour depth meter no effect of sediment size can be seen,

Fig. 9 - Transport flume.

Although a five-fold range of sedi-

ment sizes, including a fine sand, has been tested, all transport occurred as bed-load move-
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A sediment-size effect may become apparent if the mode of transport changes to suspen-

CONCLUSIONS

Although means have not yet
been evolved for the prediction of
the depth of scour around proto-
type piers and abutments, the
model studies have succeeded in
bringing that goal a little clos-
er, The efficacy of the coacept
of scour as an imbalance of capac-
ity and supply has been demon-
strated. The concept should be
just as useful in the interpreta-
tion of future studies, both in
the laboratory and in the field,

Several facts of immediate
practical significance are also
apparent from the results of the
model studies, If scour is to
be minimized, webbed piers must
be aligned to the flow and
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abutments must not encroach upon the flow section.
shape of the scour holes indicates where protection
from scour is most needed. On stub abutments, for ex-
ample, the sheet piling enclosing the approach fill
should be driven deepest at the upstream cormer.

The

The apparent absence of any effect of velocity of
flow and sediment size upon the equilibrium depth of
scour provides encouragement in the search for corre-
lation between model and prototype. Preparation is now
in progress for field measurements which will extend
the range of the present investigation.

As the next step in the laboratory investigation,
the study of the effect of sediment characteristics will
be extended to natural, nonuniform sands. If unsteady
flow conditions prove to be important in the field,
further investigation of this phenomenon will be neces-
sary in the laboratory. Phase four, the effect of site
geometry, will begin with an extension of the contrac-
tion studies of the first phase.
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Table I

Comparison of Scour Depths Around Single Round Shaft
and Streamlined Piers Aligned with Flow

Length- % Reduc- % Reduc-
Widtl bi " i ¢
Shape Ratio Equal Width Equal Area
Rounded 2:1 0 +23
(::::) 3:1 + 4 +35
Elliptical 2:1 +11 +30
- 3:1 +18 +42
Lenticular 2:1 +11 +25
> 3:1 +26 +45
Table II
Comparison of Scour Depths Around Single Shaft and
Streamlined Piers at 30° Angle of Approach
Length- % Reduc- % Reduc-
Width tion for tion for
Shape Ratio Equal Width Equal Area
Rounded 2:1 -15 +11
A —sT— -22 17
Elliptical 2:1 -8 +9
-’ 3:1 -22 +13
Lenticular 2:1 -8 + 6
<> 3:1 -22 + 8
Table IIIX
Reduction of Scour Depth Around Single Round
Shaft by Arrestors
Arrestor Type
-~ 0 - ~ D |- ~ D - ~ D =
Bed Level-
___ ‘A % 4 i
A 9z i D
f L ¥ o T 'Y
Lzo J 20—-‘ l—20— —20—]
t 40 i
+41 +52 +52 +48

% Reduction
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