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W ithin the framework of our knowledge of physical phenomena,
certain general characteristics of the process of scour can be form 
ulated. Since in m any areas the fram ework exists only in broad out
line, our insight into the more detailed features of scour m ust de
pend on experimentation. These details, however, m ust be consistent
with the general characteristics; and the form ulation of general
characteristics, therefore, establishes an outline for the in terp reta
tion of experimental observations.
Scour can be defined as the enlargem ent of a flow section by the
removal of m aterial composing the boundary through the action
of the fluid in motion. Im plicit in this definition is the fact th a t the
moving fluid exerts forces on the particles composing the boundary,
causing their movement. The am ount of m aterial which the fluid can
move or transport, in u n it time, is term ed the capacity of the flow.
I f the principle of conservation of m atter is accepted, the local
rate of scour is equal to the difference between the ra te of removal
and the rate of supply. Moreover, since no distinction is made be
tween the m aterial supplied and the m aterial scoured, the rate of
removal m ust equal the local capacity of the flow. A pplication of this
concept to the more detailed characteristics of the scour process is
possible if certain assumptions regarding the flow conditions at the
boundary are made.
Even if the bulk flow is constant w ith time, the change in the
boundary configuration because of scour results in unsteady flow
conditions along the boundary. In general, the enlargem ent of the
flow section will result in a reduction of velocity along the boundary
and, therefore, a reduction in capacity for transport. The rate of
scour m ust then decrease as the difference between the capacity and
the rate of supply decreases. Im plicit in the foregoing statem ent is
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the notion of a lim iting extent of scour. The rate of scour will equal
zero when the capacity is exactly equal to the supply. That a limit
exists, fo r which the rate of scour is equal to zero, can be deduced
w ith the aid of two fu rth e r assumptions.
The premise th a t the velocity decreases as the flow section en
larges can be expanded to require th a t the velocity becomes zero
when the boundary extends to infinity. I f the rate of flow is finite
this assum ption is assuredly acceptable, and is sufficient to prove
th a t a lim it exists for the case in which m aterial is supplied to the
scoured area. I f the capacity decreases with the velocity then there
m ust be some finite boundary position for which the capacity equals
the supply. This position will be the lim it to the extent of scour.
F o r the case in which there is no supply to the scour hole an addi
tional assum ption is needed — th a t below some critical velocity the
capacity is zero. There m ust then be some finite boundary position
for which the velocity decreases to this critical value and the rate
of scour becomes zero. F o r the case of no supply, this position satis
fies the notion of limit.
Establishing the existence of a limit to the extent of scour gives
no indication as to the time necessary to attain the limit. That the
lim it m ust be approached asymptotically can be shown. I f the limit
wrere to be reached in finite time, the scour must continue beyond
the limit, or deposition (negative scour) m ust occur after the limit
is reached, or the scour process m ust be described by two functions,
one before and one after the limit. None of these possibilities is ad
missible. Deposition would require a two-valued relation between
the capacity and the difference between the actual and the limiting
boundary. Continued scour is not compatible with the concept of
limit. Unless some new force is added there is no reason why the scour
function should change at the limit. If the limit is approached
asymptotically, however, no m atter how small the difference be
tween the actual and lim iting boundary, there is always a small rate
of scour so th a t the lim iting position is approached more closely.
Not u n til the limit is reached at infinite time does the rate of scour
become zero. This process is orderly and continuous.
To recapitulate, the following general characteristics which should
be basic to any detailed analysis of local scour have been deduced:
1.
The rate of scour will equal the difference between the capaci
ty for tran sp o rt out of the scoured area and the rate of supply of
m aterial to th a t area.
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2. The rate of scour will decrease as the flow section is enlarged.
3. There will be a lim iting extent of scour.
4. This limit will be approached asymptotically.
The premises necessary to form these characteristics are a defini
tion of scour, the principle of conservation of m atter, and two re
strictive assumptions th at describe the kind of process the scour
phenomenon is expected to be. The two assumptions, which are not
overly restrictive but rath er credible in the light of general knowl
edge of fluid mechanics and sediment transportation, a r e :
1. The movement of the fluid along the boundary ceases when the
boundary extends laterally to infinity.
2. The capacity of the flow decreases in a single-valued continu
ous relation as the flow section is enlarged, and decreases to zero
before the movement of the fluid ceases.
Nothing has been said or need be said, a t this stage, about the
mechanism of tran sp ort or the method of supply. Tt should be kept
in mind, however, th at only conditions a t the boundary are u nder
consideration.
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By using symbolic term s the first general characteristic can be
w ritten as an equation of scour,
^U(B)]=g(B)— 8

(1)

where B is a mathematical description of the boundary, so th at
is the rate of scour,
g ( B ) is the capacity of the flow as a function of the boundary
position, and
S is the rate of supply.
To apply this equation to a specific situation, the rate of supply
and the capacity of the flow (as it varies w ith the boundary posi
tion) must be known. If the relation between capacity and the ve
locity distribution near a boundary were known exactly an d if m eth
ods were available to specify the flow p attern for any boundary
condition, the equation of scour could be used to solve any scour
problem. F o r most instances such a relation and such methods are
not available and recourse m ust be had to approxim ations and ex
perimentation.
How the solution for a specific instance of scour could be obtained
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w ithin this general fram ework can he seen by an examination of a
p ap er by S tranb [1], The specific situation was the equilibrium
depth obtaining in long channel contractions. The procedure was
equivalent to setting ~

U/l

[/(-S )] = 0 an d solving for the limiting

condition of scour. A t the lim it the capacity for transport in the
contracted, scoured section m ust equal the rate of supply — which
is equal to the capacity for tran sp o rt in the uncontracted section.
The contraction was sufficiently long th a t essentially uniform flow
was established.
The flow was described by M anning’s form ula with the same val
ue of n in the contracted and uncontracted sections,
1 AQ
1 4Q
Q= _
W i W S ! 1/ ' = — W 2d 2-/3S 21/ 2
(2)
n

n

and the capacity was described by a sediment tran sp o rt formula
of the DuBoys type with coefficients experim entally determined,
g ( B ) = W llpy d 1S 1( y d 1S 1- t c) = W 2^yd2S 2(y d 2S ? - T c) = 8 (3)

Upon combining Eqs. (2) and (3), an equation for depth of flow
in the contracted portion is formed,
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In these and the following equations,
Q and Qs are the rates of flow of w ater and sediment
ip and t c are constants
and S 2 are the slopes in uncontracted and contracted sections,
fi is the contraction so th a t W 2 = (1 — j i ) W i, and
di and d 2 are the depths in uncontracted and contracted sections.

Experim ents in the laboratory confirmed this relationship very
closely. Such confirmation could be expected since the coefficients in
the tran sp o rt equation were determ ined un d er similar conditions.
W hether Eq. (4) will apply to field conditions depends not on Eq.
(1), which m ust be valid, b u t on Eq. (2) and especially Eq. (3),
which are approxim ate. E quation (4), with r„ equal to zero, is very
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nearly Griffith’s equation [2], which is based on field observations,
d 2 — di

(5)

This agreement between analysis, laboratory, and field indicates th at
even approxim ate knowledge of tran sp o rt and flow conditions can
lead to useful results.
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U nder the sponsorship of the Office of Naval Research, the Iowa
Institute is conducting an investigation of the effect of sediment
characteristics on the scour process. A submerged jet is being used
as the active scouring agent, and the flow as well as the sediment
characteristics is being varied. F or uniform sands it has been found
possible to analyze this scour process by means of Eq. (1) and the
necessary empirically determ ined relationships.
The experimental boundary conditions are shown schematically
in Fig. 1. I t was found necessary to restrict the pendulation of the
jet by the lip shown at the up per edge of the slot. The sand profile
was obtained by photographing with back lighting, and the time of
observation was recorded by the including of a clock in the photo
graph. A typical series of profiles is superposed on Fig. 1. Sands
having the characteristic curves designated as M, A, and B in Fig.
2 were used.
Sim ilarity of scour profiles was established by plotting the dimensionless coordinates of the profiles; the horizontal distance from the
slot to the crest of the dune was used as the repeating variable (Fig.
w.s.
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3). Except for the profiles representative of an initial transitory
stage of scour, all the profiles of a ru n superpose if plotted in this
m anner. Moreover, the profile forms for all runs of any one sand
were almost identical and the forms for the various sands differed
only slightly.
A t the beginning of each ru n the sand was moved as bed load.
D uring this tran sito ry stage, the vertical dimensions of scour hole
and dune increased faster than the horizontal dimensions. When
the upstream face of the dune reached the natu ral angle of repose,
the mechanism of tran sport changed to suspension. The sand was
then entrained by the flow, largely at the point of impingement, and
was lifted in suspension by the upw ard currents of the flow. Some
of the sediment was re tu rn ed to the scour hole by the large counter
clockwise eddy shown in Pig. 4. The greater p a rt of the sediment
was deposited on the upstream face of the dune and slumped back
into the scour hole. The sand removed from the scour hole was con. •
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fined to th at portion which deposited downstream from the crest of
the dune.
Having established sim ilarity of profiles it was sufficient to ex
amine one typical dimension in the investigation of the variation
of the extent of scour with time. The variation of the extent of
scour with time is plotted in Fig. 5, the distance xD (see F ig. 4)

having been chosen as a typical length. A fter the tran sito ry stage it
can be seen th at the plotted points scatter around the straig h t lines
with the logarithm of a time param eter as abscissa. This would seem
to indicate th a t the extent of scour would become infinite as time
became infinite — in contradiction to characteristic No. 3 of the first
section, th a t there m ust be a lim it to the extent of scour.
By reducing the velocity of flow afte r a scour hole had developed,
conditions could be imposed so th a t the sand particles rarely moved
at the point of impingement, and movement of any particle over the
crest was hardly conceivable. A n increase in velocity would increase
the amount of movement. The lim iting velocity for any given size
of scour hole was arb itrarily defined as the velocity which appeared
to carry particles to, but not over, the crest, during a period of ob
servation of several minutes. The points in Fig. 6 were thus ob
tained. To provide a distinguishing notation, x D at the lim it has been
called x L. A limit such as indicated in Fig. 6 and a relationship
between extent of scour and time as indicated in Fig. 5 can both
exist only if the tru e function is approxim ately logarithm ic over a
considerable range and yet approaches a finite limit. T hat such a
function can describe the phenomenon will be shown.
In order to obtain an independent measure of the capacity func
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tion, a sand hopper was added to the experim ental equipment. The
same experim ental procedure was used as before, except that, above
the slot, sand was supplied at a m easured rate. A scour hole and
dune formed as before and the p a tte rn was essentially the same as
w ithout the sand feed. The dune advanced downstream until the
rate of removal of sand from the scour hole equaled the sediment
supply. The position of the upstream face of the dune then moved
upstream . The effect of the boundary configuration on the capacity
of the flow was determ ined by relating each rate of sediment sup-
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ply to the position of the crest of the dune when the upstream face
was at its maximum distance from the slot. By varying the velocity
and by using a second sand the composite plot of Fig. 7 was ob
tained, thereby determ ining a capacity function,
Q,
b

K CV 65
w

(6)

2x d 4

in which b is the w idth of the channel, K 0 is a dimensional constant,
and w is the fall velocity of the sediment.
Since the sim ilarity of shape had been established, the ra te of
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scour p er u n it w idth could be w ritten as :
d
,
dA
d ( x D2)
dt

K,

dt

dt

in which the coefficient K s for the different sands is 0.14 for sands
M and A, and 0.15 for sand B. These coefficients were determined
from sim ilarity plots such as Fig. 3. By modifying the capacity
function to include a limit xL for which capacity would be zero, and
inserting Eqs. (6) and (7) in Eq. (1) a differential equation of
scour was obtained,
d (x n - )
K.

AYF0'5
(8 )

(' xd
)
X-d 4- -s LiJ
This equation can be integrated to give,

•( )

(.)

dt

w~

In

1 + 0

d/ X l Y

1— ( x DJ x Ly _

K q V 6-5

t

(9)

K sw 2X l °

As is seen from Fig. 8, the function / ( XdJ x l ) has the desired char
acteristics of approxim ating, over a considerable range, a straight
line w ith semi-logarithmic plotting and also being asymptotic to a
limit.
Agreem ent between the above theory and experim ent was realized
when values of xL from the straight line on Fig. 6 were used in Eq.
(9). T hat the xL values to be used in Eq. (9) are smaller than those
determ ined by experim ent might be expected, because Eq. (6) is
a simple approxim ation of the capacity function. The effect of tu r 
bulence is not fully included therein — especially a t the limit for
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which occasional turb u len t velocities, but not the mean velocity, can
be sufficient to enlarge the scour hole. I f the equivalent expression
for xL,

is substituted in Bq. (9), a new set of param eters for the coefficient
of t is obtained, and Bq. (9) takes the form :
t ( Xd^ _ K „ ( A y /P) 7/i

w /a

Ci6

K s V /V a A y/p

\ x j

a 13/*

^

(11)

w /a
= c2 --------- - ----- : *
K* V / V aAy/p

This equation is a mean line through the points in Fig. 9. The points
off the lower end of the line are from high-velocity run s of short
duration. Subtraction of a time for flow establishment would bring
these points closer to the theoretical curve. A combination of Figs.
8 and 9 results in Fig. 10, wherein the extent of scour, instead of
a function of the extent, is plotted against time.
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U nder the sponsorship of the Iowa State H ighway Commission
and the B ureau of Public Roads, the Iowa In stitu te is conducting
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a comprehensive study of the bridge-pier scour problem. The results
of the first two phases of this study have been reported in detail
elsewhere [3, 4] and only those results pertinent to the general
scour problem will be stressed here.
I f an obstruction, such as a bridge pier, is placed in a natural
sediment-bearing stream, the flow p attern in the immediate vicinity
of the obstruction is greatly modified. Since the capacity for sedi
m ent tran sp o rt is dependent largely upon the velocity at the level
of the particles in motion on the bed, the tran sp o rt capacity at
points near the obstruction will also be modified. As a result of the
variation in capacity in the vicinity of the pier, scour will occur
where capacity exceeds supply. The enlargem ent of the boundary
caused by the scour will fu rth e r modify the flow p attern — and in
tu rn the scouring action — continually approaching a limiting, or
equilibrium , flow and boundary condition.
F o r the study of the effects of velocity, depth of flow, and sedi
m ent size, a tran sp o rt flume, with a tra p for determ ining the rate
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of sediment tran sp o rt and an elevator for adding sand at th a t rate,
was used. A typical pier with a web set at an angle of 30° to the
flow has been used in all these experim ents to date. The range of
tests has included depths of flow from 0.2 to 0.9 foot and velocities
from 1.0 to 2.25 fps. The lower lim it on the velocity was the require
ment of appreciable bed-load movement; the u p p er lim it was im
posed either by an approach to critical flow in the flume or by sand
jum ping the trap. The variation of velocity and depth resulted in
a fifty-fold variation in the rate of sediment transpo rt. Sands A -l
and M of Fig. 2 have been tested.
The relation between equilibrium depth of scour and the velocity,
depth of flow, and sediment size is indicated in Fig. 11. The effect,
if any, of velocity and sediment size is so small as to be w ithin the
precision of the m easuring instrum ent. The effect of depth of flow
is considerable, although the relationship is not one of direct pro
portionality.
These experim ental results cau be rationalized in the light of the
general characteristics of the scour process. F o r the velocity to have
no effect on the equilibrium depth of scour, the capacity for tra n s
port of the spiral roller at th a t scour depth m ust always equal the
rate of sediment supply as furnished by the bed-load movement in
the flume. This can be tru e only if the capacity of the roller and the
capacity in the flume bear the same relation to the mean velocity of
flow. In the scour hole, the velocity at the grain level is a function
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1.0

of the velocity of the roller ; in the flume, it is a function of the
mean velocity. The velocity of the roller, as a first approximation,
could be expected to bear a constant ratio to the mean velocity of
flow. Therefore, the velocity at the level of the moving grains in the
scour hole and in the flume should result in balanced capacities no
m atter what the absolute m agnitude of the mean velocity. Essen
tially the same argum ent will explain the lack of change of scour
depth w ith a change in the size of the uniform sand.
A sim ilar analysis will show th a t the depth of scour should in
crease w ith the depth of flow. As a result of the vertical velocity
distribution, the velocity at the level of the moving sand grains in
the flume will decrease as the depth of flow increases. Since this ve
locity is the active agent of transpo rt, the rate of sediment transport
in the flume will also decrease. F o r an equilibrium depth of scour
to obtain, the capacity of the roller m ust sim ilarly decrease. The
vertical velocity distribution has only a secondary influence on the
roller velocity. The roller must, therefore, increase in size to be re
duced sufficiently in velocity, and thereby in capacity —- resulting
in a greater depth of scour for greater depths of flow.
The rationalization in respect to the effect of velocity on the
equilibrium depth of scour was confirmed by a series of tests on rate
of scour. F o r this series the sand bed of the flume was replaced by
bricks except in the vicinity of the pier. T ransport into the hole was
thus minimized. The ra te of scour as a function of the depth of scour
is shown in Fig. 12. The scour rate a t small depths of scour should
be disregarded because of the unsteadiness of flow during establish
ment, and at depths approaching the equilibrium because transport
into the hole becomes significant. I f the middle portion of each rateof-scour curve is extrapolated, the capacity of the roller at the
equilibrium depth is found to be equal to the tran sp o rt into the hole
un d er norm al tran sp o rt conditions.
Two qualifications, im plicit heretofore, lim it this analysis of
bridge-pier scour. The lower lim it is expressed by the requirem ent
for general bed-load movement. As flow conditions approach the
critical for sediment movement, the turbulence structure assumes
greater importance. The up p er lim it is expressed by the require
m ent for sub-critical flow ( F < 1 ) . The flow patterns for Froude
num bers g reater and less than u n ity will be m arkedly different.
Large scale experim ents are needed to explore fully the effect of
depth of flow 011 the equilibrium depth of scour. The depth' of flow
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should not be considered merely a geometric length variable. I n 
deed, its influence does not appear to be direct, but indirect through
its influence on the relationship between the tran sp o rt capacity in
the unobstructed stream and in the scour hole. The dynamics of
the flow and the state of the bed may, therefore, have secondary in
fluences implicit in the effect of the depth of flow. However, if the
qualifications mentioned above are met, the velocity of flow and sedi
ment size, insofar as they determ ine the absolute rate of transpo rt,
should not affect the equilibrium depth of scour no m atter w hat the
scale. I t is this simplification which gives promise th a t a correlation
between field and laboratory may be possible.
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By reasoning from a few premises, several general characteristics
of scour were dem onstrated — th a t the rate of scour is equal to the
difference between the capacity of flow and the rate of supply, that
the rate of scour decreases as the extent of scour increases, and that
there is a finite lim it to the extent of scour which is approached
asym ptotically. The first of these characteristics m ust be true of all
scour phenomena. The others are true if the flow p attern complies
w ith the restrictive assumptions made. F o r most cases of scour, the
assumptions are credible. Other assumptions, of course, might be
adopted to describe the flowr p attern in some special circumstances.
The deduction of sim ilar characteristics should then follow.
The re-examination of S tra u b ’s solution for the depth of flow in
a long contraction showed the assumed characteristics to be in ac
cord w ith a p articu lar case of scour for which laboratory and field
measurements were already available.
The effectiveness of these principles in an original analysis was
then dem onstrated for the case of scour by a submerged jet. By
using an approxim ate experim ental capacity function the differen
tial equation of scour was integrated to give a relationship between
the extent of scour and time. Experim ental data confirmed the
analysis.
The usefulness of the general concepts in interpreting experi
m ental results was illustrated for the case of scour around bridge
piers and abutm ents. The experim ental observations th at velocity
of flow and sediment size had no measurable effect 011 the equilibri
um depth of scour were rationalized from the premise that the
tran sp o rt capacities in the unobstructed flume and in the scour hole
have the same relationship to the mean velocity of flow. The equilib
rium then does not depend on the absolute rate of transport, but
only on a balance between the two capacities. The same reasoning
was used in explaining why the depth of flow had an influence on
the equilibrium depth of scour. Although this influence cannot
even be approxim ately expressed from the limited range of the experm inents, large-scale experim entation should provide data for
such an expression. The simplification of the problem th a t has been
obtained indicates th a t correlation between field and laboratory
should be possible since the absolute rate of transport does not need
to be scaled.
I n essence, the form ulation of the general characteristics tran s
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forms the scour problem into the problems of the determ ination of
flow patterns and of the relation between the flow p a tte rn and the
transport capacity of the flow. A lthough these two problems usually
depend upon experim ental determ ination, the general concepts p ro 
vide a guide for interpretation and analysis.
D

is c u s s io n

Mr. Parsons said th a t Mr. Laursen has employed straigh tfo rw ard
reasoning in the analysis of the scour problem. A logical concept of
the overall process of scour has been used as the basis for the test
ing program and for orderly determ ination of the associations of
variables th at enter into the mechanics of the scour process. The first
assumption or deduced characteristic th a t the rate of scour is equal
to the capacity of the flow at the spot under consideration less the
rate of supply appears to be ra th e r a definition of capacity.
He called attention to a tacit assum ption made in the analysis
which is undoubtedly correct for the conditions of the experiments.
This assumption is th at the fall velocity is the correct representa
tion of the effect of qualities of the bed m aterial. This is correct so
long as the mode of tran sp o rt is by suspension and th a t suspension
is due to vertical components of the flow. He felt th a t if tran sp o rt
is occurring in close proxim ity to the bed, investigators should seek
a more realistic expression of the pertin en t qualities of the m aterial
being transported. However, even here the fall velocity may be a
sufficiently close approximation.
Mr. Parsons believed th a t Mr. Laursen had deduced in a convinc
ing m anner th a t there is a finite lim it to the extent of scour. F u r 
thermore, he had devised and perform ed ingenious tests to prove it
and to measure the scour at the limit.
Mr. Rouse wished to emphasize the point th a t neither the velocity
of flow nor the size of sediment affects the scour around bridge piers.
This significant conclusion, which results from the interrelated de
pendence on mean velocity of the tran sp o rt both on the stream bed
and in the scour hole, leads to a m arked simplification of a complex
problem.
Mr. J e tte r expressed his interest in the work of Y arnell and Nagler in determ ining bridge coefficients. He once asked Y arnell what
would be the effect of debris caught against the bridge piers on the
discharge coefficients. F u tu re studies could be made along the line
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of the effect of debris on scour and on the design of piers to mini
mize debris catchment.
Mr. Izzard said th a t practicing engineers are aware of the drift,
or debris, problem, but feel th a t the general problem m ust be at
tacked one factor a t a time. There are a num ber of variables which
affect the problem ; as some are understood, others will be added.
The relationship of the bridge opening to the total flood plain is a
geometric variable th a t may be im portant. The work which Kindsvater is doing for the U. S. Geological Survey indicates the impor
tance of this p a rt of the general problem even though his work is
confined to a fixed bed. There is some indication th at the amount
of backwater caused by a bridge opening is not changed by piers in
the opening. The losses from constriction at the bridge seem to be
much more im portant th an the pier losses studied by Yarnell.
Mr. Joh n Dawson said th a t research perform ed under his super
vision indicated an appreciable movement in the sand two inches
below a sand bed in movable beds.
Mr. Albertson reported on a study in his laboratory of the scour
resulting from solid and hollow jets directed vertically downward
onto a bed of erodible m aterial. W ith low tailw ater elevations the
scour hole was small. I t increased as the tailw ater increased, reach
ing a maximum and then decreasing. This was contrary to his ex
pectations, bu t he believed th a t it was due to changes in secondary
circulation.
Mr. L aursen said in conclusion th a t considerable experim enta
tion remains before the questions raised by the discussors can be
answered. As Mr. Rouse pointed out, the absence of effects of ve
locity and sediment size on the equilibrium depth of scour around
bridge piers is a big step in predicting scour in the field from model
studies. However, the effect of depth of flow is very probably not a
simple geometric effect b u t may be related to the boundary layer.
F urtherm ore, the sorting th a t can occur with n atu ra l non-uniform
sediments m ay have a great im portance in the field. Mr. Izzard has
mentioned another im portant consideration of the bridge scour
problem — the constriction effect. This is likely to be especially im
p o rta n t if the floodplain carries a high percentage of the flow but
not an equivalent sediment load. Scour may also be a factor in the
discharge relationship which K indsvater is studying. Mr. .le tte r’s
question as to the effect of debris cannot be answered at this time.
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Debris would certainly change the geometry of the pier. This effect
will be studied as the program continues.
Movement as deep as reported by Mr. Dawson has not been noted.
In the case of the bridge pier, the shifting moving sand was only
a few grain diameters in thickness. In the case of the submerged
jet the layer of moving sand was thicker where the je t impinged.
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