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SUMMARY

The depth of scour at the toe of the emergency spillway of the
Queen Creek fléod retarding structure will be the sum of the degradation
associated with the reach downstream the spillway and the local scour
occurring at the base of the spillway. The large magnitude expécted flood
fiows in the reach downstream from the structure will have the capacity
and competence to remove the six-foot thick, sand and gravel layer compos=-
ing the surféce material in this wide drainageway. Underlying this sand
and gravel layer is a sand, gravel ana cobble layer which is over six-feet
thick, and the cocarsest 20%, with a mean size of fﬁur inches, should not
be moved even by the highest expected flows. ,Self-sorting as two feet of
this underlyin§ IAYer ié'aegraded shoﬁld result in an armour Iayer of
cobble and a limit to the degradation. .

A general argument was used to establigh the form of the model-
prototype relationship for local scour below a spillway such as the
baffled-apron. A few data points were then sufficient to draw a tentative
curve for the relative depth of local scour ds/yc as a function of ’ro'/'tc
which can be approximated as 0.27 (y<:/¢i)z/3 (ds is the depth of local
scour measured from the original stream bed elevation, Yo is the nominal
critical depth, @ is the diameter of the sediment, and To'/Tc is the ratio
of the boundary shear in a critical flow to the "critical" tractive force.)
Especially if during construction, cobbles are placed at the predetermined
scour level, the local scour should be no more than four feet.

The ﬁestAestimate of the possibleAscour at the eﬁergency spillway
of the Queen Creek structure is therefore 6 feet plﬁs 2 feet plus 4 feet or
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a total of 12 feet. The reach downstream from the structure for a distance

of 1000 feet or more should degrade to form a rectangular channel 1600 feet

. wide and 8 feet deep.
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LOCAL SCOUR BELOW SPILLWAYS

Scour of the stream bed (or banks) occurs when the capacity of the
flbw to rémove sediment from an area is greater thén the supply of sediment
to that area. This is simply a statement of mass conservation as applied
to sediment; althouch it might be noted that in speaking of the capacity of

the flow to remove sediment there is an implication that the flow is compe-

“tent to move the sediment particles composing the boundary material. This

notion of scour can be extended (see "Observations on the Nature of Scour”
in Appendix) to demonstrate both the éxistence of a limit to the size of a
scour holé, and the eésential difference betweeﬁ scour with and without a
supply of sediment ($cour by sediment-transporting flow and clear-water
scour) . o

For either case, in a steady, uniform flow there will be no scour.
If the flow entering the area under consideration supplies a certain amount
of sediment, the flow leaving the area, being the same, can remove exactly
the same amount--no more, no less. In the case of clear-water scour a
slight non-uniformity of the flow would even be possible; as long as both
the entering and leaving flow were unable to transport sediment. Scour
occurs then only if the capacity and competence of the flow varies along
the flow, and the capacity and competence only vary if the flow itself
varies. An analytical solution to a scour problem depends, first, on an
ability to describe the flow and, second, on being able to relate the flow
characteristics to the capacity and competence of the flow. The use of a
hydraulic model as an analog computer does not entirely bypass the need
for analysis because the model is always distorted and results must be
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interpreted and corrected before they will adequately describe proﬁqtype

behavior.

The only geometry for which an analytical sclution of scour has

been made is the long contraction--long in the direction of flow--because

for this geometry both the flow and the relationship between the flow and
the capacity and competence to move sediment can be adequately described
(see "Scour at Bridge Crossings" and "Analysis of Relief Bridge Scour" in
Appendix) . Model studies of scour around bridge piers and abutments can
be interpreted in the light of the long contraction sclutions, a few key
observations of the flow patterns of the mbdels, and a few assumptions.
The few prototype measurements of bridge pier scour are less than com-

pletely satisfying but seem to verify the predictions based on the model

studies.

In the case of scour by sediment-transporting flow, the indication
is that the depth of scour can be expanded by the model scale to predict
the depth of scour in the prototype and that velocity and sediment size
have little or ho effect if the transport conditions are well above the
critical for movement. This model-prototype relationship should also be
true, but would differ in detail, if a spillway is a drop in a canal

system transporting bed load.

However, if a spillway is part of a dam and reservoir system, the
flow over the spillway would be clear water (possibly muddy with very
fine sediment, finer than the sediment that would be scoured out below the
spillway), and in this case both velocity and sediment size do make a dif-
ference. Because gravity forces dominate, spillway models are run with a

model-prototype velocity ratio equal to the sguare root of the length ratio




" (or model scale). The major characteristics of the floﬁ are then similar
in model and prototype, but certain minor characteristics like the shear
and the boundary layer would require that the Reynolds number asAwell as
the Froude nuﬁber be the same in model and prototype, or that the velocity
ratio be the inverse of the length ratio. Velocities and depths can be
measured in the model and increased to prototype scale by the model-proto-
type Froude relationship. Boundary-layer effects must be calculated in
model and prototype and compared. Where conditions are very different
from the flat plate, such calculatipns become questionable. The matter of
the scour to be expected below spillways is even less well understood, and
' the prediction of prototype scour from model results if made at all is

usually made with many qualifying phrases.



THE HYDRAULICS OF SPILLWAYS AND STILLING BASINS

The standard spillway and stilling basin consists of a dam section

- modified to an ogee section shaped at the crest to the lower nappe of an

overflow weir and with a circular curve at the toe leading into the still-

ing basin containing baffles and an end sill as shown in Figure 1. The

“Figure 1. Typical spillway and stilling basin.

crest is a control section with the flow going through critical; the depth
and velocity combination having minimum specific energy. However, the
crest depth (which is truly critical) is not the nomiﬁal critical depth

Y, = VqZ/g because the pressure distribution is not hydrostatic and the
velocity is neither uniform nor parallel. On the sloping face the flow is
super—criticai and apprbaches uniform, normal flow. In the stilling basin
a hydraulic jump is formed and the flow out of-the basin is again sub~
critical. The baffles and end sill contribute to the force system acting
to change the momentum flux from the high value of the entering flow to
the low value of the flow leaving the basin. It is important to realize,
however, that contributing a force to the flow system is not as important

4
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as the fact that the force is variable depending upon the position of the

jump in the basin. Changes in the tailwater can thereby be compensated

. with small changes in the jump position. Keeping the jump in the basin

with varying tailwater is the primary function of baffles. Although the
end sili has this same function, even more importantly it deflects the flow
away from the stream bed. A secondary ioller is formed between the stream
bed and the flow issuing from the basin and stream bed material tends to be
dragged back towards the basin. If the slope of the scoured stream bed is
much less than the angle of repose, the spillway and stilling basin should
be safe even if the prototype scour is larger, relatively, than the model
scour. Model scour patterns which do not pose any danger to the structures,
and relative scour depths between one geémetry and Qnother have usually

been considered sufficient interpretation of model results.
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THE HYDRAULICS OF THE BAFFLED-APRON SPILLWAY

In the baffled-apron spillway (BuRec Basin IX), the stilling basin
is eliminated and the baffle piers are moved to the sloping face of the
overflow section. The opening paragraphs of BuRec Engineering Monograph 25

describes the structure and the flow as follows:

Baffled aprons or chutes have been in use on
irrigation projects for many years. The fact
that many of these structures have been built
and have performed satisfactorily indicates
that they are practical and that in many cases
they are an economical answer to the problem
of dissipating energy. Baffled chutes are

used to dissipate the energy in the flow at a
drop and are most often used on canal wasteways
or drops. They reguire no initial tail water
to be effective although channel bed scour is
not as deep and is less extensive when the tail
water forms a pool into which the flow dis-
charges. The multiple rows of baffle piers on
the chute prevent excessive acceleration of the
flow and provide a reasonable terminal velocity,
regardless of the height of drop. Since flow
passes over, between, and around the baffle
piers, it Iis not possible to define the flow
conditions in the chute in uvusual terms. The
flow appears to slow down at each baffle pier '
and accelerate after passing the pier, the
degree depending on the discharge and the
height of the baffle piers. Lower unit dis-
charges result in lower terminal velocities on
the chute.




The chute is constructed on an excavated
slope, 2:1 or flatter, extending to below
the channel bottom. Backfill is placed
over one or more rows of baffles to restore
the original stream bed elevation. When
scour or downstream channel degradation oc-
cur, successive rows of baffle piers are
exposed to prevent excessive acceleration
of the flow entering the channel. If de~
gradation does not occur, the scour creates
a stilling pool at the downstream end of the
chute, stabilizing the scour pattern. If
excessive degradation occurs, it may become
necessary to extend the chute.

The flow would, indeed, be complex because it is around and over

roughness elements of the scale of the flow, on a steep slope in a gravi-

. tational field. However, after enough rows of baffles so that the flow

pattern is repeated around each baffle pier, an approximate momentum
analysis can be performed equating the weight component in the direction
of flow to the drag force on a single baffle pier. The control volume is
taken halfway to the adjacent piers in all directions so that the momenﬁum
flux and pressure force on the section; through which the flow enters and
leaves are equal. The shear forces resisting movement are small compared
to the pressure forces on the pier. For a baffle pier of height h, width
1.5 h, volume 0.675 h?, 3 h center-to-center in the row and 4 h face4to-

face in the column, the weight component down a 1lV:2H slope is

W sin 6 = 2224 (12 h? y - 1.35 1Y)
Y5

where y is the depth of flow measured normal from the chute (apron) slope.

The drag force is
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where the average velocity V is based on the clear area at the face of a

pier

- 3hag - q
3hy - 1.5 h? y -0.5h

v

and
=gy}
Equating the weight component to the drag force results in a relationship

between y, h, and Y, or q:

CD 3 =CD 2
7.15 Yc 230 €.

(y - 0.112 h) (y - 0.5 h)? =

These approximate relationships are plotted in Figures 2 and 3 with an

assumed value of C_ = 4; twice the drag coefficient for a two-dimensional

D
plate to try to account for the separated, high velocity jet flow between

a pair of piers striking the pier in the next staggered row. The y vs. g
curves fall below roughly averaged nominal depths shown in Monograph 25.
The approximate analytical curves could be raised by assuming a higher
value of CD' but the experimental pfofiles...."are higher than the profiles
shown in a photograph of the same test” becaﬁse "water surface measurements

were made with a point gage and a scale, taking the maximum water surface

at each measured point."
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The plot of the nominal velocity V vs. g shows much higher veloci-
ties than the measured velocities cited in Monograph 25, but it is not
clear where the experimental velocities were measured. The interesting
feature of the approximate analytical curves is that the velocity only in-
creases modestly with a doubling of discharge, and there is even less

effect in increasing the baffle pier height from three feet to five feet.
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LOCAL SCOUR AT A BAFFLED-APRON SPILLWAY

The flow along and at the tail end of a baffled apron is highly
turbulent with an unknown but very non-uniform velocity distribution and
a difficult to define thickness. Still and all, it is a jet impinging on
the tailwater and eventually on thé streambed. In the pool between the
tailwater and the streambed it is decelerated and diffused through the
tﬁrbulence created at the shear face between the jet and the pool as
ﬁappens with any submerged jet. Xt the streambed it is turned to the
horizontal, and when the scour hole is formed, up. The flow exerts forces
on the boundary particles and moves them out of the scour hole until at
the limit the pool is big enough to slow the flow sufficiently so that the
sediment particles are no longer moved out of the scour hole. There may
still be some shifting of the sedimenﬁ particles by the turbulent flow at
this limiting andition and yet no increase in the size of the hole.

An analytical solution is not possible, but even model studies
need a modicum of analysis for interpretation. If a model is to be dynam—
ically similar to a prototype it must also be geometrically similar and
kinématically similar. Except for the scour hole, geometric similarity is
easy to gchieve. Kinematic similarity will be very closely approximated
for f%ow in a structure such as this by use of the Froude criterion that
the relative velocity ratio, Vr = Vm/Vb = /E;'where the model scale Lr =
im/Lp. The velocity at any point in the model relativg to a reference
velocity would be the same as the velocity at the combarable point in the

prototype relative to a comparable reference velocity in the prototype.

12
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A convenient reference to use is the nominal critical velocity V, = Yg Y.
— 3 .
= ¥g q , and for linear dimensions Yo = Yg2/g . Whether this combination

of velocity and depth exists anywhere in the model is immaterial; all real

.velocities and depths will be related to these reference conditions by the

flow rate q and the geometry of the structure.

Dynamic similarity for the pressure forces of the baffles on the
.flcw and the consequent éffects on the flow can be expected to be similar
if the Reyno;ds number of the model is above 10’, which ordinarily would
be true. Dynamic similarity for the forces on the sediment particlés, and
the consequent scour, is another matter. Imagine a‘channel added to the
structure upstream of the crest; this channel to at critical slope with the
nominal critical depth énd critical velocity being characteristic of the
flow. This imaginary channel would be composed of fixed sediment particles
the same as those which would compose the surface of the limiting scour
hole; because of self-sorting this armour layer would be coarser than the
sediment to be scoured out.

If the relative roughness and the Reynolds number of the flow are

large enough the boundary shear can be written as
where d is the mean size of the sediment in feet. The expression comes
from using n = 0.0355 al/® in Manning's equation. Now if this boundary

shear is compared to the critical tractive force'required to move the sedi-~

ment particles an expression of scour tendency results

Ty/1 = v3/120 yi/* a?/?
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if the critical tractive force T, = 4 d (note that this meaning of “criti-

cal” is for the beginnihg of sediment movement and has nothing to do with

_the other sense of critical as being the minimum specific energy level.)

If the sediment in model and p¥ototype are both sand or gravel and the
size of the sand is larger than the thickness of any possible laminar sub-
layer in a éomparable flow on a smooth surface, the wvalue of Té/Tc should
be about the same in model and prototype if the size of the sediment in
model and prototype are related by the model scale. The tendency for
movement would certainly be the same in the imaginary channel upstream of
the crest. At the surface of the limiting scour hecle Ta/tc = ] in both
model and prototype, and although it is difficult to say what velocity and
length should be used in evaluating T6 and jusf‘how they would be related
to the boundary sheaf, if the scour holes in model and prototype were in
proportion‘to the model scale, it is reasonable to suppose that the condi-
tion of‘Té/Tc = 1 would be satisfied in both model and prototype. Or, to
reverse the statement, if the sediment size is scaled up, the depth of
scour and the shape of the scour should be similar in model and prototype
and in the ratio of the length scale. !
For a‘given geometry of structure, one might expect the relative /
scour depth ds/yc ﬁo be function of Té/Tc: the larger the boundary shear/
critical tractive force ratio, the larger the ds/yc ratio. A somewhat
different but roughly parallel function could be expected for every differ-
ent spillway geometry or change in Yo According to Monograph 25 for a

prototype discharge rate of 60 cfs/ft and presumably using a 0.5 mm sand,

a 1:16 model gave prototype scour depths of 8 feet to 12 feet (prototype
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scale) with baffles of various size. At lesser discharges, the scour
depths were somewhat less.

A comparable scour hole is found at the toe of rapids in the
Colorado River; the geometry of the rapids is random'rather'thag reqular
and the rocks (baffles) range in size with most smaller than 0.8 Y, but
some larger. However, there is a jet similar to that of the baffled-apron
spillway penetrating the tailwater and scouring the bed. The flow flucu-
ates on a daily and weekly basis for power genetation at Glen Canyon dam
and for loﬁger time periods with storage requirements in Lake Powell; The
‘sediment being transported has a mean size of about 0.3 mm but the séour
hole may be armoured. The unit discharge at the ﬁypical rapids is about
66 cfs/ft and the scour depth is about 25 feet. Thus three data points
of more-or-less precision are available. Since Vc and y, are related to

g, the boundary shear/critical tractive force ratio can be written as

' 2/3

The graphical scour depth relationship shown in Figure»4 is a
guess, but an informed guess. For some size of sediment the scour would
be zero; this size in reality might be so big that the geometry is changed.
As the sediment size decreases the scour increases, but the function should
be approximated by a power less than unity. A family of curves within the
band shown would be expected for different geometry. The scale of the

structure is given by Yoo all other dimensions would be fractions or
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Figure 4. Possible scour at a baffled-apron spillway.
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multiples of Y- The sediment must be granular and cohesionless and, if

Tc#4 4, a proper correction should be made.

One very important caveat should be noted. The Bureau of Reclama-
tion tests were for one-half hour and the limiting scour might not have
been attained. 1If the limiting scour is greater than cited, the lower part

of the curve, the part to be used, would be raised some unknown amount.
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DEGRADATION BELOW SPILLWAYS

Another kind of scour which must also be considerea is the degrada-
tion which occurs in the reach'below the spillwﬁy. The reservoir created
by the dam traps the sediment supplied from upstream. Although if the
reservoir is shallow some very fine sediment (clays) might not be trapped,
the sands and gravels, the type of material to be scoured out downstream
will be. The reach immediately downstream from the spillway will be
scoured out to the limit where the flow can no longer move the‘boundary
materials. At the toe of the spillway this action is aside from but will
be intermingled with ﬁhe local scour. The sediment écoured out égpplies a
load temporarily to the next area downstream, but when the first area is
scoured out no more material is supplied and the next area is scoured out.
As a first approximation each finite area is scoured out to be followed by
the next. The lowered velocity in the degraded portion of the stream has
a lesser ﬁelocity and, therefore, a lesser slope to the energy gradient and
to the water surface. Thus the water surface droés and more scour takes
place. The degraded reach becomes longer and longer and the stream bed
elevation just below the spillway becomes lower and lower until some other
factor stops the degradation. This other factor can be a lake or reser-
voir which limits the drop in water'surface, or a layér of coarse sediment
which the flow cannot move and therefore limits the drop in stream bed
elevation. This layer of coarse sediment can be created during the degrad-
ation of the reach if enough coarse material to armouf is left behind from

the material being scoured out of the bed.

18
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PREDICTION OF THE PROBABLE SCOUR AT THE QUEEN
CREEK EMERGENCY SPILLWAY

There are two parts to the prediction of the probable scour at the
Queen Creek emergency spillway. The first.is the prediction of the local
scour at the base of the spillway; the second is the prediction of the de-
gradation in the reach below the spillway for this is the base from which
the local scour is measured. Both predictions musﬁ be gqualified, but

should serve for preliminary design. Further studies will be needed for

final design.

Predicted Local Scour‘

The basis for the prediction of the scour was laid in a previous
section of this report as ds/yc as a function of yc/d; a log~-log plot of
the desired relationship is shown in Figure 5.

Assuming the height of the baffle piers h = 0.8,yc and the other
dimensions as tested by the Bureau of Reclamation and recommended by them,
determinations were made of the probable depth of the scour for unit rates
of discharge of 60, 80 and 100 cfs/ft, and mean sediment sizes of 1/2, 1,
2, 4 and 8 inches with the results shown in Figure 6.

The samples of top layer of alluvium, about 5 to 6 feet deep, have
a mean size of between 1/2 and 3 mm and maximum sized gravel of about 3
incﬁgs. This layer would probably completely vanish in a large flood be-
cause there is very little material to provide an armour layer. The next
layer of sediment is much coarser and goes down to over 12 feet below the

land surface. The mean size of this mixture of sand, gravel and cobble is

19
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between 3/8 and 2 inches.in.the different samples.and'the maximum size‘
cobble is between 6 and 12 inches. The 90% size in the samplés varied
between 2 and 8 inches with the average about 5 inches. There probably
would be enough coarse gravel and cobble size particles to armour the
scour hole and limit the local scour to 4 feet. Since part of the layer
has to be removed to form and placé the concrete it would be more certain
if the material was roughly sieved and the coarsest 20% laid out f;om the
base of the structure in the shape of a natural scour hole as shown
schematically in Figure 7. Details of the shape and length of the scour
hole should be available from past Bureau of Reclamation model studies, or
from the.final design tests planned for the Queen Creek structure. The
armour (riprap) strip should be 12 to 16 feet wide, but need not extend to
the downstream end of the scour hole--only far enougﬁ to turn the jet up.

Depending on the final decision as to the unit rate of discharge,
the dimensions chosen for the baffle piers, and the availability of riprap
material to armour £he shaped scour hole, it should be possible to limif

the depth of local scour to four feet~-but four feet down from where, is a

T e e e e aee s e e = - - . e et —

question.

Figure 7. Artificially riprapped local scour hole.
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Predicted Degradation

The depth of locél scouf must be measured from the deéraded stream
bed--not the original stream bed. Except for possibly some very fine sedi-
ment particles, the resérvoir behind the dam seives as an excellent trap.
As a result the flow away from the spillway has an ability to transport
sediment, and it will do just that. The sediment it transporté will come
from thé streambed which loﬁers and lowers and lowers as time goes on.
Trying to follow this process through time and space is: (1) difficult,
(2) depends on the probability of occurrence of various series of extreme
events, and (3) requires a good understanding of the sélf-sorting action
whereby the composition of the bed matérial gradually changes. If a limit
to the degradation will not be reached during the life of the dam and
reservﬁir, such a solution must be sought even if the confidence that can
be placed in such a solution is less than desirable. A more certain
answer can be obtained if a limit sensibly exists and the details of just
how it is achieved can be bypassed. .

The first step is to describe the normal, sediment-transporting
flow. This has been done in Table I assuming a rectangular cross-section
so that the discharge is categorized by the unit rate of discharge q.
Mannings formula with a n = 0.30 has been used to find depth y and velocity
V, and Strickler's n to find the particle shear T! = v3d_'/3/30 v,

A sand and gravel layer about six feet thick overlies a sand,
gravel and cobble layer at least six feet in thickness. The percent finer
curves for these two sediments are shown in Figure 8. In averaging the

samples a weight was given to the thickness of the layer from which in-

dividual samples were obtained.
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’ Table 1. Normal Stream Flow Characteristics
' q (cfs/ft) 20 40 .60 80 100
: y (ft) 2.82 4.26 5.43 6.45 7.41
! vV (fps) A 7.10 9.40 11.05 12.40 13.50
F (/Yoy} 0.74 0.80 0.84 0.86 0.88
! /gys (fps) = 0.69 0.85 0.96 1.05 1.12
T,' (4, =2. 1mm) 0.23 0.35 0.44 0.52 0.59
l T ' (d,=17.2um) 0.45 0.69 0.88 1.04 1.18
!E 100 ////, ////,
% . i
: 80 ////, ///
k . A
I‘g 1 l///,/’ ////,
} ) JZQ//
- ‘ «Surface Layer /
IE; 40 7 L
% 30 / - A&r#ﬁng‘ Layer
Ikg 20 l/// A’/’/’/,

Size distribution of surface and underlying material at Queen

Creek.
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sphere falling by'itself in 10°C water.

Table 1I. Bed Material Characteristics

25

In order to evaluate the sediment-transporting characteristics of
the flows, each sediment was divided into five equal fractions with the
characteristics shown in Table II. The critical tractive force was evalu-

ated as Tc = 4 @, and the fall velocity w as if the particle was a quartz

Surface Layer

440 420 d50 d30
a (um) 33 9.2 2.1 0.68
a (£t) 0.11 0.030 0.0069 0.0022
T_(pse) 0.43 0.12 0.027 0.0089

w (£ps) 4.44 2.36 0.92 0.32

Underlying Layer

a a,. a a

20 70 50 30
a4 (mm) 110 48 17.2 3.2
a (£ft) 0.36 0.16 0.057 0.011
Tc(psf) 1.44 0.63 0.23 0.042
w( fps) 8.13 5.38 3.21 1.18

le

0.25
0.00082
0.0033

0.092

90

0.42
0.0014
0.0055

0.148

evaluated by the use of the eguation

- PR | .
c = 2 p(;) ' (;;— - 1) £ 'w )

The sediment-transporting characteristics of the flows can then be
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from which both the concentration and composition of.the total sediment load
can be obtain (E is percent by weight). (For a full explanation of the
relationship see "The Total Sediment Load of Streams" in the Appendix.) The
computations are summarized in Tabies III and IV.

What do these computations imply? First, it is obvious that most
of the sediment load is derived from the finest fraction of the bed material.:
This finding is not unusual--rather it is typical--and the 1.5% by weight
concentration for a unit discharge g = 80 cfs/ft is also to be expected'for
a stream such as this. If the flow could get at this finest fraction and
maintain a concentration of 1.5% by weight, it could sweep out the finest 20%
of the six-foot thick surface layer for a distance of 1000 feet in 16 minutes.
prever; it cannot get at all of the finest fraction because the
fraction does not move out at the same rate; it would take over five days to
move the coarsest 20% if the conditions (depth, velocity, sediment, etc.)
stayed as calculated. The bed material would coarsen, the sediment load
would reduce by a factor of 10, but at rates of flow of 60, 80, 100 cfs/ft
all or almost all the surface layer would be removed for a considerable
distance downstream from the spillway. It is possible that the very coars-
est of the coarsest 20% would remain, but probably not enough to armour the
stream bed.

As the streambed in the first short reach below the spillway is
degraded (lowered) the depth of flow is increased and the velocity is de~
creased for the same unit discharge. This decreases the capacity of the
flow to transport sediment and decreases the rate of degradation, but this

tendency does not last. As the degraded reach lengthens, the water surface

e
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~Table III. Computation of Total Sediment Load for Surface Layer

P (d/y)7/6~ ({o'lrc 1) f(v/3yS/w) c(% by weight) % of total load

0
NN

COMNMYVW
v @

q = 20 cfs/ft, dm = 2.1 mm
.2 0.0224 0 6.5 0 0
.2 0.00493 0.86 7.9 0.007 1.1
.2 0.000895 7.21 13 ' 0.017 2.7
.2 0.000239 24.3 40 0.046 ' 7.4
.2 0.0000746 . 67.6 550 0.555 88.8
0.625
q = 40 cfs/ft, dm =2.1mm
0.2 0.0138 0 7.0 ' 0 -0
0.2 0.00304 1.86 8.2 0.009 1.0
0.2 0.000551 11.6 14 _ 0.018 1.9
0.2 0.000147 37.9 - 42 0.047 5.0
0.2 0.000046  104.2 900 0.863 92.1
0.937
q = 60 cfs/ft, dm = 2.1 mm
0.2 0.0105 0.18 7.3 0.003 0.2
0.2 0.00229 2.65 ° 8.8 0.011 0.8
0.2 0.000417 15.1 15.5 0.020 1.6
0.2 0.000111 48.5 62 0.067 5.5
0.2 0.0000347 133 1200 1.108 91.7
1.209
-q = 80 cfs/ft, dm = 2.1 mm
0.2 0.00853 0.235 7.5 0.003 0.2
0.2 0.00187 3.34 9.0 0.011 0.7
0.2 0.000341 18.1 18 0.022 1.5
0.2 0.000091 58 80 _ 0.084 5.7
0.2 0.0000284 158 1500 1.346 91.7
: 1.466
q = 100 cfs/ft, dm = 2.1 mm
0.2 0.0072 0.37 7.9 0.004 0.2
0.2 0.00159 3.91 10.0 0.012 0.8
0.2 0.000288 20.6 19 0.023 1.4
0.2 0.000077 65.6 90 0.091 5.6
0.2 0.000024 179 1750 1.504 92.0
1.634
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. FUNDAMENTAL OHARAOTERIBTICS OF SOCOUR | B SRR
" Within the framework of our knowledge of physical phenomens, ;.
certain general characteriatics of the process. of scour can be form-
ulated. Since in many areas the framework exiats only in broad out- ¢
line, our insight into the more detailed features of seour must de- ]
pend on experimentation. These details, however, must be consistent
"with the general characteristica; and the formulation of genersl :
characteristics, therefore, establishes an outline for the interpreta- |
;- tion of experimental observationa. S R
i Boeour can be defined as the enlargement of a flow section by the ;i
‘ removal of material compasing the boundary through the action ;
. of the fluid in motion, Implicit in this definition ia'the fact that the
' moving Buid exerts forees on the particles composing the boundary, :
*  oauaing their movement. The amount of material which the fluid ean’
‘mave or transport, in unit time, is termed the capacity of the flow.’
- If the principle of conservation of matter is accepted, the local
“rate of scour is equal to the difference between the rate of removal
- 'and the rate of supply, Moreover, gince no distinction is made be-’
" tween the material supplied and the material scoured, the rate of
removal must equal the local capacity of the flow. Application of this
" concept to the more detailed characteristics of the seour process ia
. poasible if certain assumptions regarding the flow conditions at the
~ boundary are made. - Coe
. Evyen if the bulk flow is constant with time, the change in the
boundary configuration because of scour results in unsteady flow
conditions along the boundary. In general, the enlargement 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
geour must then decrease as the difference between the capacity and
the rate of supply decreases. Implicit in the foregoing statement is

t




81

Pnocnmuaa or 'l’lll I‘m-s nnuvuou Oo)tnnum
1

the notion of a limiting extent of scour. The rate of ncan will equal

zero when the capaonty is exaotly equal to the lupply. That a limit -

exista, for which the rate pf scour is equal to zero, can be deduced
with the aid of two further assumptions.

The premise that the yelocity decreases ag the flow. gection en-
larges can be expanded ta require that the velocity becomes zero
when the boundary extends to infinity. If the rate of flow is finite
this assumption is assuredly acceptable. and is sufficient to prove

that a limit exists for the case in which material is supplied to the

scoured-area, 1f the eapacity decreases with the velocity then there
must ba some finite boundary position for which the capacity equals
the supply. Thia position will ba the limit to the extent of scour.

For the case in whigh there is no supply to the scour hole an addi- ~ ~

tional assumption is needed — that below gome eritical velocity the
capacity is zero. There must then be some flnite boundary position
for which the velocity decreases to this eritical value and the rate
of scour becomes zero. For the casq of no supply, this ponition satis-
fiea 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

limit must be approached asymptotically ean be shown, If the limit -

were to be reached in finite time, the scour must continue beyond

the limit, or deposition (negative scour) must occur after the limit .

is reached, or the seour process must be deacribed by two funetions,

-one before and ope after the limit, None of these possibilities is ad-

missible. Deposgition would require a two-valued relation hetween
the capacity and the diﬂ.'erencg between the actual and the limiting
boundary, Continued scour ig not compatible with the concept of
limit. Unless some new farce is added there is no reasan why the scour
function should ehange at the limit. If the limit is approached
asymptotically, however, no.matter how small the difference be-
tween the actual and limiting boundary, there is always a small rate
of scour so that the limiting position iy approached more closely.
Not until the limit ia reached at infinits time does the rate of scour
become zero, This process is orderly and continuons. '
To recapitulate, the followipg 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 eapaci-
ty for transport out of tho.. Jured area and the rate of supply of
material to that area. B ’

D P
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2. The rate of scour will decrease as the flow section i enlarged,
+ 8. There will be a limiting 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 matter, and two re-

strictive assnumptions that describe the kind of process the scour

phenomenon is expected to be. The two assumptions, which are not

overly restrictive but rather credible in the light of general knowl-
edge of fluid mechanics and sediment transportation, ave:

1. The movement of the fluid along the boundary ceases when the
boundary extends laterally to infinity, '

2. The capacity of the flow decreasés in a single-valued eontinu-
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, at this stage, about the -
mechanism of transport or the method of supply. It should be kept
in mind, however, that only conditions at the boundary are under
cansideration,

APPLICATION oF FUNDAMENTAL PRINCIPLES

By using symbolio terms the firat general characteristis can be
written as an aqnatlon of scour, .

- LB =g(B)—8 a)
where B is & mathematical description of the bonndary, so that
T [I(B)] in.the rate of scour,

a(B) in the capacity of the flow as a function of the bonndary
position, and ’

8 is the rate of supply :
To apply this equation tp a specific mtuatxon, the rate of supply
and the eapacity of the flow (es it varies with the boundary posi-
tion) must be known. If the relation between,capacity and the ve-
locity distribution near a boundary were known exactly and if meth-
ods were available to specify the flow pattern for any boundary
condition, the equation of scour could be used to solve any scour
problem. For most instances such a relation and such methods are
not available and recourse must be had to approximations and ex-
perimentatlon

How the solution for a specxﬁo mstanee of scour could be obtained
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within this general framewqu can be seen by an examination of a
paper by Strauh [1]. The specific aituation was the equilibrium *
depth obtaining in long channel contractions. The procedure was

quivalent to setting 5 [/(B)] =0 and salving for the limiting

condition of scour. At the limit the capacity for transport in the
contracted, scoured section must equal the rate of supply — which
is equal to the capacity. for tranaport in the uncontracted section,
The contraction wes sufficiently long that essentiaily uniform flow
was established. . : :

‘The flow waa described by Manning's formula with the same val-.«;

ue of n in the contracted and uneontracted sections, .

C 0= yamen =R wdegir @)
and the capacity was described by s sediment transport formula
of the DuBoya type with coefficients experimentally determined,

9(B) =Wigydi8; (yd181—7,) = WagydsS1 (ydaSg—v.) =8 (3)
Upon combining Eqa, (2) and (8), an equation for depth of flow
in the contracted portion is formed, ' .

. T 13, MY

. d ] Lo f.+
- dy
dy= (W) 5

2 (d:"‘;:é“) '

In these and the following equations,

Q and Q, are the ratea of flow of water and sediment

y and v, are constants T

8, and 8, are the slopes in uncontracted and contracted sections,

B ia the contraction so that Ws = (1-—-ﬂ) W;, and
" d, and d, are the depths in uncontracted and contracted sectiona.

Experimenta ip the laboratory confirmed this relationship very
closely. Such confirmation could be expected since the coefficients in
the transport equation were determined under similar conditions.
Whether Eq. (4) will apply to field conditions depends not on Bq.
(1), which must be vé.li‘ﬁ but on Eq. (2) and especially Eq. (8),
which.are approximate, Equation (4), with 7, equal to zero, is very

[y ("*";a':)]
;E:)T 1-p_. - @

‘
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" nearly Griffith’s equation [3], which is based on fleld observations,

W‘ 9.087 P
. dy=d, (_ﬁ:) 6)
This agreement between analysis, laboratory, and field indicates that
even approximate knowledge of transport and flow conditions can
lead to useful results, '
Scous BY 4 SuBMERGED JET > ' :
Under the spansorship of the Office of Naval Research, the Towa
Institute is conducting an investigation of the effect of sediment -

T ~ chyracteristica. on the acour process. A submerged jet is being used .

as the active scouring agent, and the flow as well as the sediment
eharacteristics is being varied. For uniform sands it has been found

. poasible to analyze this scour process by means of Eq, (1) aud the

necessary empirically determined relationships.

The experimental boundary econditions are shown schematically
in Fig. 1. It was found necessary to restrict the pendulation of the
jet by the lip shown at the upper 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 weye used, - . _

Similarity of acour profiles was established by plotting the dimen-
pionlesa coordinates of the profiles; the horizontal distance from the
slot to the erest of thc dune was used as the repeating variable (Fig.

WS
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Fia. 1. BouEMATIO OF PXPERIMENTAL EQUIPMENT ¥oR Boour By
- BusMEsgED JET
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8), Except for the profiles representative ol an initial transitory
stage of scour, all the profiles of s run superpose if plotted in this
manner. Mareover, the profile forms for all runs of any one sand
were almost identical and the forma for the various sands differed.

~ only slightly,

At the heginning of each run the sand was movad 88 hed load.
During this transitory stage, the vertical dimensions of scour hole
and dune increased faster than the horizontal dimepsipns, When
the upstream face of the dung reached the natural angle of repoae,
the mechaniam of transport changed to suspension. The sand wag
then entrained by the flow, largely at the point of impingement, and
was lifted in suspension by the upward currents of the flow. Some
of the sediment was yeturned to the scour hale by the large pounter-
clockwise eddy shown in Fig. 4. The greater part 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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-ﬂned to that portion whxch depomted downstream ftom the crest of

the dune.

Having established similarity 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 zp (see Fig. 4)

i
1

F10. 4. Frow PaTran or Btm_nmm Jxr.

haying been chosen as a typical length. After the transitory stage it
can be seen that the plotted points scatter around the straight lines
with the loganthm of a time parameter as abscissa. This would seem

" to indieate that the extent of scour would become infinite as tife

became infinite — in contradiction to characteristic No. 3 of the first
section, that there must be a limit to the extent of scour,

D By reducing the veloeity of flow after a scour hole had developed,
conditions could be imposed 8o that the sand particles rarely moved

at the point of impingement, and movement of, any particla over the
orest was hardly conceivable. An increase in veloeity would increase
the amount of movement. The limiting velocity for any given gize
of scour hole was arbitrarily defined as the velocity which appeared
to carry particles to, but not over, the crest, during a period of ob-

- gervation of several minutes. The points in Fig, 6 were thus ob-

tained. To provide a distinguishing notation; zp at the limit has been
called z;. .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 true function is approximately logarithmie over a
congiderable range and yet approaches a flnite limit, That such a
function can describs the phenomenon will be shown.

In order to obtain an independent measure of the capacity fune-

“—
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9 T | was at its maximum distance from the slot. By varying the velocity
B Vog |/ a5 and by using a second sand the composite plot of Fig. 7 was ob-
Soxl B e / /; . ) tained, thereby determining a capacity funection, ; .
w o s 22 .- - . * 170.8 L Lo
d pr’ . . : Qn oV ,
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P I ] S i e MY B T - " . . in which b is the width of the channel, K, is a dimenaional eonatant,
i H q l‘ +TT1IT C T and w is the fall velocity of the sediment.
- ol ) | .
oF o 07 y; R B . Bince the similarity of shape had been establmhod tho u‘te ot
: - o o A - 10 I R
¥ia. 5, Vantarioy or Bxrenr or Roour wite Tius, e : :g!l-\ - S
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tion, a sand hopper wag added to the experimental equipment. The 1 ' o N~ I ™ 0 ;
same experimental procedure was used ag before, except that, above , : - - 0 2 =z :
the slot, sand was supplied at a measured rate. A scour hole and - S o= : ' v i
dune formed as hefore and the pattern was essentially the same as » ; Syrmbol g‘?@_ r
without the sand feed. The dune advanced downstream until the ' ' ’ - e 03]
"rate of removal of sand from the acour hole equaled the sediment 5 4 3 p‘?
supply. The position of the upntream face of the dune then moved _ Q.65
upstream. The effect of the bopndary configuration on the eapacity )
of the flow was determiued,,lﬁ relating each rate of sediment sup- ‘ L Fia. 7. Oapacrry o Svsarnaro Jrr.
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scour per nnit width could be written as;
Sy =2 - g, 20 m
dt ' dt
in which the copfflgient K. for the different sands is 0.14 for sands
M and A, apd 0.15 for sand B, These coefficiants were determined

from similarity plots such as Fig, 3. By modifying the capacity

function to include a limit z;, for which eapacity would be zero, and
ingerting Eqgs. (6) and (7) in Eq, (1) a dlﬂarential equation of
scour was obtained,

K, ‘d(zp') KVl 1 ) ‘

(8)

. dt Wt Mzpt 2t
This' oquauon cnn be integrated to give,
] (R} .
: ,(__)__“ (~ ,”[1+(so/n;)]_! .44 ®
Ty 2y, 1—(zp/m)' ]~ Kw'zy®

Ag is seen from Fig. 8, the function f(zp/z.) has the desired char-
acteristics of approximuting, over a considerable rnnge, a straight
line with semi-logarithmic plottmg and also being aaymptotm toa
limit,

Agreement between the aboye theory and experiment was realized

when values of z; from the straight line on Fig. 6 were used in Eq.
(8). That the z, values ta be used in Eq. (9) are amaller than those
detormined by experiment might be expected, because Eq, (6) ia
a simple approximation of the capacity function. The effect of tur-
bulence is not fully included therein — especially at the limit for

w a
> . //
X - '// ' .
f. a4 ,/\r-fq(q . k
a2
T
0 .

o -n“" ot v K o
7).

¥ia. 8. Qnua;m:. tl}rmwmnot or Eq; (9).
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_E_,
K=y
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Y Fa. 9. mewnol or Eq. (11).

which oqcasional turbulent velocities, but not the mean valocxty,
be aunfficient fo enlarge the scour hole, If the aqni'valent expression

for z;, |
Q" (/)" o

a—aa
'L 1 V (10)

‘ja‘substituted in Bq. (9), a new set of parametets for the mﬂlcxent |

of tis obtuined and Eq. (9) takes the form:
( ) K, (ay/e)  w/a

: ¢
o' @t K, V/Vedy/e - (11)
w/a ;
- K, V/ V ady/p

This equation is &8 mean line through the points in Fig. 8. The pointa
off the lower end of the line are from high-velocity runs of short
duration. Subtraction of a time for flow cstablishiment would bring
these pointa.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.

Scous Arounp Bripgr PrEss AND ABUTMENTS

Under the sponsorship of the Iowa State Highway Commission
and the Bureau of Public Roads, the Jowa Institute is conducting
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"a S . o - : B . " of sediment transport and an elevator for adding sand at that rate,
. _ , ' . was used. A typical pier with a web set at an angle of 30° to the
a 1 1TT1T = , flow has been used in all thess experiments to date. The range of
asl-= : . : A _ tests has included depths of flow from 0.2 to 0.9 foot and velocities

from 1.0 to 2.25 £ps, The lower limit on the velocity was the require- °
, ment of appreciable bed-load movement; the upper limit was im.
a6 A - ~— - . pased either by an approach to critical flow in the-flume or by sand
X ) Y - 1 . , " jumping the trap. The variation of velocity and depth resulted in
X, ' /@5 . ’ o ~* @ fitty-fold variation in the rate of sediment transport, Sands A-1 -
a4 > —erh—1- ] . and M of Fig. 2 have been tested.
§"_’.°' T : ' The relation between equilibrium depth of scour aud the velocity,
. . q ' -} : B B depth of flow, and sediment size is indicated in Fig. 11, The effect,
az : , : g s v . if any, of velocity and sediment size is so small as to be within the
: — : ; | : : precision of the measuring instrument.. The effect of depth of flow
: ’ i considerable, although the rnlatmnshxp is not one of direct pro-

»
4

ape T p? 04 0° - 09 " portionality.” :
i ) . . These experimental results can be rationalized in the light of the
. e ¢ o . - general characteristics of the scour process. For the velogpity to have
K’V/i@‘—’ ' I no effect on the equilibrium depth of scour, the eapacity for trans-
: : o : port of the spiral roller at that scour depth must always équal the
Fi0. 10, Exrenr or Scoun ReraTivs 10 Loame Exreur s I‘tmmon ‘ rate of sediment supply as furnished by the bed-load movement in
or Tiue e the flume. This can be true only if the capacity of the roller and the :
oo * : ' " capacity in the flume bear the same relation to the méan velocity of
'y comprehensive study of the bridge-pier scour problem. The reaults ' " flow. In the secour hole, the velocity. at the grain level is a function
of the firat two phasea of this study have been reported in detail , L _ R
. elsawhere [3, 4] and only those results pertinent to the general . s ' ' . . . |
~" " gcour problem will be stressed here. T . o, : ' _
If an obstruction, such as & bridge pier, is placed lu a nntnral _ ) _ _ o - 3
sediment-bearing gtream, the flow pattern in the immediate vicinity o z _ ':-/
of the abstruction is greatly modified. Since the capacity for aedii ’ ‘ a4 4 ;
ment transport is dependent.largely upon the velocity at the level ' §
“of the particlea in motion on the bed, the transport capacity at % 5#7‘750/ %a’fbv
points near the obstruation will also be modified. As a result of the o e
variation in capacity in the vieinity of the pier, scour will occur §»az o 450 —
where capacity exceeds supply. Thé enlargement of the boundary | Sokd Foinis: Sand M : . /27;50
eaused by the scour will further modify the flow pattern —and in S - Qoen Poinis: Sard Al ' 525
turn the geouring action — continually approaching a limiting, or . o | | | ’ |
equilibrium, flow and boundary condition. v - 9 03 v Y 28 0
For the study of the effecta of velooity, depth of flow, and sedi- _ : : Depth of Flow (Foef) :
ment gize, 8 transport :hﬁe, with a trap for determining the rate ‘ Fio, 11. Transronr Baraxor oz Equiisiuu DErra op Soous.
R _ ; “

. . : ' .
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of the veloeity of the rollar; ip the flume, it is a function of the
mean velocity. The velecity of the roller, as a first approximation,
could be expected to bear a conatant ratio to the mean velooity of
flow. Thevefore, the yelocity at the level of the moving grains in the
scour hole and in the flume should result in balanced oapacities no
matter what the absclute magnitude of the mean yelacity. Essen-
tially the same argument will explain the lack of chapge of acour
depth with a change in the size of the uniform sand.

A similar analysis will show that the tlepth 'of scour should in-
orease with. the depth of flow. As a result of the vertical velocity

distribition, the velocity at the level of the moving sand grains in
the flume will decrease as the depth of flow inoreases. Since this ve-

looity ia the active agent of transport, the rate of sediment transport
in the flume will also decrease. For an eqpilibrium depth of goour
to obtain, the eapacity of the roller muat; similarly decvease.' The

- vertical veloeity distribution has only a secondary influencs on the .
roller velocity. The roller must, therefore, increase in size to ba ve-

duced sufficiently in velocity, and thereby in oapacnty—-resnlting
in a greater depth of acour for greater depths of flow.

The rationalization in respect to the effect of velocity on the
equilibrium depth of scour was confirmed by a seriea of testy ou rate
of scour. For this series the sand bed of the flume waa replaced by
bricks except in the vicinity of the pier. Transport into the hole was
thus minimized. The rate of scour as a function of the depth of scour
iwshown in Fig. 12, The scour rate at small depths of scour should

be disregarded because of the unateadiness of flow during establish- ‘

ment, and at depths approaching the equilibrium because transport

into the hole becomes significant. If the middle portion of each rate- .
of-scour curve is extrapolated, the capacity of the roller at the -

equilibrium depth is found to be equal to the tranaport into the hola
under normal transport conditions.
Two qualifications, implicit herstofore, limit this analyuis o!

bridge-pier acour. The lower limit ig expressed by the requirement -

for géneral hed-load movement. As flow conditions approach the
critical for gediment movement, the turbulence structure assumes
greater importance. The upper limit is expressed by the require-
ment for sub-critical flow (F'<1). The flow patterns for Froude
numbers greater and less than unity will be markedly different.

Large scale experiments a Qeeded to explore fully the effect of -

Asnth of flow on the equilibrium depth of scaur. The depth of flow
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- should not be considered merely a geometric léngth variable, In-
deed, ita influence does not appear to be direct, but indirect through N

ita influence on the relationship between the transport eapacity in
the unobetructed 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 gedi-
ment size, insofar as they determine the absolute rate of transport,
should not affect the equilibrium depth of scour no matter what the

. geale, It is this simplification which gives promise that a correlatxon
_between fleld and laboratory may be pdssible.
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By reasoning from a fow premisea leveral ¢eneral chaucterlsticl

of acour were demonstrated — that the rate of scour is equal to the.

difference beiween the gapacity of flow and the rate of supply, that
the ratp of scour decreases ag the extent of goour increases, and that
thers is & finite limit to the extent of scour which is approached
asymptotically, The first of these characteriatica must be true of all

scour phenpmena. The others are true if the flaw pattern complies
. with the restrictive assumptions made, For most cases of scour, the

assumptions are credible, Other assumptions, of course, might be

adopted to describe the flow pattern in some special circumstances. .

, The deduction of similar characteristics should then follow.

The re-examination of Straub’s solution for the depth of flow in
& long contraction showed the assumed clwucteristica to be in ac-
cord with a particular case of scour for whieh laboratory and fleld

" measurements were already available,

The effectiveness of thess principles iu‘ an original analysis was

then demonstrated for the case of scour by a submerged jet. By .

using an approximate experimental capacity function the differen-
tial equation of scour was integrated to give a relationship between
the extent of scoyr and time. Experimental duta .confirmed the
analysis. .

The usefulness of the general concepta in interpreting experi-
mental results was illustrated for the case of scour around bridge

piers and abutments, The experimental observations that velocity -

of flow and sediment gize had no measurable effect on the equilibri-
um depth of scour were rationalized from the premise that the
transport capacities in the unobatructed 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 approximately expressed from the limited range of the ex-
perminents, large-seale experimentation should provide data for
such an expression. The gimplification of the problem that has been
obtained indicates that correlation between field and laboratory
should be possible since the absolute rate of transport does nat need
to be scaled. : 1 .

In ensence, the formulat‘im“ t the general characteristics trans-

s
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_ forma the scour problem iinto the prablems of the determination of

flow patterns and of the relation between the flow pattern and the

_transport capacity of the flow. Although these two problems usually

depend upon experimental determination, the general concepts pro-
vide a guide for interpretation and analym

DisoussioNn

-Mr. Parsons said that Mr. Imursen has employed strai ghttorward _

reasoning in the analysis of the scour problem. A logieal concept of
the averall process of scour has been used as the basis for the test-

" ing program and for orderly determination of the associations of .
variables that enter into the mechanics of the scour process, The firat ~ !
assumption or deduced characteristic that the rate of scour is equul '

to the capacity of the flow at the spot under consideration less the

" rate of supply appears to be rather & definition of capacity.
Ha called attention to a tacit assumption made in the analysis

which is undoubtedly correct for the conditions of the experiments,
This assumption is that the fall velocity is the correct representa-
tion of the effect of qualities of the bed meterial. This is correct so
long as the mode of transport is by suspension and that suspension

i due to vertical components of the flow. He felt that if transport
is occurring in close proximity to the bed, investigators should seek

a more realistic expression of the pertinent qualities of the ‘material
being transported. However, even here the fall velocity may be a

. sufficiently elose approximation,

. Mr, Parsons believed that Mr, Laursen had deduced in a convine-
ing manner that there is a finite limit to the extent of scour. Fur-

thermors, he had devised and performed ingenious tests to prove it

and to measure the scour at the limit.

.

. Mr. Rouse wished to emphasize the point that 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 transport both on the stream bed

and in the scour hole, leads to a marked simpliﬁcation of a complex
problem,
Mr. Jetter expressed his interest in the work of Yarnell and Nag-

ler in determining bridge coefficients. He once asked Yarnell what
- would be the effect of debris caught against the bridge piers on the
- digcharge coefficients. Futurq studies gould be made along the line

|
|
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of the effect of debria on gcour and on the design of pxers to mini-

mize debria catchment.

Mr. Izzard said that practicing engineers are aware of the drlft '

or debris, problem, but feel that the general problem must be at-

tacked one factor at a tima. Thers are a number of variables which . .

affect the problem; as some are understood, othera will be added.
The relationship of the bridge opening to the total flood plain is a
geometrie variable that may be important, The work which Kinds-
vater is doing for the U. B, Geological Burvey indicates the impor-
tance of this part of the general problem even fhough his work ia

confiped tp & fixed bed. There is some indication that 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 important than the pier losaeq studied by Yarnell.

Mr. John Dawson said that research performed under his snper-

vision indicated an appreciabla movement in the sand two inchea
below a sand bed in movable beda.

Mr. Albertson reported on a study in b!a laboratory of the acour

resulting from solid and hollow jets directed vertically downward
onto a bed of erodible material. With low tailwater elevations the
scour hole was small. It increased as the tailwater increased, reach-
ing a maximum and then decreasing. This was contrary to hig ex.
pectations, but he believed that it was due to changes in secondary
circulation,

_ Mr. Laursen said in conclusion that considerable experimenta-
tion remains before the questions raised by the discussors ean be
answered. As Mr. Rouse pointed out, the absence of effects of ve-
locity and sediment size on the equilibrium depth of scour aroupd
bridge piera is a big step in predicting scour in the fleld from model
studies. However, the effect of depth of flow is very probably not a
aimple geometrie effect but may be related to the boundary layer.
Furthermore, the sorting that canp oceur with natural non-uniform
sediments may have a great importance in the fleld, Mr, Izzard has

-mentioned another important, consideration of the bridge scour

problem — the constriction effect, This is likely to be especially im- -

portant if thé floodplain carri;s a high percentage of the flow but

not an equivalent sediment load. Scour may also he a factor in the -

discharge relationship which K indsvater ig studylng, Mr. Jetter's
question as to the effect of deBiig cannot be answered at this time.

rl.«f
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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 jet impinged.
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; (é)’ those due-to the modification of the flow by the bridge crossing. For the
, past ten'yoars scour due to the modification of the flow has been studied at the -

¥
i
S . . WL i . lIowa Institute of Hydraulic Rescarch under the sponsorship of the fowa State .
v . . | Tt Highway Commission and the Burcau of Public Roads. As a rosult of that in-
" TRA N SACTIO N S a e, : ' vesligation means for predicting the scour at bridge plers hava been evolved.
. - T e i The relationships which wero obtained will ba prosented in skeleton form in
by - ) el o " ome ST ~“' "';-:i - 5 & later section; for a full discussion of the Investigation and the design rela«
© 4+ ve..w - " r Papor No. 32 A NI PR TRt  tlonships, reforence should be made to the final reports which have been pub-
.t - {Vel. 137, 1962, Par AT AR AP lished in bullctin form by the lowa Highway Rescarch Doard.2,3
¢ o ‘-  — TR l A ‘ Even without the compljcating leature of a bridge crossing the bed and
) had '

" §COUR AT BRIDGE CROSSINGS
By Emmett M. l.aururg.{ M.ASCE
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jouas ' } : w, . Mr;

Y sossrs, T. Blench; Joscph N. Bradloy; D, V., Jogiekar; W, :
“l‘.‘h: ';‘el?o:'?:.b\"..‘c;lulo: A, Rylands Thomas; Mushtaq Ahmad; Pler !.ulgl lloml(:;
o ' : . sod Emmelt M, Laurscn, : .

SYNOPS|S

nof s t plers and abut-

lationships are proposed for the prediction of scour & -
mo:t: “tor \hopcuc in which sediment is supplied to the scour hole, 'l‘l:c r:d
lationships were obiained from & combination of an approximate mllya 8 A !
faboratory experiments, and depend on knowledge of the flow conditions a

the bridge site. L

GENERAL ASPECTS OF THE PROBLEM i

dor to design tho foundations of
is ::::c‘:::s?lry to km?w the clevation of the stroam bed in the vicinity of the

wents, The clovation in question, however, is not the elovation
;::c:;‘s‘ m::u :\?:vcy happened to be mado, but the lowest elovatlonlwhui: wlrl:
occur during the anticipated life of the bridgo. Unfortunately, euuunlemlow: e
equipped with slide yujos rathor than crystal balls; tlxo;oforeml :asls st
elovation must ba coupled with a probabllily of occurenca. On thia oo an
economic analysis is possible with the cost of construction for ono 5‘1; A
bed clevation Jower than ancther considercd as an insuvance premium fo:
decreaced chance of loss (including intervuption of trafflc).

C Scour al By
bedai‘:lst;:j;lcl::;ly of the piers and abutments can occuy from a variely of

ting the varlous causes
. A uscful distinction can be made by separa
r::‘:»stc\:o general categories; (1) those characteristic of tho stream ilscl(, and

rnal of the
g thoso In

PoRftinnsveng

-ddgc Piers aud Abulmenis ~A loworing of the stream:

§

a bridge over an alluvial stroam, it

. banks of an alluvial stream cannot be considered as fixed. Superposed on the
very slow changes measured in geological time, there are changes which may
occur suddenly in a single flood, perlodically. during a series of water years,

or slowly during the lifo of a bridge.” Past observations at the clhiosen site, or -
at similay sites, must be relied upon to estimate the scour which may occur

in the future, Each river and each reach must be studied to understand its ine:

dividual, almost personalized, charactoristics. : B
The veach which includes the chosen bridge site may be degrading:
naturally, as the eroslonal agent of the geological cycle, as a consequence of

a dam some distance upstream, or as tho result of stream stralghtening .
- downstream. Old surveys and other records should yield evidence of natural i
"degradation which can be used to predict the future. Degradation causod by

the works of man can be analyzed, at loast approximately, on tha basis of

sedimont-transport relationships, that is, if the plans of man can be antici- :
pated.. . -

Meandering streams will tond to have the greatest depth at the outside of
the bend and shallows belween the bends. During high water, the bends will
scour and the crossings fill; during low water, the roles will raverse. As the
loops of the meanders grow, thare may be natural cutoffs with resultant deg~

" radation of the reach above and aggradation of the reach below. Usually the |
meandor grows, scouring the outside of the bend, filling the inside; it §s not
unusual during a flood, however, for' a chute to dovelop across the insido of a :

bend and even replace the old channel. . . . 8

Bralded streams are characteristically wide and shallow, with deepor |
channcls which may shift erratically. Even-if it i3 not believed that “if any- |
thing can go wrong, it will® is a natural law, it must be admitted that thore is |
a falr chance that during the life of & bridge a deep channcl may doevelopata

pler at the time of a flood. .

Any contraction, whether of the main channel or of tha overbank flow, will
‘result In scour during high stages. As shown by L. G. Straub,4 the principle
“of continuity applied to both the discharge and the sediment load pormit this
caso to ba solved analytically since the flow conditions in both the contracted
and uncontracted reachos can be consldered uniform. It Is likely that this
caso of scour has given risc to the old riverman's belfef that during a flood a
plains river will scour its bed as mwuch as the water surface rises. ‘That such

. s
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scour cannot be general throughout tha stroam has baen well domonatrated by

E. W. Lane and W. M. Dorland.b , TS DERRY
“The Long Conlraclion.—By describing tho conditlons in the uniform

roaches above end in & long contraction by a discharge oquation and a

sediment-transpoid equation, it is possible to solve for tho ratio of tho dopths

of flow in the two yeaches—and, thorefors, the depth of ;scour. The solution
will depend, in dotal), upon the equations selected to describe the flow and
transport. Fig. 1 is a definition sketch of the long contraction in which there
is both channel and averbank contraction. The Manning formula can ba used
to doscribe the flow conditions TR T RS T AL T IO I8 £33
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That portion of the shear associated with the sediment particle of size Dis
termed To' and T¢ s the critical shear for sediment movement. The coel-
ficient b and tho exponent a depend on the mode of sediment movement and
are functions of the ratio of shoar-velocity to fall-velocity. Only the exponent
a 1s of importance in the final solution and the (u.guctlonul relationship can be

expressed as: I I I
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"For flood flow conditlons, tha assumption can be m&a& without sarioas ervor
that 1“0./ Te - 1= To'l'rcc At cqullibrlum Qt L4 Qc + QQ and !x Qc L ca Q;:
algebraic manipulation then permits the depth ratio to be expressed as 3
funclion of the contractlon paramelors : .
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Since the ratio of tha n values should net be too different from unity and the
power is at the most 0.37, this factor can be safely neglected. Assuming that °
the materfal scoured oul during a flood {8 redeposited over a large area sb
that the depth of scour dg = y3 - yj, the foregoing equation for an overbank '
construction reduces to . i co
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These relationships are presented graphically in ¥ig. 3. i

The case of the long contraction is of interest not only for its own sake,
but for the light its solution sheds on the nature of scour in rivors. The
shear-velocity in the contracted and uncontracted reaches of a particular
stream should not bo very different; so (hat for a given mode of sediment
movement the deplth of scour for a channel contraction is, as a first approxi-
mation, dependent only on the geometry of the contraction as deseribed by the
widith ratio and the approach depth. The assumptions which give rise to the
approximiation are that the n value is the same in the two reaches, and that the

ratio -ro'/ T¢ I8 large compared to unity. Although reasonable and justifiable,
these assumptions rosult in the ncglect of any secondary pifect of velocity
and sediment size. o :

In the casa of the averbank constriction, tha ratio of the total discharge to
tho channel discharge and the depth of the approach flow are sufficient to da-
terniine the depth of scour, granted tha two assumptions previously mentloned.
In this case, the mode of scdiment movement does not affect the depth of
scour. The detailed gcometry of the approach conditions wili, of course, de-
termine the flow distribution by detormining the velocity and cross-soctional
area of the flow in the channel and on the floodplaln. However, it matters not
whether the velocities are high or low, or whothor the flow sections are Jarge
or small; but only what dischargo ratio results therefrom. : :

e meimh e me——
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A bridge crossing is In effect a long contraction foreshortened to such an
extrems that it has only a beginning and an end. The (low at the crossing can-
not be considered uniform, but the solutlons for the long contraction can be
modified to describe tha scour at bridge plers and abutments with the use of
experimentally determined coelficients. -

o " LOCAL SCOUR AT PIERS AND ABUTMENTS

Experimental Invesligalion.—Following the floods of 1947 in which the
Stato of Jowa experienced a considerable monetary loss because of thedame
aga to or the failure of bridges, the Iowa Institute of Hydraulic Research em-
barked on an investigation of scour around bridge piers and abutments. For
the prelininary phase of the study in which tho effect of the gcometry of the
pler or abutment was studied, a flume.10.5 ft wide and 35 (t long was con-
structed. Two supply lines and two taligates permitted the wide flume to be
operated as two § {t flumos by the addition of a center wall. Since neither a
sand elevator nor a trap was bullt into the flume, the time period of the runs
was limited and only qualitative results could be obtalned. The volocity and
depth of flow of the standard run, however, resulted in general movoment of
the bed, and the observations which were made established the nature of the
phenomenon that was oceurring. ' :

Albelt qualitatively, the lmportance of the length-width ralio of the plers,

the angle of altack of the stream against the plers, and tha length of encroache ‘

mont of the abutment was ostablished In this flume, as well as the unimpor=

" {tance of small details of the geometry of pler or abutment. It was also deme-
‘onstrated experimentally that .thero was an equilibrium or limiting dopth of

scour. In the preliminary work, plers and abutments reprosentative of cur-

rent Jowa designs were studied. The study of geometry was continued? with

more generalized pier forms and scour arrestors. The eflect of debris was
was also investigated (debris can be considered as an enlargement of the pler
somewhat less than the size of the debris mass depending on the permeability
of the mass). ‘

-For the second phaso of the program In which the effects of velocity and
depth of flow and of scdiment size wera o bo assessed, a transport flume was
constructed which was 6 ft wide and 35 {t long and equipped with a sand ele-
vator and trap. Most of the runs were made with a representative Iowa pier
set at an angle of 30° to the flow. The depth of scour was nieasured by an
electrical sé¢our meter which could scnse the position of the sand by the dif~
forenca in conductivity betwoen the water-sand mixture and plain water. As
wlde a range of velocity, depth, and sodiment size was utilized as tho charace
toristics of the flume permitted. Froude numbars approaching tha critical
and sand jumping the trap limited the maximum value of the velocity and the
minimum size of the sand, respectively. The minimum value of velocity and
the maximum size of the sand wera limited by the requirement that thero be
general movement of the sadimont as bed load. Novertheless, a sixiy<fold

change in the rate of sedinient Lransport was obtained ~probably the niost sig=-

nificant indicator of the range of the tests. The depth of scour at the front of
tho pior i shown in Fig. 3. No systematic scatter could bo detected in the

° 7 sAnlnvestigation of the Effoct of Bridgo~Plar Shapo on the Rolative Depth of Scour,?
by D, E, Schnolble, M. 8. Thosis, Stato Univarsity of fowa, Juno 1051, : :
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measurenunto-—lndlcallng that the depth of scour was unlquoly determined by
the geometry. A A Y PE L 3

This trassport flume was also ntmzed for a model study of » bridge pler
on which fickl measuroments were made. The moasurements’in the field were ;
obtalned with an adaptation of ths laboratory acour meter. Comparison of tho i
model and protolype data indicated that the depth of scour could be treated as : '
simply another lengﬂx and that the equlllbrlum depth o( scour obtained in tha b
field.

Measuremenis on a system of multiple cylinders were also made. Tho
most signifieant findings of these testa wero that the depth of scour did not
depend on tho degree of contraction (or proximity of an adjacent cylinder)
until the scour holes averlapped, and that the minimum deplh of scour whan
interference did occur was given by the solution for the long contraction. )
" For the third phase of the study, the first flume was modified by boing
lengthened 7 ft, and equipped with a sand elevator and traps. The sand was
supplied to ﬂve ft ou ona side of the flume, simulating the river channel.
Clear water was supplied to the other slde of the flume which simulated the o R/ - . o
floadplain, or overbank area. The oxperimental program for the investigation N e '~ . i W s T
of the scour at the abutment included a variation of the ratio of discharge of s ] ﬂj? . era DT e b e o “' S
overbank and channel, the depth of flow, the position and angle of the pler, and E 1 y y - U
the presence of vegelal screcning along the bank line. A few experiments L. ‘.!:IO. 4 D“,mmw sxz'fcu S’ ov.ER.nANK coxxsrmc'rxou P oo .
were also conducted on the effect of spur dikes off the end of the abutment : DT pe—— f S AU S LA A . . : - ‘)3.'_:-; (I
parallel to the bank, and of scrooning on tho (loodplain ln tbe approacl; to the I M N oo S DA
abulment.

- Dosign Relationships For Abutmenls.—The observation previously men-
tioned, that the local dopth of scour does not depand on the degree of contrac=
tion unlll scour holes around neighboring obstructions overlap, suggests an
extension of the solution for the long contraction to the case of local scour.
For a normal sand, the width.of & scour hole at right angles to the flow is
.abaut 2.75 times the depth of scour. Fig. 4 is a definition!sketch of a long
contraction, which it will be assumed approximates tho case'of tho abutment.
The scour In the long contraction is assumed to be a fraction 1/r of the lconr
at the abutment dg. Rowritten for this special case Eq. 1 bccomu . )
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stnco tho depth of scour Is unknown, Q. is unknown. Therofore, tho dischargo | PR SIOPY ST IRTWR SRV [ ‘
Q, over an arbitrary width w is substituted where Q,/w » Qc/2.75 dg. (The !. SRR X RIS PRI R AL
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in which yq is the avorage depth of flow in the width w.. Eq. 10, with a valuo " .~ . 2. R Q "’/ 2 Vo e e ‘.=. Lol e u;.
of r of 4. l s ploticd in Fig. 5, togethor with the experimental d.\la for runs ! et MITIR T R I BN
with the npprmch fill and abutment normal to the diroction of flow. Varlous : "FIG. 8,<8COUR AT AN OVERBANK CONSTRICTION ‘

set-back distances of tho abutmont and clear distances boetwoon the abutmont .
1 .
ey
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. and the veégetal screen are represonted among the data. Thp solid polnts are t g
from the last, and best, series of runs in which the abutments was not set back ;

‘ from the bank line. 'l‘he high points are from early runs in which the velocity
of the approach on lhe overbank was so greal as to be unrealistic. The floor
in the overbank area was lalcr lowered {o obtaln R smallor velocity of ap- *

roach, .
’ For large values of lhe paramster Quw/Qyuyo, it ls apparent that the ap-
proximate solution describes the scour remarkably well. For small values
of the parameter, the discrepancy is due to a cross flow from the channel to !
the overbank §n the approach to the coastriction. Thia cross flow could be 4 - . . - g
observed by meoans of dye streaks. Since the waler-surface slope in the L . .- B, (l})u rall.d o]
channel was greater than in the overbank area, the water surface at the head : 4 3 P S T N
end of the flume was higher in the channel than in the overbank. Correcting . L / . e e o
the overbank discharge by an approximate calculation of the cross flow would : bk e et e ae L e . e ae C T
shifi the experimental points over to the analytic curve. This has not been , . o - S ' ‘ o ’ b
done, to emphasize the importance of fully determining the overbank flow. In ) S A o s . .o !
practice, the rate of flow on the floodplain will be determined by considering = ' T AL Tl IR SCICEI st e
the slope of the water surface, the depth of flow and the area of the llow scc- . . et L .
tion, and estimating an n value. If the overbank flow is small, croas flow in oo ¥ M | i . 1 S
the area immedlately upstream of the constrictign can give rlae to a condition . PR ;0. $ ’}o - 15 H
similar to that in the Jaboratory flume. If this cross flow is possible, but can- - : . T Yo - . N Yoo i
not be evalualed, the uppor curve in Fig. 8 should be used. : _

A similar approximate solution can be obtained for the case of an en-
eroaching abutment. Using Eq. 8a for the condition of bed-load movoment

WgyS/w < 1/2), this rolationship is |
1 d 1 ". L7
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\vhm 1 is the effective length of the abutment such tl\at (dcnotlna thcno\v .
obstructcd by the abutment as Q) .. -
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Eq. 11 with r equal to 11.5 is plotted In Fig. 8 together with somo experi- o . 0
montal points. The square poluts were obtained during an investigation of the . FiQ, 1.—EFFECT OF M“"‘B OF INCIDENCE ) o
rolief bridge problem and are for the case of & vertical, blunt-onded, normal
wall. Tho round points arc data frowm the investigation of multiple cylindors
in which there was no interfercnco offect,

Among the varialions in geometry teslod was the angle of incidonce bee :
tween' tho direction of the approach fill and the diroction of the flowinthe = .
-channel. The results are prescnted In Fig. 7 as & muliiplying faclor, or co- .
efficient, Kp Lo be applied to the depth of scour calculated for tho normal
crossing (0 = 00°). Although only delormined for the ovorbank case, thoso
cocificicnts should also be applicable to the encroaching abutments A check "
on the poinis for the cylinders plotted in Fig. 6 would indicate tlmt the effcc- 4
tive angle of the curved wall of the cylindar s about 46% ' . -

The effectl of selting the abutnient back from the normal bankof the stroam P e h AP /y N;y‘g/,, ( ;/;) ko
is difficult to asscss. In tho laboratory exporimenis no moasurable cffect A A © : ° LY
could ba noted. The long contraction solution can ba further modifiad to con- na. c.-m’n-.c'r or 'ms mmo or sqsm-vm.ocrrr 70 PALL-VELOCITY
sider that a part of the overbank flow remains on the floodplain, and that the ) eme R R ,
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scoyr hole moves back with tho abutment. This approximate solution algo in-
dicates that the offect of sel back is small. Doth the exporiments and the
analysls, however, do not model a real set hack in certain respects. Because
of the bank, the depth of flow in the vicinity of the abutment will be less. If
tha set back i8 very large, the presence of the river nearby is Immaterial,
The condluon 18 thea a special case of a velief bridge and the scour is dua to
clear ‘'water. M the bank material contains considerable clay or is well
covered with a good, well-rooted, tight turt the material near the abutment
might be very resistant to scour.

For the case of the encroaching abutment, the mode of sediment movement

* will alfect the depth of scour. An approximate evaluation of this effoct can

be obtained by comparing Eq. 8a, b and c.- For the samo values of By/Bj the
depth of scour for the different modos of movement were calculated. Defin-
ing Ky as the ratio of the depth of scour under suspended-load conditions to

depth of scour under bed-load conditions, Fig. 8 was prepared. Note that the

fall velocity should bo that of the bed material being scoured out. The so-
calied wash Joad should be lgnored. Tho offact of a change iIn the modo of
movement should be applicable also to the local scour at a pier. Experiments
made with a circular cylinder and a bed material 0.04 mm fn diameter con-
firmed the order of magnitude of the offoct. The depth of scour-very difficult
to measure and extremely sensitive to unsteadiness of the flow--was about
50% greater than for bed-load conditions. The ratio of shear-velocity to fall-
velocity In this experiment was about 20, and the concentration between § and
10% by weight, that Is, 60,000 and 100, 000 parts per million. The ratio be-
tween the rata of auspended-lond movement and the bed-load movement was
bou‘ 500 to 1.

Desigm Relationships For Picrs.-ul the available data on plers were ad- .

justed to scour around a rectangular plor aligned with the fiow, and the design

" curvo shown in Fig. § was drawn with conservatism and with due regard for

the reliability of the various data. Also shown in Fig. 9 in Eq. 11 withr =
11.6 (note thal b = 21}, The most impartant aspect of the geomotry of the plor
was the anglo of attack between the pier and the flow, coupled with the length-
width ratio of the pier. A family of curves is shown in Fig. 10 as & multiply-
ing factor K,p, to be applicd to the depth of scour obtained from the basic
curve. If the pler is set at an angle to tho flow, it is recommended that no al-
lowance be made for shape. If it 18 certain that the pler 18 allgned withthe
flow and will romain so during the }Mfe of the bridge, a shape factor can be
applicd as shown in Table 1.

All the experimental work on which the design curve was based lnvolved
bed-load movement. If the mode of movement s different, the ratlo of shear-
velocity to Iall-vclocny factor K in Fig. 8 should bo used.

Besides the local scour at tho pier, it 1s possible that the scour contorlng
at the abulment may extond §is arca of influencae out to plers near the bank.
Thus, a fraction of the depth of scour at the abutment may have to be added to
the local depth of scour. 'l‘yplcnl scour holoa have beon shown whcroby this
effect can be estimated.d e . e

In the bulletins of the lowa !llghway Rascarch Board the appllcatlon to do-
sign is fully discusscd, Including schématic design examples illustrating the
use of all of the deslgn relationships. On the basis of these relationships the
prediction of local scour at picrs and abutmonts is slmple and straightfor-
ward. In order to use the rolationships, howevor, the flow conditions at the
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. bridge.crossing must bo known. As any civil-hydraulic engineer knows, the
forecasting of the river flow of the fulure 18 not easy. Few gaging sites have
been operated for 100 yoard, and 100 years of record are not sufficlent to de-
fine precisely the magnitude of a 100-year flood. Unfortunately, even rarer

floods during the anticipated life, say 50 years, of a bridge, have a probability.

of occurence which is large enough to be reckoned with. This problem, of
course, is simply the old basic problem of hydrology,

In addition to magnilude, other characteristics of the flow to be expected

must be foresecn; the stage, the direction of flow (which may vary with stage),
- the division of flow between channel and overbank (which will vary with stage
and the siate of the floodplaln). Although these detalls can never be foretold
with complete confidence, they are essential to the prediction of the scour
which will occur. The evaluation of the flow chiaracteristica must be judicious,
and a calculated risk must be accepted; otherwise, the worst conditions must
be assumed and overdesign will usually result. U sufficient control can be
excrcised over the valloy upsiream from the bridge crossing, the risk can be
reduced to the chance of the-flood occurrences. Each bridge crossing will
have to be treated individually, and in the final analysis economic considera~
tions will diclate the solution. . :

Backwater al Bridge Crossings.—When scour occurs at a 'bridge crossing,
the flow pattern which then obtains does mot resemblé that of a two-
dimensional constriction. The flow approaching the obstruction (pler or-abut-
ment and embankment) ducks beneath the surface and passes through the con-

striction as a spiral roller. The remainder of the flow passes over this rollor-

and through the constriction barely noticing the plers and abutments, or that
thero 18 a constriction. There is no contracling jot as In a two-dimensional
slot; or as in an open-channel constriction with incrodible boundaries. As a
* result, the velocily Increases only as it must to transport the sediment load
downstream from tho bridge; the energy losses at and due to the bridge
- crossing are minimal. Since the flow I8 disturbed, there are, of course, some
losses. Fig. 11 shows the measured rise in water surface in the abutmoent
flume. This measurcd rise {8 partly due o the velocity-head change between
the approach flow in the channel and the flow In the contracted section down-
stream from the bridge. The average depth In the downstream section can be
obtained from Eq. 7 and the curve for the velocity-head difforential has been
evaluated on this basis. The backwater at the bridge is tha differenca ba-
tween the velocity-head difforential and the measured rise of the head of the
flume. The backwaley in a comparable inorodible flume according to Liu,
Bradley, and Plate8 Is also plolied for comparison. It is readily apparent
that the increasc in the flow section dua to the scour reduces the backwater
to a fraction of tho amount that otherwise would occur. .

It is Jikely thal a major cause of backwater at a bridge crossing on an al-
luvial stream might be the resislance lo flow of Lhe contracted stream in the
reach below the bridge. Depending on bank height and cover on the floodplain
the cross flow from the stream back to the floodplain might take place very
slowly. If the resistanco to flow is greator in the conlracted reach than in the
~ normal stream, backwater will result. Moreover, any backwator which does

8 «Rackwater Effects of Dridgo Plors pad Abutments,® If. K. Liu, J. N. Bradloy, and
" E, 0. Plide, Civil Englnooring Scctlon Projoct Jlloport CER, 87HIKL2, Colorado A, snd
M. College, }‘ort‘Colllns, Colorado, 10317, - -
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comitant lengthening of the backwater curve.

occur In an alluvial river tends to cause aggradation upstream, and a éon- '

SUGGESTIONS FOR FURTHER STUDIES

- Field Measuremenis.~In order to apply with confidence the relationships
proposed for predicting the scour at bridge piers and abutments, ficld meas-
urements are needed to verify the conformity of model and prototype. Some
of these measurements should be made at sltes of extremely simple gcometry
like that of the Skunk River pler near Ames, Iowa. Such sites can be easily
modeled In the laboratory, and no questions should arise as to extrancous ef-
fects. Other moasurements should ba made at sites of complex geomotry
which perhaps cannot be modeled in the:laboratory. The scour can be pre-
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FIG. 11.—-BACKWATER IN AN ALLUVIAL CHANNEL

dicted with tho aid of the relationships prosanted, and any discrepancios may -

Indlcate factors that should receive further study,

The exparience of the past can bo used to substitute for flold measuroe .

moents. By hindcasting, the scoup which occurred around piors and abutments
at solocted crossing during major floods can be evaluated. If bridges that
failed and that did not fail durlng the same flood are checked, a correlation
should ba possible among hindcasted depth of scour, permissible depth of
scour (based on foyndation design), and failure or non-fallure. )
Laboralory Investigations.~The one general aspoct of scour at bridge
crossings which has not boea discussed is tha scour at rellef bridges. Rellef
bridges are openings placed ia the highway embankment as it crosses the
floodplain of tho valley. For dosign purposes the flow through the reliof bridgo
nust ba considered to consist of cloar water. If there is a.scdiment load it
will tend to be much finer in size than the material which will be scoured out,
The depth of scour due to clear wator i3 most assuredly a [unction of the
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' 8o . try of the opening
low and the scdiment size as well as the geomets
“}:ﬁ:’e‘:fﬂ‘rzns. The limiting condition for this type of h‘llcg t‘l.a :s b:‘?:‘;n:f;ug
:ﬁear that §s equal to the critical for the material of whic

ing into the scour hole,
d. Since there is no supply of scdiment com
:: Tl?::fmlt there can be no sedinent going out of the licou:' hoh;.\ ;I“l‘\‘x‘: l:::nll:
is finite, but {8 reached asymptotically in infinite time. It is ve oZ\d g,
the labo:.'alory to scale all factors controll:ng clear water scour on
iment and analysis is indicated. . i -
m‘?ﬁ?ﬁ:"'ﬁmm which is set back l:-lo:\ th‘e :3::::11 :ennrp:;::ag:n t::
r, tho relntionships proposed haréin .
:;l::?u:t{t :‘::ub;cck over three times the depth of acour should be considered &
relief bridge. Following a successiul
lem, it would seem in order to study

llmg:; could, of course, go on studyins the effect of various geometries of

Its of this Investiga-

ents and overall erossing. However, tho resu

llil‘:: ::lm?lhat the effects of these details are minor, and of less im‘{::l?a:\:o‘
than the error that.can be expected in the evaluation of the flow con o ';l e

the site. Further studies of geometry should probably be deferred un ._e .
measurements indicate they are of sufficient jimportance. . .
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as Table 8-1 ln'lha reference and were plotted in its Fig. 8-1 to show the rg« ’ 5

lation of scour depth (measured (rom water surface ta boltom of scour) to the'

Lacey regime depth for the river at the flood discharge; the line In Fig. 8-1 -~

was an excellent {it and Indicated that, all other things being equal, scour depth

variesas the cube rootof discharge exactly as the reglme theory based on con-

trolled canals shows; the ratio to regime depth averaged almost exactly 2.0, !

“The writer has replottedil the Inglis data along with model data of Inglis, of

the present author {some time ago), andof workers at the Unlversityof Alberta,

The coordinates were chosen in terms of estimated discharge intensity for the

sake of uniformity and future applications; allowing for the discharge intensi~

tias of the rivers being averages over the whole river whereas for models they
are discharge intensities of attack, the river and model data wore In good ac-
cord with each other and with the regime theory prediction of variation as the

two thirds power of discharge intensity—-all other factors being equal, What to '

do when other factors vary has boen oxplained.l1
Inglis has described,10 also; experiments on model bridge plers, simfilar

to the recent Iowa ones, has plotted the results, and has given a formula to fit

. the
". % . t . ¢
Lol N

. ..

graph. The writer has reduced this formula to a rather simpler forms .

[T

] e

dg/dp = 1.8(b/dy)

whera dg is scour depth from water surface, d; is regimo depth of the river,
and b 18 the breadthof the
tacking flow. . : ‘

. o.o..coa';o..lQ."‘(lz,A.‘

pler projected at right angles to tho dircction of at- E

It 13 interesting to note that the mean depth of flow between p'lers (as dis- v

tinct from the local scour round them)ls shown by Leopoldl2 1o Toliow the ro-

gime lawof variationas the two thirds powor of discharge Intensity in thebridge

over the Powder Rlver at Arvada, Wyoming. .

The writer fecls that Eqs. 7 and 8 should not have been derived from cons |

siderations of total load since it is bed load that is mainly effective fn deter-
mining depth and that the formula is rough; furthermore, ho notes that y scems
{o be unrelated to regime depth so Is open to objectionas a standard for com«
parison. Considering the evidence of regime theory, plus the Inglis and Leo-
. pold observations on rivers, the writer would replace Eqs.
" equivalents from . - .. : H ‘

s . PYS -
- eny IR | b

and then apply geometric coofficlents to varlous obstacles to obtaln scour;llq
is discharge Intensity and Fp, 18 the appropriate bed factor, HIPE

7 and 8 by thefr

| JOSEPII N. BRADLEY, ) M. ASCE.~Tha modol rosulls on scour at bridge

abutments and plers have been treated in a logical and commendable manner,
Tho consistency with which the model results plot could bo misteading how-

n “Rogime Behaviour of Canals nnd Rivers,* by T. Biench, Butterworths Scientifis
Publications, London and Toromo, 1957, ' .

12 «the Hydvaulla Geomotry of Steam Channcls and Somo Physlographic Implica~
tions,® U.6.G,S,, Prol, Paper 252, 1953, Fig. 4.A, : g . T .

13 ltyde, Engr,, Internatl, Engrg, Co., Ina., Pacea, East Pukistan,

2 .
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ever, by making the yredlcuou of scour appear as a simple routino proceduro,
Since Mr, Laursen has sald litle with regard to the limitations of his rolults,
a few remarks on this phase of the subject may be appropriate,.

Figs. 5 and G ropresent the resulls of model studies op abutment lcour
made under esscatlally ideal conditions, for example, with bed of granular ma-
terial free to move, & reclangular flow cross seclion, and a uniform velocity
distribution. One can compare the author's resulls with those of a completely
independent set of experiments made with different size and gradation of bed
material, a conslant depth of flow and & uniform velocily distrfbution, por-
formed al Colorado State University,8 and find that the two aro inclose agree-
ment, This indicates that the model resulls are consistent and casy lo dupll-
cate.

Where stréams meet similar specifications In patureas thosa of the models,
there should be & reasonable correspondence between model and protolype,
There are sireams In India and Pakistan which do approach these so-called
jdeal conditions; the stream beds present an unlimited depth of alluvial ma-
terial, the river channels are extremely wide withmore or less constant width-
to-depth ratfo, and the velocitics arce low due to an unusually flat gradient {the
average Is 2 ft in 4 miles In East Pakistan), Under such conditions the velocity

distribution cannotl vary greally ‘ncross the stream. Fleld measuroments of - '

scour at bridge abutments, spurs, and guide banka for the rivers of India and
Pakistan are on record!4 and these show surprisingly good correlation with
the model results, 15

Limlited experience with scour on rivers in the Unltod States show Jess fa-
vorable ‘comparisons, The reason Is obvious; the gradienis are steeper, the
cross seclions ara irregular, the velocities are higher, and the velocity dis-
tributions are far from uniform. Under these conditions the greatest scour
docs not necessarily occur at tho abutments but §a more likely to be found in
the portion of the channel whers the depth of flow and velocily are greatost,
Records of the Unlied States Geological Survey of bridge sites in Mlaslsslppl.

where the beds are generallyof alluvial material, show this to be true. There -

i1s also evidence from past floods in varlous sections of the United States that
the setticment of plers in the deepor partion of the channel 18 more common
than abutment fallures due to scour. Yet if Figs. 3 and 6 are consulted, in
order, It §a found that prediction from the model glves scour depth up to three
times the pler width for the center of the channel, while scour up to six times
the depth of flow is supposedly possible at abulments. The latier can result in
fantastic figures, which are true In the case of the model with rectangular
eross section, where all scour ia concentraled at the abutments; but such pre-
dictions are unreasonable when applied to irregular cross sections Inthefleld.

This discussionwas not written to confuse the issue or discredit the model
results (which are valid for the conditlons tested), Rather it is to point out
some of the remalning unknowns and (1) encourage Investigators to make a

K

14 s The Behavior and Control of Rivers and Canals,® by Sir Claude Inglis, Rosearch

Publication 13, Part 11, Central Water Power Irrigation and Navigation Report, Poona .

Research Ste,, 1949,
15 'Fleld Vermca( fon of llodel 'l‘esll on Flow Through Highway Bridgos and Culvoru.
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JOGLEKAR ON SCOUR

concerted effort to take soundings of streams at constrictions both before and
during floods for the purpose of better understanding the ficld problem and
making betler utilization of the model results; and (2) towara engincers to not
use the model information blindly but to treal cach river crossing as an indi-
vidual problem, using the model resulls as a guide rather than a definite solu-
tion, Returning to item (1), further model studlies will not produce the answer
desired; ficld measurements are the only alternative. A further commont on
item (2) is that model results applied ta abutment scour In the United States
will corta!nly fall on the side of safety. The extra cost of unduly deep [oolings

may, therefore, be sufficiont to flnance a comprchensive ficld sludy In a very

sl\ort umo.

D. V. JOGLEKAR."’-—!! i3 Agreed that each river and cach reach must be
studied to understand its individual, almost personmalized, characteristics and -
that scour at bridge plers is closely related to (a) the river conditlons upe 5
stream and downstream (such as indicated by flood hydrographs from year to

year); (b) the meandering tendency of the river that, in turn, depends on the

, detritus load carried by the river during floods, (¢) whether the river isflows .’
ing in its alluvial plain or has its sides and bed resistant to scour, (d) whether °
the river is flashy or has sustained floods, and {0) the constriction of the riv-

er section cnused by the bridge. The reach of the river also has an Important’

bearing on scourat bridge plers, for example, bridges on hill torrents, bridges
on alluvial plains with mild slopes, and bridges on the tidal reaches of the
river, Ina braided river near a hilly region the river changes are so rapid
* that it is very dillicult to estimate the waterway required for bridges across

various streams of the braided river. An illuminating case of violent move-. . .

ment of Manas RiverlT
prov. ided on the three tributaries of this river:

1. onthe Manas River which had 10 spans of 100 ft,. -~ : ‘.
2. on the Bholookadoba Branch - 2 spansof 16 4t,- .+ - .
3. on the Beki Branch - 4 spang of 121t, : . :

Due to changes in rlver courses, the bridge had to be rebum sevoral tlmu on

the Bholookadoba Branch between the perlod 1909 to 1845:

lo 2 o‘ 75 ‘t’ : . . r, ) _' s .'. '. . ::".
2, 3o0L751¢, .. - Ves R SR B
3. 1otzsomndzousou. sede X -u: v e

provided during this perlod as follows; . .

1. 4x12ft, i
2, 4x201t, T o . e
-3, 9xa20mt, . : 3
"4, 1x501¢, 1x 301, 6x19ft, LT e Lo
5. 1x501, 2x40ft, 6x10¢, = . ' RN S
8. 2x40(t, 3x100ft, R I I TR
7. Tx150 “. ':‘ KRR s A Y A R T S N R UOF SO I S
. 16 Advliser, Central Bd. of Irrig. and Powor, Poona, lndu. A
17 sRiver Tralning,” Rallway Board Technioal Pt\per No. 334. R o e

in Assam can be cited, In 1809, throe brldgu woro o

Changes in the Beki Branch were more violent and hrger watomya had to bo
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ove the low-fiow bod of the stream. Itis poasible to Imnglno circumatances ‘ “‘ . .. S -

which the length of the bridge might be out in half, tho waterway area re- 80 thals e & oo A
rining the same, This has obvious economic alxnmcance. . ’ . C T T C ) .- )

Tha natural filling of the scour hole during the recession of the flood tends . i . T ek B_l_)_ -znt 4 f___ ) : ( 18
minimize the depth of the pool of water that might be left standing under . | o ; B*3" "% y " esesesssnass,s (18)
¢ bridze during low flow. As the beds of such streams are commonly made ' C , :

. of alternating pools and bars anyway, the addition of another small pool | * - oo j
neath the bridge is of little consequence, Flg. 12 shows the type of design | From ":‘“? fhrea relationships ' . l
oposed ) soent ;. A ot . o

‘L. J. TISON ~The relatlonshlpproposedhy Mr.Laursen for the prediction . ‘A 1' 7 o\ YT % I AP ds - [ A oo (!lﬂ) ;

scour at plers and abutiments for the case .In which sodiment is supplied to
& scour hole, In extromely interesting.

The author presents an analyais in which he compares the flow without with v greater than v' (v'is the velocity la the nelghborhood of the bottom).
ntraction and the flow dus to a long contraction. He then uses, for both A consequence of Eq. 19 is that the motion cannct be parailel to the ;
>ws, an approximate form.of the total sediment load relationship recently - p bottom, ‘the trajectories must dive, ;
oposed by himsell and consideres a bridge crossing as a long contraction, This diving motion will have another conscquence : a local attack of the |
reshortened in such an extreme that it has only a beginning and an end. * ‘bottom under the influence of the first curvature 03 py. Evidently, the im- |
The writer has found that a scour al piers and abutments also took place L portance of scour will depend on the value of the vertical component of the |
1en the contraction of the flow was without signiticance and introduced the » diving motion, and this vertical component will depend on the value of the P
ea that the scour at plers may be affected by the curvature of thc stream- : : second member of Eq, 19, . P
1es around the plers. . For example, small values of p will increase the depth of scour, Experle P
_When a pler with an arbitrary shape is placed in a stream, “ produces ments with different models of piers, with the same length and breadth and
ig. 13) a first curvature with a center 01 and a radius py, followed by a with the same discharges and heights, gave a confirmation of this result, |
cond curvature 03 P3, In the neighborhood of the bank of the river, the pler ' Rectangular plera (reduced values of P) produced a scour of 113 mm with |
erts no action on the direction of the streamlines, cd. But, considering the a discharge of 301 per sec in a flume with a breadth of 70 cm and a heightof |
glon of the first curvature in the neighborhood of the surface, a line such "10,5 cm. The length of the pler was 24 cm and its breadth was 6 cm, . ;
), tangent in cach polut to the principal normals of the 3“‘““‘“““- the , The simple rounding of the cdges of the plera reduced the scour to 01 mm, |
“‘""“‘ rvelationship may be written: o whoreas a triangular shape reduced it 70 mm. .
- o An aerodynamic shape gave no further reducuon, but the shape of a lens . |
B 8a ) . . produced a reduced scour of §4 mm, (large values of p). ;
2.1 f "'" d‘ SBAt T eeceeicnnnyen (16) The protection realized by a single pile before the lens-shaped pler ro- |
: . duced the scour to 38 mm, This pile produced Ligiger valuos of p and worked !
) as a reduction of the width-length ratlo, o
which z 1s the "l'““l helght, p is the pressure, v is the velocity and 7 is A change in the repaitition of the velocity will have an influence on the
e specific welght of tha liquid. The first supposition was “‘“ the motion is _ second member of Eq. 10 and,therefore,on the value of the scour. A higher - .
rallel to the boltom. - : roughness of the bottom on a distance before the pler (with pebbles onthe
In the neighborhood of the bottom, ancther “‘l“ﬂ“‘“l‘ of ““ nmc "““" bottom) is realized, In Eq. 19, v' was reduced whereas v was increased,
ves: . U with the conclusion that the erosion had to be increased, That Is what was
. - v e = L, found with an erosion of 71 mm with the leng-shaped pier (54 mm with the
Ppe g (B '3 . p A _ fina sand).
ettt [ Y- dems At b £ 1)) Tho consideration of Eq, 10 shows that it would be possible to consider-
Y B°A 4 W ahlyz reduce the eroslon by adapting the variation of the radius p with that
- ofvé,
' . Therefore, the vepartition of the velocity from the bottom to the surface
3_;“: B ‘:"“"“ a ‘3“‘:“" line P“Pl:"‘d‘c“‘“ on ““, bottom, » was measured and the lens-shaped pler was given a variable radil of cur~
e variation of the pressure between Band i’ follows the hydrosatic law, . vature corresponding with the values of v2, The result was a non-prismatic
. L . pler with a larger base, The evosion around this new model was reduccd to
. S e veo T § mm maximum.,, .. . - o .- .
3 . . i ) It Is casy to sce that the sccond curvaluro 0g pa will glvo a rohuon .
Prof., Unly. of Ghent, Gheat, clgium, . wET e e (Eq. 18) with a necgative second member, A mmf motion will, therefore,

L] -

“
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The writer agrees with tho author that afflux caused by a bridge depends so -

much on-the cradibility of the bed material. Thus in the caso of the rallway
bridge on the River Ganges2® at Mokameh, the afflux caused by the bridge was
only a couple of inches for a flood of 168,000,000 cu sec. This was because the
fiood was sustained and the rivor scoured its bed as the discharge increased.

‘In the case of rivers with flash floods or with inerodible bed, full amux hu to

bo allowed for In the design according to standard formulas.
.As emphasized by the author, more field experiments are necessary to lm-
prove our method of estimating acour at bridge plers, T .

-
"r-."
.

W. J. BAUER,29 M. ASCE.—The writer wasin attendance at the University
of JTowa, when the research described by Mr, Laursen was gelting under way,
and is, therefore, aware of its pioneering nature, The purpose of this discus-
sion i8 to consider the application of the results presen(ud by the author to
a particular approach to waterway design. . oo

The fundamental purpose of a bridge over a stream I8 to separate the '

human traffic and the flowing Wwater, it is commonly accepted that provision
for the passage of the maximum concelvable discharge through the waterway
beneath the roadway is economically undesirable, It is good practice to pro-
vide for the safe, although infrequent, overtopping of the roadway by a rare
flood, If the design 13 adequate, after the passage of such a flood, the high-
way 18 immediately ready for service with only minor vepalrs belng requlred
during subscquent routine malntenance,

In order to achieve this objective, the backwater produced by the struc-
ture must be small at the stage of incipient ovortopping. The writer has used
values of 0.5 ft to 1.0 ft as being reasonably small for the backwater at this
stage, The design problem then becomes how to provide for the passage of
the flood corresponding to the stage of inciplent overmpplnx without excead-
fng an allowable backwater, o

Some of the flow area required will exist benoeath the alevatlon of the low-
flow bed of the stream In accordance with the reasoning set forth by Mr,
Laursen under the heading “Local Scour at Plers and Abutmenta: Backwater
at Bridge Crossings.” The extent to which such area {5 avallable to the flow
during flood may be controlled by suitable scour protection.

At bridge sites in West Virginia, at which scour protection of broken rock
is readily availablo, the writer has used a design velocity beneath the bridge
of between two and three timos the typical velocity in the stream during
flood, This was accomplished without exceeding the allowable backwater at
the stage of inclplent overtopping. Such a relationship, between the velocity
fn the coutracted section and that jn the approach flow, gives sufficient as-
surance that the material deposited over the biroken rock fil1l during low flow
will ba scoured out during flood, provided the depth of scour required is not
excesslve, Fig. 6 Indicates the relationship between depth of scour at an en~
e¢roaching abutment and a parameter dependent on the degree of contraction
of the natural waterway by the structure. Fig. 6 indicates tho attaining of
depths of scour equal to the depth of flow at relalively minor amounts of
contraction, It is, therefore, not difficult to imagine circumstances in which
it would be possible to provlde as much waterway area beneath the low-llow
bed of the stream as ahove it, . oL

.

29 Conas, Engr,, Chicago, 11, . ce
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Lt FIG, 13.—-:*110#0580 DESIGN
beneath the low-{low bed was only abiout 40% of the nominal depth of flow al
the stage of incipient overtopping. Noverthaless significant cost gavings

were achloved compared to a longor bridge with equal watorway area entirely
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o river ‘xs'suu uncontrollable In spite of various training measures. e
l Experimnts 18 16 wera carriedout at the Contral Water and Power Research
ation, Poora, Indla, in 1838 and 1939 for finding scour round a single pier
aced in tho aenter of a parallel sided flume, embedded in sand of mean dl;ugn- -

.
R

er 0,20 mm. The following relation was worked out: - ~ PR R
e (e g

o R 8 : . ! R R 4
N . ‘.E.- ].?0 (qc/b . Sesssessseseseny ‘3-.‘.';?.‘

1 which b i the with of the pier, q is the discharge p:n- foot in the center of

"6 flume upstream of the pler, and dg 18
: ;cr below s'ater level, As it was difficult to correlate this with the dopth of

" cour at prototype plera, due to g (intensity-of discharge per foot) depending
pon the :ufvalzgz of the river upstream - which varies from river to river,
t was considered desirable to study cases of actual scour in prototypes and

rk out a general, emplirical relatio X
:x:tkt;a an:lo of repose of bed material In the x;mdel and the prototype is the
iame, hence, the extent of scour in plan in the vertically distorted model is
ound always reiatively greater than in the prototypo. This in effect reduces
he discharge intensily at thepier due to greater disperstion of flow and henca
he depths of scour olXailned in the model would.bo rclaﬂyely lesa, Data*¥
were, thereforo, collected for scour round brldge plevs of varlous bridges c?gi
structed in India and a goneral rglallonship“- 0 was worked out as _tollgys. -
. . . ] T N l . N . RGN

e
Sy vt LI

g (a) 04T/ S = 2 D(Lacey) v uvenseearass s (16)
ec; dg 18 the maximum depth

r.t

in whichQ1s the maximum flood discharge in cu

of scour below highest flood level; { 18 = 1,76 Ym, and m 18 the mean grade of |

e terial in millimeters, In Eq. 16, a representative { value has to bo used,
tl’-‘r?:;:abore data, values of { for each strata iato be worked out to ascertain
that the anticipated depth is not based on the { value which is higher than that
appropriate at that depth. Recent advances infoundation enginecring have made
it possibleto take the pier foundation sufflcicntly below the maximum praobable
depthof scour to provido adequate grip length, Whero this cannot bo done, high:
level stone protection, though costly fn the long run, has to bo employed. An-
other advantage of dcop foundation is that, because of increased sido friction
on the pier sfides embedded in sand, the load bearing capacity of tho pier in-
creases considerably as comparcd to that of & pler with shallow tound?uon.
Genorally this additional load bearing capacity is not taken into considoration
in tho design but s kept as & margin of safety. The provious rallway practice
was to work out the depth of bridge foundations according to the obsa-r\'n_\uons

t. N '
.. »

PRl YL

'y ": 'y v

18 Technical Annual Report, Contral Wator and Powor Research Statlon, Poona, In-

1038-29, ) ,
‘mh slichaviour and control of rivors and canals with the aid of modcls - part i, Ro~-

scarch Publication No, 13, Chapter VIIl, Central Water.and Powor Rosoarch Sta,, P'oona,

India, .
" 20 Teohnical Annual itcport, Contral Watey and Powor Resoarch Station, Poona, fnd(a,

21 4512410 Channcls tn Alluvium® by G. Lacoy, Journal of the Jnatitution of Q!vl! En=

glneers, Papar No, 4736, 1926, K

L] .

the maximum depth of scour at the . :

iship. Besldes, it has to be remembered

"

o -

b
23 -

made by Sprlngzz and Galos.“” In the case of shallow foundation, pratection

has to ba provided by stone pitching and if this is at high level, a lot of the

~ stone (stone used generally welghs 80 to 120 1b and is called one man stone)

is washed away downstream due to turbulence and has to be replenished, even
during floods, to ensure the safety of the bridge. 'Due to this turbulence ver
decp scour occurs downstreamof the plers as iIn the case of Hardinge Brldga2
on the river Ganges, depth of scour being of the order of 200 ft, .
The current raflway practice is to provide a grip length for the pler equal

to half the depth of scoured bed below H.ILF. L. 50 that the lotal length of plers - |

below H.H.F.L. 1a 3D(Lacey).

Experiments25,28 wore carrfedoutat the Central Waterand Power Research |

Station, Poona, India, for testing the design of tralning works, waterway, and

" length of piers of arallway bridgeat Mokameh on the river Ganges near Patna

(Dihar State), The pier foundation of this bridge has been taken to a depth of
about 200 ft below H.H.F.L. which I3 equal to 3D{Lacey). As the foundations
ara deep enough, protection by way of stone pitching round piers is not pro~
vided, g e : : :

Varlous casés of bridges, for ﬁ\lch rivers had to be trained to onsufe the

* safety of plers, have been experimented on. These experiments are described

in the Technical Annual Reportsof the Central Water and Power Resecarch Sta-
tion, Poona, India, for the year 1937-38, 1038-39, 1839.40, 1940-41, 1844 to 47,
1949 and 1952 to 1958, - e .. ..

In the case of flash flood type rivers, fixing the watorway is much morae dif-
ficult, In such cases the fload riscs and falls so rapidly that the river has no

timo to scour ita bod with tho result that the af{lux {difference In water sure -

face upstream and downstream of bridge) Increases enormously; the bridge is
likely tofafl by outflanking. A raflwaybridgeon Luni River in Rajasthan State27
falled in this manner, . . . . .

In the case of inerodible bed material, it is diificult to estimate the maxi-
mum depth of scour. Ilydraulic model experiments are unable to reproduce

this scour due to obvious limitations, Recourse has, thercfore, to be takento -}

field data. In somae cases, the maxiinum flood level is underestimated and the
waterway provided 18 insufficient. If thobed 18 inerodible afflux {ncreases bo-

youd the safe limit, with the rosult that standing wave conditions prevall down- s

stream of the bridge, which lead to undermining of bridge plers, The rallway
bridge on Yeshwantpur Rivor28 in Andira Pradesh falled and collapsed for
similar reasons, vt . .

22 “Rivor ‘Training and Control of the Guido Bank System,” by F, J. E, Spring, Rall-
way Noard’s Tachaical Publication No, 153, :

23 *principlos of River Traiing for Rallway Bridges andthelr Applisationto thaCaso
of the Hardinge Bridge over the Lower Ganges at Sara,® by R, Golos, Journal of the Ine
stitution of Civil Englneors, Decombor, 1038, Papor No, 8147,

. 24 Invostigations carricd out by means of modols at the Khadakwasla Hydcodynamics
Rosoavch Statian, noar Poona In conncclion with tho protection of the Hardinge Bridge
whioh spans the vivor Gangoes near Paksey, by C, C, luglis and D, V, Joglckar, East Don=
gal Rallway, Public Works Dopartment, Bowmbay, lndia, 1036, Technteal Papor No. 53,
10 25 Tachnical Annunl Roepart, Contial Wator and Powur Research Sia,, Poona, India,

500 * - -. - B . '

26 Manunl on Rivor behaviour, contral, and training,* Ch, VI, Pub, No, 60, Contral

Board of Irrigation aml Power, o .

27 Tochnleal Annual Report, Contral Wator and Poyer Rescavch Station, Poona, India, '

1064, °

8.
.

< bl

24 Technicnl Annual Roport, Contral Wator and Power Rusaarch Statlon, Paona, Indis, .
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. For the
llow the first diving motion, This was cbserved on all the models.
ctangular pler, the small radil of curvature around the upstream edges

oduced a quasi-vertical rising motion.

Behind the pler, with the lens-shaped scction, the curvatures of tha type
2 was followed by another curvature of type i, and the formation of a sec-

..'i.‘ P BN

FIG, 13

sndary smaller scour was to bo observed just behind the pler,

Many other results could bo deduced from threo first considerations and
also from the consideration of the spiral motion Induced by the diving motion

.

Bank

TS

CHITALE ON SCOUR

“deviated by. the reaction of the botlom, Further results can be found in some

of the writers publlcations,

The same theory can be used for the study of the action of zraynei and of

the motlon of sediments in derivations,

! :
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8. Tison, L. J., *Repartition du débit solide d'un cours d'eau se divisant en
plusieurs braa naturels oy artificlels,” Assoclation Internationalodes Con-
gres de Navigation, Congres de Rome, 1953, :

S. V. CHITALE. 3 1p connectit;n with estimationof scourat plers and abute
ments of bridges, Mr. Laursen has stated that comparison of modcl and pro-
fotype data Indicated that the depth of scour could betreated as simply another

"lergth and that cquilibrium depth of scour obtained in the field. This copcept
- of equilibrium depth is due to the author and moare clearly caunclated by thq

following quotation:? ,

|

®At least as a first approximation the equilibrium scour d'epth. with
certaln qualifications as to the flow conditions, appears to be a functlon !
onlyof gcometry, l.e. the relutive depth of flow, the shape of the pier and

the angleof attack. , . velocity of flow and sediment size (and, therefors, - |

rato of transport and Intensity of boundary shear) do not .Influenca the
equilibrium depth of scour. . . .”

Some Investigations {n models have been madeon the subject of scour depth
at bridge plers inIndiaat the Contral Waterand Power Research Station, Poona
which the writer thought would be of Interest in context with the author’s find-
ings. :

Thefirst seriesof experiments wero conducted {n conmection with the Hard-
inge Dridge over Ganga River and were reported in the Annual Reports of the
Station for the years 1938 t0 1842, A geometrically similar replica of Hardinge

31 cit, Research Officor, Flood Control Div,, Centra)l Wator and Power Rosoarch
Slak!on, Poona, Indla, :
“Scour Avound Nirldge Plors and Abutmonts,® by E, M. Laurscn gnd A, Toch, Towa
Higkway Resoarch Doard Dullutin No, 4, May, 1956, :
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. Bridge pler was ombedded in Ganga sand of mean diameter of 0,20 mm In n. .
, parallel sided channel. The results of theso experiments gave the relation

8-00 -
MEAN DIAMETER | svasor{ TyrL oF | T .-‘."@:E ds _ 1.70 qc2/3 ' 18 . 20)
5O0.| OF SAND AROUND | USED SAND. +15A Y d . b IXEREEERRENEERL AN (
PR, . X
P . ©0.24 WM. X |wive san i 'ln which ds = maximum depth of scour below H.F.L.; d = depth of {low ia the,
! s | ©ess m.m. 0 |warasane Hunuugyds flume; b = widthof pler; and q¢ = discharge per foot run upstream of the plers.
b “ts | vumm 0 [narasano AN A ' 3 : . ‘
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’ " o R . ~ testizgthe tnfluenceof upstream depth andsand diameter on scour round plers.
F1G, 14.~PIER EXPERIMENTS . D " The pler tested In these cxperiments was also 1/65 scale model of that of the

Hardizge Dridge, It was rectangular in scction, of leagth 1 ft, width 0.6 ft and

Al
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miclrcular 'cut and ease waters. The bed of the flume in these experiments t Steve number . .
s l1aid with sand of 0.32 mm while the following materials were used jJust - . c - ", Type of sand ~ Mean size, inmm
‘ound the pier in succession. o . ) screened dam sand ) m=0,18

: White ‘V' sand m=0.24
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The sand round the plers was laid flush with the up.';lret;m bedd}“r‘a tA . ,_ 2::::: was to run & constant discharge without sediment load until scour had *
constant discharge of q = 1 cfs per ft was run and water level was adjusied 1o Tt will be seen from Fig. 17 that the author’s design curve, and still more
get a particular depth,the depths varying from 0.5 to1.45 ft. Each experiment his curvé from the Towa df\ ta, Fig. 3, lie well above the Poona results, Tho
was continued until fina! maximum scour was obtained round the pier, difference appears to bo too great to be explained by scdiment loa 4,21 though

In afow tests In which theupstream dopth was less than stable depth the up- this cannot be ruled out as the upstream depth may be reduced more by sedi-
stream bed scoured and blanketed the scour pitaround the pier. In such cases, " ment load than is the depth of scour at the pier. It would be of value if the
the maximum depth of scour at the nose was measured just before depgsltlon . author presented the data on which he based his design curve, showing partice
in the scour hole of sand from upstream occurred, L ularly the effect of load, . _

. In experiments when sand around pler was coarser than the bod matorial It is also most desirable to compare small-scale resulls with obscrvations
upstream, the bed around the pier was lald higher than upstream level, to get made under full-scale conditions. Such data are difficult to obtain because of
scour round the pior for the upstream depth laid, : .. S .. .. . .-
. Table 2 shows the results obtained important conclusions, as follows: ’ . L v e . : T el bt r‘ -
! §. With axial flow, maximum depth of scour was always at the nose of the B STt e et oLr
pler, scour at sides being less by 5 to 15%. ' L e ' : Rer iy . e A
- 3. The ratio of scour at the nose and depth of flow in the channel bears a : 3 ; o -

simple relation with the approach velocity In the channel (sce Fig, 14).. - ‘ I A / b 5 ' l v ‘

3. The depth of flow on the upstream has also an influence on scour at the flg 3 : >/ ' Design cune, Buletin 4 .
pler nosc (sce Fig. 15). . . . e : (lows plar 30° spproach) . ﬁ-ﬁmu ubwater, axial 3pprosch)

It will be scen that correlation of depthof scour either with' upstream depth : : - / : =7 | pocas Models
(Fig. 15) does not appear to bo satlsfactory, The writer, therefore, furthar 2 P 4-/ M;ﬁ",‘.'f'm""-'—.
analyzed the experimental data and found that the Froud number provides a . ' v ’ :_ .
better criterion. Fig. 16 shows plot of depth of scour against the Froud num- i *d / . o .. & i wale
ber. Although some scattor of points is evident in this plot, the general trend s |- / NV LA - 1. Xk ke
is remarkable, statistical equation obtained over the range of experimental i . * pobes Modets 8 iy wale
data being . . - R : / X L] ﬂnmmmbl ¢ .:h scals ..

y'-o.ﬁl*ﬁ.ﬁﬁx-5.49!‘............5... (21) N } ’T mu (-] ] ﬂ\'b.g 1. -

It is thus secn that experiments at the Research Station do not lend support P 4 e ° “'~~\ .
to the author’s equilibrium scour {heory, and It appears that further investiga- : o . i D
tions both in the ficld and In the laboratories are desirable beforo it can be ’ - ) . : . e
accepted unrescrvedly and with confidenco, ' an o } . : L ;,

Grateful acknowledzment is made of the kind permission given by M. G. ‘o : ) .
Hiranandani, Director, Central Water and Powor Roscarch Station to refer to : o v ..ty s 6 LI TS
experiments previously conducted at the Station and alsofor usclul suggostions : Cee e U Vakaol &, L T
offered by him. p C s R P e e e . . o T e

: . i . 4 .. : : *

A. RYLANDS THOMAS,32 ¥, ASCE.—In Fig. 17, tho author’s dosign curve i FIG. 17,~SCOUR AT BRIDGE PIERS R
for plers (Fig. 9), with a factor of 0.9 for application to piers with semfcir- T Lo ) N . -
culur nose form, is compared with resultsof exporimonts with models of plors tho need to take ohservations during high floods which are very often of short
carried out by the writer In assoctation with Sir Claude Inglis, 33,34 Those " duration. It {3 easier to measure depth of scour at the pier than In the chan.
plers were modcls of the picrs of the Hardinge Bridge over the Ganges River nel upstroam, where a number of obscrvations must be taken to average out
(now in East Pakistan) which wore 37 ft wideand 63 ft long, Includingtho semi- the effoct of bed waves. Even when this is done it Is not certain that theboed
circular nose and tail. Tho model piers were fixed Ina paraliel-gided channol was in cquilibriumat the time of observation, The Poona experiments showed
with abed of fucoherent Ganges sand about 0,3 mm moan diameter and the pro- thata reduction in channcl depth, due for example to resistence to scour, would

increase the depth of scour at the nose of the plor. '

32 Cons, Eagr,, London, England, The relationshipbetween depthof scourat the nose of the pler and the dept

33 Annual Reports (Technical), Contral lvvigation andlydrodynamioc Roscarch Station, of channel upstream is, therefore, perhaps not the most suitable one for coms
Poona, India, 193829, p, 39; 1939-40, p. 33; 1240-41, p, 35, ’ parison of full-scale data, Nor 1s it generally the most sultable for practical

34 &7ho Bebaviour and Control of Rivers and Canals® by C, C. Inglis, ContralWatore

powar Irrigation and Navigatlon Rosearch Statlon, Poona, India, 1849, p, 321, applicationof a design formula, because tho upstream depth during a maxfmum

.
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Table IV. Computation of Total Sediment Load for Uhder]ying Layer

d(mm) p (d/y)7/6 ('co'/'rc - 1) f(/gyS/w) c(% by weight) % of total load

q=80cﬁfﬂ,dm=17£nm

110 0.2 0.0346. 0 6.5 0 0
48 0.2 0.0132 0.64 7.1 0.012 1.2
17.2. 0.2 0.00398 .3.60 8.2 0.024 2.6

3.2 0.2 0.00057 23.8 15 0.041 4.2
0.2 0.000052 188 450 0.880 92.0
0.957

t

As shown in Fiqure 9, the backwater curve

at the head of the reach drops.

¢
{
t
{
{
!

for a rate of flow of 80 cfs/ft, an n value of 0.03, and a reach degraded six
feet is only a little over 1000 feet. If the degradation.was.triangularly
shaped; six feet at the upstream end, zero at the downstre;m end, the back-
water curve would be longer, but not long enough to decrease the competence

of the flow to the extent necessary to permit the bed to be armoured.

1400 1200 © 1000 800 600 400 : 200 0

Figure 9. Backwater in degraded reach.
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T




29
The important number in Table IV is the indication that at g = 80

cfs/ft the coarsest 20% should not move and the bed should armour. Degrada-

tion of two feet should leave a layer of 4-inch and larger cobbles. Thus, a

total degradation of eight feet-~the six foot thick surface layer plus two
feet of the underlying layer--should be added to the expected local scour of
four feet. Thevtotal probable maximum scour’at the Queen Creek emergency
spillway would then be twelve feet. One cannot be absolutely cértain of
this limit, but it is difficult to imagine it would be deeper if the pnit
discharge of about 80 cfs/ft is the maximum probable flow to be expected.
The final design studies should refine and confirm these estimates.

The reach immediately below the spillway will quickly degrade the
first six feet and should be a rectangular incised channel almostvequal to
the depth of flow. The flow should be straight out from the spillway tend-
ing to keep the flow and degrading channel straight. .The flow that escapes
to the side will lesson the éediment-transporting capacity of the flow,
therefore, the time of degradation will be somewhat longer. The flow that
escapes to the side will also be reduced in its capacity and competence to
transport and will tend to drop a part of its load and build a natural
levee, which in turn helps to keep the flow in its initial width.

Severe bank scour and widening or instability of the bank line is
only probable if the flow becomes supercritical because dunes and roughness-
disappear and the n value goes down to about 0.02. Sediment~-transporting,
supercritical flow is unstable because an oblique supercritical wave re-
sults in a lowered transport capacity and deposition beyond the obligque

wave--which makes the wave worse and then the deposition worse. Even this
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worst conceivable state of affairs, however, should not result in a migra-

tion of the bank line over to the principal spillway.

30
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RECOMMENDATIONS FOR FURTHER STUDY BEFORE FINAL DESIGN

Local Scour

The Queen Creek emergency spillway structure is so wide that the
basic model studies can probably be performed on a slice of the spillway
seﬁeral baffles wide; arranged so that the end slice Vith wing wall can be
checked in the final design. The generalized studies that have been made
of the baffled-apron spillway seem to leave little room for improvement of
the recommended design geometry, but several questibns should be answered
regarding the local scour to be expected.

1. What is the limiting, equilibrium scour? With a two-dimensional
model with one side of glasg, a time history of the development of the scour
hole should answer this gquestion. .The 0.5 mm sand used in previous studies
should be used again. Does any self-sorting occur, creating an armour

layer?

2., What is the effect of sediment size on the depth of local scour?
Several sands should be used to trace out the function between relative (
scour depth and the nominal boundary shear/critical tractive force. 1If a
1:16 model and the 0.5 mm sand are used, then the other sands might be 0.2
mm, 1/16 inch, 1/8 inch, 1/4 inch and 1/2 inch. These sands should not be
single sized.but'neither should they contain such a wide range of particles
that self-sorting is an important factor. A pair of tests with 1/4 inch
sand laid on a fine sand in the geometry the 1/4 inch sand takes by itself

should be interesting; one of the sands should be the one used in determin-

ing the effect of sediment size, the other should simulate the coarsest

3l
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quarter of the coarse sand-gravel~cobble layer at Queen Creek. It would be
much more convincing and satisfying if a 1:4 model with comparable sands
could algo be run; it is not good policy to change.only one variable in a

dimensionless grouping~--if possible all variables should be varied.

3. Should the depth of scour be measured from the original ground sur-
face or from the tailwater surface? Usually the depth of scour measured

from the streambed is most meaningfui because this is the dimension of the

" hole. In this case, however, the jet is slowed down in the pool and it

might be better to measure the scour from the tailwater (or pool water)
surface. The downstream half of the scour hole, and therefore the original
stream bed evaluation might have only a small effect on the scour depth. A
few runs with the tailwater constant and several original stream bed eleva-
tions should answer this question. Care shouid behtaken to cbserve any

self-sorting that could effect the results.

4. Does the position of the baffles relative to the tail-water surface
or the scoured streambed have any significant effects? Anywhere in the
pool, the baffle piers can serve as deflectors turning the jet toward the

horizontal. Does this happen? Does it matter where it happens?

Degradation

Further computations of expected degradation might not be especi-
ally useful, but there are some further questions that could be investigated
with possibly useful results.

1. Have there been any field observations of degradation for comparable

flows and sediment sizes? Even if the flows have not be as large, if the
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Té/Tc ratio is similar, it should be possible to ihterpret the field

measurements.

2. Is there going to be severe degradation downstream of the CAP

'aqueduct due to flows less than the 100-year flood? The controlled re-

leases should not result in degradation greater than the limit expected in
the extreme floods over the emergency spillway, but the possible effect

should be examined.

3. Could the CAP aqueduct be built incorporating a rock dike that
would fix the bed and water surface at that point and thereby limit the
dégrédation below the Queen Creek spillway? 1If the alignment of the CAP
is changed to bring it closer to the Queen Creek structure, this would be
a possibility'but whether the savings on the Queen Creek structure could
offset the increased cost for the CAP canal, would also have to be deter-

mined.

4. How deep is the underlying sand-gravel-cobble layer? This question
is not related to degradation, but the total scour at the spillway. The
test pits went down about twelve feet and this is the predicted depth of
total scour. If a finer layer is beneath the sand~gravel-cobble layer at
twelve feet, the boﬁtom of the scour hole should be carefully lined with
cobble to be sure it stays in place. If a finer layer is exposed at this
elevation, the local scour could go down quite a bit and undermine the

structure.
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* flood 15 not often known beforchand and would have to be calculnted. An error

in asscsstag this depth would lead toa corresponding aud greater error In osti-
mating the level to which scour is Jiable to occur, _

A morsbasic relationship is that between depth of scour below water lovel,
Dy, width of pier, b, and upstream discharge per unit width, g. The relation-
ship indicated by the Poona results is . b - e

Y T .
'%‘!-l,vo(fl?—a) O S N ¢ 1

in ft-scc units, applicable to scour Infine sand within the limits of qz/ 3/b or
yo/b at least from 1 to 6 (see Fig. 17) and not greatly affected by the grade of
sand. It is necessary to take Into account the effect of obliquity of approach
flow, which may be done by using for b the projected width of pier on a plane
normal to the dircction of approach. A factor of safety should also be used in
design. . ) . i . .

The discharge per unit width to be used for design must, in most cases, be
greater than the mean value because inrivers the deep channel meanders from
one bank to the other. It 13 therefore advisable to use, at least as a check, the
relationship proposed by Xngus“ giving the maximum depth of scour around
a pler as approximately twice the Lacoy regime depth, that is,

ns'(Q/ﬂ!/a Q.o....n.c.‘c.....-(23)

in which Dg is the depth of scour in feet below water surface, Q i the dis-
charge In cu sec, and { is the Lacey silt factor (approximately 1.8 Vm where
m = mean dlameter of bed sand in mm). Eq, 23, derived from data of soveral
bridges inIndia and Pak{stan, takes into account obliquity of approach and con-
centrationof discharge but not the width of pier, which is clearly an important
factor. The data related to normal widthsof pler and todepthsof scour ranging
from 25 ft to 117 ft, : SN

. MUSHTAQ AHMAD,35_.The problem of correct estimation of depth. shaps,
and extent of localized scour is {mportant front the pointof view of establishing
sound design practice and safety of hydraulic struclures such as bridge plers,

abulments, spur dikes, groins, or pitched tslands, This problem {8 much more

fmportant for hydraulic structurcs in alluvial rivers of West Pakistan where
fine sand is found for hundreds of feet in depth, and scour depths of 40 ft to 80
It below water leve) are common. The author has, therefore, deait with a sub-
ject of speclal importance and great utility to this region.

It is proposcd to discuss the author’s approach to the problem with speelal
reference to field and laboratory experience in West Pakistan, The author has
assumed the depth of scour as another length and has related it to the normal
depth or the widih of a pier, and maintains that the depth of scour does not de-
pend on the degree of concentration until scour holes around nelghboring ob- .
structions overlap. He maintains that thore is cquillbrium or limiting depth
and belicves that for a given mode of sediment movement, the depth of scour
depends only on the gcometry of contraction and the approach depth. He holds
that the cffcct of velocity and sediment sizo can be neglectedas thatof secondary
order, The writer agrees that there s an equilibrium and lmiting depth of

35 pir,, Irvigation Rescaveh Inst., West Pakistan,
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scour and that the effect of sediment size can be neglected. Tests made ;n'

depth of localized scour at spur dikes38 also showed that localtzed scour depth
does not vary with grain size in the range (0.1 m to 0.7 m) usually met with
in alluvial plains of West Pakistan, However, this concept may nat be valld
{:‘ ,(;1: entire range of bed materfal sizos ranging from fine sand to gravel and

rs, ' : '

The author's view that scour depth is another length connacted with nor'a'[ :
ral
depth or width of pier fmplies that It varies with the discharge, or more cor-

rectly with the discharge per foot run, The author's Eq. 80 and ‘
rivers and streams in West Pakistan are; i = nae ho}éing tfu‘
: ﬂ: 3
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in which K may be a function of boundary geometry of the contraction at the
bridge, abutment shape and thickness and shape of the nase of the plers, and
8o forth, Because thadepth is a dependent variableon discharge intensity, the
latter may beused {n preference to depth, Here only lies the difforence in ap-
proach botween the author and the writer in studying this problem. As shown
previously the two npproachis are not very different, The writer prefers to
study tho variation of Dg/q2/3 = K as a function of boundary geometry, shape
of pler nose, and abutment, characteristics of bed material, and distrtbution of
velocity in the cross section at the plers ropresonting the concontration of
flow. The functional relation for study may be of the type:

D, [ v/* Viy3 . B s
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fn which 8 {s the angle between the current and the spur dike, an abutment or

& pler, vi/ /v is the ratio of mean velocity in half the channel width on the
side of spur dike or abutment to the mean velocity in full scction. It will bo a

as a“py ndl :
poriments on Design and Behaviour of Spur Dykes,” by Mushtaq Ahmad, Pro-
geadings, Minnesota Internatl, Hydr, Conventfon, Scptomber'ld. 1953, Aq .. '. .

whers the sxponent varfes between 0.64 to 0,69, or on the average t -
~ cap be written as 0% oF on ho average hc _l"ﬂation
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bridge below a curve, The concentration of flow near the left flank 18 notico-

v

Tt AHMAD ON SCOUR | _ . AlIMAD ON SCOUR | s
mcaspro“ol concentration of flow; W is fall velocity of bed material; B is the 20 20
river width upstream of the bifdge; B is distance betwoen the abutments; n . s .15
is the number of plers,; and t 6 thickness of each piers. Coe : <y 0 s§ 1ol
_ Tho writer docs not agreethit the depthof scour does not dependon the de- ik- g i ol
gree of concontration. It has bien found that by changing ths concentration or : : > .
. ) e ok e VELOCITY DISTRIBUTION VELOCITY DISTRIBUTION *
t . ..., TABLES-VALUESOFV,/VANDK. = " = : " :
.‘ ." ....a. .- 4 .' ,i . Y M e . - .
Approach conditior RATTEE B i/v A KL .
2 " el A .
- [ - @ . %)
Scour below a sovere bend on the concave sido ao~ : - 2 % 24638 IE >
companied by a swirl on the convex tend, 1,25 2 -328 CROSS SECTION AT - CROSS SECTION AT
Modorste Bends, C 118 1.6 =178 *  BRIDGE X-X' BRIDGE X-X*
Straight obstruction placed at any ange of 30° to 9 "0 13-18 g :
Stralght obstruction placed at an angle of 90° ~ 150 ’ . ' i
to the flow . 1.0 1.5 - 1,15 ~ g
: — & 8
3. ﬁ ) Q
TABLE 4,—~3MAXDIUM SCOUR DEPTHS OBSERVED AY BRIDGE PIER AND S &
o ABUTMENTS ON DIFFERENT MODEL STUDILS AT IRRIGATION RESEARCH Do
PRI e e e INSTITUTE, LAHORED 8 -5
. | | el ol : 3
Rivoer Site Qdax, | ¢ Scour do X [ utet g f gy | 2 g 3
ol Ob-'d] soale | Cor~ |=-Phi o ness| o2 5:5: - o
aco . stV :::: n:.l,- 8 plor § :i
o ton | scour ® -~
fao= | dopth, . ﬁ 3
. . tor, . =
N ¢ ) ) 3 Wi ® 1w L) ) | 0 | 00) | aan 3 =~ g
“Ravi | Shahdara | 933,000 337| 83 [1.33 | 630 | 1es[ed] 10 Jaod z.oj a : g =
Bridgo ) Lo
Jhelura | Iholum s00,000) 120| 30 {13 | 9 1s0(23 | 20 3.3 J1.0d 428 S
P L . > : ]
'oo | Maagd 218,000] 29| 90 {20 | W0 1.80] 38 “fee Jeod o :
N:v‘b:ulga . .. . rn‘\::t §
Dog | S-borakpur | <0000 200| 34 J1M |48 1.34]21,8{ 038 Ia.u 334 38,8 N .
Ront " | Kesur 1 330000 MT| 30 13 a0 | 1.4 [ue Je.28 [0.23]1.07 203 L ! 43 .
- Sohan | Dhok Patban] 380,000} 373} 38 J2a7 | «x ]| s.36]108]00 [2.07]2.04 360 A 0 ' i }
_tadus, | Thatha 1.300,000] 218] 82 {13 | 60 1.6 {25, {10 fas7[s.2d 0.8 NUARHY LAY/ o
.- v ’“"a“‘ . L N D 1214 6 (R 3 4
.| propoescd . . AR BRI : P . v I i
bridge, . . - : . ' . ’ \\ e z 1
* Computation from Fig. 9, Bulletln No, 4, k ! |
Bed matarlal ~ five sand, — -4 " - § 1
i N
. . . . . ; S~ ‘ i § Co
_ velocity distributionat bridge site bytralning worksupstream, the scour depth > I Al
can be considerably reduced. The variationof scour depthas aresultof chango i :/r : _§.
fn velocity and flow distribution duc to the tralning works is explalned in Figs. 1
18, 19, and 20, Figs. 19 and 20 depict a model of tho Ling Stroam showing a 5" é ' g
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able in Fig. 10, A pltched island and a spur on the left bank fans out the flow °

at the bridge sito to obtafn more uniform velocity and lesser scour as shown

in Fig. 20,

In the method of plot adopted by the author In which scour depth in relation
to U/S depth has been studied, the non-dimensional scour perimeter may not
have signiticant relation with velocity, for, In open channcls as the velocity or

d TABLE S.~SHAHDARA RAILWAY BRIDGE ON RIVER pavi*

.8-. No.| Year Q H.P.L.] Cauge | Water-]| q Max, Scour
. B lwayat] RL, | Ds |K~ -;‘%-
s ' the : q
. bridge :
. K B, In :
. foct o :
m | @ [§J) 9 -] . (6) (0 " ®_ | Qo)
1.9 | 1943 | 85000 688.0f 13.,7(12x980 19,6 | 651,14} 36,807 1,989
= 1080 .
29| 1049 | 52000 | sec.of 97| sxs0| 722 | esra4| 2a80] 1004
: = 720 :
3.0 ] 1950 |1,93000] 692,0f 18.7({18 ; 80 142.9] 851,83 '] 40,8 149
. |= 1350 i
4% 1951 {4q000 | 6863 100 7x50 | 69.8 | 650,14 3018/ 177
= 830
8.5 { 1952 | 56000 681.2; 109 | 9x90 69,13} 6550 | 32,0 1.6
- 810
6.9 1953 {83000 | 889.3] 12.8{11x90 | 8375 651,64 37.48; 198
= 830
7.0 | 1854 | 1,72000] $91.8] 185 116x90 | 1278 | 6585,0 ) 30.8 1483
' = 1350
8% | 1058 250,006 695.0] 18.7/15x90 | 108,18} 6600 | 35,0 1,078
: = 1350 . )
9.6 ] 1956 | 87000 6833} 12,0)/12xp0.] @08 | 687,32] 81,08f 1,60
L -1080 | . _
0.2 ] 1957 | 1,92000] 692.3] 16.0]|16x90 |-142.2 | 054,64 37.08| 1.38Y
= 1350
31,0 ) 1958 | 1,52000] €91.2] 134.9i14x90 ] 12061} 602,64] 28.56] .1.17
= 1260 .

8 Part of the water way is marked by a soml or%dablo tsland at the bridgo and hence
the difference in the water way for different yoars, © No tralning works & river bed /s,
€ A spur constructed u/s to current spproach, : .

discharge increascs so does the depth, although not necessarily by erosion of
tho bed. For a uniform approach vclocity, a mean depth can be assumed for
use in the author’s relations, But, gencrally, abnormal scour depths at plers

or abutments are assoclated with concentrationof flow resulting from the var- -

tatlon of velocity and depth in the approichsection and the selection of repre-
sentative annroach depth for use in the author's relation and {he estimation 9!

-

In fact, tho author’s term (Q¢ + Qoflqc in Eq. 9 13, also, a measure of con- -
centration of flow, lowever, the estimation of Qg, Q,, or Qy i3 difficult for
practienl use in the computation of maximum scour depth in case of a curved
approach, The writer has shown37 that change In flow concentration above a -
spur dike, can be depicted in terms of veloclly distribution and common types
ave depicted in Fig. 21 by 1, Il and III, The type 11 velocity disteibutlon glves
the maximum concentration onthe outside of abend ns dueto negative velocity
onthe inside, a part of the water way 1s blocked by reverse [low, For thethree
types of velocity distribution depending on ditforent types of approaches, the -
valuos of V‘_/V and K asdetermined from writer’s studics on spur dikes (which

may be applicable to abutments), are given in Table 3. Since maximum scour -
can occur on any one or a group of plers in a meandering alluvial chamnel, the .
depth of foundation of plers has to be computed {from the values of K as fixed

by the river curvatures likely to occur, keeping in view the restraints imposed - -
on river by the upstream training works, The method commonly used in West .

Pakistan supported by Laboratory studles.and ficld observations consists in-
working out q -_Q'BM.' - v o

At the bridge site, the value of K canbe sclected fromthe maximum curva-
ture likely tooccur, This will give scour depth below water level, and the depths
below bed level can then be worked out. Maximum depth of scour from niodel
studies at bridgs plers nnd abutments of differcnt rivers and streams, after
correcting the results for the effect of scale distortion ongeometry of scour,:"
are summarized in Table 4, In this table, scour depth has beencomputed from
the author’s design curves of Bulletin No, 4, in Fig, 9, The scour depths ob- . °
tained after correcting for the model scnle distortion aregenerally higher than
those of the author. In computing Dg value by his method, the actual mean

_value of Y, has been taken from thecross section above the bridge. The value

of K does not exceed 1,7 because severe bends are not possible inthese cascs -
due to the presence of guide banks, oL ST,
Fig. 22 shows abnormal scour at a guide bank head, A heavy embayment is
noticeable on the right and construction due to silting caused by roller on the
left. The Kvalue of 2,3 can be obtained in such a case, T
The heavy embayment rosulting In abnormal scours illustrated in Fig, 22
with K value greater than 2 are possible only on spur dikes or guide bankheads

and are not to be allowed on bridge plers or abutments, In fact, for alluvial o

rivers or streams of West Pakistan, guide banks at least equal to the length -
of the bridge, with curved headsand expanding water wayon the upstream slde,
are provided to shilt the maximum embayment and abnormal localized scour
to the guide bank heads instead of allowing it to occur near the bridge with
short abutments, Under these conditions, the values of K for estimating the
maximum probable depth of scour can safely be taken between 1.7 and 2,0, In
cascof ashortabutment length before the conditions for abnormal scour where
K greater than 2 ave obtalned, the approachroads or raflway will be threatened
and cut by the embayment formed by an alluvial meandering river, It is there-
for neceasary to design pler and abutment depths for scour calculated {rom
K 1.7 to 2.0 and provide proper guide bank to keop the road or rallway ap-.

37 *Effact of Scale Distortion, Size of Model Bod Material and Time Scale on Geos
metrical Similarity of Localized Scour,® by Mushtaq Ahmad, Proceedings, Internatl,
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proaches safe from embayment and lo kecp abnormal scour away from the
maln bridge crossing. Actual scour depths obscrved on the rallway bridge on
Ravi near Lahore and the computed values of K as recorded in Table § also
supported the recorded values of K :

PIER LUIGI ROMITA.38—The author’s long Jasting efforts to cast light upon
the phenomenon of scour around bridge piers and abutments are to be greatly
commended because of the great practical importance of the problom. The
clear and condensed presentiation In this paper of the results of these efforts
Is a substantial step towards a generalized solution of the problem, and will be
of great use to designers and tothe administrations responsible for the con-
struction and maintcnance of roads and rallways. To this end a coordinated
effort should be made, in order to insure the necessary verification on proto-
types of the proposcd relationships, Y '

" There Is no doubt that one of the most fmportant factors of scour, whon
plers have a sufficlently high length per width ratlo, 1s the angle of attack be-
tween the pler and the flow, Even small deviatlonsof this angle from the zero
value are responsible for fast increases of the scour; this usunlly represents
a much greater danger to the stability of the pier than any underevaluation of
the maximum possible fisod, The collapso of many plers during floods {s, in
fact, to be ascribed more to the angles of attack, which may occur due to un-
usual cross-currents and deformations of tho river bed, than to the unexpected
entity of the discharge. ’ D )

In view of all this, the writer carried out, some years ago, a systematic
model investigation of the influence of the angloof attack upon the’ depth of
scour, The experiments were carried out in & glass-flume of the Hydraulic
Laboratory of the Polytechnic Institute of Milan, supplied with clear water,
using uniform sand of 1 mm diam as bed material, and in such conditions that
there was no general bed movement but only localized seour around the pler.

widely used type of pler; its length per widthratio was about 5. Two serles of
tests were carrled out with different values of the discharge, while the angle

of attack was varled from 0° to 90°,
The data obtained at & zero angle of attack are in rather good agreement

' with the curve representing Eq. 11 Fig. 8, but for thefact that they consistently
Jie a Mitle below this curve. An Increase by 80% in the discharge (which cor-,

responded to an fncrease by 20% in theaverage velocity of flow) brought around

 only a 20% incrcase fn the maximum depih of scour, at the same angle of attack.

The tests with varylng angle of attack have shown the basjc importance of
this factor, For an angle of 15° the maximum depth of scour was 1.9 times
that corresponding to a zero angle; for an angle of 30° the incroase of scour
depth was In the ratio 2,6:1 in respect to the zero angle, for an angle of 45° iIn
the ratlo 3.0:1, and for an angle of 60° in the ratio 3.3:1. Increasesof the angle
of attack beyand 60° and up to 90° did not bring around any further apprectable
increase In the scour depth, These valuesare considerably in excess of those
indicated by Fig, 10, )

Another Interesting observation was that the pofnt of maximum scour depth

alwaysoccurs very closeto the pler wall, so that, if the depth of the foundation

1s not sulficlent, the pler will easily be undermined, and collapse,

A

.

The shape of the pler was not particularly studled, and it reproduced a rather

S P taanten A Nans. Mi)an. Itnlv,

LAURSEN ON SCOUR

As a conclusion, the fundamental tmportance of avolding any angle of attack
between the pier and the flow shouldngain ba stressed, In order to obtaln this,
the river banks should bo stabilized with adequate measures for a sulficlently
long stretch upstream of every bridge crossing. In bralded rivers, however,
the poasibility that an angle of atlack oceurs should always be taken into ac
count, and the plor foundations designed accordingly, - :

EMMETT M, LAURSEN,33 M, ASCE.—The geographical distribution of the
discussers and the quality of the discussions indicate the widespread interest
in and attest €o the import of the problem of scour at bridge plers and abut-

_ ments and similar obstructions tn a stream. Without doubt the crucial fssue - .

vaised by the analyses Is the question of the cifect of the velocity of flow on
the depth of scour, The position of the writer is that there 1s a fundamental
difference In this regard depending on whether the approach flow supplies or
does not supply sediment tothe scour hole; that under conditions of no supply,
such as a relief bridge, the velocity and the sediment sfze are Important fnde-
termining the depth of scour; that under conditions of supply by the approach

- flow well above the critical tractive force, the velocity and sediment size have

little effect except Insofar as they determine the modeof sediment movoment,
The position of Jokickar, Chitale, Thomas, Ahmad, Blench, and Bradiey

{efther explicitly or by reference) is that the depthof scour {s proportional to . -

the two-thirds power of the discharge per unit width, Because the discharge
per unit width s the product of the velocity and the depth, for a glven geome-
try (including the depth of flow), the depth of scour should vary with velocity,
Alternately, one may rewrite the Poona equation so that ds){) - ((yO/b, F).
Again indicating that, for a constant geometry, the depth of scour §s a function
of the velocity, Although the positionof Tison and Romita is not entively clear,
one may infer from their analyses that the velocity has an effect on the depth
o: scour. Interestingly, nono of them scemed to stress an effect of sediment
size. :

The case of the long contraction can be used fo {llustrate the fundamental

difference between clear-water scour and scour in a sediment-transporting

stream, The merit of thig case for flluatrative purposes is that the {low cone
ditions and sediment-transporting compotence and capacily can be evaluated .
with relative confidence and agreoment, especially If the complicating features
of the zone of non-uniformily and of the ripple and dune formation are disre-
garded, _II one now considers a contractionof some given gcometry, two widths -
and a depth of flow, it is possible for the velocity of flow to be so small that -
there i no movement of the sediment anywhere, At or below thisvelocity, that
Is dopendent on the scdiment size, there will be no scour, and the flow will
behave as if there were a rigid bed, If the veloclty is Inereasecd, but not to
such an extent that there 13 sediment movement in the uncontracted approach,
the contraction will scour. The limit of the depth of flow {or scour) willbe a
velocity (or tractive force) that will not move the bed sediment, For this case '
of clear-water flow In the long contraction, it s readily apparent that the ve-
locity of flow and the sediment size, as well as the geometry, will affect the
. depth of scour. The similar argument for the case of sediment-transporting
flow In a long contraction culminated in Eqs. 6, 7, and 8 in which the velocity
and depth of flow enter only insofar as they affect the modoe of movement,

M tees Wil et af M Paene Mishioan Sinte Unle,, East Lansine, Mich.
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. The confused flow in the area of scour around a bridge pier or abutment
cannot be as well described, but one can expect that qualitatively the effect of
velocity and sediment sizo would be similarto that in-the caseof the long con-
traction, Thomas explicitly states that the Poona experiments that resulted
in Eq, 22 were run ‘wuhout sediment load.,” Eq. 22 rewritten so that "

;“3 v 4.05 FO.52 ({ﬁ)o'" - (-’,-:9) e '. 7 (29)

:wlll approxlmato lhc curve through tho Poona data fn Fig, 17 with a Froude
number of 0.2, The curve for a Froude numberof 0.4 would crossthe writer’s

proposed desi ;n curve at approximately yg/b equal to unity and would rise to
a value of dg/b cqual to 4.2 at yg/b equal to 6, Highor values of- the Froude
number-would Indicate even greater scour. Chitale, after describing these
‘same Poona experiments, cites further experiments which evidently involved
uncontrollcd sediment movement at the higher velocities: “In'a fow tests in
which the upstream depth was less than the stable depth the upstream bed

scoured and blanketed the scour pit around the pfer. In such cases the depth’

ol scourat the noseof the pier was measured just before deposition in the scour
hole of sand from upstream ocenrred.”

The data for the higher volocities from Chuala’s Table 2 it plotted ln Flg 9
would fall between the design curve (drawn conservatively) and the analytic
curvg, Eq, 11, as a group of points with dg/b betwoen 1.19 and 1.33 and yg/b
botween 0,91 and 1.23. Blench presents a velationship, Eq, 12, reduced from
the Poona equation and based on the same experimonts without sedlment load,
that would also pass through the Poona data In Fig. 17, Romita cites an in-
erease {n the depth of scour with an increase in velocity, but again the tests at
Milan were run % ., , in such conditions that there was no general bed move-

_ment but only localized scour around the pler.®

Correspondence with Ahmad established thofact that his experlmcnts wora

‘conducted 50 that theye was good general movement of the bed, However, he

used thoaverage depthof the siream to oblain the dopthof scour by the writer’s
proposed method and admits that a small angle of approach betwoen the flow
and picr can have a considerable effect. A modest jncrcase in depth of flow
and a small angle of attack could casily accounl for the discroepancy betweon
the observed and predicted dopths of scour in Tablo 4,

Blench objccts to the use of a total load cquation for the development of
Eqs. T and B on the grounds that it is bod load that is mainly elfective in do-
termining depth, Ho fcels that the formula is rough, and §mplics that y is not
the regimo depth. Eqs. T and 8 arc for the case of the long contraction. If
there is to bo mass conservation ia regard to the scdiment load,-a total Joad
relation must be used, The differenco in depth of scour is not large for dif~
ferent modes of movemont as can bo inferred from Eq, 8 and seen fn Fig, 2.
The writer’s sediment load relationships wore used because thoy permitted
the evaluationof this effecl, Any other sediment - transport equation will give
approximately the same results becauso the load is not treated absolutely but
in ratio, The depth y Is the regime depth intho scnsa that it 1s the cquilibrium
depth that will not change with time, although it may nat bo equal to Lacey's

regime depth that docs not consider the cffect of load. I the equilibrium depth .

does nol oMtaln, one should also consider the fivst categoryof sqour mentioned
as *“lhose characteristics of the stream iisoll,®
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" The Milan experiments are cited by Romun as differing from the lowa re-
sults with the depthof scour for zero angleof altack lying below the curve rep-

" resenting Eq. 11 on'Fig. 9 and the cffect of anglo of attack being greater than
" indicated by Fig. 10, Because the conditionsof the experiments were different,

the Milan experiments belng run without sediment load, one can only speculate

. on the reasonfor the discrepancy. The lesser scour notedat zero angle of at-

tack may be because of the velocity effect of clear-water scour, Romita, in
fact, mentlons an increase in depth of scour with an Increase in velocity. The
greater effect of angleof attack may be related tothe affectof turbulence level
on thecritical tractive force, The critical tractivaforce is not really the mean
valug of the shear that will just move the sediment particles {(except inlaminar
flow), but the mean value of the shear when the maximum shear due to turbulent

fluctuations will just move the scdiment particles. In the disturbed, confused

flow ina scour holeone might expect that the turbulence level would be greater
than normal, and that the increase would be related to the degree of obstruc-
tion, Because the Mimiting condition for clear-water scour is the critical trac-
tive force on the boundary of the scour holg, it is possible that the effect of
geometry such as angle of attack would be magnified over the effect found for
the case in which there is a sediment supply, P

© Stmilarly the considerable effoct of shape found by Tison may be ‘due to the -
lack of supply. A lesser veloclty than used would probably have resulted in |
all scour depths belng raeduced, and if a small enough velocity were used, thare
might not have beenany scour at all around the belter shaped piers, Thus, the

relative effectof shapa would have been magnificdeven more, Tison’s demone . :

stration of the causation of secondary flow as a conscquence of the hoﬂzonhl
curvature of the stream-lines and the vertical velocily distribution is sound
albeit qualitative, How this argument can be extended to the drastic change in
the flow pattern after a scour hole has developed, however, is difficult to en-

. vision,

Bauer’s crossing design should achieve thc two ends he obvlously lntcnds'
limiting the depth of scour to insure the safety of the bridge, and permitting a
controlled depth of scourto reduce the backwater. A few wards of cautlon are
in order with such a design. The rock layer must be composed of sulficlently
large materialso that it will not be scoured out during aflood; this is a clear-
water scour problem that is not solved as yet {1961). The deeper the layer
is placed the smaller the rock can be, Tho scour will bo concentratod around
the plars and abutments and may not extend over the entire crossing. An ap-
proximate jdea of the latoral extent of tho scour can be obtained Ly cquating
the cross-sectional arecas of the arrested and unarrested scour holes,

Bradlay’s cautionary comments should bo heeded by ali engincers seeking
to use the proposed methods of predicting scour. The relationships proposed
have been tasted at only one real bridge pler, and this at a site of simplo ge-
ometry, His plea for fleld measuremonts cannot be scconded wlth too strong
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- Note.--Disoussion open until October 1, 1863, To extqnd the olosing date ane monl
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1 By Emmett'M. Laursen,! M, ASCE - .

_ SYNOPSIS

Baged on the proposition that the limit of clear-water sgour is a boundar:
- shear equal to the critical tractive force, a relationship for the scour In!
“long contraction as a function of the geometry, the flow, and the sediment ha:
‘been obtained, Certain assumptions were made to describe the determinin
.- - {actors, but any other methods of evaluating these factors should produce simi
“*lar relatiopahips. The solution for the long contraction was modified for th
.abutment and the pier by assuming that the scour holes forming around thes
obstructions would be a multiple of the acour in an imaginary long contractio
of the width of the scour hole. An approximation of the modified solution fo
the abutment and an approximate sediment-transport equation were used t
descrlbe the development of the scour hole with time.
. Comparlsons of the relationships obtained by these approxlmaia analyu
‘ with measurements from several laboratoriea indicate that the predictions ar
reasonably satisfictory and that the method of attack is promising, '
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P STATEMENT QF PROBLEM

A nlmpla crossing of un alluvial valley consists of embankments on t!
ﬂoodplaln and a bridge over the river channel. Duringaflood, the embankmen

a written request must be filed with the Exeouuvo Becretary, ASCE. Thia paper is p2
* . of the copyrighted Journal of the Hydraulics Division, Prooaedlnxl of m Americ
Boolely of Civil Engineers, Vol. 89, No. HY3, May, 1963,
1 Prof. and, lleld. Dept. ol clv. Enm.. The Univ. of Arizons, Tuoson, A:u.
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obstrpct the flow an the floodplafn, forcing the entira flow through the water-
"'way opening of the'main ghannel crossing.. Op the upetream side of the em- "
" bankments, the water-surface elevation will be greater than pormal (inthe .,
abaence of the crossipg), parily because of the backwator due ta the valley °
crossing and partly bagause 8 gradient fs yequired for the (low to mave later-
.. allyacross the floodplaln to the main channel, On the downsiream side of the .
embankments, .the water-aprface elevation will tend to be lower than pormal .

is ro-eatablished, -. , |
from -the main channel crossing; the “relief” thus obtained presumably per-.
, mite a reduction in the length of the bridge oyer thg main channel and in the
height of the fillg, - . .- ; PR o
Flow on the flopdpiain is liable tn be at a loy velocity and, therefore, to
have a small competence for the movement of sediment, . Moreover, the gover
on the floodplain will tend ta Inhibit gediment movement. Thus, & qupply of
sediment to the vicinity- of the relief bridge of the aize of the material that

. velocity through the relief bridge apenipg will tend tp be large, and the compes
~tence of the flow will be sufficient to move the alluvial boundary material,
Assuming such increased gompetence, scour will accyr. As the opening under
" the bridge {8 enlarged, the flow thyough the opening will tend to increase; as
the flow increases, the ditference in the water-surface elevations on the two
sides of the embankment will tend {o degrease, The yelocity of flow through
the opening, therefore, tends {a decvepse; as the scour hole enlarges, The
shear: forces on the boundary will alsp decrease—both because the velacity
decreases and because the flow sgctjop increases. The limit of the scour will
be reached asymptotically with time sa.the boundary sheay decreases to s

the scour'at a relief bridge s n case of cleay-water scour in which the
criterion for the limit is the critical tractiva force, and in which the velocity
of flow and the sediment miza,.ad well as thq geometry, will play important,
and similar, roles,d vy R AT oL <
. Certain aspects of scour, at
- bridge canbe conajdered aa varianis of tha relief bridge problem. I an abut-
~ment |8 set back 8o far from thq bank of the stream thai there {s no sedimant »
- ' "supplied to the scour hole, the situation s essontially that of p relief bridge,
It rip-rapis placed on ar below the bed of a styeam around & pler or abutment

to limit the depth of sgour, the sediment supplied tp the scour hole will be .

much finer than the rip-rap material and the problem is that of clear-water '

scour,

where they firat: pppear and are arranged alphabetically in the Appendix,
” [ Lo . A A _.‘.‘ LI v .
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BT LT L R
. ; .

2 «Obearvations oa the Nature of Scour,” w;: M. Laureon, groéndl_!_uq-. Sth Hy- °
draulios Conf., State Univ. of Iown Studies In Engr'(.. Bulletin N'o. S Yown
1053, L R e T
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_ because the water 8. slack for some digtance until the flow on the floadplain .

A secondary bridge pi‘ucad on the 'nood;;iitd,fl}ll dlﬁ;ﬁt a part of the flow N g
A

could be scoured, aut’ iy not to te expected, Because of thelarge difference -. .
,in elevation of the water surface on the two sides of the emhankmentpthe” + "

value that will po longar move the boundary material, - Thus, the problem of,’ .

the plors and shutmiepts ol the main channel . '

Nataﬂan.-"l‘hl‘}m'tbr lf‘li;holl adopted for usg 1p this paper are defined | !
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o : LIMITING CLEAR-WATER SCOUR

- Long Contraction.~Perhaps the aimplest geometry in respect to scour i» ’
the long contraction, because the characteristics of the flow and the compe-
tence and capacity for sediment movement can be deacribed with at least &
modest measure of confidence and agresment. ‘This 18 especially true if the
nonuniform flow of the transition from one width to the othey lg ignored, and
it is assumed that there are no dunes or ripples on the bed, With reference
to the definition sketch, Fig. 1, the {low approaches the contractign with a

. 110, 1,—DEFINITION BKETCH FOR LONQG CONTRAGTION

dopth y1 and & width By; In the contraction, the daptli is yz3 and the width is *
Pg. The same discharge is characteristic of both the contracted and uncon~
tracted repches; therefors, o . . o,

Q.viy'l -B“' z"nz Ooo'oo--go....(‘)' .

LI [ AY] . . . .
* L]

'Auumlxig that the differences inslopes in the two reaches can be neglected,
but that there {8 & loes Hy, through the transition, the depth of scour is :

.é ' . K
V. ..
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P 2
: : d. = (yz-yl) + (14K) (i_l— .
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In the contracted resch when the scour has developed fully, the boundm
shear will be the critical tractive force given approximately as

' Tc"D.nv'cqnoog‘g'on,co‘oo-(a)

.. . . 1
inwhich D is the meandiameter of the sediment, {n feet, The factor of 4 givea
fair agreement with both C. M. White and A. Shields4 for silica sands and
fully turbulent fiow at the bed level.
In the unconiracted reach, the boundary shear can be svaluated by means
of the Manning equation and Strickler’s relation far n as a function of the
particle diaméter D lll ~

| f. v,' o!”
h : .. 30 ;s

..;n-o.cooc.-o---‘?)‘

] .

inwhichthe prime i3 Ille to aignify the shear of interest (that associated with
the ;edlmont particle, rather than thaj associated with the total resistance to
flow

The ratio of the nhur. or tractive force, In the two reaches ia then

-
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8 “gquilibrium of Orains on Bed of Stream,” by G, M, Whuo. roceedings Rayal
goo, of ﬁndon. Serles A, Vol. 174, mo, pp. 832-334, !
4 “Anwendung der Aehnliohkeithmechanik wnd der Turbulenz-forsobung auf dle
QGeschlebebewegung,* by A, Shields, Mittellungen der Preuu. Verauchsaunst, fur Wasser-
bau und Sohiffbau., Berlin, Heft 26, 1938,
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. in the contraction can also be evalua
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An expression {or the depth ratio ya/yy can be obtained because the nhm
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* Combining this axpraulon with the equation ol conunutty, Eq. 1. in ordor to

eliminate the velocity ratlo results in . o N

!

a_(le | . e (1)
,‘ 'c N 33 oovluooqcoo. oov g;.

The expression for the depth of scour, Eq. 4, can now be written as }

. 3N 8/ .. ) .
,’l Te Bz ‘ i

y ¢

ol

{
c S

i

T

It the difterence ln the velocity heads and the loss through the transition u-o
neglaeted. the oxprcnlon for the depth of scour is greatly llmplmod

7

Cone) (®) o

or, making use of Eqs. 1 and 8, .
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ed in the same manner as the shear tn e
the approach. The ratio of the shear in the two roachea u SUUTE R T
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The dimensionless scour in & lorg contraction (peglecting kinstic terms) 1 - D e . : :
{s shownin Fig, 2 as & single~valued function of either of ‘the two forms of the c 12 poemere ' L
combined parameters }inking the geometry, the flow, and the sediment {Eqs. . . . R N :
13 and 14). Ta clarify the relationship, howeyer, it is inatructive to plot & - e o
tamily of curves as in Fig,' so that the separate effects of the shear ratio and - ey B . — =
the width ratio can be obseryed. For values of the gshear ratio less than unity,. s : X ‘. : ’ / _‘
there 1s some ratio of the widtha greater than unity below which there 8 no - T e . — - I
scour. Below this mipimum ratio of the widtha {assoclated with a given shear Sl . : Eqe. §3 and u~>/. . v e
ratio), the boundary shear wquld be less than the critical tractive force and veo T 'i ] - / : : Sy o

. -t : . . . . . e . -3 . i

e B 3 Hy» 'ﬁ'- — "q.ﬂpu.n v N N E

" there would be nomovement of the bed material. On the other hand, for values .
of the shear ratio greater than unity, scour is indicated for a width ratio of ’ , . : . 4 . Y
unity (no contraction). The only way in which it would be possible to have L/ . , -
such a shear ratio and no supply would be for the sediment movement in the : S -1
approach to be Inhibited by a vegetal or clay cover. Then, if the inhibiting v O / ] , ; T
cover ia removed in the *contraction,” there would be movement of the sedi- : '
ment until the lmit of spour 1s obtained, - ' A b YT T T %

The' dashed curve in Fig, 3 is the solution for the pcour in along contrac- . ) N ﬁ n qQ
tion for sediment-transporting flow where the shear ratio {s considerablyx -, I . Vel ol y% h"?’f‘ o7,
" greater than unity, but where the mode of mavement ia atill bed load. The ‘ ' : : o .

; 5 ; : , _ ‘. g .
analysis leading to this curve was similar to the present analysis.® It is | : 710, 3,~OLEAR-WATER COURINA LONG CONTRACTION (NEG- - |

interesting to note that the curve for, sediment-transporting flow lies well
below the curve for the threshold of movement, or & sheayr ratio of unity, ! LECTING IINETIO TERME)
A nominal velocity in the contraction . Co T 1 . ' : -
. Y . -, q v . . Wb . X ’ ' . ) ) - : '. i
vn";’l'”n';.olvotq'vvoo,'fooc-‘lnl o ." - " /Z ; \
may be inferred from Eq, 14 as an indicstion of the maximum yelocity for’ | R : W -
which there will bg noscouy - : x ) . o , ) : / i
Ty 18 1/8 A ) “ ~1
\ g . o REEX) cee o c " \ "
b ey ) a0 Z -
For a depth of 6t and p sediment size of 0.356 mm, the permissible velocity - ! M i ' o // P ] 3
would be only 1.3 fps. For a velocity of 10 fps and & depth of § ft, 4-in. rip- ] , 8 - - N |
rap would be needed. For slightly higher velocities in the long contraction ' : . You ""')/ / . ) i
than this nominal valye, the scour might be so slow as not ta be noticed; but _ 6 oz ‘-‘_L"’ ;‘A i
for a relief bridge where there would be nonuniform flow, the permissible L ) //}/ / /_i - :
velocity should probably be lawer or the requisite rip-rap size larger, ' Yy . y =3 e
The effect of tha differpnce in velocity heada and the loaa through the transi- . ,‘ o / : . T / I '
tion on the clear-water scour in a long contraction is presented in"Fig, 4, A ’ . /] / T
value of y;/D = 100 was selected as being probably as small as would be en- ' L A ZE 1 v
countered even in model studies, Thisvaluecqrrespondstoa depth of approach Lo / _ e
Now of approximately 0,5 1t and a particle dlameter of 1.6 mm, Larger values Cy 9 = . _ o
of yy/D will have even lesa effect, as 18 readily apparent from Eq. 12, For S, ! s 10 . 18+ FR A
theloss term, a valus of K = ] was assumed. The absolute valus of the added . ' vumn;}
scour bacause of the kinaetic terms is approximately the same for both the 1 A ' , _ ' o N
: i - : : o o 710, 3.~EFFEOT OF SHEAR RATIO AND WIDTH RATIO ON 8CO !
8 *800ur at Bridge Cyossings,” by E. M. Laursen, Transaotions, ASCE, Vol. 137, ' : IN A LONG CONTRACTION .

Part I, 1862, p. 1686.
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© shearratios, ¥ 071 o"and 1:,/1' e 1/84, For awidth ratio of 20, the added scour

is approximately Adg/fyg = 0.18. The pelatfve Increase for the shear ratio of
unity ls, atthe most, 3 few percent; the much smaller gcour depths aasociated
with the shear ratio of 1/64 result {n an increase of 12% at & width ratio of 20
and quite large percentage increases at smallpr width ratios, However, ag
appreciable percentage increase can only be expected at small scaur depths,
and the effect would be less for larger y;/D-valuea, The arror involved in
neglecting the kinetic terms is probably no greater than those that result
from the appraximations of the particle shear and the critical shear, or those
that could be expected In estimating the flow conditions (depth and discharge)
of a future flood in the field, E :

Abutment and Pler.—The solution for the long contraction serves only as

" 2 minimum estimate of the scour to be expected at a relief bridge, However,
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FIQ. 4.~EFFECT OF KINETIC TERMS ON BCOUR IN A
+ LONG CQNTRACTION '

if the same assumptions can be made concerning the nature of :ho flow in the
clear-water case as in the case with sediment supply by the stream, the .
solution for the long contraction can be adapted to the case of the abutment
(and the case of the pler). The key observations in the case of sediment-
transporting flow were that the flow approaching the obstruction dived beneath
the surface and pagsed through the constriction in a somewhat digtorted conical
scour hole centered at the upstrea.n corner of the abutment, and that the flow
approaching the clear opening was little disturbed, As a result, the scour
holes at opposite abutments develop independently and do not effact one another
until they are solarge as to oyverlap physically. If the gcour holes do nat over-

I I . h

HY BRIDGE S8COUR ,

lap, the flow inthe zone between them s not affected noticeably by the constric- *
tion. (Incidentally, these observations imply that. the backwater, or loss,
caused by the constriction will ba small if scour holes develop.) Obvicusly,
these are bold assumptions in the case of the relief bridge where the bulk of
flow is approaching the embankments and only a small fraction is approaching
the clear opening, It is a conservative view, however, for if not satistied, the
scour should be larger in lateral extent but would probably be of less depth
than indicated by the solution adapted from the long contraction, . »
The achematic model for the case of the abutment and pler is shown'in Fig.

. For the abutment model, the width of the contraction is taken as 2,75 dg, -
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F10. 5.—DEFINITION SKETCH FOR PIER ANDABUTMENT

the width of the approach flow as | + 3,75 dg, the depth of approach flow is
called yg to distinguish these cases from the long contraction, and dg {8 de-.
fined as the depth of scour at the abutment (or pler) 'with the depth of scour
in the imaginary long contraction being a fraction dg/r of the scour atthe
abutment, The nominallength of the embankment 18 the width required for the
flow approaching the embankment at the nominal velocity and depth of flow on
the floodplain, The anly differeiice for the pler model la that the hall-width
of the pier b/2 is substituted for the length of the embankment, :

. wj

.
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For the case of the dn_lg;nont, 'Eq 13 can pow be vewritten as. , ..., ; am
' ) . “.-'..t"' f..‘:l ' ‘ "I’”“} . |. v ! e w .,
' d :! 4 -!.- :fz':.,:.,‘" .ﬂ 'h: " ' o
. 1 L__I__'*('D) o T" Cee e
' S N RA R 2 d. ) EaL
' 0.:‘9 --'—-:rvgibi. :.a‘- :
. - \ t.:."‘ T ¢ yo‘.-"»,‘.:}: i'i'r"! l: :
RN B Qe R iy -
. ‘.- vh. " I- . llz.:.t..:: ! 3/."
- -'i;' ' . .
- : : ' 37 dl ! ‘
. N[ 7 )
, 9/ ¢ . To ' .',_ ! . .
: . L -'—; v
. ' - .

or, neglecting the kinetic terms and vear
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In terms of pier geametry, the half-width b/2 is spbatituted for 1 in Eq. 18.
Eq. 18, neglecting the kinetic terms, 18 presented graphically in Fig. 8 for

the case of the abutment, and in Fig. 7

for the case of the pier. The factqr

v has been asaumed ag 13 {n accord with experience for similap situations
in sediment-transparting . flow. The comparable solutions for sediment-

transporting flow (bed logd mayement)

are shown ip each figure, and it is

interesting to note that again the'scour with sediment supply is lesh than for

the condition of incipient sediment movement in the approach,

]
Further insight futo the relatipnships is provided by examining the limits -~
as dg/yg becomes very small or very large, U dg/yq 18 very small,da/y0
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FiG. 6.~OLEAR-WATER SCOUR AT AN ABUTMENT

' lue of
It is interesting to pote that, at this limit {when dg/yq i small), the va
. rdisappears, glgﬁ scour at th'e abutment or pler varies linearly with the loength

of the emhankment or the width of the pler,

only in its_influence on the particie shear

T

o

100 000

and the depth of flow is a factor

"’ This limit might not be com-

y
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pumy real, because if the scour ia amall the flow pattorn may not be that . . 100
visualized but instead that of a two-dimensional siot orifice, Neverthelegs, T
Eqs. 20 and 21 illustrate a tendency to ba compared to the other limit.

As the scour becomes very large, (a./ryof‘* 1 ~dg/ryg and the tehﬂon-
ship at this ltmlt is approxlmuled. for the ahutment, by

: /18 '
4 . am (70) e .
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or, for the pier, by : . )
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Because the depthof scour is indebendent of the factor r at one limit and varies : ) i

with the 7/13 power of r atthe other limit, 1t is apparent that the depth of scour . ‘ Value of ;'l
is surprisingly insensitive to ‘h dtio of the depth of scour at pier or abutment ’ -
tothedepthot acour in lhe lollo imaginary long contraction. To {liustrate +

v

' FIG. 9.—~POSSIBLE INTERFERENCE' — ON SCOUR
AT AN ABUTMENT , ,
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further the ralattva unlmmmm ol the valuc of r used in Eq la a -hows
the depth of scqur at the abytment for a shear ratlo of 1/4 nnd ¥ uol ofrol
24, 12, and 6. In the pange of greatest interest, d./yo < 10. the effect of the
probablc variation of ¥ is remprkably small.

For large values of clear opening, it is poulhlo that tho onvmonad flow
pattern could exist nnd the analytic solution be at least qurlitatively correct.
If the clear opening is pat Jarge, however, the scour holes at the two opposite
abutments may overlap, -The flow patterp might be quite different; at the -
least, the flow would be confined laterally, Borrowing again from experience
with sediment-transporting flow, the pcour depth with maximum interference
is that of the long cantractiop. ‘Some lnurfarenco wauld be expected ifthe
clear opening were leas than B.6dg, A -comparison of lfour at an abutment
and scour in & long contraction {s shovm in Fig. 9 for a' shear ratlo of 1/4.
The dashed transition curves are a best guess based on similar curves found
cxpex;’lmanully for the case of multiple cyllndou lu ledlment-tranaporung
ﬂWo ° S e . .

ACTIVE PHABE oF CLEAR-WATER BCOUB

‘o Q>

Inthe reglon of modouu 1/¥q-values, from 1 to 10, tM solution for clear-
water acour at an abutment, Eq, 18, can be approximated by :

s Y] , .

e d " ™ T Y L B

K ;2.0..9!.(?9-) .0‘0.01_0090000'00(2,‘)
0 0\'¢c : .

in which thl- range of l/y has boen selected as being representative of values

that could be expected ln laboratory experimenta. A similar ansalysis, for

larger 1/ygyvalues thatwould ba more representative of fisld conditlons, could .

be carried out at such time as it might appear to be warranted. *

At the limit, the shear on the boundary of the scour hole will be equal to .

the critical tractive force. In the active phase when the depth ia less than the .
Iimit, the shear on tha boundary ia greater than the critical and is, therefors,
able to transport material out of the scour hole, Assuming that the geometry
during the active phage is similar ta the geometry at the limit, the depth of

scour at any given time is the limiting depth of scour for some coarser sedi-

ment for which the prevailing boundary shear is equal to the critical shear -
for that coarser sediment; therefore, the lollmv;nc mayvbe written:

. .

P e 1 o e 4
y o'y 4,.."'!00.."0'(2‘)
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In which 7, ‘{a the houndary shear ( bg Tp) at.the transient depth of scour dy -
less than the limiting depth of seour dg. '
8 *Sgour Around Bridge Piers and Abutments,* by E. l( Laursen and A. 'l‘ooh. fowa

Highway Research Bd., Bulletin No. ﬁ May, 19566, . L
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. The ratiq of the active tractive force {or boundary shear) ta the eritieal
tractive force am a function of the ratio of the ummng depth of scour tp the '\
transiont depth of scour is then simply S . ; .
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' the scour hole 1s assumed fo be  cane vith base radius 3.75 d and height o

dg, the volume of the scour hole canbe approximated as ¥ = 8 dt3 and the mo cl
trqnaport out of the 'cqur hole is ,A P

» dd . : s :
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in which Qg 18 a bulk volume rate of sediment transport.
An expresilonfor the sediment transporting capacity of the flaw In tho scoug

. holae is needed, and the following extreme simplification of & telutlonnhlp for

the bed load propoud by the writer is convenient for this purpon'?
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in which ¢ is the sediment load, {n percent by weight.

Assuming that the discharge involved {8 the flow obstructed by the ombank-
ments, that Q = Vg yg, that the material in bulk weighs 100 }b per cu ft, and
that yg in Eq. 28 1s the depth of the approach flow, and using the minute in-
atanﬁ of tha second as the unit of nm. for the rate of transport, tlwn
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in whlch Q, is the capacity of the flow ln the scour hole for transpnrt out of

the scour hole, in cublc feet per minute of bulk volume of sediment.
Equating the two expressiona for Qg, substituting for the tractive force

, Tatlo its evaluation as a function of the fraction of the limiting scour, Eq. 26, -

and using the approximate expression for the limiting scour, Eq. 24 a differ-
ontlpl eqnauon far the rate of scour is !ormed . .o
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- dx = 0.48 At ceyeenoes (30)
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T *The Total Sediment Load of Streams,® by E, M. Laursen, Journal of the Hydrau-
lios Division, ASCE, Vol. 84, No, HY2, Prao. Paper 1530, February, 19bb. D
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FIG. 10.~ACTIVE PHASEOF OLEAR-WATER QOOUR (ARITHMETIC TIMESCALE)
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and ti)a factor g hai been insarted arbitrarily to obtain dlmen;toﬁai ﬁdmg;;
geneity (the argument could be used that the shear ia evaluated from the.

Manning equation which lacks g).

Numerical integration of Eq. 30 results in a relationship between the depth

of scour gud time, which is presented graphically in Fig. 10 with an arithmetic
timescale, and in Fig. 11 with a logarithmic time acale. Use of the arithmetic
time scale emphasizes how rapidly the scour proceeds initially and how slowly
it approaches the ultimate limit, Use of the logarithmic time scale {llustrates
the reason why & limited segment of the total curye, such as:ia likely tobe
obtained from experimental data, might appear to plot as a straight line on
semi-log paper. - ' ’ .

Note that fn both Figa. 10 and 11 the unit of time is the time required to
reach one-half of the limiting scour depth " - .
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in which t /3 18 the time required to reach 0.8 da.

The relationship.that has been obtained for the active clear-water scour
would indicate that, if half the limiting depth of scour were reached in 1 hr,
in 1 minthe depth of acour would be 0.21 dg (a8 fast or faster than {low could

be established in a laboratory flume), in 8 br the depth of scour would still

only be 0.73 dg, and to reach 0.96 dg would take 72 hr. Some of the difficulty
of experimental measurements should be readily apparent.

The depth-time relationship of Fig. 10 is qualitatively of the correct nature,
glving a rapid rate of scour in the beginning and a slow rate of scour at the
end. However, the assumptions that were required to obtain the relationship
ralse a question as to how much vellance can be given to any numbers that

-might be obtained from it. The least of these assumptions are (1) the simi-

larity of scour holes during the actlve phase of scour, (2) the volume of the
scour hole, and (3) the approximation for the limiting depth of scour; more
fmportant ia the assumption regarding (4) the tractive force in the scour
hole, and (6) the capacity of the flow for transport oyt of the scour hole,

COMPARISON OF ANALYSIS AND EXPERIMENT

Inorder totesat the ability of the tentative relationships to predict the depth
of acour, It has been necessary to use the published measurements of others,
Laboratory experiments on a model pier of the Hardinge Bridge performed at
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perftwas run and the water lavel aijusted to get a particular depth, the
deptha varying from 0,8 to 1,48 ft. Each experiment was continued unti}.
the flnal maximum scour was obtained round the pler, In a few teste In
which the upstream depth was lesa than stable depth the upstream bed
scoured and blanketed the scour pit around the pler, In such cases, the .»
maxtmum depth of cour at the nose was measured just befare depos- , .,
ition in the gcour hole of sand from upatream'accurred, In the expori-
ments when sand round the pier was coarser than the bed material up-
stream, the bed around the pler was laid higher than upstream level to

get scour round the pjer for the upstream depth laid,” .

. . l - N .

It s always difficult to {nterprat another’s experiments adequately, but it
is clear that some of the.runs were with clear water and others wereinthe
range of at least light sediment movement, The measurements are plotted {n
Fig. 1_2 asdepth of scour against depth of flow with curves predicted by Eq. 18
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and the curve for sediment-trapsporting flow, The agreement between the

predicted and measured depths "of scour, especially for the two finer sands,

.seems veagonably satisfactory, It is interesting to pote that as the depth of
flow is reduced, the dépth pf scour Increases, until conditions of.supply are
reached and then the depth of scour decreases with a further decreasg in the
depth of flow, T :

Of the Chaton experiments, only the series with a sand of ¥ mm has been
usedbecauge thig series involyed the most runa with clear-water acour, The
three plerawere 60 mm, 100 mm, and 150 mm in diameter, and depths of flow
of 100 mm, 200 mm, and 350 mm wereused. For each depth of flow, & number
of runs were made with velocities varying from 0.3 m per sec to approximately
1,2 m per sec, The yesults dre ploited In Fig, 13 as depth of scour against
velocity of flow, . . - ... . . ' .

The predicted scour for the, canditions.of the Chatou experiments is less

than the measured, Howevep .é;e pattern of vulanon with velocity of flow
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ndwlmdlanioterwwlliha} is encourpging; although the svidence of & varia- |

fally
with depth of flqw is not sufficient to draw any conclusions, Espec
:‘::mylng lapttho' demonstration of the difference between clear-water acour
and scour with sediment supply, o )
Because nelther depth, valc;clty. nor discharge were kept constant for's
series Inthe CqloradoStaie University experiments, the!r dg.ta have beep pre-
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ented in dimensionless form plotting dg /g agalnst 1/yg with the points num--
l')o:n u: the pearest tenthrvnlue of the calcunlated shear ratio, In Fig, 14, the
maximum scour {n & 5-hr perdod for a vertical-wall abutment in a 4-{t flume .
ts shown, Beyond the fact that the predicted scour is less than the measured,
little can be concluded from Fig. 14. Fig. 14 {s included primarily because
one of the runa in this seriag. §i§s used to test the time relationship for aguvg_ \

)
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_ abutment in a 4-ft flume was used in the runs of Fig, 18; a wing-wall abut-

‘ B

o

BRIDGE, SCOUR

scour, but also to gerve as a check on the other data that were obtained in a
different manner, . S .
For the data presented in Figa, 15 throngh 18, a scour hole was prefarmed:
and the depth and discharge varied “until noticeable scouring (movement) of
the bed material was observed in preshaped scour hole.” A vertical-walled

ment in a 4-ft and an 8-ft flume in the runs of Fig. 16; and a spill-through-
abutment in a.4-ft and an 8-ft flume In the runs of Fig, 17, In the runs with
the 4-ft flume, the upstream bed was covered for the higher velocities in order .
toprevent movement into the scour hole, For the runs of Fig. 18, a verticale .
wall abutment was placed on a 6-ft wide floodplain with & 2-t river channel
0.5 ft. deéper on the opposite side of the flume, The velocity on the floods
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. ' Fi0,18.~C8U DATA FOR MOVEMENT IN PREFORMED
.. BCOUR HOLE AT BET-BACK ABUTMENTS

t. Y, R

plain was estimated by assuming that the velocities on the floodplaip and in
the river channel were proportional to the 2/3 power of the depths of flow,
Deapite the scatter and a shift with the geometry of the abutment, the com« -
parison between analysis and experiment }s promising. The relativg acour
depth increases with the length of the embankment and with’the shear ratio in
accord with the analysis. The predicted depth 18 quite satisfactory for the
wing-wall abutment, too small for the vertical-wall abutment, and too large
for the spill-through abutment, As the shift is in harmony with the “stream-
lining” of the abutment, it might have been expected, . ’ o
In Fig, 18, the time history of C8U run 72 is compared to the predicted
behavior of the active phase of scour, The solid curve {s based on the rela-"
tionshipof Fig. 11 and Eq, 32, Thetime values are repsonable, but the Hmiting
] .
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scour 1s only approximately half of that measured, . The dashed curve repre-~

Eq. 24 is ‘oubled; the limit of scour is more pealiatic, but the time to reach
any given dupth {s approaximatejy half of that measured, That a credible pre-
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diction of the time history of scour is possible (given better assumptions)
would seem to be a reasonable hope, :

_ CONCLUSIONS : .
A truly rigoronl analysis of the cleap-water scour problem demands a

detatled description of the flow pattern, espacially the fluid forces on the

boundary, in the complex geometries that will be cbtained, and a knowledge of
the resistance to movement, and of the rate of transport, of the material com-
posing the boundary for the prevalling conditions,

For the case of the limiting scour in & long contraction, these tvb require- )

ments can be reasonably satisfied, arid the relationships obtained through the
analysis shouldbe sound, Any pther expressions that might be used to evaluate
the boundary shear and the ¢critical tractive force should result in romparable
relationships, U selectiye sorting occurs during the scouring pracess, &
dilemma arises because the material originally in place is not the material
finally composing the boundary. This ia not a difficulty in regard to the rela-
tionship for the lHimiting acour depth, but it is in the selection of the sediment
size that will govern, gr in golving for the time history of scour,

For the case of the limiting scour around a pler or abutment, the three~ .

dimensional nonuniform flow pattern cannot be described in detall with any
confidence, The assumptions made to by-pass this lack of knowledge ara
plausible, but need investigatign to be made more credible and tp be refined

to take into account the geomfly of the obstruction. Neverthelegs, the com-
[v Iy 1) N .

*
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sents & modification of the previous analysis in which the coefficient of 0.8 In

-

. gatlons of clear-water acour problems, :
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aarllm_g between analysis and measurement would indicate that the approach <

as merit, : R
The relationship obtained for the time history of clear-water scour at an

abutment should not be considered much mora than speculation, Although a

number of the assumptions leading tothis, and the other tentative rslationships -

may be questionable, the analyses should be useful In planning further investi-

APPENDIX, —~NOTATION
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‘ The following symbols have been adopted for use in this paper: Syt
B = width of flow saction, in feet (subscripts 1 and 2 refer to uncontracted
and contracted widths, respectively); . ‘

= width of pler, In feet; B | i

= concentration of sediment, percent by weight; b
= mean diameter of sediment, in feet;

= limiting depth of scour in contraction or at pler or qbutmen!, in foet}

= depth of scour at time ¢ during active phase of scour, in feet; ;

= Froude number (VA gy);

s cyavltatlonal acceleration, in feet per sscond squared;
= head loss at contraction, in feet; - oy
= head loss coefficlent [HL/ (Vza/u - Vlaﬂg)] :

= Jength of mbankment, in feet; '
= Manning coefficient; '

» water discharge, In cubic feet per gecond; - | :
= gediment load, in cubic feet per minute;

= ratioof depthof scour at pler or abutment to depth of scour in equivalent
long contractiop; . N "

“ t .= time, In minutes, (subscript 1/2 refers to time required tb attain ong-

half the limiting depth of scour); . .

V = velocity ol flow, in feet per second (subscripts 1 and 2 refer to yelocity
in uncontracted and contracted widths, respectively);

V., = nominal velocity in contraction (Q/y;Bg); N

’ X .
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x -+ ratio of trmlant ddpth o -scour 1 Umiting depth of scour (dt/d.)z L . : .
.y .= depthol flow, ip (eet (avhagripts 1-and 3 refer to depths {p uncontracted . L )
.. and contracted widtha, reapactlnly,io,pd subscript 0 refers ta depth of , o ‘ - : ‘ o
‘approach to plér or gbutment); ., e , i L ‘ - ;!

e " critical tractive torce. in poundl por square toot; e ’_=

T

¢ = boundary shear in scour hole at umo t during active plmu ol scour, In ' S e
pounds per square foot; and C e e - g ., ‘ e
o « intensity of ghear at Qoundary assoglated vmh -odlmnt paruelu, B . IR
pounds per square foot, - i . ‘ ' Lo
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ISTRACT: Based on the proposition that the limit of cleax-watsr scour is a boundary
ear equal to the oritical tractive foros, analytioal relationahips are obtained for the

. our in a long contraction, at an abutment, and around s pler. The pier and abutment

. lutions make uae of the assumption that the flow beyond the acour hole oan be ignored

d that the depth of acour at the pler or abutment 1a a multiple r of the scour in the
uivalent long contraction. An expression for the active phase of soour is obtained
ing a aimplified transport equation. Comparison of predictions with measurements
»m several laboratories is reasdnably sstisfactory,

FERENCE; “Analysia of Relief Bridge S8cour,” by Emmett M. Laursen, Journal of
» Hydraulios Divislon, ASCE, Vol, 89, No, HY3, Proa. Paper 3516, May, 1983, pp.
=118, . . .
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v mean velocity, q/yo, fps
w fall velocity of sediment particle, fps

y elevation above stream bed, ft Journal of the - ; |

yo depth of flow, . - R ‘ : HYDRAULICS DIVISION

3 measured exponent for concentration distribution

Proceedmgs of the American Society of Civil Engmeers

theoretical exponent for concentration distribution

N
L=

f NNy

coefficient of proportionality bet ¢
nt of proportionality between €, and THE TOTAL SEDIMENT LOAD OF STREAMS!

specific welght of water, lh/ft3 . e S
thickness of lamlnar sub-layer, ft S o Emmett;dm‘l:aa;;z::: 15Aa 3; ASCE

mixing coelficient for momentum : - i

mixing coefficient for sediment
coefficient in logarithmic velocity distribution - A , ABSTRACT

ki atic vi 2
nematic viscosity of water,zlt /sec Relationships are proposed which give both the quantity and quality of the
density of water, ¥ /g, 1b sec /ad ' W total, suspended, and bed loads as functions of the stream and sediment
2 \a " .» characteristics., In the process of empirically defining the relationships, an
Intensity of shear, Ih/ft encouraging correlation of laboratory and field data (including some orlg,lnnl
critical tractive force for beginning of sediment movement

] experiments) m obtained. , |
boundary shear, or tractive force, at stream bed, YyoS P ""
boundary shear associated with sediment particies : I EN
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i " Although a rigorous analysis of the general problem of sediment transpor~
tatfon fs not yet possible, by means of a descriptive analysis the various
factors involved have been isolated and the relationships among them qualt- |
tatively indicated, Parameters linking the hydraulic characteristics of the
flow and the characteristics of the bed material were then formed through the
H use of appropriate approximationa. The relationships between these para- i
. meters, however, could only be defined empirically. ;
The experimental data which were uged for this purpose included orlglnal ;

: * experiments conducted at the lowa Institute of Hydraulic Research and
» . published data from other sources. Empirical curves were drawn for the

t{ / total, suspended, and bed Joads, and a computation procedure devised to con-
a0t ‘/ " sider the non-uniformity of the bed material. The correlation of laboratory

-y

data which was finally achieved was good considering the probable errors of
oy the measurements. The proposed relationshipa were also used to predict the

* ./ Nole: Discussion open until July 1, 1958, A postponement of this closing date can be

L obtajned by writing to the ASCE Manager of Techaical Publications, Paper 1530 18 sy

4% . part of the copyrighted Journal of the Hydraulics Divislon, Proceedings of the
Amerioan Society of Civil Engineers, Vol, 84, No. HY 1, Fecbruary, 1968,
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n K degree of Doctor of Philosophy in the Department of Mechanics and Hy-
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sediment-transporting characteristics ol three natural streams with encourag-
ing results. '

INTRODUCTION

That the flow in a channel will exert a tangential force on the boundary of
the channel 18 well known. If the boundary is composed of discrete particles,
it is readily apparent that those particles may thus be set in motion, Not as
apparent is the functional relationship which must exist between the [low and
the particle movement. The paramount example of the general problem ia the
transport of sediment in alluvial streams. Despite the fact that rivers and
canals have been the concern of man since the dawn of history, even today -
their behavior cannot be predicted with complete satisfaction or certalnty.

Most investigations in the past have been concerned with the particle
movement at the bed—i.e., the bed load. As a result, many formulas for the
rate of bed-load transportation have been proposed. None, however, has
achieved general acceptance. More recently, the phenomenon of sediment
suspension has been investigated both experimentally and analytically. Aside
from certain secondary, but nevertheless material, considerations that are
as yet unresolved, the distribution of suspenided sediment has thereby been
satisfactorily formulated, The latest studies, several contemporaneous with
the one of which this analysis is a part, have now progressed to the most
general phase of the sedimenl transport problem—i.e., the combined bed load
and suspended load, or total load, The experimental phase of the investigatton
of the total sediment load conducted at the Jowa Institute of Hydraulic Re—
gsearch is only included briefly herein, It I8 reported in detail, itncluding all
pertinent experimental data, In a final report to the Office of Naval Research,
the sponsors of the study.

Qualitative Analysis

Bed Load

The total sediment load can be divided into two parts: the bed load, in
which the particles move essentially in contact with the fixed (or semi-fixed)
boundary, and the suspended load, in which the particles move entirely sur-
rounded by and at essentially the velocity of the water. Although under some
conditions the bed load may be only a small fraction of the suspended load,
the bed load is fundamentally the more important, because it i3 necessary to

In order to set any individual particle of bed sediment into motion, the
flow will have to exert upon it a finite force of some certain magnitude which
depends on the shape, size, and densily of the particle and its placement
among the particles that surround it. The force exerted on this particular
particle will depend on the average tangential force per unit area exerted by
the flow, the position of the particle with respect to other particles in the
neighborhood, aund, if the flow is turbulent, on the particular instant of obser-
vation. Unless, however, one gubscribes to the notion thal turbulent fluctu-
ations can be infinitely large, there is a limiting mean-flow condition below
which this particle will not move. More importantly, there 18 a limit below

.
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which none of the particles making up this semi-fixed boundary will move,
Usually this limiting flow condition is characterized by a “critical tractive
force,” 7o = (Yyos) {see List of Symbols), which, although real, is dlmcult
to define except subjecuvely.

If the tractive force on the boundary is greater than the critical, some of
the particles on the surface will move; the number, the size, and the velocity
of the particles in motion wiil then determine the rate ol bed-load transpor-, .
tation. The mode of movement will be rolling and sliding over other station+
ary particles, although, because the surface is rough, the moving particles :
could conceivably lose contact with the boundary briefly. The force exerted
by the flow on the moving particles must be transmitted to the stationary
parlicles forming the fixed boundary. This notion does not {gnore the acceler-
atlon and deceleration experienced by the particle, but recognizes that in a ;
statistical steady-state condition of bed-load transport the ltotal tractive force
of the flow must eventually be transmitted to the stationary boundary. !

Many equations have been suggested for the prediction of the rate of bed- :
load transportation as a function of the flow conditions and the sedlment f'
properties. In Beveral of the equations the total tractive force, Tg = Yy(S, .
is the only flow characteristic considered; in almost all of the others elther
the total tractive force or the slope is included, together with either the ve—
locity or the discharge. Although somf slegree of stmilarity can be demon- :
strated among thege various equations 1) (gee References), the difference In
rate of transport as predicted by them is fully as great as one might expect
from one’s first impression of the dissimilarity of the formulations of the
different equations, 2) Unfortunately, none of the equations can be shown to ;
be better than the others on grounds of elther expediency or principle. All :
fit some data, but none fits all data. Little or no basis in theory is clatmed .
for most of the suggested equations. Rather, they are relationships which !
have been found by cut-and-try curve fitting or more or less arbitrary :
equation forms together with experimentally determined coefficients.

Two equations for the rate of bed-load tranaportation, roposed compara-
tively recently by A, A. Kalinske 3) and H. A. Einstein(4,5
of being considered theoretical. To the extent that both could be derived,
logically, from explicit, but di{ferent, sets of assumptions, they can be 80
considered. Both, however, can be criticized on a number of counis, especial-
ly as to the implications of some of the necessary assumptions. For ex-
ample, Kalinske al an intermediate step in his presentation equated the
number of particles in motion to the number of particles on the bed. This as-
sumption implies that the number of particles in motion is constant no matter
what the rate of transport. The principal objections that can be raised in re-
spect to Einstein’s development cannot be as simply stated (elsewhere they -
have been reviewed in detait), (6) but they are equally damaging to the confi-
dence that can be piaced in his equation, Unfortunately, therelore, the “theo-
retical” equations are no more acceptable than the “empirical” equations. In

a subsequent section still ancther bed-load equation will be presented which'
is basically empirical, although it has some rationality ~its merit being that

. it is an integral pari of the total load relationship.

Suspended Load

A suspension of particles heavier than the fluid (and too large for Browni-
an movement) 18 possible because of the mixing action of the turbulent flow.

L2 Y . . ’
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In a turbulent flow there is a constant exchange of fluid masses, or volumes,
across planes everywhere in the field of flow. For reasons of continuity equal
volumes of fluld must move up and down past any horizontal plane, It is
readily apparent that, since the particles are failing with respect to the fluid
surrounding them whether the fluid is moving up or down, the mixing action
can offset the aclion of gravity only i there are more particles in the fluid
volume moving up than there are in the fluld volume moving down. That is to
say, that there must be a concentration gradient such that the concentration
is greater at lower levels if the mixing action is to maintain a statistically
steady-state condition,

The equation expressing the equilibrium state of a sediment suspension is

de
ve=-6, 5 (1)

the left-hand side of the equation representing the rate at which sediment is
falling per unit area across a horizontal plane under the influence of gravity,
and the right-hand side the net rate at which sediment is being lifted by the
mixing action of the turbulent flow at the same elevation y. The mixing coef-
ficient €g is obviously a measure of the rate of fluid exchange, at least aa a
first approximation.

Similarly, the equation for the apparent shear in turbulent flow can be -
written as

. o »
/e “Cndy _ @)

If one disregards secondary effects such as viscous stress and virtual mass,
it would seem that the two mixing coefficients ¢4 and € i, should be the same.
It is possible, however, that the mixing concept as represented by these two
equations is oversimplified and that in moving a finite vertical distance the
fluid does not transfer, on the average, the temporal mean conditions of its
point of origin. That is to say that a natural-selection process may actually
occur in the mixing action,

The usual expression for the dlstrlbutlon of sediment in the vertical !s ob-

tained by assuming proportionality of the mixing coefficients (eg = (8 €m
linear variation of the shear, and logarithmic velocity distribution.(? The
differential equation for the sediment suspension can then be integrated to

give
5

e (’o -y ) L

N Yy Y- (3)
where z = w/fx lﬁb . Only a relative distribution is théreby obtained, as the
concentration at any level y 1s expressed in ratio to the concentration c, at
some level a. Obviously, if the concentration c, could be specified by some
other means, the average suspended-load concentration <:s could be obtained

by integration of the expression
/y o cvdy

S " (0]
./ Ocday
The two factors which will dominate in determining the average concentration
of the suspended load are cy and \/?0717/\% The range of variation of other

.
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factors such as 8 and X is small in comparison to the possible variation in_
these two,

As can be seeu from Eq, (3) the ratio of the shear velocity to the fall ve-
locity is the primary factor determining the degree of uniformity of the
concentration. Given a value of cq at the lower-most level of suspension, the’
more uniform the dispersion of the sediment (i.e,, the larger the value of
V-ro/p /w) the greater will be the value of the mean concentration ¢g. Al-
though perhaps not observable, there should be a level, or zone, near the bed -
where the concentration becomes less dependent on the mixing action of the
turbulent flow than on the rate at which particles are cast up, or entrained,
from the bed.

The assumptions made by Einstein in expanding his bed-load function to
permit the calculation of the total 10ad(5) were that the reference level could
be taken as twice the diameter of the sediment particle and that the concen~ .
tration in this zone was proportional to the rate of bed-load transport divided
by the shear velocity associated with the sediment particle and the distance
from the reference level to the bed. Implicitly he also assumed that the

. mechanism of entrainment was the mixing action of the turbulent flow which

is 80 effective at higher levels, and that the logarithmic velocity distribution
(and, therefore, the concentration distribution) was valld as close as Lhis to
the bed.

Earlier Lane and Kalinske(8) had suggested that, for the sedlment particles
of a size class represented by a mean fall velocity w, the concentration at the
“bottom” was proportional to the percentage of the bed of that particular size
and a function of the shear-velocity/Iall-velocity ratio. Experimental investi-
galions under their directi n resuited in modifications of the originally pro-
posed relationship. Pien slmply adopted a djstance from the bottom of 0.1
the depth of flow as the reference level. lsia, 10) pecause he used a very
fine sediment which was almost uniformly dispersed in the fiow, considered
the bottom concentrati ual to'the mean concentration, but found that a
second parameter, dy79/p /7, proportional to the ratio of the particle diame-
ter to the thickness of the laminar sublayer, was needed. The basic concept
in both the original and modilied relationships was that the vertical hlrbnlent
fluctuations “picked up” material from the bouom.

Interchange Between the Bed and the Flow

A gediment particle which is suspended In the turbulent flow will follow an
erratic path which will depend on the velocity of the fluid about it from instant
to instant. Each of the many particles which pass through any point in the
field of flow will, of course, follow a different path, Although the paths of the
individual particles cannotl be predicted, in the aggregate a pattern of diifusion
of the particles passing through the given point will obtain, Even If the parti--
cles were of the same density as the fluid, within a nominal distance some of
them would reach the bed of the stream because of the turbulent mixing action."
In order to maintain a steady state of suspension within the field of flow for
every particle that returns to the bed, a particle must, by some means, be
removed from the bed and injected into the flow.

Considering the Importance of the interchange phenomenon to the under-
standing of the phenomenon of the suspended load, there has been surprisingly
liltle speculation as to the mechanism whereby the sediment particles are re-
moved from the bed. The two notlons that have been advanced are (1) that the

. T '
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flow around the particle results in a lift force greater than the weight of the
particie and that the particle consequently moves up from the bed inta the
flow,(11,12) and (2) that the mixing action of the turbulent flow is sufficiently
strong at the bed level to remove the particle from the bed.(12,13)

It cannot be disputed that there might be liit forces on a particle on the
bed, because the particle is not in a uniform or even symmetrical flow field
but in a velocity gradient, because the pressure may approach the stagnation

- magnitude under some particles, or because the velocity possesses locally &
component in the upward direction, No matter how this possible lift force
may come into being, however, there will ailso be a drag force on the particle
such that the particle will begin to move or, if already moving, will move
faster parallel to the bed—1i.e., in the direction of the drag force. If the lift
became almost equal to the weight of the particle, any small drag force would
be suffictent to roll or slide the particle. Since the forces exerted by the flow
on the particle are the result of the relative motion of particle and fluid, they
could be expected to decrease once the particle is accelerated. How a lift
force greater than the weight of the particle could develop on a particle that
is free to move {8, therefore, difficult to envision, except possibly through
the action of vertical components of large scale turbulence,

This possibility is, of course, the same as the notion that the mixing action
of the turbulent flow extends to the level of the bed. For a smoolh, solid bed
it is readily apparent that at least the vertical turbulent fluctuations will de-
crease with proximity to the boundary fo the limit of zero’at the boundary,
Although a rough, porous boundary such as is formed by the sediment might
either result in, or permit, larger turbulent fluctuations than have been found
in the vicinity of smooth boundaries, one would still expect the mixing action
of the turbulent flow to grow weaker as the boundary is approached. Although
the process cannot be categorically ruled out, it would seem that the turbulent
exchange which can be quite effective in the interior of the flow would be
minimal and rather inadequate at the boundary.

A more plausible explanation of how a sediment particle can leave the bed
can be based on Newton’s first law of motion—that a body in motion will move
uniformly in a straight line until acted upon by some force, Consider nowa -
particle moving up the weather slope of a dune, The forces on the particle
are the propelling forces of pressure and shear due to the flow around the
particle, the force of gravity, and the reaction force of the bed that can be
resolved into a normal, support force and a tangential, resistance force, Just
before the crest of the dune all of these forces will be acting on the particle;
just after the crest of the dune the bed forces supporting the particle and re-
sisting the motion will be lost, but the fluid forces and the gravitational force
will continue to act on the particle (although the fluid forces may change be~
cauge the flow around the particle changes). The motion of the particle will
then depend on the velocity (both direction and magnitude) of the particle as it
leaves the crest of the dune and the forces which thereafter act upon it,

If the velocity of the particle and the propelling forces are small and the
weight of the parlicle under water is large, the particle will merely roll over
the crest and down the lee slope of the dune. This, of course, is a description
of bed-load movement. If the gravitational force 18 small in comparison to
the momentum (mass times velocity) of the particle, the particle wiil only
gradually deviate from its initial direction of motion and will tend to move in
the parabolic path of a projectile. This ideal path, of course, will be modified
by the effect of the {luid forces on the particle, :

v
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Although the prediction of the path of the particle may not be possible, it - .
should be clear that, if the velocity of the particle moving as bed load is great
enough, the particle can leave the immediate vicinity of the bed in what might | |
be described as a self-launching action. Moreover, the factors which will :
govern the motion of the particle, other than the properties of the fluid and |
the particle itaelf, are the form of the bed, the flow pattern (including the ve- |’
locity magnitude), the gravitational force, and the velocity of the particle at 1

!
)
1

the crest of the dune. The amount of material involved in this action will be
related to the number of particles in motion and the size of the particles.
Since the product of the number, size, and velocity of the particles is the
volume rate of bed-load transportation, it is immedlately apparent that the
bed load will play a primary role in the determination of the suspended load,
If the bed is covered with dunes, this self-launching action is easy to visu~’
alize., Even more to the point, it can be observed, If there are no dunes—
1.e., 1f the bed is plane—the same action is still possible, because the bed- |
load particles must move over roughness elements of their own size, As a
result, the direction of motion of the particle can be away from the bed and,
il its velocity is great enough, the particie can escape from the immediate
neighborhood of the boundary. If the moving particle in the case of the duned
bed can be likened to a ski-jumper, in the case of the plane bed it can be lik-
ened to a hot grounder in a sand-lot baseball game. . . ,
The secondary motion, or large-scale vortices, of the turbulent flow can
also result in 2 movement of the particles in contact with the bed whereby
they can be self-launched into the flow. This can be demonstrated simply in
a glass jar filled with water with a bed of fine sand on the bottom. By moving
a pencil in a small orbit an almost irrotational vortex can be induced. Be-
cause of the secondary motion, the sand pariicles move inward in spiral paths
and a small, sharp-pointed, cusped dune is formed. If the velocity of flow
near the bed, and consequently, the velocity of the parlicles, is sufficiently

- great, the same self-launching action {from the peak of the dune is observable,

{The importance of macroturbulence such as this in the movement of sedi~
ment has been noted by Matthes‘“’ although the mechanism whereby the
particles are removed from the bed is not described. A similar phenomenon
has also been noted by Lane).(15) In a stream or a laboratory flume this ac-
tion is quite impossible of observation. It can be readily observed every
autumn, however, with dust and fallen leaves as the sediment particles. Ona .
large scale, of course, it is the tornado of the westera plains. ‘

Observations

Equipment and Technique

Since most previous investigations of sediment transporlation have been
concerned with bed-load movement, very few data on the rate of transport of
total load, or even suspended load, were avallable at the time this study was
initiated. An experimental phase of the investigation, therefore, was essential
to the determination of quantitative information relative to this most general
case of sediment movement. Because the data which was gathered were 80
important {n the development of the relationships for the sediment load, a
brief description of the experimental phase 15 included herein.

The principal item of experimental equipment was a reclrculating, tilting

| |
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flume with an overall length of 105 feet, shown in Fig. 1. The test section
was 90 feet long and had a cross section 36 inches wide and 18 inches deep.
In order to permit visual observation of the flow, the sides of the test section
were made of 1/4-inch plate glass.

Because the resistance to flow will depend in large measure on the rough-
ness of the self-formed alluvial bed, the discharge and the depth of fiow (and
hence the velocity) are usually fixed in experiments such as these, and the
slope i8 allowed to develop as required. In order to speed up the deposition-
erosion process whereby the slope is established, it is expedient to be able
to tilt the entire flume during operation. The mechanism which was used to
accomplish this was a system of interconnected cams. I .

The rate of flow was controlled by the speed of the pumps and measured
by calibrated, segmental orifices in each line in conjunction with an air-water

manometer. The depth of flow was determined by the volume of water in the . : . ‘

o T 4 kN s e R

system and the water-surface elevation was measured at 10-foot intervals i

along the test section by piezometers connected to an open manometer board.,

The water-surface and sand-bed elevations relative to the flume could be de-

termined by means of point gages mounted on carriages which in turn slid on

stainless-steel rails which were parallel to the flume bottom, The slope of

the flume itsell was obtained by measuring the travel of the lower end with a

vernier and scale made from a standard point gage, s
Values of velocity and concentration at a point were obtained by means of .1

the combination instrument shown in Fig. 2. Two Pitot tubes, modified to - ot

produce a larger differential reading, were mounted on each side of a rec- PETEN

tangular sampler nozzle. The differential-head indication was oblained with .y

an air-water manometer. A small variable-speed pump was used to establish N “ .

any desired rate of flow into the sampler-intake nozzle, The rate of {low was i

measured by a calibrated Venturi meter and air-water manometer. The

pumped sample was collected at first in quart milk bottles; later large glass :

tubes were obtained to simplify the handling of the sample. The amount of Hi ‘;

|
1

9ar 5'=45"
i

9 at &5'=45’
Flg. I Flume.

sediment in the samples was determined by weighing in calibrated pycno-
meters, For small concentrations a standard 10-ml pycnometer with a fitted
stopper having a capillary hole was used and for large concentrations a 500- ;-~
ml flask with a narrow, graduated neck.

In order to measure the total load, a low submerged welr was installed at !
the downstream end of the test section. The weir was formed of a quarter ~ _ ] ‘ 1
cylinder cut from a nominal 4-inch brass pipe, and placed so that the convex .
side was upstream and a tangent to the top edge, or crest, of the weir was 1 : B
paraliel to the flume bottom. The crest of the weir was approximately an ;
inch above the mean elevation of the sand bed and slightly above the crest of ) _'! : '
the dunes,

In a study such as this the operation and the measuring techniques must
be designed first to establish normal equilibrium transport conditions and
then to obtain a reliable and complete description of those conditions. Al-
though equilibrium here refers specifically to a state of flow in which there
is neither aggradation nor degradation of the bed, it also implies that there is
no change in state with time. Becauge the rate of change from a non-equi-
librium to an equilibrium state will depend primarily upon the degree of non-
equilibrium, the desired steady state will tend to be approached asymptotic-
ally.

Arbitrary, but judicious, operation of a sediment-transport flume can ma-
terially reduce the time required to attain 8 normal equillbrium condition,
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.‘ ) To confirm the establishment of equilibrium, however, repeated measure-
ments over considerable periods of time are necessary. To verify the uni-
! formity of a reach, measurements at successive sections are required,
1 Given a width of section (which is fixed by the construction of the test
section) and a bed material {which can be chosen arbitrarily) only two of the
three primary flow characleristics (discharge, depth, and slope} can be con-
sidered 1o be independent variables. In a natural stream the slope and the
discharge are the imposed conditions and the depth is conditional upon these -
and upon the configuration of the siream. Operation of a recirculating, tilting
flume is simpler if the discharge and depth are chosen as the imposed con~
ditions and the other characteristics of the flow are allowed, or helped, to at-
tain their natural value or form.

In the first runs measurements were taken of all pertinent characteristics
of the flow as the condition of equilibrium was approached. The slope proved
to be the most sensitive index, as it was affected by both the non-uniformity
of the flow and the roughness of the bed, As deposition and scour occurred,
remolding the overall bed so that the rate of sediment transport at every
section was the same, there was a concomitant change in the water-surface
slope, As the natural ripple or dune pattern developed, the roughness of the
bed changed. Therefore, the resistance {o flow changed, .and, consequently,
the slope of the water surface, The velocity distribution and concentration _
+ *  distribution were affected by the position of the dunes relative to the measur- .
o ing section—espectally, of course, near the bed. As a result, the spatial varl-
ST ation of these measurements was of the same order as the temporal variation,
unless the flow was adjusting itself quite rapidly toward the normal equilibri- :
um condilion, . '
: For the coarser of the two sanda used, the slope proved to be a sufficient
ot indicator of the attainment of the normal equilibrium condition. When the bed

s had been remolded and its configuration established, the slope of the water
] surface no longer varied with ime, (Tilting the flume, in effect, simply re-
duced the time necessary for remolding the bed.) A reach of approximately
) 50 feet, from about 35 feet to about 85 feet from Lhe entrance, would then ex-
. . ‘ hibit uniformity—as defined by a constant slope and constant depth of flow,

For the finer sand the water-surface siope alone was not found to be an
adequate measure of the state of flow, This was because the length of the
reach displaying uniformity was only about 30 [eet, and, therefore, the
‘ [ measurement of the slope could not be as precise, Measurements of the
' sand-bed slope and elevation were found to be necessary also. In order to
measure the sand bed the flow had to be stopped and the run interrupted. .

; Therefore, the sand-bed measurements were only used as a final check after
: the water-surface slope indicated stability. .
: Fortunately, because the total time required for a single complete run
; made continuous operation impractical, interruption of a run did not affect
; materially either the attainment or the state of equilibrium. If care was taken
’ : . ) ' . in stopping and then resuming a run, the state of flow at the time of inter-

; ruption was reestablished within an hour at the most. As has been mentioned
before, the crilerion for normal equilibrium flow is that the characteristics
i : ' of flow do not change with ime. Since this state is approached asymptotical-
: ly, it 18 obvious that the final determination of whether the desired state has
been reached must rest on the judgment of the operator, When normal equili-
4. briuin had been altained—in the operator’s judgment—measurements were
*  made of water-surface elevations, velocity distribution, concentration distri-

‘bution, and sand-bed elevations,

]

/g. 2. Combination Pitot tube and sampler.
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For the coarser sand, only cenlerline distributions of velocity and concen= S I : AN ‘“. ,:f
tration were delermined. For the flner sand, complete traverses during
several runs were made across the flow section in the uniform zone and over
the low quarter-circle weir. Measurements of the dune size could be obtained
in the case of the coarser sand. However, for the very fine sand the material
seltling out of suspension almost obliterated the dune forms, . A

Water-surface and sand-bed elevations could be read to 0.001 foot. Al- - : .
though errors in any single delermination could be greater, the error which : '
might be expected In the average ol repeated measurements should not exceed
this value. The depth of flow ranged from about 0,25 to about 1.00 foot. At \
the smallest depths the percentage error, therefore, could be of the order of : o
1%. The slope ranged from about 0,0004 to about 0,0018 over the 50-joot B S0 | ]
reach of the coarser sand and from about 0.0008 to about 0.0012 over the 30- : C l
foot reach of the finer sand, Errors as large as 10%, therefore, are possible, o ’

Few of the individual velocily determinations in the interior of the flow o o i
should be in error by more than 2 or 3%. Near the sand bed, however, the
possible error in the measurements became larger as the boundary was ap- - P
proached, because the velocity became smaller. Moreover, the position of , - b
the dune relative to the measuring section was unknown, so that the meaning St B ]
of the measurements near the sand bed was somewhat indefinite. :

The samples which were taken for the determinations of point concen- ! : i
trations were large enough to give a good time average. Fig. 3 shows the ¢ T |
long-period fluctuations of the concentration at a point as a function of time, *i oo W |
The short-period fluctuations have been averaged out because each successive - ; . _ - l
determination of concentration was made from a 1-quart sample, each quart ] ; K
belng equivalent to a stream tube almost the length of the test section. In the
first runs $-quart samples were taken to reduce this source of error in the v s
concentration measurements, The slightly larger 6000-cc tubes, later substi- % ° o |
tuled for the milk bottles, were equivalent in volume, and the procedure of th !
transferring the sedinent sample to the pycnometer was simpler. k ;
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Experimental Results . : ! S |

The size-frequency distribution of the two sands which were used is shown e - : |
in Fig. 4. Despite the fact that ihe finer sand is within what is generally con- i
sidered the silt range, it is a true sand, Both sands were {ractions of the i
Ottawa deposit (the coarsest fraction of which 18 the standard concrete test- '
ing sand) and are almost pure silica, : T
The experimental resuits for the coarser sand are summarized in Table L — L .
A more detailed summary is Included in the report to the sponsor.(lﬂ) In re~ § e |
gard to the basic problem being investigated—the correlation between the _ '
sediment load and the flow and sediment characteristics—little can be learned
from comparing the pertinent values for different runs, even with the aid of
simple plots. An empirical relationship describing thla correlation was
found only after a qualitative analysis of the problem had indicated parameters
. which could be taken as expressing the factors governing the phenomena in-
i volved. This qualitative analysis and the relationships finally obtalned are
: the subject of the following section. Several general characteristics of inter-
est, however, are immediately apparent from the tabulated summary,
The recorded dune heights h and 1 show that within the range of conditions
represented here, the size of the dunes did not vary greatly —except that in .
one run a plane bed was formed. (A number of other attempts to obtain a . R

- Fig. J. Variation of concentration with time.
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plane bed were unsuccessful. The combinations of velocity and depth giving
Froude numbers of about 0.8 resulted in very unstable f{low conditions in the
flume,) As can be seen in the respective tabulations, the relative roughness
2y0/h of the duned bed exhibited a greater variation than did the absolute
roughness h.

In Fig. 5 the Weishach resistance coefficient s plotted as a function of the
relative roughness together with the relationship for fully rough-pipe flow
based on the Nikuradse experiments with sand-roughened pipes. Despite the
scatter of the experimental points a very good agreement is evident between
the two kinds of roughness in the two flow systems. In fact, one should proba-
bly interpret the superposition of the points on the curve as due to a fortui-
tous choice of a typical roughness length uniil further evidence is available
as lo the effect of roughness shape and spacing on the resistance coefficlent.
One can conclude, however, that the bed conliguration ia of major importance
in the resistance to flow of alluvial streams.

Similarly the roughness has an effect on the velocity distribution, which~
except for the plane bed—is in accord with the Nikuradse experiments, Fig.
6 shows the power-law exponent as a function of the relative roughness to~
gether with the Nikuradse relationship, The values of the exponent m were
obtained from log-log plots of the velocity distribution, Seml-lqgarilhmlc
plots of the velocity distribution were also made and the values of x obtained
therefrom are listed in the table, No systematic correlation for the variation
of X was found with either the concentration or the roughness,

Similarly, no pattern of variation was found for the values of 8 listed in
the table, The value of # was taken as the ratio of the theoretical exponent of

the concentration distribution z4 to the measured exponent z as obtained from

log-log plots of the concentration distribution, In the theoretical evaluation

of zy the fail velocily obtained in a bottom-withdrawal-tube determination of

the size-frequency distribution and the nominal value of 0.4 for Kk were used.
The elfect of the concentration would be to decrease the fall velocity and,
therefore, z; by less than 10%. Use of the experimental values of x would
increase zy and, therefore, 8. For most of the runs this increase would be
of the order of 30%.

Table If summarizes the results for the finer sand. From the tabulated {
values in this table it can be seen thal the resistance to the flow for these
runs with the finer sand is aboul the same as for those with the coarser sand.
Although meaningful measurements of the roughness could not be obtained be-
cause of the deposition of the suspended load, it could be observed that the
size of the dunes was approximately the same asa for the previous serles of
runs. The velocity distribution characterized by the exponent m as obtained
from log-log plots is also Indicative of a rough boundary similar to the runs
with the coarser sand. The values of X from semi-logarithmic plots listed in
Table II are slightly smaller for this series. A comparison of theoretical
and measured concentration distribution by taking a ratio of the appropriate
z values results again in B values greater than unity, and about the same as
those found for the coarser sand. Correction of the fall velocity for the
concentration effect would decrease g by as much as 40%, but use of the
experimentally determined values of X would almost double the value of 8.

Of perhaps greater significance is the fact that the lotal load measured
over the weir was almost the same as the suspended load measured in the
normal sections. In fact, the errors in measurement of the suspended load
were larger than the bed load. It is estimated that the bed load for these runs
was probgbly not more than 1% of the total load.

!

FN
i

.

SONRPRS SP E ROY 1

ASCE SEDIMENT LOAD
, 3
- N
\
“\
\
o\
A
\
\ .
\ 3
\‘ ‘ Q t
\\ Ny S
\) ~
\ “
~ ¥x
[\))
N
|
W 3;’
\\k v NQ
9 s
\ 4 3 Q O
\'d N SAE
\\ §§ sﬁ <
/
O
ot
o
LY 2.
3o
\
\
R © © N ® % Q.

1530-17

i

Fig. 5. Effect of roughness on resistarice to flow.




3|\

/0
//
9 =
//
7 o
>
&
/4—-—N/'A'uradse
s ol Py
//do
4 ’.a‘o
)/& <D °°C
3 ~
R
2
/
° /0 700 1000 10000
29_ »n EYo C
k K h
Fig. 6. Effect of roughress on power-law exponent.
Sy S ) i ia .
'l'abie II. Summary of results for 0,04-mm sand
Run c Cy v Yo s 4 1/m ® 2 2 <]
101 8.3 69 1,87 0,568 000001 0.042 2.9 0,19 0,07 0,088 1.16
102 8,20 6,72 1.7 O0.462  0,00117 0,046 3.44 0,27 0,085 0,091 1,40
103 5.8 5,7 1,91 0,674 0,00086 0,057 5,22 0,24 0,08 0,088 1,42
104 9,70 9,48 235 0.478 0,00107 0,029 2,65 018 0,082 0,095 _ 1,03
105 8,34 8,76 2.61 0,565 0,00114 0,024 5,00 0,11 0,102 0,097 0,95
106 5,08 3,07 123 0,52 000081 0,075 312 0,25 . 0,050 0,098 1,96
107 0,75 0,75 0,85 0,380 0,00078 0,107 5,00 0,25 0,030 0,124  4.10
108 9,81 9,99 2,42 0,665 0,00100 0,029 4,75 . 0,25 0,083
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Relationships for the Sediment Load

Development of the Relationships

Given a flow condition (mean velocity, depth, and slope), and a sediment
{mean size, frequency distribution, specific gravily, and shape), there will be
a corresponding rate of sediment transport, partly as bed load, partly as sus-
pended load. The qualitative discussion of the mechanism of sediment
movement in the preceding sections was for the purpose of selecting the
factors which determine the rate of transport., If the hydraulic and sediment
characteristics can be linked in parameters descriptive of these factors, then
at leasl empirical relationships for the sediment load may be obtained. (At
the present time any attempt at a rigorous analysis is defeated at the outset
because the fluid forces on the individual particles cannot be specified in suf-
flcient detail.) One of the desired parameters is readily apparent—the shear-
velocity/fall-velocity ratio, Y 7g/p/w. This ratio expresses in large
measure the effectiveness of the mixing action of the turbulence and, of a
cerlainty, should be included in the relationship for the suspended-sediment
load. .

The other desired parameters cannot be as confidently stated. Especially
needed 18 a clear understanding of the forces acting on the particles in motion
as bed load. For the present it is practically necessary to relate the forces
causing motion to the tractive force, and the forces resisting motion to the
eritical tractive force for the beginning of movement. Only in the case of the
plane bed, however, can the total tractive force be considered significant. If
there are dunes on the bed {the more common condition) the part of the total
tractive force which is resisted by the tangential component of the integrated
pressure distribution along the duned boundary cannot be considered eifective
in causing the sediment particles to move. An approximate measure of the
remainder of the tractive force can be oblained by the use of the Manning
formula and Strickler’s expression for n as a function of the sediment diame-

ter;(17)
1
ﬂ_$dﬂ
30 Yo

(5)

Although this expression may be only a crude approximation for the shear in
the rather complex flow along the weather slope of the dune, it has the ad-
vantage of being computationally simple,

An expression for the critical tractive force can be writien as

T, Cd ‘ ()

where C 18 a coefficient dependent on the sediment characteristics and the
flow conditions near the boundary. Both T§ and T are representative of the
average shear per unit area of the bed, rather than the force on the particle
which is moving or about to move. Although neither is a true measure, even
in approximate form, of the desired forces, one might conjecture that each is
related to these forces in much the same manner. Thus, the ratio 1'6/1-,: can
be assumed to be a significant parameter descriptive of bed-load transpor-
tation. Moreover, if the rate of bed-load transport is a primary factor in the
interchange phenomenon, as seems likely, this ratio would alge be important
to the suspended-load movement.

*
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. A third parameter, which is also suggested by the discussion of the pre-’
ceding sections, is the ratio of the velocity of the sediment particles moving
as bed load to their faill velocity. This ratio would be a measure of the
tendency for self-launching and would be important for suspended-foad rather '
than bed-load movement. Similarly, the form of the bed might be descriptive
of the opportunity for seli-launching. In the final analysis of the data, the '
influence of such a seli-launching parameter could not be assessed—partly
because of the scatter due to experimental errors, and partly because it would
necessarily resemble the other parameters, '

To test the significance of Lhe rallo T '/-rc, the data obtained in this sludy
were plotted as & = 265 q5/q agalnst (T9/7¢)-1, and an almost linear variation
was found for each sand, For reasons more intuitive than rational, the factor

H
i

a4 Y/6 Lo
Yo “(‘;6) : o L) -
was Incjuded in the reiationship and a plot made of '
. ¢ i . (‘/tD/P )
|
—a 778 T _ 2 ] ®
Yo T '
using the data of this study and other published data. The resulling relation- :
ship is shown in Fig. 7. The solid curve drawn through the points represents i
the total load and the dashed curve the bed load, Table IIl summarizes the
source and the pertinent information for the various data plotted in Fig. 7.
Only those runs for which the particle shear approached or was less than the
critical shear were rejected. A simple ratio like T(')/Tc, of course, cannot be.
expecied to describe conditions at this limit, ’ o
For the data of Toch and Hsia, C values for the critical tractive force of 8
and 16, respeclively, were used; otherwise a value of 4 was employed. These
values are plotted together with Shields’ curve In Fig. 8, The values used are '
approximately in agreement with the recommendations of White,(18) and for
values of d/8* above 0.2 with Shields 19) as well. For smaller values, where
the laminar sub~layer completely envelops Uie particles, the variation of the |
critical tractive force with the diameter of the particle is not clear, I should
be noted that Shields’ data did not include values of d/8* much less than 0.2.
It was noted, especially on the larger work sheet from which Fig, T was
prepared, that there was a systematic scatter to the points for any series as
identified by the different symbols, It was surmised that this tendency for
the sets of points to cross the mean curve might be due to the non-uniformity .
of the sediments, and a computational procedure was devised to consider the
composition of the bed material. This computational procedure is represent- .

ed by the eguation .
_ a v/ o N o o
ol @) (F) e

H
i}
i

wherein the contributions of each fraction p of size d are summed lo obtain
the mean contribution, Values of T and w were determined for the mean di-
ameter d of the fraction, but the same values of 1'6 and d-ro/p'were used for
all fractions, 1'6 being determined from the mean diameter of the lolal sedi-
ment sample, :
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Lin, Rand (Table I) [18] @ 0,11 0.014 - 0.52 3.6 - 5.4 2,77 - 25,8  Susp
Toch (Table IT) [16] 0 0.04 0.75 -9.99  20.2 -28.4  1.96-113  Total II
Heia [10] ° 0.011 0,64 = 11,1 168 - 451 1,89 - 18,0  Total
w
MacDougall [22] . 1.44 0.012 = 0,13 = 0,35 - 0,22 11 -2.,43  Bed g :
¢ 0066 0.015 - 0.12 0.23 - 0.45 1017 - 2.% kd 2 ll
0'Brien [22] o 0,37 0.00L - 0.15 0,43 -1,21  1.1-885 . Bed .. 5 T
Braoks [23] . 0.068  0.019 - 055 5.0-698 2,01 -14.0  Total & lE
o 0165 0.020-0.26  25-31  1.86-9.5 Tetal |
Lin, Barton [24] o 0.18 10,005 - 0,37 1.8 - 3.1 1.45 - 19,5  Total ll
wEs [25] . 0.20 0,004 - 0,08 1.4 - 2.2 1,26 - 8,2 Total
o 0.50  0.006 - 0,05  0.46 = 0,57 1,50 - 2,91  Bed " l]
e 4,08 0,12 =-0,15 1,02 = 1,20 - Bed
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Fig. 9 shows a comparison between the measured mean concentration and
the concentration as computed in this manner. A tendency for the plane beds
to have a measured concentration less than computed could be noted, as well.
as a hint that there might be a systematic scatter with the ratio 'r(',/-ro. Itis
readily apparent that this ratio could be taken as a measure of the roughness
of the bed; together with the other parameters which have been Introduced it
might also be taken as descriptive of the ratio of the velocity of the bed-load
particles to their fall velocity. The unsystemalic scatter due probably to .
errors in measurement, was too great to assess the possible influence of
these two factors. Actually a rather good correlation is indicated over the !
ten-thousand-fold range in concentration represented in this plot. ST

Equation (9) also allows the prediction of the composition of the sediment .,
load (bed load, suspended load, or total load depending on the function of the
shear-velocity/fall-velocity ratio employed). Fig. 10 shows a comparison
with measurement of such a prediction for several runs. . '

Although the data used in Figs. T and 9 represent a large variation in sedi-;
ment size and concentration, the measurements were all made in laboratory
flumes under controlled conditions, Therefore, an attempt was made to pre- :
dict the sediment load under field conditions using the data published by H. A, '
Elnstein for Mountain Creek in South Carclina and West Goose Creek in ;
Mlxzsisslppi,(m) and by the USGS for the Niobrara River near Cody, Nebras~
ka.(21) The resuits are shown in Figs. 11, 12, and 13, respectively. i

In the upper parti of the figures the velocity and slope data are plotted to-
gether with the mean curves which were used in conjunction with Eq. (9) to
obtain a predicted sediment load. On the left a curve, or curves, for the pre-.
dicted load and the data of the measured load are plotted as a function of the .
discharge. On the right are plotted the predicted composition of the sediment
load and the measured composition of the bed materiul, .

In the case of Mountain Creek the predicted load was in gencral less than
measured. It may be noted, however, that artificial flash floods were used '
to obtain much of these data (Fig. 11), with a difference in conditions between
rising and falling stage as indicated in the figure. The measured points of - ¢
the largest flood are connected in the figure by light lines indicatling the’
temporal continuity. The measured difference between the rising and lalling .
stages 13 roughly comparable to the predicted difference. Of perhaps greater
significance is the discrepancy between the predicted and measured compo- :
sition of the bed load. The predicted mean size of the bed load was 0.6 mm
as compared to a measured value the same as the bed material, or 0.9 mm,

If a smalier value for T had been used, the predicted load would, of course,
have been greater and the composition of the bed load would have more close-
ly approached that of the bed material. ‘

The predicted bed load for West Goose Creek (Fig. 12) agrees very well

- with that measured for lower discharges, but it is considerably too large for

higher discharges. It is noteworthy that the discrepancy is pronounced only
at velocities of flow above 2.5 fps. Based on the experience of lhe writer, it
seems doubtful that a slot 2 feet in width such as was used would capture -
much more than half the load at this high a velocity with so fine a sand (0.3
mm). The predicted size of the bed load for West Goose Creek is only slight-
ly smatier than the size of the bed malerial, and is well within the scatter of
the measured composition of the bed load.

The excellent prediction of the sediment load for the gaging-station section
of the Niobrara River {Fig. 13) does not include some fifty-nine measurement:
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in the range of 200 to 2000 tons per day which would fall on the computed .
curve or on points next to the curve. In order to compare the predicted and’
measured composition of the suspended load, seventeen measurements which
inciuded a large amount of fine material (the result of surface erosion) were-
rejected, It should be noted, however, that the measured values of concen+ -
tration have not been corrected for the inherent sampling error due to the‘

" fact that the sampler does not lraverse the entire depth, v 4 i

" Applicability of the Proposed Relatlonships

The proposed rate-of-transport relationships, Eq. (9) and Fig. 14, give]
both the quantity and the quality of the total, suspended, and bed loads as
functions of the basic hydraulic characteristics of the stream and the charac-
teristics of the bed sediment. Thus, they can be applied directly and simply
to the prediction of the sediment-transporting characteristics of a stream

from other measurable or computable characteristics. However, it should be:

kept in mind that the relatlonships are basically empirical and hence can be -’
used with confidence only within the range of conditions for which they have "
been tested against actual measurements. :

In order to increase the reliance that can be placed on their appllcabluty,
the proposed relationships must be tested against rellable measurements :
over an ever wider range of conditions. Special field studies would be par-
ticularly valuable—not only to extend the scale to include large rivers, but
also to assess the effect of such stream characteristics as channel shape and
alignment. Such continued testing could result in the addition of secondary
parameters as well as some modification of the present relationships between
the basic parameters.

Because approximations had to be made In the formulation of those para-~
meters, continued study of the factors entering into the sediment-transport
relationships Is also indicated. For example, from Fig. 8 it is quite evident
that the critical tractive force relationship for fine materials is not adequate~
iy understood. An investigation of the magaltude and distribution of the forces

. on a boundary of composite roughness such as a duned bed is also needed. It

is readily apparent that studies such as these would permit better formu-
lations of the parameters governing the sediment load, Other investigations .
that would be desirable concern the mutual interference of particles of vari-
ous sizes and the formation of dunes and ripples.

Unfortunately, the need for a means of predicting the sedlment-trnnsport- ;
ing characteristics of a stream cannot wait on the completion of all desirable
research. Since considerable rationality can be ascribed to the parameters
of the proposed relationships, and since their ability to correlate measured
laboratory and fleld data has been demonstrated, it would seem reasonable
and proper to attempt to apply the relationships to field problems—so long as

- there is full realization that they are new and comparatively untried.

For any stream which has been gaged for a period of years the hydraulic
factors needed Tor the prediction of the sediment load should be available,.
Information as to the characteristics of the normal bed material should then
permit the construction of load-discharge relations such as those in Figs, 11,
12, and 13, Sheet erosion during heavy rains will contribute a temporary fine
fraction to the normal bed material. The *wash” load which resuits there-
from cannot be predicted from the proposed relationships unless the tempo-
rary fine fraction can be estimated. For streams of which the gaging
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program has included suspended-sediment measuremenis it may be possible »
with the aid of the proposed relationships to correlate the wash load with the
walershed and rainfall characteristics such as soil type, cultivation, basin
slopes, season, intensity of rain, antecedent rain, etc. The ulility of such a
correlation of unmeasured streams is obvious,

In the case of degradation studies, the influence of the wash load should be
small; since the bed material can be considered known, the rate and location
of the degradalion should be prediciable, The case of aggradation sludies is
more difficult, because the source of the excess sediment load will determine
its composition. In this respect the aggradation problem 18 similar to the
problem of wash load on poised streams. |

CONCLUSIONS

Through the use of (1) a qualitative analysls, (2) original experiments of a

specialized nature, and (3) supplementary data from other sources, empirical °

relationships for the primary aspects of the sediment load have been oblained.
These relationships permit the composition and the rate of transport of the
iotal load, the suspended load, and the bed load to be evaluated from the hy~
draulic characteristics of the stream {mean velocily and depth of flow and
energy gradient) and the characteristics of the bed sediment (frequency dlslrl-
bution of size and fall velocity).

In the process of defining the relationships between the parameters which
were found to govern the sediment loads, a correlation of laboratory data
representing a ten-lthousand-fold range in rate of transport was obtained with
a scatter probably not much greater than the error in the experimental obser-
vations, The extent to which the proposed relationships could prediet fleld
conditions was demonstrated for three natural streams, The degree of ap~
proximation was especially encouraging, since the ultimate goal of the search
for a general sediment-transport function is its application te practical engl-
neering problems,
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