
REPORT FHWA/AZ 83/184

SCOUR AT SILL STRUCTURES

Prepared by:
Emmett M. Laursen
Matthew W. Flick
Arizona Transportation & Traffic Institute
College of Engineering •
The University of Arizona
Tuscon, Arizona 85721

NOVEMBER 1983

Prepared for
Arizona Department of Transportation
205 South 17th Avenue
Phoenix. Arizona 85007

and
The U.S. Department of Transportation
Federal Highway Administration
Arizona Division



The of this report reflect views of authors who
responsible facts accuracy of

herein. The contents do not necessarily reflect the
official views or policies of the Arizona Department of
Transportation or the Federal Highways Administration. This
report not constitute a standard, specification, or
regulation. Trade or manufacturer's which may appear
herein cited only because they considered essential to
the objectives of the report. The U.S. Government and the State
of Arizona do not products or manufacturers.



Technical Xeoor t Documenfotion Page

FHWA/AZ-83/184-3
4 T r i e and JM o f < f t *

PREDICTING SCOUR AT BRIDGES: QUESTIONS NOT FULLY
ANSWERED -- SCOUR AT SILL STRUCTURES

Noyember_128l_

'ming 0'goni z of "On

Emmett M. Laursen and Matthew W. Flick ATT I-83-6
[ ? P»f*o* 'minqO' gam xo' ton Nome on a Aod*e s s

I Arizona Transportation & Traffic Institute
1 College of Engineering
' University of Arizona

Tucson, Arizona 85721
1* Soonsorinq Ag«ncy Noma and Add 'WSS

Arizona Department of Transportation
206 South l?th Avenue
Phoenix, Arizona 85007

10 *0f« Uml No iTRA l i i

I I Conrrocf o' Gfaftf N

HPR-1-19084)
« 3 » ype a* Seoo" ina

Final Report
November 1983

$Don*o'tna Agency —OJ«

The scour at the toe of a vertical wall and at the toe of a sloping s i l l were '
investigated experimentally and analytically. Approximate relations for predicting
the ratio of the scour depth to the (energy) critical depth were obtained for the I
two geometries. For the vertical w a l l , the sediment scoured out left in suspension, i
and the parameters needed to describe the scour phenomenon were the ratio of the I
(energy) c r i t i c a l velocity to the fa l l velocity and the drop in water surface in I
ratio to the critical depth. For the sloping s i l l , which is the recommended geometry,,
the sediment scoured out left as bed Idad, and the parameters needed to describe the !
scour phenomenon were the critical depth/sediment size ratio and the ratio of the ]
size of the riprap protecting the s i l l slope to the critical depth.

Degradation of thestream bed is likely to be the reason for constructing s i l l ,
structures. A discussion of the degradation phenomena is included to serve as a
guide to evaluating to what extent degradation might be a threat to a bridge, culvert!
or highway. !

13. D» i tn ou

scour, drop structures, s i l l s ,
bridge foundations

UNCLASSIFIED UNCLASSIFIED 69

Form DOT F 1700. R eo ro^uct t on of rompfe ted poqe a u t n o r » r s < 3



ACKNOWLEDGMENTS

This report was prepared as a final report for Project HRP 1-19(184),

"Predicting Scour at Bridges: Questions Not Fully Answered — Scour at Sill

Structures". This research was conducted by the Arizona Transportation and

Traffic Institute, College of Engineering, University of Arizona, for the Arizona

Department of Transportation and the U. S. Department of Transportation,

Federal Highway Administration.



FINAL REPORT

PREDICTING SCOUR AT BRIDGESs QUESTIONS NOT FULLY ANSWERED

SCOUR AT SILL STRUCTURES

TABLE OF CONTENTS

Page
jMumber

PROLOGUE !

PART I. SCOUR AT THE TOE OF A VERTICAL WALL

THE QUESTION 3

FLOW AND SCOUR PATTERNS EXPECTED 5

THE EXPERIMENTS 9

APPLICATION I?

PART II. SCOUR AT THE TOE OF A SLOPING SILL

THE QUESTION 21

FLOW AND SCOUR 'PATTERNS EXPECTED 23

THE EXPERIMENTS 29

APPLICATION 37

PART III. SILL STRUCTURES AS REMEDIAL MEASURES

THE PROBLEM AND THE SOLUTION 41

DEGRADATION 53

SOME HINTS ABOUT SOME OTHER NOT
FULLY ANSWERED QUESTIONS 59

APPLICATION 63

CONCLUSIONS AND RECOMMENDATIONS 67

REFERENCES 69



FINAL REPORT

PREDICTING SCOUR AT BRIDGES: QUESTIONS NOT FULLY ANSWERED

SCOUR AT SILL STRUCTURES

jjgnpF_ FIGURES

Figure Page
JNumber_ Description _NkmTber_

1 Flow and Scour Patterns at a Vertical Wall ............ . ..... 5

2 Approximate and Adjusted Scour Relations . . . . . . . . . . . . . . . . . . 8

3 Flume for Scour Study .......... . .................. . ........ 10

4 Size Distributions of Sands and Gravels ...................... 1 1

5 Experimental Results; Scour at the Toe of a
Vertical Wall . ............ . ........ ............ ....... ... 13

6 Adjusted, Approximate Analytical Scour Relation .............. 14

7 Comparison of Measured and Predicted Scour at
the Toe of a Vertical Wall ............................... 15

8 Flow and Scour Patterns at a Sloping Sill .................... 23

9 Approximate Scour Relation for Sloping Sill ................... 26

1 0 Flume for Scour Study ......................... . . ... ........ 29

1 1 Experimental Results: Scour at the Toe
of a Sloping Sill ......... . ............. . ................. 33

12 Adjusted, Approximate Analytical Scour
Relationship for Sloping Sill ...... . ....... . ............... 34

13 Comparison of Measured and Predicted Scour
at the Toe of a Sloping Sill ........ . ..................... 35

14 Adjusted, Approximate Analytical Scour
Relationship for Vertical Wall . . .................... . ..... ^6

1 5 Adjusted, Approximate Analytical Scour
Relationship for Sloping Sill

16 Comparison of Various Scour Formulas with
Experimental Data . ..................................... . 60



PREDICTING SCOUR AT BRIDCESs QUESTIONS NOT FULLY ANSWERED

SCOUR AT SILL STRUCTURES

ABSTRACT

The scour at the toe of a vertical wall and at the toe of a sloping sill were

investigated experimentally and analytically. Approximate relations for predicting

the ratio of the scour depth to the (energy) critical depth were obtained for the

two geometries. For the vertical wail, the sediment scoured out left in suspension,

and the parameters needed to describe the scour phenomenon were the ratio of the

(energy) critical velocity to the fall velocity and the drop in water surface in ratio

to the critical depth. For the sloping sill, which is the recommended geometry, the

sediment scoured out left as bed load, and the parameters needed to describe the

scour phenomenon were the critical depth/sediment size ratio and the ratio of the

size of the riprap protecting the sill siope to the the critical depth.

Degradation of the streambed is likely to be the reason for constructing sill

structures. A discussion of the degradation phenomena is included to serve as a

guide to • evaluating to what extent degradation might be a threat to a bridge,

culvert or highway.



SI UNIT CONVERSION FACTORS

The matenai contained in this report is presented in terms of English units.

The fo l lowing factors may be used to convert between measures used in this report

and the International System of Units (SI):

1 foot = 0.3048 meter

1 meter = 3.2808 feet

1 foot per second (fps) = 0.3048 meters per second

! meter per second = 3.2808 feet per second

I cubic foot per second (cfs) = 0.0283 cubic meters per second

1 cubic meter per second = 35.31 cubic feet per second
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£ROLOGJJE.

Sometimes it seems like progress takes forever. The weekend of October 1,

1983, saw at least one abutment of one bridge scoured out and one span down, in

Tucson, Arizona. In 1947, a large number of bridges were similarly lost in floods

in the State of Iowa. For the next ten years, the Iowa Highway Department, in

cooperation with the Bureau of Public Roads, sponsored an investigation of scour at

bridge piers and abutments at the Iowa Institute of Hydraulic Research. In Bulletin

No. 4 of the Iowa Highway Research Board []], a graphical relationship for the

prediction of scour at bridge piers was presented. This was followed in Bulletin

No. 8 [2] with an analysis of scour in long contractions, at abutments, and at piers.

Previous to 19^7, about the only method to predict scour was the statement that

the depth of scour measured from the water surface would be twice the "regime"

deptn. Since most streams did not flow at regime depth, and the statement took

no account of pier size, shape, or orientation, few organizations used this method

of prediction; most seemed to rely instead on their "engineering judgment". In

1970, in a National Cooperative Highway Research Program investigation [3] ,

ninety-five engineering organizations were asked how they predicted scour at bridge

foundations: ^6 used engineering judgment, 18 used the Iowa results (17 used Bul-

letin No. 4), 9 used nine other methods, 3 limited the nominal average velocity

(which is either engineering judgment or begging the Question), 10 made no predic-

tions (which might be equivalent to predicting zero scour), and S aid not replv.



In !970y the suggestion was made that the cost of building bridges so they

would not fail because of scour was so small that they should be designed so they

presumably would withstand the probable maximum flood [^]. It was also suggested

that " ... Existing bridges should be' checked for safety in regard to scour, and if

they are not safe, the potential for scour should be reduced somehow within the

limits of economic justification."

During the holiday season of 197S-79, the State of Arizona experienced floods,

and "troubles" with a number of bridges. This led to a study to advance the

methodology of assessing the vulnerability of bridges to floods. The reports from

that study again recommended that new bridges should be designed for the maximum

expected flood, that existing bridges should be evaluated for vulnerability and

suggested methodology to perform the recommended evaluations [5]. It should be

noted that the Arizona Department of Transportation has implemented these sugges-

tions insofar as resources will permit and has spent a generous amount in making

vuineraole bridges less vulnerable. In developing the methodology for assessing

vulnerability, it was apparent that there are numerous questions related to scour

for which the answers are not completely satisfying to the design engineer who

must make decisions of what to do.

Of the several questions not ful ly answered which surfaced in the aforemen-

tioned study, the one which the staff of the Arizona Department of Transportation

felt needed to be answered first was tne cuestion of me scour to be exoected at

the toe of a sill structure. For existing vulnerable bridges, a sill structure is one

of the first solutions considered — but it must stay if it is to protect the vulner-

able bridge. The scour at tne roe of tne sill must be predicted if the sill is to oe

designed so it wi l l stay during the floods that mav occur.



PART I. S C O y R _ A T T E r o E O F A VERTICAL WALL

In the design of a new bridge which must be founded on erodible material, it

will almost always be wisest and most economical in the long run to construct the

piers and abutments in such a way that the bridge is not vulnerable, even to the

biggest flood expected. The Federal Highway Administration would seem to

have taken this position in 1980 since in their suggested procedures for the design

of encroachments on floodplams they state, " ... it is assumed ... that the bridge

itself will not fail" [6]. Usually the best and cheapest solution for the new bridge

is to make the foundations a little deeper, "a little deeper" being enough because

the scour depth increases less than the flow increases and the flow increases less

than the return interval increases. The extra cost for the deeper foundations is

also likely to be minimal because tne construction activity is just a little more of

the same.

Old bridges and old encroachments on flood plains snould be examined in the

same way the FHWA has directed that new bridges and encroachments be design-

ed. This is a tremendous job and all bridges cannot be evaluated tomorrow;

nevertheless, it needs to be done. Even bridges which nave stood fif ty years

may be vulnerable — and may have considerable value. However, if an old bricge

is iouna TO be vulneraole to scour, it may be difficult ana comparatively costly to

make it invulnerable. Whether the reason for :he vuineraoiiity is that the scour

was not preaicted well at the time of the design, that the streambed has degrac-

ed since construction, that bigger floods can be anticipated based on an extencec

cata case, or something else that has changed does not matter: it orobaoly will

net 3e a s^mole task to extend the piers ana aoutments down in orcer :D T.a^e

the DtiQge less vulnerable.



An alternative approach to the problem is to do something to insure that the

bottom of the possible scour hole will be above whatever is the permissible

elevation. One way of accomplishing this end is to raise the streambed to some

desired elevation by putting a sill or drop structure across the stream downstream

from the bridge. One of the many geometries which can be used for the sill

structure is a vertical wall, but the design of the wail requires that the scour at

the toe be predicted. After ail, the wall cannot be allowed to fail if its purpose

is to protect the bridge so it will not fail. Thus, the question in hand is the

prediction of the scour at the toe of a vertical wail. It is assumed that the

structural and foundation engineers can design the wall after the hydraulic engi-

neer has made the scour prediction.



COURATTERNS EXPECTED

At a free overfall, the nominal critical depth (y_ =~\/ q /§ ) occurs a little

way upstream of the dropoff where the pressure distribution is still hydrostatic.

At the dropoff the depth of flow is about 0.7 of the nominal critical depth (y, =

0-7 y ) [7], This lesser depth at the free overfall is the true critical in that it

represents the minimum specific energy — albeit with a less than hydrostatic (and

unknown) pressure distribution. Fortunately, this true control depth whicn varies

with several factors can be bypassed and the nominal critical depth which is well

defined and generally understood can be used instead.

Figure 1. Flow and Scour Patterns at a Vertical Wall.

The scour which Develops must be related to the nappe as it enters tne

tailwaier. The velocity and tmcxness cf the jet at tne tailwaier surface is
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The flow in the scour hole will be that of a submerged jet of initial velocity

VQ and width b^ . There will be first a zone of flow establishment of length

x_ and then a zone of established flow. The submerged jet is affected by the

limited space for expansion and by the fact that it impinges upon the bottom of

the scour hole, penetrates the erodibie bed somewhat, is turned upward to flow

out of the scour hole along the sloping face which is about at the angle of repose

of the sediment. Nevertheless, the width of the initial discharge c as it leaves

the scour hole is about [S]:

b = bQ - K,(x - XQ) = bQ - K^x - K2bQ) (3)

The length of the submerged jet can be taken as

where D is the depth of the scour hole measured from the taiiwater surface.

-If a is the angle from the horizontal that the jet leaves the scour hole, the

vertical component of the velocity (V sin a) of the jet as it leaves the scour hole

must be equal to the fail velocity (w) of the sediment if the sediment is to

escape in suspension at the limiting size of the scour hole. Algebraic manipula-

tion results in tne following expression fcr the depth of scour:

__i = .HL1 _£ . ! " \j^~^—ill Wv r\. r"s „ '.v -«™^-™»^™iiiii»iiii.i™iii«iiijiLi»uij,
' C i J



Aronrarily, best guess values of 2 = 35°, K j = 0.09, K2 = 6, K3 = 3 were used to

Jlustrate tne nature of the relationship as shown in Figure 2. The aimensionless

scour ratio increases with the ratio of the reference (critical) velocity to me fail

velocity of the secument, and also increases with the dimensionless drop in tne

water surface as would be e.xoected. If the arbitrary values chosen are not too

unreasonable, it would appear that depths of scour of 10 to ^0 times the critical

depth are very possible. Scour is possible for values for the critical velocity/fall

velocity less than unity because the drop in water surface elevation results in a

jet velocity entering the tailwater which is greater tnan the critical velocity. The

effect of the dimensionless drop in water surface elevation is surprisingly small; at

a velocity ratio of ^ the scour depth ratio is only increased 16% as the drop ratio

increases from 1 to S, and then only increases 6% as the drop ratio increases to

infinity.

Several simplifying assumptions were necessary to obtain Eq. O); therefore, it

should not be expected that the final family of curves will be just like those

shown in Figure 2. However, they should be somewhat similar. The submerged

slot jet, more accurately described, would have the depth of scour varying with

the square of the velocity; nowever, as will be seen, the experimental cata indi-

cate the depth of scour varies as a fractional power of the velocity.
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FIGURE 2. Approximate and Adjusted Scour Relations,



THE EXPERIMENTS

The laboratory experiments on scour at the toe of a vertical wall were

performed in the two-foot wide f lume shown in Figure 3. The vertical wall was

simulated with wooden boxes that could be stacked to various heights in the four-

foot-deep section of the flume. The discharge, measured with a V-notch weir,

was varied to give critical depth values between 0.02 and 0.2 feet. The tailwater

was set to give values of AWS/y between 2 and 16. In the first experiments

the tailwater was set at the elevation of the crest of the drop; a AWS/y value

of unity. The f low for this condition was very unstable: the nappe leaving the

overfall alternating, rather randomly, between f i rs t penetrating and then riaing the

tailwater. When it penetrated it formed the expected scour hole; when it rode

the tailwater a strong, stable eddy underneath the surface flow dragged bed sedi-

ment back refil l ing the scour hole. Because of the alternate scouring and fi l l ing,

the scour hole did not give any signs of reaching a l imit — at least not for a

long, long time. A scour depth predicted by extrapolating back from greater drop

heights, therefore, should be a conservative, but possible value, if the penetrat-

ing nappe persists for enough time.

The size distribution of the four sediments used are shown in Figure '-; the

median diameters are 0.30, 0.66, 6.1, and \'4j mm (0.012, 0.026, 0.2^, and 0.58

inches). The fall velocities of quartz spneres of these sizes are 0.13. 0.35, 1.7,

and 3.2 fps, resoectively; the measured fall velocities are 0.07, 0.25, C.95, ana

1.62 fps, respectively. In the nighiy turbulent velocity field of the flow in tre

scour hole, the fall velocity which should describe the behavior of the semment

particles is probably not either of tnese values, but snould oe related to eitner or

both 01 these values. Perhaps a K , = — where w is tne fail velocity ofH fc w0 o

the quartz spnere in s t i l l water having a dianeter eaual to tne sieve size (clear

space cetween wires) of tre median sediment part.cle is needed .n Eq. (5) to
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FIGURE ^. Size Distributions of Sancs and Gravels.

correct the fall velocity, but its value is unknown.

For drop height ratios greater than 2, the nappe always penetrated, but the

flow pattern was not exactly what one would call stable; the nappe wavered

siowiy a little, probably due to changes in the air pressure under the nappe, the

submerged jet was more erratic with the position of jet impingement moving back

and forth and the location of the jet escaping the scour hole varying as the

"stable" eddies on the two sides of the jet increased and decreased in size and

position. For all the secondary flow, the eddying, and the large scale turbulence,

the essential descriotion of the flow in the scour hole was still that of a sub-

ihe results of these experiments are shown in Figure 5. Aithougn trie cata

points plot in the general manner of Eq. (5) (note that Figure 2 is an arithmetic



plot; Figure 5 is a logarithmic one) to f i t the equation to the points, it is neces-

sary to have variable coefficients. If A and B are the coefficients of the first and

second terms on the right hand of Eq. (5), a fairly good fi t is obtained by writing

(6)

(7)
\ w i
\ °/

so that Eq. (5) becomes

Ds

y ~~

c

, ,3/» 6 * ^V \ w
C \ 0

\ o _ r FWS
x V1 *T~

Eq. (8) is plotted as dashed curves in Figure 2 to compare it with the approximate

solution, Eq. (5); Eqs. (6) and (7) are probably oversimpified expressions for the

needed coefficients. A should also be dependent on the slope of the downstream

face of the scour hole or the slope of the escaping submerged jet, and on the rela-

tion between the real and nominal fall velocity, and both A and B snould probably

be functions of the size of the scour hole as much or more than of the flow

velocity/fall velocity ratio. Figure 6 is a repeat of Figure 5 with the family of

curves represented by Eq. (S) added. Figure 7 is a comparison of aepth of scour as

measurea and as computed by Eq. (8).

12
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APPLICATION

Can Eq. (8) or Figure 6, which were based on model scale measurements of scour

at the toe of a vertical wall, be used for predicting scour at a real vertical drop

structure in a real river during a real flood event? If the flood lasts long enough, if
«

there is not an armouring (riprappirig) of the scour hole either by natural self-sorting

or artificially, and if the flow approaching the drop is essentially clear water (not

carrying a sediment load of the size of material being scoured out), the answer is

"yes". Consider a model with a y = 0 . 1 ft and a sand of 6mm (O.Q2 ft) median

diameter, and two prototypes, one with a y = 1 ft and a gravel of 2-1/2 inches (0.2

ft), the other with a y = 10 ft and boulders of 2 ft. The AWS/y values of the three

cases would be the same, and for the sake of argument, the D /y values also. The

critical (reference) velocities would differ by the square root of the length ratio of "the

model and prototypes, or by VIO and V100 ; the nappes would be similar in shape and

the velocities where the nappe plunged into the pool would be in the same ratios as

the reference velocities. The submerged jets should be similar with velocity patterns

the same for all three sizes of scour holes; the velocity magnitude and direction for

each case as it leaves the scour hole should be the same if measured in proportion of

the critical, reference velocity. Thus, if the sediment is sized such that the fall

velocities for the three cases differ by the"\/L~ (the three sediments were chosen so

this would be true), they should behave the same in being entrained and leaving the

scour hole in suspension — at the limit in not quite leaving the scour hole in sus-

pension. The nature of the highly turbulent, free, submerged jet, and the amount of

activity of the sediment at the bottom of the scour hole where the jet impinges (even

at the limit) is such that Reynolds effects should be very small. Therefore, Eq. (S)

should provide a useful prediction of the maximum scour that can be expected to occur

at the toe of a vertical wall.



Unfortunately, this predicted scour is quite large; which leads naturally to

the question ol what factors could operate to reduce the scour found in the field

situation. Several factors have been noted or can be inferred from the experi-

ments which have been conducted:

1. The time factor whicn would be important if the peak (or a high) flow

does not continue long enough for the scour hole to reach its limit.

2. An approach flow which supplies sediment to the scour hole.

3. A self-sorting process which results in a scour hole lined with the

coarser fraction of the original bed material.

The rate of scour is very large at the beginning and half the depth of the

scour hole can be achieved in 5% or less of the nominal time to reach the limit-

ing scour depth. The limit is reached asymptotically wi tn time so the nominal

time is obtained by extending the sermloganthmic curve of the active scour phase

to the limiting depth of scour. The time factor for scour is not yet adequately

understood, but at the laboratory scale, the time to reach the limit was of the

order of an hour (sometimes less). Because one might expect the time require-

ments to be longer in the field, one might expect that the scour could be at least

half of tne limiting scour even for flash floods due to thunderstorms.

A few runs have been conducted with seaiment added to tne approach flow

at a rate such that the critical flow just before the overfall keeps the bed swept

clear. For this rate of sediment supplv, the depth of scour was approximately

three-founns of the limiting aeptn of scour tor the clear-water case. For seci-

ment supply rates greater or less, the death of scour wouia be less or more than

75% of the limit for the clear-water case. Again, time might not be sufficient to

attain this lesser umit. but even in flash floccs the scour is likely to be something

like 40% of the maximum scour exceeded IP a clear-water flow.



That leaves self-sorting as the factor that could reduce the scour to a more

acceptable amount. Experiments have not oeen conducted with a mixed sediment.

but a preformed scour hole has been artifically riprapped successfully. The finest

sand was covered with three layers of the pea gravel and then two layers of the

pebbles. The upper surface of the pebbles was at an elevation of 1-1/2 times the

depth of scour that would be expected for the pebbles. There was some movement

of the pebbles and some change in the shape of the preformed scour hole, but not

enough to result in deeper scour. Preforming the scour hole to a depth 1-1/2

times the predicted depth of scour was necessary because there was a great

amount of action at the limiting depth of scour — particles being removed from

the bottom, cast up on the downstream slope, then slumping down again. In a

preliminary run, the pea gravel was omitted and the fine sand leached through the

pebbles with the result that the scour hole kept enlarging. In a field situation, it

might be necessary to cover the original material with a porous plastic membrane

which, in turn, would be covered with an intermediate-sized material below the

riprap layer.

Artifically r iprapping the scour hole would be more certain than depending on

self-sorting. If there is large rock in the bed material, it can be tne source of

the riprap. Depending on the kind of vertical wall placed, it may be necessary to

excavate the stream bed to the base of the vertical wall. If tnat is the construc-

tion procedure, only a little more excavation would be needed for preforming the

scour hole. If the desired size of riprap and filter layer is to be found in the

excavated material, they can be obtained by passing the material over a couple of

grizzlies to separate out the coarsest fractions. Additional, or larger, material

can be aadec as neeced and tr.e preformed scour hole riprappec. The rest cf tne

material can 3e reoiacea in the excavation if tnere ^s notning better to co witn

it. The "best" size ot r.orao. aeotn cf scour, ana neisht of wall secorr.es a



standard problem of design of selecting the combination which will be the least cost

to obtain the desired protection. This will probably always mean designing for the

maximum expected flood because the loss that could occur is not only the vertical

wall, but also the bridge it is meant to protect.



PART II. SCOUR AT THE TOE OFA

THE QUESTION

In the preceding part of th i s report, it was cited that the

scour at the toe of a vertical wail could be ten times or more the critical depth

of flow (y ) at the brink at the top of the wall. If y = 2 ft, this would be a

depth of scour of 20 feet or more for a unit discharge of 16 cfs/ft, or a total

discharge of 1,600 cfs in the stream 100-ft wide. This would be quite a structure

in a fairly small stream. If y = 8 ft, the depth of scour would be 80 ft or

more for a unit discharge of 128 cfs/ft, or a total discharge of 51,200 cfs in a

river 400-ft wide. This might be representative of the maximum expected flow in

one of Arizona's larger streams, but the structure would be very costly.

The actual scour that would be experienced might be less for several reasons:

(1) if the flow is transporting sediment, the scour might be 25% less (depending

on how much bed material load is being transported), (2) if the peak is very

short, tne fu l l l imiting scour may not be achieved and the scour might be as

much as 50% less, and (3) if the coarsest fraction of the bed material is left

behind in a self-sorting action in the scour process, the scour can be less, but

would be 50% greater than would be predicted if the armour layer were the

sediment size. All of these effects cannot be piled one on top of another so the

scour is only (C.5 x 0.5 x 0.75) about 20% of that predicted for the limiting scour

for the clear-water case. The interplay between the various effects would be

small, and even a reduced scour prediction results in a structure of considerable

size, strength and cost.

Another geometry for a drop structure is the sloping sill. This type of

structure has the obvious advantage that it can be built of the native alluvial

material at nand; the one structural requirement being that tne slope is flat

enougn so the soil mass is stable wnen saturated and suoject to the pressure
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and seepage forces during the flood as well as its own weight. If the stable slope

is flatter than 1 vertical : 4 horizontal, the native material may be improved by

some kind of stabilization technique or by mixing with imported material. The

hydraulic questions which need answering are the depth of scour and shape of

scour hole to be expected, and the size of riprap needed to protect the surface

of the sill.



FLOW AND SCOUR PAJTERNS EXPECTED

The general situation for the sloping sill is as shown in Fig. S. Upstream of

Section c is the normal approach flow. At the brink of Section f the flow

depth is slightly less than the nominal (energy) critical depth because the flow is

curvilinear and the pressure is not hydrostatic. At Section o where the flow

plunges into the tailwater, the flow depth should be close to normal on the sloping

sill, especially if the riprap covering the sill is large. Beyond Section o the flow

expands as a submerged jet; the sloping sill serves partly as a plane of symmetry,

partly to contribute to boundary layer growth and the expansion of the jet. At

Section s , the boundary shear is equal to the critical tractive force of the bed

material of the stream; therefore, the scour is limited. Beyond Section s , the

scour will take a shape such that the boundary shear is equal to the critical

tractive force (which will be somewhat larger on the upslope of the scour hole

than it is in normal flow on a gentle slope).

t " "GURE S. Fio'.v and SCHMT =3.~T^r'
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Consideration of these sections permits an approximate analysis for the depth of

scour to be expected. The flow can be characterized by the (energy) critical depth

as:
3 ,rY"~"!

yc
 s vq /s

or,
anxaaais&!L^ „

3'
q =v s y c

Even it the approach flow is supercritical, the critical depth should be an ade-

quate measure of the scale of the flow. The brink depth might be a little less than

the overall depth, which itself would be slightly less than the nominal critical, but

that should only mean that normal depth on the sloping sill would be attained sooner.

The critical depth has the advantage also that it can, in effect, substitute for the

discharge per unit width, thus reducing the variables needed to describe a particular

situation by one. The normal flow on the sloping sill can be obtained from the

Manning formula using a Strickler-type evaluation of resistance, n = Q.Q344- d

-\ >~~~y l-*9 y 5/3(sinVg y = q - - , - -_ ?
c

which reduces to:
/ , 1/10y_ /d__

(9)

where d is the size of the riprap protecting the sloping sill.

Equation (9) would indicate that the normal depth on a sloping sill 1V:4H with a

riprap diameter equal to the critical depth would be half the critical depth, and that

if the riprap was 1/100 of the critical depth, the normal depth would be a quarter of

the critical depth. The latter case is probably true; the former case is probably not

true. When the size of the riprap is about the same as the depth of flow, the

resistance to flow is probably relatively larger — • a fair share of the flow is in between

and through the riprap.



After the flow becomes a submerged jet, it can be roughly described as:

yb0/2

b = b0 K, (x - X Q )

b =

where b is the ful l width of the jet about a plane of symmetry which is

the face of the sloping sill,

bQ is the initial full width of the jet,

x is the length of the jet along the sloping sill to the bottom

of the scour hole of depth D measured from the tailwater

surface, and

xn is the length of the potential core.

Now, if the best guess assumptions are that K. = 0.04, K- = 17, and K, = 6

b/2 0-76yn + 0.082 D

and

v =
0.5 1.5

2 V6 ' C
b/2 = 0.76 yn + 0.082

The state at the bottom of the scour hole is that the boundary particle

snear is equal to the critical force and this state will be approximated by

vT O

which, with substitutions and algebraic manipulations, becomes

g

0.76 v

n ns"?

0.5 y 1.5
' n

+ 0.082 Dn s

D
S -,

yc

=-v120 '
0.76 y - 0.082 D \ 1/6 . ,,J r\ s 1 j l /3

2 d

/

,d \ 1 / 1° , ' 1 / 6 1/2 \ 6/7 v \
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or,
D / ' 2/7I v
JL . 7 7 "-£
y " t ayc \ /

a/io
rr (10)

Equation (10) then is the form of relationship which it is hoped will predict

the depth of scour; however, it is to be expected that the coefficients and

exponents will have to be adjusted because of the many approximations thai were

made in the derivation. This very approximate relationship is shown in Figure 9

merely to give a sense of what depth of scour might be anticipated. It would

appear that depths of scour half of those found for the vertical wall can be

anticipated.

100

50

y

FIGURE 9. Acorcximate Scour Relation for Siccins Siil.
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The other hydraulic question that needs attention is the size of riprap needed to

protect the surface of the sloping sill. In this situation, the total shear is also the

particle shear, and it can be shown that the ratio of the critical tractive force on the

slope to that on the horizontal is:

T c (bed)

Tn = y sin 6

If the slope is 1V:4H, the angle of repose <f> is 30°, and the critical tractive force on

the bed is 4d, and remembering Eq. (9):

d = 2.8 y (125rr J c u z;

For this size of roughness, neither the evaluation of the critical tractive force, of the

Manning n , or of the normal depth would be correct. What Eq. (12) does indicate

very decisively, however, is that the riprap cannot practically be large enough to stay

by itself on a 1:4 slope.
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JTHE__EXPERI_M EJNTS

The laboratory experiments on scour at the toe of a sloping sill were per-

formed in the same two-foot wide f lume as was used for the experiments on

scour at the toe of a vertical wall. The f lume is shown in Fig. 10. The sloping

sill was simulated with a wooden box, the top of which slanted down at a slope

of 1 vertical to 4 horizontal. The painted wooden surface was assumed equivalent

to a concrete slab. The brink was rounded to eliminate separation of the flow,

and in the case of a riprapped slope, to avoid undue forces on the rock at the

brink.

FIGURE 10. Flume for Scour Study.

The riprap used was either the pebbles of a median size a little over one-

half inch, or fist-size rocks of about three inches in diameter. These two sizes

simulate riprap of about the size of the critical depth of flow and of a fraction
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of the critical depth ot flow. Both needed to be anchored with chicken wire or

hardware cloth and staples driven into the top of the wooden box. The. rocks were

stable by themselves for small critical depths of flow, but moved when the critical

depth was O.S of the average rock diameter, and had to be anchored for larger criti-

cal depths.

The few rocks that were the easiest to move because of their shape, placement

among other rocks, and the local fluid forces were the only ones that moved - all

the rocks did not move when y was just barely greater than O.S of the rock size.

But this is the concept of the critical tractive force - when the most exposed parti-

cle moves. If there is only one layer of riprap, the loss of one rock changes (in-

creases) the fluid force on a neighboring rock and changes (decreases) the resistance

to movement of another neighboring rock. Gradually, the layer of riprap unravels

and the sill would erode, concentrating the flew which would lead to the destruction

of the sloping sill.

It is recommended that the riprap be anchored in place wi th heavy galvanized

wire mesh and soil ancnors. Even in the case of a concrete slab(s) instead of rip-

rap, soil anchors should be used: otherwise, the concrete needs to be thick enough

(to be heavy enough) to resist an uplift including stagnation pressure under the slab.

Whether the use of a soil-cement covering on the sill would be feasible depends on

whether the soil cement adequately resists wearing away by the sand and rock

moving along as bed load.

The discharge, measured with a V-notcn weir, was varies ro give critical aepth

\siues of between 0.06 and 0.4 feet. The tailwater was usually set to give values

of l\VS/y of 2 or 8. This parameter proved to be of httie consequence witn just

a hint that the lesser drop resulted in less scour. however, the margin of error,

especially because of tne ncn-twc-dimensionality of the flow and the scour, ooscured

:he relatively small effect of the drop height. At the brink (because of curvilinear

flow) the depth is less rnan the nominal energy critical. The normal aepth .s not



TOO much smaller than the nominal critical, and the flow approaches normal quite

quickly. This fortunate finding simplifies the problem and the relationship.

The sjze distribution of the four sediments used were the same as in the

vertical wall experiments as shown in Fig. 4. The coarsest sediment, designated

"pebbles", was also used as one of the riprap" coverings of the sill. The other

protective riprap used was selected rocks with an average diameter of 3.2 inches

(80 mm).

At the beginning of the development o f ' a scour hole, the jet could literally

blast the sand away, tossing it into suspension. As the hole developed, the sand

pebbles (even the fine sand particles) moved as bed load, and at the l imit the

particles at the bottom of the scour hole were motionless. This is in contrast to

the scour hole at the toe of the vertical wall where the sand particles, gravel or

pebbles at the bottom of the limiting scour hole were actively moving about, being

suspended, falling on the downstream slope of the scour hole, and slumping back

into the scour hole.

In the case of the vertical wail, the limit was achieved when the upward

component of the flow leaving the scour hole was no longer able to lift the

particles out of the scour hole in suspension. In this case of the sloping sill, the

limit was reached when the fluid shear on the Dottom of the scour hole was no

longer able to move the sand particles as bed load; the downstream slope of the

scour hole continued to eroae (but not much) until it also achieved this condition.

In the first run that was made, there was a very large difference in the scour

on the two sides of the Hume. It turned out that the sloping sill had been installed

so that it was not level across the flume; when corrected, tne scour hole was

almost , but not quite, level across. In subsequent runs, a variation in scour deptn

across the f lume was always found; sometimes deeper on one side, sometimes

deeper in the center, sometimes higner in the center. The lack ol two-dimension-

ality was probably aue in part to the wall influence on the excanamg submerged
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jet. However, especially with the larger protective riprap on the sill, a, poorly

placed rock could deflect part of the jet in a way which would result in a locally

deeper scour. This kind of difficulty is probably to be expected in the field, and

no further attempts were made to force a more uniform scour hole. The depth

of scour which was chosen as being correct for design was the maximum scour —

not the average.

The results of the experiment are shown in Fig. ! 1 . Although the points

plot in the general manner of Eq. (10), the points are a good bit lower than the

tentative, aporoximate equation. A much better fit is obtained by adjusting the

coefficients and the exponent of the first term so the equation becomes:

D / y '- °-2 d \ QJ

- s' 3 -In
dl 3 l y J

\vnere D is me scour depth measured from the downstream tailwater,

y is tne critical depth of flow,

d is tne size of the material being scoured (or tne riorao

blanket in the bottom of the scour hole),

d is the size of the riprap layer protecting the surface of the sloping

sill.
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Figure 12 superposes EC. 03) on the measured maximum scour points, and Figure 13

is a comparison of the measured maximum scour and the scour predicted by Eq. ( I 3).
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FIGURE 1 2. Adjusted, Approximate Analytical
Scour Relationship fcr Sloping Sill.
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Experiments were made with a riprap blanket in the bottom of the scour hole at a

depth predicted by Eq. (13). At this level, the riprap was very stable; indeed, it could

withstand an increase of 60% in the critical depth (Le., a doubling of the discharge per

foot width). The riprap should probably be laid on a filter fabric and a layer of

gravel or small rock, but was very stable when laid at a level given by Eq.(13). A

preformed scour hole might well be more uniform than a naturally developed one, and,

therefore, the riprap blanket could be placed at a higher elevation than indicated by

these experiments and Eq. (13). However, there would then be no "safety factor" for a

too low estimate of design discharge, or for continued degradation.

Experiments were also made to determine the effect of a sediment load of bed

material supplied from the approach reach. When the sediment load was as much as

the critical flow at the brink could transport, the depth of scour was half the value

for clear-water scour. If the approach flow is subcritical, of course, the reduction in

scour would be less.

As D /y approaches a value of unity as predicted, the normal depth of flow

downstream needs to be evaluated. Cerrainly, D /y will be greater than unity,

and D can be greater than would be calculated by the proposed relationship.
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APPLICATION

To illustrate the use of the relationship proposed herein for predicting the scour

at the toe of a sloping sill, consider the following situation on a stream in Arizona:

•Channel 220 feet wide, banks 6 feet high, slope 1/2 of 1%,

and estimated n value equal to 0.035;

• Discharge for design 10,000 cfs;

• Bed material median diameter 1/8-inch or 0.01 feet (3.2 mm), with

several percent larger than three inches.

A head cut of eight feet is moving towards a highway crossing of the stream. The

charge is to investigate a sill structure to stabilize the head cut and protect the

highway crossing.

Assuming a rectangular channel, the following flow characteristics can be found:

Normal Flow: y = 5.1 feet, V = 8.9 fps, F = 0.7

Critical Flow: y = 4 feet, V =11 .4 fpsJc ' c r

If a sloping sill 1V:4H protected by 12-inch rock covered with anchored, heavy

galvanized wire mesh is being considered, the depth of scour would be, according to

Eq. (13):

D = 42J feets

or a scour hole 37.4 feet below streambed. This is too deep to be seriously

considered, but is for clear-water scour and if sediment is supplied to the scour hole

from the approach flow, the scour would be less. The transport rate would be less

than that of critical flow and the scour might be reduced about one-third to:

D = 28.4 feets

or 23.3 feet below the streambed. This is much better, but still deep enough to

perhaps give a problem for the sidewalls of the sill structure.
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There is supposedly some small percentage of the bed material' which is larger

than three inches. If this material which can be used to riprap the bottom of the

scour hole has a mean size of four inches, the depth of scour, according to Eq. ( 1 3 )

is only.

DS a 15.S feet

or a botiom of the scour hole only 10.7 feet below the stream bed. Raiibank for

the sidewalls should be quite possible, especially if tiebacks are used at the top of

the rail or piles. About 20 feet of the bottom of the scour hole should be riprapped

with a layer 1-1/2 or 2 stones in thickness. If 3% of the bed material is this size,

the riprap could be obtained from the native material. If the cost of imported

material is less than passing the bed material through a single grizzly, further calcu-

lations might show a somewhat larger riprap would reduce the height of the side-

walls enough to be more desirable. However, a predicted scour hole less than five

feet (ecual to v ) beicw the water surface should not be accented.• n

It is interesting to calculate the anticipated scour at a vertical wall. For the

1/S-inch median diameter bed material according to the equation:

D /V \
-1 - s'-£y_ ~ !, w_

> "3

^ 2AWS1

v 1 - —
D = 1 0 7 feet

which, even if wrong, it is not wrong enough to make a vertical wall a feasible

structure unless the scaur is scmenow i n n i b i r e d . Inhibiting the scour by riprapping the

bottom of the scour hole to achieve the scour depth of the four-inch diameter riprap

with the sloping sill would require a riprap IS inches in diameter. This, of course,



may be beyond the limits of the relationship for scour at the toe of a vertical wall.

But even if the answer is wrong, it is not so wrong but what it indicates the sloping

sill is a more practical solution.

On the basis of what is now known (or suspected) about scour at the toe of sill

structures, it would seem that the sloping sill is the much-to-be-preferred structure.

The depth of scour is less, the structure should be much less costly, and the structure

can be added to if degradation continues. In the example, it was stated only that

there was a highway crossing. If the crossing is a bridge which would be vulnerable if

the stream bed was lowered eight feet, the cost of the sill structure would undoubt-

edly be justifiable. If the highway crossing is a culvert, the same conclusion would

probably be reached. If the crossing is just a dip and the traffic is light, the loss

might not seem to justify the cost. A point to be considered, however, is whether a

dip would still be an acceptable form of crossing. I f the d i p must be replaced w i t h a

culvert, perhaps the loss to be considered is the cost of the culvert which would have

to be built — or the gain is the cost of the culvert that doesn't have to be built.
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PART III. jJU-^STRyCTURES AS REMEDIAL MEASURES

A sill structure is a discontinuity in a stream where the bed suddenly (or quite

suddenly) drops a significant amount. The drop in bed elevation will also have an

effect on the water surface elevation with the depth less at the overfall and a flow
0

pattern immediately downstream which is very unlike a standard, normal, channel flow.

For small drops in water surface elevation, the jet coming from the sill structure may

ride the downstream (or tailwater) surface with a roller below the jet [7]. For the

greater drops of more interest, the jet will plunge with a primary roller above the jet.

Either the roller or the plunging jet can scour out the bed below the sill structure;

the deeper scour being associated with the plunging jet. At some small range in drop

of the water surface the jet can be quite unstable alternately riding and plunging.

A sill structure can be a natural condition as in the rapids of the Colorado River

through the Grand Canyon, or it can be a structure built by man in an effort to keep

the bed of a stream at some desired elevation. A dam differs f rom a sill structure in

that a dam raises the water surface upstream and the reservoir behind a dam serves

as a trap for the sediment transported by the flow upstream of the dam. If a sill is

installed to raise the bed elevation of a stream, it is really a small dam but with toe

little reservoir volume to significantly affect the streamilow. However, insofar as it

raises the water surface upstream and traps the oncoming sediment load, it is a low

dam. Once the reservoir has become filled with sediment, the low dam is a sill.

Although now the bed of the stream has been raised upstream, the channel bank

heights upstream are less than they were, the division between channel and overbank

flow during floods will be changed, and the floodplain will eventually be raised.

If a sill structure is used to raise the streambed, the vulnerability of the bridge is

probably increased for some period of time before aggradation has raised the stream-

bed, and the ceoth of flow at tr.e Dricse is greater than It was arc tne sccur =t the



piers and abutments is clear-water scour rather than scour by sediment-transporting

flow. Both are factors which result in more scour measured from the streambed.

Whether the sill structure is used to raise the streambed, or simply to keep the

streambed in place, the scour at the toe of the sUi structure must be known if the

structure to be designed is to be able to remain and do its job during the floods which

could happen. Since the scour at the toe must be measured from the downstream

water surface or streambed surface, what could happen to the stream downstream is

also important. Indeed, degradation is very likely to be the reason for choosing to

build the structure in the first place. These two kinds of streambed erosion are quite

different and completely independent — although the local scour at the toe must be

measured from the taiiwater elevations determined by the degradation that occurs.

Scour in general and bv Jgts.Jn particular. Rouse [9] made an investigation of

scour by a vertical, two-dimensional, clear-water jet in a deep pool of water where

the material scoured out deposited immediately downstream in a large dune. He inter-

preted his results to say that the depth of scour increased indefinitely with the log-

arithm of time (being also a function of the width of the jet, the initial velocity of

flow and tne fail velocity of the sediment) and, therefore, that there was no limit to

the extent of scour.

This absence of a limit was refuted by logic [10] by pointing .out that for the

clear-water case, the scour would cease when the flow at the boundary was no longer

competent to move the sediment, and for the sediment supply case, when the capacity

of the flow to move sediment out of the scour hole became equal to the supply of

sediment to the scour hole. For a finite rate of flow there must be some size of

scour hole when the appropriate limit would occur — although the limit would gener-

ally be approached asymptotically so tne finite limit would only be reached in infinite

time.



The limit for the sediment-transporting flow case was easily demonstrated experi-

mentally by digging out a scour hole greater than the limiting hole -- then watching it

fill up to the original limiting scour hole. The clear-water scour case could not be so

demonstrated. It is important to distinguish between these two cases of scour;

unfortunately, some investigators seem to confuse or ignore the fundamental differ-

ences. In the sediment-transporting cases of long contractions, and of piers and abut-

ments, it was found [ I I ] that as a first approximation, the depth of scour did not

depend on the velocity of flow or the sediment size. This simplified the experiments,

the analysis and the application to a considerable degree -- but is an approximation

that has not been universally accepted. In the clear-water case of those same geo-

metric situations [ 1 2] , the velocity of flow and the sediment size in combination were

found to be very important. It is interesting to note that most of the discussants of

the first ASCE paper on the Iowa experiments cited clear-water scour experiments in

disagreeing with the interpretation of the results of the experiments with scour by

sediment-transporting flow, and only one person discussed the second ASCE paper on

clear-water scour — and he seemed to appreciate the difference. Strangely, those

who insist upon some kind of velocity effect on scour (1) are not clear whether they

see the difference between clear-water scour and scour by sediment-transporting flow,

and (2) do not analyze the case of the long contraction, the one flow geometry simple

enough to be able to describe both flow and sediment transport with some confidence.

It can be useful to divide the jet into several successive parts in order to des-

cribe what is happening. First, there is the flow before the jet enters the tailwater

pool. This portion of the jet is important to the eventual scour only insofar as it

determines the initial conditions of the submerged jet which is the next part of the

jet to be considered.

The submerged jet expands primarily due to the turbulent mixing at the large

velocity gradient between the jet and the taiiwater pool. The flow pattern is like,



but not as simple as, that of the symmetrical two-dimensional jet into an infinite

room. Both the finiteness of the tailwater pool and the lack of symmetry are respon-

sible for the differences, especially if the jet flows along a boundary.

The third part of the jet is a continuation of the submerged jet after it has made

contact with and then has been turned up by the credible, scoured-out bed. This is

the important portion of the jetj the portion which does the eroding and which

transports the eroded material out of the scour hole. The preceding two parts of the

jet are important only insofar as they determine the jet characteristics as it makes

contact with the erodible boundary. There is then interaction between the jet and the

boundary with the jet shaping the boundary by eroding it, and the boundary turning

and changing the jet.

The-r scour experiments of^this^ research project. Two basic geometries of sills

were investigated in this project: (1) a vertical wall, and (2) a 1 vertical to ^ hori-

zontal sloping sill. The experiments, the results, and the equations to predict the

clear-water scour for each of these geometries were described in Part I and

Part II of this report.

For the vertical wall, the prediction equation was:

where D is the scour depth measured from the downstream tailwater,

y is the critical depth of flow,

V is the critical velocityc

w is the fall velocity of a. quartz sphere of median diameter d of the

material being scoured,

is the drop in water surface across the structure.



For the 1V:^H sloping sill, the prediction equation was:

° '1^' '!_' (13)

^

where D is the scour depth measured from the downstream tailwater,

y is the critical depth of flow,

d is the size of the material being scoured (or the riprap

blanket in the bottom of the scour hole),

d is the size of the riprap layer protecting the surface of the sloping sill.

These two prediction equations are illustrated graphically in Figures 1 4 and 1 5.

Note that the two prediction equations have different dimension less independent

parameters which represent the flow and sediment characteristics that are primarily

responsible for the scour. In the case of the vertical wall, the sediment leaves the

scour.hole in suspension; therefore, the fall velocity of the sediment is the important

sediment characteristic, and V , although it is not the velocity of the flow out of

the scour hole, it is the reference veloci ty characterist ic of the f l o w . IT should perhaps

be emphasized that the fall velocity to be used in the prediction equation is the fall

velocity of a quartz sphere of the median sieve diameter at 20°C. If a more correct,

or even measured, fail velocity is used, the coefficient would have to be changed.

The other parameter accounts for the change in the flow from the brink to the water

surface of the taiiwater pool.

In the case of the sloping sill, it should be noted that the critical depth repre-

sents several flow characteristics, not just a length scale. Although not obviously

apparent and readily seen, the critical depth represents a reference velocity, unit

discharge, and (together with other variables) boundary shear. The sediment leaves

the scour hole at the toe of the sloping sill as bed load; therefore, the sediment
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rIGURE !'i. Adjusted, Approximate Analytical
Scour Relationship for Vertical Wall.



FIGURE 15. Adjusted, Approximate Analytical
Scour Relationship for Sloping Sill.



characteristic of importance is the critical tractive force which was taken as

simply four times the median diameter. This approximate value should probably

be increased for fine material less than 0.1 mm. However, for this fine a mater-

ial, the scour would probably be excessive in any event. Of course, if the very

fine sediment is cohesive de., ciay), the critical tractive force should be increased

and would not be a function of diameter as a measure of the ratio of volume to

surface area (or a measure of the buoyant weight to the boundary shear force

associated with a particle). The drop in water surface did not seem to be an

important parameter; the normal depth on the sill slope i s a better measure of

the character of the flow as it enters the taiiwater pool. Although there is a

di f fe rence in death of f l o w between cr i t ical and nomal depth, u s i n g the normal

aeoTh makes for a conservative prediction. The ratio of the s ize of the s i l l

siooe r ip rap TO the cri t ical dep^h expresses this factor.

It should be emphasized that only with a very flat sill slope can the protec-

tive riprap practically be large enough to stay by itself. A fiat slope, however,

would require a large (length, area) volume of protective nprap. A flatter slope

would result in a lesser deptn of scour (the coefficient would be reduced by the

ratio of the sine of the slope angle to the sine of the angle of the !V:^H slope),

but the length of slope beneath the taiiwater slope should not change appreciably

— however, the length of slope before the taiiwater pool would increase. The

optimum (least cost) slope will depend on local costs, ana the angle of a stable

slope which cepends on several factors, such as the angle of repose. The opti-

mum is orooapiy selaom very different than a IV:4H slope.

Therefore, it is recommended that the protective riprap oe covered with a

heavy, gaivamzed wire mesn anchored into the ground so that the seepage lorces

and fluid boundary shear cannot move the protective riprap. The protective riprap

snouid se isolated from tr.e underlying material DV a sand and gravei inverted

fil ter , or by permeable, long-lasting fabric and a gravel la\er. This is to prevent



leaching of the underlying laver through the riprap. The gravel on top of the

fabric would be to protect it from rips and from the sunlight. Tne gravel must

be large enough not to be lost by leaching. Riprap which is not anchored to the

underlying soil mass must be very large; for a IV:^H slope it should be at least

equal to the (energy) critical depth [see the derivation of Eq. (12)].

The choice of size of protective riprap probably depends more on availability

and cost than anv other factor. The larger the riprap, the less the scour depth,

but the greater the volume of riprap per square foot of area. The depth of scour

can probably be reduced more economically by nprappmg the bottom of the scour

hole than by increasing the size of the slope riprap.

It would probablv be good practice to have the wire mesh under as well as

on top of the riprap — at least at the edges, and especially at the bottom edge.

The two layers of wire mesh should be tied together making a "rock quilt" that

could settle, but remain intact. Gabions could also be used, but thev also should

prooaDiv be anchored — tied to the soil mass below.

For both the vertical wall and the sloping sill there are several considerations

which would mean less scour than the maximum clear-water scour depth predicted

by the appropriate equation. The flow can be transporting sediment, and if the

approach flow supplies sediment at the rate that critical flow would, the depth of

scour at the toe of the vertical wall will be 75% of the clear-water prediction,

and the depth of scour at the toe of the sloping sill will be 50% of the clear-

water prediction.

The peak of the hydrograpn can be too short a time to result in the final

equilionum scour being attained. To aig out a scour hole completely takes time.

However, 50% of the final scour death is attained very quickly and 90% of the

final scour aeoth does not take a great, long time. It is onlv when the equili-

brium depth of scour is approacned that the capacity to enlarge the scour hoie

becomes verv small anc the time needed to scour a little more becomes great.



One difficulty in relying on this time consideration in predicting less scour is that

the flood hydrograph as well as the peak flow must be known (estimated).

The other consideration is the riprapping of the bottom of the scour hole

either naturally (self-sorting) or artifically. For the sloping sill geometry, this

consideration is tantamount to changing (increasing) the size of the sediment to be

scoured out. In practice it is recommended that the bottom of the scour hole be

artificaily riprapped; then the size and extent of the riprap can be controlled and

known for sure. If self-sorting is counted on, there is always some doubt about

how much of what size of coarse material was available for armouring in the

first place, and how much is removed in the active scour process in the second

place. Better to know than to guess; besides, most of the eventual scour hole

must be excavated in order to construct the sill and if enough (or large enough)

coarse material cannot be found, more (or larger) rock can be imported.

At the equilibrium limit of the scour at the toe of a vertical wall, there is

still considerable movement of the surface particles -- they are being tossed up

into suspension .and falling back onto the downstream slope of the scour hole, then

stumping back down. The riprap blanket must either be very thick to permit this

action and still not uncover the underlying finer sediment, or the scour depth

must be increased by 50% to reduce the activity.

It is not proper to expect all these considerations to affect the scour depth

in conjunction. They are quite independent considerations. If the hole is riprap-

ped, the fact that the flow is transporting finer material is of no consequence. If

tne hole is riprapped, any finer material overlying tne riprap layer will be remov-

ed very quickly. Only in the case of an unriprapped hole and sediment-transport-

ing flow might there be also a time consideration. However, tne evidence from

field measurements of scour at piers indicates strongly that local scour holes

develop so rapidly that equilibrium scour is sensibly attained throughout the scour

hydrograph.

50



For several reasons, the sloping sill would appear to oe the preferred geom-

etry: the scour depth is less, the structure is less, and the lower end of the struc-

ture can be added to quite simply if need be in the future.

If the dirnensionless predicted scour depth is less than about two, the answer

is probably unrealistic. The scour depth will be at least a little greater than the

downstream tailwater depth. In such a case, it is practically sufficient to assume a

nominal scour depth 50% greater than the tailwater depth — remember that the

scour depth is defined herein for this kind of geometry as being measured from the

downstearn (tailwater) water surface.
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DEGRADATION

Since the purpose of installing a sill structure" is either to prevent the

permanent lowering of the streambed at some specific section on the river, such

as at a bridge, or to raise the streambed at that section, an examination of the

degradation phenomena is needed. Although the geological role of the river is to

transport the mountain to the sea, bit by bit, and although there is degradation in

the upper reaches and aggradation in the lower reaches, this process is seldom of

interest because the degradation is too slow to increase the vulnerability of the

bridge markedly.

The degradation of interest here is the permanent lowering of the streambed

over a considerable distance and occurring over a few years. The reason wny it

happens can be natural or man-caused; but always the reason is a changed condi-

tion. Occasionally, it may be possible to make another change which will result in

aggradation; thereby cancelling out the degradation so the elevation of the river-

bed remains what it was. More often, such a solution is not feasible.

A long contraction can also result in lowering the bed of the river over a

considerable distance. However, a long contraction scours out on the rising leg of

the hydrograph and then fills on the recession (there may be a. time lag, and

various "strange" things might happen if the floods cannot fully scour ana fill the

entire length of the long contraction). The point is that the lowering of the

streamoed is not permanent, but in response to the change in the water surface

elevation — or the discharge.

There are other similar fluctuations in the streambed that can take place:

usually these are somehow associated with changes in discharge. For example, a

tributary in flood can supply a large seaiment load to the main stream, resulting

in deposition. The main stream can later flood, and be aole to remove the

previous deposition (i.e., to erode it).
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These kinds of fluctuations should be considered forms of general scour at

the bridge crossing to wnich the local scour at the piers and abutments snould be

added.

Degradation, whether natural or man-caused, will be the result of a perma-

nent change in the flow or boundary conditions, not to fluctuations in discharge

resulting in fluctuations of the riverbed elevation. There are two aspects to the

problem of predicting or estimating degradation: one is the amount of degrada™

tion, the other is the time which will elapse before the degradation results in a

new equilibrium. The first is not an easy estimate to make; the second is much

more difficult. The saving grace is that the time estimate only needs to be of

an order of magnitude. Is the degradation going to endanger the bridge in one

year, ten years, or a hundred years? 'That is the question." If the answer is

something like one year, an emergency measure is needed immediately. If the

answer is something like ten years, the remedial measure needs to be put in the

budget sometime within tne next few years. If the answer is something like a

hundred years, it is possible the bridge will be torn down to be replaced by a

wider, stronger bridge before anything needs to be done. That still leaves the

amount of degradation to be estimated -- and with a greater degree of precision

than order of magnitude.

There are a number of changes that can result in degradation, but they all

fall into one of three categories: either tne slope stays the same, or almost the

same, as it always was, or the slope reduces to tnat of a flow which is no longer

competent to move the streambed material, or the slope reduces to less than it

was, but greater than that of clear-water ficw.

The classic example of the first category is the meander whicn swings in on

itself and cuts o f f , shortening the river and creating a discontinuity m the oed

for a moment. The increased capacity of tne flow upstream of the cutoff results



in a neadcut which Tioves upstream. The increased suooiv to the reach down-

stream of the cutofl results in deposition in me form of foreset and tooset beds.

The reacn of active erosion and aeposition is steeper than tne original siooe of

the stream, but as the reach lengthens, it gradually approaches the original slope.

At the limit, the entire river upstream of the cutoff is lowered half the

drop of the discontinuity at the cutoff and the entire river downstream is raised a

like amount — at least as a first approximation. The drop at the discontinuity is

equal to the product of the slope of the stream and the length of the meanaer

which is cutoff and abandoned.

This description will be modified a bit if there is floodplain flow because the

percent of tne total flow in the channel will increase from the normal where the

channel is eroded and will decrease from the normal wnere the channel fills.

Another factor which can determine wnat eventually happens is the condition at

the lower ena of the river. If the river ends at the sea or ov being tributary to

another much larger river, it is possible that the water and bed elevations at tne

lower end will not change aopreciabiy. Under those conditions wnen the deposi-

tion reacnes the end of the river, a headcut starts there and moves upstream

"erasing" tne former deposition and adding to the former erosion so that the

amount of degracation aoove the cutoff is the total drop at the original cutoff.

This description, in turn, can be modified if for every meander that cuts

off . a hundred other meanders lengthen oy one percent of the length of tne

meanaer wrucn was cut off . The overall effect en the river is then nil, but sone

reacr.es erode and some reaches deposit. All in all. even this "simple" classic

case can Decome compl.catea and creciction of cegrscation difficult.

APOTher ccrnr"cn example cl fe i.rst catescrv .5 w^en ~^e co^~'tl 5ec".ic~

:cr a s:-eam 5 o<ve rec: .e., =:te" :~e "rair stream ce?-aaes accve a t_to:f . :->e



tributaries start degrading to match this new control. Except insofar as the divi-

sion of cnannei and floodpiain flow changes, the slope of each tributary will be

wnat it was.

The classic example of the second category is the dam with a reservoir

large enough to trap the incoming sediment load but too s m a l l to affect The f l o w

discharge. The flow out of the reservoir is clear water. It has a capacity to

transport sediment. It will transport sediment at its capacity (granted that that

capacity changes as the bed material changes and the flow characteristics change).

Since capacity exceeds supply (which is zero out of the reservoir), degradation

occurs starting at tne dam and proceeding downstream.

As the bed erodes downstream of the dam and reservoir, the depth of flow

increases, the velocity of flow decreases, and the required slope decreases. The

new velocity and depth can be estimated from the requirement that the particle

shear must equal the critical tractive force of the armoured, self-sorted bed.

This estimate can be made, but not easily because the amount of coarse material

available for armouring throughout the river is unknown (and unknowable for a

modest price). The percentage of coarse material which leaves each reach so

mat it cannot contribute to armouring is unknown (although what leaves one reach

becomes part of the next reach), and the particle' shear and critical tractive force

are only aoproximately known. The other factor that must be known, however, is

the resistance (or resistance factor; i.e., the Manning n) for the armoured bed,

which in a real river will not be tne same as for a smootn, ripracped. prismatic,

man-maae channel. The slope, tnerefore, is not knowanle with great precision —

wmch is unfortunate because the ultimate limit is a river of that unknown slope

fixed downstream at some control eleva::on. As if :ne a.ocve exposition was no-

discouraging enougn, tne equilibrium slcce fo r zero movement ceper.cs en the cis-

cr.arze =s veil as tne ardour laver ana resistance coefficient.



In between the hrmts of zero transoort and the same as it was, there is a

considerable variety of degracation cases. The classic dam case changes as soon

as a tributary joins tne main stream and the sediment load wruci must be carried

becomes greater than zero out less than what it was. Whether there is degrada-

tion or .aggradation below the confluence depends upon how mucn sediment the

tributary adds and how much the flow in the mainstream is controlled (or even

decreased if it is an irrigation or water-supply reservoir). The required slope

downstream from tne confluence is imposed by the flow and sediment load, but

isn't really a single value because these variables are not single-valued variables.

The required slope in a stream can be changed by adding to, or subtracting

from, the flow of the stream without changing the sediment load; thereby causing

aggradation or degradation. If a stream is narrowed, the required slope will be

less than it was. If the Manning n value is reduced, the required slope will be less

tnan it was. Blocking off several small streams and combining them to flow

through the same cross crainage structure will probaniy result in degradation of the

combined stream downstream. In all of these examples, degradation of the third

kind will occur.

It should be apparent that even to predict the limit of degradation is not

easy. Some of the things tnat need to be known to make tne prediction are

unknown, and likely to stay that way for some time. To be aole to say more

abouT new the decradarion at a oar t icular secricn w i l l vary <ntn time Tieans TO be

aole to aescrice the capacity-supply imbalance with time, wnich, in turn, means

being aole to describe the flow characteristics curing aegracation, the sediment

transport, the resistance, and to have knowledge of tne sediment in tne volume

whicn w.ll oe eroaed. Tven, in addition, the future now must be known, or else

•ue 3.rs'ver (.f .: could De comouted) wouic nave to ie put .n terms 01 "If these

:.?ws ?cc_r. t~is ces^acat.cn wil l occ-r."
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In practice, it will probably be necessary to ooserve degradation as it starts

and continues (or the conditions tnat could result in degradation). Then take such

remedial measures as seem to be appropriate, ,vith a little conservation. A sill

structure could be such a remedial measure. Then continue to observe, and

if it seems necessary, remedy the remedial measures. A structure which can

be added to or improved at the bottom seems like a "good" solution.

Others interested in degradation for one reason or another seem to have

come to much the same conclusion* The Corps of Engineers Streambank Erosion

Study [13] mentions degradation as an unsolved problem, mentions sill structures,

but provides no guidelines or advica as to how to proceed. A National Academy

of Science report [!4] on the use of matnemaucai (computer) models to determine

flood levels on alluvial streams which can aggrade and degrade could not advise

the use of tnese more complex and costly computer models. The results were no

better than tne results from computer programs with rigid boundary channels.

The lack of confidence was acscnoed to:

(a) No faith in sediment-transport formulas,

(b) No reliable values of the friction factor,

(c) Inadequate understanding of armouring, and

(d) Inability to include bank widening effects.

Two other recent reports bear titles [15,16] that would indicate the answer to the

degradation problems should be contained therein, but only qualitative descriptions

of degradation are actually presentee. This may maxe the reader mere aware of

tne Drociem, out does not help in tne solution of tne prociem.



SOME HINTS ABOUT SOME OTHER NOT FULLY ANSWERED QUESTIONS

Various student research projects at The University of Arizona have provided the

beginnings of some answers to some of the other unanswered questions which surfaced

during the study to advance the methodology of assessing the vulnerability of bridges

to scour. And, of course, the exploratory research of that project was helpful. The

student projects, it should be noted, were at no cost to this project, indeed, they

were performed at very little cost to anyone except the students. Their contribution

being time and "sweat". A summary of their findings is included herein because they

are of use to solving the problem of making bridges less vulnerable.

The first to be cited is an experimental study, at extremely small scale, of riprap

in the bottom of a scour hole around a round pier by Marcus [17]. He found that the

riprap didnt need to be as large as the previous solution [12]predicted. He found the

previous solution could be modified by evaluating T = 7d instead of T = W. This
V* W

results in riprap sizes about half that which would have been specified previously.

This work is important because it provides a more reasonable, alternative remedial

measure. Perhaps in some situations it would be better to riprap the pier and abut-

ment scour holes at the lowest possible level, and let the degradation occur. Marcus1

work needs to be repeated at a larger scale and expanded in range of geometry, but it

seems very promising.

If a smaller, riprapped, scour hole may at times suffice, then a lesser predicted

scour depth should be equally interesting — if the lesser prediction is more correct.

Alawi [18] investigated this question in the same small flume later used by Marcus and

found the effect of velocity on scour was as analyzed during the early Iowa studies

and not as portrayed by the CSU Staff in the training and design manual prepared for

FHWA[19] and by 3ain and Fischer [20] recently at Iowa. The experimental data and

several predictions are shown in Figure 16. At very high velocities (and Froude

numbers), the scour did increase somewhat because the sides of the scour hole are
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FIGURE 16. Comparison of Various Scour Formulas
with Exoerirnental Data.

steeper and less sediment is~ supplied to the scour hole. If the correct width of scour

hole is used, the old analysis still predicts. In Arizona, high Froude numbers are usual

and the C5U/HIRE predictions of scour seem to be too high, by twice.

Silverston in an anaiyticai study [21] using the computer, found that for a. given

discharge, sediment load, bank erodibility, and Manning n , there was a certain

stable width, depth, velocity and slope. The slope was the least well-described of the

stable channel characteristics because Silverston couid do no better than assume a

nominal n value. However, it should be noted that the slope is also determined by

the velocity and depth of flow, and they, in turn, are determined by the discharge and

sediment load. The approximate relationships Siiverston found resemble the famous,

old "reairne" ecuations, but with coefficients and exponents which vary with the

sediment concentration and bank erodibiiity. Tsay [22] used Siiverston's relationships

to exolain observed sank rstreat en scene of tr.e larger strearns in the Tucson area.



Ail of this work needs to be repeated and expanded to provide more confidence in

the predicted channel changes. Channel widening and bank retreat can be very

important in connection with bridge vulnerability.

A little, nagging question has been whether a short elliptical pier loses all its

"good" shape effect when it is at an angle to the flow. ElhasanC23] investigated this

problem and found that the elliptical pier loses most, but not all, of its shape effect.

This little experiment illustrated nicely the fact that often the simplest way to

answer a question is to run a little experiment.

The same resort to experiment was made several times in the previous ADOT

study. To find out what scour to expect with long, thin piers set at an angle so they

overlap; as a first approximation the overlapping length can be ignored. To find the

scour at a spur dike at an abutment, the deep scour is shifted to the end of the spur

dike, the scour is slightly different because the geometry is different, and the tail of

the scour hole can endanger the abutment if the spur dike isn't long enough. The

effect of scour on backwater is due to the fact that an excess velocity is not

developed \yhen scour occurs. The backwater which occurs is only the fraction of the

flow obstructed times the approach velocity head. This last finding is of great

importance for many different problems.
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APPLICATION

To illustrate the application of these preaicttons of scour at a sloping sill,

consider a bridge worth $1,500,000 still having a life expectancy of 25 years. The

river is 200 feet wiae, contained within its banks even for the maximum expected

flood ot 25,000 cfs with a slope of 0.0064 and a Manning value of 0.03. The

100-year flood is 10,000 cfs; i.e., the maximum expected flood is 2.5 times as

large as the 100-year flood.

There is a 16-foot headcut moving upstream towards the bridge which will

cause the destruction of the bridge if "something" isn't done very soon. If a

sloping sill structure of tied-wire rock, riprap, and railbank is considered, it needs

to be examined for the maximum expected flood and the 100-year flood. The

comparison is shown in tne following tabulation:

Comparison of ^oss^ble__Sjop_ing Sill Structures

Maximum
100-Year Flood Exoected Flood

Slope

Hole

Walls

TOTAL $ 38,48! $228,660

Difference in Cost $140,179

Probame Loss for $375,000
1 CO-Year Fiooc

If nothing is aone ana the bridge is destroyed, $1,500,000 wni DC lest. The

cost of the larger sill for the maximum excected flcod is only 15% of tre value

of the bridge ana would be justified. The sill aesignec onlv for the 100-year

ziccc costs oniv iQ% of the larger sJi: tne diiference ,n cost to protect agairst

t~e .arrest rlooc excectec instead 01 the usual, nomrai. otfic.al (100-.ear) floca.
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is 10% of tne value of the bridge. However, the probable loss is np x original

cost, or 25% of the value of the bridge. Note that n is the remaining life

expendency, 25 years, and p is the probability the ! 00-year flood will be equalled

or exceeded in any one year.

These costs were obtained as follows: Assume the tied riprap on the slope

costs $60/cy and is 1.5 ft thick for the 100-year flood, but 2 ft thick for the maxi-

mum expected flood, the untied scour hole riprap is $30/cy and has the same thick-

nesses, and the railbank costs $12/sq ft for the 100-year flood, but $15/sq ft for

the maximum expected flood, all costs are in place, not just for materials.

Comparison of Required Sloping Sill Structures

Maximum
100-Year Flood Expected Flood

Total Discharge 10,000 cfs 25,000 cfs

Unit Discharge 50 cfs/ft 125 cfs/ft

Critical Depth ^.3 ft 7.9 ft

Normal Depth 4.6 ft 7.5 ft

Assume bed material is 0.01 ft (1 /8 inch) and protective sill rip-

rap is 1 ft.

D / y 10.9 12.Ss ^

DS V7 ft 100 ft

Both of these scour depths are too great. Therefore, plan to rip-

rap scour hole with 1-foot untied rock.

DS/VC 2.S 3.6

D (from water surface) 12.0 ft 2S.4 ft

ds (from bed level) 7.5 ft 20.5 ft

These scour depths are practicable and will serve for the desired illustration and

comparison. The scour depth, the water surface drop, the slope and tne bank

height result in the costs estimated.



Note that even tne total cost of the sJl designed tor the maximum flood

costs less than tne weignted loss of just the ondge in a flood larger than the

100-year flood. When the situation is examined in this way. it is so often true

that the 100-year rule is just not good enough.

Looking at the costs of the different elements of the sill, it is apparent that

the riprap in the scour hole is the least cost, and the cost of protecting the

slope is the greatest. With better relative values of unit costs, including cost of

different diameter riprap, it should be possible to optimize the cost of the sill

structure. If 2-foot diameter riprap was used, the cost of that riprap would

increase, but the cost of the slope protection and of the walls would decrease.

There are those who would increase the cost of construction by a capital

recovery factor -~ the cost of oorrowing money. In a pay-as-ycu-go system, it

can be argued that such a cost is not incurred. However, if it must be (justifia-

bly or not) then it should be the approoriate interest rate in a noninflationary

world (about 2-1/2%), or the value of the bridge must be inflated over time to

account for the rate of inflation.

An annualized risk analysis is shown below for rates of interest f rom C°o to

I0°6 m a noninflationary worlc. The alternatives considered are:

Alternative I - co nothing

Alternative 2 - design for ICG-year flood

Alternative 3 - design for maximum flood

It .s assumed that if nothing is done, the aricge will fail in a ten-year flood. A.s

the example is stated, if nothing is done the bridge wi l l fail soon, and tms

nominal probability is sufficient to demonstrate that something should De done.

It is fur tner assumed that even d the :Ji is designed tor the maximum exoected

flood, there s some small orooaoilitv tnat .t wil l fail -- sav tne same as tne

tv of tne occurrence of :he 53GG-year rlooc. F_rthe-. :°e ass^mction .3
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loss of the bridge turns out to be equal to the probable loss considering the

bridge alone, it would be wise to prevent the loss of the bridge because of other

losses that would be incurred: removal of failed bridge, accidents, traffic delay.

Depending on the particular bridge, the latter two losses can be quite large.

As analyzed below, the best solution would be the design for the maximum

expected flood until the interest rises to 10%. Actually, if the interest rate

was anything near I0%? the world would be inflationary and the value of the

bridge would be increasing every year, tipping the scales to the design for the

maximum expected flood.

ANNUALIZED RISK ANALYSIS

Alternate

Cost of protection

Annual Costs

Value of Bridge

Flood frequency
resulting in failure

Probability of loss
in any given year

Annual risk

Total annual
expected cost

:tion

Interest rate

0%
296
u%
6%
896

1096

e

y
ilure

loss
ear

Interest rate

0%
2°6
ii°6
696
S0/o

1096

JL
0

$1,500,000

assumed
10-year RI

Q.I

1 50,000

$ 150,000
150,000
150,000
150,000
150,000
150,000

2.
$ 88,000

3,520
4,507
5,633
6,SS^
8,2^4
9,695

$1,500,000

100-year RI

0.01

15,000

$ 18,520
19.507
20,633
2! ,884
23,2^
24,695

2

$ 228,000

9,120
1 1,678
1^, 59^
17,S36
21,359
24,118

$1,500,000

assumed
5,000-year RI

0.0002

300

$ 9,420
1 1,978
1 ̂ ,894
18,136
21,659
25,^18


