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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



y 2 y
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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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