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ts  Apstrocr

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

investigated experimentally and analytically.

Approximate rezlations for predicting

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

s two geometries.

For the vertical wall, the sadiment 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.

the sediment scoured out left as bed lcad, 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 slope to the critical depth,

: Degradation of thestream bed is likely to be the reason for constructing sill

" structures. A discussion of the degradation phenomena is incliuded to serve as a .
I guide to evaluating to what extent degradation might be a threat to a bridge, cuivertg

or highway.
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PREDICTING SCOUR AT BRIDGES: QUESTIONS NOT FULLY ANSWERED

SCOLR 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 fo the (energy) critical depth were obtained for the
two geometries. For the vertical wall, the sediment scoured out lefr 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 ratic and the ratio of the
size of the riprap protecting the sill slope to the the critical depth.

Degradation of the streambed is likely 1o be the reason for constructing sill
structures. A discussion of the degradation phe;'aomena is included to serve as a
guide to -evaluating to what extent degradation might be a threat to a bridge,

cuivert or highway.



SI UNIT CONVERSION FACTORS

The material contained 1n this report 1s presented in ferms of Enghsh units.

The following factors may be used to convert between measures used In this report

" and the International System of Units (SI):

I foot = Q.30&48 meter

I meter = 3.2808 feet

I foot per second {fps) = 0.3048 meters per second

I 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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SCOUR AT SILL STRUCTURES
PROLOGUE

Sometimes it seems like progress takes forever. The weekead of October I,
1983, saw at least one abutment of one bridge scoured cut and one span down, 1n
Tucson, Arizona. In 1947, a large number of bridges were similarly lost in floods
in the State of lowa. For the next ten vears, the lowa Highway Department, 1in
cooperation with the Bureau of Public Roads, sponsored an investigation of scour at
pridge plers and abutments at the lowa Institute of Hydraulic Research. In Bulletin
No. 4 of the [owa Highway Research Board [1], a graphical relationship for the
prediction of scour at bridge plers was presented. This was followed in Bulletn
No. & [2] with an analysis of scour in iong contractions, at abutments, and at piers.
Previous 1o 19¢7, about the only method to predict scour was the statement that
the depth of sccur 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 orientauion, few organizations used this method
of prediction; most seemed 10 rely instead on their "engineering judgment". In
1970, 1mn a Natenal Cooperatnve Highwav Research Program investigation (31,
ninety-five engineering organizations were asked how they predicted scour at bridge
foundations: 46 used engineering judgment, 18 used the lowa results (17 used Bul-
tetin No. 4), 9 used nine other methoas, 3 Lmuted the nominal average velocity
(which 15 either engineering judgment or begging the guestion), 10 made no predic-

uons (which might be eguivalent to predicuing zero scour), and & cid not repiv.



in 1970, the suggestuion was made that the cost of building bridges so they
wouid not fail because of scour was so small that they should be designed so they
presumably would withstand the probable maximum flocd [4]. [t was also suggested
that " .. Existing bridges should bechecked for safety in regard to scour, and if
they are not safe, the potential for scour should be reduced somehow withun the
Iimits of econemic justification.”

During the holiday season of 1973-79, the State of Arizona experienced floods,
and "troubles" with a number of bridges. This led to a siudy to advance the
methodology of assessing the vulnerabiity of bridges to floods. The reports from
that study again recornmended that new bridges should be designed for the maxumum
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 insciar as rescurces will permit and has spent a gererous amount N mMaking
vulneranle brigges less vulnerable. In developing the methodology for assessing
vulnerability, (t was apparent -thar there are numerous questuons related to scour
for which the answers are not completely sausfying to the design engineer who
must make decisions of what to do.

Cf the several quesuons not fully answered which surfaced in the aforemen-
tioned study, the one which the staff of the Arizona Department of Transportation
Ielt neeced 10 be answered first was ine cueszion of e scour ¢ be expecred art
the toe of a sill structure. For existing vulnersble bridges, & sill structure s one
of the first solutions consigered -- but 1t must stay 1f it is 10 protect the vuiner-
abie bricge. The scour at tre toe of tne siil must be predicted 1f the siil 1s 10 pe

aesigned so 1T will stay during the floods that mav occur.



PART I. SCOUR AT THE TOE OF A VERTICAL WALL

THE QUESTION

In the ;:!esign of a new bridge which must be founded on ercdible material, it
will almost always be wisest and most economucal in the long run to censtruct the
piers and abutments :n such a way that the bridge is not vulnerable, even 10 the
biggest flood expected. The Federal Highway Admunistration would seem to
have taken this position in 1980 since in theiwr suggested procedures focr the design
of encroacnhments on floodplains they swate, " ... 1t 15 assumed ... thar the bridge
trself wiil not fau™ [6).  Usually the best and cheapest sciution for the new bridge
is to make the foundations a lirtle deeper, "a littie 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 mimimal because tne construction aciivity s just & ltile more oi
the same.

Old bridges and old encroachments on flcod plains snould be examined in the
same way the FHWA has directed that new bridges and encroachments be design-
ed. This 1s a tremendous job and all bridges cannot 2e evaluated Tomorrow;
nevertheless, it needs to be done. Even bridges which nave stood fifty vears
may be vuinerable -- and mav have considerable value. However. if an old brigge
is founa Tz be vulnerazple 0 scour, 11 mav be difficuit ana comparatively costly 1o
make T invulnersble., Whether the reason Zor the vulnerapiity 15 that the scour
was net predicied weil at the ume of the design. thai the sireambed has degrac-
ed sinc2 construcuon, that oigger ficeds can be antcipared Based on an extencec
cata oase. or something else that has changed does not matter: 1t orobanly will
et e & nmele task o extend the slers and aIutments down N Crger D Maae

the srwage ess vulnerzole,



An alternative approach to the problem is to do something to insure that the
bottom of the possible scour hole will be above whatever [s the permissible
elevation. One way of accomplishing this end is to raise the streambed to some
desired elevation by putting a sill or drop siructure across the stream downstream
from the bridge. One of the many geometries whnich can be used for the sill
structure is a vertical wall, but the design of the wall requires that the scour at
the toe be predicted, After all, 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 wall. It is assumed that the
structural and foundation engineers can design the wall after the hydraulic engi-

neer has made the scour predicrion.



FLOW AND SCOUR PATTERNS EXPECTED

At a free overfall, the nomunal critical depth (yc =_\jq2/g) occurs a lirtle
way upstream of the dropofl where the pressure distribution s still hydrostatic.
At the dropoff the depth of fiow s about 0.7 of the nominal critical depth (yf =

) [7). This lesser depth at the iree overfall i1s the true critical n that it
represents the mimimum specific energy - albeit with a less than hydrostatic (and
unknown) pressure distribution. Fortunately, thus true control depth whicn varies
with several factors can be bypassed and the neminal critical depth which is well

deiined and generally understood can be used instead.
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rigure 1. Flow and Scour Patterns at a Vermiczi Wall,

The scour which cevelops must be relatred to the napce as 1t enters the

teilwazer, The velocity and :nicxkness of the jer at tne ztaiwzater suriace s
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The flow in the scour hole will be that of a submerged jetr of initial velocity
Vo and width bo. There will be first a zone of f{low establishment of lengt

Xy 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 Dbottom of
the scour hole, penetrates the erodible 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 ¢ as it leaves

the scour hole is about [8)k

b = bo - KI(X - XO) = bo - K](X - KZbO) (3)
The length of the sucmerged jet can be taken as
X = K3DS {«)

where DS is the depth of the scour hole measured from the tailwater suriace.
Jf 2 s the angle from the horizontal that the jer leaves the scour hole, the
vertical component of the velocity (V sin @) of the jetr as it leaves :he s;cour hole
must be equal 0 the fail veiocity (w) of the sediment i the sediment is 10
esczpe (n susgension at :he limiting size cof the scour hole. Algebraic manipuia-

tion rasults in tne following expression fer the cepth of scour:

—
e
-

X
e
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Arpitrarily, best guess values of 2 = 35°, Ki = 0.09, K2 = 4, K3 = 3 were used 10
Jdlustrate tne nature of the relationship as shown in Figure 2. The cimensioniess
scour ratio ihcreases with the ratio of the reference {cmitical) velocity o the fail

velocitv of the seciment, and also increases with the dimensionless drop in tne
water surface as would be expected. [f the arbitrary values chosen are nct oo
unreasonable, 1t would appear that depths of scour of 10 to 40 umes the critical
depth are very possible. Scour 1s possible for values for the critical velocity/fall
velocity less than unity because the drop in water suriace elevation results In a
ret velocity entering the tailwater which 1s greater than the critcal velocity. The
effect of the dimensionless drop 1n water surface elevation is surprisingly small; at
a velocity ratio of &4 the scour depth rano is only increased 16% as the drop rauoe
increases from | to §, and then only increases 6% as the drop ratio increases to
infinity.

Severai simplifving assumptions were necessary to obtain Eq. (5); 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 desth of scour varving with
the square cof the velocity; nowever, as will be seen, the experimental cata indi-

cate the depth of scour varies as a frazcticnal power of the vetocity.



FIGURE 2. Approximate and Adjusted Scour Realations.



THE EXPERIMENTS

The laboratory experiments on scour at the toe of a verucal wall were
performed in the two-foct wide flume shown in Figure 3, The vertical wall was
simulated with wooden boxes that could be stacked to various heights in the four-
foot-deep secuon of the flume. The discharge, measured with a V-notch werr,
was varied to give critcal dz-apth values between 0.02 and 0.2 feet. The raiwarter
was set to give values of AWS/yC between 2 and 16, In the first experiments
the taillwater was set at the elevation of the crest of the drop; a AWS/yC value
of unity. The flow for this condition was very unstable: the nappe leaving the
overiall alternating, rather random!ly, between Iirst penetrating and then riding the
tatlwater. When 1t penetrated it formed the expected scour hole; when 1T rode
the taiwater a strong, stable eddy underneath the surface Ilow dragged bed sedi-
ment back refilling the scour hole. Because of the alternare scouring and filling,
the scour hole did not give any signs of reaching a lhimit -- at least net for a
iong, long ume. A scour depth predicted by exirapolaiing back from greazer drop
heights, therefore, should be a conservatve, but possible value, 1f the peneirat-
ing nappe persists ior enough tume.

The size distribution of the four sediments used are shown n Figure %4; the
median diameters are 0.30, .66, 6.}, and 1%.7 mm (0.012, 2.026, 0.2%&, and 0.33
inches). The fall velocities of quartz spheres of these sizes are 0.13. 2.35, 1.7,
and 3.2 ips, respectuvely; the measured fall velocities are 0.07, 0.25, C.95, ang
1.62 fps, respectuvelv. In the nighly turbulent velocity fieid of the flow In tre
scour hele, the Zfall veliocity which should describe the behavior of the seaiment
particles ys probably net either of these values, but snould pe related 1o either or

both o1 these values. Perhaps a K

o

W
= where w_ s the fzll velocity of
0

11

the quartz sprere in sull water having @ giareszer ecual o tne sieve size (clesr

space tetween wirss) of re meaqian sedimen: partcle s needea .n Eg. (5) o






