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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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PREDICTING SCOUR AT BRIDGES: QUESTIONS NOT FULLY ANSWERED

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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-E-é“ = -%g- - AWS = = + A WS (1)
b, = = (2)
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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

(2%



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
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correcs the fall velocity, but its value is unknown.

For drop height ratios greater than 2, the nappe always penetrated, out the
fiow pattern was not exacily what one would call siable; the nappe wavered
slowly z little, probably due to changes in the air pressure under the nappe, the
submerged jet was more erratic with the position of jet mpingement moving back
and forth and the location of the jer escaping the scour hole varying a&s the
"stable" eddies on the two sides of the jet increzased and decreased in size and
position. For all the secondary flow, the eddving, and the lzrge sczle turbulence,
the essen:zial descricuon of the flew in the scour nhole was still that of & sub~-
mergad e,

The results of these experiments zrz shown in Figure 5. Aithougn e Zaiz

seints 2lot in the generzl manner of £3. (3) (note what Figure 2 [s an arithmen:

H



plot; Figure 5 15 a logarithmic one) to fit the equation 10 the points, 1t 15 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 fit 1s cbtained by wriung

-1/4

vc‘ |
A = § —“-(-—) (6)
o
v
B = 6+ —\;;c- (7)
o
so that Eq. {5) becomes
A
6+ ¢C
D [y \ 374 v
- = & -\-;C- - 2 (3)
Ye o | 2 WS
e
Te

Eq. (8) :s plotted as dashed curves i Figure 2 to compare !t with the approximaie
solution, Eq. (5); Egs. (6) and (7) are probably oversimplfied expressions ior 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 nomunal 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 1s a repeat of Figure 5 with the famuly of
curves represented bv Eq. (8) added. Figure 7 15 a comparison of cepth of scour as

measurea and as computed by Ea. (8).

12
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APPLICATION

Can Eq. (8) or Figure 6, which were based on model scale measurements of scour
at the tove 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 (ript:apping) 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 Yo © 0.l ft and a sand of émm (002 £t) median
diameter, and two prototypes, one with a Yo T 1 ft and a gravel of 2-1/2 inches (0.2
ft}, the other with a Yo = 10 £t and boulders of 2 ft. The AWS/yC values of the three
cases would be the same, and for the sake of argument, the Ds/yc values also, The
critical (reference) velocities would differ by the square roat of the length ratio of the
mode! and prototypes, or by“\frd— and ﬁ; the nappes would be similar in shape and
the velocities where the nappe plunged into the poel 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 directicn for
each case as it leaves the scour hole should be the same if measured in proporticn of
the critical, reference velocity. Thus, if the sediment is sized such that the fall
velocities for the three cases differ by the‘\ﬁ__r (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 guite 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 hoie where the jet impinges (even
at the limit) is such that Reynolds effects should be very small. Therefore, Eq. (8}
should provide a useful prediction of the maximum scour that can be expected to occur

at ithe toce of 2 vertical wall.



Lnfortunately, this predicted scour s quite large; which leads naturally to
the quesmton ot whar factors could operate 1o 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 ume factor whicn wouid be important if the peak (or a high) flow

does not conunue long enough for the scour hole to reach i1ts limuit.

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

3. A self-sorting process which results 1 a scour hole lined with the

coarser fraction of the original bed material.

The rate of scour s very large at the beginning and half the depth of the
scour hole can be achieved in 5% or less of the nominal tume to reach the Lmit-
ing scour depth. The limit ts reached asymptotically witn tme s0 the nominal
time 15 obtained by extending the semilogarithmic curve of the active scour phase
to the Limiting depth of scour. The time factor for scour :5 not yet adequately
understoed. but at the laboratory scale, the ume 1o reach the lmit was of the
order of an hour (sometimes less). Because one might expect the ume require-
ments to be longer 1n the field, one might expect that the scour could De ar least
half of tne Limiting scour even for flash floods due to thunderstorms.

A few runs have been conducted with seaiment added to tne aporoach 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 approximateilv
three-fourtns of the Lmiuing ceptn of scour tor the clear-water case. For seci-
ment supply rates greater or less, the depth of scour woulc be less or more than
75% of the Limit for the clear-water case. Again, ume mught not Se suffictent 10
artain this lesser umit. but even in flash flocas the scour 1s hikely 10 be something

like 409% of the maximum scour expected I a clezr-water flow.

18



That leaves seli-sorting as the facvtor that could reduce the scour to a more
accentable amount. Experiments have not peen conducied with a mixed sediment,
but a preformed scour hole has been artfically riprapped successfully. The finest
sand was covered with three layers of the pea gra\;el and'rhen two lavers of the
pebbles.. The upper surface of the pebbles was ar an eievation of 1-1/2 tumes 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 nct
enough to result in deeper scour. Preforming the scour hole 1o 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 ~- partcles being removed from
the bottom, cast up on the downstream slope, then slumping down again. In 2
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 situatien, it
mignt be necessacy o cover the original material with a porous plastic membrane
which, 1 twurn, would be covered with an intermedizte-sized material below the

riprap laver.

Artificaliy riprapping the scour hole wouid be more certain than depending on
seif-soruing.  [f there is large rock in the bed marerial, it c.an be the source of
the riprap. Depending on the kind of vertical wall piaced, it may be necessary to
excavate the stream bed to the base of the vertical wall. [f tnat 15 the construc-
tien orocedure. conly a little more excavation would te needed Ior oreformuing the
scour fcle. [ the desired size of riprap and iilter layer 1s o 2e Iound in the
excavated material, they can be obrtained bv passing the marterial over a cougle of
grizzlies 1o separate out the coarsest Iractions. Addinenal, or larger, materizi
can be zacdeg as neeced anc tne preformed scour hole riprapped. The rest ¢f ine
materizl <an 2e r2oiacec in the excavauon I irere s notnng betIer 1o <o wih

1. The '"best" size of r.srap. cep:in of scour, a2ng nerght of wall secomes &
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standard probiem of design of selecting the combination which will be the least cost
to obtain the desired protection. This will probably aiways mean designing for the
maximum expected flood because the loss that could occur is not oniy the vertical

wall, but also the bridge it is meant to protect,
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PART II. SCOUR AT THE TOE OF A SLOPING SILL

THE QUESTION

In the preceding part of this report, It was cited that the
scour at the toe of a vertical wall could be ten tumes or more the critical depth
of flow (yc) at the brink at the top of the wail. If Yo = 2 ft, this would be a
depth of scour of 20 feet or more for & unit discharge of 16 cfs/ft, or a toral
discharge of 1,600 cfs in the stream 100-ft wide. This would be quite a structure
tn a fairly small stream. If Yo 7 3 ft, the depth of scour would be 80 ft or
more for a unit discharge of 128 cifs/ft, or a total discharge of 51,200 cfs 1n 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 1s transporting sediment, the scour might be 25% less (depending
on how much bed material load is being transported), (2) if the peak 1s very
short, the full himiting scour may not be achieved and the scour might be as
much as 50% less, and (3) if the coarsest fracuon of the bed material s left
behind in a self-sorting actuon In the scour process, the scour can be less, but
would be 350% greater than would be predicted 1f the armour laver were the
sediment size. All of these effects cannot be piled one on top of another so the
scour s only (C.5 x 0.5 x 0.75) about 20% of that predicted for the Limiting scour
for the clear-water case. The interplav berween the various effecis would be
smail, and even a reaguced scour predicrion results 1n a structure of censiderable
size, strength and cost.

Another geometry for a drop structure 1s the sloping sl This type of
structure has the obvious advantage that 1t can pe buillt of the natve alluvial
material at nand; the one structural requirement being that the siope s flat

enougn sc the soul mass s stable wnen saturated and supject t¢ Tthe  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 stabilizauion technique or by mixing with imported materiai. 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.
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FLOW AND SCOUR PATTERNS EXPECTED

The general situation for the sioping sill is as shown in Fig. 3. Upstream of
Seciion ¢ is the normal approach flow. At the brink of Secticn { <the flow
depth is slightly less than the nominal (energy} critilcal 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 shouid be cicse to normal on the sioping
sill, especiaily if the riprap covering the sill is large. Beyond Section o the flow
expands as a submerged jer; the sloping sill serves partly as a plane of symmerry,
partly to contribute to boundary laver growth and the expansicn of the jer. 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. Bevond Section s , the
scour will take a shape such that the boundary shear is egqual 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 slcpe).

23



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

a5:

T
Yo = Va'lg
or, .
3|
9 =8V,

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

situation by one. The normal flow on the sloping sil can be obtained Irom the

Manning formula using a Strickler-type evaluaticn of resistance, n = 00344 dn_UG:
7
= EL 1.49 y 5/3(sin 8 )U-
V8 YC = q = m n
00304 d
which reduces to:
"n drr e
— = Q45 | = &)
Ye Ye

where drr is the size of the riprap protecting the sloping siil.

Equation (9) would indicate thar the normal depth on a sloping sill [V:ieH 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 latrer case is probably trues the former case is probably not
true. When the size of the riprap is about the same as the depth of flow, the
resistance o Ilow is probably relatively larger -- a fair share of the flow is in between

and through the riprap.



After the flow becomes a submerged jet, 1t can be roughly described as:

b /2 = Yn

b = bO+K;(x~x0)

b = by + K (K,D, - Ksby)
where b 15 the full width of the jet about a piane of symmetry which 1s
the face of the sloping sul,
b 15 the mmtial full width of the jet,
x 15 the length of the jet along the sloping sill to the bottom
of the scour hole of depth Ds measured from the tailwater
surface, and
Xg 18 the length of the potenual core.

Now, if the best guess assumptions are that K] = .04, KZ = 17, and K3 = 6

(w8
S
[aN]
]

G.76yn + 0.082 Ds

and
0.5 1.5
g Ye

*b/2 T 0.76 Y, + 0.082 D,

The state at the bottom of the scour hole 1s that the boundary pariicle

snear 15 egual to the critical force and this state will be approximated by

tg v?2
‘e 120(b/e) 2 23

which, with substitutions and algebraic man:puiations, becomes

go.s v 1.5 0.76 y_ - 0.082 D \ 1/6
L e =™, ’FI_Z-_" = > d]/B
0.76 y, + 0.082 D v 2 }
D, a1 15106,112 7 v
£.082 — ~ 0.76 x 0.45 [=— = T I?
Ve Ve \120 \
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y:: v V< f

Equation (10) then is the form of relationship which it is hoped will predict
the depth of scour; however, it is to be expecred that the coefficients and
exponents will have 1o be adjusted because of the many approximarions that 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 verrical wall can be

anticipated.
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FIGLURE 9. Appreoximate Scour Relation Zor Sicsing Siil.
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The other hydraulic guestion 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 ¢ (slope) _

- cos8(l - 2no,
Te {bed)

an o (an

To = yn sin 6
If the slope is 1V:4M, the angle of repose ¢ is 30°, and the critical tractive force on

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

d,. = 2.3 Ye (12)

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 practicaliy be large enough 1o stay

by itself on a l:4 slope.
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THE EXPERIMENTS

The laboratory experiments on scour at the toe of a sloping sill were per-
formed In the same two-foot wide flume as was used for the experiments on
scour at the toe of a vertical wall. The flume 15 shown in Fig. 10. The sloping
sill was simulated with a wooden box, the top of which slanted down at a slope
of | 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 iforces 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 criucal depth of flow. Both needed to be anchecred with chicken wire or
hardware cloth and stapies driven inwo 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 0.8 of the averzge rock diamerer, and had to be anchored for larger criu-
cal deprhs. i

The few rocks that were the easiest to move because of their shape, placement
among other rocks, and the local flud forces were the only ones that moved - all
the rocks did not move when Yo Was just barely greater than 0.8 of the rock size.
But this is the concept of the critical rractive force - when the most exposed parti-
cle moves. If there s onlv 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 o the destruction
of the sloping sull.

It i1s recommended that the riprap be anchored !n place with heavy galvanized
wire mesh and soil ancnors. Even in the case of a concrere slab(s) instezd of rip-
rag, soil anchors should be used: otherwise, the concrere needs to be thick enough
{to be heavy enough) to resist an uplift including stagnation pressure uncer the siab.
Whether the use of a soil-cement covering on the sill would be feasible depenas on
whether the soil cement adequately resists wearing away by the sand and rock
moving aleng as bed lcad.

The discharge. measured with a V-notcn weir, was varieg 10 give critical cepth
vaives of between 0.06 and 0.4 feet. The taulwater wzs usually set to give vaiues

of .‘.‘,’S/yc 2f Z or & Thus parameter proved to be of little consequence witn just

o

Rt that the lesser drop resulteg n less scour. However, e margin of error,
especially beczuse of tne nen-twe-dimensionality of e flow znd the scour, opscured
the relatively small 2ffect of the drop height. At the brink (beczuse of curvilinear

ilow) the depth 15 less nan the normnal energy c<ritical. The nermal cepth s not



toc much smaller than the nominal c¢riucal, and the flow appreoaches normal quite
quickly. This fortunate finding simplifies the problem and the relationship.

The sjze distributien of the four sediments used were the same as in the
verucal wall experiments as shown in Fig. 4. The coarsest sediment, designated
"pebbies”, 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 of "a scour hole, the jet could literaily
biast 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 limit the
particies at the botrtom of the scour hole were mortionless. Tius 15 1 contrast to
the scour hole at the toe of the vertical wall where the sand particles, gravel or
pebbles at the bortom of the limuting scour hole were actively moving about, being
suspended, faliing on the downstream slope of the sccur hole, and slumping back
inte the scour hole.

In the case of the verucal wall, the limit was achieved when the upward
component of the flow leaving the scour hole was no longer able 10 hit the
parucies our of the scour hole in suspension. In this case of the sioping sill, the
Lmit was reached when the fluid shear on the pottom cf the scour hole was no
longer abie to move the sand particies as bed load; the downstream siope of the
scour hole continuea to eroce (but not much) unul 1t alse 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 tlume. It turned out that the sloping sil had been instatled
s¢ that 11 was not level across the flume; when corrected, tne scour hole was
almost, but not quite, level across. In subseguent runs, a variatlon in scour depth
across the flume was always foung; someumes deeper on one side, sometimes
deeper in the center. sometimes higner (n the center. The lack oi two-dimension-

ality was probably aue 'n part o the wall influence on the excanaing submerged
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jet. However, especially with the larger protective riprap on the sill, & pooerly
placed rock could deflect part of the jet in a way which wouid result in a locally
deeper scour. This kind of difficulty s probably 1o 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 wn Fig. !1. Aithough the points
piot in the genmeral manner of Eg. (10), the points are a gocd bit lower than the
tentative, approximate equation. A much better fit 15 obtained by adjusting the

coefficients ang the expcnent of the first term so the eguation becomes:

wnaere DS s tne scour depth measured from the downstream tailwater.

Y. Is tne critical depth of ilow,
s tne size of the marerial being scoured (or tnhe riorap
blanket in the bottom of the scour holel,
d 15 the size of the riprap laver protectng the surface of the sioping

rr

sill.
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FIGURE (1. Experimental Results: Scour at the
Toe of a Sloping Sill
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Figure 12 superposes Eg, (13)on the measured maximum scour points, and Figure 13

is 3 comparison of the measured maximum scour and the scour predicted by Ea. (13).
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FIGURE 2. Adjusted, Approximate Anaiviicai
Scour Relaticnship fcr Sleping Zill,
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FIGURE 13. Comparison of Measured and Predicted
Scour at the Toe of a Sloping Sill
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Experiments were made with a riprap bianket 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 (i.e, 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 Edq. (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 vaiue
for clear-water scour. If the approach flow is subcritical, of course, the reduction in
scour would be less.

As Ds/yC appreaches a value of unity as predicted, the normal depth of Ilow
downstream needs to be evaluated. Certainly, Ds/yn will be greater than unity,

and Ds can be grearer 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 o‘f a sloping sill, consider the following situation on a stream in Arizona:
«Channel 220 feet wide, banks 6 feet high, slope !/2 of 1%,
and estimated n value equal to 0.035;
«Discharge for design 10,000 cfs;
-Bed marerial median diameter 1/8-inch or 001 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, Vn = &9 fps, F = 0.7

n

It

Critical Flow: Ye 4 feet, Vc = 1L.4 fps

If 2 sloping sill 1V:4H protected by 12-inch rock covered with ancheored, heavy
galvanized wire mesh is being considered, the depth of scour would be, according to
Eq. (I13)

Ds = 425 feet

or a scour hole 37.4 feet below streambed, This Is too deep to be seriously
considered, but is for clear-water scour and {f sediment is supplied to the scour hole
from the zpproach 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:
Ds = 28,4 feet

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 siil structure,
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There is supposedly some small percentage of the bed marterial which is larger
than three inches. If this marterial which can be used to¢ riprap the pottom of the
scour hole has a mean size of four inches, the depth of scour, according te Eq. (13)

is only.

Ds = 153.3 feet

or a bottom of the scour hole only 0.7 feer below the stream bed. Railbank for
the sidewalls should be quite possible, especially if tiebacks are used at the top of
the rail or piies. About 20 feer of the botzom of the scour hoie shculd be riprapped
with & laver 1-1/2 or 2 stones in thickness. [f 3% of the bed material is this size,
the riprap could be obtained from the native marterial. If the cost of imported
material is less than passing the bed marterial 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 (equal ™ -_.rn) seiew the water surface should not Ce accepiad.

it is interesting to cziculate the anticipatad scour at & verticai wall. ror the

I/%-inch median diameter bed marterial accerding to the eguation:

iy
D ry L3/ g - | &
s . gl_c | " s
‘vT— p—1g ‘_ - =

YC b Wy - . 1. ZAWS
Y Y
¢

Ds = 107 feet
wiich, aven if wrong, it Is not wrong enough to make 2 vertical wall a feasible

structure unless the scour s scmenow innibiTed. Inhibiting the scour by riprapping the
Zottom of the scour hole to achieve the scour depth of the four-inch diameter riprap

with the sloving sill weuld reguire a riprap 12 inches in diameter. This, of course,



may be beyond the limits of the relationship for scour atf the toe of 3 vertical wall.
But even if the answer is wrong, it is not so wrong but what it indicates the sioping
sill is a mere 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. [f 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 & 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 weuld still be an acceptable form of crossing. ¥ the dip must be replaced wivh 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 doesnt have to be built.
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PART HIL SILL STRUCTURES AS REMEDIAL MEASURES

THE PROBLEM AND THE SCLUTION

A sill structure s a discontinuity in a siream where the bed suddenly (or gquite
suddenly) drops a  significant amount. The drop in bed elevation will also have an
effect on the water suriace elevation with the depth less at the overfall and a flow
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 drop.s of more interest, the jet wiil 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 unstzble altermately riding and plunging.

A sil] structure can be a naturzl condition as in the rapids of the Colorado River
through the Gerand Canyon, or it can be a structure bullt by man in 2n efiort to keep
the bed of a stream at some desired elevation. A dam differs from 2 sill structure in
that az dam rzises the water surface upstream and the reserveir behind 2 dam serves
as a trap for the sediment transported by the flow upstream of the dam. If a sil is
installed to rzise the bed elevation of a stream, it is really a small dam but with ice
little reserveir velume to significantly affect the streamilow. However, insofar as it
raises the water surface upsiream and traps the oncoming sediment load, it is a low
dam. Once the reserveir has become filled with sediment, the low dam is a sil,
Although now the bed of the siream has bean raised upstream, the channel bank
heights upstream zre less than they were, the division between channel and overbank
flow during floods will be changed, and the floodplain will eventually be raised.

If & sill structure is used to raise the streambed, the wvulnerzbility of the bridge is
arotably Increzsed Ior some period of time Selcre aggradation has raised the siream-

bed, and the Jeoth of Ilow =zt tne oridge is grester ihan i1 was anc Ine soour a2t The
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piers and abutments is clear-water scour rather than scour by sediment-iransporting
flow. Both are factors which result in more scour measured from the streambed.
Whether the sill structure is used to raise the strear-nbed, or simply to keep the
streambed in place, the scour at the tve of the sill 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 t0e 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
butld 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 tailwater elevations determined by the degradation that cccurs.

Scour in zeneral and bv jets in particular. Rouse [9] made an investigation of

scour by a vertical, two-dimensional, clear-water jet in a deep pool of water where
the marterial scoured out deposited immediately downstream in 2 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 jer, the initial velocity of
flow and tne fzil velocity of the sediment) and, therefcre, 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 1o move the sediment, and for the sediment suppiv c¢ase, when the capacity
of the flow o move sediment cut of the scour hole bpecame egual to the supply of
sediment to the scour hole. For a {inite rate of flow there must be some size of
scour hole when the appropriate limit would occur -- although the limit would gener-

aliy be approached asvmptotically so tne finite limit would only be reached in infinite

time.



The limit for the sediment-transporting flow case was easily demonstrated expéri-
n‘ientaliy by digging out & 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, [t 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 [11] that as a first approximation, the depth of scour did not
cepend on the velocity of flow or the sediment size. This simpiified 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 these same geo-
metric situations((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 lowa experiments cited clear-water scour experiments in
disagreeing with the interpretation of the resuits 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 10 appreciate the difference. Strangely, those
who insist upen some kind of velocity effect on scour (1) are not clear whether they
see the difierence between clear~-water scour and scour by sediment-transperting flow,
and (2) do not analyze the case of the long contraction, t.he one flow geometry simpie
anough 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 whar is happening. First, there is the flow before the jet enters the tailwater
pocl. This portion of the jet is important to the eventual scour only insofar as it
determines the initial conditions of the submerged jer 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 taliwater pool. The flow pattern is like,
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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 ¢f the jet is a continuation of the submerged jet after it has made
contact with and then has been turned up by the erodible, scoured-.cut bed, This is
the important portion of the jet; 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 wii_:h the ercdible 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 scour experiments of this research project. Two basic geometries of sills

were investigated in this project: {I) a vertical wall, and (2} a i vertical t¢ & hori-
zontal sloping sill. The experiments, the results, and the eguations to predict the
clear-water scour for each of these geometries were described in Part | and
Part Il of this rapert.

For the vertical wall, the prediction eguation was:

. v,
- 2 gl - 2
Ve v, S (3)
yC

where DS is the scour depth measured from the downsiream tailwater,
y is the critical depth of flow,
v is the crirical velocity

w_ is the fall velocity of a quartz sphere of median diameter d of the

material being scoured,

AWS is the drop in water surface across the structure,
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For the |V::H sloping stll, the prediction equation was:

02 v 0.1
S . o |ls 3/322\1 (13)
y_ - \d } KY ]
C \ c,

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

Yo 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),

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

These two prediction equations are illustrated graphically in Figures 14 and 10.

Note that the two prediction equations have different dimensionless 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 VC , althcugh it is not the velocity of the flow out of
the scour hole, i+ Is the refersnce velocity characteristic of the flow. |7 should perhacs
be emphasized that the fall velocity to be used in the prediction equaticn is the fall
velocity of a quariz sphere of the median sieve diameter at 20°C. If a mere correct,
or even measured, fall velocity is used, the coefficient would have to be changed.
The other parameter accounts for the change in the flew from the brink to the water
suriace cof the tailwater 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 cbviously
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 zoce of the sloping sill as bed load; thereiore, the sediment
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FIGURE tu, Adjusted, Approximate Analvticz!
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characterisuc of importance 1s the critical tractuve force which was taken as
simply four umes the median diameter. This approximate value should probabiy
be increased for fine material less than C.1 mm. However, for this fine a2 mater-
:al, the scour would probably be excessive in any event., Of course, f the very
fine sediment i1s cohesive (ie., clay), the critical tractive force should be :ncreasea
and would not be a function of diameter as a measure of the ratio of volume 1o
surface area (or a2 measure of the buoyant weight to the boundary shear force
associated with a parucle). The drop in water surface did not seem to be an
important paramerer; the normal depth on the s slope is a betrer measure of
the character of the flow as it enters the tailwater pool. Although there is z
diffarsnce in depoth of flow between critical and normal depth, using the normai
aepTh makes for a consarvative pradiction. The ratio of the size of the sill
slove riprap vo the critical dep™h expresses +his factor.

It should be emphasized that only with a very flat sill slope can the protec-
tive riprap pracucally be large enough to stay by iwself, A flat slope, nowever,
would reguire a large (length, area) volume of protecuve riprap., A flatier siope
wouid result n 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 IV:iH siopel,
but the length of slope beneath rthe tazi'water slope shouid not change appreciably
-~ however, the length of slope befcre the rtailwarer pocl would increase. The
opumum (least cost) slope wiil depend on local costs, ang the angle of a stable
slope which cepends on several factors, such as the angle of repose. The oDl
mum s orooapty selcom very different than a IV:4H slope.

Therefore, 1t is recommended thar the protective riprap oe covered with 2
heavy, ga.vanized wire mesn anchored (nto the ground so that the seepage 1orces
and fluid boundarv shear cannot move the protecTive riprac. The protective riprap
snouid e 1solated {rom tne underlving material ov @ sand and grave! inverted

lilter, or oy permeable, long-lastuing fabric and a gravel laver. This is 1o prevent
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leaching of the underlying laver through the riprap. The gravel on top of the
fabric would be to protect 1t from rips and from the sunught. Tne gravel must
be large enough not to be lost by leaching. Riprap which 1s not anchered to the
underlytng sotl mass must be very large; for a IV:idH slope 1t shouid be at least
equal to the {enmergy) critical depth [see the derivation of Eq.(12) ]

The choice of size of protective riprap probably depends mcere on availlability
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 riprapping the bottom of the scour
hoie than by increasing the size of the slope riprap.

It would probablv he good practice tc have the wire mesh under as well as
cn tep of the riprap -- at least at the edges, and especially at the bottom edge.
The rwo layers of wire mesh should be tied together making a "rock quilt" that
couid settle, but remain intact. Gabions could also be used, but thev alse shouid
propapiy be anchered -- 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 predicied
by the appropriate equaticn. The flow can be transporung sediment, and (f the
approach flow supplies sediment at the rate that critical flow would, the depth of
scour at the toe of the vertical wall wil be 75% of the clear-water prediction,
and the depth of scour at the toe of the sloping su! will be 50% of the clear-
Water pregiction.

The peak of the hydrograpn can be tooc short a uime to resuit .n the final
equiliprium scour bewng attained. To aig out a scour hole completely takes time.
However, 30% of the final scour depth 1s attained very quickly and 90% of the
final scour cecth does not take a grear, lorg ume. It us onlv when the egquili-
brium depth of scour 1s approacied that the capacity to eniarge the scour hose

becomes verv small ane the ume needed o scour a lirile more becomes great.
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One difficulty in relving on this tume c¢onsideration in predicting less scour s that
the flood hydrograph as well as the peak flow must be known (esturnated).

The other consideration is the riprapping of the bottom of the scour hole
either narurally (self-sorting) or artifically. For the sloping sill geometry, this
consideration is tantamount to changing (increasing) the size of the sediment 1o be
scoured out. In practice it is recommended that the bottom of the scour hole be
arufically riprapped; then the size and extent of the riprap can be controiled and
known for sure. [f 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 acrive 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 particlies -- thev are being tossed up
into suspension .and falling back onto the downstream siope of the scour hole, then
siumping back down. The riprap blanket must eitther be very thick to permit this
action and still net uncover the underlving finer sediment, or the scour depth
must be increased by 50% to reduce the activity.

It is not proper to expect all these considerations 1o affect the scour depth
in conjunction. They are quite independent considerations. [ the hoie is riprap-
ped, the fact that the flow is transporung finer marerial 1s of no consegquence. LI
e hole is riprapped, any finer material overlving tnhe riprap laver will be remov-
ed very quickly, Only in the case cf an unriprapped hole and sediment-iransport-
ing flow mugnt there be also a time consideration. However, e evigence from

field measurements of scour at plers indicates sirongly that local scour holes

P

cevelop so rapidly that equilibrium scour :s sensiply atiaimed throughout the scour

nydrograph.



For several reasons, the sloping sill would appear to ve the preferred geom-
etry: the scour depth 1s less, the structure :5 less, and the lower end of the struc-
ture can be added to quite simply if need be i the future.

If the dimensioniess predicted scour depth 1s less than about two, the answer
1s probably unrealistic.  The scour depth will be at least a littie greater than the
downstiream tailwater depth. In such a case, 1t 1s pracucally sufficient to assume a
nominal scour depth 50% greater than the tailwater depth -- remember that the
scour depth 1s defined herewn for this kind of geometry as being measured from the

downstearn (tasiwater} water surface.
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DEGRADATION

Since the purpose of installing a sl structure 1s 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 cf the
degradation phenomena is needed. Although the geological role of the river 15 to
transport the mountaih to the sea, bit by bit, and although there is degradation n
the upper reaches and aggradation in the lower reaches, this process s seldom of
interest because the degradation s too siow 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 vears. The reason wny 1T
happens can be natural or man-caused; but always the reason 1s a changed condi-
tton.  Occasionally, 1t may be possible to make another change which wiil result 1n
aggracation; thereby cancelling out the degradation so the elevation of the river-
bed remains what i1t was. More often, such a selution 1s not feasible.

A long contraction can also resuit in lowering the bed of the river over a
considerable distance. However, a long contracuon scours cut on the rising leg of
the hydrograph and then fills on the recession {there may be a tume lag, and
various "strange" things rmght happen :f the floods cannot fully scour ana fiil the
enture length of the long contraction). The point s that the lowering of the
streamped 1s not permanent, but in response to the change in the warter surface
elevanien -- or the discharge.

There are other similar fluctuations in the sireambed that can tzke place:
usually these are somehcw associated with changes :n discharge. For example, a
tributary in flood can supply a large seaiment load to the main stream, resulting
tn depesition. The mawin stream can late- floed, and be abple 1o remove the

previous deposition (L.e., 10 erode it}



These kinds of fluctuations should be considered forms of general scour at
the bridge crossing to wnich the local scour at the piers and abutr-nents shouid 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
resuiting in fluctuations of the riverbed elevation. There are two aspecis 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 estumate 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
vear, ten vyears, or a hundred vears? "That is the question,” [f the answer is
something like one year, an emergency measure is needed immediately. If the
answer 15 something like ten vears, the remedial measure needs t0 De put in the
budget scmetime within tne next few years. If the answer 1s something like a
hundred vyears, it is possible the bridge will be torn dewn to be replaced by a
wider, stronger bridge before anvthing 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 caregories: e:ther tne slope stays the same, or almost the
same, 2s i1 always was, or the slope reduces to tnat of z flow which 15 no longer
competent 10 move the sireambed material, or the slope reduces to less than it
was, but greater than that ¢f clear-water ficw.

The classic example of the first category :s the meander whicn swings i on
irself and cuts ofi, shortening the river and creaung a disconunwty n the ced
T

for 2 moment, ne increased capacity of tne flow upstream of the cutoff results
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in a headcut which moves upsiream. The increased supciv 1o the reacn down-
streamn of the cutoft results in depositien in the fcrm of foreset and topset beds.
The reacn of active erosion and aeposition 1s steeper than tne originzl siope of
the stream, but as the reach lengthens, :t gradually approaches the original slope.

At the limit, the enture river upstream of the cutoff s lowered half the
drop of the disconunuity at the cutoff and the entire river downsiream 5 ratsed a
like amount -- at least as a first approximation. The drop at the discontinuity is
equal to the procuct of the slope of the siream and the length of the meanqer
which 1s cutoff and abandoned.

This description will be modified a bit if there s floodplain flow because the
percent of tne total flow in the channel will increase from the normai where the
channel 1s ercded and will decrease from the normal wnere the channel fills.
Ancther factor which can cetermine wnat eventually happens is the condition at
the lower ena of the river. If the river ends at the seaz or pv beimng tributary to
another much larger river, it 15 possible that the warter and bed elevations at ine
fewer end will not change appreciably. Under those condiuions wnen the deposi-
ticn reacnes the end of the civer, a headcut starts there and moves upstream
"erasing" twne former deposiuion and adding to the former ercsion so that the
amount of degracation apove the cutoff is the total drop at the original cutoif,

This description, tn turn, <an be modiited 1I for everv meander thal cuts
oif. a hundred other meanders lengthen oy one percent of the length of 1tne
masnder wnich was cut oif, The overall effect on the river 1s then nil, but some
reacnes erode and some reaches depesit. All it all, even this "umple" class.c
case can »>ecome compl.caiea and oreciction of cegracation difficuit.

Apgther comeen exzmoie o©f fme 13T CaT22ery s whenm the comtezl osectice

.o 3 3Tm2zm 3 Ooweregl 8., 3lie” (Te Tealir 3irezm legTades sIcve 2 2.mori, e
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triputaries start degrading to march this new control. Except insofar as the divi-
sion of channel znd floodoiain flow changes. the siope of each iributary will Re

wnat it was.

The classic example of the second category s the dam with a reservorr
large encugh to trap the incoming sediment load but too small to affect the #low
discharge. The flow out of the reservoir is clear water. [t has a capacity w0
transport sediment. It will transport sediment at its capacity (granted that thar
capacity changes as the bed material changes and the flow characteristics change).
Since capacity exceeds supply (which is zero out of the reservoir), degradation
cccurs starting at the dam and proceeding downstrear.

As the bed erodes downstream of the dam znd reserveolr, the depth of {low
increases, the velocity of flow decreases, and the reguired slope decreases. The
new velocity and depth can be estimared from the requirement that the particle
shear must equal the critical tractive force cof the armoured, self-sorted bed.
This esuumate can be made, but not ezssily beczuse the amount ¢f coarse materizl
avauable for armouring throughout the river 1s unknown (and unknowzble for a
modest oprice). The percentage of ccarse mater:al which leaves each reach so
that 1t cannot contribute to armeuring is unknown {although what leaves one reach
becomes part of the nex:t reach), and the particle shear and critical tracuve forcs
are only angroximaTzly known. Tne other factor that must be known, however, is
the resistance (or resistance factor; l.e., the Manning n) for the armoured ked,
whieh in o3 real river will not Se the same as for a smeotn, ripragped. arismatic.
man-mage channei, The slope, tnereicre. is not knowaple with graat pracisicon —
wnich 15 unicrtunate Seczuse the ulumate limit s & river of that unknown sicpe
fixed downstream at some controf elevaiion. A5 2 e apove exposition was not
discouraging =nougn, the sgudibrium sleee f3r I2rs Movement cegenas N The <is-

CRErE2 25 Ml &3 The ErTMeUr laver INd CosSTENCD Jtell.clent
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In berween the limits of zero transoor: and the same as 1T was, there 15 a
considerable variety of degracatien cases. The classic dam case changes as socn
as a tributary joinns the main swream and the sediment load wrucnh must be carried
becomes greater than zero out less than what it was, Whether there 1s degraca-
tion or .aggradation below the confluence depends upon how mucn sediment the
tributary adds and how much the flow i1n the mainstream 15 controlled (or even
decreased if 1t Is an irrigauen or water-supply reservorr). The required slope
downstream from the confiuence is imposed by the flow and sediment load, but

isn't reaily a single vazlue because these variables are not single-valued variables.

The required sicpe 1n a stream can be changed by adding o, or subtracting
from, the flow of the strearmm without changing the sediment load; thereby causing
aggradation or degradation. If a stream 1s narrowed, the regquired siope will be
less than 1t was. If the Manmuing n value s reduced, the reguired siope will be less
tnan 1t was. Blocking off several small streams and ceombining them to flow
through the same cross cramnage structure will probanly resuit in degradation of the
combired siream cownstream. [n all of these examples, degradation of the thurd
kind will occur.

[t should De apparent that even to predict the Limit of degradation 15 not
easv, Some of the things that need ¢ be known 10 make the predicuien are
unknown, and likely 1o stay that wayv for some time. To be zapie to say more
about now the degradation at a osarticular sscvien will vary «itn time means To be
2nle 1o cescripe the capacitwsupply :imbalance with Time, wnich, n turn, means
peing acle <o agescribe the flow characteristics guring cegraczuoen, the sediment
ransport, the resistance, and 10 have knowieage of tne sediment 1n the volume
whicn w.ll pe eroged. Thren, in zdaition, the {uture {iow mus: be known, ar 2lss
rever (7 could oe comouted) wouic -ave iz 2e sut .noterms oo M these

Tows cCoor. This gegrazanen will ocsur?



In practice, 1t will probably be necessary to ooserve degradation as T sizrs
and centinues (or the conditions tnat could resuit in degradation). Then take such
remedial mezasures as seem to be appropriate, with a iittle conservazion. A s:if
strycture could be such a remedial meazsure. Then continue to observe. and
if 1t seems necessary, remedy the remedial measures. A structure which can
be added to or improved at the bottom seams like a "goea” solution.

Others nterested 1n degradation for cone reason or another seem to have

come 0 much the same conclusion. The Corps of Enginesrs Streambank Erosion
Study [13] mentions degradation as an unsolved problem, mentions sill structures,
but provides no guidelines or advicz as to how to proceed. A Nartional Academy
of Science reporz (14] on the use of matnemartical {computer) models to aetermine
flood levels on alluvial streams which can zaggrade and degrade couid not advise
the use of tnese more complex and costly computer medels. The resulis were no
better than tne results from computer programs with rigid boundary channels.
The lack of confidence was acscrived to:

(z) No faizh in sadiment-transport formulas,

(b} No reliable values of the {riction fac:or,

(¢) Inadequate uncersianaing of armouring, and

{d) Inability 10 include Sank widening efiects.
Two other recent reporis bear titles [13,16] that would indiczte the answer to the

cdegradaton problems should be containea there:n, 2ut only qualitative descriptions

i

f degracatuen zre actwially presentec. This may maxe the reacer mere aware 2

tne srociem, cut does not heln 0 tne solution of he zrogiem.
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SOME HINTS ABCUT S3CME 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 anyéne except the students, Their contribution
being time and "sweat”, A summary of their findings is included herein because they
are of use tc solving the problem of making bridges less vulnerable,

The first tc 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 didn't need tu be as large as the previous sclution [1Z]predicted. He found the
previcus solution could be modified by evaluating T = 7d  instead of T. = 4d. This
results in riprap sizes about half that which would have been specified previously.
This work is important because it provides a more reasonable, altemartive remedial
measure, Ferhaps in some situations it would be better to riprap the pier and abut-
ment scour holes at the lowest possibie level, and let the degradation occur. Marcus'
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 predicied
scour depth should be equally interesting - if the lesser prediction is more correct.
Alawi [18] investigated tlis question in the same small {iume 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 C3U Staff in the training and design manual prepared fcr
FHWA[19] and by Jain 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 Experimental Dara.

stieeper and less sediment is supplied 1o the scour hole, IZ the correct width of scour
hole is used, the old analysis still predicts. In Arizona, high Froude numbers are usual
and the CSU/HIRE predictions of scour seem to e too high, by twica.

Siiverston in an analytical study [21] using the computer, found that for a given
discharge, sediment lcad, bank erodibility, and Mamning n , there was a cerain
table width, depth, velocity and slope. The siope was the lezst well-described of the
stable channel characgreristics because Silversicn could do ne berter than assume 2
nominal n value. However, it should be nored that the slope is zlso derermined by
the velocity and depth of {lew, and they, in turn, are detsrminec by the discharge and
sediment load. The approximare relationships Slverston found resemble the Iamous,
old "regime" ecguations, but with coefficients and sxponents which vary with the

-

sediment concantratien znd sank ersdibilitv. Tsav(22] used Siiverston's relationshios

1o explzin cbserved »ank retrezt on seme of ine larger sureams in the TuCSOn arez.
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All of this work needs tu be repeated and expanded tou provide more confidence in
the predicied chamnel 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 zll its
"good" shape effect when it is at an angle to the flow. Elhasan (23] investigated this
problem and found that the elliptical pier ioses most, but not zll, of its shape effect.
This little experiment illustrated nicely the fact that often the simplest way to
answer a question is to run a [ittle 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 {ind the
scour at a spur dike at an zbutment, 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 enocugh. The
affect of scour on backwater is due to the fact that an excess velocity is not
developed when scour accurs. The backwater which occurs is only the fraction of the
flow obstructed times the apprcach velocity head, This last finding is of great

importance for many different problems.
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APPLICATION

To illustrate the application of these preaictions of scour at & sloping sill,
consider a bridge worth 31,300,200 sull having a life expectancy of 25 vears. The
river 1s 200 feet wice, contained within 15 banks even for the maximum expecied
flood or 25,000 cfs with a slope of 0.0064 and & Manning value of 0.03. The
{00-vear flood 1s 10,000 cfs: ne., the maximum expected flood 15 2.5 umes as
large as the 10C-year flocd.

There 1s a i6-foot headcut moving upsiream towaras the bridge which will
cause the destruction of the bridge if "something" isn't done very soon. I a
sleping sill structure of tied-wire rock, riprap, and raiibank 1s considered, it needs
10 be examined for the maximum expected flood and the 10Q-vear flcod. The

comparison s shown 1n e following tabulation:

Comoparison of Possible Sleooing 511l Strugtures

Maximum
100~Year Flood Expected Flood

Slope $ 70,000 182,222

Hole 2,333 8,388

Walls 15,643 77,350

TOTAL S 88,481 $228,660
Dhfference in Cost 3140,179
Probacie Loss for $375,060

1C0-Year Flooc

I{ nething s agcne ane the briage !s destroved, $1,300,000 wul se lest.  The
cost of the larger sili Ior the meaximum expected iflced s oniy 15% of tre value
of the bridge znc would be usufied. The sill cesignes onlv Ior the 150-vear

ilece costs oniv 209% of the larger sidl: ne difference .n COST IO Drotect agEirst

T-e .zrzest :looc excectec nsieza of the usual, nomural. siilc.al (120-.ezr) Iloca.

8]
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is 10% of tne vaiue of the bridge. However, the probabie loss is np x original
cost, or 23% of the value of the bridge. Note that n is the remaining life
expendency, 25 vears, and p Is the probability the [00-vear flood will be equalled
or exceeded in any one vear.

These costs were obtained as follows: Assume the tied riprap on the slope

costs $60/cy and is 1.5 ft thick for the 10C-year flood, but 2 fr 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 $i5/sq ft for

the maximum expected flood, all costs are in place, net just for marerials.

Comparison of Reguired Sloping Sill Structures

Maximum
100-Year Flood Expected Flood
Total Discharge 10,600 cis 25,000 cis
Unit Discharge 50 cisfft 125 cfs/ft
Critical Depth 4.3 1t 7.9 ft
Normal Depth 4.6 ft 7.3 ft

Assurne bed material is 0.C1 ft (1/8 inch} and protsctive sill rip-
rap is | It.
Dy 10.9 12.8

Ds 47 ft 160 ft

Both of these scour depths are too great. Therefore, plan to rip-

rap sccur hole with l-fcot untied rock.
DS/YC 2.8 3.6
D, (from water surface) 12.0 ft 28.4 it

20.5 [t

~4
.
L
LY
wt

ds {from bed level)

These scour depths are practicable and will serve Zfor the desired illustrazion and
comparisen.  The scour depth, the water surface drop, the slope and the bank

height result in the cosis estimarted.
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Notre that even e total cost of the sul designeg tor the maxumum flood
costs less than tne weignted loss of just the oridge n 2 flood larger than rthe
100~-vear flood. When the situation 1s examined in zhis way. 1t 18 so often true
that the [CQ0-vear rule is just not good encugh.

Lookiryg at the costs of the different elements of the silly 1T !5 apparent that
the riprap :n the scour hole 1s the least cost, and the cost of protectng the
slope 15 the greatest. With better relative values of unit costs, incluaing cost of
different diamerter riprap, it should be possible to cprumize the cost of the sill
structure. [f 2-foot diameter riprap was used, the cost of that riprap weuld
increase, but the ceost of the slope protection and of the walls would decrease.

There are rthose who would ncrease the cost of construction by a capital

recovery facior -- the cost of porrcwing monev. In a pay-as-veu-go system, It

can be argued that such a cost is not incurred. However, 1f it must be (justfia-

bly eor not) then 1t should be the appropriate interest rate in a noninflationary

worla (about 2-1/2%), or the vaiue of the br.gge must be inflateq over ume 1w
account for the rate of inflation.

An annualized risk analysis !s shown below Zor rares of interest from 0% o
10% n a nomnflationary worlc., The alternatives consicerad are:

Alternauve | - co nothung

Alternztive 2 - design for 10C-vear {lood

Alternatnive 3 - design for maximum floed
[t .s assumed thar :f nothing s done, the oricge will fail in a ten-vear floca. As
the example s stated. 1 nothing s done the Sridge will izl soon, and inis
nominal grobability s sufficient o demonstrate that someth.ng should e cope

Iz 15 Zuriner zssumed that even .I the -l 15 cesignec Ior the Tax.mum experied
floocg. zhers s some small sropastlisy Tnat .t will izl -- sav pe same as he
crooablity of tme occurrencs of the 350G0-vezr tloca F.rzher, Tre zss.moiion 5
TMECe TTUET TTe Iy '3s3 .8 ThaT oI otre Sf.Cgﬁ- o.wen The Z0=T JI DF’:‘:E""J."% e






