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aboratory Study of Spur Dikes for
ighway Bridge Protection

USUMU KARAKI, Assistant Research Engineer, Civil Engineering Department,
olorado State University, Fort Collins, Colorado

This research study of spur dikes was spon-
sored by the State Highway Departments of
Mississippi and Alabama in cooperation with
the Bureau of Public Roads, Washington, D.
C. It was conducted for the purpose of deter-
mining the value of spur dikes as protection
for bridge abutments and to determine the re-
lationships between the various geometric
parameters.

The investigation was made in two stages;
first, the effectiveness of the spur dike for
reducing scour was demonstrated, the location
and shape determined, and second, criteria
were established for determining the length
of dike required at a particular location. The
results are qualitative and restricted by the
limitations of the study.

PROTECTION of bridge abutments and piers from scour during floods has long posed
problem to bridge engineers. Bridge failures by scour could be prevented if bridges
ere constructed to span the entire channel with no obstruction in the channel. This
ethod, of course, would be impractical and expensive. Bridges could also be pro-
ted if the foundations extended to sufficient depths to avoid undermining by scour.
though this is perhaps a better solution in most instances, knowledge of scour pheno-
enon has not yet advanced to a stage where reliabie predictions of scour depths can
made.
Scour at bridge abutments is caused primarily by flow concentrations and turbulence.
has been found that flow concentrations at the abutment can be reduced by stream-
ning the approach to the bridge opening with spur dikes located at the abutments. Spur
es are guides to direct the flow properly through the bridge while distributing the
ow across the opening and making the entire passage a more efficient waterway.
Spur dikes have been used in a number of states. Some, as in Georgia have been
nstructed of timber; others, as in Pennsylvania, have been constructed with rock-
embankments. In Missouri, Mississippi and Alabama, they have been constructed
ith earth fill embankments. In all cases, the chief purpose of the spur dikes is to
tect the bridge foundations from scour by reducing high local velocities and prevent-
excessive turbulence and eddy formation,
Despite the numerous and varied types of construction of spur dikes, there is still
apparent lack of adequate criteria to be used as guides to proper design. It is per-
ps for this reason that spur dikes are not more frequently used, for certainly the
st of spur dikes in most cases is small compared to the total cost of the bridge or
e entire highway project. To establish criteria for design of spur dikes, the sponsors
ranged for a research study to be conducted at the Hydraulics Laboratory of Colorado
te University. The study was conducted in two stages: The first stage was to de~
rmine the effectiveness of spur dikes and the important variables to be considered in
detailed study. The second stage was to establish criteria, however tentative, asa
1
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guide to design. The entire study was primarily qualitative in nature; that is, the
models show where scour will probably occur but cannot be scaled to indicate how dee
the scour might go for prototype conditions.

Recognizing that wide stream channels consist of two parts, a main channel and
flood plains for overbank flow, this research was limited to study of spur dikes for
abutments on the flood plain away from the main channel. This paper is a report on
these model studies, and the results can be used as a guide for design where distribu
tion of flow on the flood plain is reasonably uniform.

LABORATORY EQUIPMENT
Flume

The laboratory study was conducted in a flume 16 ft wide and 84 ft long (Fig. 1). T
consisted of two sections of flume, each 32 ft long, separated by a recessed section 4
ft deep and 20 ft long for the purpose of providing scour depth at the test section. Th
bed of the flume consisted of sand to form an erodible bed with a fixed slope of 0. 0003
Water was supplied to the flume by a 14-in. pump and recirculated. Discharge mea-
surements were made with a flat plate orifice and a standard differential air-water
manometer.

As the study progressed it became desirable to establish concentrated flow along
roadway embankment. This was accomplished by constructing a separate inflow to th
flume at one side of the test section. Water was supplied to the side box by an 8-in.
pump connected to the same recirculating system.

Models

Highway embankment models were made 1 ft wide at the top and the roadway was
placed 0.6 ft above the flume bed. The embankment side slopes were 1%:1. The spu
dikes were of both erodible and non-erodible types. For the initial and latter part of
the study involving riprap, erodible dikes were used. All dikes were 3 in. wide at th
top and constructed to the same height as the roadway embankment. Side slopes of th
dikes were 1%:1 except for the riprap studies where 2:1 slopes were studied to obse
effects of undercutting. Riprap for the dikes consisted of ¥-in. median size gravel

oo —mmm - - 32 - —-——- o= 20' -~ — - —-— - 32" ------- -
Approach 1 Recessed Section ! I
P — i ) i ? ?
= | Spur Dike-, ! : 8 3
g Direction i e i = i 4
% — of Flow i ! * 3| ¢
Y — ! -Roadway g ! o
1 1
— i | I 4
— : | 1
——]  -{--side Inflow Tailwater
Control
FLUME PLAN
Headbox., |~~~ """ --s=os-------o—- 84 ~ -
s
; Tailwater Control--.
( 1 Ji 1 . Test 'Section - ' —
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-— i I N (P =
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Figure 1. Schematic drawing of test equipment.



th gradation in size from Yain. to % in. The gravel was placed at random on the
ce of the dike.

TEST PROCEDURES

The procedure used for all runs was the same after certain pilot runs were made.

e entire study was limited to clear water (no upstream or recirculating supply of
ment) with flow quantities varying with the size of the flume constriction. Pilot

ns were first made to determine the flow discharge in the flume which, at about

4-ft depth, would not develop ripples or dunes on the sand bed but the shear force

the bed would be near the critical tractive force of the bed material. This test

s made with no roadway constriction in the flume. The desirable discharge was

und to be 4.8 cfs which gave an average velocity in the flume of 0. 75 ft per sec.

easurement of velocity in the flume was made with a Pitot tube and adjustments were

de in the head box so that a uniform distribution of flow was obtained across the

dth of the flume,

The length of roadway embankment necessary to develop measurable scour depth

s determined by trial. At a contraction of 0.5, scour depth reached avalue of 0. 751t

a period of 5 hr and increased very little after that time. Since sediment was not

pplied in the flow, equilibrium scour conditions could not be expected within a rela-

ely short period of time. Therefore, it was decided to standardize test time rather
to proceed to equilibrium conditions because the study was primarily qualitative

it was desired to avoid an unnecessary amount of time for each run, Flow depth

0.4 ft was used in all tests measured at a section 4 ft upstream from the tailgate

ntrol.

In tests involving flow from the side, the total discharge with a given bridge opening

s held constant for comparative purposes and to avoid transport of sand in the flume.

us, the discharge from the head box was reduced by the amount of the side inflow,

this procedure, a longer roadway embankment was simulated by assuming that the

e flow essentially represented an additional width of the flume. The additional

th of embankment was computed by dividing the total side discharge by the unit

scharge from the headbox.

cedure for Each Test

The channel bed was leveled before each run and the same bed slope was used for
tests. Water was introduced into the flume from both the upstream and downstream
s to prevent scour at the test section before proper flow conditions were establish-
in the flume. After filling the flume to the proper depth, the downstream pump

s shut off and the upstream discharge increased to the proper amount. The water
pth was controlled by the tailgate to 0.4-ft depth at the downstream end of the flume.
ter 5 hours' run, the upstream discharge was shut off and as the water receded in the
t section, the scour hole which formed at the bridge and spur dikes was contoured

0. 1-ft intervals. The water surface in the scour hole was measured with a point

The results of all tests were recorded by photographs in both motion pictures and
photographs, and most of the measured data were obtained directly from the photo-
phs.

RESULTS

The following is a list of definitions for symbols used in this paper. Terms are
defined in Figure 2 and where they first appear in the text.

, = Length of bridge opening in the flume (ft).
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Figure 2. Definition sketch for symbols.

= Length of spur dike measured along the major axis of the ellipse, normal
the roadway (ft).

= Equivalent length of roadway embankment projecting into the stream chann
normal to the direction of flow (ft).

= Ratio of the major axis to the minor axis of the elliptical spur dike.

= The width at the bridge section, measured from the abutment, through whic
the embankment flow Qg is concentrated (ft).

= Depth of scour measured at the bridge section (£t).

= Quantity of flow in the flume obstructed by the roadway (cfs).



Q¢ = Total discharge through L of the flume (cfs).

Qi* = Total discharge through the length Wy, equal to Qg+Qmn+Qys (cfs).
Qus = Quantity of flow approaching Wg normally (cfs).

Qs = Quantity of flow entering from the side of the flume (cfs).

Qe = Quantity of flow obstructed by the embankment equal to Qg+Qp, (cfs).
q = Unit discharge per width of flume from head box.

m = Contraction ratio of the flume equal to 1?;1'0 £, I;an .

ect of Spur Dike Shape and Location

The initial stage of the study was conducted to demonstrate the effectiveness of spur
es to control scour at the bridge foundation and to develop a better understanding

the important variables involved. The results of the study are assumed to be com-
rative, except for those otherwise designated.

Figure 3 shows scour that can occur at a bridge abutment which in most instances
buld probably cause undermining of the abutment with possible failure of the first

w spans of the bridge. Contour interval of the scour hole is 0.1 ft. The scour hole
caused by large velocities due to flow concentration, which develop shear forces
eater than the bed material can withstand. This is augmented by the development
turbulence due to merging flow near the abutment. The effectiveness of a spur dike
reduce scour at the bridge is shown in Figure 4. Although there is evidence of scour
the end of the dike, actual scour at the bridge section is reduced, demonstrating that
e bridge of Figure 3 would probably have failed, but the bridge of Figure 4 would not
ve been threatened severely for the same flood condition.

The importance of spur dike location is shown in Figures 5 and 6. As the dike is
fset from the abutment, there is increasing scour at the bridge section, and when the
e becomes sufficiently displaced from the abutment two distinct scour holes form,

e at the abutment and another at the tip of the dike. It was demonstrated by these

sts that the spur dike should be located at the abutment to be most effective.

When a channel is constricted by a roadway, the obstructed flow is forced to flow
ound the constriction. Under this condition, the flow lines are usually curved near

e bridge abutments. Because of this natural curvature, it would seem logical for a
rved dike to develop better streamlining than a straight dike. There are a multiplicity
curved shapes that could be used: parabolic, hyperbolic, spiral, elliptical, and
rcular. Of these, the elliptical is probably the simplest geometrical shape and the

e to be considered because of the adaptability to field layout. A convenient reference
established by locating the minor axis of the ellipse along the roadway shoulder and
ranging the side slope of the spur dike so that it becomes tangent to the abutment

i the case of spill-through abutments).

Figure L. Scour at the bridge is reduced
although there is scour at the end of the
spur dike. N\ = 2% Ly=3.0 ft Q =

4.8 cfs Q, =0 L, = 8.0 ft.

pure 3. Scour at a spill-through abut-
t. Ls =0 Qt = 4.8 cfs QS =0 Lo =
8.0 ft.



Figure 5. Straight spur dike is offset Figure 6. Straight dike is offset fr

from the abutment a distance of 0.l Ls' the abutment a distance of Ls' Ls = 2.28

L, =2.28 ft Qt8= 4.8 cfs Q, =0 L, = £t Q = 4.8 cfs Q =0 L = 8.0 ft.
.0 ft.

Figure 7 shows the results of tests conducted for two spur dike lengths of various
elliptical shapes with the major axis normal to the roadway and the minor axis along
the roadway shoulder line. As the shape of the dike becomes more nearly circular,
there is an increase of dg, the scour depth at the bridge. This is reasonable, for as
the dike assumes a greater degree of curvature, the concentration of flow is greater
along the dike. The results also show that another important variable in designing
spur dikes is the length, Lg, along the major axis. For the two lengths, 2.27 ft and
3.41 ft, tested dg decreases with an increase in Lg.
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Figure 7. Relationship between the curvature of the ellipse and scour at the bri
section.



Observations made during these tests indicated that although the 3:1 elliptical dike
ppears to be best from the standpoint of least scour, the flow did not follow the boundary
f the dike. As a consequence, the total bridge opening was not fully effective. This
5 indicated by deposition of sand adjacent to the abutment (Fig. 8). Figure 9 shows
e test results with a 2%:1 elliptical dike of the same length showing no deposition.
he latter indicates better utilization of the bridge opening. The more efficient bridge
bening with \ = 2% offsets the slightly greater depth of scour, therefore, the 2%:1
liptical dike was selected as standard in the remainder of the tests.

ffect of Spur Dike Length

The preliminary study has demonstrated the effectiveness of spur dikes to protect
idge abutments from scour. In designing a spur dike it is necessary to consider its
incipal functions. These are (a) to distribute the concentrated flow at the abutment
5 uniformly as possible through the bridge opening, and (b) to reduce the mean velocity
ijacent to the abutment and decrease the turbulence. The dikes can be made to per-
rm these functions by choosing proper shape, location and length. The dike at the
butment was shown to be the desirable location and an elliptical spur dike with a 2%:1
ajor-to-minor axis ratio to be most effective. The length requirement of the dike
bmained to be established.

Results of tests made with normal embankments, and A\ =2% are given in Table 1.
ese tests were made to determine the effect of embankment length, Lg, and dis-
arge on the spur dike length. Although values of Le varied, there were basically
ree sizes of clear bridge openings, Lg, tested in the flume. Values of L were 4.8,
and 11.2 ft. The various parameters are shown in Figure 2. In these tests, it
hs assumed that the wall of the flume in the bridge opening approximated a flow line
d that the wall had little or no influence on the scour pattern around the dikes and
e abutment. This was not found to be true for all of the tests with the small opening
4.8 ft. The larger openings of 11.2 ft were not included in the results, because they
quired such large discharges (in order to be comparable to the other tests) that
neral movement of the bed was developed in the flume.

For each value of L, data from spur dike lengths of 1.5, 2, 3, and (where possible)
t were obtained. To simulate longer roadway embankments, a side discharge, Qg,
rying to a maximum of 1.5 cfs was used. The discharge was converted to equivalent
ditional flume width using the assumption of uniform approach flow. Because Lo re-
hined constant, the additional flume width meant increased embankment length.

The results plotted dimensionally (Fig. 10) show the influence of spur dike length on

e 8. Note the O contour is midway a-

g the embankment. There is deposition Figure 9, No deposition along abutment.

nstream from this point. \ =3 Ls = \X =23 = 3.41 £t Q‘b =L4.80 cfs Q =
s s

lf’th=h.800fst=O L°=8.0ft. OL0=8,0f1-,,



TABLE 1
MEASURED AND CALCULATED DATA FOR NORMAL EMBANKMENTS
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Figure 10. Effect of spur dike length on scour depth and width of spread.
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sour depth at the bridge and distribution of the concentrated flow through the bridge
sening. As the length of spur dike increases, there is an increase in the width of

read of the concentrated flow. This leads to a reduction in local velocity which re-
alts in smaller depths of scour.

Based on the results in Figure 10 and the limited data from the study, a tentative
1ide for determining the length of spur dike is shown in Figure 11. A trial and error
iethod must be used. At any given stream crossing it is assumed that the length of the
y embankment and flood discharge are known. It is further assumed that a dis-
ibution of flow in the channel can be determined. The chart should be applied to con-
tions where distribution of flow is fairly uniform over the entire width Le + Wg (Fig.
and for normal embankments. Since it is in the interest of economy to construct
e shortest length of dike necessary, the minimum value of Ls/ Le of 0.15 will be
jed. With this value, calculate Lg. From dg/Lg given from the selection line cor-
sponding to the value of Lig/Lg, calculate dg. If dg appears excessive, a larger
ue of Lg/Le should be tried. When an acceptable value of dg is determined, the
ue of Wg/ Le on the abscissa corresponding to the selected Lg/Le is read from the
lection line. The width of spread Wg, is calculated and Qwg is determined. The
ue of Qwg is the quantity of flow which is approaching Wg normally. Knowing L,
is estimated. Qi*, the sum of Qe and Qysg, is determined and the ratio Qo/Q¢* is
mputed. This value is then compared to the value of the abscissa given along the
p of the chart. I Qe/Qt* is greater than, or equal to, the value given, the trial
ngth of spur dike is satisfactory.

There is a limit of Lg, the roadway embankment length, to which this chart should
applied. Since the tentative minimum spur length ratio, Lg/Le, is 0.15 roadway
ngths of about 1 mile would give an impractically long spur dike. Generally it is
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not good design practice to construct a road embankment longer than 2, 000 or 3, 000
ft on a flood plain without providing a relief bridge. For Le of 2,000 ft, Lg would be
300 ft—which is not excessive. Consideration of the discharge ratio will somewhat
offset this limitation.

Figures 12 and 13 show the effect of an earth embankment spur dike with a 45° wing
wall abutment. Because the abutment is vertical, there is a discontinuity of the flow
boundary from the spur dike to the abutment. A partial transition is formed by the wi
wall but it is insufficient to effect smooth flow conditions, and a secondary flow dis-
turbance is created at the intersection of the wing wall with the abutment. The effec-
tiveness of the spur dike is nevertheless clearly demonstrated. The principal require
ment in construction is that the toe of the spur dike should be tangent to the vertical
face of the abutment.

A limited number of tests were made with full bridge models to determine the effec|
of spur dikes on small bridges. These tests were conducted by installing two roadwa:
embankments of equal length on opposite sides of the flume. The roadway lengths
were increased successively so that the scour holes which formed at the abutments
were made to overlap. As expected, when the scour holes overlapped, there was an
increase in depths of scour at the bridge. This indicated that the bridge opening was
too small to convey the total discharge. The results also indicated that so long as the
bridge was sufficiently longer than the added Wg at both abutments, Figure 11 could bd
used to determine required spur dike lengths. However, it was observed that when th
length of bridge was approximately equal to the sum of W at both abutments as deter-
mined from Figure 10, the actual Wg which occurred in the flume was less than that
originally estimated. This was attributed to the influence of flow from the opposing
side which tended to streamline the flow in a shorter width. The smaller Wg resulted
in greated dg. Thus it was necessary to increase Lg to offset the smaller Wg and to
reduce dg. The additional increase in Lg required for short bridges of the latter cate
gory could not be established in the form of criteria because of the limited data.

Frequently road alignments are set to cross stream channels at a skew. This may
be necessitated by a number of things, highway alignment standards, economics of
right-of-way, and cities. Whatever the reason for the skew, the hydraulics of flow
will necessitate an adjustment in the spur dike length as determined for normal cross.
ings. Some tests were conducted to give general indications of the skew effects. Only
45° skews upstream and downstream were tested with various spur dike lengths and
with a contraction ratio of 0.50.

Figure 14 shows that shorter spur dikes can be used for abutments skewed down-
stream and longer spur dikes are necessary at abutments skewed upstream than

alf

o wall

Fig:re A _SSO% a}:‘ a b _wingo £ a‘]tiut: Figure 13. Effect of spur dike on reduc
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required for normal bridges. Within the limits of the test, where 3-ft spur dikes
showed significant reduction of scour both for normal and downstream skews little re-
duction of scour is noted for the upstream skew condition. The effect of spur dikes o
scour reduction for normal embankments is sudden and significant while for down-
stream skews the effect is rather gradual.

The results of tests with skewed embankments are not incorporated with the tenta-
tive design chart because of the limited data collected.

Spur dikes constructed of earth embankment will normally require riprap protectio
to prevent scour of the dike itself. The laboratory study was made to determine wher
riprap was required. It was found that about one-half of the spur dike length from the
end of the dike on the front or bridge side and about one-fourth on the back side re-
quired protection (Fig. 15). The riprap should be extended out from the toe of the
dike on the flood plain so that as the scour hole forms, the riprap will fall into place
on the side of the scour hole to prevent undermining of the spur dike.

RESEARCH NEEDED

The study has served to point out many aspects of the total problem which needs
further investigation. There is a conspicuous need to determine the time relationshi
between small-scale movable bed studies conducted in the laboratory and the prototyp.
counter parts, Without specific knowledge of this time scale, it is difficult to relate
quantitatively certain model phenomena to field behavior. This relationship can per-
haps be established by experimentation with larger scale models and eventually cor-
relating with prototype data.

Additional studies are required to determine the length requirements of spur dikes
to protect small bridges. The problem of skewed bridges was only touched upon in
this study. Additional information is needed to indicate the effect of skew angle on
the increase or decrease in the spur dike length. A very important consideration in
any scour problem is the effect of sediment in the flow. Although this research was
limited to clear water, in the actual case it is probable that floods have a large con-
centration of suspended sediment in the flow. It is desirable to know whether the sus
pended sediment increases or decreases the amount of scour at the abutment. The
effect of bed movement is another aspect of the problem which needs investigation.
With general movement of the bed, the scour hole may not extend as deeply as it does
for conditions involving no bed movement. Studies should also be made to determine
the effects of routing complete flood hydrographs through the bridge opening to includ
effects of suspended sediment and bed load movement. This study will involve know-
ledge of the time scale to conduct properly the laboratory studies. These few sugges
tions show that this study on spur dikes is only the beginning; much additional resear
is needed for a better understanding of the total problem.

CONCLUSIONS

The study of spur dikes has resulted in tentative guides for design. Although spec
fic guides were developed only for normal embankments, a general guide is present
for skewed conditions. It was also indicated that small bridges designed with minim
openings required longer dikes than bridges with longer openings.

The limitations of the laboratory study prevent explicit use of the design curve.
The study has served to determine the following conclusions:

1. Spur dikes are effective measures to reduce scour at bridge abutments.

2. The effectiveness of spur dikes is a function of the geometry of the roadway e
bankments, flow on the flood plain, and size of bridge opening.

3. The proper location for an earth embankment spur dike is at the abutment with
the slope of the spur dike tangent to the slope of the abutment.

4. The curved spur dikes are more efficient than straight spur dikes because of
the smoother streamlining of the flow.

5. Additional research is necessary to establish better criteria for design.



.ulvert Inlet Failures—A Case History

Y C. EDGERTON, Research Engineer, Oregon State Highway Department

Bent-up ends have been experienced on three
large structural plate culverts installed with
the upstream ends square and projecting to
the fill toe.

The paper describes the installations and
failures and presents one explanation of the
cause.

INLET FAILURES on three structural plate culverts on new construction on the
egon Coast Highway in Curry County, Oregon, occurred in January 1959. The in-

t ends were bent up, apparently by the buoyant force resulting from the difference
water surface inside and outside the culverts.

Figure 1 shows the Burnt Hill Creek installation in plan and section. The two 96-in.
ructural plate culverts vary from 1 gage at the center to 10 gage at the ends with 1-
e inverts throughout. The length is 612 ft. The upstream ends are square and ex-
d to the fill toe; the entrances are thus of the projecting type. The culverts outlet
a concrete flume. The culverts were staked according to the plan which called

a 1.2 percent over-all slope with 1-ft camber at the center. From profiles taken
the undisturbed portions of the culverts after failure, it seems probable that at the
ne of failure the slopes of the inlet sections were steeper than the over-all design

pe and supercritical.

The fill slope was 2:1 normal to the centerline. Since the upstream leg of the cul-
rts was skewed about 30° with the normal, the actual slope in the direction of the
lverts was about 2.3:1. The culvert inverts were placed above the channel bottom
the channel upstream was raised to invert elevation by a random fill. The re-
lting approach channel was approximately level for about 300 ft upstream from the
verts.

The Whiskey Creek installation is a single 90-in. structural plate culvert. Again,
gage varies from 1 to 10 with 1-gage invert. The culvert is straight, 411 ft long,
has a concrete outlet flume. The culvert grade situation is similar to that at

rnt Hill Creek except that there is no question that the entrance section was on a
ercritical slope at the time of failure. The fill slope is 2:1 and the culvert is so
rly normal that the same slope applies to the line of the culvert. A level random
extends about 400 ft upstream from the culvert entrance.

On the morning of January 9, following an intense storm, the situation shown in

re 2 was found at the Burnt Hill Creek site. Similar conditions were found at
iskey Creek. In all cases, the bends were smooth, well formed elbows with straight,
istorted sections of pipe extending upward from the bends.

The Whiskey Creek culvert and the south culvert at Burnt Hill Creek were blown off
the bend with ring charges to allow the ponds to drain. Figure 3 shows the Burnt
Creek installation after the blast. Although the blasts destroyed or distorted most
the bend area of two culverts, there was an opportunity to examine the north culvert
urnt Hill Creek beforeand after disassembly. The corrugations in the 1-gage in-
plates that formed the outside of the bend were extended quite uniformly from the
ginal 6 in. to about 6.6 in. The corrugations in the 10-gage plates that formed the
ide of the bend vary from 1 to 3 in., apparently depending on the amount and na-
e of fill material trapped in the folds. The curvature was not uniform, being

rpest at the center of the bend. There was about 25 ft of straight, undistorted pipe
ending upward from the bend. The bends in the Burnt Hill Creek culverts occupied

13
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some 18 ft of pipe. The distances from the centers of the bends to the original up-
stream ends were about 44 ft for the south culvert and 34 ft for the north culvert.

There were no slides in either area. Other than minor fill settlement, the only

isplacement of fill material was that lifted out by the raising culverts. The amount of
ebris in the area could not have materially affected culvert operation. The random
channel approaches eliminated any bed load problem at the culvert entrances.

The known facts point to buoyancy as the cause of the failures. The verification of
is would require that the moment applied to a culvert by external forces be compared
ith the resisting moment of the culvert. This has not been possible since no data

n the longitudinal bending properties of structural plate culverts have been found. Ex-
ernal moment calculations were made for a 96-in. culvert of the type used at Burnt
Creek. A headwater depth of 96 percent of the diameter was used as preliminary

alculations indicated that this produced the highest moment of any unsubmerged depth.

e assumptions for the moment calculations are shown in Figure 4. A discharge of
40 cfs was used.

Moments were calculated for fill slopes from 0.5:1 to 2,5:1. The magnitudes and

ations of the maximum moments are listed in Table 1. Within this range, the maxi-
um moment more than doubles for each half unit flattening of the slope. This might

lain how large structural plate culverts with projecting ends have been used success-
ully with steep fill slopes. The locations of the maximum moments can be considered
p agree with the locations of the bends at Burnt Hill within the accuracy of the basic
ssumptions.

The culverts were replaced as originally installed except that the fill slopes in the
icinity of the entrances were steepened to about 0.5:1 with a facing of large rock
iprap.

Elevation 98'

<Water Surface Elevation 90'
Elevation 88'

F,-/

U

St
(4

Figure 2. Schematic sketch of Burnt Hill culverts failure.
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TABLE 1
RELATION OF BUOYANT MOMENT TO FILL SLOPE

Maximum Moment Location
ill Slope (ft-1b) (ft from entrance)
0.5:1 3,200 6.3
1:1 25,300 12.5
1.5:1 81, 800 19.5
2:1 172,500 26.5
2.5:1 398, 000 40.1

There are two general approaches to the prevention of future failures of this kind.
Dne of these is to determine the longitudinal bending properties of the culvert and de-
pign within safe limits. The other is to adopt designs that avoid unbalanced uplift
nhoment.
The first approach would require a series of full-scale tests of culverts for bending
poment. The second would involve the employment of culvert end treatments now
ommonly used such as beveled or step-beveled ends or concrete head walls. Con-
rete head walls offer an advantageous solution in that they eliminate pipe projection,
irnish weight to the pipe end, and improve the entrance condition.
In conclusion, the culverts are considered to have failed by buoyancy. Future fail-
res of this kind can be avoided by determining the longitudinal bending properties of
verts and designing within these limits or by avoiding unbalanced uplift moments.

Discussion

. ROBINSON ROWE, Principal Bridge Engineer, California Division of Highways,
ramento, Calif. —Edgerton’s contribution is noteworthy because of the dearth of
liable data on failures, particularly of small structures which are so frequently re-
ced or covered up quickly to salve the reputation of the designer of the reliability
the material. When faithfully reported, failures are better teachers than successes
d the lessons are more eloquent.

The writer will present brief accounts of other failures due to buoyancy of culverts,
mment on the determinacy of uplift and ballast, and express his views on economy of
ternative safeguards.

The most common failure due to buoyancy in California has been due to installation

small metal pipes in pervious embankment with shallow overfill, particularly in

-standard highways and detours during construction. A typical case is a 24-in. pipe
stalled in a pervious gravel embankment covered by a 6-in, overfill and a 3-in. oil-

e slab. Water rises to the culvert crown, saturating the gravel but flowing only

in. deep in the pipe. Per foot of pipe, uplift is 200 Ib, but surcharge is 340 (20 for

e, 140 for water, 120 for fill and 60 for slab). If drift reaches and clogs the cul-
rt reducing the surcharge to 200, just balancing the uplift, failure is imminent—the

imate cause being one of the following:

1. The uplift is greater at the downstream (lower) end of the pipe, which floats
st.

2. Ponding behind blocked pipe increases uplift at upstream end of the pipe, which
ts first.

3. Shear resistance of slab prevents flotation of pipe, but ponding overtops road,
ts the slab, and the pipe rises throughout.

All three types of failure have been observed. No doubt many complete washouts
owed this pattern, judging from stranded location of pipe and slab, but were not
orted as such for lack of conclusive evidence. Elastic bending of pipe may have

tributed to failure, but recovered pipes appeared straight except for those swept
adside against a tree or power pole.
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Next in frequency is the flotation-flexure of downstream ends of tide-gated metal
pipe. Unlike flexure of the upstream end which backs water higher so as to increase
uplift, flexure of the downstream end reduces uplift until pressures arebalanced. Hen
flexure may not produce failure, the deflection being (a) elastic, (b) tolerably plastic,
or (c) correctable instead of (d) beyond repair.

An instance of the latter was reported by William A. White who had been Resident
Engineer for the Corps of Engineers on the Deer Island Project along the Columbia
River in Oregon. A series of CM pipe culverts 24 to 48 in. in diameter carried runofi
from the hills under a project dike into a canal. Passing the site in 1942 he observed
that all the gated outfall ends had been bent vertical by high water in the canal. He
estimated the head could not have exceeded 3 ft from the canal itself, but considered
it possible that the river had overflowed the site at a higher stage. There were 6 to 8
projecting above the canal and possibly many others bent below the water and hence n
visible.

Flotation is not limited to metal pipes. During the flood of December 1955, an 8-
by 8- by 48-ft RC box culvert, built in 1926 at the mouth of Cold Canyon along Merc
River, jammed with drift and floated out intact, wingwalls included. The structure
weighed 90 tons displaced 132 tons and carried an overfill of 34 tons so that net buo
was 8 tons less what little water was still inside. Overlapping the highway increased
the uplift. It came to rest 15 ft nearer the river and 5 ft downstream (Fig. 5).

Also, on a number of occasions the downstream end of RC pipe culverts projecting
into a large channel below high water have been displaced in a manner strongly sugge
ing flotation rather than erosion. Runoff from such small tributaries may be far do
on the falling stage before the main stream peaks, at which time flow past the pro-
jecting pipe entrains water from the pipe to create uplift.

Recognizing situations which might induce uplift failures is important in design,
predicting uplift pressures is quite speculative. In dam design authorities are in wid
disagreement. For example, some speculate that intensity of pore pressure varies
uniformly from full hydrostatic at the heel to none at the toe and combine that pressu
with a coefficient proportioned to the ratio of pore area to base. This latter coeffici
has been set at 0.2 to 0.4 by some who then use 0.5 or 0. 67 for safety. Others set it
as high as 0.9 and allow for lifting of the heel so that full pressure penetrates under
the dam for some distance.

Figure 5. Flotation failure of 8x8xL8-ft RC box culvert at mouth of Cold Canyon, Merc
River, California.
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Pipe bedding is generally much more pervious than dam foundations, so that coef-
ficients should be higher. Elastic deflection of the projecting end will admit a wedge
)f water at full pressure. Some saturated embankments may become semi-fluid so that

plift is magnified by the specific gravity of the soil-water mixture.

The hydrostatic head is just as speculative. Edgerton has computed a critical value
for a clear entrance and rapid percolation. The head may be much greater for culverts
locked by drift at the entrance or by a gate at the outfall. Percolation may be much
ess for a tight fill or a flashing stream, Deflection of the culvert may be progressive,

ch increment adding to the head as water is impounded above the entrance.

Just as elusive is the weight of soil over the pipe effective in ballast. At first the
ressure is active, but as the pipe begins to rise it becomes passive and much greater,
t least until the soil shears to the surface. The weight, passive pressure and shear
re sensitive to saturation when stage rises above the pipe; probably for granular fills

e unit weight increases but the passive pressure decreases.

Once a pipe has floated, these factors affecting uplift and ballast can be estimated
th some confidence, since the combined effect is known. Prediction for a new in-
tallation is futile.

In considering the economy of safeguards against flotation, the infrequency of failure
ust be given great weight. A good general rule might be: use cheap safeguards for

rdinary hazards and expensive measures when the risk or consequence of failure is
ery great.

Comparable moments for larger pipe would be much greater, varying about as the
be of the diameter. Even for a 15-ft pipe, entrance ballast could be provided with
s or other transition amounting to 13 cu yd of concrete at a cost of $ 1,000,

od hydraulic design ordinarily warrants a much heavier structure.
Summarizing, the failure cited by Edgerton is a spectacular example eloquently re-
inding engineers that culverts are light structures for which buoyancy cannot be ne~
ected. The hazard is greatest for metal pipes, increasing rapidly with diameter, but
ncrete structures are not immune. The hazard has been increased by modern stand-

s of milder slopes for highway embankments, Ordinary entrance transition struc-
res will provide assurance of stability. Special ballast may be required for gated
tlets and for culverts under low fills subject to overflow; if strategically located
ch ballast would be relatively light and inexpensive.

/
LE MEHAUTE and J.F. FULTON, Queen's University, Kingston, Ontario—
erton has reported a very interesting occurrence which graphically illustrates the

mage which can result due to neglecting uplift pressures, which will develop under
rtain conditions dependent upon how culverts are laid,

From calculations based on the assumed conditions, it is felt that the culverts
not have failed had the fill slope existed as shown in Figure 4. It is obvious that
pressure created by the headpond level acts around the culvert's circumference

ter which would occupy that volume of the culvert between the outside water level
the inside water level. This difference in levels is greater than, but roughly equal
the velocity head of the flow in the culvert V*/2g. This uplift force, although ap-
iable, is not sufficient to lift the culvert, a wedge of the embankment ballast, and
ultaneously overcome the culvert's resistance to bending properties.
If, on the other hand, the culvert was laid so that its end projected upstream of the
ent heel, or if scour effects around the culvert entrance were extensive enough
cause an embankment slope failure and thereby uncover an appreciable length of
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culvert (at Burnt Hill Creek this length would appear to have been in the order of 25
ft), then the uplift force is sufficient to raise the culvert slightly. Once the pipe has
lifted slightly, this phenomenon increases in magnitude. This is due to the fact that
the headpond level is forced to rise (in order to discharge into the culvert), while
the depth inside the bent section tends to decrease (since the velocity tends to in-
crease with the increased slope); these two effects thereby increasing the difference
between the inside and outside water levels.

It is the opinion of the writers that the failure was caused due to the combined fact
that the culvert projected too far upstream of the fill slope and that the culvert was
laid to too steep a grade.

The grade shown causes the critical depth to develop very close to the entrance, b
if it developed farther down the culvert the intervening depths would form a backwate
curve thereby reducing the magnitude of the uplift force.

One solution to this uplift problem would be to start the fill slope at the entrance
of the culvert. A simple headwall (constructed of any material from hand placed roc
to a complete concrete header) should also be included to prevent scour around the
culvert entrance and guard against a slope failure of the embankment. A second sol
tion would be to lay the culvert to a much gentler slope. Indeed, if the culvert were
laid so that the critical depth developed at the downstream end, the difference betwe
inside and outside water levels near the culvert entrance would be very small. In th
case of flood the culvert would flow full (thereby causing buoyancy effects to disapp
the discharge of the culvert depending only on the difference between the upstream
downstream water levels. In installations where this head difference is large, addi-
tional factors such as air entrainment, cavitation, and stability pose further difficul
At Burnt Hill Creek this head difference was only of the order of 40 ft when the culve
were out of operation. It is felt that under normal operation this head difference w
not be duplicated, but even if it were these additional factors would not likely create
serious problems. K it is found that stability difficulties are encountered, these ma;
easily be corrected by simply pushing down the top of the downstream end of the cul
vert until the diameter is reduced to 0.9 D. Under flood conditions, the critical dep
forming downstream will increase until this bent lip is encountered. The culvert wi
then fill up from the downstream end and will force any trapped air out the upstream
end thereby eliminating the possibility for serious instability to develop. This bent
section is shown in Figure 7.
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The writers feel that either one of
T these solutions, or a combination of them,
D 09D would provide a more economical answer
l n than fixing the embankment slope at 0.5:1.
Figure 7.

Y C. EDGERTON, Closure —This paper was presented to call attention to the need
r consideration of buoyancy in culvert installation and to encourage the release of
ports of similar failures. Rowe's discussion furthers the second of these aims,
ntributing more to the subject than 9id th; original paper.

Most of the points raised by Le Mehauté and Fulton are considered to have been
vered in sufficient detail in the paper; however, a few points might warrant amplifica-
n.

As with photographs in general, Figure 3 was not intended for quantitative interpre-
tion. The skew of the culvert with respect to the fill slope and the level of water in

e pond makes this impossible. Figures 1, 2, and 4 were expected to serve the quanti-
tive function. It should be noted that with a 96~in. culvert and an effective fill slope

2.3:1 the slope line would intersect the top of the culvert about 18 ft from the end of
e culvert.

The method of calculation of the water surface inside the culvert incorporated an
trance head loss of about 0.7 Vc?/2g. It was assumed that by the time of failure, the
1 upstream head would be effective on the outside of the culvert to the area of the
nd.

In the mind of the author there is not "too steep a grade" for a culvert except as it
ects culvert wear and the control of outlet velocity. In general, culverts are placed
ere and as required. There is no particular interest in solutions that materially
uce culvert capacity.

The description of the restoration seems to have been misread. The culverts were
laced as originally installed. Large rock riprap was then placed around the culvert
ances. The slope of the riprap face was about 0.5:1. Since then a combination of

p-bevel culvert ends and riprap slope facing have been adopted as standard for
re construction.



New Developments for Erosion

Control at Culvert Outlets

GEORGE L. SMITH and DASEL E. HALLMARK, Respectively, Hydraulic Research
Engineer, Colorado State University, Fort Collins; Highway Research Engineer,
Division of Hydraulic Research, U.S. Bureau of Public Roads, Washington, D.C.

@ A PROBLEM which frequently confronts the highway engineer is excessive erosion
or gullying at the outlet end of culverts. Nature's method of keeping erosion under
control on mild slopes is to spread the runoff over a wide area.of the watershed so th
flow depths are shallow and resistance to flow rather high. Typically a highway em-
bankment crossing a watershed disrupts the drainage plan of nature in that the runoff
from a wide area is funneled to culverts where the flow is concentrated within a small
area. This concentration of flow into a culvert greafly increases the erosive ability
of the flowing water at the culvert outlet, since the flow has been accelerated (Fig. 1)
The accelerated flow must travel some distance before it can fan out again over a wid
area after it has passed through the culvert. As time elapses, erosion orgullying in-
creases, and scour control becomes more difficult and expensive. It is no longer
realistic to consider only the initial cost of a culvert and ignore future maintenance.

The basic design problem is the dissipation or proper control of the kinetic energy
of the jet of water issuing from the culvert outlet. It should be pointed out that not a!
culverts require special structures to control erosion; for example, where the natur
stream channel exhibits a high resistance to erosion, or where the downstream chann
control provides adequate depth of flow for energy dissipation of the impinging jet and
thereby minimizes erosion of the channel. However, when proper erosion or scour
control is needed, it is accomplished by means of an energy dissipator constructed at
the downstream end of the culvert. In the past, where this has been done, concrete
or stone structures have been employed. Considering the number of culverts involv
this type of construction is expensive, both in initial costs and maintenance costs.
Therefore, there is a need for a stilling basin that is more economical and yet efficie
for use as an energy dissipator. Such a basin, to be economical, should be of simple
design, low in construction cost, and require a minimum amount of maintenance.
Maintenance in this case would be a measure of the efficiency of the basin.

The purpose of this paper is to present information on a very promising and inex-
pensive method of controlling erosion at culvert outlets, Sufficient testing has been
performed in the laboratory and in the field to demonstrate the effectiveness of the
method. In general, the method consists of simply excavating a hole downstream fro
the culvert outlet and lining it with a graded layer of protective material consisting o
coarse sand, gravel and boulders up to a size that will resist erosion at the peak flow|
In this report, this method will be referred to as a pre-shaped, armorplated stilling
basin. Limitations on applications of the results are presented. Future research ne
conclude this paper.

FUNDAMENTAL CONCEPTS OF ENERGY DISSIPATION AND SCOUR CONTROL

Kinetic energy of a jet of water can be dissipated in a stilling basin by one of the
following methods (Fig. 2):

1, In the horizontal direction by the hydraulic jump or artificial roughness in the
channel;

2. In the vertical direction by jet diffusion and dispersion by the drop structure o
manifold, or;

3. In a combination of both directions.
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To be effective, the hydraulic jump
st be stabilized by a combination of
locks or sills placed on the basin floor
nd a minimum tailwater depth must be
aintained. It is very difficult when the
roude number of the flow is less than
o to eliminate completely the waves and
me high-velocity flow downstream from
e basin. The waves and high-velocity
ow as will be demonstrated in another
ction, are factors which erode the banks
d bed at the basin outlet. As the cul-
rt outflow becomes sub-critical, no
mp will form but there still may be suf-
ient energy to create erosion problems
the culvert outlet,

Effective dissipation of energy in the
rtical direction requires that the jet
water be diffused by the surrounding
w or tailwater. Also, it is essential
at a minimum depth of tailwater be
intained in the stilling basin in order
t the jet diffusion will be sufficient to
event high energy waves from emanating
om the stilling area. However, this
ethod has the distinct advantage of con-
ing the energy dissipation to a relative-
small area, compared to the hydraulic
mp, by quickly bringing the water into
state of high-intensity turbulence, trans-
rming the bulk of the flow energy into ) .

Figure 1. Erosion at culvert outlets

at and fine-grain turbulence. ; :

Recent hydraulic laboratory tests by ounsed Ezr:cczrllir?zidbgiog’ﬂé:ltplpe e i
llmark (1) and Smith (2) at Colorado ’ )

te University have demonstrated that

kinetic energy of a freely falling jet

water can be effectively dissipated in the vertical direction by means of a pre-shaped,
morplated stilling basin. For either the box culvert outlet (Fig. 3) or the pipe cul-
rt outlet (Fig. 4) the basin in the alluvial bed is an excavated hole which is lined with
raded layer of protective material consisting of coarse sand, gravel, and boulders
to a size that will resist erosion at the peak flow.

The function of the pre-shaped stilling basin is to provide a large enough stilling

ol so that the kinetic energy of the freely falling jet is dissipated by diffusion within
pool. The function of the graded gravel is to act essentially as an armorplate lin-
for the pre-shaped basin controlling erosion. The armorplate material must be
such size that the velocity of the deflected and diffused jet leaving the stilling basin
11 not carry the armorplate particles from the scour hole. Armorplate effectiveness
ends on its gradation; that is, it must be uniformly graded from the maximum size
the stream bed material up to that of the largest size armorplate material. With
form gradation, each particle of armorplate is protected by smaller particles un-
rneath so that it will not be undermined. For example, the armorplating material
ts in a manner similar to the "Terzaghi" graded filter (3). Separation and place-
nt of separate size material is not required for the armorplate material to be ef-
tive.

A criterion for maximum size and gradation has not been determined either ex-
imentally or theoretically. However, Peterka (3) gives an empirical expression
sed on the bottom velocity of channel flow for determining the maximum size of
orplate that will resist erosion. Lane (5) in his stable channel design theory
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(o) HORIZONTAL ENERGY DISSIPATION (b)

Energy line —~

-
(¢}
-

Figure 2. Methods of dissipation of kinetic energy; (a) channel resistance, (b) hy
drauvlic jump and form resistance, (c) downward—vertical jet diffusion downstream of
drop structure, and (d) upward—vertical Jjet diffusion above a manifold outlet

provides a trial and error method of estimating a maximum size of armorplate for
bank protection. In the laboratory tests 1-in. maximum material was used in va
amounts and according to Figure 5 a small percentage of armorplate gave adequate
erosion control.

These studies demonstrated that erosion control depends not only on the use of
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Figure 3. Variation of rate of scour with size and quantity of armorplate.
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Note: Volume of scour at
time t is given by

Vs

i !
Cantilevered culvert or his (vs')ls

Simulated roadway
embankment

Q(constant }— -

Trajectory of water
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gure L. Schematic diagram showing some of the variables that can affect the rate of
our caused by outflow from a cantilevered culvert into a rectangular channel with
gid sides and an alluvial bed. (Note: Geometry of pre-shaped basin is included.)
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e 5. Variation in rate of scour as influenced by quantity of armorplate, discharge
and tailwater depth.
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armorplating a pre-shaped stilling basin and along the channel banks but also on the
proper control of the energy line of the channel downstream of culvert outlets. Con-
trol of the energy line as related to tailwater depth may be accomplished by the use of
a series of drops, whose crest is higher than the upstream lip of the stilling basin.
However, in most cases the position of the total energy line of the downstream channe
in relation to the culvert outlet will permit the use of a stilling basin at the culvert
outlet without requiring controls further downstream in the channel.

DEVELOPMENT OF AN ARMORPLATED, PRE-SHAPED STILLING BASIN

To develop design criteria for a pre-shaped, armorplated stilling basin, a researc
program was conducted at Colorado State University (§_ ). The hydraulic laboratory
tests were made for a limited range of flow conditions, boundary geometry, and sedi-
ment characteristics. The sediment characteristics for armorplating were selected
to be representative of those materials found in sand-gravel-cobble deposits. The
research program was conducted as follows:

1. An experimental investigation was made of the scour phenomenon caused by a
freely falling jet of water impinging into an alluvial bed.

2. The geometry of a standard scour hole (pre-shaped stilling basin) was deter-
mined for the three-dimensional jet by an analysis of the scour data.

3. The effect of quantity of graded gravel (armorplate) on the rate of scour was
investigated.

4. The most effective point of placement and the minimum effective quantity of
armorplate needed for the pre-shaped basin were obtained by an analysis of experi-
mental data.

In making an investigation of the problem of scour in alluvial stream bed caused b
a freely falling jet of water, it is important first to consider the various factors af-
fecting such scour. Besides the energy of the jet, which at the pool surface can be
pressed in terms of discharge, density and height of fall or velocity, there is the ex-
tent of jet disintegration and jet diffusion before it impinges upon the erodible bed.
Thus the distance the jet travels in the air, and the depth of tailwater, as well as la
extent of the pool are important. Finally, the sediment characteristics of the alluvi
bed must be considered. Rouse (7) had demonstrated that for completely alluvial ma
terial, the geometric mean fall velocity and the standard deviation of this fall veloci
about the mean adequately characterize the erodibility of granular sediment. These
variables together with the sediment density, completely describe the sediment.

Because of the many factors that can have an effect on scour (Fig. 4) the experi-
mental investigations were limited in the following manner:

1, The jet issued from a source sufficiently close to the bed so that air resistanc
was negligible (H = 4.0 ft, Q = 0.5 to 2.0 cfs).

2. The depth of tailwater above the original bed was varied in discrete increment|
(b =0.5 to 1.5 ft).

3. One size of bed material (dm =2.6 mm) having a narrow size range (oq = 1.3
mm) was used.

4. During any single test run, the discharge from the jet was held constant and
elevation of the tailwater remained fixed.

5. The channel at the culvert outlet was rectangular incross-section with rigid
sides and alluvial bed.

6. The size of the pre-shaped basin used for testing the armorplate was based o
the size of scour hole that would be developed by a given discharge for a given tail-
water depth and time of scour, which for both cases was approximately one hour.

In order to design an.armorplated, pre-shaped stilling basin downstream from a
culvert outlet, it is necessary to have criteria for determining: (a) the design di-
mensions of the pre-shaped basin; (b) the orientation of the basin relative to the culv
outlet; (c) the minimum size of armorplate that will resist erosion at peak design flo
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 the location or point of placement of the armorplate; and (e) the quantity size dis-
ibution of armorplate needed.

From an analysis of experimental data for the three-dimensional case (cantilevered
lvert), the following criteria were obtained for a pre-shaped basin in a rectangular
annel with rigid sides and alluvial bed:

dy =2.38 h* (1)
= 0.50 hy* @)
dp= 0.65 hy* @)

which

d¢ = the diameter of the pre-shaped basin at the surface of the stream bed,
h =the maximum depth of the pre-shaped basin,
dp = the diameter of the pre-shaped basin at the depth h, and

1
hy* = the cube root of the volume (Vg4) of the basin at time t, = (Vst)/’
For example, if as in the laboratory the discharge is 1 cfs and the tailwater depth
1 be maintained at 1.0 ft, then from Figure 5 for 1 hr the value for ht* =2.35. In

re 5, Ar is the armorplate expressed as a percent of the total volume of the pre~
ped basin. The dimensions of the pre-shaped basin would be dp = (2.38) (2.35) =

ft; h = (0.50) (2.35) = 1.2 ft; and dg = (0.65) (2.35) = 1.5 ft.
No criterion for maximum size of armorplate has been determined. However, ex-
imental tests showed that the effective point of armorplate placement is at a distance
1 to Xp from the outlet. The quantity of armorplate in cubic feet is determined by

= *
V. =0.19 (h*FD 4)
hich D is the maximum diameter of armorplate in inches.

Also of significance to the field engineer would be the quantity of graded armorplate
ressed as a percent of the total volume of the pre-shaped basin. Eq. 4 can be

tten as

A2
%Ar =X x 100 =—}19-1P- )
st t

For the experimental tests D = 1 in. was used; therefore, the percent of armorplate
this example is

19

0, _
/AT = 535

=8.1

v, =105 ft*

As indicated by Figure 5, the %Ar as determined by Eq. 5 would be sufficient to
vide for an effective armorplated, pre-shaped stilling basin for this particular ex-
le. The 8.1 percent line would also lie between the 6.92 and 13. 84 percent lines
nearly a zero increase in size basin, h.* as time continues.

To make the design criteria applicable to field conditions such as illustrated in

re 1, it was necessary to investigate scour as influenced by boundary geometry

e culvert outlet.

INFLUENCE OF BOUNDARY GEOMETRY ON SCOUR

ny consideration of the effect of boundary geometry on scour in the pre-shaped
st start with the simplest boundary form. A channel that is rectangular in cross-
tion is of this type. By keeping the sides rigid, the effect of channel width, B, on
rate of scour was investigated.
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The results of these tests indicated that as the channel becomes wider, the rate of
scour increases for any given increment of time. This increase in scour is due in
part to the standing eddy which develops between the impinging jet and the channel
sides. As the channel becomes wider, the eddy increases in both magnitude and sta-
bility.

The standing eddy exerts a shear force along the bed surface and with a decreasing
pressure gradient normal to the bed, lifts into suspension the fine sediment particles
As it rotates, the suspended particles are carried into the jet flow and eventually to
point of deposition downstream.

The effect of the channel sides is to destroy the energy of the eddy by providing
frictional resistance to the rotating fluid. As the channel sides approach the impingir
jet, there is an increase in the energy transfer to small scale turbulence. This smal
scale turbulence is then dissipated in the form of heat.

Another important factor to be studied was the effect of side slopes of the channel
bank on scour. For this case the channel cross-sectionwas of a trapezoidal shape.
In the field, rigid channel boundaries are seldom encountered at culvert outlets;

Figure 6. Scour in an alluvial channel at a culvert outlet without armorplate pro
tection. Discharge 1 cfs, tailwater 1 ft, and time of scour 8 hr; (a) initial be
condition, (b) flow pattern, and (c) final scour pattern.
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erefore for this study the alluvial banks, whose slopes were made equal to the natural
gle of repose of the material composing the banks, were studied.

To stabilize an alluvial bank, it is necessary that those flow characteristics causing
3 erosion be determined. Keeping the channel width constant (Fig. 6), a study was
ade of the flow phenomenon causing disintegration of an alluvial bank.

During the laboratory tests it was noted that the waves emanating from the stilling
ol area constantly attacked the channel banks. The impact of the wave on the bank
odged the fine soil particles, which were then carried away by the receding or re-
cted wave as suspended material. This suspended material was carried into the

in stream flow by the action of the standing eddy between the bank and the center of
stilling pool. As the soil particles were removed, sloughing of the bank occurred
er the action of gravity and wave forces, and the exposed raw bank provided a fresh
rce of fine soil particles. As the banks eroded, the stilling area increased in diam-
r. There was a decrease in the amplitude of the waves reaching the bank, and an
rease in size of the standing eddy. Kinetic energy in one form or another was con-
ntly attacking the channel banks. From the results of this study it can be inferred

t stability of the channel at the culvert outlet would require not only an armorplated,
-shaped basin for protection of the channel bed against erosion by the energy of
impinging jet of water, but also armorplating of the channel banks against erosion
wave action. This is demonstrated in Figure 7 which shows the effect of armorplate
a means of protection against erosion of an alluvial channel of a trapezoidal shape
nstream of a cantilevered culvert outlet.

SUMMARY

The problem of erosion control at culvert outlets depends on dissipation of kinetic
rgy in the horizontal direction, vertical direction, or combination of both directions.
sipation of kinetic energy may be controlled in the vertical direction by use of a
-shaped armorplated stilling basin.

Systematic experiments upon the rate of scour and scour control in an alluvial bed

a jet of freely falling clear water have indicated the following essential facts:

1. A graded gravel has proved to be extremely effective as protection against e-

ion from high-velocity flow and waves. It is important, however, that the gravel
graded so that the larger size material is protected from undermining by the smaller
e material underneath. The maximum size of the gravel material must be sufficient
resist movement from the stilling basin.

re 7. Scour in an alluvial channel at a culvert outlet with armorplate protec-
Discharge 1 cfs, tailwater 1 ft, and time of scour 8 hr; (a) initial bed condi-
tion, and (b) final scour pattern.



30

2. Wave action and standing eddies at culvert outlets are two important factors i
causing erosion of alluvial banks. An increase in channel width near the culvert outl
causes an increase in the rate of scour.

3. Armorplate protection must be provided to the channel banks within the stilling
basin area to provide protection from waves and eddies,

Under the laboratory test conditions the characteristics of a standard pre-shaped
stilling basin in terms of hi* are given by

= *
dT =2.38 ht
h =0.5 ht*
dB = 0.65 ht*

1
in which h¢* is the cube root of the volume of scour, (Vst)A developed by a jet of wa
in t hours of scouring action. Furthermore, for the laboratory conditions a minimu
of 10 percent armorplate based on the volume of scour hole at one hour of scour ef-
fectively controlled the erosion process. In the report (6) an analysis is made to de
termine hi* and size of armorplate material for a range of flow and stream bed ma
characteristics.

ADDITIONAL STUDY REQUIRED

Practical resuits of importance to highway engineers will result from fundamen
research investigations regarding the dynamics of the kinetic energy of a jet of fluid
and its proper control. In general, in order to obtain improved design criteria for
stilling basins at culvert outlets, it will be necessary to study and understand the
mechanics of scour and energy dissipation more thoroughly. Although research ad-
vances made in the last few years have been very fruitful, some of the studies that
still need to be conducted are:

1. The influence of various types of natural bed materials—cohesive and non-co
hesive soils—on the performance of an armorplated, pre-shaped stilling basin.

2. The effect of the degree of overlap of material size between armorplating ma
terial and bed material on the rate and control of scour.

3. To determine maximum size and gradation of armorplate for varied flow con
ditions to control scour.

4. The effect of discharge and height of fall of the jet on the scour phenomenon i
the stilling basin,

5. The influence of channel boundary conditions as they relate to channel width
slope of channel sides downstream from the culvert outlet.

6. Investigation of the influence of a rising and falling hydrograph on the design
criteria for a pre-shaped basin.

7. A research study using results previously obtained, on low cost armorplati
scour control for culverts laid on the natural grade of the stream bed.
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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