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ABSTRACT

In 1983, Laursen and Flick (1) proposed an equation to predict the
depth of scour at the toe of a sloping sill. This equation was developed
for use with clear-water only since their experiments did not fully
investigate the effect of sediment transport. Their report also left open
the question of the possible ramifications of sediment transport on the
depth of a scour hole. This thesis is an exploratory investigation of the
effect of the sediment transport phenomenon on the depth of a scour hole.
It will discuss and compare both the clear-water and sediment transport
conditions and to explore if the sediment transport rates to be expected
in most streams would have a substantial effect on the scour at the toe

of a sloping sill.



CHAPTER ONE
INTRODUCTION

In recent years, there have been a number of catastrophic bridge
failures due to scour around one or more of the bridge piers or abutments.
These fajlures aren’t just happening in one area of the country; they are
scattered all around the nation. These problems alsc are not connected
to the age of the bridge. 0ld as well as new bridges seem to fall prey
to this problem. Just recently, the states of Tennessee and New York have
been victimized by this growing problem of bridge scour, and the list
grows longer every year.

As this problem grows, some government agencies are worried whether
their aging bridges will suffer the same problems should a large flood
occur., All should be more concerned with the older bridges because these,
more than 1likely, were designed using now out-dated methods although
probably acceptable at the time. Probably most of these bridges were
designed at a time when the hydrology of the area was not subject to the
effects of urbanization and less runoff reached the structures than today.
Now, with the inclusion of urbanization (roads, parking lots, housing,
etc.), a much greater amount of runoff affects these bridges.

Bridges that are founded on erodible and unstable material are most

subject to potential failure due to scour. These bridges should be
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examined carefully and if warranted, protected by some means to prevent
failure of this nature. One way to protect these bridges is to construct
a sill structure downstream of the bridge. A sill structure, whether it
be vertical or sloping, is designed to prevent the channel bed upstream
from lowering, hence to protect the bridge from possible catastrophic
problems related to scour. A sill structure is an attractive solution
when the problem is a degrading stream for whatever reason. If the
streambed in a non-degrading stream can be raised without undue effect on
flooding potential, sill structures can also be a solution for piers and
abutments not founded deep enough. There are two major problems with the
use of sill structures: (1) proper design, and (2) cost of the structure.
Engineers are in great need of a useful method to properly design these

structures.

Purpose of Thesis

This thesis will discuss the method and theory presented by Laursen
and Flick (1) for predicting the depth of clear-water scour at the toe of
a sloping sill and study the effects on that depth by sediment transport.
This report is also limited to the design of only one type of structure -

a sloping sill structure with a slope of 1 vertical to 4 horizontal,

There are advantages of using a sloping sill over a vertical wall
structure, Proof has been presented by Laursen and Flick that scour at
the toe of a vertical wall is much greater than that for a sloping sill.
If a vertical wall structure is desired, a much larger structure than that

of a sloping sill would be required which would equate into more dollars
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spent. Another interesting advantage of using the sloping sill over the
vertical wall is the fact that the sloping sill can be designed using the
natural alluvial material at hand providing that the soil mass is stable
under its own weight at the desipned slope. It must also be able to
weather pressure and seepage forces during the design flood,

The main hydraulic requirements for proper design of a sloping sill
are those dealing with the prediction of scour depth and the shape of the
scour hole at the toe-of the sill structure. Having estimated scour
characteristics, the designer can predict where and how much riprap to
place along the toe of the structure if required. Therefore, this thesis
will attempt to derive a means of designing a stable sloping sill
structure knowing something about the sediment transport characteristics

of a stream,



11

CHAPTER TWO
THEORY

To be able to get some understanding of the flow and scour patterns
expected in these experiments, a short review of the parameters used in
the report by Laursen and Flick (1) is needed. Also, a brief explanation
of the sediment transport phenomenon is needed; this is more fully
explained in a report about the sediment load in streams by Laursen (2).

In their report, Laursen and Flick discussed a theory to predict the
depth of scour for a clear-water condition (Dyew;). This theory was based
upon a widely recognized assumption that at the limit of the scour hole,
the boundary particle shear force (T,') is equal to the critical tractive
force (T;) of the material or T,'/T. = 1. This is the area where the
particles are just at the point of moving or rolling along the bed. T,'
and T, can be approximated as:

T, = Vidg'?/30Y10,
and Te = 4dg,
where: (1) dsy is the mean size of the material being scoured.
(2) V is the mean flow wvelocity.
(3) Y is the depth of flow.

Also, in their report Laursen and Flick arrived at the following

equation while giving consideration to the jet entering the scour hole:

gO.SYcLS

V = 5776y, + 0.082D,
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where: (1) g is the acceleration due to gravity (32.2 ft/sec?).
(2) Y, is the critical depth of flow.
(3) Y, is the normal depth of flow.
(4) Dy is the depth of scour for the clear-water condition,
henceforth signified as D,gy,.
This jet is similar to a jet entering a sudden expansion but with a
splitter wall down the center-line. The assumptions have to do with the
way the jet flow lines spread out upon entering this sudden expansion.
Following the assumption that T,'/T. = 1, and plugging the equation

for "V" into that of "T,'", they arrived at the following equation which

theoretically predicts the depth of scour for clear-water conditions:

Dscw Yc 27 d"- 1o
Y. = 7.7 ('a') - 4.2 (Tr:) [t]

where: d; is the median diameter of the riprap layer protecting the
surface of the sill structure which may be different than that of
the bed material,
After conducting several flume experiments, Laursen and Flick

adjusted their theoretical equation to become:

Dyow: Y \%? d, \*!
(3L (8)

This equation is shown graphically in Figure 1. The refinement was due
mostly because equation [l] was based on the above assumptions, and the
experiments yielded a relationship which closely represents what would be
expected in the field.

The next step is to explain the relationships invelved in the
sediment transport phenomenon. Laursen, in 1958 (2), conducted

experiments involving sediment flow through a flume which represented
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Figure 1., Adjusted, Approximate Analytical

Scour Relationship for Sloping Sill
(after Laursen and Flick, 1983).
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sediment transport in an open channel. From these experiments,

theoretical manipulation, and reasoning, he produced the following

d 7/6 TO’ (gYS)TR
o= 5] (& - 2)(5) g

where: (1) C is the concentration of sediment in % by weight relative to
water.

(2) p is the fractional portion of each size class of sediment.

(3) d is the mean size of each size class of sediment.
S
w

equation: '

(&) is the energy slope for the channel.
(5) is the fall velocity for a particle of size, d.
(gys)1f2
6) £ '8
All remaining variables (T,’, T,, and g) are as previously
defined.

is an experimentally derived function,

Laursen'’s sediment equation can be used to evaluate the concentration of
a certain size sediment being transported by a certain flow rate.
Basically, the equation has three components. The first part is as
previously defined in the Laursen and Flick report, in the clear-water
condition, when T,’ = T., the term of "(T,'/T.)-1" becomes zero and hence,
no sediment movement occurs, which also leads to C = 0, Under the
sediment /transport condition, T,' becomes greater than T, due to the fact
that if sediment is added, the depth decreases, and the velocity
increases. This causes the scour hole to fill in to an equilibrium point
that the stream is able to carry the added sediment load.

The second part, f [(g¥S)"/w] , compares the shear velocity of
water with the fall wvelocity of the particle being transported. This
represents the net suspension of particles in the stream flow and can be

evaluated with the use of Figure 2. 1In Figure 2, the solid line
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represents the total sediment load in the stream while the dashed line
represents the bed sediment load only. Between the solid and dashed lines
is the suspended sediment load.

The last part of the equation, (d/Y¥)™®, was deduced "for reasons
more intuitive than rational". The bed load is transported by a thin
layer of flow close to the bed; the ratio of the flow in this thin layer
to the total flow can be obtained by assuming a thickness of "d" and a

velocity equal to the particle shear velocity in the thin layer,
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CHAPTER THREE

EXPERIMENTAL EQUIPMENT

To effectively evaluate the different parameters involved in this
thesis, an experimental setup was devised in and around a flume in the
patio area of the Engineering Building of the University of Arizona. The
components of the experimental apparatus consisted of a flume, a sill
structure, a V-notch weir, various sediment materials, and a sediment

feeder tower structure. A description of each is as follows:

Flume

The flume (Figures 3 and 4) used to test the sill structure was
comprised of several parts and had a total length of 39 feet and a width
of 2 feet. Each part played its own particular role in the experiments.

The first 29 feet of the flume contained the sill structure and the
sediment feeder system., A window ran the total length of this section to
make the experimental results taking place in the reach visible. The
different levels of scour, bed and tailwater elevations were marked on the
window with a grease pencil and subsequently measured with a simple scale.

The next section of flume housed the sediment settling tank and the
tail gate. This section was 10 feet in length. The settling tank was
designed to let the sediment in suspension settle to the bottom so as not

to continue on through the flume and settle in the outlet channel
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and underground tank. The tail gate was adjusted to control the tailwater
to the required height by an adjusting nut located on a long threaded bar

attached to the gate.

Sill Structure

The sill structure (Figures 4 and 5) was simulated with wood. It
has a horizontal surface joined with a sloped surface having a grade of
1 vertical to 4 horizental, The brink formed by the two adjoining
surfaces was rounded to prevent separation of flow. To simulate the
riprap needed on the surface of the sill, it was covered with a bed of
median sized pebbles (approximately 1/2" in diameter) anchored with steel
mesh held down with fencing staples.

After the sill structure was placed in the flume, it was weighted
down with concrete blocks to prevent the sill from floating and moving
downstream due to buoyancy effects. During the experiments, it was found
necessary to close off the upstream face of the structure to prevent
problems associated with water jets caused by static pressure underneath

the face of the structure.

Measurement of Flow
A "V-notch" weir was used to measure the different flows through the
system. The weir was located douwnstream of the flume in the return
channel. The equation used for the weir is:

Q=2 . 5H2%
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where: Q@ =~ rate of flow in cfs,
H = height of water upstream of the "V-notch" weir
measured in feet with a point gage.

The flow of water was delivered by gravity through the system from
an overhead storage tank placed approximately 12-feet above ground level.
The water level in the tank was kept constant and recharged from an
underground tank using a 30 HP pump which ran continuously throughout each
experiment. The amount of flow to the system was varied using a valve
installed in a 12-inch diameter pipe between the overhead tank and the
flume. The flows ranged from 0.78 cfs. to 2.00 cfs. depending on the type

of sediment used. The flow rates were kept constant throughout all

experiments involving each type of sediment.

Sediment

Four types of sediment were used in this investigation. They are
listed in order ranging down in size as follows: Pebbles, Pea Gravel, #20
Sand, and Yuma Dune Sand (The Pebbles were selected for the riprap blanket
on the sill structure surface described earlier.). These materials are
the same as those used in the previous work by Laursen and Flick. A size
distribution chart for the different materials is shown in Figure 6.
During each experiment, the sediments were distributed to the system from

the tower using a sediment feeder,

Tower
The tower structure was used to uniformly distribute each sediment

material evenly throughout each of the experiments. The tower (Figure 3)
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was approximately l2-feet in height, located at the upstream end of the
flume, and extending partially over the sill structure, Sediment was fed
to the flume through a 2-foot diameter funnel attached to the platform of
the tower. A 5-foot length of 3-inch flexible conduit connected the

funnel to a sediment feeder attached to the flume below.

Sediment Feeder

The purpose of the feeder was to evenly distribute the sediment
across the width of the flume. The sediment feeder (Figure 3) consisted
of an endless screw that moves a plate attached to the flexible conduit
back and forth across the width of the flume with the aid of an air-driven
motor. The motor operates by the circulation of compressed air driven by
compressors in the Department’s building. The direction of the compressed
air is controlled by a relay located at each end of the endless screw.
As the plate strikes each of the relays, the direction of the screw

reverses, causing the plate to also reverse direction.
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CHAPTER FOUR

EXPERIMENTAL PROCEDURE

Preliminary Experimental Runs

Initially a few experimental runs were made to determine the easiest
way to run the whole experimental process. During this time, it was found
that a complete experiment would take approximately 3 hours, including
finding the limiting value of scour with clear water flow and the final
equilibrium scour values with sediment transport.

The limiting scour wvalue was found to occur after about 1 to 2
hours. It is the value referred to as "Dyew". This part of the
experiment could be performed separately. The equilibrium scour wvalue
usually was reached within about 30 minutes; only rarely did it occur

beyond 45 minutes.

Testing Procedure

The testing procedure was lengthy and involved preparing the
sediment; finding the limiting scour values; and finally, performing the
actual sedimentation portion of the experiment. After a few experiments,
the procedure became routine.

The first step in the experiment was the preparation of the
sediment. As discussed earlier, four different types of sediments were

used during the experiments. Each type of sediment was used for an entire



26
set of runs, and a set of experiments consisted of three runs. Each run
was defined by the rate at which sediment was discharged into the flume.
After the completion of each set of experiments, the flume was emptied,
and the sediment was dried and returned to its respective holding bin.
Then, the next type of sediment was prepared for the next set of
experiments. During preliminary runs, a mound with a typical shape was
noticed covering the lower 25% portion of the sill. To save testing time,
this "mound" was pre-formed before each run; approximately 1000 pounds of
material was required to form the mound to the approximate equilibrium
shape and height. Another portion of sediment was carefully weighed to
be used for a pre-selected rate of sedimentation and placed in
plastic buckets. The buckets were then loaded on the tower discussed
previously, During the course of the sedimentation portion of the
experiment, as the buckets were emptied, some were filled and weighed
again in case extra sediment was needed.

Next, the limiting wvalue of scour was found. This was done by
running water through the system and increasing the flow rate until an
appreciable amount of scour was noted in the bed material, At the same
time the tailwater was adjusted up or down to increase or decrease the
amount of scour in the bed. When the desired settings of flow rate (Q)
and initial tailwater (TW;) were reached, producing a reasonable limiting
mound size, they were kept constant for that particular type of material

throughout the experiment,
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When the limiting depth of scour was reached (about 1 to 2 hours)
several readings were taken with a simple scale (in the case of the flow
rate, readings were taken with a point gage mounted just upstream of the
"V-notch" weir) and recorded. Readings for the flow rate were taken about
every 10 minutes to assure constant flow through the system. The other
readings could easily be taken because the whole experiment could be seen
taking place through the window of the flume. These other readings were
taken relative to the invert of the flume and are as follows: The initial
tailwater depth (TW;), initial scour depth (D), initial top of bed
elevation (B;), and initial slope of the face of the scour hole (5;). See
Figure 7 for a graphical definition of the measured terms.

Finally, for the sedimentation portion of the experiments, one
helper was needed on the tower to pour the pre-weighed buckets into the
funnel at pre-determined time intervals (usually 1 minute), This
determined the rate of sediment, "Q,". During this part of the experiment,
certain problems were encountered. Basically, these were of the clogging
variety. If the sediment was not consistently and evenly poured into the
funnel, the material tended to clog at the throat of the funnel. If the
material was not dry enough, as was the case with the Yuma Dune Sand (very
fine sand and difficult to dry), it would clog and back up in the flexible
conduit., A long stirring rod was used to break up any clogs that occurred
at the funnel throat. Another rod was used to pound on the flexible
conduit when a clog occurred there. The #20 Sand and the Pea Gravel were

easily dried and small enough so that hardly any clogging problems were
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experienced with them. Another problem encountered was the relative
difficulty of taking readings for the Pebbles; a misjudgment of one grain
size could cause as much as a 1/2-inch error in measurement.

In approximately 30 minutes, the point of equilibrium scour was
finally reached. After some experience, especially with the finer
materials, a final dune would be observed marching across the top bed,
giving the cue that equilibrium was near. When equilibrium scour was
obtained, the flow of water was shut off, keeping the water from draining
out of the flume until all readings were taken. The readings were
measured in the same manner as before and are as follows: The final
tailwater depth (TW;), final scour depth (Dy), final top of bed elevation
(By), £final slope of the face of the scour hole (S), and rate of
sedimentation (Q.). See Figure 8 for a graphical definition of these
terms. Note that the tailwater depth was allowed to change as the
sediment was poured into the flume; the change was about 1l/4-inch. During
the course of the experiment, the scour depths along the walls of the
flume were noticed to be deeper than that in the middle of the flume due
to the absence of riprap along the walls which produced a higher velocity
jet in this area. This in turn, caused greater movement of bed material
from these areas and produced the deeper scour hole. Therefore, the
reading for final scour depth and slope of the face were taken near the
center of the flume.

This concluded the experimental portion of the study. Test data are

presented in Appendix A of this report. Note that the sediment rates are
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not extremely high. It just was not possible to push any rates higher

than 40 pounds per minute through the funnel.
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CHAPTER FIVE

DISCUSSION OF RESULTS

There are two basic components of the discussion of the results
obtained from the experimental process performed herein. The first part
has to do with the manipulation of the experimental data obtained. The
second part consists of analyzing the experimental data by use of the
theory stated earlier. Based on the two parts above, it was found that
by using the experimental data alone, the results became more

conservative, and hence, was the safer and preferred analysis,

Analysis of the Experimental Results

During the experimental runs, it was noticed that different water
surface profiles could be formed according to the tailwater elevation.
A roller would form with a high tailwater elevation while a hydraulic jump
would form with a relatively lower tailwater elevation. The hydraulic
jump profile was the preferred condition since it was the shortest of the
profiles. This choice was made on the basis of economics for possible
structures in the field, since for a shorter profile there would be less
construction material required which would equate to lower costs for the
sill as a whole.

Upon completion of the experiments, the data was configured as seen

in Appendix A. Further manipulation of the data yielded the information
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shown in Table 1A, This in turn, is shown as a family of curves which can
be viewed in Figure 9. 1In the figure, the right-most limit of each curve
was found with Manning’s equation using the slope of the sill (1lV:4H)
(Table 1B). The slope of the sill (1lV:4H) was assumed to be the slope at
which the stream bed would attain if there was enough sediment material
supplied to the flume. On such a slope, there would be no scour in the
sediment transport condition (Table 1A). The concentration, “C", is found
using equation [3] which also yields the rate of sediment transport "Q,".
Note that these values are extremely high, and most likely would never be
attained in the "real world". Also, the measured values for D, were

found to be close to those values predicted using equation [2].

Analysis Using Theoretical Principles

Using the physical data obtained from the experiments and the theory
presented earlier in this report, it was possible to obtain the computed
values shown in Table 2A. Table 2B was formed to calculate the
theoretical clear-water depth of scour (Dy,w)) used in Table 2A. The
limiting wvalues (the last row of each sediment type) in Table 2A were
based on the same principles used for those values in Table 1A. The curve
family shown in Figure 10 is the graphical representation of Table 2A.

Table 2A came about by using Laursen’s sediment transport equation
(equation [3]) with the help of Figure 2, while considering the actual
sediment load being poured in the flume during each experimental run,
This data can be seen in tabular form in Appendix B. In these tables,

several depths (Y) were chosen until the concentration (C) was



TABLE 1A. Experimental Results

. Dl(ﬂ.) Yn(t:m.)
Sediment Type Q c Dyews  Dapst)  Yoewy Yoty  Dagew) Yot
m (%) (ft) (ft) (ft) ¢ft)
Pebbles 0 0 0.653 0.653 0.269 0.269 1.000 1.000
15 0.20 0.653 0.479 0.269 0,208 0.734 1.293
25 0.33  0.453 0.448 0.269 0.198 0.686 1.359
9=2.00 cfs 35 0.47 0.653 0.448 0.269 0.183 0.686 1.431
22462 30°  0.653 o 0.269 0.123 0 2.187
Pea Gravel 0 0 1.065 1.065 0.352 0.352 1.000 1.000
10 0.18 1.065 0.823 0.352 0.146 0.772 2.411
20 0.36 1,065 0.750 0.352 0.167 0.706 2.108
@=1.50 cfs 30 0.53  1.065 0.72% 0.352 0.167 0.685 2.108
1629° 29°  1.065 0 0.352 0.100' 0.264 3.520
#20 sand 0 0 0.979 0.979 0.396 0.396 1.000 1.000
15 0.50 0.979 0.708 0.396 0.125 0.723 3.168
30 1.00 0.97%9 0.573 0.396 0.104 0.585 3.808
Q=0.80 cfs 40 1.36 0,979 0.472 0.396 0.083 0.482 4.771
12282 412 0.979 0 0.39 0.048" 0 5.824
Yuma Dune Sand O 0 0.760 0.760 0.312 0.312 1.000 1.000
10 0.34  0.760 0.583 0.312 0.271 0.767 1.15%
20 0.68 0.760 0.542 0.312 0.156 0.713 2.000
Q=0.78 cfs 30 1.03  0.760 0.416 0.312 0.104 0.547 3.000
14806 507° 0.760 0 0.312 0.067 0 4.656
' See Table 1B for values of Y.
2 values calculated equation (3] using Y = Ynist).
TABLE 1B. Caluation of Y,
Using Manning’s Equation.
Sediment Type Q q n d Y,,'
(cfs) (cfs/ft) ft) (ft)
Pebbles 2.00 1.00 0,021 0.04833  0.123
Pea Gravel 1.50 0.75 0.020 0.02 0.100
#20 sand 0.80  0.40 0.020  0.002 0.068
Yuma Dune Sand 0.78  0.39 0.020  0.001 0.067

' ¥, calculated with §=0.25 ft/ft.

2 n from Stickler equation ¢n = 0.034ds™®).

If n < 0,020, use n = 0.020.
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TABLE 2A. Theoretical Results

Ly _ 2, 18
Ye = (qg/9) ",
2 values calculated from equation {2) with dy = 0.04833 ft.

Du(l.t.) Yn(c.w.)
Sediment Type Q 1C Daiew)  Daget) Yé:(c.w.) Yoist)  Daew)  Ynpny
E/my (%) (ft) (Ft) (fty (ft)
Pebbles 0 0 1.045 1.045 0.304 0.304° 1.000 1.000
15 0.20 1.045 0.479° 0.304 0.281% 0.458 1.082
25 0.35 1.045 0.448° 0.304 0.271% 0.429 1.122
0=2.00 cfs 35 0.47 1.045 0.448° 0.304 0.2612 0.429 1.165
2246* 30 1.045 0 0.304 0.123 0 2.472
Pea Gravel 0 0 1.072 1.072 0.306 0.30562 1.000 1.000
10 0.18 1.072 0.823° 0.306 0.263% 0.768 1.163
20 0.36 1,072 0.750° 0.306 0.239° 0.700 1.280
@=1.50 cfs 30 0.53 1.072 0.729% 0.306 0.225° 0.680 1.360
1629*  29*  1.072 0 0.306 0.100 0 3.050
#20 sand 0 0 1,213 1.213 0.317 0.317° 1.000 1.000
15 0.50 1.213 0.708° 0.317 0.150° 0.583 2.113
30 1.00 1,213 0.573° 0.317 0.130° 0.472 2.438
Q=0.80 cfs 40 1.36  1.213 0.472° 0.317 0.120° 0.389 2.642
1228 41*  1.213 0 0.317 0.068 0 4,662
Yuma Dune Sand O 0 1.428 1.428 0.374 0.3742 1.000 1.000
10 0.36 1.428 0.583% 0.374 0.190° 0.408 1.968
20 0.68 1.428 0.542° 0.374 0.1652 0.380 2.267
0=0.78 cfs 30 1.03  1.428 0.416° 0.374 0.150° 0.291 2.493
14806* 507°  1.428 0 0.374 0.067 0 5.582
' values calculated from equation [2}. See Table 2B.
2 values calculated from equation [3].
% values calculated from equation (31 using Y = Yniat)-
4 See Table 1A.
5 Experimental (measured) results.
TABLE 2B. Caluation of Dypw)
Using Equation [2].
Sediment Type Q q Yc1 d D,(c_w,,z
(cfs)y (cfs/ft) (ft) (ft) (ft)
Pebbles 2.00 1.00 0.3 0.04833 1.045
Pea Gravel 1.50 0.75 0.259 0.02 1.072
#20 sand 0.80 0.40 0.171 0.002 1.213
Yuma Dune Sand  0.78 0.39 0.168 0.001 1.428



.00

0.20

0.40

0.60

Ds(s.t.)/Ds(c.w.)

OIBO

1.00

| PEBBLES YUMA DUNE /
i \/ PEA GRAVEL SAND >
7 / <~
- / ,’/
i < - #20 sanD
_ /
,’/
_/
: ///
I
T Tty T T Ty T TrrTY Tl T T rr—r7T 7 1 1T T 7T T 17T 1T 1T T 1T 17171
1.00 2.00 3.00 L4.00 5.00
Yn(c.w.)/In(s.t.)
Figure 10. Curve Family (Theoretical Data).

6IOO

LE



38
approximately the same as the sediment rate (Q,) being supplied to the

flume. This depth is circled for the sake of convenience.

Comparison of Alternatives

When comparing the above two analyses, the technique using only the
experimental data shows higher values of scour depths. Choosing this
analysis would yield much more conservative values, and hence, be the
safer of the two techniques. Therefore, the family of curves formed by
the experimental data alome is the preferred technique to be used,

Scanning both of the curve families, it was noticed that in each
case, all four of the curves seemed to follow the same general path
(curving up and to the right in a general fan-shape). However, ome curve
in each case (Yuma Dune Sand), does not follow the general pattern of the
other curves based on particle diameter. TIf this curve did follow the
pattern based on particle diameter, it would be lower than the #20 Sand
curve, This might suggest that the Yuma Dune Sand tends to be swept up
in suspension (having a higher shear velocity relative to its £all
velocity) more than that of the other sand types. This was the case while
performing the experiments. Also, while creating the curve families for
both cases (Appendix C), there was not much scatter in values for the
theoretical data. This made forming those curves very simple. However,
there was more scatter for the experimental data, especlally for the Pea
Gravel and #20 Sand, making it more difficult to fit a curve to the data.

Also, an extremely high slope is necessary to decrease the depth of

scour when studying both sets of results (experimental and theoretical)
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for the two finer materials. However, when using the two larger
materials, a relatively smaller slope will result in a larger reduction
in the depth of scour. So, when faced with a design problem, the designer

should consider sediment transport when dealing with high slopes.

Further Studies

Further experiments might be performed to more accurately study the
effects of sediment transport on the depth of a scour hole. Several
improvements to the equipment should be done to obtain more accurate
results, A more precise model might be employed - one not completely
built of wood would reduce the chance for warping. Measurement of the
velocity distribution in and around the scour hole might be of use to get
a better idea of the flow patterns involved. The sediment feeder should
be improved to distribute the sediment more consistently and evenly to get
an even scour hole at the toe of the sill. The riprap should completely
cover the sill as it was not during these experiments causing an uneven
scour hole. Also, measurement of the boundary shear force might be
advantageous in the area of the scour hole although this might be
difficult and may require fixing the bed of an equilibrium scour hole.
Even though further experimentation may lead to basically the same final
result as this report, they might provide better results and more
confidence in the results by finding out more about the flow patterns

involved and the affects of sediment transport.



40

CHAPTER SIX
EXAMPLES

To illustrate the use of the relationships proposed herein, two
examples will be given. The first example is an expansion of the example
given in the Laursen and Flick report. The second example involves the
a river similar to the Red River in Louisiana. This river has a much
flatter slope to that of the first example.

Example 1

In the Laursen and Flick example, the following situation was given
on a typical stream in Arizona:

Given: (1) Channel 220 feet wide with a streambed slope of 0.5%,

and an estimated "n" wvalue of C.035;
(2) Design discharge of 10,000 cfs;
(3) Bed material of median diameter of 1/8-inch (0.0l feet);
(4) A head cut of 8 feet is moving towards a highway

crossing of the stream.

Charge: Investigate a sill structure to stabilize the head cut and
protect the highway crossing.

1) Assuming a rectangular channel, first find both the normal and
critical flow characteristics: i

a) Normal flow:
-From Manning’s Equation,

Q = A(1.49/n)R¥3s"2 = BY,(1.49/n) (BY,/B+2Y,)*35'"?
A trial and error solution yields, Y, = 5.1 feet. This value can

also be thought of as Y, since ¥, is the depth at some unknown
sediment concentration,



2)

3)

4)
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-From Q ~ V,A,, V, = 8.9 fps.
-The Froude Number, F, = V/(gY,,)""2 = 0.7 (this means suberitical
flow since 0.7 < 1.0),

b) Critical flow:
-From Y, = (q%/g)", where q = 45.5 cfs/ft, Y. = 4.0 feet.

-Also, Q@ = VA, V. = 11.4 fps.

Find the depth of scour for the clear-water condition (Dyyy,)) using
a sloping sill (1V:4H) protected by 12-inch rock;

a) From equ. [2], Dgewy = 42.6 feet. This is the depth of scour
below the elevation of the tailwater.

Now, find the depth of scour for the sediment transport case (Dypuy):

a) First, we must find the wvalue for the normal depth under clear-
water conditions. Knowing that at at the boundary of the scour
hole, To'/T; = 1, and V2 = Q%/(B%Y%), Y = 12.6 feet which is equal
to Yn(c.w.)-

b) Now, since we know Y,,.) and Y., enter Figure 9 with the
value of Ypew)/Yney = 2.47 and using the "Pea Gravel' curve,
find that Dypi)/Deewy = 0.40. Knowing this, we can find Dyyy
by multiplying 0.40 with Dyewy (42.6 feet). This gives Dyuy =
17.0 feet,

¢) For information, the concentration of sediment, C, is calculated
using equation [3] and Figure 2., The chart below shows all values
calculated in this example:

Yn(c.w.) Yn(s.t.) G S Yn(c.w.) Du(at) Ds(c.w.) Du(u)
(ft) (fr) (%) (ft/ft) Yot Daew) (ft) (ft)
12.6 5.1 0.07 0.005 2.47 0.40 42.6 17.0

As can be seen in above chart, a reduction of 60% in the depth of
scour occurs, This is a significant reduction for this stream which
has a relatively steep slope (0.5%).

A sloping sill designed for 17.0 feet of scour would greatly reduce the

expense compared with that designed for 42.6 feet. Still, the designer

should consider protecting the toe of the sill and the banks with riprap.
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Of course, this must all be done through risk analysis techniques to get

the most economical solution,

Example 2
An example involving a river with a flat slope will alsc be proposed
to see if the same results can be drawn as those of a river with a steep
slope (Example 1), In this example, a river reach similar to that of the
Red River in Louisiana is proposed with the following characteristics:
Given: (1) Channel 250 feet wide with a slope of 0.02%, and an
estimated "n" value of 0.028;
(2) Design discharge of 10,000 cfs;
(3) Bed material of median diameter of 0.19 mm (0.0006
feet).

Charge: Investigate a sill structure using equations [2] and [3],
and compare with Example 1.

1) Again, assuming a rectangular channel, find both the normal and
critical flow characteristics:

a) Normal flow:
Y, = 11.2 feet, which is the same as Y4y,
V, = 3.6 fps,
F, = 0.2 (suberitical flow).
b) Critical flow:
Y. = 3.7 feet,
Ve = 10.8 £ps.

2) Find the depth of scour for the clear-water condition (D)) using
sloping sill (1V:4H) protected by 12-inch rock:

a) From equ. [2], Dyewy = 75.0 feet.
3) Find the depth of scour for the sediment transport case (Dypuy):
a) Ypew) = 25.3 feet from T,'/T; = 1.

b) Enter Figure 9 with Y, cuw)/Yoey = 2.25 and using Yuma Dune Sand
curve, find that D,y = 52.5 feet,
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c) For more information, consult the chart below:

Yn(c.w.) Yn(s.t.) G 5 Yn (cw.) Ds(u.t.) D fe.w.) Du [s.t)
(ft) (ft) (%) (ft/ft) Ynet) Dsew) (ft) (£t)
25.3 11.2 0.007 0.0002 2.25 0.70 75.0 52.5

Unlike the first example, there is not sufficient reduction in the
depth of scour to make an unriprapped scour hole practical. There is only
a 30% reduction of scour depth. Since a scour depth of 75.0 feet below
the tailwater elevation is too much to be considered, the designer should
consider placing riprap at the toe of the sill to reduce the depth of
scour. This can be done by choosing different sizes of riprap and using
equation [2]. If the size of the riprap becomes unreasonable, then a
possible solution might be placing a soil anchored riprap blanket at the
toe of the sill. Again, this must be done with the use of risk analysis

to get the most economical solution.
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CHAPTER SEVEN

CONCLUSION

Scour at the toe of a sloping sill was investigated as part of a
report by Laursen and Flick (1). After much experimentation, they
proposed equation [2]), which predicts the depth of scour for clear-water
conditions. In their report, Laursen and Flick also left the question of
whether or not sediment transport would have a profound effect on the
depth of this scour hole. To answer this question, the flume which was
used in their original work was altered to provide for sediment transport,
and several experiments were performed.

Upon completing these experiments, collating, and analyzing the
data, it was determined that sediment transport significantly reduces the
depth of the scour hole only when large diameter sediments or steep slopes
are encountered. This condition is found in arid, mountainous areas and
both equation [2] and [3] must be considered. The impact of sediment
transport is not significant if the streambed slope is relatively low or
the sediment size is small. This condition is usually found in humid
areas. Hence, equation [2] would be applicable in almost all these cases.

When designing for a sloping sill, the designer should keep in mind
that riprap should be placed at the toe. This would in effect armor the

bed in this area which would also reduce the amount of scour. A pervious
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blanket should also be placed under this riprap to take care of any
leaching of finer materials from below. The designer should be prepared

to run a risk analysis to insure that the best combination of structure

and amount of protection is afforded.
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EXPERIMENT #1

TYPE OF MATERIAL: PEBBLES

INTTIAL (CLEAR-WATER) VALUES

INITIAL TAILWATER DEPTH (TW;)) = 1.540’

INITIAL SCOUR DEPTH (Dy) = 0.915'

INITIAL DEPTH OF SCOUR (Dypuy) = 0.625'

INITIAL SLOPE OF SCOUR HOLE (S,) = 0.320 ft./ft.
INITIAL HEIGHT OF CREST (B) = 1.271'

HEAD AT "V-NOTCH" WEIR = 0,915’

FLOWRATE (Q) = 2.00 cfs

MEASURED DEPTH OF FLOW ON SLOPED SEGTION OF SILL = 2.375"

FINAL (SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 15 lbs./min.
FINAL TAILWATER DEPTH (TW;) = 1.580°
FINAL SCOUR DEPTH (Dy) = 1.101'

FINAL DEPTH OF SCOUR (Dyuy) = 0.479'
FINAL TOP OF BED (B) = 1.372'

FINAL SLOPE OF SCOUR HOLE (S;) = 0.178 ft./ft.
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EXPERIMENT #2

TYPE OF MATERIAL: PEBBLES

INITIAL (CLEAR-WATER) VALUES

INITIAL TAILWATER DEPTH (TW,) = 1.540’

INITIAL SCOUR DEPTH (Dy) = 0.894°

INITIAL DEPTH OF SCOUR (Dyeyy) = 0.646'

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.212 ft./ft.
INITIAL HEIGHT OF CREST (B) =+ 1,271’

HEAD AT "V-NOTCH" WEIR = 0,915’

FLOWRATE (Q) = 2.00 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION COF SILL = 2.500"

FINAL (SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 25 1bs./min.
FINAL TAILWATER DEPTH (TW,) = 1.550’
FINAL SCOUR DEPTH (Dg) = 1.102¢

FINAL DEPTH OF SCOUR (Dypy)) = 0.448'
FINAL TOP OF BED (B;) = 1.352'

FINAL SLOPE OF SCOUR HOLE (S;) =~ 0.232 ft./ft,



EXPERIMENT #3

TYPE OF MATERIAL: PEBBLES

INITIAL (CLEAR-WATER) VAIUES

INITIAL TAILWATER DEPTH (TW) = 1.540'

INITIAL SCOUR DEPTH (Dy) = 0,852’

INITIAL DEPTH OF SCOUR (Dycw)) = O.688'

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.196 ft./ft.
INITIAL HEIGHT OF CREST (B)) = 1.271'

HEAD AT "V-NOTCH" WEIR = 0.915'

FLOWRATE (Q) = 2.00 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 2Z,250"

FINAL (SEDTMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 35 lbs./min.
FINAL TAILWATER DEPTH (TW) = 1.560°
FINAL SCOUR DEPTH (Dg) = 1.112°'

FINAL DEPTH OF SCOUR (Dymy) = 0.448'
FINAL TOP OF BED (By) = 1.372'

FINAL SLOPE OF SCOUR HOLE (Sy) = 0.261 ft./ft.
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EXPERIMENT #4

TYPE OF MATERIAL: PEA GRAVEL

INITTAL (CLEAR-WATER)} VALUES

INITIAL TAILWATER DEPTH (TW)) = 1.540°

INITIAL SCOUR DEPTH (D) = 0.498’

INITIAL DEPTH OF SCOUR (Dygwy) = 1.042'

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.261 ft./ft.
INITIAL HEIGHT OF CREST (B) = 1.188'

HEAD AT "V-NOTCH" WEIR = 0,815’

FLOWRATE (Q) = 1.50 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 2.000"

FINAL (SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 10 lbs./min.
FINAL TAILWATER DEPTH (TW) = 1.540'
FINAL SCOUR DEPTH (Dy) = 0.717'

FINAL DEPTH OF SCOUR (D,uy)) = 0.823°
FINAL TOP OF BED (B) = 1.394'

FINAL SLOPE OF SCOUR HOLE (S;) = 0.352 ft./ft.
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EXPERIMENT #5

TYPE OF MATERIAL: PEA GRAVEL

INTTTAL (CLEAR-WATER) VAILUES

INITIAL TAILWATER DEPTH (TW,) = 1.540’

INITIAL SCOUR DEPTH (Dy) = 0.512°'

INITIAL DEPTH OF SCOUR (Dscw)) = 1.028’

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.261 ft./ft.
INITIAL HEIGHT OF CREST (B;) = 1.188'

HEAD AT "V-NOTCH" WEIR = 0,815’

FLOWRATE (Q) = 1.50 cfs

MEASURED DEPTH OF FLOW ON SLOFED SECTION OF SILL = 2.000"

FINAL (SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 20 lbs./min,
FINAL TAILWATER DEPTH (TW;) = 1.560'
FINAL SCOUR DEPTH (Dg4) = 0.810'

FINAL DEPTH OF SCOUR (D,py) = 0.750'
FINAL TOP OF BED (B =~ 1.393°'

FINAL SLOPE OF SCOUR HOLE (Sy) = 0.125 ft,/ft.



EXPERIMENT #6
TYPE OF MATERIAL: PEA GRAVEL
INITTAL (CLEAR-WATER) VAIUES

INITIAL TAILWATER DEPTH (TW,) - 1.540’

INITIAL SCOUR DEPTH (Dg) = 0.415°

INITIAL DEPTH OF SCOUR (Dyeyw)) = 1.125°

INITIAL SLOPE OF SCOUR HOLE (§) = 0.261 ft./ft.
INITIAL HEIGHT OF CREST (B;) = 1.188*

HEAD AT "V-NOTCH" WEIR = 0.815’

FLOWRATE (Q) = 1.50 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 2.000"

FINAL (SEDIMENT TRANSPORT) VAILUES

RATE OF SEDIMENTATION (Q,) = 30 lbs./min.
FINAL TAILWATER DEPTH (TW,) = 1.580’
FINAL SCOUR DEPTH (D) = 0.851'

FINAL DEPTH OF SCOUR (Dyey) = 0.729°
FINAL TOP OF BED (B) = 1.413'

FINAL SLOPE OF SCOUR HOLE (S;) = 0.368 ft./ft.
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EXPERIMENT #7

TYPE OF MATERIAL: #20 SAND

INITIAL (CLEAR-WATER) VALUES

INITIAL TAILWATER DEPTH (TW,) = 2.080'

INITIAL SCOUR DEPTH (D,) = 1.101’

INITIAL DEPTH OF SCOUR (Dyew)) = 0.979'

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.438 ft./ft.
INITIAL HEIGHT OF CREST (B;)) = 1.684'

HEAD AT "V-NOTCH" WEIR = 0,634*

FLOWRATE (Q) = 0.80 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 1.500"

FINAI, (SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 15 1lbs./min.
FINAL TAILWATER DEPTH (TW) = 2.080'
FINAL SCOUR DEPTH (Dg) = 1.372°'

FINAL DEPTH OF SCOUR (Dgy) = 0.708°
FINAL TOP OF BED (B;) = 1.955'

FINAL SLOPE OF SCOUR HOLE (S;) = 0.409 ft,/ft.

53



EXPERTMENT #8

TYPE OF MATERIAL: #20 SAND

INTTIAL (CLEAR-WATER) VALUES

INITIAL TAILWATER DEPTH (TW,) = 2.080°'

INITIAL SCOUR DEPTH (Dy) = 1.101'

INITIAL DEPTH OF SCOUR (Dsew;) = 0.979°

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.438 ft./ft.
INITIAL HEIGHT OF CREST (B;) = 1.684'

HEAD AT "V-NOTCH" WEIR = 0.634'

FLOWRATE (Q) = 0.80 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 1,500"

FINAL (SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 30 1bs./min.
FINAL TAILWATER DEPTH (TW,) = 2.080°
FINAL SCOUR DEPTH (Dy) = 1.507’

FINAL DEPTH OF SCOUR (Dyey) = 0.5737
FINAL TOP OF BED (B;) = 1.976'

FINLL SLOPE OF SCOUR HOLE (Sy) = 0.267 ft./ft.
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EXPERIMENT #9

TYPE OF MATERTIAL: #20 SAND

INITIAL (CLEAR-WATER) VAIUES

INITIAL TAILWATER DEPTH (TW) = 2.080’

INITIAL SCOUR DEPTH (Dy) = 1.101'

INITIAL DEPTH OF SCOUR (Dygy,) = 0.979’

INITIAL SLOPE OF SCOUR HOLE (S;) = 0.438 ft./ft,
INITIAL HEIGHT OF CREST (B) = 1.684'

HEAD AT "V-NOTCH" WEIR = 0.634'

FLOWRATE (Q) = 0.80 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 1.500"

FINAL_(SEDIMENT TRANSPORT) VAILUES

RATE OF SEDIMENTATION (Q,) = 40 lbs./min.
FINAL TAILWATER DEPTH (TW) = 2.080’
FINAL SCOUR = 1.608’

FINAL DEPTH OF SCOUR (Dguy) = 0.472'
FINAL TOP OF BED (B;) = 1.997’

FINAL SLOPE OF SCOUR HOLE (S;) = 0.500 ft./ft.
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EXPERIMENT #10

TYPE OF MATERIAL: YUMA DUNE SAND

INITIAL (CLEAR-WATER) VALUES

INITIAL TAILWATER DEPTH (TW,) = 2.080°

INITIAL SGOUR DEPTH (Dy) = 1.330’

INITIAL DEPTH OF SCOUR (Dycw)) = 0.750'

INITIAL SLOPE OF SCOUR HOLE (S;) =~ 0.300 ft./ft.
INITIAL HEIGHT OF CREST (B;) = 1.768'

HEAD AT "V-NOTCH" WEIR = 0.626'

FLOWRATE (Q) = 0.78 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 1.500"

FINAL_(SEDIMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 10 1lbs./min.
FINAL TAILWATER DEPTH (TW,) = 2.080'
FINAL SCOUR DEPTH (Dy) = 1.497'

FINAL DEPTH OF SCOUR (Dysy) = 0,583¢
FINAL TOP OF BED (Bf) = 1.809'

FINAL SLOPE OF SCOUR HOLE (S)) = 0.200 ft./ft.
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TYPE OF

INITIAL

INITIAL

INITIAL

INITIAL

INITTAL

HEAD AT

EXPERTMENT #11

MATERIAL: 7YUMA DUNE SAND

INITIAL (CLEAR-WATER) VALUES

TATLWATER DEPTH (TW) = 2.080°

SCOUR DEPTH (Dy) = 1.299'

DEPTH OF SCOUR (Dycwy) = 0.781'

SLOPE OF SCOUR HOLE (S;) =~ 0.254 ft./ft.
HEIGHT OF CREST (B,) = 1.768'

"V-NOTCH" WEIR = 0.626'

FLOWRATE (Q) = 0.78 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 1.125"

RATE OF

FINAL (SEDIMENT TRANSPORT) VALUES

SEDIMENTATION (Q,) = 20 lbs./min.

FINAL TAILWATER DEPTH (TW,) = 2,100’

FINAL SCOUR = 1.558°'

FINAL DEPTH OF SCOUR (Dypyy) = 0.542'

FINAL TOP OF BED (B;) = 1.944'

FINAL SLOPE OF SCOUR HOLE (S;) = 0.259 ft./ft.
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EXPERIMENT #12
TYPE OF MATERIAL: YUMA DUNE SAND
INITIAL (CLEAR-WATER) VALUES

INITIAL TAILWATER DEPTH (TW;) = 2.080’

INITIAL SCOUR DEPTH (Dgy) = 1.330'

INITIAL DEPTH OF SCOUR (Dsiyw)) = 0.750’

INITIAL SLOPE OF SCOUR HOLE (§;) = 0.300 ft./ft.
INITIAL HEIGHT OF CREST (B;) = 1.768'

HEAD AT "V-NOTCH" WEIR = 0.626'

FLOWRATE (Q) = 0.78 cfs

MEASURED DEPTH OF FLOW ON SLOPED SECTION OF SILL = 1.500"

FINAL (SEDTMENT TRANSPORT) VALUES

RATE OF SEDIMENTATION (Q,) = 30 1lbs./min.
FINAL TAILWATER DEPTH (TW;) = 2.080°'
FINAL SCOUR DEPTH (Dy) = 1.664'

FINAL DEPTH OF SCOUR (Dypuy) = 0.416°
FINAL TOP OF BED (B;) = 1.976'

FINAL SLOPE OF SCOUR HOLE (S§;) = 0.333 ft./ft.



APPENDIX B

COMPUTED VALUES USING
EQUATION [3]
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COMPUTED VALUES USING RQUATION [3) ROR PRBBISS.
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COMPUYED VALORS USING RQUATION {3] FOR PRA GRAVEL.

G N T a8 qQ § e I B v (BBA)(TR) (Toffe-l) Bfe L(Utfe) €

" {0 () (efs) (1) (fes) )
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OOMPUTED VALUES USING EQUATION (3) POR ¥0. 28 SAND.
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COMPOTED VALUES OSIHG EQUATION {3} FOR TUMA DONE SAMD.
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APPENDIX C

CURVES FOR MATERYALS BASED ON
THEORETICAL AND EXPERIMENTAL DATA
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