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RACT

A theoretical approach has been derived to describe local scour downstream the
floor of hydraulic structures, such as weirs, spillways, and regulators. Based on the
fundamentals of fluid mechanics, an expression for relative maximum scour depth is
analytically presented with the exception of a single experimental parameter.
Experimental work is conducted on two different laboratory flumes for simulating
scour process downstream weir construction. Series of runs are performed on weirs
with different floor lengths, describing local scour geometry, depth and length, and
flow pattern in terms of velocity measurements at different sections in that region.
Only one parameter in the theoretical expression is estimated by using the measured
experimental data. Time effect on the development of scour hole geometry has been
investigated, and presented in predictive expressions. Characteristics of scour
geometry and bed protection works, riprap, are experimentally studied through
additional group of runs by using natural uniform riprap instead of increasing floor
length. The advantage of this study is that, it has theoretical base more than other
previous studies which provide empirical expressions of dimensional analysis.
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INTRODUCTION
Local scour downstream = water momentum equation with the assistance of

structure is one of the dangerous problems
which are facing irrigation engineers.
Design procedures of such constructions
should include protective measures against
scour in order to prevent damage or

. complete failure of the structure. Because of
. this, a comprehensive investigation should

be done on the scour causes, mechanism,
scour hole geometry, flow structure , and
scour development with passage of time.
Several previous studies of local scour down
stream hydraulic structures were presented
[1-6]. Most of the presented studies are
based mainly on dimensional analysis and
empirical formulae.

The present paper concerns the process
of local scour down stream hydraulic jump,
through a theoretical approach calibrated
with the measured experimental data. The
approach depends mainly on one
dimensional continuity equation and
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velocity distribution relations which were
investigated by Schlichting [7] and then
developed for application by Tsubaki and
Hirano [8] In the experiments, the flow
passed over weir crest making hydraulic
jump, then passed over sudden change in
bed roughness from a fixed floor surface to
a movable bed of sand under the dynamic
condition. Measurements of scour hole were
taken in equilibrium state and also during
the development process. An expression for
relative maximum scour depth was
obtained. A relation between maximum
scour depth and length was demonstrated.
The progress of scour process with passage
of time was described graphically and then
represented  analytically. A qualitative
description of the advantages of replacing a
specific length of the floor with riprap
material is presented.
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FLOW PATTERN DOWNSTREAM WEIR

STRUCTURE

Considering steady, uniform, two
dimensional flow downstream a hydraulic
jump which occurs over the downstream
floor of a weir structure. The flow pattern
over the non-cohesive stream bed just after
the floor edge is well described as shown in
Figure 1. In the developed scour hole,
turbulent motion of the fluid is assumed,
and bottom velocity along the surface of
scour hole has two directions; upward face
has bottom velocity toward downstream,
while downward face has velocity toward
upstream. The lowest point, re-attachment
point C, is assumed to have a bottom
velocity which causes critical shear stress,
and the particles are under equilibrium
state.

. in
Figure 1 Schematic sketch of flow pattern in local scour
hole

From geometrical properties of
velocity distribution curve in sec II-1I,
= =) ¢=1 --(y; for (0<y < d) (1)
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For section III-III,

U= Ub +us f (Ql,n), C1 =1 _-%;_ (3)
where u is the local flow velocity at any
point, ug is the surface velocity, up is the
bottom velocity, y is the vertical scale
measured from the water surface, xis the
horizontal scale, d is the depth from the
surface to zero velocity, h is the total flow
depth, h( is the water depth over the edge of
the floor, and H is the water depth over the
lowest point of the scour hole.

Appl&iné continuity equation between sec. I-
I and sec. III-III,

H H
uo ho I uydy + j uf(Cdy (4)
0 0

where u, is the average velocity at sec. I-L.
From the above equations,

uoho = H (ub-usGi) (5)
0

where G = j'f(gl)cu;1 . Considering the control
1

volume (abcde), and applying momentum
equation between sections I and III,

H
1 2. 1 2
pp u? ho—p_[ u?dy =—p gH —5Pghy (6)
0

where p is flow density, B is momentum
correction factor, and g is gravitational

acceleration.
H ) H 2
Ju?ay = [tu, +ugf pac oy (7)
0 0
=H(u? -2u,G1-u?G,) (8)
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where O 5 = ,[ £ (Cl)dcl , From

1

; 1 hy

Equation 5, Uy = El(“b - uo—ﬁ—) :
Substituting into Equation 8.
H
f u’dy=~H[ (G, +1)u} - 2G,+ 1)uoub5Hl + G’ %Q)z 1 9)
0
where G3 = G2 / Gf , Substituting into
Equation 6.

H u 2 H u h
-};=\/1+2Fg[ﬁ+((}3+1x;§) H;—Z(G3+1)E2+G3ﬁ°] (10)

where FO2 = ug /gh, 1is the squared Froude

number at sec. I-I.

STABILITY OF SEDIMENT PARTICLES

The developed scour hole depth can be
estimated by using Equationl0. However,
the flow velocity near bed level u, is difficult
to be obtained or measured. The value of
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bottom velocity u, depends mainly on size
of sand particles, the location in the scour
hole, and the water depth. At the re-
attachment point c, stability analysis for
sand particles may be presented, assuming
equilibrium condition between the particle
weight and the hydrodynamic force
generated by diffused jet velocity. Since
shear stress depends mainly on flow depth,
and point ¢ has the maximum depth,
therefore, shear stress at such point is
assumed to be critical.

Ter = Ye . Posg Dso (11)
where tor is the critical shear stress, yc is
the shields number which is approxim ately
constant at 0.047, s is the specific weight of
sediment in water, and Dso is the mean
particle size.

In general, the bed shear stress can be
written in the following form,

= Cr pu? (12)
where Cr is the local friction coefficient
which can be presented as a simple function
of the relative roughness, see Reference 4.

C - _Q(I)SO)X

(13)

where B and x are coefficients have the
values 2.9 and 0.19, respectively, Bormann
[4], and ¥y, is equal to H at location of

maximum scour. Thus, Ub can be presented
as follows,
u, =685VD_

H 0095

so(f) (14)

50
Substituting into Equation 10,
H 0095 _ (15)

= 1422 [p+ 4.78(Gs+1)12(—li) - 437G+ G~ )

where y = L(D'SO )0 i

o o

EXPERIMENTAL SETUP

The experiments were carried out on
two different flumes. The first is a tilting
flume of width 86 cm, depth 50 cm, and
length 12.0 m with steel bottom and glass
wall. A model of sharp edged wooden weir
with dimensions 86 c¢m width and 60 cm
height is been installed in the upstream part
of the flume. The inclination of weir

downstream face is 1H : 2V. A thin plate
weir was placed at the downstream end of
the flume to control tailwater depth. The
sand which is used in the downstream of
the weir structure has mean diameter D5q =

0.948 mm and standard deviation cg = 2.06.
Several runs were conducted to show three
dimensional local scour downstream weir
construction. The second flume is a steel
painted channel with rectangular cross-
section of 52 cm in width, total length 13.0
m, and 60 cm in depth. In the upstream
reach of the flume, the two sides were made
of prospect. A model of sharp edged weir
with dimensions 52 cm width, 60 cm height
has been installed in the upstream reach.
The inclination of the weir downstream face
is 1H : 2V. A flap gate was installed in the
end of the flume to control down stream
water level. Five groups of 23 run were
performed. In the first three groups, the
movable bed was simulated by graded sand
of mean particle size D50 = 0.842 mm, and

standard deviation c¢=1.8. The other two
groups were carried out with riprap
protection blanket placed after downstream
floor of the weir in which the top surface at
bed level. The riprap material consists of
angular granite crushed stones of uniform
size equal to 1.5 inch. The thickness of
riprap protection was 15 cm, and riprap
lengths were 30 and 60 cm. Figure 2 shows
a schematic diagram of the second flume
setup, and Figure 3 shows the grain size
distribution for bed material in the two
flumes.

In both flumes, various discharges were
passed to study the effects of flow and
sediment parameters on the formation of
scour hole. The procedure in each
experiment that the down stream was first
filled with water to a certain limit, then the
run started with low rate of flow, which
gradually increased to the specified
discharge.
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Fleader tauk ' The formed hydraulic jump position was
' kept over the floor length by controlling the
downstream water level. In both flumes, the
discharges were measured using two
methods; the piezometric tube in the
upstream of the triangular weir in the

i2m

..................... " collecting tank, and the point gage which
- was fixed over the upstream weir structure.

e mp .
NS w2 The water level was measured by using a

point gage with accuracy 0.1 mm, mounted
on a mechanical carriage.

The vertical velocity profile for different
sections normal to the flow in the tested

100 - ‘ ‘ re?gion was measured by using 2 mm
v N [ soiescty ] d1am.ejcer p1’_cot—statiic tub.e connected to a
':_§ 80 4 seles® "o sen§1t1ve differential piezometers. After
B G iitmil : LU | getting a fully developed scour hole, 6 hours
¥ § from the beginning, the test was stopped
B o il and water was carefully allowed to drainage
g through the flume bottom hole covered with
g W0p-s R e 4 T e 1 e woven cloth to prevent the passage of sand
g2 B S e R oy anied s through the hole. The levels of developed
10 1 0.1 0.0t scour hole downstream the floor or down
Particle size in m stream the riprap were measured with the
Figure3.  Grain size distribution for bed material point gage described above. Tables 1. and 2
show summary of experiments and range of
parameters under investigation.
Table I Summary of Experimental Data (using natural sand for bed)
Run No. Bw Lw Q yD.S Dso sg Fo H/ho Ls/ho
cm - cm lit/sec cm cm
A-1 86 60 32.835 14.3 0.0948 2.06 0.2254 1.62 2.797
A-2 86 60 26.353 12.0 0.0948 2.06 0.2087 1.538 1.538
A-3 86 60 20.748 11.9 0.0948 2.06 01876 1.467 1.261
A-4 86 60 13.559 10.7 0.0948 2.06 0.1438 1.368 0.467
A-5 86 60 10.672 10.0 0.0948 2.06 0.1258 |  ---ee | oo
B-1-1 52 120 26.206 15.42 0.0842 1.8 0.2657 1.706 2.918
B-1-2 52 120 21.388 14.1 0.0842 1.8 0.2248 1.567 1.418
B-1-3 52 120 16.411 12.73 0.0842 1.8 0.222 1.482 1.178
B-1-4 52 120 6.8702 9.86 0.0842 1.8 0.136 1.4 1.014
B-1-5 52 120 4.92 9.03 0.0842 1.8 0.111 |  -=eee | eeee- |
B-2-1 52 90 25.572 15.42 0.0842 1.8 0.265 1.665 2.961 |
B-2-2 52 90 15.933 12.58 0.0842 1.8 0.219 1.499 1.192 |
B-2-3 52 90 7.3 10.05 0.0842 1.8 0.141 1.453 1.493
B-2-4 52 90 3.16 8.1 0.0842 1.8 0084 1.05 0.617
B-3-1 52 60 25.89 15.3 0.0842 1.8 0.2656 1.732 2.941
B-3-2 52 60 15 12.35 0.0842 1.8 0.212 1.487 1.619
B-3-3 52 60 5.78 9.37 0.0842 1.8 0.124 1.395 1.6
B-3-4 52 60 3.07 8.06 0.0842 1.8 0.0825 1.298 1.241
B-3-5 52 60 1.98 7.56 0.0842 1.8 0.058 |  ------ | emeee-
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Table 2 Summary of Experimental Data (using natural sand for bed)

RunNo. | Bwem | Lwem | Ly cm [Q lit/sec y DS cm | Lr cm
R-1-1 52 60 60 26.047 15.38 3.81
R-1-2 52 60 60 16.171 12.65 3.81
R-1-3 52 60 60 60728 9.8 3.81
R-2-1 52 60 30 16.9 12.76 3.81
R-2-2 52 60 30 15.7 12.46 3.81
R-2-3 52 60 30 15.463 12.15 3.81
R-2-4 52 60 30 11.411 11.36 3.81
R-2-5 52 60 30 6.87 9.86 3.81

Calibration of the Model

The parameter which has to be
calibrated is the G3 coefficient of Equation
15. For that purpose, measured values of
H/hg, Fp, and D50 in the two experimental
flumes are used. Momentum coefficient § is
assumed to be equal 1.02. Based on fitting
of measured and computed results, the G3
coefficient was found to be dependent on
Froude number F, , as follows :

Ga=575 Fy > (16)

4 shows the relation between G3
Fo for the experimental data. The
16 with

Figure
and

fitting curve represents Equation
correlation coefficient R=0.983 .

100 g

0}

0
0.01

0.1 1

0
Figure 4 Relation between the coefficient Gsand Fo

CHARACTERISTICS OF SCOUR DOWN-
STREAM THE FLOOR
Geometry of Scour Hole

Figure 5 shows the overview of bed
profile in two experiment after 6 hours of

Alexandria Engineering Journal, Vol. 36, No. 6, November 1997

beginning. The scour profile downstream the
floor shows a uniform degradation in
transverse direction below the section of
roughness change, though the scour
developed in the vicinity of side walls while
an aggradation in bed was recognized in the
central part in the downstream. The large
scour hole was formed in the central part of
the channel and attains the maximum scour
depth. The bed level along the side walls
became higher than central part because of
the interaction of shock waves over the
downstream sand bed propagating from the
side walls towards the central part of the
channel. Figure 6 shows the variation of
relative scour length with relative scour
depth. The fitting curve gives the following
relation :

Lg H 4

—2=033(—) (17)

by hg

Development Of Scour Profile with
Increasing Discharge

Figure 7 compares the final bed profiles
of equilibrium states of runs from A-1 to A-5
for different  discharges. With the
expectation, increasing discharge is creating
larger scour depth with the occurrence of
accumulation downstream of scour holes.
All runs showed similarity in scour hole
profile. Also, all runs showed a degradation
in bed level at the point of changed
roughness, amounting 30% to 50% of
maximum scour depth. This is because the
fine sand is picked up by local eddies in the
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descending face of the holes. For low
discharges with Froude number Fg < 0.15,
bed undulations, such as two dimensional
ripples, were mnoticed downstream of the
scour hole for long distance.

¥
1000
w U~ 00

2000

(a) Flume(A)

2000

3.0

(b) Flume(B)

Figure § Scour hole configuration in the testing flumes
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Figure 6 Relation between L/hoand H/ho
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Figure 7 Effect of increasing discharge on scour profile

Development of Scour Profile with Time

To obtain qualitative description about
the progress of local scour with passage of
time, thin transparency sheets were fixed on
the two side walls of the observation reach
in the flume. The most appropriate run tests
with symmetrical two dimensional scour
hole were selected from the total pre-
performed run sets. The run with obvious
side wall effects is abandoned. Figure 8
shows one of the performed tests. The
measured discharge was 16 lit/sec, flume
width was 52 cm and normal water depth
was 12.6 cm. A stop watch was functioning,
and two persons were tracing scour profile
on the two sides by using colored markers in
the same time for different time intervals
within continuos 24 hour. The obtained
profiles in the two sheets were digitized by
using a computer program, then final graph
was plotted.

In order to estimate the maximum scour
depth zmgax at a specific time t, the obtained
data from experiments were analyzed and a
logarithmic dimensionless relation was
obtained as a function of time, as shown in
Figure 9 .

___zmax =~05+025 log[yg/y, -yt +100]  (18)
D.S :

A similar relation was obtained to
predict the relative scour length Lg as a

function of time, as shown in Figure 10.

Ls _ -22+ 0385 log[y/g / Yo tt 390]

Yb.s

(19)
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Figure 8 Variation of bed profile with time
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Figure 9 Variation of maximum scour depth with time
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Figure 10 Variation in scour length with time

Riprap Protection Work
Increasing floor length Lf is one of the

methods used to prevent scour or to
decrease scour process downstream weir
construction.  This solution can be
substituted by using one single thick layer
of riprap instead of increasing the
construction length. In the experiments, a
single layer of riprap with uniform grain size,
1.5 inch, is installed downstream the floor
with different lengths in each run. The
results of the experiments can be
comparatively described well in Figure 11.

Local Scour and Riprap Protection Downstream Water Spillways

The results showed that riprap with length
Ly = 60 cm is much better than increasing

floor with the same length. The ratio
between the maximum scour depth in both
cases is 0.60, while the ratio of the
maximum scour length in case of using
riprap is 0.3 the maximum scour length in
case of increasing floor length. The design
criteria of such riprap should be extensively
investigated in further research.

0.2

R i oy

q =315 e’ sew.

......... L =60 e &1 -6 on
] ===l -t &], =30 em
—_—— - Ll"l.’.() «an
= [ =9%em
—— . Giem
-t - G s s T S |
X cnm

Figurell Effect of using riprap on scour profile

Velocity Profile in the Scour Hole and
over Riprap

Figure 12 gives the record of velocity
distribution in three different vertical
sections in the flow pattern over scour hole.
It is noticed that the velocity is diminished
gradually till the lowest point of the scour
hole, then it is increased again with the rise
of bed surface. The backward flow over the
downward face of the scour hole was not
clearly noticed in all measurements, except
in two runs of big discharges in the wide
flume. In the figure, y, represents water
depth measured from the bottom. Figure 13
shows the velocity distribution over the
uniform riprap in three different vertical
sections. It is clear that the distribution is
following the logarithmic trend in all cases,
and the curvature of velocity profile d2u/dy:2
is positive in all sections.
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Figure 12 Velocity distribution curves over riprap
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Figure 13 Velocity distribution curves over riprap

CONCLUSIONS

An expression is given for the relative
maximum scour depth which is based on
theoretical grounds and calibrated with the
results of the experiments. Length of scour
hole is obtained as a function of maximum
scour depth. For scour hole development ,
the variation of maximum scour depth and
length with the passage of time are
presented. The velocity distribution in the
scour hole pattern and over riprap length is
well described. The installation of riprap
protection is relatively much better in
comparison with increasing floor with the
same length. More investigation is needed
in order to give accurate estimate for
optimum riprap length and size as a
protection work.
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