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SYNOPSIS

Energy dissipation in vertical drop structures

is usually contained within concrete stilling basins.

When suitable stone is available locally a satisfactory

structure may be obtained at a lower cost by utilizing

a stone bed to contain the zone of energy dissipation.

Scour in stone beds downstream from vertical

drop structures was investigated. Dimensionless charts

are presented for the determination of scour hole

dimensions. Criteria for dependable designs of stone

beds are proposed.
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CHAPTER I

INTRODUCTION

Drop structures are employed in open-channels to lower

the water surface from one level to another within a relatively

short distance. They are of two principal types: the flow may

either be conveyed down a sloping chute or be spilled over a

vertical face, as shown in Figure 1. These structures are used

frequently in canal systems to take up excess in grade where

the natural ground slope is steeper than the stable slope of the

excavated channel. On natural water courses they may be used as

impounding structures for water supply, flow regulation or ero-

sion control. The upstream

,
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FIGURE 1

VERTICAL DROP STRUCTURE

water surface may be controlled by a sharp-crested weir, as

shown in Figure 1, by a broad-crested weir, or the crest of the

drop may be level with the upstream channel bed, which is called

a free overfall.

The vertical drop is a transition structure containing
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a region of rapidly varied flow. Generally the flow is tranquil

both upstream and at some distance downstream from the drop.

Within the structure, the upstream potential energy is converted

to kinetic energy in the fall and then dissipated in a hydraulic

jump at the base of the drop. If the channel bed is erodible,

provision must be made to contain the zone of energy dissipation

within a structure capable of withstanding the impact of high

velocities. Otherwise, the consequent erosion would lead to

undermining and eventual failure of the entire structure. Con

crete stilling basins are usually constructed for this purpose

but, in some cases, a satisfactory structure may be obtained at

a lower cost by placing,a stone bed at the base to contain the

zone of energy dissipation.

In such a basin, the individual stones must be large

enough and 'deep enough to limit vertical scour and prevent

erosion of the underlying material, and the extent of prot�ction

must be of sufficient length to prevent erosion of the down

stream channel. Derivation of criteria to facilitate an economi

cal design of a rock stilling basin for a vertical drop struc

ture constitutes the main body of this thesis.

Even with uniform flow the forces acting on a bed parti

cle cannot be completely analysed and empirical relationships are

necessary to define their stability. The hydraulic conditions

and resulting forces on particles below vertical drops are much

more complex; thus the criteria derived herein are, of necessity,

empirical relationships based on laboratory experiments. Two

and three-dimensional models were tested in flumes using gravel

- 2 -



size material ranging from about one-eighth inch to one inch.

Preliminary tests, described in Chapter II, were concerned

with determination of the physical and hydraulic properties of

the bed material used in subsequent model studies. Properties

determined were size, specific gravity, Manning's roughness

coefficient and resistance to motion under uniform flow.

The third chapter is devoted to two-dimensional model

studies of scour patterns below vertical drop structures having

both sharp and broad-crested weirs. A model relationshipg which

allowed reduction of the results to a dimensionless form, was

deduced and verified experimentally. Sufficient data are pre

sented to enable derivation of the shape and controlling dimen

sions of the scour pattern for a reasonable working range of all

variables.

Criteria for economical stilling basin designs are

proposed in Chapter IV. Two dimensional models were used to

verify the basic premise for these designs and to establish the

extent of protection requiredo Finally, three-dimensional

model studies were made to qualitatively assess the performance

of various alternative abutment arrangements.

There are some limitations in the study, although the

model conditions selected are probably representative of the

majority of prototype conditions encountered. These limitations

are discussed in Chapter V.

- 3 -



CHAPTER II

MATERIAL PROPERTIES

A. INTRODUCTION

This chapter contains descriptions and results of tests

conducted to determine the physical and hydraulic properties of

the material used for subsequent model studies of scour below

vertical drop structures. The material consisted of gravel sizes

ranging fro� that retained on a liB-inch screen to that passing

a It-inch screen.

Physical properties determined were average particle

size, specific gravity and effective bed level. The last property

is related primarily to particle shape and was used to provide

a rational basis for defining flow depths, as described in Sec

tion C.

Two hydraulic properties of the material were determined,

namely: the bed roughness, as defined by Manning's roughness

coefficient, and the resistance to motion with uniform flow, as

defined by both critical tractive force and velocity at the

bed. These two properties were determined to provide a more

meaningful classification of the material than can be obtained

from physical measurements alone. In particular, the resistance

to motion with uniform flow requires consideration since two

samples of identical size can exhibit markedly different resis

tances due to greater or lesser interlocking action of the

particles.

- 4 -



B. PHYSICAL PROPERTIES

{a} Description of Material

The material was obtained from a local gravel deposit

of glacial origin. As shown on Figure 2, the shape of individual

particles varied from almost spherical to long and slender, but

the particles were generally well rounded. This material was

considered to be representative of naturally occurring field stone

and river deposits which might be utilized for prototype struc

tures.

FIGURE 2

TYPICAL MATERIAL SAMPLE

(b) Specific Gravity

Specific gravity was determined by standard weighing

and water displacement methods on a number of samples which

covered the full range of material sizes. Individual values

ranged from 2.68 to 2.71 and the mean value was 2.70.
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(c) Size

The material w�s divided into four uniform sizes·

by mechanical sieving. Equivalent spherical diameter. defined

as the diameter of a sphere with the same bulk weight and specific

gravity as the particle in question, was adopted as the parameter

to describe size. It was computed for the mean particle weight

of each of the four sizes.

Sieve clas�ifications and equivalent spherical diameters

for each of the uniform sizes are listed in Table I.

TABLE I

MATERIAL SIZES

1
1/2
1/4
1/8

Sieve Classification
Retained

Passing On

1-1/2 in.
5/8 in.
3/8 in.
No. 4

3/4 in.
3/8 in.
No. 4
No. 8

Equivalent Spherical
Diameter, k

Feet

Nominal
Size
Inches

0.089
0.041
0.021
0.011

(d) Effective Bed Level

In Section C, flow depth is defined as the distance

from the water surface to the "effective bed level". which is

a distance �k below the surface of the uppermost layer of bed

particles as shown in Figure 3.

*The term funiform size' as used herein ms a relative
one. Separation by mechanical sieving still leaves a relatively
wide range of individual particle sizes within each so-called
uniform size. However, the minimum and maximum sizes are de
lineated and there will usually be a uniform progression between
these extremities.
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Effective Bed Level

d

---

�verage Position of
�k Contact Surface

FIGURE 3

EFFECTIVE BED LEVEL

The depth �k is defined, arbitrarily, as the average

A one-inch thick layer of ston�, k = 0.041 feet, was

depth of voids between the top of the particles and the average

position of the contact surface of the uppermost layer of par-

ticles. It was determined as follows:

screeded into a six-inch square watertight box. Water was

added to the box until it was level with the estimated posi-

tion of the contact surface. The volume of water required to

bring the water level to the top of the particles was then mea

sured and �k was calculated from

volume of water added above the contact surface
surface area

A mean value of P = 0.25 was obtained for the one-half

inch material and was adopted for all material sizes. By com

parison, a value of � = 0.21 can be computed for uniform spheri-

cal particles arranged on a flat surface in such a manner as to

obtain the minimum void space.
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C. MANNINGS ROUGHNESS COEFFICIENT

(a) Theoretical Considerations

The most popular equation used for computations of uniform

flow in open channels is the Manning equation:

Q
1.49 AR2/3 Sl/2 (1 )=

n

where n is Manning's roughness coefficient and S is the bed

slope. Strictly, S is the slope of the energy line but, with

uniform flow, the slope of the energy line, the water surface

slope and the bed slope are identical by definition.

Manning's n was determined for a layer of rock spread

over the bottom of a rectangular, glass-sided tilting flume.

The channel roughness so obtained included the effects of both

the gravel bed and glass sides. Thus, it was necessary to

separate the computed channel roughness into two components.

This was done using Horton's empirical equationl•

P nl•5
e e

=

Before equations (1) and (2) could be applied to the

determination of bed roughness, two variables required evalua-

tion, namely: the roughness of the glass sides and a satisfac-

tory definition of flow depth. These factors are discussed

below.

1. Manning's n of the Glass Sides, n
g

Values of Manning's n for glass commonly listed in

handbooks range from a low of 0.009 to a high of 0.013, depend-

lChow, Ven Te,- Open-Channel Hydraulios. McGraw-Hill Book

Co., Inco, New York, 1959. p. 136.
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f =
0.316

NO.25
R

(3)

ing on the age and condition of the material. It was expected

that the roughness would approach the lower value of 0.009 be-

cause the glass was clean and very smooth. Previous tests

conducted by Martens2 indicated a mean value of 0.0095 for the

equivalent roughness of the glass sides and brass bottom.

Because no significant change in n occurred with variation of
e

flow depth, Martens concluded that the roughness of sides and

bottom must be approximately equal. In any case, 0.0095 can

be considered as the upper limit for the glass.

The friction factor for hydraulically smooth pipes can

be expressed by the Blasius equation3•

where NR is the Reynolds' number, VD/V. While this equation

strictly applies only for pipe flow, its application to smooth

open-channels has been verified experimentally4, particularly
for rectangular cross sections which approximate half circles.

When applied to open-channels the Reynolds number is expressed as

=

The data presented by Chow4 shows that the Blasius equation is

applicable to rectangular and triangular channels for Reynolds

numbers between 2,000 and 300,000*.

2Martens, Irvin C., "Experimental and Theoretical Study of
Surge in Open Channels", a thesis presented to the University of
Saskatchewan in partial fulfilment of the requirements for the

degree of Master of Science in Civil Engineering, 1965.
3Rouse, Hunter (ed), Engineering Hvdraulics, John Wiley &

Sons Inc., New York, 1950, eq. 115, p. 111.
4Chow, Ven Te, Open-Channel HydraUlics, McGraw-Hill Book

Co. Inc., New York, 1959, Fig. 1-3, p. 10.
*Chow defines Reynolds number as RV/v for open-channels.

The more common approach of replacing pipe diameter by its
equivalent, 4R, has been adopted herein.
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Manning's n and the friction factor, f, can be related

by equating the friction slope as given by the Manning equation

(1) and the Darcy-Weisbach formula5•
hf f V2

5 = r- = D 29
(5)

Substituting 4R for D in equation (5) gives the relationship

Rl/6�
n =

10.8

Manning's n for the glass sides was computed from

equations (3) and (6) and compared with expected values.

2. Depth of Flow

Before channel roughnesses could be determined experi-

mentally, the problem arose as to what point on the bed flow

depths should be measured from. The top of the surface particles

was considered to be a poor criterion because there is surface

flow around the individual particles. Obviously, flow depths

should be measured from some lower point. As no precedent was

found in the literature, it was rationalized that all flow

beneath the contact surface of the uppermost layer of particles

could be considered as ground water flow and, in these experi-

ments, be neglected because a thin layer was involved. Depth

of flow was then measured from the 'effective bed level',

defined in Section B and shown to be located 0.25 k below the

top of the particles.

(b) Experimental Procedure

The tests were conducted in a twelve-inch wide, glass-

5Streeter, Victor l., Fluid Mechanics, McGraw-Hill Book Co.
Inc., New York, 1958, pp 175-176.

- 10 -
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sided tilting flume, detailed in Figure 4. Water was supplied

to the flume by an 1800 gpm pump and re-circulated through a

sump. Discharges were measured with an orifice meter calib±ated

utilizing a chart- supplied by the Bailey Meter Company. The

pressure drop across the orifice plate was measured on a five

foot, air over water differential manometer. Three interchangeable

orifice plates facilitated accurate mea�urement of flows within

the following ranges: 0 to 0.20 cfs, 0.20 to 1.00 cfs and 1.00

to 2.00 cfs. Bed levels and water levels were measured with a

point gauge riding on tracks parallel to the bottom of the

flume.

The flume was levelled transversely and adj4sted to

the desired longitudinal slope. This slope was determined by

point gauge measurements on still water at two locations twenty

feet apart. A layer of uniform size material, at least three

diameters thick, was placed in the flume and screeded parallel

to the bottom slope.

Flow was adjusted by a gate valve on the supply line

and measured with the orifice meter. The tailwater gate at the

downstream end of the flume was adjusted until the depth of

flow was constant over the entire length; that is, uniform flow

was established. The discharge, uniform flow depth and bed

slope were recorded and Manning's n was computed from equation (1).

The above procedure was repeated for a number of dis

charges at each bed slope and at least two bed slopes were used

for each material size. The roughness coefficient was determined

in this manner for three uniform size materials, with k values

- 11 -
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of 00041 feet, 00021 feet and 0.011 feet.

(c) Results and Verification

Experimental data and the computed values of Manning's

n are listed in Table II. Values of Manning's n for the glass

sides, as computed from equations (3) and (6), ranged from

0.0087 to 0.0093, with a mean value of 0.0090. The mean value

was used in Horton's equation, (2), to compute the bed roughness.

The results obtained are generally consistent. The

trend for Manning's n to decrease with increasing flow depth

for each material size and bed slope is to be expected, since,

like the friction factor for pipe flow, Manning's n varies

with the Reynolds number.

Previous investigators have reported the relationship

n�kl/6 for coarse granular beds*. Among the equations proposed

are the following6:
1. Straub: n = 0.043 kl/6
2. Lane: n = 0.038 kl/6
3. Strickler: n = 0.034 kl/6
4. Keulegan: n = 0.032 kl/6
5. Irmay: n = 00031 kl/6

max

(7 )

(8 )

(9 )

(10)

(11 )

*In the theoretical Chezy equationp V = C�RS, the constant

C includes the term{9 and has units of L1/2 T-l• Equating the

Manning and Chezy equations gives C = 1.49R1/6/n. If units of{9
are assigned to the constant 1.49. then n has units of Ll/6.

6Lane, E. W. and Carlson, E. J., "Some Factors Affecting the

Stability of Canals Constructed in Coarse Granular Materials,"
Proceedings. Minnesota International Hydraulics Convention, IAHR
and ASCE, August, 1953, pp 41-43.
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TABLE II

MANNING'S ROUGHNESS COEFFICIENTS FOR UNIFORM SIZE

BED MATERIALS

Equivalent Bed Discharge Flow Depth Manning's n Manning's n

Spherical Slope (Q) (d) of Composite of Bed
Diam., (k) (S) Section (n ) Material (nb)

ft. cfs f:t.
e *

0.041 0.00278 0.796 0.426 0.0157 0.0204
It It 00995 0.492 0.0154 0.0205
n " 1.26 0.569 0.0146 0.0200
tt " 1.52 0.643 0.0143 . 0.0200
It II 1.75 0.704 0.0139 0.0197
n " 1.96 0.763 0.0137 0.0198
tt 0.00500 0.506 0.261 0.0168 0.0202
It It 0.755 0.334 0.0160 0.0198
u tt 1.00 0.402 0.0156 0.0200
f, tt 1.26 0.468 0.0153 0.0201

Mean, nb 0.0200

0.021 0.00478 0.507 0.249 0.0153 000179
tt It 0.750 0.321 0.0148 000180
It It 0.885 0.355 0.0145 0.0178
It It 1.00 0.383 0.0142 0.0178
tt It 1.17 0.417 0.0137 0.0170
" 0.00338 0.498 0.269 0.0146 0.0172
" It 0.772 0.354 0.0139 0.0169
" tt 1.00 0.425 0.0139 0.0174
It .. 1.25 0.494 0.0136 0.0174
" .. 1.50 0.555 0.0132 0.0111

Mean, nb 0.0175

0.011 0.00235 0.297 0.207 0.0140 0.0158
tt " 0.445 0.270 0.0137 0.0159
tt " 0.510 0.290 0.0132 0.0155
" " 0.667 0.342 0.0128 0.0151
II tt 0.795 0.389 0.0128 0.0155
n It 0.940 0.437 0.0127 0.0156
tt 0.00148 0.515 0.344 0.0132 0.0157
tt tt 0.762 0.430 0.0122 0.0146
tt tt 0.995 0.518 0.0120 0.0147
.. II 1.25 0.597 0.0115 0.0142
tt 0.00155 0.642 0.403 0.0136 0.0167
tt tt 0.895 0.489 0.0126 0.0158
tt n 1.01 0.520 0.0122 0.0151

Mean, nb 0.0154

*Bed roughness was computed by the Horton method, equation
(2), using a mean roughness for the glass sides of 0.0090.
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kl/6n� • Excellent agreement is obtained with the Strickler

These equations are plotted on Figure 5 together with the mean

values of Manning's n listed in Table II. From this plot it

can be seen that the test results substantiate the relationship

equation, n = 0.034 kl/6•

Irmay contends that the largest particles on the

bed have primary influence on Manning's n. It is interesting

to note that if the maximum particle diameter, k , is assumed
max

equal to the upper sieve openings for the materials tested, the

proportionality constants in n�kl/6 are 0.033, 0.031 and

0.030 for 5/8 inch, 3/8 inch and No.4 sieve sizes respectively.

These values show close agreement with Irmay's equation.

The proportionality constants of the four equations

in terms of mean grain size probably reflect the variation

in shape of material tested. For example, Straub indicated

a value of 0.043 for sharp edged chalk stone excavated by

In the computation of Manning's n, the depth of flow

cutter dredge. The low value obtained in these experiments is

indicative of a well rounded material.

was measured from the water surface to the so called effective

bed level, a distance 0.25k below the uppermost layer of par-

ticles on the bed. The effect of this definition of depth on

III. In this table, values of Manning's n are compared using

the computed values of Manning's n is illustrated in Table

two alternative definitions of flow depth: by measurement to

the effect�ve bed level as previously defined and by measure-

ment to the top of the particles.
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TABLE III

COMPARISON OF MANNINGtS ROUGHNESS COEFFICIENT

FOR ALTERNATIVE DEFINITIONS OF FLOW DEPTH

k Q Flow Depth Measured To Flow Depth Measured To
Effective Bed Level TOE of Particles

ft. cfs d nb d-O.25 k nb
ft ft

0.041 0.506 0.261 0.0202 0.251 0.0187
tt 0.755 0.334 0.0198 0.324 0.0188
It 1.00 0.402 0.0200 0.392 0.0192
It 0.796 0.426 0.0204 0.416 0.0197
tt 1.26 0.468 0.0201 0.458 0.0195
tI 0.995 0.492 0.0205 0.482 0.0197
tt 1.26 0.569 0.0200 0.559 0.0195
It 1.52 0.643 0.0200 0.633 0.0193
.. 1.75 0.704 0.0197 0.694 0.0192
It 1.96 0.763 0.0198 0.753 0.0192

From the above comparison it can be seen that for

d/k ratios greater than ten, the differences between computed

roughness values for alternative definitions of depth is less

than five percent, and the distinction is of little consequence.

However, for d/k ratios less than ten, the definition of flow

depth materially affects the computed values of roughness and

a standard definition of depth is required for uniformity in

comparison of experimental results. The definition of effec-

tive bed level adopted herein is believed to be a rational

basis for such a comparison.

D. RESISTANCE TO MOTION WITH UNIFORM FLOW

(a) Criteria Defining Resistance to Motion

Two criteria are prominently used to define the

resistance of bed particles to motion under the action of a

flowing sheet of water. These are critical tractive force
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and velocity at the bed. The former is generally applied to

the design of channels in coarse granular soils, while the

latter is commonly used in the design of river closures.

1. Critical Tractive Force

Tractive force is the intensity of shear exerted on

the wetted perimeter of a channel by flowing water. For uni-

form flow in a wide open-channel the tractive force, 7, is

given by

,-.;. YdS (12 )

When the bed particles just begin to move, the shear intensity

is defined specifically as the critical tractive force,� •

Determination of the forces acting on a particle at the

moment of its entrainment is a complex problem which has defied

rigorous analytical solution. By making certain simplifying

assumptions, Shields derived two dimensionless expressions

relating these forces7, as follows:

y(S - 1) k
s

= fcn
k /9dS

v
(13 )

The form of this function was. determined experimentally and

the resultant plot, known as the Shmelds' Diagram, is repro-

duced on Figure 6.

2. Velocity at the Bed

To date, most of the investigations of the resistance

of granular beds to erosion have expressed the results in terms

of flow velocity. Logically, velocity would be measured at

7Rouse, Hunter (ed), Engineering Hydraulics, John Wiley
& Sons Inc., New York, 1950, pp 789-791.
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bed level, although the results are often expressed as a func-

tion of average velocity, either for ease of computation or to

provide some inherent safety factor in design. The relation-

ships proposed are of the form

V = akx

In these experiments, velocities at the bed were

computed using the Prandtl-von Karman velocity distribution

law for rough boundariesB

= 5.75 log 30y.
k (14 )v

Adopting the bed velocity as that at one-half the roughness

height, kt gives

= 6.75fT/f (15)

(b) Experimental Procedure

Resistances to motion with uniform flow were determined

for three uniform size materials in conjunction with the tests

for Manning's roughness coefficient, described in Section C.

After running a number of trials for Manning's n, the discharge

was increased, maintaining uniform flow, until bed movement

occurred. A short approach section, consisting of rock graded

from 1-1/2 inch to the size under test, was placed at the

upstream end of the flume to prevent erosion in the zone of

boundary layer development.

The definition of critical tractive force, or critical

bed velocity, as that at which the bed particles just begin to

BRouse, Hunter (ed), Engineering Hydraulics, John Wiley
& Sons Inc., New York, 1950, pp 101-103.
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move is not satisfactory for even a slight gradation of the

bed material. The smaller particles, or those projecting higher

into the flow path, constitute the initial movement. However,

this movement is of little consequence as substantially greater

flows can be sustained before serious erosion will occur.

Ideally, the critical condition would be when the average size

particles just begin to move, but this is an impractical

eriterion for laboratory determinations. To assist in defining

the critical condition, an upper and lower limit were estimated.

The lower limit consisted of a general movement over the entire

length of the�st section, but this movement consisted primarily

of particles being entrained, carried a few feet and deposited.

The upper limit consisted of a general erosion over the test

section; that is, the rate of entrainment of particles exceeded

the rate of deposition.

(c) Results and Verification

The results are listed in Table IV, together with the

computed parameters for Shields' analysis of critical tractive

force, equation (13), and the computed bed velocities,

equation (15).

Maximum tractive force on the bed was computed using

equation (12). These values are" probably slightly high. If it

is assumed that tractive force is proportional to PH2, for
K= 0.041 feet the average force on the bed would be about 82 per

cent of the computed value. However, the maximum tractive force

would be higher than the average value because tr�ctive force in

the corners approaches zero.
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TABLE IV

RESISTANCE TO MOTION WITH UNIFORM FLOW

RESULTS AT CRITICAL CONDITION

T Shields Parameters Bed
k S Q d Ibs.

T kJlOds Vel0�i�Y Remarks

���2 7{ss-1 � k 6. 75 T f
ft. cfs ft.

v
fl2s

0.041 0.00820 2.01 0.579 0.296 0.068 1485 2.64 Upper Limit
It " 1.89 0.545 0.279 0.064 1440 2.56 Lower Limit

0.021 0.00478 1.17 0.417 0.124 0.056 494 1.71 Upper Limit
" " 1.00 0.383 0.114 0.051 473 1.64 Lower Limit

0.021 0.00338 1.82 0.632 0.134 0.060 511 1.77 Upper Limit
" " 1.50 0.555 0.117 0.053 478 1.66 Lower Limit

0.011 0.00235 0.94 0.437 0.064 0.055 185 1.23 Upper Limit
tt It 0080 0.389 0.057 0.049 175 1.16 Lower Limit

0.011 0.00148 1047 00660 0.061 0.052 180 1.19 Upper Limit
tt It 1.25 0.597 0.055 0.047 172 1.14 Lower Limit

Note: S = 2.70
s

x 10-5 ft2/secv == 1.08 (water @ 680f)

The results are discussed separately below in terms

of Shields' analysis and bed velocity.

1. Shields' Analysis of Critical Tractive Force

The experimental results are plotted on Figure 6,

a reproduction of Shields' diagram. As shown, these were in

good agreement with Shields' data. The test for k = 0.041 feet

indicates that the value of� Ir(5 -l)k increases for values
s

of k� /�up to at least 1500 instead of 500, as obtained

by Shields. However, this test was conducted with a Froude

number of 0.8 and the results may not be as reliable as for the

other tests because of the difficulty in obtaining accurate

measurements with a very undular water surface.

- 21 -



,- -r
,Hl·-l++""-'I

+ I -

�Ij

__ -=

Tr -f !_
::t. ,_ :r.
t I_i-[_ r

t

....
,.... c: :=. . _ _



The Shields' diagram indicates that�/Y(S - l)k
s

is independant of the parameter kygds Iv for values greater

than about 500, It is noteworthy that for fixed fluid properties,

rand v, and specific gravity of the bed material, S , the
s

dimensionless parameters reduce to the form C, � and C2k� •

Any value on the line, therefore, corresponds to a specific

value of grain size. Thus, for the material under study, the

parameter rcl Y(S - l)k is constant for grain sizes greater
s

than 0.02 feet. That is, for grain sizes greater than or equal

to 0�02 feet the critical tractive force is directly propor-

tional to the mean particle size. Although this analysis can-

not be applied strictly to scour from a submerged jet, it was

decided that the smallest material size would not be used for

subsequent tests because of this dissimilarity.

2. Critical Bed Velocity

Critical bed velocities for three uniform size materials

are shown on Figure 7. The experimental values shown are the

averages of the estimated up�er limit of critical condition

for each of the material sizes. For 90mparative purposes, a

number of design curves are also shown on the figure.

1. USBR Curve. The USBR curve is recommended

by the Bureau of Reclamation9 for riprap design below stilling

basins, a condition where the flow is very turbulent.

2. Isbash Curve. This curve was developed from

the work of S. V. Isbash on construction of dams by d�mping

9 u.S. Bureau of Reclamation, Hydraulic Design of Stilling
Basins and Energy Dissipators, Engineering Monograph No. 25,
July 1963.
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FIGURE 7

CRITICAL BED VELOCITIES
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k· fl' t Th USA C f E'
10

roc �n ow�ng wa er. e.. rmy orps 0 ng�neers

considers this curve to be applicable to conditions where

turbulence is not excessive and the stones are embedded.

3. USSR Curve. This curve shows data published

in Russiall on maximum permissible average velocities for

canals in non-cohesive soils.

10
U.S. Army Engineer Waterways Experiment Station, CE.

Velocity Forces on Submerged Rocks, Paper No. 2-265, April 1958.

11
Chow, Ven Te, Open Channel Hydraulics, McGraw-Hill Book

Co., Inc., New York, 1959, Figs. 7-3 & 7-5, pp 166-167.
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CHAPTER III

SCOUR PATTERNS BELOW VERTICAL DROP STRUCTURES

A. GENERAL

(a) Purpose and Scope of Tests

Scour patterns formed in uniform granular beds below

vertical drop structures were studied in detail with the follow

ing principal aims:

1. To find a model relationship which would allow

application of the results to prototype conditions.

2. To determine the criteria defining initiation of

motiono

3. Derivation of relationships which would enable

reliable predictions of scour profiles to be made.

Tests were conducted using uniform size bed materials

with mean equivalent spherical diameters of 0.021 feet, 0.041

feet and 0.089 feet. For physical and hydraulic properties of

these materials refer to Chapter II. A sharp-crested weir was

used for the majority of the tests, but sufficient testing was

done with a broad-crested weir to obtain a correlation of results.

Initial testing was directed towards establishment of

a model relationship and a consequent dimensionless form for

analysis of the results. A program was then carried out to

develop relationships for the dimensions of scour patterns as

a function of discharge, weir height, tailwater depth and mean

grain size; initiation of scour was studied in conjunction with
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this program. The above tests were all conducted with initially

plane horizontal beds below a sharp-crested weir of variable

height. The effects of some variations in the initial bed shape

were then determined. Finally, scour patterns formed in an

initially plane horizontal bed below a broad-crested weir were

studied.

(b) Definition of Terms

Notation adopted herein is illustrated on Figure 8

and defined below. The bottom of the flume was horizontal and

all depths shown are therefore vertical dimensions.

Initial Bed Level was adopted arbitrarily as the level of the

top of bed particles. When an irregular bed shape was considered,

the initial bed level was assumed to be the level at which the

plunging jet impinged upon the bed.

Depth of Scour, d , was measured from the initial bed level
s

to the top of particles at the centre of the scour hole. The

bottom of the scour holes were generally at a uniform level

transversely.

Depth of Pile, dp, was measured from initial bed level to tops

of particles at the peak of the pile deposited in the scour

process. Where the pile peaks were non-uniform transversely, an

average level was estimated.

Amplitude of Scour, by definition, equals depth of scour plus

depth of pile, d + dp.
s

Weir Height, P, was measured from initial bed level to the top

of the horizontal weir crest.

Tailwater Depth, d2, was measured from the downstream water
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FIGURE 8

SCOUR BELOW VERTICAL DROP STRUC�URES
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surface to initial bed level.

�, H, was measured from the upstream energy line to the

top of the weir crest.

(c) Deduction of Model Scale Ratio

The force acting on a particle at the bottom of the

scour hole in the path of the plunging jet is given by the

d t·
12

rag equa �on

=
2

Cd A I'v.o J
2

(16 )

Assuming that the projected area of the particle, A , is
o

proportional to the square of the equivalent spherical diameter,

then

2
v.
J

(17 )

The force resisting motion is proportional to the submerged

weight of the particle. Since the submerged weight is propor-

tional to the equivalent spherical diameter, then

r ts _ 1)k3
s

(18 )

The ratio of FA/FR may be considered as an index of

scour potential. The ratio is also a Froude number, with the

length dimension taken as the bed material size, viz.,

oC
g(5 - l}k

s

2
v.

J N
2

F (19 )

The implication of this is that if a prototype is modelled

according to Froude law, using geometrically similar bed material

of the same specific gravity as for the prototype, then scour

12prandtl, L. and Tietjens, O.G., Applied Hydro- & Aero
mechanics, Dover Publications Inc., New York, 1957, p. 86.
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will also be geometrically similar for the model and prototype.

Furthermore, results obtained for specific conditions could then

be generalized in dimensionless parameters.

B. EXPERIMENTAL PROCEDURE

(a) Apparatus

The tests were conducted in the twelve-inch wide, glass

sided tilting flume shown on Figure 4. Supply and measurement

of discharge for this flume are described in Chapter II, Section

C.

A vertical sharp-crested weir was constructed across

the flume by inserting interlocking one-quarter inch thick steel

plates into slots in the side walls, as shown on Figure 9. The

upper plate was thinned to one-sixteenth inch to minimize sur-

face tension effects on the weir crest and was fitted with a

one-quarter inch airline to maintain atmospheric pressure on the

underside of the nappe. The plates were wedged and sealed to

prevent leakage and bars were sealed into the slots above the

weir crest to prevent interference with parallel flow over the

I

FIGURE 9

SHARP-CRESTED WEIR INSTALLATION
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The broad-crested weir model consisted of a simulated

rock-filled timber crib, considered to be the most common proto

type drop structure employing this type of weir. As shown in

Figure 10, the sharp-crested weir plate was used to form the

downstream face while a square-edged, one-half inch thick ply

wood plate was used to form the upstream face. The crest length

so formed was 0.494 feet. Air was supplied to the underside

of �he nappe through the line fitted to the downstream weir plate.

Both plates were sealed to prevent leakage before the crib was

filled with rock; bars were sealed into the slots in the flume

sides.

FIGURE 10

BROAD-CRESTED WEIR INSTALLATION

(b) Procedure

The bottom of the. flume was maintained at a horizon

tal slope for the duration of the �sts.

A six-foot long, five-i�ch thick bed was placed down-
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stream of the drop structure and screeded to the exact level

required to provide the desired weir height. This bed consisted

of two-foot long test section adjacent to the drop structure,

followed by four feet of sand or fine gravel. A sheet metal

cover was placed over the test section until the discharge and

tailwater level were adjusted. This cover was removed to start

the test.

Initial tests were continued for six hours to determine

the variation of scour depth with timeo When it was found that

scour was essentially completed within twenty minutes, subse

quent tests were reduced to thirty minutes duration.

Complete scour and water surface profiles were recorded

for each test while it was running. Vertical dimensions were

measured to the nearest 0.001 foot with a point gauge rail

mounted on the flume and horizontal dimensions were read to the

nearest 0.01 foot on a tape referenced to the upstream edge of

the weir crests.

The following sequence was adopted for each material

size and weir height tested:

1. Commencing with the lowest discharge, and with

the bed covered, the tailwater was raised to

determine the level at which the nappe was just

on the verge of becoming a surface jet.

2. After removal of the bed protection, the tailwater

level was gradually lowered until first scour was

observed.
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decreasing in increments of one-fifth the weir height.

3. Scour tests were then conducted for tailwater depths

The bed was levelled and covered between each test.

In addition to the above program for initially plane

horizontal beds, a number of tests were made on irregular initial

bed shapes, including sills and local bed depressions. The ir-

regular bed shapes were also covered while the discharge and tail-

water level were adjusted.

A total of 126 tests were run, 110 with a sharp-crested

weir and 16 with a broad-crested weir. Included in the total for

the sharp-crested weir are 13 tests having irregular initial

bed shapes. A summary of the results is contained in Appendix B.

C. GENERAL CHARACTERISTICS OF SCOUR

While the objective of this study was the derivation of

criteria for the quantitative prediction of scour, the following

qualitative considerations are pertinent and introductory to the

subsequent analysis of results.

H =

2/3
q

---c

(a) Factors Affecting the Scour Profile

The effects of four independent variables on scour

patterns are included in the study, namely: weir height, unit

discharge, tailwater depth and average grain size. The head on

the weir crest is a dependent variable related to the unit dis-

charge by

The weir coefficient, C, was considered to be a variable in that

both sharp and broad-crested weirs, having coefficients of 3.43

and an average of 2.71 respectively, were included in the study.

The sharp crest coefficient may have been higher than the usual
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value of 3.33 because of one or more of the following: the

absence of a perfectly sharp crest, surface tension §ffects

resulting from the low heads, or a slight pressure drop in the

air supply line.

In addition to the foregoing, grain size distribution,

particle shape and specific gravity could also affect scour. The

specific effects of these three variables are beyond the scope

of this study, but the limitations imposed by their neglect are

discussed in Chapter V.

(b) Relative Effects of Variables on Scour Pattern

Predictably, with all other dimensions fixed, the

depth of scour increases as weir height and unit di9charg� increase

Tailwater depth has a pronounced influence on scour

and as tailwater depth and average stone size decrease. These

relative effects apply equally to amplitude of scour, d + d •
s p

However, comparable generalities cannot be made about depth of

pile, as shown in the following discussion of tailwater depth.

(c) Effect of Tailwater Depth on Scour Profiles

patterns. It controls the direction of the plunging nappe and,

therefore, the position and configuration of scour patterns. It

is also the single most important variable affecting the depth

of pile. These effects are illustrated by the four photographs

hydraulic conditions are identical in each photograph.

of Figure 11 and the ensuing discussion. Except for a contin-

uously decreasing tailwater depth, the physical dimensions and
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(a)

d2 . = 0.50 ft •

d = 0.04 ft.
5

d - 0.04 ft.
P

(b)

d2 :: 0.40 ft.

d = 0.11 ft.
s

d = 0.15 ft.
p

Note: k _. 0.041 ft., P = 0.50 feet, H = 0.15 ft., q = 0.199 cfs

per ft.

FIGURE 11

EFFECT OF TAILWATER DEPTH ON SCOUR PATTERN
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(c)

d2 = 0.30 ft.

d = 0.20 ft.
s

d = 0.17 ft.
p

(d)

d2 = 0.20 ft.

d .

= 0.26 ft.
s

d = 0.14 ft.
p
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Figure ll(a) shows conditions at initiation of scour,

with the tailwater depth equal to the weir height. The high tail

water level caused the nappe to plunge at a relatively flat angle

and provided for a high degree of energy dissipation along the

path of the jet, as evidenced by the tranquil water surface in

the downstream channel. Scour consisted of a random rolling of

particles in both upstream and downstream directions.

A uniform scour pattern was established in Figure ll(b),

characterized by stable scour hole slopes and a short, peaked

deposit pile. Energy dissipation of the deflected jet was not

complete, as evidenced by the surface boil over the pile and

the slightly undular water surface downstream.

Further lowering of the tailwater level, Figure ll(c),

increased the velocity over the pile to the extent that particles

were entrained from the crest. While the incremental lowering'

of the tailwater level increased the depth of scour by 0.09

feet, the accompanied increase in pile depth was just 0.02 feet,

the difference being reflected in the elongation of the pile.

The downstream scour hole slope was maintained at a steep angle

under the action of the deflected jet. Equilibrium was achieved,

however, despite a continuous tumbling and sliding of particles

within the scour hole. On cessation of flow the downstream

slope collapsed back into the scour hole.

In Figure ll(d), the lower tai+water actually resulted

in a 0.03-foot reduction in the depth of pile. Note, however,

that depth and amplitude of scour both increased. In this test,

flow over the pile was supercritical, having a Froude number of
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2.4 approximately. A weak hydraulic jump formed at the end

of the pile. The long sloping deposit pile and large standing

waves in the downstream channel were typical of this condition.

As in the previous case, the downstream scour hole slope was

maintained at a very steep slope by the deflected jet. There was

a continuous tumbling and sliding of particles on this slope, but

otherwise, the scour pattern was in equilibrium with the imposed

conditions.

It is noteworthy that even with supercritical flow over

the pile, further modifications of the scour pattern will result

from a lower tailwater level. This appaaent inconsistency can

be explained as follows. In Figure ll(d), the end of the pile

is seen to drop off steeply at the toe of the hydraulic jump.

If the tailwater level is lowered, the toe of the hydraulic jump

will move downstream, resulting in erosion at the top of this

steep slope and a longer, slightly lower deposit pile will result.

Concurrently, the depth of scour must increase to maintain equili

brium. Thus, after the onset of supercritical flow, amplitude

of scour approaches a constant value as the tailwater level is

decreased, but at the same time, depth of scour continues to

increase.

(d) Natural Hvdrograph Considerations

When vertical drop structures are to be subjected to

natural hydrographs� two aspects require consideration. Firstly,

scour profiles formed at high discharges will be modified when

the discharge is reduced and the tailwater depth is lower. In

particular, supercritical flow at low tailwater may partially

- 38 -



erode the pile and cause a greater scour depth on succeeding

hydrographs. This feature is described in detail in Chapter IV,

Section C. Secondly, the point of maximum scour potential will

not necessarily coincide with the maximum discharge. With very

low unit discharge over a drop structure, scour potential is

correspondingly very low. Also, at very high unit discharges

the deep tailwater will result in a high degree of energy dissi-

pation. In fact, if the weircrest is sufficiently submerged

by tailwater, the nappe will not plunge towards the bed, but

instead, it will ride up on the tailwater as a "surface nappe".

The point of maximum scour potential will fall somewhere between

these two extremes. Scour potential and the surface nappe are

discussed further in the following section.

D. ANALYSIS OF SHARP-CRESTED WEIR RESULTS

(a) Verification of Model Scale Ratio

In Section A, it is deduced that if a prototype is

modelled according to Froude law, using geometrically similar

bed material of the same s�ecific gravity as for the prototype,

then scour will also be geometrically similar for model and

prototype.

A prototype was selected for which the weir height was

0.50 feet and the k-value of the stone bed was 0.041 feet. It

was modelled with a stone bed having a k-value of 0.021 feet.

The scale ratio of the model was made equal to the ratio of the

k-values, that is

L
m

L
p

=

k
_J!!.
k
P

(20)
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where the subscripts m and p refer to model and prototype respect-

ively. Strictly, the gradations of the two materials would have

to be geometrically similar as well. This condition was appro-

ximated by using only relatively uniform size materials.

A one-half scale model was employed to satisfy equation

(20). Model dimensions were then fixed as

p = 0.25 feet
m

d2m = 0.5 d2p
H = 0.5 H
m p

The scale ratio for unit discharge is given by

=
(L}3/2

r

This was automatically provided by having the heads geometrically

similar since

q =

and C was constant for the range of heads tested.

Seven distinct flow conditions were tested on the proto-

type and then modelled in accordance with the above relationships.

The actual prototype scour patterns and equivalent scour patterns

computed from the model results are compared on Figure 12. To

convert the model results to equivalent prototype values all

horizontal and vertical dimensions of the scour profiles were

multiplied by two.

As shownp the agreement ranged from satisfactory to very

good in all but one test (Figure 12(a)}, for which the weir

crest was submerged by tailwater. However, the model relationship

should apply equally to free discharge and submerged conditions
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because geometric similarity of the nappe profile is obtained

for each. Also, in Figure 12(f) satisfactory agreement is shown

between model and prototype results with weir submergence equal

to that for Figure 12(a). It is possible that the disagreement

shown in Figure 12(8) resulted from a small experimental error

in setting tailwater levels, since, for the submerged case, the

direction of the plunging nappe, and hence the scour depth, is

very sensitive to small changes in tailwater level. It is also

significant that this disagreement in results occurred only for

the smallest scour condition.

It was concluded that the deduced model scale ratio 8S

given by equation (20), is correct for all conditions providing

the specific gravity of the bed material is the same for model

and prototype and providing the angularity of the materials are

not markedly different.

(b) Depth of Scour

The results of the preceding study indicate that

the equation for depth of scour would be of the form

d
s

k [
2/3

9fcn 1/3
9 k

, P
k

, :2 J
Unfortunately the forces involved in the scouring process are

too complex for an analytical solution of this equation.

Presumably an empirical equation could be fitted to the experi-

mental data, but it would involve exponents not only in terms of

the variables but also in terms of scour depth. Such an equation

would not be very meaningful in view of the relatively limited
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number of tests conducted. In this regard, only graphical

analyses of the data are presented.

Experimental values of scour depth are shown on Figure

13 in terms of the dimensionless parameters ds/k, q2/3/k,
P/k and d2/P, all of which can be extracted from the general

equation. The constant gl/3 has been omitted from the denominator

of the second term for convenience. Scour depth is plotted as a

function of discharge for incremental values of the relative

weir height (P/k) and tailwater depth - weir height ratio (d2/P).
The lines shown on this figure were selected to provide the best

fit for the data as a whole. An individual line, therefore,

is not necessarily the least squares fit to the particular ,points

defining it.

The tailwater depth - weir height ratio (d2/P) is shown

to be very significant. Once the data are grouped into equal

values of this ratio, the particular value of weir height is

seen to be relatively insignificant for an unsubmerged weir.

The effect of weir height is more pronounced for d2'P values

equal to or greater than unity.

Figure 13 can be utilized to determine the point of

maximum scour potential for a natural flood hydrograph. ,The

procedure would be to select a suitable mean stone size and

2/3from the tailwater rating curve construct a plot of q /k versus

d2/P. The point of maximum scour potential could then be

determined by reading scour depths from Figure 13 for incremen-

tal d2/P values. The point so determined would be correct
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regardless of the mean stone size selected.

The lines of Figure 13 corresponding to a P/k value of

12 have been replotted on Figure 13A to show the overall trend

of scour depths. The broken lines are an assumed extrapolation

of the experimental data. It is evident that all lines must

approach a common slope at relatively high discharges or else

an irrational crossing of the lines would occur. This slope is

indicated to be about 1.5 for q2/3/k values between 20 and 60.

For these discharges, then

d of:
s (For each P/k)

(c) Amplitude of Scout

Amplitudes of scour are plotted in Figure 14 in terms

of the same dimensionless parameters selected for plotting scour

depths, namely

d + d
s P

k
= [ 2/3 d Jfcn q /k; p/k; 2/p

The form of this function is more complex than the corresponding

function for depth of scour because of the effects of erosion

from the top of the pile, as discussed in Section C. The dashed

portions of the lines on Figure 14 represent conditions with ero-

sian off the pile.

Without erosion off the pile, approximately straight

lines are obtained on the arithmetic plot, which indicates a

relationship of the form

d + d
s P

k
=

The constants band m are functions of both d2/P and Pike
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Also, for this condition the general trend of the line positions

parallels that for depth of scour.

The onset of erosion off the pile causes a curvature of

the lines consistent with the lower rate of increase of scour

amplitude with increased discharge. This curvature results in

the divergence of the lines at low d2/P ratios and causes the

lines to cross at high d2/P ratios. These features do not indi

cate an inconsistency in the experimental data.

(d) Scour Profiles

The longitudinal scour pattern profiles varied consi-

derably, as evidenced by the four photographs of Figure 11.

Depending on flow conditions over the pile, the profiles ranged

from those with flat scour hole slopes and short, peaked deposit

piles to those with almost vertical scour hole slopes and long,

flat deposit piles. However, certain features of the profile

can be defined; these are depth and amplitude of scour, the

longitudinal location of the point of maximum scour and a fair

estimate of the profile configuration from the weir face to the

top of pile. The first two items are defined by Figures 13 and

14 and the last two items are discussed in the following section.

1. Longitudinal Location of the Point of Maximum Scour

The point of maximum scour is coincident with the point

of impingement of the plunging jet at depth d below the initial
s

bed level. Prediction of the �appe profile, therefore, allows

the scour hole to be located in relation to the weir face.

The profile of a free falling nappe is defined by a

parabolic trajectory with constant horizontal velocity component

and a vertical velocity component accelerating under the effect
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of gravity. It is commonly assumed that after the nappe plunges

into tailwater, it continues on a path tangent to the free falling

profile at the point of intersection with tailwater. The validity

of this assumption was confirmed for the sharp-crested weir by

plotting theoretical nappe profiles and superimposing the assumed

tangential paths and recorded locations of the maximum scour.

Typical plots are shown on Figure 15. The theoretical free dis-

charge nappe profiles shown were plotted from data presented by

Rouse13• Deflection of the nappe at the bed resulted in the point

of maximum scour coinciding with the leading edge of the submerged

nappe.

2. Configuration of the Scour Profile

Dimensionless scour profiles are shown on Figure 16.

The dimensionless form of this plot was obtained by dividing

horizontal and vertical dimensions by the recorded scour depth.

The origin of co-ordinates is coincident with the point of max-

imum scour.

Profiles are shown for d /P ratios of 0.4 and 1.0, but
s

bands can be interpolated for intermediate values. As shown,

scour hole slopes were quite steep at relatively low tailwater

depths. However, the downstream slopes were only stable under

operating conditions and collapsed into the scour hole upon ces-

sation of flow. Relatively high tailwaters produced broad scour

profiles because of the flat angle at which the nappe impinged

on the bed.

13
Rouse, Hunter (ed.), Engineering Hydraulics, John Wiley &

Sons Inc., New York, 1950, Fig. 12, pp 530, 531.
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Although appreciable variation in scour profile con-

figuration is shown, a reasonable estimate of the profile can be

made from this figure, knowing the depth and amplitude of scour

and the location of the point of maximum scour.

(e) Initiation of Motion

Initiation of motion from a plane horizontal bed is

defined by the line d /k = 1 on Figure 13, with the qualifications

that movement so defined is general across the bed; at slightly

less severe conditions there will still be an occasional dis-

placement of the smaller surface particles.

When the tailwater level is substantially higher than

the weir crest, the nappe will ride up on tailwater instead of

plunging towards the bed. This condition, called a surface

nappe, precludes bed scour except for the reverse action of a

ground roller formed under the nappe.

The division between plunging and surface nappes was

determined for each test condition by raising the tailwater until

the nappe sprung up to the surface. (The division occurs at a

lower level for decreasing tailwater.) From the average of

17 tests, it was found that the surface nappe occurred at

where h
s

h = 1.Od
s c

is the submergence head,
V2

hs = d2 + � - p
2g

(22)

given by

(23)

and d is the critical depth. Individual values of h rangedc s

from 0.43 d to 1.26 d but for 13 of the 17 tests the rangec c
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was from 0.92 d to 1.19 d •

c c

In one test, the scour hole formed by a plunging nappe caused

it to ride up on tailwater, as illustrated in Figure 17. The

nappe was initially stable in a plunging position with a sub-

mergence head of 0.67 d. However, the resulting scour hole caused
c

a local increase in the tailwater level which was sufficient to

FIGURE 17

SURFACE NAPPE RESULTING FROM SCOUR HOLE FORMATION

make the nappe spring to the surface. Subsequent erosion by the

ground roller partially refilled the scour hole.

(f) Effects of Initial Bed Shape

The preceding analyses of scour are concerned with

the test results for initially plane horizontal beds only. The

results of several tests run with irregular initial bed shapes

are discussed below. All test results are shown on Figure lB,

including those for equivalent tests with initially plane hori-

zontal beds.
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A sill conforming to the shape and location of the

deposit pile formed with an initially plane horizontal bed was

tested to determine if its presence would decrease the depth of

scour. As shown on Figure 18, no appreciable reduction in scour

depth was gained with the sill. When the sill height was increased,

the depth of scour still remained almost constant. It is note-

worthy that the amplitude of scour remained almost constant

for the three bed shapes shown.

2. Depression = d
________________

s

Two variations of beds depressed a distance equal to the

scour depth for an initially plane horizontal bed were tested.

In the first test, the depression conformed to the shape and lo

cation of the scour hole for the initially plane bed. In the

second test, the depression was formed without regard to either

shape or location of the scour hole, except that the nappe im-

pinged within the depression. As shown on the figure, both

variations resulted in amplitudes of scour identical to that for

the initially plane bed, but the depth of scour varied in accord-

ance with the amount of material required to build up the deposit

pile.

Depression = d + d
s P

3.

Three variations of bed shapes depressed by the ampli-

tude of scour were tested, with the only difference being the

longitudinal location of the downstream slope. The importance

of the parameter amplitude of scour is revealed in the following
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examination of individual test results.

In the first test the nappe impinged on the level portion

of the depression appreciably upstream from the slope up to nor

mal bed level. With weir height and tailwater depth measured

relative to the depressed bed level, an amplitude of scour of

0.26 feet is obtained from Figure 14, which is exactly the test

value obtained. However, for these conditions, Figure 13 indi

cates a scour depth of 0.11 feet, compared with 0.09 feet obtained

experimentally.

In the second test the nappe again impinged on the

level portion of the depressed bed, but at a point closer to the

slope than in the previous test. Very little material was required

to build the deposit pile against the existing slope, but a sub

stantial scour still took place, with the removed material pri

marily forming the upstream slope.

In the final test, the nappe impinged partway up the

slope. Since sufficient amplitude was already provided, all of

the scoured material was carried upstream to form that slope.

4. Conclusions

The above series of tests show conclusively that, for

a given set of conditions, only a particular scour profile shape

is stable. A definite amplitude is required to provide this

stability, but the scour depth may vary, depending upon the amount

of material required to build the deposit pile and upstream slope.

Furthermore, it may be concluded that Figure 14, defining ampli

tude of scour, is valid regardless of the initial bed shape, but
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Figure 13, defining scour depth, is only applicable for initially

plane horizontal beds. When considering irregular initial bed

shapes, Figure 14 should be used with weir height and tailwater

depth measured relative to the initial level at which the nappe

impinges.

E. ANALYSIS OF BROAD-CRESTED WEIR RESULTS

(a) General

The broad-crested weir constituted a model of rock

filled timber crib, as described in Section B. An average weir

coefficient of 2.71 was obtained for the sharp upstream edge, as

compared with a theoretical value of 3.09 for a well-rounded

upstream edge. This low coefficient was sought purposely to

provide the greatest possible range in values.

The tests were conducted with the aim of obtaining

enough data for correlation with the more comprehensive results

for the sharp-crested weir. In all tests, the crest length was

0.494 feet, the weir height was 0.50 feet and the mean equivalent

spherical diameter of the bed material was 0.041 feet.

(b) Depth and Amplitude of Scour

Scour depths and amplitudes obtained with sharp and

broad-crested weirs for equal values of discharge, weir height,

tailwater depth and mean grain size are listed in Table V�,

For equal unit discharge, the scour with the broad

crested weir was generally less than or equal to that for the

sharp-crested weir, although SUbstantially more head was required

with the former. The maximum differences between depths of scour
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TABLE V

COMPARISON OF DEPTHS AND AMPLITUDES OF SCOUR

FOR SHARP AND BROAD-CRESTED WEIRS

q d2 DeEth of Scour - ft AmElitude of Scour - ft

Sharp- Broad- Sharp- Broad-
cfs Eer ft ft Crest Crest Crest Crest

0.110 0.40 0.04 0.04 0.08 0.08
" 0.30 0.11 0.07 0.23 0.12
tt 0.20 0.14 0.12 0.25 0.22
It 0.10 0.15 0.15 0.25 0.24

0.196 0.50 0.05 0.05 0.09 0.08
It 0.40 0.11 0.11 0.26 0.24
It 0.30 0.20 0.15 0.37 0.32
" 0.20 0.26 0.22 0.40 0.35

0.306 0.50 0.13 0.14 0.30 0.30
" 0.40 0.24 0.24 0.49 0.48
" 0.30 0.33 0.31 0.51 0.51

Note: P = 0.50 ft. and k = 0.041 ft. throughout

and pile for the two weirs were about one stone diameter each.

It was concluded that the sharp-crested weir results could be

utilized for any type of weir as long as unit discharge is consi�

dered as the independent variable rather than the head. That is,

Figures 13 and 14, defining scour depths and amplitudes respec-

tively, are independent of the weir coefficient.

{c} Scour Profiles

All scour profiles for the broad-crested weir plotted

within the bands of Figure 16. However, longitudinal positions

of the scour profiles did not conform with the criterion for

locations of scour profiles below sharp-crested weirs.

Measured nappe profiles and points of maximum scour

for the broad-crested weir experiments are shown on Figure 19.

As shownp tangents to the upper nappe profiles at the intersec-

tion with tailwater do not intersect the points of maximum scour
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as they did for the sharp-crested weir. Instead, points of maxi-

mum scour generally lie between the free falling nappe profiles

and the tangents. A similar result was reported by Blaisdaell

for a free overfall14• He found that the plunging nappe impinged

on the floor of a stilling basin mid-way between the free falling

nappe profile and the tangent to the curve at the point of inter-

section with tailwater. This was approximately the result ob-

tained with the broad-crested weir at relatively high tailwater

levels. At lower tailwater levels, however, the points of maxi-

mum scour were generally coincident with the free falling nappe

profile.

A more detailed study is required before the points of

maximum scour can be predicted reliably for broad-crested weirs.

14Donnelly, Charles A. and Blaisdaell, Fred W., "Stiaight
Drop Spillway Stilling Basin", Journal of the Hydraulics Division,
ASCE, Vol. 91, No. HY3, May, 1965, pp 104-106.
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CHAPTER IV

DESIGN OF STONE BEDS

A. INTRODUCTION

Hydraulic design of concrete stilling basins for ver

tical drops is mainly a problem of providing sufficient length

to contain the turbulent zone of energy dissipation within the

basin, thereby admitting the flow to the downstream channel

with a near-normal velocity distribution. Vertical cantilevered

walls retain the earth backfill.

When a stone bed is used for the stilling basin two other

factors require consideration. First, of course, the stone must

be massive enough to either resist movement or to limit the scour

to a pre-determined depth. For this reason, the available stone

sizes largely controls the entire design of vertical drops.

Secondly, if the sides of the basin are to be made vertical, a

composite structure must be employed, with either concrete or

sheet pile walls for example. Spill on to sloping abutments

constitutes a special problem because of the diminishing depth

of the tailwater on the side slopes.

Design procedures for various types of stone beds and

abutments were evolved from experimental studies and are described

in the following sections.

B. PRELIMINARY CONSIDERATIONS

(a) Crest Section

A vertical sharp-crested weir, constructed of concrete,

timber or sheet steel piles, will usually provide the most econo-
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mical control section. At some remote sites, however, economy

may be achieved by using local timber to construct a rock-filled

crib, precluding the necessity of concrete in the entire struc

ture. Concrete broad-crested weirs are preferred for metering

discharges on natural watercourses because of their reliability

at submerged conditions.

The minimum permissible crest width is dependent on stone

diameter and a trial design of the bed must be made before final

selection of the crest width. The height of weir will be fixed

by other considerations - such as the full supply level required

for water supply or to provide a predetermined upstream flow

depth in a canal.

(b) Design Discharge

Design discharge is defined herein as that combination

of discharge and tailwater depth with the greatest scour poten

tial. It will almost invariably correspond to the maximum dis

charge if the weir is never submerged - the normal situation on

canals. However, structures across natural watercourses may be

submerged at high flows. For this case the design discharge is

not apparent, nor can this one discharge be singled out as the

only condition for design without regard to the effectiveness of

the basin at other flows. The design discharge is determined

from Figure 13 and a tailwater rating curve; it is used to

determine the stone diameter required.

(c) Alternative Bed Designs

There are three alternative approaches to the design

of a stone bed, as follows:
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Type I is a plane horizontal bed that will resist scour at all

flowso This type is the simplest to design and construct,

and there are no restrictions in its application. However,

for a given stone diameter in the bed, this design requires the

greatest width of crest. A more economical structure will

usually be obtained by using either a Type II or Type III bed.

Type II is an initially level bed that is thick enough to contain

a scour hole without endangering the structure. Either the width

of crest or the mean stone diameter will be less than it would

be with the equivalent Type I bed. This type is relatively

simple to design and construct and can be used on all watercourses.

Accurate location of nappe impingement is not important, making

this basin adaptable to broad-crested weirs as well as sharp

crested.

Type III utilizes the results of experiments on scour in irregular

initial bed shapes (see Figure 18 and .discussion thereof).

These tests show that a bed will be stable if it is depressed

by the amplitude of scour for a plane horizontal bed, providing

the �lunging nappe i�pinges at the toe of the slope. Thus, a

bed can be shaped to prevent scour at design discharge using the

same stone size as for the Type II bed, but requiring a smaller

volume. However, the following disadvantages limit the applica

tion of this design:

(1) The bed is only satisfactory for flows less than or

equal to the design discharge; it is not suitable if the maximum

discharge exceeds the design discharge.
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(2) Accurate location of nappe impingement is desirable,

restricting its use to sharp-crested weirs at the present.

(3) The design and construction is more complex than for

other bed types, tending to offset the advantage of smaller

quantities.

Design criteria for bed Types II and III are presented

in the following two sections. The mean stone diameter required

for the Type I bed is obtained from Figure 13. The areal extent

of protection required for the Type I bed is the same as that

given for the Type III bed.

c. TYPE II BED

(a) Preliminary Studies

In prototype installations the bed will be subjected

to a range of discharges and tailwater depths. A hydrograph test

was made with a level bed to assess its suitability under actual

operating conditions.

The test was made with a weir height of 0.25 feet and

a P/k value of 12. One point on the hydrograph was arbitrarily

selected as having q = 0.150 cfs per foot and d2 = 0.25 feet. A

tailwater rating curve was derived assuming a wide channel, for

which it can be shown that

d ....r 3/5
2 lk q (24)

From Figure 13, it was found that the maximum scour would occur

at q = 0.150 cfs per foot and that the depth would be 6.8 k.

Two cycles were run - the first with a peak flow

equal to the design discharge and the second with a peak equal

to twice the design value. The discharge was changed in

increments. The duration of the increments was the same
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for both cycles. The scour pattern was allowed to stabilize

at each incremental discharge.

Scour profiles recorded at design discharge during

various stages of the experiment are shown on Figure 20. The

profile at the peak of the first hydrograph corresponded to that

for steady operation at the design discharge. When the discharge

was reduced supercritical flow caused a lowering of the pile

crest, which projected above the low flow tailwater level. The

scour hole developed to the same depth at design discharge on

the rising stem of the second hydrograph as it did on the first,

but a broader pile was formed and more material was removed from

against the weir. At the peak of the second hydrograph the

scour hole depth was reduced to two-thirds of the maximum value

and the pile was formed farther downstream. During the falling

stage depth of scour increased to the normal value at design

discharge and, in fact, continued to increase slightly at lower

flows.

(b) Proposed Design

The hydrograph test raised considerable doubt about

the long term stability of a bed constructed level with the

downstream channel. In the first place, the deposit pile

formed above the channel bed is partially eroded at low flows.

During the following cycle more stone is removed from the scour

hole to re-establish the stable amplitude. Secondly, the pile

migrates downstream when the design discharge is exceeded. Both

of these factors induce a gradual attrition of the stone bed.

furthermore, when the pile is formed above the channel bed there
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is always the threat of its removal (by ice for example) with a

marked increase in scour depth following. Moreover, supercritical

flow over the pile could result in excessive erosion of the

downstream channel. For a safe design it would have to be assumed

that the scour hole could extend a full amplitude of scour below

initial bed level.

It was reasoned that if the stone bed was lowered rela-

tive to the downstream channel, the overall performance of the

basin would be considerably improved and the volume of stone

required for a safe design would be reduced appreciably. A

proposed design incorpqrating this feature is shown on Figure 21.

The dimensions shown are recommended only for sharp-crested weirs

operating at or below design discharge at all times.

A depression of 0.75 d is recommended so that the
. p

pile will not form to a height resulting in supercritical flow

at low discharges. Values of d and d can be obtained from
s p

Figures 13 and 14 using the weir height and tailwater depth

measured relative to the original stone bed, that is pI and d�.
The d value will be slightly less with the depressed bed since

s

the ratio d�/pl is greater than the ratio d2/P. Analysis of the

scour hole data, Appendix B, shows that a base length of 4H + pl/4
is adequate regardless of the tailwater depth. It is recommended

that the depth of stone be at least 1.5 times the maximum scour

depth obtained from Figure 13 and not less than d + 2k.
s

The following modifications to the bed shown on Figure

21 are recommended for installations where the weir will be
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PROPOSED TYPE II STONE BED
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sUbmergedo

(1) An initial stone depth of twice the maximum scour depth

should be provided.

(2) Either the maximum head, or the head at which the nappe

rides up on tailwater, should be used to compute the base length

unless a more detailed analysis is made to ensure that ample

stone is provided below the scour hole at high discharges.

A type II basin can also be used with a broad-crested

weir. The design procedure is the same as for sharp-crested

weirs. Comparison of scour hole data in Appendix B shows that

for equal q, P and d2 values, the Xs distance is less than or

equal to that for the sharp-crested weir. Since the head required

to pass a unit discharge over a broad crest is greater than for

a sharp crest, a base length of 4H + pl/4 will be longer than

It is recommended that a base length of 4H + pl/4
enecessaryo

be used, where H is the equivalent head required to pass the
e

discharge over a sharp-crested weir of equal width.

D. TYPE III BED

(a) Experimental Studies

Experimental studies were directed towards verification

of the design criterion, determining allowable slopes and esta-

blishing the areal extent of protection required.

Three separate tests were conducted, the controlling

dimensions of which are listed in Table VI and defined on Figure 22.
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FIGURE 22

TYPE III BED DEFINITION SKETCH
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TABLE VI

EXPERIMENTAL DATA - TYPE III BED STUDIES

Design Discharge
Test 2/3/ d2/q k d2 d + d X
No. P k 9 e s e s

1 0.50 0.041 0.093 5.0 0.20 0.40 0.22 0.44

2 0.50 tt 0.137 6.5 0.30 0.60 0.28 0.55

3 0.25 tt 0.093 5.0 0.20 0.80 0.08 0.34

The test conditions were selected to provide a range of

d2/P values, thereby varying the angle of jet impingement on the

bed. Unit discharges selected were about the maximum for a

15
stable downstream bed according to Blench's regime theory •

Blench defines a bed factor for stable channels in dune formation

by the equation

=

(25)

For sand beds and clear water, bed factor is defined empirically

by the equation

= 1.9,fiC
m

(26)

where D is the median grain diameter in millimeters. The
m

Froude number of the flow and the bed factor are related by

NF =�
9

The sand in the downstream channel had a median diameter of

(27)

0.26 millimeters, for which the bed factor is 0.97 and the

allowable Froude number is 0.17. Values of d + d were read
s p

15Blench, T., Regime Behaviour of Canals & Rivers,
Butterworth & Co. Ltd., London, 1957.
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from Figure 14 and X values were determined from plots of the
s

theoretical nappe profiles.

The bed shapes were first tested for steady operation at

design discharge. It was found that slopes of two horizontal

to one vertical (Z = 2) were satisfactory for all three d2/P
values. As shown on Figure 23, there was a slight scour at the

tOB of the slopes as the bed assumed the normal dished shape.

However, the depth of scour on the slope did not exceed one par-

ticle diameter. There was no deepenmog of the depression and

the scoured particles were not carried over the top of the

slope. On cessation of flow the particles which were deposited

on the slope rolled back into the depression.

Test No. 2

FIGURE 23

TYPE III BED AT DESIGN DISCHARGE

Scour in the channel bed was studied for varying lengths

of protection beyond the depression. The flow leaves the basin

as an inclined jet, causing a surface boil as shown on Figure 23.
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In the reach immediately downstream of the depression there are

significant vertical velocity components directed towards the

bed. Excessive erosion occurred with the stone extending a

distance d2 beyond the end of the basin. It was found that pro

tection was required over a distance L = 3d2 to provide for re

establishment of assentially horizontal flow with near-normal

velocity distribution. Some scour still took place, with shallow

dunes being formed in the sand bed. Dune formation was eliminated

when a sill d2/5 in height was placed at the end of the protec

tive layer. The sill was not �fective when placed 1.5d2 from

the end of the basin.

Hydrograph tests were made for each of the three design

conditions listed in Table VI. Peak flows corresponded to the

design discharge; tailwater depths at lesser discharges were com

puted from equation (24) on the assumption of a wide channel.

These tests pointed out the necessity of providing a supply of

stone adjacent to the weir to contain the scour at intermediate

discharges. The material removed at these lesser discharges

partially filled the depression. However, these stones were

not carried out of the depression at design discharge; instead,

they were moved back upstream to approximately their original

locationo No attrition of the bed material occurred during

the hydrograph tests.

(b) Proposed Design

The proposed design is shown on Figure 24. A V-shaped

depression with slopes of two horizontal to one vertical is recom-
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PROPOSED TYPE III STONE BED



mended. A thickness of at least 2k should be provided at the

bottom of the depression and at the top of the downstream slope.

A thicker layer is provided at the bottom of the slope by exca-

vating on a slope of 1.5 horizontal to I vertical. This extra

material will account for the rounding of the scour hole illus-

trated in Figure 23. The X value should be determined by plot
s

ting the theoretical nappe profile for design discharge and

extending it tangentrally from the intersection with tailwater.

It is recommended that stone protection extend a dis-

tance 3d2 beyond the bed depression. The size of this stone

can be safely reduced to one-half the k-value for the stone basin.

Although a sill prevented the formation of dunes, it is consi-

dered an unnecessary complication. Moreover, Blench's regime

theory implies that the channel bed will be in dune formation

in any case.

The stone bed shoUld be underlain by a well graded

filter layer in order to prevent migration of the foundation

material.

The proposed design was found to be satisfactory with

depressions up to O.6P. It is believed to be satisfactory for

deeper depressions as well, but it is unlikely that it would be

economical to do so because of the increasing weir heights

required.

This design is not recommended unless the nappe profile

can be predicted reliably, nor is it suitable for sharp-crested

weirs where the design discharge is less than the maximum.
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E. ABUTMENT CONDITIONS

The following abutment arrangements were evaluated

experimentally:

(a) Level weir crest and level downstream bed.

(b) Level crest with spill on to sloping abutment.

(c) Sloping crest with spill on to sloping abutment.

The first of these is the only arrangement that is practical

with either a Type II or Type III bed; the last two are possible

arrangements with a Type I bed.

The experiments were conducted in a two-foot wide,

ten-foot long glass-sided flume. A sharp-crested weir 0.25 feet

high and stone having a k-value of 0.041 were used for all tests.

Tailwater depths were varied with an adjustable tailgate. Unit

discharges were estimated from the head on the weir since pre

cise discharge measurements were unnecessary.

The hydraulic performance for each arrangement was

assessed qualitatively, flow separations were delineated and

representative tests were photographed. Experimental procedures

applicable to particular arrangements, together with the test

results, are described below.

(a) Level Weir Crest and Level Bed

In this arrangement the weir is contracted so that all

spill is on to a transversely level basin. Since it is imprac

tical to construct either Type II or Type III beds on a side

slope, this is the only arrangement suitable for these designs.

The study included a contraction from the level basin to a nar

rower downstream channel as shown on Figure 25.
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The experiment was made with a sloping abutment adjacent

to the overflow section. Although a strong eddy formed adjacent

to the plunging nappe, performance was quite satisfactory so long

as there was no scour hole in the basin. However, after the

scour hole was formed the eddy encroached upon the overflow

portion of the basin and the depth of scour increased adjacent

to the eddy. Vertical side walls are recommended to prevent

this condition. These walls need only extend to the end of the

depressed bed.

FIGURE 25

ABUTMENT ARRANGEMENT (a)

Flow was contracted into the downstream channel at a

rate of two longitudinal to one transverse. A minor separation

occurred at the end of the convergence but it was not detrimen

tal because only a small percentage of the flow was affected.

(b) Level Crest with Spill On To Sloping Abutment

A half model was tested with spill directly on to the

abutment sloping at four horizontal to one vertical. The abutment
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was horizontal at the end of the weir to admit air to the under

side of the nappe.

A discharge was set and the tailwater was lowered to the

critical depth causing onset of scour on the level portion of the

bed. Scour on the side slope commenced at a tailwater depth 50

percent greater than that for initiation of scour on the level

bed. Hydraulic performance was very poor at all tailwater levels.

The jet swept down the slope unimpeded by tailwater, producing

an extensive eddy along the side slope. Figure 26 shows the flow

pattern with a scour depth equal to one stone diameter on the

side slope. The deposited stones caused the jet to split, with

a portion flowing transversely along the intersection of the

nappe and tailwater. The side eddy extended to about four

feet beyond the crest.

FIGURE 26

ABUTMENT ARRANGEMENT (b)

This abutment arrangement should not be used.
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(c) Sloping Crest with Spill On To Sloping Abutment

Spill on to concrete paved side slopes has been

16
successfully employed by the provision of a sloping weir crest ,

arranged such that the headwater width at the crest approximates

the tailwater surface width. In the model this was achieved

with a crest slope of eight to one and a side slope of four to

one.

This arrangement was tested with tailwater levels de-

creasing to the critical depth causing onset of scour on a level

bed. Hydraulic performance was much better than for the level

crest, but at low tailwaters there was still a flow diagonally

down the slope and a resulting eddy in the channel, as shown

on Figure 27(a). The cross-current and eddy were eliminated

by placing a longitudinal training wall at the toe of the side

slope, as shown on Figure 27(b).

A sloping weir crest with training walls at the toe

of the side slopes results in good hydraulic performance and is

recommended for Type I beds where it is economical to do so.

A training wall length of 4 H�. is recommended. The height of

wall need not equal the maximum tailwater depth; significant

improvement was realized on the model with a wall just one-half

the tailwater depth.

16Smith, C.D., "Model Study of Overflow Weir with Sloping
Abutmentstt, Government of Canada, Department of Agriculture,
Prairie Farm Rehabilitation Administration, Regina, 1950.
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(a) Without training wall.

(b) With training wall at toe of side slope.

FIGURE 27

ABUTMENT ARRANGEMENT (c)
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The stone beds used in the study were of relatively
uniform size. Subsequent tests have shown that for the same

k- value, depth of scour decreases when the range of sizes

increases.17 The greater scour resistance arises from the

"armouring" of the bottom of the scour hole by the larger stones.

A similar result was found in a previous investigation of scour

below a free overfall.18 This is an important result. It means

17Smith, C.D., and Strang, D.K., nScour in Stone Beds",
Discussion, Proceedings. Twelfth Congress. International
Association of Hydraulic Research, Fort Collins, Colorado, 1967.

IBDoddiah, D., Albertson, M.l., and Thomas, R.A.,
"Scour From Jets", Proceedings, Minnesota International

Hydraulics Convention, IAHR and ASCE, August, 1953, pp 161-169.

that information presented herein will yield conservative results

for well-graded pit-run materials.
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APPENDIX A

NOTATION

The following symbols have been adopted in this thesis:

A = cross-sectional area

A = projected area
0

C = weir coefficient

Cd = drag coefficient

D = diameter

d = flow depth

d2 = tailwater depth

d1 = tailwater depth measured relative to2

deptessed bed

dc = critical depth (NF = 1 )

d = depth of pile
p

d = depth of scour
s

d + d = amplitude of scour
s p

FA = drag force on a submerged particle

FR = force resisting motion of a submerged particle

f = friction factor in Darcy-Weisbach equation

g = acceleration due to gravity

H = total head on weir

hf = head loss due to friction

h = submergence head on weir
s·

k = equival�nt spherical dmameter of mean

particle by weight.
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X
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X =

p

y

= equivalent spherical diameter of maximum

particle.

= length

= Froude number

= Reynolds number

= Manningts roughness coefficient

= bed roughness

= equivalent roughness of composite channel

= roughness of glass walls

= weir height, measured from downstream bed

= weir height, measured from depressed bed

= wetted perimeter of channel

= discharge

= discharge per unit width

= hydraulic radius

= bed slope

= specific gravity

:: average velocity

= bed velocity

= velocity of submerged jet

== horizontal distance from weir crest

to point of maximum scour

horizontal distance from weir crest

to peak of deposit pile

:: specific gravity

= distance from top of particles to

effectiv.e bed level.

= flow depth, measured from bottom of channel
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I' = mass density

7 = tractive force

'C = critical tractive force

v = kinematic viscosity
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APPENDIX B

EXPERIMENTAL DATA

SCOUR PATTERNS BELOW VERTICAL DROP STRUCTURES

This Appendix contains a numerical summary of scour pattern

measurements made for the testing program described in Chapter III.

For definition of terms refer to Figure 8 and the discussion

thereof. Data are listed for all scour patterns formed in

initially plane horizontal beds. Results of the tests conducted

with irregular initial bed shapes are shown graphically on Figure lB.

(1) Sharl2-Crested Weir Results

Scour Pattern Surface
Ttsst k P q H d2 d d X X Nal2l2e
No. cfs

s p s p h

ft: fts l2er ft. ft: ft. ft. fta ft. ft. ft�
1 0.041 0.419 00109 0.099 0.300 0006 0.05 0.45 0.70
2 tt 0.421 It tt 0.200 0.12 0.12 0.45 0.75
3 It 0.421 tt It 0.100 0.17 0.11 0.45 0.90

4 0.041 0.421 0.196 0.150 0.400 0.09 0.10 0.67 1.00
5 It 0.421 It It 0.300 0.16 0.18 0.57 0.95
6 It 0.412 tt It 0.200 0023 0.13 0.60 1.15
7 It 0.412 tt It 0.150 0.25 0.12 0.60 1.20

8 0.041 0.415 00309 0.200 0.420 0.16 0.21 0.80 1.40
9 tt 0.415 It tt 00300 0.30 0.20 0.80 1.55

10 It 0.414 It It 0.200 0033 0.17 0.80 1050

11 0.041 0.412 0.431 0.260 0.500 0.14 0.19 0.95 1.65 0.19
12 tt It tt 0.250 00400 0.34 0.23 0.95 1.80

13 0.041 0.500 0.110 0.100 0.500 0.00 0000 -- 0.03
14 It It It tt 0.400 0.04 0.04 0050 0.85
15 n It " " 0.300 0.11 0.12 0050 0.75
16 It n It tt 0.200 0.14 0.11 0.50 0.75
17 n It n It 0.100 0.15 0.10 0.50 0075

18 0.041 0.500 0.199 00159 0.550 0.00 0.00 Doll
19 tt " It 0.150 0.500 0.05 0.04 0070 1.10
20 tt It It It 0.400 Doll 0.15 0.65 1.10
21 It tt It II 00300 0.20 0.17 0062 1.10
22 It It It It 0.200 0.26 0.14 0.60 1.25

23 0.041 0.500 0.306 0.219 0.600 0.00 0.00 - ... -- 0.17
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Scour Pattern Surface
Test k P q H d2 d d X X Nappe
No. efs s p s P h

ft. ft. [2er ft! ft. ft. ft. ft. ft. ft. ft:
24 0.041 0.500 0.306 0.200 0.500 0.13 0.17 0.75 1.30
25 " It " It 0.400 0.24 0.25 0.80 1.50
26 " " It It 0.300 0.33 0.18 0.80 1.60
27 n It " n 0.200 0.37 0.16 0.80 1.60

28 0.041 0.500 0.424 0.265 0.600 0.10 0.12 1.00 1.70 0.21
29 " " It 0.250 0.500 0.30 0.29 0.90 1.80

30a 0.021 0.250 0.109 0.109 0.300 0.045 0.045 0.50 0.80 0.08
31 II It tt 0.100 0.250 0.07 0.10 0.40 0.65
32 u It It It 0.200 0.13 0.12 0.40 0.80
33 " u tt " 0.150 0.175 0.09 0.45 0.B5
34 " u It It 0.100 0.19 0.08 0.40 0.90

35b 0.021 0.250 0.150 0.132 0.300 0.065 0.08 0.50 0.85
36 It " It 0.125 0.250 0.145 0.15 0.50 1.00
37 " tt " It 0.200 0.19 0.11 0.50 1.00
38 tt tt It It 0.150 0.23 0.09 0.50 1.05
39 It tt It It 0.225 0.17 0.13 0,,50 1.05

40 0.021 0.250 0.199 0.168 0.350 0.05 0.04 0.70 1.05 0.12
41 It n tt 0.155 0.300 0.13 0.17 0.60 1.15
42 tt tt It 0.150 0.250 0.22 0.13 0.60 1.20
43 tt tt tt It 0.200. 0.26 0.10 0.60 1.25
44 It It It tt 0.150 0.29 0.08 0.60 1025

45c 0.021 0.250 0.305 0.213 0.350 0.16 0.16 0.80 1.70 0.16
46c " n n 0.205 0.300 0.26 0.14 0.85 1.55

47 - Hydrograph Test, See Figure 20 -

48 0.021 0.500 0.109 0.110 0.550 0.00 0.00 0.05
49 " It " 0.100 0.500 0.05 0.045 0.55 0.85
50 " It It It 0.400 0.11 0.13 0.50 0.95
51 It " " " 0.300 0.15 0.15 0.50 0.95
52 tt It " " 0.200 0.195 0.14 0.50 1.00

53 0.021 0.500 0.199 0.173 0.604 0.00 0.00 0.105
54 tt It tI 0.150 0.500 0.14 0.18 0.70 1.25
55 It It tt It 0.400 0.21 0.21 0.70 1.40
56 It tI It It 0.300 0.30 0.19 0.70 1.70

57 00021 0.500 0.152 0.144 0.582 0.00 0.00 0.083
58 It " n 0.134 0.550 0.04 0.02 0.75
59 " " It 0.125 0.500 0.09 0.14 0.60 1.10

60 It It It It 0.400 0.16 0.18 0.55 1.15

61 It It tt tt 0.300 0.22 0.21 0.55 1.20
62 It It " tt 0.200 0.29 0.13 0.55 1.30

63 0.021 0.500 0.053 0.060 0.400 0.05 0.06 0.35 0.60
64 tt " It tt 0.300 0.08 0.09 0.35 0.60
65 tt It It It 0.200 0.10 0.10 0.30 0.60
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Scour Pattern Surface
Test k P q H d2 d d X X Nal2l2e
Noo cfs s p s p h

ft. ft. per ft. ft. ft. ft. ft. ft. ft. ft;

66 0.041 0.250 0.108 0.100 0.200 0.04 0.02 0.40 0.075
67 It tt " " 0.150 0.07 0.06 0.40 0.60
68 tt n " It 0.100 0.12 0.09 0.40 0.60

69 0.041 0.250 0.197 0.160 0.320 0.04 0.02 0.70 0.12
70 n tt n 0.150 0.250 0.08 0.08 0.55 0.85
71 It " " " 00200 0.14 0.13 0.55 0.95
72 " n " It 0.150 0.18 0.11 0.55 0.95

73 0.041 0.250 0.304 0.224 0.380 0.04 0.02 0.85 0.17
74 " " " 0.203 0.300 0.09 0.09 0.65 1.10
75 " " It 0.200 0.250 0.18 0.13 0.65 1025
76 It tI n " 0.200 0.22 0.14 0.70 1.30

77 0.041 0.250 0.418 0.279 0.430 0.00 0000 0.22
78 " " tI 0.267 0.400 0.07 0.04 0.85 1.40
79 n " tt 0.259 0.350 0.12 0.12 0.80 1.35
80 " tt It 0.251 0.300 0.20 0.12 0.80 1.65
81 " " tI 0.249 0.250 0.27 0.14 0.85 1.65

82 0 .• 041 0.250 0.150 0.126 0.270 0.04 0.02 0050 0.09
83 " It " 0.125 0.250 0.05 0.03 0.45 0.75
84 " tI " It 0.200 0.09 0.08 0.45 0.75
85 " It " n 0.150 0.13 0.11 0.50 0.80

86 0.041 00250 0.053 0.060 0.100 0.04 0.02 0.20

87 0.089 00520 0.139 0.117 0.220 0.09 0.45
88 " tt 0.185 0.143 0.300 0.09 0.60
89 It " 0.104 0.096 00100 0.00
90 " It 0.133 0.114 0.120 0.09 0.50
91 " I, 0.294 0.192 00420 0.09 0.70
92 It tt 0.433 0.249 00520 0.09 0085

93 00041 0.500 0.069 0.073 0.300 0.05 0.04 0035 0.65
94 " It It It 0.200 0.09 0.07 0.35 0.55
95 It " tI tt 0.100 0.12. 0.06 0.35 0060

96 0.041 0.500 0.044 0.050 0.200 0.04 0.25
97 It n It " 0.100 .0.06 0.04 0.30 0.45

Notes:

aTests 30 to 34 are models of tests 23 to 27 respectively.
b

35 and 36 are models of tests 28 and 29 respectively.Tests

cIn these tests, ihe formation of the scour hole caused the

nappe to ride up on tai1water. See Figure 17.
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(2) Broad-Crested Weir Results

All notation is the same as previously defined except

that X and X are measured from the downstream edge of the weir
s p

crest.

Scour Pattern Surface
Test k P q H d2 d d X X Naeee
No. cfs

s P s P h
ft. ft. eer ft. ft. ft. ftl ft. ft. ft. ft�

101 0.041 0.500 0.088 0.100 0.350 0.04 0.02 0.35
102 " " tt " 0.300 0.06 0.04 0.40 0.60
103 It tt It It 0.200 0.08 0.07 0.40 0.60
104 " It " " 0.100 Doll 0.08 0.40 0.65

105 0.041 0.500 0.110 0.118 0.400 0.04 0.02 0.45
106 tt II It tt 00300 0.065 0.05 0.40 0.65
107 " " It " 0.200 0.12 0.10 0.45 0.70
108 " " " It 0.110 0.15 0.09 0.45 0.75

109 0.041 0.500 0.196 0.174 0.500 0.05 0.03 0.65 0.95
110 tt tt It It 00400 0.11 0.13 0.55 0.95
III It 11 " tt 0.300 0.15 0.17 0.60 1.00
112 " It " It 00200 0.22 0.13 0.60 1.10

113 0.041 0.500 0.306 0.235 0.550 0.08 0.06 0.90 1.35
114 " n t. It 0.500 0.14 0.16 0.80 1.40
115 tt " It tt 0.400 0.24 0.24 0.75 1.40
116 0.041 It " It 0.300 0.31 0.21 0.80 1.50
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