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Subject; Critical tractive forces on channel side slopes in coarse,
n. “cohesive material :

Swvnopsis

The purpose of this study is to determine the magnitude of
the tractive forces exerted by flowmg water which will canse impend-
ing motion of the material comprising the sloping side of a channel.
Only the simplest case of coarse, noncohesive material acted on by
clear water is treated. The force necessary to cause motion on the
sloping side of a channel is less than that required for movement on
a horizontal canal bed. The ratio of the force necessary to cause
impending motion on the slope to that required on the level is shown
to be a function only of the slope of the side and the angle of repose
of the material. A simple expression involving these variables has
been derived to give the value of the ratm and a dlagram is pre-
sented to aid in using it,

Introduction

In the United States the design of earth canals to insure free-
dom from scour has usually been approached from the standpoint of
the mean velocity which could safely be permitted. In Europe the
criteria of limiting shear or tractive force has sometimes been-used.
Studies using the tractive force criteria have recently been made in
this country 1/. It has been shown, however, that the slope of the
sides of the Channel is a factor in the resistance to scour of the sides
by the flowing water 2/. A satisfactory method of design of earth
channels must therefore consider this factor. The results of the
study described herein have shown that for coarse, noncohesive mate-
rial, the effect of the slope of the sides is a very important factor in
canal design. As the cohesion in the material increases, this factor

becomes less important, and for higihly cohesive soils, it is probably

1/ rProgress Report on Results of Studies on Design of Stable
Channels, United States Bureau of Reclamation Hydraulic Laboratory
Report No. Hyd-352.

2/ Stable Channels in Erodible Material, E. W. Lane. Trans
ASCE Vol. 102, 1937, p. 134,




of little or no importance. Up to the present, an analysis has been
developed only for the case of coarse noncoheswe material, acted
on by clear water.

Forces Acting on a Particle on a Slopmg Canal Slde

As is pointed out in the previously mentloned reference 2/
a partlcle resting on the sloping side of a canal in which water is
flowing is acted on by two forces (1) the force due to the action of
the flowing water on the particle, which acts in the direction of the
flow, and (2) the force due to the weight of the particle, which tends
to cause the particle to roll down the side slope. Movement of the
particle will begin when the resultant of these two forces is 1arge
enough to start it.

The force on the particle downward in the direction of the
sloping side, for particles below the water surface, as shown in
Figure 1, is equal to Ws sin ¢ where Wy is the submerged we1ght
of the particle and ¢ is the angle, with the horizontal, of the slopmg
side. The force on the particle due to the velocity of the water is
aTg, in which" is the effective area of the parttcle and Tg is
the tractive force on the side of the canal. Tg acts in the direction °
of flow and is expressed in units of weight per unit area. It would be .
difficult to determine the value of "a" for any particle, but for the
purpose of this study it is not necessary, as it is canceled out"in the
solution.

The resultant of these two forces, which are at right angles’
to each other, is

Wsz Slﬂz¢ + 8.2 TSZ,

and when this force is large enough, the particle will move.

Magnitude of the Critical Tractive Force on’Slgping Side

A determination of the conditions for impending motion can
be made by analyzing the forces which act on particles on a surface
sloning «t the angle of repose for the material involved. Consider the
condition of a particle on the side of a canal filled.with water, "in which
there is no flow, when the side slope is equal to the angle of repose §.
If Ws is the submerged weight of the particle, ‘the force acting on the
particle downward in the direction of the surface slope is Wg sin § and
that acting normal to the surface is Wg cos §, and the ratio of these
two components is tan § . Since for a glven material the angle of rEpose
is nearly independent of the particle size, motion of the particles is in-
dependent of whether W is large or small but depends only on whether
the ratio of the component of the force down the slope to that normal to
the slope is greater than tan §.




Since motion is impending, the resistance to motion of the
particle is equal to the force tending to cause motion, or to Wg sin
g, which is also equal to Wg cos § tan g . It is reasonable to sup-
pose that resistance to motion of a particle on any other slope or on
the level is also equal to the normal force times tan g, and this
hypothesis is therefore adopted 3/.

Applying the hypothesis to the case of a‘particlefon the side
of a canal in which water is flowing, the resultant of the two forces
which act on the particle should cause impending motion when the
ratio of this resultant force to the normal force acting on the particle
is equal to tan g . Then" :

VWe2 sitd + 22 T |
— Wg cos ¢ s‘ =tan9

and

\/Ws2 cos 2¢tan‘29 - W52 sin 2¢ ‘
Tg = ad o g

Also, motion of a particle on a level surface is in a state of
impending motmn due to the tractive force when

_ _ Wgtanf
a.TL/Ws = tan§, a.ndTL = ——

In this case[a T, ]is the tractive force which will cause ixfnpehding

motion of a single particle on the level surface, "a" is again the -
effective area of a single particle, and T;, is the a.verage tractive
force per unit area. ‘ ~

Ratio of Force on Sloping Side to that on Level Surface Necessagy to
Cause lmpending Motion ‘

For purposes of design it is desirable to know the ratio of
the tractive force per unit area, T, which will cause impending mo-
tion on the canal side to TL which will cause impending motion on a

level surface. If this ratio is K, then
;\\/Wsz cos 2¢tan 29 - W2 sin 2
- *S .

T . 3.2 - K _tanz
A et fi TS

a

It will be seen that this ratio is a function only of the inclin-
ation of the sloping side, 4) and the angle of repose of the material, §.
Flguere 2 is a diagram giving the value of K for various values of ¢
and

3/ This hypothesis has also been used by A. A. Kalinske in
Movement of Sediment as Bed Load in Rivers. Transactions, American
Geophysical Union, Vol. 28, August 1947, p. 616.
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A solution for the value of K was mdependently derived by

C. H. Fan 4/, whichis ‘
- Sin 24,
K =\/1 --5—-7%1!1 k!

Although the two equations are not identical, the difference o
between the values of K obtained by them is neglxglble n

In designing a canal in coarse, noncoheswe material, so that
the material on the side slopes will not be moved, itis:-necessary to
establish that the shear at any point on the sides is less than K times
the shear that will cause impending motion for that material on a level
surface. As the shear on the sides and bottom: of a channel is not uni-
formly distributed, it is necessary also to know this distribution, ¥For
trapezoidal cross sections, this distribution is given in:a report pre-
viously mentioned 1 / The magnitude of shearz which are safe on a-
level surface for various sizes of coarse, noncohesive material, and
data on angles of repose, are also given in reference 1/ Observations
on angles of repose failed to detect any material difference between
values under water and those in the dry condltlon
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4/ A Study of Stable Channel Cross Sections, C. H. Fan, v

Hydraulic En meerm (published by the Chinese Socxety of Hydraulic v
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