LAUNCHING OF RIPRAP REVETMENTS:

a
thesis
submitted to the
Faculty of Graduate Studies
in partial fulfillment of the requirements
for the degree of Master of Science in the
Department of Civil Engineering |
University of Manitoba

Winnipeg

by

J. A. Redhead, B.Sc.
Calgary, Alberta
January, 1977




"LAUNCHING OF RIPRAP REVETMENTS"

by
J. A. REDHEAD

A dissertation submitted to the Faculty of Graduate Studies of
the University of Manitoba in partial fulfillment of the requirements

of the degree of

MASTER OF SCIENCE

© 1977

Permission has been g,ru_ntcd to the LIBRARY OF THL UNIVER-

" SITY OF MANITOBA to lend or sell copies of this dissertation, to
the NATIONAL LIBRARY OF CANADA to microfilm this
dissertation and to lend or scll copies of the film, and UNIVERSITY
MICRQFILMS to publish an abstract of this dissertation.

The author reserves other publication rights, and neither the

dissertation nor extensive extracts from it may be printed or other-

wise reproduced without the author’s written permission.




ABSTRACT

A hydraulic model study was undertaken to investigate
Jaunching of riprap revetments placed on the bend of a
trapezoidal Taboratory channel and to assess the performance of
the Taunched revetments vs a placed revetment. The launched
revetment forms when a stockpile of stone on a river bank
(embankment) or on top of a bank (embankment) rolls into and
armours the side of a scour hole. A placed revetment is constructed -
on the bank to prevent additional loss of bank materia].

The extent of scour and the depth of scour for each of
the protection systems used.are compared and related to the
. performance of each.

The launching of a revetment, while dumping with
mechanical devices was in progress, was simulated in the model
- and the performance of this type of revetment was compared to
revetments launched by diép]acement from a previously dumped
collection of stones placed on a bench above high water. Findings
show thét less bank material is Tlost and a more regular revetment
is obtained when using the latter syétem.

The loss of riprap to the flow should not endanger the
stability of the revetment. The loss of riprap for each system
was compared. The study indicated, that although the loss to
the centre of the stream was greater for the launched revetments
than the placed revetments, very effective protection is provided

even with some loss of riprap material.




The material in the model (crushed walnut shell)
represented a channel having banks and bed of sand. The
performance of revetments having different gradations of stone
were compared with respect to movement in the scour hole and
the regularity of the final structure. <Small pebbles were

used to represent the riprap material in the model.
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1.1

1.2

1. INTRODUCTION

Statement of the Problem

During periods of high discharge the erosive forces
within a river are increased. The typical materials
making up the bed and banks of rivers are not always
resistant enough to the attack to which they are subjected.
Qutward movement and sloughing of bank material, especially
within bends, may cauSé the loss of potentially valuable
land and may endanger important structures located near
the banks of eroding rivers. To control the erosion and
migration of banks, it is often necessary to construct

river bank protection structures known as revetments.|

Previous Work

Launching is the process whereby stones slide or
roll from a higher elevation on a river bank or embankment
to a Tower elevation. A method of providing continuous
protection using a launched revetment was first attempted
in India as far back as the 1890's. From 1890 onwards,
investigations into the launching of riprap have been
undertaken by the U.S. Bureau of Public Roads, the U.S.
Corps of Engineers, the California Highway Division and

Research Statjons in India. Many structures have been

‘built in the United States and in India utilizing the

launching of riprap as an alternative to the p]abed

revetment for the protection of river banks.

-1 -




1.3

1.4

Limit of Undertaking

This study was lTimited to the testing of a hydraulic
model to observe, firstly, the launching of riprap (stone)
on a 90 degree bend of a trapezoidal channel and secondly,
to bbserve how the various revetment configurations
affected the scour and erosion processes taking place
within the bend. Observations were also made to develop
guidelines concerning the placement of riprap structures
and armour material on the face of endangered banks.
Results will be discussed more from a qualitative than a
quantitative point of view. No measurements of instant-
aneous velocities were possible because of the difficulty
in taking instantaneous measurements near an erodible bed
and because of the small scale of the model.

Justification of the Topic

Should the Taunching of revetments be effective in
providing adequate bank protection, recommendations for

further studies will be made and conc]uSions drawn as to

Athe uéefu]ness of this approach to bank protection. The

Taunched riprap revetment could be an ideal alternative
to the "placed" revetment in areas that may be difficult
to work in, either for construction or maintenance reasons.
It is necessary, therefore, to investigate the Taunching
system to obtain information on the extent of the
revetment, the placement of stones and the effectiveness

of the structure.




1.5

Preview

A summary of the various types of riprap revetments
and the various methods of placement will be presented.
Two gradations of stone used for the revetments were
tested to observe the effect of stone size on the
performance of the revetments. The manner in which the
location and extent of the revetment affecté the loss of
bank material and the stability of the revetments were

investigated.




2.1

2.

RIPRAP REVETMENTS FOR RIVER BANK PROTECTION

Introduction

The development of farms, towns and cities on the
flood plains of rivers introduced the need for river

bank protection devices. Stone and wood were used

exclusively until the advent of concrete and metal.

Wood, being less durable, has fallen out of the 1ist of

materials most suited to bank protection.k Stone is

considered to be one of the most suitable materials for
bank pfotection.
| Bank protection structures are required for four

main reasons. These are:

1. To aid navigation on our rivers. FirStiy, to provide
adeguate depth of water for ships and other floating
craft by restricting the widening of rivers at
suitable Tocatians and thereby encouraging deepening
and secondly, to protect cargo handling facilities;

2. To prevent the Toss of valuable river property;

3. To protect major engineering works, e.g. roads, bridges

-and pipelines, etc.; |

4. To prevent flooding. Increasing the river's capability
for conveying water at higher velocities, helps to
reduce the level to which flood waters rise at
specific locations.

If protective measures are considered, there are three

methods that may be used to obtain the necessary protection.

-4 -




2.2

These are as follows:

1. The attacking water can be turned away by structures
such as spurs;

2. The destructive force of the water can be reduced by
using permeable jetties or retards which add additional
roughness to the channel and retard the flow, thereby
causing a reduction 1in ye]ocity;

3. The endangered area can be armoured to withstand the
full force of the attacking water. The armouring
Tlayer or structure is called a revetment.

The subject of this thesis is the riprap revetment.

A brief discussion of the various types of riprap revetments

will be presented in the following sections.

Revetments
A revetment is a continuous artificial Tining Taid on

a river bank to protect against the forces'of erosion and

scour. Revetments may be flexible or rigid depending on

the materials used and are usually placed on the concave
banks of rivers where the forces of erosion and scour are

generally greatest. Revetments may be constructed of

ordinary stone (called riprap), with wood in the form of

a mattress, with wire cages (ca]]ed gabions) holding stone
and concrete either in sacks or in the form of blocks and/or
cells. The three types of riprap revetments are dumped
riprap, hand placed riprap and grouted riprap. The three

types will be briefly discussed.

-5 -




2.2.1

2.2.2

Dumped Riprap Revetment

A dumped riprap revetment is formed by the dumping
of large stones onto the bank of a river from trucks,
barges or cranes, or by pgShing the stones over the top
of the bank with a bulldozer. The latter method is not
recommended because of the possibility of damage to the
stones, filter layer or the surface of the slope. The
structure is flexible and can tolerate movement of
individual stones and/or the foundation material. To

improve the performance of the revetment the slope is

“trimmed to eliminate protruding tree stumps and rock or

stone oufcrops. A filter layer is added if loss of bank
material is Tikely through the revetmént. The filter 1is
graded so that the material from the bank does not move
through the filter and the material from the‘filter does
not move through the riprap. To safeguard the revetment,
an apron or mattress of resistant material is constructed
at the toe of the revetment to ensure its stability.
Figure 1 shows the various methods of placing a dumped
riprap revetment.

Hand Placed Riprap Revetment

The hand placed revetment is obtained by placing the
stones on a prepared slope in some definite manner. The
stones are placed individually by hand or by using cranes.
The stones of this revetment are usually smaller in size

and more closely packed than in the dumped riprap revetment

-6 -




LOW WATER LEVEL

o). BY DUMP TRUCK

b). BY BARGE

c). BY BULLDOZER

FIGURE1. PLACEMENT OF A DUMPED RIPRAP REVETMENT




2.2.3

and the structure is more rigid. This revetment does
not adjust to settlement as well as the dumped riprap
revetment and failure is 1ikely if bank material is Tost

from behind the structure. Because of the close arrange-

- ment of the stones, a filter layer between the revetment

and the bank may be unnecessary. The toe of this revet-
ment must also be protected from undermining and scour by
means of a toe apron. The various configurations for a
toe apron are shown in Figure 2.

Grouted Riprap Revetment

The grouted riprap revetment consists of stones
dumped on the bank and then secured in position by means
of a concrete gkout. For the same degree of attack, the

stones of a grouted riprap revetment are smaller in size

. than those used in a dumped riprap revetment or hand

placed revetment. To resist displacement, the stones are
cemented (in place) together to make one solid structure.
The revetment is very rigid and can tolerate only very
minor movehent of the support material. A competent toe
apron 6r retaining wall must be used to ensure no deflection
or sliding of the revetment takes place. The revetment

is imperméab1e and 1ikely to fail if significant uplift
pressures are exerted on the bottom face of the revetment.
Uplift is caused by water, trapped behind the Structure,‘
being unable to flow freely to the river. Relief of this

pressure is poéSib]e by providing weep holes in the

-8 -
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Reference : U.S. Corps of Engineers (1970)
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FIGURE 2. RIPRAP TOE PROTECTION
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2.2.4

revetment through which the water can drain freely. A
filter layer of Timited extent is required between the
bank and a weep hole. This prevents the loss of bank
material. Grouted riprap revetments may be used when
stone of adequate size for a dumped riprap revetment is
unavailable.

Other Uses for Riprap Revetments

The revetments described in the above are used on the
banks of rivers but they may be used in other situations.
Spurs, guidg banks and dykes are frequently protected
from the hazards of erosion and scour by resistant liners
(revetments). Spurs are structures built obliquely to
the primary motion of the water, deSigned to deflect the
high velocity currents away from critica]'areas. Scour
holes of great magnitude may occur at the hoses of spurs
and in order to protect the spur, revetménts and toe aprons
are used to line the scour holes. Guide banks and dykes
are used to guide and/or contain the flow to a desired
pathAwithin the channel or flood plain. The faces of
these structures (which are essentially embankments) are
protected with revetments. Figure 3 shows a spur with

head and shank protected with riprap.

- 10 -




PIPELINE CENTRELINE

SPUR

a). PLAN OF RIVER AND SPUR PLACEMENT

SHORE SLOPE PROTECTION

HIGH WATER LEVEL
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b). ELEVATION OF SPUR

1.5:1

LARGE ROCK FACING

c). SECTION

FIGURE 3. RIPRAP PROTECTED SPUR
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3.1

3.2

3. EROSION AND SCOUR

Introduction

A bank may fail owing to any one of, or a combination

| of, the following:

1. The washing away of soil by the stream - erosion;

2. Sliding of the upper bank due to a loss of material
at the base of the slope - scour;

3. Sliding.due to an increase in pore préSSure in the

bank;

4. Piping caused by water, stored on flood plains and

within the bank, returning to the river;
5. Additional loading at the top of the bank.

0f immediate concern here are the processes of erosion
and scour at the bend in a channel. The ability of the
stream to erode and scour is a function of the state of the
flow, and the type of materials making pyp the boundaries of
the channel. The revetment placed on the bank of a channel
disturbs the natural processes and introduces changes
which must be taken into account when deSigning the
revetment Structure. The characteristics of flow within a
river bend will be discussed. |

Flow Behavior 1in Bends

When the water flowing along a straight reach of a
channel enters a curve or bend, a secondary circular motion

is superposed on the general downstream direction of the

- 12 -




flow. The two flows combine to produce a spiral flow
pattern within the curve.

This spiral flow pattern owes its existence to the
interaction of frictional, inertial and centrifugal
forces on the water flowing through the curve. In the
vicinity of the channel bed the flow is retarded because
of boundary resistance at the bed. The surface streamlines
tend to maintain their direction down the channel and as
a result the slower moving fluid near the bottom is forced
to follow a more sharply curved path to maintain a balance
between centrifugal and pressure forces. The net effect
is a current flowing down the outer bank, across the bottom
of the channel towards the inner bank, up along the inner
bank and across the surface to the outer bank. This flow
is responsible for the characteristic shape (Figure 4) of
alluvial channels ih bends.

The spiral current transports material eroded from
the outer bank and scoured from the toe of the bank,
across the bed of the channel and deposits some of it on
the bed at the toe of the inner bank. Deposition in this
region tends to force more of the f]éw towards the concave
bank. The high shear forces generated at the bed along
the toe of the concave bank causes movement of bed_materia1
and deepening occurs until the shear forces are reduced
and/or more resistant bed material is exposed.

In channels having very sharp and short radius bends,

- 13 -
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3.3

zones of separation may form along the convex bank. This
very slow moving body of water also helps to force the
flow towards the outer bank. The potential for erosion
and scour is increased when this zone of separation is
formed. Figure 5 shows the typical zone of separation

likely to form at sharp bends.

- Types of Bends

There are two types of bends: free or forced (Figure
4). A free bend is capable of migrating laterally out-
wards across the flood plain or progressing in a downstream
direction due to erosion of the concave bank. A forced

bend is one which is unable to move freely across the

“valley floor and/or progress downstream. Forced bends

are usually formed when the river impinges on *he valley
wall, a bedrock outcrop, or at some man—made control such
as a revetment.

The depth to which a river scours is greater for the
forced bend than the free bend. For the free bend, widening
of the river is Tikely and hence there is a reduction in
velocity. Material eroded from the bank contributes
material to the bed along the base of the bank. This,
together'with the reduction in velocity (due to widening}
causes the hole to be less deep than the hole formed at a
forced bend where no widening is possible and 1ittle or

no bank material is available to fall into the scour hole.

- 15 -
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FIGURE 5. FLOW SEPARATION AT SHARP BENDS.
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3.4

Extent of Erosion and Scour

The extent of erosion and scour varies from one
situation to another. The deflection angle and the radius
of curvation of the bend, the nature of the bed and bank
materials, the length of the bend, the width of the river
and the velocity of flow in the bend influence the
erosion and scour processes. Because the high velocity
currents do not approach the outer bank until some distance
into the curve, Figure 6, the erosion and scour forces at
the entrance to the curve are fairly Tow. These forces
become greater in the downStream direction until a point
is reached where a general movement of the bed occurs and
deepening begins. Once movement of the bed material
begins, a series of scour holes and dunes form on the bed
of the channel. The dunes formed on the inner half of the
channel bed tend to be larger than those formed on the
outer half. .The flow is pushed towards the concave bank

and the concave bank downstream of the exit of the bend is

1ikely to erode.

To protect the bank, the revetment must begin ahd
end in areas where the velocities are incapable of causing
erosion and scour. This implies in most cases, that the
revetment must start near the entrance of the bend and
end some distance downstream of the exit. Because the
attack on a revetment is low at the beginning of the

curve, maximum at some point within the curve and low at

- 17 -
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3.5

the end of the curve it is not necessary to design a
revetment of uniform strength throughout. Starting from
about mid curve, the strength of the revetment may be
reduced in the upstream and downstream directions th care
must be exercised when designing a revetment of varying
strength. 1In some instances, the zone of heaviest attack
may remain fairly constant but, in many cases, this zone
will vary in ppSition along the curve. Improper identifi-
cation of the zones of heaviest attack is 1ikely to cause
failure of a revetment of non-uniform strength.

Forces of Erosion and Scour

The principal force causing movement of particles on
the bed or banks of a channel is the shear force. This
force is essentially a frictional force caused by the
motion of water over the partic]es whithin the channel
boundary. The thedry which provides the means of calcu-
lating shear force is called the "Tractive Force" theory.
The theory says that for uniform flow, the mean force exer%ed
by the flowing water on the bed within a straight reach of

a trapezoidal channel is given by the equation:

T = YRS | 3.1
where To = mean shear force per unit area of bed
Yi= unit weight of water (62.4 1b. per cu. ft.).
R = hydraulic radius (equa] to average depth |
for wide channels)
S = slope of energy grade Tine.

=19 -




The tractive force which is just SUfficient to cause
motion of bed particles is called the "critical tractive
force". Because of the difficulty in deciding when
motion is initiated, the critical tractive force is likely
to vary from one researcher to another.

In a straight reach of river having banks and bed
composed of the same material, the tractive or shear force
varies from zero at the surface to some finite value at
the toe of the bank (Figure 7). The maximum value for the
bank occurs at or near the toe of the bank. The maximum
value for the bed occurs at the centreline of the channel.
In a curve the distribution of the shear forces is very
irregular and varies in magnitude in the déwnStream
dirgction. Although the tractive force is us'~1ly largest
in ?ones of highest velocities, high shear forces may occur
in zones of Tow velocity.

High shear forces may occur in regions of low velocity.
The movement of bed material along the toe of the inner
bank of the entrance to a bénd demonstrates this fact.
This phenomehon has been observed by previous researchers
and'by the author while performing his tests.

The maximum value of the shear force within a bend
is substantially greater than the value given by Equation
3.1. Figure 8, taken from the U.S. Corps of Engineers
(1970) gives the ratio of the shear force required to

move a particle on an inclined plane to that required to

- 20 -
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move a particle on a level surface and Figure 9 taken

from the same reference shows the relationship between

the shear force in a bend and the average shear force To
in a straight reach. The riprap particles placed on the
outer bank must be capable of resisting the shear forces
generated at the side slope and the toe of the slope if
effective protection is to be provided by the revetment.

Turbulence caused by fluctuations in the flow and
the shedding of eddies at irregularities in and along the
bank sets up pressure fluctuations at the surface and
near surface particles of the bank (revetment) which tend
to 1ift the particles. This process édds to the instability
of the bank (revetment) material but sufficient knowledge
is presently unavailable to quantify the intensity of
turbulence of the flow.

Before the test results are discussed it is necessary
to discuss briefly the factors affecting revetment
stability and stone size. These are covered in Chapters
4 and 5. Chapter 4 introduces the factors affecting
revetment stability. A method of arriving at the size
of stone required to protect an eroding bahk has been
proposed by Stevens et al (1974). The theoretical develop-

ment of this method is presented in Chapter 5.
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4. FACTORS AFFECTING REVETMENT STABILITY

4.1 Introduction

The revetment and the bank it is to protect must
perform as a unit if effective protection is to be
maintained. The factors affecting the performance of

the revetment may be listed as follows:

1. Size, weight and shape of the stones
2. Composition of the stones

3. Gradation of the stones

4, Revetment slope

5. Depth of water

6. Velocity of the flow

7. Angle of attack

0]

Waves
9. Nature of the banks
10. Construction procedures

The factors Tisted above will be discussed in the

fol]owﬁng sections.

4.2 Size, Weight and Shape of Stones
Size refers to the diameter, in feet, of a spherical
stone that would have the same weight as the 50 percent

size of stone, weight refers to the actual physical mass

of the stone and shape reflects the relationship between
the three main dimensions of the stone. The revetment
depends partly on the interaction between stone particles

for its effectiveness. Smooth round stones are capable

- 25 -



4.3

of rolling over each other with relative ease whereas
angular stones are difficult to dislodge. The stones
used in revetments must therefore be large, heavy and
blocky in shape rather than small, Tight and rounded.

Composition of Stones

The majority of revetments Tocated on river banks
or dyke and spur embankments, etc. are‘subjected to
heavy attack by flowing water, waves and, in temperate .
and arctic zones, ice block movement; To withstand the
forces generated by these three agents and the physically
disruptive processes of wetting and drying and/or freezing
and thawing, the stones must be hard, durable and free
from cracks. Shale, for example, i5 an unacceptable
material for riprap because it rapidly disintecrates when
subjected to alternate periods of wetting and drying. It
becomes friable and cannot withstand impact.

The stones used for riprap revetments must meet
certain specifications if the revetment is to perform
we]]./ Although the revetment may have withstood the
maximum possible attack in its first few years of operation,
its performance could deteriorate rapidly because of a lack
of stone durability. The California Division of Highways
(1970) suggests the following guidelines for stone:

1. The specific gravity of the Stones should be greater
than or equal to 2.65. The higher the specific

gravity, the heavier the stones and the smaller the
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4.4

size required for the same level of attack.

The stones shall be hard, durable, angular in shape,
and free from cracks.

Neither breath nor depth of a single stone shall be
less than one-third its length. This ensures that
the stones will be more angular than either rounded
or elongated.

The necessity for the above can readily be seen. If-

the recommendations are followed the stones will:

1.

be more resistant to chemical and mechanical weathering
processes and will not easily break up.

be difficult to move because of the effect of inter-

.Tocking.

Gradation of Stones

The interlocking of stones of varying sizes is greater

than that of stones of only one size. The stones should be

graded for the revetment to perform properly. The gradation

recommendeéd by the U.S. Corps of Engineers (1970)'1is based

on past experience and stability analyses and is as follows:

1.

The lower Timit of Wsg stone should not be Tess than
the weight of stone required to withstand the design
shear forces.

The upper 1imit of Wgg stone should not exceed that
weight which can be obtained economically from the
quarry or that size which will satisfy layer thickness

requirements specified in Section 4.6 below.
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4.5

3. The lower 1limit of Wipg stone should not be Tess

than two times the lower Timit of Wgg stone.

4.  The upper Timit of Wigp stone should not exceed:
five times the Tower Timit of Wpp stone, that size
which can be obtained economically from the quarry,
or that size which will satisfy layer thjckneSs
requirements specified in Section 4.6 below.

5. The lower Timit of Wy5 stone should not be less than
one-sixteenth the upper 1imit of Wigg stone.

6. The upper Timit of Wip stone should not be Tess than
the upper 1limit of Wgg stone as required to satisfy
the criteria for graded stone filters, Section 4.7.

7. The bulk volume of stone Tighter than the W15 stone
should not exceed the volume of voids in uine revetment
without this Tighter stone.

8. Wp to Wip storie may be used instead of Wi5 stone in
criteria (5), (6), and (7) if desirable to better
utilize available stone sizes.

W is the weight of the stone in 1b, and the subscript
refers to the percent by weight finer than as produced by

a sieve analysis of the stones.

Revetment Slope

A mass of stone on an essentially level surface assumes
a stable cone 1like configuration dependent on gravity and
the interlocking effect of stone against stone. The slope

at which this mass of stone will stand gives the angle of
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repose of the stones. By using various gradations of

stone the angle of repose can be varied. The relationship
between stone size, expressed in terms of a representative
diameter, and the angle of repose is obtained from Figure
10. The factor of safety against sliding, which is a
measure of the stability of the face slope of a mass of
stones inclined at an angle to the horizontal, is equal to
unity when the slope angle is equal to the angle of repose
of the dumped stone mass. The median grain size, D5p, of
the stone gradation is used as the representative stone size.
Disturbing forces which have components of force acting
in a downslope direction cause the stability of the revet-
ment to be reduced and may cause dislodgment of marginally
stable stones. This situation exists for the riprap
revetment placed on a bend where the spiral nature of the
flow produces’ve1oc1ties which act down the revetment slope.
The 1ift forces, caused by the reduction in pressure as
the spacing of the streamlines above the riprap particles
becomes closer, together with the effect of bouyance reduce
the effective weight of the stone particles. This, plus the
effect of shear force acting at the face of the revetment
causes the stability of the stone mass to be reduced. In
design, the factor of safety of the revetment (ratio of
the forces resisting failure to those tending to cause
failure) is usually taken_as 1.5 although the design engineer

may accept a Tower factor of safety if conditions warrant it.
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4.6

The revetment has two faces; the outer or upper face
(face slope) and the bottom face. The two slopes (faces)
may have the same angle of inclination or different slopes.
The stability of the revetment, although affected principally
by the flow, is also dependent on the slope of the bank or
embankment on which it rests. Because river banks are
generally steep in actively eroding areas it is necessary,
both from stability and economic concerns, to grade the
bank to a more gradual slope. Slope stability concerns will
uSually dictate the amount of grading required on a river
bank.

Revetment Thickness

The stones used in the revetment should be contained
reasonably well within the riprap layer to provide maximum
resistance to the erosive forces and reduce the drag
forces exerted by the flow on oversized stones protruding
from the main body of the revetment. The oversized stones
may cause riprap failure by creating excessive local
turbulence that removes smaller stones and destroys the
filter Tayer beneath. The oversized stones should be
removed and rep]acéd with Sfones of smaller size. The
fo]Towing criteria which apply to riprap layer thickness,
have been proposed by the U.S. Corps of Engineers (1970):
1. It should not be less than the spherical diameter

of thé upper 1imit Wipp stone or less than 1.5

times the spherical diameter of the upper 1imit Wgp
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4.7

stone, whichever results in the greater thickness.

2. It should not be less than 12 inches for practical
placement.

3. The thickness determined by either (1) or (2) should
be increased by 50 percent when the stones are placed
underwater to provide for uncertainties associated
with this type of placement.

4. An increase in thickness of 6 to 12 inches, accompanied

“ by an appropriate increase in Stone Sizes, should be
provided where riprap revetments will be subject to
attack by large floating debris or by waves caused
by power craft and high winds.

Filter Blanket

A filter blanket is usually needed beneath the riprap
cover to prevent the water from removing bank material
through voids in the structure. Removal of material from
the protected bank leaves cavities behind the revetment
that could cause fai]ure, especially of the more rigid types
of revetments. The dumped riprap revetment is capable of
def]ecting 1nfo the cavity but the new configuration may
cause increased turbulence and continued loss of both bank
material and stone. Failure of the revetment need not
necessarily occur immediately. It may take place after a
number of high water and low water cycles.

Filter layers are not always required. If the gradation

of the riprap layer satisfies filter Tayer design criteria,
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no loss of bank material should occur. And if the bank
consists of cohesive materia]lthe strength of the |
turbulence eddies beneath the stones are likely to be
too weak to transport bank material away.

One or more layers of material may be used between
the riprap and the bank to ensure no loss of bank material.

The requirements for filter blankets are as follows:

1. Dsg (riprap)

D5y (base) <140 4.1
2. D15 (riprap)
5 <
< D15 (base) <140 4.2
3. Dig (riprap)
4.3

Dgg (base)
4. The gradation curves for a riprap layer and the bank

should be essentially parallel.

The words "riprap" and "baSe" should be changed to
“coarse" and "fine" when investigating the requirements
for two‘1ayers of filter material.

The gradation guidelines listed above are taken from
Searcy (1967).

| The filter requirements described above apply to
gravel filters. .Filter cloths are beéoming ihcreaSing]y
‘popu1ar. They are made of a Synthetié material and while
allowing the passage of water prevent the movement of bank
material. The cloths may be used with any size stone.

They are strong and durab]e'and easy to install. Figure 11
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4.8

4.9

shows a bank protection device which includes a filter
cloth. The cloth is an integral part of the revetment
and it is added at the time the blocks are cast at the
factory.

Depth of Water

The height of water above a sloping surface increases
with depth aiong the slope. As can be seen from Figure 7,
the shear forces acting on the slope increase from zero to
a maximum at, or near, the toe of the slope. The deeper
the channel the greater the shear force at the toe and the
greater the size of stone required at the toe of a
revetment. Because the shear force varies, the gradation
of stone used may vary but for ease of construction and
simplicity of design the same gradation may be 'sed through-
out the slope Tength of the revetment. The need to provide
protection against wave action may boost the size of stone
required at fhe surface and changing the size of stone may
also prove to be uneconomical.

A uniform gradation of stones was used for the revet-

ments in the model study. The same gradation was used for

‘the slope paving and the toe apron (when one was used).

Velocity of Flow

The disruptive forces acting on a stone particle in a
riprap revetment are those of gravity, drag and 1ift. The
last two are velocity dependent and vary with the direction

of flow and the turbulence in the vicinity of the stone.
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The components of the force of turbulence are difficult

to separate and quantify. Drag and 1ift forces are more

easily computed. Drag acts in a direction essentially

parallel to the flow and 1ift acts upwards perpendicular

to the slope. The equations of drag and 1ift, as proposed

by Albertson

FD

where Fp

and,. .

where FL

A

et al (1961), are as follows:

Cp e V2 A 4.4
2 S
drag force

drag coefficient (dependent on Reynolds
Number, shape factor and relative roughness
of the stone particles)

density of the fluid

velocity of the flow near particle
perpendicular projected area of a particle

in the flow

. 2
CL P _V A 4.5
2
1ift force

coefficient of 1ift'(dependent on Reyno]de
Number, shape factor and relative roughness
of the stone particles)

horizontal projected area of a particle.

The forces of drag and 1ift act at right angles to each

other.

Allowance may be made for the forces of turbulence by»
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increasing the velocity "V" but this does not give a true
representation of how the forces of turbulence act.

Eddies around the stone are capable of generating forces
which act alternately into the revetment (aids stability)
and out of the revetment (reduces stability). More research
is necéSSary before the forces, due'to turbulent eddies,

can be expressed in equation form.

Drag and 1ift forces tend to cause rotation of individual
particles out of the revetment. Should the flow succeed in
moving a particle, a void may be formed. Movement of stones
into the void and movement of the displaced stone over the
downslope stones generate impact forces. These forces
acting together with the other forces must be less than the
resisting forces if the revetment is to remai: stable.

The intensity of the forces acting on the stone particles
may be computed from a knowledge of the velocity against the
revetment but it is sometimes difficu]tbto.obtain all the
field data necessary to compute,}fair]y accurately, the
velocity against the revetment. In the absence of adequate
data, the velocity against a stone particle may be taken to be:
| 1. 2/3 the average velocity of the flow for revetments

constructed in a straight reach of a river, and,

2. 4/3 times the average velocity of the flow for revet-
ments constructed in moderate bends
3. 2 times the average velocity of the flow for revet-

ments constructed in severe bends.

- 37 -




4.10

4.11

These specifications were taken'from Bank and Shore

Protection by the California Division of Highways (1970).

The velocities against the revetments in the model tests

may be taken as the maximum velocities obtained by timing

weighted floats as they moved through the bend (see Table 3).
Figure 12 1is a definition sketch or a free body

diagram showing the forces acting on a stone particle in

a riprap revetment.

Angle of Attack

The momentum transferred from a jet of water to a
rigid surface increases as the angle between the water jet

and the surfaces changes from 0 to 90°. The direction

"change at a bend or curve in a river influences the forces

of erosion and scour on the bed and banks. Ti. sharper
the curve the greater are the disturbing forces.
Waves

Waves are generated by Storm surges, wind and power
craft plying the river. The breaking of waves on an inclined
surface releases significant quantities of energy and may
cauSé the washing away of surface material. The revetmenf
must be capable of withstanding the forces caused by waves.
Because of wave run up, a revetment should usually extend
to an elevation high enough to prevent overtopping. On
small rivers this additional height above high water»]eve]
may be 1 - 2 feet, but on larger rivers the freeboard

allowance should be of the order of 3 - 4 feet above the
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4.12 -

high water level for the design flood.

Nature of the Banks

The revetment armouring a bank depends on the

foundation material for support. The revetment is in

danger if the bank is likely to fail by slumping or sliding
(typical landslide modes of failure).

Revetments put in position by the 1aunching process
are particularly dependent on the nature of the bank
material. The revetment will only launch properly, Figure
13, if the bank and bed of the channel consists of non-
cohesive materials which scour and erode evenly.

Uneven surfaces are caused by the differences in the

rates of scour and erosion of cohesive and non-cohesive

" material. Cohesive material stands at much steeper angles

than non-cohesive material. The surface of an eroding

bank havihg alternate layers of cohesive and non-cohesive
material is shown in Figure 14. It is impossible to provide,
at a reasonable cost, a launched revetment to protect such a
bank. A placed revetment is necessary. The slope must be
trimmed»énd graded before placement of the revetment.

For both the placed revetment and the launched revet-

"ment, the bank must maintain its stability for the life of

the revetment. Any conditions, within the bank, 1ikely to
cause instability and sliding must be controlled, or if
possible, eliminated. An example of such a condition is

a high water table. The danger of sliding due to this
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condition may be reduced by construction of drainage
ditches at the top of the slope or installing subsurface
drainage conduits (perforated tile drains) to reduce the

pore pressure build-up within the bank.
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5.1

5.2
5.2.1

5. RIPRAP REVETMENT DESIGN

Introduction

The safety of a revetment constructed on an endangered
bank is assured by following proper design and construction
guidelines. These guidelines will be presented with .
reference to revetment configuration, riprap placement and
stone size. A method for arriving at the size of stone
required to protect an eroding bank has been proposed by
Stevens et al (1974). The theoretical development of this
method is presented.

Revetment Configuration

Revetment Toe Protection

A1l structures require stable foundations 1if they are
to function properly. The same is also true for riprap
revetments. The scouring process at a bend causes a steepen-
ing of the underwater slope along the base of the bank. If
material is available from the bank, the slope of the hole
is reduced because of the sloughing of bank and bed material
into the hole. However, at a revetted bank no material is
available from the bank and removal of bed material under-
mines the structure. The integrity of the upper slope
revetment is assured by construction of a toe apron structure
on the bed of the channel. The apron deflects into the
scour hole and, in effect, produces a lining which is
continuous from the top of the revetment to the bottom of

the scour hole.
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The toe apron structure may be located in two ways.
The first method involves no excavation. The apron is
constructed by dumping stones directly onto the bed of the
channel. In the second case the apron is placed within
a trench excavated in the bed of the channel. Figure 2
illustrates five configurations that may be used for riprap
toe aprons. These configurations apply only to the placed
revetment.

Although it is usual to use riprap toe aprons when
using riprap revetments, toe aprons’may be constructed of
wire baskets, willow branches and lumber or articulated pre-
cast concrete blocks. If the structure is placed on the
surface of the bed its outer edge is expected to drop
downwards as scouring takes place. If riprap is used,
sufficient stone must be provided beforehand, so that as
~ stones fall into the scour hole, a layer of stones having
adequate thickness is formed. If a mattress of wire-and-
stone or concrete blocks is used, there must be sufficient
flexibility between}adjacent components and between apron
and upper slope protection, so that the apron can settle
properly onto the side slope of the scour hole. The
quantity of stone in a riprap toe apron must be such that
adequate coverage of the scour hole side slope is achieved
after redistribution of the stones.

The riprap apron placed in the bed of the channel

must have a configuration either as shown in Figure 2 (a),
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(b) or (d). Figure 2 (a) or 2 (b) is used when the trench

can be excavated in the "dry". The configuration shown in

Figure 2 (d) may be used when the trench is excavated under

water. The following criteria apply to the various methods

of toe protection illustrated in Figure 2:

1.

Method A

When toe excavation can be made in the dry, the normal
riprap layer should be extended below the existing
groundline a distance equal to the anticipated depth

of scour.

Method B

When the low water surface or groundwater level. is near
the existing groundline so that excavation is in the
wet, a horizontal stone layer should be provided to a
depth 'a' equal to 3 - 5 feet, a thickness 'b' not less

1

than the layer thickness 'T' and a base width 'c' not

less than 'a', except that when the anticipated erosion

depth is more than 2 or 3 feet below the stone toe, 'b
and/or 'c' should be increased to provide sufficient
stone for adjustment of the toe and protection of the
revetment as scour occurs.

Method C

When the riprap is to be placed under water and design
velocities will not cause appreciable stream bed erosion,

the toe should be placed on the existing channel bottom

with 'a' and 'c' equal to 1.5T and 5T respectively.
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4., Method D
When the riprap is to be placed under water and
appreciable stream bed erosion may occur, a thickened

stone toe should be placed in a trench with 'a' and

'c' equal to 3T and 5T respectively.
5. Method E
When the bottom of the channel is in rock, the normal

layer of riprap shod]d be keyed into the rock strata

at stream bed level.

5.2.2 Revetment End Protection

‘The extent of a revetment is governed by the extent of
erosion and scour. Although it is good practice to continue
revetments to zones of non-eroding velocities, this is some-
times impractical. The revetment is therefore terminated
in zones having velocities capable of transporting bank
material. In this situation the protection of the ends of

the revetment is of vital importance.

Protection is provided by using an end wall extending

into the bank. This wall may either go into the bank for

some distance, Figure 15 (d), or the revetment may be
thickened as shown in Figure 15 (c). The purpose of the

end wall is to prevent eddies, formed at the ends of the

revetment, from undermining the revetment. Because the
change in channel roughness at the revetment end is likely
to cause the generation of eddies, some end thickening may

be beneficial in revetments terminated in zones of non-eroding
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velocities. The following criteria apply to the various

methods and protection illustrated in Figure 15.

1.

Method A

For riprap revetments 12 inches thick, the normal
riprap layer should be extended to areas where
velocities will not erode the natural channel bank.
Method B A

For riprap revetments exceeding 12 inches in thickness,
one or more reductions in riprap thickness and stone
size may be adopted for a distance 'a' in which
velocities decrease to a non-eroding natural channel
velocity.

Method C

For all riprap revetments that do not terminate in
non-eroding natural channel velocities, the ends of

the revetment should be enlarged as shown in Figure 15.
The dimensions 'a' and 'b' should be 3 and 2 times the
Tayer thickness, respectively.

Method D

For riprap revetments exceeding 24 inches in thickness,
consideration should be given to the economy of adopting
method D instead of method C. The stub, with thickness
T3 equal to T, should be placed at the extremity of the
revetment proper and the revetment extended a distance
'a' with smaller stone size and thickness To to a non-

eroding location. The stub 'b' should equal 2.5 times Tj.
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5.3

End walls were provided in all the revetments used

in the model tests except those placed by the launching
process. Launched revetments do not have end walls or
thickened ends.

Riprap Placement

The stones used in a riprap revetment may be
positioned by dumping from trucks or cranes or spreading
by bulldozers. When dumping is from trucks or cranes
small increments of stone should be introduced as close to
their final positions as practical. This ensures that the
stones are not damaged by impact of one stone against the
other and that dislodgment of the previously placed stones
does not occur. Although stones may be placed on a side
sTope by pushing the stones over the crest of the slope
this method 1is not recommended. A Targe amount of
segregation and breakage can occur. Smoothening and other
rehandling activities required to smooth the revetment

face also lead to segregation and breakage and are not.

recommended.

The direct application of stone to the bank or slope
in accordance with a predetermined design is referred to
in this thesis as a "placed revetment". The "launched
revetment" is an artificial 1ining formed by the actual
erosion and scour process. Stones, dumped on a bench on
the slope or on the top of the slope, are undermined due

to the loss of bank material and slide down the bank.
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5.4

5.4.1

4. The angle of repose of the stones

Progressive movement of stones down the slope eventually
produces a lining approximately one stone size thick.
This is the launched revetment. The configuration of a
launched revetment has already been shown in Figure 13.
Revetment designs with variations in toe apron
configuration, revetment thickness, height, extent and
placement, etc. will be tested in the series of laboratory
tests and their performances compared.

Theoretical Development for Stone Size

In the absence of waves and seepage forces, the stability
of stone riprap particles on a side slope is a function of
the following:
1. The magnitude and direction of the stream velocity in
the vicinity of the stone particles
2. The angle of the side slope.
3. The characteristics of the stones, including stone

shape, size and density

The functional relationships between the variables are
developed below. The development is that given by Stevens
et al (1974). A
Oblique Flow on a Side Slope

Consider flow along an embankment as shown in Figure
12. The fluid forces on a stone particle, Figure 12 (b),
result primarily from fluid pressures around the particle.

The fluid force acting normal to the plane of the bank is
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the 1ift force F . The 1ift forces are zero when
velocity of the flow is zero and increases as the
velocity of the flow and the area of exposed stone
increases. The drag force, Fp, is defined as the fluid
force acting on the particle in the direction of the
velocity field near the particle. The drag and Tift
forces act at right angles to the flow. The submerged
weight of the stone particle is Ws.

The stone particles in a placed revetment move by
rolling instead of sliding. It is therefore appropriate
to consider the stability of stone particles in terms of
moments about the point of rotation. In Figure 12 (b),
the direction of movement is defined by the vector R.

The point of contact about which the upper stone particle
moves is identified as point "0" in Figure 12 (c).

The forces acting in fhe plane bf the side slope are
Fp and Wg sinG, as shown in Figure 12 (b). The angle & is
the side slope angle measured from the horizontal. The
Tift force acts normal to the side slope and Wg cos8, one
component of the submerged weight of the stone acts normal
to the side slope but opposite to Fy .

At incipient motion, there is a balance of moments
about the contact point "0" such that

"ws cosB = eqlWg sing-cosg + egfp coss + egF| 5.1
The moment arms eq, eé;.é3 and eg are defined in Figure

12 (c) and the angles & and B are shown in Figure 12.
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The factor of safety "S" of the particle against
rotation is defined as the ratio of the moments resisting
rotation out of the riprap layer to the moments tending

to cause rotation. Accordingly,

S - eolg cose 1 5 9
ejWs sinb.cosB + egfFp coss + egF )

If there is no flow and the side slope is increased to the
angle of repose ¢' for the stone material, the safety factor

becomes unity. Then

S =1.0
where
B =9
B = 00
X o= QO
§ = 90- (A+ B)
= 900

with these values, Equation 5.2 reduces to

epllg cos¢ . .
e]_WS m$ - 5.3
or
tan ¢ = &2 5.4
€1

That is, the ratio of the moment arms gl.is characterized
2

by the natural angle of repose ¢.. Further, it is assumed

that the ratio 52 is invariant to the direction of particle

el
motion indicated by the angle 8.
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Dividing both numerator and denominator by eiWs, equation

5.2 is transformed to

coso .tang

5= n'tang + siné.coss 5.5
in which =
. _e3fp &Rt
= 'é—z‘w‘s— cos§ + eZWS 5.6

The variable n' is called the stability number for the

particle on the side slope and is related to the Shield's

o
parameter ?ggjfyiﬁﬁgg
Here 1, is the average fractive force on the bed, Sg is the
specific weight of the stone, y is the unit weight of water
and Dgs is the representative grain size of the stone
particles (Dg5 is the diameter of the stone which is 6b
percent finer by weight).

The angle X shown in Figure 12 is the angle between

the horizontal and the velocity vector (or drag force)

measured in the plane of the side slope. Then

§ =90- (( A+ 8) 5.7
© S0
coss = cos [90- (A +B )] 5.8
= sin (N +8 )
also
sind = sin [90- (A48 )] 5.9

coSX .cosB - sini :sing
It is assumed that the moments of the drag force Fp

and the component of submerged weight Wg sin8 normal to
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the path R are balanced so that the direction of particle

motion will be along R. Thus

e3Fp sins = eiWs sine.sing 5.10

It follows then from Equations 5.9 and 5.10 that

sing = &3fp Sins 5.11
elwS siné
_ e3Fp(cosil .cosg. - sini-.sing )
e g sin®
or
tanf = — COS A 5.12
€1%S sing + sini
e3fp
The stability number n for particles on a plane bed (8 = o)
with § = 0 would be
n==23Fp 48 5.13
epks eplig
according to Equation 5.6. Also, Equation 5.5 becomes
s = _1 5.14

n

for flow over a plane flat bed.
For incipient motion conditions for flow over a plane
flat bed, S = 1.0 by definition so from Equation 5.14,

n =1.0. When the flow along the bed is fully turbulent,

the Shields' parameter for incipient motion has the value
of 0.047 according to Gessler (1971). That is, with
n=1.0

TO _
m - 0-04‘7 5-15




For flow conditions other than incipient n is the ratio

1 . TO
0.047 ° (Sg-1) vDg5

or
21'1'0
n = rr—————— 5.16
(Ss-1) vDgs
For convenience, let
eaFr:
M= 4L 5.17
el
and
N = &3fD 5.18
eoUs

In terms of these two new variables, Equation 5.6 becomes
n' = M+ N cosg 5.19
and Equation 5.13 becomes
n=M+N 5.20
Thus n' and n are related by the expression

M

_Di. i ‘N'+ c0oss 5 o1
n M .
wtl

Equation 5.21 is represented graphically in Figure 16.

The problem is to select the proper value of the ratio
so that the stability factor on a slide slope n' can be
related to the stability factor on a plane horizontal bed,

n, which in turn is related to the Shields' parameter. The
assumption that the drag force is zero means M/N is infinite,

is zero and n' = n. The assumption of zero 1ift force F|
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Reference: Karaki et al (1974)

FIGURE 16. RATIO OF STABILITY FACTORS.
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means M/N is zero and n'/n = coss . For finite values of
1ift and drag forces, the stability factor ratios are
between the 1imits zero and coss .

In considering incipient motion of stone particles,
the ratios F|/Fp and eg/eg vary depeniding on the turbulent
conditions of the flow and the interlocking arrangement of
the stone particles. In referring to Figure 12 it is

reasonable to assume that

4., 5.22
3 ,
and
L.y 5.23
Fp
so that
M - eqf = 1 4.24
N e3FD

with M/N = 1, Equation 5.21 becomes

nl
N = 1+ coss 5.25
n 2

or by using Equation 5.8

= 1+ sin(A+8) 5 96
5 _ .

In Equation 5.12, the term eqWs/e3Fp can be written

e1ls _ e Wg el

= 5.27
e3Fp e3 Fp ep -
A
N " tan¢

according to Equations 5.18 and 5.4.
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For M/N = 1, Equation 5.20 Becomes

N o~

5.28

n
2
If we substitute Equation 5.27 and 5.28 into Equation

5.12, the expression for g becomes

tans Cos X 5.29
S 2.51ng L, s .
'——'—“ntan¢ + s1nA;

In summary, the safety factor for stone riprap on side
slopes where the flow has a non-horizontal velocity vector
is related to properties of the stone, side slope and flow

by the following equations:

' c0s6 - tang|
§/ = TTtang|+ sind-cosk 5.30
in which
Al
= tan- 5 .COS 5.31
S0y sinx
ntand] '
21 7o
n = —(Ss_l) Y{D65 5.32
and
n' = n (L Si”2<‘k +8 ) 5.33 -

“Given a stone gradation having a stone specific gravity Sg,
angle of repose ¢ and a velocity field at an angle X to the
horizontal, producing a tractive force T, on the bed and a

side slope angle of 6, the set of four equations (5.30, 5.31,

5.32 and 5.33) can be solved to obtain the safety factor S.
If S is greater than unity, the riprap is safe from failure;
if S is unity, the riprap is at the condition of incipient

motion, if S'is less than unity, the riprap will fail.
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5.4.2

5.4.3

Horizontal Flow on a Side Slope

In many circumstances, the flow angularity with the
horizontal is small, i.e., X = 0. Equations 5.31 and

5.33 reduce to

8 = tan-1 [ntand j 5.34
2 siné
and
n' = n [l*i§§iﬂ§-q 5.35

When Equations 5.34 and 5.35 are substituted into Equation
5.30, the expression for the safety factor for horizontal

flow along a side slope is

s = ;rg [(E2 + 4)% - &7 5.36
in which
g = Sp-nsece 5.37
and
Sm = tan? 5.38
tane

If we solve Equations 5.36 and 5.37 for n, then

n o = [—s's“nXZ‘S“] cose: 5.39
The term Sy is the safety factor for riprap on a side slope
with no flow. Unless the flow is up the slope, the safety
factor for the riprap cannot be greater than Sy.

Flow on a Plane Sloping Bed

Fow over a plane bed at a slope of o degrees in the
downstream direction is equivalent to oblique flow on a

side slope with 8=a , and A = 900,
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5.4.4

Then, according to Equation 5.31, B = 0 and from

Equation 5.33

alo= [1 + sin§90 + O)] 5.40

It follows from Equation 5.30 that

_ cosa -tang :
5.F = ntang + sina 5.41

for flow on a plane bed sloping o degrees to the horizontal.

Alternatively solving for n in Equation 5.41

n = cosa [E%?" %%%%—]‘ 5.42

Flow on a Horizontal Bed

For fully developed rough turbulent flow over a plane
horizontal bed ( @ = 0) of stone riprap, Equation 5.41

reduces to
- 1
S.F o= o 5.43
If the riprap particles are at the condition of incipient
motion, S.F = 1,so,n= 1 and from Equation 5.32

———r = 0.047 5.44
(Sg™*)vDes

which is Shields' criteria for the initiation of motion.
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The first part of the thesis dealt with the types of

riprap revetments, the suitability of stone as revetment material,
the factors influencing riprap stability, the factors affecting
erosion and scour, the processes of erosion and scour and finally
the theoretical development of the stability analysis for riprap
Tiners on river banks.

The second part of the thesis, Chapters 6 and 7, describe
the test procedures and the tests themselves, and discusses the
results of the tests. Chapter 8 presents the conclusions resulting
from the model study and the recommendations for future studies
pertaining to the launching of riprap revetments are to be found

in Chapter 9.
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6.1

6.2
6.2.1

6. TESTING OF THE MODEL

Introduction

ance

with

The objective of the study was to compare the perform-
of the launched revetment and the placed revetment
respect to the following:

The change in scour hole depth and formation when
going from a placed revetment configuration, with and
without toe protection, to the launched revetment
configuration.

The behaviour of revetments lining the entire concave
bank vs the behaviour of revetments which do not fully
line the concave bank.

The most efficient method of placing stones for the
Taunching of a revetment.

The Tiklihood of significant loss of stones from a
launched revetment.

The movement of bed material along the toe of the
concave bank.

The movement of stones down the slope (whether by
rolling or sliding).

The need for inner bank protection when using concave

bank revetments of Timited extent.

Model Layout

Model Material

The sand available in the laboratory was too Targe
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in size for use in the model; the size of the model being
controlled by the space available in the laboratory. The
crushed walnut shell available was used in a test run and
this material was found to be suitable. Bed movement, as
would take place in a natural channel, and Froude Numbers
between 0.25 and 0.4 could be attained. The crushed
walnut shell was therefore used. The grain size analysis
curve for the crushed walnut shell is shown in Figure 17.

Because of the small scale of the model and for ease
of collecting and separating the model materials after
each test run, no filter material was used. Starting
with the grain size analysis of the crushed walnut shell,
a gradation of stone which would satisfy filter layer
- requirements (see Section 4.7) could be computed. Small
size material was separated from gravel available in the
Taboratory and a grain size analysis performed. As
stated in Section 4.7, the best relationship between the
grain size curves of the riprap layer and the bank is a
parallel one. The two grades of riprap used agree with
this specdification, with Grade 1 riprap agréeing very
closely with the parallel criterion. Figure 17 also
presents the grain size analysis curves for both grades
of riprap.

The pebbles used in the test runs also satisfied
another criterion. The gradations were chosen so the

revetments would be stable under the flow conditions Tikely
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6.2.2

to be achieved in the model. The movement of the riprap
in the model during a test run agreed with what would be
expected in a prototype channel and the factors of safety
for the riprap gradations were greater than unity.

Model Scales

The model was set up to represent a sand bed channel
subject to bank erosion at a concave bend. The dimensions
of the model were chosen because:

1. Bed movement was as would occur in nature.

2. Riprap movement was as would occur in nature.

3. Froude Numbers as would be attained in a prototype
channel were attainable.

4. Overall model behaviour was acceptable.

The model results may be used to predict the behaviour
of a prototype channel by means of the Buckingham.Pi Theory.
This theory provides the engineer with a method of comparing
the behaviour of model and prototype. The scale relation-
ships for the model and prototype are expressed in the
form of dimensionless numbers.

Because it was of interest to know the depths within
scour holes, a true hydrograph was not run. The discharge
was increased to a maximum value and then maintained at
that value until the movement of material at the bottom
of scour holes became very slow. At this stage in the test
run, the gate at the end of the channel and the valve

controlling the supply of water to the model were adjusted
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6.2.3

so that the bed patterns were retained. Depths could

not be measured during a test because the introduction of
the point gauge near the bed of the channel would cause
turbulent eddies, shed by the gauge, to move bed material.

Model Construction and Testing Apparatus

The model, Figures 18 and 19, is contained within an
8 ft. wide by 2 ft. 4 in. high L-shaped box constructed
of plywood. The dimensions of the long limb are 20 ft.

and 12 ft. respectively and those of the short Timb are

16 ft. and 8 ft. respectively. Sand is placed within the

box, tapering from an upstream depth of 1 ft. 6 in to a
downstream depth of 12 in. The central portion is so
shaped as to accommodate a channel of crushed walnut shell
which 1is separated from the sand by a plastic membrane.
Stilling basins, 1 ft. wide by 8 ft. Tong are partitioned
off at the beginning and end of the channel. A baffle and
a concrete apron, 2 ft. long, are constructed at the
beginning of the channel to reduce entrance turbulence and
Tead the flowing water smoothly into the channel. A gate
at the end of the box is used to control the depths of
flow in the channel.

Two in. x 2 in. angle iron is used to provide tracks
along the-tops of four sides of the box. Two trolleys
which run on these tracks and a third trolley, much smaller
in size, to which a point gauge is bolted are all made with

the same size angle iron. The trolleys are equipped with

- 67 -




GATE

20!_ Oll

flow v
o)
o
G-G
-t
? 8!_0“
5 _ %
/ B
A
[ CONCRETE |¢
APRON |F
L
\\ ‘
/Q %
Q
@]
<
16'-0"
FIGURE 18. PLAN OF MODEL

_68-




_69_

TROLLEY *‘

.

TROLLEY

Q== &

2" x 2" ANGLE IRON

LILZEL7 777 T 777 7777 L L AL WNQUDEIN  FLANK [ 777777777777 77 L L7 7T L

Il

POINT
GAUGE

CRUSHED

WALNUT SHELL

SAND SAND

PLASTIC SHEETING

SAND

=
F—1
=t

2"x 4"
wOOD
COLUMN

— ™

]

PLYWOOD BOX 8'-0"x2'-4"

FIGURE 19. MODEL CROSS-SECTION

TRACKS

2"x4" WALER . 6'-0"




wheels for easy handling. A1l important areas of the
model channel are covered by using this system of trolleys.
Cross-sections of the channel and water surface levels are
measured using the point gauge. Cross-sections are estab-
Tished every 15° of curve with the first and second to last
cross-sections established 3 in. upstream and downstream
of the tangent points of straight portions of the channel.
The radius to the centre-line of the channel is 7 ft. 3 in.,
the bottom width of the channel is 12 in. and the side
slopes are 2:1. The shape of the channel is obtained by
using two templates; one is attached to a trolley that
covers the straight portions of the channel and the second
is attached to a rotating avm which pivots about a point 'O
outside the Timits of the box. |

Water is supplied to the model from a main sump by
means of a recirculating pump. The discharge is obtained
by measuring the time taken to collect a known quantity of
water in a large capacity calibrated trank. The sump is
located on the ground floor of the laboratory while the
model is on the first floor. The sump is 10 ft. x 30 ft.
x 20 ft. deep. Ordinary table tennis balls, plus balls
weighted with small quantities of mercury are used to
observe the high velocity stream lines within the flow. By
timing these floats over a specific distance along the
channel, the average surface and near surface velocities of

the flowing water are obtained.
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6.3

Testing Programme

The first three tests are run without riprap protection.
These tests are used as control tests and are performed
at three different discharges and at essentially the same
Froude Numbers. The behaviour of the free bend in each
test is compared with respect to scour depth, movement of
bed material, areas of attack and the need for inner bank
protection.

Tests 4 to 14 are performed with various configurations
of revetment and revetment type (placed or launched) and
two grades of riprap. Tests 4 to 10 are run with riprap
having a median grain size of 5.8 mm and tests 11 to 14
are run with riprap having a median grain size of 3.2 mm.
The behavour of the stones in the two gradations and the
overall performance of the revetments having different size
stones are compared.

Test 15 is run for comparison with Tests 1 to 3. The
water used in this model study was used in a flume study
where surface tension effects were reduced by the addition

of surface tension reducing agents. Test 15 showed that

“the addition of these additives did not affect the model

material. Test 15 also indicated that the presence of a
small percentage of riprap material in the bed of the
channel did not significantly affect the performance of
the model (complete removal, after each test, of the riprap

particles present in the bed material would be time
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6.4

consuming and likely not practical. A few riprap particles

remained after each test).

Testing Procedure

Water was introduced to the model by filling the down-
stream stilling basin and allowing the water to travel
very slowly up the channel. The control valve between the
sump and the model was opened very slowly and the upstream
stilling basin was filled until water was just covering the
concrete apron. The valve was closed until the water
moving up the channel had covered the concrete apron to a
depth of about 1 to 2 in. By introducing water to the
channel in this manner no disturbance of the contoured bed
was possible. The discharge is increased by opening the
valve and the depth of flow is controlled by lowering or
raising the gate.

By opening the control valve slowly, the discharge
was increased until a state of “"incipient motion", as
judged by the author, was attained. This state was reached
when a $low general movement of bed material was observed
over the width of the chahne]. Measurements of the water
surface elevations were then made and the discharge measured
by recording the timé required to collect a known volume
of water in the measuring tank.

The discharge was then increased between 45 - 300
percent and the channel eroded and scoured. Measurements

of the water surface were taken and the discharge measured.
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By using floats, the surface and near surface velocities
within the bend could be obtained. The average velocity
of the flow was obtained by dividing discharge by cross-
sectional area. The floats were also used to describe
the paths of high velocity currents.

Each test was run for approximately five hours. By

this time the movement of bed material within the scour

holes had slowed appreciably and it was unnecessary to

continue the tests any longer.

A test is halted by reducing the discharge and at

‘the same time raising the control gate. The rate of flow
is slowly reduced to zero and the water remaining in the
channel and sii111ng basins is syphoned off utilizing two
syphons; one in the Tower stilling basin and the other 1in
the upper basin. By draining off the water in this manner
the bed patterns are preserved. Point gauge readings
enable the changes in cross-sections to be plotted as

shown in Figures 20 to 34.
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7.1

7. DISCUSSION OF TEST RESULTS

Introduction

To ascertain that the model would produce acceptable

results, a typical model channel was allowed to erode and

scour and the bed forms and dune patterns observed. The

following observations were made:

1.

The movement of bed material first began at the inside
bank between sections B-B and C-C.

The material in 1 moved directly downstream for a
short distance and was then directed towards the inner
bank at sections C-C and D-D.

Bed material displaced from along the concave bank at
section C-C and was being moved diagonally across the
channel towards sections D-D and E-E.

Movement of material from the concave bank at section

F-F began just before movement at the concave bank in 3.

As the dune along the inner bank between sections D-D
and E-E became larger in extent and height, erosion
of the concave bank at section F-F began progressing
upstream.

With increasing discharge and increased bank irregu-
larity, erosion and scour at the concave bank became
greater.

Turbulent eddies began forming at the concave bank as

a result of local geometric irregularities at the bank.
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8. The bed consists of a.series of dunes progressing
downstream.

9. After the first scour hole is formed (usually in the
vicinity of C-C and D-D) more holes begin forming
along the concave bank.

10. Scour holes merge to form larger holes.

11: With the passage of a dune, scour holes are alternately
filled in and scoured out.

12. The scour holes formed along the concave bank eventually

merge to form a longer hole.

13. Movement of material from the bottom of scour holes
eventually ceases when the fluid forces become too
weak to move bed particles up and over the downstream

1ip of the hole.

The observations listed above indicate that the model
behaves as a natural channel would behave and can be used
to predict prototype behaviour.

7.2 Preliminary Tests

The preliminary Tests 1, 2 and 3 were performed without
riprap protection. It was observed while performing these
tests, and this is shown in Figures 20, 21 and 22, that

deposition occurred at the toe of the convex bank between

sections D-D and G-G and on the Tower part of the bank. In
addition to this, it was observed that the bed material

deposited in the vicinity of section E-E is usually less
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than that deposited at sections D-D, F-F and G-G and that
erosion of the inner bank at the waterline at sectjon E-E
occurs. This process agrees with results that previous
researchers have obtained with movable bed models and
indicates that deflection of currents from the concave
bank can cause some erosion to occur at the inner bank of
natural channels.

Before an advanced stage of scour hole development
is attained at section D-D, the velocity streamlines are
directed towards the concave bank. This 1is caused by the
action of centrifugal forces acting on the body of moving
water. These centrifugal forces combine with the main
current acting down the channel and produce a spiral motion
within the flow. This spiral characteristic of the flow
is partly responsible for moving bed material from the toe
of the concave bank to the toe of the convex bank. As
material is shifted towards the convex bank, dunes are
formed. These dunes grow in size and cause a progressive
shift in flow direction towards the concave bank. The
forces of scour are increased and turbulence increases.

The increase in turbulence causes the first scour hole
and then the scour hole itself increases turbulence within
the bend. The transfer of bed material from the bed at the
toe of the concave bank becomes faster and turbulence
causes the finer bed particles to become trapped in the flow.

This suspended material is transported further downstream
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than the heavier saltating material near the bed. Eventu-
ally the scour hole advancesAto the very bottom of the

bank and the bank material begins to slide into the hole.
The scour holes first formed tend to have their longer axis
in a direction somewhat diagonally across the bed of the
channel. This causes a high velocity current to be directed
towards the inner bank near the end of the bend. It is

this high velocity current which initiates the erosion of
the convex bank. Dune building along the base of the convex
bank continues and eventually erosion at the inner bank slows
appreciably until it ceases a]together. The scour hole at
the concave bank continues to devé1op until movement becomes
so slow that it is almost imperceptible with the naked eye.
The tests are stopped at this time and the water drained

off slowly to preserve thie bed patterns. The bed is then
profiled using a point gauge;

The degree of scouring at bends and other natural
channel configurations such as confluences and constructions
is represented by the so called "Z" factor, where Z is the
ratio of maximum depth in the scour hole to the average
depth in the channel. The Z factors for the three preliminary
tests are 2.55, 2.62 and 2.45 respectively. The average
for the three tests is 2.45.

Floats were used to describe the paths of the High
velocity currents in the channel. In addition, the floats

were timed over a specific distance to provide an estimate
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7.3

of the surface velocities. These velocities were approxi-
mately 40 - 50 percent greater than the average velocities

of the flow and better represented the velocity against the
concave bank. This method of obtaining velocities was used
because introduction of velocity measuring devices near the
bed and banks would have caused additional unwanted turbulence
within the flow.

Riprap Placed Before Erosion

The riprap configurations tested are shown in Figures
23 to 28. Besides having changes in their vertical profiles,
the revetments also have changes in their horizontal extent.
This allows the researcher to study the effect that shorten-
ing or lengthening a revetment has on its performance.

Tests 4 - 9 involve riprap structures which were placed
before the introduction of water to the model. These
arrangements represent revetments with upper slope structures
that usually remain unchanged during the scouring process
and subsequent rearrangement of the toe apron. - The differences
in the various designs are shown in Figure 23 to 28 and in
the photographs presented in Appendix A.

Test 4 consisted of a revetment having an embedded riprap
toe trench and Tests 5 and 6 involved revetments having toe
aprons of different lengths resting on the bed of the channel.
For Test 7, the revetment is essentially the same length
as the revetments in Tests 4, 5 and 6, but this revetment

has no apron at its toe. Test 8 incorporates an inner bank

- 81 -




7.3.1

Tining with a split revetment on the concave bank. Test
9 has a shorter revetment on the concave bank. No inner
bank protection is used in Test 9.
Test 4

As in the previous tests, the first area to undergo
significant movement in Test 4 was in the left quarter of
the channel midway between section B-B and C-C. This material
was shifted towards the inner bank at section D-D and further
downstream. Because of the revetment and the sunken toe
trench the attacking water is turned smoothly along the bend
and the deflection of high velocity currents from the concave
bank is not as severe as in the previous tests. The turbulent
eddies associated with an eroding bank are eliminated and
because the toe apron extends for some distance out into the
channel most of the high velocity flow is contained in an area
of the channel which is armoured with resistant material.
Although a scour hole is formed in the bed it is not as deep
as the holes formed in Tests 1, 2 and 3. Only a very small
quantity of riprap material is displaced into the scour holes.
(Figure 23). The performance of this revetment is excellent
and if space and time is of 1ittle concern this type of
revetment is recommended. With the toe apron embedded in
the bed, maximum support is provided to the upper slope
structure and the reduction in flow area due to the revetment
is kept to a minimum. This revetment provides a wider

channel section of nearly constant depth from approximately
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7.3.2

mid-channel to the concave bank when compared with the
sections obtained after Tests 1, 2 and 3. The height of
dunes between scour holes at the outside of the bend is
much reduced. Velocities against the concave bank are
greater becuase of the smoother alignment of the flow and the
high velocity currents remain near the concave bank for a
greater distance downstream. This effect was anticipated
so the revetment was terminated in an area where the high
velocity currents were in the central portion of the channel
cross-section. Attempts to initiate failure of the revet-
ment were unsuccessful. A Z factor of 2.3 was obtained

with this revetment.

Tests 5 and 6

In Tests 5 and 6 the toe apron is placed above the bed,
with the apron in Test 6 being half the width of the apron
1h Test 5. (Figures 24 ahd 25). Because the area available
for the flow 1is reduced by the toe aprons, more of the flow
is shifted towards the inner bank. This shift occurs early
in the test runs and causes significant erosion at the
convex bank. Although this erosion slows as the tests
progress, the overall effect is greater erosion at the inner
bank than in Tests 1 to 4. The depths of the deepest scour
holes along the concave banks are greater than for Test 4,
but the revetments remained stable because of the toe aprons.
A1though the revetments in Tests 5 and 6 performed well in

their function of protecting the concave bank, significant
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erosion occurred at the inner bank in Test 5. This is one
reason why the design used in Test 4 is preferred. In
Test 6, the erosion of the inner bank was much less than in
Test 5, whereas the depth of scour was greater. When bank
protection is the prime reason for the revetment, bed deepen-
ing will usually be of secondary importance. Should this
be the case, the revetment of Test 6 is preferred to the
structure used in Teét 5, but the revetment is still inferior
to the revetment of Test 4.

Of the six tests, Test 6 provided the best opportunity
for observing the "Taunching of riprap" process. Figure 25
plots four cross-section profiles from Test 6 and shows
the changes undergone by the toe apron. It was noticed
that when a stone particle moves over the face of the revet-
ment iﬁ usually moves by rolling over the lower stones but
when the stone moves down the side slope of a scour ho1e.1t
sinks partially into the bed material and slides, rather
than rolls, from higher to lower elevations within the hole.
Movement of the stone is caused by the loss of bed material
from around the stone particle. The stone therefore moves
~1in a series of stop and go motions.

Eventually, the matrix of stone particles and bed
material is adequate to provide protection against further
scour. The performance of the launched section of the toe
apron illustrates that there is no need to have a continuous

riprap covering over the side slope of the scour hole.
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7.3.3

It has been suggested that revetments depending on
the "launching" process, are likely to fail due to the Toss
of riprap material to the stream. While it seems possible
for a few stones to be transported to the centre of the
channel (as was the case in Tests 5 and 6) it does not
appear feasible that riprap particles can be lost in
appreciable quantities after falling into a scour hole.
For a particle to be removed it will have to be raised over
the downstream crest of the scour hole before it can be
relocated away from the main body of the Tlaunched apron.
From the tests run, loss of riprap to the stream is

of no consequence and it is anticipated that as long as the

bank erodes and scours evenly there is no need to make

allowances for the loss of riprap material to the stream.

The Z factors for Tests 5 and 6 are 2.5 and 3.0 respectively.
In Test 7 the revetment was made thinner and without

any toe support. (Figure 26). The changes on the bed

along the concave bank were similar to those in the previous

tests and riprap was displaced from the revetment. On the

revetment itself, the smaller less resistant particles

rolled over the more resistant larger particles, but on

arriving on the slope of the scour hole they moved by sliding.

This reaffirms the findings of Tests 4, 5 and 6. The Z

factor is 2.4.
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77.4

7.4.1

Riprap Placed During Erosion Procéss

Tests 8 and 9

The revetment on the outer bank in Test 8 is split into
two parts (see photographs for Test 8 and Figure 17) and a
short section is placed on the portion of the inner bank
susceptible to erosion during the previous tests. ‘In Test 9
the revetment on the outer bank is shortened (see photographs,
Test 9 and Figure 28). No riprap is placed on the inner bank.

These tests are performed for the purpose of investi-
gating the performance of the split and shortened concave
bank revetments and to observe the effects dumping would have
on an eroding bank.

The inner bank revetment in Test 8 was attacked by high
velocity currents and scour of the bed caused launching of
the riprap particles. The upstream end of this revetment was
partially flanked by the flow and the alignment of the revet-
ment plus the irregularity of the eroding section of the concave
bank caused erosibn to occur downstream of the revetment. The
revetment adjusted to withstand the upstream attack but the
erosion downstream 6f the revetment continued for a time.

As the unprotected section of the concave bank between
revetments began ercding, the upper end of the downstream
revetment was attacked. Many riprap particles were dislodged.
To control the attack additional riprap was introduced. Actual
dumping (from trucks, etc.) was simulated by using a small

laboratory scoop to introduce the rinrap.
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7.5

7.5.1

The riprap-bed material matrix eventually provided
adequate resistance to erosion. The loss of bank material was
slowed and bed deepening quickened. The test showed that this
method of introducing riprap to an eroding bank will provide
protection, but the method is not recommended for three reasons.

The first reason is the increased turbulence caused by
the riprap particles falling onto the bank. Impact forces are
added to the forces of erosion at the bank and a greater
quantity of bank material is removed. The second reason is the
danger associated with having machinery near.the edge of an
eroding bank, and the third is the unsightly appearance of
the new bank.

In Test 9, the length of the revetment was reduced. Instead
of beginning at section C-C the revetment begins at section E-E.
The main revetment performs well, but erosion occurs upstream
of the revetment. Riprap Wés dumped onto the bank td control
this erosion. Figure 28 shows the changes in the channel and
the photographs show the channel before and after the test.

The Z factors for Tests 8 and 9 and 2.2 and 2.4 respectively.
These values are somewhat low for channels having a concave
bank protected with riprap. The scour holes may have been
only partly developed at the time the tests were discontinued.
Larger Z factors can be expected in prototype channels.

Riprap on Berm

Tests 10 and 11

The formation of scour holes and the dune patterns
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obtained in these tests are similar to those of the previous
tests. (Figures 29 and 30). |

As the discharge increases, lateral migration of the
underwater slope of the concave bank causes subsidence of
the edge of the berm and riprap particles begin moving down
the slope. The movement of riprap is exactly as has been
previously described but one fact must be emphasized.
Movement under these conditions is slower and more quiet
than that caused by dumping in either Test 8 or 9. This is
to be expected because the stones do not possess the kinetic
energy of dumped stones. This method is a better method
of forming a launched revetment than that used in Tests 8
and 9. The new bank configuration is more even and Tittle
or no erosion occurs on the convex bank. Unused riprap
material can be easily removed if sufficient protection has
been provided or bank protection is no longer required.

The revetment formed using this method is an ideal way of
providing protection when time and money precludes the
building Qf a more permanent and orderly structure.

The depths of the scour holes at the end of Tests 10
and 11 (Z factors 2.5 and 2.5) are similar to those obtained
in the tests having solid riprap revetments but there is
one difference. The so1fd revetments produce scour holes
which are longer than those formed at the toes of launched
revetments. This may be a direct result of bank migration.

When the outer bank is fully restrained from lateral
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7.5.2

migration, bed deepening occurs to allow the channel to
carry the discharge. Where lateral migration is allowed,
as in Tests 10 and 11, deepening is not as severe. Here,
then, is a system whereby a compromise can be reached
between bed deepening and outward movement of the concave
bank. However, two factors Timit the use of this method.
They are the quantity of land available for construction
of the berm and the nature of the bank material. A Tlaunched
revetment is not possible if the bank erodes and scours
unevenly. (Figure 14).

Tests 12, 13 and 14

These channel and revetment configurations, Figures
31, 32 and 33, were arranged to allow overflow of the berm.
The configurations allowed some increase ih flow area and
was used to investigate the performance of overtopped
revetments. In Test 13, riprap was introduced by dumping
stones onto the berm.

The results of these tests are comparable to the results
obtained in the previous tests. Unfortunately, the 6verf1ow
onto the berm was not great enough to affect the revetments.
It was hoped that revetment failure could be induced in
Test 13, but the overflow was inadequate. Too much material
from the channel would have been lost to the sump if the
discharge was increased further. The reader is reminded
that no revetment was intentionally constructed with the

hope of failure in mind. Attempts were made to cause faijlure

- 97 -




- T T i
-‘2" 8“ 4ll O 4" 8" 12![

FIGURE‘31. CROSS- SECTIONS FOR TEST No.l2.

_98_

H
]6"




0.3'-

0.7'-

0.3'4

! T
]2" 8" 4“ O All 8"

/

FIGURE 32. CROSS-SECTIONS FOR TEST No.13.

...99...




0.7"-

0.5'4

0.3'+

0.7'4

0.3'

|
‘6"

o
o

0~
,-;;..

1 T
]211 8:1 4"

FIGURE 33. CROSS- SECTIONS FOR TEST No.14.

- 100 -



7.6

7.7.

of the suitably constructed revetments, but the éomp]ete loss
of channe] material would have occurred before failure could
be accomplished.
Test 15

The complete removal of revetment material from the bed of
the channel was time consuming and impractical. Test 15 was
run to ensure that the few pebbles remaining in the channel did
not affect the behaviour of the model and that the addition of
a surface tension reducing agent to the water supply (for use
in another model study) did not influence the model performance.
Figure 34 indicates the changes undergone by the channel at the
end of the test run.

The model behaviour in Tests 1, 2, 3 and 15 was similar.

Summary of Results

The model results are presented in the Summary Sheets 1 to
5 and in Tables 1 and 2. A summary is presented in Table 3 of
Appendix A. Although the scour factors obtained with and with-
out revetments were of the same order of magnitude (for
unprotected banks the scour factors should be in the range 1.4
to 2.5, whereas for the rigid banks the factor should range from
1.4 to 4) it must be emphasized that a probe could not be used
to monitor the deepening of scour holes. Turbulent eddies,
shed at the probe, would cause movement of the crushed walnut
shell. Larger factors may have resulted if the tests with
riprap were run longer.

At this point, some indication of the model's reliability

will be given. The formation and location of dunes and holes
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were as they would be in actual channels because of the
mobility of crushed walnut shell. Eddies were formed in
scour holes in much the same wéy as in real channels.
Surface eddies which indicate very minor currents in the
upstream direction also occur at the water-bank Tine. This
phenomenon also occurs in actual channels.

The problem of stone size is a bit more difficult to
deal with. Scaling the revetment model stone gradation -
size to channel material relationship up to a prototype
would most 1ikely result in a situation where the packing
of prototype stones could not physically be attained with
the size of stones necessary for protection. Filter layers,
which were not used in the model, would then become a
requirement for the prototype case. The fact that the actual
scaling up of the stone sizes in the model to the stone
sizes for the prototype could Tead to some difficulty should
not suggest a deficiency in the model study. Much larger
models are required to properly duplicate the behaviour of
prototype revetments.

Inglis (1949) stated that "Falling aprons should never
_be used where the angle of repose of the underlying
material is steeper than that of the stones to be used in
the apron, or where there are layers of cohesive material
‘in the bank or in the bed above the level of maximum scour”.
The introduction of this quote is prompted by a few observ-

ations made by the author while carrying out his test
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programme. Referring to Figure 32, Section G-G of Test
13, it is readily noticed that no riprap exists on the
very steep portion of the concave bank. A few areas of
the channel have exhibited this cohesive-like tendency;
possibly due to deterioration of the crushed walnut shell
or the introduction of very fine grained material to the
channel by the water. This area of Section G-G, because
of its greater resistance to erosion, eroded more slowly
than the other areas. Its slope is, as a result, steeper
and cannot maintain ribrap particles. This effect is even
more detrimental to the Tlining if it occurs at. the lower
elevations on the channel side slopes. A1l riprap particles,
on encountering this feature of resistant material between
Jayers of less resistant material, will be dislodged and
will accumulate at the toe of the slope where they are no
longer required. The quahtity of stones used in such a
Tocation will be very great if using the launched revetment
method of protection. Launched Tinings should only be
used on eroding banks, having bank and bed material with
Tower angles of repose than that expected for fiprap
particles.

The stones used in the revetments in Tests 4 to 9
(Grade 1) were larger than those used for Tests 10 to 14
(Grade 2). The behaviour of individual stones in both
grades was similar but a number of important points must

be brought to the attention of the reader. These are as
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follows:

1. The efficient protection offered by the larger stones
is matched by the protection provided by the smaller

stones.

2. The disturbance of the flow in the immediate vicinity
of the larger stones is greater than for the smaller
stones.

3. The downstream motion of the smaller stones is greater

but this is not a significant factor in the stability

of the launched Tining.

4.  The reduction in the area available to accommodate the
flow is Tless when.uéing the smaller stones since the
revetment is essentially thinner. The difference is,
however, small.

The loss of bank material through the voids of a
revetment could not be 1nvé$tigated. In all tests, channel
material was deposited within the voids of the revetment
during high flow. Loss of this material, together with

bank material from beneath the revetment, could only be

initiated by increasing the discharge greatly or increasing
the water surface slope. The success of such an exercise is

in doubt. A1l patterns that had developed on the bed of the

channel would 1ikely be obliterated and the changes’in

channel cross-sections impossible to assess.
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10.

11.

8. CONCLUSIONS

A launched riprap revetment provides efficient protection

to the concave bank of channels having bed and bank material
that scour evenly.

It is unnecessary to have a continuous riprap lining. Spaces
between individual stone particles can be toleratad.

The riprap lost fkom the scour hole is a very small percentage
of the quantity available in the revetment.

A more uniform launching is obtained by placing riprap on a
berm before the attack is expected, rather than dumping from
mechanical equipment while the scour process is in progress.
Stones within a "placed" revetment move by rolling over each

other.

. Stones within a launched revetment or apron move by sliding

rather than rolling.
Placement of Stones for a launched revetment eliminates

expensive construction procedures.

A launched revetment develops a concave upwards shape which

is more 1in keeping with the configuration attained by
undisfurbed channels.

A Taunched revetment is possible only when a filter Tlayer is
unnecessary.

The depths of scour holes are essentially the same for
launched revetments as for placed revetments.

Some lateral migration must be expected when protection is

provided with a launched revetment.
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12.

13.

14.

15.
16.

17.

18.

19.

The packing of stones in a placed revetment decreases if

a toe apron is not provided at the base of the revetment.
The movement of bed material in the form of dunes covers

énd uncovers the lower slope of a scour hole. Riprap,

which has launched, may be covered by these dunes so the
absence of riprap does not necessarily signify the Toss of
riprap. The riprap may be exposed as the.dune progresses
downstream.

To eliminate the unsightly appearance of a partially
protected bank, revetments should extend to zones of non-
eroding velocity. |

Protection of the inner bank is generally unnecessary.
Revetments formed by the launching process should be started
from a berm at or above high water level. Some overtopping
is permitted if an apron is provided at the top of the
revetment.

Cut-off walls, extending into the bank for a short distance,
should be incorporated into revetments that do not extend

to zones of non-eroding velocity. This condition prevents
turbulent eddies from removing the bank material from behind
the revetments.

Toe aprons constructed within the bed of a channel are
preferred to those placed on the bed.

Launched revetments may be used instead of placed revetments

when the bank material erodes evenly.
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9. RECOMMENDATIONS

This model provides qualitative information and not
quantitative data on the launching of revetments. To obtain quali-
tative results, larger models are required.

Although the launched revetment concept worked well 1in the
model used, fﬁfure studies are necessary to provide\information on:

1.  The loss of riprap particles from the revetment to the
channel.

2. The performance of the riprap-bank matrix in actual field
installations.

3. The probability of failure of revetments designed to meet
certain deterministic design criteria, e.g. a discrete
safety factor. This may be done by utilizing the
principles of statistics to develop pre* o;*.'
which will take into account the variability of the forces
acting on the riprap particles, the intensity and duration
of the critical shear stresses and the frequency at which
this critical shear stress is exceeded.

Because of the small scale of the model, applying model
resu1ts for 1 and 2 to a field situation may lead to erroneous
conclusions. Larger scale models and actual field installations are
therefore required to firm up the results obtained from the model
used in this study. Because force and velocity parameters are more

easily measured in large models, mathematical relationships applicable

to launched revetment design, may then be possible.

- 108 -




10. BIBLIOGRAPHY

Albertson, M. L., Barton, J. R., and Simons, D. B., 196l.
Fluid Mechanics for Engineers, Prentice-Hall Inc.,
Englewood Cliffs, N. dJ.

Apmann, Robert P., 1972. "Flow Processes in Open Channel Bends." o
Journal of the Hydraulics Division, ASCE, Vol. 98, No. HY5. s

Bhowmik, N. G., 1968. "The Mechanics of Flow and Stability of
Alluvial Channels formed in Coarse Materials."
Ph.D. Dissertation, Colorado State University, Fort Collins,
Colorado.

California Division of Highways, 1970. Bank and Shore Protection in fff
California Highway Practice, Sacramento, California.

Campbell, F. B., 1966. "Hydraulic Design of Rock Riprap."
Miscellaneous Paper No. 2-777, Sponsored by U. S. Corps
of Engineers.

Carey, Walter C., 1966. "Comprehensive River Stabilization."
Journal of the Waterways and Harbours Division, ASCE, WWI1,
Feb., 1966.

Carstens, Marion R., 1972. "Bed-Material Transport and Bed Forms."
Journal of the Hydraulics Division, ASCE, HY5, May 1972.

Chow, V. T., 1959. "Open Channel Hydraulics." First Edition,
McGraw-HilTl.

Crews, James E., 1970. "Bank Stabilization in Susquehanna River
Basin." Journal of the Waterways and Harbours Division,
ASCE, WW1, Feb., 1970.

Desaulniers, Gilles and Frenette, Marcel, 1971. "Contribution to
the Study of Erosion and Deposition Mechanisms in River
Bends.". Symposium on Sedimentation to Honor Dr. H. A.
Einstein, University of California, Berkeley.

Engelund, Frank, 1974. “Flow and Bed Topography in Channel Bends."
Journal of the Hydraulics Division, ASCE, HY11l, Nov., 1974.

Galay, V. J. and Neill, C. R., 1972. "Scour at Bends of Coarse-Bed
Rivers." Preprint presented at ASCE Hydraulics Specialty
Conference.

Gessler, J., 1971. "Beginning and Ceasing of Sediment Motion."
Chapter 7, River Mechanics, Vol. 1, edited and published
by Hsieh Wen Shen, Colorado State University, Fort Collins,
Colorado.

- 109 -



Harrison, Alfred S., and Mellema, Warren, J., 1967. "Movable Bed
Model for Alluvial Channel Studjes." International
Association for Hydraulic Research, Vol. 1.

Inglis, Claude C., 1949. "The Behaviour and Control of Rivers and
Canals." Control Water Power Irrigation and Navigation
Research Station, Poona, India, Research Publication No. 13.

Karaki, S., Mahmood, K., Richardson, E. V., Simons, D. B., and
Stevens, M. A., 1974. "Highways in the River Environment-
Hydraulic and Environmental Design Considerations."
Training and Design Manual prepared for the Federal High-
way Administration, Colorado State University, Fort Collins,
~ Colorado.

Lane, E. W., and Carison, E. J., 1953. "Some Factors Affecting the

Stability of Canals Constructed in Coarse Granular Materials.”

U. S. Bureau of Reclamation.

Leliavsky, S., 1959. "An Introduction to Fluvial Hydraulics."
Second Edition, Constable and Co. Ltd., London.

Mamak, W., 1964. “River Regulation", Dept{ of the Interior and the
Natjonal Science Foundation, Washington, D. C.

McEwan, John S., 1961. "Bank and Levee Stabilization, Lower Colorado
River." Journal of the Waterways and Harbours Division,
ASCE, WW4, Nov., 1961.

Searcy, James K., 1967. "Use of Riprap for Bank Protection.” U. S.
Department of Transportation, Bureau of Public Roads.

Simons, D. B., and Lewis, G. L., 1971. "Flood Protection at Bridge
Crossings." Prepared for Wyoming State Highway Department,
Report No. CER71-72 DBS-GLL1O.

Simons, D. B., and Richardson, E. V., 1971. "Flow in Alluvial Sand
Channels." Chapter 9, River Mechanics, Vol. 1, edited and
published by Hsieh Wen Shen, Colorado- State University,
Fort Collins, Colorado.

Stevens, M. A., and Simons, D. B., 1971. "“Stability Analysis for
Coarse Granular Material on Slopes." Chapter 17, River
Mechanics, Vol. 1, edited and published by Hsieh Wen Shen,
Colorado State University, Fort Collins, Colorado.

Stevens, M. A., Simons, D. B., and Lewis, G. L., 1974. "Safety
Factors for Riprap Protection." Report No. CEP73-74
MAS-DBS-GLL68. Proceedings ASCE, Montreal, Canada.

U. S. Bureau of Public Roads, 1965. "Design of Roadside Drainage
Canals." U. S. Dept. of Commerce. ‘

- 110 -




U. S. Bureau of Reclamation, 1960. "Design of Small Dams." U. S.
Gov't. Printing Office, Washington, D. C. ‘

U. S. Corps of Engineers, 1941. "Investigation of Filter Require-
ments for Underdrains." Waterways Experiment Station,
Tech. Memo. No. 183-1, Vicksburg, Mississippi.

U. S. Corps of Engineers, 1970. "Hydraulic Design of Flood Control
Channels." Engineer Manual, EM1110-2-1601.

United Nations, 1953. "River Training and Bank Protection.”
Economic Commission for Asia and the Far East.

" Winkley, B. R., 1971. “Practical Aspects of River Regulation and
Control." Chapter 19, River Mechanics, Vol. 1, edited

and published by Hsieh Wen Shen, Colorado State University,
Fort Collins, Colorado.

- ASCE, Report of the Subcommittee on Slope Protection of
the Committee on Earth Dams of the Soil Mechanics and
Foundations Division, 1948. "Review of Slope Protection
Methods."

- 111 -




APPENDTIX

A

TEST RESULTS




RUN: NO. 1

CROSS-SECTIONJ TOP-WIDTH | AREA | MAX. DEPTH AVE. DEPTH JAVE. VELOCITY
D-D 1.83’ 0.339 0.323° 0.185° 0.34 1/8
E-E 1.7%° 0.217 0.178° 0.124° 0.534
F-F 1.68° 0.201 0.153° 0.120° 0.5717
G -G 1.79° 0.233. 0.232° 0.130° 0.50

FROUDE NO. = .23, DISCHARGE = 0.116 c.f.s.

RUN: NO. 2
CROSS-SECTION| ToP-WiDTH | AREA | MAX. DEPTH | AVE. DEPTH JAVE. VELOCITY
D - D 1.75" |o0.230 | 0.196 0.131° 0.46 1/S
E-E 1.71" |0.207| 0.170° 0.121" 0.51
F-F 1.68° [0.207 | 0.171" 0.123’ 0.51
G -6 1.77° | 0.211 0.188’ 0.119’ 0.50
FROUDE NO. = .25, DISCHARGE = 0.106 c.f.s.

RUN: NO. 3
cross-SecTion| Top-winTs | area | max. oepte | Ave. peptH VE. VELOCITY
D - D 1677 |o.202 | 0.191° 0.121 0.37 1/S
E-E 1.65" |0.200 | 0.251 0.122 0.38
F-F 160" |0.167 | 0.187’ 0.104" 0.45
G -G 1.67" |o0.178 | o0.164° 0.107" 0.42
| FROUDE NO. = .21, DISCHARGE = 0.075 c.f.s.

"TEST RESULTS — SUMMARY SHEET No. 1



RUN: NO. 4

cross-SEcTION| ToP-winTH| AREA |MAX. DEPTH | AVE. DEPTH JAVE. VELOCITY
D -D 1.58" |o0.173| o©0.227 0.108" 0.61 1/8
E - E 1.58° | 0.172 | 0.204 0.109" 0.61
F-F 1.63’ | 0.189| 0.207° 0.116 0.56
G -6 1.63" | 0.190 | 0.195 0.117° 0.55

i ' FROUDE NO. = .30, DISCHARGE = 0.105 c.f.s.

| RUN: NO. 5

% cross-SECTION| Top-winTH| AReA |mAX. DEpTH | AVE. DEPTH |AVE. VELOCITY
§ D-D 1.58" |0.168 | 0.248" 0.106° 0.47 1/S
% E-E 1.58" [ 0.185 | 0.206° 0.117° 0.43

§ F-F 1.58° 0.163 | 0.214’ 0.103° 0.49

é G -G 1.63° | 0.152 | 0.164" 0.093" 0.52

| FROUDE NO. = .26, DISCHARGE = 0.079 c.f.s.

RUN: NO. 6
CROSS-SECTION| TOP-WIDTH | AREA | MAX. DEPTH AVE. DEPTH JAVE. VELOCITY
D -D 1.50° 0.150 0.213° 0.100° 0.59 I/8
E-E 1.58° 0.172 0.219° 0.109’ 0.51
F-F 1.58° 0.172 0.210° 0.109’ 0.51
G -G 1.63° 0.148 0.180° 0.091’ 0.60

FROUDE NO. = .31, DISCHARGE = 0.088 c.f.s.

TEST RESULTS - SUMMARY SHEET No. 2



RUN: NO. 7

CROSS-SECTION|TOP-WIDTH | AREA | MAX. DEPTH | AVE. DEPTH |AVE. VELOCITY
D - D 1.58" |0.205 0.245 0.130° 0.46 1/S
E-E 1.63"  |0.197 0.228" 0.121" 0.48
F-F 1.65' | 0.191 0.243" 0.116" 0.50
G - G 1.67"  |0.215 0.218" 0.129’ 0.44

FROUDE NO. = .24, DISCHARGE = 0.095 c.f.s.
RUN: NO. 8

CROSS-SECTIONjTOP-WiDTH | AREA | MAX. DEPTH | AVE. DEPTH |AVE. VELOCITY
D - D 1.60" |0.223 0.256" 0.139" 0.41 1/8
E-E 1.83°  |0.195 0.262° 0.120 0.47
F-F 1.67" | 0.221 0.216"' 0.132 0.42
-G 1.70" | 0.196 0.204" 0.115° 0.47

FROUDE NO. = .22, DISCHARGE = 0.092 c.f.s.
RUN: NO. 9
cross-section] Top-wioTh | area | max. oepth | ave. oeptH Jave. veLocITY
D -D 1.79" |0.231 0.229° .0.129° 0.40 1/5
CE-E 1.65" |0.153 0.203" 0.093" 0.61
FoF 1.67'  |o0.190 0.174" 0.114" 0.49
G -6 1.58" [0.193 0.191" 0.122° 0.48
FROUDE NO. = .26, DISCHARGE = 0.093 c.f.s.

TEST RESULTS — SUMMARY SHEET No. 3




RUN: NO. 10

cross-secTion] Top-winTw | area | max. oeeti | ave. oeeth fave. VELUCITJ
D -D 1.67" |0.203 0.256’ 0.122° 0.44 1/S
E-E 1.75" [0.180 0.169’ 0.097" 0.56
F-F 1.75" |[0.182 0.197° 0.113* |  0.50
G -G 1.58" |0.167 0.178" 0.113" 0.54

FROUDE NO. = .27, DISCHARGE = 0.09 c.f.s.

RUN: NO. 11

CROSS-SECTION] TOP-WIDTH] AREA | MAX. DEPTH | AVE. DEPTH JAVE. VELOCITY
D-0D 1.58" |0.152 0.185° 0.096" 0.60 1/8
E-E 1.63" |0.158 0.180° 0.097° 0.58
F -F 1.69" [0.197 0.172° 0.117’ 0.46
G -G - 1.58" "]0.181 0.17%° 0.11%° 0.50

FROUDE NO. = .29, DISCHARGE = 0.091 c.f.s.

% RUN: NO. 12

| cross-SecTion) Top-winTH| ARea | max. DEPTH | AVE. DEPTH |AVE. VELOCITY
D-0D 1.54* |0.184 0.209’ 0.119" | 0.52 1/8
E - E 1.56" |0.184 0.256’ 0.118° 0.52
F-F 1.56" |0.171 0.168° 0.110° 0.56
G -G 1.54" |0.168 0.171° 0.110° 0.57

FROUDE NO. = .28, DISCHARGE = 0.095 c.f.s.

TEST RESULTS — SUMMARY SHEET No. 4




RUN: NO. 13

CROSS-SECTION | TOP-WIDTH] AREA | MAX. DEPTH | AVE. DEPTH |AVE. VELOCITY
D-D 1.83" | 0.213| 0.238 0.116° 0.62 1/S
E-E 1.85° | 0.223| 0.248 0.121° 0.59
F-F 1.83" | 0.232| o0.218’ 0.127° 0.57
G- 6 1.85° | 0.241| 0.208" 0.130’ 0.54

FROUDE NO. = .29, DISCHARGE = 0.131 c.f.s.
RUN: NO. 14

cross-secTion ] tor-wioth] area | max. oeprh | ave. oeptH [ave. veLociTy
D - D 1.50° | 0.167] 0.207" 0.111" 0.57 1/S
E-E 1.48° | o0.181| 0.229° 0.122° 0.53
F-F 1.54* | o0.178| ©0.209° 0.116" 0.54
G- 6 1.80° | 0.198| 0.182’ 0.110" 0.49

FROUDE NO. = .28, DISCHARGE = 0.096 c.f.s.
RUN: NO. 15

CROSS-SECTION | TOP-WiDTH| AREA | MAX. DEPTH | AVE. DEPTH [AVE. VELOCITY
D-D 1.60" | 0.217| 0.283 0.129" 0.49 1/S
E-E 1.69" | 0.239| 0.346° 0.141° 0.45
F-F 1.77* |o0.217| o0.209° 0.123" 0.49
G- 6 1.75' |0.223| -0.197° 0.127" 0.48

FROUDE NO. = .23, DISCHARGE = 0.107 c.f.s.
TEST RESULTS - SUMMARY SHEET No. 5



TABLE 1. TEST RESULTS FOR SCOUR.

TEST MAX.TOP MAX. AVE. AVE. FROUDE DIS-
NO. WIDTH DEPTH DEPTH | VELOGCITY NO. CHARGE
1 1.83" | 0.357° 0.140° [ 0.49 1/S| 0.23 [0.116 cfs.
2 1.77" | 0.326' 0.124° 0.50 0.25 0.106
3 1.67° | 0.279’ 0.114° 0.41 0.21 0.075
4 1.63° | 0.260" | 0.113° 0.58 0.30 0.105
9 1.63° | 0.258° 0.105° 0.48 0.26 0.079
6 1.63" | 0.309" | 0.102° 0.55 0.31 0.088
I 1.67" | 0.300° 0.124° 0.48 0.24 0.085
8 1.70" | 0.280° 0.127° 0.44 0.22 0.092
9 1.79" | 0.276° 0.115° 0.50 0.26 0.093
10 1.75" | 0.278° g.111° 0.351 0.27 0.09
11 1.69' | 0.262° 0.106° 0.54 0.29 0.091
12 1.56" | 0.309° 0.114’ 0.54 0.28 0.095
13 1.85° U.Zil’ 0.124° 0.58 0.29 0.131
14 1.80" | 0.268° 0.115° 0.93 0.28 0.096
15 1.77" | 0.346° 0.130° 0.48 0.24 0.107




TABLE 2. LIST OF Z FACTORS.

TEST _ _MAX. DEPTH
NO. "AVE. DEPTH
1 2.55
2 2.62
3 2.45 B
4 2.30
5 2.46
6 3,00
1 ' 2.42
8 2.20
9 2.40
10 - 2.51
" 047V
12 ' 2.71
” 13 2.19
| 14 2.34
15 2.66




TABLE 3. SUMMARY OF TEST RESULTS
TEST 01SCHARGE VELOCHTY BANK TYPE GF TYPE OF ERA
NO. AVE. /IN CURVE | PROTECTION | REVETHENT |  APRON REMARKS

| 0.116 c.t.s. 0.49/9.73 - - = Lateral migration of concave hank, Typical dune movement along

the hed of the channel. Slight attack on inner bank

2 0.106 c.t.s. 0.58/0.71 - - - Lateral migration of concave bank. Typical dune movement along

the bed. Siight attack on inner bank.

3 0.075 c.f.s. 0.41/0.61 - - - Essentially the same as | and 2

4 0.105 c.t.s. 0.58.0.78 Concave hank onty} Continuous. {Toe trench. Launching of toe apron stene. No movement of upper slope stone.
Extent - trom -C} Piaced. Riprap tevel |Revetment stable. Efficient protection
to | {1, downstr, with bed.
of G-G.

5 0.679 c.i.s 0.48.0.63 Concave bank onfy] Continuous. |[Toe apron Greater number of stone particles launched than in Test 4. No
Extent - from C-C| Placed. above bed. movement of upper slope stone. Although the cross-sections E,
te 1 ft. downstr. F and G show no launching,stones did move into the hoies between
of G-6. these sections. Inner bank erosion more extensive. Likely

caused by loss of flow area.

[ 0.088 c.t.s 0.55.0.89 Concave bank only| Continuous. |Toe apron Greater number of stone particles launched than in Test 4. No
Extent - from C-C] Placed, above bed. Ond movement of upper siope stone. Less erosion on inner bank than
to | ft, downstr, hali width of | in Test 5. Revetment constructed too thick
of G-G. apron in Test

5
1 0.095 c.f.s. 0.40.0.72 Concave bank only] Continuous. [No toe apron. | Thinning of upper slope stones as taunching of stenes takes
Placed. place at the toe. Some erosion of the inner bank. Revetment
remains stabie even after thinning has takem piace

8 0.092 c.f.s. 0.44.0.67 Both banks. Loncave:split.[No toe aprons.| Evosion of unprotected centre area of concave bank. Attack at

Convex: short the downstream end of upper lining and upstream end of lower
single lining. lining. Migration slowed by introduction of stones. Some

See erosion of the inner bank downsiream of the.inner bank revetment
photographs.

9 0.093 c.f.s. 0.50.0.82 Concave bank only| Continuous. |No toe apren. | Attack of exposed concave bank. Attack at the upstream end of

Placed. revetment.- Dumping of stones on exposed bank area as erosion
Extent: lust‘ in progress. Significant disturbance of the bank caused by
upstr, of E-f dropped stones. System of protection not recommended. :
to 1 ft. :
dwnstr. of !
6-6. 3
10 0.09 c.f.s. 8.51/0.70 Concave bank ontyl Launched No toe apron. § Some erosion of the concave hank. Littie erosion of the inner

; ’ Stones placed on | Extent: from bank. No apparent loss of stones to the centre of the channel

5 bench in bank. C-C to ¥ ft. . Efficient protection. This method preferred for a launched
dwnstr. of | revetment.

; G-6.

! 11 0.095 c.i.s. 0.54/0.75 Concave bank only] Launched. No tee apron. Ne erosion of the inner bank. Performance as good as in Test 10

: Stones placed on | Continuous.
bench inr bank.

12 0.095 c.1.s. 0.54.0.72 Concave bank oniy{ Continvous. |No ]oe apron. §No erosion of inner bank.. .Thinning of upper slope revetment as
Side slope plus | Placed. Head apron on | launching inlo the scour heies occurs. This revetment performed
overhank apron, bench. as well as the other piaced revetments. The head apron was used
Extent: C-C to G-§ as overftow of the bench was expected

| 13 0.131 c.f.s. 0.58.0.76 Concave bank only) irreguiar. |No toe apron. | Some erosion of inner bank. Overfiow of unprotected beneh
Stones dumped. Launched. Erosion ol the concave bank controiled by dumping stones onto
bench but this method is not recommended because of the danger
te equipment and personnel, and because the erosion has to be
monitored. The revetment 1s irregular and not aesthetically
pleasing.

14 0,096 c.i.s. 0.53°0.72 Concave bank only.| Continuous. [Toe and head' [No ercsion of inner bank. All the stones used in the toe apron

Extent: D-D to G-Gf Piaced. aprons, Toe were launched into scour holes. No loss of stones even when
apren above overilow ol the revetment occurred. Very good revetment
hed.

15 0.107 c.t.s. 0.480.73 - - - Esséntsally same as |, Modei unalfected by surface tension

’ reducing agents used for another model study,




APPENDIX B

PHOTOGRAPHS




Plates for Tests 1 to 4, inclusive, are not available

due to poor photographic results.
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