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ABSTRACT

A hydraulic model study was undertaken to investigate

launching of riprap revetments placed on the bend of a 
,,t.,,.::,,.i,

trapezoidal laboratory channel and to assess the performance of

the launched revetments vs a placed revetment. The launched

revetment forms when a stockpile of stone on a river bank 
r,,,,,;,¡,,

(embankment) or on top of a bank (embankment) ro'lls Ínto and ', 1,::':

armours the side of a scour hole. A placed revetment is constructed ..,,,,,

on the bank to prevent additional loss of bank material.

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.

Thelaunchingofarevetment,whi1edumpingwith

mechanical devices was in progress, v,,as simulated in the model

and the performance of this type of revetment was compared to 
l

revetments launched by disp'lacement from a previously dumped 
,

collection of stones placed on a bench above high water. Findings i:..,t,

show that less bank material is lost and a more regular revetment ,,t,ij,,,,,

, ', .is obtained when using the latter system

The loss of riprap to the flow should not endanger the

stab'iìity of the revetment. The loss of riprap for each system 
, :.:.

was compared. The study indicated, that although the loss to '.1, ::1'

the centre of the stream was greater for the launched revetments

than the p'laced revetments, very effective protection is provided

even with some loss of riprap material

-i - ,'



The material in the model (crushed walnut shell)

represented a channel having banks and bed of sand. The

performance of revetments having d'ifferent 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 ríprap material in the model.

r:ì1.:1:iìr
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1. INTRODUCTiON

1.1 Statement of the Probl em

During periods of high discharge t,he 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 subiected.

Outward movement and sloughÌng of bank material, especially

within bends, ffiâV cause the loss of potential'ly valuable

land and may endanger important structures located near

the banks of eroding rivers. To control the erosìon and

migration of banks, it is often necessary to construct

river bank protection structures known as revetments.l

1.2 Previous Work

Launching is the process whereby stones slide or

roll from a higher elevation on a river bank or embankment

to a lower elevatÍon. 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

undert,aken by the U.S. Bureau of Public Roads, the U.S.

Corps of Engineers, the California Highway Division and

Research Stations in India. Many structures have been

built in the United States and in Indìa utilizing the

launching of riprap as an .alternative to the p'laced

revetment for the protection of river banks.

r'li l
\,-.:
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1.3 Limjt of Undertaking

This study was limited 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 varjous revetment configurations

affected the scour and erosion processes taking p'lace

withìn the bend. Observations v,/ere also made to deve'lop

guidelines concerníng the placement of riprap structures

and armour material on the face of endangered banks.

Results will be discussed more from a qua'litative 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,

1.4 Justification of the Topic

Should the launching of revetments be effective in

providing adequate bank protection, recommendations for

further studies will be made and conclusions drawn as to

the usefulness of this approach to bank protection. The

launched 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 launchÌng

system to obtain information on the extent of the

revetment, the placement of stones and the effect'iveness

of the structure.
'- -, 

t.t .' '
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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 ùsed for the revetments were

tested to observe the effect of stone size on the

performance óf the revetments. The manner in which the

location and extent of the revetment affects the loss of

bank material and the stability of the revetments were

i nvesti gated .

i': ,,
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2. RIPRAP REVETMENTS FOR RIVER BANK PROTECTION

2.1 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 fajlen out of the list of

materials most suited to bank protection. Stone is

considered to be one of the most suitable materíals for

bank protection.

Bank protection structures are required for four

main reasons. These are:

1. To aid navigation on our rivers. Firstly, to provide

adequate depth of water for ships and otirur floatìng

craft by restricting the widening of rivers at

suitable locations and thereby encouraging deepening

and secondly, to protect cargo handling fac'ilities;

2. To prevent the loss of valuable ríver property;

3. To protect major engineering !ìrorks, ê.g. roads, bridges

and pipeì ines n etc. ;

4. To prevent f'loodìng. Increasing the river's capability

for conveyÌng water at h'igher 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.

..1:,
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These are as follows:

1. The attackÌng water can be turned away by structures

such as spurs;

2. The destructÍve 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 in velocity;

3. The endangered area can be armoured to withstand the

full force of the attacking water. The armouring

layer 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.

2.2 Revetments

A revetment is a continuous artificjal lining laìd on

arÍverbanktoprotectagainsttheforces.oferosionand

scour. Revetments may be f lexible or rigid depending on 
t:,..::

the materials used and are usually placed on the concave 
¡,r.,:

banks of rivers where the forces of erosion and scour are '":¡,,'
: :.::

genera'l1y greatest. Revetments may be constructed of

ordinary stone (ca11ed riprap), w'ith wood in the form of

a mattress, with wire cages (called gabions) holdÌng stone

and concrete eìther in sacks or in the form of blocks and/or :iì'f

cells. The three types of riprap revetments are dumped

riprap, hand placed r'Íprap 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 pushing 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 Èhe surface of the slope. The

structure is flexible and can tolerate movement of

individual stones and/or the foundatjon material. To

improve the performance of the revetment the s'lope is

trÍmmed to eliminate protruding tree stumps and rock or

stone outcrops. A fjlter layer is added if loss of bank

material is like'ly through the revetment. The filter is

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 rjprap. To safeguard the revetment,

an apron or mattress of resistant material is constructed

at the toe of tl're revetment to ensure its stability.

Figure 1 shows the various methods of p'lacing a dumped

riprap revetment.

Hand Placed Riprap Revetment

The hand placed revetment is obtained by placing the

stones on a prepared s,lope in some definite manner. The

stones are placed individually by hand or by us'ing cranes.

The stones of this revetment are usually smaller in size

and more c'lose'ly packed than in the dumped riprap revetment

l.:¡ :l::: :i ii
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LOW WATER LEVEI

.FIGURE I. PLACEMENT OF A DUMPED RIPRAP REVETMENT
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2.2.3

and the structure is more rigid. Thjs revetment does

not adjust to settlement as well as the dumped riprap

revetment and fai'lure is 1ikely if bank material is lost

from behind the structure. Because of the close amange-

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 Revetrhent

The grouted riprap revetment consists of stones

dumped on the bank and then secured in pos'ition by means

of a concrete þrout. 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 (jn place) together to make one solid structure.

The revetment is very rigid and can tolerate only very

minor movement of the support materìa1.. A competent toe

apron or retain'ing wall must be used to ensure no deflection

or sliding of the revetment takes place. The revetment

is impermeable and likely to fail if significant uplift
pressures are exerted on the bottom face of the revetment.

Uplift ís caused by water, trapped behind the structure,

being unable to flow freely to the river. Relief of this

pressure is possible by providing weep holes in the

-B-
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revetment through whìch the water can drain freely. A

filter 'layer of limited 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.

0ther 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, guide banks and dykes are frequently protected

from the hazards of eroSìon and scour by res'istant liners

(revetments). Spurs are structures built obliquely to

the primary motion of the water, designed to deflect the

hìgh velocity curuents away from critical areas. Scour

holes of great magnitude may occur at the hoses of spurs

and in order to protect the spur, revetments and toe aprons

are used to lÍne the scour holes. Guide banks and dykes

are used to gu'ide and/or contain the flow to a desired

path within the channel or flood plain. The faces of

thes'e structures (whÌch are essentia'l1y embankments) are

protected with revetments. Figure 3 shows a spur with

head and shank protected with riprap.

2.2.4

-10-
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3. EROSION AND SCOUR

3. 1 Introducti on

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

of, the fol 1 owi ng :

1. The washìng 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. Slidìng due to an increase in pore pressure in the

bank;

4. Pìping caused by water, stored on fiood 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 abilìty of the

stream to erode and scour is a function of the state of the

flow, and the type of materials makÍng pp the boundaries of

the channel. The revetment p'laced on the bank of a channel

disturbs the natural processes and Íntroduces changes

which must be taken into account when des'igning the

revetment structure. The characteristics of flow wÍthÍn a

river bend will be discussed

3.2 Flow Behavior in Bends

When the water flowing a'long a straight reach of a

channel enters a curve or bend, a secondary c'ircular motion

is superposed on the general downstream direction of the

i.r:.:,
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flow. The two flows combÌne to produce a spira'l flow

pattern within the curve.

This spira'l flow pattern owes its existence to the

interaction of frictional, inertial and centrifugal

forces on the water flowing through the curve. In the

vicinÌty of the channel bed the flow is retarded because

of boundary resistance at the bed. The surface streamlÍnes

tend to maintain their direction down the channel and as

a result the slower movjng 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 flowÌng 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

alluvìal channels in 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 flow towards the concave

bank. The high shear forces generated at the bed aìong

the toe of the concave bank causes movement of bed material

and deepening occurs until the shear forces are reduced

and/or more resistant bed material is exposed.

In channels having very sharp and short nadius bends,

-i3-
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3.3

zones of separation may form along the convex bank. This

very s'low moving body of water also helps to force the

flow towards the outer bank. The potent'ial for erosion

and scour is increased when thj! zone of separation is

formed. Figure 5 shows the typìcai zone of separation

1ike1y 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 lateral'ly out-

wards across the flood p'lain or progressing in a downstream

direction due to erobion of the concave bank. A forced

bend is one whìch is unable to move freely across the

va11ey floor and/or progress downstream. Forced bends

are usual'ly 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, widen'ing

of the river is likely and hence there is a reduction in

velocity. Material eroded from the bank contributes

material to the bed aìong the base of the bank. Thìs,

üogether with the reduction in velocjty (due to widening)

causes the hole to be less deep than the hole formed at a

forced bend where no widening is possible and little or

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

-15-
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?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 velocìty of flow in the bend influence the

ero!ion and scour processes. Because the high veloc'ity

currents do not approach the outer bank untjl some distance

into the curve, Figure 6, the erosion and scour forces at

the entrance to the curve are fairly low. These forces

become greater in the downstream direct'ion unti'l a point

is reached where a general movement of the bed occurs and

deepening begÍns. 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

likely to erode.

To protect the bank, the revetment must begin and

end in areas where the velocities are incapab'le of causing

erosion and scour. This ìmplies 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 beg'inning of the

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

-17-
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the end of the curve ìt 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 but care

must be exerciSed when designing a revetment of varying

ltrength. In sòme ìnstances, the zone of heaviest attack

may remain fairly constant but, in many cases, this zone

will vary in pos'ìtion along the curve. Improper identifi-
cation of the zones of heaviest attack is likely to cause

failure of a revetment of non-uniform strength.

3.5 Forces of Erosion and Scour

TheprÍncipalforcecausingmoVementofparticieSon

the bed or banks of a channel is the shear force. This ,

force js essentÍally a frictional force caused by the

motion of water over the particles whithin the channel

boundary. The theory which provides the means of calcu- ,

latìng shear force is called the "Tractive Force" theory 
i

The theory says that for uniform flow, the mean force exerted i,1,i,.,,

by the flowing water on the bed within a straight reach of

a trapezoidal channel is given by the equation:

rb = Y1RS

where r's = mean shear force per unit area of bed

3.1

Yi = unit weight of water (62.4 lb. per cu. ft.). i.ii,:i

R = hydraulic radius (equal to average depth

for wÌde channels)

S = slope of energy grade line.
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The tractive force which is iust 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 ís 'likely

to vary from one researcher to another.

In a straight reach of rìver havíng 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

irr:egu'lar and varies ìn magnitude in the downstream

direction. Although the tractive force is us""llV largest

in zones of highest velocities, high shear forces may occur

i n zones of 'l ow vel ocì ty.

High shear forces may occur in regions of low velocity.

The movement of bed material a'long the toe of the inner

bank of the entrance to a bend demonstrates this fact.

This phenomenon 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. Fìgure B, taken from the U.S. Corps of Engineers

(1970) gìves the ratio of the shear force required to

move a particle on an inc'lined p'lane 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 r:o

in a stra'ight reach. The riprap particles placed on the

outer bank must be capable of resisting the shear forces

generated at the side s'lope and the toe of the slope if
effective protection is to be provided by the revetment.

Turbulence caused by fluctuations jn 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 lift the particles. This process adds to the instabiìity

of the bank (revetment) material but sufficient knowledge

is presently unavailable to quantìfy the intensity of

turbulence of the flow.

Before the test results are discussed Ít 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 stabil ity. A method of amiving at the size

of stone required to rlrotect an eroding bank has been

proposed by Stevens et al (1974). The theoretical develop-

ment of this method is presented in Chapter 5. .llr

li':ììl'-23-
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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 effectÌve protectÍon 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

T i:ï:':i ï,:ï "'"
8. l^laves

9. Nature of the banks

10. Constructìon procedures

The factors listed above will be discussed in the

fol lowjng sections.

4.2 Size, Weight and Shape of Stones

Size refers to the diameter, ín feet, of a spherical

stone thát 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-
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4.3

of rol'ling over each other with relative ease !'/hereas

angu'lar stones are difficult to dislodge. The stones

used in revetments must therefore be 'large, heavy and

blocky 'in shape rather than small' light and rounded.

Composjtion of Stones

The majority of revetments located on river banks

or dyke and spur embankments, etc. are subjected to

heavy attack by flor,.ting 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 dry'ing and/or freezing

and thawing, the stones must be hard, durable and free

from cracks. Shale, for example, is an unacceptable

material for rÌprap because it rapidly disinteorates 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 ìf the revetment is to perform

well. A'lthough the revetment may have withstood the

maximum possible attack in its first few years of operation,

its performance could deteriorate rapid'ly because of a lack

of stone durability. The California Division of Highways

(tgZO) 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

-26-
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sìze required for the same level of attack.

2. The stones shali be hard, durable, angular in shape,

and free from cracks.

3. Neither breath nor depth of a sing'le stone shall be

less than one-thìrd its length. This ensures that

the stones wìll be more angu'lar than eíther rounded

or e'longated .

The necessity for the above can readi'ly be seen. If
the recommendations are fo]lowed the stones will:

1. be more resìstant to chemical and mechanical weathering

processes and wÌll not easily break up.

2. be d'iffÌcult to move because of the effect of inter-

. i ocki ng.

Gradation of Stones

The interlocking of stones of varying sizes is greater

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

graded for the revetment to perform properly. The gradatìon

recommended by the U.S. Corps of Engineers (1970)i is based

on past experience and stability analyses and is as follows:

1. The lower lìmÍt of hl5g stone should not be less than

the weight of stone required to withstand the design

shear forces.

2. The upper limit of Ìnl56 stone should not exceed that

weight which can be obtained economicaliy from the

quarry or that size which will satisfy layer thickness

requirements specified in Section 4.6 below.

:. ;.; .i ¿/ ,... ,!-: i 
. :jl

4.4
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The lower limit of W1g¡ stone should not be less

than two times the lower limit of l,.l5g stone.

The upper'lìmìt of W166 stone should not exceed:

five times the lower limit of !'l5g stone, that size

which can be obtained economically from the quarry,

or that size which wjll satisfy layer thickness

requirements specified in Section 4.6 below.

The lo\^/er limjt of hl15 stone should not be less than

one-sixteenth the upper limjt of hl1¡g stone.

The upper limit of lll15 stone should not be less than

the upper limit of W5g stone as required to satisfy

the criteria for graded stone filters, Sect'ion 4.7.

The bulk volume of stone lighter than the lrJ1S stone

should not exceed the volume of voids in lne revetment

wjthout this lighter stone.

l'lg to W15 stone may be used instead of }'l15 stone ín

criteria (5), (6), and (7) if desirable to better

utilize available stone sizes.

!'] is the weight of the stone in lb, and the subscript

refers to the percent by weight finer than as produced by

a sìeve analysis of the stones.

Revetment Sl ope

A mass of stone on an essentially 'leve1 surface assumes

a stable cone like 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

3.

4.

5.

6.

7.

8.

4.5

l: ::: . :: tr:':

-28-



repose of the stones. By using various gradations of

stone the angle of repose can be varied. The relat'ionship

between stone s'ize, expressed in terms of a representative

diameter, and the angle of repose is obtained from Figure

10. The factor of safety aga'inst sliding, whjch is a

measure of the stabi'lity of the face slope of a mass of

stones inclined at an ang'le to the horÍzontal , is equa'l to

unity when the slope ang'le is equaì to the angle of repose

of the dumped stone mass. The median grain size, D5g, of

the stone gradation ìs used as the representative stone size.

Disturbing forces which have components of force acting

in a downslope direction cause the stabif ity of the revet-

ment to be reduced and may cause dis'lodgment of marginal'ly

stable stones. This situation exists for the :"iprap

revetment placed on a bend where the spira'l nature of the

flow produces velocitjes which act down the revetment s1ope.

The lift forces, caused by the reduction in pressure as

the spacing of the streamlines above the riprap part'ic1es

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 resistìng failure to those tending to cause

faiìure) is usually taken as 1.5 although the design engineer

may accept a lower factor of safety if conditions warrant it.

-29-
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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 stabi'lity of the revetment, a'lthough affected principal ly

by the flowo is a'lso dependent on the slope of the bank or

embankment on which it rests. Because river banks are

generally steep in actìvely eroding areas it is necessary,

both from stability and economic concerns, to grade the

bank to a more gradual s'lope. Slope stability concerns will

usually dictate the amount of grading required on a river

bank.

4,6 Revetment Thickness

The stones used in the revetment should be contained

reasonably well wìthin the riprap layer to pro"'ide maximum

resistancetotheero3iveforce!andreducethedrag

forcesexertedbythef]owonoversizedstonesprotruding

from the main body of the revetment. The oversized stone, 
i

may cause ri prap fai I ure by creati ng excessive I ocal ,,,,...,,.
- t: :,. _:-.

turbulence that removes sma'ller stones and destroys the ,, 
,:,t

f i lter layer beneath. The oversized stones should be :r: :::: :'

removed and rep'laced with stones of smaller size. The

following criteria which apply to riprap layer thickness )

have been proposed by the U.S. Corps of Eng'ineers (19i0): it...',,,

1. It should not be less than the spherical diameter

of the upper limit Wlgg stone or less than 1..5

times the spherica'l diameter of the upper limit l^l5¡

-31 -



4.7

stone, wh'ichever results ìn the greater thickness.

2. It should not be less than 12 inches for practicaì

p1 acement.

3. The thickness determined by either (t) or (2) should

be increased by 50 percent when the stones are p'laced

underwater to provide for uncertaintìes associated

with this type of Placement.

4. An increase in thickness of 6 to L2 inches, accompan'ied

' by an appropriate increase in stone sizes, should be

provided where rìprap revetments will be subiect to

attack by 'large floatjng debris or by waves caused

by power craft and high winds.

Fil ter Blanket

A filter blanket is usual'ly needed beneath the riprap

cover to prevent the water from removing bank material

through voids in the structure. Removal of materjal from

the protected bank leaves cavit'ies behind the revetment

that could cause failure, especÌa1'ly of the more rigid types

of revetments. The dumped riprap revetment is capab'le of

deflecting into 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 immedìate'ly. It may take place after a

number of high water and low water cycles.

Filter layers are not aìways required. If the gradation

of the riprap layer satisfies filter layer desìgn criteria,
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no loss of bank material should occur. And if the bank

consists of cohesive material the strength of the

turbulence eddies beneath the stones are likely to be

too weak to transport bank material away.

One or more layers of materÌa1 may be used between

the riprap and the bank to ensure no loss of bank material.

The requirements for fi'lter blankets are as follows:

1. D5¡ (riprap)
ffiì¡uäj-''+o 4'1

2. - Drs (riprap)
þ (r :-----=:-------l- < r40DtS (base)

3. D15 (riprap)

nas (bus.) < \5

4.2

4.3

4. The gradation curves for a ríprap 'layer and the bank

should be essentially paralìe'|.

The words "riprap" and "base" should be changed to

"coarse" and "fine" vn,hen investigating the requifements

for two layers of filter material.

The gradation guide'lines listed above are taken from

Searcy (1967).

The filter requirements described above apply to

gravel filters. Filter cloths are becoming increasingly

popular. They are made of a synthetic material and whiìe

allowing the passage of water prevent the movement of bank

material. The cloths may be used with any size stone.

They are strong and durable and easy to install. Figure 11

âa
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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 sìoping surface increases

with depth along 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 channe'l the greater the shear force at the toe and the

greater the size of stone requ'ired at the toe of a

revetment. Because the shear force varÌes, the gradatìon

of stone used may vary but for ease of construction and

simp'licity of design the same gradation may be'rsed through-

out the slope length of the revetment. The need to provide

protectìon against wave action may boost the size of stone

required at the surface and changìng the size of stone may

also prove to be uneconomical.

A unjform gradation of stones was used for the revet-

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

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

Vel oci ty of Fl ow

The disruptive forces acting on a stone partic'le in a

riprap revetment are those of gravìty, drag and lift. 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 lift forces are more

easiìy computed. Drag acts in a direction essentially

paralle'l to the flow and lift acts upwards perpendicular

to the slope. The equationi of drag and lift, as proposed

by Albertson et al (tg6t), are as follows:

, FD=CD pf v2 o 4.4
2 "'

where Fp = drag force

Cp = drag coefficient (dependent on Reynolds

Number, shape factor and relative roughness

of the stone particles)

oþ = densitY of the fluid

V = Velocity of the flow near particle

A = perpendicular projected area of a particle

in the flow

and,

FL=CL og v2 n 4.5
2n

where FL = I ift force

CL = coefficient of lift (dependent on Reynolds

Number, shape factor and relative roughness

of the stone particles)

A = horizontal projected area of a partìcie.

The forces of drag and lift act at right angles to each

other.

Allowance may be made for the forces of turbuìence by

-36-



increasing the velocity "V" but thjs does not give a tnue

representation of how the forces of turbulence act.

Eddies around the stone are capable of generating forces

which act alternateìy into the revetment (aids stability)

and out of the revetment (reduces stabil ity). More research

is necessary before the forces, due to turbulent eddies,

can be expressed in equation form.

Drag and lift forces tend to cause rotation of individual

partìcles out of the revetment. Should the f'low succeed Ìn

moving a particleo 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

resjsting forces if the revetment is to remai;', stable.

The intensity of the forces acting on the stone part'ic'les

may be computed from a knowledge of the velocity against the

revetment but it is sometimes difficult to obtain all the

field data necessary to compute, fairly accurately, the

velocity against the revetment. In the absence of adequate

data, the velocìty 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 ve'locity of the flow for revet-

ments constructed Ín severe bends

-37-



These specifications were taken from Bank and Shore

Protection by the California DivÍsion of Highways (tgZO).

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 Tab]e 3).

Figure 12 is a definition sketch or a free body

diagram showing the forces acting on a stone particle in

a riprap revetment.

4.i0 Angle of Attack

The momentum transferred from a jet of water to a

rigid surface increases as the angle between the water iet
and the surfaces changes from 0 to 900. The direction

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

of erosion and scour on the bed and banks. Tl,- sharper

the curve the greater are the disturbing forces.

4.11 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 
,,,i,'.1

cause the washing away of surface material. The revetment 
r"::

must be capab'le 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. 0n ':''::Ì

small rivers this addÍtional height above hìgh water level

may be I - 2 feet, but on larger rivers the freeboard

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

: i: :'
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high water level for the design flood.

4.12 Nature of the Banks

The revetment armouring a bank depends on the

foundation material for support. The revetment is in

danger if the bank js likely to fail by sìumping or sliding

(typical landslide modes of failure).

Revetments put in position by the launching process

are particularly dependent on the nature of the bank

material. The revetment will on'ly launch properìy, 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. Cohesìve material stands at much steeper angles

than non-cohesive material. The surface of an eroding

bank having alternate ìayers of cohesjve and non-cohesive

material is shown in Figure 14. It is impossible to provide,

at a reasonable cost, a launched revetment to protect buch a

bank. A pìaced revetment is necessary. The slope must be

trimmed and graded before placement of the revetment

For both the p'laced revetment and the launched revet-

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

the revetment. Any conditions, within the bank, 1ike1y to

cause instability and sliding must be controlled' or if
possible, eliminated. An example of such a cond'ition is

a high water table. The danger of sliding due to this

.40-
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condition may be reduced by construction of drainage

ditches at the top of the slope or instalf ing subsurface

dra'inage conduits (perforated tiie drains) to reduce the

pore pressure build-up within the bank.

::]:
::.:

'-:
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5. RIPRAP REVETMINT DESIGN

5.1 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, rinrap p'lacement and

stone size. A method for arriving at the size of stone

_ required to protect an erod'ing bank has been proposed by

Stevens et a'l (i974). The theoretical development of this

method 'is presented.

5.2 Revetment Configuration

5.2.1 Revetment Toe Protection

All structures require stable foundations if they are

to function proper'ly. The same is also true for riprap

revetments. The scouring process at a bend causes a steepen-

ing of the underwater s'lope a'long the base of the bank. If 
l

material is available from the bank, the slope of the hole 
ì

is reduced because of the s'loughìng 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 s'lope

revetmentisassuredbyconstructionofatoeapronstructure

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 v{,ays.

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 Ìs placed w'ithjn

a trench excavated in the bed of the channel. Figure 2

illustrates five configurations that may be used for rjprap

toe aprons. These conf igurations apply on'ly to the p'laced

revetment.

Although it ìs usual to use rÌprap 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 p'laced on the

surface of the bed its outer edge is expected to drop

downwards as scouring takes p'lace. If riprap is used,

sufficient stone mult be provìded beforehand, so that as

stones fall into the scour hole, a layer of stones having

adequate thickness ìs formed. If a mattress of wire-and-

stone or concrete blocks is used, there must be sufficient

flexjbiiity 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

quantìty of stone in a rìprap toe apron must be such thit

adequate coverage of the scour hole side slope is achieved

after redistribution of the stones.

The riprap apron p'laced in the bed of the channel

must have a configuration either as shown jn Figure 2 (a),

'"'-"'"""-l:'.'

-45-



';::;l:_f:::i:l:::i11,.,r:'r:,:'-_.!r"'irL-r:. : ..::'--:.-'J'-':"...,-.'.--'.1:!:.')

(b) or (d). Figure 2 (a) or 2 (b) is used when the trench

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

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

water. The followÌng criteria apply to the various methods

of toe protect'ion illustrated in F'ìgure 2:

1. Method A

When toe excavation can be made in the dry, the normal

riprap layer shou'ld be extended below the existing

groundìine a distance equal to the anticipated depth

of scour.

2. Method B

When the low water surface or groundwater level. is near

the existing groundìine so that excavat,ion is in the

wet, a horìzontal stone layer should be provided to a

depth'a' equa'l to 3 - 5 feet, a thjckness'b' not less

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 Ìncreased to pr:ovide sufficient

stone for adjustment of the toe and protection of the

revetment as scour occurs.

3. Method C

When the riprap js 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 respect'ive'ly.
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5.2.2

4. Method D

When the riprap is to be p'laced under water and

appreciable stream bed erosion may occur, a th'ickened

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

'c' equa'l to 3T and 5T respectively.

5. Method E

When the bottom of the channel is in rock, the normal

layer of riprap should be keyed into the rock strata

at stream bed level.

Revetment End Protection

The extent of a revetment is governed by the extent of

erosi'on and scour. Although it is good practice to continue

revetments to zones of non-eroding velocities, th'is ìs some-

times impracticaì. The revetment ìs therefore terminated

in zones having velocjties capable of transporting bank

material. In this situation the protection of the ends of

the revetment is of vital importance.

Protection is provìded 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 Ín Fìgure 15 (c). The purpose of the

end r¡¡all is to prevent eddies, formed at the ends of the

revetment, from underminìng the revetment. Because the

change in channel roughness at the revetment end is 1ike1y

to cause the generation of eddÍes, some end thickening may

be beneficial in revetments terminated in zones of non-erodìng
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velocities. The followìng 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-

2. Method B

For riprap revetments exceeding L2 inches ìn th'ickness,

one or more reductions in rÌprap thickness and stone
]

size may be adopted for a distance 'a' in which

velocíties decrease to a non-erodìng natural channel

ve'l oc'ity.
l

3. Method C

For al1 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

I ayer thickness , resPective'lY ,
':

4. Method D 
,l

For rìprap revetments exceedìng 24 inches in thickness )

cons'ideration should be given to the economy of adopting

method D ìnstead of method C. The stub, with thickness

T3 eQual to T, should be p'laced at the extremity of the i'

revetment proper and the revetment extended a distance

'a' with smaller stone size and thickness T2 to a non-

eroding location. The stub 'b' should equal 2.5 times T1.
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End walls were provÍded in all the revetments used

in the model tests except those placed by the 'launching

process. Launched revetments do not have end wal I s or

thickened ends.

Riprap Placement

The stones used in a riprap revetment may be

pos'itioned by dumping from trucks or cranes or spreading

by buìldozers. l^lhen dumping is from trucks or cranes

small increments of stone should be introduced as close to

their final positions as practical. Thjs ensures that the

stones are not damaged by impact of one stone against the

other and that dislodgment of the prev'iously placed stones

does not occur. Although stones may be p'laced on a side

slope by pushing the stones over the crest of the s'lope

this method is not recommended. A large amount of

segregation and breakage can occur. Smoothening and other

rehandl'ing activities required to smooth the revetment

face also lead to segregation and breakage and are not

recommended.

The d'irect applÌcation of btone 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 'lining formed by the actual

erosion and scour process. Stones, dumped on a bench on

the slope or on the top of the slope, are undermjned due

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

-50-



Progressive movement of stones down the slope eventua'lìy

produces a lining approximateìy 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 varìations in toe apron

configuration, revetment thickness, height, extent and

p'lacement, etc. will be tested in the series of ìaboratory

tests and their performances compared.

5.4 Theoretical Development for Stone Size

In the absence of waves and seepage forces, the stabiì'ity

of stone riprap particles on a side slope is a function of

the fol 1owìng:

1. The magnitude and direction of the stream velocity 'in

the vici n'ity of the stone particl es

2. The angle of the side sloPe

3. The characteristics of the stones, includ'ing stone

shape, size and densitY

4. The angle of repose of the stones

The functional relationships between the variables are

developed be]ow. The development is that given by stevens

et al (1974).

5.4.1 0blìque Flow on a Side Slope

consider flow along an embankment as shown in Figune

L2. The fluid forces on a stone partic'le, Figure 12 (b)'

result primarily from fluid pressures around the part'icìe.

The fluid force acting normal to the plane of the bank is
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the lift force F¡. The ljft 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, FD, is defined as the fluid

force acting on the particle in the d'irect'ion of the

velocity field near the particle. The drag and lift
forces act at right angles to the flow. The submerged

weìght of the stone particle is Ws.

The stone particles in a p'laced revetment move by

rolling instead of slìdìng. It is therefore appropriate

to consÍder the stabiìity of stone particles in terms of

moments about the poìnt of rotation. In Figure 12 (b),

the direction of movement is defined by the vector R.

The po'int of contact about which the upper stone particle

moves is identified as point "0" in Fìgure 12 (c).

The forces acting ìn the plane of the side slope are

Fp and lnl, sin0, as shown in Figure 12 (b). The angle 0 is

the side slope angle measured from the horizontal. The

lift force acts normal to the side slope and l^15 cos€' one

component of the submerged weight of the stone acts normal

to the side slope but opposite to F¡.

At inc'ipient motion, there is a balance of moments

about the contact poìnt "0" such that

I^l, cos0 = .1W, s].n€;cosO + e3FD coso + e4FL 5.1

The moment arms e1: e2, e3 and e4 are defined in Figure

12 (c) and the angles ô and ß are shown in Fìgure 12.

-52-



The factor of safety "S" of the partìc'le against

rotatjon js defined as the ratio of the moments resist'ing

rotation out of the riprap ìayer to the moments tendìng

to cause rotation. AccordinglV,

I

l-^e= =, t2[ttoto= 
^-/" eltlls sinO æos ß + e3FD cosO + e4FL

If there is no flow and the side slope'is increased to the

angle of repose ó,for the stone material, the safety factor

becomes un'ity. Then

S = 1..0

where

€=,Þ

ß=00

À,-00

ô = 9o- (.r, + e)

= 900

with these values, Equation 5.2 reduces to

elW" cosó- .._' - 1 5.3e1W5 sinQ -

or

tanó=g 5.4
e1

That ìS, the ratio of the moment u.tr t1 is characterized
e2

by the natural angle of repose 0.. Further, it js assumed

that the rat'io e2 is invariant to the d'irection of particìe
e1

motion indicated by the angle ß.

i!
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Dividi ng both numerator and denomi nator by e1l,Jt , equatí on

5.2 is transformed to

^ coso .tano tr tr" - ñ-tan6 + s'inO.cosß

in which

, e3FD e4FL
n' = ëZf; cos6 * .¡ç; 5.6

The variable n' is called the stability number for the

particle on the side slope and is related to the Shield's
t.lo

parameter G:TtiD65
Here re is the average fractìve force on the bed, S, is the

specìfic we'ight of the stone, y is the unit weight of water

and D65 is the representative gra'in size' of the stone

particles (DOS is the diameter of the stone which ìs 65

percent finer by weight).

The ang'le À shown in Figure 12 is the ang'le between

the horizontal anC the velocity vector (or drag force)

measured in the pìane of the side s'lope. Then

ô = 90_ ( À+ ß) 5.7

SO

cos6 = cos tgo- ( ri+g )l 5.8

:= sin (r +e )

al so i:,u

sin6 = sin [90- (r'+g )] 5.9 i:ri:'

= cos¡,i .cosß - sinÀ isinß

It is assumed that the monlents of the drag force Fg

and the component of submerged weight t^lt sin0 normal to
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the path R are balanced so that the direction of particie

motion will be along R. Thus

e3F¡ sino = êLl¡ls sino.sÍnß

It follows then from Equations 5.9 and 5.10 that

sinß erFn sinô
=vu

E[sJ-=Tn o

= e3FD(cosrl ,c9sß - sirii' .sinß )

e1l^l, s'i n o

tan ß
COS À

The stabil

w'ith 6 - 0

11Ig sjno + sinÀ
e3l- D

ity number n for particles on a plane bed (0,= o)

would be

5. 10

5.11

or

¡ = e3FD

ê2lnls

accordjng to

^1\=
n

5.12

+ e4FL b.13
ry;

Equation 5.6. Also, tquat'ion 5.5 becomes

5. 14

for flow over a plane flat bed.

For incipient motjon conditions for flow over a p'lane

flat bed, S = 1.0 by definition so from Equation 5.14,

n = 1.0. lrlhen the flolv along the bed is ful]y turbulent,

the Shields' parameter for incipient motion has the value

of 0.047 according to Gessler (tgZt). That is, with

n = 1.0

T¡-frT" = o'047
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For flow conditions other than incipient n js the ratio

1 to
0.047 (Ss-1) vDoS

or

2trsn= (Sr-i) yDoS

For convenience, let

e¡Ft
Irl-LIL

e2l¡Js

and

n' - ê3FD

e2bl5

5. 16

5.17

tr'ro

In terms of these two new variables, Equation 5.6 becomes

n'=M+i\cos5

and Equat'ion 5.13 becomes

n=M4N

Thus n' and n are rel a ted by the express'ion

5. 19

5. 20

n' $ + coso
=- 5.21.n S* r

N

Equation 5.2I is represented graphical'ly in Figure 16.

The problem is to select the proper value of the ratio

so that the stabjlity factor on a slide slope n' can be

related to the stabif ity factor on a plane horizontal bed'

n, whìch 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 l'ift force F¡
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means M/N is zero and n'/n = cosô For finite values of

lift and drag forces, the stab'ility factor ratios are

between the lim'its zero and cos6

In considering incipient motion of stone part'icles,

the rat'ios F¡lF¡ and e4le3 vary deperfd'ing on the turbulent

conditions of the flow and the interlocking arrangement of

the stone particles. In referrìng to Figure 12 it is

reasonable to assume that

e/rt-^
L

e3

and

FL 
= r/z

F¡

so that

5.22

5.23

U = e4FL= 1 4.24
N e3Fp

with M/N = 1, Equation S.ZL becomes

n' = 1*cos6 5.Zsn ---2-
or by using Equation 5.8

nlr¡ = l*sin(f +g) q?^n--z-
In Equat'ion 5.12, the term elWr/egFU can be written

ell'ls = ez Ìn]s e1 
s.Z7e3FD e3 F¡ ez

_1 1= N.Tñ_ó

according to Equations 5.LB and 5.4.
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For M/l'l = 1, Equation 5.20 Becomes

rrl = n 5.28,r2

If we substitute Equation 5.27 and 5.28 into Equation

5.12, the expression for 6 becomes

tanß 5.29

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 s'lope and flow

by the fo'l l owing equat'ions :

coso . tanQi
5. 30¡lUt

in which

n'tan0! + sin0l.cosß

= tan-1
COS trI

5. 31

cos trl= 4sîr1oîl .*À
nta n0

2 sine, + sjntr
ntanqì

2l ron=

and

' nt = n

(Ss-l) v{u65
5.32

5. 33

Given a stone gradation hav'ing a stone specific gravity 55o

angle of repose ó and a velocity field at an ang'le Àto the

horizonta'I, producing a tractive force to orì the bed and a

side slope angle of e, 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 inc'ipient

motion, if Sr is less than unity, the riprap wiìl fail.

.L + sin (r +g ).,LT'
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5.4..2 Horizontal Flow on a S-ide Slope

in many c'ircumstances, the flow angularity with the

horizontal is small, i.e., À = 0. Equat'ions 5.31 and

5.33 reduce to

ß = tan-1 ¡ntanÖ 1,2 sin0-
5. 34

and

n' = rì tl +-sing 't S.352'
When Equatjons 5.34 and 5.35 are substituted into Equatìon

5.30, the expression for the safety factor for horizontal

flow along a side slope'is

s - I t(Ez+4)rz-E1 s.36
2

in which

q = S*. nseco 5.37

and

S¡n = !gn0- 5.38
tan0

If we solve Equations 5.36 and 5.37 for n, then

S'2 - 52n = tffi ],cosOr 5. 39

The term S¡x is the safety factor for riprap on a side slope

with no flow. Unless the flow is up the sìope, the safety

factor for the riprap cannot be greater than S*.

5.4.3 Flow on a Plane Sloping Bed

Fow over a plane bed at a sìope of a degrees in the

downstream direction is equivalent to oblique flow on a

side slope with 0 =o , and 'À = 900.
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Then, accordìng to Equatìon 5.31, ß = 0 and from

Equation 5.33

n, = nrJ-l!#$ s.40

It follows from Equation 5.30 that

s.F - cosct..tan{ 5.41¿., ntanþ * si ns

for floì¡/ on a plane bed sloping a degrees to the horizontal.

Alternatively solving for n in tquation 5.41

- 1 tana'n = cosü, tSÏ-ür6f

5.4.4 Flow on a Horizontal Bed

reduces to

iar
n

----=]-9-- = 0.047
( sr-') v D65

For fully developed rough turbulent flow over a plane

horizontal bed ( o = 0) of stone riprap, Equation 5.41

If the riprap particles are at the condition of inc'ipient

motion, S.F = 1,soìn = L and from Equation 5.32

5.42

5.43

5.44

which is Shields' criteria for the initiat'ion of motion.
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Thefjrstpartofthethesisdealtwiththetypesof

rìprap revetments, the suitabi'lity of stone as revetment material '

the factors jnfluencìng riprap stab'i'lìty, the factors affecting

erosion and scour, the processes of erosion and scour and finally

the theoretical development of the stability ana'lysis for riprap

liners on river banks.

The second part of the thesjs, chapters 6 and 7o descrjbe

the test procedures and the tests themselves, and discusses the

results of the tests. Chapter B 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. TESTING OF THE MODEL

6.1 introduction

The obiective of the study was to compare the perform-

ance of the launched revetment and the p'laced revetment

wi th res pect to the f ol 'l 
owi ng :

1. The change in scour hole depth and formation when

going from a placed revetment configuration, with and

without toe protection, to the launched revetment

confì gurati on .

2. The behaviour of revetments lining the entire concave

bank vs the behaviour of revetments which do not fu'l'ly

line the concave bank.

3. The most effìcient nrethod of placing stones for the

launching of a revetment.

4. The ljklihood of significant loss of stones from a

launched revetment.

5. The movement of bed material along the toe of the

concave bank.

6. The movement of stones down the s'lope (whether by

rolling or slìding).

7. The need for inner bank protection when using concave

bank revetments of limited extent.

6.2 Model Layout

6.2.1 Model Material

The sand available in the laboratory was too large

L:. :ì..-;.i
L.:t r -
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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 ìn a test run and

this material was found to be suitable. Bed movement, as

would take place ìn 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 v'rhich would satìsfy filter 'layer

requìrements (see Sect'ion 4.7) could be computed. Small

size materiaj was separated from gravel available in the

laboratory and a graìn sìze analys'is performed. As

stated in Section 4.7, the best relationshjp between the

gra'in size curves of the riprap layer and the bank is a

parallel one. The two grades of rjprap used agree with

this specification, lrlith Grade 1 riprap agreeìng very

closely with the paral'le'l criterion. Figure L7 also

presents the gra'in 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 ì'ike1y

i::i'-64-



BED tIlATER IAL R IPRAP

Dgb = 0.56

Db0 = 0.40

035 = 0.39

t]l5 = 0.28

mrn

n1fn

nlnl

rnn1

Grade 1

Dgb = 4.2

050 = 3.2

D3b = 3.0

Dlb = 2.5

Grade 2

mm 9.5 mm

tnnt 5.8 mm

rnm 5.3 mm

mm 4.1 rnrn

t00

80

40

t-ï
o
uJ

ì
cô

d
UJ

z
E
t-
z
LU
UÉ
Lll
ô_

20

100 50 40 20 ló

SIEVE SIZE

FIGURE I7. GRAIN SIZE ANALYSIS OF CRUSHED

J
CR US HED \A

ISHELL
ALNU RI PRA P\

V
I (l) ('r)

/ lt
z.

- ó5-

WALNUT SHELL AND RIPRAP.



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.

6.2.2 Model Scal es

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 jn a prototype

channel were a tta'i nabl e .

4. Overall model behaviour was acceptabìe.

The model results may be used to predict the behaviour

of a prototype channel by means of the Buckìngham Pi Theory.

This theory provides the engineer w'ith 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 hydrognaph was not run. The discharge

was Ìncreased 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 suppìy of water to the model were adiusted
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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 po'int 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 L8 and 19, is contained within an

B ft. wide by 2 ft. 4 in. high L-shaped box constructed

of piywood. The dimensjons of the long limb are 20 ft.
and 12 ft. respect'ively and those of the short I jmb are

i6 ft. and I 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 port'ion 'is so

shaped as to accommodate a channel of crushed walnut shell

which is separated from the sand by a plastjc membrane.

Stilling basins, l ft. wide by I ft. long are partitìoned

off at the beginning and end of the channel. A baffle and

a concrete apron, 2 ft. long, are constructed at the

beg'inning of the channel to reduce entrance turbulence and

lead the flowing water smoothly ìnto the channel. A gate

at the end of the box is used to control the depths of

flow Ìn the channel.

Two in. x 2 in. ang'le 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 wìth
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wheels for easy handling. All ìmportant areas of the

model channel are covered by using this system of trolleys.

Cross-sections of the channel and water surface levels are

measured us'ing the poìnt gauge. Cross-sections are estab- 
r

lished every 150 of curve with the first and second to last -:'

cross-sectìons established 3 in. upstream and downstream

of the tangent poìnts of straight portìons of the channel.

The radjus to the centre-line of the channel is 7 ft. 3 in., 
'

1l

the bottom wìdth of the channel is 12 in. and the side 
i,,,

slopes are 2:1. The shape of the channel is obtained by

using two templates; one js attached to a trolley that

covers the straight portions of the channel and the second

isattachedtoarotatingarmwhichpivotsaboutapo'int,0'

outside the limìts of the box.

Waterissupp1iedtothemodelfromama.insumpby

means of a recirculating pump. The discharge is obtained 
I

by measuring the tjme taken to collect a known quantity of i

l

water in a large capacìty calibrated trank. The sump iS 
,

located on the ground floor of the laboratory while the ,''

..1:'

model is on the fjrst floor. The sump is 10 ft. x 30 ft.
x 20 ft. deep. 0rdinary tabìe tennìs bails, plus balls

weighted with smali quantities of mercury are used to

observe the high velocity stream I ines within the f low. By 
..,.

timing these floats over a specific distance a'long the

channel, the average surface and near surface velocìties of

the flowing water are obtained.
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6.3 Testing Proqramme

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

protecti on.

Tests 4 to 14 are performed with various configurations

of revetment and revetment type (pìaced or launched) and

two grades of riprap. Tests 4 to 10 are run w'ith niprap

having a median grain size of 5.8 mm and tests 11 to 14

are run with riprap having a med'ian grain size of 3.2 mm.

The behavour of the stones in the two gradations and the

overal'l performance of the revetments having different sjze

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 tensìon reducing agents. Test 15 showed that

the addition of these additives did not affect the model

material. Test 15 also indjcated that the presence of a

small percentage of riprap material in the bed of the

channel d'id not signif icant'ly aff ect the performance of

the model (complete removal, after each test, of the riprap

particles present in the bed material would be time

i..:..
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6.4

consumìng and like'ly not pract'ica'l

remained after each test).

Testing Procedure

A few riprap particles

Water was Ìntroduced to the model by fi'l1ing the down-

stream stilling basin and allowing the water to travel

very s'lowly up the channel. The control valve between the

sump and the model was opened very s'low'ly 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 introduc'ing water to the

channel in this manner no disturbance of the contoured bed

was possible. The discharge is ìncreased by openìng the

valve and the depth of flow is control'led by lowering or

raising the gate.

By opening the control valve sìowìy, the discharge

was increased until a state of "incÌp'ient motion", aS

judged by the author, was attained. This state \^,as reached

when a Slow general movement of bed material was observed

over the width of the channel. Measurements of the water

surface elevations were then made and the discharge measured

by recordìng the time requÌred 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.

-72-



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 d'ischarge by cross-

sectional area. The floats were also used to describe

the paths of high velocity currents.

tach test was run for approximately fjve hours. By

this time the movement of bed material w'ithin the scour

holes had slowed appreciab'ly and it was unnecessary to

continue the tests any longer.

A test is halted by reducing the diicharge and at

the same time raising the control gate. The rate of flow

is slowly reduced to zero and the water remaining ìn the

channel and sti'l I i ng basì ns ì s syphoned of f ut'il'izi ng two

syphons; one in the lower stilling basin and the other in

the upper basin. By draining off the water in thìs manner

the bed patterns are preserved. Point gauge readìngs

enable the changes ìn cross-sections to be pìotted as

shown in Figures 20 to 34.

1-:1::r: ! I r:1.ili.i!'/.ti;::'li¿.:.:;i-:
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7. DISCUSSION OF TEST RESULTS

7.r I ntroducti on

To ascertain that the model would produce acceptable

results, a typical model channel vlas allowed to erode and

scour and the bed forms and dune patterns observed. The

following observations were made:

i. The movement of bed material first began at the inside

bank between sections B-B and C-C.

2. 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.

3. Bed material displaced from along the concave bank at

section c-c and was being moved diagonal]y across the

channel towards sections D-D and E-t.

4. Movement of material from the concave bank at section

F-F began iust before movement at the concave bank jn 3.

5. As the dune along the inner bank between sections D-D

and E-E became larger in extent and hejght, erosion

of the concave bank at section F-F began progress'ing

upstream.

6. I^lith increasing d'ischarge and increased bank irregu-

1arity, erosion and scour at the concave bank becanle

greater.

7. Turbulent eddies began forming at the concave bank as

a result of local geometric irreguìarities at the bank.

;):al

itlt,
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B. The bed consìsts of a series of dunes progress'ing

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. I^lith the passage of a dune, scour holes are alternate'ly

filled in and scoured out.

L2. The scour holes formed along the concave bank eventual'ly

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

I 'ip of the hol e.

The observations listed above indicate that the model

behaves as a natural channel would behave and can be used

to pred'ict PrototYPe behaviour.

7 .2 Prel imi nary Tests

The prei'iminary Tests 1, 2 and 3 were performed without

rì prap protect'ion. It was observed whi I e perf orm'ing these

tests, and this is shown in Figures 20,2I and 22, that

deposit'ion occurred at the toe of the convex bank between

sections D-D and G-G and on the lower part of the bank. In

addition to thjs, it was observed that the bed material

deposjted in the v'icinjty of section E-E is usually less
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than that deposjted at sections D-D, F-F and G-G and that

erosion of the inner bank at the waterl'ine 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 channel s.

Before an advanced stage of scour hole development

is attained at section D-D, the velocity streamlines are

directed towards the concave bank. This is caused by the

action of centrifugal forces actìng on the body of moving

water. These centrifugaì forces combjne with the main

current act'ing down the channel and produce a spìral motion

wi thi n the f I ow. Th'is spi ra'l characteri sti c of the f I ow

is part'ly responsible for moving bed material from the toe

of the concave bank to the toe of the convex bank. As

material is shifted tov¡ards the convex bank, dunes are

formed. These dunes grow in size and cause a progress'ive

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 wìthin

the bencl. The transfer of bed material from the bed at the

toe of the concave bank becomes faster and turbulence

causes the finer bed part'icles to become trapped in the flow.

This suspended material 'is transported further downstream
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than the heavier saltatìng material near the bed. tventu-

al ly the scour hol e advances to 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 ax'is

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 initjates the erosÍon of

the convex bank. Dune building along the base of the convex

bank continues and eventually erosion at the inner bank slows

appreciab'ly until it ceases a'ltogether. The scour hole at

the concave bank contìnues to develop until movement becomes

so slow that it is ajmost imperceptible with the naked eye.

The tests are stopped at this tìme and the water drained

off slow'ly to preserve the bed patterns. The bed is then

prof i I ed us i ng a po'int gauge

The degree of scouring at bends and other natural

channel configurations such as confluences and constructions

is represented by the so called "2" factor, where Z is the

ratio of maximum depth ìn 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

-80-
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of the surface velocities. These velocities were approxì-

mately 40 - 50 percent greater than the average velocities

of the flow and better represented the velocity aga'inst the

concave bank. This method of obtaining velocìties was used

because introduction of velocity measuring devices near the

bed and banks would have caused additional unwanted turbulence

within the flow.

7.3 Riprap Placed Before EroSion

The riprap configuratÌons tested are shown Ìn Figures

23 to 28. Besides havìng changes in their vertìcal profiìes,

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 ìnvolve riprap structures which were p'laced

before the introduction of water to the model. These

arangements 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 varjous designs are shown ìn Figure 23 to 28 and jn

the photographs presented ìn Appendix A.

Test 4 consìsted of a revetment having an embedded riprap

toe trench and Tests 5 and 6 involved revetments having toe

aprons of different lengths restìng 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 B incorporates an inner bank
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lining with a split revetment on the concave bank. Test

t has a shorter revetment on the concave bank. No inner

bank protection is used in Test 9.

7 .3.1 Test 4

As jn the previous tests, the first area to undergo

significant movement in Test 4 was in the left quarter of

the channel mìdway between sectìon B-B and C-C. This materiat 
,,,,,,

was shifted towards the Ìnner 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 hìgh velocity currents from the concave

bankisnotaSSeVereasÌntheprev.ioustests.Theturbulent

eddìes assocìated with an eroding bank are eliminated and

because the toe apron extends for some distance out into the

channel most of the high veloc'ity flow is contained in an area

of the channel which is armoured with resistant material. 
i

Although a scour hole is formed in the bed it is not as deep

as the holes formed in Tests L, 2 and 3. Onìy a very smal, 
,,,,

quant'ity of riprap material is disp'laced into the scour holes. 
,:,',

(figure 23). The performance of this revetment is excellent "

and if space and tìme is of little concern thìs type of

revetment is recommended. l,,lith the toe apron embedded in

the bed, max'imum support is provided to the upper slope i':

structure and the reduction in flow area due to the revetment

is kept to a minimum. This revetment prov'ides a wìder

channel section of near'ly constant depth from approximateìy

ì ì.::i i:li '.r1.'-82-
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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 a'lìgnment of the flow and the

high velocity currents remaìn near the concave bank for a

greater d'istance downstream. Th'is effect was anticipated

so the revetment was terminated in an area where the high

velocity currents were Ìn 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 obtaÍned

with this revetment.

Tests 5 and 6

In Tests 5 and 6 the toe apron is piaced above the bed,

with the apron in Test 6 being ha'lf the width of the apron

in Test 5. (Figures 24 and 25). Because the area available

for the flow is reduced by the toe aprons, more of the flow

is shìfted towards the inner bank. Thjs shift occurs early

in the test runs and causes s'ignificant erosion at the

convex bank.' A'lthough this erosion slows as the tests

progress, the overall effect ìs 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.

Although the revetments ìn Tests 5 and 6 performed well in

the'ir f uncti on of protect'ing the concave bank , s'ignìf i cant
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erosion occurred at the inner bank in Test 5. This is one

reason why the design used in Test 4 ìs 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 ib the prÌme reason for the revetment, bed deepen-

ing will usually be of secondary ìmportance. Should this

be the case, the revetment of Test 6 ìs preferred to the

structure used in Test 5, but the revetment is still inferior

to the revetment of Test 4.

0f the six tests, Test 6 provided the best opportuníty

for observing the "launching of riprap" process. Fìgure 25

plots four cross-section prof'ìles from Test 6 and shows

the changes undergone by the toe apron. It was notìced

that when a stone partìcle moves over the face of the revet-

ment it usually moves by ro'lfing over the lower stones but

when the stone moves down the side slope of a scour hole it
sinks partiaì1y into the bed mat,erial and slides, rather

than rolls, from higher to 'lower elevations within the hole.

Movement of the stone ìs caused by the loss of bed material

from around the stone partìc'le. The stone therefore moves

in a series of stop and go motions.

Eventually, the matrix of stone particles and bed

material is adequate to provide protect"ion against further

scour. The performance of the launched section of the toe

apron illustrates that there ìs no need to have a continuous

riprap covering over the side slope of the scour hole.
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It has been suggested that revetments depending on

the "launchìng" process, are I'ikely to fail due to the loss

of riprap material to the stream. f,Jhile ìt seems possibie

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 jt 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 launched apron.

From the tests run, loss of rìprap 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 rìprap material to the stream.

The 7 factors for Tests 5 and 6 are 2.5 and 3.0 respectively.

7 .3.3 Test 7

In Test 7 the revetment was made thinner and without

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

a'long the concave bank vvere similar to those in the prev'ious

tests and riprap t^tas dìsplaced from the revetment. 0n the

revetment itself , the smaller less resistant partic'les

rolled over the more res'istant :l;âFger particles, but on

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

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

factor is 2.4.

:'1.-t
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Riprap Piaced During Erosion Process

Tests I and 9

The revetment on the outer bank in Test I is split into

two parts (see photographs for Test I 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 FÍgure 28). No riprap is p'laced on the ìnner 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

partialiy flanked by the flow and the al'ignment of the revet-

ment plus the irregu'larity of the eroding section of the concave

bank caused erosion to occur downstream of the revetment. The

revetment adjusted to wÌthstand the upstream attack but the

erosion downstream of 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 rìprap 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.

,7 .4

7.4.1
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The riprap-bed material matrix eventual'ly provided

adequate resistance to erosjon. The loss of bank material was

slowed and bed deepening qu'ickened. The test showed that this

method of introducing riprap to an eroding bank wi1'l provide

protection, but the method is not recommended for three reasons.

The first reason is the increased turbulence caused by

the rìprap partjcles falling onto the bank. impact forces are

added to the forces of eros'ion at the bank and a greater

quantity of bank material is removed. The second reason is the

danger associated with having machjnery 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-t.

The main revetment performs well, but erosion occurs upstream

of the revetment. Riprap was dumped onto the bank to 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 respectìve'ly.

These values are somewhat low for channels having a concave

bank protected with riprap. The scour holes may have been

onìy partly developed at the t'ime the tests were discont'inued.

Larger Z factors can be expected 'in prototype channeìs.

7.5 Riprap on Berm

7.5.I Tests 10 and 11

The formation of scour holes and the dune patterns

-93-



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 s'lope of the concave bank causes subsidence of

the edge of the berm and riprap part'icìes begin moving down

the s1ope. The movement of riprap is exactly as has been

prev'iousìy described but one fact must be emphasized.

Movement under these conditjons is slower and more quiet

than that caused by dumping in either Test B or 9. This is

to be expected because the stones do not possess the kìnetic

energy of dumped stones. This method is a better method

of formjng a launched revetment than that used in Tests 8

and 9. The new bank configuration is more even and little
or no erosion occurs on the convex bank. Unused riprap

material can be eas'ily removed if sufficient protection has

been provided or bank protection is no longer required.

The revetment formed usjng this method is an ideal way of

providing protectjon when time and money precludes the

building of 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 s'imilar to those obtained

in the tests hav'ing solÌd rìprap revetments but there is

one difference. The solid revetments produce scour holes

which are longer than those formed at the toes of launched

revetments. Th'is may be a direct result of bank migration.

When the outer bank js fully restrained from lateral
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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 deepenìng and outward movement of the concave

bank. However, two factors limit the use of thjs method.

They are the quantity of land available for construction

of the berm and the nature of the bank material. A launched

revetment Ís not possible if the bank erodes and scours

unevenly. (figure 14).

7 .5.2 Tests 12, 13 and 14

These channej and revetment configurations, Figures

31, 32 and 33, were arranged to allow overflow of the berm.

The configurations allowed some increase in flow area and

was used to investìgate 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 Ín the previous tests. Unfortunately, the overflow

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 ìnadequate. 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 failure
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of the suitab'ly constructed revetments, but the complete loss

of channel material would have occurred before failure could

be accompl ished.

7 .6 Test 15

The complete removal of revetment mater.ial from the bed of 
,,,..,.,.

the channel was time consuming and impractjcal. Test L5 was :

run to ensure that the few pebbles remain'ing in the channel did

not affect the behavjour of the model and that the addjtion of 
.:,::,:;.;

a surface tension reducing agent to the Water supply (for use ,,,;,",'.,:

in another model study) did not influence the model performance' 
',, ,it,,

Figure 34 indicates the changes undergone by the channel at the t:'::''

end of the test run.

The model behaviour jn Tests !,2,3 and L5 was sìmilar. 
'

7.7. Summarv 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 ;.....,:.
l',',,1t'-t''

to 2.b, whereas for the rigid banks the factor should range from li.,
: .:...-l

1.4 to 4) it must be emphasized that a probe could not be used '''''"

to monjtor the deepen'ing 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 relìability

will be given. The formation and locatìon of dunes and holes
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were as they wouìd be in actual channels because of the

mobility of crushed walnut shell. tddies u/ere formed in

scour holes in much the same way as jn real channels.

Surface eddies which indicate very minor cuments in the

upstream direction also occur at the water-bank line. This

phenomenon also occurs jn actual channels.

The problem of stone size is a bit more difficult to

deal with. Sca'ling the revetment model stone gradation'-

size to channel material relationship up to a prototype

would most likely result in a situation where the packing

of prototype stones could not physicalìy 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

sìzes for the prototype could lead to some djfficulty shouìd

not suggest a deficiency in the model study. Much ìarger

models are requ'ired to properly dup'licate the behaviour of

prototype revetments.

ing'lis (ig+g) stated that "Fal'lìng aprons should never

be used where the angle of repose of the under'lying

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 camy'ing out his test

-103-
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programme. Referuing to Fìgure 32, Section G-G of Test

13, it is read'ily noticed that no riprap exìsts on the

very steep porti on of the concave bank. A few areas of

the channel have exhibited this cohesive-like tendency;

possib'ly due to deterioration of the crushed walnut shell

or the introduction of very fine grained material to the

channel by the water. Thìs area of Section G-G, because

of its greater resistance to erosion, eroded more s1ow1y

than the other areas. Its slope is, as a result, steeper

and cannot maintain riprap particles. This effect is even

more detrimental to the ììning if it occurs at the lower

elevations on the channel side slopes. All riprap particles,

on encountering this feature of resjstant material between

layers of less resìstant material, will be djsìodged and

will accumulate at the toe of the slope where they are no

'longer requÍred. The quantity of stones used in such a

location will be very great if usìng the launched revetment

method of protection. Launched 'linings should only be

used on eroding banks, having bank and bed material with

lower ang'les of repose than that expected for riprap

partì cl es .

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 simìlar but a number of important pojnts must

be brought to the attentÌon of the reader. These are as

'. 
jrrjrl

! l:ij:t:ì:
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fol I ows :

1. The efficient protection offered by the larger stones

is matched by the protection provided by the smaller

stones.

2. The djsturbance 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 js not a signÌficant factor in the stability

of the launched lining.

4, The reduction in the area available to accommodate the

flow is less when using the smaller stones since the

revetment is essentìal1y thinner. The difference is,

however, smal 1 .

The loss of bank material through the voids of a

revetment could not be investigated. In all tests, channel

material was deposited within the voids of the revetment

during high flow. Loss of this mat.erial , together w'ith

bank material from beneath the revetment, could only be

initiated by'increasing the discharge greatly or increasing

the water surface s'lope. The success of such an exercise is

in doubt. Al1 patterns that had developed on the bed of the

channel would ìikely be obliterated and the changes in

channel cross-sectÌons impossible to assess.
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8. CONCLUSIONS

1. A launched riprap revetment provides efficient protection

to the concave bank of channels having bed and bank material

that scour evenly.

2. It is unnecessary to have a continuous riprap lining. Spaces

between individual stone part'icles can be tolerated.

3. The riprap lost from the scour hole is a very small percentage

of the quantity available in the revetment.

4. A more uniform launchìng is obtained by placing riprap on a

berm before the attack is expected, rather than dumping from

mechanicaj equipment while the scour process ìs in progress.

5. Stones with'irì a "p'laced" revetment move by rolling over each

other.

6. Stones within a launched revetment or apron move by sliding

rather than rol ì ing.

7. Placement of stones for a launched revetment eliminates

expensive construction procedures.

B. A launched revetment deVe'lops a concave upwards shape which

is more in keeping with the confjgurat'ion attained by

undisturbed channels.

9. A launched revetment is possible only when a fjlter layer is

unneces sary.

10. The depths of scour holes are essentially the same for

launched revetments as for p'laced revetments.

11. Some lateral migration must be expected when protection is

provided wjth a launched revetment.
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12. The packing of stones in a p'laced revetment decreases if

a toe apron ìs not provided at the base of the revetment.

13. The movement of bed material in the form of dunes covers

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

which has launched, ffiôV be covered by these dunes so the

absence of rÌprap does not necessarily signify the loss of

rìprap. The riprap may be exposed as the dune progresses

downstream.

14. To eliminate the unsightly appearance of a part'ia'lìy

protected bank, revetments should extend to zones of non-

erodìng ve1 ocÌtY

i5. Protection of the inner bank is generally unnecessary.

16. Revetments formed by the launching process should be started

from a berm at or above hìgh water level. some overtoppjng

is permitted Ìf an apron is provided at the top of the

revetment.

L7. Cut-off walls, extending Ìnto the bank for a short distance'

should be incorporated into revetrnents that do not extend

to zones of non-erod'ing veìocity. This condjtion prevents

turbulent eddies from removing the bank material from behjnd

the revetments.

18. Toe aprons constructed within the bed of a channel are

preferued to those placed on the bed.

19. Launched revetments may be used instead of p'laced revetments

when the bank material erodes even'ly.
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9. RTCOMMENDAT]ONS

This model provides qua'lìtatjve informatjon 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 in the

model used, future studies are necessary to provide informat'ion on:

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

channel .

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

ì nstal I ati ons .

3. The probabi'l'ity of failure of revetments designed to meet

certain deterministic design criteria, ê.g. a discrete

safety factor. Thìs may be done by utilizing the

princi p'les of stat j stics to devel op pr.t Jr'-¡

which will take into account the variability of the forces

acting on the riprap part'icles, the intensity and durat'ion

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

results for 1 and 2 to a field sìtuation may lead to erroneous

conclusions. Larger scale models and actual field Ínstallations are

therefore requìred to firm up the results obtained from the model

used in this study. Because force and velocity parameters are more

easily measured Ín large models, mathematical relationships applicable

to launched revetment design, may then be possib'le.
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RUN: NO" 1

CRf)SS -SECT I (]N TOP.rf I I)TH AR EA fYlAX. I)EPTH A'/E. DEPTH \VE. VELOC I TY

D.D I .93' 0.339 0.323' 0.185' 0.34 r /s

E E 1 .75' 0.211 0.178' 0 .124' 0. 534

FF 1 .69' 0. 201 0. I 53 ' 0.120' 0.577

G G 1.79' 0. 233 0.232', 0.130' û.50

FR0UI]E N0. = .23, DISCHARGE = 0.116 c"f.s.

RUN: Nf]" 2

CR()SS -SECT I(]N TOP -IT I DTH A REA lYlAX " I]EPTH AVE. t]EPTH rVE. VEL0CITY

t] I] 1 . 75' 0.230 0.196' 0.13.1 ' 0.46 r/s

EE I .71 0.207 0.170' 0.121 ' 0.51

t F 1 .69' 0.207 0.171 ' 0. 1 23' 0.51

G G 1 .71', 0. 21 1 0.1 88' 0.119' 0.50

FROUtlE N0. = .25, t]ISCHARGE = 0.106 c"f"s.

RUN: NO" 3

CR(]SS-SECTIf)N TOP -lr I DTH AREA fYlAX. DEPTH AVE. DEPTH IVE . VE L()C I TY

0 -0 1 .67' 0.202 0. 1 9r 0.121 0.37 r/s

E E 1 .65' 0.200 0.251 0.122 0.38

F F L 60' 0.r67 0. 1 87 ' 0.104' 0.45

G G I .67' 0.178 0.164' 0.107' 0 .42

FR0UtE N0. = .21 , t)ISCHARGE = 0.075 c"f .s"

TEST RESULTS - SUMMARY SHEET No. I



RUN: NO. 4

cR0ss-sEcTt0¡ TOP -lr I t]TH AREA fTlAX. DEPTH AVE. t]EPTH AVE. VE L(]C I TY

D I] I .58' 0.173 0.227', 0. I 0g' û.61 r/S

E E I .58' 0.112 0.204' 0.109' 0. 61

F F 1.63' 0.189 0.207' 0.1r6 0.56

G G 1.63' 0. r g0 0.195' 0.117' 0.55

FR0UDE N0.= .30, t)ISCHARûE= 0.105 c.f.s.

RUN: NO. 5

cR0ss-sEcTl0¡ T(]P -lr I DTH AREA lYlAX. DEPTH AVE. DEPTH \VE . VE LOC I TY

t] D 1 .58' 0. 168 0.248', 0. I 06' 0.41 r/s

E E I .58' 0.185 0.206' 0.117' 0. 43

F F I .58' 0.1 63 0.214', 0.1 03' 0.49

G-G 1.63' 0. 1 52 0.164', 0. 093' 0.52

FR0UDE N0. = .26, t] I SCHARGE = 0. 079 c. f. s.

RUN: NO. 6

CROSS-SECTI ON T(]P -rl I DTH AR EA ]YlAX. I]EPTH AVE. DEPTH \VE. VEL(]C I TY

D -I) I .50' 0.150 0.213' 0.100' 0.59 r/s

E -E I .58' 0.172 0.219' 0.109' 0.51

FF I .59' 0.172 0.210' 0.109' 0.51

G.G I .63' 0.r48 0. 1 g0' 0. 0gl 0.60

FROUDE N0. = .31, t)ISCHARGE = 0.088 c"f.s.

TEST RESULTS - SUMMARY SHEET No. 2



RUN: NO. 1

CRI)SS.SECT I (]N Tf]P -IT IDTH AREA rYlAX. DEPTH AVE " DEPTH AVE" VELOCITY

D -t) 1 .58' 0.205 0. 245', 0.r30' 0.46 I /S

E E I .63' 0.197 0.228', 0.121 0. 48

F -F I .65' 0. I gl 0. 243 ' 0.116' 0. 50

G G 1.67', 0.215 0.218' 0.129' 0. 44

FROUI)E N0. = .24, I]ISCHARGE = 0.095 c"f.s.

CRÍ]SS.SECT I ON T()P -lr I DTH AR EA fTlAX. t]EPTH AVE " DE PTH AV E. VE L(]C I TY

D t) I .60' 0.223 0. 256' 0.139' 0.4r r/s

E -E 1.63' 0.195 0.2Ë2', 0. 1 20' 0. 47

F F 1 .67' 0.221 0.216' 0. I 32' 0.42

û G I . 70' 0.196 0.204' 0.115' 0.47

FR0UDE N0. = .22,0lSCHARGE = 0.092 c"f.s.

RUN: NO.

RUN: NO. g

CRÍ]SS.SECT I Oh TOP -IT IDTH A REA frlAX. t]EPTH AVE " DEPTH AVE. VELf]C I TY

t) -I] 1 . 79' 0.231 0.229' .0.129' 0.40 r /s

E E I .65' 0. r 53 0.203' 0. 093 ' 0.61

F F I .67' 0.190 0. 1 74' 0.114' 0. 49

G G I .59' 0.193 0.191 ' 0.122', 0. 48

FR0UI]E N0. = .26, D I SCHARGE = 0. 093 c" f " s"

TEST RESULTS - SUMMARY SHEET No. 3
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RtlN: N0. 10

CR()SS -SECT I ON TOP -lr I I]TH AREA fTlAX. DEPTH AVE . DE PTH AVE. VEL0C I ï'

D I) 1 .67' 0.203 0.256' 0.122' 0.44 t/s

E E 1 .75' 0.160 0.169' 0. 097' 0.Þ6

F F I .75' 0.r82 0. 1 97 ' 0.113' 0.50

G G I .59' 0. r 67 0.178' 0.113' 0. 54

FROUI]E N0. = .27, I]ISCHARGE = 0.09 c.f-s.

RUN: N0. 1 1

CRÍ]SS.SECT I ON TOP -IT IDTH AREA IrlAX. DEPTII AVE. DEPTH AVE" VELOC I TI

D I] 1 .58', 0.152 0. 1 85' 0. 096' 0.60 r/s

E E I .63' 0.158 0.180' 0. 097 ' 0.58

F-F 1 .69' 0.1 97 0.172' 0.117' 0.46

G G 1 .59' 0.181 0.175' 0.115' 0.50

FR0UI]E N0. = .29, I]ISCHARGE = 0.091 c.f.s.

RUN: NO. 12

CROSS -SECT I ON Tf]P -IT I DTH AR EA IYIAX. t]EPTH AVE. DEPTH AVE" VELOC I TY

D t) I .54', 0.184 0. 209' 0.119' 0.52 l/s

E E I .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 t 0.110' 0.57

FROUI)E N0. = .28, t)ISCHARGE = 0.095 c.f.s"

TEST RESULTS - SUMMARY SHEET No. 4



RUN: NO. I 3

cR0ss-sE0T I 0N Tf]P -lr I DTH AREA ]YlAX. OEPTH A'/E. I]EPTH AVE. VELOC I TI

DD 1 .83' 0.213 0. 238' 0.116' 0.62 t/s

E E 1.85' 0.223 0.248', 0 .121 ' 0.59

F F I .93' 0.232 0.218' 0.121' 0. 57

G G 1.95' 0.241 0.208' 0.130' 0. 54

FROUI]E N0. = .29, I]ISCHARGE = 0.131 c.f"s.

RUN : NO. 14

CROSS -SECT I ()N TOP -lr I DTH AREA ]TlAX. DEPTH AVE. t]EPTH AVE. VEL(]C IT'I

D -D | .50' 0. 1 67 0.207' 0.111' 0.57 r/s

E E I .49' 0. 1 81 0.229' 0.122' 0. 53

FF 1.54' 0.178 0.209' 0.110' 0. 54

G G I . 80' 0. 1 98 0. 1 82' 0.110' 0.49

FROUI)E N0. = .28, I] I SCHARGE = 0. 096 c. f. s.

RUN: N(]. I 5

CROSS -SECT I f)N TOP -lr I t]TH ARE A ÍYIAX. t]EPTH AVE. t]EPTH AVE. 
'/ELOC 

I Tì

t] 0 1 .60' 0.217 0.283' 0.129' 0.4s I /s

E E I .69' 0.239 0. 346' 0.141 ' 0. 45

F F 1 .71', 0.211 0. 209' 0. 123' 0. 49

G G I . 75' 0.223 0. I 97' 0.127' 0.48

FROUDE N0. = .23, 0 I SCHARGE = 0. I 07 c. f. s.

TEST RESULTS - SUMMARY SHEET No. 5
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TABLE I. TEST RESULTS FOR SCOUR.

TEST

N0.

frlAX. Tf)P

Ï{ IDTH

fYlAX.

t)EPTH

AVE.

DEPTH

AVE.

VELOCITY

FROUDE

N0.

DIS-

CHA R GE

I l.g3' 0. 357' 0.140' 0.49 r /s 0. 23 1 1 6 c.f.s

2 I .77', 0. 326' 0 .124', 0.50 0. 25 0. 1 06

3 I .67' 0.279' 0.114' 0. 41 0.21 0.075

4 I .63' 0. 260' 0. 1 l3' 0.58 0.30 0. r 05

5 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

7 I .67' 0. 300' D .124', 0 .48 0.24 0. 095

I r .70' 0. 280' 0.121', 0. 44 0.22 0. 092

I l.79' 0. 276' 0.115' 0.50 0. 26 0. 093

t0 I .75' 0.27g', 0.111' 0.51 0.21 0. 09

l1 1 .69' 0.262', 0. 1 06' 0. 54 0.29 0.091

t2 I . 56' 0.309' 0.114' 0. 54 0.28 0. 095

t3 l.g5' 0.211', 0.124' 0.58 0.29 0.131

14 I . g0' 0. 269' 0.1 15' 0. 53 0.28 0.096

t5 1 .77', 0. 346 ' 0.130' 0.48 0.24 0. r 07
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TABLE 2. LIST OF Z FACTORS

IEST

N0.

IYIAX. I]EPTH
1_L_

AVE. DEPTH

2.55

2 2.62

3 2 .45

4 2.30

5 2.46

6 3. 00

1 2.42

I 2.20

g 2.40

r0 2.51

1t 2 .47

12 2.11

t3 2.19

r4 2.34

l5 2.66

i,i
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TABTE 3. SUMMARY OF TEST RESUTTS

TEST

N0.
t] I SCHARGT '/ELOCITY

AVE.'IN CUR'/E

EANK

PR()TECÏ I ON

TYPE (}F

REVEÏlilENT

TYPE (}T

APR()N
R tlilA R l(S

0.116 c.l.s. 0.19,'0.73 Lateral nrgration 0l concave bank. Typlcal dune lll0Yement along

the bed ol the channel. Sl ight attack on inner bank.

2 0.106 c.t.s 0.50/0.7r [ateral nigration ol concave bank. Iypical dune m0vement along

the bed. Sl ight attack on inner banl.

0.015 c. f. s 0.1r/0.6r tssential ly the same as I and 2

¡ 0,105 c.l.s. 0.58..0. i8 Concave hank only
trtent - lrom C-C

lo I ll. dornstr.
o I G-G.

Cont inuous.
Placed.

Ioe trench.
Rrprap leYel

r ¡ th bed.

[aunching of t0e ðpron stone. llo movement 0l upper slope st0ne.

Revetment stable. Eff¡cleilt pfotection.

5 0.079 c. l. s 0. ¡8. 0.63 DoncaYe bank on I y

t¡tent - trom C-C

to I f t. dornst r.
of 0-G.

Cont inuous.
Placed.

ïoe apron

above bed.

0reater number 0l stone particles lauflched than in Tesl 1' llo

ln0yenent of upper slope stone. Àl though the cross-sections E'

t and G shor no launching.stones dirl move int0 lhe h0les betÏeel

these sections. lnner þank erosion ñore ertensiYe. Likely

caused by loss of llol area.

6 0.088 c. l. s 0.55. 0.65 Concave bank on I y

Ertent - trom C-C

to I f t. dornst r.
ol G-0.

Con t i nuous

Placed.

Toe ap r on

aþove bed.0n
hal I ridth of

apron in Test

$reateÍ number 0f st0ne particles launched than in Iest 4' llo

movement of upper slope st0ne. Less erosion on innel bank than

in Test 5. Reretment constructed too th¡ck'

7 0.095 c. f. s. 0.40,'0.72 Concave hank on I I Cont inuous
Pl aced.

No toe apf0n. Thinning of upper Sl0pe stones as launching of st0nes takes

place at the t0e. Some er0sion of the lnner bank. ReYetment

remains stable even alter thinning has taken place.

ö 0.092 c. f. s 0.44.'0.67 Bo th banks. oncaYe:spl it.
onver: sho r t

;ingle I ¡ning
ìee

rho tographs.

llo toe aprons Erosi0n ol unpr0tected centre area of concave bank. Attack at

the doyinstteam end ol uppet I ining and upstream end 0f lot{er

lin¡ng. t{igration slored by introduction of stones. Some

erosion of the ¡nner bank dornslream of the. inner bank revetmen

I 0.093 c. f. s 0. 50./0. ô2 :oncave b¿nk on I Cont inuous.
Placed.

Ertent: lust
upstr. of E-

to I lt.
drnstr. of
0- tì.

l{o toe aFron. Àttack 0f exposed concave bank. lttack at the upstrean cnd of

revetnent. 0unping of st0nes on erposed bank area as erosion

in pr0gress. S¡gn¡ficant d¡sturbance ol the bank caused by

dropped st0nes. System of pr0tection not recomtnended.

r0 0- 09 c. f . s 0. 5 r,'0.7 0 loncave bank only
;tones placed on

rench in bank.

La unc h ed

Extent: fron
C-C to I f t.
dtrnstr. ol

Ho toe apron. Some erosion oí lhe concaYe bank. Little erosion 0f the innel

bank. ll0 appatent loss of st0nes to the centre 0f the channel

flfic¡ent pr0tecti0n. Ihis method preferred lor a launched

reve lmen t..

il 0. 095 c. l. s 0.54,'0.75 ;oncaYe bank only
itones placed on

lench i n bank.

Launched.

Cont inuous.

No toe aFron. Ño erosion of the inner ìank. Perlormance as good as in T¿st ì

l2 0.095 c. f.s 0.54,'0.12 Concave bank only
Side slope plus.
oYerbank apfon.
trtenl: C-C to û-

Con t inuous.

Pl aced.

llo toe apron.

Head apron on

bench.

ll0 er0si0n ol inner þank.. Ihinn¡ng of upper slope revetment as

launch¡ng int0 the scour holes occuts. This revetment performer

as rel I as the other placed reYetments. Ïhe head apron was use(

as ov€ r I I 0il of the þench ras erpected.

l3 0.131 c.l.s 0.58,'0.76 Concave bank on I y.

Stones dunped.

lrregular
[aunched.

No toe apron. Sone etosion of lnner bank. 0vetflor ol unprotected bench'

Er0si0n 0l the concaYe bank control led by dumplng stones 0nt0

bench but th¡s melhod is not recommended because of the danger

to equrfrment and personnel, and because the erosion has t0 be

monrt0red. Ihe reYetment ls lfregular and n0t aesthetically
pleasrng.

l1 0.096 c. l. s 0.53,'0.i2 lorìcave bank only
.r tent.: 0-0 to 0-

Ccn t inuous
Placed.

loe and head

rprons. Toe

rpf on aboYe

)ed.

llo erúsr0n of inner bank. Al I the stones used in the toe ¿prol

rere launched into scour holes. llo loss ol st0nes eYen rhen

oyer I l0r ol lhe reYetflìent occul red. Yery good revetment.

t5 0.107 c-l.s 0. 48.'0. l3 Issrintrally saflte as l. ilodel unalfect€d by surface tension

reducing agents used f0l an0ther n0del sludy.



APPENDIX
PHOTOGRAPHS



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

due to poor photographìc results.
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