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FOREWORD

This Implementation Package represents major revisions to the
1967 edition of Hydraulic Engineering Circular No. 11, "Use of
Riprap for Bank Protection". The manual has been expanded into
a comprehensive design publication which includes recent
research findings and revised procedures. The information in
the manual should be of interest to State and Federal
Hydraulics engineers and others responsible for the design of
riprap. The manual has been adopted as HEC-11 in the
Hydraulics Engineering Circular series.

Copies of the manual are being distributed to Federal Highway
Administration Regional and Division offices and to each State
highway agency. Additional copies of the report can be
obtained from the National Technical Information Service, 5280
Port Royal Road, Springfield, Virginia 22161.

tanley R. By%gi%;ctor

Office of Implementation

SO /o

Thomas O. Willett, Director
Office of Engineering

NOTICE

This document is disseminated under the sponsorship of the
Department of Transportation in the interest of information
exchange. The United States Government assumes no liability
for the contents or the use thereof.

The contents of this report reflect the views of the authors,
who are responsible for the facts and the accuracy of the data
presented herein. The contents do not necessarily reflect the
policy of the Department of Transportation.

This report does not constitute a standard, specification, or
regulation. The United States Government does not endorse
products or manufacturers. Trade or manufacturers' names
appear herein only because they are considered essential to the
objective of this document.
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METRIC (SI*) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol Symbol When You Know Multiply By To Find Symbol
LENGTH . LENGTH
. ks 254 illimetres = = 2—45, mm millimetres 0.039 inches in
in inches ; milli m —= == =
= = m metres 3.28 feet ft
ft feet 0.3048 metres m - = = metres 1.09 yards yd
yd Ya_:"s ?"214 L’.‘f‘::"es " = = = km  kilometres 0.621 miles mi
mi miles i ilo m — =
—= i AREA
AREA % mm?  millimetres squared 0.0016 square inches in?
in? square inches 645.2 millimetres squared mm? 0 —r= - m?  metres squared 10.764 square feet ftz
ft2 square feet 0.0929 metres squared m? - = < km?  kilometres squared  0.39 square miles mi?
yd? square yards 0.836 metres squared m? p= = § ha hectores (10 000 m?) 253 acres ac
mi? square miles 2.59 kilometres squared  km? =, = -
ac acres 0.395 hectares ha _—5 i = MASS (weight)
N __—_E 2 g grams 0.0353 ounces oz
MASS (weight) —§ = & kg kilograms 2.205 pounds Ib
= == Mg megagrams (1 000 kg) 1.103 short tons T
oz ounces 28.35 grams g = -
Ib pounds 0.454 kilograms kg = = T o
T short tons (2000 Ib) 0.907 megagrams Mg = = — VOLUME
% mL millilitres 0.034 fluid ounces fl oz
—— ® L litres 0.264 gallons gal
VOLUME = = m*  metres cubed 35.315 cubic feet fte
S m? metres cubed 1.308 cubic yards yd?
fl oz fluid ounces 29.57 millilitres mL ) ©
gal gallons 3.785 litres L = =
ft2 cubic feet 0.0328 metres cubed m? R TEMPERATURE (exact)
yd? cubic yards 0.0765 metres cubed m? s =
' o = °C  Celsius 9/5 (then Fahrenheit °F
NOTE: Volumes greater than 1000 L shall be shown in m*. —= = temperature add 32) temperature
= °F
— & °F 32 98.6 212
— =l 0 40 1
g —= £ -4 -2 0 20 40 ' 60 80 | 100
°F Fahrenheit 5/9 (after Celsius °C = 2
temperature subtracting 32) temperature These factors conform to the requirement of FHWA Order 5190.1A.

it * symbol for the International System of Measurements
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Angle of Repose

Apparent Opening

Size (AOS)

Composite Lining

Depth of Flow

Design Discharge

Filter

Filter, Granular

Filter, Fabric

Flexible Lining

Flow, Critical

Flow, Gradually
Varied

Flow, Nonuniform

Flow, Rapidly
Varied

GLOSSARY

The angle of slope formed by particulate material under
the critical equilibrium condition of incipient sliding.

A measure of the largest effective opening in a filter
fabric or geotextile (sometimes referred to as engineering
fabrics), as measured by the size of a glass bead where
five percent or less by weight will pass through the fabric
(formerly called the equivalent opening size, EOS).

Combination of lining materials in a given cross section
(i.e., riprap low-flow channel and vegetated upper banks).

The perpendicular distance from the bed of a channel to
the water surface.

Discharge at a specific location defined by an appropriate
return period to be used for design purposes.

One or more layers of material placed below revetment to
prevent soil piping and permit natural drainage.

A filter consisting of one or more layers of well-graded
granular material.

A filter consisting of one or more layers of permeable
textile. Also referred to as geotextiles and engineering
fabrics.

A channel lining material having the capacity to adjust to
settlement; typically constructed of a porous material that
allows infiltration and exfiltration.

Flow conditions at which the discharge is a maximum for
a given specific energy, or at which the specific energy is
minimum for a given discharge.

Flow in which the velocity or depth changes gradually
along the length of the channel.

Flow in which the velocity vector is not constant along
every streamline.

Flow in which the velocity or depth change rapidly along
the length of the channel.



Flow, Steady
Flow, Subcritical
Flow,
Supercritical
Flow, Uniform
Flow, Unsteady
Flow, Varied

Frecboard

Gabion

Geomorphology
Hydraulic Radius
Hydraulic

Resistance

Incipient
motion

Meander

Median Diameter

GLOSSARY (CONTINUED)

Flow in which the velocity is constant in magnitude or
direction with respect to time.

Flow conditions below critical; usually defined as flow
conditions having a Froude Number less than 1.

Flow conditions above critical; usually defined as flow
conditions having a Froude Number greater than 1.

Flow in which the velocity vector is constant along every
streamline.

Flow in which velocity changes in magnitude and
direction with respect to time.

Flow in which velocity or depth change along the length
of the channel.

Vertical distance from the top of the channel to the water
surface at design condition.

Rectangular wire baskets filled with rocks used in the
construction of a variety of erosion control structures.
Also the name used for a number of these structures.

The study of the characteristics, origin, and development
of land forms.

Flow area divided by the wetted perimeter.

Resistance encountered by water as it moves through a
channel, commonly described by a roughness coefficient
such as Manning’s n.

The condition that exists just prior to the movement of a
particle within a flow field. Under this condition, any
increase in any of the factors responsible for particle
movement will cause motion.

One curved portion of a sinuous or winding stream
channel, consisting of two consecutive loops, one turning
clockwise, and the other counterclockwise.

The midpoint in the size distribution of sediment such
that half the weight of the material is composed of
particles larger than the median diameter and half is
composed of particles smaller than the median diameter.

ix




Normal Depth

Permeability

Rigid Lining

Revetment

Revetment Toe

Riprap

Riprap, Dumped

Riprap, Grouted

Riprap,

Wire-Enclosed

Rock Windrow

Rubble

Shear Stress

Shear Stress,
Channel

The depth of a uniform channel flow.

The property of a material or substance which describes
the degree to which the material is penetrable by liquids
or gases. Also, the measure of this property.

A lining material with no capacity to adjust to settlement;
these lining materials are usually constructed of non-
porous material.

A channel bank lining designed to prevent or halt bank
erosion.

The lower terminus of a revetment blanket; the base or
foundation of a revetment.

A well-graded mass of durable stone, or other material
that is specifically designed to provide protection from
flow induced erosion.

Consists of riprap placed by dumping

Consists of riprap with all or part of the interstices filled
with portland cement mortar to form a rigid lining.

Consists of wire baskets filled with stone, connected
together and anchored to the channel bottom or sides.

An erosion control technique that consists of burying or
piling a sufficient supply of erosion-resistant material
below or on the existing land surface along the bank, then
permitting the area between the natural riverbank and the
rock to erode until the erosion reaches and undercuts the
supply of rock.

Broken fragments of rock or debris resulting from the
decay or destruction of a building.

The force developed on the wetted area of the channel
that acts in the direction of the flow, usually measured as
a force per unit wetted area.

The average shear stress occurring in a channel section for
a given set of hydraulic conditions.



Shear Stress,
Permissible

Side Slope

Sieve Diameter

Soil Piping

Standing Waves

Superelevation
Thalweg

Tractive Force

Uniform Flow
Velocity
Velocity, Mean
Velocity,

Permissible

Wave Runup

Wave Downrun

GLOSSARY (CONTINUED)

Shear stress at which the channel lining will fail.

Slope of the sides of a channel; usually referred to by
giving the horizontal distance followed by the vertical
distance. For example, 1.5 to 1, or 1.5 : 1.0, meaning a
horizontal distance of 1.5 feet (46 m) to a 1 foot (.3 m)
vertical distance.

The size of sieve opening through which the given particle
will just pass.

The process by which soil particles are washed in or
through pore spaces in filters.

Curved symmetrically shaped waves on the water surface
and on the channel bottom that are virtually stationary.

Local increases in water surface on the outside of a bend.
Line following the deepest part of a streambed or channel.

Force developed at the channel bed as a result of the
resistance to flow created by the channel section. This
force acts in the direction of flow, and is equal to the
shear stress on the channel section multiplied by the
wetted perimeter.

The flow condition where the rate of head loss due to
friction is equal to bed slope of the channel.

A measure of the speed or a moving substance or particle
given in feet per second (m/s).

In hydraulics, the discharge divided by the cross sectional
area of the flowing water.

The velocity which will not cause serious erosion of the
channel lining material.

The movement of water up a channel bank as a result of
the breaking of a wave at the bank line; The extent and
magnitude of the wave runup is a function of the energy
in the wave.

The down slope flow of water experienced immediately
following a wave runup as the water flows back to the
normal water elevation.
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Flow area ft2 (m?2).

Coefficient that relates free vortex motion to velocity streamlines for
unequal radius of curvature.

The average channel flow depth (ft (m)).

The median bed material size (ft (m)).

The fifteen (15) percent finer particle size (ft (m)).

the 85 percent finer particle size (ft (m)).

Gravitational acceleration (ft/s? (m/s2)).

The wave height (ft (m)).

A correction term reflecting bank angle.

Manning’s roughness coefficient.

Composite roughness.

The roughness of the smoother lining in composite roughness evaluation.
Roughness of rougher lining in composite roughness evaluation.

Total wetted perimeter of channel section.

Wetted perimeter of channel bottom in the zone of main channel flow.
Discharge in the zone of main channel flow (cfs (m3/s).

The sediment discharge.

The hydraulic radius (ft (m)).

The mean radius of the channel centerline at the bend (ft (m)).
Friction slope or energy grade line slope.

The stability factor.

The Shield’s parameter.
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‘ LIST OF SYMBOLS (continued)

S. = The specific gravity of the riprap (solid) material (1b/ft? (kg/m?)).
T = The topwidth of the channel between its banks (ft (m)).
V. = Mean channel velocity (ft/s (m/s)).
Wgo = The weight of the median particle (1b (kg)).
Z = Superelevation of the water surface (ft (m)).
Y = The unit weight of water (62.4 1b/ft3 (1000 kg/m3).
Y, = The unit weight of the riprap (solid) material (Ib/ft® (kg/m?)).
O = The bank angle with the horizontal.
Tq = The driving shear stress (1b/ft? (kg/m2)).
T. = The resisting shear stress (1b/ft? (kg/m?2)).

® = The riprap materials angle of repose.
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1. INTRODUCTION

One of the hazards of placing a highway near a river or stream channel is the
potential for erosion of the highway embankment by moving water. If erosion of the
highway embankment is to be prevented, bank protection must be anticipated, and the
proper type and amount of protection must be provided in the right locations.

Four methods of protecting a highway embankment from stream erosion are
available to the highway engineer. These are:

o Relocating the highway away from the stream.
o Moving the stream away from the highway (channel change).
o Changing the direction of the current with training works.
o Protecting the embankment from erosion.
1.1 SCOPE

This circular provides procedures for the design of riprap revetments to be used
as channel bank protection and channel linings on larger streams and rivers (i.e.,
having design discharges generally greater than 50 cfs). For smaller discharges, HEC-
15, "Design of Roadside Channels with Flexible Linings," should be used. Procedures
are also presented for riprap protection at bridge piers and abutments, but for detailed
design, HEC-18 should be used.

It is important to recognize the differences between this circular and HEC-15.
HEC-15 is intended for use in the design of small roadside drainage channels where
the entire channel section is to be lined. By definition, these channels are usually
included within the highway right-of-way, and the channel gradient typically parallels
the highway. The procedures of HEC-15 are applicable for channels carrying
discharges less than 50 cfs where flow conditions are sufficiently uniform so that
average hydraulic conditions can be used for design. In contrast, the design guidelines
in this circular apply to the design of riprap revetments on larger streams and rivers
where design flow conditions are usually not uniform, and at times can be quite
dynamic. Under these conditions, the assumptions under which the procedures of
HEC-15 were developed become invalid, and local flow conditions must be considered
in the design process.

The emphasis in this circular is on the design of rock riprap revetments. The
remaining sections in this chapter cover the recognition of erosion potential, and
erosion mechanisms and riprap failure modes. Chapter 2 documents common riprap
types; although rock riprap is the primary concern here, other riprap types such as
gabions, rubble, pre-formed blocks, grouted riprap, and concrete slab revetments are
covered. Chapter 3 covers various design concepts related to the design of riprap
revetments; subject areas covered include flow type, design discharge, section
geometry (hydraulic vs. design), flow resistance, local conditions and the extent of
protection. Design guidelines for rock riprap are presented in chapter 4; guidelines
are provided for rock size, gradation, blanket thickness, and filter design, as well as
for the construction and placement of rock riprap revetment. Guidelines for the
design of other types of riprap are presented in chapter 6.




1.2 RECOGNITION OF EROSION POTENTIAL

Channel stabilization is essential to the design of any structure in the river
environment. The identification of the potential for channel bank erosion, and the
subsequent need for channel stabilization, is best accomplished through observation.
Analytic methods are available for the evaluation of channel stability; however, they
should only be used to confirm observations, or in cases where observed data are
unavailable.

Observations provide the most positive indication of erosion potential.
Observations can be based on historic information, or current site conditions. Aerial
photographs, old maps and surveying notes, and bridge design files and river survey
data that are available at State departments of transportation and at Federal agencies,
as well as gaging station records and interviews of long-time residents can provide
documentation of any recent and potentially current channel movement or
instabilities.

In addition, current site conditions can be used to evaluate river stability. Even
when historic information indicates that a channel has been relatively stable in the
past, local conditions may indicate more recent instabilities. Local site conditions
which are indicative of channel instabilities include tipping and falling of vegetation
along the bank, cracks along the bank surface, the presence of slump blocks, fresh
vegetation laying in the channel near the channel banks, deflection of channel flows
in the direction of the bank due to some recently deposited obstruction or channel
course change, fresh vertical face cuts along the bank, locally high velocities along the
bank, new bar formation downstream from an eroding bank, local headcuts, pending
or recent cutoffs, etc. It is also important to recognize that the presence of any one of
these conditions does not in itself indicate an erosion problem; some bank erosion is
common in all channels even when the channel is stable. A more detailed coverage of
the analysis of stream stability through the use of historic and current observations is
presented in Shen (1).

Analytic methods for the evaluation of channel stability can be classified as
either geomorphic or hydraulic. It is important to recognize that these analytic tools
should only be used to substantiate the erosion potential indicated through
observation. Geomorphic relationships have been presented by many investigators, for
example Leopold (2), and Lane (3). More recently these relationships have been
summarized by Brown (4), and Richardson (5).

Hydraulic relationships for evaluating channel stability are based on an analysis
of site materials, and the ability of these materials to resist the erosive forces
produced by a given design discharge. This approach uses channel shear stresses and
local flow velocities to evaluate the stability of the materials through which the
channel is cut. However, this technique only provides a point of reference for
evaluating the channel’s stability against particle erosion. Particle erosion is only one
of several common erosion mechanisms which can cause channel bank instability.
Erosion mechanisms will be discussed in the next section.

Complete coverage of geomorphic and hydraulic techniques for evaluating erqsiqn
potential is beyond the scope of this Circular. For additional information it is
recommended that the reader refer to references 2 through 6.



1.3 EROSION MECHANISMS AND RIPRAP FAILURE MODES

Prior to designing a bank stabilization scheme, it is important to be aware of
common erosion mechanisms and riprap failure modes, and the causes or driving
forces behind bank erosion processes. Inadequate recognition of potential erosion
processes at a particular site may lead to failure of the revetment system.

Many causes of bank erosion and riprap failure have been identified. Some of
the more common include abrasion, debris flows, water flow, eddy action, flow
acceleration, unsteady flow, freeze/thaw, human actions on the bank, ice,
precipitation, waves, toe erosion, and subsurface flows. However, it is most often a
combination of mechanisms which cause bank and riprap failure, and the actual
mechanism or cause is usually difficult to determine. Riprap failures are better
classified by failure mode. Blodgett (6) has identified classic riprap failure modes as
follows:

Particle erosion.
Translational slide.
Modified slump.
Slump.
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Particle erosion is the most commonly considered erosion mechanism. Particle
erosion results when the tractive force exerted by the flowing water exceeds the bank
materials ability to resist movement. In addition, if displaced stones are not
transported from the eroded area, a mound of displaced rock will develop on the
channel bed. This mound has been observed to cause flow concentration along the
bank, resulting in further bank erosion.

Particle erosion can be initiated by abrasion, impingement of flowing water, eddy
action/reverse flow, local flow acceleration, freeze/thaw action, ice, or toe erosion.
Probable causes of particle erosion include:

o Stone size not large enough.

o Individual stones removed by impact or abrasion.

o Side slope of the bank so steep that the angle of repose of the riprap
material is easily exceeded.

o Gradation of riprap too uniform.

Figure 1 illustrates riprap failure by particle erosion.

RIPRAP
LAYER

ROCK RIPRAP

e BASE MATERIAL

CHANNEL BED

Figure 1. Particle erosion failure.
(Modified from Blodgett (6).)
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A translational slide is a failure of riprap caused by the downslope movement of
a mass of stones, with the fault line on a horizontal plane. The initial phases of a
translational slide are indicated by cracks in the upper part of the riprap bank that
extend parallel to the channel. As the slide progresses, the lower part of riprap
separates from upper part, and moves downslope as a homogeneous body. A resulting
bulge may appear at the base of the bank if the channel bed is not scoured.

Translational slides are usually initiated when the channel bed scours and
undermines the toe of the riprap blanket. This could be caused by particle erosion of
the toe material, or some other mechanism which causes displacement of toe material.
Any other mechanism which would cause the shear resistance along the interface
between the riprap blanket and base material to be reduced to less than the
gravitational force could also cause a translational slide. It has been suggested that the
presence of a filter blanket may provide a potential failure plane for translational
slides (6). Probable causes of translational slides are as follows:

o Bank side slope too steep.

o Presence of excess hydrostatic (pore) pressure.

o Loss of foundation support at the toe of the riprap blanket caused by
erosion of the lower part of the riprap blanket (6).

Figure 2 illustrates a typical translational slide.

LINE

BASE MATERIAL

CHANNEL BED

Figure 2. Translational slide failure.
(Modified from Blodgett (6).)

The failure of riprap referred to as modified slump is the mass movement of
material along an internal slip surface within the riprap blanket; the underlying
material supporting the riprap does not fail. This type of failure is similar in.margy
respects to the translational slide, but the geometry of the damaged riprap is similar in
shape to initial stages of failure caused by particle erosion. Probable causes of
modified slump are:

o Bank side slope is so steep that the riprap is restipg very near the angle
of repose, and any imbalance or movement of individual stones creates a
situation of instability for other stones in the blanket.



o Material critical to the support of upslope riprap is dislodged by
. settlement of the submerged riprap, impact, abrasion, particle erosion, or
some other cause (6).

Figure 3 illustrates a modified slump failure.

FILTER BLANKET
AT SURFACE OF
BASE MATERIAL
(NOT SHOWN)

DISPLACED
ROCK RIPRAP

BASE MATERIAL

Figure 3. Modified slump failure.
(Modified from Blodgett (6).)

Slump is a rotational-gravitational movement of material along a surface of
rupture that has a concave upward curve. The cause of slump failures is related to
shear failure of the underlying base material that supports the riprap revetment. The
primary feature of a slump failure is the localized displacement of base material along
a slip surface, which is usually caused by excess pore pressurc that reduces friction
along a fault line in the base material. Probable causes of slump failures are:

o Nonhomogeneous base material with layers of impermeable material that
act as a fault line when subject to excess pore pressurc.

o Side slope too steep, and gravitational forces exceed the inertia forces of
the riprap and base material along a friction plane (6).




Figure 4 illustrates a slump failure.

FAILURE ZONE IN
BASE MATERIAL

MATERIAL

Figure 4. Slump failure.
(Modified from Blodgett)

Additional details and examples explaining these erosion mechanisms or failure
modes are available in reference 6.

Please note that the riprap design guidelines presented in this circular apply to
particle erosion only. Analysis procedures for other bank failure mechanisms are
presented in reference 31.



2. REVETMENT TYPES

The types of slope protection or revetment discussed in this circular include:

Rock riprap.

Rubble riprap

Wire-enclosed rock (Gabions).
Pre-formed blocks.

Grouted rock.

Paved Lining.
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Descriptions of each of these revetment types are included in the following sections.
Note that wire-enclosed rock, pre-formed block, grouted rock, and concrete slab
revetments listed above are rigid or of only limited flexibility, and do not conform to
the definition of riprap. These revetments have been historically discussed with
flexible riprap, and therefore are included in this circular.

2.1 RIPRAP

Riprap has been described as a layer or facing of rock, dumped or hand-placed to
prevent erosion, scour, or sloughing of a structure or embankment. Materials other
than rock are also referred to as riprap; for example, rubble, broken concrete slabs,
and preformed concrete shapes (slabs, blocks, rectangular prisms, etc.). These materials
are similar to rock in that they can be hand-placed or dumped onto an embankment to
form a flexible revetment.

In the context of this circular, riprap is defined as:

"A flexible channel or bank lining or facing consisting of a well graded
mixture of rock, broken concrete, or other material, usually dumped or
hand-placed, which provides protection from crosion."

As described above, riprap is a flexible revetment. Flexibility of the riprap mass is
due to individual particles acting independently within the mass. In the past, the term
"riprap" has often been extended to include mortared and grouted riprap, concrete
riprap in bags (sacked concrete), and concrete slab riprap, as well as other rigid
revetments. However, the materials which make up these revetments are not singular;
as a result, the entire revetment must act or move together. These revetment materials
will not be considered as riprap here since they fall outside the definition given
above.

2.1.1 Rock Riprap

Rock riprap is the most widely used and most desirable type of revetment in the
United States. It is compatible with most environmental settings. The term "riprap" is
most often used to refer to rock riprap. For purposes of description, rock riprap is
further subdivided by placement method into dumped riprap, hand-placed riprap, and
plated riprap.

Dumped riprap is graded stone dumped on a prepared slope in such a manner that
segregation will not take place. Dumped riprap forms a layer of loose stone;
individual stones can independently adjust to shifts in or movement of the base
material. The placement of dumped riprap should be done by mechanized means, such
as crane and skip, dragline, or some form of bucket. End dumping from trucks down




the riprap slope causes segregation of the rock by size, reducing its stability, and
therefore, should not be used as a means of placement. The effectiveness of dumped
riprap has been well established where it is properly installed, of adequate size, and
suitable size gradation. Advantages associated with the use of dumped rock riprap
include:

o The riprap blanket is flexible and is not impaired or weakened by minor
movement of the bank caused by settlement or other minor adjustments.
(Note, that slope failure processes as discussed in chapter 1 will cause
riprap damage.)

o Local damage or loss can be repaired by placement of more rock.

o Construction is not complicated.

o When exposed to fresh water, vegetation will often grow through the
rocks, adding esthetic and structural value to the bank material and
restoring natural roughness.

o Riprap is recoverable and may be stockpiled for future use.

One drawback to the use of rock riprap revetments is that they are more sensitive
than some other bank-protection schemes to local economic factors. For example,

freight/haul costs can significantly affect the cost of these revetments. Figure 5
illustrates a dumped riprap installation.

Figure 5. Dumped rock riprap.



Hand-placed riprap is stone laid carefully by hand or by derrick following a
definite pattern, with the voids between the larger stones filled with smaller stones
and the surface kept relatively even. The need for interlocking stone in a hand-
placed revetment requires that the stone be relatively uniform in size and shape
(square or rectangular). Advantages associated with the use of hand-placed riprap

include:

0o

The even interlocking surface produces a neat appearance and reduces
flow turbulence at the water - revetment interface.

The support provided by the interlocking of individual stones permits
the use of hand-placed riprap revetments on steeper bank slopes than is
possible with the same size loose stone riprap.

With hand-placed riprap, the blanket thickness can usually be reduced to
6 to 12 in (15 to 30 cm) less than a loose riprap blanket, resulting in the
use of less stone (25).

Disadvantages associated with hand-placed riprap include:

(o)

(o)

Installation is very labor-intensive, resulting in high costs.

The interlocking of individual rocks in hand-placed revetments results in
a less flexible revetment; as mentioned above, a small shift in the base
material of the bank can cause failure of large segments of the
revetment.

By their nature, hand-placed rock riprap revetments are more expensive
to repair than are loose rock revetments.

Figure 6 illustrates a hand-placed riprap revetment.

Figure 6. Hand-placed riprap.




Plated or keyed riprap is similar to hand-placed riprap in appcarance and
behavior, but different in placement method. Plated riprap is placed on the bank
with a skip and then tamped into place using a steel plate, thus forming a regular,
well organized surface. Experience indicates that during the plating operation, the
larger stones are fractured, producing smaller rock sizes to fill the voids in the riprap
blanket.

Advantages and disadvantages associated with the use of plated riprap are similar
to those listed above for hand-placed riprap. As with ha..d-placed riprap, riprap
plating permits the use of steeper bank angles, and a reduction in riprap layer
thickness (usually 6 to 12 in (15 to 30 cm) less than loose riprap). Experience also
indicates that riprap plating also permits the use of smaller stone sizes when compared
with loose riprap. Like hand-placed riprap, riprap plating results in a more rigid
riprap lining than loose riprap. This makes it susceptible to failure as a result of
minor bank settlement. However, plated riprap installation is not as labor-intensive as
that of hand-placed riprap. Figure 7 illustrates a plated riprap installation under
construction.

2.1.2 Rubble Riprap

Types of rubble which have been used as riprap include rock spoils, broken
concrete, and steel furnace slag. Rock spoils are often available from road cut or
other excavation sites. Broken concrete is available in areas undergoing widespread
urban renewal involving the demolition of buildings and other structures made from
concrete. Steel furnace slag is sometimes available in the vicinity of steel smelting
plants. Because it is usually considered to be a waste material, rubble is a very
economical riprap material. Advantages and disadvantages to the use of rubble are
quite similar to those listed previously for rock riprap.

Figure 7. Plated or keyed riprap.
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The successful use of rubble as riprap requires good control on material quality.
The quality of a rubble material includes its shape, specific weight, gradation, and
durability (resistance to weathering). The shape of rubble riprap is often a problem
(particularly concrete rubble). The length to width ratio of any riprap material
should be 1:3 or less (19). Plating of rubble riprap will often break the material
sufficiently to reduce the length to width ratio of most of the material to less than
1:3. The material’s specific weight can be accounted for in the design procedure for
sizing the material. However, in many instances the rubble material will not contain
an appropriate mix of particle sizes to form an adequate riprap material. This can be
overcome by a crushing operation, or by plating the rubble after placement. (As
indicated previously, riprap plating fractures the larger riprap material; the smaller
fractured material then fills the voids between the larger material, improving the
gradation of the final installation.) The recommended placement method for rubble

riprap is plating.

The lack of adequate material durability can cause the failure of rubble riprap.
Rock spoils consisting of a high percentage of shale or other materials consisting of
weakly layered structures are not suitable. Also, materials subject to chemical
breakdown or high rates of weathering are not suitable. Figure 8 illustrates a site
where broken concrete was used as the riprap material.

Figure 8. Broken concrete riprap.

2.2 WIRE-ENCLOSED ROCK

Wire-enclosed rock, or gabion, revetments consist of rectangular wire mesh baskets
filled with rock. These revetments are formed by filling pre-assembled wire baskets
with rock, and anchoring to the channel bottom or bank. Wire-enclosed rock
revetments are generally of two types distinguished by shape: rock and wire
mattresses, or blocks. In mattress designs, the individual wire mesh units are laid end
to end and side to side to form a mattress layer on the channel bed or bank.
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Thegabion baskets comprising the mattress generally have a depth dimension which is
much smaller than their width or length. Block gabions, on the other hand, are more
equidimensional, having depths that are approximately the same as their widths, and
of the same order of magnitude as their lengths. They are typically rectangular or
trapezoidal in shape. Block gabion revetments are formed by stacking the individual
gabion blocks in a stepped fashion.

As revetments, wire-enclosed rock has limited flexibility. They will flex with
bank surface subsidence; however, if excessive subsidence occurs, the baskets will
span the void until the stresses in rock-filled baskets exceed the tensile strength of the
wire strands. At this point the baskets will fail.

The conditions under which wire-enclosed rock is applicable are similar to those
of other revetments. However, their economic use is limited to locations where the
only rock available economically is too small for use as rock riprap slope protection.
The primary advantages of wire-enclosed rock revetments include:

o Their ability to span minor pockets of bank subsidence without failure.

o The ability to use smaller, lower quality, and less dense, rock in the
baskets.

Disadvantages of the use of wire-enclosed rock revetments include:
o Susceptibility of the wire baskets to corrosion and abrasion damage.
o High labor costs associated with fabricating and filling the wire baskets.
o More difficult and expensive repair than standard rock protection.

o Less flexibility than standard rock protection.

Besides its use as a general bank revetment, wire-enclosed rock in the form of
either mattresses or blocks is also used as bank toe protection. In some instances the
wire-enclosed rock is used alone for protection of the bank also. In other cases, the
wire-enclosed rock is used as toe protection along with some other bank revetment.

The most common failure mechanism of wire basket revetments has been observed
to be failure of the wire baskets. Failure from abrasion and corrosion of the wire
strands has even been found to be a common problem when the wire is coated with
plastic. The plastic coating is often stripped away by abrasion from sand, gravel,
cobbles, or other sediments carried in natural stream flows (particularly at and near
flood stages). Once the wire has been broken, the rock in the baskets is usually
washed away. To avoid the problem of abrasion and corrosion of the wire baskets, it
is recommended that wire-enclosed rock revetments not be used on lower portions of
the channel bank in environments subject to significant abrasion or corrosion.

An additional failure mechanism has been observed when the wire basket units

are used in high-velocity, steep-slope environments. Under these conditions, the rock
within individual baskets shifts downstream, deforming the baskets as the material
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moves. The movement of material within individual baskets will sometimes result in
exposure of filter or base material. Subsequent erosion of the exposed base material
can cause failure of the revetment system.

A common misconception with rock and gabion revetments is that a heavy growth
of vegetation will occur through the stone and wire mesh. Experience indicates that
in many cases there is not sufficient soil retained within the baskets to promote
significant vegetative growth. The exception to this is in areas subjected to
significant deposition of fine materials (such as in the vicinity of bars). In areas
where the baskets are frequently submerged by an active flow, vegetative growth will
not be promoted.

Wire-enclosed rock revetments are classified by geometry as mattress or block type
revetments. Rock and wire mattress revetments consist of flat wire baskets. The
individual mattress sections are laid end to end and side to side on a prepared channel
bed or bank to form a continuous mattress. The individual basket units are attached to
each other and anchored to the base material. Figure 9 illustrates a typical rock and
wire mattress installation. Block gabion revetments consist of rectangular wire baskets
which are stacked in a stepped-back fashion to form the revetment surface. Gabion
baskets are best used as bank protection where the bank is too steep for conventional
rock riprap revetments. Gabion baskets can be stacked to form almost vertical banks
(looking much like retaining walls) making them useful in areas where the banks
cannot economically be graded to the stable slope required for other riprap types.
Figure 10 illustrates a typical block gabion installation.

Figure 9. Rock and wire mattress revetment.




Figure 10. Gabion basket revetment.

2.3 PRE-CAST CONCRETE BLOCK

Pre-cast concrete block revetments are a recent development. The pre-formed
sections which comprise the revetment systems are butted together or joined in some
fashion; as such, they form a continuous blanket or mat. The concrete blocks which
make up the mats differ in shape and method of articulation, but share certain
common features. These features include flexibility, rapid installation, and provisions
for establishment of vegetation within the revetment. The permeable nature of these
revetments permits free draining of the bank materials; the flexibility, although
limited, allows the mattress to conform to minor changes in the bank geometry. Their
limited flexibility, however, makes them subject to undermining in environments
characterized by large fluctuations in the surface elevation of the channel bed and/or
bank. Unlike wire-enclosed rock, the open nature of the pre-cast concrete blocks does
promote volunteering of vegetation within the revetment.

The most significant drawbacks to the use of pre-cast concrete blocks are their
limited flexibility and cost. As discussed above, their limited flexibility makes them
subject to undermining in environments characterized by dynamic bed level
fluctuations; failures have been observed where a corner or edge of the mattress is
undercut, resulting in complete failure of the revetment. Pre-cast concrete block
designs have also been shown to be expensive. For this reason, their use is usually
limited to large rivers, areas where structures of significant value need to be
protected, or where riprap is not readily available. Figure 11 illustrates a revetment
consisting of pre-cast, interlocking blocks.

14



Figure 11. Pre-cast concrete block mat.

2.4 GROUTED ROCK

Grouted rock revetment consists of rock slope-protection having voids filled with
concrete grout to form a monolithic armor. Grouted rock is a rigid revetment; it will
not conform to changes in the bank geometry due to settlement. As with other
monolithic revetments, grouted rock is particularly susceptible to failure from
undermining and the subsequent loss of the supporting bank material. Although it is
rigid, grouted rock is not extremely strong; therefore, the loss of even a small area of
bank support can cause failure of large portions of the revetment.

The use of grouted rock is usually confined to areas where rock of sufficient size
for ordinary rock-slope protection is not economically available, or where a reasonably
smooth revetment surface is desired (for reasons of safety or flow efficiency). The
use of grouted rock can reduce the quantity of rock required; grouting anchors the
rock, and integrates a greater material mass to resist the hydraulic forces it is exposed
to. Also, if the embankment material is fine grained, grouting will eliminate the need
for filter material that may be necessary with other rock slope-protection.

Grouting can double the cost per unit volume of stone. However, the ability to
use smaller stones and thinner stone layers in grouted rock revetments than in
ungrouted rock riprap offsets some of the additional cost of the grout. Figure 12
illustrates a grouted riprap installation.
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Figure 12. Grouted riprap.

2.5 PAVED LINING

Concrete pavement revetments are cast in place on a prepared slope to provide the
necessary bank protection. Like grouted rock, concrete pavement is a rigid revetment
which does not conform to changes in bank geometry due to a removal of foundation
support by subsidence, undermining, outward displacement by hydrostatic pressure,
slide action, or erosion of the supporting embankment at its ends. The loss of even
small sections of the supporting embankment can cause complete failure of the
revetment system. Concrete pavement revetments are also among the most expensive
streambank protection designs. In the past, concrete pavement has been best utilized
as a subaqueous revetment (on the bank below the water surface) with vegetation or
some other less expensive upper-bank treatment.

Concrete pavement revetments are required in some instances. The implied
structural integrity of the concrete pavements makes them resistant to damage from
debris, ice, and other floating objects. Their smooth surface also makes them useful in
situations where hydraulic efficiency is of prime importance. They can also be
erected on steep bank angles, making them useful in situations where bank grading is
not practical. When installed properly, concrete pavement can provide a long useful
life, requiring only a minimum of maintenance. Figure 13 illustrates a typical
concrete slab revetment installation.
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Figure 13. Concrete pavement revetment.
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3. DESIGN CONCEPTS

Design concepts related to the design of riprap revetments are discussed in this
chapter. Subjects covered include design discharge, flow types, section geometry, flow
in channel bends, flow resistance, and extent of protection.

3.1 DESIGN DISCHARGE

Design flow rates for the design or analysis of highway structures in the vicinity
of rivers and streams usually have a 10 to 50-year recurrence interval. In most cases,
these discharge levels will also be applicable to the design of riprap and other
revetment systems. However, the designer should be aware that in some instances, a
lower discharge may produce hydraulically worse conditions with respect to riprap
stability. It is suggested that several discharge levels be evaluated to ensure that the
design is adequate for all discharge conditions up to that seclected as the design
discharge for structures associated with the riprap scheme.

A discussion of techniques and procedures for the evaluation of discharge
frequency (recurrence interval), risk, and least total economic cost is beyond the scope
of this manual. These subjects are covered in detail in references 7 and 8 as well as
numerous other hydrology texts.

3.2 FLOW TYPES
Open channel flow can be classified from three points of reference. These are:

o Uniform, gradually varying, or rapidly varying flow.
o Steady or unsteady flow.
o Subcritical or supercritical flow.

These flow states, and procedures for identifying them are covered in most open
channel flow texts (for example Chow (9), and Simons and Senturk (10)), as well as in
numerous general references on open channel flow (for example U.S. Dept. of
Agriculture (11), and Richardson et. al. (12)).

Design relationships presented in this manual are based on the assumption of
uniform, steady, subcritical flow. These relationships are also valid for gradually
varying flow conditions. While the individual hydraulic relationships presented are
not in themselves applicable to rapidly varying, unsteady, or supercritical flow
conditions, procedures are presented for extending their use to these flow conditions.

Rapidly varying, unsteady flow conditions are common in areas of flow
expansion, flow contraction, and reverse flow. These conditions are common at and
immediately downstream of bridge crossings. Supercritical or near supercritical flow
conditions are common at bridge constrictions and on steep sloped channels.

It has been observed that fully developed supercritical flow rarely occurs in
natural channels (13). However, steep channel flow, and flow through constrictions is
often in a transitional flow state between subcritical and supercritical. Experimental
work conducted by the U.S. Army Corps of Engineers (14) indicates that this
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transition zone occurs between Froude numbers of 0.89 and 1.13. When flow
conditions are within this range, an extremely unstable condition exists in which the
inertia and gravity forces are unbalanced. This causes excessive wave action,
hydraulic jumps, localized changes in water-surface slope, and extreme flow
turbulence.

Non-uniform, unsteady, and near supercritical flow conditions create stresses on
the channel boundary that are significantly different from those induced by uniform,
steady, subcritical flow. These stresses are difficult to assess quantitatively. The
stability factor method of riprap design presented in Chapter 4 provides a means of
adjusting the final riprap design (which is based on reclationships derived for steady,
uniform, subcritical flow) for the uncertainties associated with these other flow
conditions. The adjustment is made through the assignment of a stability factor. The
magnitude of the stability factor is based on the level of uncertainty inherent in the
design flow conditions.

3.3 SECTION GEOMETRY

Riprap design procedures presented in this manual require as input channel cross-
section geometry. The cross section geometry is necessary to establish the hydraulic
design parameters (such as flow depth, topwidth, velocity, hydraulic radius, etc.)
required by the riprap design procedures, as well as to establish a construction cross
section for placement of the revetment material. When the entire channel perimeter is
to be stabilized, the selection of an appropriate channel geometry is only a function of
the desired channel conveyance properties and any limiting geometric constraints.
However, when the channel bank alone is to be protected, the design must consider the
existing channel bottom geometry.

The development of an appropriate channel section for analysis is very subjective.
The intent is to develop a section which reasonably simulates a worst case condition
with respect to riprap stability. Information which can be used to evaluate channel
geometry includes current channel surveys, past channel surveys (if available), and
current and past aerial photos. In addition, the effect channel stabilization will have
on the local channel section must be considered.

The first problem arises when an attempt is made to establish an existing channel
bottom profile for use in design. A survey of the channel at the location of interest
would seemingly provide the necessary geometry. However, it has been found that on
an annual basis, the cross section area, hydraulic radius, topwidth, mean depth, and
maximum depth vary from their long-term means by an average of plus 52 percent
and minus 41 percent (15). This suggests that cross section data surveyed at a site
during a given year may vary as much as 50 percent from the long-term mean.
Therefore, a single channel profile is usually not enough to establish the design cross
section.

In addition to current channel surveys, historic surveys can provide valuable
information. A comparison of current and past channel surveys at the location
provides information on the general stability of the site, as well as a history of past
channel geometry changes. Often, past surveys at a particular site will not be
available. If this is the case, past surveys at other sites in the vicinity of the design
location can be used to evaluate past changes in channel gcometry.
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The final consideration must always be an evaluation of the impact channel
stabilization will have on the channel geometry. Stabilizing a channels’ banks will in
most instances cause a deepening of the channel. This phenomenon is most notable at
channel bends, but is also of significant concern in straight reaches. Bank
stabilization has been observed to increase the maximum-to-average depth ratio to
approximately 1.7 (15). The maximum-to-average depth ratio is computed using
annual average or near bank-full stage conditions. The maximum-to-average depth
ratio should be computed based on the current channel geometry. It should be
assumed that the cross section will eventually develop to this condition. For the
analysis, the section geometry should be deepened at the thalweg to a depth that
would produce a maximum-to-average depth ratio of 1.7 or greater.

The process of developing an appropriate channel geometry is illustrated in figure
14 a, b, and c. Figure 14a illustrates the location of the design site at position ’2’
along Route 1. The section illustrated in figure 14c was surveyed at this location, and
represents the current condition. No previous channel surveys were available at this
site. However, data from several old surveys were available in the vicinity of a
railroad crossing upstream (location 1). Figure 14b illustrates this survey data. The
surveys in figure 14b indicate that there is a trend for the thalweg of the channel to
migrate within the right half of the channel. Since location 1 and 2 are along bends
of similar radii, it can be reasonably assumed that a similar phenomenon occurs at
location 2. A thalweg located immediately adjacent to the channel bank reasonably
represents the worst case hydraulically for the section at location 2. Therefore, the
surveyed section at location 2 is modified to reflect this. In addition, the maximum
section depth (located in the thalweg) is increased to reflect the effect of stabilizing
the bank. The maximum depth in the thalweg is set to 1.7 times the average depth of
the original section (note that it is assumed that the average depth before modification
of the section is the same as the average depth after modification). The final
modified section geometry is illustrated in figure 14c.

34 FLOW IN CHANNEL BENDS

Flow conditions in channel bends are complicated by the distortion of flow
patterns in the vicinity of the bend. In long, relatively straight channels, the flow
conditions are uniform, and symmetrical about the center line of the channel.
However, in channel bends, the centrifugal forces and secondary currents produced
lead to non-uniform and non-symmetrical flow conditions.

Two aspects of flow in channel bends impact the design of riprap revetments.
First, special consideration must be given to the increased velocities and shear stresses
that are generated as a result of non-uniform flow in bends. In the design
relationship presented in chapter 4, this is accomplished by using the maximum cross
section depth in place of an average hydraulic radius.

Superelevation of flow in channel bends is another important consideration in the
design of riprap revetments. Although the magnitude of superelevation is generally
small when compared with the overall flow depth in the bend (usually less than one
foot (0.30 m) it should be considered when establishing freeboard limits for bank
protection schemes on sharp bends. The magnitude of superclevation at a channel
bend may be estimated for subcritical flow by the following equation:

Z = C [(V.*T)/(gR,)] (1)
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Figure 14. Channel geometry development.
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where
superelevation of the water surface (ft (m)),
coefficient that relates free vortex motion to velocity streamlines for
unequal radius of curvature,
» = mean channel velocity (ft/s (m/s)),
T = water-surface width at section (ft (m)),
g = gravitational acceleration (ft/s? (m/s2)),
R, = the mean radius of the channel centerline at the bend (ft (m)).

Z
e
v

The coefficient C has been recently evaluated (15). The value was found to range
between 0.5 and 3.0, with an average of 1.5.

3.5 FLOW RESISTANCE

The hydraulic analysis performed as a part of the riprap design process requires
the estimation of Manning’s roughness coefficient. Roughness evaluation can be
determined using comparative photographs (see reference 17 and 34), or resistance
equations based on physical characteristics of natural channels (see reference 17 and
11). Physical characteristics upon which the resistance equations are based include the
channel base material, surface irregularities, variations in section geometry,
obstructions, vegetation, channel meandering, flow depth, and channel slope. In
addition, seasonal changes in these factors must also be considered. Procedures for the
evaluation of reach average roughness coefficients are detailed in reference 17, "Guide
for Selecting Manning’s Roughness Coefficients for Natural Channels." Additional
guidance is provided here for the appropriate selection of a base ’'n’ to be used in the
procedure.

The base ’'n’ is primarily a function of the material through which the channel is
cut. References 17 and 11 present several methods for the establishment of a base ’n’
including tabular listings, photographic comparisons, and computational methods.
These methods are applicable for channels cut through natural materials. For riprap
lined channels, equations 2 through 4 are recommended. Equations 2 and 3 provide
estimates of Manning’s roughness coefficient based on laboratory and natural channel
data (5).

n = (0.093 d,%167) for 1.5 < d /Dy, < 185 )
n =0.019 d,%167 for 185 < d,/D5° < 30,000 (3)

where
d, = the average channel flow depth, and
D;, = the median bed material size.

The accuracy of equations 2 and 3 are dependent on good estimates of median
bed material size. On high gradient streams it is extremely difficult to obtain a good
estimate of the median bed material size. For high gradient streams with slopes
greater than 0.002 and bed material larger than 0.2 ft (.06 m) (gravel, cobble, or
boulder size material), it is recommended that the relationship given in equation 4 be
used to evaluate the base ’n’ (13).

n = 0.39 $,0-38 R-0-16 (4)

where
S¢ = friction slope, and
R = hydraulic radius.
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TANGENT POINT

TANGENT POINT

Figure 15. Longitudinal extent of revetment protection.

3.6 EXTENT OF PROTECTION

Extent of protection refers to the longitudinal and vertical extent of protection
required to adequately protect the channel bank.

3.6.1 Longitudinal Extent

The longitudinal extent of protection required for a particular bank protection
scheme is highly dependent on local site conditions. In general, the revetment should
be continuous for a distance greater than the length that is impacted by channel-flow
forces severe enough to cause dislodging and/or transport of bank material. Although
this is a vague criteria, it demands serious consideration. Review of existing bank
protection sites has revealed that a common misconception in streambank protection is
to provide protection too far upstream and not far enough downstream.

One criteria for establishing the longitudinal limits of protection required is
illustrated in figure 15. As illustrated, the minimum distances recommended for bank
protection are an upstream distance of 1.0 channel width and a downstream distance
of 1.5 channel widths from corresponding reference lines (see figure 15). All
reference lines pass through tangents to the bend at the bend entrance or exit. This
criteria is based on analysis of flow conditions in symmetric channel bends under
ideal laboratory conditions. Real-world conditions are rarely as simplistic. In
actuality, many site-specific factors have a bearing on the actual length of bank that
should be protected. A designer will find the above criteria difficult to apply on
mildly curving bends or on channels having irregular, non-symmetric bends. Also,
other channel controls (such as bridge abutments) might already be producing a
stabilizing effect on the bend so that only a part of the channel bend needs to be
stabilized. In addition, the magnitude or nature of the flow event might only cause
erosion problems in a very localized portion of the bend, requiring that only a short
channel length be stabilized. Therefore, the above criteria should only be used as a
starting point. Additional analysis of site-specific factors is necessary to define the
actual extent of protection required.
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Field reconnaissance is a useful tool for the evaluation of the longitudinal extent
of protection required, particularly if the channel is actively eroding. In straight
channel reaches, scars on the channel bank may be useful to help identify the limits
required for channel bank protection. In this case, it is recommended that upstream
and downstream limits of the protection scheme be extended a minimum of one
channel width beyond the observed erosion limits.

In curved channel reaches, the scars on the channel bank can be used to establish
the upstream limit of erosion. Here again, a minimum of one channel width should be
added to the observed upstream limit to define the limit of protection. The
downstream limit of protection required in curved channel reaches is not as easy to
define. Since the natural progression of bank erosion is in the downstream direction,
the present visual limit of erosion might not define the ultimate downstream limit.
Additional analysis based on consideration of flow patterns in the channel bend may
be required. Flow dynamics in channel bends are covered in detail in reference 18.
Included are discussions of flow and erosion processes in channel bends, and how the
flow dynamics change with flow magnitude, flow stage, and whether or not the flow
event is occurring on the rising or falling limb of the runoff hydrograph.

As indicated previously, the extent of bank protection can also be influenced by
existing channel controls. The most common situation encountered is the existence of
a bridge somewhere along the bend. If the bridge has an abutment immediately
adjacent to the channel bank, it will act as a control point with respect to channel
stability. The location of the bridge abutment (or other channel control such as a rock
outcrop) will usually define the downstream limit of active channel movement. If the
control point does not cause significant flow contraction, or there is no significant
flow expansion downstream of the control, the bank revetment should be terminated
approximately one channel width downstream of the control. However, if significant
flow contraction and/or expansion is occurring in the vicinity of the control, the
protection should be continued downstream for a distance equal to four times the
constricted channel width at the control.

3.6.2 Vertical Extent

The vertical extent of protection required of a revetment includes design height
and foundation or toe depth.

3.6.2.1 Design Height
The design height of a riprap installation should be equal to the design highwater
elevation plus some allowance for freeboard. Freeboard is provided to ensure that the
desired degree of protection will not be reduced by unaccounted factors. Some such
factors include:
o Wave action (from wind or boat traffic).
o Superelevation in channel bends.

o Hydraulic jumps.

o Flow irregularities due to piers, transitions, and flow junctions.
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In addition, erratic phenomena such as unforeseen embankment settlement, the
accumulation of silt, trash, and debris in the channel, aquatic or other growth in the
channels, and ice flows should be considered when setting freeboard heights. Also,
wave run-up on the bank must be considered.

The amount of freeboard cannot be fixed by a single, widely applicable formula.
The impact from each of the items listed above must be considered individually, and
their joint impact estimated to determine an adequate freeboard estimate. Guidance is
available in the literature for computing elevations for some of the conditions listed
above. Procedures for estimating the height of waves due to hydraulic jumps, and
flow irregularities (due to piers, transitions, and flow junctions) are available in
references 9 and 12, as well as most standard open channel flow texts. In addition,
equation 1 can be used for estimating superelevation heights.

The prediction of wave heights from wind and boat generated waves is not as
straightforward as other wave sources. Figure 16 provides a definition sketch for the
wave height discussion to follow. The height of boat generated waves must be
estimated from observations. The height of wind generated waves is a function of
fetch length, wind speed, wind duration, and the depth of the water body. Detailed
procedures for estimating design wind speeds and durations, and for determining the
controlling factors in the development of wind generated waves are provided in
reference 20. In design situations where wind generated waves are considered to be of
significant importance, it is recommended that the procedures of reference 20 be
followed. The significance of wind generated waves can be estimated using Chart 6
of appendix C.

POINT OF MAXIMUM WAVE RUNUP

= =

DESIGN SWL

Figure 16. Wave height definition sketch.



Chart 6 in appendix C is provided as a tool for estimating wave heights due to
wind generated waves. Chart 6 is entered with estimates of the design wind speed,
duration, and fetch length to determine an estimate of the generated wave height.
The chart is limited to wind speeds of 45 mph (72.4 km/h) and fetch lengths of 10
miles (16.1 km). Note that chart 6 is only intended to provide an initial estimate of
wind generated wave heights. If estimated wave heights from chart 6 are greater than
2.0 ft (.61 m), the procedures of reference 20 should be used to refine the design wave
height.

Wind data for use in determining design wind speeds and durations is usually
available from primary weather stations, airports, and major dams and reservoirs.
The data is often incomplete, and is reported in varying formats. To get an initial
estimate of wave heights from chart 6, a reasonable estimate of wind speed should be
used. If the resulting estimated wave height is greater than 2 ft (.61 m), procedures in
reference 20 should be used to refine wind speed estimates.

In addition to wave height estimates, it is necessary to estimate the magnitude of
wave runup which results when waves impact the bank. Detailed procedures for
estimating wave runup are presented in references 14 and 20. Wave runup is a
function of the design wave height, the wave period, bank angle, and the bank surface
characteristics (as represented by different revetment materials). Chapter 7 of
reference 20 provides detailed procedures for estimating wave runup based on the
factors described above. The detailed procedures of reference 20 are not justified for
most highway applications. For wave heights less than 2 ft (.61 m), wave runup can
be computed using chart 8 and table 9. The runup height (R) given in chart 8 is for
concrete pavement. Correction factors are proved in table 9 for reducing the runup
magnitude for other revetment materials. The correction factor from table 9 is
multiplied times the wave height to get the resulting wave runup (R).

As indicated, there are many factors which must be considered in the selection of
an appropriate freeboard height. As a minimum, it is recommended that a freeboard
elevation of 1 to 2 ft (.30 to .61 m) be used in unconstricted reaches, and 2 to 3 ft (.61
to .91 m) in constricted reaches (These criteria are consistent with those presented by
the Federal Emergency Management Agency). When computational procedures
indicate that additional freeboard may be required, the greater height should be used.
In addition, it is recommended that the designer observe wave and flow conditions
during various seasons of the year (if possible), consult existing records, and
interrogate persons who have knowledge of past conditions when establishing the
necessary vertical extent of protection required for a particular revetment installation.

3.6.2.2 Toe Depth

The undermining of revetment toe protection has been identified as one of the
primary mechanisms of riprap revetment failure. In the design of bank protection,
estimates of the depth oi scour are needed so that the protective layer is placed
sufficiently low in the streambed to prevent undermining. The ultimate depth of
scour must consider channel degradation as well as natural scour and fill processes.

Channel degradation is a morphologic change in a river system which is
characterized by the general reduction in channel base level. A complete coverage of
geomorphic analysis procedures is beyond the scope of this manual. Detailed coverage
of this subject is included in references 4 and 3.
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The relationships presented in equation 5 can be used to estimate the probable
maximum depth of scour due to natural scour and fill phenomenon in straight
channels, and in channels having mild bends. Equation 5 is based on data presented
by Blodgett (15). In application, the depth of scour, d,, determined from equation 5
should be measured from the lowest elevation in the cross section. It is assumed that
the low point in the cross section may eventually move adjacent to the riprap (even if
this is not the case in the current survey).

d, = 12 ft for Dgy < 0.005 ft

(5)
d, = 6.5 D.,-0-11 for D, > 0.005 ft
s 50 50

where
d, = estimated probable maximum depth of scour, and
D, = median diameter of bed material.

The depth of scour predicted by equation 5 must be added to the magnitude of
predicted degradation and local scour (if any) to arrive at the total required toe depth.
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4. DESIGN GUIDELINES FOR ROCK RIPRAP

As defined in chapter 2, rock riprap consists of a well graded mixture of rock,
broken concrete, or other material, dumped or hand placed to prevent erosion, scour,
or sloughing of a structure or embankment. In the context of this chapter, the term
rock riprap is used to refer to both rock and rubble riprap.

Rock riprap is the most widely used and desirable type of revetment in the
United States. The term "riprap" connotes rock riprap. The effectiveness of rock
riprap has been well established where it is properly installed, of adequate size and
suitable gradation. Riprap materials include quarry-run rock, rubble, or other locally
available materials. Performance characteristics of rock and rubble riprap are
reviewed in section 2.1.1.

This chapter contains design guidelines for the design of rock riprap. Guidelines
are provided for rock size, rock gradation, riprap layer thickness, filter design,
material quality, edge treatment, and construction considerations. In addition, typical
construction details are illustrated. In most cases, the guidelines presented apply
equally to rock and rubble riprap. Sample specifications for rock riprap are included
in appendix A.

4.1 ROCK SIZE

The stability of a particular riprap particle is a function of its size, expressed
cither in terms of its weight or equivalent diameter. In the following sections,
relationships are presented for evaluating the riprap size required to resist particle

and wave erosion forces.

4.1.1 Particle Erosion

In chapter 1, riprap failure modes were identified as particle erosion,
translational slide, modified slump, and slump. Translational slide, modified slump,
and slump are slope or soils processes. Particle erosion is a hydraulic phenomenon
which results when the tractive force exerted by the flowing water exceeds the riprap
materials ability to resist motion. It is this process that the riprap design relationships
presented in this section were developed for.

Two methods or approaches have been used historically to evaluate a materials
resistance to particle erosion. These methods are the permissible velocity approach
and the permissible tractive force (shear stress) approach. Under the permissible
velocity approach the channel is assumed stable if the computed mean velocity is
lower than the maximum permissible velocity. The tractive force (boundary shear
stress) approach focuses on stresses developed at the interface between flowing water
and materials forming the channel boundary. By Chow’s definition, permissible
tractive force is the maximum unit tractive force that will not cause serious erosion of
channel bed material from a level channel bed (9). Permissible tractive force methods
are generally considered to be more academically correct; however, critical velocity
approaches are more readily embraced by the engineering community.
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4.1.1.1 Design Relationship

A riprap design relationship that is based on tractive force theory yet has velocity
as its primary design parameter is presented in equation 6. The design relationship in
equation 6 is based on the assumption of uniform, gradually varying flow. The
derivation of equation 6 along with a comparison with other methods is presented in
appendix D. Chart 1 in appendix C presents a graphical solution to equation 6.
Equation 7 can be solved using charts 3 and 4 of appendix C.

Dg, = 0.001 V 3/ (da‘,go-5 K,15) (6)
where
Dg, = the median riprap particle size;
= correction factor (described below);
V, = the average velocity in the main channel (ft/s (m/s));
davg= the average flow depth in the main flow channel (ft (m)); and
K, 1s defined as:
K, = [1-(sin26/sin2)]0-5 (7)
where

0 = the bank angle with the horizontal; and
¢ = the riprap material’s angle of repose.

The average flow depth and velocity used in equation 6 are main channel values. The
main channel is defined as the area between the channel banks (see Figure 17).

MAIN
= LEFT FLOODPLAN 7 CHANNEL; RIGHT FLOODPLAIN =

LEFT BANK
RIGHT BANK

/
\

Figure 17 Definition sketch; channel flow distribution
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Equation 6 is based on a rock riprap specific gravity of 2.65, and a stability
factor of 1.2. Equations 8 and 9 present correction factors for other specific gravities
and stability factors.

Cog = 212 / (Sq - 115 (8)
where
S, = the specific gravity of the rock riprap.
Cy = (SF / 1.2)L5 )
where

SF = the stability factor to be applied.

The correction factors computed using equations 8 and 9 are multiplied together to
form a single correction factor C. This correction factor, C, is then multiplied by the
riprap size computed from equation 6 to arrive at a stable riprap size. Chart 2 in
appendix C provides a solution to equations 8 and 9 using correction factor C.

The stability factor, SF, used in equations 6 and 9 requires additional
explanation. The stability factor is defined as the ratio of the average tractive force
exerted by the flow field and the riprap materials critical shear stress. As long as the
stability factor is greater than 1, the critical shear stress of the material is greater
than the flow induced tractive stress, the riprap is considered to be stable. As
mentioned above, a stability factor of 1.2 was used in the development of equation 6.

The stability factor is used to reflect the level of uncertainty in the hydraulic
conditions at a particular site. Equation 6 is based on the assumption of uniform or
gradually varying flow. In many instances, this assumption is violated or other
uncertainties come to bear. For example, debris and/or ice impacts, or the cumulative
effect of high shear stresses and forces from wind and/or boat generated waves. The
stability factor is used to increase the design rock size when these conditions must be
considered. Table 1 presents guidelines for the selection of an appropriate value for
the stability factor.

Table 1. Guidelines for the selection of stability factors

Stability
Factor
Condition Range
Uniform flow; Straight or mildly curving reach (curve radius/ 1.0-1.2
channel width > 30); Impact from wave action and floating
debris is minimal; Little or no uncertainty in design parameters.
Gradually varying flow; Moderate bend curvature (30 > curve 1.3-1.6
radius/channel width > 10); Impact from waves or floating
debris moderate.
Approaching rapidly varying flow; Sharp bend curvature 1.6 - 2.0

(10 > curve radius/channel width); Significant impact
potential from floating debris and/or ice; Significant wind
and/or boat generated waves (1 - 2 ft (.30 - .61 m)); High flow
turbulence; Turbulently mixing flow at bridge abutments;
Significant uncertainty in design parameters.
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4.1.1.2 Application

Application of the relationship in equation 6 is limited to uniform or gradually
varying flow conditions. That is in straight or mildly curving channel reaches of
relatively uniform cross section. However, design needs dictate that the relationship
also be applicable in nonuniform, rapidly varying flow conditions often exhibited in
natural channels with sharp bends and steep slopes, and in the vicinity of bridge piers
and abutments.

Research efforts to define stable riprap size relationships for nonuniform, rapidly
varying flow conditions have been limited. Recently work by Wang and Shen (35) and
Maynord (36)has shed some light on the variability of the Shields parameter for large
particle sizes in high Reynold’s Number flows. However, no definitive relationship
has been presented.

To fill the need for a design relationship that can be applied at sharp bends and
on steep slopes in natural channels, and at bridge abutments, it is recommended that
equation 6 be used with appropriate adjustments in velocity and/or stability factor as
outlined in the following sections.

Channel Bends: At channel bends modifications to the stability factor are
recommended based on the ratio or curve radius to channel width (R/W) as indicated
in the following:

R/W Stability Factor
> 30 1.2

30> R/W> 10 1.3- 1.6
<10 1.7

Steep Slopes: Flow conditions in steep sloped channels are rarely uniform, and
are characterized by high flow velocities and significant flow turbulence. In applying
equation 6 to steep slope channels, care must be exercised in the determination of an
appropriate velocity. When determining the flow velocity in steep sloped channels, it
is recommended that equation 4 be used to determine the channel roughness
coefficient. It is also important to thoughtfully consider the guidelines for selection
of stability factors as presented in Table 1.

Bridge piers: The FHWA is currently evaluating various equations for selection
of riprap at bridge piers. Present research indicates that velocities in the vicinity of
the base of a pier can be related to the velocity in the channel upstream of the pier.
For this reason, the interim procedure presented below is recommended for designing
riprap at piers:

o Determine the Dy, size of the riprap using the rearranged Ishbash equation to
solve for stone diameter (in feet), for fresh water:

Dy, =1 1384 V? (10)
2 (s-1) 2g
where: Dg, = average stone diameter (ft (m))
A% = velocity against stone (ft/s (m/s))
S = specific gravity of riprap material
g = 32.2 ft/s? (9.81 m/s?)
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To calculate V, first determine the velocity of flow just upstream of the pier.
This may be approximated by the velocity in the contracted section. Then
multiply this value by a factor of 1.5 to 2.0 to approximate the velocity of flow
at the base of the pier. Please note that preliminary research by FHWA
indicates that a factor of about 1.5 may be a reasonable design value.

o Provide a mat width that extends horizontally at least two times the pier width
measured from the pier face.

o Place the mat below the streambed a depth equivalent to the expected scour.
The thickness should be three stone diameters or more.

Abutments: When applying equation 6 for riprap design at abutments a velocity
in the vicinity of the abutment should be used instead of the average section velocity.
The velocity in the vicinity of bridge abutments is a function of both the abutment
type (vertical, wingwalled, or spillthrough), and the amount of constriction caused by
the bridge. However, information documenting velocities in the vicinity of bridge
abutments is currently unavailable. Until such information becomes available, it is
recommended that equation 6 be used with a stability factor of 1.6 to 2.0 for
turbulently mixing flow at bridge abutments.

Please take note that the average velocity and depth used in equation 6 for riprap
design at bridge constrictions for abutment protection is the average velocity and
depth in the constricted cross section at the bridge. Flow profiles at bridge sections
are nonuniform as indicated in Figure 17. The recommended procedure for computing
the average depth and velocity at bridge constrictions is:

1. Model the reach in the vicinity of the crossing using WSPRO (38),
HEC-2 (39), or some other model with bridge loss routines.

2. Compute the average depth and velocity in the constriction as the
average of the depth and velocity for modeled cross sections at the
entrance to, and exit from the bridge constriction (in the vicinity of
cross sections 2 and 3 as illustrated in Figure 18).

In instances where resources are not available to model flow conditions at the
constriction as indicated above, normal depth and its associated flow velocity for the
constricted section can be used.

As outlined above, the average section flow depth and velocity used in equation 6
are main channel values. The main channel is typically defined as the area between
the channel banks (see Figure 17). However, when the bridge abutments are located
on the floodplain a sufficient distance from the natural channel banks so as not to be
influenced by main channel flows, the average depth and velocity on the floodplain
within the constricted section should be used in the riprap design relationship. Most
standard computerized bridge backwater routines provide the necessary depths and
velocities as a part of their standard output. If hand normal depth computations are
being used, the computations must consider conveyance weighted effects of both
floodplain, and main channel flows. See reference 5 or standard open channel
hydraulics texts for appropriate procedures.

33




When there is no overbank flow and the bridge spillthrough abutment on the
channel bank matches the slope of the main channel banks upstream and downstream
use the design procedure without modification.

C

4.1.2 Wave Erosion

Waves generated by wind or boat traffic have also been observed to cause bank
erosion on inland waterways. The most widely used measure of riprap’s resistance to
wave is that developed by Hudson (24). The so-called Hudson relationship is given by
the following equation:

Wso = (Ys H3) / (2.20 [S, - 1]3 cot 0) (11)

where
H = the wave height; and the other parameters are as defined previously.

Assuming S, = 2.65 and ¥, = 165 1b/ft3 (kg/m3), equation 11 can be reduced to:
Wso = 16.7 H3/cot© (12)
In terms of an equivalent diameter cquation 12 can be reduced to:
Dy, = 0.75H/cot!/3 9 (13)

Methods for estimating a design wave height are presented in section 3.6.2. Equation
13 is presented in nomograph form in chart 7 of appendix C. Equations 12 and 13 can
be used for preliminary or final design when H is less than 5 ft (1.52 m), and there is
no major overtopping of the embankment.

4.1.3 Ice Damage

Ice can affect riprap linings in a number of ways. Moving surface ice can cause
crushing and bending forces as well as large impact loadings. The tangential flow of
ice along a riprap lined channel bank can also cause excessive shearing forces.
Quantitative criteria for evaluating the impact ice has on channel protection schemes
are unavailable. However, historic observations of ice flows in New England rivers
indicate that riprap sized to resist design flow events will also resist ice forces.

For design, consideration of ice forces should be evaluated on a case by case
bases. In most instances, ice flows are not of sufficient magnitude to warrant detailed
analysis. Where ice flows have historically caused problems, a stability factor of 1.2
to 1.5 should be used to increase the design rock size. Please note that the selection of
an appropriate stability factor to account for ice generated erosive problems should be
based on the designers experience.

34



yn >ch {——'—"——r'—— Pl FLOW *
——lete oo ]

Ye

| So
TSI 7777 Y,
A-TYPE I FLOW (SUBCRITICAL)

y2C —————————————————————————— E—

LI 777 ///V ZA

W.S.
_hT ) - " __NWS,
o yn_> Y2¢ _Ir | — -
— o |L—————___CRTCALDEPTH _ i
e * Yz< Yac B —_—I—
, &5 -
. 7 1% 7 2% 7 o7

B-TYPE IIA FLOW
(PASSES THROUGH CRITICAL)

HYDRAULIGC JUMP

WS.
@) S ——
FLOW CRITICAL DEPTH r }
S, Yac Yn
T 7 ‘ ‘
C-TYPE IIB FLOW 7

(PASSES THROUGH CRITICAL)

D-TYPE IlIl FLOW
(SUPERCRITICAL)

bridge constrictions for various types as indicated

‘ Figure 18 Typical water surface profiles through
(Modified from Bradley (40))

35




4.2 ROCK GRADATION

The gradation of stones in riprap revetment affects the riprap’s resistance to
erosion. The stone should be reasonably well graded throughout the riprap layer
thickness. Specifications should provide for two limiting gradation curves, and the
stone gradation (as determined from a field test sample) should lay within these limits.
The gradation limits should not be so restrictive that production costs would be
excessive. Table 2 presents suggested guidelines for establishing gradation limits.
Table 3 presents six (6) suggested gradation classes based on AASHTO specifications.
Form 3 (appendix C) can be used as an aid in selecting appropriate gradation limits.

It is recognized that the use of a four (4) point gradation as specified in table 2
might in some cases be too harsh a specification for some smaller quarries. If this is
the case, the 85 percent specification can be dropped as is done in table 3. In most
instances, a uniform gradation between Dy, and Dy, will result in an appropriate Dgg.

Each load of riprap should be reasonably well graded from the smallest to the

maximum size specified. Stones smaller than the specified 5 or 10 percent size should
not be permitted in an amount exceeding 20 percent by weight of each load.

Table 2. Rock riprap gradation limits.

Stone Size Stone Weight Percent of
Range* Range Gradation
(ft.) (Ib) Smaller Than
1.2 Dg, to 1.4 Dy, 2.0 Wgq to 2.75 Wy 85
1.0 Dg, to 1.15 Dy, 1.0 Wgq to 1.5 W, 50
0.4 Dg, to 0.6 Dy, 0.1 Wgo to 0.2 Wy 15
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Table 3. Riprap gradation classes.

Riprap Percent of
Class Rock Sizel Rock Size? Riprap
(ft.) (Ibs) Smaller Than
Facing 1.30 200 100
0.95 75 50
0.40 5 10
Light 1.80 500 100
1.30 200 50
0.40 5 10
1/4 ton 2.25 1000 100
1.80 500 50
0.95 75 10
1/2 ton 2.85 2000 100
2.25 1000 50
1.80 500 5
1 ton 3.60 4000 100
2.85 2000 50
2.25 1000 5
2 ton 4.50 8000 100
3.60 4000 50
2.85 2000 5

1 Assuming a specific gravity of 2.65.
2 Based on AASHTO gradations.

Gradation of the riprap being placed is controlled by visual inspection. To aid
the inspector’s judgment, two or more samples of riprap of the specified gradation
should be prepared by sorting, weighing, and remixing in proper proportions. Each
sample should weigh about 5 to 10 tons. One sample should be placed at the quarry
and one sample at the construction site. The sample at the construction site could be
part of the finished riprap blanket. These samples should be used as a frequent
reference for judging the gradation of the riprap supplied.

An alternate gradation inspection procedure is to collect field samples of this
riprap. Field samples should be collected at regular intervals; each sample should be
evaluated to determine in place gradation.

43 LAYER THICKNESS

All stones should be contained reasonably well within the riprap layer thickness
to provide maximum resistance against erosion. Oversize stones, even in isolated spots,
may cause riprap failure by precluding mutual support between individual stones,
providing large voids that expose filter and bedding materials, and creating excessive
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local turbulence that removes smaller stones. Small amounts of oversize stone
should be removed individually and replaced with proper size stones. The
following criteria apply to the riprap layer thickness:

o It should not be less than the spherical diameter of the D,
(W"m) stone, or less than 1.5 times the spherical diameter of the
Dgy (Wsy) stome, whichever results in the greater thickness.

o It should not be less than 12 in (30 cm) for practical placement.

o The thickness determined by either 1 or 2 should be increased by
50 percent when the riprap 1is placed wunderwater to provide for
uncertainties associated with this type of placement.

o An increase in thickness of 6 to 12 in (15 to 30 cm), accompanied
by an appropriate 1increase in stone sizes, should be provided
where riprap revetment will be subject to attack by floating
debris or ice, or by waves from boat wakes, wind, or bedforms.

4.4 FILTER DESIGN

A filter is a transitional layer of gravel, small stone, or fabric placed
between the underlying soil and the structure. The filter prevents the
migration of the fine soil particles through voids in the structure,
distributes the weight of the armor wunits to provide more uniform settlement,
and permits relief of hydrostatic pressures within the soils. For areas above
the water line, filters also prevent surface water from causing erosion
(gullies) beneath the riprap. A filter should be used whenever the riprap is
placed on noncohesive material subject to significant subsurface drainage
(such as in areas where water surface levels fluctuate frequently and in areas
of high groundwater levels).

The proper design of granular and fabric filters 1is critical to the
stability of riprap installations on channel banks. If openings in the filter
are too large, excessive flow piping through the filter can cause erosion and
failure of the bank material below the filter. On the other hand, if the
openings in the filter are too small, the build-up of hydrostatic pressures
behind the filter can cause a slip plane to form along the filter resulting in
massive translational slide failure.

4.4.1 Granular Filters

For rock riprap, a filter ratio of 5 or less between layers will usually
result in a stable condition. The filter ratio is defined as the ratio of the
15 percent particle size (D;5) of the coarser layer to the 85 percent particle
size (Dgg) of the finer layer. An additional requirement for stability is
that the ratio of the 15 percent particle size of the coarser material to the
15 percent particle size of the finer material should exceed 5 but less than
40 (32). These requirements can be stated as:

D,s (coarser layer) D,s (coarser layer)
< 5 < < 40 (14)
Dgs (finer layer) Dys (finer layer)
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The left side of the inequality in equation 14 is intended to prevent piping through
the filter, the center portion provides for adequate permeability for structural bedding
layers, and the right portion provides a uniformity criteria.

If a single layer of filter material will not satisfy the filter requirements, one or
more additional layers of filter material must be used. The filter requirement applies
between the bank material and the filter blanket, between successive layers of filter
material if more than one layer is used, and between the filter blanket and the riprap
cover. In addition to the filter requirements, the grain size curves for the various
layers should be approximately parallel to minimize the infiltration of fine material
from the finer layer to the coarser layer. Not more than 5 percent of the filter
material should pass the No. 200 sieve. Form 3 (appendix C) can be used as an aid in
designing an appropriate granular filter.

The thickness of the filter blanket should range from 6 in (15 cm) to 15 in (38
cm) for a single layer, or from 4 in (10 cm) to 8 in (20 cm) for individual layers of a
multiple layer blanket. Where the gradation curves of adjacent layers are
approximately parallel, the thickness of the blanket layers should approach the
minimum. The thickness of individual layers should be increased above the minimum
proportionately as the gradation curve of the material comprising the layer departs
from a parallel pattern.

4.4.2 Fabric Filters
Synthetic fabric filters have found considerable use as alternatives to granular
filters. The following list of advantages relevant to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>