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Highway Design Manual (HDM) have been revised. The changes to the HDM are summarized below with change
sheets available on the Department Design website at: http://www.dot.ca.gov/hg/oppd/hdm/hdmtoc.htm.

Changes reflect the reorganization of river, stream, and natural channel bank protection guidance within its own
Chapter 870. New Chapter 880 has been added to focus on coastal shore and inland lake bank protection guidance.
In addition:

e New discussions on geomorphology, stream processes, bio-diversity and sustainability are included in
Chapter 870.

e Revised rock slope protection (RSP) guidance based on FHWA Hydraulic Engineering Circular (HEC)
No. 23 has been included in Chapter 870, presenting guidelines for a range of applications including RSP
on streams and river banks, bridge piers and abutments, and bridge scour countermeasures such as guide
banks and spurs.

e New Chapter 880 includes a primary focus on quantifying and mitigating exposure of coastal and inland
lakes to sea level rise, storm surge, and wave action.

These changes are consistent with comprehensive FHWA guidance documents (i.e., HEC 23 and HEC 25),
NCHRP’s bio-technical methods, Caltrans Design Information Bulletin No. 87 for Hybrid RSP, and Caltrans
Revised Standard Specifications and new BEES item codes for Section 72-2 “Rock Slope Protection”.

Per the July 15, 2016, Design Memorandum entitled “IMPLEMENTATION OF ROCK SLOPE PROTECTION
(RSP) DESIGN™, “All new projects that include RSP starting August 157, 2016 shall be designed using the
new guidelines and gradations. Additionally, current projects not already at the 30 percent PS&E stage shall be
designed using the new guidelines and gradations. All other current projects may continue to use the California
Bank and Shore (CaBS) RSP layered design methodology and existing Standard Specifications and BEES item
codes.”

HDM Holders are encouraged to use the most recent version of the HDM available on-line at the above website.
Should a HDM Holder choose to maintain a paper copy, the Holder is responsible for keeping their paper copy
up to date and current. Using the latest version available on-line will ensure proper reference to the latest design
standards and guidance. If you would like to be notified automatically of any significant changes or updates to
the HDM, go to http://www.dot.ca.gov/hg/oppd/hdm/hdmlist.htm.

Enclosures available on the Department Design website at: http://www.dot.ca.gov/hg/oppd/hdm/hdmtoc.htm.
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CHAPTER 870
BANK PROTECTION - EROSION
CONTROL

Topic 871 - General
Index 871.1 - Introduction

Highways, bikeways, pedestrian facilities and
appurtenant installations are often attracted to
parallel locations along man-made channels, streams,
and rivers. These locations may be effected from the
action of flowing water, and may require protective
measures.

Bank protection can be a major element in the design,
construction, and maintenance of highways. This
section deals with procedures, methods, devices, and
materials commonly used to mitigate the damaging
effects of flowing water on transportation facilities
and adjacent properties. Potential sites for such
measures should be reviewed in conjunction with
other features of the project such as long and short
term protection of downstream water quality,
aesthetic compatibility  with surrounding
environment, and ability of the newly created
ecological system to survive with minimal
maintenance. See Index 110.2 for further
information on water quality and environmental
concerns related to erosion control. See Chapter 880
for shore protection along coastal zones and lake
shores that are subjected to wave attack.

Refer to Index 806.2 for definitions of drainage
terms.

871.2 Design Philosophy

In each district there should be a designer or advisor,
usually  the  District  Hydraulic  Engineer,
knowledgeable in the application of bank protection
principles and the performance of existing works.
Information is also available from headquarters
specialists in the Division of Design and Structures
Design in the Division of Engineering Services
(DES). The most effective designs result from
involvement with Design, Environmental, Landscape
Architecture,  Structures,  Construction, and
Maintenance (for further discussion on functional
responsibilities see Topic 802). For channel and
habitat characterization and assessment relative to
design and obtaining project specific permits, the

designer may also require input from fluvial
geomorphologists (or engineers with geomorphology
training), geologists and biologists. The District
Hydraulic Engineer will typically be able to assist
with flood analysis, water surface elevations/profiles,
shear stress computations, scour analysis, and
hydraulic analysis for placement of in-stream
structures. A geomorphologist can provide input
regarding characterization of channel form and
dominant geomorphic processes and hydraulic
geometry relationships such as an analysis of lateral
and longitudinal channel adjustment. The
geomorphologist can also make an identification of
the processes responsible for forming and
maintaining key habitats and assist in making an
assessment of the long-term project effects.

There are a number of ways to deal with the problem
of bank erosion as follows:

e Although not always feasible or economical, the
simplest way and generally the surest of success
and permanence, is to locate the facility away
from the erosive forces. Locating the facility to
higher ground or solid support should be
considered, even when it requires excavation of
solid rock, since excavated rock may serve as a
valuable material for bank protection.

e The most commonly used method of bank
protection is with a more resistant material like
rock slope protection. Other protection methods
(e.g., training systems) are discussed in Index
873.4 and summarized in Table 872.1.

e A third method is to reduce the force of the
attacking water. This is often done by various
plantings such as willows. Plantings once
established not only reduce stream velocity near
the bank during heavy flows, but their roots add
structure to the bank material.

e Another method is to re-direct flows away from
the embankment. In the case of stream attack, a
new channel can be created or the stream can be
diverted away from the embankment by the use
of baffles, deflectors, or spurs.

Combinations of the above four methods may be
used. Even protective works destroyed in floods
have proven to be effective and cost efficient in
minimizing damage to transportation facilities.
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Design of protective features should be governed by
the importance of the facility and appropriate design

principles.

Some of the factors which should be

considered are:

Roughness.  Revetments generally are less
resistant to flow than the natural channel bank.
Channel roughness can be significantly reduced
if a rocky vegetated bank is denuded of trees and
rock outcrops. When a rough natural bank is
replaced by a smooth revetment, the current is
accelerated, increasing its power to erode,
especially along the toe and downstream end of
the revetment. Except in narrowed channels,
protective elements should approximate natural
roughness and simulate the effect of trees and
boulders along natural banks and in overflow
channels.

Undercutting. Particular attention must be paid
to protecting the toe of revetments against
undercutting caused by the accelerated current
along smoothed banks, since this is the most
common cause of bank failure.

Standardization. Standardization should be a
guide but not a restriction in designing the
elements and connections of protective
structures.

Expendability. The primary objective of the
design is the security of the transportation
facility, not security of the protective structure.
Less costly replaceable protection may be more
economical than expensive permanent structures.

Dependability. ~ An expensive structure is
warranted primarily where transportation
facilities carry high traffic volumes, where no
reasonable detour is available, or where facility
replacement is very expensive.

Longevity. Short-lived structures or materials
may be economical for temporary situations.
Expensive revetments should not be placed on
banks likely to be buried in widened
embankments, nor on banks attacked by transient
meander of mature streams.

Rock Materials. Optimum use should be made
of local materials, considering the cost of special
handling. Specific gravity of stone is a major
factor in bank protection and the specified
minimum should not be lowered without

increasing the mass of stones. See Index
873.3(3)(a)(2)(b) for equation to estimate rock
size.

Selection.  Selection of class and type of
protection should be guided by the intended
function of the installation.

Limits.  Horizontal and vertical limits of
protection should be carefully designed. The
bottom limit should be secure against toe scour.
The top limit should not arbitrarily be at high-
water mark, but above it if overtopping would
cause excessive damage and below it if floods
move slowly along the upper bank. The end
limits should reach and conform to durable
natural features or be secure with respect to
design parameters.

871.3 Selected References

Hydraulic and drainage related publications are listed
by source under Topic 807. References specifically
related to slope protection measures are listed here
for convenience.

(@)

(b)

FHWA Hydraulic Engineering Circulars (HEC)
-- The following seven circulars were developed
to assist the designer in using various types of
slope protection and channel linings:

e HEC 14, Hydraulic Design of Energy
Dissipators for Culverts and Channels
(2006)

e HEC 15, Design of Roadside Channels with
Flexible Linings (2005).

e HEC 18, Evaluating Scour at Bridges (2012)

e HEC 20, Stream Stability at Highway
Structures (2012)

o HEC 23, Bridge Scour and Stream Instability
Countermeasures (2009)

e HEC 25, Highways in the Coastal
Environment (2008 with 2014 supplement)

e HEC 26, Culvert Design for Aquatic
Organism Passage (2010)

FHWA Hydraulic Design Series (HDS) No. 6,
River Engineering for Highway Encroachments
(2001) -- A comprehensive treatise of natural and
man-made impacts and responses on the river
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environment, sediment transport, bed and bank
stabilization, and countermeasures.

(c) AASHTO Highway Drainage Guidelines --
General guidelines for good erosion control
practices are covered in VVolume 111 - Erosion and
Sediment Control in Highway Construction

(d) AASHTO Drainage Manual (2014) — Refer to
Chapters; 11 — Energy Dissipators; 16 — Erosion
and Sediment Control; 17 — Bank Protection.
The manual provides guidance on engineering
practice in conformance with FHWA’s HEC and
HDS publications and other nationally
recognized engineering policy and procedural
documents.

(e) U.S. Army Corps of Engineers EM 1110-2-1601
Hydraulic Design of Flood Control Channels
Manual.

(f) California Department of Fish and Wildlife
California Salmonid Stream Habitat Restoration
Manual.

Topic 872 - Planning and Location
Studies

872.1 Planning

The development of sustainable, cost effective and
environmentally friendly protective works requires
careful planning and a good understanding of both
the site location and habitat within the stream reach
and overall watershed. Planning begins with an
office review followed by a site investigation.

Google Earth can be a useful tool for determining site
location, changes to stream planform (pattern), bend
radius to channel width ratio (to estimate rock size
per Index 873.3(3)(a)(2)(b), and location within the
overall watershed. USGS StreamStats will facilitate
simple watershed delineation and provide basin
characteristics such as area, cover and percentage of
impervious cover, average elevation, stream slope,
mean annual precipitation, and peak flow from
regression equations. When more detailed watershed
delineation is required, United States Geological
Survey (USGS) 7.5-minute quadrangle maps are
used to trace the tributary area and sub-basins. The
USGS maps are found in graphic image form, such
as TIFF and JPEG, and are also found in the form of
a Digital Elevation Model (DEM). A DEM contains
X-y-z topographic data points usually at 10 or

30-meter grid intervals, where ”x” and “y” represent
horizontal position coordinates of a topographic
point and “z” is its elevation. These data files and the
USGS 7.5-minute quadrangle image files can be
imported into software programs, including the
Watershed Modeling System (WMS), AutoCAD
Civil 3D, and ArcGIS.

Nearby bridges that are located along the same
stream reach should be reviewed for site history and
changes in stream cross-section. All bridge files are
located in the Division of Maintenance, Office of
Structures Maintenance.

District biologist staff should be consulted early on
during the project planning phase for subject matter
expertise regarding fisheries, habitat, and wildlife
and to perform an initial stream habitat assessment.

Contact information for Department biologists can be
accessed through the CalBioRoster.

For channel and habitat characterization and
preliminary assessment relative to design and
acquisition of project specific permits, the initial site
investigation team should include the project
engineer, the district hydraulic engineer, and a
biologist. Depending on the complexity of the
project, it may be necessary to include Caltrans staff
that are trained to perform a geomorphic assessment
and/or a geologist during the site investigation.

The selection of the type of protection can be
determined during or following the site investigation.
For some sites the choice is obvious; at other sites
several alternatives or combinations may be
applicable. See the FHWA’s HDS No. 6, River
Engineering for Highway Encroachments for a
complete and thorough discussion of hydraulic and
environmental design considerations associated with
hydraulic ~ structures in  moveable boundary
waterways.

Some specific site conditions that may dictate
selection of a type of protection different from those
shown in Table 872.1 are:

e Available right of way.
e Available materials.

e Possible damage to other properties through
streamflow diversion or increased velocity.

¢ Environmental concerns.

870-3
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e Channel capacity or conveyance.
e Conformance to new or existing structures.

e Provisions for side drainage, either surface
waters or intersecting streams or rivers.

The first step is to determine the limits of the
protection with respect to length, depth and the
degree of security required. For more detailed stream
reconnaissance considerations, see HEC 20, Index
4.2.1 (Appendix C and D) and the FHWA’s HDS No.
6, River Engineering for Highway Encroachments
(Table 8.1).

Considerations at this stage are:
e The severity of stream attack.

e The present alignment of the stream or river and
potential meander changes.

e The ratio of cost of highway replacement versus
cost of protection.

o Whether the protection should be permanent or
temporary.

e Analysis of foundation and materials
explorations.

e Access for construction.
e Bankslope (H:V).
e Bed and bank material gradations.

e Stream stability (lateral and vertical). Caltrans
Hydromodification Requirements Guidance
Storm Water Best Management Practices Rapid
Assessment of Stream Crossings Higher Level
Stream Stability Analysis presents 13 channel
characteristics that are indicators of present
stream stability. See Index 4.1.

e Local stream profile.
e Vegetation type and location.

e Physical habitat (temperature, shade, pools,
riffles, sediment supply).

e Toe scour/bank failure mode (see Table 872.2).
e Thalweg location.
e Hardpoint location(s).

e Total length of protection needed.

The second step is the selection and layout of
protective elements in relation to the highway
facility.

872.2 Class and Type of Protection

Protective devices are classified according to their
function. They are further categorized as to the type
of material from which they are constructed or shape
of the device. For additional information on specific
material types and shapes see Topic 873, Design
Concepts.

There are two basic classes of protection, armor
treatment and training works. Table 872.1 relates
different location environments to these classes of
protection.

872.3 Geomorphology and Site
Consideration

The determination of the lengths, heights, alignment,
and positioning of the protection are affected to a
large extent by the facility location environment.

An evaluation is required for any proposed highway
construction or improvement that encroaches on a
floodplain. See Topic 804, Floodplain
Encroachments for detailed procedures and
guidelines.

(1) Geomorphology. An understanding of stream
morphology is important for identifying both
stream instability and associated habitat
problems at highway-stream locations. A study
of the plan and profile of a stream is very useful
in understanding stream morphology. Plan view
appearances of streams are varied and result from
many interacting variables. Small changes in a
variable can change the plan view and profile of
a stream, adversely affecting a highway crossing
or encroachment. This is particularly true for
alluvial streams. Conversely, a highway crossing
or encroachment can inadvertently change
multiple variables such as Manning’s “n-value”,
channel width, and average velocity, which may
adversely affect the stream.

Chapter 2 in HEC 20 presents an overview of
general landform and channel evolutionary
processes to illustrate the dynamics of alluvial
channel systems. It discusses lateral stability,
factors effecting bed elevation changes, and the
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Table 872.1
Guide to Selection of Protection
Armor Training
i X X~ <
Location E é é _é § é §
§§.§tx§§jw§cxc’hx§°"-ic’x
g 2858255235855/ 8|25 2 =38
>|loxx|lolojla|lolololo|lomlwlao|la|lo|leld|lalo|lo|lal o
Cross Channel
Young Valley X X | X X | X
Mature Valley X X X X X[ X|X|X X X
Parallel Encroachment
Young Valley X X | X X | X
Mature Valley X | X X | X X | X|X X|X|X|X|X]|X]|X X
Desert-wash
Top debris cone X X | X X | X
Center debris cone X X | X X X
Bottom debris cone X X | X X X
Overflow and X | X X X X | X
Floodplain
Acrtificial Channel or X | X | XX X X
Roadside Ditch X X
(Ch. 860)
Culvert
Inlet X X X
Outlet X X X
Bridge
Abutment X X X
Upstream X X X | X[ X|X
Downstream X X X|X|X|X X | X | X
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sediment continuity principle to provide an
introduction to alluvial channel response to
natural and human-induced change.

River morphology and river response is
discussed in detail in Chapter 5 of FHWA’s HDS
No. 6, River Engineering for Highway
Encroachments.

Stream Processes. Prior to the current interest in
ecology, water quality, and the environment, few
engineers involved with highway crossings and
encroachments considered the short-term and
long-term changes that were possible or the
many problems that humans can cause to
streams. It is imperative that anyone working
with rivers, either on localized areas or entire
systems, have an understanding of the many
factors involved, and of the potential for change
within the river system. Highway construction
can have significant general and local affects on
the geomorphology and hydraulics of river
systems. Hence, it is necessary to consider
induced short-term and long-term effects of
erosion and sedimentation on the surrounding
landscape and the river. The biological response
of the river system should also be considered and
evaluated. Certain species of fish can only
tolerate large quantities of suspended sediment
for relatively short periods of time. This is
particularly true of the eggs and fry. It is useful
for the project engineer to understand what is
important for regulators. Some of the most
common topics include:

e Site geomorphology and steam stability
e Stressors to historic aquatic organism habitat
e Locations of hydraulic constrictions

Only with such knowledge can the project
engineer develop the necessary arguments to
make the case that erosion control measures must
be designed to avoid significant deterioration of
the stream environment not only in the
immediate vicinity of the highway encroachment
or crossing, but in many instances for great
distances downstream.

Fluvial geomorphology is the science dealing
with the shape of stream channels and includes
the study of physical processes within river

systems, such as bank erosion, sediment
transport, and bed material sorting.

This section is intended to give the engineer
background, perspective, and respect of stream
processes and their dynamics when designing
and constructing bank protection for natural
streams and to lay the groundwork for
application of the concepts of open-channel flow,
fluvial geomorphology, sediment transport, and
river mechanics to the design, maintenance, and
environmental challenges associated with
highway  crossings and  encroachments.
Encroachment is any occupancy of the river and
floodplain for highway use. Encroachments
usually present no issues during normal stages,
but require special protection against floods.
Classifying the regions requiring protection, the
possible types of protection, the possible flow
conditions, the possible channel shapes, and the
various geometric conditions aids the engineer in
selecting the design criteria for the conditions
encountered.

(a) Types of Encroachment. In the vicinity of
rivers, highways generally impose a degree
of encroachment. In some instances,
particularly in mountainous regions or in
river gorges and canyons, river crossings can
be accomplished with absolutely no
encroachment on the river. The bridge and
its approaches are located far above and
beyond any possible flood stage. More
commonly, the economics of crossings
require substantial encroachment on the river
and its floodplain, the cost of a single span
over the entire floodplain tends to be
prohibitive. The encroachment can be in the
form of earth fill bridge approach
embankments on the floodplain or into the
main channel itself, reducing the required
bridge length; or in the form of piers and
abutments or culverts in the main channel of
the river. Longitudinal encroachments may
exist that are not connected with river
crossings.  Floodplains often appear to
provide an attractive low cost alternative for
highway location, even when the extra cost
of flood protection is included. As a
consequence, highways, including
interchanges, often encroach on a floodplain
over long distances. In some regions, such
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as mountainous regions, river valleys (or
canyons) provide the only feasible route for
highways. This is true in areas where a
floodplain does not exist. In many locations
the highway encroaches on the main channel
itself and the channel is partly filled to allow
room for the roadway. See Figure 872.4. In
some instances, this encroachment becomes
severe, particularly as older highways are
upgraded and widened.

Effects of River Development Works. These
works may include water diversions to and
from the river system, dams, cutoffs (channel
straightening), levees, navigation works, and
the mining of sand and gravel. It is essential
to consider the probable long-term plans of
all agencies and groups as they pertain to a
river when dealing with the river in any way.
For example, dams serve as traps for the
sediment normally flowing through the river
system.  With sediment trapped in the
reservoir, essentially clear water is released
downstream of the dam site. This clear water
has the capacity to transport more sediment
than may be immediately available.
Consequently the channel begins to supply
this deficit with resulting degradation of the
bed or banks. The degraded or widened main
channel causes steeper gradients on tributary
streams in the vicinity of the main channel.
The result is degradation in the tributary
streams. It is entirely possible, however, that
the additional sediments supplied by the
tributary streams would ultimately offset the
degradation in the main channel. Thus, it
must be recognized that downstream of
storage structures the channel may either
aggrade or degrade (most common) and the
tributaries will be affected in either case.

Alluvial Streams. Most streams that
highways cross or encroach upon are
alluvial; that is, the streams are formed in
materials that have been and can be
transported by the stream. In alluvial stream
systems, it is the rule rather than the
exception that banks will erode; sediments
will be deposited; and floodplains, islands,
and side channels will undergo modification
with time. Alluvial channels continually
change position and shape as a consequence

(d)

of hydraulic forces exerted on the bed and
banks. These changes may be gradual or
rapid and may be the result of natural causes
or human activities. At any location in a
stream, the cross-sectional shape s
dependent upon the volume flow-rate (flow),
the composition of sediment transported
through a section, and the integrity or
gradation of the bed and bank materials. As
water flows through the stream channel, it
exerts a fluid shear stress on the bed and
banks. For a constant and stable cross-
sectional shape for a given flow at a specific
location, the resisting bed and bank material
shear stress must be equal to the fluid stress
at every point in the stream cross section
perimeter. In this state, a stream is in the
threshold condition where each point along
the perimeter is at the threshold of movement
or incipient motion. This condition also
indicates a dynamic equilibrium with scour
and deposition of sediment being equal. As
flow, wvelocity, and fluid shear stress
increase, the amount of scour and sediment
deposition will change, which will also
change the stream cross section for a given
bed/bank gradation.

Alluvial streams are commonly trapezoidal
in cross section through their straight reaches
and become asymmetric through their bends.
When streams incise in response to possible
instability, their depth increases and the
stream takes on a more rectangular cross-
sectional shape. Also, streams with very
large flows may become rectangular as the
bed width increases to convey the large
flows, especially if bedrock outcroppings are
present on the banks preventing them from
flattening.

Non-Alluvial Streams. Some streams are not
alluvial. The bed and bank material is very
coarse, and except at extreme flood events,
do not erode. These streams are classified as
sediment supply deficient, i.e., the transport
capacity of the streamflow is greater than the
availability of bed material for transport.
The bed and bank material of these streams
may consist of cobbles, boulders, or bedrock.
In general these streams are stable, but
should be carefully analyzed for stability at
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large flows. A study of the plan and profile
of a stream is useful in understanding stream
morphology. Plan view appearances of
streams are varied and result from many
interacting variables. Small changes in a
variable can change the plan view and profile
of a stream, adversely affecting a highway

crossing or encroachment. This s
particularly true for alluvial streams.
Conversely, a highway crossing or

encroachment can inadvertently change a
variable, adversely affecting the stream.

Dynamics of Natural Streams. Long-term
climatic and tectonic fluctuations have
caused major changes of river morphology,
but rivers can display a remarkable
propensity for change of position and
morphology in time periods of a century. For
shorter time periods river channels will shift
through erosion and deposition at bends and
may form chutes, islands or oxbow lakes.
Lateral migration, erosion and deposition
rates are not linear; i.e., a river may maintain
a stable position for several years and then
experience rapid movement. At low flow the
bed of a sand bed stream can be dunes, but at
large flows the bed may become plane or
have antidune flow. With dunes, resistance
to flow is large and bed material transport is
low. Whereas, with plane bed or antidune
flow the resistance to flow is small and the
bed material transport is large. Much,
therefore, depends on flood events, bank
stability, permanence of vegetation on banks
and the floodplain and watershed land use.

In  summary, archaeological, botanical,
geological, and geomorphic evidence
supports the conclusion that most rivers are
subject to constant change as a normal part
of their morphologic evolution. Therefore,
stable or static channels are the exception in
nature.

If an engineer modifies a river channel
locally, this local change may cause
unintended  modification of  channel
characteristics both up and down the stream.
The response of a river to human-induced
changes often occurs in spite of attempts by
engineers to keep the anticipated response

()

under control. The points that should be
stressed are that a river through time is
dynamic and that human-induced change
frequently sets in motion a response that can
be propagated upstream or downstream for
long distances.

In spite of their complexity, all rivers are
governed by the same basic forces. The
design engineer must understand, and work
with these natural forces:

e Geological factors, including soil and
seismic conditions.

e Hydrologic factors, including possible
changes in flows, runoff, and the
hydrologic effects of changes in land
use.

e Geometric characteristics of the stream,
including the probable geometric
alterations that will be activated by the
changes a project and future projects will
impose on the channel.

e Hydraulic characteristics such as depths,
slopes, and velocity of streams and what
changes may be expected in these
characteristics in space and time.

e Sea level rise may also cause river
instability, particularly when the 75-year
design life of a bridge is considered.

Basic Stream Pattern. The three basic stream
patterns are straight, braided, and
meandering as seen in aerial or plan view.
Pattern is one way of classifying a stream and
generalizing its Dbehavior, another s
sediment load. See Figure 872.1.

Commonly, stream patterns are identified by
sinuosity, which is defined as channel length
divided by valley (floodplain) length. For
straight and braided streams, sinuosity varies
between 1.0 and 1.5, while meandering
streams have sinuosity greater than 1.5.
These different patterns and their associated
gradients contribute to changes and
adjustments in streams, and specifically
influence flow resistance that effects
sediment transport and formation of cross-
sectional shape. Engineers using any stream
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Channel Pattern

Straight

Meandering

width/depth ratio

Braided

high
high

low
low

gradient

Figure 872.1

Stream Classification
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, bars
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classifications should be aware that they are
artificial constructs, and no strict science
laws or principles of classification (such as
used in biology) are possible. Although we
may assign channel reaches to discrete
categories based on arbitrary thresholds of
slope, sinuosity, bed material size, sediment
load, width-depth ratio, etc., these quantities
vary continuously, and channels tend to
behave in rather individualistic fashion.
Different types of streams occur within a
given subregion. Index 3.9 of Caltrans
Hydromodification Requirements Guidance
presents the various stream forms within
each of the physiographic subregions of
California available at the following website:

http://www.dot.ca.gov/hg/oppd/stormwtr/gu
idance/CT-Hydromodification-
Requirements-Guidance.pdf

Straight Streams. Straight river channels can
be of two types. The first forms on a low-
gradient valley slope, has a low width-depth
ratio channel, and is relatively stable. The
first type of straight channel may contain
alternate islands or bars that result in a
sinuous thalweg (flow path connecting
deepest points in successive cross sections)
within the straight channel. It may seem that
the first type of straight stream is very stable
because of low slope and energy, but
alternating sediment deposits can cause
lateral instability. In general, it is more
natural for a stream to meander than to have
a straight stream pattern, therefore it is
difficult to find low-gradient straight streams
in the field, especially long reaches.

The second type is a steep gradient, high
width-depth ratio, high energy river that has
many islands or bars, and at low flow is
braided. It is relatively active.

In general, the designer should not attempt to
develop straight channels fully protected
with riprap. In a straight channel the
alternate islands or bars and the thalweg are
continually changing; thus, the current is not
uniformly distributed through the cross-
section but is deflected toward one bank and
then the other.

(i)

(h) Braided Streams. Similar to straight streams,

streams with braided pattern have low
sinuosity, but have the highest gradient of
any of the stream patterns. Braided streams
have many sub-channels within the main
stream channel that interweave and
crisscross. The sub-channels are separated
by islands or bars which are visible during
low flows and normally submerged under
high flows. Because braided streams have
steep slopes, they possess the higher energy
necessary to erode and transport sediment
that comprises the bars and islands. Even
though braided streams have high energy,
these streams will deposit their coarser and
larger material that cannot be physically
transported by the stream’s average velocity
and shear stress. In other words, the process
of braiding occurs during flood events as a
stream adjusts in response to the larger
sediment and debris loads that cannot be
sustained while trying to find dynamic
equilibrium.  This deposition of larger
material creates the bars and islands. See
Figure 872.2. As flow and velocity fluctuate
during a flood event, it is common to see
movement and re-creation of bars, islands,
and sub-channels.

Figure 872.2

Diagram of a Braided River

Channel

Meandering Streams. Meandering is the
most common stream pattern, having a series
of alternating curves or bends, and is
associated with flatter valleys. Meandering
stream types have the highest sinuosity
because of their longer stream length, due to
several alternating curves, with respect to
valley length, see Figure 872.6. One way
that streams seek dynamic equilibrium is to
dissipate energy through erosion of their
banks, creating meandering patterns. When
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meanders are created, overall stream length
is increased, and energy is released through
the work necessary to scour its banks, which
brings a stream closer to dynamic
equilibrium.  Streambank revetments are
often constructed through these meanders to
prevent excessive erosion that may cause
instability of nearby or adjacent
transportation facilities.

Once curves have been created in a stream’s
alignment, velocity increases as the flow of
water moves through the outside bank of a
bend caused by secondary circulation
currents. Given the geometry of a curve,
velocity is resolved into three components
described in the longitudinal, width-wise,
and vertical directions, contrary to straight
reaches of stream.

As flow moves through a curve, the
circulation currents and their turbulence are
influenced by radius of curvature, stream
bottom width, flow depth, curve deflection
angle, and Reynolds Number. As often
occurs, turbulence is magnified by counter-
circulating currents from an upstream bend
merging with circulating currents of an
immediate downstream bend. The increased
turbulence usually increases the amount of
scour at the outside bend, and the transported
material is deposited on the inside bend at the
downstream reversing curve creating a point
island or bar.

Another characteristic of flow through a
curve is that the top of the water surface will
superelevate along the outside bank of a
curve as it is pulled by centrifugal forces
while the bottom water surface at the bed is
being pulled toward the inside of a bend.
These two actions will cause skewing of the
circulating current contributing to increased
erosion around a bend.

Sediment  Transport. For engineering
purposes, the two sources of sediment
transported by a stream are: (1) bed material
that makes up the stream bed; and (2) fine
material that comes from the banks and the
watershed (washload). Geologically both
materials come from the watershed, but for
the engineer, the distinction is important

because the bed material is transported at the
capacity of the stream and is functionally
related to measurable hydraulic variables.
The washload is not transported at the
capacity of the stream. Instead, the washload
depends on availability and is not
functionally related to measurable hydraulic
variables.

The division size between washload and bed
sediment load is sediment size finer than the
smallest 10 percent of the bed material. It is
important to note that in a fast flowing
mountain stream with a bed of cobbles the
washload may consist of coarse sand sizes.
For these conditions, the transport of sand
sizes is supply limited. In contrast, if the bed
of a channel is silt, the rate of bed load
transport of the silt sizes is less a question of
supply than of capacity.

When a river reaches equilibrium, its
transport capacities for water and sediment
are in balance with the rates supplied. In
fact, most rivers are subject to some kind of
control or disturbance, natural or human-
induced that gives rise to non-equilibrium
conditions. HDS No. 6, Index 4.3.2, states
total sediment load can be expressed by three
equations:

1. By type of movement
Ly =1Ly+Lg
2. By method of measurement

Lr=L,+L,
3. By source of sediment
Ly =L, +Lym
Where:
Lr = Total load;

L, = Bed load which is defined as the
transport of sediment particles that
are close to or maintain contact
with the bed;

Ls =Suspended load defined as the
suspended  sediment  passing
through a stream cross-section
above the bed layer;
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Lm = Measured sediment;

L, =Unmeasured sediment that is the
sum of bed load and a fraction of
suspended load below the lowest
sampling elevation;

Lw =Wash load which is the fine
particles not found in the bed
material (Ds < D1g), and originates
from available bank and upstream

supply;

Lom = Capacity limited bed material
load.

Streams are unique from other hydraulic
conveyance facilities, such as engineered
channels and pipes, in that its boundaries are
mobile, and they move sediment within their
water column or along the bed by skipping
and rolling, which is a complicated
interrelationship. The suspended sediment
load is carried through the flow by
turbulence and is typically fine sand, silt, and
clay. Bedload is coarser possibly as large as
boulders, and moves along the bed by fluid
stress action, see Figure 872.3. Sediment
supply and its movement are the life of a
stream that can become unstable when this
process is interrupted if supply becomes
limited or if a stream is unable to transport its
excess downstream.

Instability can be seen through channel
incision, where the stream bed degrades and
banks over steepen, excessive meandering,
or large alignment shifts as a stream attempts
to control energy as it searches for dynamic
equilibrium.  The ability of a stream to
control and manage its sediment is not the
only influence on stream stability, but one of
the more important factors.

Within a stream bed, immersed sediment
particles resting on the stream bed over other
particles exert their effective weight in the
form of a vertical force, which can be divided
into normal and tangential components based
on the stream bed slope. Simply stated, in
order for sediment particles to become
mobile, a force greater than their normal
weight must be applied to them. This force
that causes mobility is a drag force or fluid

stress acting on the particle as water flows
over them. The fluid stress can be expressed
as an average boundary shear stress acting on
a stream bed considering steady, uniform
flow:

ap = gDS¢
Where:

oo = Shear stress = Force per unit area in
flow direction;

g = Specific weight of water;
D = Flow-depth;
St = Friction slope.

Particle movement can be further expressed
at a specific point in a stream bed as incipient
motion, which is the initial movement of a
particle. The calculation of a critical shear
stress or critical velocity can be performed at
the threshold movement condition that
assumes active hydraulic forces are equal to
particle resistant forces. At the point of
critical shear stress or critical velocity, a
particle is just about to move. This means
that values of shear stress or velocity greater
than critical shear stress or critical velocity
cause particles to be in motion, while
particles will be at rest with values of shear
stress and velocity lower than critical shear
stress and velocity. An incipient motion
calculation can provide an indication of
erosion potential and stream stability.
Fischenich (2001) provides a variation of the
widely accepted and industry standard
Shields equation for approximated critical
shear stress considering different materials:

Clays: o, = 0.5d(gs — gw)tanF

Silts & Sands:
0. = 0.25d, — 0.6d(gs — gw) tan F

Gravels & Cobbles:
0. = 0.06d(gs — gy ) tan F

Where:
dy = d[(G — Dgv2]"3;
ocr = Critical shear stress;
F = Soil grain angle of repose;
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Figure 872.3
Bed Load and Suspended Load
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Figure 872.4
Longitudinal Encroachments

Highway 49, North Fork Yuba River (Near Downieville)
and Highway 190, Furnace Creek, (Death Valley)

d = Soil diameter;

gs = Sediment unit weight;

gw = Water unit weight;

G = Sediment specific gravity;
g = Gravity;

v = Water/sediment mixture kinematic
viscosity.

The Shields equation and the beginning of
motion is described in more detail in Index
3.5 of HDS No. 6.

Modeling of a stream reach, although
complex, can be performed in order to
predict sediment transport potential on a
larger scale, transport rates, volume, and

(k)

capacity modeling. Several empirical
sediment transport functions wused in
modeling have been developed and named
after their creators, such as Einstein, Acker
and White, Laursen-Copeland, Meyer-Peter
Muller, and Yang. These functions are
complex and notoriously data intensive.
Three classic sediment transport formulae
are discussed in detail in Index 4.5 of HDS
No. 6 to illustrate sediment transport
processes.  While not often, resource
agencies and flood control districts may
request this type of analysis during the
permit review process. If sediment modeling
is necessary, HEC-RAS v4.1 (or higher), the
Army Corps of Engineers’ river and stream
modeling software, contains sediment
transport modeling capabilities using these
transport functions and others.

Stream Channel Form.  Major factors
affecting alluvial stream channel forms are:

e streamdischarge, viscosity, temperature;

sediment discharge;

e longitudinal slope;

e bank and bed resistance to flow;
e vegetation;

e geology, including types of sediments
and;

e human activity.

At any location in a stream, the cross-
sectional shape is dependent upon the
volume flow-rate (flow), the composition of
sediment transported through a section, and
the integrity or gradation of the bed and bank
materials. As water flows through the stream
channel, it exerts a fluid shear stress on the
bed and banks. For a constant and stable
cross-sectional shape for a given flow at a
specific location, the resisting bed and bank
material shear stress must be equal to the
fluid stress at every point in the stream cross
section perimeter. In this state, a streamis in
the threshold condition where each point
along the perimeter is at the threshold of
movement or incipient motion.  This
condition also indicates a dynamic
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equilibrium with scour and deposition of
sediment being equal. As flow, velocity, and
fluid shear stress increase, the amount of
scour and sediment deposition will change,
which will also change the stream cross
section for a given bed/bank gradation.

The form and appearance of a stream can
also be influenced by features within the
stream profile, such as riffles and pools
because of their affects on the acting fluid
shear stress and velocity. Riffles are
longitudinal sections of streams with higher
velocity, where lower flow-depth usually
caused by obstructions, such as gravels,
cobbles, and boulders created by island or
bar development. On the contrary, pools
have higher flow-depth and lower velocity,
and are typically comprised of finer silts and
sands compared to a riffle. These bed
materials associated with pools and riffles
have an affect on resisting bed shear stress
that will influence stream shape and stability.
The alternating pool and riffle sequence is
common for nearly all perennial streams that
have gravel to boulder size bed formations.
Different types of streams occur within a
given subregion. Index 3.9 of Caltrans
Hydromodification Requirements Guidance
presents the various stream forms within
each of the physiographic subregions of
California, see:

http://www.dot.ca.gov/hg/oppd/stormwtr/gu
idance/CT-Hydromodification-
Requirements-Guidance.pdf

Floodplain Form.  From a geomorphic
perspective, floodplains are flatter lands
adjacent to a river main channel that are dry
until larger flows force water out of the
stream channel into these overbank lands
during significant flood events. Floodplains
typically include the following features: the
main stream channel itself, point islands or
bars, oxbows and lakes, natural raised berms
(levees) above floodplain surface, terraces,
sloughs and depressions, overbank fine and
coarse sediment deposition, scattered debris,
and vegetation.

When water exceeds the capacity of the main
channel, the conveyance of flow through the

(m) Streambank  Erosion.

floodplain overbanks will differ from the
main channel due to uniqueness of form
(shape), gradient, alignment, and likely the
flow resistance (roughness) of the floodplain
versus the stream channel. Therefore, water
will move and deposit varying sediment
types differently, also at different frequency,
creating a separate floodplain form. Once
sediment is moved to the floodplain, coarser
sediment is generally deposited along the
streambanks forming levees, while finer
sediment is dropped between the valley walls
and the levees on the floodplain floor.
Sediment is stored and becomes dormant
until larger flows return to the floodplain that
may convey the sediment down-valley.

Similar to the stream channel, floodplain
form is directly linked to the sediment
transport process, as well as floodplain
stability affected by sediment supply and its
movement. Fluid shear stress and velocity
control the sediment/debris degradation and
deposition properties within the floodplain
that impact its form, landscape, and
appearance. Because the floodplain can be
dormant for considerable time depending on
watershed hydrology, its form can remain
relatively constant and preserved for
extended periods, as well as be less dynamic
than the stream channel.

Simply defined,
streambank erosion occurs when the soil
resisting strength is less than the driving
forces acting on the bank. It can occur
through bank-toe scour below the water line
and bank mass failure from above. This
erosion occurs first as a geotechnical failure
followed by the hydraulic action that
removes the failed soil and sediment by fluid
shear stress. The hydraulic action further
causes lateral scour of the bank and is the
principal contributor to bank-toe failure.
This is a natural process for both stable and
unstable streams, but is exaggerated in the
latter case. The degree of erosion can be
influenced by impervious development in the
watershed, agricultural use, and changes in
climate. With or without these influences
and whether a stream is stable or unstable,
streambank erosion will take place at some
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level. Therefore, scour must be reduced at
critical locations to protect highway
structures and preserve public safety,
although restraint needs to be exercised
during the project development process so
that a stream does not greatly change its
morphology in response to the protection
measures.

The driving and resisting forces for
streambank erosion, mentioned above, are
controlled by a series of factors. The factors
that influence the calculation of the driving
(active) forces within geotechnical failure
are soil saturated unit weight, pore pressure,
bank height, and angle of repose, as well as
object surcharges within and above the bank
such as vegetation. The effects of driving
forces are commonly seen through soil
saturation as a result of intense precipitation
with subsequent increase in pore pressure
and bank soil saturated unit weight that can
cause mass bank failure. The forces that will
resist and give soil its strength from
geotechnical type failure are dependent upon
effective soil cohesion, normal stress, pore
pressure, and soil effective angle of friction.

During streambank erosion, the bank soil can
fail by different modes. Generally speaking,
steep slopes present slab-type or toppling
failures where large slabs (blocks of soil) of
the bank break away from the top and fall
into the stream, while mild slopes show a
rotational failure that begins at the bank toe
causing soil to slide from above into the
stream. Once the eroded soil reaches flowing
water, it is usually transported downstream
depending upon its size and composition.

As for bank-toe scour, its main influences are
derived from bank soil composition and
gradation, volume of sediment in transport,
stream flow and stream gradient. These
factors and the principles of scour and
sediment movement from hydraulic forces
are a reoccurring theme in fluvial
geomorphology. The following paragraphs
summarize the characteristics of unstable
and stable banks;

(1) Unstable banks with moderate to high
erosion rate occur when the slope angle

of unstable banks typically exceed
30 percent, where a cover of woody
vegetation is rarely present. At a bend,
the point island or bar opposite of an
unstable cut bank is likely to be bare at
normal stage, but it may be covered with
annual vegetation and low woody
vegetation, particularly willows. Where
very rapid erosion is occurring, the
bankline may have irregular
indentations. Fissures, which represent
the boundaries of actual or potential
slump blocks along the bankline indicate
the potential for rapid bank erosion.

(2) Unstable banks with slow to moderate
erosion rate occur when a bank is partly
graded (smooth slope) and the degree of
instability is difficult to assess where
reliance is placed mainly on vegetation.
The grading of a bank typically begins
with the accumulation of slumped
material at the base such that a slope is
formed, and progresses by smoothing of
the slope and the establishment of
vegetation.

(3) Stable banks with very slow erosion rate
occur where banks tend to be graded to a
smooth slope and the slope angle is
usually less than about 30 percent. In
most regions, the upper parts of stable
banks are vegetated, but the lower part
may be bare at normal stage, depending
on bank height and flow regime of the
stream. Where banks are low, dense
vegetation may extend to the water's
edge at normal stage. Mature trees on
graded bank slopes are particularly
convincing evidence for bank stability.
Where banks are high, occasional
slumps may occur on even the most
stable graded banks. Shallow mountain
streams that transport coarse bed
sediment tend to have stable banks.

For a more detailed discussion of bank
stability and the mechanics of bank failure
see HEC 20.

(n) Young Valley. Typically young valleys are

narrow V-shaped valleys with streams on
steep gradients. Relief elevation greater than
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1,000 ft is regarded as mountainous, while
relief in the elevation range of 100 to 1,000 ft
is regarded as hilly. Streams in mountainous
regions are likely to have steep slopes, coarse
bed materials (gravel or cobble-boulder),
narrow floodplains, and have nonalluvial
characteristics (i.e., supply-limited sediment
transport rates). At flood stage, the stream
flow covers all or most of the valley floor.
The usual situation for such locations is a
structure crossing a well-defined channel in
which the design discharge will flow at a
moderate to high velocity.

(1) Cross-Channel Location. A cross
channel location is a highway crossing a
stream on normal or skewed alignment.
The erosive forces of parallel flow
associated with a normal crossing are
generally less of a threat than the
impinging and eddy flows associated
with a skewed crossing. The effect of
constriction by projection of the
roadway embankment into the channel
should be assessed.

Characteristics to be considered include:
e Stream velocity.

e Scouring action of stream.

e Bank stability.

e Channel constrictions (artificial or
natural).

e Nature of flow (tangential or
curvilinear).

e Areas of impingement at various
stages.

e Security of leading and trailing
edges.

Common protection failures occur from:

e Undermining of the toe (inadequate
depth/size of foundation), see Figure
872.5 and Table 872.2.

e Local erosion due to eddy currents.

e Inadequate upstream and
downstream terminals or transitions

to erosion-resistant banks or
outcrops.

e Structural inadequacy at points of
impingement overtopping.

e Inadequate rock size, see Table
872.2.

o Lack of proper gradation/ layering/
RSP fabric, leading to loss of
embankment, see Table 872.2.

Any of the more substantial armor
treatments can function properly in such
exposures providing precautions are
taken to alleviate the probable causes of
failure. If the foundation is questionable
for concreted-rock or other rigid types it
would not be necessary to reject them
from consideration but only to provide a
more acceptable treatment of the
foundation, such as heavy rock or sheet
piling.

Whether the highway crosses a stream
channel on a bridge or over a culvert,
economic considerations often lead to
constriction of the waterway. The most
common constriction is in width, to
shorten the structure. Next in frequency
is obstruction by piers and bents of
bridges or partitions of multiple culverts.

Figure 872.5

Slope Failure Due to Loss of Toe
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Table 872.2

Failure Modes and Effects Analysis for Riprap Revetment

Failure Modes

Effects on Other
Components

Effects on
Whole System

Detection Methods

Compensating
Provisions

Translational
slope or slump
(slope failure)

Disruption of
armor layer

Catastrophic
failure

e Mound of rock
at bank toe

e Unprotected
upper bank

Reduce bank
slope

Use more angular
or smaller rock

Use granular
filter rather than
geotextile fabric

Particle erosion
(rock undersized)

Loss of armor
layer, erosion of
filter

Progressive
failure

e Rock moved
downstream
from original
location

o Exposure of
filter

Increase rock size

Modify rock
gradation

Piping or erosion
beneath armor
(improper filter)

Displacement of
armor layer

Progressive
failure

o Scalloping of
upper bank

e Bank cutting

e \oid beneath
and between
rocks

Use appropriate
granular or
geotextile filter

Loss of toe or key
(under designed)

Displacement or
disruption or
armor layer

Catastrophic
failure

e  Slumping of
rock

e Unprotected
upper bank

Increase size,
thickness, depth
or extent of toe or
key
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The risk of constricting the width of the
waterway is closely related to the
relative conveyance of the natural
waterway obstructed, the channel scour,
and to the channel migration.
Constricting the width of flow at
structures has the following effects:

e Increase in the upstream water
surface  elevation  (backwater
profile).

e Increase in flow velocity through
the structure opening (waterway).

e Causes eddy currents around the
upstream and downstream ends of
the structure.

Unless protection is provided the eddy
currents can erode the approach
roadway embankment and the
accelerated flow can cause scour at
bridge abutments. The effects of
erosion can be reduced by providing
transitions from natural to constricted
and back to natural sections, either by
relatively short wingwalls or by
relatively long training embankments or
structures.

Channel changes, if properly designed,
can improve conditions of a crossing by
reducing skew and curvature and
enlarging the main channel.
Unfortunately there are “side effects"
which  actually increase erosion
potential. Velocity is almost always
increased by the channel change, both
by a reduction of channel roughness and
increase of slope due to channel
shortening. In addition, channel
changes affecting stream gradient may
have upstream and/or downstream
effects as the stream adjusts in relation
to its sediment load.

At crossing locations, lateral erosion
can be controlled by positive protection,
such as armor on the banks, rock spurs
to deflect currents away from the banks,
retards to reduce riparian velocity, or
vertical walls or bulkheads. The life
cycle cost of such devices should be

considered in the economic studies to
choose a bridge length which minimizes
total cost.

Accurate estimates of anticipated scour
depths are a prerequisite for safe, cost
effective designs.  Design criteria
require that bridge foundations be
placed below anticipated scour depths.
For this reason the design of protection
to control scour at such locations is
seldom necessary for new construction.
However, if scour may undercut the toes
of dikes or embankments positive
methods including self-adjusting armor
at the toe, jetties or retards to divert
scouring currents away from the toe, or
sill-shaped baffles interrupting
transport of bedloads should be
considered.

There is the potential for instability
from saturated or inundated
embankments at crossings  with
embankments projecting into the
channel. Failures are usually reported
as "washouts", but several distinct
processes should be noted:

e Saturation of an embankment
reduces its angle of repose.
Granular fills with high
permeability may  "dissolve"
steadily or slough progressively.
Cohesive fills are less permeable,
but failures have occurred during
falling stages.

e As eddies carve scallops in the
embankment, saturation can be
accelerated and complete failure
may be rapid. Partial or total losses
can occur due to an upstream eddy,
a downstream eddy, or both eddies
eroding toward a  central
conjunction. Training devices or
armor can be employed to prevent
damage.

e If the fill is pervious and the
pavement overtopped, the buoyant
pressure under the slab will exceed
the weight of slab and shallow
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overflow by the pressure head of the
hydraulic drop at the shoulder line.
A flat slab of thickness, t, will float
when the upstream stage is 4t higher
than the top of the slab. Thereafter
the saturated fill usually fails
rapidly by a combination of erosion
and sloughing. This problem can
occur or be increased when curbs,
dikes, or emergency sandbags
maintain a differential stage at the
embankment shoulder. It is
increased by an impervious or less
pervious mass within the fill.
Control of flotation, insofar as bank
protection is concerned, should be
obtained by using impervious
armor on the upstream face of the
embankment and a pervious armor
on the downstream face.

Culvert problem locations generally
occur in and along the downstream
transition. Sharp divergence of the high
velocity flow develops outward
components of velocity which attack
the banks directly by impingement and
indirectly by eddies entrained in quieter
water. Downward components and the
high velocity near the bed cause the
scour at the end of the apron.

Standard plans of warped wingwalls
have been developed for a smooth
transition from the culvert to a
trapezoidal channel section. A rough
revetment extension to the concrete
wingwalls is often necessary to reduce
high velocity to approximate natural
flow. Energy dissipaters may be used to
shorten the deceleration process when
such a transition would be too long to be
economical. Bank protection at the end
of wingwalls is more cost effective in
most cases.

Parallel Location. With parallel
locations the risk of erosion damage
along young streams increases where
valleys narrow and gradients steepen.
The risk of erosion damage is greatest
along the outer bend of natural

meanders  or  where  highway
embankment encroaches on the main
channel.

The encroaching parallel location is
very common, especially for highways
following mountain streams in narrow
young valleys or canyons. Much of the
roadway is supported on top of the bank
or a berm and the outer embankment
encroaches on the channel in a zone of
low to moderate velocity. Channel
banks are generally stable and
protection, except at points of
impingement, is seldom necessary.

The constricting parallel location is an
extreme case of encroaching location,
causing such impairment of channel
that acceleration of the stream through
the constriction increases its attack on
the highway embankment requiring
extra protection, or additional waterway
must be provided by deepening or
widening along the far bank of the
stream.

In young valleys, streams are capable of
high velocity flows during flood stages
that may be damaging to adjacent
highway facilities. Locating the
highway to higher ground or solid
support is always the preferred
alternative when practical.

Characteristics to be considered
include:

¢ High velocity flow.

e Narrow confined channels.
e Accentuated impingement.
e Swift overflow.

o Disturbed flow due to rock outcrops
on the banks or within the main
channel.

e Alterations in flow patterns due to
the entrance of side streams into the
main channel.

Protective methods that have proven
effective are:
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e Rock slope protection.
e Concreted-rock slope protection.
e Walls of masonry and concrete.

e Articulated concrete block
revetments.

e Sacked concrete.

e Cribs walls of various materials.

(o) Mature Valley. Typically mature valleys

are broad V-shaped valleys with associated
floodplains. See Figure 872.6. The gradient
and velocity of the stream are low to
moderate. Streams in regions of lower relief
are usually alluvial and exhibit more
problems because of lateral erosion in the
channels. Vegetative cover, land use, and
flow depth on the floodplain are also
significant factors in stream channel
stability. Changes in channel geometry with
time are particularly significant during
periods when alluvial channels are
subjected to high flows, and few changes
occur during relatively dry periods. Erosive
forces during high-flow periods may have a
capacity as much as 100 times greater than
those forces acting during periods of
intermediate and low-flow rates.

Figure 872.6

Mature Valley with Meandering

Stream

When considering the stability of alluvial
streams, in most instances it can be shown
that approximately 90 percent of all changes
occur during that small percentage of the
time when the flow equals or exceeds

dominant discharge. A discussion of
dominant discharge may be found in
Hydraulic Design Series No. 6, but the
bankfull flow condition is recommended for
use where a detailed analysis of dominant
discharge is not feasible. In addition to the
general information previously given, the
following applies to mature valleys:

(1) Cross-Channel Location. The usual
situation is a structure crossing a
braided or meandering normal flow
channel. The marginal area subject to
overflow is usually traversed by the
highway on a raised embankment and
may have long approaches extending
from both banks.

Characteristics to be considered
include:

e Shifting of the main channel.

e Skew of the stream to the structure.
e Foundation in deep alluvium.

e Erodible embankment materials.

e Channel  constrictions, either
artificial or natural, which may
affect or control the future course of
the stream.

e Variable flow characteristics at
various stages.

e Stream acceleration at the structure.

Armor protection has proven effective
to prevent erosion of road approach
embankments, supplemented if
necessary by stream training devices
such as guide dikes, permeable retards
or jetties to direct the stream through the
structure. The abutments should not
depend on the training dikes to protect
them from erosion and scour. At bridge
ends one of the more substantial armor
types may be required, but bridge
approach embankments affected only
by overflow seldom require more than a
light revetment, such as a thin layer of
rocky material, vegetation, or a fencing
along the toe of slope. For channel flow



870-22
July 15, 2016

)

HIGHWAY DESIGN MANUAL

control upstream, the size and type of
training system ranges from pile wings
for high velocity, through permeable
jetties for moderate velocity, to the earth
dike suitable for low velocity.

The more common failures in this
situation occur from:

o Lack of upstream control of channel
alignment.

o Damage of unprotected
embankments by overflow and
return flow.

e Undercut foundations.

o Formation of eddies at abrupt
changes in channel.

e Stranding of drift in the converging
channel.

Parallel Location. Parallel highways
along mature rivers are often situated on
or behind levees built, protected and
maintained by other agencies. Along
other  streams, rather extensive
protective measures may be required to
control the action of these meandering
streams.

Channel change is an important factor
in locations parallel to mature streams.
The channel change may be to close an
embayment, to cut off an oxbow, or to
shift the alignment of a long reach of a
stream. In any case, positive means
must be adopted to prevent the return of
the stream to its natural course. For a
straight channel, the upstream end is
critical, usually  requiring  bank
protection equivalent to the facing of a
dam. On a curved channel change, all
of the outer bend may be critical,
requiring  continuous  protection.
Continuous and  resistive  bank
protection measures, such as riprap and
longitudinal rock toes are primarily
used to armor outer bends or areas with
impinging flows. These continuous and
concentrated high velocity areas will
generally result in reduced aquatic
habitat. Since streambank protection

(3) Desert  Wash

designs that consist of riprap, concrete,
or other inert structures alone may be
unacceptable for lack of environmental
and aesthetic benefits. Resource
agencies have increased interest in
designs that combine vegetation and
inert materials into living systems that
can reduce erosion while providing
environmental and aesthetic benefits.

Locations. Particular
consideration should be given to highway
locations that traverse natural geographical
features of desert washes, sand dunes, and other
similar regions.

Desert washes are a prominent feature of the
physiography of California. Many long
stretches of highway are located across a
succession of outwash cones. Infrequent
discharge is typically wide and shallow,
transporting large volumes of solids, both
mineral and organic. Rather than bridge the
natural channels, the generally accepted
technique is to concentrate the flow by a series
of guide dikes leading like a funnel to a
relatively short crossing.

An important consideration at these locations is
instability of the channel, see Figure 872.7. For
a location at the top of a cone (Line A),
discharge is maximum, but the single channel
emerging from the uplands is usually stable. For
a location at the bottom of the cone (Line C),
instability is maximum with poor definition of
the channel, but discharge is reduced by
infiltration and stream dispersion. The energy
of the stream is usually dissipated so that any
protection required is minimal. The least
desirable location is midway between top and
bottom (Line B), where large discharge may
approach the highway in any of several old
channels or break out on a new line. Control
may require dikes continuously from the top of
the cone to such a mid-cone site with slope
protection added near the highway where the
converging flow is accelerated. See Figure
872.8, which depicts a typical alluvial fan.

Also common are roadway alignments which
longitudinally encroach, or are fully within the
desert wash floodplain, see Figure 872.9. Re-
alignment to a stable location should be the first
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consideration, but restrictions imposed by
federal or state agencies (National Park Service,
USDA Forest Service, etc.) may preclude that
option, somewhat similar to transverse
crossings. The designer may need to consider
allowing frequent overtopping and increased
sediment removal maintenance since an “all
weather design” within these regimes can often
lead to large scale roadway washout.

Figure 872.7
Alternative Highway Locations
Across Debris Cone

A Y
B >

(

Cross at a single definite channel
A series of unstable indefinite channels and
A widely dispersed and diminished flow

ow>

Characteristics to be considered include:

e The intensity of rainfall and subsequent run-
off.

e The relatively large volumes of solids that
are carried in such run-off.

e The lack of definition and permanence of
the channel.

e The scour depths that can be anticipated.
e The lack of good foundation.

Effective protective methods include armor
along the highway and at structures and the
probable need for baffles to control the direction
and velocity of flow. Installations of rock,
fence, palisades, slope paving, and dikes have
been successful.

Figure 872.8
Alluvial Fan

Roadway

Typical multi-channel stream threads on alluvial fan.
Note location of roadway crossing unstable channels.

Figure 872.9
Desert Wash Longitudinal
Encroachment

o T e

Road washout dué to Idngitudinal location in desert
wash channel

The Federal Emergency Management Agency
(FEMA) Flood Hazard Mapping website
contains information on recognizing alluvial fan
landforms and methods for defining active and
inactive areas. See their “Guidelines for
Determining Flood Hazards on Alluvial Fans” at
http://www.fema.gov/fhm/ft_tocs.shtm.
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(4) Construction, Easements, Access and Staging.
A primary site consideration for any bank
protection design is its constructability. This
may include the need for supplemental plans and
temporary construction easements for stage
construction to accommodate equipment access.
See Figure 872.10.

Figure 872.10
Stage Construction

(5) Biodiversity. The riparian area provides one of
the richest habitats for large numbers of fish and
wildlife species, which depend on it for food and
shelter. Many species, including coho and
Chinook salmon, steelhead, yellow-billed
cuckoo, and the red-legged frog, are threatened
or endangered in California. Natural riparian
habitat also includes the assortment of native
plants that occur adjacent to streams, creeks and
rivers. These plants are well adapted to the
dynamic and complex environment of
streamside zones. A key threat to fish species in
any migrating corridor therefore will include
loss of riparian habitat and instream cover
affecting juvenile rearing and outmigration.

For channel and habitat characterization and
preliminary assessment relative to designing
and obtaining project specific permits, District
biologist staff should be consulted early on
within the project planning phase for subject
matter expertise regarding fisheries, habitat, and
wildlife.  District biologist staff can also
perform an initial stream habitat assessment.
Contact information for Department biologists
can be accessed through the CalBioRoster.

Numerous State and Federal agencies are
responsible for fish management in California -
including California Department of Fish and
Wildlife, the National Marine Fisheries Service
and the United Stated Army Corps of Engineers.
Each agency has its own guidelines and
jurisdiction. For example, detailed information
on the requirements for fish habitat in riparian
corridors may be found in Volume One and Two
of the California Salmonid Stream Habitat

Restoration Manual:
http://www.dfg.ca.gov/fish/Resources/Habitat
Manual.asp

872.4 Data Needs

The types and amount of data needed for planning
and analysis of channel protection varies from
project to project depending upon the class and
extent of the proposed protection, site location
environment, and geographic area. See Index 872.1.
The data that is collected and developed including
preliminary  calculations, and  alternatives
considered should be documented in project
development reports (Environmental Document,
Project Report, etc.) or as a minimum in the project
file. These records serve to guide the detailed
designs, and provide reference background for
analysis of environmental impacts and other needs
such as permit applications and historical
documentation for any litigation which may arise.
See Index 873.3(3)(a)(2)(b) for rock sizing equation
parameters.

Recommendations for data needs can be requested
from the District Hydraulics Engineer or determined
from Chapter 8 of FHWA’s HDS No. 6, for a more
complete discussion of data needs for highway
crossings and encroachments on rivers. Further
references to data needs are contained in Chapter
810, Hydrology and FHWA's HDS No. 2, Highway
Hydrology and HEC 20, Stream Stability at Highway
Structures.

872.5 Rapid Assessment

The National Pollutant Discharge Elimination
System (NPDES) permit mandates a risk-based
approach to be employed during planning and
design for assessing stream stability at highway
crossings. This approach involves conducting a
rapid pre-project assessment of the vertical and
lateral stability of the receiving stream channel
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related to an existing or planned highway crossing
structure. If the rapid stability assessment (RSA)
indicates potential problems, more detailed
engineering analyses are required to determine if
countermeasures are needed to stabilize the crossing
to prevent the release of sediment. Therefore, if
available, stream stability assessments for nearby
highway crossings should be included in the site
consideration for channel protection.

Section 3 of Caltrans Hydromodification
Requirements Guidance Storm Water Best
Management Practices Rapid Assessment of Stream
Crossings Higher Level Stream Stability Analysis is
an excellent resource for understanding the concepts
of basic geomorphology and California earth
science.

Table 8 of Assessing Stream Channel Stability at
Bridges in Physiographic Regions (FHWA-HRT-
05-072) presents an extensive listing of factors
affecting stream stability.

Topic 873 - Design Concepts
873.1 Introduction

No attempt will be made here to describe in detail all
of the various devices that have been used to protect
embankments against scour. Methods and devices
not described may be used when justified by
economic analysis. Not all publicized treatments are
necessarily suited to existing conditions for a
specific project.

A set of plans and specifications must be prepared to
define and describe the protection that the design
engineer has in mind. These plans should show
controlling factors and an end product in such detail
that there will be no dispute between the
construction engineer and contractor. To serve the
dual objectives of adequacy and economy, plans and
specifications should be precise in defining
materials to be incorporated in the work, and flexible
in describing methods of construction or
conformance of the end product to working lines and
grades.

Recommendations on channel lining, slope
protection, and erosion control materials can be
requested from the District Hydraulic Engineer, the
District Materials Branch and the Office of Highway
Drainage and Water Quality Design in
Headquarters. The District Landscape Architect

will provide recommendations for temporary and
permanent erosion and sediment control measures.
The Caltrans Bank and Shore Protection Committee
is available on request to provide advice on
extraordinary situations or problems and to provide
evaluation and formal approvals for acceptable non-
standard designs. See Index 802.3 for further
information on the organization and functions of the
Committee.

Combinations of armor-type protection can be used,
the slope revetment being of one type and the
foundation treatment of another. The use of rigid,
non-flexible slope revetment may require a flexible,
self-adjusting foundation for example: concreted-
rock on the slope with heavy rock foundation below,
or PCC slope paving with a steel sheet-pile cutoff
wall for foundation.

Bank protection may be damaged while serving its
primary purpose. Lower cost replaceable facilities
may be more economical than expensive permanent
structures. However, an expensive structure may be
economically warranted for highways carrying large
volumes of traffic or for which no detour is
available.

Cost of stone is extremely sensitive to location.
Variables are length of haul, efficiency of the quarry
in producing acceptable sizes, royalty to quarry and,
necessity for stockpiling and rehandling. On some
projects the stone may be available in roadway
excavation.

873.2 Design High Water and Hydraulics

The most important, and often the most perplexing
obligation, in the design of bank and shore
protection features is the determination of the
appropriate design high water elevation to be used.
The design flood stage elevation should be chosen
that best satisfies site conditions and level of risk
associated with the encroachment. The basis for
determining the design frequency, velocity,
backwater, and other limiting factors should include
an evaluation of the consequences of failure on the
highway facility and adjacent property. Stream
stability and sediment transport of a watercourse are
critical factors in the evaluation process that should
be carefully weighted and documented. Designs
should not be based on an arbitrary storm or flood
frequency.
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A suggested starting point of reference for the
determination of the design high water level is that
the protection withstands high water levels caused
by meteorological conditions having a recurrence
interval of one-half the service life of the protected
facility. For example, a modern highway
embankment can reasonably be expected to have a
service life of 100 years or more. It would therefore
be appropriate to base the preliminary evaluation on
a high water elevation resulting from a storm or
flood with a 2 percent probability of exceedance
(50 vyear frequency of recurrence). The first
evaluation may have to be adjusted, either up or
down, to conform with a subsequent analysis which
considers the importance of the encroachment and
level of related risks which may include
consideration of  historic high water marks and
climate change. Scour countermeasures protecting
structures designed by the Division of Engineering
Services (DES) may include consideration of floods
greater than a 1 percent probability of exceedance
(100 year frequency of recurrence).

There is always some risk associated with the design
of protection features. Special attention must be
given to life threatening risks such as those
associated  with  floodplain  encroachments.
Significant floodplain risks are classified as those
having probability of:

e Catastrophic failure with loss of life.

e Disruption of fire and ambulance services or
closing of the only evacuation route available to
a community.

Refer to Topic 804, Floodplain Encroachments, for
further discussion on evaluation of risks and
impacts.

(1) Streambank Locations. The velocity along the
banks of watercourses with smooth or uniformly
rough tangent reaches may only be a small
percentage of the average stream velocity.
However, local irregularities of the bank and
streambed may cause turbulence that can result
in the bank velocity being greater than that of
the central thread of the stream. The location of
these irregularities is not always permanent as
they may be caused by local scour, deposition of
rock and sand, or stranding of drift during high
water changes. It is rarely economical to protect
against all possibilities and therefore some

damage should always be anticipated during
high water stages.

Essential to the design of streambank protection
is sufficient information on the characteristics of
the watercourse under consideration. For proper
analysis, information on the following types of
watercourse characteristics must be developed
or obtained:

e Design Discharge

o Design High Water Level
o Flow Types

e Channel Geometry

e Flow Resistance

e Sediment Transport

Refer to Chapter 810, Hydrology, for a general
discussion on hydrologic analysis and
specifically to Topic 817, Flood Magnitudes;
Topic 818, Flood Probability and Frequency;
and Topic 819, Estimating Design Discharge.
For a detailed discussion on the fundamentals of
alluvial channel flow, refer to Chapter 3, HDS
No. 6, and to Chapter 4, HDS No. 6, for further
information on sediment transport.

(2) Ocean & Lake Shore Locations. Refer to
Chapter 880 for information needed to design
shore protection.

873.3 Armor Protection

(1) General. Armor is the artificial surfacing of
bed, banks, shore or embankment to resist
erosion or scour. Armor devices can be flexible
(self-adjusting) or rigid.

Hard armoring of stream banks, primarily with
rock slope protection (RSP), has been the most
common means of providing long-term
protection for transportation facilities, and most
importantly, the traveling public. With many
years of use, dozens of formal studies and
thousands of constructed sites, RSP is the armor
type for which there exists the most quantifiable
data on performance, constructability,
maintainability and durability, and for which
there exist several nationally recognized design
methods.
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Due to the above factors, RSP is the general
standard against which other forms of armoring
are compared.

The results of internal research led to the
publication of Report No. FHWA-CA-TL-95-
10, “California Bank and Shore Rock Slope
Protection Design”. Within that report, the
methodology for RSP design adopted as the
Departmental standard for many years, was the
California Bank and Shore, (CaBS), layered
design. The CaBS layered design methodology
and its associated gradations have become
obsolete. For reference only, the full report is
available at the following website:

http://www.dot.ca.gov/hg/oppd/hydrology/hydr
oidx.htm.

FHWA Hydraulic Engineering Circular No. 23
(HEC 23) presents guidelines for RSP for a
range of applications, including: RSP on
streams and river banks, bridge piers and
abutments, and bridge scour countermeasures
such as guide banks and spurs. These guidelines
were formally adopted by the Caltrans Bank and
Shore Protection Committee with a modified
version of HEC 23 gradations. See Tables
873.3A and 873.3B as well as HEC 23, Volume
1, Chapter 5 and Design Guideline 4, 5, 11, 12,
15 and 16 from Volume 2. Section 72 of the
Standard Specifications provides all
construction and material specifications for RSP
designs. While standards (i.e., Standard Plans,
Standard Specifications and/or SSP’s) do exist
for some other products discussed in this
Chapter (most notably for gabions, but also for
certain rolled or mat-style erosion control
products), their primary application is for
relatively flat slope or shallow ditch erosion
control (gabions are also used as an earth
retaining structure, see Topic 210 for more
details).

Rigid and other armor types listed below are
viable and may be considered where conditions
warrant.  Although the additional step of
headquarters approval of any nonstandard
designs is required, designers are encouraged to
consider alternative designs, particularly those
that incorporate vegetation or products naturally
present in stream environments. The District
Landscape Architect can provide design

assistance together with specifications and
details for the vegetative portion of this work.

(a) Flexible Types.
e Rock slope protection.

e (Gabions, Standard Plan D100A and
D100B.

e Precast concrete articulated blocks.
(b) Rigid Types.
e Concreted-rock slope protection.
e Partially-grouted rock slope protection.
e Sacked concrete slope protection.

e Concrete filled cellular mats.

(2) Bulkheads. The bulkhead types are steep or

vertical structures, like retaining walls, that
support natural slopes or constructed
embankments which include the following:

e Gravity or pile supported concrete or
masonry walls.

e Crib walls
e Sheet piling

(a) General Design Criteria. In selecting the
type of flexible or rigid armor protection to
use the following characteristics are
important design considerations.

(1) The lower limit, or toe, of armor should
be below anticipated scour or on
bedrock. If for any reason this is not
economically feasible, a reasonable
degree of security can be obtained by
placement of additional quantities of
heavy rock at the toe which can settle
vertically as scour occurs.

(2) In the case of slope paving or any
expensive revetment which might be
seriously damaged by overtopping and
subsequent erosion of underlying
embankment, extension above design
high water may be warranted. The
usual limit of extension for streambank
protection above design high water is
1 foot to 2 feet in unconstricted reaches
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and 2 feet to 3 feet in constricted
reaches.

The upstream terminal can be
determined best by observation of
existing conditions and/or by measuring
velocities along the bank.

The terminal should be located to
conform to outcroppings of erosion-
resistant materials, trees, shrubs or other
indications of stability.

In general, the upstream terminal on
bends in the stream will be some
distance upstream from the point of
impingement or the beginning of curve
where the effect of erosion is no longer
damaging.

When possible the downstream terminal
should be made downstream from the
end of the curve and against
outcroppings, erosion-resistant
materials, or returned securely into the
bank so as to prevent erosion by eddy
currents and velocity changes occurring
in the transition length.

The encroachment of embankment into
the stream channel must be considered
with respect to its effect on the
conveyance of the stream and possible
damaging effect on properties upstream
due to backwater and downstream due
to increased stream velocity or
redirected stream flow.

A smooth surface will generally
accelerate velocity along the bank,
requiring additional treatment (e.g.,
extended transition, cut-off wall, etc.) at
the downstream terminal.  Rougher
surfaces tend to keep the thread of the
stream toward the center of the channel.

Heavy-duty armor used in exposures
along the ocean shore may be
influenced or dictated by economics, or
the feasibility of handling heavy
individual units.

(3) Flexible Revetments.
(a) Streambank Rock Slope Protection.
(1) General Features. This kind of

protection, commonly called riprap,
consists of rock courses placed upon the
embankment or the natural slope along
a stream. Rock, as a slope protection
material, has a number of desirable
features which have led to its
widespread application.

It is usually the most economical type of
revetment where stones of sufficient
size and quality are available, it also has
the following advantages:

e Itis flexible and is not impaired nor
weakened by slight movement of
the embankment resulting from
settlement  or  other  minor
adjustments.

e Local damage or loss is easily
repaired by the addition of similar
sized rock where required.

e Construction is not complicated and
special equipment or construction
practices are not usually necessary.
(Note that Method A placement of
very large rock may require large
cranes or equipment with special
lifting capabilities).

e Appearance is natural, and usually
acceptable in recreational and
scenic areas.

o If exposed to fresh water,
vegetation may be induced to grow
through the rocks adding structural
value to the embankment material
and restoring natural roughness.
See Index 873.3(3)(a)(2)(d) for
further vegetative rock slope
protection information.

e Additional thickness (i.e., mounded
toe design) can be provided at the
toe to offset possible scour when it
is not feasible to found it upon
bedrock or below anticipated scour.
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It is salvageable, may be stockpiled
and reused if necessary.

In designing the rock slope protection
for a given embankment the following
determinations are to be made for the
typical section.

(@)

(b)

Depth at which the stones are
founded (bottom of toe trench).

Elevation at the top of protection.
Thickness of protection.

Need for geotextile or rock filter
material.

Face slope.

Placement. Two different methods
of placement for rock slope
protection are allowed under
Section 72 of the Standard
Specifications:  Placement under
Method A requires considerable
care, judgment, and precision and is
consequently more expensive than
Method B. Method A should be
specified primarily where large
rock is required, but also for
relatively steeper slopes.

Foundation Treatment. The
foundation excavation must afford
a stable base on bedrock or extend
below anticipated scour.

Terminals of revetments are often
destroyed by eddy currents and
other turbulence because of
nonconformance  with  natural
banks. Terminals should be
secured by transitions to stable bank
formations, or the end of the
revetment should be reinforced by
returns of thickened edges.

While a significant amount of
research is  currently  being
conducted, few methods exist for
estimating scour along stream
banks. One of the few is the method
contained in HEC 23 Volume 1,
Index 4.3.5 and the CHANLPRO
Program developed by the U.S.

(©

Army Corps of Engineers. Based
on the flume studies at the Corps’
Waterways Experiment Station, the
program is primarily used by the
Corps for RSP designs on streams
with 2 percent or lesser gradients,
but contains an option for scour
depth estimates in bends for sand
channels. CHANLPRO is available
at the following USACE website:
http://chl.erdc.usace.army.mil/chan
Ipro along with a user guide
containing  equations,  charts,
assumptions and limitations to the
method and example problems.

Embankment Considerations.
Embankment material is not
normally carried out over the rock
slope protection so that the rock
becomes part of the fill. With this
type of construction fill material
can filter down through the voids of
the large stones and that portion of
the fill above the rocks could be
lost. If it is necessary to carry
embankment material out over the
rock slope protection a geotextile is
required to prevent the loses of fill
material.

The embankment fill slope is
usually determined from other
considerations such as the angle of
repose for embankment material, or
the normal 1V:4H specified for
high-standard  roads. If the
necessary size of rock for the given
exposure is not locally available,
consideration should be given to
flattening of the embankment slope
to allow a smaller size stone, or
substitution of other types of
protection. On high embankments,
alternate sections on several slopes
should be compared, practically and
economically; flatter slopes require
smaller stones in thinner sections,
but at the expense of longer slopes,
a lower toe elevation, increased
embankment, and perhaps
additional right of way.
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Where the roadway alignment is
fixed, slope flattening will often
increase embankment
encroachment into the stream.
When such an encroachment is
environmentally or technically
undesirable, the designer should
consider various vertical, or near
vertical, wall type alternatives to
provide adequate stream width,
allowing natural channel migration
and the opportunity for enhancing
habitat.

Rock Slope Protection Fabric.
Rock Slope Protection fabrics are
described in Standard Specification
Section 96. The RSP fabric
placement ensures that fine soil
particles do not migrate through the
RSP due to hydrostatic forces and,
thus, eliminate the potential for
bank failure. The use of RSP fabric
provides an inexpensive layer of
protection retaining embankment
fines in lieu of placing a gravel filter
of small, well graded materials. See
Index 873.3(3)(a)(1)(e) “Gravel
Filter.”

Stronger and heavier RSP fabrics
than those listed in the Standard
Specifications are manufactured.
They are used in special designs for
larger than standard RSP sizes, or
emergency installations  where
placement of large RSP must be
placed directly on the fabric. These
heavy weight fabrics have unit
weights of up to 16 ounces per
square  yard. Contact the
Headquarters Hydraulic Engineer
for assistance regarding usage
applications of heavy weight RSP
fabrics.

Gravel Filter.  Generally RSP
fabric should always be used unless
there is a permit requirement that
precludes the placement of fabric.
Where RSP fabric cannot be placed,
such as in stream environments

where CA Fish & Wildlife and
NOAA Fisheries strongly
discourage the use of RSP Fabric, a
gravel filter is usually necessary
with most native soil conditions to
stop fines from bleeding through
the typical RSP classes. A gravel
filter will be specified and placed
between the native base soil and
RSP for hybrid revetments to avoid
conflicts associated with planting
vegetation and placing RSP fabric
together. A universal gravel filter
gradation is presented in Design
Information Bulletin No. 87 (see
Table H, Index 7.1.2), which should
work for many stream sites in
California and eliminate the need
for a site-specific gravel filter
design for every project.

When a gravel filter is to be placed,
the designer is advised to work with
the District Materials Office to geta
recommendation for the necessary
gradation to work effectively with
both the native backfill and the base
layer of the RSP that is being
placed. Among the methods
available for designing the gravel
filter are the Terzaghi method,
developed exclusively for situations
where the native backfill is sand,
and the Cisten-Ziems method,
which is often used for a broad
variety of soil types and
recommended in HEC 23. Where
streambanks must be significantly
rebuilt and reconfigured with
imported material before RSP
placement, the designer must
ensure that the imported material
will not bleed through the designed
gravel filter. See HEC 23 Volume
2, Design Guideline 16, Index
16.2.1 Granular Filter Design
Procedure and 16.3.1 Granular
filter (design example).

(2) Streambank Protection Design. In the
lower reaches of larger rivers wave
action resulting from navigation or
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wind blowing over long reaches may be
much more serious than velocity. A
2 foot wave, for example, is more
damaging than direct impingement of a
current flowing at 10 feet per second.
Therefore, consideration of a wave
attack based design may be necessary.
See Chapter 880 for further
information.

Well designed streambank rock slope
protection should:

e Assure stability and compatibility
of the protected bank as an integral
part of the channel as a whole.

e Connect to natural bank, bridge
abutments or adjoining
improvements  with  transitions
designed to ease differentials in
alignment, grade, slope and
roughness of banks.

o Eliminate or ease local embayments
and capes so as to streamline the
protected bank.

e Consider the effects of backwater

above constrictions,
superelevations on bends, as well as
tolerance of occasional

overtopping.

e Not be placed on a slope steeper
than 1.5H:1V. Flatter slopes use
lighter stones in a thinner section
and encourage overgrowth of
vegetation, but may not be
permissible in narrow channels.

e Use stone of adequate weight to
resist erosion, derived from Index
873.3(3)(a)(2)(b).

e Prevent loss of bank materials
through interstitial spaces of the
revetment. Rock slope protection
fabric should be used.

e Rest on a good foundation on
bedrock or extend below the depth
of probable scour. If questionable,
use heavy bed stones and provide a
wide base section with a reserve of

material to slough into local scour
holes (i.e., mounded toe).

e Reinforce critical zones on outer
bends subject to impinging flow,
using heavier stones, thicker
section, and deeper toe.

e Be constructed of rock of such
shape as to form a stable protection
structure of the required section.
Rounded boulders or cobbles must
not be used on prepared ground
surfaces having slopes steeper than
2.5H:1V.

(a) Stone Shape. The shape of a stone
can be generally described by
designating  three  axes of
measurement: major, intermediate,
and minor, also known as the “A, B,
and C” axes, as shown in Figure
873.3A.

Figure 873.3A
Stone Shape

C (thickness)

A (length)

Riprap stones should not be thin and
platy, nor should they be long and
needle-like. Therefore, specifying a
maximum allowable value of the
ratio A/C, also known as the shape
factor, provides a suitable measure
of particle shape, since the B axis is
intermediate between the two
extremes of length A and thickness
C. A maximum allowable value for
A/C of 3.0 is recommended.

Based on field studies, the
recommended relationship between
stone size and weight is given by:




870-32 HIGHWAY DESIGN MANUAL

July 15, 2016
Table 873.3A
RSP Class by Median Particle Size®
Median article Size® s s oo | Placement
Class @@ | Sjze (in) Min Max Min Max Max Method
| 6 3.7 5.2 5.7 6.9 12.0 B
I 9 5.5 7.8 8.5 10.5 18.0 B
1 12 7.3 10.5 11.5 14.0 24.0 B
\V, 15 9.2 13.0 14.5 175 30.0 B
V 18 11.0 15.5 17.0 20.5 36.0 B
VI 21 13.0 185 20.0 24.0 42.0 AorB
Vil 24 14.5 21.0 23.0 275 48.0 AorB
Vil 30 18.5 26.0 28.5 345 48.0 AorB
IX 36 22.0 31.5 34.0 415 52.8 A
X 42 25.5 36.5 40.0 48.5 60.5 A
XI 46 28.0 39.4 437 53.1 66.6 A

NOTES:
(1) Rock grading and quality requirements per Standard Specifications.

(2) RSP-fabric Type of geotextile and quality requirements per Section 96 Rock Slope Protection Fabric of the Standard
Specifications. For RSP Classes | thru V111, use Class 8 RSP-fabric which has lower weight per unit area and it also
has lower toughness (tensile x elongation, both at break) than Class 10 RSP-fabric. For RSP Classes IX thru XI, use
Class 10 RSP-fabric.

(3) Intermediate, or B dimension (i.e., width) where A dimension is length, and C dimension is thickness.
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Table 873.3B
RSP Class by Median Particle Weight®
Viecin Particle Weight ws W Wi | Placemen
Class @@ | Weight Min Max Min Max Max Method
| 20 1b 4 11 15 27 140 B
1 60 Ib 14 39 50 94 470 B
Il 150 Ib 32 94 120 220 1,100 B
v 300 Ib 63 180 250 440 2,200 B
\Y 1/4 ton 110 300 400 700 3,800 B
Vi 3/8 ton 180 520 650 1,100 6,000 AorB
\1 1/2 ton 250 750 1000 1,700 9,000 AorB
VI 1ton 520 1,450 1,900 3,300 9,000 AorB
IX 2 ton 870 2,500 3,200 5,800 12,000 A
X 3ton 1,350 4,000 5,200 9,300 18,000 A
Xl 4 ton 1,800 5,000 6,800 12,200 24,000 A

NOTES:

(1) Rock grading and quality requirements per Standard Specifications.

(2) RSP-fabric Type of geotextile and quality requirements per Section 96 Rock Slope Protection Fabric of the Standard
Specifications. For RSP Classes | thru V111, use Class 8 RSP-fabric which has lower weight per unit area and it also
has lower toughness (tensile x elongation, both at break) than Class 10 RSP-fabric. For RSP Classes IX thru XI, use

Class 10 RSP-fabric.

(3) Values shown are based on Table 873.3A dimensions and an assumed specific gravity of 2.65. Weight will vary
based on density of rock available for the project.
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W = 0.85(y,d?)
Where:
W = Weight of stone, Ib;

d =Size of intermediate ("B")
axis, ft;

vs = Density of stone, Ib/ft3;

=Sy Yw
Where:
Yw = 62.4 Ib/ft3;
Sy = Specific gravity of
stone.

Tables 873.3A and 873.3B provide
recommended gradations for eleven
standard classes of riprap based on
median particle size dsp as
determined by the dimension of the
intermediate ("B") axis. The D or
W refers to size or weight,
respectively. The number is the
percent finer by weight. Tables
873.3A and 873.3B are modified
versions of Tables 4.1 and 4.2 in
HEC 23, Volume 2, Design
Guideline 4, which provide
recommended gradations for ten
standard classes of riprap and
conform to those recommended in
NCHRP Report 568 (Lagasse et al.
2006). The gradation criteria in
Table 873.3A are based on a
nominal or "target” dso. See Index
873.3(3)(a)(2)(b) for equations to
calculate ds and dso. The most
significant modifications to Tables
873.A and 873.B from the
gradations shown in Tables 4.1 and
4.2 are to the digomax and Waigomax
gradation for classes VIII through
X1, which have been truncated for
practicality. An additional class XI
is included in Tables 873.3A and
873.3B. Contact the Headquarters
Hydraulic  Engineer if more
information is needed on the
modification to the HEC 23
gradations.

Based on the recommended
relationship between size and
weight, which assumes the volume
of the stone is 85% of a cube, Table
873.3B provides the equivalent
particle weights for the same eleven
classes as Table 873.3A using a
specific gravity of 2.65 for the
particle density.

(b) Stone Size. Where stream velocity
governs, rock size may be estimated
from the following formula, which can
be used with uniform or gradually
varying flow. Coefficients are included
to account for the desired safety factor
for design, specific gravity of the riprap
stone, bank slope, and bendway
character;

d30
2.5
= y(S;CsCyCr) Vaes
l Kl(Sg — 1)gyJ
Where:

dso= Particle size for which
30% is finer by weight, ft;

y = Local depth of flow, ft;

St = Safety factor (typically =
1.0);

Cs = Stability coefficient (for
blanket thickness 1.5dso or
d100, Whichever is greater)
= 0.30 for angular rock;

Cv= Velocity distribution
coefficient;

= 1.0 for straight channels or
the inside of bends;

=1.283-0.2 log (R/W) for
the outside of bends (1.0
for R/W > 26);

=1.25 downstream from
concrete channels;

= 1.25 at the end of dikes;
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For
Vdes

Vdes

For
Vdes

Vdes

Ct = Blanket thickness
coefficient = 1.0;

Sy = Specific gravity of stone
(2.5 minimum);

g =Acceleration due to
gravity, 32.2 ft/s?;

V4es= Characteristic velocity for
design, defined as the
depth-averaged velocity at
a point 20% upslope from
the toe of the revetment,

ft/s;

natural channels,
= Vayg (1.74 - 0.52 log (R/W))
= Vayg for RJ/W > 26

trapezoidal channels,
= Vayg (1.71 - 0.78 log (R/W))
= Vaygfor R/W > 8
Where:

Rc. = Centerline radius of
curvature of channel
bend, ft;

W =Width of water
surface at upstream
end of channel bend,
ft;

Vag =  Channel Cross-
sectional average
velocity, ft/s;

Ki=Side slope correction
factor;

w = |1 sin(8 — 14°) 16

1= sin 32°
Where:
0 =is the bank angle in
degrees.

The flow depth "y" used in the
above equation is defined as the
local flow depth. The flow depth at
the toe of slope is typically used for
bank  revetment applications;
alternatively, the average channel

depth can be used. The smaller of
these values will result in a slightly
larger computed ds size, since
riprap size is inversely proportional
to (y*%). The blanket thickness
coefficient (Cy) is 1.0 for standard
riprap applications where the
thickness is equal to 1.5dso or digo,
whichever is greater.  Because
limited data is available for
selecting lower values of Ct when
greater thicknesses of riprap are
used, a value of 1.0 is reasonable for
all applications. The recommended
Safety Factor Sf is 1.1 for bank
revetment. Greater values should
be considered where there s
significant potential for ice or
impact from large debris, freeze-
thaw degradation that would
significantly decrease particle size,
or large uncertainty in the design
variables, especially velocity. The
specific gravity (Sg) of stone is
commonly taken as 2.65 for
planning purposes, however, this
will result in a less conservative
design than utilizing a 2.5 specific
gravity assumption, which would
be the minimum accepted in the
field. Therefore, the designer
should contact the  District
Materials Engineer in the project’s
area and determine if there is any
history of RSP materials used in
that  region. Where  such
information ~ or  history s
unavailable, use of a 2.5 specific
gravity within the design should be
considered.

The ds size of the riprap is related
to the recommended median (dso)
size by:

dso = 1.20d30

Using  standard  sizes  the
appropriate  gradation can be
achieved by selecting the next
larger size class, thereby creating a
slightly over-designed structure,
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but economically a less expensive
one. For example, if a riprap sizing
calculation results in a required dso
of 16.8 inches, Class V riprap
should be specified because it has a
nominal dso of 18 inches. See Table
873.3A.

A limitation to the rock size
equation above is that the
longitudinal slope of the channel
should not be steeper than 2.0%
(0.02 ft/ft). For steeper channels,
the riprap sizing approach for
overtopping flows presented in
HEC 23, Volume 2, Design
Guideline 5 should be considered
and the results compared with the
rock size equation above .

Where wave action is dominant,
design of rock slope protection
should proceed as described for
shore protection, see Chapter 880.

Design Height. The top of rock
slope protection along a stream
bank should be carried to the
elevation of the design high water
plus some allowance for freeboard.
Cost and severity of damage if
overtopped as well as the
importance of the facility should
also be considered. The goal for the
design high water is based on the
50-year (2% probability) flow, but
can be modified using engineering
judgment which may include
consideration of historic high
water marks and climate change.
This stage may be exceeded during
infrequent floods, usually with little
or no damage to the upper slope.
See Hybrid RSP cross section in
Figure 873.3D for an example
showing the top of rock slope
protection.

When determining freeboard, or the
height above design high water
from which the RSP is to extend,
one should consider: the size and
nature of debris in the flow; the

resulting potential for damage to the
bank, the potential for streambed
aggradation; and the confidence in
data used to estimate design
highwater. Freeboard may also be
affected by regulatory or local
agency requirements. Freeboard
may be more generous on the
outside bends of channels, or
around critical bridges.

The 50-year design high water plus
freeboard goal should be followed
whenever possible, but the biggest
exception to this goal occurs when
the design height exceeds the main
channel top of bank. Because
floodplain overbank areas can be
wide and extensive, the footprint of
the RSP could grow exponentially
if extended above and beyond the
top of bank.  This increased
footprint would bring higher costs
and permitting challenges that
could make a project no longer
viable. Given this possibility, the
RSP vertical limit (height) should
typically end at the main channel
top of bank; however, a vegetation
component may extend above and
beyond the top of bank.

For cases where significant erosion
has occurred above the main
channel top of bank into its
overbank(s), contact the District
Hydraulic Engineer to discuss
alternatives  for  repair and
protection.

Design Example -- The following
example reflects the HEC 23
method for designing RSP. The
designer is encouraged to review
Design  Guideline 4, Riprap
Revetment from HEC 23, Volume
2. The following example assumes
that the designer has conducted the
appropriate site assessments and
resulting calculations to establish
average stream velocity, flow depth
at bank toe, estimated depth of
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scour, stream alignment (i.e.,
parallel or impinging flow), width
of channel, radius of bend (if
impinging flow ), length and side
slope of stream bank to be protected
and locations of natural hard points
(e.g., rock outcroppings). Field
reviews and discussions with
maintenance staff familiar with the
site are critical to the success of the
design.

Given for example:

e Average stream velocity for
design event of 9.8 feet per
second

o Flow depth of 11.4 feet at bank
toe

e Estimated scour depth -
3.5 feet

e Length of bank requiring
protection — 550 feet

e Bankslope -2:1

e Specific gravity of rock used
for RSP — 2.54 (based on data
from local quarry)

e Embankment is on outside of
stream bend of 100 ft wide
natural channel on a bend that
has a centerline radius (Rc) of
500 ft. The radius of curvature
divided by width (R/W) is 5.0.

o A desired factor of safety (Sf)
of 1.2.

Determine the target dso, select
appropriate RSP class from Table
873.3A and determine the blanket
thickness:

Step 1: Compute the side slope
correction factor:

sin(6 — 14°) Le
Ki=|1l-|————
sin 32°

dso = S¢Cs C,,y[
=(1.2)(0.3)(1.14)(11.4)

_ |, _ (sin@66°— 149 L6
B sin 32°
= 0.87

Step 2: Select the appropriate
stability coefficient for riprap:
C, (for blanket thickness 1.5dso or
di00, Whichever is greater) = 0.30
for angular rock

Step 3: Compute the wvertical
velocity factor (C,) for R./W =5.0:
C,= 1.283-0.2 log (R/W)

1.283 — 0.2 log (5.0)

1.14

Step 4: Compute local velocity on
the side slope (Vaes) for a natural
channel with R/W = 5.0:
Ves = Vag [1.74—0.52 log (R/W)]
=9.8[1.74 - 0.52 log (5.0)]
= 13.5ft/s

Step 5: Compute the ds Size using
stone size equation from Index
873.2(2)(a)(2)(b):

2.5
v (Sg - 1)K19 ]

13.5 ]2'5

8 V(2,54 — 1)(0.87)(32.2)(11.4)

= 1.35ft

Step 6: Compute the dso size =
1.2d3 = 1.2(1.35)
= 1.62 ft = 19 inches.

Note: Use next larger size class (see
Table 873.3A)

Step 7: Select Class VI riprap from
Table 873.3A: dso = 21 inches

Step 8: Blanket thickness = 1.5dso
or digo, Whichever is greater
1.5dso = 1.5 (21 inches)
= 31.5 inches
dieo =42 inches, therefore, use
42 inches

Step 9: Determine the depth of
riprap embedment below the
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streambed at the toe of the bank
slope:

Since toe scour is expected to be
3.5 ft, the 2H:1V slope should be
extended below the ambient bed
level 7 ft horizontally out from the
toe to accommodate this scour.
Alternatively, a mounded riprap toe
3.5 ft high could be established at
the base of the slope and allowed to
self-launch when toe scour occurs,
see Figure 873.3D.

Step 10: Assess Stream Impact Due
to Revetment. In some cases, the
thickness of the completed RSP
revetment creates a narrowing of
the available stream channel width,
to the extent that stream velocity or
stage at the design event is
increased to undesirable levels, or
the opposite bank  becomes
susceptible to attack. Inthese cases,
the bank upon which the RSP is to
be placed must be excavated such
that the constructed face of the
revetment is flush with the original
embankment.

Step 11: Exterior Edges of
Revetment. The completed design
must be compatible with existing
and future conditions. Freeboard
and top edge of revetments were
covered in Index 873.3(2)(a)(2)(c)
“Design Height.” For depth of toe,
the estimated scour was given as
3.5 feet. This is the minimum toe
depth to be considered. Again,
based on site conditions and
discussions with maintenance staff
and others, determine if any long-
term conditions need to be
addressed. These could include
streambed degradation due to local
aggregate mining or headcutting.
Regardless of the condition, the toe
must be founded below the lowest
anticipated elevation that could
become exposed over the service
life of the embankment or roadway

(d)

facility. As for the upstream and
downstream ends, the given length
of revetment is 550 feet. Again, this
will typically be a minimum, as the
designer should seek natural rock
outcroppings, areas of quiescent
stream flow, or other inherently
stable bank segments to end the
RSP.

Vegetated Rock Slope Protection.
The use of vegetation in streambank
stabilization has positive attributes
on stream integrity, such as
improving stream ecology,
increasing soil strength, and
providing flow resistance, but
vegetation can also have negative
impacts on stream integrity by
altering conveyance characteristics
of the stream, affecting soil
characteristics, in addition to being
unpredictable in its long term
establishment and performance.

Streams with stable vegetation
typically have good water quality,
as well as good biological and
chemical health due in part to the
ability of the vegetation to filter
pollutants including nitrates and
phosphates through their uptake of
moisture in the soil. Vegetation
will also promote good fish,
wildlife, and aquatic organism
habitat by providing cover,
reducing stream temperature and
controlling temperature
fluctuations, and supplying an
organic food source. In addition to
ecological improvements,
vegetation can strengthen the
underlying soils. It can create
additional cohesion and binding
properties through its roots. The
fibrous woody roots are strong in
tension, but weak in compression,
which is the opposite case for soil.
Therefore, roots and soil working in
tandem can complement the other
providing a material that has both
tension and compression resistance.
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Vegetation can also improve soil
strength by lowering pore-water
pressure through its soil moisture
extraction.

These benefits of the vegetation
root system also carry some
negative effects. Their additional
mass and surcharge can increase
slope failure potential under
saturated conditions where the
magnitude of saturation can
actually be compounded because of
root development. Another positive
effect of vegetation wuse in
revetments is its ability to improve
flow resistance creating higher
roughness that will dissipate
energy, shear stress, and velocity.
The vegetation deflects velocity
upwards away  from the
streambank, which reduces the
influence of drag and lift. For
example, willows planted on a
streambank have the capacity to
deflect and resist velocities up to
10 feet/second in their mature state,
which would equate to a 12-inch to
18-inch rock (RSP Class Il to 1V)
having similar permissive velocity.
To reach this point, it may take
three to five years. In the first few
years after planting, the vegetation
is providing little resistance.
During this establishment period,
the streambanks can be subject to
scour and erosion because of the
lack of flow resistance without
some other means of protection.
Even after vegetation reaches
maturity and beyond, potential
exists for it to succumb to drought
conditions or to yield to large
flows/velocities and break apart
rendering the vegetation ineffective
to dissipating velocity and
hydraulic forces.  Because the
stages of vegetation growth can be
dynamic as it is affected by drought
or high flows, the vegetation may
go through a reestablishment

process, and the n-value and
velocity/flow resistance will also be
dynamic making revetment
performance unpredictable. Even
though the use of vegetation in bank
stabilization may have negative
effects, its ecological benefits
generally outweigh them.

The design premise is to use rock
and vegetation together in a
streambank revetment in such a
way that will highlight their
positive attributes while also
addressing and managing their
negative impacts. In the design of
hybrid revetments, mounded toes
referenced in Index 873.3(3)(a)(1)
are not recommended because of
their encroachment into the middle
of the channel, which can impact
cross-sectional area and capacity.
With the use of vegetation on the
bank and possible projection
toward the middle of the channel,
cross-sectional area could possibly
be impacted as well. A mounded
toe used with bank vegetation
would only exacerbate this issue,
therefore an embedded toe is
chosen for hybrid revetment
application. See Figure 873.3D for
an example cross section of hybrid
RSP with an embedded toe. For
hybrid revetment design, the
50-year (2% probability) flood
event should be used. Per Index
873.2, depending on the importance
of the encroachment and level of
related risks, subsequent analysis
may consider historic high water
marks and climate change for
design. In order to manage possible
negative impacts from vegetation
use, planting needs to be performed
in a controlled manner. Placement
of vegetation within the bank-toe
zone and the main channel is highly
discouraged to keep turbulence
intensity in check that could cause
excessive sediment accumulation.
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Plant mortality must be considered
during the initial planting and
establishment period. Overplanting
must be avoided so that high density
and projection does not occur
causing increased sediment
deposition and
capacity/conveyance reduction.
Given these issues, plant density in
the design of a hybrid revetment
and consideration of natural plant
density is critical to the
performance  of the hybrid
revetment. The goal for design
should be medium density, where
horizontal projection and cross-
sectional area reduction at maturity
are minimal. See Figure 873.3B.
For woody vegetation, medium
density is described as mature trees
or shrubs with full foliage on a
streambank, where preferably
individual canopies or outer layers
retain some free space between
them, but may have minimal
overlapping without being
interwoven.

Figure 873.3B
Medium Density Vegetation

A LR
AL [

tion density

Pre-construction and post-
construction hydraulic modelling
and hybrid revetment design are
discussed in more detail in Design
Information Bulletin No. 87. For

()

rock sizing, Index 7.1.1.2 should be

substituted with Index
873.3(3)(a)(2)(b) of this manual.
Gabions. Gabion revetments

consist of rectangular wire mesh
baskets filled with stone.  See
Standard Plan D100A and D100B
for gabion basket details and the
Standard Specifications for
requirements.

Gabions are formed by filling
commercially  fabricated and
preassembled wire baskets with
rock. There are two types of
gabions, wall type and mattress
type. In wall type the empty cells
are positioned and filled in place to
form walls in a stepped fashion.
Mattress  type  baskets are
positioned on the slope and filled.
See HEC 23, Volume II, Design
Guideline 10 and Figure 873.3B.
Wall type revetment is not fully
self-adjusting but has some
flexibility. The mattress type is
very flexible and well suited for
man-made roadside channels (with
uniform flow) discussed in Chapter
860 and as overside drains that are
constructed on steep, unstable
slopes. For some stream locations,
gabions may be more aesthetically
acceptable than rock riprap or may
be considered when larger stone
sizes are not readily available and
flows are nonabrasive. Due to
abrasion, corrosion and vandalism
concerns and difficulty of repairs,
caution is advised regarding in-
stream placement of gabions. In
addition, the California Department
of Fish and Wildlife recommends
against using gabions as weirs in
streams. If gabions are placed in-
stream, some form of abrasion
protection in the form of wooden
planks or other facing will typically
be necessary for wall type, see
Figure 873.3C. Maintenance-free
design service life in most
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Figure 873.3D
Rock Slope Protection
Hybrid RSP with Embedded Toe
5.00'- 8.75"
= Native Backfill
IS
\ ” gTube 06
/‘/_%/ ~ ¥ 50-Year Water Surface with Freeboard
Subgrade */ \\ Finished Grade
7 —Live Willow Cutting e
/ T Lol
Gravel Filter . L/ () L - Active Channel Water Surface
A%*\a,, < Native Backfill
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SR
37.50'- 75.00" ! ! 8.50' - 10.50' 3.75" - 30.00" |
5.00' - 8.75'A

Rock Slope Protection
Embedded Toe RSP

T, see Note (1)

RSP Fabric
or Gravel Filter

To Bedrock or Below Scour Depth—/
Mounded Toe RSP

(as constructed)

Mounded Toe RSP
(after launching of Mounded Toe)

T, see Note (1)

Original
Stream Bed

Original r
S rerrae |
or Gravel Filter, Final Stream
see Note (3) Bed

Additional RSP Fabric—/
under Mounded Toe, see Note (3)

NOTES:

(1) Thickness "T" = 1.5 dsp or d1go, Whichever is greater.
(2) Face stone size is determined from Index 873.3(2)(a)(2)(a).
(3) RSP fabric not to extend more than 20 percent of the base width of the Mounded Toe past the Theoretical Toe.
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environments is generally under
20 years.

Figure 873.3C
Gabion Lined Streambank

abrasive flow.

(f) Articulated Precast Concrete. This
type of revetment consists of pre-
cast concrete blocks  which
interlock with each other, are
attached to each other, or butted
together to form a continuous
blanket or mat. A number of block
designs are commercially available.
They differ in shape and method of
articulation, but share common
features of flexibility and rapid
installation. ~ Most provide for
establishment of vegetation within
the revetment.

The permeable nature of these
revetments permits free draining of
the  embankment and their
flexibility allows the mat to adjust
to minor changes in bank geometry.
Pre-cast concrete block revetments
may be economically justified
where suitable rock for slope
protection is not readily available.
They are generally  more
aesthetically pleasing than other
types of revetment, particularly
after vegetation has become
established.

Individual blocks are commonly
joined together with steel cable or
synthetic rope, to form articulated
block mattresses. Pre-assembled in
sections to fit the site, the
mattresses can be used on slopes up
to 2:1. They are anchored at the top
of the revetment to secure the
system against slippage.

Pre-cast block revetments that are
formed by butting individual blocks
end to end, with no physical
connection, should not be used on
slopes steeper than 3:1.  An
engineering fabric is normally used
on the slope to prevent the
migration of the underlying
embankment through the voids in
the concrete blocks.

Refer to HEC 11, Design of Riprap
Revetment, Section 6.2, and HEC
23, Bridge Scour and Stream
Instability Countermeasures,
Design Guideline 4, for further
discussion on the use of articulated
concrete blocks.

(4) Rigid Revetments.
(a) Concreted-Rock Slope Protection.

o))

)

General Features. This type of
revetment consists of rock slope
protection with interior voids filled with
PCC to form a monolithic armor. A
typical section of this type of
installation is shown in Figure 873.3E.

It has application in areas where rock of
sufficient size for ordinary rock slope

protection is not economically
available.
Design Concepts. Concreting of RSP is

a common practice where availability of
large stones is limited, or where there is
a need to reduce the total thickness of a
RSP revetment. Inclusion of the
concrete, and the labor required to place
it, makes concreted RSP installations
more expensive per unit area than non-
concreted installations.




HIGHWAY DESIGN MANUAL

870-43
July 15, 2016

Figure 873.3E
Concreted-Rock Slope Protection

T, see Note (2)

Weep Tubes, see Note (1)

1" maximum
Qriginal Stream Bed
RSP Fabric .
or Gravel Filter
- -
[ Concrete
To Bedrock or Below Scour Depth —/
NOTES:

(1) If needed to relieve hydrostatic pressure.

(2) 1.5dso or dioo, Whichever is greater from Table
873.3A for section thickness.

Dimensions and details should be modified as
required.

Design procedures for concreted RSP
revetments are similar to that of non-
concreted RSP. Start by following the
design example provided in Index
873.3(3)(a)(2)(c) to select a stable rock
class for a non-concreted design based
on the dso and the next larger class in
Table 873.3A. This non-concreted rock
size is divided by a factor of roughly
four or five to arrive at the appropriate
dso size rock for a concreted revetment.
The factor is based on observations of
previously constructed facilities and
represents the typical sized pieces that
stay together even after severe cracking
(i.e., failed revetments will still usually
have segments of four to five rocks
holding together). As with the non-
concreted design procedures, use the
rock size derived from this calculation
to enter Table 873.3A (i.e., round up to
the next larger dso rock to select the
appropriate RSP Class.

As this type of protection is rigid
without high strength, support by the
embankment must be maintained.
Slopes steeper than the angle of repose
of the embankment are risky, but with
rocks grouted in place, little is to be
gained with slopes flatter than 1.5:1.
Precautions to prevent undermining of

Toe Failure - Concreted RSP

embankment are particularly important,
see Figure 873.3F. The concreted-rock
must be founded on solid rock or below
the depth of possible scour. Ends
should be protected by tying into stable
rock or forming smooth transitions with
embankment  subjected to lower
velocities. As a precaution, cutoff stubs
may be provided. If the embankment
material is exposed at the top, freeboard
is warranted to prevent overtopping.

Figure 873.3F

The design intent is to place an adequate
volume of concrete to tie the rock mass
together, but leave the outer face
roughened with enough rock projecting
above the concrete to slow flow
velocities to more closely approximate
natural conditions.

The volume of concrete required is
based on filling roughly two-thirds of
the void space of the rock layer, as
shown in Figure 873.3E. The concrete
is rodded or vibrated into place leaving
the outer stones partially exposed. Void
space for the various RSP gradations
ranges from approximately 30 percent
to 35 percent for Method A placed rock
to 40 percent to 45 percent for Method
B placed rock of the total volume
placed.

Specifications. Quality specifications
for rock used in concreted-rock slope
protection are usually the same as for
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rock used in ordinary rock slope
protection. However, as the rocks are
protected by the concrete which
surrounds them, specifications for
specific gravity and hardness may be
lowered if necessary. The concrete used
to fill the voids is normally 1 inch
maximum  size aggregate  minor
concrete. Except for freeze-thaw
testing of aggregates, which may be
waived in the contract special
provisions, the concrete should conform
to the provisions of Standard
Specification Section 90.

Size and grading of stone and concrete
penetration depth are provided in
Standard Specification Section 72.

Partially Grouted Rock Slope Protection.
Partially grouted rock slope protection
(PGRSP) is a viable alternative to larger
rock or concreted rock slope protection
where either the availability of large
material is limited, or site limitations
regarding placement of large material (e.g.,
no excavation below spread footing base)
would lead the designer to consider using
some form of smaller rock held together
with a cementitious material. With partially
grouted rock slope protection, there are no
relationships per se for selecting the size of
rock, other than the practical considerations
of proper void size, gradation, and adequate
stone-to-stone contact area. The intent of
partial grouting is to "glue" stones together
to create a conglomerate of particles. Each
conglomerate is therefore significantly
larger than the dso stone size, and typically
is larger than the digo size of the individual
stones in the matrix. The proposed
gradation criteria are based on a nominal or
"target" dso and only stones with a dso
ranging from 9 inches to 15 inches may be
used with the partial grouting technique.
See rock classes II, 11l and IV in Table
873.3A. In HEC 23, PGRSP is presented as
a pier scour countermeasure, but it may be
also used for bridge abutment protection, as
well as for bed/bank protection for short
localized areas with high velocities and
shear stresses that require a smaller rock

(©)

footprint than a non-grouted design. Both
Headquarters Office of Highway Drainage
Design and District biologist staff should be
consulted early on during the planning
phase for subject matter expertise relative to
design and obtaining project specific
permits. For more guidance, see HEC 23,
Volume 2, Design Guideline 12.

Sacked-Concrete Slope Protection. This
method of protection consists of facing the
embankment with sacks filled with
concrete. It is expensive, but historically
was a much used type of revetment. Much
hand labor is required but it is simple to
construct and adaptable to almost any
embankment contour. Use of this method of
slope protection is generally limited to
replacement or repair of existing sacked
concrete facilities, or for small, unique
situations that lend themselves to hand-
placed materials.

Tensile strength is low and as there is no
flexibility, the installation must depend
almost entirely upon the stability of the
embankment for support and therefore
should not be placed on face slopes much
steeper than the angle of repose of the
embankment material. Slopes steeper than
1:1 are rare; 1.5:1 is common. The flatter
the slope, the less is the area of bond
between sacks.  From a construction
standpoint it is not practical to increase the
area of bond between sacks; therefore for
slopes as flat as 2:1 all sacks should be laid
as headers rather than stretchers.

Integrity of the revetment can be increased
by embedding dowels in adjoining sacks to
reinforce intersack bond. A No. 3 deformed
bar driven through a top sack into the
underlying sack while the concrete is still
fresh is effective. At cold joints, the first
course of sacks should be impaled on
projecting bars that were driven into the last
previously placed course.  The extra
strength may only be needed at the
perimeter of the revetment.

Most failures of sacked concrete are a result
of stream water eroding the embankment
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material from the bottom, the ends, or the
top.

The bottom should be founded on bedrock
or below the depth of possible scour.

If the ends are not tied into rock or other
nonerosive material, cutoff returns are to be
provided and if the protection is long, cutoff
stubs are built at 30-foot intervals, in order
to prevent or retard a progressive failure.

Protection should be high enough to
preclude overtopping. If the roadway grade
is subject to flooding and the shoulder
material does not contain sufficient rock to
prevent erosion from the top, then pavement
should be carried over the top of the slope
protection in order to prevent water entering
from this direction.

Class 8 RSP fabric as described in Standard
Specification Section 96 should be placed
behind all sacked concrete revetments. For
revetments over 4 feet in height, weep tubes
should also be placed, see Figure 873.3E.

For good appearance, it is essential that the
sacks be placed in horizontal courses. If the
foundation is irregular, corrective work
such as placement of entrenched concrete or
sacked concrete is necessary to level up the
foundation. Refer to HDS No. 6, Section
6.6.5, for further discussion on the use of
sacked concrete slope protection.

(5) Bulkheads. A bulkhead is a steep or vertical

structure supporting a natural slope or
constructed embankment. As bank protection
structures, bulkheads serve to secure the bank
against erosion as well as retaining it against
sliding.  As a retaining structure, conventional
design methods for retaining walls, cribs and
laterally loaded piles are used.

Bulkheads are usually expensive, but may be
economically justified in special cases where
valuable riparian property or improvements are
involved and foundation conditions are not
satisfactory for less expensive types of slope
protection. They may be used for toe protection
in combination with other revetment types of
slope protection. Some other considerations
that may justify the use of bulkheads include:

e Encroachment on a channel cannot be
tolerated.

¢ Retreat of highway alignment is not viable.
e Right of Way is restricted.

e The force and direction of the stream can
best be redirected by a vertical structure.

The foundation for bulkheads must be positive
and all terminals secure against erosive forces.
The length of the structure should be the
minimum necessary, with transitions to other
less expensive types of slope protection when
possible. Eddy currents can be extremely
damaging at the terminals and transitions. If
overtopping of the bulkheads is anticipated,
suitable protection should be provided.

Along a stream bank, using a bulkhead
presumes a channel section so constricted as to
prohibit use of a cheaper device on a natural
slope. Velocity will be unnaturally high along
the face of the bulkhead, which must have a
fairly smooth surface to avoid compounding the
restriction. The high velocity will increase the
threat of scour at the toe and erosion at the
downstream end. Allowance must be made for
these threats in selecting the type of foundation,
grade of footing, penetration of piling,
transition, and anchorage at downstream end.
Transitions at both ends may appropriately taper
the width of channel and slope of the bank.
Transition in roughness is desirable if attainable.
Refer to HDS No. 6, Section 6.4.8, for further
discussion on the use of bulkheads to prevent
streambank erosion or failure.

(a) Concrete or Masonry Walls. The expertise
and coordination of several engineering
disciplines is required to accomplish the
development of PS&E for concrete walls
serving the dual purpose of slope protection
and support. The Division of Structures is
responsible for the structural integrity of all
retaining walls, including bulkheads.

(b) Crib walls. Timber and concrete cribs can
be used for bulkheads in locations where
some flexibility is desirable or permissible.
Metal cribs are limited to support of
embankment and are not recommended for
use as protection because of vulnerability to
corrosion and abrasion.
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The design of crib walls is essentially a
determination of line, foundation grade, and
height with special attention given to
potential scour and possible loss of backfill
at the base and along the toe. Design details
for concrete crib walls are shown on
Standard Plans C7A through C7C.
Concrete crib walls used as bulkheads and
exposed to salt water require special
provisions specifying the use of coated
rebars and special high density concrete.
Recommendations from METS Corrosion
Technology Branch should be requested.

(c) Sheet Piling. Timber, concrete and steel
sheet piling are used for bulkheads that
depend on deep penetration of foundation
materials for all or part of their stability.
High bulkheads are usually counterforted at
upper levels with batter piles or tie back
systems to deadmen. Any of the three
materials is adaptable to sheet piling or a
sheathed system of post or column piles.

Excluding structural requirements, design
of pile bulkheads is essentially as follows:

e Recognition of foundation conditions
suitable to or demanding deep
penetration.  Penetration of at least
15 feet below scour level, or into soft
rock, should be assured.

e Choice of material. Timber is suitable
for very dry or very wet climates, for
other situations economic comparison
of preliminary designs and alternative
materials should be made.

e Determination of line and grade. Fairly
smooth transitions with protection to
high-water level should be provided.

(6) Vegetation. Vegetation is the most natural

method for stabilization of embankments and
channe bank protection. Vegetation can be
relatively easy to maintain, visually attractive
and environmentally desirable. The root system
forms a binding network that helps hold the soil.
Grass and woody plants above ground provide
resistance to the near bank water flow causing it
to lose some of its erosive energy.

Erosion control and revegetation mats are
flexible three-dimensional mats or nets of
natural or synthetic material that protect soil and
seeds against water erosion prior to
establishment of vegetation. They permit
vegetation growth through the web of the mat
material and have been used as temporary
channel linings where ordinary seeding and
mulching techniques will not withstand erosive
flow velocities. The designer should recognize
that flow velocity estimates and a particular soils
resistance to erosion are parameters that must be
based on specific site conditions.  Using
arbitrarily selected values for design of
vegetative slope protection without consultation
with the District Hydraulic Unit and/or the
District Landscape Architect Unit is not
recommended. However, a suggested starting
point of reference is Table 865.2 in which the
resistance of various unprotected soil
classifications to flow velocities are given.
Under near ideal conditions, ordinary seeding
and mulching methods cannot reasonably be
expected to withstand sustained flow velocities
above 4 feet per second. If velocities are in
excess of 4 feet per second, a lining maybe
needed, see Table 865.2.

Temporary channel liners are used to establish
vegetative growth in a drainage way or as slope
protection prior to the placement of a permanent
armoring. Some typical temporary channel
liners presented in Table 865.2 are:

e Single net straw
e Double net coconut/straw blend
e Double net shredded wood

Vegetative and temporary channel liners are
suitable for conditions of uniform flow and
moderate shear stresses.

Permanent soil reinforcing mats and rock riprap
may serve the dual purpose of temporary and
permanent channel liner. Some typical
permanent channel liners are:

e Small rock slope protection
e Geosynthetic mats

e Polyethelene cells or grids
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e Gabion Mattresses (see Index
873.3(3)(a)(2)(e))

However, geosynthetics and plastic
(polyethylene, polypropylene, polyamide, etc.)
based mats with no enhanced UV resistance
must be installed in a fashion where there will
be no potential for long-term sunlight exposure,
as these products will degrade due to UV
radiation.

Composite designs are often used where there
are sustained low flows of high to moderate
velocities and intermediate high water flows of
low to moderate velocities. Brush layering is a
permanent type of erosion control technique that
may also have application for channel
protection, particularly as a composite design.

Additional design information on vegetation,
and temporary and permanent channel liners is
given in Chapter IV, HEC 15, Design of
Roadside Channels and Flexible Linings and in
Chapter 860 of this manual.

873.4 Training Systems

(1) General. Training systems are structures,
usually within a channel, that act as
countermeasures to control the direction,
velocity, or depth of flowing water. When
training systems are used, they generally
straighten the channel, shorten the flow line, and
increase the local velocity within the channel.
Any such changes made in the system that cause
an increase in the gradient may cause an
increase in local velocities. The increase in
velocity increases local and contraction scour
with subsequent deposition downstream, where
the channel takes on its normal characteristics.
If significant lengths of the river are trained and
straightened, there can be a noticeable decrease
in the elevation of the water surface profile for a
given discharge in the main channel. Tributaries
emptying into the main channel in such reaches
are significantly affected. Having a lower water
level in the main channel for a given discharge
means that the tributary streams entering in that
vicinity are subjected to a steeper gradient and
higher velocities which can cause degradation in
the tributary streams. In extreme cases,
degradation can be induced of such magnitude
as to cause failure of structures such as bridges,

I’S‘Endwei-y wei

culverts or other encroachments on the tributary
systems. In general, any increase in transported
materials from the tributaries to the main
channel causes a reduction in the quality of the
environment within the river.

(a) Bendway Weirs. Bendway weirs, also
referred to as stream barbs, bank barbs, and
reverse sills are low elevation stone sills
used to improve lateral stream stability and
flow alignment problems at river bends and
highway crossings on streams and smaller
rivers.

They are placed at an angle with the
embankment in meandering streams for the
purpose of directing or forcing the current
away from the embankment, see Figure
873.4A. They also encourage deposition of
bed material and growth of vegetation.
When the purpose is to deposit material and
promote growth, the weirs are considered to
have fulfilled their function and are
expendable when this occurs.

Figure 873.4A
Thalweg Redirection Using
Bendway Weirs

YES £LETT B T S5

rs in conjunction with rock slope protection.
Bendway weirs are similar in appearance to
stone spurs, but have significant functional
differences.  Spurs are typically visible
above the flow line and are designed so that
flow is either diverted around the structure,
or flow along the bank line is reduced as it
passes through the structure. Bendway
weirs are normally not visible, especially at
stages above low water, and are intended to

redirect flow by utilizing weir hydraulics
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over the structure. Flow passing over the
bendway weir is redirected such that it flows
perpendicular to the axis of the weir and is
directed towards the channel centerline. See
Figure 873.4B for typical cross section and
layout. Similar to stone spurs, bendway
weirs reduce near bank velocities, reduce
the concentration of currents on the outer
bank, and can produce a better alignment of
flow through the bend and downstream
crossing. Experience with bendway weirs
has indicated that the structures do not
perform well in degrading or sediment
deficient reaches.

Material sizing should be based on the
Isbash equation plotted in Figure 873.4C.
Riprap stone size is designed using the
critical velocity near the boundary where the
riprap is placed. Typically the size ranges
between 1 and 3 ft and should be
approximately 20% greater than that
computed from the rock sizing formula
presented in Index 873.3(3)(a)(2)(b). The
minimum rock size should not be less than
the Digo of the streambed material. See
Tables 873.3A and 873.3B to determine
rock class.

See HEC 23 Volume 2, Design Guideline 1
for detailed guidance on weir height, length,
angle, location and spacing,

Spurs. A spur can be a pervious or
impervious structure projecting from the
streambank into the channel. Similar to
bendway weirs, spurs are used to halt
meander migration at a bend and channelize
wide, poorly defined streams into well-
defined channels by reducing flow
velocities in critical zones near the
streambank to prevent erosion and establish
a more desirable channel alignment or
width. The main function of spurs is to
reduce flow velocities near the bank, which
in turn, encourages sediment deposition due
to these reduced velocities. Increased
protection of banks can be achieved over
time, as more sediment is deposited behind
the spurs. Because of this, spurs may
protect a streambank more effectively and at
less cost than revetments. Furthermore, by

moving the location of any scour away from
the bank, partial failure of the spur can often
be repaired before damage is done to
structures along and across the stream.

In braided streams, the use of spurs to
establish and maintain a well-defined
channel location, cross section, and
alignment can decrease the required bridge
length, thus decreasing the cost of bridge
construction and maintenance.

Spur types are classified based upon their
permeability as retarder spurs,
retarder/deflector spurs, and deflector spurs.
The permeability of spurs is defined simply
as the percentage of the spur surface area
facing the streamflow that is open.
Deflector spurs are impermeable spurs
which function by diverting the primary
flow currents away from the bank.
Retarder/deflector ~ spurs are  more
permeable and function by retarding flow
velocities at the bank and diverting flow
away from the bank. Retarder spurs are
highly permeable and function by retarding
flow velocities near the bank.

These structures should be designed not to
overtop. Therefore, for permeable spurs,
the rock sizing formula presented in Index
873.3(3)(a)(2)(b) may be used and a Cv
value of 1.25 is recommended. Where
overtopping the spur is unavoidable, the
riprap size may be determined by equations
5.2 (for slopes > 25%) or 5.3 (for slopes
<25%) in HEC 23 Volume 2, Design
Guideline 5. Since these equations are for
free flow down the slope, always check to
see if the structure is actually drowned
(submerged) by high tailwater. If that is the
case, then use the rock sizing formula
presented in Index 873.3(3)(a)(2)(b) for
sizing riprap on a stream bank should be
used. See Tables 873.3A and 873.3B to
determine rock class.

In general a top width equal to the width of
a dump truck can be used. The side slopes
of the spur should be 2H:1V or flatter. Rock
riprap should be placed on the upstream and
downstream faces as well as on the nose of
the spur to inhibit erosion of the spur.
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Figure 873.4B

Bendway Weir Typical Cross Section and Layout

[«— Key —>|< Weir |

Design high water Vi

Seasonal mean water
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Figure 873.4C
Bendway Weir Rock Size Chart
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Depending on the embankment material
being used, a gravel, sand, or geotextile
filter may be required. It is recommended
that riprap be extended below the bed
elevation to the combined long-term
degradation and contraction scour depth.
Riprap should also extend to the crest of the
spur, in cases where the spur would be
submerged at design flow, or to 2 feet above
the design flow, if the spur crest is higher
than the design flow depth. Additional
riprap should be placed around the nose of
the spur, so that spur will be protected from
scour.

See Figure 873.4D for example of spur
design and HEC 23 Volume 2, Design
Guideline 2, for detailed guidance on spur
height, length, shape, angle, permeability,
location and spacing.

Guide Dikes/Banks.  Guide banks are
appendages to the highway embankment at
bridge abutments, see Figure 873.4E. They
are smooth extensions of the fill slope on the
upstream  side. When embankments
encroach on wide floodplains to attain an
economic length of bridge, the flows from
these areas must flow parallel to the
approach embankment to the bridge
opening. These flows can cause a severe
flow contraction at the abutment with
damaging eddy currents that can scour away
abutment and pier foundations, erode the
approach embankment, and reduce the
effective bridge opening.

Guide banks can be used in these cases to
prevent erosion of the approach
embankments by cutting off the flow
adjacent to the embankment, guiding
streamflow through a bridge opening, and
transferring scour away from abutments to
prevent damage caused by abutment scour.
The two major enhancements guide banks
bring to bridge design are (1) reduce the
separation of flow at the upstream abutment
face and thereby maximize the use of the
total bridge waterway area, and (2) reduce
the abutment scour due to lessening
turbulence at the abutment face. Guide

Bridge Abutment Guide Banks

banks can be used on both sand and gravel-
bed streams.

Figure 873.4E

Area of scour
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Guide banks are usually earthen
embankment faced with rock slope

protection. Optimum shape and length of
guide dikes will be different for each site.
Field experience has shown that an elliptical
shape with a major to minor axis ratio of
2.5:1 is effective in reducing turbulence.
The length is dependent on the ratio of flow
diverted from the floodplain to flow in the
first 100 feet of waterway under the bridge.
If the use of another shape dike, such as a
straight dike, is required for practical
reasons more scour should be expected at
the upstream end of the dike. The bridge
end will generally not be immediately
threatened should a failure occur at the
upstream end of a guide dike.

Toe dikes are sometimes needed
downstream of the bridge end to guide flow
away from the structure so that
redistribution in the floodplain will not
cause erosion damage to the embankment
due to eddy currents. The shape of toe dikes
is of less importance than it is with upstream
guide banks.

Principal factors to be considered when
designing guide banks, are their orientation
to the bridge opening, plan shape, upstream
and downstream length, cross-sectional
shape, and crest elevation.

It is apparent from the Figure 873.4E that
without this guide bank, overbank flows




870-52 HIGHWAY DESIGN MANUAL
July 15, 2016

Figure 873.4D

Example of Spur Design

EX1STING BANKLINE

PLANNED SPUR TIPS B M_H"-. ’ DESIRED
IS At P A LR -
7 o BANKLINE
HALWEG AT LOW r=|.4:>~'.ur~\\‘\"h ~ £ No. 2
7 T Y
THALWEG AT HIGH FLOW

No. 2 ( Alt. }

/ |No. 1 (RIPRAPPED
ABUTMENT)

."
EXISTING POINT BAR ™/

N

NOTE: SOLID LINES REPRESENT EXISTING CONDITIONS.
DASHED LINES REPRESENT SOLUTICN.




HIGHWAY DESIGN MANUAL

870-53
July 15, 2016

(d)

would return to the channel at the bridge
opening, which can increase the severity of
contraction and scour at the abutment. With
installation of guide banks the scour holes
which normally would occur at the
abutments of the bridge are moved upstream
away from the abutments. Guide banks may
be designed at each abutment, as shown, or
singly, depending on the amount of
overbank or floodplain flow directed to the
bridge by each approach embankment.

The goal in the design of guide banks is to
provide a smooth transition and contraction
of the streamflow through the bridge
opening. ldeally, the flow lines through the
bridge opening should be straight and
parallel.  As in the case with other
countermeasures, the designer should
consider the principles of river hydraulics
and morphology, and exercise sound
engineering judgment.

The Division of Engineering Services
(DES) and Structures Maintenance and
Investigations (SMI) Hydraulics Branches
are responsible for the hydraulic design of
bridges, therefore, for protection at bridge
abutments and approaches, the District is
responsible for consulting with them to
verify the design parameters and also
obtaining the bridge hydraulic model. See
Index 873.6 *“Coordination with the
Division of Engineering Services and
Structures Maintenance and
Investigations.”

For further detailed information on guide
bank design procedures, refer to HEC 23,
Volume 2, Design Guidelines 14 and 15.
See Tables 873.3A and 873.3B to determine
rock class.

Further Information and Other
Countermeasures  for Lateral Stream
Instability. General design considerations
and guidance for evaluating scour and
stream stability at highway bridges is
contained in HEC 18, HEC 20, and HEC 23.

For  further information on other
countermeasures such as retarder structures,

(€)

longitudinal dikes and bulkheads, see HEC
23 Volume 1, Chapter 8.

Check Dams and Drop Structures. Drop
structures or check dams are an effective
means of gradient control. They may be
constructed of rock, gabions, concrete,
treated timber, sheet piling or combinations
of any of the above. They are most suited to
locations where bed materials are relatively
impervious otherwise underflow must be
prevented by cutoffs. Rock riprap and
timber pile construction have been most
successful on channels having small drops
and widths less than 100 ft. Sheet piles,
gabions, and concrete structures are
generally used for larger drops on channels
with widths ranging up to 300 ft. Check
dams can initiate erosion of banks and the
channel bed downstream of the structure as
a result of energy dissipation and turbulence
at the drop. This local scour can undermine
the check dam and cause failure. The use of
energy dissipators downstream of check
dams can reduce the energy available to
erode the channel bed and banks. In some
cases it may be better to construct several
consecutive drops of shorter height to
minimize erosion.  Lateral erosion of
channel banks just downstream of drop
structures is another adverse result of check
dams and is caused by turbulence produced
by energy dissipation at the drop, bank
slumping from local channel bed erosion, or
eddy action at the banks. The usual solution
to these problems is to place rock slope
protection on the streambank adjacent to the
drop structure or check dam. Erosion of the
streambed can also be reduced by placing
rock riprap in a preformed scour hole
downstream of the drop structure. A row of
sheet piling with top set at or below
streambed elevation can keep the riprap
from moving downstream. Because of the
problems associated with check dams, the
design of these countermeasures requires
designing the check dams to resist scour by
providing for dissipation of excess energy
and protection of areas of the bed and the
bank which are susceptible to erosive
forces. Refer to HEC 23 Volume 2, Design
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Guideline 3 and HDS No. 6, Section 6.4.11,
for further discussion on the use of check
dams and drop structures.

873.5 Summary and Design Check List

The designer should anticipate the more significant
problems that are likely to occur during the
construction and maintenance of channel protection
facilities. So far as possible, the design should be
adjusted to eliminate or minimize those potential
problems.

The logistics of the construction activity such as
access to the site, on-site storage of construction
materials, time of year restrictions, environmental
concerns, project specific permits and sequence of
construction should be carefully considered during
the project design. See Index 872.1, Planning, Index
872.3(6), Construction, Easements, Access and
Staging, and Index 872.3(7), Biodiversity. The
stream morphology and its response to construction
activities is an integral part of the planning process.
Communication between the designer and those
responsible for construction administration as well
as maintenance are important.

Channel protection facilities require periodic
maintenance inspection and repair. Where
practicable, provisions should be made in the facility
design to provide access for inspection and
maintenance.

The following check list has been prepared for both
the designer and reviewer. It will help assure that all
necessary information is included in the plans and
specifications. Itisacomprehensive list for all types
of protection. Items pertinent to any particular type
can be selected readily and the rest ignored.

1. Location and staging of the planned work with
respect to:

e The highway.
e The stream, its morphology, biodiversity
and project specific permits.

o Right of way. See Index 872.1 and 872.3
for construction easements and examination
of stream behavior far upstream and
downstream.

2. Datum control of the work, and relation of that
datum to gage datum on streams.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

A typical cross section indicating dimensions,
slopes, arrangement and connections.

Quantity of materials (per foot, per protection
unit, or per job).

Relation of the foundation treatment with
respect to the existing ground.

Relation of the top of the proposed protection to
design high water (historic, with date; or
predicted, with frequency).

The limits of excavation and backfill as they
may affect measurement and payment.

Construction details such as weep holes, rock
slope protection fabrics, geocomposite drains
and associated materials.

Location and details of construction joints, cut-
off stubs and end returns.

Restrictions to the placement of reinforcement.

Connections and bracing for framing of timber
or steel.

Splicing details for timber, pipe, rails and
structural shapes.

Anchorage details, particularly size, type,
location, and method of connection.

Size, shape, and special requirements of units
such as precast concrete shapes and other
manufactured items.

Number and arrangement of cables and details
of fastening devices.

Size, mass per unit area, mesh spacing and
fastening details for wire-fabric or geosynthetic
materials.

On timber pile construction the number of piles
per bent, number of bents, length of piling,
driving requirements, cut-off elevations, and
framing details.

The details of gabions and the filling material.
See Standard Plan D100A and D100B and the
Standard Specifications.

The size of articulated blocks, the placement of
steel, and construction details relating to
fabrication.

The corrosion considerations that may dictate
specialty concretes, coated reinforcing, or other
special requirements.
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873.6 Coordination with the Division of
Engineering Services and Structures
Maintenance and Investigations

(1) The Division of Engineering Services and
Structures Maintenance and Investigations
Hydraulics Branches. The Division of
Engineering Services (DES) and Structures
Maintenance and  Investigations  (SMI)
Hydraulics Branches are responsible for the
hydraulic design of bridges. Therefore, for
protection at bridge piers, abutments and
approaches, the District is responsible for
consulting with them to verify the design
parameters (i.e., water surface elevations,
freeboard requirements, water velocities, scour
recommendations etc.) used and also obtaining
the bridge hydraulic model.

Figure 873.6A
Bridge Abutment Failure Example
A

Bridge Atment Failure at Tex Wash on 1-10 after
Flood Larger Than the Design Flood

The DES Hydraulics branch performs all
hydraulic designs for new bridges or
replacement bridges that meet the National
Bridge Inventory (NBI) bridge definition.
Modifications to an existing bridge or
constructing a new bridge require obtaining
permits from the regulatory agencies. The DES
Hydraulics branch should coordinate with the
District to perform conceptual designs for
permit approval. The DES Hydraulics branch is
essentially a consultant/designer to the District
Design Offices.

The SMI Hydraulics branch within the Division
of Maintenance is responsible for the hydraulic

analyses, repair and monitoring of in-service
bridges. Typical maintenance challenges
include scour, flooding, and lateral migration.
Maintenance related impacts to a bridge will
trigger a hydraulic report for that specific
bridge. The hydraulic report recommendations
are used by the District in determining the scope
of hydraulic improvements to the bridge
projects. For countermeasure design at bridge
abutments and piers (e.g., rock slope protection,
guide banks, check dams, structural repairs etc.)
the magnitude of the discharge used is the
100-year flood. This standard is independent of
the design flood used by the District for
protecting the channel bank or the bridge
approach embankment (see Index 873.2).

Since the mid 1990’s, new bridges have been
designed so that the top of the pile cap is at the
bottom of anticipated scour (long-term
degradation, contraction and local scour) for the
100-year flood using the hypothesis that by
designing the foundations lower than
recommended in HEC 18 for the 100-year flood,
there would be ample safety factor inherent to
withstand the 200-year scour check flood.
Bridges that were designed prior to the first
edition of HEC 18 in 1991 may be more
vulnerable to the possible effects of climate
change or floods larger than the 100-year flood.
See Figure 873.6A.

Depending on location, site considerations may
include constructability and biodiversity, see
Index 872.3(4) and Index 872.3(5). During the
planning and environmental phases on
environmentally sensitive projects (e.g., bridge
structures that require permits for fish passage
design under California Fish and Wildlife
jurisdiction — see Figure 873.3B), the District
should initiate contact with resource agencies
early to propose conceptual design, identify
impacts and any necessary mitigation as part of
the permitting process. The overriding issue of
concern is the difference in timing of detailed
analyses (e.g., hydraulics, geotechnical,
foundation) that takes place on the District side
of the project development process verses what
takes place in DES prior to project approval
during the environmental phase.
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Prematurely approved projects and
environmental documents prior to permit
approval can, and do, result in costly major re-
work during the design phase. On
environmentally sensitive projects the District
should consider the need to shift resources to the
environmental phase so that a more advanced
bridge foundation design can be incorporated
into the Advanced Planning Study (APS) and
the Environmental Document (ED) to facilitate
permit approval consistent with the Project
Approval (PA) and to minimize rework.

Figure 873.6B
Habitat Enhancement Example

S0 e o i
i =

Stone Toe Protection (LPSTP) wi
Rock Vanes for Chinook Salmon Habitat Enhancement,
Route 128, Russian River Bridge in Geyserville

Longitudiai Pé

(2) Geotechnical Design and Geology. The Project
Engineer must review the Project Initiation
Document and Preliminary Geotechnical
Design Report, if any, to ascertain the scope of
geotechnical involvement for a project.

For all projects that involve designs for cut
slopes, embankments, earthwork, landslide
remediation, retaining walls, groundwater
studies, erosion control features, subexcavation
and any other studies involving geotechnical
investigations and engineering geology, a
Geotechnical Design Report (GDR) is to be
prepared by the Roadway Geotechnical
Engineering Branches of the Division of
Engineering Services, Geotechnical Services
(DES-GS).

Coordination with Geotechnical Design and
Geology within DES may be initiated by the

designer

when any of the following

determinations need to be made:

Scour potential of channel material.

Natural erosion potential of stream banks
that may affect project features. See Figure
873.6C.

The performance of existing cut, fill and
natural slopes including the slope soil/rock
composition.

Slope stability analysis and need for earth
retaining systems including crib walls and
gabion walls.

Embankment constructability and impact to
nearby structures or bridge abutments. See
following link to the Geotechnical Manual
and Figure 873.6D:
http://www.dot.ca.gov/hg/esc/geotech/geo_
manual/page/Embankments_Dec2014.pdf

Figure 873.6C

Lateral Stream Migration Within a

Canyon Setting Example
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Figure 873.6D

Conceptual Geotechnical Failures
Resulting from Abutment Scour

Floodplain

Abutment
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Geotechnical
Fuailures Main Channel
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CHAPTER 880
SHORE PROTECTION

Topic 881 - General
Index 881.1 - Introduction

Highways, bikeways, pedestrian facilities and
appurtenant installations are often attracted to
parallel locations along lakes and coastal zones.
These locations are under attack from the action of
waves and may require protective measures.

Shore protection along coastal zones and lake shores
that are subjected to wave attack can be a major
element in the design, construction, and
maintenance of highways. Chapter 880 deals with
procedures, methods, devices, and materials
commonly used to mitigate the damaging effects of
wave action on transportation facilities and adjacent
properties. The primary focus is on quantifying
exposure of these locations to sea level rise, storm
surge, and wave action. The practice of coastal
engineering is still much of an art. This is for a
variety of reasons including that the physical
processes are so complex, often too complex for
adequate theoretical description, and the design
level of risk is often high.

Refer to Index 806.2 for definitions of drainage
terms.

881.2 Design Philosophy

In each district there should be a designer or advisor,
usually the District Hydraulic  Engineer,
knowledgeable in the application of shore protection
principles and the performance of existing works at
coastal and lake shore locations vulnerable to wave
attack.

Information is also available from headquarters
specialists in the Division of Design and Structures
Design in the Division of Engineering Services
(DES). The most effective designs result from
involvement  with  Design,  Environmental,
Landscape Architecture, Structures, Construction,
and Maintenance (for further discussion on
functional responsibilities see Topic 802). For
habitat characterization and assessment relative to
design and obtaining project specific permits, the
designer may also require input from biologists. The
District Hydraulic Engineer will typically be able to

assist with selecting storm scenarios for design wave
heights, the design of high water level (including sea
or lake level change estimates) using coastal surge
and wave models, flood analysis, water surface
elevations/profiles, shear stress computations, scour
analysis and hydraulic analysis for placement of
coastal structures.

There are a number of ways to deal with the problem
of wave action and shore erosion.

e Where avoidance is not feasible, the simplest
way and generally the surest of success and
permanence, is to locate the facility away from
the erosive forces. This is not always feasible or
economical, but should be the first
consideration. Locating the facility to higher
ground or solid support should never be
overlooked, even when it requires excavation of
solid rock, since excavated rock may serve as a
valuable material for protection at other points
of attack.

e The most commonly used method is to armor
the shore with a more resistant material like rock
slope  protection. FHWA  Hydraulic
Engineering Circular 25 (HEC 25), Volume 1,
presents general issues and approaches in
coastal highway design. Types of revetments for
wave attack and coastal structures are covered in
Indexes 6.1 and 7.6.

e Rock Materials. Optimum use should be made
of local materials, considering the cost of special
handling. Specific gravity of stone is a major
factor in shore protection and the specified
minimum should not be lowered without
increasing the mass of stones. See Index
873.3(3)(a)(2)(b) for equations to estimate rock
size.

881.3 Selected References

Hydraulic and drainage related publications are
listed by source under Topic 807. References
specifically related to shore protection measures are
listed here for convenience.

(a) FHWA Hydraulic Engineering Circulars (HEC)
-- The following circulars were developed to
assist the designer in using various types of
slope protection and channel linings:

880-1
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e HEC 14, Hydraulic Design of Energy
Dissipators for Culverts and Channels

(2006)

e HEC 18, Evaluating Scour at Bridges
(2012)

e HEC 20, Stream Stability at Highway
Structures (2012)

e HEC 23, Bridge Scour and Stream
Instability Countermeasures (2009)

e HEC 25, Highways in the Coastal
Environment (2008 with 2014 supplement —
Assessing Extreme Events)

(c) AASHTO Highway Drainage Guidelines --
General guidelines for good erosion control
practices are covered in Volume Ill - Erosion
and Sediment Control in Highway Construction,
and Volume XI - Guidelines for Highways
Along Coastal Zones and Lakeshores.

(d) AASHTO Drainage Manual (2014) — Refer to
Chapters; 11 — Energy Dissipators; 16 — Erosion
and Sediment Control; 17 — Bank Protection;
and 18 — Coastal Zone. The MDM provides
guidance on engineering  practice in
conformance with FHWA’s HEC and HDS
publications and other nationally recognized
engineering policy and procedural documents.

(e) Shore Protection Manual (SPM) (1984) -
Comprehensive two volume guidance on wave
and shore processes and methods for shore
protection. No longer in publication but still
referenced pending completion of the Coastal
Engineering Manual.

(f) Design of Coastal Revetments, Seawalls, and
Bulkheads. Engineering Manual 1110-2-1614
(1995) — Supersedes portions of VVolume 2 of the
Shore Protection Manual (SPM).

(g) Coastal Engineering Manual. Engineer Manual
(EM) 1110-2-1100 (2002) — Published in six
parts plus an appendix, this set of documents
supersedes the SPM and EM 1110-2-1614.

Topic 882 - Planning and Location
Studies

882.1 Planning

The development of sustainable, cost effective and
environmentally friendly protective works requires
careful planning and a good understanding of both
the site location and habitat within the shore or
coastal zone subject to wave attack. Planning begins
with an office review followed by a site
investigation.

Google Earth can be a useful tool for determining
site location and recent changes to the coastal zone.

Nearby bridges should be reviewed for site history
and changes in stream cross-section. All bridge files
belong to Structure Maintenance within the Division
of Maintenance.

Coastal highways traverse bays, estuaries, beaches,
dunes and bluffs which are some of the most unique
and treasured habitats for humans as well as the
habitats of a variety of plants and animals. The list
of endangered species requiring these coastal
habitats for survival includes numerous sea turtles,
birds, mammals, rodents, amphibians and fish.
District biologist staff should be consulted early on
during the project planning phase for subject matter
expertise to perform an initial habitat assessment.
Contact information for Department biologists can
be accessed through the CalBioRoster.

For habitat characterization and preliminary
assessment relative to design and obtaining project
specific permits, the initial site investigation team
should include the project engineer, the district
hydraulic engineer, and a biologist.

The selection of the type of protection can be
determined during or following site investigation.
For some sites the choice is obvious; at other sites
several alternatives or combinations may be
applicable.

Considerations at this stage are:

o Design life and whether the protection need be
permanent or temporary.

e The severity of wave attack.

e The coastal water level and future sea level.
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e Littoral drift of the beach sands.
e Seasonal shifts of the shore.

e The ratio of cost of highway replacement versus
cost of protection.

e Analysis of foundation and materials

explorations.
e Access for construction
e Slope (H:V)
e Vegetation type and location
e Physical habitat
e Failure mode (see Table 872.2)
e Total length of protection needed

The second step is the selection and layout of
protective elements in relation to the highway
facility.

882.2 Class and Type of Protection

Protective devices are classified according to their
function. They are further categorized as to the type
of material from which they are constructed or shape
of the device.

882.3 Site Consideration

The determination of the lengths, heights,
alignment, and positioning of the protection is
affected to a large extent by the facility location
environment.

An evaluation is required for any proposed highway
construction or improvement that encroaches on a
floodplain. See Topic 804, Floodplain
Encroachments for detailed procedures and
guidelines.

(1) Lakes and Tidal Basins. Highways adjacent to
lakes or basins may be at risk from wave
generated erosion. All bodies of water generate
waves. Height of waves is a function of fetch
and depth. Erosion along embankments behind
shallow coves is reduced because the higher
waves break upon reaching a shoal in shallow
water. The threat of erosion in deep water at
headlands or along causeways is increased.
Constant exposure to even the rippling of tiny
waves may cause severe erosion of some soils.

)

Older lakes normally have thick beds of
precipitated silt and organic matter. Bank
protection along or across such lakes must be
designed to suit the available foundation. It is
usually more practical to use lightweight or self-
adjusting armor types supported by the soft bed
materials than to excavate the mud to stiffer
underlying soils. See Index 883.3 for further
information on armor protection.

In fresh waters, effective protection can often be
provided by the establishment of vegetation, but
planners should not overlook the possibility of
moderate erosion before the vegetative cover
becomes established. A light armor treatment
should be adequate for this transitional period.

Ocean Front Locations. Wave action is the
erosive force affecting the reliability of highway
locations along the coast. The corrosive effect
of salt water is also a major concern for
hydraulic structures located along the coastline.
Headlands and rocks that have historically
withstood the relentless pounding of tide and
waves can usually be relied on to continue to
protect adjacent highway locations founded
upon them. The need for shore protection
structures is, therefore, generally limited to
highway locations along the top or bottom of
bluffs having a history of sloughing and along
beach fronts.

Beach protection considerations include:
e Attack by waves.

e Littoral drift of the beach sands.

e Seasonal shifts of the shore.

e Foundation for protective structures.

Wave attack on a beach is less severe than on a
headland, due to the gradual shoaling of the bed
which trips incoming waves into a series of
breakers called a surf.

Littoral drift of beach sands may either be an
asset or a liability. If sand is plentiful, a new
beach will be built in front of the highway
embankment, reducing the depth of water at its
toe and the corresponding height of the waves
attacking it. If sand supply is less plentiful or
subject to seasonal variations, the new beach can
be induced or retained by groins.

880-3
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If sand is in scant supply, backwash from a
revetment tends to degrade the beach or bed
even more than the seasonal variation, and an
allowance should be made for this scour when
designing the revetment, both as to weight of
stones and depth of foundation. Groins may be
ineffective for such locations; if they succeeded
in trapping some littoral drift, downcoast
beaches would recede from undernourishment.

Seasonal shifts of the shore line result from
combinations of:

e Ranges of tide.
e Reversal of littoral currents.

e Changed direction of prevailing onshore
winds.

o Attack by swell.

Generally the shift is a recession, increasing the
exposure of beach locations to the hazard of
damage by wave action. On strands or along
extensive embayments, recession at one end
may result in deposition at the other.
Observations made during location assessment
should include investigation of this
phenomenon. For strands, the hazard may be
avoided by locating the highway on the
backshore facing the lagoon.

Foundation conditions vary widely for beach
locations. On a receding shore, good bearing
may be found on soft but substantial rock
underlying a thin mantle of sand. Bed stones
and even gravity walls have been founded
successfully on such foundations. Spits and
strands, however, are radically different, often
with softer clays or organic materials underlying
the sand. Sand is usually plentiful at such
locations, subsidence is a greater hazard than
scour, and location should anticipate a "floating"
foundation for flexible, self-adjusting types of
protection.

In planning ocean-front locations, the primary
decision is a choice of (1) alignment far enough
inshore to avoid wave attack, (2) armor on the
embankment face, or (3) off shore devices like
groins to aggrade the beach at embankment toe.

Topic 883 - Design

883.1 Introduction

A set of plans and specifications must be prepared to
define and describe the protection that the design
engineer has in mind. See Index 873.1.

Recommendations on slope protection, and erosion
control materials can be requested from the District
Hydraulic Engineer, the District Materials Branch
and the Office of State Highway Drainage and Water
Quality Design in Headquarters. The District
Landscape Architect will provide recommendations
for temporary and permanent erosion and sediment
control measures.

The Caltrans Bank and Shore Protection Committee
is available on request to provide advice on
extraordinary situations or problems and to provide
evaluation and formal approvals for acceptable non-
standard designs. See Index 802.3 for further
information on the organization and functions of the
Committee.

883.2 Design High Water and Design Wave
Height

Information needed to design shore protection is:
o Design High Water Level

o Design Wave Height

(1) Design High Water Level

Designs should not be based on an arbitrary
storm, high tide or flood frequency.

Per Index 873.2, a suggested starting point of
reference for the determination of the design
high water level is that the protection withstands
high water levels caused by meteorological
conditions having a recurrence interval of one-
half the service life of the protected facility.
Depending on the type of facility, it may be
appropriate to base the preliminary evaluation
on a high water elevation resulting from a storm
or flood with a 2 percent probability of
exceedance (50 year frequency of recurrence).
The first evaluation may have to be adjusted to
conform with a subsequent analysis which
considers the level of related risks, local historic
high water marks, sea level rise and climate
change.  Scour countermeasures protecting
structures designed by the Division of
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Engineering Services (DES) may include
consideration of floods greater than a 1 percent
probability of exceedance (100 year frequency
of recurrence). See Index 873.6.

There is always some risk associated with the
design of protection features. Significant risks
are classified as those having probability of:

e Catastrophic failure with loss of life.

o Disruption of fire and ambulance services or
closing of the only evacuation route
available to a community.

Refer to Topic 804, Floodplain Encroachments,
for further discussion on evaluation of risks and
impacts.

(@) Lake Shore Locations. The flood stage
elevation on a lake or reservoir is usually the
result of inflow from upland runoff. If the
water stored in a reservoir is used for power
generation, flood control, or irrigation, the
design high water elevation should be based
on the owner’s schedule of operation.

(b) Coastal Locations.

Except for inland tidal basins effected by wind
tides, floods and seiches, the static or still-water
level used for design of shore protection is the
highest tide. In tide tables, this is the stage of
the highest tide above "tide-table datum" at
MLLW. To convert this to MSL datum there
must be subtracted a datum equation (2.5 feet to
3.9 feet) factor. If datum differs from MSL
datum, a further correction is necessary. These
steps should be undertaken with care and
independently checked. Common errors are:

¢ Ignoring the datum equation.
e Adding the factor instead of subtracting it.

e Using half the diurnal range as the stage of
high water.

To clarify the determination of design high-
water, Fig. 883.2A shows the Highest Tide in its
relation to an extreme-tide cycle and to a
hypothetical average-tide cycle, together with
nomenclature pertinent to three definitions of
tidal range. Note that the cycles have two highs
and two lows. The average of all the higher
highs for a long period (preferably in multiples

of the 19-yr. metonic cycle) is MHHW, and of
all the lower lows, MLLW. The vertical
difference between them is the diurnal range.

Particularly on the Pacific coast where MLLW
is datum for tide tables, the stage of MHHW is
numerically equal to diurnal range.

The average of all highs (indicated graphically
as the mean of higher high and lower high) is the
MHW, and of all the lows, MLW. Vertical
difference between these two stages is the mean
range.

See Index 814.5, Tides and Waves, for
information on where tide and wave data may be
obtained. See HEC 25, Volume 1, for a
discussion on tidal and survey datums.

Figure 883.2A

Nomenclature of Tidal Ranges

Highest tide Design High Tide

} Lower high

=R

Diumnal range
= 66R 10 .73R

Maximum range Rm = 1.8R to 2.0R
equation

Mean Sea A £
Level v 2
1]
a

(1) Because of the great variation of tidal elements,
Figure 883.2A was not drawn to scale.

(2) The elevation of the design high tide may be taken as
mean sea level (MSL) plus one-half the maximum
tidal range (Rm).

(2) Design Wave Heights.

(a) General. Even for the simplest of cases, the
estimation of water levels caused by
meteorological conditions is complex.
Elaborate numerical models requiring the
use of a computer are available. See HEC
25, Volume 2, Index 2.4.2. Simplified
techniques may be wused to predict
acceptable wind wave heights for the design
of highway protection facilities along the
shores of embayments, inland lakes, and
reservoirs. The Coastal Engineering Manual
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(b) Wave Distribution Predictions.
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provides a simplified wave prediction
method which is suitable for most riprap
sizing applications. The method is described
in HEC 23, Volume 2, Index 17.2.2 of
Design Guideline 17. It is recommended
that for ocean shore protection designs the
assistance of the U.S. Army Corp of
Engineers be requested.

Shore protection structures are generally
designed to withstand the wave that induces
the highest forces on the structure over its
economic service life. The design wave is
analogous to the design  storm
considerations for determining return
frequency. A starting point of reference for
shore protection design is the maximum
significant wave height that can occur once
in about 20-years. Economic and risk
considerations involved in selecting the
design wave for a specific project are
basically the same as those used in the
analysis of other highway drainage
structures.

Wave
prediction is called hindcasting when based
on past meteorological conditions and
forecasting when based on predicted
conditions. The same procedures are used
for hindcasting and forecasting. The only
difference is the source of the
meteorological data. Reference is made to
the Army Corps of Engineers, Coastal
Engineering Manual — Part Il, for more
complete information on the theory of wave
generation and predicting techniques.

The prediction of wave heights from boat
generated waves must be estimated from
observations.

The surface of any large body of water will
contain many waves differing in height,
period, and direction of propagation. A
representative wave height used in the
design of bank and shore protection is the
significant wave height, Hs. The significant
wave height is the average height of the
highest one-third of all the waves in a wave
train for the time interval (return frequency)
under consideration. Thus, the design wave

(©)

(d)

height generally used is the significant wave
height, Hg, for a 20-year return period.

Other design wave heights can also be
designated, such as Hyg and Hy. The Hyg
design wave is the average of the highest
10 percent of all waves, and the Hq design
wave is the average of the highest 1 percent
of all waves. The relationship of Hyg and
H1 to Hs can be approximated as follows:

Hw=1.27 Hs and Hy=1.67 Hs

Economics and risk of catastrophic failure
are the primary considerations in
designating the design wave average height.

Wave Characteristics. Wave height
estimates are based on wave characteristics
that may be derived from an analysis of the
following data:

e Wave gage records

e Visual observations

e Published wave hindcasts

e Wave forecasts

o Maximum breaking wave at the site

Predicting Wind Generated Waves. The
height of wind generated waves is a function
of fetch length, windspeed, wind duration,
and the depth of the water.

(1) Hindcasting -- The U.S. Army Corp of
Engineers has historical records of
onshore and offshore weather and wave
observations for most of the California
coastline. Design wave height
predictions for coastal shore protection
facilities should be made using this
information and hindcasting methods.
Deep-water ocean wave characteristics
derived from offshore data analysis may
need to be transformed to the project
site by refraction and diffraction
techniques. As mentioned previously, it
is strongly advised that the Corps
technical expertise be obtained so that
the data are properly interpreted and
used.
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(2) Forecasting -- Simplified wind wave
prediction techniques may be used to
establish probable wave conditions for
the design of highway protection on
bays, lakes and other inland bodies of
water. Wind data for use in determining
design wind velocities and durations is
usually available from weather stations,
airports, and major dams and reservoirs.

The following assumptions pertain to
these simplified methods:

e The fetch is short, 75 miles or less

e The wind is uniform and constant
over the fetch.

It should be recognized that these
conditions are rarely met and wind
fields are not wusually estimated
accurately. The designer should
therefore not assume that the results are
more accurate than warranted by the
accuracy of the input and simplicity of
the method. Good, unbiased estimates
of all wind generated wave parameters
should be sought and the cumulative
results conservatively interpreted. The
individual input parameters should not
each be estimated conservatively, since
this may bias the result.

The applicability of a wave forecasting
method depends on the available wind
data, water depth, and overland
topography. Water depth affects wave
generation and for a given set of wind
and fetch conditions, wave heights will
be smaller and wave periods shorter if
the wave generation takes place in
transitional or shallow water rather than
in deep water.

The height of wind generated waves
may also be fetch-limited or duration-
limited. Selection of an appropriate
design  wave may require a
maximization procedure considering
depth of water, wind direction, wind
duration, wind speed, and fetch length.

Procedures for predicting wind
generated waves are complex and our

(e) Breaking Waves. Wave heights derived

()

understanding and ability to describe
wave phenomena, especially in the
region of the coastal zone, is limited.
Many aspects of physics and fluid
mechanics of wave energy have only
minor influence on the design of shore
protection for highway purposes.
Designers interested in a more complete
discussion on the rudiments of wave
mechanics should consult the U.S.
Army Corps of Engineers' Coastal
Engineering Manual — Part I1.

An initial estimate of wind generated
significant wave heights can be made by
using Figure 883.2B. If the estimated
wave height from the nomogram is
greater than 2 feet, the procedure may
need to be refined. It is recommended
that advice from the Army Corps of
Engineers be obtained to refine
significant wave heights, Hs, greater
than 2 feet.

from hindcasts or any forecasting method
should be checked against the maximum
breaking wave that the design stillwater
level depth and nearshore bottom slope can
support. The design wave height will be the
smaller of either the maximum breaker
height or the forecasted or hindcasted wave
height.

The relationship of the maximum height of
breaker which will expend its energy upon
the protection, Hb, and the depth of water at
the slope protection, ds, which the wave
must pass over are illustrated in Figure
883.2C.

The following diagram, with some specific
references to the SPM, summarizes an
overly simplified procedure that may be
used for highway purposes to estimate wind
generated waves and establish a design
wave height for shore protection.

Wave Run-up. Run-up is the extent,
measured vertically, that an incoming wave
will rise on a structure. An estimate of wave
run-up, in addition to design wave height,
will typically be needed and is required by
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WIND SPEED (MPH)

Figure 883.2B
Significant Wave Height Prediction Nomograph
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Figure 883.2C

Design Breaker Wave
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Example:

By using hindcast methods, the significant wave height (Hs)
has been estimated at 4 feet with a 3 second period. Find
the design wave height (Hq) for the slope protection if the
depth of water (d) is only 2 feet and the nearshore slope (m)
is 1:10.
Solution:
ds 2 ft

gT? — (322 ft/sec?) x (3 sec)?
From Graph) - Hu/ds = 1.4
Hh=2x14=28ft
Answer:
Since the maximum breaker wave height, Hp, is smaller
than the significant deepwater wave height, Hs, the design
wave height Ha is 2.8 feet.
T = Wave Period (SPM)

= 0.007

policy for projects subject to California
Coastal Commission (CCC) jurisdiction
(see CCC guidance document *“Beach
Erosion and Response,” December 1999).
Procedures for estimating wave run-up for
rough surfaces (e.g., RSP) are contained in
the U.S. Army Corps of Engineers manual,
Design of Coastal Revetments, Seawalls,
and Bulkheads, (EM 1110-2-1614)
published in 1995.

Procedures for estimating wave run-up for
smooth surfaces (e.g., concrete paved
slopes) and for vertical and curved face
walls are contained in the U.S. Army Corps
of Engineers, Shore Protection Manual,
1984. See Figure 873.2D for estimating

wave run-up on smooth slopes for wave
heights of 2 feet or less.

In protected bays and estuaries, waves
generated by recreational or commercial
boat traffic and other watercraft may
dominate the design over wind generated
waves. Direct  observation and
measurements during high tidal cycles may
provide the designer the most useful tool for
establishing wave run-up for these
situations.

Determining Design Wave

[ wave ForecasTinG |

DATA NEIEDS

e Wind Speed

e Wind Duration
s Fetch

ADJUST WIND SPEED

s SPM Pgs. 3-24 thru 3-33
[

* Select Design/Wind Duration

* Determine Fetch

USE FIGURE 883.2A

WAVE HEIGHT WAVE HEIGHT
{Duration Limited) (Fetch Limited)

USE

Lesser Wave Height

If < 2" wave If > 2" wave
|
Water Depth Water Depth
If 5'-50' If > 50'
SPM Figs. 3-27 thru 3-36 SPM Fig. 3-24
ADJUSTMENTS
e SPM Pgs. 3-66 thru 3-77
WAVE s Fetch
HINDCASTING + Wave Growth
| * Wave Decay
SIGNIFICANT WAVE BREAKING WAVE
HEIGHT, Hs Height, Hb (Figure 883.2B)

Use Smaller Value of
Hs or Hb

DESIGN WAVE, Hd

(9) Littoral Processes. See Index 882.3(2).
Littoral processes result from the interaction
of winds, waves, currents, tides, and the
availability of sediment. The rates at which
sediment is supplied to and removed from
the shore may cause excessive accretion or
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erosion that can affect the structural
integrity of shore protection structures or
functional usefulness of a beach. The aim
of good shore protection design is to
maintain a stable shoreline where the
volume of sediment supplied to the shore
balances that which is removed.

Designers interested in a more complete
discussion on littoral processes should
consult the U.S. Army Corps of Engineers'
Coastal Engineering Manual (CEM) — Part
1.

(3) Sea Level Rise. Sea levels have been rising not

only in the past century, but for the past several
millennia. The average rate of relative sea level
change, which accounts for changes in both land
and ocean elevation, varies with location. Tide
and current data is available at the following
NOAA web site:
http://tidesandcurrents.noaa.gov

The National Research Council developed a
report on sea level changes with specific
commissioning from the three western states of
California, Oregon, and Washington (NRC
2012). Their projection is for global eustatic
(the rate with landmass elevation effects
removed) sea level to rise 2.7 ft by the year
2100. The projected rate of rise is summarized
in Figure 883.2D. A range of estimates is shown
to account for the uncertainties in the best-
available science. The range is from 1.7 ft to
4.6 ft by 2100.

The timeframe identified for a project is
important for sea level rise (SLR) assessments
and will affect the approach for assessing
impacts. Until 2050, there is strong agreement
among the various climate models for the
amount of SLR that is likely to occur. After
mid-century, projections of SLR are uncertain,
because modeling results diverge and SLR
projections vary depending upon how quickly
the  international community  reduces
greenhouse gas emissions.  Therefore, for
projects with timeframes beyond 2050, it is
especially important to consider adaptive
capacity, impacts, and risk tolerance to guide
decisions of whether to use low, medium, or
high SLR projections. Projects that have a long
design life of 20+ years should include further

(4)

SLR analysis. These projects have a high
likelihood of being impacted by SLR at some
point during their lifespan. The shorter lifespan
projects may be less likely to face SLR impacts,
and as a result be less inclined to incorporate
SLR, depending on their proximity to the coast
line.

HEC 25, Volume 2, Index 2.3.1.2 provides
discussion on projections for SLR and and
example calculation is presented in Index
2.3.1.3.

Assessing Extreme Events and Climate Change.
Chapter 4 of HEC 25, Volume 2 presents
guidance on specific methodologies for
assessing exposure of coastal transportation
infrastructure to extreme events and climate
change. For all projects, as a minimum, the use
of existing data and resources should be utilized
through the use of existing inundation (FEMA)
or tsunami hazard maps to determine the
exposure of infrastructure under selected sea
(lake) level change scenarios, and sensitivity to
depth-limited wave or wave runup processes.
See HEC 25, Volume 2, Indexes 4.1.1 and 4.5.1
Level of Effort 1: Pacific Coast — Storms.

883.3 Armor Protection

@)

General. Armor is the artificial surfacing of
shore or embankment to resist erosion or scour.
Armor devices can be flexible (self-adjusting) or
rigid. The distinction between revetments
(layers of rock or concrete), seawalls, and
bulkheads is one of functional purpose.
Revetments usually consist of rock slope
protection on the top of a sloped surface to
protect the underlying soil. Seawalls are walls
designed to protect against large wave forces.
Bulkheads are designed primarily to retain the
soil behind a vertical wall in locations with less
wave action. Design issues such as tie-backs,
depth of sheets are primarily controlled by
geotechnical issues. The use of each one of the
three types of coastal protection depends on the
relationship between wave height and fetch
(distance across the water body). Bulkheads are
most common where fetches and wave heights
are small. Seawalls are most common where
fetches and wave heights are large. Revetments
are often common in intermediate situations
such as on bay or lake shorelines.
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Figure 883.2D

Global Sea Level Rise Projections®
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(2) Revetments.

(@) Rock Slope Protection (RSP). Hard
armoring of shorelines, primarily with RSP,
has been the most common means of
providing  long-term  protection  for
transportation ~ facilities, and  most
importantly, the traveling public. With
many years of use, dozens of formal studies
and thousands of constructed sites, RSP is
the armor type for which there exists the
most quantifiable data on performance,
constructability, ~ maintainability ~ and
durability, and for which there exist several
nationally recognized design methods.

Due to the above factors, RSP is the general
standard against which other forms of
armoring are compared.

The results of internal research led to the
publication of Report No. FHWA-CA-TL-
95-10, “California Bank and Shore Rock
Slope Protection Design”.  Within that
report, the methodology for RSP design
adopted as the Departmental standard for
many years, was the California Bank and
Shore, (CABS), layered design. The CABS
layered design methodology and its
associated gradations are now obsolete. For
reference only, the full report is available at
the following website:

http://www.dot.ca.gov/hg/oppd/hydrology/
hydroidx.htm.

For RSP designs along coastal and lake
shores, for wave heights five feet or less, the
methodology presented in HEC 23, Volume
2, Design Guideline 17- Riprap Design for
Wave Attack has been formally adopted by
the Caltrans Bank and Shore Protection
Committee. Section 72 of the Standard
Specifications provides all construction and
material specifications.

Rock is usually the most economical type of
revetment where stones of sufficient size
and quality are available. It also has the
following advantages:

e Wave run-up is less than with smooth
types (See Figure 883.2E).

e Itis salvageable, may be stockpiled and
reused if necessary.

Figure 883.2E

Wave Run-up on Smooth
Impermeable Slope

/ Point of Maximum Runup
Design Water Level

R 11:X(©)

R = Wave Runup Height (ft)
Hd: Wave Height (ft)
& = Bank Angle with the Horizontal
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Figure 883.2F
RSP Lined Ocean Shore

In designing the rock slope protection for a
shore location, the following determinations
are to be made for the typical section.

e Depth at which the stones are founded
(bottom of toe trench. See Figure
883.2G and Figure 17.2 in HEC 23,
Volume 2, Design Guideline 17).
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Elevation at the top of protection.

Rock size, specific gravity and section
thickness.

Need for geotextile or rock filter
material.

Face slope.

Well designed coastal rock slope protection
should:

1)

)

Assure stability and compatibility of the
protected shore as an integral part of the
shoreline as a whole.

Not be placed on a slope steeper than
1.5H:1V.

Use stone of adequate weight to resist
erosion, derived from Index
883.3(2)(a)(2)(2).

Prevent loss of bank materials through
interstitial spaces of the revetment.
Rock slope protection fabric or a filter
layer should be used.

Rest on a good foundation on bedrock
or extend below the depth of probable
scour. If questionable, use heavy bed
stones and provide a wide base section
with a reserve of material to slough into
local scour holes (i.e., mounded toe).

Be constructed of rock of such shape as
to form a stable protection structure of
the required section. See Index
873.3(3)(a)(2)(a).

General Features -- See Index
873.3(3)(a)(1)(a) through (e)  for
discussions on methods of placement,
foundation treatment, rock slope
protection fabrics and gravel filters.

Stone Size -- Two methods for
determining riprap size for stability
under wave action are presented in HEC
23, Volume 2, Design Guideline 17: (1)
the Hudson method, and (2) the
Pilarczyk method.

(a) The Hudson Method. Applications
of Hudson’s equation in situations
with a design significant wave

height of H=5 feet or less have
performed well. This range of
design wave heights encompasses
many coastal revetments along
highway embankments.  When
design wave heights get large and
the design water depths get large,
problems with the performance of
rubble-mound structures can occur.
A more conservative design
approach should use a more
conservative H statistic. The proper
input wave height statistic is
required and discussed in Section
6.3 of HEC 25, Volume 1. RSP
with design wave heights much
greater than H=5 feet require more
judgment and more experience and
input from a trained, experienced
coastal engineer. Therefore, when
design wave heights are much
greater than H=5 feet, contact the
District Hydraulic Engineer. The
Hudson method considers wave
height, riprap density, and slope of
the bank or shoreline to compute a
required weight of a median-size

riprap particle.
¥rH3(tan )
Wso =~ <3
Ka(Sy = Sw)

Where:

Wso =weight of median riprap
particle size, (Ib)

v = unit weight of riprap, (Ib/ft3)

H =design wave height, (ft)
(Note: Minimum recognized
value for use with the
Hudson equation is the
10 percent wave,
Ho10 = 1.27Hs)

Kq =-empirical coefficient equal
to 2.2 for riprap
S+ = specific gravity for riprap

Sw =specific gravity for water
(1.0 for fresh water, 1.3 for
sea water)
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0 = angle of slope inclination

The median weight Wso can be
converted to an equivalent particle
size dsp by the following
relationship:

3| Wsg
den =
50 lo.85yr

The Pilarczyk Method. Compared
to the Hudson method, the
Pilarczyk method considers
additional variables associated with
particle stability in different wave
environments, and therefore should
more thoroughly characterize the
rock stability threshold. The
hydraulic processes that influence
rock revetment stability are directly
related to the type of wave that
impacts the slope, as characterized
by the breaker parameter. The
breaker parameter is a
dimensionless quantity that relates
the bank slope, wave period, wave
height, and wave length to
distinguish between the types of
breaking waves. This parameter is
defined as:

tan 8 K, T

=tanf
’H H
S/Lo \/_s

& = dimensionless
parameter

f:

Where:

breaker

0 =angle of slope inclination
L, = wave height, (ft)

H; = significant wave height, (ft)
T =wave period, (sec)

K., = coefficient equal to 2.25 for
wave height, (ft)

The wave types corresponding to
the breaker parameter are listed in
Table 883.2 and illustrated
schematically below.

Table 883.2

Dimensionless Breaker Parameter
and Wave Types

Value of the
Dimensionless Type of Wave
Breaker Parameter &
£<0.5 Spilling
05<E<25 Plunging
25<E<35 Collapsing
<35 Surging

B s

72

7

o Spilling Collapsing
_,/t’-@-"‘@_' 777 75
mﬂﬂﬂyﬂﬂ” 777777
I I TTTT
77 Plunging T Surging

The Pilarczyk method, like the
Hudson method, uses a general
empirical relationship for particle
stability under wave action. When
design wave heights are much
greater than H=5 feet, contact the
District Hydraulic Engineer. The
Pilarczyk equation is:

cos @

2 < Yud
AD &b

Where:

H; = significant wave height, (ft)

A =relative unit weight of riprap,
A= —vw)/Vw
D =armor size thickness, (ft)

W, = stability upgrade factor (1.0
for good riprap)

¢ =stability factor (1.5 for good
quality, angular riprap)

0 =angle of slope inclination

& =dimensionless breaker

parameter
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b = exponent (0.5 for riprap)

Rearranging the Pilarczyk equation
to solve for the required stone size,
and inserting the recommended
values for riprap with a specific
gravity of 2.65 and a fresh water
specific gravity of 1.0 yields the
following equation for sizing rock
riprap for wave attack:

2( Hg&03
dso == | ——
=3 <1.64 cos

For salt water locations (specific
gravity = 1.03), substitute 1.57 for
1.64 into the denominator of the
above equation.

Using  standard  sizes  the
appropriate  gradation can be
achieved by selecting the next
larger size class, thereby creating a
slightly owver-designed structure,
but economically a less expensive
one. For example, if a riprap sizing
calculation results in a required dso
of 16.8 inches, Class V riprap
should be specified because it has a
nominal dso of 18 inches. See Table

873.3A.
Worked examples of the Pilarczyk
and the Hudson method are

presented in HEC 23, Design
Guideline 17. Compared with the
Hudson method, the Pilarczyk
method is more complicated and
includes the consideration of wave
period, storm duration, clearly-
defined damage level and
permeability of structure. The
choice of the appropriate formula is
dependent on the design purpose
(i.e. preliminary design or detailed
design).

(3) Design Height -- The recommended
vertical extent of riprap for wave attack
includes consideration of high tide
elevation, storm surge, wind setup,
wave height, and wave runup. Details

(3) Bulkheads. The bulkhead types are steep or
vertical structures, like retaining walls, that
support
embankments which include the following:

(@)

(b)

(©)

can be found in HEC 25, Volume 1, and
HEC 23, Volume 2, Index 17.3.2.

natural slopes or constructed

Gravity or pile supported concrete or
masonry walls.

Crib walls
Sheet piling

Concrete or Masonry Walls. The expertise
and coordination of several engineering
disciplines is required to accomplish the
development of PS&E for concrete walls
serving the dual purpose of slope protection
and support. The Division of Structures is
responsible for the structural integrity of all
retaining walls, including bulkheads.

Crib walls. Timber and concrete cribs can
be used for bulkheads in locations where
some flexibility is desirable or permissible.
Metal cribs are limited to support of
embankment and are not recommended for
use as protection because of vulnerability to
corrosion and abrasion.

The design of crib walls is essentially a
determination of line, foundation grade, and
height with special attention given to
potential scour and possible loss of backfill
at the base and along the toe. Design details
for concrete crib walls are shown on
Standard Plans C7A through C7C.
Concrete crib walls used as bulkheads and
exposed to salt water require special
provisions specifying the use of coated
rebars and special high density concrete.
Recommendations from METS Corrosion
Technology Branch should be requested.

Sheet Piling. Timber, concrete and steel
sheet piling are used for bulkheads that
depend on deep penetration of foundation
materials for all or part of their stability.
High bulkheads are usually counterforted at
upper levels with batter piles or tie back
systems to deadmen. Any of the three
materials is adaptable to sheet piling or a
sheathed system of post or column piles.
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Figure 883.2G

Rock Slope Protection

Shore Protection RSP

Face Stone, see Note (2)

Design High Tide

Normal Beach Line

dS
Scour Level l
RN

RSP Fabric
or Gravel Filter

Set Toe to Bedrock or Below Scour Depth
NOTES:

(1) Thickness "T" = 1.5dso
(2) Face stone size is determined from Index 883.3(2)(b).

(3) RSP fabric not to extend more than 20 percent of the base width of the Mounded Toe past the Theoretical
Toe.
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Excluding structural requirements, design
of pile bulkheads is essentially as follows:

e Recognition of foundation conditions
suitable to or demanding deep
penetration.  Penetration of at least
15 feet below scour level, or into soft
rock, should be assured.

e Choice of material. Timber is suitable
for very dry or very wet climates, for
other situations economic comparison
of preliminary designs and alternative
materials should be made.

o Determination of line and grade. Fairly
smooth transitions with protection to
high-water level should be provided.

Sea Walls. Sea walls are structures, often
concrete or stone, built along a portion of a coast
to prevent erosion and other damage by wave
action. Seawalls can be rigid structures or
rubble-mound structures specifically designed
to withstand large waves. Often they retain
earth against the shoreward face. A seawall is
typically more massive and capable of resisting
greater wave forces than a bulkhead. Index 6.1
of HEC 25, Volume 1 provides several
examples of seawall designs.

Groins. A groin is a relatively slender barrier
structure usually aligned to the primary motion
of water designed to trap littoral drift, retard
bank or shore erosion, or control movement of
bed load.

These devices are usually solid; however, upon
occasion to control the elevation of sediments
they may be constructed with openings. Groins
typically take the following forms of
construction:

e Rock mound.

e Concreted-rock dike.

o Sand filled plastic coated nylon bags.
e Single or double lines of sheet piling.

The primary use of groins is for ocean shore
protection. When used as stream channel
protection to retard bank erosion and to control
the movement of streambed material they are

normally of lighter construction than that
required for shore installation.

In its simplest or basic form, a groin is a spur
structure extending outward from the shore over
beach and shoal. A typical layout of a shore
protection groin installation is shown in Figure
883.2H.

Assistance from the U.S. Army Corp of
Engineers is necessary to adequately design a
slope protection groin installation. For a more
complete discussion on groins, designers should
consult VVolume 11, Chapter 6, Section VI, of the
Corps' Shore

Protection Manual until Part VI of the Coastal
Engineering Manual is published. Preliminary
studies can be made by using basic information
and data available from USGS quadrangle
sheets, USC & GS navigation charts,
hydrographic charts on currents for the
Northeast Pacific Ocean and aerial photos of the
area.

Factors pertinent to design include:

(a) Alignment. Factors which influence
alignment are effectiveness in detaining
littoral drift, and self-protection of the groin
against damage by wave action.

A field of groins acts as a series of
headlands, with beaches between each pair
aligned in echelon, that is, extending from
outer end of the downdrift groin to an
intermediate point on the updrift groin, see
Figure 883.21. The offset in beach line at
each groin is a function of spacing of groins,
volume of littoral drift, slope of sea bed and
strength of the sea, varying measurably with
the season. Length and spacing must be
complementary to assure continuity of
beach in front of a highway embankment.

A series of parallel spurs normal to the
beach extending seaward would be correct
for a littoral drift alternating upcoast and
downcoast in equal measure. However, if
drift is predominantly in one direction the
median attack by waves contributes
materially to the longshore current because
of oblique approach. In that case the groin
should be more effective if built oblique to

880-17
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the same degree. Such an alignment will
warrant shortening of the groin in
proportion to the cosine of the obliquity, see
Figure 883.2I.

Conformity of groin to direction of
approach of the median sea provides an
optimum ratio of groin length to spacing,
and the groin is least vulnerable to storm
damage. Attack on the groin will be
longitudinal during a median sea and
oblique on either side in other seas.

Grade. The top of groins should be parallel
to the existing beach grade. Sand may pass
over a low barrier. The top of the groin
should be established higher than the
existing beach, say 2 feet as a minimum for
moderate exposure combined with an
abundance of littoral drift, to 5 feet for
severe exposure and deficiency of littoral
drift.

The shore end should be tapered upward to
prevent attack of highway embankment by
rip currents, and the seaward end should be
tapered downward to match the side slope
of the groin in order to diffuse the direct
attack of the sea on the end of the groin.

Length and Spacing. The length of groin
should equal or exceed the sum of the offset
in shoreline at each groin plus the width of
the beach from low water (LW) to high
water (HW) line, see Figure 883.21. The
offset is approximately the product of the
groin spacing and the obliquity (in radians)
of the entrapped beach. The width of beach
is the product of the slope factor and the
range in stage. The relation can be
formulated:

L=ab+rh
Where:
L = Length of groin, feet
a = obliquity of entrapped beach in radians
b = beach width between groins, feet
r = reciprocal of beach slope

h =range in stage, feet

(d)

For example, with groins 400 feet apart,
obliquity up to 20 degrees, on a beach
sloping 10:1 with a tidal range of 11 feet,

L =0.35%x400+ 10 x 11 = 250 feet

The same formula would have required
L = 390 feet for 800-foot spacing, reducing
the aggregate length of groins but increasing
the depth of water at the outer ends and the
average cost per foot. For some
combination of length and spacing the total
cost will be a minimum, which should be
sought for economical design.

If groins are too short, the attack of the sea
will still reach the highway embankment
with only some reduction of energy. Some
sites may justify a combination of short
groins with light revetment to accommodate
this remaining energy.

Section. The typical section of a groin is
shown in Figure 883.2). The stone may be
specified as a single class, or by designating
classes to be used as bed, core, face and cap
stones.

Face stone may be chosen one class below
the requirement for revetment. Full mass
stone should be specified for bed stones, for
the front face at the outer end of the groin,
and for cap stones exposed to overrun. Core
stones in wide groins may be smaller.

Width of groin at top should be at least 1.5
times the diameter of cap stones, or wider if
necessary for operation of equipment. Side
slopes should be 1.5:1 for optimum
economy and ordinary stability. If this slope
demands heavier stone than is available,
side slope can be flattened or the cap and
face stones bound together with concrete as
shown in Figure 883.2J.
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Figure 883.2H Figure 883.2l
Typical Groin Layout with Alignment of Groins to an Oblique
Resultant Beach Configuration Sea Warrants Shortening
2 Proportional to Cosine of
Obliquity

Wave Front

Drit

Long Groins Without Revetment

|y

Wave Front

Dirift

Short Groins With Light Stone Revetment
NOTES:
"S","L" and "0" are determined by conditions at site.
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Figure 883.2J
Typical Stone Dike Groin Details
i_ Roadway
_ Shores stopis piieion / Slope parallel to existing beach
o MHHW
MLLW
Existing beach
ELEVATION
TV v, .
- I
B 1.5:1 slope ‘ 2:1 slope
B 0.7L
— L o
I
— A,
= g PLAN
Cap stone

Face stone. Mass of rock
depends on exposure.
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A OO0 COO o PORO 722077 OO0 () FOSSO0 LT
J Core rock
Bedstone

SECTION - CONCRETED

NOTES:
(1) This is not a standard design.
(2) Dimensions and details should be modified as required.



HIGHWAY DESIGN MANUAL

A
AASHTO STANDARDS
Policy on Use of 82.3
ABANDONMENT
Water Wells 110.2
ABBREVIATIONS, OFFICIAL NAMES
61.1
ABRASION
855.2
ACCELERATION LANE
At Rural Intersections 405.1
ACCESS CONTROL
Definition 62.6
104
Alignment, Existing 104.3
Alignment, New 104.3
Frontage Roads 104.3
Frontage Roads Financed by Others --------------- 104.3
General Policy 104.1
Highways, Definition 62.3
Interchanges 504.8
Intersections 405.6
Openings 104.2
Openings, Financial Responsibility ---------------- 205.5
Openings on Expressways 205.1
Openings in Relation to Median Openings---------- 104.5
Rights, Protection of 104.4
ACCESSIBILITY REQUIREMENTS
Curb Ramps, Guidelines for ----------=-=-=-mmumueo 105.4
Driveways 205.3
Provisions for Disabled Persons -------------------- 105.3
Refuge Areas 403.7
ACCIDENT DATA
Intersections 402.2
ACCRETION
Definition 806.2
ACQUISITION
Definition 62.6
Partial 62.6
of Material and Disposal Sites  ----------======-=-—- 1115
ADT/AADT
see AVERAGE DAILY TRAFFIC
AESTHETIC FACTORS
Contour Grading and Slope Rounding ------------ 304.4
In Design 109.3
Materials and Color Selection ------------=====----- 705

Noise Barrier 1102.6

Planting
Retaining Walls

AGGRADATION
Definition

AGGREGATE BASE

see BASE Engineering Criteria---------------------

AGGREGATE SUBBASE

Engineering Criteria

AGGRESSIVE
Definition

AGREEMENTS

Drainage, Cooperative
Materials

AIR POLLUTION

Control of Burning

Control of Dust
AIR RIGHTS

AIRWAY-HIGHWAY

Clearances

Submittal of Data

ALIGNMENT

Aesthetic Factors
Bridges

Channel

Consistency (Horizontal)

Controls (Horizontal)

Coordination (Horizontal/Vertical) ---------------

Culverts

Horizontal

Vertical (Grade)

ALLEY
Definition

ALLUVIUM
Definition

ALTERNATIVES FOR CULVERT PIPES

ALUMINUM PIPE

ANGLE OF INTERSECTION

APPRAISAL

Index 1

December 30, 2015

902.1
210.5

806.2

663

663

806.2

803.2
1114

110.3
110.3

62.6

207
207.2
207.3

109.3
203.9
862.2
203.3
203.1
204.6
823.2
203

204

62.3

806.2

857

852.5

403.3

62.6
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APPROACH SLABS, STRUCTURE
New Construction Projects

Rehabilitation Projects
APPROVALS

Nonstandard Design Features

Proprietary Items

Special Pavement Structural Section Designs ---

AREAS OF CONFLICT

Intersections

ARTERIAL
Minor, Definition

Principal, Definition

AQUEDUCT
Definition

AQUIFER
Definition

ARCH CULVERTS

ARMOR

ARTERIAL HIGHWAYS

ARTESIAN WATERS

Definition

ASPHALT CONCRETE
see FLEXIBLE PAVEMNT

ASPHALT TREATED PERMEABLE BASE

Definition

Design, Asphalt Pavement
Design, Concrete Pavement

Pavement Drainage

AUXILIARY LANES

Interchange

AVAILABLE HEAD, USE OF

AVERAGE DAILY TRAFFIC

208.11(2)

673

110.10
601.5
601.5

403.2

814
81.4

806.2

806.2
841.2

852.3
852.4
852.5
852.6

873.3

62.3

806.2

62.7
633.1
623.1
662.3

62.1
504.5

821.1
821.4

62.8
103.1

AVULSION
Definition

AXIS OF ROTATION

Superelevation

AXLE LOADS, EQUIVALENT SINGLE
see EQUIVALENT SINGLE AXLE LOADS

B

BACKFILL, CULVERTS

BACKWATER
Definition

BAFFLE

BANK

Definition
Guide

Protection, Definition

BANK PROTECTION

Armor

Design, Concepts

Design, High Water and Hydraulics -------------
Geomorphology and Site Considerations -------

Training

BARRIER
Concrete on Walls

Median

Noise

Railing
BASE
Definitions

Aggregate

Asphalt Treated
Asphalt Treated Permeable

Cement Treated

Cement Treated Permeable

Description

Engineering Criteria
Granular, Untreated

Hot Mix Asphalt Concrete

Lean Concrete

Treated Permeable

BASEMENT SOIL
See SUBGRADE

806.2

202.4

829.2

806.2
821.4
864.4

873.4

806.2
873.4
806.2

870

873.3
873.1
873.2
872.3
873.4

210.6

305.3
1100

208.10

62.7
662.1
662.2
662.3
662.2
662.3
602.1
663
662.1
662.2
662.2
662.3
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BASIN CHARACTERISTICS
Elevation

Land Use

Orientation

Shape
Size

Slope

Soil & Geology

Storage

BEDLOAD
Definition

BENCHES

Drains

Slope
BERM

BIKEWAY
Class I, Design Criteria

Class Il Width

Class Il

Class IV
Definitions

Design Considerations

Facilities

Markings
Overcrossings

Planning Criteria

Railings

Refuge Areas

Standards
Traffic Control Devices

Trails

Undercrossings

BITUMINOUS
Coatings On Pipes

BORDER INSPECTION STATIONS

BORROW
Definition

BRANCH CONNECTION

Freeway-to-freeway

Interchange, Entrances and Exits ------------

812.7
812.4
812.8
812.2
812.1
812.3
8125
812.6

806.2
851.2

834.4
304.3

835

1003
301.2
1003.3
1002.1
62.1
1001.4
404.2
1002
1004
208.6
1002
208.10
403.7
1000
1004
1003.4
208.6

852.4

107.3

62.7

62.4
504.4
504.2

BRIDGE REPLACEMENT & REHABILITATION

PROGRAM

433

BRIDGES

208
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Alignment 203.9
Approach Railing 208.10
Clearances 309
Deer Crossing 208.8
Definition 62.2
Embankment Slopes 208.5
Equipment Crossings 208.8
Falsework Clearance 204.8
Flood Design 821.3
Grade Line 204.7
Overloads 110.1
Slope Treatment, End 707
Structure Depth 204.8
Structure, Open End 208.5
Types of Structures 62.2

also see GRADE SEPARATION STRUCTURES

BROKEN-BACK CURVE

see CURVES
BULBOUTS
see CURB, EXTENTIONS
BULKHEADS
Type 873.3
883.3
BULKING
Definition 806.2
Factors 813.8
861.2
864.3
BUSBAYS
see CURB, EXTENTIONS
BUSBULBS
see CURB, EXTENTIONS
BUSINESS DISTRICT
Definitions 62.6
BYPASS HIGHWAY
62.3

C

CALIFORNIA OPERATIONAL SAFETY AND

HEALTH (CAL-OSHA)

Tunnel Safety Orders

CALIFORNIA R-VALUE
Definition

110.12

62.7

Measurement of

614.3

Record Keeping
CALIFORNIA ROAD SYSTEM MAP

605.1

81.4
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Unlined 861.9
CAMBER mine
Definition 806.2 CHANNELIZATION
829.2 62.4
Design Standards 405
CANTILEVER WALLS Left-turn 405.2
210.1 Principles of 403
CAPACITY Right-turn 405.3
Drainage Structure 806.2 CHANNELIZATION, PRINCIPLES OF
Highway 102 403
Intersection  402.10perational Features Affecting Design Angle of Intersection 403.3
402.1 Avreas of Conflict 403.2
Ramp Intersection 406 Major Movements 403.1
Safety Roadside Rests 903.5 Points of Conflict 403.4
Precautions 403.12
CAPILLARITY Prohibited Turns 403.8
Definition 806.2 Refuge Areas 403.7
Signal Control 403.9
CAPILLARY WATER Speed-change Areas 403.5
Definition 806.2 Summary 403.11
841.2 Traffic Control Devices 403.10
Turning Traffi 403.
CAPITAL PREVENTATIVE MAINTENANCE urning Tratic 03
603.3 CHECK DAM
CATCH BASIN Definition 806.2
Definition 806.2 CIENEGA
Inlets 837.2 Definition 806.2
CATCH POINT CLEANOUT
Clearance to Right of Way Line ------------------- 304.2 Definition 806.2
Side Slope Standards 304.1 842.4
CATTLE PASSES CLEAR DISTANCE
208.8 Stopping Sight Distance on Horizontal Curves - 201.6
CEMENT TREATED PERMEABLE BASE CLEAR RECOVERY ZONE
also see BASE Definition 62.7 309.1
CENTRAL ANGLE CLEARANCES
203.4 309
Airway-highway 207
CENTRIFUGAL FORCE Falsework 204.6
Formula 202.1 Lateral, for Elevated Structures ------------------- 309.4
Superelevation 202 Minimum 309.1
Pedestrian Over Crossings 309.2
CHAIN LINK Railroad 309.5
Fences 701.2 Signs, Vertical 309.2
Railings, Bridges 208.10 Slope to Right of Way Line ---------==--==---=----- 304.2
Structures, Horizontal 309.1
CHANNEL, ROADSIDE Structures, Vertical 309.2
Alignment & Grade 862.2 Tunnel 309.3
Changes 867
Characteristics 813 CLIMATE
Cross Section 863 Pavement Map 615
Design Consideration 861
Flow Classifications 866.2 CLIMBING LANES
Flow Equations 866.3 Transitions 206.2
Linings 865 Sustained Grades 204.5
Stability 864
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CLOVERLEAF INTERCHANGE ; 662.2
Gravity Walls 210.2
Local Streets 502.2 Painting 705.1
Freeway-to-freeway 502.3 Pavement, Rigid 620
COATINGS Portland Cement Pavement (PCCP)
. see RIGID PAVEMENT
Pipe 8524 Retaining Walls 210.2
COEFFICIENT OF ROUGHNESS CONDEMNATION
Channels 866.3 Definition 62.6
Conduit 851.2 Inverse 62.6
COEFFICIENT OF RUNOFF CONDUIT
Definition 806.2 Cross Section 851.2
819.2 Crossover, Irrigation 706.4
COLLECTOR ROAD Definition - 806.2
. Protective Coating 854.3
Definition 62.3
81.4 CONGESTION MITIGATION AND AIR QUALITY
COLLISIONS IMPROVEMENT PROGRAM (CMAQ)
402.2 432
COLORS, SELECTION CONNECTIONS
Concrete 705.1 Qfgﬁgz Openings on EXpressways ----------------= 222‘11
Steel Structures 705.2 Branch Interchange, Entrances and Exits --------- 504.2
COMFORT FACILITIES Driveways on Frontage Roads  --------------------- 205.4
Roadside Rests 903 Driveways on Rural Roads 205.4
Driveways on Urban Roads 205.3
COMFORTABLE SPEEDS Financial Responsibility 205.5
see MAXIMUM COMFORTABLE SPEED Freeway-to-freeway 582'2’
COMMERCIAL DRIVEWAYS Freeway with Local Roads 106.2
205 Local Facility 203.1
Private Road 205.2
COMMUNITY NOISE ABATEMENT PROGRAM Roadway 107.1
11014 CONSERVATION OF MATERIALS AND
COMPOSITE PAVEMENT ENERGY
Definition 62.7 110.11
Engineering Properties 642.1 CONSTRUCTIBILITY
Mechanistic-Emperical Method -------------------- 606.3
New Construction 643 Pavement 618.2
Pavement Preservation 644 CONTINUOSLY REINFORCED CONCRETE
Performance Factors 642.2 PAVEMENT
Reconstruction 643
Rehabilitation 645 621.2
Types 641 also see RIGID PAVEMENT
COMPOUND CURVES CONSTRUCTION
203.5 Freeway Connections with Local Roads ---------- 106.2
Superelevation 202.6 Initial and Stage 106.1
Temporary Features 82.1
CONCENTRATED FLOW Temporary Pavements and Detours  --------------- 612.6
Definition 806.2 CONTOUR GRADING
CONCENTRATION 304.4
Drainage, Definition 806.2 Aesthetics 109.3
CONCRETE CONTRACTORS YARDS/PLANT SITES

Base, Lean 62.7 112
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Multilane, Divided 307.4
: 704 Multilane, 2R & 3R Criteria ---------------=------- 307.6
Policy 704.1 Outer Separation 310.2
CONTROL State Highway 307
. o Two-lane, New Construction ------=--====e=meeumv 307.2
Dralnage, Definition 806.2 Two-lane, 2R & 3R 307.3
Erosion ---- 110.2 Warrants for 307.1
Traffic, Devices 62.8
403.10 CROSS SECTION, OTHER THAN STATE
Traffic, Special Problems 110.7 HIGHWAY ROADS
CONTROL OF ACCESS : 308
see ACCESS CONTROL City and County Roads 308.1
CONTROL OF POLLUTION CROSS SECTION, STATE HIGHWAY
see POLLUTION CONTROL see CROSS SECTION
CONTROLLED ACCESS HIGHWAY CROSS SLOPES,
623 Effects on Drainage 833
) Gutter 303.2
CONTROLLING CRITERIA Median 305.2
821 Pavement 301.2
' Shoulder 302.2
CONVENTIONAL HIGHWAYS Structures 208.2
) 62.3 CROSSINGS
Sidewalks 105.1 Bicycle 208.6
COORDINATION WITH OTHER AGENCIES Deer - 208.8
108 Equgstrlan 208.7
Transit Loading Facilities 108.2 Eggégtmrgr]]t gggg
Divided Nonfreeway Facilities -------------------- 108.1 Railroad 104'3
with FHWA 108.3 ’
COST REDUCTION INCENTIVE PROPOSALS CROSSOVER
Walls 210.4 Irrigation, Conduits 706.3
COUNTERFORT WALLS CUL-DE-SAC STREET
210.2 623
CRASH CUSHIONS CULVERTS
7021 Alignment & Slope 823.4
' Alternative Pipes 857
CRIB WALLS Anchorage 829.5
210.2 Available Head 821.4
' Backwater 825.1
CRITICAL Bedding & Backfill 829.2
Depth, Definition 806.2 g(r)i)((i agsd Arch ggig
Flow, Definition 806.2 Buogant Forces 826.3
Slope, Definition 806.2 Cam{)er 823-2
Velocity, Definition 806.2 . ’
Choice of Type 851.2
CROSS DRAINAGE Culvert Design System 825.3
820 Curvature 823.2
Definition 806.2
CROSS SECTION Design Discharge 821.2
S traate and Corinty Baade oo Design Flood, Definition 806.2
g:teirs gzg;svng g:#enty Roads gggi Design Frequency, Definition --------------------- 806.2
Effects on Drainage ' 833. Design Storm, Definition 806.2
Frontage Roads 310.1 End Treatmer_n 826.2
Geometric 62.1 Entrance D_eS|gn 826
Entrance Riser 826.3

Grade 204.2
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Gradeline 823.2 CUT WIDENING
Headwall 826.3
Headwater 821.4 304.3
Height of Cover 829.2
856 D
Hydrologic Considerations 821.2
Improved Inlets 826.4
Inlet Control 825.2 D-LOAD
Joints 8294 Cracking D-Load 856.2
854.1 Definition 806.2
Length 828.3 Reinforced Concrete Pipe 852.1
Minimum Cover 856.5
Multiple Pipes 824.2 DAM
Outlet Design 827 829.9
Piping 829.3
Roughness 851.2 DEAD END STREET
Sag - 829.7 Definition 62.3
Service Life 855
Settlement 829.2 DEBRIS
Slope 823.2 813.8
Transitions 826.4 Barrier, Definition 806.2
Type Selection 824 Basin, Definition 806.2
Bulking 813.8
CURB RAMPS Control Structure 822.2
—— 105.4 Definition 806.2
Guidelines for 105.4 Rack, Definition 806.2
Policy and Procedure 105.3 Riser 8222
CURBS DECELERATION LANE
) 303 403.4
Bridges ----------- 303.5 Left Turns 405.2
Design Considerations 404.2 Right Turns 405.3
Extensions 303.4
Frontage Roads and Streets 303.6 DECISION SIGHT DISTANCE
General Policy 303.1 201.7
Grade Separations 303.5
Gutter Pan, Cross Slope 303.2 DEER CROSSINGS
Median 305.4 208.8
Position of 303.5
Ramps 504.3 DEFENSE ROUTE
Returns, for City Streets 405.8 Rural and Single Interstate Routes ------------------ 309.2
Structures 303.5
Types and Uses 303.2 DEFINITIONS
62
CURVES Drainage 806.2
Broken-back 203.7 Pavement Structural SeCtion ------------------------ 62.7
Compound ) 203.5 Deflection Studies 635.1
Compound, Superelevation of ----------=-=-m-memnm- 202.6
Horizontal 203 DEGRADATION
Length and Central Angle 2034 Definition 806.2
Location of Ramp on 504.2
Maximum Comfortable Speeds ---------------------- 202.2 DELAY
Radius 203.2 Definition 62.8
Ramp Widening 504.3
Reversing 203.6 DENSITY
Reversing, Superelevation Transition for --------- 202.5 62.8
Spiral 203.8
Superelevation 202 DESIGN
Three-Center 405.7 Bank Protection 873.1
Vertical 204.4 Capacities 102

Designation 103
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Discharge 811.3 General 401.1
Discharge, Estimating 819 Pavement 611
Flood, Establishing 818.2 Pedestrian 401.5
Frequency, Definition 806.2 Vehicle 401.3
Geometric Standards 200
Hourly Volume 103.1 DESIGN, OPERATIONAL FEATURES
Hourly Volume, Definition ---------------emnun-- 62.8 AFFECTING
Interchange 504 402
Intersection 405 Accidents 402.2
Period 103.2 Capacity 402.1
Philosophy 81.1 Undesirable Geometric Features ------------------ 402.2
Shore Protection 883.1
Speed (See DESIGN SPEED) DESIGNATION, DESIGN
Standards, Applications 80 Design Period 103.2
Storm 821.2 Relation to Design 103.1
Storm, Definition 806.2
Wave Heights 883.2 DETOURS
110.7
DESIGN DESIGNATION Local Roads Used as 106.2
Design Period 103.2
Relation to Design 103.1 DETRITUS
Definition 806.2
DESIGN HOURLY VOLUME i
62.8 DHV
103.1 see DESIGN HOURLY VOLUME
DESIGN LIFE DIAMOND INTERCHANGE
Pavement 612 502.2
Relation to Design Period 103.1
DIKES
DESIGN SPEED Frontage Roads and Streets ------------------------ 303.6
101 General Policy 303.1
Definition 62.8 Guide, Earthen 873.4
Entrances & Exits 504.2 PCC Grouted Riprap 873.4
Freeway-to-freeway Minimum  -------------------- 504.4 Position of 303.5
Freeway Entrances & EXits -----------------m-mmn- 504.2 Ramp 504.3
Local Facility 101.1 Toe, Earthen 873.4
Scenic Values 109 Types and Uses 303.3
Selection 101.1
Standards 101.2 DISCHARGE
Definition 806.2
DESIGN VEHICLE Design 811.3
Definition 62.10 Estimating 819
404 Peak 811.3
Transit 404.2
California Truck 404.2 DISPOSAL SITES/MATERIALS SITES
Offtracking 404.1 111
STAA Truck 404.2 Acquisition of 1115
Swept Width 404.2 Environmental Requirements ---------------------- 1111
Tracking With 404.2 Information Furnished to Prospective Bidders -- 111.3
Turning Templates 404.3 Investigation of Local Material Sources --------- 111.2
Wheelbase 404.2 Mandatory, on Federal-aid Projects --------------- 111.6
Material Arrangements 1114

DESIGN VOLUME
see DESIGN HOURLY VOLUME DISTANCE, CLEAR

DESIGN, FACTORS AFFECTING Stopping Sight Distance on Horizontal Curves - 201.6

401 DITCHES
Bicycles 401.6 Grade 834.3
Driver 401.2 Side 303.2

Environment 401.4 834.3
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Slope 834.3 Horizontal 841.5
Outlet Treatment 834.4
DIVERGING Overside, Spacing & Location  ---------=-=--=-=---- 834.4
62.8 Service Life 857.1
857.2
DIVERSION Slope 834.4
Definition 806.2 Subsurface Types 841.5
DIVIDED HIGHWAY DRIVEWAYS
Definition 62.3 205
Grade Line 204.2 Access Openings on Expressways  ----------------- 205.1
Commercial 205.3
DIVIDED NONFREEWAY FACILITY Financial Responsibility 205.5
108.1 Frontage Roads 205.4
Local Standards 205.3
DIVISION OF DESIGN Pedestrian Access 205.3
10 Private, Definition 62.3
Residential 205.3
DOWEL BAR Rural Areas 205.4
622.4 Urban 205.3
Definition 62.7
DRY WEATHER FLOWS
DOWNDRAINS Definition 806.2
Definition 806.2
Flume 834.4 DUFF
Pipe 834.4 Definition 62.5
DRAIN
Edge System (See EDGE DRAIN) E
DRAINAGE
Area, Definition 806.2 EARTH RETAINING SYSTEMS
Area 819.2 Anchored Wall 210.2
Basic Policy 803.1 Cantilever Wall 210.2
Channels 861 Concrete Gravity Wall 210.2
Computer Programs 819.6 Counterfort Wall 210.2
825.3 Crib Wall; Concrete, Steel and Timber ----------- 210.2
Cooperative Projects Policy  ------------=-mmmnmmme 803.2 Drainage 210.8
Course, Definition 806.2 Electroliers and Signs 210.8
Definition 806.2 Footings 210.8
Design Responsibility 802.1 Gabion Basket Wall 210.2
Detention Basins 891.3 Gravity Wall 210.2
Divide, Definition 806.2 L-Type Wall 210.2
Easement, Definition 806.2 Masonry Wall 210.2
Economics of Design 801.5 Mechanically Stabilized Wall ---------------------- 210.2
Galleries 841.5 Non-Gravity Cantilevered Walls ------------------- 210.2
Glossary of Terms 806.2 Proprietary 210.2
Median 834.2 Reinforced Embankments 210.2
Obijectives of Design 801.4 Rock Gravity Wall 210.2
Pavement 650 Rock/Soil Anchors 210.2
by Pumping 839 Safety Railings 210.6
Roadway 830 Salvaged Material Retaining Wall  ----------------- 210.2
Section, Duties of 802.1 Secant Soldier Pile Wall 210.2
Subsurface 840 Sheet Pile Wall 210.2
System, Definition 806.2 Slurry Diaphragm Wall 210.2
Soil Mix Wall 210.2
DRAINS Soil Nail Wall 2102
Anchorage 834.4 Soil Reinforcement Systems --------=---==mmnnmmunx 210.2
Benches 834.4 Soldier Pile Wall with Lagging -------------------- 210.2
Entrance Standards 834.4 Tangent Soldier Pile Wall 210.2

Geotextile 8415 Tire Anchored Timber Wall ~ -—-—---—---—-—---—————- 210.2
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Utilities 210.8
EQUALIZER
EARTHQUAKE CONSIDERATIONS Definition 806.2
110.6 826.3
EASEMENT EQUESTRIAN TRAILS
Definition 62.6 see TRAILS, MULTIPURPOSE
Definiti 806.2
erinition EQUESTRIAN
ECONOMIC ANALYSIS Definition 62.10
see LIFE-CYCLE COST ANALYSIS Undercrossing and Overcrossing ------------------ 208.7
EDDY LOSS EQUIPMENT CROSSINGS
Definition 806.2 208.8
EDGE DRAIN EQUIVALENT SINGLE AXLE LOADS
606.3 Definition 62.7
System, Definition 62.7 Conversion ESAL to Traffic Index----------------- 613.3
ESAL Constants 613.3
ELECTROLIERS AND SIGNS Lane Distribution Factors 613.3
Walls 210.7 Projections, Truck Traffic 613.3
EMBANKMENT EROSION
Definition 62.7 And Accretion, Definition 806.2
Side Slope Standards 304 Control, Channel & Shore 871.1
Slopes at Structures 208.5 Control, Planting 902
Structure Approach Embankment ----------------- 208.11 Control, Water Pollution 110.2
Definition 806.2
EMINENT DOMAIN Vegetative Control 62.5
Definition 62.6
EVAPORATION
ENCROACHMENT Definition 806.2
Definition 62.6 812.8
814.4
END OF FREEWAY 819.2
Connections with Local Roads -------------------- 106.2
EXITS
ENDWALL Freeway Interchange 504.2
Definition 806.2
EXPRESSWAY
ENERGY 62.3
Dissipator, Definition 806.2
Dissipator 827.2
Grade Line, Definition 806.2 F
Head, Definition 806.2
ENTRANCE FAA
Design (Hydraulic) 826 Abbreviation 61.1
Freeway Interchange 504.2 Notice Requirements 207.3
Head, Definition 806.2
Loss, Definition 806.2 FACTORS AFFECTING INTERSECTION DESIGN

ENVIRONMENTAL REQUIREMENTS see DESIGN, FACTORS AFFECTING

Transit Loading Facilities 108.2 FALSEWORK

Contractor's Yard and Plant Site  ------------------- 112 204.8
FHWA 108.3 Grade Line 204.8
Material Sites and Disposal Sites  ------------------ 111 Vertical Clearance 204.8
Median Width 305.1 Width of Traffic Openings 204.8
Project Development 81.1 Worker Safety 204.8

Special Considerations 110
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FAN

Definition

FEDERAL-AID

Funding Determination
Programs (see also PROGRAMS) -----------------
System

FEDERAL LANDS PROGRAM

FENCES

Approval
Barbed Wire, Type BW
Chain Link
Exceptions to Standard Types ----------------------
Freeways and Expressways
Location of
Locked Gates
Median
on Other Highways
Policy and Purpose
Retaining Walls
Safety Roadside Rests
Standard Types
Vinyl-clad
Weathering Type Steel
Wire Mesh, Type WM

FHWA

Approval of Locked Gates
Approval of Mandatory Sites ------------=-=--------
Coordination With
Federal-aid

Liaison With

FILTER FABRIC

FLAP GATES

Definition

FLARED END SECTION

FLEXIBLE PAVEMENT

Definition
Aged Residue (AR)
Analytical Depth
Transit Pads
California R-value
Climate Region
Cold in-Place Recycled Asphalt  ----------nnn-mennx
Concrete Overlay
Data Collection

806.2

40
44
43
42

434

701

701.1
701.2
701.2
701.2
701.2
701.2
701.2
701.2
701.3
701.1
210.6
903.5
701.2
705.1
705.1
701.2

701.2

111.6

108.3
40
11.2

841.5

806.2
821.6
838.5

826.3
834.4

62.7
632.1
635.1
636.4
633.1
632.1
635.1
635.1
635.1

July

80th percentile Deflection
Deflection Studies
Emperical Method
Engineering Analysis Software --------------------
Full Depth Hot Mix Asphalt ------------===m-mnmmmo-
Gravel Equivalent
Gravel factor (Gr)
Grouping
Hot Mix Asphalt (HMA)
Hot Mixed Asphalt Base
Hot Recycled Asphalt
International Roughness Index (IRI) --------------
Intersections
Lean Concrete Base (LCB)
Lime Treated Subbase
Mainline
Mill and Overlay
Open Graded Friction Course (OGFC) ------------
Park & Ride Facilities
Pavement Condition Report --------=-=-===-==------
Pavement Preservation
Percent Reduction in Deflection -------------------
Percent Reduction in deflection required

at the Milled depth
Performance Factors
Performance Graded (PG)
Polymer modified binders
RAC-G
RAC-O
Ramp Termini
Reflective crack retardation
Remove and Replace
Rich-Bottom Concept
Ride Quality
Roadside Facilities
Safety Roadside Rest Areas ------------=======-=-=-
Rubberized Asphalt Concrete  ----------------=-----
SAMI-F
SAMI-R
Shoulders
Smoothness
Stress Absorbing Membrane Interlayers (SAMI) -
Structural Adequacy
Subgrade Enhancement Fabrics ----------=-=-=-----
Test Sections
Tolerable Deflection at the Surface (TDS) -------
Tolerable Deflections
Traffic Index (TI)
Traveled Way
Treated Permeable Base (TPB)  --------------=-=-=-
Wearing Course
Whitetopping

FLOOD

Base
Control Projects
Design
Design Criteria, Recommended --------------------

Greatest of Record
Magnitude

Index 11
15, 2016

635.1
635.1
633.1
637

633.1
633.1
633.1
635.1
631

633.1
635.1
635.1
636.3
635.1
633.1
636.1
635.1
631.2
636.4
635.1
634

635.1

635.1
632.2
632.1
632.1
631.3
631.3
636.1
635.1
635.1
633.1
635.1
636.4
636.4
631.3
631.5
631.5
636.2
632.1
631.5
635.1
633.1
635.1
635.1
635.1
633.1
636.1
633.1
631.2
635.1

818.1
803.2
818.1
821.3
831.3
821.3
817
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Maximum Historical 818.1 Financed by Others 104.3
Measurement 817.2 Headlight Glare 310.3
Plain, Definition 806.2 Horizontal Clearance 309.1
Plane, Definition 806.2 Outer Separation 310.2
Stage, Definition 806.2 Railroad Crossings 104.3
Waters, Definition 806.2 Sidewalks 105.1
FLOW FUNDING
Channel 816.6 44
Critical 864.3 Federal-Aid Eligibility 441
Definition 806.2 Federal Participation Ratio 44.2
Line 806.2
Subcritical 864.3 FUNNELING
Supercritical 864.3 403.1
FREE
Outlet, Definition 806.2 G
Water, Definition 806.2
FREEBOARD GALLERIES
Definition 806.2 Drainage 841.5
866
GEOMETRIC CROSS SECTIONS
FREEWAY 300
62.3 Definition 62.1
Entrances and Exits at Interchanges -------------- 504.2
Landscape g 60 s GEOMETRIC DESIGN
900 Definition 62.4
Structure Standards 200
EgEA%VgAY CONNECTIONS WITH EXISTING Undesirable Geometric Features, Intersections -- 402.2
106.2 GEOTECHNICAL DESIGN REPORT
113
FREEWAY-TO-FREEWAY CONNECTIONS Content 113.2
62.4 Local Materials Sources 111.2
504.4 Policy 113.1
Branch Connections 504.4 Side Slope Standards 304.1
Grade Line 204.2 Submittal and Approval 113.3
Grades 504.4
Lane Drops 504.4 GORE
Metering 504.3 62.4
504.4 Contrasting Surface Treatment ------------------—- 504.2
Shoulder Width 504.4 Paved Gore 504.2
FREEWAY-TO-FREEWAY INTERCHANGES GRADE
502.3 Cross Section, Position with Respect to ---------- 204.2
to Drain, Definition 806.2
FRENCH DRAINS Freeway Entrance Standards --------------=-------- 504.2
Definition 806.2 Freeway Exit Standards 504.2
841.5 Freeway-to-freeway Connection Standards ----- 504.4
General Controls 204.1
FRICTION FACTORS Horizontal Alignment, Coordination with  ------- 204.6
202.1 Ramps 504.2
Rolling Profile 204.1
FRONTAGE ROADS Safety Roadside Rests 903.5
Definition 62.3 Separate Lines 204.7
Cross Section Standards 310 Separation 62.4
Access Control 104.3 Separation Structures 208
Cross Section 310.1 Separation, Pedestrian 105.2
Curbs 303.6 Standards 204.3
Driveways 205.4 Stopping Sight Distance at Crests ----------------- 201.4




HIGHWAY DESIGN MANUAL Index 13

July 15, 2016
Stopping Sight Distance at Sags  ------------------- 2015 GUTTERS, SIDE
Structures 204.8 834.3
Sustained Grades 204.5 Capacity 836.2
Vertical Curves 204.4 Grade 836.2
GRADE LINE !Ptersection, at gggi
Bridge Decks 204.8 v)éﬂ?y 836.2
Depressed, Under Structures  -----------=======----- 204.8 '
General 204.1
Separate 204.7 H
Structures 204.8
GRADE SEPARATION STRUCTURES HAULING
208 . . .
Cattle Passes, Equipment, and Deer Crossings — 208.8 Overloaded Material/Equipment , Design for 110.1
Cross Slope 208.2 HEAD
Curbs - _ 3035 Available 821.4
Equestrian Undercrossing 208.7
Median 208.3 HEADLIGHT GLARE
Open End Structures 208.5 310.3
Pedestrian 105.2 '
Pedestrian Overcrossings and Undercrossing ---- 208.6 HEADLIGHT SIGHT DISTANCE
Railings 208.10 Grade Sags 201.5
Railroad Underpasses and Overheads ------------- 208.9
Sidewalks 208.4 HEADWAY
Widths 208.1 62.8
GRADIENT (SLOPE) HIGH SPEED RAIL
Definition 806.2 Definition 62.10
GRADING PLANE Clearances 309.1
Definition 62.7 HIGHWAY
GRATED LINE DRAIN ) 623
Capacity 102
837.2 Context 81.6
GRAVEL EQUIVALENT ggzg::t?gngccess ggg
604.3 Federal Lands Program 434
GRAVITY WALL Interstate, Defin!tion - 81.4
Landscape Architect Definitions ------------------- 62.5
210.2 Major 62.3
GROIN l;latli((\)l\r;al Highway System gg 5
arkway .
| 883.3 Pedestrian Facilities 105
GROUND WATER E'aé'_“lng ggg
_—_ adial .
Definition ggi; Route Numbers 21.2
' Scenic 62.3
GUARDRAIL gtate Systefg - 2;‘2‘
. - tructures, Definitions .
Bridge Approach Railings 208.10 Structures. Grade Line 204.8
References 702 Through ' 62.3
GUIDE BANK Types, Definitions 62.3
873.4 HIGHWAY DESIGN MANUAL STANDARDS
GUTTER PAN 821
Cross Slope 303.2 HORIZONTAL ALIGNMENT
General Policy 303.1 .
Aesthetic Factors 109.3
Uses, Curb Types 3032 Alignment Consistency 203.3

Bridges 203.9
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Broken Back Curves
Compound Curves

Curve Length and Central Angle ------------------
General Controls
Grade, Coordination with
Radius
Reversing Curves
Standards for Curvature
Spiral Transition

HORIZONTAL CLEARANCE

Bridges
Between Elevated Structures -------------=--------
Clear Distance
Noise Barriers
Off-track Maintenance
Railroad Walkway
Railroads, Adjacent to
Retaining Walls
Structure
Tunnels

HORIZONTAL DRAINS

HOT MIX ASPHALT CONCRETE BASE
also see BASE Engineering Criteria ----------------

HOT MIXED ASPHALT

also see FLEXIBLE PAVEMENT

HYDRAULIC

Gradient, Definition
Jump, Definition
Mean Depth, Definition
Mean Depth
Radius, Definition

HYDRAULIC DESIGN DISCHARGE

Empirical Methods
Field Investigation
Hydrograph Methods
Rational Methods

Regional Analysis
Statistical Methods
Summary of Methods

HYDROGRAPH
Definition

SCS Triangular
Synthetic
Unit
HYDROGRAPHY
Definition
HYDROLOGIC DATA

Basin Characteristics
Federal Agencies

203.7
203.5
203.4
203.1
204.6
203.2
203.6
203.2
203.8

309.1
309.4
201.6
1102.2
309.5
309.5
309.5
309.1
309.1
309.3

841.5

663

631.1

806.2
806.2
806.2
864.3
806.2

819.2
815.3
816.5
819.2
819.2
819.3
819.1

806.2
816.5
819.4
819.4
819.4

806.2

812
815.3

Field Investigations

Precipitation

Rainfall

Sources

Stream Flow

Surface Runoff
Transfer of Data

HYDROLOGICAL ANALYSIS

Gumbel Extreme Value Distribution ---------

Log Normal Distribution

Log Pearson Type Ill Distribution ------------

Objectives

Rational Methods

Regional Analysis Methods --------------------
SCS Triangular Hydrograph -----------------—

Synthetic Hydrograph
Unit Hydrograph

HYDROLOGY

Definition

HYDROPLANING

Definition

INFILTRATION

Definition

INITIAL CONSTRUCTION
and Stage

INLETS

Combination
Curb Opening

Grate

Hydraulic Design

Location and Spacing
Pipe Drop

Time, Definition

Transition

Types
Use of

INSPECTION STATIONS, BORDER

INTERCHANGES

Access Control
Aesthetic Factors

Approval of Design

Auxiliary Lanes

Cloverleaf

Concepts

815.3
815.2
815.3
815.5
815.3
815.4
815.2
819.5

819.3
819.3
819.3
811.2
819.2
819.2
819.4
819.4
819.4

806.2
811.1

831.4

606.3
819.2
806.2

106.1

837.2
837.2
837.2
837.4
837.3
837.2
806.2
826.4
837.2
837.1

107.3

504.8
109.3
503.2
504.5
502.2
501.1
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Data Required for Design 503.1 Public Road 405.7
Definition 62.4 Ramp 406
Design, Procedure 503 Refuge Area 403.7
Design, Standards 504 Returns and Corner Radii, City Street ------------- 405.8
Diamond 502.2 Right-turn Channelization 405.3
Elements 62.4 Right-turn Lanes at Off Ramp  ------------=---=----- 405.3
Freeway Entrances and Exits, Design  ------------- 504.2 Roundabout, Definition 62.4
Freeway-to-freeway 502.3 Sight Distance 405.1
Freeway-to-freeway Connections, Definition ---- 62.4 Signal Control 403.9
Freeway-to-freeway Connections, Standards ---- 504.4 Speed-change Areas 403.5
Freeway-to-freeway, Minimum Design Speed --- 504.4 Traffic Control Devices 403.10
Freeway-to-freeway Omission of Movements --- 502.3 Traffic Islands 405.4
Grade Separations 62.4 Turning Traffic 403.6
Grades Exits/Entrances 504.2 Types 401.5
Lane Reduction 504.6 Undesirable Geometric Features ------------------- 402.2
Local Streets 502.2 Vehicle, Affecting Design of ----------------------- 401.3
Parallel Street Systems 502.2 Widening at Signalized Intersections -------------- 405.9
Ramps 504.3
Revigws 503.2 INTERSTATE
Sight Distance for Planting 902.2 Definition 81.4
Single Point Interchange 502.2 Funding 422
Spacing 501.3 Numbering 21.2
Traffic 500
INUNDATE
Trumpet 502.2
Two-quadrant Cloverleaf 502.2 Definition 806.2
Types 502
i 2012 INVERSE CONDEMNATION
Weaving Sections 504.7 Definition 62.6
| RAMPS
aiso see INVERT
INTERMODAL SURFACE TRANSPORTATION Definition 806.2
EFFICIENCY ACT (ISTEA) Paving, Definition 806.2
40 Paving 852.1
852.4
INTERSECTION 853.6
Access Control 405.6 Protection 852.4
Accidents 402.2 852.5
Angle of Intersection 403.3
Areas of Conflict 403.2 INVER_T_E_D SIPHON
Bicycle, Affecting Design Of ------==mmmmmmmmmmeeeem 401.6 Definition 806.2
Capacity 402.1 829.7
Sepacity, Ramps P IRRIGATION SYSTEM
Definition 62.4 Crossover Conduits 706.4
Design, Factors Affecting 401
Design, Operational Features Affecting ---------- 402 ISLAND
Design, Standards 405 : 62.4
Design Vehicle 404 Traffic 405.4
Driver, Affecting Design of = -------------mmmmmmneen 401.2
Environment, Affecting Design of ----------------- 401.4 ISOH_YETA_L, .
General, Factors Affecting Design  ---------------- 401.1 Line, Definition 806.2
at Grade 400 Map, Definition 806.2
Grade Separations 62.4
Left-turn Channelization 405.2 ISOVE!‘_ .
Major Movement, Preference to  ------------------- 403.1 Definition 806.2
Median Openings 405.5
Operational Features 402 ISTEA
Pedestrian, Affecting Design of --------------=----- 4015 411
Points of Conflict 403.4 42.2
Precautions 403.12

Prohibited Turns 403.8
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JACK
Definition

JACKING OPERATIONS
Definition

JETTY
Definition

Types
JOINT

Longitudinal

Pavement
Seals

JOINT BANK PROTECTION COMMITTEE

JOINT PLAIN CONCRETE PAVEMENT

also see RIGID PAVEMENT

JOINTS
Culverts

JUNCTION STRUCTURES

K

KINEMATIC WAVE EQUATION

KIRPICH EQUATION

K-RAIL

L-TYPE WALL

LAG
Definition

LAMINAR FLOW
Definition

LANDSCAPE
Aesthetic Factors

Architecture

806.2

806.2

806.2
8734

62.7
622.3
62.7

802.3

621.1

829.4
854.1

838.5

816.6

816.6

204.8

210.2

806.2

806.2

109.3
62.5

Highway

LANE
Addition

Addition on Ramps
Auxiliary

Climbing

Deceleration

Definitions

Distribution Factors

Drops

Drops on Freeway-to-freeway Connectors ------

Drops on Ramps

Express Toll Lanes
High-Occupancy Vehicle
High Occupancy Toll

Left Turn

Managed, Definition

Median, Definition

Multiple, Definition
Numbering

Passing

Reductions

Reduction at Interchanges
Right Turn

Separate Turning

Speed Change
Speed Change, Definition
Traffic, Definition

Two-way Left-turn Lanes

Width

Width on Curves

Width of Opening for Falsework

Width, Ramps

LATERAL

Definition

LEAN CONCRETE BASE

See BASE
Definition

Engineering Criteria

Design, Flexible (Asphalt) Pavement
Design, Rigid (Concrete) Pavement

LEFT-TURN CHANNELIZATION

LEFT-TURN REFUGE

LEGISLATION

ISTEA

900
62.5

206.2
504.3
62.1
504.5
204.5
206.2
405.2
405.3
62.1
602.3
206.3
504.4
504.3
62.8
62.8
62.8
405.2
62.8
62.1
62.1
62.1
204.5
206.3
504.6
405.3
403.6
403.5
62.1
62.1
405.2
301.1
504.3
204.8
504.3

806.2
838.4
838.5

62.7
663
633.1
623.1

405.2

403.7

41
411
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LEVEE

Definition

LEVEL OF SERVICE
Definition

LIFE-CYCLE COST ANALYSIS (LCCA)

LIME

Treatment Definition

Use of

LIME TREATED SUBBASE
see SUBBASE

LOAD TRANSFER DEVICE
See DOWEL BAR

LOADING FACILITIES
Transit

LOCAL STREETS/ROADS
Cross Section

Definition

Design Speed
Driveways

Grade

Horizontal Alignment

Interchanges

Returns and Corner Radii
Superelevation

LOCKED GATES

LOG OF TEST BORINGS

MAINTAINABILITY
Pavement

MAINTENANCE
Definitions

MAINTENANCE VIHICLE PULLOUT
Definition

MAINTENANCE YARDS
On Freeways

MAJOR STREET/MAJOR HIGHWAY

Definition

806.2

62.8
102

619

614.4
633.1

108.2

308.1
62.3
81.4

101.1

205.3

204.1

203.1

502.2

405.8

202.7

701.2

210.8

618.1

62.7

62.3

107.2

62.3

MANDATORY MATERIAL SITES
Federal-aid Projects

MANDATORY STANDARDS

MANNING
Equation

Roughness Coefficient

MARKERS

Contrast Treatment

MATERIALS
Availability, Pavement

Color Selection for Steel Structures ------------

Conservation of

Hauling, Overloaded Design  ---------===-==-=---
Information Furnished to Prospective Bidders ---

Plants

Recycling, Pavement

Report (see MATERIALS REPORT)
Sites

Sites, Acquisition
Sites, Arrangements

Sites, Environmental Requirements  ------------
Sites, Investigation of Local Sources -----------

Sites, Mandatory

Special Treatment

MATERIALS REPORT
Content

Local Materials Sources

Policy
Preliminary

Requesting

Retention of Records

Reviews

MAXIMUM COMFORTABLE SPEED
Chart

Superelevation

MAY
Definition and Usage

MEAN VELOCITY

MECHANISTIC-EMPERICAL

MEDIAN
Definition

Aesthetic Factors
Barriers

Cross Slope

Curbs

Index 17
July 15, 2016

111.6

82.1

866.3
851.2
866.3

702.1
704.1

617.1
705.2
110.11
110.1
111.3
112
617.2

111

1115
1114
1111
111.2
111.6
705.1

114.3
111.2
1141
1144
114.2
1145
1145

202.2
202.2

82.1

864.3

606.3

62.1
109.3
305.3
305.2
305.4
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Decking on Bridge 208.3 NAVIGABLE WATERS
gergg:eng ggi; Definition 806.2
Lane 62.1 NEGATIVE PROJECTING CONDUIT
Left-t_urn Lane 405.2 Definition 806.2
Openings 405.5
Paved 305.5 NOISE ABATEMENT
Position 303.5 1100
Separate Roadways 305.6 By Others 1101.2
Standards 305 Objective 1101.2
Width 305.1 Prioritizing 11015
MERGING Terminology 1101.3
Definition 62.8 NOISE BARRIERS
METEOROLOGY Aesthetics 1102.6
A Alternate Designs 1102.5
Evapo-transpiration 814.4 Clearances 1102.2
Rainfall 814.2 Design Criteria 1102
Snow 814.3 Design Procedures 11025
Tides an_d Waves 814.5 Drainage Openings 1102.9
Tsunami 8145 Emergency Access 1102.8
METERING Heights 1102.3
Lengths 1102.4
- 504.3 Location 1102.2
Definition 62.8 Maintenance Considerations =---------============- 1102.7
Freeway-to-Freeway Connections  ---------------- 504.4 P
Lane Merges 206.3 Pay Quantities 1102.5
9 . Planting 1102.6
Ramp Lane Drops °04.3 Preliminary Site Data 1102.5
MINIMUM TURNING RADIUS Sight Distance Requirements  ---------------------- 1102.2
Definition 62.4 NONFREEWAY FACILITIES
MINOR ARTERIAL Conversion to Divided 108.1
Definition 81.4 NONMOTORIZED TRAFFIC
MISCELLANEOUS STANDARDS Provisions for 104.3
700 NORMAL DEPTH
Fences 701 L
Guardrail 702 Definition gggg
Mailboxes 702 '
Markers 702
MUD FLOW ©
Definition 806.2
MULTILANE CROSS SECTIONS OFFICE OF .
All Paved 3075 State Landscape Architecture --------------=------- 901.1
Divided 3074 OFF-SET LEFT-TURN LANE
MULTIPLE LANES Definition 62.4
Definition 62.1 OFF-SITE DRAINAGE
MULTIPLE PIPES Definition 806.2
824.2 OFFTRACKING
Definition 62.4
N Design Considerations 404.1
ON-SITE DRAINAGE
NATIONAL HIGHWAY SYSTEM Definition 806.2

421
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ON-STREET PARKING

Definition

OPEN CHANNEL

Definition
OUTER SEPARATION
Definition

OUTFALL
Definition

OUTWASH
Definition

OVERFLOW
Channel

OVERLAND FLOW

OVERLAYS

Asphalt On Structure Decks  ----------------------

Definitions

OVERLOADS

Design for

PAINTING
Concrete

Steel
PARALLEL STREET SYSTEMS

Interchanges

PARK AND RIDE LOTS
Definition

Pavement Structural Section Design ~ ------------

PARKWAY
Definition

PARTIAL ACQUISITION
Definition

PASSING LANE

PASSING SIGHT DISTANCE

PAVEMENT/PAVEMENT STRUCTURE

Capital Preventive Maintenance -----------------

Composite see COMPOSITE PAVEMENT

62.1
402.3

62.8

62.1
310.2

806.2

806.2

861.5

816.6

607.6
62.7

110.1

705.1
705.2

502.2

July

Condition Survey
Cross Slopes
Definition
Design Life, Definition
Design Life
Detours
Drainage, Impact of
Flexible see FLEXIBLE PAVEMENT
Joints
Layers
New
Performance see PAVEMENT SERVICE LIFE -
Portland Cement Concrete
Preservation
Reconstruction

Reductions
Rehabilitation, Pavement
Rehabilitation, Roadway
Rehabilitation, Definition
Rigid see RIGID PAVEMENT
Safety Edge
Serviceability, Definition
Service Life, Definition

Structure
Surface Course
Temporary
Transitions
Transitions for Freeways, Temporary -------------
Type Selection
Types of Projects
Widening
Width

PEAK FLOW

Definition

PEDESTRIAN FACILITIES

Accessibility Requirements
Bridges
Conventional Highways
Crosswalk, Definition

Curb Ramps, Guidelines
Design Considerations
Freeway Facilities
Frontage Roads
Grade Separations
Pedestrian, Definition
Overcrossings
Overcrossing/Undercrossing, Standards ----------
Railings
Refuge, Definition
Refuge Areas
Replacement in Kind
School Walkways
Sidewalks
Sidewalks, Definition
Sidewalks, Structures
Trails

Index 19
15, 2016

603.8
301.2
62.7
62.7
612
603.6
651.1

622.3
602
603.1
62.7
603
603.3
603.5
602.2
206.3
603.3
603.4
62.7

302.3
62.7
62.7
62.7
62.7

603.6

206

206.4

611.2

603

603.2

301.1

806.2
811.3

105
105.3
208.4
105.1
62.4
105.4
404.2
105.1
105.1
105.2
62.10
105.2
208.6
208.10
62.4
403.7
105.1
105.1
105.1
62.1
208.4
1003.4
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Undercrossings

PENETRATION TREATMENT

PERCHED WATER
Definition

PERCOLATING WATERS
Definition

PERMEABILITY

Definition
PHYSICALLY DISABLED PERSONS
See ACCESSIBILITY REQUIREMENTS

PIPE

Alternative Pipe Culvert Selection Procedure
Using AltPipe
Cast in Place Concrete
Concrete Box and Arch, Strength Requirements -
Corrugated Aluminum Pipe and Arch, Strength

Requirements
Corrugated Steel Pipe and Arch, Strength
Requirements
Culverts

Minimum Cover
Minimum Diameter
Multiple
Plastic, Strength Requirements --------------------
Protective Coatings
Reinforced Concrete, Strength Requirements ---
Standards for Drain
Structural Metal Pipe and Arch, Strength
Requirements

PIPING
Definition

PLACE TYPES
Definition
Rural Area
Suburban Area
Urban Area

PLANT SITES/ICONTRACTOR'S YARD

PLANTING
Aesthetic Factors

Design
Guidelines
Highway
Irrigation

105.2
208.6

604.6

806.2
841.4

806.2

606.2
841.2
806.2

857.2
852.2
852.3

852.5

852.4
828.2
828.3
856.5
838.4
824.2
852.7
852.4
852.1
838.4

852.6

806.2
829.3

81.3
81.3
81.3
81.3

112

109.3
902
902.3
62.5
902.4

Replacement 62.5
Restoration 62.5
Safety Requirements 902.2
Safety Roadside Rests 903.5
Sight Distance 902.2
Trees 902.3
Vista Points 904.3
Water Supply 706.5
PLASTIC COATINGS
852.4
POINT OF CONCENTRATION
Definition 806.2
POINTS OF CONFLICT
Intersections 4034
POLICE FACILITIES
107.2
POLLUTION CONTROL
Air 110.3
Water 110.2
PONDING
8214

PORTLAND CEMENT CONCRETE

Channel Linings 865.2
Pavement see RIGID PAVEMENT

POSITIVE PROJECTING CONDUIT

Definition 806.2
POTAMOLOGY
Definition 806.2
PRECAST PANEL CONCRETE PAVEMENT
621.3
also see RIGID PAVEMENT
PRECIPITATION
Area, Definition 806.2
Definition 806.2
Mean Annual 819.2
Point, Definition 806.2
PRELIMINARY HYDRAULIC DATA
805.1
PRESENT WORTH
see ECONOMIC ANALYSIS
PRIORITY NETWORK
42 000 km 309.2
PRINCIPAL ARTIRIAL
Definition 62.3
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PRIVATE ROAD
Definition

PRIVATE ROAD CONNECTIONS

Financial Responsibility
Sight Distance

PROCEDURAL REQUIREMENTS

PROGRAMS, FEDERAL-AID

62.3

205.2
205.5
405.1

82.4

Bridge Replacement and Rehabilitation Program-- 43.3
Congestion Mitigation and Air Quality Improvement

Program (CMAQ)
Federal Lands Program
Special Programs
Surface Transportation Program (STP) -----------

PROHIBITED TURNS

PROJECTING BARREL

PROJECTING ENDS

PROPRIETARY ITEMS

Earth Retaining Systems
PROTECTION OF ACCESS RIGHTS

PROTECTION OF WETLANDS
see WETLANDS

PROTECTIVE COATINGS

PUBLIC ROAD INTERSECTION

Sight Distance
PULL OUTS
see TURNOUTS

PUMPING
Definition

PUMPING PLANT

R-VALUE
see CALIFORNIA R-VALUE

432
434
435
43.1

403.8

826.3

826.3

110.10
210.2

104.4

852.4

405.7
405.1

62.7

839.1

RADIAL HIGHWAY

Definition

RADIUS

Curb

Horizontal Alignment

RAILINGS

Bicycle

Bridge

Bridge Approach
Cable

Chain Link
Earth Retaining Systems
Guardrail

Pedestrian
Vehicular

RAIL

Clearances

Structures Adjacent to
Commuter, Definition

Conventional, Definition

Crossings
Grade Line of Structures
High Speed, Definition

High Seed, Clearances

Light, Definition

Overheads

Slope Treatment, Structures

Underpasses

RAINFALL

Definition
Sources of Data

RAIN GAGE

RAINWASH

Definition

RAMPS

Curbs on

Curb Ramps
Definition

Dikes
Distance Between EXxits

Distance Between On-Ramps

Entrance and Exit

Grade
Grade Line

Grade, Standards

Hook

Intersection Capacity

Intersections on Crossroad, Location of ----------

Lane Drops

Loop

Metering (see METERING)

Pavement, Flexible

Index 21
15, 2016

62.3

405.8
203.2

208.10
208.10
208.10
210.6

208.10
210.6

208.10
702.1

208.10
208.10

309.2
309.5
62.10
62.10
104.3
204.8
62.10
309.1
62.10
208.9
707
208.9

806.2
815.3

819.5

806.2

504.3
105.4
62.4
504.3
504.3
504.3
504.2
504.2
204.2
204.3
502.2
406
504.3
504.3
504.3

636.1



Index 22

HIGHWAY DESIGN MANUAL

July 15, 2016

Pavement, Rigid

Pavement, Traffic Considerations ---------------

Pavement Transitions

Single Lane

Structural Design

Superelevation

Tapers

Termini, Flexible Pavement  ---------------------

Termini, Rigid Pavement
Transitions

Two-lane Entrance

Two-lane Exit

Width
Widening for Trucks

RATIONAL METHOD

RAVELING
Definition

REACH
Definition

RECORD KEEPING

Documentation, Type of Pavement  -------------

Revisions

RECOVERY AREA

RECYCLING, ASPHALT CONCRETE
General

Hot, Definition

REFUGE AREAS

REGIME

Definition

REHABILITATION, CULVERTS
General

Caltrans Host Pipe Structural Philosophy --------
Problem Identification and Coordination ------
Alternative Pipe Liner Materials ----------------

Cementitious Pipe Lining
Invert Paving with Concrete  ---------------==------
Structural Repairs with Steel Tunnel Liner

Plate

REHABILITATION, PAVEMENT

Capital Preventive Maintenance, part of ---------
Definitions
Design Life

Composite

Flexible Pavement
Rigid Pavement

626.1
613.5
206

504.3
602.3
603.5
604.5
504.3
206.3
636.1
626.1
504.3
504.3
504.3
504.3
504.3

819.2

62.7

806.2

605.1
605.2

309.1

110.11
62.7

403.7

806.2

853.1
853.2
853.3
853.4
853.5
853.6

853.7

603.3
62.7
612.4
645
635
625

REHABILITATION, ROADWAY

Definitions

Design Life
Composite Pavement

Flexible Pavement

Rigid Pavement

REINFORCED EARTH SLOPES

RELICTION

Definition

RELINQUISHMENT
Definition

REPLACEMENT IN-KIND
Sidewalks

REPLACEMENT PLANTING

Aesthetic Factors
Definition

RESEARCH/SPECIAL DESIGNS

Research, Experimentation
Special Designs

Mechanistic-Empirical Design  ----------------

RESOURCES

Other, Pavement

RESTORATION PLANTING
Aesthetic Factors

Definition

RESURFACING
Definition

see PRESERVATION, PAVEMENT
see REHABILITATION, PAVEMENT
see REHABILITATION, ROADWAY

RETAINING WALLS

Aesthetic Considerations

Construction Methods and Types -----------------
Guidelines for Plan Preparation -------------------
Safety Railing, Fences, and Concrete Barriers --

RETARD
Types

RETARDING BASIN
Definition

RETENTION BASIN

Definition
RETROGRESSION
Definition

603.4
62.7
612.4
645
635
625

210

806.2

62.6

105.1

109.3
62.5

606.1
606. 2
606.3

604.2

109.3
62.5

62.7

210

210.5
210.2
210.8
210.6

873.4

806.2

806.2

806.2
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RETURN WALLS

210.8

RETURNS, CITY STREET AND CORNER RADII

REVEGETATION

Aesthetic Factors

REVERSING CURVES

Superelevation Transitions

REVETMENT
Definition

RIGHT OF ACCESS

Definition

RIGHT OF WAY
Definitions

Through Public Domain
Width

RIGHT-TURN CHANNELIZATION

RIGID PAVEMENT

Catalog

Definition
Design Procedure for

Engineering Properties

Joints
New Construction

Mechanistic-Empirical Procedures -----------

Pavement Preservation

Performance Factors
Reconstruction

Rehabilitation

Texturing

Types
also see CONCRETE

RIPARIAN

Definition

RIPRAP

Definition

RISER
Culvert Entrance

Definition

RISK ANALYSIS
Definition

405.8

62.5
109.3

203.6
202.5

806.2

62.6

62.6
306.2
306.1

405.3

623.1
62.7
623
622.1
622.5
623
606.3
624
622.2
623
625
622.7
621

806.2

806.2
827.2
873.3

822.2
806.2

806.2
818.2
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ROADBED
Definition 62.1
62.7
ROADSIDE
Definition 62.1
ROADSIDE INSTALLATIONS
107
Border Inspection Stations, Location of = ---------- 107.3
Define Roadside 62.1
Maintenance Yards and Police Facilities --------- 107.2
Roadway Connections 107.1
ROADSIDE RESTS, SAFETY
Definition 62.5
Design Standards 903
Facilities and Features 903.5
Fencing 903.5
Grading 903.5
Minimum Standards 903.1
Pavement Design 613.5
Pavement, Flexible 636.4
Pavement, Rigid 626.4
Planting and Irrigation 903.5
Site Feasibility 903.4
Size and Capacity 903.5
Water Supply 110.2
706.6
903.5
ROADSIDE TREATMENT
Irrigation Crossover Conduits  -----------=---------- 706.4
Roadside Management 706.1
Topsoil 706.3
Vegetation Control 706.2
Water Supply 706.5
ROADWAY
Connections 107.1
Definition 62.1
Drainage 830
Structural Elements 601.2
ROCKFALL RESTRAINING NETS
703.2
ROUNDABOUTS
Access Control 405.10
Bicyclist Use 405.10
Central Island 62.4
Circulatory Roadway 62.4
Definition 62.4
Design Guidance 405.10
Design Vehicle 405.10
Entry Speeds 405.10
Exit Design 405.10
Inscribed Circle Diameter 62.4
405.10
Landscape Buffer/Strip 62.4
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Lighting

Number of Legs

Path Alignment (Natural Path)

Pedestrian Refuge

Pedestrian Use

Splitter Island

Stopping Sight Distance and Visibility

Transit Use

Truck Apron
Vertical Clearance

ROUNDED INLET

Definition

ROUNDED LIP

RRR CRITERIA

Design Period

Left-Turn Lanes
Multi lane Cross Section
Pavement Design Life

Two-lane Cross Section

RUNNING
Speed

Time

RUNOFF

Drainage, Definition

Factors Affecting
Superelevation Transition

RURAL

Acceleration Lane at Intersection

Access Control

Area, Definition

Design Speed
Driveway Connection

Interchange Spacing

Median Standards

Outer Separation
Weaving Section

405.10
405.10
405.10
405.10
62.4
405.10
62.4
405.10
405.10
405.10
62.4
405.10

806.2

826.3

103.2
405.2
307.6
612.5
307.3

62.8
62.8

816

806.2
811.5
202.5

405.1
504.8

81.3
101.2
205.4
501.3
305.1
310.2
504.7

RURAL AND SINGLE INTERSTATE ROUTING

RUTTING
Definition

SAFETY

Planting

Planting and Irrigation
Railings on Walls

309.2

62.7

902.2
902.1
210.5

Reviews

Roadside Rests

Tunnel Safety Orders
Worker

Worker, Falsework Clearance

SAFETY ROADSIDE RESTS

Definition

Design Standards

Facilities and Features

Fencing
Grading

Minimum Standards

Planting and Irrigation

Sewage Facilities
Site Feasibility

Size and Capacity

Water Supply
Water Supply

SAG CULVERT

Definition

SCENIC

Highway
Values

Values, Safety Roadside Rests

Aesthetic Factors

Basic Precepts

Design Speed

SCHOOL PEDESTRIAN WALKWAY'S

SCOUR

Definition

SEA LEVEL RISE

SEAL

Fog

Slurry

SEDIMENTATION

Definition

SEPARATE ROADWAY

SERVICEABILITY

Definition

110.8
903
110.12
110.7
204.8

62.5
903
903.5
903.5
903.5
903.1
903.5
903.5
903.4
903.5
706.6
903.5

806.2
829.7

62.3
109
903.4

SCENIC VALUES IN PLANNING AND DESIGN

109

109.3
109.1
109.2

105.1

806.2
827.2

883.2

604.6
603.2

806.2
823.2
862.2
865.2

305.6

62.7
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SETTLEMENT
Definition

Structure Approach

SEVERANCE DAMAGES
Definition

SHALL
Definition and Usage

SHEET FLOW
Definition

SHOALING

Definition
SHORE PROTECTION

Armor
Design, Concepts

Design, High Water and Design Wave Height ---

Planning

Site Considerations
SHOULD

Definition and Usage

SHOULDER
Cross Slope

Definition

Design Considerations
Pavement, Flexible

Pavement, Rigid

Standards, Geometric
Standards, Pavement

Superelevation Transitions

Transitions (Widen, Reduction)

Width

Width, Right Turn Channelization -----------------
Width, Two-lane Roads, New Construction ------

SIDE GUTTERS/DITCHES

SIDE SLOPES

Benches and Cut Widening

Clearance to Right of Way Line

Contour Grading and Slope Rounding ------------

Standards

Stepped

Structures

Transition Slopes
Widening

SIDEWALKS

See PEDESTRIAN FACILITIES

SIGHT DISTANCE

Clear Distance (m)

62.7
208.11

62.6

82.1

806.2

806.2

880

883.3
883.1
883.2
882.1
882.3

82.1

302.2
62.1
404.2
636.2
626.2
302
613.5
202.5
206
302.1
405.3
307.2

834.3

304

304.3
304.2
304.4
304.1
304.5
208.5
304.1
304.3

201.6
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Corner 405.1
Decision 201.7
Decision at Intersections 405.1
Exit Nose 504.2
General 201.1
Headlight, at Grade Sags 201.5
Intersection 405.1
Passing 201.2
Planting 902.2
Ramp Intersections 504.3
Standards 201.1
Stopping 201.3
Stopping at Grade Crests 201.4
Stopping at Grade Sags 2015
Stopping on Horizontal Curves ------------=-=----- 201.6
Stopping at Intersections 405.1
SIGNAL CONTROL
403.9
SIGNALIZED INTERSECTION
Widening 405.9
SIGNS
Vertical Clearance 309.2
SILT
Definition 806.2
SILTATION
110.2
SIPHONS
829.7
SKEW
Angle 62.4
Angle of Intersection 403.3
Definition (Hydraulic) 806.2
SLIDE
Definition 806.2
SLIPOUT
Definition 806.2
SLOPE
Aesthetic Factors 109.3
Cross 301.2
Crown 301.2
Definition (Hydraulic) 806.2
Rounding 304.4
Protection 873.3
Shoulder Cross Slopes 302.2
Side 304
Side, Benches and Cut Widening ------------------ 304.3
Standards, Side Slopes 304.1
Stepped 304.5
Treatment Under Structures ----------------=-=-=-=- 707



Index 26

HIGHWAY DESIGN MANUAL

July 15, 2016

SLOPE TREATMENT UNDER STRUCTURES

Guidelines

Policy

Procedure

SLOTTED DRAINS

SLOUGH
Definition

SLUG FLOW
Definition

SNOW PACK

SOFFIT
Definition

SOIL

Characteristics for Pavements ------------------
Imported Topsoil, Definition -------------------

Local Topsoil, Definition

Soil Horizon ”A”

Soil Horizon “O”
Topsoil

Unified Soil Classification System  ------------

SPACING

Drainage Pipes
Vehicle

SPECIAL CONSIDERATIONS

Air Pollution, Control of
Control of Noxious Weeds

Earthquake Consideration

Overloaded Material Hauling, Design for

Safety Reviews

Traffic Control Plans

Water Pollution, Control of ---------------=---—-

Wetlands Protection

SPECIAL DESIGNS
See RESEARCH/SPECIAL DESIGNS

707

707.2
707.1
707.3

837.2

806.2

806.2

812.8
814.3

806.2

614.1
62.5
62.5
62.5
62.5

706.3

614.2

824.2
62.8

110

110.3
1105
110.6
1101
110.8
110.7
110.2
110.4

SPECIAL STRUCTURES AND INSTALLATION

SPECIFIC ENERGY

Definition

SPEED
Definition

Comfortable (see MAXIMUM COMFORTABLE

SPEED)

703

806.2
864.3

62.8

Design (See DESIGN SPEED)
High, Defintion

Low, Definition

Operating

Posted

Running -
Speed Change Areas

SPEED-CHANGE LANES

Intersections
Left-turn Channelization

Pavement Transitions

Right-turn Channelization

Speed Change Areas

SPILLWAY
Paved

SPIRAL TRANSITIONS

STABILIZATION TRENCHES

STAGE

Definition

STAGE CONSTRUCTION

Freeway Connections with Local Roads --------

STANDARDS

Advisory

Approval for Nonstandard Design  ---------------

FHWA and AASHTO

Mandatory

Other Approval
Permissive

STATE HIGHWAY, CROSS SECTIONS

also see CROSS SECTIONS
STEEL STRUCTURES

Colors
STEPPED SLOPES

STOPPING SIGHT DISTANCE
see SIGHT DISTANCE

STORAGE

Basin, Definition

Definition
Depression

Detention

Interception

62.8
62.8
62.8
62.8
62.8
402.5

62.1
403.5
405.2
206
405.3
402.5

834.4
203.8
841.5
806.2

106.1
106.2

80

82.1
82.2
82.3
82.1
82.1
82.1

307

705.2

304.5

838.4
806.2
806.2
819.2
812.6
812.6
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Left-turns 405.2 SUBDRAIN
Retention, Definition 806.2 it
Right-turns 405.3 Definition ggig
STORM SUBGRADE
Definition 806.2 614
Design, Establishing 818.2 -
Design, Recommended Criteria -------------------- 821.2 Bgi'c”r'it;ﬁgn 6(6)31
Drain, Definition 806.2 Engineering Considerations  ------------------------ 614.1
STP Enhancement Fabrics 614.5
see SURFACE TRANSPORTATION PROGRAM SUBSEAL
STREAM WATERS 6076
Definition 806.2 SUBSURFACE DRAINAGE
STREETS 840
Definitions 62.3 SUBURBAN
STREET FURNITURE 813
Definitions 62.5 SUMP
STRUCTURAL PLATE Definition o
Arches 852.6 '
Vehicular Underpasses 852.6 SUPERCRITICAL FLOW
STRUCTURAL SECTION Definition oo
see PAVEMENT STRUCTURE '
STRUCTURE APPROACH SUPAE‘F-QEl;inPt\-T|ON 2004
Design Responsibilities 601.3 B;(;?COCritZr?;;on 202.1
Foundation: Embankment Design ------------------ 208.11 Bridge 203.9
Pavement Systems 672 Channels 866.2
Slab-New Construction Projects ------------------- 208.11 Citty Streets and County ROads --------------------- 202.7
Slab-Rehabilitation Projects ---------------------- 673 Comfortable Speeds 202.2
STRUCTURE CLEARANCE Compound Curves 202.6
309 Ramps : 504.3
Elevated Structures 309.4 g::/aet:(s)ir:]sghlc;:)utsl:speed on Curves o gggg
Horizontal 309.1 Runoff 2025
$S:‘]|ll"lcé|ad gggg Standards 202.2
Vertical 3092 Transition 202.5
STRUCTURES, SLOPE TREATMENT UNDER SURCFACED finti 62.7
ourse, Definition .
See SLOPE TREATMENT Course, Description 602.1
STRUTTING Runoff, Definition o2
_ ater, Definition .
Definition 806.2 Water 831.1
SUBBASE SURFACE TRANSPORTATION PROGRAM
Definition 62.7 43.1
Description 602.1 '
Engineering Criteria 663 SWALE
Lime Treated 662.2 -
Treated 662.2 Definition 806.2
SUBCRITICAL FLOW SWEP;I_— \_A_/IDTH 62
Definition 806.2 Definition 404.;1

864.3

Design Considerations 404.2
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T TRAILS
Multipurpose 1003.5
TAPERED INLET TRANSIT
Definition 806.2 Bus Rapid Transit (BRT) 62.10
826.4 Definition 62.10
Design Vehicle 404.3
TEXTQRING Factors Affecting Design 401.6
Rigid Pavement 622.7 Loading Facilities 108.2
THREE-CENTER CURVE Turnlng Templates 404.5
Intersections 405.7 TRANSITIONS
THROUGHWAY General SFa_ndards, Pavement ---------------------- 206.1
. Lane Additions 206.2
Definition 62.3 Lane Drops 206.3
TIME OF CONCENTRATION Pavement 206
Spiral 203.8
Channel Flow 816.6 Superelevation 2025
Combined Flow 816.6 Temporary Freeway 206.4
Culvert Flow 816.6
Kinematic Wave Equation 816.6 TRANSPIRATION
Kirpich Equation 816.6 812.8
Overland Equation 816.6 819.2
Soil Conservation Service (SCS) Equation ------ 816.6
Upland Method 816.6 TRANSPORTATION MANAGEMENT AREA
TOLL ROAD, BRIDGE OR TUNNEL Definition -—----- 813
623 Interchange Spacing 501.3
' TRASH RACK
TOPSOIL _—
] Definition 806.2
Roadside Treatment 706.3 8222
TRACKING WIDTH TRAVELED WAY
Definition 62.4 Definition 62.1
; ) ) 404.1 Design Considerations 404.2
Design Considerations 404.2 Standards 301
TRAFFIC TREATED BASE AND SUBBASE
Axle Load Spectra 613.4 662.2
Considerations 401.3
Considerations in Pavement Engineering --------- 613 TREATED PERMEABLE BASE AND SUBBASE
Control Devices 62.8 662.3
Control Devices 403.10
Control Plans, Special Problems  ------------------ 110.7 TREES
Definitions 62.8 Conventional Highways 902.3
Engineering 82.7 Freeways and EXpressways ------------------------ 902.2
Index, Tl 613.3
Interchanges 500 TRUCK
Islands 405.4 Critical Lengths of Grade 204.5
Lane 62.1 Design Vehicle 404.3
Markings 62.8 Escape Ramps 702.1
Noise Abatement 1100 Turning Templates 404.5
Pedestrian Refuge 405.4 Turns 4045
Ramp Intersection Flow 406 Weighing Facilities 703.1
Sign 62.8
Signals 62.8 TRUMPET INTERCHANGE
Specific Loading Considerations ------------------ 613.5 502.2
Volume Projections 613.2
Volumes 102.1 TRUNK LINE

Definition 806.2
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TUNNEL
Classification

Clearances

Liner Plate

Projects
Structural Repairs with Steel Tunnel Liner
Plate

TURBULENCE
Definition

TURBULENT FLOW
Definition

TURNING LANES
Left-turn Channelization

Right-turn Channelization

Separate

Traffic

Two-way Left-turn

TURNING RADIUS
Minimum

TURNING TEMPLATES

Truck and Transit

TURNOUTS

TURNS, PROHIBITED
Intersections

TWO-LANE CROSS SECTIONS
New Construction

RRR Projects

TWO-QUADRANT CLOVERLEAF
INTERCHANGE

TWO-WAY LEFT-TURN LANES

UNDERCUT
Definition

UNDERDRAINS

Design Criteria

Installations
Open Joint

Perforated Pipe

Pipe

838.4

110.12
309.3
852.6
110.12

853.7

806.2

806.2

405.2
405.3

62.1
403.6
405.2

62.4

404.3
407

204.5

403.8

307.2
307.3

502.2

405.2

806.2
865.2

842.4
842.2
842.5
842.5
8425
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Selection of Type 842.7
Service Life 842.6
UNDERFLOW
Definition 806.2
UNDERPASS
Railroad, Grade Line 204.8
Railroad 208.9
UNDIVIDED HIGHWAYS
Axis of Rotation 202.4
Grade Line 204.2
UNTREATED GRANULAR BASE
see BASE
URBAN/URBANIZED
Access Control 504.8
Corner Radii 405.8
Definition 81.3
Design Speed 101.2
Drive way 205.3
Horizontal Clearance 309.1
Interchange Spacing 501.3
Median Standards 305.1
Outer Separation 310.2
Position of Curbs and Dikes -----------==-===------- 303.5
Weaving Section 504.7
UTILITIES
at Walls 210.8
\V
VACATION
Definition 110.9
VALUE ANALYSIS
110.9
VEGETATIVE EROSION CONTROL
62.5
VELOCITY HEAD
Definition 806.2
864.3
VERTICAL CLEARANCE
see CLEARANCES
VERTICAL CURVES
204.4
also see SIGHT DISTANCE
VISTA POINTS
Definition 62.5
Aesthetic Factors 109.3
Design Standards 904
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Features and Facilities

General

Minimum Standards
Site Selection

Water Supply

VOLUME

Design Hourly Volume

Design Volume

w
WALKWAYS
see PEDESTRIAN FACILITIES
WALLS
Head

WALLS, RETAINING
see EARTH RETAINING SYSTEMS

WATER

Course, Definition
Pollution, Control of

Quality Control Boards

Shed

Table, Definition
Way, Definition

Wells, Abandonment

WATER SUPPLY
Roadside Rests

Roadside Rests and Landscaping  ------------

Vista Points

WAVE
Height

Run-up
WEAVING

Sections
Sections, Interchange

WEED CONTROL

Noxious, Control of

WEEPHOLES
Definition

WEIGHING FACILITIES
Truck

WEIR
Definition

WELLS

904.3 Water, Abandonment 110.2
904.1
904.1 WETLANDS PROTECTION
904.2 110.4
706.6
WHEELBASE
Definition 62.4
62.8
1031 WHEELCHAIR RAMPS
62.8 see CURB RAMPS
WIDENING
Pavement 206.2
Ramps, for Trucks 504.3
Pavement Design Life 612.3
Pavement, Project Type 603.2
Signalized Intersections 405.9
Slope Benches and Cut Widening ----------------- 304.3
826.3 WIDTH
Driveway, Access Openings on Expressways --- 205.1
Driveway, Urban 205.3
Lane 301.1
Lane, on Curves 504.3
Left Turn Lanes 405.2
806.2 Median 305.1
110.2 Opening for Falsework 204.8
110.2 Pavement 301.1
819.2 Right of Way 306
806.2 Shoulder 302.1
806.2 Structures 208.1
110.2 Swept, Definition 62.4
Swept, Design Considerations --------------------- 404.2
Tracking, Definition 62.4
903.5 Tracking, Design Considerations  ----------------- 404.2
706.6
706.6
Y
873.2
873.2 YARDS
Maintenance 107.2
Plant Sites, Contractors 112
62.8
62.4
504.7
110.5
806.2
703.1
806.2

841.5
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