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3. Stream reaches are almost never straightened or relocated although there is some
attempt to provide a fairly uniform stream width in straight reaches and greater width in
meanders. Thus, it is sometimes necessary to remove constrictions or bank
obstructions and to narrow the stream where erosion has produced an overly wide
channel.

4. During construction there is minimal disturbance of the streambed or of vegetation
outside the right-of-way. Inside the right-of-way heavy undergrowth is removed, but
trees and saplings are not disturbed.

The final result is a morphologically stable stream which is pleasing aesthetically. Pool
and riffle sequences associated with meanders recover quickly after high flow events flush
disturbed sediment through a reach. Restored streams also have better habitat and higher fish
and wildlife populations than do channelized streams.

The cost of stream restoration is typically a fraction of the cost of channelization.
Restoration cost of Charlotte, North Carolina streams have varied from five to twenty dollars
per linear foot depending on stream size and the amount of riprap required; whereas, a recent
channelization project in Charlotte cost in excess of $300 per linear foot.

Implementing the Restoration Concept in Urban Areas

Implementation of the restoration concept can be brokenintothree areas: channel design,
construction, and maintenance--each of which is discussed separately.

Design

The major elements of design cover the channel size and shape, designating which, if any,
trees are to be removed, determining the size and placement of riprap, and specifying seed
mixtures for vegetative bank stabilization. One of the advantages of restorationisthat many of
the design decisions can be made in the field by the foreman of the construction crew, once he
has gained experience.

The Charlotte streams that have been restored are headwater streams that primarilydrain
developed residential areas. These streams were channelized several decades ago and it was
assumed that these streams had become adjusted to increased discharges and that little or no
enlargement of the channel cross section was necessary.

It is commonly accepted by engineers and geomorphologists that natural channels in
undisturbed areas are “in regime,” i.e. that their cross sectional areas and shapesare adjusted
to flow conditions. Land use changes, especially the conversion to urban uses, can upset this
equilibrium. Even though there is no general agreement as to the length of time required to re-
establish regime following disturbances, many geomorphologists and engineers believe
equilibrium on urban streams isre-established through erosion ratherquickly, with muchofthe
adilistment takina nlace aver a shaort neriond of five to ten vears.



The only changes in channel size involve removing bank constrictions and obstructions to
flow and providing a reasonably uniform width. Disturbed banks are shapedtoa 2:1 (horizontal
to vertical slope in straight reaches and outside meander bends. Inside meander bends are
given a 3:1 slope.

During a field tour any trees that must be removed are designated, bank slopes are
specified, and the placement of riprap is decided. Itis important to remember that at high
discharges the streamlines of highest velocities tend to straighten out and flow across
meander bends, a riprap protection must be provided far enough downstream from meander
bends to prevent scour during those high discharge events. Also, sharp bends (angle of
entry> 30°) may cause the flow to be deflected from one bank to another in the downstream
direction for a shortdistance. Since no channel excavation is done, riprap is extended into the
channel for a few feet at the bank toe. During flood events, this riprap is buried to a depth of
one or two feet beneath the streambed as the sand is entrained and redeposited.

Most design procedures for sizing riprap are overly conservative. In our experience large
riprap was more unstable because of the momentum it developed while rolling downslope if
dislodged. We have found small riprap, six inches to a foot indiameter, tobe stable on streams
carrying bank full discharges of 1,600 cfs at computed mean velocities of nine feet per second.

Construction

The construction phase involves snagging and clearing debris, shaping the channel, and
stabilizing the banks. Snagging and clearing require both hand and machine work. Trees are
cut with chain saws and debris is removed with a hydraulic hoe. If itis necessarytocuttreeson
the bank, they are cut close to ground and the root systems are left to help stabilize the bank.

Because the streams in Charlotte are headwater streams, we have been able to use smal!
equipment that is not so environmentally damaging. The major items used are a small
bulldozer, tractors, and a hydraulic hoe. Small equipment does notdisturb the soil as badly as
large equipment and generally does not require removal of trees for either access or operating
room.

When the banks have been shaped, riprap is dumped and hand placed, if necessary, atthe
designated sites. Following placement of riprap banks are prepared and seeded (including
riprapped areas). Seedbed preparation includes plowing, raking and fertilizing. The amount of
fertilizer and the type of seed mixture used depends on site conditions.

Maintenance

Improvements from restoration may be short-lived unless a regular and effective
maintenance program is followed. Within a short time the stream should be reinspected, and
areas where vegetation cover has not been established should be reseeded. Banks should be
examined following high discharge events to see if additional riprap protection is needed.




During the design phase riprap use should be confined only to those locations that the
investigator is confident will require riprap protection. itis imperative, therefore, to check the
need for additional riprap before severe erosion problems result.

Debris should be removed periodically to prevent debris jams and flow obstructions that
could create bank erosion problems. Localized scour can initite severe erosion problems. The

frequency of removal varies depending on the type of neighborhood, stream size and other
factors.

It is also necessary to cut bank brush and saplings that become established within the
channel but can cause erosion by displacing the locus of mean velocity toward the opposite
bank.

Evaluating the Results

Streams that have been restored can be evaluated on a number of criteria including
morphological recovery and stability, biological impact hydraulic efficiency, aesthetics and
recreational potential.

Recovery and Stability

Cross sections were established and surveyed following completion of the initial
restoration on Brian Creek in 1975. Annual resurveys of these cross sections have revealed
little significant change in geometry. However, field reconnaissance of the stream following a
severe storm in August 1978 which generated discharges in excess of the ten-year return
interval discharge did cause some failure problems. These problems were primarily associated
with locations where obstructions created localized scour, where overbank flows entered the
stream, and where a large tree on the bank was undermined.

Morphologic recovery has been difficult to document because of the condition of the
streams prior to initiation of the project. Heavy bedload and the distribution of numerous debris
and log jams had destroyed the normal pool-riffle sequence although most of the large
meanders did contain some kind of pool.

During the restoration of one 2,000 foot reach of Briar Creek, the clearing,snagging and
bank stabilization generated sufficient bed load to obliterate the pools within the entire reach.
Within one year 15 permanent pools could be identified within the reach which were at least
one-half meter deep (average depth of flow was 8 to 15 centimeters at the time observations
were made). The pools were spaced an average of about 40 meters apart, or about sixandone
half times the channel width. This ratio falls well within the average pool-to-pool spacing of
five to seven channel widths that occurs on natural streams.




Biological Impact

Biological impact has been even more difficult to evaluate. No inventory of fish, macro-
invertebrates or mammals was taken prior to initiation of the work on Briar creek, therefore,
there is no quantitative baseline data for comparison. Evaluation of impacts on biology and
water quality is further confounded by the poor condition of the stream prior to renovation. In
19765 Briar Creek was typed as a "class D” stream by the North Carolina Department of Natural
Resources and Community Development. Atthattime, this wasthe lowestclass, meaning that
Briar Creek was severely polluted from both non-point and point sources. Theoreticalily, Class
D streams were fishable, and the fish from them were edible. In fact, few fish were present
except for suckers, carp and a small number of sunfish. Restored sections of Briar Creek at
present contain low populations of bass and sunfish and moderate populations of chubs and
darters. Macro invertebrate populations are still fow, largely because of the continued heavy
bed load transport.

Hydraulic Efficiency

The hydraulic efficiency of the improved stream reach on upper Briar Creek was compared by
routing a 20-year design storm thrugh the unimproved and improved channels. The routing,
which was done by U.S.G.S. personnel,indicated that the maximum stage was lowered by
about two feet, a figure which substantially reduces potential flood damage. Although Briar
Creek has been out of its banks in the Shannon Park neighborhood several times since the
restoration was completed in 1975, no property damage to homes has occurred according to
surveys of the residents, despite the fact that storms exceeding a ten-year return interval have
occurred. Prior to 1975 the stream flooded regularly, causing annual damages of several
thousand dollars in the Shannon Park area.

The flooding which still occurs is caused in part by two inadequate street culverts which
cannot handle the increased discharge of the improved channel. These have notbeen replaced
because of the poor benefit-to-cost ratio that would be realized. The estimated cost of replacing
the two culverts was $5677,000, whereas, the appraised value of the seven houses and lots that
would be affected was only $159,000.

Aesthetic Impact and Recreational Potential

Seventy-five percent of the residents along the Briar Creek who have been surveyed
believe that restoration has produced noticeable improvement in the aesthetic quality of Briar
Creek. Before the work was done most of the streambanks and flood plains were covered with a
tangled undergrowth of briars, brush, vines and trash, and the streams were clogged with
debris which included plastic bottles, automobile tires, washing machines, and, in one case, a
Dempsty Dumpster. By leaving trees and providing vegetative stabilization, the resulting effect
is visually pleasing--particularly after the riprap has become vegetated and hidden from view.
Prior to restoration, little use was made of riparian lands along Briar Creek. Since
improvements, the areas are frequently used as nature trails by adults and as play areas by
youngsters. In fact, trail bikers have become a nuisance in several areas and have been directly
responsible for creating numerous bank erosion problems. In at least one instance nearby
residents have joined together to maintain a small park and picnic area along an improved
tributary to Briar Creek.

5.




CHAPTER |

INTRODUCTION

The purpose of the research reported in this document has been to develop a methodology
for increasing stream discharge while minimizing the erosion problems and environmental
degradation normally associated with channelization. The philosophical framework the
research is based on is that self-formed alluvial stream channels are in equilibrium and are as
nearly stable as can be expected without artificial bank protection. If stream channels to be
modified could be designed in accordance with the fluvial characteristics of natural streams,
the resulting channels should require minimal structural protection and should exhibit some of
the desirable biological and aesthetic characteristics of natural streams.

To accomplish the objective stated above data from a variety of natural streams and
existing information on channel design were used to develop design criteria that were then
applied to streamsin Charlotte, North Carolina. The results have been evaluated on the basis of
stability, flow efficiency, biological impacts and aesthetics.

General Statement on Channelization

In designing channelization projects, economic objectives and environmental objectives
are frequently in conflict. Economic benefits from channel modification, such as flood control,
are far too often achieved at the expense of environmental considerations. The primary goal of
this research is to explore and tentatively develop a methodology by which a specific stream
channel may be modified so as to minimize environmental degradation without major conflict
with the main objectives of the project. Channelized streams, like highways, are transportation
systems that must be designed to carry a certain load (flood frequency). The design should be
compatible with channel and bank material type, channel slope, and channel morphology. In
the past, insufficient attention has been given to natural fluvial processes in designing channel
modification projects. Our thesis is that a broadly defined environmental determinism or
concept of designing with nature may result in criteria for management of streams that is
functional, aesthetically more pleasing, and less disruptive to the fluvial system.

Historical Perspective

Human use and interest in the land has historically included significant drainage
modification. References to agricultural land drainage utilizing channelization can be found
from the second century B.C.in Egypt and Babylon. Otherexamplesfrom the Old Worldinclude
canals and ditches constructed to divert streams for irrigation and to carry water into and
sewage away from ancient cities

Stream modification and channelization in the United States commenced about 150 years
ago and since that time thousands of kilometers of stream and river channel have been




modified (Arthur D. Little, Inc., 1973). Inthe 19th century, while American settlers claimed the
land to feed the people of the rapidly growing eastern cities, towns and cities sprang up along
the banks of rivers. This was advantageous since the river was a good source of water, a
natural transportation route for the movement of commerce and people, and a waste disposal
site. As development moved rapidly westward, one of the first procedures was to clear the land
and modify the drainage. Which came first, clearing or drainage modification, primarily
depended upon whether drainage of the wetlands, navigational considerations, or flood control

was the primary objective.

In the midwest areas, such as northern Indiana and east-central lllinois, early settlers
found an abundance of vast, shallow ponds and mosquito-infested swamps. The land was
considered entirely worthless, and one settler early in the 19th century reportedly would not
even trade a horse and saddle for 640 acres valued at about one million dollars in 1974,
Regardless, early drainage was initiated and accomplished with horse-drawn slip scrappers,
men with shovels, and in some cases, with a huge ditching plow that reportedly required 68
oxen driven by eight men to pull it (Hay and Stall, 1974). The willingness to undertake such a
back-breaking job reflects the value of rich, midwestern farmland once rendered usable.

In western areas such as central California, farmers and ranchers in the coast ranges
straightened and enlarged stream channels using horse-drawn slip scrappers and Chinese
laborers as early as 1871 in hopes of preventing catastrophic floods. Stream channel
modification work in the early years was seldom well planned and even more rarely properly
engineered or adequately financed. As a result, much of this early channel work, while
addressing the primary objective of drainage or flood control, was fragmented, local in extent
and certainly did not consider the broader environmental consequences of numerous
channelization projects {Keller, 1976).

In the United States the highly fragmented nature of drainage projects of the 19th century
became more coordinated in the first two decades of the 20th century when unified river-basin
and watershed planning and development was established (Arthur D. Little, Inc., 1973). Since
that time, the responsibility for federally assisted channel modification has been primarily
directed by the Soil Conservation Service, the U.S. Army Corps of Engineers, and the United
States Bureau of Reclamation. In addition, other agencies such as the Tennessee Valley
Authority and numerous state and local organizations have also been involved with channel
modification (Keller, 1976).

Awareness of environmental concerns which began in the 1950's and 60’s and climaxing
in the 1969 enactment of the National Environmental Policy Act, along with other legislation
such as the Fish and Wildlife Coordination Act, was instrumental in recognizing environmental
concerns associated with stream channel modification. The National Environmental Policy Act
requires that an Environmental Impact Statement be prepared prior to implementation of
Federal stream channel modification projects; the Fish and Wildlife Coordination Act, on the
other hand, establishes that any project which will modify the stream environment must
consider the effects on wildlife,and planners must consult with the U.S. Fish and Wildlife




Service and state agencies that manage wildlife resources prior to initiation of any channel
modification project (Keller, 19786).

The historical trend of channelization in the United States has been from an early
fragmented effort by local citizens, farmers and ranchers toward better-planned and
engineered projects involving the consideration of entire river basins and probable
environmental impact. This trend is positive. However, too many streams are still being
modified for city, county or state purposes without coordinated engineering design and proper
environmental considerations. Furthermore, a better understanding of the behavior of streams
combined with new approaches and techniques is needed before most adverse effects of
channelization may be alleviated. Some general philosophical guidelines atthistime are: 1)to
minimize flood plain encroachment by people and structures, thereby reducing the necessity
for a structural or constructional solution to flood control; 2) to minimize the total length of
stream channelization necessary to either relocate a channel or to stabilize the streambed and
banks where highways or railroads cross streams; 3) when channelization is shown to be
necessary or be the most practical solution, design for the least possible amount of channel
alteration to obtain the desired objective (in other words, don’t over-design); and 4) wherever
possible, design the stream channel to be compatible with natural fluvial processes, rather
than striving for complete control which is generally expensive, has variable success, and often
has environmentally unacceptable consequences. The desired philosophical framework for
channelization is therefore to minimize the practice, provide the minimum of control to satisfy
the desired objectives, and wherever possible, design the system to function in harmony with
natural fluvial processes.

Channelization: Procedures and Methods

Channelization is basically an engineering practice used most often in an attempt to
control flooding or to drain wetlands for farming operations. It has alsoc been used to improve
navigation, improve the stream alignment relative to a bridge crossing, or to control stream
bank erosion. Terms more or less synonymous with channelization include: channel or
drainage improvement; channel modification; channel works; and more recently, a new form of
channelization known as channel restoration (Keller, 19786).

Operations in channelization or channel improvement vary with the desired objective.
Common methods include: 1) widening, deepening and straightening; 2) clearing and
snagging; 3) diking; and 4) bank stabilization. On any particular stream project any variety of
these operations may be used in various parts of the channel.

Widening, Deepening, and Straightening

Channelization most often involves modification of the cross-section and channel
realignment. Trees and other stream bank vegetation are often removed, and the streambed
and banks are often moved to a new {ocation. Increasing the size of the channel or increasing
its down-valley slope by straightening is likely to disrupt the quasi-equilibrium between the




running water, moving sediment, and the physical channel characteristics. Therefore, this
technique is often associated with most of the better known environmental degradation that
accompanies stream channel modification.

Clearing and Snagging

The removal of brush, logs, stumps, trash and other obstructions to flow is referred to as
clearing and snagging. The dredging out of stream-channe! deposits such as sand and gravel
bars may or may not be included. Channel straightening is not a part of the management plan
and vegetation along the streams need not be, but often is removed.

Diking

Diking is used primarily for flood control. This operationinvolves physically increasingthe
height and/or size of one or both of the stream banks. The objective of diking is to protect
critical areas from flooding or induce the stream to carry a higher discharge prior to overbank
flow. Compacted earth-fill hauled in or dredged from the stream channel is usually used for

construction of dikes.

Bank Stabilization

Bank stabilization involves a combination of: 1) sloping the stream banks by pulling back
the top or building up the toe; 2) implacement of riprap or other structures to prevent bank
erosion; and 3) planting of vegetation on stream banks to retard erosion. Bank stabilizationis
most commonly used in conjunction with the above channelization methods or techniques.

Adverse Impacts of Conventional Channelization

The possible adverse environmental impacts often associated with channelization are well
known and documented in numerous case studies. The adverse effects generally fall into one
of several categories including damage to the physical stream channel and or flood plain,
damage to fish and wildlife, aesthetic degradation and downstream effects.

Damage to the Channel and Flood Plain

One type of adverse effect that usually is involved when the stream channel is widened,
deepened and straightened is the erosion of the bank and deposition within the channel and
upon the flood plain. Bank erosion is a particular problem in that the width of a stream may
locally enlarge by two or three times its constructed width (Emerson, 1971: Yearke, 1971:
Simons and Senturk, 1977). In addition the deepening of a channel effectively lowers the local
base level of tributary channels, and this may initiate a cycle of erosion in these tributaries as
they attempt to adjust to new conditions (Daniels, 1960). The erosion may work its way up
tributaries as a series of knickpoints that develop in response to the changes in the main
stream. Each knickpoint is associated with an upstream scarp or rise in a lower plunge pool



(similar to a small waterfall). The knickpoints tend to migrate upstream until eventually they
become dampened out in a series of small rapids.

It is important to recognize every stream has individual properties concerning the type of
soil and channel material. Therefore, the nature and extent of bank erosion caused by
channelization will vary with these parameters, among others. For example, channel
degradation may occur even in cohesive alluvium if the clay swells and cracks on drying (J.C.
Brice, personal communication). As a result, the prediction of the nature and extent of bank
erosion caused by channelization often requires detailed analysis in both the vertical and
horizontal directions of the earth materials that compose the streambed and banks (Keller,
1976).

Damage to Fish and Wildlife

Any activity that removes bank vegetation, increases the sediment content or
concentration, disturbs the bottom sediment, or ¢hanges the flow charactristics of a stream
must affect the fish and wildlife. Almost all streams experience some disturbance in various
parts along the channel every year due to natural flooding and bank failure. Channelization is
also often associated with an increase in bank failure, but instead of the damages being
localized as in the case of natural failure, they are often extensive along both banks of a stream
for a considerable distance. The biological productivity of some streams has been greatly
reduced by channel modifications. In fact, some fish and wildlife management experts believe
that channelization is completely antithetical to production of fish and other life forms in
streams (Keller, 1976).

Fish and other stream bank inhabitants generally require a habitat characterized by the
following: 1) a variety of low-flow conditions varying from fast, shallow water in riffles to
deeper, slow moving water in pools; 2) a variety of high-flow conditions and shelter areas
which provide protection from excess water velocity; 3) a variety of sorting of the bed-load
materials on riffles, pointbars and pools such that a diverse variety of organisms may become
established on the bottom of the stream as well as on the stream banks; and 4) a variety of trees,
brush and other vegetation necessary to provide cover and food for fish. Vegetation that hangs
out over the stream banks shades the water, thus allowing water temperatures to remain
relatively cool (Keller, 1976).

Conventional channelization may convert a meandering stream with well-developed long
pools separated by shorter riffles into a straight stream with very few pools and numerous long
riffles. In addition, the natural sorting of the streambed material and vegetation of the stream
banks may be greatly disturbed or destroyed (Figure 1.1). At high flow the velocity of the water
in a channelized stream may exceed what fish and other organisms without cover can tolerate.
Furthermore, because the rate of runoff is increased by channelization, and drainage of the
wetlands reduces infiltration, the low flow discharge of the stream that depends upon
groundwater discharge into the channel is greatly reduced. Thus the water thatis available at
low flow may only be a few inches deep across the wider channelized stream, and because itis
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NATURAL CHANNEL

Suitable Water Temperatures:

Adequate shading; good cover for fish life; minimal
variation in temperatures; abundant leaf material
input.

Pooi-Riffle Sequence

Pool
silt, sand & Riffle
tine gravel coarse gravel

sorted gravels provide diversified habitats for
many stream organisms.

MANMADE CHANNEL

Increased Water Temperatures:

No shading; no cover for fish life; rapid daily and
seasonal fluctuations in temperatures; reduced
leaf material input.

Mostly Riffle

Unsorted gravels: reduction
organisms.

e
in habitats; few

POOL ENVIRONMENT

‘@ High Filow ‘m

Diversity of Water Velocities:

High in pools, lower in riffles. Resting areas
abundant beneath undercut banks or behind large
rocks, etc.

‘@.ow Flow

sufficient water depth to support fish and other
aquatic life during dry season.

High Flow

May have stream velocity higher than some
aquatic life can withstand. Few or no resting
places.

w

Insufficient depth of flow during dry seasons to
support diversity of fish and aquatic life. Few ifany
pools (all riffle).

Figure 1.1 Some Adverse Impacts of Channelization




shallow and there may be few trees to protect the water from the sun, it quickly warms up
(Corning, 1975). ltis clear that most channelized streams suffer from a reduction in biological
productivity. Several studies of trout streams from the Rocky Mountains to the Appalachian
Mountains suggest that the number of trout as well as their size is greatly affected by
channelization. In fact, the reduction of fish production is generally directly related to the
intensity of channelization. A study of the Ruby Riverin Montana{(Graham, 1975)showed that
the river in its natural state had a fish (trout) content of 133 pounds of fish per 1,000 feet of
channel. Following bank stabilization which consisted of riprapping, the fish production was
reduced to 67 pounds per 1,000 feet of channel, and where the stream bottom was bulldozed
and reshaped the fish population further dropped to a level of only 65 pounds per 1,000 feet of
channel.

Aesthetic Degradation

Streams are aesthetically pleasing components of landscape partly due to the presence
of water in the channel, and partly. as a result of the physical contrast and visual
diversity they produce. Included among the latter are slow, shaded water versus sunlit water;
deep, slow water in pools versus faster, shallow water in riffles; and dark green reeds and
rushes near the stream compared to lighter green or brown leaves of trees and brush along the
banks. All of these contrasts provide for a more varied aesthetic value (Eiserman, etal., 1975).
In addition, physical or biological characteristics, such as the presence or absence of human
activity, unique topography, unigue wildlife, or scenic vistas, also affect the aesthetic value.

Channelization, which involves straightening of a channel, removing vegetation and
obstructions to flow, and utilizing unnatural bank stabilization structures generally reduces the
aesthetic quality of the stream (Keller, 1976). Aesthetic damage to streams and stream banks
has been the rule, not the exception. Today's environmental awareness and the realization
that channelization has often produced streams that are little more than open sewers are
helping to bring about changes in design criteria for channel modification.

Downstream Effects

Changes in the upstream hydrology and/or sediment production must affect downstream
processes. However, the variety of responses and possible interactions is very complex. For
example, it is an exaggeration to automatically assume that channelization causes
downstream flooding (Arthur D. Little, Inc., 1973). Channelization of upstream tributaries of a
drainage basin will cause the flood hazard downstream to increase if the effect of the channel
modification is to move the storm water quickly downstream faster thanthe lower reachescan
discharge it. Downstream flooding may alsoresultif the routing of the flood waters is such that
the flood peaks of the tributaries coincide. On the other hand, channelization might actually
reduce downstream flooding if the flood peak from the channelized tributary moves out of the
basin prior to the arrival of flood peaks from other tributary streams.

If we consider what happens to a single stream channel rather than an entire basin, we
would expect that upstream channelization would generally increase downstream flooding.
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This happens primarily because channelization tends to remove flood waters quickly and
confine them in a larger channel. As a result, when flood waters from the modified channelare
discharged into the downstream natural channe! with a lesser channel capacity, flooding will
occur more frequently. Downstream flooding associated with upstream channelization has
been observed inthe Blackwater River in Missouri(Emerson, 1971), among other cases (Arthur
D. Little, 1973). Each case must be evaluated carefully to accurately predict the downstream
effects of channelization on flooding. '

Another downstream effect of channelization is sediment pollution. Thisis particularly a
problem if the upstream channelization work experiences rapid channel erosion. The
deposition of sediment downstream reduces the capacity of the channel,and thus is likely to
cause larger and more frequent floods. In addition, the rapid deposition of sediment damages
aquatic life (Apmann and Otis, 1965). Sediment pollution of all types is a serious problem in
urban areas, and it is unlikely that any urban channel program will be successful if sedimentis
not controlled. Therefore, sediment control and flood control are the two problems that must
be worked on simultaneously if either is to be alleviated.
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CHAPTER Il

CHANNEL STABILITY

Definition of Channel Stability

The question of stable channels has been considered by numerous investigators from
engineering and the natural sciences. Engineers who have studied regime canals and rivers
define channels as being "in regime” so long as cross-sectional geometry and gradientremain
unchanged from one hydrologic regime to the next. By such a definition a stream with an
eroding bank might be classed as stable if there is sufficient compensating deposition on the
opposite bank to maintain a constant cross-sectional geometry.

Traditionally, geomorphologists have defined channel stability in the same way. Recently,
however, many geomorphologists have adopted a systems perspective and have substituted
the concept of statistical or dynamic equilibrium for the old concept of stability (see Chapter IV
for a detailed discussion of equilibrium in fluvial systems). This has removed some of the
confusion over the use of the term stable, allowing it to be used for the special case of
equilibrium in which the channel possesses not only constant cross-sectional shape, but also
possesses locational stability, or constant alignment. Thus, Lane (1955) defined a stable
channel as "an unlined earth channel that transports water and sediment without
objectionable scour of banks and bed and within which sediment does not accumulate to any
significant degree.” Few engineers would have major objections to this definition. However, it
is commonly recognized by irrigation engineers that many stable canals do, in fact, alternately
erode and deposit during different seasons. Thus, it seems desirable to modify the stated
definition by adding that there is no net change due to erosion or deposition over a basic
hydrologic cycle (usually annual). In this report we have used this modified definition.

For the most part, only straight reaches of canals and natural streams meet the foregoing
criteria, for in meanders and bends cross-sections are seldom stable except when the banks
are partially armoured to protect them from erosion. It is also commonly accepted that newly
constructed canals designed for stability must "mature” or "age” before they achieve stable
cross-sections. This maturing process may involve two aspects. First, some canals are
intentionally underdesigned on the assumption that erosion of the bed and banks will enlarge
the channel cross-section to a stable geometry, although this practice is probably more
common among drainage engineers than irrigation engineers (Happ, Rittenhouse, and
Dobson, 1940).

A more important aspect of maturing in irrigation canals is the deposition of fine material
on the sides of canals and the formation of berms (Lane, 1955; Simons, 1971; Mamhood and
Shen, 1971). The deposition of fine materials increases the resistance of banks to erosion, and
the berms protect the banks from undercutting during low flow periods. These berms are
longitudinal features composed of silt, and they typically alternate from one side of the channel
to the other, producing a meandering thalweg. They are analagous to the point bar deposits of a
meandering stream. Additional stabilization may occur through the natural growth of
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vegetation on the berms and banks. Side berms are so important to channel stability that their
presence is planned for in canal design, and their formation is assisted by constructing
permeable spurs across the banks. Berms must be trimmed periodically so that excessively
rapid development does not constrict the channel and cause erosion of the opposite bank.

Factors That Influence Channel Stability

The development of adequate design criteria for stable channels requires that all pertinent
factors that influence channel stability be considered. In his classic work on stable channelsin
1955 Lane identified four groups of factors (Lane, 1955):

1. Hydraulic factors - (slope, roughness, hydraulic radius or depth, mean velocity, velocity
distribution and temperature).

2. Channel shape (cross-sectional geometry) - {(width, depth, side slopes, wetted
perimeter). '

3. Nature of material transported - {size, shape, specific gravify, dispersion guantity, and
bank and subgrade material).

4. Miscellaneous - (channel alignment, aging and uniformity of flow).

After discussing the various factors, Lane conciuded that some, namely water temperature,*
particle shape and specific gravity of sediment, were either inconsequential,or thatthere were
no available data, so they could not be considered.

Lane’s 1955 study focused largely on tractive force as a design criterion. Tractive force is
the drag force exerted by flowing water on the sediment particles at the channel boundary. The
force acts in the direction of flow and is exerted on an area of the channel peripheryratherthan
onindividual particles. Basically, tractive force is a function of the weight of the water and the
flow velocity. Shen (1971), Gessler (1971) and others have also stressed such factors as the
effect of chemical properties of cohesive sediments, vegetation, seepage forces and secondary
currents. :

Despite some minor inconsistencies between authors in the lists of factors that influence
channel stability, two things are clear:

1. There are a large number of variables.

2. Many of the factors are interrelated in a complex fashion which we only partially
understand.

As aresult, noone hasbeen completely successfulin developing a set of general equations
for designing stable alluvial channels even under the relatively simple conditions of steady,
uniform flow.

Sediment delivered to the channel from external sources and that derived from channel
erosion must be either transported through a channel section or redeposited upon the bed or

® Lane was working on the design for All-American Canat which is located in the imperial Valley and he believed that

seasonal temperature variations would not be significant under those conditions.
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banks, depending upon the capacity of the stream to transport the material. Sediment
transport rates depend on a number of variables, including flow velocity, water temperature,
and the particle size distribution. These are by no meansindependent of each other. Velocityis
in part a function of roughness, as reflected in the value for Manning’s n , and roughness
depends to some extent on sediment concentration and bedforms.

A number of investigators have developed equations for predicting sediment transport.
The most general of these equations, such as the Modified Einstein procedure, are integrated
approaches which include both sampled suspended load and computed bedload estimates. {tis
difficult, if not impossible to use such equations in channel design because the required field
data are not normally available and are expensive to collect. There are, however, formulas
available which use calculated suspended load estimates rather than measured values, but
there are a number of theoretical deficiencies that hinder the use of those sediment transport
theories for channel design (Vanoni, ed. 1975):

1. In order to use such formulas in design, both hydraulic properities and sediment
transport rates must be calculated, thereby reducing the reliability of the formulas.

2. None takes into account the effect of seasonal water temperature changes. Relatively
small temperature differences on high bedload streams can cause bed configurations to
change from flat to ripple/dune {Franco, 1868; Taylor and Vannoni, 1969, 1972 a,b), and
on streams with large suspended loads, the transport rate (and stream stage-discharge
relationship) varies significantly between winter and summer.

3. None of the approaches satisfactorily handles all of the interdependencies that affect
sediment transport. Formulas developed for gravel rivers, in general, do not yield valid
results for sand bed streams, for example.

In summary, sediment transport theories offer little promise as a basis for stable channel
design, except perhaps in those instances where seasonal temperature changes are relatively
minor and abundant sediment discharge data exist for the streams in question. Atbest, these
formulas provide a crude check on the ability of a stream reach to transport the sediment which
it receives from known sources. Excess capacity would imply potential for channel erosion,
whereas excess sediment supply would infer that the bed could be expected to aggrade.

The most commonly used analytical criteria for designing stable channelsare discussed in
detail in Chapter lll. Theremainder of this sectionis devotedto an extendeddiscussion of scour,
bank failure and the effects of vegetation and channelization on bank stability.

Bank Failure and Bank Scour on Natural Streams

Bank erosion is the most critical factor in channel stability. Streamscan alternatelyerode
and deposit their beds on a regular basis as discharges fluctuate, and many do so without
displaying significant cross-sectional change. When banks erode, bank erosion frequently
causes an increase in channel width and thereby alters channel geometry.
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Bank Scour

Erosion may occur either by scour or by some mechanism of slope failure. Scour occurson
unprotected banks when the tractive or average shear stress forces associated with high
discharges exceed the resisting forces. Resisting forces are a combination of a number of
forces which act on individual grains, including cohesion, gravity, friction and supporting
forces.

Scouris not a uniform phenomenon. Infact, its highly localized pattern impliesthat much
scour is the product of secondary currents which are associated with boundary corners such as
obstructions to flow, bends, channel constrictions, and bed and bank intersections{Vanoni, ed,,
1975). Scour rates vary, of course, with sediment type and are highestin non-cohesive alluvial
materials.

Scour rates are related to shear forces and sediment transport rates which are treated
more fully in Chapter I, and further discussion on the topic is deferred until then.

Bank Failure

As used in this paper, bank failure refers to any of several wastage phenomena whereby
masses of bank material are introduced into streams simultaneously. The most common and
largest failures are slides, but other mass movements, such as frost heave, may be significant
in certain environments.

Most large failures along major streams are probably slump failures. Slump failures,
which commonly occur in clay deposits, are arcuate failures in which the upper surface rotates
backward as the mass moves downslope (Figure 2.1). Slides which occurincohesive materials
often produce vertical faced slab-type features which either do not rotate atall, or which rotate

Slumped Block

/

Figure 2.1 Slump Failure. Slumps are distinguishable by the concave failure
surface that is produced and by the backward rotation of the failed
mass. (figure after Slavin, 1977).
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away from the bank slightly (Figure 2.2). Slides may also occur in non-consolidated material, in
which case turbulent flow occurs,and the debris is dumped directly into the stream,and no
slump or slab block is produced. Both slab and slump failures occur on Charlotte
streams, but slab failures seem to be more common. Recentfailures are easily identified by the
fresh scars that they produce, and in many cases, the presence of the large slab block in the
channels. Many streams in the area possess terrace-like features which are interpreted as
stablized, vegetated slabs from old failures (Figure 2.3). They are especially common features
along channels in headwater areas, perhaps because the discharges in upper reaches are not
sufficiently large to destroy them before they are stabilized.

-«— Slabbed Block

N

Figure 2.2 Slab Failure. Slab failures occur along planar surfaces and
vertical or near-vertical slopes are usually exposed at the surface.
If slab blocks rotate at all, the rotationis usually away from the bank
(figure after Slavin, 1977).

Similar benches have been observed in streams by investigators working in other areas
(Lewis, 1968; Richards, 1976; Woodyer, 1968). Although there is no general agreement as to
their origin, Richards (1976)suggests that on small streams, they are produced by undercutting
and subsequent failure, especially when the bank mass settles slowly.

There is, perhaps, an alternate explanation for some of the benches observed on Piedmont
streams. Accelerated soil erosion caused by intensive row-crop agriculture in the 1800’s and
early 1900's caused extensive alluviation of Piedmont stream valleys. Theserecent sediments,
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Figure 2.3 Common Bank Shapes on
Charlotte Streams. Many of
the headwater streams in the
Charlotte area have benches
or terrace - like features which
are interpreted to be the
stabilized, vegetated rem-
nants of old slab failures. The
top photo shows a recent
failure in the foreground.
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which range in thickness up to as much as three or four meters, are often coarser and less
consolidated than the existing alluvium was (Meade and Trimble, 1974).

Since the mid1930’s, several events have occurred to reverse this trend:

1. The creation of the Soil Conservation Service and its vigorous promotion of soil
conservation practices in North Carolina helped to stabilize or even reverse soil loss
ratesfrom agricultural lands.

2. Much prior cropland acreage in the Piedmont has reverted to forest land or has been
converted to pasture, both of which have considerably less soil loss than cropland.

3. Rapid urbanization has increased runoff/infiltration ratios, causing greater and more
rapid runoff.

Events one and two reduced sediment delivery rates to streams while event three was
increasing sediment transport capacities. The net result has been entrenchment and
enlargement of stream channels. More recent sandy deposits are more easily scoured, often
creating the bench-like profile observed on some streams. '

There is a striking similarity between these bench features and the berms in stable
irrigation canals which were discussed earlier. It is possible that these benches serve the
same function and provide a degree of stability to these headwater channels by protecting bank
toe slopes from undercutting during prolonged periods of base flow.

~ Relatively few studies have beendone onthe mechanics of streambank failure,and most of
these have focused upon the Mississippi and other large rivers. Slavin {(1977) studied bank
failures along a six-mile reach of Brown's River in Vermont. Two of his major objectives were to
characterize the major type of bank failure processes and to determine the causes and
mechanisms of these failures. Some of his findings were strikingly similar to conditions
observed on Charlotte streams and his pertinent conclusions are summarized here:

1. Stream bank failures along Brown'’s River, Vermont, occur as slab failures. This
is the mass movement of bank materials along a planar surface of failure. Any
rotation of the failed block is away from the bank.

2. Failures are not restricted to specific types of alluvial deposits, or particular
locations along the river. The erosional rates are higher in point bar deposits
and along the outside of meander bends, but bank failures also occur along
straight reaches and in channel fill and flood plain deposits as well.

3. In all banks layers of coarse grained alluvium with high water contents and low
shear strengths occur toward the base of the banks. These are critical layers
which may influence the stability of the entire bank. Identification and
protection of these layers is one means of adding stability to the entire bank.

4. The shear strength of alluvial layers decreases with depth in all banks. This
decrease corresponds to increasing water content and coarsening of the
alluvium with depth,.
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5. Debris within the channel, such as old automobile bodies, logs, and blocks of
riprap, divert the flow and accelerate the erosion of the banks. Efforts shouldbe
made to remove these obstructions.

6. The failure process is sequential and progresses in three stages. The first of
these involves the downcutting of the channe! until a critical bank height is
reached, followed by subaqueous failure of the lower bank materials. If
sufficiently weakened, the upper bank materials may fail, bringing down
vegetated blocks with them.

7. Vegetated blocks of the upper bank materials are highly resistant to erosion and
may remain in the channel for several years.

8. Major bank failures along Brown’s River occur during or just after the spring
floods. Subsequent flooding or high stages at other times of the year does not
result in continued failure of the banks.

Several of Slavin’'s conclusions seem especially applicable to Charlotte streams. First, it
appears that slab type, sliding failures are the most common type of failure along Charlotte
streams. Second, here, as in Vermont, channe! debris plays a significant role in the failure
process. Most Charlotte streams are wooded and contain numerous logjams. Automobile tires
and other trash lodge in these logjams to produce sizeable dams, and flow directed around
these obstacles erodes the bank at a very rapid rate (Figure 2.4). Itis not uncommon for the
channelsto be twice the average width at such locations.

VLN -

trap other floating debris. The hydraulic head that develops behind these jams
during high discharge events cause rapid bank erosion and channel widening.
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Past channelization and urban development have both contributed to increased rates of
bank failure on Charlotte streams. Most of these streams were channelized in the past, and
channelization typically involved both bed excavation and steeping of the channel gradient.
The urban development that followed has altered flow regimes on some streams sufficiently to
increase the rate of subaqueousfailure that triggers the bank failure process. Finally, the failed
slabs, which are more resistant to erosion thanlower bank materials, become stabilized by
vegetation and provide a stable channel configuration that may persist for many vyears,
especially along small tributaries and headwater reaches. Vegetation plays an important role
in both the bank failure process and bank stability, and is addressed in depth in the following
section

The Role of Vegetation in Bank Stability

Vegetation plays a dual role in bank stability. The presence of grass, brush or root mats
along stream banks protects the banks from scour. Extensive root systems of trees may provide
additional bank support, at least until some threshold of erosion is exceeded. Atthatpoint, the
additional weight of the trees may cause the bank to fail suddenly and produce a larger scar
than would have occurred without the root system. Failed blocks of root mat may either
accelerate or retard bank erosion, depending upon location.

Vegetated banks are protected from erosion in two ways. First, dense root systems provide
added resistance so that higher velocities are required to erode vegetated banks than
unvegetated banks. Smith (1976) observed an inverse relationship between erosionratesand
percentage of vegetation roots in bank sediments and found that bank sediment protectedbya
5 cm. thick root mat can be as much as 20,000 times as resistant as unprotected sediment.
Second, the presence of vegetation produces increased roughness and, thereby, reduces
velocities in the vicinity of the bank (Klingeman and Bradley, 1976). Brush is far more effective
than grass and other short or low-lying vegetation in thisregard. Flume experiments at Oregon
State University revealed that brush reduced flow velocities in the vicinity of the vegetated bank
by as much as 50 percent (Klingeman and Bradley, 1976). At the same time, the locus of
maximum velocity was displaced away from the vegetated bank and toward the opposite bank.
In some experiments using meander reaches, vegetated point bars displaced high velocity
fiows toward the toe of the opposing banks, a situation which would increase the potential for
erosion on the concave meander bank.

In order to evaluate the effectiveness of trees in protecting streambanks from erosion, the
percentage of streambank protected by root wads of hardwood trees was measuredina 320 m
reach of Mallard Creek. A secondary objective was to determine the relationship between the
size of the trees and the width of root wad protection for hardwood trees. Inthe studyreach tree
roots protected 73 percent of the length of streambank. Thisisconsideredtobe representative
for Mallard Creek, and is probably representative for other streams which flow through a
hardwood forest. Comparable data for streams in other areas are not available. The
relationship between tree size and root wad size protecting the streambank is shown on Figure
2.5. The nearly linear relation was expected and suggests that for hardwood trees the length of
bank protected by tree roots is approximately five times the diameter of the tree. Tree root
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systems exposed along streambanks extend along and into the banks. Therefore, individual
trunks may be undermined considerably by bank erosion before the tree falls into the stream
channel. Thus undercut stream banks are commonly found in association with tree root
protected streambanks.
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Figure 2.5 Relationship Between Protecting Root Wad and
Tree Diameter. Measurements taken along Mallard
Creek by the authors show the amount of bank
protection afforded by the roots of various size trees.

Average channel width and slope is also affected by streamside vegetation. Maddock
(1972) noted that vegetation reduces the erodability of banks with the result that tree lined
channels should be narrower and steeper than alluvial channels which transport the same
amount of sediment and water. Furthermore different types of vegetation may have
contrasting effects on channel geometry. For example, Zimmerman and others {(1876)
observed that different reaches on the same stream varied in width depending upon whether
the banks were lined with trees or sod. They found that the mean width of the stream reaches
with forested banks was significantly greater than that of reaches with sod banks. However,
these differences decreased with increasing drainage basin area.

Failed blocks of root matted soil that fall onto the banks or into the channel immediately
adjacent to a bank commonly persist for several years (Nordseth, 1973; Slavin, 1977). These
blocks behave as a type of natural riprap to protect the banks and toe slopes from erosion. If, on
the other hand, failed blocks end up in the channel a short distance from the bank, then they
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accelerate erosion by diverting high velocity flow toward the bank. Such blocks typically
cause channel scour immediately downstream because of the eddy flow.

One final effect of vegetation is the contribution of limbs, logs, and other persistent organic
debris to the stream. On small and intermediate streams such organic debris creates logjams
that cause severe bank failure (Keller, 1976). Logjamsoccurfrequently onforested streamsin
Mecklenburg County. Surveys have revealed as many as two or three per mile on some
streams. In nearly every case, logjams on these fairly low gradient streams create backwater
effects and severe bank erosion as the water flows around the jam. In addition, localized scour
of the bed typically occurs immediately downstream of the jam, with eroded material frequently
being deposited in mid-channel bars a short distance below the logjams.

The bank protection afforded by natural vegetation has been widely recognized for many
years, and is the basis for numerous stabilization experiments with a variety of plants ranging
from kudzu and honeysuckle (Lester, 1946) to trees of various types (Altpeter, 1944,
Edministen, et al., 1949, Felker, 1946). Bank stabilization by vegetative means is discussed
more thoroughly in Chapter IV. ’

The Impact of Changing Land Use on Bank Stability

If one endorses the prevailing notion that streams in undisturbed environments are in
equilibrium or “in regime,” then it follows that any major disturbance of the environment is
likely to create instability in the stream system, and cause it to erode or deposit sedimentonits
bed or banks. Any disturbance which significantly alters the amount of discharge orthe shape
of the water and/or sediment hydrographs is clearly capable of triggering such instability

Land use changes, particularly those that alter runoff infiltration ratios or those that
increase soil erosion, are some of the most common causes of instability. Several authors have
documented the accelerated erosion that accompanies urban land use conversions (Holeman
and Geiger, 1959; Guy, 1963; Leopold, 1968). Wolman (1967) has characterized the stream
changes which accompanied the historical sequence of land use changes in the urbanized
Piedmont (Figure 2.6).

Charlotte streams followed the same basic pattern. Intensive cultivation of cottonand corn
during the nineteenth century caused accelerated soil erosion. The resulting sediment was
deposited as colluvium at the base of the culitivated slopes and as alluvium in the streams and
stream valleys. Figure 2.7, although not a piedmont stream, illustrates the changes in valley
profiles caused by this sediment which on many piedmont streams reached depths of six
meters on small to medium size streams in the Southern Piedmont (Trimble, 1974). By 1900
stream valleys in the Charlotte area were so poorly drained that malaria had become a major
health problem. An extensive drainage program was begun around the turn of the twentieth
century to eliminate the malaria problem, and most of the streams in Mecklenburg County
were dredged in the next two decades.

The emphasis on drainage waned after the 1930’s, and with the declining emphasis on
crop agriculture following World War ll, itis possible that streams again achievedequilibrium,
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Schematic Sequence: Land Use, Sediment Yield
and Channel Response From a Fixed Area
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Figure 2.6 Stream Changes Associated with Land Use Changes in the
Piedmont. Agricultural and urbanland use changes canbe correlated

with changes in sediment yield and channel condition as shown here
(after Wolman, 1967).

although there is no common agreement as to the length of time required for streams to regain
equilibrium after some disturbance. Nevertheless, rapid urbanization in the 1960's produced
more runoff, and, once construction was complete, less sediment. During this period streams
within the urbanized area have experienced rapid bank erosion and anincreased number of log
and debris jams which reduced discharges and created localized flood problems. It was the
need to improve drainage and the desire to stabilize banks that led to the current stream
improvement program that enabled us to test the concept of restoration. The specific effects of
urbanization on channel geometry are discussed more fully in Chapter IV.

Stability of Manmade Channels

As discussed in the introduction, one of the adverse impacts of channelization is the
widening of a constructed channel through erosion. Unlined straight, trapezoidal channelsare
notoriously unstable when carrying highly variable, natural discharges.

Simons and Senturk (1977) have summarized the sequence of events for channels dug in
homogenous soils (Figure 2.8). Initial erosion occurs atthe toe of side slopes, probably dug low
and intermediate flows. Erosion of the toe slopesoversteepenstheslopesand/or destroys the
support for the upper slopes, causing them to cave or slide into the channel. The final cross
sectional form is a wider, and frequently shallower channel.

Itis clear that bank erosion is a complex phenomenon which is poorly understood. There are
processes and many variables which influence the rates at which they operate. Nevertheless,
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engineers have been attempting to design stable channels for many years, and, although the
assumptions are often restrictive, there are a variety of approaches. The most widely used
design procedures are reviewed briefly in the following chapter.
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Figure 2.7 Aggradation and Degradation at Mauldin Millsite,
1865 to 1969. The cycle of aggradation and
degradation shown here is closely correlated with
agricultural changes that first increased then
decreased sediment discharge (after Trimble, 1974).
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Stage 1: Man-made trapezoidal section.

Stage 2: Initial erosion at the toe of the side slopes.
Stage 3: Advanced stage of bank erosion.

Stage 4: Sides sliding into channel.

Stage 5: Final shape of the section.

Figure 2.8 Erosion of Man-made Channels. Erosion of toe slopes and subsequent bank

failures cause man-made channels to widen, thereby producing shallower flow conditions.
(after Simons and Senturk,1976). '
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CHAPTER il

A REVIEW OF THE MOST COMMONLY USED PROCEDURES
FOR THE DESIGN OF STABLE CHANNELS

Introduction

In Chapter Il abrief discussion of sedimenttransport and the factors which influence it was
presented. ltis clear that each stream has a definite maximum capacity to carry sediment ofa
certain size range. {f more material of this size rangeis supplied to the stream it will deposit the
excess, whereas if less is supplied, the stream will have excess capacity and will erode its
banks or bed if 1) they are unprotected alluvial materials, and 2) if the forces exerted by the
flowing water exceed the forces that resist sediment motion. The forces exerted by the flowing
water arise from fluid flow and particle characteristics. The resisting forces largely involve
cohesion and friction among particles.

Engineers designing stable channels have attempted to balance the two sets of forces
using concepts and formulas devised first through empirical studies and later from sediment
transport theory. The first empirical approach employed the concept of maximum velocity.
Large numbers of channels, both stable and eroding were observed under a variety of soils and
environmental conditions. Analysis of the data revealed threshold velocities for different soil
conditions below which no channel erosion occurs (Table 3.1). [f these allowable velocities are
exceeded, however, erosion of the bed and/or banks may occur.

Researchers in India and Pakistan who were engaged in the design of irrigation canals
made numerous measurements on channels which were stable or "in regime.” From these
measurements they developed a set of regime equations which related hydraulic and
geometric characteristics of streams (Table 3.3), and which could be employed to design stable
channels under similar environmental conditions. In recent years numerous investigators
have refined and extended those regime equations using results from flume studies and
sediment transport theory. Though some of these studies have met with limited success, no
one has succeeded indeveloping a general set of equations applicable to natural streams under
a wide variety of environmental conditions.

In the 1930’s some researchers began investigating more theoretical approaches to stable
channel design. In his classic effort published in 1955 Lane summarized the current thinking
on tractive force and proposed a set of criteria for employing the concept in designing stable
channels. Prior to this time, the tractive force approach in design had attracted little attention
in the U.S. despite considerable experimentation by Europeans.

In the sections which follow, each of these approaches to stable channel design is
examined in more detail, and an attempt is made to summarize their major shortcomings as
general design criteria for modifying natural stream channels. In each case adesignexample is
presented employing data for Briar Creek, one of the Charlotte streams on which much of our
restoration work has taken place. The section used is upstream from Central Avenue (Figure
3.1). The design procedures used are summarized in Chapter VII of Sediment Transport
Technology by Simons and Senturk (1977).
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Figure 3.1 Stream ReachesImproved by the Mecklenburg Restoration Project. Portions
of five streams have been improved under this program. The restored sections

are indicated in this figure.

32.




Permissible Velocities

Introduction

Although it was the first approach considered in stable channel design, velocity is still
often accepted as the most important factor. The basic problem is viewed as determining the
maximum velocity at which no scour occurs. Having determined this, then any channel
designs which result in lower mean velocities are theoretically stable and acceptable.

Several problems are immediately apparent in using allowable mean velocity as a design
criterion:

1. The design procedure is geared toward preventing scour, and, in most cases, no
attention is paid to deposition. Clearly, heavily sediment laden streams will deposit if
maximum velocities are insufficient to keep the sediment in motion.

2. Allowable non-scouring velocities vary depending on stream size and whether the
stream conveys clear water or silty water. Streams with a large supended load may not
erode at velocities considerably in excess of the maximum allowable velocity for clear
water, and permissible velocities are higher for large channels than for small channels.

3. Much scour is a function of secondary currents arising from obstructions, channel
constrictions, and channel meanders. The latter is particulary significant, for itis well-
known that allowable non-scouring velocities are lower in curved reaches than in
straight reaches.

The foregoing problems have been recognized for some time and most design criteria for
permissible velocities incorporate corrective factors for the latter two situations. The potential
deposition problem is largely ignored, however.

Allowable velocity is still widely used as a design concept largely because of its simplicity
and the minimal data required for implementation. This is the reason allowable velocity was
chosen as a performance criterion to protect stream banks from erosion in North Carolina (N.C.
Adm. Code, Title 15, Chapter 4B.0009). There are a number of procedures available for
designing channels using maximum velocity criteria. Simons and Senturk (1977) have
summarized several of these and have demonstrated the variability in results that can be
attained using some of these procedures. In addition to the approaches they describe, the Soil
Conservation Service procedure is widely used. The following section reviews the general
design procedure in more detail.

Designing for Permissible Velocity

Design criteria vary somewhat depending upon whether one is designing a completely
new channel or whether the procedure is being used to check the stability of existing channels
or an existing design. Therefore, all of the data and all of the steps outlined in the following
general procedure might not be required:
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1. Determine the hydraulic, hydrologic and soil parameters required for design, including
discharge (Q) and diameter of median sediment size (Dso); determine texture of soil,
materials in banks (T), and cohesiveness(C)if using SCS procedure, classify streamflow
as clear or silty.

2. Using appropriate tables or graphs (such as Table 3.1 or Fig 3.2), determine permissible
velocities (U max) for soil textures involved or calculate permissible velocities if using
an acceptable formula (such as those in Table 3.2)

Table 3.1

Maximum Permissible Velocities
Proposed by Fortier and Scoby (1926)

Mean velocity, Aftér Aging, of Canals

(d<3ft)
Water
transporting
. noncolioidal
Clear Water silts, sands,
Original materia! water, transporting gravels or
excavated for no colloidal rock
canals ‘ n detritus silt fragments

ft/sec m/sec ft/sec m/sec ft/sec m/sec

1. Fine sand

{colloidal) 02 15 046 250 076 150 0.46
2. Sandy loam

(noncolloidal) 02 1.45 0563 2.50 0.76 2.00 0.61
3. Silt loam

{nencolioial) .02 200 0.61 3.00 0.91 2.00 0.61
4. Alluvial silt

when

noncolloidal 02 200 0.61 3.50 1.07 200 0.61
5. Ordinary firm

toam 02 250 0.76 3.50 1.07 225 0.69
6. Volcanic ash 02 250 0.76 350 1.07 200 0.61
7. Fine gravel .02 2.50 0.76 5.00 1.562 3.75 1.14
8. Stiff clay {very

colloidal) 025 3.75 1.14 5.00 162 3.00 0.91

9. Graded, loam to
cobbles, when

noncolloidal 03 375 1.14 5.00 1.52 5.00 1.52
1 0. Alluvial silt

when colloidal 025 3.75 1.14 5.00 1.82 3.00 0.91
1 1. Graded, silt

to cobbles,

when colloidal .03 400 1.22 5.50 1.68 5.00 1.52
1 2. Coarse gravel

(noncolloidal) 025 4.00 1.22 6.00 1.83 6.50 1.98
1 3. Cobbles and

shingles 035 5.00 152 550 1.68 6.50 1.8
14. Shales and

hard pans .025 6.00 1.83 6.00 1.83 500 1.52
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Table 3.2

Formulas that Indicate the Maximum Permissible
Velocity for Canals Constructed in Alluvium

1. Mavis, et al. (1937)

Uy = %D 2/ %8 (3.1)

D in millimeters
{Up} = Maximum permissible velocity at the bottom, ft/sec

2. Carstens (1966)

= 3.61 (tan¢ cosa - sina)

. 1gp

3]
o= slope of plane bed, English units. (3.2)

3. Neili {(1967)
U2 .
Per_ _,¢g (%) 0.20 (3.3)

(s - 1) gD

English units.

4. Mirtskhulava, T.E.

U = ioq 88d
per = (log 889 .\/ 20 _(v..v)D (3.4)
044/
Metric units are required,
D>2
>Z2 mm D
n=1+500005+ 03D (3.5)
and

Uper = Maximum permissible mean velocity in mps

Source: Simons and Senturk; 1967.

3. If designing a new channel select slope (S), if checking the stability of an existing
channel, determine its slope.

4. For new channels use Manning's formula, or some other formula, to calculate required
channel size (A), given Qand U max. For existing channels calculate mean velocity for
the given Q and existing cross sectional area. Estimates of Manning's N should be
based on visual inspection of existing channels. For new channels, base the estimates
on sediment size and sediment load.

5. Compare design velocities or existing velocities with U max; if U > Umax, the sectionis
unstable. For new channel design, select appropriate stable channel geometry for
straight and curved reaches. At this point it may be necessary to modify calculated
results to incorporate effects of meandering, variation in channel size or other
departures from the assumptions of steady, uniform flow in straight channels.
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Example 3.1
Channel Design using Permissible Velocity: Briar Creek At Central Avenue

Existing channel geometry

A=360ft2 w=40ft; d=10ft b=20ft

S =.0018 ‘

Q2 = 1500 cfs

Dso = .029 in (.68mm)

Bank material: alluviatl silt, non-colloidal

Sinuous stream transporting heavy load of non-colloidal silts and sand
Slope banks in straight reaches to 2:1, horizontal to vertical (Z = 2)
Angle of repose of unconsolidated bank material = 30°

1. From table 3.1
U per = 2.00fps

2. Determine A:

A=_0Q
Upsr (3.16)
- 1500-

A =555 = 750 sa.ft.

3. Caiculate R using the Manning formula. Choose n = .023.
v =149 gz g% (3.17)

1.49
2.0 =023 R% (.0018)%

R%=(2.00.023) - 73
1.49 (.0018)%
R=.62ft

4. Size the channel
i) Assume d =R = .62ft

i) b = AL (3.18)

then b =-&-622—(£Z)_= 1208ft

Additional adjustments in width would be required in meander bends because of lower
velocities, and if the SCS design procedure were followed, depth would need to be adjusted not
only for alignment (meanders) but for bank slope, depth of design flow and silt load. (See SCS
Tech. Release No. 25, Design of Open Channels for a discussion of the SCS procedure).
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The Regime Concept of Channel Design
in 1929 Lacey published his first paper on the design of stable channels using the Regime
Concept. He revised and refined the procedure in later publications, and his design formulas

are summarized in Table 3.3

Table 3.3

Lacey’s Formulae for Computation of Stable Channels

1) U=1.15/FF (3.6) 6) U=0.794 Q/sf/s (3.11)

2) R=0.7305 Uz/f (3.7) 7) R=0.4725 QVe/f1/ (3.12)

3) A=38Us/f (3.8) 8) A=126Qve/f1/s (3.13)
= B = /

4) P=38 5507 (3.9) 9) P=(8/3)Q"2 (3.14)

5) S =0.00044 f2/U (3.10) 10) S =0.00055 f/3/Q/% (3.15)

Values of Silt Factor f Proposed by Lacey (*}

Natural Soil f

Lower Missippi silt 0.357
Standard Kennedy silt 1.00
Medium sand 1.31
Coarse sand 1.44 - 1.56
Fine gravel 2.00
Large pebbles and coarse gravel 4.68
Small boulders, shingle and fine gravel 6.12
Medium boulders, shingle and fine gravel 8.75
Large boulders, shingle and fine gravel 20.90
Large stones 38.60
Massive boulders (D 25 in.) 338.60

(*) Raudkivi, A. J. (1967}

Subsequent investigators continued to refine the regime formulas. Perhaps the most
significant change was introduced by Blench (1957) who partitioned Lacey’s silt factor, f, into
two components,fb and fs,which applied to the bed and banks, respectively. Blench proposed
this in recognition of the fact that the bed and bank materials may have very different size
distributions.

The regime equations were originally developed from irrigation canal measurements in
India and Pakistan and were applied to the design of straight canal sections under the relatively
simple conditions of steady, uniform flow. Furthermore, these original equations were not
applicable to other areas or different environments. Despite extensive efforts by Biench and
others, investigators have not been able to develop more general equations which could be
applied to natural streams which do not meet conditions of steady, uniform flow and which are
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not usually straight. Because of the failure to develop general equations the design procedure
which is presented here and the computational example which follows are based on the

simpler formulas proposed by Lacey.

Design Procedure

The design procedure used by Lacey is relatively simple. Given the same hydraulic,
hydrologic and sediment parameters as in the permissible velocity procedure (Q, Dso, s):

1) Determine a value for the silt factor, if using the formula

f=8V Dsoin (3.19)
f=1.59V Dso mm (3.20)

2) Determine the wetted perimeter u.c. using the formula

uc.= (¥) Q%2 (3.14)
3) Determine the bed slope S using the formula

S=(.00055) f*= Qs (3.15)
If working with a natural channel determine the slope of the section under consideration.
4} Determine the hydraulic radius using the equation

R =(0.4725) Q% /" (3.12)

5) Determine the wetted area using the formula

A=1.26 Q% /f" (3.13)
6) Determine the velocity using the formula
u=qQ/A (3.21)
Check this value with the formula
U=0794 Q% f% (3.11)
7. Size the channel using the following equations
A = bd + Zd? (3.22)
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P=b+2VZZ¥17 d (3.23)

where Z is a function of bank slope and channel depth (d)

Zd is the shaded area in Fig. 3.3 and
2V Z2+12 d is the length of the corresponding bank segment

8) Determine Manning’'s n using Manning’s formula
(3.17)

n= 139 R¥#» SY

9) Check to be certain the bed form will be dunes. If so, the stream can adjust internally to
changing discharge conditions. If bed form is not in dune range, revise the design. Otherwise,

the stream may adjust by eroding its banks

—==

RO T T TR e RO

b

Figure 3.3 Trapezoidal Channel Cross Section. This figure shows a typical
trapezoidal cross section of a man-made channel. Width and depth are

indicated by b and d, respectively. Cross-sectional area is equal to bd + Zd?
and wetted perimeter isb + 2V Z22 + 12 d,

Example 3.2

Channel Design using Regime Equations: Briar Creek at Central Avenue - Given the same
data as in Example 3.1, proceed as follows:

1) Determine the silt factor, f:

f=1.59V Deimm) (3.20)
f=159VvV 68 =1.31
2) Determine P:
(3.14)

P=(%) Q"
P=(*)V 1500 =103.3
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3) Set S equal to .0018, the existing slope

4) Determine R:
R=0.4725Q% /1% = 0.4725 (1500)%/1.31% = 4.94ft

5) Determine A:
A=126Q%/f% = 1.26(1600)% /1.31:3=511 ft

6) Determine U:
U=Q/A=1500/511 =2.94 ft/sec

check with formula:

U=.794Q%f": = 794 (1500)%(1.31)s = 2.94 ft/sec
7} Dimension the channel:

A = bd+zd? thus, 511 = bd + 2d?
P=b+2VZ2+12d thus, 103.3=b + 4.47d
substituting for b in eq 3.23;
511=(-4.47d+ 103.3)d +}2d2
-247d?+103.3d-511=0
factoring vields

d=5.73ft

substituting for d in equation 3.22 or 3.23 gives b = 77.2 ft

Tractive Force

Introduction

(3.12)

(3.13)

(3.22)

(3.11)

(3.22)

(3.23)

The tractive force concept which has been defined earlier was first introduced by duBoys
almost a century ago but did not receive widespread consideration as a design criterion in the
United States until the results of Lane's studies for the Bureau of Reclamation were published
in 1955, The basic idea behind design by tractive force is to design a channel so that, at the
design discharge, particles all along the bed and banks are on the verge of moving but remain

stationary.
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Tractive force is widely used for stable channel design in unconsolidated materials. All
that is required is information regarding the design discharge and sediment size distribution. It
is necessary to make assumptions regarding channel width/depth (b/d)ratios and sideslopes.
Tractive force computations were developed for threshold conditions of sediment transport and
assume that critical shear stress conditions exist along the bed and across the channel. If a
channel larger than the design channel is constructed the critical shear stress will be
exceeded, thereby causing erosion. Thus, the results from tractive force computations are
more conservative than those based on regime equations. It is recognized that regime
channels may alternately erode and deposit at different times.

Because of the foregoing constraint and the fact that the design procedure directly applies
to unconsolidated alluvium, unarmoured stable channels computed from tractive force
equations tend to be unduly shallow and wide. This severely limits the utility of thisapproach to
channel design, especially in urban areas. Other objections to tractive force as a design
concept for streams center around the assumption of steady, uniform flow. As long as steady or
accelerating flow prevails, the results may be reasonable. However, the complex secondary
eddies produced during decelerating flow may cause localized scour of channel walls in
channels designed for uniform flow (Simons and Senturk, 1977). Finally, naturalchannelsare
neither uniform or straight. Sinuous channels create special problems which cannot be
resolved through tractive force computations.

Design Procedures for Tractive Force

The tractive force design procedure is somewhat more complicated than the previous
designs.

1) Compute a coefficient K using the equation K =cos 6V 1- ta_n_i_% (3.24)
tan

Where 8 is the angle of the channel side slope and Q is the angle of repose of the
unconsolidated alluvium

2) Determine the critical tractive force from Figure 3.4 using the median particle size
3) Compute the permissible shear on side slopes using the equation 7s = K7¢c  (3.25)

4) The maximum tractive force (stream stress) on the channel bottomis7b = v Sd (3.26)

where Vv is the specific weight of water
S is the slope of the channel
and d is depth

All variables must be expressed in the same system, metric or fps.

The tractive force on the banks (7s), which is less than that on the bottom, is a function of
the width/depth ratio (b/d) and is determined from Figure 3.5. Determine the
maximum tractive force ratio for the sidewalIIT%from Figure 3.5 and substitute the

appropriate values for—%,v, and S in equation 3.27.
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Allowable Tractive Forces Non-Cohesive Soils, D75< 0.25
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Source: SCS Tech. Release 25 Planning and Design of Open Channels.

Figure 3.4 Critical Tractive Force. Critical tractive force varies with

sediment content as this family of curves shows. Because
Charlotte streams carry heavy suspended loads, curve 1
was used to determine the critical tractive force in example
3.3. (Source: SCS Tech. Release No. 25, Planning and
Design of Open Channels.).
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Variation of T in a trapezoidal cross section.
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Figure 3.5 Variation of 7 in a Trapezoidal Cross-section. Tractive force varies
systematically across banks and across the bed of a channel. Maximum values
are a function of channel shape and channel width. (Figure after Simons and

Sen turk, 1977).
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Figure 3.6 Distribution of Tractive Force Across a Trapezoidal Cross-section. This
figure shows the distribution of tractive forces more vividly than Figure 3.5
although the values shown apply only to a channel witha width/depth (b/d)ratio
of 4 and a Z factor of 1.5 (Figure after Simmons and Sen turk, 1977).
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_Is
Te =2V SR (3.27)

Where R is the hydraulic radius which is set equal to d in the basic tractive force
equation, 3.26
5) Set 7s = Tc and solve for d

6) SetR = d and determine A using the Manning equation

1.48A
n

Q= R%s SY (3.28)

7) Determine P using the formula
P=A/R (3.29)

8) Determine the dimensions of the cross section as in the example for regime design
using the formulas

A = bd + Zd? _ (3.22)

P=b+2VZ2+12d (3.23)

Variations in Tractive Force

Because tractive force is a function of both depth and slope the distribution of tractive
forces in a natural channel is extremely complex. In more uniform manmade channels the
tractive force varies systemmatically along the cross section as shown in Figures 3.5 and 3.6,
achieving a maximum in the center of the channel. The pattern of maximum tractive force
would hold for any trapezoidal channel although the values shown in Figure 3.6 apply only to
cross sections with a ratio of horizontal to vertical of 1.5(Z = 1.5)and a width-depth ratio (b/d)
of 4. The greater the value of Z (the lower the slope angle) the greater the maximum tractive
force exerted on the bank slope.

Example 3.3
Channel Design Using Tractive Force: Briar Creek at Central

Given the same data as in Example 3.1 calculate at stable cross-section using tractive
force design criteria.

K = cos\/1-1an?0 = cos 26.56°) 1-1an226.56° (3.30)
tanZQ tanz 300

K=.89V 1-.2499 = 445
.3333
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2. Determine the critical shear from Figure 3.4
Tc = .085 Ib/f12
3. Calculate the critical shear for side slopes
Ts = K7c = .445 (.085) = .038 ib/ft? (3.25)

4. Determine the maximum tractive force ratio

(L) From figure 3.5 and substitute into the
critical tractive force equation 3.27

%=.77 and Te=(.77)(62.4) (.0018)d 527

and T7c =.086d
5. Solve for d by setting 7c equal to 7s

.036 = .086d
d= .42 ft.
6. Set R =d and calculate A using the Manning equation
1500 = 142 A (42)7s (0018)72 (3.28)
.023
A =973 sq ft.

7. Determine P

p=203-2317 1t (3.29)

8. Determine the dimensions of the cross section using equations 3.22 and 3.23
937 = bd + 2d? (3.22)
2317 =+4.47d (3.23)
thus b =2317 - 4.47d
substituting for b in equation 3.22
973 =(2317 - 4.47d)d + 2d?
simplifying,
-247d?2+ 2317 -973=0
factoring vyields
d=42ft.

and b =2315 ft.
Summary
The results obtained for Briar Creek in each of the three design examples illustrate the
inapplicability of using permissible velocity, regime equations, and tractive force equations to
design stable channels for streams. In all cases results obtained would be applicable only in
straight reaches and width would have to be increased in curved reaches.
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