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1. INTRODUCTION

1.1 WHAT?

This report is the result of phase one of a project sponsored by the Texas Department of
Transportation to develop guidance for the design of new bridges and mitigation of existing sites
in severely degrading and migrating streams. Phase one of this project consisted of collecting
existing information on the topic. Note that this topic includes the prediction of meander
migration and streambed degradation as well as the selection and design of countermeasures.
This is indeed a very broad topic.

1.2 WHY?

Migrating and degrading streams represent a major problem for the safety of bridges, and
therefore the public, in Texas. Bridges over rivers are typically designed and built for a life of 75
years. During these 75 years the unforeseen behavior of the river may require river training
measures or modification of the bridge or both. These measures can cost from $100,000 to
$3,000,000 per bridge. Considering that Texas has about 40,000 bridges (including bridge class
culverts) with some 85 percent of them over water, the cost of migrating and degrading streams
to TxDOT 1is very significant. There is an urgent need to improve the current approach to
meander migration and streambed degradation in a continued effort by TxDOT to ensure public
safety and optimize cost.

1.3 HOW?

The review of existing knowledge on the topic of meander migration and streambed degradation
was achieved by performing a library survey of the published literature, a letter survey of the
state transportation, and the visit of six sites in Texas where such problems exist. The literature
search yielded 192 useful references. From those 192 references, 106 were actually obtained and
read. From the 106 references read, 63 were summarized and are included in this report. The
topic of the 63 references can be broken down into general stream instability (13), meander
migration and bank erosion (21), degradation and aggradation (14), and countermeasure (15).
The survey letter was sent to all geotechnical and hydraulic engineers in DOTs. A total of 52
responses from 30 states were received with 11 different answers, which were particularly
useful. Six problem sites in Texas were visited to get a better appreciation of the nature and the
magnitude of the problem as well as to receive some direct input from the DOT engineers who
face this problem on a regular basis.

1.4 WHERE, WHEN, BY WHOM, AND FOR WHOM?

Researchers performed phase one of this project at the Texas Transportation Institute on the
campus of Texas A&M University. This phase started on September 1, 1999, and ended on
August 31, 2000. The students involved were Siyoung Park, who looked after the literature
survey, and Adil Shah who looked after the letter survey. The faculty members involved were



H.C. Chen, Billy Edge, and Jean-Louis Briaud. They visited the sites, prepared summaries of
their visits, and oversaw the project through weekly meetings with the students. The sponsor was
the Texas Department of Transportation where Tom Dahl was the Project Director, Tony
Schneider the Program Coordinator, and William Knowles the Construction Division Research
Engineer. The Project Monitoring Committee was chaired by Tom Dahl and composed of David
Stolpa, Donald Harley, Elston Eckhardt, Rocky Armendiz, Gerald Freytag, Robert Balfour, Mark
McClelland, Kathy Dyer, and Wendy Worthey.

1.5 ORGANIZATION OF THE REPORT

Sections 2 to 4 are reviews of definitions and fundamental aspects of river behavior including
meander migration and streambed degradation. Sections 5 to 7 deal with published prediction
methods for meander migration and streambed degradation. Section 8 is dedicated to
countermeasures. Section 9 is a summary of the responses to the letter survey. Section 10 deals
with economic and risk analysis. Case histories are covered in Section 11 followed by
conclusions and recommendations for further research.



2. RIVER PATTERNS AND STABILITY

Rapid and otherwise unexpected river changes may occur in response to natural or man-made
disturbances of the fluvial system. It is important to the highway engineer to be able to predict
changes in channel morphology, location, and behavior. To a large extent the relative stability of
a channel is revealed by its patterns. Therefore, in this chapter a discussion of channel patterns
provides background information for a discussion of river behavior and hazards. This content is
based on a book titled Methods for Assessment of Stream-Related Hazards of Highways and
Bridges (Shen et al.1981).

2.1 CHANNEL CLASSIFICATION

Alluvial channels are dynamic and subject to change, but changes are of different types, and
rates of change are highly variable. Alluvial channel movements are the cumulative result of a
combination of climatic, geological, topographic, hydrologic, and human disturbance factors.
Basically, there are three types of channel patterns: straight, meandering, and braided. Rivers
with different patterns behave differently, and their other morphologic characteristics are
different. Therefore, pattern identification should be the first step toward evaluation of river
stability and the identification of potential river hazards.

Brice (1975) developed a descriptive classification of alluvial rivers that provides an excellent
summary of channel patterns. The channel properties that Brice selected as being important for
classification are the degree of sinuosity, braiding and anabranching, and the character of
meandering, braided, and anabranched streams (Figure 2.1)

Brice and Blodgett (1978) classified streams according to Figure 2.2, which is based on stream
properties observable on aerial photographs and in the field. The major purpose of Figure 2.2 is
to facilitate the assessment of streams for engineering purposes, with particular regard to lateral
stability. Aggradation and degradation are difficult to assess from the physical appearance of a
stream, although they are important aspects of river behavior for engineering purposes. Each of
the 14 properties listed in the left column of Figure 2.2 could be used as the basis of valid stream
classification and stream stability. For example, classification as alluvial or non-alluvial is useful
for some limited purposes and alluvial streams, in general, are susceptible to more hydraulic
problems than non-alluvial streams.

In Figure 2.2, Sinuosity is the ratio of channel length to valley length or the ratio of thalweg
length to the valley length. A channel with sinuosity less than 1.05 is straight, one with sinuosity
between 1.05 and 1.25 is sinuous, and one with a sinuosity greater than 1.25 is a meandering
channel. There is little relation between degree of sinuosity and lateral stability. A highly
meandering stream may have a lower rate of lateral migration than a sinuous stream of similar
size according to Figure 2.1. Stability is largely dependent on other properties, especially bar
development and the variability of channel width.
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Figure 2.1. Channel Pattern Classification Devised by Brice (Brice 1975).
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Figure 2.2. Stream Properties for Classification and Stability Assessment (Brice 1978).



Shen et al. (1981) present five basic patterns (Figure 2.3) that will aid the highway engineer in
establishing the relative stability of the channel and in identifying some hazards that affect bridge
stability. Figure 2.3 is more meaningful than a purely descriptive classification of channels
because it is based on cause and effect relations, and it illustrates the differences to be expected
when the type of sediment load, flow velocity and stream power differ among rivers.

CHANNEL TYPE
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Low ~«———————— Stream Power ——————» High

Figure 2.3. Channel Classification Showing Stability and Types of Hazards Encountered
with Each Pattern (Shen et al. 1981).

In Figure 2.3 there is a difference between sediment load, bed load, and total load:

e sediment load: amount of sediment being moved by a stream;

e bed load: sediment that is transported by rolling, sliding, or skipping along the bed or very
close to it; considered to be within the bed layer; and

e total load: the sum of suspended load and bed load.

A classification of alluvial channels should be based not only on channel patterns but also on the
variables that influence channel morphology. This is particularly true if the classification is to
provide information on channel stability. Numerous empirical relations indicate that channel
dimensions are due largely to water discharge, whereas channel shapes and patterns are related to
the type and amount of sediment load moved through the channel. One would also think that the
soil type of the riverbed would have a significant influence, yet this factor is not acknowledged
in the figure.



2.2 LANE RELATION

The interrelation between stream form and slope is illustrated schematically in Fig. 2.4. From
this figure, it can be seen that a given variation in slope can markedly modify the stream pattern.

SINUOSITY

THALWEG
SnuosITY

I } 1
STRAIGHT 'THALWEQ  COMBINATION SRAIDED

CHANNEL ©f MEANDERING CHANNEL
< EL  “and BRAIDED

"SLOPE ——»

Figure 2.4. Interrelation between Stream Form and Slope

(Richardson et al. 1990).

Quantitative relations between stream form, channel bed slope Sy, and mean discharge Q are
presented by Lane (1957), and the relations are shown in Figure 2.5.

A sandbed is predicted to meander for S,0°* <0.00070 and a sandbed is further predicted to

be braided for S,0°” >0.0041. A transition zone is indicated to occur between these two

relations. In this zone, a stream is indicated to be able to change rapidly from one stream form to
the other depending on changing conditions. Based on data for a variety of natural streams,

Leopold and Wolman (1960) determined that for meandering streams S,0°* <0.0125 and for
braided streams S,0"* >0.0125

The relations of Figure 2.5 provide an assessment of stream nature that can be used in
conjunction with earlier indicators of stability in an essentially qualitative assessment of potential

stream stability.
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Figure 2.5. Interrelation between Stream Form, Channel Bed Slope, and
Mean Discharge (after Lane 1957).

2.3 RIVER METAMORPHOSIS

River metamorphosis refers to significant changes not only in the dimensions of the river cross-
section, but in its longitudinal pattern and shape. It is possible to consider six types of river
metamorphosis as follows: a straight channel changes to meandering or braided, a braided
channel changes to meandering or straight, and a meandering channel changes to straight or
braided (Shen et al. 1980).

There is some similarity in the hazards posed by some types of metamorphosis, and they can be
discussed as three pairs.

a) Straight and meandering to braided: Both the straight and the meandering channels will
widen and, of course, the meandering will straighten and become steeper. The hazards
associated with this type of metamorphosis are bank erosion, cutoffs, and bar and island
formation. If the change is the result of increased sediment load, aggradation will be
important, but the increased gradient of the straightened meandering channel will lead to the
degradation and bank erosion. The metamorphosis involves a dramatic and destructive
alteration of the former channel and sometimes destruction of much of the former flood
plain. Existing bridges will be too short and their approaches will be destroyed as the channel
changes.



b) Straight and braided to meandering: a straight channel may develop alternate bars and a

sinuous thalweg if there is an increase of sediment load. If the straight channel begins to
meander, bridges crossing the straight channel will be subjected to meander growth, shift,
cutoff, and avulsion when the metamorphosis takes place. In the case of a metamorphosis
from braided to meandering, the change may actually result in increased channel stability.
The decreased gradient will reduce the erosional forces acting on the channel, and although
the development of meanders is a hazard in itself, they will form in the old channel, and
existing bridges may appear too long for the new narrow sinuous channel.

Meandering and braided to straight: a bar-braided channel can become island-braided when
the bars are colonized by vegetation, and then the islands can be incorporated into a new
flood plain. The narrowed channel should degrade, but not appreciably. The narrower
channel will probably represent a more stable condition, although the increased presence of
vegetation may raise the stage of large floods, which could damage a bridge. The conversion
of a meandering channel to a straight channel will be the result of a series of natural cutoffs.
The steepened gradient will cause bank erosion and perhaps degradation. Unless there have
been hydraulic changes, the channel will attempt to meander and will be very unstable. This
is especially true when the channel has been straightened artificially.






3. MEANDER MIGRATION

In this chapter, hazards contributing to meander migration are presented and those are described
in three ways; (1) definition of hazards which are caused by any factor that may adversely affect
the geomorphic, hydrologic, and hydraulic conditions of a stream at a bridge site, (2)
consequences of hazards that pose danger to the highway crossing, and (3) identification of
hazards and assessment of their potential effect on a bridge site. The researches based these
contents on the book titled Methods for Assessment of Stream-Related Hazards of Highways and
Bridges (Shen et al.1981).

3.1 BANK EROSION

Bank erosion is the removal of bank materials by either a grain-by-grain removal or by mass
movement (slumping or toppling). Mass failure of the bank can be the result of undercutting the
toe of the bank, steepening of the slope, surcharging the bank by constriction or dumping, or by
seepage forces and pore water pressures related to increased water movement through bank
sediment.

The effect of bank erosion is a shift in the bank line of the river and the introduction of additional
sediment into the channel. Erosion of both banks widens the channel, and it may lead to
aggradation. According to a survey of various state highway engineers (Brice and Blodgett
1978), bank erosion is rated as a major stream-related hazard.

Bank erosion is easy to recognize. Color infrared aerial photography is useful. Although active
bank erosion is readily identified, it may be only part of a larger problem, and it may be
symptomatic of other hazards that are related to channel shift or metamorphosis. The rate of bank
retreat can be estimated by comparing large-scale multi-date photography. Sequential aerial
photography is an excellent tool for recording long-term trends in bank changes (Brice 1971).
Recent studies show that color infrared photography generally is superior for species
identification, plant vigor measurements, and vegetation mapping (Jones 1977), and these images
may be useful in identifying bankline vegetation that is stressed by root exposure and bank
failure.

3.2 MEANDER GROWTH AND SHIFT

Meander growth involves a change in the dimensions of a meander. Meander amplitude and
width increase as a meander enlarges. At the same time the radius of curvature of the bend will
increase. Meander shift involves the displacement of the meander in a downstream direction.
Usually the meander both grows and shifts downstream, although some parts of the bend can
actually shift upstream. Figure 3.1 presents the various modes of meander loop behavior.

Meander growth and shift not only cause bank erosion at the crest and on the downstream side of
the limbs of a meander, but it also changes the flow alignment. Increased meander amplitude
results in a local reduction in channel slope with possible aggradation in the bend. All of these
factors represent hazards to a bridge. Meander growth and shift will be of greatest significance
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where discharge is great, bank sediments are weak, and bank vegetation is negligible due to
aridity or to agricultural practices.

Lateral and downvalley movement of meander bends is a characteristic feature of alluvial rivers
and one of the most conspicuous changes affecting fluvial landscapes (Gregory 1977). In order
to determine the relative stability of the bend, a historical investigation using maps and aerial
photographs is needed. If investigators can obtain clear evidence of meander shift, they can
estimate future channel change. Obviously, if the shifting meander encounters bedrock or more
resistant alluvium, the rate of shift will decrease. Therefore, a soils and geologic investigation of
the site should be made to determine the variability of the resistance of the bank material.

DIRECTION
OF FLOW

A. Extension, B. Translation, C. Rotation, D. Conversion to a Compound loop, E. Neck Cutoff
by Closure, F. Diagonal Cutoff by Chute, G. Neck Cutoff by Chute

Figure 3.1. Modes of Meander Loop Behavior (Brice 1977).
3.3 CUTOFFS

A cutoff is a new and relatively short channel formed across the neck of a meander bend. This
drastically reduces the length of the stream in that reach and significantly steepens its gradient.
The neck cutoff has the greatest effects on the channel. Another type of cutoff is the chute cutoff,
which forms by cutting across a portion of the point bar. The chute cutoff generally forms in
recently deposited alluvium, whereas the neck cutoff forms both in recent alluvium and in older
consolidated alluvium or even in weak bedrock.

The consequence of cutoffs of both types is that the river is steepened abruptly at the point of the
cutoff. This can lead to scour at that location and a propagation of the scour in an upstream
direction. If a bridge is located upstream from the cutoff, the results are similar to those
described for degradation and nickpoint migration.

In the downstream direction, the gradient of the channel is not changed below the site of the
cutoff, and therefore the increased sediment load caused by upstream scour will usually be
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deposited at the site of the cutoff or below it, forming a large bar. Downstream from the cutoff a
bridge will be affected by aggradation, downfilling, and bar formation.

It is very easy to identify where a meander has been cut off. However, the problem is not so
much to identify where a cutoff has occurred, but where it will occur. Generally, this can be done
by examining a sequence of aerial photographs to determine the rate at which bank erosion is
decreasing the width of the meander neck. In addition, if through time an increase in the
amplitude of a bend or the sinuosity of a reach can be noted, then that bend or reach may be
susceptible to a cutoff, because the increasing length of the channel is accompanied by a
decrease of gradient and the ability of the channel to transport its sediment load.

3.4 AVULSION

Avulsion is the abrupt change of the course of a river. A channel is abandoned and a new one
formed as the water and sediment take a new course across the flood plain, alluvial fan, or
alluvial plain. A meander cutoff is a type of avulsion because of relatively rapid change in the
course of a river during a short period of time, but avulsion, as defined here, involves a major
change of channel position below the point of avulsion.

A new channel forms below the point of avulsion. If the channel avulses into an existing, smaller
channel, a large increase in discharge and sediment load will result, and the bridges downstream
of this channel will be inadequate and presumably destroyed. A bridge on the abandoned channel
below the site of avulsion will appear to be significantly overdesigned. If, through avulsion, the
river takes a shorter course to the sea, the gradient will become steeper, and scour above the
point of avulsion is certain unless a bedrock control prevents upstream degradation. A bridge
located above the point of avulsion will still span the channel, but it may be subjected to
degradation and nickpoint migration.

It is an easy matter to identify where avulsion has or is taking place. The problem is
identification of a site of potential avulsion so that this can be prevented or steps can be taken to
mitigate the effects of avulsion when it occurs. In a progressively aggrading situation as on an
alluvial fan, the stream will build itself out of its channel and be very susceptible to avulsion. In
other words, in a cross profile on an alluvial fan or plain, it may be found that the river is flowing
between natural levees at a level somewhat higher than the surrounding area. In this case
avulsion is inevitable. Crossing of alluvial fans often poses continual maintenance problems due
to aggradation of the channel and its tendency to sudden and drastic shifts in alignment
(avulsion). It is normally preferable to cross near the apex or head of the fan where the
opportunity for channel shifting is limited.
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4. DEGRADATION AND AGGRADATION

In this chapter, we present hazards contributing to gradation problems and the description
manner is the same as previous chapter.

4.1 AGGRADATION

Aggradation is defined simply as the raising of a streambed by deposition. Aggradation is not
local fill, but rather a major adjustment of a river to external controls. Fill is a local raising of the
streambed that does not influence the longitudinal profile or gradient of the stream except
locally.

The main effect of channel bed aggradation and fill is to reduce bridge clearance. However,
aggradation may continue to the extent that new hazards are generated. For example, it may
cause avulsion, meanders to cutoff, and channel pattern change. In addition, aggradation may
lead to bank erosion as bar formation changes flow paths, and decreased channel capacity will
increase flooding with the potential for damage to the bridge and its approaches.

Aggradation may be recognized only after it has become a significant factor causing overbank
deposition and bank erosion. However, where the channel is being rapidly aggraded, the process
is easily recognized. Patterns of deposition on the channel bed and flood plain and burial of trees,
fences, and other structures may be evidence of aggradation. The clearest evidence of
aggradation is usually morphologic. A significant increase in the width-to-depth ratio with time
may also be an indication of scour and aggradation. Aggradation is also indicated by the
appearance of sand and gravel bars where they did not previously exist (Pfankuch 1975), and in
general the development of a braided channel. Reaches near the confluence of large streams and
immediately upstream of reservoirs are susceptible to aggradation, as are flow expansion zones
downstream of bridges, areas upstream of culverts and locations where debris accumulates (Neill
1973). An increase of overbank flooding may indicate aggradation or channel capacities are
reduced. Although the main channel frequently may not show evidence of aggradation, the
smaller tributaries joining the channel will also be aggrading as a result of a rising base level. If
such a consistent pattern of tributary aggradation and backfilling can be detected, it is evidence
of main channel aggradation.

4.2 BACKFILLING AND DOWNFILLING

Backfilling is deposition of channel filling from downstream to upstream. Backfilling differs
from aggradation as defined earlier because it starts at one location in the channel and then is
propagated upstream. Downfilling occurs when deposition progresses in a downstream direction,
and it is the reverse of backfilling.

Consequences of backfilling and downfilling at a bridge site will be similar to those of
aggradation. The channel bed will rise as the wave of sediment passes, and the clearance beneath
the bridge will be decreased. Increased flooding will result as the channel fills, and this may
cause erosion of bridge approaches and perhaps even a bypassing of the bridge site.
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The identification of backfilling and downfilling will be much easier than the recognition of
aggradation because not only is the change progressive through time, but also it is progressive
along the stream channel. A change in the width-depth ratio of the channel from a low to a high
value with no other apparent control will indicate backfilling and downfilling. The channel
pattern may change to braided in the reach where deposition is dominant, and evidence of more
frequent overbank flooding should be apparent. All of the evidence of aggradation can be used as
evidence for backfilling and downfilling once this process has begun in a reach.

4.3 NICKPOINT MIGRATION

A nickpoint is an abrupt change or inflection in the longitudinal profile of the stream. A
nickpoint in alluvium moves upstream, especially during floods. As the nickpoint migrates past a
point, a dramatic change in channel morphology and stability occurs.

The result of nickpoint formation and migration is, of course, lowering of the streambed. Erosion
will be dramatic as a headcut or nickpoint migrates under a bridge. As the nickpoint migrates
further upstream, the quantity of sediment delivered to the reach at which a bridge is located
increases greatly due to the erosion of the bed upstream and subsequent erosion of the banks of
the stream. Therefore, a period of degradation may be followed at a bridge by a period of
aggradation.

The most obvious and simplest way to identify nickpoints is by the use of aerial photographs. On
topographic maps of large scale, the nickpoint will be represented by closely spaced contours. Of
course, if longitudinal profiles are available or can be surveyed, they will show the break in the
longitudinal profile of the stream that is the nickpoint. A change in the dimension of the channel
and a change in the character of the bankline may indicate nickpoint migration. A low width-
depth ratio below the nickpoint is an indication of scour and deepening of the channel. Bank
erosion is also a possible consequence of nickpoint migration and a shape change in the bankline
characteristics representing a change from stability to instability may identify the position of a
nickpoint. It may also be possible to identify the location of a nickpoint by studying riparian
vegetation. The passage of a nickpoint may cause the death of trees, which are frequently
replaced by other types of hardy drought-resistant plants.

4.4 DEGRADATION AND SCOUR

Degradation is defined as the lowering of a streambed by erosion. Degradation is not local scour,
but rather it is a major adjustment of a river to eternal controls. The adjustment takes place over
long reaches of channel. Scour, on the other hand, is local erosion of the streambed that, except
locally, does not influence the longitudinal profile or gradient of the stream.

The effect of degradation and scour is to deepen the stream channel. Many bridges are wholly or
partially supported by the friction generated between the piles and the underlying alluvium.
When degradation and scour occur around the bridge foundation, the soil resistance support is
reduced, and the bridge may fail. The deepening of the channel may also cause the undermining
of banks and widening of the channel with failure of the approaches.

It may be difficult to identify a reach of channel that is being degraded or scoured when the
process is in its early stages or if the process is slow. In fact, without other data bed erosion may
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be recognized only after it has become a significant factor causing bank erosion or instability of
structures. The development of a thin armor of coarse sediment due to hydraulic sorting usually
indicates that degradation has occurred. The armor may have prevented further degradation, but
a large flood may breech the armor and renew the process. Relatively infrequent overbank
flooding suggests increased channel capacity. If floodplain vegetation and soil indicate relatively
infrequent overbank flow, the incision is a possibility. Although the main channel may not show
clear evidence of degradation, smaller tributaries to the channel will be degrading as a result of
main channel incision, or they may contain nickpoints. If such a consistent pattern of tributary
degradation and nickpoint distribution can be detected, it is evidence of main channel
degradation.

17






S. RAPID CHANNEL STABILITY ASSESSMENT METHOD

There are basically two ways to identify stream instability at bridge sites and to assess their
potential effect on a bridge site. The first is a historical approach by stream reconnaissance and
field inspection that utilizes existing information to recognize channel change. The second is to
use remote sensing techniques like aerial photographs.

5.1 STREAM RECONNAISSANCE AND FIELD INSPECTION

The most comprehensive method of documenting stream and watershed conditions is through the
use of a detailed geomorphological stream reconnaissance. Thorne (1998) developed a
comprehensive handbook that can be used to qualitatively and quantitatively document stream
channel and watershed conditions. Thorne’s handbook includes stream reconnaissance record
sheets and guidelines for a detailed geomorphological stream reconnaissance. Johnson et al.
(1999) reviewed existing methods and parameters for evaluating channel stability and developed
a systematic rapid channel stability assessment method for gravel bed channels.

The following items present the techniques of measuring identification for meander migration
and gradation problems at bridge sites:

e Measurement from a known point to the bank of the channel can provide information on
bank erosion.

e Change in the width of the channel through time will provide a basis for calculating the rate
of bank erosion, although it may not be possible to determine whether both banks or only one
bank is eroding. Also comparison of the old maps with more recent U.S. Geological Survey
topographic maps may provide information on the rate of channel change or the lack of it.

e The history of bridge failure or bridge problems may provide clues as to the nature of river
change or the lack of it though time. At most bridge sites the height of the crown of the road
above the channel is given on the plans of the bridge. A simple measurement from the road
crown to the bed will provide a check on this distance and perhaps information on
degradation or scour at that site.

e Gauging station records for a given discharge will show if there is a change in the water
surface elevation through time. If there has been a decrease in gauge height for a given
discharge, this is clear evidence that the river is degrading during that period.

5.2 REMOTE SENSING TECHNIQUES (AERIAL PHOTOGRAPHS)

Historically, aerial photography has been by far the most common form of remotely sensed data.
Highway agencies often use aerial photography for photogrammetric and planning. Airphoto
interpretation needs to be supplemented by field study of the stream, not only at the crossing site
but also for a distance of 25-50 channel widths upstream and downstream from the site. The
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purpose of field study is to make observations on such features as bank stability, stream depth at
pools and riffles, size of bed material, and the potential for floating drift.

If a sequence of aerial photographs can be obtained that were taken during a period of several
decades, and particularly if the photographs were taken during low water, a comparison of the
photographs will show changes in channel morphology during that period. If maps or aerial
photographs of good quality are available, it is frequently possible to measure the amount of
bank erosion that has occurred in the past. When no historical information is available, it may be
possible to determine rate of channel shift by study of vegetation distribution on the floodplain.
Hickin (1974), Hickin and Nanson (1975), and Everett (1968) have made wuse of
dendrochronology to date the migration of the Beatton and Little Missouri Rivers. Rates of
channel widening can be directly determined by dendrochronology of failed vegetation on
unstable stream banks, the rate of lateral erosion at a site being determined from the average
width of a failure zone divided by the time since failure.

Brice (1982) presents a useful procedure for measuring lateral bank erosion rates from aerial
photographs.
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6. PREDICTION OF MEANDER MIGRATION

6.1 BEGIN, Z. B., 1981, “STREAM CURVATURE AND BANK EROSION: A MODEL
BASED ON THE MOMENTUM EQUATION.”

The centripetal force is responsible for deflecting the flow around the bend and is equal to the
apparent reactive force of the flow on the bend. Based on this concept of centripetal force, the
equation for the radial stress (¢;) of flow on a meander bend is:

_F _ pOV
¢ = 4, Y(R +w/2) &)

where:
F (N) = centripetal force
A, (m?) = area of outer bank
p (kg/m?) = fluid density
Q (m’/s) = discharge
V (m/s) = flow velocity
Y (m) = mean flow depth
R. (m) = radius of curvature
W (m) = top width

Although it is not suggested that the radial stress is directly responsible for meander bend
migration or failure of bank protection countermeasures, Begin did show that the radial stress is
related to meander migration.

6.2 BEGIN, Z. B., 1986, “CURVATURE RATIO AND RATIO OF RIVER BEND
MIGRATION UPDATE.”

Using the momentum equation it was shown (Begin 1981) that the radial force, F, per unit bank
area A exerted by a flow on the external bank of a circular river bend is:

F _ccC 7J2(1—cos0) 5
A — Yu

- pU (6.2)

where:
F = radial force
A = unit bank area
C, = a non-dimensional constant relating mean flow velocity U to thalweg velocity Uy,
(Cu=UyU)
0 = the deflection angle (in radians) of the bend
p = water density
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U = mean flow velocity
C = a non-dimensional constant defined as follows:

1 w —Dtana
[37)

C= 6.3
1 (6.3)
w2

where:

w = channel width
R = the radius of river bend at its center line
D = a constant relating the channel bottom topography y/r to ¢

0 = the angle of deviation between the directions of the bottom flow and the mean flow
(Rozovskii 1961)

tang = DL (6.4)
r

where:
y =local flow depth
r = radius of curvature

The constant tano is the dynamic friction coefficient of the bedload due to mutual collisions
between grains, its values lying between 0.37 and 0.75 (Bagnold, 1966).

If for several bends in a certain reach of stream, C,, 0, p, and U are assumed to be constant, the
differences in the radial force per unit area acting on the external bank, from one bend to another,
are dependent upon the curvature coefficient C.

The correlation between M and C for the 16 bends of the Beatton River (Table 6.1) is shown in

Figure 6.1, in which C was calculated taking D = 11 and tano. = 0.58. On the basis of this
correlation, Fig. 6.1 was drawn with a linear correspondence between M and C.
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Table 6.1. Data on Bend Curvature and Rate of Bend Migration for Beatton River,

Canada.
Site number* R/w* c’ Rate of bend migration* (M), m/yr

(1) (2 @) (4)
2.96 0.106 0.62

2 3.45 0.107 0.60

3 2.38 0.102 0.31

4 2.65 0.105 0.70

5 2.87 0.106 0.41

6 3.97 0.105 ' 0.57

7 6.34 0.090 0.31

8 1.18 0.062 0.15

9 4.42 0.102 0.55

10 2.31 0.102 0.46

11 1.35 0.072 0.38

12 13.00 0.058 0.21

13 1.90 0.093 0.25

14 8.17 0.079 0.16

15 4.84 0.100 0.41

16 3.94 0.105 0.69

a: From Nanson and Hickin (1983)
b: Calculated through Eq. 6.3, with D = 11 and tano. = 0.58

M
m/yr

0.8
0.6
0.4

0.2

0.0
.05 .06 .07 .08 .09 10 A

c
Dashed Line Represents Theoretical Maximum Possible Value of C,
for tanot=0.58 and D = 11.

Figure. 6.1. Correlation between Theoretically Derived C and Measurements of
Bend Migration Rate M. (Begin 1986).
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It is concluded that a wider range of values of the curvature ratio R/w, the curvature coefficient C
of Eq. 6.3 is well correlated with the ratio of channel migration M of the Beatton River, taking D
=11 and tano. = 0.58. Bank erosion is determined by the shear stress exerted on the bank by
stream flow, but this shear stress is proportional to the radial force per unit area acting on the
bank. According to the average behavior of M, as represented by C versus R/w curve (Figure
6.2), the rate of bend migration is expected to be close to zero at (R/w) <1 and at (R/w) > 18.

M
{m/yr) c
0.7 r o [}
06 | ° o
~{0.H
0.5
-10.10
0.4 -10.09
0.3 0.08
0.2 0.07
0.06
0.1
0.05
0 1 1 1 1 ] 1 1 1 1 1 1 1
2 4 6 8 10 12
R/w

Figure 6.2. Relationship between Stream Curvature R/w, Rate of Bend Migration M
in m/yr and Coefficient C (Begin 1986).

6.3 BRICE, J.C., 1982, “STREAM CHANNEL STABILITY ASSESSMENT.”

Bank erosion rates for streams are likely to differ from one time span to the next and also from
place to place along the stream. Hooke (1980) found that maximum erosion rates occur at
discharges near bankfull. The erosion associated with a major flood probably depends more on
duration than on magnitude.

Bank erosion rates tend to increase with increase in stream size. In Figure 6.3, channel width is
taken as a measure of stream size. The dashed line curve is drawn arbitrarily to have a slope of 1
and a position to separate most equi-width streams from most wide-bend and braided point-bar
streams. For a given channel width, equi-width streams tends to have the lowest erosion rates,
and braided point-bar streams the highest. Braided streams without point bars plot well below the
arbitrary curve because their channels are very wide relative to their discharges. Channel width is
an imperfect measure of stream size, as are drainage area and discharge, particularly for the
comparison of streams in arid and semiarid regions with streams in humid regions.
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Figure 6.3. Median Bank Erosion Rate in Relation to Channel Width for
Different Types of Streams (Brice 1982).

The relation between sinuosity and the erosion index for streams of different type is shown in
Figure 6.4. The erosion index was obtained by multiplying the erosion rate in channel widths per
year by the percent of reach eroded times 100. For engineering purposes, the relation between
sinuosity and stability is summarized as follows:

e Meandering does not necessarily indicate instability. In Figure 6.4, equi-width streams
having sinuosity in the range of 2-2.8 are among the most stable streams. An unstable stream
will not remain highly sinuous for very long, because the sinuosity will be reduced by
frequent meander cutoffs.

e Where instability is present along a reach, it occurs mainly at bends. Straight segments may
remain stable for decades.

e The highest erosion index values are for reaches whose sinuosity is in the range of 1.2 to 2
and whose type is either wide bend or braided point bar. An erosion index value of 5
separates these types from most equi-width streams, and it also approximates the rate of
erosion at which loss of agricultural land becomes obvious. It is an unstable boundary
between stable and unstable reaches.
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Figure 6.4. Erosion Index in Relation to Sinuosity for
Different Types of Streams (Brice 1982).

6.4 CHANG, H.H., 1984, “ANALYSIS OF RIVER MEANDERS.”

The meander curvature and other geomorphic features for rivers are analyzed using an energy
approach with relations for flow continuity, sediment load, resistance to flow, bank stability, and
transverse circulation in channel bends. The analysis establishes the maximum curvature for
which a river does the least work in turning. This curvature, stated as the radius of curvature to
channel width ratio, has an average value of 3; it shows only minor variation within the
meandering range. Meandering development is explained by the river’s tendency to seek
minimum channel slope for the given conditions. The analysis demonstrates how uniform
utilization of power and continuity of sediment load are maintained through river meanders.

The maximum curvature in terms of r/B is found to be a function of the channel slope,
discharge, sediment size, and the average width-depth ratio, as shown graphically in Figure 6.5.
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Figure 6.5. Relation of Maximum Curvature with Slope, Discharge, Sediment Size,
and Width-Depth Ratio (Chang 1984).

The rate of channel bend migration reaches a maximum value when the value of r./B
approximates 3. The rate of channel migration rapidly declines for bends with values of r./B
greater or less than 3. The width-depth ratio is found to be an important factor governing
meander geometry. Small values of this ratio indicate the possibility of development of very
sinuous channels.

While transverse circulation causes increased power expenditure, the increase is matched by an
increase in sediment efficiency contributed by the circulation. The meander geometry is adjusted
in such a way that minimum power is expended per unit length of the channel while uniform
utilization of power is maintained along the channel reach.

The channel slope is usually less than the valley slope. When the sinuosity, or the ratio of valley
slope to channel slope, exceeds 1.5, the river is considered to have a meandering channel pattern.
Within the range of meandering rivers, the width stays essentially constant along the channel.
The maximum curvature for which a river does the least work in turning is stated as the radius to
width ratio, which has an average value of about 3.

6.5 CHANG, T. P., TOEBES, G. H., 1980, “GEOMETRIC PARAMETERS FOR
ALLUVIAL RIVERS RELATED TO REGIONAL GEOLOGY.”

From the analysis of meandering river planforms such as the Wabash River and the White River
systems in Indiana, the following conclusions were revealed:

(1) the mean radius of curvature, Ry, was found to be a better measure of the size of a meander
planform than a statistically determined meander wavelength;
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(2) the average discharge, Q,y, is found to be a better measure of river size than the bankfull
discharge or other measures derived from frequency curve; and

(3) glaciation was used as an indicator for the roles which sedimentation, soil, and local geology
have in determining meander planforms. It can be expected that glacial geology reflects soil
condition, which controls channel sedimentation and hence meander pattern.

R, =240, (older) Illinoisan glaciation (6.4)
R, = 197Qav1/3 (younger) Wisconsin glaciation (6.5)
R, /W =690, """ (all glacial regions) (6.6)
where,

Ry (ft) = mean radius of curvature
Q. (cfs) = average discharge

From the above relationship it is seen that the common assumption of linear similarity of
meander planform is not true. Instead, the common geometry similarity ratio, R/W is a function
of flow rate.

6.6 CHITALE, S. V., 1980, “SHAPE AND MOBILITY OF RIVER MEANDERS.”

In bend flow, the centrifugal force generates superelevation ‘ Ak ’given by

_av,'w

8hn
where:
o, = the velocity correction factor
W (m) = the channel width at water surface
Vi (m/s) = the mean channel velocity
g (m/s?) = the gravitational acceleration
I'm (m) = the radius of curvature of the centerline of the channel.

Ah

(6.7)

In a straight channel, the velocity distribution across the section is normally such that high
velocities occur in the central portion and they gradually reduce towards the banks. In bend flow
the effect of secondary circulation is to shift the maximum velocities towards the concave bank;
this shift depends on bend angle, boundary friction as reflected by the coefficient ‘c’ in the
Chezy formula, and the shape factor ‘D/W’ which is the ratio of depth to width of channel
section.

Rozovskii (1961) has shown that for a given bend angle and C value, the shift of maximum

velocity location towards concave banks is less in the case of smaller values of ‘D/W’ implying
shallower and wider cross-sections. In other words, in shallower and wider channels, the
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establishment of higher velocities along concave banks requires a bigger bend angle. Maximum
velocities along concave banks are obtained near the apex of the bend in the case of a narrow and
deep channel section. They are obtained further downstream beyond the apex of the bend for
channels having wide and shallow cross-sections.

In cases of natural channels with erodible bed and banks, higher velocities along the concave
bank in a bend create bigger depths. The vertical velocity distribution is also affected due to
helieidal flow, and the maximum velocity along a vertical profile is obtained at an elevation
below the top, with the result that the side slope of the concave bank becomes steeper due to side
erosion. Deeper depth and steeper side slope along the concave bank leads to instability of bank
slope in accordance with the relationship

_4C coty
Yy 2

h (6.8)

where:
h (m) = the vertical height of stable bank
C (N/m?) = cohesion
v (N/m®) = specific weight of soil
¢ = angle of slope

6.7 COMES, B. M., 1990, “IDENTIFICATION TECHNIQUES FOR BANK EROSION
AND FAILURE PROCESSES.”

The hydraulic laboratory of the U.S. Army Engineer Waterways Experiment Station (WES)
developed techniques to design small flood-control channels. A component of this research is the
investigation of bank failure processes. The failure processes have been classified by type of
failure, and guidance is being developed to assist field investigators in identifying conditions
under which each type of failure occurs.

Several causes that contribute to bank erosion process are:
1. surface soil abrasion:

rainwater impact,

aeolian transport,

ice,

overbank drainage (rilling and gullying), and
waves (wind and vessel induced).

2. subsurface soil alteration:

e frost heaves,
e permafrost,

e piping,
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o freeze/thaw,
e stage fluctuation, and
e vegetation.

3. fluvial entrainment:

vessel propeller forces,
water currents,

point bar building, and
headcutting.

The bank assessment guidelines consist of three sheets: a valley and channel survey, a left-bank
survey, and a right-bank survey. The valley and channel survey is divided into sections. The
sections address the area around the valley, the valley sides, the vertical and lateral relation of the
channel to the valley, and a description of the channel. Information sources for this part of the
survey are aerial photographs, plots of the channel’s thalweg, soil boring samples, and, of course,
a field visit. The left- and right-bank survey forms are identical and contain sections addressing
the bank’s materials, geometry, and vegetation; the erosion processes and their extent; the bank’s
failure modes; and the location and nature of the failed material. Additional research is being
conducted to investigate the feasibility of dynamic boundary movement in finite element
numerical models that could be applied to the calculation of bank failure rates.

6.8 DIEHL, T. H., AND BRYAN, B. A., 1993, “SUPPLY OF LARGE WOODY DEBRIS IN
A STREAM CHANNEL.”

Accumulations of large woody debris at bridges have caused increased backwater and bank
scour at bridges. Tree trunks with attached root masses play a key structural role in debris
accumulations at bridges. Debris production is associated with bank instability, which more often
occurs throughout stretches of widening channels, and along the outside bank of bends where the
channel is migrating laterally. Researchers can detect lateral channel migration and widening on
maps and aerial photographs. High and steep banks, erodible bank materials, and a history of
channel widening or migration all are useful as indicators of potential bank erosion and
consequent debris production.

6.9 GILJE, S. A, MARCH 1979, “DEBRIS PROBLEMS IN THE RIVER
ENVIRONMENT.”

Many states have identified hazards associated with debris, but the extent and the importance of
the problem are not understood. Debris is particularly troublesome in actively meandering
streams because of the continuing lateral erosion of the stream banks. Therefore, if possible,
piers on straight reaches should not be placed in the mainstream or on the outside of meander
bends where debris will flow during the main flood event. It is generally conceded that solid
piers with smooth edges should be used in a stream. Furthermore, a logical way to eliminate
debris accumulation at bridges is to locate piers out of the main flow. Countermeasures that can
be used against debris are deflectors, fins, or cribs and collectors. Deflectors require flow control
structures to insure stable flow conditions. Environmental consideration, in addition to
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hydrology, hydraulics, and river geomorphology, play an active part when dealing with flood
hazards. Debris accumulation at stream crossings is a stream hazard of considerable importance.
Countermeasure guidelines are available for debris at culverts, but more guidance is needed for
controlling debris at bridges. With costs of bridge construction escalating, the need for improved
designs and countermeasures against stream hazards are important in insuring that new
structures, and those in existence, serve for as long as possible. Proper recognition of debris
problems coupled with the tools needed to deal with debris will do this effectively.

6.10 HAGERTY, D. J., HAMEL, J. V., 1989, “GEOTECHNICAL ASPECTS OF RIVER
BANK EROSION.”

The extensive field studies performed at sites on the Ohio River demonstrated that erosion occur
through stratified by a combination of mechanisms. The failure of in-place bank soils was
initiated by removal of the coarser grained layers in any given alluvial bank by water flowing out
of the bank face. This type of mechanism, termed “sapping” or “piping,” has been found in
recent years to occur widely in many different environments. With recognition of interflow as an
important component of basin drainage, more and more attention has been given to piping as a
primary mode of gully and rill formation. The overall stability of a bank consisting of layers of
alluvium was found to depend on the permeability, capillary suction, and geometry of the more
pervious layers in the sequence of strata. Obviously, if the stream did not remove the debris from
the bank failures, a berm would be created, in time, which would inhibit further failures. The
maximum height of river rise and the total duration of a flood event were found to govern how
far water invaded the pervious layers, and how much of the layers was removed by water
flowing back out of the banks. Researchers found the removal of bank soil to be very insensitive
to the shape of the flood hydrograph. The strength parameters of the overlying soil layers were
found to govern where failure occurred.

Geotechnical aspects of riverbank failure and erosion are highly site-specific as a result of site
geologic, geotechnical and hydraulic conditions. The geotechnical framework of each bank reach
therefore must be developed in detail sufficient to characterize existing failure and erosion
processes, in order to anticipate future bank behavior and to design stabilization measures as
necessary.

6.11 HARVEY, M. D., 1989, “MEANDERBELT DYNAMICS OF THE SACRAMENTO
RIVER.”

There are both short- and long-term meander migration rates on the Sacramento River because
meander migration is a discontinuous process dependent on the occurrence of morphogenetically
significant flood flows. Comparison of the short- and long-term migration rates for the bends
with R, values indicates that the long-term migration rates are lower than the short-term rates,
which indicates that the recent hydrological record is very important in determining migration
rates.
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6.12 HASEGAWA, K., 1989, “UNIVERSAL BANK EROSION COEFFICIENT FOR
MEANDERING RIVERS.”

A relation for the rate of bank erosion, and thus channel shift, was derived from the equation of
sediment continuity. The erosion rate should be proportional to the near-bank excess streamwise
flow velocity Ug.

An appropriate estimate of the parameter A (scour factor) allowed for the determination of a
relatively high correlation between the erosion rate and the value of the u, at least for three

rivers in Hokkaido.

Sequential maps of river planform can be used on phase shift that optimizes the correlation
between the erosion rate and the near-bank excess streamwise velocity. The value of A so
obtained, however, is partly a function of the time between the successive maps.

The effective bank erosion coefficient can be expected to be a function solely of bank soil
properties, and those decrease as N, increases; here N, is the value of the standard penetration

test. The curve displaying the higher erosion rate corresponds to banks in which sand and gravel
dominate; for clayey beds the curve yields lower erosion rates. Furthermore, the erosion rate
tends to be modest when the bed material adjacent to the bank is very fine or very coarse, but
becomes largest for the case where the adjacent bed material is medium to coarse sand.

6.13 HERR, L.A., 1970, “THE CONTROL OF EROSION AND SEDIMENT IN
HIGHWAY CONSTRUCTION.”

The cost of maintaining our highways increases as our highway mileage increases, and the public
expects better service nowadays. It is not possible to build a highway that requires no
maintenance. Instead we try to protect the right-of-way in a manner that keeps erosion to a
minimum and is easy to maintain. Mild slopes and wide channels with grass cover in humid
regions give a good appearance and can be maintained with power equipment. Natural
vegetation, such as shrubs and trees reserved or planted in certain areas of the right-of-way,
provides excellent protection from erosion and requires little attention.

Erosion and scour of the banks and beds of streams and rivers are problems, both during design
and construction of our highways and for years after they are built. Rivers change course and
meanders move downstream which makes our bridge piers and abutments vulnerable to attack by
the main current. In some cases, the initial main river bridge becomes ineffective as a waterway.
In such a case expensive revetments or additional openings must be constructed. Channel
changes made downstream from our highway structures cause degradation of streambeds, which
makes foundations of existing bridges unsafe and has caused failures. Maintenance engineers
must watch highway drainage structures and streams adjacent to the highway to detect and
correct serious scour and erosion before a failure occurs. This is particularly true where flood
control works or channel changes might affect channel stability.

When crossing streams that had wide flood plains, we found that it is both economical and

feasible in some locations to use embankments in combination with bridges. However, the flood
flow diverted from the flood plain by the embankment must pass through the bridge opening.
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This lateral flow can cause severe scour around the bridge abutment, even to the extent of
causing failure of the structure. In such locations we have made extensive use of spur dikes,
either permeable or earth fill types. These dikes aid in aligning the flow through the structure and
move the scour hole upstream and away from the bridge. Sometimes spur dikes are installed as a
remedial measure after severe scour develops.

Most highway engineers recognize that they must consider erosion control in the design and
construction phase rather than the old way of taking care of it with maintenance forces. We are
all aware that disturbing the soil during any construction, highway or otherwise, inevitably
brings some sediment and turbidity to our streams, but with proper design and careful
construction we can build a product which is functional and reasonably safe with minimum
disturbance to natural values.

6.14 HICKIN, E. J., 1977, “THE ANALYSIS OF RIVER-PLANFORM RESPONSES TO
CHANGE IN DISCHARGE.”

Meandering empirical relationships are as follows:

A A R
—Z=10 == — =2 A=z=100"” wW=z=Q0% 6.9
W 7 W 0 0 (6.9)

where:
A = meander wavelength (m)
W = bankfull channel width (m)

R = radius of channel curvature (m)
Q = bankfull discharge (m?/s)

The results produced using data taken from nine meandering reaches in this paper are different to
these equations because of distortions resulting from strong or weak boundary materials from the
formation of cut-offs and other disturbing factors. In spite of the apparently subjective basis for
equations, some subsequent research in open channel hydraulics suggests that such relations
should indeed exist.

6.15 HICKIN, E. J., AND NANSON, G. C,, 1984, “LATERAL MIGRATION RATES OF
RIVER BENDS.”

The channel migration rate is essentially affected by a sediment transport. If the effects of bend
curvature are held constant for the Beatton River, dimensional analysis yields an expression in
which migration rate is related to the ratio of driving to resisting forces in the bed.

The parameters 7y, (coefficient of bank strength or of resistance to lateral erosion) is largely

dependent on grain size, and the task of specifying the channel migration process is essentially a
bed sediment entrainment problem.
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They show that Y, s (lateral migration for r.,/W = 2.5) is a simple function of stream power per
unit channel length Q(Q =1VW = pgQS), outer bank height (thalweg to bank crest) h, and a

coefficient of resistance to lateral migration 7,

[(r. /W
Y, =Y u] for 7. /W > 2.5 (6.10)
‘ 2.5
YZS:YL for 1<r, /W<2.5 (6.11)
S (m)-1
where:
Y,h . 1
=—= constant for a given bank strength = —
Q Vs

6.16 HOOKE, J. M., 1980, “MAGNITUDE AND DISTRIBUTION OF RATES OF RIVER
BANK EROSION.”

The rates of bank erosion in rivers in Devon, England, over a 2.5-year period (Jan. 1974 to June
1976) are compared with those published in the literature and derived from maps for various
time periods between 1840 and 1975. The map rates are generally lower than the field rates. The
difference is due to the methods of measurement, but this seems unlikely to account for the
magnitude of the change in rate at some sites.

A second possible cause of the difference in rates is the magnitude-frequency of events,
including a change in discharge conditions or the inherent variations in channel activity such as
change in land use, increase in urbanization, and changes in agriculture. The rates vary
considerably even between sites close to one another on the same stream, experiencing similar
conditions of discharge, precipitation and temperature. This variation implies that the
characteristics of the sites themselves influence the rates of erosion.

A comparison of the rates from the Devon streams with worldwide published rates (Figure 6.6)
demonstrates that the Devon rates are not abnormally high and comparable rates have also been
measured elsewhere in the British Isles. Figure 6.6 show some relationship to size of stream as
measured by catchment area. A multiple regression analysis used to investigate the influence of
site factors on rates of erosion revealed the extent of the scaling factor and the square-root
relationship between rate and catchment area. So the following equations are derived.

Y (m/year) = 8.67 + 0.114 A (km?) (r=0.73) (6.12)
Y =245 A" (r=10.63) (6.13)
where:

Y (m/year): bank erosion rate
A (km?): catchment area
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Figure 6.6 Relationship between Erosion Rates and Catchment Area (Hooke 1980).

6.17 HUDSON, H. R., 1982, “A FIELD TECHNIQUE TO DIRECTLY MEASURE RIVER
BANK EROSION.”

Presently used techniques have provided valuable information on processes and rates of retreat.
However, inadequacies in these techniques were found in common field situations. Present
methods of measuring riverbank erosion suffer from two major handicaps. Firstly, they often
inadequately describe the form of the bank, which may result in an inaccurate amount and rate of
material removal. Secondly, existing techniques may not be able to record intermediate rates of
bank erosion, which may be the most important events over the long term (Wolman and Miller
1960).

Bank profiling is a hybrid of horizontal straight edge leveling (Trutman, undated), baseline
surveys (Wolman 1959), and multiple erosion pin surveys (Twidale 1964).

The technique may provide details of bank erosion of intermediate magnitude (0.10-10 m) over
periods of days to years. When retreat is generally small but where great rates of erosion might
result from extraordinary bank scour and/or collapse, the technique may be used in conjunction
with erosion pin measurement. With very rapid, larger magnitude (meters per hour) bank retreat,
the potential hazard to personnel suggests baseline to bank edge measurements, supplemented by
photography, would be all that are feasible.
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6.18 KEADY, D. M., PRIEST, M. S., 1977, “THE DOWNSTREAM MIGRATION RATE
OF RIVER MEANDERING PATTERNS.”

The purpose of this study is to develop a generalized relation from which the downstream rate of
meander migration in alluvial materials could be determined. It was presumed that this could be
accomplished, to some degree, by analysis of data already available in published reports on
particular rivers, maps and related data, and airphotos and related data. The analysis would, of
course, be subject to constraints imposed by the available data. Only relatively free meander
patterns were considered in this study (That is, those subject to minimal influence by man’s
activities).

It seems reasonable to assume that the rate of downstream migration is somewhat related to an
intensity of boundary shear, which, in turn, might be related to free surface slope of the river and
the specific weight of the water. Using meander amplitude as a measure of stream and channel
size and preserving dimensional balance, the following equation is derived:

L4 (6.14)
=

Where:
V (ft/yr) = rate of migration
g (ft/sec?) = gravity
A (ft) = meander amplitude
S = free surface slope
0 is function of slope

Here, the meander amplitude was taken as one-half the lateral distance between the envelopes of
the thalweg extremities. Free surface slopes were determined from surface profiles or
measurements from contour maps. The data used in this study were obtained from published
reports by Causey, on the Red River in Arkansas and Louisiana, and Neill and Galay, on the Red
Deer River in Alberta, Canada. Data used in the analysis are shown in Table 6.2, and the results
of the study are shown in graphical form in Figure 6.7.

Migration rate peaks when Sx10* =1.5. The shape of the curve should be of particular interest
to persons responsible for locating and safeguarding structures in the proximity of large streams.

Table 6.2. Data Used in the Analysis.

Identification Velocity of Migration | Meander Amplitude Slope
ft/yr ft

Mississippi R (LA) 60 13,000 .0000436
Mississippi R (MS) 111 11,000 .0000588
Mississippi R (TN) 225 13,200 .0000777
Red R (ARK) 350 2,900 .000132
Pearl R (LA) 20 1,050 .000200
Red Deer R (Canada) 20 1,200 .000275
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Tombigdee R (MS) 13 800 000421

Buffalo R (MS) 17 1,560 .000689

Mississippi R (LA)
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Mississippi R (TN)
Red R (ARK)
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Figure 6.7. Graph for Determining Rate of Meander Migration (Keady 1977).

6.19 LAGASSE, P. F., SCHALL, F. J.,, RICHARDSON, E. V., 1999, “STREAM
STABILITY AT HIGHWAY STRUCTURES,” THIRD EDITION.

Channel widening can be caused by either aggradation or degradation of the channel produced
by changes in the contribution of water and sediment to the reach. As the channel aggrades, the
channel will attempt to maintain or adjust its principal components including its cross-sectional
area. The following relationship indicates the influence of each parameter.

O <« WY ,(W/Y) ,A",P",S" (6.15)

where:
Qs (m*/s) = sediment load
W (m) = width
Y (m) = depth
A (m) = meander wavelength
P = sinuosity
S = slope or gradient
The + or — sign represents an increase or decrease, respectively, in the channel form variable.

According to this relationship, an increase in the sediment load can cause widening and
shallowing of the channel.
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Increased discharge as a result of increased runoff produced by land use or climatic changes may
result in channel degradation or incision as shown by the following relationship

Q< W™ Y,(W/Y) A", P~ (6.16)
where:

Q (m’/s) = water discharge

6.20 LANGBEIN, W. B., LEOPOLD, L. B., 1966, “RIVER MEANDERS - THEORY OF
MINIMUM VARIANCE.”

Meander geometry in terms of a sine-generated curve is defined by the following equation.
0=w sin(—ziX ) (6.17)

where:
0 = channel direction
o = the maximum angle between a channel segment and the mean downvalley axis

X = sinusodial function of distance

This curve approximates the curve of minimum variance, or least work in turning around the
bend, and describes the form of symmetrical meander paths relatively well. However, real
meanders are asymmetrical and deviate significantly from idealized, perfectly symmetrical, sine-
generated curves. Bend asymmetry occurs because the point of deepest scour and maximum
attack on the outer (convex) bank in a bend is usually located downstream of the geometric apex
of the bend. This causes the bend to migrate downstream through time, becoming skewed in the
downvalley direction as it shifts.

6.21 LEVENT, V., 1991, “MEANDER BEND EXPANSION AND MEANDER
AMPLITUDE DEVELOPMENT.”

The movement of a meander bend may be resolved into two components: the bend expansion
and bend migration. The bend expansion is the bend movement in the direction perpendicular to
the downvalley direction. Such a movement will result in an increase of the meander amplitude.
The bend migration, on the other hand, is defined as the downvalley direction movement of the
bend apexes. This paper concentrates on the bend expansion and its direct result, i.e. the meander
amplitude development. Meander bend expansion is caused mainly by erosion of the concave
bank. Based on this principle, a formula is derived in which the expansion rate is functionally
related to the bend concavity. The theoretical model is verified and tested with experimental
data, and the results show good agreement between the predicted and measured meander
amplitude. Based on the relational between the bend expansion and the sediment transportation,
a meander bend expansion rate formula is derived, which expresses the bend expansion rate.
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Three dimensions have been introduced to describe meanders. They are the length, width, and
curvature of a meander, shown in Figure 6.8.

-~
I
i
{
3
—

M Meander length
Ma Meander width
H& Meander curvature

Figure 6.8. Definition Sketch for a Meander (Levent 1991).

The analysis by Inglis (1947) confirmed that both meander length and meander width vary with
the discharge, and the meander length was given by M, = C,(Q)"? where, C; is 25 < C; < 30. It

was found that the ratio Mp/My is of the same order, or Mg/M; = 2.5 for both incised and flood
plain meanders.

The rate of bend expansion is defined as the distance by which the apexes of a concave bank
retreat in the lateral direction per unit time, and is denoted as dy,/dt (Figure 6.9).

Figure 6.9. The Movement of a Meander Bend (Levent 1991).

In order to simplify the problem, the following assumptions have to be made: (1) the flow is
steady and the sediment is uniform and non-cohesive, (2) the meander bends are circular, and (3)
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the bend expansion is due to the concave bank erosion. The last assumption relates the bend
expansion rate to the rate of the sediment transport rate by the following equation.

oL d,
=t — 6.18
9y v " i ( )

where:
s (m?) = the whole bedload of meander bend

h ~ (m) =flow depth at meander bend axis

L (m) =meander bend length
d, /dt  =the rate of bend expansion

I/n = constant because the flow depth varies with time

The flow resistance in a meander bend is considerably increased due to the form resistance of the
patterns which not much is known about. It depends on a number of factors including grain
friction, form resistance of two and three-dimensional patterns, skin friction of the non-separated
oscillatory component, and the sediment transport rate. The sediment transport coefficient is a
linear increasing function of the discharge. The causes that are considered as the origin of a
meander are: (1) local disturbances, (2) earth rotation, (3) excessive energy, (4) change in river
stages, and (5) forced oscillations. However, due to superelevation, a spiral flow is introduced
and, thus a non-symmetric mass transport is produced.

6.22 LIGENG, L., SCHIARA, M., 1989, “MEANDER BEND EXPANSION AND
MEANDER AMPLITUDE DEVELOPMENT.”

The rate of the bend expansion is defined as the distance by which the apexes of a concave bank
retreats in the lateral direction per unit time (Figure 6.10) and is denoted as (dy/dt).

Expansion rate = ﬁ)t'_

expansion

2

erosion deposition

o

.2
1]
c
[<}
a
x
)

Figure 6.10. Definition of the Expansion Rate (dy/dt) (Ligeng 1989).
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dy/dt = qw where qy is the volumetric sediment transport rate per unit width of the wall surface.
Introducing the bedload sediment transport formula by Meyer, Peter and Muller (1948), the
following equation resulted

1.5

dy _8P(r-7,) 6.19)
ot Ng
where:

T = the shear stress exerted on the bank wall

1. = the critical shear stress for sediment movement

A=(p,—p)/p

ps = the densities of the sediment

p = the densities of the water

@ = the sediment transport coefficient introduced in order to apply the bedload formula for
the bank wall

For non-cohesive bank material, the critical shear stress for sediment incipient motion is
negligible in comparison to the actual shear stress causing continuous bank erosion. Hence the
above equation is reduced to

»_ 80 7'’ (6.20)
o Ng

Because of the three dimensional flow at a river bend, the total shear stress exerted on the wall
can be divided into the vertical and longitudinal components (Figure 6.11)

| Figure 6.11. Flow Velocities and Shear Stress Close to the Wall
at a Concave River Bank (Ligeng 1989).

T=AT+7T, (6.21)
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where subscripts z and 0 represent the vertical and the tangential coordinates of a cylindrical
coordinate system. The longitudinal shear stress component can be found as

T,=pghsS (6.22)
where:

g = the acceleration of gravity

h = the local water depth

S = the water surface slope

The relationship between the shear stresses and the velocity components must satisfy

SER (6.23)

where V, and Vy are the vertical and tangential velocity components. According to Rozovskii
(1961), Eq. 6.23 has the following result:

L. k(ﬁ) (6.24)
T, r
where:

k = constant

h = local water depth
r = radius of the channel bend

Combining Egs. (6.20), (6.21), (6.22), and (6.24),

& _ 80 (pghS)”{l+(kﬁ)] (6.25)

of Ng r

Eq. (6.25) indicates that the bend expansion rate decreases with the bend radius and the
expansion rate increases with water depth. So, the lower part of the side wall suffers heavier
erosion than the upper. Consequently, an inverted bank slope can result. This could partly
explain why the bend expansion is often accompanied by sudden bank collapse at river bends.
Eq. (6.25) still needs to be improved for two reasons: 1) the radius of channel bend cannot
uniquely define a bend curvature, and 2) the channel slope (S) can change due to the bend
expansion. By introducing a bend concavity parameter (Figure 6.12): C = (b/a), the bend radius
can be replaced by

aY1l+C?
r—(EI c ) (6.26)

42



Figure 6.12. Geometric Relationships of a Meander Bend (Ligeng 1989).

The concavity can be calculated according to
C=2A/L (6.27)

where:
A (m) = meander amplitude
L (m) = meander wave length

Accordingly, Eq. (6.26) can be changed into

_(LY1+C?
r—[gI - ) (6.28)

The channel slope along a bend is equal to S =6 H /(r0), where dH is the water level difference
between the two end sections of a meander bend and is a constant; 6 is the central angle of the
bend in radians. It can be proved that 8 =27 — 4ctg™'C . Therefore, the channel slope may be
expressed by the following equation:

S:2Si( Cz\ ! _ (6.29)
1+C? J(n —2c1g7'C)

where S; =2(0H/L) is the meander valley slope. Substituting Eqs (6.28) and (6.29) into
Eq. (6.23) and replacing the local water depth (h) by (H/2) in order to have the mean expansion
rate (H= the water depth at the thalweg channel) the bend expansion rate is obtained as follows:

0.75

(0 S IS |
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where:

2

I'= 8,?) (gHS.), and K = (‘”‘—H)

ANg L

C (m/m) = bend concavity

g (m/s%) = acceleration due to gravity

H (m) = the water depth at thalweg channel

h (m) = local water depth

K = coefficient

k = a constant relating the ratio (h/r) with o, the deviation angle between the directions of
the vertical and the tangential flow

L = (m): meander wave length

r (m) = radius of concave bend

S; (m/m) = slope of the meander valley

t = time

0 = sediment transport coefficient for correcting the error due to using the bedload

sediment transport formula for the wall

Leopold and Wolman (1960) found that the following relationships between the meander
parameters held true:

L=471"% (6.31)
A=27W" (6.32)
where:

L (m) = meander wave length
A (m) = meander amplitude
r (m) = radius of curvature
W (m) = channel width
Substituting the above Egs. (6.31) and (6.32) into the Eq. (6.27) we get:

0.98
C=1.15— |=1.15 — (6.33)
W' w

where:
C (m/m) = bend concavity
r (m) = radius of curvature
W (m) = channel width

If the critical bend concavity is C=0.5-0.65, then the critical ratio (r/W) must be 1.8-2.3, which
essentially agrees with the field observations by Hickin (1974) who suggested (/W) critical = 2.1

A distinctive feature of this formula is that it takes into account the vertical shear stress
component induced by the helical flow, and the change in channel slope due to the bend
expansion. It also offers a physical explanation to the bank collapse and to the maximum
expansion rate of meander bends. The maximum bend expansion rate occurs when the bend
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concavity is equal to 0.5-0.65. The bend expansion rate decreases with the bend radius. Hence a
gentle channel bend is likely to be more stable than a sharp one.

6.23 MELVILLE, B. W., COLEMAN, S. E., 1999, “ BRIDGE SCOUR.”

Leopold and Wolman (1957, 1960) established a link between wavelength and channel width
several orders of scale of flow in a variety of natural environments. Their equations were
developed from meander characteristics of free-flowing regime channels as follows:

A=11.0W""
A=3.0w"
A=46R""
R, =24W

(6.34)

where:

A (m) = meander wavelength measured along the axis of the channel

W (m) = channel top width at the dominant discharge

A (m) = meander amplitude

R (m) = bend radius of curvature
Schumm (1968) analyzed large empirical data sets for sand bed channels in an attempt to
account for the effect of boundary materials on meander wavelength explicitly by using a weight

silt-clay index of the bed and bank sediments. The meander wavelength decreases as the
proportion of fine material in the bed and banks increases.

l — 1982 Q,(;A34M70A74
A=8720)"M ™" (6.35)
l — 666 Q0.48M70.74

where:
Qm (m’/s) = mean annual discharge
Qp (m’/s) = bankfull discharge
Qma (m3 /s) = mean annual flood
M = percent silt-clay in the channel boundary
This indicates that the greater erosion resistance of silt-clay banks results in a narrow cross-

section with steeper banks and tighter, shorter wavelength bends than those channels with non-
cohesion or less cohesion.

Schumm (1968) also proposed a relationship between channel sinuosity and the weighted silt-
clay index and the form ratio (width/depth) using the following:
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P=094M"

(6.36)
P=350F"""

where:
P = planform sinuosity
F = width/depth ratio

These equations link the characteristic wavelength of meandering channels to the formative flow
in the channel, its width, and the nature of the boundary materials.

The combination of the wavelength relations, width, and bend radius described above yields the
following relationship:

R, =2t03W (6.37)

Simon (1995) and Simon and Darby (1997) state that channel widening in association with
degradation can be predicted based on bank stability analysis. Failure of the bank occurs when
the bank height reaches a critical value h, .

h, = (c’/y)4sinicos¢’)/[1 - cos(i —¢")] (6.38)

where:
h. (m) = critical bank height
¢’ (kpa) = effective material cohesion
Y (kN/m?) = the bulk unit weight of the bank material
I (degree) = the angle of the bank surface

¢’(degree) = effective friction angle of the soil

where a tension crack is present for the bank, Simon and Darby (1997) indicate that the critical
bank height is modified by the tension crack depth, z, to

h,=h -z

’ , (6.39)
z=(2¢"/y)tan[45+(¢"/2)]
Alternative expressions for critical bank height are presented in Osman and Thorne (1988).

6.24 MOSSELMAN, E., CROSATO, A., AND HASEGAWA, K., 1991, “UNIVERSAL
BANK EROSION COEFFICIENT FOR MEANDERING RIVERS.”

The discussers think that it is important to distinguish between a bank erosion equation and a

relation for the rate of bank migration. The former gives a local description of the removal of
bank material by fluvial entrainment and mass failure as a function of near-bank flow conditions

46



and bank properties, whereas the latter describes the actual bank retreat, which is influenced by
the interactions within the morphological systems. These interactions result from the fact that the
near-bank conditions are in turn affected by the input of bank-erosion products and the changes
of geometry due to bank erosion.

Bank migration rates depend directly on the absolute value of excess velocity ug near the bank.
The magnitude of ug is determined not only by channel forms but also by the mean velocity u,
that can be expressed by formulas such as the manning equation. If the nature of the bank soil
does not change along the reaches of a river, the bank migration rates in the reach are affected by
the local water depths and streamwise bed slopes, because mean and excess velocities depend
upon them.

6.25 NAGABHUSHANAIAH, H. S., 1967, “MEANDERING OF RIVERS.”

The necessary condition for the beginning of meandering of an alluvial channel is the transport
of bed material. The most significant factors that influence meandering of an alluvial channel are
valley slope, discharge, bed material, and time. The necessary condition for the origin and
development of meander of an alluvial channel is the erosion of bed material and deposition of
the eroded material downstream. The criterion for this development is that the discharge must be
equal to or greater than the critical discharge. The relationship based on experimental results is:

M, _ 0,4@] | (6.40)
d d’

where:
My, (ft) = meander width
ds (ft) = mean diameter of bed material
Q (cfs) = discharge
S (ft/ft) = longitudinal bed slope
Q. (cfs) = critical discharge corresponding to critical shear velocity for median
size of bed material
t =time

Here, the meander width is defined as the distance between lines drawn tangential to the extreme
limits of the thalweg of fully developed successive meanders (Figure 6.13).
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Mp - MEANDER BELT.
M, - MEANDER LENGTH.
- MEANDER WIDTH.

Mw
Figure 6.13. Definition Sketch of Meandering River (Nagabhushanaiah 1967).

Meanders in V-shaped channels start from the center (deepest point) of the channel and work
inside the banks before they widen the banks. Meanders in rectangular channels start by
widening the banks (outside meander). The meander width varies with (Q- Q.)™> for constant
slope, time, and bed material. For very large discharges in flood flow, Q. becomes insignificant,
and the meander width increases with Q™°. Meander width increases with an increase in bed
slope and time. The rate of meander reduces with the increase in bed material size. The meander
development continues with time systematically and works towards an equilibrium condition.
The sediment transport in the meandering channel decreases with time and tends towards
constant value. Larger quantities of sediment are transported at increasing discharge and slope.
Meandering can be attributed to the step taken by nature to decrease the excess slope of the
channel by increasing the valley length through the development of a series of bends. The length
of the thalweg increases with time until the channel ceases to meander and attains equilibrium.
The time required to reach equilibrium may take longer when the discharge and slope increase
and bed material size decreases.

6.26 NANSON, G. C., HICKIN, E. J., 1983, “CHANNEL MIGRATION AND INCISION
ON THE BEATTON RIVER.”

The radius of curvature of bends influences laterals migration rates of meandering rivers. This
migration rate is normalized with respect to the channel width W (Figure 6.14). Normalized
migration rates (MR/W) are highest when the radius of curvature-channel width ratio (R¢/W) is
about 2.5, and they are lower when R/W is both higher and lower because of the lack of flow
convergence and energy loss, respectively.
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Figure 6.14. The Relation between Relative Migration Rates
(after Nanson and Hickin 1983, 1986).

6.27 NANSON, G. C., HICKIN, E. J., 1986, “A STATISTICAL ANALYSIS OF BANK
EROSION AND CHANNEL MIGRATION IN WESTERN CANADA.”

Mean lateral migration rates for 18 meandering river channels in western Canada are explained
statistically in terms of hydraulic and sedimentological variables. The volume of sediment
eroded from the outer bank of a meander bend is shown to be largely a function of river size and
grain size of sediment at the base of the outer bank. These variables explain almost 70 percent of
the volumetric migration rate for these relatively large, sand and gravel-bed streams. Bank
erosion and channel migration are probably largely determined by bed-material transport. It is for
this reason that a simple relationship involving stream power and basal sediment size provides
such an effective means of expressing the driving and resisting forces in this predictive model of
channel migration. Indeed, recent work by Neill (1984) has shown that if flood-plain alluvium is
differentiated into that derived from bedload versus that from suspended load, then bedload
transport rates can be accurately predicted from measurements of lateral channel migration.
Vegetation on the outer bank is seen to have little significant effect in controlling channel

migration.

6.28 ODGAARD, A. J., 1987, “STREAMBANK EROSION ALONG TWO RIVERS IN
IOWA.”

In the past, several attempts have been made to relate the rate of bank retreat to channel
characteristics to obtain an approximate relationship.
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e Brice (1982): mean erosion rate in meters per year = 0.01 times channel width in meters.

e Hooke’s (1980): mean erosion rate in meters per year = 0.05 times square root of drainage
area in square kilometers.

e Hickin and Nanson (1975, 1984): channel curvature plays an important role in determining
the rate of bank retreat.

v(m/ year)=2.0b/r, b/r,<0.32

(6.41)
v(m/ year)=02r,/b  b/r, >0.32

where:
V (m/year) = mean erosion rate
b (m) = channel width
r. = radius of curvature

e lkeda et al. (1981): their theory of river meanders assumes that the rate of bank retreat v is
proportional to the difference between the near-bank depth-averaged mean velocity and the
reach-averaged mean velocity at bank-full discharge.

The areal rate of erosion per bend A is obtained:
Ac=Vre ¢ (6.42)

where:
A (m?) = the areal rate of erosion
v (m/year) = average rate of erosion along eroding part of bank
1. (m) = radius of curvature of channel centerline
0 = bend angle

6.29 SIDORCHUK, A., MATVEEYV, B., 1997, “CHANNEL PROCESSES AND EROSION
RATES IN THE RIVERS OF THE YAMAL PENINSULA IN WESTERN SIBERIA.”

The variability of processes in channels and on flood plains in the valleys of the river Se-Yaha
and the river Mordy-Yaha was investigated in connection with development of a natural gas
field. Average rates of bank erosion and sediment accumulation in this little known region were
determined from aerial photographs and radiocarbon and dendrochronological dating.

Short-term average rates of erosion were determined by the dendrochronological method. This
method is based on the assumption that certain species of vegetation are gradually replaced with
other ones as the flood plain grows in width and height due to flood sedimentation.

For convenience, remote-sensing evaluation of the rates of bank erosion in different parts of the
area determined the maximum age of the grass flood plain, which is easily identified both on the
aerial photographs and in the field. This age may be as constant for this limited area and can be
determined by dividing the grass flood plain width by the average rate of growth. In turn, the
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width of the dated grass flood plain on an accumulative bank is an excellent indicator of the rate
of erosion of an opposite bank at the river reaches with relatively constant channel width. Thus
the rate of erosion by radiocarbon dating can be verified by evaluation of the age of the grass
flood plain at a number of points.

The cut-offs of single meanders cause substantial acceleration of the rate of channel deformation
on a newly formed reach and adjacent channel forms.

6.30 THOMPSON, P. L., 1990, “APRIL 1989 HATCHIE RIVER U.S. 51 BRIDGE
FAILURE.”

Spans of the northbound U.S. 51 Bridge over the Hatchie river collapsed on April, 1. 1989. Five
vehicles went into the river, and eight people were killed as a result of the collapse. Lateral
shifting of the channel, which undermined a bent, was identified as the cause for this disastrous
failure.

This paper discusses the bridge site, field observations, stream stability, analysis of aerial
photographs, model studies, and foundation analysis.

6.31 WILLIAMS, G. P., 1986, “RIVER MEANDERS AND CHANNEL SIZE.”

This study uses an enlarged data set to (1) compare measured geometry to that predicted by the
Langbein and Leopold (1966) theory, (2) examine the frequency distribution of the ratio radius
of curvature/channel width, and (3) derive 40 empirical equations (31 of which are original)
involving meander and channel size features.

First of all, we need to know the nomenclature and data sources used here. The channel size
consists of the bankfull width, W; bankfull cross-sectional area, A; and bankfull mean depth, D,
defined as A/W. Meander features of interest (Figure. 6.15) are the wavelength, L.,; bend length,
Ly; belt width, B; radius of curvature, R.; and arc angle, 6. The data set, part of which comes
from publications by other authors, consists of 194 sites from a large variety of physiographic
environments in various countries, including the United States (114 sites), India and Pakistan (21
sites), Canada (21 Albertan sites), Sweden (17 sites), and Australia (5 sites). In data collecting,
the three requirements were that (1) channels were alluvial, (2) sinuosities were = 1.20, and (3)
the same measuring technique was used.
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Figure 6.15 Plan-View Sketch of Idealized River Meanders (Williams 1986).

(1) Comparison measured meander geometry to that predicted by the Langbein and Leopold
(1966) theory.

Langbein and Leopold (1966) suggested that a sine-generated curve describes symmetrical
meander paths. From this basis, they derived the relation:

R, = 13(12—1)05 (6.43)

in which K is channel sinuosity (ratio of channel distance to downvalley distance).

The above theory for predicting radius of curvature agrees very well with the field data in 78
sites and predicted versus observed R, values are shown in Figure 6.16.

(2) The frequency distribution of the ratio radius of curvature/channel width.
The frequency of distribution of the 79 available R./W values (Figure 6.17) is asymmetric. The

computed geometric mean value of R/W is 2.43. The central two-thirds of the distribution lies
between values of 1.6 and 4.4, and about one-third of the values are less than 2.0.
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Figure 6.17. Frequency Distribution of R/W Values for 79 Streams (Williams 1986).

RATIO RADIUS OF CURVATURE/CHANNEL WIDTH

(3) 40 equations involving meander and channel size features.
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With the 194 meander and channel size features data sets, 40 empirical equations were derived
which are listed in Table 6.3. The 40 empirical relations, most of which include only two
variables, involve channel cross-section dimensions (bankfull area, width, and mean depth) and
meander features (wavelength, bend length, and belt width) which is shown in Figure. 6.15. Of
the 40 empirical equations, Figure 6.18 shows some typical plots.
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Figure 6.18. Meander Bend Radius of Curvature, in Meters (Williams 1986).

EXPLANATION

* A=0.067R¢™

‘/4«/”/

0 W= 0.71RS

D 0.085R¢s**

I 1 i I

{ Friedkin (1946) + this study
¢ Fisk (1947) + this study

3 Rozovskii {1957) + this study
Z Leopold, Wolman (1960)

¥ Brice (1964) + this study

® Schumm {1968) + this study
+ Kellerhais,et al. (1972} + this study
A Leopold (1973) + this study
® Andrews (1979) + this study
O Williams (1984) + this study
A& Williams (this study)

10,000

1000

- 100

10

BANKFULL WIDTH, IN METERS

1 10 100 1000

10,000 100,000

MEANDER-BEND RADIUS OF CURVATURE,

IN METERS

54



9

Table 6.3. Derived Fanations For River-Meander and Channel Size Features.

Derived empirical equations for river-meander and channel-size features (A = bankfull cross-sectional area, W = bankfull width, D = bankfull
mean depth, L, = meander wavelength, L, = along-channel bend length, B = meander belt width, R, = loop radius of curvature, K = channel
sinuosity, m = meters)

Equation Equation Standard Sample Number of Applicable range
number deviation of correlation data

residuals, coefficient points

in percent r

+ —

Interrelations between meander features

2 L, = 125L, 32 24 0.99 102 55 < L, £ 13,300m
3 L, = 163B 31 24 0.99 155 3.7< B <13,700m
4 L, = 453R, 21 17 099 8 26 < R, < 3,600m
5 L, = 0.80L, 32 24 0.99 102 8 < L, < 16,500m
6 L, = 1.29B 31 24 0.99 102 3.7 < B £10,000m
7 L, = 3.7R, 35 26 0.98 78 26 < R, < 3,600m
8 B = 061L, 31 24 099 155 8< L, <23200m
9 B = 0.78L, 31 24 0.99 102 55 < L, < 13,300m
10 B = 2.88R, 42 29 0.98 18 26 < R, £ 3,600m
11 R, = 0.22L, 21 17 0.99 18 10 < L, < 16,500m
12 R, = 0.26L, 35 26 0.98 8 6.8 < L, < 13,300m
13 R, = 0.35B 42 29 0.98 8 5 < B < 10,000m
Relations of channel size to meander features

14 A = 0.0054L%® 103 51 0.96 66 10 < L, < 23,200m
15 A = 0.0085L;% 140 58 0.95 41 6 < L, < 13,300m
16 A = 0.012B'% 97 49 0.97 63 5 < B <11,600m
17 A = 0.067R'® 138 58 0.97 28 2 < R, <£3,600m
18 W = 0.17L2% 56 36 0.96 191 8 <L, <23200m
19 W = 0.23L)% 56 36 0.97 102 5 <L, £13,300m
20 W = 0.21B%® 63 39 0.96 153 3<B<13700m

21 W= 0.71R%® 48 32 0.97 ' 79 26 < R, < 3,600m
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22 D = 0.027L°% 79

23 D = 0.036L2% 72
24 D = 0.037B%% 66
25 D = 0.085R%% 90
Relations of meander features to channel size
26 L, = 30A%® 59
27 L, = 22A° i
28 B = 18A%® 56
29 R, = 5.8A%% 76
30 L, = 15W'2 65
31 L, = 51w 65
32 B = 43w T4
33 R, = L5W'2 55
34 L, = 240D'% 142
35 L, = 160D 128
36 B = 148D'% 115
37 R, = 42D'* 165
Relations between channel width, channel depth, and channel sinuosity
38 W = 21.3D'% 160
39 D = 0.12W° 94
40 W = 96D'BK % 121

41 _ D = 0.09WOos9 K146 73

44
42
40
47

37
43
36
43
39
39
42
35
59

- 56

53
62

62
48
55
42

0.86
0.90
0.90
0.90

0.96
0.95
0.97
0.97
0.96
0.97
0.96
0.97
0.86
0.90
0.90
0.90

0.81
0.81
0.87
0.86

66
41
63
28

66
41
63
28
191
102
153
79
66
41
63
28

67
67
66
66

10 < L, < 23,200m
7< L, < 13,300m
5 < B < 11,600m
26 < R, < 3,600m

0.04 < A < 20,900 m?
0.04 < A < 20,900m?
0.04 < A < 20,900 m?
0.04 < A < 20,900m’
15 < W < 4,000m
15 < W < 2,000m
15 < W < 4,000m
1.5 < W < 2,000m
003 <D < 18m
003 <D < 17.6m
003< D < 18m
003 <D <176m

0.03 < D < 18m

1.5 < W < 4,000m

003 <D< 18mand1.20 < K
1.5 < W < 4,000m and 1.20 <

< 2.60
K < 260




7. PREDICTION OF STREAM BED DEGRADATION

7.1 BLENCH, T. 1969, “MOBILE-BED FLUVIOLOGY.”

The mean scoured flow depth, y,s (m), below the free surface can be determined based on the
mean discharge per unit channel width as:

for sand of 0.06 < dsy (mm) =2

q2/3
yms = 120 W (71)
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for gravel of S =2.65 and dsp>2mm

q2/3
Vs =1.23 o (7.2)
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where:
q (m’/s/m) = discharge per unit width
dsp (mm) = the sediment size for which 50 percent of the sediment is finer

Knowing the water surface level corresponding to q, the scoured bed level can then be
determined. The resulting mean scoured bed level can then be modified for channel contraction,
thalweg, bend, and confluence effects. Eq. (7.1) was derived for real in-regime canals of steady
discharge, steady sediment-transport rate too small to appear explicitly in the equation, a dune
sand bed of a natural particle size distribution and 0.1 < dsp (mm) = 0.6, suspended load too
small to influence the equations, steep cohesive channel sides behaving as hydraulically smooth,
channel straightness in plan so that the smoothed dune bed is level across the section, uniform
channel slope and section, and constant water viscosity. This equation is indicated to apply
satisfactorily to most well-maintained sand bed irrigation canal systems of width-to-depth ratios
greater than about 5, and flow depths greater than about 0.4 m. Eq. (7.2) was derived based on
large gravel rivers.

7.2 BRICE, J.C., 1982, “STREAM CHANNEL STABILITY ASSESSMENT.”

For engineering purposes, an unstable channel is one whose rate or magnitude of change is great
enough to be a significant factor in the planning or maintenance of a bridge, highway, or other
structure. Channel instability is manifested as progressive lateral migration (bank erosion),
progressive vertical change in bed elevation (degradation, aggradation), or fluctuations in bed
elevation about an equilibrium value with change in stage (scour and fill).
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For the estimation of scour and other aspects of stream behavior, many engineers have evidently
relied on engineering judgment, as based on prior experience and hydraulic analysis of flow.
Channel stability assessment, by field observation and the interpretation of time-sequential
airphotos, provides a further basis for decisions in site selection and bridge design.

A preliminary assessment of lateral stability, having a fair degree of reliability, can be made by
the interpretation of channel properties visible on an airphoto made at or near normal stream
stage. Streams having a uniform width and narrow point bars (equi-width streams) tend to be the
most stable. Streams that are wide at bends and have wide point bars (wide-bend point-bar
streams) tend to be less stable; the most unstable streams have wide point bars and are braided
(braided point-bar streams).

Airphotos taken 20-30 years ago are available for most regions of the United States and
comprehensive information on airphoto coverage is on file at the National Cartographic
Information Center. Several techniques are suitable for measuring distance of lateral migration
on time-sequential airphotos with accuracy sufficient for planning purposes.

Available measurements of bank erosion indicate that median erosion rate, in meters per year,
tend to increase with stream size. The increase is directly proportional to the increase in stream
width and to the square root of drainage basin area. For a given channel width, equi-width
streams tend to have the lowest erosion rates, and braided point-bar streams the highest.

There is no consistent relation between degree of sinuosity (meandering) and degree of
instability. Some equi-width streams having sinuosities in the range of 2 to 2.8 are among the
most laterally stable of streams. Along an unstable stream, however, the instability occurs mainly
at bends. Straight segments may remain stable for decades. The highest erosion index values
were found for wide-bend or braided point-bar streams having sinuosities in the range of 1.2 to 2.

Channel degradation is a common cause of hydraulic problems at bridges in many regions of the
United States. Most degradation is man-induced and results from the artificial straightening of
long reaches of a channel, from sand-gravel mining, or from the closure of a dam. Past
degradation is established by measurement of the change of streambed elevation in reference to a
fixed datum, but the occurrence of degradation can, in many cases, be discerned from field
evidence. The curve of cumulative degradation versus time is more likely to be asymptotic than
linear. Equilibrium bed elevation is difficult to predict.

Natural scour and fill occurs by three different mechanisms, each of which can lower the local
streambed elevation by an amount that is significant for the depth of pier foundations: (1) bed
form migration; (2) convergence of flow, which is associated with scour at bends, pools, and
channel constrictions, and divergence of flow, which is associated with fill at crossovers and
riffles; and (3) shift of thalweg or braids within a channel. Sites having the greatest potential for
natural scour can usually be identified from channel configuration and can therefore be avoided
as crossing sites.

Scour by bed form migration is of consequence mainly in sand-channels. The height of dunes is
typically about one-third of mean flow depth, and the passage of a dune results in scour to a

58



depth of about half dune height. The height of anti-dunes may approximate mean flow depth.
Gravel bars are the typical bed forms of gravel bed streams, and their height mean flow depth.
Bars tend to migrate on braided streams and remain fixed at riffles on unbraided pool and riffle
streams. A migration gravel bar may concentrate flow at a bridge and cause local scour at piers
or lateral bank erosion.

Scour by convergence of flow is related to channel configuration and is greatest at persistent
deeps or pools in the channel long profiles, where the water velocity during floods is likely to be
greatest. Such pools tend to occur at bends and to alternate with persistent riffles or crossovers.
During a flood, the change in bed elevation at a pool tends to follow a trend that is a mirror
image of the flood hydrograph, with scour on the rising stage and fill on the falling stage. At a
crossover or riffle, the change in bed elevation tends to follow the hydrograph, with fill on the
rising stage and scour (to preflood bed elevation) on the falling stage. Many cross sections along
a stream are transitional between pools and riffles. In general, the scour induced by a bridge will
be greater at pools or pool-like cross sections than at riffles or riffle-like cross sections.

Shift of the thalweg with increase in stage is a significant factor in bridge design, not only for
estimation of the point of maximum bed scour (and bank erosion) but also alignment of piers
with flood flow. Thalweg stability is related to channel stability and to stream type and can be
assessed from aerial photographs.

7.3 BRICE, J. C., 1984, “ASSESSMENT OF CHANNEL STABILITY AT BRIDGE
SITES.”

Study of stream morphology on time-sequential aerial photographs provides information that is
applicable to site selection and bridge design. By this means, information can be obtained on
lateral stream stability, degradation, and natural scour and fill.

Lateral stability is related to stream type. Streams that have a uniform width and narrow point
bars tend to be the most stable. Streams that have wide point bars and cut banks tend to be less
stable and, for sinuous streams, stability tends to decrease with the degree of braiding. For a
given stream type, median bank erosion rates tend to increase in direct proportion to stream size,
as expressed by channel width.

Geomorphic factors relevant to site selection and bridge design are listed below in the form of
questions. Exact answers to these questions can rarely be obtained, but even probable answers
are worth considering.
1. Selection of Crossing Site
A. Site on a nonsinuous reach

1. s site at a pool, riffle (crossover), or transition section?

ii. Are alternate bars visible at low stream stage?

iii.  If mid-channels are present, what would be the effect of their migration through the bridge
waterway?
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iv. Is cutoff imminent at adjacent meanders?
B. Site at a Meander

1.  What has been the rate and mode of migration of the meander?
ii. What is its probable future behavior, as based on the past?
1. Is site at pool, riffle, or transition section?
iv. Is cutoff of the meander, or of adjacent meanders, probable during the life span of the
bridge?

2. Design of Bridge

A. Piers on flood plain or adjacent to channel

Is the channel migration rate sufficient to overtake piers during the life span of the bridge?
B. Piers in channel

1. For pier orientation, what is probable position of thalweg at design flood?

ii. For scour estimation, what is probable bed form height at design flood?

iii.  For scour estimation, what is natural mean bed scour at design flood?

iv. For scour estimation, what is lowest undisturbed streambed elevation at or near the crossing

site?

v. Does the stream have an unstable thalweg that has shifted with time?

vi. Is there evidence of recent channel degradation?
vii. Are any works of man in prospect that are likely to induce degradation of or bank erosion?

7.4 BROWN, S. A, 1982, “PREDICTION OF CHANNEL BED GRADE CHANGES AT
HIGHWAY STREAM CROSSINGS.”

It is important that grade-change predictions are based on more than one prediction technique or
model and that the quantitative results are tempered by engineering judgment and experience. An
appropriate solution procedure starts with the evaluation of geomorphic principles and relations
(Lane’s relations) to establish the cause and direction of the grade change. This can be built on
by applying quantitative geomorphic and engineering relations (incipient motion consideration
change in bed material volume, etc.) as well as relations developed for specific grade-change
problems. When doing modeling, researchers should consider the level of analysis based on
available time, manpower, and financial resources.

7.5 CLIFTON, A. W, KRAHN, J., FREDLUND, D. G., 1981, “RIVERBANK
INSTABILITY AND DEVELOPMENT CONTROL IN SASKATOON.”

This paper presents a history and description of the major slope failures which have occurred in
the Saskatoon urban area, a discussion of the causes of instability, a review of stabilization
techniques used, a summary of the responsibility and powers of the newly established river edge
authority, and a discussion of public reaction to the authority.
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Slope instability has been a problem in Saskatoon for a long time. The major factors are the soil
stratigraphy and geology and the discharge of an urbanization-influenced surficial aquifer or a
regional aquifer.

7.6 FRANCO, J. J., 1967, “EFFECTS OF STAGES ON SCOUR ALONG RIVERBANKS.”

Periodic surveys were made along several reaches of the Mississippi River through one high-
water season to determine the effects of changes in river stages on depth of scour along concave
riverbanks. The general conclusions indicated by the evaluation and analysis of available data is
as follows:

a) Either scour or fill can occur along a given riverbank during high flows, depending on the
alignment and configuration of the river channel.

b) The amount of scour or deposition along a given riverbank during high water appears to be
more a function of stage duration than of the rate of change in stage.

¢) The location of the point of maximum scour or deposition can change in stage.

d) In general, the effects of river currents on the stability of a riverbank are more a function of
the alignment of the channel upstream, which affects the direction of currents toward the
bank, than of the curvature or alignment of the bank.

e) The relative effects of river currents on riverbank stability could be determined from a study
of the alignment of currents approaching the bank from upstream during low and high stages,
and/or by spot surveys to determine maximum depths along the bank near the start of the
high-water season and one or two surveys during the high-water period.

7.7 GILJE, S. A., 1982, “STREAM CHANNEL GRADE CHANGES AND THEIR
EFFECTS ON HIGHWAY STREAM CROSSINGS.”

Of data from 224 sites that were experiencing various hydraulic problems, thirty-nine (17.4
percent) had undergone changes in streambed elevation. Degradation is the lowering of a stream
channel; therefore, a problem at a crossing is the exposure of footing, pilings, and foundations.
Aggradation (general infilling of a stream channel) causes a reduction in the flow area available
at crossings. In extreme cases, the flow area is less than that necessary for design discharges,
which results in overtopping of the roadway or bridge deck. In the evaluations of highway
problems, more than 80 percent of serious grade changes were caused by human intervention.
Early recognition of degradation and aggradation requires:

(1) Observation of stream characteristics.

(2) Prediction of grade changes based on watershed activities.
(3) Measurement of stream properties.
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7.8 HOLLY, F. M., JR., NAKATO, T., KENNEDY, J. F., 1984, “COMPUTER-BASED
PREDICTION OF ALLUVIAL RIVERBED CHANGES.”

The analysis and development of computer-based simulation techniques for alluvial riverbed
evolution is used in the prediction of riverbed aggradation and degradation caused by
perturbations in the river’s equilibrium geometry and sediment inflow over extended reaches. In
this paper the mathematical basis of the problem is reviewed and several general numerical
approaches and associated difficulties are described. Seven published programs are then
described, and their performance when applied to three actual field situations is compared.

The seven published programs are as follows:
1. Short-term Models:

a) HEC2SR (HEC-2 with Sediment Routing),
b) UUWSR (Uncoupled, Unsteady Water and Sediment Routing), and
c) FLUVIAL-11.

2. Long-term Models:

a) KUWASER (Known-Discharge, Uncoupled, Water and Sediment Routing),
b) HEC-6 (Hydrological Engineering Center),

c¢) CHAR II (Charriage dans les Rivieres), and

d) TALLUVIAL (Iowa ALLUVIAL River Model).

The most important overall need is for better interpretation of physical processes and their
incorporation in the numerical models. Improvement in model reliability requires further
research in the areas described hereafter.

First, there is a strong need for a very reliable sediment transport relation because alluvial
riverbed changes are the result of a streamwise gradient in the stream’s sediment transport
capacity.

Second, the bed-armoring process during channel degradation is not well understood and has not
been adequately formulated in a conceptual model. Armoring and coarsening of the bed material
size have a direct effect on the sediment transport capacity and the bed friction factor, and
consequently affect the velocity, depth, and energy slope of the flow.

Third, there is a need to develop a better friction factor predictor that depends on flow depth and
velocity and sediment discharge.

Fourth, there is a need to incorporate into models the bank erosion and channel migration effects
of channel widening.
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Fifth, there is a need for an effort to classify natural rivers in terms of their hydraulic and
geomorphologic characteristics to guide engineers in the selection and application of a model
that uses formulations of sediment discharge, channel roughness, channel widening, and so on
that are most appropriate for their study cases.

7.9 JAIN, S. C., PARK, I, 1989, “GUIDE FOR ESTIMATING RIVERBED
DEGRADATION.”

The objective of the paper is to present the results of numerical experiments in the form of
algebraic relations that can be easily applied by practicing engineers to estimate the temporal and
spatial riverbed degradation during the preliminary phase of the engineering designs. The bed
profiles during riverbed degradation due to sediment interruption can be expressed in the form of
a similarity profile, and the sediment diffusion coefficient of degradation depends significantly
on time as well as the other three independent variables: Froude number, the initial normalized
particle size, and the geometric standard deviation of the bed materials. The dependence on time
of the diffusion coefficient is due to the armoring process.

7.10 JOHNSON, P.A., SIMON, A., 1995, “RELIABILITY OF BRIDGE FOUNDATIONS
IN UNSTABLE ALLUVIAL CHANNELS.”

Channel-bed degradation can be described using a simple power relation of
E=at (7.3)
where:

E (m) = channel bed elevation

t (year) = time

a, b =regression coefficients

Simon (1995) suggests that an exponential function provides a physical basis in describing
aggradation and degradation, adopting

E/E,=a+be™ (7.4)

where:
Eo (m) = channel bed elevation at time t (year) = 0
K =regression coefficients (where atb = 1)
ForEp>0and K> 0,

a> 1 (relative bed level) and b < 0 (relative level change with time) : aggradation
a<1andb >0 : degradation
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7.11 LACEY, G., 1930, “STABLE CHANNELS IN ALLUVIUM.”

Q 1/3
=047| = 7.5
Vs (fJ (7.5)

where:

Yms (m): mean scoured flow depth defined as the wetted area divided by the surface width
f: the Lacey “Silt Factor” (Table 7.1)

Table 7.1. The Lacey “Silt Factor” f as a Function of Grain Size for Cohesionless
Sediment (adapted from Indian Roads Congress 1966).

Mean Grain Size Lacey “Silt” Factor
drm f

(mm)

0.08 0.50
0.16 0.70
0.23 0.85
0.32 1.00
0.50 1.25
0.72 1.50
1.00 1.75
1.30 2.00

1. fcan be described by f= L76d,,,°'5, where d,, is in millimetres

The method was designed for uncontracted sandy alluvial channels. Neill (1973) comments that f
should normally be taken as 1.0 for sandy materials unless experience indicates otherwise. The
formula is indicated to be equally applicable to alluvial rivers and tidal channels of sand beds,
but it may give excessive depths in more resistant materials. Eq. (7.5) predicts the mean scoured
flow depth across the uncontracted channel section. This can be modified for channel
contraction, thalweg, bend, and confluence effects.

712 LAGASSE, P. F., SCHALL, F. J., RICHARDSON, E. V., 1999, “STREAM
STABILITY AT HIGHWAY STRUCTURES.”

1. Incipient Motion

Incipient motion is the condition where the hydraulic forces acting on a sediment particle are
equal to the forces resisting motion. The particle is at a critical condition where a slight increase
in the hydraulic forces will cause the particle to move. The hydraulic forces consist of lift and
drag and are usually represented in a simplified form by the shear stress of the flow acting on the
particle. Incipient motion conditions can be analyzed using the Shields diagram or by the
following equation developed from the diagram:
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T

D =—"__ 7.6
© K (v, -Y) (7:0)

where:
D. (ft) = diameter of the sediment particle at the critical condition
1 (Ib/ft*) = boundary shear stress
Y (Ib/ft’) = specific weight of water
Vs (Ib/ft*) = specific weight of sediment
K, = dimensionless coefficient often referred to as the Shields parameter

For sand sizes, the base value of Manning’s n is representative of the grain resistance and the
shear stress can be computed from:

_ yn'v?

TS kR D

where:
n = Manning roughness coefficient
V (ft/s) = average channel velocity
R (ft) = hydraulic radius
K=1.486

For coarser grained materials (gravel and larger), the Manning roughness coefficient is a function
of grain size and flow depth. The shear stress can be computed from:

T= (7.8)

p (slugs/ft’) = density of water
ks (ft) = grain roughness usually taken as 3.5Dg4

2. Armoring

Armoring occurs when the hydraulic forces are sufficient to move a portion of the bed material
but insufficient to move the larger sizes. Under these conditions, the smaller material is
transported and removed from the bed leaving the coarse material or an armor layer.

The incipient motion equation can be used to determine the critical size of material that can resist
a particular hydraulic condition. If at least five percent of the material is larger than the critical
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size (Dgs or smaller), armoring can occur. The following equation is used to predict the amount
of degradation that would need to occur to form an armor layer:

K=y{%“4J (7.9)

c

where:
Y (ft) = depth of degradation or scour required to form the armor layer
ya (ft) = thickness of the armor layer
P. = percent of material coarser than the critical particle size expressed as a decimal
fraction

3. Sediment continuity analysis

Sediment transport formulas are developed to predict bed load, suspended bed material load, or
bed material load based on the sediment size and hydraulic conditions. “Highways in the River
Environment” (Richardson et al. 1990) describes sediment transport processes, equations for
predicting sediment transport, and recommendations on the selection of an appropriate equation.

The transport rates can be determined for a range of discharges and combined with a flow
duration curve to determine the effective channel discharge. The sediment transport rates can
also be summed for a specific flood hydrograph to predict single event aggradation or
degradation.

The volume of material either eroded or deposited is:

AV =V V

s (outflow)

s(in ﬂow)_ (7 1 0)

where:

AV (f£) = volume of sediment stored or eroded

Vs (inflow) (ft3) = volume of sediment supplied to a reach

Vs (outflow) (ft3 ) = volume of sediment transport out of a reach
The inflowing and outflowing sediment volumes are equal to:

Vi=q,WAt (7.11)

where:
W (ft) = channel width

At (second) = time increment
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Above equation can be summed over a hydrograph to determine sediment volumes during a
flood event or can be combined with a flow duration curve to predict long-term rates. The
amount of aggradation or degradation is then computed with:

AV

where:

1 = porosity of the bed material
L (ft) = reach length

4. Equilibrium slope analysis

For the case of no sediment supply from upstream, combining the incipient motion relation and
the Manning equation results in an estimate of the equilibrium slope where bed material
movement ceases:

_ (10/7) K (6/7)
S, = |:KSDC (uﬂ (—) (7.13)
% qn

where:

Seq = channel slope at which particles D, will no longer move

Q (ft*/s) = channel discharge per unit width
Another approach to determining an equilibrium slope under conditions of no upstream sediment
supply is presented by the U.S. Bureau of Reclamation (USBR, 1984) using the Meter-Muller

equation for beginning of transport. If adjustment of the hydraulic depth due to the reduction in
channel slope is included in the equation, the USBR equation is:

10/7 .9/7
(Dsy) '

Se‘l = K (D90)5/14q6/7

(7.14)

where:
K =28.0 (SI)
K =60.1 (English)

It is often useful to develop a sediment transport capacity relationship for a river reach in the
form of:

g, =aV’y* (7.15)
where:

qs (ft*/s) = sediment transport capacity per unit width
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V (ft/s) = channel average velocity
Y (ft) = channel average depth

a, b, ¢ = coefficient and exponents

7.13 LANE, E. W,, 1957, “A STUDY OF THE SHAPE OF CHANNELS FORMED BY
NATURAL STREAMS FLOWING IN ERODIBLE MATERIALS.”

Lane studied the changes in stream morphology caused by modifications of water and sediment
discharges and developed simple qualitative estimate relationships among the most important
variables indicating stream behavior. Similar but more comprehensive treatments of channel
response to changing conditions in streams have been presented by Leopold and Maddock
(1953), Schumm (1971), and Santos-Cayado (1972). All research results support the relationship
originally proposed by Lane:

Lane’s relation:

0S < Q.Dy, (7.16)

where:
Q (m’/s) = water discharge
S (m/m) = channel slope
Q, (m*/s) = sediment discharge
Dso (m) = median sediment size

7.14 MONK, W. C,, 1995, “JULY 1993 FLOOD DAMAGE TO U.S.71 BRIDGE OVER
BRUSHY CREEK, CARROLL COUNTY, IOWA: CASE STUDY.”

The flood of 1993 inundated much of the upper Mississippi River Basin. Development of a
computer flow model at the site and analysis of scour for the failed bridge and its replacement
are included. On the basis of data from plans, topographic maps, and a United States Geological
Survey (USGS) crest stage gauge at the site, the computer model was developed using WSPRO
(a USGS/Federal Highway Administration (FHWA) computer program for Water Surface Profile
Computations). The model was then used to estimate flood flows during the event. Scour was
estimated using the WSPRO data and procedures from HEC-18. The computer program WSPRO
and the scour procedures from HEC-18 are analysis tools that can be used to assess stream flows,
scour potential, and design adequacy.

7.15 ODGAARD, A. J., SPOLJARIC, A., 1989, “SEDIMENT CONTROL BY
SUBMERGED VANES. DESIGN BASIS.”

Submerged vanes are small-aspect ratio flow training structures installed on the streambed,
usually oriented at 10 to 20 degrees to the local primary flow direction. Vane height is typically
0.2 to 0.5 times the local water depth during design flow conditions. In curves of river channels,
they eliminate the centrifugally induced secondary motion typical of flows in curved channel and
the root cause of bank undermining. In shoaling channels, vanes generate a secondary motion,
which redirects the sediment and provides depth control. The key to vane performance is the
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horizontal force that they exert against water flow and its effect on near-bed flow and on
circulation induced in flow downstream from vanes. These features determine the number and
layout of vanes of a given design required to eliminate the problem of either bank erosion or
shoaling.

7.16 ODGAARD, A. J., WANG, Y., 1990, “SEDIMENT MANAGEMENT WITH
SUBMERGED VANES.”

Sediment control in rivers may be required for provision of greater channel capacity,
maintenance of a certain optimum flow depth, improvement of nonregiment channels, prevention
of bed and bank erosion, or for diversion of flow from one channel to another or to a water
intake. Many different techniques are available for that. They range from construction of wing
dams, jetties, dikes, and revetments to dredging. A major difficulty with these techniques is the
lack of analytical tools for predicting their effectiveness and their impact on the channel. The
design and layout of sediment control structures must often be based on physical model studies
with the optimum solution being obtained by trial and error. Cost is a major design factor. Many
of the standard control structures are expensive and often cannot be justified economically.
Dredging is not always a desirable solution. This is due not only to cost but also to stringent
regulation of spoil disposal and rapid exhaustion of acceptable disposal sites. The submerged
vane technique appears to be a viable alternative to the traditional techniques. The effectiveness
of the technique and its impact on the channel can be predicted. The cost of the technique
compares favorably with that of the traditional technique.

Submerged vanes are small river training structures used for protection of streambanks against
and for amelioration of shoaling problems in navigation channels, at water intakes, in bridge
crossings, and at diversions. The submerged vane technique has merits as a general sediment
control technique for rivers. By generating secondary circulation in the flow, the vanes alter the
distribution of bed shear stresses across the river channel and cause a redistribution of flow
velocity and depth.

7.17 RICHARD P., GEORGE, T., 1999, “CAESAR: AN EXPERT SYSTEM FOR
EVALUATION OF SCOUR AND STREAM STABILITY.”

The primary purpose of this software (CAESAR) is to aid field inspectors in the inspection of
bridges with respect to scour and stream stability and then provide conclusions about the scour
process. The 25 case studies represent bridges experiencing a wide variety of scour risks, and
CAESAR produced results identical to those of the scour experts.

7.18 RUS, DAVID L., SOENKSEN, PHILIP J., 1998, “CHANNEL STABILITY OF
TURKEY CREEK, NEBRASKA.”

Simon (1994) found that changes in streambed elevation over time can be simulated by a power-
decay equation. A modified version of that equation follows:

E=E,t-t,) (7.16)
where:
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E (m) = elevation of the streambed for a given year, in meters above sea level
Ey (m) = elevation of the streambed prior to the episode of gradational change, in meters
above sea level
t = year
to = year prior to that start of gradation change process
b = dimensionless exponent representative of the nonlinear rate of change of streambed,
determined by power regression.

An important component of this equation was the nonlinear rate of change, b. If the streambed is
aggrading, then b is positive; if it is degrading, then b is negative. Drees and others (1996)
reported a series of nickpoints, and an abrupt change in slope in the Turkey Creek Basin. It is
reasonable to assume that nickpoints will migrate upstream throughout the basin and cause
further degradation and bank widening. Gradational processes have already caused problems in
the Turkey Creek watershed, and will continue to do so. For example, degradation has exposed
the footings of the bridges at the middle site. Channel widening also has caused agriculture land
loss adjacent to the creek and may threaten more bridges by exposing and even undermining
bridge abutments. The increased sediment load from degradation and channel widening will
continue to be deposited in lower reaches of the stream. The deposition will increase the
likelihood of flooding and also can reduce the expected life of reservoirs. This deposition may
indicate the beginning of destabilization, although more degradation can still occur if the slope of
the streambed downstream of the aggraded reach becomes sufficiently steep.

7.19 SCHALL, J. D., LAGASSE, P. E., 1991, “STEPWISE PROCEDURE FOR
EVALUATING STREAM STABILITY.”

The purpose of this paper is to outline a stepwise analytical procedure for evaluation of stream
stability.

1. Level 1: Qualitative and other geomorphic analysis.
Step 1: Define stream characteristics.
Step 2: Evaluate land use changes:
1) the relationship or correlation between changes in channel and
2) stability and land use can contribute to a qualitative understanding of system response
mechanism.
Step 3: Assess overall stream stability.
Step 4: Evaluate lateral stability:
1) field inspection,

2) aerial photographs or maps, and
3) Surveyed cross sections.
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Step 5: Evaluate vertical stability:

1) degradation,

2) aggradation — increases the frequency of backwater that can cause damage, and

3) data records are needed to detect gradation, including historic streambed profiles and
long-term trends in stages — discharge relationships.

Step 6: Evaluate channel response to change.
2. Level 2: Basic engineering analysis,
Step 1: Evaluate flood history and rainfall (runoff relations and the study of wet-dry circles).
Step 2: Evaluate hydraulic conditions.
Step 3: Bed and bank material analysis:
- bed material size> bank material size and
- tributary sediment characteristics.
Step 4: Evaluate watershed sediment:
- The physical processes causing erosion can be classified as sheet erosion, rilling,
gullying and channel stream erosion.

- Use Regression equation (universal soil loss equation).

Step 5: Incipient motion analysis:
- The hydrodynamic forces acting on the sediment

Step 6: Evaluate armoring potential.
Step 7: Evaluation of rating curve shifts:
- An analysis of stage-discharge rating curve shift over time can provide insight on

stream stability. The most common causes of rating curve shifts in natural channel
control sections are generally scour, and fill, and channel width.

Step 8: Evaluate scour conditions.

7.20 SHERRILL, J., KELLY, S., 1992, *“ USING SCOUR AND STREAM INSTABILITY
EVALUATIONS TO INCREASE BRIDGE SAFETY.”

Scour can occur as a combination of three components; general or contraction scour, abutment
scour, and pier scour.

Increased velocities and sediment transport of the water flow over a period of time can create

changes in vertical or horizontal cross-sections. These changes result in stream instability,
commonly referred to as erosion. Vertical changes refer to the increase (aggradation) or decrease
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(degradation) in channel bed elevation over time. Horizontal changes in a channel cross section
at a site, such as bank cutting and meandering, are referred to as lateral instability.

FHWA requires inspection of the 577,000 bridges on the national inventory at regular intervals
not to exceed two years. Bridges with underwater members that cannot be visually evaluated
during low-flow periods are required to be inspected by divers at least every five years.

Several types of countermeasures can be introduced including sheet piling, riprap, and precast
interlocking concrete blocks as a result of routine field inspections.

The added cost of making a bridge less vulnerable to scour or stream instability is small when
compared to the total cost of a failure, which can easily be two or three times the original cost of
the bridge.

7.21 SONI, J. P.,, KUMAR, N., 1980, “EVALUATION OF FRICTION FACTOR IN
AGGRADING AND DEGRADING ALLUVIAL CHANNELS.”

Non-uniform and unsteady flow conditions prevail during aggradation and degradation processes
occurring in alluvial channels. In mathematical modeling of such processes, the value of the
resistance coefficient is assumed to be constant at its uniform value. To check the validity of
such an assumption and to improve physical understanding of these processes, the variation of
the friction factor f and Manning’s coefficient n has been studied using the experimental data of
Soni (1975, 1978, 1982) and Suryanarayana (1969) for aggradation and degradation respectively.

G 1/2 h 5/3
R (—) (7.17)
n, G, h,

GYn)Y
AN S WA (7.18)
fO GO h()
where:

ng and n : Manning’s coefficient for uniform and non-uniform flow respectively

Gy and G (m’/s/m): sediment transport rate in absolute volume per unit width per second
for uniform and non-uniform flow respectively

hy and h (m) : mean flow depth for uniform and non-uniform flow respectively

At any time for a run, the values of n/ny and f/fy were computed for various distances along the
aggraded reach.

From the present study, the following conclusions can be drawn:
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1. Aggradation: for low rates of overloading, the maximum decrease in the value of f and n is
36 percent and 25 percent respectively; whereas for higher rates of overloading the maximum
increase in the values of f and n is 72 percent and 25 percent respectively.

2. Degradation: the maximum decrease in value of f and n is 74% and 46% respectively.

3. Manning’s roughness coefficient is a better parameter to be used in the mathematical
modeling of alluvial channels because its variation over the aggraded/degraded reach is
relatively smaller than the variation of f, and the assumption of taking n as constant would
introduce a smaller error.

7.22 TRENT, R. E., BROWN, S. A., 1984, “AN OVERVIEW OF FACTORS AFFECTING
RIVER STABILITY.”

Recognizing and anticipating channel instabilities is an important part of locating and designing
highways in river environments. Channel instabilities included oscillations in channel bed
elevation, variations in river orientation and location, and major river migrations or meanders.
Factors affecting river stability are classified as natural or accelerated. Natural instabilities result
from changes in hydrometeology whereas accelerated erosion is usually a result of man’s
activities within the watershed.

Identifying channel instabilities requires an understanding of the geomorphic processes occurring
within the watershed in question and an awareness of all activities that affect stability. A
thorough analysis of system stability should include consideration of system change and changes
in progress, as well as a geomorphic analysis to predict future changes.

7.23 WEBER, L. L., 1996, “CHANNEL SCOUR PROTECTION AT ROADWAY
CROSSINGS.”

Conditions could be defined under which a nonerodible channel slope (as defined by perhaps a
flow velocity less than 1.5 m/s for a sand bed or incipient motion for larger particles) may be
applied to obtain riverbed lowering due to general degradation. The need to carry out such
simplified analysis is particularly evidenced for small projects for which the application of
complicated and comprehensive analyses may not be economical.

7.24 YANG, X., MCVEY, M. J., MORRIS, L. L., BAUMEL, C. P., 1995, “IMPACT OF
STREAM DEGRADATION ON BRIDGES AND RURAL TRAVEL PATTERNS.”

Many streams throughout Iowa were channelized to reduce flooding and to open more land to
farming. Channel straightening accomplished this goal, but led to greater stream flow velocities,
causing degradation on stream channels. This widening and deepening of streams resulted in
damage to rural roads and bridges. This paper primarily describes a method to allocate limited
funds to various bridge projects using benefit cost analysis and benefit cost ratio which consider
costs for traffic rerouting, bridge maintenance, and reconstruction. And then the mixed integer
programming (MIP) model was developed to maximize the total social benefit of all the county
bridges subject to the budget constraint of a local government.
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8. COUNTERMEASURES

8.1. INTRODUCTION

The survey of DOT and FHWA engineers revealed that the most preferred design guideline for
the design of stream instability countermeasures is HEC-23 of FHWA (Publication No. FHWA
HI 97-030, July 1997). To a much lesser extent, AASHTO (American Association of state
Highway and Transportation Officials) manual (AASHTO hydraulic drainage manual, 1992 and
AASHTO model drainage manual 1992) is also used. Some other agencies use other guidelines
and/or guidelines developed by themselves. Among these HEC-23 is so far the most
comprehensive. Yet this is not a complete solution to all the problems related to stream
degradation and migration. This will be discussed in detail in the following.

The first edition of HEC-23, published in July 1997, is the current one. The second edition is
currently under development and a draft copy was made available to us (courtesy of Mr. Peter
Lagasse at Ayres Associates and Mr. Jorge Pagan-Ortiz at FHWA). Basically HEC-23 is the
collection of design guidelines and general information about common stream instability
countermeasures used in various parts of the country. It presents in matrix form various features
of available countermeasures in terms of functionality, suitability, maintenance, and experience
of different states. It also gives the relevant references in this connection.

The matrix gives information about fifty different types of countermeasures including
monitoring measures. Of these fifty countermeasures, it is reported that Texas has experience of
twenty-eight types.

The first edition of HEC-23 presents design guidelines for only eight types. The second edition
(draft copy) includes fifteen types along with some case studies. These guidelines are basically
collected from different state organizations. Most of the countermeasures do not have any well-
documented guidelines available at all.

The design procedures outlined in HEC-23 have been developed through experience and trial
and error methods. It is pointed out that while some countermeasures are successful in some
areas, they are reported to have failed in other areas of different geomorphic and hydraulic
conditions. Some of the successful countermeasures are not necessarily well known.

A numerical simulation of the physical processes involved in stream degradation and meander
migration and in the interaction between the active channel and the countermeasure would give
more insight about what is going on in the field. It would also be used to develop more rigorous
sets of equations to be incorporated in a design procedure.
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8.2. COUNTERMEASURES CLASSIFICATION

There is a full range of available countermeasures that are suitable for different situations. Proper
classification is required to understand each one of them and to develop selection criteria.
Countermeasures are classified as follows:

e Flexible revetments or bed armor

Dumped rock riprap, rock-and-wire mattresses, gabions, car bodies, planted vegetation, precast-
concrete blocks, willow mattresses.

¢ Rigid revetments or bed armor

Concrete pavement, sacked concrete, concrete-grouted riprap, concrete-filled fabric mats,
bulkhead.

e Flow-control structures

Spurs, retards, dikes, spur dikes (guide banks), check dams, jackfields, bendway weirs,
hardpoints.

e Special devices
Drift deflectors, abrasion armor at pier nose, bulkheads.
e Modifications of bridge, approach roadway, or channel

Underpinning or jacketing of pier, construction of outflow section on roadway, realignment of
approach channel.

e Measures incorporated into design of a replacement bridge
Increased bridge length, fewer or no piers in channel.

The countermeasures that are used to arrest or retard meander migration are spurs, dikes, riprap,
concrete pavements, bulkheads, guide banks, and jackfields. These are discussed in the following
section with respect to design principle, use, and success and failure rate. After that discussion,
countermeasure case histories from Brice and Blodgett (1978), Brice (1984) and Brown (1985)
are presented.

8.3 REVETMENTS
Revetments are layers of erosion resistant materials that are laid at the water-soil interface on the
embankment or streambank. They aim at protecting against horizontal migration of the channel.

The do not alter the flow or the channel characteristics. This type of countermeasure is usually
not used for degradation problems, unless specially designed for that purpose.
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Revetments provide protection against erosion. They do not protect against slumping of the
saturated streambank or embankments or against any other geotechnical problem in the
underlying soil.

Revetments can be flexible or rigid. Flexible revetments include rock riprap, wire enclosed rock
mattresses, gabions, precast concrete blocks, rock fill trenches, windrow revetments, used tire
revetments, and vegetation. Flexible mattresses have the ability to adjust to a change in the
ground surface due to any settlement in the underlying soil and thus retain its integrity.

Rigid revetments include concrete pavement, sack filled with soil/cement, soil cement, and
grouted or partially grouted rock riprap.

Rigid revetments are highly resistant to erosion and impact. They are smooth and pleasing to see.
But they are very costly. They are susceptible to damages due to foundation subsidence,
undermining, hydrostatic pressure, slides, and erosion at the edges.

The only revetment which has a design procedure is riprap. The design simply consists of
determining the size of rock that will withhold the adverse effects of flow in the extreme
conditions.

8.3.1 Flexible Revetments
8.3.1.1 Riprap

Riprap is the most common measure of scour protection. Riprap is generally flexible revetment
of large stones placed on the bank, streambed, and/or around pier abutments, etc. They may be
wire enclosed, in wire baskets (gabion), or may be made of concrete blocks of various shapes
and sizes. They may also be made of windrow or tire revetment and may include vegetation.
Successful designs include proper filter design beneath the riprap and an edge treatment above
the erodible soil.

The most important design feature is the size of the stone. The main design parameter is the
stream velocity and its tractive force. Other parameters include soil angle of repose, depth of
flow, flow variation, bend curvature, streambank slope, etc.

The necessary formula and design charts are provided in the manual HEC-23. The design
procedure also includes filter design and edge treatment procedures. The filter design addresses
the characteristics of the soils to be protected. The procedure to solve the problem of edge
treatment is discussed in qualitative terms. Dumping is the most commonly used method of
installation but not necessarily the most appropriate.

Riprap is generally successful. But failures are also reported. In HEC-23, it is reported that a
study of 58 sites of stone riprap countermeasures, 34 were satisfactory, 12 were partially
satisfactory, and 12 failed to perform satisfactorily. The causes of these 12 failures are varied.
Among the causes are inadequate filter layer beneath the riprap and bank slope failure. One site
with old cars used as the material for riprap could not prevent the slumps in high fills. Inadequate
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rock size and size gradation was reported to be the cause for eight failures. Causes can also be of
a geotechnical nature. For example, size determined by existing formulas based mainly on
stream velocity was inadequate. The complexity of a site is not properly addressed in the current
method. A numerical simulation method may provide better insight into the complex phenomena
and may help develop a better set of formulae.

8.3.1.2 Wire Enclosed Riprap

Wire enclosed riprap is used when the available stone size is small. This flexible revetment is
usually not as thick as conventional stone riprap revetment and is enclosed in a wire mesh
(gabion boxes). These gabions are stacked up to provide scour protection (Figure 8.1).

The design features include thickness, slope angle, type, shape and material of wire mesh,
placement, anchoring, and splicing. A design chart is provided in HEC-23 for selecting required
type and dimensions. There is no mention of flow or soil characteristics.

The main reason for failure of wire-enclosed riprap is probably the weathering of the wire itself.
No case history is reported in HEC-23 for the success or failure rate of this type of
countermeasure.

8.3.1.3 Articulated Concrete Block System

Articulated concrete block systems (ACBs) are used for scour protection in banks, bridge
abutments, bed armoring, and local pier scour. These concrete blocks are held together by
interlocking and/or steel cables or rods. The cable tied ones are more common. They are placed
to form a flexible mat or blanket.

The design method is based on the determination of the factor of safety for a single block against
failure. Failure is defined as the loss of contact between the bottom of the block and the
subgrade. Rigorous formulae are provided in HEC-23 and in the literature. Design charts and
examples are also provided. These include flow parameters but apparently do not include sub-
soil parameters. However HEC-23 observes that failure can be initiated due to subgrade material
loss by piping, washout, liquefaction and geotechnical slope failure; these are directly related to
soil parameters.

Design guidelines for ACBs for pier scour and as seal around piers are also included in the HEC-
23.
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