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Effect of suspended load concentration on the Manning
roughness coefficient n.

(Vanoni 1946)

energy causing flow. In contrast, sediment concentration
(the amount of sediment per unit volume of water) inter-
nally affects resistance. This modification was first de-
tailed by Vanoni (1941, 1946), who showed that an in-
crease in the concentration of suspended sediment tends
to lower resistance (fig. 6.5). As the concentration in-
creases, the turbulent effect presumably is reduced be-
cause the mixing process within the fluid is dampened.
All other factors being equal, sediment-laden water
should flow at a higher velocity than clear water.

SEDIMENT IN CHANNELS

Most energy in a stream is dissipated by the many fac-
tors resisting flow in open channels. The remainder, al-
though commonly small, is used in the important task of
eroding and transporting sediment. These processes,
often taken for granted, are extremely complex and
poorly understood, yet they underlie some of our most
basic concepts of river mechanics. We will briefly re-
view the more significant ideas about the movement of
sediment in rivers.

Transportation

In general, fine-grained sediment (silt and clay) is trans-
ported within the water column by the supporting action
of turbulence. Suspended load usually moves at a veloc-
ity slightly lower than that of the water and may travel
directly from the place of erosion to points far down-
stream without intermittent stages of deposition. Coarse
particles may also travel in true suspension, but they are
likely to be deposited more quickly and stored temporar-
ily or semipermanently within the channel. Except for
short spasms of suspension, coarse sediment usually
travels as bedload. Bedload refers to sediment trans-
ported close to or at the channel bottom by rolling, slid-
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ing, or bouncing. How long coarse debris remains sta-
tionary within a channel depends on a large number of
parameters including the nature of the debris (e.g., its
size, shape, and density), the interlocking relationships
between the particles, the exposure to flow, and the flow
characteristics of the river; such debris probably is im-
mobile more than it is in motion. Bradley (1970), for ex-
ample, showed that gravel can be stored in channel bars
long enough for weathering to drastically weaken its re-
sistance to abrasion.

Because of fluctuating discharge, at any given time a
single particle may be part of either the bedload or the
suspended load. As this makes the distinction between
the two load types unclear, other terms have been de-
vised to relate sediment more appropriately to river flow.
Wash load consists of particles so small that they are es-
sentially absent on the streambed. In contrast, bed mate-
rial load is composed of particle sizes that are found in
abundant amounts on the streambed (Colby 1963). While
most, if not all, bedload is bed material load, most bed
material load is transported as suspended load.

The relationship between wash load and discharge
is poorly defined because most streams at any given
flow can carry more fine-grained sediment than they ac-
tually do. The concentration of fines is a function of sup-
ply rather than transporting power; therefore, it is rela-
tively independent of flow characteristics. Coarse
sediment, on the other hand, is usually available in
amounts greater than a stream can carry, and so its con-
centration should correlate more significantly with the
parameters of flow such as depth and velocity. The
problem, however, is that direct measurement of bedload
is extremely difficult because handheld instruments can
sample for only short periods, and when they are placed
on the channel bottom the flow regime is disrupted. In
addition, where bedload has been continuously mea-
sured, the amount of sediment passing a given channel
cross-section varies significantly with time (see, for ex-
ample, Leopold and Emmett 1977; Hoey 1992; Carling
et al. 1998). Furthermore, the amount of bedload at any
given time varies drastically in different subwidths of
the channel cross-section.

Because of the difficulties surrounding direct mea-
surement, most estimates of bedload discharge are made
by means of empirical equations that attempt to deter-
mine the maximum amount of sediment that a stream
can carry (its capacity) for a given set of channel, sedi-
ment, and flow conditions (Meyer-Peter and Muller
1948; Einstein 1950; Bagnold 1980; Parker et al. 1982;
Williams and Julien 1989). These equations, however,
are themselves problematical; their accuracy is difficult
to assess because reliable measurements of bedload dis-
charge are scarce, and variations in bedload transport for
any given set of hydraulic conditions can be large. In
fact, Gomez and Church (1989) compared 10 transport
formulas and concluded that for coarse-grained streams,
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Figure 6.6

U.S.G.S. bedload sampling station, East Fork River, Wyo. View across river shows the suspension bridge and drive mechanism of a

conveyor-belt bedload sampler.
(W.W. Emmett, U.S. Geological Survey)

none of the equations are entirely adequate for predict-
ing bedload transport.

The problems inherent in deciphering the relation-
ship between parameters of flow and bedload transport
are difficult but not insurmountable. For example, some
very good bedload measurements have been made on
the East Fork River, Wyoming (Leopold and Emmett
1976, 1977), where the U.S. Geological Survey installed
a concrete trough across the channel floor. Sediment
moving along the river bottom fell onto conveyor belts
rotating within the trough and was carried to the channel
side where it was weighed (fig. 6.6). Other sites have
been similarly instrumented, and new techniques to as-
sess bedload transport are continually being devised. For
instance, once an understanding of the natural magnetic
properties of the bed material had been determined, Car-
ling et al. (1998) were able to use magnetic detectors to
determine the rate at which individual particles moved
downstream in Squaw Creek, Montana.

Entrainment

The temporal and spatial variations in bedload transport
rates, noted, for example, at the East Fork River station
(Leopold and Emmett 1976), are related to the mechan-
ics involved in moving coarse-grained sediment. Most
large particles do not move great distances during any
transporting event. Instead, their downstream migration
is characterized by spasmodic bursts of short-distance
movement separated by periods during which they come
to and remain at rest. The processes that initiate the
bursts of motion experienced by any particle are collec-
tively known as entrainment. The amount of sediment
entrained depends directly on the erosive power of the
flow and on the nature of the particles on the bed surface
that are in the proper position to be eroded. Two streams
with identical flow conditions may have different bed-
load or bed material discharge if one flows across a fine-
sand bottom and the other over a cobble bed.
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The term competence refers to the size of the largest
particle a stream can entrain under any given set of hy-
draulic conditions. The value of competence to geomor-
phologists depends on how we measure the sediment
being moved and, more importantly, on how accurately
we can determine the flow conditions. Although ascer-
taining competence may seem simple enough, in prac-
tice it is an excruciating problem for several reasons:
(I)particles are entrained by a combination of fluvial
forces including the direct impact of the water, drag, and
hydraulic lift, and each of these may be best defined by
a different parameter of flow; (2) flow velocity is neither
constant nor easily measured, especially during high dis-
charge; and (3) sediment of the same size may be
packed together differently, be surrounded by particles
of different sizes, or have shape properties that cause ab-
normal responses to the same flow conditions. Thus, any
investigation into the mechanics of competence must
settle for only partial success until we can eliminate or
inhibit some of the inherent variability.

Historically, two hydraulic factors have been uti-
lized to represent the flow condition in the competence
relationship. The first, critical bed velocity, demon-
strates the relationship between velocity and entrain-
ment. It has been known for some time that the volume
or weight of the largest particle moved in a stream varies
as approximately the sixth power of the velocity (Rubey
1938). The sixth-power law provides a sound theoretical
basis for competence studies, but it is less satisfying in
practice because accurate measurement of bed velocity
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is exasperating, if not impossible, in high-energy
streams. A less reliable predictor of particle entrainment,
mean velocity is more easily determined and has been
extensively used in competence studies. Figure 6.7, for
example, shows the curves produced by Hjulstrom
(1939) that relate current velocity, particle size, and
process.

The second factor, critical shear stress signifies the
downslope component of the fluid weight exerted on a
particle as motion begins (fig. 6.8). This dragging force
can be expressed by:

T = YRS

where 7. is the critical shear stress, y the specific weight
of the water, R the hydraulic radius, and § the slope. In
most streams transporting coarse bedload, R is closely
approximated by mean depth, and, thus, critical shear
stress is proportional to the depth-slope product. How-
ever, care should be taken before substituting R for d
(Tinkler 1982).

The Shields diagram, shown in figure 6.9, relates a
descriptor of the threshold for particle motion, called the
dimensionless critical shear stress (), to grain Reynolds
numbers. The grain Reynolds number describes the ex-
tent to which an individual particle projects above the
laminar sublayer into the zone of turbulent flow, and is
expressed as D/&, where D is grain diameter and 4, is
the thickness of the laminar sublayer. The Shields dia-
gram is similar to Hjulstrom’s curve (fig. 6.7) in that
both describe the flow conditions at the time of erosion.
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Figure 6.8

(A) Orientation of lift and drag forces acting on
submerged channel bed sediment. Lift forces are due to
variations in flow velocity over the top and bottom of the
particle. Turbulent eddying may also create upward
directed forces that act on the particles. (B) Component
of flow weight exerted as shear stress on the channel
bottom. The critical shear stress is equal to the depth-
slope product (dS) multiplied by the specific weight of
the water y and B is the angle of slope.
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Shield curve for the entrainment of bed particles where D is
grain diameter, T, is critical shear stress, p; is sediment
density, p is fluid density, and 8, is thickness of laminar
sublayer.

The Shields diagram illustrates that within hydrauli-
cally smooth channels characterized by silt and clay, di-
mensionless shear stress () varies with grain Reynolds
numbers (D/&,), reaching a minimum at a value of D/,
of approximately 0.03 (fig. 6.9). Dimensionless shear
stress increases for smaller values of D/d, (fig. 6.9).
Given that grain Reynolds number is related to particle

Turbulent
eddying

size, it follows that more shear stress is required to en-
train fine-grained sediments that reside below the surface
of the laminar sublayer and that are not subjected to the
effects of turbulent flow. Cohesion, generally associated
with smaller particles, may also play a role in increasing
the shear stress required for entrainment. For hydrauli-
cally rough channel beds (in which the particles are rela-
tively large in comparison to the thickness of the laminar
sublayer), motion is initiated predominantly by turbulent
action (Morisawa 1985), and © obtains a constant value
of approximately 0.06 (although constant values as low
as 0.03 have been reported in some studies).

Knighton (1998) notes that a disadvantage of criti-
cal shear stress formulas is that they ignore the effects of
lift that may promote particle entrainment. Lift is pri-
marily generated by differences in the velocity of the
flow over the top and bottom of an individual particle, a
process that creates a vertical pressure gradient leading
to the upward motion of the grain (fig. 6.8). Lift may
also be created by turbulent eddying generated down-
stream of the particle that produces locally upward di-
rected flow. The use of critical shear stress in compe-
tence studies has been criticized for other reasons as
well (Yang 1973), but the simple reality that depth and
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Sediment particles of different sizes begin to move on the
streambed at different values of mean velocity and depth-
slope. Smallest particles (B) move mainly as a function of dS
while largest particles (H) move primarily as a function of the
mean velocity.

(Rubey 1938)

slope in a river are easier to measure than bed velocity
makes it an appealing parameter.

Precisely how the two methods correlate with each
other is not completely understood, but both approaches
suggest that it is more difficult to entrain particles that
are either smaller or larger than medium sand. This
helps explain the commonly observed phenomenon of
sand-sized debris being transported across stationary
material of a smaller size. There is, however, some evi-
dence to suggest that the importance of shear stress and
flow velocity to the entrainment process may vary with
particle size. Rubey (1938), for example, suggested that
critical bed velocity becomes more important in the en-
trainment process as particle size increases from fine
sand to pebbles (fig. 6.10). Smaller sizes move more as a
function of the dS product and seem to be relatively in-
dependent of velocity. Thus, the shear stress approach
may be completely valid only for smaller sizes or low-
velocity flows, and very fine-grained sediment requires
higher velocities for its entrainment than the sixth-power
law would predict.
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In a related, but different type of approach, Bagnold
(1973, 1977) proposed that entrainment and transporta-
tion of bedload can be analyzed in terms of stream
power. Stream power is defined as

®=70S

where o is stream power and v, Q, and § are specific
weight, discharge, and slope, respectively. If power is
considered per unit area of the streambed, it essentially
becomes a combination of shear stress and velocity be-
cause

© = YQS/width = ydSV =tV

where V is mean velocity. Where available stream power
is greater than that needed to transport load, scour of bed
alluvium (entrainment) will occur. As a result, stream
power has become an important parameter in character-
izing the erosional capability of rivers.

Most of the studies of entrainment whether utilizing
the shear stress, critical bed velocity, or stream power,
have been based on flume studies. Flumes are not useful
in the study of competence when particles are larger than
pebble size. Most competence investigations of coarser
sediment have, therefore, been made in natural rivers.
These investigations demonstrate that in natural channels
particles of a given size may be entrained by widely
varying flow conditions. Much of this variation comes
from the fact that the river bed is not composed of clasts
of a uniform size, shape, and composition, but is a mix-
ture of particles whose characteristics may vary over a
considerable range. It is now known, for example, that in
channels with poorly sorted bed material, the finer parti-
cles are shielded from the flow by the larger particles.
Exposure of fine clasts may be particularly reduced
by microtopographic features, such as pebble clusters
(fig. 6.4) (Brayshaw 1985). The result of these “hiding
effects” is that the larger clasts tend to be more mobile
and the finer clasts less mobile than would be predicted
for material of uniform size (Parker et al. 1982; Andrews
1983; Paola and Seal 1995). Entrainment may also be
complicated in coarse-grained channels by the burial of a
fine-particle layer by a coarser layer, a process that ac-
centuates hiding effects and allows the larger particles to
be more readily available for entrainment (Paola and Seal
1995). These observations suggest that the relative size
of a particle in the mixture may be as important to en-
trainment as its absolute size. In fact, some investigators
argue that the effects of particle-hiding and sediment lay-
ering may be so significant that all clasts in the mixture
become mobile at about the same shear stress, a concept
referred to as the equal mobility hypothesis (Parker et al.
1982; Andrews 1983; Andrews and Erman 1986).

A common phenomenon along many river systems
is for particle size to decrease quasi-systematically
downstream, although the reduction in size may be al-
tered by the local influx of tributary sediment (Knighton
1980; Pizzuto 1995). Ashworth and Ferguson (1989)
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point out that if precise equal mobility held for the entire
length of a channel, downstream fining could occur only
through abrasion during transport, or by weathering dur-
ing periods of rest. While these processes may play an
important role in the downstream reduction of a particle
size, selective transport (in which progressively larger
particles are entrained as shear stress increases) appears
to be the predominant control on downstream fining
along many rivers (Ashworth and Ferguson 1989; Wer-
ritty 1992; Ferguson et al. 1998). In addition, precise
equal mobility would suggest that the size distribution of
the material being transported as bedload should be the
same as that of the bed material load. However, at low
shear stress transport is commonly characterized by mar-
ginal transport conditions in which easily dislodged
clasts are occasionally entrained (Andrews and Smith
1992) and coarse materials are significantly underrepre-
sented in the bedload. At higher shear stresses, the bed-
load tends to become progressively coarser (Komar and
Shih 1992). Thus, true equal mobility may occur only
during extreme flood conditions (Ashworth and Fergu-
son 1989; Komar and Shih 1992).

Bank Erosion

The processes of entrainment determine the type and
magnitude of erosion that occurs on the channel floor. It
is incorrect, though, to assume that the only significant
erosion is vertically directed. Bank erosion, which pro-

ceeds laterally, not only contributes to the sedimentary
load but, through its control on channel width, exerts a
direct influence on other channel processes. A large
number of studies have identified the major processes
involved in bank erosion (Thorne 1982; ASCE 1998;
Simon et al. 1999). Invariably researchers of this phe-
nomenon arrive at the striking conclusion that bank ero-
sion is rarely, if ever, accomplished by a single process
but instead involves some combination of processes
unique to the individual setting. In general terms, bank
erosion is related to two major types of processes: flu-
vial entrainment and the weakening and weathering of
bank materials which enhance the potential for mass
wasting (Thorne 1982).

Fluvial entrainment promotes bank erosion in two
ways. First, sediment may be entrained directly from the
bank surface by the forces generated in river flow, a
process usually referred to as corrasion. In this case,
erosion is primarily related to the flow velocities in the
near-bank environment as well as the type, density, and
root system of vegetation along the channel margins.
Second, corrasion often produces an overhanging ledge
of cohesive sediment because noncohesive layers in the
bank are eroded more rapidly than the cohesive materi-
als (Thorne and Tovey 1981). The overhanging bank
sections, called cantilevers, are mobilized when the un-
dercut cohesive material finally fails and drops to the
surface below (fig 6.11). A similar process operates
where vertical fractures, called tension cracks, exist in
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Figure 6.11

Types of bank failure mechanisms commonly observed along rivers with cohesive banks.

(Adapted from Thorne 1982)
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of the bank near the surface of the water intersects a ten-
sion crack and produces downward failure along the
fracture plane. This type of movement has been called
soil fall (Brunsden and Kesel 1973), earth fall (Twidale
1964), slab failure (Hagerty 1980), and shallow slip
(Thorne 1982). Normally, slab failure does not involve
as much bank material as other mass movements dis-
cussed below, but the process is very significant because
it occurs frequently (Thorne and Tovey 1981).

Weakening and weathering processes tend to reduce
the strength of bank materials and thereby promote in-
stability and mass movements. The mechanics of failure
depend on many variables such as the geometry and
stratigraphy of the bank and the physical-chemical prop-
erties of the bank material. The most important control
on weakening of bank material, the soil moisture condi-
tion, depends on both climate and bank properties. Soil
moisture is transformed into bank erosion by processes
that (1) reduce strength within the bank and (2) act on
the bank surface to loosen and detach particles and their
aggregates. For example, where saturated banks are
found in poorly drained, cohesive sediment, positive
pore pressure can decrease the strength of the bank ma-
terial (see chapter 4). This is especially true in high,
steep banks after prolonged precipitation or in the case
of rapid drawdown of the river level. Under these condi-
tions bank failure may occur by rotational sliding
(fig. 6.11c). In some cases, the stratigraphy of the flood-
plain sediment plays an important role in bank failures,
especially where cohesive layers rest above and below a
noncohesive layer. Usually the noncohesive layers con-
sist of permeable gravel, sand, or silt in contrast to the
cohesive material which is normally richer in clay. The
coarse-grained, cohesionless zone often serves as an av-
enue of pronounced seepage of underground water. Sap-
ping (or piping) may occur, with the seepage actually
transporting material away from the noncohesive unit
(Deere and Peck 1959; Hagerty 1980; Hagerty and
Hamel 1989; Ullrich et al. 1986; Odgaard et al. 1989).
The removal of the noncohesive material by sapping
creates overhanging blocks of upper bank sediment and
leads to bank instability and failure. Ullrich et al. (1986)
note that the overhanging bank sediments usually fail
along tension cracks that form immediately following a
mass wasting event. Thus, failure, by creating tension
cracks, may prepare the bank materials for future ero-
sion by sapping and mass wasting processes.

In addition to producing overhanging blocks of
bank material, seepage may create a lubricated surface
immediately below the noncohesive unit that serves as a
sliding plane for overlying material. This type of failure,
referred to as a planar slide, usually functions on slop-
ing surfaces, but where shear resistance on the plane of
sliding is very low, the movement can occur on a hori-
zontal surface. Planar slides (fig. 6.12) have been-recog-
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nized as important factors in the erosion of bluffs along
the Mississippi River (Brunsden and Kesel 1973) and, in
combination with other types of movement, are probably
quite common (Varnes 1958). They require, however,
that vertical fractures (tension cracks) exist in the bank
sediment.

The effects of water on the mechanics of bank ero-
sion are most pronounced when the bank materials are
saturated. Moisture may, however, have a significant ef-
fect on the shear strength of the bank materials even in
the absence of saturated conditions. For example, along
rivers with cohesive banks it is not uncommon for part of
the bank material to reside above the water table. During
dry conditions, the pores within these sediments are filled
with both water and air, and the shear strength of the ma-
terial is partly dependent on the matrix suction, defined
as the difference between the air pressure and the water
pressure in the unsaturated pores. Increases in matrix
suction enhance the apparent cohesion of the material
and, thus, its shear strength. During precipitation events,
decreases in matrix suction caused by infiltrating rainwa-
ter may be sufficient in many cases to initiate bank fail-
ure (Simon and Curini 1998; Simon et al. 1999).

The maximum rate of bank failure does not gener-
ally correspond to periods of peak discharge, but occurs
during the waning stages of the event. The seemingly
delayed response of the banks has been attributed to
(1) the movement of water into the bank sediments dur-
ing the rising stage of the flood, a process that increases
both pore pressure and the weight of the alluvial de-
posits, priming the banks for failure, and (2) the release
of pressure from the channel banks as water levels in the
river recede. Many researchers have also noted a distinct
seasonality associated with bank erosion rates, winter
and spring rates being considerably greater than those in
the summer (Wolman 1959; Thorne and Lewin 1979;
Simon et al. 1999). Presumably this results from higher
moisture contents during the winter and spring months,
and its influence on pore pressure and matrix suction.
Simon et al. (1999), for example, argue that during the
dry summer months, rainstorm events may be unable to
destabilize the banks because of high antecedent values
of matrix suction. However, during prolonged wet peri-
ods when matrix suction is low, as is commonly the case
during the winter and spring months, even small precipi-
tation events may lead to bank failure. The effects of
frost action may also result in seasonal differences in
bank erosion.

If river processes did not remove the debris from
the base of the banks, the accumulated sediment would
inhibit further failure (Pizzuto 1984; Nanson and Hickin
1986). From this perspective, the rate of bank erosion is
controlled by the rates at which the failed debris can be
transported from the base of the banks by the prevailing
hydrologic regime. Nonetheless, the above discussion il-
lustrates that in many cases the processes of river bank
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Figure 6.12
Bank erosion along the Osage River in central Missouri by lateral spreading and planar sliding.
(Dale Ritter)

erosion have little to do with rivers. Often it is a mass
movement phenomenon controlled by the texture and
stratigraphy of floodplain sediment and triggered by the
movement of groundwater. In light of this, the rate of
bank erosion in alluvial channels can be enormous or
minuscule, depending mainly on the character of bank
materials. In general, banks that are composed of fine-
grained sediment or densely vegetated (Hadley 1961;
D.G. Smith 1976) have more resistance to corrasion than
channels with sandy or gravelly banks. The actual
process of erosion, however, may differ; clay-rich banks
usually retreat by undercutting and subsequent block
failure (Stanley et al. 1966; Laury 1971), while more
coarse-grained banks erode by dislodgement and slough-
ing of individual particles. Even highly cohesive banks
may therefore erode rapidly if the dominant process is
undercutting and/or mass failure.

Erosion of Bedrock Channels

Our attention thus far has been on the entrainment and
transport of sediment in rivers formed in alluvial de-
posits. Far less is known about the erosional processes
operating along bedrock rivers that are most commonly
found in headwater areas or tectonically active oro-

graphic belts (Montgomery et al. 1996). In fact, a uni-
versal definition of what constitutes a bedrock channel
has yet to emerge. Nonetheless, it is clear that bedrock
rivers exhibit a variety of forms that are not necessarily
devoid of loose debris. Many bedrock channels contain
thin, discontinuous accumulations of unconsolidated
sediment along the channel bed, but they differ from al-
luvial rivers in that all of the loose bed sediments can be
mobilized during flood events. Bedrock rivers, then, are
capable of moving significantly more sediment than is
available for transport, and the nature of bed and bank
erosion is controlled by the erosionally resistant sub-
strate that forms part or all of the channel perimeter. In
most cases, the erosional resistance of the bounding rock
substantially limits changes in channel form during indi-
vidual floods, and notable alterations in channel geome-
try can only be observed over periods of decades or cen-
turies (Tinkler and Wohl 1998). Thus, channel form
represents the integration of processes acting over long
periods of time.

Because of the difficulties of directly measuring the
changes in bedrock channels over a period of a few
years, erosion rates are typically estimated using numer-
ically based approaches (Howard and Kerby 1983; Kooi
and Beaumont 1994). One of the most widely used ex-
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Figure 6.14

(A) Bedrock blocks exposed in channel bed of Potato Run, southern Indiana. Fractures which define the limestone blocks have been
enlarged by the dissolution and by the wedging of sand and gravel particles into the fracture by hydraulic forces. (B) Erosion of the

channel bed by the plucking of blocks at a knickpoint in Potato Run.

(A, B: Jerry Miller)

Deposition

Transportation of entrained sediment cannot continue
forever and, thus, particles must come to rest during the
depositional phase. Suspended rock and mineral frag-
ments tend to settle to the bottom at a rate that depends
on the density of the water, the fluid viscosity, and the
size, shape and density of the sediment. The distance any
suspended particle will move in one event depends on its
fall velocity and on whether its downward settling is off-
set by turbulent forces in the water column. Coarse parti-

cles tend to be deposited first as flow velocities decrease,
and may be deposited during minor fluctuations in veloc-
ity (see fig. 6.7). The net effect of these differences in de-
position is to create downstream and vertical variations
in grain size of the bed material. It should be recognized,
however, that the constant fluctuations in flow make the
channel floor a dynamic interface where some particles
are being entrained while others are simultaneously being
deposited. The net balance of this activity, referred to as
scour or fill, depends on local conditions rather than on
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fects may be different from those that occur over a long
reach of the channel (Colby 1964).

Fluvial deposition is important in geomorphology in
several ways. On a long-term basis, continued deposi-
tion, called aggradation, results in landforms that reflect
distinct periods of geomorphic history. The sedimentol-
ogy and stratigraphy of the associated deposits indicate
the types of rivers involved in the aggradational phase
(Schumm 1977) and provide clues to the environmental
conditions present at the time of the aggradational event.
On a short-term basis, deposition creates bed forms and
other microtopographic features such as dunes, bars, and
riffle-pool sequences that are closely related to channel
pattern and the character of flow within the channel (for
example, see Schumm et al. 1982). Finally, you should
recognize that the short- and long-term mechanics of de-
position have implications beyond the boundaries of
geomorphology. They are clearly basic to sedimentology
and stratigraphy and, interestingly, may be key factors in
subdisciplines of economic geology such as the explo-
ration for valuable placer deposits (Schumm 1977).

The Frequency and Magnitude of River Work

At this juncture we can logically ask when and how flu-
vial work is done. Is it the super event of very high dis-
charge that happens once in a millennium that causes
rivers to do what they do, or is it the normal flow that is
repeated time and time again? The answer to this ques-
tion rests firmly on the concept of geomorphic work.

Geomorphic work is usually estimated in one of two
ways. Wolman and Miller (1960) suggest that the work
done by a river can be estimated by the amount of sedi-
ment it transports during any given flow. They con-
cluded that in most basins 90 percent of the total sedi-
ment load (i.e., 90 percent of the work) is removed from
the watershed by the sum of rather ordinary discharges
that recur at least once every five or ten years. While
megafloods transport an abnormally high sediment load,
they occur so infrequently that their contribution to the
total amount of sediment that is transported out of the
basin over a period of years is minimal. In contrast,
flows of limited magnitude are incapable of transporting
significant loads. Thus, the discharges that transport the
most sediment are those that are able to move debris at a
moderate rate and that occur relatively frequently.

The Wolman and Miller hypothesis has been exten-
sively examined for a wide range of river systems.
These studies demonstrate that the most effective trans-
porting discharges vary significantly from one region to
another; considerable variability may even exist within
any given region (Ashmore and Day 1988; Nash 1994).
Andrews and Nankervis (1995), for example, examined
17 gravel bed rivers in the western United States and
found that the most effective flows for transporting bed
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material load over a period of years ranged from 0.8 to
1.6 times the bankfull discharge. Nonetheless, the basic
tenet of the Wolman-Miller hypothesis—that most of the
sediment transported by rivers is performed by moder-
ate, relatively frequent discharges—appears to hold true
for the majority of the rivers investigated.

The second way to estimate geomorphic work, with
perhaps greater implications, is to assess the conditions
under which rivers make adjustments to or maintain
their channel morphologies. Wolman and Miller (1960)
suggest that river channels form and reform within a
narrow range of flows. The lower flow limit is set by the
demands of competence. Clearly, the shape of the chan-
nel cannot be modified by erosional processes if the
flows are incapable of transporting the bed and bank ma-
terial. The upper limit is defined by the flow that ex-
ceeds bankfull and is no longer confined to the channel.
From this perspective, channel configuration is pre-
sumed to be a direct indication of river work, and its
precise form is perceived to be the product of high-
frequency events. This hypothesis has also received con-
siderable support and, indeed, was reinforced by studies
that suggested that channel morphologies are adjusted
during flows having a recurrence interval of 1.1 to
2 years, and that approximate bankfull discharge (Kil-
patrick and Barnes 1964; Dury 1973). Therefore, the
discharge that determines the characteristics and dimen-
sions of a channel, known as the dominant discharge,
has been implicitly accepted to have a frequency and
magnitude equivalent to the bankfull condition.

It seems justified to say that river channel morphol-
ogy is maintained in all environmental settings by geo-
morphic work done during a dominant discharge or
within a distinct range of flows. However, it should be
recognized that the recurrence interval of the bankfull
discharge can vary significantly, potentially exceeding
1-2 years by an order of magnitude (Williams 1978).
Moreover, it is now questionable as to whether bankfull
discharge is the dominant discharge for all rivers. For
example, Harvey and his colleagues (1979) found that
river flows in northwest England redistributed bed mate-
rial between 14 and 30 times a year and changed overall
channel form from 0.5 to 4 times a year. In coarse-
grained rivers, low to moderate flows may be incapable
of entraining the bed and bank material. Thus, only rare,
high-magnitude events may be able to effect a change in
channel form (Baker 1977).

The concept of a dominant discharge is further com-
plicated by the realization that the effect of major floods
on channel configuration, referred to as geomorphic ef-

fectiveness, varies with the environmental setting (Costa

1974b; Gupta and Fox 1974; Baker 1977; Moss and
Kochel 1978). This prompted the suggestion that the
Wolman-Miller principle should be modified to include
factors that control the work of floods in different envi-
ronments (Wolman and Gerson 1978).
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Hypothetical stream-power graphs associated with different
kinds of floods. The most geomorphically effective floods are
those characterized by curve B that exceed the threshold of
erosion for significant periods of time.

(From Costa and O'Connor 1995)

Historically, the impact of floods on channel mor-
phology has been related to flood magnitude, a parameter
that varies greatly with basin morphometry and climate
(see chapter 5). Kochel (1988) points out, however, that
the most significant effects of flooding have been associ-
ated with peak discharges that are several times greater
than the mean annual discharge. Thus, the difference be-
tween peak flood discharge and the discharge that is nor-
mally experienced by the channel may be more important
in controlling the extent to which the channel is modified
than the absolute magnitude of the event. In addition,
Costa and O’Connor (1995) found that some dam-burst
floods generated exceptionally high instantaneous stream
powers, but produced few geomorphic effects. They
argue that the limited effects of these events are related to
the fact that flow duration was relatively short and the
total energy expended was minimal. Long-duration flows
may be necessary to wet and disaggregate the soils,
thereby reducing the shear strength of the bank materials.
Thus, the maximum effects of flooding may be associ-
ated with some optimal combination of flow magnitude
(stream power), duration, and total energy expenditure
above the initiation of particle transport (Costa and
O’Connor 1995)(fig. 6.15). The geomorphic response
will also be influenced by the erosional resistance of the
materials that comprise the channel perimeter.

In light of the above, it should be clear that the magni-
tude of channel modification during an event is dependent
upon the complex interplay between a large number of pa-
rameters. Kochel (1988) has subdivided these controlling
parameters into two categories, which he refers to as
drainage basin factors and channel factors. Figure 6.16
shows that these factors interact in such a way that the
most significant effects are generally concentrated along
high gradient, coarse-grained channels in headwater areas,
particularly those characterized by abundant bedload.

There is a growing realization that an individual
basin having constant physical/biological properties can
experience different geomorphic responses in successive
floods of similar magnitude (Newson 1980; Beven
1981; Kochel et al. 1987). This indicates that effective-
ness is partly controlled by factors other than the nature
of the flow and the channel characteristics. The most im-
portant factor seems to be recovery time (Wolman and
Gerson 1978). Recovery time is essentially the time
needed for a river to recover its equilibrium form after a
major flow event has disrupted the channel configura-
tion (for alternative definitions, see Pitlick 1993). Im-
plicit in this perception is that major hydrologic events
may be able to affect the form of a channel, and that
changes produced may be long-lived or may be quickly
erased as the system reverts to its pre-event condition.
Thus, the effectiveness must be related to the time
needed to obscure the impacts of the event on the river.
Moreover, the effects of any given event may be depen-
dent on whether the channel has fully recovered from
the impact of the previous flood. Kochel (1988), for in-
stance, documented the responses of the Pecos River of
west Texas to catastrophic floods in 1954 and 1974. He
found that the 1954 flood resulted in the massive redis-
tribution of channel bed gravels and the severe erosion
of the channel margins. In contrast, the 1974 event re-
sulted in few channel changes. Presumably, the recovery
times in this area were sufficiently long that the channel
was still largely adjusted to the high discharges of the
1954 flood. Kochel’s conclusions indicate that the effec-
tiveness of any event is dependent upon both the actual
time between successive floods and the time required for
the system to recover. The healing interval is generally
thought to be climatically controlled. In humid areas, re-
covery times appear to be short, whereas arid and semi-
arid regions usually have much longer recovery times
(Wolman and Gerson 1978).

THE Quasi-EquiLiBrium CONDITION

Every river strives to establish an equilibrium relation-
ship between the dominant discharge and load by adjust-
ing its hydraulic variables (e.g., channel width and
depth, velocity, roughness, and water slope). This nor-
mal fluvial condition has been aptly referred to as a
“quasi-equilibrium” state (Leopold and Maddock 1953;
Wolman 1955) because the flow variables are mutually
interdependent, meaning that a change in any single pa-
rameter requires a response in one or more of the others.
The difficulty involved in understanding rivers becomes
evident when you consider that discharge and load are in
continuous flux, and so all the hydraulic variables must
always be adjusting. Obviously a river cannot attain
equilibrium as a steady-state condition; thus the term
quasi-equilibrium.,
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Summary of the factors controlling channel and floodplain response to large-magnitude floods.

(From Kochel 1988)

Hydraulic Geometry

The quasi-equilibrium condition was first demonstrated
in a landmark study by Leopold and Maddock (1953).
Using abundant flow records compiled at gaging stations
throughout the western United States, they set out to de-
termine the statistical relationships between discharge
and other variables of open channel flow; these relation-
ships are known as hydraulic geometry of river chan-
nels. Because every river has wide fluctuations in dis-
charge, any given channel cross-section must transport
the range of flows that comes to it from the adjacent up-
stream reach. Discharge, therefore, serves as an indepen-

dent variable at any station, and the changes in width,
depth, velocity, or other variables can be observed over
a wide spectrum of discharge conditions (fig. 6.17). At a
station each of the factors (w, d, v) increases as a power
function such that

w=aQ’
d=cQf
v = kO™

where a, ¢, k, b, f, and m are constants. The exponents
b, f, and m indicate the rate of increase in the




