














for the longitudinal variation of stream power involves at least
two elements, one for width and the other for depth (Cao and
Chang 1988; Cao and Knight, unpublished paper, 1996). It
therefore follows that width adjustments should not be consid-
ered in isolation at a particular cross section, but some lon-
gitudinal balance should be considered. This is particularly
important in sinuous channels but may also be important in
straight channels.

In meandering alluvial rivers boundary shear stress distri-
bution, bed topography, and channel cross-sectional shape all
vary considerably over the meander wavelength due to flow
curvature effects (Dietrich and Whiting 1989; Knight et al.
1992). These variations are considerably more complex during
over-bank flow. Laboratory studies (Tominaga and Nezu 1991,
1993; Sellin et al. 1993; Wark et al. 1994; Knight and Shiono
1995) show that new flow structures are introduced during
over-bank flow, and field studies (Fukuoka 1993, 1994; Lawler
1993a) indicate that in the natural environment over-bank
flows are strongly influenced by local morphological features.
This makes shrewd engineering judgment essential in sche-
matization of the channel at reach and grid scales.

Near-Bank Zone

Knowledge of the velocity, boundary shear stress, secondary
flows, and turbulence structure close to a river bank is required
before fluvial processes can be linked to channel width ad-
justment. The preceding sections have highlighted current dif-
ficulties in predicting the details of near-bank hydraulics, even
for relatively simple prismatic channels, whether flowing in-
bank or over-bank. The 3D nature of near-bank flow leads to
nonlinear distributions of Reynolds stresses normal to the
boundary and velocity profiles that are not logarithmic (Knight
and Shiono 1990, 1995; Shiono and Knight 1991; Meyer and
Rehme 1994). The effect of these flow complexities on bound-
ary shear stress distributions in the vicinity of river banks has
been illustrated by Knight and Cao (1994).

At present no simple formulas exist to characterize the lat-
eral distribution of local time-averaged boundary shear stress
around the wetted perimeter of a natural channel, although
Figs. 8 and 9 give some guidance, and experimental data, such
as that shown in Figs. 5 and 6, indicate how local values may
vary about the cross-sectional mean. Consequently, boundary
shear stresses in the near-bank zone have either been estimated
from trends established experimentally, like those shown in
Figs. 5-11, or been obtained from turbulence models, of
which the nonlinear k-¢ and large eddy simulation models are
probably the most appropriate (Rodi 1980; Nezu and Naka-
gawa 1993; Thomas and Williams 1995; Younis 1996). As-
suming that these local values are known, Figs. 12—14 show
how the boundary shear stress and bed-load region are often
conceptualized in a typical width adjustment model (Ikeda and
Izumi 1991; Kovacs and Parker 1994; Knight and Yu 1995).
It should be remembered, however, that although the boundary
shear stress is arguably one of the more important connecting
links between the flow field and the distributions of erosion
(or scour), deposition, and channel change (Breusers and
Raudkivi 1991), it is not necessarily the dominant parameter
responsible for bank erosion or width adjustment. Process
dominance also depends on the geomorphic context within
which width adjustment is taking place, the channel type (Fu-
kuoka et al. 1993), and location within the watershed (Lawler
1992).

Adjustment of Channel Boundaries in Near-Bank
Zone

The adjustment of alluvial channel boundaries is usually
related to spatially averaged hydraulic parameters, such as

boundary shear stress, streamwise stream power, and energy
gradient, together with data defining the net sediment supply
to the system and the bank material properties (Molinas and
Yang 1986; Hasegawa and Mochizuki 1987; Chang 1988b;
Hasegawa 1989; Wiele and Paola 1989; Pizzuto 1990; Lawler
1993a; Parker 1995). The variability of channel morphology
and complexity of the turbulent flows described earlier might
suggest that a probabilistic approach is more suitable than the
deterministic treatments described previously. Whichever ap-
proach is selected, the same key hydraulic parameters are still
likely to be included in process equations or functions and
should be represented as faithfully as possible, despite some
implicit longitudinal smoothing of localized flow structures or
morphological features. The appropriate inclusion of 3D phe-
nomena into either a 1D system model or a depth-averaged
model is still awaited and is likely to be derived from detailed
3D numerical simulations (ASCE 1988; Li and Wang 1994;
Thomas and Williams 1995; Younis 1996). However, even al-
lowing for future advances in representing the 3D flow, a com-
prehensive theoretical framework still needs to be developed
for determining the equilibrium form of stable alluvial chan-
nels before attempting to simulate changes from the equilib-
rium profile.

Identification of the junction point between active (that is
eroding) and inactive (noneroding) elements of the bank, to-
gether with characterization of the erosion front that moves
this point, appears to be crucial to guantifying width adjust-
ment. Hydraulic conditions at the active-inactive junction are
especially difficult to determine with precision, even for in-
bank flows. Near-bank hydraulic conditions for over-banks are
strongly influenced by secondary flow structures close to the
banks and must be represented carefully through the correct
use of local friction factors, eddy viscosities, and depth-aver-
aged secondary flow values. In this respect, the depth-averaged
approach described earlier is worthy of further study. Although
major drawbacks with this approach remain, a need still exists
for calibration of specific channel shapes and no details of
vertical motion are available from the process equations.

It is also important to know the rates at which width, depth,
slope, and local morphological adjustments are made, so that
errors can be assessed when an incremental series of quasi-
steady-state discharges are used to simulate a hydrograph. The
dominant or effective discharge responsible for forming chan-
nel morphology, although easy to define in theory, is still
poorly understood and, except for work by Ackers (1992),
very little attention has been paid to the influence of over-bank
flows on dominant discharge. The hypothesis that in an equi-
librium channel the bank-full stage corresponds to the domi-
nant or effective discharge has some theoretical basis, but it
may be a special case within a variety of associations between
important features of channel morphology and a range of ef-
fective flows (Hey 1975; Thorne et al. 1993; Biedenharn and
Thome 1994). Further experimental work on equilibrium and
nonequilibrium alluvial channels is required before linkages
between dominant discharge, the range of effective flows, and
channel morphology can be substantiated.

ANALYSIS

The limitations of our knowledge of fluvial hydraulics and
some suggestions for a research agenda to address present con-
straints on understanding flow processes that drive width ad-
justment are discussed next.

Local Boundary Shear Stress

If the local time-averaged boundary shear stress continues
to be used as a parameter defining sediment entrainment, trans-
port, and deposition in morphological models, then the knowl-
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edge of its spatial and temporal variation in different types of
channels must be improved. At present cross-sectional bound-
ary stress distributions are predicted from empirical equations
for channels with simple cross-sectional shapes and attributes.
These simple equations deal only with heterogeneous rough-
ness, in which bed and bank roughness heights are similar.
New equations for local boundary shear stress values relative
to spatial and temporal mean values should be developed for
irregular cross-sectional shapes and roughness distributions.
The experimental work necessary has to be laboratory-based
but should include field studies in engineered prismatic chan-
nels and alluvial rivers with natural cross sections under a wide
range of flow conditions to test the validity of results from
more idealized situations.

Turbulence and Bank Shear Stresses for In-Bank and
Over-Bank Flows

Coherent turbulent structures and secondary patterns must
be studied in more detail close to the bed and in the near-bank
zones of river banks. Not only are temporal variations in the
near boundary Reynolds stresses due to turbulent burst and
sweep important for sediment entrainment and motion, but so
are the large-scale motions induced either by nonuniform
boundary roughness or skewing of the flow at bends (second-
ary currents of Prandt!’s first and second kinds).

Accurate Longitudinal Averaging of Streamwise Terms in
Governing Equations

River channel topography demands that some longitudinal
averaging is performed during modeling. Studies should be
made into the effects of using 1D resistance laws to simulate
reach-scale and local morphological features. Until energy gra-
dients and resistance coefficients are refined to represent local
variability, uncertainties are likely to persist.

Laboratory and Field Studies on Rates of Adjustment

There is a dearth of high-quality data on rates of change of
parameters at both field and laboratory level. Well-focused lab-
oratory studies (Ikeda 1981), small field studies (Fujita et al.
1990; Hasegawa 1993; Fukuoka 1994; Hagerty et al. 1995),
and large-scale field studies (Ergenzinger et al. 1994) have
shown that it is possible to investigate the many facets and
processes at work using a variety of experimental approaches.

Unsteady Flow and Dominant Discharge Approaches

Studies of river width adjustment in most fluvial systems
require that fieldwork is sustained over relatively long time
periods. As in natural streams the hydrological regime is un-
controllable, continuous measurement is essential to guarantee
gathering of useful data, and the long-term reliability of mon-
itoring equipment to collect the hydraulic data is crucial.

Extremal Hypotheses

At present no consensus exists regarding the applicability
of extremal hypotheses to the analysis of width adjustments.
Before adjustment models incorporating extremal hypotheses
are further developed there is a need to explore the basis, lim-
itations, and prerequisites for application of these hypotheses
in disequilibrium channels with complex geometries and, con-
sequently, there is still a need for both theoretical and labo-
ratory studies.

Bank Roughness

The effects of bank and riparian vegetation on the river
channel roughness and morphology are still poorly understood
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(Ikeda and Izumi 1990; Masterman and Thorne 1992; Darby
and Thorne 1996b), and further research in both laboratory
flumes and natural channels is essential to elucidate the effect
of submerged and emergent stems on near-bank velocities, tur-
bulence, bank shear stresses, and channel conveyance capacity.
Research should incorporate studies of both flexible and stiff-
stemmed plants.

BANK MECHANICS

The fundamental processes responsible for channel width
adjustment are fluvial erosion, fluvial deposition, and mass
bank failure. The following seven topics concerned with the
mechanics of bankline movement are germane to width ad-
justment and are addressed in this section: (1) Bank erosion;
(2) weakening of resistance to erosion; (3) bank stability with
respect to mass failure; (4) basal endpoint control; (5) effects
of vegetation; (6) seepage effects; and (7) bank advance.

Bank Erosion

Water flowing in an alluvial channel exerts forces of drag
and lift on the boundaries that tend to detach and entrain sur-
face particles. To remain in place the boundary sediment must
be able to supply an internally derived force capable of re-
sisting the erosive forces applied by the flow. The origin of
these resisting forces varies according to the grain size, size
distribution, and the nature of electrochemical bonding that
may exist between particles. Alluvial bank materials are
formed primarily by fluvial deposition and are often stratified,
with a general fining-upward sequence. Therefore, the engi-
neering characteristics and erodibility of the bank may vary
with elevation. Also, floodplain deposits typically include al-
luvial sands and gravels, clay plugs, and strongly cohesive
backswamp deposits, so that bank material properties vary spa-
tially over relatively short distances. While the distribution of
sustained bank retreat along the course of a river depends pri-
marily on the distribution of boundary shear stress in the near-
bank zones, outcrops of particularly resistant material may act
to slow the local bank retreat rate and to distort the fluvially
driven pattern of channel planform evolution.

In the case of noncohesive sands and gravels, the forces
resisting erosion are generated mainly by the immersed weight
of the particles, although close packing of grains in imbricated
patterns can also wedge particles in place, greatly increasing
the critical boundary shear stress necessary for entrainment.
Generally, the mobility of noncohesive bank materials can be
predicted using a Shields-type entrainment function, but this
must be modified to take into account the destabilizing effect
of the channel side slope. Also, the critical value of the di-
mensionless shear stress must be adjusted to allow for exces-
sive tightness or looseness in packing of bank material parti-
cles (Thorne 1982).

Fine-grained bank materials, containing significant amounts
of silt and clay, are to some degree cohesive and resist en-
trainment primarily through interparticle, electrochemical
bonding rather than through the immersed weight of the par-
ticles. When cohesive bank materials are entrained by the flow,
it is aggregates of grains (such as soil crumbs or peds that
have been produced by soil-forming processes) that are de-
tached. Fluvial entrainment, therefore, requires that the local
boundary shear stresses exceed the critical value to initiate
motion of crumbs or peds rather than that related to the pri-
mary soil particles. Ped size, stability, and interped bonding
strength are not conservative soil properties as they depend to
some degree on the local history of soil development, in gen-
eral, and recent antecedent conditions of wetting and drying,
in particular. It follows that the conditions of incipient motion
for cohesive bank materials are complex, time-dependent, and
difficult to define.
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A TC (ASCE 1968) summarized early studies into the me-
chanics of cohesive bank erosion. The TC recorded the results
of noteworthy contributions by, among others, Smerdon and
Beasley (1961) and Flaxman (1963) on channel stability in
cohesive materials and Grissinger and Asmussen (1963) and
Grissinger (1966) on the erodibility of cohesive soils.

For example, Grissinger and Asmussen (1963) found that
the erosion resistance of clayey soils increased with the time
that the materials were wetted. They postulated that when clay
is initially wetted the free water releases the bonds between
particles, but that, as free water is absorbed, the clay minerals
hydrate and interparticle bonds are strengthened. This illus-
trates how the chemical bonding of clay particles may vary
with time and the history of soil moisture changes.

A wealth of subsequent work has further addressed funda-
mental aspects of cohesive soil behavior, leading to important
papers by Partheniades and Passwell (1970), Kandiah and Aru-
lanandan (1974), Arulanandan (1975), Arulanandan et al.
(1975), Ariathurai and Krone (1976), Ariathurai and Arulan-
andan (1978), Abt (1980), Grissinger (1982)—who presents
an excellent review of progress achieved up to the early 1980s,
Kamphuis and Hall (1983), Parchure and Mehta (1985),
Springer et al. (1985), Shaikh et al. (1988a,b), and, most re-
cently, Annadale and Parkhill (1995) and Kranenburg and
Winterwerp (1997). Space limitations preclude an in-depth re-
view of the findings of these papers here. However, in sum-
mary it can be concluded that while critical boundary shear
stresses for cohesive bank soils are extremely difficult to pre-
dict accurately (Grissinger 1982), they tend to be higher than
for noncohesive bank materials. As a result, erosion rates for
cohesive banks are generally lower than for noncohesive ma-
terials (Vanoni, 1975; Thorne and Tovey 1981).

Once entrained, crumbs and peds disintegrate rapidly due to
corrasion at the channel boundaries and turbulent buffeting in
the flow, so that most fine sediment derived from bank erosion
is transported in suspension and is conventionally classified as
wash load. However, Hey (1997) has recently challenged this
long-held view. He points out that, as bank material load is
derived from erosion processes operating within the channel,
it should be differentiated from watershed-derived wash load,
the supply of which is not controlled by any in-stream process.
The concentration of wash load tends to be supply-limited and
is independent of the transport capacity of the flow. Hey
(1997) suggests that bank material load should be classified,
with the bed material load, as part of the transport-limited
sediment load. As the dynamics and deposition of transport-
limited and wash load components of the total load differ
markedly within the fluvial system (Vanoni 1975), the reclas-
sification of bank-derived sediment from wash load to chan-
nel-derived sediment load would have important morphologi-
cal implications. These issues should be further explored.

Weakening of Resistance to Erosion

The erodibility of bank soils can be increased markedly by
processes of weakening and weathering. The processes re-
sponsible for loosening and detaching grains and aggregates
are closely associated with soil moisture conditions at and be-
neath the bank surface. In poorly drained soils positive pore-
water pressures act to reduce bank stability, which can lead to
bank failure, particularly during rapid drawdown of the chan-
nel stage following a high flow. Conversely, rapid immersion
of a dry bank can lead to slaking, which is the detachment of
aggregates by positive pore pressures due to compression of
trapped air.

Swelling and shrinkage of soils during repeated cycles of
wetting and drying can contribute to cracking that significantly
increases erodibility and reduces soil shear strength. Shrinkage
is especially damaging to the strength of the bank when in-

tense drying of the soil leads to desiccation cracking. Heaving,
due to the 9% increase in water volume on freezing (Ritter
1978), and the growth of needle ice crystals at the bank sur-
face, followed by collapse of ice wedges and needles during
thawing of soil moisture, are highly effective in increasing the
susceptibility of cohesive bank materials to flow erosion (Law-
ler 1993b).

Temporal variability in the erodibility of bank soils due to
the operation of weakening processes means that the effec-
tiveness of a given flow event in eroding the bank depends
not only on the magnitude and duration of a particular event
but also on antecedent conditions (Wolman 1959).

Bank Stability with Respect to Mass Failure

Fluvial erosion drives bank retreat directly by the removal
of material from the bank face, but it often also causes bank
retreat by triggering mass instability. The stability of the bank
with regard to mass failure depends on the balance between
gravitational forces that tend to move soil downslope and the
forces of friction and cohesion that resist movement. Failure
of the bank occurs when flow scour of the bed next to the
bank toe increases the bank height, or undercutting increases
the bank angle, to the point that motivating forces exceed re-
storing forces on the most critical potential failure surface, and
the bank collapses in a gravity-induced, mass failure.

The analysis of slope stability with respect to mass failure
has been the topic of considerable research effort, primarily
by geotechnical engineers, but also by geomorphologists and
geophysicists. Engineering research has concentrated on de-
velopment of engineering designs for artificial slopes and em-
bankments, but rather little of this work is applicable to the
very steep slopes, undisturbed soils, complex stratigraphies,
and unspecified drainage conditions found in eroding, natural
river banks. Also, application of most geotechnical analyses
requires detailed site investigation to provide the necessary
data on profile geometry, soil properties, bank stratigraphy, and
ground-water flow net. While it is possible to collect such
detailed information for a specific construction site or key lo-
cation, the data obtained cannot easily be generalized to rep-
resent bank conditions along a reach of river, due to inherent
variability in the properties of natural alluvium and uncertainty
concerning the local bank environment.

In fact, relatively little research specifically concerned with
streambank stability has been undertaken, and the following
brief review of slope stability literature concentrates on more
recent work that is directly relevant to mass failure of river
banks. However, it is acknowledged that treatment of river
bank stability shares a common origin with that of engineered
slopes and embankments in the fundamental work of research-
ers, such as Bishop (1955), Peck and Deere (1958), Bishop
and Morgenstern (1960), Morgenstern and Price (1965), Spen-
cer (1967), Terzaghi and Peck (1967), Vaughan and Walbancke
(1973), Fredlund and Krahn (1977), and Poulos et al. (1985).

There is a clear contrast in failure mechanics between non-
cohesive and cohesive materials because of significant differ-
ences in their soil mechanics. In a noncohesive bank, shear
strength increases more rapidly with depth than does shear
stress, so that critical conditions are more likely to occur at
shallow depths. In a cohesive bank, shear stress increases more
quickly than shear strength with increasing depth so that crit-
ical surfaces tend to be located deep within the bank (Terzaghi
and Peck 1967).

Noncohesive materials usually fail by dislodgement and av-
alanching of individual particles or by shear failure along shal-
low, very slightly curved slip surfaces. Deep-seated failures
occur in cohesive materials with a block of disturbed, but more
or less intact, bank material sliding into the channel along a
curved failure surface. In banks with shallow slope angles (8
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< 60°), the failure surface is curved and the block tends to
rotate back toward the bank as it slides, in a rotational slip
(Fig. 15). Steep banks characteristically fail along almost pla-
nar surfaces, with the detached block of soil sliding downward
and outward into the channel in either a planar slip or a top-
pling failure (Fig. 16) (Thorne 1982).

Rotational slips may be defined as a base, toe, or slope
failure depending on where the failure arc intercepts the
ground surface [Fig. 15(a)] and are analyzed using conven-
tional geotechnical procedures (Bishop 1955; Fredlund 1987).
The risk of failure is usually expressed by a factor of safety,
defined as the ratio of restoring-to-disturbing moments about
the center of the failure circle. In the method of slices [Fig.
15(b)], the soil body within the failure arc is divided into ver-
tical slices with forces acting as shown. To obtain a determi-
nate solution for the factor of safety it is necessary to make
an assumption regarding interslice forces, for example, to as-
sume that these forces act horizontally. The critical slip failure
circle cannot be simply located, and usually a computer pro-
gram is used to explore the large number of possible solutions
to determine the position of the most critical arc.

In nature, many eroding river banks are very steep, and
near-vertical banks, termed river cliffs, often occur at the outer
margin of meander bends and along severely incised channels.

@ (i) (i)

(a)

(b)

7 wix,
A\ Eé-—>1 ! ,,<—E1
x2

B

Z4
s"\u
FIG. 15. (a) Rotational Slip Failures in Cohesive Bank: (i)

Slope Failure, (il) Toe Failure, (iii) Base Failure; (b) Stability Anal-
ysis of Slip Circle by Method of Slices [after Thorne (1982)]
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FIG. 16. Culmann Analysis for Plane Slip Fallure [after Thorne
(1982)]
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Such steep slopes formed in friable soils are rarely encoun-
tered in hillslope and embankment studies and, consequently,
stability analyses for planar slip have received relatively little
attention in the geotechnical literature. Approaches that have
been developed stem from the Culmann method, in which
forces acting on the potential failure block are resolved normal
to and along the failure plane, leading to an equation defining
the critical height for mass failure that has the general form

H, = 4c¢(sin 0 cos $)/y[1 — cos(6 — )] s)

where H, = critical bank height; ¢ = cohesion; i = bank angle;
y = bank material unit weight; and ¢ = friction angle.

Tension cracks often develop downward from the ground
surface, parallel to the bankline, behind steep banks due to
horizontal, tensile stress in the soil at this location (Terzaghi
and Peck 1967). Tension cracks truncate the effective length
of the potential failure surface, tending to destabilize the bank
and reducing its stability relative to that predicted from a Cul-
mann analysis. Cracks may occupy as much as half of the bank
height, isolating a column or slab of soil, which then slides
and topples forward into the channel in a toppling failure (Fig.
17).

Stability analyses applicable to the very steep (almost ver-
tical), deeply cracked river cliffs associated with eroding, un-
stable streambanks have been undertaken by researchers in
hydraulic engineering and fluvial geomorphology, but much
more testing and validation is required before these models
could be adopted for routine application as engineering design
tools (Osman and Thorne 1988; Darby and Thorne 1996a). As
pointed out by Millar and Quick (1997), however, these anal-
yses should only be applied to very steep banks.

Cantilevered or overhanging banks are generated when ero-
sion of an erodible layer in a stratified or composite bank leads
to undermining of overlying, erosion-resistant layers. Thorne
and Tovey (1981) pointed out that cantilevered banks may fail
by shear, beam, or tensile collapse (Fig. 18). Shear failure [Fig.
18(a)] occurs when the weight of the cantilever block exceeds
soil shear strength, causing the overhanging block to slip
downwards along a vertical plane. In a beam failure, a block
rotates forward about a horizontal axis within the block [Fig.
18(b)] when disturbing moments about the neutral axis exceed
restoring moments. Tensile failure [Fig. 18(c)] occurs when
the tensile stress exceeds soil tensile strength and the lower
part of the overhanging block falls away. Frequently, the
strength of cantilever blocks is significantly increased by root
reinforcement due to riparian and floodplain vegetation. Flow
erosion and tensile failures occur below the root mat, leaving
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FIG. 17. Sequence (i-iv) of Toppling Failure on Low Steep
Stream Bank [after Thorne and Tovey (1981)]
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FIG. 18. Mechanisms of Cantllever Fallure: (a) Shear Faillure
along AB; (b) Beam Failure about Neutral Axis; (c) Tensile Fail-
ure across (CD) [after Thorne and Tovey (1981)]

root-bound cantilevers that fail subsequently by either the
beam or shear mechanism.

Whether bank failure occurs by rotational slip, toppling, or
cantilever collapse, the primary force tending to move the fail-
ure block is the tangential component of the weight of the
block. Fluvial erosion can increase the motivating force by
increasing the bank height (through bed scour next to the bank
toe) or by increasing the bank slope angle (through lateral
erosion of the toe and lower bank). The weight of bank ma-
terial also increases with the moisture content of the soil and
failure often follows the change from submerged to saturated
conditions that occurs when drawdown occurs in the channel.

Ample field evidence exists that bank failure may be trig-
gered by any of these changes in motivating force. For ex-
ample, Abam (1993) noted that bank failures in the Niger
Delta, Nigeria, could often be attributed to increases in bank
height and bank angle due to fluvial erosion and bed scour at
the river banks. Abam also documented decreased bank sta-
bility due to rapidly falling water levels that led to (1) the loss
of the confining pressure provided by the channel water level;
(2) positive pore pressures due to poor drainage resulting from
the low permeability of the soil; and (3) increases in the ef-
fective unit weight of the soil due to saturation.

Basal Endpoint Control

While fluvial erosion processes and geotechnical failures are
controlled by different aspects of bank geomorphology, they
are actually linked. The key to characterizing this link lies in
recognizing that mass wasting delivers the failed material to
the toe of the slope, or basal area, but does not entirely remove
it from the bank profile. The removal of failed material from
the basal area depends primarily on its entrainment by current
and wave action, followed by fluvial transport downstream.

The concept of basal endpoint control explains how the me-
dium- to long-term retreat rate of the bank is controlled by the
rate of sediment entrainment and removal from the toe.

The concept of basal endpoint control was first developed
by Carson and Kirkby (1972) to explain variations in hillslope
profiles. Thorne (1982) applied the concept to river banks,
proposing that bank retreat can only be sustained when the
near-bank flow is able to remove failure debris and to continue
to scour the basal area. In contrast, where the flow is unable
to remove all the debris basal accumulation occurs and a berm
or bench of failed material develops. This tends to protect the
intact bank from fluvial erosion and, by acting as a buttress
against gravity failures, increases bank stability. On this basis,
the balance of basal supply and removal of sediment can be
defined by one of the following three states of basal endpoint
control:

1. Impeded removal—Bank failures supply debris to the
base at a higher rate than it is removed. Basal accumu-
lation results, decreasing the bank angle and height and,
therefore, increasing stability with respect to mass fail-
ure. The rate of debris supply decreases, favoring the
second state.

2. Unimpeded removal—Processes delivering debris to the
base and removing it are in balance. No changes in basal
elevation or slope angle occur. The bankline recedes by
parallel retreat at a rate determined by the degree of flu-
vial activity at the base.

3. Excess basal capacity—Basal scour has excess capacity
over the debris supply from bank failures. Basal lowering
occurs, increasing bank angle and height and, therefore,
decreasing stability with respect to mass failure. The rate
of debris supply increases, favoring the second rate.

The state of basal endpoint control is useful in explaining
the medium- to long-term rates of river bank retreat or ad-
vance. It also highlights the importance of considering the re-
sponse of near-bank morphology to bank stabilization. The
concept indicates that a reduction in debris supply that is due
to bank stabilization may induce a state of excess basal ca-
pacity that generates very deep toe scour (Thorne et al. 1995).
As pointed out by Maynord (1996), this additional scour must
be properly accounted for in the design of the stabilization
works if failure due to undermining is to be avoided.

Hagerty (1991a,b) proposed that not all sustained bank re-
treat depends on the state of basal endpoint control. This pro-
posal was based on the fact that piping is a widespread cause
of sustained bank retreat along the Ohio River that is, appar-
ently, independent of the state of basal endpoint control. Even
though the bank toe is stable, upper bank retreat has continued
unabated for many years. However, closer inspection of the
relevant bank profiles indicates that the reason that the toe has
been stable is that, in this regulated river, the toe is well below
pool level and is thus morphologically inactive. Piping in sand
layers at about the elevation of the standard low water plane
has produced a bench that represents the toe of the morpho-
logically active bank. At this elevation, bank retreat may still
be considered to be covered by the concept of basal endpoint
control, with the bank profile above pool elevation almost con-
tinually in a state of unimpeded removal, due to the ability of
current and wave action to remove the fine debris supplied by
piping. Creation of the bench and control of the profile thus
depend on the piping process in supplying debris that can eas-
ily be removed by waves and currents that would not other-
wise be able to erode intact bank material.

Hagerty et al.’s detailed treatment highlights the subtlety of
interactions between fluvial and mechanical processes respon-
sible for bank retreat, and it illustrates that great care must be
taken when interpreting bank processes from bank form, es-
pecially in regulated rivers.
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Vegetation Effects

The role of vegetation in affecting bank erosion and width
adjustment is complex and poorly understood. Although veg-
etation generally reduces soil erodibility, its impact on bank
stability with respect to mass failure may be either positive or
negative. Hence, depending on the geomorphic context and
dominance of either fluvial processes or mass failure, vegeta-
tion may produce either a net increase or a decrease in the rate
of bankline shifting.

Vegetation can play an important role in limiting the ef-
fectiveness of bank erosion by detachment and entrainment of
individual grains or aggregates of bank material. Compared to
unvegetated banks, erosion of well-vegetated banks is reduced
by one to two orders of magnitude (Carson and Kirkby 1972;
Smith 1976; Kirkby and Morgan 1980). Gray and Leiser
(1982) and Coppin and Richards (1990) have reviewed the
effects of herbaceous and, to a lesser extent, woody vegetation
in reducing flow erosivity and bank erodibility and concluded
that major effects include the following:

* Foliage and plant residues intercept and absorb rainfall
energy and prevent soil compaction by raindrop impact.

* Root systems physically restrain soil particles.

« Near-bank velocities are retarded by increased roughness.

* Plant stems dampen turbulence to reduce instantaneous
peak shear stresses.

* Roots and humus increase permeability and reduce excess
pore water pressures.

« Depletion of soil moisture reduces water-logging.

Gray and Leiser (1982) and Coppin and Richards (1990)
also reviewed the ways that woody vegetation may affect the
balance of forces promoting and resisting mass failure. Roots
mechanically reinforce soil by transferring shear stresses in the
soil to tensile stresses in the roots, which root strength is able
to resist. However, this effect operates only to the rooting
depth of the vegetation, and it does not reinforce potential
failure planes that pass beneath the plant rootballs. Hence, root
reinforcement is negated when bank height significantly ex-
ceeds rooting depth.

Soil moisture levels are decreased by interception on the
canopy and evapotranspiration from the foliage, reducing the
frequency of occurrence of the saturated conditions conducive
to bank collapse. Anchored and embedded stems can act as
buttress piles or arch abutments in a slope, counteracting
downslope shear stresses and increasing bank stability. How-
ever, roots may also invade cracks and fissures in a soil or
rock mass and thereby cause local instability by their wedging
or prying action. The surcharge weight of vegetation may sig-
nificantly increase motivating forces, causing destabilization of
the bank, and wind loading of tall vegetation may exert an
additional and potentially critical destabilizing moment on the
bank.

These few examples illustrate the complexity of vegetation
impacts on flow erosivity, soil erodibility, and mass stability.
A recent scoping study on bank vegetation and bank protection
reached the conclusion that vegetation may be either a positive
or negative influence on bankline stability and retreat rate
(Thorne et al. 1997). This may explain the apparently contra-
dictory conclusions regarding the effect of bank vegetation on
equilibrium channel width of, for example, Hey and Thorne
(1986), who reported that stable channel width decreases as
the density and stiffness of bank vegetation increase, and Mur-
gertroyd and Ternan (1983), who found the opposite in a study
of the effects of afforestation on channel form. Also, they may
explain why the notable increases in the shear strength of root-
permeated soils found in laboratory test soils by Waldron
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(1977) are not always replicated in strength measurements
made in real river banks (Amarasinghe 1992).

As pointed out by Thorne and Osman (1988a), Darby and
Thorne (1996a) and, most recently, Thorne et al. (1997) a great
deal of further research is necessary before vegetation effects
can be properly understood and incorporated into the technical
description of bank material characteristics under conditions
representative of the range of environments encountered along
natural streams and waterways.

Seepage Effects

In addition to fluvial activity causing scour at the toe of the
slope, grain-by-grain detachment, and mass wasting, Parola
and Hagerty (1993) have identified a general class of failure
mechanisms that is often very important to bank stability. This
class of mechanisms is driven by seepage within the bank.

Pore-water movement within the bank is most vigorous dur-
ing and following a high flow event. As flood waters rise in
the stream, the increased hydraulic head drives seepage into
the bed and banks, resulting in ground-water recharge. As the
flood stage recedes hydraulic gradients reverse, driving seep-
age into the stream from the banks. The distribution of inflow,
movement, and outflow through the bank is seldom uniform
but is, in fact, strongly influenced by the layered stratigraphy
that is a characteristic of alluvial banks.

Alluvial banks consisting of sand, silt, and clay layers typ-
ically have hydraulic conductivity that is much greater in the
horizontal direction than the vertical. Consequently, ground-
water flow occurs principally by horizontal seepage into and
out of sandy layers. During bank drainage, outflowing water
may entrain and remove grains from a sand layer—a process
termed piping by Hagerty (1991a,b). Piping erosion leads to
undermining of overlying, less pervious layers causing those
layers to deflect and distort. The most common result of this
undermining is the formation of cracks in the undermined
layer, where the soil is unable to support the tensile stresses
created by deflection (Parola and Hagerty 1993). Mass wasting
then occurs as cracking reduces the operational strength of the
bank.

Another type of bank failure associated with strong seepage
is gully development. While gully development is usually re-
garded as resulting from surface erosion, subsurface erosion
by piping may lead to subsequent collapse of the pipes to form
gullies along streambanks (Harvey et al. 1985). This mode of
gully formation is particularly likely in loess and alluvially
redeposited loess.

Bank weakening and erosion by seepage is often overlooked
by river engineers. Failure to identify subsurface piping ero-
sion can lead to misclassification of the erosion problem and
subsequent problems with bank stabilization works that are
adequate to armor the bank against fluvial attack, but which
are likely to fail due to internal erosion driven by piping.

Bank Advance

Bank advance occurs through sediment deposition and may
result in channel narrowing. For example, in an analysis of
East Fork River, Wyo., Andrews (1982) documented sedimen-
tation in cross sections wider than the mean bank-full width,
with a significant portion of the accumulated sediment depos-
ited against the channel banks. Andrews noted that if the ma-
terial deposited against the banks during one spring flood re-
mained through the next year, the channel would become
narrower and would gradually approach the mean bank-full
width of the reach.

Conversely, channel narrowing as the result of channel
metamorphosis can drive bank advance. Metamorphosis is the
result of local morphological response of the channel to
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changes in runoff, sediment supply, or management regime
(Schumm 1977).

For example, in their channel evolution models for incised
channels, Schumm et al. (1984) and Simon (1989) described
how the recovery of stability was characterized by aggradation
of the channel bed and fluvial deposition on the banks.
Schumm et al. (1984) referred to the bank depositionary fea-
tures as berms. Harvey and Watson (1988) observed that in
Muddy Creek bank berms grew to a relatively constant ele-
vation above the bed of the channel. This implies that the
berms formed by bank accretion form in response to some
relatively systematic feature of flow and sediment regime
(Taylor and Woodyer 1978), most likely the dominant or ef-
fective channel-forming flow.

A hypothesis accounting for the processes responsible for
berm development has been proposed by Harvey and Watson
(1988). According to this hypothesis, bed material sediments
that are transported in dunes during higher flows are left in
remnant bed forms along the channel margins as the stage
falls. The remnant dunes are then draped with fine-grained silts
and clays from the suspended load as the flow diminishes,
stabilizing the deposits. Repetition of this process eventually
produces a stable, sedimentary berm, permanently advancing
the bankline.

Evidence for the cyclical deposition of dune sands and wash
load silts is preserved in the accretionary bank stratigraphy as
sand-mud couplets that increase in thickness and grain size
with depth below the berm surface. It should be noted that,
according to this hypothesis, the bank advance process may
be accelerated through sediment trapping in pioneer vegetation
that invades the berms, although vegetation invasion is not
responsible for the initial deposition of the berm sediments
(Taylor and Woodyer 1978).

CONCLUSIONS

The conclusions of the TC findings are as follows:

1. Width adjustments take place within a wide range of geo-
morphic contexts. Adjustment may take place as part of
the natural evolution of channel morphology, it may be
caused by disruption of the long-term equilibrium mor-
phology due to an extreme event, or it may be a mor-
phological response to river engineering or management.

2. To understand, predict, and manage changing channel
width it is essential that civil engineers are aware of the
geomorphic context within which width adjustment is
occurring.

3. Analysis of equilibrium width in stable channels can be
approached using (1) empirical, regime methods; (2) ex-
tremal hypotheses; and (3) rational, tractive force meth-
ods. These approaches are strictly limited to prediction
of time-invariant width in graded or regime channels.
They can be used with care to predict asymptotic values
of width following disturbance of the graded or regime
condition, but they cannot predict either the rate of
change or intermediate widths attained during dynamic
adjustment of channel morphology. Despite these limi-
tations, these methods have many useful engineering ap-
plications.

4. The time and spatially averaged boundary shear stress is
an important parameter in predicting both equilibrium
width and width adjustment. However, the lateral distri-
bution of local values of boundary shear stress is poorly
understood, especially for channels with nonuniform
cross sections.

5. Improved understanding of the effects of over-bank flows
on river width adjustment processes is needed.

6. A variety of mass failure mechanisms may be involved

in bankline retreat. Care must be taken to match the slope
stability analysis used to check bank stability to the crit-
ical failure mechanisms observed in the field. It is essen-
tial that engineers identify actual and potential instability
mechanisms prior to selecting an engineering or man-
agement strategy for dealing with bank retreat and width
adjustment.

7. The long-term rate of bank retreat or advance of the bank
toe can be explained using the concept of basal endpoint
control. However, seepage-driven procedures operating
within the bank can lead to serious bank instability due
to piping even when wave and current action at the toe
is not excessive.

8. Bank advance takes place through sediment accumula-
tion as a berm or bench in the channel, often accelerated
by invasion of pioneer riparian vegetation.

RECOMMENDATIONS

The following recommendations synthesize the findings of
the TC:

1. Improved techniques for stream reconnaissance should
be developed to establish the geomorphic context of
width adjustments in alluvial channels.

2. Laboratory studies are required to allow detailed inves-
tigation of near-bank flow hydraulics and local bound-
ary shear stress distributions in nonuniform channels.
Laboratory studies must be verified by field data. Field
studies are required to support investigation of the rates
and directions of change in channels with actively ad-
justing widths and to allow measurements of flow fields
and bank material characteristics affecting bank ero-
sion/accretion, bank stability, and processes of bankline
retreat and advance.

3. Since very few detailed studies of turbulence have been
conducted, even in channels with planar boundaries,
there is scope for further original work, including stud-
ies in natural channels with bed forms, at both labora-
tory and prototype scales.

4. Further work on the governing equations of flow is
needed, in particular studying how terms are spatially
averaged or approximated, especially in meandering
rivers.

5. To validate morphological models it is important that
simultaneous measurements are made of rates of ad-
justment in width, depth, slope, cross-section shape,
longitudinal energy gradient, and sediment transport.

6. Recognizing these challenges, a need exists for a com-
mitment to long-term, strategic monitoring of a small
number of river systems undergoing morphological ad-
justment to provide benchmark data that can never be
obtained from piecemeal, project-related studies of in-
dividual reaches where an instability problem generates
monitoring of local changes without reference to the
river system as a whole. There is also a need for some
well-focused laboratory work on disequilibrium, mo-
bile-boundary channels with unsteady flows.

7. Numerical tools must be developed to predict the dis-
tribution of local friction factors, roughness heights, and
boundary shear stresses in nonuniform channels.

8. Research should be undertaken to develop improved
methods of predicting the erodibility of cohesive bank
materials.

9. Methods capable of predicting the stability of stream-
banks with respect to a range of possible failure mech-
anisms must be further developed.

10. A major research effort should be directed at improving
knowledge of the impacts of aquatic, emergent, and ri-
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parian vegetation on near-bank flow hydraulics, bank
erosion, mass stability, and equilibrium channel mor-
phology.

11. Bank advance through sediment accumulation has been
relatively neglected in research to date, and further
work is urgently needed on this topic.
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APPENDIX il. NOTATION

The following symbols are used in this paper:

B = channel width;

B, = flatbed channel width;

B} = B;/D., dimensionless flatbed width;
¢ = bank material cohesion;

D, = depth at center of channel;
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dimensionless bed elevations;

local friction factor defined in Eq. (3);
acceleration due to gravity;

channel depth;

critical bank height;

H/D,., dimensionless vertical depth;

wetted perimeter of bed;

wetted perimeter of both walls;

volumetric flow rate or discharge;

hydraulic radius;

friction slope;

channel streamwise slope;

local channel side slope of banks;

long-stream velocity;

depth-averaged mean velocity;

section mean velocity;

shear velocity;

cross-stream velocity;

lateral distance from center of channel;

¥D,, dimensionless lateral distance from center of channel;
depth-averaged eddy viscosity;

secondary flow parameter defined in Eq. (3);
bank material unit weight;

bank angle;

dimensionless eddy viscosity defined in Eq. (3);
water density;

depth-mean apparent shear stress defined by Eq. (4);
local bed shear stress;

critical local bed shear stress for entrainment of bed ma-
terial;

local wall shear stress;

boundary shear stress;

bank material friction angle; and

lateral bed shape.
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