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Abstract

Gravitational forces acting on in situ bank material act in concert with hydraulic forces at the bank toe to determine rates
of bank erosion. The interaction of these forces control streambank mechanics. Hydraulic forces exerted by flowing water on
in situ bank-toe material and failed cohesive material at the bank toe are often sufficient to entrain materials at relatively
frequent flows and to maintain steep lower-bank profiles. Seepage forces exerted on in situ bank material by groundwater,
downward infiltration of rainwater and lateral seepage of streamflow into and out of the bank are critical in determining
bank strength. Data from a study site on Goodwin Creek, MS, USA clearly show the temporal variability of seepage forces
and the lag time inherent in reductions in shear strength due to losses of matric suction and generation of positive pore-water

Ž .pressures. Negative pore-water pressures matric suction have also been shown to increase the resistance of failed cohesive
blocks to entrainment by fluid shear. A stable bank can be transformed into an unstable bank during periods of prolonged
rainfall through:

Ž .1. increase in soil bulk unit specific weight,
2. decrease or complete loss of matric suction, and, therefore, apparent cohesion,
3. generation of positive pore-water pressures, and, therefore, reduction or loss of frictional strength,
4. entrainment of in situ and failed material at the bank toe, and
5. loss of confining pressure during recession of stormflow hydrographs.

Relatively small frequent flows during the winter have the ability to erode failed bank materials, maintain oversteepened,
unstable bank surfaces and promote prolonged periods of bank retreat, channel migration and high yields of fine-grained
sediment. Confining pressures provided by stormflow are not as significant in maintaining bank stability as the counteracting
force of fluid shear on the bank toe, which steepens the bank. For example, more than 2 m of bank retreat occurred during

Žthe study period at the research site on Goodwin Creek, northern Mississippi. The loss of matric suction negative pore
.pressures due to infiltrating precipitation has been found to be as significant as the development of excess pore pressures in

contributing to mass bank instability. Apparent cohesion, friction angle, soil bulk unit weight and moisture content were
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measured in situ. Matric suction was measured continuously, in situ with a series of five pressure-transducer tensiometers. A
bank-failure algorithm, which combines the Mohr–Coulomb approach, for saturated conditions and the Fredlund modifica-
tion for unsaturated conditions was developed for layered cohesive streambanks. The resulting equation has been used
successfully to investigate the role of matric suction, positive pore-water pressures and confining pressure for layered
streambanks composed of cohesive materials. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The adjustment of channel width by mass-wasting
and related processes represents an important mecha-
nism of channel response and energy dissipation in
incised alluvial streams. In the loess area of the
Midwest United States, for example, bank material
contributes as much as 80% of the total sediment

Ž .eroded from incised channels Simon et al., 1996 . In
unstable streams, rates of width adjustment by
mass-wasting processes can occur over several or-
ders of magnitude: 1.5 mryear in the Obion–Forked

Ž .Deer River System, West TN Simon, 1989a ; 14
Žmryear in the Cimarron River, KS Schumm and

.Lichty, 1963 ; about 50 mryear in the Gila River,
AZ; and more than 100 mryear in some reaches of

Ž .the Toutle River System, WA Simon, 1992 . The
Brahmaputra River commonly adjusts its width from

Ž50–1100 mryear Thorne, 1999, personal communi-
.cation . The range of rates reflects a diversity of

channel-disturbance characteristics, environmental
settings and boundary materials.

Conceptual models of bank retreat and the deliv-
ery of bank sediments to the flow emphasize the
importance of interactions between hydraulic forces
acting at the bed and bank toe, and gravitational

Žforces acting on in situ bank Carson and Kirkby,
.1972; Thorne, 1982; Simon et al., 1991 . Failure

occurs when erosion of the bank toe and the channel
bed adjacent to the bank have increased the height
and angle of the bank to the point that gravitational
forces exceed the shear strength of the bank material.
Failed bank materials may be delivered directly to
the flow and deposited as bed material, dispersed as
wash load, deposited along the toe of the bank as
intact blocks, or as smaller dispersed aggregates
Ž .Simon et al., 1991 . If deposited at the bank toe,

failed bank material may temporarily increase bank
stability by buttressing the bank and protecting in
situ bank material from attack and entrainment by
the flow. The properties of the failed bank material,
in tandem with the hydraulic forces acting at the
bank toe, control the residence time of failed bank

Ž .material Thorne, 1978 .
Recently, attempts have been made to apply

Žmass-wasting analyses of in situ bank materials e.g.,
Little, 1982; Osman and Thorne, 1988; Lohnes, 1991;

.Simon et al., 1991; Casagli, 1994; Darby, 1994 in
conjunction with hydraulic and sediment transport

Žmodels to simulate interactions between bed hydra-
. Ž .ulic and bank gravitational processes and hence

Žchannel adjustment and evolution Simon et al., 1991;
.Darby, 1994; Simon and Darby, 1997a . However,

these attempts are limited by a lack of understanding
of the way in which hydraulic and gravitational
processes interact to control long-term rates of bank
retreat, channel migration and the development of
equilibrium channel morphology.

2. Purpose

This paper addresses many of the fundamental
issues related to the interaction of fluvial and
geotechnical processes affecting streambanks and the
near-bank zone. In particular, the research described
here evaluates specific forces and processes control-
ling bank failures and channel widening in incised
channels. These include:

Ž1. the role of negative pore pressures matric suc-
.tion in the unsaturated zone in increasing bank

strength, contrasted with the role of positive
pore-water pressures in reducing bank strength;
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2. the role of hydraulic forces causing bank erosion
and steepening of toe profiles, contrasted with
hydrostatic forces providing support for the bank
through confining pressure;

3. the effects of variability of moisture content with
time on other geotechnical properties; and

4. development of a bank-stability algorithm for lay-
ered cohesive streambanks, which encompasses
positive and negative pore-water pressures as well
as confining pressures, and the vertical and tem-
poral variability of soil properties.

3. The nature of streambank failures

Bank failures can be characterized by the shape of
Ž .the failure surface planar and rotational or by the

mode of failure. Rotational failures, although more
damaging in terms of loss of land and generally less
common along streambanks than other failure types,

Žoccur along the highest banks Simon, 1989a; Thorne,
.1990 because shear stress increases quicker with

Ždepth than does shear strength Terzaghi and Peck,
.1948 . As incised channels evolve with time, planar

failures often occur earlier in the adjustment se-
quence than do rotational failures when banks are

Ž .lower Simon, 1989b and can occur along any
critical failure plane, irrespective of whether that
plane passes through the toe of the bank. Slab fail-

Ž .ures planar generally result from fluvial undercut-
ting andror the development of a near-vertical ten-

Žsion crack in the upper part of the bank Lohnes and
.Handy, 1968; Thorne et al., 1981 . Pop-out failures

Žcan occur at the base of the bank Bradford and
.Piest, 1980 or in areas of contrasting permeabilities

Ž .Simon and Darby, 1997b from the generation of
pore-water pressures that exceed the tensile and shear
strength of the bank materials.

Bank failures have been most commonly reported
during the recessional period of stormflow and often
can be represented analytically, as a saturated rapid-

Ždrawdown condition Simon and Hupp, 1987;
.Thorne, 1990 . In terms of broader temporal and

spatial scales, the occurrence of bank failures gener-
ally indicates channel instability of an unspecified
magnitude and spatial extent and can signify instabil-
ity of channel pattern.

4. Forces controlling bank failures in incised allu-
vial channels

To better understand the complex interaction of
hydraulic and geotechnical forces and processes
affecting streambank mechanics, it is helpful to
conceptualize these interactions in terms of typical
driving forces and resisting forces during the course
of incised channel evolution. Channel evolution refers
to systematic temporal and spatial adjustments to
morphology.

The equilibrium channel represents the initial pre-
Ž .disturbed stage I of channel evolution and the

Ždisrupted channel as an instantaneous condition stage
.II . Rapid channel degradation of the channel bed

Ž .ensues as the channel begins to adjust stage III .
Degradation flattens channel gradients and conse-
quently reduces the available stream power for given
discharges with time. Concurrently, bank heights are
increased and bank angles are often steepened by
fluvial undercutting and by pore-pressure induced
bank failures near the base of the bank. Thus, the

Ž .degradation stage III is directly related to destabi-
lization of the channel banks and leads to channel

Ž .widening by mass-wasting processes stage IV once
bank heights and angles exceed the critical shear
strength conditions of the bank material. The aggra-

Ž .dation stage V becomes the dominant trend in
previously degraded downstream sites as degradation
migrates further upstream because the flatter gradient
at the degraded site cannot transport the increased
sediment loads emanating from degrading reaches
upstream. This secondary aggradation occurs at rates
roughly 60–75% less than the associated degradation

Ž .rate Simon, 1992 . These milder aggradation rates
indicate that bed-level recovery will not be complete
and that attainment of a new dynamic equilibrium
Ž . Ž .stage VI will take place through further 1 bank
widening and the consequent flattening of bank

Ž .slopes, 2 the establishment and proliferation of
riparian vegetation that adds roughness elements,
enhances bank accretion and reduces the stream

Ž .power for given discharges, and 3 further gradient
reduction by meander extension and elongation.

4.1. Geotechnical forces

If we initially envision a channel deepened by bed
degradation in which the streambanks have not yet
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begun to fail, the gravitational force acting on the
Ž .bank cannot overcome the resistance shear strength

of the in situ bank material. For the simple case of a
planar failure of unit width and length, bank resis-
tance can be represented by a revised Coulomb
equation:

S scX q sym tanf
X 1Ž . Ž .r

where S sshear strength; cX seffective cohesionr
Ž . Ž .kPa ; ssnormal stress kPa ; mspore-water pres-

Ž . X Ž .sure kPa and f seffective friction angle 8 . The
normal stress is given by:

ssWcosb 1aŽ .

where Wsweight of the failure block and bsangle
Ž .of the failure plane. The driving gravitational force

Ž .for this example is given by S :d

S sWsinb 2Ž .d

Ž .A factor of safety F is expressed then as the ratios
Ž Ž ..between the resisting forces Eq. 1 and the driv-

Ž Ž ..ing, gravitational forces Eq. 2 . A value of unity
indicates the critical case and imminent failure.

4.2. Effect of pore-water pressures

The effect of excess pore-water pressures in re-
ducing bank strength under saturated conditions has
long been identified as an important contributor to
streambank and hillslope instability. Streambank fail-
ures are often observed to occur on the recessional
limb of storm hydrographs. This has been attributed
to rapid-drawdown conditions in the channel banks,
where positive pore-water pressures are not counter-
acted by confining pressure afforded by the water in
the channel. Recently, it has been found that positive
or excess pore-water pressures may not be required
to establish a rapid-drawdown condition that results
in mass failure. In fact, field data indicate that the
loss of negative pore-water pressures, or matric suc-
tion, can play an important role in initiating bank

Žinstabilities following periods of rainfall Casagli et
al., 1997, 1999; Curini, 1998; Simon and Curini,

.1998 .
Incised streams generally have high banks where

the phreatic surface is usually deep relative to the

total bank height during low and even moderate river
stages. Above the water table, the soil has a degree
of saturation less than 100% and negative pore-water
pressures develop. Thus, a large proportion of the
streambanks of an incised channel can be character-
ized as unsaturated. For these circumstances, where a
good portion of the failure surface might pass through
unsaturated soil, slope stability analyses incorporat-
ing unsaturated shear strength parameters are re-
quired to predict stability accurately.

In the part of the streambank above the AnormalB
level of the groundwater table, bank materials are
unsaturated, pores are filled with water and air, and

Žpore-water pressure is negative. The difference ma
. Ž .ym between the air pressure m and the waterw a

Ž .pressure in the pores m represents the matricw
Ž .suction c . The increase in shear strength due to an

increase in matric suction is described by the angle
f b. Incorporating this effect into the standard

ŽMohr–Coulomb equation produces Fredlund et al.,
.1978 :

S scX q sym tanf
X q m ym tanf b 3Ž . Ž . Ž .r a a w

Ž .where sym snet normal stress on the failurea

plane at failure; m spore-water pressure on thew

failure plane at failure. The value of f b is generally
between 108 and 208, and increases with the degree
of saturation. It attains a maximum value of f

X

Žunder saturated conditions Fredlund and Rahardjo,
.1993 . The effects of matric suction on shear strength

Ž .is reflected in the apparent or total cohesion ca

term although this does not signify that matric suc-
Žtion is a form of cohesion Fredlund and Rahardjo,

.1993 :

c scX q m ym tanf b scX qc tanf b 4Ž . Ž .a a w

Ž .As can be seen from Eq. 4 , negative pore-water
Ž .pressures positive matric suction; c in the unsatu-

rated zone provide an apparent cohesion over and
above the effective cohesion, and thus, greater shear-
ing resistance. This is often manifested in steeper
bank slopes than would be indicated by f

X. Negative
values of c equate to positive values of pore-water

Ž .pressure m and consequently, a reduction in shearw

strength. To quantify the magnitude of this effect,
data are required on pore-water pressure distributions
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in the bank. To address this data need, a field
monitoring station has been established on Goodwin
Creek, an incised channel in northern Mississippi
that has been intensively studied by the National
Sedimentation Laboratory of the US Department of
Agriculture, Agricultural Research Service. Previous
studies pertaining to channel and bank stability, and
that describe the valley deposits can be found in

Ž . Ž .Grissinger et al. 1981 , Thorne et al. 1981 , Little
Ž . Ž .1982 , Grissinger and Murphey 1983, 1989 and

Ž .Murphey and Grissinger 1985 .

4.3. Hydraulic forces

Processes occurring at the bank toe are central to
the understanding of bank failures and the evolution

Ž .of bank morphology through time Thorne, 1982 .
During degradational phases of channel evolution,
bank heights are greater and bank surfaces below
riparian tree roots become exposed. Consequently, in
situ bank-toe material is more susceptible to basal
erosion than in a non-incised channel. Shear stresses
of low and moderate flows are also generally greater
than in the non-degraded channel because of greater

Žflow depths for a given discharge Simon, 1992;
.Simon and Darby, 1997a . As flow stresses increase

during the rising limb of a storm hydrograph,
bank-toe erosion generally occurs previous to and
out-of-phase with the maximum gravitational stresses
imposed on the upper part of an incised streambank.
Bank-toe erosion causes steepening of the bank pro-
file, the possible formation of a cantilever, and the
potential for destabilization of the remainder of the
bank.

The erodibility of the bank-toe region can be
expressed in terms of the relation between the resis-
tance of in situ or failed bank-toe material with the
hydraulic forces applied by the flow. Hydraulic stress
is expressed here as mean boundary shear stress and
is used as a measure of the erosive capability of the
flow:

t sg RS 5Ž .o w w

Ž 2 .where t smean boundary shear stress Nrm , go w
Ž 3.sunit weight of water Nrm , Rshydraulic ra-

Ž .dius m and S swater-surface slope.w

The resisting forces at the bank toe can be repre-
sented with a Shields-type critical shear stress. We
have used a criterion developed by Wiberg and

Ž .Smith 1987 for estimating the nondimensional crit-
Ž ) .ical shear stress t required to entrain blocks ofcr

failed cohesive bank material. This analysis is a
physically based method designed to be used for

Ž .poorly sorted mixed-size , non-cohesive sediment
particles that can also account for variations in parti-
cle density. t ) is obtained graphically using acr

Ž ) .nondimensional particle diameter K as the ab-
scissa in a Shields-type entrainment curve where t )

cr
Ž .is the ordinate Wiberg and Smith, 1987 :

1r3
) )K s0.0047 z 6Ž . Ž .

) Ž .where K sbed roughness length k for sediments

of specific gravity 2.65 and fluid temperature of
108C; and

D3 r yr gŽ .s
)z s 7Ž .2n r

Ž .where Ds representative particle diameter m ; rs
Ž 3.fluid density kgrm ; r s sediment densitys

Ž 3. Ž 2 .kgrm ; gsacceleration due to gravity mrs ;
Ž 2 .nskinematic viscosity m rs .

Ž ) .The nondimensional parameter K is a function
of grain size, particle density, fluid density and
viscosity such that any grain will have a unique
value of z ) in a particular fluid environment. The
factor 3.5) D of the substrate is used for k in84 s

calculations of Drk to select the appropriates
) ŽShields-type curve for obtaining t Wiberg andcr

.Smith, 1987 , where D is the diameter of which84

84% of the distribution is finer. Thus, a series of
Shields-type entrainment functions are available
based on the values of Drk . The conventionals

Shields entrainment function for uniform-sized parti-
cles is expressed as a curve with a value of Drk ss

1.0.
To account for the fact that the particles rest on an

Ž .inclined bank, an adjustment Lane, 1953 is made
such that:

) ) 2 2t st cos´6 1y tan ´rm 8Ž .Ž .cb cr
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where t ) sdimensionless critical shear stress on thecb

side slope; ´sside-slope angle of the bank on which
the failed material is deposited and msCoulomb
coefficient of friction based on the assumption that it
is equivalent to the tangent of the friction angle of

Ž X. Žthe sediment tanf Bagnold, 1953, 1966; Francis,
.1973 . Dimensionalized critical shear stress values

are then obtained using the conversion:

t st ) r yr gD 9Ž . Ž .Ž .c cb s

Ž 2 .where t scritical shear stress Nrm .c
Ž .Eq. 8 is only applicable where the side-slope

Ž . Ž X.angle ´ is less than the friction angle f . How-
ever, packing, matric suction and cementation can
result in side-slope angles being steeper than the
friction angle. This is often the case for in situ
bank-toe material in incised channels. In this case, a

Ž .modification proposed by Millar and Quick 1993
and based on empirical evidence of the steepest

Ž ) .angles measured in the field f is applicable:

2
) )t s0.067 tanf 6 1y sin´rsinfŽ .cb

= r yr g D 10Ž . Ž .s 50

Ž .where D smedian size of the sediment m .50

The value of this equation, however, is limited
because of numerical problems when f ) approaches
the vertical because tanf ) becomes indeterminate.
This is in the very range of f ) that is common in
the bank-toe region and the most critical for estimat-
ing the stability of the bank toe.

4.4. Study area

To better understand the interaction of hydraulic
forces acting on the bed and bank toe, with the
geotechnical forces acting on in situ bank materials
in incised channels, a site with actively failing banks
was selected for detailed study. Research was con-
ducted in layered cohesive bank materials along the
outside bend of a developing meander in Goodwin

ŽCreek, northern Mississippi Simon and Darby,
.1997b; Simon and Curini, 1998 . A similar research

site on the Sieve River, Italy is reported in Casagli et
Ž . Ž .al. 1997, 1999 and in Curini 1998 .
Along Goodwin Creek, MS, bank materials con-

sist of about 2 m of moderately cohesive brown
Ž . Ž .clayey-silt of late Holocene LH age LH unit

Ž .overlying 1.5 m of early Holocene EH gray, blocky
Žsilt of low cohesion and lower permeability EH

.unit . The post-settlement alluvium described by
Ž .Grissinger and Murphey 1983 is contained within

the LH unit. These units are separated by a thin
Ž .10–20 cm layer containing manganese nodules and
characterized by very low permeability, which tends
to retard the downward movement of water. These
materials overly 1 m of sand and 1.5 m of packed
Ž .often weakly cemented sandy gravel. Bed material
is bi-modal sands and gravels with a median bed-
material particle size of about 9 mm.

5. Interaction of bed and bank processes

5.1. EÕaluation of geotechnical forces

Ž .Apparent cohesion c and effective friction an-a
Ž X .gle f were measured in situ using an Iowa Bore-

Žhole Shear Tester BST; Luttenegger and Hallberg,
.1981 . Continuous measurement of pore-water pres-

Ž .sures at five depths 0.3, 1.48, 2.0, 2.7 and 4.3 m
was undertaken with 5 pressure-transducer tensiome-
ters along a 4.7-m high unstable streambank starting
in November 1996. The tensiometers are subse-
quently referred to as T-30, T-148, T-200, T-270 and
T-433, respectively. Data from the tensiometers are
supported with data from a pressure transducer
housed in a pipe attached to the streambank to record
surface-water stage in the channel and to calculate
confining pressures. All instruments provide data at
10-min intervals.

A series of 16 BST tests was conducted in the LH
unit around an additional tensiometer placed at a
depth of 1 m in the center of a circular area. BST
tests were then carried out at a depth of about 1 m
over a range of soil-moisture conditions. This was
done to provide data to evaluate the angle f b, which
represents the rate of increase in shear strength due

Ž .to matric suction. By Eq. 4 , this also provides
field-based estimates of effective cohesion. Matric
suction varied between 3.3 and 31.0 kPa for the BST
tests. Results revealed an apparent cohesion varying
between 0.0 and 8.4 kPa and an average effective
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friction angle of 28.18. Ten BST tests taken between
June 1996 and July 1998 in the underlying EH unit
disclosed apparent cohesion values varying between
0.0 and 37.9 kPa and an average effective friction

Ž X. Ž .angle f of 28.58 Table 1 .
Undisturbed cores were collected to evaluate the

Ž .relation between g and matric suction c for each
bank material unit. For the LH unit, values of g

range from 16.2 to 18.1 kNrm3 depending on the
Ž .degree of saturation Fig. 1A . A soil–water reten-

tion curve expressing the relation between u and
Ž .matric head h ; in cm was developed from them

Ž .data Fig. 1B . Results taken during a drying phase
show a trend characteristic of a fine material as
evidenced by the relatively high moisture contents
Ž .28–39% for corresponding values of matric head
Ž .up to 310 cm; Fig. 1B . The results of the in situ
measurements are summarized in Table 1.

5.2. EÕaluation of f b

Ž .At the time of writing 1998 we are not aware of
any laboratory or field data on the parameter f b for
alluvial channel materials. Reported values are appli-

Žcable only to tropical hillslope materials Fredlund
. band Rahardjo, 1993 . To evaluate f in the LH unit,

values of apparent cohesion were plotted against
Ž .matric suction Fig. 2 . Considerable data scatter

exists for suction values less than 8.0 kPa. This
occurs because f b varies with matric suction from

Ž b X.its maximum at saturation f sf and decreases
with increasing matric suction until f b reaches a

Ž .steady value Fredlund and Rahardjo, 1993 . Only
values greater than 8.0 kPa are included in the
relation shown in Fig. 2 because f b reaches a steady
value in this domain. The value of f b for the LH

unit derived by linear regression is 10.48. Because
Ž . Ž .tan 10.48 s0.184, by Eq. 4 , this indicates that a

matric-suction value measured in the LH unit trans-
lates to a value of apparent cohesion due to matric
suction of about 18% of the measured value. Extrap-
olation of the regression relation between c and f b

results in a y-intercept and value of cX equal to about
Ž .2.7 kPa Fig. 2 .

Increments of shear strength, such as those due to
matric suction, are most important under moisture
conditions close to saturation. It is meaningful, there-
fore, to attempt to define f b and its effects on
apparent cohesion in the very range of c values
where it varies rapidly and is the most difficult to do
so. For the conditions at the Goodwin Creek stream-
bank, this range has been shown to be 0-c-8
kPa. Field data provide two fixed points for f b,
28.18 at cs0.0 kPa and 10.48 at cs8.0 kPa. The
effect of varying f b on apparent cohesion is tested
by providing different models representing the be-

b Žhavior of f within the specified range of c Fig.
.3A .
Local peaks in apparent cohesion are obtained in

the range 0-c-8 kPa when assuming the type of
Ž .relation proposed by Fredlund and Rahardjo 1991 ,

where f b sf
X for matric-suction values increasing

from zero, and then drops to its steady value at a
Ž . Ž .certain value of matric suction c Fig. 3B . Thisdrop

point coincides with the air-entrainment threshold of
the material. In laboratory experiments with unsatu-
rated glacial till, c occurred at about 100 kPadrop
Ž .Gan and Fredlund, 1988 , 60 kPa for a clay com-
pacted to a high density and 25 kPa for a clay

Ž .compacted to a low density Fredlund et al., 1987 .
These c values are well outside the range speci-drop

fied for the Goodwin Creek material. We specified
c values of 0.0, 1.5, 3.5 and 5.0 kPa and rates ofdrop

Table 1
Geotechnical characteristics of in situ bank materials

X b 3Ž . Ž . Ž . Ž . Ž .Study site c kPa f degrees f degrees g kNrm z ma calc

aGoodwin-LH unit 0.0 –8.4 28.1 10.4 16.2–18.1 4.2
a bGoodwin-EH unit 0.0 –37.9 28.5 17.5 17.1–19.1 1.1

bGoodwin-sand unit 0 32.8 17.5 17.1 –

LHs late Halocene; EHsearly Halocene.
a 0.0 values are suspect.
b Equals assumed average value.
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Ž . Ž .Fig. 1. Relation between soil bulk unit weight and matric suction in the LH unit A and soil–water retention curve for the LH silty unit on
Ž .Goodwin Creek B . Note that values of u in the regression equation are expressed as a fraction.

Ž .drop x of 4, 6 and infinite degreesrkPa, thereby
producing local extremes of c at c values ranginga

from 3.5 to 8.0 kPa. The model assumed by our

determination of cX from f b above, implies that f b

X Ž .drops drastically from f 28.18 to 10.48 for any
Žmatric-suction value greater than 0.0 kPa line repre-
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b Ž .Fig. 2. Derivation of the parameter f from in situ shearstrength determinations in the LH silty unit on Goodwin Creek over a range of
matric-suction values. Note that only datapoints shown as triangles are included in the regression relation.

.sented by c s0.0 and xs infinite in Fig. 3A .drop
Ž b.Values of c assuming this model constant f area

represented by the linear function in Fig. 3B. Alter-
natively, assuming a linear relationship where f b s

Ž .28.5y 28.5y10.4 , cr8 produces a local extreme
at cs6 kPa. The existence of local extremes due to
increasing values of f b implies that magnitudes of
apparent cohesion can be similar to those at greater
values of matric suction and that there exists an
optimum c value in the moisture-content domain
close to saturation. The magnitude of this local
extremum in apparent cohesion is significantly af-
fected by c . However, determination of cX re-drop

mains unaffected by the selection of the model. The
envelope described by the bounding relations in Fig.
3B represents the expected range of apparent cohe-
sion values.

5.3. Conditions of bank failure

Four major failure episodes occurred at the Good-
win Creek research site between February and De-
cember, 1996, resulting in up to 2 m of top-bank

retreat. This rate is greater than the 30-year average
of about 0.5 mryear as determined using den-

Ždrochronologic evidence from riparian trees Simon
.and Darby, 1997b . Higher than average bank retreat

during the study period may be attributed to persis-
tent precipitation, manifest in 10 discharge peaks
with a 1-year recurrence interval or greater. Addi-
tional failures occurred during September 1997, Jan-
uary 1998 and March 1998. Each failure episode
occurred during recession of stormflows; one occur-
ring more than 24 h after recession. Planar and
cantilever failures were relatively common along the
steepest section of the 4.7-m high banks. Cantilevers
were formed by two processes. First, preferential
erosion of sands and silts by fluvial undercutting
about 3.0–3.5 m below the top bank. Second, by
sapping and small pop-out failures in the region of
contrasting permeabilities in the Holocene units about
1.6 to 2 m below the top bank. Both of these
processes resulted in oversteepening at the base of
the EH unit and subsequent collapse during wet
periods.

Results revealed that the loss of matric suction
from infiltrating precipitation and subsequent vertical
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Ž . b b XFig. 3. Relation between matric suction c and f for various rates and styles of decreasing f , from f s28.18 at cs0.0 kPa to 10.48

Ž . Ž . bat cs8.0 kPa A and corresponding effects on values of apparent cohesion B . Note: c spoint where f begins to decrease; xs ratedrop

of decrease in degrees per kilopascal.

seepage may be as significant as the development of
positive pore-water pressures in contributing to
mass-bank instability and, therefore, plays an impor-

Žtant role in bank stability. Large losses of at least
.50% of matric suction in the upper part of the

Goodwin Creek bank are common in response to
Ž .only moderate amounts of rainfall about 2.5 cm

and 1.0 m rises in stage during the winter months.
Fig. 4 shows reduction of c and shear strength at a
depth of 0.3 m began at about 1300 h on November
29, 1996 in response to precipitation. Stage began to

rise at about 0200 h on November 30 but reductions
in matric suction at a depth of 1.48 m did not start
until 0800 h. The complete loss of 2–4 kPa of matric
suction combined with reduction in matric suction
from 12 to about 5 kPa in the upper meter of bank
and the generation of 5 kPa of excess pore-water
pressure at 2.0 m resulted in mass failure of the bank
on November 30, 1996 at 1101 h. The precise
moment of failure is known because collection of
reliable stage data was interrupted when the bank
supporting the stage-recording transducer failed. At
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Fig. 4. Variation in matric suction during storm of November 30, 1996 at Goodwin Creek showing moment of bank failure.

the moment of failure, only the upper 0.5 m of the
bank provided consequential amounts of matric suc-
tion to enhance cohesion and shear strength.

As another example, a series of moderate precipi-
Ž .tation events 2.5–5 cm induced eight successive

Ž .moderate rises in stage 1–2 m on Goodwin Creek
Ž .during January and February 1998 Fig. 5 . Bank

failures did not occur, however, until after recession
Ž .of the third storm January 13, 1998 when individ-

ual matric-suction values were close to minimums
Ž .for all the tensiometers Fig. 5B . c values of 13

kPa in the LH unit were diminished to about 5 kPa.
c values of 4 kPa in the EH were eliminated
Ž .cs0.0 with saturation reaching the 2.0-m level
and positive pore-water pressure of 4 kPa at a depth
of 2.7 m. Assuming an average f b value of about

Ž .17.58 Fredlund, 1986 , cohesion due to matric suc-
tion was thereby reduced from about 4.1 to 1.6 kPa
in the upper LH unit and eliminated entirely in the
lower EH unit. Applied over the length of the failure

plane, cohesion due to matric suction fell from about
Ž .4.5 to less than 1.0 kNrm Fig. 5C . The proportion

of shear strength due to matric suction acting on the
failure surface during this period thus decreased
from about 17% to a minimum of 4% at the time of

Ž .failure Fig. 5D . The strong unidirectional adjust-
Ž .ment of the 2.7-m tensiometer T-270 indicates the

Žsteady downward movement of water vertical seep-
.age from the perched layer as a consequence of a

continuous supply from the LH unit above. In this
case, bank instability was induced only after water
had been able to move through the thin layer of
manganese nodules atop the EH unit and penetrate
deep into the EH unit. Integrated over the length of

Ž .the failure plane which includes all three units ,
cohesion due to matric suction was at a minimum at

Ž .the time of failure Fig. 5C .
The rapid responses of the 0.3-m tensiometer

Ž .T-30 and the hysteresis effect demonstrated by the
more rapid wetting phase compared to the drying
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Ž . Ž .Fig. 5. Variation in matric suction during storms of January–February 1998 at Goodwin Creek A , factor of safety from Eq. 11 and river
Ž .stage showing bank failure during recession of third storm B , percent of apparent cohesion acting on the failure plane due to matric suction

Ž . Ž .C and percent of shear strength due to apparent cohesion D .
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Ž .phase can clearly be observed Fig. 5A . This effect
in combination with low permeabilities helped to
create the lag times recorded by the tensiometers at
different depths. The period of January 8–11 shows

Ž .distinct drying Fig. 5A representing a loss of hy-
Ž . Ž . Ždraulic head or stage Fig. 5B in the LH unit T-30

.and T-148 during the dry days following the Jan-
uary 8 storm event. In contrast, the deeper tensiome-

Ž .ters in the EH unit T-200 and T-270 are showing
decreases in matric suction representing increases in

Ž .hydraulic head stage during this same period, rep-
resenting the wetting phase of the same January 8
storm.

5.4. Numerical analysis of bank failure

A bank-stability algorithm for cohesive layered
banks was developed incorporating both the failure
criterion of Mohr–Coulomb for the saturated part of
the failure surface, and the failure criterion modified

Ž .by Fredlund et al. 1978 for the unsaturated part of
the failure surface. The algorithm, based on the
Limit Equilibrium Method, accounts for several addi-
tional forces acting on a planar failure surface in-
cluding the:

1. force produced by matric suction on the unsatu-
Ž .rated part of the failure surface S ;

2. hydrostatic-uplift force due to positive pore-water
pressures on the saturated part of the failure plane
Ž .U , and

3. hydrostatic-confining force provided by the water
Ž .in the channel P

ŽCasagli et al., 1997, 1999; Curini, 1998; Simon and
.Curini, 1998 . Here, multiple layers are incorporated

Ž .through summation of forces in a specific ith layer
acting on the failure plane. Increases in g due to
increases in moisture content from vertical or lateral
seepage have been seen to be important in calcula-

Ž .tions of the downslope component W . This effect
has been incorporated dynamically into the F algo-s

rithm by including the moisture-contentrsoil unit
weight relation for the upper, LH unit. A refined set
of results would be obtained by including the mois-
ture-contentrsoil unit weight relation for the lower

EH unit as well as for the basal sand–gravel unit.
Ž .The factor of safety F is given by:s

X b w x XÝc L q S tanf q W cos b y U q P cos a y b tanfŽ .Ž .i i i i i i i i
F ss ÝW sin b y P sin a y bŽ .i i

11Ž .

where L s the length of the failure plane incorpo-i

rated within the ith layer; Ss the force produced by
matric suction on the unsaturated part of the failure

Ž .surface kNrm ; Us the hydrostatic-uplift force on
Ž .the saturated portion of the failure surface kNrm ;

and Ps the hydrostatic-confining force due to exter-
Ž . Ž .nal water level kNrm . Eq. 11 , a new algorithm,

represents the continued refinement of bank-failure
analyses by incorporating additional forces and soil

Žvariability Osman and Thorne, 1988; Simon et al.,
1991; Casagli, 1994; Darby, 1994; Rinaldi, 1994;
Casagli et al., 1997, 1999; Curini, 1998; Simon and

.Curini, 1998 .
The forces operating on the Goodwin Creek bank

and parameter values are shown in Fig. 6. The shape
of the failure surface was obtained from surveys
made before and after the bank failures that occurred
in January 1998. Examples of the change in bank
morphology over much of the monitoring period are
shown in Fig. 6C. The change in morphology be-
tween the February 1996 and July 1997 surveys
represent a series of mass-wasting events. Erosion
between July and October 1997 represents a discrete
event in September 1997. The failure-plane angle
Ž .a was 798. Because of the lack of data for the
middle and lowest part of the bank, an average value
of 17.58 for f b was used. A f b value of 10.48

based on measured data was used for the upper
Ž .portion of the failure surface Figs. 1A and 6A .

The algorithm utilizes values measured from the
Goodwin Creek tensiometerrpressure-transducer ar-
ray installed near the bank edge, resulting in a
dynamic assessment of bank-stability conditions as
hydrologic conditions change. Data from the ten-
siometers are weighted according to their location
relative to the failure plane and applied to calcula-
tions of driving and resisting forces. Minimum fac-

Ž .tors of safety F about 1.0 are calculated to occurs

during the period when mass failures were observed
Ž .in the field after the storm events Fig. 5B . During

winter periods, such as those shown in Figs. 4 and 5,
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Ž . Ž . Ž .Fig. 6. Geometry of the Goodwin Creek streambank showing parameter values and failure plane A , forces considered in Eq. 11 B and
Ž .selected time–series cross sections C .

matric suction is shown to account for a small to
Ž .moderate 4–20% but important amount of shear

Ž .strength Fig. 5D . The factor of safety changes as a
consequence of suction, pore-water pressure and

Ž .river-stage fluctuations confining pressure . Abrupt
changes of F depend on rapid rises in river stage.s

During these periods, the confining pressure in-
creases, producing a sharp peak in the factor of

Ž .safety Fig. 5B . During recession of river stage, the
confining pressure decreases rapidly causing a de-
crease of the factor of safety. If this loss in confining
pressure is associated with a simultaneous decrease
in matric suction produced by the continued down-

ward movement of a wetting front, a minimum Fs
Ž .can be obtained Figs. 5 and 7 . Essentially, it is the

discrepancy between the rate of change of forces
operating in the channel and those operating within
the bank that cause out-of-phase hydrologic adjust-

Ž .ments, worst-case rapid-drawdown conditions, min-
imum F and as a consequence, bank failures.s

5.5. Interpretation and summary of modeling results

The bank-stability algorithm developed here has
been successful at modeling bank failures and deter-
mining the role of matric suction on bank strength
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and stability. Simulations of bank-stability conditions
were able to provide extremely close correspondence
between the timing of modeled and observed fail-
ures. The data collected at the tensiometer measuring
station show the temporal variability of seepage
forces and the lag time inherent in reductions in
shear strength due to losses of matric suction and
generation of positive pore-water pressures. The re-
sults indicate that it is not necessarily the largest
storms and greatest floods that induce bank failures,
but prolonged wet periods such as January 4–22,

Ž .1998 Fig. 5 , in which matric suction diminished,
soil unit weight increased and positive pore-water
pressures developed. This occurred as a consequence
of vertical seepage due to rainfall, sub-horizontal
seepage of water from the drainage basin and prefer-
ential movement of water along cracks formed from
tension, living and decayed roots, structural weak-
nesses, or desiccation. Horizontal seepage from the
river into the bank did not appear to be significant at
the Goodwin Creek site because of the rapid rise and

Ž .fall of storm hydrographs. Curini 1998 indicates
that in more permeable materials such as along the
Sieve River, Italy, seepage from the river into the
streambank can also be important in reducing matric
suction during and soon after periods of high flow.

5.6. Seasonal Õariations in bank strength and bank
stability

Continuous tensiometer measurements taken over
the study period provide direct evidence of strong
seasonal variations in bank strength and bank stabil-

Ž .ity Fig. 7 . The general increase in matric-suction
values from May to July 1998 is readily apparent
from the trends shown for individual tensiometers
Ž .Fig. 7A . As expected, variations are greatest for

Žthose instruments closest to the ground surface T-
.30 . The seasonal variations shown in Fig. 7A are

Ž .not as great as those reported by Casagli et al. 1997
Ž .and Curini 1998 for a more permeable incised

streambank in Tuscany, Italy. High temperatures,
high rates of evapotranspiration and a dearth of
intense precipitation events combined with moderate
permeability to result in matric-suction values as

Žhigh as 85 kPa air-entry level of the tensiometer
.cups . Summer matric-suction values in the cohesive

Goodwin Creek bank do not reach 85 kPa notwith-

standing the generally hot conditions in the southeast
United States during the summer. Maximum values

Ž .recorded at depths of 0.3 m T-30 reached about 60
kPa during July 1998 although it is conceivable that

Ž .values of 85 kPa are attainable. At 1.5 m T-148 ,
Ž .values reached 35–40 kPa Fig. 7A . These values of

matric suction correspond to a maximum cohesive
Žstrength due to suction at 1.48 m of 7.3 kPa assum-

b .ing f s10.48 . However, it is the cohesion im-
parted to the streambank by matric suction during
the wetter winter months that is critical in determin-
ing the stability of a streambank in an incised chan-
nel.

During the rainy season, which generally occurs
in winter and spring, individual tensiometers show
matric-suction values between 0.0 to about 18 kPa,

Ž .with the shallowest instrument T-30 recording the
Ž .highest values Fig. 7A . During rain-free periods of

winter and spring, cohesion due to matric suction
Žacting on the failure surface is about 5 kNrm Fig.

.7C which represents about 20% of the shear strength
Ž .along the potential failure surface Fig. 7D . Periods

of wet weather during this time of the year are
critical because cohesion acting on the failure plane

Ždue to matric suction drops to near 0.0 kNrm Fig.
.7C and D . However, if the shear strength imparted

to the streambank by suction or other forces is
sufficient to resist mass failures during this period, it
is likely that the banks will remain stable for the
remainder of the year. Summer convective storms
simply do not deliver a sufficient amount of water
over an extended period of time to wet streambanks
adequately to cause large enough losses in matric
suction and cohesion to produce F values less thans

Ž .or near 1.0 Fig. 7 . This can be seen for the storms
Ž . Ž .flow events in late spring May and June 1998 in
which significant losses of matric suction only occur

Ž .within the upper 1.5 m of the bank Fig. 7 . At
depths of 2–4 m, the bank is not largely affected.
After May 1998, F values depart from the generals

1.0–1.5 range that is characteristic of the winter and
spring months, and increase towards 3.0 as the bank
begins to dry and matric suction and shear strength

Ž .increases Fig. 7 .
Except for summer periods, soil water flow is

directed from the top of the bank to the groundwater
table as a consequence of the continuous supply
provided by precipitation and because of low rates of
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evapotranspiration. Matric-suction values generally
increase from the groundwater table at about 4.2–0.3

Ž .m Fig. 7A . During the summer months, however,

the direction of water flow within the bank can shift
from downward to upward because evapotranspira-
tion exceeds inputs of water from precipitation.

Ž . Ž . Ž .Fig. 7. Seasonal variations in matric suction A , factor of safety using Eq. 11 and stage B , cohesion due to matric suction acting on the
Ž . Ž .failure plane C and shear strength due to matric suction D for the period October 1997 to July 1998.
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Ž .Fig. 7 continued .

5.7. Hydraulic forces and processes

It has been shown how, for a given bank geome-
try, changes in bank hydrology can induce bank
failure. Similarly, increases in bank height by bed
degradation and bank angle by undercutting favor

bank failure by causing the gravitational component
to increase. This occurs through an increase in the
gravitational force component acting on the in situ
bank. When considering bank-toe erosion by hy-
draulic forces via undercutting, the opposing forces
operating at the bank toe can be represented by the
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shear stress provided by streamflow acting against
the resistance of the bank-toe material to be en-
trained by the fluid. We must be able to account for
the resistance of that basal material to erosion, be it
in situ bank material, cohesionless bed material, or
failed cohesive blocks. It is conceivable that a differ-
ent set of parameters are required to account for the
erosion resistance of each of these types of materials,
particularly when the compounding effects of ripar-
ian vegetation are considered.

5.8. Conditions of bank-toe erosion

Fluvial erosion of bank-toe and in situ materials
was measured on Goodwin Creek using a network of
seven sets of erosion pins spaced longitudinally along
the outer bank. Each set of pins is made up of three
60-cm long pins inserted horizontally into the bank-
toe region and displaced vertically about 0.5 m apart.
Pins were initially placed in failed, reworked, or in
situ materials. Each pin was measured after 16 runoff
events between February and December 1996. Lawler
Ž .1993 has reviewed advantages and limitations of
erosion pins of this type. Based on measurements of
protrusion lengths made by different operators on the
same day, we estimate that erosion pin data are
accurate to within "5 mm. Estimates of the change
in length between visits are accurate, therefore, to
within 1 cm. However, additional systematic errors

Ž .may be introduced through the effects of 1 turbu-
Ž .lent scour around the tip of the pins and 2 distur-

bance of the bank material fabric during insertion of
the pins.

Individual flow events resulted in as much as 0.5
m of toe removal at and up to 2.7 m over the period

Ž .February 1996 to July 1997 Fig. 8 . Erosive events
are represented by the negative peaks in Fig. 8A and
C and correspond to several peak-flow discharges
with recurrence intervals between 1 and 1.5 years.

The erosional force provided by the flows is
represented by peak-flow shear stresses at the bank
toe. These were calculated from data obtained from
crest-stage gages installed at the entrance and exit of

Ž .the reach Simon and Darby, 1997b :

tsg E yE S 12Ž .Ž .w w p wp

where E selevation of water surface at peak floww
Ž . Ž .m , E selevation of erosion pin m and S sp wp

peak flow water-surface slope. The greatest bank-toe
Ž .shear stresses calculated from Eq. 12 were between

about 30 and 50 Nrm2. Typically, however, the
bottom pins, which experienced greater shear
stresses, showed more erosion than middle or top
pins, indicating a general steepening of the bank toe

Ž .during stormflows Fig. 8 . This steepening primes
the channel bank for the next mass failure, which can
take place during the next loss of matric suction and
occurrence of excess pore-water pressures.

Bank-toe erosion amounts are, in part, a function
of the availability and sizes of failed bank material at
the bank toe during runoff events, and therefore,
erosion amounts were not similar for relatively simi-
lar stormflows and shear stresses. Cumulative plots
of bank-toe erosion show the effects of decreasing

Ž .rates of bank-toe erosion Fig. 8B and D as the
supply of failed blocks decreases with time until a
fresh failure supplies new blocks to the bank toe
Ž .Fig. 8D . Size distributions of the failed blocks and
of in situ bank-toe material were determined from
analysis of repetitive photographs of the bank-toe

Ž .region taken after flow events Table 2 . Some blocks
have weathered to half their original block size over
a period of 5 months from the combined effects of
runoff and raindrop impact, and over much shorter
periods, by cracking.

To determine the conditions necessary to entrain
failed cohesive blocks which have collected at the
bank toe, the critical shear stress for the most com-
mon bank-toe conditions are determined using the

Ž .Wiberg and Smith 1987 approach as well as the
standard Shields criteria. The most common failure-
block deposition scenarios in order of decreasing

Ž .frequency are 1 EH blocks deposited on gravel-toe
Ž .material, 2 LH blocks deposited on gravel-toe ma-
Ž .terial and 3 LH blocks deposited on EH blocks.

Estimated critical shear stresses for the range of
D and k values are shown in Table 3. Thesemax s

estimates are based on values of ´s258 obtained
Žfrom field surveys, and a friction angle of 358 ms

. Ž .0.70 used for Eq. 8 . These values of ´ and m

result in a correction factor of 0.68. Estimates for
entrainment of the gravel-toe material are also pro-
vided.

Ž 2 .The high critical shear stress value 183 Nrm
determined for the smaller LH blocks deposited on
EH material represents AhidingB between the larger
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Fig. 8. Bank-toe erosion by hydraulic forces and deposition from failures at erosion pin sets 3 and 5 on Goodwin Creek showing individual
Ž . Ž .events A and C and cumulative amounts B and D .
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Table 2
Ž .Representative particle sizes of freshly failed bank materials and gravel-toe material Simon and Darby, 1997b

Percentile Failed LH Failed EH Gravel-toe material
a a aMean n Mean n Mean n

bŽ .Largest mm 364 7 639 6 97 8
cŽ .D mm 215 7 420 6 66 8max

Ž .D mm 78 7 158 6 33 884
Ž .D mm 37 7 50 6 21 850
Ž .D mm 1 7 14 6 11 816
Ž .Mean mm 49 7 84 6 22 8

a Ž .nsnumber of observations photographs .
b Largests largest block observed.
cD smean of five largest blocks.max

EH blocks. However, LH materials failing vertically
from cantilevers often are deposited atop failed blocks
of EH material suggesting that t for the LH materi-c

als are significantly overestimated by the Wiberg and
Ž .Smith 1987 equations. Furthermore, it was found

that calculated values of K ) exceeded the plotted
bound of K ) to be used for the various Drks

Ž .curves provided by Wiberg and Smith 1987 . For
) Ž .this study, the maximum K value 5.0 was, there-

Ž .fore, used. Critical shear stress values t for Dc max

obtained using a standard Shields approach a t )

cr
Ž . Žvalue of 0.03 and the Lane 1953 correction Eq.

Ž .. 28 are 79.8 and 36.6 Nrm for the EH and LH
units, respectively. The same analysis yielded critical
shear stress values of 30.0 and 13.3 Nrm2 for the
EH and LH D size fractions. For the cemented in84

Ž .situ sand and gravel unit at the bank toe, Eq. 10
produces t s39.0 Nrm2 based on the followingc

input values f ) s858 and ´ s808.c

Peak shear stresses at Goodwin Creek between
about 30 and 50 Nrm2 were sufficient to entrain all

LH materials on four separate occasions, all but the
largest blocks of EH material, and localized areas of
the in situ, cemented sand and gravel material. These
shear stresses were associated with stormflows hav-
ing 1.0–1.5 year recurrence intervals and flow depths
to about 1.5 m. These results, combined with field
observations, show that a Shields-type approach is
applicable for analyzing entrainment thresholds of
failed blocks of cohesive material. Entrainment of

Ž .the largest EH blocks about 639 mm deposited on
the gravel-toe material requires a shear stress of
about 121 Nrm2, a flow that was considered likely
within the incised channel. A 3-m deep flow on

3 ŽSeptember 23, 1997 of 66.4 m rs largest of the
.study period was assumed to provide sufficient shear

stress to entrain the largest blocks.
Inspection of the Goodwin Creek site following

the September 23, 1997 event disclosed that the
largest EH blocks were not entrained. Two reasons
for this are proposed. Firstly, the shear stress gener-
ated from the flow was not great enough to entrain

Table 3
Ž . ŽFailed bank material critical shear stress values using Wiberg and Smith 1987 for the most common bank-toe scenarios modified from

.Simon and Darby, 1997b

Failed bank-material D D rk Block density Corrected shields stress Critical shear stressmax max s
3 ) 2Ž . Ž . Ž . Ž . Ž . Ž .deposition scenario mm r kgrm t t Nrms cb c

EH on gravel-toe material 420 3.64 1950 0.012 45.2
LH on gravel-toe material 215 1.86 1850 0.019 34.1
LH on failed EH substrate 215 0.39 1850 0.102 183
Gravel-toe material 66 0.57 1740 0.068 32.6

Note: EHsearly Holocene, LHs late Holocene.
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3 Ž .Fig. 9. Hydraulic properties of peak flows measured at Goodwin Creek showing peak in water-surface slopes at about 12 m rs A , effect
Ž . Ž .on boundary shear stress with increasing discharge B and calculated boundary shear stresses during the study period C .
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the largest clasts regardless of any additional forces
that would result in greater block resistance. With
increasing discharge, flows crest a sand–gravel bar

3 Ž .at flows above about 12 m rs Fig. 6 . As flow
continues to increase and the bar becomes covered,
flow resistance increases due to herbaceous and
woody vegetation on the bar, and because of the
sudden increase in the size of the wetted perimeter.
Additionally, the rate of increase of flow depth with
discharge decreases greatly as the flow spreads out
across the bar. The result is that water-surface slopes

3 Ždecrease for flows greater than about 12 m rs Fig.
.9A . The effect of decreasing slope with increasing

discharge on boundary shear stress can be seen in
Fig. 9B. Thus, the flow of September 23, 1997,
although twice as deep as previous peak flows with t

equal to 30–40 Nrm2, only attains a shear stress of
42 Nrm2, insufficient to entrain the largest EH
blocks. Boundary shear stresses for the period of
study are shown in Fig. 9C.

Secondly, although the Shields-type approach used
here appears to work reasonably well in predicting
entrainment of failed cohesive materials from the
bank toe, the approach requires refinement for differ-
entiating between in situ and failed materials, block
sizes and shapes at the time of incipient motion, and
particularly, to account for the effects of any
geotechnical properties which are not accounted for
in a Shields-type approach. One such property is the
apparent cohesion between a failed cohesive block
and the substrate upon which it has been deposited.
The potential effect of matric suction on increasing
the fluid stress required to entrain a block was tested
by measuring c at the block-substrate interface.
Boundary shear stress values were calculated from
the field data.

Typical c values at the block-substrate interface
during the summer of 1997 are in the order of 5–11
kPa in the region within 0.5 m of the water surface.
An average c value of 8 kPa can be considered as
representative. Assuming a f b s17.58 results in a
cohesion due to suction of 2.5 kPa, a sufficient
increment in strength to resist entrainment by the
peak flow of 42 Nrm2. Slight decreases in matric
suction were observed immediately following a flow
event which submerged the blocks on August 19,
1997, but none was significant enough to cause a
complete loss of matric suction or to generate posi-

tive pore-water pressures at the interface. The low
permeability of the materials relative to the short
time the blocks are submerged suggests that negative
pore-water pressures can be maintained at the base
of the blocks during stormflow. This finding helps to
explain why the Shields-type approach may not be
completely successful in predicting entrainment dur-
ing the dry summer months.

The fact that shear stresses at high flows are not
commensurate with increases in discharge has impor-
tant implications regarding the effectiveness of high
flows in meander extension and elongation in incised
channels. Incised channels containing alternate bars
and incipient meanders are often aggradational
Ž .Simon, 1989a and have an asymetrical shape with
the thalweg on the opposite the high steep bank.
Increases in shear stress with increasing discharge,
therefore, will characteristically take the form shown
in Fig. 9B. This type of relation between discharge
and shear stress in incised channels with developing
meanders helps to explain why entrainment of bank-
toe material by high flows is as effective as entrain-

Ž .ment capabilities of much lower flows Fig. 9B .
Entrainment of the largest blocks can occur with
time as the largest blocks are reduced in size by
raindrop impact, erosion by fluid shear and drag, and
by dessication. This allows for fluvial entrainment by
relatively small frequent flows. Consequently, it ap-
pears that meander extension and elongation can be
defined as a sequence of the following processes
which operate most effectively at low and moderate
flows: bar growth, flow deflection and bank-toe ero-
sion on the opposite bank, bank failure and erosion
of failed debris.

6. Conclusions

The interaction of gravitational forces working on
in situ bank material with hydraulic forces acting at
the bank toe and channel bed determine rates and
styles of bank erosion and, therefore, bank morphol-
ogy. Hydraulic forces exerted by flowing water on in
situ bank-toe material and failed cohesive material at
the bank toe are often sufficient to entrain materials
and to maintain steep low-bank profiles. Seepage
forces exerted on in situ bank material by groundwa-
ter, downward infiltration of rainwater and lateral
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seepage of streamflow are critical in determining
bank strength. The data from Goodwin Creek clearly
shows the temporal variability of seepage forces and
the lag time inherent in reductions in shear strength
due to losses of matric suction and generation of
positive pore-water pressures. The relation between
shear strength and matric suction, defined by the
angle f b was determined from in situ field measure-
ments of apparent cohesion at various values of
matric suction, leading to evaluation of the true value

Ž .of effective cohesion 2.7 kPa . Local extremum of
apparent cohesion were also found in the moisture-
content domain close to saturation due to increases
in f b as matric-suction values approach 0.0.

Ž .Seepage forces matric suction have also been
shown to increase the resistance of failed cohesive
blocks to entrainment by hydraulic forces. A stable
bank is transformed into an unstable bank during
periods of prolonged rainfall through:

1. increase in soil unit weight,
2. decrease or complete loss of matric suction, and,

therefore, apparent cohesion,
3. generation of positive pore-water pressures, and,

therefore loss of frictional strength,
4. entrainment of in situ and failed material at the

bank toe, and
5. loss of confining pressure during recession of

stormflow hydrographs.

Rapid-drawdown conditions formed from persis-
tent rainfall and vertical seepage, combined with the
loss of confining pressure during stormflow reces-
sion represents the dominant bank-hydrology condi-
tion for mass failure. This has occurred predomi-
nantly during the winter months at the research site
studied. A similar storm, occurring during the sum-
mer months generally is not able to destabilize the
channel banks because of high antecedent values of
matric suction. It is not the largest storms and great-
est floods that induce bank failures, but prolonged
wet periods, which weaken in situ bank materials
resulting in mass failure. Thus, even relatively small
frequent flows during the winter have the ability to
erode failed bank materials, maintain oversteepened,
unstable bank surfaces and promote prolonged peri-
ods of bank retreat, channel migration, and high

yields of fine-grained sediment. About 2 m of bank
retreat occurred at the site over the study period.

The bank-stability algorithm presented here has
been used to model the timing and conditions lead-
ing to mass failure. The algorithm utilizes time–series
data in a dynamic framework to incorporate the
effects of matric suction for the portion of the failure
plane in the unsaturated zone, confining pressure,
positive pore-water pressure, varying soil unit weight
and layering within the banks. Geotechnical data
used for input into the algorithm were obtained in
situ. Continuous surface-water stage and matric-suc-
tion data were used to test the algorithm against
observed failures. Results show that the bank-stabil-

Ž Ž ..ity algorithm Eq. 11 was able to predict the
timing and conditions of mass failure for a layered
cohesive streambank.
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