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Abstract
Several mechanisms contribute to streambank failure including fluvial toe undercutting,
reduced soil shear strength by increased soil pore-water pressure, and seepage erosion. Recent
research has suggested that seepage erosion of noncohesive soil layers undercutting the banks
may play an equivalent role in streambank failure to increased soil pore-water pressure. However,
this past research has primarily been limited to laboratory studies of non-vegetated banks.
The objective of this research was to utilize the Bank Stability and Toe Erosion Model
(BSTEM) in order to determine the importance of seepage undercutting relative to bank
shear strength, bank angle, soil pore-water pressure, and root reinforcement. The BSTEM
simulated two streambanks: Little Topashaw Creek and Goodwin Creek in northern Missis-
sippi. Simulations included three bank angles (70° to 90°), four pore-water pressure distributions
(unsaturated, two partially saturated cases, and fully saturated), six distances of undercut-
ting (0 to 40 cm), and 13 different vegetation conditions (root cohesions from 0·0 to 15·0 kPa).
A relative sensitivity analysis suggested that BSTEM was approximately three to four times
more sensitive to water table position than root cohesion or depth of seepage undercutting.
Seepage undercutting becomes a prominent bank failure mechanism on unsaturated to par-
tially saturated streambanks with root reinforcement, even with undercutting distances as
small as 20 cm. Consideration of seepage undercutting is less important under conditions of
partially to fully saturated soil pore-water conditions. The distance at which instability by
undercutting became equivalent to instability by increased soil pore-water pressure decreased
as root reinforcement increased, with values typically ranging between 20 and 40 cm at
Little Topashaw Creek and between 20 and 55 cm at Goodwin Creek. This research depicts
the baseline conditions at which seepage undercutting of vegetated streambanks needs to be
considered for bank stability analyses. Copyright © 2008 John Wiley & Sons, Ltd.
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Introduction

Sediment is a primary cause of water quality degradation, with the majority of this sediment originating from streambanks
in many watersheds. Research has demonstrated that streambank erosion and failure contributes significantly (i.e., up
to 80%) to total sediment loading in streams (Bull and Kirkby, 1997; Simon and Darby, 1999; Sekely et al., 2002;
Evans et al., 2006). Controlling sediment loading to surface water is important for the protection of human health and
freshwater ecosystems; therefore, this sediment loading must be addressed through riparian management strategies.

Several mechanisms can lead to streambank failure and sediment loading to streams, including toe erosion by
streamflow undercutting the bank and bank sloughing by removal of matric suction (i.e., generation of positive pore-
water pressure) due to precipitation infiltration or stream bank storage. When streambanks are saturated, stability is
reduced (Darby and Thorne, 1996; Rinaldi and Casagli, 1999; Simon et al., 2000; Darby et al., 2007). According to
Hey et al. (1991), bank failures are characterized by either the shape or mode of failure. The Bank Stability and Toe
Erosion Model (BSTEM), developed at the USDA-ARS National Sedimentation Laboratory (Simon and Collison,
2002), can simulate both planar and cantilever failures.
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Seepage erosion undercutting
One of the processes that initiates mass failure and has received less attention is seepage erosion of non-cohesive
sediment by ground-water flow, whereby lateral ground-water emerges from the bank and undercuts the bank by
removing soil particles (Fox et al., 2006, 2007a,b; Wilson et al., 2007). Several studies report ground-water sapping,
where sapping is defined as the bank collapse resulting from seepage or piping erosion (Laity, 1983; Hagerty, 1991a,b;
Worman, 1993; Fox et al., 2007a,b; Wilson et al., 2007). Seepage erosion occurs when high infiltration rates cause
perched water tables to develop above water-restricting horizons in riparian soils (Coates, 1990; Wilson et al., 1991;
Jones, 1997) or between layers with contrasting hydraulic conductivity (Hagerty, 1991a,b). As perched water tables
rise on these less permeable layers, sufficient hydraulic gradients can be generated towards stream channels, causing
fairly rapid subsurface flow (interflow) towards streams. This lateral, subsurface flow can potentially result in erosion
of unconsolidated material at the outflow face (Higgins, 1982, 1984; McLane, 1984; Dunne, 1990). Seepage flow
initiates development and migration of headcuts by liquefaction of soil particles, followed by mass wasting of the
stream bank by undercutting, as shown in Figure 1 (Fox et al., 2006, 2007a,b; Wilson et al., 2007). Hagerty (1991a,b)
suggest the formation of cavities accelerates the water supply to the exfiltration zone.

Figure 1. Stratigraphy of the (a) Little Topashaw Creek and (b) Goodwin Creek streambanks simulated using the Bank Stability
and Toe Erosion Model. Soil hydraulic and strength parameters are from Langendoen et al. (2005), Fox et al. (2007a), and Chu-Agor
et al. (2007). D = depth of streambank layer; c ′ = effective cohesion; φ′ = effective angle of internal friction; W = unit weight;
SiL = silt loam; LS = loamy sand; CL = clay loam. This figure is available in colour online at www.interscience.wiley.com/journal/espl
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Seepage erosion occurs in numerous geographical locations and has been shown to be an important mechanism of
streambank failure (Chu-Agor et al., 2007). However, despite this frequent occurrence, little research has been per-
formed regarding the effect of seepage undercutting on bank stability. Additionally, there is little understanding about
the importance of seepage undercutting relative to other bank failure mechanisms. Wilson et al. (2007) simulated two-
dimensional, laboratory lysimeter experiments using the BSTEM by incorporating observed distances of undercutting.
Their research indicated that the propensity of streambanks to fail during the recession limb of hydrographs may be
the result of interflow-induced seepage erosion undercutting the streambanks, in addition to reduction in the soil shear
strength. Chu-Agor et al. (2007) and Fox et al. (2007b) manually incorporated seepage undercutting into SLOPE/W
to account for the interaction between reduced stability by increased pore-water pressure and seepage undercutting.
Their work highlighted that the loss of supporting material brought about by seepage undercutting or hydraulic erosion
at the bank toe can be a major cause of slope instability and may be of equal or greater importance than the impact
of increased soil-water pressure on soil strength. It also highlighted the need to incorporate the dynamic process
of seepage erosion into integrated subsurface flow and streambank stability models, but was limited to laboratory
conditions, not predictions in the field. Darby et al. (2007) have coupled dynamic simulations of bank pore-water
pressure with streambank stability models, but not specifically for seepage erosion undercutting.

Root reinforcement
Research has also demonstrated that vegetation plays a role in bank stability, both advantageous and disadvantageous
through root reinforcement, surcharge, and hydrological influences, such as soil-water uptake (Wu et al., 1979; Wu,
1984; Thorne, 1990; Beeson and Doyle, 1995; Gray and Sotir, 1996; Micheli and Kirchner, 2002; Simon and Collison,
2002; Pollen et al., 2004; Simon et al., 2006; Zaimes et al., 2006; Pollen, 2007). Both field and numerical modelling
research has demonstrated that the addition of roots to streambanks improves stability under a range of hydrological
conditions (Abernathy and Rutherfurd, 2000; Wynn et al., 2004; Simon et al., 2006; Pollen, 2007). Small amounts of
root reinforcement can provide substantial increases in soil shear strength (Waldron, 1977; Wu et al., 1988a,b;
Riestenberg, 1994). Pollen (2007) also noted that root reinforcement increased bank stability over a wide range of soil
moisture conditions, but the magnitude varied as a function of soil shear strength and soil moisture content. Wynn and
Mostaghimi (2006) discussed the influence of riparian vegetation on subaerial processes of freeze–thaw cycling and
soil desiccation.

Objectives
Even with these recent advancements, we still do not understand the in situ conditions (i.e., variable soil moisture and
vegetation regimes) at which seepage erosion and undercutting needs to be considered in bank stability analyses. In
one of the only field studies of undercutting, Simon and Wells (2006) documented through repetitive surveys the
amount and timing of erosion of a gulley headcut. They demonstrated that mass failure of the gulley headwall cannot
occur unless the toe of the headcut had been previously undercut by hydraulic erosion or cantilever failures. Fox et al.
(2007a,b) observed that seepage undercutting distances of only 10 to 30 cm can result in bank collapse at Goodwin
Creek. The objective of this research is to utilize the BSTEM to quantify the interrelationship of pore-water pressure,
vegetation, and seepage undercutting on bank stability. None of the recent research on bank instability by seepage
erosion (i.e., Fox et al., 2006, 2007a,b; Wilson et al., 2007) has investigated root-reinforced streambanks. More
specifically, this research addresses two questions. (1) What is the relationship between the factor of safety, FS, water
table position (i.e., soil pore-water pressure distribution), and the distance of seepage undercutting as a function of
root cohesion? (2) Does the relative importance of undercutting versus increased soil-water pressure depend on root
cohesion? Answering these questions will provide guidance as to when the inclusion of seepage undercutting of non-
cohesive streambank layers is required in bank stability analyses for river rehabilitation.

Materials and Methods

Streambank stability model
The main purpose of BSTEM is to predict whether or not a streambank will fail by accounting for fluvial undercut-
ting, bank height, bank slope, the unit weight of soil and water in the bank, and surcharge created by objects on top of
the bank. The greater resistance a bank has to failure by these forces, the greater its FS. The BSTEM predicts this
value by a variety of methods.
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As the foundation of BSTEM, Simon et al. (2000) utilized the Mohr–Coulomb equation for the shear strength of
saturated soil as follows:

τf = c′ + (σ − μw)tan φ′ (1)

where τf is the shear stress at failure (kPa), c′ is the effective cohesion (kPa), σ is the normal stress (kPa), μw is the
pore-water pressure (kPa), and φ′ is the effective angle of internal friction (degrees). In addition, since matric suction
(negative pore-water pressure) above the water table increases soil cohesion, the BSTEM defines the shear stress using
the following equation from Fredlund and Rahardjo (1993):

τf = c′ + (σn − μw)tan φ′ − (μa + μw)tan φb (2)

where μa is the pore-air pressure (kPa), uw is the soil pore-water pressure (kPa), and φb is the rate of increasing soil
strength due to increasing matric suction (degrees). The parameter φb varies between soil types, typically ranging from
10° to 20°, reaching a maximum at φ′ for saturation (Fredlund and Rahardjo, 1993).

Across horizontal layers, the model uses a limit equilibrium analysis that accounts for up to five user-input soil
layers with unique geotechnical properties to calculate the FS as follows:
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where ci′ is the effective cohesion of ith layer (kPa), Li is the length of the failure plane of the ith layer (m), Si is the
force produced by matric suction on the unsaturated part of the failure surface (kN m−1), Wi is the weight of the ith
layer (kN), Ui is the hydrostatic-uplift force on the saturated portion of the failure surface (kN m−1), Pi is the hydro-
static-confining force due to external water level (kN m−1), β is the failure-plane angle (degrees from horizontal), α is
the bank angle (degrees from horizontal), and I is the number of layers.

Along vertical slices, the model examines the normal and shear forces active in slices of the failure blocks (portions
of the bank above the failure surface). This model incorporates a four-step iterative process that includes the normal
force acting at the base of a slice, Nj, interslice normal force, Inj, and interslice shear force, Isj, to calculate FS using the
following equation:
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where J is the total number of vertical slices. For cantilever shear failures, FS is merely a ratio of the shear strength of
the soil layer(s) to the weight of the cantilever (overhanging soil layer or block):
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Since fibrous roots of vegetation are strong in tension, but weak in compression, their combined effects with soil
(which is strong in compression, but weak in tension) create a fairly strong composite material (Wu et al., 1979; Wu,
1984; Thorne, 1990; Gray and Sotir, 1996; Micheli and Kirchner, 2002; Simon and Collison, 2002; Pollen et al., 2004;
Simon et al., 2006; Pollen, 2007). Version 4·1 of the model uses the following fiber-break mode, force-equilibrium
equation to calculate the increase in soil strength due to root systems:

cr = Tr(Ar/A)(cos θ tan φ′ + sin θ) ≅ 1·2Tr(Ar/A) (6)
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Table I. Types of vegetation and corresponding values of cohesion due to roots, cr (before application of the
vegetation safety margin), and surcharge simulated on the Little Topashaw Creek and Goodwin Creek streambanks
with the USDA-ARS Bank Stability and Toe Erosion Model

Cohesion Cohesion Surcharge
group Vegetation type (kPa) (kN m−3)

0–5 kPa Black willow, Salix nigra (5 years) 2·0 0·6
Sandbar willow, Salix exigua (4 years) 3·0 0·6
Sweetgum, Liquidamber styraciflua (10 years) 4·0 1·2

5–10 kPa Himalayan blackberry, Rubus discolor (5 years) 5·5 0·0
Douglas spirea, Spirea douglasii (3 years) 6·0 0·0
Gamma grass, Tripsacum dactyloides (5 years) 6·0 0·0
Longleaf pine, Pinus palustris miller (5 years) 6·0 0·6
Sycamore, Plantanus occidentalis (7 years) 7·0 0·6
Eastern cottonwood, Populus deltoides (4 years) 8·0 0·6
River birch, Betula nigra (7 yrs) 8·0 0·6

>>>>> 10 kPa Alamo switch grass, Panicum virgatum L. (5 years) 18·0 0·0
Western cottonwood, Populus fremontii (14 years) 30·0 1·2

where cr is the cohesion due to roots (kPa), Tr is the tensile strength of roots (kPa), Ar/A is the area of shear surface
occupied by roots, per unit area (root-area ratio), θ is the shear distortion from vertical (degrees), and φ′ is the friction
angle of soil (Waldron, 1977; Wu et al., 1979; Waldron and Dakessian, 1981). This equation assumes perpendicular
orientation of the roots relative to the shear failure plane. Gray and Sotir (1996) and Maher and Gray (1990) note that
this assumption is useful because it represents an average of all possible root orientations. The assumption used in
BSTEM is that roots of most riparian species are concentrated in the top 1 m of the soil profile (Simon et al., 2007).
Therefore, the effects of cr on stability are equivalent to adding additional c′ to the top 1 m of the bank. Pollen and
Simon (2005) demonstrated that the above equations overestimate root reinforcement by up to 50% due to neglecting
the fact that as the soil-root matrix shears, the roots have different tensile strengths and break progressively. Because
of this anticipated 50% overestimation, Version 4·1 of BSTEM includes a vegetation safety margin which allows the
user to adjust the maximum root reinforcement predicted by Equation 6 by this factor.

Vegetation also decreases bank stability because of the negative effects of surcharge and increased infiltration into
the soil profile. Surcharge increases normal stress due to an increase in mass acting on the surface. It can be calculated
by multiplying the mass of the trees by the stocking density on the top of the bank from the De Vries (1974) equation.
Default values of cr and surcharge are provided in the USDA-ARS BSTEM for 12 vegetation species as outlined in
Table I. For this research, the vegetation types were divided into three groups based on the estimated cr after a 50%
vegetation safety margin: 0–2·5 kPa, 2·5–5·0 kPa, and greater than 5·0 kPa.

As an additional note on BSTEM, the FS is sensitive to shear surface angles. According to model documentation
(Version 4·1), users have two options: (1) vary the shear angle to minimize the FS or (2) use the angle that is the
average of the bank angle and the soil friction angle φ′. This research minimized the FS by varying the shear angle for
each set of experimental conditions and compared the resulting angles with the latter option above. Also, it should be
noted that the model does not account for dynamic pore-water pressure variations, shown to be important in triggering
mass failures (Darby et al., 2007).

Modelling of field sites
We simulated two streambanks with BSTEM: Little Topashaw Creek and Goodwin Creek in northern Mississippi.
Little Topashaw Creek is an incised fourth-order stream near Calhoun City in central Mississippi (Stofleth et al.,
2007). Wilson et al. (2007) documented the first detailed measurements in situ of seepage flow, erosion, and bank
undercutting along Little Topashaw Creek. Fox et al. (2007a) conducted a similar study at Goodwin Creek, another
incised stream which drains a fourth-order, 21 km2 northwest Mississippi watershed near Batesville, Mississippi.

The BSTEM was developed to simulate the top 300-cm of the streambank (i.e., above the non-cohesive seepage
layer) at Little Topashaw Creek and the top 270-cm of the streambank (i.e., above the seepage layer) at Goodwin
Creek with three different bank angles: 70°, 80°, and 90° (Figure 1). A depiction of the stratigraphy, soil hydraulic
parameters, soil strength parameters, and model set-up for the Little Topashaw Creek and Goodwin Creek banks is
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shown in Figure 1. Soil hydraulic and strength parameters for both sites were derived from Langendoen et al. (2005),
Fox et al. (2007a), and Chu-Agor et al. (2007). Banks were simulated with no vegetation (cr = 0 kPa and no surcharge)
and then with default values for the 12 different vegetation species outlined in Table I. A 50% vegetation safety
margin, as suggested by Pollen and Simon (2005), was specified in the model to account for the overestimation of root
reinforcement. Confining pressure due to stream stage was neglected; therefore, this research simulated drawdown
conditions at low-stream stages representative of conditions on the recession limb of streamflow hydrographs.

Model simulations included various distances (du) of hypothetical undercutting within the noncohesive streambank
layers: no undercutting (du = 0 cm), du = 5 cm, du = 10 cm, du = 20 cm, du = 30 cm, and du = 40 cm. The shapes of the
undercuts used in the simulations were designed to give the smallest FS possible. Each undercut formed a triangle
such that the elevation of the bottom of the triangle corresponded with the base of the simulated seepage layer (Figure 2).
The heights of the triangles were consistent throughout simulations on each bank with the peak at the elevation of the
top of the seepage layer. As the distance of undercutting increased with each simulation, the length of the base of the
triangular cut increased to the corresponding distance. This mimics the undercut shapes utilized by Chu-Agor et al.
(2007). The base of the failure surface was placed at the apex of the undercut, as shown in Figure 2.

Figure 2. Example Bank Stability and Toe Erosion Model (BSTEM) simulation of Little Topashaw Creek for (a) 90° and (b) 70°
banks with undercut distances, du = 40 cm and fully saturated ground water conditions. This scenario simulates low-stream stage
conditions representative of the recession limb of streamflow hydrographs. This figure is available in colour online at www.
interscience.wiley.com/journal/espl
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To investigate the influence of pore-water pressure on bank stability, we varied the position of the ground-water
table relative to the position of the seepage undercut layer. To simulate the influence of negative soil pore-water
pressures on the soil shear strength, we used Equation 2 with φb = 15°, the default value as suggested by BSTEM.
Also, since the typical range reported for φb is generally between 10° and 20° (Fredlund and Rahardjo, 1993), we used
φb = 15° as the midpoint of the expected range. Four different positions of the water table were simulated for each
bank: unsaturated, two partially saturated cases, and a fully saturated case. For Little Topashaw Creek, the 0·5-m, non-
cohesive seepage undercut layer occurred approximately 1·5 m below ground surface (b.g.s.; Wilson et al., 2007).
Therefore, simulations were performed with the ground water table at 2·00 m b.g.s. (unsaturated, 0% of the bank
height (BH) where bank height refers to height above the bottom of the seepage layer), 1·50 m b.g.s. (partially
saturated, 25% of the BH), 1·00 m b.g.s. (partially saturated, 50% of the BH), and saturated (100% of the BH). For
Goodwin Creek, the 0·25-m, non-cohesive seepage undercut layer occurred 1·65 m b.g.s. (Fox et al., 2007a). Simulations
included the ground water table at 1·90 m b.g.s. (unsaturated, 0% of the BH), 1·43 m b.g.s. (partially saturated, 27% of
the BH), 0·95 m b.g.s. (partially saturated, 50% of the BH), and saturated (100% of the BH). Tension cracks, while
known to further reduce the stability of banks, were not included in these simulations. The BSTEM can simulate
tension cracks but requires the user to specify the tension crack depth, which for these hypothetical scenarios could
only be estimated or assumed. Therefore, the total number of BSTEM simulations was 1872: two banks, three bank
angles, four water table positions, six distances of undercutting, and 13 different vegetation conditions.

Analysis of modelling results
The relative sensitivity (Sr) of cr, du, and water table position was calculated based on the following equation:
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where O is the output (i.e., the FS), P is in the input, and the subscript b represents the base value (Byne, 2000). The
base line condition for the relative sensitivity analysis was a 70° bank with cr = 3·0 kPa, du = 10 cm, and WT = 1·50 m
b.g.s. for Little Topashaw Creek and WT = 1·43 m b.g.s. for Goodwin Creek. The cr, du, and water table position were
varied within the range of −67% to 200% of the original base value.

The next question to be addressed was the relation between the FS and the distance of undercutting for a given cr

value. For both banks, the predicted FS values were first plotted against the ratio of the distance of undercutting and
bank height (du/BH) above the seepage layer for the various vegetation types with a 50% vegetation safety margin
(Table I). As a comparison, similar figures were developed for the relationship between the FS and the height of the
water table relative to BH. A critical distance of undercutting (du*) required to reach conditionally unstable conditions
(i.e., FS = 1·3) was determined based on the FS – du/BH plots for each root cohesion value. The du* was non-
dimensionalized by the BH and then plotted against the ratio of cr to the effective cohesion, c′, of each bank. This
analysis generated information regarding the du* relative to bank angle, soil pore-water pressure distribution, and root
cohesion.

The final question involved the relative importance of undercutting and increased soil-water pressure, investigated
in prior research by Fox et al. (2006, 2007b), and Wilson et al. (2007), in which they suggested that undercutting can
possess equivalent or greater importance than increased soil pore-water pressure at some critical distance of undercut-
ting. This research adds another complicating factor in terms of vegetation. The importance of undercutting and soil
pore-water pressure at different cr was determined by calculating the variation in the FS if one of these processes was
neglected. More specifically, for each case of bank slope, du, water table position, and cr (e.g., slope = 90°, du = 20 cm,
water table position = 50% of the BH, and cr = 8·0 kPa), the predicted FS was assumed to be the ‘true’ FS. Two
alternative FS values were determined for this scenario by (1) neglecting undercutting (e.g., du = 0 cm, water table
position = 50% of the BH, and all other parameters held constant) and then by (2) neglecting potential rises in the
water table position above the seepage layer (e.g., water table position = 0% of the BH, du = 20 cm, and all other
parameters held constant). The error in the FS was calculated between the ‘true’ FS and the two alternative FS. The
alternative FS with the greater error corresponded to the most important process for these conditions (i.e., undercutting
versus increased soil pore-water pressure). By considering all possible du, water table, and cr combinations, it was
determined whether root cohesion affected the point at which undercutting possessed equal importance to increased
soil pore-water pressure. The du value for which the error in neglecting undercutting became greater than the error in
neglecting soil pore-water pressure effects, referred to hereafter as dus, was determined.
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Table II. Predicted factor of safety for Little Topashaw Creek and Goodwin Creek streambanks at various bank angles (α) and
distance of undercutting (du) as a function of root cohesion (cr) and water table position. The vegetation safety margin has been
applied to cr. The two FS values under each cr value are for unsaturated conditions (i.e., water table at the bottom of the seepage
layer) and partially saturated conditions (i.e., a water table at 50% of the bank height above the seepage layer), respectively

cr (kPa)

Stream ααααα (°) du (cm) 0·0 0–2·5 2·5–5·0 >>>>> 5·0

Little Topashaw 90 0 1·6, 1·1 1·6, 1·2 1·8, 1·3 2·3, 1·9
Creek 10 1·4, 1·0 1·5, 1·1 1·6, 1·2 2·1, 1·7

20 1·3, 0·9 1·4, 1·0 1·5, 1·1 1·9, 1·6
40 1·1, 0·7 1·1, 0·8 1·2, 0·9 1·6, 1·3

80 0 1·9, 1·4 2·0, 1·4 2·1, 1·6 2·8, 2·2
10 1·7, 1·2 1·8, 1·3 1·9, 1·5 2·5, 2·0
20 1·6, 1·1 1·6, 1·2 1·8, 1·3 2·3, 1·9
40 1·3, 0·9 1·3, 1·0 1·5, 1·1 1·9, 1·5

70 0 2·3, 1·6 2·4, 1·8 2·6, 2·0 3·4, 2·7
10 2·1, 1·5 2·2, 1·6 2·4, 1·8 3·1, 2·5
20 1·9, 1·4 2·0, 1·5 2·2, 1·6 2·8, 2·3
40 1·6, 1·1 1·7, 1·2 1·8, 1·3 2·4, 1·9

Goodwin Creek 90 0 1·1, 0·6 1·2, 0·7 1·3, 0·9 2·0, 1·5
10 1·0, 0·5 1·1, 0·6 1·2, 0·8 1·8, 1·4
20 0·9, 0·5 0·9, 0·6 1·1, 0·7 1·6, 1·2
40 0·7, 0·4 0·8, 0·4 0·9, 0·6 1·3, 1·0

80 0 1·3, 0·8 1·4, 0·9 1·6, 1·1 2·4, 1·8
10 1·2, 0·7 1·3, 0·8 1·5, 1·0 2·1, 1·7
20 1·1, 0·6 1·2, 0·7 1·3, 0·9 1·9, 1·5
40 0·8, 0·5 0·9, 0·6 1·1, 0·7 1·6, 1·2

70 0 1·6, 1·0 1·7, 1·1 1·9, 1·3 2·8, 2·2
10 1·4, 0·9 1·6, 1·0 1·8, 1·2 2·6, 2·0
20 1·3, 0·8 1·4, 0·9 1·6, 1·1 2·3, 1·8
40 1·0, 0·6 1·1, 0·7 1·3, 0·9 1·9, 1·5

Results and Discussion

The predicted FS decreased as α, μw, and du increased and as the cr decreased (Table II). The reported increase in the
FS relative to addition of roots is equivalent to that reported in other research with BSTEM and other slope stability
models (e.g., Abernethy and Rutherfurd, 2000; Simon et al., 2006; Pollen, 2007). Cohesion due to roots was a more
important parameter than surcharge for simulating reinforcement under the conditions modelled. Minimal differences
were observed in the predicted FS for vegetation types with the same cohesion but different surcharge (i.e., Douglas
spirea, Gamma grass, and longleaf pine). For the Little Topashaw Creek and Goodwin Creek banks, the maximum
difference in the predicted FS between the three species listed above was consistently less than 0·10, with these
differences decreasing as undercutting increased.

Failure plane angles resulting in the minimum FS were greater at Goodwin Creek as compared with Little Topashaw
Creek under similar water table, undercutting, and bank slope conditions because of the lower c′ and φ′ at Goodwin
Creek. The shear angles increased as du and α increased and decreased as cr increased (Table III). The data suggest
that shear angle is much more sensitive to du as compared with cr and water table position, as the shear angles were
independent of water table position. The shear angles resulting in the minimum FS typically bounded the theoretical
angle suggested by the average of α and φ′.

The Sr analysis for both Little Topashaw Creek and Goodwin Creek banks suggested that the model was most
sensitivite to water table position (i.e., Sr = 0·4 to 0·6). The BSTEM was approximately three to four times more
sensitive to water table position than cr and du (Table IV). These results emphasize the importance of appropriately
simulating the pore-water pressure distribution for stability analyses as suggested by previous researchers (Darby and
Thorne, 1996; Rinaldi and Casagli, 1999; Simon et al., 2000; Darby et al., 2007). The Sr of the model was approxi-
mately equivalent (i.e., Sr = 0·1 to 0·2) for cr and du at both streambanks (Table IV). Results were similar for other
bank angles.
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Table III. Shear failure plane angle (degrees) resulting in the minimum factor of safety for Little Topashaw Creek and Goodwin
Creek streambanks as a function of bank angle (α), distance of undercutting (du), and root cohesion (cr), and comparison to
theoretical shear failure plane angle based on average of α and the internal friction angle (φ′). The vegetation safety margin has
been applied to cr

cr (kPa)
Theoretical

Stream ααααα (°) du (cm) 0·0 0–2·5 2·5–5·0 >>>>> 5·0 (===== φφφφφ′′′′′ +++++ ααααα)/2

Little Topashaw 90 0 55 55 55 50 60
Creek 10 55 55 55 55

20 60 60 60 60
40 70 70 70 65

80 0 47 47 47 46 55
10 50 50 50 50
20 55 55 55 52
40 60 60 60 60

70 0 43 42 40 40 50
10 45 45 45 43
20 48 48 48 47
40 53 53 53 52

Goodwin Creek 90 0 60 59 57 53 59
10 65 63 60 56
20 68 65 65 61
40 77 75 73 68

80 0 52 50 50 47 54
10 55 55 55 50
20 60 59 58 54
40 68 67 65 61

70 0 45 45 43 41 49
10 48 48 47 43
20 52 52 50 47
40 60 60 57 54

Influence of undercutting and pore-water pressure on stability
The relation between the FS and the du/BH ratio was linear to slightly exponential (Figure 3); similar observations
were made by Chu-Agor et al. (2007) in modelling controlled laboratory experiments of bank instability by undercut-
ting. For a 90° Little Topashaw Creek bank (c′ = 7·5 kPa in the top 1·5 m of the bank) with no vegetation and
unsaturated flow conditions, the bank becomes conditionally unstable with 20 cm of undercutting and unstable (i.e.,
FS = 1·0) with approximately 46 cm of undercutting. The Goodwin Creek bank (c′ = 2·7 kPa in the top 1·5 m of the
bank) with a 90° bank angle was initially conditionally unstable unless the bank possessed vegetation with cr greater
than 2·5 kPa (Figure 3).

Even small degrees of undercutting can counteract the effects of root reinforcement by vegetation with assumed
root depths of 1 m. For example, under unsaturated conditions, Little Topashaw Creek or Goodwin Creek 90° vege-
tated banks with cr of less than 2·5 kPa were equivalent to a bank without vegetation when the distance of undercut-
ting was approximately 3 to 7 cm on the vegetated bank (Figure 3). For banks with cr between 2·5 and 5·0 kPa,
instability was equivalent to a bank without vegetation when the distance of undercutting was approximately 15 to
20 cm. Such degrees of undercutting are well within the range of maximum observed distances of seepage undercut-
ting in the field (i.e., 10 to 30 cm) as reported by Fox et al. (2007a) at Goodwin Creek and Wilson et al. (2007) at
Little Topashaw Creek.

The FS decreased linearly with increases in the height of the water table relative to the bottom of the seepage layer
(Figure 4). These results mimic those of Pollen (2007) in that the effects or impacts of a given magnitude of root
reinforcement varied relative to soil shear strength and soil moisture. With a partially saturated bank (i.e., water table
at 50% of the BH above the seepage layer), a Little Topashaw Creek or Goodwin Creek bank without vegetation or
with cr less than 2·5 kPa was conditionally unstable without undercutting (Figure 4).
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Table IV. Relative sensitivity of BSTEM relative to root cohesion (cr, kPa), depth of undercutting (du, cm) and water table position
(WT, m below ground surface, b.g.s.) for Little Topashaw Creek and Goodwin Creek streambanks. The baseline condition for the
relative sensitivity analysis was a 70° bank with cr = 3·0 kPa, du = 10 cm, and WT = 1·50 m b.g.s. for Little Topashaw Creek and
WT = 1·43 m b.g.s. for Goodwin Creek

Parameter Factor of Relative
Streambank site Parameter value safety (FS) sensitivity

Little Topashaw Creek cr (kPa) Baseline 3·0 2·08
67% 1·0 1·87 0·2
−50% 1·5 1·91 0·2
+33% 4·0 2·13 0·1
+200% 9·0 2·61 0·1

du (cm) Baseline 10 2·08
−50% 5 2·18 −0·1
+100% 20 1·90 −0·1
+200% 30 1·73 0·1

WT (m b.g.s.) Baseline 1·50 2·08
−33% 1·00 1·76 0·5
+33% 2·00 2·36 0·4

Goodwin Creek cr Baseline 3·0 1·46
(kPa) 67% 1·0 1·24 0·2

−50% 1·5 1·29 0·2
+33% 4·0 1·53 0·1
+200% 9·0 2·05 0·2

du Baseline 10 1·46
(cm) −50% 5 1·54 0·1

+100% 20 1·32 0·1
+200% 30 1·18 −0·1

WT Baseline 1·43 1·46
(m b.g.s.) −33% 0·95 1·17 0·6

+33% 1·90 1·74 0·6

Such results suggest that consideration of seepage undercutting is critical for bank stability analyses under unsatu-
rated to partially saturated soil pore-water pressure distributions and is less important under conditions of partially to
fully saturated soil pore-water conditions. Saturation conditions result in a reduction in the shear strength of the soil
that supersedes the instability due to undercutting investigated in this research. However, seepage flow and undercut-
ting have been reported to occur in the field under unsaturated to partially saturated hydrological regimes (Fox et al.,
2007a). In one of the only reported field studies of streambank seepage in conjunction with riparian pore-water
pressure measurements, Fox et al. (2007a) report over a month of data where seepage flow/undercutting occurred with
negative pore-water pressures in the bank material above the seepage horizon.

Critical distance of undercutting for conditionally unstable conditions
For both banks, the critical du required to reach conditionally unstable conditions (FS = 1·3) with unsaturated pore-
water pressures increased logarithmically with cr /c′, approaching an asymptote with increases in cr/c′ (Figure 5).
Greater cr/c′ represents a reinforced bank that requires larger undercutting distances to reduce the FS. The du required
to reach conditionally unstable banks were approximately 20 cm at Little Topashaw Creek and 0 cm (i.e., no undercut-
ting) at Goodwin Creek for 90° bank angles and approximately 38 cm at Little Topashaw Creek and 2 cm at Goodwin
Creek for 80° bank angles without vegetation. For root cohesions of approximately 5·0 kPa, the critical distances of
undercutting increased to approximately 35 cm at Little Topashaw Creek and 5 cm at Goodwin Creek for 90° angles
and approximately 55 cm at Little Topashaw Creek and 25 cm at Goodwin Creek for 80° angles. Differences between
BSTEM predictions for Little Topashaw Creek and Goodwin Creek banks were due to the greater c′ and φ′, and
correspondingly τf, at Little Topashaw Creek as compared with Goodwin Creek.

Bank slope appeared to influence the critical distance of undercutting uniformly across the range of cr investigated
(Figure 5). More specifically, the increase in du*/BH was approximately 0·1 with 10° increases in the bank angle. As
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Figure 3. Predicted factor of safety, FS, versus the distance of undercutting (du) non-dimensionalized by the bank height above the
seepage layer (BH) for various values of root cohesion, cr, for 90° (a) Little Topashaw Creek and (b) Goodwin Creek banks and for
unsaturated soil pore-water pressure conditions (i.e., water table at bottom of the seepage layer). FSo refers to the factor of safety
for the base condition of no root cohesion (i.e., cr = 0·0 kPa) and no undercutting (i.e., du = 0 cm). The vegetation safety margin was
applied to cr.

soil pore-water pressure increased (i.e., banks became saturated), the du*/BH decreased for all cr /c′ due to the addi-
tional reduced shear strength caused by the increase in μw. The influence of water table position on du*/BH was not
uniform across cr. The difference between pore-water pressure curves increased as cr decreased (Figure 6), suggesting
that the interrelationship between water table position and undercutting was more important at lower cr because of the
banks’ lower reinforced strength.
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Figure 4. Predicted factor of safety, FS, versus the water table height (WT) non-dimensionalized by the bank height above the
seepage layer (BH) for various values of root cohesion, cr, for 90° (a) Little Topashaw Creek and (b) Goodwin Creek banks and for
no undercutting. FSo refers to the factor of safety for the base condition of no root cohesion (i.e., cr = 0·0 kPa) and an unsaturated
soil profile (i.e., WT/BH = 0). The vegetation safety margin was applied to cr.
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Figure 5. Ratio of critical undercut distance (i.e., distance required to reach conditionally unstable conditions or FS = 1·3), du*,
relative to cohesion by vegetation for varying bank slopes at (a) Little Topashaw Creek and (b) Goodwin Creek assuming
unsaturated conditions (i.e., water table at the bottom of the seepage layer). BH is the bank height above the seepage layer. The
vegetation safety margin was applied to cr.

Instability by undercutting versus soil pore-water pressure
For a specific cr/c′ in Figure 7, the region above each line represents conditions where the undercut geometry (i.e., du)
is more important than the pore-water pressure (i.e., WT/BH) in determining the FS whereas the region below each
line represents conditions where pore-water pressure is more important. The dus appeared independent of bank slope
for the conditions modelled (Figure 7a). The dus was greater at Goodwin Creek than Little Topashaw Creek because of
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Figure 6. Ratio of critical undercut distance, du*, relative to cohesion by vegetation for varying soil pore-water pressure
distributions at (a) Little Topashaw Creek and (b) Goodwin Creek for a 70° bank angle. Unsaturated conditions refer to a bank
with a water table at the bottom of the seepage layer. Partially saturated conditions refer to a bank with a water table at 50% of
the bank height above the seepage layer (BH). The vegetation safety margin was applied to cr.

the c′ of the banks (Figure 7). Increases in soil pore-water pressure reduced the stability of the less cohesive Goodwin
Creek bank (c′ = 2·7 kPa) more so than the Little Topashaw Creek bank (c′ = 7·5 kPa).

Consistent among both banks is the fact that undercutting becomes a prominent bank failure mechanism on unsatu-
rated to partially saturated streambanks with greater root reinforcement, even with undercutting distances as small as
20 cm. For Little Topashaw Creek banks under partially saturated conditions (i.e., WT/BH = 50%), neglecting under-
cutting led to a greater error in the predicted FS when dus was between 20 and 40 cm, with this distance decreasing
as cr increased (Figure 7a). These distances fall well within the range of observed undercutting distances at Little
Topashaw Creek (Wilson et al., 2007). For Goodwin Creek banks under similar conditions, the corresponding dus were
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Figure 7. Distance of undercutting, dus, at which the influence of undercutting on stability becomes greater than the influence of
soil pore-water pressure relative to root cohesion for (a) various slopes (with water table at 50% of the bank height), and (b)
various water table depths for a 80° bank at Little Topashaw Creek and Goodwin Creek. BH is the bank height above the seepage
layer. The region above each line represents conditions where the undercut geometry is more important than the pore water
pressure whereas the region below each line represents conditions where pore water pressure is more important. The vegetation
safety margin was applied to cr.

less than 20 cm for cr/c′ greater than 5·0 to greater than 55 cm for cr/c′ less than 0·5 (Figure 7b). Under partially
saturated conditions with WT/BH = 25%, dus decreased to less than 20 cm for both streambanks. Alternatively, for
saturated conditions (i.e., WT/BH = 100%), neglecting pore-water pressure effects resulted in greater errors in the
predicted FS for all cr unless dus approached 100 cm (Figure 7b). Such undercutting distances have not been reported
in any field monitoring studies.
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Conclusions

As expected, the predicted FS decreased with increasing bank angle, soil pore-water pressure, and distance of under-
cutting and as root reinforcement decreased for both the Little Topashaw Creek and Goodwin Creek simulated
streambanks. The FS decreased linearly or slightly exponentially with increasing distances of undercutting. The FS
also decreased linearly with increasing water table elevation relative to the elevation of the base of the seepage layer.
The BSTEM was most sensitive to water table position. In fact, the model was approximately three to four times more
sensitive to water table position than root cohesion or depth of seepage undercutting, with the BSTEM being equiva-
lently sensitive to these last two parameters. Consideration of the effects of undercutting during unsaturated flow
conditions becomes critical for bank stability analyses with very small undercut distances, even with additional
cohesion in the top 1·0 m from vegetation; however, these effects become less important under partially to fully
saturated soil pore-water conditions because the loss of strength from increased soil pore-water pressure offsets the
increase in strength due to cr. The undercutting distances at which the error in neglecting undercutting became greater
than the error in neglecting soil pore-water pressure effects on soil shear strength generally ranged between 20 and
55 cm among the two simulated streambanks and was independent of bank slope. Undercutting tended to be the more
prominent bank failure mechanism at smaller distances of undercutting with greater root reinforcement. Due to all of
the possible variables involved in streambank stability analyses and cases of river rehabilitation in which young,
immature vegetation may be used for root reinforcement, a need exists for streambank stability models that can
analyse for site-specific failure processes, including seepage undercutting of non-cohesive streambank layers.
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