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Abstract

This study identifies and assesses the controls on hydraulic erosion of cohesive riverbanks on a 600-m reach of an urban
ephemeral stream with active bank erosion. We examined hydraulic bank erosion by separating estimated bank shear stress into
four properties: magnitude, duration, event peak, and variability. The values of these independent variables were used as a bank
erosion context at three transects. Stepwise regression showed that the event peak (maximum peak) of excess shear stress best
predicts cohesive bank erosion at the two transects with moderate critical shear stresses (1.93—4.08 N/m?), while the variability (all
peaks) of excess shear stress best predicts erosion at the transect with low critical shear stress (0.95 N/m?). These results suggest
that the amount of hydraulic erosion of cohesive riverbanks is dictated by flow peak intensities. Finally, the results of this study
were combined with results from previous bank erosion studies to produce a conceptual model for estimating bank erosion rates

based on their silt—clay content.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Identifying controls on cohesive riverbank erosion
is a fundamental problem in fluvial geomorphology
and hydraulic engineering. While noncohesive sedi-
ment is eroded through discrete particle entrainment
that can be quantified using the magnitude of shear
stress and particle size (Shields, 1936; Buffington and
Montgomery, 1997), cohesive sediment is eroded
through entrainment of aggregates (ASCE, 1968;
Thorne, 1982). The electrochemical forces within
and between aggregates cause their erosion to be
complex (Grissinger, 1982; Le Bissonais, 1996;
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ASCE, 1998; Simon and Collison, 2001). The detach-
ment and subsequent entrainment of cohesive bank
material can result from two processes: (i) hydraulic
erosion—the lift and drag imposed by channel flow;
or (ii) subaerial erosion—the weakening and weather-
ing of bank material imposed by dynamic soil mois-
ture conditions (Thorne, 1982; ASCE, 1998). In
attempts to understand the complex nature of cohesive
riverbank erosion, numerous studies have examined
subaerial erosion (e.g., Twidale, 1964; Walker and
Arnborg, 1966; Lawler, 1993; Rinaldi and Casagli,
1999; Prosser et al., 2000; Couper, 2003), and a few
studies have investigated subaerial and hydraulic ero-
sion collectively (e.g., Wolman, 1959; Knighton,
1973; Hooke, 1979). However, no study has been
able to establish the predominant control on the
amount of hydraulic erosion in response to variable
flow conditions.
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The lack of a strong correlation between flow
conditions and hydraulic erosion is primarily due to
the typical presence of subaerial erosion in cohesive
riverbanks, which prevents an independent analysis of
hydraulic erosion (Thorne, 1982; Simon et al., 2000).
Cohesive riverbanks are usually poorly drained due to
their silt and clay composition and thus may experi-
ence excess pore water pressures, one of the main
agents of subaerial erosion (Thorne, 1982; Casagli et
al., 1999). Clayey banks are also susceptible to des-
iccation cracking and slaking from wetting—drying
cycles (Thorne, 1982), as well as freeze and thaw
(Walker and Arnborg, 1966; Lawler, 1986, 1993;
Gatto, 1995). The most successful attempts at inde-
pendently analyzing hydraulic erosion have been
through flume experiments in the laboratory (Arula-
nandan et al., 1980) and in situ (Grissinger et al.,
1981). Arulanandan et al. (1980) found that erosion
rates increased exponentially with decreasing soil re-
sistance (i.e., critical shear stress), while Grissinger et
al. (1981) found that erosion rates increased linearly
with decreasing soil resistance. However, the force—
resistance relationships in these flume experiments
likely do not replicate field conditions (Arulanandan
et al., 1980; Thorne, 1982; Couper, 2003). Force—
resistance relationships are complicated in most natu-
ral channels as well due to fluctuating water tables
(Casagli et al., 1999), seasonal vegetation (Thorne,
1990), active floodplain processes (Babaeyan-Koopaei
et al.,, 2002), and the effects of previous flow events
(Hooke, 1979). These force-resistance complications
and the presence of subaerial erosion have impeded
the identification of controls on hydraulic erosion of
cohesive riverbanks.

The model most commonly used to predict hydraulic
erosion rates of cohesive riverbanks (e.g., Osman and
Thorne, 1988; Darby and Thorne, 1996; Langendoen
and Simon, 2000) is:

E=k(t— 1) (1)

where E is lateral erosion rate, k is an erodibility
coefficient, 7 is applied shear stress by flow, and 7. is
critical shear stress for entrainment. This equation,
which was developed from the flume study of Arula-
nandan et al. (1980), assumes that the amount of hy-
draulic erosion is a function of the magnitude (i.e., total
amount) of excess shear stress (7 — t.). However, field
studies have found other flow properties to be more
strongly correlated to hydraulic erosion. For example,
Wolman (1959) found that maximum bank erosion
occurred during winter months. Winter storms, while
not as intense as summer storms, were longer in dura-

tion thereby allowing flows to wear away thoroughly
wetted banks. Wolman thus concluded that moderate,
long duration storm-flow events cause the most erosion
rather than high, short duration flows. Knighton (1973)
found similar results as Wolman (1959), but added that
flow wvariability (number of discharge peaks) also
affects bank erosion. Knighton inferred that in addition
to their longer durations, winter storm-flow events
caused a much greater amount of erosion because of
their multiple peaks as compared to summer storm-flow
events which had single peaks. Although Wolman
(1959) and Knighton (1973) acknowledged the occur-
rence of subaerial processes, including freeze—thaw,
their research introduced the possibility that discharge
duration and variability affect hydraulic erosion rates.
Later, Hooke (1979) showed that at sites where hydrau-
lic processes were dominant over subaerial processes,
the variable with the strongest correlation to bank ero-
sion was event peak discharge. Despite the variance
(r* = 0.46) in these correlations, Hooke’s results pre-
sented yet another control on hydraulic erosion. From
these four studies, four possible flow properties
emerged as controls on hydraulic erosion rates of co-
hesive riverbanks: magnitude (Arulanandan et al.,
1980), duration (Wolman, 1959; Knighton, 1973),
event peak (Hooke, 1979), and variability (Knighton,
1973).

The purpose of this paper is to evaluate hydraulic
erosion in an urbanized channel in order to determine
which independent flow property best predicts hy-
draulic erosion of cohesive riverbanks. In this study,
bank erosion was evaluated in the context of four
flow properties: magnitude, duration, event peak,
and variability. These flow properties were assessed
through temporal excess shear stress distributions.
Field conditions suggest that channel boundary resis-
tance was relatively constant and subaerial erosion
was negligible.

2. Study area

The study site is the ephemeral upper reach (Fig. 1)
of the Sand River in the Hitchcock Woods, an 8-km?>
protected urban forest located on the SW edge of
Aiken, SC (33.60°N, 81.68°W). Sand River is a
first-order tributary in the Savannah River basin. The
4.76-km? drainage area of Sand River includes the
central business district of Aiken, which receives
~1200 mm of rain per year and rarely has tempera-
tures below freezing (SERCC, 2004). The channel
begins at a 3.05-m diameter outfall pipe, which is
fed by a network of stormwater drainpipes distributed
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Fig. 1. Location of the transects monitored for bank erosion on Sand River. Distances on the longitudinal profile correspond to those on the channel

map.

throughout the city limits. Four transects within the
upper 600 m of Sand River (Fig. 1) were used for
bank erosion analyses during the period of 6 Decem-
ber 2002-23 January 2004.

The Sand River meanders through a recently (c.a.
100 years) incised canyon composed of unconsolidat-
ed Late Cretaceous to Eocene fluvial and deltaic
sediment (Nystrom et al., 1991). The channel is in-
cised up to 25 m, and channel width ranges from 5 to
20 m. It is a sand-bed river with a slope of 0.0044
over its last 500 m of channel (Fig. 1). The first 100
m of channel bed and banks is a gabion (i.c., loose
rock contained in a steel mesh), which dissipates flow
energy before reaching the natural channel. Excluding
the gabion, the channel banks are made up mostly of
quartz sand with interstitial silt and clay throughout.
The sand size is heterogeneous with no consistent
pattern of fining upward or downward along the
banks. At the four study sites, silt—clay contents
range from 2.4% to 17.5%. The interstitial silt and
clay cause the banks to be cohesive (Nystrom et al.,
1991), as indicated by the vertical bank walls and the
cohesive bank cores. Channel banks have been spo-
radically colonized by English ivy (Hedera helix L.)
and Chinese privet (Ligustrum sinense Lour.). The

study reach is currently in its widening stage of chan-
nel evolution (see Schumm et al., 1984), as evidenced
by the recurring bank erosion, lack of further en-
trenchment, and absence of a floodplain. In summary,
Sand River is an ephemeral stream with cohesive
banks that is widening in response to increased runoff
from urbanization.

3. Methods
3.1. Erosion measurements

We assessed the cumulative effect of consecutive
flow events on bank erosion at four transects (Fig. 2).
The transects were surveyed five times each in ap-
proximately 3-month intervals, producing a total of
four bank erosion measurements for each cross sec-
tion. The datums we used for changes in width were
the active channel widths (ACW) as described by
Osterkamp and Hedman (1977) to be the upper limit
of the channel that is being shaped by prevailing
discharges. ACW was identified by a break in the
steep bank slope to a more gently sloping surface
and the lower limit of permanent vegetation (after
Osterkamp and Hedman, 1977). Cross-sectional sur-



196

—_— 2115/03

8/11/03

J.P. Julian, R. Torres / Geomorphology 76 (2006) 193-206

2/15/03
8/14/03

1/23/04

EE WS

—

240m

) 12/6/02 )
-=— g8
1/23/04

v

600m

Vertical distance (m)

[=]

01234586
Horizontal distance (m)

Fig. 2. Channel cross-sectional surveys at 150m, 240m, 425m, and 600m. The orientation of the surveys is left bank to right bank looking upstream.
Resolution of measurements is 0.5 m for the bed and 0.25 m for the banks. Water surface denotes the active channel width (ACW) of the transect.

(Note: For the purpose of clarity, intervening surveys are not shown.)

veys were also used to calculate flow depth—area
relationships for the transects.

3.2. Flow measurements

Flow depth measurements were obtained with a
Starflow hydrostatic pressure sensor (Model 6526-51,
resolution=2.5 mm, error=%6.25 mm) placed at the
150m transect from 6 December 2002 to 23 January
2004 (Fig. 3). We constructed a stage-discharge rating

curve (equation in Fig. 3) from in-stream discharge ( Q)
measurements using a Marsh-McBirney current meter
(Model 2000). Flow depths (y), flow areas (4), and
hydraulic radii (R) for 240m, 425m, and 600m were
derived from the cross-sectional surveys in conjunction
with Manning’s equation (Chow, 1959), using 150m as
the reference transect and assuming equal Q. We as-
sumed O was uniform at each transect because there
were no tributaries in the relatively short (600m) study
reach. Although flow in Sand River was variable and
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Fig. 3. Rainfall and flow depth at 150m (6 December 2002-23 January 2004). Resolution is 5-min. Discharge ( Q) can be calculated from flow

depth () using the following equation: Q=8.17*»"2.01.
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had a high suspended sediment load, the Manning’s
approach was applicable because (i) channel slope was
low (§=0.0044), with minimal variations (Fig. 1); (ii)
bed roughness was small (Ds0=0.35 mm) and relative-
ly uniform; and (iii) channel shape was approximately
trapezoidal (Fig. 2). We calculated Manning’s rough-
ness coefficient (n) for 150m from the stage-discharge
rating curve. We used the Cowan (1956) method to
estimate n for the other three transects as it takes into
account the subtle variations between cross sections
(i.e., surface irregularities, variations in channel cross-
sectional size and shape, effect of obstructions, in-
channel vegetation, and channel meandering). Because
we only had a stage-discharge rating curve for 150m,
we assumed that n decreased with increasing discharge
for the other three transects at the same rate as 150m.
Maximum 7 values at 150m, 240m, 425m, and 600m
were 0.041, 0.050, 0.048, and 0.037, respectively.

Due to equipment malfunctions, 20 of the 74 total
flow events (defined in Section 3.5) had to be modeled
utilizing rainfall data from a gauge (5-min summations,
resolution=0.254 mm) we placed in the center of the
Sand River watershed. We modeled flow depths by
using the hydrographs of storms with similar magnitude
(total rain amount), duration (rain duration), variability
(number of rain peaks above 1 mm), and intensity (30-
min maximum rain total). The use of 30-min maximum
intensity results from its strong correlation (+>=0.90) to
maximum flow depth. The concept of using similar
storms to model flow events was based on the assump-
tion that in a small urban watershed where temporal and
spatial variability of rainfall is negligible, storms of the
same magnitude, duration, variability, and intensity
produce similar flow stages.

3.3. Applied shear stress

Applied bank shear stress (Tpank), in N/m?, was
calculated in 5-min intervals from the method of Flin-
tham and Carling (1988):

P 14
SFpank = 1.77( bed +1.5> (2)
bank

3)

B+ P
Thank = T*SFpank ( bed )

2%P bank

where SFy,. is the proportion of the total cross-sec-
tional shear force acting on the bank, Py.q and Py, are
the wetted perimeters of the bed and banks, respective-
ly, B is the water surface width, and 7 is the cross-
sectional shear stress. Data from other studies support
this approach (e.g., ASCE, 1998). Channel cross-sec-
tional shear stress, which is the time-averaged force of
water per unit area of the channel boundary, was cal-
culated using the following equation (Chow, 1959):

T =79RS (4)

where 7 is the specific weight of water (9800 N/m?) and
S is the energy slope. We calculated R by dividing 4 by
P, which were found using the cross-sectional surveys
in combination with in-channel flow measurements.

3.4. Critical shear stress

We estimated critical shear stress (t.) by using silt—
clay (<0.063 mm) percentage (SC%) as a predictor
(after Vanoni, 1977) combined with observations by
Dunn (1959). We applied a third-order polynomial

30
n=16
2571 =091

p <0.001
20

Critical shear stress (N/m?)
o

50 60 70 80 90 100

Silt-clay content (%)

Fig. 4. Critical shear stress estimate from silt—clay percentage (data from Dunn, 1959). Each point represents the average critical shear stress for a
soil sample with a specified silt—clay percentage. The average value was derived from 2 to 4 tests on each soil sample. Error bars represent the
maximum and minimum values of the tests for each soil sample. The dashed lines are 95% confidence intervals for the rating curve.
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Table 1

Critical shear stress coefficients to account for vegetation

Bank vegetation T, coeff
None 1.00
Grassy 1.97
Sparse trees 5.40
Dense trees 19.20

trend line to Dunn’s average values of 7. in order to
generate a rating curve for 7. based on SC% (Fig. 4).
We used a third-order polynomial based on the assump-
tion that at 100% silt—clay, 7. would reach a maximum
value, and at 0% silt—clay, 7. would reach a minimum
value. The trend line was forced through the y-axis (0%
silt—clay) at 0.1 N/m?, which is the lower limit of the
Shield’s curve (Shields, 1936). From this procedure, we
generated the following rating curve:

e = 0.1 + 0.1779(SC%) + 0.0028(SC% )*

—2.34E — 5(SC%). (5)
Reported 7. values from other bank erosion studies
support this relation (Papanicolaou, 2001; Gaskin et al.,
2003; Simon et al., 2003). How 7. varies with time and
flow conditions has not been established (ASCE, 1998)
and consequently was not incorporated into the rating
curve. We obtained SC% of the channel banks through
four bank cores (depth=5 cm, volume=90.5 cm’) at
each transect.

Vegetation likely increases 7. of channel banks
(Thorne, 1990; ASCE, 1998). Therefore, we used veg-
etation coefficients (i.e., multiplication factors) in con-
junction with 7. values from Eq. (5). We obtained these
coefficients (Table 1) from the data of Huang and
Warner (1995) and Huang and Nanson (1998), who
derived bank strength indices for various bank types
with different levels of vegetation cover and related
them to 7.. Millar and Quick (1998) reported similar
coefficients for 7. between different bank vegetation
types. For channel banks in Sand River with Chinese
privet (L. sinense Lour.), we used 1. coeff for “sparse”
and “dense” trees (Table 1). For channel banks with
English ivy (H. helix L.), we adapted 7. coeff from
“grassy” (Table 2) on the basis that both have small,
shallow roots and dense ground cover. The slight dif-
ferences between the two types of vegetation (i.e., ivy
having stems, larger leaves, and more variable surface
densities) were taken into account in Table 2.

3.5. Excess shear stress

Temporal distributions of excess shear stress (7o)
were calculated for all flow events of each transect

individually by subtracting the t. values from the
Tpank Values (Tex=Tpank —Tc)- Any negative values,
where 1, was greater than Ty, were modeled to be
zero since 7. represents a threshold that must be
exceeded in order to have 7. A flow event for this
ephemeral stream was defined as any flow in the chan-
nel above 1 cm depth. A flow event therefore could
have multiple peaks as long as the flow depth remained
above 1 cm. Evaluating 7., distributions on this flow
event basis provided a bank erosion context in which
the following properties were used as independent vari-
ables (Fig. 5):

1. Magnitude (N/m?), 3" (Tpank — Tc)

II. Duration (min), timee, <)
III. Event peak (N/m?), (Tpank — To)max
IV. Variability (N/m?), S (Thank — Te)peaks-

The values of these four 7., properties were assessed
individually for each erosion measurement interval in
order to determine the cumulative effect of each prop-
erty on the measured erosion values.

3.6. Statistical methods

Stepwise regression was used to find which proper-
ty (I-IV) had the strongest relationship to bank erosion.
This method used an analysis of variance model to
search through all independent variables (7., proper-
ties) and determine which one had the strongest corre-
lation to the dependent variable (bank erosion). The
level of significance is 90% (x=0.10), which Draper
and Smith (1998) found to be conservative enough to
include all potential explanatory variables yet con-
strained enough to extract the true explanatory vari-
able. F-statistics (dfmodet=1, dferror=1—2) and p-
values provided the basis to test the null hypothesis
that the dependent variable is not linearly related to the
independent variable. Stepwise regression was per-
formed on each transect separately using SAS statisti-
cal software.

Spearman’s rho (p), a nonparametric test, was used
to address the limitation of stepwise regression not
taking into account rank correlation (i.e., a greater

Table 2

Critical shear stress coefficients for ivy based on areal coverage
Areal coverage 7, coeff
None (0%) 1.0
Sparse (<25%) 1.5
Medium (25-75%) 2.0
Dense (>75%) 2.5
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Fig. 5. Flow event properties of the excess shear stress distribution. Bank and critical shear stress values represent a flow event at 150m on 26 July

2003.

sum of force results in a greater amount of erosion), and
assess the strength of the association between the inde-
pendent and dependent variables. This approach takes
into consideration the ranks of the data rather than the
nominal values. A value of p=1.0 indicates perfect
rank correlation between the independent (X) and de-
pendent variable (Y). We used p to test the null hy-
pothesis that X; and Y; are mutually independent. In
order to reject the null hypothesis at the 95% signifi-
cance level («=0.05) and infer dependence, p for this
sample size (n=4) had to be greater than 0.80 (Con-
over, 1999). Rho values, calculated using SAS, were
used to either confirm or reject the results of stepwise
regression.

4. Results
4.1. Rainfall and runoff

There were 74 storms (i.e., rainfall coinciding with
flow event) from 6 December 2002 to 23 January 2004
(Fig. 3), supplying a precipitation total of 1550 mm to
the Sand River watershed. Summer storms were char-
acterized by high intensities, producing the eight most
intense (30-min maximum) storms. The average re-
sponse time for Sand River (i.e., the time difference
between the start of rainfall and the start of streamflow)
was 29 min % 12. The maximum proportion of rainfall
that resulted in runoff was 0.57. When there was no flow
in the channel, we measured the water table to be 30-50

cm below the bed surface. Discharges ranged from 0 to
25 m’/s. The maximum discharge of 25 m’/s, which is
set by the stormwater drainpipes, occurred three times
during our study (Fig. 3). Sediment from unpaved roads
and footpaths caused runoff into Sand River to be laden
with fine sediment, thus preventing the effect of “hungry
water” (Kondolf, 1997) on bank erosion.

4.2. Bank erosion

Over the 14-month study, ~2800 m® of bank mate-
rial was eroded from the upper 600 m of Sand River.
Cross-sectional surveys of the analyzed transects are
displayed in Fig. 2. All channel widening at the four
transects was observed to be the result of hydraulic
erosion. Bank failures occurred in the channel, but
were the direct result of hydraulic undercutting. None
of the transects contained major in-channel debris (e.g.,
trees, boulders), thereby eliminating local scour effects.
The temporal variability in bed geometries is due to the
sensitivity of sand-bed streams to floods and sediment
supply. Bank erosion occurred on both banks of the
150m and 425m transects and on the left bank of the
240m transect. The right bank of 240m and the right
bank of 600m did not experience erosion. The left bank
of 600m experienced erosion during only one measure-
ment interval. Consequently, 600m was not used in any
statistical analyses because its data distribution (three
zero values and one non-zero value) produced biased
correlations. The result of this exclusion is that there
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were three sets of bank erosion measurements available
for statistical analyses, the 150m, 240m, and 425m
transects. During the study period, ACW increased at
all four transects: 1.09 m at 150m, 0.76 m at 240m,
2.51 m at 425m, and 0.15 m at 600m (Fig. 2).

4.3. Bank resistance

Silt—clay contents of the four transects varied from
2.8% to 12.4% (Table 3). The amount of silt—clay
content variability within each transect was not large,
either between upper and lower bank or between left
and right bank. The average difference between upper
and lower bank of the same transect was 4.7% % 2.6.
The average difference between left and right bank of
the same transect was 3.4% =+ 2.4. This low bank com-
position variability within transects minimized the error
associated with assigning one average . for each tran-
sect. Two of the transects (240m and 600m) had veg-
etation on both of their banks, while the other two
transects (150m and 425m) did not have vegetation
on cither of their banks (Table 3). Critical shear stresses
ranged from 0.95 to 17.83 N/m?® (Table 3). The rela-
tionship between 7. and bank erosion rate at the four
transects had a power trend (+>=0.98, p=0.012) (Fig.
6). This exponential relationship was also found by
Arulanandan et al. (1980).

4.4. Bank forces

Using Eq. (3), Tpank at 150m reached a maximum of
0.76 t. This maximum value of 0.76 for the portion of
shear stress applied to banks of trapezoidal channels has
also been reported by Chow (1959) and Chang (1988).
Maximum Ty, values at 240m, 425m, and 600m were
slightly lower at 0.72, 0.73, and 0.71 t, respectively.
These lower values of Tyan Were due to 240m, 425m,
and 600m having higher Pyeq/Ppank Values than 150m,

3-
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o .425rn
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Critical shear stress (N/m?)

Fig. 6. Relation between bank erosion rates and bank resistance at
Sand River over the 14-month study.

which is attributed to their geometries (Fig. 2) being
farther along in the floodplain development process
(see Schumm et al., 1984).

Of the 74 flow events, excess shear stresses occurred
in 53 of the events at 150m, 44 at 240m, 59 at 425m,
and 19 at 600m. Nonparametric one-way analysis of
variance (ANOVA) established that there was not a
significant (x=0.05) difference of average event values
between erosion measurement intervals for magnitude,
duration, or variability. The average value of event
peak, however, was found to be significantly different
between erosion measurement intervals for 150m,
240m, and 600m. These ANOVA results indicate that
the only 7., property that differed between seasons in
Sand River was event peak. Multicollinearity did not
exist for the property event values, which means that
magnitude, duration, event peak, and variability were
independent of one another on an event basis. Multi-
collinearity, however, did exist for the property sum-
mation values used for stepwise regression, which we
attribute to the disparity of total storm runoff between
measurement intervals. An interval of high runoff had

Table 3

Critical shear stresses for transects

Transect Bank Silt—clay content (%) 7% (N/m?) Vegetation/density 7. coeff’ T ¥ (N/mz) 7. (N/m?)

150m Left 12.4 2.69 None 1.0 2.69 1.93
Right 5.6 1.18 None 1.0 1.18

240m Left 8.2 1.73 Ivy/Sparse 1.5 2.60 4.08
Right 10.4 222 Ivy/Dense 2.5 5.56

425m Left 2.8 0.62 None 1.0 0.62 0.95
Right 6.1 1.28 None 1.0 1.28

600m Left 7.2 1.52 Privet/Dense 19.2 29.18 17.83
Right 5.7 1.20 Privet/Sparse 5.4 6.48

7.* is the critical shear stress based solely on silt—clay percentage (Eq. (5)). t. coeff are the vegetation coefficients obtained from Tables 1 and 2.
T.** is the critical shear stress values taking into account the effects of vegetation, calculated by multiplying 7.* by 7. coeff. 1. is the average
critical shear stress value for the transect, calculated by taking the average of the left and right banks.
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high summation values for all four properties; whereas,
an interval of low runoff had low summation values for
all four properties. This multicollinearity only permits
the results of stepwise regression to be used as the best
predictor of hydraulic erosion (i.e., the cause of hydrau-
lic erosion cannot be established).

4.5. Stepwise regression and rank correlation

Bank erosion was first compared to storms (the
number of storms during the measurement interval
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that had t.,) to investigate if bank erosion was merely
the result of an 7, event (Fig. 7). The variable storms
does not take into account any of the properties of
magnitude, duration, event peak, or variability. So, if
bank erosion was strongly correlated to storms, the
assumption that a particular property of the 7., distri-
bution controlled bank erosion would be negated. The
association between these two variables was weaker
than all other variables (r2:O.63, 0.56, and 0.74 for
150m, 240m, and 425m, respectively). Stepwise re-
gression confirmed the weak correlation by not includ-
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ing storms as an explanatory variable (i.e., rank #l
and p-value <0.10) for any of the transects (Table 4).
Spearman rank correlation substantiated the weak cor-
relation with perfect rank correlation absent in all
three transects (Table 4). The weak association be-
tween bank erosion and storms therefore does not
invalidate the assumption that some property of the
Tox distribution dictates the amount of hydraulic bank
erosion.

Bank erosion vs. magnitude (Fig. 7) yielded *
values of 0.97, 0.72, and 0.95 for 150m, 240m, and
425m, respectively. The regression lines of the mag-
nitude plot follow a logical pattern. As 7. decreases
from 240m (4.08 N/m?) to 150m (1.93 N/m?) to 425m
(0.95 N/m?), the rate of bank erosion increases as
shown by the increasing slopes of the regression
lines. This pattern is expected since banks of lower
resistance are more sensitive to bank erosion than
banks of higher resistance. Despite the higher 7 values
and the logical pattern of regression lines, stepwise
regression did not include magnitude as an explanatory
variable for any of the transects and magnitude rank
correlation was not present at 425m (Table 4).

Bank erosion vs. duration (Fig. 7) yielded r* values
of 0.97, 0.63, and 0.82 for 150m, 240m, and 425m,
respectively. The regression lines of this plot did not
follow the same logical pattern as those of the magni-
tude plot. Accordingly, stepwise regression did not
include duration as an explanatory variable for any of
the transects and duration rank correlation was not
present at 425m (Table 4).

Bank erosion vs. event peak (Fig. 7) yielded the
highest 7* values for 150m and 240m, >0.99 and
0.85, respectively. The »* value for 425m was 0.93.

Table 4
Stepwise regression and Spearman rank correlation for excess shear
stress vs. bank erosion

Transect Rank  Variable I F P p
150m 1 Event peak  0.996  509.74  0.002  1.00
2 Duration 0.975 77.47 0.013  1.00
3 Magnitude  0.974 75.61  0.013  1.00
4 Variability ~ 0.949 37.51  0.026  1.00
5 Storms 0.632 343 0205 0.80
240m 1 Event peak  0.849 11.22 0.079 1.00
2 Variability ~ 0.730 542  0.145 1.00
3 Magnitude  0.724 524 0.149 1.00
4 Duration 0.629 340 0207 1.00
5 Storms 0.560 254 0252 095
425m 1 Variability ~ 0.980 98.57  0.010  1.00
2 Magnitude  0.948 3623 0.026  0.80
3 Event peak  0.933 27.74  0.034 1.00
4 Duration 0.822 924  0.093 0.80
5 Storms 0.746 586  0.136  0.80

Along with the magnitude plot, the regression lines
followed the logical pattern of increasing erosion rates
with decreasing t.. Stepwise regression found event
peak to be the explanatory independent variable for
bank erosion at 150m and 240m with “F-, p-values”
of “509.72, 0.002” and “11.22, 0.079,” respectively
(Table 4). Spearman rank correlation confirmed the
results of stepwise regression with perfect event peak
rank correlation for all three transects (Table 4).

Bank erosion vs. variability (Fig. 7) yielded the
highest #* value for 425m with 0.98. The »* values
for 150m and 240m were 0.95 and 0.73, respectively.
The regression lines of this plot also had the logical
pattern of increasing erosion rates with decreasing ..
Stepwise regression found variability to be the explan-
atory independent variable for bank erosion at 425m
with an F-value of 98.57 and a p-value of 0.010 (Table
4). Spearman rank correlation confirmed the results of
stepwise regression, finding perfect variability rank
correlation for all three transects (Table 4).

In summary, bank erosion rates between the four
transects increased with decreasing t.. Event peak was
found to be the explanatory variable for bank erosion at
150m and 240m, and variability was found to be the
explanatory variable for bank erosion at 425m. Magni-
tude and duration were not found to be explanatory
variables for hydraulic erosion at any of the transects.

5. Discussion
5.1. Excess shear stress as a bank erosion context

Results of this study indicate that there was an
explanatory independent variable for bank erosion at
the 90% significance level for all transects involved in
the analyses. Although the results are derived from a
small sample size, the strength of the correlations pro-
vides evidence that there is a link between certain
properties of excess shear stress and hydraulic erosion
of cohesive riverbanks. Event peak had the strongest
correlation to bank erosion in the two transects with
moderate 7, (1.93-4.08 N/m?). In the transect with low
7. (0.95 N/m?), variability had the strongest correlation
to bank erosion. Though different properties, both are
measures of intensity (i.e., magnitude of 7., at a par-
ticular time). The fact that banks with low 7. are more
strongly correlated to intensity of all peaks rather than
just the highest peak of a flow event suggests that banks
with low resistance are more susceptible to flow stage
variability. These results indicate that the amount of
hydraulic erosion of cohesive riverbanks is dictated by
flow peak intensities.
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Statistical analyses revealed that the strongest corre-
lations were present at 150m, which we attribute to the
flow gage at the transect and the absence of bank vege-
tation. The flow gage allowed us to use direct measure-
ments of y and n for 150m. Having to use estimates of y
and n for the other transects probably introduced error to
their Ty, calculations. Lower 7> values for 240m were
consistent in all regression plots. The most likely expla-
nation is that the effect of vegetation on 7. was under-
estimated. The effect of H. helix L. and L. sinense Lour.
on 7. has not been quantified, and thus our estimates of 7,
coeff probably have considerable error associated with
them. The higher r* values at 425m, along with 150m,
are attributed to not having to use a t. coeff for vegeta-
tion effects. A source of possible error in our 7y, values
was the use of Eq. (3), which was developed from
artificial channels that did not possess in-channel veg-
etation or irregular geometries (Flintham and Carling,
1988). Both of these factors can reduce the force of
flow on the channel perimeter (Thorne, 1990; Khoda-
shenas and Paquier, 1999). Eq. (3) therefore is suscep-
tible to overestimates of Ty, in natural channels. This
probable error in Ty, is believed to be partly respon-
sible for the presence of zero values of bank erosion at
240m, 425m, and 600m despite having 7.,. The exact
values of 7., may be in error; however, their propor-
tionality between properties was not affected as a con-
sequence of using the same approach to derive all 7.
values (Egs. (2)—(5); Tables 1 and 2).

5.2. Discharge as a bank erosion context

We reevaluated bank erosion using Q as the indepen-
dent variable to investigate how our results compare to
an analysis that uses only direct measurements. The
values of O that we used in this analysis came from the
flow gage (via the stage-discharge rating curve), and thus
are not susceptible to the possible errors mentioned
above. Stepwise regression and Spearman rank correla-
tion of bank erosion vs. Q (Table 5) confirmed the results
of our analysis using 7., (Table 4). Both analyses found
event peak to be the explanatory variable at 150m and
240m, and variability to be the explanatory variable at
425m. The only variable that was consistently ranked
different by the two analyses was duration. We ascribe
this disparity to the fact that low discharges do not
contribute to erosion, and therefore O duration will not
be strongly correlated to bank erosion. Despite the high
r? of the explanatory variables in the Q analysis, we do
not recommend using Q as a bank erosion context be-
cause it is not a direct measure of force. In addition to the
lack of significance of low discharges, equal discharges

Table 5
Stepwise regression and Spearman rank correlation for discharge vs.
bank erosion

Transect  Rank

Variable ? F p p

150m 1 Event peak  0.998 961.73  0.001  1.00
2 Variability 0.981 101.60 0.010 1.00
3 Magnitude  0.878 14.42  0.063 0.80
4 Storms 0.597 296 0227 095
5 Duration 0.185 045 0570 0.80
240m 1 Event peak  0.916 21.84 0.043 1.00
2 Variability 0.823 9.27 0.093 1.00
3 Magnitude ~ 0.764 6.47 0.126  0.80
4 Storms 0.579 275 0239 095
5 Duration 0.057 0.12  0.762  0.60
425m 1 Variability 0.978 9032 0.011 1.00
2 Magnitude  0.899 17.82  0.052  0.80
3 Event peak  0.889 1595 0.057 1.00
4 Storms 0.669 404 0.182 0.74
5 Duration 0.298 0.85 0.454 0.60

will not always contribute to bank erosion equally. For
example, in a river transect experiencing bank erosion,
two discharges of the same magnitude will not produce
the same shear stresses because, as the channel widens,
the hydraulic radius will decrease, creating lower shear
stresses (Simon, 1992).

5.3. Experimental design

We attribute the high correlations of the statistical
analyses to the use of an ideal study site, and to the use
of small temporal and spatial scales. In previous field
studies on cohesive bank erosion (e.g., Wolman, 1959;
Knighton, 1973), force-resistance relationships were
complicated by the presence of confounding variables:
fluctuating water tables, freeze—thaw, seasonal vegeta-
tion, active floodplains, and excess pore-water pres-
sures. In this study, a field site was used that had the
following characteristics: (i) an ephemeral stream
where the water table was not high enough to wet the
channel banks; (ii) well-drained banks (low silt—clay
content) that minimized excess pore water pressures,
desiccation cracking, and slaking; (iii) an entrenched
channel that did not have an active floodplain; (iv)
nonseasonal in-channel vegetation; and (v) located in
a warm region in which freeze-thaw processes were
negligible. These characteristics allowed us to reason
that channel boundary resistance was relatively con-
stant and the effects of subaerial erosion were mini-
mized to the point where erosion could be considered as
a direct consequence of hydraulic processes.

Erosion measurements were collected from a seg-
ment of 450 m over a period of 14 months. This rela-
tively small spatial and temporal scale limited the
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number of variables in the experiment and constrained
the ones that were present. The small spatial scale pre-
vented influences from tributaries (e.g., increased dis-
charge, backwater effect) and major changes in channel
geometry (e.g., active floodplain). Further, this study
only compared erosion measurements to those of the
same cross section, thereby eliminating the factor of
variable channel geometries, velocity distributions, and
bank compositions. The threshold for erosion was thus
held relatively constant. The small temporal scale pre-
vented changes in flow regime (e.g., land use change)
and channel characteristics (e.g., vegetation invasion).
Over larger spatial and temporal scales, these added
variables would complicate force—resistance relation-
ships and add a great deal of variance to the regression
plots of bank erosion (see Benda et al., 2002). Addition-
ally, in contrast to event-based erosion measurements,
this study minimized the error associated with the effect
of previous flow events (Hooke, 1979; Newson, 1980;
Beven, 1981; Rhoads and Miller, 1991) by analyzing
cumulative erosion over a series of flow events.

5.4. Cohesive bank erosion

Wolman (1959) found that the amount of cohesive
bank erosion was dictated by flow duration. His study
was conducted on channel banks with high SC% (45—
80%), which means that subaerial processes were a
factor. Therefore, the bank erosion measured by Wol-
man was probably not entirely the result of hydraulic
shear. Knighton (1973), whose study site had low bank
SC% (3-23%), found that the presence of multiple flow
peaks was a factor in amount of erosion. Hooke (1979)
found that the erosion of banks with higher SC% was
more strongly correlated to bank moisture conditions,
while the erosion of banks with lower SC% was more
strongly correlated to flow conditions. Couper (2003)
found that riverbanks with higher silt-clay contents
were more susceptible to subaerial erosion than those
with lower silt—clay contents.

The inferences of the above studies are combined
with the results of this study to produce a conceptual
model that identifies which independent flow variable
best predicts erosion rates of riverbanks with a specified
silt—clay content (Fig. 8). Erosion of channel banks with
high SC% (>40%) is dominated by subaerial processes.
These processes include leaching, desiccation, slaking,
piping, freeze—thaw, and mass failure (Thorne, 1982).
Because all of these processes are directed by soil
moisture conditions, duration of 7., is the best predictor
of bank erosion rates. In banks with high SC%, the
amount of erosion from hydraulic shear is usually neg-
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Fig. 8. Conceptual model of best predictors for erosion rates of
cohesive riverbanks. The vertical dashed lines represent the range
of bank silt—clay content used in this study.

ligible when compared to that caused by subaerial
processes. For channel banks with silt-clay contents
of 20—40%, both subaerial and hydraulic processes are
possible agents of erosion, and their respective domi-
nance can be spatially and temporally variable. Erosion
of channel banks with <20% silt—clay is dominated by
hydraulic shear. In these well-drained banks, subaerial
erosion is insignificant compared to hydraulic erosion.
For moderate silt—clay contents (6—20%), event peak of
Tex 18 the best predictor of bank erosion rates. Thus, the
maximum intensity of a flow event will dictate the
amount of erosion. For banks with low silt—clay con-
tents (2—-6%), variability (i.e., all peaks) of 7 is the best
predictor of bank erosion rates due to the susceptibility
of low-resistance banks to all peak intensities. Channel
banks with <2% silt—clay are considered to be nonco-
hesive and, thus, magnitude of 7., dictates the amount
of erosion. Because of the limited data set available for
this conceptual model, the above nominal values for
silt—clay content are only best estimates. Further, this
conceptual model is susceptible to deviations where
external factors affect the force—resistance relationship
within the channel. Some examples already mentioned
are vegetation and water-table elevations. In order to
verify this model, the following would be needed: more
accurate estimates of cohesive 7., a more accurate
method to calculate Ty, in natural channels, and future
research on different channel types in a variety of
environments.

We use this conceptual model (Fig. 8) to address
the current model used for hydraulic erosion of cohe-
sive riverbanks (Eq. (1)). The regression plots for
magnitude, event peak, and variability (Fig. 7) substan-
tiate the use of an erodibility coefficient (k). As the
erodibility of bank material increased (i.e., 7. de-
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creased), the slope of the regression line (erosion rate)
increased. The results of this study (Fig. 6) and those of
Arulanandan et al. (1980) show that k increases expo-
nentially with decreasing soil resistance. As for the
model’s calculation of 7., this study showed that the
amount of hydraulic erosion was not strongly correlated
to the magnitude of ... For channel banks with mod-
erate 7., the event peak of 7., (Fig. 5) best predicted
erosion rates. For channel banks with low 7., the var-
iability of ., (Fig. 5) best predicted erosion rates. The
current model used for hydraulic erosion of cohesive
riverbanks (Eq. (1)) should be further researched with
these concepts in mind.

6. Conclusions

Process dominance in cohesive bank erosion has been
aproblem for geomorphologists because of the complex-
ity of electrochemical bonds within and between aggre-
gates, and because of the multitude of interdependent
variables operating on various spatial and temporal
scales (see Lane and Richards, 1997). These impedi-
ments have led some researchers to conclude that the
amount of cohesive bank erosion is “controlled by a
complex combination of conditions and that no single
model emerges” (Hooke, 1979, p. 60). In this study, we
were able to remove the many factors that confound bank
erosion analyses and evaluate hydraulic erosion as an
independent process. Based on erosion measurements
and excess shear stress estimates along transects in Sand
River, we found that event peak of excess shear stress is
the best predictor of bank erosion for moderately cohe-
sive banks and variability of excess shear stress is the
best predictor for minimally cohesive banks. These
observations lead us to conclude that hydraulic bank
erosion is dictated by flow peak intensities.

The results of this study are important to two appli-
cations. First, the accuracy of channel evolution models
will depend on how accurate bank erosion is quantified.
These models also need to be able to incorporate tem-
poral variability in flow regime and channel form (see
Benda et al., 2002). Second, a better comprehension of
the controls on cohesive bank erosion will help stream
managers to design drainage networks and restoration
plans that will minimize bank erosion. For a given bank
material, the manager can minimize the flow property
that dictates erosion, as opposed to just lining the
channel with riprap. In addition to these applications,
this research has introduced results that can be used as a
foundation for further research in critical shear stress
values, excess shear stress distributions, and cohesive
bank erosion processes.
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