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Effects of spatial variability on the estimation of erosion rates for
cohesive riverbanks
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Marte S. Gutierrez
Colorado School of Mines, Golden, CO, USA

ABSTRACT: Human activities, such as dam construction, can cause excessive erosion of a riverbank due
to alteration of the natural flow regime. This erosion can lead to degradation in water quality and aquatic
habitat as well as loss of land and damage to riparian structures. Accurate estimation of erosion rates for
cohesive riverbanks is a difficult task owing to the complex nature of cohesive soils and their interaction
with the river flow. Past work has attempted to correlate physical and chemical soil properties with ero-
sion rates, however the wide range of soil properties has made it difficult to produce a general model for
cohesive soil erosion. The erodibility of riverbank soil on the lower Roanoke River, North Carolina USA,
was estimated in situ employing the jet erosion test (JET) apparatus. The JET applies a water jet of uni-
form velocity directly to the soil and measures the resulting scour depth evolution over time. The meas-
ured data are then used to determine two empirical parameters, the erodibility coefficient and critical
shear stress. Several JETs were performed on different soil layers at sites with bank materials composed
primarily of silts and clays. The physical properties of each soil layer were determined through laboratory
analysis. Using boundary shear stress calculations from a simple analytical model, erosion rates are calcu-
lated assuming a linear excess shear stress model, and the effects of the spatial variability of soil proper-
ties on calculated erosion are investigated. While previous research has shown that the JET produces con-
sistent results under controlled environments, results here demonstrate the importance of considering
spatial variability of soil types when estimating erosion rates.

Keywords: Jet erosion test, Erodibility, Critical shear stress, River bank erosion

1 INTRODUCTION cluding sand and gravel, are typically granular and

coarser than cohesive soils causing the properties
Various types of human activities can cause ex- of individual soil particles to dominate the charac-
cessive erosion of a riverbank due to alteration of  teristics of the soils. On the contrary, cohesive
the natural flow regime. Some problems due to soils, such as silt and clay, are finer and the soil

erosion include loss of land, damage to riparian minerals, structure, chemicals and interacting
structures, transport of pollutants, and degradation forces are typically more important to the overall

in water quality and aquatic habitat. As listed, ero- soil characteristics than the physical properties of

sion causes not only financial losses but also envi- soil particles.

ronmental problems. Therefore, active controls are Erodibility of non-cohesive soils is determined

beneficial in an effort to reduce erosion. by gravitational forces and soil parameters such as
To quantify the effects of erosion, proper esti- particle size, shape, and unit weight of soil (Graf,

mation of erosion induced by the activities and 1971), whereas that of cohesive soils is much

controls of human-induced activities are required. more difficult to estimate. As summarized by

However, estimation of soil erodibility and flow Grissinger (1982), correlations of erosion rates
characteristics in a river contain great uncertainty with combinations of plasticity, percentage of clay

and variability due to the complex nature of soils particles, soil mineralogy, cation exchange capaci-
and their interactions with the river flow. ty (CEC), and many other physical and chemical

Riverbank soils can be simply classified as soil properties have been investigated, but the
non-cohesive or cohesive. Non-cohesive soils, in- wide range of soil properties and complexity of
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interactions of different parameters have made it
difficult to develop a general model for cohesive
soil erosion.

This study investigates the variability of erodi-
bility parameters of cohesive soils and their influ-
ences on erosion rate calculations for the river-
banks of the lower Roanoke River near Roanoke
Rapids, North Carolina, USA, estimated by the in
situ submerged jet erosion test.

1.1 Estimation of erosion rate

Due to the complexity of cohesive soil erosion,
empirical methods have been widely employed
and accepted for cohesive soils for several dec-
ades. The linear excess shear stress equation is of-
ten used to estimate erosion and is commonly pre-
sented with three parameters: the erodibility
coefficient (k) and applied and critical shear
stresses (1, and t.), which imply the rate of ero-
sion when a given hydraulic shear stress is applied
and the ease of initiating erosion, respectively
(Hanson and Cook, 2004; Wan and Fell, 2004).
e=k,(t,—1.)*

for T,

(1)
e=0

where, € = erosion rate (m/s), kq = erodibility
coefficient (m*/N's), 1, = applied shear stress by
flow (Pa), 1. = critical shear stress of soil, and a is
a constant commonly assumed to 1.

The applied shear stress (t,) is related to the
flow conditions, whereas the other two parame-
ters, erodibility coefficient (k4) and critical shear
stress (t.), are soil characteristics that typically are
determined by experiments. Erosion is considered
to occur when the applied shear stress is greater
than the critical shear stress of the soil (1, > 1.),
and the total erosion is proportional to the erosion
rate and time interval over which erosion occurs.

1.2 Jet erosion test

There are several available methods to measure
soil erodibility such as flume tests, jet erosion
tests, rotating cylinder tests, soil dispersion tests,
hole or crack tests, and the erosion function appa-
ratus (Wan and Fell, 2004). In this study, a sub-
merged jet test device was used on riverbanks in
the field.

The submerged jet test device was proposed
by Hanson (1990a; 1990b; 1991) as an in-situ test
technique to determine the erodibility coefficient
and critical shear stress of soils (Figure 1). This
test evaluates the erodibility of cohesive soils by
measuring the depth scoured by a water jet over
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time. A jet of water is discharged directly to the
soil and the depth of the hole produced and dura-
tion are measured. Theoretically, the maximum
scour depth at equilibrium is required to estimate
the erosion parameters. However, it may take
hours or even days to reach equilibrium. Hanson
& Cook (1997) determined the two empirical
erodibility parameters (k4 and 1.) by adapting ana-
lytical procedures to estimate scour depth and
critical shear stress at equilibrium proposed by
Stein et al. (1993) and Stein & Nett (1997). The
theory, principles and procedures of the test are
described in detail in Hanson & Cook (2004) and
Annandale (2006). The jet test device has been
applied in several studies due to advantages such
that it is simple, relatively inexpensive, can be
performed in the field even on steep slopes, and
the erosion parameters are easily calculated using
a spreadsheet developed by Hanson and Cook
(1997) (Clark and Wynn, 2007; Wahl et al., 2008;
Walowsky Jr. et al., 2008; Wynn and Mostaghimi,
20006).

Figure 1. Jet erosion test device

A few studies confirmed the accuracy and consis-
tency of the jet test results under controlled envi-
ronment (Hanson and Cook, 1997; Hanson and
Cook, 2004; Wahl et al., 2008) while others have
reported a wide range of results in nature (Hanson
and Simon, 2001; Shugar et al., 2007; Simon and
Thomas, 2002; Thoman and Niezgoda, 2008;
Wynn and Mostaghimi, 2006). However, in prac-
tice, most studies with the jet test used it as a sin-
gle experimental method to obtain the erodibility
parameters due to limitations such as the availabil-
ity of other tests and field conditions. In addition,



the results are typically limited to a small number
of tests.

1.3 Applied shear stress by flow

The applied shear stress by flow also needs to be
determined in addition to the soil-related parame-
ters for erosion rate calculations. Several analyti-
cal and numerical methods are available for 2D
and 3D, and straight and curved channels. The
current study employed a simple analytical equa-
tion to estimate the distribution of boundary shear
stress. While more advanced techniques exist (e.g.
Kean et al., 2009, Shiono & Knight, 1991) the
simplified technique presented here allows the
general trends to be identified even if the magni-
tudes are not precise.

Boundary shear stress on trapezoidal channels

A simple equation for the boundary shear stress
in trapezoidal channel is adapted to estimate max-
imum shear stress on the slope.

T, =VRS 2)

where, 7, = average shear stress on the bound-
ary (Pa), y = unit weight of water (N/m’), R = hy-
draulic radius (m), and § = channel slope (m/m).

Equation (2) is based on the assumption of one
dimensional flow and that the boundary shear
stress is averaged over the wetted perimeter,
whereas the actual shear stress distribution on a
riverbank is not uniform due to the channel slope
and curvature.

Tomax = 1- 1" YRS (3)

Thus, Equation (2) is updated to Equation (3) for
the maximum boundary shear stress on the slope

(T, max) Which is estimated using the figures sug-
gested by Anderson (1970) (Chang, 2002).

2 LABORATORY AND IN SITU
EXPERIMENTS

2.1 Soil properties

Soil properties were determined from laboratory
tests using disturbed soil samples obtained ran-
domly from the sites, and the sampling locations
were recorded to correlate with jet tests locations.
Grain size distributions and Atterberg tests results
of the soils are shown in Figure 2 and Figure 3,
respectively.
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Figure 2. Grain size distribution curves
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Figure 3. Atterberg test and soil classification
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As shown in Figure 3, the soils are classified as
low and high plasticity silts (ML and MH) and
low plasticity clay (CL) by the unified soil classi-
fication system (USCS). The overall results are
summarized in Table 1 with soil types.

Table 1. Soil properties

USCS|Sand %] Silt% |Clay%| L | pr |No-of
Sample
166 | 502 | 332 | 418 | 186
CcL 26
109 | 81 | 73 | 58 | 39
258 | 479 | 263 | 410 | 138
ML 10 (3)*
184 | 109 | 95 | 119 | 72
92 | 447 | 462 | 527 | 216
MH 7
33 | 29 | 28 | 24 | 24

* 10 samples for grain size distribution and 3 samples for
Atterberg tests.

**Upper rows present average value, lower rows present
standard deviation.

***LL=Liquid Limit, PI=Plasticity Index



2.2 Jet erosion test

Eleven in situ jet tests were performed on the ri-
verbank at different locations in different soils: 5
from CL, 2 from ML, and 4 from MH. The test
locations were randomly selected within the soil
layers where the properties were known. The de-
tailed procedures for the jet erosion tests are
available in Hanson & Cook (2004).

3 RESULTS

3.1 Erodibility parameters for soils

The results of the jet tests are shown in Figure 4
and Table 2. A wide range of both erodibility
coefficients (kg) and critical shear stress (t.) was
observed with no clear relationship between the
two parameters. Large standard deviations of each
parameter indicate the spatial variability of the pa-
rameters within the same soil type.

Based on the same erosion criteria used by
Hanson and Simon (2001) as shown with the dot-
ted lines in Figure 4, the soils can be classified as
moderately resistant to very erodible soils.

Table 2. Jet test results

Erodibility Critical No. of
USCS coefficient shear stress Sarﬁ e
(kg, m*/N's) (x., Pa) P
2.0x10°° 3.8
CL 5
2.4x10°° 2.7
1.2x10°° 5.2
ML 2
1.5x10° 5.7
1.0x10° 9.6
MH 4
1.1x10°° 6.3

*Upper rows present average value, lower rows present
standard deviation.
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Figure 4. Jet test results from the lower Roanoke River with
the classifications of Hanson & Simon (2001).
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Although Hanson and Simon (2001) observed a
relatively linear relationship between the two pa-
rameters after performing 63 jet tests; increasing
critical shears stress corresponds to decreasing
erodibility coefficient in log-log scale, they also
observed very erodible to very resistant soils with
a wide variation spanning four orders and six or-
ders of magnitude for k4 and 1., respectively.
Similar relationships and wide variations were al-
so observed by Shugar et al. (2007) and Thoman
and Niezgoda (2008).

3.2 Estimation of applied shear stress

The boundary shear stress on the bank slope by
flow is estimated using a simple analytical me-
thod.

As a hydropower dam is located about 77 river
kilometers upstream from the field, it is assumed
that a constant discharge with bankfull flow,
which is 566 m’/s discharge from the dam, could
be one of critical conditions for erosion in the
field. Thus, the applied shear stress at this condi-
tion is calculated to estimate the maximum ero-
sion on the riverbank.

In the analytical method, the maximum shear
stress is assumed to develop at 2/3 of the flow
depth and decreases to zero linearly to the top and
bottom of the bank. Bed load movement in the
river channel is not considered in this study.

As shown in Figure 5, the maximum shear
stresses are estimated as 4.1 Pa at 566 m’/s dis-
charge condition.

Channel Width (m)

0 10 20 30 40
4 1 1 1
Flow rate= 566 m3/s
2 4
0 Avi _~

.....
.....
......

To max ANL=4-1 Pa.,-‘.

Flow Depth (m) and shear stress (Pa)

Figure 5. Assumed shear stress distributions by analytical
method

3.3 Variability of erosion rate

As the erosion rates are determined by three dif-
ferent parameters (kq, 7., and t,), soils may have
higher predicted erosion rates although one or two
of the parameters are lower. This is due to the fact
that the erosion rate is determined as a product of



erodibility term and shear stress term as shown in

Equation (1).
Table 3. Variations of each parameter
Soil Kama | Tema | (hxu),
Type ky min T¢ min (ks X )
CL 6.5 15.3 45
ML 7.8 12.9 1.7
MH 27.9 14 35

Table 3 shows the ratios of maximum and min-
imum values of each parameter for soils. The ra-
tios indicate how the parameters vary within each
soil, and how they change after multiplication.

In Table 4, the erosion rates with all combina-
tions of the required parameters under 566m’/s
flow condition are compared. Each column in Ta-
ble 4 includes a series of data under the same ap-
plied shear stress. Each calculated erosion rate in
the same column has a different erodibility coeffi-
cient and critical shear stress but the same applied
shear stress. The results in each row are calculated
with same erodibility parameters but different ap-
plied shear stresses.

Table 4. Erosion rates with different applied shear stresses

Erosion rate ( €, m/day)
Soil
Type Case No 1 2 3 4 5
1, 1 2 4.1 8 10
kdiOAO 0.000 | 0.000 | 0.000 | 0.038 | 0.107
1.=6.90
kdio'44 0.000 | 0.032 ] 0.112 ] 0.261 | 0.338
1.=1.18
CL kdi6'13 0.000 | 0.000 | 0.147 | 2.211 | 3.270
T, =3.82
kf_l.OO 0.000 | 0.080 | 0.261 | 0.597 | 0.769
1.=1.07
kdiz'm 0.000 | 0.000 | 0.000 | 0.350 | 0.701
1. =6.02
kdio'” 0.000 | 0.000 | 0.000 | 0.000 | 0.011
1. =9.26
ML
kd:2'23 0.000 | 0.156 ] 0.560 | 1.311 | 1.695
1.=1.19
kd_=0.17 0.000 | 0.000 | 0.000 | 0.000 | 0.000
t.=12.13
kdfo'm 0.000 | 0.000 | 0.000 | 0.000 | 0.000
1.=14.81
MH
kd:l'39 0.056 | 0.176 | 0.427 | 0.894 | 1.134
1. =0.53
kd_:2'39 0.000 | 0.000 | 0.000 | 0.000 | 0.000
1.=10.79
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Case 3 is for the field conditions that the applied
shear stress was obtained from calculations. In the
other cases, the applied shear stress was increased
from 1 to 10, which represent flow conditions oth-
er than the bankful discharge.

In Case 3, no erosion was predicted for 6 out of
the 11 samples due to the large measured critical
shear stress. The other 5 samples (three CL, one
ML and one MH soil) were found to be eroded,
with predicted erosion rates of 0.26m/day,
0.56m/day, and 0.43 m/day, for CL, ML and MH
soils, respectively. It also shows that erosion rates
range from 2.3 times (when 1,=4.1) to 58 times
(when 1,=8) in the clayey soils without consider-
ing no erosion cases.

Channel Width (m)

0 10 20 30 40

—initial bank geometry
""""" 7.=1.175 Pa, k; =0.443 cm3/Ns
- - 7,=1.068 Pa, k; =0.996 cm3/Ns

Flow Depth (m)
o

-8
Figure 6 Eroded bank geometry after 10 days

Figure 6 shows an example of the erosion pre-
dicted from two different jet test results for the
same soil when the applied shear stress was as-
sumed as 4.1 Pa and the flow continued for 10
days. With different values of the erodibility pa-
rameters, the total erosion ranges from zero to
2.57m for 10 days.

4 CONCLUSION AND DISCUSSION

Erosion rates are calculated using a linear excess
shear stress equation with erodibility parameters
(kq and 7.) determined by jet erosion tests, and the
applied shear stress obtained from analytical me-
thod.

The values of the erodibility parameters ob-
tained from the jet erosion tests varied considera-
bly exhibiting wide ranges for the same soil. The
standard deviations of the erodibility parameters
in the same soil were larger than the averages,
and, thus, larger differences in the calculated ero-
sion rate were observed. Due to the fact that the
erosion rate is determined by the product of erodi-
bility coefficient and shear stress differences, the
calculated erosion rates are not proportional to the



parameters. The lowest erosion rate was deter-
mined to be zero for all three soil types, and the
largest erosion rates were 0.27, 0.56, and 0.43
m/day for CL, ML and MH soils, respectively.

Assuming that the jet erosion tests were per-
formed at a place representing that soil layer and
the other variables are obtained from reliable
sources, the erosion rate of clayey soils would be
one of the values in the Case 3-CL, which are, ze-
ro, 0.112, 0.147, and 0.261 m/day. For overall pe-
riod that the dam discharge is over 566 m’/sec, the
predicted annual erosions from the 4 different ero-
sion rates will be significantly different.

The estimated erosions in practical cases may
involve similar or worse uncertainty in the results
due to the fact that the typical number of tests per-
formed in the field for practical cases is also simi-
lar or even smaller (Wahl, 2008; Walowsky Jr. et
al., 2008).

Thus, the variability of the tests results should
be reviewed before making erosion estimation us-
ing additional information such as statistical anal-
ysis with more test results, other references for the
erodibility of the similar type of soils, or other
empirical correlations using the other frequently
available soil properties.
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