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ABSTRACT
In this research, to clarify the importance of the various parameters affecting the stability of riverbanks, the
impacts of independent parameters affecting bank stability are evaluated in a series of eight model sensitivity
analyses using a simple model of bank stability analysis. In this regard 51 sites of Mississippi river, in USA,
have been analyzed. The results show that care should be taken when estimating the values of river bank height,
river bank angle, flow depth, bank material cohesion, and the bank material unit weight as these are the most
sensitive parameters. Conversely, a cruder estimation of tension crack depth, the soil internal friction angle,
ground water level, and the matric suction angle, may still provide a reasonable degree of accuracy in the bank
stability analysis, due to the relatively low model sensitivity to this group of parameters.
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1 INTRODUCTION
Rivers have long been a subject of interest for scientists and engineers due to the direct benefits they
provide for human civilization (e.g. agricultural and
industrial water supply, hydro-electric power, navigation, etc.) as well as the need to provide protection
against their hazards, such as floods. The erosion of
channel banks not only causes damage to land and
adjoining property, but bank erosion often results in
the release of large quantities of fine-grained sediments that may contribute to sedimentation problems
downstream (Darby and Thorne, 1994). Bank erosion is also a key process in fluvial dynamics, affecting a wide range of physical, ecological and socioeconomic issues in the fluvial environment (Rinaldi
and Darby, 2008). This is reinforced by studies of the
contribution of bank-derived sediments to catchment
sediment budgets, which have found that bank-derived sediments may constitute a large fraction of the
total catchment sediment yield (Table 1).
Although a wide range of individual processes
can contribute to river bank erosion (Thorne, 1982;
ASCE Task Committee, 1998), the erosion of bank
material through mass-wasting is probably the most

serious from the perspective of water resources management (e.g. Dapporto et al., 2003). This is because
mass-wasting involves rapid channel widening and
the delivery of large volumes of sediment to the
channel.
There are several factors which can lead to the
onset of mass failure. These include changes in the
geotechnical characteristics of the bank materials as
a result of weathering (e.g. Lawler, 1993; Couper
and Maddock, 2001), spatially controlled changes in
the geometry of the failure block due to fluvial erosion (e.g. Hooke, 1979; Rinaldi et al., 2004; Simon
et al., 1999; Amiri-Tokaldany et al., 2003; Darby et
al, 2007; Rinaldi and Darby, 2008), the development
of tension cracks (Darby and Thorne, 1994), hydrographic characteristics (e.g. Rinaldi et al., 2004),
vegetative protection (e.g. Kouwen, 1970; Smith,
1976; Pizzuto and Meckelnberg, 1989; Gray and
MacDonald, 1989; Thorne, 1990; Millar and Quick,
1998; Simon and Collison, 2002; Pollen and Simon,
2005; Pollen, 2006; Van De Wiel and Darby, 2004,
2007), soil moisture conditions and seepage forces
(e.g. Thorne, 1990; Rinaldi and Casagli, 1999; Simon et al., 1999; Budhu and Gobin, 1996), and the
presence of negative pore water pressure in the un-
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saturated portion of those banks which consist of cohesive materials above the water table (e.g. Rinaldi
and Casagli, 1999; Simon et al., 2000; Simon and
Collison, 2002). These factors have been taken into
account in models introduced to analyze the stability
of river banks, composed of one or more layers of
soil materials, against different types of bank failures
(e.g. Thorne and Tovey, 1981; Osman and Thorne,
1988; Darby and Thorne, 1996; Rinaldi and Casagli,
1999; Simon et al., 2000; Simon and Collison, 2002;
and Amiri-Tokaldany et al., 2003).
Table 1. The contibution of bank-derived sediments to
catchment sediment budget in some locations.
Catchment
East
Nishnabotna
and Des
Moines, Iowa,
USA
Sacramento
River,
California
Various

Bank-derived
sediments
fraction (%)

Reference

30-40

Odgaard (1987)

59
37-80*

US Army Corps
of Engineers
(1983)
Simon and
Darby (2002)

Note: The value of 37% is related to low-energy UK catchments, while the 80% value is related to highly unstable,
incised, channel systems of northern Mississippi.

Among the factors affecting the stability of river
banks, some such as the geotechnical characteristics of the bank materials (e.g. soil layers and soil
cohesion, and the repose angle of the soil material),
bank geometry, streamflow and hydrographic characteristics, can be accurately determined directly via
field or laboratory measurements, albeit with varying
degrees of associated measurement error and uncertainty, while others (e.g. negative pore water pressure, tension crack depth and its location, vegetative
protection, and the failure plane angle) are more difficult to quantify. The varying extents to which these
controlling factors can be parameterised accurately
suggests a varying influence in terms of the resulting uncertainties in the analysis of bank stability, but
as yet previous studies have not quantified these factors.
The aim of this paper is therefore to identify the
implications of uncertainty associated with parameterizing the factors that affect the stability of riverbanks by conducting a series of model sensitivity
analyses. The results are used to provide guidelines

for parameterizing bank stability models that are
based on the planar type failure mechanism. In the
following sections, the bank stability model used in
this research, and the associated sensitivity tests are
introduced.
2 MODELLING RIVER BANK STABILITY
Among various types of river bank failure, planar
failure is the most common type, being associated
with steep, relatively low, banks with thin cohesive
layers (Thorne, 1999). The stability analysis of these
banks can be carried out by computing the ratio of
resisting and driving forces applied to the most critical failure surface. This surface can be determined by
performing the stability analysis iteratively for different failure surfaces, considering the variation of
forces affecting the stability in each case. In Figure
1, the framework for analysing the stability of a natural river bank, together with the forces acting on the
incipient failure block, are illustrated. Bank stability
may be modelled using the factor of safety concept
(Amiri-Tokaldany, 2002):

!

(1)

where FSp = the factor of safety against block sliding, and FRp and FDp = the resultant resisting and
driving forces acting on a unit width of the failure
block, respectively. Hence, bank failure is predicted
to occur once the ratio of resisting and driving forces
falls below unity.

Figure 1. The bank geometry and forces exerted on the incipient failure block.

In the model (Amiri-Tokaldany, 2002) employed
herein, the resultant driving force acting on a unit
width of the failure block is given by:
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(2)
where β = the failure plane angle, θ = the angle between the direction of the resultant of the hydrostatic
confining pressure and a normal to the failure plane,
W = the weight of a unit width of the failure block,
Fcp = the hydrostatic confining pressure acting on a
unit width of the failure block, and Htw = the hydrostatic force exerted by the water present in the tension
crack on a unit width of the failure block. Also, the
resultant resisting force acting on the failure block is
given by (Amiri-Tokaldany, 2002; Amiri-Tokaldany
et al., 2003):
(3)
where C =׳the effective cohesion of the bank material acting along the surface of failure plane, L = the
length of the failure plane, S = the resultant negative
pore water pressure, φb= the angle expressing the
rate of strength increase relating to the negative pore
water pressure, Uw= the resultant uplift force or positive pore water pressure acting on a unit width of the
failure block, and φ = ׳the effective internal friction
angle of bank material. The model does not directly
take into account the effect of shear stress exerted by
water flowing in the channel upon the river bank materials. This is not a limitation because in most channels, the magnitude of shear stress exerted upon the
bank materials is, compared to the hydrostatic force,
negligible. The long-term effects of shear stress on
the stability of the slope are, however, indirectly accounted for by changing the characteristics of the
bank profile, such as the bank height and bank angle,
in response to fluvial erosion.
2.1 Limitations of the stability model
In this research, the model developed by Amiri-Tokaldany et al. (2003) is used to analyse the bank stability. However, it is important to recognise the inherent
limitations of this model. Similar to many existing
models, the role of vegetation has not been precisely
considered such that the effects of vegetation must
be parameterized by adjusting, for example, the cohesion of the bank materials. In calculating the pore
water pressures, it is also assumed that the phreatic
surface is parallel to the floodplain surface and its
level changes with respect to the variation of the water table. Moreover, the distribution of water pressure
in the channel adjacent to the bank is assumed to be
hydrostatic. Due to the lack of data regarding the re-

lationship between soil moisture and the amount of
matric suction for most soil types, there is also the
possibility of inaccurately estimating the effects of
negative pore water pressure in the model.
3 SENSITIVITY TESTS FOR PARAMETERS
AFFECTING RIVER BANK STABILITY
The key aim of this paper is to use a model to identify
the implications of uncertainty associated with the parameterization of several factors affecting the stability of riverbanks with respect to planar failure. This is
necessary because some of the factors affecting bank
stability within the model, such as the height of bank,
can be accurately determined from field investigations, but other factors are subject to errors in their
determination. The effects of this uncertainty in relation to the predicted stability of river banks remains
unknown, however. The amount of uncertainty in the
predicted factor of safety induced by uncertainty in
the controlling factors depends on (i) the sensitivity
of the bank stability analysis to variations in those
controlling factors and (ii) the magnitude of parameterization error (usually measurement error). Each
of these aspects is now considered in further detail.
To determine the impacts of the independent parameters on bank stability, the effects of the parameters on the factor of safety (FS) are herein evaluated
in a series of model sensitivity analyses, following
the approach adopted by Van de Wiel and Darby
(2007). In this approach a real riverbank located in
Northern Mississippi (hereafter referred to as the
standard bank, Table 2), is selected to provide a factor of safety representing marginal stability conditions (FS = 1.091), so that there is an opportunity for
the effective parameters to either stabilize or destabilize the bank (Van de Wiel and Darby, 2007). Second,
using the same riverbank, the impacts of variations
in each individual parameter on the factor of safety
is investigated while keeping all other parameter
values constant. In these sensitivity tests, the range
over which each parameter was varied (Table 3) was
defined as follows:
• The standard bank height of 3.83m was perturbed
in the range 1.4 to 7.3m. This range is likely to encompass most banks subject to planar failures, as
lower banks are likely to be stable, whereas higher
banks tend to collapse via rotational failure.
• The range of the variation of the tension crack
depth was selected based on the idea that the maximum depth of the tension crack is limited to half the
bank height (Taylor, 1948; Thorne and Abt, 1993),
giving an overall range of 0.0 to 1.9 m.
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• The bank angle variation was selected based on
data from 51 river banks in northern Mississippi
(Darby and Thorne, 1996).
• Geotechnical parameters (soil cohesion, unit
weight, and friction angle) were defined based on the
bank material database by Darby (2005), but with the
parameter ranges extended by a factor between 0.75
and 1.25 to ensure that the simulated ranges encompass a conservative range of natural river bank material types.
• According to Rinaldi and Casagli (1999) and Simon et al. (1999), the magnitude of φb ranges from
10 to 26 degrees.
• Based on the standard bank height of 3.83m, it is
assumed that both the water level in the river and at
the ground change from their lowest level (zero relative to the river bed) to the bankfull discharge level.
Table 2. Properties of the standard riverbank (one of 51
study sites in Northern Mississippi).

Failure
variables

Input variables

Variable

Value

Bank height (m)
Cutbank (m)
Vertical cliff (m)
Tension crack (m)
Bank angle (deg)
Flow depth (m)
Groundwater level (m)
Bank material cohesion (pa)
Soil unit weight (N/m3)
Friction angle (deg)
Matric suction angle (deg)
Factor of safety (-)
Slope of incipient failure plane (deg)
Width of failure block (m)
Volume of failure block (m3)

3.83
0
0
0
86
0
0
15500
20860
15.42
0
1.091
50.41
2.9
5.55

4 RESULTS AND DISCUSSION
In Figures 2 to 10, variations of factor of safety induced as a result of varying all the parameters affecting bank stability and the percentage of correspondence uncertainty on predicting factor of safety
(results from error on estimating the correct value of
each parameter) are indicated. From Figures 2 to 10,
the following results are evident:
- The uncertainty associated with error on estimating the amount of river bank height (Figure 2), river
bank angle (Figure 3), flow depth (Figure 4) and bank
material cohesion (Figure 5) are quiet reasonable so
that increasing the first and second parameter and decreasing the third and the fourth parameters strongly
affect the factor of safety against planar failure, while
decreasing the first and second parameter and increasing the third and the fourth parameters bring the
bank into a relatively stable condition. It should be
noted that the shape of all response curves in Figures
2, 3, 4, and 5 is such that the factor of safety is more
sensitive to changes in these parameters at low (<
3m) bank heights. However, since the first, the second, and the third parameters can be measured relatively accurately (typically to within ±5cm, less than
±5 degrees, and less than ±100 Pa), these sensitive
responses does not result in significant uncertainty
in factor of safety (Figures 2, 3 and 4). Regarding
the flow depth, although its amount can be measured
relatively accurately (typically to within ±5 cm), but
sometimes it can not be directly available and it is estimated using different methods. As the sensitive response does result in significant uncertainty in factor
of safety (Figure 5), as a result, care should be taken
into consideration on estimating the amount of flow
depth. Note that the area outside the shaded area in
these figures, highlights the parameter ranges where
more than %15 uncertainty expect to appear.

1
2
3
4
5
6
7
8
9

Value range

Increments

Series

Table 3. Characteristics of the simulation series.

Bank height (m)
1.4 -7.3
Tension crack (m)
0.0 -1.9
Bank angle (o)
36-90
Bank material cohesion (Pa)
0 -41000
Soil unit weight (N/m3)
10500 -24000
Friction angle (o)
9.5-50
Matric suction angle (o)
10-26
Groundwater level (m)
0.0 – 3.8
Flow depth (m)
0.0 – 3.8

0.1
0.1
1
200
100
0.5
1
0.1
0.1

Bank property
changes

Figure 2. The variation of safety factor and uncetrainty in
predicted safety factor against variation of bank height, and
uncertainty in estimating bank heigh, respectively
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Figure 3. The variation of safety factor and uncetrainty in
predicted safety factor against variation of bank angle, and
uncertainty in estimating bank angle, respectively.

Figure 4. The variation of safety factor and uncetrainty in
predicted safety factor against variation of bank material
cohesion, and uncertainty in estimating bank material cohesion, respectively

- The depth and the location of the tension crack
are two key parameters defining riverbank geometry.
The tension crack depth reduces the effective length
of the potential failure surface and consequently decreases bank stability.
The location of the tension crack, also defines the
amount of the bank retreat due to mass failure. The
presence of a tension crack in the bank (even with
a shallow depth) leads to safety factor falling and the
river bank destabilizes. Additional continuous increases in the tension crack depth results in further
decreases in safety factor until the depth reaches an
extreme point after which the safety factor becomes
independent from tension crack depth. In general, as
indicated in Figure 6, the safety factor of the standard
bank is not very sensitive to the variation of tension
crack depth.
As shown in Figure 6, the related uncertainty associated with error on estimating the amount of tension

Figure 5. The variation of safety factor and uncetrainty in
predicted safety factor against variation of river flow depth,
and uncertainty in estimating river flow depth, respectively

Figure 6. The variation of safety factor and uncetrainty in
predicted safety factor against variation of tension crack
depth, and uncertainty in estimating tension crack depth,
respectively

crack depth is not reasonable so that increasing tension crack depth to half of the original bank height,
results in %24 decrease in the factor of safety of the
standard bank. So, although the amount of tension
crack depth can not be measured accurately, due to
relatively low uncertainty associated with error on
estimating the amount of this parameter, there is no
significant uncertainty in factor of safety (Figure 6).
- Regarding soil unit weight, due to the contribution of the soil unit weight in defining two forces included in bank stability analysis; i.e. W cos β as one
of the resisting forces and W sin β as one of the driving forces, the soil unit weight has both negative and
positive effects on riverbank stability. By carry out
the sensitivity tests, as shown in Figure 7, it is seen
that there is a reverse relationship between the safety
factor and the unit weight of the standard riverbank
materials. Similar to the bank height, the uncertainty
associated with error on estimating the amount of
soil unit weight is quiet reasonable so that increasing
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the amount of this parameter strongly affects the factor of safety against planar failure, while decreasing
the amount of soil unit weight brings the bank into
a relatively stable condition. The shape of response
curve in Figure 7 is such that the factor of safety is
more sensitive to changes in this parameter at low (<
3m) bank heights. However, since this parameter can
be measured relatively accurately (typically to within
±5 percent), this sensitive response does not result in
significant uncertainty in factor of safety (Figure 7).
- Regarding internal friction angle, the related
uncertainty associated with error on estimating the
amount of this parameter is not reasonable so that
increasing the internal friction angle of the standard
bank to 45 degrees (nearly three times the origin value) results in %10 percent increase in factor of safety
of the standard river bank. So, although the amount
of internal friction angle can be measured accurately,
due to relatively low uncertainty associated with error on estimating the amount of this parameter, taking
a rough estimation of its value creates no significant
uncertainty in factor of safety (Figure 8).

Figure 7. The variation of safety factor and uncetrainty in
predicted safety factor against variation of soil unit weight,
and uncertainty in estimating soil unit weight , respectively.

Figure 8. The variation of safety factor and uncetrainty in
predicted safety factor against variation of soil internal friction angle, and uncertainty in estimating soil internal friction angle, respectively

- Regarding matric suction angle (φb), the related
uncertainty associated with error on estimating the
amount of this parameter is not reasonable (Figure
9). Also, since the value of matric suction angle ranges from 10 degrees to 26 degrees with an average of
16 degrees (e.g. Fredlund et al., 1978), taking the
angle equal to 16 degrees, results in %5 associated
uncertainty.
- Regarding the ground water table, by increasing the ground water level, the pores surrounded by
soil materials fill up with the water. The water inside
the pores applies a pressure (in accordance with the
height of water above the pore) upon the surrounding materials, called pore water pressure. Pore water
pressure reduces shear strength, increasing the unit
weight of the bank material, providing an additional
destabilising force due to the pressure of water in tension crack and providing additional seepage forces.

Figure 9. The variation of safety factor and uncetrainty in
predicted safety factor against variation of matric suction
angle, and uncertainty in estimating matric suction angle,
respectively

Figure 10. The variation of safety factor and uncetrainty
in predicted safety factor against variation of ground water table, and ncertainty in estimating ground water table,
respectively
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Moreover, by increasing the level of water table,
the force due to the matric suction reduces and hence,
the safety factor decreases (Figure 10). The uncertainty associated with error on estimating the amount
of ground water table (Figure 10) is not reasonable
and there is a small effect on the factor of safety
against planar failure. Hence, although the ground
water table can be measured relatively accurately
(typically to within ±5cm), taking a rough estimate
for the amount of this parameter does not resut in significant uncertainty in factor of safety (Figure 10).
4 CONCLUSION
In this research, the implications of uncertainly associated with several factors affecting the stability of
riverbanks with respect to planar failure are investigated by conducting a series of sensitivity analyses
in this research. The sensitivity tests show the following results:
- The uncertainty associated with error on estimating the amount of river bank height, river bank
angle, flow depth, soil unit weight, and bank material cohesion are quiet reasonable and the shape of
all response curves is such that the factor of safety is
more sensitive to changes in these parameters at low
(< 3m) bank heights.
- In general, the safety factor of the standard bank
is not very sensitive to the variation of tension crack
depth, the friction angle, matric suction angle, and
ground water table, and the related uncertainty associated with error on estimating the amount of these
parameters is not reasonable. Hence, error on estimating the amount of tension crack depth, the friction
angle, matric suction angle, and ground water table
has no significant uncertainty in factor of safety.
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