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ABSTRACT: The infinite slope method is widely used as the geotechnical component of geomorphic and landscape evolution
models. Its assumption that shallow landslides are infinitely long (in a downslope direction) is usually considered valid for natural
landslides on the basis that they are generally long relative to their depth. However, this is rarely justified, because the critical length/
depth (L/H) ratio below which edge effects become important is unknown. We establish this critical L/H ratio by benchmarking infinite
slope stability predictions against finite element predictions for a set of synthetic two-dimensional slopes, assuming that the difference
between the predictions is due to error in the infinite slope method. We test the infinite slope method for six different [/H ratios to find
the critical ratio at which its predictions fall within 5% of those from the finite element method. We repeat these tests for 5000 synthetic
slopes with a range of failure plane depths, pore water pressures, friction angles, soil cohesions, soil unit weights and slope angles
characteristic of natural slopes. We find that: (1) infinite slope stability predictions are consistently too conservative for small [/H
ratios; (2) the predictions always converge to within 5% of the finite element benchmarks by a [/H ratio of 25 (i.e. the infinite slope
assumption is reasonable for landslides 25 times longer than they are deep); but (3) they can converge at much lower ratios
depending on slope properties, particularly for low cohesion soils. The implication for catchment scale stability models is that the infinite
length assumption is reasonable if their grid resolution is coarse (e.g. >25m). However, it may also be valid even at much finer grid
resclutions (e.g. 1 m), because spatial organization in the predicted pore water pressure field reduces the probability of short landslides
and minimizes the risk that predicted landslides will have L/H ratios less than 25. Copyright © 2012 John Wiley & Sons, Ltd.
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Background

Shallow landslides are important agents of erosion and sources
of sediment in terrestrial environments and need to be
represented in geomorphic (Montgomery and Dietrich,
1994; Bathurst et al., 2005; Reid et al., 2007) and landscape
evolution models (Tucker and Bras, 1998). However, a full
stability analysis at every potential landslide site is not feasible;
therefore much work has focused on trying to develop
simple physically based methods to identify shallow land-
slide risk comparatively across the landscape (Montgomery
and Dietrich, 1994; Baum et al., 2008).

The infinite slope method (Haefeli, 1948; Taylor, 1948;
Skempton and Delory, 1957) is widely used as the geotechnical
component of these geomorphic and landscape evolution
madels where it is generally combined with a hydrological
model to predict pore water pressure and hence failure
probability. Much attention in developing these models has
been focused on different approaches to predicting the spatial

pore water pressure patterns (Montgomery and Dietrich,
1994; Burton and Bathurst, 1998; Wu and Sidle, 1995; Reid
etal., 2007; Simoni et al., 2008; Baum et al., 2008). However,
much less attention has been given to the geotechnical
component. This is partly because the assumptions behind the in-
finite slope method, particularly of infinite width and length
(Skempton and Delory, 1957), are considered valid for many nat-
ural landslides, which have relatively high length (L) / depth (H)
ratios (Haneberg, 2004). Furthermore, attempts to account for
the influence of the landslide margins on the balance of forces
requires additional assumptions to be made about the location,
orientation, and magnitude of the forces involved.

The argument that the infinite slope method is suitable for
shallow landslides because they have high length/depth (L/H)
ratios is frequently stated but rarely justified (Wu and Sidle,
1995; Iverson, 2000; Crosta and Frattini, 2003; Casadei ef al.,
2003; Haneberg, 2004; Bathurst et al., 2005; Ray et al,
2010). Most natural landslides are shallow. Figure 1 shows
two example inventories where L/H ratios exceed 7 for >90%
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Figure 1. Cumulative probability distributions for the length/depth
ratios of landslides from two inventories in Cumbria, UK (Warburton
et al., 2008) and California, USA (Gabet and Dunne, 2002). This figure
is available in colour online at wileyonlinelibrary.com/journal/espl

of landslides (Gabet and Dunne, 2002; Warburton et al., 2008),
while the scaling analysis of Larsen et al. (2010) suggests [/H
ratio increases with length (L/H=12.51"'%) and exceeds 18
even for very small landslides {L < 4 m). However, we cannot
assume that the infinite slope method is suitable for these land-
slides without more rigorous testing. This requires an assess-
ment of the [/H ratio of the predicted or observed landslides
relative to the L/H ratio at which infinite slope assumptions
break down.

Recent work by Giriffiths et al. (2011) has begun to address this
by benchmarking infinite slope predictions against those from a
finite element (FE) continuum mechanics method. The rationale
for this is that the FE predictions can be assumed as a benchmark
for the stability of a given slope. This is reasonable, since they
have been shown to be reliable and robust for assessing the factor
of safety of slopes across a range of scenarios (Griffiths and Lane,
1999). They perform at least as well as limit equilibrium
methods for known parametric tests (Hammah et al., 2005)
but are far more flexible, not requiring assumptions about the
shape or location of the failure surface, nor the inter-slice forces
(Griffiths and Lane, 1999). On this basis, infinite slope stability
predictions can then be tested against the FE predictions for
different slope lengths.

Griffiths et al. (2011) find that the FE predictions converge
on those from the infinite slope method at L/H ratios of around
16 and suggest that, in general, the infinite slope method is
suitable for L/H > 16, However, they show that for slopes with
shorter [/H ratios the infinite slope method predictions
become increasingly different to the benchmark as L/H
decreases. At an L/H ratio of two, the infinite slope method
can predict that a slope is less than half as stable as the FE
method predicts for the same slope. They attribute this difference
to error in the infinite slope method resulting from the violation
of its infinite length assumption. This has potentially significant
implications for the appropriateness of the infinite slope
method for geomorphic modelling. Such models often rely
on cell-by-cell calculations of infinite slope stability with reso-
lutions ranging from a few to tens of meters. The often implicit
assumption in applying these models is that the grid cells are
adequately long relative to the landslide failure plane depth
so that factors of safety calculated with an infinite slope ap-
proach are reasonably free from error. If the findings of Griffiths
et al. (2011) hold across the full range of natural slope conditions
then this assumption would be valid for models with grid cells
longer than 16 times the assumed failure plane depth but could
introduce error at finer resolutions. We apply the methodology of
Griffiths et al. (2011) to the full range of conditions found in nat-
ural soil mantled slopes to establish the critical L/H ratio at

Copyright @ 2012 John Wiley & Sons, Lid.

which the infinite length assumption becomes valid. We then
assess the implications of these findings for stability analysis
within geomorphology and landscape evolution models.

The infinite slope method

The most common geotechnical measure of slope stability is
the factor of safety (FoS5), the ratio of shear strength of the soil
(s) to the shear stress (1) required for equilibrium.

Fos=2 (1
T

A slope is considered to be just stable when the stresses and
strengths are equal and the FoS is equal to one, and to fail for
FoS< 1. The factor of safety can be calculated using a range
of approaches, including the one-dimensional infinite slope
method, and more sophisticated limit equilibrium and continuum
mechanics methods in two and three dimensions. More sophisti-
cated methods allow improved representation of the failure
geometry. However, they require fine scale discretization of
the slope, phreatic surface and failure plane geometries and
generally need to be solved iteratively. These data and compu-
tational requirements limit their applicability at the catchment
scale where analysis almost invariably involves the simpler
one-dimensional infinite slope method.

The infinite slope (IS} method (Haefeli, 1948; Taylor, 1948;
Skempton and DeLory, 1957) makes two key assumptions: (1) that
sliding occurs along a pre-defined plane parallel to the face of the
slope; and (2) that the sliding block is infinitely long and wide so
that stresses are the same on the two planes perpendicular to
the slope (e.g. stresses A-A’ = stresses B-B’ in Figure 2). These
stresses are collinear, equal in magnitude and opposite in
direction. Therefore they exactly balance each other and can
be ignored. The equilibrium equations are derived using a
rectangular block (e.g. A-B-B’-A’). All the stresses perpendicular
(o) and parallel {z) to the failure plane are summed to give:

= Wsinf =y,Hcos fsinff (2)

o= Wcosf =y, Heos’ § (3)

where f§ is the block’s slope [~]; W is the weight of the block
[kN]; o is the normal stress on the slip plane [kPa]; y, is the soil
unit weight [kN m~]; and H is the vertical depth to the shear

Figure 2. Schematic profile view through an infinite slope showing
the relevant forces and lengths. This figure is available in colour online
at wileyonlinelibrary.com/journal/espl
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plane [m]. Assuming steady seepage parallel to the slope at a
depth of H,, above the failure plane [m], we can account for
the effect of pore water pressure (u) [kPa] on normal stress o
calculate the effective normal stress using:

6 —u= cos’B(ys(H— Ha) + (35 — Tw ) Hw)
= cos? B H(y, — 7,m) “

where 7., is the water unit weight [kN m™]; and m is the
normalized free surface height [—] defined as m=H,/H;
m=1 for fully saturated flow with the phreatic surface at the
ground surface, and m=0 for ‘dry’ cases where the phreatic
surface is below the failure plane and does not affect the stability.
Shear strength (s) [kPa] for effective stresses is expressed by the
Coulomb equation as:

s=c + (o - u)tang (5)
where ¢’ is the effective soil cohesion [kPa]; and ¢’ is the effective
friction angle [—]. Substituting (2), (3) and (5) into (1) to calculate

the factor of safety (FoS) [—] gives:

¢ + cos?fH(y, — y.mitand
ys Hcosfsinf

Fos = (6)

This provides a very simple one-dimensional balance of forces
equation for slope stability that can be easily applied within a
spatial model for landslides since the stability of each element
can be calculated independent of its neighbours.

However, its validity and predictive ability is defined by the
extent to which its assumptions are met. Griffiths et al. (2011)
have suggested that the infinite length assumption is reasonable
for [/H ratios greater than 16, However, before we can use this
as a critical L/H ratio when assessing the suitability of the infinite
slope method for catchment modelling we need to know: (1)
how general this result is under the range of plausible conditions
found in natural landscapes; and (2) which slope properties, if
any, influence the magnitude of the critical L/H ratio.

Method
Parameter exploration

To address these questions we explored the influence of L/H
ratio on the accuracy of the infinite slope method by bench-
marking it against the same finite element method as Griffiths
et al. (2011). To establish the generality of the relationships
we varied all the other parameters within the infinite slope
equation ((6), cohesion, friction angle, soil depth, normalised
free surface height, soil unit weight and slope angle). We varied
these parameters across their reasonable ranges (Table 1) and
assessed the impact of these variations on the critical L/H ratio
(L/Heri at which the infinite slope predictions converged with
those from the finite element method,

Qur experimental design for the parameter exploration had
two components. First, we used a systematic parameter explo-
ration to test the method’s performance for a set of extreme
parameter combinations at the limits of the parameter space.
The parameters and their limits are listed in Table I. In each
case we used the FE method to predict FoS at L/H ratios of 4,
8, 12, 16, 24 and 48. These ratios were chosen after initial
tests in order to sample most densely in the region of expected
convergence for the two methods but with some samples at
longer L/H ratios to ensure that any extreme responses were
captured. We then compared the FE and IS predictions,

Copyright © 2012 John Wiley & Sons, Lid,

Table I.  Parameters varied within the parameter exploration with the
range over which they were varied. Young’s modulus and Poisson’s
ratio were held constant at the values below.

Parameter Value Range
Friction angle (¢") 15-45°
Cohesion (¢') 0-20 kPa

Soil depth (H) 0-3m
Normalised free surface height (m) 0-1

Soil unit weight (7549 11-18 kN m™
Slope angle (f) 15-45°
Young's modulus 10° kPa
Poisson’s ratio 0.3

standardizing the results by expressing the difference between
predictions as a percentage of the FE FoS. The systematic
parameter exploration is useful in illustrating the form of the
FoS difference curves across the reasonable range of slope
properties. However, it is difficult to interpret in terms of the
influence of individual parameters on the [/H.; value
because: (1) it only shows results for the extreme limits to
the slope properties; and {2) the parameter combinations are
difficult to differentiate.

Second, we addressed the limitations above using a random
parameter exploration. Here, we applied a Monte Carlo ap-
proach, sampling each of the six infinite slope parameters ran-
domly and assuming a uniform distribution across the range
defined in Table I. Although some of the parameters in the IS
method tend to co-vary {e.g. ¢' and ¢’} we sampled from uniform
distributions and avoided a priori assumptions about their co-
variance because we were interested in the sensitivity of the
method to the full range of possible conditions and so needed
broad and uniform coverage of the parameter space. This gener-
ated 5000 synthetic slopes with random slope geometry and ma-
terial properties. For each of these we then calculated stability
using the FE and IS methods for the same set of L/H ratios used
in the first parameter exploration. Again the errar in the IS predic-
tions was expressed as a percentage of the FE FoS, The L/H,,; at
which the FE method converged to within 5% and 10% of the IS
predictions was recorded. These critical L/H ratios could then be
plotted against each parameter to show the influence of that pa-
rameter on L/H;. The systematic tests (from the first step) could
be used to ensure that the extremes of the parameter ranges had
been sampled and to ensure confidence in our assertion about
the maximum [/H ratio required to satisfy the infinite slope
assumptions. Both the systematic and Monte Carlo explora-
tions involved modifying the parameters in combination (as
opposed to one at a time) to account for interaction effects
between parameters.

Finite element method

To benchmark the infinite slope predictions for slopes of a
defined length, we compare them with a finite element
method developed by Griffiths and Lane (1999) and modified
by Griffiths et al. (2011) to make it suitable for landslides on
long slopes with very high L/H ratios. The method has been
validated against the infinite slope method for scenarios
where the FE domain simulates infinite length conditions
(Griffiths et al., 2011, Sections 4 and 5). The model performs
2D plane strain analysis of elastic-perfectly-plastic soils with a
Mohr-Coulomb failure criterion using 8-node quadrilateral
elements with reduced integration (4 Gauss-points per element)
in the gravity loads generation, the stiffness matrix generation
and the stress redistribution phases of the algorithm. The soil is

Earth Surf. Process. Landforms, Vol. 37, 1158-1166 (2012)
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initially assumed to be elastic and the model generates normal
and shear stresses at all Gauss-points within the mesh. These
stresses are then compared with the Mohr-Coulomb failure
criterion. If the stresses at a particular Gauss-point lie within
the Mohr-Coulomb failure envelope then that location is
assumed to remain elastic. If the stresses lie on or cutside
the failure envelope, then that location is assumed to be yield-
ing. Yield stresses are redistributed throughout the mesh using
the visco-plastic algorithm (Perzyna, 1966; Zienkiewicz et al.,
1975). Overall shear failure occurs when a sufficient number of
Gauss-points have yielded to allow a mechanism to develop.
The factor of safety is defined as the ratio of the average shear
strength of the soil to the average shear stress developed along
the critical failure surface and is calculated using the shear
strength reduction technique (Zienkiewicz et al,, 1975).

The domain geometry and boundary conditions are designed
to represent slopes of a finite length. They should be simple
enough to isolate the effect of length on stability, but representa-
tive so that we can be confident that our conclusions apply to
natural slopes. We use a mesh of 8-noded quadrilateral elements
(shown in Figure 3). The mesh consists of horizontal sections to
the left and right, and a long sloping central section. The base
of the mesh is fully fixed and the extreme vertical boundaries to
the left and right allow vertical movement only. This simple
representation of a finite slope, with a sloping section between
two horizontal sections, is common in slope stability modelling
(Chugh, 2003). The boundary conditions on the base are exactly
the same as in the IS method, in that shearing can occur at the
base of the soil layer. We chose fixed rather than periodic vertical
boundaries since we are interested in the IS method’s ability to
represent finite slopes. We added horizontal sections four times
the domain depth and allowed vertical movement on the vertical
boundaries to minimize edge effects. The size of real landslides is
defined not only by a slope’s geometry but also its pore water
pressure and material properties, which vary across the slope.
This variability might be responsible for defining the unstable part
of a slope but cannot be represented within the IS method. The
simplest way of creating a zone of decreased stability between
two more stable zones is to change the domain geometry at the
head and toe. In this respect we are changing the geometry to
create more stable regions and ensure that the failure is a finite
(defined) length. We tested end sections inclined at a range of
angles but found that for sloping end sections the failure can
expand to fill the full domain. This increases the influence of
the vertical boundary conditions and alters the geometry of the
failure plane so that it is no longer consistent with the IS method.
We chose horizontal sections for consistency and simplicity. This
represents both the specific case of a finite slope with uniform
material properties and horizontal sections above and below it
and the more general case of a slope with more stable zones
above and below it. Our tests using sloping end sections showed
that where the failure was limited to the sloping section change in

Figure 3. Example finite element mesh of 8-node guadrilateral ele-
ments annotated to show the relevant lengths and angles used within
the model. This figure is available in colour online at wileyonlinelibrary.
com/journalfespl

Copyright © 2012 John Wiley & Sons, Ltd.

inclination of the end sections led to only minor changes in pre-
dicted stability.

We represent the slope geometry and soil properties using
the six parameters shown in Table | with elastic parameters
Young's modulus and Poisson’s ratio, which are needed by
the displacement-based FE formulation to introduce stresses
into the model. These elastic parameters have been shown to
have little influence on stability predictions (Hammah et al,,
2005) and are held constant throughout the study at nominal
values of 10° kPa and 0.3, respectively.

The FE model has one further soil parameter, the dilation
angle, which affects the volume change of the soil during
yielding. It is well known that the actual volume change
exhibited by a soil during yielding is quite variable. For exam-
ple a medium dense material during shearing might initially
exhibit some volume decrease ( < 0) followed by a dilative
phase (i > 0), leading eventually to yield under constant volume
conditions (y=0). Clearly this type of detailed volumetric
modelling is beyond the scope of the elastic-perfectly-plastic
models used in this study where a constant dilation angle is
implied. The question then arises as to what value of i to use.
If i =¢ then the plasticity flow rule is ‘associated” and direct
comparisons with theorems from classical plasticity can be
made. In spite of this potential advantage, it is also well known
that associated flow rules with frictional soil models predict far
greater dilation than is ever observed in reality. This in turn leads
to increased failure load prediction, especially in confined
problems such as bearing capacity (Griffiths, 1982). Slope stabil-
ity analysis, especially with long slopes, is relatively unconfined,
thus the choice of dilation angle is less important (Griffiths and
Marquez, 2007). As the main objective of the current study is
the accurate prediction of slope factors of safety, a compromise
value of =0, corresponding to a non-associated flow rule with
zero volume change during yield, has been used throughout this
paper. This value of i enables the model to give reliable factors
of safety and a reasonable indication of the location and shape
of the potential failure surfaces.

Results
Systematic parameter exploration

For a given slope geometry and set of material properties
Figure 4(a) shows that the FoS predicted by the FE method at
a L/H ratio of 2 is very high, almost double the IS FoS. The
FoS predictions from the FE method decline steeply as the [/H
ratio increases, so that the IS predictions are within 10% of
the FE prediction for L/H ratios greater than 10 and within 5%
for L/H ratios greater than 12. The FE predictions asymptote at
the IS FoS. We can use the difference between the FE and IS
methods at any given L/H ratio as an indicator of the error in
the 1S method resulting from the assumption of infinite length.
We can then use the length at which the IS method predictions
fall within 5 or 10% of the FE predictions to calculate a critical
L/H ratio (L/He,;) at which the assumption of infinite length can
be considered reasonable. However, we need to know how
general this result is under the range of plausible conditions,
and which other properties of the slope exert a controlling
influence on L/H.: The systematic parameter exploration
provides the data required to address these questions and can
most easily be visualized by calculating the difference between
IS and FE predictions across the range of L/H ratios then normal-
izing this difference as a percentage of the FE FoS. The resultant
curves are shown in Figure 4{b) for the unsaturated cases.
During the systematic parameter exploration, cohesion
appeared to exert the strongest control on the FoS difference

Earth Surf. Process, Landforms, Vol. 37, 1158-1166 {2012)
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curves and on the L/H,; value. In fact when cohesion was set
to zero the FE predictions did not fall outside 10% of the IS
predictions, even at the shortest L/H ratio (4). Examining the
deformed post-failure mesh for cohesionless soils within the
FE method revealed that they fail in the top layer of elements
(Figure 5(a)). This result fits closely with the IS method for cohe-
sionless soils, which assumes that failure is equally likely at all
depths. In this case we would expect failure at an infinitely
shallow depth, where the additional reinforcement at the toe
would be least, the length/depth ratio would be infinite and
the infinite length assumption would be most completely
fulfilled. In the FE scheme, failure at an infinitely small depth
would be represented as failure in the top layer of elements
(Figure 5(a)) but this makes the results difficult to interpret in
terms of critical L/H values since in this case I/H will always
be infinite independent of the domain dimensions and any
departure from this will be a function of the discretization of
the domain. As a result, we modified our sampling to sample
three further cohesions: a negligible but nonzero cohesion
(0.1 kPa); a very low cohesion (1 kPa); and a midpoint between
the two previous cohesion limits (10 kPa).

Figure 5. Deformed meshes showing the shape of the failure
mechanism for a slope with ' =20°, y.,=19 kN m?, m=0, L=2m,
H=0.5m, =20 and cohesions of: (A) 0 kPa, (B) 0.1 kPa, (C) 1 kPa,
and (D) 10 kPa. Displacements are exaggerated for visualization and
should be interpreted as relative rather than absolute.

Copyright @ 2012 John Wiley & Sons, Ltd.

Increasing cohesion slightly to 0.1 kPa forces the failure
plane down below the first row of elements (Figure 5(b)) but
not always to the full depth of the model domain. In this situa-
tion the FE method captures the competing effects of additional
downslope driving force with depth (represented in the IS
method); but also additional reinforcement with depth at the
downslope margin of the landslide. As a result, the FE model’s
failure plane depth differs from the IS prediction, which is
always at the base of the domain for cohesive soils. These FE
model runs provide reliable L/H,,; predictions that are often
very small (Figure 4(b)), immediately suggesting that the L/H,;
value provided by Griffiths et al. {2011) is only one example of
a range of possible values and that varying slope properties
leads to different [/H; values.

Increasing the cohesion further to 1 kPa we find that the
failure plane is now forced down to the base of the model
domain (Figure 5(c)). For these slope properties the curve is
much steeper and more similar to the results reported by Griffiths
et al. (2011) (Figure 4(b)). Further increases in cohesion, to 10
kPa (a relatively high value for colluvial soils; see Hammond
et al,, 1992), result in only small changes to the form of the
failure (Figure 5(d)) and to the L/H.; value (Figure 4(b)).
Figure 4(b) shows the form of the FoS difference curves at the
limits of the slope properties but is difficult to interpret in terms
of the influence of individual parameters on the L/H.; value
because (1) it only shows results for the extremes, and (2) the
parameter combinations are difficult to differentiate. We address
these limitations using the random parameter exploration.

Random parameter exploration

The results from the random parameter exploration are
displayed as a series of scatter plots in Figure 6. The patterns
for each parameter are similar for convergence at 5 and 10%
thresholds but with a lower maximum L/H.; value for the
10% than the 5% threshold. They show that for almost all
parameter combinations the IS predictions converge to within
5 and 10% of those from the FE method at L/H ratios of no more
than 25 and 18, respectively.

Of the six infinite slope parameters L/H_; appears most
sensitive to slope angle, with a strong negative trend to the
upper L/Hq limit with slope. L/H,.;is also sensitive to: soil depth,
normalized free surface height and friction angle. There are

Earth Surf. Process. Landforms, Vol. 37, 1158-1166 {2012)
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lines on the slope angle plots have the equation y =a cos?(f}), where a= 24 and 16 for the upper and lower plots respectively.

strong negative trends to the upper L/Hg: limit for friction angle
and soil depth, and nonlinear negative trends to the lower L/H,.;
limit for soil depth and normalized free surface height so that low
L/H .. values are only possible for soils deeper than 1 m and nor-
malized free surface heights greater than 0.2. Increasing cohesion
from very low values causes a rapid nonlinear increase in the
upper [/Heqr limit. The highest L/H,; values are associated with
high cohesion and low soil depth, slope angle and friction angle;
the lowest L/H,,;, values are associated with low cohesion
and high soil depth, normalized free surface height and slope
angle.

Discussion
Critical length/depth ratio

Both the systematic and random parameter explorations con-
firm that the FoS predictions from the FE method converge on
those of the IS method across the full range of slope properties
and geometries that we might find in a catchment. The critical
length/depth ratio (L/H,q) at which the FE predictions converge
to within 5 or 10% of the IS predictions varies with friction
angle, cohesion, soil depth, normalized free surface height
and slope angle but is insensitive to soil unit weight. For a 5%
threshold, L/H.,; values can range from 4 (effectively the detec-
tion limit for our study) to 25 and for a 10% threshold they vary
from 4 to 18.

Slope angle appears the dominant control on the upper limit
to L/H..i values. This is perhaps unsurprising given that our
definitions of length and depth are planimetric and vertical
respectively. As slope angle (f) increases the true length (L)
increases relative to the planimetric length (L) according to

Copyright ® 2012 John Wiley & Sons, Ltd.

Le="L, / cos(f) while the true (slope perpendicular) depth (Hy)
decreases relative to the vertical depth (H,) according to: H,=
H,cos(f). As a result the true length/depth ratio (L/H) is
related to the planimetric length/depth ratio (L,/H,) according
to L{H,=L/H, (1/cos’(B). The decrease in L/H. with slope
angle closely follows the expected decrease resulting from this
difference between true and planimetric dimensions (grey lines
in Figure 6). Despite this, we have continued to use planimetric
lengths and vertical depths since these are the dimensions
commonly used within catchment slope stability models. Much
of the remaining variability is related to the proportion of the
soil strength made up by cohesion. We know from Figure 4
and Figure 5 that the lowest L/H,.;; values will always be found
in cohesionless soils; and from Figure 6 that shallow soils with
high cohesion have higher [/H,; values. However, even the
steep (:-30°), shallow (<21 m), low cohesion (25 kPa) and high
friction (>30") soils commonly found in upland catchments
show a relatively broad range of [/H.; values (5-15 at 10%
and 5-20 at 5%). With generalization to all site properties
considered, the infinite length assumption within the IS method
results in errors of less than 10% for L/H ratios greater than 18
and less than 5% for L/H ratios greater than 25 (Figure 6). This
has important implications for slope stability modelling using
the infinite slope method and we will explore these in detail
in the following section.

Implications for geomorphic and landscape
evolution models

Catchment landslide models solve the infinite slope equation for
each cell in a mesh. They assume implicitly that the (downslope)
length and (across slope) width of these cells represent the
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dimensions of the predicted landslide (Dietrich et al., 2008) and
that these dimensions are large enough, relative to the failure
plane depth, that the infinite slope assumption is valid (Ray
et al, 2010). Our results suggest that the infinite length assump-
tion is valid, and results in less than 5% error for landslides (and
therefore model cells) with L/H ratios greater than 25 indepen-
dent of material properties. This validity will hold provided the
grid resolution is more than 25 times the expected failure plane
depth. For example, many studies use a spatially constant failure
plane depth of ~1 m (Montgomery and Dietrich, 1994; Wu and
Sidle, 1995). In this case, models with a grid resolution of 25 m
or more can apply the infinite slope method without significant
length effects. However, for models with a cell size less than 25
times the assumed landslide failure plane depth, edge effects
become possible and are likely to be significant if the length/
depth ratio drops below 8. In these cases many of the IS predic-
tions differed from the FE predictions by greater than 50%.
Assuming failures of equal length and width, with a T m depth,
this would mean that even groups of ~sixty 1 m resolution cells
are likely to be predicted as 50% less stable than they should
be as a result of length effects not represented by the infinite
slope method. The dependence of the validity of the infinite
slope method upon cell size emphasizes that care is required
in assuming that higher resolution topographic data always
improve identification of landslide risk. Although the coarser
cell size may result in error because of the minimum fandslide
area that can be identified, higher resolution data may result in
error since the identified landslides may violate the infinite
slope length assumption.

To demonstrate the implications that this has for a catchment
scale stability model we applied a simple grid based stability
model, using photogrammetrically derived topographic data
(Milledge, 2009), to produce a set of predicted landslides for
a 1km? study area in the English Lake District, Northern
England (Warburton et al., 2008). As we have discussed above,
the main difference in catchment-scale stability models is the
hydrological treatment used to define the pore water pressure
field. There is considerable debate around what drives the pore
water pressure increase that triggers landslides, with different
groups arguing that it is related to: lateral redistribution of water
(Montgomery and Dietrich, 1994, 2004; Montgomery et al.,
2002); vertical infiltration (Iverson, 2000, 2004}; or a combina-
tion of these (D’Odorico and Fagherazzi, 2003). We will give
an example for the simple and widely used case where the pore

water pressure field is driven by lateral redistribution. To do this
we applied SHALSTAB (Dietrich and Montgomery, 1998) in a
deterministic sense (i.e. for a defined rainfall and transmissiv-
ity). This model setup is analogous to the stability treatment
within those landscape evolution models that attempt to model
hydrologically triggered landslides (Tucker and Bras, 1998).
While it is very simple, its basis around the topographic control
on spatial soil moisture is very common (Wu and Sidle, 1995:;
Burton and Bathurst, 1998; Pack et al., 1998; Borga et al.,
2002; Vanacker et al., 2003; Dhakal and Sidle, 2004; Reid
et al., 2007; Simoni et al., 2008; for exceptions see: lverson,
2000; Baum et al., 2008).

We ran the model to predict landslides in two different
scenarios: (1) the most common scenario, using a coarse
(10m) grid resolution since this is a resolution typical of the
most widely available topographic data; and (2) the increas-
ingly common scenario of finer (1 m) grid resolution to take
advantage of the constantly improving topographic data.

Existing research has highlighted the influence of grid reso-
lution on this type of model (Dietrich and Montgomery, 1998;
Claessens et al., 2005), Our predicted landslides have charac-
teristics that are consistent with previous findings, particularly
that new areas of potential instability are identified at finer
resolution (e.g. upper left corner of Figure 7(b)). These relate
to improved topographic representation, which captures small
steep areas that were previously smoothed out at the coarser
resolution. We also find that many of the predicted landslides
are long for both the high and low resolution model runs. The
hydrological model generates patches of high pore water
pressure that are long in a downslope direction. As a result the
model predicts long landslides with high L/H ratios that
minimize the error associated with using the 1S method. This
suggests that the IS method can be applied in this case with high
resolution data without violating its infinite length assumption. It
is worth noting that these long zones of predicted instability are a
function of the model’s assumption that lateral redistribution drives
pore water pressure patterns. It is the underlying hydrological
processes that drive characteristic L/H ratios; and these produce
slides with L/H ratios that do not violate the infinite slope stability
assumption in this case. This suggests that the acceptability of
the IS model depends not only on data resolution but also on
catchment hydrology and its representation in the landslide
model. Models with different hydrological representation might
produce zones of instability with different geometries, although

Figure 7. Predicted landslides from a 1km? patch of a grid based stability model with ' =40°, ¢ =1 kPa, y.r=1.7 kN m™, transmissivity = 0.01 mmh™ and
steady state rainfall rate=100mm b, H=1m, cellsize is 10m for (a) and T m for (b). This figure is available in colour online at wileyonlinelibrary.comjournalfespl

Copyright © 2012 fohn Wiley & Sons, Ltd,
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lateral redistribution remains an important control through its
influence on antecedent pore water pressures (lverson, 2000;
Montgomery and Dietrich, 2004). The suitability of these
models will need to be assessed with reference to our findings
on the critical L/H ratio at which the IS method becomes appli-
cable. Critically, our results do not give a single answer on the
suitability of the IS method for geomorphological slope stabil-
ity modelling, but they provide a tool to assess its suitability on
a case by case basis, something that should be a routine part of
testing these models.

While finer grid resolutions still predict long landslides,
the predicted width is dramatically reduced. This prompts an
important question: how reasonable is the assumption of
infinite width and what are the critical width/depth ratios at
which the infinite slope assumptions break down? This question
cannot be addressed using the 2D finite element geotechnical
model used in this study, since it also assumes a slope of infinite
width. Instead, solving this question would require a similar
research design within a 3D model, such models exist and
research to address this question is underway.

Conclusion

Factor of safety predictions from the finite element method al-
ways converge to within 5% of those from the infinite slope
method when the length/depth ratio exceeds 25. However,
they can converge at much lower length/depth ratios depend-
ing on the geometry and material properties of the slope. The
critical length/depth ratio at which the predictions converge is
in part controlled by the proportion of the soil strength that
comes from cohesion rather than from friction with the longer
length/depth ratios required for more cohesive soils and very
rapid convergence at low length/depth ratios for low cohesion
soils.

The infinite length assumption within the infinite slope
method is valid for many of the existing modelling studies,
which have used a coarse (>25 m) resolution. For models with
a finer resolution (<10m) the assumption of infinite length
might be less valid depending on the assumed landslide failure
plane depth and on the material properties. However, if lateral
subsurface flow plays a role in defining pore water pressure
then its spatial organization mitigates against predicting short
landslides and minimizes the risk that predicted landslides will
have length/depth ratios less than 25.

In this case, while it is unlikely that the infinite length
assumption introduces error into the stability predictions
because modelled landslides are often long, the infinite width
assumption is more likely to be violated since predicted land-
slides get narrower as the grid resolution is reduced. It may be
width and not length that limits the applicability of the infinite
slope method and maintains the stability of potential [andslides.
This is a topic that requires further research since it is not
tractable within a standard 2D geotechnical profile treatment
but requires a 3D approach.
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