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Abstract

We demonstrate the computer model r.rotstab.layers to explore the possibilities of GIS for
catchment-scale deep-seated slope stability modelling in complex geology. This model
makes use of a modification of the three-dimensional sliding surface model proposed by
Hovland and revised and extended by Xie and co-workers. It evaluates the slope stability
for a large number of ellipsoidal random slip surfaces which may be truncated at the
interfaces between geological layers. This results in a spatial overview of potentially
unstable regions. After demonstrating the functionality of the model with an artificial
cone-shaped terrain, we test r.rotstab.layers for the 10 km? Ripoli area in Umbria, central
Italy. According to field observations in the Ripoli area, morpho-structural settings play a
crucial role for deep-seated landslide distribution. We have prepared a model of the
geological layers based on surface information on the strike and dip of each layer, and
we use this model as input for r.rotstab.layers. We show that (1) considering the geological
layers is essential for the outcome of deep-seated slope stability modelling, and (2) the

seepage direction of the groundwater is a major source of uncertainty.
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Introduction

Simple deterministic slope stability models based on the
assumption of an infinite slope with a planar failure plane
parallel to the slope are commonly implemented in GIS
environments (Van Westen et al. 2006). They are well suited
for analyzing shallow slope stability. More complex models
consider the three-dimensional geometry of possible slope
failures and are therefore also suitable for the analysis of
deep-seated slope stability (e.g., Bishop 1954; Janbu et al.
1956). Such models rely on complex neighbourhood
relationships and their implementation in GIS environments
is not trivial (attempts were made, e.g., by Xie et al. 2003,
2004a, b, 2006; Marchesini et al. 2009; and Jia et al. 2012).
Mergili et al. (2014) have recently introduced the model r.
rotstab in order to bridge the gap between the two
approaches. They have found out that the model perfor-
mance for deep-seated landslides may suffer from a
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disregard of morpho-structural settings—in particular, the
strike and dip of the geological layers—even though a
clear statistical relationship with landslide occurrence was
shown by Santangelo et al. (2014). In this article, we attempt
to overcome this limitation of r.rotstab by extending the
model with a tool—r.rotstab.layers—to include the strike
and dip of the geological layers into the slope stability
calculations. The objective of the work is to identify the
capability of such an approach, as well as its limitations,
and the most urgent needs for further research.

Methods
The Model r.rotstab

r.rotstab (Mergili et al. 2014) represents a GIS-based, three-
dimensional slope stability model capable of dealing with
both shallow and deep-seated slope failures. The model is
developed as a C-based raster module within the GRASS
GIS software (GRASS Development Team 2013). It makes
use of a modification of the three-dimensional sliding sur-
face model proposed by Hovland (1977) and revised and
extended by Xie et al. (2003, 2004a, b, 2006). Compared to
this model, a more advanced approach to compute the seep-
age forces is introduced, which is described in detail in
Mergili et al. (2014). Given a Digital Elevation Model
(DEM) and a set of thematic layers, the model evaluates
the slope stability for a large number of randomly selected
potential slip surfaces, ellipsoidal in shape. Randomization
of the ellipsoid parameters is constrained by user-defined
minima and maxima of the ellipsoid dimensions and posi-
tion. Truncated ellipsoids can be used to model the presence
of weak layers at defined depths—or defined regular or
irregular surfaces—within the soil or the bedrock. Any sin-
gle GIS raster cell may be intersected by multiple sliding
surfaces, each associated with a computed safety factor. For
each cell, the lowest value of the safety factor and the depth
of the associated slip surface are stored. These pieces of
information can be used to obtain a spatial overview of
potentially unstable regions over an area of up to several
square kilometres.

The Extended Model r.rotstab.layers

In r.rotstab, the geotechnical parameters required as input
are defined on the basis of soil classes, discrete data units
containing information on (i) cohesion c, (ii) angle of inter-
nal friction ¢, (iii) dry specific weight y, and (iv) saturated
water content @,. r.rotstab further allows the definition of a
limited number of layers for each soil class. Each ellipsoid is
truncated at each layer bottom it intersects, and the safety

factor is computed for the entire ellipsoid as well as for the
truncated shapes. However, this design is not suitable for
large amounts of layers in complex geological settings.

r.rotstab.layers is designed in order to overcome this limi-
tation. Relying on input raster datasets representing the bot-
tom of each geological layer, it can handle sets of up to 100 of
such layers. The layer data is condensed into a text file which
stores the depth of each relevant layer for each raster cell. The
geotechnical parameters associated with each layer are
required as tabular input. In contrast to r.rotstab, the informa-
tion on the soil classes is provided by the layer data so that no
additional horizontal soil classes have to be defined. Here, we
present a preliminary version of the model.

Test with an Artificial Cone
Data

A regular cone with a slope of 30° is used to demonstrate the
model performance in a controlled way. A set of regular and
parallel geological layers with bedding planes at a constant
dip of 30° is introduced, resulting in a varying orientation of
the layers with respect to the cone surface (Fig. 1). A
sequence of alternating 20 m thick strong (¢ = 10 kN/m?,
¢ = 40°) layers and 2 m thick weak (c =5 kN/m?,
¢ = 20°) layers is defined, with the uppermost weak layer
assumed at a depth of 10 m. In total, 54 layers are
considered.

Taking an area of 1,000 x 1,000 m and a cell size of 5 m,
rrotstab.layers is run for 200,000 randomly centred
ellipsoids with a length of 200 m, a width of 125 m and a
depth of 20 m. In addition, two pre-defined ellipsoids (E1
and E2 in Fig. 2) are analysed in more detail.

Results and Discussion

Figure 1 shows the spatial variation of the safety factor
yielded by r.rotstab.layers, assuming dry (a) and fully
saturated (b) conditions. The side of the cone with bedding
dipping in the direction of the slope clearly shows lower
safety factors than the side with bedding dipping into the
slope. This effect is enhanced for saturated material when
considering layer-parallel seepage forces.

The results for two pre-defined ellipsoids—E1 with
cataclinal (see Fig. 2a), E2 with anaclinal layering (see
Fig. 2b)—are illustrated in terms of the forces acting along
a longitudinal section through the centres of the ellipsoids.
The shear resistance is positive in an upslope direction, shear
forces and seepage forces are positive in a downslope direc-
tion. The shear resistance and the shear force are parallel to
the local inclination of the slip surface. The seepage force
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Fig. 1 Safety factors computed with r.rotstab.layers for a regular cone assuming (a) dry material, (b) saturated material with layer-parallel
seepage. The black lines represent the traces of the weak layers, the ellipsoids E1 and E2 are analyzed in Fig. 2
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Fig. 2 Forces acting along the main axes of the ellipsoids E1 and E2 (see Fig. 1) for saturated conditions

acts in the direction of the seepage flow and the component
parallel to the shear force is evaluated.

For the ellipsoid E1, the most critical slip surface (safety
factor = 0.84 for dry conditions, 0.52 for fully saturated
conditions) corresponds to the bottom of the only weak
layer intersected by the ellipsoid bottom. The shear resis-
tance is higher in the lower part of the ellipsoid, presenting a
low inclination and high values of ¢ and ¢ (slip surface
within the strong layer). The shear resistance in the upper
part of the ellipsoid is lower although high values of ¢ and ¢
are applied, due to the steeper inclination and the lower
weight. The patterns observed for the shear force and the
seepage force reflect the balance between the inclination and
the weight of the overlying saturated material and water,
respectively.

The ellipsoid E2 intersects several weak layers
of anaclinal setting (see Fig. 2b). Much higher safety
factors (1.49 for dry conditions, 3.32 for saturated
conditions) are observed than for El, and higher safety
factor are observed for saturated than for dry conditions.
This is a consequence of (i) the high shear resistance
over most of the tested slip surfaces, (ii) the negative shear
force of the anaclinal-truncated surface and (iii) the negative
seepage force (seepage into the slope as prescribed by
the anaclinal orientation). Even though the effect of the
weak layers on the shear resistance is obvious, in
some places the spatial resolution does not allow identifying
each single weak layer intersecting the ellipsoid
bottom (see the single drop of the shear resistance in
Fig. 2b).
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Application to the Ripoli Area
Data

The Ripoli area is part of the Collazzone area (Umbria,
central Italy) which has been intensively studied with regard
to landslides in the past 15 years (Guzzetti et al. 2006;
Ardizzone et al. 2007; Galli et al. 2008; Rossi et al. 2010;
Fiorucci et al. 2011; Mergili et al. 2014). With an area of
9.7 km® (9.9 % of it affected by observed deep-seated
landslides) the Ripoli area mainly consists of semi-
consolidated clastic sediments. Particularly those with sig-
nificant clay content are prone to landsliding (Fig. 3). The
geotechnical parameters for each class exposed at the sur-
face (Table 1) were determined by a combination of labora-
tory tests, a geotechnical data base for central Italy and back-
calculations (Mergili et al. 2014). The bedding traces of the
geological layers were mapped. Strike and dip of the traces
were obtained at several places (Marchesini et al. 2013).
From these pieces of information we generated the
interpolated raster layers of bedding inclination and dip
direction Santangelo et al. (2014), that were used to produce
the TOBIA index map (Meentemeyer and Moody 2000) and
the map of the dip direction relative to the slope (Fig. 3). By
means of a GRASS GIS Python script and in particular of the
Pygrass library (Zambelli et al. 2013), the elevation of the
cells of the bedding surface corresponding to each strati-
graphic limit is determined iteratively, starting from the
stratigraphic limit outcrop and exploiting dip direction and
inclination of the neighbouring cells. Altogether, the bed-
ding planes of 67 layers—all of them >2 m thick—are used
as input for r.rotstab.layers, each of them assigned to one of
the six classes shown in Table 1. In addition we use a 10 m
resolution DEM derived from a set of contour lines shown in
the 1:10,000 topographic map. The model is run for three
sets of assumptions: (i) no layering, with distribution of soil
classes according to Fig. 3 and no truncation of the ellipsoid
(original r.rotstab), (ii) layering, but seepage assumed in
slope-parallel direction, (iii) layering with seepage in the
dip direction of the layers. All of the assumptions are
based on fully saturated material.

The random ellipsoids are constrained according to the
dimensions of deep-seated landslides observed in the
Collazzone area (length = 65-266 m, width = 55-291 m,
depth = 5-20 m, Mergili et al. 2014). One million ellipsoids
are tested during each model run.

Results and Discussion

The spatial distribution of the safety factor computed with
the assumptions (a), (b) and (c) is illustrated in Fig. 4. The

results are validated with the distribution of observed deep-
seated landslides in the Ripoli area. As the ellipsoids have to
be centred within the study area, the edges of the area are not
fully covered by the computation process and are therefore
not considered for the validation procedure. Table 2
summarizes the main indicators of the validation for each
of the three model runs. Looking at Fig. 4 and Table 2, it is
obvious that assumption (b) yields the most conservative
results, compared to the other assumptions. The safety factor
is <1 for 70.8 % of the Ripoli area, in contrast to 30.5 % (a)
and 23.5 % (c). Whilst 83.5 % of all observed landslide
raster cells are identified correctly with assumption (b), this
is only the case for 30.4 % of all raster cells without
observed landslides. The assumptions (a) and (c) yield
reverse patterns. The total rate of true predictions is signifi-
cantly lower for the outcome of assumption (b) than for the
other assumptions (35.1 %, compared to 67.7 % and 73.0 %,
respectively; see Table 2). Two aspects of the results deserve
a closer discussion: (1) why does assumption (b) lead to
more conservative results than the other assumptions? and
(2) which of the assumptions is closest to reality, i.e., how to
interpret the results with regard to landslide susceptibility
mapping?

(1) With assumption (a), only the top layer is considered
and assumed to be infinitely thick. For each raster cell, the
probability that the ellipsoid surface intersects a susceptible
material such as clay is much lower than if a layering
approach with a possible truncation of the ellipsoid is
adopted (assumptions b and c). With assumption (b), the
seepage force always acts in the most unfavourable direction
with respect to slope stability. Therefore the safety factors
have a tendency to be lower than for assumption (c), where
they can also act into the slope and therefore lead to an
increased safety factor (see Figs. 1 and 2).

(2) First of all it seems clear that the assumptions (b) and
(c) are superior to assumption (a) in capturing the complex-
ity of the topic. Assumption (c) fails to reproduce two
prominent landslides in the centre of the study area (see
Fig. 4) which are well reproduced by assumption (b).
Looking at Fig. 3, these two landslides are associated with
orthoclinal layering, leading to seepage forces directed into
the slope and therefore high safety factors with regard to
assumption (c). However, the question of seepage direction
is a complex one and requires more detailed work to be
better understood and better implemented in this type of
model.

Finally, the high false positive rate related to assumption
(b) (see Table 2) is not necessarily purely a consequence of a
poor understanding of the phenomenon and/or an insuffi-
cient parameterization. False positive raster cells may have
been affected by earlier unmapped landslides or be suscepti-
ble to future landslides. In contrast, false negative
predictions are certainly incorrect.
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Fig. 3 Ripoli area. The white lines represent the bedding traces of the 67 geological layers considered. Each layer is assigned to one of the classes
characterized in Table 1

Table 1 Material properties of the geological classes exposed in the
Ripoli area: cohesion ¢ (kN/m?), angle of internal friction ¢ (degrees),
dry specific weight y, (kN/m?) and saturated water content @, (vol. %)

Conclusions

Employing a preliminary version of the new GIS-based

ID type Ya c ¢ O

1 Sand 19.0 4.0 38.0 40 three-dimensional slope stability model r.rotstab.layers,
2 Clay 155 8.3 18.1 25 we have shown that the consideration of morpho-structural
3 Flysch 18.0 22.0 15.0 45 settings exerts a significant impact on the results of deep-
4 Gravel, sand, silt, clay 19.0 13.0 30.0 45 seated slope stability computations. We conclude that the
5 Sand, silt, clay 18.0 15.0 15.0 45 thickness, strike and dip of the geological layers have to be

6 Sandstone 22.0 8.5 35.0 45 regarded for deep-seated landslide susceptibility mapping
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Fig. 4 Safety factors computed with three different assumptions of layering and seepage direction
Table 2 Model results for the Ripoli area
Predictions indicator (a) (b) (c)
True negative—TN 64.2 % 27.7 % 70.3 %
False positive—FP 27.0 % 63.4 % 20.8 %
False negative—FN 53 % 1.5 % 6.2 %
True positive—TP 3.5 % 7.4 % 2.7 %
Rate of true non-landslide TN/(TN + FP) 70.4 % 30.4 % 77.1 %
Rate of true landslide TP/(FN + TP) 39.6 % 83.5 % 30.2 %
Total rate of landslide FP + TP 30.5 % 70.8 % 23.5 %
Total rate of true—TN + TP 67.7 % 35.1 % 73.0 %

(a) No layering, (b) layering, but slope-parallel seepage, (c) layering with seepage in dip direction of layers

efforts. Further, we have demonstrated that the seepage Acknowledgments Special thanks go to Matthias Benedikt, Stefan
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