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Integration of Geometrical Root System
Approximations in Hydromechanical Slope
Stability Modelling

Elmar Schmaltz, Rens Van Beek, Thom Bogaard, Stefan Steger,
and Thomas Glade

Abstract
Spatially distributed physically based slope stability models are commonly used to assess
landslide susceptibility of hillslope environments. Several of these models are able to
account for vegetation related effects, such as evapotranspiration, interception and root
cohesion, when assessing slope stability. However, particularly spatial information on the
subsurface biomass or root systems is usually not represented as detailed as hydropedo-
logical and geomechanical parameters. Since roots are known to influence slope stability
due to hydrological and mechanical effects, we consider a detailed spatial representation as
important to elaborate slope stability by means of physically based models.
STARWARS/PROBSTAB, developed by Van Beek (2002), is a spatially distributed and
dynamic slope stability model that couples a hydrological (STARWARS) with a
geomechanical component (PROBSTAB). The infinite slope-based model is able to
integrate a variety of vegetation related parameters, such as evaporation, interception
capacity and root cohesion. In this study, we test two different approaches to integrate root
cohesion forces into STARWARS/PROBSTAB. Within the first approach, the spatial
distribution of root cohesion is directly related to the spatial distribution of land use areas
classified as forest. Thus, each pixel within the forest class is defined by a distinct species
related root cohesion value where the potential maximum rooting depth is only dependent
on the respective species. The second method represents a novel approach that
approximates the rooting area based on the location of single tree stems. Maximum
rooting distance from the stem, maximum depth and shape of the root system relate to both
tree species and external influences such as relief or soil properties. The geometrical
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cone-shaped approximation of the root system is expected to represent more accurately the
area where root cohesion forces are apparent. Possibilities, challenges and limitations of
approximating species-related root systems in infinite slope models are discussed.

Keywords
Physical based modelling � Soil reinforcement � Root system approximation � Slope
stability

Introduction

The stabilizing effect of vegetation on slopes was addressed
in many studies (e.g. Sidle et al. 1985; Sidle and Ochiai
2006; Stokes et al. 2014). Plant roots are known to reinforce
hillslopes by mechanically anchoring into the ground and
extracting moisture out of the soil mantle (Stokes et al. 2008;
Genet et al. 2008; Ghestem et al. 2011; Papathomas-Koehle
and Glade 2013). Thereby, the above-ground (organic mat-
ter, stem, branches, leafs) and the below-ground biomass
(roots) form a soil-plant continuum with the ground the plant
is standing on. The negative pressure in the xylem that is
induced by evaporation from the leafs, actuate the water
extraction of roots from the surrounding soil material.
Hence, plants have considerable effects on the hydrological
balance of a landscape and are able to significantly increase
the stability of the rooted soil mantle (Ghestem et al. 2011).

Several studies tackled the issues that affect the rein-
forcing potential of vegetation on a slope—in particular of
root systems. For instance, Schwarz et al. (2012), Schmidt
and Kazda (2002), Pollen and Simon (2005) and Danjon
et al. (2002) highlighted the effects of different root systems
and architectures on slope stability and on the Factor of
Safety (FoS). Greenway (1987), Fan and Su (2008) and
Meng et al. (2014) showed that the hydrological influences
of forest stands on slopes have direct effects on the
mechanical stability. Whereas, Multiple studies all over the
globe (Ziemer 1981; Sidle 1991; Montgomery et al. 2000;
Sidle and Ochiai 2006; Imaizumi et al. 2008) addressed the
effects of tree stand removal and the reduction of stability
due to decay of root systems of harvested trees.

Many modelling and simulation approaches attempted to
quantify the effect of roots (Danjon et al. 2002; Van Beek
et al. 2007; Schwarz et al. 2010, 2012; Thomas and
Pollen-Bankhead 2010) and to implement stabilizing forces
of roots into the Factor of Safety equation. However, veg-
etation in general and roots in particular appear to be rather
underrepresented in physically based slope stability models
(Schmaltz et al. 2016a).

In this study, we highlight the possibilities and drawbacks
of a simple root system approximation and its implementation
in a well-established hydromechanic slope stability model.
Hereto, we compared three different land cover scenarios.

Study Area

The area of investigation is situated at the South-facing slope
of the Walserkamm ridge within the Walgau valley in
Vorarlberg, Austria. The area is delimited by the creeks
Schnifiser Tobel to the East and Montanastbach to the West
while ranging in altitude from 625 m.a.s.l. to 1971 m.a.s.l.
(Fig. 1). Primarily consolidated morainic material covers the
geological underground that is composed of alternating
sandstone and claystone layers, partly interrupted by lime-
stones (Friebe 2013). Particularly in the lower slope section
between Düns and Montanast and as well in the Pfänder area

Fig. 1 Location and land cover of the study area
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(Fig. 1), marls are widespread. Alpine pastures and timber-
land depict the land use of the area. A considerable amount
of the forests are economically used conifer stands (spruces
and firs), which are primarily located in steeper areas of the
slopes. However, the species composition of the stands is
under continuous change towards a higher diversity of
deciduous trees and conifers. In this regard, the forested
areas in the lower slope part around Düns and Montanast are
mixed stands.

Under consideration of previous studies (Tilch 2014; Ruff
and Czurda 2008), several field campaigns have been con-
ducted to investigate the landslide dynamics of the area
(Schmaltz et al. 2016a, b). In 1999, 14 landslides were
triggered during an intense rainfall event. Although the exact
time of failure can not be determined, personal communi-
cations with locals and archive data from the Torrent and
Avalanche Control (WLV, Wildbach- und Lawinenverbau-
ung) revealed that most of the mapped landslides of that
period occurred on the 20th of May 1999.

Data

Digital Terrain Model (DTM)

We used a 1 � 1 m DEM that was obtained from LiDAR
flights in 2004 and provided by the Federal State of
Vorarlberg. The DEM was resampled to 2.5 m to ensure
both, computational feasibility and an adequate level of
detail for the approximation of the root systems.

Land Cover Data

Forested areas as well as buildings and sealed areas (roads,
parking lots) were digitized, based on a RGB-orthophoto of
2001. It is assumed that the 2001 conditions remain until
today. Stands of different tree species were not distin-
guished. All areas that were not assigned as ‘forest’ or
‘sealed (buildings, roads)’ were considered as grassland (as
illustrated in Fig. 1).

Climate Data

Meteorological information were obtained from the Austrian
Federal Ministry of Agriculture, Forestry, Environment and
Water Management. We chose a dataset from November
1998 to October 1999 to cover both, an entire hydrological
year and an heavy precipitation event. This heavy rainstorm
occurred on the 20th of May 1999 and triggered several
landslides in the study area. Former geomorphological
studies (Schmaltz et al. 2016a, b) revealed that 14 landslides

with an average scarp area size of *64 m2 were triggered
within the extent of the investigated area.

We estimated daily temperature data based on monthly
precipitation information with a daily standard deviation of
the temperature of 2.5 °C. This was performed due to the
existent temperature gradient and the high temperature dif-
ferences along the whole slope section (Fig. 2).

Methodology

Slope Stability Modelling

The probability of failure was assessed using the coupled
model STARWARS/PROBSTAB, developed by Van Beek
(2002) for translational landslides. The model contains a
hydrological component (STARWARS) and a geomechanic
module (PROBSTAB). In the hydrological part, the volu-
metric moisture content for the distinguished soil layers and
groundwater level are calculated dynamically and spatially
distributed. The geomechanic part uses the simulated
hydrological parameters to calculate Factor of Safety
(FoS) values and the slope failure probability. STARWARS/
PROBSTAB is written in pcrcalc, processed with the
pcraster GIS and embedded within the convenient pcraster-
python framework. This allows a straightforward manipu-
lation of the model code.

Fig. 2 Rainfall data for the hydrological year of November 1, 1998–
October 31, 1999 (365 days). Precipitation data were provided by the
Austrian Federal Ministry of Agriculture, Forestry, Environment and
Water Management. Synthetic daily temperature was estimated based
on monthly temperature information of the study site
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No measured data of soil moisture content or ground-
water level for validation of the modelling output were
available for the chosen period. Thus, we primarily used the
probability of failure and changes in volumetric soil moisture
contents to compare three different scenarios:

(i) Scenario 1: The area without any vegetation cover.
(ii) Scenario 2: The study area is coveredwith vegetation—

either forest that was assigned as a dense mixed forest
(see Table 1) and grassland (land use based).

(iii) Scenario 3: Root system approximation was per-
formed on areas that were assigned as forests.
Not-forested areas were considered as sealed or
grassland (see Fig. 1).

Schmaltz et al. (2016a) performed similar scenario anal-
yses like those mentioned in bullet point i) and ii) on the
different scales, for a greater area (*12 km2) and lower
resolution (10 � 10 m raster). Three test locations were
defined to determine both differences in the soil moisture
fluctuations of the three distinguished soil layers and the
slope failure probability. Therefore, two spots were chosen
under a forest cover (location 1 and 3) and in a none forested
area (location 2) (see Fig. 8). A landslide was triggered at

Fig. 3 2D-view of the applied root system approximation scheme in a
raster environment. Where rc1 [m] is the diameter of the canopy, rr,max

[m] is the maximum radius of the root system, dr,max [m] is the
maximum depth of the root system, z1 and z2 [both m] are depths of soil
layer 1 and 2 respectively and cl [m] is the length of a raster cell

Fig. 4 Changes of volumetric
moisture content (y-axis; in % of
respective maximum) of layer 1
(top row), layer 2 (mid row) and
layer 3 (bottom row) for time
steps (x axis; days) 175–225.
The colored lines show the
different test locations. Black
location 1, cyan location 2,
magenta location 3
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location 1, whereas the other two test locations appeared to
remain stable.

Root System Approximation

Within scenario 3 we assumed that roots are distributed
around the trunk of a tree with fixed maximum depth and
distance. Both, distance and depth depend on tree species,
soil type, nutrient and water availability as well as on cli-
matic conditions (Sidle and Ochiai 2006; Thomas and
Pollen-Bankhead 2008, Ghestem et al. 2012). For simplifi-
cation, it is assumed that the maximum rooting distance
around the trunk decreases with depth. Thus, the approxi-
mated rooted zone forms a cone shaped solid with variable
ratios between maximum radius and maximum depth for
certain rooting systems (Fig. 3).

Parameterization and Calibration

Soils
To carve out the effect of different vegetation covers,
geotechnical soil parameter were kept constant for the whole

Fig. 5 Slope failure probability (Pf) at test location 1. Location 1 was
located in the forest during the modelled hydrological year, however,
deforested after a landslide event (c.f. Fig. 8)

Fig. 6 Slope failure probability (Pf) for a not-forested area (location 2)

Fig. 7 Slope failure probability (Pf) for a forested area (location 3)

Table 1 Input-data of vegetation
coverage for the modelled
scenarios

Scen. Cr (kPa) Int. loss (m) Kc (–)

1 0 0 0

2 4 4.5 1

3 4 4.5 1

*Scen. = Scenario; cr = root cohesion; Int. loss = interception loss; Kc = cropfactor
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study area. Three different soil layers zi with distinct
geotechnical properties were distinguished. Geotechnical
soil parameters (dry bulk density [c], internal friction angle
[U] and soil cohesion [cr] at shear plane) used in the mod-
elling procedure were set to uniform values for all three soil
layers in the whole study site: c = 25.3 kN m−3, U = 35°,
cr = 2 kPa.

A simplified version of a generic soil depth prediction
model of Pelletier and Rasmussen (2009) was used to esti-
mate soil depth:

z ¼ h0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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�

�
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where h0 is the soil thickness [m] at which bedrock lowering
falls of 1/e of its maximum value, P0/U is the relation
between the maximum lowering rate on a flat surface and the

rock uplift rate. According to Pelletier and Rasmussen
(2009) and Roering (2008) we used cos(h) for 1
⁄√(1 + |∂z⁄∂x|2) to express the topographic controls in terms
of the slope normal coordinate direction z and its derivatives.
The ratio P0/U was neglected and kept as 1. Based on
analysis in former studies, h0 was set to 0.5 m (Heimsath
et al. 1999, 2001). For the modelling procedure, we assumed
the following percentages of thickness of each layer towards
total depth based on field observations: layer 1 = 20%
(topsoil), layer 2 and 3 = 2 � 40%.

Vegetation
To determine the effects of root reinforcement solely, the
canopy cover of the trees and the maximum canopy inter-
ception storage was kept constant for forested areas
(Table 1). Distribution of cohesion values within the root
systems were not considered. Thus, we assumed a root
cohesion value of 4 kPa for both scenarios with vegetation
on all areas that are depicted as forested.

Usually, the cropfactor is obtained by considering time
intervals between wetting events (e.g. rainfall, snowmelt),
evaporation power of the atmosphere and the magnitude of
the wetting event. For our study, we set Kc = 1, since this is
a recommended value used for mixed and conifer forests
(Allen et al. 1998).

The root fraction of a distinct soil layer zi was calculated
according to Eq. 2:

rootfracðziÞ ¼
R zmax

0
r2max
z2max

px2dx� R zmax

zi
r2i
z2max

px2dx
R zmax

0
r2max
z2max

px2dx
ð2Þ

where zi is the thickness of the soil layer [m], rmax [m] and
zmax [m] are the maximum extent of the root system in lateral
and vertical direction, respectively.

Results and Discussion

Figure 4 shows the changes of volumetric moisture content
in soil layers 1–3 for all modelled scenarios and test loca-
tions. It is clearly recognizable that scenario 1 and 2 show
quite similar changes in volumetric moisture content
throughout all test locations. Whereas, scenario 3 exhibits
patterns of both forests and areas with no vegetation cover.

This might be explained by the fact that the approximated
root systems of scenario 3 do not cover as much of the soil
column compared to scenario 2. In this regard, it is possible
that the cone-shaped root systems do not reach the lithic
boundary or even soil layer 3. Therefore, some locations
show fluctuations of moisture content that are similar to
conditions observed for unvegetated areas—particularly
when the deeper soil layers 2 and 3 are considered

Fig. 8 Difference map between Pf-maps of scenario 3 and 2. Detailed
views of Pf-maps and the Pf-difference for two representative areas A
and B are provided in the upper left and the lower right corner of the
figure. Moreover, landslides that were triggered 1999 are represented as
scar points (black). Test locations (TL) that reflect Pf values (c.f.
Figs. 5, 6, and 7) and volumetric soil moisture contents of the three soil
layers (c.f. Fig. 4) are given as red dots

306 E. Schmaltz et al.



(see Fig. 4, scenario 3). This moreover effectuates the course
of pf-values over all time steps.

Generally, pf-values of the scenarios that include vege-
tation cover (2 and 3) can be clearly distinguished from
those of scenario 1 (without vegetation cover) at all observed
locations. Location 1 shows quite diverse reactions of slope
failure probability (pf) values in the modelling output
(Fig. 5). This forested location shows an immediate reaction
on precipitation input for scenario 1 (no vegetation cover) at
the first time steps and a resulting increase of pf-values to
*0.82. Scenario 2 and 3 show a significant rise of pf-values
from time step 70, which depicts the end of the winter
season and thus freezing conditions. However, for all loca-
tions, the probability of failure drops rapidly for scenario 2
between time steps 120 and 125 and is evened out until time
step 220.

In contrast, the model output of scenario 3 shows a highly
erratic pf-curve between time step 70 until the end of the
model run at the forested locations 1 and 3.

Pf-curves of scenario 2 and 3 show similar courses for the
whole modelled period at the non-forested location 2.
However, scenario 3 exhibits a significantly higher peak at
time step 200 than scenario 2. Time step 200 represents the
high precipitation event at the 20th of May 1999. This
finding indicates the effect of different vegetation input
parameters on non-vegetated locations and a stronger reac-
tion of the system when root distribution is decreased within
the soil column.

The difference map of scenario 2 and 3 shows the spatial
discrepancies of slope failure probability distribution
between those models that include spatial information on the
root system (Fig. 8). The map highlights that particular at
areas where actual slope failures occurred, scenario 2 (land
cover based approximation) tends to decisively overestimate
the stabilizing impact of vegetation (detail views of locations
A and B in Fig. 8).

Conclusion
In this study, we showed the effect of geometrical root
system approximations on the dynamic hydromechanical
slope stability model STARWARS/PROBSTAB. Three
different land cover scenarios were compared: (1) the
study area without vegetation cover; (2) the root system
of forested areas are represented by the raster cell size and
the depth of the soil column; (3) the root systems are
geometrically approximated as a cone with distinct radius
and depth emanating from the location of the tree stem.
Soil depth was estimated with a simplified sine-cosine
relation derived from generic soil depth prediction
model of Pelletier and Rasmussen (2009). Geotechnical
parameters as well as surface vegetation input (e.g.

canopy coverage, interception capacity, etc.) were con-
sidered as constant for the whole modelled area. All
scenarios were applied in a small study area in Vorarl-
berg, Austria.

The results show that the decision on how roots are
spatially represented within a physically-based slope
stability model (e.g. land cover based vs. cone-shaped
approach) affects the modeling outcomes considerably.
Scenario 2 and 3 give similar reactions of soil moisture
fluctuations and slope failure probability on precipitation
input—particularly in not vegetated areas. However,
there are significant differences in forested areas recog-
nizable. The model output of scenario 3 shows a much
stronger reaction than scenario 2 and appears to align to
pf-values of scenario 1 (no vegetation). It is assumed that
scenario 3 primarily represents the stabilizing effect of
root systems rather in the topsoil layer and thus shows
similar patterns like scenario 2. In contrast, deeper soil
layers show patterns of no vegetation coverage or a
highly reduced vegetation impact respectively. This
might be explained by the smaller volume that represents
the rooted zone and thus a decreased root fraction for
deeper layers of a respective soil column. First visual
comparison (as shown in Fig. 8) suggests that, scenario 3
might reproduce slope failures more accurately that
actually occurred during the modelled period. Hence, we
expect that geometrical root system approximation is able
to represent the hydrological and mechanical properties
of roots more reliable in physically based models.

However, a drawback of our approach is the lack of
quantitative evidence for its reliability due to the absence
of measured data for validation. Moreover, tree locations
and thus tree stand densities were estimated randomly for
the forested areas, which produces a high uncertainty in
the accuracy of root fraction calculation. In this context, it
is expected that the envisaged inclusion of information
based on highly resolved LiDAR data is able to decrease
this uncertainty. The implementation of these airborne
laser scanning data (ALS) could provide detailed infor-
mation about vegetation on the surface from which sub-
surface biomass (e.g. roots) could be estimated more
precisely. Moreover, the results outputs of this study open
opportunities for better root system approximations (e.g.
rotation ellipsoids) or the implementation of hydrological
effects (e.g. water uptake capacity).
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