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Abstract Landslides are a significant hazard in many parts of the
world and exhibit a high, and often underestimated, damage
potential. Deploying landslide early warning systems is one risk
management strategy that, amongst others, can be used to protect
local communities. In geotechnical applications, slope stability
models play an important role in predicting slope behaviour as a
result of external influences; however, they are only rarely incor-
porated into landslide early warning systems. In this study, the
physically based slope stability model CHASM (Combined Hydrol-
ogy and Stability Model) was initially applied to a reactivated
landslide in the Swabian Alb to assess stability conditions and
was subsequently integrated into a prototype of a semi-automated
landslide early warning system. The results of the CHASM appli-
cation demonstrate that for several potential shear surfaces the
Factor of Safety is relatively low, and subsequent rainfall events
could cause instability. To integrate and automate CHASM within
an early warning system, international geospatial standards were
employed to ensure the interoperability of system components
and the transferability of the implemented system as a whole.
The CHASM algorithm is automatically run as a web processing
service, utilising fixed, predetermined input data, and variable
input data including hydrological monitoring data and quantita-
tive rainfall forecasts. Once pre-defined modelling or monitoring
thresholds are exceeded, a web notification service distributes SMS
and email messages to relevant experts, who then determine
whether to issue an early warning to local and regional stake-
holders, as well as providing appropriate action advice. This study
successfully demonstrated the potential of this new approach to
landslide early warning. To move from demonstration to active
issuance of early warnings demands the future acquisition of high-
quality data on mechanical properties and distributed pore water
pressure regimes.

Keywords Landslide - Earlywarningsystem - CHASM (Combined
Hydrology and Stability Model) - Physically based - Modelling -
Web processing service - Web notification service - Swabian Alb

Introduction

Landslides are a world-wide problem, often with an underestimated
damage potential. The significance of landslide hazards is demon-
strated by the high levels of annual damage that some countries
experience. Turner (1996) states that the economic damage in the
USA amounts to US$ 1-2 billion, in addition to 25-50 fatalities. In
China, Yin (2009) estimates direct annual economic losses amount
to approximately 10 billion RMB (approximately US$ 1.3 billion) with
some 9oo fatalities. Even in Germany with its relatively low fraction
of high mountain areas, the annual damage has been calculated to be
US$ 150 million (Krauter 1992) 20 years ago. In an attempt to reduce
these losses, landslide susceptibility, hazard and risk maps are pre-
pared to provide spatial information and to aid spatial planning (e.g.
Chung 2008; Goetz et al. 2011; Guzzetti et al. 2005; Rossi et al. 2010).

Where hazardous areas cannot be avoided, engineering slope
stabilisation can be applied to secure potential landslide bodies,
and protect the local population and their socio-economic ac-
tivities. In this geo-engineering context, quantitative landslide
simulations have a long tradition, and such models are fre-
quently applied for back analysis and the planning of protective
structures (Barla et al. 2004; Janbu 1996). However, slope
stabilisation is in many cases not feasible either because of cost
and/or scale—the affected areas are too large. Under these
circumstances, landslide monitoring and early warning can at
least temporarily replace structural slope stabilisation measures,
while providing an appropriate level of protection (Palm et al.
2003). Early warning systems can form an essential part of
landslide damage prevention and risk management by alerting
the local population to evacuate endangered areas when slope
failures are imminent (Dikau and Weichselgartner 2005). Examples
of local-scale landslide early warning system have been described by
many authors (e.g. Badoux et al. 2009; Blikra 2008; Clark et al. 1996;
Froese et al. 2005; Willenberg et al. 2002). Essentially, these systems
are based on monitoring systems for slope movement or landslide
triggering factors, such as rainfall and/or pore water pressures.
Alarm thresholds are either defined by expert judgement and inter-
pretation of monitoring data (Blikra 2008; Froese et al. 2005; Krauter
et al. 2007; Lauterbach et al. 2002; Macfarlane et al. 1996; Ruch 2009;
Yin et al. 2010) or calculated by quantitative predictive models
(Capparelli and Tiranti 2010; Iovine et al. 20105 Sirangelo and Braca
2004). Thus, a direct integration of monitoring data into numerical
models to simulate early warnings, as expected by Stdhli and Bartelt
(2007)) for the next generation of warning systems, has not been
reported thus far.

In this paper, the application of a physically based landslide
model CHASM (Combined Hydrology and Stability Model) to a
reactivated landslide in the Swabian Alb is presented. The model is
used to assess likely shear surfaces of landslide reactivations and
the influence of rainfall and groundwater on slope stability. Sub-
sequently, CHASM is implemented as an automated early warning
model based on real-time hydrological monitoring data and his-
toric quantitative rainfall forecasts. The CHASM model is integrat-
ed into a prototypic semi-automated early warning system which,
from a technical standpoint, is capable of providing early warning
to relevant experts and decision-makers. The objective of the
paper is thus to outline, and demonstrate, the structure of a
landslide early warning system and the associated potential of
the approach. Future use of the methodology to for the issuance
of ‘live’ early warnings would require the acquisition of high-
quality data on mechanical properties and distributed pore water
pressure regimes.

Whilst the research described here is part of a PhD research
(Thiebes 2011, 2012), this paper focuses on a more detailed expo-
sition, and demonstration, of the landslide early warning system
that was developed.
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Study area

Swabian Alb

The study area is located in the Swabian Alb, a mountain range in
southwest Germany (Fig. 1). The lithology of the Swabian Alb
primarily comprises Jurassic clay underlying marl and limestone
strata, the latter forming a steep escarpment which stretches in a
southwest to northeast direction for some 200 km. Elevations
reach 1,000 m in the western part, and between 600 and 8oo m
in the central and eastern sections. Landslides are a common
geomorphological feature in the region due to lithological condi-
tions (Terhorst 1997) and to triggers of rainfall events, snow
melting and earthquakes (Meyenfeld 2009). In total, approximate-
ly 30,000 landslide bodies of various sizes and ages are assumed to
be present in the entire Swabian Alb (Bell 2007). The most recent
large landslide event was the ‘Mossinger Bergrutsch’ that took
place in 1983. During this event, approximately 6 million cubic
meters of material were triggered by exceptionally wet conditions
(Bibus 1986; Fundinger 1985; Schidel and Stober 1988). Additional
landslides in this area were reported in May and June 2013 after

£

exceptionally long lasting rainfall. As a consequence, 24 houses
were evacuated. Several authors emphasise the importance of
landslides for the relocation of the cuesta escarpment and the
evolution to the present landscape (Bibus 1999; Bleich 1960;
Terhorst 1997), but they also represent a significant current geo-
hazard (Bell et al. 2006; Kallinich 1999; Kreja and Terhorst 2005;
Neuhéduser and Terhorst 2007; Papathoma-Kohle et al. 2007;
Terhorst and Kreja 2009).

Lichtenstein-Unterhausen

This paper focuses on a reactivated landslide in Lichtenstein-
Unterhausen, south of the city of Reutlingen. The slope under
investigation faces south-west and occupies an area of approxi-
mately 0.5 km® (Fig. 1). The highest altitude is approximately
780 m a.m.s.l., the river in the valley is at an elevation of approx-
imately 465 m a.m.s.l. The local study area comprises two large
landslide bodies with head scarps at approximately 660 m a.m.s.l.
Today, steep slopes and higher elevations areas are dominantly
occupied by forest, while lower slopes feature pasture. Settlement
activity on the slope under investigation started in the 1960s and
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Fig. 1 The study area Lichtenstein-Unterhausen in the Swabian Alb with an oblique view on the landslide under investigations (dashed lines show assumed landslide boundaries)
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continues today. The local development plan obligates all con-
struction works to be preceded by a technical geological survey
(Schonwilder 2005 in Bell 2007); however, at least one building
suffers frequent cracking due to slope movements.

Geology

The lithology of the study area primarily consists of Upper and
Middle Jurassic sediments dipping south west by 1-2° (Leser 1982)
(Fig. 2). Slopes are mostly covered by slope debris from Pleisto-
cene solifluction and activity of shallow landslides. Fluvial deposits
and tufa of Late Glacial and Holocene age cover the valley bottom.
At the highest elevations in the study area, massive limestones
are intersected by thin marl interstices (Untere Massenkalk
Formation—joMu) of the Upper Jurassic. Below approximately
730 m a.m.s.l.,, a marl stratum (Zementmergel—kis) with an aver-
age thickness of 20 m overlies the dominantly marl stratum of
Lacunosamergel (ki1) located above approximately 670 m a.m.s.l.
An Upper Jurassic stratified limestone (Wohlgeschichtete Kalk
Formation—ox2) forms a plateau with an elevation of approxi-
mately 660 m a.m.s.l. This stratum comprises a series of stratified
limestone beds intersected by thin layers of lime marl beds. The
underlying marl stratum (Impressamergel—ox1) forms steep
slopes and can be found up to approximately 610 m a.m.s.l.
However, the material is often locally relocated further downslope
due to rotational landslide processes. The ox1 stratum is
characterised by an alternation of marl and marl lime beds. Upper
sections mainly consist of massive limestone beds, while lower

sections also comprise clay marls. Below the ox1i stratum, the
Medium Jurassic Ornatenton (cl) is present which consists of dark
claystones with 5-15 % of calcium carbonate. The material is often
deeply weathered and prone to landslide processes (Ohmert et al.
1988). A thin stratum of Bathonian clays (bt), sometimes termed
Dentalienton, can be assumed for the study area (Ohmert et al.
1988); however, no outcrops are present. Bajoicum strata bj3, bj2
and bj1 were mapped in the north-western part of the study area,
and comprise clays marlstones and sandy limestones with clay
sections. At several locations, volcanic tuff is displayed in the
map, originating from tertiary volcanic activity.

Geomorphology

A comprehensive geomorphological map based on field mapping
and the analysis of a 1 m DTM was established by Bell (2007) (Fig. 3).
The slope is dominated by two large landslides bodies of which the
western is significantly larger (approximately 2.5 million m* and
950,000 m?, respectively). Landslide deposits of the larger mass reach
the valley floor and altered the course of the river Echaz. Both
landslide bodies feature a step-like morphology with flat areas in
the head area below the main scarp. Two younger landslides with
approximate volumes of 700,000 m* and 6500 m’, respectively, are
located on the western landslide body. These movements comprise
reactivation of material affected by the older phase of landslide
activity. A recent landslide event with an approximate volume of
700 m’ took place in 1984, when a small rotational landslide was
triggered by construction works not adapted to local conditions.
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Fig. 2 Geology map of Lichtenstein-Unterhausen (after Bell 2007). The red line indicates the position of the cross profile presented in the lower right corner. Note that
the cross profile is based on results described below and includes two classes not presented in the geology map itself, i.e. the limestone scree on the upper slope and the

Dentalienton (bt) which was described by Ohmert et al. (1988)
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Fig. 3 Geomorphological map of Lichtenstein-Unterhausen (after Bell 2007)

Superficial and shallow landslide activity can be observed on all
slope areas without settlement. A highly active scree slope, formed
of loose limestone, is located above the head of the oldest landslide
deposit. Limestone rocks originating from the ox2 limestone stratum
in the landslide head scarp areas spread out at the foot of the scree
slope, indicating high rockfall activity. The limestone was earlier
mined, and an overall volume of approximately 30,000 m? extracted
(Schonwilder 2006 in Bell 2007).

Previous landslide investigations

The study area Lichtenstein-Unterhausen has been subject to
landslide-related investigations since 2003 (Bell 2007; Bell et al.
2006; Sass et al. 2008). An initial landslide monitoring system
was installed comprising inclinometers, geodetic levelling and
temporary tiltmeter measurements (Bell 2007). Based on the
monitoring data, it was concluded that at least parts of the
landslide are seasonally reactivating, leading to extremely slow
downslope displacement rates of approximately 2-3 mm per year.
Two distinct patterns of movement were distinguished: a deep-
seated sliding process down to the bedrock occurring in spring,
and a flow movement in summer and autumn. Herein, flow
refers to a continuous movement with a distribution of velocities
similar to viscous liquid (Cruden and Varnes 1996; Dikau et al.
1996). The onset of the shallow displacements was found to
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coincide with structural damage at one house, where cracks in
the outer walls widened. An analysis of landslide movements and
rainfall data showed no evident correlation. However, a causal
relation between snow melting and deep-seated sliding could be
established based on the timing of displacements, and the ab-
sence of deep-seated sliding during years of little or snow melt-
ing (Bell 2007). More extensive interpretations of landslide
behaviour were limited by lack of detailed climatic data, the
small spatial extent and short time period of the slope monitor-
ing, and extremely slow movement rates, close to the instru-
ments’ margin of error. Four monthly geoelectrical surveys
were carried out by Kruse (2006). One of the main results of
that investigation was that the limestone scree allows for rapid
infiltration of rainfall and melting snow, possibly an important
factor for initiation of landslide movement. It was, however, not
possible to establish a relationship between geoelectrical moni-
toring data and landslide displacement, nor to detail the subsur-
face hydrological processes.

Between 2007 and 2008, the existing slope monitoring system was
extended by the ILEWS project (Integrative Landslide Early Warning
Systems) (Bell et al. 2010a) (Fig. 4). Two additional inclinometers
were installed (Lico4 and Licos) and one automated in-place incli-
nometer chain was put into the existing borehole Lico2. Further-
more, regular surface movement monitoring was carried out by total
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station measurements every 3 months on 15 fixed points (Aslan et al.
2010). An extensive hydrological monitoring system, comprising
TDR sensors and tensiometers located in three depths between 2
and 10 m at nine different locations, was installed to take continuous
measurement of soil suction, pore water pressure and volumetric
water content (Camek et al. 2010). Additionally, two geoelectric
resistivity profiles were installed to improve the understanding of
subsurface hydrological processes (Wiebe and Krummel 2010). De-
tailed investigations of slope hydrology and the relation to landslide
displacements are provided by Wiebe et al. (2010)) and Thiebes
(2012; 2011), respectively.

The main landslide-related findings of the ILEWS project can
be summarised as:

- the previously assessed extremely slow slope movements con-
tinued until today and amount to approximately 1.5 cm in
6.5 years (Fig. 5). The shallow displacements at approximately
8.5 m depth, initially described as flow-like (Bell 2007), from
the most recent measurements show signs of a transition to a
sliding movement process, which can be interpreted as a de-
velopment of a discrete shear surface;

- slope hydrology is of major importance for the reactivation of
slope movements. Deep-seated sliding can be observed after
spring snow melt, while the shallow displacements primarily
occur after major rainfall events. Infiltration and subsurface
water flow varies for different locations and preferential paths
allow for rapid propagation of water to significant depths;

- in some monitoring positions, the extremely slow displacement
rates are still within the margin of error of the monitoring
equipment, and it is not possible to determine clear hydrolog-
ical thresholds of landslide reactivations. Based on current
monitoring data, it is not possible to determine the boundaries
of current reactivations; however, the general displacement
trend is clearly detectable and causes ongoing damage to
existing infrastructure.

- an acceleration of slope movements could have dramatic
consequences, with a maximum loss of private property of
EUR 18.5 million (US$ 25 million) in addition to EUR 1.7
million (US$ 2.3 million) damage to communal infrastructure
(Greiving 2010).

Methods

The methodological approach pursued in this study consists of two
major steps: the application of a limit-equilibrium slope stability
model to the landslide in Lichtenstein-Unterhausen and the subse-
quent implementation of the model into a prototypic early warning
system.

Landslide modelling

Combined Hydrology and Stability Model (CHASM)

For the assessment of slope stability and early warning modelling,
the physically based landslide simulation model CHASM was used,
which combines the simulation of saturated and unsaturated hydro-
logical processes to calculate pore-water pressures, which are then
incorporated into the computation of slope stability by means of
limit-equilibrium analysis. The CHASM model has been applied
under various environmental conditions, for example in New
Zealand (Wilkinson et al. 2000), Malaysia (Collison and Anderson
1996; Lateh et al. 2008), Hong Kong (Wilkinson et al. 2002a), the
Caribbean (Anderson et al. 2008), Kuala Lumpur (Wilkinson et al.
2002b; Wilkinson et al. 2000) and Greece (Ferentinou et al. 2006;
Matziaris et al. 2005; Sakellariou et al. 2006). Below, a brief review of
CHASM is presented; however, it is beyond the scope of this paper to
describe all features and the underlying constitutive equations,
which can be found elsewhere (e.g. Anderson et al. 1996; Anderson
and Richards 1987; Anderson and Thallapally 1996; Collison and
Anderson 1996; Wilkinson et al. 2002a; Wilkinson et al. 2000).
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The procedure for hydrological modelling adopted in CHASM  each is subdivided into regular cells. Detention storage, infiltra-
is a forward explicit finite difference scheme (Wilkinson et al. tion, evapotranspiration, and unsaturated and saturated flow re-
2002b). The slope is divided into a series of columns of which gimes are modelled within CHASM. Infiltration into the soil is
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determined by the infiltration capacity of the top cell, being a
function of hydraulic conductivity and the prevailing pore water
pressure. Additionally, a surface detention capacity is included
and is the maximum ponding depth of water allowed on the slope
surface before surface runoff is generated (Wilkinson et al. 2002b).
Ponding occurs when the precipitation rate exceeds the hydraulic
conductivity of the top cell and is accommodated within the
predefined detention capacity. If the detention capacity is
exceeded during a storm event, any resultant surface runoff is
routed to the next adjoining downslope surface cell for poten-
tial infiltration into the slope. Unsaturated vertical flow within
each column is computed using Richards equation (Richards
1931). Unsaturated conductivity is defined by the Millington
and Quirk (1959)) procedure. Flow between columns is simu-
lated by Darcy’s equation for saturated flow, adopting the
Dupuit-Forcheimer (Forchheimer 1930) assumption. Numerical
stability of the solution to the Richards equation depends on
the simulation time step and applies a methodology proposed
by Beven (1985) in which the required time step (iteration
period) is based on the distance between the computational
nodes, the gradient of the suction-moisture curve at a given
suction value and the flow velocity. For most applications, the
recommended spatial resolution is an individual cell size of 1 m
(Wilkinson et al. 2002a, b). Slope curvature (convexity and
concavity) can be integrated by adjusting the column breadth
to represent, and investigate, the effects of three-dimensional
topography on pore water pressure. Simulated pore water pres-
sures are incorporated into the effective stress determination
using the Mohr-Coulomb equation for soil shear strength, fol-
lowing Bishop's simplified circular method (Bishop 1955) or
Janbu's non-circular method (Janbu 1954) method. For each
hour of the simulation, a minimum Factor of Safety (FoS) is
computed, temporal variations of which arise on account of
hydrodynamic responses and the consequential changes in the
position of the critical slip surface. Moreover, vegetation and
certain stabilisation measures can be integrated into the stabil-
ity analysis.

Input data requirements

To apply CHASM to the study area, it was essential to prepare the
required input data which includes a slope model describing the
material layers in the subsurface and their geotechnical characteris-
tics, groundwater conditions, rainfall scenarios and the definition of
shear surface search parameters.

The slope model used for CHASM simulation was compiled
from a range of data sources, including geological maps, drillings
and geophysical surveys. Four material types were identified and
accounted for in slope stability modelling with CHASM, i.e. Upper
Jurassic limestone, Middle Jurassic marl, the limestone scree pres-
ent in the head scarp area of the large landslide body and the
superficial regolith (slope debris) covering most of the study area.
Accurate determination of material boundaries in such circum-
stances is complex. However, we took what we consider to be a
holistic approach; researching and acquiring known pre-existing
site data, supplemented with on-site determinations to deliver a
slope representation deemed adequate for the purpose of formu-
lating an initial early warning methodology. In that process, we
recognised the issues of geological, hydrogeological and human
uncertainties (i.e. errors or misjudgement in respect of landslide

risk management), accepting that ‘the use of imperfect knowledge
based on limited information is guided by judgement and experi-
ence in the formulation of geological models and characterization
of the engineering properties’ (Ho and Lau 2010). The upper and
lower limits of the Upper and Middle Jurassic were extracted from
the geological map (1:50,000), neglecting the small tilt of these
lithological units. The spatial extent of the limestone scree slope
was mapped on a digital orthophoto. The thickness of the lime-
stone scree was determined from the geoelectric resistivity mea-
surements by Kruse (2006) who extended his profile relatively far
upslope. For the uppermost sections, for which no depth informa-
tion was available, a gradually decreasing scree thickness was
assumed. The estimation of the thickness of slope debris was based
on the seismic refraction prospection carried out by Bell et al.
(2010b)). Even though a total of five drillings of moderate depths
(8-16 m) had been performed along the selected slope profile, only
borehole Lico2 reached the bedrock. It was assumed that the
seismic characteristics at this location were representative of the
rest of the selected profile. Finally, all information on the subsur-
face materials was combined to a slope model with a 1-m
resolution.

Geotechnical parameters required for CHASM simulations
include effective angle of internal friction, effective cohesion,
hydraulic conductivity, saturated and unsaturated bulk density,
saturated moisture content and suction moisture curves. Lab-
oratory analyses of samples taken in the field provided infor-
mation on soil particle distribution, but were not sufficient for
the parameterisation of CHASM. Cohesion and internal fric-
tion were determined based on a database of geotechnical
parameter values from experimental analysis collected from
various literature sources (Meyenfeld 2010, personal commu-
nication). Hydraulic conductivity (Ks,) values were estimated
from standard values available in Bear (1972) and DIN stan-
dard (DIN 18130). Hydraulic conductivity of the slope debris
as well as the suction moisture curves and saturated moisture
content were assessed based on soil particle size distributions
by the SPAW model (Soil-Plant-Air-Water) (Saxton and Rawls
2006; Saxton and Willey 2006; Sung and Iba 2010). The geo-
technical parameters were tested in CHASM and adjusted to
reflect known field conditions and behaviours, as discussed
more fully below. A back-analysis of the previous slope fail-
ures, such as the artificially caused landslide in 1985, could not
be carried out because the exact conditions of the failures are
unknown.

Groundwater conditions were derived by an analysis of hydro-
logical monitoring data. The determination of the annual mini-
mum and maximum groundwater positions was made using
tensiometer measurements, which provide relative water table
height if they are located below the groundwater table. Measured
positive pressures were related to relative water table heights by
the conversion 100 hPa=102.15 cm stated by the sensor manufac-
turer (UMS 2007).

Rainfall scenarios used in the study were based on the KOSTRA
atlas (Bartels et al. 2005; Malitz 2005) developed by the German
Weather Service (DWD). KOSTRA is based on a complex statistical
regionalisation of precipitation data between 1951 and 2000 using
4,500 climate stations in Germany, and provides rainfall intensities
for event durations between 5 min and 72 h, as well as annual
occurrence probabilities from 0.5 to 100 years.

Landslides 11 + (2014) | 865



| Original Paper

Slope stability assessment

In this study, the command-line version of CHASM (v4.12.5) was
used for slope stability analysis and early warning modelling.
Shear surfaces were calculated using Bishop's methodology for
circular shear surfaces. The effects of vegetation and three-dimen-
sional topography on slope stability were neglected in this study,
and the respective CHASM extensions were not used. The analysis
of CHASM results concentrated on the FoS as the prime output of
slope stability simulations; the temporal development of the FoS,
as a response to rainfall, and the associated hydrological processes
were analysed.

Slope stability simulations using CHASM were carried out to
investigate the characteristics of a partial reactivation of the
existing landslide body. This included the calculation of likely
shear surfaces and an assessment of the influence of rainfall and
groundwater conditions on slope stability. Slope stability simula-
tions focused on one specific slope profile (see Fig. 4), for which
slope movements and related infrastructure damage had been
confirmed by previous investigations, and for which hydrological
monitoring data were available.

Early warning
The main tasks for an integration of CHASM into a landslide early
warning system comprise the automation of CHASM to calculate
the slope stability according to quantitative rainfall forecasts, the
visualisation of the respective modelling results and the automated
notification according to a well-planned chain of communication.

A complex data management and visualisation platform was
configured complying with the standards of the Open Geospatial
Consortium (OGC) to ensure the interoperability of the system. The
main goal of the web-based application is to visualise monitoring
data and modelling results, and to provide relevant experts with
notification on the current status. It is beyond the scope of this paper
to describe the technical implementation in detail; this is available
elsewhere (Jé4ger et al. 2010, 2012). In this paper, only two applications
will be highlighted, which are important for early warning. The first
is the CHASM web processing service (WPS), which essentially runs
the CHASM algorithm on a server; the second is the web notification
service (WNS), which automatically sends SMS and email messages
to experts, when pre-defined alarm thresholds are exceeded. Where-
as some of the OGC standards have been already successfully inte-
grated into geologic and landslide research projects, in particular
web mapping services (WMS), WNS and WPS have rarely been
described (e.g. Cannata et al. 2010). In case of the WPS, the OGC
specifications define a standardised interface for offering processing
capabilities within a geospatial data infrastructure. However, these
do not limit the processing capabilities to familiar, standard, GIS
operations such as polygon intersection, but allow for complex
process models such as CHASM to be offered. In this study, CHASM
was implemented as a WPS according to the specifications of version
1.0.0 (Schut 2007). The WNS utilised the implementation by 52North
(http://52north.org/), which works as a Tomcat web application. The
specifications are provided by Simonis and Echterhoff (2006). Both
the WPS and WNS services were implemented as Java web applica-
tions with a qooxdoo-AJAX frontend (http://qooxdoo.org/).

In order to meet the demands of the local and regional decision-
makers responsible for landslide risk management, the implemen-
tation of the early warning system was planned in cooperation with
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the relevant agencies (Mayer and Pohl, 2010). Meetings were held to
discuss and determine the expectations and demands of involved
stakeholders such as the local government, the administrative office
for civil protection, the district office and the federal geological
survey. Topics considered during these meetings focused on the
respective preferences for the provision of information on ‘current’
monitoring, and early warning status, and the chain of communica-
tion when potentially threatening developments can be anticipated.

Results
Landslide modelling

Input data generation

The assessment of slope stability, and subsequent modelling of
early warning scenarios, primarily focused on a slope profile on
the main western landslide body with a total length of 300 m and a
slope height of 165 m. This profile coincides with the western
longitudinal seismic profile and the longitudinal geoelectric profile
(see Fig. 4), but extends further up- and downslope. The highest
point is on the relatively flat plateau, the lower-most extent is
below the lower road. Four hydrological monitoring points (p11-
p14) and two inclinometers (Lico2 and Lico4) have been installed
along this profile.

Based on the geological maps (1:50,000), the boundary between
Upper and Middle Jurassic was assessed to be at 505 m a.m.s.1. The
limestone scree in the upper section of the selected profile was
assessed to have a maximum thickness of approximately 8 m. It
was assumed that the scree slope had developed after the initial
landslide event, and the scree material therefore only covers the
surface and is not buried below the slope debris. Approximately
170 m of the profile, for which modelling of slope stability and early
warning was focused on, were covered by two seismic refraction
measurements (Fig. 6). At inclinometer Lico2, where the bedrock
was confirmed by drilling; the measured wave velocity was approx-
imately 2,000 m/s, which was subsequently used for the rest of the
assessed profile. The resulting depths of slope debris varied between
13 m and 16 m for most parts of the profile; however, at some
locations depths of more than 20 m were estimated. A refractor,
computed using the plus-minus method, was calculated around
900 m/s, relating to a depth between 6 m and 8 m. Bell et al.
(2010b) interpreted the refractor as a weak zone. At this depth, large
limestone boulders were found in some drillings; however, no
geomorphologically viable explanation could be found to justify
the assumption that this is the case for the entire profile. Conse-
quently, the refractor was not considered further. The selection of
appropriate geotechnical parameters of necessity includes significant
expert judgement; Muir-Wood D et al. (1993, p 510) comment on ‘the
need for the user to ensure that the parameters that are chosen are
indeed reasonable’. Moreover, the optimum model selection cannot
be determined by fitting to a single test or back-analysis (Muir-Wood
2004), and more broadly Konikow and Bredehoft (1992) stress that
models cannot be ‘validated’, but only tested or invalidated. In
accord with these views, geotechnical parameters were chosen using
a priori information (Table 1) and the resultant model behaviour
tested to ensure the physical consistency of the within-model behav-
iour, consistency with process behaviours inferred from observa-
tions, and known slope behaviour (Thiebes 2011, 2012). The
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Fig. 6 Seismic refraction analysis and estimated bedrock interface

limestone scree can be characterised by high hydraulic conductivity
and low effective cohesion. Parameterisation of the slope debris was
more difficult due to the complex subsurface field conditions. Dril-
lings and subsurface investigations by a borehole camera revealed a
strongly varying subsurface material composition; very dense clay,
and marl layers intersected by sections of limestone blocks which
frequently collapsed into the borehole during drilling. Laboratory
analyses of the sieved fine material indicated the soil type as mostly
silty clay and clay loam, according to the US texture classification.
Clay content was as high as 54 %, and 38 % on average, while sand
content was determined to be generally below 1 %.The geotechnical
values for the slope debris material were therefore chosen to be
intermediate for internal friction, effective cohesion and hydraulic
conductivity. The determination of geotechnical parameters for the
Upper and Middle Jurassic had to be largely based on subjective
estimation due to the lack of field samples. For the Upper Jurassic,
medium values for internal fiction and effective cohesion were
selected to allow CHASM to focus on reactivations of the slope debris
sliding along the more stable bedrock. For the Middle Jurassic
located below, more stable (higher shear resistance) geotechnical
parameter settings were selected. However, this material layer did
not play an important role in this study since the objective was to
assess conditions leading to a reactivation of the previously moved
landslide material.

The hydrological monitoring data available from a series of ten-
siometers and TDR sensors were analysed to determine groundwater
elevations for subsequent modelling. Overall, the hydrological data
showed a clear annual variation, with higher soil moisture and
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groundwater elevations in winter and spring, and drier conditions
during summer and autumn. Most sensors installed at relatively
shallow depths reacted quicker to larger rainfall and snow melting
events than sensors installed at greater depths. The deepest tensi-
ometers exhibited saturation (and positive pore water pressures)
over long periods. However, at some locations marked responses
to rainfall and snow-melting events could be observed for the
deepest sensors, interpreted as evidence of the existence of prefer-
ential flow paths.

The determination of minimum and maximum groundwa-
ter elevations mainly utilised the shallow and medium depth
tensiometers which were saturated or measured positive
pore water pressure for some time of the year. The resulting
groundwater table depths varied between 1.3 m and 2 m for
the wet periods, and 3.7 m and 6 m during drier phases. The
spatially interpolated groundwater elevations are illustrated in
Fig. 7.

Application of CHASM
Several potential shear surface positions were investigated within
this study for which the FoS varies depending on the initial ground-
water conditions and rainfall scenarios. Figure 8 displays the mini-
mum FoS for a selection of tested slip surfaces using the maximum
groundwater elevations, combined with a 5-h design rainfall event
with an intensity of 10 mm h™" having a probability of occurrence of
approximately one in 50 years.

The lowest minimum FoS of 0.75 was assessed for the uppermost
shear surface (green) which relates to a slope failure of the lower parts

Table 1 Selection of geotechnical properties estimated for the material layers used in CHASM simulations

Parameter

Upper Jurassic

Middle Jurassic Slope debris Limestone scree

Effective cohesion kN m~2 300 1,500 19 0
Internal friction ° 35 15 20 33
Hydraulic conductivity (Ksa) ms 10°° 10~° 6.78~7 107"
Moisture content (sat) m m’ 407 447 526 483
Bulk density (sat) kN m™— 25 23 16 16
Bulk density (unsat) kN m— 23 21 15 15
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Fig. 7 High and low groundwater scenarios

of the limestone scree slope and the slope debris. However, there is no
field evidence supporting instability in this area. A likely reason for
this disparity is the inherent difficulty of representing the field com-
plexity of the interface between the three constituent materials of
limestone scree, Upper Jurassic and slope debris, in the vicinity of the
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upper part of the predicted slip surface. A slightly larger potential
reactivation located further downslope (pink) resulted in a minimum
FoS of 1.4. The largest potential partial landslide reactivation
modelled includes only the slope debris. The respective shear surface
(yellow) has a minimum FoS is 1.05 and affects the damaged house at
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Fig. 8 Calculated shear surfaces and respective minimum FoS for high groundwater conditions and a 5-h design rainfall of 50 mm in total
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its lower end. This shear surface was assumed to be the most realistic
and consequently used for early warning. The highest FoS was calcu-
lated for the potential shear surface (cyan) located below the damaged
house, for which the minimum FoS was 1.61. Other shear surfaces not
displayed here were also tested, including failures comprising bed-
rock. However, the FoS for such shear surfaces were significantly
higher, with values between 3.0 and —6.0.

CHASM simulations utilising the lower groundwater scenario
resulted in more stable conditions, with FoS between 0.03 and 0.17
higher at the end of the simulation, with rainfall intensity having a
limited influence on the modelled FoS. The difference between the
predicted FoS for a one-in-1-year 24-h rainfall event (38.4 mm) and
a one-in-100 years ‘worst case’ rainfall event (120 mm) was
assessed to be as low as o.1. Using the selected model configura-
tions, no FoS below 1.0 was simulated using individual rainfall
events, even with high intensity. Lower-than-unity FoS values
could only be achieved following consecutive rainfall events or
by increasing the rainfall intensity five- to tenfold. Figure 9 illus-
trates the CHASM results for a model run for minimum and
maximum groundwater conditions, and two consecutive rainfall
events, a 24-h rainfall (one-in-100-year occurrence probability),
followed by a 6-h ‘worst-case’ scenario rainfall (one-in-100-year
occurrence probability). In both model runs, the FoS decreases
until the first rainfall event commences in hour 10 of the simula-
tion. This trend continues for the low groundwater scenario until
the end of the simulation period, with an eventual stabilised
minimum FoS of ~1.09. For high water conditions, the FoS re-
covers after the first rainfall, and then decreases during the second
event, reaching a minimum of 0.99 some 12 h after the cessation of
precipitation.

Early warning

The automation of slope stability calculations with CHASM was
implemented as a WPS. This server-based simulation is used to
forecast slope conditions based on fixed and variable input data.
Automated notifications are automatically issued if the FoS falls
below a pre-defined threshold. An overview of the modelling
procedure is presented in Fig. 10.

Fixed input data were chosen according to the results of previ-
ous conventional CHASM modelling and include the slope profile,
the shear surface parameters and soil characteristics. For early
warning modelling, the profile along the damaged house on which
previous modelling focused on was used. The fixed shear surface
parameters relate to a potential failure in the upper slope area
which affects the damaged house at the lower end.

Variable data include recorded precipitation, rainfall forecasts
and groundwater conditions. Measured rainfall from the local
weather station and forecasted precipitation from COSMO-DE sim-
ulations (Consortium for Small Scale Modeling 2007) are combined
into one rainfall file computable by CHASM. COSMO-DE is the
complex weather forecasting model employed by DWD for short-
term prediction of weather conditions (Deutscher Wetterdienst
20103, b) and has a spatial resolution of 0.025° (2.8 km X 2.8 km grid
cells). COSMO-DE is the German contribution to the Consortium for
Small-Scale Modeling (COSMO). The model simulates meteorolog-
ical processes and predicts parameters such as air pressure, temper-
ature, wind, water vapour, clouds and precipitation with the aim to
provide timely warning for severe weather conditions (Consortium
for Small Scale Modeling 2007). Quantitative rainfall forecast from
COSMO-DE model were provided by the DWD for the period from
September 2006 to December 2009 as cumulative simulation runs.
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For every day, two simulations, each with a simulated length of 12 h,
were available in GRIB format.

Groundwater scenarios are chosen depending on current hy-
drological conditions recorded by the monitoring system. For this,
a TDR sensor in 9.5 m depth located at the damaged house
(monitoring site p12) was selected because it reacts quicker and
more reliable to groundwater changes than the nearby tensiome-
ters. In the current settings, a threshold of 40 % volumetric water
content was taken because this value corresponds to the condi-
tions described in the high groundwater scenario. If measured soil
moisture is higher than the thresholds value, the high groundwater
table scenario is chosen; a lower soil water content results in the
integration of the low groundwater table scenario.

Fixed and variable input data are both integrated into the
server-based CHASM WPS model which automatically initiates
the simulation every 24 h. In the current setting, this file comprises
a total simulation length of 60 h and includes 30 h of recorded
rainfall, 20 h of forecasted rainfall and 10 h without any precipi-
tation. The last 10 h without precipitation were included because it
was found that the lowest FoS does not necessarily coincide with
peak rainfall, but can also occur shortly after due to the time
needed for rainfall to infiltrate.

The results of the model runs are stored in a database for later
access, and a notification is sent to the involved experts if a
specified FoS is not reached. The status of slope monitoring
system and CHASM WPS simulations can be viewed online.

A screenshot of the implemented data management and visu-
alisation platform is presented in Fig. 11. Artificial alert thresholds
(a) are implemented for all physical sensors in the field that
provide continuous monitoring data. The alert thresholds refer
to changes of the measured parameter values over different pe-
riods of time, e.g. a change of pore water pressure or inclination
within the last 2, 6, 12 and 24 h. The latest measurements are
compared to the predefined threshold values and displayed as an
alert level (b) in percent. The most recent changes of the measured
parameter values can also be illustrated as a graph over time. An
additional alert threshold is implemented for the results of the
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CHASM WPS model where the threshold value refers to the min-
imum FoS of the simulation. Moreover, alert thresholds for the
forecasted precipitation are implemented and thereby accommo-
date regional rainfall thresholds. However, it should be noted that
only historic rainfall forecasts were available for this study, and no
realistic early warnings can be issued. Consequently, the alert
thresholds relating to forecasted precipitation and to the results
of the CHASM WPS are currently deactivated. In addition, the
current status of all alert thresholds are visualised as alert sensors
(c), which change from green to yellow if the respective pre-
defined threshold values are exceeded. At the same time, automat-
ed messages are sent by the WNS to a list of subscribers. Ultimate-
ly, these alert thresholds influence the three-coloured early
warning signal (d), which is used to communicate the current
warning status and hazard situation. An overview on the operating
mode of the early warning signal is presented in Fig. 12.

As long as real-time measurements are below the pre-defined
alert thresholds, the warning signal is on green, indicating that no
critical situation is expected. Once a threshold value is exceeded,
the respective alert signal, as well as the warning signal, changes to
yellow to indicate an unusual situation. Simultaneously, SMS and
emails are sent to experts and registered users (e.g. local and
regional administration) to inform them that a pre-defined mon-
itoring, or modelling, threshold has been exceeded. The experts
are requested to interpret the outputs and decide whether the
situation is potentially dangerous or a possible false alarm.
Depending on the experts’ decision, the warning signal light is
either re-set to green or upgraded to red. Subsequently, sub-
scribers are notified about the updated warning level and the
reason for the experts’ decision. Additionally, a red warning status
is directly followed by automated messages with action advisories
to registered users, and emergency services. The highest (red)
warning level cannot be issued automatically by the system, but
only by an authorized operator with editing rights, thereby, it is
hoped, minimising false alarms.

In this study, the local administration, whilst having compara-
tively little interest in detailed visualisation of monitoring data and
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other scientific products, had keen interest in the notice required if
emergency actions have to be initiated. Consequently, the local
administration was provided only with ‘viewing’ permission to the
system.

Regional-level authorities responsible for hazard management
and civil protection, such as the district office (Landratsamt)
and regional councils (Regierungsprisidien) were also asked for
their requirements regarding an early warning system. The
contacted agencies showed a good understanding of the prob-
lems related to landslide occurrence in the region and appreci-
ated the scientific work reported here. However, none of the
regional stakeholders wanted to act as the ‘expert’ responsible
for the early warning system prototype. These reasons for this
are twofold. First, the very low movement rates of the landslide
itself do not present an imminent danger; and second, the legal
responsibility for early warning systems is not clearly defined in
the legal structure of Germany yet. Consequently, the scientists
of the ILEWS project took over the role of the operating experts
with editing rights.

Discussion

Inevitably, uncertainties remain in the application of CHASM
which derive principally from the estimation of subsurface
conditions, geotechnical characteristics and groundwater posi-
tions, and the influence of expert judgement in their estimation.
The determination of the spatial extent of subsurface materials
was based on a range of input data to create a high-quality
representation of the subsurface conditions. In particular, seis-
mic refraction was demonstrated to be a cost-effective and
time-saving data acquisition approach. The utilisation of litera-
ture sources for the estimation of geotechnical properties pro-
vided parameter values that could be calibrated by extensive
CHASM simulations and proved sufficient for the demonstra-
tion of our methodology. However, for an effective early warn-
ing system, the geomechanical characterisation should be
carried out by the application of more reliable techniques such
as shear tests of field samples. The assessment of groundwater
positions relied on an extensive hydrological monitoring sys-
tem. However, the estimation of groundwater scenarios proved
to be difficult due to sometimes contradictory measurements
and the complex subsurface hydrology which features preferen-
tial flow paths. Nevertheless, annual minimum and maximum
groundwater elevations could be determined with relatively high
reliability.

Overall, the results of CHASM modelling infer a relatively low
stability for some parts of the study area. In particular, the shear
surfaces located close to the damaged house resulted in low FoS
values. These CHASM outputs are in agreement with the largest
displacements measured by inclinometers. Nonetheless, for the up-
per slope areas there is no evidence of large displacements.
According to the results of CHASM modelling, subsequent heavy
rainfall, or snow melt events, could lead to a reduction of shear
resistance to critical levels. However, precise thresholds of the con-
ditions which would lead to a reactivation of slope movement are
difficult to determine due to the complex subsurface conditions and
preferential flow pathways. Of the two types of landslide movement
inferred from the inclinometers, deep-seated sliding on the bedrock
interface, and shallower flow-like and time-dependent displacement,
only the former can be simulated using limit-equilibrium models
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such as CHASM. In common with most landslide early warning
systems implemented elsewhere, this implementation uses thresh-
olds of monitored landslide characteristics (e.g. displacement rates)
for issuing warnings. However, in addition, monitoring data is also
fed into the CHASM WPS model to predict the future slope stability
conditions, thus extending the potential warning time. The
implemented CHASM early warning model prototype aimed to
assess the feasibility of such an approach. With respect to this goal,
the study was successful, even though no practical early warnings
can currently be issued due to the lack of real-time rainfall forecasts.
However, if stakeholders demanded realistic warnings, and precipi-
tation data were provided, the technical system could easily be
modified to integrate these.

Conclusions

This study presents the application of the limit-equilibrium model
CHASM to a reactivated and extremely slow moving landslide in
the Swabian Alb, as well as the subsequent implementation of the
model into a semi-automated and expert-controlled early warning
system.

The landslide analysed in this study is on a slope typical of
the Swabian Alb region, which features many slow-moving
landslides. Even though the landslide currently does not show
signs of an imminent failure, the potential damage would be
significant for the local community should failure occur. More-
over, in a more general context, the success of this demonstra-
tion suggests the methodology is applicable to areas in which
the need for landslide early warning is more critical from the
standpoint of all aspects of landslide risk (hazard, exposure
and vulnerability).

Cooperative planning of the layout of the early warning system,
including the visualisation of monitoring and modelling results,
and the dissemination of warnings, with local and regional deci-
sion-makers, greatly facilitated the entire system which would
otherwise have been differently configured, if only scientists had
been involved in the design. This demand-orientated approach
was important for securing acceptance of the early warning sys-
tem, as well as in respect of the associated legal responsibilities. As
aresult, a three-colour traffic light code was implemented in which
the highest level can only be reached following authorisation from
an expert (and not automatically).

The utilisation of open-source software and international
OGC standards is an important condition for the interopera-
bility of the system and for other landslide early warning
applications. Importantly, the implementation of CHASM as a
WPS shows the potential of this service to integrate complex
simulation algorithms into web-based geospatial applications.
In addition, the notification service, based on the WNS stan-
dard, is an ideal solution for integrating several alert thresholds
for monitoring sensors and modelling results, as well as pro-
viding automated notifications to experts using different com-
munication channels.

The direct implementation of CHASM as an early warning model
is a novel approach in which early warnings are not solely based on
expert interpretation of monitoring data or pre-defined threshold
values, but also on the direct integration of frequently used slope
stability software. In the early warning system, CHASM fulfils two
purposes: it serves as an automated model which forecasts slope
stability and subsequently notifies experts on potentially dangerous



conditions, and it can be used to verify alerts issued due to the
exceedance of pre-defined thresholds relating to monitoring sensors.
The developed prototype methodology demonstrates the technical
feasibility of using physically based predictions of slope stability as
part of a landslide early warning system. It can be expected that
future endeavours in the field of landslide early warning will utilise
similar approaches, and thus the integration of slope stability anal-
ysis models within early warning systems will increase the reliability
of any warnings that are issued. Additionally, the results from the
prototype system designed and reported here suggest that future
research should also develop web processing systems that encom-
pass a range of constitutive model formulations for slope stability,
together with the inclusion of uncertainty in the hydrogeological
model
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