
Engineering Geology 158 (2013) 109–118

Contents lists available at SciVerse ScienceDirect

Engineering Geology

j ourna l homepage: www.e lsev ie r .com/ locate /enggeo
A WebGIS decision-support system for slope stability based on
limit-equilibrium modelling
Benni Thiebes a,⁎, Rainer Bell b, Thomas Glade b, Stefan Jäger c, Malcolm Anderson d, Liz Holcombe d

a School of Geography Science, Nanjing Normal University, No. 1 Wenyuan Road, Nanjing 210046, PR China
b Department of Geography and Regional Research, University of Vienna, Universitaetsstr. 7, 1010 Vienna, Austria
c Geomer GmbH, Im Breitspiel 11 b, 69126 Heidelberg, Germany
d Department of Civil Engineering, University of Bristol, Queen's Building, University Walk, Bristol, BS8 1TR, UK
⁎ Corresponding author. Tel.: +86 138 189 3317; fax
E-mail addresses: Benni.Thiebes@gmail.com, Benni.T

(B. Thiebes).

0013-7952/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.enggeo.2013.03.004
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 22 June 2012
Received in revised form 20 December 2012
Accepted 2 March 2013
Available online 22 March 2013

Keywords:
Limit-equilibrium analysis
Combined Hydrology and Stability Model
(CHASM)
Physically-based modelling
Web processing service (WPS)
Decision-support system
Swabian Alb
Physically-based models are frequently applied for local landslide analyses and predictions in order to pre-
vent the potentially disastrous consequences of slope failures. Limit-equilibrium modelling approaches are
very common. However, the application of such models can be very time-consuming, and due to its two-
dimensional nature, it generally has to be repeated for each profile that is investigated. In this study, the
physically-based two-dimensional landslide model CHASM (Combined Hydrology and Stability Model) was
implemented within a web-based GIS (Geographical Information System) environment for a study area in
the Swabian Alb, Germany. The required input data for CHASM modelling were derived from a variety of
data sources including geological maps, drillings, geophysical investigations, hydrological monitoring, labora-
tory analyses and literature sources. The implemented CHASM decision-support system is based on open-
source software and utilises the WPS (web processing service) standard to execute the model algorithms
on a server. The presented system allows the user to select from a variety of input data and model parameters
to quickly perform limit-equilibrium analyses of slope stability. Simulation results are automatically stored to
a database and can be visualised for interpretation. The implemented CHASM decision-support system rep-
resents an innovative prototype which demonstrates a promising approach to engage landslide modelling.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Landslides are a hazard in many parts of the world and cause fatal-
ities and significant damage every year. Turner (1996) states that
the economic damage in the USA yields US-$ 1–2 billion in addition
to 25–50 fatalities. For China, Yin (2009) estimates a direct annual
economic loss due to landslides of approximately 10 billion RMB
(approximately US-$ 1.3 billion) in addition to 900 fatalities. Even in
Germany with its relatively low fraction of high mountain areas, the
annual damage has been calculated to be as high as US-$ 150 million
(Krauter, 1992). Consequently, quantitative predictions of landslides
have been carried out by geotechnical experts and scientists for a
long time (e.g. Coulomb, 1776; Terzaghi, 1925). Landslide modelling,
along with experimental subsoil exploration and experience driven
safety assessment, is one of the main tasks of slope stability practice
(Janbu, 1996). Numerical models are applied to analyse the current
stability status of slopes and to predict slope behaviour under certain
conditions such as rainfall events or scenarios for environmental
change. Moreover, models are used for the back-analyses of already
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failed slopes and for assessment of effectiveness of geotechnical
stabilisationmeasures (Barla et al., 2004). Today, a variety of commer-
cial software solutions are available for numerical slope stability
assessment (e.g. GGU, XSlope, Slope/W, Slide, to name a few only).
Despite the development of highly sophisticated numerical models
such as finite-element methods (Spickermann et al., 2003; Petley
et al., 2005; Keersmaekers et al., 2008) the relatively simple limit-
equilibrium methodology is still widely applied (Abramson, 2002;
Tinti and Manucci, 2008; Price and Freitas, 2009; Iovine et al., 2010).
However, the application of local landslide models can be very time-
consuming because detailed information on slope geometry, subsur-
face conditions and geotechnical characteristics have to be prepared
for each slope profile analysed. Since the advent of GIS, scientists
increasingly focussed on regional scale landslide analyses instead of
single slopes. This research involved the preparation of landslide
susceptibility, hazards and risksmaps derived by variousmethodolog-
ical approaches to aid spatial planning (e.g. Guzzetti et al., 2005; Bell,
2007; Chung, 2008; Rossi et al., 2010; Goetz et al., 2011). Some of the
regional scale approaches integrate simplified limit-equilibrium meth-
ods, mostly in the form of the infinite-slope model (e.g. Dietrich et al.,
1998; Hennrich and Crozier, 2004; Pack et al., 2005). However, until
now there are not many published works on software tools in which
standard limit-equilibrium methods are directly integrated into a GIS
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framework (Xie et al., 2004a, 2004b, 2006). When dealing with the
computation of spatial data in general, and in particular with the in-
tegration of new functions into web-based GIS, it is of crucial im-
portance to utilise international software standards to ensure the
interoperability and transferability of the implementations. Such
standards are developed by the Open Geospatial Consortium (OGC)
(www.opengeospatial.org) which represents an association of GIS
software developers, companies and universities. In the case of
the WPS (web processing service), the OGC specifications define a
standardised interface for offering processing capabilities within a
geospatial data infrastructure. These do not limit the processing
capabilities to familiar standard GIS operations such as polygon in-
tersection, but also allow for complex process models such as com-
bined hydrology-slope stability software e.g. CHASM (Anderson et
al., 2008) to be offered. Whereas some of the OGC standards such
as web mapping services (WMS) have already been successfully in-
tegrated within research projects, WPS have received less attention
by practitioners and the scientific community. However, a recently
published special issue of the journal Computers and Geosciences
(Zhao et al., 2012) underlined the capabilities of WPS and more ap-
plications can be expected for the future.

This paper presents a new procedure for physically-based slope
stability modelling within a web-based GIS environment, and illus-
trates the benefits of this flexible and time-saving approach and
represents one of the first applications of the OGC standard web
processing service in landslide research. The novel WebGIS applica-
tion allows a complex model (in this case CHASM) to run using a
web browser; themodel is run on a server instead of a local computer.
We explicitly recognise the scarcity of WPS utilisation in landslide
research (Cannata et al., 2010; Rossi et al., 2010) and develop and
implement a combined hydrology-slope stability model (CHASM)
decision-support system utilising open-source software, developed
according to OGC standards. The implementation of CHASM as a
WPS shows the potential of this service to integrate complex simu-
lation algorithms into web-based geospatial applications. CHASM
software has already been applied successfully under various envi-
ronmental 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., 2000, 2002b), and Greece
(Matziaris et al., 2005; Ferentinou et al., 2006; Sakellariou et al.,
2006). For a study area in the Swabian Alb a wide selection of data
sources was used to create a general subsurface model including
geotechnical parameterisation of the respective materials. More-
over, rainfall scenarios and an adapted shear surface search routine
were elaborated to facilitate an easy and time-saving application of
the physically-based model CHASM to various slope profiles. The
presented research was embedded into the Integrative Landslide
Early Warning Systems project (ILEWS) which sought to develop
and implement an integrative landslide early warning system initiat-
ed by field sensors, and delivering user-optimised warnings and ac-
tion advice to end-users.

2. Study area

The study area of this research is located in the Swabian Alb,
a lower mountain range in southwest Germany (Figure 1). The lithol-
ogy of the Swabian Alb primarily consists of Jurassic clay under-
lying marl and limestone strata, of which the latter form a steep
escarpment (Albtrauf) stretching in a southwest–northeast direction
for some 200 km. Elevations reach up to 1000 m in the western part,
and range between 600 and 800 m in the central and eastern sections.
Landslides are a common geomorphological feature in the region due
to geological conditions (Terhorst, 1997) and triggering impact of
rainfall events, snow melting and earthquakes (Meyenfeld, 2009). In
total, approximately 30,000 landslide bodies of various sizes and
ages can be assumed for the entire Swabian Alb region (Bell, 2007).
Several authors emphasise the importance of landslides for the reloca-
tion of the cuesta escarpment and the evolution to the present land-
scape (Bleich, 1960; Terhorst, 1997; Bibus, 1999), but slope failures
also represent a significant geo-hazard in the present (Kallinich,
1999; Bell, 2007; Neuhäuser and Terhorst, 2007; Papathoma-Köhle
et al., 2007). Themost recent large landslide event was the Mössingen
rockslide that took place in 1983. During this event approximately
6 million cubic metres of material were initiated by exceptionally
wet conditions (Fundinger, 1985; Bibus, 1986; Schädel and Stober,
1988).

The study site of the described research is an area of approximate-
ly 2 km2 located in Lichtenstein-Unterhausen. The lithology primarily
consists of Upper Jurassic limestone and marl, and Middle Jurassic
clay. The slopes are in most places covered by slope debris from Pleis-
tocene solifluction and landslide activity. Fluvial deposits and tufa of
late glacial and Holocene age cover the valley bottom. At several loca-
tions volcanic tuff is displayed in the geological maps, originating
from tertiary volcanic activity.

The slope is dominated by two adjacent large landslide bodies
which are seasonally reactivated leading to ongoing damage to infra-
structure (Figure 2). Another notable geomorphological feature is a
scree slope formed of loose limestone. The limestone rocks originate
from the outcrops of Upper Jurassic limestone stratum in the land-
slide head scarp areas and indicate a high rockfall activity.

The study area Lichtenstein-Unterhausen has been subject to
landslide-related investigations since 2002. Initially, research focused
on the assessment of current landslide activity and the reactivation
process (Bell, 2007), the characterisation of the landslide body by geo-
physical methods (Bell et al., 2006), landslide hazards and risks (Bell,
2007), and vulnerability of given elements at risk (Papathoma-Köhle
et al., 2007). Between 2007 and 2008, the existing slope movement
monitoring system was significantly extended by the ILEWS project
(Bell et al., 2010) by additional manual and one automated incli-
nometer (Figure 3). Moreover, an extensive hydrological monitoring
system, comprising TDR sensors and tensiometers located in three
depths between 2 and 10 m at nine different locations, was set up to
assess soil suction and volumetric water content changes. In addition
the used tensiometers were able to measure also excess pore water
pressures (UMS, 2007). Additional geophysical measurements using
seismic refraction and geoelectric resistivity monitoring were carried
out to investigate subsurface characteristics and slope hydrology,
respectively.

The ILEWS project assessed an extremely slow annual downslope
movement of 2–3 mm which occurs at the interface of slope debris
and the underlying bedrock in a depth of approximately 15.5 m, as
well as within the slope debris itself in approximately 8.5 m depth.
Slope hydrology was found to play an important role for the reactiva-
tion of slope movements which primarily occur after snowmelting in
spring and strong rainfall events in autumn. However, significant and
reliable hydrological thresholds of landslide reactivations could not be
determined due to the complexity of subsurface hydrology.

3. Methods and data

3.1. Combined hydrology and stability assessment

For slope stability analysis the physically-based landslide simula-
tion model CHASM (v4.12.5) was used. This software includes a two-
dimensional finite difference hillslope hydrology model to predict
transient pore pressures, and integrates these into theMohr–Coulomb
equation to calculate effective stress. Within CHASM, the slope is di-
vided into a series of columns of which each is subdivided into regular
cells for which infiltration, detention storage, and unsaturated and
saturated flow regimes are simulated. Rainfall infiltration into the
top cells is controlled by the infiltration capacity. Unsaturated vertical
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Fig. 1. Location of the study area Lichtenstein-Unterhausen in the Swabian Alb, southwest Germany (Thiebes et al., 2012).

Fig. 2. Photo of the main landslide bodies in the study area with their assumed boundaries (photo by Benni Thiebes).
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Fig. 3. Monitoring system installed by the InterRISK and ILEWS projects.
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flowwithin each column is computed using Richards' (1931) equation
with the unsaturated conductivity being defined by theMillington and
Quirk (1959) procedure. Flow between columns is simulated using
the Darcy (1856) equation for saturated flow. At each major iteration
of the simulation the calculated positive and negative porewater pres-
sures are incorporated directly into a stability model using Bishop's
(1955) simplified circular method to yield a Factor of Safety (FoS).
CHASM contains a search routine to locate the shear surface with the
lowest FoS at each time step of the simulation. CHASM is also capable
of integrating the effects of for example vegetation, three-dimensional
topography, stabilisation measures and seismicity on slope stability,
however, the respective extensions where not used within this
study. Additional information, including derivation of the equations ap-
plied in CHASM is available elsewhere (Anderson and Richards, 1987;
Anderson and Thallapally, 1996; Anderson et al., 1996; Collison and
Anderson, 1996; Wilkinson et al., 2000, 2002a, 2002b).

3.2. Input data requirements

To apply CHASMand integrate it into aWebGIS application, requires
the following input data: a slopemodel describing thematerial layers in
the subsurface and their geotechnical characteristics, groundwater con-
ditions, rainfall scenarios and the definition of an automated shear sur-
face search procedure.

The slope model used for CHASM simulation was compiled from
several data sources including geological maps, drillings and geophys-
ical surveys. Four material types were accounted for in the slope sta-
bility modelling using CHASM; Upper Jurassic limestone, Middle
Jurassic marl, the limestone scree present in the head scarp area of
the large landslide body, and the superficial regolith (slope debris)
covering most of the study area. The upper and lower limits of the
Upper and Middle Jurassic were extracted from the available geologi-
cal maps (1:25,000 and 1:50,000), neglecting the reported tilt of these
lithological units by 1–2° (Leser, 1982). The spatial extent of the lime-
stone scree slope was mapped on a digital orthophoto, and the thick-
ness was estimated based on the geoelectric resistivity measurements
by Kruse (2006).

The estimation of the thickness of slope debris was based on
drillings, seismic refraction prospection (refer to Fig. 3 for positions
of the profiles), topographic analysis of landslide deposits and spatial
interpolation.
In total, five drillings of moderate depths (8–16 m) were per-
formed by the ILEWS project (refer to Fig. 3 for positions of the bore-
holes); however, only one drilling (Lic02) reached the intact
bedrock. By assuming that the seismic characteristics of the bedrock
at Lic02 are representative for the all seismic profiles, the thickness
of slope debris was assessed for the entire area covered by the seismic
survey. For areas of the landslide deposits which had not been
analysed by seismic refraction, e.g. the lower section of the larger
landslide body, an iterative approach using a topographic analysis
was utilised. In a first step, the landslide boundaries were connected
by a TIN-triangulation in order to simulate the undisturbed slope con-
ditions. However, the preliminary results were inadequate and were
subsequently improved by a separate TIN-triangulation of the eastern
andwestern landslide bodies. To further increase the quality of the de-
bris estimation, a topographic analysis of the landslide deposits was
carried out on the digital terrain model (DTM) with a 1 m resolution.
Several profiles were drawn across the boundaries of the landslide
bodies, and the thickness of the deposits were estimated based on
the difference in elevation and expert knowledge. For areas which
are undisturbed by landslide activity, additional drillings described
by Ohmert et al. (1988) were used to estimate the thickness of the
slope debris. In total, 14 drillings had been carried out in close vicinity
of the study area, and were consequently used to determine the bed-
rock for similar relative topographic positions. In order to ensure a
smooth interpolation of slope debris thickness for the entire study
area, some additional points with estimated bedrock depths had to
be created. The final interpolation utilised the tension spline routine
in ArcGIS.

To be able to carry out stability simulationswith CHASM, the layers
of the subsurface model had to be related to geotechnical parameters.
These include effective angle of internal friction, effective cohesion,
hydraulic conductivity, saturated and unsaturated bulk density, satu-
rated moisture content, and suction moisture curves for each consid-
ered lithological unit. In this study, the respective parameter values
were adopted from the study of Thiebes (2012), who carried out ex-
tensive CHASM modelling and sensitivity analyses for a single slope
profile in the same study area.

Groundwater conditions were derived from analysis of the hydro-
logical monitoring system (see Fig. 3). The annual minimum and
maximum groundwater tables were assessed from tensiometer mea-
surements, which provide the relative position of the groundwater by
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the recorded excess pore water pressure (UMS, 2007). To establish a
realistic groundwater table interpolation over the entire study area,
some additional groundwater levels were calculated by spatial inter-
polation in ArcGIS using the Inverse Distance Weighting routine.

Rainfall scenarios in the study were applied from 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 local station precipitation data between 1951 and
2000, and provides rainfall intensities for event durations between
5 minutes and 72 hours, as well as annual occurrence probabilities
from 0.5 and 100 years. KOSTRA was used to generate rainfall scenar-
ios of storm durations between 1 and 72 hours, annual occurrence
probabilities between 1 and 100 years, and three rainfall intensity
distributions. In addition, three types of rainfall scenarios were distin-
guished, i.e. normal, maximum intensity and worst case scenarios.
Normal scenarios were based on KOSTRA default settings for determi-
nation of rainfall intensities. For maximum intensity scenarios,
KOSTRA default settings were increased to the maximum of the per-
mitted range (4 to 12%more total rainfall depending on annual occur-
rence probability and storm duration). The worst case scenarios also
include the tolerance range which is advised if model outputs are to
be used for planning purposes. Total rainfall for these scenarios is be-
tween 10% and 20% higher than in normal scenarios.

Two automated shear surface search routines for circular shear
surfaces (Bishop's method) were developed to effectively focus
CHASM calculations on the profile sections most likely to experience
instability. The basis for the shear surface searches was a geometrical
procedure provided by Anderson (2009, personal communication),
which was modified to better fit slope conditions in the study area.
The shear surface search routine includes rules for the positioning of
the centre of potential slip circles as well as the incremental increase
of the search radius between iterations. For profiles with a length of
400 m or less, the centre of potential shear surfaces can be located
at 50% profile length. For longer profiles, the potential centre of slip
circles is located at one third of the profile length. The search proce-
dures were excessively tested and calibrated on various slope profiles
with varying lengths.

3.3. Integration into WebGIS

The CHASM decision-support system was designed with a web
frontend and a server backend. The web frontend is implemented as
a Java web-application and the user guidance utilises the open source
JavaScript framework Qooxdoo. In addition, the JavaScript library
OpenLayers is utilised to display and interact with the map. The serv-
er backend consists of a webserver, a map server, a Postgres data base
for the management of input parameters and simulation results, and
the WPS service which essentially runs CHASM. In this study, the
WPS specifications of version 1.0.0 (Schut, 2007) were used.

4. Results

4.1. Input data generation

Following the previously described methodology, the four-layered
subsurface model was generated with a spatial resolution of 2 m
(Figure 4). All the Middle Jurassic stratum is completely covered by
other material and is not exposed to the surface. The Upper Jurassic
limestone only has some few outcrops located above the limestone
scree, and is otherwise covered by slope debris. The spatial interpola-
tion of debris thickness yielded average values between 13 and 16 m
for the landslide deposit, with a maximum depth of over 20 m. For
undisturbed slope sections, debris accumulations between 1 and 6 m
were estimated. Debris thickness thereby increases from the plateau
areas to the lower slope sections. The limestone scree in the upper
section of the slope was assessed to have a maximum thickness of
approximately 8 m. Since it was assumed that the scree slope had de-
veloped after the initial landslide event, the scree material only covers
the surface and is not buried below the slope debris.

The determination of minimum and maximum groundwater ta-
bles primarily utilised the shallow and medium depth tensiometers
which were saturated and measured excess pore water pressure dur-
ing some time of the year. The resulting groundwater levels vary be-
tween 1.3 m and 2 m for the wet periods, and 3.7 m to 6 m during
drier phases. The results of spatial interpolation were assessed to be
adequate for the areas of the study area that can be assumed to be
most likely influenced by slope failures.

A total number of 180 rainfall scenarios were created with total
rainfall ranging from 18 mm to 144 mm for a 1 hour normal scenario
rainfall (1 in 1 year probability) and a 72 hour rainfall worst case sce-
nario (1 in 100 years probability), respectively. The maximum hourly
intensity reaches 70 mm in the worst-case scenario for a 1 hour rain-
fall with a return period of 100 years.

The developed shear surface search routine effectively concentrates
the search procedure on the upper slope areas, which are assumedmost
likely to be influenced by potential landslide initiation — reflecting po-
tential reactivation of at least parts of the landslide deposits. In order
to increase the modelling speed the number of potential shear surfaces
analysedwas limited in the search procedure. The developed procedure
reduces the number of possible shear surface positions by a relatively
large radius increment of Bishop's shear circles, while at the same
time allowing for a high number of possible positions in a horizontal di-
rection. Retrogressive slope failures involving the massive Upper Juras-
sic limestone can also be modelled, however, they were not given
priority in this work. Four sample profiles are displayed in Fig. 5.

4.2. CHASM decision-support system

The integration of CHASM into the WebGIS resulted in a simple-
to-use system (Figure 6) with the capability of generating a range of
user-friendly screens for each application (Figure 7). The slope profile
for which stability is to be calculated can be selected by clicking the
desired start and end-points on the displayer map (Figure 7-1). The
profile for the CHASM simulation is automatically generated by a
Java Advanced Imaging (JAI) routine which detects the properties of
the subsurface model. Depending on the profile length, the most ap-
propriate shear surface search algorithm is selected. In the next step
(Figure 7-2), the user can enter a name for the model run and set sim-
ulation length and iteration period. Additional choices include the
scenarios for rainfall and groundwater table, as well as soil character-
istics. In its current state, all rainfall scenarios derived from KOSTRA
can be selected for slope stability calculation from a drop down
menu (Figure 7-3), and two groundwater levels, i.e. annual minimum
andmaximum are available. For soil characteristics, either the CHASM
standard parameter or the parameter values given by Thiebes (2012)
can be chosen. The selected parameters are exported to the data base
and stored under the profile name. Subsequently, the WPS initiates
the CHASM simulation which typically has a run time of approxi-
mately one minute (Figure 7-4). The selected slope profile is colour-
coded according to the simulated FoS of the last hour of the simula-
tion, with green for a FoS greater than 1.3, orange for a FoS between
1.0 and 1.3, and red for a FoS below 1.0 (Figure 7-5). Further informa-
tion, such as the development of the FoS throughout the simulation or
the position of the shear surface can be accessed for previously exe-
cuted model runs (Figure 7-6). Sample results are presented in
Fig. 7-7 and 7-8, in which the rainfall period is displayed in blue,
and the FoS is shown as a green line. Fig. 7-7 shows the FoS a decreas-
ing over the first hours of the simulation as adjustments in slope hy-
drology take place following the “cold” model start. During rainfall,
the FoS continues to steadily decrease until reaching an “equilibrium”

value of approximately 1.45. Fig. 7-8 illustrates the FoS simulation re-
sults of a rainfall event which shows marked fall in FoS values caused



Fig. 4. Subsurface model.

Fig. 5. Potential shear surfaces for four sample profiles.
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Fig. 6. Flowchart of the CHASM decision-support system.
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by changes in the position of critical shear surfaces. Finally, instead of
generating a new profile for each simulation, it is also possible to se-
lect previously simulated profiles from the database.

The CHASM decision-support application is available to registered
users and can be used in German and English language. In addition, a
bilingual step-by-step tutorial explaining the functionality of the ser-
vice and the basic terms of slope stability calculation were developed
to increase usability.

5. Discussion

Inevitably, uncertainties are inherent in the presented CHASM
decision-support system which also derives from the estimation of
subsurface conditions, geotechnical characteristics and groundwater
tables; and the influence of spatial interpolation. The determina-
tion of the spatial extent of subsurface materials utilised a variety of
input data to create a high quality representation of the underground
conditions. In particular seismic refraction demonstrated to provide
cost and time efficient data source. The assessment of groundwater
levels relied on the extensive hydrological monitoring system. How-
ever, the estimation of groundwater scenarios proved to be difficult
due to sometimes contradicting measurements and the complex sub-
surface hydrologywhich features preferential flowpaths. Even though
spatial interpolation of debris thickness and groundwater levels in-
volved uncertainties, the data for the main landslide-affected area
can be assumed to have relatively high reliability.

The automated shear surface search algorithm integrated into the
web-based decision-support system is an efficient, and systematic
procedure for identifying the most significant potential failure sur-
faces. However, there is a trade-off between accuracy of modelling
results and the simulation run times. The implemented algorithm al-
lows for a wide range of shear surface positions in a horizontal direc-
tion, but restricts the number of slip surfaces searches in a vertical
direction, thereby reducing overall model run times. As expected,
some simulation runs illustrate significant temporal shifts in the
FoS. Such shifts represent changes in the critical shear surface caused
by pore water pressure changes demonstrating the importance of the
conjoint inclusion of automatic slip search and dynamic pore pressure
modelling. It is therefore apparent that the implemented CHASM
decision-support system facilitates rapid limit-equilibrium slope sta-
bility analysis for various slope profiles, and is transferable to other
study areas with similar slope morphologies.

6. Conclusions

This study presents the integration of limit-equilibrium model
CHASM into a web-based GIS. The implemented decision-support
system allows for the quick application of CHASM to freely selectable
slope profiles without the need to elaborate the slope profile and
shear surface definition files. A wide selection of input data such as
rainfall scenarios and soil characteristics, and model parameters can
be chosen by the user. It was not the goal of this study to convert
the entire CHASM stability software into a web-based simulation
programme but rather to enhance the model flexibility and to investi-
gate the benefits of an integration of standard slope stability software
into a WebGIS. Nevertheless, the entire system was designed to be
adaptable and could be upgraded to integrate other CHASM features.

The implemented CHASM decision-support system utilises open-
source software and was developed according to OGC standards
which are important condition for the interoperability of the system
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Fig. 7. Sample application screenshots of the decision-support system.
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components, and the transferability of the system as a whole. The
implementation of CHASM as a WPS shows the potential of this ser-
vice to integrate complex simulation algorithms into web-based geo-
spatial applications. However, to fully take advantage of the WPS
capabilities it would be useful to integrate these into general purpose
GIS software.
The CHASM decision-support system represents an innovative
prototypewhich demonstrates a new approach to landslidemodelling
within GIS, and confirms the technical feasibility of undertaking a
physically-based slope stability analysis within web-based GIS. The
flexible and time-efficient application allows for quick judgment of
slope stability which will be helpful for stakeholders and decision-
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makerswho require to assess slope stability situation for large areas in
a short time.

It can be expected that future endeavours in the field of landslide
hazard management will utilise similar approaches and that the inte-
gration of designated landslide simulation models into GIS environ-
ments will increase. Further research in this field should additionally
integrate real-time hydrological monitoring data, thereby extending
the system's usability to early warning applications, and more com-
prehensive risk management.
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