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Supervisor’s Foreword

Landslide risk is a pressing societal issue that is still poorly understood. A major
challenge of risk assessment originates from the difficulty of quantifying risk
considering the wide range of landslide types and processes and the various cost
factors independent of size or magnitude. Recent studies stress the importance of
integrated approaches that use damage statistics and data on societal risk accept-
ance to explore landslide risk in all its facets. A key to these new approaches are
landslide databases that store geospatial and impact-related information on past
and current landslides. The availability of Geographic Information Systems (GIS)
in recent years has made landslide databases an important tool for spatial inven-
tory and hazard mapping. The full scientific potentials of databases in risk assess-
ment, however, go far beyond the scope of GIS applications, but are still widely
underestimated. This relates to a lack of approaches capable of searching database
contents for damage or cost information and to derive risk by the systematic fusion
of complex data sets from multiple sources. The development of innovative tools
for knowledge discovery in landslide databases is critical for assessing landslide
risk in integrated perspective.

This doctoral thesis written by Martin Klose is a pioneering research work that
makes an excellent contribution to fundamental understanding of landslide risk.
The study introduces an analytical framework for integrated risk assessment and
new approaches to data integration, modeling, and visualization tailored for use
with data sets extracted from landslide databases. “From physical process to eco-
nomic cost” is the principle of method development in this research work, with the
goal of bridging the gap between the analysis of landslide hazard and impact. A
key role is played by a landslide susceptibility model that enables to identify and
delineate areas at risk of landslides and to assess infrastructure exposure. Temporal
landslide hazard is derived from landslide frequency statistics and a hydrological
simulation approach to estimate triggering thresholds. These methods are inte-
grated into a powerful toolset for cost survey and modeling that uses historical
data to compile, model, and extrapolate damage costs on different spatial scales
over time. The combination of this toolset with techniques to analyze fiscal cost
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impacts supports integrated risk assessment by exploring the economic relevance
of landslide losses.

Martin Klose presents in his doctoral thesis a novel approach to landslide risk
assessment that constitutes a major scientific advance in a research field critical
to global society. The thesis is a brilliant example of cross-cutting and societally
relevant Ph.D. research in the Earth Sciences and neighboring disciplines. It is to
expect that the thesis will make a global impact, which is already reflected by the
attention paid to the journal articles accompanying this research work. Martin
Klose has written the thesis with the experience of a four-month research visit at
the U.S. Geological Survey in Golden (CO), USA. The cooperative research he
made at this world-leading research institute was funded by a scholarship of the
German Academic Exchange Service. Martin Klose initiated this partnership with
colleagues from the Landslide Hazards Program and is actively participating in
global scientific exchange and the consulting of decision makers. The results of
this cooperative research and further projects found their way into his doctoral the-
sis and provide an international perspective on landslide risk. This makes the pre-
sent thesis a top-level research work of high scientific excellence. It is therefore a
great pleasure to nominate Martin Klose for a Springer Thesis Prize.

Vechta Prof. Bodo Damm
April 2015
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Chapter 1
Introduction

1.1 Landslides—Why So Complex Phenomena?

Landslides are among the world’s most frequent geohazards and pose serious risks
to human activity on slopes across the globe (e.g., Brabb 1991; Dilley et al. 2005;
Nadim et al. 2006; Hong et al. 2007; Kirschbaum et al. 2010; Petley 2012). As sim-
ply defined, a landslide is “the movement of a mass of rock, earth or debris down
a slope” (Cruden 1991), with gravity and often water as well being the major driv-
ing factors of this geomorphic process (e.g., Sidle and Ochiai 2006; Lu and Godt
2013). The diversity of landslide types is large, ranging from slides in a strict sense
to types of movement such as flows, falls, topples, spreads, and complex land-
slides, a combination of at least two of these movement types (cf. Varnes 1958,
1978; Nemcok et al. 1972; Cruden and Varnes 1996; Dikau et al. 1996; Hungr et al.
2014). Each landslide represents a specific state of activity in a much broader con-
cept of slope stability. The stability of slopes is usually understood as a “physical
system that develops in time through several stages”, including besides the land-
slide itself (slope failure), complex pre- and post-failure process mechanisms
(Hungr et al. 2014; see also Terzaghi 1950; Vaunat et al. 1994; D’Elia et al. 1998).
Various states of landslide activity (active, dormant, reactivated, etc.) can be differ-
entiated (e.g., WP/WLI 1993), and within the broad stability spectrum of slopes, the
shift from stable to unstable conditions over time is controlled by predisposition,
preparatory, and triggering factors (cf. Crozier 1986; Glade and Crozier 2005a).
The causes and triggers of landslides are diverse (e.g., Wieczorek 1996), vary-
ing between the different regions of the world, but with intense or prolonged rain-
fall (e.g., Guzzetti et al. 2008; Kirschbaum et al. 2012), earthquake shaking (e.g.,
Keefer 2002; Ugai et al. 2013), and human activity (e.g., Sidle et al. 1985; Nadim
et al. 2011) being globally the most widespread causative factors. Rapid urbaniza-
tion of the world’s hillsides today increasingly involves settlement in areas sus-
ceptible to landslides while often intensifying landslide susceptibility by slope
disturbance itself (cf. Alexander 1989; Pike et al. 2003; Schuster and Highland
2007). Both their close dependency on human activity and the variety of their
types and processes make landslides an everyday hazard in many areas worldwide
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2 1 Introduction

(Klose et al. 2014a). This distinguishes landslides from related geohazards (earth-
quakes, storm events, etc.) of which they are a frequent secondary effect (e.g.,
Harp et al. 2009; Marano et al. 2010), with their losses increasing that of the trig-
gering event significantly (cf. Budimir et al. 2014).

Landslides more than any other geohazard are characterized by a complex distri-
bution in space and time (Fig. 1.1). Each year thousands of landslides occur world-
wide, not only in high or low mountain areas (e.g., Korup 2012), but also in parts of
the world with little topographic relief (cf. Brabb and Harrod 1989), including the
shorelines of oceans (e.g., Lee and Clark 2002; Iadanza et al. 2009), artificial land-
scapes in lowland areas (e.g., Wichter 2007), and even continental shelves undersea
(e.g., Hampton et al. 1996; Masson et al. 2006). The diversity of distribution areas
is only one aspect in the complexity of landslide risk; more important, however, are
the spatiotemporal patterns in landslide occurrence, especially at local and regional
level. Five different spatial and/or temporal patterns of landslide activity are gener-
ally identifiable: (i) event-based clustering (Fig. 1.1; see also Cardinali et al. 2000),
(ii) seasonal clustering (e.g., monsoon cycle; Petley et al. 2007), (iii) geofactor-ori-
ented clustering (relief, lithology, etc.; cf. Sect. 5.1), (iv) continuous (or episodic)
landsliding (slope creep over broad areas; e.g., Hilley et al. 2004), and (v) land use-
related distribution (dispersed or clustered; see also Fig. 1.1). Although not with a
strict focus to risk analysis, spatiotemporal patterns in landslide occurrence have
already been described in related studies as well, including, amongst others, Witt
et al. (2010), Rossi et al. (2010), and Tonini et al. (2013).

A unique feature of landslides is their large spectrum of sizes, velocities, and
lifetimes (e.g., Malamud et al. 2004; Guthrie and Evans 2007; Crozier 2010). From
a global perspective, the size spectrum of a single landslide spans at least nine (areal
extent) to more than twelve (volume) orders of magnitude (Guzzetti 2005; Guzzetti
et al. 2012). Landslides in their extremes are thus either discrete points in space or
large regional phenomena whose deposits cover tens or hundreds of square kilom-
eters (cf. Glade and Crozier 2005b). Alternatively, the velocity of landslides ranges
from slow (mm/year) to extremely rapid (m/s) movement, whereby velocity and
distribution of activity is often varying within a single landslide (e.g., Cruden and
Varnes 1996). Landslides result in landforms that show long persistence in the geo-
morphic landscape (cf. Guthrie and Evans 2007), with ages of landslide features and
deposits reaching up to thousands of years in many cases (e.g., Gonzdlez Diez et al.
1996; Terhorst 2001). The long lifetime of landslides together with their nature to
create rough and unstable terrain often makes areas affected by landslides inhabitable
for decades or even centuries (e.g., Burke et al. 2002; Van Den Eeckhaut et al. 2010).

Landslide impact in physical terms involves damage to people or property located
on a slide mass or in its pathway by burial, collision, and displacement (direct
impact). Besides these on-site impacts, there are also impacts experienced off-site
(indirect impact), including damage from landslide-induced secondary hazards. The
impact of a landslide is either temporally coinciding with its occurrence (instant
impact) or emerges in its aftermath (delayed impact) (cf. Glade and Crozier 2005a;
Crozier et al. 2013). The degree of landslide impact (landslide intensity) is highly var-
iable and largely depends on the type of landslide, its magnitude, and the vulnerability
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Fig. 1.1 Examples of landslide triggering events with a complex distribution of landslides in
space and time. a Widespread landslide activity on highly developed slopes in southern Cali-
fornia (USA) as result of severe winter storms in January and February 2005 (Photo J. Godt,
USGS). b Land use as key factor for causing thousands of landslides during the February 2004
rainstorm on southern North Island, New Zealand (Photo G. Hancox, GNS Science)
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of the element at risk (building, road, etc.) (e.g., Alexander 1986; Flageollet 1999;
Pitilakis et al. 2011). Landslide intensity as “the destructive power of a landslide”
(Corominas et al. 2014) is generally difficult to define due to unique problems in
parameterization, measurement, and scaling of landslide magnitude (cf. Guzzetti
2005). This is mainly because landslides show significant impact as both: fast-moving

Physical Impact

T
(a) fadits

Economic Impact

e 81 L

Rural Area

Large Size Costs of US$2.4 million

Fig. 1.2 Illustration of the complex relationship between physical landslide processes and the
economic impact of landslides. As the examples from NW and SW Germany show, the costs
of landslide damage are sometimes independent from landslide magnitude, while cost factors
such as landslide location and type of affected infrastructure are often playing an important role:
a, b Landslide damage and repair of highway B 80 or B 3 north of the city of Hann. Miinden,
Lower Saxony, after repeated landslide damage in the mid-2000s (Photo M. Klose; Database B.
Damm); ¢ the 1983 Mdssingen landslide at the Swabian Jurassic escarpment, Baden-Wuerttem-
berg (Photo A. Dieter; cf. Munich Re 1999)
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landslides (high magnitude) with large associated damage, and slow-moving land-
slides (low magnitude) that result in large damage over time as well (e.g., Cruden and
Varnes 1996; Urciuoli and Picarelli 2008; Mansour et al. 2011; Antronico et al. 2014).
The relationship between physical landslide impact and economic costs depends
on a variety of factors often independent from landslide magnitude (cf. Klose et al.
2014a, b). Most types of landslides result in specific kinds of damage whose transla-
tion into monetary losses is beyond simple expression through linear magnitude—dam-
age—cost relationships. A characteristic feature of landslide impact is that there is no
strict rule that the larger landslide magnitude, the higher landslide costs (Fig. 1.2; see
also Sect. 5.3.1). Thus, even shallow soil slides or small rockfalls affecting highways
may result in large costs, while the losses of major landslides in remote rural areas are
not necessarily large. Severity of economic impact (direct or indirect) first relates to
landslide location (urban or rural) and the question whether critical infrastructure is
affected or not (Fig. 1.2; e.g., Blaschke et al. 2000; Geertsema et al. 2009). A second
main driver of landslide costs, as case studies indicate (e.g., Cornforth 2005; Hearn
et al. 2011; Highland 2012), are the types and methods of post-disaster mitigation,
whereas a correlation between direct costs and the damage to or the value of elements
at risk is often hard to find (cf. Sect. 5.3.1). These cost factors related to landslide
repair and prevention are partly controlled by the level of public and individual risk
acceptance and thus the underlying societal conditions (e.g., Fell 1994; Finlay and
Fell 1997; Bell et al. 2006; Winter and Bromhead 2012). As a result of disparities in
technical and adaptive standards, coping with landslides differs throughout the world.
This also causes their impacts and costs to vary geographically, specifically as a
function of the region’s level of economic development (cf. Klose et al. 2014a).

1.2 Overview of Global Landslide Impact

Statistics on the death toll and economic losses of landslides are rare to find for
above reasons, but those few that are available at national or continental scale
clearly illustrate the global significance of landslide impact (Table 1.1; see also
Alcantara-Ayala 2014). According to a study from Dilley et al. (2005), an area cor-
responding to 2.5 % of the world’s land surface is prone to landslides. The study
states further that 300 million people (5 % of world population) across the globe
are living in areas exposed to significant landslide risk. Furthermore, Petley (2012)
has found that between 2004 and 2010 landslides claimed more than 30,000
lives, with a strong concentration of landslide fatalities in E- and SE-Asia, the
Himalayas, and Central America (Fig. 1.3). These regional clusters of fatal land-
slides are often considered as global landslide hotspots (Nadim et al. 2006). By
referring to data from the Centre of Research for the Epidemiology of Disasters
(CRED), Kjekstad and Highland (2009) report that 17 % of the fatalities from
natural hazards are due to landslides. Few additional studies illustrate the societal
relevance of loss of live from landslides at national level. In their time series of
landslide fatalities in Italy, Salvati et al. (2010), for instance, record a total of more
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Table 1.1 Total annual losses caused by landslides in different countries worldwide

Country Total annual loss (USD billion) Loss as percentage of GDP
USA 2.1-43 0.01-0.03

Japan >3.0 >0.06

Italy 39 0.19

India 2.0 0.11

China >1.0 0.01

Germany 0.3 0.01

The cost estimates include direct and indirect losses and are also shown as percentage of national
GDP (Gross Domestic Product). Note that the presented losses are rough estimates that only give
a first impression of the overall economic significance of landslide impact

Data modified after Li (1989), Schuster (1996), Schuster and Highland (2001), and Klose and
Damm (2014). Losses presented in the table are given in 2014 values. National GDPs according
to International Monetary Fund (https://www.imf.org/external/data.htm)

180° 135'W 0W 45'W o 45'E 9'E 135°E

Fig. 1.3 Global distribution of fatal landslides in the period 2004-2010. The map illustrates the
location of 2,620 landslides that caused the death of 32,322 people. Regional clusters of fatal
landslides are found to be in E- and SE-Asia, the Himalayas, and Central America. Note that this
map ignores loss of life from earthquake-induced landslides (Source Petley 2012)

than 15,000 deaths between the mid-8th century and 2008. However, the most
fatal series of landslides ever recorded was related to the 1920 Haiyuan earthquake
that caused the death of approximately 100,000 people (Close and McCormick
1922; see also Rungiu 2009).

Landslides result in economic losses that are both direct and indirect and that
are either of public or private nature. Direct losses are the costs of repair, replace-
ment, and maintenance of property damage within the boundaries of landslides.
All other losses (property devaluation, loss of revenue, etc.) are indirect, includ-
ing those caused off-site by secondary hazards such as flooding (cf. Fleming and
Taylor 1980; Schuster and Fleming 1986; Schuster 1996). As avoidance costs
often relate to post-disaster mitigation (Klose et al. 2014a), the costs of preventing
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landslide damage are sometimes also classified to direct losses (e.g., Klose et al.
2014b). While direct losses are capped according to landslide magnitude or local
setting, those of indirect nature show broader economic impact, especially through
complex multiplier effects. For example, one of the costliest landslides of all
times is the 2013 Bingham Copper Mine landslide (Utah, USA); a landslide that
caused estimated production losses of around US$700 million, with the potential
to increase global copper prices (The Landslide Blog 2013; see also Pankow et al.
2014; Fig. 1.4c). An overview on the different types of indirect losses is given
by, amongst others, Sidle and Ochiai (2006), Kjekstad and Highland (2009), and
Alimohammadlou et al. (2013). Furthermore, the differentiation in public and pri-
vate losses is crucial for risk assessment, highlighting that the financial burdens of
landslides are often not allocated to the general public but paid by affected private
property owners alone (cf. Fleming and Taylor 1980; Schuster and Fleming 1986;
Schuster 1996). This especially applies to the many cases with absence of land-
slide insurance (e.g., Olshansky 1996).

From a global perspective, Italy (US$3.9 billion) and Japan (>US$3.0 billion)
are among those countries that experience the worst economic impact of land-
slides worldwide (Table 1.1; see also Trezzini et al. 2013). However, it is not just
Italy and Japan where total annual landslide costs amount to billions of dollars
but the USA, China, and India as well. The direct costs of landslides in Germany
have first been estimated by Krauter (1992) who presented an estimate of US$250
million. Given the latest research results (Sect. 5.3), this cost estimation seems
too optimistic, wherefore revised upwards to US$300 million in recent studies
(Table 1.1; Klose and Damm 2014). Most of the available cost figures are rough
estimates of only preliminary character; however, they are still able to reflect the
overall significance of landslide losses in realistic ways. When considering the fact
that U.S. cost estimates are transferable to similar industrialized nations (Schuster
1996), the annual worldwide costs of landslide impact would roughly be around
US$20 billion, which corresponds to 17 % of the 1980-2013 annual average
global natural disaster losses (US$121 billion; according to Munich Re 2014).

A number of previous cross-sector loss studies show consensus that the trans-
portation sector is most affected by the billions of dollars in annual landslide
losses worldwide (e.g., Wang et al. 2002; Highland 2012; Klose et al. 2012;
Vranken et al. 2013; Sect. 4.3.1). For the U.S. state highway system, Walkinshaw
(1992), for instance, estimated annual repair and maintenance costs of US$190
million. Alternatively, Klose and Damm (2014) provide a first cost estimate of
annual direct losses for highways (i.e., BundesstraBen; comparable with U.S.
routes) in Germany. According to their cost extrapolation, national losses for
this category of road range between US$70 and 80 million each year. Besides
large amounts of damage and prevention costs, indirect landslide losses, espe-
cially due to traffic disruption, are also critical for transportation infrastructures
(e.g., MacLeod et al. 2005; Ohara et al. 2008). With regard to railways, the 2013
Hatfield Colliery landslide (South Yorkshire, UK), for example, illustrates that dis-
ruption costs could quickly run into tens of millions of dollars (Symes and Madill
2013; see also BGS 2014). Further case studies of indirect losses together with
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Fig. 1.4 (continued)
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Fig. 1.4 Recent landslide disasters worldwide. a Rockslide—debris avalanche on Leyte Island
(Central Philippines) in the year 2006. The landslide was caused by tectonic weakening within
the Philippine fault zone (Source Evans et al. 2007). b The 2010 Maierato landslide near the
city of Vibo Valentia, Southern Italy, which occurred after a seven-month wet period (Photo
V. Comerci, ISPRA; cf. Gattinoni et al. 2012). ¢ 2013 Bingham Copper Mine landslide (Utah,
USA) that is among the most expensive landslides worldwide. The costs due to disruption of
mining activity are estimated at about US$700 million (Photo Rio Tinto Kennecot; cf. The
Landslide Blog 2013). d A year-2001 earthquake-induced landslide in El Salvador (Central
America) affecting a local community close to the capital city San Salvador (Photo E. Harp,
USGS). e Heavy rainfall caused the 2014 Afghan landslide with possibly more than 2,000
fatalities (Photo F. Waezi, UNAMA; cf. Witze 2014). f A series of catastrophic landslides trig-
gered by the 2008 Wenchuan earthquake destroyed the town of Qushan in Sichuan Province, SW
China (Photo D. Wald, USGS)

additional data sets on national cost estimates are provided by Fleming and Taylor
(1980), Brabb and Harrod (1989), Schuster (1996), and Schuster and Highland
(2001).

Note that all landslide losses presented in this study are given in U.S. dollar and
refer to 2013-2014 values. Loss data published in previous studies are adjusted
for inflation by using the U.S. consumer price index (CPI-U 08-2013 or CPI-U
05-2014; http://www.bls.gov/cpi/). In the following sections, data sets on landslide
losses exclusively relate to direct costs, and the words costs and losses are used as
synonyms.

1.3 Research Gap

The nature of landslides is complex in many respects, with landslide hazard and
impact being dependent on a variety of factors (cf. Sect. 1.1). This obviously
requires an integrated assessment for fundamental understanding of landslide


http://www.bls.gov/cpi/

1.3 Research Gap 13

risk. Integrated risk assessment, according to the approach presented in this work,
implies combining prediction of future landslide occurrence with analysis of land-
slide impact in the past. A critical step for assessing landslide risk in integrated
perspective is to analyze what types of landslide damage affected people and
property in which way and how people contributed and responded to them. As is
the case with assessing landslide hazard (cf. Varnes and IAEG 1984; Sect. 4.2.1),
the past and the present are also seen as keys to assess landslide impact. In inte-
grated risk assessment, the focus is on systematic identification and monetization
of landslide damage, and analytical tools that allow deriving economic costs from
physical landslide processes are at the heart of this approach. The broad spectrum
of landslide types and process mechanisms as well as nonlinearity between land-
slide magnitude, damage intensity, and direct costs are some main factors explain-
ing recent challenges in risk assessment. Most previous concepts and models for
analyzing landslide risk (cf. Sect. 4.3.1) ignore both the specific characteristics
of landslides and the complex nature of landslide impact. It is common practice
today to derive landslide risk without considering landslide process-based cause-
effect relationships.

The two prevailing approaches for assessing the impact of landslides or
related geohazards in economic terms are cost survey (ex-post) and risk analy-
sis (ex-ante). While cost survey has a focus on identifying past landslide losses,
risk analysis is trying to predict those occurring in future (e.g., Hallegatte and
Przyluski 2010; Meyer et al. 2013; Kreibich et al. 2014). Both approaches are able
to complement each other, but yet a combination of them has not been realized
so far. Alternatively, new concepts or tools that expand these two approaches are
still missing or their potential has only been unlocked to some extent by now. As
valuable sources of landslide information, landslide databases (cf. Chap. 2), for
instance, play a vital role in both approaches. Thus, cost survey is often a major
step in database development, whereas risk analysis takes advantage of parts of
their content, especially spatiotemporal landslide data. Landslide databases are
therefore also a key component for and a starting point of integrated risk assess-
ment (Fig. 1.5). This approach is based on a systematic framework that combines
cost survey and GIS-based tools for hazard mapping or cost modeling with meth-
ods to assess interactions between land use and landslides in historical perspective.
However, knowing where, when, and why landslides will occur and how much
they are likely to cost is only one part of integrated risk assessment. Fundamental
understanding of landslide risk also requires knowledge about the economic and
fiscal relevance of landslide losses, wherefore analysis of their impact on public
budgets is a further component of this approach. In integrated risk assessment, a
combination of methods plays an important role, with the objective of collecting
and integrating complex data sets on landslide risk.

The research gap in integrated risk assessment becomes apparent when consid-
ering the research background of landslide loss studies (Fig. 1.6). From a global
perspective, there has been two main eras of cost estimation so far: an empiri-
cal era focused on past landslide losses (cost survey), and a modeling era deal-
ing with landslide losses in future (risk analysis). Much of the research during the
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Fig. 1.5 Research gap existing in integrated assessment of landslide risk. The main idea of inte-
grated risk assessment is to combine cost survey (ex-post) with risk analysis (ex-ante) and to
make use of landslide databases in impact statistics or in studying the role of human activity in
landslide hazard

empirical era was from the U.S. (e.g., Schuster 1996; Sect. 4.3.1) which show the
longest history of loss studies. Besides few global reports (e.g., Brabb and Harrod
1989; Schuster and Highland 2001), past landslide losses in Europe, for instance,
have only recently received increasing scientific attention, wherefore few addi-
tional, non-American cost surveys are available up until now (e.g., Klose et al.
2012; Trezzini et al. 2013; Vranken et al. 2013). Alternatively, the modeling era,
including GIS-based risk studies, is dominating since the mid-1990s. The main
approaches and methods of this second era are summarized by, amongst others,
Dai et al. (2002), Lee and Jones (2004), Crozier and Glade (2005), Chacon et al.
(2006), Van Westen et al. (2006), and Corominas et al. (2014). Despite exhaustive
research in both eras, cost estimation is still faced with major challenges, which
is why some few studies today discuss new integrated approaches (e.g., Crovelli
and Coe 2009; Klose et al. 2014b). These recent studies combine cost survey with
elements of risk analysis, either to predict future landslide losses from those in the
past or to overcome limitation of cost survey to small spatial scales. The method-
ology of integrated risk assessment proposed in the present work is at the heart of
this new development in the evolution of risk assessment approaches. More spe-
cifically, this work tries to bridge several research gaps, not only this between cost
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Fig. 1.6 Overview of the research background of landslide loss studies. Since Smith (1958)
published first loss data for the U.S., there has been two main eras of cost estimation: an empiri-
cal era focused on cost survey (past losses), and a modeling era dealing with risk analysis (future
losses). Some few studies today try to close the research gap in integrated risk assessment by
presenting approaches that combine cost survey with risk analysis

Smith (1958), Fleming & Taylor (1980), Walkinshaw (1992), etc.

survey and risk analysis, but also this between landslide process investigation and
economic loss study. A key role in addressing these research deficits is played by
landslide databases whose potential in impact statistics, hazard mapping, and cost
modeling makes them useful tools for integrated assessment of landslide risk (cf.
Chap. 2).

This section has outlined the state of research and associated research gaps
from an overall perspective. For further information on the approaches and deficits
in the different fields of risk assessment, it is referred to the introductory remarks
on landslide databases (Sects. 2.1 and 2.2.1). Furthermore, Chap. 4 provides an
overview of available methods for assessing temporal or spatial landslide hazard
(Sect. 4.1.1 or Sect. 4.2.1) and landslide costs (Sect. 4.3.1).

1.4 Objectives and Outline of the Study

The overarching goal of this study is to develop and apply new approaches that allow
using an available landslide database as tool to assess landslide risk in the Lower
Saxon Uplands, NW Germany, in integrated perspective. Much of this research is
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based on a landslide database that has been established in the late 1990s and that is
now maintained as national landslide database for Germany (Damm and Klose 2014,
2015). On the basis of the subgoal to contribute to further database development at
national level, the present study has the following hierarchically connected priority
goals with regard to landslide risk assessment in the Lower Saxon Uplands: (A) mod-
eling of spatial hazard, (B) calculation of temporal hazard, and (C) study of hazard
impact (see also Fig. 1.7). The latter priority goal is complemented by three additional
goals, including (C.1) impact statistics, (C.2) analysis of hazard management, (C.3)
landslide cost modeling, and (C.4) fiscal assessment of cost impact. These priority
goals can be differentiated in the following subgoals and working steps:

A. Spatial hazard: modeling of landslide susceptibility

e Development and application of a regional landslide susceptibility model for
the German Federal State of Lower Saxony by modifying an available statistical
modeling approach

e Mapping of landslide sites in the Lower Saxon Uplands (southern Lower
Saxony) by geocoding of landslides stored in a database and creation of a spa-
tial landslide inventory

e Investigation, mapping, and statistical analysis of geofactors that control
regional landslide susceptibility and evaluation of the role of human activity in
causing landslides

PRIORITY GOALS WORKING STEPS

INTEGRATED ASSESSMENT

OF LANDSLIDE RISK

C.4 Fiscal Assessment of Cost Impact

C.1 Impact Statistics / C.2 Analysis of Hazard Management
{C) HAZARD IMPACT C.3 Landslide Cost Modeling

ya
(B) TEMPORAL HAZARD Calculation of Landslide Recurrence Frequency
L \
£ \
(A) SPATIAL HAZARD Modeling of Landslide Susceptibility
LANDSLIDE DATABASE

Subgoal: Contribution to Database Development at National Level

Fig. 1.7 Summary of the priority goals and major working steps of this study
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Application of the landslide susceptibility model for mapping and zonation
of landslide-prone areas and identification of regional hazard clusters and key
areas of landslide activity

Mapping of infrastructure area at risk of landslides at local and regional level
and assessment of hazard exposure to urban area and road infrastructure in the
Lower Saxon Uplands

. Temporal hazard: modeling of landslide-causative soil moisture levels

Development of a soil water balance model with regional applicability by com-
bining existing methods for modeling of soil moisture levels connected with
past landslide activity

Model application to simulate monthly soil moisture levels for reference land-
slide sites in the Upper Weser area, southern Lower Saxon Uplands, since the
mid-20th century

Identification of temporal correlations between simulated soil moisture and
landslide activity as well as calculation of critical soil moisture thresholds asso-
ciated with past landslides

Calculation of recurrence intervals of landslide-causative soil moisture levels
and magnitude—frequency analysis with regard to landslide volume and critical
soil moisture levels

Analysis of soil moisture anomalies to determine the duration of wet periods
and soil saturation before landslide occurrence as well as calculation of land-
slide initiation times

C. Hazard impact: impact studies (C.1, C.2, C.4) and landslide cost modeling
(C.3)

C.1. Impact statistics

Application of the landslide database for analysis of the regional frequency and
causes of landslides using the examples of Lower Saxony and the entire German
Central Uplands

Statistical analysis of database contents focused on identification of affected
infrastructure, types of damage or disaster response, and methods of landslide
repair or hazard mitigation

Database application to develop case histories of landslide impact for reference
sites in the Lower Saxon Uplands to study the role of human activity in the evo-
lution of landslide risk

C.2. Analysis of hazard management

Database analysis combined with expert interviews and field studies to identify
hazard management practices (repair, prevention, maintenance) along highways
in Lower Saxony
Design of disaster management process models for identification and simulation
of cost factors involved in coping with landslide hazards at highways over the
full disaster cycle
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C.3. Landslide cost modeling

e Development of a method for estimation and GIS-based regionalization of
direct landslide costs for transportation infrastructures by using a database and
the tools from (A) and (C.2)

e Configuration of the method for its application in a loss study for highways in
the Lower Saxon Uplands based on the results of the analysis of regional hazard
management

e Compilation of landslide costs for a representative case study area over a reli-
able time period by means of cost survey and cost modeling with a local land-
slide database subset

e Cost extrapolation for highways in the Lower Saxon Uplands by using a
regional infrastructure exposure index and a cost index of the losses for high-
ways in local hazard areas

C.4. Fiscal assessment of cost impact

e Modeling of disaster financing for highways of the Lower Saxony Department
of Transportation and for urban infrastructures of the city of Hann. Miinden
(Upper Weser area)

e Cost survey and expert interviews to estimate landslide losses in Hann.
Miinden and analysis of financial data at city level and from the Lower Saxony
Department of Transportation

o Assessment of the budgetary impact of landslides and analysis of their fiscal rel-
evance for public construction budgets of both authorities in recent years and in
the near future

The present study is organized as follows: In Chap. 2, an overview of the evolution
of landslide databases worldwide is given, with special focus to the past and current
situation in Europe and Germany. The landslide database for Germany, which served
as an important information source for this research, is presented next, including a
summary of the goals, the structure, and the contents of the database. This chapter
also provides examples of regional database application with regard to analysis of
landslide frequency, the investigation of landslide causes or triggers, and landslide
impact statistics, where each of these applications is focused on the entire German
Central Uplands. Subsequently, in Chap. 3, the study area of the present research
work, the Lower Saxon Uplands (NW Germany), is introduced. Main emphasis is
thereby placed on the description of prevalent landslide types and processes and the
soil materials often affected by landslides in this region. In the following, Chap. 4
highlights the approaches and methods that have been developed, optimized, and
applied in this study. An introduction preceding each of the three different sections
on method development addresses the specific state of research and the existing
research limitations and challenges. Based on the arguments for new or improved
methodological approaches, the developed analytical tools and methods are pre-
sented, including a soil water balance model, a landslide susceptibility model, and
a landslide cost assessment model. Chapter 5 then deals not only with the results
of local or regional method application, but a discussion of the obtained results is
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presented herein as well. The different sections of this chapter are published in three
accompanying research papers. Finally, Chap. 6 provides a synthesis of the key
findings of the conducted studies, while presenting further research results that put
these findings into perspective. The proposed framework of integrated landslide risk
assessment is used in this chapter to derive an overall qualitative risk estimate for the
Lower Saxon Uplands. The strengths and weaknesses of the performed risk estima-
tion are also critically discussed in the synthesis of the present study.
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Chapter 2
Landslide Databases—State of Research
and the Case of Germany

2.1 Evolution of Landslide Databases—An Overview

Landslide databases are valuable sources of information for research on landslides,
not only in terms of their causes, types, and processes (e.g., Pelletier et al. 1997;
Guzzetti et al. 2009; Rossi et al. 2010; Tonini et al. 2013; Hurst et al. 2013), but
also the impacts and risks associated with them (e.g., Guzzetti et al. 2003; Hilker
et al. 2009; Van Den Eeckhaut et al. 2010; Klose et al. 2014a). A landslide data-
base, often also referred to as landslide inventory, is a systematic collection of
information on past landslides (Hervas 2013). Besides some few event-based
inventories, for example, those for earthquakes (e.g., Gorum et al. 2011) or rain-
fall events (e.g., Tsai et al. 2010), most landslide databases today are of historical
nature, recording landslides at local to global scale over time (e.g., Malamud et al.
2004; Galli et al. 2008; Guzzetti et al. 2012). The content and completeness of his-
torical databases is varying strongly, mainly as a function of spatial and temporal
data coverage (cf. Van Den Eeckhaut and Hervas 2012a). Global inventories give
a valuable overview on distribution patterns and impacts of catastrophic landslides
(e.g., Petley et al. 2005; Kirschbaum et al. 2010; Petley 2012; USGS 2014), but as
the majority of landslides are local events, rarely receiving worldwide attention,
they include in general only a fraction of the many landslides occurring each year
(cf. Spizzichino et al. 2010). This is the same for today’s natural disaster databases
(e.g., CRED 2014; Munich Re 2014) that record just some of the major landslide
events worldwide.

A more reliable record of past landslides is usually provided by national or
regional landslide databases. Over the past two decades, there has been consid-
erable progress in the development of national landslide databases across the
globe (e.g., Glade and Crozier 1996; Devoli et al. 2007; Osuchowski 2008; Liu
et al. 2013), especially in many European countries (cf. Dikau et al. 1996; Van
Den Eeckhaut and Hervéds 2012a). Various studies have recently reported on the
structure, content, and application of the 22 national landslide databases exist-
ing in Europe today, including, amongst others, Jelinek et al. (2001), Creighton
(2006), Komac et al. (2007), Trigila and Iadanza (2008), Jaedicke et al. (2009),
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Schweigl and Hervas (2009), Foster et al. (2012), Damm and Klose (2014, 2015),
and Mrozek et al. (2014). In Europe as a whole, and in Italy or Germany in par-
ticular, regional landslide databases cover either administrative units or specific
mountain areas. Most of them are operated for the purpose of analysis of landslide
impact, hazard, and risk, including those databases, for example, that have been
applied in studies for the Umbria region, central Italy (e.g., Galli and Guzzetti
2007), the Arno River basin, central Italy (e.g., Catani et al. 2005), and the Lower
Saxon Uplands, NW Germany (e.g., Klose et al. 2014b, c¢). An EU-wide overview
on regional landslide databases maintained by provincial governments or research
institutes is given by Van Den Eeckhaut and Hervas (2012a).

The recent survey by Van Den Eeckhaut and Hervas (2012a) also deals with
the content and characteristics of European landslide databases. According to
the survey results, most regional and national databases in Europe store besides
data sets on core attributes (e.g., location, occurrence date, movement type) a
broad spectrum of additional data, ranging from landslide processes (size, veloc-
ity, etc.) and triggering or controlling factors (e.g., geology, land use, rainfall)
to impact and mitigation of landslides (damage, fatalities, costs, etc.). The level
of detail and data completeness, however, differs strongly between available
databases, especially regarding additional data. Thus, more than half the data-
bases store such additional data with less than 25 % completeness, whereas spa-
tiotemporal information is frequently included. Much of the available databases
cover a time span of the previous 100-1,000 years and contain between sev-
eral hundred to several ten thousand data sets. Almost every database exists in
digital format, with software or database management systems such as ArcGIS,
Maplnfo, MS Access, and Oracle Database being most frequently applied. A
large number of databases, especially those with national focus, provide land-
slide data online, sometimes by means of a web GIS application (see also
Spizzichino et al. 2010; Van Den Eeckhaut and Hervas 2012b). As a closer look
on the database websites indicates, data availability and knowledge transfer is
frequently limited, which is mainly because of restricted online access, techni-
cal problems, and language barriers. Data collection in most cases is primarily
based on data mining of press or historical archives, field work, and analysis
of a variety of remotely sensed data (e.g., aerial photography, satellite imagery,
LiDAR DEMs) (cf. Guzzetti et al. 2012; Van Den Eeckhaut and Hervas 2012a).
An increasingly important role in tracking current landslides in Europe or other
parts of the world is also played by public participation via online report sys-
tems (cf. Baum et al. 2014) or by tools to explore web and social media contents
(cf. Battistini et al. 2013).

The Federal Republic of Germany joined only recently the group of EU
member states that have available a national landslide database (cf. Damm
and Klose 2014, 2015). With the launch of a national database initiative in
recent years, a significant step has been made to close the gap at national level
that existed in Germany for more than 40 years. Initial efforts in landslide map-
ping began as early as the mid-20th century (e.g., Ackermann 1959), with the
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first spatial inventory having been compiled for the Weser-Leine Uplands, NW
Germany, by Schunke (1971). However, it was not until the mid-1990s that
research projects such as MABIS (Mass Movements in South, West, and Central
Germany, 1995-2001) were focused on targeted database development, especially
at local and regional level (cf. Dikau and Schmidt 2001). This and more recent
projects resulted in landslide databases for different regions in Germany, includ-
ing Rhine Hesse (e.g., Dikau et al. 1996; Glade et al. 2001), the Bonn metropoli-
tan area (e.g., Grunert and Hardenbicker 1991; Hardenbicker and Grunert 2001),
Thuringia (e.g., Baum and Schmidt 2001; Schmidt and Beyer 2001, 2003), the
Southern German scarplands (e.g., Bibus and Terhorst 2001; Terhorst and Kreja
2009; Jager et al. 2012), and the Bavarian Alps (cf. Barnikel and Becht 2004).
Development of landslide databases in Germany has traditionally been a research
focus at university institutes in the field of Geography. Since about the mid-2000s,
however, the efforts in database development declined considerably within this
discipline, and a consolidation of collected data sets has not been realized so far.
By contrast, some of the former landslide databases are no longer maintained,
which seriously threatens their persistency. Despite the previous achievements, a
continuation of database development has been increasingly neglected in recent
years, which stands in contrast with the leading role Geography is expected to play
in today’s georisk research (cf. Gans et al. 2014).

Inventory of landslides for large regions is also a major research task of most
state geological surveys in Germany today. Landslide databases are now available
for four German federal states (Bavaria, Rhineland-Palatinate, Hesse, Saxony),
while two further states (Mecklenburg-Western Pomerania, Schleswig-Holstein)
are maintaining a landslide database for at least parts of the state (see also http://w
ww.bgr.de/geol_la/geol_la.htm). Most of these databases are accessible online and
contain geospatial information for several hundred to a few thousand landslides
of modern to pre-Holocene age. Profound insight into the structure and content of
these landslide databases provide, amongst others, Obst and Schiitze (2010), Bock
et al. (2012), and Kott et al. (2012). The research activity at state level is accom-
panied by some first database initiatives in related disciplines, especially in fields
such as transportation planning and coastal management (e.g., Krauter et al. 2012;
LKN-SH 2014).

Among the many landslide databases in Germany that have been devel-
oped until today, there is still only one database that has a broader geographic
and thematic coverage. The database ‘“Landslides in Low Mountain Areas of
Germany” established in the late 1990s has been permanently updated and
expanded, wherefore serving as an ideal starting point for launching a national
database project for Germany at this time. Today, data sets on more than 4,200
landslides with over 13,000 single data files are stored in this database that cov-
ers besides the Central Uplands several main distribution areas of landslides in
Germany, including the Southern German Scarplands, the Alpine Foreland, and
the coasts of the North and Baltic Sea (Fig. 2.1). The timeframe of the database is
about the past 150-200 years, with the oldest landslide, however, being recorded
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Fig. 2.1 Spatial coverage and key areas (/-8) of the landslide database for the Federal Repub-
lic of Germany (Source modified after Damm 2005). The figure also shows exemplary landslide
sites from different parts of Germany: a a year-2002 flowslide in highly saturated soil, Neustadt
am Main, Bavaria (Photo M. Nitscher and R. Stein, THW); b rotational slide after intense
rainfall at a road cut in Glashiitte, Saxony, in the year 2002 (Photo H. Weber, Cunnersdorf,
Saxony); ¢ 2011 Burgberg landslide caused by the collapse of a retaining wall at a cultural herit-
age site in Eilenburg, Saxony (Photo Database B. Damm); d historic rockfall (year 1936) near
Postelwitz-Schmilka, Saxony (Source LFULG); e recent landslide mitigation along the Hengstey-
see-Trail in Syburg, North Rhine-Westphalia (Photo Database B. Damm); f 2009 Nachterstedt
landslide developed in the overburden of a coal mine in Nachterstedt, Saxony Anhalt (Photo
Database B. Damm)

as early as 1137. The database takes account of all types of landslides, especially
slides and falls, and considers landslides in both urban and rural areas (cf. Damm
and Klose 2014, 2015).

The vital role of landslide databases in mapping landslide susceptibility,
hazard, and risk has made their development a major research task in Europe
and worldwide for the last two decades (e.g., Hervds and Bobrowsky 2009;
Spizzichino et al. 2010; Van Den Eeckhaut and Hervés 2012a). Despite being on
the top of today’s research agenda, the full scientific potential of landslide data-
bases still has only been unlocked to some extent. This especially applies to the
use of landslide databases in analysis and statistics of landslide processes, causes,
and impacts (cf. Damm and Klose 2014, 2015; Klose et al. 2014a, d). A main rea-
son for this research deficit most likely resides in underestimation of the quality
and power of available landslide data, thus the data capabilities of landslide data-
bases for integrated risk assessment. The next section gives an example of data-
base development for such purposes by presenting impact statistics derived from
the German landslide database while highlighting its research strategy, structure,
and contents.
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2.2 Landslide Database for the Federal Republic
of Germany

2.2.1 Background and Goals of the Database

The landslide database applied and analyzed in the different studies of this
research work was established as early as the late 1990s (cf. Damm and Klose
2014, 2015). Starting from the Upper Weser area, Lower Saxon Uplands (NW
Germany), collection and inventory of landslide data has been regionally expanded
over time, first to adjacent areas, especially northern Hesse, Thuringia, and east-
ern Westphalia, and then to selected regions throughout the entire German Central
Uplands. The reason to start with the creation of a landslide database in the
Upper Weser area by the end of the 1990s was a clustering of landslides in this
region at this time. Over the years, landslide data have been gathered for differ-
ent low mountains areas in Germany, including parts of Saxony, northern Bavaria,
and Wuerttemberg. With data mining of web resources complementing field and
archive studies since about the mid-2000s, tracking of recent landslide events has
become easier and more effective, even over large geographic areas in Germany.
From then on, the database has no longer been a compilation of landslide data
from selected regions, but rather an inventory of national coverage, at least with
regard to most recent landslides. Permanent data collection and update of the data-
base throughout large parts of the country for the last 15 years resulted in a land-
slide database that is now the most comprehensive for Germany by content and
number of recorded landslides (Damm and Klose 2014, 2015).

Major purpose of this landslide database is to store and provide detailed scien-
tific data on landslides in Germany. The database has been developed for studying
different aspects of landslides, especially their processes, causes, and impacts, not
only at local or regional level, but also over broader geographic areas. While hav-
ing evolved to a national database in recent years, the database undergoes a far-
reaching transformation process today, with the following goals being at the heart
of the current research strategy (cf. Damm and Klose 2015):

(i) Unlocking the full database potential. The purpose of this goal is to make
use of the broad spectrum of methods for database development in order to
apply the database in fields in which the potential of landslide databases has
long been underestimated. A key to database application in research on land-
slide processes, causes, and impacts is seen in a targeted strategy of system-
atic data retrieval. Nowadays, best practices in data retrieval refer not only to
mapping approaches, including, for example, analysis of satellite or LiDAR
imagery, but also, and more importantly, data mining of the growing pool of
landslide data in web, press, and agency archives. To create landslide databases
useful for addressing various research questions, systematic data retrieval, how-
ever, is only one aspect. The other aspect is information extraction, which is to
identify and separate structured information of the collected data material. This
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step requires approaches capable to search the database for valuable but often
hidden information, where in case of archive data, qualitative or expert-based
methods, for instance, text analytics, are of growing importance. Landslides
are complex phenomena, driven by many different factors, which is why some
of their characteristics only become accessible when combining various types
of data. A concept of systematic data integration that involves fusion and joint
processing of geospatial, geotechnical, and socioeconomic data is therefore a
further key to create databases with a broad potential of application. In case of
systematic retrieval, extraction, and integration of data from multiple sources,
landslide databases show the potential to open a whole new window on the
study of landslide processes, causes, and impacts, even at large spatial scales.

(i) Data sharing and knowledge transfer. The goal is to update the national
database with as much landslide data as publicly available in Germany in
order to create a large data pool that combines the available data in synergis-
tic ways. Integration and centralized storage of the large number of local and
regional data sets has not been done so far, despite the large scientific poten-
tial a pooling of data would unleash. By contrast, some of these databases
are no longer maintained, which seriously threatens their persistency. The
recent database migration to PostgreSQL/PostGIS, a high-performance spa-
tial database system, constitutes a milestone to enable consolidation of data
sets. Besides having a focus on generating data synergies at national level, the
project intends to contribute to European efforts in promoting interoperability
of member state databases. High priority is therefore placed on harmonization
of data formats and classification systems for ensuring compatibility of the
database with those from other European countries. The goal of this initiative
is to have available a database for Germany that functions as a tool for data
sharing within an evolving EU-wide database network. In addition to support
scientific exchange, the role of the database is to serve as a basis for estab-
lishing national partnerships with landslide practice. Research activity over
the past years already included fruitful cooperation with partners from special-
ized agencies, especially with ones from transportation and urban planning
departments. The objective of expanding such partnerships refers not only to
acquisition of first-hand data material, but also, and importantly, to provide
professionals with expertise for decision making. A key to knowledge trans-
fer and data sharing is the development of a web GIS application as database
frontend and platform for distribution and exchange of information.

2.2.2 Structure, Content, and Information Sources
of the Database

A simple file-based system of data storage in the form of a catalog of various
directories with a MS Excel database at its heart is defining the basic framework
of the landslide database just prior to its current migration (Fig. 2.2). The MS
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Fig. 2.2 Simplified model of the existing database architecture with the main components of
this file-based storage system. Data management is organized on the basis of a file catalog that
stores raw data in a system of various directories and data folders as well as a MS Excel database
for storage of structured data. For data analysis and modeling, database contents are exported to
standard application software. The storage of developed data products is realized either in the MS
Excel database or the file catalog (Source Damm and Klose 2015)

Excel database only stores structured data (flat file database), which are data that
passed through information extraction. All other data sets included in the database,
for example, geospatial data (shapefiles, etc.) or climate records (textfiles, etc.),
are organized in separate data folders embedded in different directories of the cata-
log. The data stored in the MS Excel database are arranged in a system of data
sheets of which one is the core data sheet that provides a summary of information.
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This core data sheet registers chronologically a complete profile for each recorded
landslide in tabular format. It is differentiated into seven major data blocks that
represent various thematic fields and that include a series of data tables storing
numerical data or text information. Besides a data block of KEY DATA and stor-
age space for a LANDSLIDE DOCUMENTATION, there are several data blocks
with focus on process- and impact-related aspects of landslides. The segmentation
in aggregated data blocks, thematically related data tables, and single data fields
is characterizing the structure of the MS Excel database at the moment (cf. Damm
and Klose 2014, 2015).

The core attributes of landslides, including identification number, occur-
rence date, location, administrative region, and data sources, are stored in the
KEY DATA for each recorded landslide. These basic identifiers are comple-
mented by a LANDSLIDE DOCUMENTATION providing a textual descrip-
tion of every landslide that is extracted of the entirety of collected data. In
addition to a documentation specifying process mechanisms and causes, the
data block contains, where applicable, a damage profile that takes account of
repair and mitigation measures. This information is completed by the results
of a quality assessment for the different types of analyzed data. The data block
LANDSLIDE PROCESS MECHANISM contains a collection of multiple data
tables, including those labelled as type—depth—size, velocity—magnitude, and
activity—stability. Information on predisposing and triggering factors, by con-
trast, are stored in the data block LANDSLIDE CAUSES. The two main tables
of this data block refer either to natural or human factors, and their data cat-
egories, for instance, relate to factors such as rock strength, rainfall, and slope
modification. A peculiarity of the database is to store also damage information
and data on hazard mitigation. As a consequence, the data block LANDSLIDE
IMPACT provides besides various data sets on type and severity of damage to
infrastructure or mobile objects, detailed information about casualties and fatali-
ties. Alternatively, the data block LANDSLIDE MITIGATION addresses site
management, landslide repair, and hazard prevention, thus containing, for exam-
ple, data sets on methods used for slope stabilization. The available data on eco-
nomic impact, more specifically damage or prevention costs, are kept separately
in the data block LANDSLIDE LOSS.

This database configuration guarantees logic and consistent data storage and
provides options for statistical or GIS-based data analysis. Basic statistics (fre-
quency tables, etc.) are usually performed in data sheets connected with the core
data sheet through automatized data relations. For advanced analysis of database
contents (e.g., cost modeling, see Sect. 4.3.2), however, relevant data sets are
extracted to separate Excel files. Statistical analysis of data is mostly performed
on the basis of predefined or customized functions of the Excel formula library
and specially developed calculation tools. Alternatively, storage and processing of
spatial data sets is done by using GIS software, where ArcView GIS and SAGA
GIS have frequently been used in previous studies (e.g., Varga et al. 2006; Damm
et al. 2010; Klose et al. 2014c). The storage of developed data products is real-
ized either in the MS Excel database or in the file catalog. Most data products are
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available in form of time series, index or threshold values, data tables, diagrams,
and maps (cf. Damm and Klose 2014, 2015).

The landslide database stores data sets derived from a variety of different infor-
mation sources (Fig. 2.3). More than 40 % of the ~3,000 information sources that
have been analyzed to develop the database are characterized by a high level of
reliability, including types of sources such as scientific publications (23 %), field
data (6 %), and agency archives (14 %). With regard to information from agency
archives (transportation departments, etc.), building files, geotechnical reports, and
maintenance protocols show the highest information content. These information
sources are capable to provide highly valuable data, ranging from landslide mate-
rial and process mechanism to types of landslide damage and mitigation. Most of
these data sets are available in paper or digital format and are usually stored in
in-house archive systems. Fire departments or the Federal Agency for Technical
Relief (THW), however, increasingly release disaster information in publicly
accessible online databases as well.

A total of 12 % of the information sources constitute geospatial data products,
for instance, published maps, satellite data, and press photography (Fig. 2.3). In
database development, these sources, especially former landslide inventory maps
or Google Earth imagery, were used to determine landslide location or basic land-
slide features. Alternatively, data on local setting and geoenvironmental conditions
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Fig. 2.3 Information sources of the database (a) and their capacity to provide data on landslide
location, date, impact, and process (b). The information content of the different source categories
is evaluated on the basis of a qualitative assessment of the average level of detail in their data. It
is important to note that within each category data quality and reliability is often strongly varying
as a function of source origin (Source Damm and Klose 2015)
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is extractable of thematic and historical maps (lithology, vegetation, land use, etc.)
that are often accessible via online map viewers. This category of geospatial data
also includes press and historical photos or multi-year photo collections from miti-
gation projects, with both of which serving as a good basis for gathering impact-
related data.

A further group of information sources are press archives (24 %) to which
online access is often guaranteed in recent years (Fig. 2.3). The data quality of
press or traffic reports and newspaper articles is usually good enough to provide
some basic information on landslide location and date and to some extent land-
slide impact as well. Main advantage of these types of sources is their capacity to
provide such data with a high level of spatiotemporal availability. Data complete-
ness and quality, however, strongly depends on the origin of information, where-
fore not every source is equally suited for impact research. Despite some justified
criticism, data from press or web archives are important reference points on land-
slide occurrence, thus being a key to access detail data in agency databases.

As compared with press archives, quality and reliability of data from his-
torical archives, which are the smallest group of information sources (10 %),
is significantly lower, enabling only estimation of landslide location and date
(Fig. 2.3). The value of sources from pre-modern age, for example, chronicles
and annals, is rarely of such good quality to support extraction of clearly dat-
able and locatable landslide data. As is the case with press archives, historical
data sets are characterized by a large variation in data quality and complete-
ness, which mainly relates to author experience. However, quality of historical
sources increased over time, and data sets showing the level of accuracy required
in statistical data analysis usually became available since the mid-19th century
(cf. Damm and Klose 2015).

The development of the database is based on a top-down approach of data
retrieval that combines broadening of data coverage at national level with local
data specification. According to this approach, data collection usually starts
with systematic web content mining and analysis of online emergency data-
bases. Gathering of landslide information at national level is assisted by the use
of web alerts and tools for web monitoring that enable landslide news tracking
over broad areas. The objective of local data specification is to add detail to the
data pool in areas that show high landslide density. In these cluster areas, further
archive studies are performed, whereby the selection of archives follows spatial
and thematic aspects. Most of the relevant information is usually stored in state,
county, and city archives or archives of transportation, forest, and urban plan-
ning departments.

The starting point of archive studies are often press reports that serve as first
pieces of information for archive selection and the search in archives. Despite
increasing availability of digital database systems, archive studies are still a time
consuming task, with a major obstacle being related to finding the right iden-
tifiers used in archive databases. The purpose of field studies, by contrast, is to
prove and validate the collected data on a case-by-case basis and to fill data gaps if
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necessary. In the field, there is only time to collect basic data on landslide size and
local setting; nevertheless, the database integrates results of detailed field investi-
gations as well. Finally, analysis of geospatial data products is an important task of
this top-down approach, but one that takes place during the entire process of data
collection (cf. Damm and Klose 2014, 2015).

2.2.3 Examples of Regional Database Application
2.2.3.1 Analysis of Regional Landslide Frequency

The most complete data set of dated landslide information in the database is
recorded for the German Central Uplands, including regions such as eastern
Westphalia, northern and eastern Hesse, southern Lower Saxony, and western
Thuringia (cf. Fig. 2.1, “area 1” and “area 2”). A landslide time series extracted
from this database subset includes a total of 1,720 landslide events between 1820
and 2013 (Fig. 2.4a). Landslide activity in the Central Uplands shows a strong
increase over this period of time, while the long-run trend, however, is superim-
posed by strong fluctuation in annual frequency of landslides. Partitioning of the
time series reveals that annual mean landslide frequency for some main eras of
information availability (<1869, 1870-1949, 1950-1999, >2000) is rising sig-
nificantly over time. More specifically, it increases almost 50-fold over the whole
observation period, from a value of 0.9 for the 1820-1869 period (‘“pre-newspaper
era”) to a value of 44.6 for the 2000-2013 period (“internet era”). The time series
shows thus a strong trend component, but there is no indication that this trend has
a cyclic behavior. According to Fig. 2.4a, periods of above- or below-average land-
slide frequency are alternating irregularly, and much of the annual variability in
landslide frequency is proven to be related to random fluctuations. Variation in the
annual number of landslides differs throughout the time series, being highest for
the 2000-2013 period (o = 24.7) as indicated by a comparison of standard devia-
tions (cf. Damm and Klose 2015).

Correlation of landslide activity with the 1901-2010 national rainfall trend
(Fig. 2.4b) enables to explain at least some of the variability in annual landslide
frequency. There is first evidence for a rainfall pattern in landslide activity, indicat-
ing that years with rainfall anomalies (Fig. 2.4c) often showed exceptional land-
slide activity as well. For example, the wet period 1965-1966 or the year 2002,
which had similar record rainfall (976 mm), both correspond to peaks in annual
landslide frequency (e.g., 1965, 38 landslides; 2002, 79 landslides). Dry periods
such as the year 1991 (644 mm), by contrast, are connected with low landslide
frequency (3 landslides), even though absolute deviation is less pronounced on
average. The scatterplot illustrated in Fig. 2.4a describes this positive correlation
between annual precipitation and number of landslides per year; however, the
strength of the correlation as measured by Pearson’s r is found to be of only low to
moderate intensity (r = 0.32).
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Fig. 2.4 Landslide activity in the German Central Uplands in the period 1820-2013 (a) and
1901-2010 annual trend (b) or anomaly (c¢) in national average precipitation (rainfall data
according to Schonwiese 2013). The strong increase in the number of recorded landslides over
time is mainly related to continuously improved data availability. Some of the annual variabil-
ity in landslide frequency can be correlated with periods of significant infrastructure develop-
ment (/-2) and positive or negative annual rainfall anomalies (3-5). The correlation analysis in
(a) proves that the overall influence of rainfall on landslide activity is less significant (r = 0.32)
on an annual basis (Source Damm and Klose 2015)

2.2.3.2 Analysis of Causes and Triggers of Landslides

The database subset of landslides in the Central Uplands has been used to analyze
predisposing (1138 landslides) and triggering factors (680 landslides) (Fig. 2.5).
Most landslides recorded between 1960 and 2013 were caused by a combina-
tion of causative factors. As complex factor interaction makes it difficult to deter-
mine statistically the role of each factor, the presented statistics are based on a
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qualitative evaluation about which factor showed most likely the strongest desta-
bilizing effect. It is important to note that there are often problems to clearly dif-
ferentiate between predisposing and triggering factors, wherefore these statistics
are fraught with considerable uncertainty. Despite the simplification made in this
study, the analysis verifies that landslides as a whole are controlled by a variety
of different predisposing or triggering factors, both of which either of natural or
anthropogenic nature.

Of the more than 1,100 landslides showing a reliable record, 57 % were related
to natural predisposing factors, where in as many as 43 % of the cases, human
activity was found to be the main reason for reducing slope stability (Fig. 2.5a).
Besides strength properties of rock or soil (29 %), predisposing factors such as
slope gradient (19 %), soil moisture (6 %), and oversteepening of slope (3 %)
were of high relevance as well. Alternatively, a major role in destabilization of
slopes was played by various human activities, including slope modification
(28 %), construction of earth fills (13 %), and artificial loads (2 %). A large part
of landslides in the Central Uplands were rainfall-induced, wherefore soil sat-
uration by intense precipitation (58 %) is seen as key triggering factor, often in
combination with rapid snowmelt (Fig. 2.5b). Further triggering factors of natu-
ral origin are partly difficult to categorize, including erosion at slope toe (3 %),
spring discharge (14 %), and ground shaking (7 %). Human-triggered landslides
were usually the result of construction works, especially activities such as slope
cutting (9 %), heavy loads (3 %), and vibration (3 %); but sometimes they were
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also connected to uncontrolled water leakage (3 %). The triggering of landslides
in this part of Germany has thus mostly a climatic reason, with about 60—70 % of
past landslides having been directly influenced by rainfall and/or high soil mois-
ture levels (cf. Damm and Klose 2015).

2.2.3.3 Regional Statistics of Landslide Impact

Using the example of the 1960-2013 landslide sample for the Central Uplands
(see above), statistical analyses were conducted to study the impact of landslides
on people and infrastructure at regional level. The statistics presented in Fig. 2.6a
show that landslides primarily affected traffic routes, with roads (37 %) and rail-
ways (14 %) having been most often involved in damage events. Much of the
landslides along traffic routes were shallow soil slides or rockfalls and resulted in
types of damage that range from burial to structural damage. By contrast, dam-
age to buildings (19 %), especially private homes, was frequently related to slow-
moving landslides as well. Severity of building damage had often been a function
of time, meaning that hardly visible damage intensified to total loss in the long
run. Although with significantly lower frequency, landslides also caused damage
to lifelines (4 %), waterways (8 %), and forest or agricultural areas (10 %). Further
land use types regularly affected by landslide damage were sports fields, mining
areas, graveyards, and sites of cultural heritage. A closer look at the various types
of damage shows that at traffic routes, for example, not only failure of cut slopes
or embankments, but also collapse or tilting of old (masonry) retaining walls
caused frequent problems in the past. Alternatively, building damage was besides
crack formation in walls and foundations, mainly related to burial of backyards or
collapse of building back walls (cf. Damm and Klose 2015).

The most common approach of disaster response (Fig. 2.6b) was repair and
further use of affected infrastructures (85 %), whereas permanent abandonment of
use (15 %) played a major role only at private homes or other non-commercial
buildings. Once affected by landslide damage, more than 80 % of the buildings
were vacated over time, which was mainly due to loss of structural integrity and/or
high repair costs. Along traffic routes, by contrast, repair or mitigation of landslide
damage was dominating disaster response, although few examples of permanent
road closure are documented as well.

In case of hazard mitigation (Fig. 2.6¢), simple prevention measures at minimal
cost show highest frequency, especially with regard to transportation infrastruc-
ture. Three types of prevention measures were of special importance in the past:
removal of rock and vegetation (34 %), catch barriers (8 %), and rockfall drapery
(12 %). Due to the fact that having often been undersized, catch barriers tended
to fail under stress, which frequently caused serious traffic accidents. Up until
today, the database records ~90 fatalities and ~150 casualties for this region, and
significant damage to vehicles (~70) and trains (~30) is also reported (Fig. 2.6d).
In recent years, such simple prevention measures were therefore increasingly
replaced by soil or rock nailing (16 %), which had reduced effectively landslide
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Fig. 2.6 Landslide impact and hazard mitigation in the German Central Uplands in the period 1960—
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response (b), and the most common methods of landslide repair and mitigation (c). Furthermore,
an overview of the impact of landslides on people and mobile objects is given (d) (Source Damm
and Klose 2015)
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risk at many places (cf. Sect. 6.1). However, besides preventing landslide dam-
age, its repair was required many times as well. A key role in repairing failed soil
slopes, for example, was played by rock buttresses (18 %) and the use of retaining
walls (7 %) (cf. Damm and Klose 2015).
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Chapter 3
Study Area

3.1 Regional Setting

This research work dealing with landslide risk in NW Germany, Central Europe,
is based on a regional and local study area in the Federal State of Lower Saxony,
including: (i) the Lower Saxon Uplands, southern Lower Saxony, and (ii) the
Upper Weser area, a 250-km? large area in the south of the Lower Saxon Uplands
(Fig. 3.1). The entire region of southern Lower Saxony is located at the northern
edge of the Central European Uplands and is rising sharply from the lowland areas
of the North German Plain. This mountain region is characterized by low to mod-
erate relief and elevations ranging from 50 to 950 m a.s.l. The total area of the
Lower Saxon Uplands (core area) is about 7,400 km?, which corresponds to 0.2 %
of the total EU-28 territory. Three major physiographic areas can be differentiated
in this region (e.g., Seedorf and Meyer 1992; Semmel 1996; Heunisch et al. 2007):
(i) the Harz Mountains, a compact and strongly dissected Paleozoic basement
complex, (ii) the Weser-Leine Uplands, where Mesozoic cuesta scarps and ridges
rise abruptly above their forelands, and (iii) the Solling anticline, a gently undulat-
ing Triassic sandstone plateau with deeply incised river valleys.

Present-day topography in large parts of the Lower Saxon Uplands is mainly
the result of late Jurassic to Tertiary geodynamic processes related to alpine tec-
tonics (cf. Reicherter et al. 2008). This tectonic activity formed a complicated
structural relief composed of rift or graben elements, complex fault and thrust fault
structures, and a system of tilted, uplifted, and depressed blocks (e.g., Hedemann
1957; Lepper 1979; Wachendorf 1986; Drozdzewski 2003; Reicherter et al. 2008).
In the Weser-Leine Uplands, for example, crustal fracturing and Tertiary erosion
led to the evolution of a typical cuesta scarp landscape. Relief patterns in this
area are characterized by a series of about 200 m high scarps and ridges that are
built up of resistant Mesozoic lime- and sandstone (cf. Sponemann 1966, 1989;
Schunke 1968a, b; Brunotte and Garleff 1980, 1989; Lehmeier 1988). Most of
today’s steep relief in areas such as the Solling anticline and the Harz Mountains
(Fig. 3.1), by contrast, was formed by fluvial incision during the late Tertiary
and Pleistocene. In combination with a strong uplift, especially of the Harz
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Fig. 3.1 Study areas in the Federal State of Lower Saxony, NW Germany. The regional focus
of this work is on the Lower Saxon Uplands, including the Weser-Leine Uplands and the Harz
Mountains as core area (a) and a complementary area (b) in the Osnabriicker Uplands. Both
regions form together a 9,000-km? large mountain area in which elevations range between 50
and 950 m a.s.l. A local case study area (c¢) with a size of 250 km? is situated around the city of
Hann. Miinden in the Upper Weser area. Topographic relief in the Lower Saxon Uplands is often
characterized by steep slopes: (/) Weser valley near the village of Délme (Weser Uplands) with
the Miihlenberg, a vertical limestone cut bank rising above highway B 83 (Photo Weserbergland
Tourismus e.V.); and (2) Harz Mountains seen from the Ahrendsberger Klippen, a granite outcrop
above the 300 m deep Oker valley that is located close to the city of Goslar (Photo D. Neumann),
(ASTER GDEM, a product of METI and NASA)

Mountains, numerous erosion phases created up to 350 m deep gorges and river
valleys (e.g., Briining 1927; Hovermann 1950a, b; Mensching 1950; Amthauer
1972; Thiem 1972; Rohde 1989). The dominating river valley system is that of the
Weser river and its main tributaries (Fulda river, Werra river; see also Grupe 1926),
which is eroded into the Bunter Sandstone formations of the Solling anticline
(e.g., Hedemann 1957; Backhaus et al. 1958, 1980).
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Except for the Harz Mountains, elevations rarely exceed 500 m a.s.l., but still relief
intensity is comparatively high in this region, especially at the main scarps that usu-
ally show slope gradients of up to 40° (e.g., Schunke 1968a). Highest values of ter-
rain steepness, however, most often exist in river valleys, where slope gradients >45°
are typical at cut banks or in canyons and gorges (cf. Briining 1927; Garleff 1985).
As result of tectonic stress and intensive Tertiary weathering, bedrock in the Lower
Saxon Uplands, most notably in the Upper Weser area, is strongly disintegrated, thus
comparatively weak (cf. Damm 2005a; Miiller 2009; Damm et al. 2010). Bedrock
throughout the entire region is covered to large extent by Quaternary sediments of
several meter thickness (e.g., Hovermann 1953; Suchel 1954; Schilling and Wiefel
1962; Frithauf 1991; Wagner 2011). The topographic setting of the Lower Saxon
Uplands together with the properties of soil and bedrock is from a regional perspec-
tive a key factor of the widespread landslide susceptibility in this mountain area.

3.2 Landslide Types, Processes, and Materials

Landslides in the Lower Saxon Uplands occur on annual basis in a variety of dif-
ferent types and magnitudes (Fig. 3.2). According to the available landslide data-
base subset for Lower Saxony (Sect. 4.2.2) and the existing literature (see below),
many landslides in this region are characterized by complex types of movement
(Fig. 3.2c, f), with different states or styles of activity and variable movement
rates. Much of these complex landslides represent large slope movements along
the scarps and ridges of the Weser-Leine Uplands, where soft beds of marl- and
claystone are overlain by permeable lime- and sandstone strata (e.g., Heunisch
et al. 2007). Such complex landslides are commonly classified as rock topple—
earth flow, with rock spreading above liquefied substratum characterizing move-
ment mechanisms at the crown of many slides. Further downslope, toppling of
loose rock from the main scarp or displaced spreading blocks is frequently observ-
able, and in the foot zone or at the slide toe, slow creep or flow processes in
weathered debris or soil material dominate landslide movement. The ages of these
complex landslides are highly variable, including slide masses of late Pleistocene
age (relict landslides), several generations of Holocene (ancient) or pre-modern
slope movements, and few recent landslides of such large spatial extent. Many of
these landslides are at least in part active today or are periodically reactivated dur-
ing wet periods or because of construction works (cf. Ackermann 1953; Mortensen
and Hovermann 1956; Mortensen 1960; Schunke 1971; Stein 1975; Tilch 1999;
Bense et al. 2011). For further information, see also related studies from adjacent
areas in northern Hesse or NW Thuringia, for example, Ackermann (1958a, b,
1959), Bernhard (1967), Kriimmling et al. (1975), and Rosing and Wenzel (1989).
The most common landslide types over the past decades, however, have been
shallow translational or rotational slides in soil material (Fig. 3.2d). As often
occurring in highly saturated soils, these slide processes frequently convert to
flow—slides, wherefore often referred to as slump—earth flows. Further main land-
slide types in the Lower Saxon Uplands are small or medium large rockfalls, block
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Fig. 3.2 Examples of landslides in the Lower Saxon Uplands, NW Germany: a Mitigation of a
year-1995 planar rockslide in Lower Carboniferous greywacke along highway B 498 at the Oker
reservoir (Harz Mountains) near the city of Goslar (Photo Database B. Damm). b Deep-seated rota-
tional slide as result of excavating the Mittelland Canal in the early 20th century. The photo dates
back to 1928 and was probably taken outside the city of Bramsche (Photo State Archive Hanno-
ver, HSTAH Bigs.Nr.5553-2). ¢ The 2004 Messingsberg rockslide—rock avalanche with a volume of
500,000 m> and with up to 30 m deep tension cracks caused by mining activity at an Upper Jurassic
limestone ridge in the Weser Mountains (Photos B. Scheel; T. Landmann; see also Meyer 2005;
NNG 2013). d A May 2013 rainfall-induced translational slide in slope deposits and Bunter Sand-
stone bedrock at a steep road cut in the city of Hann. Miinden (Photo P. Maurischat). e A 20,000-m?
large debris flow affected a neighborhood of the city of Osnabriick after a dam failure of a settling
pond during a period of heavy rainfall in the year 1957 (Photo Archiv Museum Industriekultur; see
also THW 1957). f Complex landslide located at an Upper Jurassic limestone ridge near the town of
Brunkensen. The 4 ha large landslide was reactivated in 1988 after a period of rapid snowmelt and
heavy rainfall (Photos N. Tilch; D. Garbermann; see also Tilch 1999)

toppling, and planar rockslides (Fig. 3.2a). These types of movement are wide-
spread along steep cut banks of the Weser river or at eroded rock cliffs in the many
steep Harz Mountain valleys. Above landslide types typically involve both natural
and man-made slopes, although ones affecting made-made slopes (i.e., cut or fill
slopes; Fig. 3.2b, d, e) were more frequent in the recent past, especially along the
traffic routes of this region (e.g., Giinther et al. 2004, 2012; Damm 2005a; Welsch
2006; Damm et al. 2010; Gidde 2012; Klose et al. 2012).

The different types of landslides in the Lower Saxon Uplands vary moderately
in size, with a majority of them being classified as small landslides. This applies
especially to shallow soil slides in thin Quaternary cover beds as well as much
of the recorded rockfalls, both of which rarely exceed volumes of >300-500 m3.
As database analysis has shown, landslides with volumes up to several few thou-
sand cubic meters are located either in slope toe positions or on large cut and fill
slopes (Fig. 3.2b, d), whereby these slope failures most often represent rotational
slides (see also Damm 2005b; Damm et al. 2010). Besides slope creep in deeply
weathered bedrock, the above complex landslide types are among the largest mass
movements in this mountain area. Landslide volumes in these cases can reach
half a million cubic meters or more (Fig. 3.2c), while the displaced material of
such landslides sometimes extends over 5-15 ha (e.g., Ackermann 1953; Tilch
1999; Meyer 2005; Fig. 3.2f). The largest recorded slope movement by volume in
recent times is with 600,000-800,000 m? the 1961 Rattberg landslide in the Upper
Weser area which covers an area of about 16 ha (cf. Kleine-Mollhoff 2003; Damm
2005b). Landslide velocity usually varies from very slow (mm/year) to extremely
rapid (m/s) movement, and movement rates are not only varying between the
different landslide types, but also within many complex landslides themselves.
Furthermore, the spatial distribution of activity in complex landslides is highly
variable, including dormant or slow-moving active landslide parts and areas where
rapid reactivation of slide masses takes place (cf. Schunke 1971; Tilch 1999;
Damm 2005a; Meyer 2005). According to the regional size and velocity distribu-
tion of landslides, landslide magnitude in the Lower Saxon Uplands is considered
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Fig. 3.3 Landslides in Quaternary cover beds in the Lower Saxon Uplands and vertical struc-
ture of a typical cover bed complex in the Upper Weser area: a Scarp of a shallow landslide in
2 m thick periglacial sediments that overlie Bunter Sandstone bedrock. The year-2009 landslide
buried parts of highway B 80 north of the town of Reinhardshagen (Photo Database B. Damm).
b Failure of the B 80 highway embankment constructed of soil material that originates from
Pleistocene slope deposits. Heavy rainfall caused this landslide near Reinhardshagen in Novem-
ber 2010 (Photo M. Klose). ¢ Shallow landslide in highly saturated soil triggered by the May
2013 rainstorms in the Deister mountain area southeast of the town of Lauenau (Photo Nied-
ersdchsische Landesforsten). d Cover beds susceptible to landslides overlying a steep outcrop of
disintegrated sandstone strata (smH) of the Bunter Sandstone formation. The landslide site is situ-
ated above highway L 561 north of the city of Hann. Miinden (Photo Database B. Damm). e Pro-
file showing the vertical structure of the regionally widespread cover bed complex for a slope toe
position at a landslide site in the Schede valley near Hann. Miinden (Photo Database B. Damm)
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to be small to moderate, since large slope movements rarely show high velocities,
thus extreme kinetic energy (landslide intensity).

Much of the landslide activity in the Lower Saxon Uplands is taking place in
widespread Quaternary cover beds that overlie bedrock on many slopes (e.g., Damm
et al. 2010, 2013; Klose et al. 2012; Fig. 3.3). With regard to the Upper Weser area,
near-surface subsoil is characterized by a three-part Quaternary cover bed complex
(see below, cf. Emmerich 1997), and underlying bedrock in this area includes Triassic
rock formations of the Middle Bunter Sandstone (sm). The sm mostly consists of
laminated to stratified fine- to medium-grained sandstones with interbeds of fragile
silt- or claystones (cf. Lohmann 1959; Neumann-Redlin and Lepper 1975; Backhaus
et al. 1958, 1980). Tectonic movement and deep Tertiary weathering caused a strong
disintegration and decomposition of solid rock (e.g., Hedemann 1957; Miiller 2009),
which is not only a key factor for slope instability in bedrock, but also in overlying
cover beds, especially as result of leaking strata and fissure water (cf. Damm 2005a;
Damm et al. 2010; Fig. 3.3d). The thickness of cover beds is about 2—4 m on average,
yet varies in relation to local topography and weathering intensity, with thicknesses
of 15 m and more often existing at the toe of slopes (Fig. 3.3a, e; see also Thomas
1993). In the Upper Weser area, the following three-part cover bed complex is fre-
quently observed (cf. Emmerich 1997; Damm et al. 2010, 2013; Klose et al. 2012):

Basal rock debris. The transition zone between bedrock and subsoil is marked
by a several decimeters to a few decameters thick weathering layer that is to a
large extent composed of rock debris. This layer is mainly the result of deep bed-
rock weathering during the Tertiary and downslope deposition of weathering
products. Coarse soil (50-80 %) consists of angular debris of the cobble and large
boulder fraction (>630 mm), while grain sizes in fine soil show a maximum in
the range of sandy loams and loamy sands. Loess content is low or lacking, and
the transition to the overlying periglacial sediments is usually diffuse (cf. Damm
et al. 2013). Note that for the English reader the term “basal rock debris” better
describes the lowermost unit of the cover bed complex than “mantle rock™ as it is
referred to in Sect. 5.2.

Periglacial sediments (“Fliefierde”). This up to 3 m thick layer of solifluc-
tion debris is primarily the product of periglacial slope processes during the
Pleistocene. The soil fabric is characterized by a mixture of coarse to fine-grained
material, with coarse soil (30—60 %) widely consisting of angular debris of the
cobble and the boulder fraction (>150-200 mm). In the fine soil, the grain size
maximum lies between sandy to clayey silts or silty to loamy sands, and most field
samples usually show a coherent fabric. Eolian material is widespread in this sedi-
ment complex but is often found in variable proportions. Dried samples show soil
cracks with average widths of 5-20 mm that facilitate water infiltration in case of
moisture supply. In normal field conditions, periglacial sediments are moderately
to strongly consolidated, thus effective compactness is of intermediate values. For
further information on soil physical and soil mechanical properties, it is referred to
Sect. 5.2.1 (cf. Damm et al. 2013; see also Thomas 1983; Fig. 3.3e).

Colluvium and soil sediments. The uppermost unit of the cover bed complex is
represented by colluvial sediments of eroded loesses or loess loams and/or a soil
formation on top of the underlying sediments. Colluvium dominates especially
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Fig. 3.4 Annual rainfall trend (a) and anomaly (b) for the meteorological station of Kassel
(northern Hesse) between 1885 and 2012. This reference station is located close to the Upper
Weser area and approximates the regional rainfall conditions with some critical limitations
(cf. Sect. 4.1.2). The illustrated rainfall trend shows a linear increase in annual precipitation of
24 % and is characterized by high annual variability. Significant dry or wet periods over the past
130 years had been the periods 1907-1911, 1913-1918, and 1927-1938 or 1965-1968, 1979—
1981, and 1998-2002. The figures show an increase in the number of years with above-average
humidity (wet years) over time as well as an increase in the total precipitation of such wet years
(Data source German Meteorological Service, http://www.dwd.de/)

at the toe of slopes where its transition to beneath periglacial sediments is often
marked by a sharp boundary. This layer of soil sediments, as it is referred to in
Sect. 5.2.1, shows thicknesses varying between several decimeters on slopes, with
the tendency to increase downslope to a several meter thick sediment complex. In
slope toe positions, for instance, average sediment thickness is about 3—6 m. The
maximum in the grain size distribution of this layer is in the range of coarse silt
(cf. Damm et al. 2013; see also Bork 1985; Fig. 3.3e).

Landslides in hillslope sediments of this region often occur during prolonged
wet periods when soils are highly saturated (see Sect. 5.2; Fig. 3.3c). Using the
example of the meteorological station Kassel (cf. Sect. 4.1.2), climate statistics
demonstrates a linear increase of rainfall of 24 % since the year 1885 (Fig. 3.4a).
The rainfall trend for this reference station close to the Upper Weser area is char-
acterized by a high temporal variability over the past 130 years, which manifests
in a strong fluctuation of periods with above- and below-average humidity. There
are thus strong anomalies in the annual amount of rainfall (Fig. 3.4b), with varia-
tions from the 1885-2012 annual mean (650 mm) ranging between +67 % (year
1981, 1087 mm) and —46 % (year 1911, 350 mm). Since the late 19th century,
there has not only been a shift to an increased number of years or months with
above-average humidity, but also, and more importantly, total precipitation in such
extreme years or months has significantly increased as well. This is accompanied
by a recent rainfall trend that suggests a significant increase (~15 %) in winter pre-
cipitation since the mid-1970s (Fig. 3.4b; cf. Damm 2005b).
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Chapter 4
Methodology

4.1 Soil Water Balance Model

4.1.1 Introduction

Landslides in Central Europe are geomorphic processes that are primarily
controlled by soil hydrology (e.g., Van Beurden 1997; Theisen 1998; Boogard
and Van Asch 2002; ProkeSova et al. 2013). Soil moisture conditions, which are
mainly regulated by precipitation, snowmelt and ground frost, play therefore
a major role in landslide initiation (e.g., Van Asch et al. 1999; Sidle and Ochiai
2006; Lu and Godt 2013), especially in temperate regions such as Central Europe.
Changes in water content and the level of soil saturation have direct influence on
the shear strength of soils and are thus closely connected with slope instability
(e.g., Iverson 2000; Cho and Lee 2001; Tsai and Chen 2010). The effect of water
influx on soil strength is dependent on the grain sizes of soils, their permeability
and plasticity as well as the main soil-related shear parameters, including weight,
internal friction, and cohesion (e.g., Knoblich 1967; Duncan and Wright 2005;
De Blasio 2011). Water infiltration into hillslope sediments causes a reduction of
shear strength by decreasing cohesion and by leading to an increase in pore water
pressure and hydrostatic pressure (see also Lu and Likos 2004). These soil hydro-
logical processes show the potential to trigger to landslides or to reduce the stabil-
ity of slopes to a marginally stable level (e.g., Crozier 1986; Collins and Znidarcic
2004; Godt et al. 2009, 2012). Given the mechanical principles in landslide ini-
tiation, both strong moisture penetration by heavy rainfall or rapid snowmelt and
the cumulative soil water balance over months or even years are main controlling
factors of landslides in low mountain areas of Central Europe (e.g., Krauter and
Steingotter 1983; Theisen 1998; Hardenbicker and Grunert 2001; Szabé 2003;
Damm 2002; Schmidt and Dikau 2004, Bil and Miiller 2008).

Research on the hydrological causes of landslides today is widely focused on
the development of rainfall-related triggering thresholds. The objective thereby is
to identify critical levels of rainfall intensity or duration whose exceedance will
most likely result in slope failure (cf. Caine 1980; Guzzetti et al. 2008). Trend
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and correlation analyses between landslide occurrence and related rainfall or soil
moisture conditions are part of a large number of recent studies. Much of these
investigations were conducted for study areas located in humid mid-latitude
regions (e.g., Chleborad 2003; Jakob and Weatherly 2003; Ibsen and Casagli
2004; Zézere et al. 2005; Cardinali et al. 2006; Jakob et al. 2006; Guzzetti et al.
2007; Saito et al. 2010). The studies of Crozier (1999), Glade (2000), Godt et al.
(2006), Ponziani et al. (2012), and Yeh and Lee (2013) are among those that also
consider antecedent moisture conditions and critical soil water contents in the
development of rainfall thresholds. Periods of investigation range from a single
landslide episode in most cases to a period of 25 years in case of the study of Godt
et al. (2006). With regard to Central Europe or related areas worldwide, not only
recent landslide monitoring or modeling studies (e.g., Reid et al. 2008; Bell et al.
2010; Jager et al. 2013; Neuhduser et al. 2013), but also research works on major
rainfall-related triggering events, for instance, that of May 2013 in Germany (cf.
Terhorst et al. 2013), have a similar focus on analyzing the correlation between
landslide activity and precipitation.

In terms of rainfall thresholds, however, it generally raises the question if soil
moisture, which is the true factor of interest in explaining landslide occurrence,
can be estimated properly by rainfall data alone (cf. Brocca et al. 2008). Despite
this serious concern, there are only few studies that take account of soil moisture
estimates (e.g., Ray and Jacobs 2007; Ray et al. 2010; Hawke and McConchie
2011; Brocca et al. 2012), and the modeling of historical soil water balances for
their long-term correlation with landslide frequency is still widely exceptional.
Lead or initiation times for landslides, expressing the duration of soil saturation
to a critical water level, as well as recurrence frequencies of critical soil mois-
ture conditions are rarely available by now, although vital for assessing landslide
risk. According to Jordan (1993), Link (1998), Pasuto and Silvano (1998), Terlien
(1998), Theisen (1998), and Cardinali et al. (2006) potential initiation times vary
between several days or months and periods of one or even 2 years. In contrast
with well-established recurrence intervals for triggering rainstorms or rainfall
amounts (e.g., Glade 1998; Reid and Page 2002; Salciarini et al. 2008; Frattini
et al. 2009), information on the return periods of critical soil moisture levels is
except for some rainfall-soil moisture thresholds (cf. Crozier 1999; Glade 2000;
Godt et al. 2006; Ponziani et al. 2012) and in situ or remote sensing measurements
(e.g., Ray and Jacobs 2007; Ray et al. 2010; Hawke and McConchie 2011) more
or less lacking.

The most effective tools to determine hydrologic conditions in soils over pro-
longed time periods are soil water balance models (e.g., Dyck 1983; Lascano
1991; Xu and Singh 1998). The purpose of applying these models in landslide
research is to make use of their capacity to simulate soil water content and level
of water saturation as major driving forces of landslide initiation (e.g., Crozier
1999; Yeh and Lee 2013). Generally, three main types of soil water balance mod-
els can be differentiated (de Jong and Bootsma 1996): (i) budget models, (ii) semi-
dynamic models, and (iii) dynamic models. In studies to assess the influence of
soil moisture on landslide initiation, these different model types are mostly applied
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as lumped-parameter models, considering the root zone of soil as a lumped hydro-
logical system (cf. Ponziani et al. 2012). This means that water transfer between
soil, vegetation, and atmosphere is computed using simplified empirical or phys-
ical-based relations and model input parameters with a single and regionalized
value (cf. Adrien 2004). As a result, lumped-parameter models ignore spatial vari-
ation of model input parameters, which contrasts with distributed models embed-
ded in GIS (e.g., Pimenta 2000; Bormann et al. 2009).

The least complex soil water balance models are simple budget models. They
are based on the concept of a leaky bucket that fills up to field capacity through
precipitation and empties by evapotranspiration and percolation. The soil profile
in these models is assumed to be single-layered in most cases. A major advan-
tage of budget models is their minimal data requirement because of evapotran-
spiration being usually defined as the only unknown in the water balance (e.g.,
de Jong and Bootsma 1996; Guswa et al. 2002; Zhang et al. 2002). Alternatively,
semi-dynamic or dynamic models additionally consider variable infiltration rates
and water redistribution in multi-layered soil profiles. Based on further input data
on soil hydraulic properties, such models describe the soil hydrological system in
greater detail, taking account of water infiltration and the movement of water in
unsaturated soil (see also Ranatunga et al. 2008). Besides these different types of
soil water balance models, a budgeting of water fluxes is also part of deep percola-
tion or groundwater recharge models (cf. Scalon et al. 2002; Healy 2010), which
in their basic form are similar to simple budget models (e.g., Sophocleous 1991).

Selection of an appropriate model for simulating soil moisture requires balanc-
ing model complexity against purpose of application and data requirements. It
holds true that the higher the level of model complexity, the greater the demand
for profound input data (cf. de Jong and Bootsma 1996). A useful criterion when
selecting a model is to reduce model complexity to a point at which the model is
just able to represent soil hydrological processes with the minimum level of detail
required in the application (cf. Zhang et al. 2002). In case of conducting a regional
study, Zhang et al. (2002) recommend a ‘“knowledge-based approach” for model
parameterization, which is an approach that uses estimation methods to derive
water balance components with few, often routinely collected soil, vegetation,
and climate data. Much of the previous landslide studies with focus on correlating
landslides with soil moisture levels showed such an approach and relied primarily
on simple budget or semi-dynamic models (cf. Crozier 1999; Glade 2000; Godt
et al. 2006; Ponziani et al. 2012).

4.1.2 Model Description
4.1.2.1 General Overview

In this research, a soil water balance model first conceptualized by Damm (2005)
has been optimized to the COupled Slngle-Layer Soil Water Balance MOdel
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(COSIMO). COSIMO is a simple budget model in the form of a lumped-param-
eter model that is developed as modeling tool in MS Excel. This type of model
was chosen as its purpose of application is to gather regionalized overview data
on long-term soil moisture trends. There is thus the need for strong simplification
of soil hydrological processes, which can be best achieved by the use of a simple
budget model. The main idea of model development was to combine and modify
existing calculation methods in a way that enables estimation of regional soil mois-
ture conditions with low data requirements. The advantage of COSIMO is thus
to run with few input data that are readily available at regional level. COSIMO
includes calculation methods tailored for use in low mountain areas of Central
Europe or regions with comparable landscape and climate conditions (cf. Klose
et al. 2012a). The model parameters have been specified for characteristic types of
soils and vegetation at landslide sites in the Upper Weser area (cf. Sect. 3.2).

The model architecture of COSIMO consists of two main components that ena-
ble simulation of soil moisture in two different steps (Fig. 4.1). In the first step,
potential evapotranspiration is estimated using a combination of three coordinated
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Fig. 4.1 Model architecture of the soil water balance model COSIMO (COupled SlIngle-Layer
Soil Water Balance MOdel) with the main model parameters and calculation steps. The mod-
eling approach combines the method of Ernstberger (1987) for calculation of potential evapo-
transpiration with the regional groundwater recharge model from Grossmann (1998) and Herge-
sell (2003). COSIMO is suitable for regional simulation of soil moisture in humid low mountain
areas of the mid-latitudes such as large parts of Central Europe (Source modified after Klose
et al. 2012a)
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calculation methods, including a modified version of the method of Ernstberger
(1987). This method for calculation of potential evapotranspiration constitutes an
upgrade of the equation of Haude (1955), whereby the modifications made mainly
refer to the parameterization of canopy evaporation by a simple empirical rela-
tion according to Brechtel and Pavlov (1977). The second step of this modeling
approach involves simulation of soil moisture based on the estimates of potential
evapotranspiration that are derived in the first step (cf. Klose et al. 2012a). Both
the soil water balance equation and the algorithm for simulation of soil moisture
are based on a method for estimating regional groundwater recharge that was first
developed by Grossmann (1998) and Hergesell (2003). In the following, the mod-
eling approach is presented in detail, including calculation steps, parameter speci-
fication, and model validation.

4.1.2.2 Calculation Steps

The following soil water balance equation is at the heart of COSIMO and defines
the model parameters that need to be specified (modified after Grossmann 1998
and Hergesell 2003):

SWB(t) = W(t — 1) + P(t) — ET,(¢) 4.1)

where SWB(t) is the soil water balance, W() is the soil water content, P(f) is the
precipitation, and ET,(?) is the actual evapotranspiration. The time period ¢ is vari-
able and can be days or months, with no substantial difference between operating
on a daily or monthly basis. The advantage of using ET,(f) instead of the potential
evapotranspiration ET,(?) is to consider reduced transpiration during dry periods.
ET,(t) is derived from ET)(t) after calculation of ET,(t) on the basis of the method
of Ernstberger (1987), which in modified form is as follows:

ET,(1) = E(t) + TP(1) 4.2)

where E(?) is the potential canopy evaporation and TP(?) is the potential transpira-
tion, both of which given for a specific vegetation type. The calculation of TP(f)
uses the following relation that is derived from the methods of Haude (1955) and
Ernstberger (1987):

RH (1)
TP(t) =fE - <es(t)~ <1 - >) -d(1) 4.3)

100

in which fg is a plant coefficient after Ernstberger, ey(?) is the saturated vapor pres-
sure of the air, and RH(?) is the relative humidity of the air, and d() is the number
of days of month . The parameter fg is an empirical field constant that replaces the
Haude factor in this approach. According to the Magnus formula (cf. Kraus 2004),
es(?) is given by

aT(1)
es() = 6.107 - 105+7H (4.4)
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with the constants

a=75and b=235 T()>0
a=76 and b=240.7 T(1) <0 4.5)

where T(¢) is the air temperature. Alternatively, E(¢) is computed on the basis of
the following empirical relation that is modified after Hergesell (2003):

l

E(t) =P - 100 4.6)
in which 7 is an interception factor according to Brechtel and Pavlov (1977). The
interception factor describes the percentage of intercepted precipitation for vari-
ous tree species for both growing season (April to October) and non-growing sea-
son (November to March). As calculated in this approach, E(f) represents the total
unproductive evaporation, including canopy and litter interception loss. The val-
ues calculated for TP(r) and E(f) enter Eq. (4.2) to obtain ET)(t), and after having
determined this variable, the first step of COSIMO is completed (cf. Klose et al.
2012a). In comparison to related calculation methods (e.g., Penman 1948; Blaney
and Criddle 1962; Monteith 1976), the approach of Ernstberger (1987) has the
advantage of being developed for German low mountain areas and of requiring
relatively few meteorological input data.

Step two of COSIMO refers to the simulation of soil moisture using a sim-
plified version of the groundwater recharge model of Grossmann (1998) and
Hergesell (2003). Based on their modeling approach, ET,(f) is calculated as
follows:

ETy, (1) W(it—1)>6,-06+06,,

W@t —1) = 6p) - 22220 Wt —1) < 6,06+ 6,

ET, (1) = { 4.7

where 6, is the available water capacity and 6, is the soil water content at wilt-
ing point. The algorithm of soil moisture simulation derived from this groundwater
recharge model is given by

SWB() = W(t — 1) + P(t) — ET,(t) 4.8)
and
0(t) = SWB(t) = W(1) + PER(t) 4.9)
with
B 0 SWB() <6
PER@®) = {SWB(t) — 6 SWB(1) > b (4.10)
and

SWB(t =0) = 6 4.11)
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in case of starting the simulation in winter, where PER(?) is the percolation, 6
is the soil water content at field capacity, and () is the soil moisture. Putting the
initial value of SWB(f) equal to 65 means that the soil is assumed to be completely
saturated, which is a useful assumption when starting the model simulation in win-
ter months (November to March). In subsequent time steps, SWB(¥) is calculated
as function of the soil water content of the previous time step (month or day), and
percolation or groundwater recharge only takes place if the soil is completely satu-
rated, implicating exceedance of field capacity. The soil moisture can be best rep-
resented in terms of SWB(¢) that includes both pore water and percolation water.
As compared with W(f), a key advantage of SWB(¢) is its capability to describe
oversaturation in the soil, which is critical for model application in landslide stud-
ies (cf. Klose et al. 2012a).

4.1.2.3 Specification of Model Parameters

The application of COSIMO makes it necessary to specify the model parameters
of above calculation methods. A main idea of COSIMO is to perform parameter
specification to a large extent by desk studies, including, amongst others, analysis
of routine climate data or data tables of plant coefficients (cf. Klose et al. 2012a).
Soil and vegetation data in this research have been gathered from the available
landslide database. The present study applies COSIMO on a monthly basis for the
period 1953-2011. This period was chosen because of the availability of a widely
complete landslide record at local level since about the early 1950s. Temporal
model parameters of COSIMO were thus specified by using input data derived
from monthly data products. The input data for customization of COSIMO origi-
nate either from the Upper Weser area or regions in adjacent areas of the German
Federal State of Hesse that largely allow comparison and reasonable transfer of
data (cf. Klose et al. 2012a).

Climate data incorporated in the model refer to meteorological station Kassel
(city of Kassel, northern Hesse) from the German Meteorological Service (DWD).
As is the case with the next nearest station Gottingen, which shows a similarly long
record, the station Kassel is located in a basin area, wherefore the climate conditions
are expected to be somewhat drier and warmer than in the Upper Weser area, which
is situated 15 km northeast. However, as monthly mean values are considered in this
analysis, the climate record is smoothed compared to daily rainfall extremes, thus
approximating the general rainfall pattern, even though being not fully representa-
tive (cf. Klose et al. 2012a). The station Kassel shows a widely complete climate
record with only few data gaps that were filled by using monthly average values.
Temperature data and the data for relative humidity refer to the measurement time
at 2:30 pm CET (12 am UTC since 09-2004). The reason for choosing this measure-
ment time instead of the daily mean was to avoid underestimation of transpiration
caused by reduced temperature or humidity in the evening or early morning hours
(see also Damm 2005). All climate data used in this study can be downloaded as
monthly data products from the DWD website (http://www.dwd.de/).
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The available landslide database stores information on types of vegetation at
landslide sites in the Upper Weser area. Database analysis revealed that Fagus syl-
vatica usually is the dominant tree species at most landslide sites where it often
occurs in pure or mixed stands with intermediate to high stand ages (cf. Klose
et al. 2012a). The plant coefficient fg in Eq. (4.3) therefore corresponds to the val-
ues given by Ernstberger (1987) for old beech stands (>80 years). This also applies
to the interception factor i that was transferred from Brechtel and Pavlov (1977)
to determine potential canopy evaporation in Eq. (4.6). Besides specification of
vegetation parameters, the application of COSIMO requires defining the values of
different soil hydrological parameters, including soil water content at field capac-
ity (fr) or wilting point (6,,) and available water capacity (6,). Specification
of soil-related input data is based on characteristic values of regional soil types
that are typically affected by landslides. Most commonly, according to landslide
database information, these are slightly sandy loam, loamy sand, and silty loamy
sand, with each of that soil types showing moderate bulk density. The depth of
the root zone corresponds to that of typical forest soils and thus was estimated at
120 cm on average (cf. Klose et al. 2012a). This database information along with
data tables of AG BODEN (2005) support specification of required soil hydrologi-
cal parameters for being able to run the soil moisture simulation with COSIMO.

4.1.2.4 Model Calibration and Validation

The modeling approach from Grossmann (1998) and Hergesell (2003) was pri-
marily developed and calibrated on the basis of discharge and lysimeter meas-
urements. Besides comparison of the modeling results with field data, the model
validation in Hergesell (2003), for instance, involved cross-checking of simu-
lation data with exemplary results of further groundwater recharge studies (e.g.,
HLfU 1995) and published infiltration or percolation rates (e.g., Arbeitskreis
Grundwasserneubildung FH-DGG 1977; Holting 1996). Given these first plausi-
bility tests, the applied model is proven to be well-suited for regional groundwater
recharge studies in Central Europe (cf. Hergesell 2003). In the present investiga-
tion, by contrast, direct validation of the obtained simulation results was not possi-
ble. The main reasons were lack of in situ soil moisture measurements and general
absence of suitable reference data (cf. Klose et al. 2012a). However, it is referred
at this point to the validation of Hergesell (2003) who compared his groundwater
recharge estimates for Hesse with annual percolation rates derived from lysimeter
stations distributed throughout this state. Even though there are considerable con-
ceptual limitations in this kind of validation, a mean deviation of —6 % between
model and field data indicates satisfying model accuracy at least to some extent.
Nevertheless, the accuracy assessment performed by Hergesell (2003) must be
considered critically, and the use of these validation results to evaluate the plau-
sibility of the model presented in this work is insufficient for a robust and repre-
sentative model validation (cf. Klose et al. 2012a). Further research is therefore
needed to be able to perform a consistent validation of COSIMO and to check the
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accuracy of this model in landslide-related soil moisture simulations. For more
detailed information on the difficulties and limitations of the model validation, it is
also referred to the cited works.

4.2 Landslide Susceptibility Model

4.2.1 Introduction

Hillslopes around the world are susceptible to landslides and thus their develop-
ment creates serious risk to people and property (e.g., Brabb 1991; Dilley et al.
2005; Nadim et al. 2006; Hong et al. 2007; Kirschbaum et al. 2010; Petley 2012).
In order to promote hazard awareness in hillslope development, landslide suscep-
tibility models, which enable identification, mapping, and zonation of landslide-
prone areas (e.g., Chacén et al. 2006; Corominas et al. 2014), play an increasingly
important role in management and reduction of landslide risk worldwide (e.g.,
Jones 1992; Cascini et al. 2005; Lateltin et al. 2005; Schwab et al. 2005; Schuster
and Highland 2007; Fell et al. 2008; Wang et al. 2013). As defined by Van Westen
et al. (20006), landslide susceptibility describes the spatial probability of landslide
occurrence, and Aleotti and Chowdhury (1999) argue that susceptibility assess-
ment requires clarifying “where, what types of, and how landslides will occur”.
The main idea of landslide susceptibility modeling, according to Brenning (2005),
is to predict the potential location of future landslides by analyzing presence or
absence of geofactors existing at sites where landslides occurred in the past.

A large number of natural and human factors of dynamic or quasi-static nature
have an effect on landslide susceptibility (e.g., Alexander 1992; Popescu 1994;
Hutchinson 1995; Soeters and Van Westen 1996; Crosta et al. 2012). These factors
are also known as predisposing (quasi-static; e.g., soil properties) and/or prepara-
tory factors (dynamic; e.g., soil moisture), both below referred to as predisposing
factors. In contrast to factors that trigger landslides, predisposing factors destabi-
lize slopes to a marginally stable level, thus increasing probability of slope failure
but without causing landslide activity (cf. Crozier 1986; Glade and Crozier 2005;
GuiYun et al. 2008; Van Westen et al. 2008). Besides slope gradient and slope
aspect as major geomorphic predisposing factors, lithology, soil material, and
vegetation are important static predisposing factors that are frequently considered
in landslide susceptibility modeling (e.g., Corominas et al. 2014). Most investi-
gations today (see below) concentrate on such geospatial data of static nature
which are comparatively easy to obtain and still show high explanatory power
(cf. Fressard et al. 2014; Klose et al. 2014a). The many predisposing factors and
their complex effects on slope stability, however, generally require for strongly
simplified modeling approaches (cf. Carrara et al. 1999), and important dynamic
influences, for instance, that caused by temporally variable land use practices, are
inevitably ignored in most of today’s landslide susceptibility models (cf. Van Beek
and Van Asch 2004; Van Westen et al. 2008). It is therefore necessary to bear in



68 4 Methodology

mind that in modeling of landslide susceptibility there is great uncertainty always
existent (Guzzetti et al. 2006; see also Klose et al. 2014a).

Many different approaches and methods are currently available to model land-
slide susceptibility by means of GIS software. All of these approaches and meth-
ods have in common the following basic assumptions proposed by Varnes and
TAEG (1984):

(i) “The past and present are keys to the future’. This assumption implies that
landslides in future will most likely occur in identical physiographic settings than
in the past and present. Knowledge on the location of past and present landslides is
thus vital for prediction and zonation of areas that are susceptible to landslides in
future.

(ii) “The main conditions that cause landsliding can be identified”. Hutchinson
(1995) upgrades this assumption and notes that “the main conditions that cause land-
sliding are controlled by physical factors and are therefore, in principle, identifiable”.
This assumption enables to develop models of landslide susceptibility by referring to
predisposition factors which can be identified based on their spatial association with
previous landslides. These predisposition factors are assumed to physically control
landslide susceptibility and enable hazard identification over broader areas according
to their spatial presence or absence (see above).

(iii) “Degrees of hazard can be estimated”. As specified by this assumption,
the relative contribution of each predisposing factor to past and present landslide
occurrence can be expressed in a qualitative or quantitative measure that can be
determined empirically, statistically or deterministically (see also Guzzetti et al.
1999). Landslide susceptibility in an area with a certain spatial configuration of
predisposing factors can thus be estimated by combining the measures derived for
relevant predisposing factors in the area under consideration.

Additionally, Hutchinson (1995) states a further assumption, which is as
follows:

(iv) “The various types of landsliding can generally be recognized and clas-
sified, both morphologically, geologically and geotechnically”. This assumption
is of major importance for the development of spatial landslide inventories as basis
for modeling of landslide susceptibility. A comprehensive overview of most recent
techniques of landslide recognition and mapping for the purpose of developing
landslide inventories is given by Guzzetti et al. (2012).

The approaches available for landslide susceptibility modeling can be classified in
three main categories, including (i) heuristic approaches, (ii) inventory approaches,
(iii) statistical approaches, and (iv) deterministic approaches (Table 4.1). Heuristic
approaches are also known as direct approaches in which landslide susceptibil-
ity modeling is based on expert opinion. All other approaches constitute indirect
approaches. They predict landslide susceptibility by means of statistical or determin-
istic models, wherefore often considered to be more objective than direct approaches
that rely on personal experience. Thus, direct approaches show a qualitative char-
acter, while indirect ones are referred to as quantitative approaches. The advantage
of quantitative approaches is seen in their capacity to provide reproducible numeri-
cal estimates of landslide susceptibility. For the above and further information on



4.2 Landslide Susceptibility Model 69

available modeling approaches and methods, it is referred to the technical reviews
from Soeters and Van Westen (1996), Guzzetti et al. (1999), Van Westen (2000),
Aleotti and Chowdhury (1999), Parise (2001), Dai et al. (2002), Wang et al. (2005),
Chacén et al. (2006), Hervas and Bobrowsky (2009), Kanungo et al. (2009), Pardeshi
et al. (2013), and Corominas et al. (2014).

The first step in landslide susceptibility modeling usually is to select an appro-
priate modeling approach. According to Aleotti and Chowdhury (1999), model
selection depends on the purpose of application, the size of the study area, and
data availability. Inventory and statistical approaches are suited for use at regional
to national level, whereas application of deterministic approaches is restricted to
studies with focus on modeling the stability of single slopes (Table 4.1). Most
common approaches of inventory analysis are landslide location, isopleth or den-
sity maps that are able to inform about the spatial distribution and frequency of
past landslides over broad areas (e.g., Wright et al. 1974; DeGraff and Canuti
1988; Bulut et al. 2000; Galli et al. 2008). Such maps are the simplest types of
hazard assessments, with density maps, for instance, assuming landslides to be a
spatially continuous variable, thus showing the best results in case of homogenous

Table 4.1 General summary of existing approaches and methods for mapping of landslide
susceptibility with an overview of recommended scales of use (Source modified after Soeters
and Van Westen 1996 and updated according to Gokceoglu and Sezer 2012 and Corominas et al.
2014)

Approaches | Methods Scale of use
Regional Medium Large
(1:100,000) (1:25,000) (1:10,000)
Inventory Landslide inventory Yes Yes Yes
maps
Landslide density maps | Yes No No
Heuristic Geomorphological Yes Yes Yes
mapping
Qualitative map Yes Yes No
combination
Statistical Bivariate Yes Yes No
Information Value
method
Weights-of-Evidence
model
Multivariate Yes Yes No

Discriminant analysis

Logistic regression

Soft computing Mostly medium scales

Fuzzy logic approach

Artificial Neural
Networks

Deterministic | Slope stability models No No Yes
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landscapes (Guzzetti et al. 2000). Given these deficits in mapping presence and
spatial variation of predisposing geofactors, inventory approaches, if not consider-
ing geomorphological slope units (cf. Carrara et al. 1995), tend to provide ambigu-
ous results (see also Guzzetti 2005), wherefore a statistical approach is chosen in
this study (cf. Klose et al. 2014a).

Most landslide susceptibility models developed today are based on statistical
methods, including bivariate or multivariate approaches and new modeling con-
cepts from soft computing (Table 4.1). Statistical methods are principally appli-
cable on regional scale (Corominas et al. 2014), but when considering purpose of
application and data availability, not all of them are equally suitable. Thus, new
methods from soft computing such as fuzzy logic or artificial neural networks,
enabling to handle nonlinear landslide patterns or complex factor interaction (e.g.,
Kanungo et al. 2006, 2009), require a high degree of specialization, and complex
data requirements limit their application, especially at larger scales (cf. Gokceoglu
and Sezer 2012). The most frequently used methods of the statistical approach are,
according to Brenning (2005), multivariate methods, in particular logistic regres-
sion and discriminant analysis. Multivariate methods consider correlation of pre-
disposing factors by performing multivariate statistics on the basis of a data table
of mapping unit values (e.g., Lee and Min 2001; Ohlmacher and Davis 2003;
Santacana et al. 2003; Ayalew and Yamagishi 2005; Van Den Eeckhaut et al. 2006;
Mathew et al. 2009; Mancini et al. 2010). The application of multivariate methods,
however, is subject to similar restrictions as soft computing, which is why these
methods are ignored in method selection as well (cf. Klose et al. 2014a).

The idea of bivariate methods is to use measures of landslide density derived
from map combination to calculate a numerical weight for each predisposing fac-
tor considered in the model (e.g., Van Westen 1993; Siizen and Doyuran 2004a;
Magliulo et al. 2008). Two different methods are most commonly applied to
determine factor weights, which are the Information Value approach (Kobashi
and Suzuki 1988; Yin and Yan 1988) and the Weights-of-Evidence model
(Bonham-Carter et al. 1989). Compared to the Weight-of-Evidence model (see
also Neuhduser et al. 2012a, b), factor weighting based on the Information Value
approach is somewhat simpler, with each factor weight being simply expressed
as log of a density ratio (cf. Sect. 4.2.2). In contrast to frequent comparison of
bivariate and multivariate methods (e.g., Siizen and Doyuran 2004b, Wang and
Sassa 2005; Nandi and Shakoor 2009; Shahabi et al. 2013), the performance of
the two bivariate methods has not been compared so far, wherefore little is known
about which bivariate method is better adapted for use at regional level. Given the
data situation for Lower Saxony, the flexibility of the Information Value method
with regard to customization, however, is seen as key advantage of this modeling
approach, which justifies its applications in the present study (cf. Klose et al.
2014a). The Information Value method has already been applied in a large num-
ber of investigations at both local and regional scale for different areas worldwide
(e.g., Wu et al. 2001; Zézere 2002; Cevik and Topal 2003; He and Beighley 2008;
Magliulo et al. 2008; Yalcin 2008; Conforti et al. 2012; Guillard and Zezere 2012).
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4.2.2 Model Description
4.2.2.1 General Overview

In this study, a landslide susceptibility model for Lower Saxony has been devel-
oped by using a modified Information Value approach (cf. Klose et al. 2014a).
This bivariate statistical method calculates a factor weight denoted as information
value for each predisposing factor considered in the model. There are principally
no strict rules but guidelines and test procedures available to perform the selec-
tion of relevant predisposing factors (e.g., Van Westen et al. 2008; Costanzo et al.
2012; Pereira et al. 2012; Corominas et al. 2014). According to Van Westen et al.
(2008), factor selection depends, amongst others, on scale of analysis, character-
istics of study area, and landslide types. A key role is thereby played by scale of
analysis because important input data, for example, data on lithology or land use,
are often restricted to data products with small spatial resolution. This data lim-
itation conflicts with model applications that are focused on analyzing landslide
susceptibility at regional to national scale (cf. Klose et al. 2014a). As generally is
the case with landslide hazard studies, input data of modeling approaches are like
their formulization always less than perfect, and time and/or cost restrictions usu-
ally require simplifications (cf. Turner and McGuffey 1996).

Landslide susceptibility modeling using GIS and bivariate statistics is based
on a specific procedure that follows a predefined workflow with a series of tasks
related to collection, preparation, and analysis of geospatial data and landslide
information (Fig. 4.2). There are always several milestones to pass in a system-
atic assessment of landslide susceptibility, including data compilation, genera-
tion of input data, susceptibility modeling, map creation, and model validation
(see also Van Westen 1993; Aleotti and Chowdhury 1999). These milestones also
define the workflow of model development in the present study (cf. Klose et al.
2014a). All working steps in landslide susceptibility modeling today are supported
by the application and functionality of GIS software and the broad spectrum of
GIS-based data products (e.g., Van Westen 2000, 2004). The software used in this
investigation is ESRI ArcView GIS 10.0.

4.2.2.2 Input Data
Landslide Inventory

Basic requirement for landslide susceptibility modeling is the availability of a spa-
tial landslide inventory. The modeling approach developed in Klose et al. (2014a)
uses an inventory that has been created from a regional subset of the available
landslide database and from data sets of the landslide distribution map published
by Schunke (1971). This landslide distribution map displays in paper format the
location and spatial extent of landslide areas at cuesta scarps in the Weser-Leine
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Fig. 4.2 Overview of the milestones and working steps in the development of the landslide sus-
ceptibility model for Lower Saxony. The flowchart also illustrates the input data for model devel-
opment and some important GIS operations using the software ESRI ArcView GIS 10.0 (Source
Klose et al. 2014a)

Uplands at 1:200,000 scale. It further differentiates landslide occurrence date
(i.e., pleistocene, holocene or recent landslide) and illustrates the types of lithol-
ogy forming the main scarps in this region. Major disadvantage of the landslide
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distribution map is its rough manual delineation of landslide areas which implies
serious problems for data digitization. In order to avoid errors and inaccuracy
caused by the transfer of landslide data, geocoding and mapping of the exact land-
slide location was assisted by expert knowledge, literature information, and the
use of Google Earth imagery. Geographic coordinates of landslide areas extracted
from this landslide distribution map were reduced to a single point location whose
spatial reference was determined on the basis of the position of the main scarp
or the top of the displaced mass. The data sets on geographic landslide location
gathered either from the database or the distribution map were stored in a separate
database maintained as MS Excel spreadsheet. On the basis of the location data
stored in this database, a spatial landslide inventory has been compiled by import-
ing these landslide data in ArcView GIS. The developed spatial landslide inven-
tory includes location data (geographic coordinates, landslide site, administrative
region) for 889 landslide sites in Lower Saxony, especially the Lower Saxon
Uplands (Fig. 4.3; cf. Klose et al. 2014a).

Geomorphometry

This modeling approach uses digital data sets on slope gradient, slope curvature,
and slope aspect to take account of topographic relief as major predisposing factor
of landslides (cf. Klose et al. 2014a). The considered geomorphic terrain data have
been extracted and calculated from the ASTER Global Digital Elevation Model
(ASTER GDEM) that is available online at the LP DAAC data center of NASA
and USGS (http://gdex.cr.usgs.gov/gdex/). This open-source DEM has a spatial
resolution of £25 m and is due to its comparatively high spatial accuracy of gen-
eral acceptance in regional landslide susceptibility modeling (cf. Oh et al. 2012;
Van Westen et al. 2008). Much of the relief analysis was performed using different
ArcView spatial analyst tools that enable calculation of relevant geomorphic ter-
rain parameters (Fig. 4.2). The calculated data set on slope gradient was catego-
rized in seven attribute classes with intervals of 7° and one attribute class for slope
gradients between 49° and 90°. Slope gradients >49° have been merged in one
class due to the fact that no landslide is recorded above this value. Alternatively,
classification of slope aspect follows the main directories, including a further cat-
egory for flat areas. Slope curvature is considered in the form of plan curvature,
with values ranging between —420 and 720, where negative or positive values indi-
cate concavity or convexity. A majority of the curvature data concentrates between
the values —2 and 2, wherefore these values represent the upper boundaries for
the classes concave and convex. All other values were categorized to classes sym-
bolizing strong concave or strong convex curvature or to the class for slopes that
show no curvature (cf. Klose et al. 2014a).
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Fig. 4.3 Spatial landslide inventory for the Lower Saxon Uplands (upper part) in southern
Lower Saxony. The inventory map reveals a spatial clustering of landslides along the main scarps
and ridges in the Weser-Leine Uplands. A further cluster of landslide activity is represented by
the deep cut river valleys of the Upper Weser area. Only few landslides have been identified and
mapped for the Harz Mountains which were not in the focus of previous data collection. The
figure also shows the generalized geologic map (lower part) that provided the lithological input
data for the developed landslide susceptibility model. This map was digitized from a derivate of a

geologic overview map at 1:500,000 scale (Source Klose et al. 2014a)
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Lithology

Information on lithology is gathered in this study from a generalized geologic
map provided by the Lower Saxony Department of Mining, Energy and Geology
(LBEG). The map is available online (http://www.lbeg.niedersachsen.de/) and
constitutes a derivate of a geologic overview map at 1:500,000 scale. It differenti-
ates besides two lithological classes for Paleozoic basement (granite, greywacke/
clay shale), three main classes of Mesozoic and Tertiary sedimentary rock, includ-
ing sand-/limestone, clay-/limestone, and marlstone. Furthermore, the map illus-
trates several types of Quaternary lowland deposits, which were summarized in a
separate attribute class. As this map is not available in GIS format, its digitization
was necessary to obtain a vector data set of lithology supporting GIS-based data
processing. Errors in data digitization, for instance, data gaps or overlapping fea-
tures, were corrected using tools from the ArcView GIS editing toolbox (Fig. 4.2).
The result of data digitization and editing is a polygon shapefile storing spatial
data on the main types of lithology in Lower Saxony (cf. Klose et al. 2014a).

Land Use

Two different information sources of varying thematic complexity were analyzed
to integrate land use data into the landslide susceptibility model. Most data sets on
land use have been extracted from the official Lower Saxony Digital Landscape
Model (DLM 50) developed and provided by the Lower Saxony Department of
Geoinformation (LGLN). This digital data product for basic geospatial informa-
tion reproduces the land surface and its main objects in high thematic precision
and provides differentiated landscape data for topographic maps with a scale of
1:50,000. For representation of land use conditions in adjacent areas of north-
ern Hesse, the data included in the DLM 50 were complemented by land use
information derived from CORINE Land Cover 2006 (CLC2006; available at
http://www.eea.europa.eu/). Both data sets have a specific thematic layer structure
and differ in their representation of topographic objects. In order to combine infor-
mation from both sources in consistent object classes, data reclassification was
necessary. This especially applied to some main types of forest vegetation, which
were grouped in one single category. The developed landslide susceptibility model
considers in total five different land use classes, including forest, grassland, arable
land, urban area, and “other land use type”. The latter category includes besides
roads and water bodies, areas that are not further specified (cf. Klose et al. 2014a).

4.2.2.3 Modeling Approach
Factor Weighting

Factor weighting and combination of factor weights later on requires data sets with
same spatial reference and resolution. The basic mapping unit in this study is the grid
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cell of the ASTER GDEM. All other data sets were transformed to this raster format
except for the landslide inventory map which was used as basic data layer for the
intersection of factor maps (lithology, land use, slope gradient, etc.). Identification
of relevant factor attribute classes existing at each landslide site was supported by
the use of tools for data extraction provided by the ArcView GIS spatial analyst
(Fig. 4.2). The extracted data sets were exported to a data matrix managed in MS
Excel that stores the combinations of factor attribute classes found at the different
landslide sites. This data matrix was used to perform factor weighting by means of
the Information Value approach in a separate MS Excel spreadsheet application (cf.
Klose et al. 2014a). The modeling technique applied for geofactor weighting cal-
culates an information value / as numerical weight for each geofactor attribute A(7)
(Kobashi and Suzuki 1988; Yin and Yan 1988). The value of I4(;) describes the contri-
bution of A(i) to former landslide occurrence and can be expressed in terms of prob-
ability as follows (cf. Wu et al. 2001; Wang and Sassa 2005):

IA(i)zln% (i=1,2,3,...,n) (4.12)
where P{B | A(i)} is the landslide probability in the presence of A(i) and P{B}
is the overall landslide probability. Since a probability concept is problematic in
a data-driven approach, frequency statistics are used to specify this probabilistic
relationship. Therefore, Eq. (4.12) is converted to an expression of the following
form (modified after Yin and Yan 1988):

Nay/Sad)
N/S

where Ny(; is the number of landslides in attribute class A(i), N is the number of
landslides in the entire territory, Sa;) is the total area of attribute class A(i), and S
is the total area of the entire territory. This means that /,(; is calculated by divid-
ing the landslide density of a certain factor attribute by that of the entire study
area. As result of taking the natural logarithm, I4(; is positive or negative if the
landslide density of A(i) is greater or less than the average landslide density (cf.
Van Westen 2000). Factor attributes showing positive values of I4(; are thus likely
to promote instability, while otherwise their influence is assumed to be of stabiliz-
ing nature. It holds true that the higher the value of 4 the stronger this relation-
ship (cf. Zézere 2002; Wang and Sassa 2005).

Iag) =1In i=1,23,...,n (4.13)

Susceptibility Index

In order to perform spatial modeling of landslide susceptibility, the values of
14 calculated in the MS Excel application needed to be reimported to ArcView
GIS. This was done by copying each information value to the attribute table of
the corresponding factor attribute map. By means of reclassification tools from
the ArcView GIS spatial analyst (Fig. 4.2), which enabled to write the information
values to separate data raster, weight maps were created for the different attribute
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classes of each considered geofactor. The next modeling step involved combina-
tion of weight maps to determine the susceptibility index S/(x) that describes the
landslide predisposition of the basic mapping unit (cf. Klose et al. 2014a). This
index is defined as the sum of all values of I4(;) in a defined grid cell x and can be
computed as follows (modified after Yin and Yan 1988):

< Nawy/Sa
SI()—ZI A%SA“ (4.14)

The calculation of SI(x) was performed using the Raster Calculator that is embed-
ded in ArcView GIS and that supports data intersection of overlaying weight
maps. The result of this data intersection, or more specifically, this grid-based add-
ing of information values, was a new raster file referred to as susceptibility index
map. This map displays a specific value of SI(x) for each grid cell x of the ASTER
GDEM data raster (cf. Klose et al. 2014a).

Hazard Classes

The obtained susceptibility index map illustrates the level of landslide susceptibil-
ity on a continuous scale of numerical values. Such a data representation causes
difficulties in interpretation and requires simplification for proper hazard com-
munication. It is therefore necessary to categorize the range of values of SI(x) in
several hazard classes, whereby a differentiation of three to six classes is most
commonly used today (cf. Ayalew et al. 2004; Begueria 2006; Chung and Fabbri
2003). Scaling of hazard classes can be realized by applying various statistical data
classifiers such as natural breaks, quantiles, equal intervals, and standard deviation.
Despite the availability of statistical classification systems, it is still common prac-
tice in most studies to perform scaling of hazard classes based on expert opinion
(cf. Ayalew et al. 2004). The same applies to this study in which an expert-based
classification was combined with equal intervals as both techniques in combination
best enabled to capture the main data patterns within the hazard scale (cf. Klose
et al. 2014a). For the definition of reasonable hazard classes, the influence of vari-
ous factor combinations on the value of SI(x) was tested, with the objective to iden-
tify natural break points that serve as empirical class boundaries. In cases where
class boundaries could not be set logically, equal intervals were used to group the
data in a systematic way. After determining the different class boundaries, the sus-
ceptibility index map was reclassified with ArcView GIS tools for data grouping
(Fig. 4.2) to obtain the final landslide susceptibility map (Fig. 5.1).

4.2.2.4 Model Validation

The objective of model validation is to test both accuracy and predictive power of
the developed landslide susceptibility model (e.g., Remondo et al. 2003; Begueria
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2006; Van Den Eeckhaut et al. 2010). Model accuracy is thereby defined as the
capability of the model to distinguish landslide-free from landslide-prone areas
(Soeters and Van Westen 1996). The basic idea of model validation is to compare
the projected landslide distribution with an independent data set of past landslides
(cf. Chung and Fabbri 2003; Remondo et al. 2003). Many different validation
methods are currently available to evaluate prediction quality and level of model
confidence (e.g., Brenning 2005; Begueria 2006; Frattini et al. 2010; Corominas
and Mavrouli 2011). A popular method for model validation is the prediction and
success rate from Chung and Fabbri (2003). This validation method was used in
the present study as it has the advantage to clearly visualize the goodness of fit and
the prediction success (cf. Klose et al. 2014a). Model validation using this method
requires splitting the spatial landslide inventory into a modeling and validation set.
In order to ensure statistical robustness of the model, 15 % of the recorded land-
slides were classified to the validation group by random selection, an approach
that has already been proposed by Neuhduser et al. (2012a). Modeling of landslide
susceptibility is conducted by using only landslide data stored in the modeling set
(cf. Chung and Fabbri 2003).

The first step of the performed model validation using the success and predic-
tion rate was to classify the hazard scale into equal intervals. For each of the 19
considered interval classes, the percentage area has been identified in ArcView
GIS, and the obtained data were written to a MS Excel data table. By means of
GIS-based tools for raster data statistics or extraction of data (Fig. 4.2), areal
extent of defined interval classes or the landslide-related values of SI(x) were
determined. Subsequent data export to MS Excel enabled categorization of
recorded landslides to the different interval classes. Besides percentage area, the
percentage share of landslides in each interval class was considered in the valida-
tion, and the success or prediction rate resulted from cumulating percentage area
and percentage share of landslides in the two data sets. For better data analysis and
interpretation, both rates were plotted as curves of their cumulative distribution
function, with the result that model accuracy and predictive power is illustrated by
the visualized rate curves (cf. Klose et al. 2014a).

Model plausibility can be proved to some extent by testing conditional inde-
pendence of its input data. A variety of statistical tests has been developed to
check conditional independence, including contingency statistics and the y>-test
(e.g., Agterberg and Cheng 2002; Thiery et al. 2007; Pereira et al. 2012). These
two test methods are frequently used in landslide susceptibility modeling (e.g.,
Lee et al. 2002; Neuhiduser and Terhorst 2007; Regmi et al. 2010) and were there-
fore applied in this study as well (cf. Klose et al. 2014a). Basic assumption of
every statistical landslide susceptibility model is the conditional independence
of its input data (Van Westen 2000). This assumption is generally violated when
different predisposing factors show comparable spatial patterns. In case of fac-
tor dependency, differentiation of the individual factor influence on past landslide
occurrence is hampered, wherefore landslide susceptibility is overestimated in
areas where dependent predisposing factors spatially coincide (cf. Agterberg and
Cheng 2002; Pereira et al. 2012).
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4.3 Landslide Cost Assessment Model
4.3.1 Introduction
4.3.1.1 General Overview

Estimation of landslide costs is a crucial but challenging task of special importance
for landslide risk assessment. Cost survey (ex-post) and risk analysis (ex-ante) as
the two main approaches of landslide loss assessment (e.g., Hallegatte and Przyluski
2010; Meyer et al. 2013; Kreibich et al. 2014) are unable to cope with some charac-
teristic features of landslide impact, including the complex distribution of landslides
in space and time (cf. Sect. 1.1) and the problem to reason from landslide inten-
sity and the value and vulnerability of elements at risk to potential costs (i.e., risk
estimates = potential costs, vulnerability > 1; cf. Remondo et al. 2008). As a result
of strongly variable landslide distribution patterns and the complexity in landslide
process mechanisms, the identification, tracking, and documentation of past land-
slide losses is difficult, which constitutes a crucial problem for cost surveys (see also
Highland 2006). Alternatively, case studies show that the costs of landslide damage
are rather dependent on the type of landslide repair or mitigation than on the value
at risk (e.g., Cornforth 2005; Hearn et al. 2011; Highland 2012; Klose et al. 2012b),
as assumed in quantitative risk analysis (e.g., Lee and Jones 2004). To improve
availability and reliability of landslide loss data, the existing methods of cost assess-
ment need to be optimized to these characteristic features of landslide impact, but
this is poorly realized so far (cf. Klose et al. 2014b).

A literature review has revealed that the state of research in landslide loss
studies is characterized by two main eras in which the focus was either on past
or future losses (Fig. 1.6). The U.S. thereby shows the longest research history in
assessing landslide losses, with the first national cost estimate for the U.S. having
been reported by Smith (1958). Most of the many U.S. studies from before the
year 2000 were ex-post assessments of which a summary is given by Fleming and
Taylor (1980), Schuster and Fleming (1986), Brabb (1989), and Schuster (1996).
Since a couple of years, landslide cost assessment experiences a shift from ex-
post to ex-ante, which manifests in an increasing number of studies in the field
of risk analysis (see below). Besides this recent trend, which started in the mid-
1990s, few additional studies, however, have expanded the available toolset for
landslide cost assessment by further methods, including socioeconomic evaluation
(e.g., Burke et al. 2002; MacLeod et al. 2005), methods of real estate appraisal
(cf. Vranken et al. 2013), and probabilistic or database-driven cost modeling (e.g.,
Crovelli and Coe 2009; Klose et al. 2012b). Even though direct losses received
greater attention in the past, indirect ones have not been fully ignored, especially
in most recent research (e.g., MacLeod et al. 2005; Zézere et al. 2007; Ohara et al.
2008). High priority today is placed on the development of strategies for system-
atic compilation of loss data. Topics such as information content of available data
sources, assessment of data accessibility or quality, and design of concepts for
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efficient data retrieval are of particular interest in this context (e.g., Ashland 2003;
Highland 2006; Battistini et al. 2013; Damm and Klose 2014, 2015).

Both approaches of landslide cost estimation benefit from the recent progress
in database or web technology and the continuously improving functionality of
tools such as GIS. The advancement in digital and/or web-based data organiza-
tion and archiving over the past decade expanded the pool of available damage and
loss data to a large extent and made it much easier to retrieve these data sets for
their storage in scientific landslide databases (e.g., Alexander 2008; Battistini et al.
2013). Together with improved methods of computerized data acquisition and data
mining, these tools provide valuable support for cost survey, enabling systematic
collection of loss data over broad areas. Additionally, new geospatial tools and
web resources foster landslide news tracking and disaster documentation, which
significantly improves the power and quality of landslide databases used for cost
estimation today (Klose et al. 2014c; see also Sect. 2.2.1).

4.3.1.2 Ex-post Assessments

A large part of previous loss studies was focused on ex-post assessment of direct
landslide costs for transportation infrastructures, especially the U.S. state high-
way systems (cf. Chassie and Goughnour 1976; Walkinshaw 1992; Wang et al.
2002; Wyoming Homeland Security 2011; Highland 2012; USGS 2013). From a
global perspective, there are only few additional studies dealing with retrieval and
analysis of past landslide losses for traffic facilities, and the focus of these stud-
ies is also primarily on roads or highways (e.g., Hearn et al. 2008; Public Works
Department Malaysia 2008; Negi et al. 2013). The most common method in such
transportation-related studies is still cost survey, including expert interviews, ques-
tionnaire surveys, and archive studies. This also holds true for much of today’s
cross-sector studies that are not restricted to a certain type of infrastructure (e.g.,
Crovelli and Coe 2009; Rahman et al. 2011; Klose et al. 2012b; Vranken et al.
2013; see also Klose et al. 2014b).

Many of the U.S. loss studies from before the year 2000 had a focus on com-
pilation of landslide losses in local or regional case study areas for periods of
increased landslide activity such as rainstorm events (e.g., Taylor and Brabb 1972;
Shearer et al. 1983; Creasey 1988; Godt 1999). On the basis of cost surveys, these
studies developed reference costs at city or county level, and some studies also
provided statewide or national cost estimates by extrapolating the obtained local
or regional losses (e.g., Schuster 1978; Fleming and Taylor 1980; Brabb 1984).
The techniques of cost extrapolation were often very rudimentary, with lack of
systematic modeling approaches and validation tools (cf. Klose et al. 2014c). A
promising method worth to mention, however, is that of Krohn and Slosson (1976)
who projected landslide losses by combining a figure on the number of U.S. citi-
zens living in landslide-prone area with data on landslide costs per private home
from southern California. Alternatively, Mathur (1982) presented an approach of
cost extrapolation for landslide damage to roads in India. For spatial extrapolation
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of losses, this study combined an estimate of landslide costs per km of road with
a figure on the total length of the road network in several landslide-prone Indian
states (see also Klose et al. 2014b).

Despite being widely qualitative and regardless of their deficits in valida-
tion and data documentation (cf. Highland 2006), above studies or related global
reports (e.g., Brabb and Harrod 1989; Schuster 1996; Schuster and Highland
2001) are still among the most comprehensive ones, wherefore continuing to play
a vital role in current landslide research (e.g., Sidle and Ochiai 2006; Kjekstad and
Highland 2009; Alimohammadlou et al. 2013). At the European level, by contrast,
there are still very few ex post assessments of landslide losses available. Besides
the data on landslide losses published in the studies from Klose et al. (2012b) and
Vranken et al. (2013), damage and cost information are also included in differ-
ent geohazard databases, especially those specialized on covering flood and land-
slide impacts (e.g., Hilker et al. 2009; Trezzini et al. 2013; Damm and Klose 2014,
2015). Previous research on landslide losses in Germany using methods from
ex-post assessment or cost extrapolation has been widely restricted to the studies
from Krauter (1992), Wolterstorff (2002), and Klose et al. (2012b).

4.3.1.3 Ex-ante Assessments

Ex-ante assessment of landslide losses by means of risk analysis is usually based
on a quantitative approach. In quantitative risk analysis (QRA), GIS-based meth-
ods are used to calculate landslide risk as function of hazard, vulnerability, and
element at risk. Landslide risk is thereby understood as the probability of loss of
life or property as consequence of damages caused by potential landslides with
given magnitudes and frequencies (cf. Varnes and IAEG 1984; Dai et al. 2002;
Lee and Jones 2004; Fell et al. 2005; Van Westen et al. 2006; Corominas et al.
2014). The following risk equation applies for QRA when considering physical
infrastructures (roads, buildings, lifelines, etc.) as elements at risk (modified after
Dai et al. 2002):

R=H(L)-V(E)-E (4.15)
with
H(L) = P(L) - P(S|L) (4.16)

where R is the risk (potential economic loss), H(L) is the landslide hazard, V(E) is
the vulnerability of the element at risk, E is the element at risk (monetary value),
P(L) is the temporal landslide probability, and P(S | L) is the probability of spatial
landslide impact (landslide susceptibility).

Most studies of potential landslide losses consider either distributed or site-
specific landslide risk. Analysis of distributed landslide risk implies modeling
of potential landslide losses for each mapping unit throughout an entire region
or case study area (cf. Dai et al. 2002). Examples of recent studies dealing with
analysis of distributed landslide risk for different types of physical infrastructures
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are Blochl and Braun (2005), Catani et al. (2005), Remondo et al. (2005), Z&zere
et al. (2008), Bonachea et al. (2009), Jaiswal et al. (2011), and Erener and Diizgiin
(2013). In landslide risk assessment for the transportation sector, a major role is
played by analyzing the vehicle risk or the risk of loss of life (e.g., Ko Ko et al.
2005; Dorren et al. 2009; Li et al. 2009; Ferlisi et al. 2012; Michoud et al. 2012),
whereas potential property losses received little scientific attention so far (e.g.,
Zézere et al. 2007; Jaiswal et al. 2010; Briindl et al. 2012). Besides the above stud-
ies with a broader geographic perspective, there is also a large number of local or
site-specific risk assessments, with either cross-sectoral focus or thematic prior-
ity on traffic facilities (e.g., Budetta 2002, 2004; Bell and Glade 2004; Corominas
et al. 2005; Sterlacchini et al. 2007; Mousavi et al. 2011; Klime$ and Blahut
2012).

The workflow of QRA generally involves the following main steps (cf.
Australian Geomechanics Society 2000; Crozier and Glade 2005; Fell et al. 2005):
(1) hazard identification, (ii) hazard analysis, (iii) consequence analysis, and (iv)
risk calculation. Primary goal of the first two steps is to specify landslide hazard
as function of landslide susceptibility and temporal landslide probability. While
landslide susceptibility is usually determined by using one of the statistical meth-
ods presented in Sect. 4.2.1, the calculation of temporal landslide probability is
either scenario-based or data-driven (cf. Raetzo et al. 2002; Picarelli et al. 2005;
Corominas and Moya 2008; Corominas et al. 2014). Studies such as Dorren et al.
(2009) and Sterlacchini et al. (2007) apply the hazard scenarios of BUWAL (1999)
that contain predefined landslide return periods. A different strategy to determine
temporal landslide probability is the data-driven approach, including frequency
analysis of landslide occurrence or triggering events (e.g., Coe et al. 2004; Zézere
et al. 2004; Guzzetti et al. 2005). If considered in risk assessment, landslide mag-
nitude is often approximated using simple scenarios or classes of landslide volume
(e.g., Bell and Glade 2004; Remondo et al. 2005; Jaiswal et al. 2010), although
different magnitude parameters or frequency-size relations have already been men-
tioned or applied in hazard assessment (cf. Ojeda-Moncayo et al. 2004; Guzzetti
2005).

The focus of consequence analysis in QRA is on specifying the vulnerability
of considered elements at risk (e.g., Glade 2003; Uzielli et al. 2008). Vulnerability
is generally understood as the level of potential damage to an element at risk
impacted by a landslide of a given magnitude. The level of potential damage is
thereby measured on a scale ranging from O (no damage) to 1 (total loss) (Varnes
and TAEG 1984). Most studies derive physical vulnerability by means of vulner-
ability functions or indexes that describe the relationship between landslide mag-
nitude and damage based on historical records and expert knowledge or kinematic
intensity models (e.g., Glade 2003; Galli and Guzzetti 2007; Papathoma-Kohle
et al. 2011; Pitilakis et al. 2011; Silva and Pereira 2014). The last step of QRA
refers to the monetization of elements at risk, whereby either market values or
reconstruction costs are used for monetization (cf. Alexander 2005). Landslide risk
in QRA is often calculated as percentage of the market values of elements at risk
(e.g., Blochl and Braun 2005; Bonachea et al. 2009), and as these market values
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hardly reflect direct damage costs (Klose et al. 2014c), QRA is usually fraught
with significant uncertainty. This is why an ex-post approach has been chosen in
this study to assess landslide losses for highways in the Lower Saxon Uplands (cf.
Klose et al. 2014b).

4.3.2 Model Description
4.3.2.1 General Overview

The developed method provides a general framework and toolset for estimation
and regionalization of direct landslide costs for transportation infrastructures
(cf. Klose et al. 2014b). To apply the tools provided by this method in a regional
cost assessment, it is necessary to specify and customize them according to the
regional data situation and the sociotechnical conditions of the study area. In this
study, the method is designed to support regional cost estimation for highways in
study areas characterized as follows: (i) high level of societal risk aversion, (ii)
highly developed highway systems, and (iii) advanced coping capacity in both
technological and financial terms. The configuration of the different tools is based
on management practices, mitigation concepts, and cost data from transporta-
tion planning, highway maintenance, and engineering in the Central Uplands of
Germany.

The workflow architecture of this method is defined by a bottom-up approach
of cost estimation that pursues the goal to spatially extrapolate past and current
landslide losses from a local case study area to regional level (Fig. 4.4). A reliable
time period for cost compilation on a local scale is about the previous 20-30 years.
The reason for this reference period is to consider cost volatility caused by fluctu-
ating landslide activity. A reference period of 20-30 years before the present was
also proposed by Walkinshaw (1992). Such an ex-post approach is adapted to the
spatiotemporal characteristics of landslide impact and increases the reliability of
regional studies. The method is composed of two tiers of cost estimation: one on
a local level, and one on a regional level (Fig. 4.4). Tier 1 provides tools for local
cost compilation, and tier 2 is focused on regional cost extrapolation. Both tiers
are linked by tools that enable data fusion (cf. Klose et al. 2014b).

The basis and starting point of cost estimation in this method is a landslide
database, for example, the one available for this research (Sect. 2.2). Most land-
slide databases store data sets on landslide location and thus provide functionality
for landslide susceptibility modeling (cf. Sect. 2.1). This is important as a regional
landslide susceptibility model is at the heart of this methodology, fulfilling two
main tasks: (i) decision support for the selection of a representative case study
area for local cost compilation, and (ii) provision of tools for the regionalization of
local landslide losses. In addition to data sets on landslide location, some landslide
databases, as shown in Sect. 2.1, also contain information on landslide impact and
types of landslide damage. These data sets are vital for cost compilation in the
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Fig. 4.4 General framework and tools of the method for landslide cost modeling. The method
is based on a bottom-up approach and combines tools for local cost compilation with a landslide
susceptibility model for the regionalization of local landslide losses. A key role in cost extrapola-
tion is played by a local cost index and a local or regional exposure index (Source Klose et al.
2014b)

first tier of this methodology. The objective of local cost compilation is to create a
complete and consistent loss record for a relevant case study area by the applica-
tion of various techniques to broaden and monetize data sets stored in an under-
lying landslide database. In this context, the two most important tools are cost
survey and cost modeling. The main idea of cost survey is to retrieve first-hand
loss data for recent landslides through targeted data mining of official accounting
and archive systems. Alternatively, cost modeling is primarily intended for cost
estimation of landslide damage older than the last 10—15 years, as this is the time
period when official accounting and archive systems are electronically available
and provide the most detailed loss data. The basic principle of cost modeling is
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to classify the landslide damage events documented in the landslide database to
the following modeling concepts: (i) landslide disaster management process mod-
els (LDMM) that provide the costs involved in coping with landslide hazards over
the full disaster cycle, and (ii) cost categories of the total costs of certain types of
landslide damage. The result of local cost compilation is a cost figure that gives
the annual average costs per kilometer of highway in the case study area (cf. Klose
et al. 2014b).

In the second tier, the regionalization of local landslide losses is realized by
GIS-based cost extrapolation using a landslide susceptibility model. The purposes
of the landslide susceptibility model in cost extrapolation are as follows: (i) to
identify sections of the highway network exposed to landslide hazards, (ii) to sup-
port the development of a local and regional exposure index, and (iii) to update the
local cost figure to a cost index. These indexes show the capacity for cost extrapo-
lation because supporting data fusion to realize the connection between the two
tiers of this methodology. The basic assumption behind the concept of cost extrap-
olation is that hazard areas on a regional level probably experience similar annual
costs per kilometer of highway as comparable areas at risk on a local level. This
enables cost extrapolation to a regional level by simple operations on the basis of
the local cost index and the regional exposure index (cf. Klose et al. 2014b)

4.3.2.2 Landslide Database and Study Areas

The landslide database used in the loss study for Lower Saxon highways within
this research is the same than that applied for landslide susceptibility modeling
(Sect. 4.2.2). This combined database thus includes the developed spatial land-
slide inventory and the regional database subset for Lower Saxony of the available
landslide database. The main function of these two information sources in this loss
study is to provide a data pool for cost modeling and to enable the application
of the developed landslide susceptibility model. With regard to database-driven
cost modeling, the regional database subset contains several essential data tables
(cf. Sect. 2.2.2), including that on landslide process mechanism (movement type,
size, magnitude, etc.), landslide impact (damage profile, first response, etc.), and
landslide mitigation (repair or prevention measures). This database subset stores
a consistent record of such impact-related data sets for 33 landslides at highways
in the Upper Weser area (Fig. 3.1) between 1980 and 2010. The high availability
of detailed landslide data for the Upper Weser area in this reference period justi-
fied choosing this regionally representative area as case study area for local cost
compilation (cf. Klose et al. 2014b). Based on the loss data compiled for high-
ways in the Upper Weser area, the direct landslide costs affecting the highway
system in the Lower Saxon Uplands (core area, cf. Fig. 3.1) have been regionally
extrapolated. For further information on the landslide susceptibility model for cost
extrapolation, it is referred to the explanations on model input data and develop-
ment given in Sect. 4.2.2.
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4.3.2.3 Local Cost Compilation
Cost Survey

A cost survey was conducted at the Regional Office Gandersheim of the Lower
Saxony Department of Transportation (NLStBV). This cost survey enabled
the acquisition of data on landslide costs for highways in the Upper Weser area
between 2001 and 2010. The obtained loss data exclusively refer to landslides that
are already recorded in the landslide database. The costs of these most recent land-
slides are well-documented in the Project Information and Management System
(PRIMAS) operated by the NLStBV Regional Office Gandersheim. This system
is a MS Excel database for accounting and controlling of the business processes
during one fiscal year. PRIMAS records for construction and maintenance projects
with costs of more than US$70,000 all payment transactions, internal labor costs,
and a brief specification of services. The financing of landslide repair below these
minimum costs is based on fixed maintenance budgets that hamper cost itemiza-
tion. PRIMAS cost data are used for the evaluation of seven (21 %) major pro-
jects of landslide repair and mitigation. A key advantage of cost survey based on
PRIMAS is that this system provides a large part of the actual landslide costs.
Only costs associated with road closure are often included in maintenance budg-
ets and must be evaluated by cost modeling. This is also the case for the costs of
first response that are usually ignored in PRIMAS. The only prerequisite for data
retrieval in PRIMAS is the difficult task of identifying the right project ID for the
relevant landslide damage event (cf. Klose et al. 2014b).

Cost Modeling

Landslide disaster management process models (LDMM) are used for database-
driven cost modeling of recorded landslide damage to highways before the year
2001. By contrast, cost categorization is only presented in the discussion as an
alternative modeling approach with reduced data requirements. The necessary
landslide database information for cost modeling based on LDMMs include a
landslide process description, a damage profile, and a fact sheet of repair or miti-
gation. The two basic assumptions of cost modeling are as follows: (i) highways
in the Lower Saxon Uplands are often affected by similar types of landslides and
landslide damage, and (ii) landslide disaster management for highways in this
region usually follows a standardized response, recovery, and/or mitigation man-
agement process. Both assumptions are empirically verified and constitute a nec-
essary precondition for cost modeling by allowing the monetization of landslide
damage with a high degree of standardization (cf. Klose et al. 2014b).

Three different LDMMs were designed to model landslide losses for high-
ways: (i) recovery process model, (ii) mitigation process model, and (iii) main-
tenance process model. Each LDMM covers one key segment of the disaster
cycle and simulates the cost-relevant steps involved in the process of coping with
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or preventing landslide damage. The LDMMs constitute cost chains that display
the major cost factors of disaster management (first response, road closure, etc.)
and fulfill the function to provide the basic framework for cost modeling based on
landslide databases. Flowcharts are used as a modeling technique to visualize the
disaster management processes for exemplary types of landslide damage to high-
ways in the Lower Saxon Uplands. The development of the LDMMs is based on
qualitative data material collected by conducting expert interviews with personnel
of emergency management agencies (police and fire departments; Federal Agency
of Technical Relief, THW) and the NLStBV Regional Office Gandersheim.
Further information sources of high importance are federal and/or state emergency
laws (Nds. SOG, NRettDG), disaster response laws (NKatSG, THW-Gesetz), and
road construction law (NStrG).

The workflow of cost modeling starts with the classification of a landslide dam-
age event (i.e., database entry) to a LDMM (Fig. 4.5). By means of the LDMM,
the cost factors of this landslide damage event are determined, which is the first
step of cost modeling. Subsequently, cost modules are used to monetize the identi-
fied cost factors. Cost modules refer to specific emergency, repair, mitigation or
maintenance measures and provide an estimate of their total costs. A distinction
is made between basic and complex cost modules. Basic cost modules (e.g., geo-
technical report) are based on a fixed cost rate and thus are easy to calculate. The
costing of complex cost modules, however, is more sophisticated. Thus, one part
of the complex cost modules is based on estimates of average costs per meter or
square meter (e.g., catch fence, rockfall drapery), while the other part (e.g., road
closure, rock buttress) relies on cost formulas that require entering basic or pro-
cess-related data (e.g., road closure time; depth, length, width of slip surface).
Complex cost modules for repair or mitigation structures calculated using aver-
age costs are mostly differentiated in categories of usual sizes, for example, catch
fence with low, medium or high energy absorption capacity. The costing by means
of LDMMs is done incrementally, with each cost module being individually cal-
culated. In the last step, the monetized cost factors are totaled, so as to obtain
the overall costs of the landslide damage event. This process of cost modeling is
repeated for all database entries (cf. Klose et al. 2014b).

The price data integrated in cost modules are extracted from representative
construction cost databases (Baupreislexikon, sirAdos) or refer to cost proxies
gathered by questionnaire surveys (mail surveys, n = 25) and expert interviews
(face-to-face and telephone surveys, n = 50) at geotechnical engineering com-
panies, emergency agencies, and the NLStBV. All prices of these data sources
reflect current market prices, and most of them are net prices, which is why they
are subject to 19 % value added tax (standard VAT rate). The two exemptions are
internal labor costs and fees for emergency services. The design of complex cost
modules is based on geotechnical concepts and dimensioning rules found in litera-
ture or obtained from engineering practice. Alternatively, directives and guidelines
for road design (RAS-Q, RAS-Ew, RAS-LG, M Geok E, etc.) and traffic control
(RSA-95, RUB-92) are a valuable basis for the development of complex cost mod-
ules. The tabulation and costing of landslide losses compiled by cost survey and
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Fig. 4.5 Workflow of database-driven landslide cost modeling with the main tools to monetize
damage events stored in a landslide database. The procedure uses landslide disaster management
process models (LDMM) and cost modules for simulation and costing of the cost-relevant steps
in coping with or preventing landslide damage over the full disaster cycle (Source Klose et al.
2014b)

cost modeling are performed using a MS Excel application. This application is a
toolset, including (i) a data table giving the total costs on local and regional level,
(ii) a tool for cost modeling integrated in the data form for each landslide damage
event, and (iii) data tables storing the price data and the data for cost extrapolation.
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The different data tables are linked by relationships, and data processing uses cus-
tom functions, i.e., cost formulas for certain cost modules (e.g., embankment infill
buttress), both of which enable semiautomatic costing. For example, by entering
the input data of a cost module (e.g., length and height of embankment) in the data
form of the landslide damage event, this application writes the costs of this cost
module in the data table of cost tabulation.

The result of cost compilation is a cost figure for highways in the Upper Weser
area. This cost figure is based on the annual average of the total losses over the
time period 1980-2010. The main idea underlying the cost figure is to break down
the annual average costs on the total length of the highway network at local level.
Consequently, the cost figure specifies annual average costs per kilometer of high-
way in the Upper Weser area (cf. Klose et al. 2014b).

4.3.2.4 Example of Cost Modeling

The concept of cost modeling is illustrated using the example of a shallow land-
slide blocking a highway in the Upper Weser area in the year 1994 (Fig. 4.6).
First, the landslide damage event is classified to the right LDMM, which is the
recovery process model. According to this LDMM, disaster management starts
with first response by a police patrol and a basic firefighting unit. The emergency
responders report the landslide damage to the local highway maintenance depot
that closes the road and installs a detour. Afterwards, engineers of the NLStBV
Regional Office Gandersheim conduct an on-site inspection to define further
actions. The first step usually is debris removal undertaken by contracted construc-
tion companies. The primary goal is to reopen the highway to single-lane traffic as
soon as possible. Once the traffic is moving again, the planning of landslide repair
is made. The planners generally consult expert opinion and rely on a geotechnical
report. Landslide repair starts only after public awarding of the construction pro-
ject. The realization of the rock buttress completes the recovery process.

The cost table of this landslide damage event (Fig. 4.6) lists the applied cost
modules with their input data and costs. The fixed rates of the cost module first
response and on-site inspection are based on official cost rates and benchmarks
of operation time, number of personnel, and equipment. An orthogonal highway
network is assumed to estimate the costs of the road closure. This cost module is
designed on the basis of a traffic control plan for road closure with off-site detour
and cost rates from traffic control companies. While the price of the cost module
geotechnical report constitutes a standard market value, the cost module planning
and building site equipment are calculated as a percentage of the net construction
costs. Landslide process parameters and various assumptions concerning labor,
machinery, and performance enable to apply the cost module debris and vegeta-
tion removal. Besides cost rates for necessary traffic signs, the cost module traf-
fic control is based on an exemplary traffic control plan (lane closure on two-lane
road using traffic signals). As is the case with the cost module road closure, the



90

LANDSLIDE DAMAGE

Recovery process
——

RECOVERY PROCESS MODEL

Major cost factors

First response

¢

Road closure

Debris removal

— On-site inspection

—  Traffic control

t

Geotech report

LANDSLIDE REPAIR

4 Methodology

-

Rock buttress

Planning

COST TABLE

COST MODULE INPUT DATA COSTS [in USD thousand]
First response No, fixed rate 45
Road closure’ Time: t [day] 8.6
On-site inspection No, fixed rate 05
Debris removal Landslide volume: v [m*] 14.4

+ Vegetation removal Slip surface: length / [m], width w [m] 9.2
Traffic control Time [days] 2.8
Geotechnical report No, fixed rate 20
Planning No, percentage rate 49
Building site equipment No, percentage rate 1.0

Rock buttress

Example of cost formula

7,800 + 200 x t, where t =4

Slip surface: depth d [m], length / [m], width w [m]  15.8

TOTAL 65

Fig. 4.6 Example of cost modeling for a landslide damage event affecting a highway near the
city of Hann. Miinden (Upper Weser area) in the year 1994. Based on the developed recovery
process model and relevant cost modules, the costs of recovery ranging from first response to
final landslide repair are identified and calculated using input data from the available landslide
database (Source Klose et al. 2014b)
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time of traffic control is derived from the general landslide documentation in the
database. The costing of the rock buttress uses a standard repair concept and data-
base information on the depth, width, and length of the slip surface. The total costs
of this landslide damage event are thus estimated at about US$65,000 (cf. Klose
et al. 2014b).

4.3.2.5 Regional Cost Extrapolation: Exposure Indexes,
Cost Index, and Validation

The information on landslide susceptibility obtained by applying the bivariate sta-
tistical modeling approach presented in Sect. 4.2.2 is used to calculate a local and
regional exposure index. This index measures how many kilometers of highway
are located in potential landslide hazard area on local or regional level. The cal-
culation of the exposure index is based on spatial intersection of the hazard area
identified by landslide susceptibility modeling with a local or regional data set of
the location of highways. Furthermore, the information on landslide susceptibil-
ity is used to update the cost figure to a cost index. This is done by replacing the
reference base of the cost figure by the local exposure index. Consequently, the
cost index for the Upper Weser area specifies the costs per kilometer of highway at
risk of landslides. The total annual average costs for highways in the Lower Saxon
Uplands are obtained by multiplying the local cost index and the regional expo-
sure index (cf. Klose et al. 2014b).

The validation of the obtained cost estimates is an essential part of this method
and concerns both cost modeling and cost extrapolation. A validation system ena-
bling comparison of the results of cost modeling with reference data from cost
survey provides options to check data accuracy and is therefore developed and
applied in this study. Many different techniques are available to validate land-
slide susceptibility models (cf. Sect. 4.2.2), whereby the prediction and success
rate from Chung and Fabbri (2003) is also suitable for verifying the procedure and
plausibility of the developed approach for cost extrapolation. The applied valida-
tion methods together with the validated results of the loss study for Lower Saxon
highways are presented in Sects. 5.3.2 and 5.3.3 in detail.
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Chapter 5
Results

5.1 Spatial Hazard—Where Do Landslides Occur?

Note: The entire section has been published in Klose et al. 2014a.

5.1.1 Landslide Characteristics and Geofactor Weights
5.1.1.1 Slope Gradient

Landslides primarily occur at slope gradients between 0° and 49°, showing a
frequency maximum of 31 % in the class 21°-28°. A significant landslide predis-
position, however, is only identified for slope gradients in the range of 21°-49°, as
landslide densities of >0.80 and information values of >4.00 illustrate. Hillsides
with slope gradient <14° are not susceptible to landslides and can be regarded
as widely stable. This holds also for rock slopes steeper than 49°, which are not
classified as landslide-prone, since they are not represented in the inventory (cf.
Table 5.1).

5.1.1.2 Slope Curvature

Slopes with a high degree of plan curvature show a substantial tendency to mass
movements. The information values of both strong concavity and convexity, which
account for 2.65 and 3.22, attest these attributes the second highest importance on
landslide predisposition. Nevertheless, the inventory data verifies that most slope
failures take place on hillsides featuring low or even no curvature. The widespread
presence of such slopes, however, causes low landslide densities, wherefore statis-
tics discovers a rather stabilizing influence, as information values between —1.00
and 0.00 indicate (cf. Table 5.1).
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Table 5.1 Landslide density measures and information values derived for the different attribute

classes
Geofactors and attribute | Spatial Number of | Number of | Landslide Information
classes A(i) extension® | landslides |landslides* | density (km?) | value Lyi)
Saci) (%) | Nagi) Nagi) (%) | NaciySaqiy
Geomorphometry
Slope 0°-7° 87.41 119 15.74 0.00 —1.71
gradient | 7°-14° 9.91 76 10.05 0.01 0.01
14°-21° 1.96 168 22.22 0.16 243
21°-28° 0.54 237 31.35 0.84 4.07
28°-35° 0.14 117 15.48 1.57 4.69
35°-42° 0.03 33 4.37 1.82 4.85
42°-49° 0.01 6 0.79 1.61 4.72
49°-90° 0.00 0 0.00 0.00 0.00
Slope Strong 0.21 39 5.16 0.36 3.22
curvature convex
Convex 37.71 299 39.55 0.02 0.05
No 22.93 64 8.47 0.01 —1.00
curvature
Concave | 38.98 335 44.31 0.02 0.13
Strong 0.18 19 2.51 0.20 2.65
concave
Slope aspect | N 12.29 110 14.55 0.02 0.17
NO 11.61 115 15.21 0.02 0.27
(6] 12.28 124 16.40 0.02 0.29
SO 10.93 75 9.92 0.01 —0.10
S 11.80 81 10.71 0.01 —0.10
SwW 11.42 83 10.98 0.01 —0.04
w 12.27 91 12.04 0.01 —0.02
NW 11.32 77 10.19 0.01 —0.11
No aspect | 6.09 0 0.00 0.00 0.00
Lithology
Quaternary lowland 75.37 44 5.82 0.00 —2.56
deposits
Marlstone 4.88 62 8.20 0.02 0.52
Clay-/limestone 2.11 235 31.08 0.21 2.69
Sand-/limestone 14.68 411 54.37 0.05 1.31
Greywacke/clay shale 1.45 4 0.53 0.01 —1.01
Granite 0.17 0 0.00 0.00 0.00
Land use
Forest 25.52 551 72.88 0.04 1.05
Grassland 22.55 66 8.73 0.01 —-0.95

(continued)
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Table 5.1 (continued)

Geofactors and attribute | Spatial Number of | Number of | Landslide Information

classes A(i) extension® | landslides |landslides* | density (km?) | value Ly
Sagi) (%) | Nagi Nagi) (%) | NagiySaci)

Arable land 38.20 47 6.22 0.00 —1.82

Urban area 8.15 92 12.17 0.02 0.40

Other land use type 5.58 0 0.00 0.00 0.00

*Based on the relevant geofactor
The table also highlights the spatial extension of each attribute class and its number of landslides
(Source modified after Klose et al. 2014a)

5.1.1.3 Slope Aspect

Mass movements are distributed over the entire spectrum of the main directories.
A slight dominance of slope instability is for the NE sector observable. South- and
westward orientated hillsides, in contrast, show somewhat lower occurrence fre-
quency. Slope aspect is generally no important factor in controlling landslide sus-
ceptibility. Information values in the range of 0.29 to —0.11 signalize this weak
influence. According to the landslide distribution, positive information values are
obtained for NE facing slopes, while negative ones are typical for slopes with SW
exposition (cf. Table 5.1).

5.1.1.4 Lithology

Most landslides are related to Mesozoic sedimentary rock, especially to the attrib-
ute classes sand-/limestone and clay-/limestone, which include 235 and 411 mass
movements, respectively. This prominence, however, is not clarified by the land-
slide density that possesses only intermediate values. Nevertheless, both attrib-
utes have a significant positive impact on landslide occurrence, as information
values of 1.31 and 2.69 clearly document. On the other hand, the lithologic cat-
egories greywacke/clay shale and Quaternary lowland deposits are ascertained to
be negatively associated with slope instability. The predicted stabilization effect
is expressed by information values of —1.01 and —2.56, which must be discussed
critically (cf. Sect. 5.1.4).

5.1.1.5 Land Use

A majority of 73 % of the recorded landslides is situated in areas that are in for-
estal use. Due to the large spatial extension of this land use type, its landslide
density is with 0.04 comparatively low. This manifests in a slightly positive
information value of 1.05, which proves a doubtful susceptibility of forest area
to mass movements. Distinct lower landslide frequency is common for the other
land use categories that have almost negligible density values. While a slightly
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positive landslide predisposition is identified for urban area, grassland and arable
land are not defined to be landslide-prone, as information values of —0.95 and
—1.82 indicate. These statistical weights, however, require a critical reflection (cf.
Sect. 5.1.4).

5.1.2 Landslide Susceptibility Map
5.1.2.1 Categories of Landslide Susceptibility

The value of SI(x) ranges from —7.09 to 12.10 and is displayed in the final map in
four categories, namely no, low, moderate and high predisposition. One important
result of the modeling with this limited input data is that slope gradient constitutes
a dominant controlling factor of mass movements (cf. Table 5.1). Therefore, the
classification of the susceptibility scale is oriented towards the information val-
ues calculated for this geofactor. After taking into account other factor influences,
there is clear evidence that a susceptibility index <3.00 still indicates stable condi-
tions. For instance, even if slope gradient is between 0° and 7°, the total suscep-
tibility of forest area with clay-/limestone bedrock is still >2.00, although slope
instability is rather unlikely under these circumstances (cf. Table 5.1). To avoid
that too much area is being classified as landslide-prone, the lower boundary of
susceptibility is set to a value of 3.00. Index values above this threshold suggest a
significant landslide predisposition, whose level is specified using three different
classes with equal intervals. This guarantees coherent class occupancy and finally
results in a less conservative delineation of susceptibility zones.

5.1.2.2 General Overview and Key Areas of Landslide Susceptibility

Landslide susceptibility in Lower Saxony is widely determined by the spatial pat-
tern of the regional relief configuration (cf. Fig. 5.1). A major part of the study
area, especially the lowland north of Hannover, is almost free of landslide-prone
terrain. Large territory of the Lower Saxon Uplands, in contrast, shows significant
landslide susceptibility. Three main distribution areas, which differ in their level
and areal composition of susceptibility, can be divided. A clearly definable zone
of moderate to high landslide predisposition is present along the crests of the main
scarps and ridges of the Weser-Leine Uplands. In general, slope instability concen-
trates towards the top of these mountain chains, where it cumulates on large area
by retracing the major relief orientation. Several clusters with high probability
of landslide occurrence are also located in different sections and positions of the
Weser valley and its tributaries. The spatial pattern of unstable area in this region
is relatively disperse, as slope instability shows a clear fragmentation in major
landslide sites and large zones with even no predisposition to mass movements.
The third key area covers parts of the Harz Mountains, where significant landslide
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Landslide
susceptibility

Fig. 5.1 Landslide susceptibility map for the Federal State of Lower Saxony. The model esti-
mates that slope instability is widely restricted to the Lower Saxon Uplands illustrated in detail.
Two transects exemplarily display the spatial patterns of landslide susceptibility in an area of the
Weser-Leine Uplands and the Harz Mountains (Source Klose et al. 2014a)

Table 5.2 Scaling and spatial extension of the derived susceptibility classes (Source modified
after Klose et al. 2014a)

Landslide susceptibility class

No Low Moderate High
Class scaling —7.09-3.00 3.00-6.00 6.00-9.00 9.00-12.10
Based on Sl(x)
Spatial extension (km?) 46.682 704 200 14
Based on entire Lower Saxony
Spatial extension (%) 98.07 1.48 0.42 0.03
Based on entire Lower Saxony

susceptibility is distributed on many valley sides. Nevertheless, its level is some-
what lower compared to the other regions, since it reaches only locally moderate
to high values. Besides these geographic centers of slope instability, there are iso-
lated zones of high predisposition, whose distribution, however, does not follow a
clear spatial pattern.

The landslide susceptibility model estimates that about 2 % of the territory of
Lower Saxony is potentially affected by mass movements (cf. Table 5.2). This cor-
responds to a total area of 918 km?. A majority of this land is belonging to the
lowest susceptibility class, which constitutes 77 % of the landslide-prone terrain.
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Moderate predisposition is attributed to 22 % of the unstable ground, meaning that
an area of 200 km? shows enhanced probability of landslide occurrence. In con-
sequence, the zone of high susceptibility, in which landslides are ubiquitous and
frequently recurring phenomena, extends over 14 km?. Regarding the spatial land-
slide significance, it has to be considered that this areal coverage almost exclu-
sively refers to southern Lower Saxony, which represents less than 30 % of the
entire territory.

The susceptibility map reveals that urban area and transportation infrastructure
is often situated in zones with an increased level of landslide predisposition. In
southern Lower Saxony, about 21 km? of urban area shows a potential exposure to
mass movements (cf. Table 5.3). Since most part of the Lower Saxon Uplands is
highly developed, this area at risk merely makes up 1 % of the built environment.
In this context, potential landslide exposure worth considering is not only identi-
fied for housing and industrial land, but also for recreation facilities. On the other
hand, large segments of the road network pass through unstable terrain. Thus,
nearly 14 km of road in the highway system of southern Lower Saxony is poten-
tially threatened by mass movements. This corresponds to about 2 % of network’s
total length. Regarding state roads, this number is even higher, as there are 89 km
of road, which are built on landslide-prone hillsides. In consequence, slope insta-
bility is likely to affect the state road network on up to 4 % of its coverage. All
these places are identified as areas at risk, where property damage and personal
injury have to be expected. Their spatial distribution is more or less diffuse, but
there is a concentration of a high potential of infrastructure exposure, where land
use activity penetrates in areas of high relief intensity.

Table 5.3 Potential exposure of urban area and road infrastructure to landslides in the Lower
Saxon Uplands

Land use type | Spatial extension Susceptibility class | Exposure (km?, | Exposure (%)
(km?, km) km)

Urban area | 1873 Low 17.28 0.92
Moderate 3.66 0.20
High 0.21 0.01
Total 21.15 1.13

Highways 676 Low 11.94 1.77
Moderate 1.95 0.29
High 0.00 0.00
Total 13.89 2.06

State roads | 2265 Low 65.32 2.88
Moderate 21.60 0.95
High 1.80 0.08
Total 88.72 3.91

These values base on the land use data displayed in Fig. 5.1, which is why they have to be treated
as estimates (Source modified after Klose et al. 2014a)
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5.1.2.3 Identification of Potential Infrastructure Exposure—Two
Examples from Southern Lower Saxony

Using the example of the Weser Mountains and the Upper Weser region, two areas
of the Lower Saxon Uplands with potentially high exposure of infrastructure to
landslides are presented below in more detail. The concept of potential infrastruc-
ture exposure is understood as a likely threat for developed land through the pres-
ence of facilities and land use activity on a probable landslide mass. Since regional
landslide susceptibility maps usually do not integrate run out distances, this con-
cept cannot take into account the potential exposure of infrastructure situated in
a possible path of landslide movement. Despite this technical limitation, both
regions are identified to include extensive clusters of areas at risk, which are char-
acterized by the following specifics:

(a) The Weser Mountains rise at the northern edge of the Lower Saxon Uplands
about 200 m above their foreland and form an Upper Jurassic limestone ridge that
contains unstable marl- and claystone sequences (cf. Hesemann 1975). Almost the
entire mountain chain shows significant landslide susceptibility, which implies
serious risks to the trans-European highway E 30 and a production site of the lime-
stone mining industry (cf. Fig. 5.2a). The route of the highway traverses not only
an extensive area of moderate to high predisposition, but might also be affected
by adjacent landslide activity, since its location at the foot of the escarpment
indicates a close proximity to highly unstable slopes. In this landslide-prone ter-
rain, inadequate land use practices already initiated slope failure, as the example
of the mineral exploitation nearby the highway E 30 illustrates. In the year 2004,
the longtime undermining of the limestone ridge resulted in the collapse of the
quarry face, which caused a 500,000 m? large rockslide. The implications were
direct property damage as well as high indirect losses through business disruption,
protection and monitoring measures and slope restoration (cf. NNG 2013; Meyer
2005).

(b) The Upper Weser region belongs to the Bunter Sandstone area of the
Solling anticline located in the southernmost part of Lower Saxony. The focus is
on the city of Hann. Miinden (cf. Fig. 5.2b), where the rivers Fulda, Werra and
Weser eroded a 300 m deep valley basin into Triassic sandstone formations com-
posed of silt- and claystone interbeds (cf. Backhaus et al. 1980). Over the past
decades, land use pressure had caused an expansion of the urban territory to valley
slopes that are identified to be very susceptible to landslides. Today, large area of
residential property and public facilities represents a zone at risk, in which land-
slide activity endangers infrastructure in different ways (cf. Damm and Pflum
2004). Besides severe damages through abrupt slope failure, slow creep pro-
cesses show the potential to cause total losses in the long run. As a result of hill-
side development on unstable terrain, this community and its vicinity is faced with
periodic and continuous damage to buildings and lifelines. The economic losses
amount to thousands of annual damage and prevention costs and millions in peri-
odic maintenance expenditures (cf. Damm 2000; Klose et al. 2012a).
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Fig. 5.2 Potential infrastructure exposure to landslides in two exemplary regions of the Lower
Saxon Uplands. The case study refers to a the Weser Mountains and b the city of Hann. Miinden,
Upper Weser region (Source modified after Klose et al. 2014a)

5.1.3 Model Assessment
5.1.3.1 Validation of the Model
The validation using the success and prediction rate verifies accurate model

performance and shows from technical perspective that the model is suitable for
a first spatial evaluation and zonation of landslide susceptibility for overview
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Fig. 5.3 Success and prediction rate of the susceptibility model. The success rate is derived on
the basis of 756 landslides stored in the modeling set. The calculation of the prediction rate rests
on 133 landslides belonging to the validation set. Both graphs prove that the model has good
predictive power and high spatial accuracy (Source Klose et al. 2014a)

purposes (cf. Fig. 5.3). The success rate measures how precisely the model repro-
duces the landslides of the modeling set (cf. Chung and Fabbri 2003). The graph
of this rate demonstrates that 88 % of the landslides included in the model refer
to the most susceptible 10 % of the Lower Saxon territory. On the other hand, the
prediction rate specifies how good the independent landslides of the validation
set are predicted by the model (cf. Chung and Fabbri 2003). As the graph of this
rate shows, 92 % of these mass movements are located in the most unstable 10 %
of study area. In general, it holds that if a majority of landslides is concentrated
in the highest 10 % interval of susceptibility, the model is proven to be reliable
(cf. Chung and Fabbri 2003). Since this is the case, the accuracy of the modeling
approach is confirmed, even though this result is no indicator for the model’s gen-
eral plausibility (cf. Sect. 5.1.4).
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Table 5.4 Contingency table for slope gradient and land use

Land use Slope gradient

0°-7° | 7°-14° | 14°-21° | 21°-28° | 28°-35° | 35°—42° | 42°-49°| Total
Forest 27 48 143 201 97 29 6 551
Grassland 12 10 12 19 9 4 0 66
Arable land 21 4 8 7 7 0 0 47
Urban area 59 14 5 10 4 0 0 92
Total 119 76 168 237 117 33 6 756
Measures of association and x2-Test
¥% = 264.69 Hp: Land use is independent from slope

gradient

C=051 x> %301 where x3 o= 42.31
Ceorr = 0.59, ¢ [0,1] — Hy rejected, no conditional independence

The measures of association and the x>-Test indicate statistical dependency between both geofac-
tors (Source modified after Klose et al. 2014a)

5.1.3.2 Test of Conditional Independence

A few statistical procedures are available to test the conditional independence of
the input data. Besides contingency statistics, the x>-Test is used in this study, as
both test methods are widely accepted (cf. Agterberg and Cheng 2002; Pereira
et al. 2012). In the present context, the problem of data dependency is reduced
to the spatial association between slope gradient and land use. Different measures
of association, especially C,,, with a value of 0.59, illustrate a significant rela-
tionship between both geofactors. This is verified by the x2-Test, which clearly
rejects the null hypothesis Hp, indicating that conditional independence is vio-
lated (cf. Table 5.4). Nevertheless, land use is still incorporated in the model, as
the observed dependency only leads to a bias of absolute susceptibility, whereas
its scale order and areal delineation remains unaffected (cf. Agterberg and Cheng
2002; Neuhduser et al. 2012a).

5.1.4 Discussion
5.1.4.1 Modeling Approach and Limitation of Input Data

GIS-based regional landslide susceptibility modeling by means of a bivariate sta-
tistical approach faces several methodological and data-related drawbacks. Basic
assumption of every statistical model is the conditional independence of its input
data (cf. Van Westen 2000). This prerequisite is not fulfilled, if different geo-
factors show comparable spatial patterns, so that it is not possible to differenti-
ate their specific influence on instability. In case of factor dependency, landslide
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predisposition is overestimated at locations, where correlated geofactors spa-
tially coincide (cf. Agterberg and Cheng 2002; Pereira et al. 2012). A significant
dependency is tested to be existent between slope gradient and land use. This
dependency of both geofactors is rarely addressed in literature, even though land
use patterns suggest its omnipresence, especially in Central Europe. In principle,
data dependency can be eliminated by exclusion or combination of geofactors
(cf. Van Westen 2000). However, this is not required in the present case, as the
correlation is verified to have no substantial impact on landslide zonation. It only
influences the total value of susceptibility, leading to its constant overestimation,
but not changing the statistical relations in the susceptibility scale. Despite data
dependency, rank order and position stays the same, having no effect on the spatial
delineation of landslide predisposition (cf. Sect. 5.1.3).

Many limitations in susceptibility assessment arise from the high sensitiv-
ity of statistical modeling procedures to input data quality. One important aspect
refers to the completeness of the inventory in comparison to the size of the study
area (cf. Thiery et al. 2007; Guzzetti et al. 2006). Serious problems are expected
to occur, if the inventory is not spatially homogenous. This is the case, when the
landslide record is limited and shows strong variation in its geographical coverage.
Generally, there are no standards about the level of completeness, but the inven-
tory should be as completed as possible (Van Westen et al. 2008). In this inves-
tigation, most landslides belong to the Weser-Leine Uplands, whereas the Harz
Mountains are under-represented in the inventory (cf. Fig. 4.3). Nevertheless, this
is proven to have no critical effect on the identification of susceptible areas, even
though it results in a regionally too conservative evaluation. An important prob-
lem of statistical models emerges from their spatial scope itself. The regional per-
spective implies considerable data limitation due to reduced availability as well as
labor and cost intensive acquisition. Therefore, it is common practice to develop
simplified models, which are based on input data that are easy to collect, but often
imply further methodological problems (cf. Thiery et al. 2007; Van Westen et al.
2008).

In the present study, this is the case with lithology, as a medium to large-scale
geologic map is too precise in its representation. A high level of detail implicates
many lithologic classes showing low landslide frequency, so that useful corre-
lations are hardly able to reveal. Most suitable is a generalization of the Lower
Saxon geologic overview map 1:500,000, although it has the drawback that some
bedrock classes are not mutually exclusive (i.e. sand-/limestone, clay-/limestone).
This conflicts with conditional independence, but has to be accepted, since no
alternative data sources are available. A further drawback is that this geologic map
ignores near-surface subsoil, where landslide activity is frequently taking place, as
field survey and previous research work indicate (cf. Sect. 3.2). In consequence,
correlation with rock type must be seen critically, as predisposition is rather deter-
mined by soil than by bedrock properties. Susceptibility models usually have a
static character, so that land use, which shows high dynamics in space and time,
can only be poorly represented (cf. Van Beek and Van Asch 2004; Van Westen
et al. 2008). The problem associated with land use is not just its changing nature,
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but the difficulty to explain its causalities using a model, which solely focusses on
the spatial presence or absence of certain geofactors. In this sense, it is question-
able, whether the influence of urban land use can be related to the factor's pure
spatial existence. Up to now, this problem is widely neglected, although it is of
high relevance. An advantage of regional studies is the good access to cost-free
DEMs, offering useful relief information, but only in resolutions that conflict even
with large-scale purposes. In this study, the ASTER GDEM shows general appli-
cability, yet accompanying deficits in its spatial accuracy decline model quality.
This expresses in underestimating slope gradient and the ignorance of small-scale
terrain variation. The use of high-resolution DEMs provides a solution, but poor
availability and high costs are still problematic, forcing the application of ASTER
imagery in the present case.

5.1.4.2 Data Processing and GIS-Based Modeling

Different aspects concerning the data processing and the statistical modeling using
GIS are worthwhile to comment in more detail. A major point of criticism relates
to the spatial accuracy of the data transfer from the landslide map of Schunke
(1971). This inventory illustrates landslides at a scale of 1:200,000 in terms of
simple point and polygon symbols. Despite of careful data digitization and geo-
referencing, the import of the landslide information is still associated with some
imprecision. An exact localization is even with additional DEM data and satellite
imagery difficult to achieve. In view of this, errors in geopositioning are likely to
occur, whereby their propagation may result in model inaccuracy. Another prob-
lem is the spatial resolution of the ASTER GDEM, which does not only hamper
landslide mapping, but also affects the computation and accuracy of the derived
slope parameters. Their precision generally depends on the cell size of the applied
DEM. As result of view and image geometry, slope gradient derived from a DEM
is negatively correlated to the size of its grid cells, implicating a lack of exact-
ness in topographic representation, if applying a DEM with low to medium resolu-
tion (cf. Zhang et al. 1999). Several methodologies have been proposed to address
this problem by transforming and re-scaling of obtained slope data (cf. Qinke et al.
2008). In landslide susceptibility modeling, this type of error gains no high atten-
tion so far, but is yet of relevance, as cross-checking with ground truth data exem-
plifies. By comparing slope data from the landslide database with that of the DEM
analysis, it becomes obvious that there is a slight systematic bias towards underes-
timating slope gradient. This primarily affects steep slopes in areas of high terrain
variation, where negative deviation of up to 5°-~10° is verified at certain landslide
sites. Technical solving of this error, however, is not of top priority, but accuracy
concerns require keeping in mind the consequent model deficiency.

A modified information value approach is at the core of the present suscepti-
bility model. The modification concerns the formulation of the weighting func-
tion and intends to simplify both data processing and interpretation, so as to
meet the specific requirements on regional level. Major difference to previous
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conceptualizations is the way how landslide information enters the calculation,
which means that landslide pixel mapping is substituted by point representation
and the weighting function uses landslide densities based on attribute areal cov-
erage. Usually, pixel-based procedures dominate, deriving landslide density from
all grid cells defining slope instability. The delineation of extensive landslide sites
by pixel mapping, however, turns out to be sophisticated in studies with regional
focus. This is why an alternative approach has been developed. According to this
concept, each landslide is localized using a single data point, which reduces spa-
tial landslide extent to the area of one grid cell. As a result, inaccuracy increases
due to restricting input data, but the advantages through easier data processing
are worth the loss in information, which can be minimized by proper geocoding
(cf. Sect. 4.2.2). Nevertheless, there are problems related to the representation of
extensive landslide areas, which are geocoded by taking the spatial reference of
a specific mass movement feature. In this study, ground truth data and the appli-
cation of Google Earth® assisted landslide localization in few cases with impre-
cise coordinates, as ASTER imagery is of too low accuracy for this. Subsequently,
landslide density is derived by putting the number of landslides per attribute class
in relation to the areal coverage of the respective attribute. In contrast to a pixel-
based approach, the obtained density value clearly reveals the spatial landslide sig-
nificance, since providing easily interpretable data on the amount of landslides per
km?. In conclusion, this modification reduces model precision, but is an effective
way to enable susceptibility modeling given the regional specifics.

5.1.4.3 Modeling Results and Susceptibility Map

Landslide Controlling Factors and their Mechanisms

Slope gradient is identified to be the most relevant factor controlling land-
slide susceptibility in Lower Saxony. This corresponds not only with findings of
regional detail studies (cf. Damm et al. 2009; Varga et al. 2006), but also matches
with modeling results worldwide (cf. Van Den Eeckhaut et al. 2006; Dai and Lee
2002; Ohlmacher and Davis 2003). In agreement with other investigations, how-
ever, the results indicate that even slope gradients well below 30° can be related
to significant landslide predisposition (cf. Bélteanu et al. 2010; Neuhduser et al.
2012b). Therefore, it can be concluded that critical slope gradients show a close
dependency to lithologic properties. The model reveals that slope curvature is in
terms of strong concavity or convexity of second highest influence on landslide
occurrence. These findings conflict with field evidence, which outline that pri-
marily concave slopes tend to instability, as their shape favors moisture anomaly
caused by runoff concentration (cf. Sidle and Ochiai 2006). Nevertheless, some
studies show this kind of inconsistency (cf. Ayalew et al. 2004; Conforti et al.
2012; Havenith et al. 2006), which means that the spatial distribution of landslides
is not strictly characterized by this causality. Slope aspect, in contrast, does not
have a substantial effect on landslide susceptibility. Slopes of all main directions
are affected by instability, although a slight dominance of NE sector is observed.
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This spatial pattern is more likely the result of the orographic orientation (cf.
Fig. 5.1) than of enhanced moisture retention on shady slopes, as few investiga-
tions highlight (cf. Dai and Lee 2002). Furthermore, a spatial relationship with the
regional distribution of rainfall, on which some studies report (cf. Komac 2012;
Neuhéuser et al. 2012a; Van Den Eeckhaut et al. 2006), cannot be found for Lower
Saxony, despite comparing landslide patterns with that shown in different precipi-
tation maps not considered in the modeling.

The influence of lithology on slope instability needs to be interpreted with cau-
tion, as both data quality and inventory homogeneity are limited. However, there
is clear evidence that landslides are closely connected to Mesozoic sedimentary
rock. According to previous studies (cf. Ackermann 1953; Damm 2005; Schunke
1971; Tilch 1999), the findings reinforce the high susceptibility of sand- and lime-
stone formations composed of weak clay- and marlstone interbeds. Due to the
limitation of the lithologic input data, no direct conclusion on the significance of
hillslope sediments can be drawn, although other investigations suppose their high
relevance in Lower Saxony (cf. Damm et al. 2010; Klose et al. 2012b). The results
concerning the role of land use underline the inconsistency existing in literature.
In many cases, land use is evaluated to be of different influence on landslide ini-
tiation, whereby data inconsistency is rarely addressed specifically (cf. Magliulo
et al. 2008; Van Den Eeckhaut et al. 2012). Thus, the positive landslide suscepti-
bility of forest areas found in this study is more likely related to the dependency of
land use patterns on geomorphometry than to a doubtful destabilizing effect of for-
est vegetation. Altogether, land use is of lower priority for slope instability, which
also matches with other studies (cf. Conforti et al. 2012; Wang and Sassa 2005).

On regional level, it finally raises the question, if it is possible to achieve
plausible modeling results using only slope gradient as input variable. Such an
approach simplifies the investigation process and has already been applied in other
studies (cf. Godt et al. 2012). The validation of a respective model proves its capa-
bility to perform a reliable landslide prediction for Lower Saxony. Thus, the pro-
totype map reproduces the susceptibility model with almost 80 % accuracy, as the
comparison of both success rates shows.

Spatial Landslide Susceptibility Pattern

The study reveals that the regional setting of landslide susceptibility is like in
other European regions or in some countries worldwide highly correlated with
the location and composition of the mayor relief structures (cf. Nadim et al. 2006;
Van Den Eeckhaut et al. 2012). Landslide susceptibility has a clear spatial pattern
and is widely restricted to the mountainous south of Lower Saxony (cf. Fig. 5.1).
About 2 % of the Lower Saxon territory is landslide-prone, which is compara-
tively low in the European context (cf. Bélteanu et al. 2010; Jelinek et al. 2001;
Trigila and Iadanza 2008), even though direct comparison is hardly plausible.
Unstable terrain exists on large area especially in the Weser-Leine Uplands, the
Upper Weser region and the Harz Mountains. The analysis of the constellation of
susceptibility in these main distribution areas demonstrates its spatial association
to specific relief positions and landforms. Typical for the cuesta landscape of the
Weser-Leine Uplands is the concentration of high landslide predisposition at the
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top of the main scarps and ridges. In the Weser Valley, major clusters of potential
slope instability are related to cut banks, narrows and steep basins. Landslide sus-
ceptibility is widespread on the valley flanks of the Harz Mountains, but reaches
only in steeper sections of the V-shape valleys a significant level. Furthermore, the
distribution of landslide-prone area is characterized by isolated clusters, which
are difficult to assign to a broader topographic setting. They correspond to some
extent with single hills, scarps, terraces and artificial slopes. The findings on the
relationship of landslides to certain landforms and relief structures may help to
assess slope instability in comparable landscapes of Central Europe.

5.1.4.4 Application of Regional Landslide Susceptibility Maps
to Assess Potential Infrastructure Exposure

A number of reports and guidelines address the creation of landslide susceptibil-
ity maps for the purpose of land use planning (cf. Fell et al. 2008; Schwab et al.
2005). Nevertheless, there are almost no studies that comment on their applica-
tion to assess potential infrastructure exposure (cf. Guillard and Zezere 2012). One
major objective of regional landslide susceptibility maps is to brief policy makers
and the general public about the potential occurrence and distribution of landslide
hazards (cf. Fell et al. 2008). More specifically, they must be seen as a first tool for
the pre-selection and delineation of regional landslide priority areas, so as to pro-
vide a basis for further local investigations, focusing on efficient site investigation
and selection. On the other hand, their function in regional hazard management is
to give an overview of the potential exposure of communities and infrastructures
to landslides on subordinate level, which should encourage further detail studies
to develop local protection strategies (cf. Schuster and Highland 2007). However,
most regional landslide susceptibility maps do not fulfill these tasks, as they usu-
ally ignore the broad spatial perspective on the conflict between land use and land-
slide activity.

In contrast to previous studies, this point of view is addressed in the present
investigation. The analysis points out that in the Lower Saxon Uplands more
than 1 % of the urban area and up to 4 % of the road network is found in land-
slide-prone area. Until now, no regional benchmarks are available, which makes
it hardly possible to evaluate these numbers properly. Only Guillard and Zezere
(2012) provide comparable reference figures that amount to 2 % for urban area
and up to 10 % for different road categories. In southern Lower Saxony, the spatial
extent of potential infrastructure exposure varies between the different key areas
of slope instability. Thus, the Harz Mountains are widely free of urban area at risk,
but show a potential of low to medium exposure along some major state roads.
However, landslides pose a more extensive threat to infrastructure in the denser
populated Weser-Leine Uplands. The spatial pattern of endangered settlement is
more diffuse in this region, albeit a clustering of potential infrastructure exposure
can be observed in areas, where spatial development is forced to take place on
steep hillsides. These conditions exist especially in the Weser Mountains and the
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Upper Weser region, in which the problems of developing unstable land are clearly
evident. Both case studies show that there is a need for information on regional
landslide susceptibility.

5.2 Temporal Hazard—When and Why Do Landslides
Occur?

Note: The entire section has been published in Klose et al. (2012b).

5.2.1 Stability Criteria and Strength Properties
of Hillslope Sediments

The mantle rock as lowermost unit of the three-part cover bed complex is in gen-
eral compara-tively stable. This is primarily due to a high coarse soil proportion,
a high proportion of grains >630 mm and low silt and clay proportions in the fine
soil. Findings indicate that also colluvial deposits largely possess stability as result
of the internal friction of the substrate and slope inclinations of mostly <25°. Both
units are, therefore, only of subordinate relevance in any slope stability consid-
erations (cf. Table 5.5). Landslides, in contrast, are mostly developed in FlieBerde,
whose strength properties are considerably lower. These sediments, in particular
slightly plastic silts and sand-silt-mixtures, are largely unstable, because of their
specific grain size distribution and their sensitivity to water supply. The cohesive
fine soil responds quickly to moisture penetration with changes in consistency and
a reduction of soil strength. Even with low water absorption, consistencies turn
from at least semi-compact to plastic or viscous conditions. The natural water
content W ranges between 16.3 and 30.6 %, and varies depending on grain size
category and proximity to the slope water level. The values of W exceed these of

Table 5.5 Characteristic soil-mechanical values for Quaternary cover beds overlaying the
Middle Lower Triassic Bunter Sandstone (sm) in Northern Hesse and Southern Lower Saxony

Parameter Layer 1 Layer 2 (FlieBerde, |Layer 2 (FlieBerde, |Layer 3 (Soil
(Mantle rock) |average condition) | water-saturated) sediment)

Specific weight 21 20.5 11 20

(kN/m?)

Friction angle (°) |35 27.5 27.5 22

Cohesion (kN/m?) | 50 5-10 0 5-10

Data derived from laboratory analysis and mean values according to DIN 1055 (Source modified
after Klose et al. 2012b)



5.2 Temporal Hazard—When and Why Do Landslides Occur?

123

Table 5.6 Characteristic soil-physical parameters and Atterberg limits of FlieBerden at landslide
sites in Northern Hesse and Southern Lower Saxony

Characteristic value Symbol Min. value | Max. value | Property

Natural water content | W (%) 16.3 30.6 Often above average
Water permeability k (m/s) 1.0 x 107% | 1.5 x 107% | Semi-permeable

Plastic limit Wp (%) 17.1 29.1 Fast change of consistency
Liquid limit Wi (%) 19.9 323 Fast change of consistency
Plasticity index Ip 0.5 52 Low

Consistency limit Ic 0.39 0.58 Very low

Effective bulk density | Ld 3 - Medium

Field capacity FC (vol.%) 26 36.5 -

Usable field capacity EFC (vol.%) |15 22 -

Frost sensitivity F F3 - Very frost sensitive

Data derived from 34 samples according to DIN 18122 (Source modified after Klose et al.
2012b)

equivalent soils, and are close to the flow limit. In addition to intermediate bulk
densities, water permeability values are semi-permeable, so that these sediments
act more or less as water-retaining stratum. Shear strength parameters are mate-
rial characteristic, and can be classified as low. Finally, very low frost sensitivity
supports soil fabric disintegration. Thus, the FlieBerde shows high landslide sus-
ceptibility, and tends to develop landslide types in transition between sliding and
flowing (cf. Tables 5.5 and 5.6).

5.2.2 Temporal Development of Soil Water Balance

The development of SWB during the past 59 years is characterized by an alterna-
tion of different soil moisture conditions (cf. Fig. 5.4). While perennial wet and
dry periods succeeded in the 1950s and 1960s, most of the 1970s were particu-
larly dry. The 1980s, the 1990s and the early 2000s showed strong seasonal fluc-
tuations with partly very wet winters, but also distinct dry conditions in summer.
Since 2005, the study area faces a long-lasting wet period prevailing in both sea-
sons. The hygric differentiation in positive and negative wetness anomalies bases
on the mean values of SWB that are calculated for the hydrological summer and
winter. Despite of an increase in precipitation of around 6 % since 1953, soil mois-
ture does not rise significantly throughout the whole period. The increase in pre-
cipitation can be attributed to a surplus of about 5 % after 1978, which, however,
was largely cancelled by higher evapotranspiration, so that soil moisture remained
almost constant over the total time horizon.
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Fig. 5.4 Relationship between landslide activity (i.e. number of landslides) and simulated soil
water balance (SWB) in Northern Hesse and Southern Lower Saxony from January 1953 to
December 2011. The hygric specification (i.e. positive or negative wetness anomaly) refers to the
mean value of SWB for hydrological summer and winter (Source Klose et al. 2012b)

5.2.3 Correlation Between Landslide Activity
and Simulated Soil Moisture

The simulated soil moisture development shows high temporal correlation with the
reconstructed landslide activity. The mass movement clusters between 1955 and the
early 1970s coincide such as those at the beginning of the 1980s and these between
1998 and 2003 with periods of high soil moisture conditions. In contrast, there are
no or only few landslide events in periods that are identified as dry. This holds espe-
cially for the late 1970s as well as the early and mid-1990s. The outlined develop-
ment reflects the temporally variable stability conditions in hillslope sediments,
which depend mainly on different soil moisture levels. Some periods depict a clear
relationship between enhanced landslide activity and a strong increase of SWB after
long-lasting dry phases. This effect, for instance, is observable at the end of 1974.
From this, it can be concluded that mass movements do not only occur after or dur-
ing prolonging wet phases, but also when high values of SWB follow a distinct dry
period. Landslides are accordingly initiated by moisture impulses, which, however,
can also trigger mass movements during periods of higher soil moisture (cf. Fig. 5.5).

5.2.4 Critical Soil Moisture Threshold

Soil moisture thresholds are of particular importance for process analysis, and
play a key role in hazard prediction. In the study area, as the distribution of SWB
per landslide event clearly illustrates, mass movements predominantly occur in
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Fig. 5.5 Frequency of landslides (bar chart) and monthly soil water balance (SWB) for the time
period January 1953 to December 2011. Both graphs and the statistical measures of the distri-
bution SWB per landslide event show a close dependency of mass movements to the minimum
threshold SWByy,.s > 400 mm. The hygric specification (i.e. positive or negative wetness anomaly)
refers to the mean value of SWB for hydrological summer and winter (Source Klose et al. 2012b)

months, which, in any case, can be classified as wet. Landslide initiation shows
close dependency to high soil moisture levels. About 75 % of the recorded land-
slides result at SWB > 400 mm. In contrast, only 14 mass movements refer to soil
moisture levels < 400 mm, whereas at least 7 of them are demonstrably linked to
high-intensity rainfall in summer. However, due to the monthly temporal resolu-
tion, daily peaks of soil moisture levels are not detected, so that storm-triggered
landslides cannot be explained by the underlying conceptual framework. For this
reason, SWB = 400 mm can be outlined even more clearly as minimum thresh-
old SWBres, since, in our context, mass movements usually do not occur below
this value. Furthermore, great importance can be attached to this threshold, as its
exceeding causes a volatile increase in the number of slope failures. A total of
15 mass movements are allotted to the class 400-410 mm, which therewith pos-
sesses 19 % of all landslide events, and thus has the highest class frequency. Soil
moisture classes in the range of 400-450 mm apparently constitute the central and
clearly definable part of the distribution, on which more than 70 % of the mass
movements concentrate on. Due to this concentration of values, statistical disper-
sion is quite low, as indicated by SD = 37 mm, although few negative outliers
account for a comparatively large range of R = 177 mm (cf. Fig. 5.5).

5.2.5 Recurrence Frequency

Statistical analyses prove that critical soil moisture levels have partly very high
recurrence frequency. Thus, the soil moisture class 400-410 mm shows not only
the highest number of landslide events, but also refers, as mode of the respective
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distribution, to 68 months or to 10 % of the total time series, respectively. Class
frequencies yet markedly drop down above the mode class, while they level more
moderately below to it. During the past 59 years, 31 % of all months exceeded
SWBpres. The distribution of recurrence frequency consequently describes a
U-shaped relationship (cf. Fig. 5.5). Annualities in the range of up to several dec-
ades are characteristic for soil moisture classes <300 mm and >470 mm. By con-
trast, the classes in between have return periods that, in most cases, are lower than
2 years. In the study area, soil moisture levels, at which landslides are generally
possible, must be anticipated every year. However, this does not mean that mass
movements are expected to occur annually, since months with landslide activity,
especially in classes slightly above SWBy.s, have only medium recurrence fre-
quency. If SWB reaches a critical soil moisture class, the probability of at least
one landslide ranges from 10 to 47 %. The intuition that conditional probabilities
increase with higher soil moisture classes can only be partly stochastically con-
firmed (cf. Table 5.7).

5.2.6 Landslide Volume and Soil Moisture Level

Beside the influence of positive wetness anomalies on landslide activity, the inves-
tigation gives first evidence about an existing correlation between landslide vol-
umes and soil moisture levels. Data evaluation demonstrates that small landslides
with volumes of V < 100 m? occur over the entire spectrum of critical SWB. In
contrast, large mass movements (V > 1.000 m?) are generally bound to soil mois-
ture levels >410 mm. In the study area, soil moisture conditions supporting large
slope failures recur in periods of at least 1.1 years (cf. Table 5.7).

Table 5.7 Recurrence frequency and landslide probability of relevant soil moisture classes (Source
modified after Klose et al. 2012b)

SWB (mm) Recurrence frequency (years) Landslide probability (%)
190-200 and 200-210 29.5 -

210-220 to 290-300 <I11.8 Not considered
300-310 to 390-400 <24 Not considered
400410 0.9 10.3

410-420 1.1 17.3

420-430 1.6 10.8

430-440 1.9 22.6

440-450 3.5 47.1

450-460 8.4 28.6

460470 9.8 16.7

470-480 29.5 -

480-490 59 -
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5.2.7 Period of Saturation and Initiation Time

Apart from the positive correlation between landslides and soil water surpluses in
the month of occurrence, the duration of the previous wet phase is assumed to be
a crucial pre-disposing factor. When precipitation exceeds evapotranspiration, the
soil saturates as long as SWB;j.s is reached. The saturation time generally depends
on the saturation state of the soil, and has thus a different duration. Once SWB;j e
is reached, the initiation time is determined by how long and to which extent the
critical value is exceeded. In this context, the time of exceeding SWBjs, the dura-
tion of the previous wet phase and the number months that outreach FC were
analyzed (cf. Fig. 5.6). Referring to SWBjs, it can be pointed out that initiation
times generally range from O to 8 months. About 60 % of all mass movements are
connected with an initiation time >1 month. In view of the wet phase length and
the exceeding time of F'C, an even more clear relationship arises, as both variables
highlight that approximately 75 % of the recorded landslides are related to positive
initiation times. This especially holds for the wet phase length, which occasionally
lasts for up to 16 months. However, 86 % of all mass movements have a wet phase
length <6 months. Additional statistical analyses prove the trend that landslide
initiation requires in case of low initiation time considerably higher soil moisture
levels than in high initiation time. By contrast, there is yet no clear relationship
between initiation time and landslide volume. Large landslides can occur just as
small ones at any time when SWByj,.s is exceeded.

A0 - - m s ot e e e e e mmmmmme - @Minimum threshold - -
.................................................. oWet phase =
__________________________________________________ OField capacity -

7 8
Initiating time [months]

Fig. 5.6 Frequency of different landslide initiation times. The distribution refers (/) to the num-
ber of successive months with soil water balance SWB > minimum threshold SWB;,.s of about
400 mm, (2) to the number of successive months with SWB > field capacity FC and (3) to the
duration of the proceeding wet phase (Source Klose et al. 2012b)
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5.2.8 Discussion

Beside the soil-physical and soil-mechanical parameters, the hydrological condi-
tions play an important role for landslide initiation in hillslope sediments of the
study area. Depending on precipitation and evapotranspiration, the soil moisture
level is a pre-disposing and triggering factor of particular interest. This especially
holds for the FlieBerde, in which stagnant or flowing soil water reduces slope sta-
bility due to increasing pore water pressure and the decrease of specific weight
and cohesion. This generally causes mass movements in transition between sliding
and flowing. The values of SWB, which are calculated on the basis of COSIMO,
enable direct estimation of the soil saturation level. Due to the use of monthly
mean values as input variables, daily peaks of precipitation, as they can occur in
the course of high-intensity rainfall, are neglected in the simulation. The calcu-
lations performed in this investigation reflect, therefore, the long-term soil water
development in the study area, which is smoothed compared to daily extremes.

The temporal development of SWB shows good agreement with the land-
slide activity, and demonstrates the temporal variability of the stability condi-
tions in hillslope sediments quite well. Statistical analyses explicitly highlight
that mass movements occur almost exclusively during months with values of
SWB >400 mm. This value is identified, therefore, as minimum threshold, whose
exceeding is usually an indispensable requirement for landslide initiation. Critical
soil moisture levels are proved to have partly very high recurrence frequency,
and thus possess to some extent comparatively low annualities. The conditional
probabilities for slope failure in critical soil moisture classes amount to 1047 %.
Contrary to small landslides that could also occur at low values of SWB, large ones
are demonstrably linked to soil moisture levels >410 mm. An up to 16 month long
initiation time with positive wetness anomalies usually proceeds the month of the
slope failure. However, it is important to note that mass movements can be also
observed when high soil moisture levels follow a pronounced dry phase. But such
moisture impulses could also be causative during prolonging wet phases, since the
initiation time depends, amongst others, on the magnitude of exceeding a respec-
tive threshold.

The results indicate that a monthly based approach possesses enough explana-
tory power for the present purpose. In contrast to previous studies, which pri-
marily have daily perspectives, it offers the advantage of comparatively low data
requirement. Therefore, the model helps to assess hazard potentials over longer
time periods. With regard to current research, no adequate importance is attached
to the relationship between landslide activity and long-term soil moisture develop-
ment. Hardly any studies can be used to compare the obtained results. However,
referring to existent antecedent rainfall thresholds (see above), research findings
show considerable differences. Although high initiation times were partly proved
already, insights from Northern Hesse and Southern Lower Saxony yet illustrate
that the relevance of proceeding wet phases is underestimated so far.

Notwithstanding the partly very good correlation results, future research work
has to concentrate on combining the long-term soil moisture development with
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daily rainfall data directly before landslide occurrence. Herewith, the existing
difficulties, which lie in an insufficient temporal resolution to explain landslides
triggered by high-intensity rainfall, can be solved. Several studies account suc-
cessfully for such a perspective (cf. Crozier 1999; Glade 2000; Godt et al. 2006;
Ponziani et al. 2012), but, as mentioned above, do usually not refer to long-term
trends and patterns of landslide initiating soil moisture conditions. Therefore, it is
intended to perform correlation analyses, which will seize this problem in future
times.

5.3 Hazard Impact—How Much Do Landslides Cost?

Note: The entire section has been published in Klose et al. (2014b).

5.3.1 Landslide Losses for Highways
in the Upper Weser Area

5.3.1.1 Cost Structure and Temporal Patterns of Landslide Losses

The total landslide loss for highways in the Upper Weser area amounts to US$23.5
million between 1980 and 2010. Figure 5.7a illustrates that 19 (61 %) years of
this 31-year period show landslide damage. The distribution of the annual num-
ber of landslide damage events is relatively homogenous, ranging between zero
and three events per year. By contrast, the costs of landslide damage are strongly
concentrated on five years in the early 1980s and the mid-2000s which together
account for 94 % (US$22.2 million) of the total loss. As a result, there is huge
discrepancy between the annual average costs (US$0.76 million) and the annual
median costs (US$17,000), a fact of high importance for cost extrapolation
(Table 5.8). Years with minimum costs of at least US$0.1 million have a return
period of T = 3.1 years. The highest annual costs (US$7.4 million) are estimated
for the year 2006 when two major projects of landslide repair and mitigation had
been realized, including stabilization of a failed cut slope (US$4.6 million) and
slope reinforcement by soil nailing (US$2.8 million). The analysis proves that
landslide repair (US$9.8 million) and mitigation (US$13.0 million) make up 97 %
of the overall costs. Most of the remaining costs are due to maintenance (US$0.6
million), while the costs of first response (US$0.1 million) are widely negligible
(Table 5.8). The total annual costs and the number of landslide damage events
per year are only weakly correlated (Fig. 5.7c). Although costs in years with only
one landslide damage event are always below US$0.5 million, there is no clear
relationship that the more landslide damage events, the higher the annual costs.
As Fig. 5.7b indicates, the major cost drivers are few exceptional landslide dam-
age events causing expensive repair or mitigation. Thus, about 75 % of the total
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Fig. 5.7 Landslide losses for highways in the Upper Weser area between 1980 and 2010.
a Trends of landslide activity and costs and cost structure of landslide disaster management.
b Lorenz curve and Gini index of the landslide cost distribution. ¢ Scatter plot and regression
curve of total annual costs in relation to number of landslide damage events per year. d Types and
cost structure of repair, mitigation, and maintenance measures (Source Klose et al. 2014b)
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Table 5.8 Landslide losses and cost statistics for different types of landslide disaster manage-
ment (Source modified after Klose et al. 2014b)

Types of landslide Landslide dam- | Costs per damage event (in USD Total costs (in
disaster management | age events thousand) USD thousand)
Total | % Min | Max Average |Median | Total %
All categories 33 100 0.5 5,161 | 712 18 23,498 100
First response 8 242 |6 19 - - 101 0.4
Repair 4 12.1 |208 4,571 |- - 9,822 41.8
Mitigation 7 212 |76 5,161 |- - 13,012 |55.4
Maintenance 14 424 105 222 - - 564 24

costs refer to the five most costly landslide damage events. This implicates that
85 % of the landslide damage events only represent 19 % of the overall costs. The
importance of repair and mitigation costs is associated with strong cost variabil-
ity among the different types of landslide repair and mitigation (Fig. 5.7d). A sig-
nificant part of this cost variability originates from landslide dimension and cost
differences between comparable mitigation measures. This especially applies
to rock fall protection by means of catch barriers and rock fall drapery that are
less expensive than their counterparts (e.g., catch fence, anchored mesh systems).
Such low-cost mitigation structures are identified of only temporary effectiveness,
implicating short repair cycles, and thus being the major driver of maintenance
costs. Among landslide damage events >US$1.0 million, a majority (67 %) is
classified to cause mitigation costs. These investments in traffic safety are often a
direct reaction to periods of increased landslide activity, which illustrates the high
relevance of risk awareness as cost factor.

5.3.1.2 Validation of the Cost Compilation

The validation of the cost compilation for the Upper Weser area only concerns those
losses gathered by cost modeling. This is because cost survey provides in principle
the actual costs of landslide damage. The main idea of the validation is to cross-
check the results of cost modeling with available reference data from cost survey. As
the developed LDMMs describe prevailing disaster management practices, and thus
show a high a degree of reliability, the validation is exclusively focused on assess-
ing the quality of applied cost modules. To test their plausibility and accuracy, some
cost modules are used to recalculate the losses of repair or mitigation measures eval-
uated by cost survey. The error between estimated and actual costs is seen as a first
indicator for the precision of these cost modules. Such a validation was conducted
for six (18 %) landslide damage events included in the cost compilation. According
to Table 5.9, the error is between —11.6 and 18.7 % (o = 9.1 %), which is within
the range of tolerance of & 10-20 % commonly accepted in project cost estimation.
There are two main reasons for the cost difference between estimated and actual
costs: (a) uncertainty about major cost drivers (e.g., standardized length of soil nails;
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Table 5.9 Validation of cost modeling by comparing estimated costs of applied cost modules
with actual costs of cost survey for different types of landslide repair and mitigation (Source
modified after Klose et al. 2014b)

Repair or mitigation measure and relevant cost | Area/length Actual costs/ Error (in

module estimated costs (in| %)
USD million)

(1) Slope reinforcement after rock/soil slide, | 4,300 m? 2.16 1.91 —11.6

above road (year 2001)

Cost module: Soil nailing, deep slip surface

(12 m)

(2) Slope reinforcement after rock/soil slide, | 8,300 m? 2.48 2.65 6.5

above road (year 2006)

Cost module: Soil nailing, medium-deep slip
surface (6 m)

(3) Failure of fill slope, highway embankment | 20 m 0.18 0.17 —-14
(year 2003)

Cost module: Infill buttress, medium embank-
ment height (6 m)

(4) Landslide in fill slope, highway embank- |75 m 0.64 0.65 1.5
ment (year 2007)

Cost module: Infill buttress, medium embank-
ment height (6 m)

(5) Settlement of fill slope, highway embank- | 550 m 4.06 4.82 18.7
ment (year 2007)

Cost module: Infill buttress, medium embank-
ment height (6 m)

(6) Rock fall protection after small rock fall, | 470 m 0.26 0.27 3.6
above road (year 2005)

Cost module: Catch fence, low energy absorption
capacity (< 100 kJ)

case 1 of Table 5.9) and (b) decreasing unit and average costs (e.g., variable length
of repaired road; cases 3, 4, and 5 of Table 5.9). For example, the decrease in aver-
age costs from cases 3 to 5 of Table 5.9 is about US$2,000, a difference in costs
explaining the error of 18.7 % for case 5. The validation verifies sufficient reliability
and accuracy of the tested cost modules but requires more empirical reference data
for assessing the overall quality of cost modeling.

5.3.2 Landslide Losses for Highways in the Lower
Saxon Uplands

5.3.2.1 Highway Exposure to Landslides and Regional Cost Estimate

The specific setup of the regional landslide susceptibility model leads to the result
that slope gradient is the major controlling factor of slope instability in the Lower
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Saxon Uplands (Table 5.1). Critical slope gradients are identified to lie between
21° and 49°. The landslide susceptibility model predicts that slopes with a high
degree of plane curvature show substantial tendency to landslides. Alternatively,
slope aspect is proven to be a controlling factor of only subordinate relevance.
Most landslides are related to Mesozoic sedimentary rock, especially sand and
limestone or clay and limestone, which exert strong positive effect on landslide
occurrence. By contrast, land use shows low importance for regional landslide sus-
ceptibility; however, this ignorance of human impact is mainly due to the required
model simplicity in applications on large spatial scales (cf. Klose et al. 2014a).
The expert-based scaling of the susceptibility index results in 7.5 or 10.1 % of
the territory of the Lower Saxon Uplands or the Upper Weser area as being clas-
sified as landslide-prone. The local or regional exposure index estimates that 14.5
or 77.0 km of highways are at risk of landslides (Fig. 5.8). This means that on a
local or regional level, 23.9 or 6.2 % of the highway network is located in potential
landslide hazard area. The cost index calculated for the Upper Weser area amounts
to US$52,000. By comparison, the cost figure, which only refers to total length of
the local highway network, is about US$12,000. The average landslide costs for
highways in the Lower Saxon Uplands are estimated at US$4.02 million per year.

(b)

(a) Local landslide losses, 1980-2010
Total costs (in USD million) 235
Annual avg. costs (in USD million) 0.56
Local expasure indes” 5
Cost index” {in USD th ] 5
“kem of Nighway at risk of Tandslides

“Cosrs per km of highwry at rick of landalides

(b)Regional landslide losses

RngnmN’ exposure fndex’ e
Exi'mpv!al(vd annual avg. costs (in USD million) 4.0z
am o highvway at risk of andstides

®  Landslide site
= Highway
Urban area

w E
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Fig. 5.8 Landslide losses for highways in the Upper Weser area and cost extrapolation for the
entire highway network of the Lower Saxon Uplands (Source Klose et al., 2014b)
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This corresponds to annual average costs per kilometer of highway of about
US$3,200. A projection of the regional losses per year over the entire 31-year time
period reaches the total of US$125 million.

5.3.2.2 Validation of the Cost Extrapolation

The plausibility of the cost extrapolation is tested by a validation of the landslide
susceptibility model used to extrapolate landslide losses. This model validation is
based on the concept of the success and prediction rate (Fig. 5.3; cf. Chung and
Fabbri 2003). According to the success rate, 88 % of the landslides included in
the model (modeling set = 85 % of the landslide inventory, 756 landslides) refer
to the most susceptible 10 % of the total area. Alternatively, the prediction rate
specifies that the most unstable 10 % of this region contains 92 % of the independ-
ent landslides (validation set = 15 % of the landslide inventory, 133 landslides).
Although both rates prove good predictive power and high spatial accuracy, the
results of the validation are no indicator of the overall plausibility of this model.
This shows a conditional independence test between slope gradient and land use
(Ceorr = 0.59; x* = 264.69 > xZ,,) and the fact that some lithological classes
are not mutually exclusive (sand- and limestone, clay- and limestone). Despite
such data related problems, which are difficult to avoid in studies with regional
focus, the model is from a technical perspective suitable for proper spatial evalua-
tion and zonation of landslide susceptibility for purposes of cost extrapolation.

5.3.3 Discussion
5.3.3.1 Methodological Problems and Solutions

The different tools of this methodological approach are designed and coordinated
to meet crucial scale-related problems in ex post assessment of landslide losses
for transportation infrastructures. Despite the fact that the test application of this
methodology verifies its basic capacity for reliable cost estimation on local and
regional levels, there are various methodological problems which need to be dis-
cussed in detail. Most of these problems relate to challenges of reduced data avail-
ability and quality when assessing landslide costs over broad areas and long time
periods. The main problems of this methodology and ideas for its solution are pre-
sented in the following:

(a) Temporal cost volatility shows the importance of taking time periods of at
least more than 10-20 years as a basis for reliable cost estimation in areas with
low to moderate landslide activity. A major problem of cost modeling is that
even comprehensive landslide database systems are characterized by a significant
decrease in data completeness and quality over such long time periods (cf. Devoli
et al. 2007; Hilker et al. 2009). This primarily affects the applicability of complex
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cost modules because of their comparatively high data requirements. Tools such
as Google Earth® and Google Street View® are helpful to bridge some few data
gaps (e.g., size of repair or mitigation structures), but yet, the landslide database
for cost modeling needs to provide most of the necessary data without subsequent
optimization. A solution to reduce data requirements in cost modeling is the con-
cept of cost categories (Fig. 5.9). The idea is to replace LDMM:s and cost modules
by categories of the total costs for certain types of landslide damage. According to
this concept, the costs of a landslide damage event are estimated by its classifica-
tion to a specific cost category. Although this study provides losses for a number
of typical landslide damage events at highways, the available data basis is yet too
small to test or apply such preliminary cost categories in practice. A key advan-
tage of cost modeling is to gain knowledge of major cost factors and drivers of
landslide losses, which is vital for the development of reliable cost categories.
As a result, the cost categories presented in Fig. 5.9 are likely to describe a rea-
sonable range of costs, and this is most important for landslide cost assessment.
Such a standardization of disaster management processes and landslide costs,
however, is still associated with methodological problems. Thus, the application
of both cost modeling and cost categorization is widely limited to less complex

LANDSLIDE DATABASE

Landslide event

™3 e

Cost category

$150k - $200k $200k — $300k $1,000k - $2,000k

Fig. 5.9 Example of cost modeling based on categories of total costs for certain types of landslide
damage (Source Klose et al., 2014b)
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landslide damage events. By contrast, landslides causing exceptional damage
to traffic routes (e.g., 2010 Taiwan Highway 3 Landslide; The Landslide Blog
2010) principally require individual assessment (i.e., cost survey), which conflicts
with the idea of standardization that underlies both methodological approaches.
Consequently, the use of this methodology is largely restricted to areas where
transportation infrastructures are often affected by comparable types of landslide
damage.

(b) A key component of this methodology is a regional landslide susceptibil-
ity model that enables to derive the main tools used for cost extrapolation. The
development of regional landslide susceptibility models is generally faced with
several methodological and data-related shortcomings (cf. Klose et al. 2014a). One
problem of high relevance in this study is the limited availability of suitable input
data for geofactors other than geomorphometry. As is the case with lithology and
land use, the use of low-quality input data often implies further methodological
problems, especially regarding the violation of conditional independence. A x3-
test proves a significant spatial association between slope gradient and land use.
This dependency, however, is tested to be of minor importance, as only leading
to a constant overestimation of SI(x), but not changing the statistical relations in
the susceptibility scale. Consequently, none of these geofactors are excluded in
landslide susceptibility modeling (cf. Neuhduser et al. 2012a). The generalized
geologic overview map (>1:500,000) is applied because medium to large-scale
geologic maps are too precise in their class representation to support the calcula-
tion of useful statistical correlations. Nevertheless, this map shows the deficit of
providing lithological classes that are not mutually exclusive, which conflicts with
the assumption of conditional independence.

A further problem relates to the resolution of the ASTER GDEM of + 25 m
and its capacity to represent artificial slopes along traffic routes with sufficient
spatial and topographic precision. Slope parameters derived from DEMs are neg-
atively correlated to the size of their grid cells. This implicates a lack of exact-
ness in relief representation, if applying a DEM with low to medium resolution
(cf. Zhang et al. 1999). Several methodologies have been proposed to address
this problem by data transformation and rescaling (cf. Qinke et al. 2008), but the
slight systematic bias towards underestimating slope gradient (~5°-10°) identi-
fied in this study is widely negligible for cost extrapolation. Future research work
has to address major weak points considering the concept of the exposure index.
In its current usage, it simply defines an undifferentiated risk for transportation
infrastructures located on a probable landslide mass but ignores hazard exposure
in potential pathways of landslide movement. The integration of runout distances
in regional landslide susceptibility models, however, exceeds the capabilities of
today’s modeling tools (cf. Klose et al. 2014a). Thus, the proposed exposure index
will probably remain an incomplete concept that causes significant uncertainty in
cost extrapolation.

(c) The result of the regional cost extrapolation is strongly influenced by the
decision to operate with a cost index based on annual average costs. Due to out-
lier resistance, the annual median costs account for only US$17,000, which is
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about 45 times less the annual average cost of US$0.76 million. The use of annual
median costs in cost extrapolation leads to a cost estimate for the Lower Saxon
Uplands of less than US$0.1 million per year. This causes a difference in costs of
almost US$4 million (98 %) compared to the cost extrapolation based on annual
average costs. The large discrepancy between annual average costs and annual
median costs is a consequence of comparatively high cost volatility and concentra-
tion, although on much shorter time scales than most other natural hazards. Thus,
the annual return period of costs > US$0.1 million is only 7' = 3.1 years on a local
level, which affects short- to medium-term financial planning. This return period
puts temporal cost volatility and concentration into perspective, but still maintains
the need for analyzing annual cost trends over tens of years. A further source of
error in cost estimation is related to the classification of insidious landslide dam-
age or maintenance costs to one certain accounting year of the time series. As not
distributing such costs over time, this study shows the tendency to slightly overes-
timate the volatility and concentration of annual landslide costs. Against this back-
ground, operating with annual average costs is proven to be a reasonable approach
but requires keeping in mind high cost uncertainty.

5.3.3.2 Comparison of the Cost Estimate for the Lower Saxon Uplands

A comparison of the results of this cost assessment for highways in the Lower
Saxon Uplands with landslide losses from study areas worldwide is strongly lim-
ited because of data scarcity. However, there are for some regions cost estimates
available that support a comparison of costs, although such a comparison needs
to be interpreted with caution. Some of the most recent data on annual land-
slide losses for highways are from the USA and include the states of Kentucky
(>US$2 million; USGS 2013), Oregon (US$5.8 million; Wang et al. 2002), and
Wyoming (US$1.0 million; Wyoming Homeland Security 2011). At the European
level, Vranken et al. (2013) estimate for a regional case study area in the Ardennes,
Belgium, annual average costs of landslide repair and/or mitigation for roads
(US$0.8 million) and railways (US$0.6 million) of about US$1.4 million. The
most comprehensive compilation of landslide losses for highways is still that of
Walkinshaw (1992). On the basis of a cost survey for the US state highway sys-
tems (~20 % of the 1990 US highway network), this study provided an estimate
of national landslide repair and maintenance costs of about US$190 million per
year. Using the data sets published in this study, the costs per kilometer of high-
way are estimated at US$150, which strongly contrasts with the reference costs
of US$3,200 for the Lower Saxon Uplands. The costs per kilometer of highway in
the Lower Saxon Uplands are thus about 20 times as much as the US cost estimate.
An additional study reports landslide repair costs for highways in the Lao PDR
of, on average, US$7.2 million per year (cf. Hearn et al. 2008). According to the
data presented in this study, the annual costs per kilometer of highway are about
US$1,000. Although the difference in costs is less pronounced, the reference costs
for the Lower Saxon Uplands are more than three times that of the Lao PDR. The
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comparison shows wide variations between the landslide losses of the different
areas and proves that the cost estimates provided by this study are relatively high
in value. However, the many influencing factors on these cost estimates (e.g., size
of study area, level of landslide hazard, sociotechnical conditions) make their com-
parison difficult, which is why this comparison only supports a preliminary cross-
checking of the obtained results.
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Chapter 6

Synthesis—Towards Integrated Assessment
of Landslide Risk

6.1 Created Risk—The Role of Human Activity

Landslides in terms of their causes or triggers and the risk they entail on society
show most often a natural geomorphic and human dimension (e.g., Sidle et al.
1985; Alexander 1989; Nadim et al. 2011; Sect. 1.1). These two dimensions are
closely interconnected as a result of widespread urbanization and the global domi-
nance of cultivated landscapes (e.g., Vaclavik et al. 2013; United Nations 2014).
A large part of terrestrial landslides are thus occurring in a spatial setting where
human activity is not just vulnerable to landslides but is also controlling their
physical processes to some extent. Fundamental understanding of landslide risk
requires therefore knowledge on how people are contributing to this risk by their
own land use practices. The statistics and analyses on the causes of landslides and
on landslide impact presented in this study revealed that the following aspects of
landslide risk in Lower Saxony or the entire German Central Uplands make it nec-
essary to turn towards an integrated risk assessment: (i) human activity is a major
causative factor of landslides, not only by predisposing or triggering them, but also
as a result of implementing inadequate or undersized mitigation measures; (ii) the
level of tolerable or acceptable risk (see also Fell 1994), a measure driving a large
part of landslide costs in Germany, is highly variable, differing between individu-
als or societies (Klose et al. 2014a), with its nature being to change over time;
and (iii) decision makers often have difficulty in finding the right balance in haz-
ard management (cf. Damm and Klose 2014), which implies lack of its effective-
ness in both technical and financial terms, thus intensifying landslide risk in some
cases. The proposed concept of integrated risk assessment takes into account these
human-related or societal factors of landslide risk as they are critical for examin-
ing what defines landslide risk today and in future.

A key to assess landslide risk in the Lower Saxon Uplands in an integrated per-
spective is to track regional or site-specific infrastructure development over previ-
ous decades and to correlate it with past landslide activity (Fig. 6.1). The landslide
database analyzed in this study indicates that different landslide sites through-
out this region have been affected by landslides for more than the past 150 years.
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Mid-19th Century
Beginning of modern road construction

(a)

Cutting of the slope at a steep angle
increased landslide susceptibility and
caused slope failures in 1870, 1881—
1882, 1884-1885, and 1870 (a,b,c).
Landslide mitigation by removal of
loose rock and vegetation (d).
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Fig. 6.1 (continued)
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20th Century
Further landslides and low-cost hazard mitigation
of temporary effectiveness

About 30 landslide events occurred during the 20th century with clusters in 1924—-1926, 1961, 1970,
1974, 1994, and 1999-2001 (e). Implementation of low-cost mitigation measures (catch fence, rockfall
drapery, etc.) in response to these damage events, but hazard mitigation was usually undersized and
failed under stress, wherefore not enabling effective risk reduction (f,g,h).

Fig. 6.1 (continued)
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21th Century
Increased risk awareness and implementation of
a slope stabilization system

To reduce landslide risk effectively, a slope stabilization system, including a tied-back wall (i),
shotcrete (i), soil nailing (j,k), and a gravity retaining wall (I,m), was implemented between
2001 and 2006. The mitigation costs amounted to US$7.1 million.

¥ al\\r

Fig. 6.1 Case history of landslide impacts for the landslide site “Altmiindener Wand” at the high-
way B 3 in Hann. Miinden, Upper Weser area (Photos Database B. Damm; M. Grochau, photo: g)
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Landslide activity in the Lower Saxon Uplands generally intensified with increasing
land use pressure since the mid-19th century (e.g., Wiese 1978; Von Pezold 1980).
Population growth from then on resulted in an expansion of urban territory to areas
with steep slopes that are naturally prone to landslides (cf. Damm 2005; Klose
et al. 2014b). Hillside development in such areas often required massive slope dis-
turbance by costly and sometimes inaccurate earthworks that frequently intensified
the landslide predisposition of these areas or directly triggered landslides in many
places. It was not until the early to mid-19th century when construction codes and
methods considering the requirements for urban development and proper land use
in unstable terrain became available (cf. Damm 2002, 2005). Lack of regulation or
restriction of settlement as well as deficits in spatial planning in the past are often
reasons for landslide damage to private homes and public infrastructure today. This
applies especially to the landslide-prone city of Hann. Miinden that is located in the
Upper Weser case study area and that has already been part of many landslide stud-
ies (cf. Damm 2000, 2002, 2005, 2006; Damm and Pflum 2004; Klose et al. 2014b;
Maurischat and Klose 2014).

The same holds true for the transportation system in this region that was char-
acterized by rapid expansion since the mid-19th century (e.g., Baldermann 1968).
Relief conditions in the Lower Saxon Uplands often require roads or railways
to pass along the slopes of cuesta scarps or deep river valleys, which frequently
made large cuts and fills necessary for building traffic routes (cf. Uhl 1907; Miiller
1936). The embankments of many highways today are partly composed of non-
draining fill materials from the early times of road construction in which it was
common practice to build highway embankments using soil material from upslope
or road excavation. These fill materials often originated from weak and moisture-
sensitive Pleistocene slope deposits whose use is now prohibited by current con-
struction codes (cf. Damm 2005; Floss 2006; Gidde 2012; see also Sect. 3.2).
Together with cutting slopes at too steep an angle in areas with limited space for
road location this has created a significant predisposition to landslides that con-
tinues to exist today and in future. Proper design and construction of highways as
well as landslide hazard prevention are now widely established in regional trans-
portation planning, especially with regard to new road development and renewal
of existing highway infrastructure (see also Damm 2000, 2005). The analyses
still have shown that most mitigation measures in recent years are implemented
in response to periods of increased landslide activity instead of being realized pro-
actively (cf. Maurischat and Klose 2014; Sect. 6.2). Despite an increased level of
hazard awareness and adapted construction methods (Fig. 6.1), an effective protec-
tion of the many highway sections at risk of landslides has not been realized so
far, as hazard mapping and field experience from this region indicates (cf. Damm
2005; Klose et al. 2014b, c).

An important role in integrated risk assessment is played by case histories of
landslide impact that can be developed on the basis of information from landslide
databases. Figure 6.1 presents an illustrated case history with focus on exemplify-
ing the close dependency of landslide occurrence to human activity for a reference
landslide site at a highway in the Upper Weser area. This case history of landslide
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impact provides profound insight into how people managed to live with landslide
risk over centuries and how their land use decisions were affected by this risk or
had contributed to intensifying it. The capability of such case histories for tracking
the evolution of landslide hazard and risk in relation to human activity makes them
a key for integrated risk assessment. Historical analyses like these, however, are
limited to high-quality data sets, wherefore they are still exceptional and restricted
to certain landslide sites. As a result, it is a basic requirement for databases used in
this kind of landslide risk assessment to show at least at local level a widely com-
plete landslide record, thus to rely on a top-down approach of data retrieval (cf.
Sect. 2.2.2).

6.2 Are Landslides Economically Relevant?

Knowing how much landslides cost society is vital yet not sufficient for integrated
assessment of landslide risk. The key question rather is whether calculated costs
are economically relevant or not, which is equivalent to analyzing the fiscal rel-
evance of the financial burden of landslide losses on public budgets. This specific
field of risk assessment has been widely ignored in past research and is today in
yet different form only addressed by Highland (2013) asking “who bears the bur-
den” of landslide losses in the U.S. One major objective of the present work was
therefore to model disaster financing and to assess the budgetary impact of land-
slide losses for highways and urban infrastructures in the Lower Saxon Uplands.
Based on the results of the above cost estimation for highways and additional
loss data published in Klose et al. (2012a), an economic impact study has been
conducted using the example of the Lower Saxony Department of Transportation
(NLStBV) and the city of Hann. Miinden (~20,000 residents) in the Upper Weser
area (Fig. 3.1). The methods used in this study included cost survey by interview-
ing urban planners and analysis of budget data at city level and from the NLStBV
Regional Office Gandersheim.

Budgeting as part of fiscal planning in Lower Saxony involves, amongst oth-
ers, two main steps (e.g., Rose 2008; Anders et al. 2008): (i) cost analysis, and
(1) risk identification. As showing the potential to affect public budgets, direct
losses caused or expected to be caused by landslides should be taken into account
in both steps, but this, however, is not the case in Lower Saxony, neither at munici-
pal nor at state level. Financing of landslide damage is rather the opposite today,
with hazard management being characterized by reactive instead of proactive
thinking. The common practice can be best described by using a simple three-
tier model which indicates that disaster financing is organized as ex-post financ-
ing based on budget reallocation (Fig. 6.2). A reserve of funds for unexpected
expenditures related to landslide repair or mitigation generally does not exist in
this model in which actions are taken and money is spent only if landslide damage
results in disruption of infrastructure. Disaster response as first step of the disaster
cycle is financed with cash from operating budgets of which maintenance depots
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Three-tier Model of Disaster Financing — Lower Saxony Department of Transportation
Principle: Ex-post financing based on budget reallocation

Landslide Disaster

W Response Recovery (short term) Recovery (long term) / Mitigation
55 - w Expenditures : Expenditures
e
Z/‘Lf'\l DAYS WEEKS YEAR
OPERATING BUDGET SHIFT OF FUNDS BUDGETED PROJECT
Maintenance Depots Regional Offices Regional Offices
Cash-based financing with Provisional repair financed by Final repair or mitigation treated
upper limit of US$70,000 shift of funds from regquiar as regular project included in
projects the budget

A culture of reaction: Nof preparing for the unexpected, but waiting for it to become manageable.

Fig. 6.2 The standard procedure of landslide disaster financing in the public infrastructure sec-
tor in Lower Saxony. Using the example of the Lower Saxony Department of Transportation
(NLStBV), the flowchart describes the main steps of disaster financing with the affected budgets
and the types of expenditures (Source according to Maurischat and Klose 2014)

are responsible for. The upper limit of cash-based disaster financing in transporta-
tion planning is set to a threshold value of around US$70,000. In case of landslide
damage exceeding this cost limit, payments correspond to capital expenditures,
with the NLStBV regional offices having the responsibility for any kind of invest-
ment. To avoid long-term disruption of both urban and highway infrastructure, pro-
visional repair or mitigation is the starting point of subsequent disaster recovery.
The only way to finance such immediate measures is to shift funds from regular
projects that are already considered in budgeting. Temporary solutions are replaced
by final ones when enough time has passed to treat repair or mitigation as regu-
lar projects whose costs are included in annual budgets. This last step of disaster
financing implicates that repair or mitigation is paid in the same way as ordinary
construction works. A key principle of hazard management defining the prevail-
ing culture of reaction is thus not to prepare for losses in future but waiting for
incurred losses to become manageable (see also Maurischat and Klose 2014).

The results of the impact study indicate that landslide losses affect public
budgets in temporally variable intensity (Fig. 6.3). Much of the reference costs
relate to insidious landslide losses or maintenance expenditures that have been
classified to certain accounting years of which some are in future. As not distrib-
uting such costs over time, there is the tendency to overestimate cost volatility,
which is important to keep in mind when interpreting Fig. 6.3. A cost survey for
the city of Hann. Miinden has shown that landslide losses at city level amount
up to US$2.4 million (urban roads) or US$1.0 million (sewer systems) in costly
years (Fig. 6.3b, c¢). These annual cost extremes correspond to 141 % (urban
roads) or 47 % (sewer systems) of the relevant annual budget for regular pro-
jects. The average financial burden of landslides in relation to such annual refer-
ence budgets accounts for 44 % (urban roads) or 20 % (sewer systems) between
2010 and 2015. Expert interviews revealed that slope creep reduces the average
life cycle of sewer lines at about 50 %, and the costs of earthworks in this city are
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Fig. 6.3 Annual comparison of direct landslide costs and regular construction budgets for dif-
ferent types of public infrastructure in the Lower Saxon Uplands. The presented data serve as
an indicator for the temporarily high financial burden of landslide losses and refer to a the high-
way network of the Regional Office Gandersheim, Lower Saxony Department of Transportation
(NLStBV), and b sewer systems or ¢ urban roads in the city of Hann. Miinden, Upper Weser area.
Note that the losses shown in (a), in contrast to the budget data, relate only to the Upper Weser
area that covers about 20 % of the highway network operated by the NLStBV Regional Office
Gandersheim. The losses for 2014 and 2015 shown in (b) and (c) refer to previous landslide
events whose repair will take place in 2014 and 2015. These damage costs are therefore already
included in the future construction budgets (Source according to Maurischat and Klose 2014)

increased by a factor of 1.4 on average. City planners estimate the annual main-
tenance costs for urban roads in Hann. Miinden to be at US$1.5 million, which
is probably about two to three times the average costs of cities with compara-
ble size. The annual average direct costs for highways in the Upper Weser area,
which covers about 20 % of the road network of the NLStBV Regional Office
Gandersheim, amount to US$0.76 million between 1980 and 2010. These costs
correspond to 2.2 % of the annual average construction budget (US$34.8 million)
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in the period 2004-2008 (Fig. 6.3a). In costly years like 2006 (US$7.1 million) or
2007 (US$5.1 million), however, the regional office was required to pay costs for
landslide repair or mitigation equivalent to up to 16 % of the regular construction
budgets (cf. Maurischat and Klose 2014).

The two case studies clearly illustrate that landslides show the potential to bur-
den public budgets significantly, constituting a substantial cost factor in short- to
mid-term fiscal planning. Given these research results, an economically justified
argument for either reactive or proactive hazard management is yet hard to find by
now, but one thing seems to be certain: a culture of reaction contradicts the basic
principles of fiscal planning and is very likely accompanied by significant oppor-
tunity costs.

6.3 Conclusions

This study applies the landslide database for the Federal Republic of Germany
in different fields of regional landslide risk assessment. Using the example of the
Lower Saxon Uplands, the research work presents approaches and methods for
analysis of spatial and temporal landslide hazard in this mountain area. A regional
landslide susceptibility model has been developed to estimate the spatial probabil-
ity of landslides, whereas assessment of temporal landslide probability was real-
ized by optimization and application of a soil water balance model for regional
simulation of landslide-causative soil moisture levels. The study also deals with
an estimation of direct landslide costs for highways in the Lower Saxon Uplands.
This part of the research work involved the design and application of a new
method for landslide cost modeling with various tools to compile, model, and
extrapolate landslide losses on different spatial scales over time. A further part of
the present study investigates the role of human activity in landslide hazard or risk
and has a special focus on analyzing the financial burdens of landslides on pub-
lic budgets. The research in this regard combines modeling of landslide disaster
financing with a budgetary impact study based on cost survey and expert inter-
views. All these different parts of this study support drawing the following final
conclusions on landslide hazard and risk in the Lower Saxon Uplands:

Landslides in the study area are spatially clustered according to the local and
regional relief, with a significant level of landslide hazard at locations featuring
steep terrain, including cuesta scarps, V-shaped or gorge-like valleys, and river
cut banks. The spatial distribution of hazard area is also characterized by isolated
clusters, some of which corresponding with single hills, scarps, terraces, and large
artificial slopes (see also Damm 2005; Gruber 2012). Most landslides have been
identified in areas with Mesozoic sedimentary rock, especially at sites where per-
meable lime- or sandstones are on top of weak marl- and claystones (cf. Klose
et al. 2014b, c). A large number of landslides in this region are connected with
prolonged wet periods of which ones that result in landslide-causative soil mois-
ture levels show recurrence intervals of 0.9 years. During such wet periods the
probability of slope failure ranges between 10 and 47 %, wherefore landslides are
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likely to occur on an annual basis in above hazard areas (cf. Klose et al. 2012b).
This applies especially to the Upper Weser area where moisture-sensitive and
landslide-prone periglacial sediments are widespread on many steep slopes (see
also Damm 2005). Urban expansion and associated land use pressure over the
past century resulted in the development of many hillsides at risk of landslides,
implicating that urban area and hazard zones often spatially coincide today. Local
communities throughout this region are thus exposed to landslides in many places,
whereby some of these vulnerable towns or cities are located with 10-20 % of
their area in zones of significant hazard. Alternatively, the regional highway net-
work crosses areas susceptible to landslides on a length of 77 km, which cor-
responds to 6 % of its total length in the Lower Saxon Uplands (cf. Klose et al.
2014b, d). Landslides in this mountain area are closely connected with human
activity, not only because of urban expansion into hazard areas or improper land
use practices, but also because of inadequate risk management, especially the use
of low-cost mitigation measures that are often undersized, thus tend to fail under
stress (see also Damm and Klose 2014, 2015). These deficits in past transportation
planning are partly responsible for direct costs of landslide damage to highways in
the amount of US$4.02 million per year. In the Lower Saxon Uplands, landslides
are frequent yet often less costly damage events, with more than 80 % of them
that affect highways resulting in costs lower than US$0.1 million. These minimum
reference costs for highways in this region show a return period of 3.1 years and
are at least at local level a significant cost factor in short- to mid-term fiscal plan-
ning (cf. Klose et al. 2014d). The financial burdens of landslide losses for urban
or highway infrastructures at local or regional level vary between 2 and 44 % of
exemplary annual average construction budgets and are thus of high economic rel-
evance (see also Maurischat and Klose 2014).

In conclusion, landslide risk in economic terms is evaluated to be significant in
the Lower Saxon Uplands, or more precisely, to be of low to medium level when
using expert opinion to classify risk in a qualitative way. This personal judgement
is not the result of systematic risk measurement on a numerical scale but refers
to a qualitative assessment based on the research results presented in the previ-
ous sections. Even from a global perspective (cf. Sect. 1.2), these findings contrast
with the outcomes of previous continental-scale landslide hazard and risk assess-
ments, classifying the Lower Saxon Uplands or related Central European low
mountain areas to show negligible or very low levels of landslide hazard and risk
(e.g., Dilley et al. 2005; Nadim et al. 2006; Van Den Eeckhaut et al. 2012). Given
the data and results presented in this study, the main reasons for not classifying the
Lower Saxon Uplands as high-risk area are as follows: (i) dominance of small to
moderate landslide magnitudes, (ii) low risk of loss of life due to landslides, and
(iii) high technological and financial coping capacity for landslide risk reduction.
This classification considering the extent and severity of landslide impact world-
wide yet requires to be interpreted with caution. Landslides in the study area are
widespread everyday hazards and as a whole have a considerable societal impact
at local and regional level. The research work has revealed that landslides in “low-
risk” areas such as the Lower Saxon Uplands are a critical cost factor in fiscal
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planning that shows the potential to burden public budgets substantially. These
findings of the conducted study thus close an important knowledge gap and justify
the urgent need for further research on landslide hazard and risk by demonstrating
the high economic relevance of landslides.

The above conclusion represents an expert-based risk assessment that rests
upon quantitative analyses and statistics on both natural and human factors of
landslide risk. Despite analyzing spatiotemporal landslide hazard and economic
landslide impact in a quantitative way, the final risk estimate provided by this
assessment is still qualitative. The problem that continues to exist mainly relates to
finding a systematic approach for integrated risk assessment that enables to com-
bine the results of the different studies and to integrate them in an objective, trans-
parent, and reproducible risk estimate. A major challenge thereby is to consider
the results of historical analyses and soft risk factors such as hazard awareness
and risk acceptance. These qualitative dimensions of landslide risk play a vital
role in defining the overall level of risk but are beyond functional expression in
a risk equation so far. In transportation planning, for example, low risk aversion
in the present is equivalent to reduced mitigation efforts, with the result that near-
future prevention cost will be at minimum level, whereas damage and disruption
cost could reach a maximum in the long run. To take account of such relation-
ship in risk assessment, there is the need for a system that contains rules to weight
such qualitative indicators and to make them compatible with quantitative hazard
and loss data. Further research work is thus necessary to systematically obtain a
risk estimate that also integrates these qualitative findings, thus provides a rigorous
measure of landslide risk on the basis of how people have dealt with landslides in
the past.

A further key question of future research is how to optimize the proposed
framework of integrated risk assessment to enable the calculation of a probabil-
istic monetary estimate of landslide risk. A promising approach combining an
ex-post assessment with prediction of future losses is the Probabilistic Landslide
Assessment Cost Estimation System (PLACES), a statistical modeling tool for
probabilistic cost calculation developed by Crovelli and Coe (2008, 2009). The
idea of PLACES is to predict the number of future landslides and their direct
losses based on recurrence intervals and average costs of past landslides. While
PLACES provides functionality for cost projection into the future, the approach
presented in this study provides tools to bridge scale differences in cost assess-
ment at large spatial scales. Future methodological research should thus take
advantage of both approaches that in combination are an important step towards
integrated risk assessment over broad areas. A fusion of these two toolsets for
cost analysis, however, still does not solve a main obstacle in the application of
such integrated approaches, which is their requirement of high-quality landslide
databases.

The studies presented herein have shown that landslide databases are valu-
able sources of information for research on landslides, not only in terms of their
causes, types, and processes, but also the impacts and costs associated with them.
In order to serve as useful tools for integrated assessment of landslide risk, the
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development of landslide databases requires relying on a targeted strategy of data
retrieval that in form of a bottom-up approach condenses data coverage from
national or regional to local level. Together with systematic extraction and integra-
tion of data from multiple sources, this allows the development of landslide data-
bases with a broad potential of application in integrated risk assessment. In-depth
analysis of such landslide databases using the methods presented in this study ena-
bles to open a whole new window on landslide risk and is thus a key to promote
effective disaster risk reduction in landslide practice.
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