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Foreword By Irina Bokova

Every year, disasters induced by natural hazards affect millions of people across the world.
The loss of life is tragic, impacting on communities for the long term.

The costs are also economic, as disasters are responsible for estimated annual economic
losses of around USD 300 billion. With the rising pressures of climate change, overpopulation,
and urbanization, we can expect costs to increase ever more.

We cannot prevent disasters but we can prepare for them better. This is the importance
of the International Consortium on Landslides, supported actively by UNESCO, to advance
research and build capacities for mitigating the risks of landslides. Led by Prof. Kyoji Sassa,
the Consortium has become a success story of international scientific cooperation at a time
when this has never been so vital.

This is especially important as the world implements the 2030 Agenda for Sustainable
Development and the Paris Agreement on Climate Change, as well as the Sendai Framework
for Disaster Risk Reduction 2015-2030—adopted in Sendai, Japan, to assess global progress
on disaster risk reduction and set the priority actions.

The International Strategy for Disaster Risk Reduction—International Consortium on
Landslides Sendai Partnerships 2015-2025 is the key outcome relating to landslides from the
3rd World Conference on Disaster Risk Reduction, held in Sendai. On this basis, every
member of the International Consortium of Landslides is redoubling efforts to understand,
foresee, and reduce landslide disaster risk across the world.

Led by the Consortium, the Landslide Forum is a triennial milestone event that brings
together scientists, engineers, practitioners, and policy makers from across the world—all
working in the area of landslide technology, landslide disaster investigation, and landslide
remediation. Meeting in Slovenia, the 4th Landslide Forum will explore the theme, “Landslide
Research and Risk Reduction for Advancing Culture of Living with Natural Hazards”,
focusing on the multidisciplinary implementation of the Sendai Framework to build a global
culture of resilient communities.

Against this backdrop, this report includes state-of-the-art research on landslides, inte-
grating knowledge on multiple aspects of such hazards and highlighting good practices and
recommendations on reducing risks. Today, more than ever, we need sharper research and
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stronger scientific cooperation. In this spirit, I thank all of the contributors to this publication
and I pledge UNESCO’s continuing support to deepening partnerships for innovation and
resilience in societies across the world.

January 2017 Irina Bokova
Director General of UNESCO



Foreword By Robert Glasser

Landslides are a serious geological hazard. Among the host of natural triggers are intense
rainfall, flooding, earthquakes or volcanic eruption, and coastal erosion caused by storms that
are all too often tied to the El Nifio phenomenon. Human triggers including deforestation,
irrigation or pipe leakage, and mining spoil piles, or stream and ocean current alteration can
also spark landslides.

Landslides occur worldwide but certain regions are particularly susceptible. The UN’s Food
and Agriculture Organization underlines that steep terrain, vulnerable soils, heavy rainfall, and
earthquake activity make large parts of Asia highly susceptible to landslides. Other hotspots
include Central, South, and Northwestern America.

Landslides have devastating impact. They can generate tsunamis, for example. They can
bring high economic costs, although estimating losses is difficult, particularly so when it
comes to indirect losses. The latter are often confused with losses due to earthquakes or
flooding.

Globally, landslides cause hundreds of billions of dollars in damages and hundreds of
thousands of deaths and injuries each year. In the US alone, it has been estimated that
landslides cause in excess of US$1 billion in damages on average per year, though that is
considered a conservative figure and the real level could be at least double.

Given this, it is important to understand the science of landslides: why they occur, what
factors trigger them, the geology associated with them, and where they are likely to happen.

Geological investigations, good engineering practices, and effective enforcement of land
use management regulations can reduce landslide hazards. Early warning systems can also be
very effective, with the integration between ground-based and satellite data in landslide
mapping essential to identify landslide-prone areas.

Given that human activities can be a contributing factor in causing landslides, there are a
host of measures that can help to reduce risks, and losses if they do occur. Methods to avoid or
mitigate landslides range from better building codes and standards in engineering of new
construction and infrastructure, to better land use and proper planned alteration of drainage
patterns, as well as tackling lingering risks on old landslide sites.

Understanding the interrelationships between earth surface processes, ecological systems,
and human activities is the key to reducing landslides disaster risks.

The Sendai Framework for Disaster Risk Reduction, a 15-year international agreement
adopted in March 2015, calls for more dedicated action on tackling underlying disaster risk
drivers. It points to factors such as the consequences of poverty and inequality, climate change
and variability, unplanned and rapid urbanization, poor land management, and compounding
factors such as demographic change, weak institutional arrangements, and non-risk-informed
policies. It also flags a lack of regulation and incentives for private disaster risk reduction
investment, complex supply chains, limited availability of technology, and unsustainable uses
of natural resources, declining ecosystems, pandemics and epidemics.

The Sendai Framework also calls for better risk-informed sectoral laws and regulations,
including those addressing land use and urban planning, building codes, environmental and

vii
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resource management and health and safety standards, and underlines that they should be
updated, where needed, to ensure an adequate focus on disaster risk management.

The UN Office for Disaster Risk Reduction (UNISDR) has an important role in reinforcing
a culture of prevention and preparedness in relevant stakeholders. This is done by supporting
the development of standards by experts and technical organizations, advocacy initiatives, and
the dissemination of disaster risk information, policies, and practices. UNISDR also provides
education and training on disaster risk reduction through affiliated organizations, and supports
countries, including through national platforms for disaster risk reduction or their equivalent,
in the development of national plans and monitoring trends and patterns in disaster risk, loss,
and impacts.

The International Consortium on Landslides (ICL) hosts the Sendai Partnerships 2015-
2025 for the global promotion of understanding and reducing landslide disaster risk. This is
part of 2015-2025, a voluntary commitment made at the Third UN World Conference on
Disaster Risk Reduction, held in 2015 in Sendai, Japan, where the international community
adopted the Sendai Framework.

The Sendai Partnerships will help to provide practical solutions and tools, education and
capacity building, and communication and public outreach to reduce landslides risks. As such,
they will contribute to the implementation of the goals and targets of the Sendai Framework,
particularly on understanding disaster risks including vulnerability and exposure to integrated
landslide-tsunami risk.

The work done by the Sendai Partnerships can be of value to many stakeholders including
civil protection, planning, development and transportation authorities, utility managers, agri-
cultural and forest agencies, and the scientific community.

UNISDR fully support the work of the Sendai Partnerships and the community of practice
on landslides risks, and welcomes the 4th World Landslide Forum to be held in 2017 in
Slovenia, which aims to strengthen intergovernmental networks and the international pro-
gramme on landslides.

Robert Glasser
Special Representative of the Secretary-General
for Disaster Risk Reduction and head of UNISDR



Preface

In this Volume 5, we present four different sessions: Landslide Interactions with the Built
Environment, Landslides in Natural Environment, Landslides and Water, Landslides as
Environmental Change Proxies—Looking at the Past. The main objective is to draw attention
to the different types of landslides with respect to communities, infrastructure and cultural
heritage. Landslides in the natural environment are also covered, including all forms of aquatic
environments. Recent progress in dating techniques has greatly improved the ability to
determine the age of landslides allowing us to address the challenge of relating established
landslide chronologies to regional paleoenvironmental changes (e.g. paleoseismic events,
deglaciation, climatic changes, human-induced deforestation). The relations between clima-
tological (and climate change) and geomorphological zones or settings are important in that
they determine the dominant landslide type and the associated triggering mechanisms.

Research into landslides that are causally related to precipitation has recently been dis-
cussed in relation to climate change. Climate change may be a triggering effect for modifi-
cations to climatic parameters (weather), which are difficult to quantify and which play an
important (or even key) role in the emergence of individual types of slope movement. Con-
ditions may be different from region to region. For instance, regelation processes are of key
importance for rock falls, increases in temperature for shallow slope movements in periglacial
zones and increases in the sea level for coastal areas. Aridization of climate in certain areas can
cause an increased frequency of fires and subsequently increase susceptibility to the formation
of debris flows. Nevertheless, it is generally accepted that mountain environments are very
susceptible to climatic change. The impact of changes in weather that results from climatic
change, on slope stability must be studied and understood in the context of different geo-
morphological conditions (e.g. fluvial, glacial or periglacial types of relief) and geotechnical
conditions (e.g. rock massifs, weathered mantle), as well as adaptation strategies.

However, in mountainous as well as tectonically active areas we often find a combination
of different impacts generating conditions favourable to the development of slope deforma-
tions. There are steep slopes formed by intensive erosion, tectonically crushed zones, a higher
degree of seismicity, and anthropogenic impacts can also be important (road construction,
deforestation, agriculture, etc.) due to an increase in population. While precipitation may be
the trigger, the contribution of other factors may also be important albeit difficult to quantify as
their influence may be variable with time.

A clear understanding of the influence of hydraulic conditions on slope instability is
necessary when water is the trigger for such movements. This may be achieved by using
precipitation triggers as a proxy for the more direct factors related to the condition of the soil
with respect to water. Alternatively, where a very clear, and generally straightforward, ground
model exists it may be possible to use directly measured soil-moisture parameters to under-
stand the triggering processes.

Kinematics of movements (for instance continuous movement with acceleration, seasonal
movements, etc.) must also be taken into consideration. In terms of climatic factors, we cannot
neglect temperature as it affects, for example, pore pressure through evapotranspiration and
phase changes of precipitation.
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This Volume 5 presents a wide range of papers that will make a substantial contribution to
the state-of-the-art, aiding researchers in taking forward and increasing our knowledge and
understanding of the effect of landslides on different environments. This is particularly the case
in those environments in which humans and their infrastructure form an important part of that
environment and thus comprise a significant part of the elements that are at risk from landslide
hazards.

Prague, Czech Republic Vit Vilimek
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Abstract

Sub-theme 5.1 focuses on the interaction of landslides in natural and engineered slopes with
the built environment. The associated socio-economic issues are particularly important
given population growth and the associated demand for new and enhanced infrastructure.
The papers included herein provide a wide-ranging overview of methodologies and
techniques that can be used to identify the effects of landslides on buildings, infrastructure
and large engineering works, as well as cultural heritage.

Keywords
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The main goal of Theme 5 (Volume 5) is to draw attention to
the variety of landslides that have an impact on communi-
ties, infrastructure and cultural heritage. This sub-theme
focuses on the interaction of landslides with the built envi-
ronment, whether triggered in natural or engineered slopes.
The broad relevance of this sub-theme is clear and the
associated socio-economic issues are particularly important
given population growth and the associated demand for new
and enhanced infrastructure. It provides an overview of
methodologies and techniques that can be used to identify
the effects of landslides on buildings, infrastructure and large
engineering works, as well as cultural heritage.

The papers in this sub-theme discuss a wide range of
relevant topics with many addressing approaches to land-
slide hazard and risk analysis, the assessment of resilience,
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the evaluation of socio-economic effects of landslides, and a
rational approach to the reduction of landslide risk.

Living with landslides is a recurring theme in many
countries of the world and the risks that may be encountered
are varied, reflecting spatial and temporal variations in vul-
nerability and exposure that are compounded by complexi-
ties in addressing the probability of landslide hazard
occurrence. It can be argued that the most important risks are
those where landslides affect life and limb. However, the risk
picture is complex and landslides can compromise the
functioning of the built environment in many different ways.
For example, the severance of transport and utilities net-
works can lead to significant loss of economic, employment,
educational, social and health opportunities for the popula-
tions affected. As a further example, risks need to be con-
sidered that are associated with the loss or deterioration of
national monuments and cultural heritage.

In the case of severance of transport infrastructure, often
the most affected populations are from communities that are
dependent upon a relatively small number of transport routes
—in some extreme cases there may be no alternative trans-
port route leading to a single landslide event resulting in the
isolation of remote communities. Where a sparse transport
infrastructure network exists, a single, relatively small
landslide event may affect a very large geographical area: i.e.
the vulnerability shadow is large. As is often the case in
these areas, budgets for renewal and repair may be limited
leading to issues with the longer term resilience of such
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infrastructure and reduced opportunities for recovery of
affected communities.

In urban settings, landslides may affect and/or threaten
the lives and livelihoods of a much larger exposed popula-
tion. However, while the immediate (economic) conse-
quences may be much greater, the vulnerability shadow cast
by the landslide event is likely to be much smaller. Also, in
such environments, there are generally better structures in
place that can lead to a shorter recovery time and more
secure long-term resilience.

A rational approach to the management and mitigation of
future landslides hazards and risks is a basic requirement,
whatever the elements at risk, the scale of the risk and
associated vulnerability. The papers presented in this session
contribute to this theme and cover a wide range of geo-
graphical regions. The majority is from Europe, but there are
contributions from other parts of the world that range from

case studies to sub-continental assessments of landslide risk.
The papers cover a wide range of infrastructure and devel-
opments and include issues surrounding the interaction of
landslides with roads and highways, urban and rural com-
munities, historical buildings and complexes, and mines.
Different types of landslides are evident in the context of
different climatic zones, geomorphological and geotechnical
settings and triggering factors. There is also a strong focus
on gaining better knowledge of landslide processes in order
to better mitigate and manage risk.

These contributions outline important knowledge that can
be used for education of affected populations, landslide
hazard/risk reduction/management and to assist in future
scientific and technological progress. The key issue is to
transfer this knowledge in a way that it becomes usable
information not only for scientists, but also for local com-
munities and decision-makers.
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Abstract

This paper presents an overview of the findings from a series of country-scale landslide risk
assessments conducted on behalf of the governments of five Sub-Saharan countries, the World
Bank and the Global Facility for Disaster Reduction and Recovery (GFDRR). Ethiopia, Kenya,
Uganda, Niger and Senegal sample a wide range of Sub-Saharan Africa’s different geographies
and are characterised by contrasting levels of development. Landslide hazard, exposure and
vulnerability therefore differ from country to country, resulting in significant spatial variation of
landslide risk. In East Africa; Ethiopia, Kenya and Uganda are characterised by mountainous
and seismically active terrain which results in a relatively high landslide hazard. In conjunction
with rapid urbanisation and a population which is expected to rise from around 170 million in
2010 to nearly 300 million in 2050, this means that landslides pose a significant risk to the built
environment. In West Africa, a combination of low landslide hazard and lower exposure in
Niger and Senegal results in comparatively low landslide risk. This paper also describes areas
with perceived misconceptions with regard to the levels of landslide risk. These are areas of only
low to moderate landslide hazard but where urbanisation has resulted in a concentration of
exposed buildings and infrastructure that are vulnerable to landslides, resulting in higher
landslide risk.
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Introduction

Sub-Saharan Africa is characterised by landscapes ranging
from high mountains to low relief floodplains; by rainfall
which can be desperately sparse or exceptionally intense;
and by cities, towns and villages which can be both over-
crowded and poorly planned or remote and isolated. The
impact of landslides on these diverse environments is
therefore highly variable.

In Uganda’s Bududa district, near the border with Kenya,
landslides have caused hundreds of fatalities and left many
thousands permanently displaced due to landslide damage
caused to the built environment (Kitutu 2010). In 2010 one
event killed over 350 people and initiated government calls
for the mass relocation of settlements away from the
mountainous slopes of Mount Elgon (Terra Daily 2010).
However, little subsequent action means that vulnerable
communities remain at great risk. In Ethiopia, the northern
highlands and many urban areas face a similar threat from
landslides. The rapid expansion of Dessie Town, has resul-
ted in unregulated or poorly planned development in areas of
high landslide risk. The construction of houses, roads,
bridges and utilities has in many cases been interpreted to
have contributed to occurrences of landslides in population
centers, indicating that landslide processes are often poorly
understood (Fubelli et al. 2013).

To better understand landslide risk and to inform the
provision of more detailed risk management initiatives, the
World Bank and the GFDRR is supporting the development
of new landslide risk information for Sub-Saharan Africa,
starting with five countries: Ethiopia, Kenya, Uganda, Niger
and Senegal. This study forms part of a wider initiative by
the GFDRR to characterise multi-hazard risk in Sub-Saharan
Africa.

Regional Landslide Risk Analysis

Regional landslide risk analysis aims to provide a better
understanding of the spatial distribution of the risk posed to
populations, structures, infrastructure and other assets, from
damage, destruction or death as a result of a landslide.
Corominas et al. (2014) summarize this process in five steps:
(1) Hazard identification, (2) Hazard assessment, (3) Expo-
sure identification, (4) Vulnerability assessment, and (5) Risk
estimation.

Hazard Identification

Landsliding in Ethiopia, Kenya and Uganda is widespread and
is interpreted to be influenced by topography (Ayalew and

Yamagishi 2004; Kitutu 2010), geology (Kitutu 2010),
anthropogenic causes (Ayelew et al. 2009; Broothaerts et al.
2012), hydrological processes (Abebe et al. 2010; Ayalew
1999; Beyene et al. 2012) and long term geomorphological
evolution (Ayalew and Yamagishi 2004; Vatilova et al. 2015).

In Ethiopia, Ayalew et al. (2009) report landslides
occurring preferentially in basaltic terrain and along the
boundary between basalt and limestone in the Blue Nile
Basin Region. Examples of major landsliding in Ethiopia
include the Gembechi Village Landslide (Bechet Valley,
1960), the Wudmen Landslide (1993) and the Uba Dema
Village Landslide (1994) (Ayalew 1999).

Maina-Gichaba et al. (2013) provide an overview of
landslide occurrences in Kenya, identifying a number of
important drivers in the generation of landslides, including
anthropogenic factors related to land tenure, including
unsustainable land use practices and particularly land frag-
mentation. Deforestation in the mountainous districts of
Kenya has also been linked to increased landscape sensi-
tivity. Ngecu and Ichang’l (1999) report on the impact of
landslides in the Aberdare Mountains in Kenya, where
between 1960 and 1980 around 40 major landslides occur-
red, mobilising approximately 1000,000 m> of material in an
area of approximately 300 km®. Further reports of major
landslides in Kenya include the 1986 Mukurweini Land-
slide, the 1991 Gacharage Landslide, and the 1997 Maringa
Landslide.

Kitutu et al. (2011; building on earlier work by Knapen
et al. 2006) assessed farmers understanding and perception
of landslides in Bududa district, Eastern Uganda. Farmers
were able to provide their experiences, understanding and
observations, which highlighted that steep slopes, areas with
concavities and those with flowing groundwater were iden-
tified as being prone to landslides. Farmers also identified
that coarse, permeable soils are prone to landsliding,
responding rapidly to intense precipitation. In these
areas, terraces are not popular amongst farmers because
these are known to promote water infiltration and trigger
landslides.

The Rwenzori Mountains form one of the regions in
Uganda where landslides have made a significant impact
(NEMA 2007), with 48 landslides and flash-flood events
reported by Jacobs et al. (2015).

Reporting and analysis of landslides in Senegal is con-
centrated around the Dakar coastline. Fall et al. (2006a, b)
describe six landslide locations set within a short section of
cliffs which were analysed, enabling the determination of
landslide zones and the geomorphological development to
be interpreted. Wang et al. (2009) report a study of natural
hazards in the sub-urban areas of Dakar, covering approxi-
mately 580 km?, although the focus of the study is on
coastal erosion and flooding.
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To date, no studies have been identified which discuss
landslide hazard or risk in Niger.

For all five countries of this study, no suitable landslide
inventories were available for inclusion in the landslide
hazard assessment stage. Satellite imagery was used to verify
and inform interpretation of the landslide hazard.

Hazard Assessment

The hazard identification stage contributes to an interpreta-
tion of landslide susceptibility, which, when combined with
approximations of landslide triggers, enables the estimation
of landslide hazard.

Landslide susceptibility assessment is based on the pre-
mise that a range of parameters can be combined to obtain an
approximation of the conditions in the landscape that
determine the propensity of slopes to generate landslides. To
obtain a score for landslide susceptibility, the components of
each factor that contribute to landslide susceptibility are
analysed, re-classified and then mapped across the study
area. The relative contribution of an individual susceptibility
factor (S,) is regulated through multiplication with a weight
(Wh,). The ranked and weighted factors are then combined to
derive an expression of landslide susceptibility (Ls):

Ls = (S] X W])+(Sz X W2)+(Sn X Wn)

Due to the vast land-area and regional nature of this
study, the selection of individual susceptibility factors nee-
ded to consider both the applicability across a range of
different terrains and climates, and the availability of data for
each country of interest. There was therefore a focus on
primary geological and morphometric factors such as slope
angle, bedrock lithology, and soil type. The key suscepti-
bility factors were identified through review of relevant
smaller-scale studies in Sub-Saharan Africa (e.g. Temesgen
et al. 2001; Van Den Eeckhaut et al. 2009; Musinguzi and
Asiimwe 2014; Meten et al. 2015).

The effect of landslide triggers was accounted for by
applying a multiplier to the susceptibility score to give an
expression of landslide hazard. Two landslide triggers were
considered; rainfall and earthquakes. Ethiopia, Kenya,
Uganda, Niger and Senegal are all subject to rainfall-
triggered landslides. Ethiopia, Kenya and Uganda only are
subject to earthquake-triggered landslides due to their
proximity to the seismically-active East African Rift Valley.
The rainfall triggering factor was based upon a weighted
combination of long-term average rainfall and 100 year
extreme monthly rainfall (determined from the Global Pre-
cipitation Climatology Centre monthly time series data due

to the lack of available region-specific data). The earthquake
triggering factor was based upon a weighting factor applied
to the estimated peak ground acceleration with a 500 year
return period (PGAsqp). The use of threshold landslide
triggering values (of either PGA or rainfall intensity-
duration) was not possible at this scale of analysis due to
the lack of available landslide inventories and high resolu-
tion region-specific data.

The population of landslide hazard scores is partitioned as
a proportion of the maximum obtainable score to designate
hazard classes A-E (following the rationale of Mastrandrea
et al. 2010, where A: 0-10%, B: 10-33%, C: 33-66%, D:
66-90% and E: 90-100%).

Due to the lack of available complete landslide inventories it
was not possible to use the probability of certain trigger events
to estimate the frequency of occurrence of landslides of dif-
ferent sizes. In the absence of landslide inventories, an
approximation of the probability of landslide occurrence was
obtained using an approach similar to that used by Nadim et al.
(2006, 2013). This approach uses the score of landslide hazard
as an indicator/proxy for approximate annual frequency of a
landslide event. This is based on expert interpretation of the
likelihood of occurrence in cases where sufficient event data
exists (Nadim et al. 2006, 2013).

To determine the annual frequencies of different sized
landslides, published relationships between landslide size
and landslide frequency are used. Van Den Eeckhaut et al.
(2007) compiled and reviewed 27 landslide area/volume—
frequency studies describing landslide frequency from
regions around the world and found that the annual fre-
quency of landslides versus landslide size within a region
could be modelled using a negative power-law with slope f.
The average value of this expression was found to give
B = 2.3. It should be noted that in many areas, the annual
frequency of landslides will deviate from this relationship
based on local factors which cannot be captured by this
analysis. However, at sub-continental scale, this methodol-
ogy provides a systematic approach for estimating landslide
size-frequency relationships and hence facilitating regional
estimates of landslide risk.

A landslide is defined as a combination of the landslide
source area and the landslide debris area. The mechanism or
rate by which material moves from the source area to the
debris area is not considered.

Landslide runout analysis is not typically completed for
landslide hazard studies at regional or country scale because
the resolution of the input data for such studies is usually too
coarse to interpret flow paths (Horton et al. 2008; Corominas
et al. 2014). This study estimates the probability that a given
exposed asset will be affected by a landslide of a given size
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based on the ratio of the sum of the landslide area and the
asset footprint area to the grid square area.

Figure 1 presents an example of the landslide hazard
maps produced at a spatial resolution of approximately
0.25 km”.

Exposure Identification

The inventory of elements at risk (or ‘exposure’) for this
study was provided by a consortium comprising ImageCat
Inc., CIESIN, University of Colorado and SecondMuse
under a related project administered by the GFDRR. Expo-
sure information was provided for the built environment,
population and GDP. The built environment dataset com-
prised information on the location and structural attributes of
buildings, the location of road networks and the location of
rail networks. Also provided was the approximate rebuild

NORTH

cost associated with structures and infrastructures of differ-
ent typologies.

Vulnerability Assessment

The physical vulnerability of structures and infrastructure
describes the probable response to being affected by a
landslide of a given size. The ability of a structure to resist
damage therefore controls not just the economic losses
which result from having to rebuild or repair it, but the
vulnerability of the persons within it. For site specific
landslide risk assessment the concept of physical vulnera-
bility can be greatly expanded upon to consider the influence
of landslide mechanism, debris type, building typology and
the position of the exposed building relative to the landslide
(e.g. Mavrouli et al. 2014). Region and country-scale studies
such as described in this paper are better suited to

km
A B[ Jco N«

200 400

[A = Very low landslide hazard, E = Very high landslide hazard]

Fig. 1 Rainfall-triggered landslide hazard assessment for Uganda
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methodologies which incorporate broad categories of struc-
ture typology (e.g. Du et al. 2013).

This study uses fragility functions, which estimate the
probability that a certain damage state will occur as a result
of a structure being affected by a landslide of a certain size.
In addition, loss ratios are applied. These define what pro-
portion of the rebuild value of a given structure is lost as a
result of incurring a particular level of damage.

Risk Estimation—Results Overview

Risk is expressed as the product of the probability of hazard
occurrence (e.g. a damaging landslide event) and its adverse
consequences (Lee and Jones 2004).

In each of Ethiopia, Kenya and Uganda, landslides
are estimated to cause approximately $6 M—-$8 M (M =
Million) worth of damage to the general building stock each
year. For Niger and Senegal, average annualized losses
(AAL) are estimated to be significantly less, with estimates
in the region of $1 M (Table 1).

AAL resulting from landslide damage to roads and rail-
ways is significantly less than AAL resulting from landslide
damage to the general building stock. In Ethiopia, Kenya
and Uganda, estimates are less than $0.5 M, with signifi-
cantly lower figures estimated for Niger and Senegal
(Table 2).

Results are calculated based on a 0.25 km? grid and
aggregated to Administrative Level 1 boundaries to allow
clearer communication to key stakeholders and other inten-
ded end-users of the risk metrics. Figure 2 shows an
example of the 0.25 km? resolution risk outputs for Uganda.
Figure 3 presents the aggregated Administrative Level 1
landslide risk estimates for Ethiopia, Kenya, Uganda, Niger

Table 1 Estimated AAL to the

and Senegal (in terms of AAL in million USD). Note that the
AAL estimates shown on Fig. 3 are in terms of absolute
estimated annual losses to the built environment and are not
shown normalized over the exposed value per administrative
region. For this reason, Uganda, with its 112 Administrative
Regions, shows lower AAL per region than, for example
Kenya (which only has 8 official Administration Level 1
sub-divisions) despite similar nationwide estimated annual
losses (Tables 1 and 2).

Discussion

The difference in landslide risk estimates between the East
African countries and those in the central and western parts
of Sub-Saharan Africa is interpreted to be the combined
result of both increased landslide hazard in East Africa, and
lower total-value of exposed assets in the West African
countries of Niger and Senegal.

The relatively low AAL for transport infrastructure is
possibly the result of a combination of two factors. Firstly,
railway networks in Sub-Saharan Africa are generally not
widely developed (and thus the total exposure is very low)
and railways are constructed using low gradients, avoiding
areas of steep topography (and hence typically avoiding
areas of the highest landslide hazard).

Secondly, the majority of road networks in Sub-Saharan
Africa are unpaved, with a typical relatively low replacement
cost of $9600/km (as estimated by ImageCat Inc., CIESIN,
University of Colorado and SecondMuse). Roads are there-
fore comparatively cheap to repair in contrast to buildings.

Landslide risk is estimated on the basis of information on
landslide hazard, exposure and vulnerability. This study
indicates that exposure and vulnerability are particularly

=5 Country Exposure ($M) AAL ($M) AAL (% of exposure)
general building stock from o
landslide-induced damage Ethiopia 311,834 6.115 0.00196
Kenya 537,546 8.280 0.00154
Uganda 563,621 8.915 0.00158
Niger 180,589 0.934 0.00052
Senegal 237,243 0.863 0.00036
Table 2 EsFimated AAL to the Country Exposure ($M) AAL ($M) AAL (% of exposure)
roads and railways from o
landslide-induced damage Ethiopia 8044 0.302 0.00375
Kenya 7510 0.149 0.00197
Uganda 6687 0.110 0.00162
Niger 3026 0.019 0.00059
Senegal 4138 0.029 0.00065
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Fig. 2 Landslide risk to the built environment (general building stock, roads and railways) in Uganda

strong components of landslide risk in Sub-Saharan Africa.
Landslide hazard, although high in some regions is not
always coincident with locations of high exposure. As a
result, landslide risk is not always high in areas of high
landslide hazard. Similarly, in areas of low landslide hazard,
high exposure often results in high landslide risk. For
example, the area surrounding Kampala, the capital city of
Uganda, is characterised by areas predominantly classified as
landslide hazard class B, with some areas of hazard class C.
This indicates that this urban environment is not strongly
exposed to landslides (nor is it colloquially associated with
landslide hazards). However, the consequences should a
landslide occur are substantial due to the concentration and
value of buildings and roads. By comparison, the foot-slopes

of Mount Elgon carry a much greater landslide hazard,
however the exposed quantity and rebuild value of the built
environment in this area is significantly lower (than in
Kampala), resulting in comparable levels of landslide risk
and AAL. Kampala and the Mount Elgon region are high-
lighted on Figs. 1 and 2.

Conclusions

Widely available global datasets were used in conjunction
with project-specific regional scale exposure assessments
and expert elicitation, to derive estimated landslide haz-
ard and risk assessments for the identification of regional
variations in landslide interactions with the built envi-
ronment in Sub-Saharan Africa.
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Landslides pose a significant threat to the built envi-
ronment in the eastern parts of Sub-Saharan Africa due to
a combination of high landslide hazard and high vul-
nerability of exposed assets. Exposure and vulnerability,
not hazard however are interpreted to be the key drivers
of risk in the Sub-Saharan region of Africa, as illustrated
by comparable estimates of expected annual losses to the
built environment for low landslide hazard areas in
Kampala and for high landslide hazard areas on the foot
slopes of Mount Elgon. In Niger and Senegal, landslides
pose a less significant threat to the built environment,
with estimates of expected annual losses of <$1 M.
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Rainfall-induced Debris Flow Risk Reduction:
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Abstract

Rainfall-induced debris flows frequently cause disruption to the Scottish road network.
A regional assessment of debris flow hazard and risk allows risk reduction actions to be
targeted effectively. To this end a strategic approach to landslide risk reduction, which
incorporates a classification scheme for landslide management and mitigation has been
developed, in order to provide a common lexicon (or group of words) that can be used to
describe goals, outcomes, approaches and processes related to risk reduction, and to allow a
clear focus on those goals, outcomes and approaches. The focus is thus first on the desired
outcome from risk reduction: whether the exposure, or vulnerability, of the at-risk
infrastructure and people (and their associated socio-economic activities, which may be
impacted over significant areas) is to be targeted for reduction or whether the hazard itself is
to be reduced (either directly or by affecting the physical elements at risk).

Keywords
Debris flow ¢ Rainfall « Hazard ¢ Risk ¢ Reduction * Management ¢ Mitigation

Introduction and Background e a pan-Scotland, GIS-based, assessment of debris flow
susceptibility;

The Rainfall-induced debris flow events often affect the e a desk-/computer-based interpretation of the susceptibil-

Scottish strategic road network. After a particularly severe
series of events (Winter et al. 2006, 2010; Milne et al. 2009)
the Scottish Road Network Landslides Study (SRNLS) was
commissioned with the overall purpose of ensuring that the
hazards posed by debris flows were systematically assessed
and ranked allowing sites to be effectively prioritized within
available budgets (Winter et al. 2005). The hazard and risk
assessment comprised three phases:
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ity and ground-truthing to determine hazard; and

e adesk-based exposure analysis, primarily focusing on life
and limb risks, but also accounting for socio-economic
impacts (traffic levels, and the existence and complexity
of the detour were used to estimate these impacts).

These stages determine the highest hazard ranking (risk)
sites (Winter et al. 2009, 2013a).

As part of the SRNLS (Winter et al. 2009) an approach to
the management and mitigation of landslides was developed.
This allowed for both:

e Relatively low-cost exposure reduction (management)
that allowed specific measures to be applied extensively.

e Relatively high-cost hazard reduction (mitigation) that
targeted specific sites.
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In order to facilitate a strategic approach to landslide
management and mitigation a structured classification
scheme has been developed (Winter 2014). This focusses on
the overall goal of landslide risk reduction before homing in
on the desired outcomes and the generic approach to
achieving those outcomes. Only then are the processes that
may be used to achieve those outcomes (i.e. the specific
management and mitigation measures and remedial options)
addressed. A top-down, rather than a bottom-up, approach is
thus targeted. This scheme provides the main focus of this
paper, drawing examples from work undertaken on debris
flows. While other forms of landslide are extant in Scotland
most, with the exception of rock fall, rarely impinge on
infrastructure. However, it is important to note that the
principles put forward in this paper, if not the detailed
examples, can be equally applied to other forms of landslide
and, indeed, other forms of geohazards, as well as other
elements at risk.

Management and Mitigation

The primary purpose of a regional landslide hazard and risk
assessment is often to enable the prioritization of sites
potentially subject to risk reduction, in the light of defined
budgets. However, it is important to note that it is only in
cases for which the risk is deemed to be greater than that
which is tolerable, or greater than the level at which the risk
holder is willing to accept (Winter and Bromhead 2012), that
risk reduction is required. There are many forms of landslide
mitigation (e.g. VanDine 1996). However, to reduce

landslide risk to acceptable levels, either the magnitude of
the hazard, and/or the potential exposure (or vulnerability) or
losses that are likely to arise as a result of an event must be
addressed. Thus management strategies involve exposure
reduction outcomes and mitigation strategies involve hazard
reduction outcomes (Fig. 1). Further, it is important that
those funding such works, including infrastructure owners
and local governments, are able to focus clearly on goals of,
the outcomes from, and the approaches to such activities
rather than the details of individual processes and
techniques.

To this end a strategic approach to landslide risk reduc-
tion (Fig. 1), which incorporates a classification scheme for
landslide management and mitigation has been developed, in
order to provide a common lexicon (or group of words) that
can be used to describe goals, outcomes, approaches and
processes related to risk reduction, and to allow a clear focus
on those goals, outcomes and approaches.

It is designed to encourage a strategic approach to the
selection of landslide management and mitigation processes
(specific measures and remedial options). It is intended to
aid a focus on the overall goal of landslide risk reduction,
what needs to be achieved (the desired outcomes) and the
generic approach to achieving that outcome rather than,
initially at least, the specific measure or options (the process
or processes) used to achieve that outcome. The focus is thus
first on the desired outcome from risk reduction: whether the
exposure, or vulnerability, of the at-risk infrastructure and
people (and their associated socio-economic activities,
which may be impacted over significant areas) is to be tar-
geted for reduction or whether the hazard itself is to be

Goal
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E Reducti H d Reducti
5 pesueRediston | oucome et
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Educati G hical R Engi R diat: R
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Fig. 1 Classification for landslide management and mitigation to enable a strategic approach to risk reduction
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reduced (either directly and/or by affecting the physical
elements at risk). In a roads environment the people at risk
are road users, whereas in an urban setting they are residents
and business people. The secondary focus is then on the
approach(es) to be used to achieve the desired outcome
before specific measures and remedial options are consid-
ered. By this means a more strategic top-down approach is
encouraged rather than a bottom-up approach.

This approach also provides a common lexicon for the
description and discussion of landslide risk reduction
strategies, which is especially useful in a multi-agency
environment. It also renders a multi-faceted (holistic)
approach more viable and easier to articulate while helping
to ensure appropriate responses to the hazard and risks. This
approach should be especially useful for infrastructure
owners and operators who must deal with multiple landslide,
and other, risks, distributed across large networks. Such an
approach promotes a considered decision-making process
that takes account of both costs and benefits. It also
encourages careful consideration of the right solution for
each location and risk profile, potentially making best use of
limited resources.

In the following sections approaches, specific measures
and remedial options (processes) are described largely,
although not exclusively, in the context of landslide hazard
and risk management and mitigation on the Scottish trunk
road network.

Exposure Reduction (Management)
Exposure reduction can take three basic forms:

ey
(©))
3

education (and information);

geographical (non-temporal) warnings; and

response to a period of higher risk (including temporal,
or early, warnings).

Typically education in its broadest sense may form a key
part of an information strategy. It may comprise leaflets, or
other forms of communication, that are distributed in both
electronic and hard copy. The hardcopy also may be avail-
able at rest areas for risks that relate to roads, and in retail
outlets for landslide risks in urban settings. In addition,
information boards may be provided in scenic rest areas,
where they can be easily accessed by the public (as well as
electronically). The interpretive goals embedded within the
communications strategy are critical to success. These
should be specific to the setting and desired outcomes, but
may for example consider the development of the landscape
(including geological, geomorphological and anthropogenic
processes) and set the landslide consequence within that
overall picture.

Considerable effort has been expended in raising the
awareness of landslide issues amongst both relevant pro-
fessionals, including road operators, and the public in
Scotland. This has taken the form of public lectures and
talks, media appearances and the development of advisory
leaflets which may be accessed from the Transport Scotland
website. In addition a programme to develop information
signs for rest areas, lay-bys and National Park Gateways is
under development. These signs are intended to set the
issues surrounding landslide hazards in a balanced context.
These types of activities are unlikely to affect the exposure
of road users but may, of course, influence society’s
acceptable level of risk. However, education and information
relating to desirable behaviours of, for example, drivers in
areas of landslide hazard during periods of higher risk
(Winter et al. 2013b) is intended to influence those desirable
behaviours. These behaviours include heightening the levels
of observation, moderating speeds and excluding certain
stopping locations such as bridges in order to avoid likely
areas of hazard, and to allow early observation and avoid-
ance of potential hazards.

Geographical warning signs (Fig. 2) may be used in a
variety of environments, to demonstrate the presence of
landslide hazards. In a road environment they usually follow
the standard warning sign form and include a graphic rep-
resenting rock fall.

The responsive reduction of exposure lends itself to the
use of a simple three-part management tool: Detection,
Notification and Action (or DNA), providing a simple
framework for management responses (Winter et al. 2005;
Winter 2014):

e Detection of either the occurrence of an event (e.g.
monitoring, observation) or by the forecast of precursor
conditions (e.g. rainfall) (Winter et al. 2010).

e Notification of the likely/actual occurrence of events to
the authorities (e.g. in a roads environment the Police, the
Road Administration and the road operator).

Fig. 2 Wig-wag signs offer both a geographical (non-temporal) and a
temporal, or early-, warning
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e Action that reduces the exposure of the elements at risk
to the hazard. Again, in a roads environment, this could
include media announcements, the activation of geo-
graphical signs that also have a temporal aspect (e.g.
flashing lights) (Winter et al. 2013b), the use of variable
message signs, ‘landslide patrols’ in marked vehicles,
road closures, and traffic diversions.

Hazard Reduction (Mitigation)

The challenge with hazard reduction in Scotland often is to
identify locations of sufficiently high risk to warrant
spending significant sums of money on engineering works.
The costs associated with installing extensive remedial
works over very long lengths of road may be both unaf-
fordable and unjustifiable and even at discrete locations the
costs can be significant. Moreover the environmental impact
of such engineering work should not be underestimated.
Such works often have a lasting visual impact and, poten-
tially, impact upon the surrounding environment. Such
works should be limited to locations where their worth can
be clearly demonstrated.

In addition, actions such as ensuring that channels, gullies
and other drainage features are clear and operating effec-
tively are important in terms of hazard reduction. This
requires that the maintenance regime is both routinely
effective and also responsive to periods of high rainfall,
flood and slope movement. Planned maintenance and con-
struction should take the opportunity to limit hazards by
incorporating  suitable measures including higher
capacity/better forms of drainage, or debris traps into the
design. Critical review of the alignment of culverts (etc.)
normally should be carried out as part of any planned
maintenance or construction activities.

Beyond such relatively low cost/low impact options three
categories of hazard reduction measures may be considered:

(1) works to engineer, or protect the elements at risk;

(2) remediation of the hazard to reduce failure probability;
and

(3) removal, or evacuation, of the elements at risk.

There are many means of engineering or protecting the
elements at risk and this approach accepts that debris flows
will occur and makes provision to protect the road, thus
limiting the amount of material reaching the elements at risk.

The potential structural forms for protection from debris
flow include shelters, barriers and fences (Fig. 3). Flexible
fences absorb the kinetic energy of the debris flow, thus
reducing the forces that the structure must accommodate.
These systems have been shown to work well, particularly

Fig. 3 Debris flow barriers

for the arrest of rock fall, but all such systems require
maintenance after an impact. As part of work at the A83 Rest
and be Thankful site, defined as one of the higher risk sites
on the Scottish trunk road network (Winter et al. 2009), fully
flexible barriers have been installed.

Debris basins are formed by large decant structures,
incorporating a downstream barrier that retains debris but
allows water to pass. They may be used in association with
lined debris channels to move material downslope where
potential storage areas on the hillside are limited; lined
channels may be used in isolation if storage is limited on the
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hillside or available only at the foot of the slope. Rigid
barriers such as check dams and baffles may slow and par-
tially arrest flows within a defined channel, and on hillsides
may protect larger areas where open hillside flows are a
hazard and/or channelised flows may breach the stream
course. VanDine (1996) gives design and use guidance for
check dams and baffles, including low cost earth mounds.

Rigid barriers and debris basins were built as debris flow
defence structures at Sarno to the east of Naples in Italy
following the events of May 1998 in which 159 people were
killed (Versace 2007), at a cost estimated at between €20 M
and €30 M.

Debris flows are dynamic in nature, often initiated on
high hillsides, and fast moving when they reach the road.
Their energy has a significant impact on the engineering
works that can reduce the hazard to the road and its users.
Indeed, while structures can be effective in slowing and
arresting flow in the debris fan area, in Scotland many roads
potentially affected by debris flow are located in the high
energy transport zone or the upper reaches of the debris fan.
Roads on debris fans are usually close to a loch (or lake) side
and the opportunity for the use of these types of measure
may be limited.

The remediation of landslide hazards to reduce the
probability of failure may involve alteration of the slope
profile by either cut or fill, improvement of the material
strength (most often by decreasing pore water pressures), or
providing force systems to counteract the tendency to move
(Bromhead 1997).

The engineering options applicable to prevent debris flow
depend greatly upon the specific circumstances. Debris flows
can be triggered from relatively small source areas, within
very large areas of susceptible ground, and be initiated high
on the hillside above the road. There may be particular
conditions where conventional remedial works and/or a
combination of techniques such as gravity retaining struc-
tures, anchoring or soil nailing may be appropriate. How-
ever, in general terms the cases where these are both
practicable and economically viable are likely to be limited.
The generic link between debris flows and intense rainfall is
well-established and effective runoff management can reduce
the potential for debris flow initiation; Winter et al. (2010)
present information on the relation between rainfall and
debris flow in Scotland. However, in many circumstances
on-hill drainage improvement may have limited impact due
to the small scale of many debris flow events. In other
locations and situations positive action to improve drainage
might well have a more beneficial effect. Such measures
could include improving channel flow and forming drainage
around the crest of certain slopes to take water away in a
controlled manner.

The planting of appropriate vegetation can also contribute
to the reduction of instability (e.g. Coppin and Richards

2007). Notwithstanding this, the positive effects of such
measures can be difficult to quantify. The positive effects
include canopy interception of rainfall and subsequent
evaporation, increased root water uptake and transpiration
via leaf cover, and root reinforcement. In addition, the life
cycle of the vegetation planted must be considered as,
depending upon the species, the climate and other conditions
relevant to growth there may be a considerable period before
the effects provide a meaningful positive effect on stability.
In addition, future deforestation, or harvesting, must also be
considered as this is widely recognised as a potential con-
tributor to instability. Such measures do not provide instant
solutions and may not always be effective in the long term,
especially if commercial forestry is practised. The species
planted must be appropriate to the local environment—the
planting of non-native species is not allowed in most
countries for example. However, the successful application
of local knowledge and species can prove successful (Winter
and Corby 2012).

Finally, the option of removing the elements at risk from
the geographical location of the hazard remains. Typically
this might involve the abandonment of a settlement (Coppola
et al. 2009) or the realignment of an infrastructure route. It
should, of course, be noted that decisions to adopt such
extreme options are not taken in isolation. Road realignment
might be undertaken as part of a road administration’s route
improvement activities in order to upgrade both the align-
ment and the layout of junctions, in particular to reduce road
traffic accident risk, and to ensure compliance with current
design standards. In cases where the debris flow risk is high
and other factors indicate that some degree of reconstruction
is required, road realignment may be a viable option. While
road realignment has been undertaken in response to land-
slide activity in Scotland, it was also in response to a genuine
need for realignment of the route to increase safety and to
ensure compliance with current design standards.

Summary

Rainfall-induced debris flow is a common occurrence in
Scotland with events at the most active site, the Rest and be
Thankful, generally occurring more than once a year; other
sites generally experience events at a much lower frequency
often measured in years or decades. Major injuries and
fatalities are relatively rare but the socio-economic effects
can be substantial and impact over wide areas. The economic
impacts typically include the severance (and/or delay) of
access to and from relatively remote communities for ser-
vices and markets for goods; employment, health and edu-
cational opportunities; and social activities.

The primary purpose of a regional landslide hazard and
risk assessment is often to enable the prioritization of sites at
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which landslide risk reduction is required, in the light of
defined budgets for those risks that the risk holder is not
willing to accept or which are not tolerable. It is possible to
consider management strategies that involve exposure
reduction outcomes and mitigation strategies that involve
hazard reduction outcomes. It is important that those funding
such works, including infrastructure owners and local gov-
ernments, are able to focus clearly on the goal of landslide
risk reduction, the outcomes from that activity and the
generic approach(es) to achieving the outcomes, rather than
the details of individual processes and techniques.

To this end a classification scheme for landslide risk
reduction has been developed to encourage a strategic
approach to landslide risk reduction. It is intended to
encourage a focus, in sequence, on the goal, outcome(es)
and approach(es) before consideration of the specific mea-
sure(s) or remedial option(s) (the process(es)) selected for
implementation. The focus is thus on landslide risk reduction
whether the exposure, or vulnerability, of the infrastructure
and people at risk (and their associated socio-economic
activities) are to be targeted for reduction, or whether the
hazard itself is to be reduced (either directly or by affecting
the elements at risk). In a roads environment the people at
risk are road users whereas in an urban setting they are
residents and business people. The secondary focus is then
on the generic approach(es) to be used to achieve the desired
outcome before specific measures and remedial options are
considered. By this means a more strategic top-down
approach is encouraged in place of a bottom-up approach.

This approach provides a common lexicon for the
description and discussion of landslide risk reduction
strategies, which is especially useful in a multi-agency
environment. It also renders a multi-faceted (holistic)
approach more viable and easier to articulate while helping
to ensure that the responses to the hazard and risks in play
are appropriate. This approach should be especially useful
for infrastructure owners and operators who must deal with
multiple landslide risks, and other risks, that are distributed
across large networks. Such an approach promotes a con-
sidered decision-making process that takes account of both
costs and benefits, and encourages careful consideration of

the right solution for each location and risk profile, poten-
tially making best use of often limited resources.
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Abstract

The landslide risk for the entire Czech road network is presented here. The risk was
computed using data on landslide hazard and data on potential impacts of road blockage.
Data from the official landslide database were used for landslide hazard computation
combined with data from historical records on roads interrupted by landsliding.
Vulnerability was computed as direct costs which are related to road construction costs
and indirect costs. The latter express additional economic losses from the blocked roads.
This concept was applied at 1I/432 road link as a case study where a landslide interrupted
traffic in May 2010. Indirect losses were estimated as being 2.5 times higher than costs

related to mitigation works. All data can be viewed at rupok.cz website.
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Introduction

Road blockages have serious impacts on current traffic and
on the overall transportation system (e.g., Chang and Nojima
2001; Bono and Gutiérrez 2011; Bil et al. 2015). They cause
not only congestion but also a decrease in overall road
network performance. The situation can be worse if the
blockages are results of physical damage to road pavements
or even embankments. This is often the case when lands-
liding along transportation corridors occurs (Fig. 1).
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Heavy precipitation is the primary cause of landsliding in
the Czech Republic. At least three large landslide events
took place as of 1997. All of them were described in detail
including the causes (Krej¢i et al. 2002; Bil and Miiller
2008; Panek et al. 2011) and their consequences for the road
network were also documented (e.g., Bil et al. 2015).

Roads Affected by Landsliding in the Czech
Republic

We registered 333 landslide events which caused road
blockage on the Czech road network between 1997 and
2015. Landsliding and rock falls are the cause of about 13%
of the overall road blockage data due to natural hazards
between 1997 and the present (Fig. 2).

Areas dominated by Tertiary flysch rocks, volcanic Ter-
tiary rocks and Mesozoic sandstones are most prone to
landsliding in the Czech Republic (Fig. 3). Roads inter-
rupted by landslides also occur, however outside these areas.
The majority of them were related to landsliding on a
man-made road embankment or adjacent cut along roads.
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Fig. 1 An example of an extremely devastating landslide which
destroyed D8 motorway in June 2013. The motorway was under
construction at the time of the event. The direct losses, including the
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Fig. 2 Number of road link interruptions due to landsliding in
respective years

Rupok.Cz
Spatial Database on Landsliding

Information on landslide occurrences is often collected in
spatial databases. Many national and regional spatial data-
bases of this kind also exist in Europe (e.g., Hilker et al.
2009; Van Den Eeckhaut and Hervas 2012; Winter et al.
2013; Taylor et al. 2015; Klose et al. 2015, 2016). The
landslide database which we used is administered by the
Czech Geological Survey. Data on roads damaged by
landsliding come from road administrators via JSDI, i.e. the
Integrated Traffic Information System of the Czech Republic
(Fig. 4).

damaged local railroad, were estimated at over one billion CZK. Photo:
Petr Kycl, Czech Geological Survey, 2013

Web Map Application

We present a system where the landslide risk is computed
online on the basis of new data input. Data come from a
system of traffic information which is administered by the
National Road Administrator (Fig. 4). We have programmed
several online filters which separate incoming data, based on
the causes and consequences of the incidents, into the
respective databases. One of them is devoted to complete
blockages due to landsliding.

Landslide Hazard

Data Available

We utilize existing information on road link exposure to
landsliding. In addition, we worked with the current land-
slide database administered by the Czech Geological Survey
(e.g., Bil et al. 2014). These two data sources are subse-
quently used for landslide hazard computation. The landslide
hazard is estimated using a logistic regression model and
Bayesian inference which is an advantageous approach if
empirical data is available. The resulting numbers determine
the probabilities that an individual road link will be inter-
rupted as a result of landsliding over the course of a year.

Methods

The hazard is the probability of occurrence of an event
which causes harm or injury to people, other organisms or
environmental degradation. The total hazard consists of two
main classes, namely hazards induced by nature (floods,
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Fig. 3 Landslides (black dots) which caused traffic interruptions on roads. The red areas represent the most landslide susceptible regions in the
Czech Republic. Landslides which occurred outside those regions therefore took place on embankments
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The Integrated Traffic xml
Information System HTTP POST
for the Czech Republic
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/

Fire Rescue Service

Others

Fig. 4 A scheme of data flow into RUPOK webpage which relates to
landsliding. Original data are stored within JSDI and consequently sent
to a registered user via XML message. This incoming message is

landslides, snow, and fallen trees) and hazards produced by
people. Traffic accidents are the main produced-by-people
phenomena causing road disruptions.

We focused on the hazard induced by landslides. Our aim
was to estimate the probability of at least one interruption of
a road caused by a landslide during a year for each road
within the Czech road network. The data on historical events
were from the Czech Road and Motorway Directorate cov-
ering the period of 1997-2014.

database

filtered and stored into a spatial database. The web-map application
RUPOK, which is connected to this database, allows for data
visualization and querying

Landslide hazard was estimated as follows:

1. Road segments were separated into two groups—with or
without empirical information concerning the interrup-
tion caused by landslides.

2. A particular hazard for segments with a historical dis-
ruption was estimated empirically. Since an event of “at
least one disruption of a road during a year” has an
alternative probability distribution (yes/no), we can
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estimate the probability of the road interruption in the
very next year by the following ratio:

number of years with at least one interruption + 1

(1)

total number of years + 2

For instance, 3 events within 18 years led to (3 + 1)/
(18 + 2) = 1/5 as a Bayesian estimate of the probability of
an event. In other words, the probability of at least one
interruption of a road by a landslide would be estimated as
20%. This approach is appropriate when the information
concerning a possible disruption is mostly contained in the
empirical data (i.e. the probability is higher in locations
where a landslide already occurred). The derivation of for-
mula (1) is shown in MacKay (2003, page 52).

3. A logistic regression model (see Hosmer et al. 2004) was
constructed for all road segments. The dependent variable
was “aroad segment was interrupted by a landslide during
the last 18 years” (yes/no). Subsequently, this model was
applied only to road segments without empirical infor-
mation concerning the disruption caused by landslides.

Significant explanatory variables in the logistic regression
were (a) the length of a road segment in the vicinity (up to
50 m) of historical landslides and (b) the length of a road
segment prone to landslides. An overview of landslide
hazard along individual road links can be seen in Fig. 5.

Finally, the hazard can also be related to territorial units
of any type (e.g. rectangular grid, administrative units) by

e cither calculating the probability of “at least one inter-
rupted road segment during a year” (suitable for
high-resolution grids), or

e expressing the probability distribution function of “a
number of disrupted road segments during a year” (ap-
propriate for greater administrative units, see Fig. 6).

Landslide hazard along roads is visualized as grid values
(Fig. 6). A detailed view indicating landslide hazards for the
individual road links can be obtained after zooming in
(Fig. 7—on the right).

Vulnerability

Network vulnerability can be expressed in terms of direct
or indirect costs (Klose et al. 2014, 2016; Postance et al.
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Fig. 5 Hazard frequencies for road links within the entire Czech road
network. The numbers indicate probabilities that the road links will be
interrupted due to landsliding in a given year

2015, 2016; Winter et al. 2014, 2016). Direct costs repre-
sent expenses related to mitigation works directly con-
nected with the local source of interruption. The indirect
costs are usually computed in two ways: as a ratio of the
time needed for the shortest detour of a blocked road link
relative to the same time for the actually blocked link and
as traffic in terms of the average number of cars influenced
by the road blockage.

Risk

The risk represents a product of hazard and vulnerability
(Birkmann 2007). The same values of risk can therefore
be achieved by two completely different situations: a
place with a large landslide hazard but with only negli-
gible potential losses and a place with a low hazard but
where the potential losses are extremal. The second case
is much more dangerous. A reasonable approach should
therefore be to evaluate hazard and vulnerability sepa-
rately. Hazard along roads, as well as vulnerabilities and
risks, are visualized on the rupok.cz website. We will
demonstrate the overall process of risk computation
below on a concrete case of a road link interrupted by a
landslide.
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Fig. 7 Existing landslides (on the leff) pose a threat to traffic. They also present the exposure of road links to interruption due to landsliding.
Hazard can be computed on the basis of the exposure and registered interruptions (on the right). Source rupok.cz

Case Study: 11/432 Road

The model of risk was applied to a 1I/432 road link. This
secondary road is located at the eastern part of the Czech
Republic (the Outer Western Carpathians). The underlying
geology belongs to a Tertiary flysch which is prone to
landsliding.

A landslide near 11/432 road took place in May 2010
(Fig. 8). It was considered to be the most damaging result of
floods in May 2010 in this region in relation to the trans-
portation infrastructure (RSZK 2010). Road administrators

originally tried to keep at least one lane of the road passable,
but ongoing movement of subsoil led to complete closure for
approximately five months, until the road was repaired.

Direct Costs

The direct costs were derived from the existing tables of road
link construction costs. Repair costs were estimated at 21
million CZK (840,000 USD), including repairing 700 m? of
road and construction of a retaining wall.
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Fig. 8 Road 11/432 between
Koryc¢any and Jestfabice in the
Zlin region destroyed by a
landslide in May 2010. Cracks
were up to 15 cm wide and tens
of cm deep. Photo: Michal Bil,
May 2010

Indirect Costs

An official detour was immediately recommended by the
road administrator (Fig. 9). The length of the detour was
38 km for passenger cars and 56 km for heavy vehicles,
while the closed road link was 2 km long only. We com-
puted the indirect cost of this detour according to (MacLeod
2005). Detour time was considered as the sum of the average
time needed for passing links on the detour. Operating costs
represent the average value of time, taking into account the
purpose of the journey (business, travelling to work,

recreation, other private), per each person multiplied by the
average number of persons in the car. The respective values,
including data from the National Traffic Census, were used
from the Road and Motorway Directorate of the Czech
Republic (RMD 2012).

Additional fuel was used as a product of average fuel
consumption per 100 km in liters and the length of detour in
kilometers. The price of fuel is computed as the weighted
average of prices of petrol and oil fuel per one liter, with
weights as the proportions of cars using petrol and cars using
oil fuel in traffic.

Fig. 9 An official detour of the
closed road between Korycany
and Jestrabice

© closed road

s detour for heavy vehicles

s detour for passenger cars

N
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The number of travelers affected is represented as average
daily traffic.

The road was closed for five months, until it was com-
pletely repaired, but after a month a short detour for vehicles
below 3.5 tons was built only around the damaged part of the
road. The total detour cost for that month could reach up to
52 million CZK (approx. 2.08 million USD). The estimated
indirect losses from this road blockage were therefore 2.5
times higher than the direct losses from the road damage due
to landsliding.

Detour cost = [detour time X operating costs + extra fuel x price|
X number of travelers affected

Detour cost = [0.85 x (272 x 1.9) + (6 x 38/100) x 35.04] x 3334
= 1,730,916 CZK

The computation of the indirect costs above is based
on several preconditions. The most changeable variable is

Rukovany

/Kyjov

mil. CZK/km
Pooazo2 Poto1
0211004 11t02
0411022 0,6 21t05
061t0az 0,8 511010
Boveros B over 10

Fig. 10 Direct and indirect risk on 1I/432 (marked with an arrow). The
hazard values for 11/432 already include the 2010 event which caused a
landslide along this road link. The respective risk values are from left to

expected losses in detour time/normal time

the price of fuel, which depends on the price of petro-
leum on world markets, the currency exchange rate and
taxes. Over the past ten years, the price of fuel fluctuated
between 28 and 38 CZK/liter. The indirect cost then
would vary from 1,677,402 CZK to 1,753,417 CZK, so
the difference based on the price of fuel would be 76,015
CZK per day. The computation was only performed for
passenger cars, because a number of various types of
heavy vehicles exist.

11/432 Road Link Hazard, Vulnerability and Risk

The resulting risk is visualized online on the RUPOK
website (www.rupok.cz). Moreover, the RUPOK application
also allows for visualization of the cause, place and time of
road link blockage and the entire database of blocked road
links (Fig. 10).

Keléany

Expected losses in annual average daily traffic
Poto10

111020
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31t0 40
B over4o

right: monetary value/unit length (106 CZK/km), additional time
needed for a detour (dimensionless number) and the number of cars
affected per day with the given probability of an event (number)
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Conclusion

The RUPOK website is a tool which helps road admin-
istrators plan road maintenance. It visualizes online road
links which are currently impassable. The landslide haz-
ard map is part of this web-map application. The land-
slide hazard was computed on two levels: a spatial grid
which expresses the probability that at least one road link
will be interrupted due to landsliding in the current year.
The second, more detailed, level relates to the individual
road links. The hazard was computed using both land-
slide databases and data on historical road interruptions.
The landslide risk is obtained by multiplying the land-
slide hazard with vulnerability, i.e. impacts due to road
link closures. Three final risk maps are also available as
three different vulnerability measures were used.

We plan, in the following work, to evaluate the pre-
cision of the landslide hazard values on the basis of the
current road blockage data. This evaluation and further
investigations will improve the landslide hazard model-
ing. The presented approaches and the entire RUPOK
web map application can be easily transferred to any
other region.
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Abstract

We examine how large, slow moving landslides impact urban house prices in three areas of
England and Wales. 12,663 house transaction values were analysed covering all house sales
1995-2012 in Lyme Regis, Dorset; Ventnor, Isle of Wight and Merthyr Tydfil, Glamorgan.
Values were analysed with respect to local landslide events and visible landslide damage.
In all three study areas, individual landslide events caused little or no negative impacts on
nearby property prices, though remediation is likely to have short-term positive impacts on
local house prices. Localised blight and suppressed house prices to a distance of 75 m was
found in areas affected by ongoing incipient movement. By comparison with other sources
of property blight, the radius of influence is 25% of that expected from an abandoned
property or electricity pylon and less than 5% that of a windfarm. The socio-economic
environment was important in determining the degree of house price impact of landslide
events and for most locations, landslides form only a minor impact compared to other
factors.
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Background

It is estimated that 350,000 houses in the UK are in locations
of ‘significant landslide susceptibility’ (Foster et al. 2012;
Gibson et al. 2013). However, ‘urban landslides’, defined by
(Petley 2009) as ‘a landslide in, or directly affecting, a
coherent area with a population of 2500 or more’ are con-
centrated in a few locations in coastal and valley locations in
England and Wales for example Dorset, the Isle of Wight
and the South Wales Coalfield (Jones and Lee 1994).

The evidence base for the economic impacts of urban
landslides is poor. However, house price transaction data, a
wide and freely available source of data have been shown to
be effective at understanding the spatio-temporal impact of
flooding in the UK (Lamond et al. 2010). We examine what
this data might demonstrate for the pattern of landslide
impact and whether it can contribute towards an
evidence-base for planning and insurance purposes.

House Price as Indicators of Blight

Negative impacts on house prices, termed blight, can for
instance be caused by urban decay (Han 2014), or visual
impact of an object/event (Gibbons 2015). Four types are
common: energy infrastructure, transport infrastructure,
industrial sites and poor housing stock nearby. Energy
infrastructure: property prices tend to decrease where wind
turbines are within view, though effects can be observed as
early as submission for planning consent. Impact is

controlled by distance, with the greatest effect within 1 to
2 km from an installation, (Dent and Sims 2007; Gibbons
2015). Similarly, (Sims and Dent 2005) found the visual
presence of electricity pylons had a negative impact on
house transaction value, though impact distances were
within hundreds of metres. Transport infrastructure: studies
of the planned high speed rail link between London with
Birmingham indicate losses will be up to 40% within 120 m
of the line, dropping 10-20% at 500 m (Wharf 2010),
though these should reduce over time. The impact of nearby
industrial sites is dependent upon the size of the installation
and its proximity (de Vor and de Groot 2010; Ready 2010).
Poor housing stock: blight caused by neighbouring aban-
doned properties is also observed to decrease with distance,
(Shlay and Whitman 2006) to a maximum of 100 m, though
the magnitude of impact was greater if the building remained
abandoned for more than three years (Han 2014). This
analysis suggests a further category of blight—environ-
mental blight as illustrated by the perception of the risk of
urban landslides.

Methodology

In order to examine whether landslides can demonstrate
blight, three urban landslide case study areas were selected,
Ventnor (Isle of Wight), Lyme Regis (Dorset), Merthyr
Tydfil (South Wales) (Fig. 1). Each area had a population
qualifying it as an urban landslide setting (Petley 2009), was
substantially underlain by landslides and/or landslide

Fig. 1 Location of study sites

Merthyr Tydfil

Lyme Regis
Ventnor
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Fig. 2 Sample of transactional
data presented in temporal form &
for sectors in Lyme Regis. By
comparison to price changes in
the Dorset Region and in the
Town Centre, there is a clear
increased trend in house prices for
the three sectors adjacent to the
Lyme Regis Coastal
Improvements scheme which was
completed in April 2007

Landslide Sector

=== Cobb Road West
------ Cobb Road East

...... Town Centre

House Price (£)

complexes, possessed significant house price transaction
data and ongoing landslide activity. Landslides in all three
locations tend to be large, slow-moving rotational landslides.

The Ventnor Undercliff on the Isle of Wight has been
described as the largest urban landslide complex in NW
Europe. The complex of rotational landslides and their
impacts are well understood, patterns of damage and the
extensive programmes of remediation works have been well
described (Moore et al. 2010). Landslide damage, mainly
from incipient movement and maintenance is estimated to
cost around £3 million annually and around 100 properties
have been destroyed or demolished since 1900 (Bilbao et al.
2010). Lyme Regis is located in West Dorset on the south
coast of England. The town is built upon a series of valley
slopes mantled in ancient, degraded rotational landslides and
flows which reactivate when affected by erosion or changes
in slope profile or drainage (Brunsden and Chandler 1996).
Landslide damage and remediation programmes have been
reviewed extensively, (WDDC 2010 and references therein).
The County Borough of Merthyr Tydfil is one of the largest
urban areas in Wales and is an economically deprived area.
The underlying geology and activity of the large rotational
landslides and flows, (including the 1966 Aberfan disaster)
that characterise the area have been reviewed in detail
(Siddle et al. 2000).

Each area was sub-divided according land-use, property
type and landslide type. Ventnor was divided into 8 sectors,
Lyme Regis, 10 and Merthyr Tydfil 14. Transaction data
between 1995 and 2012 (Land Registry 2015) was obtained
from property websites www.rightmove.co.uk and www.
zoopla.co.uk. For the study period, 1800 transactions values
were obtained for Ventnor, 1660 in Lyme Regis and 9200 in

Change in Average House Price Between 1995-2012 in Lyme Regis

———5ea Front (Promenade)

——Dorset Regional Trend

2006 2007 2008 2009 2010 2011 2012

Merthyr Tydfil. Data was collated using GIS at 1:1000 scale
enabling attribution to accurate grid coordinates. Data was
presented and analysed on simple timelines which classified
house price change with respect to location (for example
Fig. 2). Event timelines were constructed for each case study
site including both macro-economic events and local events
such as major landslides or engineering works. Good records
of such events were found for Ventnor and Lyme Regis, a
result of existing studies, however, insufficient records of
events were found for Merthyr Tydfil.

A walk over survey was conducted at each study site in
2012. Every permanent property was surveyed visually from
street level and exterior damage recorded using the (Cooper
2008) damage classification scheme. Light structures typi-
cally used only as holiday homes were excluded; though
damage is known to have occurred in these areas, transaction
data for these types of property do not fall under the remit of
Land Registry records and was less reliable. An example of
the coverage one of these damage surveys is shown in
Fig. 3.

Temporal Impact from Landslide Events
on House Value

Results show that most of the case study sectors follow
regional average prices between the period of study
including a period of growth during the early 2000s and a
decline in values 2007-2009. These coincide with changes
in the economy; the election of a new government and the
onset of the ‘credit crunch’ and associated recession
respectively.
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Fig. 3 Spatial variation of
properties displaying evidence of
damage in the town of Merthyr
Tydfil as mapped in the Summer

'

Damage Points Recorded in Merthyr Tydfil
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Few recorded discrete landslides occurred in the urban
areas within the timeframe of the research. Although patterns
can be determined in the datasets, it was difficult, to match
discrete landslide events to discrete property transaction
values. Landslides in part of Ventnor during the wet winter
of 1994-95 was followed in 1995-96 by a 23% fall in house
prices for this sector. House values recovered to 1995 levels
in 1997. No other significant patterns were observed.

Sectors that have undergone landslide remediation show a
localised positive impact on house prices. Coastal protection
in Ventnor was completed in two areas in 1997. This coin-
cided with an increase of 100% in transaction value 1997-99
in one area adjacent to the works (with a very small sample
population) compared with a 30% increase 1995-97 in the

same locations. A further coastal protection scheme, com-
pleted in 1999 coincides with a 47% increase in house prices
in this sector 1999-2000. A third set of works completed in
2003 was followed by a 32% increase in prices in the cor-
responding area in 2003-04.

Lyme Regis underwent multiple phases of coastal
improvement within the study period. Phase I was completed
in 1995. This was followed by a 43% rise in house prices in
adjacent sectors in 1995-99. Phase II of the works, in 2005,
was followed by a 15% increase in house prices in adjacent
areas in 2005-06 (compared to 12% for 2004-05). Prices
within the improved sectors showed a 37% increase for
2005-08. This indicates that the works completed in 2007
had a significant positive impact. Emergency work was
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carried out in the eastern part of Lyme Regis to stabilise the
slope in 2003. Despite few house transactions in this small
sector, prices appear to rise as a result of the work by 45%
between 2004 and 2005.

In contrast to Ventnor and Lyme Regis, Merthyr Tydfil
was not subject to a large, integrated programme of landslide
works during the study period, nor were any significant,
discrete landslide events recorded. The most significant
change in house value of any area was found in the Mount
Hare District, where increased of 3 and 9% in 2005 and 2006
respectively correspond to the construction of several
housing estates which make up a significant percentage of
sales during this period. Landsliding in this area was not
found to occur in discrete locations, though patterns of
damage indicated a more dispersed nature of damage than
was found in the other areas (Fig. 3).

Spatial Impact of Blight on House Value

In order to determine the presence of a spatial impact of
blight, multiple ring buffer zones were created in Arcmap at
equal intervals of 25 m away from each record of building
damage, to capture house price transactions made at different
distances away from a damaged property. These distances
were chosen based on the previous blight research on the
impact of abandoned or dilapidated properties by (Han
2014). House prices changes in each interval were averaged
to determine spatial patterns of change with distance from
damaged locations.

A clear spatial pattern of impact across all three case
study locations was found. House prices increase as the
distance from damage increases (Fig. 4). The increase is
small, on average 11% between 25 and 75 m, followed by a
greater average increase of 18% after 75 m. The index of
change is almost identical across the case study areas, and

Distance of Blight Impact (m)

0 1000 2000 3000 4000
Landslide Damage
Abandoned Properties
Pylons

Industrial Sites
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Fig. 4 Spatial impact of blight on urban house prices in comparison to
other sources

that landslide damage has a localised suppression effect on
house prices within 75 m of the damaged property. This is
consistent with the findings of (Han 2014) who concluded
that the majority of blight caused by abandoned properties
was found within 75 m of said property.

Discussion and Conclusions

12,660 house transactions were analysed in three urban
areas affected by slow moving landslides between 1995
and 2012. Results indicate that the impact of landslide
damage is extremely localised, with a radius of influence
less than 5% that of a windfarm.

Our analyses indicates that blight caused by incipient
landslide damage may be considered similar to the blight
caused by abandoned properties. In both cases, the source
of blight likely stems from the visual condition of the
properties  themselves. This is complicated by
socio-economic factors and broader quality of housing
stock. These influence the acceptance of damage, and the
speed at which repairs are completed.

Data also supports the assumption that large-scale
remediation programmes to urban landslides have sig-
nificant, though localised positive impacts on property
value. However, whilst these increases in price are sig-
nificant within the local sectors themselves, the works do
not have an appreciable impact on house prices in
adjusted urban zones which follow the regional trend of
house price change.

This may reflect an initial perception of decrease risk of
landslides in the light of specific remedial works. This
perception may diminish over time as the novelty of the
remedial works declines and it becomes part of the per-
ceived general remedial activity of the area. In this case, as
reflected in the data, house prices will move back towards
the regional average over time. Certainly in Lyme Regis,
the remedial works were integrated with a programme of
general improvement to landscape and amenity which was
intended to enhance the local environment.

The areas used in the analysis are known to be areas
prone to landslides. It might be expected that house prices
might already reflect this known hazard. The occurrence
of a landslide or the visible presence of damage may
merely confirm the existing knowledge of the area as a
potentially hazardous one, hence the relatively small
percentage impact on the house prices of an event. It
could be argued that the mirroring of house prices in
these landslide prone areas with regional house prices for
much of the period reflects the relatively low perception
and impact of the known hazard on house prices.
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Abstract

The paper presents slope instabilities together with monitoring and counteraction
techniques in lignite opencast mines. It includes examples of landslides in two of the
largest open-pit mines and external spoil dumps in Poland. The Belchatow mine, one of the
largest excavations in Europe, is located in the central part of Poland and has lignite
resources of 2 bln tons and an annual production of 42 min tons. Landslides are registered
there every year. The largest with a volume of a few thousand to 3.5 mln m® with
displacements of 2 mm-2 m per day. In the past, similar threats have occurred at the Turow
mine, the second largest in Poland. It is located in the Lower Silesia District, close to the
German and Czech borders. Its estimated lignite reserves are equal to 760 mln tons, with an
annual production of 27.7 mln tons. In previous years, the author of this paper had the
opportunity to participate in parts of landslide investigations at these mines. The research
included CPTU in situ tests, laboratory tests, displacement monitoring and numerical
modelling. It was difficult to come up with an interpretation of soil strength parameters.
Dump soils varied in strength due to their anthropogenetic nature. The interpretation of the
clayey soils parameters in the pit was complicated because of high preconsolidation and
partial saturation. The new Euracoal Slopes Project conducted by an international
consortium of six European countries aims for the practical implementation of new
geotechnical monitoring methods. Complementary methods should allow for better
prediction of landslide activity. PSI interferometry, UAV and ground-based laser scanning,
in situ monitoring, shallow geophysics and laboratory triaxial and centrifuge testing should
deliver new data for slope stability analysis. Although the mines have advanced monitoring
systems and remediation procedures, the full elimination of hazards in mines of this size
and depth is not possible.

Keywords
Mining-induced landslides * Landslide investigations ® Monitoring ¢ Counteraction works

Introduction Bulgaria and Romania produce approximately 96% of the

lignite in the European Union, a total of 433.8 million tons

Lignite opencast mining has made a significant contribution
to the production of electricity in a number of European
countries. Germany, Greece, Poland, the Czech Republic,
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(Kasztelewicz 2012; Bednarczyk and Nowak 2010). How-
ever, coal mining is often associated with a number of
threats related to the size and depth of the pits. This neces-
sitates the exploitation of increasingly deeper lignite layers
and the storage of large masses of overburden. Serious
threats can arise from a number of geotechnical factors. The
cause of these threats are complex geological structures, the
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parameters of low-strength clayey soils, the specific
geotechnical conditions of spoil dumps, precipitations,
changes in groundwater levels, the use of explosives and the
occurrence of karst and suffusion processes. The prevention
of unfavourable phenomena is all the more important when
the scale of potential failures can lead to large losses,
endanger lives and adversely affect the environment. It is
difficult to determine the soil strength parameters of highly
overconsolidated and partly saturated soils on mine slopes.
Dump soils vary in strength due to their anthropogenic
nature and structure. The paper presents some examples of
slope instabilities in Polish opencast mines, as well as
methods of investigations and counteraction. New planned
research activities inside the Euracoal Slopes research pro-
ject are also described.

Localization and General Mine
Characterization

The Belchatow opencast mine is located in the central part of
Poland, 40 km south from the city of Lodz. It is 12.5 km
long, 3 km wide and 310 m deep. The operated lignite
resources are divided into two fields, Belchatow and Szcz-
ercow (Fig. 1). The PGE Company operates the mine and
the nearby located power plant with a capacity of 4320 MW.
The lignite exploitation requires the removal of 100—
120 mIn m? of overburden.

The second largest mine in Poland, the Turow mine, is
located in south-eastern Poland in the Lower Silesia District,
close to the border with Germany and the Czech Republic in
area known as the “black triangle” due to its past production
of heavy industrial pollution (Fig. 2). The mine is situated
close to the city of Bogatynia, 55 km west of Jelenia Gora,
80 km east of Dresden, Germany and 20 km northwest of
Liberec, the Czech Republic. The mine has estimated

Fig. 1 Localization of
Belchatow mine exploitation
fields and tectonic structure

reserves of 760 mln t with an annual coal production of 27.7
min t.

Engineering Geology Conditions

These mines are characterized by complex conditions of
engineering geology. The Belchatow mine is located in the
Kleszczow Tectonic Rift. This relatively young, deep struc-
ture from the Neogene and Quaternary ages is characterized
by the occurrence of not entirely relaxed tectonic stresses and
is built of weathered limestone and marls from the Jurassic
and Calcareous ages which are involved with karst processes.
The western border of the mine is located closely to the
Debina salt intrusion, which, together with the faults, influ-
ences the stress state conditions. In the Turow mine,
Neogene-age lignite deposits are located on both sides and
under the Nysa Luzycka River on the border with Germany.
These have caused geotechnical problems in the past due to
the mine’s proximity to the river. Lignite deposits have a
complex structure. Bedrock layers built of weathered crys-
talline rocks from the Precambrian and Neogene/Quaternary
ages create basalt intrusions in the northern part on the pit.

Examples of Reported Landslide Hazards

The mining operations in these mines are constantly
accompanied by a number of mass movement problems. In
the Belchatow mine, the high depth of mining operations at
200-300 m and low soil parameters have had an impact on
the occurrence of landslides. Their volumes have ranged
from a few thousand to 3.5 mln m>. Most of the landslides
have been activated on structural surfaces and formed on the
south slope of the mine near a deep secondary rift structure
with a higher thickness of lignite deposit. These slopes were
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Fig. 2 Localization of the Turow
mine with indications of landslide
hazard zones
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built of Neogene-age paleoalluvial fan deposits. Other types
of landslides have been connected with Quaternary
low-strength varved clays located on the north slope of the
mine. In the Turow mine, a risk occurred in the 1990s on the
western slopes close to the border with Germany and on the
external spoil dump of lignite overburden close to the border
with the Czech Republic (Fig. 2).

Landslides at the Turow Mine

The most dangerous landslide at the Turow mine occurred
over 26 years ago on the pillar of Nysa Luzycka River close to

Fig. 3 3D model of pillar risk
zone (Milkowski 2008)
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the border with Germany. It was characterized by the highest
thickness of coal deposits (Figs. 3 and 4). The design of the
mine included a protective pillar on the western slope located
between the mine and the river. In the nineties, this zone was
160-240 m wide, 100 m deep and had a general slope incli-
nation of 19°. The mining operations in 1988 were conducted
below the first coal deposit at the deepest part of the mine at a
depth of 100 m. The appearance of the first cracks on the mine
slopes in the protection pillar zone and the uplift of the bottom
level of the mine in its western zone was detected in 1989.
Cracks occurred on the Trzciniec-Sieniawka public road,
located on the east side of the river. The intrusion of water
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Fig. 4 Cross-section
perpendicular to the pillar of Nysa
Luzycka River (Milkowski 2008)

from the river to the pit could have resulted in flooding the
mine excavators, conveyor belts and drainage systems.
These consequences could have led to the lack of
resources in the third largest power station in Poland. In the
wrong scenarios, the maximum range of the landslide area
could have reached 480 ha, with an estimated volume of 12
million m® (Milkowski 2009). The direct causes of the risk
of mass movements to the river pillar included: (1) mining
operations at levels +124/140 m a.s.l., resulting in under-
cutting the bottom part of the second brown coal deposit;
(2) a consistent slope inclination of layers; (3) the occurrence
of clays and weathered rocks with low-strength parameters;
(4) groundwater infiltration and seepage processes; (5) slope
geometry, the long life of the slopes and the relaxation of
stresses. The remediation works included measurements of
the deformation of the soil masses at the pillar through
measurements of: (1) surface displacement; (2) pairs of
points on cracks; (3) points at the bottom of the mine; and
(4) inclinometers. The monitoring network included 59
monitoring points at the slopes, the bottom of the mine and
the terrain at the Polish and German side of the pillar. The
two identified slip surfaces were localized at the contacts of
the floor of the first and second coal deposits with clayey
layers (Fig. 4). The identified strength parameters of these
surfaces were ¢ = 21 kPa, ¢ = 8° (Milkowski 2009). The
third slip surface was located beneath the floor of weathering
crystalline rocks ¢ ~ 0=kPa ¢ = 8°. Generally, the entire
slope in all the variants of numerical modelling did not have
sufficient stability. The horizontal displacements ranged
from 100 mm a month in November 1989 to 20 mm a
month in March 1990 and 9 mm a month in May 1990. The
vertical displacements of 70 mm in November 1989 were
limited to zero in February 1990. Inclinometer measure-
ments detected displacements of 40—50 mm a month at the
depths of 53—70 m. The rescue plan included the stabiliza-
tion of the pillar zone by supporting earth buttress masses
formed on a special drainage system at the length of 560 m

(Dmitruk 1984, 1995). Slope stability calculations per-
formed using the Janbu, Bishop and Fellenius methods,
which took into account the support of buttresses, showed
values of Fs = 1.2-1.3, guaranteeing slope stability. Buttress
masses were formed in two steps. The initial step included
144,000 m>, while the second and final one formed by the
end of June 1990 included 3.5 mln m>. After the stabilization
of the risk zone, the mine implemented a special system of
geohazard monitoring that included a control system of
slope deformations and continuous geotechnical and
hydrogeological monitoring. The angle of slope inclination
was reduced to 10°-12°. The stability of the pillar zone
allowed for the exploitation of lignite deposits 100 m dee-
per, up to 200 m below the natural terrain level in 2010.
Another example of a very dangerous landslide occurred
on the external spoil dumps of this mine. In the past, the
dump volume of 1.7 bln m® and height of 245 m caused
numerous slope stability problems. The height of the dump
slopes, low effectiveness of the drainage system and low
strength of the clayey overburden were the main triggers.
These clayey deposits were transported by a mine conveyor
belt system at distances of over 15 km, which could have
resulted in their softening and partial liquefaction. A land-
slide on the external embankments of the Turow mine
overburden occurred in December 1994. The eastern part of
these embankments was localized approximately 150-300 m
from the border with the Czech Republic. The main cause of
the geohazard risk was the storage of large masses of
overburden in difficult geotechnical conditions. These were
caused by inefficient drainage of bedrock layers built from
low-strength parameters of saturated clayey loess loams in
the early 1970s during the construction of the dump. At the
end of 1992, it was decided to increase levels +348 m a.s.l
and +370 m a.s.l. in the south-eastern region of the
dump. These works were conducted from the east to the west
from level +415 m a.s.l. In the autumn of 1993, the first
limited-in-size mass movements occurred. In December
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1994, a catastrophic landslide with a volume of 6 min m>
occurred in the region of Swiniec. The landslide was over
1300 m long, 750 m wide and occurred over an area of
68 ha (Figs. 5 and 6).

The general slope inclination was 6°. The subsidence of
0.5 m was observed at 7 December at level +415 m a.s.l. In
the following days, displacements increased to up to 25 m a
day between 10 and 12 December 1994, and the landslide’s
tongue was located 70 m from the border with the Czech
Republic (Milkowski 2009). Remediation began directly
after the first signs of movement. It included safeguarding
the dumping machine, rescue drainage and stabilization
works. However, due to the size of the moving masses, the
possibilities of counteraction were limited. Remediation
works were conducted by the mine continuously 24 h a day
until 30 December 1994. These included the deforestation of
1 hectare of land where the landslide tongue had reached the
forest. The retaining wall length of 343 m, which was built
from Larsen steel elements, was hammered into the ground
to a depth of 5.5-14 m (Dmitruk 1995). Special perforations
were drilled to allow for the drainage of groundwater from
colluviums layers at heights of 4-5 m above the ground.
Three vertical boreholes pumped 24 h a day, pumping the

Fig. 6 Swiniec landslide below level +415, Dec. 1994

drainage from the colluvium/bedrock contact layers. Surface
displacement measurements were performed daily. The
monitoring network was located on the landslide surface and
in the surrounding areas. The obtained data were used for
analysis on a digital map of displacements, plotted daily.
The measured displacements were extremely high and varied
from 5 to 22 m a day by 13 December. The head landslide
part was moving towards the border with the Czech
Republic. The newly built protective retaining wall was
lifited due to the forces that occurred on 22 December. To
strengthen the wall, ten special supporting constructions
were built from steel and concrete. At the same time, other
parts of the retaining wall were supported and repaired.
These works were successful, and no displacements were
recorded on 2 January 2014. After this time, additional
remediation works included surface reclamation and drai-
nage works. A new monitoring system that included incli-
nometers, pie-zometers and pore pressure transducers was
built on the dump embankments. These measurements,
piezocone tests and laser scanning measurements were per-
formed for risk prediction. The external spoil dump was
closed in 2006 and since that time, the overburden has been
stored in the mine. This experience of performing counter-
action works has shown that geohazards can seriously
threaten opencast mining operations. The main triggers were
a lack of effective drainage for bedrock layers and the
storage of overburden in the risk area. Some other triggers
were connected with the low-strength parameters of clayey
overburden transported by the conveyor belt system. The
high height of the dump operating levels, in some cases up to
70 m, was also important. The rescue actions reduced the
scale of damages, but were very expensive. A competitive
analysis of potential risks together with monitoring and
numerical analysis could lower the risks.

Examples of Landslides in the Belchatow Mine

The mining operations in this mine were constantly accom-
panied by landslide hazards. The Belchatow mine, with a
depth of 310 m, is located in an approximately 30-km long,
2-km wide tectonic rift in a south-east direction cut by
north-east to south-west faults. The rift structure between the
Belchatow and the Szczercow fields is divided by the
Permian-age salt dome intrusion of Debina. The coal
exploitation from the east to the west is causing permanent risk
for the north and south slopes tilted 1:4, and, consequently, to
the slope inclinations. In the past 16 years, many landslides
have been activated on structural surfaces on the south slope
of the mine, which is built of Neogene-age paleolandslide
deposits over upper calciferous marl detritus, north of the
tectonic border of the Kleszczow Rift (Fig. 7). The landslide
volumes varied from a few thousand to 3.5 mln m’
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(Kurpiewska et al. 2013). The other types of landslides were
connected with Quaternary low-strength varved clays located
on the north slope of the mine. Karst processes in Jurassic-age
limestone have also posed a risk for the stability of the mining
excavators. Landslides have posed a risk for excavators,
conveyor belts and drainage power supply lines.

Another type of risk is connected with the Debina Salt
Diapir. It influences the state of stress in this region (uplift),
hydrogeological conditions and other related geohazard
risks. All of these factors influence the engineering geology
conditions and cause continuous risks for mining operations.
Landslides have sometimes covered the brown coal deposits,
requiring remedial works and posing problems for
exploitation (Figs. 7 and 8). The author of this paper had the
opportunity to investigate landslide 20S, located on the
south slope of the mine. It was formed in clayey layers with
the slip surface below the main coal deposits, dipping in a
north-eastern direction. At that time, there was a risk that this
landslide would be activated westward in the coming years.

Fig. 7 Bechatow opencast mine with landslide 20 S located on its
south slope (OPGK Warsaw)

Fig. 8 Landslide 22 S, view from the terrain level, 2005

To recognize the soil conditions, 13 CPTU tests were situ-
ated west of landslide 20S (Fig. 9 and 10).

Piezocone tests were calibrated using soil samples close
to the test locations. Laboratory test programs included
index, oedometer CIU and CID triaxial tests (Bednarczyk
and Sandven 2004). Soil in this part of the mine could be
described as low plasticity (CL), clays, silty clays and clayey
sands. The clay content for clays ranges from 35 to 40%
(<0.002 mm). In undrained tests, high back-pressure (70—
360 kPa) was used for saturating the specimens. An obtained
value of friction angle and cohesion in undrained tests for
clays was: @ = 21.3°, ¢ = 8.56 kPa (in drained tests, effec-
tive values of friction angle varied from 8.1° for clays to
25.1° for sandy clays). Clay specimens taken from depths of
50 m were overconsolidated and partly saturated due to the
mine water pumping system. However, testing of partly
saturated specimens requires a special type of triaxial
apparatus with the possibility of air pressure measurements
inside the sample during the shearing stage, which was not
possible during the tests. The values of the friction angle
received from the CPTU tests were therefore lower com-
pared to the laboratory test results (Fig. 11).

Interpretations of CPTU tests showed that a reasonably
good comparison between field and laboratory test data
could be obtained. This allowed for soil type predictions
from CPTU in addition to the mechanical parameters of the
soil, such as shear strength, compression moduli, precon-
solidation stress, effective cohesion and friction angle. To
prevent landslide risk, several monitoring methods were
implemented. These included inclinometers to depths of up
to 100 m (Fig. 12), piezometers, pressure cells, a geodetic
monitoring network of surface displacements, CPTU tests,
laboratory tests and numerical modelling (Fig. 10). The
inclinometer network at the Belchatow field included 22
inclinometers, four on the north slope, twelve on the south
slope and six on the western slope. Two others were located
on the west slope of the Szczercow field (Jonczyk and
Organisciak 2010). Ground movement inclinometer mea-
surements had been performed there since 1999. However,
few of these deep inclinometers detected the first signs of
movements, some installations were damaged by large
landslide movements at depths of a few to approximately
10 m (Fig. 12).

In high movement conditions, measurements of dis-
placement were possible only through the use of standard
geodesy and interferometry methods. Surface displacement
monitoring networks were located on the south, north and
west slopes of the mine. Additional monitoring points were
located near important infrastructure, such as conveyor belt
ramps, pumping stations etc. Field and laboratory tests
delivered data for slope stability analysis. In this mine,
remediation works included unloading portions of the slopes
in unstable conditions by gathering masses off using the
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Fig. 11 Clay strength parameters using CPTU and lab results

mining excavator, resulting in improved conditions of sta-
bility. These works were followed by a detailed analysis of
the geological structures in regions of potential threats.
Landslide remediation works protecting stability were real-
ized for several areas in the years 2006-2011. The remedi-
ation of the slopes at risk were conducted in the western part
of the Belchatow field on the permanent south, north and
western slopes. Works at the south slope included remedi-
ation of the area west of landslide 24 S. Relieving works
included moving the top part of the southern slope by about
60 m to the south at a length of 1400 m by gathering and
removing 4 million m® of overburden. At the western per-
manent slope, remediation works included the selective
extrusion of brown coal in order to destroy the slip surface
formed in the high plasticity inner coal clayey layers.
Another form of remediation was connected through the

Fig. 12 Inclinometer measure,
S-slope Belchatow mine

gradual support of this slope by the internal spoil dump. At
the north-western slope, mitigation works included unload-
ing the portion of the western slope using mining excavators
by gathering about 2 min m® of overburden (Jonczyk and
Organisciak 2010). These works required the implementa-
tion of complex preparatory works, construction of new
conveyor lines, reconstruction of power supply lines,
reconstruction of pipeline and surface drainage systems and
acquisition of additional land for earth works at the terrain
level. In recent years, the following regulations have been
defined for safeguarding mining infrastructure and con-
ducting counteraction works following notifications of dis-
placement: 1) initiation velocity of 8-14 mm/day; 2)
warning velocity of up to 20 mm/day; 3) critical velocity of
30 mm/day (Czarnecki and Jurczyk 2013).

Euracoal Project

The Euracoal project, Smarter Lignite Open Pit Engineering
Solutions (SLOPES, 2015-2018), is being conducted by an
international consortium of six European countries: the
United Kingdom, Poland, the Czech Republic, France, Spain
and Greece. SLOPES aims for the practical implementation
of new monitoring methods of natural hazards in opencast
mines in Poland (Betchatow), the Czech Republic (the Most
region) and Spain (the Aragon region). The project is
coordinated by the University of Nottingham. The other
members of the consortium are the University of Exeter
(UK), SUBTERRA and GEOCONTROL (Spain), VUHU
(the Czech Republic), CERTH (Greece), INERIS (France)

Total displacement vs. depth. Inclinometer 35 (IN-33)

Projection plane azimuth: 557

Reference measurerment: 2007-08-14 08:00

Cepth [m]
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and Poltegor-Institute (Poland). The project is implementing
modern technologies for the monitoring and analysis of
natural hazards in the opencast mining of lignite in order to
effectively predict and counteract potential failures. The
project foresees the realization of 4WP-s. A careful analysis
of the local natural hazard triggers will be performed on the
basis of monitoring, laboratory tests and numerical mod-
elling. The project is aiming for the implementation of a
variety of monitoring systems for ground movement data
collection and processing (WP-1). The main objectives of
the project are geotechnical problems in many fields related
to lignite mining. The results should contribute to a better
understanding of hazards and risk reduction and help with
counteraction (WP-2). The project should provide new
information for a more secure design of the mine slopes,
transport routes and spoil dumps (WP-3). In each opencast
mine, there are three types of slopes: (1) constant slopes,
characterized by defined boundaries for mining operations
designed to obtain a license, remaining unchanged for years
at a time; (2) temporary slopes, which are created in the
mining process, defining the current extraction level; and
(3) the spoil dump external or internal slopes. As was
described in the first part of this paper, these slopes can pose
a number of stability issues and threats for mining operations
and in adjacent areas. In order to improve the reliability of
geotechnical methods dedicated to each type of slope, the
appropriate test and monitoring methods must be selected. In
order to specify types of risk, the mine should have a
detailed knowledge of possible triggers. This is also the
important key to determining the instruments and parameters
that should be subjected to monitoring. Additionally, during
mining operations, observation methods should be used to
verify the size of the registered movements and surface
changes in comparison to those previously predicted at the
design stage. Good quality core drilling, laboratory tests
combined with geophysics, and numerical modelling should
provide data similar to the actual conditions in the mine.
Surface displacement in large areas can be identified using
modern surveying methods, e.g. ground laser scanning,
UAV Lidar, ground-based SAR and PSI. The SLOPES
project plans to use unmanned drones to obtain Lidar data.
This will be a new application of this technology in the
sector of mining and RFCS projects. So far, only a few
examples of the use of drones in this area can be found in the
literature (Eck et al. 2011). The use of in situ online moni-
toring and other advanced monitoring systems together with
numerical modelling should be favourable for hazard pre-
diction. These methods will be tested for the selected mines,
including the Belchatow mine. At the western slope of this
mine, a continuous inclinometer system with 3D sensors
every 0.5 m will be installed in the borehole to a depth of
100 m (Fig. 14). Systems installed in situ allow for more
comprehensive exploration at the depth range and speed of

ground movements (Bednarczyk 2012, 2013). There are,
however, limitations to the maximum size of the measured
displacements. Laboratory test programs will include index,
IL oedometer, direct shear and triaxial tests. Recognition of
landslide risk will be performed using in situ monitoring, 50
PSI satellite radar interferometry photos in high definition,
geophysical surveys and numerical modelling (Figs. 13, 14
and 15). The project will also include two sessions of laser
scanning and UAV Lidar performed in 2016 and 2017.
These measurements are currently being performed in the
Belchatow mine. The resulting measurements will provide
three-dimensional images and allow for the calculation of
volume using special software to process point clouds.

PSI Interferometny

On-ine GPRS
DATA EARLY WARNNG

Fig. 13 Scheme of the research, Belchatow mine

Fig. 14 Automatic monitoring station (Bednarczyk 2014)
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Precipitations, fluctuations of water tables, variables of
pore pressures and the partial saturation of soils caused by
mine drainage systems can have a big impact on the con-
ditions of stability. New methods of laboratory triaxial and
centrifuge tests should allow for the recognition of strength
parameters of the soils in conditions similar to those in the
ground and on slopes that have been subjected to high
overburden pressure and partial saturation. The data
obtained from the monitoring will be compared with the
results from numerical modelling. This will provide infor-
mation for risk assessment and help develop methods for
early warnings. Improved monitoring systems, data analysis
and numerical modelling should allow for better manage-
ment of the risks associated with the instability of open pit
mine slopes and spoil dumps in order to predict the risks for
exploitation and environmental risks.

Summary and Conclusions

This paper has presented examples of landslides induced
by mining activity in Poland. Large opencast mines and
spoil dumps are causing numerous slope stability prob-
lems. The scale of these problems is usually high enough to
require the usage of different types of investigation and
monitoring methods. The best practices could be obtained
by monitoring, in situ tests carefully scaled by laboratory
tests and numerical modelling. However, not all laboratory
methods are relevant for highly overconsolidated and
partly saturated specimens or spoil dump soils, and thus we
should be cautious when reviewing this data. An

investigation of these questions is planned through the
Euracoal SLOPES project. Some methods of standard
remediation and stabilization appropriate for landslides on
natural slopes in opencast mines could be useless. New
methods of monitoring and recognition of strength
parameters for the design of safe slopes should deliver new
data. However, other factors such as safe slope design and
proper drainage for safe storage of overburden are also very
important. Landslide remediation works in opencast mines
could be made by unloading some parts of the slopes or
supporting them using overburden, but these methods are
usually expensive. Full elimination of geohazards is not
possible. Special attention should be paid to comprehen-
sive site investigation, monitoring and numerical mod-
elling for safe design of exploitation.
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Abstract

Urban issues are increasingly prominent on the national policy agenda in Austria. The
biggest policy challenges consist of the development of an integrated evaluation of the
threats and risks (security level, protection objectives), in the preparation of accepted
standards for the consideration of landslides as well as their use in spatial planning (OROK
2015). The Austrian Concept on Spatial Development (ACSD), which is a strategic
instrument for federal policies in regional development, was set up to create a new
cooperation at expert level and to develop basic approaches for key issues in an
interdisciplinary forum. The ACSD-partnership for “Risk management for gravitative
natural hazards” in spatial planning concerning slope processes (landslides including rock
falls) was established in 2012 under the leadership of the Federal Ministry for Agriculture,
Forestry, Environment and Water Management and Geological Survey of Austria to bridge
the gap between geohazard mapping, risk management and spatial planning for these
relevant phenomena. The results of this partnership are based on working papers produced
by the working groups Spatial Planning, Geology and Sectoral Planning. The activities of
the working group “Geology”, presented in this paper, consisted in the evaluation of the
existing methods for the calculation of landslide susceptibility (and rock falls) and the
impact area in terms of their suitability as well as in the creation of standards and guides to
draw up susceptibility maps for spatial planning. Further recommendations are given in
terms of the quality assurance, uncertainties, model validation and traceability.
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ACSD Partnership “Risk Management
for Gravitative Natural Hazards”—Policy
Objectives

Due to the geological evolution of the Alps and their topo-
graphical conditions, Austria is a country with a naturally
high disposition for geohazards, such as rockfalls, landslides
and debris flows. Considering the increasing of urbanization,
increasing of settlement space requirements (tourism, trans-
port, etc.) and climate change and its consequences, the need
for more security and protection for the population is
becoming more and more important and the economic assets
are also increasing. The catastrophic events observed in
recent years, (as August 2005, June 2009, June 2014) (Tilch
et al. 2011b; BMLFUW 2009; Hiibl et al. 2015) have led to
human and large economic losses. These events are an
indication that technical constructions itself are not enough
to provide sufficient protection. The cooperation of all the
institutions which deal with natural hazards has shown, that
only with an integral solution of all experts involved, it will
be possible to establish prevention measures for the pro-
tection of human lives and economic assets.

The main policy challenges of the Austrian Conference
for Spatial Planning (ACSP) Partnership on risk manage-
ment in spatial planning focused on the development of an
integrative evaluation of the threats and risks (security level,
protection objectives), a uniform planning system for the
cartographic depiction of landslides as well as the use in
spatial planning (see Glade and Rudolf-Miklau 2015). The
key advantage of this partnerships was the involvement of a
large number of experts from science, politics, administra-
tion, engineering and economy as well as national and
international leading experts which have also contributed to
this work. The most important objective of the partnership
was the preparation of expert recommendations and their
presentation to ACSP as basis for reaching policy agreement
and resolutions (see Glade and Rudolf-Miklau 2015).

Another important target of the partnership was the
establishment of an integrated standard procedure for
assessment and mapping of hazards related to slope pro-
cesses (rock fall, landslides). Within the partnership the task
force “gravitational induced natural hazard processes—
working group geology” focused its work on the evaluation
of the existing methods for the calculation of landslide
susceptibility (and rock falls) and the affected area in terms
of their suitability for urban planning. In this paper we
present the results of the working group geology in terms of
landslide susceptibility for shallow landslides and run out.

Standardised Hazard Assessment Procedure

For susceptibility and run out assessment regarding shallow
landslides and debris avalanches (see Hungr et al. 2014)
there is a wide range of modelling methods available, gen-
erating different types of maps. The appropriate application
and the explanatory power of these models as well as the
gained results are strongly depending on

e the input data
e analysis scale
e the extend and homogeneity of study area.

In this study for every working level of spatial planning,
recommendations were given for the corresponding mod-
elling method and type of mapping, according to the
requirements of spatial planning (Table 1). The proposed
standards, which require the application of comparable
methods, represent a prerequisite in order to obtain compa-
rable results. Further recommendations were also given in
terms of the quality assurance, uncertainties, model valida-
tion and traceability.

Because of the possible restriction of future usability of
an area that is within a sensitive designated zone due to
landslides, the process (methodology) for the creation of
geohazard maps must be transparent and comprehensible.
The comparability of the results requires a comparable
methodology within the administrative unit (e.g. munici-
pality or federal states). Only under these conditions the
acceptance of the affected property owners and
decision-makers can be expected. Hence there is a need of a
definition of minimum requirements for the creation of
susceptibility maps and hazard maps in terms of input data
and methodology.

Considerations of the Quality of Landslide
Susceptibility Models and Hazard Index Maps

Since the application of landslide susceptibility maps is
associated with consequences for the municipality and land
use planners, a detailed and transparent assessment of its
quality are necessary. This very broad term of quality can be
interpreted in several ways and in several stages of the
process of preparing input data and landslide susceptibility
maps. In general, the main inputs to modelling are the pro-
cess data and the site condition parameters. Otherwise many
processes and conditions leading to landslide occurrence can
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Table 1 Scale levels of spatial Working level Relevance Type of map Map scale
planning and the recommended
corresponding modelling method Regional level/Spatial Rough estimation of potentially Hazard Index Map <1:25.000
and type of mapping development concept endangered areas, area-wide (Susceptibility
map + rough run out
assessment)
Local level/Local Identification of endangered areas Refined Hazard Index 1:25.000
development concept and derivation of Map (susceptibility 1:5.000
recommendations for action, map + run out
extended relevant area assessment)
Site specific Detailed hazard assessment Hazard map, proof of >1:5000

level/Zoning plan.
Proceedings according

to the building law area

be known and mappable, known but not collectable, or are
simply unknown (see Carrara et al. 1999). The definition of
minimum requirements in terms of input data is used for
quality assurance of the analysis/modelling. Moreover,
through well formulated minimum requirements we can
guarantee a traceability, comparability and understandability
of the model results by the end-user. The traceability of
results is necessary for the evaluation of the results because
of improvements knowledge and changes of methodologies.

Analyses of Input Data

A high quality of landslide susceptibility map premises an
adequate input data set for the modelling. Besides the terrain
attributes, the spatial resolution and accuracy of the
geo-environmental as well as the landslide inventory data are
important for the quality (see Van Westen et al. 2008). With
regard to the documentation of the input data and results as
well as the method description, the following requirements
must be met:

e explanation of the method applied (heuristic, statistic or
deterministic) and model description,

e description of the data used (such as data quality, reso-

lution of process data etc.),

details and justification of the used threshold values,

cell size of the digital terrain model,

explanation of site-parameters used,

description of the validation method(s) used and their

results,

e partitioning method of data in training and validation (in
case of statistical methods),

e explanation of the selected cell size of the model used for
the input parameter.

(expert’s report), dimensioning of
protection measure planning, study

suitability for building
land and risk
assessment

Landslide Process Data

The landslide process data (such as types of landslide,
characteristics of the source area, run out) and their quality
has a decisive influence on the performance of statistical
modelling and is therefore more important than the model
choice within the statistical methods. That is because it is
necessary to provide high quality of process data, taking into
account the quality criteria of the input data. The most
important criteria for the quality assessment of the process
data are:

Representativeness: lack of representativeness of the
process data (for example, only process information based
on damage areas) leads to a significant deterioration of the
modelling results.

Accuracy of landslide location: a blur of positional
accuracy of process points, especially data from archives,
but also from field mapping, has a negative impact on the
results of the modelling. At worst this data cannot be used.

Data density: an increase in the number, density and
spatial homogeneity of the process data information con-
tributes to a significant improvement of statistical modelling
results. In this case a certain minimum criterion (as an
example: density (D) > 1 landslide per km? for a modelling
cell size 50 m x 50 m; D > 3 for modelling cell size 25 m
x 25 m) has to be fulfilled for statistical modelling (see
Table 2). If this condition is not met, only modelling by
heuristic methods should be applied (see Tilch et al. 2011a)

Ideally, the process data is based on area-wide field
mapping (B) during and immediately after the event, con-
taining high quality process information with high density,
high positioning accuracy and good information regarding
land use. However, to complete the data pool for modelling,
also other data sources (A-remote sensing, C-archive,)
should be used (see Table 2). If A and B are available we
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Table 2 Minimum requirements for the process data (Landslides) for the modelling of susceptibility maps (H = heuristic method, S = statistical

method) on local and regional scale

Source of the input  Data basis Cell size Regional scale Local scale (local Comment
data (regional spatial spatial planning)
planning)
H S H S
Number (N) and 25-50 m n.s. N > 50 n.s. N > 50 cell size 50 m (A or B)
density (D) of D > 1/km? D > 1/km?
landslides N > 150 Cell size 25 m (A and B)
D > 3/km’
A—remote sensing ALS, TLS, SAT, 1-50 m At least one data source
aerial photographs (ALS, TLS, aerial
photographs, SAT
B—mapping Landslide mapping by =~ Mapping
events scale
C—other GBA, WLV, OBB, Mapping o o (o) only if high data quality
federal states, scale is available
municipalities
Mandatory Recommended

Data source

A—remote sensing

Across the whole study area, complete data by evaluating of ALS (Airborne Laser Scanning), TLS (Terrestrial Laser

Scanning), SAT (Satellite image), areal photography

B—field mapping

C—other
heterogeneous]

recommend that the modelling can be performed in a cell
size with higher resolution (25 m). To increase the process
data quality it is also recommended to undertake a critical
review and harmonization of the input data in terms of
positioning accuracy, content of information, process type,
redundancies and representativeness.

Table 2 also highlights, which data sources (A, B and C)
to use in different scales (regional and local) and modelling
methods [statistic (S) and heuristic (H)]. “Mandatory” means
that if possible, process data have to be acquired or newly
collected and in case of local scale checked for representa-
tiveness and data quality. “Recommended” means, in many
cases we expect benefit by working with this data, but the
use of the data is not compulsory.

Site Parameter Maps

Suitable terrain attributes (site surface parameters) such as
slope angle, slope curvature, flow accumulation etc. have
high relevance to landslide susceptibility and should be
derived from high-resolution DTMs (MASSMOVE 2011,
Tilch et al. 2011b). Airborne laser scanning digital terrain

Across the whole study area, mostly complete (documentation of events)

Archives of municipalities and other institutions [(i) incomplete, not area-wide or (ii) qualitatively different data,

model (LiDAR-DTM) with a resolution of 1 m x 1 m is
now available for all Austria and must be applied.

It is recommended that the selection of the input param-
eter maps should base on the following aspects:

e objective of the study

selection of model design

extent and heterogeneity of the study area

resolution or scale of the input data

terrain attribute: which parameters are useful in geolog-

ical, geomorphological, hydrological, hydrogeological

(geo) logical or land use-related point of view

e the parameters that are meaningful or allowed for mod-
elling should be used (parameters with spurious correla-
tions as well as parameters that show strong correlations
to other parameters should be excluded)

e criterion of balance of forces: driving forces (for exam-
ple, slope angle) and retaining forces (for example,
vegetation) should be included.

The selection of the parameters for modelling run out area
is carried out analogously with the criteria of susceptibility
modelling.
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Landslide Susceptibility Modelling

A susceptibility map provides comprehensive information
about the relative likelihood of landslides (here: shallow
landslides) occurring throughout a given area. The frequency
or time of occurrence of the landslide process is not asses-
sed. The estimation of the spatially variable process dispo-
sition (landslide) generally occurs based on the local terrain
attributes (e.g. geology, soil, vegetation, morphology,
hydrology) as well as on the process data (mandatory for
statistical methods and optional on heuristic and determin-
istic methods, see Table 2).

Every modelling result is highly dependent on the input
data. Generally, for areas with low data information density
and quality the application of expert based heuristic methods
to generate susceptibility maps for landslides is recom-
mended. Statistic models should be used only when suffi-
cient landslide inventory data of good quality and density are
available. Further, statements of the landslide impact area are
made by means of the Hazard Index Map (HIM). The HIM
combines scarp areas, derived by the susceptibility map, and
adds the run out area to it. (see Fig. 1).

For the run out assessment and for the determination of
the landslide impact area comprehensive information about
the start areas and the flow paths must be available. Sus-
ceptibility maps offer information on initial zones (landslide

Fig. 1 Hazard index map by
means of an empirical approach
of Gasen, Styria for local scale
(source BFW, OROK 2015)

starting cells probability), by applying a critical threshold
value (for example, probability of occurrence >0.5). In the
case of exceedance of this value, the modelling of run out
area is being started.

To guarantee a quality assurance for Hazard Index Maps,
besides fulfilling the minimum requirements and reviewing
the landslide inventory critically (see above), it is also
important to perform several types of model validations and
plausibility checks (see Tilch et al. 2011b). The validation of
run out areas can only be performed based on real landslide
events and expert analysis.

Results and Recommendations

The ACSD-Partnership “Risk Management for Gravitative
Natural Hazards in Spatial Planning” was dedicated to the
issue of how strong the territorial impact of gravitative
natural hazards is, what are the possible consequences for
the municipalities, what basic materials can be provided for
spatial planning and how this can be implemented in spatial
planning. It was possible to show that for the different
working levels (regional, local, site specific) different data
qualities and methodologies are required.

Depending on the input data quality and the local terrain
attributes, the following recommendations can be given

Legend
Susceptibility
[ 0-04

[ impact area possible
[ impact area likely
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regarding the selection of the modelling approach for the
calculation of HIM. Also recommendations for the spatial
visualization of gravitative natural hazard for regions and
municipalities are given in the form of HIM for different
planning levels.

e At the regional level the HIM offer a rough estimation of
potentially endangered areas, including susceptibility
map and run out assessment. Susceptibility maps should
be calculated by heuristic models in case of poor data
quality or by statistic models in case of high data quality.
According to run out, the reach angle approach is
sufficient.

e At the local level (Refined Hazard Index Maps) it is
recommended to identify areas with different “needs for
action” (consultation of regional planner/preliminary
expert opinion/expert’s report). Usually, susceptibility
maps should be modelled by statistic models, unless only
poor data quality is available. For these maps the esti-
mation of the run out needs to be calculated more pre-
cisely by the application of process-orientated approaches
(simplified physically based methods).

e Only at the site specific level a detailed proof of the
suitability for building land by means of an expert's
report should be performed. In case of susceptibility
modelling at this level, physically-based methods for the
assessment of slope stability should be used. In terms of
run out assessment, the estimation of frequency, magni-
tude and forces must be included.

The ACSD-Partnership analysed the potential conse-
quences of natural hazards for spatial planning and formulated
the recommendation and the steps required for hazard esti-
mation and for modifications that need to be made to the
existing regulations regarding the implementation of gravita-
tive natural hazard in spatial planning. The results, including
the standardized methods for hazard assessment and the
technical recommendations, were agreed among partners from
the federal state, the Austrian provinces and representatives of
the municipalities and entered into force in April 2015.

The proposed standards and recommendations have been
published in the ACSP-Publication No. 193.
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Abstract

The Rest and be Thankful (A83) in Scotland has been subject to frequent landslide activity
in recent years and the trunk road has gained a reputation as one of the most active landslide
sites in the UK. An average of two road closures per annum has been recorded over the last
five years. This paper compares the site with other locations in Scotland that are prone to
debris flows and explores a range of geomorphological factors using high resolution
Terrestrial Laser Scanning data. The site is found to be relatively active, although
normalization for mean annual rainfall makes activity at the site comparable to the likes of
the Drumochter Pass. Macro-scale slope morphology is found to correspond strongly with
the spatial distribution of recent activity. Channelisation is considered to be a significant
factor in the overall debris flow hazard by confining flow and enabling entrainment. This
was demonstrated during two recent events that mobilized at high elevations and entrained
significant volumes of material along long runout paths.
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Introduction

Debris flows are extremely rapid landslides that can often
travel at velocities in excess of 10 m/s and may cover very
large runout distances (Varnes 1978; Cruden and Varnes
1996; Hungr et al. 2014). As a result, debris flows represent
a significant hazard to people and infrastructure. One esti-
mate attributes 77,779 deaths to 213 debris flow events
recorded between 1950 and 2011 (Dowling and Santi 2014).

Fortunately debris flow activity in the Scottish Highlands
has not resulted in any known fatalities in recent years,
however activity has been widespread and has caused
damage to infrastructure and disruption to rural Scottish
communities. Transport infrastructure is particularly vul-
nerable to debris flows, with road and rail networks having
suffered disruption in recent years. In remote, rural areas
road networks are essential and alternative routes may
involve lengthy diversions. Winter et al. (2016) estimated
that a debris flow in 2007 at the Rest and be Thankful (A83)
in the west of Scotland accrued total direct costs between
£1.7 m and £3 m (at 2012 prices). Even small events that
block just a few tens of metres of carriageway can cast a
significant vulnerability shadow often amounting to a few
thousand square kilometres (Winter 2014).

Intense rainfall is considered the most common trigger of
debris flows, although rapid snowmelt can also often be
attributed to rapid influxes of water (Iverson et al. 2011).
Antecedent conditions are however also considered an
influential factor in shallow landslides, as slope material can
become saturated prior to the onset of intense rainfall,
allowing shorter or less intense showers to trigger failure.
A relationship with rainfall goes some way towards
explaining the prevalence of debris flows among some of the
wettest areas of Scotland, particularly in the west. Different
intensities of rainfall over varying timescales were consid-
ered by Caine (1980) who pioneered an early global Inten-
sity Duration threshold for shallow landslides and debris
flows, although it is now commonly accepted that relation-
ships differ locally and regionally (Guzzetti et al. 2008) due
to a range of diverse factors.

Debris flows in the Scottish Highlands often arise from a
supply of glacigenic sediment and in many cases represent
an agent of landscape denudation (Ballantyne 2008), where
pre-glacial background rates of erosion are targeted. The
phase in which levels of sediment reworking are elevated
due to perturbation by glaciation is referred to as the para-
glacial period (Ballantyne 2002). Timescales of around
10,000 years are typically ascribed to the paraglacial period
(Church and Slaymaker 1989; Ballantyne 2002), however a
resurgence of activity appears to have taken place at the Rest
and be Thankful and at other sites around the Scottish

Highlands. Reid and Thomas (2006) undertook a multidis-
ciplinary chronostratigraphic study of Holocene slope evo-
lution at Creagan a’ Chaorainn in the Northern Highlands of
Scotland and attributed protracted paraglacial response to
climatic forcing. They found that a period of stabilisation c.
7.5 ka BP may have enabled the development of vegetation
cover and accumulations of peat, marking a net system
change from erosion to accumulation. This suggests that
contemporary activity may be manifesting itself as part of a
delayed paraglacial response. Further perturbations are
anticipated, particularly from climate change symptoms such
as increased rainfall intensities in the winter (Winter and
Shearer 2014) which are heavily linked with an increased
occurrence of mass movements (Stoffel and Huggel 2012).

Debris flow events of all sizes are capable of over-
whelming culverts with a rapid influx of sediment, enabling
overspill onto roads. Entrainment has been observed to
increase debris flow volume significantly, by an order of
magnitude in some cases (Milne 2008) and has also recently
been shown to enhance debris flow mobility when sediment
is heavily saturated (Iverson et al. 2011) as is often the case
in Scotland. Such magnitude increases are reliant upon flow
channelization wherein momentum can be preserved and
readily erodible material resides and can be entrained. In
contrast, open hillslope flows often spread out, increasing
the flow surface area and the friction acting on the mass to
inhibit flow. Landslide risk management efforts, particularly
around transport corridors, should therefore focus on such
areas where flow efficiency can be maintained and where the
potential for entrainment induced magnitude and mobility
increases may take place.

The Rest and Be Thankful (A83)

The Rest and be Thankful slope is above the A83 trunk
(strategic) road in Glen Croe, approximately 100 km
north-east of its terminus in Campbeltown in Argyll and
Bute (Fig. 1). The A83 is the main route between
mid-Argyll and Central Scotland and is essential for local
communities, tourism and the movement of goods and ser-
vices. Around 20 slope failures have been recorded at the
Rest and be Thankful since 2007, resulting in around 11 road
closures, equating to an average of roughly one road closure
per year. Argyll & Bute is one of the wettest areas of the UK,
thus contributing significantly to the rate of slope activity.
Unlike many active debris flow sites in continental Eur-
ope, such as the Illgraben torrent in Switzerland for example,
the Rest and be Thankful affords a unique opportunity to
holistically observe debris flow phenomena, encompassing
geomorphic activity from source to sink. The Rest and be
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Fig. 1 The topography of Scotland and the location of the Rest and be
Thankful in the west

Thankful has therefore been used as a key study site as part
of an ongoing monitoring and modelling project.

The recent frequency of slope activity affecting the road
at the Rest and be Thankful is more frequent compared to
other UK transport routes and as a result considerable
investment has been provided to fund a series of mitigation
measures. A series of warning signs called wig-wags were
installed along the A83 in 2011 to warn road users of an
elevated landslide potential during periods of heavy rain.
The most significant mitigation effort however has been the
installation of debris flow nets above the A83 to prevent
major flow impact with road infrastructure and its users.

Slope Morphology

Terrestrial Laser Scanning (TLS) data has been collected at
the Rest and be Thankful as part of an ongoing monitoring
project. Standalone data allows characterisation of slope
morphology from macro features such as slope-wide mor-
phology to the meso scale, such as relict landslide scars.
Repeat surveys have enabled ongoing monitoring of slope
changes to a high level of detail, helping to develop an
understanding of debris flow processes at the Rest and be
Thankful and similar sites.

Methodology

A Riegl LMS-Z620 has been used to collect data from three
scan positions on the opposite side of the valley to the debris
flow prone slope. A regular point spacing of 0.14 m at a
range of 1 km has been achieved from each respective scan
position. Data has been manually aligned to the central scan
dataset and then registered using an iterative closest point
(ICP) algorithm within the software package RiScan Pro,
allowing the minimisation of occlusion. A sum of registra-
tion and device errors result in a conservative error threshold
of around £0.1 m. A relatively even distribution laterally
and vertically across the slope is realised by subsampling the
final point cloud to a regular point spacing of 0.2 m.

Change detection has subsequently been carried out using
the Multiscale Model to Model Cloud Comparison (M3C2)
algorithm within the open source software package
CloudCompare (Lague et al. 2013). In this approach cylin-
ders are generated around nodal points in the base dataset, of
which the diameters are user defined. Cylinders are orientated
using normal directions, which are calculated by an algorithm
that considers local point cloud (PC) morphology at a user
defined scale. Cylinders are extruded towards the second PC,
from which the mean position of points falling within the
cylinder domain are compared with corresponding points in
the base dataset cylinder domain, resulting in a change value.
Changes deemed significant, relative to the roughness of
points within each cylinder and compounded instrument and
registration errors have been retained after which a noise filter
has been used to remove inherent spurious points, at vege-
tation margins for example. This process retains change
above and below a relatively conservative error threshold
of 0.2 m. The change data presented in this paper has been
detected using data collected after the winter dieback of
seasonal vegetation and before its reestablishment in the
proceeding spring, to minimise the change signal associated
with extraneous seasonal vegetation fluxes.

Geology and Geomorphology

The main slope at the Rest and be Thankful sits at a gradient
of 32°-33° with some slope regions towards the top of the
slope in excess of 40°. The underlying slope is comprised
principally of fine grained schists such as Pelite, with an
overlying cover of glacigenic sediment and soil up to several
metres in thickness. Some exposures of schist on the slope
appear to be highly weathered and extremely degraded and
therefore represent a likely source of progressive pedogen-
esis, therefore altering the hydraulic transmissivity of the soil
over time and contributing towards reductions in shear
strength, termed ‘ripening’ by Nettleton et al. (2004).
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Cross profiles have been plotted using a 0.2 m Digital
Elevation Model (DEM) derived from a single station TLS
survey using a Riegl VZ-4000 in July 2015. The first cross
profile (Fig. 2a, cross section locations shown in Fig. 3)
shows the large concavity which characterises the top of the
slope. This topographic depression appears to concentrate
drainage towards the centre of the slope, as opposed to the
convex margins where bedrock outcrops are more common.
Such convergence of hydrogeological flow would explain
the greater propensity of slope failures towards the centre of
slope, for both inventoried events and those monitored
recently (see Fig. 4).

The mid-elevation profile (Fig. 2b), approximately 300 m
above the road, shows a slight decline in elevation from
north-west to south-east, however the high density of gullies
eroded into the slope is perhaps most noticeable. The gully
density along this stretch of slope is equivalent to 18 km ™",
whereas other local slopes above the A83 typically contain
gullies at a density of between 14 and 15 km™'. Similar or
greater gully densities can be observed elsewhere in the
region, for example 2 km directly to the east at Coire Croe
where the gully density is roughly 24 km™'.

The gullies range between those eroded down to bedrock
to those that are merely eroded into the superficial deposits,
although such patterns vary both laterally and vertically
across the slope, with some gullies scoured far more
extensively than others. Given the well documented impact
that entrainment can have on final debris flow magnitude,
such spatial variations in gully material availability are
influential to the debris flow hazard across different regions
of the slope.

Fig. 2 Cross profiles of TLS
data at the A83 Rest and be
Thankful: a A cross profile
through the top of the slope; b A
mid-elevation profile through the

©1e

A number of small discontinuous superficial and
sub-surface channels have also been observed on the slope,
the latter in the form of soil pipes, the collapse of which has
been previously linked to debris flow triggering, although
may also assist in the dissipation of excessive pore water
pressures in some cases (Uchida 2004).

Debris Flow Spatial Density

The high density of gullies at the Rest and be Thankful
corresponds with a high rate of activity recorded at the site.
At least 10 distinct debris flow gullies can be recognised
within a 0.7 km slope region at the Rest and be Thankful,
equating to a minimum debris flow density of around
14 km™'. However taking into account observed relict evi-
dence of debris flow prior to recorded events, an upper
bound of 18 debris flow gullies/km is likely. This density is
particularly high for a slope underlain by schist, with den-
sities in similar geological units as low as 3 km™' (Ballan-
tyne 2004) although a high density of 13.3 km ™" (Milne and
Davies 2007) to 18.2 km ™! (Strachan 2015) has also been
observed at the Psammite schist dominated Drumochter Pass
in the Scottish Cairngorms. High densities of gullies with
evidence of debris flow activity are typically observed on
slopes underlain by granite, such as those between 20 and
32 km ™' on the Isle of Skye or 14-30 km ™' in the Cairn-
gorms (Ballantyne 2004; Strachan 2015).

When normalised using a mean annual rainfall value of at
least 3000 mm, derived from a 1 km resolution UK Met
Office map (2016) of mean annual rainfall for the period
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Fig. 3 A 0.2 m resolution hillshade of the Rest and be Thankful slope derived from a Riegl VZ-4000 TLS. Red transects A and B represent those
shown in Fig. 2a and b respectively
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Fig. 4 Change detected between April 2015 and February 2016, after the late 2015 winter storm events. The three principle slope failures from
Storm Desmond (SDLS1 and SDLS2) and Storm Frank (SFLS) are shown respectively
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1981-2010, the debris flow gully density at the Rest and be
Thankful equates to around 4.7 km™'/m a™' (gullies per
kilometre per metre of mean annual rainfall) for recorded
debris flows and 6 km™'/m a~' accounting for the upper
bound value of 18. These values are comparable to a nor-
malised value of 6.3 km '/m a~! at Drumochter pass, when
an mid-range mean annual rainfall estimate of 2500 mm,
derived from the same UK (Met Office 2016), is coupled
with a mean gully density of 15.75 km™'. The higher nor-
malised value at the Drumochter pass highlights the signif-
icant role rainfall plays in stimulating slope activity at the
Rest and be Thankful. Compared to normalised debris flow
gully densities of 2.6 and 2 km '/m a' at the schistose
slopes of Glen Ogle and Mill Glen respectively (Milne and
Davies 2007), based upon estimated mean annual rainfall
values of 2000 mm and 1500 mm respectively (Met Office
2016), the Rest and be Thankful has a relatively high debris
flow gully density.

Recent Events

The Rest and be Thankful has been subject to a number of
debris flow events during the period of this ongoing study.
The site was particularly active towards the end of 2015
during the UK winter storm events. Here available data for
each event is presented and discussed.

October 2014 Debris Flow

On 28th October 2014 a large debris flow occurred at the
Rest and be Thankful. An estimated 2000 tonnes of material
reached the foot of the slope, the largest debris flow on
record at the location. Rainfall in excess of 50 mm was
recorded over the 24 h prior to the event and was followed
by a peak rainfall intensity of 8.4 mm/hour at 5 AM, which
appears to correspond with the approximate time of failure.

Flow nets were installed as part of an ongoing pro-
gramme. The flow net at this location (part of Phase 4, P4)
was installed at the foot of the gully (shown in Fig. 4). The
net retained a significant volume of material however
material was also deposited onto the A83 which was sub-
sequently closed for six days. A visual comparison with
other event source areas at the Rest and be Thankful sug-
gests that the October 2014 source area is not unusually
large, but it was clear that significant entrainment occurred.
The high elevation of the source area, approximately 530 m
above the road, appears to have granted the flow a long
sediment laden path from which it could source and incor-
porate such further material into the flow.

3D TLS Reconstruction

Although the event took place prior to the onset of moni-
toring, an estimate of the initial source volume has been
made by reconstructing the pre-failure source morphology.
High resolution TLS data from April 2015 has been cropped
around the margins of the source area and a flat pre-failure
surface estimate has been produced by interpolating across
the zone.

Comparison with actual post-failure morphology data
yields a source volume estimate of 522 m3, or 1044 tonnes
using empirical density estimates. This is comparable with
other events observed at the site. Final engineering estimates
of the event deposition at road level are of over 2000 tonnes,
thus representing an estimated 92% increase in volume
between source and sink. Engineers estimated that the flow
net (P4) at the foot of the propagation gully retained some
1200-1500 tonnes of material.

Winter 2015/2016 Storm Induced Debris Flows

The December 2015 UK winter storms Desmond, Eva and
Frank caused widespread flooding across the UK, particu-
larly in the north west of England, but also in Scotland. The
storms also triggered a number of slope failures across the
UK, causing damage to transport infrastructure such as the
main rail route between Carlisle and Newcastle upon Tyne.
The storms had a significant impact on Scottish road
infrastructure, notably at the Rest and be Thankful during
both Storms Desmond and Frank.

Storm Desmond (SDLS1)

Storm Desmond occurred between 3 and 8 December 2015
and triggered a low elevation debris flow approximately
120 m above the A83 Rest and be Thankful on 5 December,
referred to as SDLS1. The flow subsequently propagated
into the P1 flow net above the A83 (visible in Fig. 4). More
than 90 mm of rain was recorded in the 20 h prior to the
event. A maximum intensity of 8.8 mm/h was recorded at 4
AM, although this doesn’t appear to correspond with the
time of failure. A later peak of 4.4 mm/h was recorded at 1
PM, the approximate time of failure. The storm period was
preceded by a 30 h lull in which very little rainfall was
recorded. However 124 mm of rain was recorded at the site
in the week leading up to the event, a value comparable to
the preceding two winter weekly averages, therefore the lull
appears unlikely to have alleviated saturated conditions prior
to the onset of intense rainfall.
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On 6 December a second higher elevation hillslope fail-
ure occurred, referred to as SDLS2, some of the material
from which propagated into a nearby gully and some of
which was retained by two small flow nets (P7) (Fig. 4). The
precise timing of the event is unclear, although it appears to
correspond with a peak rainfall intensity of 6.4 mm/h
recorded at 5 AM. Neither event resulted in closure of the
A83, although a single lane system was operated.

Storm Frank (SFLS)

Storm Frank occurred between 29 and 30 December 2015 and
triggered a high elevation debris flow at the Rest and be
Thankful on 30 December, referred to as SFLS. The failure
was preceded by over 60 mm rainfall in 12 h, with a peak
rainfall intensity of 9.2 mm/h at 1 AM, although this doesn’t
appear to correspond with the time of failure. Secondary peaks
of over 6 mm/h were recorded between 5 and 6 AM and are
considered to coincide with the approximate time of failure.
SFLS initiated higher up the slope than SDLS1 and
SDLS2, approximately 370 m above the road. The flow
subsequently propagated through a major gully before
impacting with a flow net above the A83, which held the
majority of the material, although a small volume was also
deposited in the carriageway. The event also destabilised a
large 150 tonne boulder within the vicinity of the source area.

Post-storm Analysis

The TLS monitoring data in Fig. 4 shows SDLS1. A rela-
tively large mean depth of 1.3 m has been removed from the
source area, although some regions such as the headscarp
exhibit much larger depths. Such loss depths were likely due
to the low elevation source area which coincides with a zone
where the slope gradient reduces and deposits from previous
events reside. SDLS1 may therefore represent a secondary
failure from material deposited by a previous event. The
flow path can be seen to dip to the west, aided by a subtle
topographic depression. Despite not propagating into a
pre-existing gully, SDLS1 has eroded and entrained material
immediately below the source area, therefore demonstrating
debris flow initiated channel genesis.

The higher elevation source area of SDLS2 is highlighted
in Fig. 4. A mean depth of 0.72 m has been mobilised,
almost half that of SDLS1. In contrast to SDLS1, the event is
therefore more likely to be a primary failure of superficial
slope material. A large deposit can be seen directly below
the source area, demonstrating that flow arrested rapidly
after failure. A small volume of material has however
reached the gully approximately 20 m to the south, and
some material has propagated over 100 m downslope and

been deposited behind two flow nets (P7). It is likely that the
volume of material that reached the gully was insufficient to
mobilise any pre-existing material accumulations or to erode
the gully margins. The flow deposited material in the gully,
potentially providing material for subsequent mobilisation.

The source area of SFLS is relatively fragmented com-
pared to SDLS1 and SDLS2, evidenced by the large number
of soil rafts and large amounts of unconsolidated material
left within the source area after initiation. A large volume of
deposition can be seen directly below the source area, akin to
SDLS2, although in this case a significant volume of
material appears to have entered the gully approximately
10 m to the south. Figure 4 shows that the event exhibited
net entrainment during propagation, although deposition has
also taken place in some areas. Interestingly, the foot of the
SFLS source area overlaps that of a small failure that
occurred in 2009. This may therefore have contributed to
destabilisation of the upslope area, perhaps demonstrating a
relationship with a previous event. Furthermore a shallow
landslide at the margins of the gully down which SFLS
propagated occurred in 2007 and may have provided mate-
rial to the gully which SFLS may have subsequently
entrained. Considerable volumes of meta-stable material
were found to persist within the gully during a slope walk-
over in September 2016. A number of deposits mount the
channel margins in the form of levees, whilst other recent
and potentially readily entrainable deposits reside within the
gully base. This material, particularly the basal deposits,
appear to be highly entrainable and could potentially be
mobilised by a future mass movement.

Discussion and Conclusion

The hydrogeology and hydrology of the Rest and be
Thankful (A83) appears to be influenced by a large
concavity towards the centre of the slope, potentially
explaining the confinement of recently recorded activity
away from the margins and towards the centre. Further-
more, relatively well colonised and undisturbed vegeta-
tion towards the more convex south-eastern flank of the
slope may be indicative of limited recent activity. The
slope is also heavily gullied, from below the upper slope
concavity to road level, exhibiting largely parallel drai-
nage and providing several locally oversteepened regions
from which material may be mobilised or into which
material may be routed after which entrainment may
occur and with it an increase in magnitude.

The Rest and be Thankful is found to be a relatively
active site in the UK and is sensitive to intense rainfall.
The predominance of rainfall to the west enhances rates
of activity beyond that of similar sites such as the Dru-
mochter Pass, although normalisation for this effect
shows that the rate of activity at the site is by no means
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unique. The presence of a key trunk road at the bottom of
the slope draws particular attention when events do occur.
Analysis of recent events have shown rainfall to be the
principal trigger of failure at the Rest and be Thankful.
The large October 2014 debris flow occurred after lower
cumulative antecedent rainfall than the 2015 storm
events, but was triggered by a more intense peak in
rainfall, demonstrating the balance of rainfall intensity
and duration in triggering debris flows. Recent rainfall
triggering values are comparable with 24 h thresholds of
60—80 mm at other studied sites in Scotland (Ballantyne
2004). The relatively brief record of debris flow activity
and road closures at the site may indicate that the rate of
activity may have increased in recent years, most likely as
a result of increased storminess. However, the period is
too short to make definitive conclusions regarding
long-term trends, but climate change is forecast to
increase the intensity of winter rainfall events and this
trend may continue.

Channelisation of debris flows is found to magnify the
overall hazard at the Rest and be Thankful, firstly by
confining flow and enabling conservation of momentum
but perhaps most significantly by enabling significant
increases in magnitude by means of entrainment. The
events of October 2014 and SFLS initiated from rela-
tively high elevation source areas, providing a long path
of entrainment, whereas lower elevation flows had lim-
ited opportunities to entrain material to the same degree.
Channelisation may also increase mobility, particularly
due to mixing with stream flow and saturated materials.
Conversely open hillslope propagation has been observed
to arrest mobility. Failures at the Rest and be Thankful
may also be linked by secondary mobilisation of recent
and relict deposits. Recent observations show large vol-
umes to persist in the SFLS gully, suggesting that this
could provide a source of entrainment for a future event.
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The Use of Morpho-Structural Domains
”WJ;;E‘EQ,{Z for the Characterization of Deep-Seated

R Gravitational Slope Deformations in Valle
d’Aosta

Daniele Giordan, Martina Cignetti, and Davide Bertolo

Abstract

Deep-seated Gravitational Slope Deformations (DsGSDs) are widespread phenomena in
mountain regions. In the Valle d’Aosta alpine region of northern Italy, DsGSDs occupy
13.5% of the entire regional territory. A total of 280 phenomena have been inventoried in
the IFFI (Italian Landslide Inventory) project. These large slope instabilities often affect
urbanized areas and strategic infrastructure and may involve entire valley flanks. The
presence of settlements on DsGSDs has led the regional Geological Survey to assess the
possible effects of these phenomena on human activities. This study is aimed at
implementing a methodology that is based on interpreting Synthetic Aperture Radar
(SAR) data for recognizing the most active sectors of these phenomena. Starting from the
available RADARSAT-1 dataset, we attempt to propose a methodology for the
identification of the main morpho-structural domains that characterize these huge
phenomena and the definition of different sectors that make up the DsGSDs, which are
characterized by different levels of activity. This subdivision is important for linking the
different kinematic domains within DsGSDs with the level of attention that should be given
to them in the studies that support the request for authorization of new infrastructure. We
apply this method to three case studies that represent significant phenomena involving
urban areas within the Valle d’Aosta region. In particular, we analyze study areas
containing the Cime Bianche DsGSD, the Valtourenenche DsGSD, and the Quart DsGSD.
These phenomena have different levels of evolution that are controlled by the interaction of
diverse factors, and involve buildings and other infrastructure. This setting has been useful
for testing the development of the methodology, which takes advantage of remote-sensing
investigations, together with the local geological, geomorphological and structural setting
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of each case study that we analyzed. This method aims to produce a useful method for
delineating guidelines for the building of new infrastructure, in support of the Regional
Agency.

Keywords
Deep-seated gravitational slope deformation ¢ DInSAR techniques * RADARSAT-1
Introduction 100 km), given the long time period covered by the vast

Large, slow-moving slope instabilities play an important role
in the evolution of mountain landscapes and represent a
significant natural hazard in urbanized areas, given their
possible effects on structures and/or infrastructure. For
Regional Authorities in mountainous areas, the estimation of
the degree of activity of such phenomena is fundamental for
natural hazard assessment and the prevention of landslides.

Deep-seated Gravitational Slope Deformations (DsGSDs)
are well-known and widespread phenomena in the Alpine
chain (Mortara and Sorzana 1987; Ambrosi and Crosta
2006; Martinotti et al. 2011).

In the last several decades, many authors have investi-
gated these DsGSDs (Zischinsky 1966, 1969; Mahr 1977;
Savage and Varnes 1987; Varnes et al. 1989; Crosta 1996;
Crosta and Zanchi 2000; Agliardi et al. 2009; Martinotti et al.
2011), demonstrating that the process of characterizing these
phenomena has been long and complex. These large slope
instabilities can involve entire valley flanks, range up to
several kilometers in length and hundreds of meters in depth,
and present several typical morphological and structural
features (e.g., scarps, trenches, double ridges, tension cracks)
(Varnes et al. 1989; Agliardi et al. 2001; Tibaldi et al. 2004).
These huge phenomena are the result of complex geological,
geomorphological and structural settings and are often
characterized by a long evolution. In particular, their evolu-
tion is controlled by interactions among the following factors:
(1) lithology, (ii) geology, (iii) geomorphology, (iv) climate
and weathering, (v) seismicity, and (vi) deglaciation (Crosta
etal. 2013). They display evolutionary stages, and, during the
advanced stages, can develop a creep mechanical behavior
that leads to complete collapse. These phenomena generally
display very slow or slow deformation rates that vary from a
few millimeters per year to a maximum of some centimeters
per year, in uncommon cases (Agliardi et al. 2012). In this
context, Differential Synthetic Aperture Radar Interferometry
(DInSAR) techniques represent a suitable tool for investi-
gating slow-moving phenomena over large areas (100 x

satellite system (e.g., ERS-1/2, Envisat ASAR, COSMO
SkyMed, Radarsat—1).

In this paper, we propose a methodology based on Syn-
thetic Aperture Radar (SAR) data made available by the
Valle d’Aosta Regional Authority. We exploited the
RADARSAT-1 dataset, which was processed using TRE S.
rl.’s SqueeSAR™ technique, covering the period from
March 2003 to December 2010. Our methodology is aimed at
identifying and analyzing Permanent Scatterers (PS) and
Distributed Scatterers (DS), together with geomorphological
and structural evidence, to identify the possible
morpho-structural domains associated with three DsGSD
case studies located within the Valle d’Aosta region of
northern Italy. In this way, the most affected areas can be
identified, providing significant information for use in natural
hazard assessment and land use planning.

Valle d’Aosta Region Case Studies

Valle d’Aosta is a small alpine region (3200 km?) located in
northwestern Italy that has a complex topography ranging
from 400 m a.s.l. to over 4800 m a.s.l. (Fig. 1). Due to the
high topographic relief and the steep slope gradients, land-
slide processes are widespread and affect approximately
520 km* of the entire regional territory. In particular,
DsGSDs occupy 13.5% (Fig. 1) of the regional territory
(Trigila 2007).

The actual analysis focuses on three different case studies
that represent significant DsGSDs within the Valle d’Aosta
region (Fig. 1).

The first example is the Cime Bianche DsGSD, which is
located in the upper part of Valtourenenche valley, above the
Breuil-Cervinia settlement. This phenomenon presents a
complex evolution that is characterized by the presence of
recent signs of glacial activity and several active periglacial
processes. The lower and marginal portions of this mass
movement present the highest degrees of deformation.
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The second case is located in the middle portion of the
same valley and affects the town of Valtourenenche. This
phenomenon is characterized by the local geomorphology,
which is conditioned by the recent evolution of the stream of
the same name and by the presence of several active slides
superimposed on the DsGSD.

The last one is the Quart DsGSD, which is more complex
than the other phenomena and is located on the left side in
the middle of the main valley, not far from Aosta munici-
pality. This DsGSD presents evidence of evolution over a
long-period and is controlled by glacial activity, tectonic
processes, and deep dissolution (Martinotti et al. 2011). The
displacement is primarily parallel to the slope, but includes
extensional and lateral components.

These three cases have been chosen because they affect
several of the principal settlements of the region and present
different stages of evolution.

Methods

Slow mass movements represent suitable cases for the
application of DInSAR techniques (Colesanti and
Wasowsky 2006; Cascini et al. 2010). The analysis uses the
RADARSAT-1 dataset made available by the Regional
Authority of Valle d’Aosta and processed using the Squee-
SAR™ technique by the TRE Srl.

As part of urban development planning, the use of SAR
data [i.e., Permanent Scatterers (PS) and Distributed Scat-
terers (DS)] may cause problems for non-expert users. In the
case of DsGSDs, the analysis of PS/DS should be a starting
point in assessing the most active sectors, although the
well-known intrinsic limitations of these techniques (i.e.
phase decorrelation on vegetated areas, coherence loss due
to large revisit time, phase decorrelation due to large and/or
rapid displacement, line-of-site (LOS) measurements only)
should be taken into consideration (Ferretti et al. 2001,
2011). However, to assess the complex evolution of these
phenomena, the SAR data have been integrated with geo-
logical, geomorphological and structural information from
the local settings. In this context, we attempt to define the
morpho-structural domains within the DsGSDs. This defi-
nition requires an identification of the possible kinematic
domain of the DsGSDs, while also taking into account any
other active phenomena (i.e., landslides, rock glacier, talus),
superimposed on the area of the DsGSDs. We perform the
analysis using discretized SAR data in a GIS environment.
Specifically, we interpolate the PS/DS LOS velocity values,
taking into account specific barriers previously identified
using knowledge of the geomorphology and the literature, as
well as structural analysis. However, the discontinuous
nature of the PS/DS distribution must be addressed because
it can generate some limits on the applicability of interpo-
lation functions. Appling this method, it is possible to
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Fig. 2 Map of kernel
interpolation incorporating
barriers on the C.B. DsGSD,
based on data from the
RADARSAT-1 PS in descending
orbit
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subdivide the DsGSDs into diverse sectors while aggregat-
ing ground deformation data using specific limits obtained
from geomorphological and structural constraints. In this
way, we obtain areal deformation maps, which are more
suitable than the classical PS/DS distribution maps and
represent a useful tool in land-use planning and natural
hazard assessment.

Results

We test our method by applying it to three specific DsGSDs
of the Valle d’Aosta region (see Fig. 1) identified in the IFFI
(Italian Landslide Inventory). The RADARSAT—1 images
available from the Regional Authority cover the period from
March 2003 to December 2010. These images processed
using the SqueeSARTM technique, provide the resulting

PS/DS data for this alpine region for both descending and
ascending orbits.

Cime Bianche DsGSD

Considering the PS/DS data within the Cime Bianche (C.B.)
DsGSD, good coverage and distribution have been observed.
Specifically, the best coverage was obtained along the
descending orbit. Figures 2 and 3 present the maps resulting
from kernel and diffusion interpolation (cell size 40 m),
respectively, applied using barriers, along the descending
orbit.

We consider all the landslides superimposed on the DsGSD
and subdivide this phenomenon into several distinct kinematic
domains based on morpho-structural evidence and specifically
on the rock mass structure and surface discontinuities.
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Fig. 3 Map of diffusion
interpolation with barrier on the
C.B. DsGSD, based on data from
the RADARSAT-1 PS in
descending orbit
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In both cases, the most active domains correspond to the
lower and marginal portions of the DsGSD, according to
information from the literature. Specifically, a more active
domain has been identified that corresponds to the location
of Cielo Alto.

Valtourenenche DsGSD

Good PS/DS coverage and distribution have also been
obtained in the case of Valtourenenche DsGSD. Figures 4
and 5 present the maps resulting from kernel and diffusion
interpolation, respectively, with barrier application, using
data from the descending orbit. As in the previous case, all
the landslides from the IFFI have been considered, together

with the identification of several other gravitational pro-
cesses that are responsible for the topographic displacement
measured by SAR. The identification of all of the processes
that are able to generate surficial deformation is important to
correctly assess the morpho-structural domains.

In the upper part, significant ground deformation that
corresponds to two east-west oriented main landslide bodies
has been identified, while the most active sector of the
DsGSD corresponds to the lower portion, delimited by a
main scarp in the upper part, close to Valtourenenche vil-
lage. The presence of several landslide bodies superimposed
over this sector, which further contribute to the DsGSD
movement, should be noted. A middle level sector, corre-
sponding to a transitional domain and presenting modest
ground deformation, has also been identified.
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Fig. 4 Map of kernel
interpolation with barriers on the
Valtourenenche DsGSD, based
on data from the RADARSAT-1
PS in descending orbit
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In both cases, the complex evolution of this phenomenon
is well-drawn by imposing as a limit all the numerous
geomorphological and structural elements observed.

Quart DsGSD

In the Quart DsGSD, good PS/DS coverage and distribution
have been observed for both the ascending and descending
orbits.

The Quart DsGSD represents the most complex phe-
nomenon considered in this study in terms of its long-term

evolution and given the presence of a lateral valley, which
causes the occurrence of two different directions of dis-
placement. In this case, the kinematic domains proposed in
the IFFI have been used for the application of kernel and
diffusion interpolation (Figs. 6 and 7, respectively).
A single modification has been introduced in the western
portion of the DsGSD to separate the more active upper
portion from the stable lower portion. In general, ground
deformation decreases from the upper to the lower por-
tions of the DsGSD. Finally, the presence of the Vollein
active landslide in the eastern part of the DsGSD is
outlined.



The Use of Morpho-Structural Domains for the Characterization ...

65

Diffusion interpolation
.0,732154

I-22,4367

Discussion and Conclusion

The results obtained for the three case studies highlight
the complexity of the DsGSDs, which are very complex
phenomena that require a specific approach for their
interpretation. The recognition of morphological elements
is fundamental but sometimes difficult, given that
DsGSDs result from long periods of composite defor-
mation. The geological and geomorphological aspects
can be used to define and characterize these phenomena,
but only partially define their state of activity.

In the last decade, the introduction of the relatively
new DInSAR techniques have permitted the extraction of
ground deformation information over wide areas with
millimeter accuracy (Ferretti et al. 2011). Nevertheless,

i 0
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Fig. 5 Map of diffusion interpolation with barriers on the Valtourenenche DsGSD, based on data from the RADARSAT—1 PS in descending orbit

the intrinsic limitations of these techniques (Ferretti et al.
2001) makes their application over DsGSDs suitable
(Colesanti and Wasowsky 2006; Cascini et al. 2010).

The improved methodology permits assessment of the
state of activity of the three DsGSD case studies. This
methodology of using SAR data, in combination with
geological and geomorphological knowledge, allows
recognition of the morpho-structural domains of these
phenomena. The rasterization of the SAR data, based on
specific and reasoned limits, allows the derivation of
maps of ground deformation through LOS velocities
interpolation. In cases with good PS/DS coverage and
distribution, the interpolation results are more reliable and
best represent the real kinematic context.
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Kernel interpolation
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Fig. 6 Map of kernel interpolation with barriers on the Quart DsGSD, based on data from the RADARSAT-1 PS in ascending orbit

The aim of this methodology is to divide DsGSDs into
sub-domains, though the definition of usage constraints
that take into account the geological and geomorpho-
logical setting and the rates of mean ground deformation
velocities obtained from the SAR data.

In this way, these morpho-structural domains may be
used for a more efficient land management. The subdivi-
sion of DsGSDs into domains with similar characteristics
can simplify the land management approach, allowing
better management of hydro-geological constraints.

For the purposes of land management, the assessment
of the morpho-structural domains of DsGSDs is to be
viewed as a qualitative indicator, which must be inte-
grated with field data and in situ monitoring.

A good practice will be to apply this approach over
time, including constant updating of the SAR data. Inte-
gration of more recent images and data from newer
satellites (i.e., Sentinel-1) should represent a good
opportunity to analyze these phenomena over the coming
years.
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Fig. 7 Map of diffusion
interpolation with barriers on the
Quart DsGSD, based on data
from the RADARSAT-1 PS in
ascending orbit
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Gediminas’s Castle Hill (in Vilnius) Case: Slopes
Failure Through Historical Times Until Present
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Abstract

The remaining buildings of Gediminas’s Castle in Vilnius stand on the top of a 40 m high
hill composed of Quaternary glacial, glaciolacustrine, glaciofliuvial inter-layered deposits
and technogenic (cultural layer) accumulations. The city center and castles are located in an
area at the very margin at the maximum advance of the Weichselian glaciation. There was
no direct erosion impact in the area of Vilnius’s hills from meltwater for the formation of
the upper reaches of the highest ravines. Therefore, it is proposed that the main features of
the Vilnius Castles hills were formed by periglacial thermal erosion—the movement of land
masses due to the thawing of permafrost at a time of climate change and the beginning of
the vanishing of the Weichselian ice body. Over the course of history people reshaped the
slopes of these hills for living and defense purposes. The saddle connecting Gediminas’s
Hill and the massif of the Hill of Three Crosses goes back to historical times when the
artificial channel for the Vilnia River was dug and it became a separate hillfort. Due to the
steep slopes of the hills, slope deformations and landslides have been occurring since the
historical past until the present. Recently a landslide formed on the eastern slope in 2004
and reactivated in 2008. In early spring of 2016 two new landslides appeared on the
northwestern slope preceded by a number of cracks on the ground surface. Causes of slopes
failure and general problems of stabilization are dealt with this article, also covered is the
necessity of early warning system installation, slopes surfaces permanent monitoring based
on 3D laser scanning, etc.

Keywords
Gediminas’s Castle Hill * Landslide ¢ 3D scanning ¢ Stabilization ¢ Retaining wall ¢ Pile

Location of Gediminas’s Castle Hill

Gediminas’s Castle Hill is located in the very historical
centre of Vilnius, which is for its outstanding universal value
included in the UNESCO World Heritage List since 1994.
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Vilnius historic centre began its history on the erosional hills
at the confluence of the Neris and Vilnia rivers (Fig. 1) that
had been intermittently occupied from the Neolithic period;
a wooden castle was built around 1000 AD to fortify Ged-
iminas’s Hill. The settlement did not develop as a town until
the 13th century, during the struggles of the Baltic peoples
against the Teutonic Order. Later it was the centre of
political and economic power in Medieval Lithuania. From
the point of view of recent geological processes and phe-
nomena, the steep slope bases were affected actively by
erosion till the middle of the 20th century (Fig. 2). Later
river flow was regulated by hydrotechnics.
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Fig. 1 Gediminas’s Castle Hill
location on the map of Vilnius
centre

Fig. 2 Gediminas’s Castle Hill
in the centre of picture, view from
the south east. On the right side—
Bekes hill is seen, eroded by
Vilnia River (photo about 1875,
K. Brandel)
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Origin of the Gediminas’s Castle Hill

The remaining structures of the Castle stand on the top of the
40 m high hill composed of Quaternary glacial, glaciola-
custrine, glaciofliuvial inter-layered deposits and techno-
genic (cultural layer) accumulations (Fig. 3). This hill is
included in the State Cultural Reserve of Vilnius Castles that
is characterised by a hilly topography with a variety of land
forms, formed by glacial, fluvial erosion, suffosion and
gravitational processes. The city center and castles are
located in an area of the very margin of the maximum
advance of the Weichselian glaciation (Satkiinas 2015).
According to geological mapping data there was no direct
erosion impact in the area of Vilnius’s hills from meltwater
for the formation of the upper reaches of the highest ravines
(Guobyté 2008). Therefore, it is proposed that the main
features of the Vilnius Castles hills were formed by peri-
glacial thermal erosion—the movement of land masses due
to thawing of permafrost at a time of climate change and the
beginning of the vanishing of the Weichselian ice body.
These masses became unstable and slid into the opening
valleys of the Vilnia and Neris rivers. The saddle connecting
Gediminas’s Hill and the massif of the Hill of Three Crosses
goes back to historical times when the artificial channel for
the Vilnia River was dug and it became a separate hillfort (it

was not eroded completely during formation of the first
terrace of the Vilnia River because of this natural connec-
tion) (Fig. 4) (Satkiinas 2015).

Historical Landslides, Underground
Constructions

Over the course of history people reshaped the slopes of
suitable hills for living and defense purposes. Due to the
steep slopes of the hills, slope deformations and landslides
have been occurring since the historical past and until the
present time. It is mentioned in the Livonian Chronicles
dated back to 1396 that the southern slope of Gediminas’s
Hill slid down and destroyed the estate of Manvydas
(Moniwid), the Voivode of Vilnius, causing the deaths of 15
people (Balinski 1836). Another landslide occurred in 1551
on the northern slope of Gediminas’s Hill and the palace
of Mikolaj Radziwil was damaged by this landslide
(Monstvilas 1973). After that the retaining wall at the foot of
slope was built. Unfortunately there are no records about the
other historical landslides of the slopes of Gediminas’s Hill.
However, during geological investigations evidence of old
landslides has found. Reinforcement remains (mainly
retaining walls) on the base of slopes also indicate problems

made, organic, deliuvial soils
fine soil, very weak

fine soil, medium strength
fine soil, stiff

fine soil, very stiff

coarse soil, very weak
coarse soil, medium strength
coarse soil, very stiff

OO00OEEEON

Fig. 3 Geological cross-section of Gediminas Castle Hill from W to E
(acc. to Sa¢kus 2001; modified by V. Minkevicius, 2016). Indexes: t IV
technogenic deposits of Holocene, d IV deliuvial deposits of Holocene,
a 1V aliuvial deposits of Holocene, f 111 bl graciofliuvial deposits of the
Baltic stage (Weichselian), g /I md glacial deposits of the Medininkai
stage (Upper Saalian), f II md glaciofliuvial deposits of the Medininkai

stage (Upper Saalian), lg II md glaciolacustrine deposits of the
Medininkai stage (Upper Saalian), g II zm glacial deposits of the
Zemaitija stage (Lower Saalian), lg I Zm glaciolacustrine deposits of
the Zemaitija stage (Lower Saalian), g II dn glacial deposits of the
Dainava stage (Upper Elterian), [ 11 bt lacustrine deposits of the Buténai
interglacial stage (Holstein)
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Fig. 4 The Hills of Vilnius
Castles during the formation of
the first Vilnia River terrace.
Slopes are being modified by
erosional processes. The
Gediminas’s Castle Hill (/) is still
connected by a saddle with the
massif of Three Crosses (2)

of slope deformations in 14th—17th centuries. The slopes of
ancient cultural heritage objects like hillforts were and are
affected by landsliding induced by both natural and anthro-
pogenic factors (Miksys et al. 2002).

During World War II german troops constructed the L
shaped tunnel with ventilation shaft in the very body of
Gediminas’s Hill (Poceviius 2016). They were under fire
and collapsed in 1948. The current state and nature of the
tunnel is unknown. However the tunnel could influence the
overall stability of the hill and the remaining castle buildings
on top. One sinkhole in the southern part of hill was
observed in 2011. It was possibly due to poor technical
condition of these tunnels.

Resent Constructions and Investigations,
Means for Slope Stabilization

Gediminas’s Hill stability is uneven because of geological,
morphological peculiarities and human activities. It became
clear during geological investigations in 1955-1959 that
about one third of the hill’s surface was lost since the Castle
was established. Broader hill reinforcement works were
initiated in 1985 when slopes were reinforced by a network
of concrete elements anchored in the deeper layers of
ground. These works were carried out until 1990. Soil slopes
were reinforced with the exception of part of the eastern
slope below the main path to the summit. Slopes were sown
with grass and later they were overlayed by sward. 220 CFA
piles (continuous flight auger) 280 mm in diameter and at

depth of 2.0 to 7.0 m were installed along the main path
sides in 1990. Reinforcement works were continued in 1995
and carried out until 1997 when this slope was reinforced
with an additional 57 CFA piles and 55 anchors connected
by pile capes. The total number of installed piles is 832 (717
CFA, 105 VCC (vibro concrete columns) and 10 driven
piles) and 187 additional anchors. Thereafter the engineering
geology and foundation construction company JSC “Geos-
tatyba” installed 136 piles for the construction of a funicular
in 2003 (Trumpis and Grigoniené 2010; Zorzojus and
Baniulis 2010).

Despite these reinforcing works, they have remained
unstable. Geodetic measurements in 1997 detected that the
north-western slope started to move slowly and here a
landslide occurred in April-May, 1998. The slope was again
stabilized with piles.

A rather significant landslide on the eastern slope formed
in 2004 and reactivated in 2008. There were notable defor-
mations in early spring of 2003 (Fig. 5). Cracks on the walls
of the upper castle and inclined trees on the slopes of
Gediminas’s Hill also indicated slow deformations. The
slope was stabilized with geogrid in 2008 (Satktinas et al.
2008). Works of slope stabilization were continued in 2009:
all trees were removed from the slopes of the hill and, the
drainage system was renewed.

A sinkhole occurred in 2010 in the northern part of square
on the top of the hill. It was due to suffusion induced by
ineffective removal of rainfall. Also a few subsidences
appeared on the footpaths paved by boulders. Foundations of
the pathway were deformed and exposed in several places
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Fig. 5 Landslide in the eastern
slope of Gediminas Hill formed in
March, 2004 (above) and
reactivated in March, 2008
(photos by Vidas Mikulénas)

due to soil erosion. On the northern slope the pile capes and
protective network of concrete elements became exposed at
the surface in 2010 (Vaicitnas 2011). The processes of
deformation of these slopes reactivated in the February 2016
(Figs. 6 and 7).

The Last Slope Failure and 3D Scanning

Installation of rain drainage on Gediminas’s Hill, paving of
trails, cutting trees, arranging slopes cover were carried out
since 2009. However in February of 2016 a few new
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Fig. 6 Retaining pile caps
exposed in February of 2016 by
formation of shallow landslide of
frontal type (photo by Vidas
Mikulénas)

Fig. 7 Slope failures of different
shape and development on the
representative slope of
Gediminas’s Hill in March 2016
(photo by Vidas Mikulénas)

landslides of different shape appeared on the north-western
slope leading by a number of cracks on the ground surface
(Fig. 6). The cause of the slope failures was rapid warming
of frozen weak deliuvium and technogenic soils and heavy
precipitation.

The first crack on the slope surface was noticed in 1st
February. Over a period of two months it developed into a set
of different deformations and landslides. The most notable
failure appeared next to the funicular. A circular crack on the
surface appeared on 1st February, it developed into a landslide
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Fig. 8 An image of differentials
of 3D scanning results: red

—1.2 m, blue +1.4 m (after results
of scanning work done by JSC
“Geonovus”)

in on a week and 12 cub. m. volume reached the building of the
administration of the National Museum situated at a base of
the slope. The direction of movement was parallel to the track
of funicular 3.5 m away from it (Fig. 7).

A rotational landslide developed in 45-50 degrees steep
slope. The main scarp was 12.5 m width and 1.0 m height. The
landslide body was composed of cultural strata. The second
landslide began to form to the west from the first one. It was
very likely that the second landslide was about to develop to
slumping soil massive through retaining wall (dated 16th cen-
tury) at the base of the slope. Hopefully due to more favorable
meteorological conditions this scenario will not came true.

The volume and morphological features of the developed
landslide was estimated after by slope scanning using 3D
“Trimble TX8” device. Scanning measurements were repe-
ated after two weeks and three-dimensional models to
compare difference of the scans were compiled (Fig. 8).

Relevant works have to be undertaken in order to stabilize
the damaged part of slopes and prevent new deformations.

Data on these landslides were included in the State Geo-
logical Information System GEOLIS. Geological phenomena
and processes subsystem recently contains records about 42
landslides occurred in territory of Vilnius City, developed
both in natural and artificial slopes (Stankevidiiité et al.
2013). When in Lithuania the most dangerous geological
phenomena started to be inventoried annually in the period
1997-2003 (Buceviciaté and Mikulénas 2003) and relevant
subsystem developed in 2004 (Mikulénas 2005).

Discussions

Comprehensive geotechnical solutions for slope stabilisa-
tions have be designed on the basis of detailed
engineering-geological investigations of the Gediminas’s
Hill. Therefore, Lithuanian Geological Survey elaborated a
program of coherent investigations for a period of at least
two years. The program for the first year includes remote
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scanning and monitoring, compilation of digital terrain
model from airborne or terrestrial LIDAR data; shallow
geophysics (e.g. electrotomography, ground radar investi-
gations), monitoring of slopes and building deformations,
periodic remote scanning and setting of the early warning
system of slope deformations. Suitable sites for direct geo-
logical research can be selected only after this phase.

During the second year monitoring has to be proceeded,
geological research completed for purpose of stability
assessment: engineering geological and geotechnical inves-
tigations (drilling, sampling, laboratory analysis, etc.), land-
slides susceptibility mapping, geotechnical modelling of
slope stability. Based on the results of comprehensive inves-
tigations the relevant methods of slope stabilization could be
designed thus improving the stability of Gediminas’s Hill.

A problem of slope stabilization became more difficult
considering status of cultural heritage. It is necessary to
establish ground monitoring system and perform geotech-
nical investigations. Archive geotechnical data is not rele-
vant to parameterization of soil geotechnical properties,
levelling data must be renewed and provided with higher
accuracy (airborne or terrestrial 3D scanning). Complex of
geophysical investigations should be performed and verified
by the other methods. Quantitative techniques for the eval-
uation of slope stability and further installation of means for
stabilization of slopes are strongly recommended.

Early warning systems should be arranged and lead to
permanent Gediminas’s Hill monitoring. Surface methods
for measuring the development of cracks, subsidence and
uplift include repeated conventional surveying, installation
of various instruments to measure directly, and tiltmeters to
record changes of slope inclination near cracks and areas of
the greatest vertical movements. Usually subsurface methods
include installation of inclinometers and rock noise mea-
surement instruments to record movements near cracks and
others areas of ground deformation, etc.

Conclusions
Steep slopes are sensitive to interaction of natural pro-
cesses and human activities that are witnessed by number
of historical and recent deformations of the unique
Gediminas’s Hill as a part of the Vilnius cultural heritage.

New geotechnical investigations have to be performed
because old ones lack important geotechnical parameters for
numerical slope stability modelling. Modern slope modelling
techniques could help to design proper slope stabilization
system and could simulate various unexpected scenarios
such as heavy rain, water supply or drainage system failures,
impacts of additional constructions, etc.

Data of shallow geophysics has to be verified by drilling
considering status and vulnerability of cultural heritage.
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WLF Design Criteria and Risk Management of New
m‘mm‘,mmﬁgr{z Construction in Landslide Areas: The Case
of the Djendjen-El Eulma Highway (Algeria)
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Alessandro Fassone, and Francesca Guazzotti

Abstract

This paper presents the approach, hereafter named “dual approach”, applied in reducing
risks of roadworks-related landslides, based on the preliminary landslide assessment and
the Observational Method (OM). This approach has been implemented to the design of a
110 km motorway project in Algeria, during the last 10 years. The North-South oriented
alignment of this motorway crosses different environments starting from the plain area of
the Djen Djen valley, passing through a very irregular and geomorphological composite
area of the “Petit Kabylie” massif, up to the future connection with the existing East-West
Highway. The geological context is characterized by the presence of several complex rock
formations, including heterogeneous rock masses as Flysch. These rock formations are
strongly deformed and weathered such that landslide occurrence can be often related to the
poor unfavorable geological, structural and geotechnical conditions. Roadworks design and
construction in such complex and irregular mountainous areas are faced with various and
significant natural hazards including large extended landslides. The parallelism of and
partial superimposition between the design and the construction phase had mainly two
consequences; notwithstanding the fact it forced the timing of the two phases, on the other
hand, it allowed designers to quickly update the base reference model and design choices in
several cases, with significant improvements and advantages in terms of time and cost.
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Landslides ¢ Observational method (OM) ¢ Geological reference model (GRM) ¢ Case
study ¢ Sensitivity analysis * Risk assessment ¢ Risk management
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Introduction

The new highway under construction develops from Djen
Djen harbor up to the connection with the existing East West
highway near El Eulma. The alignment develops through the
Djen Djen valley, from the coastline, crossing the Atlas
Mountains of the so called “Petit Kabylie”, up to the high
plateau of El Eulma. The middle part of the alignment is the
most critical because of its irregular, steep and complex
landscape.

The project has dealt with several critical technical
aspects, mainly concerning the morphological (steep and
irregular slopes) and the geological/geotechnical conditions
(heterogeneous geological formations, tectonically active
sectors, landslides areas). Several interferences with
pre-existing roads and ongoing civil works construction
(Tabellout dam) have also been faced.

Complex and heterogeneous rock formations (Flysch) are
widespread in the project area and consist of shales/siltstones
and sandstones, marls and limestones sequences (Tertiary
and Cretaceous Flysch).

More than 60 landslides with different geometry,
dimension, kinematics features and evolution degree have
been detected. A dynamic and multidisciplinary approach
(dual approach) has been implemented, since the earliest
phases of the project (Feasibility studies). With the aim both
to manage the related risks and to identify the proper design
solutions, this approach focused on defining the reliable
Geological and Geotechnical Reference Model (GGRM)
which was progressively updated with the most efficient site
investigation and monitoring methodologies (OM). The
geological and geotechnical studies, among which landslide
assessment and characterization, have been performed taking
carefully into account technical needs and schedules to
complete activities. The GGRM as well as the procedure of
risks assessment represented a solid base for the assumptions
and design choices, constantly updated with a continuous
data flow coming from both site investigations and feedback
from works construction (follow up and monitoring).

Geological Aspects
Regional Geological Framework

The project area is located in the so-called Maghrebian
Cenozoic orogenic domain, which forms a 2000 km exten-
ded chain from Gibraltar to Sicily (Bouillin 1986). This
domain is classically separated in two different systems: the
Tell-Rif or Maghrebides and the Atlas (Fig. 1). Fringing the
west Mediterranean Sea, the Tell-Rif system (Tell in Algeria
and Tunisia, Rif in Morocco) is assumed to be an ‘Alpine
chain’ (Durand-Delga and Fonboté 1980), that means a

chain resulting from the closure of an oceanic domain. More
precisely, Bouillin (1986) divides the Maghrebides domain
in three zones:

1. the Internal Zone (or Kabylides), of European affinities;
including the metamorphic Kabylie Massifs and the
Mesozoic to Tertiary sedimentary cover of the kabylies
basement (Dorsale kabyle);

2. the Flyschs domain, which corresponds to the sedimen-
tary cover of the Maghrebian Tethys (Wildi 1983); The
Flyschs domain refers to a deep marine depositional
basin that is Middle Jurassique to Lower Tertiary in age;

3. the External Zones (Tell s.s.), which consist of a thick
pile of allochthonous terranes, the so-called ‘Tellian
nappes’ located between the Flysch domain and the
Atlas. They represent the sedimentary cover forming
thick sedimentary sequences of dominantly marly
carbonate-character. According to many authors (Durand
Delga 1955; Bouillin 1977; Wildi 1983; Vila 1980), this
domain can be also divided, from North to South, in the
following units: Ultra Tellian units, Tell units s.s., Epi
Tellian units.

Geological Layout of the Project Area

The project area extends through different geological and
geomorphological domains. The Miocene sedimentary
deposits widely outcrop in the first 20 km of the project area
and they consist in grey-blue medium plastic to plastic clayey
marls with subordinate intercalations of sandy layers.
A Quaternary cover (colluvial cap and stratified fine or coarse
alluvial deposits) can be observed along the main rivers and
drainages and above the Miocene succession as well.

Approaching the Atlas Mountains, Flyschs formations
can be detected. They represent the dominant and most
complex geological formations encountered in the project
area. Lower Cretaceous to Oligocene in age, these forma-
tions characterizes the landscape between the Kabylies chain
(Texanna) and high Plateaux (Mila). The Flyschs domain,
extended for approximately 30 km, includes several kinds of
Flyschs: the Cretaceous Mauritanian and Massylian
Flyschs, which consist in deformed shales and claystones
with quartz veins, limestones and sandstones interbedded
(Fig. 2), and the Eocene—Lower Oligocene Numidian
flysch characterized by light brown sandstones with subor-
dinates shales and claystone layers interbedded.

Gneiss, micaschists (“Socle Kabylie”) and evaporitic
rocks (Triassic formation) outcrop between Texanna and the
Tabellout Forrest, the most tectonically deformed zone
crossed by the alignment. Features of geological formations
are different concerning their stratigraphy (lithotypes nature,
ratio between strong and weak rocks) and tectonic
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Fig. 1 Structural map of North Algeria (modified from the Geological Map of Algeria, scale: 1:500,000): Maghrebian structural domains (1, 2, 3)

and location of the project area (Benaouali-Mebarek et al. 2006)

Fig. 2 Massylian Flysch
(Aptian-Albian): tectonically
deformed shales, claystones with
quartzite veins, sandstones and
limestone layers interbedded

disturbance. Because of their central position in the Atlas
chain, Cretaceous Flyschs (Massylian and Mauritanian
flyschs) are both strongly deformed (folded and faulted) and
affected by several kinds of slope instabilities depending on
the nature, the weathering and the structure of rock types
(rock fall, slides, complex landslides).

On the other side, the Numidian Flysch outcrops in
more external areas and it seems to be less deformed. In

both cases, a well-developed weathering profile can be
observed in the shallow horizons of the stratigraphic
succession.

Field surveys show that landslide occurrence (slides, falls
and erosion processes) increases when chemical and
mechanical weathering processes are pervasive (Fig. 3),
because they are responsible for the formation of a residual
soils which control surface morphology and dynamics.
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Fig. 3 Weathering profile
observed in an outcrop of the
Cretaceous Massylian Flysch

Weathering
profile

Folded s"ilal'les';,-..
(Massylian flysch)

The Geological and Geotechnical Reference
Model (GGRM)

According to the concept introduced by many authors in the
last few years, the GGRM is considered as a conceptual
framework where the collected data are comprehensively
stored (factual data) and interpreted, anticipating and char-
acterizing the ground conditions with their related risks
(Riella et al. 2015).

Thus, the “reference model” can be considered a tool to
help understand, define, quantify, visualize, or simulate the
relevant aspects of the study area.

Ground Investigations

It is common knowledge that some geological, hydrogeo-
logical and geotechnical aspects of a project can remain
partially or completely unknown prior to the actual engi-
neering construction phase, mostly due to intrinsic and
objective difficulties in performing site investigations (Riella
et al. 2015).

As a consequence, planning and management of suitable
site investigation campaigns is the key to obtain sufficient
and reliable data for engineering project design in a timely
manner while endorsing an economic design. In this case
study, the method and quantity of ground investigations
have been established taking into account both technical and
contractual aspects, as reported below:

design criteria and design norms of reference;

e type and importance of works (viaduct,
embankments, excavations);

e previous Site Investigation (SI) and technical data
availability;

e geological and geotechnical model and residual uncer-
tainties (i.e. landslide areas, strongly tectonically
deformed zones);

e drilling and laboratory equipment availability (capability
of sub-contractors);

e intrinsic difficulties of investigations, as well as access
limits, time, and performance of each methods;

e overall budget.

tunnel,

Geological Surveys

At the beginning of the design phases, field investigation
campaigns were conducted in order to elaborate a prelimi-
nary geological reference model, describing the general
geological, stratigraphic and structural conditions of the
project area as well as the features of natural slopes and
rivers dynamics.

The field studies were focused on the following elements:
soils and rocks characterization, assessment of stratigraphic
succession of heterogeneous rock masses such as Flysch,
their weathering degree, their intact rock strength and the
characterization of discontinuity surfaces in terms of spac-
ing, persistence and orientation. In the earliest stages of the
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Fig. 4 Output from SAR
analysis (Atlas domain)

study, landslides and potential instable sectors were identi-
fied and documented in detailed geological maps (scale
1:5000). This preliminary layout has been then used as a
reference for the additional SI design.

Remote Sensing and Interferometry
Analysis SAR

Analysis of remote sensing data and interferometry analysis,
based on both aerial photos and satellite monitoring systems,
have been used to assess soil and landslide movements and
their state of evolution (active, dormant and stable areas); in
particular, photointerpretation and SAR analysis allowed the
investigations movements that occurred over a span of
20 years (historic series) in significant areas compared with
the alignment position. Combining SAR analysis with
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detailed field surveys, the most critical and active areas have
been detected and characterized according to their activity
conditions (Figs. 4 and 5).

Geotechnical and geophysical investigations On the basis
of the preliminary results of field surveys, more than 350
boreholes were drilled; Hundreds of pressiometric tests,
permeability tests, SPT and thousands of laboratory tests
have been also performed. As a consequence of facing with
poor quality drilling and laboratory equipment, site and
laboratory tests have been established in order to be able to
cross check results and reduce uncertainties. Correlations
between in situ and laboratory tests have then been estab-
lished. Due to the difficulty in recovering intact core sam-
ples, significant geotechnical parameters (drained and
undrained cohesion and friction angle) derived from Triaxial
and Direct Shear tests have been compared to in situ tests
outcomes. The methylene blue test helped to check reliably
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Fig. 5 Landslide occurred along
the national road RN77 in
Miocene marine formation
(weathering profile)

of the Atterberg limits and water content to correlate results
of undrained shear resistance in saturated soils. This
approach allows designers to adjust progressively the
geotechnical characterization of soil and rock masses,
yielding step by step the most reliable ranges of design
parameters.

Modeling and Design Criteria

On the basis of the geological reference model, 10 major
geotechnical units (UG) have been identified. A general
geotechnical characterization of UG has been carried out
using both SI results and outputs of the adopted correlations.
In case of a significant variability of the local geological and
geotechnical conditions, design parameters have been
adjusted accordingly. In order to develop a full and reliable
geotechnical characterization of the detected materials, both
Mohr-Coulomb and Hoek & Brown criteria were used
depending on the geological, petrographic and stratigraphic
nature of soils or rock masses, their weathering degree and
geostructural features.

The definition of the parameters values has been done
taking into account the uncertainties related to the reliability
of site investigation results and the associated risks. In some
cases the designer had to deal with problems linked to the
very low reliability of the laboratory tests that lead to the
necessity of adopting empirical correlations. Consequently,
the designer was forced several times to use conservative
assumptions during design stage. As a matter of fact, the
design parameters values range between the most unfavor-
able and the moderately conservative values (Fig. 6).

In detail, the most unfavorable condition represents the
0.1% fractile of the data, while the moderately conservative

INVESTIGATION DATA QUANTITY
INVESTIGATION DATA RELIALABILITY

GEOLOGICAL VARIABLITY

MOST MODERATELY

IDROGEOLOGICAL UNCERTAINTY
SOIL BEHAVIOUR UNCERTAINTY (PARTIALLY
SATURATED 50IL5)
COMPLEXITY OF TEMPORARY WORKS
WORK £

UNFAVOURABLE CONSERVATIVE

Fig. 6 Choice of design parameters values

one is a value that is situated between the mean value and the
characteristic value defined by the Eurocode as the upper 5%
fractile.

The moderately conservative parameter value is to be
considered not a precisely defined value but rather a cautious
estimate of a parameter (Patel et al. 2007).

Concerning the zones affected by instability or identified
as barely stable, back analyses have been also performed in
order to evaluate the lower bound parameter values derived
from in situ tests. Hence, with the aim to avoid a too pes-
simistic geotechnical characterization of materials, the
choice of design parameter values has been optimized both
using the Observational Method (OM) and implementing
sensitivity analysis as described furtherly in this paper.

Risk Assessment and Management
from the Phase of Design to the Construction

Risk Assessment and Landslide Susceptibility

The effectiveness of the modern procedures of “flexible
design” and “Risk Management”—today integrated inside
the best practices of the geotechnical design (AFTES GT32.
R2AT1 2012)—is enhanced when they are based on a sound
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preliminary “diagnosis” phase as well as a reliable and solid
reference model (Riella et al. 2015).

In the case study, the risk assessment and management
procedure has been implemented as an iterative tool, from
the earliest phases of design up to the construction, taking
into account both design criteria and construction require-
ments (above all safety factors, works quality and costs). The
adopted general approach follows the AFTES (2012)
guidelines and recommendations in which uncertainties and
risk assessment procedures have been progressively defined,
detailed and updated.

More generally, the logical process of risk assessment and
management has been focused on the definition of following
principal aspects:

e definition of the local geological setting;

e available data quality and their reliability;

e probability of occurrence of risk sources (hazards) and
their potential impacts on the project (principal risks);

e definition of countermeasures (for risk level reduction),
such as complementary and secondary investigations,
design parameters selection, structural measures;

e residual risks and uncertainties, such as unexpected
geological conditions.

With reference to the landslides risk, it can be noted that
such risk could be related to (1) old landslides thus potential
reactivation due to engineering disturbance or (2) triggering
of new landslides or instabilities due both to poor geological
and geotechnical conditions as well as their evolution in time
and to inadequate design; furthermore, such risk may man-
ifest either at construction stage or later in the operation
stage both of which require a proper risk management plan.

Field evidences show that some landslide related geo-
logical and geotechnical (GEO) factors play a key role in
defining the most critical “landslide prone” areas:

o Stratigraphic factor: The presence of a dominant plastic
clayey component both in soil and rock succession tends
to reduce the effective global shear strength of the
materials so that they can be involved in landslide phe-
nomena. Additionally, different kind of landslides can be
triggered also by the presence of chaotic bodies within
the “ordinary” sedimentary succession (i.e. Olistostomes
or tectonic breccia).

e Weathering factor: Weathering processes can affect
deeply the geotechnical properties of soil and rock
masses, reducing the physical and the strength charac-
teristics of materials. They affect significantly the integ-
rity and durability of a rock after excavation. According

to Mulenga (2015) the original geotechnical character-
istics of materials deteriorated as the degree of weather-
ing and exposure time increases.

e Structural factor: a large part of detected landslides or
instable areas are located in the tectonically active areas
(i.e. Flyschs domain) characterized by the presence of
several major faults, folds or unfavorable joints and beds
orientation.

¢ Hydrogeological factor: Local water tables can be
detected inside the Flysch sequences where medium to
high permeable layers such as fractured sandstone and
limestone layers are present. Several landslides can be
triggered by water over pressures occurred in the shal-
lowest permeable layers and in the weathering profiles of
rock masses.

¢ Morphologic factor: because of the active and persistent
regional tectonic activity, landscape morphology is gen-
erally composite with high and irregular steep slopes. As
observed in the field, landslides susceptibility and
occurrence increase in mountains areas (Atlas Chain)
where the landscape shows a strong structural-control.

¢ Geotechnical factor: some landslides can be triggered
by the overestimation of strength parameter especially
when a fair accuracy and reliability of geotechnical data
have to be faced.

Because of such strict relationship between the “GEO”
relevant key factors and the landslide occurrence, the choice
of proper geotechnical and geo-mechanical parameter values
has been a really sensitive aspect in the project design.
Especially, in case of works located in instable areas, initial
risk level has been reduced to an acceptable level with a
continuous process of study (additional investigations),
monitoring (countermeasures) and control. In this process
the Observational Method (OM) has been a suitable tool.

The Observational Method

The observational method (OM) was introduced by Peck in
1969 The OM, as it is interpreted nowadays, is slightly
different but the principles remain the same. The approach
proposed by Peck (1969) suggests to design with the most
probable parameters values and then eventually reduce them
to the moderately conservative values following the evi-
dence of the monitoring; besides, the modern concept
reverses this method, using a more conservative approach at
the beginning of a project and eventually improve it to most
probable conditions through field observations (Patel et al.
2007; Powderham et al. 1996; Nicholson et al. 2006). One of
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Fig. 7 Choice of parameters
values: comparison between
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the best approaches, internationally recognized, is the one
exposed in CIRIA 185; other regulations and best practices
treat the subject but lack details on some of the main features
of the OM process (Fig. 7).

The main benefits of using the OM are cost and time
saving, control improvement and increasing scientific
knowledge through feedback exchanging. It is suitable when
the materials concerned in the design have sufficient ductility
whilst brittle behavior does not allow sufficient warning for
interventions. In some cases, when rapid deterioration of the
material is an issue, a multi-stage process and incremental
construction process may be applicable.

Prior to design process, an Operational Framework needs
to be established. The one proposed in this project has been
developed on the basis of the ones proposed by CIRIA 185
and Nicholson et al. (1999) with some adjustments, as
shown in the figure below. As shown, contingency and
emergency plans have to be arranged from inception of the
project. The plan should define the following aspects:

lithology, foliation and stratigraphy variability;

soil and rock mass behavior;

hydrogeological hazards and water pressures;
excavations and temporary works hazards;

risk analysis;

trigger values definition;

contingency works to be applied to each risk occurred,;
revision of the monitoring plan in order to assess con-
tingency efficiency.
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The use of trigger values is therefore essential to define
the contingency measures to be implemented. For this pur-
pose, the traffic light system is usually applied dividing into
green, amber and red response zones, according to the
degree of risk (Fig. 8).

Cases Study
Retaining Structures Sensitivity Analysis

According to the above mentioned flow chart, the Design
and Planning phase constitutes the first step in the Opera-
tional Framework and it represents a stage of high sensi-
tiveness for the project, since project success and quality
critically depend on it. The final logical outcome (here
intended as the finalized project) derives from a series of
back-analyses on project parameters, other than from a
cyclic inductive-deductive reasoning about possible variable
design data and conditions. In the practical case, the design
of retaining structures has been based on the process of
hypothesis and interpretations. Such analysis takes into
account a number of project variables:

e water table (WT) at final excavation or at higher level, for
instance, at the detected geological limit;

estimated depth of the geological limit between chaotic
and landslide material (named Uf) and underlying bed-
rock (named Ug);
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Fig. 8 The operational method framework

¢ inclination of ground surface over the retaining wall;
e mechanical resistance of the more competent soil unit
(in terms of friction angle and cohesion).

The introduction of all these parameters in the equation
makes the retaining structure design a sensitive issue. On the
one hand, the designer has to take under consideration all
worst possible conditions, but on the other hand, it is not
acceptable to go for an oversize of the design, since this
would results in anti-economic design situation.

In this way, the OM allowed designers to verify, in rel-
ative short time, the factual geological and geotechnical
conditions and, if necessary, to adjust the geotechnical input
data accordingly. The scenarios presented below run all
afore-presented reasoning and the difference observed in
lateral earth pressure on the retaining structure can be
appreciated (Fig. 9).

As a consequence a reliable procedure of design control
has to be implemented since it is the designer’s responsi-
bility to consider client design requests and to select the
most convenient and safe design.

Observational Method Applied to Cut Slope

The Observational Method is sustainable if the amount of
time spent for monitoring does not exceed the time for extra
earthworks. For very large engineering projects such as a
motorway, approaches based on the concept of reliability
introduced by the Eurocodes, are suitable to be applied.
With such approaches, cut slopes are mostly designed with
characteristic values of material property parameters. How-
ever, in some cases, this would lead to extremely low slope
angles, leading to large earthworks and expropriation issues.
So, as an alternative, the most probable parameter approach
has been used along with monitoring. Considering the large
scale of the project, the monitoring has been divided into
areas of hazard, the response time and trigger values have
been chosen accordingly. The graphs below summarize the
failures or mechanisms of failure detected in the project
area; it can be noted that in most of the cases the triggering
factors were mainly due to hydrogeological uncertainty and
lithology variability rather than soil parameters overestima-
tion. Since the project is mainly located in uninhabited
areas, the efficiency of the method could be often optimized
choosing high triggering thresholds and lower monitoring
frequency. Moreover, the sizes of some instability were
contained, so contingency intervention could be achieved by
economical and fast solutions such as rock buttress (Figs. 10
and 11).

Conclusions

New roadworks in mountain areas often involves slope
cuts, which can be either in stable soil or rock mass or in
landslide prone areas. In the last case, old or new land-
slides could be (re) activated combining the effects of
different factors such as the unfavorable geological and
geotechnical conditions, the engineering disturbance and
the inadequate design solutions.
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Fig. 9 Sensitivity analysis on
lateral earth pressure on retaining
walls, variable parameters (WT
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In that scenario, the weathering process, when com-
bined with the influence of a long exposure time, a
dominant clayey fine component and the overpressure
generated by water tables, has been identified as one of
the main sources of landslides residual risk.

The success of a new road engineering project
depends also on the ability of the designers in recognizing
the factual conditions of the site and the related risks at
the very design phase and in proposing effective design
solutions to mitigate them. The so called ‘“dual
approach”, applied in RN77 highway project, had its
milestones in defining (1) a solid and reliable reference
model and (2) an efficient control procedure in which the
OM and the sensitivity analysis, on some key factors and

parameters, had a relevant role to deal with landslide
related risks. Residual risks, in fact, could be managed
efficiently during construction by means of OM and
sensitivity analysis if they are based on the adequate
knowledge of the local geological and geotechnical
conditions.

Experiences acquired in similar projects show that
residual risks can be generally quantify in an increase of
5-20% of total costs, depending on several key factors
among which the general context, types of works and
environmental conditions. In that scenario, the dual
approach provides a suitable example in which an effi-
cient design can be developed, also in complex geologi-
cal conditions such as landslide areas, adopting the
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flexible tool of risk assessment and management rather
than a firm too pessimistic and conservative approach.
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Abstract

The active Irazti Volcano is the highest of several composite volcanic cones which make up
the Cordillera Central in Costa Rica, close to the city of Cartago. The top of the volcano is
strategic for the Country, since at the height of over 3400 m sit 84 telecommunication
towers used by government agencies and several TV and radio stations, which guarantee
the station coverage of more than 60 percent of the national territory. Since December
2014, a series of minor tremors, or microseisms, occurred at the Irazti and some open and
deep fissures formed on the upper part of the volcano associated with formation of
landslides. More research is needed to determine if these fissures are directly related to
recent seismic activity. However, the landslide formation has made it necessary to relocate
the towers and there is evidence of the possible destabilization of a volume of about 3.5
million cubic meters of material. In particular, if the landslide triggers in conjunction with
heavy rains the movement could evolve into a huge debris flow that could affect Cartago
city, similar to the debris flow disaster of December 1963. The dynamics of this potential
event have been analyzed using the numerical code RASH3D. The calculated flow
intensities and flow paths could be used to support hazard mapping and the design of
mitigation measures. The reliability of the obtained results are a function of assumptions
regarding source areas, magnitudes of possible debris flows and calibration of rheological
characteristics, but also digital terrain model (DTM) quality. As to this last aspect, a
systematic comparison of numerical results, DTM and air photos enabled identification of
various weak points of the digital terrain model and identified potentially critical zones due
to the presence of man-made structures.
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Introduction

Gravity-driven mass flows of volcanic rock fragments mixed
with water represent a very important natural hazard in
volcanic areas. Such flows may occur not only prior to or
during eruptions, but also during volcanically quiet periods
when they can be triggered by heavy rainfall, lake outbreaks,
earthquakes, or simply the progressive weakening of rocks
in a volcanic edifice by hydrothermal alteration (Pierson
1998). The potential for mass movements is enhanced by
both steep slopes and large quantities of non-cohesive
pyroclastic materials (Valance et al. 1995).

In water-initiation cases, erosion and incorporation of
sediment by flowing water on the steep upper slopes of
volcanoes typically result in several-fold increases in flow
volume. While clay-rich (“cohesive”) debris flows can travel
great distances with little or no change in rheology, debris
flows containing less than approximately 5% clay-size par-
ticles in the matrix (granular or “noncohesive” debris flows)
commonly become progressively more dilute as they flow
and eventually evolve into flood waves of very muddy water
termed hyperconcentrated flows (Pierson 1998). The term
“lahar” has been recently adapted to include both debris
flows and hyperconcentrated flows generated on volcanoes
(Smith and Lowe 1991), because a single flow can involve
both rheologic flow types and multiple flow transformations.

In densely populated areas, small- to large-scale failure
events can be more destructive than any other eruptive
activity (e.g. Nevado del Ruiz in Voight 1990), by
destroying infrastructures, blocking rivers and burying
communities located downstream from source volcanoes.

In the stratigraphic record of the Irazti Volcano, one of
the most active in Costa Rica, several units of gravity-flow
deposits were recognized (Alvarado 1993). Even historical
eruptions, the last of which occurred in 1963—-1965, were
also accompanied by lahars (Waldron 1967; Alvarado and
Schmincke 1993) that severely impacted the city of Cartago.

Since December 2014, a series of minor tremors, or
microseisms, occurred at the Irazi and some open and deep
fissures formed on the upper part of the volcano with for-
mation of potential landslides.

The aim of this paper is to numerically analyze, with the
continuum-mechanics-based RASH3D code (Pirulli 2005),
the dynamics of an identified potential event with triggering
volume of about 3.5 million cubic metres of material. The
triggering of a landslide of this volume on the pyroclastic
deposits that mantle the slopes of the volcano, for example
by heavy rainfall or an eventual new volcanic eruption could

have important consequences for the city of Cartago once
again.

Analysis of obtained results provides an opportunity to
discuss possible consequences of digital data quality and
man-made structures on the shape and size of the area
impacted by the simulated mass movement and to evaluate
the current effectiveness of the control measures (i.e. levees)
that were built in the valley bottom after the 1963-1965
events.

Description of the Study Area

Irazi Volcano is the highest (3432 m asl) of several com-
posite volcanic cones which make up the Cordillera Central
in central Costa Rica and which are located near the popu-
lation and economic centers of the Country. The summit of
Irazi lies only about 24 km east of San José, the largest city
and capital of the Country, and only about 15 km
north-northeast of Cartago, the second largest city of the
Country and the capital of the Province of Cartago (Fig. 1).

The 1963-1965 Rio Reventado Debris Flows

The last major Iraza eruption started in 1963 and continued
until 1965. It erupted millions of tons of ash and other
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material which covered the slopes of the Irazi range where
many streams including the Reventado river have their head
waters.

The deposited material formed a hard impermeable crust
on the surface destroying all vegetal cover and causing a
hydrological imbalance: all the debris flow and erosion
problems that have plagued the country since the eruption
can be attributed to the accumulation of ash on the upper
slopes of the volcano and to its effect on the hydrologic
regimen of streams draining these slopes.

Some small floods and debris flows occurred in the Rio
Reventado and other streams soon after the eruption began,
but the most disastrous debris flow occurred in the Rio
Reventado on December 9 at the end of the 1963 rainy
season. An excellent description is provided by Ulate and
Corrales (1966).

A violent rainstorm, which raged over much of the
country for several hours, culminated in a torrent of water,
mud and debris that swept down the Rio Reventado valley
with high destructive force. From detailed studies of the
storm and the debris flow, it was estimated that the discharge
of this large flow was about 407 cubic meters per second, or
approximately 29 cubic meters per second per square kilo-
metre, and that it was composed of about 65 percent water

[}
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Fig. 2 The grey shadowed area is the main deposit of the debris flow
occurred on December 9, 1963

and 35 percent sediment by volume. This large flow
removed most of the accumulated debris from the valley
floor, stripped the vegetation from lower parts of valley
walls, and severely eroded valley walls and floors. In places
the flood reached a height of more than 12 m. Near Cartago
the debris flow spread out over the surface of the alluvial fan
in a tongue of destruction about 1 km wide, devastating and
area of nearly 3 km?, and inundated another several square
kilometres with muddy waters. More than 20 persons were
killed by this disastrous debris flow and more than 300
homes were destroyed (Waldron 1967) (Fig. 2).

The floods of mud and debris started again with the first
storm of the 1964 rainy season and they continued to be a
hazard and menace to lives and property throughout the
1965 rainy reason (Ulate and Corrales 1966). About 40 of
these flows were in the Rio Reventado valley. Although
none were as large as the flow in December 1963, nearly half
of them were large enough to constitute a hazard to Cartago.

The physical characteristics of Rio Reventado debris
flows varied greatly from one flow to another and determine
the final phase of their fluid stage. Most flows became very
thick and viscous during the final phase, much like a thick,
flowing concrete, but some became thin and watery.

Boulders as much as 2-3 m in diameter were very
common in all the flows, and several as large as 4-5 m in
diameter were observed.

An average velocity of about 5 m/s was defined based on
local measurements. Unfortunately, the velocities of some of
the larger flows were not measured, therefore the maximum
velocities attained are not known, but it seems very likely
that speeds in excess of 15-20 m/s were attained by some of
these larger flows (Waldron 1967).

Control Measures

Among control measures applied to the Rio Reventado after
these events, were some protective engineering works con-
structed in the lower Rio Reventado basin to promote flood
protection for Cartago and its environs. This involved the
creation of two artificial levees that contain the river and
extend downstream for several kilometres from where the
stream debouches from the mountain front (Waldron 1967).

Five decades later, people have built houses on the levees
and inside the hazardous areas. Furthermore, levees have
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Fig. 3 Dot lines are the levees that were built after the 1963-1965
events. Arrows indicate the position where the roads cut the levees to
cross the area. The grey shadowed area is the main deposit of the debris
flow occurred on December 9, 1963

been locally cut to allow a new road to cross the hazardous
areas (Fig. 3).

Potential Debris Flow Event

A series of minor tremors, or microseisms, occurring since
December 2014 has put residents of sev-eral communities
near the Iraz Volcano on alert.

Geologists from the National Emergency Commission
have confirmed that some open and deep fissures have
emerged on the upper part of the volcano. These fissures

near the crater have led to the identification of a potential
landslide (about 3.5 million cubic metres of material) near 84
telecommunication towers used by the government and
emergency agencies, as well as radio and TV stations, which
guarantee the station coverage of more than 60 percent of the
national territory (Fig. 4).

The dynamics of this potential event (Fig. 4) has been
numerically analyzed using the numerical code RASH3D
(Pirulli 2005; Pirulli et al. 2007).

Numerical Analysis of the Potential Debris
Flow Dynamics

Numerical analyses have been run with the numerical code
RASH3D, which is based on a single-phase continuum
mechanics approach and on depth-averaged St. Venant
equations (Pirulli 2005; Pirulli et al. 2007).

In order to run an analysis with RASH3D, it is necessary
to (1) define the topography of the study area with a Digital
Elevation Model (DEM), (2) define the source volume, and
(3) select the rheology.

A DEM with a 10 m grid spacing (based on 1:10,000
maps) was available for the considered study area.

The geometrical model, which is related to the estimated
volume of about 3.5 x 10° m3, was adopted in accordance
with information obtained through on site surveys. A sliding
surface at an average depth of 60 m was then considered

(Fig. 5).
Different rheologies are implemented in RASH3D so far:
Frictional, = Voellmy,  Quadratic  and  Pouliquen

(Mangeney-Castelnau et al. 2003; Pirulli 2005; Pirulli and
Sorbino 2008). A two-parameter Voellmy rheology was
used to simulate the dynamics of this event:

=2
P8V \ Vi
Ty = —| pghu+ ) (1)
) ( ¢ /vl

where i = X, y, £ is the turbulent coefficient, p, is the
apparent friction coefficient, v; is the depth-averaged flow
velocity in the x and y directions, h is the fluid depth, p is the
mass density and g is the gravity vector.

The entrainment process is evidently an important factor
during the run-out phase of debris flows on the Irazii Vol-
cano. As a consequence this aspect has been considered in




Numerical Analysis of a Potential Debris Flow Event ... 93

Fig. 4 a Continuous line bounds
the triggering area of the potential
landslide with volume equal to
3.5 x 10°m? (Background image
from Google Earth); star symbols
indicate the position of the b and
¢ details of the existing open deep
fissure
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Fig. 5 Numerical modelling of the topography together with the
potentially unstable volume, as used in RASH3D

the analysis by defining, according to geologist interpreta-
tion, a portion of the slope where an increment in the flowing
volume can occur (Fig. 6).

The following simple, yet effective, empirical formula
(McDougall and Hungr 2005) for entrainment rate (Et) is
implemented in RASH3D (Pirulli and Pastor 2012):

E, = hvE, (2)

where E, defines an average growth rate that, according to
McDougall and Hungr (2005), can be obtained directly from
the initial (V;) and final (Vy) volumes of the material and the
length of the erosion path (I).

Modelling Results

The modelling trials have been performed assuming a
Voellmy rheology with rheological parameter values
obtained from information available in technical literature,
where events originating in a volcanic environment were
already numerically back analysed to provide a set of cali-
brated cases (e.g. Sosio et al. 2012; Quan Luna 2007).

The ranges of investigated rheological parameters have
been the following: 0.005-0.05 for the friction coefficient
and 500-1000 m/s> for the turbulent coefficient (Table 1).
As to the entrainment process, on the basis of the description
of the December 1963 event given by Waldron (1967) and
the McDougall and Hungr formula (2005), the volume
average growth rate, Es, was set equal to 0.0035 m™".

Fig. 6 Shadowed area portion of the Reventado river channel where
entrainment is considered in numerical analyses. Continuous line:
triggering area. Dashed line levees in the valley bottom (Background
image from Google Earth)

It is stressed that the following numerical results do not
aim and do not claim to describe the exact extent of the
Cartago area that could be affected but intend to identify
critical aspects during the runout process that concern both
the digital elevation data and the consequences of human
activity on land management, and which in turn can affect a
risk assessment procedure and the design of risk manage-
ment protocols.

A first set of analyses was carried out ignoring entrain-
ment along the runout path (Simulations 1-5 in Table 1). It
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Table 1 Combination of
rheological parameters for carried
out numerical simulations

Simulation number

2
3
4
5
6
7
8
9

A

Debris thickness distribution [m]:

0 BN N2 4 B3 16 32 48 60

Fig. 7 RASH3D runout results. a no entrainment, with the rheological
parameter combination of simulation n° 5 of Table 1; b entrainment,
with the rheological parameter combination of simulation n° 8 of
Table 1. Dashed line levees in the valley bottom

emerged that independent from the rheological parameter
values the mass front stopped in the position indicated in
Fig. 7a. Numerical simulations where entrainment was
considered (Simulations 5-8 in Table 1), show that, as soon
as the stream exits the mountain valleys, the mass rapidly
spreads as indicated in Fig. 7b.

Detailed analysis of the DEM, coupled with a field
investigation indicated that a bridge structure was interpreted
by the model as a dam (Fig. 8). This affected both models,

95

ne) & (m/s%)
0.05 500
0.02 200
0.01 200
0.01 500
0.05 1000
0.01 1000
0.01 500
0.01 200
0.01 500

stopping the mass movement (no entrainment) or causing
spreading of the flow (entrainment model).

The DEM was corrected and a new analysis was per-
formed (Simulation 8 to 9 in Table 1).

The mass now flows in the channel and reaches the valley
bottom where some protective engineering works (i.e. levees)
were constructed to promote flood protection (Fig. 9).

The shape of the runout area in the valley bottom indi-
cated in Fig. 9 does not represent the final deposit of the
flowing mass (i.e. velocity is still not zero).

Analysis of numerical results allowed identification of the
critical points where the mass spreads outside the levees;
these concern both the orographic right and left of the
propagation path in the levee area.

Onsite inspections support these numerical results since it
was observed that:

1. the mass spreads on the orographic right exactly where
the levees have been cut to allow road to cross the area
(Fig. 10), and

2. the mass spreads on the orographic left due to the pres-
ence of a ramp that was built by local people to reach the
river. There the flowing mass can run up the slope as
indicated by the numerical simulations (Fig. 11).

Conclusions

A depth-averaged model (RASH3D) to simulate the
propagation of rapid flow-like events has been applied to
investigate the possible destabilization of a volume of
about 3.5 million cubic metres of material that could
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Fig. 8 Detail of the digital elevation model that evidences in ¢ and d the spreading of the mass due to a dam in the channel (indicated with a circle
in (b)) that is a digital incorrect interpretation of the bridge existing in that position (a)
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Fig. 9 RASH3D numerical

results after DEM correction with

the rheological parameter

combination of simulation n°® 8 of

Table 1. Dashed line levees in the

valley bottom
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Fig. 10 RASH3D runout results
in Cartago area. Arrows indicate

where the mass flow out from the
levees (dashed lines) where roads
cross the area (Background image
from Google Earth)

affect the South flank of the Irazu volcano. In particular, if
the landslide triggers in conjunction with heavy rains, it
could evolve to a huge debris flow and could affect
Cartago city and its surroundings.

The analyses are intended to identify critical aspects
during the runout process, that concern both the digital
elevation data and the consequences of human activity on
land management.

The flowing mass behaviour as simulated by the
numerical code was confirmed to be reasonable following
field inspections. In fact, the numerical results brought the
attention on a mistake in the DEM: due to a wrong
interpretation of a bridge, a portion of the Reventado
channel resulted as obstructed in digital data. Instead, in
the Cartago area, the numerical spreading of the mass

Debris thickness distributi
0
I

on [m]:
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(3]

=
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. : m ﬁ
T ST Sm ey (i

with respect to the levee areas occurs due to man-made
activity: the cutting of the levees to cross the area and the
reduction of the river flank deeping by construction of a
ramp to reach the river.

The obtained results have highlighted the capability of
RASH3D to correctly simulate the dynamics of this type
of phenomena on, and as a tool that can give a contri-
bution to hazard mapping and the design of mitigation
measures. It is however underlined that the reliability of
calculated flow intensities and flow paths are a function
of assumptions on source areas, magnitudes of possible
events and calibration of rheological parameters, but also
on quality of available digital data. This is why, numer-
ical analyses always have to be combined with field
surveys.
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Fig. 11 RASH3D results give a
spreading of the mass on bend
(dashed arrows) with respect to
the main channel path
(continuous arrows). a detail of
levees in the valley bottom
(dashed area). Background image
from Google Earth; b evidences
of a ramp (dashed area), as seen
from the bridge of Fig. 8
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Abstract

Landslides are the most common geomorphic hazard processes in Sub-Carpathians regions.
Crossing the Getic Sub-Carpathians between Campulung Muscel city (the first royal
residence of Romanian Country) and Ramnicu Valcea city, the 73C National Road is
constructed for more than 90% on sloping surfaces. A wide variety of landslide types, a
high landslide frequency (over 5 landslides reactivations/year and other new triggering) and
a high density (between 0.5 and 3.3 landslides/km) are the main characteristics of the slope
instability along the 73C National Road. Many stabilisation and repair works have been
completed, but different section remain vulnerable to landslide damage. The study aims are
to map the different types of landslides, to identify the landslides causes and their impact of
landslides related to 73C National Road and its communities, to identify new morpho-
logical surfaces which may have a high landslide susceptibility at and to assess the impact
of landslides. The main causes of landslides along 73C National Road are hydrogeolog-
ically controlled and are linked to high degree of drainage density and deforestation.
A multy-disciplinary approach was taken, consisting: landslides mapping, historical maps
analysis, geomorphological and geophysical methods, topographic and geotechnical
surveys. The results highlight considerable vulnerability of slope stabilisation works as a
consequence of an incomplete understanding of landslide processes and limited stabili-
sation works involving just the road embankment.
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Introduction

Landslides are gravitational geomorphological processes
intensively studied because of their impact on the anthro-
pogenic and natural environment.

The impact is defined by the relationship between the
environment (geomorphologic) in its resource capacity
(passive) and Man (assets) in its capacity as a modeling
agent (Panizza 1996, 1999). The geomorphic processes and
“landforms, both of which has become useful to man or may
depending on economic, social and technological circum-
stances” (Panizza 1996). The landslide effects that are
viewed as changes on the environment were highlighted by
Highland and Schuster (2004, 2007). A comprehensive
description of the types of impact of mass movements on
various environment is performed by Geertsema et al.
(2009). A classification method for landslide impacts was
proposed by Alimohammadlou et al. (2013). Concerns over
the impact of natural environmental and anthropogenic
landslides (including economic impact) were conducted
along roads in Curvature Carpathians (Constantin et al.
2009) and the Eastern Carpathians (Gaman 2013). The
medium and long term relationship between the landslide’s
impact and the economic components, such as network
transport, local and regional economy was highlighted by
Pfurtscheller and Genovese (2013). Landslides result in
different levells of impact that depend on landslide type, the
area affected [natural environment, protected areas, anthro-
pogenic environment (e.g. Geertsema et al. 2009)], the dis-
tance between triggering area and the affected surfaces, and
on factors such as their frequency, duration, persistence of
features and visual impact.

This paper illustrates a case study of 73C National Road,
where the Rapid Impact Assessment Method (RIAM) is
applied to determine the impact of landslides and assess the
consequences of anthropogenic intervention (such as cutting
forests, increasing stress conditions, traffic vibration, road
expansion, inadequate drainage, lack of road maintenance).

Methods

The methodology consists of combining geomorphological,
topographical, historical cartography, geophysical and
geotechnical surveys and they are used to identify the fea-
tures of landslide bodies and assess the landslide behavior.
Historical analysis of the road 73C was based on georefer-
ence and analysis of historical maps. The landslides analysis
included other cartographic documents, such as topographic
maps at 1:25,000, 5 landslide land surveys, ortophotoplans
and mapping of landslides. To compute the features of every
slide were used the following software: QGIS, ArcGIS,
Surfer, ACad. Geomorphological parameters as follows:

elevation, slope angle and road gradient, aspect fragmenta-
tion, and curvature were assessed. Geotechnical investiga-
tions consisted of the execution of over 35 geotechnical
drillings with a Beretta T4l mechanical machine, in 15
locations affected by instability phenomena. From the sur-
veys disturbed and undisturbed sampled were collected,
which were physico-mechanical analyzed, process design to
determine the geotechnical parameters, which in this paper
are analyzed granulometric content, humidity, density, limits
of plasticity, compressibility and shear strength. Shear
strength is characterized by the angle of internal friction and
cohesion - basic geotechnical parameters. Standard tests
(STAS 8942-2-1982) are performed using a direct shear
apparatus with impose strain and measured effort. In our
case, part of the samples were sheared in CU conditions
(consolidated-undrained, shear speed v = 0.5 mm/minute,
immersed) and other samples in UU conditions
(unconsolidated-undrained, shear speed v = 0.2-0.8 mm/
minute). The geotechnical data used, were part of separate
commercial studies, developed punctually at different peri-
ods (2007-2015) processed by different laboratories (Fig. 1).

VES (vertical electrical sounding) using Schlumberger
type array with four collinear electrodes are applicable for
obtaining the geophysical data like apparent resistivity
curves. Their interpretation provides physical characteristics
of lithology, lithological limits, ground water, pluvial and
sewage infiltrations, geomorphological processes. The elec-
trical resistivity survey’s depths varied from 6 m (into pri-
mary survey phase and to determine the shallow landslides)
to 20 m (to identify multiple slide planes).

The evaluation method called RIAM (Rapid Impact
Assessment Matrix) was proposed and developed by Pas-
takia and Jensen in 1998. Beeing a very flexible tool for EIA
(Environment Impact Assessment), RIAM allow selection of
analysis components or indicators related to peculiar impact
analysis area, subject or activity. This are scored from —3 to
4 according with the main criteria: importance of condition
(Al), magnitude of effect/change (A2), permanence of
effect/change (B1), reversibility (B2) and cumulative effect
(B3). Both criteria show the “measure of impact from the
(chosen) component” (Pastakia 1998; Pastakia and Jensen
1998). Criterion Al and A2 “can individually change the
score obtained, and criteria B1, B2, B3 should not individ-
ually be capable of changing the score obtained”. To obtain
the final score (ES = environmental score) is necessary to
multiply the components of criteria A (Al x A2 = At) and
the components of criteria B should summarize (B1 +
B2 + B3 = Bt), and after multiply the partial result: At x
Bt = ES. For comparing environmental scores it is necessary
to include into ranges of different types of impact. The
selected analysis components which are affected by land-
slides are the following: local morphology, potential land-
slides, phreatic levels, forest and pasture, landscape.
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Fig. 1 Geotechnical parameters variation computed for the most frequent deposit silty clay from instability areas

Geographical and Geological Description
of 73C National Road Area

The 73C is a national road running parallel to the moun-
tainous side and it is important road for passengers and
goods traffic between Arges and Valcea counties. The road
passed through Getic Sub-Carpathians, with sinuous and
different gradients due to morphologic substrate. The ele-
vation vary between 250 and 1110 m (Fig. 2). Geographical
unit consists of two longitudinal subunits of hills and
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depressions. The contact between them is given by the
corridor Tigveni—Curtea de Arges—Valea lasului—Dom-
nesti—Slanic—Berevoiesti—Schitu Golesti, followed by
73C National Road, strongly affected by slope processes
(Dinu 1999) (Fig. 3).

The slopes declivity (0-50°) increase from west to east,
the intensity and frequency of landslides does not change
accordingly; much more, the areas with frequent landslides
that creates permanent damage and destruction of the road
are in the west side. On both sides of 73C National Road
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Fig. 2 Geological and geomorphological map of 73C national road area. Relation between lithological deposits, landslides and 73C road
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Fig. 3 Topographic profile along 73C national road and landslides location

(about 10 m distance each), the slopes are quasi-horizontal
or in 7-12° range (Fig. 4). The morphology enroll in a
structural type with large structural surfaces oriented E, SE
and S, angular cuesta fronts, consequent main valleys and
subsequent tributary valleys.

The route of 73C National Road spreads on Helvetian,
Pontian, Dacian and Romanian deposits (sand, gravel, marl,
marly limestones, clay) (Fig. 1). Deposits are willing mon-
oclinal with angle about 10-15° to the S and SE (Dragos
1953; Mihaila 1971).

= =7

Historical Overview of 73C National Road

Roads, unlike highways, inherit old historic trails, connect-
ing administrative and economic medieval cities. Such a
road, important in the Middle Ages, linked the oldest city in
Wallachia, Campulung Muscel (1215-1292) with Ramnicu
Valcea (1389). This road was known as the medieval
Voivodal/Royal Road, currently classified as 73C national
road. The historic road linked three major cities: Campulung
—the first capital of Wallachia Country (1330) and the
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Fig. 4 Slope map and variation gradient along 73C national road



Landslides Impact Analysis Along the National Road 73C of Romania

105

[ [ —

landuse types of roads === 1910 localitles
- Forests | Heterogeneous agricultural areas ] s6i_73C s national roads c=u 1929 fursl
[ Pastures [ Inland waters I Landsides on 73C natioanal road < eXPressway 1956 urban
| Arable 1and [ Intand wettands 73 C natioan! road === county roads “x 1979
| Open spaces with litle or no vegetation - Mine. dump and construction sites 73C year of old abandoned route 1980
harh " 1
| | Serub andior [T ial and units e —— Rivers

Fig. 5 Landuse map and SCI protection areas

residence of the first Romanian Mitropoly (1359), Curtea de
Arges—second capital of the Wallachia Country (1369) and
the residence of Mitropoly (until 1517) and Ramnicu Valcea
—residence of Archdiocese of Ramnic and Arges (1505).

Among the first references to this road were recorded in
old cartographic documents or charters. In the 13th century,
Seneslau, Voivode of Arges (1247) “masters [...] subcar-
pathic way to Muscelele Campulung and OIt” (Multescu
2010). The road is random represented in old cartographic
documents, such as Nova et Recens Emendata Totius Regni
Ungariae una cum Adiacentibus et Finitimis Regionibus
Delineatio (Davit de Meijine Map, 1596). At the end of the
18th-century Map of Specht indicate the presence of the road
between Campulung, Curtea de Arges and Tigveni as the
main road (Osaci 2004). The Austrian Maps (1806, 1867,
1910) capture the route of the road with some spatial dif-
ferences (Table 1).

In 1910 the road was situated in a different location in most
of its sections, compared to previous routes. ‘“Directories
Shooting Plans” Romanian Map under Lambert-Cholesky
show new resettlement of the road in the eastern and central
sectors (Fig. 6). On topographic maps 1:25,000 (1979-1980)
the road overlaps the current route in western and central
sector (over 35 km), but there are changes in the route with
geometric improvements, in the eastern sector.

The main considerations of the historic road routes were
military, strategic and economic and follow the configura-
tion of interfluves or presence of springs and wells (Popp,
1938 quoted Osaci-Costache 2004). At the beggining it was
drawn related with the shelters, crossing the forests and
rivers (Targului, Bratia, Doamnei, Valsan, Arges, Topolog).

Since the forestry areas decreased from 55% (18th cen-
tury) to 36% (20th century) (Fig. 5) the old landslide were
reactivated and new once occurs along and across the road.
During this study were mapping almost 50 slides affecting
more or less the 73C road. Due to the slope mass movement
some segments of the road have been modified according
with increased traffic volume and capacity and also runway
velocity.

Currently, running speed on the road is 80 km/h and its
maximum sinuosity is 350°/km in the area of Piatra complex
of landslides.

The newest constuctions and maintenance technologies
(1985-2010) couldn’t stop the damages caused by
landslides.

Over 75% from morphological support of 73C national
road are slope surfaces. Geomorphologic and geologic
analysis of environmental features crossed by the road 73C
made it necessary to split into 3 relative homogeneous sec-
tions route: Schitu Golesti - Domnesti in the east, Domnesti
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Table 1 Historical changes of 73C road has been reported in curent route (SC-D: Schitu Golesti—Domnesti estern section, D-CA: Domnesti—
Curtea de Arges central sections, CA-B: Curtea de Arges—Blidari western section)

Source Year Length (km)
SC-D D-CA
Military survey map 1 1806 61.4
17.1 18.1
111 1910 54.6
14.2 17.3
Lambert-Choleski plan 1929 63.9
1956 16.6 23.1
Topographic map 1979-80 65.8
17.3 243
Ortophotopl. topo. survey 2011 2014-16 68.1
18 259

~ landslides B earthflow
25
20
15 . ﬂ

10

landslides no

22 14 16
western central estern sections

of 73C national road

Fig. 6 Landslide types into thre sections of 73C national road

——Curtea de Arges in center, Curtea de Arges—Blidari in
west (Table 1).

Five type of landslide were mapping in the western sec-
tions: shallow landslides (e.g. Curtea Arges), translational
landslides (e.g. Burlusi), rotational landslides (e.g. Piatra and
Pietroasa), triggered into Dacian deposits and almost every
ones combine with gully and torrential erosion (Fig. 6).
Some landslides are not quite large, but very active and
because of that, its produce permanent damages of road. The
earthflow and complex landslide (rotational and eartflow)
shaped on Dacian—Romanian lithological limits are pecu-
liar for western section. Their dynamics is very intense,
mostly for subsequent and obsequent landslide. The conse-
quent landslides have different slide mechanism and their
behavior consist in reactivated, dormant and suspended
dynamic (e.g. Barbalatesti, Berevoiesti, Domnesti).

The main features of complex and rotational landslides
are multiple slide planes outlined by geophisical measure-
ments (Momaia-Tigveni, Piatra) and deep-seated (slide
planes, more then 20 m depth) (Fig. 6).

Abandoned Deviation km Sinuosity index

sections
CA-B Orientation

18 37.8 1.315
26.2 9N 98

11 46.5 1.305
233 9N 3S

12 - -
24.2 4N 8S

13 15.0 1.37
242 9N 48

= - 1.428
242

The interpretative cross-section of Momaia landslides
shows the four landslide body thickness (high resitivity
values) and their retrogresive dinamic and the failure planes.
The other cross section present Berevoiesti consequent
landslide with many slide segments (Andra and Mafteiu
2007) (Fig. 7).

Landslides Impact Analysis. Features, Types,
Solutions and Quantification

Road rehabilitation solutions consisted in position or curva-
ture changed of the road segments, some of them with a
negative impact on the road. Technical solutions for road
development include: excavation works, support works,
planning topographic surface and drainage: leveling and
filling, embankment cut and retaining wall, vertical drain,
drainage ditch, gabion wall, piles works. The lack of interest
in the stabilization works of slopes before rehabilitation road,
leads repeatedly to damage of road. The construction of the
new sections on suspended or dormant landslide, increase the
stress condition of slope and reactivate its as a result.

Direct and Indirect Impact on the Natural
Environment

The impact assessment was done with adapted version of
RIAM matrix for identifying the impact range based on
analyzed components scores. The direct impact of landslides
prepared and triggered anthropic is new profile of slopes
through the cracks, scarps, deformation. Landslide effect is
shown by the curvature values of slopes (profile curves from
—0.3 to 0.2, plan curvature from —0.2 up to 0.7). As a



Landslides Impact Analysis Along the National Road 73C of Romania 107

(a)

Allitude(m)

: \ \ L3
515~ : ) CLAY b 515
: 3 ] \
- \\ &
e - rpnrwt resbtivity mll__g_ {Ohmm) Sh...‘ND ~ 510
14 16 18 20 25 30 35 40 45 50 55 60 65 70 75 8011414210
T T T
0 10 20 30 40 50 80 70 80 20 100 110
7 mH, mG, mD VLS locations NE-SV geoelectrical cross section o — e Sliding planes
F4 geotechnical drilling — o = lithological limits - = = = = - Water table

T BSBE ipeatns 00 ——————- dolwisn limits =0 === ——— nfimatonal lavel
iscresistivitios (Ohmm) — — — - FN0kOicAl mits i A S

Fig. 7 Interpretative geoelectrical cross sections along 73C national road in western (a) Tigveni and estern (b) Berevoiesti section show different

type of landslides



108 A. Andra-Toparceanu et al.
Fig. 8 Variation lengths of road (a)
segments damaged by landslides . |
(a). The relationship between the ’é‘ y a
lengths of road damaged and £ 2000 4
types of landslides (b) E 1,800

E 1,600 =

B 1800 -

» 1200 4

® 1000 @

° ‘a0

o

8 1w -

E 400 o

200 4 - A 0
m .
u 0 % L L L) lD ¥ L] D L g L] m L] : ﬂ
0 5 10 15 A 25 30 3% 40 45 0 5% 6D
(b) Lenght (km)

rosd walth (m)

T

compiex  comobx rotalioral  shaldwr shialowy shslow  transisbonsd

consequence, the geo-mechanical conditions change and
preparing for future slide processes.

These affect the original shape of the relief locally and in
a irreversible way. The indirect effects occur on post-impact
phase of the landslide as a resulte of the road construction
works (such as repairing and consolidation or strengthening
of the road, by executing backfilling and filling, either by
excavation and leveling works) (Momaia, about 19,000 mz).
The phreatic level may fluctuate in narrow limits. Slope
stabilization works by vertical drains will determine a long
term decrease, local, of phreatic level). Complex landslides
and earthflows have high impact on arborescent and herba-
ceous vegetation (e.g. the Momaia forest area over

lardsides Lype

15,000 m? was destroyed; after 10 years the vegetation has
not been regenereted).

Direct and indirect socio-economic impacts

Technical features of 73C are: 80 km/h design speed, annual
average daily traffic of 2400-3500 vehicles/day for passen-
gers and merchandise (20-25%) and the capacity of 7.5 t.
Landslides distributed over the entire length of 73C, with
sizes between 143 and 2160 m, summarizing 7400 m, which
exceeds 10%. The length of the affected segments decrease
from East to West (Fig. 8). Social impact is considered over
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Table 2 Landslide impact analysis (RIAM) on 73C national road

impact direct, indirect Al A2| B1|B2 B3 At Bt Es score impacts / changes
natural environment Significant negative impact 63 | -p | 72t0108 | +E Major positive
local morphology as road suport 1] -1 3 3 3| -1 9 9| -A AEwgL D Sl OSi,t i.ve
land stability /potential landslides 2| -1 2 2 3| -2 7 -14 | -B 19035 | +C MO(‘fe‘rately positive
10 to 18 +B Positive
phreatic level effectes 2| 1 2 2 3 [ -2 7 -14 | -B 1to 9 | +ASlightly positive
2| -1 2 2 3| -2 7 -14 | -B o N Statu quo
1| 2| 2| 2| 2] 4] 6| -12| -B| -1to-9 | -A Slightly negative
protection areas 1| o| o] 0| o| 0| O 0| N|-tote-18 | -B Negative ;
Significant negative impact | -38 | -D :;96 tt(:f; :lC) Ig;g;;z:;l{ ::5:;3’:
-72to- -E Majore negative
3| -2 2 2 3| -6 7 -42 | -D | 108
temporary isolation of comunities 2 1 2 2 3 2 7 14 B | ¢
visual quality of landscape 2| -1 2 2 1| -2 5 -10 | -A .
Economic environment Moderately negative impact -28 | -D ¢
landuse 1] -1 2 0 3| -1 5 5| -A
3] 2] 2] 2| 2] 3] 6] 18] B| ' | I
3 2| 2] 3[ 3] 3] 8] 24| c| ' p
Traffic and business development 1| -2 2| 3| 3| -1| 8 8| -A| I : =g
3| -1 2 2 3| -3 7 21| -D | , ! | I H I 2
Total impacts Major negative impacts | -129 | -E B W i

time through: displacement of the road affecting the integrity
of private property (houses, expropriated land, farm land
(Berevoiesti).

The traffic disruption and temporary isolation of resi-
dents, temporary deprivation of social services (road repair
work sometimes takes months or even years) and use of
detours routes constitutes impacts over resident life with
direct connotation.

The visual impact of landslides along the road 73C is
local and reflected on the slopes landscape. It’s imposed by
viewshed and related with complex and rotational landslides,
creating rupture in landscape. Visual impact is given by the
combined effect on morphology, vegetation and anthropic
and it is evaluate being slightly negative. The economic
impact of landslides on the road 73C is insignificant negative
and was generated by additional costs necessary for crossing
or bypassing damaged road segments (detours national road
7C), needed to repair infrastructure, private assets (houses
from Piatra and Valea lasului) and public assets. Transport
restrictions are concerning both speed limits and carrying
capacity. The frequency of these restrictions are monthly or
even weekly. The density of sectors with speed restrictions
at 30 km/h is 4-10 segments/km. Speed restrictions, com-
bined with the consequence of variation in average fuel

consumption, reduce the efficiency of the road. Currently,
the road has an average efficiency with reduced efficiency
sectors. Tourists avoid to use the road damaged by land-
slides. This is the main reason of poor economic develop-
ment of the region. The economic impact has regional
importance and has reversible character.

Conclusion

Landslides impact frequencies on the 73C road are
monthly and annual. By applying adapted RIAM matrix
the landslides impact on natural environment is signifi-
cant negative impact (Table 2). Most intense impact has
been considered being on the physical components of the
natural environment.

The social components fits in the same category, but
with less intense negative impact. The economic impact
is moderate, even with the annual performance of the
construction and maintenance and related costs. A con-
dition for an efficient use of the road 73C in relation to the
slope morphodynamics would address the whole slope
stabilization works prior to construction and maintenance
specific works. Otherwise, the effects of the relationship
between natural and anthropogenic environment along
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national road 73C will be permanent. RIAM is a good
tool to identify the importance and nature of each com-
ponent participating to the impact condition.
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Abstract

This paper aims to detecting terrain movements in landslide-affected and landslide-prone
zones and their damaging effects on the urban fabric. The case study is the Volterra area in
Tuscany region (Italy), covers about 20 km? and is extensively affected by diffuse slope
instability. Firstly, the spatial distribution and types of the landslides were studied on the
basis of the geological and geomorphological setting coupled with a geotechnical
monitoring. Secondly, satellite SAR (Synthetic Aperture Radar) images acquired by
ENVISAT and COSMO-SkyMed sensors respectively in 2003—2009 and 2010-2015 and
processed with Persistent Scatterer Interferometry (PSI) techniques, were exploited. In
particular, these satellite radar data combined with thematic data and in situ field surveys
allowed the improvement of the geometric and kinematic characterization of landslides, as
well as allowing a deformation and damage assessment to be undertaken on built-up zones.
The classification of damage degree and building deformation velocity maps of the study
area were also evaluated through PSI displacement rates. Furthermore, as a single
building-scale analysis, maximum differential settlement parameters of some sample
buildings were derived from radar measurements, and then cross-compared with
constructive features, geomorphological conditions and with field evidences of known
landslide areas. This work allowed the correlation of landslide movements and their effects
on the urban fabric and provided a useful stability analysis within future risk mitigation
strategies.
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Introduction

The analysis of slope stability in urban areas affected by
landslides is an important issue for landslide risk manage-
ment and mitigation planning.

A comprehensive study would include the spatial and
kinematic characterization of landslides and the evaluation of
their impacts and damages on structure and infrastructure
(Antronico et al. 2015; Gulla et al. 2016; Goetz et al. 2011; Van
Westen 2013). Such investigation can be performed by means
of various methods, widely used in scientific literature, i.e.
conventional geomorphological approaches and modern tech-
nologies like remote sensing techniques (Guzzetti et al. 2012).

Many different multi-temporal InSAR (Synthetic Aper-
ture Radar Interferometry) techniques, e.g. Persistent Scat-
terer Interferometry (PSI) have been successfully used for
measuring ground deformations in order to support landslide
studies over wide areas (Farina et al. 2006; Cigna et al. 2010;
Bianchini et al. 2012; Cascini et al. 2013). Recently, some
PSI-based procedures have been also developed for assess-
ing building deformation and settlement at local scale
(Ciampalini et al. 2014; Sanabria et al. 2014; Bianchini et al.
2015).

This work aims at detecting terrain movements in
landslide-affected and landslide—prone zones and their
damaging effects on the urban fabric of Volterra area (Tus-
cany Region, Italy).

The study area is extensively affected by diffuse lands-
liding and soil erosion. Moreover, two wall collapses and
some slope failures occurred in the period 2011-2014 due to
intense rainfall (Pratesi et al. 2015). After these events, an
accurate instability analysis was required, given the cultural
and historic heritage of the site, known as one of the most
important Etruscan settlements and medieval city (Sabelli
et al. 2012).

Optical data, geo-thematic layers, field surveys, and
existing geotechnical monitoring data were firstly exploited
to characterize the geological and geomorphological setting
of the site. Then, SAR images acquired by ENVISAT and
COSMO-SkyMed sensors respectively in 2003-2009 and
2010-2015 and processed with Persistent Scatterer Inter-
ferometry (PSI) techniques (Ferretti et al. 2001) were ana-
lyzed for quantitatively and qualitatively assess ground
motions of slow-moving landslide phenomena and their
impacts on the built-up zones of the study area. The out-
comes of this work permitted to correlate landslide move-
ments and their effects on urban fabric and provided a useful
stability analysis within future risk mitigation strategies.

Study Area
Geographical and Geological Setting

The Volterra study area covers about 20 km?” and it is mainly
represented by the historical town of Volterra and the sur-
rounding semi-urban and rural landscape (Fig. la). We
distinguished 7 sub-areas: the city center, Montebradoni,
Valdera, Colombaie, Fontecorrenti, St.Lazzaro, Roncolla
(Fig. 1a).

Volterra is located on a mesa tableland at 460—500 meters
a.s.l. (above sea level) and includes Etruscan, Roman and
medieval settlements, enclosed by great defensive town-wall
(Fig. 1b).

From a geological point of view, the sequence of the
study area consists of a Pliocene marine sedimentary suc-
cession, made of Early Pliocene thick Blue clays, upper
Middle-Late Pliocene cemented sands in horizontal strati-
graphic continuity and uppermost calcarenites where the city
center was built (Fig. 2). Recent colluvial terrigenous
deposits fill the valleys, lying upon the sandy-clay units and
mainly deriving from the weathering of the upper
formations.

Methodology and Data

The methodological procedure consists firstly in the back-
ground characterization of the area from the landslide hazard
point of view by means of geological-geomorphological
interpretation and ground truth information (i.e. geotechnical
monitoring and field surveys), as well as by satellite remote
sensing InSAR data. Secondly we performed the evaluation
of building settlement and damages through satellite InSAR
data combined with background data, finally producing
building deformation velocity maps and a classification of
damage degree of the study area.

For the background geomorphological analysis we used:

— Digital Terrain Model (DTM) with 10 meters cell size
resolution, 1:25,000;

— 1:25,000 topographic map distributed by IGM(Military
Geographic Institute) and 1:10,000 map downloaded
from the Regional website of Tuscany Region;

— Digital colour orthophotos from Volo Italia 2000 (not
stereo) and Digital colour orthophotos referred to years
2006 and 2013 downloaded from the Regional website of
Tuscany Region;
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— CORINE Land Cover map (Perdigao and Annoni 1997)
at 1:50,000 scale (3rd classification level), published in
2000 and distributed by ISPRA (Istituto Superiore
PRotezione Ambiente);

— Geotechnical data from inclinometers, provided by
GEOPROGETTI and GEOSER companies referred to
monitoring activity in 2009-2010 (GEOPROGETTI
2010);

— Reecent in situ field surveys, spanning the time interval
2010-2015.

Multi-temporal remote sensing SAR data employed in
this work are:

— ENVISAT ASAR (Advanced SAR) images acquired in
C-band (5.6 cm wavelength) along ascending and
descending orbits in 2003-2009 processed by e-GEOS
(an ASI Company) by means of the PSP (Persistent
Scatterer Pairs; Costantini et al. 2000) technique;

— COSMO-SkyMed SAR scenes acquired in ascending and
descending geometries in X-band in the time span 2010-
2015, processed with the SqueeSAR™ approach (Ferretti
et al. 2011).

Analysis and Results
Slope Instability Background

The geometry of the Volterra tableland, which is slightly
dipping 2-10° towards NE and the different outcropping
lithotypes influence the type and the spatial distribution of
landslides in the study area (Fig. 1b—d).

On one hand, on the southwestern slope of the Volterra
mesa, where Blue clays mainly outcrop (areas 4-7), the
morphology is gentle and affected by badlands, that are
typical landforms of clayey lithotypes, surface flows and soil
creep erosion (Fig. 1a, d). The shallow colluvial, made up of
chaotic detritus with thickness up to 20 meters in the SW
sector of the study area, contribute to determine diffuse
superficial landsliding (Pratesi et al. 2015; Bianchini et al.
2015).

On the other hand, on the opposite hillslope of the Vol-
terra mesa (areas 1-3), sands and calcarenites crop out more
widely and so the morphology is steeper and sharper,
characterized by sub-vertical cliffs (Sabelli et al. 2012). The
main types of landslides are complex movements and falls
caused by the undermining of the basal clayey of the hills
and consequent retrogressive slope failures (Fig. 1a, c). The
recent colluvial deposits derived from the weathering of the

sandy/calcarenitic lithotypes contribute also in this area to
surface creep downslope and ground instability.

The existing landslide inventory available for the Volterra
area, derives from a landslide inventory, which was provided
by Tuscany region at regional scale, improved by GEO-
PROGETTI company at local scale on the SW portion of
Volterra city (GEOPROGETTI 2010). This database
includes 116 phenomena, among which the most active and
hazardous are located on the SW portion of the study area
(Fig. 1a).

Geotechnical Monitoring

The monitoring network provided by GEOPROGETTI and
GEOSER companies consist of six vertical inclinometers on
the SW portion of Volterra within sub-areas 4-7 (GEO-
PROGETTI 2010). The inclinometer data were collected
from January 2009 to February 2010 (Fig. 2). Displacement
data reveal the depth of sliding surfaces in that zone affected
by slope instability. In particular, inclinometers n°2 and n°4
located in Colombaie and Fontecorrenti (sub-areas 4 and 5)
showed well-defined sliding surfaces at depth of 18 and
16 m respectively, allowing to identify the shear planes of
the mapped landslide bodies (Fig. 2).

These two inclinometers recorded the highest movements
with displacement rates of about 22 mm/yr, that are classi-
fied as “very slow/slow” according to the Cruden & Varnes
classification (Cruden and Varnes 1996). Nevertheless,
inclinometers n°1 and n°4 were found to be broken during
the last field campaigns in 2014-2015.

Inclinometer n°1 did not seem to present sliding surfaces,
even if a displacement of few millimeters per year across
monitoring time was evident. Inclinometer n°3 in Fon-
tecorrenti sub-area also did not reveal any defined shear
surface; at the depth of 12 m a differential displacement of
4 mm/yr was detected, in correspondence of a change in the
geotechnical properties of Blue Clays. Inclinometers n°5 and
n°6 showed overall stability characterized by no distinct
shear surface and almost negligible variations of 1-2 mm
along the whole depth of the instrument.

Remote Sensing SAR Analysis

Advanced differential interferometric SAR techniques were
exploited to derive information about slope stability condi-
tions and building displacements of the study area.
ENVISAT PSI data acquired in C-band in both ascending
and descending orbits show stability, set as +2 mm/yr
(Cigna et al. 2010), on the Volterra city center as well as in
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Valdera, Roncolla and St. Lazzaro sub-areas. On Colombaie
and Fontecorrenti sub-areas, some ground motions are
recorded, in agreement with the translational landslides
mapped in these zones (Fig. 3a).

COSMO-SkyMed PSI data acquired in X-band in
ascending orbit and descending orbit, respectively in the
spanning time 2011-2015 and 2010-2014, reveal highest
terrain movements on Colombaie and Fontecorrenti
sub-areas with mean yearly velocities up to 10-15 mm/yr
(Fig. 3b).

In the Colombaie sub-area, the moving radar targets are
related to the translational and rotational slides mapped in
this area, involving blue clays and colluvial deposits, and
thus permit to derive the annual velocities of these phe-
nomena. On Fontecorrenti sub-area, some landslide phe-
nomena were mapped upward the wide badland area where
the highest motion rates are recorded. These ground defor-
mations are likely induced and maintained, at least partially,
by gully erosion and active retrogressive movement of
badlands. Some evidences of retreat of the landslide crown
scarps were recognized on field and integrated with PS rates,
allowing us to better trace the present boundaries of the slide
movements. Also on Montebradoni and on St. Lazzaro
sub-areas CSK data detected some motions, represented
respectively by falls on balze crags or by superficial slides
on badland landscape.

Given the west-facing orientation of the Volterra south-
western zonation, which is the most hazardous one, move-
ments measured in descending geometry are the most
suitable to properly analyze the real motions downslope, and
therefore we only show interferometric data from descend-
ing geometry in Fig. 3.

Evaluation of Building Damages

A single building-scale analysis was performed on some
critical sample buildings on the most critical landslide-
affected sub-areas (i.e. Colombaie and Fontecorrenti), by
deriving the maximum vertical differential settlement and
angular distortion parameters, cross-compared with con-
structive features, geo-morphological conditions and with
field evidences on the known landslide areas (Fig. 4).

In particular, relying on the work by Bianchini et al.
(2015), an Inverse Distance Weighted (IDW) interpolation
was performed on PS cumulative displacements of time
series in order to create a continuous displacement-surface
from the sample set of PSI locations. For this detailed local
evaluation we only consider the CSK PSI data that, due to
their density and high resolution, show up on building
facades and roofs, fitting well the typical scale of construc-
tive elements. The IDW raster map is characterized by a
cellsize of 3 meters, according to the 3 x 3 m cell size of
COSMO-SkyMed satellite images and converted in pixel
centroids (Fig. 4c).

The maximum vertical differential settlement (3,) of a
structure is the unequal settling of a building and it is defined
as the maximum difference of vertical displacement between
the two IDW centroids with the maximum and the minimum
cumulative displacement within the building foundation
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(Eurocode 1994, 2010; Bowles 1977; Bjerrum 1963). The &,
value defines the direction along which differential settle-
ment is dominant and it is computed as follows:

5. — <|Dmin_L0S - Dmax_LOS|> _ |oros]
L=

cos 0 " cosf (1)

where Dyin Los and Dpax 1os are the minimum and maxi-
mum cumulative displacements measured the building along

and Ov computation; d Sketch of the differential settlement parameters
used within the analysis

the satellite LOS during the monitoring period; 8 og is the
maximum differential settlement between these two mea-
surement points along the LOS; 0 is the satellite look angle
(Sanabria et al. 2014; Bianchini et al. 2015) (Fig. 4d).

The angular distortion (P) is related to the measured 6,,
and it is computed as the ratio of d, and the distance
(L) between the maximum and the minimum D, 1os and
Diax_Los cumulative displacement, as follows:
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The identification of the pixel centroids as Dy, 1.0s and
Diax_Los 18 found within a buffer area drawn around the
plain-edge of the building and dimensioned accordingly to
the cell size resolution (3 m). The use of this tolerance area
allows taking into account even PS benchmarks that do not
lie within the building foundation, but that are the result of a
back-scattered signal mainly influenced by the structure
itself, and also permits avoiding possible shifts in the layer
georeferencing procedures.

In Fig. 4 we show results of the building deformation
assessment on an example building in the Fontecorrenti
sub-area.

The building is a masonry structure (Fig. 4b) located in
an area characterized by the terrain instability of the colluvial
debris and by a translational landslide that represents the
retrogressive area of influence of the badland downward.
The building, initially built in the 1970s with direct foun-
dations, were underpinned with piles, but it is still affected
by settlement and suffered consequent damages (GEO-
PROGETTI 2010). The maximum differential settlement dv
shows a considerable value with a SE-NW vector orientation
(14.8 mm) and an angular distortion of 3.3 X 10~*. These
values and their direction are in agreement with the pattern
of the centimetric cracks damages, normal to tension stres-
ses, surveyed on the building during on-field campaign
(Fig. 4a—c).

By the way, the measured dv and B on this structure
resulted to be lower than the maximum allowable settlement
set as &, = 25 mm and B = 3.0 * 10~*, for civil building on
clayey/sandy soil (EUROCODE 2010). Higher values were
found on Colombaie sub-area.

By the way, the measured dv and B on this structure
resulted to be lower than the maximum allowable settlement
set as 8, = 25 mm and B = 3.0 * 10~*, for civil building on
clayey/sandy soil (EUROCODE 2010). Higher values were
found on Colombaie sub-area.

Classification of Building Damages

Over the whole Volterra area, at a larger scale, a classification
of damage degree and building deformation velocity maps
were also evaluated through PSI displacement rates, accord-
ing to the procedure proposed by Ciampalini et al. (2014).

Table 1 Ranking scheme of building damage categories (modified
after GSL 1991 and Cooper 2006)

Class Name Synthetic description

0 No damage Intact building

1 Negligible Hairline cracks

2 Slight Occasional cracks

3 Moderate Widespread cracks

4 Serious Extensive cracks

5 Severe Major structural damage
6 Collapse Partial/Total collapse

Firstly, after recent field surveys in 2014-2015, a damage
mapping of all the buildings of the study area was com-
pleted, following the ranking scheme of GSL (1991) and
Cooper (2006) for the degree of damage. According to the
crack pattern, seven classes were defined (Table 1).

A total number of 1371 buildings were digitized in the
study area. The 94% of the analyzed structures (1285
structures) turned out to be in class 0 (no damage), 49
buildings fall in class 1, while 15 and 16 buildings were
ascribed in class 2 and 3, respectively. £ buildings were
affected by serious damage (class 4) and 3 other ones by
severe damage (class 5). Any building experienced total or
partial collapse (class 6).

The Volterra city center is not affected by damage at all,
while most critical sub-areas are Colombaie, Fontecorrenti
and St. Lazzaro (Fig. 5a).

Then, an attempt to provide a velocity value of buildings
by means of PS radar data was carried out. We calculated the
velocity of each single building, considering the PSI data
included within its extension; in order to increase the amount
of PS inside a higher number of buildings, a buffer of 2 m is
defined following Ciampalini et al. (2014). This tolerance
also overcomes potential problems of shift due to georefer-
encing process.

The velocity rates of every strcuture were computed by
taking into account all the PSI targets (in ascending and
descending geometry) from ENVISAT satellite and from
CSK satellite (Fig. 5b, c).

A quite good correlation of the Building velocity maps
computed with ENVISAT (Fig. 5¢) and CSK (Fig. 5d) data
with the Building damage classification map (Fig. 5a) can be
assessed, the most damaged buildings are the ones with high
displacement and velocity.
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Discussion and Conclusions

The instability analysis on the Volterra study area was
performed through interpretation of geological-
geomorphological data and ground truth information,
such as inclinometric monitoring network referred to years
2009-2010 and recent field surveys (2014-2015). PSI
satellite radar data acquired in the periods 2003-2009
(ENVISAT satellite) and 2011-2015 (CSK satellite), in
combination the other data, permitted to enhance the
knowledge, extension, rate of displacements of the map-
ped landslide movements in the study area. The analysis
was carried out by considering 7 sub-areas (the city center

Building displacement
velocity map
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Fig. 5 a Building damage classification map; b Photos of some buildings whose locations is displayed and labeled in (a); ¢ Building displacement
map through ENVISAT data; d Building displacement map through COSMO-SkyMed (CSK) data

and surroundings): the most critical sub-areas character-
ized by the highest ground motion rates were Colombaie
and Fontecorrenti located on the south-western portion of
the study area, where translational/complex slides and
badland gully erosion extensively occur.

In order to evaluate the impacts of mass movements
on the urban fabric, we performed a building deformation
and damage assessment on some structures of the study
areas,by means of the PSI-based computation of differ-
ential settlement parameters. Values and directions of
these settlement features were cross-compared with
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background data (i.e. geological data) and crack patterns
detected during a recent in situ survey. This issue could
be deeply investigated in the future, by considering the
role and interaction with foundation types, comparing PSI
results with geotechnical computations and by assuming
a rating system for admissibility of differential settle-
ments (SLS—Serviceability Limit State—criterion).

Overall, the use of data in X-band increases the level
of detail of the analysis, since most of the PS targets show
up on housetops and facades of buildings, enabling a very
site-specific investigation and damage assessment.

This work scans active ground displacements on the
area around the historic town Volterra and surroundings,
and detects deformation and damage consequences on the
urban fabric at local scale. The outcomes could be useful
as a preliminary step for further risk management
strategies and, as future improvement, studies on expo-
sure and vulnerability of the elements at risk would be
performed in the study area.
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WLF The Resilience of Some Villages 36 Years After
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and Efisio Spiga

Abstract

The aim of this study is to describe the modifications of the built environment that have
occurred in 36 years following the Irpinia-Basilicata, 1980 earthquake. In particular,
especially in the villages of the epicentral area, changes in the urban and territorial setting
have been examined, as well as the consequences of ground effects that have influenced the
choices of reconstruction, both in situ, and far from the original historical centers. The
November 23, 1980 Irpinia—Basilicata earthquake (Mw = 6.9; Io = X MCS; Io =X
ESI-07), killing 3000 people, hit 800 localities over a large area of Southern Italy; 75,000
houses totally collapsed and 275,000 were badly damaged. The earthquake induced
primary and secondary environmental effects, over all slope movements. The total amount
of surface faulting was 40 km in length with the maximum displacement of 100 cm; the
total area affected by slope movements was estimated to be about 7400 km?, with 200
landslides classified. One of the largest landslides damaged Calitri village, in Avellino
province. We have examined, as case histories, the reconstruction of Calitri and San Mango
sul Calore villages, that were affected by severe landslides and were rebuilt in situ; we have
also studied Conza della Campania that was reconstructed far from the original location. In
the so-called Anthropocene age, the role of technical experts both in the built environment
and in the social and ethical context is extremely important, for rebuilding the villages
destroyed by earthquakes, especially in respect of the people resilience.
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Introduction

The November 23, 1980 earthquake, well known as the
“Irpinia earthquake” was the strongest seismic event of the
last 100 years in the Southern Apennines of Italy, with
Mw = 6.9 (Rovida et al. 2016) I0 = X MCS (Postpischl
et al. 1985) and 10 = X ESI-07, (Michetti et al. 2007; Serva
et al. 2007). It was felt nearly everywhere in Italy, from
Sicily in the South, to Emilia Romagna and Liguria in the
North.

This earthquake was characterized by a complex main
rupture, composed of three major sub-events, interpreted as a
succession of normal faulting events (Bernard and Zollo
1989). Many localities in the Campania and Basilicata
regions were nearly completely destroyed (I = [X-X MSK,
Postpischl et al. 1985); among them Castelnuovo di Conza,
Conza della Campania, Lioni, Santomenna, San Mango sul
Calore, San Michele di Serino and Sant’Angelo dei Lom-
bardi in the Avellino province, Fig. 1.

About 800 localities suffered serious damage (Balvano,
Bisaccia, Calitri, etc.); 75,000 houses totally collapsed and
275,000 were badly damaged. The casualties were 3000 and
10,000 people were wounded.

A large amount of information on primary and secondary
environmental effects, over all slope movements, was
available on the basis of several geological surveys carried
out in the area affected by this earthquake. The total amount
of surface faulting was about 40 km in length and the
maximum displacement about 100 cm (Pantosti et al. 1993;
Blumetti et al. 2002; Fig. 2), while the total area interested
by 200 slope movements was estimated in 7400 km? (Serva
et al. 2007). About 47% of the landslides were rock
fall/toppling, 20% rotational slides, 20% slump-earthflows,
3% rapid earthflows, 9% left undefined (Cotecchia 1986;
Esposito et al. 1998; Porfido et al. 2002; Porfido et al. 2007).
The largest rockfalls occurred mostly in the epicentral area,
with volumes ranged by 1000-10,000 m®, as well as
slump-earth flows that affected some important historical
centers. One of the largest landslides (23 million m?)
affected Calitri and its urban area of recent increase. In the
rural area even larger mudflows were triggered at Buonin-
ventre, near Caposele, (30 million m3) and Serra d’Acquara,
near Senerchia, (28 million m®) (Wasowski et al. 2002).
Many others secondary effects were observed in the near and
far field such as fractures, liquefaction phenomena and
hydrological changes (Porfido et al. 2007). The aim of this

Fig. 1 Isoseismal lines of the
November 23, 1980
Irpinia-Basilicata earthquake
(modified after Postpischl et al.
1985)
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Fig. 2 The 1980 main surface fault trace along Mt. Marzano. On the left side the original field map with the fault trace (courtesy of PFG-CNR,
1981), on the right the photo of the fault 24 years later (courtesy of Rosa Nappi, 2004)

study is to describe the modifications of the built environ-
ment occurred in 36 years following the 1980 earthquake. In
particular, it has been examined the resilience of the com-
munities (sensu CARRI Report 2013) in the villages of the
epicentral area, which means the ability of local people to
recover after disasters. In fact the earthquake strikes heavily
the inhabitants of villages and the total destruction of the
urban environment implies a significant loss of identity,
resulting in a difficult choice of reconstruction.

Moreover the consequences of the earthquake ground
effects and the changes in the urban and territorial setting
both in situ, and far from the original historical centers, have
also been considered.

Geological and Seismotectonic Setting

The Southern Apennines are a NW-SE-trending Neogene
and Quaternary thrust and fold belt (Mostardini and Merlini
1986; Patacca and Scandone 1989; Doglioni et al. 1996).

Since the Late Pliocene, after the opening of the Tyrrhenian
Sea, extensional tectonics progressively shifting to the East
has produced several deep tectonic basins, hosting mainly
marine and volcanic deposits on the Tyrrhenian side. In the
inner sectors of the Apennines many intermountain basins
have developed, typically NW elongated graben up to tens
of kilometers long; they are bounded by limestone steep
slopes cut by normal faults, and host thick Quaternary
continental sedimentation. The master faults are prevalently
SW dipping, only in few basins NE dipping.

This portion of Apennines since historical times has been
hit by several earthquakes with high energy (Rovida et al.
2016) and by numerous seismic sequences, recorded in the
last thirty years, including: Irpinia-Basilicata 1980, Monti
della Meta 1984, Sannio 1990, Potentino 1990 e 1991,
Sannio-Matese 1997, Molise 2002, L’ Aquila 2009.

The faults responsible for moderate to strong crustal
earthquakes show typical hypocentral depths of 7-20 km
(Amato et al. 1997), with slip-rates of the order of several
mm/year.
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Studies on active tectonics and paleoseismicity confirm
that the present-day tectonic setting of the Southern Apen-
nines is controlled by systems of Quaternary normal faults,
which  determine  still immature  basin-and-range
morphologies.

Methodology

As a starting point, the seismic microzonation of the Pro-
getto Finalizzato Geodinamica - Consiglio Nazionale delle
Ricerche has been considered, that was performed soon after
the November 23, 1980 earthquake. In this report the 39
municipalities of the epicentral area, which were the most
damaged ones, were surveyed (AA VV 1983); they were
chosen due to significant issues particularly of instability
phenomena, and the choices for reconstruction were exam-
ined, on the basis not only of advices dictated by technicians,
but also and especially on the basis of resilience of different
populations and of political choices.

In this paper we have examined the case histories of
Calitri, San Mango sul Calore and Conza della Campania
villages; the first two were damaged by severe landslide
phenomena, and in situ rebuilt, whereas the third one, on the
basis of poor local soil condition and the suffered destruc-
tion, has been reconstructed far from its original position.

Successively, for these villages the geological and soci-
ological storic and economic major studies of the literature
were examined and field recognitions were carried out to
ascertain the reconstruction stage (Alexander 1984; Gua-
dagno 2005, 2010; Pignone et al. 2008; Porfido et al. 2010,
2016).

The Calitri Case History

The village of Calitri was hit by the November 23, 1980
earthquake, with Intensity VIII MSK and VII ESI-07
(Postpischl et al. 1985; Serva et al. 2007), at a distance of
about 16 km from the earthquake epicenter, which was
located in Laviano. Six casualties occurred. This village was
built on the top of a prominent hill characterized by the
presence of sandston