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Preface

This book was born from the desire to offer to a broad audience of interested 
readers an overview of cognitive approaches to the study of landslides and the 
control of their evolution, through innovative integrated monitoring techniques. 
This subject is very topical, considering that landslides are one of the most 
destructive natural hazards, as they cause significant threats to lives, properties, 
and natural environments throughout the world, especially in mountainous  
regions.

This book provides the reader with a comprehensive overview of the current state of 
the art in landslide disasters, featuring an easy-to-follow format that focuses on the 
most important evidence-based developments in this critically important area.

Several authors, belonging to research and public institutions from different parts 
of the world, have collaborated in the technical discussion of this topic, reporting 
their experience and present advances in the critical research areas. The book 
contains nine chapters that cover important research aspects inherent to mapping, 
susceptibility, hazard and risk, monitoring, and modeling.

The introductory chapter, Chapter 1, prepared by the editors, consists of an 
overview of “Landslide Hazards” that includes overarching concepts of importance 
to the study of landslides, including global landslide information, factors affecting 
landslides, and recent trends and techniques used to investigate landslides. 
Chapter 2, prepared by Ram L. Ray, Maurizio Lazzari, and Tolulope Olutimehin, 
discusses remote sensing approaches and techniques used to study landslides and 
explores the possibilities of potential remote sensing tools that can effectively 
be used in landslide studies in the future. Chapter 3, prepared by Fabio Luino, 
and Laura Turconi, explains the unique translational rock-block slides located in 
Tertiary Flyschid Complexes of the Southern Piedmont Region (North-West Italy).

Chapter 4, prepared by Rocío N. Ramos-Bernal, René Vázquez-Jiménez, Sulpicio 
Sánchez Tizapa, and Roberto Arroyo Matus, characterizes susceptible landslide 
zones by using the accumulated index. This study helps to locate areas vulnerable 
to landslides and integrate disaster management or prevention plans. Chapter 5, 
prepared by Maurizio Lazzari, Marco Piccarreta, Ram L. Ray, and Salvatore 
Manfreda, explains the role of antecedent soil moisture on critical rainfall intensity-
duration thresholds to evaluate the possibility of modifying or improving traditional 
approaches.

Chapter 6, prepared by Miau-Bin Su, I-Hui Chen, Shei-Chen Ho, Yu-Shu Lin, 
and Jun-Yang Chen, presents time-domain reflectometry (TDR) technology for a 
long-term landslide monitoring system to explore rock deformation mechanisms 
and detect the location and magnitude of slope movement. Chapter 7, prepared 
by Jónas Elíasson and Þorsteinn Sæmundsson, presents the use of the translatory 
wave model to study landslides. This chapter also includes three case studies to 
study submarine slides (Japan), rock avalanche (SE Iceland), and debris slides 
(N Iceland) using the translatory wave model.
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Chapter 8, prepared by Herman Peiffer, discusses the techniques that can be used 
to evaluate and remediate the slope stability in overconsolidated Boom Clay in 
Kruibeke, Belgium, the same origin as London Clay. Finally, Chapter 9, prepared by 
Yi-Min Huang, Tsu-Chiang Lei, Bing-Jean Lee, and Meng-Hsun Hsieh, explains the 
use of the fragility curve model to evaluate potential landslides. 

Overall, this book significantly contributes to understanding the potential causes 
of landslides, advancing methods in monitoring, investigating, mapping, and 
mitigating.

The editors wish to express their thanks to all the participants in this book for 
their valuable contributions, and Ms. Kristina Kardum Cvitan (Author Service 
Manager) for her assistance in finalizing the work. We also acknowledge the staff 
at IntechOpen for their help in publishing this book and others.

Ram Ray
Prairie View A&M University,

Prairie View, Texas, USA

Maurizio Lazzari
CNR-ISPC,

Potenza, Tito Scalo, Italy
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Chapter 1

Introductory Chapter: Importance 
of Investigating Landslide Hazards
Ram L. Ray and Maurizio Lazzari

1. Introduction

Natural disasters, like earthquakes, volcanic eruptions, intense rainfall, and 
anthropogenic factors, such as deforestation, contribute to slope failure, either 
by decreasing resisting forces or increasing driving forces of the soil mass [1]. 
Landslides are strongly related to steepness of the slope, soil moisture/water content 
of the soil layer, climate factors that increase the water content of the soil, and 
other anthropogenic factors and can be triggered by earthquakes, volcanoes, and 
floods. However, most of the slope failures are proceeded by intense rainfall and wet 
antecedent soil moisture conditions [2–4]. Often aggravated by rapid and uncon-
trolled development, landslides, either large or small, which happen every year in 
mountainous regions around the world [5, 6].

To better understand and manage the potential landslides, it is essential to know 
the location and size of potential slope failures [7]. However, it is a difficult task 
to predict precise size and location of the possible landslides. Since slope failure 
is a complex phenomenon, it requires an in-depth understanding of slope failure 
mechanisms and monitoring techniques.

It is necessary to collect/obtain high-resolution spatial information of the soil 
layer, topography, hydrologic conditions, geotechnical characteristics, and land use/
land cover types to investigate landslide, including mapping, detection, monitoring, 
analysis, prediction, and others. Since slope failures commonly occur in the hilly 
region, especially in steep terrain, so it is rather challenging to obtain high-resolu-
tion data in conducting landslide studies [8, 9].

It is always recommended to obtain in-situ measurements for an accurate 
landslide study. However, such in-situ measurements are time-consuming and 
require complex data collection efforts even on local scales [2, 6]. Recently, remote 
sensing data and spatial analysis tools are widely used in landslide studies, including 
landslide detection, assessment, hazard, mapping, and inventories [10–12]. Remote 
sensing data makes it possible to conduct landslide studies, not only at inaccessible 
terrain but also at regional to global scale, which otherwise is not possible using in 
situ measurements.

2. Importance of information of historic landslides

Data archives of national projects, besides constitute a sort of historical encyclo-
pedia, they also represent a potential operational support tool useful and functional 
for planning and managing territorial and mitigation policies for landslide risks.

The awareness that territorial planning and emergency plans can provide 
significant information from historical data series on localities and areas previously 
affected by hydrogeological disasters have recently stimulated the international 

XIV
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scientific community to systematically collect data on landslides and floods [13]. 
Landslides, statistically, represent, after earthquakes and other external driving 
forces of natural disasters, which cause the most significant number of victims 
and damages built-up areas, infrastructures, environmental, historical, and 
cultural assets.

In particular, those which cause the most damage are fast-moving landslides 
(rockfalls, rapid mudflows, and debris flows), as well as those which involve large 
volumes of rocks or soils. Several landslide investigation projects, economically 
supported by public agencies, tended to focus mainly on phenomena that caused 
significant or evident damages (preferably occurring in urban areas or correspon-
dence with linear infrastructures). They often neglected some landslides, even 
a substantial entity, which had not affected or interacted with built-up areas, 
communication routes, or infrastructures.

Historical memory helps play a fundamental and decision-making role that can 
be recovered and used through integrated methodological approaches. The collec-
tion of historical data aimed at knowledge and mapping of the instabilities allows 
us to complete and improve the information obtained with normal geological-
geomorphological analysis, better defining fundamental aspects for assessments of 
danger and vulnerability of the region.

3. Global landslide information

Knowledge of past landslides of a region, in terms of the occurrence of the 
event, controlling factors, and trigger conditions, are the main needed factors to 
evaluate spatial and temporal probabilistic hazard [14]. Therefore, the use of pub-
lished and unpublished historical sources (federal, municipal, provincial, and state 
archives, publications, newspapers, press reviews, technical reports, photographs, 
and videos) can provide essential frameworks to understand the impact of hazard 
events over time in the areas monitored and evaluated during the new surveys.

Historical information can be grouped into four categories:

1. Direct recorded changes or natural events, such as droughts, floods, landslides, 
and erosion rates;

2. Indirect data used to determine causes or explain patterns, such as historical 
rainfall series;

3. Other data that provides additional information, such as geological maps;

4. phenomenological data that may change with time (e.g., the response of 
aquifers to wet seasons).

The types of information available from local archive data of ancient inscrip-
tions, annals, historical chronicles, private funds, ecclesiastical funds, newspapers, 
iconographies, magazines, monographs, old postcards, cartographies, and videos 
(Figure 1) are broad and may differ from place to place.

The data obtainable from these sources is extensive and vital but requires control 
and validation of the news and associated information, such as geographical (e.g., 
location, municipality, street) and temporal ones (exact day, time, etc.) or climatic 
conditions (rainfalls mm/h, local measurement stations, etc.).

The historical-environmental analysis uses documentary information to recon-
struct impact scenarios of natural events of the past on the environmental and 
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anthropic context of the time [15]. A fundamental method of interpreting historical 
information is to bring it back to its cultural, political, and economic context. The 
degree of reliability of data is, in fact, directly proportional to the knowledge, more 
or less in-depth, of this context.

4. Factors affecting landslides

There are numerous internal and external forces, natural and anthropogenic 
factors that trigger landslides [16–19]. The primary natural and anthropogenic 
factors that triggered landslides are outlined below.

4.1 Natural factors

Topography - Steep terrain
Gravity - slope failure due to gravitational forces
Geological- weathered/sheared/susceptible materials
Morphological- fluvial/glacial/wind erosion of slope toe, tectonic, volcanism
Heavy and Prolonged Rainfall -
Hydrological- rise in the groundwater table, flooding, rapid snowmelt
Earthquakes - ground vibrations created during Earthquakes
 Climate – cause series of natural disasters (e.g., drought, floods, storm,  
hurricanes, etc.)

4.2 Anthropogenic factors

Deforestation – enhance soil erosion and surface runoff
Overloading Slopes – increase surcharge load
Mining and Quarrying Activities – increase instability
Construction – increase instability

Figure 1. 
Synthesis of the remarkable diversity of historical documents potentially available to carry out geologic hazard 
analysis by integrating the present-day scenarios and data.
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analysis by integrating the present-day scenarios and data.
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The driving forces of landslides are physical/geological, morphological, and 
human in nature. Globally, the prominent causes of landslides are geological in 
nature and rainfall-induced. Landslides occurring majorly in mountainous and 
coastal terrains have also occurred in plains, which can be such as failures of the 
roadway and building, in addition to quarries and open-pit mines. These are some-
times the resultant effects of heavy rainfalls, volcanic eruptions, earthquakes, and 
droughts. Some areas are susceptible to landslides due to human activities affecting 
vegetation and topography. This also happens in places where wildfires occur.

Landslides are unpredictable. For example, landslides can occur due to human 
activities or non-human activities that affect slope stability [20]. Geological 
factors may account for 43% of landslides. This includes the impact of gravity 
on the topography of sloped areas, water pressure, weak soil formation, etc. The 
morphological causes, such as volcanic pressure, underground erosion, climate 
factors, vegetation elimination, crest accumulation. Human activities, such as 
excavation, irrigation, mining, deforestation, and slope encroachment, also 
enhance slope instability [21, 22]).

Kazmi et al. [21] investigated 11 landslide events in Malaysia and summarized 
water movements, weak safety management, heavy downpours, inadequate slope 
protection, damaged drainage, flawed design, and construction were some of the 
underlying factors that triggered landslides. Singh and Singh [23] found urbaniza-
tion as a contributing factor for the risk of landslides and hazards. They discussed 
one of the most famous landslide events in the history known as Frank Slide. The 
Frank Slide of Turtle Mountain of Canada occurred in 1903 and generated 82 million 
tons of limestone. The primary cause of this landslide was the geology of the moun-
tain because weak rock and stones were covered by limestone rock. Another factor 
was the weather event prior to the landslide, which was more snowy than usual, 
which allowed snowmelt and rain to permeate the mountain. The resistance forces 
of the rocks were more weakened beyond bearable limits. Pal et al. [24] reviewed 
several other landslide events and found intense rainfall as a common triggering 
factor for these landslide events. Since the causes of landslides across the world are 
multi-faceted, more advanced researches are necessary to investigate the triggering 
factors of landslide events.

5. Landslide investigation: recent trends and techniques

Landslide investigation has been promoted by the International Decade of 
Natural Disaster Reduction (IDNDR, 1990–2000) proclaimed by the United 
Nations, when working groups on landslides were established (e.g., International 
Landslide Research Group (ILRG)). In addition, recent advances in landslide 
investigations include real-time monitoring, modeling, prediction, and assessment, 
which are helping communities and end-users to be better prepared to face potential 
landslide threats [25]. During the past three decades, tremendous developments 
have been made to investigate landslides. The investigation of Landslides has been 
carried out using surface and subsurface methods comprising qualitative and 
quantitative approaches. Although the wide range of applied geophysical tech-
niques were used in landslide investigations, primarily these are grouped into two 
main classes: remote sensing techniques, which can be used to characterize the 
Earth’s surface, and sub-surface techniques, which characterize geological surface 
by using non-destructive approaches [26]. In addition, an integrated approach 
combining satellite, airborne, and ground-based sensing, is widely used to investi-
gate landslides [27, 28]. The wide range of remote sensing data from various optical 
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and microwave synthetic aperture radar (SAR) sensors and the increased temporal 
and spatial resolution provides new opportunities to investigate landslides at a 
range of scales [26, 29].

Some other advancements for landslide investigation are the use of in-situ 
geophysical techniques and electrical resistivity tomography (ERT), which can 
be used for landslide detection [27]. The interferometric techniques, which 
include Multi temporary interferometry (MTI) and advanced synthetic aperture 
radar differential interferometry (DInSAR) techniques, can be used to extract 
information on ground surface deformations. Also, interferometry SAR (InSAR) 
data combined with Unmanned Aerial Vehicle (UAV) images and aerial photog-
raphy can be used to investigate slow-moving landslide [30]. Recently, applica-
tion of UAV is growing to monitor rapidly occurring landslides and mapping in 
inaccessible terrains [31, 32].

Machine learning techniques are also getting popular in evaluating and detect-
ing landslides [33, 34]. In addition, the use of artificial intelligence (AI) technique 
is growing to investigate landslides, such as landslide susceptibility mapping, 
characterization, and prediction [35].

Currently, remote sensing technologies are used in landslide monitoring, mapping, 
hazard prediction and assessment, inventory and detection, and other investigations. 
Some of the key technological advancements for investigating landslides outlined by 
Petley [26] are as follows:

Digital imaging – Digital photogrammetry to capture image of landslides.
Optical satellite sensors – Many commercial satellites are providing high spatial 

resolution data to study landslides (e.g., GeoEye-1 (0.4 m); Quickbird (0.6 m)).
Google Earth – An important tool for visualization and analysis.
Radar satellite sensors – Radar techniques allow to accurately determine the small 

landslide movement.
Terrestrial laser scanners (TLS)- The TLS, a ground-based LiDAR, mainly used to 

collect field data on steep unstable terrains.
Airborne LiDAR – A little expensive to collect data; however, it is widely used to 

collect high spatial resolution data to study landslides.
Engineering geophysics – This geophysical technique is widely used and applied to 

evaluate the sub-surface environment of landslides in 3D and in real-time.

6. Concluding remarks

Landslide, a catastrophic disaster, has been on the rise due to the impact of 
natural and anthropogenic, such as climate and land use/land cover change, and 
growing population. Landslides are common around the world, especially in 
mountainous regions. Since landslides are a severe threat to lives and properties, it 
is essential to understand the physical processes, causes of landslides, movement 
characteristics, and potential risk factors. It is also vital to study landslides, which 
helps understand landslide mapping, prediction, monitoring, and risk assessment 
to reduce the impact of landslides. However, such in-depth landslide investigations 
require advanced technologies, robust methods, models, and high resolution spatial 
data, which includes in-situ and/or remotely sensed measurements globally.

While a high resolution data is required for landslide investigation, the potential 
landslide area is mostly inaccessible, which limits for in-situ measurements. Although 
recently, the application of satellite for landslide studies is growing, high spatial 
and temporal resolution satellite data are still limited on a global scale. Regardless 
of recent advancements in landslide studies, more research efforts, advanced 
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Remote Sensing Approaches and 
Related Techniques to Map and 
Study Landslides
Ram L. Ray, Maurizio Lazzari and Tolulope Olutimehin

Abstract

Landslide is one of the costliest and fatal geological hazards, threatening and 
influencing the socioeconomic conditions in many countries globally. Remote 
sensing approaches are widely used in landslide studies. Landslide threats can 
also be investigated through slope stability model, susceptibility mapping, hazard 
assessment, risk analysis, and other methods. Although it is possible to conduct 
landslide studies using in-situ observation, it is time-consuming, expensive, and 
sometimes challenging to collect data at inaccessible terrains. Remote sensing data 
can be used in landslide monitoring, mapping, hazard prediction and assessment, 
and other investigations. The primary goal of this chapter is to review the existing 
remote sensing approaches and techniques used to study landslides and explore the 
possibilities of potential remote sensing tools that can effectively be used in land-
slide studies in the future. This chapter also provides critical and comprehensive 
reviews of landslide studies focus¬ing on the role played by remote sensing data 
and approaches in landslide hazard assessment. Further, the reviews discuss the 
application of remotely sensed products for landslide detection, mapping, predic-
tion, and evaluation around the world. This systematic review may contribute to 
better understanding the extensive use of remotely sensed data and spatial analysis 
techniques to conduct landslide studies at a range of scales.

Keywords: remote sensing, landslide detection, landslide mapping, landslide 
inventory, natural hazards, susceptibility, assessment

1. Introduction

Landslides are natural hazards that have a significant impact globally [1, 2]. In 
comparison to other natural hazards, landslides are one of the costliest and fatal 
geological hazards, threatening and influencing the socioeconomic conditions of 
many countries throughout the world [3–5]. A landslide can be triggered by various 
natural phenomena (e.g., earthquakes, heavy rainfall, tsunami, and flood) and 
human disturbances (e.g., deforestation, infrastructure developments by cutting 
slopes, and presence of historical underground cavities) [6–8]. A landslide occurs 
when the soil layers of the slope get detached either from saturation due to extreme 
rainfall events or from external forces (e.g., earthquakes) and move downhill 
causing loss of life, properties, environments, and economic damage. For example, 
in the U.S. alone, landslides cause approximately $3.5 billion in damage and kill 
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between 25 to 50 people each year [9]. Also, in 2014 alone, Nepal had a landslide 
where livestock loss was many times larger than human loss and infrastructural 
damage was more expensive in comparison to the economy of the country [10]. 
Slope failures also cause major sedimentation into streams and lakes, which further 
represents a major cause of flooding [5, 11].

Landslides are common primarily in the mountainous regions if a slope is 
unstable or becomes unstable due to external driving forces [10, 12]. Landslide haz-
ard can be classified into high, moderate, and low based on the volume, duration, 
possible effect in terms of distance, area, and speed at which the slope fails. Since 
landslides can adversely affect human lives and property, it is essential to monitor, 
detect, map, and conduct hazard analysis in order to reduce the impact of their haz-
ard and save human lives, property, and environment around the globe. Landslide 
susceptibility maps can be developed for landslide-prone regions by combining all 
of the potential predisposing factors, which cause a landslide.

Landslide susceptibility depends on the local terrain, land use, and climatic 
conditions, which require spatial information [13]. A landslide susceptibility zone 
includes information of past landslide inventory with an evaluation of future 
landslide-prone areas, but it does not include assessment of the frequency of land-
slide occurrence [14]. Also, the temporal probability of a landslide is not included in 
susceptibility models [15]. High-quality landslide inventory maps can be developed 
using in situ measurements and field surveying [16, 17]. However, in situ measure-
ments and field surveying are time consuming, expensive, and difficult for local 
to global scales. On the other hand, landslide susceptibility and inventory maps, as 
well as landslide hazard analysis, can be possible using remote sensing techniques 
and data, such as aerial surveys, unmanned aerial vehicles (UAV), light detection 
and ranging (LiDAR), and satellite imagery [16, 18].

Although remote sensing is continuously used for landslide detection/mapping 
and monitoring, it is generally considered to have a medium effectiveness/reli-
ability for landslide studies because satellite data are available relatively at coarse 
resolutions [3]. On the other hand, hazard assessment requires high resolution data 
to define the spatial distribution of landslides and their state of activity both on a 
local scale and from studies from regional/global scales [10]. In addition, remotely 
sensed data are cost-effective because most of the global satellite products are 
freely available and can cover rugged/complex terrains, which is otherwise not 
possible to assess with in situ measurements [19]. Even in the late 1990s, stereo-
scopic air-photo interpretation was the most used remote sensing tool applied to 
the mapping and monitoring of landslides [20]. Many studies have been carried 
out on landslide hazard evaluation using geographic information systems (GIS) 
and geoinformation-related techniques [4]. Recently, GIS and remote sensing 
tools have become powerful tools for integrating spatial data to conduct landslide 
studies [10, 21].

Remotely sensed data and techniques are widely used in landslide studies, 
including landslide inventory/detection, monitoring, and mapping, and hazard 
analysis (e.g., [16, 22, 23]). Timely and high-quality information derived from 
space-borne observations helps in managing natural and human-made disasters [1]. 
Accordingly, landslide risk mapping and management can help reduce disaster risk 
[10]. Similarly, early landslide predictions and warnings are important in curtailing 
landslide hazards [4, 24]. Landslide vulnerability assessment is used in identifying 
what elements are at risk and why; such information helps in landslide disaster 
mitigation measures [10, 21].

The use of remote sensing data for landslide studies, whether air, satellite, or 
ground-based measurements, is mainly classified into three main categories: (a) 
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detection and identification, (b) monitoring, and (c) spatial analysis and hazard 
prediction [20]. However, we have reviewed landslide studies using multiple 
categories as they appear in the literature.

This chapter aims to provide a critical and comprehensive review of recent 
landslide studies conducted using remotely sensed data and techniques. It 
includes an overview of landslide inventory/detection, mapping and monitor-
ing, susceptibility, and hazard analysis using remotely sensed data at a range 
of scales. It helps to understand the potential benefits of conducting landslide 
studies using satellite data to save human lives, properties, and environments 
around the globe.

2. Landslide inventory/detection

Landslides, influenced by several preparatory and triggering factors, are 
naturally hazardous events causing loss of lives and properties and environmental 
degradation [25]. Landslide-triggering factors such as intense or prolonged rainfall 
or rapid snowmelt, earthquakes, or volcanic eruptions are enhanced by human-
induced triggering factors such as deforestation, mining, and cutting slopes for 
road development [8, 26, 27]. Landslides include various movements like flowing, 
sliding, toppling, or falling, and many landslides combine two or more of these 
movements at the same time or during the lifetime of a landslide [28]. Traditionally, 
landslide inventory maps can be retrieved from historical sources, archives docu-
ments, and newspapers, which are important but not detailed enough, making 
quantitative risk assessment challenging [29]. Historical landslide events offer a 
good opportunity to evaluate landslide detection techniques to develop landslide 
inventory, which can also be used in developing or validating landslide susceptibil-
ity and hazard mappings models [30].

An inventory map identifies landslides in a study area to establish the spatial cor-
relation between landslides and environmental factors [31]. A landslide inventory 
map is required to quantify landslide occurrence effectively. Landslide inventories 
generally include the size of landslides, its locations, and volume (preferred) [26]. 
Inventory maps, which provide information on the location of landslide distribu-
tions, help implement necessary mitigation measures [25]. The first step in evaluat-
ing landslide hazards is a comprehensive landslide inventory map [32].

Although landslide inventory mapping is a crucial requirement for a thorough 
hazard and risk analysis, the usefulness of these maps for land management and 
planning is rather limited due to their inhomogeneous spatial distribution and the 
use of different mapping and classification criteria and methods [33]. However, 
large-scale landslide inventory maps, developed using remotely sensed data, can 
overcome these problems and limitations, thus making susceptibility hazard and 
risk assessment more efficacious [34].

Since it is time consuming and expensive to develop landslide inventories using 
in situ measurements, remote sensing data, and tools can be an effective way to 
develop landslide inventory maps. High-resolution satellite image and advanced 
remote sensing and spatial analysis techniques allow developing more reliable land-
slide inventory maps [29, 35]. Methods involved in generating landslide inventories 
include visual interpretation of multi-temporal aerial photographs and remotely 
sensed images and geomorphological field mapping, expert knowledge on the 
geological setting in combination [36, 37].

For example, Harp et al. [38] suggested mapping criteria for landslide inventory 
as follows:
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a. GIS tool can be used to develop a spatial map for statistical analysis in relation 
to other spatial variables; and

b. the entire population of landslides triggered by the external forces or natural 
and anthropogenic causes must be mapped and plotted so that a complete 
landslide distribution can be obtained.

However, detailed inventories are rarely available because evidence could have 
been lost due to various degrees of modification in the past [26]. On the other hand, 
an inventory map/data can be developed using high-resolution historical remote 
sensing data, especially if morphological indicators for past landslide activities are 
present [34].

According to Guzzetti et al. [33] and Malamud et al. [26], landslide inven-
tory maps are categorized into archive inventory (based on records in archives, 
newspapers, and so on). Similarly, in Guzzetti et al. [33] landslide inventory maps 
are categorized as geomorphological inventory which can further be classified as 
follows:

• historical inventory (showing the cumulative effect of landslide over a long 
period without further temporal differentiation),

• event-based inventory (landslides caused by a single triggering event, such as a 
strong earthquake),

• seasonal inventory (landslides triggered within one active season) and multi-
temporal inventory (continuous monitoring of landslide activity over longer 
periods independent of particular triggering events), and

• the multi-temporal inventory is the most labor-intensive inventory type and 
the only one with the potential for spatio-temporal completeness, and it 
 generally requires the use of remote sensing.

A historical inventory is the most popular approach developing landslide inven-
tories using past landslide events. High spatial resolution and long-term remotely 
sensed data help rapid mapping and monitoring, especially during an emergency 
[1]. Based on the available in situ information and remotely sensed data, various 
landslide inventories can be produced and detailed at different scales covering the 
entire area affected by landslides, including, wherever possible, all sizes of land-
slides, and mapping landslides as polygons to depict their exact shapes [38].

In addition, landslide inventory maps are prepared for multiple scopes, 
including:

• documenting the extent of landslide phenomena in areas ranging from small to 
large watersheds and from regions to states or nations,

• taking a preliminary step toward landslide susceptibility, hazard, and risk 
assessment,

• investigating distribution, types, and patterns of landslides in relation to 
morphological and geological characteristics, and distribution of slope failure 
processes,

• studying the evolution of landscapes dominated by mass-wasting processes,
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• investigating the recent and historical relationships between mass movement 
processes, settlements, and high cultural value areas [39], and

• extracting thresholds of rainfall-induced landslides [40].

Landslide inventory and detection are technically very close and often used 
interchangeably. An inventory must be carried out through direct visual inspections 
(or field surveys) and/or in situ measurements (when possible), which, altogether, 
identify “detection.” In other words, there is no good and effective inventory 
without detection.

A complete and accurate landslide inventory is crucial for landslide predictions; 
therefore, the accuracy of landslide inventory can be maintained by analyzing high-
resolution satellite images [41]. Identification of landslide’s boundaries, terrestrial 
and topography verification, and third-party review are the procedures in inter-
preting the accuracy of landslide inventory [41].

The systematic information on the type, abundance, and distribution of land-
slide is still lacking, which helps document essential details on landslide types, 
patterns, recurrence, and statistics of slope failures. These pieces of information are 
helpful to identify landslide susceptible zones and determine potential hazards and 
landslide risk assessment [33]. Multi-temporal inventories are needed, especially 
in regions of frequently occurring landslide. These regions require high spatio-
temporal resolution data and efficient methods for landslide mapping and analysis 
[42]. An inventory map which contains landslide type, state of activity, depth, 
volume, date, and place of occurrence, can be used for the calculation of predispos-
ing factors for performance and reliability analysis [30, 37]. In addition to analyze 
and understand the causes of past landslides, landslide detection is equally useful 
for monitoring and predicting future hazards [43].

Landslide inventory/detection maps can be developed using the consolidated 
procedure of photo-interpretation of different sets of stereoscopic aerial photos, 
that can be integrated with an extensive field control of each recognized landslide. 
The field control process includes acquiring additional information about the 
main geomorphic elements and topographic signatures related to mass movement 
processes and their interpretation in terms of pattern, distribution, state of activity, 
and evolution of slope processes. In particular, the geomorphological field survey 
focuses on:

1. the validation of the information acquired by aerial photo-interpretation,

2. recognition of landslide types and state of activity,

3. analysis of deposits involved in slope failures, and

4. evaluation of damages to infrastructures.

Landslides of different sizes and types also offer to detect landslides, which can 
be used to develop a landslide inventory map [30]. A landslide can be detected or 
identified using visual interpretation techniques combined with field investigations 
as a ground control to develop the most reliable form of inventory maps for scien-
tific studies [44–47].

Numerous researchers have conducted studies to develop landslide inventories 
using remotely sensed data (e.g., [35, 37, 48–50]) (Table 1). For example, Moosavi 
et al. [37] produced a landslide inventory map using GeoEye remotely sensed data 
and found that thematic mapping using high spatial resolution satellite imagery 
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identified using visual interpretation techniques combined with field investigations 
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using remotely sensed data (e.g., [35, 37, 48–50]) (Table 1). For example, Moosavi 
et al. [37] produced a landslide inventory map using GeoEye remotely sensed data 
and found that thematic mapping using high spatial resolution satellite imagery 
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necessitates a new methodology. Also, Sun et al. [35] used Geofen-1 remotely sensed 
data to develop a landslide inventory map in a complex region with numerous gullies, 
which was otherwise challenging and impractical via field investigations.

Satellites Spatial 
resolutions (m)

Launch date Applications References for 
examples

Geofen-1 2 2013 Inventory [35]

GeoEye-1 1.65 2008 Inventory [37]

IRS-1C
Resources at 2-LISS III
RapidEye

188
24
5

1995
2011
2008

Inventory [48]

TERRA/ASTER 15, 30 1999 Inventory [49, 50]

SPOT-5 2.5 Pan
10 Mult

2002 Detection
Mapping

[39, 51]

Quickbird-2 0.6 2001 Detection [52, 53]

LiDAR 0.5 NA Detection [33, 45, 54]

IKONOS 0.82 Pan, 3.2 
Mult

1999 Mapping [55]

Landsat-8 15, 30 2013 Mapping [56, 57]

SRTM 30, 90 2000 Susceptibility
Detection

[16, 57]

Cartosat-2 1.0 2017 Susceptibility [25]

Cartosat-1 2.5 2005 Susceptibility [30]

AMSR-E 25,000 2002 Susceptibility [16]

TRMM 25,000 1997 Susceptibility [58]

GPM-Integrated Approx. 11,000 NA Susceptibility [59, 60]

WorldView-1/
Quickbird-2/
GeoEye-1

1.85/2.4/1.65 2009/2001/2008 Susceptibility
Inventories

[61]

Landsat MSS
Landsat TM

80
30

1984 Interpretation [4, 62]

Landsat 30 1992 Planning [63]

Landsat 7 15, 30 1999 Characterizing
Identification

[64, 65]

ALOS
ALOS/PALSAR

10 2007 Mapping
Deformation

[1, 52]

Landsat TM/SPOT-5 15, 30/2.5, 10 1999/2002 Hazard [66]

IRS/Landsat-7 6, 23.6, 188/30 1997/1999 Hazard [67]

Radarsat-1
ERS-2

8
10

1995
1995

Characterizing
Monitoring

[68]

ERS SAR 10 1995 Monitoring [69]

ERS-1/2 10 1991/1995 Monitoring [70]

COSMO-SkyMed-1, 3 1, 5, 15, 30, 100 2007/2008 Detection [71]

TerraSAR-X 1 2007 Monitoring [72]

This list is an effort to compile popularly used satellite data to study landslides; it is not meant to be a comprehensive 
list as there are many more studies that used other satellite products.

Table 1. 
A series of remotely sensed data used for landslide study.
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3. Landslide susceptibility mapping

Landslide prediction is vital to prevent possible damages and save human 
lives. Landslide susceptibility map is important in predicting landslides because 
it helps to identify potential landslide areas and any area susceptible to landslides 
[30, 73, 74]. The local topography and hydrological conditions play a significant 
role in landslide susceptibility [39]. Although a proper landslide inventory may 
provide both spatial and temporal information on previous landslides over an 
area, landslide susceptibility map gives information about potential future land-
slides over an area [60]. However, detailed information on the historical records 
of previous landslides, rainfall, or earthquake is vital in determining triggering 
thresholds [74].

Landslide susceptibility can be quantified from stable to highly susceptible. 
Many researchers categorize slopes into four landslide susceptibility classes; highly 
susceptible, moderately susceptible, slightly susceptible, and stable (e.g., [12, 16, 
58, 75–78]). Some researchers used slightly different susceptible classes to develop 
landslide susceptibility maps such as unstable, quasi-stable, moderately stable, and 
stable (e.g., [12]). Some studies also used susceptibility indices: very high, high, 
moderate, low, and very low (e.g., [59–61, 79]).

For disaster prevention, a landslide susceptibility map can be used in land-use 
planning and decision making [39]. A detailed susceptibility map for land-use 
mapping helps local authorities manage these landscapes for urban or industrial 
planning and development [80]. However, developing an effective landslide sus-
ceptibility map is always a challenge because it requires multiple spatial information 
of soil, geology, vegetation, and hydrology. For example, Stanley and Kirschbaum 
[60] identified four major issues that are important to be addressed for developing 
landslide susceptibility maps:

i. lack of detailed inventories,

ii. minimum available input data,

iii. regional differences in the importance of causative factors, and

iv. the dearth of expertise on landscape processes across large regions.

Numerous methods exist in literature developing landslide susceptibility map 
using in situ measurements, models, remotely sensed data either stand-alone or 
in combination. For example, landslide inventories and causative factors, along 
with the statistical approach, are used in developing landslide susceptibility model 
for predicting potential landslides [39]. In addition, many studies used statistical 
approaches, physically based models, and deterministic approaches in developing 
landslide susceptibility maps (e.g., [53, 62, 75, 81]).

Besides the different existing methods for landslide susceptibility analysis and 
mapping, it is also essential to have advanced tools and detailed spatial information 
to develop an effective landslide susceptibility map. Digital tools such as GIS and 
global positioning system (GPS) are mostly used to analyze spatial data and devel-
oping landslide susceptibility and hazard maps [29, 81]. Moreover, remotely sensed 
data and technologies are widely used for effective landslide susceptibility mapping, 
hazard assessment, and risk assessment, which further helps in awareness, mitiga-
tion, and management of potential landslide threats [29].

Many researchers have used remotely sensed data to develop landslide sus-
ceptibility maps from local to global scale. For example, Ray and Jacobs [59] and 
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3. Landslide susceptibility mapping

Landslide prediction is vital to prevent possible damages and save human 
lives. Landslide susceptibility map is important in predicting landslides because 
it helps to identify potential landslide areas and any area susceptible to landslides 
[30, 73, 74]. The local topography and hydrological conditions play a significant 
role in landslide susceptibility [39]. Although a proper landslide inventory may 
provide both spatial and temporal information on previous landslides over an 
area, landslide susceptibility map gives information about potential future land-
slides over an area [60]. However, detailed information on the historical records 
of previous landslides, rainfall, or earthquake is vital in determining triggering 
thresholds [74].

Landslide susceptibility can be quantified from stable to highly susceptible. 
Many researchers categorize slopes into four landslide susceptibility classes; highly 
susceptible, moderately susceptible, slightly susceptible, and stable (e.g., [12, 16, 
58, 75–78]). Some researchers used slightly different susceptible classes to develop 
landslide susceptibility maps such as unstable, quasi-stable, moderately stable, and 
stable (e.g., [12]). Some studies also used susceptibility indices: very high, high, 
moderate, low, and very low (e.g., [59–61, 79]).

For disaster prevention, a landslide susceptibility map can be used in land-use 
planning and decision making [39]. A detailed susceptibility map for land-use 
mapping helps local authorities manage these landscapes for urban or industrial 
planning and development [80]. However, developing an effective landslide sus-
ceptibility map is always a challenge because it requires multiple spatial information 
of soil, geology, vegetation, and hydrology. For example, Stanley and Kirschbaum 
[60] identified four major issues that are important to be addressed for developing 
landslide susceptibility maps:

i. lack of detailed inventories,

ii. minimum available input data,

iii. regional differences in the importance of causative factors, and

iv. the dearth of expertise on landscape processes across large regions.

Numerous methods exist in literature developing landslide susceptibility map 
using in situ measurements, models, remotely sensed data either stand-alone or 
in combination. For example, landslide inventories and causative factors, along 
with the statistical approach, are used in developing landslide susceptibility model 
for predicting potential landslides [39]. In addition, many studies used statistical 
approaches, physically based models, and deterministic approaches in developing 
landslide susceptibility maps (e.g., [53, 62, 75, 81]).

Besides the different existing methods for landslide susceptibility analysis and 
mapping, it is also essential to have advanced tools and detailed spatial information 
to develop an effective landslide susceptibility map. Digital tools such as GIS and 
global positioning system (GPS) are mostly used to analyze spatial data and devel-
oping landslide susceptibility and hazard maps [29, 81]. Moreover, remotely sensed 
data and technologies are widely used for effective landslide susceptibility mapping, 
hazard assessment, and risk assessment, which further helps in awareness, mitiga-
tion, and management of potential landslide threats [29].

Many researchers have used remotely sensed data to develop landslide sus-
ceptibility maps from local to global scale. For example, Ray and Jacobs [59] and 
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Kirschbaum et al. [60] used remotely sensed precipitation data [TRMM and global 
precipitation measurement (GPM)] combined with slope, geology, road networks, 
fault zones, and forest loss to develop landslide susceptibility map at the global scale 
(Table 1, Figure 1). Ray et al. [16] used remotely sensed soil moisture (AMSR-E) 
combined with slope, soil, and vegetation characteristics to develop dynamic 
landslide susceptibility maps at a regional scale.

4. Landslide hazard analysis

Landslide is a major natural hazard that leads to a significant loss to human lives 
and properties. Landslide hazard requires systematic and objective assessment 
of the multi-landslide hazard, which includes different characteristics and casual 
factors of hazard along with their spatial, temporal, and size probabilities [48, 82]. 
Effective planning and management reduce social and economic losses caused by 
landslides [30, 83, 84]. A landslide susceptibility map combined with temporal 
information can be converted into a landslide hazard map for estimating potential 
losses due to landslides [30]. Landslide risk can be estimated using landslide hazard 
maps [85]. A useful hazard map should include local geology, geomorphology, 
lithology, hydrology, vegetation, and climatic factors. These factors affect landslide 
events, needed for proper hazard analysis [86].

A vital part of hazard assessment is the quantitative estimate of the pre-failure 
and failure stages of the susceptibility of the slope [87]. Landslide hazard assess-
ment determines slope failure probability [88]. Over the last 30 years, numerous 
studies have been conducted on landslide hazard zonation as a result of the demand 
for slope instability hazard for planning purposes [89]. Despite that susceptible 
slopes triggers or reactivate slope failures, hazard analysis must consider the speed 
of landslide movement along the slope [88]. Huabin et al. [90] suggested two 
important aspects of landslide hazard zonation, which are assessing the suscepti-
bility of the terrain for slope failure, and determining the probability of a specific 
triggering event occurring.

Nadim and Kjekstad [91] used a landslide hazard index (Hlandslide) to classify 
landslide hazard levels from negligible to very high (Table 2). The Hlandslide 
was obtained by multiplying a series of factors such as slope factor (Sr), lithology 

Figure 1. 
Global susceptibility map (slightly modified from Stanley and Kirschbaum [60]).
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factor (Sl), soil moisture factor (Sh), precipitation trigger factor (Tp), and seismic 
trigger factor (Ts); the following equation was used to develop Hlandslide.

 ( ) ( )= ∗ ∗ ∗ +landslide r l h s pH S S S T T  (1)

where Sr = slope factor, Sl = lithology factor, Sh = soil moisture factor, 
Ts =  seismic trigger factor, and Tp = precipitation trigger factor.

Remotely sensed data provide several essential factors used in the equation to 
develop landslide hazard zones on the range of scales. It is often difficult to obtain 
the multi-spatio-temporal information on landslide occurrences needed for land-
slide hazard analysis [48]. Chau et al. [86] suggested that landslide analysis should 
include landslide-dynamics-based numerical simulations to prevent subjectivity 
and bias; incorporation with GIS should result in an adequate hazard map to work 
for better planning.

Susceptible areas can be assessed and predicted, thereby reducing damage 
caused by landslides through proper preparation and mitigation because land-
slide prevention is a severe challenge [4]. Generally, landslide hazard analysis is 
conducted using aerial photographs, and/or remotely sensed images; therefore, it 
might contain a large degree of uncertainty (Table 3) [92]. As listed in Table 2, the 
degree of uncertainty is related to many factors, such as topography, soil, vegeta-
tion, and hydrology. On the other hand, the level of uncertainty is strongly related 
to the degree of susceptibility of a map [92]. Also, the probability of landslide 
hazard depends on both the intrinsic and extrinsic variables. Intrinsic variables 
include geological conditions and slope structures, whereas extrinsic variables 
include rainfall and human activities [90]. Chau et al. [86] explained that a reliable 
landslide hazard map should include historical landslide events, geomorphological 
analysis, and mechanical analysis of slides, falls, and flows of earth mass. Since all 
three aspects of hazard analysis involve handling and interpreting a large amount of 
data, spatial analysis tools such as GIS is essential for such analysis.

Spatial information from previous landslide events is needed for landslide analy-
sis and evaluating the probability of future landslide occurrence [48]. Therefore, 
high-resolution spatial information (satellite data) for factors associate in landslide 
hazards is essential for effective hazard analysis.

Value of 
Hlandslide

Class Classification of landslide 
hazard potential

Approximate annual potential 
frequency in 1 km2 grid

<14 1 Negligible Virtually zero

15–20 2 Very low Negligible

51–100 3 Low Very small

101–168 4 Low to moderate Small

169–256 5 Moderate 0.0025–0.01%

257–360 6 Medium 0.0063–0.025%

360–512 7 Medium to high 0.0125–0.05%

513–720 8 High 0.025–0.1%

>720 9 Very high 0.05–0.2%

Table 2. 
Landslide hazard index (Hlandslide), adapted from Nadim and Kjekstad [91].
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factor (Sl), soil moisture factor (Sh), precipitation trigger factor (Tp), and seismic 
trigger factor (Ts); the following equation was used to develop Hlandslide.

 ( ) ( )= ∗ ∗ ∗ +landslide r l h s pH S S S T T  (1)

where Sr = slope factor, Sl = lithology factor, Sh = soil moisture factor, 
Ts =  seismic trigger factor, and Tp = precipitation trigger factor.

Remotely sensed data provide several essential factors used in the equation to 
develop landslide hazard zones on the range of scales. It is often difficult to obtain 
the multi-spatio-temporal information on landslide occurrences needed for land-
slide hazard analysis [48]. Chau et al. [86] suggested that landslide analysis should 
include landslide-dynamics-based numerical simulations to prevent subjectivity 
and bias; incorporation with GIS should result in an adequate hazard map to work 
for better planning.

Susceptible areas can be assessed and predicted, thereby reducing damage 
caused by landslides through proper preparation and mitigation because land-
slide prevention is a severe challenge [4]. Generally, landslide hazard analysis is 
conducted using aerial photographs, and/or remotely sensed images; therefore, it 
might contain a large degree of uncertainty (Table 3) [92]. As listed in Table 2, the 
degree of uncertainty is related to many factors, such as topography, soil, vegeta-
tion, and hydrology. On the other hand, the level of uncertainty is strongly related 
to the degree of susceptibility of a map [92]. Also, the probability of landslide 
hazard depends on both the intrinsic and extrinsic variables. Intrinsic variables 
include geological conditions and slope structures, whereas extrinsic variables 
include rainfall and human activities [90]. Chau et al. [86] explained that a reliable 
landslide hazard map should include historical landslide events, geomorphological 
analysis, and mechanical analysis of slides, falls, and flows of earth mass. Since all 
three aspects of hazard analysis involve handling and interpreting a large amount of 
data, spatial analysis tools such as GIS is essential for such analysis.

Spatial information from previous landslide events is needed for landslide analy-
sis and evaluating the probability of future landslide occurrence [48]. Therefore, 
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hazards is essential for effective hazard analysis.
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Recently, GIS tools and remotely sensed data have proven a vital approach 
for comparing and analyzing landslide, whereby a probabilistic landslide hazard 
analysis for the affected region is produced [38, 90]. Multiple layers of information 
are incorporated into the GIS system for a more accurate and reliable landslide 
hazard and risk analysis [86]. Geotechnical and safety factor-based models are also 
recommended for an effective landslide hazard analysis [4]. Various scenarios with 
different volumes or sliding surfaces should be integrated for hazard analysis of 
potential unknown landslides [2].

Golovko et al. [48] used multiple satellite data (e.g., Landsat, Spot, Aster, 
IRS-1C, LISS III, and RapidEye) and automated detection techniques to develop 
landslide susceptibility map and landslide hazard index. They summarized that 
their presented approach was based on the extensive use of remote sensing data 
and geospatial tools (e.g., GIS) to characterize landslide susceptibility and hazard. 
Ray et al. [16] used satellite soil moisture and hydrologic model in combination to 
develop landslide susceptibility maps at active Cleveland Corral landslide area in 
California, U.S. Ray et al. [76] used an integrated approach to combine satellite soil 
moisture and a hydrologic model to develop susceptibility maps at Dhading, Nepal.

5. Landslide monitoring

Landslide monitoring includes all of the activities discussed earlier, such as 
developing landslide inventory/detection, landslide susceptibility maps, and 
conducting a landslide hazard analysis. The easiest way to provide geological 
information to decision-makers and the public is through maps or visualization, 
which show locations of the landslide events, or where it might occur, thereby 
providing information on landslide hazard zones [37]. The most effective way to 

Factors Uncertainty Factors Uncertainty

Slope angle Low Rainfall distribution Intermediate

Slope direction Low Morphological setting Low

Slope convexity Low Detailed geomorphological 
situation

Intermediate/high

General lithological 
zonation

Low Present mass movement 
distribution

Intermediate

General lithological 
composition

High Present mass movement 
typology

Intermediate

General tectonic 
framework

Low Present mass movement 
activity

Intermediate/high

Detailed rock 
structure

High Past mass movement 
distribution

High

Soil type distribution Low/intermediate Land use Low

Soil characteristics Intermediate/high Past climatological 
condition

High

Soil thickness High Earthquake acceleration High

Groundwater 
conditions

High

Table 3. 
Main factors in landslide hazard zonation and their estimated degree of uncertainty, adapted from Mantovani 
et al. [92].
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minimize and reduce the impact of landslide hazards and improve risk management 
is through landslide monitoring and planning [30, 35].

Landslides occur due to the combined effect, such as intense rainfall, topogra-
phy, and antecedent soil moisture [93]. However, landslides can also be triggered 
due to external driving forces, such as earthquake, volcano, and excessive surcharge 
load on the slopes. Landslide hazard causes enormous infrastructural damages and 
human casualties in mountainous regions [20], and environmental degradation 
[94]. The combined effect of surface and sub-surface saturation is critical because 
landslide trigger is not due to only surface layer saturation [92]. Landslide monitor-
ing technique depends on the type and size of the landslide, and the risks involved; 
it also differs between countries because of their available technology and expertise 
in landslide monitoring, past experiences with a landslide, and other factors [94]. 
For example, monitoring the surface displacements of a slope provides essential 
data for landslide dynamics [94].

Landslide hazard mitigation measures include hazard mapping and assessment, 
real-time monitoring systems of active and complex landslides, and emergency 
planning [94]. Landslide monitoring includes a comparison of the areal extent, 
speed of debris movement, rate of slope movement, surface topography, etc., 
concerning landslide conditions from different landslide occurrences to assess the 
activity of a landslide [92]. Timely and high-quality information received from 
spatial observations is crucial for managers of natural and human-made disasters, 
particularly in response to emergencies [1]. Landslide monitoring has improved 
over the years, with better monitoring equipment, automatic measurements done 
by machines, and less expensive tools [95].

Remote sensing data and techniques can be used for in-depth hazard mapping 
and monitoring because of their extensive coverage and frequency of observations, 
especially in high mountainous regions [20, 41, 92, 96]. Stereoscopic air-photo 
interpretation as far back as the late 1990s has been the most consistent remote 
sensing tool for landslide monitoring [20]. Combining aerial photography and 
infrared imagery gives a better result of terrain conditions rather than from either 
system separately [94].

Coupled with pre-existing landslide inventory maps and synthetic aperture 
radar (SAR) imagery and interferometric synthetic aperture radar (InSAR) through 
the integration of auxiliary data (e.g., detailed geological information) can be an 
effective method to update landslide inventory [1, 20, 97]. Ground-based optical 
systems (video cameras) limits monitoring movement of active landslides, in case 
of fog, rain, and darkness [94]. InSAR is useful to monitor prolonged slope move-
ments [20]. Also, InSAR has been widely used in research because of its broad 
coverage, high spatial resolution, and ability to operate under all weather condi-
tions [52].

Landslide monitoring includes detailed information on topography, geology, 
groundwater levels, material properties, possible mass movements [93]. Several 
types of instruments, such as extensometers, inclinometers, piezometers, strain-
meters, pressure cells, geophones, tiltmeters, and crack meters, have been used to 
monitor slope movements and deformation [92, 93]. Recently, the landslide moni-
toring system has been improved with the development of less expensive computer-
ized equipment [95]. According to Savvaidis [94], and Macek et al. [95], landslide 
monitoring systems and techniques include:

1. Remote sensing techniques with space-derived information. They are of impor-
tance for seismic hazards, landslide hazards, and management of earthquake 
disasters. Also, remote sensing tools provide surface soil moisture data up to 
1–5 cm deep, which has been used to develop landslide susceptibility maps [93].
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Recently, GIS tools and remotely sensed data have proven a vital approach 
for comparing and analyzing landslide, whereby a probabilistic landslide hazard 
analysis for the affected region is produced [38, 90]. Multiple layers of information 
are incorporated into the GIS system for a more accurate and reliable landslide 
hazard and risk analysis [86]. Geotechnical and safety factor-based models are also 
recommended for an effective landslide hazard analysis [4]. Various scenarios with 
different volumes or sliding surfaces should be integrated for hazard analysis of 
potential unknown landslides [2].

Golovko et al. [48] used multiple satellite data (e.g., Landsat, Spot, Aster, 
IRS-1C, LISS III, and RapidEye) and automated detection techniques to develop 
landslide susceptibility map and landslide hazard index. They summarized that 
their presented approach was based on the extensive use of remote sensing data 
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California, U.S. Ray et al. [76] used an integrated approach to combine satellite soil 
moisture and a hydrologic model to develop susceptibility maps at Dhading, Nepal.
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Landslide monitoring includes all of the activities discussed earlier, such as 
developing landslide inventory/detection, landslide susceptibility maps, and 
conducting a landslide hazard analysis. The easiest way to provide geological 
information to decision-makers and the public is through maps or visualization, 
which show locations of the landslide events, or where it might occur, thereby 
providing information on landslide hazard zones [37]. The most effective way to 
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minimize and reduce the impact of landslide hazards and improve risk management 
is through landslide monitoring and planning [30, 35].

Landslides occur due to the combined effect, such as intense rainfall, topogra-
phy, and antecedent soil moisture [93]. However, landslides can also be triggered 
due to external driving forces, such as earthquake, volcano, and excessive surcharge 
load on the slopes. Landslide hazard causes enormous infrastructural damages and 
human casualties in mountainous regions [20], and environmental degradation 
[94]. The combined effect of surface and sub-surface saturation is critical because 
landslide trigger is not due to only surface layer saturation [92]. Landslide monitor-
ing technique depends on the type and size of the landslide, and the risks involved; 
it also differs between countries because of their available technology and expertise 
in landslide monitoring, past experiences with a landslide, and other factors [94]. 
For example, monitoring the surface displacements of a slope provides essential 
data for landslide dynamics [94].

Landslide hazard mitigation measures include hazard mapping and assessment, 
real-time monitoring systems of active and complex landslides, and emergency 
planning [94]. Landslide monitoring includes a comparison of the areal extent, 
speed of debris movement, rate of slope movement, surface topography, etc., 
concerning landslide conditions from different landslide occurrences to assess the 
activity of a landslide [92]. Timely and high-quality information received from 
spatial observations is crucial for managers of natural and human-made disasters, 
particularly in response to emergencies [1]. Landslide monitoring has improved 
over the years, with better monitoring equipment, automatic measurements done 
by machines, and less expensive tools [95].

Remote sensing data and techniques can be used for in-depth hazard mapping 
and monitoring because of their extensive coverage and frequency of observations, 
especially in high mountainous regions [20, 41, 92, 96]. Stereoscopic air-photo 
interpretation as far back as the late 1990s has been the most consistent remote 
sensing tool for landslide monitoring [20]. Combining aerial photography and 
infrared imagery gives a better result of terrain conditions rather than from either 
system separately [94].

Coupled with pre-existing landslide inventory maps and synthetic aperture 
radar (SAR) imagery and interferometric synthetic aperture radar (InSAR) through 
the integration of auxiliary data (e.g., detailed geological information) can be an 
effective method to update landslide inventory [1, 20, 97]. Ground-based optical 
systems (video cameras) limits monitoring movement of active landslides, in case 
of fog, rain, and darkness [94]. InSAR is useful to monitor prolonged slope move-
ments [20]. Also, InSAR has been widely used in research because of its broad 
coverage, high spatial resolution, and ability to operate under all weather condi-
tions [52].

Landslide monitoring includes detailed information on topography, geology, 
groundwater levels, material properties, possible mass movements [93]. Several 
types of instruments, such as extensometers, inclinometers, piezometers, strain-
meters, pressure cells, geophones, tiltmeters, and crack meters, have been used to 
monitor slope movements and deformation [92, 93]. Recently, the landslide moni-
toring system has been improved with the development of less expensive computer-
ized equipment [95]. According to Savvaidis [94], and Macek et al. [95], landslide 
monitoring systems and techniques include:

1. Remote sensing techniques with space-derived information. They are of impor-
tance for seismic hazards, landslide hazards, and management of earthquake 
disasters. Also, remote sensing tools provide surface soil moisture data up to 
1–5 cm deep, which has been used to develop landslide susceptibility maps [93].
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2. Global positioning system (GPS) technique. It is a flexible and easy operation 
that uses a series of satellites to determine accuracy in the order of centimeters 
[92]. A handled GPS provides accurate differential positioning over several 
kilometers [94].

3. Photogrammetric technique, combined with digital imaging sensors data. 
It allows early identification of landslide hazard [96]. A photogrammetric 
technique, which includes interpretation of aerial photography, is a  useful 
 technique to identify and map landslides for an extended period [20, 92, 
94, 98]. It is also a valuable technique for identifying and describing the 3D 
 overview of the terrain in determining surface information [96].

4. Ground-based conventional surveying techniques measure for absolute dis-
placement computations with the use of different instruments, usually em-
ployed in an episodic `monitoring program [94].

5. Geotechnical methods make use of sensors permanently working on or in the 
region under consideration, and can also use a telemetric system for real-time 
transmission of data to a control center [94].

6. Types and role of remote sensing techniques

Several remote sensing data have been used to study landslide processes, 
including space-borne synthetic aperture radar (SAR) and optical remote sensing, 
airborne light detection and ranging (LiDAR), ground-based SAR and terrestrial 
LiDAR, incorporating in situ measurements and observations of environmental 
factors (Table 1). In particular:

• SAR data have been widely used in landslide research because of their broad 
coverage and high spatial resolution and the ability to operate under all 
weather conditions. Satellite SAR data used include archived ERS and Envisat 
ASAR [46], ALOS/PALSAR [52, 99], COSMO-SkyMed constellation [71, 100], 
TerraSAR-X [72, 101], TerraSAR-X/TanDEM-X [100] and Sentinel-1 [102] and 
Envisat 2010+ data (22 October 2010–8 April 2012).

• Optical remote sensing images were mainly applied to generate landslide inven-
tory, considering long time-series of Landsat TM/ETM, SPOT 1–5, ASTER, 
IRS-1C LISS III, and RapidEye between 1986 and 2016 [48]. The ZY-3 [103], and 
GF-1 [35] high spatial resolution satellite images were used to investigate the 
landslide cinematics with an image correlation algorithm to SPOT-5 images [104].

• Multi-temporal LiDAR images and ortho-photos can be compared to quantify 
landscape changes caused by an active landslide [105]. The ground-based ter-
restrial laser scanner (TLS) LiDAR can produce highly detailed three dimen-
sional (3D) images within minutes, allowing the study of 3D surface changes of 
landslides [106].

Among the most useful applications derived from the analysis of remote sensing 
images is the development of digital terrain models (DEMs), such as those gener-
ated from Indian remote sensing satellite (IRS) P5 images [107] and TerraSAR-X/
TanDEM-X images by InSAR [108]. DEM can then be used to assess erosion, 
landslide, and topographic multi-temporal differences [107].
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Lu et al. [45] used Quickbird remotely sensed data for landslide detection 
and mapping. They summarized that traditional mapping techniques for land-
slide detection and mapping, which rely on manual interpretation of aerial 
photographs and intensive field surveys, are time consuming and not efficient 
for generating such event-based maps. Guzzetti et al. [33] used aerial photo-
graphs, high-resolution DEM (LiDAR), and satellite images (e.g., Landsat-7, 
IRS, IKONOS-2, Quickbird-2, WorldView-2, and GeoEye-1/2) to develop multi-
temporal landslide inventory maps. Holbling et al. [51] used SPOT-5 remotely 
sensed data for landslide change detection, whereas [52] used ALOS/PALSAR 
imageries and InSAR techniques for landslide detection. On the other hand, 
Desrues et al. [54] used LiDAR DEM and satellite images for landslide detection 
and mapping.

7. Global application

There are several studies conducted using remote sensing data and technologies 
around the globe. This chapter intends to summarize some of the remote-sensing 
based research undertaken to address landslide issues from selected countries, 
which are, mainly, more vulnerable to landslides. The studies have shown that 
several remote sensing techniques can assist in producing landslide inventory and 
risk assessment maps by providing information on the morphological features of 
landslides.

These approaches are very useful mainly in very large geographical areas where 
landslides are the most common yet highly devastating disasters, such as in Nepal, 
U.S., Philippines, and in many other countries. In the U.S., landslides caused 25 to 
50 deaths each year, whereas extreme rainfall is the most common cause of land-
slides in the Philippines [109]. Ray and Jacobs [93] studied landslides in California, 
U.S., Leyte, Philippines and, Dhading, Nepal. They established the relationship 
between landslides, satellite soil moisture (Advanced Microwave Scanning 
Radiometer (AMSR-E)), and satellite precipitation (Tropical Rainfall Measuring 
Mission (TRMM)). In Nepal, Amatya et al. [61] used high resolution optical data 
for landslide mapping and susceptibility analysis along the Karnali Highway 
in Nepal.

Light detection and ranging (LiDAR) data open unprecedented possibilities for 
landslide mapping, with potential opportunities for hazard and risk zonation and 
landscape evolution modeling [33]. Gorsevki et al. [110] used LiDAR data to detect 
landslides in the Cuyahoga Valley National Park, Ohio, U.S, to generate a suscep-
tibility map using the artificial neural network (ANN). Martha et al. [30] used a 
semiautomatic approach to develop landslide inventories from post-event satellite 
images, which they used for landslide susceptibility, hazard, and risk in the High 
Himalayan terrain in India. Following the 2004 Typhoon Aere, the object-based 
image analysis approach (OBIA) was adopted to develop landslide inventory in 
Xiulan, Taiwan [111].

Landslide mapping in the Cameron Highlands area in Malaysia is complicated 
due to dense vegetation and weather conditions. However, researchers used 
airborne synthetic aperture radar (AIRSAR) and WorldView-1 satellite data to 
develop a landslide inventory map for the Cameron Highlands [112, 113]. Also, Bui 
et al. [34] used synthetic aperture radar (SAR) data for landslide detection and 
susceptibility mapping in Cameron Highlands, Malaysia. In China, an area near the 
Three Gorges Reservoir (TGR) along the Yangtze River, which is one of the most 
landslide-prone regions in the world, was studied using ZY-3 high resolution satel-
lite images to develop landslide inventory map [103].



Landslides - Investigation and Monitoring

22

2. Global positioning system (GPS) technique. It is a flexible and easy operation 
that uses a series of satellites to determine accuracy in the order of centimeters 
[92]. A handled GPS provides accurate differential positioning over several 
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including space-borne synthetic aperture radar (SAR) and optical remote sensing, 
airborne light detection and ranging (LiDAR), ground-based SAR and terrestrial 
LiDAR, incorporating in situ measurements and observations of environmental 
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TerraSAR-X [72, 101], TerraSAR-X/TanDEM-X [100] and Sentinel-1 [102] and 
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Lu et al. [45] used Quickbird remotely sensed data for landslide detection 
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slide detection and mapping, which rely on manual interpretation of aerial 
photographs and intensive field surveys, are time consuming and not efficient 
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landslide mapping, with potential opportunities for hazard and risk zonation and 
landscape evolution modeling [33]. Gorsevki et al. [110] used LiDAR data to detect 
landslides in the Cuyahoga Valley National Park, Ohio, U.S, to generate a suscep-
tibility map using the artificial neural network (ANN). Martha et al. [30] used a 
semiautomatic approach to develop landslide inventories from post-event satellite 
images, which they used for landslide susceptibility, hazard, and risk in the High 
Himalayan terrain in India. Following the 2004 Typhoon Aere, the object-based 
image analysis approach (OBIA) was adopted to develop landslide inventory in 
Xiulan, Taiwan [111].

Landslide mapping in the Cameron Highlands area in Malaysia is complicated 
due to dense vegetation and weather conditions. However, researchers used 
airborne synthetic aperture radar (AIRSAR) and WorldView-1 satellite data to 
develop a landslide inventory map for the Cameron Highlands [112, 113]. Also, Bui 
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susceptibility mapping in Cameron Highlands, Malaysia. In China, an area near the 
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Landslides - Investigation and Monitoring

24

In Italy, rainfall-induced landslides are serious threats to the population [114]. 
Since landslides are a national threat and distributed throughout the nation, it is 
not possible to analyze and monitor landslides using in situ measurements alone. 
Several researchers have studied landslides using remotely sensed data and tech-
nologies (e.g., [102, 115, 116]). Several researchers have also used cartographic 
thematic and optical data with Persistent Scatterer Interferometry (PSI) to identify 
slow to very slow moving landslides in a different region of Italy [117–122]. Boni 
et al. [115] developed a new methodology to update the landslide state of activity 
(LAMBDA) using multi-temporal A-DInSAR data at north-western Italy.

Bozzano et al. [46] used field surveys and remote sensing techniques to inves-
tigate more than 90 landslides affecting a small river basin in Central Italy. Bardi 
et al. [116] used GB-InSAR data to monitor the rapid movement of earth flows over 
the Capriglio landslide in the northern Apennines, Italy. InSAR data were used to 
conduct a multi-temporal assessment of landslide activity in the basin of Abruzzi, 
Italy [44]. Fayne et al. [57] used Landsat-8 imagery in identifying potential loca-
tions and timing of newly triggered landslides in Italy.

Satellite-born landcover panchromatic images and shuttle radar topography 
(SRTM) elevation data were used to monitor landslide clusters over a vegetated 
landscape in Itaoca, Brazil [123]. Landslide is one of the natural hazards that occur 
each year in Indonesia. Hayati et al. [124] used interferometric synthetic aperture 
radar (InSAR) data to monitor the slow-moving landslide in Ciloto, Indonesia. The 
sensors provided useful data in obtaining continuous and area-based informa-
tion for landslide affected areas. Bravo-Carvajal et al. [125] used SPOT satellite 
images to develop landslide inventory and susceptibility maps at the village of 
Nueva Colombia in the state of Chiapas. Also, in northern Pakistan, the SPOT-5 
satellite was used to develop a landslide inventory [126]. Shroder and Weihs [127] 
used ASTER elevation data and Landsat 7 images for landslide mapping at north-
eastern Badakhshan, Afghanistan. Rainfall-induced landslides are frequent in the 
mountainous region of Bangladesh. For example, Das and Raja [128] used ASTER 
elevation data and Landsat 8 images to develop a landslide susceptibility map at 
Chittagong city, Bangladesh. Singhroy et al. [64] used Landsat TM and SAR images 
in combination to interpret the retrogressive slope failures on the Shale banks of the 
Saskatchewan river in Canada. Singhroy et al. [64] used SAR images to identify flow 
slides on sensitive marine clays in the Ottawa Valley of Canada.

8. Summary and conclusions

Natural disasters such as hurricanes, earthquakes, tsunami, and landslides 
have been on the rise, causing damage to property and human lives, especially in 
mountainous regions. Major causes of landslides are conditioning factors, such as 
lithology, relief, geological structure, geomechanical properties, weathering, and 
triggering factors such as precipitation, seismicity, temperature change, and static 
and dynamic loads. Conventional methods for landslide studies mainly rely on the 
visual interpretation of aerial photographs and field investigation in combination. 
However, these methods are time consuming and cost-ineffective. On the other 
hand, remotely sensed data at high spatial and temporal resolutions and advanced 
techniques could be used for landslide studies at a range of scales, which can reduce 
the time and resources required for the studies.

This chapter has reviewed the use of remotely sensed data and advanced tech-
nologies used for landslide inventory/detection, developing landslide susceptibility 
maps, conducting a landslide hazard analysis, and monitoring landslide events and 
slope movement at a range of scales. More robust technologies and high-resolution 
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data are essential to reduce the impact of landslides threats on human lives, proper-
ties, and environments. In addition, we also need to develop advanced technologies, 
which can improve landslide assessment, prediction, and mitigations. According 
to Singhroy [129], our primary challenge is to have an advanced technology and/or 
high-resolution data to recognize and interpret detailed geomorphic characteristics 
of large and small landslides and determine whether or not failure is likely to occur. 
Although the use of high spatial resolution radar and LiDAR data are very helpful 
in conducting landslide studies, satellite products at high spatial and temporal 
resolutions are still limited. In the future, if real-time remotely sensed products 
at high spatial and temporal resolutions are available, especially in remote and 
hardly accessible terrain, it would be helpful to study landslide dynamics at a range 
of scales.
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not possible to analyze and monitor landslides using in situ measurements alone. 
Several researchers have studied landslides using remotely sensed data and tech-
nologies (e.g., [102, 115, 116]). Several researchers have also used cartographic 
thematic and optical data with Persistent Scatterer Interferometry (PSI) to identify 
slow to very slow moving landslides in a different region of Italy [117–122]. Boni 
et al. [115] developed a new methodology to update the landslide state of activity 
(LAMBDA) using multi-temporal A-DInSAR data at north-western Italy.

Bozzano et al. [46] used field surveys and remote sensing techniques to inves-
tigate more than 90 landslides affecting a small river basin in Central Italy. Bardi 
et al. [116] used GB-InSAR data to monitor the rapid movement of earth flows over 
the Capriglio landslide in the northern Apennines, Italy. InSAR data were used to 
conduct a multi-temporal assessment of landslide activity in the basin of Abruzzi, 
Italy [44]. Fayne et al. [57] used Landsat-8 imagery in identifying potential loca-
tions and timing of newly triggered landslides in Italy.

Satellite-born landcover panchromatic images and shuttle radar topography 
(SRTM) elevation data were used to monitor landslide clusters over a vegetated 
landscape in Itaoca, Brazil [123]. Landslide is one of the natural hazards that occur 
each year in Indonesia. Hayati et al. [124] used interferometric synthetic aperture 
radar (InSAR) data to monitor the slow-moving landslide in Ciloto, Indonesia. The 
sensors provided useful data in obtaining continuous and area-based informa-
tion for landslide affected areas. Bravo-Carvajal et al. [125] used SPOT satellite 
images to develop landslide inventory and susceptibility maps at the village of 
Nueva Colombia in the state of Chiapas. Also, in northern Pakistan, the SPOT-5 
satellite was used to develop a landslide inventory [126]. Shroder and Weihs [127] 
used ASTER elevation data and Landsat 7 images for landslide mapping at north-
eastern Badakhshan, Afghanistan. Rainfall-induced landslides are frequent in the 
mountainous region of Bangladesh. For example, Das and Raja [128] used ASTER 
elevation data and Landsat 8 images to develop a landslide susceptibility map at 
Chittagong city, Bangladesh. Singhroy et al. [64] used Landsat TM and SAR images 
in combination to interpret the retrogressive slope failures on the Shale banks of the 
Saskatchewan river in Canada. Singhroy et al. [64] used SAR images to identify flow 
slides on sensitive marine clays in the Ottawa Valley of Canada.

8. Summary and conclusions

Natural disasters such as hurricanes, earthquakes, tsunami, and landslides 
have been on the rise, causing damage to property and human lives, especially in 
mountainous regions. Major causes of landslides are conditioning factors, such as 
lithology, relief, geological structure, geomechanical properties, weathering, and 
triggering factors such as precipitation, seismicity, temperature change, and static 
and dynamic loads. Conventional methods for landslide studies mainly rely on the 
visual interpretation of aerial photographs and field investigation in combination. 
However, these methods are time consuming and cost-ineffective. On the other 
hand, remotely sensed data at high spatial and temporal resolutions and advanced 
techniques could be used for landslide studies at a range of scales, which can reduce 
the time and resources required for the studies.

This chapter has reviewed the use of remotely sensed data and advanced tech-
nologies used for landslide inventory/detection, developing landslide susceptibility 
maps, conducting a landslide hazard analysis, and monitoring landslide events and 
slope movement at a range of scales. More robust technologies and high-resolution 
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data are essential to reduce the impact of landslides threats on human lives, proper-
ties, and environments. In addition, we also need to develop advanced technologies, 
which can improve landslide assessment, prediction, and mitigations. According 
to Singhroy [129], our primary challenge is to have an advanced technology and/or 
high-resolution data to recognize and interpret detailed geomorphic characteristics 
of large and small landslides and determine whether or not failure is likely to occur. 
Although the use of high spatial resolution radar and LiDAR data are very helpful 
in conducting landslide studies, satellite products at high spatial and temporal 
resolutions are still limited. In the future, if real-time remotely sensed products 
at high spatial and temporal resolutions are available, especially in remote and 
hardly accessible terrain, it would be helpful to study landslide dynamics at a range 
of scales.
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Chapter 3

Translational Rock-Block Slides 
in a Tertiary Flyschoid Complexes 
of Southern Piedmont Region 
(North-West Italy)
Fabio Luino and Laura Turconi

Abstract

The southern Piedmont Region (north-west Italy) is characterized by a hilly 
zone called “Langhe” that covers an area of about 2300 km2 and is bordered by 
Tanaro River at north and west, by Orba River at east, and by Apennine mountains 
at south. The Langhe is rolling hills famous for their excellent wine, populated by 
many small inhabited centers since ancient times. An idea of the Langhe geomor-
phology can be gained by studying the word “Langa”: it may have been derived 
from either “landa,” which means a wild and uninhabited place or from “lingua,” 
which means a strip of land. The morphology of the Langhe hills is characterized by 
asymmetrical valleys with steep south-east facing slopes and more gentle north-
west facing slopes: their profile is defined “saw toothed” by local inhabitants. The 
asymmetric shape is clearly conditioned by the geology. Severe hydrological events 
occurred in the last 100 years in Piedmont in particular on May 1926, February and 
March 1972, February 1974, and November 1994. During these long rainy periods, 
on the gentler slopes, translational rock-block slides involve tertiary flyschoid 
complexes represented by rhythmic series of deposits with varied grain size. 
These landslides often damage or destroy buildings and roads, even if rarely claim 
human lives.

Keywords: translational rock-block slides, tertiary flyschoid complexes, damage, 
Piedmont, north-west Italy

1. Introduction

Translational rock-block slides (TRBSs) are mass movements that involve the 
displacement of material along one or more discrete shearing surfaces. The sliding 
can extend downward and outward along a broadly planar surface (a translational 
slide). They are less common than complex landslides, rotational landslides, and 
shallow landslides. With reference to the TRBSs studied in the world that are not 
strictly correlated to the Langhe landslides, the casuistry is varied, just as there are 
many potentially involving rocks. The TRBS phenomenon has been addressed by 
several authors who have studied them in very different geological contexts due to 
various trigger causes.
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Chapter 3

Translational Rock-Block Slides 
in a Tertiary Flyschoid Complexes 
of Southern Piedmont Region 
(North-West Italy)
Fabio Luino and Laura Turconi

Abstract

The southern Piedmont Region (north-west Italy) is characterized by a hilly 
zone called “Langhe” that covers an area of about 2300 km2 and is bordered by 
Tanaro River at north and west, by Orba River at east, and by Apennine mountains 
at south. The Langhe is rolling hills famous for their excellent wine, populated by 
many small inhabited centers since ancient times. An idea of the Langhe geomor-
phology can be gained by studying the word “Langa”: it may have been derived 
from either “landa,” which means a wild and uninhabited place or from “lingua,” 
which means a strip of land. The morphology of the Langhe hills is characterized by 
asymmetrical valleys with steep south-east facing slopes and more gentle north-
west facing slopes: their profile is defined “saw toothed” by local inhabitants. The 
asymmetric shape is clearly conditioned by the geology. Severe hydrological events 
occurred in the last 100 years in Piedmont in particular on May 1926, February and 
March 1972, February 1974, and November 1994. During these long rainy periods, 
on the gentler slopes, translational rock-block slides involve tertiary flyschoid 
complexes represented by rhythmic series of deposits with varied grain size. 
These landslides often damage or destroy buildings and roads, even if rarely claim 
human lives.

Keywords: translational rock-block slides, tertiary flyschoid complexes, damage, 
Piedmont, north-west Italy

1. Introduction

Translational rock-block slides (TRBSs) are mass movements that involve the 
displacement of material along one or more discrete shearing surfaces. The sliding 
can extend downward and outward along a broadly planar surface (a translational 
slide). They are less common than complex landslides, rotational landslides, and 
shallow landslides. With reference to the TRBSs studied in the world that are not 
strictly correlated to the Langhe landslides, the casuistry is varied, just as there are 
many potentially involving rocks. The TRBS phenomenon has been addressed by 
several authors who have studied them in very different geological contexts due to 
various trigger causes.
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The singularity of the Langhe planar landslides is well known in Italy, less 
abroad. In effect, typing in Google Scholar “rock-block slides” 382 links may be 
found; but if we wanted to refine the search by including the “marly silty” and 
“arenaceous-sandy” voices, the search would provide only five published papers.

The Langhe Hills, particularly renowned for the cultivation of fine vineyards, 
are bordered by the Tanaro River to the north and west, the Orba River to the 
east, and the Apennines to the south [1]. Langhe covers an area of about 2300 km2 
in southeast Piedmont (northern Italy): the main city of the area is Alba, which 
lies on the banks of the Tanaro River. Alba, a town famous for the confectionery 
industry, is located about 150 km southwest from Milan and 65 km SSE from Turin 
and 70 km north-west from Genoa. Tanaro originates in the Apennines and flows 
north along the western boundary of the region until it reaches the small town 
of Cherasco, where, due to old capture phenomenon, it bends right and flows on 
to Alba and Asti, after which it joins the Po River downstream from Alessandria 
(Figure 1).

The Langhe is rolling hills famous for their excellent wine, populated by many 
small inhabited centers since ancient times: Alba is the largest and most important 
city. An idea of the Langhe geomorphology can be gained by studying the word 
“Langa”: it may have been derived from either “landa,” which means a wild and 
uninhabited place or from “lingua,” which means a strip of land.

The geological characteristics of the layers, the geomorphology of the hills, the 
mineralogical composition of some levels, and the predisposition for translational 
movement mean that the Langhe hills can truly be considered a particular area that 
lends itself much to be studied.

During intense rainfall events, Langhe hills are usually affected by translational 
rock-block slides [2]. These are particular interesting in terms of:

Figure 1. 
Langhe hills, a large area in Southeast Piedmont (northern Italy). All place names mentioned in the text and 
in the captions are marked with colored dots (red limit from Ref. [1], modified).
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• their typical attributes: the landslides occur in tertiary flyschoid complexes 
represented by a rhythmic series of marly silty and sandy-arenaceous rocks; 
sliding surfaces correspond to a thin marly clayey level, where infiltrating 
water deeply penetrates extensive systems of discontinuities;

• their widespread distribution during major rainfall events; and

• their high repetitiveness: some slopes have been affected several times in the 
last 100 years, the period over which reliable rainfall data are available.

2. Geological and geomorphological framework of the Langhe hills

The Langhe hills form the southern part of the Piedmont Tertiary basin, which 
is bounded by the Alps to the south and west, the Apennines to the east, and the Po 
Plain to the north. The basin’s complex structural and stratigraphic history results 
from the post-Eocene phases of the Alpine orogeny and the opening of the north-
western sector of the Mediterranean Sea [3]. The Langhe basin is composed of an 
Oligocene-Miocene sequence of terrigenous deposits that lie in unconformity above 
a pre-Cenozoic bedrock formed by Alpine and Apennine metamorphic units and 
characterized by a complex crustal geometry. The sedimentary sequence is more 
than 3500 m thick and is differentiated in time with respect to syn-sedimentary 
tectonics that are mainly associated with tensional forces [3]. Sedimentation begins 
with the deposition of continental deposits in alluvial fans and fan-deltas, followed 
by shallow marine transgressive deposits of the Late Eocene to Early Oligocene. The 
drowning of the area was marked by the deposition of open-sea units composed of 
alternating high-density flow deposits and hemipelagic sediments dating from the 
Early Oligocene to the Tortonian. The sedimentation ended in the Messinian with 
deposits that marked a sudden drop in sea level [4]. The main rock types are marls, 
silty marls, mudstones, sandstones, and conglomerates. The sequence forms a 
monocline that has a regional dip of 10–12° toward the northwest and is displaced at 
different stratigraphic levels by normal or strike-slip faults with a NE-SW orienta-
tion. Fault throws are usually in the range of 10–50 m, but locally they reach values 
of over 200 m [5].

The morphology of the Langhe hills is clearly affected by its structural setting. 
The area is characterized by the asymmetrical profile of the valleys, which results 
from isoclinal bedding in marly silty and arenaceous-sandy facies. Long, gentle 
slopes dip toward the northwest in the same direction as the bedding planes, 
although the inclination of the strata is usually lower than the slope surface. Short, 
steep slopes dip toward the southwest at about 25–40° in the opposite direction to 
the dip of the bedding. The morphological instability of the area is reflected in the 
common occurrence of landslides, which represent the main morphogenetic factors 
on the slopes. The gentler hillsides are prone to translational rock-block slides that 
involve the bedrock to a maximum depth of 20 m, while landslides due to saturation 
and fluidification of the eluvio-colluvial cover, the so-called “soil slips” [6] occur on 
the steeper slopes.

3. Past severe events and respective studies in the Langhe area

Since immemorial time, translational rock-block slides have been very common 
in the Langhe hills. In spite of this, in Italy, the scientific community started to show 
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a certain interest in these phenomena only in the 1960s of the twentieth century. 
In the preceding period, the studies and surveys had been completely casual, 
despite the preeminent control role that these phenomena have always played on 
the morphological evolution of an extensive portion of the Piedmont territory and 
the reflexes for the safety of numerous inhabited centers, as the above chronology 
of Table 1. Some of the major movements of the past century are still remembered 
by old people in the Langhe villages. In an extensive analysis of instability, Forlati 
and Campus [7] identified over 2000 active and quiescent planar slides. Their 
morphostructural elements, which are mostly scarps and cracks, correspond clearly 
with those of old landslides. Govi and other authors [8–9] have demonstrated that, 
on many unstable slopes in the Langhe hills, instability along the bedding planes 
represents the same kind of evolution: in November 1994 meteorological event, for 
example, 44% of them were considered as a reactivation of a past movement [10].

The first historical events of which we have certain and documented informa-
tion were two, those that at the end of March 1679 destroyed, respectively, the town 
of Bosia and part of the famous baths of the Acqui city [11]. They were two destruc-
tive TRBSs, which were mentioned in the local chronicles. Then for almost two 
centuries, there was no news, although it cannot be excluded that other episodes 
have happened in the meantime. But on the other hand, it is always difficult to 
find historical finds of the eighteenth century: since there are no large cities in the 
Langhe, but only small towns, the only documents that can be found are often those 
produced by the parish priests of the churches that reported the misfortunes that 
occurred in the villages.

The first events of the nineteenth century remembered by written documents 
are those that occurred in the period of 1853–1861 (three cases).

The first contributions of the twentieth century are due to the naturalist-
geologist Sacco, who on 1901 and 1903 described the landslides of Mondovì [12] and 
Cherasco [13] advancing, for the latter, acute observations on the possible evolution 
and on the possibility of arresting the translational movement.

A few years later, De Alessandri published a very valuable study on the land-
slides of the Acqui area [14]. The author illustrated very carefully the historical 
planar slides of the Monte Stregone Mountain, underlining the tendency of the 
phenomena to reproduce in the same localities, noting that “it is an established 
principle that the landslides occurred are in their turn the main cause of further 
landslides and that their quiescence is often temporary, with intervals that can 
extend to a century, before resuming the movement phase.”

During an intense rainfall period on May 16, 1926, a translational landslide 
occurred near the village of Levice [15], involving a surface area of 3 ha (Figure 2). 
According to eyewitness accounts, long cracks appeared less than an hour before 
large fractures 20–25 m in depth opened in the slope. There were no victims, and no 
buildings were destroyed, but meadows and vineyards were damaged.

Ten years later, on March 6, 1936, in the municipality of Castino, the small vil-
lage of Vernetta was comprehensively damaged by a rock-block slide with a surface 
area of 35 ha. The blocks moved 150 m at an average velocity of 60 cm/h: a stretch 
of highway and seven houses were destroyed, and 38 people were evacuated [16].

On April 7, 1941, following a rainy period after an especially snowy winter, 
a sudden translational landslide destroyed the Cascina Bric farmhouse, near the 
village of Cissone: the mass movement killed three people and destroyed several 
buildings. The width of the main scarp was about 300 m, and the rock blocks were 
about 30 m deep (Figure 3). The phenomenon was carefully studied by Boni [17], 
with a good report accompanied by excellent photographs. The author highlighted 
the conditioning role, for the purposes of stability, of the geological-structural 
structure of the region and of the lithological characteristics of the rocks involved; 
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Year/mm/dd Municipality/place Brief description Source

1679/03/31 Bosia A large translational landslide 
devastated much of the ancient town. 
The landslide will be reactivated 
again in 1853 and more recently in 
November 1994.

[11, 18]

1679/03/31 Acqui An “extraordinarily voluminous” 
landslide, slipped from Monte 
Stregone Mountain, buried the 
thermal establishments of Acqui 
Terme.

[14]

1860 approx. Cigliè “Half a hill collapsed, swallowing 
several houses in the disrupted clods.”

[15]

1861/10/?? Rocchetta Belbo A landslide caused “an unforgettable 
catastrophe.”

[15]

1876/05/23 Mango A rock-block slide of about 40 ha 
shifted a house for 120 m. The moved 
clods had a depth of up to 13 m.

[11]

1876/spring Acqui From the slope of Monte Stregone 
Mountain another great landslide 
broke off, adjacent to that of 
1679, which destroyed houses, 
claiming human victims (number 
unknown).

[14]

1879/05/26 Igliano Some witnesses observed the 
opening of a large fracture close to 
the church and then the sliding of 
an area of 2 ha for 15–20 m, with 
disarticulation in clods 15–20 m 
high. They were warned “a huge roar 
and a wobble of soil,” and “flames, 
accompanied by a sulfurous smell” 
were observed.

[11, 19]

1892/03/31 Roccaverano “Large planar landslide.” [12]

1892/03/31 Vesime One rock-block slide moved 60 m 
together with a house causing two 
victims.

[19]

1901/03/20 Trezzo Tinella A landslide with an area of several 
hectares swept over a farmhouse.

[11]

1901/03/20 Mondovì A slippage about 20 m deep originated 
with a “general cracking” of the mass 
(probably over 200,000 m3).

[11, 12]

1902/spring Acqui area Period sadly remembered for the 
large number of landslides. On the 
Monte Stregone Mountain, great 
dislocations were reported with “a 
fracturing and an overlapping of 
layers.”

[13, 14]

1902/spring Melazzo Two houses were overwhelmed by a 
planar landslide.

[13]

1902/spring Cherasco A translational block slide with a width 
of over 300 m and a length of about 
700 m involved the slope on which 
stood a cluster of farmhouses causing 
serious damage to the buildings.

[13]
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Year/mm/dd Municipality/place Brief description Source

1905/05/15 Lussito Exceptionally abundant rainfall 
triggered numerous landslides. 
On the southern slope of Monte 
Stregone Mountain, there was “a 
slippage of a large fractured mass ... 
on a marly surface ... made extremely 
slippery.”

[14]

1907/04/06 Acqui Another landslide on the Monte 
Stregone Mountain that devastated 
an area adjacent to that collapsed 
in 1876. The mass involved (area 
0.35 ha, volume 30,000 m3) slipped 
on a marly stratification plane that 
“after the phenomenon had a highly 
laminated mirror surface.” There were 
five casualties.

[14]

1917/05/29–31 Vesime A 3-ha landslide swept over a 
building.

[19]

1917/05/29–31 Terzo Another landslide removed a road for 
a length of about 80 m.

[19]

1926/05/16 Levice During the severe alluvial event 
that hit the Tanaro and Bormida 
river basins, a landslide extended 
for about 3 ha, 10–15 m deep, 
marginally involved the Levice little 
town.

[15]

1926/05/16 Benevello A “massive landslide” was reported. [11]

1936/03/05–06 Castino Sudden landslide of about 35 ha 
with damage to buildings, while the 
state road was moved by 150 m. The 
landslide will be reactivated later 
in 1953, but it moved only a few 
meters.

[11]

1941/04/07 Cissone A small hamlet was moved about 
60 m and destroyed (three casualties) 
by a sudden 30 m deep slide and 
about 300 m wide in the detachment 
area.

[17]

1951/02/10–12 Zone between the 
Belbo and Uzzone 
streams close Levice

An alluvial event hit the area between 
the Belbo and Uzzone torrents 
with particular gravity, causing “a 
very large number of landslides, 
subverting in many points the age-old 
stability of extensive cultivated and 
inhabited slopes. There are numerous 
cases in which entire vineyards ... 
they literally glided down the valley 
for tens and hundreds of meters, 
leaving theirs place a shiny reflecting 
surface.”

[19]

1956/03/26–28 Niella Belbo A translational landslide extended 
over 4 ha cut down two farmhouses.

[11]

1957/04/07–13 Trezzo Tinella Important reactivation of the 1901 
landslide.

[11]
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Year/mm/dd Municipality/place Brief description Source

1963/01/05–06 Cigliè Progressive aggravation of the 
conditions of stability of the great 
phenomenon of Cigliè (surface 25 
ha, thickness 15–25 m, volume 3.5–4 
million m3) with destruction of 16 
houses.

[15]

1968/11/01–04 Gottasecca, 
Prunetto, Niella 
Belbo, and 
Bossolasco

During this serious event, numerous 
important planar landslides were 
activated, recognizable on aerial 
photographs of 1969 or documented 
by photographs from the ground. The 
largest was that of Bossolasco slide, 
extended 15 ha.

[11, 20, 21]

1971/
April–May

Castino An extensive planar landslide involved 
some rural buildings.

[11]

1972/02–03 
and 1974/03

Somano and 
Cherasco

These two events, which took place into 
a period of only 24 months, activated 
or reactivated numerous planar 
landslides in the Belbo, Tanaro, and 
Bormida valleys. We recall the great 
slide of Somano (10 million m3) and 
that of Cherasco (4–5 million m3). The 
1972 event, with over 130 identified 
cases, associated with that of 1974, 
which reactivated numerous landslides 
that had arisen 2 years earlier, can be 
considered in terms of diffusion of 
phenomena, the second-greatest event 
in the Langhe after the November 1994.

[8, 11, 20, 22–24]

1977/10/07 Ovada area Numerous deep TRBSs with an area 
of up to 1 ha originated between the 
Ovada area and the Scrivia River 
basin.

[19]

1985/03/08 Ovada area One large rock-block slide involved 
a farm.

[20]

1994/02/06 Monastero Bormida Planar landslide destroyed two 
buildings and part of an aqueduct.

[20, 25]

1994/11/05–06 Several dozen 
municipalities

A very intense and prolonged rainfall 
event produced more than 450 TRBSs 
in the Langhe hills. In the Ceva territory 
up to 10 TRBSs occurred in 1 km2.

[18]

2019/11/26 Bubbio Area involved equal to 1 hectare; 
translation of the clods about 20 m with 
maximum 7 m in height. Significant 
damage to the vineyards and the 
municipal road (removed 100 m).

Personal 
communication

2019/11/26 Santo Stefano Belbo Landslide triggered in a vineyard. 
Rejection of only 70–80 cm, but 
sufficient to severely damage a 
farmhouse.

Personal 
communication

The words in the “quotation marks” are original of the reference document.

Table 1. 
Most famous past translational rock-block slides in the Langhe hills for which at least one report has been 
found. These landslides are historically documented since the second half of the seventeenth century: in this 
chronology, briefly reported, the most significant cases for dimensions and effects produced are reported.
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Year/mm/dd Municipality/place Brief description Source
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On the southern slope of Monte 
Stregone Mountain, there was “a 
slippage of a large fractured mass ... 
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[14]
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[19]
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[19]
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he reconstructed the phases preceding the collapse and put forward some hypoth-
eses on the determining causes of the landslide, recognizing and analyzing the 
triggering role of the rain that had fallen in the previous days and the preparatory 
role of the melting waters of the abundant snowfalls of the winter.

On January 9, 1963, the Cigliè rock-block slide destroyed 10 buildings, and 17 
others had to be evacuated. The landslide had been known since the late eighteenth 

Figure 2. 
May 16, 1926: Levice rock-block slides, top view. The large disjointed clods are evident.

Figure 3. 
Cissone, Cascina Bric farmhouse. The large rock-block slide that caused three casualties on April 7, 1941.
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century and was reactivated in 1860, in the early twentieth century, and in 1954, 
1956, and 1958, but the movements that occurred during the spring of 1960 were 
somewhat larger than previous ones. The total surface involved was about 25 ha, 
with a depth of 15–25 m and a volume of 4 million m3 (Figure 4). The approach of 
Cortemiglia and Terranova [26] to this TRBS was mainly morphological-geological 
with marginal references to the role of rains. In the work, some data related to the 
geotechnical characterization of the rock mass were also exposed.

During the first week of November 1968, intense rainfall hit the Langhe area: 
many important planar landslides were activated, recognizable on aerial photo-
graphs of 1969 or documented by photographs from the ground. The largest was 
that of Bossolasco slide, extended 15 ha. Grasso [20] in a study dedicated to the 
Belbo Valley seriously affected by extensive flooding and numerous landslides in the 
aforesaid period, defined “landslides by plasticity” or “plastic-gravitational defor-
mations in the eluvial cover located on the marly silty substrate” phenomena that, 
from what can be observed from the published photographs, they were presumably 
planar slides in the incipient stage. Only in the chapter, “geomorphological observa-
tions” were made an explicit but very brief reference to these landslides, which are 
considered “generally of limited extension.”

In February and March 1972 and February 1974, several translational landslides 
occurred in the Langhe hills [8, 22]. Some of the movements affected entire slopes 
and caused severe damage to rural buildings, main highways, secondary roads, 
and agricultural activities (in particular vineyards and wineries). Two of these 
landslides, the Somano and Arnulfi rock-block slides, were extensively studied. The 
Somano landslide occurred on March 13, 1972 and was reactivated on February 18, 
1974. With an area of almost 1 km2 and a volume of about 10 million m3, it was the 
largest rock-block slide to occur in the Langhe in the twentieth century (Figure 5).

Figure 4. 
Detail of the landslide phenomenon of January 1963 in the crown area, in a photograph of the time. There are 
clearly visible bedrock structure dip slope of tertiary-age sedimentary rocks (on the left) and part of a slipped 
clod (on the right).
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1974. With an area of almost 1 km2 and a volume of about 10 million m3, it was the 
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clod (on the right).
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Of more than 200 slopes identified as having been subject to translational 
movements, in 1972, some 130 showed clear signs of instability, although a smaller 
number manifested similar signs in 1974. The Arnulfi rock-block slide had a volume 
of about 5 million m3 and affected a slope that showed signs of past instability.

The large number of TRBSs altogether triggered or reactivated by two pluvio-
metric events close together over time (February to March 1972 and February 1974) 
gave inspiration to some researchers from the CNR-IRPI of Turin to focus attention 
on these phenomena. The first planar landslide studied in order of time was that of 
Altavilla di Somano of which Govi [8, 23] reconstructed with extreme accuracy the 
evolution on a multitemporal photointerpretation basis, while Sorzana [22], with 
reference to the Arnulfi landslide near Cherasco, underlined the role of hydrologi-
cal-climatic parameters in play, between which the evaporation-transpiration.

The studies of Biancotti on the geomorphology of the Langhe [24, 27–29] 
highlighted the important morphogenetic role of landslides on dip slopes, for which 
models of dynamic evolution were illustrated by the author. Particular attention 
to these landslides was dedicated in the study on the Rea Stream basin, which also 
included a map of slope dynamics “which reported some slides (e.g., Somano, 
Cissone) and indicated some sectors of dip slopes prone to ‘creeping and soliflux.’”

The investigations jointly undertaken by the CNR-IRPI of Turin together with 
the Geological Service of the Regione Piemonte in the years 1978–1980 for creat-
ing a systematic cartography of the Piedmont instability phenomena were another 
opportunity to expand and deepen the state of knowledge on sliding landslides. 
For the first time, the detailed picture of these phenomena was outlined, the actual 
areal distribution and the state of activity indicated with appropriate symbologies 
on maps at the scale of 1:100,000. The result of a decade of research carried out by 
the CNR-IRPI of Turin on the subject materialized into two summary papers:

Figure 5. 
Aerial photograph of the huge translational rock-block slide at Somano (February 1974). The movement 
stopped at the opposite slope causing a dam and consequent small lake of the Gamba stream.
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• the first by Govi and Sorzana [8], valuable for its methodological approach, 
pointed out above all the kinematic-evolutionary aspects, highlighting how 
most of the slides analyzed had occurred on the slopes that had already been 
the site of similar phenomena in the past and

• the second by Govi et al. [9] identified the minimum cumulative rainfall 
threshold of an event lasting from 1 to 3 days capable of triggering a slide, in 
100 mm, provided that the rainfall in the previous 60 days exceeded variable 
values from 150 mm to 300 m, depending on the season in which slides occur 
(usually between November and May).

In 1993, the book “Atlante dei Centri Instabili piemontesi” (“Atlas of unstable 
Piedmontese inhabited centers”) was published by Luino et al. [15], in which some 
detailed illustrative sheets of important landslides appeared of sliding.

Then, in 1994, the most important event in the history of the Langhe hills took 
place: it was defined by experts as “secular.” The event was devastating due to the 
flooding of the valley bottoms heavily urbanized causing enormous damage and 
44 victims along the Tanaro Valley. But landslides on the slopes also made a notable 
contribution in terms of destroyed roads, damaged houses, and removed aqueducts. 
Many countries were totally isolated, and there were great problems in order to 
restore a certain normalcy.

On 5–6 November, after days in which rainfall reached maximum intensities of 
50 mm/h and 200–250 mm/day, more than 450 translational landslides of various 
size occurred in the Langhe slopes (Figure 6) with a top of 10 rock-block slides 
within only 1 km2 in an area around the Ceva town [18]. In terms of areas involved 
by various landslide typologies, the November 1994 event was similar to the 
February 1972 and February 1974 events.

In the years immediately following the serious event of November 1994, several 
authors addressed the study of these characteristic landslides, examining different 
aspects, in particular geology, morphology, hydrogeology, and predisposing and 
triggering factors. We remember Del Monaco et al. [30], Aleotti et al. [31], Polloni 
et al. [32], and Ayala et al. [33], who described some rock-block slides occurred 
during the event into a synthesis report of the field mission of a CEC research group 
carried out in the Langhe within the framework of the EU project MeFISSt.

A photointerpretation work was instead undertaken by Susella [34] on a large 
landslide that occurred not in 1994, but many centuries earlier, in a period difficult 
to define. Using of aerial photographs and field surveys, he identified the largest 
movement known to date, which occurred near the town of Cravanzana. Here, a 
landslide moved blocks 40–45 m in depth, over 2 km wide and 700 m long. The 
estimated volume exceeded 10 million cubic meters.

Again referring to the landslides of November 1994, the physical-mechanical 
parameters of TRBSs were studied by Lancellotta and Scavia [35], while in the 
2-year period of 1997–1998, Aleotti together with other authors addressed the 
issue of TRBSs with two papers, which, starting from the November 1994 event, 
examined geological, structural, morphological, and meteorological conditions of 
the Langhe hills. In the first paper [36], the authors demonstrated that the cause 
of the original process is flexural slip between layers of different competencies. 
Murazzano rock-block slide was deeply analyzed and confirmed the validity of 
this hypothesis showing the possibility that large flexural slip displacement could 
have occurred in a thick incompetent unbonded sandy silt layer. In a second paper 
[37], the authors suggested that, based on the results of studies performed to 
point out the location of the prone areas, the typology of the expected phenom-
ena, and their frequency, adequate hazard management policies could have been 
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undertaken especially in hilly area. They underlined that prevention or  stabilizing 
measures are not always effective and in any case involve high costs; they con-
cluded that for the elements that were already exposed at risk, monitoring and 
warning system with data teletransmission and real-time elaboration could have 
been a valid solution.

On 1998, Lollino et al. [38] sought to identify some factors capable of triggering 
and accelerating planar phenomena with the aim of a more in-depth understanding 
of the kinematic mechanisms and any related risks.

The TRBSs of the Langhe hills in the second half of the 1990s became the main 
topic study of the Regione Piemonte Geological Service. Its geologists and engineers 
deeply analyzed the geological, kinematic, and physical characteristics of the land-
slides: the papers of Forlati et al. [25, 39], Forlati et al. [40], Campus [41], Forlati 
and Tamberlani [42], Susella [43], and Forlati and Campus [7] are noteworthy. In 
this period, the experts of the Geological Service produced in particular: (1) cartog-
raphies of active and quiescent landslides (in collaboration with the CNR-IRPI of 
Turin, see Figure 7), (2) monographs of individual landslides, and (3) research on 
the geotechnical characterization of the slopes.

Figure 6. 
Location of the main landslides of November 1994 in the Langhe area reported on the map of landslides (by 
CNR-IRPI and Regione Piemonte). The red spots indicate the TRBSs, and the blue asterisks indicate the areas 
in which there was the largest concentration of shallow landslides (soil slips). On the map, the quiescent TRBSs 
are indicated in yellow color; landslides active in the previous 30–40 years in green color (the small blue arrows 
indicate the most active sectors). In purple color, the roads are indicated.
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Other studies on rock-block slides of the Langhe hills were produced by Heiland 
and Stemberk [44], with an interesting comparison between these Piedmontese 
slides and similar phenomena in Czech Republic (Beskydy Mountains), Aiassa et al. 
[45], and Bandis et al. [46]. In 1999, Luino [18] presented the results of 4 years of 
studies on the Langhe and surveys carried out as a result of the aforementioned 
event in 1994, describing the triggering rains and the processes that occurred on the 
ground, both in the hydrographic network and on the slopes.

Mason and Rosembaum [47] used Landsat Thematic Mapper and multitem-
poral SPOT-Panchromatic image data to identify slope instabilities generated by 
the storm that struck Piedmont in November 1994. Slope angle and slope aspect 
data were derived from a Digital Elevation Model (DEM) produced from stereo 
air photographs. The geohazard map was then compiled by merging digital slope 
data with geotechnical characteristics, utilizing map algebra within a Geographical 
Information Systems (GISs).

Mandrone with some colleagues, in the period of 2000–2004 [48–50], assessed 
the risk conditions of the historic centers of the Langhe by analyzing the influence 
of precipitation on the triggering mechanisms of the instabilities, presenting a 
forecast model for the triggering of planar sliding landslides based on monitoring of 
the aquifer level and its correlation with meteorological data.

In the period of 2002–2004, with the aim to map all the existing landslides in 
Piedmont (including both results of monitoring data and available historical data), 
the Geological Service of Regione Piemonte participated at the so-called IFFI 
national project (Inventario dei Fenomeni Franosi in Italia – Inventory of Landslides 
in Italy) [51]. This landslide inventory represents a fundamental base of knowledge, 
is a very basic tool for land planning, and strongly helps the local authorities in their 
decision making. At the same time, the Agency for Environmental Protection of 
Regione Piemonte (ARPA) carried out new systematic surveys using aerial photo 
interpretation and created a specific alphanumeric GIS-based database to store and 
process all the collected data.

Figure 7. 
Sliding surface of the Monastero Bormida landslide (February 6, 1994): The following days, the glossy surface 
was extremely slippery. It created great difficulties for geologists during the survey.
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undertaken especially in hilly area. They underlined that prevention or  stabilizing 
measures are not always effective and in any case involve high costs; they con-
cluded that for the elements that were already exposed at risk, monitoring and 
warning system with data teletransmission and real-time elaboration could have 
been a valid solution.
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raphies of active and quiescent landslides (in collaboration with the CNR-IRPI of 
Turin, see Figure 7), (2) monographs of individual landslides, and (3) research on 
the geotechnical characterization of the slopes.

Figure 6. 
Location of the main landslides of November 1994 in the Langhe area reported on the map of landslides (by 
CNR-IRPI and Regione Piemonte). The red spots indicate the TRBSs, and the blue asterisks indicate the areas 
in which there was the largest concentration of shallow landslides (soil slips). On the map, the quiescent TRBSs 
are indicated in yellow color; landslides active in the previous 30–40 years in green color (the small blue arrows 
indicate the most active sectors). In purple color, the roads are indicated.
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In 2005, Luino [52] published an article in which he analyzed the sequence of 
instability processes triggered by heavy rainfall with a particular focus about the 
rock-block slide of the Langhe hills triggered during the 1994 event. Luino analyzed 
the different periods of the event putting in evidence the highest concentration of 
mass movement trigger moment.

In 2013, Tiranti et al. [53] underlined the importance to establish a warn-
ing system capable of providing announcement of activation of the TRBSs with 
sufficient advance. For this reason, ARPA Piemonte developed a precipitation-
threshold-based model setup on an extensive collection of historical data about the 
landslide movements (since 1917) and the related complete meteorological dataset. 
The output model can be tested by observations derived by the regional landslide 
monitoring network consisting of inclinometers and groundwater gauges managed 
by ARPA Piemonte.

TRBSs were also tackled by Notti et al. [54]: they studied very slow large land-
slides and the new generation of Persistent Scatterer PSI that allows to increase the 
density and the time series quality of interferometric data. They analyzed landslides 
belonging to different geological, geomorphologic, and land-use contexts and with 
different monitoring systems, in Western and Ligurian Alps, Langhe hills, and a 
portion of Northern Apennines.

4. Main physical characteristics of the translational rock-block slides

Throughout Europe, flyschoid rocks are commonly unstable. In Italy, the highest 
concentration can be found in the Langhe hills, which is the reason, in particular 
after 1994, it has become one of the areas most studied by geomorphologists. As 
they involve large sectors of slope and completely alter the previous morphological 
shape, translational rock-block slides are recognized as the phenomena that cause 
the greatest degree of displacement. We can briefly analyze the most important 
characteristics of these landslides.

4.1 Gradient of the slipping plane

TRBSs develop along bedding planes on slopes with gradients that vary from 8 
to 15°, with 11° as the most common angle (Figure 7). They usually correspond to 
joints that form the interface between sandy-arenaceous and marly silty levels. The 
dominant direction of translation is nearly always parallel with the dip of the strata, 
even when the dip direction of the slope face is different. In the latter case, land-
slides develop at right angles to the slope. At the end of the movement, the sliding 
surfaces appear as a smooth, inclined plane that sometimes shows the shallow tracks 
left by the sliding rock block (Figure 8).

Sliding surfaces correspond to a thin marly clayey level, where infiltrating 
water deeply penetrates along systems of discontinuities. Forlati and other authors 
have discovered that the planar instability phenomena can be ascribed to swelling 
and to the mineralogy of the material involved. Laboratory testing of specimens 
immersed in water has revealed that cracks open parallel to the sliding surface. 
Diffractometric and mineralogical analyses performed on the same samples have 
shown that in such cracks, the smectite content is similar to the one of the sliding 
surface as measured in the field. In addition, scanning electron microscope revealed 
the importance of the fabric, and hence of interparticle links, in the failure mecha-
nism [25]. Moreover, Lollino and Lollino [55], analyzing the landslide of Somano, 
claimed that the swelling pressure that develops on the sliding surface because of 
the clay mineral content is a factor that enables the blocks to slide for remarkable 
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distances. These results suggest that the presence of smectite is a decisive factor in 
predisposing block for sliding that then occurs when there is a sudden increase in 
rainfall and ensuing hydration processes.

4.2 Area of the slope involved in the landslide

Rock-block slides can extend from a few tens to several thousand square 
meters. In fact, 46.6% of the landslides studied vary in area from 0.16 to 1.28 ha 
[5]. Many other rock-block slides triggered in the past are memorable as a result 
of their dimensions and their consequences for human settlements and activities 
(Figure 9). The Cigliè landslide (1963) had an area of about 25 ha, while Castino 
(1936) rock-block slide reached 35 ha. Somano landslide on March 1972 reached an 
area of almost 100 ha [23].

4.3 Thickness and volumes

About 58.3% of the landslides detected have thicknesses <5 m, 30.1% is between 
5 and 10 m, while it significantly decreases for those between 10 and 15 m (10.3%) 

Figure 8. 
Sliding surface of the Murazzano landslide taken from uphill: The shallow tracks left by the sliding rock blocks 
are evident.
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Figure 9. 
Murazzano Cascina Fascinea farmhouse, one of the most evident landslides of the 1994 event with an area of 
about 7.4 ha. The clods detached and moved for over 80 m had a height of 8–10 m.

and further decreases for landslides with thicknesses greater than 15 m (1.5%) [10]. 
In this last category, we can count the landslide of San Benedetto Belbo (Figure 10), 
which was the maximum known depth of any instability that occurred in November 
1994 event.

The resulting volumes vary considerably, depending on the areal extent of 
movements and the thickness of bedrock involved. Volumes are estimated to range 
from a few hundreds to millions of cubic meters. For example, the Somano land-
slide in the period of 1972–1974 moved a rock-block slide of a volume of about 10 
million m3.

4.4 Velocity

During the main phase of the movements, obviously, instrumental data are 
missing; however, the information obtained on the spot and the few bibliographic 
data available agree in affirming the suddenness of events (developed and 
exhausted in a span of time included between a few minutes and a few hours). 
During the paroxysmal phase, the movement can take place at speeds ranging from 
0.5 m/h (less than 1 cm/min, Vernetta landslide) to a few hundred m/h (about 
5–6 m/min, landslides of Somano and San Benedetto Belbo). The landslide of 
Somano in 1972 moved involving a farmhouse: in spite of its speed, during the 
sliding of the rocky mass, the inhabitants were at the table for dinner. The building, 
in solidarity with the rocky clod, moved gently, and the householders barely noticed 
the movement only hearing the clink of glasses in the cupboard.

4.5 Displacements

In the wide range of cases recorded over the years, there have been landslides 
that have been translated by a few meters, but most of them by several tens of 
meters (Figure 11). The systematic analysis of the summary sheets and the results 
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of the aerial photography interpretation analysis made it possible to classify the 
planar slides typologically, considering the geometry of the sliding surface and the 
geometry of the landslide body. Forlati and Campus [7] correlated the thickness of 
the shifted masses and the different types of landslide noting that the thicknesses 
most at play reached up to 4 m in the case of open plane (70% of the cases) and free 
over-current (65%) slips in free evolution, while in the case of confined evolution, 
they increased to 6 m (70%). They are therefore landslides that, although involving 
the substrate, do not deepen much, remaining on average values of thickness of 
mobilized clods within 6 m.

All types of sliding are therefore joined by rather modest thicknesses, without 
indicating a predominant trend compared to the others. An examination of Forlati 
and Campus [7] summary sheets yielded a population of 108 measures useful for 
assessing elongation, that is, the distance between the main slope and the lower limit 
of the accumulation. Figure 12 shows that 65% of the measurements correspond to 
an elongation within 100 m. The passage from the discrete to the continuous rep-
resentation was carried out by means of an exponential function that interpolates 
the histogram with a correlation coefficient equal to 0.92, thus obtaining a first level 
instrument for the evaluation of the zones of influence of the translated masses.

Figure 10. 
San Benedetto Belbo rock-block slide. This landslide is the one with the maximum known thickness: The clods 
in some points were 22–23 m high, a value that can be deduced from the presence of the geologist on the top. 
During the late evening of November 5, 1994, eyewitnesses interviewed in the following days said that on the 
slope of the landslide, they saw many flashes originating from the rubbing of the rock on the sliding surface.
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5. Phases of rock-block sliding movements

In relation to conditions of progressive slope destabilization, studies of past 
rock-block slides [7, 8, 30] identified four phases of development.

In the first phase, which can continue also for some decades, sub-rectilinear cracks 
and tension gashes in the ground surface open and they develop to considerable 

Figure 11. 
Rock-block slide near Feisoglio town: The mass movement slid about 50–60 m from their original position, 
destroying a road. The estimated area was about 4.63 ha, while the volume was about 385,000 m3. The gray 
layer surface is evident. The small white house moved together with the rock block nearly undamaged.

Figure 12. 
Distance between main scarp and lower edge of displaced mass. Over 65% of the distances are <100 m 
according to an analysis of 108 TRBSs in the Langhe hills in the last 25 years ([7], modified).
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depths. They are generally discontinuous or isolated events and occur primarily in 
the upper part of the slope. Concurrently, a swelling usually occurs in the middle and 
lower parts of the slope. In some cases, this phase is characterized by very limited 
premonitory signs that occur only a few hours or minutes before the sliding.

In cases in which the dynamics of sliding has been recognized, researchers have 
noted that the time interval between the appearance of the first premonitory signs 
and the sliding have not exceed 4 h in nearly three quarters of cases ([5], modified).

The second phase (Figure 13) differs from the previous one not for the typology 
of the processes but for the persistence in time of the described disasters that are 
repeated for the most part in the same places even when they are subject to readjust-
ments for anthropic intervention.

The general conditions remain on average apparently stationary for many years, 
and the only indication of a growing instability is sometimes provided by the 
appearance of new small fissures in the ground, arranged in groups, soon, however, 
partially remodeled by the agro-cultural activities.

In the third phase, a portion of the slope collapses, usually without warning, 
resulting in the sliding of huge, disjointed rock blocks. The movements can take 
place over periods that vary between a few minutes for small landslides and some 
hours for large ones, and it may develop as a result of the erosion of the main scarp. 
At a later stage, the crown of the landslide may retreat, and the accumulated deposit 
may become partially fluidified. The mobilized masses slide along stratigraphic 
surfaces and often preserve the characteristics of the bedrock, even with respect to 
bedding, particularly over relatively short distances. In some cases, buildings have 
been propelled forward together with the rock block without being appreciably 
damaged and showing only cracks in their walls.

The last phase of the movement leads to new conditions of equilibrium, which 
are achieved by a slow succession of adapting movements that develop with 

Figure 13. 
Spectacular example of rock-block slide in a second stage characterized by a period of quiescence that can 
last for several years. During this time, the density of fracture systems increases greatly, leading to vertical 
displacements and the formation of morphological steps. Cracks can be some hundreds of meters long, often 
coinciding with the perimetrical fractures of older translational block slides.
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progressive demolition of the blocks as a result of natural or human activity. Within 
a relatively short period of time, slopes are remodeled by the formation of a con-
tinuous colluvial cover that tends to hide the characteristic elements of the original 
landslides.

6. The role of rainfall

The majority of rock-block slides occur in concomitance with long periods of 
rainfall, even when these are of only moderate intensity. Govi et al. [9] studied 
the planar landslides that occurred before 1975 and identified a relationship 
between hourly rainfall intensity and critical rainfall, in which the effective 
rainfall of a single event is expressed as a percentage of the mean annual rainfall 
(Figure 14). The November 1994 event confirmed the results obtained by these 
authors. They analyzed the total rainfall delivered by the triggering event, ante-
cedent precipitation (up to 60 days before the event), and the monthly distribu-
tion of rock-block slides.

Slope instability usually occurred after periods of heavy rainfall. The prior mini-
mum rainfall needed to reach critical soil conditions varied according to the month: 
they were the highest in the period preceding the November event. Conditions for 
instability involved a combination of 60 rainy days and high-intensity precipitation. 
The rain that fell during the whole 2-month period fed the permeable horizons in 
the stratigraphic sequence to a critical level. The precipitation mainly influenced the 
volumes of stored water along fractures and rock discontinuities. The actions of the 
two variables may not cause instability separately, but together, they can trigger a 
rock-block slide.

Hourly intensities play an important role in the identification of the different 
phases. Figure 15 shows the times of onset and collapse of the planar landslides 
plotted against hourly precipitation values. However, these data were collected 
for less than 25% of all movements that occurred in November 1994, and hence, 

Figure 14. 
Diagram showing precipitation amounts triggering rock-block slides in the Langhe hills. The dashed line 
defines the area of minimum rainfall values in the 60 days before the collapse. The red line denotes the threshold 
total values (previous rainfall + event rainfall) that cause landslides (1 – cumulated precipitations triggering 
landslides; 2 – cumulated rainfalls that do not trigger landslides). The rainfall values triggering the Somano 
and Rodello TRBS occurred on November 1994 are indicated with a red arrow ([9], modified).

55

Translational Rock-Block Slides in a Tertiary Flyschoid Complexes of Southern Piedmont Region…
DOI: http://dx.doi.org/10.5772/intechopen.92600

the plotted values may not be representative of failure times as a whole, as it can be 
argued that the times of onset and collapse are more likely to be noticed during day-
light hours than at night. The peak level of the storm was shown to have occurred 
at 65 h. The threshold total value was reached after 53 h. The climax of the failures 
occurred at 62 h, while the peak level of collapses occurred after 68 h of rainfall 
[36]. These observations indicate that there was a time lag of about 6 h between 
maximum rainfall intensity and failure.

The history of the major events highlights how TRBS always occurs for periods 
of intense rainfall that exceed a certain cumulative value.

For this reason, although we often hear about the role of climate change in 
progress, it seems difficult to find a good correlation between the frequency of the 
processes and the annual cumulated rainfall. In this regard, the graph in Figure 16 

Figure 15. 
Relationship between precipitation and time of onset and collapse of translational block slides in the Langhe 
hills during the severe November 1994 event.

Figure 16. 
Cumulative annual rainfall recorded in Alba (1889–2019 with some missing years), the most significant 
measurement station for the Langhe hills. The blue rhombuses indicate the years in which the minor TRBS 
occurred. The red stars indicate the years in which the major landslides took place.
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shows the cumulative precipitation for each year since 1889 (with some gaps) 
for the Alba station. The symbols indicate the years in which the TRBS occurred 
(see Table 1).

Considering the seasons from a meteorological point of view, that is, winter 
from December 1 to the end of February, spring from March 1 to May 31, and so 
on, we can examine the 27 planar landslide events for which we know the month of 
occurrence (Table 1): it can be noted that as many as 18 of 27 cases (66%) occurred 
in the spring linked to the concomitance of the rainfall and the melting of the 
snowpack.

7. Damage

As previously described, in their movement, these landslides often involve 
structures and infrastructure. The percentage of buildings threatened is higher 
than that of destroyed or damaged buildings. In 1994, for example, if we take 
into account that many settlements were not directly affected by the landslides 
that took place, we can believe that there is a direct knowledge of the problem 
that led to a physiological selection over time of the safest areas to be used as 
residence. The same statement loses meaning for the road network where the 
relationship is reversed: that is, there are fewer cases in which the road network 
is threatened than those in which the road network is directly affected. Probably, 
this is due to the fact that the development of communications, as a need to 
maintain activities in this area, has undergone a significant increase compared 
to residential urban development which has been rather oriented toward the 
recovery of the existing one. Following the November 1994 event, more than 
1300 TRBSs were recorded, of which almost half caused damage. Over a hundred 
landslides affected the road system, causing injuries for a total length of over 
23 km, equal to about 230 m for each individual gravitational process [56]. The 
analysis of the damage caused to the inhabited centers by the action of the planar 
sliding landslides triggered during the November 1994 event highlighted how the 
highest percentage of damage was recorded for the houses located along the  
supper and middle sectors of the slopes. On the contrary, buildings built at 
the foot or near the crest have been less prone to damage in percentage terms. 
Examining the location of the historical urbanized areas, it is noted that, in the 
area most frequently affected by planar slides, 64.5% is located in a crest position 
and only 9.7% in the central sections of the slope [56]. The choice of the most 
suitable sites for the construction of the settlement centers therefore derives 
from the knowledge of the phenomenon of stability and the awareness of the 
effects by the population. The finding that the numerous planar landslides of 
November 1994 did not cause victims, as, moreover, observed almost generally 
also in other episodes of the past, suggests that in the population, there is a good 
historical memory of the process, which depends on the high frequency with 
which this type of landslide is proposed again and from the daily relationship 
with the territory, with a predominantly agricultural vocation.

8. Relationships between human activities and translational block slides

For the most of the landslides examined, the anthropic role has been very 
important: it occurred through actions that have modified the natural distribution 
of both surface and underground outflows. In this context, a predominant role is 
attributable to the significant development assumed by the road network, through 
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new tracks and the restoration of old rural cart roads. Immediately following, in 
order of importance, the effects due to agricultural processes follow.

The analysis of the TRBSs of the Langhe hills mainly for the 1972, 1974, and 
1994 events indicates that there is an evident correlation between the activation of 
movements and the human activities. While in many cases human-induced causes 
of landslides can be identified, the immediate triggering factor in this case is always 
an intense and prolonged rainfall. Human activity and land use both increase the 
potential for landslide activation, primarily where they modify the natural balance 
of surface runoff and subsurface infiltration.

It has been repeatedly observed that the slope cuts for the opening of service 
roads, exposing the cracked substrate and thus facilitating the infiltration of water 
into the subsoil are preferential places for the development of the first movement 
of land, with extensive opening of the cracks and subsequent propagation of the 
instability in the closest zones (Figure 17).

Similar considerations can be made with regard to the terracing and excavation 
works that interrupt the continuity of the layers, carried out to reduce the slope of 
the land for agricultural purposes or around residential settlements. The plows with 
deep furrows and the heavily engraved drainage network, almost always without 
protective channels, presumably constitute other important reasons, predisposing 
to the reactivation of the slipping.

But perhaps the most important aspect is the type of cultivation called “rit-
tochino” or “franapoggio.” The first is a hydraulic-agrarian arrangement of the 
sloping lands. The purpose of this arrangement is to regulate the flow of water 
while simultaneously reducing the risks of erosion and landslides. The lines on 
which the cultivation units and the hydraulic-agricultural products are developed 
follow the lines of maximum slope: the processes, the rows of arboreal plants, and 
the drainages develop orthogonally to the isohypses in order to favor rapid runoff 
of rainwater preventing excessive infiltration into the ground. It is probably the 

Figure 17. 
Murazzano rock-block slide, one of the most showy TRBSs triggered in November 1994, here shot a week later 
when a temporary road had already been restored. The clods moved along a surface with a gradient of 9.8° for 
a distance of about 80–100 m. The crown was located about 20–25 m upstream of the provincial road.
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also in other episodes of the past, suggests that in the population, there is a good 
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oldest settlement adopted in many hilly regions of Italy. The second, “franapoggio,” 
instead, derives from the fact that the workings follow the isohypses: the cultivation 
is made by furrows arranged in a normal direction to the lines of maximum slope. 
The advent of agricultural mechanization has determined the almost total abandon-
ment of the “reggipoggio” because tractors work in better conditions on the lines of 
maximum slope. This cultivation is still present in viticulture.

The most evident aspects of human activities that cause landslides in the Langhe 
hills are the following ones: (1) surface runoff is concentrated where roads are built 
in line with the fracture planes of past landslides; (2) water stagnates upstream of 
road embankments that lack drains; (3) the secondary hydrographical network is 
occluded due to agricultural work; and (4) water leaks from artificial reservoirs 
excavated on the slope in order to store rainwater [8].

9. Discussion

The fact is that the numerous rock-block slides did not cause many casualties, 
on November 1994 and also in other episodes of the past, as previously mentioned, 
it suggests that there is a certain historical memory of the problem, which depends 
on the high frequency with which this type of landslide is repeated and from the 
daily relationship with the territory, with a predominantly agricultural vocation. 
This entailed an accurate selection of areas to be used for permanent settlement 
purposes (the damage analysis shows that the percentage of buildings that are 
threatened is significantly higher than the destroyed ones), and the surprising 
sensitivity to perceive comes from the same reasons and distinguishes the warning 
signs of instability.

Thanks to this awareness of the problem and also bearing in mind that the 
preparatory phase of landslides due to gliding can last for several years and that 
the interval between the appearance of warning signs and the collapse is generally 
more than 2 h, it can be assumed that in the Langhe hills, an increase in the socially 
acceptable risk threshold has been reached, which must not, however, exempt us 
from deepening our knowledge of the problem. Indeed, the progress of knowledge 
confirms what has already been reported at the conclusion of the study cited on 
landslides in the Langhe of the Cuneo province in the years 1972–1974, and that is, 
the slopes in question need to be considered areas with high risk of landslide, even if 
there are not always perceptible signs of instability.

The knowledge gained on rock-block slides was further enriched with the allu-
vial event of November 2–6, 1994, which proposed a great variability of situations 
of great importance for the understanding of these phenomena: an extraordinary, 
and perhaps unrepeatable, “didactic gym,” as well as a field of intervention for the 
competences of the Public Administration, which has provided several points for 
reflection, some of which are briefly outlined here. The significant morphological 
effects on the slopes and the spread of damage to the roads and the residential fabric 
led, a few days after the event, to the creation of a Regional Advisory Commission 
with tasks of methodological orientation and support to the operating bodies. 
Among the first products, as early as January 1995, a summary map was made 
available on a scale of 1:25,000 of the landslide phenomena recognized by photo-
interpretative study, accompanied by an appropriate “data base” containing con-
siderations on the evolutionary stage and damage caused by each of the 470 census 
landslides. The creation of a suitable survey card allowed us to collect data from 
200 sample landslides on the ground. The detailed mapping on a scale of 1:10,000 
and the subsequent digitalization also represented the justification for a complete 
review of the entire area and its evolutionary history.
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The extensive amount of data acquired allowed a comparison between the 
events of the 2-year period of 1972–1974 (on a window of 200 km2): as many as 130 
landslides of 200 recognized, even as more ancient phenomena, were reactivated in 
that period [8]. Not different was the 1994 event, as 46% of the census landslides 
were considered as reactivations of previous phenomena.

For large sectors (e.g., area of Somano, Serravalle Langhe, and Bossolasco), it 
was possible to speak of “persistent intermediate stage” with episodic aggravations, 
which are also important, distinguishable over time.

A systematic photo-interpretative analysis of planar slips activated in spring 
1972 compared with those of the autumn 1994 event allowed further significant 
considerations on the dynamic and evolutionary characteristics of these phenom-
ena, namely:

• widespread reactivation of sectors or portions already place of movement in 
the 2-year period of 1972–1974;

• clear conditioning of the most significant morphostructural elements already 
manifested in that period;

• complete evolution of sectors in which signs of incipient instability were pres-
ent; and

• reappearance on artificially reshaped slopes of fractures and traction joints 
that had affected the movements in 1972–1974.

The same considerations can be valid, in general terms, also for sectors of slopes 
that have been affected by landslides prior to 1972. It can therefore be argued that 
many of the areas affected by movements in 1972 were reactivated, especially for 
the larger phenomena, in 1994 with various spatial modalities but mainly using the 
same structural guidelines.

Based on testimonies collected from the affected population, an interesting 
information was provided regarding the perception of the warning signs and the 
times of landslide development. In general, it was found that for about 60% of the 
70 cases analyzed, the interval between the appearance of the warning signs (cracks 
on the artifacts and in the ground) and the collapse phase is about 2–4 h.

10. Conclusions

The purpose of this paper is to make TRBSs known to the international scientific 
community, showing a synthesis of the studies and history of about these phenom-
ena in the Langhe region, in north-western Italy. The Langhe delineates themselves, 
in the articulated panorama of the Piedmontese relief geological instability, due 
to the high presence and repetitiveness over time of the planar landslide process. 
Alongside important episodes of activations widespread in 1972, 1974, and 1994, 
still recognizable on the slopes, especially with the help of aerial photographs, there 
are signs of ancient movements, also large sizes.

These particular landslides clearly reveal the area’s intrinsic morphological insta-
bility and the principal morphogenetic factors on slopes. Moreover, slope instability 
creates huge problems for the people of this hilly zone, not so much for the number 
of victims (<15 in the 340 years analyzed in Table 1), but for the extent of the land 
involved: just think that in some municipal areas such as Serravalle Langhe and 
Bossolasco, the area involved in landslides represents 40–42% of the total area [5].
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creates huge problems for the people of this hilly zone, not so much for the number 
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During major hydrological events, main highways, secondary road networks, 
farmland, and rural buildings are often damaged. Field surveys can provide direct 
knowledge of the contemporary problem and its long history. Fortunately, unlike 
some earlier landslides, the more than 450 translational landslides that occurred in 
November 1994 claimed no casualties, but these are always possible, as the rock-
block slides are potentially highly dangerous. Given the short-time lapse between 
maximum rainfall intensity and rock-block slide failure, an adequate meteoro-
logical network is needed with the capacity to detect thresholds of alarm during 
precipitation and snow-melt events, so that public authorities can be prewarned of 
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Abstract

In order to characterize the landslide susceptibility in the central zone of 
Guerrero State in Mexico, a spatial model has been designed and implemented, 
which automatically generates cartography. Conditioning factors as geomorpho-
logical, geological, and anthropic variables were considered, and as a detonating 
factor, the effect of the accumulated rain. The use of an inventory map of land-
slides that occurred in the past (IL) was also necessary, which was produced by an 
unsupervised detection method. Before the design of the model, an analysis of the 
contribution of each factor, related to the landslide inventory map, was performed 
by the Jackknife test. The designed model consists of a susceptibility index (SI) 
calculated pixel by pixel by the accumulation of the individual contribution of 
each factor, and the final index allows the susceptibility cartography to slide in 
the study area. The evaluation of the obtained map was performed by applying an 
analysis of the frequency ratio (FR) graphic, and an analysis of the receiver operat-
ing characteristic (ROC) curve was developed. Studies like this can help different 
safeguarding institutions, locating the areas where there is a greater vulnerability 
according to the considered factors, and integrating disaster attention management 
or prevention plans.

Keywords: landslide susceptibility, accumulated susceptibility index, explanatory 
factors, jackknife test, frequency ratio, receiver operating characteristic curve

1. Introduction

The landslides are phenomena of great importance due to their spatial dimen-
sion effects on socio-ecological systems. Typically, the landslides are present in 
areas where hydrometeorological phenomena also occur [1–3]. In recent years, an 
increase in landslide risk has been recorded due to the increase of population settle-
ments in vulnerable areas such as coastal and mountain regions.

This problematic and global situation has aroused the interest of governments 
and academics, and significant efforts have been made to characterize and identify 
the areas that have the potential to suffer landslides. Under a territorial approach, 
studies and susceptibility models have been developed, where factors related to 
instability processes and their spatial distribution are analyzed and linked to the 
landslide inventories.
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The remote sensing techniques and the management of geospatial information 
through geographic information systems (GIS) currently play a leading role in 
numerous studies in which statistical or semi-statistical methods are applied to the 
modeling and generation of landslide susceptibility cartography [4].

In the last four decades, different probabilistic methods have been developed to 
predict, model, assess, and produce cartography about the risk related to landslides. 
Van Westen et al. [5] propose three scale levels in risk maps:

A. The qualitative-heuristic approach, with empirical recognition and small-scale 
maps (1: 100,000–1: 250,000)

B. The statistical approach, to determine the causal factors in the quantitative 
susceptibility mapping (scale 1: 25,000–1: 50,000)

C. The deterministic approach, for detailed large-scale studies (1: 2000–1: 
10,000)

Guzzetti et al. [6] describe that the most important proposed methods can be 
grouped mainly in the following categories:

1. Geomorphological risks mapping

2. Analysis of landslide inventories

3. Heuristic or indexing methods

4. Functional and statistical models

5. Geotechnical models or based on the physical structure

The literature about the evaluation of susceptibility to landslide events is vast; 
Carrara [7], Guzzetti [8], Chung et al. [9], Baeza and Corominas [10], Hervás et al. 
[11], Ayalew and Yamagishi [12], Lee [13], Mancini et al. [14], Kayastha et al. [15], 
and Dou et al. [16], among others, use the statistical methods of multivariate analy-
sis (discriminant analysis, processes of analytical hierarchies or logistic regression). 
According to Feizizadeh and Blaschke [17], the use of these methods has increased 
in landslide susceptibility mapping; however, the results are sensitive to the quality 
of the dependent variable, for instance, the inventory of previous landslide events 
[4, 18, 19].

Other authors have analyzed damaged scenarios with a geostatistical approach 
applying kernel density maps to evaluate geological, geomorphological, and risk 
data [20]. Lazzari and Danese proposed a multi-temporal kernel density estimation 
approach for local landslide susceptibility evaluation and forecasting, based on 
spatial statistics techniques and in particular on kernel density estimation, consid-
ering the interaction between landslides that are located close to each other, as a 
second-order effect in landslide spatial distribution [21].

Due to the complexity of landslides, many authors have focused on nondeter-
ministic methods to assess the susceptibility. Lee et al. [22], Gómez and Kavzoglu 
[23], Park et al. [24], and Conforti et al. [25] have applied data mining methods 
using artificial neural networks, while Ercanoglu and Gokceoglu [26] and Pistocchi 
et al. [27] have applied the fuzzy logic methods.
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Ward et al. [28], Terlien et al. [29], Fall et al. [30], and Jia et al. [31] have 
adopted a mechanical approach, using deterministic and/or numerical methods, 
which have been successful for the analysis of the stability of a slope [32].

In this study, we apply a heuristic method, which considers the relationship 
between the location of landslide events previously occurred and the geomorpho-
logical and geological environment [33–36]. In the heuristic methods, the experts’ 
criteria are essential, due and based on their expertise, and they determine the 
factors that influence the instability [37]; here each factor is weighted according 
to its importance/influence on the landslide triggering. A final map is obtained by 
superimposing the thematic layers related to each factor. Examples of the applica-
tion of this type of indirect methods are described below.

Irigaray [38, 39] proposes the critical slope method, with which the susceptibility 
of lithology in slope intervals is estimated. The critical slope per lithological unit is 
obtained from the relation of the increase of the percentage occupied by the surface of 
rupture of the class of immediate lower slope and the increase of slope of both classes.

Van Westen [40, 41] developed a procedure that calculates the landslide density, 
assigning a weight to the variables (factors), through the difference with the total 
density and finally adding the weighted densities. An important feature is that this 
method contemplates different types of landslides and activity stages, considering 
the slid zones.

Sarkar et al. [42] performed a similar procedure, but without assigning 
weights, they calculate the landslide density for each class and factor, obtain-
ing a susceptibility index through the weighted accumulation of the individual 
indices corresponding to each factor included and thus obtaining the final 
susceptibility map.

Barredo et al. [43] apply two knowledge-based methods. The direct method 
performs a very detailed geomorphological cartography using specifically coded 
polygons that were evaluated one by one by experts to assess the type and risk 
degree. The indirect method is based on an indexing technique, where the condi-
tioning factors are combined using multicriteria evaluation techniques.

Hervás and Barredo [44] and Hervás et al. [11] propose an indirect method of 
indexing to evaluate the landslide susceptibility, through the pondered linear sum 
of the weights of the considered factors and classes, for the assignation of the final 
weight corresponding to each conditioning factor. In their study, they applied the 
analytical hierarchy method, creating a matrix with the relative value judgments 
between pairs of conditioning factors of instability. The resulting susceptibility 
index was presented in a five-category thematic map.

Ayalew et al. [34] applied the linear weight combination method to determine 
classes of control parameters (factors): lithology, slope, terrain orientation, eleva-
tion, profile, and flat curvature, considering the order of importance in the process 
of landslides and weighing the impact of one parameter against another.

Wati et al. [35] applied a heuristic approach with the weighted scoring 
method, where the judgment of an expert determines the weighting and scor-
ing, which represents the effect of each factor in the process of a landslide. The 
higher the weight and the score, the higher will be the influence of a particular 
factor to trigger a landslide. The weight designation to the corresponding fac-
tors was aided by the Integrated Land and Water Information System (ILWIS) 
software, and they used a rank of values, 1 to 4. The results were presented 
in a thematic susceptibility map organized in five classes whose ranges were 
 determined by the Natural Breaks method [45] based on the accumulated  
weight score.
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The work presented here is only one phase of a global susceptibility analysis 
project in the Guerrero State, which includes landslides, floods, earthquake damage, 
and environmental effects due to industrial activity, among other phenomena that 
occur in the study area.

Under this background, the present work consists of the analysis, design, and 
implementation of a spatial model to characterize the landslide susceptible zones in 
the central area of Guerrero State in Mexico.

2. Study area

The study area covers a space of 3300 km2, in the central zone of Guerrero State 
in Mexico, and consists of a mountainous region, with elevations ranging from 
280 m to 3540 m above mean sea level and slopes over 40 (Figure 1).

According to the Mexican Institute of Statistics and Geography (INEGI), for the 
year 2013, temperature variations were recorded from 14.3°C (December) to 28.3°C 
(May) [46].

The records of precipitation of the National Meteorological Service (SMN-
CONAGUA) for the year 2013 indicate that the ranges vary from 800 mm as mini-
mum average to 2100 mm as maximum recorded from June to September [47]. The 
area was 74.8% covered by forest (coniferous, mesophilic, and mixed), 14.1% by 
deciduous forest, 7.8% by agricultural land, 3.2% by induced vegetation, and 0.1% 
by human settlements and urban areas [48]. According to the 2010 Population and 
Housing Census, there are 187 cities and towns, in which there are 15,230 homes 
inhabited by 59,098 people [49].

Geologically, the area is located physiographically in the Sierra Madre del Sur 
[50] and has a variety of metamorphic rock composition consisting of schists and 
gneisses of biotite and quartzite, outcrops of deposited limestone, metavolcanic 
rocks with sedimentary influence, siltstones, sandstones, conglomerates, and 
carbonate rocks. Rhyolitic rocks are also found as a result of Oligocene-Miocene 
volcanism. The youngest rocks correspond to alluvial deposits present in the mar-
gins and riverbeds [51, 52]. Figure 2 shows the geological map of the study area, 
integrated from two geological charts and ten geological-mining charts, referenced 
to 2012.

Figure 1. 
Study area, the south-central region of the state of Guerrero, Mexico. Source: Adaptation of ASTER image 
from Dec 13 2013.
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The study area is interesting because of its geographic location, topographic, 
and geological conditions and also due to the presence of extraordinary hydrome-
teorological phenomena in recent years, which have triggered massive landslides 
that have severely affected the population and infrastructures of their communities. 
The events of September 2013 were particularly notable during tropical depression 
No. 13 in the Pacific Ocean and subsequent simultaneous hurricanes: Manuel in the 
Pacific and Ingrid in the Gulf of Mexico caused significant floods and landslides on 
the coast of the Guerrero State [54] (Figure 3).

In the study area, there is an important concentration of inhabitants. From the 
187 localities distributed in the area, 182 are considered as rural (with less than 2500 
inhabitants), and their environmental conditions, the materials of their homes, and 
characteristics are similar to La Pintada.

3. Dataset and methodology

An overview of the process to characterize, through an accumulated index, the 
areas susceptible to landslides is shown in Figure 4.

Figure 2. 
Geological map of the study area [53].

Figure 3. 
A massive landslide occurred on La Pintada community. September 2013, in the study area. Source: Personal 
adaptation from https://www.jornada.com.mx/2013/09/24/ciencias/a03a1cie.
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As can be seen, the proposal is made up of five stages:

• Dataset. Consists of the acquisition of primary data and the generation of 
maps derived from it.

• Pre-processing. In this stage, additional processes are applied to the derived infor-
mation, such as the categorization of maps with continuous data, the generation 
of kernel density maps, or the combination of maps with related information.

• Jackknife test. In this stage, the factors considered are analyzed to determine 
the contribution of each of them to the global susceptibility model.

• Accumulated index of landslide susceptibility. Here, the proposed model is 
implemented to build the landslide susceptibility map.

• Accuracy assessment. At this stage, the map generated is evaluated.

Each of the stages is explained in detail throughout the work.

3.1 Landslide inventory

An image dated on August 12, 2014, from Google Earth online platform was 
used, just the closest one available after the meteorological events of September 
2013 previously described. Photointerpretation techniques were applied to 
identify and digitize a sample of 617 polygons of which 602 (17,385 pixels) 
represent real landslide areas and 15 (17,632 pixels) represent non-landslide 
zones to integrate an inventory validated through field visits in the study area 
(Figure 5A).

Figure 4. 
Methodology overview.
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Due to the conditions of access and insecurity prevailing in the study area, 
not all the digitized polygons were field verified. The field verification was in 321 
polygons (53.3%) in secure zones near to the largest cities and close to the most 
important roads. The field verification indicated that 320 were translational land-
slides, and only 1 was a debris avalanche.

The size of the slid polygons in the integration of the landslide inventory was 
450 m2, which is the area that corresponds to two pixels, due to the spatial resolu-
tion of the ASTER images used, which is 15 m.

A landslide inventory map (Figure 5B) was used to assess the resulting sus-
ceptibility landslide model. This inventory was automatically produced through 
unsupervised detection methods applied to ASTER-derived products [53].

The described landslide inventory produced by unsupervised detection methods 
consists of 216,174 pixels that represent the landslide zones caused by the extraor-
dinary rains of the simultaneous hurricanes Ingrid and Manuel in September 2013. 

Figure 5. 
Landslide inventory. (A) Landslide polygons digitized in Google earth validated. (B) landslide inventory map 
resulting from unsupervised detection methods [53].
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These pixels were divided into three equal parts, of which 2/3 (144,116 pixels) were 
used to define the degree of contribution of the factor terrain orientation and flat 
curvature to the susceptibility model.

The other part (72,058 pixels) was complemented by a similar number of ran-
domly selected pixels of the inventory map that were identified as non-landslides 
and reserved for the stages of evaluation of the influence of factors on the occur-
rence of landslides and to assess the accuracy of the landslide susceptibility map 
obtained in this work.

3.2 Conditioning and detonating factors

In this work, the quantity and type of the analyzed factors were the results of a 
selection process supported on the expertise or researchers based on specific char-
acteristics of each factor and the conditions of the study area. Thus, it is important 
to emphasize that finally, the explanatory factors are considered, depending on the 
characteristics of the study area and the availability of corresponding information. 
The factors considered, as well as the processes applied for their integration, are 
described as follows.

Based on the data obtained from the topographic maps, courtesy of National 
Institute of Statistics and Geography of Mexico (INEGI), a 15 m grid cell digital 
elevation model (DEM) was generated; then, maps of the angular slope, terrain 
orientation, drainage network, and flat curvature were produced from DEM to be 
used as factors in the susceptibility modeling.

From the topographic maps, the road infrastructure data was obtained. The 
lithology map was obtained from the geological-mining charts, while the map of the 
structural elements was obtained from the geological chart courtesy of INEGI and 
the Mexican geological service (SGM).

From the soil chart of Guerrero State (INEGI), the textural class map of the 
study area was obtained. Also, a map of accumulated precipitation was generated 
from the data bank of the daily precipitation from January to September 2013, 
obtained from the meteorological stations located in or near to the study area 
(Figure 6). With the data of accumulated precipitation, textural class, and terrain 
slopes, a new combined product was generated that was called the potential rain 
effect map.

According to the kind of data of each factor, in some cases, additional 
processing was performed to be used in the modeling of susceptibility. For the 
terrain slopes (S), in concordance with Alcantara-Ayala [55], the slope values 
smaller than 5° were considered as flat zones, and then without effect on the 
susceptibility index, while for the upper slope values, a limit value through the 
statistical parameters of all slope data was determined, calculated by the mean 
plus twice the standard deviation (μ + 2σ). The resulting value was 45.3°, and 
from this value onwards, it was considered that the effect on the susceptibility to 
slip is the same, and thus all the upper-value slopes were equalized considering 
them with the same weight (Figure 7A) [56].

About lithology, a susceptibility degree was defined for each lithological unit. 
The map was categorized according to Aramburu Maqua and Escribano Bombín 
[57], who refers to the degree of cohesion, potential erosion, and mechanical 
behavior of each type of rock.

In this sense, the potential erosion index (PEI) was used, since it refers to 
erosion by surface runoff due to hydrological factors, which are considered in this 
study as the primary trigger of landslides. Based on the analysis of the lithological 
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content of the rocks present in the area, five classes were defined that indicate the 
susceptibility degree, related to the potential erosion of the rock type. According to 
the categorization based on the PEI [57] and the identified rock types, four suscep-
tibility classes were determined: (1) very low, (2) low, (3) medium, and (5) very high 
(Figure 7B). It is important to note that the classification corresponds to the cited 
works consulted, and according to the analysis performed, class (4) high does not 
exist in the study area.

Regarding the drainage network maps, road infrastructure, and geological struc-
tures, it was considered to use density maps, since if a point in the space next to an 
“element” (runoff, road, or geological structure) has a certain degree of susceptibil-
ity, then this should be greater if the same point is close to two or more elements; 
therefore, a density map would represent the most susceptible areas to slide accord-
ing to its position with respect to one or more of the elements considered.

From each map (drainage network, road infrastructure, and geological struc-
tures), the density maps were generated by the kernel density estimator (KDE), 
which calculates a magnitude of influence of the “elements” per unit area according 
to the neighborhood of the pixels [20, 58]. The KDE can be applied on specific 
entities or lines. KDE implies the use of parameters, among which the search radius 
(bandwidth) is one of the most important and represents the value of the radius 
within which the density will be estimated.

The default search radius (SR) is computed according to the spatial distribution 
of input dataset to be analyzed using a spatial variant of Silverman’s rule of thumb 
that is robust to spatial outliers (i.e., points that are far away from the rest of the 
points), through the equation

  SR = 0.9 ∗ min  (SD  √ 
_

   1 _ ln  (2)    ∗ Dm  )  ∗  n   −2   (1)

Conceptually, an adjustment of a uniform curved surface is made on each “ele-
ment.” The value of KDE is higher on the line and decreases as the pixels are farther 

Figure 6. 
Meteorological stations considered in the study. Source: Personal adaptation from ESRI and SMN-CONAGUA.
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Figure 7. 
Explanatory factors of landslide susceptibility in the central zone of Guerrero state. (A) Terrain slope.  
(B) Potential erosion index. (C) Drainage network density. (D) Road density. (E) Structural element density. 
(F) Terrain orientation. (G) Flat curvature. (H) Potential rain effect.
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from the feature, even reaching the zero value. To calculate the density of each 
pixel, the values of all the superposed kernel surfaces are added [59] (Figure 7C–E).

The terrain orientation (TO) was classified according to Rawat et al. [60], 
excluding the value of −1 since it represents flat areas and does not contribute 
any degree of susceptibility to landslides in the model. The rest of the orientation 
values were organized in eight classes, to which a cross-tabulation was applied 
with 2/3 of the slides taken from the ground truth (landslide inventory map) to 
determine the frequency of each class of orientation of the terrain in which the 
pixels are slid.

From the crossing of information of the class of terrain orientation and the pix-
els of the landslide inventory map, the map of orientations was reclassified accord-
ing to the frequency of the slid pixels in each class, being the order of frequency and 
the degree of susceptibility assigned (Table 1, Figure 7F).

The flat curvature (FC) is an important topographic feature commonly used in 
landslide susceptibility studies [61]. The slopes can be subdivided into regions of 
flat curvature, lateral concave, lateral convex, and linear; however, statistical analy-
sis of the flat curvature and landslide datasets indicates that slopes with linear flat 
curvature have the highest probability of landslides, and this probability decreases 
as the slopes become more concave or convex [62].

The flat curvature map contains values from −25,798 to 30,944, which were 
adjusted according to the empirical information of the landslide inventory map, 
using a similar methodology to that applied in the terrain orientation; first, the 
curvature values were analyzed, and then the data were cross analyzed with the 
landslide inventory information, using two-third of the slid pixels considered as 
ground truth. Thus, the sampled slid pixels show curvature values from −12,427 
to 5486; to these range values, a classification was applied in three ranges by the 
Natural Breaks method [45]; and for each class, the frequency of slid pixels was 
obtained (Table 2).

Most of the sampled pixels (72.1%) are included in the range (−1.328 to 0.358) 
that corresponds to class 2; therefore this class was assigned with the highest 
degree of susceptibility, and according to the frequency values, to class 1 the 
medium susceptibility was assigned, and to class 3 the low susceptibility was 
assigned. For curvature values outside of the analyzed ranges [values lower than 
−12,427 (convex areas) and higher than 5486 (concave zones)], a null suscep-
tibility was assigned for effects of the development of the susceptibility model; 
this is because they were not linked to slid pixels, according to the empirical 
analysis (Figure 7G).

N. Class Azimuth terrain orientation (°) Frequency (%) Reclassification

1 North 337.5–22.5 2.48 1

2 Northeast 22.5–67.5 5.42 3

3 East 67.5–112.5 13.95 5

4 Southeast 112.5–157.5 19.74 7

5 South 157.5–202.5 25.36 8

6 Southwest 202.5–247.5 17.68 6

7 West 247.5–292.5 11.31 4

8 Northwest 292.5–337.5 3.60 2

Source: [56].

Table 1. 
Reclassification of terrain orientation according to slid pixel frequency.
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this is because they were not linked to slid pixels, according to the empirical 
analysis (Figure 7G).

N. Class Azimuth terrain orientation (°) Frequency (%) Reclassification

1 North 337.5–22.5 2.48 1

2 Northeast 22.5–67.5 5.42 3

3 East 67.5–112.5 13.95 5

4 Southeast 112.5–157.5 19.74 7

5 South 157.5–202.5 25.36 8

6 Southwest 202.5–247.5 17.68 6

7 West 247.5–292.5 11.31 4

8 Northwest 292.5–337.5 3.60 2

Source: [56].

Table 1. 
Reclassification of terrain orientation according to slid pixel frequency.
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The potential rain effect (PRE) map (Figure 7H) did not require any empirical 
analysis.

3.2.1  Evaluation of the influence of factors on the occurrence of landslides: the 
jackknife test

Once the information of the considered factors in the study was integrated, the 
Jackknife test was applied, which allows identifying the importance degree of each 
factor by executing the models in a separate way, with different sets of factors and 
excluding the factor analyzed. The Jackknife test provides alternative estimators of 
landslide patterns as a function of the factors, allowing so the identification of the 
significance of each of them, by their contribution degree and by their importance 
regarding the global results of the model [63–66].

In this study, the Jackknife test graph was produced as a useful tool to assess the 
individual contribution of each factor used and also to assess the contribution of 
each range or category of each factor to the susceptibility landslide.

3.3 Accumulated index of landslide susceptibility

The applied model consists of the integration of an accumulated global index of 
landslide susceptibility, calculated from the individual contributions of each factor 
in the following described stages.

3.3.1 Factors standardization

Each factor reports continuous or discrete values. Therefore, a standardization 
process was applied; in this way, individual contribution values were assigned to the 
susceptibility model, calculated between 0 (null contribution) and 1 (maximum con-
tribution); and thus, evaluate the corresponding contribution in the global accumu-
lated susceptibility index. So, all the factors will have the same weight in the model.

The standardization process was made according to the data of each factor. 
Thus, for instance, for the PEI factor which is represented in a thematic map of 
five categories of contribution to susceptibility ((1) very low, (2) low, (3) medium, 
(4) high, and (5) very high), the standardized value was determined by finding the 
relationship of each pixel in connection with the value corresponding to the highest 
category, resulting in the PEI factor with values between 0 and 1.

For the standardization of some other factors, such as the flat curvature or the 
terrain orientation, the landslide inventory map was used to empirically obtain 
range values of curvature or orientation in slid areas (ground truth). A schematic 
example of the terrain orientation standardization process is shown in (Figure 8).

The standardization of the factors registered in maps of continuous values was 
determined by finding the relationship between the value of each pixel and the 
highest pixel value recorded.

Class Minimum Maximum Pixels %

1 −12.427 −1.328 10.8

2 −1.328 0.358 72.1

3 0.358 5.486 17.0

Source: [56].

Table 2. 
Flat curvature and relative frequency from the sampled slide pixels.
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All the models and processes described in this paper were developed using the 
Dinamica EGO software [67–69].

3.3.2 Landslide susceptibility map through the susceptibility index (SI)

The final value of the SI is integrated by the accumulation of the individual 
contribution of each factor considered in the study [70], calculated by the 
equation:

  SI =  S  S   +  TO  S   +  DD  S   +  FC  S   +  PEI  S   +  SED  S   +  RD  S   +  PRE  S    (2)

where
 SI =  Cumulated landslide susceptibility index.
  S  S   =  Standardized terrain slope.
 TO =  Standardized terrain orientation.
  DD  s   =  Standardized drainage network density.

Figure 8. 
Terrain orientation standardization process.
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  FC  S   =  Standardized flat curvature.
  PEI  S   =  Standardized potential erosion index.
  SED  S   =  Standardized geological structural elements density.
  RD  S   =  Standardized roads density.
  PRE  S   =  Standardized potential rain effect.
Under the premise that each factor provides a degree of susceptibility with 

standardized values ranging from 0 (null) to 1 (high), the final map obtained 
represents the pixel by pixel accumulated index of landslide susceptibility of the 
analyzed area, according to the considered factors. It is important to note that from 
the obtained results of the Jackknife test, the accumulated SI model can be modified 
by excluding some factors due to its degree of contribution.

3.4 Accurate assessment of the accumulated index of landslide susceptibility

The accuracy in the susceptibility mapping refers to the degree of agreement 
between the prediction of areas susceptible to landslides obtained by the applied 
methods and the location of actual landslides, according to the information consid-
ered as reference data or ground truth in the landslides inventory.

The implementation of the accumulated SI model produces a susceptibility map 
with continuous values, in which, according to their ranks, applying natural breaks 
were categorized into five classes: (1) very low, (2) low, (3) medium, (4) high, and 
(5) very high. On the other hand, there is a landslide inventory map organized into 
two categories: (1) non-landslides and (2) landslide. So, to determine the accumu-
lated SI model accuracy, two methods were used:

I. The radio frequency graph (RFG). The frequency ratio was graphed, taking 
the slid pixels from the inventory sample reserved for the validation stage 
and superimposing them on the landslide susceptibility map resulting from 
the applied SI method. We identify and quantify the coincidence frequency 
of slide pixels in both: the map produced by the model and landslide inven-
tory map, for each class considered in the model (very low, low, medium, 
high, and very high) [71]. In an ideal landslide susceptibility map, the 
frequency value should be increased from a low susceptibility to a very high 
susceptibility [72, 73].

II. The analysis of the receiver operating characteristic (ROC) curve. It is a 
standard method to evaluate the accuracy of a diagnostic test [74]. The ROC 
curve is a comparative graphical representation of ordered pairs between 
the false-negative and false-positive rates, resulting in a diagnosis for classes 
of values. Conventionally, the graph shows the rate of the pixels diagnosed 
as false-positive (false-positive rate (FPR)) on the X-axis (Eq. (3)) and the 
rate of the pixels diagnosed as true positive (true-positive rate (TPR)) on 
the Y-axis (Eq. (4)):

  X = FRP = 1 −  [  TN _ TN + FP  ]   (3)

  Y = TRP = 1 −  [  TP _ TP + FN  ]   (4)

where
 TN  represents the true-negative pixels.
 FP  represents false-positive pixels.
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 TP  represents the true-positive pixels.
 FN  represents false-negative pixels.
The area under the ROC curve (AUC) characterizes the quality of the predicted sys-

tem, describing its ability to anticipate the occurrence or nonoccurrence of predefined 
events. The value of the AUC varies from 0.5 to 1.0. If a model does not predict the 
occurrence of landslides better than randomly, then the AUC would be equal to a value 
of 0.5, while a ROC curve with an AUC value of 1 represents the perfect prediction. 
The quantitative-qualitative relationship between the AUC and the prediction accuracy 
can be classified as follows: values from 0.9 to 1, excellent; from 0.8 to 0.9, very good; 
from 0.7 to 0.8, good; from 0.6 to 0.7, medium; and finally from 0.5 to 0.6, poor [75].

In the application of accuracy assessment, one-third of the total of pixels 
identified as a landslide in the inventory map (72,058 pixels) were used, which were 
omitted from the previous stages of training and preparation of the factors. This 
information was supplemented with an equal number of pixels randomly selected 
from the landslide inventory map that were identified as non-landslides.

4. Results and discussion

4.1 Analysis of the jackknife test

As we explained before, the Jackknife test allows identifying the degree of 
importance of each considered factor, executing the model in a separate way with 
different sets of factors and excluding each factor in turn. Figure 9 shows the 
results of the Jackknife test for the factors used in the present study.

The graph shows in blue the individual contribution of each factor in the 
implementation of the model; in cyan color, the gain of the model is shown, exclud-
ing the factor analyzed; and finally, the bar in red represents the gain of the model 
including all the factors.

According to the graph, we can see that the factor with the highest individual 
contribution corresponds to the potential erosion index, followed by terrain 
orientation and terrain slope factors. Also, we can see that the factor with the lowest 
contribution to the model corresponds to the flat curvature and can also be veri-
fied that the gain of the model is not affected if the flat curvature is omitted in the 
execution of the model.

One of the most important contributions of the Jackknife test is the possibility 
of identifying the degree of contribution and importance of each of the analyzed 
factors. Thus, we can determine which of them are essential in the reproduction 
of the pattern represented by the random sample of the landslides observed in the 
ground truth and so determine its degree of importance concerning the results 
reported by the global model. Thus, it is also possible to identify those factors that 
do not substantively contribute individual gains to the global model and observe the 
gain that is achieved when they are excluded. It is also possible to consider eliminat-
ing them in the model implementation, knowing previously the result that would 
be obtained when doing so. So, it is theoretically possible that the accuracy of the 
results achieved by the global model remains the same, and it is even likely that 
there will be improvements in the overall result by excluding them from the model 
in a new performance.

According to the results of the Jackknife test (Figure 9), it may be possible to 
propose the elimination of the flat curvature in the application of the model, since it 
is the factor that records the lowest individual contribution to the global result and 
at the same time is the factor that if omitted in the execution would not affect the 
overall result of the model.
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4.2 Accumulated SI model

The implementation of the cumulative global model resulted in the landslide 
susceptibility map shown in Figure 10.

The resulting map is represented in continuous values, which according to their 
ranks was categorized into five classes; thus, the areas identified as (1) very low and 
(2) low susceptibility can be seen in blue tones; in shades of yellow are the areas 
with category (3) medium and in orange and red the areas evaluated by the model 
with categories (4) high and (5) very high susceptibility.

A concentration of areas with the highest susceptibility levels can be seen in the 
north and center of the study area, while the zones with low and very low suscepti-
bilities are concentrated towards the south.

Analyzing the behavior of the factors in the zones identified with high sus-
ceptibility, we can note that in these areas the slopes have a terrain orientation to 
the south, southeast, and southwest (Figure 7F), which favor the occurrence of 
landslides in the study area. On the other hand, in those same areas identified as 
having high susceptibility, there are slopes greater than 30° (Figure 7A), which 
further favors, in addition to the orientation, the presence of landslides.

It should be noted that the SI method considers the logical, empirical, and even 
intuitive effect designated to each factor, that is, higher terrain slopes correspond 
to greater susceptibility; greater proximity to faults also corresponds to greater 
susceptibility. In other words, the weight is not assigned to the factors according to 
the presence of landslides but mainly is assigned as a function of the characteristics 
and factor attributes, although, as previously explained, in some specific cases the 
contribution of susceptibility index was determined empirically according to the 
presence of landslides.

Figure 11 shows a zoom to the northeast zone of the study area, which is 
characterized by having recorded a significant presence of landslides occurred in 
September 2013.

In the figure, an acceptable degree of accuracy is observed in the susceptibil-
ity map generated by the SI model, since in general, the occurrence of landslides 
coincides with the areas categorized with high or very high susceptibility.

Figure 9. 
Jackknife test result graph.
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It can be observed that most of the landslides occurred to the north of the 
stream are over an area identified by the model in the very high susceptibility 
class, and the few landslides that did not meet this condition occurred in another 
area identified as high susceptibility. On the other hand, also it can be seen that 
most of the landslides located to the south of the stream occurred over areas 

Figure 10. 
Map of the cumulative susceptibility index model.

Figure 11. 
Massive landslide zone occurred in 2013.
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identified as high susceptibility, but it is also possible to see landslides recorded 
in the ground truth that occurred in areas identified in the medium susceptibil-
ity category.

4.3 Accuracy assessment of the accumulated SI model

4.3.1 Analysis of the radio frequency graph (RFG)

Following the methodology for the accuracy assessment, the sampled pixels 
categorized as landslides from the map inventory reserved for validation were 
superimposed on the resulting susceptibility map from the implemented model, 
and then the frequency of the occurrence of landslides was obtained on each map 
category, building the graph of the frequency radius (Figure 12).

It can be observed that the pattern of the resulting graph shows that the fre-
quency of the slid pixels of the ground truth is lower in the very low susceptibility 
category, and this value gradually increases over the following categories to finally 
reach the highest frequency value in the very high category; in concordance with 
Pradhan and Lee [72], Pourghasemi et al. [73] and Pradhan and Lee [76] in their 
work conclude that in an ideal map of landslides susceptibility, the value of the slid 
frequency should gradually increase from a low susceptibility zone to very high one.

If we group the extreme categories, the very low and low classes in one hand, 
and the high and very high classes on the other, we confirm that the susceptibility 
map shows an accumulated frequency of 15.4% of pixels slid in the very low and 
low susceptibility categories, and on the other end (high and very high susceptibility 
categories), we can see that the susceptibility map shows an accumulated frequency 
of 68.1% of pixels slid. This fact confirms the positive trend of the results obtained 
in congruence with the previously cited works.

4.3.2 Analysis of the receiver operating characteristic (ROC) curve

From the cross-validation between the categories included in the SI model, and 
the random sample of the ground truth taken from the landslide inventory map, 

Figure 12. 
Frequency ratio graph.
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including for this case both landslides and non-landslides, the graph corresponding 
to the ROC curve was constructed, and the area under the curve (AUC) was calcu-
lated (Figure 13).

As previously mentioned, the AUC describes the ability of a model to predict the 
occurrence or nonoccurrence of predefined events. According to Chen et al. [77], 
the higher AUC represents the higher performance of the model analyzed.

The AUC value reported by the model is 0.79, indicating that its predictive 
capacity is good, under the classification values consulted in the work of Yesilnacar 
[75], Devkota et al. [78], and Kim et al. [79].

According to the results, the SI accumulated model, in the way that has been 
implemented in the present work, has proven to be a valid method to charac-
terize the areas susceptible to the occurrence of landslides in the study area. 
However, one of the main problems consists in assigning the correct weight 
value to each of the explanatory factors considered. According to Barredo et al. 
[43] and Clerici et al. [80], the heuristic methods use selective criteria that 
require expert knowledge to be applied properly, which implies a substantial 
degree of subjectivity insofar as each factor is assigned with a certain degree of a 
priori importance.

It is important to highlight the design of the model to be implemented and the 
explanatory factors to be considered depending on the specific characteristics of the 
study area and the availability of the corresponding data. In other words, the results 
shown here may be different if the described methodology and the same amount 
and type of explanatory factors are applied in a study area with characteristics 
different from those considered in the present study. However, the methodological 
proposal can be taken as a starting point and as a guide for the specific design of 
a model applied to a different study area and adjusted according to the available 
information and the topographic, geological, hydrological, or environmental condi-
tions prevailing in that area.

Figure 13. 
ROC curve and AUC from the accumulated SI model.
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reach the highest frequency value in the very high category; in concordance with 
Pradhan and Lee [72], Pourghasemi et al. [73] and Pradhan and Lee [76] in their 
work conclude that in an ideal map of landslides susceptibility, the value of the slid 
frequency should gradually increase from a low susceptibility zone to very high one.

If we group the extreme categories, the very low and low classes in one hand, 
and the high and very high classes on the other, we confirm that the susceptibility 
map shows an accumulated frequency of 15.4% of pixels slid in the very low and 
low susceptibility categories, and on the other end (high and very high susceptibility 
categories), we can see that the susceptibility map shows an accumulated frequency 
of 68.1% of pixels slid. This fact confirms the positive trend of the results obtained 
in congruence with the previously cited works.

4.3.2 Analysis of the receiver operating characteristic (ROC) curve

From the cross-validation between the categories included in the SI model, and 
the random sample of the ground truth taken from the landslide inventory map, 

Figure 12. 
Frequency ratio graph.
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including for this case both landslides and non-landslides, the graph corresponding 
to the ROC curve was constructed, and the area under the curve (AUC) was calcu-
lated (Figure 13).

As previously mentioned, the AUC describes the ability of a model to predict the 
occurrence or nonoccurrence of predefined events. According to Chen et al. [77], 
the higher AUC represents the higher performance of the model analyzed.

The AUC value reported by the model is 0.79, indicating that its predictive 
capacity is good, under the classification values consulted in the work of Yesilnacar 
[75], Devkota et al. [78], and Kim et al. [79].

According to the results, the SI accumulated model, in the way that has been 
implemented in the present work, has proven to be a valid method to charac-
terize the areas susceptible to the occurrence of landslides in the study area. 
However, one of the main problems consists in assigning the correct weight 
value to each of the explanatory factors considered. According to Barredo et al. 
[43] and Clerici et al. [80], the heuristic methods use selective criteria that 
require expert knowledge to be applied properly, which implies a substantial 
degree of subjectivity insofar as each factor is assigned with a certain degree of a 
priori importance.

It is important to highlight the design of the model to be implemented and the 
explanatory factors to be considered depending on the specific characteristics of the 
study area and the availability of the corresponding data. In other words, the results 
shown here may be different if the described methodology and the same amount 
and type of explanatory factors are applied in a study area with characteristics 
different from those considered in the present study. However, the methodological 
proposal can be taken as a starting point and as a guide for the specific design of 
a model applied to a different study area and adjusted according to the available 
information and the topographic, geological, hydrological, or environmental condi-
tions prevailing in that area.

Figure 13. 
ROC curve and AUC from the accumulated SI model.



Landslides - Investigation and Monitoring

84

5. Conclusions

According to the Jackknife test, lithology is the factor that records the most 
significant individual contribution to the global susceptibility, followed by the 
orientation and slope of the terrain. On the other hand, the factor with the least 
contribution to the model is the flat curvature.

According to the results obtained by the SI method, the heuristic approach 
proved to be valid and straightforward, in agreement with similar works [43], to 
assess the susceptibility of landslides on a medium scale such as the central zone of 
the State of Guerrero.

Cartographic information about landslide susceptibility is necessary for 
areas prone to landslides since it can be used as a support to the establishment 
of early warning systems for localities and residents in risk areas. It can also be a 
support to the institutions and organizations responsible for safeguarding in the 
management of events of this type, locating the areas with a higher vulnerability 
according to the factors considered and integrating care or disaster prevention 
plans considering areas with higher priority than others. It is also important to 
mention that this work can be complemented with the definition of evacuation 
routes, identification of care centers, and identification and capacity of shel-
ters, among other possible actions, all this putting as a fundamental focus, the 
knowledge of the territory through the application of geographic information 
technologies.
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Chapter 5

Modeling Antecedent Soil
Moisture to Constrain Rainfall
Thresholds for Shallow Landslides
Occurrence
Maurizio Lazzari, Marco Piccarreta, Ram L. Ray
and Salvatore Manfreda

Abstract

Rainfall-triggered shallow landslide events have caused losses of human lives
and millions of euros in damage to property in all parts of the world. The need to
prevent such hazards combined with the difficulty of describing the geomorpho-
logical processes over regional scales led to the adoption of empirical rainfall
thresholds derived from records of rainfall events triggering landslides. These rain-
fall intensity thresholds are generally computed, assuming that all events are not
influenced by antecedent soil moisture conditions. Nevertheless, it is expected that
antecedent soil moisture conditions may provide critical support for the correct
definition of the triggering conditions. Therefore, we explored the role of anteced-
ent soil moisture on critical rainfall intensity-duration thresholds to evaluate the
possibility of modifying or improving traditional approaches. The study was carried
out using 326 landslide events that occurred in the last 18 years in the Basilicata
region (southern Italy). Besides the ordinary data (i.e., rainstorm intensity and
duration), we also derived the antecedent soil moisture conditions using a parsimo-
nious hydrological model. These data have been used to derive the rainfall intensity
thresholds conditional on the antecedent saturation of soil quantifying the impact of
such parameters on rainfall thresholds.

Keywords: landslides, soil saturation, geomorphology, hydrogeological risk,
Basilicata

1. Introduction

Rainfall-induced shallow landslides are critical issues of scientific and societal
interest, causing billions of euros in damages and thousands of deaths every year
[1]. A large number of studies investigated the functional relationship between
rainfall characteristics and landslide events [2]. One of the main results is the
definition of empirical rainfall thresholds associated with the triggering of the
shallow landslide, such as total event rainfall, intensity-duration, event-duration,
and event-intensity thresholds ([3] and reference therein) [4, 5]. However, these
approaches lead to a limited understanding of the geomorphological process and, if
used for warning purposes, they can produce a large number of false positives
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Abstract

Rainfall-triggered shallow landslide events have caused losses of human lives
and millions of euros in damage to property in all parts of the world. The need to
prevent such hazards combined with the difficulty of describing the geomorpho-
logical processes over regional scales led to the adoption of empirical rainfall
thresholds derived from records of rainfall events triggering landslides. These rain-
fall intensity thresholds are generally computed, assuming that all events are not
influenced by antecedent soil moisture conditions. Nevertheless, it is expected that
antecedent soil moisture conditions may provide critical support for the correct
definition of the triggering conditions. Therefore, we explored the role of anteced-
ent soil moisture on critical rainfall intensity-duration thresholds to evaluate the
possibility of modifying or improving traditional approaches. The study was carried
out using 326 landslide events that occurred in the last 18 years in the Basilicata
region (southern Italy). Besides the ordinary data (i.e., rainstorm intensity and
duration), we also derived the antecedent soil moisture conditions using a parsimo-
nious hydrological model. These data have been used to derive the rainfall intensity
thresholds conditional on the antecedent saturation of soil quantifying the impact of
such parameters on rainfall thresholds.

Keywords: landslides, soil saturation, geomorphology, hydrogeological risk,
Basilicata

1. Introduction

Rainfall-induced shallow landslides are critical issues of scientific and societal
interest, causing billions of euros in damages and thousands of deaths every year
[1]. A large number of studies investigated the functional relationship between
rainfall characteristics and landslide events [2]. One of the main results is the
definition of empirical rainfall thresholds associated with the triggering of the
shallow landslide, such as total event rainfall, intensity-duration, event-duration,
and event-intensity thresholds ([3] and reference therein) [4, 5]. However, these
approaches lead to a limited understanding of the geomorphological process and, if
used for warning purposes, they can produce a large number of false positives
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alarms [6]. In fact, rainfall thresholds approach evaluates only the amount of cumu-
lated rainfall and it neglects the primary role of other vital parameters, such as
evapotranspiration, soil moisture, rainfall infiltration, soil porosity, and permeability.

In order to consider predisposing hydrological factors on empirical threshold
calculation, recent studies have focused on the role of the antecedent daily rainfall
in landslides triggering [7–12]. These approaches have found a strong relationship
between the hourly rainfall data triggering landslides and the initial soil moisture
contributing to improving the predictive accuracy of empirical thresholds. Those
results have also stimulated a critical revision of the intensity/duration thresholds in
the last few years [6, 13–15]. In particular, Bogaard and Greco [6] introduced the
cause-trigger concept for defining hydro-regional thresholds for predicting land-
slide occurrence, also suggesting taking into consideration the slope water balance.
Starting from this new perspective, we aim to contribute to this discussion by
evaluating the correlation between antecedent soil moisture conditions and rainfall
intensity during shallow landslide events. In particular, we would like to explore
better how much the initial saturation degree of soil affects the intensity/duration
(I/D) relationships in landslide prediction. For this purpose, it is very important to
use reliable databases in the literature or otherwise build a specific one.

Figure 1.
Geographical distribution of the weather stations and landslide events for the study area. The graph in the inset
shows the monthly distribution of landslides in Basilicata from 2001 to 2018.
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There are many soil moisture datasets that have been successfully used to calibrate
and validate catchment or watershed scale models of infiltration, soil-moisture stor-
age, and in some ways, even to examine the first landslide trigger [16–19].

In this chapter, we addressed this issue by reconstructing and leveraging a
dataset of 326 landslide events that occurred in the Basilicata region (southern Italy,
Figure 1, and Appendix), from January 2001 to March 2018. For each
georeferenced landslide, we derived the rainfall event characteristics and anteced-
ent soil moisture conditions using a parsimonious physically-based distributed
model applied at the regional scale with a spatial resolution of 200 m and a daily and
hourly time scale. This approach allowed us to reconstruct all of the main forcing
factors that may have produced a change in the slope stability and to detect the
impact of antecedent soil moisture on the rainfall intensity/duration relationship.
The numerical simulation has been needed to reconstruct the antecedent soil
moisture values not available for the whole study area.

2. Data and methods

This study was carried out within a research agreement with the Civil Protection
of the Basilicata region, which supported in part the reconstruction of the list of
landslide events used for the analysis. The database was constructed with the primary
aim of creating an updated description of the most recent landslides and the associ-
ated rainfall events. Therefore, the present section will be devoted to the description
of the study area, the methodology adopted to build the database, and the modeling
approach used to reconstruct the antecedent soil saturation conditions.

2.1 Study area

Basilicata is a region of southern Italy covering an area of 9.992 km2 character-
ized by different topographical and geomorphological contexts, landscape types
(47% mountains, 45% hillocks, and 8% plains) and geolithological conditions. The
north-western and south-western regions are characterized by mountain land-
scapes (southern Apennines) with significant elevations of the relief (between
1300 and 2000 m of altitude) and steep slopes, particularly where Mesozoic
successions (dolomite and siliceous limestones) outcrop. The eastern region shows
a hilly landscape characterized by soft shapes or tabular hills (alternating ridges
and valleys in conglomeratic sandstone—clayey—marly), usually with low gradi-
ents of the slopes, often modeled in foredeep Plio—Pleistocene units with clayey
dominant [20, 21].

Precipitation values are typical of the Mediterranean, with distinct dry and wet
seasons [22]. Higher precipitation totals occur during the last autumn-winter period
when landslides and floods usually take place (more than 70%). A near real-time
hydrometeorological network covers the territory uniformly with a density of one
station every 80 km2. It has been operating over a time interval of about 70 years,
providing temperature and precipitation data at the resolution of 10 minutes.

2.2 Landslide and rainfall data

Based on detailed bibliographical research [23–25], which explored all available
sources including national and local newspapers and journals, Internet blogs, and
the scientific and technical literature, we have collected a database of 326 shallow
landslide events (landslide event is a single landslide) from January 2001 to March
2018.
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The information collected and stored in the inventory includes (Figure 1):

• accurate or approximate location of the landslide event;

• accurate or approximate time, date, or period of the failures;

• rainfall conditions that resulted in slope failures collected from the nearest rain
gauge, including the total event rainfall, the rainfall duration, the mean rainfall
intensity, and the antecedent rainfall for 2001–2018;

• landslide type;

• a generic description of the lithology.

In addition to this data that is also reported in Appendix in a tabular format,
meteorological data and the output of the hydrological model have been used for the
subsequent elaborations. In particular, hourly rainfall and temperature data were
obtained from the rain gauges of the Civil Protection of the region. The hydrological
model proposed on a regional scale considers homogeneous soil moisture conditions
in the space and the first meters of depth in the areas affected by each landslide
identified in our database.

The regional pedological map is depicted in Figure 2with the spatial distribution
of landslides (Figure 2). This maps provides a nested description of soil classes that
indentifies four regions at the first level (soil map of Italy, scale 1: 5,000,000), the
15 provinces, and 75 soil units (scale 1: 250,000). Based on the pedological charac-
teristics of the regions, it was observed that the highest number of landslides (56
landslides) occurred in the soil province n.6. It is also worthy to mention a high
number of events occurred on the soil unit 12.4 (33 landslides) and 10.2 (21 land-
slides). These last two soil units correspond to:

• 12.4—hilly clay soils with steep slopes, badlands, intended for grazing or arable
land, with low permeability (Vertic Haploxerepts; Inceptisol);

• 10.2—hilly sandy-conglomerate soils, intended for pasture, vineyards or
shrubs (Typic Xerorthents; Inceptisol).

The number of event recorded in each soil unit is described in the histogram of
Figure 3.

2.3 Reconstruction of rainfall events

The rainfall duration (D) was determined by measuring the time between the
moment of the beginning of each rainfall event, which triggered a shallow landslide,
considered in the database, and rainfalls ending time. The rainfall ending time was
taken to coincide with the time of the last rainfall measurement of the day when the
landslide occurred. As suggested by Brunetti et al. [26], the starting time was
considered a minimum period without rain (a 2-day period without rainfall was
selected for late spring and summer, May–September, and a 4-day period without
rainfall was selected for the other seasons, October–April) to separate two consec-
utive rainfall events. Once the duration of the rainfall event was established, the
corresponding rainfall mean intensity I (mm h�1) was calculated dividing the
cumulated (total) rainfall (mm) in the considered period by the length of the
rainfall period (hours). The full list of events is given in the Appendix of the present
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chapter (Table 1—Appendix). In recent studies, authors [27–29] have used an
approach that provides the seasonality criterion (April-October for the “dry/warm”

season and November-March for the “wet/cold” season) to calculate the rainfall
events. In this chapter, the proposed method is different from that proposed by
Peruccacci et al. [29], because the saturation value and condition are a parameter
regardless of seasonality. It provides a more detailed parameter, overcoming the
possibility that in the same season, it can have more dry or wet phases.

2.4 Modeling soil water content

Although antecedent soil moisture can be obtained by in-situ measurements at a
point scale, measurements on a regional scale are time-consuming and expensive.
Recently, more information is available from satellite data, but they are too coarse to
provide local estimates of soil water content on a specific landslide [30]. Thus, we used
the hydrological model AD2 to describe the temporal evolution of soil water content
over the entire Basilicata region using a distributed approach at 240m spatial resolution.

The AD2 model is a 1D model capable of describing the soil water budget along
the vertical direction, but its physically based nature allows to associate physical

Figure 2.
Pedological regions and shallow landslides distribution over the Basilicata region.
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characteristics such as soil texture, land cover, and mean slope to each pixel/loca-
tion that affects the model parametrization.

The model parameters were obtained from physical maps such as national and
regional pedological maps of Italy and Basilicata [31], the III level of the CORINE Land
Cover map [32], and the Shuttle Radar Topography Mission Digital Elevation Model
(SRTM-DEM) extracted from HydroSHEDS (hydrosheds.cr.usgs.gov/index.php).

The model was run at 1 h temporal resolution using rainfall and temperature
data derived from the rainfall network of the Civil Protection for the period January
1, 2001 to March 28, 2018 [32].

This approach is straightforward and can be easily replicated elsewhere after a
simple calibration against the local soil moisture and landslide datasets. It must be
stated that obtained values can be affected by several errors due to model structure,
parametrization, and climatic data, but at present, such an approach offers a realistic
description of the expected relative saturation of the soil providing a synthesis of the
state of the system according to the available information on soil texture, antecedent
rainfall, and evolution of temperatures. Moreover, several evidences suggesting that
the use of a physically based approach allows obtaining more robust outputs [33, 34].

2.4.1 AD2 model structure

Model simulations carried out using at least 1 year of rainfall and temperature
data recorded before each landslide event to reach a reliable estimate of the relative
soil water content at the date of the considered event. AD2 [34] provides a hydro-
logical prediction that considers several hydrological components such as infiltra-
tion, surface runoff, sub-surface runoff, deep percolation, and evapotranspiration.
Soil water balance is described by the following Equation [35]:

StþΔt ¼ St þ It–Rout,t � Lt � Et, (1)

where: St is the basin soil water content at the generic instant of time t, which
represents a key variable of the model influencing runoff production, leakage, and

Figure 3.
Histogram with the distribution of the number of landslides in the various regional soil units. Red circles, units
with multiple landslides; black dotted rectangle, landslides included in unit 6.
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evapotranspiration; It is the infiltration; Rout,t is the sub-surface runoff production;
Lt is the leakage to the groundwater; and ET is the actual evapotranspiration.

The infiltration is derived from the difference between the rainfall amount, Pt,
and the surface runoff, Rt, at time t (mm):

It ¼ Pt � Rt: (2)

Runoff is calculated using the equation proposed by De Smedt et al. [36], which
takes into account the potential saturation of the soil:

Rt ¼

St
Smax

� �
Pt if Pt ≤Pc ¼ Smax Smax � Stð Þ

Smax � CStð Þ

Pt � Smax � Stð Þ if Pt >Pc ¼ Smax Smax � Stð Þ
Smax � CStð Þ

8>>><
>>>:

(3)

where, Smax is the maximum water storage capacity of the bucket, Pc is the
critical rainfall producing the surface soil saturation, and C the default runoff
coefficient that is parameterized as a function of soil type, soil cover, and slope [37].

The sub-surface runoff production is assumed to be a linear function of the soil
water content above the field capacity reference parameter:

R out,tð Þ ¼ max 0, c St–Scð Þf g, (4)

where Sc is the threshold water content for sub-surface flow production,
assumed here equal to 0.6 Smax, and c is the sub-surface coefficient, which is
generally assumed 0.05.

The evapotranspiration is assumed to be a bi-linear function of the soil content and
potential evapotranspiration. It may be described by the following equation:

Et ¼ max 0, min
St

0:75Sc

� �
EP, EP

� �� �
, (5)

where EP is the potential evapotranspiration, 0.75Sc is an estimate of the water
content at which the stomata closure starts to reduce the evapotranspiration.

Leakage is computed using the expression derived by Manfreda et al. [38]
integrating the power-law function of leakage by Eagleson [39] over a time-step Δt:

Lt ¼
0 if St ≤ Sc

St�1 � Smax
ΔtKs
Smax

þ St�1
Smax

� �1�β
� �1= 1�βð Þ !

if St > Sc

8><
>:

, (6)

where Lt is the groundwater recharge in Δt, Ks is a parameter that interprets the
soil permeability at saturation, and β is a dimensionless exponent.

It must be clarified that all the parameters mentioned in the model equations
reported above can be estimated using the existing literature values that associate
this parameter to physical features of the area such as soil texture, land use and
mean slope using [37, 40, 41].

2.5 Rainfall thresholds

To determine rainfall thresholds for shallow landslide occurrence, we adopted
the Frequentist method [26]. The threshold curve is assumed to follow a power law:
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2.5 Rainfall thresholds

To determine rainfall thresholds for shallow landslide occurrence, we adopted
the Frequentist method [26]. The threshold curve is assumed to follow a power law:
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I ¼ αD�β (7)

where, I is the rainfall mean intensity (mm h�1), D is the rainfall event duration
(h), α is the intercept, and β defines the slope of the power law function. Empirical
data were log-transformed to calculate the best-fit line by means of a linear equa-
tion log(I) = log(α) � β log(D), equivalent to that described above.

Following the methods adopted in previous studies [9, 12, 15], we identified the
rainfall events associated with each landslide event and the corresponding degree of
soil saturation at the starting time of each event. Including this additional informa-
tion in the database, it was possible to explore its role in the general behavior of the
rainfall events triggering landslides under different initial conditions.

3. Results and discussion

The comparison between the rainfall intensity and the relative saturation before
each event is depicted in Figure 4. Figure 4 provides the temporal evolution of the
rainfall and relative soil saturation of three different sites (Lauria, Vietri di Potenza
and Pisticci; see Appendix) characterized by different lithological conditions during
the period from January 1, 2009 to December 31, 2015. This window was extracted
from the model simulation to emphasize the seasonal dynamics of soil moisture
over the considered sites. Such a seasonality is clearly one of the motivations to
conduct this study because such a dynamic strongly affects the hydraulic processes
in the soil profile.

It is noticed that most of the different landslide events (reported in the graph
with a dark star) occurred after significant rainfall amounts and relatively high or
moderate soil saturation degree. When the same rainfall amounts occurred in con-
ditions of low antecedent soil moisture content, they have not produced shallow
landslides. This finding aligns with the previous studies [7–15, 42].

This preliminary plot shows that there is an interplay between the antecedent soil
moisture conditions and the amounts and the duration of the triggering rainfall.
Moreover, it appears how the same degree of soil saturation and rainfall I/D condi-
tions do not necessarily produce the same effects in different geopedological regions.

The role of the antecedent soil moisture condition on the triggering rainfall
intensity is clearly shown in Figure 5, where the rainfall intensity/duration has been
plotted against the simulated antecedent soil saturation of each landslide event. This
graph was developed following the trigger-cause concept of Bogaard and Greco [6]
and highlights the role of both rainfall dynamics and antecedent soil moisture on the
slope stability.

In fact, there is a clear reduction of the rainfall intensity needed to trigger a
landslide with the increase of the antecedent soil moisture. In this graph, the data
grouped in the function of the rainfall duration trying to explore also the role of this
additional parameter on the process. It is observed that the rainfall dynamics also
matter, being shorter rainfall events more sensitive to the antecedent soil moisture
respect to, while more extended events are less influenced by such parameter.

Similarly, previous studies [7, 8, 12, 43] also found a linearly decreasing trend
between the mean rainfall intensity and the initial soil moisture conditions. The
slope of the regression functions derived from a different subset of our database
changes based on the relative duration of the rainfall events. It is higher for rainfall
durations lower than 48 h, while the function becomes almost independent from
the relative saturation when rainfall events have longer durations (more than 48 h).
This is probably due to the nature of the long-lasting rain events, which are often
characterized by a high total amount of rainfall. Results in high values both of the
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initial saturation degree and of low rainfall intensity that is averaged over longer
periods. It must be clarified that the relative degree of saturation has been referred
to as the starting time of the triggering rainfall event.

Figure 4.
Daily rainfall (blue) and simulated daily soil degree saturation (red) at (a) Lauria, (b) Vietri, and (c)
Pisticci from January 1, 2009 to December 31, 2016. Dark stars represent the data of the occurrence of shallow
landslide events in the monitored areas.

Figure 5.
Mean rainfall intensity/duration and the simulated initial degree of saturation for the 326 landslide events in
Basilicata region (southern Italy) from 2001 to 2018.
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the period from January 1, 2009 to December 31, 2015. This window was extracted
from the model simulation to emphasize the seasonal dynamics of soil moisture
over the considered sites. Such a seasonality is clearly one of the motivations to
conduct this study because such a dynamic strongly affects the hydraulic processes
in the soil profile.

It is noticed that most of the different landslide events (reported in the graph
with a dark star) occurred after significant rainfall amounts and relatively high or
moderate soil saturation degree. When the same rainfall amounts occurred in con-
ditions of low antecedent soil moisture content, they have not produced shallow
landslides. This finding aligns with the previous studies [7–15, 42].

This preliminary plot shows that there is an interplay between the antecedent soil
moisture conditions and the amounts and the duration of the triggering rainfall.
Moreover, it appears how the same degree of soil saturation and rainfall I/D condi-
tions do not necessarily produce the same effects in different geopedological regions.

The role of the antecedent soil moisture condition on the triggering rainfall
intensity is clearly shown in Figure 5, where the rainfall intensity/duration has been
plotted against the simulated antecedent soil saturation of each landslide event. This
graph was developed following the trigger-cause concept of Bogaard and Greco [6]
and highlights the role of both rainfall dynamics and antecedent soil moisture on the
slope stability.

In fact, there is a clear reduction of the rainfall intensity needed to trigger a
landslide with the increase of the antecedent soil moisture. In this graph, the data
grouped in the function of the rainfall duration trying to explore also the role of this
additional parameter on the process. It is observed that the rainfall dynamics also
matter, being shorter rainfall events more sensitive to the antecedent soil moisture
respect to, while more extended events are less influenced by such parameter.

Similarly, previous studies [7, 8, 12, 43] also found a linearly decreasing trend
between the mean rainfall intensity and the initial soil moisture conditions. The
slope of the regression functions derived from a different subset of our database
changes based on the relative duration of the rainfall events. It is higher for rainfall
durations lower than 48 h, while the function becomes almost independent from
the relative saturation when rainfall events have longer durations (more than 48 h).
This is probably due to the nature of the long-lasting rain events, which are often
characterized by a high total amount of rainfall. Results in high values both of the

98

Landslides - Investigation and Monitoring

initial saturation degree and of low rainfall intensity that is averaged over longer
periods. It must be clarified that the relative degree of saturation has been referred
to as the starting time of the triggering rainfall event.

Figure 4.
Daily rainfall (blue) and simulated daily soil degree saturation (red) at (a) Lauria, (b) Vietri, and (c)
Pisticci from January 1, 2009 to December 31, 2016. Dark stars represent the data of the occurrence of shallow
landslide events in the monitored areas.

Figure 5.
Mean rainfall intensity/duration and the simulated initial degree of saturation for the 326 landslide events in
Basilicata region (southern Italy) from 2001 to 2018.
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Figure 6 depicts a clear picture of the dependence between mean rainfall inten-
sity of event of different durations and the antecedent soil moisture, where the
rainfall intensity values of the 326 investigated events are associated to the simu-
lated soil saturation degree using a color scale (from blue to yellow starting from
lower to higher values of degree of saturation). This graph clearly shows that higher
amounts of rainfall intensity are observed in correspondence to lower values of soil
saturation and vice-versa. This tendency is not always consistent due to the pres-
ence of several spurious data relative to the occurrence of extraordinarily wet
events, which resulted in both landslides and floods.

To evaluate the role of degree of soil saturation on the regional mean rainfall
intensity/duration function, we have identified two distinguished sub-samples
based on the antecedent soil moisture conditions of each event. The two groups
were distinguished using a sensitivity analysis, exploiting different antecedent soil
saturation values. The selection was made using a subjective selection that tried to
identify the most diverse groups of landslides using a given threshold of soil satu-
ration. Therefore, we determined mean rainfall intensity/duration functions (rain-
fall thresholds) under middle-low antecedent soil moisture conditions that seemed
to those that responded better to the data considered (soil degree saturation lower
than 0.70), and moderate to high antecedent soil moisture conditions (soil degree
saturation equal or higher than 0.70). In this way, it was possible to derive critical
rainfall threshold functions conditional on the antecedent soil moisture conditions.

The two functions plotted in the graph (Figure 6), which has significantly
different slopes. This implies that they must cross somewhere in the space of
rainfall intensities and event duration. In the present case, we observed that they
cross in a point corresponding to the duration of about 200 h. At such duration, the

Figure 6.
Rainfall intensity as a function of the duration of the triggering rainfall events for the 326 landslide events
recorded in Basilicata region (southern Italy) during the period 2001–2018. Each event is associated with a
color that represents the simulated antecedent degree of saturation, whose range is given in the color bar on the
right (ranging from 0 to 1). We also included the regression lines estimated for the two groups of events selected
based on the antecedent soil saturation conditions. The solid line represents the regression function obtained
using the observations with soil degree saturation lower than 0.70, while the dotted line represents the regression
function obtained using the observations with degree soil of saturation equal or higher than 0.70.
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impact of antecedent soil water content becomes not relevant, and this part of the
curve should not be considered.

The proposed approach allows taking into account both rainfall characteristics
(intensity and duration) and the antecedent soil moisture state in a specific study
area, contributing to foresee a landslide event.

Of course, a methodology like this should be evaluated widely, also taking into
consideration the ability of the method to distinguish between true and false alarms.
Unfortunately, this field-test is challenging to be implemented in a region like
Basilicata with a low density of population (as single possible observators), where a
lot of landslide events are not reported or are missing.

4. Final remarks

We have explored the role and effects of antecedent soil moisture conditions on
rainfall I/D thresholds triggering shallow landslides by using a dataset built for a
region of southern Italy and a distributed modeling approach. By combining rainfall
events data with the simulated antecedent soil moisture conditions, it was possible
to derive I/D relationships, which can be used to discriminate the triggering condi-
tions for landslides better.

Two distinct degree of soil saturation values [S < 0.7 and S ≥ 0.7] were identified
to distinguish different classes of events. Such soil moisture conditions led to two
distinct populations of events that identified statistically significantly different rain-
fall threshold functions. Our results are consistent with those found in the most recent
studies on this topic, reinforcing the idea that simulated soil moisture provides better
metrics than antecedent rainfall for the predisposing factors of landslide initiation.

Finally, a forthcoming extension of this research will aim to carry out a local
downscaling to define the relations between I/D and the degree of soil saturation in
the smallest territorial contexts characterized by the same climatic and lithotechnical
conditions, in which the landslides inserted in our database have developed.

Moreover, it is also important to note that the proposed description of the
landslide event may undoubtedly support the development of further studies and
models for landslide prediction. In fact, the main results obtained in the present
study are the fact that the information about the antecedent relative saturation of
the soil may help to distinguish the dynamics of the process better. Therefore, it
would be a good practice to include such parameters in all landslide database. This
can happen with the support of remote sensing techniques that also allow deriving
root zone soil moisture over large areas [10, 41, 44].
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impact of antecedent soil water content becomes not relevant, and this part of the
curve should not be considered.

The proposed approach allows taking into account both rainfall characteristics
(intensity and duration) and the antecedent soil moisture state in a specific study
area, contributing to foresee a landslide event.

Of course, a methodology like this should be evaluated widely, also taking into
consideration the ability of the method to distinguish between true and false alarms.
Unfortunately, this field-test is challenging to be implemented in a region like
Basilicata with a low density of population (as single possible observators), where a
lot of landslide events are not reported or are missing.

4. Final remarks

We have explored the role and effects of antecedent soil moisture conditions on
rainfall I/D thresholds triggering shallow landslides by using a dataset built for a
region of southern Italy and a distributed modeling approach. By combining rainfall
events data with the simulated antecedent soil moisture conditions, it was possible
to derive I/D relationships, which can be used to discriminate the triggering condi-
tions for landslides better.

Two distinct degree of soil saturation values [S < 0.7 and S ≥ 0.7] were identified
to distinguish different classes of events. Such soil moisture conditions led to two
distinct populations of events that identified statistically significantly different rain-
fall threshold functions. Our results are consistent with those found in the most recent
studies on this topic, reinforcing the idea that simulated soil moisture provides better
metrics than antecedent rainfall for the predisposing factors of landslide initiation.

Finally, a forthcoming extension of this research will aim to carry out a local
downscaling to define the relations between I/D and the degree of soil saturation in
the smallest territorial contexts characterized by the same climatic and lithotechnical
conditions, in which the landslides inserted in our database have developed.

Moreover, it is also important to note that the proposed description of the
landslide event may undoubtedly support the development of further studies and
models for landslide prediction. In fact, the main results obtained in the present
study are the fact that the information about the antecedent relative saturation of
the soil may help to distinguish the dynamics of the process better. Therefore, it
would be a good practice to include such parameters in all landslide database. This
can happen with the support of remote sensing techniques that also allow deriving
root zone soil moisture over large areas [10, 41, 44].
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Chapter 6

Long-Term Monitoring of Slope 
Movements with Time-Domain 
Reflectometry Technology in 
Landslide Areas, Taiwan
Miau-Bin Su, I-Hui Chen, Shei-Chen Ho, Yu-Shu Lin  
and Jun-Yang Chen

Abstract

The study employs time-domain reflectometry (TDR) technology for landslide 
monitoring to explore rock deformation mechanism and to estimate locations 
of potential sliding surfaces in several landslide areas, Taiwan, over ten years. 
Comparing to laboratory and field testing, sliding surfaces in landslide areas 
occurred mainly at two types, namely shear and extension failure. The TDR tech-
nology is used for field monitoring to analyze locations of sliding surfaces and 
to quantify the magnitude of the sliding through laboratory shear and extension 
tests. There are several TDR-monitoring stations in six alpine landslide areas in the 
middle of Taiwan for long-term monitoring. A relation between TDR reflection 
coefficients and shear displacements was employed for a localized shear deforma-
tion in the field. Furthermore, the type of a cable rupture for the TDR monitoring 
in landslides can be determined as shear, extension, or compound failure through 
the field TDR waveforms. Overall, the TDR technology is practically used for a 
long-term monitoring system to detect the location and magnitude of slope move-
ment in landslide areas.

Keywords: time domain reflectometry (TDR), landslide monitoring,  
slope movement, shear and extension testing, deformation quantification

1. Introduction

Determining the location and magnitude of sliding surfaces is a vital measure 
for landslide monitoring. For conventional slope monitoring, drill-log reports 
can illustrate in situ presence of weak rock or location of weak rock masses [1, 2]. 
Furthermore, inclinometers are used for landslide monitoring to detect sliding zones 
and to measure the subsurface lateral displacement of soil or rock [3–5]. However, it 
is time-consuming and difficult by these traditional methods to interpret an accurate 
location of sliding surface in a landslide area [6, 7]. In recent years, time-domain 
reflectometry (TDR) is employed for the monitoring of slope movement to locate 
depths of slope failures [8, 9]. The TDR technology uses a cable tester to detect a 
coaxial cable grouted in a borehole. While the cable broken or ruptured, a TDR signal 
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from the cable tester is reflected. The reflection shows the location of sliding surfaces 
and the effect of TDR-cable length can be determined accurately [10–13].

There are some characteristics of the TDR technology for the monitoring of 
landslide deformation. Firstly, a coaxial cable is a continuous sensor where the TDR 
system can interrogate reflection coefficients of a crimp, kink, extension, or break 
[14]. Secondly, an important ability for the TDR technology is to locate the relative 
movement along the cable by extended or shear stress that causes the change of 
cable characteristic impedance when two adjacent rock masses move each other 
[15, 16]. Finally, reflection coefficients of TDR-cable deformation are positive cor-
relations with the rate of slope movement [9, 17, 18].

There are two main themes in this research. The first is for laboratory experiments 
that include shear and extension tests with grouted cables. The TDR technology can 
interrogate reflected waveforms corresponding to the cable deformation in order to 
get a relation between reflection coefficients and the magnitude of cable deformation 
[17]. The other theme is for field TRD monitoring. There are several TDR monitor-
ing stations in six landslide areas where occurred some slides in Taiwan [6, 17–19]. 
Finally, the study analyzes field data from TDR monitoring stations to compare to 
results of quantification in laboratory tests and to determine the location, type, and 
magnitude of slope movement for long-term monitoring in the landslide areas.

2. Laboratory testing for TDR technology

For literature reviews of TDR laboratory experiments, a TDR tester detected 
reflection coefficients of a grouted coaxial cable when the cable is deformed by shear 
or extension stress as shown in Figure 1(a), which illustrated a signal “spike” as like 
a shape of “V” by shear stress (Figure 1(b)) and another signal as like a shape of 
“concave” by extension stress (Figure 1(c)) based on the TDR theories [15, 16].

Whether shearing deformations are big or small, the magnitude of TDR 
reflected waveforms is significant correlation with cable deformation [20, 21]. An 
integrated area method is proposed to quantify the magnitude of a TDR reflected 
waveform on the deformation of rock masses and concrete structures through 
laboratory bench tests [10, 17]. The method involved the integration of the TDR 
voltage signal over time in Figure 2, which means that L1 is the start point of a TDR 
reflected waveform due to a change in capacitance and L2 is an end point when the 
voltage returns to its reference level [17].

For laboratory tests, each coaxial cable was grouted into a cement test speci-
men, which was 1-m in length and 10 cm in diameter. Then, each test specimen 
was installed on a bench, as shown in Figures 3 and 4, which were twofold. One 
is to determine a relation between the magnitude of cable deformations and TDR 
reflected waveforms by shear displacement. The second is to measure a change 
length of the cable with TDR reflected waveforms by extension displacement.

The laboratory testing was designed to define a relation between the TDR reflec-
tion coefficients and the magnitude of cable deformation by shear and extension 
failure. For example, a coaxial cable was grouted into a cement test specimen with 
1 m in length and then connected to a TDR cable tester (HL 1101). The test speci-
men was installed on a bench, which was divided into three 20-cm-length and 
10-cm-diameter units, named S1, S2, and S3, as shown in Figure 3. Then, a TDR 
tester (HL1101) sent a voltage pulse waveform that travels along a coaxial cable. 
Finally, data from the tester were transmitted to a PC and was displayed as TDR 
waveforms. The cable and grout were the same as the materials used in field instal-
lation, listed in Table 1 [17].
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Figure 1. 
Diagrams of reflected waveforms of TDR coaxial cables in grout by shear and extension movement. (a) grouted 
cables deformed by shear or extension stress; (b) changes in reflection coefficients of TDR waveforms for shear 
tests; (c) changes in reflection coefficients of TDR waveforms for extension tests [15, 16].

Figure 2. 
Integration method of the TDR waveform for shear displacement [17].
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Figure 1. 
Diagrams of reflected waveforms of TDR coaxial cables in grout by shear and extension movement. (a) grouted 
cables deformed by shear or extension stress; (b) changes in reflection coefficients of TDR waveforms for shear 
tests; (c) changes in reflection coefficients of TDR waveforms for extension tests [15, 16].

Figure 2. 
Integration method of the TDR waveform for shear displacement [17].
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For the shear test, S1 and S3 were shear units, but S2 was a fixed unit in Figure 3. 
The S1 was set at a given shear displacement of 0, 10, 20, 30, and 40 mm, and then 
the S3 was sheared successively at 2-mm intervals for each shear displacement 
of the S1, respectively, until the cable rupture [17]. Results of the TDR interrogated 
waveforms for the cable were plotted in Figure 5(a) where the TDR signals (reflec-
tion coefficient in millirhos) represented the amplitude of reflected waveforms at 
a distance in meter along the cable [17]. As can be seen in Figure 5(b), the shear 
displacement at the S3 location is 52 mm before the cable rupture corresponding to 
the reflection coefficient at 233 mρ.

All shear tests have the same tendencies as the graph of Figure 5 for the TDR 
responses of the S1 and S3 displacement, so there existed a significant relation 
between shear displacements and reflection coefficients, as shown in Figure 6, 
which illustrated the maximum and average magnitude of the cable deformation 
by shear failure that were 60 and 47 mm, respectively [17]. A linear relationship 
between shear deformation and TDR reflection magnitude is attractive due to its 
simplicity, which has been used extensively to quantify the magnitude of shear 
deformation [8]. Finally, the study uses the linear regression to determine the 

Coaxial cable 
Type

Diameter 
(mm)

Grout cement 
Type

Grout mix ratio 
(water to cement)

Compressive strength 
(kgf/cm2)

CTLLCX 7/8″ 
CFC

Φ25 mm Portland 
cement I

1:3 146.5

Table 1. 
Properties of the TDR cable and grout [17].

Figure 3. 
Instrumentation of shear bench test (adapted from [17]).

Figure 4. 
Instrumentation of extension bench test (adapted from [18]).
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magnitude of shear deformations in the field corresponding to relative changes of 
reflection coefficients interrogated by on-site TDR system [17, 18].

For the extension test, a 1-m test specimen was installed on the bench, which 
was set as two 20-cm-length units; one was a moving unit T1 and the other was 
fixed, as shown in Figure 4 [18]. The amount of extension displacement at the T1 
location successively incremented at 5 mm until the cable ruptured and results 

Figure 5. 
Graph of reflected waveform changes at S3 shear plane as S1 shear displacement is set at 0 mm. (a) changes 
in reflection coefficients of TDR waveforms for the whole grouted cable; (b) enlarged graph of changes in 
reflection coefficients of TDR waveforms at S3 shear plane [17].

Figure 6. 
Graph of the relationship between the shear displacement (millimeters) and reflection coefficient (mρ) in 
shear tests [17, 18].
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magnitude of shear deformations in the field corresponding to relative changes of 
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For the extension test, a 1-m test specimen was installed on the bench, which 
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location successively incremented at 5 mm until the cable ruptured and results 
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Graph of the relationship between the shear displacement (millimeters) and reflection coefficient (mρ) in 
shear tests [17, 18].
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of the extension test was plotted in Figure 7, which shows that the magnitude of 
extension displacement is 35 mm as the cable rupture [18]. A change in length of 
the cable between first waveform and the 35-mm-test waveform was measured to 
0.0348 m that was almost the same as the magnitude of extension displacement at 
35 mm. Thus, the result can be employed to measure the magnitude of extended 
cable in field TDR monitoring [6, 18].

3. Principle of the TDR monitoring in landslide areas

A diagram of on-site TDR instrumentation is shown in Figure 8. A coaxial cable 
is grouted with cement into a borehole in a slope. A TDR cable tester (HL1101) 
sends and receives a voltage pulse waveform that travels along the coaxial cable 
through a connector. A transmission of the TDR signal through the tester is stored 
in a microcomputer that is an embedded system after the signal is reflected by a 
cable deformation.

There are six TDR-monitoring stations in different landslide areas, Taiwan, 
including Lishan, Song-Mao, Old Tribe, and New Jia-Yang areas since 2008, and 
Jiufenershan and Lushan areas since 2012 and 2018, respectively. For the first four 
areas, the distribution of TDR-monitoring stations was shown in Figure 9, which 
illustrated representative stations called B5, L2, J1, and S9 monitoring stations in the 
four areas. The four landslide areas are located at the middle of Taiwan with altitude 
between 1800 and 2100 m, inclination toward the northwest and slope angle of 
15–30° [22]. Geologically, the areas belong to colluvium and slate formation. In 
April 1990, a severe landslide occurred in Lishan area after prolonged torrential 
rainfall. After that, governments remedied the area with many drainage works and 
slope monitoring systems in order to prevent from disasters again [6].

The TDR cable of 40–50 m in depth was grouted into a borehole every station. 
All TDR waveforms of different date are recorded every month so that it is easy 

Figure 7. 
Graph of reflected waveform changes in extension tests [18].
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to interpret a change of waveforms at any depth where a slope movement could 
occur. For example, records of the TDR monitoring at J1 TDR-monitoring station 
in New Jia-Yang landslide area were plotted in Figure 10. They revealed changes in 

Figure 8. 
Diagram of on-site instrumentation for the TDR technology (adapted from [18]).

Figure 9. 
Location map of TDR monitoring stations in four landslide areas.
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15–30° [22]. Geologically, the areas belong to colluvium and slate formation. In 
April 1990, a severe landslide occurred in Lishan area after prolonged torrential 
rainfall. After that, governments remedied the area with many drainage works and 
slope monitoring systems in order to prevent from disasters again [6].

The TDR cable of 40–50 m in depth was grouted into a borehole every station. 
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Figure 7. 
Graph of reflected waveform changes in extension tests [18].
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to interpret a change of waveforms at any depth where a slope movement could 
occur. For example, records of the TDR monitoring at J1 TDR-monitoring station 
in New Jia-Yang landslide area were plotted in Figure 10. They revealed changes in 

Figure 8. 
Diagram of on-site instrumentation for the TDR technology (adapted from [18]).

Figure 9. 
Location map of TDR monitoring stations in four landslide areas.
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reflection coefficients at the J1 station since 2008. The changes in TDR waveforms 
from 10/2008 to 05/2009 shown in the enlarged graph of Figure 10 were caused 
by two spikes at 10.33 and 13.36 m in depth at the station, respectively [17]. Thus, 
significant increases of amplitudes in the reflection coefficient occurred at the two 
depths in April and May 2009, indicating that the cable was ruptured at two loca-
tions by shear failure [6, 17].

The other case study is in Jiufenershan landslide area that is located at the middle 
of in Taiwan, as shown in Figure 11. The area occurred due to a severe landslide 
triggered as a result of the 1999 earthquake. The geology of the landslide area with 
altitude between 500 and 2100 m is underlain mainly by Miocene sedimentary and 
shale formations where the strike is N36°E and the dip is 21°SE [23]. Since 2003, 
there has been a landslide monitoring project for the Jiufenershan landslide with 
some monitoring equipment, including extensometers, inclinometers, groundwater 
level gauges, etc. The TDR technology was installed in the area since 2012 in order 
to monitor slope movement in the area [18].

From the 12/2012 and 01/2013 TDR records in Jiufenershan landslide area 
(Figure 12), there were significant deformations at 7.51- and 35.72-m depths at N2 
station because there exited localized cable ruptures [18]. Based on the regression of 
the relation between cable deformation and reflection coefficient in the laboratory, 
47-mm displacement of the cable corresponds to approximately the TDR reflection 
coefficient of 210 mρ that can be regarded as the working limit for the cable rupture 
by deformed failure in the case study [18].

For the last case study in Lushan landslide area, it is located in central Taiwan 
with an altitude from 1050 to 1480 m, as shown in Figure 13 [19]. The bedrock 
of the slope mass is mainly composed of slate with strikes of cleavage range from 
N10° to 40°E. The slope is defined as composed of 20-m-thick colluvium near the 

Figure 10. 
Recorded waveform at J1 TDR-monitoring station [17].
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surface and fresh slate at bottom [24]. The Lushan formation in the area belongs 
to the attitude of the foliation, which influences the mass rock creep structures of 
foliated rocks and may experience deformation by potential landslides [25]. There 

Figure 11. 
Location map of the monitoring stations in Jiufenershan landslide area [18].

Figure 12. 
Changes of reflection coefficients interrogated by the TDR at N2 monitoring station [18].
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are two TDR-monitoring stations, coded T3 and T4, in the area where coaxial 
cables of approximately 100-m length were grouted with cement to monitor 
potential slope movement.

For example, records of T3 TDR-monitoring waveforms from Sep 2018 to May 
2019 were plotted in Figure 14. Changes in TDR waveforms were caused by three 
spikes at approximately 13, 57, and 70 m in depth at the T3 station [19]. These TDR 
signals “spikes” can be indicated as the location of localized shear failure through 
the laboratory testing in the study. Furthermore, significant increases in amplitudes 
in the reflection coefficient occurred at the three depths from September 2018 to 
May 2019, indicating that the cable was partially broken at the three locations by 
shear deformation at T3 [19].

Figure 13. 
Location and geologic map in Lushan landslide area.

Figure 14. 
Records of TDR reflected waveforms at T3 monitoring station (adapted from [19]).
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4. Results and discussions of field monitoring

According to the result of laboratory tests and the data from field monitoring, 
the type and magnitude of slope movement in the landslide areas can be deter-
mined. All recorded waveforms of different dates were separately plotted in a graph 
to easily compare changes in waveforms of the TDR monitoring. Thus, records 
of the TDR waveforms in the landslide areas were replotted in Figures 15–18 that 
showed changes in reflection coefficients of the four stations (B5 in Lishan area, 
J1 in New Jia-Yang area, L2 in Old Tribe area, and S9 in Song-Mao area). TDR-cable 
signals presented the amplitude of reflected waveforms at a given distance cor-
responding to the depth of a grouted cable at TDR-monitoring stations. Then, the 
waveforms can be easily interpreted by a change of waveforms at a depth where 
shear failure occurred or at an extended length of the grouted cable where exten-
sion failure occurred.

As illustrated in Figure 15, no significant change in the waveforms occurred at 
the B5 station from 2016 to 2018 because remedial works had been performed to pre-
vent the area from additional sliding. Alternatively, some TDR waveforms changed 
at the other three stations from 2008 to 2015 in Figures 16–18, which illustrated that 
the type of waveform changes was shear displacement and extension signals.

For J1 TDR-monitoring station, the TDR waveforms were formed as like the 
shape of “V” at a depth of approximately 13 m in Figure 16, which illustrated the 
type of the waveform by shear stress [17]. Based on the laboratory tests, the mag-
nitude of the shear displacement in Figure 16 was more than 47 mm in July 2009 
because the reflection coefficient in the spike of the TDR waveform was over 210 
mρ that means the localized cable ruptured.

From another point of view in other graphs, some TDR waveforms of other areas 
were formed as the type of extension failure such as L2 and S9 stations because the 
type of the waveforms was similar to the type of the laboratory extension testing 
and total length of the two cables was extended at the end of them. As shown by 
the Mar/2009 TDR record in Figure 17, there was an extended displacement at a 

Figure 15. 
Graph of TDR reflected waveforms at B5 TDR-monitoring station.
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Figure 17. 
Graph of TDR reflected at L2 TDR-monitoring station.

depth of 37.87 m at L2 station when the waveform signal showed the cable ruptured. 
As can be seen from Figure 18, the cable was extended to a depth of 43.23 m at S9 
station in October 2014. Also, there were considerably extended lengths of the end 
cables at L2 and S9 stations, by 0.44 and 0.20 m, respectively.

For N2 TDR-monitoring station in Jiufenershan landslide area, records of on-site 
TDR monitoring waveforms were replotted in Figure 19 that showed the TDR wave-
forms were formed as signals of cable rupture at 7.51- and 35.72-m depth marked 
as A and B, respectively [18]. As shown by the 11/2012 TDR record of the enlarged 

Figure 16. 
Graph of TDR reflected at J1 TDR-monitoring station.
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chart in Figure 19 (mark C), the total length of the cable had been extended by 
potential extension stress from 49.79 to 50.01 m measured by the TDR signal at the 
end of the cable. It was obvious that the cable was deformed by extension stress 
initially [18]. However, for the enlarged graph in Figure 12, there was a pulse-like 
signal of the waveform at a 35.72-m depth in November 2012 that was similar to a 
spike type generated by laboratory shear testing; thus, the cable was deformed by 
shear stress at the location before the cable rupture in December 2012, despite the 
fact that the cable had been extended from August 2012 to November 2012. As a 
result, the cable would be damaged by compound failure in the landslide area [18].

Figure 19. 
Graph of TDR reflected at N2 TDR-monitoring station [18].

Figure 18. 
Graph of TDR reflected at S9 TDR-monitoring station.
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chart in Figure 19 (mark C), the total length of the cable had been extended by 
potential extension stress from 49.79 to 50.01 m measured by the TDR signal at the 
end of the cable. It was obvious that the cable was deformed by extension stress 
initially [18]. However, for the enlarged graph in Figure 12, there was a pulse-like 
signal of the waveform at a 35.72-m depth in November 2012 that was similar to a 
spike type generated by laboratory shear testing; thus, the cable was deformed by 
shear stress at the location before the cable rupture in December 2012, despite the 
fact that the cable had been extended from August 2012 to November 2012. As a 
result, the cable would be damaged by compound failure in the landslide area [18].

Figure 19. 
Graph of TDR reflected at N2 TDR-monitoring station [18].

Figure 18. 
Graph of TDR reflected at S9 TDR-monitoring station.
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For T3 TDR-monitoring station in Lushan landslide area, original records of 
TDR-monitoring waveforms were replotted as a graph rotated vertically so that it 
is easy to observe changes of TDR waveforms in vertical depth under the ground at 
the T3 station, as shown in Figure 20 where x axis means the T3 shear displacement 
in centimeters calculated using the linear regression equation in the laboratory 
testing [18, 19].

There were three shear surfaces at approximately 13-, 57- and 70-m depths in 
Figure 20 as well as in Figure 14. Through the laboratory testing, the magnitude 
of cable sheared deformation can be determined for the field slope movement 
corresponding to the TDR reflection coefficients in the T3 TDR monitoring. For 
example, increases in the amplitudes of reflection coefficients occurred at two spikes 
at approximately 57- and 70 m depths from September 2018 to May 2019 in the 
enlarged graph of Figure 20. The magnitude of the cable sheared deformation at 
the two depths was calculated using the linear regression equation y = 0.22247x (see 
Figure 6, where y means shear displacement in millimeters and x means a change of 
reflection coefficients in mρ; [18, 19]). Then, the changes in reflection coefficients of 
the two localized shear locations were detected as 0.03 and 0.024 ρ (30 and  
24 mρ) corresponding to shear displacement by 6.7 and 5.6 mm, respectively, on May 
31, 2019. It was obvious that these TDR signal “spikes” can be indicated as the type 
of localized shear failure through the laboratory testing in the study. Meanwhile, 

Figure 20. 
Graph of TDR reflected waveforms at T3 TDR-monitoring station.
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reflection coefficients of the T3 TDR monitoring did not reach 210 mρ so the cable 
did not rupture. However, significant increases of amplitudes in the reflection coef-
ficient occurred at three depths from September 2018 to May 2019 so that the area 
could consecutively occur as mass rock creep in Lushan landslide area [19].

By the method of the linear regression calculation, all magnitude of localized 
shear displacements at sliding surfaces at every TDR-monitoring station in the six 
landslide areas can be determined, as presented in Table 2. On the other hand, all 
magnitude of extended cables at L2, S9, and N2 stations can also be measured as 
shown in Table 2. In particular, the data from the N2 station inferred that sliding 
deformation in the landslide area would be a compound type that means the slope 
movement may be a coexistence of extension-type and shear-type deformation 
through the result of field TDR waveforms [18]. The magnitude of extension 
deformation was 0.22 m from August 2012 to November 2012 at N2 station. Also, 
the cable of N2 had been ruptured because the reflection coefficient of the TDR 
waveforms had been over 210 mρ (see Figure 12) according to the result of the 
laboratory testing.

Overall, if a reflection coefficient of a TDR monitoring station reaches to 210 mρ 
or more in the field, it could mean that a TDR cable could be damaged by potential 
slope deformation through the result of the laboratory and field tests. Average 
47 mm of shear displacement in a TDR cable corresponds to the TDR reflection 
coefficient of 210 mρ that can be defined as the working limit for the cable ruptured 
by shear failure in these case studies. Nevertheless, the maximum amount of cable 
extension can reach 22 and 44 cm in Jiufenershan and Old Tribe landslide area, 
respectively. Finally, the TDR technology can determine the type, location, and 
magnitude of slope movement in the landslide areas although field TDR waveforms 
were complicated and diverse. The TDR technology is practical and successful for 
landslide monitoring to interpret the location and magnitude of sliding surfaces in 
the case studies.

Area Monitoring 
station

Time Failure depth 
(m)

Failure type Magnitude 
(m)

Lishan B5 September 
2015 to 

September 
2017

No significant deformation

New Jia-Yang J1 May 2009 10.33 Shear More than 
0.047

April 2009 13.36 Shear More than 
0.047

Old Tribe L2 March 2009 37.87 Extension Extended 
length: 0.44

Song-Mao S9 October 2014 43.23 Extension Extended 
length: 0.20

Jiufenershan N2 December 
2012

35.72 Coexistence of 
extension and 

shear type

Extended 
length: 0.22

June 2013 7.51

Lushan T3 May 2019 13.37 Shear 0.0069

May 2019 57.85 Shear 0.0067

May 2019 70.61 Shear 0.0056

Table 2. 
Location and magnitude of shear deformation in landslide areas, Taiwan.
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5. Conclusions

The study employed the TDR technology for the landslide monitoring of slope 
movement to determine the location and magnitude of sliding surfaces in six 
landslide areas. Comparing to laboratory and field tests, the TDR monitoring of 
J1 in New Jia-Yang landslide area detected two sliding surfaces at 10.33- and 13.36-m 
depths where the magnitude of sliding deformation was estimated at more than 
47 mm, because the reflection coefficients of the TDR monitoring were over 210 
mρ. For the TDR monitoring of L2 and S9, the extended length of each grouted 
cable can be measured by 44 and 20 cm, while the two cables had been ruptured at 
37.87- and 43.23-m depth, respectively. For the TDR monitoring of J1, there were 
cable ruptures at depths of 7.51 and 35.72 m where rock mass slides was extension-
type and shear-type compound failure. Finally, the TDR monitoring of T3 con-
secutively detected three sliding surfaces at 13.37-, 57.85- and 70.61-m depths where 
slight deformation amount was estimated by 0.31, 0.67, and 0.53 cm, respectively, 
using the linear regression equation of the relation between TDR reflection coef-
ficients and shear displacements in the shear tests.

Overall, the TDR technology can accurately detect the location of TDR cable 
deformation for the monitoring of slope movement in the landslide areas. Meanwhile, 
sliding types of shear, extension, or compound failure can be determined using the 
change of TDR reflected waveforms in the laboratory and field. Finally, 210-mρ 
reflection coefficients of TDR monitoring can be a threshold of a partial cable rup-
tured corresponding to the cable sheared deformation of 47 mm in the case studies. 
In the future, the TDR technology can be an early warning system before a landslide 
occurs.
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5. Conclusions

The study employed the TDR technology for the landslide monitoring of slope 
movement to determine the location and magnitude of sliding surfaces in six 
landslide areas. Comparing to laboratory and field tests, the TDR monitoring of 
J1 in New Jia-Yang landslide area detected two sliding surfaces at 10.33- and 13.36-m 
depths where the magnitude of sliding deformation was estimated at more than 
47 mm, because the reflection coefficients of the TDR monitoring were over 210 
mρ. For the TDR monitoring of L2 and S9, the extended length of each grouted 
cable can be measured by 44 and 20 cm, while the two cables had been ruptured at 
37.87- and 43.23-m depth, respectively. For the TDR monitoring of J1, there were 
cable ruptures at depths of 7.51 and 35.72 m where rock mass slides was extension-
type and shear-type compound failure. Finally, the TDR monitoring of T3 con-
secutively detected three sliding surfaces at 13.37-, 57.85- and 70.61-m depths where 
slight deformation amount was estimated by 0.31, 0.67, and 0.53 cm, respectively, 
using the linear regression equation of the relation between TDR reflection coef-
ficients and shear displacements in the shear tests.

Overall, the TDR technology can accurately detect the location of TDR cable 
deformation for the monitoring of slope movement in the landslide areas. Meanwhile, 
sliding types of shear, extension, or compound failure can be determined using the 
change of TDR reflected waveforms in the laboratory and field. Finally, 210-mρ 
reflection coefficients of TDR monitoring can be a threshold of a partial cable rup-
tured corresponding to the cable sheared deformation of 47 mm in the case studies. 
In the future, the TDR technology can be an early warning system before a landslide 
occurs.
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Chapter 7

The Translatory Wave Model for
Landslides
Jónas Elíasson and Þorsteinn Sæmundsson

Abstract

The Saint-Venant equations are usually the basis of numerical models for land-
slide flows. They are nonstationary and nonlinear. The theory for translatory waves
in a prismatic channel and a funneling channel can be used for landslides using the
assumption of either turbulent or laminar flow in the slide. The mathematics of
translatory waves traveling over dry land or superimposed on another flow are
developed. This results in a new slope factor controlling the flow velocity, together
with the Chezy coefficient used in previous applications of the translatory wave
theory. Flow times for the slide to reach a given destination, slide depth, and
velocity can be calculated using the initial magnitude of the flow in the slide.
The instabilities of the wave tail are discussed. Three case studies are presented:
a submarine slide that started the Tohoku tsunami in Japan, the Morsárjökull rock
avalanche in SE Iceland, and the Móafellshyrna slide in central N Iceland.

Keywords: landslide model, translatory wave, landslides, rock avalanche, debris
slides, Iceland

1. Introduction

Landslides are a natural phenomenon that more often than not can be described
as an environmental disaster. Landslides are responsible for countless human lives,
and there is no remedy against their occurrence. The only way to counteract the
danger is preparedness, knowing the danger, assessing the hazard, operating a
warning system, and keeping people out of the way of the slides, a task all govern-
ments and rescue services, civil and military, deal with every day.

Landslides are very different in character, so in the civil protection work, every-
thing matters, area, weather, soil, topography, surface structure, and what triggers
the slide. Consequently, the classification system for landslides is very complicated.
A very good overview of the modern trend of classification can be found in [1]
where types of landslides are discussed separately. A quick overview on what this
classification is all about can be found in the course material in [2], where classifi-
cation systems from 1938, 1958, and 1978 are listed plus a unified classification
system.

The classification has to take into account all the danger factors previously
mentioned and is therefore quite complicated and in constant development, and a
lot has happened since it appeared. For instance, today statistical methods are used
to assess the danger [3], and sometimes they bring about scaling laws known from
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1. Introduction

Landslides are a natural phenomenon that more often than not can be described
as an environmental disaster. Landslides are responsible for countless human lives,
and there is no remedy against their occurrence. The only way to counteract the
danger is preparedness, knowing the danger, assessing the hazard, operating a
warning system, and keeping people out of the way of the slides, a task all govern-
ments and rescue services, civil and military, deal with every day.

Landslides are very different in character, so in the civil protection work, every-
thing matters, area, weather, soil, topography, surface structure, and what triggers
the slide. Consequently, the classification system for landslides is very complicated.
A very good overview of the modern trend of classification can be found in [1]
where types of landslides are discussed separately. A quick overview on what this
classification is all about can be found in the course material in [2], where classifi-
cation systems from 1938, 1958, and 1978 are listed plus a unified classification
system.

The classification has to take into account all the danger factors previously
mentioned and is therefore quite complicated and in constant development, and a
lot has happened since it appeared. For instance, today statistical methods are used
to assess the danger [3], and sometimes they bring about scaling laws known from
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the fractal theory [4]. The statistical methods have not found their way into the
classification system.

One of the largest uncertainties and in many instances the very reason for the
use of statistics in the science of landslides is the instability problem. Instability can
trigger a landslide quite suddenly, and then again, small cracks may be discovered,
and they keep widening for a long time; it is quite evident that a landslide will occur
at some time, but there is no way to tell when it happens.

Instability problems are well known in soil mechanics, e.g., liquefaction and
wave formation in hydrodynamics. Both can be triggered by an external force like
earthquake. A lot of research effort is devoted to the problem of landslide triggering
[5], sometimes with stochastic input routines [6, 7] and others with models
describing the aftermath, for hazard assessment [8], or modeling of the flow of the
slide itself [9], sometimes with assistance of remote sensing data [10].

Landslide models can be numerical or analytical. Both are very dependent of the
boundary conditions. Both need a physical basis to describe the dynamics of the
slide, especially the particle velocity. The simplest, but very efficient, method is to
put the velocity proportional to the gradient of the elevation of the surface on the
one hand and to the shear force in excess of the shear strength of the soil on the
another. An example of the mathematical formulation this assumption leads to is
Eqs. 1 and 2 in [5]. The basis of this approach is Newton’s law of viscosity.

A necessary condition for this approach to hold is that the inertial terms, other
than acceleration, in the full flow equation system can be neglected. This means that
all nonlinear terms can be left out. This will be the case for many types of landslides,
due to the high viscosity in them. However, many slides will be running faster than
that, and they are the most dangerous ones.

In the following we shall discuss the translatory wave landslide model. This
model can be used for the front of the landslide, the velocity of it, and how far it
flows. The criterion for using the model is that the slide has to be flowing in a
regular manner, not just a fall of soil or rock fragment down a steep slope, so many
of the types defined in the classification systems and discussions of different types
mentioned above will be excluded from this approach. For the others, i.e., regular
slides that do actually flow, the translatory theory can in most cases be used.

The translatory model involves analyses that are complicated in nature but lead to
a simple system when fully derived. It can be very useful in studies one has to do
prior to numerical model studies in defining the area, extent of boundaries, and limits
to the various parameters involved. Thus, it can save a lot of trial and error work in
constructing the model and elimination of numerical instabilities. And sometimes it
produces results that are good enough as demonstrated in the case studies.

2. Theoretical considerations

2.1 Theory of translatory waves

A translatory wave runs down a channel slope with flow that is not constant in
time but varies slowly. In treatment of such flow, it is natural to look for waves of
fixed shape progressing down a channel. Such waves in shallow water have been
investigated earlier; a further treatment is presented in [11] using Chezy’s equation
for the flow resistance instead of the more complicated Manning’s equation. This
simplifies the mathematics of the problem. The starting point is the continuity and
momentum equations for an arbitrary prismatic channel. For the sake of simplicity,
only two cases are treated, that of a wide rectangular inclining flume and a rectan-
gular inclining funnel.
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2.2 Translatory waves in a flume

2.2.1 The translatory wave

The equations of Saint-Venant describing flow down an inclining plane can be
taken from many textbooks on fluid mechanics or hydrology; they are

Equation of continuity:
δy
δx

þ ∂q
∂x

¼ 0 q ¼ yv (1)

Momentum eq::
δv
δt

þ v
∂v
∂x

þ g
∂v
∂x

gðI � I0Þ ¼ 0 (2)

where:
y water depth
q channel flow per unit width
v velocity
x streamwise coordinate
t time
g acceleration of gravity
I friction slope
I0 channel slope
The system obviously admits a solution where v = v(x � ct) and y = y(x � ct)

with c as the constant wave celerity. The momentum equation degenerates to

dy
dξ

þ c2

C2gy
¼ I0 c2 ¼ C2gIy (3)

where C is the nondimensional Chezy constant and ξ = x � ct. This equation can
readily be integrated.

y
y0

þ ln 1� y
y0

� �
¼ I0

x� ct
y0

; y0 ¼ 0; x� ct≤0 (4)

This is the form of the approaching wave. The wave passes the origin at time
zero: x = t = 0 => y = 0.

It is easily seen that the wave will continue to run if I > 0, i.e., the flow will not
stop until the surface has become horizontal. This means that the landslide is of
liquefied, or fluidized, soil. This means that the water content of the slide is rather
high. This does not have to be the case. The slide’s material may very well have
finite shear strength. Then it stops at a finite slope.

As time progresses y approaches the normal depth y0, while the discharge q
approaches the value

q0 ¼ cy0 ¼ C
ffiffiffiffiffiffi
gI0

p
y3=20 (5)

from which the normal depth y0 and c can be calculated if q0 is known. Equation
(4) can also be used for landslides, as will be demonstrated.

2.2.2 Basic fluid mechanics of landslide flows

Call the shear stress τ and the pressure on the bottom (normal stress) σ in
uniform flow of a soil in a landslide down a plane inclined by an angle Ѳ to the
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horizontal, and let y´ be the distance from the bottom and y the total depth. Then we
have from any textbook in hydraulics

τ ¼ ρg sin θ y� y´ð Þ; σ ¼ ρg cos θ y� y´ð Þ; ! τ=σ ¼ tan θ (6)

If the shear resistance of the soil is purely frictional with friction angle φ, there is
no flow for φ > Ѳ. For cohesive soils this is a little more complicated. Motion starts
when τ > σ tan φ + c´, where c´ is the cohesion. In the no flow situation, the cohesion
can be a substantial part of the total shear strength of the soil; however, the cohe-
sion is not a material constant for the soil; upon deformation and start of flow, c´
is reduced, and after that we can approximate the shear strength of the soil with
a dynamical friction angle φ´ and a zero cohesion. Then we will have φ´ < Ѳ as
condition for flow. This means that the slide will stop when it flows on a slope
Ѳ < φ´, and then the shear stress ratio is τcr/σ = tanφ ´, which is the critical shear
stress ratio. The shear stress in excess of the critical τcr is then

τ � τcrð Þ=σ ¼ tan θ � tanϕ0; ! τ � τcr ¼ ρg sin θ 1� tanϕ0= tan θð Þ y� y´ð Þ
(7)

This can be combined with Newton’s law of viscosity.

τ � τcrð Þ=ρ ¼ g sin θ y� y0ð Þ 1� tanϕ0= tan θð Þ ¼ Cf
dv
dy0

(8)

Here we have :
Laminar flow : Cf ¼ kinematic viscosity

Turbulent flow : Cf ¼ eddy viscosity

�
(9)

Kinematic viscosity is normally assumed constant, but eddy viscosity changes
with the distance from the wall in accordance with Prandtl’s theory of wall turbulence.
This makes the difference that the velocity profile will be parabolic in the laminar
case and the maximum velocity in a fixed distance in the flow path, i.e., vmax = 1.5
vaverage for a fixed x in (4). In the turbulent case, vmax is closer to vaverage than that.

Combining this with (4) and (5), we put c = vav, and the flow becomes q = c y.
The actual variation of the velocity with y´ will for all practical purposes affect the
wave form (4) only slightly when the celerity in the landslide is c << √(gy) which
is the celerity of the surface gravity wave.

Equations (8) and (9) are similar to those for ordinary channel flow except (6) is
multiplied by (1 - tan φ´/tanѲ) to get (8), which gives the excess shear stress or the
resistance to the flow. Then (9) provides the relation to the velocity through the
unknown resistance coefficient Cf. In the laminar case, it is assumed constant, and
then we have a flow proportional to the slope, which in a free landscape gives a flow
in the direction of the elevation gradient. This is a popular idea for landslide model
(see, e.g., [6, 7]).

Cf does not need to be constant, it can depend on the velocity, giving a
turbulence-like flow resistance. A simple way to include this possibility is to use
Chezy’s coefficient defined as

c ¼ vav ¼ C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ � τcrð Þ=ρ

p
¼ C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gy sin θ 1� tanϕ0= tan θð Þð Þ

q
(10)

C is not a constant as originally proposed by Chezy but a slowly varying implicit
function of the velocity and is thus constant while c is constant. To get an idea about
the variation of C with the resistance factor in turbulent flows, one can study
Section 15.2 in [12]. There is an implicit relation proposed by ASCE in 1963; it is
based on a large volume of experimental data. For low velocity flows, it gives
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laminar friction. Our implicit relation would have to possess that property too, but
otherwise it remains unknown until sufficient experimental data for landslides is
available.

Example 1.
We call Sf = sinѲ (1 - tanφ´/tanѲ) the slope factor. It can be found in other

models; see, e.g., (5) in [8]. We take the value 0.5. and list in Table 1 corresponding
C values for various slides, calculated from (10).

C is proportional with the velocity but varies much more slowly with y. It is
therefore a possibility that approximate average regional values for C can exist in
regions with similar geological settings. C for other slope factors Sf can easily be
found in Table 1 by multiplying the C values with a = √(0.5/Sf).

2.2.3 Properties of the slide function

When C is known, we can turn back to (4) and modify it to fit a slide where the
flow resistance is the excess shear stress. In Section 2.3.1, we defined the slope factor
for uniform flow from the Chezy coefficient C and the bottom slope. Now C is
defined in the same way but for local surface slope Sf, not bottom slope Sf0. With
ξ = x – ct as before, the local velocity will be

c ¼ C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gy sin θ

dy
dξ

1� tanϕ0= tan θð Þ
s

¼ C
ffiffiffiffiffiffiffiffiffi
gySf

q
(11)

And (4) is modified to

y
y0

þ ln 1� y
y0

� �
¼ Sf0

x� ct
y0

; y0 ¼ 0; x� ct≤0 (12)

The mathematical properties of Eq. (11) are discussed in [11] and the function
plotted in Figure 1 in [12].

It is obvious from (11) that y approaches yo very fast with time. According to (4)
the flood reaches a depth that is 90% of yo in x = 0 in time t = 1.4 yo/(Sfo c). This is
only a few minutes according to the values in Table 1; the slower the slide, the
steeper is the front of the approaching slide.

The flow q0 in m3/s per m width in the slide is found by modifying (5) to (12):

q0 ¼ cy0 ¼ C
ffiffiffiffiffiffiffiffiffi
gSf0

q
y3=20 (13)

y/c 0.5 1 2 3

1 0.22 0.45 0.89 1.34

2 0.16 0.32 0.63 0.95

3 0.13 0.26 0.52 0.77

4 0.11 0.22 0.45 0.67

5 0.10 0.20 0.40 0.60

6 0.09 0.18 0.37 0.55

7 0.08 0.17 0.34 0.51

8 0.08 0.16 0.32 0.47

Table 1.
C for y in m, c in m/s, and slope factor 0.5.
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horizontal, and let y´ be the distance from the bottom and y the total depth. Then we
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then we have a flow proportional to the slope, which in a free landscape gives a flow
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based on a large volume of experimental data. For low velocity flows, it gives

144

Landslides - Investigation and Monitoring

laminar friction. Our implicit relation would have to possess that property too, but
otherwise it remains unknown until sufficient experimental data for landslides is
available.

Example 1.
We call Sf = sinѲ (1 - tanφ´/tanѲ) the slope factor. It can be found in other

models; see, e.g., (5) in [8]. We take the value 0.5. and list in Table 1 corresponding
C values for various slides, calculated from (10).

C is proportional with the velocity but varies much more slowly with y. It is
therefore a possibility that approximate average regional values for C can exist in
regions with similar geological settings. C for other slope factors Sf can easily be
found in Table 1 by multiplying the C values with a = √(0.5/Sf).

2.2.3 Properties of the slide function

When C is known, we can turn back to (4) and modify it to fit a slide where the
flow resistance is the excess shear stress. In Section 2.3.1, we defined the slope factor
for uniform flow from the Chezy coefficient C and the bottom slope. Now C is
defined in the same way but for local surface slope Sf, not bottom slope Sf0. With
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plotted in Figure 1 in [12].

It is obvious from (11) that y approaches yo very fast with time. According to (4)
the flood reaches a depth that is 90% of yo in x = 0 in time t = 1.4 yo/(Sfo c). This is
only a few minutes according to the values in Table 1; the slower the slide, the
steeper is the front of the approaching slide.
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2.2.4 Change of slope or channel form

If the slope changes, the velocity will adjust to a new depth and velocities in a
region just before and just after the slope change as long as the flow is subcritical in
the fluid mechanical sense. When the slide flows downhill, the slope will in most
cases be diminished. The flow will adapt to the new depth on a short distance.

Equation (5) can be used to find the new depth by using the fact that the flow is
the same, upstream and downstream of the slope change. The same approach is
used if the channel changes form.

2.2.5 Flow in a funnel-shaped flume

The continuity equation in a channel shaped as a funnel flume is

∂y
∂t

þ 1
r
∂ rqð Þ
∂r

¼ 0; q ¼ yv (14)

Here we shall only consider the translatory wave when the wave celerity is equal
to the water velocity (v = c) and the momentum equation degenerates to the form
(3). In this case we get a direct solution. But as the flow spreads out, the equilibrium
between surface slope and bed slope will come even quicker than before. We can
therefore assume the kinematic wave equation to be valid, a few minutes after the
front has passed. The kinematic wave routing equation (valid when changes in
velocity head are small) reads [11]

∂Q
∂t

þ c
∂Q
∂r

¼ d
∂
2Q
∂r2

; d ¼ q
2Sf0

(15)

Using Q = Q(r - ct) as before cancels the left-hand terms, and we get the
expression Q = α r y v where α is the opening angle of the funnel.

Q ¼ C1 r� ctð Þ þ C2 or y ¼ a r� ctð Þ þ bð Þ=r (16)

In (15) a and b are unknown constants. They are needed because Eq. 11 cannot
fulfill the boundary conditionQ= 0when r – c t = 0. Equation 11 is validwith sufficient
accuracy after y has reached 90 % of yo or more. Many natural channels have a shape

Figure 1.
Chart of the R(Z).

146

Landslides - Investigation and Monitoring

that can be approximated as a series of flumes with constant width and slowly chang-
ing funnels. It is therefore quite clear that a translatory wave can flow down any
channel, adapt to the changing environment, and still be a translatory wave.

3. Limitations of the theory

3.1 Limitations of the translatory model

The most severe limitation of the translatory model is the very heart of the
theory, the progressive wave. The wave starts at some point; for a while there will
be either increasing or diminishing flow in this point. While we have increasing or
constant flow, we are in the head of the wave. For constant flow (11) and (12)
apply, but a flow increase will come as a new translatory wave riding upon the first
[11], but (11) will apply, with local y and Sf instead of y0 and Sf0.

3.2 The recessing translatory wave

3.2.1 The recessing wave and the flow head

Diminishing flow is more complicated. Then we are in the tail of the wave head,
the wave is recessing, and it is no longer progressing with a constant speed. If it is
necessary to calculate this flow, numerical simulation using the full Saint-Venant
equations, modified according to Section 2.2.3, may be tried. This involves more
advanced programming than for a water waves and has not been tried for landslides
using nonlinear friction. In [13] a very advanced model of this kind is presented,
using linear friction, but allowing different rheologies, both viscous and non-
Newtonian flow, which should give the same possibilities, as nonlinear friction
coupled with a slope factor can be used as a tool to imitate non-Newtonian behavior.

The head of the wave is the most damaging part, and the head also determines
the length of the damaged area. Therefore, the head flow is the most important, and
the flow in the tail is not as interesting in disaster prevention studies.

3.2.2 The laminar wave

If it is clear from the beginning that the velocity is low enough, so all inertial and
nonlinear terms can be neglected, and the gradient flow model can be applied in a
way like [6, 7]. Using a notation similar to theirs, but using Δy instead of ΔH (with Δ
meaning the gradient/divergence operator), we would have a slope factor as in
Example 1 and (10).

Sf ¼ sin θ 1� tanϕ0= tan θð Þ ¼ sin θ 1� Δy= tan θj jð Þj jð Þ (17)

Ѳ is the bottom slope in the direction of the flow. Using the laminar model from
(8) and (9), flow equations will be

q ¼ vy ¼ 2= 3Cf
� �

Sf y3Δy= Δyj j ∂y
∂t

¼ Δq (18)

∂y
∂t

¼ Δ 2= 3Cf
� �

Sf y3Δy= Δyj j� �
(19)

There are several ways to linearize (18), either piecewise or totally, and
use it to find the flow and the slide area. This is probably the most popular slide
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cases be diminished. The flow will adapt to the new depth on a short distance.

Equation (5) can be used to find the new depth by using the fact that the flow is
the same, upstream and downstream of the slope change. The same approach is
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2.2.5 Flow in a funnel-shaped flume

The continuity equation in a channel shaped as a funnel flume is
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that can be approximated as a series of flumes with constant width and slowly chang-
ing funnels. It is therefore quite clear that a translatory wave can flow down any
channel, adapt to the changing environment, and still be a translatory wave.

3. Limitations of the theory

3.1 Limitations of the translatory model

The most severe limitation of the translatory model is the very heart of the
theory, the progressive wave. The wave starts at some point; for a while there will
be either increasing or diminishing flow in this point. While we have increasing or
constant flow, we are in the head of the wave. For constant flow (11) and (12)
apply, but a flow increase will come as a new translatory wave riding upon the first
[11], but (11) will apply, with local y and Sf instead of y0 and Sf0.

3.2 The recessing translatory wave

3.2.1 The recessing wave and the flow head

Diminishing flow is more complicated. Then we are in the tail of the wave head,
the wave is recessing, and it is no longer progressing with a constant speed. If it is
necessary to calculate this flow, numerical simulation using the full Saint-Venant
equations, modified according to Section 2.2.3, may be tried. This involves more
advanced programming than for a water waves and has not been tried for landslides
using nonlinear friction. In [13] a very advanced model of this kind is presented,
using linear friction, but allowing different rheologies, both viscous and non-
Newtonian flow, which should give the same possibilities, as nonlinear friction
coupled with a slope factor can be used as a tool to imitate non-Newtonian behavior.

The head of the wave is the most damaging part, and the head also determines
the length of the damaged area. Therefore, the head flow is the most important, and
the flow in the tail is not as interesting in disaster prevention studies.

3.2.2 The laminar wave

If it is clear from the beginning that the velocity is low enough, so all inertial and
nonlinear terms can be neglected, and the gradient flow model can be applied in a
way like [6, 7]. Using a notation similar to theirs, but using Δy instead of ΔH (with Δ
meaning the gradient/divergence operator), we would have a slope factor as in
Example 1 and (10).

Sf ¼ sin θ 1� tanϕ0= tan θð Þ ¼ sin θ 1� Δy= tan θj jð Þj jð Þ (17)

Ѳ is the bottom slope in the direction of the flow. Using the laminar model from
(8) and (9), flow equations will be

q ¼ vy ¼ 2= 3Cf
� �

Sf y3Δy= Δyj j ∂y
∂t

¼ Δq (18)

∂y
∂t

¼ Δ 2= 3Cf
� �

Sf y3Δy= Δyj j� �
(19)

There are several ways to linearize (18), either piecewise or totally, and
use it to find the flow and the slide area. This is probably the most popular slide
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model, but it demands a linear relationship between the flow resistance (τ � τcr)
in (8) and the surface gradient.

4. The onset of motion

4.1 The initial state

4.1.1 Development of instability

Instability occurs when the shear stress in the soil becomes larger than the
critical strength, then a landslide may start. The causes of this can be geological,
morphological, physical, or human (see [1] or [2]) or any combination of these
causes. A misjudgment of the geological or morphological conditions of the site
where a slope is being constructed, or altered, may lead to a landslide. This would be
listed as a human cause but can have the simple physical reason that the soil could
not withstand the stress increase imposed by the construction work.

Instability of this kind can take time to develop. The soil may grow thicker by
time, a bulge can develop due to swelling where the horizontal stress is at its
maximum, and a slide will start when the horizontal stress exceeds the passive
pressure limit. During the following plastic deformation of the soil, the cohesive
strength (c´) of the soil is diminished, the plastic deformation is accelerated, the
instability has set in, and we have the landslide running possibly a debris flow.

The instability can also set in because c´ is reduced by water uptake of the soil,
either by infiltration from increased groundwater pressure or soaking of the soil by
rain. This reduces the φ´ at once and sets in the instability when we have φ´ < Ѳ.

A regional study of slopes and lithology, and analysis together with other factors,
can bring about important statistics concerning landslide susceptibility and proba-
bility of occurrence of landslides caused by the above described instability [3]. This
may even be done globally using satellite data [10]. Predicting the timing and
location of landslide initiated by developing instability of this kind is very difficult,
but considerable success is reported in this field [5, 9].

4.1.2 Slope instability by external causes

External forces can cause slope failure that starts a landslide. These are earth-
quakes, other tectonic movements, and explosions that rupture the soil and reduce
the shear strength of the soil by one quick movement. An instability of this kind
depends on the strength of the external force and is even more difficult to predict.

Large earthquakes usually start landslides, both on land and in the sea (subma-
rine slides).

There may be any combination of events that cause landslides. A landslide due to
developing instability may be triggered by a small earth tremor. This will cause the
landslide to happen sooner than otherwise expected.

5. Practical aspects of the translatory model

5.1 The estimation and use of the Chezy coefficient

The translatory model is based on the Chezy coefficient that can be relatively
stable regionally, but this must be established by extensive field investigations.
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In field investigations of actual slides, it may be difficult to find the actual
investigations begin after the slide stops. Then the total flow of the slide is an
important factor. In a point where we have

Z ¼ y=y0 and L ¼ �x=y0 (20)

consider Eq. (11) at time t = 0; the tip of the slide is in x = 0. Let x < 0 be any
position, and the relation for the dimensionless total flow past it is

Q ∗ ¼ ZL� R Zð Þ=Sf ; R Zð Þ ¼ 1þ 1þ Zð Þ2
� �

� 1� Zð Þ ln 1� Zð Þ (21)

From this we deduce

Sf ¼ R Zð Þ= ZL� Q ∗ð Þ: (22)

The dimensional value of Q is Q = Q*y0
2. When Q is found from field investiga-

tions, (20) is a rather robust formula to find Sf. As seen from Figure 1, Z does not
vary very much except in the range 0.5 y0 < y < 0.9 y0. Outside this range we
have 1 or 0.5 for R(Z). If R(Z) is estimated to be 0,5–0,6, we are in the Z range
0.9 < y/y0 < 1.

This gives the possibility to use an estimated y0 value in (20) and find Sf.
Example 1 shows how Sf relates to the hillslope tanѲ and the critical shear stress

ratio tanφ´ that also relates to the soil parameters.
To find the Chezy coefficient C, there must be some observations of flow times.

If the time tx that it took the slide to move from – x in (19) to x = 0, we simply have
c = x/ tx. Then (12) gives an estimate for C.

But even without an estimate for C, the estimate for y0 and (11) give us an
estimate of how large an area a slide with a known total mass will cover.

5.2 Discussion of the method

As stated in the introduction, the translatory theory can be used for any land-
slide flowing in a regular manner, which means that the bottom friction and bed
slope control the flow. The velocity of vertical falls, turfs, frozen blocks of soil, ice,
or snow is not governed by the friction in the flowing phase only at the onset of
motion and when the sliding stops. At high velocities a lot of air can be mixed into
the flow; this is especially true for avalanches of dry fine-grained snow. In such
cases material properties such as density and viscosity may become indeterminable.

For flowing slides, the translatory wave theory can be used for any event, debris
flows, or mudflows. In [5–8] slides that this theory can be used for are discussed.
But it is also possible to apply it for unusual cases as submarine slides and rock
avalanches as will be demonstrated in the next chapter.

The main application of the translatory theory is to use the information available
of source area material properties and magnitudes, rundown slopes, and flow
depths to estimate the flow coefficients Sf and C. A good database for these coeffi-
cients will make it possible to estimate them at sites where a slide danger has been
identified and the slide is expected to fall anytime.

In such cases a danger area has to be estimated for use by the civil protection
authorities. They can declare the area off limits (all visits forbidden), close roads,
and order areas to be evacuated. It is especially in the case of evacuations and
closing roads for all traffic that an overcautious and too large a danger area estimate
can come under severe criticism.
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model, but it demands a linear relationship between the flow resistance (τ � τcr)
in (8) and the surface gradient.

4. The onset of motion

4.1 The initial state

4.1.1 Development of instability

Instability occurs when the shear stress in the soil becomes larger than the
critical strength, then a landslide may start. The causes of this can be geological,
morphological, physical, or human (see [1] or [2]) or any combination of these
causes. A misjudgment of the geological or morphological conditions of the site
where a slope is being constructed, or altered, may lead to a landslide. This would be
listed as a human cause but can have the simple physical reason that the soil could
not withstand the stress increase imposed by the construction work.
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The instability can also set in because c´ is reduced by water uptake of the soil,
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bility of occurrence of landslides caused by the above described instability [3]. This
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Large earthquakes usually start landslides, both on land and in the sea (subma-
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5. Practical aspects of the translatory model

5.1 The estimation and use of the Chezy coefficient

The translatory model is based on the Chezy coefficient that can be relatively
stable regionally, but this must be established by extensive field investigations.
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In field investigations of actual slides, it may be difficult to find the actual
investigations begin after the slide stops. Then the total flow of the slide is an
important factor. In a point where we have

Z ¼ y=y0 and L ¼ �x=y0 (20)

consider Eq. (11) at time t = 0; the tip of the slide is in x = 0. Let x < 0 be any
position, and the relation for the dimensionless total flow past it is

Q ∗ ¼ ZL� R Zð Þ=Sf ; R Zð Þ ¼ 1þ 1þ Zð Þ2
� �

� 1� Zð Þ ln 1� Zð Þ (21)

From this we deduce

Sf ¼ R Zð Þ= ZL� Q ∗ð Þ: (22)

The dimensional value of Q is Q = Q*y0
2. When Q is found from field investiga-

tions, (20) is a rather robust formula to find Sf. As seen from Figure 1, Z does not
vary very much except in the range 0.5 y0 < y < 0.9 y0. Outside this range we
have 1 or 0.5 for R(Z). If R(Z) is estimated to be 0,5–0,6, we are in the Z range
0.9 < y/y0 < 1.

This gives the possibility to use an estimated y0 value in (20) and find Sf.
Example 1 shows how Sf relates to the hillslope tanѲ and the critical shear stress

ratio tanφ´ that also relates to the soil parameters.
To find the Chezy coefficient C, there must be some observations of flow times.

If the time tx that it took the slide to move from – x in (19) to x = 0, we simply have
c = x/ tx. Then (12) gives an estimate for C.

But even without an estimate for C, the estimate for y0 and (11) give us an
estimate of how large an area a slide with a known total mass will cover.

5.2 Discussion of the method

As stated in the introduction, the translatory theory can be used for any land-
slide flowing in a regular manner, which means that the bottom friction and bed
slope control the flow. The velocity of vertical falls, turfs, frozen blocks of soil, ice,
or snow is not governed by the friction in the flowing phase only at the onset of
motion and when the sliding stops. At high velocities a lot of air can be mixed into
the flow; this is especially true for avalanches of dry fine-grained snow. In such
cases material properties such as density and viscosity may become indeterminable.

For flowing slides, the translatory wave theory can be used for any event, debris
flows, or mudflows. In [5–8] slides that this theory can be used for are discussed.
But it is also possible to apply it for unusual cases as submarine slides and rock
avalanches as will be demonstrated in the next chapter.

The main application of the translatory theory is to use the information available
of source area material properties and magnitudes, rundown slopes, and flow
depths to estimate the flow coefficients Sf and C. A good database for these coeffi-
cients will make it possible to estimate them at sites where a slide danger has been
identified and the slide is expected to fall anytime.

In such cases a danger area has to be estimated for use by the civil protection
authorities. They can declare the area off limits (all visits forbidden), close roads,
and order areas to be evacuated. It is especially in the case of evacuations and
closing roads for all traffic that an overcautious and too large a danger area estimate
can come under severe criticism.
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When the size of a danger area is estimated, there has to be a safety margin. In
construction it is decided by the safety margin to put on material strength and
design loads. Using Sf and C to find a danger area, the safety margin can be decided
in the same way. The most likely values for Sf and C have to be found first and the
safe values to be used in the estimation decided afterwards.

6. Case studies

6.1 Case study 1: the Tohoku submarine slide

6.1.1 Location and event

The most famous tsunami event of recent years hit Honshu, the big island in
Japan, on Friday 11 March 2011 at 05:46 UTC. Its location was off the Pacific coast
of Tohoku, Japan. The earthquake event and the devastation caused by this tsunami
is very well documented; here we shall follow [14].

The cause was a Mw 9.0 (magnitude moment) undersea megathrust earthquake.
The epicenter was approximately 70 km east of the Oshika Peninsula of Tohoku
with the hypocenter in approximately 30 km deep water.

As most earthquakes above Mw 7.0 do, it caused a tsunami. The tsunami was
much bigger than what could be expected and caused a massive devastation. Tens of
thousands of people suffered loss of life or all their possessions. Houses and other
structures were swept away from large areas. The town of Sendai was very badly hit
and 13 other Japanese cities.

The most serious incident, however, was a meltdown in the Fukushima Daiichi
Nuclear Power Plant, when the tsunami proved too high for the coastal defenses
and flooded the emergency generators.

6.1.2 Properties and data

In [14] it is suggested that the bottom deformations that caused the very strong
Tohoku tsunami in the Pacific Ocean can be explained by a submarine landslide.
This suggests that the coseismic slip of the earthquake triggers a sliding of the
surface sediments. In combination they cause the bottom deformation.

Finally, it can thus be concluded that the coseismic slip and the landslide are both
responsible for the Tohoku tsunami in March 2011, not the coseismic slip alone.

From the data obtained in the exploratory drilling at the site shown in Figure 2 in
Ref. [14], it was concluded that the tsunami was caused by themass movement shown
in Figure 3 in Ref. [14]. The slide triggered by the earthquake amplifies the tsunami.

This landslide is not very high compared to what has happened elsewhere. But it is
quite possible that the coastal defenses of Fukushima would have saved the emer-
gency generators and prevented the nuclear disaster had the landslide not happened.

The main data for the slide were originally deduced from [15–17]. In [14] we
find the following:

Bottom slope is 9 %, c = 2 m/s, and y0 = 8 m. The length of the slide is 117.5 km,
the width of the slide is 110 km, but the length of the flow path is only 60 m, and the
flow time is thus 30 s. The volume moved by the slide is 96.8 km3.

6.1.3 Evaluation

Using Table 1 and the bottom slope, we find a C value of 0.32. Corrected for
Sf ≈ 0.1, we get the value of the Chezy coefficient C = 0.71.
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This shows that in assessing the tsunami risk in the Pacific coastal regions of
Japan, the landslide risk must be considered. This fact may result in that consider-
ably larger events than the Tohoku tsunami are possible if a larger slide than this
8-m-thick slide is released.

The assessment of this possibility of larger slides can be difficult; there is
considerable uncertainty in estimating the height (y0) of possible landslide, but this
may be done using drilled exploration wells, like the one shown in Figure 2 in
Ref. [14]. The flow time will be the estimated duration of the earthquake, so using
the C found here, there may be a possibility to estimate the volume moved by a slide
using (20)–(21) and thereby the strength of the corresponding tsunami.

6.2 Case study 2: the rock avalanche on the Morsárjökull outlet glacier, SE
Iceland

6.2.1 Location and event

OnMarch 20, 2007, a large rock avalanche fell on the Morsárjökull outlet glacier,
in the southern part of the Vatnajökull ice cap, in Southeast Iceland (Figure 2). This
rock avalanche is considered to be one of the largest rock avalanches which have
occurred in Iceland during the last decades [18].

The Morsárjökull glacier is a small outlet glacier on the southern side of the
Vatnajökull ice cap in Southeastern Iceland, located between the Þorsteinshöfði
Mountain (1343 m) and Skarðatindur Mountain (1385 m) to the east and the
Austurhnúta peak (1084 m) in the Miðfell Mountain (1430 m) to the west
(Figure 2). The glacier is about 4 km long and 750–900 m wide in the uppermost
part and around 800–900 wide in the lower part. Its surface is around 3.3 km2.
The glacier is surrounded by steep mountain slopes and is categorized as an icefall
glacier with two ice falls. In the uppermost part of the glacier, below the ice falls, the
glacier surface is steep, but below the icefalls the surface inclination is around 85/

Figure 2.
Location map of the Morsárjökull outlet glacier in SE Iceland. The fracture zone and the accumulation lobe
marked with gray color. Legend: (1) 20 m contour lines on land, (2) 20 m contour lines on glacier, (3)
proglacial lake, (4) medial moraine, and (5) equilibrium line (ELA).
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This suggests that the coseismic slip of the earthquake triggers a sliding of the
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Finally, it can thus be concluded that the coseismic slip and the landslide are both
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From the data obtained in the exploratory drilling at the site shown in Figure 2 in
Ref. [14], it was concluded that the tsunami was caused by themass movement shown
in Figure 3 in Ref. [14]. The slide triggered by the earthquake amplifies the tsunami.

This landslide is not very high compared to what has happened elsewhere. But it is
quite possible that the coastal defenses of Fukushima would have saved the emer-
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The main data for the slide were originally deduced from [15–17]. In [14] we
find the following:

Bottom slope is 9 %, c = 2 m/s, and y0 = 8 m. The length of the slide is 117.5 km,
the width of the slide is 110 km, but the length of the flow path is only 60 m, and the
flow time is thus 30 s. The volume moved by the slide is 96.8 km3.

6.1.3 Evaluation

Using Table 1 and the bottom slope, we find a C value of 0.32. Corrected for
Sf ≈ 0.1, we get the value of the Chezy coefficient C = 0.71.
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This shows that in assessing the tsunami risk in the Pacific coastal regions of
Japan, the landslide risk must be considered. This fact may result in that consider-
ably larger events than the Tohoku tsunami are possible if a larger slide than this
8-m-thick slide is released.

The assessment of this possibility of larger slides can be difficult; there is
considerable uncertainty in estimating the height (y0) of possible landslide, but this
may be done using drilled exploration wells, like the one shown in Figure 2 in
Ref. [14]. The flow time will be the estimated duration of the earthquake, so using
the C found here, there may be a possibility to estimate the volume moved by a slide
using (20)–(21) and thereby the strength of the corresponding tsunami.

6.2 Case study 2: the rock avalanche on the Morsárjökull outlet glacier, SE
Iceland

6.2.1 Location and event

OnMarch 20, 2007, a large rock avalanche fell on the Morsárjökull outlet glacier,
in the southern part of the Vatnajökull ice cap, in Southeast Iceland (Figure 2). This
rock avalanche is considered to be one of the largest rock avalanches which have
occurred in Iceland during the last decades [18].

The Morsárjökull glacier is a small outlet glacier on the southern side of the
Vatnajökull ice cap in Southeastern Iceland, located between the Þorsteinshöfði
Mountain (1343 m) and Skarðatindur Mountain (1385 m) to the east and the
Austurhnúta peak (1084 m) in the Miðfell Mountain (1430 m) to the west
(Figure 2). The glacier is about 4 km long and 750–900 m wide in the uppermost
part and around 800–900 wide in the lower part. Its surface is around 3.3 km2.
The glacier is surrounded by steep mountain slopes and is categorized as an icefall
glacier with two ice falls. In the uppermost part of the glacier, below the ice falls, the
glacier surface is steep, but below the icefalls the surface inclination is around 85/

Figure 2.
Location map of the Morsárjökull outlet glacier in SE Iceland. The fracture zone and the accumulation lobe
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proglacial lake, (4) medial moraine, and (5) equilibrium line (ELA).
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1000 m. A proglacial glacier lake occurs in front of the eastern side of the glacier
snout. The lake, which is today around 1.8 km long and 350–400 m wide, begun to
form around 1945. This lake has increased considerably in size during the last
decades. About 1.6 to 1.8 km from the glacier snout, a system of end moraines
occurs crossing the valley floor, marking the maximum extent of the glacier around
1910. The glacier is drained by the Morsá Glacier River, which merged into the old
Skeiðará River gorge approximately 12–13 km down glacier.

It is believed that the rock avalanche fell in two separate stages; the main part
fell on March 20 and the second and smaller one on April 17, 2007. In both instances
surface tremors were detected on seismographs, and on April 17 workers at the
Skeiðarársandur sandur plain heard a rumbling noise from the glacier.

The rock avalanche was initiated from the north face of the headwall above the
uppermost part of the glacier (Figure 3). The scar in the rock-face is around 330 m
high, reaching from about 620 m up to 950 m and about 480 m wide on average,
showing that the main part of the headwall collapsed. From a digital elevation
model of the headwall, based on aerial photographs from 2003 and 2007, the total
volume of debris is estimated to be around 4 to 4.5 million m3 or about 10–12
million tons. The rock avalanche debris fell first straight onto the glacier and then
turned 90° downward. No indication of any deformation or erosion of the glacier
surface was observed, which is similar to the description of the rock avalanche
which fell on the Sherman glacier in Alaska in 1964 [19, 20].

6.2.2 Properties and data

The accumulation lobe is on average 1,5 km long, with a maximum length of 1.6
km, reaching from 520 m a.s.l. down to about 350 m a.s.l. Its width is from 125 m to
650 m or on average 480 m. The total area which the lobe covers is about 720.000
m2 which was approximately 1/5 of the glacier surface in 2007. The thickness of the
debris lobe was measured more than 8 m in places, but its mean thickness was
somewhere between 5.5 and 6.2 m. In 2007 the debris mass is coarse-grained and
boulder-rich with little fine material. Blocks over 5 to 8 m in diameter are common
on the edges of the lobe up to 1.6 km from the source. The largest block which was
observed in the accumulation lobe is around 800 tons located on the western side of

Figure 3.
The headwall above the eastern icefall in the uppermost part of the Morsárjökull outlet glacier and the
accumulation lobe (Photo Þorsteinn Sæmundsson 2007).
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the debris lobe, approximately 800 m from the scar. On the surface of the accumu-
lation lobe flow line structures and longitudinal ridges, up to 3–4 m high were
observed. Similar phenomena have been described from other rock avalanches on
glaciers, e.g., the Sherman glacier in Alaska [20] and the Little Tahoma Peak glacier
in the Washington state [21].

It is evident that the Morsárjökull glacier has retreated considerably during the last
century, and during the last decade, the melting has been very rapid. Therefore, it is
thought that undercutting of the mountain slope by glacial erosion and the retreat of
the glacier are the main contributing factors leading to the rock avalanche. The glacial
erosion has destabilized the slope, which is chiefly composed of palagonite and dolerite
rocks, affected by geothermal alteration. Hence a subsequent fracture formation has
weakened the bedrock. The exact triggering factor, however, is not known. No seismic
activity or meteorological signal, which could be interpreted as triggering factors, such
as heavy rainfall or intensive snowmelt, was recorded prior to the rock avalanche.

6.2.3 Evaluation

A quick calculation using (11) sh0ws that there is very little difference between
the average thickness and y0. The upper section is around 500 m long, making the
lower section 1000 m. The glacial surface just below where the slide stops inclines
by 5.6 %; this is put as tanϕ’.

It is necessary to estimate the flow time of the slide in order to find the Chezy
coefficient C; this is found from a tremor recorded in a nearby earthquake station to
be 100 seconds, but this estimate is very uncertain. However, it affects only c and C.
Table 2 shows the data and the calculation of the main parameters of the slide.

The main results show similar values for the upper and lower C´s. Note the large
difference from the underwater slide in Case 1. Had the C values been known, the
time could have been computed.

6.3 Case study 3: the debris slide in the Móafellshyrna Mountain in the
Tröllaskagi peninsula, central north Iceland

6.3.1 Location and event

On September 20, 2012, a large debris slide occurred at the northwest facing
slope of the Móafellshyrna Mountain in the Fljótin area situated in the Tröllaskagi

Upper section Lower section

Source Value Value Dim

y0 Data 5 7 m

Ѳ Arctan(Sfo) 9.0 5.1 Deg

Sfo Data 0.16 0.09 NA

Sf sinѲ (1 � tanφ´/tanѲ)) 0.10 0.03 NA

Time 100 totals 25 75 sec

Length 1500 total 500 1000 m

c Length/time 20 13.3 m/s

C C = c/√(g y0 Sf) 8.8 8.7 NA

Table 2.
Upper section of the Morsárjökull slide.
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by 5.6 %; this is put as tanϕ’.
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coefficient C; this is found from a tremor recorded in a nearby earthquake station to
be 100 seconds, but this estimate is very uncertain. However, it affects only c and C.
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time could have been computed.
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peninsula, an area in central north Iceland. The local residents of the farm
Þrasastaðir witnessed the release of the landslide. The area was heavily eroded
during the last glaciation period Iceland. Figure 4, modified from [22], shows the
site, the location, and an aerial picture of the extent of the slide. The onset of the
slide is traced to the special geology of the mountain (Figure 4) and thawing of
permafrost in the sediments at an approximate elevation of 900 m (meters eleva-
tion above sea level) at the top of the Móafellshyrna Mountain. The thawing was
proven to be the primary reason for the weakening of the sediments in the source
area, but the triggering of the event was a combination of heavy rains and three
earthquakes of Richter magnitude 4.2–4.5 on September 19 and 20.

6.3.2 Properties and data

The slide originates (at the headscarp) at an elevation of 880 m and runs all the
way down to 330 m (Figures 4 and 5). The total debris volume is estimated to be
312,000–480,000 m3 [22].

There are three particularly interesting problems associated with this slide.
Firstly, in it are large blocks of frozen sedimentary rocks; the biggest one is 12
meters wide and 4 meters high (Figure 6). This large block is an integral part of the
debris flow, it is carried almost halfway down the mountain, and it stops at the
elevation 495–505 m and has carved an erosion channel into the mountainside,
shown as black streak in the talus (rock mass at the foot of a cliff) slope in Figure 5,
but it stops at around 500 m a.s.l.

Secondly, the massive frozen blocks inside the main debris flow will affect the
flow velocity and the velocity distribution within the flow. The erosion channel

Figure 4.
The geographic setting of the Móafellshyrna site,Tröllaskagi peninsula, central northern Iceland. (A)
Hillshaded digital elevation model and contours (in green, meters above sea level) of the Móafellshyrna region.
Elevation data are from EU-DEM from GMES RDA. (B) Aerial photograph of the Móafellshyrna site taken
before the slide in 2012 from the website Samsyn. (C) Oblique photo of the Móafellshyrna debris slide in July
2015 taken by Costanza Morino. In panels B and C, the perimeter of the slide is marked with red dashed line
taken from the trimble data for the deposits and reconstructed from photographs for the upper part; in C this
line has been manually traced onto the oblique image. Modified from [22].
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shows that the part of the slide flowing in it has lower velocity than the rest of the
flow, which means that the main flow is providing a part of its momentum to the
blocks. This may result in a thicker slide that does not run as long out as a slide of
uniform material would have done.

Thirdly, the blocks run over a 100-meter-high cliff below the source area at 690.
Here they pick up momentum and carve the channel before they stop, 170 m higher
up than the rest of the slide which runs about 700 meters farther out (Figure 5).
The force of the flow on the blocks is unable to transport them any further in spite

Figure 5.
The Móafellshyrna landslide (photo taken few hours after the slide on September 20, 2012). (A) The
topographical profile of the Móafellshyrna landslide. (B) Distribution map of the landslide (photo by Þorsteinn
Sæmundsson 2012). Modified from [22, 23].

Figure 6.
Landslide debris and an ice-cemented block resting at 495–505 m a.s.l. The block is around 12 m wide and 4 m
high (photo by Þorsteinn Sæmundsson September 29, 2012).
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peninsula, an area in central north Iceland. The local residents of the farm
Þrasastaðir witnessed the release of the landslide. The area was heavily eroded
during the last glaciation period Iceland. Figure 4, modified from [22], shows the
site, the location, and an aerial picture of the extent of the slide. The onset of the
slide is traced to the special geology of the mountain (Figure 4) and thawing of
permafrost in the sediments at an approximate elevation of 900 m (meters eleva-
tion above sea level) at the top of the Móafellshyrna Mountain. The thawing was
proven to be the primary reason for the weakening of the sediments in the source
area, but the triggering of the event was a combination of heavy rains and three
earthquakes of Richter magnitude 4.2–4.5 on September 19 and 20.

6.3.2 Properties and data

The slide originates (at the headscarp) at an elevation of 880 m and runs all the
way down to 330 m (Figures 4 and 5). The total debris volume is estimated to be
312,000–480,000 m3 [22].

There are three particularly interesting problems associated with this slide.
Firstly, in it are large blocks of frozen sedimentary rocks; the biggest one is 12
meters wide and 4 meters high (Figure 6). This large block is an integral part of the
debris flow, it is carried almost halfway down the mountain, and it stops at the
elevation 495–505 m and has carved an erosion channel into the mountainside,
shown as black streak in the talus (rock mass at the foot of a cliff) slope in Figure 5,
but it stops at around 500 m a.s.l.

Secondly, the massive frozen blocks inside the main debris flow will affect the
flow velocity and the velocity distribution within the flow. The erosion channel

Figure 4.
The geographic setting of the Móafellshyrna site,Tröllaskagi peninsula, central northern Iceland. (A)
Hillshaded digital elevation model and contours (in green, meters above sea level) of the Móafellshyrna region.
Elevation data are from EU-DEM from GMES RDA. (B) Aerial photograph of the Móafellshyrna site taken
before the slide in 2012 from the website Samsyn. (C) Oblique photo of the Móafellshyrna debris slide in July
2015 taken by Costanza Morino. In panels B and C, the perimeter of the slide is marked with red dashed line
taken from the trimble data for the deposits and reconstructed from photographs for the upper part; in C this
line has been manually traced onto the oblique image. Modified from [22].
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shows that the part of the slide flowing in it has lower velocity than the rest of the
flow, which means that the main flow is providing a part of its momentum to the
blocks. This may result in a thicker slide that does not run as long out as a slide of
uniform material would have done.

Thirdly, the blocks run over a 100-meter-high cliff below the source area at 690.
Here they pick up momentum and carve the channel before they stop, 170 m higher
up than the rest of the slide which runs about 700 meters farther out (Figure 5).
The force of the flow on the blocks is unable to transport them any further in spite

Figure 5.
The Móafellshyrna landslide (photo taken few hours after the slide on September 20, 2012). (A) The
topographical profile of the Móafellshyrna landslide. (B) Distribution map of the landslide (photo by Þorsteinn
Sæmundsson 2012). Modified from [22, 23].

Figure 6.
Landslide debris and an ice-cemented block resting at 495–505 m a.s.l. The block is around 12 m wide and 4 m
high (photo by Þorsteinn Sæmundsson September 29, 2012).
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of the momentum gain. This acts as flow resistance on the part of the slide flowing
by and may be a significant factor in determining the flow properties down streams,
e.g., that it stops where it does and does not flow any further.

Figure 5A and B explains the properties of this very complicated slide visually.
The following description of the slide shows where erosion and deposition

occurred in the slope (Figure 5) [22, 23].

• The debris slide was detached from a main scarp at an elevation of 880 m a.s.l.
The source material of the landslide was a colluvial cone. Part of the cones
front, slides off a steep 100 m high rockwall, at around 800 m a.s.l. It is
estimated that the volume of deposit which broke the frontal part of the
colluvial cone was around 120,000–180,000 m3. The headscarp has an average
slope of around 30–35°.

• Below the rockwall at around 700 m a.s.l., a 300-m-long, 80–100-m-wide, and
8–10-m-deep channel was carved into the 200-m-high talus slope deposits,
entraining around 192,000–300,000 m3 of material. The average slope of the
talus is around 30°.

• At 495–505 m a.s.l. at the foot of the talus slope, some of the landslide deposits
came to a rest, where the average slope angle is less than 10°.

• The rest of the landslide material traversed down the mountain slope from 495
m and finally came to a rest at 330 m. The uppermost 100 m of the slope are
steeper with an averaged slope angle of around 20–25° and in the lowermost 70
m of the slope around 10–15° angle.

6.3.3 Evaluation

The slide may be translatory from the resting position of the big block at around
500 m a.s.l. until it stops. The section around it is then the starting point of the
downstream flow, and its initial conditions are the time history of the velocity and
flow depth in that section.

From Figure 5 we see that the slide stops at the bottom slope of tanφ´= 50/400 =
0,125 or φ´= 7°. The width of the slide can be approximately estimated from
Figures 4 and 5. According to Section 6.2.2, the total flow mass to run from the talus
slope from 700 to approximately 500 m a.s.l. is estimated to be 192,000–300,000
m3. This provides an estimate that the flow channels from 500 down to 330 m has
an average depth of 6 m. If the flow channels are supposed to have a parabolic
shape, this corresponds to 2/3 of their maximum depth. The profiles and location of
these channels are shown in Figures 5A and B. By assuming the same Chezy
coefficients as in Table 2, we can calculate Table 3.

The results indicate that the translatory theory can model the slide quite well.
The flow velocity c is found and used to calculate the flow times from 505 to 400 m
height. It takes the flow 25,5 s to reach the 330 m elevation but only 8,5 s to run
from 495 to 400 m. However, it takes the total mass 28 seconds (total flow 28) to
flow from 495 to 400 m. This is longer time than the run from 400 to 330 m, so
some material will be left between 495 and 400 m when the downstream end stops,
making some accumulation to take at that height interval.

This is an example of computing slide properties from known C values in a fast
and effective manner. The velocity c in the steeper part of the lower part of the slide
from 495 to 400 m is high, certainly high enough to produce the rumbling noise
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heard in the nearby farm. The velocity from 400 to 330 m is still high; it takes a
slope of 70 meters to stop it.

7. Conclusion

The translatory wave theory is an old tool from the science of hydrodynamics
that can be adapted to landslides. However, it is not possible to say that it may be
used for certain classes or groups of landslides in the geological classification system
of landslides. The theory can be used for all slides that flow downhill with a flow
governed by gravitational forces, where the slide has a wavelike front and the slide
follows as a frontal wave with the same velocity.

The translatory wave equation can be modified to describe this form of a land-
slide by introducing a new parameter, the slope factor Sf into the flow equations as
to control the excess shear force in the landslide and its relation to the actual shear
strength of the flowing mass. The slope factor controls how great a part of the actual
shear force is in excess of the shear strength and thereby the velocity of the flow.

The slope factor has to be assumed piecewise constant, and the flow stops when
it becomes zero. This model can give a very good picture of the flow and can save
valuable time and effort, when a more detailed numerical treatment is necessary.

The translatory model is used for moving slides; it cannot predict the onset of a
slide. But when in motion, it can predict the length and thickness of the slide from
the knowledge of the ground slope and the soil parameters, the Chezy coefficient,
and the slope factor. And vice versa, for a mapped slide, it can predict the soil
parameters.

There are three studied cases presented, first the famous Tohoku tsunami in
Japan, which became very strong because of the earthquake that started the tsunami
and a landslide that amplified the tsunami. Both Chezy’s coefficient and the slope
factor are found.

The second case study is a landslide down the Morsárjökull outlet glacier in
Iceland, starting as a rock slide, but it turns downhill into a glacier and turns into a
flow slide, in clear contrast to the Tohoku submarine slide. This slide flows first
down a steep upper slope and then down a milder lower slope and then finally stops
on an even milder slope with a flow factor zero. The results for the upper and lower
sections show different slope factors, the lower one belonging to the lower section.
The lower thickness value belongs to the upper section, but the Chezy coefficients

495–400 m 400–330 m

Source Value Value Dim

y0 2/3 of the max. value 6 6 m

Width Figure 5B 80 130 m

Ѳ Arctan(Sfo) 19 10 Deg

Sfo Figure 5A 0,33 0,17 NA

Sf sinѲ (1 - tanφ´/tanѲ)) 0,34 0,17 NA

Time Length/c. Total flow 28 8,5 25,5 sec

Length Figure 5A 263 360 m

c c= C√(g y0 Sf) 31 14 m/s

C Table 2 8,8 8,7 NA

Table 3.
Two sections in the Móafellshyrna slide.
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of the momentum gain. This acts as flow resistance on the part of the slide flowing
by and may be a significant factor in determining the flow properties down streams,
e.g., that it stops where it does and does not flow any further.

Figure 5A and B explains the properties of this very complicated slide visually.
The following description of the slide shows where erosion and deposition

occurred in the slope (Figure 5) [22, 23].

• The debris slide was detached from a main scarp at an elevation of 880 m a.s.l.
The source material of the landslide was a colluvial cone. Part of the cones
front, slides off a steep 100 m high rockwall, at around 800 m a.s.l. It is
estimated that the volume of deposit which broke the frontal part of the
colluvial cone was around 120,000–180,000 m3. The headscarp has an average
slope of around 30–35°.

• Below the rockwall at around 700 m a.s.l., a 300-m-long, 80–100-m-wide, and
8–10-m-deep channel was carved into the 200-m-high talus slope deposits,
entraining around 192,000–300,000 m3 of material. The average slope of the
talus is around 30°.

• At 495–505 m a.s.l. at the foot of the talus slope, some of the landslide deposits
came to a rest, where the average slope angle is less than 10°.

• The rest of the landslide material traversed down the mountain slope from 495
m and finally came to a rest at 330 m. The uppermost 100 m of the slope are
steeper with an averaged slope angle of around 20–25° and in the lowermost 70
m of the slope around 10–15° angle.

6.3.3 Evaluation

The slide may be translatory from the resting position of the big block at around
500 m a.s.l. until it stops. The section around it is then the starting point of the
downstream flow, and its initial conditions are the time history of the velocity and
flow depth in that section.

From Figure 5 we see that the slide stops at the bottom slope of tanφ´= 50/400 =
0,125 or φ´= 7°. The width of the slide can be approximately estimated from
Figures 4 and 5. According to Section 6.2.2, the total flow mass to run from the talus
slope from 700 to approximately 500 m a.s.l. is estimated to be 192,000–300,000
m3. This provides an estimate that the flow channels from 500 down to 330 m has
an average depth of 6 m. If the flow channels are supposed to have a parabolic
shape, this corresponds to 2/3 of their maximum depth. The profiles and location of
these channels are shown in Figures 5A and B. By assuming the same Chezy
coefficients as in Table 2, we can calculate Table 3.

The results indicate that the translatory theory can model the slide quite well.
The flow velocity c is found and used to calculate the flow times from 505 to 400 m
height. It takes the flow 25,5 s to reach the 330 m elevation but only 8,5 s to run
from 495 to 400 m. However, it takes the total mass 28 seconds (total flow 28) to
flow from 495 to 400 m. This is longer time than the run from 400 to 330 m, so
some material will be left between 495 and 400 m when the downstream end stops,
making some accumulation to take at that height interval.

This is an example of computing slide properties from known C values in a fast
and effective manner. The velocity c in the steeper part of the lower part of the slide
from 495 to 400 m is high, certainly high enough to produce the rumbling noise
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heard in the nearby farm. The velocity from 400 to 330 m is still high; it takes a
slope of 70 meters to stop it.

7. Conclusion

The translatory wave theory is an old tool from the science of hydrodynamics
that can be adapted to landslides. However, it is not possible to say that it may be
used for certain classes or groups of landslides in the geological classification system
of landslides. The theory can be used for all slides that flow downhill with a flow
governed by gravitational forces, where the slide has a wavelike front and the slide
follows as a frontal wave with the same velocity.

The translatory wave equation can be modified to describe this form of a land-
slide by introducing a new parameter, the slope factor Sf into the flow equations as
to control the excess shear force in the landslide and its relation to the actual shear
strength of the flowing mass. The slope factor controls how great a part of the actual
shear force is in excess of the shear strength and thereby the velocity of the flow.

The slope factor has to be assumed piecewise constant, and the flow stops when
it becomes zero. This model can give a very good picture of the flow and can save
valuable time and effort, when a more detailed numerical treatment is necessary.

The translatory model is used for moving slides; it cannot predict the onset of a
slide. But when in motion, it can predict the length and thickness of the slide from
the knowledge of the ground slope and the soil parameters, the Chezy coefficient,
and the slope factor. And vice versa, for a mapped slide, it can predict the soil
parameters.

There are three studied cases presented, first the famous Tohoku tsunami in
Japan, which became very strong because of the earthquake that started the tsunami
and a landslide that amplified the tsunami. Both Chezy’s coefficient and the slope
factor are found.

The second case study is a landslide down the Morsárjökull outlet glacier in
Iceland, starting as a rock slide, but it turns downhill into a glacier and turns into a
flow slide, in clear contrast to the Tohoku submarine slide. This slide flows first
down a steep upper slope and then down a milder lower slope and then finally stops
on an even milder slope with a flow factor zero. The results for the upper and lower
sections show different slope factors, the lower one belonging to the lower section.
The lower thickness value belongs to the upper section, but the Chezy coefficients

495–400 m 400–330 m

Source Value Value Dim

y0 2/3 of the max. value 6 6 m

Width Figure 5B 80 130 m

Ѳ Arctan(Sfo) 19 10 Deg

Sfo Figure 5A 0,33 0,17 NA

Sf sinѲ (1 - tanφ´/tanѲ)) 0,34 0,17 NA

Time Length/c. Total flow 28 8,5 25,5 sec

Length Figure 5A 263 360 m

c c= C√(g y0 Sf) 31 14 m/s

C Table 2 8,8 8,7 NA

Table 3.
Two sections in the Móafellshyrna slide.
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are similar for the two sections. There is reason to believe that further research can
uncover a pattern for the Chezy coefficient for similar sites. Then runout lengths
and risk area can be approximately predicted for slides of known volume, known
from developing cracks or other discernable geological evidence.

The third case study is a landslide down the Móafellshyrna Mountain in North
Iceland. It has previously been shown that this slide can be modeled with the RAMS
model. Here it is demonstrated that it can also be modeled using the Chezy coeffi-
cients estimated in case study 2. The possibility to keep a data set containing Chezy
coefficients that can be used in future estimates is a considerable help in hazard
assessments.
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Chapter 8

Techniques to Evaluate and 
Remediate the Slope Stability in 
Overconsolidated Clay
Herman Peiffer

Abstract

In this chapter, the origin and remediation of an important sliding in the 
 overconsolidated Boom Clay in Kruibeke (Belgium) is discussed. Local and 
 environmental factors caused an unstable slope about 30 m deep, A larger sensitivity 
to erosion resulted finally in the instability of the slope. Because of the formation 
of fine cracks in the soil there was a possibility for the water to penetrate in the clay 
close to the surface, resulting in the presence of higher water pressures. Also, the 
presence of the excavator on top of the slope during exploitation had an important 
impact on the stress state of the soil. Both an analytical and numerical approach were 
used to estimate the factor of safety. Because of the change of the soil characteristics, 
the factor of safety decreases, which can be estimated through a numerical analysis 
(using the Strength Reduction Method). This chapter also discussed the applied 
techniques for the remediation using numerical analysis. Also, the importance of the 
field test is discussed. An integrated approach, using numerical analysis and field 
tests in combination, is capable of predicting the instability. This approach can also 
be used to evaluate the stability of the slope after remediation.
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Chapter 8

Techniques to Evaluate and 
Remediate the Slope Stability in 
Overconsolidated Clay
Herman Peiffer

Abstract

In this chapter, the origin and remediation of an important sliding in the 
 overconsolidated Boom Clay in Kruibeke (Belgium) is discussed. Local and 
 environmental factors caused an unstable slope about 30 m deep, A larger sensitivity 
to erosion resulted finally in the instability of the slope. Because of the formation 
of fine cracks in the soil there was a possibility for the water to penetrate in the clay 
close to the surface, resulting in the presence of higher water pressures. Also, the 
presence of the excavator on top of the slope during exploitation had an important 
impact on the stress state of the soil. Both an analytical and numerical approach were 
used to estimate the factor of safety. Because of the change of the soil characteristics, 
the factor of safety decreases, which can be estimated through a numerical analysis 
(using the Strength Reduction Method). This chapter also discussed the applied 
techniques for the remediation using numerical analysis. Also, the importance of the 
field test is discussed. An integrated approach, using numerical analysis and field 
tests in combination, is capable of predicting the instability. This approach can also 
be used to evaluate the stability of the slope after remediation.
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Silvestri [9] performed a post slide analysis using the critical stress curve 
method for two failures that occurred in overconsolidated sensitive clay. The results 
of the analysis yielded the shear strength parameters. They found that the strength 
at the time of failure was due to the fissured nature of the clay, the spreading of the 
discontinuities caused by stress relief after excavation, and subsequent desiccation 
of the exposed clay mass.

Grefsheim [10] made a back analysis calculation from full scale landslides in 
overconsolidated clays using stress-strain plots based on the results of laboratory 
tests. The author compared the results of his research with those for similar over-
consolidated clay soils available in the literature (London Clay and Panama Canal 
Clay). The correlation was made based on the relationship between shear strength 
and the plasticity index.

Besides the stress state of the soil, also the groundwater conditions and ground-
water pressure plays an important role in the stability of slopes in clay.

The groundwater pressure also determines the stress state in the soil and plays an 
important role in the equilibrium of the slope.

Chandler [11] discussed twelve case records of failures of slopes in the Upper 
Lias Clay cutting slopes. The author evaluated that the groundwater behavior based 
on the results of piezometric measurements. The results of effective stress stability 
analyses revealed a similar pattern to that found earlier in London Clay (which has 
the same geological origin as the Boom Clay).

Dehandschutter [12] studied the effect of fracture-development in the Boom 
Clay on the fluid-flow changes (fracture permeability) and mechanical strength 
of the soil. This fracture-development is partially due to the soil relaxation after 
excavating the pit.

D’Elia et al. [13] (1996) and Totani et al. [2] used the Dilatometer Test for the 
evaluation of the soil conditions after a sliding occurred.

Slope stability is influenced by many factors, among which are subsoil struc-
ture, hydrologic conditions (e.g., soil moisture, groundwater position), climatic 
factors (e.g., rainfall), and the hydraulic boundaries. This chapter presents a 
multi-disciplinary approach for the remediation of the stability of slopes, which 
includes a numerical analysis based on the results of the in situ geotechnical moni-
toring, laboratory geotechnical tests (for the determination of the shear resistance 
and stiffness of the soil) and piezometric measurements. Thus, a reliable 2D 
model of the subsoil can be obtained, with well-defined boundaries on which it is 
possible to apply appropriate hydraulic conditions. This geotechnical model has 
been used for studying the remediation of the stability of the slope.

2. Methodology

2.1 General

In this chapter, a comparative analysis is made considering the results of in-situ 
tests in order to evaluate the sensitivity of these testing methods for the evaluation 
of slope stability.

The research was conducted in Kruibeke (Belgium) (Figure 1.). This research 
site has overconsolidated Boom clay. In the period of 1963–2010, 30 meters deep pit 
was excavated in the Boom Clay. The clay was used for the fabrication of expanded 
clay granulates.

In 2010, the borders of the concession were reached, and the exploitation of this 
pit was stopped. One year later, in 2011, a first (limited) instability of the slope of 
this pit occurred (sliding). Apparently, it became clear that more stability problems 
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could be expected. In 2012 and 2013, additional (limited) slidings occurred. In the 
beginning of 2014, it was decided to set up an extensive monitoring program in 
order to evaluate the risk of further instability of the slopes.

In addition to the monitoring of the settlements and the pore water pressures 
in the environment, in-situ-tests were carried out on a regular basis to evaluate the 
stability of the slope.

For the analysis, cone penetration tests (CPT) and dilatometer tests (DMT) were 
executed. A layout of the test locations is presented in Figure 2a. Four campaigns 
have been organized:

• January 2014—DMT 1 to 5 (before the major sliding) (Figure 2a)

• July 2014—DMT A to F (about 1 month after the sliding) (Figure 2a)

• January 2015—DMT I to IV (after stabilisation) : only DMT 1 was conducted in 
the neighborhood of the sliding (Figure 2a)

• March 2016—DMT1’ (in the immediate neighborhood of DMTI)

2.2 Site investigation: CPT-tests and DMT-tests

2.2.1 Cone penetration test (CPT)

The Cone Penetration Test (CPT) is internationally one of the most widely used 
and accepted test methods used to determine geotechnical properties of soils and 
the soil strategy.

Figure 1. 
Layout of the slide (2014) (as adapted from Peiffer (2016) [5]).

Figure 2. 
Photo view of the site with indication of the DMT test locations (a) and presentation of the magnitude of the 
vertical movement (b) (as adapted from Peiffer (2016) [5]).
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The test method consists of pushing an instrumented cone, with the tip facing 
down, into the ground at a controlled rate of 2 cm/s. The typical cone tip has a 
cross-sectional area of 10 cm2, corresponding to a diameter of 36 mm (Figure 3).

During the CPT-test, the cone resistance qc is measured over the whole depth of the 
soil profile, generally up to more than 20 m below the surface or until the cone reaches 
a hard layer. A typical setup for the execution of a CPT-test is presented in Figure 4. 
The cone is pushed in the soil using a counterweight (in general, a heavy truck) that 
is positioned horizontally. The cone resistance is recorded using force sensors in the 
tip. These values allow for a good understanding of soil behavior. In particular, the 
strength of the soil and the relative density (compaction degree) can be determined.

Figure 4. 
Execution of the CPT-test.

Figure 3. 
The CPT-cone.
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A typical application of the CPT-test is the evaluation of the effect of the change 
in stress state on the strength of the soil by doing a test before and after, for example, 
ground improvement works.

2.2.2 Dilatometer test (DMT)

The flat dilatometer (DMT) is a stainless steel blade with a thickness of about 
15 mm, having a flat, circular steel membrane (diameter 60 mm, thickness 0.1 to 
0.2 mm) mounted on one side (Figure 5).

The blade is connected to a control unit on the ground surface by a pneumatic-
electrical tube (transmitting gas pressure and electrical continuity) running 
through the insertion rods (same rods as for the CPT-test) (Figure 6). A gas tank, 
connected to the control unit by a pneumatic cable, supplies the gas pressure 
required to expand the membrane. At the beginning of the expansion, the horizon-
tal pressure A can be measured. After an expansion of 1.1 mm at the center of the 
flexible membrane, the horizontal pressure B can be measured.

The pressure readings A and B must then be corrected by the values ΔA 
and ΔB, determined by calibration, in order to determine the soil stresses 
P0 (vertical position of the membrane) and P1 (expansion of 1.1 mm of the 
membrane). P0 is used for the determination of K0, (P1-P0) is related to the 
stiffness of the soil.

The blade is pushed into the ground using common field equipment as for 
the CPT-test. The test starts by pushing the dilatometer into the ground. The 
blade is advanced into the ground of one depth increment (typically 20 cm), and 
the procedure for the A, B readings are repeated at each depth. A more detailed 
description of the test procedure is discussed in [4].

The field of application of the DMT is very wide. The immediate determination 
of the stress state and the stiffness of the soil are important advantages of this test 
technique.

Figure 5. 
Dilatometer blade.
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3. Instability of the studied slope

3.1 A general overview of the main sliding

In the next figures, a general view of the main sliding is presented. After exca-
vation of the clay pit till a depth of about 30 m, in the Northern part of the pit, 
instability (small slidings) of the walls started to appears after some years. The main 
reason for this instability was the lack of sufficient resistance against horizontal 
stability. During the period of excavation, the pit became the central dewatering 
point for the region. Unfortunately, the surface between the upper quaternary layer 
and the underlying Boom clay was slightly declining towards the pit. The upper 
part (quaternary layer), with a thickness of about 4 to 5 m, moved towards the pit, 
resulting in instability. Also, the underlying Boom Clay was affected by this slide.

Figures 1 and 7 present a general view of the slides and the soil movement in 
2014. As shown in these figures, a block of 100 m by 50 m in size started to move 
downward, resulting in a movement of about 9 m down at the corner of the pit.

In Figure 2, the extent of the sliding can be noticed. The legend in Figure 2b 
indicates the vertical displacement of the soil mass after the sliding.

After the first sliding in the northwestern part of the pit, a monitoring program 
was set up. The monitoring includes the execution of CPT-tests and DMT-test. 
Besides these tests, also the pore-water pressures were measured on a regular basis.

3.2 First sliding – period 2011 - 2012

The first slide occurred in 2011. The size of the slide was limited. In the second 
half of 2013, one more slide occurred in the neighborhood at point 5 shown in 
Figure 2a., A photo of the slide is presented in Figure 8.

3.3 More pronounced instability of the slope (2014)

After a more pronounced sliding in 2013, in January 2014, a monitoring pro-
gram was established for different points at the top of the slope around the pit. 
Besides topographic surveys and the measurement of the phreatic water level, 

Figure 6. 
DMT – Test procedure.
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Cone Penetration Tests (CPT) and Dilatometer-tests (DMT) were carried out. The 
in situ tests were executed in points 1 to 5 (Figure 2a).

A lot of in situ tests were conducted. In this section, the results of the DMT tests at 
point 1, and point 2 (Figure 2a) were discussed, because the sliding occurred in this 
zone. For the general discussion of the results of the in situ tests can be referred to [5].

In June 2014, a big sliding occurred (size of about 100 m x 50 m) between points 
1 and 2 (Figure 2a).

The extent of the affected zone can be seen in the Figure 9. This is a CAD-
translation of the zone presented in Figure 2a. Two profiles (cross-sections) are 
also presented in Figures 10 and 11. The general Belgian reference system for the 
heights indicated as ‘m TAW’ refers to the height above sea level. The arrows on the 
figures refer to measurement points.

In July 2014, 1 month after the sliding, additional site investigation was done 
at the top of the slope in the area where the sliding occurred. Six additional points 
were defined (points A to F) for the execution of CPT and DMT tests.

4. Analysis based on the site investigation

As discussed in 2.2.2., The DMT test can be used for risk assessment concerning 
the stability of slopes [3]. In recent publications [5, 14], the results of CPT and DMT 
tests were interpreted in order to evaluate the sensitivity of these testing methods 
for the evaluation of slope stability.

Figure 7. 
Detailed impression of the instable slope (as adapted from Peiffer (2016) [5]).

Figure 8. 
Photo of the unstable zone after the instability of the slope (as adapted from Peiffer (2016) [5]).
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Figure 11. 
Section B-B.

The consecutive DMT-measurements revealed an evolution towards instabil-
ity. After a significant failure (sliding) in one zone in June 2014 (affecting an 
area of 100 m by 50 m), remedial works in the destabilized zone were under-
taken (October – November 2014). After stabilization in 2015, further DMT-
measurements were taken in order to investigate the evolution of the stress state of 
the soil in the potential sliding surfaces.

5. Boom clay

Based on geological investigations and data maps, the upper layer consists of 
sandy silt (quaternary deposit). Under this layer, the tertiary overconsolidated 

Figure 9. 
Print of the NE-corner.

Figure 10. 
Section A-A.

169

Techniques to Evaluate and Remediate the Slope Stability in Overconsolidated Clay
DOI: http://dx.doi.org/10.5772/intechopen.93859

Boom Clay can be found. Figure 9 shows the characteristics of this soil as measured 
by the DMT.

The tests allow for good identification of the soil. In the column on the left side, 
the results for the material index Id are presented. Based on Id, it is possible to make 
a reliable interpretation of the nature of the soil. One can identify in this graph a top 
layer of sand to silt and starting from a depth of about 4.5 m, a silty clay layer (the 
Boom Clay). In the second column, the horizontal stress index Kd is presented. A 
Kd-value between the two dashed lines (Kd = 1.8 and Kd = 2.4) refers to a normally 
consolidated soil. A Kd-value higher than 2.4 refers to an overconsolidated soil 
(OC), as can be seen for the Boom Clay.

Also, the stiffness (constrained modulus M) and the strength (undrained shear 
strength cu) can be determined out of the basic measurements of the DMT. Both an 
undrained shear strength of 100 to 150 kPa and a constrained modulus up to 35 MPa 
refer to very stiff clay.

The profile confirms the results of the undisturbed sampling of the soil. This 
section focused on the horizontal stress index Kd. This parameter reflects the ratio 
of horizontal stress to vertical stress (Figure 12).

The phreatic level is at a depth of about 1.5 m. The thickness of the clay at the 
bottom of the pit is about 10 m. This thickness is sufficient to resist the upward 
artesian water pressures.

During the period of excavation, the pit became the central drainage point for 
the region. Unfortunately, the surface between the upper quaternary layer and the 
underlying Boom clay was declined slightly towards the pit.

6. DMT as a tool for the detection of slip surfaces – the DMT-Kd-method

The principle of the DMT-Kd-method for the detection of slip surfaces have 
been discussed by many authors [3, 13].

In many OC clay landslides, the sequence of sliding, remolding, and reconsolida-
tion leave the clay in the slip zone in a normally consolidated (NC) or nearly NC 
state, with one or more loss of structure, aging or cementation.

Based on field data from different clay sites in various geographical areas, correla-
tions between OCR and Kd could be established, as shown in Figure 13 [2, 13, 15–18].

In genuinely NC clay (no structure, aging or cementation), the horizontal stress 
index Kd from the DMT is approximately equal to 2, while Kd values in OC clays are 
considerably higher (for the Boom Clay about 8).

For this reason, it is known that, if an OC clay slope contains clay layers with 
Kd ≈ 2, these layers are highly likely to be part of a slip surface (active or quiescent). 

Figure 12. 
DMT results in Kruibeke.
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Figure 11. 
Section B-B.
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Figure 9. 
Print of the NE-corner.

Figure 10. 
Section A-A.
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Based on field data from different clay sites in various geographical areas, correla-
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In genuinely NC clay (no structure, aging or cementation), the horizontal stress 
index Kd from the DMT is approximately equal to 2, while Kd values in OC clays are 
considerably higher (for the Boom Clay about 8).

For this reason, it is known that, if an OC clay slope contains clay layers with 
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The DMT-Kd-method consists of identifying zones of NC-clay in a slope, using 
Kd ≈ 2 as the identifier of the NC zones.

7. Evaluation of the test results

The detailed evaluation of the test results of profiles with depth is discussed  
in [14, 19].

In Figure 14, the results are presented for the tests before (January 2014 – DMT 1),  
immediately after (July 2014 – DMT E) and about 2 years after the sliding (March  
2016 – DMT 1′). In the test diagrams, the presence of the upper quaternary sandy silt 
layer can clearly be distinguished. Between January and July 2014, Kd decreased from 
about 3 to 5 t0, about 1.2 to 1.8 between 3.5 m and 4.5 m of depth. One can conclude 
that at this depth, the soil modified from an overconsolidated soil to an unstable soil 
(horizontal stress state lower than that for a normally consolidated soil). Above and 
below this strongly altered zone, the Kd-value decreased also, but less pronounced. 
Also, the stiffness, in particular the constrained modulus M, reduced sharply. The CPT 
diagram also shows a reduction of the cone resistance at a depth of about 3 to 4 m, 
but not that pronounced as in the results of the DMT, especially not at the top of the 
overconsolidated clay.

Out of the results of the DMT-tests, one can observe an unstable layer with a 
thickness of about 1.5 m where the soil is unstable where the slip was developed, 
but above and below this zone, the stress state is also affected by the sliding. 
Although cone resistance is decreased by a factor about 2, and a significant 
decrease of qc between 2 and 4 m, it can be seen in this layer that the qc-profile 
does not give a clear reflection of the sliding. It is also important to note that the 
Kd-values below the sliding zone decreased to a depth of about 5 m below the 
sliding surface.

It is worth noting how and to what extent the stresses were changed after the 
sliding. In Figure 14c, the results are presented for the measurements carried out 
in March 2016, after remedial works had been carried out in October–November 
2014. The qc-value did not change significantly. The Kd-diagram shows clearly that 
the Kd-values exceeded again 1.8 (the lower limit for normally consolidated soils). 
For the clayey layer, the reading actually reflects a normally consolidated soil. 
For the intermediate sandy silt layer, one can see a slightly overconsolidated soil 
condition.

Figure 13. 
Correlation Kd-OCR for cohesive soils [2, 13, 15–18] (as adapted from Peiffer (2016) [5]).
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8. Stability analysis

Based on the field measurements, the origin and the propagation of the instable 
zone where the sliding surface was initiated and developed could be clearly investigated.

A numerical analysis was performed, considering the geometry of section AA’ 
(Figure 10) and the soil characteristics as they were measured in situ (before the 
sliding) and in laboratory tests. In this analysis, variable piezometric boundary 
conditions were considered to evaluate the impact on stability. Further investiga-
tions and additional calculations showed the importance of the groundwater 
pressures on the horizontal equilibrium.

Additional CPT-tests and laboratory tests were executed in order to make a 
detailed stability analysis. Based on an analytic and numerical analysis (PLAXIS-
calculation), it was possible to prove the cause of the instability, and to design an 
appropriate improvement of horizontal stability.

Apparently, during the period of exploitation, the environment around the pit 
gradually became a central dewatering point. The flow of water towards the pit 
increased, and also the flow gradient increased.

Figure 14. 
Comparison CPT-DMT results – (a)January 2014 (DMT 1); (b) July 2014 (DMT E) and (c)march 2016 
(DMT 1′) (as adapted from Peiffer (2016) [5]).
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Figure 15 [19] presents the calculated critical horizontal disequilibrium taking 
into account the presence of the groundwater and the piezometric site conditions. 
The red dots are points where the soil becomes plastic. The higher the density of the 
red dots, the more plastic the soil will behave, finally resulting in failure when there 
is no equilibrium of the soil stresses anymore. At the failure (the dark red line in 
Figure 15) zone, one can clearly detect the position of the sliding plane.

Out of these theoretical results, it became clear that the installation of drains 
would play an important role in rehabilitation.

9. Remediation

The slope was stabilized using three techniques:

• by installing deep drains in order to reduce the water stresses

• by smoothening the slope

• by the construction of a piled barrier

The PLAXIS-analysis resulted in a design where a deep drain has to be installed 
at a depth of 5 m., as shown in Figures 16 and 17. This drain was installed at the 
beginning of November 2015. The red line in Figure 15 is the position of the drain in 
the plan view.

After the installation of this drain, there was an immediate effect on the depth 
of the groundwater. The original depth of 1.5 m increased to a depth of about 4.5 m. 
The safety factor of the slope stability increased from 0.9 to 1.31.

The original angle of the slope (before sliding) was 27° After the sliding, the clay 
was remolded.

Before the rehabilitation works of the slope, an angle of the slope of 18° was 
realized. These works were realized in order to reduce the risk of additional slidings. 
The result of this work is presented in Figure 18.

Although the slope angle was reduced, the soil mass remained moving to the 
center of the pit. It was not possible to remove the soil because of the bad soil 
conditions.

In order to stop the movement of the sliding mass, a piled barrier (6 rows of 
piles) was installed (Figure 19).

Between the piled barrier and the original slope, vertical drains were installed 
for the evacuation of water during consolidation.

Figure 15. 
PLAXIS-analysis and measurement of the slope after sliding (as adapted from Peiffer (2016) [5]).
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Since the beginning of 2019, the rehabilitation of the slope has been started. 
These works are executed in successive phases in order to guarantee the stability of 
the site during the works. Each phase has a height of 3 to 4 m, as can been seen on 
Figure 20.

Figure 16. 
Installation of the deep drainage.

Figure 17. 
Position of the drain in plan view (red line).

Figure 18. 
Smoothening of the slope.
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Figure 20. 
New profile of the slope.

For each phase first a dike is constructed with well bearing sand. Between the 
dike and the actual slope, a backfill is made with sandy soil.

Today, about 50% of the total work has been completed.

10. Conclusions

In this chapter, DMT is applied as a tool for the monitoring of the stress state in a 
slope before and after the sliding.

From an analysis of the sliding observed in the overconsolidated Boom Clay, it 
can be concluded that it is possible to measure the effect of sliding on soil condi-
tions and to evaluate the stability of the soil. In addition, it is possible to detect the 
position of a slip surface and the zone, which is influenced by the sliding.

For both applications, the results of a CPT-test in this type of soil are, as could be 
expected, less sensitive to changes in a stress state.

Figure 19. 
Piled barrier.

175

Techniques to Evaluate and Remediate the Slope Stability in Overconsolidated Clay
DOI: http://dx.doi.org/10.5772/intechopen.93859

Author details

Herman Peiffer
Ghent University, Zwijnaarde, Belgium

*Address all correspondence to: herman.peiffer@ugent.be

Acknowledgements

This research was possible with the funding by Alpha-Engineering.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Landslides - Investigation and Monitoring

174

Figure 20. 
New profile of the slope.

For each phase first a dike is constructed with well bearing sand. Between the 
dike and the actual slope, a backfill is made with sandy soil.

Today, about 50% of the total work has been completed.

10. Conclusions

In this chapter, DMT is applied as a tool for the monitoring of the stress state in a 
slope before and after the sliding.

From an analysis of the sliding observed in the overconsolidated Boom Clay, it 
can be concluded that it is possible to measure the effect of sliding on soil condi-
tions and to evaluate the stability of the soil. In addition, it is possible to detect the 
position of a slip surface and the zone, which is influenced by the sliding.

For both applications, the results of a CPT-test in this type of soil are, as could be 
expected, less sensitive to changes in a stress state.

Figure 19. 
Piled barrier.

175

Techniques to Evaluate and Remediate the Slope Stability in Overconsolidated Clay
DOI: http://dx.doi.org/10.5772/intechopen.93859

Author details

Herman Peiffer
Ghent University, Zwijnaarde, Belgium

*Address all correspondence to: herman.peiffer@ugent.be

Acknowledgements

This research was possible with the funding by Alpha-Engineering.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



176

Landslides - Investigation and Monitoring

[1] Bozzanoa, F., Bretschneider, A., 
Martinoa, S., Prestininzia,A. Time 
variations of the K0 coefficient 
in overconsolidated clays due to 
morphological evolution of slopes. 
Engineering Geology,Vol. 169; 2014; 
p.69-79.

[2] Chang, M.F. Interpretation of 
overconsolidation ratio from in situ 
tests in recent clay deposits in Singapore 
and Malaysia. Canadian Geotechnical 
Journal, Vol. 28 n°; 1991. p. 210-225

[3] Totani, G., Calabrese, M., Marchetti, 
S., Monaco, P. Use of the in-situ 
flat dilatometer (DMT) for ground 
characterization in the stability of 
slopes. XV ICSMFE; Hamburg; Vol. 1; 
1997. p. 607-610.

[4] Marchetti, S., Monaco, P., Totani, G., 
Calabrese, M. The Flat Dilatometer Test 
(DMT) in soil investigations. A Report 
by the ISSMGE Committee TC16, 
International Conference On In Situ 
Measurement of Soil Properties; Bali 
(Indonesia); 2001.

[5] Peiffer, H. A comparative analysis 
of the stability of a slope in an 
overconsolidated clay pit based 
on CPT and DMT measurements, 
Fifth International Conference 
on Geotechnical and Geophysical 
Site Characterisation, Australian 
Geomechanics Society, Sydney, Vol.2; 
Queensland, Australia; 2016;  
p. 1359-1364.

[6] Doran, I.G., Sivakumar, V., Graham, 
J, Johnson, A. Estimation of in situ 
stresses using anisotropic measurements 
and suction measurements. 
Geotechnique, 50 (2); 2000; p.189-196.

[7] Sivakumar, V., Doran, I.G., Graham, 
J., Navaneethan, T.Relationship between 
K0and overconsolidation ratio: a 
theoretical approach. Geotechnique, 52 
(3); 2001; p.225-230.

[8] Sivakumar, V., Navaneethan, T., 
Hughes, D., Gallagher, G. An assessment 
of the earth pressure coefficient in 
overconsolidated clays. Geotechnique, 
59 (10); 2009; p. 825-838.

[9] Silvestri, V. Long-term stability of 
a cutting slope in an overconsolidated 
sensitive clay. Canadian Geotechnical 
Journal, Vol.17, N3; 1980; p. 337-351.

[10] Grefsheim, F.D. Laboratory testing 
for slope stability design parameters 
in overconsolidated clay. Proc 5th 
International Symposium on Landslides, 
Lausanne (Publ. A.A. Balkema); 1988; 
p. 169-174.

[11] Chandler, R.J. The long-
term stability of cutting slopes. 
Geotechnique, 24; 1974; p.21-38.

[12] Dehandschutter, B. ; Vandycke, 
S., Sintubin, M.,Vandenberghe, N. 
Wouters, L. Brittle fractures and ductile 
shear bands in argillaceous sediments: 
inferences from Oligocene Boom 
Clay (Belgium). Journal of Structural 
Geology, Vol. 27; 2005; p. 1095-1112.

[13] D’Elia, B. Esu,F. Marchetti,S. and 
Totani,G. In situ DMT testing and 
observations in landslide areas in 
overconsolidated clays. In:Proc. 7th ISL; 
17-21 June 1996; Trondheim, Norway. 
p. 1607-1612.

[14] Peiffer, H. The use of a DMT 
to monitor the stability of a clay 
exploitation pit in the Boom Clay in 
Belgium. 3rd International Conference 
on the flat Dilatometer; Rome, Italy; 
2015; p. 127-133.

[15] Marchetti, S. In Situ Tests by Flat 
Dilatometer. J. Geotech.Eng. Div., 
Vol. 106, No. 3; 1980; pp. 299-321.

[16] Kamei, T., Iwasaki, K. Evaluation 
of undrained shear strength of cohesive 
soils using a flat dilatometer. Soils and 
Foundations 35 (2); 1995; p. 111-116.

References

177

Techniques to Evaluate and Remediate the Slope Stability in Overconsolidated Clay
DOI: http://dx.doi.org/10.5772/intechopen.93859

[17] Lacasse, S. and Lunne, T. 
Calibration of dilatometer correlations”, 
Proc. Isopt-1 1; 1988; p. 348-359.

[18] Mayne, P. Determining 
Preconsolidation Stress and Penetration 
Pore Pressure from DMT Contact 
Pressures. Geotech. Test. J., Vol. 10,  
No. 3; 1987; pp. 146-150.

[19] Peiffer, H. Studierapport stabiliteit 
kleigroeve te Kruibeke. Project Report; 
Antwerpen; Belgium; 2015.



176

Landslides - Investigation and Monitoring

[1] Bozzanoa, F., Bretschneider, A., 
Martinoa, S., Prestininzia,A. Time 
variations of the K0 coefficient 
in overconsolidated clays due to 
morphological evolution of slopes. 
Engineering Geology,Vol. 169; 2014; 
p.69-79.

[2] Chang, M.F. Interpretation of 
overconsolidation ratio from in situ 
tests in recent clay deposits in Singapore 
and Malaysia. Canadian Geotechnical 
Journal, Vol. 28 n°; 1991. p. 210-225

[3] Totani, G., Calabrese, M., Marchetti, 
S., Monaco, P. Use of the in-situ 
flat dilatometer (DMT) for ground 
characterization in the stability of 
slopes. XV ICSMFE; Hamburg; Vol. 1; 
1997. p. 607-610.

[4] Marchetti, S., Monaco, P., Totani, G., 
Calabrese, M. The Flat Dilatometer Test 
(DMT) in soil investigations. A Report 
by the ISSMGE Committee TC16, 
International Conference On In Situ 
Measurement of Soil Properties; Bali 
(Indonesia); 2001.

[5] Peiffer, H. A comparative analysis 
of the stability of a slope in an 
overconsolidated clay pit based 
on CPT and DMT measurements, 
Fifth International Conference 
on Geotechnical and Geophysical 
Site Characterisation, Australian 
Geomechanics Society, Sydney, Vol.2; 
Queensland, Australia; 2016;  
p. 1359-1364.

[6] Doran, I.G., Sivakumar, V., Graham, 
J, Johnson, A. Estimation of in situ 
stresses using anisotropic measurements 
and suction measurements. 
Geotechnique, 50 (2); 2000; p.189-196.

[7] Sivakumar, V., Doran, I.G., Graham, 
J., Navaneethan, T.Relationship between 
K0and overconsolidation ratio: a 
theoretical approach. Geotechnique, 52 
(3); 2001; p.225-230.

[8] Sivakumar, V., Navaneethan, T., 
Hughes, D., Gallagher, G. An assessment 
of the earth pressure coefficient in 
overconsolidated clays. Geotechnique, 
59 (10); 2009; p. 825-838.

[9] Silvestri, V. Long-term stability of 
a cutting slope in an overconsolidated 
sensitive clay. Canadian Geotechnical 
Journal, Vol.17, N3; 1980; p. 337-351.

[10] Grefsheim, F.D. Laboratory testing 
for slope stability design parameters 
in overconsolidated clay. Proc 5th 
International Symposium on Landslides, 
Lausanne (Publ. A.A. Balkema); 1988; 
p. 169-174.

[11] Chandler, R.J. The long-
term stability of cutting slopes. 
Geotechnique, 24; 1974; p.21-38.

[12] Dehandschutter, B. ; Vandycke, 
S., Sintubin, M.,Vandenberghe, N. 
Wouters, L. Brittle fractures and ductile 
shear bands in argillaceous sediments: 
inferences from Oligocene Boom 
Clay (Belgium). Journal of Structural 
Geology, Vol. 27; 2005; p. 1095-1112.

[13] D’Elia, B. Esu,F. Marchetti,S. and 
Totani,G. In situ DMT testing and 
observations in landslide areas in 
overconsolidated clays. In:Proc. 7th ISL; 
17-21 June 1996; Trondheim, Norway. 
p. 1607-1612.

[14] Peiffer, H. The use of a DMT 
to monitor the stability of a clay 
exploitation pit in the Boom Clay in 
Belgium. 3rd International Conference 
on the flat Dilatometer; Rome, Italy; 
2015; p. 127-133.

[15] Marchetti, S. In Situ Tests by Flat 
Dilatometer. J. Geotech.Eng. Div., 
Vol. 106, No. 3; 1980; pp. 299-321.

[16] Kamei, T., Iwasaki, K. Evaluation 
of undrained shear strength of cohesive 
soils using a flat dilatometer. Soils and 
Foundations 35 (2); 1995; p. 111-116.

References

177

Techniques to Evaluate and Remediate the Slope Stability in Overconsolidated Clay
DOI: http://dx.doi.org/10.5772/intechopen.93859

[17] Lacasse, S. and Lunne, T. 
Calibration of dilatometer correlations”, 
Proc. Isopt-1 1; 1988; p. 348-359.

[18] Mayne, P. Determining 
Preconsolidation Stress and Penetration 
Pore Pressure from DMT Contact 
Pressures. Geotech. Test. J., Vol. 10,  
No. 3; 1987; pp. 146-150.

[19] Peiffer, H. Studierapport stabiliteit 
kleigroeve te Kruibeke. Project Report; 
Antwerpen; Belgium; 2015.



Chapter 9

Landslide Potential Evaluation
Using Fragility Curve Model
Yi-Min Huang,Tsu-Chiang Lei, Bing-Jean Lee
and Meng-Hsun Hsieh

Abstract

The geological environment of Taiwan mainly contains steep topography and
geologically fragile ground surface. Therefore, the vulnerable environmental con-
ditions are prone to landslides during torrential rainfalls and typhoons. The rainfall-
induced shallow landslide has become more common in Taiwan due to the extreme
weathers in recent years. To evaluate the potential of landslide and its impacts, an
evaluation method using the historical rainfall data (the hazard factor) and the
temporal characteristics of landslide fragility curve (LFC, the vulnerability factor)
was developed and described in this chapter. The LFC model was based on the
geomorphological and vegetation factors using landslides at the Chen-Yu-Lan
watershed in Taiwan, during events of Typhoon Sinlaku (September 2009) and
Typhoon Morakot (August 2009). The critical hazard potential (Hc) and critical
fragility potential (Fc) were introduced to express the probability of exceeding a
damage state of landslides under certain conditions of rainfall intensity and accu-
mulated rainfall. Case studies at Shenmu village in Taiwan were applied to illustrate
the proposed method of landslide potential assessment and the landslide warning in
practice. Finally, the proposed risk assessment for landslides can be implemented in
the disaster response system and be extended to take debris flows into consideration
altogether.

Keywords: landslide, fragility, landslide potential, probabilistic model

1. Introduction

Taiwan is on the path of western Pacific typhoon path and on the circum-Pacific
earthquake belt, indicating that Taiwan suffered from two or more natural disas-
ters, which was the highest in the world [1]. Besides, most of the land in Taiwan,
about 70% of total area, is hillside. Given the conditions of increasing impacts of
climate change and extreme weathers, the rainfall-induced landslide has become a
serious issue in Taiwan.

Most landslide researches used the landslide susceptibility analysis (LSA) to
develop landslide evaluation model [2]. The LSA models basically use factors and
observed data to construct the description of landslides. The factors include
rainfall intensity, accumulated rainfall, slope degree, vegetation, etc. The common
models developed for landslide hazard or landslide evaluation are usually deter-
ministic analysis, including the traditional slope stability analysis [2]. Recently,
a novel concept of applying probability to landslide evaluation had been proposed.
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The fragility curves, which are commonly used in the earthquake-induced structure
analysis, had been adopted to represent the probability of landslide [3–5]. The
process of applying fragility curve to landslide evaluation is to consider and esti-
mate the recurrence and the probability of exceedance of a damage level for a
landslide [3, 4].

In this chapter, the preparation of landslide fragility curves was introduced.
The procedure of developing the landslide fragility curve (LFC) model was the
researches of rainfall-induced shallow landslide in the past years [2–5]. The
proposed LFC model considered the impacts of rainfall and the vulnerability of
environment. Instead of using one-variable triggering factor (rainfall intensity or
accumulation) in the previous research [2], the newly improved LFC model used
bivariate approach in the model [3, 4]. The improved LFC model introduced the
landslide fragility surface (LFS) by considering the influence of both rainfall
intensity and accumulation at the same time [4, 5].

The spatial statistics and geographic information system (GIS) were used for
data processing. The data of each factor used in the model was further divided
into groups. Classification of factors represented the environmental characteristics
of a specific area. The analysis basis was conducted spatially on the slope units,
which are topographically defined as the parts of a watershed [5]. With the LFS
model, the risk assessment of landslide then was analyzed in association with the
rainfall hazard potential [4, 5]. The Shenmu area of Chen-Yu-Lan watershed was
selected as the study area, and historical cases were used to illustrate the application
of LFS model.

2. The factors and environmental database

When considering the factors to be used in the landslide problem, these factors
are generally classified as triggering and environmental factors [6–8]. Among these
factors, the rainfall is usually the major concern, and for environmental vulnerabil-
ity, many factors can be chosen from. Not every chosen environmental factor can
be used in developing a landslide model because of (1) few data in the database,
(2) lack of data, and (3) low influence in the model. In this chapter, the cumulative
rainfall and maximum hourly rainfall (rainfall intensity) were used for triggering
factors, whereas slopes, slope aspects, landslide area, incremental landslide area,
ratio of incremental landslide area, normalized difference vegetation index,
distance to the nearest river, and geology were used for environmental factors of
hillside slope in the study. A GIS database to describe landslide areas was created
and was later applied in developing the proposed fragility curve model. These
indexes, factors, and symbol definitions are explained in the following:

1.Maximum rainfall intensity (Imax): the maximum rainfall intensity is the
rainfall in the form of rainfall per unit time. In this study, Imax refers to the
maximum hourly rainfall (Figure 1) and was used as a triggering factor for
LFC model.

2.Effective accumulated rainfall (Rte): the Rte is defined as the accumulated
rainfall before the maximum rainfall intensity in a continuous raining event
(Figure 1), by considering the influence of antecedent 7-day rainfall.

3.Hillside slope (S): the dynamic behavior of the landslide has close relationship
with the slope. Hence, the degree of slope may be a prominent factor of
triggering landslides. In this study, the slope was classified based on the Soil and
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Water Conservation Bureau manual [9]. There are seven slope levels of 5% or
less, 5–15%, 15–30%, 30–40%, 40–55%, 55–100%, and slope exceeding 100%.
The slopes <15% are recognized as flat ground or very gentle slopes and not
included in this study. Slopes of levels 3–7 were studied in the landslide model.

4.Slope aspect (A): the slope aspect represents the vulnerable directions of
occurring landslide when given a known topography. This factor may
represent the “weak” aspect of a slope in terms of landslide.

5.Landslide area (LA): observing the landslide distribution through image
classification results can obtain the information about the land cover change.
The change from events of Typhoon Sinlaku (in 2008) and Typhoon Morakot
(in 2009) was identified using GIS software.

6.Incremental landslide area (IA): to understand the landslide increment, the
images before and after a landslide were considered. The landslides are
classified into five categories (shown in Figure 2): (1) the original landslide
area (number 1 + 2), (2) the original landslide area extension (number 2), (3)
new landslide area on single period (number 3), (4) new landslide area on
pre-/post periods (number of 2 + 3), and (5) vegetation restoration area
(number of 1). In this study, the new landslide area on pre-/post periods
(number of 2 + 3) was considered.

7.Ratio of incremental landslide area (RIL): to obtain the ratio of incremental
landslide area, this study used the incremental landslide area from image of
two periods to determine this factor.

8.Vegetation index (N): to determine the density of vegetation on a patch of
land, researchers must observe the distinct colors (wavelengths) of visible
and near-infrared sunlight reflected by the plants [10]. Nearly almost satellite
vegetation indices employ the difference formula, NIR� Rð Þ= NIRþ Rð Þ [11],
to quantify the density of plant growth on the earth—the subtraction of near-
infrared radiation (NIR) and red radiation (R) divided by the addition of
near-infrared radiation and red radiation. The result of this formula is called
the normalized difference vegetation index (NDVI). The values for NDVI in
this study were obtained from SPOT image. The range of NDVI is �1 to 1.

Figure 1.
The definition of rainfall indices: Imax and Rte (modified after [2–4]).
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9.Distance to the nearest river (R): the landslide may be triggered due to the
erosion by the river at the toe section. The distance to the river reflects the
potential of landslide contributed from the river system.

10.Geology (G): the geological time scale of the area and the rock types of the site
were combined into consideration as the geology factor. In the past studies,
the geology-related information (like the rock types and rock strength) was
not usually available. Therefore, to simplify the classification, the geological
time scale was chosen to represent the possible influence of geology.

3. Study area and material

To explain the landslide fragility model, the Shenmu area in Taiwan was used as
a case to demonstrate the development of LFC of a given site. The Shenmu area
locates in the watershed of Chen-Yu-Lan River. Chen-Yu-Lan watershed is at the
central part of Taiwan (Figure 3). The Chen-Yu-Lan River originates from the

Figure 2.
Concept of mapping landslide area change: differences between two periods of SPOT image [2].
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north peak of Yu Mountain and is one of the upper rivers of the Zhuoshui River
system, which is the largest river system in Taiwan. Chen-Yu-Lan River has a
length of 42.4 km with an average declination slope of 5%, and its watershed area is
about 450 km2. This area was fragile after the Chi-Chi Earthquake (occurred on
September 21, 1999).

The Shenmu area is a location where debris flows frequently occurred [5]. The
local village is adjacent to the confluence of three streams: Aiyuzi Stream (DF226),
Huosa Stream (DF227), and Chushuei Stream (DF199). In Shenmu, the debris flows
usually occurred at the Aiyuzi Stream due to its shorter length and large landslide
area (Table 1) in its upstream [5]. Figure 4 shows the terrain of three streams.

In addition to the basic terrain data of Shenmu area, the hydrologic and geo-
graphic factors are needed in modeling. To obtain these factors, an environment
database of Chen-Yu-Lan watershed was prepared. Among the data collection, the
landslide increment (i.e., new landslides) after a rainfall event was also obtained by
image processing method in this study.

To develop the LFC model, the local environmental data was collected for the
study area, and GIS was used to process the data. The environment database of
Chen-Yu-Lan watershed includes data of geology, geological layers, rock property,
slope and slope aspects, and DEM, as shown in Figures 5–8.

Figure 3.
Chen-Yu-Lan watershed [2].

Debris flow no. Stream Length (km) Catchment area (km2) Landslide area (km2)

DF199 Chushuei stream 7.16 8.62 0.33

DF227 Huosa stream 17.66 26.20 1.49

DF226 Aiyuzi stream 3.30 4.00 1.00

Table 1.
The landslide area in Shenmu after 2009 [5].
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The new landslide areas (Figures 9 and 10) were identified by using pre- and
post-event satellite images of Typhoon Sinlaku in 2008 and Typhoon Morakot in
2009 (Table 2). These landslide areas were used for later LFC model analysis.
Another important factor in the LFC model is the vegetation conditions. The infor-
mation of vegetation status was also obtained by image processing the same as the
determination of new landslides.

In addition to the hydrologic and geographic data, the landslide triggering fac-
tors were also considered in data preparation. Table 3 defines the rainfall indices. It
should be noted that the effective accumulated rainfall was calculated by including
the antecedent 7-day accumulated rainfall. The antecedent 7-day accumulated rain-
fall is the total weighted rainfall counted from the 7-day duration before the starting
of current rainfall event. Take Typhoon Sinlaku (September 11–16, 2008) for
example. The starting date of Typhoon Sinlaku was September 11, 2008, and the
antecedent 7-day accumulation rainfall was the total weighted rainfall during
September 3 to September 10, as described as Ra in Table 3.

Figures 11 and 12 show the rainfall interpolation of the events of Typhoon
Sinlaku (September 11–16, 2008) and Typhoon Morakot (August 5–10, 2009). The
red spots in the figure are the locations of rainfall stations. It was noted that the
rainfall intensity and the cumulative rainfall of event of Typhoon Morakot were
much higher than those of Typhoon Sinlaku. Both events had caused serious land-
slides in the central Taiwan.

Figure 4.
The terrain and landslide areas of Shenmu area.
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Figure 5.
Chen-Yu-Lan watershed: (a) geological time scale and (b) rock types.
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Figure 6.
Five-meter DEM of Chen-Yu-Lan watershed (after [2]).

Figure 7.
The slope of Chen-Yu-Lan watershed.

186

Landslides - Investigation and Monitoring

Finally, the database was used to analyze the study area on the basis of slope
units. The slope unit was defined as in Figure 13. A slope unit is defined as one slope
part or the left/right part of a watershed. Slope units can be topologically divided by
the watershed divide and drainage line, with the help of GIS tool [12]. The applica-
tion of slope unit in the development of LFC was based on the physical interpreta-
tion of slopes in the mountain area. The environmental database was applied in
accordance with the slope units at the site of interest. Figure 14 shows the slope unit
distribution (total 5872 units) of Chen-Yu-Lan watershed.

4. Development of empirical landslide fragility model

To develop the empirical landslide fragility model, a probability distribution
was chosen to describe the potential of landslide fragility. When the probability
distribution was determined, the parameters of probability, the median and
standard deviation, were obtained by fitting the data from the environmental
database and the landslide areas. The use of slope unit was adopted here, and the
classification of environmental factors was applied to represent the conditions of
landslide given rainfall intensity and accumulated rainfall. The procedure of
developing the empirical landslide fragility curve was described in the following.

4.1 Probability distribution of LFC

The fragility analysis is usually used to describe the potential of hazard in terms
of potential levels or probability of exceedance of a level. To describe the probability

Figure 8.
The slope aspects of Chen-Yu-Lan watershed.
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landslide given rainfall intensity and accumulated rainfall. The procedure of
developing the empirical landslide fragility curve was described in the following.
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Figure 8.
The slope aspects of Chen-Yu-Lan watershed.
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about a hazard fragility, a feasible probability distribution can be assumed and
applied in the model. The fragility curve of landslide, therefore, was assumed to be
a lognormal distribution [12, 13]. The lognormal distribution can be constructed
simply by the values of median and lognormal standard deviation and are called
bivariate parameters (Eq. (1)):
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Figure 9.
Satellite images of pre- (a) and post-event (b) Typhoon Sinlaku and the new landslide areas (c) in Chen-
Yu-Lan watershed.
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where fj is the probability density function of lognormal distribution, cj is the
median, ζj is the log-standard deviation, and x is the variable. The cumulative
distribution of Eq. (1) is used as the fragility curve. The cumulative density function
of lognormal distribution is expressed as Eq. (2):
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Figure 10.
Satellite images of pre- (a) and post-event (b) Typhoon Morakot and the new landslide areas (c) in Chen-Yu-
Lan watershed.
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Eq. (2) represents the jth fragility, and erf() is the Gaussian error function.
When the median and log-standard deviation are determined, the fragility curve of
jth level can be obtained. The maximum likelihood estimation (MLE) can be applied
to determine the median and log-standard deviation [13]. The aforementioned
equations are suitable for one-variable estimation model.

Watershed Event Image time Satellite Incremental area (km2)

Chen-Yu-Lan 448.14 km2 Pre-Sinlaku February 21, 2008 SPOT5 9.52 (2.12%)

Post-Sinlaku November 28, 2008 SPOT5

Pre-Morakot November 28, 2008 SPOT5 10.21 (2.28%)

Post-Morakot October 14, 2009 SPOT5

Table 2.
Satellite images of events at Chen-Yu-Lan watershed.

Index Symbol Definition

Max. hourly
rainfall

Imax The maximum hourly rainfall in a rainfall event

Effective
accumulated
rainfall

Rte The antecedent 7-day accumulated rainfall (with reduction factor of
0.7*) before the starting of current event and the accumulated rainfall
before the max. hourly rainfall in current event

*Antecedent 7-day accumulated rainfall (Ra) can be calculated by Ra ¼
P7

i¼1 0:7
iRi, where Ri is the daily rainfall of

the ith day before.

Table 3.
The rainfall indices.

Figure 11.
Rainfall indices of Typhoon Sinlaku: (a) Imax and (b) Rte.
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Since both the rainfall intensity and rainfall accumulation contribute to the
probability of triggering a landslide, the bivariate lognormal distribution was
applied in the developing LFC model [4, 14], as in Eq. (3):

f j x, yð Þ ¼ 1
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where�∞< x, y, ζxj, ζyj <∞, cxj >0, cyj >0, and�1< ρj < 1. In Eq. (3), x and y are
maximum hourly rainfall and effective accumulated rainfall, respectively; cxj and cyj
are the median; ζxj and ζyj are log-standard deviation; ρj is the correlation coefficient
of x and y. Because the maximum hourly rainfall and the effective accumulated
rainfall are treated independently, the ρj is zero. Thus, the cumulative density
function of Eq. (3) becomes as follows:

Figure 12.
Rainfall indices of Typhoon Morakot: (a) Imax and (b) Rte.

Figure 13.
Slope unit delineation, the left and right slope units of a watershed [3, 4].
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Eq. (4) represents the j-th fragility curve of landslide, including four fragility
parameters. The cumulative density function of Eq. (4) is a fragility surface of
probability.

The parameters in Eq. (4) can be obtained by using the least square estimate.
When the landslide locations and areas are available, meaning the classification of
landslide based on the factors (see next section), the fragility curve of landslide (a
surface) of a specific classification can be determined.

4.2 Classification of factors

The environmental factors, geology, slope, distance to river, slope aspect, and
vegetation index, were classified into levels in order to group similar slope units.
The triggering factors of rainfall intensity and effective accumulated rainfall were
also redistributed onto slope unit scale. These factors were classified into groups,
i.e., two groups of G, three of S, two of R, two of A, and two of N (Tables 4–8),

Figure 14.
The slope units of Chen-Yu-Lan watershed.
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based on the available data and appropriate judgment to simplify the process. There
were total of 48 combinations of classification, as described below.

4.2.1 Geology

The geology is an important factor when considering the potential of landslide.
However, the geological conditions, like soil layer depth, rock type, and strength at
the site, are not usually available to researchers. Therefore, a simplified step can be
used at the geology time scale to generally represent the older and younger stratum
of the study area. For Chen-Yu-Lan watershed, the rock type of the area was first
used to highlight the geological time scale. The same geology era contained different
rock formations, and the factor of geology was classified into two groups, as shown
in Table 4 and Figure 15. It was noted that there are 1798 slope units of G1 and 2463
slope units of G2.

4.2.2 Hillside slope

Based on the Soil and Water Conservation Bureau manual, the hillside slope is
classified as seven levels. In the fragility model, level 3 to level 7 slopes were
considered and simply further classified as three groups, as shown in Table 5.
Figure 16 shows the classification results in the Chen-Yu-Lan watershed, and 137
slope units were classified as S1, 827 as S2, and 3297 as S3.

4.2.3 Distance to nearest river channel

The distance to the nearest river channel was classified into two groups, with the
threshold value of 300 m. Table 6 and Figure 17 show the classification results, in
which there are 2482 and 1779 slope units of R1 and R2, respectively.

Classification Geology time scale Rock type

G1 Eocene Dark gray slate and phyllite slate, interbedded with quartz
sandstone

Eocene Slate and phyllite quartzite sandstone

Oligocene Hard shale sandwiched to thick sandstone

Oligocene Thick or massive white medium to very coarse quartzite and
hard shale

G2 Miocene Hard shale, slate, phyllite sandstone

Mid-Miocene Sandstone and shale interbed, coal seam

Late Miocene Sandstone and shale interbed, coal seam

Miocene to Pliocene Sandstone and shale interbed, coal seam

Pliocene Shale, sandy shale, mudstone

Pliocene Sandstone, mudstone, shale interbed

Pliocene to
Pleistocene

Gravel

Pleistocene Gravel, sand, and clay

Table 4.
The geology classification.
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4.2.4 Slope aspects

The slope aspect was considered in the beginning to distinguish the range of
frequent landslide on a given mountain slope. There are eight slope aspects
(Figure 18) used in the study that were grouped into two classes as shown in
Table 7 and Figure 19, in which there are 2051 and 2210 slope units of A1 and A2,
respectively.

4.2.5 Vegetation index

The land cover status was also an important factor when estimating the landslide
potential. The normalized difference vegetation index was used to represent the

Classification SWCB slope level Technical regulations for soil and water conservation

Slope range degree (°)

S1 3 15% < S ≦ 30% 8.53 < S ≦ 16.70

4 30% < S ≦ 40% 16.70 < S ≦ 21.80

S2 5 40% < S ≦ 55% 21.80 < S ≦ 28.81

S3 6 55% < S ≦ 100% 28.81 < S ≦ 45.00

7 S > 100% S > 45.00

Table 5.
The slope classification.

Classification Definition Distance (m)

R1 Close ≤300 m

R2 Not close >300 m

Table 6.
The classification of distance to river.

Classification Definition

A1 Weak aspect: the four slope aspects of higher ratio of incremental landslide area. In
this study, A1 are E, SE, S, and SW

A2 Strong aspect: the four slope aspects of lower RIL. In this study, A2 areW, NW, N, and
NE

Table 7.
The classification of slope aspects.

Image process Classification

Low vegetation Mid-to-high vegetation

�1 < NDVI ≦ NDVIc* NDVIc* < NDVI ≦ 1

Pre-event image Barren land N1 N1

Non-barren land N1 N2

*NDVIc is the threshold value to classify low and mid-to-high vegetation index. In this study, the NDVIc was �0.35.

Table 8.
The vegetation classification.
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land cover status of a given site. Satellite images of SPOT (February 21, 2008,
November 28, 2008, and October 14, 2009) were used to calculate the NDVI of the
ground surface, and an empirical NDVI threshold was applied to classify barren
land and non-barren land. Table 8 summarized the classification, and Figure 20
shows the results, in which there are 2765 and 1496 slope units of N1 and N2,
respectively.

4.2.6 Maximum rainfall intensity and effective accumulated rainfall

The rainfall data from Typhoon Sinlaku in 2008 and Typhoon Morakot in 2009
was applied to obtain the rainfall intensity and effective accumulated rainfall in the
Chen-Yu-Lan watershed. The hourly rainfall data measured at the surrounding
weather stations was used to get the rainfall of each slope unit by interpolation.
Figures 21 and 22 show the rainfall distribution during the two typhoon events.

4.2.7 Landslide area

Based on the site investigation in the past after typhoon events, the expected
average landslide volume (V) was set as V = 6000 m3. By applying the relationship
of V ¼ 0:2� A1:3 [15], the landslide area on the slope can be obtained. Therefore, in

Figure 15.
The geology classification of Chen-Yu-Lan watershed.
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association with the slope classification, the determination of landslide of a given
slope unit was decided based on the following criteria:

1.Slope S1: the slope unit is counted as a landslide when its landslide area ratio
(LAR) is equal to or higher than 5% or the projected landslide area on the slope
is greater than 2800 m2 (0.28 ha). Otherwise, the slope unit is not counted as a
landslide area.

2.Slope S2: the slope unit is counted as a landslide when its landslide area ratio is
equal to or higher than 5% or the projected landslide area on the slope is
greater than 2400 m2 (0.24 ha). Otherwise, the slope unit is not counted as a
landslide area.

3.Slope S3: the slope unit is counted as a landslide when its landslide area ratio is
equal to or higher than 5% or the projected landslide area on the slope is
greater than 2200 m2 (0.22 ha). Otherwise, the slope unit is not counted as a
landslide area.

The landslide area classification of Chen-Yu-Lan watershed is shown in
Figure 23. There were 1810 slope units of landslide after Typhon Sinlaku and 1544
ones after Typhoon Morakot, as shown in colored slope units in Figure 23.

Figure 16.
The slope classification of Chen-Yu-Lan watershed.
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Figure 17.
The classification of distance to the river of Chen-Yu-Lan watershed.

Figure 18.
The slope aspects.
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4.3 The LFC of Chen-Yu-Lan watershed

The environmental database and rainfall data of typhoon events were applied to
classify the slope units and the landslide areas. With the classification described in
previous sections, there were a total of 48 classes with combinations of factors G, S,
A, R, and N. Each classification was in association with two rainfall indices, the
rainfall intensity and effective accumulated rainfall. The fragility of landslide, or the
probability of exceeding a level of hazard, was constructed and used for landslide
potential assessment. Tables 9 and 10 summarized the fragility parameters
obtained from the two events, and some examples of fragility curves were shown in
Figure 24. It should be noted that during the classification, insufficient samples of
certain classification had led to difficulty of finding parameters needed. Therefore,
these samples were combined with other classifications in order to get reasonable
probability values of median and standard deviation.

Figure 19.
The slope aspect classification of Chen-Yu-Lan watershed.
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4.4 The LFC of Shenmu area

The fragility curves of 48 classification slope units represented the local envi-
ronmental characteristics of a given area. Instead of directly using 48 set fragility
curves, it should be practical to obtain one set of representative fragility curve for a
given site or location. To achieve this goal, the weighted fragility curves were
introduced and applied to the Shenmu village. The weighted fragility parameters
were determined using the following equations:

cx,m ¼
Xm
i¼1

wi � cxi, cy,m ¼
Xm
i¼1

wi � cyi (5)

ζx,m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm

i¼1
wi � ζxið Þ2

q
, ζy,m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm

i¼1
wi � ζyi
� �2r

(6)

Figure 20.
The vegetation index classification of Chen-Yu-Lan watershed.
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rainfall intensity and effective accumulated rainfall. The fragility of landslide, or the
probability of exceeding a level of hazard, was constructed and used for landslide
potential assessment. Tables 9 and 10 summarized the fragility parameters
obtained from the two events, and some examples of fragility curves were shown in
Figure 24. It should be noted that during the classification, insufficient samples of
certain classification had led to difficulty of finding parameters needed. Therefore,
these samples were combined with other classifications in order to get reasonable
probability values of median and standard deviation.

Figure 19.
The slope aspect classification of Chen-Yu-Lan watershed.
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4.4 The LFC of Shenmu area

The fragility curves of 48 classification slope units represented the local envi-
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curves, it should be practical to obtain one set of representative fragility curve for a
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Xm
i¼1
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Xm
i¼1

wi � cyi (5)
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i¼1
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q
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
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(6)
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Figure 21.
The rainfall of Chen-Yu-Lan watershed during Typhoon Sinlaku: (a) max. hourly rainfall (Imax) and
(b) effective accumulated rainfall (Rte).

Figure 22.
The rainfall of Chen-Yu-Lan watershed during Typhoon Morakot: (a) max. hourly rainfall (Imax) and
(b) effective accumulated rainfall (Rte).
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Figure 23.
The landslide area of Chen-Yu-Lan watershed during (a) Typhoon Sinlaku and (b) Typhoon Morakot.

Classification Imax (mm) Rte (mm) Combined with*

Median Std. deviation Median Std. deviation

G1S1A1R1N1 64.40 0.21 485.00 0.28 With 21111

G1S1A1R1N2 27.53 1.24 383.77 0.29 With 21112

G1S1A1R2N1 33.70 0.31 1112.62 0.10 With 21121

G1S1A1R2N2 37.94 0.16 239.39 0.27 With 21122

G1S1A2R1N1 44.40 1.10 290.86 0.24 With 21211

G1S1A2R1N2 43.91 0.16 1007.19 0.71 With 21212

G1S1A2R2N1 32.48 0.77 320.60 0.39 With 21221

G1S1A2R2N2 40.58 0.45 332.07 0.22 With 21222

G1S2A1R1N1 40.44 0.58 235.49 0.79 With 22111

G1S2A1R1N2 72.70 0.32 384.00 0.67 With 22112

G1S2A1R2N1 22.60 0.34 407.35 0.26 With 22121

G1S2A1R2N2 74.16 1.17 527.59 1.20 With 22122

G1S2A2R1N1 22.41 0.70 399.60 1.23 With 22211

G1S2A2R1N2 42.39 0.28 252.25 0.62 With 22212

G1S2A2R2N1 14.08 0.11 706.36 0.80 With 22221

G1S2A2R2N2 115.74 0.61 207.21 0.77 With 22222

G1S3A1R1N1 18.81 0.21 135.69 1.06
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Classification Imax (mm) Rte (mm) Combined with*

Median Std. deviation Median Std. deviation

G1S3A1R1N2 14.51 0.12 295.58 0.29

G1S3A1R2N1 75.05 0.29 225.74 0.88

G1S3A1R2N2 28.07 0.38 269.76 0.55

G1S3A2R1N1 35.79 0.57 967.74 0.35

G1S3A2R1N2 44.53 1.54 554.12 1.26

G1S3A2R2N1 29.66 0.72 298.05 0.30

G1S3A2R2N2 34.00 0.89 269.00 0.69
*Due to the insufficient data, some classifications were combined together in order to obtain reasonable parameters.

Table 9.
Fragility parameters of G1 classification.

Classification Imax (mm) Rte (mm)

Median Std. deviation Median Std. deviation

G2S1A1R1N1 64.40 0.21 485.00 0.28

G2S1A1R1N2 27.53 1.24 383.77 0.29

G2S1A1R2N1 33.70 0.31 1112.62 0.10

G2S1A1R2N2 37.94 0.16 239.39 0.27

G2S1A2R1N1 44.40 1.10 290.86 0.24

G2S1A2R1N2 43.91 0.16 1007.19 0.71

G2S1A2R2N1 32.48 0.77 320.60 0.39

G2S1A2R2N2 40.58 0.45 332.07 0.22

G2S2A1R1N1 40.44 0.58 235.49 0.79

G2S2A1R1N2 72.70 0.32 384.00 0.67

G2S2A1R2N1 22.60 0.34 407.35 0.26

G2S2A1R2N2 74.16 1.17 527.59 1.20

G2S2A2R1N1 22.41 0.70 399.60 1.23

G2S2A2R1N2 42.39 0.28 252.25 0.62

G2S2A2R2N1 14.08 0.11 706.36 0.80

G2S2A2R2N2 115.74 0.61 207.21 0.77

G2S3A1R1N1 16.70 0.13 604.42 0.53

G2S3A1R1N2 72.54 0.58 305.93 0.41

G2S3A1R2N1 21.81 1.31 387.14 0.84

G2S3A1R2N2 56.01 1.07 527.88 0.69

G2S3A2R1N1 23.20 0.78 378.00 0.66

G2S3A2R1N2 14.50 0.11 151.30 0.10

G2S3A2R2N1 23.76 0.66 270.92 0.28

G2S3A2R2N2 29.86 1.02 249.28 0.80

Table 10.
Fragility parameters of G2 classification.
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wi ¼ ni
Ni

(7)

where x and y are rainfall indices, cx,m and cy,m are the weighted median values,
ζx,m and ζy,m are weighted standard deviation,m is the number of classifications, wi

is the weighting factor of a classification, ni is the number of slope units of a given
classification, and Ni is the total number of slope units.

After the weighted calculation, the fragility parameters of Shenmu area are
median Imax ¼ 33 mm and median Rte ¼ 413 mm. Figure 25 shows the weighted
fragility curves of Shenmu area.

Figure 24.
Examples of fragility curves of Chen-Yu-Lan watershed: (a) G1S3A1R1N1, (b) G2S2A1R1N1,
(c) G1S3A1R2N1, and (d) G2S3A1R2N1.

Figure 25.
The fragility surface and fragility curves of Shenmu area.
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5. Case studies and results

The risk of landslide was demonstrated by using the critical values of rainfall
hazard and landslide fragility. The concept of landslide warning was adopted in this
study, and by combining both Hc and Fc, the warning status includes safe stage and
unsafe stages, as illustrated in Figure 26. It should be noted that there are two stages
of unsafe status, Red I and Red II. Red I stage indicates that the situation has pass Hc
and a rainfall hazard could occur. Red II stage implies the most serious condition
that in addition to the rainfall hazard, a landslide could occur as well. Both stages are
determined with a probability when given a rainfall condition. The procedure of
determining safe stage was designed to match the needs of disaster preparation and
prediction of government.

Cases of landslides and debris flows in Shenmu were collected from the disaster
notices issued by Soil and Water Conservation Bureau of Taiwan. As shown in
Table 11 and Figure 27, a total of seven cases were used to determine the critical
values of Hc (=0.91) and Fc (=0.23) of Shenmu. These cases were used in the
assumption that whenever there was a debris flow, there should be landslides at the
upper stream areas before or during the debris flow.

The rainfall history of Typhoon Morakot in 2009 and 0601 Heavy Rainfall in
2016 were used to evaluate the landslide risk assessment in Shenmu. Figure 28

Figure 26.
The warning conditions based on landslide fragility (Fc) and rainfall hazard (Hc).

Year Event Disaster Village Imax (mm) Rte (mm)

2009 Typhoon Morakot Debris flow, flood Tongfu 85.5 1130

2009 Typhoon Morakot Debris flow Wangmei 85.5 1130

2009 Typhoon Morakot Landslide Shenmu 47.5 829.5

2009 Typhoon Morakot Debris flow Shenmu 42.5 750

2009 Typhoon Morakot Debris flow Shenmu 33.5 641

2009 Typhoon Morakot Landslide Shenmu 20 476.5

2009 Typhoon Morakot Debris flow Shenmu 38.5 877

2012 0610 Heavy rainfall Debris flow, flood Shenmu 18.5 450.6

Table 11.
The disaster notices around Shenmu area.
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shows the results of event, and the dots in the figure represent the rainfall condition
(hourly rainfall and cumulative rainfall) and the probability of hazard. It was noted
that the dots behaved like a “snake” line going from Safe stage to Red I and Red II
stages. Also, the snake line stayed shortly at Red I stage for both events and passed
to Red II in a jump. This condition implied that when the situation was beyond the
Hc line, the landslide hazard was very likely to occur. The results conformed to the

Figure 27.
The probability thresholds of rainfall hazard and landslide fragility in Shenmu area: (a) rainfall warning
threshold and (b) landslide warning threshold.

Figure 28.
The change of probability in Shenmu area during (a) Typhoon Morakot (2009) event and (b) 0601 heavy
rainfall in 2016 (after [4, 5]).
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records of Typhoon Morakot. Severe landslides occurred at the upper stream areas
in Shenmu during the typhoon. Therefore, the proposed risk assessment and warn-
ing stages of landslide were reasonably useful in this case.

6. Summary and conclusions

This study had developed the landslide fragility curve model by using the spatial
data and statistical methods. The fragility curves of the study area were derived for
all combinations of environmental and triggering factors. The data sets included the
geomorphological and vegetation condition factors, based on the landslides at the
Chen-Yu-Lan watershed in Taiwan, during Typhoon Sinlaku (September 2008) and
Typhoon Morakot (August 2009). This study also proposed landslide risk assess-
ment using rainfall hazard potential and landslide fragility curves and concluded
findings as follows:

1.Overall, the proposed model provides considerably accurate and reliable
results on landslide estimations in terms of spatial distribution.

2.Adoption of slope unit was physically proper in modeling landslide locations.

3.The classifications of slope unit can be applied to different areas, and the
fragility curve of each classification can be used directly.

4.The procedure of risk assessment was useful for practical landslide disaster
preparation and prediction.

5.The LFC model was developed using two typhoon events. More events and
landslide cases are needed to improve the LFC model in the future.
Furthermore, the classification of upstream areas based on their environment
is suggested for better possible estimation.

6.The applicability of factors should be considered before developing the model.
The concerns about the model factors and the limits of satellite images can be
resolved by using different methods to obtain necessary data. For example, the
information of LIDAR may be used with the satellite images to provide better
description on landslide identification. Therefore, the LFC model could be
improved when more factors are available and applicable.
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