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8) ABSTRACT 

 
This Deliverable, part of Milestone 2.2 of Spoke 2 in the Extended Partnership RETURN Project, deals with 

the theme “Identification of impact-oriented indicators” as outlined in the Executive Work Plan – Milestone 

2.1. It summarizes the scientific research activities conducted from January to November 2023 by Task 2.2.2 

(“Quantitative analysis of predisposition to ground instabilities”) of Work Package 2.2 (“State of the art and 

knowledge base to define impact-oriented hazard indicators”). This task is a component of the vertical spoke 

VS2, “Ground Instabilities”, and involves 57 researchers from various institutions. 

The focus of WP2 is on detecting and analysing predisposing factors to ground instabilities, while WP3 and 

WP4 concentrate on preparatory factors, and triggering and multiple geohazards cascading scenarios (MULTI-

HAZARD), respectively. These work packages collectively aim to quantify ground instabilities’ effects on 

territories, buildings, and communities, and to develop an IT platform for the spatial and temporal analysis of 

these instabilities. 

A significant phase within Task 2.2.2 involved defining Ground Instability categories, which were categorized 

initially into landslides, subsidence, liquefaction, and sinkholes. A more detailed differentiation was later 

made, particularly distinguishing between slow and fast types of ground instability in subaerial phenomena. 

These categories are detailed in Table 4.1 and have been fundamental in guiding the project’s direction. 

The quantification of the parameters that play a role in determining the susceptibility of ground instabilities is 

a quite complicate issue that has been the object of many attempts in categorizing them as a function of the 

capability to express them, generally in terms of qualitative vs. quantitative assessments. Actually, the topic 

has many variables, that change depending, in first instance, upon the typology of ground instability taken into 

account, and upon the geological setting of the areas under study as well. Within the framework of the 

RETURN Project, all the difficulties in performing a full and comprehensive analysis of the available 

approaches guided us toward the decision to quantify the parameters identified to measure the proneness to 

ground instabilities on the basis of simple criteria, based upon the logs used to extract data from them. 

Therefore, in this document the predisposing factors were discriminated according to being described through 

a qualitative log, a semi-quantitative log, and a quantitative log.  
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4) Introduction  

This Deliverable is drawn up as part of Milestone 2.2 of Spoke 2 having as its topic (from the Executive Work 

Pan – Milestone 2.1) “Identification of impact-oriented indicators”. The Deliverables of Spoke 2 for this 

Milestone have therefore set themselves as an overall objective the identification of rationales, starting from 

specific learning examples of literature, for identifying both the ground instabilities through macro-

categories of factors (predisposing, preparatory, triggers) and the construction of analytical tools which, 

arranged in a specific logical-executive order (tool-chain), should lead to the design of an IT platform for 

the restitution in the PoC of the spatial overlap (multiple-hazard) or the temporal succession (multi-hazard, 

i.e. chain effects) of ground instability processes. This will allow quantifying the ground instabilities effects 

on the territory with a view to their impact on buildings and communities also evaluating their suitability 

and reliability. 

4.1 Project framework 

This report summarizes the scientific research activities carried out in the period January 2023 - November 

2023 by the Task 2.2.2 “Quantitative analysis of predisposition to ground instabilities through: (a) 

geological, geomorphological (including erosion, transport, deposition processes), and geotechnical 

parameters; (b) factors controlling coastal and seafloor environment, geomorphological setting, 

submarine mass wasting” (hereinafter referred to as TK2) of the Work Package 2.2 “State of the art and 

knowledge base to define impact-oriented hazard indicators” (hereinafter referred to as WP2) within the 

vertical spoke VS2 “Ground Instabilities” of the Extended Partnership RETURN. 

It should be noted that VS2 structured the work packages WP2, WP3 and WP4 by identifying the following 

areas of interest for each of them: 

- WP2 focuses on the detection and analysis of PREDISPOSING factors to ground instabilities; 

- WP3 targets PREPARATORY factors to ground instabilities;  

- WP4 is centered on TRIGGERING and multiple geohazards cascading scenarios (MULTI-HAZARD). 

In accordance with the definitions given within the VS2, the distinction between predisposing, preparatory and 

triggering factors/processes is made on a temporal basis: the predisposing factors are considered invariable 

on the observation scale, while the preparatory factors show changes or cyclical trends during the same 

period. As a consequence, a trigger is considered as a process that acts in a very short and well-defined 

time. 

The partners involved in the WP2 are ENEA, OGS, POLITO, UNIBA, UNIBO, UNIFI, UNIGE, UNINA, 

UNIPA, UNIPD and UNIROMA1. WP2 leaders are Riccardo Fanti (UNIFI) and Mario Parise (UNIBA), 

TK1 leader is Francesco Maria Chiocci (UNIROMA1), TK2 leader is Mario Parise (UNIBA), TK3 leader 

is Matteo Berti (UNIBO). 70 researchers participate in the activities of WP2/TK2 (i.e., TK 2.2.3): 5 from 

ENEA, 4 from OGS, 5 from POLITO, 6 from UNIBA, 6 from UNIBO, 7 from UNIFI, 4 from UNIGE, 7 

from UNINA, 12 from UNIPA, 6 from UNIPD and 8 from UNIROMA1. 

The goal of TK2 (Quantitative analysis of predisposition to ground instabilities through: (a) geological, 

geomorphological (including erosion, transport, deposition processes), and geotechnical parameters; (b) 

factors controlling coastal and seafloor environment, geomorphological setting, submarine mass wasting) 

and the issue of DV 2.2.3 (Rationale for the quantification of parameters measuring the proneness to 

ground instabilities in both offshore and onshore areas) have been interpreted within the framework of the 

entire Spoke work process. 

According with the main idea of the Project and of VS2, the learning phase had the objective of building a 

rationale for preparatory processes to be used as input to the Proof of Concept (PoC). This phase has been 

articulated in three stages: 

i) Inventory of Learning Examples (LE). 
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ii) Individuation of the preparatory processes analyzed in each LE.  

iii) Definition of a Rationale for each process based on the available LEs. 

This DV 2.2.3 represents the description of the transition from phase ii) above to phase iii). 

In this sense, the work is a gradual transition from the exemplary level represented by the synthesis of the LE 

(i.e. recent experience of each partner, comprising leading-edge analyzes on the topic of characterization 

of predisposing factors and spatial and temporal quantification of susceptibility) to an exhaustive level 

consisting of a synthesis useful for the purposes of drafting a real Rationale. 

To achieve this objective, we progressed through an "internal recall" phase, aimed at identifying, among the 

experiences of TK2 participants, an additional set of LEs capable of integrating case studies of phenomena 

and approaches intended to better complete the emerging panorama during the initial phase (refer to DV 

2.2.1 and DV 2.2.2). Subsequently, an additional phase of analyzing global case studies was added, too, 

involving a bibliographic review on the topic of TK2, to arrive at a final product (the present Rationale) 

that can serve as a valid and comprehensive support for the subsequent phases of the project. 

Similar to TK1 (see DV 2.2.1 and DV 2.2.2), during the implementation of TK2 activities, the uniqueness of 

the theme of submerged environments was highlighted. For this reason, in DV 2.2.3, a specific analysis is 

dedicated to submarine phenomena, considered as a kind of "parallel" TK. This analysis has been 

coordinated by Francesco Maria Chiocci (UNIROMA1), serving as TK1 leader and, more importantly, as 

an expert on the theme. Subsequently, the theme of the underwater environment is considered separately, 

while maintaining a conceptual framework as homogeneous as possible in comparison with the approach 

adopted for the subaerial environment. This is in accordance with the fact that TK2 includes, at the same 

level, the two types of ground instability (“Quantitative analysis of predisposition to ground instabilities 

through: (a) geological, geomorphological (including erosion, transport, deposition processes), and 

geotechnical parameters; (b) factors controlling coastal and seafloor environment, geomorphological 

setting, submarine mass wasting”). 

This document also includes sections dedicated to an update related to WP3. These are well-identified sections 

and chapters below that find space here as they are closer to the topic of this WP2 than other documents 

within the same Milestone (M2). 

Finally, it is considered important to preface this introduction with a significant operational phase carried out 

within TK2, fully shared by TK1 and TK3. This phase involves the definition of Ground Instability 

categories, a topic to which the following paragraph is dedicated. 

 

4.1.1 Ground Instability Typologies  

The topic of defining the typologies of Ground Instability has evidently been addressed since the beginning of 

the Project (see the Executive Working Plan): as a preliminary step, a distinction was made between 

landslides, subsidence, liquefaction, and sinkholes. Based on this categorization, we proceeded with the 

identification of the LEs and their typological analysis, and all documents from the initial phase of the 

Project contain this distinction. Subsequently, VS2 deemed it necessary to make a more detailed 

differentiation, considering the kinematics of the phenomena as the primary discriminating element, 

especially distinguishing between slow and fast typologies of ground instability in subaerial phenomena. 

Following a series of collegial discussions at the level of the entire WP2 (thus collaboratively involving TK1, 

TK2, and TK3), a subdivision of Ground Instability functional to this Project was established. It is crucial 

to note that this subdivision should not be interpreted as a proposal for a new classification of landslides, 

subsidence, sinkholes, and liquefaction. It is presented in Table 4.1 and serves as a reference for this 

document. Starting from the definition of this subdivision, different technical meetings have been 

organized, dedicated to each ground instabilities (respectively, Slow landslides, Fast landslides, 

Sinkholes/Subsidence/Liquefaction, and Marine Instabilities), aimed at sharing ideas and experiences 

before writing the Rationales. The meetings were attended by at least a reference person per each institution, 

with highly productive discussions among the attendees. 

 

https://doi.org/10.3390/rs11020165?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true
https://communitystudentiunina.sharepoint.com/:x:/r/sites/PE3RETURN935/Shared%20Documents/General/Glossary/RETURN_Glossary.xlsx?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true
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Table 4.1 – Typologies of Ground Instabilities. 

 

 

Slow Flows

(Earthflows)

Slow Slides

(Rotational and Planar Slides, Soil slips)

Slow Spread & Slow Slope Deformations

(Spread (except Liquefaction), Rock/Soil Slope Deformations, Creep, DsGSD)

Rapid Flows

(Debris flows, Mudflows)

Rapid Slides

(Rock Slides, Rock Avalanches)

Falls & Topples

(Rock Falls, Rock Topples)

Slow Submarine Landslides

(Creep, DsGSD)

Rapid Submarine Landslides

(Flows, Avalanches, Slides)

Slow Sinkholes Typologies
Slow Sinkholes

(Suffosion Sinkholes, Solution sinkholes)

Rapid Sinkholes Typologies
Rapid Sinkholes

(Collapse Sinkholes, Cover-collapse Sinkholes)

Subsidence Subsidence Typologies
Subsidence

(All Types)

Liquefaction Liquefaction Typologies
Liquefaction

(All Types)

G
ro

u
n

d
 In

st
ab

il
it

ie
s

Submarine

Landslides
Submarine Landslides Typologies

Subaerial

Landslides

Subaerial Slow Landslides Typologies

Subaerial Rapid Landslides Typologies

Sinkholes
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5. Predisposing Factors for ground instabilities 

5.1 Methods 

The process of identifying the Predisposing Factors for ground instabilities employed an expert-based 

approach (Figure 5.1). As outlined in the introductory chapter, our starting point was the findings from 

previous deliverables of Work Package 2 (WP2), namely DV2.2.1 and DV2.2.2, along with an analysis of 

learning examples provided by all partners involved in the project. 

This wok was initially done by the WP and Task leaders and led to the formulation of a preliminary list of 

Predisposing Factors. 

 

 

Figure 5.1: flowchart of the approach for identifying Predisposing Factors for Ground Instabilities 

 

The preliminary list underwent refinement and expansion through discussions within dedicated expert panels. 

We established a specific expert panel for each category of ground instability: slow landslides, fast 

landslides, and sinkhole/subsidence/liquefaction. The makeup of these panels is detailed in Figure 5.2. 

A separate panel focused exclusively on Submarine Ground Instabilities, given the unique nature of underwater 

landslide phenomena. Due to the distinct characteristics and complexities associated with submarine 

landslides, this panel operated independently. The understanding of underwater instabilities is not as 

advanced as that of subaerial ones, necessitating specialized discussions among experts in the field. The 

findings and insights from this panel's work on Submarine Instabilities is presented in this deliverable in 

SECTION B- OFFSHORE AREAS., which comprehensively addresses the specific challenges and 

knowledge gaps in this area. 
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Figure 5.2: composition of expert panels for the different types of ground instabilities. The color coding 
represents the kinematics of the ground instabilities: green for slow-moving processes, pink for fast-
moving processes, and a combination of green/pink for processes involving both slow and fast 
movements. 

 

In the expert panels, each of the partners contributed their insights and expertise to collectively determine the 

primary factors influencing each type of ground instability. As is characteristic of expert-based methods, 

the results of this approach carry a degree of subjectivity and potential bias reflective of personal 

experiences. To mitigate this, we endeavored to balance individual perspectives with established knowledge 

from the scientific literature. Our goal was to compile a list of predisposing factors that holds general 

validity and stands on a firm foundation of both empirical evidence and expert consensus. 

For each identified factor, we provided a detailed description, highlighting its significance to a particular type 

of ground instability. These descriptions were designed to elucidate the impact of the factor (for example, 

Lithology) on the occurrence of specific instability processes (such as Earthflows), considering the unique 

characteristics of each process. Undertaking this task was demanding, yet it allowed to refine our 

understanding of the factors' relevance, and to achieve a more uniform perspective on the predisposing 

factors for ground instabilities. 

The task of describing each factor was undertaken by the leaders of the respective expert panels (see 

Introduction for details). Once these descriptions were drafted, they were shared with the entire group of 

experts for further input. This collaborative process allowed for the incorporation of various suggestions 

and enhancements, ensuring that the descriptions were comprehensive and benefited from the collective 

expertise and insights of all panel members. This approach not only enriched the quality of the work but 

also fostered a more collaborative and inclusive assessment of the factors contributing to ground 

instabilities. 
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5.2 Results 

The results of the work are presented in Table 5.1 and the subsequent pages. Table 5.1 organizes 35 

predisposing factors for ground instability in rows, while various types of ground instabilities are listed 

across the columns. For each type of ground instability, the table highlights the significance of each factor, 

with each cell demonstrating the relevance of a specific factor to a particular ground instability. 

It is important to highlight that the cells marked with an “X” indicate a factor's significant role in the occurrence 

of a specific ground instability, irrespective of the magnitude or frequency of the process. In this context, 

these factors are indicative of the susceptibility to ground instability, meaning they reflect the likelihood or 

tendency of an area to experience such issues, based on the existing local conditions. 

Susceptibility assessments focus solely on inherent vulnerabilities without accounting for any external 

preparatory or triggering factors, such as rainfall or seismic events. Therefore, susceptibility essentially 

evaluates the natural vulnerability of an area to ground instabilities under its present conditions. The 

progression from understanding susceptibility to evaluating hazard, which involves considering preparatory 

and triggering factors, is addressed in Work Packages 3 and 4. These work packages specifically deal with 

the external factors that can prepare and initiate ground instabilities. 

Following the table, detailed descriptions of each Predisposing Factor are provided. These descriptions are 

specifically tailored to the type of ground instability under consideration and serve as a reference for 

selecting factors to include in a susceptibility assessment. 

Each description of the instability types concludes with a list of pertinent references for further reading and 

understanding of that specific process. 

 

  

https://doi.org/10.1016/j.soildyn.2013.07.011?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true
https://doi.org/10.3390/rs12030457?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true


 

13 
 

 

Table 5.1: correlation matrix of Predisposing Factors and Ground Instabilities. The cells indicate the relevance of a specific factor to each instability type. 

Macro-category Main Factors qualitative semi-quantitative quantitative
Slow Flows

(Earthflows)

Slow Slides

(Rotational and 

Planar Slides, Soil 

slips)

Spreads

(except 

Liquefaction)

Slow Slope 

Deformations

(Rock/Soil SD, 

Creep, DsGSD)

Rapid Flows

(Debris flows, 

Mudflows)

Rapid Slides

(Rock Slides, Rock 

Avalanches)

Falls & Topples

(Rock Falls, Rock 

Topples)

Slow

Sinkholes
Rapid Sinkholes

Subsidence

(All Types)

Liquefaction

(All Types)

Lithology x X X X X X X

Structural features (large scale) x x X X X X X X

Stratigraphic features x X X X X X

Karstification degree x X X

Talus/Weathering x X X X X X X X

Slope morphology/Topography x X X X X X X X X X X X

Upslope area x X X

Undercutting x X X

Erosion by running water x X X X X

Glaciers and snowfields x X X X

Distance from coastline x X X

Overburden thickness x X X

Cave geometry and size x X X

Presence of previous events x x X X X X X X

Rock mass structure x x X X X X X X

Grainsize distribution/Particle shape x x X X X

Porosity/Density x X X X X X X

Shear strength x X X X X X X

Mineralogy and plasticity x X

Hydraulic Properties x x X X X X X X X

Seismic activity x x X X X

Faulting System/Distance to faults x x X X X X X

Site effects (amplification/resonance) x X X

Land Use/Land Cover x X X X X X X X

Soil Type/Soil Thickness x x X X X X X X

Vegetation x x X X X X X X X

Groundwater/Saturation x x X X X X X X X

Rising acid fluids x

Water inflow/outflow during flood/seastorm x x X X

Rainfall Regime x X X X X X X X

Temperature Regime x X X

Structures/Infrastructures/Buildings x X X X

Groundwater/Gas/Oil exploitation x X

River banks/levees typology x X

Slope/Drainage changes x x X X X X

Land Cover & Vegetation

Hydrogeology

Climate

Anthropogenic Factors

Subsidence

Typologies

Liquefaction

Typologies

Geology

Geomorphology

Physical and mechanical

properties

Seismotectonics

â Predisposing Factors â Slow Landslides Typologies Rapid Landslides Typologies Sinkholes TypologiesLog
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Slow landslides 

Slow Flows (Earthflows) 

 

Description of the main predisposing factors 

Geology 

 Lithology 

 

Earthflows commonly occur in areas with fine-grained materials, such as residual soils 

that form from the weathering of bedrock, colluvial soils which accumulate at the base 

of slopes, and clay-bearing rocks that are prone to weathering. These landslides also 

frequently happen in areas with deposits from previous earthflows, indicating a recurring 

susceptibility. Consequently, areas that exhibit these specific lithological characteristics 

are more prone to earthflows, with the fine-grained nature of the materials playing a 

pivotal role in their occurrence and behavior. 

Geomorphology 

 Slope morphology/ 

Topography 

Among the different terrain morphology parameters, the slope angle plays a fundamental 

role as predisposing factor for earthflows, particularly in their initiation zones. The 

source area of earthflows is often marked by steep slopes formed by previous events, 

featuring a complex topography of scarps, ridges, and channels. In these terrains, various 

triggers can cause minor landslides, potentially leading to further instabilities and the 

reactivation of larger earthflows. Given that the slope angle is a major factor in initiating 

these early slides, it holds a role in assessing the overall probability of earthflows. 

Geomorphology 

 Upslope area 

 Erosion by running 

water 

The presence of surface and subsurface water is particularly important in the initiation 

and propagation of earthflows. A well-developed drainage network can effectively 

regulate the water content in clay soils by facilitating the removal of excess water and 

reducing infiltration. On the other hand, in areas without adequate drainage or where the 

natural drainage network has been compromised, water tends to accumulate and seep 

into the soil. This accumulation and infiltration of water can substantially reduce the 

stability of slopes, increasing the likelihood of earthflows. 

Geomorphology 

 Presence of previous 

events 

The tendency of earthflows to occur multiple times in the same areas, often referred to 

as reactivation, is a critical aspect in understanding and evaluating susceptibility to such 

events. Regions with a history of earthflows are often characterized by specific 

geological and hydrological conditions that make them prone to repeated occurrences. 

Additionally, past earthflows often result in altered drainage patterns, disrupted 

vegetation, and the accumulation of material that has reached its residual strength, 

thereby affecting the stability of the slope. Thus, the history of earthflow events in a 

particular area is an integral factor in evaluating the potential for future occurrences. 

Physical and mechanical 

characteristics 

 Grainsize distribution 

Earthflows are commonly found in soils that have a distinct grain size distribution, 

predominantly composed of fine-grained materials. Soils prone to earthflows typically 

feature a substantial amount of clay and silt particles. However, they may also contain 

notable amounts of sand particles, coarse clay aggregates, or rock blocks dispersed in 

the matrix. The presence of these various grain sizes fundamentally influences the soil 

capacity to hold water, which is a key factor in triggering movement. Additionally, this 

composition governs the rheological properties of the soil, determining its fluid-like 

behavior and the overall mobility. 
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Physical and mechanical 

characteristics 

 Porosity 

Soil porosity is an important characteristic for shallow earthflows. High porosity soils 

can absorb and hold significant water, becoming rapidly saturated during intense rainfall. 

When saturated, these soils might have reduced cohesion because of diminished soil 

water tension, causing the slope to fail. Additionally, in the event of failure, a highly 

porous and saturated soil can experience fluidization. The transition to a fluid-like 

behavior is often due to internal remolding that occurs during the propagation stage of 

the earthflow. 

Physical and mechanical 

characteristics 

 Shear strength 

 Hydraulic properties 

The onset of earthflows is intricately linked to the mechanical and hydraulic 

characteristics of the soil. Factors such as the soil strength (effective cohesion, effective 

friction angle, undrained cohesion), combined with the pore water pressure, directly 

control the potential for failure and remobilization of the existing landslide deposits. 

Mechanical discontinuities within the soil also play a crucial role. Typically, at the base 

of earthflows, there is a significantly deformed shear zone where the soil structure has 

been either drastically altered or completely transformed. The existence of mechanically 

weak layers within the slope is a major contributing factor to the formation of these 

sliding surfaces. Furthermore, the hydraulic properties of the soil govern aspects like the 

rate of water infiltration, subsurface drainage patterns, and changes in soil moisture 

during rainfall events. In slow-moving earthflows, it is often the interplay of these 

hydraulic properties with the soil geotechnical features that becomes the critical factor. 

Land Cover & Vegetation 

 Land Use/Land Cover 

 Vegetation 

 

The impact of different land cover types on earthflow susceptibility is complex and 

multi-faceted. In areas with forests or vegetation, plant and tree roots enhance soil 

stability by reinforcing the soil matrix and adding cohesion. Additionally, vegetation 

plays a role in managing soil moisture levels through transpiration. Yet, it is noteworthy 

that dense forest cover does not entirely prevent earthflow occurrence since sliding 

surfaces may develop well below the root depth. The decomposition of roots and organic 

matter, leading to larger soil pores, can increase water absorption into slopes, adding to 

the complexity of this relationship. 

Agricultural lands exhibit a more direct link to earthflow susceptibility. Common 

agricultural activities, such as soil tilling, can disturb the soil structure and promote 

increased water infiltration, thereby elevating the risk of earthflows. These practices may 

also interfere with natural drainage patterns. Coupled with inefficient irrigation methods, 

such agricultural interventions can considerably undermine the stability of shallow soil 

layers. 

Overall, while different types of land cover do influence earthflow susceptibility, the 

nature and extent of this influence can vary considerably, based on specific 

environmental conditions and land use practices. 

Land Cover & Vegetation 

 Soil type/ 

Soil thickness 

 

The soil type significantly contributes as a predisposing factor to the likelihood of 

earthflows. The presence of fine-grained shallow soil can be an indicator of underlying 

clay bedrock, which has significant implications for the potential occurrence of large 

earthflows. Clay soils can be readily identified on a large scale through their distinct 

spectral signature, infrared reflectance, texture, and color. Consequently, identifying 

shallow soil types yields valuable insights into the susceptibility to earthflows.  
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Climate 

 Rainfall Regime 

The rainfall regime, encompassing factors like average rainfall, and the typical intensity 

and duration of rainstorms, serves as a significant predisposing factor for earthflows. In 

regions that experience prolonged rainstorms, there is typically a general increase in 

groundwater levels, which greatly heightens their susceptibility to earthflows. This 

contrasts with areas that receive either low-intensity rainfall over extended periods or 

areas that experience short-lived but intense thunderstorms. The differences in these 

rainfall patterns are critical in influencing the buildup of groundwater pressure in sloped 

areas. Yet, it is important to note that the connection between rainfall patterns and slope 

stability is complex. This complexity arises from how different types of rainfall interact 

with the unique geological and hydrological characteristics of each slope, making the 

relationship between rainfall and slope stability an intricate aspect of earthflow 

susceptibility. 

Anthropogenic Factors 

 Slope/Drainage 

changes 

Infrastructural development can markedly influence earthflows, as construction 

activities often modify the natural slope geometry and drainage patterns. These 

alterations can result in both localized and more widespread impacts on the stability of 

slopes. For instance, they can change the flow direction of both surface and subsurface 

water across different scales, thereby affecting the soil's saturation state at various 

depths. Even minor disruptions caused by local construction interventions can 

significantly impact the overall stability of earthflows. These changes, though sometimes 

subtle, can lead to a series of small failures that reactivate larger, more significant 

landslides. Therefore, the role of infrastructure development in altering the natural 

balance and stability of slopes is a critical consideration in both urban planning and 

environmental management. 

 

  

https://doi.org/10.3390/hydrology8030111?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true


 

17 
 

References for Slow landslides (slow flows – Earthflows) 

Calcaterra, D., & Parise, M. (2010). Weathering as a predisposing factor to slope movements: an introduction. 

Geological society, London, Engineering Geology Special Publications, 23(1), 1-4. 

Cascini, L. (2008). Applicability of landslide susceptibility and hazard zoning at different scales. Engineering 

Geology, 102(3-4), 164-177. 

Ciuffi, P., Bayer, B., Berti, M., Franceschini, S., & Simoni, A. (2021). Deformation detection in cyclic 

landslides prior to their reactivation using two-pass satellite interferometry. Applied Sciences, 11(7), 

3156. 

Conforti, M., & Ietto, F. (2021). Modeling shallow landslide susceptibility and assessment of the relative 

importance of predisposing factors, through a GIS-based statistical analysis. Geosciences, 11(8), 333. 

Conforti, M., Mercuri, M., & Borrelli, L. (2020). Morphological changes detection of a large earthflow using 

archived images, LiDAR-derived DTM, and UAV-based remote sensing. Remote Sensing, 13(1), 120. 

Conoscenti, C., Ciaccio, M., Caraballo-Arias, N. A., Gómez-Gutiérrez, Á., Rotigliano, E., & Agnesi, V. 

(2015). Assessment of susceptibility to earth-flow landslide using logistic regression and multivariate 

adaptive regression splines: a case of the Belice River basin (western Sicily, Italy). Geomorphology, 242, 

49-64. 

Corominas, J., & Moya, J. (2008). A review of assessing landslide frequency for hazard zoning purposes. 

Engineering geology, 102(3-4), 193-213. 

Cotecchia, F., Vitone, C., Santaloia, F., Pedone, G., & Bottiglieri, O. (2015). Slope instability processes in 

intensely fissured clays: case histories in the Southern Apennines. Landslides, 12, 877-893. 

Donnarumma, A., Revellino, P., Grelle, G., & Guadagno, F. M. (2013). Slope angle as indicator parameter of 

landslide susceptibility in a geologically complex area. Landslide Science and Practice: Volume 1: 

Landslide Inventory and Susceptibility and Hazard Zoning, 425-433. 

Fell, R., Corominas, J., Bonnard, C., Cascini, L., Leroi, E., & Savage, W. Z. (2008). Guidelines for landslide 

susceptibility, hazard and risk zoning for land use planning. Engineering geology, 102(3-4), 85-98. 

Glade, T., & Crozier, M. J. (2005). The nature of landslide hazard impact. Landslide hazard and risk, 41-74. 

Guzzetti, F., Ardizzone, F., Cardinali, M., Galli, M., Reichenbach, P., & Rossi, M. (2008). Distribution of 

landslides in the Upper Tiber River basin, central Italy. Geomorphology, 96(1-2), 105-122. 

Highland, L. M., & Bobrowsky, P. (2008). The landslide handbook-A guide to understanding landslides (No. 

1325). US Geological Survey. 

Hungr, O., Leroueil, S., & Picarelli, L. (2014). The Varnes classification of landslide types, an update. 

Landslides, 11, 167-194. 

McColl, S. T. (2022). Landslide causes and triggers. In Landslide hazards, risks, and disasters (pp. 13-41). 

Elsevier. 

Meisina, C. (2006). Characterisation of weathered clayey soils responsible for shallow landslides. Natural 

Hazards and Earth System Sciences, 6(5), 825-838. 

Pellicani, R., Frattini, P., & Spilotro, G. (2014). Landslide susceptibility assessment in Apulian Southern 

Apennine: heuristic vs. statistical methods. Environmental earth sciences, 72, 1097-1108. 

Pinto, F., Guerriero, L., Revellino, P., Grelle, G., Senatore, M. R., & Guadagno, F. M. (2016). Structural and 

lithostratigraphic controls of earth-flow evolution, Montaguto earth flow, Southern Italy. Journal of the 

Geological Society, 173(4), 649-665. 



 

18 
 

Schädler, W. (2011). Slope movements of the earthflow type-engineering-geological investigation, 

geotechnical assessment and modelling of the source areas on the basis of case studies from the Alps and 

Apennines. Logos Verlag Berlin GmbH. 

Sidle, R. C. (1985). Factors influencing the stability of slopes. In Proceedings of the workshop on slope 

stability: problems and solutions in forest management. Gen. Tech. Rep. PNW-180. Portland, OR: US 

Department of Agriculture, Forest Service, Pacific Northwest Forest and Range Experiment Station (pp. 

17-25). 

Spalluto, L., Fiore, A., Miccoli, M. N., & Parise, M. (2021). Activity maps of multi-source mudslides from the 

Daunia Apennines (Apulia, southern Italy). Natural Hazards, 106(1), 277-301. 

  



 

19 
 

Slow landslides 

Slow Slides (Rotational and Planar Slides, Soil slips)  

 

Description of the main predisposing factors 

Geology 

 Stratigraphic features 

The presence of weak layers within the stratigraphic succession is an important 

predisposing factor for deep-seated slow slides. Such weak layers, common in many 

rock formations, arise from variations in depositional environments, sediment origins, 

or changes that occurred post-deposition over geological epochs. Layers rich in clay 

or encompassing clay-bearing rocks can be present. Furthermore, these clay-rich 

layers can obstruct water flow, resulting in increased pore water pressure either within 

or above the layer.  

Geology 

 Talus/weathering 

The presence of talus/weathering is important for shallow slides. Areas with abundant 

loose sediments, weakly consolidated rocks, or recently disturbed ground (due to 

activities like logging or forest fire) are particularly vulnerable to shallow failures. 

This susceptibility is attributed not only to the ease with which materials can be 

mobilized, but also to the potential magnification of event severity. 

The impact of shallow slides can range significantly, affecting areas as small as 

several square meters to as large as several hectares, regardless of the time frame. 

Consequently, the presence, extent and thickness of the talus become critical factors. 

This is particularly relevant in instances of soil slips, which can impact vast areas 

during a single rainfall event. 

Geomorphology 

 Slope morphology/ 

Topography 

In the realm of slope morphology, the slope angle stands out as a crucial predisposing 

factor for slow slides. As the slope becomes steeper, an imbalance is created, 

enhancing the shear stress (the driving forces) and reducing the normal stress (the 

resisting forces), thus increasing the risk of failure. The fundamental principle of 

balancing driving and resisting forces is relevant to all types of landslides. Its 

significance, however, is particularly evident in the case of slow slides. These types 

of landslides usually occur along a clearly defined slip surface, which closely aligns 

with the basic principles of limit equilibrium mechanics. In this framework, the angle 

of the slope is a key determinant of stability. 

Geomorphology 

 Undercutting 

 Erosion by running water 

 

Planar and rotational slides usually involve dip slopes that have been undercut by 

erosion or excavation. In some cases, the undercutting is not complete and a “toe 

breakout” mechanism involving failure of the intact material must develop. The 

undercutting can also expose planar sliding surfaces, thus acting as an important 

predisposing factor. Water erosion can also lead to the removal of protective 

vegetation cover, modify the shape and steepness of a slope, and result in increased 

soil saturation, particularly during periods of intense rainfall. The cumulative impact 

of these factors can significantly heighten the vulnerability of a slope to shallow 

slides, as the erosion processes both structurally weaken the slope and alter its 

hydrological conditions. 

 

https://communitystudentiunina.sharepoint.com/:x:/r/sites/PE3RETURN935/_layouts/15/Doc.aspx?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true
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Geomorphology 

 Presence of previous 

events 

Prior landslide occurrences can make an area more susceptible to future events, 

effectively serving as a predisposing factor. The likelihood of recurrence is shaped by 

various changes, such as alterations in the slope conditions, modifications in the 

drainage network, and variations in the vegetation cover. Additionally, the areas 

affected by previous landslides typically feature deposits with lower shear strength 

compared to undisturbed soil, further heightening the risk of future slides. 

Consequently, landslides in these regions tend to be subject to continuous 

reactivations, with the potential to recur over long durations, sometimes extending 

over many years or even centuries. This ongoing vulnerability underscores the 

importance of considering past landslide activity in assessing the susceptibility. 

Physical and mechanical 

characteristics 

 Shear strength 

 Hydraulic properties 

The shear strength and hydraulic properties of soil are crucial predisposing factors for 

slow slides, but their influence varies significantly based on the type of slide. Slow 

slides encompass a wide range of phenomena, from shallow to deep failures, and 

involve diverse materials, from soil to rock. This diversity underscores the complexity 

and variability inherent in slow slide phenomena, making it challenging to generalize 

how mechanical factors predispose to such slides. Generally, the effective friction 

angle is a key parameter for both shallow and deep slides. Effective cohesion is even 

more critical but exceedingly difficult to evaluate on a large scale due to variables like 

soil and rock heterogeneity, root presence, and the effects of matric suction. 

Consequently, cohesion is often estimated through calibration or sensitivity analysis 

when assessing susceptibility to slow slides. 

Hydraulic properties hold particular significance for shallow slides. Steep, forested 

slopes can maintain temporary stability through the stabilizing effects of matric 

suction (soil tension in unsaturated conditions) and the reinforcement provided by 

roots within the soil. However, during prolonged and intense rainfall, any reduction 

in matric suction or the development of positive pore water pressures can create 

conditions conducive to landslides. Moreover, the complex interplay between air, 

water, and soil particles in unsaturated conditions critically influences soil shear 

strength. The shear strength of unsaturated soils, which differs from that of saturated 

soils, depends on additional challenging-to-measure parameters like matric suction, 

the Soil-Water Characteristic Curve, and the impact of suction on apparent cohesion. 

This complexity highlights the importance of conducting thorough geological and 

geotechnical analyses to understand these elements better and assess landslide 

susceptibility accurately. 

Land Cover & vegetation 

 Land Use/Land Cover 

 Soil type/Soil Thickness 

 Vegetation 

 

Land cover significantly influences the environmental conditions on slopes and 

affects how water interacts with the subsurface systems. Areas with bare rock or 

sparse vegetation are more directly exposed to environmental factors such as rainfall, 

snowmelt, and temperature fluctuations. In contrast, densely forested areas may 

protect rock surfaces from direct exposure to these elements. However, the tree roots 

in these forests can aid water infiltration into the subsurface through fissures or 

macropores, acting as channels that facilitate water flow and potentially contribute to 

slope instability. Consequently, the role of land cover as a predisposing factor for 

slides varies considerably and should be assessed on a case-by-case basis, considering 

factors such as the type of landslide (shallow or deep) and the specific characteristics 

of the soil. 

Hydrogeology 

 Groundwater/ 

saturation 

The influence of groundwater on the likelihood of slow slides varies depending on the 

type of slide involved. For deep-seated failures, an increase in pore water pressure at 

depth, particularly in already saturated soils, is a common trigger. In such scenarios, 

the average groundwater level within the slope emerges as a predisposing factor to 

instability. Groundwater level results from the interaction of various elements, 

https://communitystudentiunina.sharepoint.com/:x:/r/sites/PE3RETURN935/Shared%20Documents/General/Glossary/RETURN_Glossary.xlsx?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true
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including the characteristics of the soil and rock, the topography, the vegetation 

presence, the proximity to rivers, and the human activities like water withdrawal or 

increased recharge from irrigation. Each of these elements affects how water is 

collected, distributed, and retained within the slope. In contrast, the occurrence of 

shallow slides is more closely tied to the saturation level of the soil, which is a more 

complex aspect to gauge. Typically, areas prone to water pooling or where water tends 

to accumulate maintain higher saturation levels, increasing the susceptibility of the 

slope to failure. This underscores the need for a nuanced understanding of both deep 

and shallow slides, as their mechanisms and influencing factors can differ 

substantially, especially in how groundwater impacts their stability.  

Climate 

 Rainfall Regime 

The predisposition of an area to slow slides is significantly influenced by the rainfall 

regime, including the duration and intensity of rainfall events. In regions where the 

rainfall regime is characterized by intense but brief events, the rapid accumulation of 

water can overwhelm the soil capacity to absorb moisture, leading to an immediate 

increase in surface runoff and the saturation of the shallow layers. This can trigger 

landslides, especially shallow slides on steep slopes. 

On the other hand, regions characterized by less intense but more prolonged rainfall, 

where dry periods are not as prominent, present a different scenario. In these areas, 

the soil can gradually absorb water over time. This slow, steady infiltration elevates 

the moisture content in the shallow layers and enables deeper water penetration during 

intense episodes, like thunderstorms. This process can heighten the risk of deep-seated 

landslides. However, it is important to note that the interplay between climatic 

conditions and the stability of deeper slopes remains a complex subject. The gradual 

changes in soil moisture over time and the varying responses of different soil types 

and slopes to prolonged moisture exposure contribute to this complexity, making the 

prediction and understanding of landslide susceptibility in these scenarios a 

challenging task. 

Anthropogenic Factors 

 Structures/Infrastructures/ 

Buildings 

 Slope/Drainage changes 

Presence of roads and infrastructures can impact the possibility of occurrence of slow 

slides. The vibrations related to heavy traffic, or to frequent passage of vehicles in 

urban areas may predispose the ground to further instabilities. Particularly in urban 

areas, the presence of sewer systems in the first meters below the ground, may have a 

strong influence on the occurrence of slow slides, both rotational and planar. Leakages 

from such systems may induce an increase in the degree of saturation of terrains or 

rock masses, bringing toward conditions favorable to failures.  

Constructing roads and infrastructures can significantly impact slow slides 

movements. Often, the creation of pathways or leveled terrains necessitates 

excavation or blasting. These activities can disrupt the rock mass's natural stability, 

producing or expanding discontinuities. Additionally, infrastructural development can 

modify natural drainage patterns, modifying local water drainage and causing water 

to pool in specific regions. This can have an effect both locally and at the slope scale, 

thus influencing the directions of surface and underground water flow at various 

scales and with it the state of saturation of the soil at various depths. 
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Slow landslides 

Slow Spread/DsGSD 

 

Description of the main predisposing factors 

Geology 

 Lithology 

Lateral spread and Deep-seated Gravitational Slope Deformation (DsGSD) are 

complex geological phenomena strongly controlled by the type and structure of the 

rock. 

Lithology is among the primary factors for occurrence of slow spreads, as this type of 

landslide typically requires the near-horizontal stretching of coherent rock masses. This 

stretching is a consequence of intense deformation of a weaker underlying material, or 

it may be due to multiple retrogressive slides governed by a fragile basal surface. A 

common manifestation of this phenomenon is rock slope spreading, where rigid blocks 

of more robust rocks undergo displacement and rotation. This happens due to the severe 

plastic deformation of a weaker rock layer underneath. Such spreading is particularly 

prevalent in areas with horizontally bedded, weak sedimentary sequences, where the 

contrast in rock strength between the layers sets the stage for this type of movement. 

Similarly, DsGSD are common in areas with notable contrasts in rock strength, 

although the lithological conditions can vary more widely. Areas with weak or 

fractured rock layers, weathered material, and significant lithological diversity are 

especially prone to DsGSD. In these cases, the variability in rock strength and structure 

plays a key role in the development and progression of the landslide. 

Geology 

 Structural features (large 

scale) 

 Stratigraphic features 

 

Large-scale structural features such as thrust planes, major bedding planes, or 

schistosity, are important predisposing factor for both slow spreads and DsGSD. The 

geological structures have the potential to serve as sliding surfaces, enabling a large 

volume of rock to detach and move. Moreover, these large-scale discontinuities can 

also influence groundwater flow, acting either as conduits or barriers. This can lead to 

changes in pore pressure along potential sliding surfaces, further affecting slope 

stability. 

Similarly, the presence of specific stratigraphic features, such as formations that are 

inherently weak, contain clay, or have layers of soft material, is equally significant. 

These features are key in determining where a deep-seated sliding surface might 

develop, potentially leading to large-scale landslide movements. 

Geomorphology 

 Slope 

morphology/Topography 

Slope angle is a crucial predisposing factor both for spreads and DsGSD. 

In lateral spreads, the slope is typically made of a stiff, rigid rock layer that overlies a 

weaker, more deformable material. The slope angle of this underlying weak layer plays 

a key role in how stresses are distributed and managed within the system. If the slope 

angle of the weak layer is relatively gentle, the overlying stiff rock may remain 

relatively stable, with only minor deformations occurring over time. However, as the 

slope angle of the weak material increases, the gravitational forces acting on the 

overlying stiff rock become more significant. This increased force can exceed the 

strength of the weaker material, leading to its deformation under the weight of the stiff 

rock. The steeper the slope, the greater the gravitational component acting parallel to 

the slope, which can facilitate sliding or spreading movements. 
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Similarly, in DsGSD, the slope geometry and angle are influential as they dictate the 

strength of gravitational forces at play. Steeper slopes are more likely to reveal 

structural weaknesses or stratigraphic layers that could serve as potential sliding 

surfaces. This is particularly evident in high mountain areas, where DsGSD frequently 

occurs, demonstrating that the steepness of a slope is a critical determinant in its 

vulnerability to such landslides. 

Geomorphology 

 Glaciers and snowfield 

In high mountainous regions, glaciers play a vital role as structural supports for 

mountain slopes, especially those composed of weaker or fractured rocks. When these 

glaciers retreat, the support they provide is removed, significantly altering the stress 

and strain within the slope rock mass. This change in stress distribution can reveal and 

intensify existing weaknesses in the rock, such as fractures or faults, and can lead to 

the slope becoming predisposed to slow spread/DsGSD movements. 

Furthermore, as glaciers recede, they uncover new rock surfaces, exposing them to the 

atmosphere. This exposure leads to increased water infiltration into the rock, further 

influencing the slope's stability. The effects of glacial debuttressing on slope stability, 

however, may not be immediate. Often, there is a lag between the glacier retreat and 

the onset of slope movements. The processes that lead to the destabilization and 

weakening of the rock structure are gradual and take time to evolve. 

In this context, the processes associated with glacial retreat can be considered more as 

predisposing factors rather than immediate triggers for slope instability. They set the 

stage for future instability, creating conditions under which movements are more likely 

to occur over time 

Physical and mechanical 

characteristics 

 Rock mass structure 

 Shear strength 

 Hydraulic properties 

The role of rock mass structure, shear strength, and hydraulic properties in the 

movement of lateral spread/DsGSD is crucial. 

In lateral spreading, the movement is largely driven by the disparity in shear strength 

between the overlying stiff rock and the underlying soft soil. The stiff rock layer, 

typically having higher shear strength, remains more resistant to deformation and 

movement. In contrast, the underlying soft soil, characterized by lower shear strength, 

is more susceptible to deformation under stress. When subjected to actions such as 

gravitational load or increased water pressure, this softer layer can deform more easily. 

In these scenarios, the key factors that predispose the area to lateral spreading include 

the effective friction angle and the cohesion of the soft soil. These properties determine 

how much the soil layer can resist shearing forces before it starts deforming. Another 

crucial aspect is the presence of sub-vertical discontinuities in the stiff rock layer 

above. These discontinuities can create weak zones, allowing rock blocks to detach and 

spread, especially when the supporting soil layer starts to deform. 

DsGSD encompass a wide array of geological and geomorphological conditions, 

making it challenging to pinpoint specific shear strength factors that universally control 

their occurrence. This complexity arises from the fact that DsGSD can develop under 

a variety of scenarios, each influenced by a unique combination of geological 

characteristics and processes. Given this diversity, each instance of DsGSD is a unique 

interplay of numerous factors, necessitating a case-by-case approach to understanding 

the mechanical and hydrogeological predisposition to instability.  
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Hydrogeology 

 Groundwater/ 

Saturation 

Both lateral spreads and DsGSD typically involve long-term and steady movements, 

which are usually not significantly influenced by regular rainfall. This gradual 

movement is indicative of the ongoing, albeit slow, deformation of the soil or rock mass 

and the corresponding adjustment in the internal stress field. The consistent and gradual 

nature of these movements is a key characteristic of spreads and DsGSD, setting them 

apart from the more sudden types of landslides. 

However, during severe rainfall events, the behavior of these landslides can shift 

significantly. Heavy and sustained rainfall can provoke localized failures, especially in 

areas around cliffs. In these instances, landslides can occur as secondary effects within 

the broader context of slow movements. In such cases, the average position of the 

groundwater within the slope is a crucial predisposing factor for instability. 

Climate 

 Rainfall Regime 

 Temperature Regime 

The behavior of both lateral spreading and DsGSD is profoundly affected by long-term 

rainfall and temperature regimes through a series of complex and interrelated 

processes. In areas frequently experiencing prolonged rainfall, the sustained and 

extensive periods of moisture contribute to the heightened saturation of soil and rock 

materials. This heightened saturation, over time, can promote deep-seated movements. 

Temperature also plays a pivotal role, especially in regions subject to freeze-thaw 

cycles. These cycles lead to the expansion and contraction of soil and rock, 

progressively weakening the material's structure and facilitating water infiltration. 

Additionally, the ongoing changes in global climate patterns are altering snowmelt and 

glacial dynamics, potentially leading to deeper instabilities in certain environments. 

Accurately quantifying these influences is however fraught with challenges. The 

dynamic and intricate nature of these factors, along with their inherent variability and 

dependence on scale, makes it difficult to measure and predict their impacts precisely. 

This complexity is compounded by the evolving nature of climate patterns and the 

diverse geological characteristics they interact with, presenting significant hurdles in 

the comprehensive assessment and quantification of these factors at a large scale. 
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Fast landslides 

Debris flows / Mud flows 

 

Description of the main predisposing factors 

Geology 

 Lithology 

 

Even though debris flows and mud flows primarily involve soil, the underlying bedrock 

lithology plays a significant role in their onset and nature. Different rocks break down 

at diverse rates, with the softer ones offering ample loose material for these landslides. 

Rocks rich in clay yield finer soils, making mudflows more likely, while harder rocks 

generate coarser soils, leading to debris flows. Moreover, bedrock lithology shapes the 

slope structure and its evolution, as well as the formation of drainage paths and erosion 

patterns, which directly influence the likelihood of debris and mud flows. 

Geology 

 Talus/Weathering 

Areas with abundant loose sediments, poorly consolidated rocks, pyroclastic soils or 

recently disturbed ground (due to activities like logging or forest fire) are more 

susceptible to debris flows and mud flows. This susceptibility is attributed not only to 

the ease with which materials can be mobilized, but also to the potential magnification 

of the event severity. 

Basins with a greater accumulation of loose material can produce larger, more 

destructive flows, especially if a large portion of the material becomes mobilized 

simultaneously (supply-unlimited condition). Conversely, basins dominated by 

exposed bedrock and sparse unconsolidated materials typically experience fewer and 

less frequent flows (supply-limited conditions). Proper understanding of the material 

availability and distribution within a basin is crucial for assessing the likelihood of 

debris flows and mud flows occurrences. 

Geomorphology 

 Slope 

morphology/Topography 

Among the different terrain morphology parameters, the slope angle stands out as a 

crucial predisposing factor for both debris flows and mud flows. When these flows are 

initiated by landslides, the slope angle primarily dictates the shear stress that mobilizes 

materials. For flows caused by channel runoff, a steeper slope increases the chance of 

turbulent flow, which is essential for erosion, and for picking up materials as well. 

Steep terrains, including mountain channels, often exhibit features like bedrock steps 

and slope breaks, which can become areas for material accumulation later available for 

landslides or erosional processes. The presence of small morpho-selection scarps is, in 

some cases, the most important predisposing factor for the triggering of these 

landslides, due to the locally high slope and the disturbance it can cause to the shallow 

subsurface flow. 

Geomorphology 

 Upslope area 

Another significant geomorphic factor is the contributing upslope area. Converging 

slopes are especially prone to debris flows and mud flows for several reasons. First, 

they naturally funnel and concentrate surface runoff from a wide area into a more 

localized channel or gully; this concentration increases the volume and velocity of 

water, enhancing its erosive power and its capacity to mobilize and transport sediment 

and debris. Second, convergent areas concentrate the subsurface water flow and can 

lead to localized zones of saturation of the soil cover. Third, convergent zones can act 

as natural traps for sediments and debris ready to be mobilized. 
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However, it is worth noting that debris and mud flows can also occur on even, flat 

slopes with minimal upslope contribution. In such instances, surface or subsurface 

flows play a diminished role, with direct infiltration likely being the primary cause. 

Geomorphology 

 Erosion by running 

water 

Certain drainage patterns, like dendritic or trellis, can effectively channel and 

concentrate surface runoff into specific pathways or gullies. This concentration can 

increase the volume and velocity of water, enhancing its ability to erode and transport 

material, potentially leading to debris or mud flow occurrences. The drainage network 

also impacts subsurface water movement. Slopes with intricate drainage networks may 

have spots of soil saturation, elevating landslide risks, especially if local infillings are 

present. The degree of activity of the drainage network often correlates with visible 

erosional processes. While erosion helps to remove materials, it also induces slope 

instability and ensures a steady supply of sediment to channels. 

Geomorphology 

 Glaciers and snowfield 

The presence of a large amount of water is especially important in the initiation of mud 

flows, which inherently have a higher water content compared to debris flows. This 

water can originate from events such as glacial lake outbursts, rapid melting of snow 

on volcanic slopes, or dam collapses. In these scenarios, the sudden supply of a large 

amount of water rapidly saturates the soil and brings the material in a fluid state. This 

predisposing factor is less important for debris flows since the material is coarser and 

less water is needed to reach fluidity. 

Geomorphology 

 Previous events 

 

Past debris flow or mud flow events can predispose an area to future events. These 

landslides often reshape channel and drainage path morphologies, leading to deeper 

channels, new deposition areas, and steeper banks, all of which can favor subsequent 

flows. Additionally, by stripping areas of stabilizing vegetation, they increase the 

terrains vulnerability to erosion and to the subsequent debris mobilization. 

Furthermore, not all materials from prior events might be completely evacuated, 

leaving substantial residual debris along channels, ready to be mobilized in subsequent 

events. 

Physical and mechanical 

characteristics 

 Grainsize distribution 

Debris flows and mud flows are characterized by a mixed and non-uniform grain size 

distribution. The coarser components ensure the movement of the mass, while the finer 

particles help maintain elevated pore pressures, facilitating a fluid-like flow. The thick 

consistency, arising from its blend of water, clay, and silt, enables the transportation of 

larger fragments, such as cobbles and boulders, with the finer particles. This non-

uniform grain size distribution enables the mobilization of the soil into a fluid and allow 

debris flows and mud flows to move over long distances incorporating other sediments 

along their path. Consequently, areas with poorly-sorted soils are crucial indicators 

when assessing susceptibility. 

Physical and mechanical 

characteristics 

 Porosity 

For debris flows and mud flows, soil porosity is another key aspect. High porosity soils 

can absorb and hold significant water, becoming rapidly saturated during intense 

rainfall. When saturated, these soils might have reduced cohesion because of 

diminished soil water tension, causing the slope to fail. Furthermore, a saturated soil 

with high porosity can undergo liquefaction upon failure due to the buildup of excess 

pore pressure stemming from structural collapse. 
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Physical and mechanical 

characteristics 

 Shear strength 

 Hydraulic properties 

The onset of landslide-induced debris and mud flows is intricately linked to the soil 

mechanical and hydraulic properties. The interplay of these factors, especially during 

intense rainfall, determines the susceptibility of a slope to produce these types of 

landslides. 

Hydraulic properties control the infiltration rate, the subsurface drainage, and the 

transient variation of soil water content during a rainfall event. Often, steep forested 

slopes remain temporarily stable due to the combined stabilizing effects of matric 

suction (soil tension from unsaturated conditions) and the physical binding of roots 

within the soil structure. However, during intense rainfall, if there is a decline in this 

matric suction or if positive pore water pressures develop, it can set the stage for a 

landslide. 

Furthermore, the intricate relationship between air, water, and soil particles in 

unsaturated conditions is a key determinant of the soil shear strength. The shear 

strength of unsaturated soils is different from that of saturated soils and depends on 

additional parameters that are difficult to evaluate, such as the matric suction, the Soil-

Water Characteristic Curve, and effect of suction on apparent cohesion. All these 

complexities underscore the need for thorough geological and geotechnical 

assessments in areas prone to these landslides.  

Land use: 

 Land use/Land cove 

 Soil type 

 Vegetation 

 

Land use significantly impacts the predisposition to debris flows and mud flows, with 

vegetation being a central factor. Vegetation, notably trees and dense shrubs with 

extensive root systems, strengthen and anchors the soil. This process amplifies soil 

cohesion, enhancing its resistance to erosion and decreasing the chances of 

mobilization. Vegetation canopy and undergrowth also shield the soil from direct 

rainfall, mitigating erosion. Additionally, plants serve as natural obstructions, 

decelerating surface runoff, thereby diminishing its capacity to erode, and can extract 

moisture from the soil, thereby minimizing saturation-driven slope instabilities. 

Conversely, the decay of roots and organic content can foster the formation of larger 

soil pores, augmenting infiltration and subsurface storm flows. Fallen trees, at times, 

form temporary barriers, accumulating sediment behind these natural dams which, 

under heavy rainfall, might unexpectedly fail. As such, whether vegetation can mitigate 

or enhance the likelihood of these landslides depends on the specific environmental 

context, and it is still a matter of discussion. 

Remote sensing capability to distinguish and categorize soil types greatly aids in broad-

scale evaluations of debris and mud flow susceptibility. Specifically, unvegetated 

regions have notable spectral signatures, making them readily identifiable in satellite 

imagery due to their standout reflectance, especially against vegetated zones. 

Additionally, the health and variety of vegetation often hint at the soil underlying 

characteristics. Satellites can identify soils rich in clay and silt—typically more 

susceptible to mud flows—or detect shifts in land use, like areas of deforestation or 

those affected by fires. 
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Anthropogenic factors 

 Slope/Drainage changes 

Human activities can significantly influence the occurrence of debris and mud flows, 

especially since these are shallow landslides. As such, they are highly sensitive to 

surface and near-surface changes often resulting from human interventions. Even slight 

changes in drainage patterns, brought on by infrastructure development, can 

profoundly alter surface runoff and shallow groundwater movement, heightening the 

likelihood of triggering in certain areas. This includes subtle alterations to natural 

waterways or adding impermeable surfaces that amplify or redirect surface runoff. 

Building activities can also modify the slope morphology, creating areas with steeper 

inclines more vulnerable to failure. Moreover, vegetation removal, whether from 

deforestation or land conversion for agriculture, strips the surface soil layers of 

protection from erosion and weakens the soil through loss of root binding, enhancing 

the likelihood of its mobilization. 
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Fast landslides 

Rock slides / Rock avalanches 

 

Description of the main predisposing factors 

Geology 

 Structural features (large 

scale) 

 

Large-scale geological features typically span lengths from hundreds of meters to 

several kilometers. Common examples are faults, folds, thrust planes, major bedding 

planes, schistosity. These features are the main predisposing factors for rock slides 

/rock avalanches since they can act as potential sliding surfaces, enabling a large 

volume of rock to detach and move. Large-scale discontinuities often lack of stabilizing 

rock bridges, common in smaller discontinuity, thus providing an uninterrupted plane 

of weakness within the rock mass. Further, large-scale discontinuities can also act as 

conduits (or barrier) for groundwater flow and increase the pore pressure along the 

potential sliding surface. These major features area often identified through regional 

geological mapping, aerial surveys, and satellite imagery but must be carefully 

evaluated at the slope scale. 

Geology 

 Stratigraphic features 

A significant precursor to rock slides is the presence of a weak layer embedded within 

a sound rock formation. Such weak layers, common in many rock formations, arise 

from variations in depositional environments, sediment origins, or changes that 

occurred post-deposition over geological epochs. Layers rich in clay or encompassing 

clay-bearing rocks present a low resistance to shear forces, often becoming prime 

candidates for developing slip planes. The synergy between the weak sliding surface 

and the fragile nature of the overlying rock mass plays a pivotal role in the swift 

intensification of rock slides. Furthermore, these clay-rich layers can obstruct water 

flow, resulting in increased pore water pressure either within or above the layer. 

Notably, some of the most devastating rock slides and avalanches have been influenced 

by the existence of these stratigraphic features. 

Geomorphology 

 Slope 

morphology/Topography 

Slope morphology is undeniably critical in the context of rock slide susceptibility. 

Specifically, the height of a slope directly affects the potential energy stored with the 

rock mass, that can be released during a rock slide increasing its velocity and 

destructiveness. Taller slopes can have deeper failure points, potentially leading to 

greater material breakdown and possibly resulting in a rock avalanche. Additionally, 

the higher the slope, the greater the chance it intersects with significant structural or 

stratigraphic features that could serve as slide surfaces. The slope curvature is equally 

important; an outward-bulging (convex) shape can create unfavorable stress conditions 

due to reduced side support from the surrounding rock. 

Physical and mechanical 

characteristics 

 Rock mass structure 

In large rock slides, small-scale rock mass structure is typically less important than the 

major discontinuities. Nonetheless, rock mass structure can still influence the initiation, 

progression, and final runout of the slide. For example, the presence of smaller-scale 

discontinuities can break up the sliding mass into smaller blocks, influence the 

fragmentation during movement, or alter the dynamics of the slide. In this regard, the 

spacing and persistence of discontinuities are the most important factors since they 

might dictate how the rock mass breaks apart after the initial movement. 
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Physical and mechanical 

characteristics 

 Shear strength 

Rock slides commonly occur along major, persistent discontinuity planes within the 

rock mass. This underlines the need for an in-depth analysis of these elements during 

geological and geotechnical assessments. It is crucial to pinpoint weakened or modified 

materials, such as fault gouge, and to identify infillings that exceed the undulation 

wavelength. In such cases, in fact, the shear strength of the discontinuity might be 

notably diminished due to the absence of the roughness stabilizing influence. 

Seismotectonis 

 Seismic activity 

 Distance to faults 

 Site effects 

 

Much like rockfalls, rock slides are impacted by the area prolonged seismic activity. 

Here, the combined effects of numerous seismic events, along with other contributing 

factors like hydrogeological changes or human interventions, can substantially elevate 

the risk of rock slope failures. Additionally, factors such as heightened susceptibility to 

seismic amplification and the potential for resonance are established as notable 

predisposing factors for such failures. 
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Fast landslides 

Rockfalls / Topples 

 

Description of the main predisposing factors 

Geology 

 Talus/Weathering 

 

Weathering can significantly influence the propensity for rockfalls in several ways. 

Chemical weathering (such as hydrolysis, oxidation, and carbonation) can break down 

primary minerals in rocks, leading to a reduction in the rock cohesive strength. This 

makes the rock mass more susceptible to detachment and failure. Mechanical or 

physical weathering processes, such as freeze-thaw cycles, can result in the 

disintegration of rocks. Water can then enter rock cracks, freeze, and expand, forcing 

the cracks to widen and causing rock to detach. The increased persistence and aperture 

of discontinuities due to weathering can change the stability conditions of rock blocks.  

Geomorphology 

 Slope 

morphology/Topography 

Slope morphology plays a critical role in rockfalls. Among the various factors, slope 

angle stands out as the most crucial. Rockfalls are primarily driven by gravitational 

forces and the movement of rock blocks is governed by rapid dynamics, often mirroring 

the characteristics of free-fall. As the slope becomes steeper, gravity exerts a more 

pronounced downward force on rock blocks, thus allowing rapid detachment and 

propagation. Steeper slopes also allow discontinuities to daylight, creating conditions 

for potential movements. For these reasons, very steep slopes are generally more prone 

to rockfalls.  

The aspect of the slope, in relation to the orientation of discontinuities, affects the 

probability of rockfalls, dictating potential modes of movement such as planar sliding, 

wedge sliding, or toppling. Furthermore, the orientation of a slope relative to the sun 

influences the temperature changes a rock face undergoes. This can lead to increased 

fracturing and a greater likelihood of rock blocks detachment. 

Slope curvature can influence the initial detachment or triggering of a rock block. 

Concave areas frequently serve as collection points for water, intensifying the 

weathering processes. Water accumulation in these areas can instigate freeze-thaw 

cycles and amplify rock degradation, potentially heightening the risk of detachment. 

Nonetheless, the significance of this factor is difficult to quantify and often depends on 

specific local conditions. 

In general, a morphologically complex slope with protruding sectors, overhangs, or 

isolated pinnacles may be more susceptible to collapse compared to a regular one 

because it offers more surface area exposed to weathering and it has more points of 

stress concentration that increase the potential for rockfall. 

Geomorphology 

 Undercutting 

 

Slopes that are undercut, either by erosion processes like river or wave action or by 

human activities, can become unstable. The most direct impact of undercutting is the 

removal of the foundational support for the rock layers above. This makes the overlying 

rock mass cantilevered or overhanging, with increased gravitational stress acting on it. 

Another effect is the shift in center of gravity: as the base of a slope or rockface is 

eroded away, the center of gravity of the overhanging mass might move outward, 

making the rock more prone to toppling or to outward rotation. Furthermore, 

undercutting can lead to an increase in tensile and shear stresses in the overlying rock, 
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making it more susceptible to failure, or may expose weaker layers or unfavorable 

discontinuity planes, further compromising the stability of the slope.  

Undercutting is a major predisposing factor in rocks made of a stratigraphic alternation 

of strong and weak layers. As the weaker layers erode more rapidly, they may form 

recesses or undercuts beneath the more resistant layers, that can become unstable over 

time due to the loss of supporting material underneath. This process can lead to the 

cyclic renewal of the cliff face. 

Sea waves are particularly efficient in creating overhanging slopes due to the combined 

effect of abrasion, solution, and the hydraulic action of the water that crashing against 

a rock face compress air in cracks. Over time, the cumulative effect of these processes 

can lead to the retreat of cliff faces and significant landform changes along coastlines. 

Geomorphology 

 Previous events 

 

Previous rockfall events can significantly influence the initiation and propagation of 

subsequent rockfalls. The most important effect is the alteration of slope morphology: 

When a rockfall event occurs, it can change the overall geometry of the slope or rock 

face. Such changes might create new overhangs, reduce support for certain rock 

masses, or change the slope overall angle, making it more susceptible to further 

rockfalls. Moreover, the removal of a large rock mass during a rockfall can change the 

stress distribution within the remaining rock face. Areas that were previously 

compressed might now be under tension, increasing the risk of further rockfalls. 

Previous rockfalls can also expose fresh rock surfaces that might be more susceptible 

to weathering processes, further weakening them.  

In general, recognizing past rockfall deposits or evidence of prior rockfall occurrences 

(such as changes in vegetation along the slopes) is crucial for evaluating the likelihood 

of future rockfall events. The factors that instigated past rockfalls often signal potential 

risks for similar events in the future, provided that the geological, geomorphological, 

and climatic conditions remain consistent. 

Physical and mechanical 

characteristics 

 Rock mass structure 

The pattern and orientation of discontinuities (joints, fractures, bedding planes, 

schistosity) control the kinematic feasibility, potential size, and shape of rock blocks 

that may detach. Among all the factors, the length or persistence of a discontinuity is 

critical. Even if the discontinuity has an orientation that would allow for movement, if 

it is not persistent enough to allow the block to be entirely bounded by discontinuities, 

the block may not be released. Faults and bedding planes generally display strong 

persistence, and at the slope scale they can frequently be considered as having infinite 

length. 

Spacing is the second critical factor. Discontinuities that are closely spaced can weaken 

the rock mass, making it more susceptible to external triggers like rainfall, freeze-thaw 

cycles, or seismic activity. To the other hand, a rock mass with wider discontinuity 

spacing can be more stable against minor triggers but might still be susceptible to 

larger-scale destabilization events. 

Aperture is also of great importance. The width of the opening of a discontinuity can 

influence water infiltration, which in turn can impact rockfall due to freeze-thaw 

processes or increased hydrostatic pressure. In rocks like limestone, gypsum, or other 

soluble formations, dissolution processes play a prominent role in the enlargement and 

development of discontinuities. This dissolution, often referred to as chemical 

weathering or more specifically as karstification, can progressively widen and enlarge 

the discontinuity, increasing the susceptibility to rockfall. 
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Other factors like roughness, infilled material, or strength of the discontinuity walls 

can be regarded as less important for rockfall predisposition. 

Physical and mechanical 

characteristics 

 Shear strength 

Discontinuity shear strength is one of the critical factors determining the stability of a 

rock block. Estimating the shear strength of rock discontinuities often involves a 

combination of direct measurements, empirical correlations, and modeling. 

Unfortunately, given the spatial and temporal variability of factors involved, there is 

inherent uncertainty in these estimates. When assessing rockfalls, the presence of rock 

bridges – intact segments of rock extending over a discontinuity – emerges as a 

paramount mechanical determinant. However, the characteristics and strength of these 

bridges can vary extensively, making them challenging to precisely quantify even after 

thorough inspection. This complexity has led to the adoption of statistical and 

probabilistic methodologies to better capture and estimate this crucial factor. 

Seismotectonics 

 Seismic activity 

 Distance to faults 

 Site effects 

 

The area seismic activity plays a crucial role in inducing rockfalls. Continuous 

exposure to even moderate seismic events can accumulate damage in rock slopes and 

fragment rock bridges along discontinuities. In rockfall research, it is vital to recognize 

and incorporate the area seismic predisposition. This predisposition can be deduced 

from the region seismic history, examining the frequency and magnitude of past 

earthquakes, and the proximity of active fault lines. Regions close to these fault lines 

are more likely to experience intense seismic disturbances, elevating their rockfall risk. 

Additionally, specific local conditions might enhance seismic effects on a slope, and 

there is a potential for matching frequencies between seismic waves and rock slopes or 

blocks, leading to resonance. 

Land cover & Vegetation 

 Land use/ Land cover 

 Vegetation 

Land cover directly affects the environmental conditions to which a rock mass is 

exposed, playing a role in the predisposition to rock block detachment. Generally, 

regions with bare rock or limited vegetation show a heightened vulnerability to 

rockfalls due to increased exposure to elements like direct rainfall, freeze-thaw effects, 

and varying temperatures. On the contrary, dense forests often shield rock surfaces 

from these elements. 

Vegetation, however, holds a complex role in influencing rockfall susceptibility, 

offering both stabilization and potential hazards. On one hand, the root systems of 

many plants, especially deep-rooted trees and shrubs, bind soil and rock particles 

together, making it more resistant to rockfall initiation. Conversely, as roots grow and 

expand, they can penetrate fractures and joints in the rock, exerting pressure and 

potentially widening these fractures. Furthermore, tall trees, especially those growing 

near the edge of cliffs or on steep slopes, can act as levers during strong winds. 

Consequently, the specific effect in any situation hinges on the nature and density of 

the vegetation, in conjunction with the prevailing geological and geomorphological 

conditions. 

Climate 

 Temperature Regime 

Long-term temperature variations significantly affect the triggering of rockfalls, a 

process that unfolds through several interconnected mechanisms. In regions where 

temperatures fluctuate considerably, especially those experiencing freeze-thaw cycles, 

the impact on rock stability can be profound. During freeze-thaw cycles, water that has 

seeped into cracks and fissures in the rock expands as it freezes, exerting pressure on 

the rock. In addition to freeze-thaw cycles, long-term warming trends, such as those 

associated with climate change, also play a role. Rising temperatures can lead to the 

melting of permafrost in high alpine regions. Permafrost acts as a stabilizing agent in 

these environments, and its loss can significantly reduce the structural integrity of rock 

faces, making them more susceptible to rockfalls. 

https://communitystudentiunina.sharepoint.com/:x:/r/sites/PE3RETURN935/Shared%20Documents/General/Glossary/RETURN_Glossary.xlsx?sourcedoc=%7BDA5137E4-4130-4D3E-915A-C7B1D39F5C5D%7D&file=RETURN_Glossary.xlsx&action=default&mobileredirect=true
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Anthropogenic factors 

 Slope/drainage changes 

Constructing roads and infrastructures in mountainous areas, along with human-driven 

alteration to slopes, can significantly impact rockfalls, particularly the initiation of rock 

block detachments. Often, the creation of pathways or leveled terrains necessitates 

excavation or blasting. These activities can disrupt the natural stability of rock masses, 

producing or expanding discontinuities that enhance the likelihood of rock block 

detachment. Additionally, infrastructural development can modify the natural drainage 

patterns, causing water to pool in specific regions. This, combined with the vibrations 

from heavy vehicular movement, can further compromise rock stability. Notably, if a 

high-resolution Digital Elevation Model (DEM) is available, some of the factors can 

be directly accounted as changes in slope morphology. 

In certain situations, traditional landscape management structures like dry-stone walls, 

which have been employed globally for centuries, might inadvertently contribute to 

rockfall. This risk emerges when the wall is inadequately constructed, when erosion 

affects the wall base, or when regular maintenance is neglected. Regular inspections 

and evaluations of these walls are crucial to avert unforeseen failures. 
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Slow sinkholes 

Suffosion and solution sinkholes 

 

Description of the main predisposing factors 

Geology 

 Lithology 

Lithology is among the primary factors for occurrence of slow sinkholes (solution 

sinkholes and suffosion sinkholes, according to the internationally accepted 

classification). The presence of soluble rocks (mainly, carbonates and evaporites) is in 

fact necessary, both at the surface (for solution sinkholes) than as bedrock below cover 

deposits (in the case of suffosion sinkholes) in order to start the process of karstification. 

In general, solution sinkholes therefore develop where geological features guarantee the 

presence of soluble rocks prone to karst development at the outcrop, whilst suffusion 

sinkholes interest areas with a cover consisting of non-soluble deposits above a 

carbonate bedrock.   

Geology 

 Stratigraphic features 

 

Stratigraphy may have a crucial role in sinkhole occurrence, due to possibility of 

differences in geological and sedimentological features in the overall succession, that 

may also correspond to variations in permeability of the deposits of the cover overlying 

the soluble bedrock. Depending upon changes in the stratigraphy (different layers, 

grainsize, porosity/density, etc.), these influence the flow of water and the erosional 

effects such flow may determine. 

Geology 

 Karstification degree 

 

The degree of karstification has a strong influence on the development of sinkholes 

because when a rock mass is interested by deep karstification, this results in a high 

presence of voids, conduits and caves within the rock mass, potentially sink areas for 

the downward movement and flow of the materials above.  

In mountain and hill areas, the karstification degree is the main factor controlling 

development and density of solution sinkholes, that may locally become the main 

landform characterizing the landscape. 

Geology 

 Talus/Weathering 

 

Weathering can significantly influence the proneness to solution and suffosion sinkholes 

in several ways. Chemical weathering (such as hydrolysis, oxidation, and carbonation) 

can break down primary minerals in rocks, leading to a reduction in the cohesive 

strength of the rock mass. Mechanical or physical weathering processes, such as those 

related to mechanical erosion by rapid inflow of water into underground voids, can 

result in degradation and disintegration of walls and vault, enhancing localized failures. 

The increase in persistence and aperture of discontinuities due to weathering can change 

the stability conditions of blocks of rock in the underground environment, and favor 

general failure. 

Geomorphology 

 Slope Morphology / 

Topography 

 

There exist different morphological and physical setting corresponding to variable 

possibilities of occurrence of slow sinkholes. Highplains, plateaus, and plains are 

typically more prone than slopes or mountain ridges to formation of these typologies of 

sinkholes. This has to be related to the combined action of the physical setting and the 

possibility of water stagnancy or runoff at the ground surface, with this latter directly 

influencing the possibility of water infiltration in the subsoil.  
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Geomorphology 

 Distance from coastline 

 

The distance from the coastline is a factor controlling the occurrence of slow sinkholes, 

due to the mixing zone between freshwater and sea water, derived by marine intrusion 

in coastal aquifers. The deriving brackish solution strongly enhances the dissolution 

rate, potentially enlarging the size of karst caves and voids, and thus contributing to 

further predisposing the area to sinkholes. This is especially true along coastal plains, 

where the low topography allows higher advancement inland of the intrusion wedge 

(Ghyben Herzberg interface). 

Geomorphology 

 Overburden thickness 

 

Thickness of the overburden, that is the material between the cave vault, or the conduits, 

and the ground surface, is a critical factor for occurrence of slow sinkholes. It, combined 

with geotechnical properties of the materials (cohesive or not) and their grainsize, may 

control the downward movement of grains into the fissure networks of the bedrock, in 

order to start the sinkhole process. In case of caves or voids wider than a few decimeters, 

the overburden thickness is, together with cave geometry and size, a crucial factor for 

characterizing the underground voids in the predisposition of stability charts. 

Geomorphology 

 Cave geometry and size 

 

Geometry and size of underground voids influence their stability: given certain values 

of the geomechanical properties, the ratio between width and height of the 

cave/conduits/voids may be a preliminary approach to assess the overall stability, and 

the tendency of the void toward the general failure. Cave geometry and size are, together 

with thickness of the overburden, crucial factors for characterizing the underground 

voids in the predisposition of stability charts. 

Geomorphology 

 Presence of previous 

events  

 

Slow sinkholes may occur as isolated feature but also in clusters. Density of the sinkhole 

distribution, that can be evaluated through sinkhole inventory maps, or through multi-

temporal activity maps of sinkholes, represents therefore an important factor to evaluate 

the proximity of each individual sinkhole to the others. Neighboring sinkholes are 

expected to interact in the future, through enlargement of their areas due to failures from 

the rims, eventually leading to coalescence and formation of compound sinkholes or 

uvala. 

Physical and mechanical 

properties 

 Rock mass structure 

 

The presence of discontinuities in the bedrock (cropping out at the surface for solution 

sinkholes, and below the cover for suffosion sinkholes) is an important factor that 

control the overall weakness of the rock mass, and, as a consequence, its capability in 

resisting to destabilizing forces. Discontinuities may be of primary origin (bedding 

planes), related to the modality of formation of the rock, or having a secondary origin 

(joints and fractures), formed by tectonic forces. Whatever their origin, the presence of 

discontinuities within a rock mass hosting caves and conduits influences the possibility 

of occurrence of slow sinkholes.  

The pattern and orientation of discontinuities control the kinematic feasibility, and the 

potential downward movement of materials within the fracture network. Among all 

involved factors, persistence and continuity of the discontinuity is critical.  

Spacing is the second critical factor: closely spaced discontinuities weaken the rock 

mass much more than those located at higher distances, and they can work to facilitate 

the downward flow of loose materials. Together with the above, aperture is also of great 

importance, since width of the opening of a discontinuity can influence water 

infiltration, and its flow within the subsoil.  
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Physical and mechanical 

properties 

 Grainsize 

distribution/Particle 

shape  

As concerns soils making up the loose cover above soluble bedrock, shape of the 

particles, together with the grainsize distribution, are among the physical and 

mechanical properties that appear to control the movement of particles within the 

discontinuity systems, and therefore the onset of suffosion sinkholes. These properties 

also influence the cohesion of the deposits, and the facility of the materials to be 

removed and transported by water. 

Physical and mechanical 

properties 

 Porosity/Density 

 

Porosity, that is the ratio between volume of the voids and volume of the solid in a 

terrain or rock, is an important parameter to determine the capability of a material to 

allow movement of water within itself. In detail, effective porosity, meaning the 

connection among interconnecting pores, is the crucial parameter at this regard. 

In the case of karst voids, evaluating effective porosity is crucial in order to understand 

the likely effect of flowing water within the terrain or the rock mass. 

Physical and mechanical 

properties 

 Hydraulic properties 

 

Strictly related to effective porosity, discussed above, there are other hydraulic 

properties such as permeability and transmissivity. These hydraulic properties, overall, 

characterize the ability of a terrain or rock to transfer water, and, as a consequence, to 

assess the effects of its passage throughout the material, likely predisposing to 

deepening of solution sinkholes and to dropout of loose materials from the cover into 

fissures and cracks in the rock mass, eventually leading to formation of suffosion 

sinkholes. 

Seismotectonics 

 Seismic activity 

 

Seismicity of an area influences the proneness to suffosion sinkholes. Seismic shaking 

is generally regarded as a triggering factor for sinkhole occurrence, but actually it may 

also play a role in its predisposition, in the sense that a non-seismic area has definitely 

less possibility to develop a sinkhole than a seismic area. In this latter case, the 

frequency of seismic events might possibly favor the more or less continuous dropout 

of loose deposits. In seismic areas, shaking determines a likely reduction in the 

thickness of the overburden, due to occurrence of local failures at the cave/conduit 

vaults, or to drop out of the loose material from the cover. In addition, it acts in 

worsening the rock mass strength. 

To properly evaluate the proneness to suffosion sinkholes, it is therefore vital to 

recognize and incorporate the seismic predisposition of the area. This can be deduced 

from the region seismic history, examining the frequency and magnitude of past 

earthquakes, and the proximity to active fault lines (see below). 

Seismotectonics 

 Faulting systems / 

Distance from faults  

 

Faults represent a weakness zone in rock masses (fault damage zone), where water flow 

typically may concentrate, due to higher permeability. Fracturing in the fault damage 

zone, in fact, promotes fluid circulation and weathering of soluble rocks at depth. 

Location of underground voids near a fault may be indicative of poor quality of the rock 

mass, with higher fracturing density, and therefore of higher proneness to instability, or 

to dropping out of the cover materials into the bedrock. 
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Land cover & Vegetation 

 Land Use / Land Cover 

Land cover directly affects the environmental conditions of the rock masses affected by 

solution sinkholes, playing a role in the possibility for water to enter the subterranean 

systems at certain locations. Generally, regions with bare rock or limited vegetation are 

directly exposed to elements like rainfall, snow thawing, and changes in temperature. 

On the other hand, dense forests often shield rock surfaces from these elements, but 

roots of trees play a role in facilitating the infiltration of water in fissures of the rock 

mass, serving as wedges that promote detachment. Land cover is shaped by several 

factors such as geology, climate, and topography. While land cover holds importance in 

specific contexts, each of these factors can be evaluated and addressed separately in 

susceptibility analyses of slow sinkholes. 

Land cover & Vegetation 

 Soil Type / Soil 

Thickness 

 

Presence of a soil, and its main characters, that essentially include type and thickness, 

may be relevant for impeding or favoring the infiltration of water underground, and, as 

a consequence, the loss in mechanical properties due to an increase in the degree of 

saturation. At this regard, permeability of the soil plays a crucial role, together with the 

gradient of the ground surface above the conduit/void: in sub-horizontal or low 

topography there is possibility of water stagnancy, and of slow infiltration of significant 

amount of water. On the other hand, in condition of higher slope the low permeability 

of a soil acts in favoring the surface runoff rather than the infiltration.  

Hydrogeology 

 Groundwater/Saturation 

 

The water content, expressed by the degree of saturation, is a crucial factor to evaluate 

the strength of soils or rock masses hosting underground voids. High water content 

cause significant reduction in the resistance of the materials, thus predisposing them 

toward more likely instability conditions. Increase in the degree of saturation may 

depend upon infiltration of rainfall, or of water from irrigation or leakages, but may also 

occasionally be related to flood events.  

Presence of the water table in proximity of underground voids may potentially increase 

the proneness to instability, as an effect of the water table dynamics, and of its related 

fluctuations. Rising of the water level, up to reach the depth where cave/conduits/voids 

are present, results in flooding the voids. This increases the degree of saturation, with 

remarkable reduction in the mechanical parameters and a significantly lower capability 

to counteract the destabilizing forces. Overall, the final effect is represented by a 

tendency toward downward movement of the loose deposits from the cover. 

Climate 

 Rainfall regime 

Rainfall regime, in terms of average rainfall, and typical intensity and duration of 

rainstorms, can be considered as a predisposing factor for the occurrence of slow 

sinkholes. Areas characterized by concentrated rainstorms, likely leading to rapid 

arrival of significant amount of water underground, are definitely more prone to these 

processes than areas with low intensity and prolonged rainfall. It is clear that rainfall 

can be considered also as preparatory and/or triggering factor for suffosion sinkholes, 

but in this report we focus on the rainfall regime as predisposing factor. 

Anthropogenic factors 

 River banks/levees 

typology 

Presence of artificial river banks or levees may be a predisposing factor for the 

occurrence of slow sinkholes: water movement in the proximity of the river, with 

particular regard to its fluctuations, may induce development of erosional features such 

as piping, with dropout of the materials and opening of suffosion sinkholes. In addition, 

leakages from pipelines for irrigation may favor increases in the degree of saturation of 

the terrains, again acting toward conditions favorable to erosion and movement of loose 

particles. 
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Anthropogenic factors 

 Slope/drainage changes 

Modifications in the natural drainage patterns may cause water to infiltrate and/or to 

become stagnant in specific areas, compromising the overall terrain stability through 

decrease of the mechanical properties. Higher presence of water increases the possibility 

of development of erosional processes, able to move loose material, thus creating the 

formation of voids, until a suffosion sinkhole is originated. 
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Rapid sinkholes 

Collapse sinkholes, cover collapse sinkholes, caprock collapse sinkholes 

 

Description of the main predisposing factors 

Geology 

 Lithology 

Lithology is among the primary factors for occurrence of rapid (collapse) natural 

sinkholes, since it is necessary the presence of soluble rocks (mainly, carbonates and 

evaporites) in order to let start the process of karstification, and the consequent formation 

of underground voids and caverns. However, collapse sinkholes may also occur in areas 

characterized by different types of rock, such as volcanic materials; this typically 

happens in urban areas with presence of artificial cavities, excavated by man in different 

epochs and with different purposes. Cities as Rome, Naples and Palermo have been 

frequently affected by collapses of this type, as well as many other smaller Italian towns. 

In general, collapse sinkholes therefore develop where geological features guarantee the 

presence of soluble rocks prone to karst development, or of soft rocks easy to dig by 

man.   

Geology 

 Stratigraphic features 

 

Stratigraphy may have a crucial role in sinkhole occurrence, due to possibility of 

differences in geological and sedimentological features in the overall succession, that 

may also correspond to variations in permeability of the deposits above the karst cave or 

the artificial cavity. Depending upon changes in the stratigraphy, these influence the flow 

of water and the erosional effects such flow might determine. 

Geology 

 Karstification degree 

 

The degree of karstification has a strong influence on the development of sinkholes 

because when a rock mass is interested by deep karstification, this results in a high 

presence of voids and caves within the rock mass, potentially weakening its mechanical 

resistance, and favoring the tendence toward a progressive failure, eventually leading to 

collapse.  

Geology 

 Talus/Weathering 

 

Weathering can significantly influence the proneness to collapse sinkholes in several 

ways. Chemical weathering (such as hydrolysis, oxidation, and carbonation) can break 

down primary minerals in rocks, leading to a reduction in the cohesive strength of the 

rock mass, making it more susceptible to detachment and failure from both vault and 

walls of the cave. Mechanical or physical weathering processes, such as those related to 

mechanical erosion by rapid inflow of water into underground voids, can result in 

degradation and disintegration of walls and vault, enhancing localized, if not overall, 

failures. Water can then enter rock fissures and expand, forcing them to widen and 

causing further detachments. The increase in persistence and aperture of discontinuities 

due to weathering can change the stability conditions of blocks of rock in the 

underground environment, and favor general failure. 

Another type of weathering is represented by dissolution, with may be a significant 

factor for the enlargement of karst caves, and contribute to move the rock mass hosting 

the cave toward conditions of higher instability. Depending upon the rate of dissolution 

(in turn, a function of rock type, local climate, and microclimatic conditions in the 

underground void), conduits and voids in the cave system may widen, possibly leading 

to local failures and detachment of rock blocks of variable size. 
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Geomorphology 

 Slope Morphology / 

Topography 

 

There exist different morphological and physical setting corresponding to variable 

possibilities of occurrence of collapse sinkholes. Highplains, plateaus, and plains are 

typically more prone than slopes or mountain ridges to sinkhole formation. This has to 

be related to the combined action of the physical setting and the possibility of water 

stagnancy or runoff at the ground surface. This latter directly influences the possibility 

of water infiltration in the subsoil. Nevertheless, even mountain areas can be interested 

by sinkhole collapse, due to progressive upward stoping in karst caves, typically with 

creation of vertical shafts.  

Geomorphology 

 Erosion by running 

water 

 

When water enters dramatically into a cave system, or an artificial cavity, in consequence 

of a flood event the main effects are represented by the turbulent action of the running 

water (including the solid materials transported) and its mechanical erosion on the vault 

and walls of the underground void. Further, water may fill, partially or totally, the cave, 

and a variable time (hours to days) is required to discharge such amount, which, on the 

other hand, increases the degree of saturation of the hosting rock or soil. 

The same effects can be observed during sea storms for caves located along the coast or 

in its immediate proximity, within the zone potentially involved by the arrival of sea 

waves. Along the coasts, in addition, the distance from the sea may act as an additional 

factor controlling the occurrence of collapse sinkholes, due to the mixing zone between 

freshwater and sea water, derived by marine intrusion in coastal aquifers. The deriving 

brackish solution strongly enhances the dissolution rate, potentially enlarging the size of 

karst caves and voids, and thus contributing to further predisposing the area toward the 

final collapse. This is especially true along coastal plains, where the low topography 

allows higher advancement inland of the intrusion wedge (Ghyben Herzberg interface). 

Geomorphology 

 Overburden thickness 

 

Thickness of the overburden, that is the material between the cave vault and the ground 

surface, is a critical factor for stability of underground voids, and therefore for 

occurrence of collapse sinkholes. Depending upon the materials involved, and their 

mechanical properties, a reduction in the overburden thickness (due to repeated 

detachments from the vault) may reach a threshold above which stability is not 

guaranteed anymore, and failure occurs. The overburden thickness is, together with cave 

geometry and size, a crucial factor for characterizing the underground voids in the 

predisposition of stability charts. 

Geomorphology 

 Cave geometry and 

size 

 

Geometry and size of underground voids influence their stability: given certain values 

of the geomechanical properties, the ratio between width and height of the cave may be 

a preliminary approach to assess the overall stability, and the tendency of the void toward 

the general failure. Another issue to consider is represented by proximity with other 

underground spaces: typically, in subterranean quarries/mines the system consists of 

several nearby galleries, so that collapses occurring in one passage may affect also the 

stability of the neighboring ones. As a matter of fact, this typology of artificial cavities 

is the most affected by collapse sinkholes. 

Cave geometry and size are, together with thickness of the overburden, crucial factors 

for characterizing the underground voids in the predisposition of stability charts. 

Geomorphology 

 Presence of previous 

events 

 

Collapse sinkholes may occur as isolated feature but also in clusters. Density of the 

sinkhole distribution, that can be evaluated through sinkhole inventory maps, or through 

multi-temporal activity maps of sinkholes, represents therefore an important factor to 

evaluate the proximity of each individual sinkhole to the others. Neighboring sinkholes 

are expected to interact in the future, through enlargement of their areas due to failures 

from the rims, eventually leading to coalescence and formation of compound sinkholes 

or uvala. 
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Physical and mechanical 

properties 

 Rock mass structure 

 

The presence of discontinuities in the rock mass is an important factor that control the 

overall weakness of the rock, and, as a consequence, its capability in resisting to 

destabilizing forces. Discontinuities may be of primary origin (bedding planes), related 

to the modality of formation of the rock, or having a secondary origin (joints and 

fractures), formed by tectonic forces. Whatever their origin, the presence of 

discontinuities within a rock mass hosting karst caves or artificial cavities influences 

negatively the possibility of occurrence of collapse sinkholes, through progressive 

detachment of blocks from their vaults.  

In detail, the pattern and orientation of discontinuities (primary, as bedding planes, and 

secondary, as joints and fractures) control the kinematic feasibility, potential size, and 

shape of rock blocks that may detach in underground voids. Among all involved factors, 

persistence of a discontinuity is critical, since this parameter may control the detachment 

of the blocks from the vault of a cavern.  

Spacing is the second critical factor: closely spaced discontinuities weaken the rock mass 

much more than those located at higher distances. A close spacing, in detail, makes the 

rock mass more susceptible to external triggers like rainfall, freeze-thaw cycles, or 

seismic activity. Aperture is also of great importance, especially underground. The width 

of the opening of a discontinuity can influence water infiltration, and its flow within the 

subsoil; this, in turn, can impact rock failure due to increased hydrostatic pressure. Other 

factors like roughness, infilling material, or strength along the discontinuity walls can be 

regarded as less important for predisposition to rock failure in subterranean voids. 

Physical and mechanical 

properties 

 Porosity/Density 

 

Porosity, that is the ratio between volume of the voids and volume of the solid in a terrain 

or rock, is an important parameter to determine the capability of a material to allow 

movement of water within itself. In detail, effective porosity, meaning the connection 

among interconnecting pores, is the crucial parameter at this regard. 

In the case of karst voids, or artificial cavities excavated in soft rocks, evaluating 

effective porosity is crucial in order to understand the likely effect of flowing water 

within the terrain or the rock mass. 

Physical and mechanical 

properties 

 Shear strength 

 

Discontinuity shear strength is one of the critical factors determining the stability of rock 

blocks in underground settings. Its estimates, however, are often characterized by 

uncertainties. When assessing rock failures in caves and cavities, the presence of rock 

bridges – intact segments of rock extending over a discontinuity – emerges as a 

paramount mechanical determinant. However, the characteristics and strength of these 

bridges can vary extensively, making challenging their precise quantification. Such a 

complexity has led to the adoption of statistical and probabilistic methodologies to better 

capture and estimate this crucial factor. 

As a further element, chemical weathering (such as hydrolysis, oxidation, and 

carbonation) can break down primary minerals in rocks, leading to a reduction in the 

cohesive strength of the rock mass, making it more susceptible to detachment and failure 

from both vault and walls of the cave. 

As concerns soils, the geotechnical properties (in terms of shear strength) must be 

considered for cover collapse sinkholes, since poor values in these properties may result 

in significant reduction of the overburden thickness within the cover, thus favoring the 

occurrence of a catastrophic collapse. 
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Physical and mechanical 

properties 

 Hydraulic properties 

 

Water infiltration, from the surface in consequence of rainfall, or in turbulent way on the 

occasion of flood events, may fill partially or totally the cave, and a variable time (hours 

to days) is required to discharge such amount, which, on the other hand, increases the 

degree of saturation of the hosting rock or soil. 

Strictly related to effective porosity, discussed above, there are also other hydraulic 

properties such as permeability and transmissivity. These hydraulic properties, overall, 

characterize the ability of a terrain or rock to transfer water, and, as a consequence, to 

assess the effects of its passage throughout the material, likely predisposing to failure in 

underground voids and to catastrophic collapse. 

Seismotectonics 

 Seismic activity 

 

Seismicity of an area influences the proneness to collapse sinkholes. Seismic shaking is 

generally regarded as a triggering factor for occurrence of the collapse, but actually it 

may also play a role in its predisposition, in the sense that a non-seismic area has 

definitely less possibility to develop a general failure in an underground void than a 

seismic area. In this latter case, the frequency of seismic events might possibly weaken 

the rock mass, thus predisposing it toward development of a rock failure. 

The seismic activity plays a crucial role in inducing rock failures within underground 

voids. Continuous exposure to even moderate seismic events can accumulate damage 

within the rock mass, and work in fragmenting the rock bridges along discontinuities. 

To properly evaluate the proneness to collapse sinkholes, it is therefore vital to recognize 

and incorporate the seismic predisposition of the area. This can be deduced from the 

region seismic history, examining the frequency and magnitude of past earthquakes, and 

the proximity to active fault lines. 

Seismotectonics 

 Faulting Systems / 

Distance from faults  

 

Faults represent a weakness zone in rock masses (fault damage zone), where water flow 

typically may concentrate, due to higher permeability. Fracturing in the fault damage 

zone, in fact, promotes fluid circulation and weathering of soluble rocks at depth. 

Location of underground voids near a fault may be indicative of poor quality of the rock, 

with higher fracturing density, and therefore of higher proneness to instability. 

Land cover & Vegetation 

 Land Use / Land Cover 

Land cover directly affects the environmental conditions of terrains above underground 

voids, playing a role in the possibility for water to enter the subterranean systems. 

Generally, regions with bare rock or limited vegetation are directly exposed to elements 

like rainfall, snow thawing, and changes in temperature. On the other hand, dense forests 

often shield rock surfaces from these elements, but roots of trees play a role in facilitating 

the infiltration of water in fissures of the rock mass, serving as wedges that promote 

detachment. Land cover is shaped by several factors such as geology, climate, and 

topography, but it also depends on anthropogenic activities. While land cover holds 

importance in specific contexts, each of these factors can be evaluated and addressed 

separately in susceptibility analyses of collapse sinkholes. 

Land cover & Vegetation 

 Soil Type / Soil 

Thickness 

 

Presence of a soil above natural caves or artificial cavities, and its main characters, that 

essentially include type and thickness, may be relevant for impeding or favoring the 

infiltration of water underground, and, as a consequence, the loss in mechanical 

properties due to an increase in the degree of saturation. At this regard, permeability of 

the soil plays a crucial role, together with the gradient of the ground surface above the 

void: in sub-horizontal or low topography there is possibility of water stagnancy, and of 

slow infiltration of significant amount of water. On the other hand, in condition of higher 

slope the low permeability of a soil acts in favoring the surface runoff rather than the 

infiltration, thus carrying away most of the water from the area above the cave.  
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Land cover & Vegetation 

 Vegetation Type 

 

As pointed out for the factor “Land Use / Land Cover”, the type of vegetation above 

underground voids may play an important role as concerns the possibility, and the 

modality as well, of water infiltration in the subsoil. Regions with limited vegetational 

cover are directly exposed to elements like rainfall, snow thawing, and changes in 

temperature, whilst dense forests often shield rock surfaces from these elements. 

Nevertheless, roots of trees play a role in facilitating the infiltration of water in fissures 

of the rock mass, serving as wedges that promote detachment. There are trees with very 

well-developed roots that are able to penetrate fissures and discontinuities in the rock 

mass, enlarge them and promote detachment of wedges or portions of the rock, at the 

same time favoring the water infiltration into the subsoil. This behavior, causes an 

overall weakening of the geotechnical properties, that has to be considered together with 

the load related to presence of the trees (and of their roots as well) over the cave. 

Depending upon the vegetation type, different effects may be observed, and this factor 

should be carefully evaluated, aimed at understanding its role in promoting or not events 

of instability within caves and cavities. For instance, fig trees are generally indicative of 

an underground space with high moisture (caves or conduits), and reeds characterize the 

areas with water stagnancy or where water is close to the ground surface. 

Hydrogeology 

 Groundwater / 

Saturation 

 

Presence of the water table in proximity of an underground void, both of natural and 

anthropogenic origin, may potentially increase the proneness to instability, as an effect 

of the water table dynamics, and of its related fluctuations. Rising of the water level, up 

to reach the depth of the cave, results in flooding the lower part, if not all, the void. This 

increases definitely the degree of saturation, with remarkable reduction in the 

mechanical parameters and a significantly lower capability to counteract the 

destabilizing forces. Overall, the final effect is represented by a tendency toward failure 

of the rock mass in the cave and general collapse leading to sinkhole formation. 

The water content, expressed by the degree of saturation, is in fact a crucial factor to 

evaluate the strength of soils or rock masses hosting underground voids. High water 

content cause significant reduction in the resistance of the materials, thus predisposing 

them toward more likely instability conditions. Increase in the degree of saturation may 

depend upon infiltration of rainfall, or of water from irrigation or leakages, but may also 

occasionally be related to flood events, with concentrated water inflow into the cave 

system.  

Hydrogeology 

 Rising acid fluids 

 

Rising acidic fluids, moving along faults or other secondary discontinuities from depths, 

predispose the rocks and terrains through which they move to possible enlargement of 

karst voids, and, in consequence of this, to progressive failure toward the surface, until 

a collapse sinkhole is formed. This may also occur as cover or caprock collapse sinkhole 

(according to the internationally accepted classification on sinkholes), depending upon 

the characters of the materials covering the bedrock affected by karst processes. 

Hydrogeology 

 Water inflow/outflow 

during flood/seastorm 

 

When water enters dramatically into a cave system, or an artificial cavity, in consequence 

of a flood event the main effects are represented by the turbulent action of the running 

water (including the solid materials transported) and its mechanical erosion on the vault 

and walls of the underground void. Further, water may fill, partially or totally, the cave, 

and a variable time (hours to days) is required to discharge such amount, which, on the 

other hand, increases the degree of saturation of the hosting rock or soil. 
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The same effects can be observed during sea storms for caves located along the coast or 

in its immediate proximity, within the zone potentially involved by the arrival of sea 

waves.  

Climate 

 Rainfall regime 

 

Rainfall regime, in terms of average rainfall, and typical intensity and duration of 

rainstorms, can be considered as predisposing factor for the occurrence of collapse 

sinkholes. Areas characterized by concentrated rainstorms, likely leading to rapid arrival 

of significant amount of water underground, are definitely more prone to these processes 

than areas with low intensity and prolonged rainfall. It is clear that rainfall can be 

considered also as preparatory and/or triggering factor for collapse sinkholes, but in this 

report we focus on the rainfall regime as predisposing factor. 

Anthropogenic factors 

 Structures / 

Infrastructures / 

Buildings 

 

Particularly in urban areas, the presence of pipelines, sewer systems and infrastructures 

in the first meters below the ground, and above subterranean voids, may have a strong 

influence on the possibility of occurrence of sinkholes. In detail, leakages from such 

systems and modifications in the natural drainage patterns may cause water to infiltrate 

and/or to become stagnant in specific areas, compromising the overall rock stability 

through degradation of the mechanical properties. Further, leakages from pipelines may 

induce an increase in the degree of saturation of terrains or rock masses, again bringing 

toward conditions favorable to failures. Problems related to maintenance works of 

pipelines and other lifelines have also to be taken into account, as they may additionally 

contribute to underground instability. 

Presence of roads and infrastructures above underground voids can also significantly 

impact the possibility of occurrence of sinkholes: the vibrations related to heavy traffic, 

or to frequent passage of vehicles in urban areas, in addition to those deriving from 

opening of building and construction sites, may predispose the materials hosting the 

cavities to further instabilities, eventually leading to opening of a collapse sinkhole. 

These activities may expand the discontinuity apertures, or determine formation of new 

cracks, enhancing the likelihood of rock block detachment. In addition, infrastructural 

development can modify the natural drainage patterns, causing water to infiltrate and/or 

to become stagnant in specific areas, compromising the overall rock stability through 

degradation of the mechanical properties. 
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Subsidence 

 

Description of the main predisposing factors 

Geology 

● Lithology 

 

Fine-grained soils, notably clay and silt, are particularly prone to causing subsidence due 

to their capacity to shrink and swell based on moisture content and changes in pore water 

pressure. These soils exhibit significant volume changes in response to varying water 

levels, leading to ground subsidence. Conversely, non-cohesive soils like sand and 

gravel are less likely to shrink and swell, but they can still contribute to subsidence 

through processes like underground piping, where water flow erodes and removes soil 

particles. 

Subsidence is also notably pronounced in geological formations composed of highly 

compressible sediments, such as those found in pro-deltas, delta plains, and swamp 

muds. The thickness and compressibility of these sediments make them particularly 

susceptible to volume changes and settling. Additionally, in regions with soils rich in 

organic materials like peat, subsidence can occur as these materials decompose, leading 

to a reduction in volume. The rate of this decomposition, and thus the rate of subsidence, 

varies depending on the specific type of organic material and is influenced by 

environmental factors such as temperature and moisture. 

Geology 

 Stratigraphic features 

 

Soil compaction primarily takes place in the initial stages of sedimentation, known as 

primary consolidation. In this context, older geological formations, having been subject 

to natural processes over extended periods, have typically undergone significant 

consolidation. In contrast, geologically younger formations are more susceptible to 

ongoing subsidence due to secondary compaction. This is particularly true for fine-

grained soils that contain substantial amounts of peat and organic matter, as they are 

more prone to further compaction and subsidence. 

The subsurface stratigraphy of an area is also a key determinant of the aquifer system's 

structure. This stratigraphy governs the distribution and interplay of aquifer and aquitard 

layers, which in turn control the dynamics of groundwater movement. Consequently, 

these layers have a direct impact on the distribution of pore pressure, which is a critical 

factor in the soil consolidation process. The arrangement of these layers influences 

potential drainage paths, affecting how water moves through and exits the soil. 

Additionally, the thickness of compressible soil layers, which are typically fine-grained, 

plays a significant role in subsidence processes. The proportion of these layers and how 

they are interspersed with coarser-grained materials can influence the overall 

susceptibility of the area to subsidence. The vertical arrangement and variability of these 

different soil types within the stratigraphic sequence are crucial in determining how 

prone a region is to subsidence under various environmental and anthropogenic 

influences. 

Geomorphology 

● Slope Morphology / 

Topography 

Subsidence phenomena are typically present in alluvial plains, coastal plains, wide 

depressed areas. These areas are generally composed of recent, loosely packed deposits 

and often suffer from inadequate drainage, leading to the accumulation and prolonged 

presence of water. Fluctuations in groundwater levels and changes in surface load in 

these environments are key contributors to ground subsidence. Additionally, the 

topography of these areas plays a significant role in dictating the movement of 

groundwater, which is a crucial factor in the development of subsidence. The way 

groundwater navigates through these landscapes can greatly influence the stability of the 
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ground, underscoring the interconnectedness of topographical features and subsidence 

phenomena. 

Geomorphology 

● Presence of previous 

events 

As for all other natural hazards, the presence of previous episodes of subsidence 

phenomena is indicative of the possibility of occurrence of such an hazard. Therefore, 

knowing the areas where subsidence has already occurred, or where it is occurring at 

present, is among the main elements to know in order to provide a preliminary indication 

of the areas most susceptible to subsidence. 

Physical and mechanical 

properties 

● Grainsize 

distribution/Particle 

shape 

● Porosity / Density 

● Mineralogy and 

plasticity 

● Hydraulic properties 

The physical and mechanical properties of soil are critical in determining the likelihood 

and severity of ground subsidence. Among these properties, soil compressibility stands 

out as particularly important. This property measures the degree to which soil volume 

decreases under pressure. The compressibility of fine-grained soils is often linked to 

their in situ condition, characterized by factors such as void ratio and over-consolidation 

ratio (OCR). Within the realm of soil compressibility, the oedometric or constrained 

modulus (Em) is a key parameter. 

In situations where detailed measurements of compressibility are not available, the 

tendency of soil to undergo volume changes can be estimated based on other properties. 

These include grain size distribution, porosity, and soil plasticity. Soils with a significant 

amount of fine particles, such as clay and silt, usually possess smaller pores, lower 

permeability, and higher plasticity, all contributing to greater compressibility. In such 

cases, Atterberg limits are often utilized for a preliminary assessment of the soil's 

compressibility potential. The presence and quantity of organic matter in the soil also 

significantly affect its mechanical properties. Organic-rich soils can exhibit extreme 

plasticity and very high compressibility.  

Hydrogeology 

● Groundwater / 

Saturation 

The hydrogeological setting of the area has a profound impact on ground subsidence. 

The spatial arrangement of aquifers and aquitards affect how water is stored and moves 

underground, influencing the pressure distribution and the saturation levels with depth. 

Changes in these factors, whether due to natural conditions or human activities, can alter 

the stability of the ground. While aquifers are the source of water extraction, it is often 

the characteristics and response of the aquitards, with their fine-grained composition and 

susceptibility to volume changes, that play a pivotal role in the occurrence of ground 

subsidence. Understanding the hydrogeological profile of an area, including the 

distribution and characteristics of aquifers and aquitards, is essential for assessing 

subsidence susceptibility. 

Groundwater levels are also subject to seasonal variations, which are influenced by the 

amount of rain infiltrating the subsoil and by human actions such as groundwater 

withdrawal or recharge from irrigation. In areas where groundwater levels fluctuate, the 

sediments experience hydrodynamic compaction, leading to vertical displacement of the 

ground. This process, often occurring in conjunction with shallow groundwater level 

changes, can cause localized ground settlements, a phenomenon typically referred to as 

shrinkage. 
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Climate 

● Rainfall regime 

● Temperature regime 

The role of the long-term rainfall regime in ground subsidence is significant, as it is a 

crucial component of the water cycle. This is especially important in the context of 

anthropogenic subsidence, which is often linked to activities like water pumping. The 

patterns of long-term rainfall play a key role in establishing groundwater levels, which 

in turn have a substantial impact on soil settlement. Maintaining stable groundwater 

levels is essential for preserving the pressure balance within the soil and helping to 

mitigate subsidence. However, this balance can be disrupted during prolonged periods 

of drought. Insufficient rainfall leads to reduced replenishment of groundwater reserves, 

a critical issue in maintaining soil stability. This situation is exacerbated when ongoing 

human activities continue to extract water, leading to further depletion of groundwater 

levels. As these levels drop, the risk of soil compaction and subsequent subsidence 

increases, posing a threat to ground stability. 

Climate change introduces additional challenges to this scenario. It alters global weather 

patterns, potentially leading to more extreme and less predictable climatic conditions. 

These changes can affect the frequency, intensity, and distribution of rainfall, impacting 

the natural water cycle and, consequently, groundwater replenishment. The effects of 

climate change could therefore amplify the impact of long-term rainfall patterns on 

ground subsidence, making the issue more complex and challenging. 

Anthropogenic factors 

● Structures/Infrastructur

es/Buildings 

Land subsidence can be affected by the load exerted by buildings, infrastructures, as well 

as by specific human activities. Areas with a high concentration of buildings often 

experience increased subsidence due to the heavy load these structures impose. 

Moreover, the way land is utilized can result in distinct patterns of water usage. For 

instance, during irrigation periods for crops like wheat, which typically coincide with 

dry weather, extensive groundwater extraction to meet irrigation needs can cause land 

subsidence. This is especially true in regions where irrigated agriculture is widespread 

and coupled with rapid population growth, making groundwater withdrawal a 

predominant factor in subsidence. 

A variety of human-induced actions play a role in causing land subsidence. Among 

these, several are directly related to the presence of man-made structures and 

infrastructures. These include: 

 

 The consolidation of ground materials under the weight of buildings and other 

built-up structures. 

 The decomposition and compaction of organic-rich soils, often seen in areas 

where marshlands have been reclaimed for development. 

 Deformations caused by local or widespread structural failures, including the 

lack of support in underground cavities like abandoned mines or tunnels. These 

can lead to upward stoping, where voids gradually expand upwards, potentially 

affecting surface stability. 

 

Understanding the interplay between these anthropogenic factors and natural soil 

properties is essential for assessing predisposition to subsidence. 

Anthropogenic factors 

● Groundwater/Gas/Oil 

exploitation 

The exploitation of natural resources is a primary cause of subsidence phenomena. 

Specifically, the extraction of groundwater, gas, or oil typically leads to a reduction in 

pore pressure within compressible soils. This can occur across extensive areas, resulting 

in noticeable vertical ground displacements. The rate of resource extraction plays a 

crucial role in the dynamics of subsidence; rapid extraction tends to cause abrupt changes 

in underground pressures, leading to immediate and more pronounced subsidence. On 

the other hand, a slower pace of extraction usually results in more gradual ground 

settlement. 

The management practices of resource extraction, such as the employed extraction 

techniques and the maintenance of groundwater pressures, are key factors that determine 

the severity and scope of subsidence. Poorly managed extraction, often a challenge in 

developing countries due to limited resources or regulatory oversight, can exacerbate the 
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problem, leading to greater environmental and infrastructural impacts, including damage 

to infrastructure, alteration of watercourses, and increased risk of flooding.  
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Liquefaction 

 

Description of the main predisposing factors 

Geology 

 Lithology 

 

 

Lithology is one of the most important predisposing factors for occurrence 

of liquefaction. The process is triggered by strong-motion earthquakes in 

cohesionless soils, encompassing sandy silts to sandy gravels, provided that 

seismic shaking is faster than the capacity of the soil to dissipate the induced 

excess pore water pressure. As a consequence, the rapid loss of shear 

strength and stiffness of soils occurs with catastrophic effects.  

Geology 

 Stratigraphic features 

 

Liquefaction involves shallow saturated layers of sandy soils, generally 

placed in the first 20 m from the ground surface. When confined by fine-

grained non-liquefiable soil layers characterized by low permeability, sandy 

soils result more susceptible to liquefaction, due to the reduction of the rate 

of dissipation of the excess pore water pressure. 

Geomorphology 

 Slope Morphology / Topography 

 

Liquefaction phenomena typically occur in topographically flat areas such 

as alluvial and coastal plains, as well as in lacustrine basins and marshlands. 

They can also affect abandoned meanders of rivers, in peculiar conditions. 

Therefore, the topography, combined with the lithological and stratigraphic 

characteristics of the site, can provide a preliminary indication of the areas 

most susceptible to liquefaction. 

Geomorphology 

● Presence of previous events 

As for all other natural hazards, the presence of previous episodes of 

liquefaction is indicative of the possibility of occurrence of such an hazard. 

Therefore, knowing the areas where liquefaction has already occurred, or 

where it is occurring at present, is among the main elements to know in 

order to provide a preliminary indication of the areas most susceptible to 

this hazard.  

Physical and mechanical properties 

● Grainsize distribution/Particle 

shape 

Soils with rounded particle shapes are known to densify more easily than 

soils with angular grains, implying that their liquefaction resistance is lower 

with respect to angular-grained soils. 

Physical and mechanical properties 

● Porosity / Density 

Relative density plays an important role in liquefaction. Loose sands (lower 

relative densities) are more prone to liquefaction than dense sands. In loose 

contractive soils, ‘flow liquefaction’ occurs when pore water pressure 

increasingly accumulates and effective stress approaches zero; denser soils 

with a tendency to dilate show alternate increase and reduction of pore 

pressure leading to a less catastrophic phenomenon know as ‘cyclic 

mobility’. 

Physical and mechanical properties 

● Mineralogy and plasticity 

Experimental evidence shows that, besides grain size, plasticity also 

influences the liquefaction susceptibility of soils with a non-negligible fine 

content (i.e. higher than 5%). Some authors have shown that plasticity index 

is one of the most important parameters influencing liquefaction resistance. 

Sands containing high plastic fines generally exhibit a higher resistance to 

liquefaction than clean sands, even though the presence of fines is expected 

to decrease the hydraulic conductivity. Volcanic silty sands prove to be less 
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liquefiable than alluvial soils with comparable grain size, even though the 

fine ash fraction is usually non-plastic. 

Seismotectonics 

 Seismic activity 

Seismic activity plays a fundamental role in the predisposition of a territory 

to liquefaction processes. This means that the first requirement for the 

occurrence of liquefaction, together with a suitable stratigraphy and the 

presence of a water table, is the seismicity of the area under study. In this 

sense, seismic activity is here considered as a predisposing factor. 

The rationale for the existence of a threshold in the seismic severity for the 

liquefaction phenomenon could be related to the undrained behaviour of soil 

specimens observed in laboratory tests. It has been found that, under cyclic 

loadings, there is a ‘volumetric threshold’ shear strain amplitude beyond 

which pore water pressure increases. This means that the pore water 

pressure buildup, and the eventual liquefaction, are necessarily associated 

with strong-motion earthquakes inducing peak accelerations high enough to 

mobilize strains higher than the above-defined threshold amplitude. It is 

conventionally assumed that sandy soils are prone to liquefaction when peak 

ground accelerations are higher than 0.1g. Below this acceleration level, 

liquefaction is assumed to be unlikely, whatever the duration of the ground 

motion. 

Hydrogeology 

 Groundwater / Saturation 

The presence of groundwater table is a crucial predisposing factor for the 

occurrence of liquefaction processes. Beside its presence, and the mean 

depth (discussed below as a separate predisposing factor) it has to be 

determined the typology of water table, since confined groundwater, in 

pressure, highly predispose the soil to liquefaction. 

The degree of saturation considerably affects the liquefaction resistance. 

When the degree of saturation decreases, the liquefaction resistance 

increases, due to a higher compressibility of the gassy fluid phase in 

partially saturated sands. 

Liquefaction mainly occurs in saturated sandy soils. It means that sands 

above the ground water table are generally less prone to liquefaction than 

those fully saturated. It is conventionally assumed that, when the ground 

water table is deeper than 15-20 m, liquefaction should not be expected even 

for strong-motion earthquakes. 

Climate 

 Rainfall regime 

The predisposing factor for liquefaction can be ascribed not only to the soil 

properties but also to the presence of water and the possible variation of 

hydraulic boundary conditions. The pore water pressure regime is strictly 

related to the seasonal and long-term variation of the groundwater table 

induced by rainfalls and evaporation. The rise of the water level reduces the 

initial effective stress and leads to an aggravation of the stability condition 

related to soil saturation. These effects are further exacerbated by ongoing 

climate change, with more frequent extreme rainfall events. 
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Anthropogenic Factors 

 River banks/levees typology 

Liquefaction phenomena often affect earth structures such as levees, dykes 

and dams, especially when these have been built with the same natural soil 

constituting the alluvial deposits where rivers and channels flow. In these 

cases, the earthquake-induced damage consists of cracking, settlement, 

lateral spreading and slumping in the body of the embankment. Although 

evidences of soil liquefaction, such as sand boils, are not always observed 

in the embankment body, the longitudinal fissuring pattern detected along 

the crown can be compatible with a lateral spreading mechanism. 
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6. Quantification of parameters measuring the proneness to 

ground instabilities 

The quantification of the parameters that play a role in determining the susceptibility of ground instabilities is 

a quite complicate issue that has been the object of many attempts in categorizing them as a function of the 

capability to express them, generally in terms of qualitative vs. quantitative assessments. Actually, the topic 

has many variables, that change depending, in first instance, upon the typology of ground instability taken 

into account, and upon the geological setting of the areas under study as well. 

Within the framework of the RETURN Project, starting from the first discussions during the phases of 

collection and analysis of the learning examples, it appeared very clear that there is a multitude of possible 

approaches and techniques. Some of these can be considered as robust and traditionally used, having been 

made available since a quite long time (from years to decades); on the other hand, more recent, 

technologically-advanced, approaches are less frequent but start to be widely used, and to rapidly improve 

their ability in dealing with natural and anthropogenic hazards. All these difficulties in performing a full 

and comprehensive analysis of the available approaches, at least at the level of susceptibility assessment, 

guided us toward the decision to quantify the parameters identified to measure the proneness to ground 

instabilities on the basis of simple criteria, based upon the logs used to extract data from them. Thus, we 

discriminating among a qualitative log, a semi-quantitative log, and a quantitative log. To provide an 

example, taking into account an analysis dealing with a sample of rock or water, a qualitative analysis is 

the detection or identification of the constituent elements in the sample, a semi-quantitative analysis is the 

estimation of their approximate concentrations, whilst a quantitative analysis is the accurate determination 

of their concentrations. 

At a greater detail, qualitative analyses use subjective judgments, typically based on non-quantifiable data, that 

are evaluated without the use of statistics or numerical models. In this category, heuristic research is 

included: in such a framework, while making efforts to understand the physical nature of a phenomenon, 

the researcher gives great importance to her/his own expertise, and is confident on the comprehension of 

the phenomenon under study, that is directly based upon her/his previous experiences. Qualitative research 

is not less important and/or useful with respect to the other logs, since it can be based on rigorous methods 

and on factual evidence. Actually, in many types of research applications the results tend to be qualitative. 

Semi-quantitative analyses typically refer to systematic procedures to ascertain, or to confirm, whether certain 

elements or features are present within a population, and in what amount or concentrations. Semi-

quantitative analyses are similar to the qualitative ones, in the sense that they do not measure precise values, 

but rather provide a ranking, or establish indices or classes to discriminate among different percentages. 

Even though the semi-quantitative adjective seems to indicate not very accurate results, in many cases 

providing a ranking in different classes, or defining an index able to express the variation within a 

population of data, is an important step toward the better comprehension of the variables involved in a 

given phenomenon. 

A quantitative approach, eventually, consists of the analysis of a phenomenon, a situation or event through a 

complex set of techniques that use mathematical and statistical modeling, measurement, and research to 

understand and reproduce a specific behavior. Different types of quantitative research, with variable degree 

of complexity, may be identified: they cover approaches that go from the descriptive, to the correlational, 

the causal-comparative, up to the experimental research. 

Starting from the above statements, each one of the 35 main predisposing factors has been analyzed with the 

aim to indicate the most frequent logs by means of which they are dealt with. It appears obvious that, for 

many of them, more than a single log is possible, and this is also partly due to the variety of ground 

instability processes. Table 6.1 shows the distinction among the different logs, and will represent the 

starting point for further, more detailed analysis, according to the single processes of ground instability. 
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Table 6.1: logs for Predisposing Factors of Ground Instabilities 

 

Macro-category Main Factors qualitative semi-quantitative quantitative

Lithology x

Structural features (large scale) x x

Stratigraphic features x

Karstification degree x

Talus/Weathering x

Slope morphology/Topography x

Upslope area x

Undercutting x

Erosion by running water x

Glaciers and snowfields x

Distance from coastline x

Overburden thickness x

Cave geometry and size x

Presence of previous events x x

Rock mass structure x x

Grainsize distribution/Particle shape x x

Porosity/Density x

Shear strength x

Mineralogy and plasticity x

Hydraulic Properties x x

Seismic activity x x

Faulting System/Distance to faults x x

Site effects (amplification/resonance) x

Land Use/Land Cover x

Soil Type/Soil Thickness x x

Vegetation x x

Groundwater/Saturation x x

Rising acid fluids x

Water inflow/outflow during flood/seastorm x x

Rainfall Regime x

Temperature Regime x

Structures/Infrastructures/Buildings x

Groundwater/Gas/Oil exploitation x

River banks/levees typology x

Slope/Drainage changes x x

â Predisposing Factors â Log

Geology

Geomorphology

Physical and mechanical

properties

Seismotectonics

Land Cover & Vegetation

Hydrogeology

Climate

Anthropogenic Factors



 

66 
 

7. References 

This section was produced by merging of the single reference lists related to each typology of ground 

instabilities. 

 

Aaron, J., and Hungr, O. (2016a). Dynamic analysis of an extraordinarily mobile rock avalanche in the 

Northwest Territories, Canada. Can. Geotech. J. 53, 899–908. doi: 10.1139/cgj-2015-0371 

Aaron, J., and McDougall, S. (2019). Rock avalanche mobility: the role of path material. Eng. Geol. 257, 

105126. doi: 10.1016/j.enggeo.2019.05.003 

Agliardi, F., Crosta, G., & Zanchi, A. (2001). Structural constraints on deep-seated slope deformation 

kinematics. Engineering Geology, 59(1-2), 83-102. 

Agnesi, V., Rotigliano, E., Tammaro, U., Cappadonia, C., Conoscenti, C., Obrizzo, F., ... & Pingue, F. 

(2015). GPS monitoring of the Scopello (Sicily, Italy) DGSD phenomenon: Relationships between 

surficial and deep-seated morphodynamics. In Engineering Geology for Society and Territory-Volume 

2: Landslide Processes (pp. 1321-1325). Springer International Publishing. 

Al-Halbouni D., Holohan E.P., Taheri A., Watson R.A., Polom U., Schöpfer M.P.J., Emam S. & Dahm T. 
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8) Introduction 

In previous deliverables (DV2.2.1 and DV2.2.2), it emerged as critical point the small number of Learning 

Examples (Les) dedicated to submarine landslides presented in the dataset. The underrepresentation of 

marine and underwater Les did not allow for the definition of a comprehensive Rationale for submarine 

landslides and for the related individuation of their predisposing factors.  

For this reason, the purpose of this section is to address and fill this gap about the ground instability in the 

submerged environment. This specific analysis dedicated to the submarine phenomena, can be considered 

as a sort of “parallel” TK and has been coordinated by Francesco Chiocci (UNIROMA1), as TK1 leader, and 

managed by RTDA and researchers from UNIROMA. Anyway, the work that will be here reported derive 

from numerous discussion that involved the small community of marine geologist involved in this project 

that belongs, besides UNIROMA, to UNIPA and OGS. 

This report summarized the scientific research activities about submarine gravitational instability carried 

out in the period October – November 2023 with the aim to produce a comprehensive work about 

submarine ground instability within the Task 2.2.1 “Identification of areas at different scales affected or 

predisposed to ground instabilities, either in the subaerial (a) and submerged (b) environment by existing 

inventories and archives –implemented and updated by EO services – and permanent and temporary 

geophysical observatories (dynamic mapping)” (hereinafter referred to as TK1) of the Work Package 2.2 

“State of the art and knowledge base to define impact-oriented hazard indicators” (hereinafter referred to 

as WP2), inside the vertical spoke VS2 “Ground Instabilities” of the Extended Partnership RETURN. 

It should be noted that VS2 structured WP2, WP3 and WP4 by identifying the following areas of interest for 

each of them: 

- WP2 focuses on the detection and analysis of PREDISPOSING factors to ground 
instabilities. 

- WP3 targets PREPARATORY factors to ground instabilities.  
- WP4 is centred on TRIGGERING and multiple geohazards cascading scenarios (MULTI-

HAZARD). 
In accordance with the definitions given within the VS2, the distinction between predisposing, preparatory 

and triggering factors/processes is made on a temporal basis: in fact, it means that the predisposing factors 

are considered invariable on the observation scale, while the preparatory factors show changes or cyclical 

trends during the same period. As a consequence, a trigger is considered as a process that acts in a very 

short and well-defined time. 

The activities of WP2 were directed in the reference period to the examination of the factors predisposing 

the ground instabilities, starting from a series of case studies (defined Learning Examples, LEs) which 

represent experiences that each partner has carried out in recent times and which include cutting-edge 

analyses in the theme of characterization of predisposing factors and in the spatial and temporal 

quantification of susceptibility. 

The partner involved in the WP2 are ENEA, OGS, POLITO, UNIBA, UNIBO, UNIFI, UNIGE, UNINA, UNIPA, 

UNIPD and UNIROMA1. WP2 leaders are Riccardo Fanti (UNIFI) e Mario Parise (UNIBA), TK1 leader is 

Francesco Maria Chiocci (UNIROMA1), TK2 leader is Mario Parise (UNIBA), TK3 leader is Matteo Berti 

(UNIBO). 72 researchers participate in the activities of WP2/TK1 (i.e. TK 2.2.1): 5 from ENEA, 3 from OGS, 6 
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from POLITO, 5 from UNIBA, 6 from UNIBO, 7 from UNIFI, 7 from UNIGE, 8 from UNINA, 13 from UNIPA, 8 

from UNIPD and 4 from UNIROMA1. 

The goal of TK1 (Identification of areas at different scales affected or predisposed to ground instabilities, 

either in the subaerial (a) and submerged environment (b) by existing inventories and archives – 

implemented and updated by EO services – and permanent and temporary geophysical observatories 

(dynamic mapping)) and the issue of DV 2.2.1 (Collection of inventoried events in a comprehensive 

integrated dataset) have been interpreted in the framework of the LEs collection. They therefore represent 

the “comprehensive integrated dataset” of the Deliverable and this section of the document focuses on 

this. 

According with the main idea of the Project and of VS2, the learning phase had the objective of building a 

Rationale for preparatory processes to be used as input to the Proof of Concept (PoC). This phase has been 

articulated in three stages: 

i) Inventory of Learning Examples (LE). 
ii) Individuation of the preparatory processes analysed in each LE.  
iii) Definition of a Rationale for each process, based upon the available LEs. 
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9) Inventory of Learning Examples (LEs) 

During the first months of the project (January – March 2023) each partner of the Spoke carried out an 

internal review of its past and recent research works, with the aim of selecting the most complete case 

studies that allow to extract learning and principles that could be extended to other contexts. These case 

studies, defined “Learning Examples” (LEs), have subjects that could be focused on i) the detection and 

analysis of PREDISPOSING factors to ground instabilities (WP2), ii) PREPARATORY factors to ground 

instabilities (WP3), iii) TRIGGERING and multiple geohazards cascading scenarios. This first phase of LEs 

selection from the project partners is addressed as “first call”. 

After the first call and the elaboration of the DV 2.2.1 and 2.2.2 some critical point emerged, not only in 

those regarding the submarine environment, and for this reason an Internal recall for other LEs was 

proposed. This second phase of LEs selection is addressed as “recall”. The recall for LEs devoted to this 

analysis occurred from October to November 2023 with the possibility of LEs selection also from the 

international bibliographic data.  

For each LE, some scientific papers were stored in a repository (Windows Teams) accessible to all the 

institutions, in order to provide the reference for the contents of the works. The list of papers collected for 

WP2 is reported in Section 5.  

Once the papers database has been populated, each LE has been inserted in an online inventory (one for 

each WPs), represented by a shared online table file. This table constituted a synoptic view of the research 

works, for which several information was provided by the authors of the LEs, including: 

- The name/denomination of the LE (site name and/or geographical location or area of interest); 

- The environment (subaerial/submerged); 

- The context (mountain/hill/plain/coast/near-shore); 

- The effect (landslide/subsidence/sinkhole/liquefaction); 

 - The scale (local/intermediate/regional); 

 - The analysis tools and techniques (on site monitoring/remote monitoring/deterministic 

analysis/statistical analysis/machine learning). 
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Institution 

 

 

 

 

OGS 

 

 

 

 

 

 

 

 

LE name  

CALL 

Env Context Effect Scale Tools 

1 2 A W M H P C N

S 

L

S 

S

U 

S

I 

L

I 

L I R R

S 

O

S 

D S M

L 

Canyon 

Squillace 

(OGS_SL_1) 

X   X     X X    X    X    

Frana di Assi 

(OGS_SL_2) 

X   X     X X    X    X   X 

Canyon Cirò  

(OGS_SL_3) 

 X  X     X X    X    X    

Squillace 

gravitationa

l complex  

(OGS_SL_4) 

 X  X     X X    X    X    

Crotone 

megaslide 

(OGS_SL_5)  

 X X X    X X X     X   X    

UNIPA 

Canyon di 

Palermo 

(PA_SL_1) 

X   X     X X    X    X    

Canyon di 

Gioiosa 

Marea 

(PA_SL_2) 

 X  X     X X    X    X    

UNIROMA

1 

Canyon di 

Gioia 

(SA_SL_1) 

X   X     X X    X    X   X 

Frana di 

Stromboli 

(with 

UNIBO) 

X   X    X X X    X   X X   X 
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Table 1. Inventory of LEs concerning the submarine environment for WP2. CALL: phase of LEs selection (1-

first call; 2-recall); Env: environment (A - subaerial; W - underwater). Context: M – mountain; H – hill; P – 

plain; C – coast; NS – near-shore. Effect: LS – landslide; SU – subsidence; SI – sinkhole; LI – liquefaction. 

Scale: L – local; I – intermediate; R – regional. Learning Tools: RS - remote sensing monitoring; OS – onsite 

monitoring; D - deterministic analysis; S – statistical analysis; ML – Machine Learning.  

 

The table for WP2 LEs is summarized in Table 1. During the first call, 6 LEs concerning submarine landslides 

were presented (1 from UNIPA, 3 from UNIROMA, 2 from OGS) that during the recall were integrated with 

other 7 LEs (3 from OGS, 1 from UNIPA and 4 from UNIROMA)  (Table 1). The LEs selected for the WP2 are 

geolocalized in the map of Figure 1. 

 

(SA_BO_SL_

2) 

MAGIC 

(SA_SL_3) 

X   X     X X      X  X    

Canyon di 

Scaletta  

(SA_SL_4) 

 X  X     X X    X    X    

Canyon di 

Var  

(SA_SL_5) 

 X  X     X X    X    X X  X 

Etna 

(SA_SL_6) 

X X X X    X X X     X  X X    

Frana di 

Tianjin  

(SA_SL_7) 

 X  X     X X    X    X    
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Figure 1. Location of LEs inventoried for WP2.  
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Figure 2. Distribution of WP2 LE2 as a function of (a) Number of LEs for each institution as a function of the 

first call and recall. (b) Context: C – coast; NS – near-shore. (c) Effect: LS – landslide; SU – subsidence; SI – 

sinkhole; LI – liquefaction. (d) Scale : L – local ; I – intermediate ; R – regional, (e) Tool; (e) Landslide 

kinematics: Rapid vs Slow. 

 

Landslides kinematic

Slow landslide Rapid landslide

a b 

c d 

e f 
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10) Learning Examples (LEs) vs Predisposing Factors 

After the first phase of the project, during which the LEs more suitable to describe the Predisposing 

Factors/Process for various instability phenomena were identified, each Partner was asked to translate the 

chosen examples in a more specific way providing more detailed information on the phenomenon and on 

the factors characterizing it. For each LE the WP2 leaders and TK leaders collected from all partners a single 

form whose attributes, described in the previous phase in a synthetic way with a checkbox, were filled in 

with in-depth descriptions (as shown in Table 1Errore. L'origine riferimento non è stata trovata.) to be 

shared among all partners in a collective online repository. In particular, these forms summarize the 

research work following a shared attribute scheme which includes: 

1) The Partner proposing the LE (Institution); 
 

2) The LE identification name (LE ID) 
 

3) Site name and/or geographical location or area of interest of the LE (LE); 
 

4) The Scale (local/intermediate/regional); 
 

5) The Effect (landslide/subsidence/sinkhole/liquefaction); 
 

6) The Considered Predisposing Factors (the environmental variables that have been considered in 
the learning example as predisposing factors); 

 

7) The Macro-predisposing Factors (a generalization of the predisposing factors) 

 

The LEs forms have been checked by WP2 leaders and TK leaders with the aim of verify the suitable 

assignment of each LE to the analysed predisposing factors/processes.  

At the end of this stage, the “matrix inversion” was performed. The focus of the analysis was turned to the 

Factors/Processes (instead of the single LEs) quantified through the outputs of the related LEs. All the 

collected forms, once checked, have been combined in a single synoptic shared table to allow for an overall 

view of the LEs and Factors/Processes. An extract of four significant cases from the LEs inventory is shown 

in Errore. L'origine riferimento non è stata trovata.. 

Then, during this control phase, WP2 leaders and TK leaders with continuous exchanges and interactions 

with the proposing institutions grouped the proposed predisposing factors by macro-area of afference 

(Macro-Factors) with the aim of starting a homogenization of the factors in order to be able to compare 

them between different LEs.  

The Macro-categories selected for submarine ground instabilities are:  

- Geology 
- Geomorphology 
- Seismotectonics/Volcanism 
- Physical and mechanical Properties 
- Groundwater/Fluid 
- Erosion/Deposition 



 

87 
 

 

 

 

 

Instituti

on 
LE ID LE Scale Effect Considered predisposing factors 

Macro-predisposing 

factors 

OGS 

OGS_SL

_1 

Squillace 

canyon 
Local 

Rapid 

landslide 

•  Seismic activity/Vertical 

movement 

• Presence of pressurized gas 

• Slope morphology/Topography 

• Hyperpicnal flow and drainage 

basin character 

• Sedimentation rate 

• Wave action 

• Geology 

• Geomorphology 

•Seismotectonics/Vol

canism 

• Groundwater/Fluid 

• Erosion/Deposition 

OGS_SL

_2 
Assi landslide Local 

Rapid 

landslide 

•  Seismic activity/Vertical 

movement 

• Slope morphology/Topography 

  

  

• Geomorphology 

•Seismotectonics/Vol

canism 

OGS_SL

_3 
Cirò canyon Local 

Rapid 

landslide 

•  Seismic activity/Vertical 

movement 

• Presence of pressurized gas 

•  Slope morphology/Topography 

• Channelized Erosion 

• Wave action 

• Geomorphology 

•Seismotectonics/Vol

canism 

• Groundwater/Fluid 

• Erosion/Deposition 

OGS_SL

_4 

Squillace 

complex 
Local 

Slow 

landslide 

•  Seismic activity/Vertical 

movement 

• Slope morphology/Topography 

• Geomorphology 

•Seismotectonics/Vol

canism 

OGS_SL

_5 

Crotone 

megaslide 

Intermedi

ate 

Slow 

landslide 

• Seismic activity/Vertical 

movement 

• Slope morphology/Topography 

• Geomorphology 

•Seismotectonics/Vol

canism 

 
PA_SL_

1 
Palermo gulf Local 

Rapid 

landslide 

•  Presence of pressurized gas 

•  Slope morphology/Topography 

• Seismic activity/Vertical 

movement 

• Geomorphology 

•Seismotectonics/Vol

canism 

• Groundwater/Fluid 
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PA_SL_

2 

Gioiosa Marea 

canyon 
Local 

Rapid 

landslide 

• Slope morphology/topography 

• Seismic activity/Vertical 

movement 

• Hyperpicnal flow and drainage 

basin character 

• Sedimentation rate 

• Littoral transport 

• Wave action 

• Geology 

• Geomorphology 

• Physical and 

mechanical 

properties 

•Seismotectonics/Vol

canism 

• Erosion/Deposition 

UNIRO

MA 

SA_SL_

1 
Gioia canyon Local 

Rapid 

landslide 

• Slope morphology/topography 

• Faulting System/Distance to 

faults 

• Progradational stacking pattern 

• Sedimentation rate 

• Littoral transport 

• Wave action 

• Geology 

• Geomorphology 

•Seismotectonics/Vol

canism 

• Erosion/Deposition 

SA_SL_

2 
Stromboli Local 

Rapid 

landslide 

• Lithology 

•  Volcanic activity 

• Slope morphology/topography 

•  Weak layer 

• Geology 

• Geomorphology 

•Seismotectonics/Vol

canism 

SA_SL_

3 
MAGIC Regional 

Rapid/Sl

ow 

landslide 

•  Seismic activity/Vertical 

movement 

•  Stratigraphic features 

•  Structural features 

•  Presence of pressurized gas 

•  Undercutting 

• Previous events 

•  Slope morphology/Topography 

•  Hyperpicnal flow and drainage 

basin character 

•  Sedimentation rate 

• Channel erosion 

• Littoral transport 

• Wave action 

• Geology 

• Geomorphology 

•Seismotectonics/Vol

canism 

• Groundwater/Fluid 

• Erosion/Deposition 

SA_SL_

4 
Scaletta canyon Local 

Rapid 

landslide 

•  Seismic activity/Vertical 

movement 

• Slope morphology/topography 

• Hyperpicnal flow and drainage 

basin character 

• Sedimentation rate 

• Littoral transport 

• Wave action 

• Geology 

• Geomorphology 

•Seismotectonics/Vol

canism 

• Erosion/Deposition 
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SA_SL_

5 
Var canyon Local 

Rapid 

landslide 

 • Lithology 

 • Slope morphology/topography 

 • Weak layer 

 • Presence of pressurized fluid 

 • Shear strenght 

 • Hydraulic properties 

• Geology 

• Geomorphology 

• Physical and 

mechanical 

properties 

•Seismotectonics/Vol

canism 

• Groundwater/Fluid 

SA_SL_

6 
Etna 

Intermedi

ate 

Slow 

landslide 

• Seismic activity/Vertical 

movement 

• Slope morphology/Topography 

• Geomorphology 

•Seismotectonics/Vol

canism 

SA_SL_

7 
Tianjin Local 

Slow 

landslide 

•  Lithology 

•  Slope morphology/topography 

•  Shear strenght 

• Hydraulic properties 

• Geology 

• Geomorphology 

• Physical and 

mechanical 

properties 

• Erosion/Deposition 

 

Table 1. Extract of four cases from the inventory of LEs and the Predisposing Factors/Process for WP2. The 

green fields represent the Macro-Predisposing Factors/Processes summarized by those Considered. 

 

 

 
Figure 3. (a) Distribution of Macro-Predisposing Factors within the LEs. 

 

 

 

16

28

6

26

10
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Percentage of the main Macro-Predisposing factors 
for landslides

Geology

Geomorphology

Physical and mechanical

Seismotectonics/Volcanism

Groundwater/Fluid

Erosion/Deposition
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11) Towards the Rationale – WP2 outcomes 

Within the VS2, the rationalization phase took place in parallel between WP2, WP3 and WP4. To achieve 

this goal, a specific rationalization sheet was designed for each WP. To optimize the process, WP2 

predisposing factors were analysed with a table approach, while WP3 and WP4 processes and triggers 

adopted a more descriptive form.  

WP2 leaders and TK leaders with continuous exchanges and interactions with the proposing institutions 

reviewed the Considered Predisposing Factors/Process extracting the "Synthesized Predisposing Factors" 

(in the most logical and objective way possible) as summarized in the Errore. L'origine riferimento non è 

stata trovata.. 

Successively, all the researchers specialized in submarine landslides involved in the project worked together 

in a shared table (Table 5) where other information about the predisposing factors where elaborated: a 

short description of how the factor contribute to increase the instability of a slope, the more vulnerable 

ambient to the specific factor, the learning examples (those proposed by the partners and other case study 

found in literature), the way the data about the predisposing factor is acquired and the output (how it is 

represented).  

 The shared table has been successively synthesized in Table 6. To each predisposing factors the table 

report the synthesis of all the method of data acquisition and the "Type of Approach" field for the output. 

In the "Type of Approach" field each process has been associated to a different potential level of 

rationalization: quantitative (i.e. through functions, empirical laws, algorithms), semi-quantitative (e.g. 

through severity indexes) or qualitative (e.g. through severity classes). 

 

Table 2. Synthesized Predisposing Factors obtained from Considered Predisposing Factors/Process in Errore. 

L'origine riferimento non è stata trovata.. 

Macro-Predisposing 

Categories 

Synthesized Predisposing 

Factors 

Geology 

Lithology 

Structural features  

Stratigraphic features 

Progradational stacking pattern 

Weak layer 

Sedimentation rate 

Geomorphology 
Slope morphology/Topography 

Undercutting 
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Hyperpicnal flow and drainage 

basin character 

Previous events 

Physical and 

mechanical 

properties 

Shear strength 

Hydraulic Properties 

Seismotectonics/ 

Volcanism 

Seismic activity/Vertical 

movement 

Faulting System/Distance to 

faults 

Volcanic activity 

Site effects 

(amplification/resonance) 

Groundwater/Fluid Presence of pressurized fluid/gas 

Erosion/Deposition 

Channelized Erosion 

Littoral transport 

Wave action 

 

Table 4 Shared Predisposing Factors/Process-LE table of WP2 for the submarine ground instability. The table 

reports the example of the “Geology” macro-predisposing category but the same work has been produced 

also for the others macro-categories and relative predisposing factors. 

 

 

 

 

 

 

Table 5 Rationalization from the shared Predisposing Factors/Process-LE table of WP2 for the submarine 

ground instability. The highlighted predisposing factors are in common with those identified for subaerial 

gravitational instability. 

 



 

92 
 

Predisposing 

Factors 
Data representation Data acquisition Type of approach 

 

Main Factors 
Areal 

(Map) 

Linear 

(Map) 

Pun

ctua

l 

Fie

ld 

su

rv

ey 

Geog

nostic 

surve

y 

Labor

atory 

tests 

Re

mo

te 

sen

sin

g 

Geop

hysica

l data 

DE

M 

ana

lysi

s 

Empiri

cal 

relatio

nships 

Liter

atur

e 

Quali

tative 

Semi-

quanti

tative 

Quanti

tative 
 

Lithology X   X X X     X     X X     

Structural 

features  
  X           X X   X X   X  

Stratigraphic 

features 
X   X         X     X  X     

Progradational 

stacking 

pattern 

  X           X         X    

Weak layer  X X X   X X   X     X     X  

Sedimentation 

rate 
X             X     X   X X  

Slope 

morphology/T

opography 

X               X         X  

Undercutting X             X X     X      

Hyperpycnal 

flow and 

drainage basin 

character 

X           X   X X X X      

Previous 

events 
X X           X X   X X      

Shear strenght     X   X X               X  

Hydraulic 

Properties 
        X X               X  

Seismic 

activity/Vertic

al movement 

X   X X     X X     X   X X  

Faulting 

System/Distan

ce to faults 

                        X    

Volcanic 

activity 
X     X     X X     X   X X  

Site effects      X                     X  

Presence of 

pressurized 

fluid/gas 

X X X   X     X     X X X X  

Channelized 

Erosion 
  X   X     X   X   X   X    
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Littoral 

transport 
X               X   X   X    

Wave action X     X     X             X  
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12) Description of the Predisposing Factors 

 

WPs and TKs researchers identified which predisposing factor is important for the two categories of ground 

instability consisting in Rapid and Slow landslides. Rapid landslides include Flows, Avalanches and Slides 

while Slow landslides include Creep and Deep-seated Gravitational Slope Deformations (DsGSD).  

In order to strictly characterize the predisposing factors, each of them has been described by some of the 

researchers. The way the predisposing factor decrease the stability of a certain area has been illustrated in 

Table 6 for the two categories of ground instabilities, both for rapid and slow landslide.  

 

Table 6. Extract from the shared Predisposing Factors/Process-LE table of WP2 and their related influence 

for rapid and slow submarine landslide. 

 

Macro-category Main Factors 

Rapid 

Submarine 

landslide 

Slow 

Submarine 

landslide 

Flows, 

Avalanches, 

Slides 

Creep, DsGSD 

Geology 

Lithology X  X 

Structural features  X  X 

Stratigraphic features   X 

Progradational stacking pattern X  

Weak layer X X 

Sedimentation rate X X 

Geomorphology 

Slope morphology/Topography X X 

Undercutting X   

Hyperpicnal flow and drainage basin 

character 
X   

Previous events X   

Physical and mechanical 

properties 

Shear strength X  

Hydraulic Properties X X 

Seismotectonics/Volcanism Seismic activity/Vertical movement X X 
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Faulting System/Distance to faults X X 

Volcanic activity X  

Site effects (amplification/resonance) X X 

Groundwater/Fluid Presence of pressurized fluid/gas   X 

Erosion/Deposition 

Channelized Erosion X   

Littoral transport X  

Wave action X   

 

 

Table 7. Explosion of the Predisposing Factors for rapid and slow submarine landslide. 

 

Submarine landslide 

Fast landslide 

Flows, Avalanches, Slides 

Description of the main predisposing factors 

Lithology 

(Geology) 

 

The lithology of the substrate is one of the main preconditioning factors in submarine 

landslides. Composition, grain-size, sorting, and consolidation are lithological proprieties 

that directly influence other parameters (i.e shear strength, permeability, water content) 

strictly related to slope stability. The grain-size and sorting are very important factors 

since they influence the sediment permeability. The higher the permeability, and so the 

ability of sediments to dissipate water pore pressures (drained condition), the higher the 

stability of the slope.  Undrained condition principally occurs in fine-grained sediments 

(clay, silt, mud) characterized by a low permeability that prevent the dissipation of 

exceeding pressures resulting in overpressured and thus instable slopes. The degree of 

consolidation of sediments is another important factor: it is inversely proportional to the 

water content and directly proportional to sediment shear strength.  The higher the 

consolidation, the higher resistance to diving forces.  

For these reasons, in general soft sediments are more prone to generate submarine 

landslide respect to harder ones. Underconsolided fine-grained sediments are the 

principal actors of submarine landslides. 

Lithological information are obtained through coring or drilling, ROV dives and seismic 

facies.  

 

Structural features  

Geology  

Large-scale structural features are faults, folds, thrust planes. Those features typically 

span lengths from hundreds of meters to several kilometers. The major cause of 

landsliding associated to structural features is the oversteepening that can characterize 

the flanks of structural highs or fault scarps. Infact, the continuation below the seafloor 

of subareal structural highs are frequently shaped by landslides trying to restore the 
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 equilibrium profile. The movement along the fault plane create step-morphology (fault 

scarp) on the seafloor that can be characterized by high slope angle. The morphological 

step will act as potential sliding surfaces, enabling volumes of sediments to detach and 

move.  

These major features area identified through bathymetric data and seismic profiles.  

 

Progradational 

stacking pattern 

Geology  

 

Progradational stacking pattern results where sedimentation rate is high and exceeds the 

accommodation space available for sedimentation. This situation is very common in fan 

delta, delta (i.e. Gilbert-type) and on lava deltas. Sedimentation along the delta front, or 

slope, commonly produces large, basinward-dipping foresets with an inclination of 10°-

25°, depending on the resting angle of sediment. In areas of steep offshore topography, 

avalanching of sediment across the delta-lip may generate even steeper foresets (30◦). In 

this setting, the slope angle is the main factor predisposing to instability. The 

progradational stacking pattern is revealed by seismic sections acquired perpendicularly 

to the coast.  

 

Weak layer  

Geology  

 

This is part of the stratigraphic features but, because of its relevance in the marine realm, 

it has been considered as a specific predisposing factor. A significant preconditioning 

factor for submarine landslides is the presence of a weak layer. A weak layer is 

composed by sediments characterized by low values of shear strength or low 

permeability. Such weak layers arise from variations in depositional environments, 

sediment origins, or changes that occurred post-deposition over geological epochs. Weak 

layers can be composed by clay (e.g sensitive clays), siliciclastic sediment sequence (e.g. 

clay-sand), volcanic tephra (e.g volcanic ash-clay) or fossiliferous sediment sequence 

(e.g. diatom ooze-clay). Clay-rich layers present a low resistance to shear forces, often 

becoming prime candidates for slip planes. Furthermore, these clay-rich layers can 

obstruct water flow, resulting in increased pore water pressure either within or above the 

layer.  

The presence coarse-grained layers that are prone to liquefaction during earthquakes, 

provide another preferential weak plane where failure may originate. The formation of 

water film can occur when coarse-grain sediment breaks or rearrange during the failure 

and pore fluid remain stuck by this interval composed by finer sediments. Notably, some 

of the most devastating submarine landslides have been influenced by the existence of 

these stratigraphic features. In the Mediterranean region the more probable weak layers 

consist in siliciclastic or volcanoclastic sediment sequence and can be potentially 

triggered in active margin or volcanic settings. 

Weak layer can be identified through sediment coring, CPTs, laboratory tests. Once 

defined, they can be areally correlated through seismic profiles. 

 

Sedimentation Rate 

Geology 

In cohesive sediment (prodelta mud, continental slope) sedimentation rate may create 

overpressure if the vertical accretion is higher than the rate of expulsion of pore water 

due to compaction of overburden sediment. Such process may be enhanced by the 

presence of organic matter (not decomposed because of the little time of exposure to 

oxygen rich seawater), whose decay may produce methane, so creating extra 

intergranular overpressure. In non-cohesive sediment, the frontal accretion of deposit 

(i.e., progradation) occurs trough the fast avalanching of loose granular sediment. The 
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process increases the seafloor slope up to the resting angle of the sediment that is 

therefore characterized by a low safety factor.  

 

Slope morphology 

and topography 

 Geomorphology  

 

The slope is the main diving force for gravitational instability. As the slope becomes 

steeper, gravity exerts a more pronounced downward force on rock and sediments thus 

causing failure and propagation. In fact, the continental slope (between 1 and 10 degrees, 

on average 3 degrees) host the larger part of failures that are rather uncommon on the 

continental shelf and abyssal plain. The steepest is the seafloor slope, most susceptible to 

erosive processes and the formation of submarine landslides it is.  

Slope also control the possibility that sliding masses evolve in gravity flow, which may 

erode the seafloor and entrain sediment.  

Topography also control instability as the presence of morphological high and 

unevenness often hinder the possibility of landslide or allows only small size 

instabilities. 

 

Undercutting  

Geomorphology  

 

Undercutting occurs when instability affects a stratified substrate and harder rocks overly 

soft and more erodible sediment. The removal of the foundation support unbutresses the 

slope and causes overhanging with consequent increase in gravitational stress, 

predisposing the slope to a collapse. Another effect of undercutting is the shift in 

sediments center of gravity: as the base of a slope or rockface is eroded away, the center 

of gravity of the overhanging mass might move outward, making the rock more prone to 

toppling or rotating outward. Furthermore, undercutting can lead to an increase in tensile 

and shear stresses in the overlying rock, making it more susceptible to failure. 

Such situation is common on volcanic coasts (where lava flows overly loose 

pyroclastics) and on canyon head where repetitive landslides determine the retreat 

towards the coast of the canyon head. 

 

Hyperpicnal flows 

and basin 

morphology 

 

Geomorphology 

In small “dirty” rivers i.e. streams with torrential regime that may experience flash 

floods with very high sediment/water ratio (>5-10%), the entrance to the sea of 

sediment-loaded mass of water may evolve in hyperpycnal flow, which interaction with 

the seafloor may exert shear stress and erode the bedrock and/or mobilize loose 

sediment. Hyperpicnal flows area generally generated by flash floods events. Flash 

floods occur within a few minutes or hours of excessive rainfall, a dam or levee failure, 

or a sudden release of water held by an ice jam. Flash floods can roll boulders, tear out 

trees, destroy buildings and bridges, and scour out new channels. Furthermore, flash 

flood-induced by heavy rains can also trigger catastrophic mud slides and debris flow 

that, channelized into the river, further increasing the river’s solid transport. 

The Mediterranean area is particularly exposed to rainfall-induced flash flood; this is due 

to the local climate, which is prone to short intense bursts of rainfall (hundreds of mm in 

few hours). In the Italian region, these events mainly occur in fall and are particularly 

destructive in south and north-western Italy. 

Areas most susceptible to the occurrence of flash floods and so hyperpicnal flows are 

mountainous streams and rivers. Hyperpicnal flows became relevant in preconditioning 

submarine landslide when the mountainous relief are very close to the coast, with steep 

and short subaerial valleys. This geological setting produces small drainage area with 
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environment changes from mountainous to coastal with high slopes few kilometres. Most 

susceptible area are those where the continental shelf is narrow (<1 Km) and where the 

river mouth is directly connected to submarine canyons head, because is highly efficient 

in transporting large amounts of sediment in an environment (canyon head) that is very 

prone to submarine landslides. 

 

Previous events 

Geomorphology  

 

 

Previous landslide events can significantly influence the possibility of subsequent 

landslides. When mass wasting occurs, it can change the overall morphological 

equilibrium of the slope. Such changes might create new overhangs, reduce support for 

certain rock masses, or change the slope's overall angle, making it more susceptible to 

further failure. As well, the removal of a large rock mass during a landslide can change 

the stress distribution within the remaining slope. In fact, many submarine instability 

evolve retrogressively, i.e. propagate upslope trough the repetitive unbuttressing due to 

previous mass wasting. Lack of monitoring does not allow us to define if the 

retrogression occurs in short times (minutes/hours) of in longer times 

(centuries/millennia).  

 

Shear strength 

Physical and mechanical 

characteristics  

 

 

 

Submarine landslide commonly occur when the resisting force, i.e. the shear strength of 

the material, is overcome by diving forces. Sensitive soils are important weak layers and 

the degree of sensitivity depend on the undrained shear strength. 

Such parameter is fundamental for the definition of the FOS (Factor of Safety), 

calculated as the ratio between resisting and diving forces, that describes the stability of 

a slope. Generally, the shear strength in sediments increases with the grain size (low in 

clays and high in sand/rocks). When seabed surfaces are undercut, or deposition occur at 

the head of a sloping surface stability may decrease because of increasing shear stress.  

 

Hydraulic properties 

Physical and mechanical 

characteristics 

The onset of submarine landslide is linked to the soil's mechanical and hydraulic 

properties, mainly permeability that control the possibility to eliminate excess pore 

pressure. Variation of pore water pressure is in fact one of the main mechanisms of 

seabed instability. Increase of pore pressure can be related to an increase of fluid volume 

due to gas hydrate decomposition, fluid escape paroxysm or variation of water content in 

shallow-depth layers on the continental shelf due to rainfall maxima. In the 

Mediterranean area, where gas hydrate are not present in shallow waters, variations of 

pore pressure have to be considered principally where fluid escape features (pockmarks, 

mud volcano) occur and in the nearshore where large variation of groundwater level or 

discharging of groundwater (artesian spring sapping) may occur.  

 

Seismic 

activity/Vertical 

movement 

Seismotectonics  

 

Marine/coastal areas located in tectonically active areas may be subject to repetitive 

seismic stress and to vertical movement (uplift) on relatively short geological time. 

As for seismicity it is debatable whether seismic shaking increases or decreases shear 

strength of loose sediment. For non-cohesive marine soil, the vibration can cause the 

liquefaction of the soils, resulting in loss of the soil shear strength. On the contrary high-

PGA as that associated to high-magnitude, near-filed events cause extensive mass 

wasting, as witnessed by the usual cable breaks due to gravity flow within canyons in the 

minutes/hours after the earthquake. 
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 Uplift and vertical movements may favour instability either creating high-gradient 

morphologies, lack of continental shelf and increasing sedimentation rate. 

  

Distance to faults 

Seismotectonics  

 

Marine areas close to these fault lines are more likely to experience intense PGA, 

elevating their failure hazard. The faulting of hard bedrock also produces loose 

cataclastic debris that may create weak band that may form the head or the foot of a 

landslide. 

Site effects 

Seismotectonics  

 

 

Specific local conditions might enhance seismic acceleration, and there's a potential for 

matching frequencies between seismic waves and rock slopes or blocks, leading to 

resonance. Soft sediment resting on hard bedrock or paleoriver valleys filled with 

lacustrine deposit may cause local amplification of seismic waves. 

Volcanic activity 

Volcanotectonis  

 

The presence of volcanic activity in the marine/coastal environment predisposes that 

sector to constant and continuous morphological and structural modifications favouring 

mass wasting. In particular, volcanoes are constructional morphologies due to the 

stacking of pyroclasts and lavas produced at the crater. For this reason, volcanic flanks 

increase in slope trough tiome and are therefore naturally pre-disposed to gravitational 

re-adjustment; moreover, hydrothermal activity may alter the geomechanical character of 

a slope predisposing it to mass wasting. Finally, heterogeneities common on volcanic 

deposit tend to create weak layers, horizontal discontinuities and anomalise that favours 

instability. 

 

 

Channelized 

Erosion 
Erosion/Deposition  

 

Submarine channels and canyons are created by turbidity currents causing seafloor 

erosion and removing debris produced by canyon-wall instability. Erosive processes, 

typical of active submarine canyon, are testified by the occurrence of upslope migrating 

bedforms and canyon talweg deepening, knick-points, and step-like morphology where 

erosion is focused at the base of the step (chute and pool). Channelized erosion operated 

by turbidity currents is one of the main predisposing factors in active submarine canyons.  

 

 

Littoral transport  

Erosion/Deposition  

 

Wind-driven littoral current controls the distribution or withdrawal and transport of 

sandy sediments on the beach and on the nearshore. Broader gepstrophic driven coastal 

current may in turn control the deposition of muddy sediment on the continental shelf 

and slope but they are out of the scope of the project and will not be considered. The 

direction of the longshore current combined with the sedimentary budget of the littoral 

cell and the morphology of the nearshore can contribute to the accumulation of 

sediments in instable areas (as canyon heads) increasing the pore pressure in the 

sedimentary column. In the latter case, littoral dynamics may also feed the canyon, 

enhancing erosion on the thalweg and possible undercutting. 

In some case 10-20m thick sedimentary wedge (depositional terrace) made up of loose 

sediment, is formed at very shallow water; such deposit made of loos material may be 

prone to instability. 
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Wave action 

Erosion/Deposition  

 

The action of the waves is extremely variable as it is linked to seasonal cycles, exposure 

of the coast, climatic disturbances etc. Wave cyclic loading, combined pressure 

difference below wave crest and trough may destabilize shallow water seafloor. Such 

situation is not common on the Italian seas but can not be excluded.  
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Submarine landslide 

Slow landslide  

Creeps and DSGSDs (Deep-Seated Gravitational Slope Deformations) 

Description of the main predisposing factors 

Lithology 

(Geology) 

 

The lithology of the substrate is one of the main preconditioning factors in submarine 

landslides. Composition, grain-size, sorting, and consolidation are lithological proprieties 

that directly influence other parameters (i.e shear strength, permeability, water content) 

strictly related to slope stability. The grain-size and sorting are very important factors 

since they influence the sediment permeability. The higher the permeability, and so the 

ability of sediments to dissipate water pore pressures (drained condition), the higher the 

stability of the slope.  Undrained condition principally occurs in fine-grained sediments 

(clay, silt, mud) characterized by a low permeability that prevent the dissipation of 

exceeding pressures resulting in over-pressured and thus instable slopes. The degree of 

consolidation of sediments is another important factor: it is inversely proportional to the 

water content and directly proportional to sediment shear strength.  The higher the 

consolidation, the higher resistance to diving forces.  

For these reasons, in general soft sediments are more prone to generate submarine 

landslide respect to harder ones. Underconsolided fine-grained sediments are the 

principal actors of submarine slow-moving creep. 

Lithological information are obtained through coring or drilling, ROV dives and seismic 

facies.  

 

Structural features  

Geology  

 

Large-scale structural features are faults, folds, thrust planes. Those features typically 

span lengths from hundreds of meters to several kilometers. There is a specific 

connection between the development of slow-moving deformations (i.e DSGSDs) and 

inherited structural features. Different conditions inherited from structural features 

predispone to slow-moving deformation: i. Fold-related discontinuity can locally 

decrease the rock mass strength; ii. Bedding inclination respect to the slope inclination; 

iii. Lithological contrast as competent rocks over formations with ductile or plastic 

mechanical behavior.  

 

Stratigraphic 

features  

Geology  

 

Generally, most of the submarine landslide involve lithological alternation that produce 

vertical shear strength discontinuity. Abrupt changes in lithology can evolve into weak 

layers and appear to dictate the location of the failure plane. For this reason, a stratified 

substrate is a preconditioning factor especially for slow submarine landslides. Strong 

lithological contrast can occur in coincidence of stratigraphic discontinuities. On the 

Mediterranean continental margins, the shallower discontinuity surface is localized on 

the continental shelf and coincide with the erosive surface created during the last glacial 

maximum (when the sea level was lowered about 120 m) and successively draped by 

muddy sediment during the sea level rise. This surface can act as a barrier for fluid 

expulsion and so cause an increase in pore pressure able to destabilize the slope 

generating principally slow-moving instability as creep.  Presence of lithological contrast 

or discontinuities can be revealed by seismic profile and drilling. 
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Weak layer  

Geology  

 

This is part of the stratigraphic features but, because of its relevance in the marine realm, 

it has been considered as a specific predisposing factor. A significant preconditioning 

factor for submarine landslides is the presence of a weak layer. A weak layer is 

composed by sediments characterized by low values of shear strength or low 

permeability. Such weak layers arise from variations in depositional environments, 

sediment origins, or changes that occurred post-deposition over geological epochs. Weak 

layers can be composed by clay (e.g sensitive clays), siliciclastic sediment sequence (e.g. 

clay-sand), volcanic tephra (e.g volcanic ash-clay) or fossiliferous sediment sequence 

(e.g. diatom ooze-clay). Clay-rich layers present a low resistance to shear forces, often 

becoming prime candidates for slip planes. Furthermore, these clay-rich layers can 

obstruct water flow, resulting in increased pore water pressure either within or above the 

layer.  

The presence coarse-grained layers that are prone to liquefaction during earthquakes, 

provide another preferential weak plane where failure may originate. The formation of 

water film can occur when coarse-grain sediment breaks or rearrange during the failure 

and pore fluid remain stuck by this interval composed by finer sediments. Notably, some 

of the most devastating submarine landslides have been influenced by the existence of 

these stratigraphic features. In the Mediterranean region the more probable weak layers 

consist in siliciclastic or volcanoclastic sediment sequence and can be potentially 

triggered in active margin or volcanic settings. 

Weak layer can be identified through sediment coring, CPTs, laboratory tests. Once 

defined, they can be areally correlated through seismic profiles. 

 

Sedimentation Rate 

Geology 

In cohesive sediment (pro-delta mud, continental slope) sedimentation rate may create 

overpressure if the vertical accretion is higher than the rate of expulsion of pore water 

due to compaction of overburden sediment. Such process may be enhanced by the 

presence of organic matter (not decomposed because of the little time of exposure to 

oxygen rich seawater), whose decay may produce methane, so creating extra 

intergranular overpressure. This process usually drives slow movement such as creep on 

prodelta slope. At a larger scale, area characterized by longterm high sedimentation rates 

(i.e sedimentary wedges) can be characterized by slow-moving deep-seated deformations 

under their own weight. 

 

Slope morphology 

and topography 

 Geomorphology  

 

The slope is the main diving force for gravitational instability. As the slope becomes 

steeper, gravity exerts a more pronounced downward force on rock and sediments thus 

causing failure and propagation. In fact, the continental slope (between 1 and 10 degrees, 

on average 3 degrees) host the larger part of failures that are rather uncommon on the 

continental shelf and abyssal plain. The steepest is the seafloor and the topography of 

coastal area, most susceptible to slow-moving deformations it is.  

 

Hydraulic properties 

Physical and mechanical 

characteristics 

The onset of submarine landslide is linked to the soil's mechanical and hydraulic 

properties, mainly permeability that control the possibility to eliminate excess pore 

pressure. Variation of pore water pressure is in fact one of the main mechanisms of 

seabed instability. Increase of pore pressure can be related to an increase of fluid volume 

due to gas hydrate decomposition, fluid escape paroxysm or variation of water content in 

shallow-depth layers on the continental shelf due to rainfall maxima. In the 

Mediterranean area, where gas hydrate are not present in shallow waters, variations of 



 

103 
 

pore pressure have to be considered principally where fluid escape features (pockmarks, 

mud volcano) occur and in the nearshore and in the coastal area (where DSGSDs may 

have their initiation) where large variation of groundwater level or discharging of 

groundwater (artesian spring sapping) may occur.  For slow-moving deformations 

porewater pressure and movement are generally positively correlated. 

  

Seismic 

activity/Vertical 

movement 

Seismotectonics  

 

 

Marine/coastal areas located in tectonically active areas may be subject to repetitive 

seismic stress and to vertical movement (uplift) on relatively short geological time. 

Slow-moving deformations in the marine environment are usually related to seismically 

induced increases in porewater pressures.  

Moreover, since these deformations are largely gravity-driven (as suggested by its name) 

uplift and vertical movements are important mechanisms to sustain the necessary 

gravitational forces of slope deformation and form DSGSD. Infact, DSGSDs are 

particularly common in area characterized by active uplifting movements (or where 

compressional phases occurred in the past).  

 

Distance to faults 

Seismotectonics  

 

A distinction is needed when defining the predisposing influences of faults for creep and 

DSGSDs. Marine area close to fault lines are more likely to experience intense PGA, 

elevating their failure hazard and generate creeps.  

While DSGSDs basal sliding surface is, in a certain way, a kind of thrust faults that 

cause compression (formation of inverse faults) at the toe of the wasting mass and 

extension (formation of direct faults) at its head. So, in the case of DSGSDs faults are 

intrinsic factor and so the distance to faults cannot be considered a preconditioning factor 

(since is like considering a preconditioning factor for a landslide the distance to scarp!) 

while for creeps they can effectively be considered a preconditioning factor.  

 

Site effects 

Seismotectonics  

 

 

Specific local conditions might enhance seismic acceleration, and there's a potential for 

matching frequencies between seismic waves and rock slopes or blocks, leading to 

resonance. Soft sediment resting on hard bedrock or paleoriver valleys filled with 

lacustrine deposit may cause local amplification of seismic waves. 

Presence of 

pressurized fluid/gas 

Groundwater  

 

 

Pressurized gas/fluids in the shallow layers of the seabed predispose unconsolidated 

sediment to instability, also in areas with even slight slopes (> 1-2°).  

The passage of fluids/gas through this layer breaks the already weak bonds between 

sediment grains, making it almost fluid-like. The presence of pressurized gas/fluid 

influences porewater pressures, changing the effective normal stresses, and therefore the 

shear strength that could be almost completely nullified. 

Furthermore, if the seabed is primarily composed of clays (thus particularly 

impermeable), the gas/fluids can create a large accumulation beneath this layer, lifting it 

(forming dome-like structures) or producing eruption and crater-like feature (pockmark). 

Even after the gas/fluids were able to reach the water column (depressurizing the 

subsurface), the sedimentary layer of the affected sea floor will have undergone 
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significant irreversible deformations: the consequence will be the isolation (due to 

fracturing) of a sediment volume shaped like a lens, particularly susceptible to 

translational, sliding, or flowing movements.  

Furthermore, these mechanisms significantly amplify the effects if they occur in 

environments with much steeper slopes or where faults are present, as they are 

preferential pathways for the migration of fluids from deep seated reservoirs. 

In the Mediterranean area, slow-moving deformations have been often associated to 

variations of pore pressure due to the presence of pressurized fluid/gas. 
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13) Conclusions 

This section of the document concerns the submarine context of the project about ground instabilities. In 

the previous deliverables (DV 2.2.1 and DV 2.2.2), the absence of marine and underwater LEs for the 

development of a thorough rationale for the associated predisposing factors was emphasized. A targeted 

cascade funding call led to the hiring of a new researcher with specialized expertise in the marine 

environment that coordinated the elaboration of this document. 

The previously presented cases were indeed insufficient in various contexts and effects. The establishment 

of a recall ensured an increase in the Lessons Learned (LEs) reported by the project's partner institutions 

(UNIROMA, UNIPA, and OGS). From the recall, there was a 200% increase in LEs, demonstrating the success 

of this initiative even in the submarine context. 

However, some critical issues persist in the submarine context and will be outlined below. Firstly, it is 

evident from the graph in Figure 2c that among the effects of ground instability, only "Landslides" are 

represented. This is because not all the effects presented occur in the submarine context, such as sinkholes 

that develop exclusively on land. Subsidence and liquefaction, on the other hand, are phenomena that also 

occur in the submarine context but are difficult to monitor and pose little danger in the underwater 

environment. The only effects of ground instability analyzed in the submarine context, therefore, fall within 

landslides. 

The graphs consistently highlight that the Lessons Learned (LEs) presented primarily pertain to the local 

scale (11 LEs), while the intermediate and regional scales are represented by 2 and 1 learning example, 

respectively. 

Similarly to terrestrial landslides, underwater landslides have been also classified as Rapid landslide or Slow 

landslide. Such a classification in an underwater environment have not same level of confidence as it is for 

on land-landslides, which is tied to the ability to monitor landslides and their speed with continuous or 

intermittent monitoring data. In the marine context, this subdivision represents an interpretation, as the 

speed of an underwater landslide can be measured only if it occurs simultaneously with a monitoring event. 

Fast and Slow landslides in the marine context are therefore distinguished considering the context in which 

they occur and based on the morphology of the landslide itself. From the graphs, it is evident that Rapid 

landslides are extensively represented in the LEs, although they primarily involve landslides at the canyon 

heads. In contrast, the representation of slow landslides is much lower. 

Regarding landslides in the subaerial context, they have been further classified into different types of 

processes (e.g., debris flow, debris avalanches, rockfall, mud flow, etc.). However, a similar advancement 

has not yet been made for underwater landslides, as the difficulty in discriminating between various types 

is much greater than in the emerged environment. Especially with landslides at the heads of canyons, 

because of the effect of water entrainment and relative dilution of the wasting mass that is transformed 

into gravitational flows that do not leave a clear deposit, complicating the characterization of these 

landslide types. 

It has also emerged that significant differences in terminology exist between the classification of landslides 

on land and at sea. For example, in terrestrial classification, debris flow is a channeled mass transport 

deposit, while in the marine environment, confinement is not taken into consideration. Moreover, within 

the same category, such as “Slow landslides”, there are extremely diverse types of processes, both in terms 
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of predisposing factors and dimensions as between processes like creep and DsGSD, despite both being 

slow deformation processes. 

As a research group focused on submarine instabilities, we believe it is important and necessary to take this 

challenging step forward. This would not only increase knowledge in this field but also serve the goals of 

the project. 
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Abstract 

This report is an addendum to the DV2.2.3 - Rationale for the quantification of parameters measuring the 

proneness to ground instabilities in both offshore and onshore areas. In particular, the scientific research 

activities carried out in the period July – November 2023 by the Work Package 2.3 (WP3) is here summarized.  

WP3 focused on examining the preparatory processes to ground instabilities. This analysis was based on the 

learning from different approaches (on site and remote sensing monitoring data; numerical modeling and 

statistical analysis; machine learning techniques), collected on already deeply studied and analyzed case 

studies, or Learning Examples (LEs), supplied by the partner institutions. Fifteen preparatory processes (P) 

were identified from the inventory of LEs and at least a tool for the rationalization of each process was derived 

from each LE. This phase had the objective of building a Rationale for preparatory processes to be used as 

input to the Proof of Concept (PoC). 

The activities carried out in these months have been centered on a critical review of the LEs’ rationales and on 

an increase of the number of LEs for each preparatory process, that became necessary due to the criticalities 

highlighted with the deliverables 2.3.1 “Data collection and analysis; implementation of geodatabases in 

advanced computing cloud systems” and 2.3.3 “Field-to-Num_Lab: experiencing innovative solutions for a 

real-time digital twin between in-site monitoring and numerical computation systems”. In detail, these 

criticalities are mainly linked to lack of marine and underwater LEs for the definition of a comprehensive 

Rationale for the related preparatory processes and to minor representation of liquefaction, subsidence, and 

sinkhole effects with respect to landslide studies. 

With the aim of facing these issues, some actions have been undertaken and carried out: their articulation and 

the respective results obtained are here reported. It is worth reminding that the three WP3’ tasks have worked 

together: for this reason, in this document the activities and their outcomes are reported as cumulatively gained 

from the whole WP3.  
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1) Introduction  

This document is an addendum to the DV 2.2.3 - Rationale for the quantification of parameters measuring the 

proneness to ground instabilities in both offshore and onshore areas, and summarizes the scientific research 

activities carried out in the period July – November 2023 by the Work Package 3 (hereafter, WP3) inside the 

vertical spoke VS2 “Ground Instabilities” of the Extended Partnership RETURN.  

In order to carry out the planned actions, the three WP3’ tasks  

Task 2.3.1 (TK1) “Natural onshore and offshore field laboratories for remote and in-site monitoring 

of environmental forcings and deformation responses. Validation of cutting-edge sensors, 

technological devices, and techniques to identify and monitor precursor signals of ground instability, 

as well as the occurrence of ongoing deformations”;  

Task 2.3.2 (TK2) “Numerical laboratories for digital twin reconstruction: numerical analyses 

devoted to quantifying the preparation parameters through multi-physical approaches based on data 

monitoring”; 

Task 2.3.3 (TK3) “Deep learning and machine learning for mass wasting characterization in 

subaerial and submarine areas” 

have worked together: for this reason, in this document the activities and their outcomes are reported as 

cumulative gained from the WP3.  

The general frame of RETURN (multi-Risk sciencE for resilienT commUnities undeR a chaNging climate) is 

devoted to the study of natural risks and their impacts on the anthropic and the natural context with particular 

attention to the effects related to climatic drivers. A detailed description of the project is out of the scope of 

this report and can be found at the link https://www.fondazionereturn.it/. Here it is worth recalling that, among 

the several natural phenomena addressed, the attention of VS2 focuses on ground instabilities, specifically 

landslides, sinkholes, subsidence, and liquefaction. 

At present, VS2 involves 41 official researchers (13 females, 28 males) and 112 affiliated researchers (38 

females, 74 males), for a total of 153 researchers from ENEA, OGS, POLITO, UNIBA, UNIBO, UNIFI, 

UNIGE, UNINA, UNIPA, UNIPD and UNIROMA1. From the project start, 18 researchers (RTDA) have been 

enrolled on RETURN (10 females, 8 males), together with 8 PhD candidates (6 females, 2 males) and 3 

fellowships (1 female, 2 males). 

Following the Executive Working Plan of RETURN, which was delivered as Milestone 2.1 on 31 December 

2022, the institutions cooperating to the WP3 objectives are ENEA, OGS, POLITO, UNIBA, UNIBO, UNIFI, 

UNIGE, UNINA, UNIPA, UNIPD and UNIROMA1. WP3 leader and coordinator is Salvatore Martino 

(UNIROMA1), TK1 leader is Chiara Colombero (POLITO), TK2 leader is Filippo Zaniboni (UNIBO), TK3 

is leaded by Filippo Catani (UNIPD).  

As a premise and recall, the architecture and content of VS2 WPs related to the research activity’s core is 

briefly summarized. The distinction between the different core WPs is made on the basis of the different 

factors/processes controlling ground instabilities targeted and analyzed in each of them. In particular: 

- WP2 focuses on the detection and analysis of PREDISPOSING factors to ground instabilities. 

- WP3 targets PREPARATORY factors to ground instabilities. 

- WP4 is centered on TRIGGERING and multiple geohazards cascading scenarios (MULTIHAZARD). 

The distinction between predisposing, preparatory and triggering factors/processes is based on the temporal 

scale of action. Predisposing factors are considered to be invariable at the scale of observation, while 

https://doi.org/10.3390/w12051414?d=wda5137e441304d3e915ac7b1d39f5c5d&csf=1&web=1&e=T1RqoY&nav=MTJfQTY3X3swMDAwMDAwMC0wMDAxLTAwMDAtMDAwMC0wMDAwMDAwMDAwMDB9
https://doi.org/10.3390/w12051414?d=wda5137e441304d3e915ac7b1d39f5c5d&csf=1&web=1&e=T1RqoY&nav=MTJfQTY3X3swMDAwMDAwMC0wMDAxLTAwMDAtMDAwMC0wMDAwMDAwMDAwMDB9
https://doi.org/10.1016/j.geomorph.2020.107509?d=wda5137e441304d3e915ac7b1d39f5c5d&csf=1&web=1&e=Fs0JW8&nav=MTJfQTQ4X3swMDAwMDAwMC0wMDAxLTAwMDAtMDAwMC0wMDAwMDAwMDAwMDB9
https://doi.org/10.1016/j.geomorph.2020.107509?d=wda5137e441304d3e915ac7b1d39f5c5d&csf=1&web=1&e=Fs0JW8&nav=MTJfQTQ4X3swMDAwMDAwMC0wMDAxLTAwMDAtMDAwMC0wMDAwMDAwMDAwMDB9
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preparatory factors exhibit cyclical changes or trends during the same period. Finally, the trigger acts within a 

very short and well-defined time frame. Based on this definition, in the view of restitution of scenarios, the 

preparatory factors provide a “time dimension” to the quantitative evaluations of effects, allowing to consider 

different intensity of time-dependent variables in the analytical/quantitative models. 

Inside the WP3, a first phase consisted of the collection of Learning Examples (LEs), that contributed to the 

identification of a set of preparatory processes (Table 1.1) aiming at classifying the phenomena involving 

ground instabilities and investigate techniques and approaches adopted so far to study them. 

 

Table 1.1. Preparatory processes identified from the LEs of WP3. 

 

The analysis of this database and of the issues related to such investigation were the object of the two 

deliverables submitted in July 2023: DV2.3.1 “Data collection and analysis; implementation of geodatabases 

in advanced computing cloud systems” (related to TK1) and DV2.3.3 “Field-to-Num_Lab: experiencing 

innovative solutions for a real-time digital twin between in-site monitoring and numerical computation 

systems” (focusing on TK2 and TK3). 

In the following, the actions undertaken to solve (or at least mitigate) these issues are illustrated, and their 

outcomes reported extensively. 

 

 

Preparatory 
Process 

Identified PREPARATORY PROCESS 

WP3_P1 Preparation for the detachment of soils related to physical and chemical alteration (weathering). 

WP3_P2 
Preparation for the detachment of soils related to variations in the saturation due to seasonal cumulated 
rainfalls. 

WP3_P3 Preparation for the detachment of soils related to the effects of wildfires. 

WP3_P4 Preparation for debris flows related to seasonal accumulation of debris in the high elevation feeding areas. 

WP3_P5 Preparation related to durability of debris damming bodies in the riverbed. 

WP3_P6 Preparation for the detachment of rock volumes related to diurnal and seasonal thermal stressors. 

WP3_P7 Preparation for the detachment of rock volumes related to permafrost degradation. 

WP3_P8 Preparation for coastal landslides related to climatic sea level fluctuations (sea level rise). 

WP3_P9 
Preparation for coastal landslides or at canyon heads and/or continental margins related to debris 
accumulation from riverbeds (deltaic systems) and subaerial processes (e.g., coastal landslides, lava 
flows). 

WP3_P10 
Preparation for underwater landslides, at canyon heads and/or continental margins, related to underwater 
solid transport under the coast (currents/waves). 

WP3_P11 Preparation for detachment of submarine sediments related to outgassing phenomena. 

WP3_P12 Preparation for sinkholes related to the evolution/maturation of karst phenomena. 

WP3_P13 
Anthropogenic preparation related to static loads or changes in subsurface fluid pressures or groundwater 
level. 

WP3_P14 
Preparation related to changes in the vegetation cover due to anthropogenic or natural causes (including 
vegetation diseases). 

WP3_P15 
Preparation related to pre-trigger events (e.g., seismic sequences, recurrent storm surges, cumulative 
intense rainfall events, landslide succession, creep and rock mass damaging). 

https://communitystudentiunina.sharepoint.com/:x:/r/sites/PE3RETURN935/_layouts/15/Doc.aspx?d=wda5137e441304d3e915ac7b1d39f5c5d&csf=1&web=1&e=Pf4L7v&nav=MTJfQTc4X3swMDAwMDAwMC0wMDAxLTAwMDAtMDAwMC0wMDAwMDAwMDAwMDB9
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2) The recall phase 

2.1 Issues and priorities for each process 

The activities carried out in the period July-November 2023 have been centered on a critical review of the 

LEs’ rationales and on an increase of the number of LEs for each preparatory process. These actions have 

proved necessary due to the criticalities highlighted with the deliverables DV2.3.1 “Data collection and 

analysis; implementation of geodatabases in advanced computing cloud systems” and DV2.3.3 “Field-to-

Num_Lab: experiencing innovative solutions for a real-time digital twin between in-site monitoring and 

numerical computation systems”.  

In detail, these criticalities are reported in Figure 2.1, and can be summarized as: 

- lack of marine and underwater LEs for the definition of a comprehensive Rationale accounting for the related 

preparatory processes; 

- minor representation of liquefaction, subsidence and sinkhole effects with respect to landslide studies. 

 

Figure 2.1. Critical points and proposed solutions highlighted within the deliverables DV2.3.1 and 
DV2.3.3. 

 

The actions defined to mitigate or solve such issues have been articulated in the following stages: 

i) critical review of the LEs’ rationales collected in July, depending on their effectively 

suitability as input to PoC; 

ii) opening the internal recall within the WP3 researchers’ group for the upgrade of the already 

collected LEs’ rationales; 

iii) opening the internal recall within the WP3 researchers’ group for the implementation of new 

LEs’ rationales for the poorest represented preparatory processes; 
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iv) final critical review of the collected LEs’ rationales;  

v) sharing of the process detection tools (LEs) with the WP4, which will manage the differ tools 

in the PoC according to the specific environment.  

 

Concerning action i), a detailed and critical review of the products collected for the previous deliverables 

shows that six preparatory processes are characterized by only one LEs’ rationales (P1, P7, P10, P11, P12) or 

none (P4), while seven preparatory processes (P3, P6, P8, P9, P13, P14, P15) own few LEs’ rationales (less 

than three). Moreover, some of the LEs’ rationales required the translation in English from the Italian version 

or/and an update/integration of existing sheets to meet the PoC needs (output definition, coherence between 

input and output, coherence between analysis log and output). Table 2.1. List of issues and of the main priorities 

for the processes.Table 2.1 reports the specific issues for each process, highlighting the degree of priority 

through the colored scale (red: high; yellow; medium; green: low). 

Table 2.1. List of issues and of the main priorities for the processes. 

Preparatory 
Process 

Priority: HIGH – INTERMEDIATE – LOW  
Notes 

WP3_P1 
Only one LE’ sheet. Consider potential reopening for empirical, semi-statistical or numerical models LEs 
allow estimating the THICKNESS of the alteration layer and/or the SPEED of its development 

WP3_P2 Sufficient number of LEs, reopening is not necessary. 

WP3_P3 Three LEs are available. Consider potential reopening for quantitative LEs 

WP3_P4 No LE’ sheet present! Reopening for any type of LE!  

WP3_P5 Only one LE’ sheet is present, but it can be generalised. Reopening is not necessary. 

WP3_P6 Two LEs present. Consider potential reopening for quantitative LEs 

WP3_P7 
Only one LE. Consider potential reopening for quantitative LEs allow quantify temperature changes and 
permafrost degradation 

WP3_P8 Two LEs present. Consider potential reopening for any type of LEs 

WP3_P9 Two LEs present. Consider potential reopening for quantitative LEs 

WP3_P10 
Only one LE. Consider potential reopening for quantitative LEs allow quantify inshore transport dash (in 
the Mediterranean environment), wave motion also through numerical modelling 

WP3_P11 Only one LE. Consider potential reopening for quantitative near shore LEs  

WP3_P12 Only one LE. Consider potential reopening for any type of LE 

WP3_P13 Consider potential reopening for quantitative LEs 

WP3_P14 Consider potential reopening for quantitative LEs 

WP3_P15 
Consider potential reopening for quantitative LEs, especially for seismic sequences preparatory to the 
trigger, extreme rainfall events, landslides’ succession, creep/rock mass damaging 

 

According to the issues and the main priorities for the preparatory processes, an internal recall within the 

researchers’ group of WP3 was carried out. In particular, the following two main activities were conducted, 

running in parallel (beginning of September 2023 - half October 2023): 

1 Fixing the already existing LEs catalogue (call1) by inserting the missing sheets and/or the 

translation from the Italian to the English version and the update/integration of existing LEs’ sheets 

to meet the PoC needs (output definition, coherence between input and output, coherence between 

analysis log and output); 

 

2 Expanding the LEs catalogue according to the list of priorities (call2) by the integration of the 

LE inventory and the upload of reference papers (before the end of September) and the 

rationalization of the new LEs (Mid October). 
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2.2 Results of the recall 

At the deadline of the internal recall, the majority of the issues and priorities identified by the critical review 

were positively addressed.  

As a priority aim, the internal recall was focused on improving the number of LEs’ rationale sheets/tools for 

those preparatory processes with no or few cases. After the two calls (Figure 2.2), some of the preparatory 

processes have achieved the minimum number of three LEs’ rationale tools (P2, P9, P8, P9, P11 and, P14) 

while other have largely overtaken the minimum cut-off (P1, P6, P3 and, P15). On the other hand, P3, P4, P7, 

P10 and P12 are again characterized by a very low number of LEs’ rationale tools.  

 

Figure 2.2. General results of the internal recall.  
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As a second critical point, the internal recall was focused on recovering more quantitative cases. After the calls 

(Figure 2.3), the quantitative approach is still the less used but, due to the general increase of the number of 

LEs’ rationales, also an increase of the quantitative cases (passing from 6 to 14 cases) was highlighted. 

Furthermore, the semi-quantitative approach takes note of an increase of the number of LEs’ rationales, moving 

from 11 to 17 cases. The qualitative analysis log is the prevalent, passing from 25 to 34 LEs’ rationale tools.  

 

Figure 2.3. Analysis logs results of the internal recall.  
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In particular, among the different types of output (Figure 2.4), the restitution of outputs through classes is the 

most used (with 36 cases), followed by equations (with 13 cases) and indices (with 9 cases). 

 

 

Figure 2.4. Type of output after the internal recall.  
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Another critical point was the collection of more LEs adopting numerical modelling (TK2) and/or machine 

learning (TK3) approaches (Figure 2.5). The LE’ tools that use the modelling approach have increased, passing 

from 12 to 23, while the machine learning approach is used only in the P6 (1 case), P8 (3 cases), P14 (1 case), 

P15 (3 cases).  

 

Figure 2.5. LEs’ rationales subdivision among monitoring, modelling, and machine learning 
approaches after the internal recall.  
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The calls allowed to increment LEs’ rationale tools related to the submarine environment (Figure 2.6), filling 

the gaps for the P8, P9, P10, and P11 processes, with a total number of 13 cases. Obviously, the subaerial 

environment is still the most studied and represented, with 51 LEs’ rationale tools.  

 

 

Figure 2.6. LEs’ rationale tools subdivision among submarine and subaerial after the internal recall.  
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At the same time, the calls produced an increase of the LEs’ rationales for the near shore context with a total 

collection of 12 LEs. The mountain context is the most studied with 32 LEs’ rationale tools, followed by the 

hill context, with 27 cases (Figure 2.7).  

 

 

Figure 2.7. LEs’ rationale tools subdivision among the different contexts after the internal recall.  
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One of the priorities of the calls was to add more LEs regarding liquefaction, sinkhole and subsidence effects. 

No increment of LEs’ rationale tools for sinkhole effect is however reported after the internal recall. Even if 

the total number of cases is still low, 3 cases for liquefaction and subsidence are recovered, respectively (Figure 

2.8).  

 

 

Figure 2.8. LEs’ rationale tools subdivision among the different effects after the internal recall.  
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As regards the distribution of the LEs’ rationale tools among the different tasks of the WP3, TK1 collects 31 

cases, followed by TK2 with 4 cases and TK3 with 3 cases, in this reflecting also the history of the approaches 

to the study of natural phenomena: monitoring is the classic and first adopted investigation tool, numerical 

modeling improved significantly in the last two decades, and machine learning is still in its initial stage. On 

the other hand, the learning techniques integration are also shown: 18 cases are simultaneously studied by the 

TK1 and TK2; 4 cases are used by the TK1 and TK3 together (without increment after the call2); only one 

case is analyzed by TK2 and TK3. No cases are studied simultaneously by the three approaches (Figure 2.9).  

 

 

Figure 2.9. LEs’ rationale tools subdivision among the different Tasks after the internal recall.  
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At the same time, the call1 allowed to improve the overall quality of the LEs’ rationalization. In particular, 

with the aim to furnish a sheet effectively suitability as input to PoC, the authors have modified the LEs’ 

rationale sheets related to each tool, improving output definition, coherence between input and output, 

coherence between analysis log and output. An example of upgraded sheet is reported below (Table 2.2). 

Table 2.2. Example of the upgrade of the LEs’ rationale tools. 

PROCESS 

WP3_13 

Anthropogenic preparation related to static loads and 

variations of the groundwater level 

LEARNED FROM 

(indicate the code of the reference LE - learning 

example) 

SA_10_WP3 

3) PROCESS CONTROL PARAMETERS 

1) geometry of the slope and hydraulic regime 

2) physical and mechanical properties of soils (strength, 

stiffness, hydraulic conductivity) 

3) predisposing factors: variation of the stress state and of 

the hydraulic regime induced by processes of excavation 

of the quarry slope 

2) INPUT DATA TO THE RATIONALE for the 

analysis of the process 

1) time-modification of the slope geometry induced by the 

excavations processes of the quarry 

2) excavations combined with consolidation processes in 

soils related to a time-modification of the hydraulic 

regime in the slope 

3) LEARNING METHODS (from which the input 

data were derived)  

  

 

(on site/remote sensing monitoring – Task 1; 

numerical modeling – Task 2; machine learning – 

Task 3; specify the type/task and provide the 

methodological description for each input to the 

rationale) 

 

Task 1 – on site monitoring (piezometers and 

inclinometers) 

Task 2 – Limit equilibrium analyses and finite difference 

numerical 2D analyses using a coupled hydromechanical 

approach (u-p approach) 

The results indicate that the deep retrogressive failure 

mechanism leading to a neo-formation landslide was 

triggered by the pore pressure equalisation process, still 

occurring in the slope well after the end of quarrying. 

4) APPLICABILITY CONSTRAINTS  

 

(specify the application context/environment, 

highlight the spatial and temporal scale limits and 

the requirements for applicability)  

 

 

The scale is that of the slope. 

Inclination of the slope: 10 ÷ 15° with respect to the 

horizontal plane, with groundwater level located between 

2 and 6 m depth from the ground level and failure 

occurring along rotational neo-formation mechanisms 

induced by quarrying activities at the toe of the slope. 

Soil characteristics: sub-Apennine saturated blue clays of 

medium plasticity (PI = 20 ÷ 30 %) characterized by 

overconsolidation ratio OCR = 3 ÷ 10 (higher values at 

shallow depths, lower values attained around 50 m depth). 
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Hydraulic conductivity in the range of 5x10-11 and 7x10-11 

m/s. 

5) ANALYSIS LOGS  

 

(specify if qualitative, semi-qualitative or 

quantitative) 

-semi-qualitative: the numerical analyses carried out in 

this case allow to define typical patterns of the instability 

mechanisms as compared to the monitoring results. 

Lesson learned is that the effect of the quarry excavation 

on the modification of the hydraulic regime in slopes and 

the consequent displacements induces by the attainment of 

the shear strength are characterized by a certain delay that 

depends on the consolidation processes. 

6) OUTPUTS 

(specify if categories or indexes or algorithms 

according to the analysis logs and provide a full 

description of each output) 

The retrogressive failure typically occurs along circular 

slip surfaces connecting the toe and the top of the slope, 

with a longitudinal extension within the range of 1.5÷2 

times the height of the front of excavation of the quarry. 

The displacement rates are in the range of 4-5 mm/day and 

are typical of slow movements, hence the time required to 

reach a stabilization of the process ranges within 20÷30 

years after the conclusion of the quarrying. 
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3) Conclusions 

The WP3 activities carried out between 01/08/2023 and 30/11/2023 have been devoted to deepen the analysis 

of the processes preparatory to ground instabilities. This analysis was based on the learning from already 

deeply studied and analyzed case studies or Learning Examples (LEs). The activities carried out in the last 

four months have been centered on a critical review of the LEs’ rationale tools delivered in July 2023 (DV2.3.1 

“Data collection and analysis; implementation of geodatabases in advanced computing cloud systems”; 

DV2..3.3 “Field-to-Num_Lab: experiencing innovative solutions for a real-time digital twin between in-site 

monitoring and numerical computation systems”) and on the increase in the number of LEs related to each 

preparatory process.  

These activities have been necessary due to the criticalities highlighted within such deliverables. In detail, 

these criticalities were mainly linked to lack of marine and underwater LEs for the definition of a 

comprehensive rationale for the related preparatory processes and to a minor representation of liquefaction, 

subsidence and sinkhole effects with respect to landslide studies. In particular, a detailed and critical review 

of the products collected for the previous deliverables showed that six preparatory processes were 

characterized by only one LEs’ rationale tool (P1, P7, P10, P11, P12) or none (P4), while seven preparatory 

processes (P3, P6, P8, P9, P13, P14, P15) owned few LEs (less than three). Moreover, some of the LEs’ 

rationale sheets describing the tools required the translation in English from the Italian version or/and an 

update/integration to meet the PoC needs (output definition, coherence between input and output, coherence 

between analysis log and output).  

For these reasons, an internal recall within the WP3 researchers’ group was opened. This recall was focused 

on the upgrade of the already collected LEs’ rationale tools (call1) and on the implementation of new LEs’ 

rationale tools for the poorest preparatory processes (call2).  

 

A general increase in the number of the LEs’ rationale tools was achieved, but some preparatory processes 

(P3, P4, P7, P10 and P12) are still characterized by a very low number of LEs. As regards the analysis logs, 

the quantitative approach was implemented, passing from 6 to 14 cases.  

The machine learning approach was used for 8 LEs’ rationale tools while monitoring and modelling approaches 

recorded a higher increase of LEs.  

Submarine LEs increased from 7 to 13, with a distribution in the near shore context of 12 cases.  

The number of LEs’ rationale tools is still low for the liquefaction and subsidence effects, while no new LEs’ 

tools were reported for sinkholes in call2. 

 

As a general conclusion, with the two calls, the majority of the issues and priorities identified by the critical 

review have been positively addressed and solved. However, it remains clear that a dedicated cascade funding 

call is necessary for recovering LEs’ rationale tools for the preparatory processes characterized by a very low 

number of LEs (P3, P4, P7, P10 and P12). 

On the other hand, the revision and recall activities allowed to improve the overall quality of the LEs’ 

rationalization, furnishing tools effectively suitable as input to the Rationales and PoC. The LEs’ rationale 

tools (LEs) were finally shared with the WP4 for the construction of the Rationale’s architecture related to the 

different environments and contexts.  
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List of abbreviations 

DV2.2.3 Deliverable 2.2.3 - Rationale for the quantification of parameters measuring the proneness to 

ground instabilities in both offshore and onshore areas 

DV2.3.1 Deliverable 2.3.1 - Data collection and analysis; implementation of geodatabases in advanced 

computing cloud systems 

DV2.3.3 Deliverable 2.3.3 - Field-to-Num_Lab: experiencing innovative solutions for a real-time 

digital twin between in-site monitoring and numerical computation systems 

LE  Learning Example 

P#  Process number 

PoC  Proof of Concept 

RETURN multi-Risk sciEnce for resilienT commUnities undeR a changiNg climate 

TK1 Task 2.3.1 - Natural onshore and offshore field laboratories for remote and in-site monitoring 

of environmental forcings and deformation responses. Validation of cutting-edge sensors, 

technological devices, and techniques to identify and monitor precursor signals of ground 

instability, as well as the occurrence of ongoing deformations 

TK2 Task 2.3.2 - Numerical laboratories for digital twin reconstruction: numerical analyses 

devoted to quantifying the preparation parameters through multi-physical approaches based 

on data monitoring 

TK3 Task 2.3.3 - Deep learning and machine learning for mass wasting characterization in 

subaerial and submarine areas 

VS2  Vertical Spoke 2 – “Ground Instabilities” 

WP3 Work Package 2.3 - Monitoring & Modelling: toward a digital twin of ground instabilities 

effects 

 

 

 


