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This deliverable presents the second output of Task 2.4.4, part of the WP 2.4 “Trigger-based multiple
geohazard scenarios” focused on analysing the reliability and uncertainty of statistical methods in assessing
ground instabilities under various environmental conditions.

Following guidelines established in DV 2.4.7, the working groups examine uncertainty quantification through
real-world case studies, which focus on using tools and toolchains to evaluate ground instability in specific
geohazard-prone environments. Each study addresses the uncertainties stemming from input data and
modelling procedures. Key factors influencing the response of each environment—such as peak ground
acceleration (PGA) and preparatory conditions—were defined to support consistent comparisons across
contexts.

The document is structured around three primary case studies, with each chapter dedicated to a specific
environmental application:

e Mountain and Hill Contexts: atoolchain was developed to evaluate shallow soil dlides triggered by
seismic events, considering rainfall as a preparatory factor.

e Plain Context: atool assesses soil liquefaction potential under seismic conditions, with a case study in
the Emilia-Romagna region, where factors such as groundwater depth and earthquake energy are
analysed.

e Marine Context: tools evaluate the detachment and diding of submarine landslides, with a focus on
tsunamigenic potential.

These applications serve as examples towards more advanced approaches to uncertainty assessment in
geosciences, providing insights into the impact of uncertainties on model outputs and practical
recommendations for managing complexity in geohazard modelling. The findings and recommendations
will inform Deliverable DV 2.4.9, which will further address best practices for applying and interpreting
resultsin the context of ground instability assessments
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4.1 Overview of Task T 2.4.4 and deliverable DV 2.4.8

This deliverable represents the second output of the Task 2.4.4 research having as its topic “Reliability and

uncertainness of statistical solutions. Uncertainty assessment methods, based on back analysis of event
distribution, for ensemble and single process as well as for coupled/cascade multiple triggers”. The task is
part of the WP 2.4 “Trigger-based multiple geohazard scenarios”. As mentioned in the Executive Working
Plan (Milestone 2.1), the Task 2.4.4 “isfocused on the definition of contexts and indicators mostly affected
by uncertainty (DV 2.4.7, completed in May 2024), the coding of procedures for the assessment of such
uncertainties (DV 2.4.8), and the determination of uncertainty ranges with stochastic and/or deterministic
methods (DV 2.4.9)”. In order to conduct this in-depth analysis on the topic of uncertainty “the task will
develop its products by looking at the outcomes of Tasks 2.4.1, 2.4.2, 2.4.3, and of related tasks in different
WPs of Spoke 2 and of interacting Spokes. The considered environments will span from slope and river
systems to submarine mass wasting, as well as alluvial plains and sea floor stability”. Deliverables DV
2.4.8 and DV 2.4.9 collectively conclude Project Milestone 2.4, titled “Proof of Concept for Seamless
Integration of Projections and Uncertainty Assessment”.

In accordance with what was mentioned in the previous paragraph, thisdeliverabl e represents afirst systematic

collection of the results obtained to date by the task groups of Spoke 2, and in particular of WP 2.4,
regarding the applications of tools and toolchains for evauating ground instabilities in different
physiographic and geo-morphological contexts, with a specific focus on uncertainty quantification and
sensitivity analysis.

The devel opment of the work was structured starting from the guidelines provided within the deliverable DV

2.4.7, completed in May 2024, in which the uncertainties working group provided a generd (i.e., valid for
both for marine and terrestrial environments and the relative working tools) workflow aimed at providing
best practices and concrete steps to deal with the main and different sources of uncertainty to which the
evaluation of ground instabilities in terms of occurrence, dynamics, effects etc. is subjected. Working
groups involved in the development and application of tools and toolchains in various environmental
contexts (i.e., T 2.4.1: near-shore, coastal, and volcanic isand, T 2.4.2: hilly and mountain areas, T 2.4.3:
large plains) were asked to apply their research products to real-world case studies in order to specifically
assess the effects of uncertaintiesin input data and modelling procedures on the results obtained.

In order to make the applications to the various physiographic and geo-morphological contexts as comparable

as possible, a single factor was chosen as the main trigger for the ground instabilities considered in the
various environments. Specifically, aseismic trigger was chosen, thus consi dering the processes potentially
triggered by an earthquake whose peculiar characteristics (e.g., peak ground acceleration, PGA) were
defined in each application. In each application, the various predisposing and preparatory factors for the
occurrence (or possible inseverance) of the ground instabilities considered are then defined.

The document is organised through three macro applications, for each of which the authors have briefly

reported on how the tools and toolchains work, the results obtained in the case studies considered, and
specific comments about how the sources of uncertainty were considered and their impact on the outputs.

In more detail, the chapters are as follows:

Second Chapter: Applications of tools and toolchains for evaluating ground instabilities in mountain and
hill contexts, with afocus on uncertainty quantification and sensitivity analysis (Edited by C. Esposito, F.
Roallo, and R. Tufano). The application considers atoolchain developed for the study of shallow soil dides
in the mountain-hill environment activated by the occurrence of a seismic event. In this case study, specia

9
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attention is also paid to the preparatory factors prior to the occurrence of the earthquake, as the devel oped
toolchain is able to evaluate the insevering effects produced by rainfall. The case study considered is the

basin of the Mignone River (Italy).

» Third Chapter: Applications of tools and toolchains for evaluating ground instabilities in plain contexts,
with afocus on uncertainty quantification and sensitivity analysis (Edited by G. Forte, M. DeFalco, and L.
Mele). The application considers a tool used to characterize the liquefaction processes, defined as a
phenomenon that occurs when saturated soils lose strength due to seismic shaking, depends on various
preparatory (i.e., depth of groundwater table) and triggering (energy of earthquake) factors. The tool is
applied to test arealocated in the Emilia-Romagna Region.

» Fourth Chapter: Applications of tools and toolchains for evaluating ground instabilities in marine (near-
shoreand coastal environments) contexts, with afocuson uncertainty quantification and sensitivity analysis
(Edited by F. Zaniboni, S. Ceramicola, and A. Armigliato). The application considerstools and parameters
used to explain the processes of detachment and dliding of a submarine landdiide along an open dope
located near the coastal area, with afocus on the quantification of the related tsunamigenic potentia . The
tools are applied to the Assi landslide complex, located in the lonian Calabrian Margin.

Considering that this type of uncertainty assessments turns out to be relatively uncommon in the field of
geoscientific applications, the results obtained in these case studies represent useful examples for the
development of applied research on ground instabilities and for consciously using the results obtained in
the field of applications. The three macro-applications are devel oped following a scenario-based approach,
wherein the input data and model parameters are selected on a case-by-case basis by the expert authors
specializing in the specific ground instabilities under consideration. This work does not assess the quality
of the scenarios, it is not the aim of this exercise to evaluate if a scenario is more likely of another, but
rather addresses the epistemic uncertainty arising from them. Indeed, ground instability models can be
validated on past events, but they are often used to forecast the likeness of specific instabilitiesto occur in
the near future. In this context it is not possible to validate model simulations, it is instead possible to
discuss which range of future conditions (e.g., preparatory and predisposing factors) are more likely.
Deliverable DV 2.4.9 will focus on the implications of uncertainty on modelling and forecasting ground
instabilities, and their practical applications. It will also address best practices for managing such
complexities, including the adoption of methodologies that extend beyond reliance on simple expert
judgment for scenario selection.

10
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5.1 Introduction

This document is a contribution to the deliverable “DV 2.4.8 - Scripting for uncertainty evaluation” (PNRR -
PE3 RETURN), concerning the quantification of uncertainties in the use of the tools proposed in the
previous phases of the project for the development of the Proof of Concept (PoC).

For the purposes of DV 2.4.8 (and therefore with particular reference to the management of uncertaintiesin
the input and output of calculation models) a toolchain applied to areal case study has been tested. This
pilot study concerned the definition of a scenario of ground instability, starting from the knowledge of the
intrinsic predisposition of the territory to landslides (susceptibility), passing through the evaluation of the
inseverance of the predisposition conditions due to a preparatory factor (rainfall) of an arbitrarily selected
intensity, and arriving at the evaluation of the further inseverance due to seismic shaking, also of anintensity
defined in a “deterministic” manner. It should be noted in this introduction that the choice of “arbitrary”
intensity levels of preparatory (rain) and triggering (earthquake) processes derivesfrom the shared decision
not to treat these types of input in probabilistic terms, since it is not the subject of VS2, which isinstead
called upon to define event scenarios for intensity levels of preparatory and triggering processes defined
elsewhere (e.g., by other Spokes).

5.2 Environmental context
5.2.1 General framework of the study area

The case study relates to the catchment area of the Mignone river in northern Latium (Italy). This areaiis part
of acontinental context characterized by hilly altitudes, but which locally presents steep morphologies and
high relief energies due to the volcanic lithotypes present in the area and the high resistance to erosion by
the more lithoid facies. Based on institutional databases (https.//idrogeo.isprambiente.it/app/), the basinis
also characterized by large areas defined as moderate to very high landdlide susceptibility, to which
attention areas must aso be added. It istherefore a context characterized overall by a high susceptibility to
landdlides (Figure 5.1).

Figure 5-1 Excerpt from the official landslide hazard map (Piano di Assetto Idrogeologico) as
published on the website https://idrogeo.isprambiente.it/app/

11
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With regard to the type of landslides present in the area, from the | FFI database, exemplified in the cartographic
excerpt below (Figure5.2), itis possible to deduce the presence of large areas affected by shallow landslide
phenomena that mobilize the eluvial-colluvial layers. Since these processes are particularly sensitive to the
action of rainfall (both as apreparatory and triggering factor) and earthquakes, it was decided to test one of
the toolchains rationalized for this type of ground instability.
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Figure 5-2 Types of landslides present in the area extracted from the IFFI database.

5.2.2 Case study and analyzed ground instability
As mentioned in the introduction, the functioning of a complete toolchain was tested to define a scenario of
seismically induced shallow landslides prepared by an antecedent rainfall event.

In summary, therefore, these are the salient features of the case study:

e Environment: hill-mountain

e |nstability category: landslide

e Study scae: river basin

e Test site: Mignoneriver basin

e Kinematic: rapid

e Instability type: shallow soil slides

e Trigger category: earthquake

e Preparatory process:. rainfall

e Predisposing factors: lithology, DTM-derived morphometry and soil cover

5.2.3 Notes on the functioning of the tools implemented

The toolchain adopted consists of the following operational tools:

)] Tool for susceptibility assessment

12
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ii) Tool for assessing the hydraulic condition of dopes as a result of rainfall and related
infiltration/seepage

Use was made of an open-source, Gl S-based tool
(https://grass.osgeo.org/grass84/manual /r.topmodel .html), to assess the water table depth and,
thus, of the pore water pressure in the shallow layers of the dopes. TOPMODEL (Beven et a.,
1995) isaphysically based, distributed watershed model that simulates hydrol ogic fluxes of water
(infiltration-excess overland flow, saturation overland flow, infiltration, exfiltration, subsurface
flow, evapotranspiration, and channel routing) through awatershed. The model simulates explicit
groundwater/surface water interactions by predicting the movement of the water table. Even if
simplified, beyond an input rainfall such a model requires a relevant number of quantitative
information, especially in terms of geotechnical (physical) and hydrogeological/hydraulic
parameters.

iii) Tool for the physically-based analysis of dopestability conditionsdueto preparatory rainfall
(antecedent scenario)

Clusters of pixelsover afixed susceptibility threshold are subject to the dope stability assessment
based on limit equilibrium method and according to the infinite lope model (implemented in a
simple GIS-based raster calculation); the presence of water (output of previous step) has been
accounted for only in terms of hydrostatic pore pressure, thus neglecting seepage forces as well as
suction effects. The results can be used to define the location of: i) unstable slopes for hydrostatic
forcing (areas with FoS < 1), ii) stable areas but close (1 < Fos < custom threshold) to limit
equilibrium. Thelatter are subject to the analysis of the subsequent tool (set). Thissimplified model
also requires a relevant number of quantitative information, such as: geotechnical (both physica
and mechanical) parameters and information about soil depth and terrain slope.

Tool for the evaluation of co-seismic displacements (trigger-based scenario). Such atool isin turn composed
by a sequence of operations, namely:

e calculation of Ky (pseudo-dtatic critical horizontal acceleration)
e Semi-empiric evaluation of expected co-seismic displacements

In detail, the calculation of the yield seismic coefficient at a) is performed according to the scheme of infinite
dope, ableto account for shallow and trand ational dliding mechanism at avery limited computational cost.
This allows to use the values of Ky for the calculation of co-seismic displacements through a recent semi-
empirical relationship (Rollo and Rampello, 2023) as afunction of the magnitude of the strong motion (i.e.,
PGA and PGV) as per the point b).

5.2.4 Description and outputs of the tested tools

Tool for susceptibility assessment

The analysis provides a raster map of Susceptibility values: a numerical value is assigned to each grid cell
quantifying its spatial pronenessto landslide. For this case study, due to the limited number of information
(i.e., number of inventoried landdlides) not suitable for ML agorithms, the Frequency ratio technique has
been implemented. Thus, a binary classification of the Landdide Susceptibility Index (sum of Freguency
Ratio values of each class of every variable on a cell-by-cell basis) was performed according to the
Detection Rate Curve, obtained by sampling the LS| raster at the points of known landslidelocation (Figure
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5.3 and Figure 5.4). The threshold has been put to a value corresponding to the 50% of correct predictions.
The predisposing variables (retrieved / elaborated from institutional databases) considered in this test are:

e Lithology

e Soil cover

e Geomorphic domain class
e Slope

e Distanceto streams

e FElevation

e Stream power index

SusCeplilily indes

Bani 1 {Gray)
[ 15 5 bm -
[ — fr—_—

Figure 5-3. Binary map of susceptibility to shallow landslides in the Mignone river basin. Red areas
are featured by cluster of pixels beyond a selected susceptibility threshold chosen on the
basis of the Detection Rate Curve.

14



Finanziaie #5%, Ministero . I
dallUnione eurapes dell’Universita ".l Italiadomani
MexciiGanerationEL) + edella Ricerca : YRR PR

DI RIPRESA E RESILIENZA

Detection rate curve

0.9 Y
038 ""“.__I
0.7 L
06 "-'b_.
05 @
0.4 :
03 _
02 o
0.1 Q.

5 ‘°""o---¢..'

0 2 4 6 8 10 12

Figure 5-4. Detection rate curve (LSI values on the x-axis and cumulated proportion of correct
predictions on the y-axis).

Tool for assessing the hydraulic condition of dopesasaresult of rainfall and related infiltration/seepage

The relevant output of TOPMODEL for this toolchain is a raster map where each pixel assumes a value
coinciding with the assessed depth below ground level of the water table arising from infiltration in the
shallow soil (Figure 5.5).

Figure 5-5. Map of estimated water table depth (for a specific rainfall input, equal to 30 mm of
antecedent rainfall for this test)

15
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Tool for the physically-based analysis of dope stability conditions due to preparatory rainfall
(antecedent scenario)

The GIS-based procedure implemented for quantifying the factor of safety resultsin a raster map where each
pixel assumes the FoS value resulting from the limit equilibrium analysis for an infinite dope (Figure 5.6).
In this test the presence of water has been considered only in terms of hydrostatic pore pressure, thus
neglecting seepage forces as well as suction effects. The output map has been reclassified to point out
unstable areas under static conditions (FoS < 1) and metastable areas (1 < FoS < 1.5). Clusters of pixels
with 1 <FoS < 1.5 define the analysis units for the subsequent definition of the trigger-based scenario.

.‘J\_ .

FS_tlasses

M 1(<1)
2(1==F5<1.5)
3(1.5<=F5<2)

a 25 S 5 4 (F5>2)

Figure 5-6. Map of estimated Factor of Safety classes (for a specific combination of input
parameters values)

Tool for the evaluation of co-seismic displacements (trigger-based scenario)

Each cluster of pixels with 1 <FoS < 1.5 (output of previous tool) feature a polygon that can be considered as
potential first-activation landslide under dynamic forcing. To assign a unique set of input values to each
polygon for the co-seismic analysis, the GlS-based zonal statistic tool has been applied to retrieve
statigtically significant parameters (mean, median and standard deviation for DTM-dependent parameters
and magjority, minimum and maximum for parameters derived from categorical information). Theresult has
been exported in csv format for the subsequent analysis exploiting calcul ated fields:

e Theky valuesfor each row (corresponding to a polygon)

e The semi-empiric evaluation of expected co-seismic displacements for rows (each corresponding to a
polygon) with Ky < PGA has been performed according to the two semi-empirical relations. The PGA
value was chosen to be 0.15g. The value of PGV to be introduced in the vector relationship was
evaluated on the basis of the regression shown in the Figure 5.7 below, obtained on the basis of the
characteristics of the Italian seismic database. Thisresulted in areasonable pair of PGA, PGV.
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Figure 5-7. Regression between PGA and PGV values obtained on the basis of the characteristics
of the Italian seismic database.

5.3 Sour ces of uncertainty, proposed and implemented strategies

Susceptibility assessment

“Native” outputs of the susceptibility assessment are featured by ROC curves (and related metrics) or Detection
Rate Curves (depending on the technique adopted) that allow users to somehow quantify the uncertainty
(specificity and sensitivity of the predictive model) related to susceptibility classes once the latter are
estimated from the continuous results.

Assessment of hydraulic conditions of dopesdueto rainfall

Beyond theintrinsic potential uncertainty related to the hazard of theinput rainfall, uncertainties can arisefrom
the following issues:

e rainfall is homogenously distributed over the area. It is quite difficult to quantify this potentia error,
that can be partialy overcome if the area is partitioned into sub-areas reflecting, for instance, the
Thiessen polygons of rain gauges.

e Theamount of seepage and, then, the water table location is strongly affected by hydraulic parameters
assigned to soil layers.

Possible strategies to overcome the issues are:

e Cadlibration, if ground truth data are available

e Sensitivity analysis, if a(bibliographic) range of valuesisavailable
Antecedent scenario

Many sources of uncertainty affect this kind of physically based analysis and are related to the variability of
geotechnica (unit volume weight, soil cohesion, [root cohesion, if taken into account], friction angle) and
geometric (mobilizable soil thickness) parameters.

Possible strategies to overcome the issues are:
e Calibration, if ground truth data are available
e Probabilistic stahility analysis to account for the known or modelled parameter variability
e Sensitivity analysis, if a (bibliographic) range of valuesis available
For this test we performed a sensitivity analysis considering a “reasonable” range of each parameter value.

Comparing the results of each combination of input parameters can result in a map providing information
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The sensitivity was assessed by analysing the changes with respect to a standard value resulting from the
variation of the generic i-th independent variable (Xi) with respect to its basic value (XiR), while keeping
all the other parameters (X)) constant for j # i. Therefore, to provide perspectives on the key drivers
generating the FS map for the Bonis catchment, the sensitivity was assessed by changing the following
parameters:

e Cohesion

e Friction angle

e Soil unit weight

e Root cohesion

e Water Unit Weight

By applying the “one-factor-at-a-time” method OAT, each parameter was changed by +5% and £10% from
the standard value. Moreover, the changing of parameter values potentially reveals alinear (or non-linear)
relationship among the parameter changes and model output, as well as the sensitivity of each parameter at
different times during the simulation. This methodology shows the relative change of FS (ACFcg) for the
variation of each parameter with respect to the reference value (CFcer). CFcer Value was plotted against
the relative variation of each independent parameter Xi accounted for (AXi) with respect to the
corresponding reference value (XiR) to assessits slope mi as defined by:

Smi=(ACFce/CFccr)(AXi/XiR)
where, mi is the partial derivate of FS compared to its reference value (FSR) with respect to the relative
variation of the i-th parameter (Xi) compared to its reference value (XiR). As such, the intrinsic linearity

of the above Equation was immediately checked (Figure 5.8). Thus, for higher values of mi, the sensitivity
of FStowardsthe relative variation of Xi isalso higher.

10

thSod Usst Weipht
Friction ang ke
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Figure 5-8. Plot of the sensitivity analysis results. See text for a detailed explanation.
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Trigger-based scenario

Possible sources of uncertainty are: geotechnical (unit volume weight, soil cohesion, [root cohesion, if taken
into account], friction angle) and geometric (mobilizable soil thickness) parameters adopted for computing
Ky. Furthermore, each polygon representing a “critical” slope section (i.e., in a specific range of FoS greater
than 1) encompasses clusters of cells with (potentialy) variable parameters (and related uncertainty).
Possible strategies to account for uncertainty are as follows:

Performing as many analyses as those considered for the assessment of FoS. Comparing the results of
each combination of input parameters can provide information on the variability of outcomes
(expressed of £% variation with respect to the reference result, e.g., based on average parameters).
Furthermore, each polygon can be featured by average geotechnical and geometrical values aswell as
by other statistically controlled values (e.g., maximum, minimum, a specific percentile, etc.). The
uncertainties of the former input parameters can be condensed in a variation of the yield seismic
coefficient Ky.

For a given value of PGA (and possibly PGV), one (or two) semi-empirical relationships can provide
the values of the co-seismic displacements for a wide range of Ky to quantify the uncertainty of the
slope geometry and the physical and mechanical properties of soils on the displacements.

Another level of uncertainty can be assessed considering different percentiles of the displacement
semi-empirical relationship for afixed value of PGA (or ama). The coefficients of the semi-empirical
relationship, developed with reference to the Italian seismicity, can be set to reproduce the median
distribution of the permanent displacements shown in the Figure 5.9 (the latter computed through the
Newmark’s method for a broad range of Ky and for all the horizontal acceleration time-histories of
the Itdian strong motion database) or to account for upper-bound solutions related to different
percentiles according to anormal probability distribution. As per example, in the Figure 5.9 are shown
the semi-empirical relationships for 50th (median) and 94th percentile, but the results for other values
of percentiles greater than 50th can be provided.

100

10

0.1

ad {emh

01

0.001

0.0001

Figure 5-9. Plot showing the semi-empirical relationships K,/Kmax — co-seismic displacement for

50th (median) and 94th percentile.
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e [or aspecific site with a given level of seismic hazard, for any values of Ky a displacement hazard
curve can be obtained, showing the annual rate of exceedance of the occurrence of a co-seismic
displacement (or, smilarly, itsinverse, the return period) within awide range of displacement values,
asshowninthe Figure 5.10. Thisalso allowsto associate a certain threshold displacement and avaue
of Ky to agiven probability of occurrence in agiven interval of time, say the return period, to which

corresponds a specific limit state according to the current Itaian building codes.

0.01
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0.0001

(1/year)

* 1E-005

<

A

1E-006

1E-007 !
0.1 1 10 100

d (cm)

Figure 5-10. Displacement hazard curves for a set of different Ky
values

In this testcase only the Ky coefficients were evaluated for the combination of minimum, average and
maximum c* (soil + root) and ¢’, as the sensitivity analysis of trigger-based scenario tool highlighted their
relevance. As a result, a set of 6 co-seismic displacements was computed for each potentia landdlide
polygon: 3 combinations of strength parameters x 2 semi-empirical relations (Table 5.1).
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Table 1. Estimated co-seismic displacements for a random subset of potential co-seismic
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landslides. The six value fields refer to the results obtained by the two semi-empirical relationships

(‘d,scalar’ and ‘d,vector) for three different combinations of morphological and geotechnical
parameters (namely minimum, mean/mode, maximum values)
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When applying a toolchain, the “uncertainty issue” becomes much more relevant to the extent uncertainties of
a single tool propagates to those successive, that receive uncertainties and produce even further

uncertainties.

In the testcase here presented we used a sequence of tools that natively do not implement proper probabilistic
outputs nor deal with probabilistic inputs. In such case sensitivity analyses are the only feasible actions to
try to constrain uncertainties. Notwithstanding, relevant issues till remain, especialy when a model runs
with a significant number of input data, which imply a potential factorial combination of parameters and
related values to be considered. Furthermore, even if a senditivity analysis suggests the more relevant
category/ies of input data, in case of lack of calibration/ validation scenariosit isnot trivial to assess which

parameter value (or combination of parameters) is more representative of the actual conditions.

Thus, at least an expert judgment to “model” the distribution of parameter variability is needed to associate a
PDF in order to link a probability of occurrence for each value tested in the sengitivity analysis: thisis a
possible way to manage “multinomial” results, associating a probability / likelihood of each resulting
scenario, in turn related to the PDFs of the input parameters.
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6.1 Introduction

This document is a contribution to the deliverable “DV 2.4.8 - Scripting for uncertainty evaluation” (PNRR -
PE3 RETURN), which is focused on the quantification of uncertainties related to the tools and
methodol ogies developed in earlier phases of the project for the Proof of Concept (PoC). Specifically, this
work concentrates on the eval uation of uncertai nties associated with the assessment of liquefaction potential
in plain areas, a critical aspect of seismic hazard mitigation.

The goa of this study isto outline the key conceptual steps undertaken to quantify the uncertainties linked to
the tools and parameters used to explain the liquefaction process. Liquefaction, a phenomenon that occurs
when saturated soils |ose strength due to seismic shaking, depends on various preparatory and triggering
factors, which exhibit natural variability. These uncertainties can affect the accuracy of predicting
liquefaction risk and must be thoroughly considered in any hazard assessment.

To estimate the uncertainties associated with liquefaction in plain areas, the focus was placed on two critica
factors: the preparatory factor (groundwater table) and the triggering factor (Peak Ground Acceleration, or
PGA). Both factors exhibit inherent variability, which plays a key role in determining liquefaction
susceptibility.

Groundwater Table asa Preparatory Factor

The groundwater table is a fundamental element in liquefaction analysis because the soil must be
saturated for liquefaction to occur. The depth of the water table can vary significantly, even within
small geographical areas, depending on seasonal changes, topography, and local hydrogeological
conditions. To account for this variability, the groundwater table was modelled using monitoring head
data, which provided information about its fluctuations over time. The uncertainty related to thisfactor
arises from both temporal variations and spatial differences across the area being studied. In this
assessment, groundwater levels ranged from the surface (field level) to varying depths, contributing
to different degrees of liquefaction susceptibility depending on the local water table conditions.

Peak Ground Acceleration (PGA) asa Triggering Factor

The PGA is ameasure of the maximum ground acceleration that occurs during an earthquake and is
commonly used asaproxy for seismic intensity. In thisstudy, the variability of the PGA was evaluated
based on the seismic hazard zones defined for different macro-seismic areasin Italy. The uncertainty
related to PGA stems from both the spatial distribution of seismic risk across different regions and the
variability in earthquake magnitude, duration, and depth. Since liquefaction is triggered by strong
sel smic shaking, the degree of shaking represented by the PGA iscrucial for determining the likelihood
of liquefaction at any given location. However, due to the unpredictable nature of earthquakes, there
isaways uncertainty regarding the exact magnitude and distribution of seismic forcesin future events.

By combining these preparatory and triggering factors, the study devel oped four distinct scenariosfor assessing
liquefaction potential. These scenarios represent different combinations of groundwater table depths and
PGA values, reflecting the range of conditionsthat could influence liquefaction susceptibility. For example,
ashallow water table combined with a high PGA represents a high-risk scenario for liquefaction, whereas
a deep water table with alower PGA would indicate alower risk. The scenarios alow for acomprehensive
analysis of how different conditions might lead to liquefaction and the uncertainties associated with
predicting such outcomes. The uncertainty in these scenarios arises from two key sources:

1.

Parameter Uncertainty: Both the groundwater table and the PGA exhibit natural variability and are
subject to measurement and estimation errors. Groundwater table data, for instance, may beincomplete
or imprecise due to limitations in the spatial and temporal coverage of monitoring stations. Similarly,
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PGA estimates depend on probabilistic seismic hazard assessments that carry their own uncertainties
related to seismic modelling and historical earthquake data.

2. Spatial Data Distribution: The availability of spatial datafor the region aso affects the uncertainty
in the analysis. Liquefaction risk is not uniform across an area, and the accuracy of the assessment
depends on the density and quality of available data. In areas where groundwater monitoring data or
seismic records are sparse, the uncertainty in the liquefaction predictions increases, as the model must
interpolate or extrapolate values based on limited information.

This methodology was applied to an area in the Emilia-Romagna Region, which has both a rich dataset of
geological and hydrogeol ogical information and a history of liquefaction events, particularly following the
2012 Emilia earthquake. The 2012 earthquake caused widespread liquefaction in the region, making it an
ideal case study for evaluating the effectiveness of the liguefaction assessment tools and the associated
uncertainties.

6.2 Environmental context
6.2.1 Liquefaction triggering assessment

Earthquake induced liquefaction can be simply defined as the temporary transition of a granular soil from the
solid to a fluid state as a consequence of the increased pore-water pressures. The detrimental effects on
structures and infrastructures put soil liquefaction among the most serious consequences of earthquakes
and inthelast years, there has been an increasing demand for devel oping liquefaction hazard mapsto reduce
risk for the built environment.

Liquefaction typically occurs on loose saturated sandy deposits, being their contractive tendency upon cyclic
shearing inhibited by water with the onset of positive excess pore pressures (Au).

If the net excess pore pressures build up is positive, the normal effective stresseswill reduce during the seismic
action, eventually increasing back during the post-seismic consolidation phase. Since the soil shear strength
t(0’”) and stiffness G(o’) directly depend on the effective stresses, they will progressively reduce during the
seismic action on liquefiable soils, becoming nihil when the effective stressestend to zero (full liquefaction,
theoretically at ru=1). At the end of cyclic action, consolidation will take place due to the excess pore
pressure drainage.

The assessment of liquefaction triggering and, more generally the response of a soil deposit in terms of pore
pressure increments, can be carried out with approaches of increasing complexity, as briefly reported in
Table6.1.
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Table 6.1. Analyses for liquefaction triggering assessment modified after (Silvestri and D'Onofrio,

2014).
. Type of N .
Level of analysis analysis Constitutive model | Calculation approach Output
Evaluation of some
. parameters (grain size

Sqreem ng - distribution, ground . .

Level 1 criteria Liquefaction yes, no
L water table and
(qualitative) expected maximum
acceleration)

Semi-empirical . Actions (demand) vs.
Level 2 methods Elementary Simplified stress-based Resistance (capacity)

Simplified Simplified (mostly Dynamic (with Total stresses, shear
Level 2 dynamic visco-elastic, si?/n lified geometry) strains, pore pressure

analyses uncoupled) P 9 Y increments*

Total and effective

Advanced Advanced (elasto- Dynamic (with complex stresses, shear strains,
Level 4 dynamic plastic with 3%’ cometry) P pore pressure

analyses hardening, coupled) g y increments, residual

displacements

*Calculated through analytical correlations.

Level 1 isbased on the Italian Technical Standards for Constructions (NTC, 2018).

According to the NTC (2018) (Section 7.11.3.4.2), the likelihood of liquefaction occurring in saturated sandy
soilsislow or zeroif at least one of the following conditions occurs:

e maximum expected accelerations at ground level in the absence of artefacts (free field conditions) less

than 0.1g;

e average seasona depth of the water table greater than 15 m from ground level, for sub-horizontal
ground level with superficial foundations;
e deposits consisting of clean sands with normalised penetrometer resistance (N1)so> 30 Or (an> 180;

e particle size distribution outside the zones shown in Figure 6.1ain the case of soils with uniformity
coefficient U< 3.5 and in Figure 6.1b in the case of soils with uniformity coefficient Us> 3.5.

Clay Silt Sand Gravel :
ﬁ / / 100 22 Sitt ; Sard G’aﬁ
< 80 / / 90 / /
T:-'/ 70 / / g 80 / /
% 60 l —Uc<3,5._ % 70 / /
2 50 / Likelihood T 60 1 —Uc>35
‘E 40 I of ; 50 Likelihood /
£ 30 I liquefaction l o 40 / quue?;:tion (
g I / g 30
- I 2 2 / /
10 /
0 / 10 /
0000 0001 0010 0100 1.000 10.000 100.000 % o e  —
d (mm) : - : d(mr-n) . X )
Ue<3.5 (@ U35 (b)

Figure 6-1. Particle size ranges of soils susceptible to liquefaction (adapted from NTC (2018) with
uniform coefficient Uc< 3.5 (a) and Uc> 3.5 (b).
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If thefirst condition is not verified and, therefore, the maximum accel eration expected at ground level ishigher
than 0.1 g, the geotechnical investigations must be aimed at determining the parameters necessary to verify

the other three conditions.

When none of the four abovementioned conditions is satisfied, NTC (2008) say that the site is potentially
susceptible to liquefy (i.e., vulnerable, due to the presence of predisposing elements) and therefore
potentially at risk (due to the non-negligible seismic hazard). It is therefore necessary to assess the
liquefaction safety factor at the depths where potentialy liquefiable soils are present.

Quite often in engineering practice, liquefaction triggering assessment is carried out using the semi-empirical
stress-based analysis (level 2). With this approach, a factor of safety FS(z) is defined for free-field
conditions (i.e. without buildings and structures) as the ratio between the normalized shear stress required
to induce liquefaction (CRR=s0il capacity) and the normalized equivalent stress induced by the design
earthquake (CSR=demand) (Boulanger and Idriss, 2014; Seed and Idriss, 1971):

CRR ro_
CRR(z) __ M=750"v=1  \rof . K, K, Eq 1

FS(z) = CSR(z) CSR

where soil capacity CRRu=75,0v-1 IS calculated with reference to a seismic event of magnitude M=7.5 and a
vertical effective stress state of one atmosphere (101 kPa). The parameter M SF (M agnitude Scaling Factor)
isafactor accounting for the effect of earthquake magnitude, and the two corrective coefficients K, and K,
respectively take into account the effects of vertical stress and of a possible pre-existing static shear stress
on horizontal planes (e.g., Soping ground or state of stress under existing structures). Literature data (e.g.
Tomasello and Porcino (2022); Vaid et a. (2001) indicate that, in loose or medium dense sands (D < 50%),
pre-existing shear stresses reduce soil capacity. In this density range, from a practical point of view, this
detrimental effect can be considered assuming K, = 0.8.

The liquefaction resistance in free field conditions can be calculated from the results of in geines Or (N1)socs,
which are respectively the corrected CPT tip resistance and the corrected SPT blow count counting for fine
content effects (Boulanger and Idriss, 2014).

However, uncertainties in processing field tests cannot be neglected. Indeed, several formulations have been
proposed in literature to calculate geines Or (N1)socs, it Means that a unique way to calculate them does not
exist (Boulanger and Idriss, 2014; Idriss and Boulanger, 2006; Idriss and Boulanger, 2008; Liao and
Whitman, 1986; Robertson, 1991; Robertson and Campanella, 1985)

Similar considerations may be done for soil capacity. Several expressions have been proposed to calculate the
liquefaction resistance, even though one of the most used isthat of Boulanger and Idriss (2014). In this case
the soil capacity referred to a magnitude M,=7.5 and to a vertica effective stress ¢°,=103 kPa
(CRRwm=750v=1) iSgiven by:

CRR = 9ciNcs 9ciNcs 2 _ [ Yc1Nes 3 AciNcs * — 2.8 Eq. 2

M=750w=1 = €XP | ==+ (500 190 ) T\ 137 ' q
_ Ny60cs Ny60cs 2 __ (Nyseocs 3 Nieocs\* _

CRRy=750m=1 = exp( 14.1 +( 126 ) ( 23.6 ) +( 25.4 ) 2'8> Eq. 3

where ganes and (N1)socs are respectively the normalized values of the tip resistance CPT and the number of
blows (Nser) corrected for the fines content (FC, defined as the percentage by weight passing at the 0.075
mm sieve).

However, it should be noted that these (and other) correlations have been found to separate data where
liquefaction occurs and where not. Figure 6.2 shows as field data are dispersed and then, it is easy to
understand that the correlation can be affected by uncertainties.
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Figure 6-2. Liquefaction resistance charts for SPT (a) and CPT (b) tests (Idriss & Boulanger, 2004)

It has to be emphasized that Eq. 2 and Eq. 3 have no mechanica origin and are just analytical correlations
empirically set up to separate historical data of liquefied from non-liquefied cases in a capacity vs. demand
plane. Generally, they correspond to a conservative lower bound of the observed values of CRR, and thus
lead to a conservative estimate of FS(z).

With the semi-empirical approach, the stress state induced by the seismic action is estimated through the
knowledge of the maximum horizontal acceleration expected at ground level (PGA, amax) according to a
well-established empirical procedure, or asa(z) at the generic depth of interest, if the results of local seismic
response analyses are used. Typicaly, with this approach the cyclic stressratio CSR is calculated as (Seed
and Idriss, 1971):

CSR(z) = 0.65 “";J:—,”rd Eq. 4

where oy and o'y are the total and effective lithostatic stress at the generic depth (z), amax is the peak value of
the expected horizontal acceleration at the surface, g is the earth’s gravitational acceleration and rq is a
reductive factor of the acceleration to take into account the deformability of the soil column and can be
estimated empirically or calculated numericaly through a local seismic response analysis. In this
calculation, if remediation actions have to be implemented, the effects of ground improvement should be
taken into account considering their effect in terms of stiffnessincrease.

Figure 6.3 summarizes the steps necessary to calculate FS(z) with the semi-empirical stress-based approach
(Boulanger and Idriss, 2014; Idriss and Boulanger, 2008).

It has to be highlighted that, even though the normalized values geines and (N1)socs take into account the fines
content, sometimes they may lead to a misprediction of soil capacity: this is for instance the case of
pyroclastic soils, which may have a relevant fines content FC with no plasticity (which means that the
normalized resistance overestimates the beneficia effect of FC on CRR), and their fragile grains may be
easily crushed by the testing tool (especialy during SPT) (which means that soil shear strength may be
underestimated). The combined effect of these two peculiarities cannot be theoretically assessed, but some
experimental evidence (i.e., Anderson et al. (2019)) indicate that the use of the semi-empirical stress-based
approach for pyroclastic soilsis largely conservative, because of an overall underestimate of soil capacity.

Moreover, it should be stressed that the simplified approach just described does not consider peculiar site
mechanisms that may affect the overall behaviour, like for instance the so called “system response” in
layered deposits, smartly identified by Cubrinovski et a. (2019) in well documented case histories in
Christchurch.
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This mechanism, that can be quantitatively taken into account only using fully coupled advanced dynamic
analyses, is related to the hydraulic interaction between contiguous granular layers, i.e., to the change in
their pore pressure regime during the earthquake (or immediately after it) caused by transient inter-layer
flows that may lead to the liquefaction of layersinitially far fromiit.

FS values lower than 1 imply the liquefaction susceptibility of site. In this case, the potential consequences of
liquefaction can be evauated with the integral response of the deposit, through the simplified liquefaction
index LSN (Tonkin and Taylor, 2012), defined as:

LSN =1000 [ *dz Eq.5

where z is the depth in meters and ¢, is the post-liquefaction volumetric reconsolidation strain (entered as a
decimal) that can be calculated according to existing charts (see (Ishihara and Y oshimine, 1992). Degree
of damage can be estimated as:

- 0<LSN<20: minor;
- 20<LSN<40: mgjor;
- LSN>40: severe.

It is worth mentioning that LSN is not the only indicator proposed in literature, and many alternatives have
been suggested in time. From ahistorical point of view, the first (and most popular) integral indicator isthe
Liquefaction Potential Index, LPI (Iwasaki et al., 1984), which represents a measure of the vulnerability of
asite asasingle value, ranging between O (very low risk) and values over 15 (very high risk), defined as:

20

LPI = [~ F(2)-W(2)dz Eqg. 6
where z isthe depth in meters, while F (z) and W (z) are respectively:
F(z)y={1—-FS for FS <10 for FS =1
Eq. 7
W(z) =10 - 0.5z Eqg. 8

in which FSis computed by Eqg. 1.

6.2.2 Settlements assessment

In sandy soil deposits, the effective stresses may approach zero and consequently the soil behaviour switches
from that of a solid to that of a fluid. Such a phenomenon is known as liquefaction. If the liquefaction
phenomenon is attained, relevant vertical settlements of shallow-founded buildings and other engineering
facilities occur. In many recent strong earthquakes (e.g., New Zedand, 2011; Japan, 2011; Emilia
Romagna, 2012; Turkey, 2023) the liquefaction induced settlements have resulted in significant damages
on the built environment.

In practice the seismic induced building settlements are quantified via empirical procedures that were
developed considering the one dimensional (1-D) volumetric consolidation settlements in “free-field”
conditions, neglecting the presence of the structure at the ground level (e.g., Ishiharaand Y oshimine, 1992;
Tokimatsu and Seed, 1987). In other words, only the volumetric strains, mainly due to the dissipation of
the excess pore water pressure accumulated during the seismic sequence, are considered.

Settlements (w) can be estimated by the following equation:
w= Z{zl £, 0z; Eq. 9

where & iSthe post-liquefaction volumetric strain for the soil sublayer i; A is the thickness of the sublayer i;
and j isthe number of soil sublayers.

Methods to estimate liquefaction-induced settlements aim to predict how much the ground will subside dueto
soil liquefaction during seismic events. These methods primarily focus on the behaviour of loose, saturated
soils (often sands and silts) that lose strength when shaken. The approaches for liquefaction-induced
settlements vary from ssmple empirical approaches, which are based on field test data and past experiences,
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to more complex numerical models that smulate soil behaviour under seismic conditions. Empirical
methods are easy to apply but may lack precision in diverse geotechnical conditions, while analytical,
stress-strain, and probabilistic methods offer greater accuracy but require more detailed input data and
computational resources. The choice of method depends on the complexity of the site conditions, the
availability of data, and the level of precision required for the engineering analysis. Here are the most
common methods used for estimating liquefaction-induced settlements,

Stress-strain methodsinvolve the use of constitutive modelsthat simulate soil behaviour under seismic loading.
These models attempt to represent the complex interactions between stress, strain, and pore water pressure
in soils during ligquefaction. Numerical methods, such as finite element analysis (FEA), are typically used
to solve these models. Examples include Finite Element Modelling (FEM) and Plasticity Models. In the
Finite Element Modelling (FEM) advanced numerical simulations use constitutive models for soils, such
as the Mohr-Coulomb or more sophisticated cyclic models, to simulate the liguefaction process and
resulting ground settlements. Plasticity Models focus on the plastic deformation of soils and incorporate
parameterslike yield strength, post-yield stiffness, and pore pressure devel opment to estimate liquefaction-
induced settlements. Models like the UBCSAND model (University of British Columbia Sand Model) are
used in numerical simulations for liquefaction analysis.

Probabilistic methods incorporate uncertainty and variability in soil properties, seismic loading, and site
conditions. They provide estimates of liquefaction-induced settlements based on probability distributions
rather than deterministic values. These methods are useful in risk-based assessments and help account for
the variability in seismic and soil parameters. Monte Carlo Simulations uses statistical methods to generate
numerous possible outcomes of liquefaction and settlement based on variable inputs (e.g., soil density,
seismic intensity). Results are presented in terms of probability distributions of settlements. Probabilistic
Seismic Hazard Analysis (PSHA), often coupled with Monte Carlo methods, PSHA helps to account for
the variability and uncertainties in earthquake characteristics and their impacts on liquefaction-induced
Settlements.

Semi-empirical models combine elements of both empirical correlations and mechanistic understanding of soil
behaviour. These models are developed by integrating case histories with theoretical considerations,
providing a balance between simplified methods and more complex numerical models.

Empirical approachesrely on correlations derived from case histories of liquefaction events and field test data.
These methods use simplified parametersto estimate settlements based on past experiences. These methods
are relatively simple and easy to apply but can sometimes be limited by their reliance on specific case
studies and conditions. Common empirical methods include:

- Tokimatsu and Seed (1987): Thiswidely used method relates the Standard Penetration Test (SPT) or
Cone Penetration Test (CPT) results with the amount of post-liquefaction settlement. It involves
determining the factor of safety against liquefaction and using empirical curvesto estimate settlements
based on soil density and cyclic stressratio (CSR).

- lIshihara and Yoshimine (1992): This method provides an empirical relationship between the
liquefaction-induced vertical strain and the factor of safety against liquefaction, with settlement being
calculated by multiplying vertical strain by the thickness of liquefied layers.

Simplified Analytical Methods use acombination of empirical correlationsand analytical equationsto estimate
settlements. They often involve calculating the cyclic stress ratio (CSR) and comparing it with the cyclic
resistanceratio (CRR) of the soil to estimate liquefaction triggering. Oncetriggering is assessed, settlements
are estimated using strain-based or volumetric deformation models. Examplesinclude:

- ldrissand Boulanger (2008): This method refines earlier empirical methods by incorporating updated
seismic hazard data and soil characteristics, and it provides more detailed guidelines for estimating
liquefaction triggering and resulting ground deformation.

- Zhang et a. (2002): This CPT-based method estimates post-liquefaction settlements using cone tip
resistance to assess the liquefaction potential and corresponding settlements in each soil layer. They
linked the volumetric strains induced by the dissipation of the excess pore water pressure to FS and
gc1Ncs (results of CPT tests) as shown in Figure 6.4.
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Figure 6-4. Relationship between post-liquefaction volumetric strain and equivalent clean sand
normalized CPT tip resistance for different factors of safety (FS).

The equations are reported bel ow:
if FS<0.5, &, =102 (qeines) *®% for33 < qoines < 200

if FS=0.6, &, =102 (qeincs) %8% for33 < qoines < 147
if FS =06, &, =2411" (qeines) t*° for 147 < qeines < 200
if FS=0.7, &, =102 (qeines) %8 for33 < qrines < 110
if FS=0.7, €, =1701" (qeines) %% for 110 < qoines < 200
if FS=08, &, =102 (Geines) ¥ for 33 < qeines < 80
if FS=0.8, &, =1690" (qcines) *™® for 80 < qerines < 200
if FS=0.9, &, =102 (qcines) %8 for33 < qeines < 60
if F$ =09, &, =1430" (Qeincs) **® for 60 < qines < 200
if FS=1.0, &, =64 (qeines) "% for33 < qeines < 200
if FS=1.1, &, =11"(qe1nes) % for 33 < qeines < 200
if FS=1.2, €, =97 (Qeines) "% for33 < qeines < 200
if FS=13, €, =7.6"(Qeines) %"t for 33 < qeines < 200
if F$=20, €,=0 for33<qunes <20

In the devel opment of the Project the settlements will be evaluate by CPT-based method.
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The methods used to assess liquefaction susceptibility involve arange of uncertainties due to various factors
inherent in the geotechnical processes, data collection, and modelling approaches. These uncertainties can
influence the accuracy and reliability of predictions, potentially impacting engineering designs and risk
management strategies.

One of the primary sources of uncertainty in liquefaction assessment arises from soil variability. Liquefaction
potential depends on factors like soil grain size, density, water content, and stress history, which can vary
significantly even within short distances at a given site. Conventional field methods, such as the Standard
Penetration Test (SPT), Cone Penetration Test (CPT), and laboratory tests on soil samples, often provide
only localized or discrete data points. Interpolating these values across alarger area introduces uncertainty
because it may not accurately represent the true heterogeneity of the subsurface materials.

Moreover, soil samples used for laboratory testing may undergo changes during extraction and transportation,
leading to altered water content or density. These disturbances can result in discrepancies between in-situ
soil conditions and laboratory conditions, affecting the reliability of results.

Many liquefaction assessment methods are based on empirical correlations that relate field test results (e.g.,
SPT or CPT data) to liquefaction susceptibility. While these empirical methods are widely used due to their
simplicity and cost-effectiveness, they are typically based on datasets from specific regions or earthquake
events. Applying these correlations to different geological or seismic conditions introduces uncertainty
because the underlying assumptions may not hold in new environments.

For example, thewidely used Seed and Idriss (1971) simplified procedurefor estimating liquefaction resistance
is based on empirical correlations that were developed from case histories of past earthquakes. However,
these correlations may not fully capture the complexity of soil behaviour under different loading conditions,
depths, or seismic events, leading to potential over- or underestimation of liquefaction potential.

The magnitude and characteristics of the seismic loading used in liquefaction assessments contribute to
significant uncertainty. Liquefaction susceptibility is largely dependent on the amplitude, frequency, and
duration of ground shaking during an earthquake. However, predicting the intensity and nature of future
seismic events at a particular siteinvolves inherent uncertainty due to the complex and often unpredictable
nature of seismic activity. Ground motion prediction models, though useful, rely on assumptions about fault
behaviour, distance from the epicentre, and regiona seismicity, all of which introduce uncertainty into
liquefaction assessments. Additionally, seismic loading is often characterized by the cyclic stress ratio
(CSR), which quantifies the shear stresses induced by earthquake shaking. However, determining CSR
involves assumptions about ground motion intensity and site-specific amplification factors, further
contributing to uncertainty in liquefaction predictions.

Groundwater conditions play a critical role in liquefaction because saturated soils are more prone to this
phenomenon. However, accurately determining the depth and variability of the water table is often
challenging, especially in areas with seasonal fluctuations or complex hydrological conditions. Variations
in water table levels can significantly influence liquefaction potential, with uncertainties in these levels
leading to unreliable predictions.

In some cases, the presence of perched water tables or localized zones of high saturation may be overlooked,
further increasing the uncertainty in assessing liquefaction risks. The dynamic interaction between the
groundwater and soil during seismic shaking, such as pore water pressure build-up, is also difficult to
predict accurately, contributing to the overall uncertainty in liquefaction analysis.

6.2.4 Liquefaction evidence in Emilia Romagna Region

In May 2012, Italy was struck by an important sei smic sequence and the main shock that occurred on 20 May
2012 (Mw=6.1) caused extensive liguefaction phenomena. The epicentre of the 20 May event (44.89°N
latitude and 11.23°E longitude) was located between the provinces of Modena and Ferrara, while the
hypocentre was at a depth of 6.3 km, owing to that it is considered a shallow earthquake (Lai et al., 2015).
Although Italy is a seismic country, liquefaction occurred only in restricted areas and owing to that the
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induced damage was generally limited. The most evident effects of liquefaction phenomena following the
2012 earthquake were found in San Carlo (Municipality of Sant’ Agostino) and Mirabello, whose subsoil
was characterized by alluvial sediments of different depositional environments, which consists of alternated
layers of silty-clayey deposits and sandy soils mainly constituting ancient rivers banks (Chiaradonna et al.,
2018). After these events, the Emilia-Romagna Region and the Department of Civil Protection established
an interdisciplinary working group in order to plan some investigations (borehol es, penetration tests, down

holes, cross hole).

6.2.5 Data and methods

As described in section 6.2.1, the analysis for liquefaction triggering assessment of level 2 describes the
parameters for the analysis (ground water table, maximum acceleration, geotechnical data). In particular
CRR can be calculated from Standard Penetration Test (SPT), Cone Penetration Test (CPT) and shear wave
velocity (VS) measurements. In this test area, it was calculated by CPT investigations that were obtained
from the database created by the Geology, Soil, and Seismic Area of the Emilia-Romagna Region. The
groundwater table depth values were obtained by interpolating the average groundwater levels from point
data downloaded from the ARPAE database (Regiona Agency for Prevention, Environment, and Energy
of Emilia-Romagna). This data refers to the monitoring conducted from 2009 to 2022 at the underground
water body stations belonging to the regional network for environmental quality. The PGA (Peak Ground
Acceleration) values related to the 2012 Emilia earthquake with a magnitude of 5.8 were obtained from the
INGV archive. Overall datawere represented also as GIS files with a spatial location which allow them to
be visualized as geographical data.

The sengitivity analysis on the approach adopted for estimating the occurrence of liquefaction was based on
the investigation of the variability of two of three factors affecting the phenomena, i.e., preparatory and
triggering. The first is represented by the position of the groundwater table, whose depth varies between
the field level (depth = 0) and the result of an average groundwater contour map based on the monitoring
carried out in the period 2009-2022 by Emilia Romagna Region.

As regards the triggering event, which is the earthquake, the method adopts the peak ground acceleration
(PGA). In particular, the adopted valuesfollow the classes of the macroseismic classification of Italy (NTC,
2008). It divides Italy into different seismic zones based on risk, classified from Zone 1 (highest risk) to
Zone 4 (very low risk). Each zone corresponds to a specific PGA value:

- Zonel:PGA>0.25¢g
High seismic hazard. Earthquakes can be very strong and frequent.

- Zone2:0.15g<PGA<0.25¢g

Medium-high hazard. Earthquakes can be intense, but less frequent.
- Zone3:0.05g<PGA<0.15g

Moderate hazard. Earthquakes can occur but are less intense.
- Zone4: PGA<0.05¢g

Low seismic hazard. Earthquakes are rare and of low intensity.

For sake of simplicity the investigated values pertain to the Zone 1 and Zone 2, asthis process requires a high
energetic earthquake for triggering. Hence, the proposed analysis of the Liquefaction Potentia Index (LPI)
was carried out following four scenarios:

Scenario 1:

- Water table: mean value of depth data from 2009 to 2022
- PGA:0.15¢g

Scenario 2:
- Water table: mean value of depth data from 2009 to 2022
- PGA:025¢g

Scenario 3:
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- Watertable 0
- PGA:0.15¢g

Scenario 4:

- Water table: O
- PGA:0.25¢g

6.2.6 Looking for uncertainties: Sensitivity analysis

Sensitivity analysis was conducted in order to investigate the variability of the outputs on both the processed
CPT dataset and their spatial distribution. In the first case, the investigated CPTs were used to cal cul ate the
Liquefaction Potential Index, LPI (Iwasaki et a., 1984) for each scenario and then a statistical analysiswas
conducted on the output data. In the second case, a reference computation grid was created based on the
location of the investigations and statistical analysis was performed on each grid cell to assess the spatial
variability of the data.

In particular, the main statistical variables were cal culated: maximum, minimum, median, average standard
deviation and variance value then descriptive graphs were drawn up.

6.2.7 Looking for uncertainties: Variability of Dataset

In the study area, 2035 CPTs are available, and the depth of the groundwater table was cal culated for each one.
Afterward, using a macro developed in an excel spreadsheet, it was possible to evaluate for some of them
(with a semi-automatic method) the factor of safety (FS) at each depth and the representative LPI for the
entire vertical. 203 CPTs have been processed until now, of which 131 were representative of liquefiable
sandy layers, 72 were located in areas with no sandy layers and therefore not suitable for liquefaction
assessment.

In Figure 6.5 an example of a processed CPT with the representation of liquefiable and non-liquefiable layers
and the variation of the FS along the vertical z is shown.
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Figure 6-5. Representation of liquefiable and non-liquefiable layers and the variation of the FS
along the vertical z.
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Figure 6.6 shows the spatid distribution of the entire dataset of CPTs available in the test area. The blue dots
indicate those not suitable for liquefaction estimation because localized in areas with a stratigraphic
sequence characterised mainly by clayey levels, with thin or without sandy layers. The green dotsindicate
the CPTs processed because localized in areas with potentialy liquefiable sandy layers. Finally, the grey
dots indicate CPTs that will be processed successively.

¢+ OterCPT

Figure 6-6. Spatial distribution of CPT data available in the test area with highlights of processed
and not suitable for liquefaction assessment

The potentid liquefactionindex, LPI, was a so calculated for each investigation according to Eq. 6 by changing
both the value of the preparatory factor (groundwater) and the value of the trigger (PGA) according to the
four scenarios described in section 6.2.5. Figure 6.7 showsthe spatial distribution of the LPI valuesfor each
scenario (IL). It shows that by moving from scenario 1 (IL_1) to scenario 4 (IL_4), the severe conditions
increase, as the groundwater depth goesto zero (IL_3 and IL_4) or the va ue of peak ground acceleration
(PGA) increases (IL_2 and IL_4).

Figure 6.8 shows the statistics of LPI and a boxplot for each scenario. It can be how the variability of data
changes passing from scenario 1 to scenario 4 increasing. The standard deviation, indeed, increase from 3.3
t010.5.IL_2 and IL_3 are similar in terms of distribution and variability.
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Figure 6-7. Spatial distribution of Liquefaction potential index (LPI) for each scenario
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Figure 6-8. Statistics and boxplot of LPI
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The charts in Figure 6.9 shows the distribution of LPI classes for each scenario. IL_1 graph shows that most
observations fal into the "low" category, with around 70% of occurrences. Fewer observations are found
inthe"high" category, while the "very high" category shows almost no occurrences, suggesting that a high
potential liquefaction is rare for IL_1. For IL_2, the distribution shifts towards higher liquefaction index
values. Most observations fall into the "high" category, with nearly 40% of instances, and a significant
portion also occupies the "very high" category, with around 30% of observations. These results arise from
anincrease value of PGA (from 0.15gto 0.25g). IL_3 and IL_4 show aclear tendency towards higher levels
of PLI, but with distinct patterns. IL_3 has most of its observations concentrated in the "high" category,
with a significant number also falling under "very high." In contrast, IL_4 shows an even more extreme
concentrationin the"very high" category, where most observations are | ocated (about 80% of occurrences).
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Figure 6-9. Frequency of LPI classes in each scenario
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6.2.8 Variability of spatial data distribution

In order to develop a simple methodology for calculating the potential liguefaction index in a specific area, a
grid-based map was proposed to assess the LPI in each cell. The size of the grid can be variable according
to the size of the study area and the number of surveys available. In this case, agrid was created with cells
of 2x2 km. Figure 6.10 shows the number of CPTs available and processed within each grid cell. In
particular, Figure 6.10b shows that the density of the surveysis quite variable, in fact, some cdlls have a
number of CPTsless than 15 (in the north-west area), while others have a number of surveys greater than
15. Regarding processed CPTs, on the other hand, the map shows a concentration of CPT data processing
in the central areas, with higher numbers (pink and purple) and lower values (yellow and orange) in the
surrounding cells Figure 6.10c.
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Figure 6-10. ID cell assigned (a); CPT distribution in the grid-based map (b); the number of CPT
availability in each grid (c) data; the number of CPTs processed in each grid (d)

To assess the spatial variability of the LPI, minimum, maximum and average va ues were calculated for each
liquefaction scenario (Table 6.2)

In particular, Figure 6.11 shows the distribution of the average LPI values for the four reference scenarios.
Figure 6.11a shows a scattered pattern of green (low LPI values) and red (high LPI values) areas across the
grid, with most of the low values concentrated towards the centre and northern parts, while high values are
distributed irregularly. Some regions on the outer parts of the grid are grey, indicating alack of data. Inthe
map of Figure 6.11b, asignificant presence of areas with high and extremely high valuesfor scenario 2 are
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present. These areas are particularly concentrated in the central and northern parts of the grid. The light
green squares, representing areas with no or very low values, are scattered more sparsely across the grid.

Figure 6.11c shows several red and purpl e areas scattered throughout the grid, indicating a substantial presence
of high and extremely high LPI values. The high (red) areas are more widely distributed, while the
extremely high (purple) areas appear in specific central and southern parts. Low values (green) are less
frequent, but they are clustered near the top and centre of the map. This distribution highlights the effect of
the soil saturation on potential liquefaction index setting the groundwater table depth at the field level.

Finally, Figure 6.11d shows an evident increase of LPI with extremely high values most prevalent in the area,
with and no low value. This distribution of high values depends on the worsening of the preparatory and
trigger parameters in scenario 4, where the groundwater level isat ground level and the PGA has values of

0.25¢.
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Table 6.2. Statistics for each cell of grid-base map and for each scenario (the id cell is shown in

Figure 6.10a)

IL 1 IL_2 IL_3 IL 4
ID cell | TOT data prc(:j?efszed min | media | max | min | media | max | min | media | max | min | media | max
19 1 1 136| 136 |13.6(18.2| 18.2 | 182
31 54 1 10.0| 10.0 |10.0|16.5| 16,5 |16.5
33 4 3 22| 29 |35 |137| 168 |199|123| 205 |26.9|21.0| 28.7 |35.3
37 84 1 03| 03 |03 |105| 105 |105(153| 153 [153(27.1| 271 |27.1
42 20 1 11.1| 111 |11.1|21.0| 21.0 |21.0
46 115 10 03| 13 | 29|41 | 115 |19.2| 6.2 | 175 |305|155| 29.1 (415
47 39 7 00| 22 [ 99|96 | 183 |332|134| 228 |38.7|27.0| 35.8 |53.6
48 30 1 02| 02 [02|62| 62 |62 |71| 71 |71 |119| 119 |119
59 32 5 04| 08 10|94 | 110 |123|102| 144 (17.2|17.0| 228 |26.2
60 60 11 00| 30 |86 |52 181 |25.0| 33| 204 [36.1|10.3| 315 |49.9
61 40 9 02| 02 |02 |136| 136 |136| 75| 139 [206|17.6| 249 |37.9
62 1 1 109| 109 |10.9(15.2| 15.2 | 152
69 52 1 52| 52 |52 |121| 121 |121
71 14 2 12| 32 |52 |103| 133 |16.4| 7.7 | 165 |253|16.2| 243 | 325
75 101 7 1.0 20 3.1 ({10.8| 13.7 |16.7|10.0| 149 (274 |17.7| 248 | 36.8
76 10 1 89| 89 |89 189| 189 |189
85 11 1 64| 64 |64 (184 184 |184|22.2| 222 |22.2|32.0| 32.0 |32.0
89 37 2 01| 01 01|87 87 87 (92| 111 |131|17.2| 194 |215
90 21 1 13.7| 13.7 |13.7|275| 275 |275
93 11 1 145| 145 |145]19.1| 19.1 [19.1
94 11 6 10| 17 | 43|88 | 102 |11.8| 39| 6.7 |11.8|119| 156 |21.0
96 12 1 50| 50 |50 (181 181 |18.1|20.6| 20.6 {20.6|322| 322 |32.2
98 13 1 11| 11 |11 |57 | 57 |57 |79| 79 |79 |148| 148 | 148
100 13 1 36| 36 |36 |205| 205 |205( 95| 95 | 95 |334| 334 |334
101 5 1 115| 115 |115|27.9| 27.9 |279|28.0| 28.0 |28.0|455| 455 |455
103 27 4 01| 11 (20|96 | 104 |113| 48| 89 (118|110 186 |22.4
106 6 1 6.7 | 6.7 6.7 |155| 155 |155(11.1( 111 |11.1|188| 18.8 |18.8
107 8 4 59| 78 |91 |167| 21.0 |259| 94 | 128 |149|19.7| 25.2 |30.4
108 15 1 1.2 1.2 12|70 | 7.0 70| 43| 43 | 43 |141| 141 |141
109 37 4 04| 11 [ 18|38 | 61 |74 |13| 45 |78 |69 | 103 |13.6
110 9 2 07| 38 [ 68|39 | 112 |186| 24| 108 (191 6.1 | 176 |29.1
111 11 1 10.0| 10.0 |10.0|25.3| 25.3 |25.3|22.7| 22.7 [22.7(36.1| 36.1 |36.1
112 54 1 56 | 56 |56 |171| 171 |17.1|17.6| 17.6 [17.6|27.3| 27.3 |27.3
113 30 10 01| 37 (170| 82| 181 |41.0| 47 | 159 (38.2|155| 31.3 |58.1
115 4 1 58| 58 |58 |17.7| 17.7 |17.7|18.1| 18.1 [18.1|28.8| 28.8 |28.8
118 7 1 26| 26 |26 |129| 129 |129| 64| 64 | 6.4 |19.6| 196 |19.6
121 8 3 21| 51 [ 75|90 157 |196| 88 | 13.2 [20.6|15.7| 23.3 |315
122 7 4 01| 34 (119| 49| 121 |278| 55| 139 [30.4|10.4| 22.8 |44.6
123 10 4 07| 43 | 64|76 | 234 |318| 51| 181 (31.2(142| 326 |51.2
124 11 1 08| 08 |08 |76 | 76 |76 |76| 76 | 7.6 |183| 183 |183
125 53 1 16| 16 |16 (88| 88 |88 |6.0| 6.0 | 6.0 (140 140 |14.0
126 17 2 09| 14 | 18|80 | 112 |144|13.2| 158 |184|216| 26.6 |31.6
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135 15 2 02| 07 |12 |115| 116 |11.7| 74| 88 [10.2|188| 21.2 |23.6
137 6 1 01| 01 (01|63 | 63 |63 43| 43 |43 |119| 119 |119
138 8 1 13.8| 138 |13.8(20.1| 20.1 |20.1
139 7 2 00| 00 (00|18 44 |69 |22| 89 [155|14.7| 238 |329
147 10 2 04| 07 [10|54| 57 |61|18| 24 |31 |87 101 |115
163 3 1 08| 08 [08|60| 60 |60 97| 97 |97 |143| 143 |143
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Figure 6-11. Spatial distribution of LPI average value for a) scenario 1; b) scenario 2; ¢) scenario 3;
d) scenario 4
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The assessment of uncertainty related to the study of natural phenomenais complex due to the large number
of factorsthat are involved and their variability associated with each of them.

The uncertainty assessment was carried out on two input data related to the liquefaction phenomenon, the
depth of the water table, considered as a preparatory factor, and the peak ground acceleration (PGA),
considered as a triggering factor. In particular, the variability of the liquefaction potential index (LPI) was
analysed by changing both factors and thus developing 4 reference scenarios, in order to understand the
impact of each on the phenomenon considered. The analysis conducted on the average LPI values showed
a clear correlation between the worsening of the input conditions (groundwater level and PGA) and the
increase of the liquefaction potential index in the test area.

The minimum and maximum scenarios are represented by IL_1 and IL_4 respectively, with areas going from
low to extremely high LPI values. In addition, scenarios IL_2 and IL_3 show quite similar results with the
same distribution of areas with high and extremely high LPIs. This demonstrated, in general, the same
contribution of groundwater depth raises at ground level and the increase of PGA.

CPT values adopted for this study accounted for the results of single investigations. Interesting results on the
uncertainties could also be provided by the analysis of the variability in the resistance parameters along
profilesfalling in the same cell or computation area.

A large source of uncertainty also deals with the input parameters adopted to characterize the soil resistance.
Infact, it can be assessed through the use of three different in-situ investigation techniques, i.e., CPT, SPT,
Vs. These methods carry on their own uncertainty in the assessment of mechanical parameters, asthe latter
are obtained from undirect approachesthrough empirical formulation. The perspective of the research could
be the investigation of the variability of the results adopting different predisposing factors.

Finally, the assessment of the settlementsinduced by sand liquefaction will be evaluated. The above-mentioned
sources of uncertainty could also provide some constrain on the variability of the expected settlement in
the case study.

Liquefaction assessment methods, while essential for understanding seismic risk, are subject to various
uncertainties. These arise from soil heterogeneity, empirical correlations, seismic loading variability,
modelling assumptions, groundwater conditions, and potential errors in data collection. To mitigate these
uncertainties, a combination of multiple assessment methods, site-specific studies, and probabilistic
approaches are recommended. By understanding and addressing these uncertainties, it is possible to
improvethereliability of liquefaction assessments and develop more robust designs for mitigating the risks
associ ated with seismic-induced soil liquefaction.
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7.1 Introduction

This document is a contribution to the deliverable “DV 2.4.8 - Scripting for uncertainty evaluation” (PNRR -
PE3 RETURN), concerning the quantification of uncertainties in the use of the tools proposed in the
previous phases of the project for the development of the Proof of Concept (PoC).

Here the purpose is to present the various conceptual steps undertaken by the “marine” research group to
guantify the uncertainties associated with the tools and parameters used to explain the processes of
detachment and diding of a submarine landslide along an open slope located near the coastal area. The key
stepsinvolved are:

i) reconstruction of the failure dynamics of the three landslides identified along the lopes of the
lonian Calabrian Margin from marine high-resolution geophysical data;

i) identification of the different geomorphological parameters of the three scenarios (perimeter, area,
volume, position along the slope);

iii) quantification of the related tsunamigenic potential through numerical codes;
iv) assess the potential geohazard posed by the waves generated by the landslide scenarios;

V) assess the influence of the geomorphic parameters characterizing the three landslide scenarios on
the tsunami generation through a sensitivity analysis and a parametric, empirical expression.

Theoveral purposeisto first obtain aquantification of the uncertainty, since the parametric expression alows
one to quantify the effect of the landslide parameters on the respectively generated tsunami.

Thisreport is organized as follows: the geological setting and constraints (7.2), with a description of the three
landdide scenarios (7.2.1) and of the numerical methods (7.2.2) are introduced; the results of the
simulations are then presented and discussed (7.2.3 and 7.2.4); the influence of landslide features on the
tsunami generation is assessed through a sensitivity analysis (7.3), which offers a parametric expression
that connects the geomorphic characteristics of the three landslides to the potentially resulting tsunami.
Thisis compared to analogous formulas already available in the scientific literature. Finally, a discussion
section (7.4) is presented, which includes specific considerations regarding uncertainty (7.4.1).

7.2 The Assi landslide complex

The lonian Calabrian Margin (hereafter ICM), is part of the Tyrrhenian-lonian subduction system and is a
tectonically active margin shaped by mass movements of varying stiles, scales and ages (Ceramicolaet al.
2024, Bianchini et a. 2024, Ceramicola et al. 2021, Ceramicola et al. 2014). The Punta Stilo Swell (see
Figure 1) is a submerged |obate-shaped promontory within the Crotone-Spartivento area, closely tied to
Calabria's kinematics (Mangano et al 2023), and is characterized by very steep slopes. The morphological
data show that the continental margin hereis characterized by a narrow continental shelf up to 10 km large,
with maximum water depth reaching 1800 b.s.I., where most of the deposits resulting from collapses and
erosion activity are placed.

The dynamics of the Ass multiple failures (see red box in Figure 7.1) have been reconstructed integrating
high-resol ution bathymetry with near-bottom seismic data and used to assess tsunamis hazard (Ceramicola
et al., 2021; Ceramicolaet a., 2014). Main geomorphic parameters of the three landdlides, along with their
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positions aong the dope and the reconstructed failure dynamics, were used to assess the potentia
geohazards posed by the tsunamis that these events may have generated.
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Figure 7-1. DTM of lonian Calabrian Margin, South Italy. The red box marks the position of the Assi
landslide complex, along the Punta Stilo Swell submarine slope.

7.2.1 Landslide scenarios

Three major interconnected landdlides, varying in volume and size, occurred at water depths of approximately
200, 450, and 800 meters during the Holocene along the ICM: the oldest, about 4.3 kyrs BP, detached just
below the shelf break (Slide 1, see Figure 7.2), only 8 km far from the Caabrian coast; the second and
largest, involving the majority of the displaced material, happened at the base of the sope, around 2850
yearsago; thethird, likely triggered by theremova of materia at itsbase (unbuttressing), occurred probably
soon after the second higher up the ICM slope. These three events left distinct features from the failure,
such as crowns, scarps, shear surfaces, and deposits, where sediment was displaced. Due to the sharpness
of the scarps and the thickness of the overlying sediments, it was possible to tentatively reconstruct the age,
shape, and volumes of the landslides (Ceramicola et a. 2024; Ceramicola et al., 2014).
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Figure 7-2. Map of the seabed with location of the three Assi submarine landslides: the black line
indicates Slide 1, the oldest one, located only 8 km far from the lonian Calabrian coast; in blue
and red respectively Slide 3 and Slide 2, presumably occurring in sequence according to the
reconstructed failure dynamics.

Based on the reconstructed failure dynamics and on the interpretation of morphological and seismic dataset,
the main geomorphic parameters of the three landslide scenarios (areas and volumes), aong with the
detachment positions, have been reconstructed: the resulting landslides characteristics are reported in Table
7.1. It isworth to underline that the three events cover a wide range of possible collapses aong submarine
margins. arelatively smal volume (around 50 million m3) at the top of the dope, close to the shelf (Side
1); ahuge mass (almost 2 km3) detaching in deep water, at the toe of margin (Slide 3); alanddlide scenario
detaching at intermediate depth with intermediate volume (Slide 2).

Notice aso the low values for the mass thickness compared to areas involved in the collapse: this means that
such scenarios can be considered shallow landslides, evolving soon into debris flow during the sliding
motion, that are then characterized by large run-out. This feature is confirmed by the few deposits found
along the margin (only for Slide 1 there is some evidence), while most of the materia reaches the abyssal
plain at its toe, a more than 1800 m depth. Such characteristic has an important role in the tsunami
generation process and needs to be accounted for in the landslide dynamics simulation.
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Table 7.1. Geomorphic characteristics of the three Assi landslides reconstructed through different
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sets of geophysical data (high-resolution bathymetry with near-bottom seismic data).

Slide 1 2 3
Min-Max Depth (m) 185 - 426 440714 714 — 1422
Volume (km?3) 0.056 0.702 1.920
Area (km?) 3.2 17.2 64.1
Maximum Thickness (m) 39.0 63.4 62.9
Mean Thickness 175 40.9 30.0

7.2.2 Overview on numerical techniques

The numerical techniques applied for the ssimulation of the Assi landdlides and the consequent tsunamis have
been devel oped and maintained in the years by Tsunami Research Team of the University of Bologna, and
applied to many cases of landslide-tsunamis, both real (Scilla 1783, Zaniboni et al. 2016, Zaniboni et &,
2019; Stromboli 2002, Tinti et al., 2006) and potential (Marmara Sea, Gapserini et al., 2022; Gela Basin,
Zaniboni et a., 2021; Marsili submarine volcano, Gallotti et a., 2021; Vavilov seamount, Gallotti et al.,
2023).

The codes are applied in sequence, each one reflecting a specific phase of the phenomenon process. The
landdlide motion is simulated by means of the code UBO-BLOCK, described in detail in Tinti et al. (1997):
in short, the dliding mass is partitioned into a set of interacting, volume-conserving portions, on the center
of mass of which the motion equation is computed, taking into consideration all the forces acting on the
mass, on its exposed surfaces and the mutual interactions among such portions. This alows the code to
consider acrucia factor in terms of tsunamigenesis, i.e., the shape change of the mass during the descent,
whosetime history is one of the outputs provided. Table 7.2 liststhelist of input required by the model and
the output provided after its application.

The following phase considers the perturbation provided by the sliding motion on the sea bottom to the water
column. Such impulse is not instantaneous, as for earthquake-tsunamis, but is time-dependent and
represents the initial condition for the tsunami propagation. An intermediate code, named UBO-TSUIMP
(described in Tinti et al., 2006), maps the seabed change due to landdide passage over the nodes of the
tsunami computational grid, providing the water perturbation at each time step filtered through the sea
depth. The deeper isthe landdlide, the smaller isthe impulse provided. In Table 7.2 the list of input needed
and the output resulting from this part of the numerical routine is reported.

The tsunami propagation is simulated through another numerical code, named UBO-TSUFD (for details, see
Tinti and Tonini, 2013). This implements the shallow-water (SW) approach for the resolution of the
hydrodynamic equations: such approximation is usually considered valid when the wavelength is much
higher than the water depth where the perturbation propagates. For earthquake-generated tsunamis this
condition is in general satisfied, while for landslide-tsunamis this depends on the source characteristics.
Huge underwater masses are usualy considered to fulfil this requirement, while for coastal, subagerial
masses the dispersive effects become prevalent and cannot be neglected anymore. The SW equations are
solved through a numerical scheme, implemented on a staggered grids configuration. Boundary conditions
are of total transparency for open sea cells, while the interaction with the coast is regulated by the chosen
approach: the shoreline can be considered asavertical wall, imposing aminimum depth and not considering
coastal flooding (linear version of SW equations); the sea-dryland limit can change, and flooding
considered through the technique of moving boundary (non-linear version of the SW equations). Asfor the
previous steps, in Table 7.2 input and output concerning this modelling are listed.
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Table 7.2. List of input and output for the three codes accounting for the different phases of the
landslide-tsunami process.

NAZIONALE
| RIFRESA E RESILIENZA

PHASE INPUT OUTPUT
e Sliding surface (regular grid)
e  Upper surface of the dliding mass
(regular grid) Landslide shape (blocks height, block
Landslide e  Center of masstrajectory length, basal area) and dynamics
dynamics e Landdidelatera boundaries (acceleration, velocity, displacement,
e  Friction coefficient Froude number) time history
e  Parameters accounting for landslide
rheology
e Landdide shape and dynamicstime
Tsunamigenic history Dynamic tsunamigenic impulse on the
impulse e  Tsunami computational grid nodes of the tsunami computational grids
(bathymetry)
e Tsunami propagation snapshots
e Tsunami maximum amplitude on each
node of the computational grid
e Tsunami travel time on each node of
L the computational grid
® isunam!genlc |mp_uls; id e Maximum water velocity on each
Tsunami * sunami computational gri node of the computational grid
ropagation (bat_h_ymetry gnd topography) e Maximum flow depth on the nodes
propag e  Position of virtual tide gauges . .
o . representing topography (in case of
e  Manning’s coefficient (roughness) coastal flooding)
e Synthetic marigrams, computed on the
virtual tide gauges
e Maximum Froude number, maximum
momentum flux (in case of flooding)

7.2.3 Landslides: simulations results

The numerical routine described in the previous section is applied to the three Assi landdlide events described
in section 7.2.1. Figure 7.3 shows some output of the application of UBO-BLOCK to each case. In the first
row, the central profile of the sliding motion is shown: the initial diding masses are reported in blue, and
the final smulated deposit in red. As mentioned in section 7.2.1, Slide 1 settles along the margin, between
700 and 800 m depth, while Slide 2 and Slide 3 reach the sub horizontal plateau at the ICM toe. In the first
case the landdlide run-out ranges 10-13 km, while for the other it reaches almost 30 km.

The lower row of plots portraits some information about the diding dynamics, that is quite different for each
case. Slide 1 is subjected to a strong acceleration (peak velocity of 17 m/s within 200 seconds), followed
by along deceleration phase. Slide 2 hasa similar initial phase, reaching more than 20 m/s speed in 250 s,
decelerates quickly and then accelerates again to 25 m/s, due to a steeper portion on the margin, at more
than 1000 m depth. Asto Slide 3, the acceleration is less abrupt than the other cases: the maximum value
(around 17 m/s) is reached after more than 10 minutes, followed by a sudden decel eration.
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Figure 7-3. UPPER ROW: Profiles along the sliding surface for the three Assi landslides: in blue
the initial mass, in red the final simulated deposit, in black the undisturbed sliding surface.
LOWER ROW: Sliding dynamics for the three Assi failure scenarios: in bl ack the velocity of
the blocks centre of mass, in red the average velocity and in blue the Froude number
temporal evolution.

The blue lines mark the Froude number (Fr) time history: thisis computed as the ratio between the vel ocities

of the wave (depending, in the SW approximation, only on the water depth) and of the landslide. When the
two values are close (then Fr = 1), the energy transfer from the mass to the wave is at the maximum
efficiency. Lower or larger values correspond to subcritical or supercritical regimes, where the wave and
the landslide move at different velocities and the interaction is smaller. For the scenarios here studied, Fr
shows aways subcritical values, reaching a maximum of 0.3 for Slide 1 in its acceleration phase. Notice
that the values are lower for increasing depth: in Slide 2, for exampl e, the second vel ocity peak, higher than
thefirst, correspondsto asmaller peak for Fr, since this happensin deeper water, where the wave vel ocity
isbigger.

7.2.4 Tsunamis: simulation results

Asmentioned in paragraph 7.2.3, the diding motion provides the input for the tsunami generation. Among the

many outputs of the code UBO-TSUFD, here some of most interesting are reported and described in brief.
At first, Figure 7.4 shows the maximum tsunami amplitude over each node of the computational grid (that
has been realized with a spatial resolution of 100 m). This kind of plot is very useful, since it provides a
glance of the wave energy distribution in the studied domain, alowing the identification of the coastal
stretches more affected by the tsunami impact.

It can be noticed that the scenario providing the most impacting waves is Slide 2, with maximum amplitudes

reaching 2 m from Roccella Joni ca (point#2 in the map) to Soverato (#4). Slide 3, the most voluminous and
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generates significantly smaller waves compared to the other two scenarios.
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Figure 7-4. Maximum tsunami amplitude over each node of the computational grid for the three
Assi failures events. The colour association to the amplitude of the wave is shown in the
colour bar on the left: red corresponds to the higher values. The numbered black circles mark
the position of some toponyms along the coast. The coloured boundaries (black, red and
blue) show the initial position of the tsunamigenic landslide for each scenario.

A comparably effective view of the tsunami impact on the shoreline can be seen in Figure 7.5: here the
maximum tsunami amplitude is plotted against the cumulative distance along the coast, whose origin is
placed here on the northern extreme of the computational grid. The graph confirms the previous
observations about the tsunami generation: along the entire extension of the coast (in the computational
domain) the most extreme amplitudes (positive and negative) are associated to Slide 2, with peaks of more
than 1.5 m a Monasterace (#3) and haf-way between Monasterace and Soverato (#4), in the
correspondence of the largest shelf extension. Lower values are attained for Slide 3 (slightly lessthan 1.5,
again Monasterace), while Slide 1 generates smaller waves, ranging half meter maximum.

An interesting feature can be deduced by the observation of the maximum amplitude decay from point #3
towards #1:. this is approximately linear with distance, apart from two sudden “depressions” in
correspondence with cumulative coastal distances of 45 km and 60 km (right plot, Figure 7.5). The map on
theleft shows that such values coincide with two submarine canyons whose head isalmost on the shordline:
due to their presence, the water close to the coast is deeper, and the waves reaching the coast are then faster
and lower.
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Figure 7-5. LEFT PLOT) DTM of the lonian Calabrian Margin with position of the reconstructed
boundaries of the Assi landslides (black, red and blue), showing the cumulative distance
along the coast starting from the northern extreme. Black dots indicate toponyms. RIGHT
PLOT) Maximum water amplitude at the shoreline, plotted against the cumulative distance

along the coast. Purple dotted lines mark the positions of the coastal toponyms.

7.3 Sensitivity Analysis

The results reported in the previous section show that the tsunami amplitude at the coast does not depend
simply on the landdide size: the larger mass (Slide 3) generates waves lower than Slide 2, that is less
voluminous. Similar considerations can be done for other geomorphic parameters such as the landslide
detachment depth, since the shallower case (Slide 1) produces smaller waves compared to the other
scenarios, occurring in deeper water.

It is worthwhile then trying to assess the influence of some parameters describing the landslide on the ensuing
tsunamisthrough a sensitivity analysis. Theinvestigation movesfrom the already simulated cases, building
new “derived” scenarios by simply multiplying the initial mass thickness by a factor a: Table 7.3 shows
the values of such factor, ranging theinterval [0.25 — 2], providing then new masses with volumes from
a quarter to twice the starting scenarios (shown in the fourth column). The numerical routine, previously
applied to the three original scenarios, is then run for the new additiona landslides, that are six for each
case. A total of 21 landdlide and tsunami simulations are then obtained: the last column of Table 7.3 reports
the maximum tsunami amplitude along the coast attained by these new applications of the numerical code.
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Table 7.3. List of the “derived” scenarios obtained from the three original ones (in grey), with some
parameters characterizing the sliding mass (initial thickness and volume) and the resulting
tsunami (maximum amplitude on the coast). a: multiplying factor; H,,,,: maximum landslide

initial thickness; V: landslide volume; 1,,4,: Maximum tsunami amplitude on the coast.

1A 0.25 9.8 0.014 0.12
1B 0.5 195 0.028 0.23
1C 0.75 29.3 0.042 0.35
1 1 39.0 0.056 0.58
1D 1.25 48.8 0.070 0.62
1E 15 58.5 0.084 0.76
1F 2 78.0 0.113 1.03
2A 0.25 159 0.176 0.44
2B 05 31.7 0.351 0.85
2C 0.75 47.6 0.527 131
2 1 63.4 0.702 1.80
2D 1.25 79.3 0.878 2.32
2E 15 9.1 1.053 2.83
2F 2 126.9 1.404 3.83
3A 0.25 15.7 0.480 0.25
3B 0.5 314 0.960 0.55
3C 0.75 47.2 1.440 0.97
3 1 62.9 1.920 157
3D 1.25 78.6 2.400 1.92
3E 15 94.3 2.880 2.30
3F 2 125.8 3.840 311

The results obtained in Table 7.3 suggest that, for each group of scenarios, for which some parameters are
almost the same (detachment depth, area, slope, distance from the coast, etc.), the volume and the maximum
tsunami amplitude on the coast (7,,4,) Seem to be correlated: when the first is halved (scenarios B), the
second changes accordingly; when the volume is doubled (scenarios F), the same happens to the tsunami
amplitude, within an acceptable range.

The data from Table 7.3 are shown in Figure 7.6 using a log-log plot: within each group of scenarios, the
different cases are fairly well aligned. The computation of the linear fits (represented by the dashed lines)
indicatesthat they have nearly identical slopes, with valuescloseto 1 (see Table 7.4). This confirmsalinear
correlation between the tsunami amplitude at the coast and the landslide volume. The difference among the
three lines (and thus among the three groups of scenarios) stands in the y-axis intercept, meaning that
probably other parameters characterizing the landdlide influence the tsunami generation and should be
accounted for.
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Figure 7-6. Log-log plot of the tsunami amplitudes vs the respective landslide volume for the
original and “derived” Assi landslides scenarios: in blue cases from 1A to 1F, in red 2A-2F, in
black 3A-3F (see Table 7.2). The dashed lines mark the respective linear fit.

Table 7.4. Parameters of the linear fits for each group of landslide-tsunami scenario (see Figure

7.6)
rIMAX = AV + B
Scenario A B R?
1* 1.06 -8.49 0.991
2* 1.05 -9.06 0.999
3* 1.25 -11.49 0.995

To evaluate the impact of the various geomorphic parameters used to reconstruct the failure events and their
potential for tsunami generation, additional factors must be considered. This can be achieved by examining
combinations of landslide geomorphic parameters and eval uating their correlation with the outcomes of the
tsunami simulations. Regarding the first factor, the phenomenon can be described and parameterized
through various elements that characterize the mass's geometry, its rheology, and the diding dynamics. As
the focus here is on the tsunamigenic process, the selection specifically emphasizes the following factors:

e thelanddideinitial sea-depth (D)
e the average dope gradient of the rupture surface (8)
e thelanddide volume (V)
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e the minimum distance of the landslide crown from the coast (d)
e Themetric adopted for the evaluation of the ensuing tsunami is:
e the maximum wave amplitude on the coast (1), retrieved through the numerical simulations

The combination of the landslide parametersisrealized by elevating each quantity to its own exponent, which
ranges a predefined interval spanned through a regular step. A new quantity is obtained as the product of
these power laws, whose correlation with 74, is then measured by means of the correlation parameter R2.
The set of exponents providing the highest value of R? is then chosen as the most suitable one. The
described procedure produced the following expression:

v (sing)t7

NNEw = 0.262 p11 0.7

—0.0524 (1)

with a correlation value R? = 0.997. The parametric expression (1) for nygy confirms the linear correlation
between the tsunami amplitude and the volume and provides also an esteem of the effect of the other
parameters. the dope gradient 6 is the quantity with the highest exponent (thus the most influent),
underlining the importance of theinitial inclination of the landdide, affecting the initial acceleration of the
mass and consequently the wave generation. Moreover, it is not surprising to get negative exponents
(meaning anti-correlation) for the slide sea-depth and its distance from the coast: both quantities, when
growing, produces lowering of the tsunami at the coast, with dight predominance of D with respecttod.

Parametric laws as the one expressed by (1) are frequent in the scientific literature, especially when dealing
with complex phenomena affected by highly non-linear processes, as it’s the case for landslide-tsunamis.
Such expressions are abtained typically with an empirical approach and are based mainly on simulations
(since no extensive and comprehensive catalogues of landdlide-tsunami effects exist) and link the tsunami
amplitude to some landslide characteristics. The first here presented as a term of comparison comes from
Rahiman and Pettinga (2006):

1=387" (5%)0'5

(2a)

=0 224'T[L] . [( : 9)1.29 -0 746'( . 9)2.29 10.170 ( i 9)3'29] (2)1.25 2b
Nre = 0. "y sin . sin . sin > (2b)

With: A, tsunami wavelength; b, initial length of failure mass perpendicular to the margin; D, initial water
depth at the middle of failure mass; 8, mean dope of failure scar; T, maximum initial failure massthickness
normal to slope; w, initial width of failure mass parallel to margin. Theresult, ngp, isthe tsunami amplitude
at the coast obtained adopting this approach.

Anocther similar expression can be retrieved from Zengaffinen-Morris et a. (2022), who considered the
submarine landslides database of the Gulf of Cadiz (Spain, Atlantic Ocean) and the respective simulated
tsunamis. The equation is:

(sin6)? v 089
D2 F0.3

Nzm = 0.073 [ (3)

With: 8, mean slope of failure scar; V, volume; D, initial water depth at the middle of failure mass; F, safety
factor, accounting for dideinstability. The obtained valueisthe tsunami amplitude close to the coast, which
is here denoted with n4,,. Both approaches confirm that the greatest control on the tsunami featuresis given
by the slope parameters sinf and D, with similar values for the respective exponents; equation (3) confirms
also the almost linear dependance of the tsunami amplitude from the volume V' of the landslide.
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When using the geomorphic parameters of the 21 Assi scenarios into equations (1), (2) and (3), an esteem of
the expected tsunami amplitudes based on such expressions is obtained. Figure 7.7 reports the comparison
among the values obtained from the simulations (black triangles) and the ones through the expression here
introduced (blue circles, marked with NEW) and the two from literature (green and red for RP and ZM
respectively). It is clear that the last two approaches lead to an underestimation of the generated wave,

whichis accurately reconstructed by the val ues obtained through expression (1), developed using this data.
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Figure 7-7. Maximum tsunami amplitude for the Assi landslide scenarios obtained from equations
(1), (2) and (3), marked respectively with the blue, red and green circles. Black triangles
report the values obtained from the numerical simulations.

7.4 Discussion and Conclusions

Three landslide events have been identified and reconstructed integrating high-resolution bathymetry with
near-bottom seismic data. Their failure dynamics have been used to assess tsunamis hazard along a stretch
of the lonian Calabrian coast. Numerical simulationsindicate that neither the larger mass nor the shallower
one generates the highest tsunami amplitude along the coast.

This observation prompted a sensitivity analysis aiming at exploring the impact of the geomorphic parameters
of the landdides on the tsunami generation. Moving from the three reconstructed failure events, the
respective initial thickness have been multiplied by a set of factors, adding new cases, with different
volumes, for atotal of 21. A connection has been recognized between the volume of sediment evacuated
and the tsunami amplitude, showing a linear correlation between the two quantities. However, it is also
evident that other parameters play arelevant role in the landslide-tsunami interaction.

53



Finanziaio % Ministero .
dallUnisne swrapea | 4.0 dell’Universita I ‘M [taliadomani
MeiGarerationEl) 3> e dellaRicerca . PIANO NAZIONALE

DI RIPRESA E RESILIENZA

Further investigation involved also other landdide features that characterize the three Assi landslides, such as
detachment sea-depth, dope gradient and distance from the coast. This led to the definition of a new
parametric expression that relates these values to the tsunami amplitude along the coast, which was then
compared to other empirical formulas found in the literature. It was found that the initial detachment slope
gradient exerts the highest control on tsunami generation. Additionally, both volume and detachment sea-
depth play relevant roles, while distance from the coast should not be disregarded.

These results are affected by many limitations, that can be grouped and listed as follow:

i) these results were been obtained in a specific area, the lonian Calabrian Margin, and they should
be considered valid only for similar morphologies and geological conditions, rather than being
broadly applicable;

i) the scenarios adopted to obtain the parametric expression use avariation of thethreeinitial events:
the variation of detachment sea-depth and distance from the coast do not encompass a wide range
of vaues and should be expanded to include a larger database of events;

iii) the entire approach relies on numerical simulations, owing to the limited avail ability of submarine
landdlides cases studied. Additionally, reconstructing reliable geomorphic parameters and failure
dynamic is complex, involving acquisition of costly underwater geophysical and geological data;

iv) the use of modelling introduces many uncertainties, that are very difficult to quantify and will be
in part discussed in the following section (7.4.1), but is often the only way to assess the tsunami
hazard along a coastal stretch. The parameter expression here obtained provides an approximate
guantification of the expected tsunami, as it does not account for non-linear coastal effects and
local bathymetric features (such as shoaling, edge waves, basin resonance, reflection) which can
significantly influence the tsunami’s impact on the coast.

For all these reasons, the results presented here should not be considered universally valid; rather, they can
offer valuable insights for more detail ed investigations in the submarine environment, assisting in directing
research (and economic) effort toward specific events or areas. The significance of the obtained result
indicates that, within 3 to 5 minutes, waves exceeding 1 m amplitude can impact the southern Calabrian
coast, with the potential to damage coastal infrastructures and to be amplified in small harbors. This proves
that tsunamis represent a hazard for lonian coastal areas, and call for accurate monitoring and further study.

7.4.1 Considerations about uncertainty

The quantification of the uncertainty in the numerical simulation of natural events is usually very complex,
due to the many factors entering its assessment. For this brief discussion, the reference is the structure
reported in “DV 2.4.7 - Checklist to identify the contexts and geohazard indicators subjected to
uncertainty”, with three phases characterizing the workflow for the evaluation of the uncertainty that will
be discusses separately in the following: 1) Investigating the uncertainty in input data; 2) Sensitivity
analysis, 3) Modelling framework to deal with uncertainties.

e Investigating the uncertainty in input data

This issue covers different phases of the study, from data gathering and set-up to the numerical simulation
requirements:

i) In marine realm, uncertainty usualy relates to the techniques, and thus acoustic parameters, used
to acquire the geophysical dataset. Both when using information derived by swath bathymetry and
acoustic sub-bottom profiling data, the uncertainty can be linked to several factorsincluding data
resolution. Spatia resolution affects the level of detail that can be captured. Higher resolution
provides finer details but may introduce more noise, while lower resolution reduces detail,
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potentially missing critical features. Vertical and horizontal resolution affect the ability to
distinguish small depth changes and fine featuresin sub-bottom layers. Coarser resol ution can lead
to an underrepresentation of complex topography or stratigraphy. However, when using acoustic
data, we should take in account instrumental factors (beam angle and coverage, frequency of
acoustic waves and sound speed variability) aswell as environmental factors such aswater column
conditions, seabed composition. The resolution of data is a key component of uncertainty, but it
interacts with many other factors that all contribute to the overall quality and reliability of the
dataset. In the specific of the tool here presented, the input data used for the numerical modelling
are reported in Table 7.2, and are mainly extracted from seabed bathymetry and on land
topography: uncertainty, especially for the second, is usually very low, compared to the other
assumptions that are made during the whole process.

i) The initia landslide volume reconstruction is estimated using morphological considerations that
can introduce large degree of uncertainty, of difficult quantification; similarly for the other
guantities related to the landslide simulation input.

iii) Concerning the parameters accounting for the landdlide dynamics, the friction coefficient is
usually adjusted to fit the observed landslide deposit and the landdlide run-out (when available);
the parameters governing the dide deformation are set to reproduce the expected rheology of the
dide. In these specific cases, for landdide 1 (Figure 7.2) the evacuated sediment (landslide
deposit) is observed to lie aong the margin, where successively landslide 2 and 3 will indent the
seabed, while the deposits of landslides 2 and 3 are observed to reach the toe of the margin in
deeper water: the parameters have been then set up in order to fit such pieces of evidence, i.e.,
tranglational landslides with large run-out and consistent deformation.

iv) The computational grid realization itself introduces some approximation, since the codes need a
regularly spaced grid that isrealized through interpol ation of the raw data. Connected to this, apart
from these interpolation effects, the data describing the interface water-dryland need readjustment
to avoid numerical instabilities, meaning that the “real” coastline can be slightly different from the
“computational” one.

For each of such topics the single quantification of the uncertainty is difficult; furthermore, each factor can
impact the final assessment at very different scale, enhancing considerably the degree of arbitrariness in
this evaluation.

e Sensitivity analysis

In this phase the uncertainty introduced by modelling is considered, then the influence that all the parameters
and the quantities used have on the result produced. The investigation presented here have been carried out
mainly in thisdirection, presenting an estimation of the landslide parameters control on the tsunamigenesis.

e Modelling framework to deal with uncertainties

In the final step of the procedure, a probabilistic framework should be applied to account for the uncertainty
propagation aong the different phases of the hazard assessment process. This kind of investigation is
becoming the standard for tsunamis generated by earthquakes, adopting an approach that is similar to the
seismic hazard assessment (seefor areview Behrenset al., 2021). For tsunamis generated by landslides the
procedureisless developed, due aso to the different characteristics of the phenomenonitself. A preliminary
approach, addressing both landslide-tsunamis as well as earthquake-tsunamis, is presented in the work by
Grezio et a. (2012). In this study, the authors have developed a procedure to estimate the probability of
exceeding atsunami run-up of 0.5 metersin one year for the area of the Straits of Messina.

55



Finanziaio % Ministero .
dallUnisne swrapea | 4.0 dell’Universita I ‘M [taliadomani
MeiGarerationEl) 3> e dellaRicerca . PIANO NAZIONALE

DI RIPRESA E RESILIENZA

Anderson, D., Franke, K.W., Dashti, S., Badanagki, M., Kayen, R., 2019. The over-prediction of liquefaction
in aluvialy deposited volcanic sediments, Earthquake Geotechnical Engineering for Protection and
Development of Environment and Constructions. CRC Press, pp. 1122-1129.

Behrens J,, Lavhalt F., Jalayer F., Lorito S., Salgado-Galvez M.A., Sagrensen M., Abadie S., Aguirre-Ayerbe
I., Aniel-Quirogal., Babeyko A., BaigueraM., Basili R., Belliazzi S., Grezio A., Johnson K., Murphy
S, ParisR., Rafliana |., De Risi R., Rossetto T., Selva J., Taroni M., Del Zoppo M., Armigliato A.,
Bures” V., Cech P., Cecioni C., Christodoulides P., Davies G., Dias F., Bayraktar H.B., Gonzélez M.,
Gritsevich M., Guillas S., Harbitz C.B., Kanoglu U., Macias J., Papadopoulos G.A., Polet J., Romano
F., Sallamon A., ScalaA., Stepinac M., Tappin D.R., Thio H.K., Tonini R., Triantafyllou I., Ulrich T.,
Varini E., Volpe M., Vyhmeister E. (2021). Probabilistic Tsunami Hazard and Risk Anaysis. A
Review of Research Gaps. Front. Earth Sci., 9, 628772, doi: 10.3389/feart.2021.628772.

Beven K. J,, R. Lamb, P. Quinn, R. Romanowicz, and J. Freer, 1995. TOPMODEL, in V.P. Singh (Ed.).
Computer Models of Watershed Hydrology. Water Resources Publications

Bianchini M., Ceramicola S., Casalbore D., Chiocci F.L. (2024), Analysing submarine landslide distribution
along the Calabrian continental margins, insights from high-resolution morpho-bathymetric data. The
37th International Geological Congress 2024. August 25-31, 2024, Busan, Republic of Korea.

Boulanger, RW., ldriss, 1.M., 2014. CPT and SPT based liquefaction triggering procedures. Report No.
UCD/CGM .-14, 1, 134.

Ceramicola S, Cova A., Forlin E., Markezic N., Mangano G., F. Civile, M., M. Zecchin, F. Fanucci, E.
Colizza, C. Corsdlli, D. Morelli, A. Savini, A. Caburlotto, O. Candoni, M. Coste, D. Cotterle, S.
Critelli, A. Cuppari, M. Deponte, R. Dominici, L. Facchin, E. Gordini, M. Locatelli, F. Muto, D. Praeg,
R. Romeo, C. Tessarolo, (2024). Geohazard features of the lonian Calabrian Margin. (20), 1.

Ceramicola S., Fanucci, F., Corsdlli, C., Colizza, E., Mordlli, D., Cova, A. Savini, A., Praeg, D., Zecchin,
M., Caburlotto, A., Candoni, O., Civile, D., Coste, M., Cotterle, D., Critdli, S., Cuppari, A., Deponte,
M., Dominici, R., Forlin, E., Gordini, E., Tessarolo, C., Marchesg, F., Muto, F., Pdlamara, S., Ramella,
R., Facchin, L., & Romeo R. (2021). Tavola 8.Caabria lonica, pag. 174-192 in: F.L.Chiocci et a
(2021) Atlante dei lineamenti di pericolosita geologica dei mari italiani- Risultati del progetto. CNR
edizioni, Roma.

Ceramicola S, Tinti S., Zaniboni F., Praeg D., Planinsek P., Pagnoni G., Forlin E. (2014), Reconstruction and
tsunami modeling of a submarine landslide on the lonian margin of Calabria (Mediterranean Sea), K.
Sassa, P. Canuti, Y. Yin (eds.), Landslide Science for a Safer Geoenvironment, Vol. 3, pp. 557-562,
doi: 10.1007/978-3-319-04996-0_85, © Springer International Publishing Switzerland 2014.

Chiaradonna, A. et a., 2018. Numerical smulation of soil liquefaction during the 20 May 2012 M6. 1 Emilia
Earthquake in Northern Italy: the case study of Pieve di Cento, pp. 18-21.

Cubrinovski, M., Rhodes, A., Ntritsos, N., Van Ballegooy, S., 2019. System response of liquefiable deposits.
Soil Dynamics and Earthquake Engineering, 124, 212-229.

Gallotti G., Zaniboni F., Arcangdli D., Angeli C., Armigliato A., Cocchi L., Muccini F., Zanetti M., Tinti S,,
Ventura G. (2023). The tsunamigenic potential of landdlide-generated tsunamis on the Vavilov
seamount. Journal of Volcanology and Geothermal  Research, 434, 107745.
https://doi.org/10.1016/j.jvolgeores.2023.107745.

Gallotti G., Zaniboni F., Pagnoni G., Romagnoli C., Gamberi F., Marani M., Tinti S. (2021), Tsunamis from
prospected mass failure on the Marsili submarine volcano flanks and hints for tsunami hazard
evaluation. Bulletin of VVolcanology (2021) 83: 2. https.//doi.org/10.1007/s00445-020-01425-0.

Gasperini L., Zaniboni F., Armigliato A., Tinti S., Pagnoni G., Ozeren M. S, Ligi M., Natali F., Polonia A.
(2022), Tsunami potentia source in the eastern Sea of Marmara (NW Turkey), along the North

Anatolian Fault system. Landslides, 19:2295-2310. DOI 10.1007/s10346-022-01929-0.

Grezio A., Sandri L., Marzocchi W., Argnani A., Gasparini P., Selva J. (2012). Probabilistic tsunami hazard
assessment for Messina Strait area (Sicily, Italy). Nat. Hazards, 64, 329-358, doi: 10.1007/s11069-
012-0246-X.

Mangano G., Zecchin M., Civile D., Ceramicola S., Donato A., Muto F., ... Critelli, S. (2022). Mid-Miocene
to recent tectonic evolution of the Punta Stilo Swell (Calabrian arc, southern Italy): an effect of
Calabrian arc migration. Marine Geology, 448, 106810.
https://doi.org/10.1016/j.margeo.2022.106810

56


https://doi.org/10.1016/j.jvolgeores.2023.107745
https://doi.org/10.1007/s00445-020-01425-0

Finanzlaie Ministero

m dalPUnians swrapes (i dell’Universita

M tSererntion EL “w%> e della Ricerca

NTC, 2018. Norme Tecniche pe le Costruzioni, CS.LL.PP. Gazzetta  Ufficidle
della Repubblica Italiana, n. 42, 20 febbraio, Suppl. Ordinario n. 8. Ist. Polig. Rome e Zecca dello
Stato S.p.a.; 2018. (in Italian)

Idriss, 1.M., Boulanger, R.W., 2006. Semi-empirical procedures for evaluating liquefaction potential during
earthquakes. Soil dynamics and earthquake engineering, 26, 115-130.

Idriss, I.M., Boulanger, R.W., 2008. Soil liquefaction during earthquakes. Earthquake Engineering Research
Institute. Oakland, CA.

Ishihara, K., Yoshimine, M., 1992. Evaluation of settlements in sand deposits following liquefaction during
earthquakes. Soils and foundations, 32, 173-188.

Iwasaki, T., Arakawa, T., Tokida, K.-I., 1984. Simplified procedures for assessing soil liquefaction during
earthquakes. International Journal of Soil Dynamics and Earthquake Engineering, 3, 49-58.

Lai, C.G., Bozzoni, F., Mangrictis, M.-D., Martinglli, M., 2015. Sail liquefaction during the 20 may 2012 M5.
9 Emilia earthquake, northern Italy: Field reconnaissance and post-event assessment. Earthquake
Spectra, 31, 2351-2373.

Liao, S.S.C., Whitman, R.V., 1986. Overburden correction factors for SPT in sand. Journa of geotechnical
engineering, 112, 373-377.

NTC, 2008. Norme tecniche per le costruzioni. Decree of the Minister of the Infrastructures, 14.

Raobertson, P.K., 1991. Sail classification using the cone penetration test: Reply. Canadian geotechnical
journal, 28, 176-178.

Rahiman T. I. and Pettinga J. R. (2006). The offshore morpho-structure and tsunami sources of the Viti Levu
Seismic Zone, southeast Viti Levu, Fiji. Marine Geology, 232(3-4), 203-225.
https://doi.org/10.1016/j.margeo.2006.07.007.

Raobertson, P.K., Campanella, R.G., 1985. Liquefaction potential of sands using the CPT. Journal of
geotechnical engineering, 111, 384-403.

Rollo F., Rampello S., 2023. Evauation of Seismic Landslide Hazard Based on a New Displacement Semi-
empirical Relationship. In: Ferrari, A., Rosone, M., Ziccarelli, M., Gottardi, G. (eds) Geotechnica
Engineering in the Digital and Technological Innovation Era. CNRIG 2023. Springer Series in
Geomechanics and Geoengineering. Springer, Cham. https://doi.org/10.1007/978-3-031-34761-0_74

Seed, H.B., Idriss, |.M., 1971. Simplified procedure for evaluating soil liquefaction potential. Journal of the
Soil Mechanics and Foundations division, 97, 1249-1273.

Silvestri, F., D'Onofrio, A., 2014. Risposta sismica e stabilita di centri abitati e infrastrutture, La Geotecnica
nella difesadel territorio e delle infrastrutture dalle calamita naturali. AGlI, pp. 5-60.

Tinti S, Tonini R. (2013) The UBO-TSUFD tsunami inundation model: validation and application to atsunami
case study focused on the city of Catania, Italy, Nat. Hazards Earth Syst. Sci., 13, 1795-1816,
www.hat-hazards-earth-syst-sci.net/13/1795/2013/, doi: 10.5194/nhess-13-1795-2013.

Tinti, S., Bortolucci, E., and Vannini C.: A block-based theoretical model suited to gravitational diding,
Natural Hazards, 16, 1-28, 1997.

Tinti, S., Pagnoni, G., Zaniboni, F. (2006). The landdides and tsunamis of 30th December 2002 in Stromboli
analysed through numerical simulations, Bulletin of Volcanology, 68, 462-479, doi: 10.1007/s00445-
005-0022-9.

Tokimatsu, K., Seed, H.B., 1987. Evaluation of settlements in sands due to earthquake shaking. Journal of
geotechnical engineering, 113, 861-878.

Tomasdllo, G., Porcino, D.D., 2022. Influence of sloping ground conditions on cyclic liquefaction behavior of
sand under ssimple shear loading. Soil Dynamics and Earthquake Engineering, 163, 107516.

Tonkin, Taylor, 2012. Canterbury Earthquakes 2010 and 2011: Land Report as at 29 February 2012. .
Earthquake, Commission.

Vaid, Y.P., Stedman, J.D., Sivathayalan, S., 2001. Confining stress and datic shear effects in cyclic
liquefaction. Canadian Geotechnical Journal, 38, 580-591.

Zaniboni F., Armigliato A., Tinti S. (2016). A numerica investigation of the 1783 landslide-induced
catastrophic tsunami in Scilla, Italy, Nat. Hazards, 84, 455-470, https://doi.org/10.1007/s11069-016-
2461-3.

Zaniboni F., Pagnoni G., Gallotti G., Paparo M.A., Armigliato A., Tinti S. (2019). Assessment of the 1783
Scillalandslide-tsunami’s effects on the Calabrian and Sicilian coasts through numerical modelling.
Nat. Hazards Earth Syst. Sci., 19, 1585-1600, DOI: https://doi.org/10.5194/nhess-19-1585-2019.

I l [taliadomani

PIANO NAZIONALE
DI RIFRESA E RESILIENZA

57


https://doi.org/10.1007/s11069-016-2461-3
https://doi.org/10.1007/s11069-016-2461-3

Finanzlaie Ministero

- dalPUnians swrapes dell’Universita

M tGerration L & }«fz e della Ricerca

Zaniboni F., Pagnoni G., Paparo M.A., Gauchery T., Rovere M., Argnani A., Armigliato A. and Tinti S. (2021).
Tsunamis From Submarine Collapses Along the Eastern Slope of the Gela Basin (Strait of Sicily).
Front. Earth Sci. 8:602171. doi: 10.3389/feart.2020.602171.

Zengaffinen-MorrisT., UrgelesR., Lavholt F. (2022). On theinference of tsunami uncertaintiesfrom landslide
run-out observations. Journal of Geophysical Research: Oceans, 127, €2021JC018033.
https://doi.org/10.1029/2021JC018033.

Zhang, G., Robertson, P.K., Brachman, R.W., 2002. Estimating liquefaction-induced ground settlements from
CPT for level ground. Canadian Geotechnical Journal, 39, 1168-1180.

. I [taliadomani

PIAND NAZIONALE
DI RIFRESA E RESILIENZA

58


https://doi.org/10.1029/2021JC018033

