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Abstract
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1. INTRODUCTION

The landslide and flooding risk level of each reference element subjected to a reference climate
event is evaluated by performing analytical/numerical analyses based on hydrogeological data
(slope and river elements), and psychological data (people element).

These reference elements, which constitute the basis of the knowledge-based (KB) dataset, are
not real cases but are purposely designed to train the Al system. Different values of element
parameters (EPs) were considered to cover the widest range of possible existing cases to set up
the KB dataset, which is being used to train the Al tool.

The results of the numerical analyses provide the damage parameters (DPs) which allow to
measure the risk of each reference element subjected to the reference climate events (RCEs).
The DPs values and the EPs values of all reference elements constitute the KB dataset (training
data) and are used to train the Al system. Therefore, when the Al system will be applied in a
real area using the data of a real element (testing data), it will be able to evaluate the DPs values
of the real element, based on similarity criteria.

This document describes the procedures and the numerical analyses performed to evaluate the
damage parameters values for each reference element, to assess the risk of landslide and
flooding, and the risk awareness.

The document is organized as follows. Section 2 and 3 provide the description of the numerical
analyses and procedures followed to evaluate the landslide and flood risk of the reference
slopes and rivers respectively. In Section 4 the description of the risk awareness of reference
people is reported.

2. LANDSLIDE RISK ASSESSMENT OF REFERENCE ELEMENTS (SLOPES)

Landslide risk can be quantified based on the following key components: hazard and
consequences; the latter can be considered as the product of vulnerability and exposed
elements. Mathematically, risk R is expressed as:

R=H-C=H-V-E
where:

H represents the hazard, defined as the probability of occurrence of a landslide;

C denotes the consequences, which encompass both vulnerability assessment and exposure
analysis of at-risk elements;

V is the vulnerability, referring to the degree of potential loss that an exposed element may
sustain when subjected to the given hazard;

E indicates the elements at risk, encompassing assets, infrastructure, populations, or
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environmental components susceptible to damage.

A risk analysis process includes the hazard analysis phase - considering the potential landslide
and the probability of occurrence —and the consequence analysis - quantifying the elements at
risk (properties and people), and their vulnerability either as probability of damage to property,
or probability of loss of life on injury (Fell et al., 2005).

The following Sections 2.1 and 2.2 describe the procedures followed to:
- perform the landslide hazard assessment of the reference slopes
- establish the criteria to evaluate the landslide risk of a given area.

2.1. HAZARD ASSESSMENT
2.1.1. Slopes stability analyses

The TAI system uses damage parameters of the reference slope elements in order to:

- evaluate the landslide risk, using mainly the slope’s factor of safety (FoS) as damage
parameter;

- suggest the most suitable mitigation measures in the case of FoS<1, using as additional
damage parameters the depth of the sliding surface (zs), and the depth of the piezometric
level at the end of the infiltration process induced by a rainfall (z,/™).

Damage parameters are determined via numerical analyses performed with GeoStudio codes,
SEEP/W and SLOPE/W (Geostudio, 2024).

The numerical analyses for reference slopes were carried out considering the effect of different
reference climatic events (rainfalls), characterized by various return periods and accumulated
precipitation. In particular, infiltration analyses induced on a given slope by a given rainfall were
carried out using SEEP/Wcode, and slope stability analyses with SLOPE/W code, by
incorporating the hydraulic conditions altered by the input rainfall.

A comprehensive 2D numerical dataset was generated, where several combinations of
geometrical, mechanical and hydraulic parameters were considered, also combined with
different rainfalls and initial water table locations. With the hydro-mechanical model
implemented in Geostudio codes, about 23,500 simulations were carried out to identify the
landslide hazard associated with reference rainfall events, and to predict the triggering of
instabilities in slope. This dataset will be used to train the TAl system aimed at assessing slope
stability across varying environmental scenarios.
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Modeling the slope element in SLOPE/W

The mechanical model was analyzed using a 2D approach in SLOPE/W, which enables slope
stability assessments through various limit equilibrium methods, e.g., Fellenius, (1936), Janbu,
(1954), Bishop (1955), Morgenstern-Price (1965), Spencer (1967). These methods evaluate
slope stability by examining the relationship between the ultimate shear strength and mobilized
shear stresses. For the reference slopes in the dataset, the Morgenstern-Price (1965) method
was selected. The differences between the cited approaches lie in the statistical equations used
and the treatment of interlaced forces to define shear and normal forces. The Morgenstern-
Price (1965) method incorporates iterative processes, considers both normal and shear
interlaced forces, and satisfies equilibrium and momentum statics equations.

The general limit equilibrium (GLE) formulation integrated into SLOPE/W and used in the
analyses to define the factor of safety (FoS), follows the interlaced force function for the
Morgenstern-Price method:

X = EAf (x)

where, f(x) is an arbitrary function that defines the variation of the force X with respectto E, A
a scaling factor, E the interlace normal force, and X the interlace shear force. Different forms
regarding the function f(x) can be chosen, e.g., constant, half-sine, clipped-since, trapezoidal
and data-point, having little influence on the final result, but it is important to verify that the
obtained values are physically acceptable. For its applicability, the half-sine slide function was
selected.

The critical slip surface, associated with the lowest factor of safety, can be defined using various
methods, including the grid and radius approach for circular slips, fully specified surfaces, exit
and entry values, block-specified slip surfaces, specific parallel forms, and optimization
techniques. For the reference slope models, the exit and entry specification (Fig. 2.1) was
selected, allowing precise definition of the most likely trial slip surface’s entry and exit points
on the ground surface. To ensure consistency across simulations, the entry and exit points were
positioned at ground level, adjacent to the slope, extending across the entire soil domain, as
illustrated in Fig. 2.1.

o Entry

Exit

Soil

Elevanon
T

Bedrock

o %0 00

" 1 I I I 1 1
o M 2 » @ = g
Distance

Figure 2.1: Specification of the entry and exit.
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The strength of the material (soil) was described by the Mohr-Coulomb model. The shear
strength is expressed by the following equation:

T=c"+ad'tan (¢")

where, ¢’ is the effective cohesion, ¢' is the effective friction angle, and o', is the effective
normal stress in the shear plane. In SLOPE/W, the bedrock (the lowest layer of the domain, as
shown in Fig. 2.1) can be defined as an impenetrable surface, and considered a non-flux
boundary.

The domain of the soil upper the piezometric level was considered as unsaturated. The shear
strength under this condition can be rewritten by the following approach (Vanapalli et al.,
1996):

T=c"+ (0" —ugltan (¢") + (wy — ug) [<H> o ((p,)]

where uy is the pore water pressure, u, is the pore-air pressure, 6, is the volumetric water
content, & is the residual water content and & is the saturated water content. The location of
the water table level along with the volumetric water content considered in Geoslope analysis
was taken from the results of SEEP/W analysis.

The specified unit weight is taken into account in the total weight of the slice. The total weight
must be specified as total unit weight since SLOPE is formulated based on total forces. Above
the water table, the soil is considered unsaturated (the unit weight will depend on the degree
of saturation) and below the water table as saturated. The total unit weight is given by:

Gs +Se>

)/=}/W( 1+e

where, yw is the water unit weight, Gs the specific gravity, S the degree of saturation and e the
void ratio.

Sensitivity analysis
The variables were selected by following a Gaussian Probability Distribution whose density
function that can be express as follow:

fx) =

e —(x—u)?/20?

oV2Tm

where x is the variable of interest, u the mean value and o the standard deviation. The selected
parameters/variables were the effective cohesion, the effective angle of internal friction and
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the unit weight. In the sensitivity analyses performed in SLOPE/W, one variable is varied while
the others are kept constant. This shows how each variable affects the output of the stability
model. For each combination of parameters, the program returns the lowest FoS, associated
with the critical slip surface.

Modeling the slope element in SEEP/W

For each considered geometry of the slope, the hydraulic models to represent the behavior of
the slope under different scenarios of rainfall and different hydraulic parameters were
analyzed.

SEEP/W uses the finite element method to analyze the flow of water through saturated and
unsaturated porous media. For the proposed models, a transient analysis was performed based
on the changes in precipitation intensity over time, to determine how these changes can modify
the volumetric water content in the soil domain and can cause changes in the water table level.
For the soil domain, a saturated-unsaturated model was considered. Thus, above the water
table, the properties are governed by the unsaturated condition, while, under the water table,
the soil is completely saturated. For simplicity, no anisotropy was considered in the hydraulic
properties. To analyze the variation of the hydraulic behavior, three different profiles of soil
were considered: a sand, a clay and a silt. The values of the retention curve are based on the
predefined profiles implemented in SEEP/W to represent typical values of this different sail
based on experimental data reported in the literature. The volumetric water content according
to van Genuchten (1980) can be expressed by the following equation:

Ocqr — 0O
ew — eres + sat , res
[1+ (a's)n]™
where a’, n and m are the fitting parameters of the van Genuchten (1980) equation, U is the
residual volumetric water content and 8., the saturated water content.

2.1.2. Reference slopes, simulations program, and results in terms of DPs

Parameters defining the reference slopes can be categorized into geometric parameters, and
mechanical and hydraulic soil parameters. Figures 2.2 provide schematic representations of the
geometry of a generical reference slope. The analyses combined geometrical, mechanical, and
hydraulic parameters defined across specific ranges to assess slope stability based on the factor
of safety for different soil types. The considered geometrical variables were the slope angle (a),
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slope length (L), total length (B), slope height (H), total height - upstream (h,), total height -
downstream (hg), soil depth - upstream (hs,), soil depth - downstream (hsq4), bedrock depth -
upstream (hg,) and bedrock depth — downstream (hgy). The positions of the water tables were
defined upstream (zwy) and downstream (zwq ), before (zuwu™* - zwd™) and after (zw/™ - zyd™)

the precipitation.

Soil =% L
b b
B hy Bedrock
hy Bedrock
B
B
(a) (b)
L
™~ - Zou
= ~ . lsu
& ”
Sail T .
e Z_v..-nl
hﬂu hsu o
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()

Figure 2.2: Slope geometries: (a-b) horizontal bedrock; (c) inclined bedrock.
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Simulations program
Sensitivity analyses were performed in SLOPE/W, while one the variables change, the others are

kept constant, in order to evaluate the effect of each variable on the FoS value.

Three different scenarios were considered to analyze the response of the slope element, two of
them in drained conditions (D.1 and D.2) and the third one, in undrained conditions (UN).
Tables 2.1 summarize the parameter values adopted for the geometrical combinations. For D.1
analyses, four ratios between the soil strata and the bedrock were evaluated. The first two ratios
considered a horizontal bedrock with hsy90)=0.9 h, and hsd(a0) = hsueo)— H (Fig. 2.2a), and hsum)
= H and hsqm) = 0 (Fig. 2.2b). The third and the fourth cases considered an inclined bedrock,
where hsy(25) = 0.25 hy, and hsdi2s) = 0.25 hg, and hsyiz) = 2 m and hsdiz) = 2m (Fig. 2.2c).

In the case of undrained conditions (UN) the same parameters as those in Table 2.1a were
considered, but the sensitivity analyses were not performed on the hsy2) = 2 m and hsg2) = 2m.
For D.2 analyses, a horizontal bedrock was assumed (Fig 2.2a), where three different values of
the soil depth - upstream (hsy), and - downstream (hsqs) were assumed (Table 2.2b).

Table 2.1. Geometrical parameters: (a) drained (D.1) and undrained conditions (UN); (b) drained
conditions (D.2)

(a)

(f) L(m) | B (m) (:‘) ('r:) ha (m) s (m) haa (m)
hsugo) | hsuzs) | hsur) | hsuz) | hsdiso) | hsdzs) | hsary | hsdgz)
20 100 7.3 25 17.7 22.5 6.3 7.3 2.0 15.2 4.4 0.0 2.0
20 40 200 14.6 45 30.4 40.5 11.3 14.6 2.0 25.9 7.6 0.0 2.0
80 400 29.1 90 60.9 81.0 22.5 29.1 2.0 51.9 15.2 0.0 2.0
20 100 11.5 35 235 315 8.8 11.5 2.0 20.0 5.9 0.0 2.0

30 | 40 200 | 23.1 70 46.9 63.0 175 | 231 2.0 39.9 11.7 0.0 2.0
80 400 | 46.2 140 93.8 | 126.0 35.0 | 46.2 2.0 79.8 23.5 0.0 2.0
20 100 | 16.8 50 33.2 45.0 125 | 16.8 2.0 28.2 8.3 0.0 2.0
40 | 40 200 | 33.6 | 100 66.4 90.0 25.0 | 33.6 2.0 56.4 16.6 0.0 2.0
80 400 | 67.1 | 200 | 132.9 | 180.0 500 | 67.1 2.0 | 1129 33.2 0.0 2.0
20 100 | 23.8 70 46.2 63.0 175 | 23.8 2.0 39.2 11.5 0.0 2.0
50 | 40 200 | 47.7 145 97.3 | 130.5 36.3 | 47.7 2.0 82.8 24.3 0.0 2.0
80 400 | 953 | 290 | 194.7 | 261.0 72.5| 953 2.0 | 165.7 48.7 0.0 2.0
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(b)

hsu (m) hsa (m)
hBu th
(m) (m) hsu hsuz hsus hsaz hsdz hsds
(m) (m) (m) (m) (m) (m)
40 100 23.1 10.0 10.0 35.0 45.0 55.0 11.9 21.9 31.9

af’) | L(m) | B(m) | H(m)

30

80 160 46.2 10.0 10.0 60.0 70.0 - 13.8 23.8 -
40 20 60 16.8 10 10.0 25.0 30.0 35.0 8.2 13.2 18.2
45 20 60 20.0 10 10.0 30.0 35.0 40.0 10.0 15.0 20.0

The mechanical parameters varied under drained conditions (D.1 and D.2) were the effective
cohesion (c’), effective friction angle (¢’), and soil unit weight (y), while under undrained
conditions (UN), the undrained cohesion (c,) and the soil unit weight (y) were considered. Table
2.2 shows the adopted mean values (u), range of variation, and increment (A) for each case.
The ranges adopted for drained conditions are representative of sandy, silty and clayey soils; for
the undrained condition, the adopted values are typical for clayey soils (Mitchell and Soga 2005;
Budhu, 2015).

Table 2.2. Mechanical parameters in drained (D.1 and D.2) and undrained (UN) conditions

Condition Mechanical properties 1] Range A
Effective cohesion, ¢’ (kPa) 20 0-40 10
D.1 Effective Friction Angle, ' (°) 25 5-45 10
Soil Unit Weight y (kN/m?3) 18 12-24
Effective cohesion, ¢’ (kPa) 20 0-40
D.2 Effective Friction Angle, ¢'(°) 25 0-50
Soil Unit Weight y (kN/m?3) 15 9-21
UN Undrained cohesion, c, (kPa) 175 25-325 50
Soil Unit Weight y (kN/m?3) 18 12-24 3

Table 2.3 presents the hydraulic parameter sets reflecting variability in the hydraulic behavior
of three types of soil. Soil type 1 is characterized by high saturated hydraulic conductivity,
typically representative of sandy soils. Soil type 2 has an intermediate value, as observed in silty
soils. Soil type 3 corresponds to a low value of hydraulic conductivity, representative of clayey
soils. Different values of saturated conductivities for D.1 and D.2 were considered to cover the
full range of possible permeabilities. The analyses D1 and D2 were performed for each type of
soil (1, 2, and 3), while the analyses UN were performed only for soil type 3 with low
permeability, due the drained behavior of the other types of soil also in short-time conditions.

Fitting parameters that describe the unsaturated behavior, based on the van Genuchten (1980)
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equation, are also included in Table 2.3. The range of suction was specified according to the
expected range for each soil (sand, silt and clay) as an upper bound. Fig. 2.3 presents the SWRC
curves and the fitting parameters adopted, available in the Geoslope library (Geostudio, 2024).
For the bedrock it was assumed a fully saturated condition, with a very low hydraulic
conductivity (1e-12 m/s), without flow through this layer.

Table 2.3. Hydraulic parameters

Condition | Soil type (rl:;;) van Genuchten (1980)
a (kPa-1) n m
1 1.00E-04 0.5 2 0.500
D.1 2 1.00E-06 0.08 1.7 0.412
3 1.00E-08 0.02 1.5 0.333
1 1.00E-03 0.5 2 0.500
D.2 2 1.00E-05 0.08 1.7 0.412
3 1.00E-07 0.02 1.5 0.333
UN 3 1.00E-08 0.02 1.5 0.333

Rainfall was modeled by applying surface water fluxes (mm3/h/mm?) at the ground level,
simulating low, medium, and high rainfall intensities, corresponding to 30-, 200-, and 500-year
return periods, respectively. The precipitation was distributed using Chicago hyetographs with
a central peak (Fig. 2.4).

Table 2.4 contains the characteristics of the rainfall events in terms of return period (T;),
duration (d), and accumulated precipitation (hw). For the D.1 and UN conditions, the FoS was
obtained for the base scenario (without precipitation) and at the end of a 100-hour event; for
the D.2 condition, the response was evaluated at different time steps (0, 15, and 30 hours).
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Figure 2.3: Soil water retention curves for the modeled soils.

Three groundwater table scenarios were considered: (1) high water table (zw:"?),
matching the ground surface; (2) low water table (z.,.™"), alighed with the bedrock
surface; (3) intermediate water table (z4,3™"), located between the ground surface and the
bedrock.

Table 2. 4. Rainfall events

Return Duration Accumulated
Condition | Intensity, i Period, T, ’ precipitation, hw
d (hours)

(years) (mm)
Low 30 100 315.90
D.1-UN Medium 200 100 480.50
High 500 100 586.00
Low 30 30 200.29
D.2 Medium 200 30 305.90
High 500 30 371.45
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Figure 2.4: Precipitation events adopted for the simulations.
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The dataset consists of about 23,500 simulations:

1) Drained condition (D.1): 48 combinations of geometrical parameters (Table 2.1a), 3
types of soil based on hydraulic characteristics (Ksat,1, Ksat.2, and Ksat 3), as reported in
Table 2.3, 3 rainfall events (i3, iz, and i3), and a base scenario i0 without precipitation
(Table 2.4), 3 initial positions of the water table (zw:™, zw,™", and z,3"%), and 13
combinations of mechanical parameters (Table 2.2). Table 2.5 summarizes the
combinations of parameters for each row of Table 2.1a. In total, 13,572 simulations
were carried out to explore all possible combinations in D.1.

2) Drained condition (D.2): 11 combinations of geometrical parameters (Table 2.1b), 3
types of soil based on hydraulic characteristics (Ksqat, 1, Ksat,2, and Ksat,3), 3 rainfall events
(i1, iz, and i3), at two different times steps (15 and 30 hours), and the base scenario
i0, 1 initial position of the water table (zw3™), and 25 combinations of mechanical
parameters (Table 2.2). Table 2.6 summarizes the simulated cases for each
combination of geometrical parameters (5,775).

3) Undrained conditions (UN): 36 combinations of geometrical parameters (Table 2.1a),
1 hydraulic conductivity (Ksqt3), the same precipitation events and phreatic positions
as D.1, and 11 combinations of mechanical parameters. Table 2.7 summarizes the
simulation analyses performed (total amount 4,212).

In Tables 2.5 and 2.7, the number of simulations for the first phreatic level (zw:™") is lower
than those of the other positions (zw2"* and zw3™), as the effect of the rainfall was
neglected due to the pre-existing complete saturation of the soil.
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Table 2.5 Simulations performed in drained conditions (D.1)

Geometry hsu zu/" Ksar Intensity, i | Simulation ID
Ksat,1
Zug Mt Ksatr io 1-13
Ksat,3
Ksat, 1 io, i1, i2, i3 14-65
hsu(so) 2w?™ Ksat,2 io, i1, iz, i3 65-117
Ksat,3 io, i1, Iz, i3 118-169
Ksat,1 io, i1, iz, I3 170-221
zu™ Ksat.2 io, iy, iz, i3 222-273
Ksat,3 io, i1, Iz, i3 274-325
Ksat,1
Zwi™ Ksat,2 io 326-338
Ksat,3
Ksat,1 io, i1, Iz, i3 339-390
hsu(zs) 2™ Ksat,2 io, i1, iz, I3 391-442
o L BH he Ksat,3 io, i1, Iz, i3 443-494
Ksat,1 io, i1, iz, i3 495-546
zu™ Ksat,2 io, i1, iz, i3 547-598
Ksat,3 io, i1, iz, i3 599-650
Ksat,1
hsufr) Zw™ Ksat,2 o 651-663
Ksat,3
Zw2 Mt Ksat,1 ig, i1, iz, I3 664-715
Ksat,2 io, i1, iz, I3 716-767
Ksat,3 io, i1, iz, i3 768-819
Zw3Mt Ksat,1 io, i1, iz, i3 820-871
Ksat,2 io, i1, Iz, i3 872-923
Ksat,3 io, i1, I2, i3 924-975
Ksat, 1 io, i1, i2, i3 976-1027
hsuz) Zw™ Katz | io i3 iz is | 1028-1079
Ksat,3 i, i1, Iz, i3 1080-1131
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Table 2.6: Simulations for drained condition (D.2)
Geometry hsu zu/ Ksat Intensity, i Simulation ID
Ol, L, B,H hSui ij’init KSGI‘,I i(), il/ i2/ i3 1_175
Ksat 2 io, i1, I2, i3 176-350
Ksat,3 io, i1, i, i3 351-525
Table 2.7: Simulations for undrained condition (UN)
Geometry hsu 2,/ Ks Intensity, i Simulation ID
Zwi™ io 1-13
hSu(QO} szinit Ksat,3 io, i1, iz, i3 14-65
Zws™ io, i1, iz, i3 66-117
Zwi™ i 118-130
a, L, BH, hy hsu(zs) Zw™t Ksat,3 io, i1, iz, i3 131-182
Zws™ io, i1, iz, i3 183-234
Zws™ io 235-247
hsugr) 2w Ksat3 io, i1, iz, i3 248-299
zy3™ io, i1, iz, i3 300-351

For each analysis, slope stability was evaluated under saturated and unsaturated conditions,
with a transient analysis by solving the water mass balance equation with the finite element
method (FEM) in SEEP/W, followed by limit equilibrium analysis in SLOPE/W.
The outputs used as damage parameters (DPs) of each simulation were the factor of safety (FoS),
the depth of the slip surface (z;), and the final position of the water table after the precipitation
event (z4/M%). The FoS leads to the risk assessment (slope unstable if FoS<1), whereas zs and
24/ allow to indicate the most effective stabilization measures.

Table 2.8 shows the number of parameters adopted for each simulation phase performed for
drained (D.1 and D.2) and undrained (UN) conditions, along with the total number of
parameters obtained in output (FoS, zs, z+/"). The overall number of the hydro-mechanical
slope stability analyses was 23,559.
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Table 2.8: Summary of parameters and analyses in GeoStudio.

Number of parameters | Number of OUTPUTS ( FoS, zs, zw/ ™)
Analyses Parameters
D.1 D.2 UN D.1 D.2 UN

Hydraulic conductivity 3 3 1
SEEP/W |n|t|?:.\| !:)os.ltlon of the phreatic level 3 1 3

Precipitations events 3 3 3 13572 5775 4712

Soil-bedrock ratio 4 1 3

i 2 2

SLOPE/W Times steps 3

Mechanical parameters 13 25 11

In the following an example numerical analyses is shown.

Table 2.9 presents the characteristics and results of a drained analysis (D.1) performed for a
slope with an inclination of 40°, a slope length of 40 m and a total height upstream of 100 m.
The geometrical, mechanical and hydraulic parameters are called P domain, and the response
of the model compares the base scenario without precipitation (i) to the case of a 30-year
return period precipitation event (i;). The characteristics of the precipitation events are
summarized as E domain. The domain C, shows that the slope was stable (FoS = 1.118) before
the precipitation (Fig. 2.7a), and after a 100-hour rainfall event, the slope became unstable (FoS
=0.938), as shown in Fig.2.7b. No big difference of the depth of the slips surface were observed,
but the water table upstream raised from 22.4 m to 17.9 m from the ground level, reducing the
shear strength of the soil and causing instability. Data from all domains will be used to train the
Al system.
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Table 2.9: Parameters adopted for the same precipitation event.

Domain Parameters Symbol - D.1 -
lo 1
Unit weight (kN/m3) y 18 18
Effective cohesion (kPa) c' 20 20
Effective friction angle (°) o' 25 25
Undrained Shear Strength (kPa) Cu - -
Saturated permeability (m/s) Ksat 1E-04 1E-04
Soil Type (-) ST 1 1
Slope angle (°) o 40 40
Slope length (m) L 40 40
Total length (m) B 200 200
P Slope height (m) H 34 34
Total height Upstream (m) hm 100 100
Total height Downstream (m) hd 66 66
Soil depth upstream (m) hsy 90 90
Soil depth downstream (m) hsq 56 56
Bedrock depth upstream (m) hsu 10 10
Bedrock depth downstream (m) h3q4 10 10
Initial piezometric depth - Upstream (m) Zwd™ 22 22
Initial piezometric depth -Downstream (m) Zwd ™ 0 0
Return period of precipitation (years) T 30
E Accumulated precipitation (mm) hw 0 316
Precipitation duration (hrs) tw 100 100
Factor of safety (-) FoS 1.118 0.938
Depth of slip surface (m) Zs 16.0 17.0
Ce Final Piezometric depth - Upstream (m) Zwd! 22.4 17.9
Final Piezometric depth -Downstream (m) Zwd ™! 0 0

©CAMPUS

UNIVERSITA

MEDIMURSKA
ZUPANIJA

Co-funded by the
European Union

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of
the European Union. Neither the European Union nor the granting authority can be held responsible for them.

17



.SAFE-LAND Project: 101140345 — SAFE-LAND — UCPM-2023-KAPP
ondffs B e o

e FS=1.118
100 = — 100
‘Water Pressure
90 sl Sl
[ 0-200kPa
[ 200 - 400 kPa
80 = REE R Doo-oka [ 80
— L] T l‘ [ 800 - 1.000 kPa
T~ i
L EaEes 1 . o S
i ”
F =
- : = e _
ie) =] | H o
= SR > N | 50 @
> = ! - ! >
I Hees mANmazs : =
g EEnccson e S 45 o
<] 8 Bes
30 EEE==anm = 30
20 EEE==umm 20
10 = 10
0 0
o] 10 20 30 40 50 80 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Distance
(a)
e FS=0.938
100 rre=s — 100
Water Pressure
90 [@-200-0kPa — 90
O 0-200kPa
T [0 200 - 400 kPa
80 = A Bam sooka || 80
e L 1} 800~ 1.000 kP2
70 ”””’””””’h‘::”IZ”:’"" ] —{ 70
1 T
I
L ]
c 60 FEEa ‘ = 80 _
° = m um K=l
T 50 e = =~ : 50 ©
g S - PR — 3
o — T Ll o
L PR e g M
=] S
o8 EEEENE
30 S=EREE EREEEEEEEREE=— o 1 30
20 EEmes L 20
1a — 10
0 0
O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 180 200
Distance
(b)
Figure 2.7: (a) Base scenario without precipitation; (b) precipitation with a 30-year return period.
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2.2, RISK ASSESSMENT

Landslide Risk can be quantified based on the hazard level and the consequences on
infrastructures (i.e., property) and people potentially involved, encompassing both
vulnerability assessment and exposure level of the elements at risk.

The description of the quantitative hazard assessment performed for the reference slope
elements is reported in Sections 2.1. and 2.2. It describes the criteria and procedures to
evaluate the landslide risk for a potentially involved existing area..

2.2.1 Overview: consequences on property and people

The characterization of consequence scenarios for a landslide is based on elements at risk and
their vulnerability. The classification of landslide risk elements is still quite preliminary
compared to other risks (Cascini et al., 2005) and is mainly based on land use, such as urban,
industrial, infrastructural or agricultural land (Calcaterra et al., 2003; Remondo et al., 2003), or
considers more detailed structural analyses of buildings that require specialized skills (Spence
et al., 2004). The damage of the exposed elements can be structural, bodily and operational
(see, for example, Leone et al., 1996).

According to Walker et al. (2007), a quantitative evaluation of the elements at risk includes-
property, people, who either live, work, or may spend some time in the area affected by
landslide, services, such as water supply or drainage or electricity supply, roads and
communication facilities, and vehicles on roads.

Vulnerability is the degree of loss of an element within the landslide affected area (Fell, 1994).
While the procedures that assess the resistance and vulnerability to earthquakes and floods are
relatively well established and accepted, the assessment of vulnerability of the elements at risk
(e.g. buildings, people) to landslides still requires significant efforts in terms of definition and
grading (Cascini et al. 2005).

Landslide Risk can be quantified based on the hazard level and the consequences on
infrastructures (i.e., property) and people potentially involved, encompassing both
vulnerability assessment and exposure level of the elements at risk.

The description of the quantitative hazard assessment performed for the reference slope
elements is reported in Sections 2.1. and 2.2. It describes the criteria and procedures to
evaluate the landslide risk for a potentially involved existing area.

In particular, the assessment of landslide consequences for property must include an estimate
of the extent of damage that may affect assets due to the landslide event. The quantitative and
accurate assessment of vulnerability can only be carried out on a very detailed scale, where
well-documented landslides are available, along with data regarding properties.
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Consequences are often calculated using the vulnerability of elements at risk from landslides.
The factors that most influence the vulnerability of a property include:

- The volume of the landslide body in relation to the element at risk.

- The position of the element at risk, for example, on the slide or immediately downslope.

- The magnitude of the landslide displacement and the relative movements within the
landslide (for elements located on the slide).

- The speed of movement of the landslide body.

Vulnerability of the property quantifies the degree of damage (or monetary loss, in absolute or
relative terms) expected to occur in the event of a landslide. The assessment process relies on
a quantitative estimation of the projected damage costs, necessitating familiarity with
indicative costs for construction and remediation measures. These include direct repair costs,
covering restoration of affected structural components and land, stabilization interventions,
ensuring site reinforcement to achieve a tolerable risk threshold for landslides, and
consequential costs, encompassing indirect economic impacts resulting from the hazard event.
Table 2.10 shows the qualitative measures of consequences to property suggested by the
Australian Practice Note Guidelines For Landslide Risk Management (Walker et al., 2007).

Tab 2.10. Qualitative measures of consequences to property (from Walker et al., 2007).

Approximate Cost of Damage
Tadicative Notonal Description Descriptor Level
Value Boundary
Structure(s) completely destroyed and/or large scale damage requiring major engineering works for .
200% 0 B B ] 2 2
200% 100% stabilisation. Could cause at least one adjacent property major consequence damage. CATASTROPHIC !
60% “ Extensive damage to most of structure, and/or extending beyond site boundaries requiring significant MAJOR 5
-~ 40% bilisation works. Could cause at least one adjacent property medinm damage - -
209 - Moderate damage to some of structure. and/or significant part of site requiring large stabilisation works. MEDIUM 3
i 10% Could cause at least one adjacent property minor damage -
3% 1% Limited damage to part of structure, and/or part of site requining some reinstatement stabilisation works MINOE. 4
. ) Little damage. (Note for high probability event (Almost Certain), this category may be subdivided ata ¥ <
9 z g 3 BOry GNIFICANT
0-5% notional boundary of 0.1%. See Risk Matrix.) INSK c >

Notes:  (2) The Approximate Cost of Damage is expressed as a percentage of market value, being the cost of the improved value of the unaffected property which includes the land plus the
unaffected structures.

3) The Approximate Cost is to be an estimate of the direct cost of the damage, such as the cost of remstatement of the damaged portion of the property (land plus structures), stabilisahon
works required to render the site to tolerable risk level for the landslide which has occurred and professional design fees, and consequential costs such as legal fees, temporary
accommodation Tt does not include additional stabilisation works to address other landslides which may affect the property

) The table should be used from left to night; use Approximate Cost of Damage or Description to assign Descriptor, not vice versa

The assessment of landslide consequences for people depends on various factors that influence
the risk of injury and mortality, such as the volume of the landslide, the speed of movement,
the depth, the burial potential and the exposure conditions (inside or outside the structure
involved). Structural integrity is also critical, as the collapse of buildings affects people's
vulnerability. People are at the highest risk in the event of a complete structural failure, but
even small landslides can cause serious injury to people. Table 2.11 provides some indicative
examples of vulnerability values on people, suggested Walker et al. (2007).
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Tab 2.11. Qualitative examples of vulnerability values on people (from Walker et al., 2007).

. Recommended

Case Range in Data Value Comments
Person in Open Space
If struck by a rockfall 0.1 - 0.7 0.5 May be injured but unlikely to cause death
If buried by debris 08-1.0 1.0 Death by asphyxia almost certain
If not buried 0.1 -05 0.1 High chance of survival
Persons in a Vehicle
If the vehicle is buried/crushed 09-1.0 1.0 Death is almost certain
If the vehicle is damaged only 0-03 0.3 High chance of survival
Person in a Building
If the building collapses 09-1.0 1.0 Death is almost certain
If the building is inundated with debris 0.8 -1.0 1.0 Death is highly likely
and the person buried
If the debris strikes the building only 0-0.1 0.05 Very high chance of survival

An example of a qualitative risk matrix used to assess property risk is provided in Walker et al.
(2007), and depicted in Table 2.12. This includes a qualitative risk analysis matrix that evaluates
the risk level to properties based on qualitative assessments of landslide likelihood and property
consequences, along with a matrix indicating the implications of each risk level.

Tab 2.12. Qualitative risk analysis matrix: level of risk to property and risk level implications (from Walker
et al., 2007).

QUALITATIVE RISK ANALYSIS MATRIX — LEVEL OF RISK TO PROPERTY

LIKELIHOOD CONSEQUENCES TO PROPERTY (With Indicative Approximate Cost of Damage)
Indicative Value of 1: CATASTROFPHIC I: MAJOR 3: MEDIUM 4: MINOR
Approximate Annual 200% G0%% 20% 5% B"SIG\—.I]-[C'.L\T
Probahilicy 0.504%
A - AIMOST CERTAIN 10 H MorL(3)
B - LIKELY 10 H M L
C - POSSIBLE 107 H M M VL
D - UNLIKFLY 107 H M L L VL
E - RARE 10~ M L L VL VL
F - BARELY CREDIELE 10 L VL VL VL VL

Notes:  (5)  For Cell AS, may be subdivided such that a consequence of less than 0.1%6 is Low Risk
(6) When considering a risk assessment it mmst be clearly stated whether it is for existing conditions or with risk control measures which may not be implemented at the current
time.

RISK LEVEL IMPLICATIONS

Risk Level Example Implications (7)
Unacceptable without treatment. Extensive detatled untshgpl:uu and research. planning and 1mpl ion of
options essential to reduce risk to Low; may be toe expensive and not practical. Work hloeh- to cost more than value of the
property.

H HIGH RISK Unacceptable without treatment. Detailed investigation. planning and implementation of treatment eptions required to reduce

risk to Low. Werk would cost a substantial sum in relation to the value of the propesty.
May be tolerated in certain ciscumstances (subject to regulator’s approval) but requires investization. planning and

M MODERATE RISK implementation of treatment options to reduce the risk to Low. Treatment options to reduce to Low risk should be
implemented as soon as practicable.
5 Usually acceptable to regulators. Where treatment has been required to reduce the risk to this level, ongoing maintenance is
L LOW RISK required =
VL VERY LOW RISK Acceptable. Manage by normal slope procedures.

Note:  (7) The mmplications for a particular situation are to be determined by all parties to the nsk assessment and may depend on the nature of the property at nisk; these are only gZiven as a
general guide
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2.2.2. Risk matrix definition

Based on the overview of the literature briefly outlined above, risk matrices were defined that
can be used for landslide risk assessment in existing areas. The results of the hazard assessment
analyses in terms of the damage parameters (DPs) were combined with a qualitative
assessment of the consequences on properties and people involved, in order to obtain reliable
results in terms of risk assessment for an existing area, potentially involved by the landslide of
a slope.

A risk matrix was defined based on the following information:

- theresults of stability analyses of the reference slopes described in the previous paragraph
in terms of safety factors (FoS), and the maximum depths of the critical slip surface (z;);

- the return periods of climatic events corresponding to the FoS values;

- the presence of “property” (e.g. structures, infrastructures) near the slope and the distance
of property from the slope;

- the presence of people;

- the level of consequences on structures and people may face.

Risk matrix definition involves the following steps.
Step 1. Numerical evaluation of FoS;

First, as described in Section 2.1, for each reference slope, a set of 4 hydro-mechanical
numerical analyses were performed using Seep/W and Slope/W codes, considering 4 different
inputs in terms of reference climate events and obtaining 4 different values of the factor of
safety (FoSi):
- the first simulation was carried out without considering any rainfall events, whose results
led to a FoS value referred to as FoSp;

- the second simulation took into account a rainfall event with a return period of 30 years,
resulting in a FoS value referred to as FoSs;

- the third simulation considered the effects of a rainfall event with a 200-year return period,
yielding a corresponding FoS value referred to as FoS;

- the fourth simulation accounted for the influence of a rainfall event with a 500-year return
period, resulting in a FoS value indicated as FoSs.

Table 2.13 shows the set of analyses for each reference slope, along with the return period of
the input rainfall, the annual probability of occurrence of the rainfall, and the name of the
calculated factor of safety of the slope, for each simulation.
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Tab 2.13. Set of analyses for each reference slope for different rainfalls.

rainfall event Annual probabilit
Simulation return period Tr P ¥ FoSi
of occurrence
(years)
1 no rainfall - FoSo
2 30 3.3E-02 FoS:
3 200 5.0E-03 FoS>
4 500 2.0E-03 FoS3

According to the Eurocode 7 (1997), design values of the soil mechanical parameters were
adopted in FEM analyses. Based on these values of soil parameters, a threshold of FoS = 1 was
considered to identify the incipient collapse. FoS values higher than 1 indicate stable slope

conditions; FoS values lower than or equal to 1 indicate instability.

Step 2. Definition of the hazard levels

In the next step, for a given reference slope, different hazard levels have been defined based
on the values of the four different factors of safety (FoSi) obtained for the different return

periods (or annual probability of occurrence) of the rainfalls, as indicated in Tab. 2.14.

Tab 2.14. Definition of the level of hazard based on the FoS; values.

FoSo FoS1 FoS: FoS; Hazard levels
no rainfall T=30years | T,=200years | Tr=500 years
<=1 <=1 <=1 <=1 Very high (landslide certain)
>1 <=1 <=1 <=1 High (almost certain)
>1 >1 <=1 <=1 Medium (likely)
>1 >1 >1 <=1 Low (unlikely)
>1 >1 >1 >1 Very low (almost null)

According to the procedure of Walker et al. (2007), score values were assigned to the five
different hazard levels, increasing with the significance of the hazard, as indicated in Table 2.15.
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Table 2.15. Scores assigned to the different hazard levels.

Very high (landslide certain) 1

Landslide High (almost certain) 0.8
Hazard Medium (likely) 0.6
Level Low (unlikely) 0.3
Very low (almost null) 0.1

Step 3. Evaluation of the consequences on properties and people

In the following step, the consequences for property and people were assessed, based on two
significant key parameters:

- the position of the structure/infrastructure relative to the landslide body;
- the significance of the landslide.

Damage levels caused by the occurrence of a landslide were defined based on the residual
operational capacity of a built system and the people involved.

The following five damage levels were established:

- Very high (D5). Complete destruction of structures/infrastructures, large-scale damage.
100% loss of human life. Reconstruction through major engineering works and stabilization.

- High (D4). Severe damage to structures/infrastructures within and adjacent to the site.
Irreversible damage to the construction system (reinforced concrete frame and masonry
walls). 80% loss of human life for structures/infrastructures within the site and 60% for
adjacent structures/infrastructures. Evacuation required. Possible long-term use of
structures, with significant reconstruction and stabilization interventions.

- Medium (D3). Moderate to severe damage to structures/infrastructures within and
adjacent to the site. Damage to individual parts of the construction system (nodes,
columns, beams, reinforced concrete elements, openings, and rotations causing
deformations in masonry walls), as well as secondary construction elements (reinforced
concrete paneling and cracks in masonry structures). Inability to use several floors due to
debris presence. 60% loss of human life for structures/infrastructures within the site and
40% for adjacent ones. Evacuation suggested. Possible long-term use of structures, only
with significant reconstruction and stabilization interventions.

- Low (D2). Moderate and limited damage to structures within the site. Damage to secondary
elements of the construction system (reinforced concrete paneling and cracks in masonry
structures). Inability to use several floors due to debris presence. 40% loss of human life.
No evacuation required. Possible short-term use of structures. Inspection necessary for
potential limited reconstruction and stabilization interventions.

- Very low (D1). Minimal damage. Immediate stability and usability of structures following
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inspection. No evacuation required.
Five consequences levels are considered corresponding to these five damage levels:

- Damage level D5 - Very High consequences;
- Damage level D4 - High consequences;

- Damage level D3 - Medium consequences;
- Damage level D2 -Low consequences;

- Damage level D1 - Very Low consequences.

Scores increasing in proportion to the expected damage were assigned to each level of
damage/consequences, as indicated in Tab. 2.16.

Table 2.16. Scores assigned to the different levels of damage/consequences
(adapted from Leone et al., 1996).

Assigned scores to damage levels/consequences on property and people

VERY HIGH HIGH MEDIUM LOW VERY LOW
D5 level D4 level D3 level D2 level D1 level
1 0.8 0.6 0.3 0.1

In order to associate the five damage levels to a given property located in an area potentially
involved by a landslide event, two key parameters - the relative position of the property and the
significance of the landslide must be considered.

Regarding the position of the property in relation to the slope, we considered four possible
locations, based on the distance of the property from the slope (see the geometrical details in
Fig. 2.8):

- On: property located on the slope (x < L)

- Adjacent: property adjacent to the slope affected by the landslide event (x > L and zs/x >
0.4)

- Near: property near the slope affected by the landslide (x > L and 0.1 < zs/x < 0.4)

- Out: property not affected by the event (x > L and zs/x < 0.1).
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Position of the
property

slip surface
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Bedrock

Figure 2.8. Schematic representations of the position of the property.

The significance of the potential landslide was assumed to be related to the maximum depth of
the sliding surface (zs). This can be justified since the considered rainfall-induced slope
landslides in soils are characterized by circular slip surfaces, and landslides become more
significant in terms of potential damage the deeper they are.

Four significance levels were defined:

Very deep sliding surface (zs > 15 m) — high significance

Deep (10 m < z; < 15 m) — moderately high significance

Intermediate (5 m < zs £ 10 m) — medium significance

Shallow (zs £ 5 m) — low significance

Based on these definitions, the association of five damage levels to the different combinations
of the two key parameters — e.g., landslide’s significance and property’s position - is shown in
Tab. 2.17.

Table 2.17. Definition of the levels of damage based on the significance of the landslide and the
position of the property.

On | Adjacent | Near | Out

Very deep D5 D5 D4 | D2
zs>15m

Deep
10m<zs<15m D> D4 D3 b2
Intermediate

5m<z;<10m D> D4 b3 b1

Shallow D4 D3 D2 | b1
Zs<5m
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Step 4. Definition of the risk matrix

Finally, by combining the hazard levels with the damage levels obtained through the procedures
described above, the criteria to define the risk matrix can be evaluated (Tab. 2.18). In this
matrix, the risk indicator in each cell is obtained by multiplying the score related to the hazard
by the one related to the consequences.

Table 2.18. Definition of the criteria to determine the risk matrix

HAZARD

qualitative measure of consequences to PROPERTY
MINOR
CATASTROPHIC | MAIJOR MEDIUM | limited
structure extensive | moderate | damag | INSIGNIFICANT
destroyed damage damage e little damage
1 0.8 0.6 0.3 0.1
certain 1 0.60 0.30 0.10
almost certain 0.8 0.64 0.48 0.24 0.08
likely 0.6 0.60 0.48 0.36 0.18 0.06
possible 0.3 0.30 0.24 0.18 0.09 0.03
unlikely 0.1 0.10 0.08 0.06 0.03 0.01

Based on the values of the risk indicators, five distinct risk classes were defined. In particular:

- Very high risk level (VH) — score 20.7 (red)

- High risk level (H) — 0.5 < score < 0.7 (orange)

- Medium risk level (M) - 0.3 < score < 0.5 (yellow)
- Low risk level (L) - 0.1 < score < 0.3 (light blue)

- Very Low risk level (VL) - score <0.1 (light green)
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Table 2.19 is the final qualitative risk matrix, where colors correspond to the different classes
of risk.

Table 2.19. Risk matrix

Level of consequences
Very High High Medium Low Very Low
Very High H Y] L
H M L VL
HAZARD Medium H M M L VL
Low M L L VL VL
Very low L VL VL VL VL
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3. FLOODING RISK ASSESSMENT OF REFERENCE ELEMENTS (RIVERS)

3.1. REFERENCE SCENARIOS

To provide representative conditions for the river reference element, we considered scenarios
involving different combinations of the following parameters:

- Rainfall return period

- Drainage basin Area

- Mean slope of the drainage basin

- Mean slope of the river

- Mean slope of the floodplain

The mean slope of the drainage basin was classified as low (L), medium (M) and high (H).
Likewise, for the mean slope of the river and floodplain, three slope categories were identified,
termed L, M and H for rivers, and LL, MM and HH for floodplains (considering the two directions
in the plan), respectively. In addition, a triangular shape of the hydrograph was assumed, and
typical values of the runoff coefficient ¢ and the roughness coefficient, which were kept
constant in the performed simulations.

After estimating the time of concentration Tc and, consequently, the rainfall intensity
pertaining to different scenarios, the peak discharge Qmax was calculated by adopting the simple
rational method and considering a correction factor depending on the extension of the drainage
basin area A (Chow et al., 1988; Bedient et al., 2012).

Specifically, the peak discharge Qmax is evaluated using the following equation accounting for
areal effects (this formula is consistent with data from several Italian catchments — see also
Arno River Basin Authority):

Qmax = Qo[—0.116InA + 1.1088] (1)
where A is the drainage basin area [in km?] and
QO = ChA/TC (2)

is the discharge calculated using the rational method, with c indicating the runoff coefficient,
and h represents the rainfall height. Note that the rainfall intensity is i=h/T..

The concentration time T, can be estimated as follows:

T, = [4A°5 + 1.5L]/(0.8HS5) (3)
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where L indicates the length of the flow path and Hm is the mean elevation of the drainage
basin.

Assuming t=T,, the rainfall height h in Eq. (2) is calculated using the following depth-duration-
frequency relationship pertaining to the reference climate event:

h = at™ T™ (4)

where a is a coefficient, t is the time (in hours) and Tr is the return period of the rainfall event
(in years). From hydrological analyses, we derived the following values: a = 26, n =0.38 and m
=0.22.

The Chicago hyetograph was adopted as the design hyetograph (see Fig. 2.4).By using the
software HEC-RAS and assuming the location for the break point on the floodplain, i.e., the
point where flow spills from the main river channel onto the floodplain, the flood areas were
calculated. In this regard, it is worth remarking that the flow has been simulated as one-
dimensional and unsteady in the river and as fully unsteady and two-dimensional in the
floodplains. The Manning coefficient has been assumed to be equal to 0.04 in the river and 0.06
on the floodplains.

The results pertaining to each simulated scenario were reported in geoTIFF files showing the
maximum depth of the water [m], the maximum velocity [m/s] and the arrival time of the water
(hours). The floodplain used in the simulation was a square surface whose area is 5x5 km?, with
respectively zero slope (LL), 0,1% slope (MM) and 1% slope (HH) in both the directions of the
plane.

In the following, a table is reported that summarize the main input and output parameters,
along with the results obtained from the simulations. More specifically, in this table ¢ [-] is the
runoff coefficient, a, n, m are the parameters of the depth-duration-frequency curve pertaining
to the reference climate event (Eq. 4). A [km?] is the drainage basin area, L [km] is the estimated
length of the flow path within the drainage basin, / [-] is the drainage basin mean slope, Hm [m]
is the mean elevation of the drainage basin, Tc [hours] is the estimated time of concentration,
Tr [years] is the return period of the rainfall, i [mnm/hour] is the rainfall intensity and Qmax
[m3/s] is the peak discharge.

The code for river and floodplain slopes should be interpreted as follows. For instance, the code
MMM refers to the medium river slope (M) and to the medium floodplain slope (MM). Likewise,
an intuitive nomenclature was also adopted for the code of simulated scenarios. For instance,
A2-MMM-TRO10 refers to the simulated scenario with A = 2 km? (A2), medium slope of the river
(M), medium slope of the floodplain (\VIM), and TRO10 means that the return period is Tr=10
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years.

Table 3.1. Example of simulated scenarios with relative input and output parameters.

Fammeters of the de pih- parameters of the d mirage basin
dum@tion-freq ue noy curee
Lenghtof
the flowr | code for
. Mean
Dmimge( ath the . N Time of Return peak  |evde forduer
Code for the simulated Runoff basin within |dminage Dl.Elnag Ele lat|.onaf ooncentrsti| period of |Rainfallintersity . and . .
a n m bain mean (the dainage discharse Resultof the simution
508 rano coefficknt c aean the tasin . onTc  [the minfall i [mmyh] flood plain
2 - slape | basin Hm Clme [5]
[km') |drainage [ mean Il [hous] | Tr[pas] slopes
bainLl | slope
L]
A 2 MR TROLO 04 25 0.3 022 2 20 M 0,04 20000 242 0 2445 205 fulhAh
A 2 R TROZD 04 26 0.3 022 2 20 m 0.0d 2000 242 e 77 261 bR
A 2 MR TRIOO 04 25 0.3 023 2 200 M 0,04 2000 242 00 4140 31 fulhAh
A 2 hMRETR D0 04 25 0.3 022 2 2.0 mM 0.0d 2000 242 200 48.22 3\7 bR
A3 MHHTROLO o4 26 0 022 2 200 1] 0.0 2000 242 ao 285 05 MHH
A2 MHHTROED 0 26 0.3 02z 2 2.0 1] oo 2000 za2 o 77 264 MHH
A2 MHHTRICD 04 26 0% 022 2 2m 1] oo 2000 242 ples] 4140 341 MHH
A3 MHHTRIO 04 26 0.3 022 2 2.0 M 0.04 2000 242 200 48.22 = MHH
AZLLL-TRAIO 04 26 0.3 022 2 20 L 0.0 400 5.4 10 1515 125 LLL
A2 LLLTROZD 04 25 0.3 023 2 200 L 0.0 400 5.4 ) 15.% 1549 LLL
A3 LUL-TRIOO 04 26 0.3 022 2 2.0 L 0.1 A00 s.a a0 =14 a7 L
AT LLTRIO 04 26 03 022 2 2.0 L 0.0l 00 s.a 20 X3 222 LLL
A10 MM TROLD o 26 EE ] 02z 10 4. [ 0.0 472 EX] o 1944 B5 RN
A10 MINETROZD 04 26 0% 022 10 4.9 1] oo 472 e o 276 83.3 RN
410 hhARE TRIOD 04 26 0.3 022 10 4.5 M 0.04 A472 3.8 00 32.26 106.6 fulhaha
A10 MR TR 0 a4 26 0.3 022 10 4.8 M 0.04 4472 3.8 200 58 1265 fAhARA
A10 MHHTROLO 04 25 0.38 023 10 A% L] 004 A4732 3.8 10 1544 &5 hiHH
200 WHH-TROS0 04 26 0.3 022 10 A4 1] 0.0 4472 EX ) o 476 833 MHH
AL0 WHH TR0 0 26 03 02z 10 A0 M fake’) 372 X ples) 32.26 1066 TaHH
A28 WMHHTR IO 04 26 0% 02z 10 4.9 [ 0.0 472 EX] 20 758 126.5 MIHH
A0 LLLTRALD 04 25 0.3 022 10 A% L 0.0 594 5.0 0 1150 a7 LLL
A1 LLL-TROZD 04 26 0.3 022 10 4.8 L 0.0 594 8.0 e 1503 50.6 LLL
410 LLL-TRIOD 04 25 0.3 022 10 4.5 L 0.0 594 8.0 100 15538 66.0 LLL
AL LLL-TR D0 04 26 0.5 022 10 A4 L 0. 504 5.0 20 2282 768 LiL
AL MM TROLD o4 26 0 022 100 1414 1] 0.0 141.42 5.43 ao 1361 @27 RN
AL MM TROS0 0 26 0.3 02z 100 1414 1] oo 141.42 5.43 o 17.32 36.2 MM
AL00- MR TRLOD 04 26 0% 022 100 1414 1] oo 19142 5.43 ples] 2258 s19.0 RN
100 Rl Rl TR00 04 25 0.3 022 100 1414 M 0,04 14142 5,43 200 26.30 o fulhAh
A100- MHHTRIIO 04 26 0.3 022 100 1414 m 0.0d 14142 5.43 10 138 227 MHH N N
GeoTIFF maps with the lomtion of
2100 M HHTROZD 04 25 0.3 0323 100 1414 L} 0.0 141,43 543 ) 17.32 BE.2 hiHH
2107 MHH-TRLO0 04 26 0.3 022 100 1414 [ 0.0 141.42 5.43 a0 2253 5180 RilHH the breakpoint, velacity of flaw,
wiae rdepths and amrivaltime
A100 MHH TR0 o4 26 0% 022 100 1414 1] 0.0 141.42 5.43 20 26.30 oaa MHH
AL00F LLL-TREAG 04 26 0. 02z 100 1a1a L 0.0 il 1430 o 5.2 1899 LLL
AL00- LLL-TRO3D 04 26 0% 022 100 1414 L o.m il 143 o 1052 Mma LLL
ALOC LLL-TRIOO 04 26 0.3 022 100 1414 L 0.0 BE 143 00 1371 5.1 LLL
AL00- LLL-TR20D 04 26 0.3 022 100 1414 L 0.0 BB 143 200 15487 370 LLL
AT000 W MR TROLO 04 25 0.3 022 1000 4372 mM 0.0d 447,21 1144 10 952 n71a bR
A10C0 MM TRZ0 o4 26 0% 022 filaes] a7z 1] 0.0 472 1144 ) 1212 14913 RN
A1 MW TFA00 04 26 0. 02z 1000 M7z ™M oo 9771 1144 fles] 1580 19435.5 AN
A1000- M TR200 04 26 0% 022 100 a7z 1] oo 4972 1144 20 1840 2638 RN
A1000 MHH TR0 04 25 0.3 022 1000 A472 M 0,04 Aa7. 21 1144 0 852 171 MHH
A1003 MHHTRO3D a4 26 0.3 022 1000 4472 M 0.04 447,21 1144 ] 1212 1481.3 MHH
A1000 MHH TRI00 04 25 0.3 0323 000 A7 L} 0.0 Aa7 21 1144 00 A5 50 10436 hiHH
A10CC- M HH TR0 04 26 0.3 022 1000 4732 [ 0.0 44721 1144 20 1840 2633 MHH
ALOCO LLL TR 04 26 03 022 1000 a7z L 0.0l LR =53 ao =7 7111 LLL
AL00C LLL-TRO3D. 04 26 0F o2z 1000 a7z L o.m B9A4 =58 D 7.3 aE.5 LLL
A100CH LLL-TRIOD 04 26 0.3 022 1000 4472 L 0.0 8944 E58 100 958 1801 LLL
A100CH LLL-TRA0D 04 26 0.3 022 1000 4472 L 0.0 5944 E58 200 1118 13745 LLL
420000 hflhd-TRIL0 04 25 0.3 022 10000 14142 mM 0.0d 141471 0.5 10 5.66 HNAE bR
A1 0000 RN RS0 04 26 03 022 | aoomo | aa1az 1] fals") JENERY ok o L] I873 RANANA
ALOCO0 MMM-TFLOD 04 26 EE] 022 | 10000 | aaa42 [ 0.0 1414.21 0z 1 1105 0.2 RN
ALOCO0 MMM TF200 0 26 03 02z | o000 | aaaz M fake’) 141421 0T 20 1258 AF7 L AN
A10000- MHH-TROLO 04 26 0% 022 | 1000 | a4z [ 0.0 1414.21 05 o 5.55 NN MIHH
A20000- hHH-TRO30 04 25 0.3 022 10000 14142 M 0,04 14141 0.F ) i 2] TIE7S MHH
20000 hHH-TRI00 04 26 0.3 022 10000 141432 M 0.04 14147 0.5 00 1106 40242 MHH
20000 hHH-TR200 04 25 0.3 022 10000 14142 mM 0.0d 141471 0.5 200 1288 4571 MHH
ALOCOC LLL- TRO 04 26 0.5 022 | o000 | aaaz L 0. Taga A550 o AE 14723 LLL
ALOCOC LLL- TROTD o4 26 0% 022 | o000 | asaaz L 0.0 =2z a550 ) 5i5 15745 LLL
A10C00 LLL TRLCD [oF ] 26 03 02z | aooco | amaz L fakei} Zm2Ed 4550 fles) 571 2354 LLL
10000 LLL- TR20D 04 26 0% 022 | 10000 | amaz L o.m W/2E 4550 0 782 EA5 9 LLL

More specifically, in the following figures are reported examples of outputs obtained from
simulations and pertaining to selected scenarios, along with corresponding explanations.
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It is worth noticing that to avoid any significant influence of boundary conditions on the flow
characteristics within the floodplain, these conditions are placed 5 km away from the break
points as a normal depth condition, with a slope nearly equal to that of the DTM plane.

The adopted DTMs represent various floodplain configurations. For example, Fig. 3.1 shows a
horizontal area (with zero slope in both directions). As can be seen, the ground elevation is
nearly constant, ranging from 250 m a.s.l. to 250.1 m a.s.l., where the 250 m value serves merely
as a relative reference. Other DTMs with constant slopes in both directions were also used to
simulate alternative scenarios.

Tkml |
Fig. 3.1 DTM for the horizontal floodplain.
Fig. 3.2 displays the GeoTIFF DTM map, showing the river’s location (identified via the cross-
section numbers from 101 to 102 indicated on the left vertical axis) and the break points (i.e.,

from section 101.5 to section 101.7) in the levee pertaining to different scenarios with the slope
of river and floodplain very low and equal to 0% (LL).
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BLO1

Figure 3.2. GeoTIFF DTM map with the identification of the river (cross-section numbers ranging from
101 to 102 and shown on the left) and the break points (from section 101.5 to section 101.7) in the levee
pertaining to different scenarios with the slope of river and floodplain very low and equal to 0% (LL),
respectively.

For each simulated scenario, longitudinal profiles of the river and flood hydrographs at different
locations are also obtained.

For example, Fig. 3.3 shows the water profile (continuous blue line) relative to the simulation
A10000-MHH-Tr100. In this figure, the gray shaded area indicates the overtopped levee (break
points) between cross section 101.4 and 101.7. It is worth remarking that flooding occurs only
at the overtopped levee (gray shaded area) in the model.
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Fig. 3.3 Longitudinal river profile showing the overtopped levee (occurring only between cross section
101.4 and 101.7) for the simulation A10000-MHH-Tr100.

For the same simulation A10000-MHH-Tr100, Fig. 3.4 also illustrates three hydrographs, i.e.,
upstream, downstream and at the location of the overtopped levee (i.e., the flood hydrograph).
Namely, the hydrograph upstream of the overtopped levee has been simulated with a triangular
shape and is termed “Flow HW US” in the legend. Likewise, the downstream hydrograph and
the flood hydrograph are named “Flow HW DS” and “Weir Flow” in the legend, respectively.
(Note that the hydrograph corresponding to “Total flow” in the legend overlaps the upstream

hydrograph.)

MEDIMURSKA
ZUPANIJA

©CAMPUS

UNIVERSITA

Co-funded by the
European Union

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of
the European Union. Neither the European Union nor the granting authority can be held responsible for them.

34



SAFE-LAND Project: 101140345 — SAFE-LAND — UCPM-2023-KAPP

Mitigating the risk of flooding and
landslides via artificial intelligence with
a view to extreme climate events

Plan: A10000-MHH-Tr100  River: Opi0pt  Reach: Opipt  RS: 10169

k| B
4000 z.{'\‘ Legend
f \\ IU_ T.; FI;
3500 7 b 8 e e e
. ¥ Weir Flow
"i \ — el c—
i ; b ‘\\ W Flow HW US
f x\ |7_Flo:-_ Hw_DS
2500 ¥ "‘\
s {‘ /,/“/ KPR %H‘.‘W v\
§ v Lt e ™~
= 2000 f 500 &"‘*s
3 . P
¥ o
# .
1500 "‘
a
ha
7 g9
1000 )‘f \\“
i/ I aia D i m
o H‘q‘
500 i L e, T,
a* h'"--, "
e g e, "
7 ,r'"‘ “"-‘,,‘1 J
0 [eppe—— “““nmnumammnmama
314ug2008 2400 015ep2008 2400 025ep2008 2400
Time and Date

Fig. 3.4 Flood hydrograph (Weir flow) compared to upstream (Flow HW US) and downstream (Flow HW
DS) flow hydrographs for simulation A10000-MHH-Tr100.

As mentioned above, for all the simulations, results are given in terms of raster maps of the
maximum water depth, max velocity and arrival time.

Some examples are reported below. Specifically, Fig. 3.5 illustrates the envelope of the
maximum water depth during the unsteady flow phenomena of flooding pertaining to the
simulation A1000-MMM-Tr100. The bold blue line on the left indicates the river, while the
location of the levee break point is identified by the red ellipse. It is worth noticing that the
maximum water depth varies between 0.5 and 1 m, i.e., it is higher close to the levee and then
decreases. Likewise, Fig. 3.6 shows similar results pertaining to the simulation A1000-LLL-Tr100.
In this case, the maximum water depth varies between 0.5 and 1 m. Again, higher water depths
occur close to the levee and then decrease.

@

©CAMPUS

UNIVERSITA

MEDIMURSKA
ZUPANIJA

Co-funded by the

European Union

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of
the European Union. Neither the European Union nor the granting authority can be held responsible for them.

35



SAFE-LAND Project: 101140345 — SAFE-LAND — UCPM-2023-KAPP

Mitigating the risk of flooding and
landslides via artificial intelligence with
a3 view to extreme climate events

Fig.3.5. Envelope of the maximum water depth for the simulation A1000-MMM-Tr100. The bold blue line
on the left indicates the river. The location of the levee break point is identified by the red ellipse.
Maximum water depth varies between 0.5 and 1 m.
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Figure 3.6. Envelope of the maximum water depth for the simulation A1000-LLL-Tr100. The bold blue line
on the left indicates the river. The location of the levee break point is identified by the red ellipse.
Maximum water depth varies between 0.5 and 1 m.

Results also include GeoTIFF maps illustrating the simulated max water velocity and the arrival
time in the floodplain. For instance, from Fig. 3.7, it can be observed that flow velocities are less
than approximately 2 m/s in all the flooded area. Likewise, Fig. 3.8 shows the plot of the arrival
time after the start of the flood event.

f"?ﬁ:‘"‘vﬁ"l.}::%
@ 5%~ [UNIVERSITA M EDIMURSKA
©CAMPUS 275 DI P1SA ZUPANIJA

UNIVERSITA \%Ji‘{:gsgbfﬁﬁt Co-funded by the
European Union

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of
the European Union. Neither the European Union nor the granting authority can be held responsible for them.

37



.
.

SAFE-LAND Project: 101140345 — SAFE-LAND — UCPM-2023-KAPP

Mitigating the risk of flooding and
landslides via artificial intelligence with
a view to extreme climate events

Figure 3.7. GeoTIFF map with simulated water velocity in the floodplain. In this case flow velocities are
less than 2m/s in all the flooded area. The map shows the DTM in background.
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Figure 3.8. Example of GeoTIFF map with simulated arrival time (hours). The map shows the DTM in
background.

Finally, the volume of the floods on the floodplain is reported in the following table. These
volumes can provide an estimation of the water depth when barriers or constraints make a
limitation to the expansion of the flood.
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Table 3.2. Examples of estimated flooded volumes for different simulated scenarios. In this format, the
comma is used to separate thousands.

volume
esondato
PLAN {mc)
A2-MMM-TRO10 5,500
A2-MMM-TRO30 24,300
A2-MMM-TR100 50,000
A2-MMM-TR200 93,300
A2-MHH-TROL0 5,500
A2-MHH-TRO30 24,300
AZ-MHH-TR100 50,000
A2-MHH-TR200 93,400
AZ-LLL-TRO10 0
A2-LLL-TRO30 1,750
A2-LLL-TR100 33,800
A2-LLL-TRZ00 86,700
A10-MMVM-TRO10 0
A10-MMM-TRO30 0
A10-MMM-TR100 90,000
A10-MMM-TR200 300,000
A10-MHH-TRO10 0
A10-MHH-TRO30 0
A10-MHH-TR100 91,000
A10-MHH-TR200 350,000
A10-LLL-TRO10 5,000
A10-LLL-TRO3D 59,000
A10-LLL-TR10D 170,000
A10-LLL-TR200 279,000
A100- MMM-TRO10 0
A100- MMM-TRO30 118,000
A100- MIMMVI-TR100 585,000
A100- MMM-TR200 1,641,000
A100- MHH-TRO10 0
A100-MHH-TRO30 119,000
A100-MHH-TR100 584,000
A100- MHH-TR200 1,640,000
A100-LLL-TRO10 5,000
A100-LLL-TRO30 431,000
A100-LLL-TRI100 2,000,000
A100-LLL-TR200 3,600,000
A1000-MMM-TRO10 520,000
A1000-MMM-TRO30 5,000,000
A1000-MMM-TR100 17,400,000
A1000-MMM-TR200 27,700,000
A1000-MHH-TRO10 520,000
A1000-MHH-TRO30 4,900,000
A1000-MHH-TR100 17,400,000
A1000-MHH-TR200 27,600,000
A1000-LLL-TRO10 0
A1000-LLL-TRO30 550,000
A1000-LLL-TR100 4,500,000
A1000-LLL-TR200 9,500,000
A10000- MMM-TRO10 3,000,000
‘A10000- MMIV-TRO30 5,900,000
A10000- MMM-TR100 28,000,000
A10000- MMIM-TR200 49,000,000
A10000- MHH-TRO10 3,000,000
A10000-MHH-TRO30 5,500,000
A10000- MHH-TR100 26,000,000
A10000- MHH-TR200 53,000,000
A10000- LLL-TRO10 0
A10000- LLL-TRO30 3,200,000
A10000- LLL-TR100 20,600,000
A10000- LLL-TR200 37,000,000
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3.2. CLASS OF DAMAGE
Flood events affect territories in different ways depending on what elements are exposed and
how vulnerable they are. For this reason, the classification of damage potential is a key step in
flood risk assessment and territorial planning. In accordance with the EU Floods Directive
(2007/60/EC) and its Italian implementation (Legislative Decree 49/2010), four damage classes
were established to categorize areas based on the type, value, and vulnerability of the exposed
elements.
These classes—D1 (Low), D2 (Moderate), D3 (Medium), and D4 (High)—reflect a progressively
increasing level of potential consequences in the event of flooding. The classification is primarily
derived from land use, and considers a variety of spatial features, including residential,
commercial, agricultural, environmental, and infrastructural components.
- D1-Low Damage Class
This class includes areas with limited or negligible human presence and low economic
value. Typical examples include natural areas, forests, unbuildable agricultural zones, and
unbuilt public land. In these areas, the impact of flooding is minimal and rarely results in
significant damage or disruption.
- D2 - Moderate Damage Class
Areas in this class host non-strategic infrastructure, buffer zones, and green public or
private spaces, such as parks or protected landscapes. Although development is limited,
flooding can still cause moderate disruption to public amenities, ecosystems, or secondary
services.
- D3 —Medium Damage Class
This class involves zones with functional infrastructure and productive land that are not
densely built-up but are nonetheless important. These may include railways, utility lines
(lifelines), land with development potential, and industrial utility areas such as waste
treatment or quarry zones. Flooding in these areas could lead to economic losses,
environmental concerns, and disruption of regional services.
- D4 — High Damage Class
The highest damage class is assigned to urban areas, historical settlements, and strategic
or densely built environments. It includes critical infrastructure, residential and commercial
zones, public services, hazardous waste areas, and tourism facilities (e.g., hotels and
campsites). Here, flood events here can lead to major economic damage, human safety
risks, and long-term disruptions to key services.
The classification of damage plays a foundational role in determining the flood risk. When
combined with hazard levels, it enables the definition of hydraulic risk classes. It is also an
essential tool for:
- Structuring risk prioritization in civil protection and emergency planning;
- Supporting flood risk mapping and communication with stakeholders;
- Guiding land-use planning to prevent or reduce exposure;
- Facilitating the allocation of public funds for risk mitigation strategies.
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Table 3.2 provides a summary of the defining characteristics of each damage class.

Table 3.2. Definition of damage classes.

Code Class of demage Description of land use

Woodland area

D1 Low Non-buildable agricultural area

Unbuilt or unbuildable publicland

Publicinfrastructure (non-strategic municipal or consortium roads)
D2 Moderate Environmental protection area, buffer zones, private green areas
Parks, unbuilt public green areas

Railways

Lifelines: power lines, pipelines, agueducts
General agricultural area (with building potential)
Areafortechnological plants, municipal waste landfills; quarry zones

D3 Medium

3.3. HYDRAULIC HAZARD
The hydraulic hazard expresses the likelihood and physical intensity of a flood event,
regardless of what might be exposed. It focuses on measurable hydrological characteristics
such as flood depth, flow velocity, duration, and most importantly, return period (Tr)—which
indicates how frequently a flood of a given magnitude is statistically expected to occur.
In line with the EU Floods Directive, hydraulic hazard is classified into three levels:
- P3 - High Hazard
This level refers to frequent and intense flood events, typically associated with a return
period of 30 years or less (Tr < 30 years). These floods may occur more than once in a
generation and are considered a serious threat to safety, infrastructure, and property.
- P2 - Medium Hazard
This class includes moderate-probability flood events, with a return period between 30 and
200 years (30 < Tr < 200 years). These are less frequent than high-hazard events but still
present significant risks, especially in populated or economically active areas.
- P1-Low Hazard
This level represents rare flood events, with a return period greater than 200 years (Tr >
200 years). Although these floods are infrequent, they can still be dangerous—particularly
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in cases of extreme weather conditions, climate change, or infrastructure failure.

The classification of hydraulic hazard is essential for:
- Delimiting flood hazard zones for maps and regulatory purposes;
- Designing preventive and mitigation measures proportional to the risk;
- Informing emergency response strategies and civil protection planning.

Table 3.3 summarizes the criteria associated with each hydraulic hazard class.

Table 3.3. Definition of hydraulic hazard classes.

Code Class of hydraulic hazard

Description

P2 Medium Flood for 30years <Tr <200years

P1 Low Flood for Tr>200years

3.4. HYDRAULIC RISK ASSESSMENT

Hydraulic risk is the result of combining the likelihood of a flood event (hazard) with the
potential severity of its consequences (damage). It reflects the probability that a flood will
occur and the extent of its impact.
In line with the EU Floods Directive (2007/60/EC), hydraulic risk is herein assessed by
combining:
- Hydraulic Hazard Classes (P1-P3);
- Damage Classes (D1-D4).
This two-dimensional assessment results in the identification of four hydraulic risk classes,
which represent an increasing level of threat to people, property, infrastructure, and the
environment (Table 4):
- R1-Low or No Risk:
Damage is minimal or non-existent. Floods may occur but have negligible impact due to
the nature of the exposed area and the limited hazard.
- R2 —Medium Risk:
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Moderate consequences are expected. Floods may affect economic activities or services,
but do not generally pose a threat to life or strategic infrastructure.
- R3 —High Risk:
Significant adverse effects are possible, including threats to public safety, economic
productivity, and key infrastructure. Recovery efforts may be substantial.
- R4 —Very High Risk:
These scenarios include potential loss of life, severe injuries, and destruction of critical
assets or irreplaceable heritage sites. Immediate action is required to reduce or avoid
exposure.
This classification supports the creation of detailed risk maps, the formulation of land-use
regulations, and the prioritization of structural and non-structural mitigation measures.
The assessment can be done using a risk matrix, where:
- The vertical axis corresponds to the class of damage (D1-D4), and
- The horizontal axis corresponds to the hydraulic hazard class (P1-P3).
This matrix offers a clear and consistent framework to:
- Evaluate and communicate levels of flood risk in a standardized way;
- Support zoning, urban development controls, and building regulations;
- Enable strategic planning for emergency services and public authorities;
- Guide investment decisions in flood protection infrastructure and land management.

Table 3.4 outlines the characteristics of each hydraulic risk class, whereas Table 3.5 illustrates
the matrix used to determine risk based on hazard and damage inputs.

Table 3.4. Definition of hydraulic risk classes.

Code Class of hydraulic risk Description

Possible threats to personal safety, majorfunctional damage
to buildings and infrastructure resultingin their

R3 High Risk o ) ) ) .
unavailability, interruption of socio-economic activities, and

damage to environmental heritage.

Possible minor damage to buildings, infrastructure, and
R2 Medium Risk environmental heritage, without compromising people's
safety, building usability, or economic activity functionality.

. Social, economic, and environmental damage is negligible or
R1 Low or No Risk i
non-existent.
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Table 3.5. Hydraulic risk matrix.

Class of hydraulicrisk Class of hazard
P3 P2 P1
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4. RISK PERCEPTION OF REFERENCE ELEMENTS (PEOPLE)

Floods and Landslides: An Introduction to the Psychological Consequences and Risk
Perception

Floods and landslides could have adverse impacts on the mental health of the affected
populations (see Deliverable D3.1, section people) in terms of increasing levels of Post-
traumatic Stress Disorder (PTSD), depression, and anxiety symptomatology (Kumar, 2023;
Walinski et al., 2023; Kabunga, 2022; Parel & Balamurugan, 2021; Fernandez et al., 2015). These
psychological consequences can negatively affect people's lives, leading to significant
difficulties in social and relational skills, work and school performance, reduced quality of life,
and physical health issues (APA, 2022). The literature also showed that certain groups of the
population (children, the elderly, and subjects with previous traumas, and special needs could
be more vulnerable to the onset of psychological consequences (Cianconi et al., 2020; Sharpe
& Davidson, 2022; White et al., 2023; Medved et al., 2022; Maltais, 2019; Han, 2017; Walker et
al., 2015; Aldrich & Benson, 2008; Peek, 2008; Miller & Arquilla, 2008). The increased
vulnerability to adverse psychological consequences of the population affected by floods and
landslides could also be influenced by other risk and protective factors (i.e., socio-demographic,
pre-traumatic, peri-traumatic, and post-traumatic factors) described in deliverable D3.1. Based
on the indications of the Process Oriented Model (Cummings, Davies, & Campbell, 2000; Di
Blasio, 2005), we classified the most significant PTSD/anxiety/depression risk and protective
factors (see Section 1 of the Deliverable D3.1) as distal and proximal factors. The term “Distal”
is used because these factors are supposed to affect adjustment/maladjustment indirectly and
can be thought of as a humus on which more proximate events and factors build their influence.
Proximal factors include both risk and protective factors: risk factors exacerbate vulnerability
induced by distal factors, increasing the probability that the situation evolves into adverse
conditions. Conversely, protective factors are proximal resources that may buffer the negative
impact of distal and proximal risk factors.

Another line of research outlines the significant role of flood and landslide risk perception (see
Deliverable D3.1, section people). Risk perception refers to subjective assessments of the
perceived probability regarding the occurrence and severity of a hazard event, which influence
the preparedness, response, and mitigation behaviors that precede, accompany, and follow the
event (Bradford et al., 2012; Lechowska, 2022). Therefore, how people perceive and understand
risk can affect how they prepare and respond to natural hazards (Lechowska, 2022; Bradford et
al., 2012). Adequate risk perception in people appears to be linked to good risk awareness and
prior knowledge of the appropriate protective behavior to adopt in case of an emergency
(Marincioni, 2020). It could thus support effective emergency response and management
because it is linked to early recognition of real risk and subsequent timely implementation of
the correct protective behaviors, increasing self-efficacy and personal safety.
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Conversely, inadequate risk perception, both in terms of underestimation and overestimation,
can interfere with effective emergency response and management (Lechowska, 2018),
contributing to amplifying the level of personal exposure to hazards (Wachinger et al., 2010)
and consequent possible repercussions on psychophysical vulnerability.

Specifically, people with low risk perception may not have a good awareness of hazards and
knowledge of protective behaviors to implement. Therefore, in case of emergency, they may
underestimate hazards, engage in reckless and risky behaviors, or delay the implementation of
protective behaviors (Ding et al., 2020).

On the other hand, people with high risk perception are generally more aware of risks and
knowledgeable about protective behaviors to adopt in case of emergency (Ding et al., 2020).
However, they may be more vulnerable to intense and dysfunctional emotional reactions (Zhao
et al., 2023), such as high anxiety and fear, panic, or impulsive behaviors. In emergency settings,
such emotional reactions may hinder the ability to rationally assess the situation and make
effective decisions, leading to the enactment of hasty, counterproductive, and potentially
harmful and dangerous choices.

In this direction, considering the quality of risk perception could be a significant component in
developing an effective preventive preparedness system and strategic risk communication
practices (Ali et al., 2022; Paek & Hove, 2017) (see Deliverable D3.3). Literature (see deliverable
D3.1) outlined how the quality of risk perception could be affected by some significant factors
and conditions such as sociodemographic and personality factors, information and knowledge,
awareness and worry, and the direct experience of a hazard (see figure 4.1). These elements
should be considered to assess the quality of risk perceptions.

KNOWLEDGE
Risk perception of hazards is influenced by knowledge based on
prior/acquired information. Low knowledge might cause lower
risk perception. Conversely, good knowledge might promote an
adequate risk perception (Lechowska, 2018; Biernacki et al.,
2009). (Lechowska, 2018; Biernacki et al., 2009).

AWARENESS
Low awareness can decrease risk perception and hinder an
effective response in danger (Lechowska, 2018)

WORRY
Worry could promote higher levels of risk perception
(Lechowska, 2018)

PRIOR DIRECT EXPERIENCE
Risk perception tends to be higher in the case of prior direct
experience of the event. In contrast, risk perception tends to be
low in areas where hazards are rare (Lechowska, 2018).

SOCIO-DEMOGRAPHIC
FACTORS

women and those with high education
level tend to have higher perceptions of
risk (Lechowska, 2018; Lindell & Hwang,
2008). However, the literature has
found mixed or nonsignificant results

RISK PREPII.-\\II:II;TION
PERCEPTION RESPONSE

PERSONALITY

People with higher levels of
conscientiousness or neuroticism tends
to have higher perceptions of risk
(Siegrist & Arvai, 2020)

Figure 4.1: Factors that may influence risk perception
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PEOPLE: Identifying individuals at risk of psychological consequences and assessing the
quality of Risk Perception in the case of floods and landslides.

Aims:

Based on the above-cited literature, the psychological section of the SAFE-LAND project had the
twofold objective of investigating the factors that may influence: a) the risk of psychological
vulnerability in case of floods and landslides; b) the quality of risk floods and landslides
perception (in terms of low risk perception; adequate risk perception and high risk perception).

Procedures:

A preliminary study (pre-test) was conducted on a non-representative reference convenience
sample (reference people) to collect preliminary data on the research protocol.

Specifically, during this pre-test phase, a web survey was created (on the Qualtrics platform) and
distributed to reference people through a QR-CODE/link via email and social media sites of the
research staff.

More specifically, participants accessed through a QR code or link the web survey which
described the research protocol's objectives and included a series of questionnaires listed in
Table 4.1. Participation in the survey was voluntary, and subjects had to give their informed
consent to participate and to data treatment before answering the questions. The survey took
approximately 20 minutes to complete. In treating the participants, we followed APA
guidelines, the 1964 Helsinki Declaration, and its later amendments or comparable ethical
standards. The Ethical Committee of e-Campus University also approved the research protocol
(No. 6/2024).

Table 4.1: The Research Protocol

RESEARCH PROTOCOL

1. Socio-demographic inventory Socio-demographic data

2. Risk perception of floods and landslide Knowledge, awareness, worry, and prior
direct experience about floods and landslides

3. Climate Change Worry Scale Worry about climate change

(CCWS, Stewart, 2021)

4. Multidimensional Scale of Perceived Social Support | Perceived social support

(MSPSS, Zimet et al., 1988)

5. World Health Organization - Five Well-Being Psychological well-being
(WHO-5, WHO, 1998)

6. Psychological general well-being Psychological well-being
(PGWB, Dupuy, 1984)

7. Big Five Inventory 10 Personality

(BFI-10, Rammstedt, & John, 2007)

8. Brief Cope Coping strategies

(Carver, 1997)

9. Primary Care PTSD Screen for DSM-5 Vulnerability to PTSD symptoms

(PC-PTSD-5, Prins et al., 2016)
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A non-representative convenience sample of 124 participants (79.5% females) aged between
20 and 69 (mean value, M = 36.7; standard deviation, SD = 12.4) participated in the web survey.
A summary of the participants’ demographic characteristics is in Table 4.2. A significant number
of participants were married or cohabiting (63%) and well educated (60% with more than a high
school degree), and with a profession in scientific, technical, and human fields (42%).

It is worth noting the higher level of female participation compared to male participation in the
web survey. However, this is a common finding in the literature and can be attributed to
differences in the way males and females make decisions and value actions in the online
environment (Smith, 2008). The social exchange theory is based on the idea that people make
decisions about exchanges based on their separate self-concepts (England, 1989; Smith, 2008).
Separative characteristics are more likely to be valued by males. At the same time, females are
more likely to value characteristics that are more consistent with connective selves, such as
empathy or emotional closeness. Therefore, if becoming a survey respondent is more likely to
be seen as something that connective selves do more often than separative selves, or is seen as
more valuable by people who have characteristics of connective selves, then we would expect
to see a higher survey response rate from females than from males (Smith, 2008).

The higher female response rate certainly represent a limitation of this pre-test. However, the
other socio-demographic variables in the pre-test were found to have a good level of
representation.

The questionnaire continues to be sent to the sample population, and the database with the
guestionnaire responses is continuously updated, in order to build a larger and more
representative sample.
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Table 4.2: Demographic characteristics of the sample

N %
Education High School Degree or less 50 40,3
More than High School Degree 74 59,7
Profession Students 35 28%
Simple profession; Unemployed 5 4%
Skilled Workers 4 3,00%
Service and Sales Occupation 25 23%
Professional in Scientific, Tecnical and Human Fields 55 42%
Relational Status  Single 36 29%
Childless Couples 41 32%
Families with Children 38 31%
Single Parents 8 7%
Widowed 1 1%
Income 17,000 Euro or less 76 60%
From 17,000 to 35,000 euro 18 15%
More than 35,000 Euro 30 25%

Results: Identification of individuals at risk of vulnerability to adverse psychological
consequences

To detect the individuals at risk of adverse psychological consequences, we considered a series
of variables classified as resources, distal risk factors, and proximal risk and protective factors
(see Deliverable D3.1, pages 19-20). Specifically, based on the indications of the literature, we
considered a series of socio-demographic factors (i.e., gender, age, education, and occupation);
and individual and relational pre-traumatic factors (i.e., prior traumatic events, personal and
family special needs, coping strategies, social support) that we categorized in terms of
resources, distal risk factors, and proximal risk and protective factors (see Table 4.3).
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Table 4.3: Risk and protective factors considered to assess the levels of vulnerability to psychological risk

IDENTIFICATION OF INDIVIDUALS AT RISK OF VULNERABILITY TO ADVERSE PSYCHOLOGICAL CONSEQUENCES

RESOURCES PROXIMAL DISTAL PROXIMAL LEVELS OF
(-0,5) PROTECTIVE FACTORS RISK FACTORS RISK FACTORS VULNERABILITY TO
(-1) (+0,5) (+1) PSYCHOLOGICAL RISK
) . 0 - NO RISK
High education Personal and family (only resources or proximal protective
level history of special factors, eventually 1 distal risk factor)
Empl t d
e Ne, a:ii: cso in, P SOWRISK
g R ping (prevalence of resources or proximal
strategies protective factors)
Low psychological
well-being 2 -RIsK . .
Low social support (compresence of protective and risk
factors)

First, we categorized each considered variable (for example: gender, age, socio-economic
status, previous traumatic events, special needs, psychological well-being, coping strategies,
and social support) in terms of resources, distal, and proximal factors. Then we assigned a
specific score (see Table 3) to resources (Score = - 0,5), distal risk factor (Score 0,5), proximal
risk (Score = 1), or proximal protective factors (Score =-1). Second, we calculated each subject's
total vulnerability score (ranging from -5.5 to 6; M = -1.1; DS = 2.5) by considering the scores of
each variable. Third, we performed a K-means statistical analysis to identify four groups of
individuals with distinct risk levels of negative psychological consequences. The four levels of
vulnerability include no risk, low risk, presence of risk, and high risk of psychological

vulnerability (see Table 4.3).

Results for the Assessment of the Risk of Vulnerability
to Adverse Psychological Consequences

The results indicated that 50 participants (40,3%) showed no risk of adverse
psychological consequences; 38 (30,6%) showed a low risk of adverse psychological
consequences; 33 (26,6%) showed a risk of adverse psychological consequences, and
finally 3 (2,4%) showed a high risk of adverse psychological consequences (Figure 4.2)
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Figure 4.2: Participants' psychological risk levels.

Results: Assessing the Quality of Risk Perception

To detect each participant’s quality of risk perception for floods and landslides, we considered
a series of variables following the indications of the literature (see Deliverable D3.1). We
assessed variables that affect risk perception for floods and landslides separately. Through a
series of questionnaires, we considered the participants’ personality characteristics and the
level of knowledge, awareness, worry, and prior direct experience of floods and landslides. In
Tables 4.4 and 4.5, we reported, in detail, the variables considered to assess the participants’
risk perception and the three degrees of risk perception.

Table 4.4: Factors that influence risk perception and degree of risk perception

ASSESSMENT OF THE QUALITY OF RISK PERCEPTION

DEGREE OF
Brior dirscy RISK PERCEPTION
Knowledge | Awareness | Worry ex:i:::?r of Personality 0—LOW RISK PERCEPTION
landslides 1 - ADEQUATE RISK PERCEPTION
2 — HIGH RISK PERCEPTION
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Table 4.5: The assessment of risk perception

Factors affecting VARIABLES AND
risk perception FINAL SCORE
Knowledge was assessed through the following statements about:
KNOWLEDGE 1. Knowledge of Previous local floods or landslides (Yes/No)

Good knowledge might
promote an adequate
risk perception
(Lechowska, 2018;
Biernacki et al., 2009).

2. Knowledge of response behaviours and emergency management in case of
floods or landslides (e.g., protective behaviors, warning systems, risk/safe areas,
etc.) (Selection of known options)

3. Keep informed about flood, landslide, and weather warnings (from 0= not
informed to 3= very informed)

4. Level of knowledge on how to protect oneself/respond in case of flood/flood, or
landslide (from 0= no knowledge to 3 = a lot of knowledge)

Based on these four items, we created a final unique variable titled Knowledge. For this
variable, we assigned to each participant a score of -1, in case of low knowledge and a
score of 0 in case of adequate or high knowledge.

AWARENESS

Low awareness can
decrease risk perception
and hinder an effective

response in danger

Awareness was assessed using the following statements about:

1. Awareness of living in a flood/landslide risk area (0 = No, 1 = don’t know, 2 = Yes)

2. Awareness of areas in the city most at risk of flooding or landslides
(from 3= the city has the same risk everywhere to 0= don’t know)

3. Awareness of the causes of flooding and landslides (Selection of known options)

Based on these three items, we created a final unique variable titled Awareness. For this

variable, we assigned to each participant a score of -1, in case of low awareness and a

(Lechowska, 2018). score of 0 in case of adequate awareness and a score of 1 for high awareness
Worry was assessed using the following statements about:
WORRY 1. Emotional response experienced in the past or anticipated in the future if a

Worry could promote
higher levels of risk
perception
(Lechowska, 2018)

flood or landslide were to occur (from calm to terror)
2. Level of worry in response to a flood or landslide warning for the following day
(0 = Not worried at all to 3 = Extremely worried)
Based on these two items, we created a final unique variable titled Worry For this
variable, we assigned to each participant a score of -1, in case of low worry and a score
of 0 in case of adequate worry and a score of 1 in case of high worry

PRIOR DIRECT
EXPERIENCE

Risk perception tends to
be higher in case of prior
direct experience of the
event (Lechowska,
2018).

Past Experience was assessed the following statement about:

1. Type of past experience with floods or landslides
(Options: Direct personal experience, Direct experience of a friend or relative,
Information from news or other media, None of the above)

Based on this item, we created a final unique variable titled Experience. For this variable,
we assigned to each participant a score of -1, in case of absent experience and a score
of 0 in case of indirect experience and a score of 1 in case of direct experience

PERSONALITY

People with higher levels
of conscientiousness or
neuroticism tend to have
a higher perception of
risk (Siegrist & Arvai,
2020).

Personality was assessed through the Big Five Inventory-10 (BFI-10, Rammstedt & John,
2007). We considered the two variables conscientiousness and neuroticism and we
created a final unique variable titled Personality. For this variable, we assigned to each
participant a score of -1, in case of low neuroticism and conscientiousness and a score
of 0 in case of adequate neuroticism and conscientiousness and a score of 1 in case of
high conscientiousness and neuroticism.
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To assess the quality of risk perception for both floods and landslides, we considered the five
variables (knowledge, awareness, worry, prior direct experience, and personality) and assigned
a score to each (See Table 4.5). Then, we calculated a total score for each participant about the
risk perception of floods (scores from -4 to 4) and landslides (scores from -3 to 5). Then, we
performed a K-means statistical analysis to identify three groups of individuals with distinct
levels of quality of risk perception for floods and landslides: low, adequate, and high risk
perception.

The results regarding flood risk perception showed that 13 participants (10.5%) had a
low risk perception; 76 (61,3%) had a correct risk perception, and finally, 35 (28,2%) had

Results for the assessment of flood and landslide risk perception

a high risk perception (Figure 4.3).

Results regarding landslide risk perception showed that 24 participants (19.4%) had a
low risk perception; 78 (62,9%) had a correct risk perception, and finally, 22 (17.7%) had

a high risk perception (Figure 4.3).
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Figure 4.3: Participants’ degree of risk perception
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In summary, the psychological part of the SAFE-LAND project aimed to create a system capable
of early identification of vulnerability to psychological risk and to assess the quality of risk
perception, in case of floods or landslides (see Figure 4.4).
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Figure 4.4: Results About the Population’s Vulnerability to Psychological Risk, And Quality Of
Floods/Landslides Risk Perception

Regarding the vulnerability to psychological risk, based on the indications of the literature, we
outlined that some socio-demographic and pre-traumatic variables can significantly influence
anindividual's vulnerability to psychological risk. Specifically, a series of individual and relational
variables (distal and proximal risk factors) could amplify vulnerability to psychological risk or
protect psychological well-being (proximal resources and protective factors). These factors
could constitute a risk or protective humus that leads individuals to show different baseline
levels of vulnerability to psychological consequences even before a flood or landslide event
occurs. Understanding and assessing these preexisting factors could provide essential insights
into an individual's vulnerability to psychological risk, as it could worsen and become chronic
after the emergency, especially in the presence of severe peri- and post-traumatic factors.
Therefore, identifying individuals' vulnerabilities and strengthening and supporting their
protective adaptive resources and functioning at the individual and relational levels could
constitute effective preventive interventions. Similarly, it is significant to consider the quality of
the population’s perception of risk in floods and landslides because it is relevant to people’s
preparation and appropriate responses in case of emergency (see Deliverable D3.3). For
example, an adequate perception of risk could support effective emergency response and
management because it is connected to the early recognition of the real risk and the
subsequent timely implementation of the correct protective behaviors (Marincioni, 2020).
Conversely, inadequate risk perception (low and high), can interfere with effective emergency
response and management (Lechowska, 2018), contributing to amplifying the level of personal
exposure to hazards (Wachinger et al., 2010) and consequent possible repercussions on
psychophysical vulnerability.
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In Deliverable D3.3, some intervention guidelines based on four cyclical phases of the
emergency management system (people’s hazard preventive preparedness, risk
communication, response to event, and post-event recovery) will be described. Specifically,
these four phases will be implemented by considering both the quality of risk perception and
the psychological vulnerability of individuals in case of floods and landslides (Figure 4.5).

Guidelines will be proposed to improve the emergency management system through
the:

1- Promotion of effective preventive preparation and risk communication that
support adequate knowledge and awareness of risks and consequent functional
and protective response in the event of a flood/landslide emergency.

2- Promotion of early identification of the subjects most vulnerable to adverse
psychological consequences in the event of floods/landslides in the post-event
recovery phase.

Figure 5: Phases of the Guidelines to support an effective emergency management system through the
promotion of adequate risk perception and consideration of psychological vulnerability in the case of

floods and landslides
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