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Abstract: Prediction of landslide hazard risk at hill slope induced by intense rainfall requires the
appropriate modeling of the interactions between soil and weather phenomena, leading to failure as
well as a reliable prediction of post-failure dynamics. In the peculiar case of fast shallow landslides
behaving like dense granular flows, a suitable modeling approach for large and rapid deformations is
necessary to estimate potential related damage. The impact force exerted by the leading edge of the
earth-flow on the downstream structure should be estimated for both damage prediction and design
of effective protection measures. In this paper, a free open source 3D research code based on standard
weakly compressible smoothed particle hydrodynamics (WCSPH) method is validated by modeling
a full-scale rainfall-induced shallow landslide which occurred in Oltrepò Pavese (Northern Italy).
The code allows resolving the vertical velocity gradients, potentially providing a more reliable
representation of the landslide dynamics and impact force. Mechanical parameters are consistent
with average soil characteristics, avoiding calibration analysis. The final landslide profile is compared
with an experimental survey for model validation, showing good fit. Influence of uncertainties of
geotechnical parameters on the landslide front velocity and impact force on the downstream wall
is evaluated.

Keywords: rainfall-induced shallow landslide; post failure dynamics; soil-water interaction;
validation; non-Newtonian fluid; WCSPH; natural hazards

1. Introduction

Post-failure shallow landslide dynamics may be characterized by opposite behaviors. In the
case where low displacement rates occur at a narrow shear zone just below the ground surface, some
simplified mathematical approaches may be adopted in the engineering practice to describe effectively
the landslide dynamics [1]. In the case of fast rainfall-induced shallow landslides, the dynamics is more
complex to predict if the run-out starts as shallow rotational-translational failure subsequently changing
into earth-flows. This kind of landslide is triggered by intense rainfall events inducing water infiltration
at slopes that increases the volumetric water content and pore water pressure, thus worsening the
slope stability [2]. Therefore, a reliable assessment of landslide susceptibility requires, among the
other things, proper definition of the hydro-mechanical features, as well as rainfall characteristics
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considering recent climate trends affecting rainfall and intense storm events [3]. A rainfall-induced
shallow landslide represents one of the most common natural hazards in some areas of the world [4,5].
Ongoing research is being carried out for defining a new integrated hydrogeological model to assess
shallow landslides and flood prone areas at catchment scale in Oltrepò Pavese, in order to predict their
spatial and temporal occurrence, and to develop early-warning strategies (ANDROMEDA project,
funded by Fondazione Cariplo) [6].

The above described dynamic behavior of fast rainfall-induced shallow landslide is due to
the large water content. As a consequence, this kind of landslide behaves like a dense granular
flow, and suitable modeling approaches should be adopted for handling large spatial and temporal
displacement gradients. Meshless particle methods could be helpful for this purpose. Among the
numerous types of meshless particle methods, the smoothed particle hydrodynamics (SPH) method [7]
is successfully applied to simulate complex multiphase flows with impact and shock [8,9], involving
fluids with high-density ratio [10] as well as non-Newtonian fluids [11–14]. These problems are of
great concern in the applied engineering dealing with water related natural hazards [15], such as
landslide induced tsunami in artificial reservoir [11] and intense rainfall-induced shallow landslides [16].
The weakly compressible (WCSPH) code SPHERA v.9.0.0 (RSE SpA) [17] is a free open-source research
software that has been validated on various application fields including floods with transport of solid
bodies and bed-load transport; fast landslides and their interactions with water reservoirs; sediment
removal from water bodies [18]. The validation of SPHERA by simulating the post-failure dynamics of
rainfall-induced fast shallow landslide will be illustrated in this work.

In the analysis for a reliable estimate of the risk level of rainfall-induced landslide hazard,
the susceptibility evaluation represents only one of the relevant issues. In fact, relevant dynamic
features of landslide run-out, such as width and length of damage corridor, travel velocity, characteristic
depth of both moving mass and deposit, should be properly assessed in order to provide a quantitative
estimate of the hazard and select appropriate protective measures for risk mitigation [19]. This target
may be achieved through the adoption of reliable predictive models providing quantitative information
on the destructive potential of the landslide.

There are several approaches that have been successfully adopted for the post-failure dynamic
analysis of fast shallow landslides. In the work of [20], the post-failure flow model simulates the moving
landslide as single-phase continuum through FLO-2D commercial software that solves numerically the
depth-integrated flow equations with the finite volume approach. The SPH model in [21] allows one to
predict the path, velocity, and depth of flow-like landslides following a two-phase approach where the
mixture is made up of a solid skeleton with the voids filled by a liquid phase. The mixture dynamics
is described by quasi-Lagrangian depth integrated governing equations of mass and momentum
balance, and the pore pressure dissipation equation. The model was used to reproduce a catastrophic
event occurred on May 1998 in the Campania region (Italy), showing the relevant role of geotechnical
parameters (especially the fluid phase and angle of internal friction) for the reliable prediction of the
run-out distance, velocity, and height of the landslide. A proper selection of the values assigned to
these parameters assured the best agreement with the field observations.

When the initial average depth is comparable with the horizontal length and width of the
collapsed soil, as in the present case, significant variations in both thickness and vertical velocity
profile may occur along the flow direction, advising against the adoption of depth-integrated models.
Furthermore, a numerical model that does not require the calibration of relevant parameters in the
landslide post-analysis may be used for run-out prediction in a risk analysis. In this work, the shallow
landslide is simulated with a 3D code that allows resolving the velocity gradient in the vertical
direction, potentially providing a more reliable representation of the landslide dynamics and impact
force. No tuning of the relevant geotechnical parameters has been carried out to reproduce the
final landslide profile with suitable accuracy. The impact force on the vertical downstream wall can
be calculated for both quantitatively evaluating landslide risk level and supporting the design of
protective structures.
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The following Section 2 illustrates briefly the relevant features of the numerical model adopted
for the post-failure dynamics of the landslide and the case study. Section 3 presents and discusses the
simulations results, including: the model validation on a full-scale rainfall-induced shallow landslide;
the effects of uncertainty of the relevant geotechnical model parameters (i.e., angle of internal friction
φ, effective porosity e and solid phase density ρs) on the leading front celerity and impact force on the
downstream wall. Conclusions are illustrated in Section 4.

2. Model Description and Test Case Configuration

SPHERA v.9.0.0 holds several numerical schemes, among which an SPH formulation of mixture
model for the analysis of dense granular flows consistent with the kinetic theory of granular flow
(KTGF). Those features of this scheme relevant for the present study are summarized in the current
section; for a complete description, the reader is referred to [22]. The 3D fluid dynamics of both water
and soil mixture is obtained by solving numerically the mass and momentum balance equations that
are discretized according to standard WCSPH formulation:〈

dρi
dt

〉
= −ρi

N∑
j=1

m j
ρ j

(
u j − ui

)
· ∇Wi j,h + Bρ〈 dui

dt

〉
= − 1

ρi

N∑
j=1

m j
ρ j

(
pi + p j +

Πi j
ρi

)
∇Wi j +

∇·τi
ρi

+ g + Bu

(1)

In Equation (1), the symbols assume the following meaning: u mixture velocity; g gravity
acceleration; Bρ and Bu boundary contributions for mass and, respectively, momentum balance
equations according to a semi-analytic approach [23]; p mixture pressure; m particle mass; ρ mixture
density; Wij compact supported central kernel function of the relative distance between a generic fluid
particle, denoted by index i, and each one of the N neighboring particles, denoted by index j; Πij
Monaghan artificial viscosity term [7] used for the fluid phase solely. The divergence of the mixture
viscous stress tensor τ in the momentum balance (for the mixture solely) is computed as a function
of the strain rate tensor D through the apparent viscosity µfr depending on the effective stress σ’,
the second invariant of the strain rate tensor IID and the angle of internal friction of soil φ:

∇ · τs = ∇ ·
(
2µ f rD

)
µ f r =

σ′ sinφ
2
√

IID

(2)

The time integration is carried out through a second-order Leapfrog scheme calculating the
velocity of each particle at mid time-step with respect to both position and density [24]. As the
numerical scheme for the solution of discretized mass and momentum balance equations is explicit,
the following stability condition must be satisfied for the integration time step dt [25]:

dt = min
{

Cν
2h2

µ/ρ
; CFL

2h
c+|u|

}
(3)

In Equation (3), h denotes the smoothing length related to particle size dx, c is the sound speed and
CFL denotes the Courant–Friedrichs–Lewy number. A severe time step reduction occurs, caused by the
viscosity stability condition when shear rate comes close to zero and the apparent viscosity approaches
higher values according to pseudo-plastic behavior (second of Equation (2)). To avoid the unbounded
growth of both mixture viscosity and computational time at a very low shear rate, the maximum
(or threshold) viscosity µmax is introduced with a physical meaning [22]. When approaching to zero
shear rates, those mixture particles with an apparent viscosity higher than the maximum viscosity
are considered in the elastic–plastic regime of soil deformation, where the kinetic energy of solid
particles is relatively small, and the frictional regime of the packing limit in the KTGF does not apply.
In this condition, the maximum viscosity is assigned to those particles that are excluded from the
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SPH computation and considered as fixed particles. When these particles fall inside the neighbor list
of a nearby moving particle, suitable physical properties are assumed. The value of the maximum
viscosity does not require tuning or calibration. For a specific problem, the value assigned to the
maximum viscosity is the smallest value that does not influence the numerical results appreciably.
Any increase above this value would only affect the computational time through a reduction of the
time step (Equation (3)). This procedure is descried in Section 3.1.

By analogy with the experimental behavior of high polymer solutions, the transition from the
frictional regime (i.e., solid particle in motion) to the elastic-plastic regime (i.e., solid particle at rest)
can be reproduced within a limiting region in the flow curve that is characterized by a constant value
of the apparent viscosity referred to as limiting viscosity µ0. The limiting viscosity acts as a numerical
parameter [26]. The value assigned to viscosity µ0 should be evaluated through an optimization
procedure leading to the definition of the lower value of the limiting viscosity to obtain a suitable
accuracy in the results. This approach was successfully tested against a 2D laboratory experiment
reproducing, along a representative transversal section of the artificial basin, the run-out of the 1968
Vajont landslide on the left-hand slope [26]. By taking into account landslide interaction with the water
(both stored in the artificial basin and filling the saturated landslide portion), the scheme of SPHERA
for dense granular flows allowed predicting maximum wave run-up with both suitable accuracy and
significant reduction in the computational time.

In the present work, the cited scheme is validated on the post-failure analysis of a rainfall-induced
shallow landslide. This landslide occurred during an intense rainfall event on April 2009 in a hilly area
of the Oltrepò Pavese named Recoaro valley (north-western part of Italy). Even if SPHERA is a 3D
code, its simpler and faster 2D execution has been conveniently chosen for this case: as the landslide is
relatively narrow in the transversal direction, in the upper and mid parts of the domain, the flow may
be assumed as two-dimensional in the longitudinal vertical plane (Figure 1a).
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Figure 1. Rainfall-induced landslide occurred on April 2009 in the Recoaro valley of the Oltrepò 
Pavese: (a) Plan view with the sliding direction (red arrow) and the downstream structure impacted 
by the landslide (dashed red square), the aerial photograph of the area was taken by Ditta Rossi s.r.l. 
(Brescia, Italy) on 18 May 2009; (b) Detail of the impacted structure showing part of the slide. 

Figure 1. Rainfall-induced landslide occurred on April 2009 in the Recoaro valley of the Oltrepò Pavese:
(a) Plan view with the sliding direction (red arrow) and the downstream structure impacted by the
landslide (dashed red square), the aerial photograph of the area was taken by Ditta Rossi s.r.l. (Brescia,
Italy) on 18 May 2009; (b) Detail of the impacted structure showing part of the slide.

After sliding inside an almost straight corridor with a nearly constant width of about 14 m
(Figure 1a), the saturated soil impacted against the vertical wall of a building located at the toe of the
opposite slope, causing the landslide to stop abruptly (Figure 1b). Some small trees were transported by
the earthflow, but they were neglected in the present modeling. The portion of the deposit obstructing
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the street on the valley floor was suddenly removed for safety purposes. Anyway, the upstream portion
of the deposit was not altered, and survey data of its final profile are available.

The position of the downstream obstacle is not perpendicular to the landslide propagation
direction, thus after the impact, the actual landslide behavior near the wall may deviate from the 2D
assumption. However, this feature does not affect the landslide characteristics during the run-out phase
that are relevant for risk assessment (i.e., front thickness and velocity), but may affect the prediction of
impact force that cannot be considered uniformly distributed in the transversal direction. Furthermore,
from Figure 1b, the depth of the deposit just in front of the impacted structure can be estimated,
and it seems to be almost uniformly distributed in the transversal direction. This information is used
as reference for comparison with the landslide simulated final profile. The relevant geotechnical
characteristics of the soil involved in the collapse are collected from [5] and summarized in Table 1.
These soils are clayey-sandy silts, characterized by close to nil cohesion. The values of the soil features
have been used to estimate the input parameters adopted in the validation analysis.

Table 1. Summary of the values assigned to relevant geotechnical parameters.

Relevant Geotechnical Soil Parameters

angle of internal friction φ 24–26◦

saturated unit weight γsat 18–19 kN/m3

saturated volumetric water content ϑs 0.42–0.46

3. Results and Discussion

This section illustrates and discusses the results of performed simulations. An overall number
of 26 simulations have been carried out to investigate various parameters that are relevant for the
modeling, as discussed in the following. Table 2 shows the relevant geotechnical parameters of the
rainfall-induced landslide occurred on April 2009 in the Recoaro valley. According to the observations,
the soil mass is assumed to be fully saturated at the beginning of the collapse under the gravity force.
Furthermore, it is quite reasonable to neglect the soil cohesion as the failure takes place. The speed of
sound c in the solid phase is the square root of the ratio between the bulk compressibility modulus
and the density. A unique speed of sound is considered, so that each phase respects the weakly
compressible approach constraint on the density error [22]. The artificial viscosity coefficient is here
slightly smaller than αM = 0.10 [26]: the reference value for the landslides simulated with SPHERA
should be considered as αM =0.09 ± 0.01.

Table 2. Summary of the relevant input parameters.

Relevant Input Parameters

particle resolution dx 0.25; 0.10 m
smoothing length h 0.325 m; 0.13 m

artificial viscosity coefficient αM 0.075
sound speed c 80 m/s

solid phase density ρs 2650 kg/m3

angle of internal friction φ 24◦

effective porosity e 0.42
maximum initial landslide height h0 136.7 m a.m.s.l.

run-up length on the downstream wall lr-u 4.0 m

First of all, the simulation results involving the effects of both maximum viscosity and limiting
viscosity are discussed to explore the trade-off between computational time and accuracy in the results
(Section 3.1). Then, the final landslide profile after the stop at the toe of the downstream structure is
compared with survey data for model validation (Section 3.2). Finally, the influence of geotechnical
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input parameters on the landslide front celerity and impact force, which affect the dangerousness
associated with a landslide occurrence, is analyzed (Section 3.3).

3.1. Analisis of Viscosity

As explained in the previous section, early simulations have been carried out to define the value
of the maximum viscosity µmax for the problem under consideration. Following the approach tested
in previous works [22,26], the initial simulation is performed by assuming a suitably high value that
is µmax = 1.0 × 106 kPa. This choice requires the adoption of a suitable initial value of the particle
spacing which is conveniently set at dx = 0.25 m, based on the problem characteristic length-scale.
The effect of limiting viscosity is neglected at this stage of investigation by assigning to it a value greater
than maximum viscosity. The resulting rheological behavior is shown in the lower right-hand part
of Figure 2: pseudo-plastic behavior is assumed for those shear rates that correspond to an apparent
viscosity µfr lower than µmax. At each subsequent simulation, the maximum viscosity value is reduced
by one order of magnitude down to µmax = 1.0 × 103 kPa. The landslide front celerity is monitored
during the run-out until the stop. The main plot in Figure 2 shows the non-dimensional evolution of
the landslide front position ξ over non-dimensional time τ, where x is the horizontal abscissa along
the sliding direction, h0 denotes the maximum initial landslide height (Table 2), that is, the height of
the upper landslide front at x = 16.20 m. No noticeable variation in the landslide kinematics can be
appreciated, despite the significant reduction in the computational time. An additional simulation is
then performed to assess the effect of lowering the maximum viscosity to µmax = 0.5 × 103 kPa. As can
be seen from the black dashed curve in Figure 2, this further reduction in the maximum viscosity
produces some effects on the kinematics of the landslide front: the final position around time τ = 3.5 is
nearly the same as in previous simulations, but the leading front celerity is a little bit smaller in the
time interval τ = (1.5–3.0).
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position ξ as a function of the non-dimensional time τ.

From the simulations performed, it can be concluded that the value µmax = 1.0 × 103 kPa does not
affect appreciably the landslide dynamics and allows one to significantly reduce the computational
time. Therefore, this value is adopted for the maximum viscosity in subsequent simulations.
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As a result of the computational time reduction, the particle resolution was changed from the
initial value down to a lower value of dx = 0.10 m. A further reduction in dx below such a value does
not significantly affect the numerical results while increasing the computational time. Although the
value of the maximum viscosity depends on the spatial resolution and the limiting viscosity, the above
procedure seems sufficient for the current test case.

The subsequent set of simulations is carried out to define the optimal value for the limiting
viscosity, in order to further reduce the computational time while maintaining a suitable level of
accuracy of the simulation results. The lower right-hand part of Figure 3 shows the resulting rheological
behavior when activating the limiting viscosity µ0 (red curve). As can be seen, in the limiting region
between the transition from the frictional regime to the elastic-plastic regime, the actual value of the
mixture viscosity µfr is approximated with the constant value µ0 < µmax. This approximation allows a
further reduction in the computational time through Equation (3), but the amount of approximation
that is introduced should be maintained below a suitable threshold.
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Figure 3. Effect of limiting viscosity µ0 on landslide front propagation. Non-dimensional front position
ξ as function of non-dimensional time τ.

The landslide front position versus time is shown in the main plot of Figure 3 when reducing
progressively the limiting viscosity below µmax. The vertical downstream wall has been temporarily
removed in order not to affect the landslide front kinematics. It can be seen that negligible change
in the landslide front celerity compared to the reference curve (continuous black line with µ0 > µmax)
can be obtained with the assumption µ0 = 0.1 × 103 kPa (red cross markers). Further reduction in the
limiting viscosity to µ0 = 0.05 × 103 kPa causes an unacceptable reduction in the landslide front celerity.

In conclusion, for the present analysis, the maximum viscosity can be set equal to
µmax = 1.0 × 103 kPa without influencing the landslide kinematics, while the limiting viscosity can be
conveniently assumed to be equal to µ0 = 0.1 × 103 kPa. This result represents an optimal compromise
between model accuracy and computational time.

3.2. Validation

The simulation of the actual landslide occurred on April 2009 in the Recoaro valley after
intense rainfall events had been carried out, assuming the geotechnical parameter values in Table 2.
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These represent average values for the soil involved in the failure and no calibration was carried out
for fitting the numerical results to the observed data.

Figure 4 shows some representative frames of the post-failure dynamics. Upper frames show the
initial volume of unstable soil that is obtained by subtracting the pre-event profile to the post-event
profile. In the central part of the profile, no significant variation of the topographic surface can be
appreciated, probably due to low run-out ratio. Therefore, in this case, soil entrainment was neglected.
In the case where soil entrainment represents an important process, it can be simulated with either a
scheme for the erosion process that has been implemented in SPHERA [12], or by enlarging the particle
numerical domain to the whole granular material potentially subjected to soil entrainment. It can be
seen that, in the early phase, at t = 3.0 s, the mass portion close to the landslide front moves faster than
the rear portion. Just after the impact against the vertical wall of the downstream building, at t = 13.0 s,
the landslide front began decelerating and stopped, while the rear mass portion on the steep slope
still maintained a relatively high average speed. In this case, the modeling approach based on the
infinite landslide with constant depth and moving at a constant velocity on a constant slope may not
be appropriate at all. Instead, the proposed modeling allows for reproducing the velocity gradients
along the landslide, potentially providing more reliable representation of the landslide dynamics and
the resulting impact force on the rigid wall.
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magnitude (left-hand panels) and density field.

The final landslide profile at t = 60 s is shown by the red line in Figure 5. At this stage, the major
part of the landslide mass has come to a complete stop. The blue markers represent the experimental
points obtained during the post event survey. The comparison shows that numerical results provide
a quite acceptable prediction of the final configuration of the landslide. Even if at t = 60 s, the main
portion of the landslide body has come to a complete stop, some few particles in the upper part of the
sliding profile show a small downstream velocity and probably may compensate at later instants for
the slight underestimation of the height of experimental points between abscissa 65 m and 80 m.
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Figure 5. Simulated final profile of the landslide at t = 60 s (red line). The upper part of the landslide
profile is compared with experimental points from the post-event survey (blue markers).

As previously said, the estimate of related risk depends upon several landslide characteristics,
such as: width and length of damage corridor, travel velocity, characteristic depth of both moving mass
and deposit. In this case study, the width and length of the damage corridor are fixed; the characteristic
depth of deposit is suitably well represented; the average travel velocity seems quite acceptable as the
run-out duration, from the beginning of the sliding till the impact on the wall, is about 10 s, which
is quite reasonable for the considered case. Therefore, it can be concluded that the model allows for
obtaining an acceptable estimate of the risk level associated to the landslide.

3.3. Influence of Input Parameters

To consider the effects of the uncertainties potentially affecting the relevant geotechnical parameters,
their influence on the landslide front celerity and the impact force on the downstream vertical wall
has been evaluated from the fluid pressure field over the wall. SPHERA also allows a more accurate
assessment of the fluid forces exerted on solid bodies by means of a scheme for the transport of solid
bodies [18,24]. The following parameters have been considered in the sensitivity analysis: angle of
internal friction φ; effective porosity e; and solid phase density ρs. The investigated range of each
parameter has been selected based on the typical range for the soil involved in the simulated landslide,
as described in Table 1. In particular, for the angle of internal friction, a variation of ±4◦ is assumed
(run 22 and run 23), with respect to the average value ϕ = 24◦ adopted in the validation analysis carried
out with the reference run 26 (Table 2). Concerning the effective porosity, a bigger value of e = 0.50 is
assumed (run 24). Finally, an increased density value of the solid phase equal to ρs = 2900 mk/m3 is
considered (run 25). The influence produced by the variation of each parameter has been evaluated
individually, and the obtained results are discussed below.

Figure 6 shows the evolution of non-dimensional landslide front position ξ versus the
non-dimensional time τ. The continuous black line shows the result for the reference run used
for model validation. As the wall is assumed to be rigid, the final landslide front position after the wall
impact is independent from the values assigned to the model parameters. According to theoretical
expectations, a reduction in the angle of internal friction produces an increase in the landslide front
celerity (red square marker). Similar behavior is detected in the simulation with increased effective
porosity (blue plus marker), where the rise of the water content reduces, as expected, the sliding
resistance between mixture particles, resulting in an increase in the landslide speed. In both runs 22
and 24, the impact against the downstream vertical rigid wall is anticipated around time τ = 2.3.
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When increasing the solid phase density in run 25, a restrained increase in the landslide front
velocity is attained (pink cross markers). The impact with the vertical downstream wall occurs around
time τ = 2.5, slightly before the impact time detected in the reference run at about time τ = 2.7.

The increase in the angle of internal friction in run 23 is responsible for an overall reduction in
the landslide front celerity, whose impact on the downstream vertical wall occurs at later time close
to τ = 3.0. This behavior, which is quite the opposite of the one detected when reducing the angle of
internal friction, is in accordance with the formulation in Equation (2), where the frictional resistance
between mixture particles increases with φ.

The influence of these parameters on the landslide kinematics affects the dynamic impact as well.
The greater the landslide velocity, the greater and earlier the impact force. This is confirmed by the
analysis of results in Figure 7, where the non-dimensional resultant force on the wall per unit width
versus non-dimensional time is shown for the four simulations in comparison with the reference run.
The parameter lr-u represents the run-up length on the downstream wall (Table 2).

The greatest impact force occurs for run 22 with a reduced angle of internal friction; this peak
occurs just after the impact instant when the frontal portion of the landslide with the highest kinetic
energy has come to an almost complete stop. In the case of run 24, which showed a similar landslide
front kinematics to run 22, the peak of force is significantly shifted forward in terms of the impact time
and is much lower. This is due to the pronounced fluidic behavior caused by the higher water content:
as a result, in run 24, the force acting on the downstream wall is distributed over a wider time span
(about ∆τ = 0.8), resulting in a less steep trend and following a reduced peak.

In both runs 23 and 25, the peak of impact force occurs just after the impact of landslide front on
the downstream wall. The magnitude of the peak for run 25 is much greater than the reference run and
close to the peak observed in run 24, but the impact force evolves very quickly over time in run 25.

If compared with run 22, it can be seen that the magnitude of peak force is much lower for run 23,
due to the highest frictional dissipation that reduces the overall amount of kinetic energy transferred
to the wall. This behavior is in accordance with Equation (2).
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4. Conclusions

This work illustrates the validation of the free open source 3D research code SPHERA [17], 2019; [27]
based on WCSPH method for modeling a full-scale rainfall-induced fast shallow landslide occurred in
2009 on a hilly area in the North-western side of Italy. Comparisons with on-site experimental data
are reported. Owing to the peculiarities of this landslide being characterized by a relatively constant
width of the almost straight sliding corridor, the flow may be assumed as two-dimensional in the
longitudinal vertical plane, and a simpler and faster 2D execution is conveniently carried out.

In contrast with depth integrated models, the adopted model allows for resolving the vertical
velocity gradients of the landslide that are produced by its geometrical characteristics. Furthermore,
the resolution of the vertical velocity gradients leads to a reliable representation of the landslide
dynamics and, possibly, of the related impact force on the downstream wall.

The characteristic depth of the final deposit is suitably well represented; the average travel velocity
seems quite acceptable for the considered case. These results are fundamental for obtaining a reliable
estimate of the risk level associated to the landslide.

The time evolution of the resultant impact force on the downstream vertical rigid wall is also
computed. This feature may be helpful in supporting the design of reliable protection measures.

No tuning of relevant geotechnical parameters is needed for fitting the numerical results to the
observed data from the post-event survey. Input parameters can be obtained straightly from average
soil characteristics. Overall good model accuracy is found: this relevant result seems promising for the
application of the model to the prediction of fast shallow landslide related risk.

Sensitivity analysis has been finally carried out to assess the possible uncertainties affecting
relevant geotechnical parameters. Obtained results are consistent with the theoretical expectations.

In this work, the volume of the soil affected by the landslide can be determined from the comparison
between pre- and post-event topography. In order to extend the model applicability to landslide risk
prediction, future developments will be devoted to coupling the code SPHERA with a rainfall-induced
landslide triggering model, capable of estimating the landslide volume, starting from data concerning
rainfall pattern and initial soil conditions.
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