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Abstract Rainfall-induced shallow landslides often turn into flows. These phenomena pose severe
hazard to infrastructure and human lives on mountainous areas. Risk assessment, and the design of
mitigation measures, can both be informed by back analysis of previous events. However, shallow
instabilities are frequently spread over a large area, with the generated flows occurring in sequences,
or surges. Conventionally, back-analysis exercises tackle the problem by simulating runout as a single
event, with all surges happening simultaneously. This simplification has repercussions that have not
been explored in the literature so far. Therefore, a novel time-resolving procedure is proposed in this
paper, which can be applied to resolve instability sequences of arbitrary duration. The methodology
discretizes the event, detecting instabilities at equally-spaced time intervals as a function of rainfall.
Thanks to this, the post-failure behaviour of each surge can be tracked by a runout model, with a
separate simulation performed every time a new instability is detected. The methodology is tested
on two documented study cases. The results reveal that, under some conditions, the time-resolving
procedure can lead to significantly different results in terms of runout path, flooded area, and flow

heights. This has profound repercussions on how back-analysis is conventionally applied.
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2 G. La Porta et al.

1 Introduction

Flow-like landslides [26] represent a substantial hazard for human and structures, since they are
characterized by long runout and high destructive power. One of their most important triggering
factors is represented by rainfall, which can infiltrates slopes, leading to the mobilization of shallow
soil deposits. According to Hutchinson [27], and Cruden and Varnes [15], rainfall-induced shallow
landslide, in their initial stage after triggering, can be classified as translational slides. In the subse-
quent runout stage, they are often referred to as either flowslides, if undergoing static liquefaction,
or as slides turning into flows [26] when seen as the cascading effect of local failures [16]. When fully
mobilized as flows, they are often referred to as debris flows or mudflows, depending on whether the
solid content is predominantly coarse- or fine-grained. In this stage, they tend to evolve into very
rapid to extremely rapid phenomena (up to 20 m/s), with run-out distances that are up to two orders
of magnitude higher than the length of the landslide source [9].

The ongoing changes in rainfall patterns are leading to a rise in the frequency of shallow landslide
events involving long-runout mass flows. Furthermore, a growing urbanization of mountainous terrains
is increasing risk on the global scale [36,6]. Among the different strategies for mitigating hazard,
structural countermeasures such as barriers, check dams, and deflectors are often employed. The
design of these structures can be supported by computational models. However, due to the extreme
variability of site conditions, parameter calibration needs to be performed on each specific site.

Alternatively, parameters can also be estimated from back-analysis of events on similar sites.

(a) single event

(b) event sequence converging events

Fig. 1 Conceptual subdivision of (a) a single event into triggering and runout areas; (b) an event sequence in
independent events on separate basins, and converging events within the same basin.
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Time-resolved triggering and runout analysis of rainfall-induced shallow landslides 3

The back analysis of shallow landslides can be decomposed into two aspects, visually illustrated
on Fig. 1(a): (i) the triggering problem, i.e. the determination of the probability of failure and
the event magnitude, and (ii) the runout problem: the estimation of the post-failure characteris-
tics, such as flow volume, velocity, and composition. The triggering problem can be approached
through either geomorphological-based [23], landslides inventories-based [63], heuristic [24], statisti-
cal, or process-based methods [49]. Among them, process-based and statistical methods are considered
more advanced, being strictly quantitative. Statistical models are based on the analysis of instability
factors (e.g., susceptible soil thickness and presence of vegetation), and on landslide inventories for
instability mapping [62]. Process-based models employ limit equilibrium methods, or more complex
finite-element approaches, to calculate a safety factor, interpreted as a measure of the susceptibility
to failure [2].

The runout problem includes both flow propagation and deposition. The goal is to track the time
evolution of variables such as flow depth, velocity and composition. Notably, the two-phase nature
of fluidized soils can be modelled under either discrete or continuum assumptions. Discrete methods
use assemblies of discrete Lagrangian particles to model the flow [59,54]. However, the number of
particles that can be simulated is limited by computational resources. Continuum-based models tend
therefore to be more efficient, and have been proposed in the literature in depth-averaged [52,47],
three-dimensional [32,42], and coupled [40] frameworks. In depth-averaged models, the mass and
momentum conservation equations are depth-averaged in the vertical direction. This approach can
rely nowadays on a wide literature of applications on study cases [44,48]. It is therefore established
as efficient and reliable. Nevertheless, limitations are present in the simulation of flow-structure
interaction, where the three-dimensionality of the problem cannot be neglected.

Flows that generate from shallow landslides often occur in surges, i.e. multiple releases, con-
verging on the same area. Surging is a multi-faceted behaviour, and can spontaneously arise from
the rheological properties. Surges, or sequences, can also occur when slope failures are distributed
on multiple source areas, as illustrated on Fig. 1(b). This commonly happens when the triggering
factor (a rainfall or a seismic event) causes instability on a regional or sub-regional scale. Examples
of this are the events registered in the Clear Creek and Summit counties (Colorado, USA) in 1999,
where 480 debris flows were triggered by a rainstorm in an area of 240 km? [22]. In 2008, almost 4000
shallow landslides were caused in Japan by an earthquake, registering around 23 fatalities and 450
injured [65]. A more recent event of this type is the sequence of post-wildfire debris flows triggered
in Montecito (California, USA), which caused 23 casualties, and widespread disruption [4].

In these cases, there is an intrinsic uncertainty on whether the flows that are part of the same
sequence can be back-analysed as mutually independent events. In the literature, events that oc-
cur within different basins, and whose runout do not converge (Fig. 1(b)), are usually analysed
separately [4]. Within the same basin, flows with overlapping runout areas are treated as a single

overarching event [33,34,31]. The latter is an approach where triggering is idealized as occurring at
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the same instant across the whole basin, with runout that develops from that time onward. Examples
of back-analyses performed with this approach can be found in Cascini et al. [8], Stancanelli et al.
[57], Chen et al. [12], and Tan et al. [60]. This inherently simplifies the time-evolution of the sequence.
In particular, it implies that materials originating at the same distance from the fan apex generate
flows that merge on the floodplain, regardless of whether this would have happened in the real event.
This is problematic for two reasons: firstly, the flow generated from converging surges would have a
significantly overestimated flow volume, height and momentum. Secondly, a back-analysis carried out
without considering the actual time-sequence of the flows might yield calibrated material parameters
that are biased.

To the authors’ knowledge, the consequences of performing a back-analysis without resolving in
time the flow sequence have not been discussed in the literature so far. This is likely due to the
complex nature of the problem. Thus, to clarify these aspects, a numerical procedure for capturing
the time evolution of shallow landslides, and subsequent flows within a basin, is proposed in this
paper. The procedure is developed for rainfall-induced instabilities, and is based on well-established
models for triggering and runout. The models are applied in a staggered fashion, employing a novel
time-resolving algorithm. With it, instabilities and flow sequences within a basin can be detected
and simulated with a prescribed time resolution, rather than as a single overarching event. The
method is applied to two study cases, selected from within the same geographical area. The primary
goal of this study is to understand whether a finer resolution in time leads to simulations that
produce significantly different results. A secondary goal is to explore the role played by the input
data resolution on the emergence of time-dependent effects.

The paper is organized as follows: Sec. 2 describes the proposed numerical procedure, which is
then applied in Sec. 3 on a simple benchmark geometry. Sec. 4 is devoted to the description of
the characteristics of the two case studies on which the methodology has been applied: the Sarno
event [10], and the Giampilieri event [19]. Finally, Sec. 5 explores the applicability of the proposed
framework. Implications on the back-analysis of events with a marked time-dependence are further

discussed.

2 Description of the methodology

Table 1 Phases of the proposed methodology. t; is the generic time interval i, between 1 and N, I; is the hyetograph,
V; is the mobilized volume at the considered time, and the subscript f refers to the final configuration, after runout.

Triggering Runout
In Out In Out
t1 I Vi Vi Vit
t2 I + 1> Va Vot Vi Vot
ts | 1 +12+13 | Vi Vi + Vo \£X:
tn Zivzl I; VN | VN+VNn_1fs | Vng
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Time-resolved triggering and runout analysis of rainfall-induced shallow landslides 5

Triggering analysis
Software: USGS TRIGRS (Baum et al., 2008).
Input: digital terrain model;
soil mechanical and hydraulic properties;
spatial sediment distribution;
rainfall data and groundwater conditions.
Output: unstable mass distribution.

Runout analysis
Software: RASH3D (Pirulli et al., 2007).
Input: digital terrain model;
unstable mass distribution;
rheological parameters.
Output: runout simulation.

Fig. 2 Simulation procedure, with the conceptual separation into the triggering and the runout steps. The generic
time intervals t; and ¢;41 refer to two consecutive triggering detection intervals ¢ and ¢ 4+ 1. Input and output
parameters refer to the specific pieces of software employed for the analysis.

The outline of a generic time-resolved procedure is described in Fig. 2, which shows the required
input data and the simulation output of both the triggering and the runout analyses. The figure
illustrates how intense rainfall can induce, over time, a distribution of shallow instabilities on a slope.
In addition to geomorphological data, the triggering analysis requires a hyetograph, i.e a resolution
of the rainfall event as a sequence of mean rainfall intensities over specific time intervals (e.g. hourly).
The sequence of instabilities is then computed as a function of the hyetograph, and is itself a function
of time. Between two consecutive triggering analysis steps, a runout analysis is performed, tracking

the propagation and deposition of the surges mobilized up to that point.

In Table 1, the proposed methodology is described in more details. The goal is to discretize the
evolution of unstable, mobilized volumes V' over time and space. Herein, the process is discretized
into N equally-spaced time intervals [t; - t;—1], with (i = 1, N). The triggering model identifies
the distribution of volumes V; that have become unstable during each time interval i. The triggering
detection is based on a stress balance, which takes into account the groundwater conditions. Therefore,

the unstable volume Vj; is a function of the cumulative rainfall from the rainfall event start, up to ;.

After each triggering step, the runout model tracks the propagation of the unstable volume
detected by the triggering analysis, and determines the distribution of the volume at deposition
Vi.¢. Note that during the runout step, the unstable volume is considered fully mobilized. Therefore,
the time-evolution of pore pressure dissipation, and the strength degradation due to the loss of
fabric are idealized as occurring instantaneously. This is a clear limitation of the procedure, which is
however consistent with standard runout simulation practice. Consequently, the strength parameters
during runout are lower than those used in the triggering analysis [1]. Each runout step propagates a
distribution of volumes which is the juxtaposition of two contributions. The first one is the distribution
of the newly mobilized volumes V;, which is an output of the triggering analysis over the interval

t; — ti—1. The second one is the distribution of the volumes deposited during the previous runout
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steps V;_1,r. This accounts for the possibility that previously deposited volumes might re-mobilize
due to a new influx of material, a phenomenon often observed during surging [29].
The next sections will describe the mathematical and physical background of the triggering and

propagation steps, and briefly describe the employed software.

2.1 Triggering analysis

The triggering analysis is performed under the hypothesis that instability is induced by rainfall,
and that the rainfall event is uniform across the target area. Rainfall data is provided through a
hyetograph, i.e. in terms of average intensity (e.g. mm/h), with a constant time interval (e.g., one
hour). This choice is motivated by simplicity: indeed, non-constant time intervals could also be
used. This would come with the potential benefit of a better representation of rainfall variations,
especially peaks, but it would however imply a heavier computational load. Since rainfall data is
already subject to a space approximation - monitoring stations are typically not within the landslide
area - the simplification of a uniform time interval is considered adequate.

To compute stability, the limit equilibrium method is adopted, through a simplified analytical
tool. The elevation model of the target area is divided into equally-spaced surface units, or cells. A
key hypothesis is that stability can be evaluated for each cell independently. The software used is
TRIGRS (Transient Rainfall Infiltration and Grid-Based Regional Slope-Stability Model, see Baum
et al. [5]). The tool has been widely used and validated in the literature. Examples are the work
of Salciarini et al. [51], who analysed the landslide susceptibility of an area of Umbria region, Italy,
and of Park et al. [39], who compared the TRIGRS model results and observed instabilities from
inventories of a region in Seoul, South Korea. Furthermore, Marin and Veldsquez [35] verified the
slope stability of an area in Valle de Aburrd (Colombia), studying the influence of hydraulic properties
and conditions on shallow sliding failure susceptibility.

Starting from the digital elevation model, the rainfall data, and the morphological and lithological
characteristics of the site, the program provides a space- and time-distribution of instabilities. This
comes through the definition of a safety factor Fs on each cell. During a specific time interval, the

factor of safety is computed as Taylor [61]:

tan ¢’ n ¢ — W;(2)yw tan ¢’

Fs,i(z) = .
5.6(2) tan § ~Ys2z 8in §

(1)

with ¢’ the effective friction angle, § the cell slope angle, ¢’ the effective cohesion, 7y the unit
weight of groundwater and s the bulk unit weight. The coordinate z is the direction orthogonal to
the topographical surface (the bed).

The hypothesis of tension-saturated initial conditions is adopted, and the impermeable basal
boundary is fixed at a finite depth d;. A physical limitation applied to the model is that the infiltration

cannot overcome the saturated hydraulic conductivity k.
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Time-resolved triggering and runout analysis of rainfall-induced shallow landslides 7

Under these hypotheses, the time-evolution of the groundwater pressure head ¥ (t) from saturated
initial conditions, is calculated as a function of the hyetograph I(t) [5]. The tool considers infiltration,
runoff, and flow routing. Therefore, on each cell, information on permeability k£ and on the saturated
hydraulic diffusivity D is required. In agreement with Iverson [28], a physical upper limit is imposed

to the pressure head, when the water table reaches the ground surface:

¥;(z) < zcosé, (2)

In Eq. 1, a factor of safety less than or equal to 1 indicates instability. The value of z corresponding
to Fg; =1 is the depth of unstable soil h. From this value, the unstable volume V' can be computed

by multiplying h by the cell area.

2.2 Runout analysis

Runout is modelled based on a continuum mechanics approach, using the numerical software RASH3D
[46]. In the version used here, the software considers the unstable volume identified in the trigger-
ing step as a fully fluidized medium: an equivalent one-phase incompressible fluid with bulk mass
density ps. The software solves the depth-averaged balance equations in the hypothesis of isotropic

distribution of normal stresses and absence of bed erosion:

Oh  0(ush)  (v,h)

o or T ooy O
81)1; avx 8'171: o
h(ﬁ+vx ox oy dy )=
10(g-h*) 1
2 oe el ¥

ov ov ov
W5 4 Ve vy
( yay)

ot ox
10(g-h%) 1
2 ay - pSTZy +gyh

The software yields a time evolution of flow height h and velocity v over the target area. The
bed shear stress, 7., describes the basal shear resistance between the flow and the sliding surface.
Its definition requires the introduction of a rheological constitutive law. RASH3D contains multiple
options for this term. Here, a Bingham rheology is employed, due to the predominantly fine nature
of the solid fraction of both study cases [45]. The Bingham rheology, despite its simplicity, is very
accurate in describing the runout of fine-grained shallow landslides undergoing mobilization [41].
Notably, a frictional law (e.g. Voellmy, consisting of a frictional and a velocity-dependent term, as in
Ng et al. [37]) could also be adopted for coarser materials.

The Bingham rheology consists of a yield stress, below which the mass does not flow, and of a
viscous term, which governs the post-yield behaviour. The depth-averaged version of the rheological

constitutive equation is:
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3
3 70 TMBY\ 2 To _
w2+ 3(G )T = =0, (4)

In the relation, 79 is the yield stress, and ng the Bingham viscosity.

To limit the complexity of the model, no erosion is considered in the proposed simulations. How-
ever, erosion could alter the flow kinematics, especially in rainfall events where saturation has weak-
ened the bed material [48]. The entrainment of material along the flow path can alter the landslide
soil characteristics, and increases the volume. Therefore, it can lead to important differences in terms
of flow path and velocity. The choice to neglect the erosion could have effects on the back-analysis,
providing under-estimated triggering parameters. However, as the main goal of the article is to isolate

time-dependent effects, its addiction is not necessary here.

3 Benchmarking

Before approaching more complex study cases, a simplified scenario is simulated, as illustrated on
Fig. 3. The goal is to verify weather, even on a very simple geometry, resolving instabilities in time
can lead to significant changes in the back-analysis of an event.

The benchmark geometry is composed of a slope, representative of an idealized basin, which
narrows in proximity of the fan apex. At the toe, a flat floodplain extends in all directions. The slope
is divided into four sections with varying inclination: 25°, 22°, 20° and 18°, as shown in Fig. 3a with
labels 1-4, respectively. The depth of mobilizable soil is also variable: 1, 1.5, 2 and 2.5 m, respectively.
The slope and the floodplain are discretized with a uniform grid with 10 x 10 m spacing. The same
spacing is used for the triggering and the runout simulations.

For the sake of simplicity, a constant-intensity rainfall event with I = 35 mm/h, representative
of a severe rainstorm, is used to trigger instability. The geometry and the material are chosen so
that the slope is everywhere close to limit equilibrium, and therefore susceptible to instability. Slope
section 1 has an inclination and a depth of mobilizable soil that, in saturated conditions, yields a
factor of safety of Fg = 1.02, calculated through TRIGRS. Sections 2 — 3 — 4 are increasingly more
stable (Fs = 1.03, 1.08, and 1.16, respectively). Therefore, it can be expected that the instabilities
will initiate in the lower sections, and then progressively reach the uppermost sections. This choice
is deliberate: in this way, the generated flows will propagate only over already-yielded sections.

The assigned hydraulic and strength parameters are reported in Table 2. They do not correspond
to a specific site, but are rather chosen as typical literature values, very similar to those used by
Salciarini et al. [51], by Schilird et al. [53] or by Fusco et al. [21]. Once the material has reached
instability, instant mobilization is assumed. The fluidized soil-water mixture is assumed to behave
according to a Bingham model, with 79 = 700 Pa and ng = 400 Pa - s.

The results of the triggering and propagation analysis are illustrated on Fig. 3b-d. The triggering

analysis confirms that the four slopes sections reach instability at different times, sequentially from
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(a) Initial state

floodplain

(b) Conventional 5000 m

simulation

D+Q+3+@

t=100s

t=250s

(c) Final
(conventional)

tend

1S

o

IS (d) Time-resolved simulation 0.0 h [m] 10.0
i

Surge 3
(t5)

t9=0 S

(e) Final
(time-resolved)

t23,end

Fig. 3 (a) The adopted benchmark geometry, with highlight on the different slope sections that produce surges at
different instants. (b) Runout simulation performed assuming an instantaneous instability of the whole slope, and
(c) final configuration. (d) Runout simulation resolved in time, with surge tracking, and (e) final configuration after

the last surge.

¢ c Ys k D
[°] [Pa] [kKN/m®  [m/s] [m?/s]
18 2500 20 2.100° 5-107°

Table 2 Soil strength parameters for the benchmark slope. ¢’ is the friction angle, ¢’ the cohesion, 75 the soil
specific weight, ks the saturated hydraulic conductivity, D the saturated hydraulic diffusivity.

214 the steepest to the gentlest slope (1 to 4). In a conventional simulation (b), the collapse is assumed to

215 occur instantaneously in all sections. The results of this simulation strategy are reported on the left

26 column (green path). In this case, a significant portion of the unstable mass reaches the floodplain in

217 a highly-dynamic state, and with sufficient inertia to spread almost 6000 m away from the fan apex,

28 following the direction of the main slope. Over time, more material reaches the floodplain. However,

210 this secondary flow does not possess sufficient inertia to spread over a long distance, leading to the
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accumulation of a deposit in the proximity of the fan apex (c). These results are consistent with the
observations from laboratory tests [29].

The results of a triggering and runout with a time-resolved simulation (d) are illustrated on the
right column (pink path). Here, the rainfall event is resolved with a sequence of 23 1-hour time
intervals. A runout simulation is performed at the end of each interval. What is observed is that the
steepest section (labelled as 1 in Fig. 3a) becomes unstable after only 1 hour of rainfall (¢1). This leads
to the first surge, which mobilizes and propagates. The results of the runout analysis corresponding
to this time interval are illustrated using three snapshots, respectively showing the surge height just
after triggering (¢1 = 0 s), while propagating (t1 = 100 s), and at its final state (¢1,ena). After the
second rainfall interval t2, a new instability concerning section 2 is triggered. The material mobilized
by this instability is once more considered fully fluidized, and a new runout analysis is carried out.

No further instability is recorded until the 9th

interval, when section 3 becomes unstable, and again
at to3 when section 4 mobilizes, leading to the final deposit configuration (e).

Comparing the results of the time-resolved simulation (e) with the conventional one (c), a striking
difference in the final deposit can be easily observed. This is due to widely different behaviour during
runout. The time-resolved simulation leads to a sequence of flows with significantly lower inertia, and

with shorter runout. Therefore, in this case, the conventional analysis grossly overestimates hazard

at distance from the fan apex.

4 Description of the study cases

Two study cases are chosen for investigating how time resolution affects the back-analysis: the events
of Sarno (1998) [10] and Giampilieri (2009) [19]. The cases are from the same geographical area,
Southern Italy. They are characterized by extensive shallow instabilities leading to flow sequences
with overlapping runout paths. Giampilieri and Sarno are relatively homogeneous with respect to
the type of flows that were generated. They however differ in scale, with Giampilieri having a basin
area about 10 times smaller. The relatively large amount of information available in the literature

for both cases facilitates model calibration and validation.

4.1 Sarno event: May 5-6, 1998

Sarno is a small city in the Salerno province, Campania region, Italy. Fig. 4 locates the area. The
subsurface is characterized by the presence of pyroclastic deposits, originated from the explosive
activity of the Vesuvius volcano [10].

On the 5 and 6" of May 1998, the region was hit by more than a hundred flow-like landslide
events concentrated in the areas of Sarno, Quindici, Siano and Bracigliano (Fig. 4a). This caused

widespread destruction, and around 160 casualties. The flows were triggered by prolonged rainfalls
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Quindici

Pizzo d'Alvano  San Pietro
B

" Sar Bracigliano ,
' Siano f / ® Settlement
© @ Massif
® Rain gauge

Pizzo d'Alvano

Fig. 4 (a) Sarno area location. (b) Flows path of the Sarno event of 5" and 6*" of May 1998 (modified from Versace
et al. [64]).

[14]: the event happened at the end of an exceptional rainy season, as appreciable by rainfall data
of the months before [20]. Over the 48 hours when the slope instabilities occurred, the measured
cumulative rainfall at the San Pietro monitoring station (Fig. 4a) reached 120 mm [11]. Fig. 5
shows a detailed hyetograph of this event, with a 2-hour resolution. The rainfall event was not
particularly intense. Nevertheless, a report by an environmentalist association argued that multiple
factors contributed to increasing susceptibility, including a continuous series of wildfires during the
years preceding the event [13]. The role of these predisposing factors has however not been fully

confirmed in the scientific literature.

The pattern of flows that hit the Sarno area is shown in Fig. 4b [55]. As observable from the
figure, shallow instabilities were widely distributed in the upper part of the slopes. The flows generated
from the mobilization exhibited surges that reached the floodplain on various locations over 14 hours,

flooding the outskirts of Sarno [13].

Field observation are available for performing a back-analysis. Specifically, Fig. 6 reports the
maximum flow heights as measured immediately after the event from the mud traces left on the
buildings [50], in the Episcopio subsection (Fig. 4b). The figure also shows that the surge paths
often overlap (i.e., multiple flows converged on the same area). However, no specific information is

reported on the exact time-sequence of these events.
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Fig. 5 Rainfall data of the 5 and 6t of May 1998, registered from the rainfall station at San Pietro [11]. In the
hyetograph, fifteen rainfall-intensity intervals of two-hour duration are considered, named in the pictures with “t;”.
The figure also shows the cumulated rainfall with a red continuous line.

Due to the dramatic consequences of the event, Sarno has been extensively back-analysed in the
literature. Examples are the model by Sorbino et al. [55], and more recently by Fusco et al. [21]. An
early runout analysis was presented by Revellino et al. [50] using a model analogous to RASH3D,

but based on a pseudo-2D explicit Lagrangian solver [25].

hmax[m] [1.5-3.0 0.7-1.4 0.8-1.0 04-05 04-0.7 0.6-0.8

A D Observed impact area @ Survey points

Fig. 6 Digital Elevation Model of Sarno - Episcopio (cell size: 5 x 5 m), with focus on measured maximum flow
depths after the event [50].
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4.2 Giampilieri event: October 1, 2009

Giampilieri is a small village, with less than two thousand inhabitants. Fig. 7 shows its location in
North-East Sicily, Italy. The village is surrounded by numerous steep slopes, from 30 to 60°, with
an elevation from 50 to 400 m a.s.l., due to the presence of the Peloritani mountains. The slopes are

mainly composed of highly erodible metamorphic material [56].

>

Santo Stefano di

Peloritani Mountains
[

Altolia_Molino

Giampilieri

: ® Settlement
® Massif

@ Rain gauge

Scaletta Zanclea
Itala

Fig. 7 Giampilieri area location.

On the 15 of October 2009 the Messina province was hit by a strong rainstorm, which caused
around 600 shallow landslides in an area of 50 km?. Consequently, causalities and damage to public
and private properties occurred [19].

The area is characterized by a semi-arid climate. Nevertheless, the days prior to the event were
characterized by continuous rainfall [58]. The preceding fifteen days saw the recoding of around
100 mm of cumulative rainfall at the monitoring station of Santo Stefano di Briga (highlighted on
Fig. 7). Fig. 8 shows the rainfall records on the day of the event, when a cumulative rainfall of
almost 250 mm was reached in nine hours [58].

In Fig. 9, the Giampilieri runout path, along with the village buildings, is observable. The
availability of this data is specified in Appendix A. Measured maximum flow depths at multiple
location within the village, available from field observations, are reported in the inset on Fig. 9 [58].

Triggering of the Giampilieri event has been already numerically back-analysed by Schiliro et
al. [53] and by Stancanelli et al. [58] through a process-based method using TRIGRS. With regard
to runout back-analyses, Stancanelli and Foti [56] proposed a comparison between two common
approaches: a single-phase model [38], and a more sophisticated two-phase model [3]. A common
trend in these reports is the difficulty in obtaining realistic values of flow heights, as confirmed also
by La Porta et al. [30] using RASH3D. Bout et al. [7] applied the model OpenLISEM [18,17] to back-

anaylse the event. The software simulates the sequence of shallow landslides, and their evolution into
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Fig. 8 Rainfall data, with 1-hour resolution, registered on the 15t of October 2009 at the rainfall monitoring station
of Santo Stefano di Briga [58]. The station is the closest to Giampilieri. In the hyetograph, eight rainfall-intensity
intervals of one-hour duration are considered, named in the pictures with “¢;”. The figure also shows the cumulated
rainfall with a red continuous line.
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Point 1

hmax [m]|2.10 2.60 1.26 2.00 3.30 2.83 2.17
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297
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299

Fig. 9 Digital Elevation Model of Giampilieri (cell size: 2 X 2m), with focus on the 2009 event. The figure shows
the flooded area during the event, and the buildings in the village. In the inset, the maximum flow depths on a
sequence of surveyed points are reported, following Stancanelli et al. [58].

flows and flash floods, within a single numerical framework. The authors highlighted how multiple
contributing factors need to be considered for achieving an accurate back-analysis (among others,

the hydrology contribution to the flow runout simulation).
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5 Analysis of obtained results

The goal of this section is applying the time-resolved procedure to the study cases. The results are

compared with those obtained from conventional simulations set with the same input parameters.

5.1 Sarno event

The triggering analysis of the Sarno event is performed on the Episcopio subsection of the area
(Fig. 4b). This area is adopted for the presence of multiple converging runout paths. The input
parameters are chosen to be as consistent with the literature [55] as possible. Table 3 lists the soil
parameters used in the simulation. The distribution of permeable (i.e., mobilizable) soil depth d; is
taken from a publicly-available database (Appendix A), and is visualized in Fig. 10. The water table
is considered at the analysis start as being coincident with the depth of permeable soil. The value of
hydraulic conductivity k is calibrated to obtain a distribution of unstable cells that agrees with the

findings of Sorbino et al. [55].

¢’ c Ys k D
[l [Pa] [N/m®  [m/s] [m?/s]
38 5000 15000 3-107° 5.9-107°

Table 3 Soil parameters of the Sarno case study, used for the triggering analysis. The hydraulic conductivity is
slightly increased with respect to previous back-analyses (from 1.0-107° to 3.0-107° m/s) to obtain a distribution
of unstable areas consistent with Sorbino et al. [55].

Susceptible soil depth [m]

T s
s e

Fig. 10 Depth of permeable soil of the Sarno study area. Source specified in Appendix A.

A B <oo01
P oo1-1

The rainfall hyetograph used for the triggering analysis is reported in Fig. 5. As specified in Sec. 2,

the hyetograph is provided with regular 2-hour intervals, and a constant average rainfall intensity
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for each interval is considered, uniform across the whole area. The triggering detection follows the
same time resolution, and the results are reported in Fig. 11a. It is noticeable that at the end of the
first time-interval, ¢1, most of the triggering area already reached the instability threshold (Fgs < 1).
This aspect had not been investigated in earlier works, where the time-sequence of instabilities was
not displayed [55,21]. The early mobilization of significant volumes is inconsistent with records from
the day of the event, with observers reporting surges distributed over 12 hours [13]. However, in
the conventional approach this inconsistency has no impact on the back-analysis, as all volumes are

assumed to mobilize at the same time.

Triggering temporal sequences - 0-2h

322

323

324

325

326

327

328

329

330

331

332

333

334

Fig. 11 Triggering analysis of the Sarno study case, with the instability sequence elaborated as a function of the
input rainfall event. Panel (a) shows the results obtained using literature values, and panel (b) the results obtained
hypothesizing a reduction of 20% in the depth of erodible soil.

The runout step is performed via a preliminary calibration of the rheology. The Bingham param-
eters are varied within intervals consistent with Pirulli et al. [45]. For 7o this is between 700 and
2000 Pa and for np between 300 and 500 Pa -s. The time-resolved and the conventional approaches
lead to results that can be significantly different. Therefore, the rheology calibration procedure leads
to different parameters when performed with the two approaches. This highlights how a back-analysis
with a conventional approach might yield a biased set of calibrated parameters. In this work we aim
at isolating time-dependency effects, and therefore we opt for showing the results obtained using the
rheology calibrated on the time-resolving procedure. The same rheology is then used on the conven-
tional approach for comparison. Validation is performed by comparing the values of maximum flow
height recorded in the simulations with the surveyed flow heights, reported in fig. 6 [50]. Fig. 12
shows the best fit, which is obtained with 79 = 1000 Pa and ng = 300 Pa - s. In Fig. 12a the
simulated maximum flow heights obtained with the conventional approach are displayed, overlaid on

the contour of the surveyed flooded area. The conventional analysis captures well most of the surges.
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However, on the floodplain runout is overestimated. This is probably due to the Bingham rheology
being inadequate to describe the deposition phase, because it lacks a frictional component. Therefore,
it is uncapable to simulate the re-mobilization of interparticle friction that occurs when excess pore
pressures dissipates at deposition.

In Fig. 12b, the results obtained with the time-resolved procedure are shown. Herein, each
unstable volume is mobilized at the instant in which instability occurs, as described in Sec. 2. To
compare these results with those pertaining to the conventional approach, a contour of the maximum
flow heights across all surges is presented. It is evident that there are no major differences in terms

of maximum heights, or in the flooded area.

5.2 Giampilieri event

The Giampilieri study case was back-analysed employing the set of soil parameters proposed by Peres
and Cancelliere [43] (Table 4). The thickness of the susceptible soil dj is calculated using an empirical

equation proposed by the same authors:

dy = 32exp(—0.074) (5)

which correlates locally the susceptible soil thickness with the main slope §. The water table is initially
considered to be coincident to the susceptible soil depth. In Fig. 8, the rainfall data used for the
analysis are reported. Eight rainfall intervals are analysed, corresponding to the hourly variation of
rainfall intensity. The first intensity is neglected, because its value (around 2 mm/h) is particularly

low compared to the following ones.

@' c ¥s k D
] [Pa] [N/m®  [m/s] [m?/s]
39 4000 19000 2-107% 5-.107°

Table 4 Giampilieri, characteristics of the soil used for the triggering analysis [43].

Fig. 13 shows the distribution of unstable cells. The cells are grouped based on the time (from
the rainfall event start) in which the instability condition Fs < 1 is reached. The first two steps ¢1
and t2 do not exhibit any instability. Opposite to the Sarno study case, the instability process is here
greatly spread over time, with triggering instabilities scattered over the whole rainfall event.

The runout model is calibrated varying the yield stress 79 between 500 and 1200 Pa and the plastic
viscosity ng between 100 and 1500 Pa - s. As for the Sarno study case, the conventional approach is
compared to the time-resolved procedure. Fig. 14 contains the best-fit simulation, in terms of runout

path, which corresponds to 79 = 1000 Pa and ng = 1000 Pa-s. The topography here features runout
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Conventional Time-resolved

2 o)
v

361

362

363

364

365

Fig. 12 Comparison between the conventional approach and the time-resolved procedure for the Sarno study case.
Panels (a) and (b) show the conventional and the time-resolved simulation, respectively, performed assuming full
mobilization of the erodible soil. Panels (¢) and (d) compare the conventional approach and the time-resolved
procedure, assuming a reduction of 20% in the depth of erodible soil dj.

paths that merge and overlap within the settlement. For this reason, the settlement buildings were

included in the digital elevation model, as local variations of the topographical coordinate.

In the Giampilieri study case, the comparison between the conventional approach and the time-
resolved procedure (Fig. 14) shows significant differences, particularly appreciable in terms of runout

path and flow path inside the settlement. This will be discussed in-depth in the next section.
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0 100 200 m
|

A Triggering temporal sequences 8 Buildings
0-2 h: no instabiliies [l 2-5h [ 5-8h

Fig. 13 Triggering analysis of the Giampilieri study case. Unstable cells are grouped depending on the time interval
of first mobilization.

5.3 Comparison between conventional approach and time-resolved procedure

The comparison between the conventional approach and the time-resolved procedure reveals key
aspects related to how events that occur over a long time period, such as the two selected study
cases, develop.

The back-analysis of the Sarno study case featured numerous cells that de-stabilize in the initial
detection time ;. This detection time corresponds to the first two hours of the rainfall hyetograph.
This time sequence is shown on Fig. 1la. After the initial release at t1, there is no significant
increment of unstable areas for the remaining considered instants t2 — t15. That is to say, most of the
unstable mass is released during the first interval of the sequence. In this case, no significant differences
between the two types of back-analysis are noticeable. In Fig. 15a, the maximum flow heights
corresponding to the survey points highlighted on Fig. 6 are displayed. Simulated and surveyed
values are compared. The figure shows how the results are almost identical in the two approaches
(light blue points for the conventional method, red points for the time-resolved procedure). This is
appreciable in terms of maximum flow height over the whole back-analysis.

As mentioned already in Sec. 5.1, this highlights a problematic aspect, which is probably present
in the previous attempts at back-analysing the event. The initial occurrence of numerous instabilities
(t1) is probably not realistic. In fact, in the real event the surges were observed from t11 onwards [13].
Even more worrying, the triggering analysis highlights that many cells are already unstable even at

to, i.e. no rainfall is necessary to generate instability there. This makes it therefore apparent that the
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Fig. 14 Back analysis results for the Giampilieri study case. The contours show the value of maximum flow height
for (a) the conventional approach and (b) the time-resolved procedure.

triggering parameters require further calibration. Nevertheless, the final results of the runout analysis
appear accurate.

To understand the origin of this mismatch, some further analyses are performed. The susceptibility
to instability is reduced by modifying the morphological parameters. In particular, the susceptible
soil depth d; is decreased. This leads to different results in the triggering analysis, which are shown
in Fig. 11b for a reduction of 20% in d;. From the distribution of unstable cells, it is evident that
the instability process is now more widely distributed in time with respect to the original data
(panel (a)). Nevertheless, this modification does not induce widely different results in the runout
analysis. Comparing panels (a) and (c¢) in Fig. 12, reveals that the conventional approach with full
mobilization or with reduced mobilization (d; reduced by 20%) yields comparable results. Thus, the
conventional approach appears relatively insensitive to a global reduction in susceptibility. However,
when time-resolution is taken into account, the differences in results are much more pronounced (see
panels (b) and (d)). In the reduced-mobilization analysis, instabilities are distributed in time over the
whole event. Thus, the maximum flow heights recorded during runout are lower if the time-resolved
procedure is adopted. Furthermore, distributing the surges more evenly over the event leads to the
correction of a spurious avulsion phenomenon (highlighted in panel (d)).

Conversely, the Giampilieri study case shows an interesting sensitivity to the simulation method

without altering the parameters. From the comparison between the conventional approach and the
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Fig. 15 Quantitative comparison of the performance of the conventional approach and of the time-resolved proce-
dure on the two study cases. The graphs display the simulated maximum flow heights during the runout analysis
with the two approaches, comparing simulated and surveyed values. The numerical labels correspond to the surveyed
points whose location is described in Fig. 6 and Fig. 9. The continuous blue line represents the perfect match with
the surveyed flow heights. An acceptable error interval of £1m is indicated with orange dashed lines.

time-resolved procedure (Fig. 14), two important differences can be observed. The variables of
interest are the flow path and the maximum flow depths in the area inside the village, among the
buildings. Here, with respect to the conventional approach, the time-resolved procedure yields a much
more realistic runout, very similar to the surveyed one. This marked difference is also appreciable
quantitatively. In Fig. 15b, the simulated maximum flow heights at the survey points of Fig. 9,
are shown. The figure highlights how the two approaches yield significantly different results. Note
that the simulation parameters are the same for the two simulations, as the only difference lies in
the time resolution. The parameters are those consistent with the related literature. This means
that the results for the conventional approach are already those corresponding to best-fit simulation.
Nevertheless, the red points (time-resolved procedure) are much closer to the continuous blue line,
which represents the perfect match with the survey values. Therefore, in this case, the time-resolved
procedure simulates the event with higher accuracy. This is due to two reasons. Firstly, triggering
analysis parameters available from Peres and Cancelliere [43] yield a realistic distribution of the
instabilities, which reflect in a good performance of the time-resolved procedure in capturing the
distribution of surges in time. Secondly, the Giampilieri study case is relatively small-scale. Therefore,
minor topographical features, such as the buildings, are able to convey the flows on narrow channels
(in this case, the village street). Thus, an incorrect representation of the surge sequence leads to much

more evident errors in the back-analysis of flow heights.
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6 Conclusions

Rainfall-induced shallow landslides often lead to soil mobilization, which in turn generates hazardous
flows. These phenomena can be distributed over a wide area, with multiple instabilities generated by
the same rainfall event. In this paper, a novel methodology for resolving the time and space sequences
of mobilized shallow landslides of this type is proposed. In this new time-resolved procedure, triggering
and runout are approached with different methods, applyed in a staggered fashion. Triggering is
modelled through a simplified limit equilibrium method, suitable for the analysis of rainfall-induced
shallow landslides. Runout is studied with a continuum numerical model, based on the solution of
the depth-averaged equations for mass and momentum conservation, and with a Bingham rheological
law.

The methodology is benchmarked on a simplified geometry, and then applied to back-analyse two
sequences of shallow landslides and flows that occurred in Southern Italy. The analysis has highlighted
that, even on a simplified geometry, the time-resolving procedure can lead to significantly different
runout sequences. When the rainfall resolution is fine enough to separate in time the surges, spurious
merging of mobilized material on the runout path is avoided, resulting in smaller and less momentous
surges, with lower capacity to propagate on gentle inclines. The resolution in time appears to play
a critical role when back-analysing event sequences with long duration. It leads to more realistic
results, in terms of both flow path and maximum flow heights reached during the event. In the
Giampilieri study case, which is characterized by multiple surges impacting a settlement, this has led
to a much more accurate back-analysis of the event. To correctly apply the time-resolved procedure,
it is important to have a resolution of rainfall that is fine enough to capture the events.

The proposed numerical procedure deliberately uses simplified tools for both triggering and
runout. Thus, it has been shown that time-dependent effects can emerge without recurring to com-
plex modelling. Nevertheless, future studies are clearly needed to remove some of the restrictions of
the current procedure. In particular, the triggering model currently does not consider the mutual
influence of adjacent cells. Phenomena such as retrogressive failure and wedging-ratcheting are ig-
nored in the current formulation. A more accurate and realistic representation of the instabilities
would also lead to a better representation of the runout, as was highlighted by the Sarno study case.
Regarding the runout model, no bed erosion and entrainment has been considered in the study cases.
Therefore, the triggering parameters might at present be under-estimated by back analysis, in order

to compensate for the missing volumes mobilized by erosion.
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Appendix A. Obtaining maps of elevation and susceptible soil depth, and landslides

event details for the two study cases

Digital Elevation Models were provided by the reference Regions (Sicily for the Giampilieri event,

Campania for the Sarno one). The information of susceptible soil depth of the Sarno area (Fig. 10) can

be downloaded from the following URL in shapefile format: hitps://www. distrettoappenninomeridionale.it.

Italian landslide contours can be downloaded from the landslide inventory IFFI (Inventario dei

Fenomeni Franosi in Italia), whose URL is: hitps://www.progettoiffi.isprambiente.it.
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