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Abstract. Real-time assessment of debris-flow hazard is fun-that the lack of knowledge about the spatial variability of the
damental for developing warning systems that can mitigateparameters may greatly affect the results. This problem is
risk. A convenient method to assess the possible occurrencggartially mitigated by the use of a Monte Carlo approach.

of a debris flow is to compare measured and forecasted rain-

falls to critical rainfall threshold (CRT) curves. Empirical

derivation of the CRT from the analysis of past events’ rain-

fall characteristics is not possible when the database of obl Introduction

served debris flows is poor or when the environment changes

with time. For debris flows and mud flows triggered by shal- Rainfalls with peculiar characteristics of intensity and dura-
low landslides or debris avalanches, the above limitationdion may trigger debris flows (DF). These events are partic-
may be overcome through the methodology presented. jwlarly dangerous for a number of reasons. DF may travel for
this work the CRT curves are derived from mathematical andong distances, as water flows and the steep slopes induce
numerical simulations, based on the infinite-slope stabilityhigh velocities. They may easily impact the alluvial fans of
model in which slope instability is governed by the increasemountain torrents that, especially in recent years, have been
in groundwater pressure due to rainfall. The effect of rainfall intensively urbanized. The density effect on the impact force
infiltration on landside occurrence is modelled through a re-Of the DF makes it much higher than the one due to wa-
duced form of the Richards equation. The range of rainfallter flows and thus damages to buildings are proportionally
durations for which the method can be correctly employeddreater. Predicting DF is quite difficult because there are no
is investigated and an equation is derived for the lower limitPrémonitory signs and the lag time between the occurrence
of the range. A large number of calculations are performedof the triggering rainfall and the impact of the DF in the vul-
combining different values of rainfall characteristics (inten- nerable downstream area is very short.

sity and duration of event rainfall and intensity of antecedent The mitigation of DF hazards may be achieved building
rainfall). For each combination of rainfall characteristics, the Structural countermeasures, such as check dams and reten-
percentage of the basin that is unstable is computed. Thion basins. However, in some cases, the steep slopes of
obtained database is opportunely elaborated to derive CR{he interested areas, or the lack of space, makes it difficult
curves. The methodology is implemented and tested in 49 build structural countermeasures. Moreover, the impact
small basin of the Amalfi Coast (South Italy). The compari- of these works on the landscape may be rather high. This
son among the obtained CRT curves and the observed rairRroblem is particularly noted in areas with high environmen-
fall amounts, in a playback period, gives a good agreementt.a| and historical value. For the aforementioned reasons, in
Simulations are performed with different degree of detail in Many cases, non-structural countermeasures, such as warn-

the soil parameters characterization. The comparison show4&'gs through real-time hazard assessment and civil protection
measures are more suitable in reducing the risks. Economic
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reasons can also influence the choice, as non-structural couBathurst et al. (2006) developed another hydrological model
termeasures are less expensive than structural ones. Due (SHETRAN model), including an infinite slope stability
the short lag time, warning systems must rely on forecasteanodule.
and nowcasted rainfall. The warning is given when the fore- Lanni et al. (2012) proposed a new hydrological model in
casted rainfall overcomes a critical threshold. which a dynamic topographic index is used to describe the
The most common approach adopted in literature for thetransient lateral flow. In this model the lateral flow initiates
assessment of the critical rainfall thresholds (Caine, 1980pnly if hydrological connectivity is determined by rainfalls
Wieczorek and Glade, 2005; Guzzetti et al., 2008; Brunettiexceeding a threshold value.
et al., 2010) is based on the elaboration of data sets of his- A simplified model was proposed by Iverson (2000) to as-
torical events. The first limit of these approaches is due tosess short-term pore water response to rainfall in the hypoth-
the fact that they may only be adopted for the basins where &sis of vertical infiltration. Baum et al. (2010) developed a
certain amount of inventoried DF events is available for themodel of the infiltration process using a two-layers system
derivation of the empirical threshold line. Another drawback that consists of an unsaturated zone above a saturated zone,
of empirically derived thresholds is that they cannot antici- and implemented this model in a geographic information sys-
pate how DF hazards may change in response to changing etem (GIS) framework. Comparison of model results with ob-
vironments, for example, land use changes, large forest firesserved scars of DF formation areas (Godt et al., 2008) has
occurrence and sediment availability’s fluctuation. The lat-shown that the model of Iverson (2000) is more effective for
ter may have been determined, for example, by a past debrigegional shallow landslide hazard maps. However, the num-
flow. ber of false positives and false negatives in the predicted un-
In order to overcome these limitations, it is possible to esti-stable cells is still high. The time needed to reach potential
mate rainfall critical thresholds through a model that reflectsinstability in the unsaturated zone for a given rainfall was in-
the physics of the phenomenon and provides the link betweerestigated by Godt et al. (2012). Examining four hypothetical
rainfall and possible DF hazards. hillslopes, they showed how the timing of potential slope in-
A DF can be triggered by several mechanisms. For examstability depends on the soil water characteristics of the hill-
ple, triggering factors may be rainfalls, earthquakes, rapidside’s material.
snow melting, volcanic eruptions, sudden release of water The models that compute the safety factor, cell by cell,
from a lake, or a combination of these factors. In case ofusually overestimate the potential instabilities because a sin-
rainfall-triggered DF, two main types of formation mecha- gle instable element is not going to move if it is surrounded
nisms can be distinguished. The first one is the result of aby stable elements. In order to overcome this limitation, some
progressive entrainment of bed sediments into a water flonauthors (Lehmann and Or, 2012) developed techniques for
(e.g. Takahashi, 1991; Berti and Simoni, 2005). The secondhe simulation of the cascade load redistributions: initially
type happens when a rainfall-triggered landslide evolves intdocalized failures evolve into successive failures propagating
a proper flow causing a DF or a mud flow (e.g. Johnson,across the hillslope.
1984; Iverson et al., 1997; Baum et al., 2010). Landslide- The long computational times may prevent the operational
triggered DF may involve higher sediment volumes and con-use of distributed slope stability models for the prediction of
sequently are more dangerous than those resulting from corthe possible occurrence of a DF. In addition, if quantitative
tinuous erosive processes (Malet et al., 2005). The study herprecipitation forecasting ensembles are used, the computa-
presented is addressing only to this second type of triggeringional runs should be multiplied. Some studies are reported
mechanism. Following the classification proposed by Hungrin literature in which the slope stability models are run off-
et al. (2001) the proposed tool is suitable for DF and mudline for the derivation of critical rainfall threshold (CRT) for
flows triggered by shallow landslides or debris avalanches. the triggering of landslides. Using a physically based model,
Theoretical models of rainfall-triggered landslides are usu-Frattini et al. (2009) provided an estimate of the percentage
ally based on the infinite-slope stability analysis in which of potentially unstable areas in which failure could be trig-
slope instability is governed by the increase in groundwa-gered with a certain probability. De Vita et al. (2012) derived
ter pressure due to rainfall. These models are usually implethe CRT simulating the effect of different rainfalls on a spe-
mented in discrete landscape cells and compute the securitgific slope that was representative for the local topographic
factor for each cell. Many of the approaches proposed in lit-and geological conditions. Stability modelling was based on
erature are based on the hypothesis of steady groundwatéhe simplified Bishop method, and the water pressures were
flow conditions (Montgomery and Dietrich, 1994). computed solving the 2-D form of the Richards equation.
Casadei et al. (2003) coupled an infinite slope stability With the aim of giving DF warnings, it is not necessary to
model with a dynamic hydrologic model inspired by the Top- know the distribution of instable elements along the basin but
model (Beven and Kirkby, 1979). Simoni et al. (2008) pro- only if a DF may affect the vulnerable areas in the valley. The
posed a model (GEOtop-FS) that computes soil moisturecapability to reach the downstream areas depends on many
and matric suction within soil layers by numerically inte- factors linked with the flow discharge, the topography, the
grating the Richards equation in a 3-D scheme. Additionally,solid concentration, the rheological properties of the debris
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mixture, the occurrence of liquefaction of the sliding mass, contribute to the generated DF and that (2) if the total vol-

the entrainment of sediments from the bed and banks of theme available for the flow overcomes a given threshold, the

channel. Many of these factors are not time dependent. Theesulting DF will affect the downstream areas.

most important rainfall dependent factors are flow discharge The possible triggering of a debris flow is simulated, in

and correlated total debris volume. In the present study, th& generic element of the basin, by an infinite slope stability

total volume that is unstable, and therefore available for theanalysis (Taylor, 1948; Iverson, 2000). At any depth from the

flow, is considered to be the governing factor from which it surface £), and at any timet{, the factor of safetyKs) is

is possible to assess whether a DF will affect the downstreancomputed by the ratio between the resisting Coulomb friction

areas or not. and the driving stresses induced by gravity:

_ M_any studies demonstrated the import_ance of the_ampli- tang c— W (Z,1) pytang

fication of the debris volume due to sediment entrainmentFs(Z,t) = + - , Q)

from the bed and bank of the channel during the runout pro- tana vsZ Sina COsu

cess (e.g. Iverson et al., 1997; Takahashi, 2009; Papa et alherex is the slope degre¢ is the vertical coordinate, pos-

2004; Quan Luna et al., 2012). Because of the great increitive downward,c is the soil cohesiorny is the angle of in-

ment of DF volume a huge volume of sediment could be pro-ternal friction, ys is the depth averaged soil unit weigkty

duced even if the initiating debris flow is of a small size. This is the unit weight of groundwater antl(Z, ¢) is the under-

aspect is crucial for a correct DF hazard mapping. Nevertheground water pressure head that depends on the vertical co-

less, in the present study, attention is drawn to the link be-ordinate and timer{.

tween the rainfall characteristics and the possible triggering When a critical value offs is reached (e.gFs = 1) the

of DF. The flow propagation and deposition are not simu-soil over theZ depth is considered unstable.

lated. The possible occurrence of a landslide-triggered DF is Many observed DF events have been triggered by long-

investigated, aiming at identifying the rainfall amounts that term low intensity rainfall followed by a short-term heavy

are critical for those events, thus providing a useful tool for rainfall (Crozier, 1989; Wieczorek and Glade, 2005). As a

DF early warning systems. consequence, the triggering groundwater pressure is calcu-
The modelling approach presented is based on the simuated by superimposing the effect of an antecedent rainfall

lation of a large number of cases covering the entire rangénd an event rainfall. The groundwater pressure response

of rainfall intensity, rainfall duration and antecedent rain to antecedent rainfall is used as the initial condition for the

and considering different combinations between the three ofime-dependent computation of the groundwater pressure re-

them. The total debris volume, available for the flow, is com- sponse to the event rainfall.

puted in each simulation. From this, a database is built up in If the antecedent rainfall has a sufficiently low intensity

order to obtain rainfall threshold curves. When operating inand long duration, steady-state conditions are reached and

real time, if the observed and forecasted rainfall exceeds &he direction of the groundwater flux may be assumed to be

given threshold, the corresponding probability of DF occur- parallel to the slope. Under this condition, the groundwater

rence can be estimated. Warning for possible DF occurrencgressure, at the initial condition £ 0), can be calculated by

may be given congruently with these results. W(Z.0) = (Z — d)coa. @

whered is the water table depth, measured in thelirec-
2 The shallow landslide triggering model tion, in steady-state conditions. Following Montgomery and
Dietrich (1994), the mass conservation equation of ground-
The process by which shallow landslides are triggered bywater flow gives the following:
rainfalls and develop into DF is very complex and some as-
sumptions are done to simulate the process with a simplez; —d) = 3)
model. The soil is modelled as a single layer discarding the
possible effects of the layered soil stratigraphy. The contri-whereZ7 is the depth of the impermeable b&d,)steadythe
bution of the vegetation to soil stability is not taken into infiltration rate at ground surface in the normal slope direc-
account. The stability conditions are evaluated for any sin-tion, in steady conditionsk, the hydraulic conductivity in
gle computational cell without taking into account the possi-the parallel slope directiom the drained catchmeng, the
ble interactions between neighbouring cells. For example thevidth of the slope element along the direction tangent to the
single computational element that is simulated to be unstabldpcal topographic contour.
may not move if it is surrounded by stable elements. Not tak- Following the approach of lverson (2000), the short-term
ing into account this mechanism may overestimate the instaresponse to rainfall may be assessed assuming vertical infil-
ble volume. The model does not investigate the mechanismgation. An analytical solution was proposed of a linearized
governing the development of a local instability into a debris Richards equation, valid in the assumption of almost satu-
flow (e.g. the occurrence of liquefaction). The assumptionsrated initial conditions. The boundary conditions are tran-
are made that (1) all the unstable volume may potentiallysient groundwater vertical flux equal to zero at great depths

(IZ)steady A
K, bsinacosx’
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below the water table and water entry at ground surface govuncertainties related to the spatial variability of the soils pa-
erned by Darcy’s law. In these conditions, the water pressur@gameters. The parameters space is sampled using the PDF

heads are given by (lverson, 2000) distribution. Different realizations of the parameters fields
are carried out. No cross correlation is considered between
W(Z,T)=V(Z,0) + ZI_Z[R(T*)], (4) different soil properties. Because of the assumptions made,
z the computation of water pressure at any time and for any

where T is the duration of the event rainfalf; (Z,0) the cell (Egs. 2, 3 and 4) is not affected by the other cells. As a

groundwater pressure head at the beginning of the event rairffonseauence in the parameter spatial fields, no spatial corre-
fall, 1, the infiltration rate at ground surface in the normal /ation needs to be considered along the basin, and a random

PDF process can be used. For every cell the model randomly
selects a properties sample, fitting the user provided PDF.
The size of the sample is 10 for every parameter. The geo-

slope directionK ; the hydraulic conductivity in the normal
slope direction an@® (7T*) defined as follows:

RT* = JT*/mexp(—1/T*) — erfc(1/~/T*), (5) morphologic propertiesA/b, a) are considered determinis-
tic because they depend on the topography, and a low error is
in which: assumed in this data.
T As an example, the total amount of cases to evaluate for
T=————— 6 in) i : i
72/(Dgco% )’ (6)  the test bed (Sambuco Basin) is computed: the testing mesh

size in the dynamic variables spacd_fsteady 1z, T) iS
whereDg is the maximum characteristic diffusivity, govern- 10x 50x 50. The basin DTM (digital terrain model) con-
ing the transmission of pressure heads when the soil is clostins 400 000 cells. As the size of the sample is 10 for each

to saturation. The diffusivityDg is estimated with of the seven stochastic parameters, the number of all the com-
binations of the sampled parameters i€.1Tb evaluate the
Do = & 7) stability of the soil 10 different depths are selected along the
Co soil column. As a consequence, the total amount of cases to

whereCy is the change in volumetric water content per unit €valuate for this basin including cells, column depths and
change in pressure head when the soil is close to saturatiof°il Properties is about 18 The resuiting huge computa-

The soil water retention curve is described by means of thé'onal time prevents practical implementation of the model.

analytical equation proposed by van Genuchten (1980) and© overcome this difficulty, two simplifications are adopted.

Co is estimated through the derivative of the van Genuchten! he soil parameter_s are considered statistically independent,
equation. so not all the complnatlons of the sampled parameters values
are computed. This reduces the number of cases related to
2.1 Model implementation the soil properties to 10. Moreover, a sample of the topog-
raphy is selected randomly. For example if 10 % of the total
In order to assess if a specific basin may give place to themount of cell is considered, the number of cases related the
formation of a debris flow, the instability simulation previ- topographical grid becomes 40 000. With these simplifica-
ously described is performed in any computational cell andtions the total amount of cases to be evaluated, for the cited
for any combination of rainfall characteristics. For each sim-example, become 1. With this amount the model run lasts
ulation, the ratio between the number of unstable cells andxa few hours on a personal computer with average potentiali-
the total number of basin cells is computed. Throughout theties. Another important computational reduction comes from
paper, this value is referred to as failure percentage (FP). Ashe fact that once a cell becomes unstable it is not necessary
the depth of instable soil is computed for any cell, the totalto compute the rest of the rainfall event durations and inten-
instable volume is also provided as output. sities. A longer duration will trigger instability as well as a
The input variables that feed the model are divided intogreater intensity.
two main families, static and dynamic. Static variables are In order to check the performance of the model, a sensi-
the morphological featureg\(b, Z7, @) and the soil parame- tivity analysis was carried out. For a given rainfall, simula-
ters ¢, ¢, ¥s, Ky, Kz,Dg). These are considered as stationary tions were performed in which the ratio among the number
at the process scale. The dynamic variables are the rainfabf computational cells included in the sample and the total
related variables((;)steady /7, 7). These are computed, at amount of basin cells ranges from 0.5 % to 100 %. This ra-
regular intervals, between user-defined minimum and maxitio is callednc. Figure 1 shows the failure percentages as
mum values. function of differentn; values. As the computational cells
The effect of the uncertainties of the soil properties areare selected randomly, whe# is small, two different runs
evaluated using a Monte Carlo methodology. Most of theof the same simulation conditions give different value of FP.
properties ¢, ¢, ys, K, Kz, Do, Z7) are considered to be However, whem. becomes greater the results converge to
stochastic: instead of defining a value, a range and a PDF ithe solution obtained with the 100 % of the cells (FP =2.7 %
provided. The PDFs express the measurement errors and the
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409, Table 1. Soil parameters, slope degree and initial condition used to
generate Fig. 2.
35 OOO
0 Zr );s 10 c K; o d
[e) — (o] o e
s ®io0go é [m] [kgm™] [°] [Pa] [°] [°] m
= 0 o A —5
& O;O ! 2 é g - g 1 1450 35 1 610 266 1
25 85 0 d o) o}
o8 ¢
o
20 © Figure 2 shows two examples. The soil parameters and the
R rainfall characteristics are the same for the two panels, except
R the Dg that in panel B is 10 times greater than in panel A. The
. [%] input data used for these simulations are reported in Table 1.

An important consequence of this behaviour is that, in case of
Fig. 1. Failure percentages (FP), computed by different runs of thesmall diffusivities, the water pressures continuously increase
model, depending on the ratiad) among the number of compu- gt constant accumulated rainfall with increasing rainfall du-
tational cells included in the sample and the total amount of basinations until durations are lower than a rather high. For
cells. example, in panel A of Fig. Zit = 7.2 h.
The expression of it given by Eq. (10) is similar to the
in example). The simulation results presented in this papetimescaleZZ /Do that has been indicated by Iverson (2000)
are obtained witl. equal to 20 %. as the minimum time necessary for strong normal slope pore
The simulation results are interpolated to construct rain-pressure transmission from the ground surface to dgpth
fall intensity—duration curves for each antecedent rain valueThis means that the analytical solution of the Richards equa-
(I.)steady This gives fixed values of FP or of the total volume tion (Eq. 4) proposed by Iverson (2000) can only correctly

of possible DF. estimate the effects of rainfalls with duration greater than
the critical value. On the other hand, the range of rainfall

2.2 Pressure head response to variation in rainfall duration that can be simulated is also limited by another
duration timescale 4/Dg) that expresses the minimum time neces-

) ) sary for strong lateral pore pressure transmission. The ranges
After several runs of the model were carried out a particulargs hossiple rainfall durations are reported in Table 2 for dif-
behaviour was observed, linking duration and total amount ofgrent values oDo. As a result, for the cited example, when
event rainfall. In order to clearly capture this feature a brief Do is lower than 104 m?2s1, only the effects of daily rain-
theoretical analysis was performed, for a better understandey)| can pe properly assessed by the model.
ing of the model outcomes. The stability conditions, conse-
quent to different rainfall events having the same accumu-
lated rainfall (and therefore rainfall intensity decreasing with 3 Study case
increasing rainfall duration), were explored. After substitu-
tion into Eq. (4) ofl, = H/T, whereH is the accumulated The Sambuco Basin is a steep coastal watershed of Amalfi
rainfall, the time derivative ofr (Z, T) can be easily obtained Peninsula, southern Italy (Fig. 3). It covers an area of about
for the case of constarii. From the analysis of the sign of 6.4 kn?. The elevations spread from sea level to 1000 m, with

the derivative results it appears that the functipfZ in- a mean elevation of 422 ma.s.l. The mean slope s BRe

creases with rainfall duration when the following condition main river channel is 4.8 km long with a N-S orientation. The

applies: site consists of a set of small and steep catchments covered
by a series of pyroclastic deposits dating back to the Somma—

erfcl/v'T* —05/T*/w exp(=1/T*) > 0. (8)  Vesuvius volcanic eruptions.

Since this is implicit in the variabl&* it was solved numer- The topographic featuresi(b, «) of the basin have been

ically. It results that the functio/Z increases with rainfall ~ derived through a GIS-based approach over a 4#m

duration when: DTM.

T* <5.33 (9 3.1 Estimation of the soil properties of the model

Substituting Egs. (9) into (6), the rati/ Z results to be in-
creasing with rainfall duration wheh is lower than a critical
value Tt given by

The soils covering the carbonate ridge of the basin are made
of ashes, pumice and scoriae, coming from the eruptive ac-
tivity of the Somma-Vesuvius volcano (eruptions immedi-
72 ately before, and after the 79 AD, until the last one in 1944).

Torie =14 Docoda)’ (10) These deposits cover many of the slopes of the Campanian
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07 a0 D Table 2. Timescales of pore pressures transmission in response to
—H=100mm rainfall, assumingZ7 ~ 1 m andA ~ 100 nt.

H= 50 mm

Minimum rainfall  Maximum rainfall

a)
0.03 03 . 2 .
oo 02 Dg durationZz./Dg  durationA/Dg
m?s71] [ -]

! : ! Tlhﬁml ) 0on ' ’ ' Tlh([:urs] ' ! ? 10_6 12 days 3yr
1075 1 day 116 days
Fig. 2. Pressure head at the bottom of the soil layer versus rain- 1074 3h 12 days
fall duration at constant cumulative rainfall§Y. Input data of the 10°3 17 min 13h

simulations are reported in Table (@) Dg=6x 107> m2s~1,
(b) Dg=6x1074m2s~1.

74255 475455 476655 477855

462255 463455 464655 465855 467055 468255 469455 470655 471855 47305

Kilometers

Appennine, and particularly of the studied area. Weathering
and pedogenetic processes of such deposits have produce
soils with peculiar characteristics, referred to as “andic prop-
erties” (Basile et al., 2003). One major problem in drawing
up a detailed map of the deposits, and therefore a good pre
vision of possible instable soil volume, is in identifying the
most appropriate method for defining the spatial distribution
of the different soil typologies. For the Sambuco Catchment
a detailed soil map was produced in the framework of pre-
vious studies (Papa et al., 2011a). A synthetic description of
the procedure IS g|Ven beIOW FIrStly 12 mOI’phOlOglCaI unlts 462255 463455 464655 JSXSS 467055 468255 469455 470655 471855 473055 474255 475455 476655 477855
were identified and mapped through DEM manipulations. At _
the same time, the soil profiles were described in more thd 9. 3. Geographical context of the study area (WGS, 1984, UTM
20 sites inside the Sambuco Basin. The observed correla&on€ 33 N).
tion between surface geomorphology and spatial variability
of soils and deposit was then used to assoc!ate at'yplcal ho”.' The input static variables of the Sambuco Basin are re-
zons sequence to each of the 12 morphological units. The soil .
. : . ported in Table 3.

properties s, ¢, ¢, K, K;) were estimated from literature . . .

. - . Terit (EQ. 10) is calculated for each basin cell as it de-
data (Basile et al., 2003; Bilotta et al., 2005; Ciollaro and . . .

) . L pends on the different values of soil depth and permeabil-

Romano, 1995; lamarino and Terribile, 2008) for any layer:, . o .

- . . . - ity in the 21 soil districts Tt ranges from few minutes to
of the profile. The soil properties for any morphological unit

. h few days. As shown in Fig. Tgit is less than 5h for about
were then extrapolated from the soil properties of the IayersBO% of the basin area and is less than 2h for only 40%
that constitute the corresponding profile (see Table 3).

A set of more than 500 punctual observations of the soilof the basin. As discussed in the above paragraph, the ana-

thickness was used to further divide the 12 morphological!ytIC solution of the Richards equation (Eg. 4) implemented

o . . . in the model, can only correctly estimate the effects of rain-
units into areas with homogeneous soil depth. In this way, y y

21 geomorphological homogeneous units (Fig. 5) were iden_faII amounts with duration longer than the critical value. As

- ; : ) n nce w nr nably rely on the simulation of
tified. For each unit the soil deptlZ{) was then assigned. a consequence we can reasonably rely on the simulation o

: : ; o . the effects of rainfall longer than 5h while the results ob-
It is worth noting that, in the model, the soil thickness lim- __. : : .
. . . ; tained for shorter durations should be regarded with caution.
its the volume of sediments available for the formation of a

shallow landslide and therefore limits the maximum possiblem these cases a complete solution of the Richards equation
should be implemented.
DF volume.
The diffusivity Dg was estimated with Eq. (7) whe(@ 3.2 Past DF events

was estimated through the derivative of the van Genuchten

equation. Literature values (Basile et al., 2003; Ciollaro andThe area has been affected by extreme weather events with
Romano, 1995) of the parameters of the van Genuchten equaatastrophic consequences (Ciervo et al., 2012; De Luca et
tion for the pyroclastic soils of Campanian Appennine werega|., 2010; Esposito et al., 2003; Papa et al., 2011a). The py-
used. From this it can be shown that for a saturation degregoclastic soils covering the carbonate rock of the Campanian

of 90%, 1L, equals approximately 2. As a consequenceAppennine are often affected by DF events (Cascini et al.,
the value of the characteristics diffusivity was estimated asp008; Martino and Papa, 2008).

Do =2K,.

4498727 4499927 4501127 4502327 4503527 4504727 4505927 4507127

[J Sambuco

4497527 4498727 4499927 4501127 4502327 4503527 4504727 4505927 4507127
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Table 3. Values of the static variables for the 21 homogeneous dis- 466052 466852 467652 468452 469252

tricts of Sambuco Basin.
Districts Zp Vs 10) c Ky K;
-] m kgm=3 [°] kPa [mms?l] [mms] S e
<
1 05 1500 32 10 0.96 096 2 2
2 0.5 1400 35 5 0.36 0.06 = v
3 0.5 1400 35 5 0.36 0.06
4 1 1400 35 5 0.36 0.06
5 15 1400 35 5 0.36 0.06 - -
6 1 1400 35 5 0.36 0.06 g 3
7 15 1400 35 5 0.36 0.06 z Z
8 2 1400 35 5 0.36 0.06
9 5 1400 35 5 0.36 0.06
10 1 1500 32 10 0.22 0.11
11 15 1500 32 10 0.22 0.11 5 5
12 2 1500 32 10 0.22 0.11 = =
13 35 1500 32 10 0.22 0.11 % <
14 5 1500 32 10 0.22 0.11
15 1 1800 35 0 0.68 0.68
16 1.5 1800 35 0 0.68 0.68
17 35 1800 35 0 0.68 0.68 % =
18 5 1800 35 0 0.68 0.68 =S S
19 45 1500 32 10 0.18 0.10 = | | W 1954 N
20 5 1800 35 0 0.68 0.68 Bl 2005
21 4 1500 32 10 0.09 0.09 Kilometers
@ Minori 0 0.5 1
- . §
466052 466852 467652 468452 469252 3

. . . Fig. 4. Traces of the landslides that occurred in 1954 and 2005 (Papa
On 25 October 1954, an extraordinary rainfall event hit ;3 20114).

the area of the Amalfi Coast and Salerro80 kn?); severe
flooding and landslides caused 318 fatalities and large-scale
damages (Frosini, 1955). The Sambuco Basin was on thelong steep slopes and evolve into in-channel flows as they
west margin of the affected area. Slope failures mainly oc-travel downstream.
curred on the east side of the basin. The reconstruction of Figure 6 gives the granulometric curves of the flow mix-
the meteorological event made by the Servizio Idrografico eture. It may be noted that the content of silt and finer particles
Mareografico Italiano (SIMI, 1921-1996) has drawn the mapis about 20 %. Rheological tests (Martino and Papa, 2008;
of isohyets. The average daily cumulative rainfall in the Sam-Martino, 2003) were carried out on samples taken in areas
buco Basin was estimated to be 321 mm and the maximunaffected by the DF phenomena in May 1998 in Sarno. The
hourly intensity 86.1 mmh®. Papa et al. (2011a) mapped mixtures involved in these events have the same main charac-
the tracks of the detachments that occurred in 1954, firsteristics and genesis as the Amalfi Coast soils. As it is shown
geo-referencing the aerial photographs of that year and theim Fig. 6, the granulometry of the samples taken in Sarno is
checking and correcting the resulting map with field observa-analogous to the ones taken in the Sambuco Catchment. As
tions. It resulted in 2.8 % of the total basin area being affecteda consequence, the rheological characterization of the Sarno
by detachments (Fig. 4). DF can be used to estimate the properties of the DF mix-
The volume involved by landslides was derived with GIS tures of the Amalfi Coast basins, such as the Sambuco Basin.
tools, overlaying the map of the detached area with the mafmhe rheological tests showed a shear thickening behaviour,
of soil thickness. The estimate closes 300 080 m described by a Herschel Bulkley equation (Coussot, 1997)
This unstable volume formed a DF that flooded the down-with the exponent of strain rate equal to 1.7. This means that
stream village of Minori with an estimated peak discharge ofthe peculiar composition of the pyroclastic soils of Campania
about of 58 Ms™! (Papa et al., 2011a). Region is responsible for a rheological behaviour that is in-
Another event was observed in 2005. Only 0.3 % of thefluenced by the presence of both the fine and the coarse parti-
basin area was mobilized and the generated DF did not reacties. The fine fraction gives rise to a threshold-type cohesive
Minori. effort and a high viscosity. The presence of coarser sediments
The events occurred in Sambuco Catchment, as well agives rise to the collisional behaviour.
many of the landslides of the flow type of Campanian Ap-
pennine, are initially shallow non-confined slides (or flow)
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B paragraph, is not used in sim01 where the soil parameters are
m assigned in a deterministic way.

L |l s . The simulation results are compared to the ID curve rela-

Slimuo 2 tive to the event that occurred in October 1954 (Fig. 8). The

(=3 .

2 |l m o0 g months before this event were dry and therefore the compar-
[ 21 (o ison was carried out with the results obtained for antecedent
| Kilometers e\ rain equal to zero. The input static variables are fixed as ex-
@® Minori 05 - plained in the above paragraph, except for the soil cohesion

§ that was incremented by 25 % after calibration. This is the

465529 466329 467129 467929 468729 3

only calibration parameter of the model. Results show that a
higher value of the soil cohesion is needed in order to repro-

Fig. 5. Map of the geomorphological homogeneous districts (Papa : : _
et al., 2011a). The values of the static variables for each of the dispIuce the observed failure percentage (FP). Possible explana

trict (numbered from 1 to 21) are reported in Table:3=absence tions of this higher value ma_y be the stabilizing effects of the
of soil cover (e.g. urbanized areas, rocks, streets). plant roots and of the possible stable elements surrqundmg
the unstable ones. As stated above, both these contributions
to soil stability are neglected by the model.
. .- . For an event rainfall with duration of about 6 h, the 1D
With reference to plasticity properties, the samples taken
. e . : curve of the 1954 event approaches the ID curve correspond-
in Sarno catchment are classified as non-plastic or slightly, . g i
S . ing to a FP of 3%. This result is in clear agreement with the
plastic soils (Bilotta et al., 2005). .
. e observed FP that, as assessed above, was about 2.8. The rain-
With regard to the classification proposed by Hungr et

al. (2001). the phenomenon under study can be classified ngl duration that is critical for DF formation is 6 h; this result

AN : L IS consistent with the timing of the DF.
DF, considering the low fine content and plasticity index of . . : . .
: . ! g It is worth noting that, as discussed in the previous para-
the mixture, even if the rheological tests show a combination

: : : raph and due to the assumption of vertical flow (lverson,
g: ?z[;s;sg\?vnce mechanisms of a DF together with the OnegOOO), only rainfalls with durations greater than 5h are cor-

rectly simulated by the model in the studied basin.
The 2005 event was also studied. This event followed a

moderate rainy period; the total rainfall amount of the month
4 Critical rainfall thresholds derived by the model before was 212 mm. The Montgomery and Dietrich (1994)

model is used to compute the initial water table depth at
The intensity—duration curves (ID curves) for any fixed value the beginning of the event rainfall, depending on the an-
of antecedent rain were derived from the data sets thatecedent rainfall. As the event of 1954 was in October, af-
were obtained with the numerical hydrological, slope stabil-ter the dry period, the antecedent rainfall was null in that
ity model described above. Any ID curve corresponds to acase. For the event of 2005 the stability condition conse-
fixed value of the failure percentage (FP). Figure 8 showsquent to a stationary rainfall of 212 mm monthwas com-
simulation results (sim01) assuming null antecedent rainputed with the Montgomery and Dietrich model and a FP
falls. With increasing antecedent rainfall, the ID curves moveof about 1.2 % was obtained. This value is higher than the
downward (Papa et al., 2011b). The possibility of assign-observed one (about 0.3 %). This result confirms that, as re-
ing a PDF to the soil variables, as described in the aboveported in literature (e.g. Godt et al., 2008), the hypothesis of
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plication of the model.
Fig. 9. Comparison among CRT simulated with deterministic and
100  1ostevent spatially distributed soils parameters (sim01), deterministic homo-

" \ \\ 4 maximum registered 2002-2011 geneous soils parameters (sim02), average values of the soils pa-
" \ \ g oseent rameters equal to sim02 and PDF assigned (sim03).

6% ——empirical (Calcaterra et al., 2000)

Sim03 is performed assigning an average value to the soil
parameters equal to the fixed value of Sim02, but with a con-
fidence interval variable depending on the parameter uncer-
tainties. The confidence intervals were setfpandy equal
to the 10 % of the average while for th&, ¢, K, and K,
equal to the 20% of the average. Figure 9 gives the CRT
o 12 s ARain;a“dmiﬁon[;om]é 5 10 om b corresponding to FP of 1% and 3%, obtained with sim01,

sim02 and sim03. For FP =3 % the CRT obtained with sim02

Fig. 8. Comparison between registered rainfalls and simulated IDiS greatly higher than the one obtained with sim01. This is
curves at fixed values of the failure percentage. probably due to the fact that we assigned a set of homo-
geneous soil characteristics to the entire basin that is less

likely to produce instabilities than the spatially distributed
steady groundwater flow conditions is likely to overestimate ones of Sim01. Therefore in order to have the same FP a rain-

the failure percentage. fall with higher intensity or longer duration is needed. The

If the antecedent rainfall is neglected, the input of the sim-results of sim03 show that if the soil parameters are assigned
ulation (and therefore the result) is the same as Fig. 8. Wan a stochastic way the solution is more similar to the one of
can observe that the event rainfall, with duration of aboutsim01. This means that the lack of knowledge about the spa-
8h, approaches the simulated ID line corresponding to FRial distribution of the parameters underestimates the hazard.
of 0.3%. This is equal to the observed FP of the event. FoIThe stochastic treatment of the soil parameters can partially
this event, the modelling results suggest that the effects of thenitigate this problem. In the reported example, for the lower
antecedent rainfall are barely noticeable. FP (FP =1 %) the difference among sim01 and sim02 is less

The effect of the uncertainties of the soil parameters is in-gccentuated and the CRT of sim03 is lower than the one of
vestigated. Figure 9 shows the results of three different simsim01, thus giving an overestimation of the hazard.
ulations. SimO1 is the one discussed above in which the soil The sensitivity of the model to changes in the diffusivity
parameters were assigned with a spatial distribution and in @py) was investigated too. The same input data of the simula-
deterministic way. For Sim02 the soil parameters of the en+jon discussed above (sim01, Fig. 8) were used in a new sim-
tire catchment are taken from one district: district number 13ylation (sim04). The only difference between the two simu-
of Table 1. This is the district with the higher soil depth in |ations is the value assigned fy: Do = 2K, for sim01 and
the “Z.0.B. and hollow” morphotype. Sim02 aims at repro- p, = 0.1K, for sim04.7¢it change withDy; in case of sim01
ducing the frequent situation when only little field data are Terit ranges from a few minutes to a few days and 80 % of the
available and the soil properties of a basin are roughly eshasin hagi; less than 5 h. In the case of sim@4;; ranges
timated from few point measures taken in a small area. Infrom one hour to one month and only 15 % of the basin has
Sim02 the soils parameters are assigned deterministically ag;; less than 5h while 80% of the basin h&g;; longer
in Sim01. than 1 day. Figure 11 compares two simulations. In this case,
the accumulated rainfall is reported in the graph instead of

Rainfallintensity [mm/hour]
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the rainfall intensity. Each curve of accumulated rainfall ver-
sus rainfall duration corresponds to a fixed value of the gen-
erated failure percentage. As expected, wihgrs smaller,

the basin is more stable. In the case of sim01 the considered £
rainfall durations (from 0 to 24 h) are smaller th@g; for

the major part of the basin and the critical accumulated rain-
fall curves increase with rainfall duration. On the contrary, in e

the case of sim04T < Tt for almost the entire basin, and Rainfall duration [hours]

the critical accumulated rainfall curves decrease with rainfall _. . . , i

duration. This result is consistent with the observation madeFIg' 11.Accumu|ated ralnfall.versus_ rainfall duration qt fixed \(alues
. i . of the failure percentagéa) sim01 withDg = 2K ; (b) sim04 with
in the above Sect. 2.2. Attention should be paid on the value%o — 0.1K,.

of Tqit as the simulations of rainfall durations with< Tgyit

give inconsistent results.

umulated Rainfall [mm]

The simulation results have been compared with a rainfall

5 Discussion threshold line, derived through the elaboration of empirical

data relative to the pyroclastic deposits of Campania Region
Simulated ID curves, corresponding to given FP, may be re{Calcaterra et al., 2000). From the comparison with the sim-
garded as CRT. If rainfall overcomes these curves the corulation results, the threshold line proposed by Calcaterra et
responding FP is expected to occur. Once the CRT curve isl. (2000) corresponds to a failure percentage of about 0.2 %
fixed the number of false alarms in a playback period can bgFig. 8).
evaluated. Figure 8 shows the maximum rainfall intensities, Intensity duration lines obtained by the simulations may
with durations from 1 hto 12 h, observed in the decade 2002-be directly used as a rule for providing DF warnings, once a
2011. For example, if we fix the CRT in correspondencethreshold is fixed for the failure percentage.
to FP=0.6 % there are 3 rainfall events (12 October 2006, Such a threshold may be fixed by taking into account that
3 November 2009 and 9 September 2010) over the thresholdyhen the unstable areas are not wide enough, the mobilized
in the 2002—-2011 period. The heavy rainfall event of 2010soil is not able to reach the downstream vulnerable areas.
caused a devastating flash flood in the adjacent catchment &hen a large number of observed slope instabilities is avail-
Atrani (Ciervo et al., 2012) and minor effects in the Sambucoable, the threshold may be fixed by searching for which of
Catchment and Minori village. It is worth noting that, as the the consequent DF reached the downstream vulnerable areas.
2005 event did not reach the downstream village of Minori, In the studied example, we have two observations: the 1954
events with this order of magnitude do not constitute a severevent (FP =3 %) that caused great damage to the Minori vil-
hazard for the people. On the whole, in that period we wouldlage and the 2005 event (FP =0.3 %) that did not reach the
have had two false positive (2006 and 2009), one true positivalownstream village of Minori. Consequently the critical FP
(2010) and one true negative (2005). Conversely if the CRTshould be fixed between 0.3 % and 3 %.
is set for FP =1 % there is no event over the threshold in the When the historical database is not large enough, or in
decade 2002-2011. Therefore we would have had no falséhe case of total absence of historical DF events, the thresh-
positives, but one false negative; even if of minor importance.old FP can be fixed by simulating the downstream effect of
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DF having different total volumes. These simulations can The developed tool computes intensity duration curves
be performed through the mathematical and numerical modeorresponding to a fixed total volume of unstable basin’s ele-
elling of DF propagation (e.g. Fraccarollo and Papa, 2000;ments. The assumption is made that the initial shallow land-
Iverson and Denlinger, 2001; O’Brien et al., 1993; Malet et slides have sufficient energy to evolve into a proper flow and
al., 2005). Due to the entrainment process that can occur imnundate the downstream villages only if the total unstable
the propagation phase, an initial small volume can developsolume is sufficiently high. On this hypothesis the simulated
into DF that eventually involve large volumes. This results intensity duration curves can be regarded as debris flow crit-
into a significant increase of DF hazard. Models that simu-ical rainfall thresholds. Given the simplifications usually in-
late the DF propagation and DF amplification are availabletroduced in slope stability models and the uncertainties in
in literature (e.g. Egashira et al., 2003; Medina et al., 2008;the estimation of the soil parameters, the precise location of
McDougall and Hungr, 2005; Quan Luna et al., 2012). Forthe unstable elements along the basin is not easy to assess.
any input volume the DF simulation models’ output is a map For this reason the lumped approach here presented, in which
of DF intensity (flow depth and velocity). This map is over- only the sum of the volumes of the unstable elements is esti-
lapped with the vulnerability map in order to derive the DF mated, may provide better results.
risk map. The threshold of initial DF volume is then chosen The CRT derived with the developed tool have been com-
depending on the risk level that is politically acceptable. Onepared to rainfall measurements of past DF events in a studied
important advantage of the proposed methodology is that @atchment in the south of Italy (Amalfi Coast).
set of CRT can be identified; each CRT corresponds to a fixed The comparisons showed a clear agreement for the simula-
level of DF risk. tions in which the antecedent rainfall is absent or neglected. It

Once the volume threshold is fixed, a graph similar to theresults that the implemented model overestimates the effects
one shown in Fig. 10 may be used as a rule for DF warningsof the antecedent rainfall. A more complex model, based on
In this kind of graph, the simulation results are elaborated inthe solution of the complete Richards equation could over-
order to show, for any antecedent rain, the ID curve, givingcome this problem together with the limitations in the dura-
place to a fixed value of the total amount of available debristion of the rainfalls that can be simulated. On the other hand,
volume. The ID curve of 1954 event lays between the ID the computational time would greatly increase and it would
curves corresponding to a total unstable volume of 300 00e necessary to estimate a greater number of soil parameters.
and 400 000 thus being in clear agreement with the estimated The application of the model to other study cases with a
total volume of the event. greater number of observed past events is necessary to better
understand the capabilities of the proposed approach.

A preliminary analysis is presented about the effects of un-
certainties in the soil parameters. It appears that assigning a
clDrobability distribution function to the most uncertain param-

for the computation of rainfall critical thresholds for debris eters can partially mitigate the negative effects of unknown

i . . distribution of soil properties. Further analyses are needed in
flow early warning systems. The method is suitable to assesg.. - Jirection
theerep dOESIt:ﬁa?g\l/Jﬁ;ir;(;ﬁigef;sdi?gsegg;vz\z:gnrg#gsﬂ(,)AW;rt:g|_ In practical application, the developed tool can provide the
?nodel hés been imolemented based on the anal.tical Sglﬁink between rainfall characteristics and debris flow initial
. X P . L Y . volume. Afterwards, a simulation of the propagation, ampli-
tion of the Richards equation valid in the hypothesis of verti- fication and deposition of possible debris flows, having dif-
cal infiltration (lverson, 2000). The model performs stability '

. . . L . .7 ferent initial volumes, can associate the debris flow initial
simulations for any possible combination of rainfall duration . ) )
. ) ) i . volume with a map of areas at risk. One important advantage
and intensity. These simulations are repeated varying the AN ihe proposed methodoloay is that a set of critical rain-
tecedent rainfall whose effects are computed in the hypoth- prop gy

esis of steady-state conditions (Montgomery and Dietrich fall thresholds can be identified; each one corresponding to a
1094) y 9 y 'fixed level of expected debris-flow risk. The derived critical

The range of applicability of the analytical solution of the rainfall thresholds can be used to implement early warning

Richards equation proposed by Iverson (2000) has been in§ystems also in basins where empirically derived threshPId
. . ; S cannot be derived because the database of past events’ ob-
vestigated. It resulted that if the rainfall duration is lower

" - . servation is poor or the stability conditions have changed for
than a critical value the pressure heads unrealistically in- .

. . ; . natural or anthropic reasons.
crease with rainfall duration at constant accumulated rain-
fall. The threshold value of the rainfall duration for the cor- _ o
rect application of the model has been analytically derived.AcknowledgementsThe work described in this study was sup-

This threshold should be regarded in any application of thePorted by the European Community Seventh Framework Pro-
Iverson (2000) model. gramme through the grant of the Collaborative Project IMPRINTS

(IMproving Preparedness and RIisk maNagemenT for flash floods
and debriS flow events), Contract FP7-ENV-2008-1-226555.

6 Conclusions

A methodology and a numerical tool have been develope
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