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Reliability of rainfall threshold for pyroclastic debris flows 
Seuil de précipitations des écoulements pyroclastiques 

A. Scotto di Santolo, A. Evangelista 
University of Naples Federico II, Italy 

ABSTRACT 
This paper reports the results of a theoretical analysis that aims to investigate the reliability of rainfall threshold for debris flows in
partially saturated pyroclastic soils. The study refers to a typical pyroclastic cover in the area of Campania, Italy, which is often
affected by these phenomena. The prediction of triggering is of extreme importance for hazard mitigation, because of the dynamic
features that characterize these landslides during their evolution. The study highlights the fact that it is extremely uncertain to define
the hazard of a storm by means of empiric thresholds that correlate the mean intensity of rainfall and duration. This work confirms 
once again that the evaluation of an early warning system based on hydrological threshold, even if carried out on a theoretical basis, is
inaccurate due to the uncertainty of numerous factors. A more efficient approach must be hinged on the effects of rain such as suction
or water content variation measured by means of in situ monitoring. 

RÉSUMÉ
Ce document rapporte les résultats d'une analyse théorique qui contient une certaine considération sur la validité du seuil de
précipitations pour des écoulements de débris dans les sols pyroclastiques partiellement saturés. L'étude se rapporte à des analyses des
couvertures pyroclastiques dans le secteur du Campania, Italie, qui est souvent affectée par ces phénomènes. La prévision de
déclenchement des facteurs est d'importance extrême pour la réduction du risque, considère les dispositifs dynamiques qui
caractérisent ces éboulements pendant leur évolution. L'étude accentue le fait qu'elle est extrêmement incertaine pour définir la
criticité d'un événement météorique au moyen de lois empiriques qui corrèlent l'intensité moyenne des précipitations et la durée
moyenne de l'événement. Ce travail confirme encore que l'évaluation d'un système de première alerte et basé sur le seuil
hydrologique, même si effectué sur les bases théoriques, reste insatisfaisant en raison de nombreux facteurs incertains. Une approche
plus efficace doit être articulée sur les effets de la pluie tels que l'aspiration ou la variation de teneur en eau mesurée au moyen de
surveillance in situ.
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1 INTRODUCTION 

The Campania region, South Italy, has many times been 
affected by instability phenomena, above all the complex type 
that begin as (rotational or translational) slide or fall and evolve 
into rapid landslides as earth-flows (debris or mud according to 
grain size distribution). These phenomena generally involve 
upper layers of unsaturated pyroclastic deposits.  

The triggering of landslides is strongly related to rainfall: the 
increase of water content in soil is the main unquestionable 
factor leading to soil failure (e.g. Lumb, 1962; Iverson, 2000; 
Scotto di Santolo et al., 2000; Cascini & Sorbino, 2003). 
Infiltration of rainfall leads to a decrease in suction which 
reduces the shear strength of the shallow soil (e.g. Fredlund et 
al., 1978; Evangelista & Scotto di Santolo, 2001). The 
prediction of triggering factors is of extreme importance for 
hazard mitigation, owing to the dynamic features that 
characterize these phenomena during their evolution.  

Several approaches have been proposed: empirical rainfall 
threshold methods, probabilistic methods and physically-based 
models (e.g. Caine, 1980; Montgomery & Dietrich, 1994; 
Calcaterra et al., 2000; Scotto di Santolo, 2000; Baum et al., 
2002; Evangelista et al., 2007). 

The present study analyzes a physically-based model in an 
unsaturated pyroclastic deposit.  

The paper does not aim to propose a more reliable rainfall 
threshold in order to predict the Campania events but will check 

considered procedure and show the influence of many factors 
that make the results uncertain. 

The analyses have been carried out on a homogeneous 
pyroclastic soil with hydraulic and physical parameters 
pertaining to Campania soils particularly of the city of Naples 
(Scotto di Santolo, 2000; Picarelli et al., 2007; Papa, 2008).  

2 DESCRIPTION OF THE PARAMETRIC ANALYSIS 

2.1 Preliminary considerations 

This study analyzes the phenomenon using a simplified subsoil 
model: it focuses exclusively on seepage. Rainfall is considered 
critical when it is capable of saturating the soil cover till a 
predefined depth zc.

For the purposes of this study, an arbitrary zc value is fixed. 
This has been assumed to be 1m according to the experimental 
evidence in the source area of landslides (Calcaterra et al., 2000; 
Scotto di Santolo, 2002).  

The parametric analysis has been carried out considering the 
role played by:  

• saturated hydraulic conductivity (permeability ks);
• water retention curve; 
• conductivity function; 
• initial suction conditions;  
• temporal evolution of the meteoric event. 
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2.2 Adopted constitutive models 

The governing flow equation for one-dimensional condition in 
an unsaturated rigid porous medium is given by the modified 
form of the Richards’ equation: 
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where θ  is the volumetric water content, ψ is the pressure head 
(negative for unsaturated soil), K is the hydraulic conductivity, z
is a vertical coordinate positive upward and t denotes the time.  

This equation has been solved with two different approaches. 
The first one is the finite-element model HYDRUS 1D code 
(Simunek et al., 2005) using the well known constitutive 
relation proposed by van Genuchten (1980) for this reason not 
reported. Table 1 reportes the reference parameter values and 
table 2 those assumed in the present analysis. 

Table 1. Pyroclastic retention curve parameters for van Genutchen 
model (1980) 

Reference ks

(mm/h) 
θs

(1)
θr

(1) 
n 

(1)
α 

(mm-1) 

l

(1) 
18 0.501 0.078 1.560 0.036 -0.5 Scotto di Santolo, 2000 
2.02 0.655 0.0 1.198 0.0009  0.5 
7.63 0.565 0.130 1.711 0.0014 -1.05
2.54 0.659 0.164 1.495 0.0012 -2.85

Papa, 2007 

0.44 0.507 0.120 1.391 0.0007 -7.12
Sorbino e Foresta 
(2002) 

220 0.639 0.000 1.236 0.021 -2.36

where α, n, m (m=1-1/n) and l are empirical parameters 

Table 2. Parameters used 

ks

(mm/h) 
θs

(1)
θr

(1) 
n 

(1)
α 

(mm-1) 

l

(1) 
0.1÷100 0.5 ÷ 0.8 0.078 1.1÷1.56 0.001÷0.036 -0.5 

The second approach is a finite-difference scheme code 
developed by the authors using the constitutive relationship 
proposed by Srivastava & Yeh (1991) appropriately modified. 
The Srivastava and Yeh (1991) proposed equations are: 

( ) ( ) ψβθθθψθ ⋅⋅−+= 1ersr  (2) 

( ) ψβψ ⋅⋅= 2ekK s  (3) 

with β1 = β2 and where θr and θs denote respectively the 
residual and saturated water contents, ks is the saturated 
hydraulic conductivity. 

In order to make comparable the water retention and 
conductivity of the two approaches it is necessary to assume 
two different β values (β1 ≠ β2). β1 is equal to 0.006 (cm-1) and 
β2 = 15⋅β1. Using this constitutive equation in (1) a new form of 
Richards equation can be obtained and expressed as: 
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2.3 Initial and boundary conditions 

The considered subsoil is constituted by an upper homogeneous 
soil with a thickness equal to 1m (layer A) that is waterproofed 
at the base by a clearly less permeable soil (layer B).  

The assumed boundary condition at the soil surface is a flux 
equal to the rain with no ponding. 

Three initial constant pressure head profiles have been 
considered:  

• I1: -1000 mm 
• I2: -3000 mm 
• I3: -7000 mm. 

Thirteen constant infiltration rates q, ranging from qmax = 
286mm/h and qmin = 0.1mm/h, have been considered for each 
initial condition and for each saturated conductivity ks (0.1; 1.0; 
10 and 100 mm/h). 

Finally ten meteoric events with the same main flux, each 
made up of 26 hours random rainfall, have been analyzed. The 
probability of the triggering has then been calculated for each 
meteoric event. 

3 RESULTS 

For each analysis the critical time (tc) necessary to saturate the 
tickness zc of the homogeneous soil (layer A) has been 
evaluated.  

Two different modes of advance of the humid front and 
saturation have been observed according to the value assumed 
by the q/ks ratio.  

For q/ks > 1 a saturated front advances gradually to depth zc

(mode 1).  
For q/ks <= 1 the infiltration develops in depth with unitary 

gradient conserving the soil in conditions of partial saturation 
with a constant suction value (ψ*) so that k(ψ*)=q. Such phase 
ends with the saturation of the base layer (mode 2).  

The typical head pressure profiles during wetting are 
reported in figure 1 for both modes.  
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Figure 1. Pressure head profile: a) mode 1; b) mode 2. 
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The approximation formulated on the impervious bottom, has 
no influence with solution if the flux q in the deeper soil B is 
greater than saturated conductivity (q≥ksB; mode 1). Instead this 
hypothesis is not accurate if soil B follows mode 2 (q<ksB); in 
fact layer B assumes a constant value of the suction (ψB*) that 
makes ksB(ψB*)=q. 

While in mode 1 gradual saturation may determine the 
triggering of the cover for successive saturated layers, mode 2 
determines the total triggering of layer A in conditions near 
saturation when ψ=0 at zc. The second mode seems to develop a 
more dangerous evolution of the landslide. 

In figure 2 the effect of ks is reported for the intermediate 
initial condition (I2). It is observed that the critical time is 
independent of q when q>ks because of run off (mode 1). The tc

increases with the decrease of q for q<ks (mode 2). The plot 
shows that the tilted segment of the curve (mode 2) is 
independent from ks.

Figure 3 shows the effect of initial moisture conditions (I1, 
I3) on the evaluation of critical time for each flux (q) and each 
saturated conductivity ks assumed. In particular the ratio of the 
critical time evaluated for the initial condition I3 on that 
evaluated for I1 is reported. It is observed that the effect of the 
initial condition is constant during mode 1 and it is relevant in 
mode 2. This may be easily deduced also from figure 6.  

Finally the role played by the volumetric water content θs,
that coincides with the porosity, has been brought back in 
figure 4 for ks equal to 10mm/h and q equal to 25mm/h 
(mode 1). It can be observed that it has a relevant effect on tc.
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Figure 2. Effect of ks for ψo=-3000mm: vertical segment of the curve 
mode 1, tilted segment mode 2 
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Figure 3. Effect of initial conditions and ks on tc.
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Figure 4. Effect of saturated water content θs on tc.

3.1 Effect of Rainfall variation 

Usually at the base of the theoretical or experimental rainfall 
thresholds a constant medium rain is assumed. This hypothesis 
has been removed for a critical case with q= 25.6mm/h and 
duration of tc= 26 hours for ks =10 mm/h and initial condition 
I2. The analysis of the infiltration has been carried out assigning 
to 10 meteoric events, with the same mean flux (25.6mm/h), 
each composed of random hourly intensity.  

Figure 5 shows the water infiltration for each meteoric event: 
only in four cases it is high and almost equal to the total rainfall.  

For each event a final suction value at 1m has been 
evaluated. A condition next to critical has been reached only in 
the previous 4 events. This demonstrates that the hypothesis of a 
constant flux determines a precautionary solution.  
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Figure 5. Water infiltration for 10 hour rainfall distributions with 
qm=25.6mm/h for tc=26h (ψo=-3000mm and ks=10mm/h). 

4 INFLUENCE OF PARAMETERS ON THE RELIABILITY 
OF THE FORECAST 

The results obtained show that critical rainfall depends on 
numerous factors as the following:  

• permeability; 
• initial suction conditions;  
• forms of temporal development of the rainfall. 

The influence of different water retention curve and 
conductivity function on tc is not considered because it has been 
used one validated for fine grained pyroclastic soil. 
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Figure 6. Numerical results for ks ranging from 100÷0.1mm/h and for 
three initial conditions (I1= -1000mm; I2= -3000mm; I3= -7000 mm). 
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Figure 7. Empirical threshold and critical rainfall for flows in the 
Campania region, Italy 

The most influential parameter is expected to be ks. It plays 
various roles according to the infiltration modality developed in 
situ. In mode 1 the evaluation of tc may be estimated 
erroneously with a mistake of one or more orders of magnitude 
for a comparable mistake on ks. If the phenomenon is carried 
out in mode 2 instead, the error is contained. For these reasons 
the uncertainties in the forecast are greater when q/ks is high. 
The error due to the initial humidity condition is limited 
especially in mode1 1 (figure 3).  

The numerical results, reported in figure 6, are compared 
with two empirical hydrological thresholds: a first one 
developed for debris flow worldwide (Caine, 1980), a second 
one related to Campania flows (Calcaterra et al., 2000), and 
with a mixed threshold for different initial conditions (wet and 
dry) (Scotto di Santolo, 2000) together with the critical events 
occurred in Campania (figure 7). 

It seems that the majority of the landslides is carried out in 
mode 2 for a ks ranging from 10 to 100 mm/h. These values are 
in agreement with those reported in table 1. 

All these considerations suggest that there is no single model 
of “critical rainfall” but that each one is valid only on the basis 
of local conditions. Moreover, it has been demonstrated that 
their use is extremely uncertain.  

This work confirms once again that the evaluation of an 
early warning system based on the hydrological threshold, even 
if carried out on theoretical bases, is inadequate because of the 
uncertainty of numerous factors. A more efficient approach 
must be hinged on the effects of the rain such as suction or 
water content variation measured by means of in situ 
monitoring. 
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