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Abstract
In Campania (Italy) there have been rapid landslides in recent decades caused by heavy rainfall on unsaturated soil covers resting

on steep bedrock. The triggering mechanism of these landslides has been extensively investigated and is well known, being associated

with fluctuations of the pore pressure regime. In this respect, the hydraulic condition at the ground surface largely prevails over the 

other factors which regulate the pore pressure regime. Thus changes in weather conditions represent the basic factor affecting the

stability of the slopes in question. We present the results of ongoing monitoring at two test sites in the municipalities of Monteforte

Irpino and Cervinara, selected for their geological and geomorphologic features which are highly representative of mountain areas

in the Campania region. Supplemented by wide-ranging laboratory investigation, the data enabled complete characterization of the

pore pressure regime as a response to weather action.

1. Introduction

Debris flows and flowslides [HUNGR et al., 2001] 

in granular soils pose a major threat to human life 

and the environment due to the following features: 

(i) often incoming failure cannot be recognized in 

time to issue early warnings, (ii) the post-failure evo-

lution consists of a very rapid run-out, (iii) the land-

slide volume increases progressively downslope, en-

training the soil encountered along its path.

Rainfall is the most usual cause of flowslides in 

unsaturated soils, in fact infiltration into the cover 

causes a decrease in matric suction and consequent-

ly in shear strength. However, the pore pressure re-

gime is influenced not only by infiltration, but also by 

evapotranspiration flux. Therefore, complete knowl-

edge of weather conditions and vegetation charac-

teristics is a fundamental input to model the interac-

tion between the soil water and the atmosphere (in-

filtration and evapotranspiration) and hence to an-

alyze and predict the evolution of pore pressures in 

soils prone to sliding [SMETHURST et al., 2006].

Once the hydraulic boundary conditions (in par-

ticular at ground level) are known, groundwater flow 

analysis can be carried out correctly and pore pres-

sures can be calculated. However, groundwater flow 

analysis, albeit an important premise to investigate 

slope stability, is not the only aspect to be account-

ed for in the modelling of the complex behaviour of 

natural slopes. Major susceptibility to landslides can 

be caused by local morphological and stratigraphic 

factors, by human activity and other local factors. For 

this reason most of the currently available models or 

procedures can not predict exactly site and time of 

potential failure, due to the prominent role of geo-

morphological and geotechnical details which, if 

distributed randomly, are not easily implemented 

in the slope model. Therefore, spatial prediction of 

slope failure is possible at a relatively small scale (vast 

area, thus neglecting local situations) only in global-

ly homogeneous areas.

Prediction of the time to failure benefits from 

monitoring, that allows to identify the most critical 

periods for slope stability and the soil conditions 

that favour landslide occurrence. To this aim, a dis-

tinction has to be made between predisposing factors,

identifying the slope and soil conditions (morphol-

ogy, stratigraphy, soil properties, suction, water con-

tent) that predispose the slope to failure, and trig-

gering factors, which directly cause slope failure. The 

triggering factor could be a critical rainfall sequence, 

consisting of the major event and antecedent rain-

falls, preceding the major event (Fig. 1a). In this case 

characterising the critical rainfall sequence through 

a single value of cumulative rainfall is ineffective, be-

cause the rainfall pattern can have a major influence 

on the hydraulic response of the subsoil.

With regard to the time prediction, the only reli-

able option consists in the assessment of the state of 

the soil which can lead to slope failure (Fig. 1b). In 

the case examined in this paper, a thorough assess-

ment of the evolution of the soil state (water con-

tent or degree of saturation) and of the correspond-

ing pore pressure regime is shown to be extremely 

useful to evaluate the landslide susceptibility of the 

subsoil. Monitoring at the two test sites of Cervinara 

and Monteforte Irpino is shown to provide a useful 

methodological guideline to recognize the most crit-

ical periods and unfavourable soil conditions for slope 
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stability in unsaturated pyroclastic soils in Campan-
ia. In this framework the paper describes the season-
al features of the pore pressure regime at the two test 
sites. Comparison of monitoring data allows to iden-

tify key aspects of the groundwater regime in the un-
saturated soils and the hydraulic conditions at the 
ground surface recognized as a chief factors. Finally, 
the paper proposes a criterium to model the soil wa-
ter–atmosphere interaction, as applied to the Mon-
teforte site.

2. Experience in Campania

2.1. Landslide risk

The Campania region, in Southern Italy, is one 
of the most landslide-prone areas in Europe, espe-
cially for flowslides and debris flows which involve 
loose pyroclastic soils mantling calcareous massifs 
(e.g. in the western area of the region, Fig. 2). In 
this extensive, relatively densely populated area, ev-
ery landslide, even if small, can impact a building 
or invade a road, causing destruction and victims. 
Recent years have seen the flowing of catastrophic 
landslides: the 1997 Pozzano and Nocera Inferiore 
flowslides (5 fatalities), the 1998 debris flows which 
hit four towns at the toe of Mt. Pizzo d’Alvano (160 
fatalities) [CASCINI and FERLISI, 2003] and the town 
of S. Felice a Cancello, the 1999 Cervinara flowslide 
(5 fatalities), the 2005 Nocera Inferiore flowslide 
(3 fatalities) and finally the 2006 Ischia flowslides 
(3 fatalities). The total volume of the 1998 debris 
flows was estimated to be about 3 million m3; ac-
cording to a back analysis based on the damage ex-
perienced by the buildings, their velocity ranged 
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Fig. 1 – a) Critical rainfall sequence; b) spatial and time 

scale of triggering and predisposing factors.

Fig. 1 – a) Sequenza critica di pioggia; b) scala spaziale e 

temporale dei fattori innescanti e predisponenti.

Fig. 2 – Map of Campania indicating: (i) test sites at Cervinara and Monteforte, (ii) recent flow slide events.

Fig. 2 – Mappa della Campania in cui sono indicati: (i) il sito sperimentale di Cervinara e quello di Monteforte Irpino, (ii) alcuni recenti 

eventi di frana.
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between 1 and 20 m/s [FAELLA and NIGRO, 2003]. In 
the same zone more than 200 towns located in an 
area of 3000 km2 are threatened by landslides.

Risk mitigation would require important and ex-
pensive control works. To protect the four towns at 
the foot of Mt. Pizzo d’Alvano from further landslides 
(generically called the Sarno area), in the 13 years 
following the 1998 event structural measures have 
been carried out, consisting of: 1) control works, 
like sediment basins, diversion structures, transverse 
walls; 2) retarding reservoirs for flood routing; 3) 
check dams located in the upper part of gullies for 
bed erosion control; 4) hydraulic channels to collect 
shallow waters; 5) bioengineering techniques against 
slope erosion. However, with the financial resourc-
es available it is impossible to extend these control 
measures to all exposed areas. Thus a different strat-
egy is necessary, based on monitoring of the soil state 
with the final goal of setting up a physically-based 
early warning system.

2.2. Test sites

The Monteforte Irpino test site, about 40 km 
East of Naples, has been monitored since 2005. 
The monitoring equipment consists of : (i) 94 tra-
ditional vacuum tensiometers, i.e.: jet-fill tensiome-
ters (SoilMoisture Equipment Corp.) and SMS ten-
siometer tubes (SDEC France); (ii) 40 TDR probes 
15 cm long; (iii) 6 Casagrande piezometers; (iv) a 
weather station. Monitoring of suction started about 
four years ago; water contents have been measured 
for about two years.

The Cervinara test site is located beside the slope 
involved in the 1999 flowslide. First instruments (12 
jet-fill tensiometers and a weather station) were in-
stalled in 2001; in 2009 the site was equipped with 
further instruments (tensiometers and TDR probes) 
for automatic recording of suction and volumetric 
water content. Global monitoring at the site spans 
more than 10 years, while water contents data cover 
about two years.

2.3. Monteforte Irpino test site

2.3.1. GEOLOGICAL ASPECTS AND STRATIGRAPHY

In the Monteforte Irpino area, five recent flow-
slides and a number of ancient accumulation zones 
were recognized around the test site, demonstrating 
high landslide susceptibility. The bedrock (fractured 
limestone) is covered by the products of a series of 
eruptions of the Somma-Vesuvius volcano. The un-
saturated pyroclastic soil is few metres thick (3-5.5 
m). The slope is quite regular and has an average 
angle of 25°-30°, with local values reaching 35°-40°. 

The vegetation consists of chestnut woods and shru-
bland. These features are representative of other 
sites in Campania subjected to rapid landslides in py-
roclastic soils (e.g. Pizzo D’Alvano, Monti di Avella 
and Monte Partenio).

Geological and stratigraphic investigation were 
carried out in an area of about 14500 m2 where the 
chestnut trees had been previously coppiced. In this 
zone five boreholes (highest depth 6.0 m) and 15 ex-
ploration trenches (highest depth 6.0 m) were per-

Fig. 3 – a) Position of deep trenches and boreholes at 

Monteforte Irpino and details of the instrumented area; 

b) simplified stratigraphic profile with indication of the in-

strumentation installed; c) stratigraphic section C-C’ (mo-

dified from EVANGELISTA et al., 2008).

Fig. 3 – a) Posizione di trincee e sondaggi realizzati nel sito di 

Monteforte Irpino e dettagli dell’area strumentata; b) profilo 

stratigrafico semplificato e strumentazione installata; c) sezione 

stratigrafica C-C’(modificato da EVANGELISTA et al., 2008).
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formed (Fig. 3a). The stratigraphic succession con-
sists of a series of layers essentially parallel to the 
ground surface (Fig. 3c). Starting from the ground 
surface (Fig. 3b) it includes [PAPA et al., 2008]: the 
topsoil, i.e. humified ash including roots and organ-
ic matter (soils 1-2), three quite similar pumice lay-
ers (soil 3), a palaeosoil consisting of weathered vol-
canic ash (soil 4), some pumiceous layers (soil 5), an 
older palaeosoil of pyroclastic nature (soil 6); a vol-
canic sand (soil 7); and two layers of highly weath-
ered fine-grained brownish ash (soil 8).

While layers 4 and 5 are found throughout the 
investigated area, layer 3 and the topsoil (layers 1 
and 2) are absent in the steepest zones (slope angles 
higher than 35°). This suggests that slopes exceed-
ing 35° have been scoured as a consequence of pre-
vious landslides.

2.3.2 SOIL PHYSICAL PROPERTIES AND HYDRAULIC CHARACTE-

RIZATION

The main soil properties are reported in table I
[PAPA, 2007; NICOTERA et al., 2010]. All soils are very 
loose and unsaturated (the highest degree of satu-
ration is measured in the deepest layers). Shallower 
soils (1 and 2) have quite similar grain-size distribu-
tions; soil 4 is well-graded, ranging from sand to silt 
with a small clay fraction; layers 6 and 8 are signifi-
cantly finer than the others; soils 3, 5 and 7 are quite 
uniform coarse-grained materials: soil 7 is a medium 
silty sand, soil 5 is a coarse sand and soil 3 is a gravel 
(Fig. 4).

The water retention curves and hydraulic con-
ductivity curves of all soils are reported in Figures 
5a-h while the mean values and coefficients of varia-
tion of the Mualem-van Genuchten model parame-
ters are reported in table II [NICOTERA et al., 2010]. 
As regards water retention properties, all soils be-
have as coarse-grained materials. They are charac-
terized by an air entry value ranging between 8 kPa 
and 13 kPa. Starting from the saturated condition, 
they become almost dry when the applied matric 
suction reaches about 100 kPa. However, some dif-
ferences can be recognised between the shallowest 
and intermediate layers (1-2 and 4) and the deepest 

Tab. I – Mean soil physical properties at Monteforte Irpi-

no site.

Tab. I – Proprietà fisiche medie dei terreni del sito di Monteforte 

Irpino.

soil s

(kN/m3)

d

(kN/m3) (kN/m3)

n Sr

1 26 8 12 0.69 0.57

2 27 8 12 0.70 0.69

4 26 7 12 0.71 0.71

6 26 7 12 0.72 0.77

7 25 8 12 0.69 0.64

8 25 11 - 0.58 -

* mean value of Sr obtained from samples taken in different 
periods

s: specific unit weight, d: dry unit weight, : soil unit weight, n:
porosity, Sr: saturation degree.

Fig. 4 – Grain size distributions of soils recovered at the Monteforte Irpino test site: a) layers 1-2; b) layer 4; c) layers 6-8; d) 

layers 3, 5, 7 (modified from PAPA, 2007).

Fig. 4 – Curve granulometriche dei terreni del sito di Monteforte Irpino: a) terreno 1-2; b) terreno 4; c) terreno 6-8; d) terreni 3, 5, 7 

(modificato da PAPA, 2007).
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ones (6 and 8). The latter have a significantly high-
er air entry value. Furthermore, saturated hydraulic 
conductivity clearly decreases with depth: measured 
values are conventionally reported in figure 5b, d, f, 
h as isolated points for a suction value of 0.1 kPa. In 
particular, layer 8 presents the lowest conductivity.

2.3.3. MONITORING DATA

Within the investigated surface monitoring cov-
ered an area of about 230 m2 where 20 verticals were 
instrumented along three longitudinal sections (Fig. 
3a). Suction monitoring started on October 13th,
2005. The readings were carried out weekly till mid-
autumn 2006, using portable quick-draw tensiome-
ters driven to depths of 0.30 m and 0.60 m (Fig. 6b, 
QD1, QD2). During autumn 2006, 80 tensiometers 
were installed in layers 1, 2 and 4, along some in-
strumented verticals (Fig. 3b). A number of tensio-
meters were subsequently installed in layers 6 and 8; 
data have been available only since July 18th, 2008.

Instrumented verticals were located at the ver-
texes of a fairly regular rectangular grid [PAPA et

al., 2008] formed by 14 square meshes 4 m x 4 m 
(Fig. 3a). Also, six TDR probes (two probes for each 
ash layer) were installed along the verticals in the 
central section. The presence of two thick pumice 
layers (soils 3 and 5) influenced significantly the de-
sign of the monitoring system. Indeed, both tensi-
ometers and TDR probes are ineffective in measur-
ing matric suction and water content in pumice. Fi-
nally, in each vertical a piezometer was installed at 
the bottom of the sequence in order to measure pos-
itive pore water pressures (if any) due to water seep-
ing above the top of limestone (Fig. 3b). Readings 
were regularly carried out three times a month.

Since November 8th, 2006, daily rainfall has been 
measured by the Monteforte official rain gauge set 
up by the Civil Protection, a few kms away from the 
test site (Fig. 6a). Furthermore, a weather station was 
installed in June 26th, 2009, to monitor the weath-
er parameters (i.e. rainfall, solar net radiation, air 
temperature, air pressure, air humidity, wind speed 
and direction); all weather sensors are connected to 
a Campbell Scientific datalogger which records the 
rainfall intensity every ten minutes and the other da-
ta every four hours. Table III reports the type and 
number of instruments installed and the frequency 
of measurements.

The total annual rainfall varies considerably over 
the years, with the lowest value of 1173 mm in 2007 
and a peak of 1936 mm in 2010 (Fig. 6a). This differ-
ence is essentially due to the amount of rain falling 
from September to December, totalling 500 mm in 
2007 and 982 mm in 2010.

Figure 6b reports matric suction data logged by 
means of a portable tensiometer; they are reported 
as average values of all measurements at depths of 
0.3 m and 0.6 m. Also, readings taken with fixed 
tensiometers are presented as average values in each 
layer. Matric suction shows seasonal fluctuations 
at each depth; suction is almost constant during 
winter, while it increases in spring and summer. 
The highest values were measured in summer at the 
shallowest depths (TL1 and TL2). Matric suction 
progressively decreases during the wet season. 
In the superficial layers it is heavily influenced by 
single rainy events; however, seasonal variations play 
a major role. In contrast, in the intermediate and 
deeper layers, suction is unaffected by individual 
events; furthermore, the seasonal cycle is delayed 
and the range of measured values over the yearly 

Tab. II – Mean soil hydraulic parameters at Monteforte Irpino site [from NICOTERA et al., 2010].

Tab. II – Proprietà idrauliche dei terreni del sito di Monteforte Irpino [da NICOTERA et al., 2010].

soil s r
-1

(kPa)
n K0

(m/s)

1 mean 0.565 0.135 8.08 1.716 -1.052 2.13×10-6

coeff. of variation (%) 7.7% 42.5% 34.2% 14.0% 96.2%

2 mean 0.617 0.143 8.72 1.602 -1.054 3.04×10-6

coeff. of variation (%) 4.4% 41.2% 29% 14.6% 100.3%

4 mean 0.659 0.164 9.30 1.495 -2.850 6.85×10-7

coeff. of variation (%) 3.5% 38.8% 34.8% 8.9% 56.3%

6 mean 0.669 0.198 13.10 1.645 -2.698 3.08×10-7

coeff. of variation (%) 2.2% 50.9% 32.9% 12.1% 24.9%

8 mean 0.508 0.120 12.20 1.390 -5.707 1.08×10-7

coeff. of variation (%) 15.6% 8% 21.3%

s volumetric soil water content at saturation; r volumetric residual soil water content;

 approximately equal to inverse of the air entry pressure n empirical parameter (van Genuchten model);

 empirical parameter (van Genuchten model); K0 permeability corresponding to the value of water content at the begin-

ning of the evaporation test (i.e. at s=0 kPa).
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Fig. 5 – Experimental retention curves obtained along drying paths (from NICOTERA et al., 2010): a) soils 1 and 2, c) soil 4, e) 

soil 6, g) soil 8 ; hydraulic conductivity functions for: b) soils 1 and 2, d) soil 4, f) soil 6, h) soil 8.

Fig. 5 – Curve di ritenzione in essiccamento ottenute in laboratorio (da NICOTERA et al., 2010): a) terreni 1 e 2, c) terreno 4, e) terreno 6, 

g) terreno 8; curve di permeabilità dei: b) terreni 1 e 2, d) terreno 4, f) terreno 6, h) terreno 8.

scale, especially in soils 6 and 8, is smaller than that 
in shallower layers.

Figures 7(a-c) report matric suctions measured 
along the vertical 2B and the corresponding total 
head evaluated from the ground level. The profiles 
are grouped by season: readings from January to 
April are included in the first set, those from May to 
August are reported in the second and those from 
September to December in the last set. In the wet 
season and early spring, suction is almost constant 

over time, displaying quite a uniform value which 
fluctuates between 5 and 10 kPa in all layers. The 
profiles of total head suggest a downward vertical wa-
ter flow. In late spring and summer superficial and 
intermediate soils experience an increase in mat-
ric suction due to evapotranspiration which causes 
a vertical upward water flow. Because of major rain-
falls, from September to November matric suction 
was quite low in shallow and intermediate layers with 
values typical of the wet season. Hence, the water 
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flow again displays a downward vertical component. 
Direction of the head gradients (opposite to flow 
vector) was calculated accurately in the longitudinal 
section of the slope [PAPA et al., 2012] interpolating 
heads obtained from measurements, with the grid-
ding technique. This elaboration confirms that dur-
ing the wet season water flux is vertical and directed 
downward. In December suction attained values at 
all depths which were similar to those measured in 
January.

2.4. Cervinara test site

2.4.1. GEOLOGICAL ASPECTS AND STRATIGRAPHY

The basal formation of the Cervinara test site 
consists of fractured Mesozoic-Cenozoic limestones. 
The stratigraphic sequence of the soil cover was ob-
tained by pits, dugs and boreholes dug along the 
slope and at its foot (Fig. 8). The cover is formed of 
ashes alternating with pumices. The total thickness 

Fig. 6 – Monitoring results at the Monteforte Irpino test site: a) daily rainfall registered by the Monteforte rain gauge and in 

situ rain gauge; b) mean suction averaged for the whole field in layers 1, 2, 4, 6, 8.

Fig. 6 – Risultati del monitoraggio condotto nel sito di Monteforte Irpino: a) pioggia giornaliera registrata dal pluviometro installato a 

Monteforte Irpino e da quello installato in sito; b) valore medio della suzione misurata nei terreni 1, 2, 4, 6, 8.

Tab. III – Information about measurements collected in situ at Monteforte Irpino.

Tab. III – Frequenza delle misure raccolte nel sito di Monteforte Irpino.

measure instruments number monitored period frequency of measurements

matric suction portable tensiometer 1 from 2005 to 2006 ten days

permanent tensiometers 94 from 2006 ten days

volumetric water content TDR probes 40 from 2008 ten days

rainfall Monteforte raingauge 1 from 2005 one day

on site raingauge 1 from 2009 ten minutes

wind speed anemometer sensor 1 from 2009 four hours

air relative humidity hygrometer sensor 1 from 2009 four hours

air temperature

net radiation net radiometer sensor 1 from 2009 four hours
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Fig. 7 – Suction and total head profile along vertical 2B at the Monteforte Irpino test site: a) from January to April , b) from 

May to August, c) from September to December.

Fig. 7 – Profilo di suzione e di quota piezometrica lungo la verticale 2B del sito di Monteforte Irpino: a) da gennaio ad aprile, b) da 

maggio ad agosto, c) da settembre a dicembre.
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of the primary deposits barely exceeds 2 m. From 

top to bottom, under a top soil formed by remould-

ed volcanic ash (about 60 cm thick), the following 

layers have been identified [OLIVARES and PICAREL-

LI, 2003]: i) an upper layer of coarse pumices 20 cm 

thick (A); ii) a 100 cm thick layer of volcanic ash (B); 

iii) a horizon (20 cm) of fine pumices mixed with 

ash (C); iv) a bottom layer (40 cm) of altered slight-

ly plastic ash (D) directly covering the fractured cal-

careous bedrock. A simplified soil profile is shown 

in figure 8. Only at the foot of the slopes pyroclastic 

soils reach tens of metres thickness as result of col-

luvium accumulation; in this case, the soil consists of 

remoulded ash with isolated pumices.

2.4.2. SOIL PHYSICAL PROPERTIES AND HYDRAULIC CHARACTE-

RIZATION

Figure 9 shows the grain size of soils sampled 

along the slope. In particular, i) the ash layer B is 

well-graded and displays a high sandy component 

and a significant amount of non-plastic silt which is 

essentially constituted by very poor ordered miner-

als, sanidine and pyroxenes [PICARELLI et al., 2006]; 

ii) the altered ash (D) presents a higher silty compo-

nent with some clay; iii) pumices fall in the domain 

of sandy gravel (A) or gravelly sand (C).

Fig. 8 – The instrumented slope at Cervinara test site: a) plan-view; b) schematic cross-section; c) photo of the landslide and 

location of instrumentation [DAMIANO and OLIVARES, 2010].

Fig. 8 – Pendio strumentato a Cervinara: a) pianta; b) sezione trasversale; c) foto della frana e zona strumentata [DAMIANO and OLIVARES,

2010].

Fig. 9 – Grain size distributions of soils recovered at the 

Cervinara test site [DAMIANO et al., 2012].

Fig. 9 – Curve granulometriche dei terreni del sito di Cervinara 

[DAMIANO et al., 2012].
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Table IV reports the mean values of physical 
properties. The soil is unsaturated. Thanks to suc-
tion, good-quality undisturbed sampling is possible 
even in sandy soils. As in other sites covered by air-
fall ash, the overall porosity of volcanic ash soil (layer 
B) is very high, ranging between 50% and 69%. No-
tice that the values reported for pumices are only in-
dicative since the recovery of high quality samples is 
very difficult for these soils.

Hydraulic characterization was carried out on 
both undisturbed and reconstituted specimens. The 
saturated coefficient of hydraulic conductivity was 
measured both in an oedometer and triaxial appara-
tus through constant head tests carried out on sam-
ples taken from layers B, C and D under different ef-
fective stresses (20-630 kPa). Tests on pumice A were 
performed only on reconstituted specimens. The re-
sults (Fig. 10) show that the hydraulic conductivity 
is strongly influenced by the confining stress. A less 
regular trend is shown by the altered ash D, even if 
the data are too scant to provide a clear relationship. 
It is worth noting that soil C, classified as a sand, dis-
plays quite a low conductivity. This is probably relat-
ed to the presence of a non-negligible fine-grained 
component constituted by altered ash from soil D. 
In general, under the lowest confining stresses, the 
saturated hydraulic conductivity ranges between 
5.0 10-6 m/s, measured on coarse pumices (A), and 
about 2 10-6 m/s, measured on samples taken from 
the lowermost altered ash layer (D).

Figure 11a reports the unsaturated hydraulic 
conductivity of ash B. This was obtained by the in-
terpretation of the transient phase of suction equal-
ization relative to triaxial tests, SCTX tests (suction 
controlled triaxial tests), on unsaturated specimens, 
interpreted by the expressions proposed by KUNZE et

al. [1968] and BROOKS and COREY [1964]. It ranges 

between 10-6 and 10-8 m/s for values of suction ex-
perienced in situ (between 0 and 80 kPa). The ex-
perimental data were interpolated by the GARDNER

[1958] expression.
With regard to the water retention properties, 

only data for volcanic ashes B and pumices C are 
available (Fig. 11b). The soil-water retention curve, 
SWRC, of volcanic ash was obtained by means of 
conventional tests (SCTX tests, pressure plate, Wind 
technique) and through unconventional infiltration 
tests on small-scale model tests [DAMIANO and OLIVA-

RES, 2010]. In the first case both wetting (empty tri-
angles in Fig. 11b) and drying (full triangles in Fig. 
11b) stages were imposed, whereas in the second 
type of tests only wetting processes were induced. 
Experimental data obtained both in wetting and in 
drying stages show no significant differences, sug-
gesting little hysteretic effects. However, a compar-
ison between the SWRC curves obtained through 
conventional long-term laboratory techniques and 
flume infiltration tests (Fig. 11b) shows that, in spite 
of some scattering, for w higher than 0.38 the char-
acteristic curve extrapolated by flume tests (curve 2 
in Fig. 11b) is lower than that obtained by laboratory 
tests (curve 1 in Fig. 11b). As a final consideration, it 
seems useful to point out that, in the general, all in-
vestigated soils behave like coarse-grained materials, 
displaying low air entry values (in the range 2-4 kPa), 
low values of the residual water content (for matric 
suction around 100 kPa) and strong changes in volu-
metric water content in the transition zone.

2.4.3. MONITORING DATA

Rainfall data collected since 1964 by the San 
Martino Valle Caudina gauge (502 m a.s.l.), a few 
kilometres from the instrumented slope, show that 
mean monthly precipitation (Fig. 12b) characteriz-
es wet autumns and winters and dry summers. An-
nual rainfall ranges between 564 mm (1992) and 
2330 mm (1985) with a mean value of 1300 mm. Al-
so maximum daily precipitation displays a great vari-
ability, ranging from 32 mm and 180 mm (Fig. 12a).
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Fig. 10 – Soil hydraulic conductivities at saturation as a fun-

ction of effective mean stress [DAMIANO et al., 2012].

Fig. 10 – Curve di permeabilità satura in funzione della tensione 

media efficace [DAMIANO et al., 2012].

Tab. IV – Mean soil physical properties at Cervinara site.

Tab. IV – Proprietà fisiche medie dei terreni del sito di Cervinara.

Soil
s d

n Sr*(kN/m3) (kN/m3) (kN/m3)

A 25 12 15 0.52 0.36

C 26 13 17 0.50 0.40

B 26 8 14 0.69 0.84

D 26 12 17 0.54 0.75

* Sr obtained from samples taken at the end of the wet season

s: specific unit weight, d: dry unit weight , : unit weight, n: poros-

ity, Sr: saturation degree.
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Since 30-day cumulative rainfall and the last 
24-hour rainfall are generally assumed to be the key 
factors for landslide triggering in pyroclastic soils, a 
comparison in terms of probability density functions 
of monthly rain and daily rain for an observation pe-
riod of 30 years (1966-1996) has been reported in 
figure 13. The most recurrent values of 30-day cumu-
lative precipitation range between 100 mm and 200 

mm; however, values between 250 and 400 mm were 
measured 48 times. Intense daily rainfall (>80 mm) 
seldom occurs.

Although air temperature data are not available 
for this site, records provided by the Montesarchio 
weather station 20 km away from Cervinara, at an el-
evation similar to that of the investigated slope, indi-
cate an average summer temperature of 22°C and an 
average winter temperature of about 7°C.

At the end of 2001 the slope was instrumented 
with five tensiometer stations (twelve jet–filled ten-
siometers) and a tipping-bucket rain gauge locat-
ed at altitudes between 560 and 605 m a.s.l. The 
rain-gauge was located in a zone with no tree cover, 
near the lowest tensiometer station, 2.0 m above the 
ground surface.

Monitoring started at the end of 2001 and is still 
active (Tab. V). During this long period, a number 
of instruments have been lost and new devices have 
been installed in order to ensure continuous moni-
toring. Readings were initially taken every 7-10 days, 
but the frequency was progressively reduced until 
an automated station was installed. Results of moni-
toring (Fig. 14) show daily and cumulative rainfall 
and an average suction recorded at different depths, 
from November 2001 to November 2004, and from 
January 2006 to April 2007.

Rainfall data come from the San Martino Valle 
Caudina official rain gauge for the periods between 
February 2001 and April 2002, and 2004-2005, and 
from the rain gauge installed on the slope (560 m 
a.s.l.) for the remaining period. The total annual 
rainfall varies over the years, ranging between 1487 
mm in 2006 and 1917 mm in 2003. Daily precipita-
tion about 80 mm was recorded almost every year 
during autumn and winter, whereas a peak of about 
170 mm was recorded only twice during the sum-
mers of 2002 and 2004.

Monitoring results show that during winter suc-
tion drops to values ranging between 2 kPa, in the 
top soil, and about 15 kPa at higher depths; in the 
dry seasons it increases up to some tens of kPa, with 
peaks in September 2003 and August 2006, when the 
devices installed at a depth of 60 cm captured a value 
close to 80 kPa. Similar high values were not attained 
during summer 2002, due to anomalous rainfalls oc-
curring from May to August (680 mm), totalling al-
most half the annual precipitation (1717 mm).

Fig. 11 – Soil hydraulic properties in unsaturated condi-

tions: a) conductivity of volcanic ashes (layer B); b) soil 

water retention curves of volcanic ashes (layer B) [DAMIA-

NO et al., 2012].

Fig. 11 – Proprietà idrauliche dei terreni in condizioni di 

parziale saturazione: a) curve di permeabilità delle ceneri 

vulcaniche (strato B); b) curve di ritenzione idrica delle ceneri 

vulcaniche (strato B) [DAMIANO et al., 2012].

Tab. V – Information about measurements collected in situ at Cervinara.

Tab. V – Frequenza delle misure raccolte nel sito di Cervinara.

measure instruments number monitored period frequency of measurements

matric suction permanent tensiometers 12 from 2001 ~ ten days

permanent tensiometers 8 from 2009 automatic recording

volumetric water content TDR probes 7 from 2009 automatic recording

rainfall on site rain gauge 1 from 2002 one day
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A comparison of the suction trends, as response 
to rainfall within the three ash layers (topsoil up 
to a depth of 0.6 m, layer B from 0.9 m to 2.0 m 
and layer D between 2.2 m and 2.40 m) shows that 
suction decreases quickly in the shallowest layers, 
while it retains quite a high value in the deepest 
one. Indeed, in the period between June 25th and 
July 10th , 2002, suction increased up to three times 
throughout the entire cover, but due to the rain 
on July 25th, a 15 kPa reduction occurred only in 

the uppermost layer, the effects of water infiltra-
tion vanishing with depth. Only after the rainfall 
in mid-August suction starts to decrease also in the 
deepest layer. This is due to the delay of infiltra-
tion with depth and the presence of two pumice lay-
ers (A and C) that, in some conditions, behave as a 
screen [DAMIANO and OLIVARES, 2010].

Even though monitoring was discontinuous 
from the end of July 2003 till the end of 2004, the 
data allow to highlight some important aspects of 
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Fig. 12 – a) Historic precipitation at the San Martino Valle Caudina rain gauge; b) typical seasonal variation in monthly pre-

cipitation.

Fig. 12 – a) Precipitazioni registrate dal pluviometro installato a San Martino Valle Caudina; b) variazione stagionale delle piogge 
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Fig. 13 – Probability density functions of 24-h precipitation and 30-day cumulative precipitation.

Fig. 13 – Densità di probabilità delle precipitazioni cumulate su 24 ore e su 30 giorni.
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the slope hydraulic behaviour: (i) the suction fluc-
tuation is less marked in the deepest layers with the 
respect to the superficial layers, where the effects of 
both rain and evapotranspiration affect immediate-
ly the pore water regime; (ii) the maximum value of 
suction in the deepest layer is about 30% lower than 
that attained in the superficial one; (iii) the deep-
est layer displays the highest value of suction during 
fall and the smallest starting from February. An in-
version of suction trend for the deepest layer occurs 
during spring and summer.

As for Monteforte Irpino, the mean total head 
and matric suction profiles in the different seasons 
(January to April, May to August, September to De-
cember) are shown in figure 15. Suction profiles 
look very similar to those obtained at the Monteforte 
Irpino site because during winter and early spring 
(Fig. 15a) they are sub-vertical, attaining minimum 
values of few kPa and maximum values about 15 kPa. 
The head profiles suggest that a vertical groundwa-
ter flux, from the ground surface towards the deep 
soils, crosses all the soil layers with the exception of 
the lowermost one. In late spring and summer (Fig. 
15b) there is a progressive increase in suction, which 
fluctuates between 5 kPa and 75 kPa: the highest val-
ues are recorded in the shallowest layer. During July 
and August, when the effects of evapotranspiration 
prevail, suction profiles become as steep as in win-
ter. The profiles of the total head show that while 
in May the water flux moves downward, during the 
following months it is directed upward. In autumn 
(Fig. 15c) both the shallow and the deep layers pres-
ent suction values lower than the intermediate lay-

ers. The November rains affect only the shallowest 
depths, where infiltration prevails over evapotrans-
piration, while an upward water flux is still present 
at depth. In December suction and head profiles re-
turn to the shape and values typical of winter.

3. The lesson learned from monitoring at the 
two test sites

By comparing the hydrological response of the 
soil at the two test sites, it has been possible to re-
cognize common features of the groundwater condi-
tions and landslide susceptibility. Such features are 
examined below in order to draw general consider-
ations applicable to the whole geological context of 
Campania, where rainfall-induced landslides are fre-
quently triggered in air-fall pyroclastic covers.
– The mean depth of the soil cover at Montefor-

te Irpino is 3.50 ÷ 4.00 m, while at Cervinara it is 
2.00 m. These values, that clearly depend on the 
slope angle (being higher for lower angles), are 
widely representative of slopes in western Cam-
pania, in zones not too close to the top (whe-
re the thickness could be even less than 1 m) or 
the foot of the mountain (where the pyroclastic 
cover can exceed 10 m). Due to the contextual 
influence on stability conditions of slope angle 
and thickness of the pyroclastic cover, the inter-
mediate slope portions are the most susceptible 
to landsliding.

– Stratigraphy is quite similar at the two sites, even 
though it is more complex in Monteforte Irpi-

Fig. 14 – a) Rainfall and b) mean suction readings at different depths.

Fig. 14 – a) Media di piogge e b) suzioni medie misurate a differenti profondità.
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Fig. 15 – Mean suction and total head profile at the Cervinara test site: a) from January to April , b) from May to August, c) 

from September to December.

Fig. 15 – Profilo di suzione media e di quota piezometrica nel sito di Cervinara: a) da gennaio ad aprile, b) da maggio ad agosto, c) da 

settembre a dicembre.
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no. However, the soil properties are quite similar 
(sections 2.3.2 and 2.4.2; Tabs. I and IV).

– With regard to climate, the two sites have the sa-
me mean daily air temperature in summer and 
winter (22° and 7° respectively) and the same 
rainfall regime: in both cases total annual rain-
fall ranges between 1300 mm and 1900 mm, with 
a peak daily value between 80 and 120 mm/day.

– Figures 6-7 and 14-15 show similar seasonal fluc-
tuations of suction at the two sites. In the top part 
of the cover, suction is affected by single rainfall 
events, but the corresponding fluctuation ampli-
tude is generally smaller than that occurring over 
the year. Conversely, in the intermediate and dee-
pest parts of the cover, matric suction follows only 
the seasonal trend, being practically unaffected by 
the single rainfall events. Moreover, the amplitu-
de of the fluctuations decreases with depth, with 
some phase-delay which increases with depth.

– Due to the influence of the degree of saturation 
on the soil’s ability to store water, in the wet se-
asons (when the degree of saturation is higher) 
the hydrological slope response is faster than in 
the dry seasons and the differences between suc-
tion values at different depths are smaller (Figs. 
7a and 15a).

– In winter and early spring the water flow is solely 
towards the bedrock. During late spring it starts 
to change; in the hottest months of the year, the 
shallowest layers are subjected to upward water 
flux due to evapotranspiration. From fall to spring 
water begins to flow towards the deepest layers.
In conclusion, all data indicate that the hydrau-

lic conditions at the ground surface control the pore 
pressure regime, hence only an accurate knowledge 
of such conditions allows to model the slope response. 
Therefore, slope-atmosphere interaction is examined 
below, with special attention to modelling issues.

4. Modelling hydraulic conditions at the 
ground surface

4.1. Groundwater-atmosphere interaction

The effects on the groundwater regime of the 
water flux through the ground surface can be stud-
ied starting from the soil water balance in the vadose 
zone (after BLIGHT, 2003):

P – [I + Roff – (A – E)] = ET + S + Q (1)

where P is the rainfall height; I the rain intercepted 
by vegetation; Roff the runoff; (A-E) the water accumu-
lating in puddles at the ground surface, available for 
re-infiltration (A) and evaporation (E); ET the actual 
evapo-transpiration from the shallow subsoil to the at-
mosphere; S the change in the water volume stored 

in the voids of the soil in the vadose zone; Q the wa-
ter flow moving from the vadose zone towards either 
the deep part of the slope or downslope (Fig. 16).

The expression on the left side of equation (1), 
globally indicated as Iin, represents the water infiltrat-
ing into the subsoil. It can be estimated through sim-
ulations of the infiltration process by (i) empirical 
equations [HORTON, 1940; USDA, 1957; HOLTAN, 1961; 

BOUGHTON, 1966], (ii) physically-based simplified mod-
els [GREEN and AMPT, 1911; FLERCHINGER et al., 1988; 
SALVUCCI and ENTEKHABI, 1994; SWARTZENDRUBER, 1975], 
and (iii) theoretical models [PHILIP, 1957, 1969, 1974; 

EAGLESON, 1978]. Empirical relationships reported in 
literature, allow to obtain a rough evaluation of infil-
tration. For more accurate calculations, an alternative 
approach is possible, based on a theoretical approach 
(i.e. Richards equations) applied to the unsaturated 
domain. In fact the infiltration can be calculated as 
result of a transient seepage problem in partially sat-
urated slope soils by applying at the upper boundary 
the rainfall measured in situ, using the soil hydraulic 
characterization data acquired both in the laboratory 
and in situ and assuming as initial conditions the suc-
tions and volumetric water contents measured in situ 
at a given date. Today many numerical codes allow to 
solve the problem following this approach by means 
of the Finite Element Method; some assume the soil 
to have a rigid skeleton and the problem to be iso-
thermal (SEEP/W; HYDRUS 2D), others account either 
for thermo-hydro coupling (VADOSE/W), or for hy-
dro-mechanical-coupling (ICFEP, PLAXIS 2-D) and for 
fully coupled conditions (CODE-BRIGHT).

On the right side of equation (1), the evapo-
traspiration, ET, depends on (i) the vegetation type, 
(ii) the weather conditions, (iii) the soil characteris-
tics and (iv) the soil moisture. Calculation of evapo-
transpiration is a very complex challenge. A thresh-
old has to be calculated first, represented by the po-
tential evaporation, PE, which is the upper limit or 
of the evaporation rate under given weather condi-
tions from an open water surface or a saturated soil 
surface [PENMAN, 1948]. The rate of current evapora-
tion, AE, is more or less equal to the potential rate for 
soil conditions close to full saturation, but it decreas-

Fig. 16 – Water balance.

Fig. 16 – Bilancio d’acqua.
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es with drying, being a function of the water content 
available in the subsoil. The original Penman equa-
tion was modified by WILSON [1990] who proposed a 
more general formula (Tab. VI) to calculate current 
evaporation. The FAO-Penman–Monteith method 
is an evolution of the Penman-Monteith formula to 

calculate ET and is based on the ‘reference evapo-
transpiration’, denoted as ET0, referring to a ground 
surface covered by a hypothetical grass crop, whose 
height is 0.12 m, with a fixed surface resistance of 70 
s/m and an albedo of 0.23 [ALLEN et al., 1998]. Real 
characteristics of the cropped surface are taken into 

Tab. VI – Estimation methods of evapotranspiration.

Tab. VI – Metodi di stima dell’evapotraspirazione.
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account by means of the crop coefficient. There are 
two calculation approaches, the single and the dual 
crop coefficient approaches, illustrated in table VI. 
The evapotraspiration flux can be also estimated by 
applying the principle of energy conservation at the 
soil surface; the evapotranspiration process involves 
a mechanism of energy consumption [BLIGHT, 1997] 
calculated as the difference between the net radia-
tion and the sum of the soil heat flux, sensible heat 
and energy used in plant photosynthesis.

4.1.1. APPLICATION TO THE MONTEFORTE SITE

In this section evapotranspiration is calculated 
for the Monteforte Irpino case in two extreme peri-
ods of the year: January and August.

Evapotranspiration was estimated based upon da-
ta collected on site, by means of the relationships re-
ported in table VI, where the meaning of symbols is 
also reported. The FAO – Penman Monteith meth-
od, Penman’s and Wilson’s method and surface en-

Tab. VI (part II)
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ergy balance were applied by using climate data from 
the weather station installed on site and soil temper-
atures measured at probes installed in the subsoil 
since August 1st, 2011. Reference evapotranspiration,
ET0, was calculated by the FAO-Monteith method; 
crop-evapotraspiration, ETc, was obtained by the dual 
approach, according to equations illustrated in table 
VI. The basal crop coefficient, kcb, was chosen in light 
of the vegetation present in the area (bushes). The 
scarce availability of soil water in August was taken 
into account by using the water stress coefficient kst;
the water content at field capacity fcr and the water 
content at wilting point, wp, were selected on the ba-
sis of the hydraulic properties of the superficial soil 
(soil 1) and are reported in table VII. The rooting 
depth, ZR, was assumed equal to 1 m. The depth of 
the superficial soil layer subject to drying by evapora-
tion, Ze, was assumed equal to 0.20 m (the maximum 
allowed by the model); the fraction of the soil surface 
from which most evaporation occurs, few, was fixed on 
the basis of guidelines from the literature (Tab. VII).

Figure 17b reports evapotraspiration rates calcul-
ated in November 2010, when the maximum rain-
fall intensity was 74 mm/day (Fig. 17a). Climatic fac-
tors were examined to calculate evapotraspiration; air 
temperature and net radiation calculated on the basis 
of daily measurements at the site weather station were 
respectively 12°C and 1 MJ/(m2day). On the basis of 
these data, the mean monthly reference evapotraspir-
ation, ET0, is 1.0 mm/day and the mean monthly ETc,
which takes crop type into account, is very close to 
the ET0 rate. Evaporation, E, is 65-70% of the evapot-
ranspiration because the vegetation density decreas-
es in winter, reducing the contribution of transpir-
ation. The evaporation rate provided by the Penman 
and Wilson methods is different from ETc, proving 
that calculation of evapotranspiration is a very chal-
lenging task. Unfortunately, direct measurements of 

evapotranspiration are not available and it is not pos-
sible to identify the most reliable method, but in the 
literature the Penman-Monteith FAO method is large-
ly preferred. The energy balance is not calculated due 
to the lack of soil temperature measurements.

In figure 17c evapotraspiration in November is 
shown. Total precipitation is 445 mm (Fig. 17a); total 
crop evapotranspiration is 9 mm.

In figure 18a evapotranspiration rates occur-
ring in August 2011 are reported. In particular, the 
mean monthly air temperature and net radiation 
are respectively 22°C and 10 MJ/(m2day). The mean 
monthly reference evapotranspiration, ET0, is 3.5 
mm/day; taking into account the crop type and the 
water availability at the soil surface, the mean month-
ly ETc is 1.4 mm/day, which is 50% of ET0. In particu-
lar the transpiration rate, T, is 85-90% of evapotraspi-
ration. Indeed, the bare surface available for evap-
oration is very small during the summer because of 
the high vegetation density. The potential evapora-
tion calculated by the Penman method is very close 
to ET0; moreover, the Wilson method which should 
predict the actual evaporation, instead provides val-
ues similar to potential evaporation estimated by the 
Penman method. This is due to soil relative humid-
ity, 1/A, obtained by the psychometric law as a func-
tion of suction measured at the depth of 0.20 m and 
used in the calculation: it decreases appreciably only 
when soil suction exceeds about 3 MPa. The energy 
balance (Tab. VI) provides the highest evapotranspir-
ation values, probably because the soil temperature 
is measured at too large depth from the ground lev-
el (0.20 m), with respect to the model requirements. 
Data at lower depths from the ground level, where 
the soil temperature change is very high, would be 
better suited for calculation, but are not available. In 
figure 18b total evapotranspiration flows, calculated 
by different methods, are reported. In particular, in 

Tab. VII – Values of parameters to estimate evapotranspiration at Monteforte Irpino site.

Tab. VII – Valori dei parametri utilizzati per la stima dell’evapotraspirazione nel sito di Monteforte Irpino.
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kcb

0.4
for ‘bushes and berries’ in late season (November) from FAO manual [ALLEN et al.,

1998]

1
for ‘bushes and berries’ in mid season (August)

from FAO manual [ALLEN et al., 1998]

fc  0.33
value for silty sand from FAO manual

[ALLEN et al., 1998]

wp  0.10
value for silty sand from FAO manual

[ALLEN et al., 1998]

Ze  1 m rooting depth of vegetation at Monteforte site

E
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Ze  0.20 m
maximum depth of the surface soil layer subjected to evaporation from FAO man-

ual [ALLEN et al., 1998]

few
0.5 in November, from FAO manual [ALLEN et al., 1998]

0.9 in August, from FAO manual [ALLEN et al., 1998]

RAW  11 mm
value for silty sand from FAO manual

[ALLEN et al., 1998]
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Fig. 17 – Monteforte Irpino test site: a) daily and total rainfall measured in January 2011; b) evapotranspiration fluxes calcul-

ated in January 2011 by using: the FAO PENMAN-Monteith method, (reference evapotranspiration, ETo; crop evapotran-

spiration, ETc; transpiration, T; evaporation, E), the Penman method, PE, the Wilson method, AE; c) evapotraspiration cu-

mulated over the month.

Fig. 17 – Campo sperimentale di Monteforte Irpino: a) pioggia giornaliera e totale misurata nel mese di gennaio 2011; b) 

evapotraspirazione stimata nel gennaio 2011 mediante il metodo di FAO PENMAN-Monteith, (evapotraspirazione di riferimento, ETo; 

evapotraspirazione tipica della vegetazione presente in sito, Etc; traspirazione T; evaporazione, E), il metodo di Penmann, PE, il metodo di 

Wilson, AE ; c) evapotraspirazione cumulata nel mese di gennaio.

Fig. 18 – Monteforte Irpino test site: a) evapotranspiration fluxes calculated in August 2011 by using: the FAO PENMAN – 

Monteith method (reference evapotranspiration, ETo; crop evapotranspiration, ETc; transpiration, T; evaporation, E), the 

Penman method, PE, the Wilson method, AE, and the energy balance; b) evapotraspiration cumulated over the month.

Fig. 18 – Campo sperimentale di Monteforte Irpino: a) evapotraspirazione stimata nel mese di agosto 2011mediante il metodo FAO 

PENMAN Monteith (evapotraspirazione di riferimento, ETo; evapotraspirazione tipica della vegetazione presente in situ, ETc; 

traspirazione, T; evaporazione, E), il metodo di Penman, PE, il metodo di Wilson, AE, il bilancio di energia; b) evapotraspirazione 

cumulata nel mese di agosto.
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August total crop evapotranspiration, ETc, is 43.5 mm. 
In the same period monthly precipitation is zero, 
hence the water flux at the ground surface is direct-
ed upward and is equal to actual evapotranspiration.

5 . Conclusions

The main characteristics of the groundwater re-
gime observed at the two test sites in similar geologi-
cal contexts allow to highlight some aspects of the 
hydraulic response to the atmospheric factors that 
may be considered typical of the geological scenario 
of western Campania. On the basis of the monitoring 
data, some conclusions can be drawn with regard to 
the seasonal trend characterizing the state of the soil.

A first set of considerations concerns the proce-
dures for slope stability analyses.
1) The seasonal pore pressure fluctuations are 

predisposing factors of slope instability: slope 
analysis has to be carried out for conditions oc-
curring from January to April, that are crucial 
for stability.

2) During this crucial period suction attains values 
in the range 2-10 kPa. As a function of suction, 
the shear strength of the soil can be reliably cal-
culated, using for example the shear strength 
criterion set by FREDLUND et al. [1978].
A second set of considerations concerns land-

slide risk management.
1) The attempt to define rainfall thresholds that 

hold for a large area in order to predict flowslide 
triggering is hampered by the different permea-
bility of the superficial soils. Permeability stron-
gly influences the response of the soil to atmo-
spheric factors in the short term (in transient re-
gimes). Critical rainfalls responsible for landsli-
de triggering can differ depending on the site, 
since in more permeable soils the role of rainfall 
intensity prevails over duration, vice versa in less 
permeable soils.

2) Permeability has little effect on the long-term 
condition (steady regime), when the larger capa-
city of permeable soils to adsorb rainwater from 
the ground surface is compensated by the larger 
groundwater discharge towards the fractured li-
mestone bedrock. Therefore the seasonal trend 
of pore pressure in the subsoil may be regarded 
as a general predisposing factor of flowslide trig-
gering.

3) In the context of groundwater-atmosphere inte-
raction, infiltration is often considered the main 
influencing factor, while evapotranspiration is 
poorly considered or neglected due to its low in-
tensity during wet months. At the time scale of 
the failure triggering (hours/days), infiltrating 
water plays an appreciable role in the pore pres-
sure regime and slope stability conditions. By 

contrast, at the time scale of the seasonal varia-
tions in stability conditions (months), the effects 
of evapotranspiration are not negligible, since 
it reduces the effects of infiltration on the pore 
pressures and water contents in the slope.
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Interazione idrica sottosuolo atmosfera 

in pendii di piroclastiti non sature. 

Esperienze da due siti italiani 

In Campania le frane rapide nelle coltri di terreno piroclastico 

su substrato acclive causate da piogge intense costituiscono una 

tipologia molto diffusa di movimenti di versante. Il meccanismo di 

innesco di queste frane è stato ampiamente studiato ed è quindi ben 

noto. Esso è legato alle variazioni delle pressioni neutre nel sottosuolo 

che, nel contesto esaminato, dipendono in primo luogo dalla 

condizione idraulica a piano campagna e quindi, indirettamente, 

dagli agenti meteorologici.

Il presente articolo descrive i risultati del monitoraggio in corso 

in due siti sperimentali, ubicati rispettivamente nei Comuni di 

Monteforte Irpino e Cervinara, scelti per le loro caratteristiche 

geologiche e geo-morfologiche ampiamente rappresentative delle aree 

montane della Regione Campania. Le misure eseguite in situ e i 

risultati di un’ampia sperimentazione di laboratorio sui terreni dei 

due campi sperimentali, consentono una completa caratterizzazione 

del regime delle pressioni neutre nel sottosuolo e della loro risposta 

alle variazioni dei fattori meteorologici.


