
1 INTRODUCTION 

Flowslides can be surely considered as one of the most danger-
ous slope movements, for their capability to produce casualties 
and remarkable economic damage (Sassa 1998). Such phenom-
ena are widespread in many countries (Jones 1973; Costa, Baker 
1981; Ellen, Fleming 1987; Sassa 1988; Takahashi 1991) and 
they involve different kind of soils, generally in a loose state, 
which in the post failure stage collapse and rapidly reach the toe 
of the slope (Costa, Wieczoreck 1987; Hutchinson 1988); the 
initial mobilised mass often increases during its path downslope 
either by inducing additional slope failure and/or by eroding the 
stable in place soils (O.U. 2.38 1998a; Picarelli 1999). 

Significant examples of this type of slope movements are 
those periodically occurring in the Campania Region (South It-
aly) triggered by critical rainfall events (O.U. 2.38 1998a; Rossi, 
Chirico 1998; Versace 2001). They involve unsaturated pyro-
clastic soils - originated by the explosive phases of the Somma-
Vesuvius volcano – which mantle the limestone and tuffaceous 
slopes over an area of about 3000 km2. 

In this area, there are more than 200 towns frequently suffer-
ing flowslides, as pointed out by historical data acquired over a 
period from the 16th century up to the present (O.U. 2.38b, 1998; 
Cascini 2003; Cascini et al. 2002). One of the most calamitous 
events occurred on May 5-6, 1998, when 159 casualties and se-
rious damages were recorded in the four little towns (Bracigli-
ano, Quindici, Sarno and Siano) located at the toe of the Pizzo 
d’Alvano relief (Fig. 1). 

After this event, the Department of Civil Protection entrusted 
the emergency scientific management to the University of 
Salerno where many activities were undertaken. Some activities 
were devoted to furnish, in a very brief time, answers to practical 
questions; the aim of the others was oriented to systematically 
deepen knowledge on geological and triggering factors control-
ling the flowslides occurrence (O.U. 2.38 1998a; Cascini et al. 
2000). In particular, over the whole area of Figure 1, careful geo-
logical, geomorphological and hydrogeological investigations 
were carried out at different scales (1:25.000 and 1:5.000). It 
was, thus, possible to set up a slope evolution model capable of 

 
Figure 1. Geological and geomorphological features of Pizzo d’Alvano 
massif. 

 
interpreting - from a geological point of view - past and recent 
flowslides. Preliminary geotechnical back-analyses for the fail-
ure conditions of a particularly huge flowslide, were also carried 
out (Cascini et al. 2000) with the aid of some preliminary results 
coming from the geotechnical characterization of pyroclastic 
soils. For the goodness of the obtained results, detailed geotech-
nical investigations were planned in order to deepen the me-
chanical properties of the involved soils, their stratigraphic con-
ditions and the in-situ soil suction regimen. 

In this paper, after a brief description of the previous geologi-
cal and geotechnical analyses performed and of the in situ and 
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laboratory investigations aimed at the mechanical characteriza-
tion of pyroclastic soils, a more appropriate geotechnical model-
ling of the failure mechanisms will be illustrated, and the role of 
the relevant factors affecting flowslide triggering will be out-
lined. 

2 PREVIOUS ANALYSES AND GEOTECHNICAL 
INVESTIGATIONS 

At the beginning of May 1998, the particular meteorological 
conditions affecting the territory of the Campania Region re-
sulted in a severe rainfall event throughtout the area of Figure 1. 
In particular, rain-gauges located at the toe of Pizzo d’Alvano 
massif recorded, for the period  April 27 – May 5, 1998, a cumu-
lated rainfall value of 160 mm, of which 120 mm fell in the last 
two days (Fig. 2). 

During and soon after this event, within an interval of about 
ten hours, flowslides occurred in almost all the basins of the 
massif, involving pyroclastic soil covers. Surveys conducted fol-
lowing occurrence of the flowslides revealed that triggering 
zones were located primarily in the upper parts of such basins, 
characterized by an average slope angle varying from 35 to 41 
degrees and a soil thickness ranging from 0.5 m to 5.0 m. In 
most of those zones, multiple failure phenomena occurred, 
which progressively involved larger portions of the slope, ac-
cording to mechanisms and time sequences not easily identifi-
able after the event occurrence (Cascini et al. 2002). This con-
sideration, together with the relevant extension of the territory 
affected by flowslide phenomena and the need to provide an an-
swer, in a short time, to the difficult and urgent demands of the 
Department of Civil Protection, pointed out the necessity to set 
up an interdisciplinary research program (O.U. 2.38, 1998) to in-
vestigate geological and triggering factors of flowslides. The 
main objectives of this ongoing program were the following: as-
sessment of geological, geomorphological and hydrogeological 
features of Pizzo d’Alvano massif, at different scales (1:25.000 
and 1:5.000); geotechnical analysis of flowslide triggering at a 
more detailed scale (1:2.000); mechanical characterization of py-
roclastic soils; assessment of in situ negative pore pressure regi-
men. 

With reference to the geological characteristics, the investiga-
tions and studies carried out, together with the information avail-
able in the literature, have evidenced that the massif consists of a 
sequence - reaching a thickness of several hundred meters - of 
limestones, dolomitic limestones and, subordinately, marly lime-
stone rocks, dating back from Lower to Upper Cretaceous ages. 

Pyroclastic soils, coming from Somma-Vesuvius volcanic ac-
tivities, cover diffusely the limestone slopes, both as primary air-
fall deposits and re-worked deposits (vulcanoclastic deposits). In 
the upper portion of the slopes pyroclastic soils have, generally, 
a small thickness, ranging from some decimetres up to a maxi-
mum of 6-7 m; moving downslope, the soil thickness gradually 
increases, reaching values up to 20 m in the morphological con-
cavities, in the karstic depressions and at the toe of the valleys 
(Cascini et al. 2000). Stratigraphic conditions are almost every-
where highly variable, although they are generally characterized 
by alternated layers of pumiceous soils and of ashy soils, some-
times with the presence of paleosoil horizons.  
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Figure 2. Rainfall recorded at the toe of Pizzo d’Alvano massif. 
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Figure 3. a) preliminary hydro-geomorfological model; b) typical loca-
tion of the bedrock outlets; (from Cascini et al. 2000). 

 
As for geomorphological features, Pizzo d’Alvano massif is 
NW-SE oriented morphological structure. The slopes outline is 
influenced by structural factors (minor faults and jointing) as 
well as by morphological frames derived from limestone layers 
more resistant to erosion. Above the morphological frames, the 
paleo-drainage network of the limestone slopes are mainly filled 
with air-fall deposits or with debris colluvial material coming 
from upstream slopes, so forming the so-called “Zero Order Ba-
sins” (ZOB) (Cascini et al. 2000; Guida 2003). Alluvial fans of 
various ages are located at the toe of the valleys, highlighting the 
systematic occurrence of depositional events, coming from pyro-
clastic flowslides, superimposed on older debris deposits. 

By comparing the maps produced according to the acquired 
geological and geomorphological data with slope portions af-
fected by flowslides of May 1998 (Fig. 1), it has been observed 
that the majority of triggering zones are located inside the ZOB 
areas and that the final destination of the mobilized soil masses 
resulted in the alluvial fans areas described above. On the basis 
of these results, additional in-situ investigations and studies were 
devoted to the hydrogeological aspects of the Pizzo d’Alvano 
massif. The obtained results indicated, for the upper part of the 



massif, a subsurface flow system characterized by the presence 
of perched water tables, whose flow regimen is strictly con-
nected to the arrangement of the main and secondary structural 
lineaments, acting as relative impermeable layers (Guida 2003). 
These structural lineaments, shaped as wedges, are closely asso-
ciated to the seasonal and temporary springs (or outlets) located 
in the upper parts of the slopes (Fig. 3). Temporary springs are 
mainly located inside the ZOB, and at the top of the filled main 
catchment basins (Fig. 3b). Seasonal springs can even be ob-
served at the toe of morphological discontinuities, in correspon-
dence with similar, although upper ordered, hydrogeological 
structures. 

All the above acquired information allowed the setting up of 
a slope evolution model (Cascini et al. 2000; Guida 2003) which 
is capable of interpreting, from a geological point of view, the 
past and recent flowslides occurred on the Pizzo d’Alvano mas-
sif; among the other features, such a model evidences the impor-
tant role played by the bedrock outlets in the triggering of the 
flowslides (Cascini et al. 2000). 

In order to evaluate the reliability of this model, a preliminary 
back-analysis (Cascini et al. 2000) was performed for the failure 
conditions of a huge flowslide which occurred on May 5, 1998 
inside a ZOB area of Sarno slopes (Fig. 4a). Geotechnical analy-
ses were carried out on the slope section A-A shown in Figure 4a 
for which the stratigraphic outline and the mechanical properties 
of the involved soils were based on the scarce in-situ and labora-
tory data available at that time. In particular, for the whole slope 
section, the pyroclastic soils above the limestone bedrock were 
assumed to be of constant thickness and composed of three hori-
zons (Fig. 4b), respectively equal to 1.2 m (upper ashy layer), 
0.3 m (pumice layer) and 0.5 m (lower ashy layer). 
Despite the above assumptions, the results obtained from the 
geotechnical analyses – conducted in a similar manner to those 
illustrated in the next section – were particularly encouraging as 
they could simulate, for a given set of mechanical properties, a 
time sequence of flowslide triggering which was in a good 
agreement with that observed by witnesses at the time of failure 
(Cascini et al. 2000). Moreover, the performed analysis con-
firmed the relevant role played by bedrock temporary springs 
and highlighted the presence of negative pore pressures in many 
zones of the pyroclastic covers, at the occurrence of the failure. 

On the basis of the above results, it was considered worth-
while to perform further in-situ and laboratory investigations in 
the sample area shown in Figure 4a as well as in other triggering 
areas of the Pizzo d’Alvano massif. Such investigations were 
aimed to acquire detailed data on: stratigraphic conditions inside 
and outside the ZOB areas; negative pore pressure regimen; me-
chanical properties of pyroclastic soils, both in saturated and un-
saturated conditions. 

As regards stratigraphic conditions in the sample area, seis-
mic refraction prospects and more than 60 pits were performed 
(Fig. 4a). The overall collected data allowed the definition of 
very accurate stratigraphic outlines of in-situ soils, both along 
many verticals and slope sections. In particular, it was assessed 
that the maximum thickness of pyroclastic soils does not exceed 
5.0 m and that their stratigraphic conditions are highly variable 
according to the different colluvial processes experienced by the 
various zones of the sample area. On the basis of the above re-
sults and with the aid of geomorphological analyses performed at 
large scale for the area of Figure 4a (Guida 2003), a more appro-
priate reconstruction of the stratigraphic conditions of the slope 
section A-A, before the flowslide event, has been carried out. 
The modelled slope section is shown in Figure 5 together with 
the stratigraphic details sketched for some verticals. As it can be 
seen, the pyroclastic soil cover is characterized by variable 
thickness, ranging from 2.0 m to 5.0 m, and presents an irregular 
sequence of ashy and pumice layers whose thickness varies be-
tween 0.1 m to 1.9 m. Slip surface is located at variable depths 
below the ground surface, not exceeding, however, 3.1m. 
With reference to negative pore pressure regimen inside the py-
roclastic covers, more than 3000 measurements of matric suc- 
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Figure 4. a) sample basin and field site plan; b) preliminary slope sec-
tion. 

 
tion have been performed, in many sites over the whole area 
shown in Figure 1 (Cascini, Sorbino 2002; 2003). In the above 
sites, measurements started on November 1999 and they were 
collected at different altitudes, both inside and outside the ZOB 
areas by using portable tensiometers (Quick-Draw tensiometers) 
and Jetfill in-place tensiometers; the depths investigated ranged 
between 0.2 m and 4.0 m. from the ground surface. 

In Figure 6 the overall suction data have been plotted against 
time, for the period November 1999 – April 2002, together with 
the daily rainfall recorded in the same period. As it can be read-
ily observed, suction data show a significant scattering which is, 
of course, related to the different sites and depths where meas-
urements were performed. However, as evidenced by Cascini 
and Sorbino (2003), data scattering quite disappears if monthly 
average suction values, at the same depth, are considered. Fol-
lowing this consideration, Cascini and Sorbino (2003) performed 
a detailed analysis of soil suction data on a monthly basis, inde-
pendently of the year in which measurements were taken. The 
results obtained evidenced that monthly average suctions are 
characterized by the same behaviour at yearly scale, independ-
ently from the measurement site. In particular, monthly suction 
values attain their lowest values of 10-15 kPa in the January-
March period at all investigation sites and at any depth. This cir-
cumstance evidences that, all over the Pizzo d’Alvano massif, 
the monthly suction regimen seems to follow a regular trend dur-
ing the wet season. Therefore, it cannot be excluded that such 
conditions did characterise large portions of the pyroclastic cov-
ers during the early months (January – February) of 1998. 

In order to determine the mechanical properties of the pyro-
clastic cover, soil samples were collected, at several dates, in the  
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Figure 5. Geometric and stratigraphic characterization of  section A-A. 

 
sample area of Figure 4a as well as in other triggering areas be-
long to Pizzo d’Alvano slopes facing Sarno town. For all the 
samples, physical properties have been determined, while the 
mechanical properties have been investigated only for the ashy 
soils, due to the impossibility of collecting undisturbed samples 
of pumice layers. In particular, as far as the physical properties 
are concerned, tests for the grain size distribution, Atterberg lim-
its and index properties have been carried out (Bilotta, Foresta 
2002; Sorbino, Foresta 2002). Mechanical characterization has 
dealt with hydraulic properties and shear strength, both in satu-
rated and unsaturated conditions (Sorbino, Foresta 2002). Hy-
draulic properties in saturated conditions have been investigated 
by means of permeameter tests, and by means of three different 
laboratory equipments – i.e. Suction Controlled Oedometer, 
Volumetric Pressure Plate Extractor and Richards’ Pressure Plate 
– with reference to the unsaturated conditions. Finally, the shear 
strength has been evaluated by means of conventional direct 
shear tests and suction controlled triaxial tests (Bilotta et al. in 
prep.). 
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Figure 6 a) Daily rainfall; b) suction measurements. 

 

0

20

40

60

80

100

120

0.001 0.01 0.1 1 10 100

grain size (mm)

pe
rc

en
ta

ge
 b

y 
w

ei
gh

t (
%

)
Silt Sand Gravel

Ashy soils
Pumices

         Sample area

grain size (mm)

pe
rc

en
ta

ge
 b

y 
w

ei
gh

t (
%

) 

 
Figure 7. Grain size distribution 
 
With reference to grain distributions of investigated soils (Fig. 7) 
it can be observed that the ashy soils are characterized, on aver-
age, by a usually prevailing sandy component and non-plastic 
silt which occasionally reaches percentage greater than 50%; 
these soils also includes some gravel, due to the presence of 
small isolated pumices, in percentages always lower than 22%. 
The pumice layers, instead, are characterized by a coarser grain 
size distribution and a gravel percentage up to 90%. 

The specific gravity of both types of soil is always quite low 
due to the presence of small internal voids within individual soil 
particles. Porosity is very high and ranges, on average, between 
0.61 and 0.69. The saturation degree is always quite low, inde-
pendent of depth. The above mentioned physical properties make 
these pyroclastic soils a very light material, with a total unit 
weight ranging from 9.02 and 12.04 kN/m3. 

The hydraulic properties of the ashy soils show values of 
saturated hydraulic conductivity ranging from a minimum of 
5.0×10-6 m/s to a maximum of 4.8×10-5 m/s. For the pumice lay-
ers, the data available in literature (Pellegrino 1967) for soils of 
analogous origin furnish saturated hydraulic conductivity rang-
ing between 1.0×10-5 m/s and 1.0×10-2 m/s. As for the hydraulic 
properties in unsaturated conditions are concerned, the experi-
mental values of volumetric water content and hydraulic conduc-
tivity are both plotted against suction in Figure 8; in the same 
Figure the unsaturated hydraulic characteristics of the pumice 
soils are also reported, whose determination has been carried out 
numerically (Green, Corey 1971), on the basis of their grain size 
distribution curves. 

With reference to strength properties, direct shear tests on 
undisturbed specimens in saturated conditions were performed 
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Figure 8. Unsaturated hydraulic properties of some ashy and pumice 
soils in the ZOB areas of Sarno (from Sorbino, Foresta 2002, modified). 

 
and the Mohr-Coulomb failure envelope revealed values of ef-
fective friction angle ranging from 30 to 37 degrees and null val-
ues of cohesion intercept. As regards the shear strength in un-
saturated conditions, it is well known that it can be modelled by 
means of the extended Mohr-Coulomb failure envelope proposed 
by Fredlund et al. (1978), furnished by the following expression: 

b
waan )tgu(u')tgu(σc'τ ϕϕ −+−+=  (1) 

where τ is the shear strength, c’ is the effective cohesion, (σn – 
ua) is the net normal stress at failure on the plane of failure, (ua – 
uw) is the matric suction and ϕb is the angle of shearing resis-
tance with respect to matric suction. 

In order to determine the ϕb angle Bilotta, Foresta (2002) and 
Bilotta et al. (in prep.) performed a series of direct shear tests at 
natural water content as well as triaxial tests under various suc-
tions applied. The obtained results clearly show a non-linear en-
velope of the shear strength in respect to suction, with values of 
ϕb angle ranging between 20 and 30 degrees. 

3 MODELLING OF FLOWSLIDE TRIGGERING AND 
RESULTS 

The previously synthesized data allow the carrying out of a more 
appropriate geotechnical analysis of the failure mechanisms af-
fecting flowslide in the sample area of Figure 4a. In fact, previ-
ously not available information (Cascini et al. 2000) is at hand 
today, coming from detailed in situ and laboratory investiga-
tions. The collected data allow a better definition of the strati-
graphic conditions of the soils before the flowslide occurrence as 
well of the mechanical soil properties and in situ soil suction. 

With the aid of these data, geotechnical analyses have been 
carried out on the slope section of Figure 5 assuming for the 
physical and mechanical properties of the soil layers, those listed 
in Table 1. 

For the above slope section, analyses have primarily con-
cerned the modelling of the seepage conditions inside the pyro-
clastic cover, in order to predict pore pressure changes during the 

Table 1. Geothecnical characterization of  soil layers 
Soil properties  Upper ashy 

soil layer 
Pumice  

soil layer 
Lower ashy 

soil layer 
Dry unit weight γd 7.30kN/m3 6.20kN/m3 9.10kN/m3 
Saturated unit weight γsat 13.1 kN/m3 13.1kN/m3 15.7kN/m3 
Porosity n 0.58 0.69 0.66 
Saturated hydraulic  
conductivity ksat 10-5m/s 10-5÷ 10-3 

m/s 10-6m/s 

Effective cohesion c’ 4.7kPa 0kPa 4.7kPa 
Friction angle ϕ’ 32° 37° 32° 
Rate of increase in shear 
strength due to suction ϕb 20°-30° 20°-30° 20°-30° 

 
period extending from January 1, 1998 to May 5, 1998. The 
computed pore pressure distributions have been utilized as input 
data for the stability analyses. 

Seepage analyses have been performed using the commercial 
finite element software SEEP/W (Geo Slope Int. Ltd. 1998) able 
to analyse two-dimensional transient flow regimen both in satu-
rated and unsaturated conditions. The governing differential 
equation utilised in the software has the following expression: 
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where m2
w is the coefficient of volumetric water changes with 

respect to a change in negative pore pressure and is equal to the 
slope of the soil–water characteristic curve, h is the total head, kx 
and ky are the coefficient of permeability of the soil with respect 
to water, γw is the unit weight of water, t is the time. The finite 
element mesh used for the numerical modelling of the seepage 
conditions resulted in about 4000 quadrilateral elements having 
lengths lower than 1.0 m. 

The solution process of the non-linear differential equation 
(2) requires the definition of the soil water characteristic curve, 
the permeability function, the boundary and initial conditions. 

In the case of the analysed slope section, hydraulic properties 
have been selected among those experimentally determined (Fig. 
8) assuming the soil layers are homogenous and isotropic. In or-
der to define the boundary conditions on the ground surface, a 
preliminary analysis has been performed on the rainfall events 
recorded over a period of two years (2000 – 2002) at rain gauges 
located at the toe of the slope (installed before May 1998) and at 
those installed at the top of Pizzo d’Alvano massif after May 
1998. The above analysis has evidenced that the amount of cu-
mulated rainfall recorded at the toe and at the top of Pizzo 
d’Alvano massif does not differ significantly when computed 
over a period equal or longer than a month. On the contrary, 
relevant differences arise, if rainfall intensities recorded during 
each rainstorm event are compared. In particular, in the analysed 
period, the ratio between hourly rainfall intensities recorded at 
the top rain gauges and those recorded at the toe rain gauges is 
higher than unity in the 56% of the recorded rainfall events. 

Following the above results, a flux boundary condition equal 
to daily rainfall intensities recorded at the toe rain gauges has 
been assumed on the ground surface for the period January 1, 
1998 - May 3, 1998; for the last two days (May 4-5) the flux 
boundary condition has, instead, assigned hourly rainfall intensi-
ties, with values equal to two times those recorded at the toe rain 
gauges. As to the boundary conditions at the contact between the 
pyroclastic cover and the limestone bedrock, two different cases 
were considered. In the first case, the bedrock was assumed im-
pervious; in the second, this impervious condition was replaced 
by a flux condition only at the bedrock outlet (Fig. 5). 

Following the previously stated considerations on suction 
measurements, a uniform distribution of soil suction has been 
adopted as an initial condition, assuming values equal to 5, 10, 
15 and 20 kPa all over the pyroclastic cover. 

As regards stability analysis, the Janbu’s simplified limit 
equilibrium method was used to compute the distribution of 
minimum safety factor. This has been determined taking into ac-
count more than 170 potential slip surfaces, of different exten-



sion, located at variable depths along the analysed slope section; 
at this scope the commercial software SLOPE/W (Geo Slope Int. 
Ltd. 1998) was used. In correspondence with the attainment of 
instability conditions, the collapsed portion of the pyroclastic 
soils was removed and the safety factor was re-computed taking 
into account the new slope geometry; in this way, a possible time 
sequence of the failure stages occurring along the slope section 
could be simulated. 

By adopting the above described procedures, the first step of 
the analysis has been concerned with the simulation of seepage 
conditions in the period January 1, 1998 – May 3, 1998. Figure 9 
shows, for some verticals along the slope section, the computed 
pore pressure distributions on May 3, 1998 assuming different 
initial conditions and a value of 7.5×10-5 m/s for the saturated 
conductivity of pumice layers; in the same Figure is also re-
ported the position of the slip surface (broken line) observed af-
ter the flowslide occurrence. 

As it can be noted (Fig. 9), soil layers located above the slip 
surface are characterized by partially saturated conditions, with 
negative pore pressure distributions quite uniform, not affected 
by the different initial conditions adopted. On the slip surface 
and at depths approaching the limestone bedrock, a generalised 
increase of pore pressure can be observed with attained values 
strictly dependent on the initial condition, especially in the mid-
dle part (verticals 4, A and B) of the slope section (Fig. 9), where 
pumice layers are more frequent. Here, the initial condition is 
capable of inducing or not the formation of a perched water table 
inside the pyroclastic cover. It is interesting to note that the pore 
pressures distributions shown in Figure 9 do not differ signifi-
cantly if they are computed assuming, for the ashy layers, hy-
draulic properties varying in the range of those experimentally 
determined. 

A possible explanation of this behaviour, as well as the influ-
ence of the initial conditions on the pore pressure distribution, 
can be almost certainly ascribed to the role of pumice layers and, 
in particular, to their hydraulic properties. As Figure 8b shows, 
although saturated conductivity of pumice soils is highest among 
the soils forming the slope section, its conductivity decreases 
more rapidly than the other layers with respect to suction; in par-
ticular, the pumice conductivity show a variation of about two 
orders of magnitude with respect to suction when this last varies 
between the minimum (5 kPa) and the maximum (20 kPa) value 
assigned as initial condition. So, for the case of an initial suction 
of 5 kPa, pumice layers are able to convey relevant amounts of 
water towards larger depths; according to water movement, pore 
pressures increase at large depth with respect to initial value. For 
the case of an initial suction of 20 kPa, pumice layers behave as 
low permeability layers; meaning that smaller amounts of water 
flow deeper into the slope and thus negative pore pressure at 
large depths are not highly affected. 

The relevant role played by pumice soils on the seepage con-
ditions and on the consequent pore pressure distributions in the 
slope section, has been also confirmed by a sensitivity analysis 
carried out with respect to their saturated conductivity for which, 
as previously stated, data were obtained from literature. Figure 
10 shows pore pressures computed at May 3, 1998 along the slip 
surface observed after flowslide occurrence, assuming an initial 
suction condition of 10 kPa and saturated conductivity values 
ranging between 5.0×10-5 m/s and 5.0×10-4 m/s. As it can be 
seen, computed pore pressures differ significantly with respect to 
saturated conductivity with variations up to 15 kPa in the central 
and lower part of the slope. 

The pore pressure variations just before the flowslide occur-
rence called for a close examination of the influence of both 
pumice saturated conductivity and initial condition on the stabil-
ity condition of the slope at that time. In Figure 11 the minimum 
safety factor computed for the various zones of the slope (Fig. 5) 
are reported, assuming a zero value for ϕb and an initial condi-
tion of 10 kPa for pore pressure analysis. As it can be seen, 
whatever is the saturated conductivity of pumice layers, the en-
tire slope is characterized by stable condition as safety factor as- 
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Figure 9. Pore pressure distributions computed on May 3, 1998, for dif-
ferent initial conditions on January 1, 1998. 
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Figure 10. Pore pressures computed at May 3, 1998 along the slip sur-
face observed after flowslide occurrence, for different saturated conduc-
tivity of pumice soil layers. 

 
sumes values greater than unity. It is also worthwhile to note that 
the same conclusion arises also assuming, for initial suction con-
dition at January 1, 1998, values equal to 10 kPa and 15 kPa. 
Only assuming an initial condition of 5 kPa, instability occurs in 
a small portion of the slope (zone 18) located at the toe. 

Moreover the influence of unsaturated conditions on slope 



stability has been evaluated by comparing safety factors for the 
various zone of the slope assuming for ϕb values obtained from 
laboratory tests. As Figure 12 shows, assuming 10kPa as initial 
condition at January 1, 1998 and a saturated conductivity of 
7.5×10-5 m/s for pumice soil layers, the increase of safety factor 
taking into account the unsaturated conditions ranges from 4% to 
20% over the whole slope while there aren’t significant differ-
ences assuming 20°, 25° or 30° for ϕb. 
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Figure 11. Influence of pumice soil layers hydraulic conductivity on 
Safety factor. 
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Figure 12. Influence of unsaturated condition on slope stability. 

 
On the basis of the obtained results, seepage analyses have been 
carried out with reference to May 4-5 1998 in order to evaluate 
the influence of some factors on the slope stability conditions of 
the slope section at the time of flowslide occurrence. 

At the first stage, seepage analyses have been performed con-
sidering at the base of pyroclastic cover an impervious boundary 
condition, analogous to that assumed for the analysis within the 
period January 1, 1998 – May, 3 1998. As initial condition, the 
various pore pressure distributions computed at May, 3 1998 
have been used. A time step of an hour has been adopted for all 
the analyses performed. At each time step the simulated pore 
pressure distribution has been utilized to calculate the minimum 
safety factor of the slope. 

The obtained results clearly show that, independently by the 
initial condition assumed at January 1, 1998, saturated conduc-
tivity of pumice layers strongly affects the temporal evolution of 
instabilities: in particular it has been observed that by assuming 
values lower than 7.5×10-5 m/s failure conditions occur before 
the recorded flowslide occurrence (May 5, 1998); on the other 
hand, for saturated conductivity higher than the above value, in-
stability conditions do not occur along any portion of the slope. 
Figure 13 shows the time sequence of slope failures - in terms of 
mobilized areas computed on Figure 4 - for various initial condi-
tions and by considering saturated conductivity of pumice layers 
equal to 7.5×10-5 m/s. As it can be seen, although the computed 
times of failure are in a quite good agreement with those re-
corded, simulated instability conditions affect only a limited por-
tion of the slope, whatever the initial condition assumed. 

On the basis of these results further analyses have been car-
ried out in order to evaluate the influence, on the instability con-
ditions, of the bedrock outlet, as evidenced by the slope evolu-
tion model discussed in section 2. For this scope, seepage 
analyses, for the period January 1, 1998 – May 5, 1998, have 
been re-performed removing the condition of an impervious 
boundary at the base of pyroclastic cover where bedrock outlet is 
located. Here, a flux boundary condition has been assigned and 
considered operating during various time intervals within the pe-
riod April 28, 1998 – May 5, 1998; according to Cascini et al. 
(2000), the outlet flow rate has been assumed, equal to 1.0×10-3 
m3/min. 

Figure 14 shows the most relevant results obtained for the 
evaluation of the slope stability conditions, assuming ϕb equal to 
zero in order to compare the results of the present analysis and 
those of the preliminary one (Cascini et al. 2000). First of all, it 
can be observed that the presence of bedrock outlet is a key fac-
tor in order to assess the attainment of failure condition for the 
whole slope. However the time sequence of the slope failure is 
strongly affected by the combination of both initial condition as-
sumed at January 1, 1998 and the period in which bedrock outlet 
operates. 

In particular, the best simulations of the recorded times of 
failure can be obtained by assuming, for the month of January, 
an initial suction value ranging within the interval 10 – 15 kPa, 
considering a value of saturated conductivity equal to 7.5×10-5 
m/s and the bedrock outlet to have become operative between 
May, 2 - 3 (Fig. 14). 

It is worthwhile to observe that the above results are in good 
agreement with those achieved by Cascini et al. (2000) with ref-
erence to a simplified geotechnical section of the slope and as-
suming for pumice soil layer a saturated conductivity value equal 
to 10-3m/s. Such agreement can be explained by computing the 
saturated trasmissivity of the section considered by the above 
Authors and that utilized in the present study (Fig. 5). 
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Figure 13. Influence of initial condition assumed at 1 January, 1998 on 
time sequence of the slope failure. 
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Figure 14. Influence of bedrock outlets and initial condition on 1 Janu-
ary, 1998 on time sequence of the slope failure. 
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Figure 15. Trasmissivity of preliminary and present slope section. 

 
As well known, saturated trasmissivity for a stratified slope is 
given by the expression: 

∑=
i

isibkT  (3) 

where ksi and bi are, respectively the saturated conductivity and 
the thickness of the layer i. According to (3), in Figure 15 the 
trasmissivities of the two sections are compared. As it can be 
noted, despite the different stratigraphic outline and thickness of 
the two geotechnical sections, their trasmissivities are very close. 
This, in turn, evidences the relevant role played by pumice lay-
ers, which strongly influence trasmissivities, on the attainment of 
instability condition for pyroclastic cover. 

4 CONCLUDING REMARKS 

In recent years, flowslides occurring in pyroclastic soils within 
the territory of the Campania Region have increased in fre-
quency and size, drawing considerable attention. Because of the 
almost total absence of significant knowledge on the subject, fol-
lowing the calamitous events of May 1998, it was considered 
necessary to set up a large-scale research program. Initially, geo-
logical studies were preferred in order to assess the main physi-
cal features of the territory where the flowslides occurred. At a 
subsequent stage, geotechnical analyses were performed to vali-
date the results of previous studies from an engineering point of 
view. 

These geotechnical analyses, based on preliminary data from 
in situ and laboratory investigations, confirmed most of the hy-
potheses suggested by the previous geological studies. In consid-
eration of this, a more detailed in situ and laboratory investiga-
tion program was planned. It was thus possible to improve the 
geotechnical analyses aimed to assess the role played by some 
factors controlling failure occurrence. 

The obtained results stress that the bedrock outlet, previously 
highlighted by the geological slope evolution model, represents a 
key factor in the triggering of the analysed flowslide; in fact, 
only by taking into account the presence of bedrock outlet, the 
modelled sliding surface and resulting thicknesses of mobilised 
pyroclastic soil match the in situ evidence observed immediately 
after the event. Moreover, a significant agreement between the 
simulated time sequence and the one deduced from the descrip-
tions of eyewitnesses can be obtained by assuming, in the seep-
age analyses, an initial suction value of 10 kPa and a saturated 
conductivity of pumice layers equal to a mean value (7.5×10-5 
m/s) of the range documented in the literature. Obviously, the 
full confirmation of such results needs further analyses to be per-
formed in order to investigate the role of other factors, such as ϕb 
angle, on the time sequence of the slope failure. 
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