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phenomenon in due time. Unreliable predictions, 
resulting in false or missing alarms, are still 
limiting the use of early warning systems 
(Gasparini et al. 2007). 

Real-time prediction of landslide occurrence 
can be obtained through the monitoring of either 
the potential trigger or the slope response to such a 
trigger. For rainfall-induced landslides, 
precipitation, here indicated as the precursor, 
represents the trigger, while water content, pore 
pressure change, displacement and displacement 
rate can be regarded as indicators of the slope 
response. 

Examples of operating early warning systems 
exist, some based on comparison of measured 
precipitations to empirical thresholds (Keefer et al. 
1987; Wilson et al. 1993; Wiley 2000; Ortigao and 
Justi 2004), others on monitoring of indicators 
(Flentje et al. 2005). In some cases, integrated 
systems based on both monitoring of incoming 
precipitations and of changes in soil state are 
being used to establish different levels of warning 
(Brand et al. 1984; Iwamoto 1990; Baum et al. 
2005; Chleborad et al. 2008). A recent review 
about operating early-warning systems in Europe 
is reported in Alfieri et al. (2012). 

Shallow landslides are a typical consequence 
of extreme rainfall events, but the identification of 
empirical rainfall thresholds for the prediction of 
their triggering is rarely feasible, as 
historical rainfall data associated to slope 
failures are required. Such landslides 
usually occur along steep slopes covered 
with unsaturated granular deposits, as in 
the case of landslides which occurred during 
the last decades in the hilly area of 
Campania, Southern Italy (Calcaterra et al. 
2004; Cascini and Ferlisi 2003; Crosta and 
Dal Negro 2003; Guadagno et al. 2005). 
Figure 1 shows the location of the largest 
landslides which occurred during the last 
decades. Here the involved slopes are 
covered with loose air-fall granular deposits 
originated by the eruptions of some volcanic 
complexes (Rolandi et al. 2003; Di 
Crescenzo and Santo 2005). In many cases, 
the failed soil mass attained a size of tens of 
thousands cubic metres and reached a 
velocity of metres per second (Faella and 
Nigro 2003). Such slopes are in equilibrium 

thanks to the contribution of soil suction to shear 
strength, which allows stability of slopes steeper 
than the friction angle of the material (Olivares 
and Picarelli 2003). Owing to the rainfall 
infiltration, a landslide can be suddenly triggered, 
as the resisting force no longer balances the 
driving force. In fact, the increase of water content 
causes an increase of soil weight and a decrease of 
suction and associated cohesion (Fredlund and 
Rahardjio 1993).  

The continuous monitoring of suction and/or 
of water content, as indicators of stability 
conditions, can therefore provide useful 
information. It is well known that these two 
variables are related through the non linear soil 
water retention curve (SWRC). Owing to the steep 
slope of the transition zone of the SWRC, near 
saturation small changes in suction correspond to 
great changes in water content. In the considered 
slopes, failure usually occurs in saturated or nearly 
saturated conditions. Monitoring data show that 
during the wet season, soil suction drops to very 
small values (Damiano et al. 2012; Sorbino and 
Nicotera 2013) of a order of a few kPa, while water 
content still remains far below saturation (Greco 
et al. 2014; Pirone et al. 2014). Thus, monitoring 
of water content seems more suitable than suction 
to reveal the incoming failure. 

Traditional monitoring performed with 

Figure 1 Rainfall-induced landslides occurred in Campania 
during the last century. 
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inclinometers, topographic or photogrammetric 
surveys are generally useless. In fact, such 
monitoring devices are suitable to monitor slow 
moving landslides, while shallow landslides in 
loose unsaturated granular soils usually show 
significant soil deformations only a short time 
before failure. In fact, when suction becomes very 
small, due to unusual precipitation, loose soils 
experience a strong decrease in the void ratio, 
denoted as volumetric collapse (Olivares and 
Picarelli 2003; Olivares and Damiano 2007), and 
tensile cracks develop along the slope, owing to 
shear strain (Olivares and Picarelli 2006; Picarelli 
2009). Adopting sensors, like optical fibers, 
capable of detecting in real time such soil 
deformations which can appear everywhere along 
the slope, could be another useful tool to predict 
the impending event. So far, optical fibers have 
been adopted for the monitoring of deep-seated 
landslides (Iten and Puzrin 2009). 

Hence, in situ monitoring of water content 
along the soil profile and of soil deformations 
along some slope sections could realize an 
effective early-warning system for prediction of 
shallow rapid landslides in pyroclastic soils, since 
the significant changes exhibited by such variables 
approaching failure, allow to adopt them as early 
indicators of failure. 

The aim of this study is to assess, through 
investigation on small scale model slopes, the 
reliability of Time Domain Reflectometry (TDR) 
probes, to measure soil water content, and of 
optical fibres, to detect soil deformation, to realize 
such an early warning system in slopes covered 
with unsaturated pyroclastic deposits. 

1    Materials and Methods  

1.1 Hydraulic and mechanical properties of 
air-fall ashes 

Figure 2 reports the grain size of the air-fall 
volcanic ashes, taken at Cervinara and Monteforte 
Irpino (Figure 1), used in the experiments 
described below. These two slopes, like many 
others in the area, are covered with a few meters 
of pyroclastic soils, resting upon a fractured 
limestone bedrock. The covers are layered, with 
alternating layers of ashes and pumices, and 

sometimes altered ashes located at the bottom of 
the profile (Damiano et al. 2012; Pirone et al. 
2012). The two investigated soils belong to ashy 
layers, which, as most of the similar deposits in 
Campania, consist of non plastic silty sands. Their 
porosity is quite high, ranging between 65% and 
75%.  

The water retention curves of both deposits, 
obtained during infiltration experiments in small-
scale model slopes, are shown in Figure 3. The 
curves display a low air entry value (3-5 kPa) and a 
steep slope in the transition zone. More details 
about the water retention properties of the 
investigated materials can be found in Damiano 
and Olivares (2010) and Sorbino and Nicotera 
(2013).  

The hydraulic conductivity of the Cervinara 
ash ranges between 10-6 and 10-8 m/sec, moving 
from a fully saturated condition to a degree of 

Figure 2 Grain size of Cervinara and Monteforte 
Irpino volcanic ashes (n = number of determinations) 
(modified after Damiano et al. 2012). 
 

Figure 3 Water retention curves of Cervinara and 
Monteforte Irpino ashes (modified after Damiano and 
Olivares 2010). 
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saturation of about 40% (Olivares and Picarelli 
2003). More data concerning the Monteforte 
Irpino ash, which displays similar values, are 
reported by Papa et al. (2010). 

The friction angle of the Cervinara and 
Monteforte Irpino ash is respectively 38° and 37°. 
Both soils show a negligible effective cohesion. 
Nonetheless, in unsaturated conditions, the 
apparent cohesion can grow up to more than 10 
kPa as a function of soil suction (Olivares 2001; 
Sorbino and Nicotera 2013). The deformability is 
quite high, owing to the high void ratio. As a 
consequence, significant volumetric strain 
(volumetric collapse) has been observed as the soil 
approaches saturation.  

1.2 Flume experiments to test the proposed 
indicators 

The aim of the research is to test a system 
based on two low-cost sensors of volumetric water 
content and strain, TDR probes (Topp et al. 1980) 
and optical fibers (Niklès et al. 1997), to check its 
suitability as an early-warning system for rainfall-
induced landslides in pyroclastic soils. The system 
has been tested trough infiltration experiments in 
an instrumented flume where small-scale slopes 
have been subjected to rainfall until failure. 

The flume has a length of 1.9 m, a width of 0.5 
m and a depth of 0.5 m. The slope inclination can 
reach an angle of 65°. The bottom of the flume 
allows to reproduce either pervious or impervious 

soil-bedrock interface. The slope can be 
instrumented with minitensiometers (range 0-
80kPa; sensitivity 1 kPa), pore pressure 
transducers (range 0-3.5 kPa; sensitivity 0.035 
kPa), TDR probes, laser transducers (range 0-100 
mm; sensitivity 20 mμ ) to measure settlements at 
ground surface, optical fibres. TDR probes and 
optical fibers are described in detail, in the 
following sections. A rain gauge, located at the toe 
of the slope, and a standard thermocouple, buried 
in the soil near the bottom of the flume around its 
centre, allow measurement of rainfall intensity 
and soil temperature during the tests. A sketch of 
the instrumented flume is shown in Figure 4. The 
position of the devices in the plan-view of Figure 
4c is approximate; for each experiment the exact 
locations of the transducers and minitensiometers 
are given in Table 1. More details regarding 
equipment and testing procedures can be found in 
Olivares et al. (2009). 

Several tests have been performed with the 
two described ashes, reconstituted at different soil 
porosities, various initial conditions and applied 
rainfall intensities (Greco et al. 2010). The results 
of three tests are shown in the following sections. 
To obtain uniform porosity and water content, the 
soil is laid down by the moist-tamping technique, 
in thin layers of around 0.5 cm. During formation 
of the slope, two strands of the same single-mode 
standard optical fibre are buried in the soil, at the 
middle of the layer, in the longitudinal direction of 
the flume (Figure 4a). The excess length of fibre 

 
Figure 4 Equipment for experiments on small-scale unsaturated slopes: a) installation of the optical fiber during 
the reconstitution of the soil deposit; b) the instrumented model slope at the beginning of the test; c) schematic plan-
view and cross-section of the monitoring system. 
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between the two buried strands is placed outside 
the slope. After formation of the deposit, 
minitensiometers and a TDR probe are inserted, 
and the surface is covered by a plastic membrane 
to prevent evaporation and attain an equilibrium 
condition. Then the flume is tilted to the 
established slope angle and the test starts. The 
experiments are conducted by imposing constant 
artificial rainfalls. The applied intensities reported 
in Table 2 have been chosen in order to limit the 
duration of the experiments around one hour. 
Such intensities ranging between 45 and 56 mm/h 
are not necessarily representative of real events, as 
the aim of the experiments is only testing the 
capability of the system to detect incoming failure, 
rather than reproducing the evolution of a real 
event usually lasting for 24-48 h (Pagano et al. 
2010; Damiano et al. 2012). 

The main characteristics of the three 
described tests are reported in Tables 1 and 2. As 
indicated in Table 1, the minitensiometers, the 
laser and the pore pressure transducers are 
grouped into two nests indicated as upslope (0.3-
0.5 m from the top of the flume) and downslope 
(0.8-1.0 m from the top of the flume). The 
minitensiometers are placed at a depth of 0.05 m 
(superficial) and 0.1 m (deep) below the ground 
surface. The TDR probe is inserted normally to the 

flume bottom and crosses the entire deposit. Pore 
pressure transducers are located at the base of the 
deposits whereas the laser transducers are located 
above the ground surface, with the optical axis 
perpendicular to it. 

1.3 Time Domain Reflectometry (TDR)  

The TDR technique has been applied for a 
long time to investigate the mean volumetric water 
content of the soil. The experimental device 
consists of an electromagnetic pulse generator 
connected, through a coaxial cable, to a metallic 
probe a few decimetres long, buried under the 
ground surface. An electromagnetic pulse is sent 
through the soil, and the reflected signal is 
acquired. The speed of electromagnetic waves 
propagating through soil depends on its bulk 
dielectric permittivity, εr, while the attenuation of 
the signal mainly depends on bulk electrical 
conductivity, σ. Both variables are in turn related 
to volumetric water content, θ (Campbell 1990): 
the εr(θ) and σ(θ) relationships can be 
experimentally determined in the laboratory. 
Measuring the travel time of the electromagnetic 
pulse provides the average bulk soil dielectric 
permittivity within a cylinder of soil coaxial to the 
probe. As a consequence, the mean volumetric 

Table 1 Position of the sensors during each flume experiment 

Test Upslope section Downslope 
section Superficial  Deep TDR probe Optical 

fiber Geogrid 

A L2, L4 
T2, T4, T5, T6, T7 
P1, P2, P5 

L1, L3, L5 
T1 
P3, P4 

-
T1, T4, T6 
- 

-
T2, T5, 
T7 
- 

yes
(downslope) 

yes no

B L1, L2, L4 
T1, T2 
P1, P4, P5 

L3, L5 
T3, T4, T6 
P2, P3, P6 

-
T2, T3, T6 
- 

-
T1, T4 
- 

yes
(downslope) 

no no

C L3, L5 
T4, T6 
- 

L1, L2, L4 
T2, T5, T7 
- 

-
T6, T7 
- 

-
T2, T4, 
T5 
- 

no yes yes

Notes: L = Laser sensor; T = Tensiometer; P = Pore pressure transducer. 

 
Table 2 Main characteristics of the tests 

Test Soil z (m) l (m) α(°) n0 (ua–uw)0 (kPa) Sr0 i (mm/h) 
A Monteforte Irpino 0.1 1.10 40 0.74 15 - 45 
B Cervinara 0.1 1.20 40 0.76 41 0.33 56 
C Cervinara 0.1 1.35 38 0.73 41 0.44 50 

Notes: z = Thickness; l = Length; α = Slope angle; no = Initial soil porosity; (ua–uw)0 = Initial mean suction; Sr0 
= Initial degree of saturation; i = Rainfall intensity. 
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water content is obtained, with an average error of 
±0.02 m3/m3 (Topp et al. 1980).  

Quite recently, a novel interpretation 
technique has been developed (Greco 2006; Greco 
and Guida 2008), which allows the inverse 
determination of the entire volumetric water-
content profile along the metallic probe. The 
spatial resolution of the retrieved water content 
profile depends on the rise time of the 
electromagnetic pulse transmitted through the soil 
along the metallic probe. With the commonly 
adopted measurement devices, such a resolution is 
around 2 cm. Such a technique is based upon the 
numerical integration of the transmission line 
equations, which describe the electromagnetic 
transient along the probe (Ramo et al. 1994). By 
minimizing the difference between the 
experimental TDR wave traces and the simulated 
wave traces, the distributions of bulk soil dielectric 
permittivity and electrical conductivity are 
obtained. The empirical relationships linking 
volumetric water content with bulk soil dielectric 
permittivity and electrical conductivity, which are 
obtained in the same way as for usual TDR 
measurements, allow estimation of the volumetric 
water content.  

Such a method allows use of longer probes 
than usual. In fact, measurement of the travel time 
requires the reflection of the electromagnetic wave 
at the end of the probe to be clearly detectable in 
the wave trace. Signal attenuation along the probe, 
mainly due to ionic electrical conductivity through 
soil water, reduces the amplitude and the 
steepness of the final reflection, making it very 
difficult to precisely locate the reflection time. As a 
consequence, especially for high water contents, 
the measurements based on the detection of travel 
time cannot be carried out with probes longer than 
20 to 30 cm. The described interpretation 
technique, instead, exploits the information about 
water content distribution provided by signal 
attenuation and can detect the 
reflection at the end of the 
probe even when it is extremely 
smoothed. Indeed, it has been 
successfully applied with probe 
lengths of 40 cm both in the 
laboratory (Greco 2006) and in 
the field (Greco and Guida 
2008). Acquisition of a TDR 

wave trace takes a few seconds, while the 
calculations for water content profile retrieval take 
a few minutes, thus real-time measurements can 
be obtained frequently. The knowledge of the 
water content profile over the entire soil thickness 
allows estimating the incoming saturation, better 
than with point measurements. For field 
applications, with cover thickness of few meters, 
the use of several TDR probes buried at various 
depth is required for the estimation of the water 
content profile. 

In the following sections, the use of TDR will 
be shown for the case of controlled infiltration 
experiments in small scale homogeneous model 
slopes. In this case, it is possible to assume a priori 
that soil water content monotonically grows 
upward, thus allowing to adopt the interpretation 
approach of Greco (2006), based on the use of a 
single TDR probe normal to the slope bottom. It 
has three metallic rods (diameter 3mm; spacing 
1.5cm) and a length of 10cm, thus crossing the 
entire soil deposit. 

Pyroclastic soils consist of light vesiculated 
(vesiculated) fragments with a wide range of 
particle sizes (from gravel to clay) characterised by 
internal voids, often unconnected, resulting in 
very low bulk densities, as shown in Table 3. Thus, 
specific experiments were performed to estimate 
the calibration relationship εr(θ) for Cervinara ash 
(Greco et al. 2010). In Figure 5 the obtained 
experimental relationship is compared to the 
“universal” curve proposed by Topp et al. (1980) 
and to those proposed by Regalado et al. (2003) 
for other pyroclastic materials. One of the plotted 
curves for pyroclastic soils is very close to the one 
characterising the Cervinara ash. This result is 
probably due to the very low density of volcanic 
soils, which strongly affects the εr(θ) relationship, 
as reported in literature (e.g., Malicki et al 1996). 
Adopting the relationship proposed by Topp et al. 
would lead to an underestimation by 10-20% of 

Table 3 Physical, mechanical and hydraulic properties of 
investigated soils 

Parameters Cervinara Monteforte 
Irpino 

Specific weight of solid particles 2.59÷2.64 2.57 
Bulk dry density (g/cm3) 1.4÷1.5 1.4 
Porosity 0.71÷0.74 0.71 
Saturated hydraulic conductivity ksat (m/s) 1⋅10-7 ÷ 5⋅10-7 7⋅10-7 
Effective friction angle φ’ (°) 38 37 
Cohesion c’ (kPa) 0 0 
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slope deformations continue and some cracks 
develop in the upper part of the slope (Figure 7c), 
the observed reduction of soil suction becomes 
very slow, until the slope failure, which occurs 
about 58 minutes after the beginning of the 
infiltration process. A similar behaviour has been 
observed not only during test B, as shown by 
Figure 8, but also during all the other infiltration 
tests (Greco et al. 2010). 

For test A, the time history of volumetric 
water content at three different depths is shown in 
Figure 9a. It looks clear that, once the wetting 
front reaches the considered depth, the increment 
of volumetric water content is much more gradual 
than the contemporary suction decrease. It is 
worth noting that in the last part of the 
experiment the soil at the bottom of the deposit 
becomes wetter than above, indicating that a 
water ponding is forming at the bottom, as 
confirmed by the readings of the pore pressure 
transducers (Figure 7a). 

Figure 9b reports some volumetric water 
content profiles obtained from TDR readings. 
While the limited spatial resolution and accuracy 
of the TDR technique does not allow revealing the 
wetting front during the early stage of infiltration, 
in the profiles retrieved after 8 minutes and later, 
the downward propagation of the wet front 
becomes more and more evident. In particular, the 
profiles obtained between 17 and 27 minutes after 
the beginning of the experiment are quite in a 
good agreement with the values of suction, 
showing a decrease of the water content from the 
top to the bottom. In such a phase, the soil 
remains far from saturation, as the wetter part of 
the profile retrieved after 27 minutes reaches a 
saturation degree of 62% calculated in the 

assumption of constant porosity. Unfortunately, 
for 15 minutes the TDR device did not work 
properly, so the following profile, acquired 42 
minutes after the beginning of the experiment, 
looks more uniform, with an average volumetric 
water content around 50% (corresponding to a 
saturation degree higher than 70%). The last 
profile, recorded 3 minutes before failure, does 
not reach the hypothetical maximum value of 0.74. 
Considering the positive value of pore pressure, 
that indicates the attainment of full saturation at 
the bottom (Figure 7a), this result may indicate 
the occurrence of volumetric collapse, leading to a 
reduction of soil porosity. Such a remark is 
confirmed by the settlements at the ground 
surface and by the opening of a large crack as wide 
as the slope (Figure 7c). 

The profiles of the volumetric water content 
retrieved during test B are reported in Figure 10. 
Again the figure shows the progressive downward 
advancement of the wetting front. About 20 
minutes from the start, the slope reaches nearly 
uniform water content, but during the last 5 
minutes the profiles present a different shape. In 

   
Figure 9 Volumetric water content measurements during test A: a) time history at three elevations; b) volumetric 
water content profiles. 

Figure 10 Volumetric water content profiles during 
experiment B. 
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particular, the last two profiles reveal that, in the 
upper part of the deposit, the saturated volumetric 
water content is being approached (the initial 
porosity is 0.76). In depth, instead, the profile 
shows smaller values of water content, which, at 
the bottom, attains only 0.6. Also in this case, this 
result can be ascribed to the volumetric collapse. 
In fact, the final average volumetric water content 
is around 0.73. Assuming that the last retrieved 
profile refers to nearly saturated conditions, and 
considering that during this test no significant 
crack appeared along the slope, the reduction of 
0.03 with respect to the initial porosity can be 
interpreted as a measurement of the volumetric 
strain. Such a value is quite in a good agreement 
with soil strain estimated from the settlements of 
the ground surface, which reaches nearly 4mm 
just before failure (Greco et al. 2010). 

Results of monitoring using optical fibres are 
reported in Figures 11 and 12 for the experiments 
A and C, respectively. In both the figures, the 
buried sections of the fibers are indicated by grey 
areas. The measurements reported in Figure 11a 
show a progressive increase in the shift frequency 
along the buried part of the fibre, which can be 
ascribed solely to a tensile strain increase, due to 
slope deformation, as soil temperature measured 
at the base of the slope remains constant during 
the experiment. Conversely, the decrease in the 
Brillouin shift frequency along the free spoil 
exposed to rain water in between the two buried 

strands is caused by the cooling due to fibres 
wetting. The estimated decrease in temperature, 
based on its correlation with the Brillouin shift 
frequency, is about 8°C. Figure 11b shows steadily 
increasing tensile strain measured by the second 
strand since the beginning of the test. The 
magnitude of the increase (about 8 MHz) 
indicates a strain of about 0.016% along the 
direction of the slope. Such a value is two orders of 
magnitude smaller than soil deformation normal 
to the slope, as estimated from ground settlements. 
Although the two components of deformation 
could be significantly different, this mismatch is 
probably due to the imperfect connection between 
the fibre and the soil, which allows relative 
displacements. Similar results were obtained in 
experiment B.  

The quality of readings can be improved by 
using geogrids to avoid relative movements 
between fiber and soil. With this respect, Figure 12 
reports pre-failure strains measured during test C. 
The profile at t=0 (Figure 12a) indicates an initial 
deformation, accumulated during previous 
infiltration phases, carried out before the 
beginning of test C. In this case the increase in 
Brillouin frequency shift is about 250 MHz, 
corresponding to a strain, measured just before 
rupture, of 0.5%, i.e. more than one order of 
magnitude higher than the value of 0.016% 
measured in experiment A (Figure 11b), when a 
slip between the soil and the fiber occurred, 

 
Figure 11 Experiment A: a) changes in the Brillouin shift frequency along the fibre; b) changes in the mean 
Brillouin frequency shift  vs. time along the right strand. 
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In all laboratory experiments the water 
content profiles proved to be consistent and 
reliable. In particular, obtaining continuous 
profiles of the volumetric water content along the 
entire rod length represents a significant 
improvement of the quality of monitoring. In 
addition, elaboration of data takes only a few 
minutes and readings can be automatically 
acquired. If probes are installed at different depths 
from the ground surface, this can contribute to a 
correct spatial and temporal interpretation of the 
evolution of the infiltration process from the 
ground surface. In fact, the probes clearly show 
the advancement of the wetting front in the early 
stage of infiltration. Afterwards, owing to the non 
linearity of the water retention curve, the gradual 
saturation of the soil can be better detected in 
terms of water content rather than with 
tensiometers. Therefore, they can provide useful 
information about the slope behaviour, as the 
volumetric collapse of loose soils close to full 
saturation. In addition, based on water retention 
curves, volumetric water content profiles can 
provide the fundamental information of 
distribution of suction with depth for slope 
stability analysis in unsaturated soils.  

Of course, further investigations are required 
to check the reliability of the device in more 
complex field conditions, in which stratigraphy 
and heterogeneities in the soil properties play a 
significant role. 

The use of optical fibres for monitoring of 
distributed soil strains is quite a novel technique, 
since most of the documented applications have 
been limited to structures or to structural 
elements embedded in the soil. Laboratory tests 
show that the fibre can be directly put into the soil. 
By adopting simple solutions to avoid relative 
displacements at the fibre-soil interface, internal 
soil deformation due to tension cracks, volumetric 
collapse or shear banding can be easily detected. 

In particular, cracking can be induced by either 
volumetric collapse or by local shear strains.  

The results of experiments on small-scale 
model slopes are encouraging. In such 
experiments, the first deformations were detected 
early, when the increase in the degree of 
saturation was only 10%. This confirms that such a 
technique could be very useful in loose soils which 
are susceptible to catastrophic landslides, where 
the volumetric deformation process starts quite 
early and could be detected in time to issue 
warnings. Also in this case, data elaboration takes 
few minutes and readings can be automatically 
stored or remotely transmitted. A prominent 
feature of this sensor is its ability to monitor 
distributed strains all along the fibre. This can 
help in detecting pre-failure deformations 
wherever they occur. In field applications, optical 
fibres can be directly laid in small trenches 
parallel or normal to the slope over long distances. 
If necessary, they can be protected from damage 
by installation inside small-diameter plastic tubes. 
In any case, reinforced fibres are now available, 
minimizing the risk of damage during installation. 

In conclusion, the proposed system could 
represent a useful tool for timely alerting landslide 
triggering, especially if integrated with other 
devices. Data from different sensors can provide a 
complete and robust framework for the evaluation 
of the hydrological slope response, reducing the 
probability of missing or false alarms.  

Acknowledgements 

The work described in this paper was partially 
supported by the project SafeLand “Living with 
landslide risk in Europe: Assessment, effects of 
global change, and risk management strategies” 
under Grant No. 226479 (7th Framework 
Programme). 

References

Alfieri L, Salamon P, Pappenberger F, et al. (2012) Operational 
early warning systems for water-related hazards in Europe. 
Environmental Science & Policy 21: 35-49. DOI: 10.1016/ 
j.envsci.2012.01.008 

Baum RL, Godt JW, Harp EL, et al. (2005) Early warning of 

landslides for rail traffic between Seattle and Everett, 
Washington, U.S.A. In: Proceedings of an International 
Conference on Landslide Risk Management held in 
Vancouver, Canada, 31 May-3 June 2005, pp 731-740. 

Brand EW, Premchitt J, Phillipson HB (1984) Relationship 



J. Mt. Sci. (2015) 12(6): 1434-1447 
 

 1446

between rainfall and landslides, in Hong Kong. In: 
Proceedings of the 4th International Symposium on 
Landslides held in Toronto, Canada, 16-21 September 1984, 
vol. 1, pp 377-384. 

Calcaterra D, de Riso R, Evangelista A, et al. (2004) Slope 
instabilities in the pyroclastic deposits of the Phlegraean 
district and the carbonate Apennine (Campania, Italy). In: 
Proceedings of an International Workshop on Occurrence and 
Mechanisms of Flows in Natural Slopes and Earthfills held in 
Sorrento, Italy, 14-16 May 2003, pp 61-75. 

Campbell JE (1990) Dielectric properties and influence of 
conductivity in soils at one to fifty megahertz. Soil Science 
Society American Journal 54: 332-341. DOI: 10.2136/ 
sssaj1990.03615995005400020006x 

Cascini L, Ferlisi S (2003) Occurrence and consequences of 
flowslides: a case study. In: Proceedings of an International 
Conference on Fast Slope Movements – Prediction and 
Prevention for Risk Mitigation held in Napoli, 11-13 May 2003, 
vol. 1, pp 85-92. 

Chleborad AF, Baum RL, Godt JW (2008) A prototype system 
for forecasting landslides in the Seattle, Washington, 
area.Reviews in Engineering Geology 20: 103-120. DOI: 
10.1130/2008.4020(06) 

IPCC (Intergovernmental Panel on Climate Change) (2011) 
Climate Change 2007: The Physical Science Basis.  Solomon S, 
Qin D, Manning M, et al. (Eds.), Contribution of Working 
Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change.Cambridge 
University Press, Cambridge, UK and New York, USA. 
Available online: http://www.ipcc.ch/publications_and_ 
data/publications_ipcc_fourth_assessment_report_wg1_rep
ort_the_physical_science_basis.htm (Accessed on 15 June 
2012) 

Comegna L, Damiano E, Greco R, et al. (2013) Effects of the 
vegetation on the hydrological behavior of a loose pyroclastic 
deposit. Procedia Enviroenmental Sciences 19: 922-931. DOI: 
10.1016/j.proenv.2013.06.102 

Crosta GB, Dal Negro P (2003) Observation and modelling of 
soil slip–debris flow initiation processes in pyroclastic 
deposits: the Sarno 1998 event. Natural Hazards and Earth 
System Science 3: 53-69. DOI: 10.5194/nhess-3-53-2003 

Di Crescenzo G, Santo A (2005) Debris slides–rapid earth flows 
in the carbonate massifs of the Campania region (Southern 
Italy): morphological and morphometric data for evaluating 
triggering susceptibility. Geomorphology 66: 255-276. DOI: 
10.1016/j.geomorph.2004.09.015 

Faella C, Nigro E (2003) Dynamic impact of the debris flows on 
the constructions during the hydrogeological disaster in 
Campania-1998: failure mechanical models and evaluation of 
the impact velocity. In: Proceedings of an International 
Conference on Fast Slope Movements – Prediction and 
Prevention for Risk Mitigation held in Napoli, Italy, 11-13 May 
2003, pp 179-186. 

Flentje PN, Chowdhury RN, Tobin P, et al. (2005) Towards real-
time landslide risk management in an urban area. In: 
Proceedings of an International Conference on Landslide Risk 
Management held in Vancouver, Canada, 31 May-3 June 
2005, pp 741-751.  

Fredlund DG, Rahardjo H (1993) Handbook on Soil Mechanics 
for Unsaturated Soils. In: Wiley-Interscience Publication, 
John Wiley & Sons, New York, NY, USA. 

Gasparini P, Manfredi G, Zschau J (2007). Earthquake early 
warning systems. In: Gasparini P, Manfredi G and Zschau J 
(Eds.), Springer, Berlin, Heidelberg, Germany. 

Greco R (2006) Soil water content inverse profiling from single 
TDR waveforms. Journal of Hydrology 317: 325-339. DOI: 
10.1016/j.jhydrol.2005.05.02 

Greco R, Guida A (2008) Field measurements of topsoil 
moisture profiles by vertical TDR probes. Journal of 
Hydrology 348(3-4): 442-451. DOI: 10.1016/j.jhydrol.2007. 
10.013 

Greco R, Guida A, Damiano E, et al. (2010) Soil water content 

and suction monitoring in model slopes for shallow flowslides 
early warning applications. Physics and Chemistry of the 
Earth 35: 127-136. DOI: 10.1016/j.pce.2009.12.003 

Greco R, Comegna L, Damiano E, et al. (2013) Hydrological 
modelling of a slope covered with shallow pyroclastic deposits 
from field monitoring data. Hydrology and Earth System 
Sciences 17: 4001-4013. DOI: 10.5194/hess-17-4001-2013 

Greco R, Comegna L, Damiano E, et al. (2014) Conceptual 
hydrological modeling of the soil-bedrock interface at the 
bottom of the pyroclastic cover of Cervinara (Italy). Procedia 
Earth and Planetary Science 9: 122-131. DOI: 10.1016/j. 
proeps.2014.06.007 

Guadagno FM, Forte R, Revellino P, et al. (2005) Some aspects 
of the initiation of debris avalanches in the Campania region: 
the role of morphological slope discontinuities on the 
development of failure. Geomorphology, 66: 237-254. DOI: 
10.1016/j.geomorph.2004.09.024 

Iten M, Puzrin AM (2009) BOTDA road-embedded strain 
sensing system for landslide boundary localization. In: 
Proceedings of the 16th Annual International Symposium on 
Smart Sensor Phenomena, Technology, Networks, and 
Systems held in San Diego, USA, 9-12 March, 2009.  

Iwamoto M (1990) Standard amount of rainfall for warning 
from debris disaster. In: Proceedings of the 6th International 
Conference Field Workshop on Landslides ALPS 90 held in 
Milan, Italy. pp 77-88. 

Keefer DK, Wilson RC, Mark RK, et al. (1987) Real-time 
landslide warning during heavy rainfall. Science 238: 921-925. 
DOI: 10.1126/science.238.4829.921 

Malicki MA, Plagge R, Roth CH (1996) Improving the 
calibration of dielectric TDR soil moisture determination 
taking into account the solid soil. European Journal of Soil 
Science 47: 357-366.DOI:10.1111/j.1365-2389.1996.tb01409.x 

Niklès M, Thévenaz L, Robert P (1997) Brillouin gain spectrum 
characterization in single-mode optical fibers. Journal 
Lightwave Technology 15 (10): 1842-1851. DOI: 10.1109/50. 
633570 

Olivares L (2001) Static liquefaction: an hypothesis for 
explaining transition from slide to flow in pyroclastic soils. In: 
Proceedings of the 14th International Satellite Conference on 
Transition from Slide to Flow–Mechanisms and Remedial 
Measure held in Trabzon, Turkey, 25-26 August 2001., pp 
177-191. 

Olivares L, Damiano E (2007). Post-failure mechanics of 
landslides: a laboratory investigation of flowslides in 
pyroclastic soils. Journal of Geotechnical and 
Geoenvironmental Engineering, ASCE 133(1): 51-62. DOI: 
10.1061/(ASCE)190-0241(2007)133:1(51) 

Olivares L, Damiano E, Greco R, et al. (2009) An instrumented 
flume to investigate the mechanics of rainfall-induced 
landslides in unsaturated granular soils. Geotechnical Testing 
Journal 32(2): 108-118. DOI: 10.1520/GTJ101366 

Olivares L, Picarelli L (2003) Shallow flowslides triggered by 
intense rainfalls on natural slopes covered by loose 
unsaturated pyroclastic soils. Géotechnique 53(2): 283-288. 
DOI: 10.1680/geot.2003.53.2.283 

Olivares L, Picarelli L (2006) Modelling of flowslides behaviour 
for risk mitigation. In: Proceedings of the 6th International 
Conference on Physical Modelling in Geotechnics held in 
Hong Kong, 4-6 August 2006, 1, pp 99-113. 

Ortigao B, Justi MG (2004) Rio-Watch: the Rio de Janeiro 
landslide alarm system. Geotechnical News 22 (3): 28-31. 

Pagano L, Picarelli L, Rianna G, Urciuoli G (2010) A simple 
numerical procedure for timely prediction of precipitation-
induced landslides in unsaturated pyroclastic soils. 
Landslides 7(3): 273-289. DOI: 10.1007/s10346-010-0216-x 

Picarelli L (2009) Conoscere per prevedere (dall’equilibrio 
limite alla meccanica dei pendii). Arrigo Croce Lecture, 
Rivista Italiana di Geotecnica, XLIII(4): 12-68. 

Picarelli L, Evangelista A, Rolandi G, et al. (2006) Mechanical 
properties of pyroclastic soils in Campania Region. In: 
Proceedings of the 2nd International Workshop on 



J. Mt. Sci. (2015) 12(6): 1434-1447 
  
 

 1447

Characterisation and Engineering Properties of Natural Soils, 
held in Singapore, 5-7 December 2006, 4, pp 2331-2384. 

Picarelli L, Versace P, Olivares L, et al. (2009) Prediction of 
rainfall-induced landslides in unsaturated granular soils for 
setting up of early warning systems. In: Proceedings of the 
International Forum on Landslide Disaster Management held 
in Hong Kong, 10-12 December 2007, 1, pp 643-665. 

Picarelli L, Zeni L (2009) Discussion to “Test on application of 
distributed fiber optic sensing technique into soil slope 
monitoring” by B.J. Wang, K. Lee, B. Shi and J.Q. Wei. 
Landslides 6(4): 361-363. DOI: 10.1007/s10346-009-0169-0 

Pirone M, Damiano E, Picarelli L, et al. (2012) Groundwater-
atmosphere interaction in unsaturated pyroclastic slopes at 
two sites in Italy. Rivista Italiana di Geotecnica 3/2012: 29-49. 

Pirone M, Papa R, Nicotera MV, et al. (2014) Evaluation of the 
hydraulic hysteresis of unsaturated pyroclastic soils by in situ 
measurements. Procedia Earth and Planetary Science 9: 163-
170. DOI: 10.1016/j.proeps.2014.06.014 

Poulos SJ (1981) The steady state of deformation. Journal of 
Geotechnical Engineering Division ASCE 107: 553-561. 

Ramo S, Whinnery J, Van Duzer T (1994) Fields and waves in 
communication electronics. Wiley Press, New York, USA. 

Regalado CM, Munoz Carena R, Socorro AR, et al. (2003) Time 
domain reflectometry models as a tool to understand the 
dielectric response of volcanic soils. Geoderma 117: 313-330. 

DOI: 10.1016/S0016-7061(03)00131-9 
Rolandi G, Bellucci F, Heizler MT, et al. (2003) Tectonic 

controls on the genesis of ignimbrites from the Campanian 
Volcanic Zone, southern Italy. Mineralogy and Petrology 79: 
3-31. DOI: 10.1007/s00710-003-0014-4 

Sassa K, Picarelli L, Yin YP (2008) Monitoring, prediction and 
early warning. In: Proceedings of the 1st World Landslide 
Forum on Disaster Risk Reduction held in Tokyo, 19-21 
November 2008, pp 351-375. 

Sladen JA, D’Hollander RD, Krahn J (1985) The liquefaction of 
sand, a collapse surface approach. Canadian Geotechnical 
Journal 22(4): 564-578. DOI: 10.1139/t85-076 

Sorbino G, Nicotera MV (2013) Unsaturated soil mechanics in 
rainfall-induced flow landslides. Engineering Geology 165: 
105-132. 

Topp GC, Davis JL, Annan AP (1980) Electromagnetic 
Determination of Soil Water Content: Measurement in 
Coaxial Transmission Lines. Water Resources Research 16: 
574-582. DOI: 10.1029/WR016i003p00574 

Wiley TJ (2000) Relationship between rainfall and debris flows 
in western Oregon. Oregon Geology 62 (2): 27-43. 

Wilson RC, Mark RK, Barbato G (1993) Operation of a real-time 
warning system for debris flows in the San Francisco Bay area, 
California. In: Proceedings of the Hydraulics Division 
Conference, ASCE, vol. 2, pp 1908-1913. 

 
 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


