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Abstract: Broad mountainous areas in the western Campania (southern Italy), where young py-
roclastic deposits extensively outcrop, frequently experience rainfall-induced slope movements of
different degrees of mobility, causing heavy damage and fatalities. Such landslides cannot be easily
mitigated, and the implementation of physically based early warning systems is still not able to
predict the post-failure evolution of slope movements and the exposed areas at risk. This paper is
devoted to overcoming this limit. To this end, the mechanical characterization of pyroclastic soil,
carried out through an extensive laboratory testing program, is presented and compared with those
of two other ashy soils of different depositional mechanisms. The results show that the depositional
mode influences soil properties; to begin with, it affects the unsaturated shear strength, whose
intercept of cohesion is up to 5 kPa higher in ashes of flow deposition than in airfall ash deposits. The
saturated undrained soil response allowed for the identification of different levels of susceptibility to
the liquefaction of pyroclastic deposits, which is one of the main factors governing the post-failure
evolution of landslides. Gathering all the acquired information, including saturated and unsaturated
soil shear strength, permeability function, and water retention curves, into a soil database, it was
possible to present all data under a unitary framework. Finally, the implementation of the proposed
flowchart for a simplified assessment of post-failure evolution to be employed in regional early
warning systems can enhance our knowledge of the areas at risk.

Keywords: rainfall-induced landslide; pyroclastic soils; unsaturated soil mechanics; liquefaction;
early warning systems

1. Introduction

A significant part of the Campanian slopes (southern Italy) is covered by young de-
posits arising from the recent explosive activity of the Somma-Vesuvius and Phlaegrean
Fields volcanic centers present in the area. They have generated pyroclastic deposits of dif-
ferent thicknesses and characteristics depending on the distance from the eruptive centers
and on deposition mechanisms (airfall, flow, or surge deposits), which mantled steep slopes
present in a wide area around the Campanian Plain. Over the years, these covers were
subjected to numerous shallow landslides due to infiltration processes following prolonged
and intense rainfalls. The stability of these shallow slopes is mainly due to the unsaturated
conditions of the covers: the presence of matric suction causes an apparent cohesive inter-
cept, which increases the soil shear resistance [1]. During rainwater infiltration, the increase
in soil weight and the decrease in matric suction may lead to slope instabilities [2-4]. Some
of them evolved into catastrophic flowslides able to run for kilometers even over flat areas,
destroying entire population centers and causing numerous fatalities [2,5].
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Such landslides cannot be easily mitigated owing to their complexity and their large
areal extension; therefore, one of the strategies used to face them is the implementa-
tion of physically based early warning systems capable of simulating the triggering
phenomena [6-8]. However, these systems are available for analysis at the slope scale,
and usually, they are not able to predict the evolution of subsequent movements. To
overcome this limitation, a first attempt was made in [9], where the authors suggested
developing a soil database (SDB) for implementation in regional landslide early warning
systems, based on advanced constitutive models. In addition to the main morphological
characteristics of the slopes, the information in the database includes data on the mechani-
cal properties of the soils in both saturated and partially saturated conditions as well as
the assessment of their susceptibility to liquefaction, which is considered to play a role
in the evolution of landslides into flowslides [10,11]. The database only includes airfall
deposits lying on limestone bedrock involved in previous catastrophic flowslides. In many
cases, however, the rapid landslides that affect some shallow covers around Naples do
not evolve into flowslides. In this case, the sliding mass shows less mobility and, usually,
stops along the slope or at its toe. This kind of phenomenon can involve pyroclastic de-
posits formed through different deposition mechanisms, like pyroclastic flows, lying on
a bedrock of different nature. The aim of this work is to extend the knowledge framework
by analyzing also the pyroclastic deposits involved in slope movements that do not eevolve
into flowslides.

In particular, this paper shows the results of an extensive laboratory experimental
program performed in both saturated and unsaturated conditions on a flow deposit present
along a hill near the city of Naples and recurrently involved in rainfall-induced landslides
with no flow-like characteristics. The obtained results contribute to the enrichment of the
database first proposed by [9]. Moreover, by comparing the characteristics of the deposit
herein analyzed with those of deposits involved in flowslides (Sarno and Cervinara), it
is possible to highlight the similarities and dissimilarities between the two types of soil
deposits and enhance the comprehension of the mechanisms that govern the post-failure
evolution of shallow rainfall-induced slope movements. Finally, this study aims to gather
all the acquired information in a flowchart for a simplified assessment of the post-failure
evolution of landslides.

The SDB and the proposed flowchart provide the features necessary to improve the
existing EWSs whose reliability depends on adopting realistic hydro-geotechnical models
(e.g., for unsaturated soils) that enable researchers to detect triggering thresholds, thus
minimizing the risk of false or late alarms. Although the extension of such a database to the
regional scale requires a major effort, which may be considered costly for the community,
undoubtedly, many economic benefits are derived from the use of well-calibrated physically
based models in the implementation of EWSs.

2. Background

From a geomorphological point of view, the Campania region is very complex and can
be divided into macro-areas depending on the nature of the bedrocks (volcanic, carbonate,
terrigenous, and alluvial) [12] (Figure 1a).

The deposits covering these areas consist of pyroclastic materials, accumulated after
the eruptions of the volcanic centers of Roccamonfina, Phlaegrean Fields, and Somma-
Vesuvius. They can be categorized into air-fall, flow, or surge deposits, and although
originating from the same volcanic eruptions, they take on different physical and me-
chanical characteristics depending on the distance from the eruptive centers and transport,
accumulation, and deposition processes. Airfall deposits are formed by pyroclastic particles
directly ejected from the crater in the form of a sustained eruptive column that, after wind
transport,, fall down mantling slopes and plains. Due to transport and deposition modes,
the particles have sharp edges, as they are not abraded by dragging mechanisms. By
contrast, surge and flow deposits are generated as a result of the sedimentation of eruptive
mixtures composed of solid particles and gases that flow along the sides of the volcano.
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These particles have rounded edges due to being subjected to abrasion they undergo dur-
ing sliding. Surge deposits have less heterogeneous and smaller granule sizes than those
constituting flow deposits. Surge deposits often contain small, rounded structures, called
pisolites, comprising ash particles. The substantial difference between flow and surge
deposits is the different percentage of the aeriform component, which is greater in surge
deposits [13].
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Figure 1. (a) Geomorphological contexts of the pyroclastic deposits in Campania, Italy; schematic
stratigraphy at the location of the study sites: (b) Cervinara; (c¢) Sarno; (d) Camaldoli.

In recent years, the scientific community has shown considerable interest in the land-
slide events of Campania along the slope covered by airfall pyroclastic deposits that evolved
into flowslides. Notably, significant attention has been given to the Sarno and Cervinara
sites (Figure 2), where catastrophic flowslides occurred in 1998 and 1999, respectively. In
this geomorphological context, defined henceforth as “carbonatic context”, slope failures
involve airfall pyroclastic deposits in a primary position lying on fractured limestone
bedrock [14]. Covers consist of alternating layers of loose ash and pumice: they are regu-
larly layered, with thicknesses ranging between 0.5 and 3 m in the detachment zone and
inclination between 30 and 40°.

In this paper, instead, our focus will also be on the slopes surrounding the city of
Naples in the Phlegrean area, where landslides are characterized by the accumulation of the
landslide body at the toe of the slopes (Figure 2). Along these slopes, numerous landslides
occur about every year, which, although characterized by a degree of mobility lower than
flowslides, cause engineering problems to surrounding structures and infrastructure, as
they are very close to highly urbanized areas. The covers involved are generally in primary
position; however, differently from those involved in flowslides, they consist of flow or
surge pyroclastic deposits. In this “volcanic context”, the nature of bedrock is different; it is
mainly constituted by lava, tuff, and weakly cemented pyroclastic materials, as well as slope
inclinations in the detachment areas, which reach a value as high as 60° (Camaldoli and
Agnano hills) (Figure 2). Moreover, the covers show a less regular stratigraphic sequence:
alternations of paleosoils and loose soils (ash, pumice, and scoriae) (Figure 1d) reach tens
of meters on the top of the slope. In this case, shallow landslides develop in the most
superficial portion of the soil cover, with a thickness ranging from tens of cm to almost
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1-2 m [15]. According to [14,16], landslides triggered in the volcanic context usually evolve
into small slides or debris avalanches and propagate, with a travel distance usually no
more than 300 m, while in the carbonatic context, large flowslides or debris avalanches
develop, which generally propagate over distances as long as several kilometers.

Figure 2. Landslides case history in pyroclastic covers (Campania region).

Hence, the assessment of the post-failure evolution remains a key point for hazard
mapping in these areas. In this regard, and considering the simplified hypothesis of homo-
geneous infinite slope in cohesionless soil, Ref. [3] implemented a flowchart for a simplified
assessment of landslide evolution, pointing out that the post-failure evolution of a landslide
is strictly related to the degree of saturation at the onset of instability and the susceptibility
of the involved soil to liquefaction. Along steep slopes, characterized by an inclination
almost equal to the friction angle of the soil (ax = ¢'), after intense precipitation, failure
occurs in conditions close to saturation (Sr = 1). Under these conditions, in soil deposits
susceptible to liquefaction, the evolution of the landslide into a flowslide is associated with
the undrained instability (static liquefaction) that occurs in saturated loose granular soils
under shear stress. In soil deposits not susceptible to liquefaction, the mechanisms under-
lying the post-failure evolution associated with the development of undrained response
are essentially debris avalanches or slides. On very steep slopes (x >> ¢), failure occurs
when the soil is far from a saturated condition (Sr << 1). In this case, the slope movement
evolves into a debris avalanche or slide, independently from the eventual susceptibility to
the liquefaction of the involved soils because the partially saturated condition prevents the
development of an undrained response. Nevertheless, a comprehensive investigation of
the mechanical properties of the soil cover is needed to effectively evaluate the triggering
and post-failure mechanisms of rainfall-induced landslides in pyroclastic deposits.

To this aim, an extensive experimental program on pyroclastic soil, taken from a flow
deposit located in the surrounding of Naples, was carried out to frame the saturated soil
response within the steady-state theory and define soil susceptibility to the liquefaction
of the deposit. Partial saturation conditions were also analyzed to assess the influence of
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the degree of saturation on soil shear strength and evaluate the water retention curve and
permeability function. The experimental results shed light on the possibility of enriching
the database for early warning system implementation [17,18] by adding the data of soil
belonging to a pyroclastic deposit of flow or surge origin lying on volcanic bedrock to
the database.

3. Materials and Methods

The Camaldoli slope was chosen as representative of a flow deposit generated near the
eruptive center of Phlegrean Fields. The hill, located to the north of the city, is the highest
relief of Naples. The south-facing side is characterized by steep slopes of tuff rocks, while
the north-facing side presents gentler slopes covered by a wooded area. As reported by [15],
the hill can be ideally subdivided into four different parts: the top high plain, characterized
by local acclivity higher than 60°, bounded at its lower limit by the vertical cliff of tuff
rock; the main slope with an inclination between 30° and 50°; the foot slope and the basal
plain where the steepness becomes lower. Detachment areas are usually present at the
highest altitudes of the slope above the vertical tuff cliff, where the thickness of the cover is
very small.

The study area is in the upper part of the south-facing slope near the “Camaldoli
hermitage” in an area characterized by slope angles ranging between 40 and 60°. Here, the
slope is covered by a soil deposit tens of meters thick lying on volcanic bedrock consisting
of yellow Neapolitan tuff.

The undisturbed samples used in the experimental program were taken in a 1.5 m
deep recess cut along a subvertical escarpment excavated for the construction of a road
that crosses the slope at a depth of about 4-6 m from the top. In this way, it was possible
to identify and collect soils in primary deposition. To minimize disturbances, the soil
specimens were directly taken with thin-wall metal samplers (Figure 3) having the same
size as laboratory equipment used for studying the specimens (38 mm and 68 mm).

Figure 3. Example of manual undisturbed sampling.

The mean values of the physical properties of the sampled soils are reported in Table 1
in terms of the maximum diameter of soil dy4y, the specific unit weight of the soil particles
s, the unit weight of soil volume 7, porosity 1, and the degree of saturation S,. The soil
is characterized by a low specific unit weight of about 25 kN/m3, probably due to the
presence of internal voids of the soil particles, by porosity ranging between 53% and 55%
and a saturation degree ranging between 24% and 46% related to the weather conditions.

Table 1. Main physical properties of Camaldoli ash.

dmax (mm) s (kN/m?) Y (kN/m?) n (%) S (%)
6 24.9 12.0 53-55 24-46
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The grain size distribution of the soil, illustrated in Figure 4, shows that it can be
classified as silty sand. The uniformity coefficient is about 10, showing a quite uniform
particle size distribution. Visual observation allows for the recognition of particles with
rounded edges because of the abrasion that occurs during the formation of flow deposits.
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Figure 4. Grain size distribution of Camaldoli ash compared with other liquefiable ash deposits of
Campania and with the bounds of liquefiable natural soil deposits.

In the same Figure 4, the grain size distribution of the Camaldoli ash is compared
with the bounds of natural deposits susceptible to liquefaction under monotonic and cyclic
loading [19] as well as with the bounds of Cervinara and Sarno deposits. It should be noted
that the Camaldoli ash is included in the range of easily liquefiable deposits. Therefore,
from this preliminary analysis, the soil can be defined as potentially liquefiable.

To define the mechanical properties of the soil in both saturated and unsaturated
conditions, a comprehensive laboratory testing program was carried out, which consisted
of the following tests:

e Consolidated isotropically drained and undrained (CID and CIU) triaxial tests on
saturated specimens to evaluate soil shear strength and susceptibility to liquefaction;
Constant head permeability test to determine the saturated hydraulic conductivity;
Suction-controlled triaxial tests (SCTX) on undisturbed specimens to define hydraulic
conductivity function and evaluate the effects of partial saturation on shear strength;

e Infiltration/evaporation method for the evaluation of the soil water retention curve
(SWRCQ).

4. Results
4.1. Mechanical Properties in Saturated Conditions
4.1.1. Saturated Shear Strength and Undrained Response

The mechanical response of the Camaldoli ash was investigated through CID and
CIU tests performed on undisturbed natural soil samples saturated by adopting the exper-
imental technique proposed by [20]. After soil saturation, specimens were isotropically
consolidated under mean effective stresses between 25 kPa and 300 kPa. The void ratios at
the end of the consolidation phases ranged between 1.1 and 1.2 (Table 2) [21].
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Table 2. Triaxial tests in saturated conditions: state parameters at the end of the consolidation stage
and the applied mean effective stress [21].

Test ID v (kN/m3) Y4 (KN/m?3) w (%) n (%) e p’o (kPa)
C_Cid_1 16.9 115 46.5 53.6 1.16 73.4
C_Cid_2 17.0 11.7 454 53.1 1.13 99.38
C_Cid_3 17.0 11.8 444 52.7 1.11 147.66
C_Cid_4 16.7 11.6 429 53.3 1.14 149.86
C_Cid_5 16.7 114 47.2 54.4 1.19 25.85
C_Cid_6 16.9 11.7 45 53.1 1.13 229.5
C_Cid_7 16.6 11.2 48 54.9 1.22 49.56
C_Cid_8 16.9 115 46.8 53.7 1.16 125.67
C_Ciu_1 17.1 119 43.1 52.1 1.09 297.46
C_Ciu_2 16.8 11.6 442 53.2 1.14 34.69
C_Ciu_3 17.0 11.7 447 52.8 1.12 69.97
C_Ciu_4 17.1 119 44 52.3 1.10 220.11
C_Ciu_5 16.9 11.8 435 52.7 1.12 126.69
C_Ciu_6 17.0 11.8 442 52.7 1.12 99.83
C_Ciu_7 17.0 11.9 42.8 52.3 1.10 148.01
C_Ciu_8 17.0 119 42.6 52 1.09 199.99

The results of both types of tests are reported in Figure 5 in terms of stress paths (the
p’—q plane in Figure 5a), the evolution of deviatoric stress (the e,—q plane in Figure 5b,c),
the evolution of volumetric strain during CID test (the e,—¢y plane in Figure 5d), and
the development of excess pore pressure during undrained CIU test (the e¢,—Au plane in
Figure 5e).

In drained conditions, the soil shows a fragile behavior (Figure 5a,b): the mobilized
strength first reaches a peak value and then stabilizes at a lower critical state value. The
corresponding strength parameters are as follows:

e A friction angle equal to 38° and cohesion of 15 kPa at peak;
e A friction angle of 38° and cohesion of 0 kPa at the critical state.

The soil has a high friction angle and a relatively low effective cohesion in the investi-
gated stress field.

In undrained conditions (green lines in Figure 5a,c), the stress paths clearly show that,
with an increase in deviatoric stress, partial instability occurs, with an initial decrease in the
mean effective stress and a subsequent progressive increase (transformation phase point)
until a larger final value of deviatoric stress is reached under a high level of strain. The soil,
therefore, shows a potentially non-liquefiable behavior.

The results are reported in the compression plane (log p’-e) in Figure 6. In detail,
the points represent the final state of the specimens in CID tests and both the initial and
final conditions of the specimens in CIU tests. The final conditions fall under a narrow
range of values (highlighted in red in Figure 6), which allows for the identification of the
steady-state conditions and the position of the steady-state line (SSL) in the compression
plane. The SSL is almost straight and is characterized by a slope slightly higher than the
isotropic compression line, shown in the same figure (green line).
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Figure 5. Triaxial test results: (a) stress plane; (b) results of CID tests in ea—q plane; (c) results of CIU
tests in ea—q plane; (d) results of CID tests in ea—ev plane; (e) results of CIU tests in ea—Au plane.
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Figure 6. Triaxial test results: compression plane.

In framing the undrained soil behavior through the lens of the steady-state theory [22],
we can use the SSL as a discriminating factor to verify soil susceptibility to liquefaction of
natural soil deposits. For Camaldoli ash, the points representing the initial conditions of
the natural deposit, characterized by void ratios around 1.1 and mean stress values of tens
of kPa, are located well below the SSL (Figure 6). This suggests that the undrained behavior
of the Camaldoli natural deposit is stable [23]. Thus, the experimental results show that,
under undrained deformation, the Camaldoli ash, which has a particle size distribution
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typical of potentially liquefiable natural deposits, is not subjected to an increase in pore
pressure to be able to diminish the soil shear resistance, and therefore, it is not liquefiable.

4.1.2. Saturated Hydraulic Conductivity

The saturated conductivity of the soil, ksat, was investigated through constant head
permeability tests on natural samples. The results are shown in Figure 7. The values of ksat
are reported as a function of void ratio (Figure 7a) and the mean applied effective stress
(Figure 7b). For a low state of stress, close to the in situ stress, the saturated permeability
is about 107> m/s, which progressively decreases by an order of magnitude for applied
effective stress as high as 700 KPa (Figure 7b).

1.25 1x 104
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1x10°
. 1.15 Q
1.10 £ .
= 1x 10"
1.05
1.00 . . 1x107
1x10% 1x10%5 1x10® 1x107 10 100 1,000 10,000
k (m/s) log p’ (kPa)

(a) (b)
Figure 7. Saturated conductivity as a function of (a) void ratio and (b) mean effective stress.

4.2. Mechanical Properties in Unsaturated Conditions

Unsaturated soil properties play a key role in affecting the rate of rainwater infiltration
and variation in the slope safety factor during a rainfall event. Therefore, to set up a physi-
cally based EWS, the proper characterization of the hydraulic and mechanical properties of
unsaturated soil is crucial. The functional relationships used to interpret the experimental
results, the corresponding parameters, and the procedures used in the following sections
are extensively discussed in [1].

4.2.1. Shear Strength under Unsaturated Conditions (Sr < 1)

The experimental program was carried out in a suction-controlled triaxial cell (SCTX)
on undisturbed specimens 70 mm in diameter by applying a mean net stress (T) of 50
and 100 kPa, and suction values ranging between 5 and 50 kPa (Table 3). The triaxial
cell was equipped for internal measurements of axial deformation, carried out using
LVDT transducers, radial mean deformation, and water volume exchanges through level
transducers and a double burette system. Inside these instruments, both air flow and
pore water flow were initiated through the upper and lower surfaces of the specimen to
keep the imposed suction level constant, which was applied using the axis translation
technique. After an equalization phase, needed to obtain a uniform suction distribution
inside the specimen, an isotropic consolidation stage at constant suction was performed.
Finally, the failure stage was induced by keeping the mean net stress and suction constant
and progressively increasing the axial stress with a rate of 1.5 kPa/h to ensure a drained
loading condition.

The test results are shown in the stress plane (p—u,, q) in Figure 8a. In the same Figure,
the critical state line corresponding to the saturated condition of the material (dashed line)
is also reported. Thus, from the comparison, the mechanical effect of suction on the soil
strength can be revealed. All the points representing failure in unsaturated conditions are
located well above the failure envelope of the saturated soil, showing that suction in these
soils plays a significant role.
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Table 3. Triaxial tests in unsaturated conditions: initial conditions and applied state of stress.

SCTX v (KN/m3) Y4 (KN/m3) n (%) e S.¢ p-ua (kPa) u,-uyw (kPa)
C_USP_1 15.2 11.8 52.50 1.104 0.64 50 5
C_USsp_2 14.4 11.8 52.45 1.104 0.48 50 15
C_USP_3 13.6 11.8 52.47 1.105 0.34 50 35
C_USP_4 13.5 11.6 53.61 1.154 0.36 50 50
C_USP_5 14.2 11.8 52.46 1.105 0.44 100 5
C_USP_6 12.8 11.1 55.48 1.247 0.30 100 15
Cc_uspr_7 154 11.4 54.96 1.192 0.74 100 35
C_USP_8 13.4 11.7 52.87 1.123 0.33 100 50
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Figure 8. Unsaturated shear strength: (a) stress plane; (b) intercept of cohesion as a function
of suction.

The results of the SCTX tests were also interpreted by using the extension of the
Mohr—Coulomb criterion to the unsaturated soils proposed by [1], assuming a constant
effective friction angle of 37°. The results, in terms of apparent cohesion as a function of
matric suction, are illustrated in Figure 8b. The apparent cohesion, and hence the shear
strength of the soil, increases at low matric suction until it reaches a peak for suction of
about 15-18 kPa, and then it rapidly decreases. For values of suction higher than 50 kPa,
the effect of suction on shear strength approaches a residual value ranging between 15
and 18 kPa, which should correspond to its effective value. Although the trends of the
relationship between suction and apparent cohesion are similar for the two groups of
specimens consolidated at different levels of mean net stresses, they are characterized by
different magnitudes: the lower the mean net stress, the higher the effect of suction on
shear strength. This can be ascribed to the different particle arrangements induced by the
higher mean net stress that modifies the SWRC, especially at low suction values [24].

Nevertheless, the lowest values of the intercept of cohesion are sufficient to justify the
stability of the slope with an inclination also higher than 40°.

4.2.2. Soil Water Retention Curve and Conductivity Function

To retrieve the SWRC of the Camaldoli ash in a range of suction from 0 up to 80 kPa, of
primary interest for our research, an experimental set-up based on the evaporation method
proposed by [25] was used. A sketch of the experimental apparatus is illustrated in Figure 9.
The test was performed on a cubic sample of soil (10 x 10 x 10 cm3), reconstituted with
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an initial porosity of 0.55, by using two mini-tensiometers (jet-fill, Soil Moisture type) with
ceramic tips located at different heights, and a TDR probe inserted horizontally at the mid-
height of the specimen. Mini-tensiometers measure suction up to 100 kPa with an accuracy
of 1 kPa. The TDR probe was used to measure the volumetric water content of the soil. It is
based on the correlation between electric conductivity and water content. Taking advantage
of the dielectric properties of the soil, the travel time of the electromagnetic pulse along
the metal probes buried into the soil is measured and correlated to the volumetric water
content [26]. An estimation of the volumetric water content was also carried out using
gravimetric measurements by assuming a constant porosity in the soil sample (no significant
volumetric changes and shrinkage occurred during the test).

Figure 9. Sketch of the apparatus used for determination of the SWRC.

The test consisted of monitoring a series of evaporation and infiltration stages starting
from an initial saturated condition. As there was no significant difference found by coupling
the water content with matric suction measured at the most superficial or the deepest
tensiometer, the two suction measurements were averaged to obtain the representative
suction incurred by the specimen. The wetting and drying paths of the soil during the
various phases are reported in Figure 10 by coupling suction measurements with the
volumetric water content obtained using mass measurements. The experimental points
obtained by coupling suction measurements with volumetric water content values retrieved
with the TDR probe are also reported.

06 |

—van Genuchten fitting curve
o infiltration stages

x evaporation stages

0.4 A data from TDR probe
S
-
£
®§ 0.2 "

K
van Genuchten fitting parameter:
0,,=0.57 6,=0.04 m=0.3 n=1.3 0.=4.6
0.0 :
0 20 40 60 80
u,-u,, (kPa)

Figure 10. Soil water retention curve of the Camaldoli ash.

The Camaldoli ash has a negligible hydraulic hysteresis in the investigated range of
suction, as the wetting and drying paths partly overlap. The obtained SWRC is typical
of coarse soil, characterized by a very small air-entry value (in the order of a few kPa),
a steep front in the transition zone, and a flatter trend approaching the residual zone of
unsaturation. The experimental points were fitted by using the van Genuchten model [27].
The fitting parameters (x, n, m) are reported in Figure 10.

The hydraulic conductivity function (HCF) was analyzed using the SCTX tests. Each
value was determined by analyzing the transient flow induced during the equalization
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phase of an imposed suction level by using the Kunze expression [28]. Experimental
values (green dots) are shown in Figure 11, along with the saturated conductivity values
(white triangles). The same figure also shows another estimation of the unsaturated
conductivities performed with the expression proposed by [29] based on the suction and
saturation degrees measured at the end of each equalization phase. Finally, the trend of the
permeability function determined with Gardner’s function [30], which better approximates
the experimental data, is depicted as a dashed line in Figure 11. In the investigated field
of suction, hydraulic conductivity greatly reduces by about three orders of magnitude,

reaching a value of about 1 x 1078 m/s. For suction lower than 30 kPa, the data show
a greater dispersion.

1x10° A Sr=1
® Kunze et al., 1968

1 %1 Gardner, 1958
_ I". 0 O Brooks & Corey, 1964
8 i
S5 Lo TET
== 9n

1 % 108 =42 ﬁ h‘@-g.-_h_h___ e g

1 x 109

0 40 g0 120
U Ly, (kFa)

Figure 11. Hydraulic conductivity function of the Camaldoli ash (relationships for data interpretation
from [28-30].

5. Discussion

The experimental results related to the Camaldoli soil can be incorporated into the
soil database (SDB) on pyroclastic materials initially proposed by [9] for airfall deposition
covers by adding information regarding volcanic ash belonging to a pyroclastic deposit of
flow origin. The enriched SDB is reported in Figure 12, where data from the three study
areas of Camaldoli, Cervinara, and Sarno are reported. In addition, to facilitate comparison
and comments on the properties of these deposits, in Figure 13, the SWRCs (Figure 13a),
HCFs (Figure 13b), apparent cohesion trends (Figure 13c), and undrained paths in the
compression plane (Figure 13d) are shown.

The SDB is organized in the form of sheets where both geographical and geotechnical
characteristics of a soil deposit are reported, together with an evaluation of the reliability of
the most utilized literature expressions that were used to fit the experimental data.

The first section of the sheet indicates the site’s geographical coordinates and some
geomorphological data such as the average slope angle, the mean thickness of the cover,
and the position within the stratigraphic sequence of the investigated layer from which
undisturbed soil samples were taken and analyzed.

In the second section, the physical and state properties of the soil are reported. For the
Camaldoli flow pyroclastic ash, the grain size distribution is located within the range of

potentially liquefiable soil, and this information is highlighted in red in the SDB (Figure 12a)

as a first indication of susceptibility to the liquefaction of the soil deposit.
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In the third section of the sheet, the mechanical characteristics of the soil in saturated
conditions are shown. In detail, the critical state parameters and the undrained behavior of
the soil, evaluated through CIU triaxial tests on natural specimens consolidated in the range
of stress acting in situ, are indicated. Once again, this latter information is highlighted in
red in the case of an unstable soil response (liquefiable soil), yellow in the case of a partially
unstable soil response, or green in the case of a stable undrained response.

Camaldoli pyroclastic soil

Geographical information and layer data

Latitude Longitude Average slope angle Thlcknes.s Depth of the soil layer
cover  soil layer min max
N E [] [m] [m] [m] [m]
40° 51' 30" 14° 11' 32" 50° >10 0.5-2.00 1 1.5
Physical and state properties Permeability functions
Gs n Yd Ysat Kunze et al. 1968
% [Nm’]  NmM’] | k= 1/0 L2V [Qo/AUo]- pw-g-be
2.49 54 10.7 16.6 b, from analysis of suction equalization (SCTX)
ks [S=1] kp Lp o=Lp/Kpk/L
[m/s] [m/s] [mm]
Grain size distribution of os 450x10° 1x1077 5
liguefiable soil [yes or no] y Evaluation of reliability I high
Saturated shear strength and critical state Brooks and Corey 1964
parameters k=ks if (Ua_Uw)<(UaUw )b
c' ' M A k=ks *Se¢" if (UaUw)S(Ua_Uw )b
[kPa] [°] NnN=2+3\; A=pore size distribution index
10-15 37 1.53 0.1 ks [Sr=1] (ua-uw)p A n
Undrained unstable response . [m/s] [kPa] [ -1
in CTX tests [yes or no] 4.50 x 10°° 1 0.45 3.35
Evaluation of reliability [ low
Unsaturated shear strength Gardner 1958
mod. after Fredlund and Rahardjo 1993 k=ks/[1+a [(Ua_uw )/pg]"]
c' o' ¢(Ua-Uw) ks [Si=1] a n
[kPa] [] [kPa] [m/s] [-] -]
450 x 10-® 1 0.87
10-15 37 See Fig.8 Evaluation of reliability | medium
. o . Water retention curves
Evaluation of reliability high
van Genuchten 1980
Luetal. 2010 (6-6:)/(8s_6,)=[1/(1+(cth)")]"
Os=—(Ua_Uw )/[1+(0(Ua_tw )" h=pressure head assumed positive [m]
o; n; mvan Genuchten parameters 0s 0, o n m
[1/m]
Evaluati f reliabili I 0.57 0.04 4.6 1.3 0.3
ion of reliabili W
valuation of reliability © Evaluation of reliability high
(a)

Figure 12. Cont.
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Cervinara pyroclastic soil

Geographical information and layer data

Latitude Longitude Average slope angle Thlcknes.s Depth of the soil layer
cover  soil layer min max
N E [’1 [m] [m] [m] [m]
41° 00' 28" 14° 38' 38" 38° 2.2 0.6-1.4 0.8 1.8
Physical and state properties Permeability functions

Kunze et al. 1968

k= 1/0L°/V[Qo/AUo)* puw -G Do

Gs n Yd Vsat
% [kN/m®] [kN/m®]
2.58 69 8.0 14.8

b, from analysis of suction equalization (SCTX)

Grain size distribution of

liquefiable soil [yes or no] yes

ks [Si=1] kp Lp o=Lp/Krk/L
[m/s] [m/s] [mm]
3.70x 107 1x107 5

Evaluation of reliability | high

Saturated shear strength and critical

Brooks and Corey 1964

state parameters k=ks if (Ua_Uw)=(Ua_Uw )b
c' ' M A k=KS[(Ua_Uw )b/ (Ua_w )]" if  (Ua_Uw )S(Ualw )b
[kPa] [°1 N=2+3A ; A=pore size distribution index
0 38 1.55 0.19 ks [Sr=1] (ua-uw)p A n
Undrained unstable response [m/s] [kPa] - -]
in CTX tests [yes or nol yes 3.70 x 1077 1 0.39 3.17

Evaluation of reliability | low
Unsaturated shear strength Garaner 1958
mod. after Fredlund and Rahardjo 1993 |k=ks/[1+a [(Ua-w)/pg]"]
c' ¢' c(Ua_Uyw) ks [S=1] a n
[kPa] [l [kPa] [m/s] [ [
if (Ua_Uy)<1 0 3.70 x 10”7 1 0.8
0 38 if (Ua_Uw)>1 2.4IN(Ua_Uw) Evaluation of reliability medium
Evaluation of reliability high ~Lafer retention curves
van Genuchten 1980
Lu et al. 2010 (6-6,)/(0s_6,)=[1/(1+(cth)™]™
Os=—(Ua_Uw )/[1+(0(Ua_tw )" h=pressure head assumed positive [m]
o; n; mvan Genuchten parameters 0s 0; o n m
[1/m]
Evaluation of reliabil medium 0.7 0.17 1 0.47 1.5
valuation of reliability edi Evaluation of reliability high

Figure 12. Cont.

(b)
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Sarno pyroclastic soil

Geographical information and layer data

Thickness Depth of the soil layer

Latitude Longitude Average slope angle ,
cover  soil layer min max
N E [’ [m] [m] [m] [m]
40° 50" 45" 14° 36' 42" 40° 3.5 0.8-2.0 1 2.6
Physical and state properties Permeability functions
Gs n Yd Ysat Kunze et al. 1968
% N’ NM®] k= 1/0-L2/V-[Qo/AUG] pw -G-be
2.61 68 8.3 15.5 b, from analysis of suction equalization (SCTX)
ks [S=1] ke Lp o=Lp/Kpk/L
[m/s] [m/s] [mm]
Grain size distribution of 6x107 1x107 5
liquefiable soil [yes or no] yes Evaluation of reliability | high
Saturated shear strength and critical state Brooks and Corey 1964
parameters k=ks if (Ua_Uw)<(UaUw)b
c' o' M A k=ks[(Ua_Uw )b/ (Ua_uw)]" if  (Ua_Uw )<(Ualw )b
[kPa] [°] N=243%; A=pore size distribution index
0 37 1.51 0.12 ks [S=1] (ua-uw)p A n
Undrained unstable response [m/s] [kPal] [ -]
in CTX tests [yes or no] yes 6 x 1077 1.1 0.45 3.35
Evaluation of reliability | low

Unsaturated shear strength

Gardner 1958

mod. after Fredlund and Rahardjo 1993  |k=ks/[1+a [(Ua_uw)/pg]']

c' o' ¢(Ua-Uw) ks [Sr=1] a n
[kPa] [] [kPa] [m/s] -] -]
if (Ua_Uy)<1 0 6 x 10~ 1 0.87
0 37 if (Ua_Uy)>1 1.8IN(Ua_lw) Evaluation of reliability medium
Evaluation of reliability high Water retention curves
van Genuchten 1980
Luetal. 2010 (6-6:)/(85-6r)=[1/(1+(cth)")]™
Os=—(Ua_Uw )/[1+(0(Ua_tw )T h=pressure head assumed positive [m]
o; n; mvan Genuchten parameters 0s 0, o n m
[1/m]
Evaluation of reliability medium 07 0.18 0.9 045 1.'4
Evaluation of reliability | high

()

Figure 12. Database of soil characteristics: (a) Camaldoli flow deposit; (b) Cervinara airfall deposit;
(c) Sarno airfall deposit (literature expressions from [1,27-31]).
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Figure 13. Comparison of the mechanical properties of three investigated pyroclastic deposits:
(a) SWRCs; (b) HCFs; (c) apparent cohesion trends; and (d) undrained paths in the compression plane.

Afterward, a section that synthetizes the unsaturated shear strength in terms of the
functional relationship between suction and apparent cohesion is provided. When a
simple unique trend for this relationship is not found, as is the case for the Camaldoli
ash, the information in the box reports the experimental points illustrated in the figure.
In this section, the reliability of the expression proposed by [32], which is widely used
in the literature for the evaluation of the unsaturated shear strength of granular soils, is
also determined.

Finally, the last section of the SDB reports the hydraulic properties of the soil. The pa-
rameters of various expressions reported in the literature for soil water retention curves and
the hydraulic conductivity function that best fits the experimental data are indicated therein.

Based on the data collected in the SDB and illustrated in Figure 13, the properties
of the Camaldoli flow deposit are different from those of the Cervinara and Sarno airfall
deposits. Although the three deposits are characterized by similar trends of hydraulic
properties (Figure 13a,b), greater differences arise when we look at the shear strength in
both unsaturated and saturated states. Indeed, under unsaturated conditions, the soil from
the flow deposit shows a trend of apparent cohesion intercept very different from that
of the airfall ash deposits, and they are also characterized by higher values (Figure 13c).
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Despite the similar grain size distribution of the three deposits, which has a great influence
on the relationship between suction and unsaturated shear strength [31,32], the significant
difference observed in the experimentally obtained functions must be attributed to the
dissimilar formation of the two kinds of deposits.

Analyzing the mechanical properties of the soils under saturated conditions, it can be
seen that the effective friction angles of the three deposits are very similar ranging between
37 and 38°, but the flow ash deposit presents an effective cohesion of few kPa, as reported
in the SBD (Figure 12). Considering the soil response under undrained loading, framed
within the steady-state theory and illustrated in the compression plane of Figure 13d,
various behaviors can be recognized. Firstly, the locations of the SSLs are very different,
which is related to the dissimilar void ratios of the natural deposits (around 1.9 for fall
deposits and 1.1 for flow deposits). The SSLs of the airfall ash deposits localize in the upper
part of the compression plane, presenting a high inclination (A = 0.19 for Cervinara and
A = 0.12 for Sarno), whereas the SSL of the flow ash deposit is located in the lower part
and characterized by a lower inclination. More importantly, the undrained responses of
the three deposits are significantly different. In the range of stresses that the soils may
potentially experience at failure in situ after soil saturation, the undrained paths of the
airfall deposits show an unstable behavior, differently from the flow deposit, which shows
a stable behavior (de Cristofaro et al., 2022). Flow or surge deposits, characterized by
lower porosity than airfall ash deposits, do not show a tendency toward liquefaction under
the actual in situ stress level. In fact, by evaluating the state parameter 1\ defined by [33]
using the state conditions at the end of the consolidation stage of the CIU test in the range
of p’ representing in situ conditions (20 < p’ < 50 kPa; e = 1.14 for Camaldoli; e = 1.98
for Cervinara; e = 1.93 for Sarno), it can be seen that it assumes a negative value for the
Camaldoli ash soil (about —0.20), which represents a non-liquefiable deposit, whereas it
assumes positive values (0.13 + 0.31) for both the Cervinara and Sarno soils, indicative of
a liquefiable deposit.

Again, these characteristics can be attributed to the different deposition modes of
the materials: in the case of a flow deposit, a medium porosity soil structure results in
a stable behavior in an undrained loading process. In contrast, the eolian transport over
long distances, followed by slow fall deposition in the carbonatic context, allows for the
formation of an open-spaced metastable soil structure characterized by porosity values as
high as 70%, which leads to an unstable undrained response and a loss of shear resistance.

Assessment of the Post-Failure Evolution of Landslides in Pyroclastic Covers

Data collected in the SDB constitute the basic and essential information required not
only to implement a physically based model for the analysis of the infiltration process
and analyze the slope stability in a boundary value problem but also for forecasting the
post-failure evolution of landslides. Indeed, data presented in the SDB of Figure 12, along
with the flowchart illustrated in Figure 14, can be used in an EWS as a supporting tool for
the identification of the post-failure evolution of rainfall-induced landslides in pyroclastic
shallow covers of Campania. The flowchart is organized into two sections. The first
concerns checking the degree of saturation of soil at the onset of instability as it is the
discriminator between the potential development of a drained or undrained soil response,
whereas the second allows for the assessment of the post-failure evolution of the sliding
mass based on the information reported in the SDB.

The flowchart, originally proposed by [3] for cohesionless soils, was modified to
extend the analysis to granular covers characterized by small values of cohesion, as in the
case of the Camaldoli hill. In the simplified assumption of infinite slope and cohesionless
soil, the degree of saturation at failure can be easily determined by comparing the acclivity
of the slope with the effective friction angle: for slope inclination less or equal to the friction
angle of the soil (gentle or steep slope) failure occurs in saturated conditions, whereas for
slope inclination higher than the friction angle (very steep slope), failure involves partially
saturated soil. However, in the case of soils with effective cohesion, it is not possible to
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assess the degree of saturation at failure simply by comparing the friction angle with the
slope angle. Moreover, differently from the case of cohesionless soil, the safety factor is no
longer independent from the depth, decreasing with an increase in depth and introducing
another variable, the depth of the sliding surface, to the equilibrium analysis. Therefore,
the critical slope angle (o) is introduced instead of the slope angle (x), defined as the
slope inclination at which failure occurs under saturated conditions. This critical angle
must be determined case by case, eventually assuming a simplified hypothesis. Obviously,
for homogeneous cohesionless soils, the critical slope angle is equal to the friction angle of
the material.

Camaldoli)

Sarno and homogeneous deposit
Cervinara | parallel to bedrock.
"""""" > Initial condition Sr<1

Trigger:
Rain-water infiltration

Ot = ¢ M
for cohesionless soil

From pre-failure to
failure ———<T T YT >

gentle |slope

|
steep|slope very steep slope
o<t ~

| Failure=(Sr=1); u>0 | |Failure=>(Sr=1) |
i e — T ]
1 i J
Post-failure

Soil response

[gm——

B Undrained or
" o o
2 partially undrained @
g m g
' (=}
|
! Liquefiable deposit il E
1
1
No H
|
Evolution: Evolution: Evolution: Evolution:
slide or debris VOTUEOM: slide or debris slide or debris
avalanches flowslide avalanches avalanches

Figure 14. Flowchart for simplified assessment of the post-failure evolution of landslides in granular
soils (red box highlights the potential post-failure evolution in flowslide; green boxes denote evolution

in slide or debris avalanches).

Here, an example of the application of this method for the three investigated sites
is proposed. The analysis starts with the evaluation of the degree of saturation of soil at
failure. In the case of Cervinara and Sarno cohesionless soil deposits, which have effective
friction angles close to the inclination of the slopes (¢" & «jt), failure occurs in an almost
saturated condition. In the flowchart, the path to be followed (purple line) is the one
corresponding to a steep slope (x ~ Xit).

In the case of Camaldoli hill, as the soil presents an intercept of effective cohesion,
the first step consists of the evaluation of xt. Based on the observation of detachment
areas, which shows that the sliding surfaces are located at about 1.5 m of depth, ot is
determined by performing stability analysis at different inclinations of the slope, in the
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simplified hypothesis of a constant suction profile and by using the peak state parameters
(¢’ =38° and ¢’ = 15 kPa). The analysis results show that it corresponds to a slope inclination
of 65°: In the presence of o lower than ., slope failure occurs in saturated conditions;
for « higher than o, the mobilization of the soil deposit occurs in soil which is still in
unsaturated conditions. Along the Camaldoli hill, slope instabilities mainly involve the
upper part of the slope above the vertical tuff cliff where soil deposits present local acclivity
higher than 60°. Thus, instability may occur regardless of whether the soil is saturated or
not: the potential paths to follow in the flowchart (green lines) correspond to both the last
two branches related to the steep slope (xx ~ oit) and very steep slope (xx ~ occyit).

Afterward, the assessment of the post-failure evolution of the landslide can be carried
out by looking at the second part of the flowchart. If the post-failure movement occurs in
a drained condition, landslide phenomena evolve into slide or debris avalanche; if it occurs
under undrained or partially undrained conditions, the evolution of the landslide is related
to soil susceptibility to liquefaction.

In the case of the Sarno and Cervinara deposits, as evaluated through infiltration tests
in small-scale slopes reconstituted in a multi-instrumented flume [34,35], in the very early
post-failure stage, soils exhibit an undrained response, as evidenced by the high excess
pore pressures observed. Thus, we can infer that the path to follow in the flowchart is the
one corresponding to an undrained or partially undrained response, which, in the presence
of such liquefiable deposits, leads to the prediction of evolution into a flowslide.

Different is the case of the Camaldoli slope. Indeed, although we cannot predict if
a drained or undrained condition will occur at the onset of failure because the deposit is
non-liquefiable, the slope movement will evolve into a slide or a debris avalanche.

In fact, as reported by [14], a significant feature of most landslides occurring in
pyroclastic deposits in the volcanic context is the absence of any signs of liquefaction.

6. Conclusions

A wide mountainous area in Campania (southern Italy) is threatened by rainfall-
induced landslides, which mainly affect the granular pyroclastic covers and evolve into
rapid slides, debris avalanches, or catastrophic flowslides deeply affecting urban develop-
ments at the foot slope. For these densely urbanized areas, knowledge of both the landslide
susceptibility of the territory and the type of evolution of the landslide mass, which can
impact the exposed areas in a very different way, is mandatory.

To this end, in this paper, an extensive testing program was developed to investigate
both unsaturated and saturated mechanical properties and evaluate soil susceptibility to
liquefaction of volcanic ash belonging to a flow deposit, frequently involved in debris
avalanches. Moreover, the properties of other types of ash belonging to airfall deposits,
involved in flowslides, were compared to highlight the similarities and dissimilarities
between the two types of deposits and explain the different patterns of the post-failure
evolution of the landslide mass. Based on the experimental results, a soil database for hydro-
geotechnical models was presented, which contains all the data needed for an advanced
constitutive soil modeling to implement a physically based model for forecasting the
initiation of landslides, thus improving the effectiveness of early warning systems. In
addition, a framework was proposed for the assessment of landslide evolution under
a simplified hypothesis that can be used by stakeholders for land management and the
protection of areas at risk.
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