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1 Introduction

1. Introduction

1.1 Framework and objectives the study

Even after the seismic event occurred on Augus21, 2017, the island of Ischiahas
historically been affected by a series of earthquakes of MCS Intensity varying between
VI and X, mainly affecting theN-W sector of the island.Historical records and more
recent geomorphological studiescarried out after these eventshave highlighted the
occurrence ofnumerous slope instability phenomena These events have motivated
several studies aimed at assessing thsusceptibility of Ischia territory in terms of
seismically induced landslide phenomena, studies, however, limited to seismic hazard
and/or susceptibility assessments of an empiricafjualitative nature (Rapolla et al.
2010), or in any case not adequately supported bya robust geotechnical
characterisation (Caccavale et al. 2017)As a matter of fact, the volcanic granular
depositscovering agreat part ofthe N-W areaof the island are charactersed by a high
degree of heterogeneity and are poorly investigated undehe geotechnical viewpoint.
These dposits have been also involveéh ruinous rapid flows along the incisions of
the Epomeovolcanic rock slopes, induced even in very recent times (elonte Vezzi
in 2006, see e.g. Nocentini et al. 2015; Casamicciola in 2009, see e.g. Santo2014;
therecentoneoccurred in November 26, 2022 by critical weather events.

Granular pyroclastic soils also outcrop along the coastal area$the municipalities
historically affected by earthquakes, where they lie undethe ground water table.
These conditiors constitute predisposing factos to the occurring of liquefaction
phenomena, als@videncedby some historical documentation (De Rossi M.S., 1884). Is
also worth highlight that the peculiar lithological features of pyroclastic soilssuch as
the presence éfragile pumice sand particles and the noplastic ash fine contentmake
particularly complex the assessment of the liquefaction potential of these materials
(Licata et al. 2018).
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Notwith standing the significant fragility of the Ischian territory and its evident
susceptibility to seismicinduced instability phenomena, no comprehensive studies
have been carried ouadopting a multi-hazard approach

The recent Seismic Microzonation$M) studies carried out after the 2017 seismic
event for the municipalities of Casamicciola Termelecco Ameno, and Foriowere
limited to the evaluation of the transient effects of seismic motion, being the main
objective for the planningand management of reconstruction process These studies
represent however avaluable starting point for the evaluation of the seismicinduced
instability conditions of the subsoil of these three municipalities with respect to
landslides and liquefaction. As matter of fact, SM studies provided an advanced
knowledge in terms of stratigraphic, geomorphologic, geophysical and geotechnical
characterisation of the depositsthanks to the investigations specifically carried out
However, they cannot be consideredufficient to quantify the seismic safety related to
slope instability and liquefaction phenomena and achieve a more conscious
management and planing of the urban territory.

All these motivations encouraged the development of this PD.thesis in Structural
Engineering, Geotechnics and Seismic Rjskndorsed by the Committee for the
emergency management after the 2017 Ischia earthqua&ed seltfinanced by the
University of Napoli Federico II(F.R.A. project MASLIDE)

Liguefaction and slope stability analysesn seismic conditionswill be conducted
through a multi-level approach, i.e. at increasing levels of complexithn important
part of the work was devoted to the collection of availablas well as newinvestigations
in the study area.Great importance was also given to the defiition of seismic action
In this perspective, it was significant to take into account the detailed seismological
studies on the source mechanisms and wave propagation carried out lsgismology
researchers of the University of Naples Federico Il, in collabation with the National
Institute of Geophysics and VolcanologyVesuvian Observatory, which made available

seismic source models for the 2017 earthquake.

28



1 Introduction

1.2 Outline of the thesis

After this introduction and before the last conclusive section where results are
summarised, and an outlook is provided the core of the thesis consists afix chapters.

Chapter 2provides a geological, hydrogeological and seismological overview of the
island of Ischia.

Chapter 3describesearthquake-induced instability phenomenaaccounted in this
work in terms of physics of the process angtudy approaches

Chapter 4explains the multi-level methodology forliquefaction susceptibility and
slope stability assessmentadopted in this study:.

Chapter 5first gives an overview of the existing investigations collected in the study
area and then details all the site and laboratory tests carried out as part of the UniNA
MASLIDE project for the charactesation of the volcanic soils of interest.

Chapter 6describes the geotechnical subsurface model used in the liquefaction and
slope stability analyses.

Chapter 7presents the resultsof the applied methods
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2. Study area

2.1 Structural andyeological setting

The island of Ischia, in the gulf of Naples, belongs to the westernmaost active volcanic
field of the Campanian Plain (southern Italy), a volcanic district that includes the
Phlegrean Fields, the Procida Island and the Mt. Somivasuvius complex (Figure
2-1). The volcanic activity in this area, which started in the Upper Pleistocene
accompanying extensional processes, is controlled by regionstrain fields along NE
SW and subordinately NWSE trending fractures Figure 2-2). The island represents
the emerged top of a large volcanic complex located along ookthe NEZSW trends. It

extends over an area of about 42 klpmorphologically dominated by Mt. Epomeo.

40°50'0"N

14°0'0" 15°0'0"E

Figure 2-1: Volcanic region of Campania Plain
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2 Study area

3km

R P 11111

Figure 2-2: Structural setting of the island of Ischia (Chiesa & Vezzoli, 1983) 1) Mt. Epomeo
Horst, 2) Marginal depressed areas of the Mt. Epomeo Horst, 3) Stable block of Mt. TorMezzi
Cotto, 4) Ischia Graben.

Ischia is an actie volcanic field that has profoundly changeds appearance several
times throughout its history. The island is made up of volcanic rocks, landslide deposits
and, subordinately, sedimentary rocks, which derive from the accumulation and
cementation of fragnments of pre-existing rocks, dismembered by erosive processes.
The volcanic rocks present on the island are the product of both effusive eruptions,
which formed lava flows and lava domes, and explosive eruptions, which generated
extensive ash angyroclastic flows. The beginning of volcanic activity is placed around
150000 years ago (Cassignol & Gillot, 1982), continuing, with various periods of
quiescence, until 1302 A.D., when a lava flow emerged from the eruptive centre of the
Arso. Five phases of volcaniactivity are recognzed, the first two of which constitute
the ancient cycle (between 15000 and 75000 yearsago) andthe next three the recent
cycle (between 55000 years ago and 1302). The separation between the two cycles is
marked by the mostintense eruption recorded on the island, which occurred in the

southern sector about 5800 years ago, and produced the Green Tuff deposit. As can
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be seen inFigure 2-2 structurally and morphologically, the area of Ischia can be divided
into four areas:

I Mt. Epomeo HorstThis area consists essentially of the Green Tuff resulting
from a highly explosive eruption some 5800 years ago. This eruption led
to the formation of a caldera in the central area of the island. This event
sanctioned the birth of pyroclastic flows that partially filled the caldera
depression, which had previously been invaded by the sea, and partially
covered the areas then emerged. Following the erupth of the Green Tuff of
Mt. Epomeo, the emersion of the central part of the island occurred, due to
the establishment of an uplift from the bottom of the caldera. This
phenomenon is called resurgence;

9 Ischia Grabenlt is represented by the depressed areaf the north-eastern
sector of the island. Lithologically, it consists of both lava and pyroclastic

products from recent volcanic centres;

Horst Graben

Normal
fault

Figure 2-3: Conceptual scheme of horst and graben Extensional processes.

9 Stable block of Mt. Toron¥ezziCotto. This area is evidence of the ancient
volcanic complex that ceased its activity 13000 yearsago with the calderic

collapse at the current central area of the island;
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2 Study area

1 Marginal depressed areasf the Mt. Epomeo HorstAreas located in the
north-west part of the island, consisting of a series of landslide
accumulations of Green Tuff materials.

Ischia is composed mainly of volcanic rocks deriving from a number of eruptive
centres which have beendrgely destroyed or covered by subsequent activity and can
now be identified only in part (Carlino et al.2006). Also marine sediments and
landslide depositscrop out, so the presence of all these products defis@ complex
geological setting resuling from the interplay of tectonism, volcanism, erosion,
sedimentation and slope instability (de Vita et al2006). This complex stratigraphic
setting of the island h& been reconstructed by Mancini et al. 2021 based on previous
geological studies (e.g. Vezzol,988; Sbrana & Toccaceli, 2011) integrated with new
investigation and geological surveys. The results of this workhat includesonly the
western portion of the island, have been summarized in the gedithological map of
Figure 2-4. Lithotypes were represented on the map according to the basic units
encoding suggested byCommissione Tecnica per la Microzonazione Sism(2@20).
Details of the local lithotypes and réated codes are reported in Table 2-1,

distinguishing bedrock from cover soil units.
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Figure 2-4: Geolithological map of the three municipalities (Casamicciola Terme, Lacco Amenc
and Forio) of the NW sector ofthe Island of Ischia.
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Table 2-1: List of the cover soil and bedrock lithotypes, units of the gelithological map of Figure 2-4:
codes are fromCommissione Tecnica per la Microzonaa®Sismicg2020).

Geological bedrock

SFALSMultilayered and alternating, fractured/altered rocks (interbedded lavas and

pyroclastites)

SFCO Cohesive, overconsolidated, fractured/altered bedrock (marinsiltstone and

claystone)

SFGRSGranular, bedded, cemented or welded, fractured/alteretbedrock (ignimbrites,

welded tuffs, epiclastic sandstone)

SFLP Fractured and altered bedrock (lavas)

Soil covers

Rlzz: Anthropogenic deposits

SMep:Talus, epiclastic sand

SMpi: Alluvial and coastal plain silty sand

SMsp: Shoreface and beachface silty sand

SMfd-cd: Talus, silty sand

SMtm: Coastal terrace silty sand

SWzz Gravelly sand of undefined

environment
SMig-pc: Ashes with small lapilliand

pumices

From the ridge of Mt. Epomeo, in the centre of the island, towards the coast,

SM-SWIh: Silty and gravelly sand from lahar

flows

SMec:Eluvial-colluvial silty sand

MLec: Eluvial/colluvial, inorganic silt with

low plasticity
GCep Epiclasticclayey-sandy gravel from

talus
GMep: Epiclastic sandysilty gravel from

scree cones, talus and minor alluvial fans

GMtm: Coastal terrace sandysilty gravel

GWsc welded scorias

GWopc: Lapilli-sized pyroclastites, pumices

with ashy matrix

morphologically and lithologically homogeneous areas are identified:

91 the resurgent block of Epomeo, consisting of an outcrop of the lithoid

tuffaceous substratum ("Green Tuff* Auct.), whiclhvas heavily affected by

landslides;
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1 an intermediate band ofthe slope, where the lithoid tuff is covered by thick
and extensive layers of loose pyroclastic and epiclastic degites with a
prevalent gravelly-sandy texture;

9 a coastal strip, where cover deposits are interspersed with sands arsilts
of the marginal marine environment;

9 the north and south-western promontories of the island, charactesed by a
lithoid substratum consisting of ancient lavas and local intercalations of

more recent lavas, tuffs and siltyclayey sediments.

2.2Hydogeological setting

The complexstratigraphic setting and the volcanetectonic eventsthat affected the
island have an impact on the hydrogeologicatetting and groundwaterflow paths.In
order to understand this aspect, various hydrogeological and hydrogehemical
investigations were carried out (Celico et al. 1999; Piscopo et al. 2019), which made it

possible to identify two zones with different hydrogeological behaviour(Figure 2-5).

A0S,
L E=e 7

e,
w0 n

e

Figure 2-5: Hydrogeological map of the island of Ischia (Celico, 1999): 1) Ischia Graben sector,
Mt. Epomeo Horst sector, 3) Marginalr@as sector, 4) Volcanic complexes sector.

36
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In the Ischia graben sector, theshallower aquifer (the first 100-200 m of saturated
thickness) consisting of pyroclastic deposits and lavas, is charactsed by a relatively
high transmissivity and hosts a single aquifer fed by both direct infiltration waters and
marine ingressdon waters. The man outlet of the aquifer is the sea, in undisturbed
conditions. In the Mt. Epomeo Horst sector, on the other hand, and in marginal areas,
permeable levels (detritus and loose sands), sergiermeable levels and impermeable
levels are present in the first 100200m of the saturated aquifer. Consequently, the
aquifer is less transmissive, more heterogeneous and anisotropic than in the Graben
area. For this reason, several overlapping aquifers are present, with the sea as the main
outlet. Another complication of the hydrogeological scheme is the presence of the
numerous faults and fractures that affect tk island, because these represent
preferential paths for ground-water flow. Also in this area, the incidence of feeding
with sea waters and also with fluids of deep origin has beerobserved Piscopo et al.
(2019) have improved the knowledge on the hydrogeology of Ischia, combining
previously published and unpublished data with new data collection, analysis and
numerical processing. The investigationinvolved a review of the conceptual
hydrogeological model of the volcanic island and mainly included: hydrogeological
characterisation of the volcanic units, inventory and newdischargemeasurements of
springs, wells data acquisition and processing (arouwh350 across thewhole island),
new water level, temperature and electrical conductivity measurements ofelected
wells and meteorological data processing. The results can be seerfigure 2-6. In the
resurgent block of Mt. Epomeo, an independent and uplifted basal groundwater
circulation can be inferred by a crosscheck of the ignimbrite stratigraphic succession
and hydrogeological and hydrogeochemical data of a fewells and springs located at
its edge.The marginal faults of the resurgent block constitute the hydrogeological
DAOOEAI AAOOEAOO O1T OEA AAOAI CcOl O1 AxAOAO

furthermore, they represent the preferential paths of ascerling deep fluids.
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Figure 2-6: Potential potentiometric surface of the basal aquifer under static conditions (Piscopc
et al. 2019).

In the peripheral areas of Mt. Epomeo, groundwater flow is mainlnfluenced by
the nature of the aquifer formations. In the northern, western and southern areas, a
continuous basal aquifer and local discontinuous perched aquifers can be
distinguished consistently with a succession of tuffs, ignimbrites and epiclastic
deposits. In the north-eastern area, characteged by the most recent volcanic deposits
of the island, a single and continuous basal aquifer with the highest permeabilipn
the island can be found In these peripheral areas of Mt. Epomeo, the flow and the
chemical characteristics of the waters of shallow aquifers depend not only on natural
phenomena but also on the intensive groundwater abstraction supplying the

numerous thermal establishments.

2.3 Seismological setting

The observations of seismicity in vicanic areas show that earthquakes have a

significantly lower magnitude than those in tectonic areas. Most of the time these are
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earthquakes with a maximum magnitude ofour. This low seismic energy is due to the
lack of sufficient stress accumulation thatan be associated to various factorsuch as
the anomalous thermal state of the crust, théntense fracturing of the medium, the
reduction in potential seismogenic volume and the action of concentrated local stress
(Cubellis et al. 2007; Carlino et al. 2ID). At the same time, significant volcanic
earthquakes of moderate magnitude may occur and produce serious damage. This is
the case of the island of Ischia, historically hit by strongarthquakesthat occurred in
the north-western sector of the island, wihout the exception of the recent 2017

earthquake (Figure 2-7).
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Figure 2-7: Location of epicentres of mairhistorical events that occurred on Ischia and
associated area of maximum damage.

The oldest information on the seismicity of the island of Ischia is reported in
classical literature, up to the 3rd4th centuries AD; after 300 AD, for almost a thousand
years, there is no memory of either earthquakes or eruptions occurring on the island
of Ischia. Table 2-2 reports the date, epicentral area and intensity of only the main

and/or most recent earthquakes of the island.
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The next reliable news dates back to 1228, when in July, a large landslide was
reported along the northern slope of Mt. Epomeo. This phenomenon was associated
with the collapse of numerous houses and 700 victims. In 1302, in conjunction with the

eruption of the Arso, seismic events are reported with the collapse of manguildings.

Table 2-2: Main historical earthquakes at Ischia (modified from De Vita et al. 2006).

Year Epicentral area Imax (MCS)
1228 Casamicciola IX-X
1302 Arso VI
1557 Campagnano VII-VIII
1762 Casamicciola Vi
1767 Northern sector of the island VII-VIII
1796 Casamicciola Vi
1828 Casamicciola VII-IX
1841 Casamicciola Vi
1863 Casamicciola Vi
1867 Casamicciola \
1881 Casamicciola IX
1883 Casamicciola/Lacco Ameno X
1980 Sea \%
2017 Casamicciola Vil
12 1

10y -

3 s ]

=

= °

£ a1
2]
0

1302 1762 1796 1841 1867 1883 2017
1228 1557 1767 1828 1863 1881 1980

Year

Figure 2-8: History of seismic intensity in Ischia island.

40



2 Study area

More complete information on seismicity is available from the end of the 18
century. Worthy of note is the report of an earthquake in 1557, which is said to have
caused the collapse of the church in Campagnano. From 1700 until the end of the 19th
century, there is intense seismic activity that produces substantial damage and deaths.

From the 1700s until the end of the 1800s, there ianintense seismic activity that
produces substantial damage and deaths. On 4 March 1881, after 1 p.m., preceded by a
slight tremor, a disastrous earthquake occurred with Casamicciola as its epicentre; the
tremor was accompanied by a rumble and lasted 7 seconds, causing almost all the
houses in the upper part of the town of Casamicciola to collapse. The municipalities of
Lacco Ameno and Forio were also hit. On the basis of the damage distribution, it is
possible to delimit the area of maximum intensity, assessed as VIII MCS grade (with IX
peaks), which extends in an 8V direction to the north of Epomeo and affects the upper
part of Casamicciola and Lacco Ameno.

The Casamicciola earthquake of 28 July 1883, alsdt in Naples, represents the peak
of seismic energy released in historical times on the island of Ischia. The number of
victims according to various sources (Baratta, 1901; Mercalli, 1884; Palmieri &
Oglialoro, 1884) exceeded 2000. The seismic event cauasintense damage not only to
the municipality of Casamicciola, but also to the upper part of the town of Lacco Ameno.
Bibliographic sources and historical documentation of this earthquake are particularly
rich and have made it possible to faithfully recostruct the damage in Casamicciola and
throughout the island, obtaining a detailed macroseismic fieldDe Rossi, 1884;
Mercalli, 1884; JohnstorLavis, 1885; Palmieri & Oglialoro, 1884; Luongo et al. 1987;
Cubellis& Luongo, 1998; Molin et al. 2003; CPT04 Wking Group, 2004; Luongo et al.
2006).

This shows the rapid decay of intensity values with distance from the area of
maximum intensity (X-XI degree MCS), indicating a strong attenuation of seismic

energy in wave propagation and the considerable shallownesof the source.
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Figure 2-9 shows the MCS intensities of the 1828, 1881 and 1883 earthquakéisis
possible to observethe pattern of the macroseismic field of the 1883 earthquakéhat
resembles those of the 1828 and 1881 earthquakes, with MCS intensities ranging from
VI to X. The 1883 earthquake has been related to the resurgence activity and, more
specifically, to the EW striking faults that affect the northernmost area of Ischia
(Cubellis, 1985; Alessio et all996).

These historical earthquakes have caused instability phenomena as demonstrated
by morphological surveys, historical reports and archeological evidences.

Figure 2-10 shows the earthquakeinduced landslidesthat occurred in the NW
sector of the island. The same map shows the ground effects catalogued by CEDIT
(Italian Catalogue of Earthquakelnduced Ground Failures)y Martino et al. 2021and
the landslide-prone area mapped by local authorities PAI (Hydrogeological
Management Plan) and IFFI (Inventory of landslides of Italy), which represents about

half of the study area
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Figure 2-9: Macroseismic field map of the 1828 (a), 1881 (b) and 1883 (c) events (modified fron

Alessio et al. 1996).
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As far asliquefaction is concerned, the only historical evidence is reported by De
21 OOE -838 EI O2AAAT1 OA AE AEAOOEh OAIlI AUEI
¢y ,OCIET puwo Al T BAledde VuldshoakabEd T Eoh E
<<In the days before the earthquake, the thermanineral waters had risen in

temperature, in some cases becoming turbid. The few wells on the island decreased in
capacity; the waters of some springs underwent chemical alterations; these
phenomena ceased a few dayafter the quake. At various points on Mt. Epomeo, the
earthquake caused landslides to fall and cracks to form in the ground. Some fumaroles
increased their activity, while others interrupted it. At sea, opposite the northern coast,

a large quantity of mudrose to the surface. In the same area, an uplift of the coastline
was reported. Electrical phenomena (lightning, fire globes, flames) were observed by

many people at the time of the quake.>>

2.3.1 2017schia Earthquake

On 21 August 20%, at 20.57, a M=3.91 earthquake was felt in Ischia and the
Phlegraean area of the municipality of Naples. The event, with a hypocentral depth of
about 2 km, was recorded on the island by the 'lOCA' acceleromietstation (Figure
2-12) located near the Geophysical Observatory located in Gran Sentinella, in the
municipality of Casamicciola Terme. The station is situated at an elevation of 123 m
from sea level and the soil classification according toational code NTC2018 is
reported as C (inferred from geological maps). The epicentral distance of the station is
less than 1 km. Figure 2-13 reports the corrected acceleration, velocity and
displacement time historiesrecorded in the EastWest (HNE), NorthSouth (HNN) and
Vertical (HNZ) directions by the IOCA stationTable 2-3 summarizes the significant

parameters of theseismic motion.
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2 Study area

Table 2-3: Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV), Peak Ground Displacement
(PGD), Arias Intensity Al), Housner Intensity (HI) and Significant Duration ([9.95) per recorded
component of ground motion at IOCA station.
PGA PGV = PGD Al HI Ds-95

] [em/s]  [ecm]  [cm/s]  [cm] [s]
HNE 0.281 17.80 231 394  66.31 285
HNN | 0192 1146 1.72 222 4347 358
HNZ 0276 11.78 146 199 2556 273

Figure 2-14 shows the 5% damped pseudeacceleration (), pseudovelocity (S)
and displacement (Q) spectra of all three ground motion components, compared to the
national code (NTC 2018) spectrum with a return period of 475 years. It can be
observed that the EastWest component exhibits a PGA of 0.281g, comparable to the
Vertical component (0.276g). Maximum Ariadntensity among the components was
calculated at 39.4 cm/s and Significant Oration Dsgs at 3.58s. Despite the low
magnitude of this earthquake, the response spectra exceed the design spectrum in
different vibration period intervals. Such exceedances can be explained by several
factors such as the proximity of the source, the shHaw hypocentral depth and local
site conditions (lervolino & Giorgio, 208). The latter are evident if one focuses
attention on the horizontal component spectra, in which the existence of local
amplification peaks can be noted in a vibration period interal of 0.50.8s Also from
the ratios of Fourier spectra figure 2-15) it is observed a local effect, both
stratigraphic and topographic, between frequencies of 1.2 Hand 2.0 Hz. This
amplification is also confirmed by the INGV report based on ad hoc environmental
noise measurements (EMERSITO Working Group, 2017).
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motion components recorded at the IOCA station.
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3. Earthquakeinduced instabilities

Earthquake-induced instability phenomena can occur in soils with horizontal
morphology (in the case of liquefaction) as well as in natural (slopes) artificial (e.g.
embankments or earthen constructions) slopes (Silvestri & Santucci de Magistris,
2015). They generally develop as a result of the interaction between seismic waves and
the subsoil, which induces a deterioration of preexisting stability conditions through
two sets of factors:

E temporary increase in instabilising actions, consisting of the inertia forces
induced by the earthquake on the potentially unstable volume, varying in time and
amplified due to stratigraphy andtopographical irregularities;

E reduction in the shear resistance characteristics of the ground, due to both the
cyclical degradation of the sid skeletond © OA Gabd thed deneration and
accumulation ofexcess pore pressure

The combination of the variols concauses tends to produce damaging effects of
both immediate and deferred nature, as evidenced by numerous cases of liquefaction
and/or post-seismic instability of slopes in saturated fine soils. The damage caused to
the physical and built environment B typically associated with displacement of land
masses, and is therefore the greater the higher the energy content of the earthquake

and the greater the potentially unstable volume.

3.1Liquefaction

Liquefaction is a phenomenon that affects loose arghturated coarsegrained soils,
which tend to be subject to &low initial state of confinement (i.e. limited depth from
ground level). When external loads are applied very quickly, as in the case of an
earthquake, even for coarsayrained soils the conditons are undrained: thus there is
an increase in pore pressure that reduces the contact stresses between solid particles

and, therefore, the stiffness and strength of the soil. In the case of soils characterised
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3 Earthquake-induced instabilities

by low values of effective stress, high pordty and in conjunction with seismic events
of strong intensity, the pore pressure can reach such high values that the solid particles
lose mutual contact. At this stateno effective stress or intergranular stress is acting on
the sand and the particles reeased from any confinement exist as floating in the water.
Such state is called liquefaction. At ground levdiguefaction effects appear as surface

cracks,sand volcanoesand ejecta An outline of what is described is given ifigure 3-1.

Sand and Water Settlement

Spouting Sand Volcanoe

Ground Surface P Ground
Sutace

Ground Waler Table

/ /
Before During Aﬁer/
Earthquake Liquefaction Liquefaction
- Pore
o;%g Water %%%O ool
‘;oggt -Sand eI @00
Dfp| Particle - AA ST

Figure 3-1: Particle configuration in a soil before, during and after liquefaction

After the earthquake, a return to a condition of equilibrium under the action of static
loads is expected, which may be a more stable condition than the previous one. In fact,
the particles tend to settle in a denser configuration than the initial one. The
consequence of this is a settlement of the ground surface.

The above consideration habeen concerned with an overall interpretation @ the
liguefaction mechanism. A more inrdepth understanding of the liquefaction
phenomenon can be gained from observatio of behaviour of Fuji River (Japan) sand
samples undergoing cyclic stress application in the laboratory test apparatus (Ishihara,
1985). The results of tests Figure 3-2) show that the pore water pressure builds up as
the cyclic stress is applied, and eventually approaches a value equalthe initially

applied confining pressure, producing large cyclic deformations.
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Figure 3-2: Records of cyclic torsional shear tests on loose (a) and dense sand (Ishihara, 1985).

However, the development of the deformations is different for loose sand(=47%)
and dense sandD:=75%). In fact, in the first case, the pore water pressure increases
suddenly and large shear deformations occur quickly; on the other hand, in the second
case, the pore water pressure increases slowly and the shear strain never becomes
larger than a certain Imit. Whether in the case of loose sands we have the characteristic
feature of earthquakeinduced liquefaction in the case of dense sands we have the-so
called cyclic mobility(Castro, 1975).

The two different types of behaviour are better understood iflie cyclic behaviour
is expressed in terms of stresstrain curves and in terms of stress pathgFigure 3-3
and Figure 3-4).
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Figure 3-3: Stresspath and stressstrain curve for loose sandg OEAAO OOOAOO gz
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3 Earthquake-induced instabilities

The cycles degrade very conspicuously and, when the material begins to liquefy,
assume a typical distorted pattern; this is related to strong degradation and energy
dissipation. In each cycle, when the loading process is reversed, the material appears
to increase in stiffness: this is due to theelated pore pressuresdischarge, which

producesan increase in the slope of the diagram along the cycle.

T;rsional shear test
Txy/ Oma=0.717
Dr=75%
Ono'=98kPa
Fuji river sand

Figure 3-4: Stress path and stressstrain curve fordensesang OEAAO OOOAOO z
OAOPAAO OI OEA (shilerBALAgB)E OA OOOAOO

Thetestresults for loose sanddn Figure 3-3 show thatthe corfining effective stress
decreasessteadily as thenumber of cyclesincreasesandas the stress pathiouchesthe
phase transformation linein the z-A Plane, it is turned right upwards during loading
and directed left downwardsin the unloading process.Also the stress-strain curves
indicate that as the stress cycle proceeds, the sand deforms larg@soducing a shear
strain greater than 5%.The cycles begin to take on a distortedppearance with a slope
that decreases towards the horizontal, which means that the stiffness tends to
gradually cancel out(unstable behaviour).

The test results for dense sandeeported in Figure 3-4 showthat the effectivestress
K tends to decreaseas the pore pressure builds up; as the stress patpproachesthe
line of phase transformation,it goes up to the right alonghe failure line in the course
of increasing shear stress and comedown to the left during the unloading process
eventually reachinga state of nearzero effective confining pressureupon complete

removal of shear stressThere, the effective stress isompletely lost because the excess
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uincreases up to initialeffective stressA ,&causinga sudden increaseof induced shear
strain amplitude g asindicated in Figure 3-4. The first arrival of the stress path at the
origin Ois called the state of initial liquefaction or liquefaction onsetin the stress
strain curve shown inFigure 3-4 the secant modulus tend to become evidently lower,
and strain ranges with very low mobilzed shear resistance is widening with increasing
loading cycles. However, the modulus can never Ise low for dense sand as to behave
like aliquid because the shear resistance starts to pick ugt some strains in every cycle
due to the positive dilatancy othe soil skeletor8 4 EEO OUDPA 1T £ AAEAOGEIT
i TAEI EOQUG6 Alcdnsid@édidifidretly fofn liquefaction of very loose
contractive soils which may undergo truly liquidlike flow failures. This latter occurs
when the shear stresses required to ensure equilibrium conditions for earthquake
induced inertia forces g are greater than the available shear strength of the ground
(zim)- In this casethe deformations continue after the earthquake. Tis phenomenon
generally involves large volumes of material and is characterised by high and very fast
displacements.

However, thecyclic mobility phenomenon occurs when the strength of the ground
is significantly reduced, but still exceeds the shear stresses necessary for static
equilibrium. In this case the @formations develop incrementally during an
earthquake. A possible effect relateda cyclic mobilisation is lateral spreading of the
soil, which can occur even on slopes that are not too steep.

Cases of liquefaction are mainly observed near rivers, natural or artificial bodies of
water, and in coastal areagYoud & Perkins, 1978) It follows that among the buildings
most vulnerable to liquefaction phenomena are port and hydraulic infrastructures
(embankments and dams), and transport infrastructures; the problems induced in
buildings derive essentially from the instantaneous loss of lakbearing capacity of the
foundation soils, as a result of which these buildings, while retaining an apparent
structural integrity, tend to lose their functionality, becoming dangerously tilted or

even completely sagging on the ground level.
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3 Earthquake-induced instabilities

3.2 Slope staility

Slope failures caused by strong earthquakes can be very largeterms of number,
volume as well as travel distance and hence very hazardousidtalso known that the
significance of earthquakeinduced slope failures is closely correlatedvith rainfalls
before or after the earthquake.

Mechanical impacts of earthquakes on slopéailures may be classified into an
inertial effect to drive the soil mass, and a cyclic loading effect tweaken the shear
resistance of the slope materials by pore pressure buileup and disturbance of soil
structures. After the initiation of sliding, the shear resistance of the soil mass may be

further weakened during sliding (Figure 3-5).

t 4 t 4 t 4 t,=static shear stress
D t=seismic shear stress increas
t; =failure shear stress

t t t

Figure 3-5: Slope stability conditions: seismic and postseismicdisplacements

The slope is considered stable if the increment of static and seismic shear stresses
is such that the failure shear stress is not exceeded during an earthquake or if the shear
stress is high enough. Nevertheless, if shear stress is exceeded in some intisrizat at
the end of the seismic action it remains equal or less of the failure value, the slope will
have some permanent displacements but it will remain stable. The last case
corresponds to having displacements for an exceedance of the resistance durihg

earthquake and to a post event higher static action compared to the available one. In
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particular this may happen only if degradation phenomena occur. For this last scenario,
the slope remains in unstable condition even after the end of the event.
Slopeinstability occurs as
9 first detachment landslides characterised by shear failure at newly formed
sliding surfaces, coinciding, in whole or in part, with stratigraphic
discontinuities or levels of lower resistance in homogeneous formations
1 reactivation of quiescent landslidesnith movement along preexisting sliding
surfaces
1 acceleration of movement of active landslidesill along pre-existing surfaces.
The volume of unstable subsoi(Figure 3-6) under seismic conditions is the pre

existing one, for active or quiescent landslides, while for firstriggering landslides it is

generally shallower than under static conditions §ilvestri & Santucci deMagistris,
2015).
€Y (b)

Figure 3-6: Mechanisms of slope instability under static (a) and seismic (b) conditions.

Previous thenomenologies are not dissimilar in kinematism to landslides triggered
by non-seismic causes, and are therefore referable to the wedhown classification
criterion for slope movements proposed by Varnes (1978), in which landslides are
distinguished accoding to the nature of the materials (rock or soil), the type of
movement (collapse, overturning, sliding, flow, lateral expansion) and according to the

speed of the movement (from extremely slowS pnm/a, to extremely fast,vl 1 m/s).
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3 Earthquake-induced instabilities

For first detachment landslides, the classification system proposed by Keefer

(1984) is more widespread (Figure 3-7). It recognises three different categories of

mechanismns:

1

Catkegoryl: Disrupted Slides ath Falls It encompasses rock and soil falls, rock
and disrupted soil slides, rock and soil avalanched.andslides in this
category typically originate on steep slopes, travel relatively fast, and are
capable of transporting material far beyond the bases of the steep slopes on
which they originate. Except for rock avalanches, landslides in this category
are also typically thin, with initial failure depths of less than 3 m

Catgory ll: Coherent Slidedt encompasses rock and soil slumps, rock and
soil block slides, slow earthflows. These landslides exhibit a slight to
moderate amount of internal disruption, typically consisting of a few
moving blocks, each of which may be little deformed except for localized
internal fissuring. These types of landslides occur most commonly on
moderately steep slopes, typically move relatively slowly, and displace
material less than 100 m. These landslides are also relatively thick, with
typical initial failure depths greater than 3 m

Catkgory lll. Lateral Spreads and Flowdt includes those landslides for
which fluid-like flow is the predominant movement mechanis. Landslides
in this category initiate only in soil materials and involve either blocks of
relatively intact material moving on a subsurface liquefied zone (soil lateral
spreads) or more completely liquefied masses that move by fluilike flow
throughout (rapid soil flows). In many cases, these landslides are the results

of soil liquefaction in saturatedsoils.
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Figure 3-7: Mechanisms of earthquakeanduced landslides accordimy to Keefer's classification
(1984).

Mechanisms included in Category | are the most recurrent since they occur time
fractured rock mass and are induced by shoftluration motions characterised by high
frequency content typical of features of weak motios. On the other hand, deep
landslide phenomena (Category II) occurring in finegrained soils and flow slides
(Category Ill) can by triggered byground motions characterised by increasing energy
and duration, and for this reason, are less frequent since raging higher magnitude
motions.
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4 Methodology

4. Methodology

4.1 Seismiaction definition

As is typical in Geotechnical Earthquake Engineering, depending on the
methodology chosen and the type of analysis to be performed, theference input
motion can beexpressed througheither representative synthetic parameters (e.g. the
peak ground acceleration or a complete knowledge of the time history of the
acceleration. Two approaches can be usedor defining synthetic parameters or
spectral values

1 DSHADeterministic Seismic Hazard Analysis
1 PSHAProbabilistic Seismic Hazard Analysis
Figure 4-1 shows schematically the steps for both approachd&ramer, 1996).
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Figure 4-1: Steps of DeterministicSeismicHazard Analysis (a) and FPobabilistic Seismic Hazard
Analysis (b).

In the following sub-sections, the seismic action is first introduced in terms of a
synthetic motion parameter and then moves on to the timéistories that will be used
for the dynamic analyses. In particular, bottlthe code-compatible accelerograms and
the procedure used to generate simulated signals ad hoc for the case study will be

reported.
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4.1.1Synthetic parameters

In DSHAan historical-empirical approach can be adopted. In particulagn expected
ground motion parameter at a given sitecan be estimated on the basis of the maximum
seismic potential of all seismayenic sources affecting the seismic hazardt a site For
each zone a sourceto-site distance parameter and a controlling earthquake are
selected. The latteiis generally expressed in terms ofomeground motion parameters,
at the site. The selection is made by comparinghe levels of shaking produced by
earthquakes Step 1 inFigure 4-1a) assumed to occur at a distance identifiedStep2
in Figure 4-1b).

In this approachthe sesmic action is typically estimated throughGround Motion

Predicted Equation(GMPE), derived from statistical interpretations of recorded

seismic data
log(Y)= £(F) +,(M) %£(R X9 s « Eq.4-1
where:

- Yisthe meanvalue ofthe ground motion parameter;

- F represents one or more variables describing the source mechanism;

- Mis the magnitude of the expected event;

- Ris a measure of the souresite distance;

- S represents one or more variables describing the local subsud@ conditions;

- Risthe random variable with zero meanand £ is the standard deviation
The hazard at the site isin terms of ground motions produced at the site by the
controlling earthquake. The GMPEs (i.eattenuation laws) combined with the location
of the source and the assessment of the magnitude, make it possible to generate
deterministic scenarios on a territorial scale through secalled shakemaps

As an alternative to deterministic scenarios, theite-specifichazardcan be obtained

from probabilistic analyses (PSHA) based on the geographical distribution,
seismogenc potential and the activity of the different seismic sources affecting the site

(Kramer, 1996). Through the use of appropriate attenuation lawsPSHAleads to the
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4 Methodology

definition of a hazard curveof a genericground motion parameter Y, expressing the
latter as a function of the mean annual frequencyof exceedancel, through the

equation:

/v=a My FY >¥I mif(m i)y dnd Eq.4-2

where n;jis the meanannual rate of occurrenceof the event at the ith source, f;and
fr are the probability density functions of magnitude and distance(Step 1 inFigure
4-1b). The probability of exceeding agiven value y*, requires the definition of the
probability distribution of Y, the mean value andthe standard deviation of which are
generally obtained from the attenuation law used (Step 23 in Figure 4-1b). The
outcome of the PSHAStep 4 inFigure 4-1b) applied to the whole national territory
consists of curves and maps of seismic hazardefined in terms of reference
accelerations, a(Figure 4-2a), and of spectral ordinates, $T), deduced point by point
over the national territory .
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Figure 4-2: Seismic hazard map of the nationdkrritory in terms of reference acceleration with
probability of exceedance of 10% in 50 years (a) and Seismogenetic Zoning ZS9 of Italy (Meletti &
Valensise, 2004) (b).
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4.1.2Time histories

The seismic motion at a point on the free surface depends not only oncalled site
effects but also on the characteristics of the seismic motion at the source as well as the
distance of the site from the source. The seismic motianainly dependson the energy
released in the process of rupture (measured by the moment magnitudd,,) and the
source mechanism.

The national code(NTC2018) does not allow the use of artificial accelerograms for
geotechnical applications while it specifies the use of simulatedi OO U1 O&d OE A6 C
naturalj O O A AT réidkehde i@t motions.

The selection of natural accelerograms is carried oufrom available databasesby
meansof computer codege.g.REXEL lervolino et al. 2009and IN-SPECTOR\cunzo et
al. 2014), mainly on the basis of magnitudedistance pairs deduced from
seismotectonic and historical seismicityAccelerograms should be selected so thdtey
were recorded by stations close to the siteof interest, or even becausethey were
recorded in different areas but produced by earthquakes with magnitude, focal
mechanism depth and distance comparable with those expected for the sithe time-
histories should be scaledso that the PGAraluescoincide with those predicted by the
national scale hazard studiegFigure 4-2a). The task is facilitated bythe knowledge of
the mean depth and fault mechanism expeed with reference to the seismogenic
zonation of the Italian territory (zonation ZS9,Figure 4-2b).

In the absence of representative records of seismimotion in the study areg it is
more appropriate to generate simulated signalsThe simplest seismologicallybased
strong motion simulation method is the stochastic method (Boore, 1983). This
approach is used for high frequencieggenerally higher than 1 Hz Stochastic strong
ground motion simulation methods can bereferred either to point-source or finite-

fault models, which are described in the following suksections.
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4 Methodology

4.1.2.1Stochastic poirsource modeling

To model the high-frequency componentsof Swave in accelerationtime series, a
method was developed by Boore (1983) whereSwaves is assumedas propagation
finite duration, band-limited, white Gaussian noise. The finite duration is & 0-'Y/ Vs
S™% In this interval, Yis the sourceto-receiver distance] is the Swave velocity and
“Y%is the faulting slip duration. The bandis delimited within the frequency range of
"B EQ o where f¢ is the cornerfrequency and™Q ¢ ¢s the highest frequency.The
objective is to generate a transient time series wherthe amplitude spectrum matches
the referencespectrum. The flowchart is reported in Figure 4-3.

In this modeling approach, firstrandom bandlimited Gaussian white noise is
generated with a unit variance for a specified finite duration of motior(Figure 4-3a).
This noise is whdowed by SaragoniHart to get a more realistic accelerationtime
series(Figure 4-3b). By transforming the ground motions from the time domain to the
frequency doman (Figure 4-3c), the amplitudes are normalized(Figure 4-3d) by
eliminating the frequency contentabove the cutoff value fnaxfrequency (Brune, 1970).
Theredfter, the modeled and shape¢hoise spectrum (Figure 4-3e) is transferred by
inverse Fourier transformation to stochastic acceleratiortime series (Figure 4-3a).
The essatial ingredient for the stochastic method is the spectrum of the ground
motion: this is where the physics of the earthquake process and wave propagatiare

contained, usually encapsulated and put into the form of simple equations.
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Figure 4-3: Flowchart for point-source stochastic ground motion simulation (from Boore2003).

It is convenient to expressthe total spectrum of the motion at asite A(Mo,Rf) into
contributions from earthquake source E), path (P), site (G); consequently,the Fourier

amplitude spectrum of a seismic signal in stochastic poirsource modeling is giveras:
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4 Methodology

A(MO’R’ f): E( My, f) G( R f) C{Df) Eq.4-3

wheref is the frequency, Ris the sourceto-receiver distanceand Mo is the seismic
moment. The latter is related to the moment magnitude asproposed by Hanks &
Kanamori (1979):

2
MW :§|Og(MO) -10.7 Eq.4-4

Both the shape and the amplitude of the source spectrum must be specified as a
function of earthquake energy. The most commonly used model of thearthquake
sourcespectrum is thg 2model proposedby Aki (1967). The scaling of thespectrafor
different magnitudes is determined by specifying the dependence ofhe corner
frequencyf; on seismic momentFollowing Brune (1970, 1971), the cornerfrequency

is given by.

f.=4.9 310 VQ%%& ' Eq.4-5
¢"™"o

where the corner frequencyf.is in Hz, shearwave velocity Vsin km/s, the stress

dLoAARR

drop 3, in bars and the seismic momenb ET A UT ADAI 8
In general, he source function is expressedis the productof seismic moment

source displacement spectrurmand a constant C:
E(M,, f)=C ®, 3G, {) Eq.4-6
Ccan be expressed as:

_A79®S RRTITN
C= 3 Eq.4-7
4p N

where mis the density in the vicinity of the sourceand "O"Ys the free surface
amplification factor which is assumed as 2 in general 'Y "Y'Oi&v& factor which is
applied to reflect the effect of sheatwave energy partitioning into two horizontal

components. Its value is taken ag 7 Wrggeneral.p —is theradiation pattern reflecting
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the variation of the displacement field for different directions due to a shear dislocation
(constant and taken to be 0.55 for shear waves
The source displacement spectrunis definedas follows:

S(f, fc):;

f 2
1+
C'c
Oncethe source has been specified, theext component of the process that affect

Eq.4-8

i
-
l-O: Ot

the spectrum of motion at a particular siteis the path effect.The factors involved are
the functions defining geometric spreading, quality factor (anelastic attenuation
factor) and duration functions. Geometrical spreading can be defined as a factor that
reflects wave amplitude reduction because of the traveled distance of seifgmwaves.

It is defined as a piecewise continuous functigras follows:

é R, i
PR TR
) arR ' i
i Z(R) 6 RCRCR;
Z(R):i &R ° : Eq.4-9

i |
I |
! aR, 0 !
|

i

ZR)z> 5 ReR
¢

L

In applications, R is usually taken as the closest distance to the rupture surface,
rather than the hypocentral distance

The frequencydependent quality factor, is given as follows:

Q(f)=Q, f" Eq.4-10

Then, the path function used in stochastic modeling is given iBq.4-11:

pfR

P(R f)= Z(R @Y% Eq.4-11
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To obtain the time history of ground motion simulationsis required a duration is
required. This is the sum of the source duration, which iselated to the inverse of a
corner frequency and a pathdependent duration.

Finally, the G(f) factor expressingsite effectsshould be evaluatedgenerally using a
one-dimensional approach. The most important function parameters are soil type,
layer thickness, andSwave velocity. The transfer function can be evaluated using

methods well known in the literature (seee.g. Kramer, 1996; Lanz& Silvestri, 1999).

4.1.22 Stochastic Finite Fault Modeling

Stochastic pointsource modelingcangive accurate simulations for stations that are
located at distances from the fault larger than fault dimensions (fafield stations).
Instead, the nearfield simulations should beaccomplished by taking into account the
fault dimensions.One of the most useful methods tsimulate ground motion is based
onthe simulation of several small earthquakes as subevents thedmprise a large fault
rupture event. A fault is divided into N sub-faults and each suffault is considered a
small point source. The rupture spreads radially from the hypocenter.The ground
motions of subfaults, each of which is calculatedby the stochastic pointsource
method previously described,are summed with aproper time delay in the time domain

to obtain the groundmotion acceleration,a(t), from the entire fault

nl nw

a)=a aa @ <) Eq.4-12

i=1j %
where nl and nw are the numbers of sub-faults along thelength and width of the
main fault (seeFigure 4-4), respectively fl x nw =N), andatjj is the relative delay time

for the radiated wave from theijth sub-fault to reach thesite.
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Figure 4-4: Finite fault geometry.

The acceleration spectrum for a sufault at a distanceR; maybe modeled as a point
source with a displacement spectrum defined byEq.4-8. The acceleration spectrunof

shear wave of thejth sub-fault, Aj(f), is described by

2 } PR
Aj =C Oij 4&2& eQ(@/s

5o 2

¢ f 09 Eq.4-13
Cl+ee— QU

e ®f Oou

e ¢9% T

where Mg, fgj, andR; are theijth sub-fault seismic moment,corner frequency, and
distance from the observation pointrespectively.

The dynamic corner frequency is given as:
o }.
f, = NR(t)é 9 1®V, Zﬁ%@? Eq.4-14
where Ng(0) is the cumulative number of ruptured subfaults at time 60 and
0 0w o= o/ 0 is the average seismic moment of sufaults.
The moment of each sulfault is controlled by the ratio of its area to the area of the
main fault (Mo;j=Mo/ N, where Mo is the seismic moment of the entire fault). If the sub

faults are not identical we can express the seismic moment of eastib-fault as follows:
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My = o
a as

k=112

Eq.4-15

where §; is the assignedrelative slip weight of theijth sub-fault.

In this study, for simulating high-frequencies of thevolcanic earthquakes on Ischia
island, the stochastic finitefault methodology with a dynamic corner frequency
concepthas been adopted by usinthe EXSIMsoftware (Motazedian & Atkinson, 2005;
Boore, 2009; Atkinson & Assatourians 2015)

4.2  Analysis methods

The following sub-sectionssummarise the methodologies and pcedures thatwere
adopted in this study to predict the occurrence of liquefaction and slope instability
phenomenaat territorial and local scale. Thesemethods can be classified into levels
corresponding to increasing degrees of detail, in terms of: deition of the seismic
action, the accuracy of the geological surveys and geotechnical characterisation,
complexity of the analysis, and engineering significance of the parameters
representing the effects ISSMGE, 1999; AGI, 20@lvestri&A 8 / 1 T A® Bilvdstri ¢ 1t p
et al. 2016). As the level of detail increases, the ratio of reference scales increases
accordingly, from those typical for the territorial scale (e.g. for microzonation maps),
to those representative of the single phenomenon at the local segffor engineering

design analyses)

PhD in Structural Engineering, Geotechnics and Seismic RiSKXXV Cycle
69



Table 4-1: Hierarchy of seismic slope stability and liquefaction analysis methodsnodified from
Silvestri and d'Onofrio, 2014).

Reference o o
] o Constitutive Investigations )
Analysis Method Seismic Typical Output
) Model and Tests
Motion
Screening criteria magnitude and
. phenomenon yes/no
(Level 1) distance
Amax
Pseudostatic magnitude o . traditional in situ
. = . rigid -plastic safety factor (LIQ,SS)
Semiempirical other synthetic . o and lab tests .
deformability coefficients displacements (SS)
(Level 11) motion Vs measurements
parameters
. . acceleations
single-phase medium )
R ) ) . displacements
Simplified dynamic linear-equivalent / non-
) total stresses
(Level 111) linear (LIQ) as aboveplus )
accelerograms n . ) ) strains
rigid -plastic (SS) cyclic and dynamic
a(t) safety factor
laboratory tests
) . ) as aboveplus excess
Advanced dynamic multi -phase medium
. pore water pressure
(Level IV) elasto-plastic

effective stresses

SS=Slope Stability, LIQ=Liquefaction

Table 4-1 summarises thebasic characteristics of the procedures, which can be
divided into four levels, which imply increasingly complex methods of analysis,
requiring an increasing degree of knowledgand detail of the geological, geophysical
and geotechnical characteristics of the aredn this study all the analysis procedures

were developed under freefield conditions.

4.2.1Liquefaction

In analyses at the regional scale, attributable td_evel | according to the
methodological hierarchy adopted, liquefaction susceptibility can be characterised
with empirical indicators by adopting classification criteria for litho-stratigraphic units
(HAZUS, 2003) and magnitudalistance of activation relationships (Galli, 2000).

This latter study compied the location of sites in Italy where liquefaction phenomena

have been identifiedand defined an upperbound curverelating the magnitude of the
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event to the epicentral distance of the farthest site where a liquetion phenomenon
was observed for thatevent (Figure 4-5). The relatively limited number of events,
identified predominantly through water or sand volcanos or other elated phenomena
(ground cracking), is attributable to the relatively limited energy content of Italian
earthquakes and the low susceptibility of the formations present even in the epicentral

areas relative to the main seismogenic sources.
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Figure 4-5: Empirical screening criteria for liquefaction phenomena (Galli, 200Q)

Design standards provideempirical criteria to exclude liquefaction. For instance,
according to thenational code (NTC 2018, liquefaction analyses are not needed if one
of the following conditions is met:

1) the maximum expected acceleration in free field condition is less than 0.1g;

2) the mean seasonal depth of the water table is greater than 15 m from the surface
(for horizontal ground surface and shallow foundations);

3) the number of SPT for clean sand, corrected f60% energyreleaseand normalised
confinement stress (Neocs), iS greater than 30; the cone tip resistance corrected for

confinement stress (@1ncy IS greater than 180;
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4) the grain size distribution curve falls inside the range of soils susceptible to
liquefaction (Figure 4-6).
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Figure 4-6: Grain size distribution-based criteria for liquefaction susceptibility for the Italian
Building Code (from NTC18).

An example of the application of the above criteriat urban scale is given by
Evangelista & Santucci de Magistris (2011) for the city of NapleH. anyone of the
conditions listed above occus the probability of liquefaction occurrence is very low. If
none of the exclusion criteria is met, it icommon practice to conduct liquefaction
susceptibility analyses typically using in-situ tests rather than laboratory tests, due to
the well-known difficulty of taking undisturbed samples incohesionlesssandy soik
when saturated

In the international technical literature, there are further screeningcriteria for the
identification of soils susceptible to liquefaction, often based on particle size
distribution, Atterberg limits and on-site water content. The most famousamong them
in the literature is that by Robertson & Wride(1998).

This method, based on CPT test resultsefers to the Soil Behaviour Type Indek:

0.5

. =4347 -logQ))" (222 legF))" ¢ Eq.4-16

where Q and F are normalizedatios expressing thetip resistance ¢, andthe sleeve
friction , fs, asfollows:
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Q :éqc - st 6F§d
aep— g_ee Eq.4-17
¢ M ~@
a f, 0.,

F :gem 'i@)O% Eq.4-18

The exponent n varies from 0.5 in sands to 1 in clayshile A, and A \are the total and

effective vertical stress and pis the atmospheric pressure.

1,000

10

Normalized cone tip resistance, Q

Normalized friction ratio, F

1. Sensitive, fine grained 6. Bands - clean sand to silty sand
2. Organic soils - peats 7. Gravelly sand to dense sand

3. Clays - sily clay lo clay 8. Very siiff sand to clayey sand *
4. Siit mixtures - clayey silt to silty clay 9. Very stiff, fine grained *

5. Sand mixtures - silty sand to sandy silt

* Heavily overconsidated or cemented

Figure 4-7: CPTFbased soil behaviar type classification chart by Robertson (1990).

The calculation of the indeX. hasfundamental importance for the identification of
the soil layers on which to perform the simplified verification. Conventionallythe
assessmentnust be performed for k<2.6, while for higher values it is assumed that the
soil is not liquefiable (Robertson, 2016).

For aLevel Il liquefaction analysis, it is necessary tintroduce the seismic action,
expressed in terms of synthetic motion parametersThe ampified peak acceleration

as can be deduced by multiplyingthe reference accelerationa, (see § 4.1.1) for both
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stratigraphic, Ss, and topographic Sy, amplification factors. The latter can be evaluated
using the national code (NTC 2018) criteria. Alternatively, can be computed
considering the soil typesbased on theequivalent shear wavevelocity, Vseq and
expressing the decrease of amplifation with ground motion amplitude by apiecewise

constant-power relationship:
m 3 ¢x

a(g - %)°
a

Eq.4-19 was calibrated by Tropeano et al. (2018) based on weak to strong-motion

D:

SS:

Eq.4-19

3 >

—_—v—) —/—)

Italian seismic records and numerical simulations accounting for nodinear and
dissipative soil behaviair. Sis equal to 1 for soil class A, while the coefficienter the

other soil classes are reported inrable 4-2.

Table 4-2: Coefficients of the piecewise constaapower law (Tropeano et al. 2018)

Soil type m a b Xo Xi
B 1.70 0.924 0.798 0.004 0.02
C 1.90 0.635 0.521 0.024 0.05
D 2.25 0.402 0.351 0.026 0.04

Theoretical studies inthe literature (e.g. SanchezSesmal990) suggest to associate
Srto the slope curvaturead accounting forthe amplification of seismic waves due to
focusing on ridges, as well as for their attenuatiom canyons. The effectiveess of this
approach was validated by dynamic numerical analyses on different slope modaisd
adoptedby several studies Torgoev et al. 2013Forte, 2014; Silvestri et al. 2016Forte
et al. 2017, which directly correlated the curvature to the topographic amplification.
The range ofSr adopted in this case derives from the results of the abowaentioned
studies, combined with the values traditionally suggested by the European and Italian

seismic codes, ssshown inTable4-3.
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Table4-3:31 1T DA AOOOAOOOA | ;| dQFofeAdOIAO AT A AOOT AEA
Slope curvature (4 6 ¢ Sr

-10+-0.9 0.5

-0.9+-0.2 0.7

-0.2++40.2 1
>+0.2 14

The maximum shear stress at reference depth z can bexpressedby imposing
pseudo-static equilibrium with reference to the horizontal translation of the soil
columndown to the depth z up on which the inertia forces produced by the earthquake
act (Figure 4-8):

Ry

distribution and g isthe gravity acceleration.If the soil column is assumed to move
horizontally as a rigid body, and if the maximum horizontal accelerationon the ground

surface is @ax, the maximumOE A A O  Q.QattihdxOthe battom of the soil column
is:

t _amax
maxr =T ¥ Eq.4-21

Taking into account the deformability through a reductive coefficient §(z) and the
variability in time of the cyclic stress through a coefficient, usually set equal to 0.65,

an equivalent tangential stressan beexpressed as

[eq = bQéd = rp Qnaxro rd % O\/

Eqg.4-22
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o = (Tmax )y /{ Tmax )
amax Maximum Shear Stress 0" max Jo /\ mer ),

Depth

= { rrrmx }

( Tmax }d

Figure 4-8: Seismic action in pseudestatic analysis

Idriss (1999), in extending work of Golesorkhi(1989), performed several parametric

site response analysesnd concluded that the parametery could be expressed as:

4 :exp[a ) +4z) Mﬂ Eq.4-23
a z
a(z)= 1.012 1.1265@.1— 5.13¢ _
(2) H173 Eq.4-24
a z
b(2)=0.106 +O.1183|§i— 45.14: _
( ) c 1.28 ‘ Eqg.4-25

where zis depth below the ground surface in metersM is the momentmagnitude
of the expected seismic everdand the argumentsof the sinus functionsare in radians.

Geotechnical properties are usually derived from irsitu investigations
(penetrometric or geophysical tests) and laboratory tests related to thdetermination
of index properties.

The physicatmechanical parameters required for the analyses are:

- the unit volume weight, g,

- the dynamic penetrometric resistanceNsps, Or static resistanceg., or shear wave
velocity, Vs,

- the index properties, typically fine content,FC(d<0.075 mm), and/or plasticity

index, PI.
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The occurrence or nomoccurrence of liquefaction, assessed through simplified
analysis procedures, can bexpressedthrough the calculation of a factor of safety; Sy,

defined as the ratioof Cyclic Resistance Ratio (CRR) and Cyclic Stress Ratio (C&R)
follows:

CRR &CRR, .. 0 )
FS = - S5 2 ABF K OK
S|q CSR _ég CSR 8\@5 lg a Eqg.4-26

In Eq.4-26 CRR ¢ ; seifthe resistance referred to a magnitudéi=7.5 andA.&-100

kPa, MSF is the magnitude scaling factor, introduced to accoufur the effect of
duration of the seismic event(Figure 4-9), K¢ and K, (Figure 4-10) are correction
factors to account for the effective overburden stress and initial static sheaon the
horizontal plane.

25

w Sand

g 2 MSF = 6. Qexp{ Mo\ 0.058
- - MSF <18

g O Q . /

< 45 N
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2 N4

E] — O 4
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3 / 5~
2 Clay: ] °©
% 0.5 MSF =1 12expf"M%}-o,e2e

\
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Earthquake magnitude, M,

W

Figure 4-9: MSF relationship for clay and san@Boulanger & Idriss, 2007)
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Figure 4-10: Overburden correctionfactor relationships (Boulanger & Idriss, 2014) (a) and
static shear stress correction facto(Harder & Boulanger, 1997)(b).
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From Eqg.4-22, CSRcan be computedas follows:

t
CSR=-*2 @.65@5—‘.’5 Eq.4-27
Sy g 2

The moment magnitude value of 7.5 is in fact referred to by the empirica¢lation
based on the interpretation of case studies in which evidence of liquefaction was or
was not observed(Figure 4-11). Typically, theabacusesavailablein the literature refer

to clean sands, i.e. with a fine content FC less than 5%.

Site A: Surface
evidence of "liquefaction”

i

Site B: No surface
evidence of "liquefaction”

mer S

Empirical relation between
cyclic resistance and
penetration resistance

Some measure of the
earthquake-induced stresses

Some in situ test indice
for liquefaction resistance

Figure 4-11: Schematicof the approach used to develop relationships betweethe in-situ CRR
and the results of insitu tests (Idriss & Boulanger, 2008)

The mechanical properties adopted in empirical abacuses can be deduced from
Cone Penetration Test (CPT), Standard Penetiah Test (SPT) or sheawave velocity
measurements

It should be emphasised that penetrometric tests provide measurements of
strength, and therefore their use is justified since liquefaction is a phenomenon in
which the soil reachedailure; on the other hand, shear wave velocity, being a measure
of stiffness at very lowshear strains,refers to conditions far fromfailure and therefore
far from the liquefaction phenomenon. However, in some casgsmay be appropriate
to refer to the shear wave velocity in verifying liquefaction, when penetrometric
strengths are such that the resistance is underestimated, such as in the case of volcanic

soils, like those in this study
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Figure 4-12 showsthe abacus proposed by Boulanger & 1dris€014).
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Figure 4-12: Liquefaction abacuses for CPTapove) and SPT lpelow) (modified from Boulanger &
Idriss, 2014).

The limit curves shown in Figure 4-12 are defined by the following analytical

expressiors:
Mne i § e’ 09:d’ 5 f
CRR ) . i —ex Ic1Ncs d Ncs 0 _ Ncs nal L 2 = Eq.4-28
M=7.55, 4t Ig§113 ¢ 1000 = EﬁO - 13% s g.
N o 2, o 3 . 4 ~
CRR .= o Nl)GOCs a( Nl)GOcs 0 (ul) 60cs d Nl) cs 282
M=755, 4 ? 14.1 c 126 - 3.6 - 254 = Eq4-29
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where the equivalent clean sand penetration resistance$lcines and (N1)eocs are

expressedrespectively as:

Ouanes = dan + @y Eq.4-30
— Eq.4-31
(Nl)GOCS - ( Nl)eo + ([Nl) 60
The first terms of the above twoequationsare respectivelygiven by:
Oy =Gy @y Eq.4-32
(Nl)so = CN Neso Eq.4-33
The coefficientGyis a function of the effective vertical stressA.,§ and atmospheric
pressure pa:
&p, © 3
Eq.4-34
Cy=tat 6 @7 i
¢S, =

where the exponent m is equal to:

m=1.338 -0.249( Q.

0.264
) Eq.4-35

m=0.784 -0.0768,/ON) . Eq.4-36

The second terns of Eq. 4-30 and Eq. 4-31 are functions of fine content (FC)

expressed as a percentage:

97 & 157 B
FC+2 &cC +2 2 Eq.4-37

o ) 3 é
Dq., :%1.9 %41—% gxzg1.63

2

D(N,),, %xp%.ﬁs L 97 a4 157 % £q.038
¢

FC+0.01 &FC +0.012

The latter correction terms represent the expected increase in soil strength in
relation to the presence of fine material of plastic naturdn the case of norplastic fine

content, no correction must bemade.
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As mentioned earlier, for some types of soilit might be preferred to perform
simplified verifications from shear wave velocity. Figure 4-13 shows the abacus
proposed by Andrus & Stoko€2000) as a function of normalised shear waveelocity.
The latter is a function of the effective vertical stress{\Gand atmospheric pressurepa,
as follows:

o 025

.. ap.. O
Va=Vs O, B %Eg 0 Eq.4-39
Cov +

with G<1.4 andVsicis the vertical asymptote of the limit curve expressedas a
function of fines content, FG as follows:

e 215 FC ¢ 5%
_1 . ;
VSlc_1215 -0-5( FC 5 5% FC 389 Eq.440
1 200 FC> 35%

0.6 , : : . .
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Figure 4-13: Liquefaction abacusat varying normalised shear wave velocityWsias a function of
fine content (Andrus & Stokoe, 2000)

In the so-called decoupledLevel Ill approaches, the liquefactionassessmentis

preceded by a seismic response analys{tanzo & Silvestri, 1999) aimed at defining
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the dynamic action acting on the potentially liquefiable volumehrough an equivalent
accelerogram ae((t), representative of the overall inertial actions on that volume
Liquefaction analysisis therefore conducted by reducing the equivalent seismic action
at the depth of interest to a cyclic stress ratio, CSR, and anmber of equivalent cycles,
Neq(Figure 4-14); the latter can be estimated with predictive relationships as a function
of a limited number of synthetic parameters othe seismic motion €fr. e.g.Biondi et al.
2012). In this way, verification can be carried out by comparing the seismic action with

a cyclic resistance curveCRRNgc measured by laboratory tests

Site Response Analysis Laboratory Tests

T (4P}
] 100 200

nax

£ \—CSR=0.65"1 ) -
- = \ c\U
\
20 \
\ Teq
5 Lig

‘ Cyclic Reistance Curve

CRR =f(Nyy.)

nere

Neq =f(M,ete.)

s w O O
Bartiquake Magninude,

assessment of the number of equivalent cycles

Figure 4-14: Outline of procedure for simplified dynamic liquefaction analysis.

For a more complete gquantification of the effects produced by the phenomenon in
terms of excess pore watempressures and displacements, it is hecessary to resort to
approaches that envisage the execution of coupled ndmear analyses [Level V),
adopting increasingly complex models in relation to the degree of knowledge of the
constitutive parameters of thesoil, which are sometimes, however, numerous and of
complex experimental determination. An approach that represents a satisfactory
balance between simficity and reliability of numerical simulations is the sccalled
'loosely coupled' approach, developed by Tropeano et al. (2019) using a calculation

code for onedimensional nonlinear analysis (SCOSSRAWB); the codeimplements a
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constitutive model based ora relatively small number of parametersof clear physical
significance which can beobtainedthrough direct interpretation of cyclic and dynamic
laboratory tests. The approach makes it possible to quantifgore pressuresinduced
by the earthquake and to verify the effect of their accumulation and dissipation over
time on stability conditions and kinematics, respectively, during and after the

earthquake (for more details see Chiaradonna et al. 2018; Tropeano et al. 2019

4.2.1.1Integral index

The need to summariseinto a single synthetic valuethe result of a liquefaction
assessment along a soil profilevas translated into the definition of appropriate
integral parameters describing the liqguefaction potential at a site. They makeegsy to
compare theoverall liquefaction susceptibility between different sites andset the basis
to draw up related maps. The indicatorsadopted in this study are three. For semi
empirical methods, reference will be made to theDiquefaction Potential Inéx6LPI
(Iwasaki et al. 1978) and the Qiquefaction Severity NumbeBLSN(Tonkin & Taylor,
2013), while for advanced analyseghe hduced Damage Parametéi v (Chiaradonna
et al. 2020)index will alsobe adopted

The LPl is derived from a weighted average, in inverse proportion to the depth z, of

the unit complement of the safety factoFFS when the latteris lower than unity:

LPI =3 [L -FS(2] w3 d g 441

The weighing function w(z) is assumed to be linear, and is such that it has a zero
value at the limit depth of 20 m and a maximum value of 10 at the surface:
wW(2) =10 -0.5z Eq.4-42
where z is expressed in meters.The LPI value obtained allows for an overall

assessmenbf the potential failure induced along a whole soil profilg(Table 4-4).
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Table 4-4: Simplified assessmenbf soil liquefaction risk based onLPI (lwasaki et al.1978).

Index Potential failure

LPI=0 Very low
O<LPIS v Low
5<LPIS »p High

LPII pu Very high

The main limitation of this indicator is determined by the fact that layers that are
not completely liquefied (FS>1) are not taken into account in the calculation. The
effects resulting from high values of theexcesspore pressureratio, even when not
enoughto induce complete liquefactionare therefore neglected

On the basis of studiesleveloped after the seismic sequence occurred in 20101
in Christchurch (New Zealand),the LSN indicator was developed with the aim of
providing indications of the intensity of the liquefaction effects and thepotential
damage induced to above ground structuresThis indicator is defined as the integral

of the postliquefaction volumetric reconsolidation strains (r)):

LSN :1oooﬁe;v dz Eq.4-43

LSNhas the advantage of taking into account the contribution of nehiquefied
(FS 1) soil layers, thus removing the most critical shortcomingof LPI. The hyperbolic
depth weighing function (1/z) gives higter relevance to the shallower liquefiable
formations, correctly reducing therisk of overestimating the site vulnerability.

The value ofr, in Eq.4-43 can becomputed with the proceduresuggested by Zhang
et al. (2002), who proposeda relationship between postliquefaction volumetric strain
and equivalent clean sand normalized CPT tip resistancg.ncs for different factors of

safety, these latter varyingbetween 0.6 and 1.3Figure 4-15).
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Figure 4-15: Relationship between postliquefaction volumetric strain
and equivalent clean sand normalized CPT tip resistance for different
factors of safety (Zhang et aR002).

The results of the coupled analyses in terms of excess pore water pressure ratig) (
allow for a straightforward evaluation R, from the oedometric compression curve
(Figure 4-16).

e 4
&2 1
& °3
3 NCL
— Ink,8
n o=y

Figure 4-16: Stressvoid ratio path in the one-dimensional consolidation plane (NCl= Normal
Consolidation Liné).
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For a given initial void ratio ey, after the end of the undrained seismishaking the
effective stressis reduced by thegeneration of the excespore pressure 3-u (path 1-2
in Figure 4-16):

Ds, = -uD 1= g, Eq.4-44

u
For eachsoil layer, by knowing the excess porepressure, 3= Gand the variation of
the void ratio, ep-€;, along the recompression curvepath 2-3 in Figure 4-16), it is
possible to evaluate thevertical strain, R, that in one-dimensional conditionscoincides
with volumetric strain, rR,, necessary to evaluaté. SNthrough Eq.4-43.
The amount of the expected damage as arfiction of the value assumed by SNis

shown in Table4-5.

Table 4-5: Evidences of liguefaction and damageegrees associated to LS onkin & Taylor, 2013).

LSN damage description
0 <LSN <O nil to minimum evidenceof liquefaction
10<LSN <20 from minimum evidenceof liquefaction to presence of sandboils
20<LSN <30 moderate to intense liquefactionevidenceand probable subsidence
30<LSN <40 from intense liquefaction evidenceto severestructural failure
LSN > 50 severe and widespread surface damage

From the values of t it is also possible tcevaluateOE A O) T AOAAA $ AT ACA
Iam, (Chiaradonna et al. 2020)¢corresponding to the free-field post-seismic volumetric
consolidation settlement

_0.003 Lz 1,(2)

AM T (1+ z )0.3 ain TU(Z) z Eq.4-45

where zmin and znax are, respectively, the minimum and maximundepths of the
uppermost saturated liquefiable soil layerln Eq.4-45, depths are expressed in m.

Table 4-6 shows the damage scalesuggested for rigid body settlements due to

earthquake-induced excess pore pressures
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Table 4-6: Damage scaléor rigid body settlements due to earthquakeinduced ground deformation.

Damage state Settlement [Am
Low a1 0.1m lamT 0.1
Moderate 0.lm< 3 0(3m 0.1< IamT 0.3
Extensive 0.3m< 3 1i0m 0.3< laml 1.0
Severe 3 10m Iam>1.0

4.22 Slope stability

The Level | zoning procedure is based on empiricastatistical screening criteria,
which do not require any geotechnical characterisation of the formationsSuch
methods consider the earthquake-induced landslide hazard expressed as a bingar
function, which dependson magnitude (M) and distance [R). In this way, it is possible
to evaluatefor different earthquakes the maximum distance at whicla givenlandslide
mechanismcould occur. The pioneering studies of this topic are due to Keefer (B),
who collected a database of 40 worldwide earthquakeshat triggered landslides
between 1811 and 19® in the same study proposing the seismic landslides
classification depicted in Figure 3-7. Consequently, the upper bound magnitude-
distance curvesreported in Figure 4-17 were proposedfor the assessment of the

triggered landslides hazard.
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Figure 4-17: Upper boundmagnitude-distance curvesfor the three landslide categorieqCat I:
disrupted rock and soil slides Cat Il:coherent rock and soil slides Cat lll:lateral spreads and
flow slides) proposed byKeefer(1984).

These simple empirical correlations point outthat the susceptibility to co-
seismic landslides idimited by amagnitude threshold(below which landslidesare
not expected tooccur even in the epicentral arepequal to 4 and 4.5 for rockfalls
and sliding mechanisms, respectively

The two landslides depicted in theFigure 2-11 were triggered at an estimated
magnitude of 4.26 and therefore represent an outlietOn the other handthe 2017
Ischiaearthquake (Mw=3.91) fits the predictive curves proposed byKeefer(1984),
as forthis low value of magnitude no landslide occurred

For liquefaction-induced landslides, likelateral spreads, the threshold magnitude
is5 and it is in accordance with the upper bound liquefaction limit curves identified by
Kuribayashi and Tatsuoka (1975).The procedurewas applied at a territorial scaleby
Silvestri et al. (2006, 2016), for generating regional scale maps in terms of
susceptibility indicators attributable to a territorial unit typically corresponding to a
single municipality. These maps theefore constitute a preliminary screening tool of

potentially susceptible areas.
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In the Level 1l methods, the degree of theearthquake-induced instability at a

territorial scale can be implemented in a Geographic Information System (GIS) by
combining hydrogeological, geotechnical, topographicand seismological data as
shown in the flowchart of Figure 4-18. The mapping scale usually varies between
1:25.000 and 1:5.000, depending on the reference geological survey, with a cell grid
size determined by the resolution of the Digital Terrain Mode(DTM).

At suchscaleratios, the seismic slopénstability for category Il mechanismscan be
evaluated using the displacemenbased approach. Following the welknown method
by Newmark (1965), the potential landslide is modelled as a rigid friction block &ling
on an inclined plane The susceptibility to triggering of seismicinduced landslides can
be expressed independently of the evaluation of seismic actions, by determining the

critical acceleration, a, i.e. the value activating the slope movement

a, =(FS 1) gsina Eq.4-46

where g is the gravity acceleration] is the slope angle and FS is the factor of safety.

In the conservativehypothesisfor infinite slope geometry, the latter can be calculated
as:

. C tan/ ' mg, tan /'
FS= —_* Eq.4-47
gDsin a tan a tgn a-

where:

1 gis the unit volume weight of the soil;
1 g is the water unit weight;
1 A8 #1 MAOA OEA AEAAAOEOA AT EAOCETT AT A £
1 Dis the depth of the sliding surface;
1 m=D/Dy, with Dy=D-z,, i.e.the saturated soil thicknessabove the sliding
surface, being z, the depth of the water table.

PhD in Structural Engineering, Geotechnics and Seismic RiSKXXV Cycle
89



A Unit Volume Weightg

Geolithological map é E:I)%téos?oﬁnogg =

A Depthof slidingsurface D

‘ Depth of Water Table,, }

Slopef Factor of Safety (F$)
‘ Digital Terrain Model (DTMji
Slope Curvature, Q ‘ Critical Acceleratiore() ‘
Topographic effects
Seismicallyinduced
.| Displacements
Stratigraphic effects
‘ Ground Motion Prediction Equation (GMPF)7 1A ras

Figure 4-18: Flowchart of the procedure for theprediction of earthquake-induced displacements
(Gargiulo et al. 2022)

The map of the critical acceleration, combined with the spatial distribution of the
seismic action, constitutes the prerequisite for theprediction of the co-seismic
displacements, which can be obtained by applying various correlations available in the
literature , typically expressed as a function of the ratig=aJ/a max between critical and
peak surface acceleratior{see e.gSimonelli & Fartunato, 1996; Rampello et al. 2006;
Ausilio et al. 20@; Madiai, 2009;Biondi et al. 2011; Tropeano et al. 2012 Tropeano et
al. 2017;Gaudio et al. 2020. These correlations are obtained by extensively applying
Newmark's simplified dynamic analysis method toinfinite slopes, using numerous
accelerograms extracted from different reference databases, and applying statistical
criteria to obtain mean (or median) and upper bound (or 90" percentile) displacement
values.

The results obtained by applying theLevel Il approach will make it possible to
outline the most susceptible areas, which will require specific insights through higher
level dynamic analyses at th single slope scale. These approaches require a specific
geomorphological and stratigraphic site charactesation, as well as geestructural

investigations. The physicatmechanicalproperties of the main formations must also
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be charactersed byad hocsite investigations and specific laboratory tests on samples
taken on site.

Simplified Level Ill dynamic analyses can be carried out by adopting smlled
‘decoupled’ or ‘'coupled' approaches. In the first case, the contribution of soil
deformability is taken ET OfT AAAT 61 6 OEOI OCE OEA AAEE
AAAAT AOI COAi 6 xEEAE EO ApbPIEAA AO Al EI DB
predicting its displacements. This accelerogram can be evaluated starting from the
time history of the shear stresses actig on the sliding surface, to be obtained from a
simplified dynamic analysis of the seismic response of the slope, taking into account
the variation of s0il stiffness and damping rato with the shear strain (Tropeano et al.
2017). In coupled approaches, otthe other hand, the effects due to soil deformability
and permanent displacements are evaluated simultaneously (Tropeano et al. Z)1

Finally, advancedLevel IVdynamic analyses use nonlinear dynamic algorithms in
the time domain (implemented in finite dement or finite difference computational
codes) and more advanced elastplastic constitutive laws (e.g. mixed isotropie
kinematic hardening models). The latter require careful calibration of the various
parameters, not only based on routine geotechnicahvestigations but also through
non-conventional cyclic laboratory tests (triaxial, simple or torsional shear). The
advanced analyses ultimately allow for predictions of the slope behaviour also in terms
of effective stresses, as well as of both distortiml and volumetric strains; therefore,
they permit to describe both the ceseismic mechanisms and the possible posteismic

evolution of the instability phenomenon.
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5. Database of investigations

Earthquake-induced instabilities analyses require theknowledge of the geological
and geotechnical conditions, athe territorial scale or detailed scale depending on the
level of the analysis This knowledge usually requires the acquisition of a certain
amount of data in order to outline the complex naturalkituation and set a rational
model for engineering, namely the subsoil model. The collection and organization of
pre-existing knowledge through the constitution of a database of geological and
geotechnical investigations represent the backbone of everyrige-scale project aimed
at territorial analysis. Hence an essential part of this work was devoted to this task. The
retri eved information was organized through GISGeographical Information Systems
technology adopting theESRI ArcGis 10ftware.

Figure 5-1 and Figure 5-2 show the available surveysin the study areabefore the
MASLIDE projectfrom municipal master plan PRG (ingreen), lll level Seismic
Microzonation studies SMIII (in blue) and others collected from various studiesand

local companieg(in yellow).
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Figure 5-1: Available surveysin the study area prior to the MASLIDE project: PRG (green),
SMIlI (in blue) and others collected from various studies (in yellow)
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Figure 5-2: Location of boreholes from which undisturbed samples were taken for static and/or
cyclic laboratory tests PRG (ingreen), Ml (in blue) and others collected from various studies
(in yellow) .

Table5-1 and Table 5-2 show the distribution of available tests.

Table 5-1: Distribution of available site tests.
PRG SMIIl | others

BH+SPT 15 4 21
DH 11 4 5
MASW 0 37 34
HVSR 0 84 212
ARRAY 2D 0 6 4

Table 5-2: Distribution of available laboratory tests.
PRG | SMIIl | others
grain-size distribution 18 16

12
n-g-w 18 16 12
Atterberg limits 0 3 1
simple shear/triaxial tests 13 0 11
cyclic/dynamic tests 0 9 0
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Figure 5-3: Distribution of the available tests boreholes (BH), downrholes (DH), surface
wave tests (MASW), HVSR spectradtios and ARRAY 2D

A great amount of data was due to the post017 Casamicciola Terme earthquake
reconstruction activities (SMlll+others). A minor part of the data came from a city
master plan (PRG). This database constitutes the main part of the geotechnical
investigations shown inFigure 5-3 and Figure 5-4.

Available surveys show a lack of data both in potentially liquefiable areas and in

areas unstable due to landslide phenomena.
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Figure 5-4: Distribution of the available laboratory tests.

The need for new investigations is essentially attributable to the following factors:
1 lack of sufficiently deep soundings capable of intercepting the seismic

bedrock;
need Por well-defined subsurface velocity profiles;
the need to precisely define the nofinear behaviour of certain materials
that have not yet been characterised, as well as the resistance under cyclic
actions.

The new geotechnical investigation program (UniNAMASLIDE) was specifically

designed to fill these gaps. The field investigation program described in this study was

PhD in Structural Engineering, Geotechnics and Seismic RiSKXXV Cycle
95



performed between 2021 and 2022 in the areas highlighteth Figure 5-5 with the blue
and red boxes for liquefaction and slope stability respectivelyThe area chosen for
liquefaction testing, in the coastal area of the municipality of Casamicciola Ternveas
selected downstream of the Level | zoning showim Figure 7-17 (87.2.1):it falls within
OEA OAOOAT OGEIT T AsMétidiés. G& thddthérbakd hdlared dent@icn A
for slope stability analyses, which falls within theGangdarea in the Lacco Ameno
municipality, contains two landslides mapped by the CARG proje@brana& Toccaceli,
2011).

40°45'0"N+

40°43'30"N+

potentially liquefiable areas
potentially unstables areas {PAI+IFFI)
D study_Area_LIQ.

D study_Area_SS

0 1,000 2,000

sty ) Veters

13"51'0"E 13°52'30"E 13°54'0"E 13°55'30"E 13°57'0"E

Figure 5-5: Potentially liquefiable areas (in light blue) and potentially unstable areas for
landslide phenomena (in light red) in the NW sector of the island of Ischia. The blue and red
boxes indicate therepresentative areasfor the two phenomena respectively.

The details of thenew investigations are givenin the following sub-sections.
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5 Database of investigations

5.1 Casamicciola Terme studyea

The area under study falls within the coastal area of the municipality of

Casamicciola TermgFigure 5-6).

N
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— ) Meters

40°45'15"N+

Casamicciola
Terme

40°45'0"N-{

T T T
13°54'15"E 13°54'30"E 13°54'45"E 13°55'0"E

Figure 5-6: Study area for liquefaction susceptibility analysis.

The area falls withinthe micro-zone 2003 identified by theMSstudies (Figure 5-7).
The latter, representative of the area of the Ancient Baths, consists of sandy deposits,
20 to 50m thick (SMca), covered by medium fine sands (SMpi) with thicknesses of 5 to
15 m and fill with a thickness of 5m, resting on geological substrates consisting of
clayey deposits clayeysilty deposits up to 1520m thick (SFCO), massive silty epiclastic
deposits with 20 to 30m thick and finally on tuffaceous deposits (SFGRS). For
lithostratigraph ic and morphological characteristics (alluvial conoids and escarpment

hemlines), local seismic amplification phenomena are possible.
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Figure 5-7: Homogeneous micrezones in seismic perspective (MOPS) clafisation (SMstudies)

in Casamicciola Termestudy area.

The following is a list of the surveys carried out in the municipality of Casamicciola
Terme as part of theMASLIDEproject:

T

=A =4 =4 =

No. 2Boreholes (BH) with continuouscoring at a depth of 50 mequipped for
the execution of 2 Down-Hole (DH) tests;

No.13 Standad Penetration (SPT) ests

No. 2 Cone Penetration (CPT) tests;

No. 16 Microtremor Horizontal to Vertical Spectral Ratio (HVSRJ)ecordings;

No. 3 Electrical Resistivity Tomograples (ERT);
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5 Database of investigations

Rizz Landfill and backfill soil with a maximum thicknessof 5m. Vs
valuesbetween205and215m/s.

SMpi Heterometricdepositsof a pyroclasticnature consistingnainly of
mediumfine and coarsesandsin a silt-sandymatrix. Theyalsoinclude
silt-clay deposits Slightly to moderately thickened Thicknesses
between5 and 15 metres Vsvaluesbetween220and280m/s.

SMca Heterometricpyroclasticsandydeposits,with rare inclusionsof
tuffaceous, in a silt-sandy matrix. Slightly thickened to moderately
thickenedand/or poorly cohesive Thethicknessis between 20 and 50
metres Vsvaluesbetween280and390m/s.

SFCO Argillitic geological substratum Clayeysilty deposits of a
pyroclasticnature. Thickneswariesfrom 15to 20m. Vsvaluesbetween
570and696m/s.

SFGRSMassiveto thinly stratified epiclasticsilty deposits In places
consistingof alternating cineritic lithified levelsand levelsenrichedin

subroundedpumicesandtuff clasts Thethicknesss between20and 30
metres Vsvaluesrangebetween570and 696 m/s.

SFGRSDeposit consistingof alternating massivetuffaceous deposits
affected by hydrothermal alteration. maximum thicknessesof 300
metres Vsvaluesbetween570and900m/s.

Figure 5-8: Stratigraphic column with lithostratigraphic description (MOPS 2003.

1 No.10 undisturbed and No. 3 reonstituted samples were takeron which were
performed:
- No.6 grain size distribution analyses with ng-w evaluation;
- No.3! OOAOAAOCG0O 1 EIi EOO AOGAI OAOGEIT T N
- No.12 Cyclic Simple SheafCSS}ests;
- No. 4 Dynamic laboratory tests (Resonant Column and Cyclic Torsional
Shear tests);
- No. 29mple Shear tests
- No. 1 Oedometric test;

- No. 2 Permeability tests.
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In addition, further surveys carried outfor the (Reconstruction plan for the island
of Ischiag to be carried out for the areas of attention identified for liquefaction
phenomena in the territories municipalities of Forio, Lacco Ameno and Casamicciola
Terme, damaged by the edinquake of 21 August 201y Campania Region in the same
area:

1 No. 2 Boreholes (BH) with continuougoring at a depth 0f20 m equippedwith

standpipe (PZ2);

No.10 Standard Penetration(SPT) ests,

No. 6Dynamic Penetrometer SupeHeavy(DPSH) tests;

No.4 undisturbed samples were takeron which they were performed:

- No. 4grain-size distribution analyses with rg-w evaluation.

An important part of this work has been completely dedicated to the
characterisation of volcanic materials in the coastal area of the municipality of
Casamicciola Terme. With the main aim to evaluate the cyclic behaviour and
consequently, the cyclic resistance curves of the materials, undrained simple shear
tests have been performedFor the definition of a geotechnical model, also grain size
analyses and Atterberg's limit tests were carried out on soil samples retrieved from
boreholes sampling. In addition permeability, oedometric and cyclic torsional shear

tests have been performed.

5.1.1 Boreholes, SPT, CPT

Figure 5-9 shows the location of the boreholes carried out within the MASLIDE
project. The first BH1 was carried out at Pio Monte dellaMisericordia and the second
BH2was carried out at Piaza delle ScuoleThe same figure shows the surveys carried

out in the same area by the Campania Region as part of teconstruction plandin
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5 Database of investigations

Piazza Marina (BH3) and Piazza Municipio (BH5) andsarvey carried out as part of

the master plan (BH6) in Salita Paradisiello.

40°45'15"N

40°45'0"N-{

N
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RC_BH5_PZ(20m|®
niNa_BH2_DH (50m)®
PRG_BH6_DH (20m)®
T T T

13°54'15"E 13°54'30"E 13°54'45"E

13°55'0"E

Figure 5-9: Boreholes location and depth reached in brackets UniNa (2022), Campania Regiol
(2022), Master Plan (1990) in the Casaicciola Termestudy area.

A summary of the investigations carried out is given below in both tabulafTable

5-3) and graphic form the stratigraphic columns are described in terms of formations

from both a geological(Figure 5-10) and gealithological (Figure 5-11) point of view

(codes are fromCommissione Tecnica per la Microzonazione Sisn2€20).
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Table 5-3: Overview of surveys in Casamicciola Termgudy area

UniNA_BH1_DH

UniNA_BH2_DH

RC_BH3_Pz

RC_BH5_PZ

PRG_BH6_DH

depth
from
ground

level

50m

50m

20m

20m

20m

SPT

SPT1 (3.003.45m): 2;5;4
SPT2 (900-9.45 m): 12;14;13
SPT3 (12.9-12.83 m): 33;27;R
SPT4 (1700-17.30 m): 15;28;R
SPT5 (23.9-23.70 m): 43;R

SPT1(3.00-3.45m): 2;6;7
SPT2 6.00-6.45 m): 5;7;11
SPT3 0.50-9.95m): 18;22;34
SPT4 (3.9-14.35m): 11;10;10
SPT5 (7.50-17.95m): 19; 33;R
SPT6 (20.5620.95 m): 17;31;R
SPT7 (36.2036.50 m): 33;R
SPT1 (3.003.45 m): 10; 6; 8
SPT2 (8.869.25 m): 18; 19; 17
SPT3 (13.0013.30m): 38; 39; R
SPT4 (16.5016.70m): 39; R
SPT5 (19.7020.00m): 29; R
SPT1 (6.5606.95m): 15; 17;17
SPT2 (8.809.25 m): 8;11;11
SPT3(12.5612.80 m): 25; R
SPT 4 (14.5515.00 m): 26;28;31
SPT 5 (17.0017.45 m): 27; 30; 32
SPT1 (2.502.95 m): 4;3;1
SPT2 (5.505.95 m): 6;8;14
SPT3 (10.5010.95 m): 8;14;16
SPT4 (17.5017.95 m): 14;18;22
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samples collected

R.S.1(3.60-3.90m)
R.S.27.50-7.90 m)
U.S1 (12.00-12.50 m)
U.S2 (16.50-17.00 m)
U.S3 (23.00-23.50 m)
U.S4 (30.70-31.20 m)
U.S5 (44.00-44.50 m)

U.S1 (2.50-3.00 m)

U.S2 (5.50-6.00 m)

U.S3(9.00-9.50 m)
U.S4 (13.40-13.90 m)
U.S5 (20.00-20.50m)
R.S.1(48.50-49.00 m)

U.S1 (6.80-7.30 m)
U.S2 (16.00-16.50 m)

U.S1 (8.30-8.80 m)
U.S2 (12.00-12.50 m)



5 Database of investigations

RC_BH3 UniNA_BH2 PRG_BH6 RC_BH5 UniNA_BH1

59 -9.2m

-22.8m

-358m

-40.8m

*elevations refer to sea level

water table depth

U.5. {undisturbed sample)
R.5. (remoduled sample)

backfill material: pyroclastic deposit with gravels and pebbles (Rlzz)

in situ volcanic deposits consisting of red-brown lava slag (cm), sands and cinerites (SMpi)

yellowish gray and reddish sandy volcanic deposits with clay matrix (SMpi/SMea)

chaotic sandy deposit with volcanic pebbles and clasts (tuffs and scoriae) and subrounded pumices (cm) in
medium coarse sandy matrix varying in color from grayish green to reddish (SMpi/SMca)

sandy clays of marine origin with eruptive episodes deposited in water (SFCO)

as above with a prevalent clay fraction (SFCO)

scoriae in abundant clay matrix (SFCO)

volcanic sands reworked in water (SFGRS)

sandy pyroclastic deposits in a clayey matrix with fossils (marine environment) (SFGRS)
cineritic sandy level havana-reddish color (SFGRS)

volcanic breccia with abundant black slags in sandy clay matrix (SFGRS)

IEERNEEENERER . .

alternating yellowish-brown clays with low plasticity and sandy pyroclastic deposits (SFGRS)

Figure 5-10: Stratigraphic columns with geologicaldescription.
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*elevations refer to sea level

-

water table depth

= )5, (undisturbed sample)

R.S. (remoduled sample)

- Rizz (terreni contenenti resti di attivita antropica): Anthropogenic deposits
SMpi/SMca (sabbie limose di piana alluvionale e costiera/depositi sabbiosi eterometrici in matrice limo-sabbiosa):
Alluvial and coastal plain silty sand/Heterometric sandy depasits in silt-sandy matrix

- SFCO (substrato coesivo sovraconsolidato, fratturato/alterato): Cohesive, overconsolidated fractured/weathered
bedrock (marine siltstone and claystone)

SFGRS (substrato granulare, cementato/saldato, stratificato fratturato/alterato): Granular, layered, cemented
or welded, fractured/altered bedrock (ignimbrites, welded tuffs, epiclastic sandstone)

Figure 5-11: Stratigraphic columns with gealithological description (codes are fom SM studies).
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Figure 5-12: SPT test resultdn Casamicciola Terme study area

The CPT tests were performealoseto boreholesBH1 and BH2, and reached
depths ofabout 10 m and 6 m respectively. Théocation of the two CPTs, denoted
CPT1 and CPT2, within the municipality of Casamicciola and their results are
reported in Figure 5-13.
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Figure 5-13: Location of CPTtests performed within the UniNAMASLIDE project.
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Figure 5-14: CPT test results for CPT1 (a) and CPT2 (b).

The static penetration tests (CPT) were carried out with a selfmoving
equipment characterised by a maximum thrustcapability of 20 ton (0.2 MN)
provided by hydraulic jack. The measurements of the 6020 cn? cone tip and 150

cm2sleeve resistances wereecorded each 20 cm.
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The conical tip at both points reached depths of no more than 10 and 6 meters.
As a result, the values of gand f; are based on a single material, specifically the
material indicated with SMpi. In addition tothe measured point values of gand f,

this report also includes the average trends of these values per meter

5.1.2 Dowrhole tests

Boreholes BH1 _DHand BH2-DH were equipped with PVC tubes and a zero
shrinkage mortar casting in the boreholepipe cavity to perform down-hole tests
necessary for the definition of the shear wave velocity profile up to a depth of 50
m. The figures below show theS-wave andP-wave velocity profiles for BHYFigure
5-15 and Figure 5-16) and BH2 (Figure 5-17 and Figure 5-18).

@) (b)
corrected time Swvave, t*[s] Swave velocity, m/s]
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0 5 1 Il L Il L 0 wwwwwwwwwwwwwwwwwww
o
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10 4 % 10 +
OO
15 | % 15
20 .20
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— 25 A — 25
~ R2 = 0.9912 ~
30 30
35 A 35 -
40 40
45 | ‘?31 y = 441.62x18.192 45 4
‘ R? = 0.9697
50 e 50

Figure 5-15: Dromochrone (a) and Swave velocity profile (b) measured in BH1.
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Figure 5-16: Dromochrone (a) andP-wave velocity profile (b) measured in BH1.
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Figure 5-18: Dromochrone (a) and Pwave velocity profile (b) measured in BI2.

The first two layers SMpi and SMcexhibit Swave velocityvaluesless than 250
m/s); the SFCO layer shows values between 356 and 383 m/s, while the last layer,
denoted SFGRS, showselocity values of 442 and 500 m/s.The value of the
equivalent shear wave velocityVseq as defined bynational code (NTC018) is 301
m/s and 267 m/s for BH1 and BH2,respectively. Therefore the area under
consideratonAAT AA Al AOOEAEAR ABGADQAIEDICA ODUD 4 #
The values of shear wave velocities obtained from the dowole are consistent

with the velocity ranges defined in the MOPS columitBigure 5-19).
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Figure 5-19: Comparison of shear wave velocity profiles in BH1 (black), BH2 (dark grey) and
velocity ranges defined by theMS studiesfor MOPS 2003.
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5.1.3Electrical Resistivity Tomography

Results from Electrical Resistivity Tomography (ERT) are useful to identify
general trends of the thicknesses and anyheterogeneity of the soils under
examination. The location of the ERTs carried out iBasamicciola Terme is shown
in Figure 5-20.
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Figure 5-20: Location of ERTperformed within the UniNA-MASLIDE project.

In order to provide more detailed subsurface resistivity models, it was decided
to adopt both the WennerSchlumberger configuration (so as to be able to highlight
any variations in resistivity horizontally and vertically) and the Dipole-Dipole
configuration (thus obtaining a greater depth of investigation and greater
horizontal resolution) for each individual standoff. The length of thearrays, for
logistical issues, is limited.

ERT5and ERT6 approximately 9300 m long, were constructed respectively
along Corso Luigi Manzi near Piazza Marireand along Via Monte della Misericordia
with an electrode spacing of 3.00 mrlhe resistivity models for both configurations

are reported in Figure 5-21 and Figure 5-22.
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Figure 5-21: ERTS results in both WennetSchlumberger (above) and DipoleDipole (below)
configuration.
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Figure 5-22: ERT6 results in both WennerSchlumberger (above) and DipoleDipole (below)
configuration.

ERT7, approximately 62.00 m long, was constructed alon@iazza delle Scuole
with an electrode spacing 02.00 m.The resistivity model of both configurations is
reported in Figure 5-23.
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Figure 5-23: ERT/ results in both WennerSchlumberger (above) and DipoleDipole (below)
configurations.

The resistivities found in the volumes investigated are in agreement with the
lithologies present and identified in the surveys carried out in the area under
investigation. The soils found present a good homogeneity, both laterally and
vertically. The most superficial deposits present resistivity correlated with the
presence of reworked and backfilled materials. In the central sector of the pseudo
sections of resistivity in the WennerSchlumberger configurationdeposits can be
detected, characterised by low values in the resistivities measured, probably due
to the presence of deposits with a high degree of saturation. Finally, in the
resistivity sections inthe Dipole-Dipole configuration, a clear increase in resistivity
values is observed starting from about few meters from ground level, which can

be correlated with the presence of coarsgrained deposits (pumice and scoriae).
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5.1.4 Microtremor Horizontal to Vertic8pectral Ratio analysis

16 ambient noise measurements called C01C16,were carried out in the same

area(Figure 5-24).
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Figure 5-24: Location of HVSRperformed within the UniNA-MASLIDE project.

The data processing was carried out as per the recommendations of tBESAME
(Site Effects Assessment Using Ambient Excitationspnsortium found in Acerra et
al. (2004).Usingthe GEOPSY¥oftware, the ambient noise data were processed both
in terms of resonance frequencyand azimuth. An example of theresults of the
ambient noise data processing is shown iRrigure 5-25.

To determinethe local ground resonance frequency, the ratio between thaean
Fourier spectrum of the 2 horizontal components and that of the vertical
componentwas computed. Acquisition windows were automatically selected

A window length of 50 seconds was chosen and for each windoselected, the
Fast Fourier transform (FFT) was applied and a KonneOhmachi smoothing

algoritm was applied on the Fourier spectra Then, the ratiobetween the mean of
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the horizontal and vertical spectra (H/V ratio) was calculated. The finaH/V ratio
curve was computed as the averagef all the windows H/V ratios. The ambient

noise data were analyzed fofrequencies between (L and 20 Hz.

Azimuth (deg,)

0.4 06081 20 4
Frequency (Hz)

JHFA m
L] 1 2
HV

Figure 5-25: Vertical (Z), north-south (N) and eastwest (E) components of an example of signal
recorded (above). Eachcolor corresponds to a selected window which isepresented in the HVSR
graph (bottom left) by an individual colored curve.The final HVSR curve which is the average of
all the colored curvesis the solid black line. The dotted black lines indicate the amplitude
standard deviation. The picture (bottom right) is the azimuth graph.

Details of each individual registration are given iPAppendix A.1.
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In Figure 5-26 the measurement points areplotted with the same colours

according to their similarities in terms of amplification functions and fundamental

frequency. Two zones with different dynamic

respase can be clearly

distinguished, with the western zone being characterized by higher value of

fundamental frequencythat can be associated to the presence of a lower depth of

the seismic bedrock The valuesof the fundamental frequency and H/V functions

are shownin Figure 5-27.
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Figure 5-26: Location of the HVSR measureent points: the points in black and grey show a
fundamental frequency around 0.5 Hz and 2 Hz respectively. The dashed black line roughly
indicates the transition between the two zones: point C09 in red shows an intermediate

amplification function between the two zones.
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Figure 5-27: Fundamental frequencies and amplification functionsneasured in thewestern and
eastern zone of the test area. The amplification function relevant to sit€09, which falls in a
transition zone, is plotted in red.

It can be seen that the measurements takealong the transition zone (C09)
show intermediate characteristics, with a first peak around 0.5 Hz and a second at
2 Hz. The point in question was nevertheless assigned to the west zdiadowing
the SESAME critaa.
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5.1.5 Pysical properties
(a) (b)
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Figure 5-28: Details of the laboratory tests carried out on the samples taken in the UniNA_BH!
(a) and UniNA_BH2 (b) survey.

The grain size distribution curve s and values from boreholes BH1 and BH2 are
reported in Figure 5-29 and Table 5-4, while the main physical properties are

shown in Table 5-5.
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Figure 5-29: Grain-size distributions of the materials shown inFigure 5-28. The black dashed
and nonrdashed lines indicate the grairsize ranges of the potentially liquefiable soils for Uc<3.5
and Uc>3.5, respectively.
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Table 5-4: Average grainsize distribution values.
material gravel = sand silt clay

[-] [%] (%] (%]  [%]
SMpi 8 82 8 2
SMca 1 60 37 2
SFCO 0 12 47 41

Table 5-5: Average material properties.

material Gs dso uc FC
(-] [g/cm3] | [mm] [l [%]
SMpi 2.6 0.691 13.3 11
SMca 2.4 0.090 8.7 45
SFCO 2.7 0.002 - 90

Atterberg limit tests (where possible) were carried out onthe same materials.
Table5-60ET xO OEA | OOAOAAOCG60O 1 EIi EOO8 4EA
for two samples and it is plotted versus Liquid Limit (w) in Figure 5-30. It can be
noted that the shallow soil(SMpi) is characterised by low plasticity, with avalue of
Pl equal to 12.0while the deep finer soil SFCQis highly plastic, with avalue of Pl
equal to 32.6 It must be pointed out that despite a fine content of 45%, the limits
on SMca material could not bassessablethis is due to the fact that iis non-plastic

fine. In addition, Figure 5-31 shows the activity chart.

Table 5-6: Atterberg limits.
material wL wp Pl

[l %] [%]  [%]
SMpi 376 256 120
SFCO 517 19.1 32.6
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Figure 5-30: Casagrande fasticity chart of boreholessamples.
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Figure 5-31: Activity chart of boreholes samples.
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5.1.6 Permeability tests

Two permeability tests have been performed orSEMpi and SMca&ands, whose
results are shown inFigure 5-32, where the values of permeability coefficient to
water (k) versus time have been plottedThe k values of the performedests have
been summarized inTable5-7.

Table 5-7: Results of grmeability tests.

sample material e FC [%] k [m/s]
BH2-U.S.1(2.50-3.00m) SMpi 0.66 11 3.2E06
BH2-U.S.39.00-9.50m) SMca 0.89 45 1.5E05

9 5E05
£, o BH2-U.S.1 (e=0.66
X ,Eo05. e BH2-U.S.3 (e=0.89
> BH2-U.S.1_Hazeh
= BH2-U.S.3_Hazep
D 3.E-05-
=]
©
<
O 2.E-05-
O o
o @0000000% 0900000000000 @ 0ged GO 0000000
S 1.E-05-
I
'E 000000 o
2 0.E+00 : : ! !

0 10 20 30 40 50

t [min]

Figure 5-32: Results of permeability tests.

Despite the higher fine content that characterises the SM&ample, this latter
shows a higher permeability value than SMpinaterial, which could be attributed
to a higher voidratio that characterises theformer sample SMca.The same figure
shows the commrison with the permeability values calculated using Hazen's
formula as a function of do. Qearly, by not taking into accountthe field conditions
of the material, Hazen's formulayields a higher permeability for the layer with less
fine content. In any ase, the values obtained are comparable with those reported

in the literature for sands in the Ischia area (see.g.Piscopo et al. 2019).
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5.1.7 Oedometric test

An oedometric compressibility test has been carried out onSMpi sand. The

results are shown inFigure 5-33 and Figure 5-34.
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Figure 5-34: Result of oedometric test on SMpi specimeroedometric modulus value in loadng-
unloading cycles
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From the interpolation of the loading and unloadingreloading lines, an

analytical formulation could be derived(Eq.5-1 and Eq.5-2, respectively).

as.
e=¢ -Glogge--
Q:;VO

as.
e=g -Glogge—-
Q;f;vo

Eq.5-1

Eq.5-2

C. and G represent the slopeof the loading and unloadingreloading lines in

logA.Ge plane. Values are given inTable 5-8.

Table 5-8: Values of Cand G.
C 0.1816

G | 0.0147

0.7

o©
)
|

void ratio, e
o
(4]

o
IS
|

O experimenta
----- analytical

0.3

1 10 100 1000 10000
effective vertical stress,' [kPa]

Figure 5-35: Experimental vsanalytical oedometric compressibility curve.
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5.1.8 @clic and monotonic resistance

The cyclicand monotonicresistance of the materials has been evaluated with a
simple shear apparatus. As weknown, a simple shear condition implies that the
diameter of the specimen (or more in general, the transversal section) is
maintained constant. Generally, it can be performed by means of concentric rings,
while the apparatus of the University of Napoli Feerico Il is much more
sophisticated because it is able to work accordintp two different configurations:
the first one obtained acting on the confining pressure (flexible boundary), the
second one is realized by means of confining rings (rigid boundaryin both cases,
the simple shear state should be guaranteed. The apparatus consists of a dynamic
servo-controller (DSC), able to controkwo electro-mechanical dynamic actuators
for applying the vertical and horizontal loads to the specimen. The vertical an
horizontal displacements are measured by Encoders which are part of the servo
motors. Vertical and horizontal loads are measured by using two load cells with a
maximum measure of 5kN. Irthe configuration with confining pressure a simple
shear conditioncan be obtained by means of a sophisticated control system.ttre
consolidation phase (k condition) the apparatus can adjust the vertical load to
maintain a constant diameter,one measuredthe volume of water that is going out
from the specimen and the ertical displacements. In this casea latex membrane
is used to confine the specimen, while the pressurized water allows to apply a given
pressure by means of an air/water interface device, reported irFigure 5-36
together with the other basic components of that system. The Hydraulic Automatic
Pressure Controller (HAPC) is connected to the base of the specimen and allows to
impose a backpressure and measure the volume of water that goes in or out from
the specimen by means of a volume gauge. In other words, the cyclic simple shear
apparatus can control the confining cell pressure, vertical load, horizontal load and

back pressure independently.
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To bed reproduce the loading conditions in the field, imposed by a seismic

event, undrained cyclic simple shear tests were performed with flexible boundary.

Air/Water Pneumatic
Cylinder APC

i - /
Dss-C Hydraulic
APC

Figure 5-36: Basic system components of Cycl8imple Shear (CSS) apparatus with confining
pressure (Mele, 2020).

The specimens (d=70 mm and h=26 mm) were saturated by increasing both cell
and back pressure toreach an effective stress of 10 kPa. The saturation of the
specimens was checked by -Balue through a Btest. For B higher than 0.95, the
specimens were considered saturated. Thereafter, the specimens were
consolidated. As mentioned above, in the configuration with flexible boundary a
ko consolidation can be applied, adjusting the vertical lahto have a constant
diameter, knowing the water volume goes out during consolidation and the vertical
settlements. After the consolidation phase, different amplitude Cyclic Stress Ratio
(CSR) were applied Sinusoidal wave forms were used with a frequenayf 0.05 Hz.

In cyclic simple shear tests the attainment of liquefaction was identified
according to stress (t=0.90) and strain criteria fpal X 8 0 P (38

The main goaWwasthe analysis of the undrained cycli@nd monotonicbehaviour

of SMca and SMsoilsin order to define the cyclic resistance curve
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Table 5-9 shows the initial conditions of the specimens on which the monotonic

tests were performed

Table 5-9: State of specimens in monotonic tests.

sample material e* ADB f E( And f E! ko
BH2-U.S.1(2.50-3.00 m) SMpi 0.536 51.7 19.7 0.381
BH2-U.S.3(9.00-9.50m) SMca 0.951 109.3 42.1 0.385

*at the endof consolidation phase

In Figure 5-37 and Figure 5-38, the results ofthe undrained testare illustrated
for SMpi and SMca.
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Figure 5-37: Results of monotonic test on SMpi (BH2.S.1)in the planest-g(a), t-A.8(b), 3u-g
(c) andt/ Av8g(d).
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Figure 5-38: Results of monotonic test on SMca (BHR.S.3)in the planest-g(a), t-A.8(b), 3u-g
(c) andt/ A.8g(d).
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Figure 5-39: Results of cyclic simple shear test on SMpi (BH2.S.1) with CSR=0.1ih t-g(a), CSRNeyc (b), t-Av8(c) and g-ru-Neyc (d)
planes.



























































































































































































































































































































































































































