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Summary
The paper is dedicated to one the most suggestive cavity located in the city of Naples (Italy), the Cimitero delle Fontanelle (Little
Fountains Cemetery). The quarry, excavated in Neapolitan Yellow Tuff (NYT), is a typical chamber and pillar cavity; during 400
years of life, the site experienced a series of events until finding, in the modern age, its current destination as a worship place for the
population. The paper summarizes the experimental and numerical studies conducted in the recent years to evaluate the stability
condition of the cavity. A joint interpretation of traditional in situ investigations and geophysical tests (ERT, GPR, HVSR, MASW
and near-surface Seismic Refraction Survey) allowed for defining an accurate geotechnical soil model. The evaluation of the static
stability condition of the rock cavity was investigated considering simplified approaches, compared with 2D and 3D numerical models using the finite difference analysis. The results of the numerical analysis were expressed in terms of plastic zones, pillar load and
acceleration time histories due to real earthquake event.
Keywords: cavity; pyroclastic rock; geophysical tests; stability conditions; three-dimensional analysis.

1. Introduction
Anthropic cavities excavated in soft rock are
widespread in the subsoil of several historical towns
in Italy. Different typologies of cavities have been
excavated in different ages for many purposes; underground quarries for the extraction of soft rocks
as a building material are probably the most widespread typology, and present the largest size, due to
the coupling between ease of excavation and material strength.
Due to the combination of geological, hydrological and also seismic peculiarities, the underground
environment in such centers is characterized by high
fragility, and represents a serious hazard to building
heritage, to due the sudden and unexpected occurrence of sinkholes, often triggered by rainstorms
and even moderate earthquakes.
The assessment of the overall stability conditions,
however, is affected by several complex factors and
still shows significant gaps in scientific knowledge.
A complete analysis of the state of stress around a
cavity should ideally take into account the three-di-
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mensional shape, the properties of the materials, the
existence and orientation of the discontinuities, the
original in situ stress and its modifications following
the excavation. Such data are not available in the
large majority of cases; therefore, simple schemes
are proposed to estimate separately the state of stress
in the pillars and in the roof [WAGNER et al., 1974; BENIAWSKY, 1984; EVANGELISTA et al., 2000a; SCREPANTI and
FEDERICO, 2002; MURALI MOHAN et al., 2001]. These
methods are based on limit equilibrium approach;
in particular, for the roof they allow to define the
critical arch span which gives rise to either flexural
or shear failure mechanisms.
Several studies, instead, concern the evaluation
of the effect of underground cavities on the motion produced by body and surface waves [DRAVINSKI, 1983; WONG et al., 1985; SMERZINI et al., 2009;
LANDOLFI et al., 2011; CHIARADONNA et al., 2014; SCOTTO DI SANTOLO et al., 2014]. In these researches, the
subsoil is most times assumed as a homogeneous,
isotropic and linear elastic infinite medium or a
half-space, or even as a poro-elastic layered subsoil surrounding one or two buried cavities. These
studies show that when waves are incident on embedded cavities or inclusions, the surface displacements can be significantly modified by the ‘‘obstacle’’: shape, size, orientation and depth of cavities
below the ground level can significant modify the
surface motion.
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Fig. 1 – a) Geological map of the city of Napoli showing the distribution of the cavities detected in the urban area and representative pictures of b) Cimitero delle Fontanelle; c) San Gennaro Catacombs; d) ancient aqueduct.
Fig. 1 – a) Carta geologica della città di Napoli con ubicazione delle cavità censite nell’area urbana e foto esemplificative di b) Cimitero
delle Fontanelle; c) Catacombe di San Gennaro; d) antico acquedotto.

The attention on the preservation of buried cavities has greatly increased during last years, and some
of them have been designated cultural heritage. One
of this is the cavity network Cimitero delle Fontanelle
in Napoli, one of the most fascinating hypogean sites
excavated in the XVI century for the exploitation of
the Neapolitan Yellow Tuff (picture ‘b’ in Fig. 1).
After a brief description of the historical and
geological settings (§ 2) in which the cavity was excavated, the paper recalls the previous site investigation (§ 3) finalized to evaluate the stability condition
due to the presence of persistent joints system and
water infiltration coming from the roof. The site, in
fact, in 2000 was closed to the public and was open
only after remedial works, consisting of rock reinforcement with anchors and abutment walls [AMATO,
2000; EVANGELISTA, 2000].
The major uncertainty, connected to the hidden geometry below the current walking level, was
investigated more recently with an intensive geophysical survey campaign (§ 4), that allowed defining an accurate soil model of the cavity. Results
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of the analysis of the state of stress both in the pillars and roof are discussed for different approaches with increasing complexity. In particular, closedform solutions (§ 5) and numerical models (§ 6),
both in two and three-dimensions, were adopted to
develop new considerations on the stability condition of the cavity. Finally, 3D dynamic analysis (§
6.3), conducted adopting a deterministic seismic
input motion, allowed to evaluate the stability condition of the cavity and also the effects of the underground voids in terms of modification of the surface ground motion with respect to the continuous
ground conditions.

2. Geological and historical settings
The growth of any new settlement is helped
greatly by the geological and geotechnical features
of the site along with the rapidity and nature of the
process of development. From this point of view, Naples could be a good example due to the presence

29

30

SCOTTO DI SANTOLO ET AL.

Neapolitan Yellow Tuff (NYT) that dominates the
geological setting of city (Fig. 1).
This soft rock represents the base formation
and was formed from a process of solidification of
loose pyroclastic soil erupted from Campi Flegrei
(Phlegrean Fields). The Tuff is sometimes outcropping or it is found at various depths from ground level. Above the tuff is present the pyroclastic sequence,
constituted mainly by silty sands (pozzolana). The latter is the result of the primary volcanic deposition
on the hill of the city, while it appears as alluvial sediments on the coastal zone, having continental or marine origin. The pozzolana is present in all the territory with thickness of some tens of meters, underlying thin layers of a younger formation of pumices
and lapilli, covered by volcanic fly ashes and remolded soils, together with man-made ground, including
masonry blocks often used as filling materials.
The Neapolitan Yellow Tuff was, in the beginning, excavated in underground cavities for supplying building material by the first settlers. In fact,
most cavities are located just outside the first Greek
and Roman settlements at the feet of the hill sectors
of the city (Fig. 1a).
Guglielmo Melisurgo, a leading expert of engineering and architectural problems of the city of Naples, explained the importance of the extension of
the urban cavities in his work [1943] dedicated to
the underground spaces in the city. He stated that
there are three ‘layers’: the first one is just below the
ground level with its network of sewers (Fig. 1d); a
second level is made of a vast and complex network
of tunnels (Fig.1c), with about a thousand cavities in
the yellow tuff; a third layer is formed of cavities used
for extracting the rock (Fig. 1b).
The tunnels of the so-called ‘second layer’ followed the street network and had the function of internal water supply. In connection with these underground channels, there are water tanks from which
the Neapolitans used to withdraw the water. Instead,
the large excavations of the ‘third layer’ are much
deeper and are important for supplying the yellow
tuff. These cavities have a total volume of the order
of 6 Mm3, and are found in concentrated and limited places outside the walls at the foothills of the city,
which were later used for pagan and Christian worshipping [PUNTILLO, 1994; ESPOSITO, 2007].
The site of Fontanelle pertains to this latter
group; the origin of the name derives from the presence of numerous fountains. The excavation of the
quarry dates back to the XVI century, when the city
was scourged in rapid succession by popular rebellions, famines, earthquakes, eruptions of the Vesuvius and epidemies, so that the end use as a cemetery
was due to the need to collect the corpses of the victims. It is said that in 1656, after a deadly plague, the
walls that closed the cave were broken and 250,000
corpses (other sources quote a figure of 300,000)

out of a population of 400,000 inhabitants were accumulated. From that time, the human rests were
covered by the so-called lava dei Vergini (lava of the
Virgins), likely a debris or mud flow that frequently
flooded the foothill areas including the quarry. For
instance, in 1435 the historical chronicles report a
disastrous event known as the “flood of the Conocchia” followed by two floods, one on 19-20 September 1566 and the other on 8-9 October 1569. Today,
the phenomenon has almost disappeared in this area, due to the rising ground level, as documented by
historical sources, and to the creation of a network
of efficient drainage together with the urbanization
of the hilly area.
The ossuary of the Fontanelle emblematically represents the horror of the plague and death. The figuration and remind of those dramas take the value
of tools for a reflection on the disrupting effects of
the disasters caused by men.

3. Geotechnical investigations
Even if the cavity, over the years, was interested
by several inspections, a systematic and exhaustive
campaign of geological, geotechnical and structural
investigations has never been performed.
The early in situ investigations were limited to:
– geometric survey of the cavity (§ 3.1);
– subsurface investigations by means of boreholes
down to about 15 m (§ 3.1);
– survey on discontinuity orientation (§ 3.2);
– laboratory investigations on intact rock (§ 3.3).
The main goals of the above-mentioned investigations were:
– to determine the thickness of the filling materials above the old plane of excavation;
– identify the thickness of the tuff in correspondence of the vaults of the cavity system, in particular in the entrance area where detachment of
tuff slabs had occurred (picture ‘d’ in Fig. 2).
In order to evaluate the stability conditions of
the site, a new interpretation of the available data was integrated with the recent investigations described in the following.

3.1. Geometrical survey and subsoil layering
In figure 2 the plan of the Fontanelle cavity and
the cross-sections along the main nave are reported.
The quarry is a typical chamber and pillar cavity; the
plan is rectangular and elongated in a North-South
direction, just like a church, consisting of three
aisles:
– the main Navata degli Appestati (plague stricken
persons), on the right of the entrance;
– Navata dei Preti (priests) on the other side;
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Fig. 2 – a) - Plan view of the Cimitero delle Fontanelle with location of intensely fractured zones (shaded areas); b) crosssection A-A; c) picture of Pillar 4; d) picture of the roof and e) contours of the discontinuity poles plotted on the Wulff grid.
Fig. 2 – a) Pianta del Cimitero delle Fontanelle e ubicazione delle zone interessate da intensa fratturazione (aree ombreggiate); b) sezione
A-A; c) foto del Pilastro 4; d) foto della volta ed e) rappresentazione polare sul reticolo di Wulff delle discontinuità rilevate.

–

Navata dei Pezzentelli (small beggars), a smaller
aisle on the right of the entrance with an inclination of 45°.
The overall width of the two main aisles is 40 m
and the length of 100 m, with a total area of about
3.000 m2.
The cavity roof is supported by 9 isolated pillars and 4 further vertical elements, defined ‘septum’, protruding from the walls (Fig. 2). The height
of the roof (ceiling) along with the two galleries
aligned from North to South is equal to 7.5 m, with
a cover on top of this variable from 8 m-10 m. In the
entrance and the central room, moving from East
to West, the height of the vault rises up to 13 m,
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while the cover (tuff and loose rocks) assumes a
thickness of 30 m.
The sections of the cavities have the shape of a
trapezium with a flat vault and 10°-15° inclined doorposts (picture ‘b’ in Fig. 1). The pillars have a section
which is reduced with depth (picture ‘c’ in Fig. 2),
probably down to the old excavation level.
The in situ investigations (two boreholes) showed
that the material below the current floor level (71.60 m
a.s.l.) is composed by an inter-bedding of anthropic fill
and natural soils of different grain size, with both volcanic and alluvial origin. The tuff formation, covered by
cuttings resulting from the excavation, was detected at
a depth of 9.0 m from the current walking level.
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According to the reconstruction of the sequence
of events, it is believed that a mixture of tuff cuttings,
debris and mud transported by the floods (the above
mentioned lava dei Vergini) gradually accumulated
on the bottom of the excavation, burying the pillars
for a significant stretch, where human remains were
buried or simply abandoned by the gravediggers.

3.2. In situ survey on rock discontinuity
An intense fracturation was present in the central part of the roof at the entrance (Fig. 2), with
a prevailing North-West South-East orientation. A
second discontinuity system is detected where there
are variations of height of the cavity oriented in the
East-West direction. Few vertical discontinuities have
been found in the Navata dei Pezzentelli, at the intersection between the roof and the pillar (Fig. 2c).
A detailed collection and analysis of discontinuity orientation data was carried out during the in situ investigation in 2000 by mapping the visible structures [AMATO, 2000; SCOTTO DI SANTOLO et al., 2014].
For the most significant discontinuities, the following information was recorded:
– location in plan;
– dip;
– dip direction;
– spacing between adjacent discontinuities;
– extent;
– width or opening;
– presence of water.
The statistical analysis of the pole concentration of the 62 discontinuities detected is reported
in figure 2e. Two main distinct pole concentration
zones can be found; one in the North-Western portion of the stereonet corresponding to sub-horizontal joints and the other South-Eastern of the
net, indicating sub-vertical fractures. Therefore
the mesostructure of NYT rock mass is characterized by a system of discontinuities similar to those
detected by NOCILLA et al. [2009] by means of survey
techniques and analyses based on terrestrial photogrammetry and laser scanner 3D on slope face
and cavities in Napoli. Along the rock hills these
discontinuities delimit removable blocks with parallelepiped or slab-like shapes. The results of survey of discontinuities made on the Cimitero delle
Fontanelle confirm the mesostructure of the rock
mass described before. For this reason, it could be
presumed that the discontinuities observed (Fig.
2) are syngenetic, mainly related to the formation
of the rock.
This information was utilized to design the remedial work carried out consisting of the anchors of the
vault and pillar [AMATO, 2000; EVANGELISTA, 2000]. At
present some other discontinuities undergo manual
monitoring.

3.3. Intact rock strength
As well known, the NYT is a soft rock, with varying structural and mechanical characteristics, which
consists of a cineritic matrix with pumiceous and/or
scoriaceous and lithic inclusions [EVANGELISTA et al.,
2000b]. The quantity and quality of the inclusions
depend on the specific type of tuff and, even within the same formation, on the distance from the volcanic source [PICARELLI et al., 2006].
From some of the blocks fallen from the vault, it
was possible to cut specimens with a diameter of 10
cm and test them at University of Naples Federico II.
The mean value of the uniaxial compression
strength, VUCS, is 3 MPa, for samples with unit volume weight J equal to 15 kN/m3. The behaviour of
the intact rock was intensively studied (e.g. PELLEGRINO, 1968 ; EVANGELISTA, 1980; EVANGELISTA et al.,1980;
EVANGELISTA and AVERSA, 1994 ; AVERSA and EVANGELISTA, 1998; NOCILLA et al., 2009). These studies show
that NYT is a low to very low strength rock (class E)
with average elastic modulus ratio (E50/VUCS) according to DEERE and MILLER [1966] classification.
Figure 3 shows the results of triaxial tests carried
out on Neapolitan Yellow Tuff sampled at San Rocco cave (modified from AVERSA et al., 2013) and at
Fontanelle site. According to AVERSA and EVANGELISTA
[1998], a bilinear envelope of peak strength criterion would be more appropriate; however, the scattering between experimental data is very high. The
linear Mohr-Coulomb (MC) criterion was therefore
used, with a friction angle, M, equal to 28° and a cohesion, c, equal to 0.9 MPa as strength parameters. The
tensile strength was assumed equal to 1/10 of VUCS
according to the results of EVANGELISTA et al.[1980].
No direct measurement of the strength of the discontinuities were done to date.

4. Geophysical investigations
In order to better define the buried subsoil geometry and to improve the geotechnical model, the
following geophysical investigations were recently
carried out:
– Electrical Resistivity (ERT);
– Ground Penetrating Radar (GPR);
– Horizontal to Vertical Spectral Ratios (HVSR)
based on ambient noise measurements;
– Seismic Refraction Survey (SRS) with tomographic inversion;
– Multichannel Analysis of Surface Waves (MASW).
Where possible, these geophysical investigations
were compared with the available boreholes. The location of all investigations is reported on the plan in
figure 4.
ERT tests were carried out with 48 electrodes using the Wenner-Schlumberger array configuration
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Fig. 3 – Stress states at failure and Mohr Coulomb envelope of San Rocco and Fontanelle tuff samples from triaxial tests [modified after EVANGELISTA and PELLEGRINO, 1990].
Fig. 3 – Stati tensionali a rottura ottenuti da prove triassiali su campioni di tufo prelevati nella cava di San Rocco e presso il cimitero
delle Fontanelle ed inviluppo di Mohr Coulomb [modificata da EVANGELISTA e PELLEGRINO, 1990].

along the three main naves. The geoelectric measurements of resistivity were executed with the georesistivimeter “SYSCAL Pro” [IRIS INSTRUMENTS] and
the resistivity data inversions were iteratively carried
out through the RES2DINV software. The alignment
investigated along the main gallery, the Navata degli Appestati (cross-section A-A in Fig. 5a), encompassed a length of 97 m with 2 m electrode spacing;
along both Navata dei Preti and Navata dei Pezzentelli (cross-sections B-B and C-C in figures 6a and 7a,
respectively), the arrays were 50 m long with 1 m electrode spacing. A total number of 3006 measurements
was attained for each test; the data were inverted to
obtain the sections reproduced in figures 5b, 6b and
7b, down to an investigation depth of about 10 m.
The 2D images of the three tests show apparent
lateral changes in resistivity, confirming the complexity of the buried geometry. Overall, referring
each section to the corresponding borehole, it is
possible to individuate:
– a shallow layer, about 2 m thick, characterized by
a range of resistivity of 100-500 :m, which can
be associated to the anthropic coarse fill (“acf”
in the following);
– an intermediate layer, 2 to 4 m thick, with a lower resistivity (about 10-100 :m), corresponding
to the volcanic-alluvial sand and silt (“ss”) formation detected by the boreholes down to 4 m
depth;
– a deeper layer where the resistivity suddenly increases to values between 500 to 1000 :m, typical of soft rocks like the Neapolitan Yellow Tuff.
Note that close to the middle of the cross-section
A-A (Fig. 5b), a sharp decrease of resistivity down to
about 10-60 :m appears also in the shallowest “acf”
layer, as well as along the whole cross-section C-C
(Fig. 7b): it can be interpreted as the presence of a
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moister zone associated to visible water leaks from
the cavity roof. In addition, while the smooth horizontal variation along the deeper “ss” layer can be
again attributed to changes in the degree of saturation, the sharper discontinuities in the NYT formation can be associated either to its fracturing or to
the presence of the cuttings (NYTc).

Fig. 4 – Location of the geotechnical and geophysical investigations.
Fig. 4 – Ubicazione delle indagini geotecniche e geofisiche
eseguite.
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Fig. 5 – Navata degli Appestati: a) A-A cross-section (see Fig. 4); b) borehole log and ERT section; c) GPR section; d) seismic
tomography.
Fig. 5 – Navata degli Appestati: a) sezione A-A (cfr. Fig. 4); b) stratigrafia e sezione ERT; c) sezione GPR; d) tomografia sismica.

Most of the above evidences are confirmed by
the radargram recorded along the same alignments
(Figs. 5c, 6c and 7c). The GPR investigations were
performed by using a Subsurface Interface Radar
System-3 (SIR-3000) manufactured by International
Geophysical Survey System (GSSI). A 270 MHz centre frequency antenna was used; this allowed for investigating the soil to a depth of about 5 m.
The uppermost 2 m (down to the dashed line)
of the radargrams are characterized by a clear attenuation and scattering, typical of wet and coarse
materials, respectively. The intermediate depths,
ranging between 2-3 m (southern side) and 2-4 m
(northern side), corresponding to the “ss” layer, appear quite regular and well stratified. The strong
reflector (solid line) in the GPR profile represents
the transition from the sand and silt layer to the tuff
formation.

From the tests along the Navata degli Appestati
(Fig. 5), dei Preti (Fig. 6) and dei Pezzentelli (Fig. 7),
still some uncertainties remain on the current depth
of the intact Neapolitan Yellow Tuff formation buried
below the cuttings. The anomalous zone characterized by an increase of resistivity up to 3000 :m and
by a chaotic zone in the GPR profile, can follow from
small diffraction hyperbolas, generated by objects
smaller than the horizontal resolution of the antenna.
Ambient noise measurements were carried out
in 5 points at the entrance (N1-N2) and in the (N3
to N5) middle sector of the site (Fig. 4). The measurements were interpreted in terms of HVSR ratio,
to evaluate the natural frequency, f0, of the filling
deposit and to estimate the depth of the tuff formation. Figure 8 reports the HVSR plots for each investigated point. The solid line is the average spectrum, the dashed lines represent the mean value ±
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Fig. 6 – Navata dei Preti: a) B-B cross-section (see Fig. 4); b) borehole log and ERT section; c) GPR section.
Fig. 6 – Navata dei Preti: a) sezione B-B (cfr. Fig. 4); b) stratigrafia e sezione ERT; c) sezione GPR.

Fig. 7 – Navata dei Pezzentelli: a) C-C cross-section (see Fig. 4); b) borehole log and ERT section; c) GPR section.
Fig. 7 – Navata dei Pezzentelli: a) sezione C-C (cfr. Fig. 4); b) stratigrafia e sezione ERT; c) sezione GPR.
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Fig. 8 – Horizontal/Vertical Spectral Ratios from ambient noise recordings at five locations (see Fig. 4), with indication of
the fundamental frequency, f0, of the soil deposit.
Fig. 8 – Rapporti spettrali H/V da registrazioni di rumore ambientale in cinque postazioni (cfr. Fig. 4), con indicazione della frequenza
fondamentale, f0, del deposito di terreno.

the standard deviation; the shaded areas represent
the frequency range where an unique “clear” peak
should be individuated according to the SESAME
[2004] criteria.
It is possible to observe a limited variation of the
natural frequency ranging between 9.01 and 10.64
Hz. It is also interesting to observe the slight decrease of f0 from the atrium (N1, N2) to the naves
(N3 to N5), indicating a likely increase of thickness
of the filling.
The SRS data were collected with an array configuration of 48 4.5Hz geophones at 1 m spacing,
using a sledge hammer striking a steel plate as an
energy source. Seismic records were obtained using
two GEODE Geometrics seismograph instruments,
by shooting off both the opposite ends of the geophones alignment and at 29 intermediate energization points along the array, at each one of which
three shots were stacked.
The experimental results are reported in figure
5d in terms of P-wave velocity, VP, highlighting the
contour of its maximum gradient (solid line), detected at an average 9 m from the current walking level.
This is a clear evidence on the depth of the old floor
and the height of the pillars, unknown insofar.
In addition, using the same array for the SRS 2D
tomography, by the interpreting the ‘ground roll’
part of the signal, a Multichannel Analysis of Surface
Waves (MASW) analysis was conducted to evaluate
the average shear-wave velocity profile VS, along the

section A-A. The shallowest part of the profile (plotted in Fig. 9), is characterized, until a depth of 3.5
m, by low velocity (about 180 m/s), corresponding
to the anthropic coarse fill (“acf”) and the alluvial
sand and silt (“ss”). The velocity then increases with

Fig. 9 – Shear wave velocity profile from the MASW test
carried out along the section A-A (see Fig. 4).
Fig. 9 – Profilo di velocità delle onde di taglio ottenuto dalla
prova MASW eseguita lungo la sezione A-A (cfr. Fig. 4).
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a regular trend, until a value of 390 m/s at a depth of
about 8 m, corresponding to the transition between
the cuttings and the intact NYT. Thereafter, a velocity contrast at about 11 m depth, where VS rises up
to 652 m/s, is individuated in the NYT formation, indicating the likely presence of a fractured tuff cover
above the intact rock.

5. Stability conditions
It is well known that assessing the stability conditions of a rock cavity is a “tricky issue”, due to the significant amount of factors to consider:
a) the irregular geometry of the cavities;
b) the complex nature of the rock in which the cavity was excavated, affecting its mechanical properties and joint system;
c) the lithostatic stress state;
d) the degradation of rock strength for time;
e) the changes of static and hydraulic boundary
conditions;
f) the effects of ambient vibrations and earthquakes.
Due to the difficulties to account for all these
factors into the geotechnical subsoil model, the approach adopted in this study was finalized to assess
the stability conditions of the cavity with the application of different analytical and numerical tools
with increasing complexity. Simplified analyses
were first carried out evaluating separately the stability conditions of the pillars (§ 5.1.1) and roof (§
5.1.2), by a limit equilibrium approach. Thereafter,
the results were compared with 2D (§ 6.1) and 3D
(§ 6.2) numerical static analyses, carried out with a
FDM with FLAC2D and FLAC3D code, in which the
plausible sequence of excavation and the real geometry were taken into account. Finally, 3D dynamic analyses were executed with a real earthquake record (§ 6.3).

5.1. Simplified analyses
5.1.1. PILLAR LOAD
The load on pillars is a function of many factors as:
uniaxial and triaxial rock strength;
width to height (w/h) ratio of pillar;
pillar size, shape and volume;
pre-excavation horizontal stresses;
restraint conditions (roof-pillar and/or floor/
pillar contact);
– water level and regime;
– method of excavation.
In order to calculate the pillar load, the ‘tributary area’ criterion was used, according to which the
average vertical stress Vv at the base is expressed as:
–
–
–
–
–

)A ·Σ γ · h )
σ = γ ·h +
n

i

v

p

p

1

i

i
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where:
– Jp, hp and Ap are the unit weight, the height and
the area of the pillar respectively;
– Ji and hi are the unit weight and the thickness of
the soil layers covering the cavity and S =¦hi in
the following table;
– Ai is the area of influence, delimited by a polygon obtained by tracing lines of equal distance
between neighboring pillars.
The pillar load was evaluated at the current walking level, by taking into account the morphology of
the hill but assuming the same unit weight (15kN/
m3) for the pyroclastic cover and the tuff. The safety factor (SF) was estimated as the ratio between the
pillar strength, assumed equal to VUCS=3 MPa, and
the average vertical stress Vv evaluated with equation
1). The results are shown in table I ; it is evident that
only Pillar # 4 has a safety factor reduced to unity in
agreement with the in situ observations and with the
remedial measures [AMATO, 2000].

Tab. I – Stability conditions of the pillars evaluated by the ‘tributary area’ criterion (for the symbol see Fig. 10a).
Tab. I – Condizioni di stabilità dei pilastri valutata attraverso il criterio delle ‘aree di influenza’ (cfr. Fig. 10a per la simbologia).
Pillar
[#]

Ap
[m2]

Ai
[m2]

Ai/Ap

hp
[m]

S
[m]

Vv
[kPa]

SF
[-]

P1

108

385

3.6

11

13

863

3.48

P2

101

390

3.8

7

17

1085

2.76

P3

198

540

2.7

7

23

1047

2.87

P4

68

494

7.2

12

25

2888

1.04

P5

98

267

2.7

7

13.5

659

4.56

P6

151

322

2.1

7

14

552

5.44

P7

254

644

2.5

7

27

1132

2.65

P8

89

233

2.6

8

6

356

8.42

P9

102

276

2.7

7

10

511

5.87
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It is well known that, neglecting the vault continuity and the arching effect, the tributary area criterion yields an overestimate of the stress state in the
pillars, and therefore the results obtained are only
indicative of the state of stress in the pillars. On the
other end, these calculations do not take into account a number of variables, such as possible cracks
or joints or substantial variations in the pillar section
and creep effects [EVANGELISTA and AVERSA, 1994],
which could worsen the safety conditions.
5.1.2. STATE OF STRESS OF THE ROOF
A first simplified analysis was also carried out,
with reference to the mechanisms of local or general
failure of the roof, following the methods proposed
by EVANGELISTA et al. [2000a; 2002a]. The critical vault
span, Lc, which would lead to the general collapse of
the roof, was calculated through the equation
0.5

Lc = 1.225 ·t ·

) σσ )

(2)

UCS
v

where t is the thickness of the roof, Vv is the vertical stress at the depth of the roof before digging
(Fig. 10a).
The safety factor from general failure was calculated for the different sections of the Fontanelle as
the ratio between the existing extraction width, L,
and the critical span, Lc, evaluated by equation (2).
The results are reported in table II. The widths of
the nave usually are less then critical ones; the only
two with lower margin of safety are the Pezzentelli
nave and the Preti near Pillar 7.
It is clear that, in this case too, the evaluation
is conservative. This last assumption was demonstrated by means of extensive parametric studies
carried out in 2D plane strain condition with Finite Difference [FLAC2D] and Finite Element [Plaxis
7.0] analyses, reported by EVANGELISTA et al. [2000a;
Tab. II – Stability conditions of the vaults (for the symbols
see Fig. 10a).
Tab. II – Condizioni di stabilità delle volte (cfr. Fig. 10a per la
simbologia).
Vv
hi = (S-t)
[m]
[kPa]

Vault
[#]

Lmax
[m]

t
[m]

P1-P4

10.0

5.5

7.5

P2-P9

11.3

5.5

11.5

Lc
[m]

SF
[-]

112.5

34.8

3.48

172.5

28.1

2.50

P3-P5

10.0

5.5

17.5

262.5

22.8

2.28

P4-Pezz.

17.5

5.5

19.5

292.5

21.6

1.23

P5-P6

8.8

5.5

8.0

120.0

33.7

3.85

P6-P7

11.3

5.5

8.5

127.5

32.7

2.91

P7-Preti

17.5

5.5

21.5

322.5

20.5

1.17

P8-P1

15.0

5.5

0.5

7.5

134.8

8.98

P9-Exit

10.0

4.5

67.5

44.9

4.49

Fig. 10 – 2D model: a) geometrical variables and boundary conditions; vertical stresses (center) and plastic zones
(right) of Pillar 4 due to excavation down to the current
ground level at 0 m b) down to -9 m c) and after refilling
up to 0 m d).
Fig. 10 – Modello 2D: a) grandezze geometriche e condizioni al
contorno; tensioni verticali (centro) e zone plastiche (destra) del
Pilastro 4 durante lo scavo fino all’attuale piano di calpestio a
0 m b) fino a -9 m c) e a seguito del riempimento fino a 0 m d).

2002a]. However, this evaluation is rough, because it can assess the general failure of the roof, but
it cannot exclude local failure mechanisms such as
block or slab falls, related to the discontinuity network and to the crack propagation due to the brittle
behavior of the tuff.
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6. Numerical model

2) excavation of the tuff down to the elevation at
71.6 m a.s.l. (0 m in the model) in steps of 3 m;
3) excavation of the tuff down to the 9 m deep (old
plane) in steps of 3 m;
4) filling up to the current walking level (71.6 m
a.s.l.) in three steps;
5) evaluation of the static stability conditions of the
pillar with the strength reduction procedure.
The results are shown in figure 10 in terms of
contours vertical stress and plastic zones during the
excavation and refilling procedures. The stress in
the pillar increases with the excavation depth down
to 9 m from the current ground level (Fig. 10b), and
after refilling it decreases slightly due to arching effects. The vertical stress at the current walking level is lower than the failure value; instead it is equal
to the material strength at the oldest level. This is
highlighted from the plastic zones (Fig. 10c), which
are widespread after stage 3, indicating a likely pillar
failure, confirmed by the results of the strength reduction method. With this procedure, implemented
into the code, the safety factor was obtained as the
ratio between the rock cohesion and the reduced
value corresponding to the failure condition according to the Mohr-Coulomb criterion. This safety factor also coincides with that in terms of uniaxial compression strength, VUCS, as the friction angle was
kept constant. For such a reason, these results can
be compared with those of ‘tributary area’ method.

6.1. Two-dimensional static analyses
2D numerical analyses, carried out with the finite difference code FLAC2D [ITASCA, 2011], focused mainly on the stability condition of the pillars, in particular of Pillar 4, due to the lower safety
factors obtained with simplified methods, reported
in section V, related to the stability conditions of
the roof.
The soils were assumed as elastic - perfectly plastic obeying to the Mohr Coulomb (MC) failure criterion. The physical and mechanical parameters
adopted are shown in table III. The elastic properties of the subsoil were obtained on the basis of
the velocity profiles reported in figures 5-9, by assuming both Young’s modulus, E, and Poisson’s ratio, Q, from the mean values of VP and VS. The use
of wave propagation velocities for the definition of
such elastic parameters is justifiable on the basis of
the fair linearity of the stress-strain relationship observed in triaxial tests performed with local strain
measurements [EVANGELISTA and AVERSA, 1994; AVERSA and EVANGELISTA, 1998]. The mechanical properties adopted for the pyroclastic loose soil are the average values available in the literature for the Neapolitan pozzolana (e.g. EVANGELISTA et al., 2002b; PICARELLI et al., 2006). Realistic although hypothetical
parameters were assumed for the debris material,
that is indeed very peculiar, a mixture of soil bones
and lime, and could not be investigated up to date.
For the NYT the parameters of the intact rock, as
shown in section IV, were assumed neglecting the
stabilization works.
The volume of the overburden pyroclastic soil
and tuff cover was assumed consistent with that evaluated applying the simplified approaches. An axialsymmetrical numerical model was adopted, with element size equal to 1 m. The boundary conditions
were set by fixed nodes at the bottom and restrained
horizontal displacements at the surface (Fig. 10a).
The numerical analyses were carried out in different stages:
1) evaluation of the lithostatic stress in the hill
(ko=1-senM for soils and ko=Q/(1-Q) for NYT) before the underground opening;

6.2. Three-dimensional static analyses
The main goal of the 3D analysis, carried out
with the finite difference code FLAC3D [ITASCA,
2012] was to evaluate the failure mechanisms and
the sensitivity of the stress state in the pillars and the
roof with respect to the empirical and the 2D numerical analysis.
The model geometry was slightly simplified with
respect to the reality (Fig. 4). In detail, the simplification concerns the geometry of the 9 pillars and
the buried excavation depth, which was assumed to
be constant according to the geophysical investigation (sec. 4). Figure 11 reports the structured mesh
and the layered model corresponding to the front
view and the cross sections A-A, B-B (see Fig. 4) and

Tab. III – Physical and mechanical properties of the materials.
Tab. III – Proprietà fisico-meccaniche dei materiali.
Materials

Jn
(kN/m3)

E
[MPa]

Q
[-]

VUCS
[MPa]

M
(°)

c
[kPa]

Pozzolana

15.0

336

0.3

-

33

15

NYT

14.0

1420

0.17

3

29

800

Debris

13.0

122

0.37

-

25

7
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Fig. 11 – 3D model and mesh of Cimitero delle Fontanelle: a) view from the entrance; b) cross-section A-A Navata degli Appestati; c) cross-section B-B Navata dei Preti and d) cross-section C’-C’ in Fig. 12-a.
Fig. 11 – Modello 3D e reticolo del Cimitero delle Fontanelle: a) prospetto dall’entrata; b) sezione A-A Navata degli Appestati; c) sezione
B-B Navata dei Preti e d) sezione C’-C’ di Fig. 12-a.

Fig. 12 – Plan view of the vertical stress distribution from the floor a); maximum shear stress distribution along the cross-sections A-A : b), B-B: c) and C’-C’ : d).
Fig. 12 – Vista in pianta della distribuzione delle tensioni verticali dal piano di calpestio attuale a); tensioni tangenziali massime lungo le
sezioni A-A: b), B-B: c) e C’-C’: d).

RIVISTA ITALIANA DI GEOTECNICA

INVESTIGATIONS ON THE STABILITY CONDITIONS OF A TUFF CAVITY: THE CIMITERO DELLE FONTANELLE IN NAPLES

C’-C’ (see Fig. 12). The elements are square bricks
with 1 m thickness and u-wedge with the same size
for the portals and ground level, for a total of about
300000 elements.
The boundary conditions were again set as restrained displacements along the vertical walls and
fixed at the bottom. The constitutive soil parameters were the same assumed for the 2D and simplified analyses.
The static 3D analyses were carried out following
the same five stages as in the 2D modelling. The results are reported in figures 12 to 14 in terms of contours of vertical stress, shear stress and plastic zones
in the plane sections A-A; B-B and C’-C’ and on the
current plane floor, to assess the local safety conditions at the base of the pillars and along the roof.
Figure 12a shows the vertical stress versus the
step calculation along the roof and the pillars at the
current ground level at the end of the filling stages;
figure 13a shows the step-histories of vertical stress
in the pillars during the stages analyzed.It may be
observed that the pillars are more loaded at the end
of the phase 3 than after the refilling by the debris
material, due to the presence of shear stresses at the
interface between them. In figures 12b-c-d, the maximum shear stress distributions at the end of the filling stage are also presented for each investigated

cross-sections. It is possible to note that local failure
conditions are reached in the roof especially along
the Navata degli Appestati; this result is confirmed
by the plastic zones distribution reported in figure
14. Figure 14a, in fact, shows the plastic zones on the
roof obtained with MC models. The tension plastic
zones are concentrated mainly on the entrance area.
At stage 3, the portions of the cavity mainly affected by tension failure are the Navata degli Appestati
and the Navata dei Pezzentelli (Fig. 14a). The distribution of failure zones appears in agreement with
the instability problems observed especially near the
entrance, due to rock weathering and opening of
the joints, as shown by the presence of some fallen
blocks (see picture ‘d’ in Fig. 2).
The results obtained with the continuum analysis
were compared with those obtained with an “Ubiquitous Joint” model (UJ), reported in SCOTTO DI SANTOLO et al. [2013], to account for the presence of surveyed discontinuities (see Fig. 2). Yielding may occur either in the intact rock mass or along the weak
planes, depending on the stress state, the orientation of the weak planes and their material properties. The joints parameters assumed are obtained by
scaling the properties of the intact rock to the safety factor obtained with MC model illustrated later.
A value of 265 kPa for the cohesion, 19° for the fric-

Fig. 13 – History of maximum vertical stress a) and local safety factor b) at the base of the pillars (at the current ground level) since the gravity switch on (1), during the excavation (2-3) and filling (4) stages.
Fig. 13 – Andamenti di tensione verticale (a) e fattore di sicurezza (b) alla base dei pilastri fin dall’attivazione della gravità (1), durante
le fasi di scavo (2-3) e di riempimento (4).
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tion angle and as low as 2 kPa for the tensile strength
were assumed. Based on the analysis of the available discontinuity orientation data, the dip direction
and dip of the weak planes were assumed respectively equal to 85° and 45°. The vertical stress in the pillars was found practically unaffected by the different models. Substantial differences, on the contrary,
can be noted for the plastic zones in the roof. With
the UJ model, in fact, the tension failure condition
spreads over the whole roof (Fig. 14c and d) and the
failure condition occurred at end of stage 3, in contrast with the observations.
The strength reduction method was then utilised to investigate the parameters of the equivalent rock mass (in agreement with the instability
observed) and the possible evolution of the failure
mechanisms. Figure 14b reports the plastic zones at
failure obtained with a SF equal to 3.65. It could be
observed that the general failure occurs on the roof.
The stability conditions of the pillars were then
evaluated, consistently to the simplified evaluations,
as the ratio between the vertical stress at the centre of the pillar base and the uniaxial compression
strength of the intact rock (see Fig. 13b). In this case
the margin of safety increases with respect to the simplified and 2D evaluations, confirming that such assessments are precautionary.

6.3. Three-dimensional dynamic analyses
The main goal of the dynamic analysis was to
evaluate the stability condition of the cavity and also the effects of the underground voids in terms of
modification of the surface ground motion due to likely earthquakes. Fortunately, the site is not affected

by problems of soil-structure interaction, due to the
absence of inhabited buildings on the top of the hill;
this condition in quite unusual in the city of Naples,
where 15% of the urban constructions lays on cavities.
Nevertheless, the dynamic analyses gave the opportunity to investigate also on the effects of underground
empty space on both the wave propagation through
the cavity network and the stability of the cavity itself.
The model was the same utilized for static
analyses (Fig. 11). The constitutive soil parameters
are the same for the 2D and simplified analyses reported in table III.
The 3D analyses were carried out adding to the
five stages of 2D analyses (§ 6.1) the following:
6) evaluation of the dynamic behaviour of the system for a real acceleration records;
7) evaluation of the stability conditions during the
earthquake, with the strength reduction procedure.
The input motion adopted was defined following a deterministic approach, referring to the
strongest historical earthquake recorded in the area
in most recent times, i.e. the main-shock of the Irpinia earthquake (Mw=6.9; 23.XI.1980). The seismic
record at Torre del Greco station (component EW),
was therefore taken as reference input motion, after
scaled in amplitude to a peak acceleration equal to
0.04g (Fig. 15a), estimated at the site through the attenuation law ITA10 [BINDI et al., 2011].
It is well known that both the frequency content
of the input motion and the propagation velocity of
the materials do affect the numerical accuracy of wave transmission. KUHLEMEYER and LYSMER [1973] showed that the spatial element size must be smaller than
approximately one-tenth to one-eighth of the wavelength associated with the highest frequency compo-

Fig. 14 – Plastic zones at initial conditions (a) and after full strength reduction (FOS) (b) for MC model; plastic zones at initial conditions for UJ model (c, d).
Fig. 14 – Zone plastiche in condizioni iniziali (a) e dopo riduzione completa di resistenza (FOS) (b) per il modello MC; zone plastiche in
condizioni iniziali per il modello UJ (c, d).
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Fig. 15 – Seismic input motion for the dynamic analysis: a) acceleration time history and b) Fourier spectrum of the EW
component of the Irpinia earthquake (23.XI.1980) recorded at Torre del Greco station, scaled at the site of Cimitero delle
Fontanelle.
Fig. 15 – Moto sismico di riferimento per l’analisi dinamica: a) accelerogramma e b) spettro di Fourier della componente EW del terremoto
dell’Irpinia (23.XI.1980) registrata alla stazione di Torre del Greco, scalata al sito del Cimitero delle Fontanelle.

nent of the input wave. This requirement usually necessitates a very fine spatial mesh and a corresponding small time-step. The consequence is that reasonable analyses may be prohibitively time-and memory-consuming. In this case, by removing frequency
higher than 10Hz, a coarser mesh was used without
significantly affecting the results.
The seismic motion was applied at the base of the
model, assumed rigid, as an acceleration time history. The boundary conditions were the same of static
analysis with free horizontal displacements. The ‘local

damping’ equal to 5% was applied. This choice was
made because the Rayleigh damping involves a drastic reduction in time-step, and a consequent increase
in solution time. However, this approximation is less
rough when an elasto-plastic constitutive relationship
is used instead of the elastic model [ITASCA, 2012].
The results are illustrated in figures 16 and 17.
The pillar loads does not change, probably due to the
quite low value of acceleration assumed, but a deterioration of the stress conditions occurs in the roof.
Figure 16 shows the plastic zones during the input

Fig. 16 – Plan view of the 3D model with plastic zones at different time steps during the seismic input propagation: a) 10s;
b) 30s; c) 60s.
Fig. 16 – Vista in pianta del modello 3D con zone plastiche a istanti differenti durante la propagazione dell’input sismico: a) 10s; b) 30s;
c) 60s.
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Fig. 17 – Acceleration time histories at three elevations along three vertical profiles: a) Pillar 4 (V1 in Fig. 11d); b) cross-section A-A (V2 in Fig. 11d); c) cross-section B-B (V3 in Fig. 11d).
Fig. 17 – Storie temporali delle accelerazioni a tre quote diverse lungo tre profili verticali: a) Pilastro 4 (V1 in Fig. 11d); b) sezione A-A (V2
in Fig. 11d); c) sezione B-B (V3 in Fig. 11d).

motion at 10 s, 30 s and 60 s. It can be observed a widening of the plastic zones with respect to the static
conditions (see Fig. 14a), involving also the roof near Pillar 6; it is confirmed that the zone most sensible
to a stress increment is the roof along the Navata dei
Pezzentelli, in agreement with static and in situ observations.
Figure 17 reports the time histories of the accelerations computed along three verticals and at three depths (current walking level z=0 m, at the roof and on the top hill) along the cross section C’-C’
of the model (see Fig. 12a). In detail, figure 17 (a)
shows the time histories along Pillar 4, figure 17 (b)
those along the Navata degli Appestati and figure
17 (c) those along the Navata dei Preti, at the intersection with section C’-C’. In figure 18, the amplification factor (FA in the following), defined as the
ratio of the maximum acceleration value at the top
with respect to the maximum input acceleration value, is plotted for the three vertical profiles. It can
be observed that along Pillar 4, the amplification occurs only at surface, with a value increasing with the
thickness in the other zones of the model. In the
verticals V2 and V3 the amplification at the top is reduced, not only for the lower thickness of the pyroclastic cover, but also for the attenuation due to the
presence of the cavity.

7. Conclusions
The paper presents the results of the extensive
site investigation on the subsoil of a fascinating cavity present in the city of Napoli. The integration between standard geotechnical and geophysical investigations, like ERT, GPR and seismic surveys, allowed
to acquire significant information, in order to assess

Fig. 18 – Profile of the amplification factor at three elevations along three vertical profiles.
Fig. 18 – Profilo del fattore di amplificazione a tre quote diverse
lungo tre profili verticali.

the depth of the original cavity floor and the shape
of the pillars. Both factors play a crucial role for the
evaluation of the stress distribution and thus the stability condition of the rock mass.
The geophysical tests proved to be a good tool to
investigate the geometry and elastic soil parameters
especially in the case of underground structures to
be preserved and where the investigation (such as
boreholes) must be avoided or, at least, their impact
reduced to the minimum.
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The comparison between simplified, 2D and 3D
numerical analysis allows to evaluate the limit and
advantages of each methods and giving more confidence to the designer in evaluating the stability conditions of rock cavity with simplified methods.
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Studi sulle condizioni di stabilità di una
cavità di interesse storico in Napoli: il
Cimitero delle Fontanelle
Sommario
La nota illustra i risultati di uno studio multidisciplinare
finalizzato alla valutazione delle condizioni di stabilità, statiche
e dinamiche, di una delle più suggestive cave di tufo di Napoli:
il Cimitero delle Fontanelle. Si tratta di una cava – a camera e
pilastri – risalente al 1600, destinata a ossario dei poveri della città
(da cui i nomi delle navate dei Pezzentelli e degli Appestati), sino a
diventare un luogo di culto per la città.
Il riesame delle documentazioni storiche e scientifiche disponibili
ha messo in evidenza alcune incertezze legate prevalentemente alla
geometria e alla successione stratigrafica dei terreni sepolti. In
particolare, l’attuale piano di calpestio è variato nel corso dei secoli
a causa dei ripetuti riempimenti della cavità con resti umani, detriti
di cava e colate rapide di fango e detrito note in passato come Lave
dei Vergini. Ulteriori incertezze sono connesse alla caratterizzazione
strutturale della placca di tufo a tetto delle gallerie.
In questo lavoro sono stati approfonditi tali aspetti alla luce
di una nuova intensa campagna di indagine finalizzata alla
definizione della morfologia sepolta e delle caratteristiche fisiche e
meccaniche dei materiali. Nel dettaglio sono state eseguite indagini
geotecniche e geofisiche in sito non invasive (geoelettriche, georadar
e sismiche), nonché prove di laboratorio su campioni di tufo. Stante
la complessità geometrica del problema sono stati adottati diversi
approcci, dall’equilibrio limite ai metodi numerici alle differenze
finite (2D-3D), per la valutazione degli stati tensionali e delle
condizioni di stabilità dell’opera. Nelle analisi numeriche i materiali
sono stati modellati con un legame elasto-plastico e criterio di rottura
di Mohr-Coulomb, mentre la presenza delle discontinuità rilevate
nell’ammasso di tufo è stata simulata con il modello Ubiquitous
Joints. Le condizioni di sicurezza sismica dell’opera sono state
valutate mediante un’analisi dinamica con moto di riferimento
rappresentato da una registrazione del terremoto dell’Irpinia (23/
XI/1980) scalata attraverso la legge di attenuazione ITA10 [BINDI
et al., 2011].
Nel complesso, le indagini in sito hanno consentito di pervenire
a un modello geotecnico del sottosuolo più accurato. L’impiego di
metodi avanzati di calcolo 3D, con un approccio al continuo, ha
permesso di ricostruire lo stato tensionale strutturali nei pilastri e
nelle volte, simulando la possibile sequenza di scavo e il successivo
riempimento della cava fino all’attuale piano di calpestio. Il
confronto fra i risultati ha consentito di quantificare l’importanza
della corretta valutazione dei parametri di ingresso adottati nel
modello geotecnico.
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