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ABSTRACT: The paper is aimed at assessing the seismic response analysis of the pictur-
esque medieval village of Sant’Agata de’ Goti located in Southern Italy, taking into account
its complex morphology, including underground cavities. The subsoil is constituted by alter-
nating layers of yellow and grey tuff overlaid with a shallow cover of pyroclastic soil and
made ground. The stiffer and shallower yellow tuff layer is crossed by a system of 160 cavities
resulting from the quarrying activity for constructing the historical buildings. Due to the
elongated shape and the rather uniform subsoil conditions of the hill, plane strain static and
dynamic analyses were performed with the finite difference code FLAC 2D, taking into
account the presence of the cavities. The soil and rock layers were assumed as hysteretic
materials following the Mohr-Coulomb failure criterion, with the relevant mechanical param-
eters calibrated on past and recent investigations performed both in laboratory and in situ.
The results of the seismic response analyses were interpreted in terms of spatial variability of
the amplification factor of the spectral intensity referred to appropriate period ranges, to high-
light the most hazardous zones of the hill in terms of seismic actions transmitted to the build-
ings. The comparison between the results obtained with or without the cavities permitted to
highlight their influence on the prediction of the on-site seismic hazard.

1 INTRODUCTION

Many historical towns in the Central-Southern Italy which rest on soft rock slabs, (Fenelli
et al., 1988) are affected by seismic and landslide hazards due to complex geological and mor-
phological conditions. These causes could entail the evaluation of the site seismic response par-
ticularly complex and difficult to verify (Pagliaroli et al., 2018). The case study of Sant’Agata
de’ Goti, located in Campania region (Italy), is discussed in the following. The historical centre
was edified on a tuff cliff between two creeks, Riello and Martorano. The characteristic of this
site is the articulate system of cavities dug under the whole historical centre to build the above
ground structures. The presence of underground cavities attenuates the seismic ground motion
(Chiaradonna et al., 2014) compared to the free-field condition under low amplitude input
motions. This attenuation depends mainly on the cavity geometry (depth from the ground sur-
face, diameter and shape), and on the ratio between the predominant frequency of the input
motion and the fundamental soil frequency. Landolfo et al. (2014), instead, evidenced an amp-
lification induced by the presence of the cavities under a high amplitude motions that was
caused by nonlinear effects especially at high and intermediate frequencies. Previous studies on
the town by Scotto di Santolo et al., (2015) showed the relevance of site effects in the seismic
amplification on-site and a reduction of the acceleration above the cavity centre.
In this paper, the main morphological and geological features, the subsoil model and the

results of the seismic response analyses are summarized. The aim of the work is analysing the

4498



phenomena responsible for ground motion amplification in such complex site due to the trait
morphology and the underground cavities.

2 SUBSOIL MODEL

2.1 Geological and geomorphological setting

The historical centre of Sant’Agata de’ Goti (Figure 1) lies on a N-S oriented tuff cliff, about
170 m wide and 600 m long, bordered west and east by two valleys excavated by the Martor-
ano and Riello rivers, respectively. The main geological formation (Figure 1-b) outcropping
on-side is represented by the volcanoclastic formation of the Campanian Ignimbrite (De Vivo
et al.2001), where three lithofacies can be distinguished from the bottom: low cemented grey
tuff with scoria and pumices (WGIlower), well cemented grey tuff with dark and grey scoria
and pumices and subordinately lithics and crystals (WGIupper), well cemented yellowish tuff
(LYT) related to zeolitization processes with a matrix composed of K-feldspars, zeolites,
hydrated iron gels and iron hydroxides (Carannante et al., 2010). The Campanian Ignimbrite
overlies three alluvial layers of silty sand (SS), clayey silt (CS) and sandy gravels (SG), defined
as alluvial deposit (AD). This deposit rests on a bedrock of Miocene age (MF) which consists
of quartzose and arcosico-lithic sandstones, massive or in layers of a few centimetres to a few
meters, with intercalations of marly-arenaceous clays. The Miocene formation outcrops along
the Martorano and Riello valleys at about 100 and 115m a.s.l., respectively. Since no bore-
holes reached the Miocene layer, the variation of the depth underneath the historical centre
was individuated basing on field observations of the inclined outcropping layer.
The geological model shown in Figure 1b was confirmed by the stratigraphy obtained by a

trench excavated in 1995 by ENI society (Ermolli et al., 2010) about 2 km from the historical
centre of Sant’Agata de Goti. Since the areas are close in terms of geological asset and the
alluvial deposit (AD) is not different from the alluvial member recognized in the trench, the
correlation can be considered satisfying. Furthermore, basing on this hypothesis the depth of
Miocene flysch is located at around 66m below the historical centre.

Figure 1. Sant’Agata de’ Goti: (a) plan with location of the cavities, (b) A-A geological section, (c)

aerial view; (d) pictures showing the typical aspect of the cliff.
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The LYT layer is crossed by a complex system of cavities, resulting from the past quarrying
activities aimed to extract building material. Some underground rooms were partially filled with
the passing of time, but most of them are still used to store food. Their stability under gravity
loads was preliminary investigated by de Silva et al. (2013) through simplified approaches. Their
effect on the seismic site response was evaluated by Scotto di Santolo et al. (2015) through
numerical analyses performed on a cavity damaged by the Irpinia earthquake in 1980.

2.2 Geotechnical characterization

The subsoil of the hill was widely investigated starting from the 1994 during several stabilization
works mainly along Martorano creek, when numerous boreholes and down-holes (de Silva
et al., 2013) were performed. In addition, a surface geophysical test, MASW, was performed on
the opposite side of the hill in 2009. In order to integrate the existing experimental data, in 2017
in the framework of the ReLuis project, a borehole (Figure 2a, S100) was drilled down to 63m
in the town centre. The water table is located about at 49.5m and the upper material is unsatur-
ated. A downhole test, DH, was performed in the borehole. Figure 2b shows the compression
and shear wave velocity profiles, VP and VS, obtained as mean slopes of the dromochrones in
each soil layer (red and grey lines, respectively). Four samples were taken at the depths shown
in Figure 2a to perform Consolidated-Drained Triaxial Compression test (TX-CID) on CS and
WGI, as well as Resonant Column (RC) and Cyclic Torsional Shear (CTS) tests on WGI and
CS soil. No laboratory tests have been yet performed on LYT since modifications to the stand-
ard equipment are required due to the high stiffness and strength of the rock material.
Following the most significant variations of mechanical properties, the soil column (Figure 2a)

investigated in the deep borehole was discretized as described in Table 1, reporting for each
range of depths the natural unit weight, γ, compression and shear wave velocities, together with
the Oedometric, EOed, and shear, G0, moduli computed from the measured VP and VS. In par-
ticular, the mean values measured in MG-PS and LYT were assumed in the calculation, while
the values of the alluvial deposit (AD) were calculated from the weighted average of VP and VS

measured in the SS, CS and SG layers (blue and yellow lines in Figure 2b).

Figure 2. Borehole layering (a); VP and VS profiles from Down-Hole test and adopted in the model (b);

variation of normalized shear stiffness (c) and damping (d) with shear strain assumed in the seismic

response analyses.
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A hysteretic behavior was assigned to all materials. The decay of the shear modulus, G,
and the increase of the damping ratio, D, with shear strain, γ, was introduced in the
numerical model through the sigmoidal function, as plotted in Figure 2c-d. The curves
relevant to the MG-PS, LYT and WGIupper, were calibrated on experimental data from
resonant column tests on comparable Neapolitan pyroclastic soils, reported by Licata
(2015), Vinale (1988) and de Silva et al. (2015) respectively. The WGIlower and AD curves
were calibrated on experimental data resulting from the above mentioned resonant column
and cyclic torsional shear tests. Only the hysteretic behaviour of the MG-PS, LYT and
WGI soil layers was integrated with a Mohr- Coulomb model, since low to moderate
strain values are expected in the AD soil. Table 2 reports the assigned strength param-
eters. The friction angle, φ’, and the cohesion, c’, of LYT were obtained from triaxial
tests executed in 2015, performed on specimens taken from a LYT block fallen in one
cavity (Scotto di Santolo et al., 2016). The values adopted for the WGI formation were
obtained from the performed triaxial tests. The shear strength of the shallow cohesion less
soil cover (MG-PS) was characterized by the same φ’ as WGI. The tensile strength, σt,
was assumed as 10% of the compression strength in any case.
In order to take into account the presence of consolidation works along the Martorano

creek, an equivalent material (WGIreinforced) was assumed in the numerical model. The factor
of safety (FoS) obtained with a simulated design, consisting of 14m long rock bolts spaced of
about 3m, was carried out with the Geoslope code. The analysis was then repeated without
the anchors assuming the same friction angle and increasing the cohesion in the zone of WGI
involved in the intervention, until the same FoS was obtained. The existing retaining walls on
the Riello creek were directly modelled assuming the same properties of the LYT.

2.3 Back-calculation of bedrock depth

Since the Flysch bedrock was not intercepted by the borehole, 1D bedrock-surface transfer
functions were computed on the layered soil model described in Section 2.2. The sensibility of
the frequency response to the increase of the bedrock depth, beyond 63 m, corresponding to
the maximum investigated depth, was evaluated. The resulting transfer functions were com-
pared to the horizontal-to-vertical spectral ratio (HVSR) of the ambient noise recorded on site

Table 1. Small strain properties.

zmin zmax γ VS VP EOed G0

m m kN/m3 m/s m/s MPa MPa

MG-PS 0 5.30 14.97 190 495 374 55

LYT 5.30 11.30 15.23 420 1239 2383 274

WGI upper 11.30 48.30 13.12 495 925 1144 328

WGI lower 48.30 54.30 17.17 362 1191 2483 229

AD 54.30 66.00 17.27 341 1001 1764 205

Bedrock 66.00 / 21.00 900 1558 5202 1734

Table 2. Strength parameters of the soil layers adopted in seismic response analysis.

zmin zmax γ σt φ’ c’
m M kN/m3 MPa ° MPa

MG-PS 0 5.30 14.97 0.002 35 0

LYT 5.30 11.30 15.23 0.27 23 0.900

WGI upper 11.30 48.30 13.12 0.016 35 0.040

WGI lower 48.30 54.30 17.17 0.0019 35 0.005

WGI reinforced / / 13.12 /17.17 0.046 35 0.122
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(Piro et al., 2017). A good agreement with the experimental fundamental frequency f=1.60 Hz
was found by setting the bedrock at a depth of 66 m, as shown in Figure 3, validating the
hypothesis on the bedrock depth reported in Section 2.1.

3 SEISMIC RESPONSE ANALYSES: DISCUSSION OF RESULTS

3.1 Dynamic response of the hill

2D seismic response analyses were performed through the finite difference code FLAC
(Itasca, 2011) on the hill model including (Figure 5a) and neglecting the underground cavities.
The size and the location of the cavities were defined considering the most recurrent geometry
(i.e. 5m wide and 6m high). The domain reproduces the geological section shown in Figure 1b,
assuming the bedrock coincident with the Miocene flysch formation. The infinite extension in
depth of the bedrock is simulated by dashpots attached to the bottom nodes in the normal
and shear directions. To minimize the domain size, the so-called ‘free-field’ boundary condi-
tions were imposed along the lateral sides.
The influence of the site effects and the underground cavities was firstly investigated under

a low-amplitude random input motion (frequency range 1-25 Hz, duration 30s).
The comparison between the whole bedrock-surface transfer functions with and without

cavities is shown in Figure 4 for verticals V4 and V8. Only slight modifications of the response
can be recognized along the vertical V8 introducing the cavities. On the other hand, the ampli-
fication along the vertical V4, intercepting the cavity, is clearly reduced due to the presence of
cavities from a value of frequency approximately equal to 7Hz. The latter value corresponds
to a ratio between the wavelength propagating in the LYT layer, λ, and the cavity height, D,
λ/D ≈8. The same comparison along verticals V1, V2, V5 and V7 led to the same result, con-
firming the dependence of the cut-off frequency on the cavity size (D) and rock stiffness (λ), as
reported by Sanò (2011).
Figure 5b shows the variation along the cross section of the amplification factor of the peak

ground acceleration PGA, as ratio between the peak ground acceleration at surface PGAs and
the one at the bedrock depth PGAs/PGAb (red line), and of the predominant frequency, f1, (black
line). Introducing the cavities, the PGA on surface is attenuated close to the cavities, whereas
there is only a slight effect on the main frequency. The triangles represent the results of 1D s.r.a.
(seismic response analyses) performed under the same input motion and show lower values than
the 2D analysis in terms of both frequency f1 and PGA ratio, due to topographic effects.

3.2 Nonlinear dynamic analyses

Figure 6 shows the response spectrum of seven input motions (Luzi et al., 2017; Pacor et al.,
2011) compatible with that specified by the Italian Building Code (MIT, 2018) for a flat rock
outcrop (denoted as “NTC ‘18” in Figure 6) in Sant’Agata de’ Goti. Each input motion was
scaled to a peak ground acceleration PGA =0.166g expected to occur on site with a

Figure 3. Variation of the amplification function with the bedrock depth compared to the experimental

frequency resulted from the HVSR.
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probability of exceedance equal to 10% in 50 years. The signals were referred to different sta-
tions and seismic events occurred in Italy and reported in Table 3 (de Silva et al. 2013). The
seismic site response was investigated under the ARQ, ALT and BSC input motions, charac-
terized by significant amplitude at high, intermediate and low periods respectively.
The results were represented in terms of PGAs/PGAb and amplification factor, AF, com-

puted as follows:

AF ¼

Ð T2

T1
SasðTÞdT

Ð T2

T1
SabðTÞdT

ð1Þ

Figure 4. Comparison between transfer functions with and without cavities along verticals V4-V8.

Figure 5. Numerical model (a) variability along the cross-section of the ratio PGAs/PGAb and f1 com-

pared to 1D seismic response analyses (V3, V6) (b).

Figure 6. Comparison between the spectral acceleration of the input motions and NTC spectrum for a

flat rock outcrop.
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where Sas is the spectral acceleration resulted on surface and Sab is the one computed on
the input motion. The integral was solved in the range of periods T1-T2 equal to 0.1s-0.5s and
0.5s-2.0s, representative of squat and slender structures, respectively.
The solid lines in Figure 7b show how the PGAs/PGAb ratio assumes higher values in prox-

imity of the slopes due to topographic effects especially under ARQ and ALT input motions,
which are characterized by higher frequency content. A lower variability along the cross sec-
tion can be recognized at low periods (solid line in Figure 7c) which becomes negligible at
higher periods (solid line in Figure 7d).
The presence of cavities, instead, increases the AF amplification of PGA compared with the

case without cavities, especially in terms of PGAs/PGAb (Figure 7b). In the range of low
periods the effect on AF is less pronounced, becoming negligible at high periods.
The cut-off effect, shown under the low amplitude input motion (Figure 4), was not

observed under earthquakes at least for frequencies lower than 10 Hz. Under high amplitude
input motion, the presence of cavities increases the strain level and, consequently, mobilizes a
significant nonlinearity with respect to the case without cavities. The effect can be recognized
in the comparison of shear strain, γ, and acceleration profiles shown in Figure 8a-b.

Table 3. Properties of the selected records.

Earthquake Mw Date Station
Epic. distance
km Comp. Median Period

Irpinia 6.9 23/11/1980 ALT 24 WE 0.52

Gran Sasso 5.4 09/04/2009 ANT 23 NS 0.54

Val Comino 5.9 07/05/1984 PNT 27 WE 0.49

Umbria-Marche 5.6 14/10/1997 CSC 22 NS 0.44

Friuli 5.6 11/09/1976 SRC 26 NS 0.50

Irpinia 6.9 23/11/1980 BSC 28 NS 1.16

Val Nerina 5.8 19/09/1979 ARQ 21 NS 0.25

Figure 7. Numerical model (a), variability along the cross-section of the ratio PGAs/PGAb (b), of the

amplification factor computed in the period range 0.1s-0.5s (c), 0.5s-2.0s (d) compared to the values com-

puted through 1D seismic response analyses along the verticals V3, V6.
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To evaluate the effect of the bedrock geometry, a 2D seismic response analysis, was per-
formed under ALT input motion on a geometrical model with the same elevation profile
assuming the flat bedrock. As shown in Figure 7b-c-d no significant differences are observed
since the red dash-dotted line (ALT_flat bedrock) overlaps the solid line (ALT_no cavities).
To isolate the stratigraphic amplification, one-dimensional seismic response analyses were

performed considering the same soil properties and input motions as 2D analyses for the verti-
cals V3 and V6. The results are represented in Figure 7 b-c-d as triangles. As expected, the 1D
results lead to lower AF values, highlighting how the site seismic response is influenced by the
topographic effects.

4 CONCLUSIONS

This study was focused to evaluate the entity of the seismic amplification induced by the pres-
ence of the cavities and the characteristic morphology of the site of Sant’Agata de’Goti.
Laboratory and on-site surveys were carried out to characterize the geotechnical model, while
one-dimensional linear equivalent analyses were performed to reconstruct the bedrock depth.
Starting from the static condition, linear and nonlinear dynamic analyses were carried out
with a low amplitude white noise signal and three spectrum-compatible accelerograms. The
2D linear analyses reveal how the presence of cavities attenuates the input motion with a cut-
off frequency that depends on the cavity size (D) and rock stiffness (λ). The nonlinear dynamic
analyses, instead, highlight that amplifications of the input motion occur due to the presence
of cavities, in terms of the PGAs/PGAb and in the range of low periods due to nonlinear
effects. 1D seismic response analyses were carried out in two verticals at the centre of the hill,
to evaluate the stratigraphic and topographic amplification factor (AF). The AF of the 1D
analyses are always lower than the 2D results, suggesting that, in this morphological configur-
ation, one-dimensional seismic response analysis can underestimate site effects. Further ana-
lyses are currently in progress to consider the presence of the above structure in orders to
evaluate the soil-foundation-structure interaction.

Figure 8. Shear strain (a) and acceleration (b) profiles along the verticals V2, V4, V5, V6 and V7, under

ALT earthquake.
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