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Seismic amplification effects in the ancient town of Pompeii
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ABSTRACT: This paper focuses on local seismic site effects in the Insula dei Casti Amanti of
the ancient town of Pompeii, also referred to as Regio IX-12. A detailed subsoil investigation is
available in proximity of the Insula, as part of a geotechnical study carried out in 2002. This is
very uncommon, due to increasingly severe restraints from the Archeologic Park of Pompeii.
Ground motions recorded on outcropping rock from the European Strong Motion Database,
compatible with the spectrum specified by the code for the life-safety limit state criteria, were
used for 2-dimensional wave propagation analyses from the roof of the Lava bedrock, charac-
terised by a significant morphological depression. Soil non-linearity was accounted for by the
classical equivalent approach. Comparisons with 1-D analyses were also performed to quantify
topographic effect. This study allowed also to quantity the amount of seismic demand in the
artificial slopes, the new roofing systems and the archeological ruins.

1 INTRODUCTION

1.1 Description

The Insula dei Casti Amanti of the ancient town of Pompeii in Italy takes its name from a
fresco on a wall in one of the houses located in this block (named insula from the Latin), in
which two lovers (amanti in Italian) are kissing in a chaste way (casto in Italian), in compari-
son with the subjects of other Pompeii frescos. This insula is also referred to as IX-12, where
the Latin number indicates the part (regio in Latin) of ancient Pompeii in which the block is
located. As shown in Figure 1, Regio 1X-12 is delimited by the east-west paths of Via Nola
and Via dell’Abbondanza, two of the main roads called decumani, and it is crossed by a sec-
ondary street, which has been partly brought to light because of some recent archaeological
excavations.

The Insula dei Casti Amanti was partly recovered in the period 1928-1934. It includes the
following buildings: the Casa del Cenacolo I and II, the Casa dei Casti Amanti, partly devoted
to a bakery, the Casa dei Pittori al Lavoro (Figure 2). It is highly probable that, at the time of
the eruption of 79 AD, the Casa dei Casti Amanti was undergoing repair works after the
damage produced by the 62 AD earthquake, while the Casa dei Pittori al Lavoro was distin-
guished by some preparatory works for wall painting. Unfortunately, the Casa del Cenacolo I1
was very seriously and irreversibly damaged by a bombing raid in 1943.

The excavation of the inner part, still not completed, was carried out in different phases. For
this reason, the insula was protected against rain and other meteorological events by a system of
provisional roofs, each of them designed and built during the related excavation. Now, this
cover system is no longer adequate and it must be replaced by a new roofing system.

The remedial works of the Insula dei Casti Amanti include the stabilization of the artificial
slopes realized during archeological excavation, the replacement of the actual roofing system
with a single-span covering and the conservative restoration of the archeological ruins. There-
fore, a detailed study of seismic amplification effects was carried out, by means of 2D wave
propagation analysis, to account in a realistic way for topographic amplification effects and
the morphological depression of the Lava bedrock detected at the site of the Insula. The input
signals selected for seismic site response analysis were applied on outcropping rock and then

3724



Regio I

Figure 1. Plan view of the ancient town of Pompeii.
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Figure 2. Plan view of the Insula dei Casti Amanti and the available in situ investigations.

propagated upward by the equivalent linear approach. The above study allowed for a reliable
prediction of earthquake actions in the Insula. From a methodological point of view, the same
approach can be applied conveniently elsewhere in the ancient town of Pompeii for future res-
toration works.

2 SUBSOIL CONDITIONS AND SOIL PROPERTIES

A detailed subsoil investigation in proximity of the Insula dei Casti Amanti was carried out in
2002, as a part of a geotechnical study granted by the Archeologic Park of Pompei, a local
body of the Italian Ministry of Cultural Heritage and Activity and Tourism. It included bore-
holes with standard penetration tests (SPTs), undisturbed soil sampling for laboratory testing
and a down-hole test. It is noteworthy that the availability of such an investigation in the
ancient town of Pompeii is a very uncommon circumstance, due to increasingly severe
restraints from the above local body.
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The boreholes were located along the lateral sides of the Insula, as schematically depicted in
Figure 2. The soil profile along the longitudinal alignments defined by the above boreholes is
illustrated in Figure 3. From the ground surface, the subsoil consists of: (a) made ground, up
to a depth of 1-1.3 m, (b) volcanic ashes (the so-called ‘surge’ of the Plinian eruption in 79 A.
D.), up to a depth variable between 1.6 and 3.7 m, (c) a deposit of pumices, the so-called
‘pyroclastic fall’, representing the first phase of the Plinian eruption, until a depth of 4.7-6.8
m; (d) a paleosoil with varying thickness, interbedded with pyroclastic gravelly sand originat-
ing from the explosions of the preceding eruptive cycle, until a depth between 8.0 and 9.7 m;
(e) (f) a lava layer, with a transition zone consisting of lava slags and dense sandy gravel (alt-
erated ‘Lava’), until the maximum investigated depth. The roof of the Lava layer is irregular,
especially along alignment S1-S2-S3.

Figure 4 shows a schematic subsoil profile together with the results of the down-hole test,
the profile of SPT blow counts and the geotechnical parameters obtained from all the avail-
able in situ and laboratory tests, including those coming from the previous investigations
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Figure 5. Variation of normalized G and D with shear strain amplitude.

carried out in the neighboring regions. The cohesion of the volcanic ashes is made partly by
an ‘apparent’ term, due to the partial saturation of the soil. It is higher that the ‘true’ effective
cohesion, that might be evaluated by conventional triaxial tests on saturated soil. The value in
Figure 4 comes from a back-analysis of the vertical cut located in Regio I and carried out by
means of limit equilibrium. Therefore, the selected value can be considered a cautious evalu-
ation of the available cohesion, provided that the suction in the soil does not vanish. From the
roof of the Lava slags downward, the average value of the shear wave velocity is greater than
800 m/s; therefore, the lava formation, together with the layer of alterated ‘Lava’, can be ideal-
ized as the reference bedrock for the purposes of this study.

Finally, Figure 5 shows the decay of normalized shear modulus, G/G, and the variation of
damping ratio, D, with the level of shear strain, y, as obtained from literature on pyroclastic
soils in the eastern area of Naples (Bilotta et al. 2015, Vinale 1988). Data for sand were avail-
able until a shear strain of 0.5%, and so they were extrapolated until 1% as depicted in
Figure 5. Such curves were adopted for equivalent linear (EL) analysis of wave propagation.

3 SEISMIC SITE RESPONSE ANALYSIS

3.1 Selection of acceleration recordings

With regard to the new roofing system, the recommendations of the Italian Ministry of Cul-
tural Heritage and Activity and Tourism (MiBACT) for the Archeological Park of Pompeii
suggest to define the earthquake actions of the life-safety limit state (ULS) assuming a life
span of 100 years and class of use IV; therefore, the return period of the reference earthquake
action is 1898 years. Since the depth of the lava’s roof is lower than 30 m, according to the
National Code (NTC 2018), adopting similar soil classification criteria as Eurocode 8, the sub-
soil is classifiable as type E. The maximum acceleration at soil surface is:

Umax = Ss - agr = 1.415-0.205 = 0.290g (1)
where ag is the peak acceleration on outcropping rock and S the site amplification factor.
For the excavation fronts, the life span may be reduced to 50 years. This is a reasonable

choice, as the boundary of the excavated area will certainly expand in the near future. In this
case the maximum acceleration on the crest of the slope will be:

Omax = Sy -ag = 1.415-0.168 = 0.238g (2)

where S takes the same value for the roofing system. Finally, the seismic demand in the
archeological ruins, and, hence, the need for their seismic protection, may be assessed by
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Figure 6. Comparison between average spectrum and code-specified design spectrum for: (a) new
roofing system; (b) stability of the excavation front.

adopting the same return period as per the new roof. It is noteworthy that according to the
National Code there is no need to apply the topographic amplification factor for cliffs or
slopes with a height lower than 30 m.

The same set of natural recordings already selected by de Sanctis et al. (2018) was con-
sidered for seismic site response (SSR) analyses. Figure 6(a) shows with thin lines the response
spectra associated with the selected accelerograms, scaled to 0.205 g. The single span covering,
supported by two alignments of heavy steel columns distributed along the lateral lanes, is
equipped with seismic isolators. Thus, the reference interval in which the spectral compatibil-
ity has to be satisfied is [0.15 s; 1.2 Tjs], with T being the fundamental oscillation period of
the isolated structure. Since Tis = 2.5 s, the reference interval is [0.15 s; 3 s]. The average spec-
tral function is between -10% and +30% the code specified spectrum in the above interval and,
therefore, the spectral compatibility is fully satisfied. Figure 6(b), instead, shows the compari-
son between the average spectra of the same input signals scaled to 0.168 g and the code-speci-
fied design spectrum for the life-safety limit state related to the slope stability. Obviously, the
spectral compatibility is satisfied at T = 0, since recordings were scaled to the same reference
acceleration. In any case, the average spectrum compares well with the code specified design
spectrum even at larger periods.

3.2 SSR analysis for the new roofing system and the archeological ruins

The site amplification effect were evaluated by two-dimensional analysis of wave propagation,
using the equivalent linear approach. The FE code LSR-2D (Stacec, vers. 4.3.1) was adopted
to this aim. Figure 7 illustrates the FE mesh adopted for SSR analysis. It corresponds to sec-
tion B-B in Figure 3. In our analyses, the soil is assumed to behave like a viscoelastic material
and the response to wave propagation is analyzed in time domain. The seismic input consists
of an acceleration time history recorded on outcropping rock. It is applied to all nodes belong-
ing to the lower boundary of the mesh by taking into account the modification due to the
propagation of waves through the rock mass from the outcropping surface to the (arbitrary)
reference lower boundary. The energy dissipation due to radiation through the lower bound-
ary is accounted for by means of viscous dampers characterised by the following properties:

a=py- Voo cy=pp- Vi (3)

where py, Vi, and Vp,;, are density, shear (s) wave velocity and compression-dilation (p) wave
velocity of the lava layer.

Theoretically, the displacement of the lateral boundaries of the FE mesh should be equal to
those under free-field of an isolated soil column with the same stratigraphy. However, in case of
low soil damping the distance of the lateral boundaries should be too high in order to match
the above condition. A good alternative is that of coupling the 1D response with the lateral
boundary through a series of viscous dashpots, so as to avoid the re-introduction in the model
of reflected waves. To this aim, it is essential that the lateral boundaries a perfectly vertical.
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Figure 7. Finite element mesh adopted for 2D SSR analyses.

Figure 8(a) illustrates the response spectra calculated at soil surface under 1D conditions
(thin grey lines), with the soil stratigraphy of borehole S2, and the average spectrum (thick
grey line). Also shown for comparison is the code-specified spectrum (thick black line). It is
very interesting to notice that spectral accelerations from 1D analysis are much lower than
those related to the code spectrum in the interval of oscillation period of interest for the new
covering (2+2.5 s). By contrast, the situation is reversed at very low structural period. Des-
pite this reversal has no implication on the new steel-truss covering, it may affect dramatic-
ally the seismic demand in the archeological ruins. Noteworthy, the very pronounced peak
in the interval (0.15+0.25 s) is related to the fundamental frequency of the subsoil. More-
over, the fundamental oscillation period of the ancient masonry textures fall probably
within the same range. In other words, depending on the frequency content of the seismic
input a condition of ‘double resonance’ might occur, with potential destructive effects on
the archeological ruins.

As a matter of fact, after Irpinia earthquake in 1980, a number of domus in Pompeii suf-
fered severe damages, especially those without roofs. The major collapses occurred in Regio
VII and intense cracking patterns appeared elsewhere in a so widespread manner that repair
works lasted about 10 years, until the beginning of 90’s, as reported by D’Agostino (2014).
It is difficult to establish what really happened then in terms of dynamic interaction between
the subsoil and the ancient masonry walls, and this is beyond the scope of the work, but the
results in Figure 8 can explain much of the damages observed in Pompeii after the earth-
quake in 1980. Figure 8(b) shows the comparison between the 2D and 1D analyses for target
points 13 and 16 (see Figure 7). While for structural periods larger than 0.4 s the 2D
approach leads to the same spectral function of the 1D calculation, in the interval (0.2+0.4
s) the spectral acceleration predicted by the two-dimensional wave propagation analysis are
significantly lower than those associated to the 1D calculation. Summing up, when the pur-
pose of the SSR analysis is the prediction of the spectral acceleration in a new roofing
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Figure 8. Results of SSR analyses: (a) comparison between code spectrum and average spectrum from
1D analysis; (b) comparison between two-dimensional and one-dimensional analysis.
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system, the 1D approach can be considered accurately enough; on the other hand, a two-
dimensional analysis is strongly recommended for a sustainable prediction of the seismic
demand in the existing ancient textures.

3.3 SSR analysis for the stability of the excavation fronts

The artificial slopes will be re-profiled with variable slope angles, taking advantage from the
condition of partial saturation of the volcanic ashes. As a general rule, the slope angle of the
excavation front was taken as equal to 55° for the volcanic ashes and 34° for the layer of pum-
ices. Reference is made in this section to the artificial slopes in their design configuration.

Figure 9 summarizes the results of the SSR analyses carried out to assess the seismic
demand in the excavation fronts of the Insula. For target point (16), located at base of the
sloping front, the surface acceleration of the 2D analysis compares well with that of the 1D
calculation (carried out with the stratigraphy of BH S2). By contrast, for point 26, posi-
tioned on the crest of the slope, the surface acceleration of the two-dimensional approach
(amaxop) 18 significantly higher than that calculated for the one-dimensional case with the
stratigraphy of boreholes S3 (aax1p)- It is note of worthy that the two-dimensional analysis
takes into account implicitly topographic effects. Despite the fact that the height of the
slope is not greater than 30 m, topographic amplification near the top edge is not negligible
at all. Moreover, if we multiply an.x1p by the topographic amplification factor S; recom-
mended by the national code for slopes with an average angle greater than 15° (S, = 1,2), the
final value on the crest of the slope is still much lower than that coming from the two-dimen-
sional analysis.

Figure 10 illustrates the profile of the horizontal acceleration along the surface of the cut
slope, as evaluated from the 2D calculation. The shape of this profile is very similar to that of
the ground surface. The maximum surface acceleration varies in a very wide range, between
0.30 (point 13) and 0.91 g (point 26). The overall amplification factor on the crest of the slope
is 5.42. Since the surface acceleration on the position of BH S3 evaluated by two-dimensional
propagation analysis is 0.45 g, the topographic factor related to wave propagation under free-
field is about 2. By contrast, according to the National Code (eq. 2), there would be no need
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Figure 9. Comparison between 1D and 2D wave propagation analyses.
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to consider topographic amplification. If the attention is placed on target point (13), posi-
tioned on the ground level of the ancient city, we find out on overall amplification of about
1.79, which is slightly larger than that predicted by the national code. Summing up, the
National code does not provide a conservative estimation of site amplification effect for the
problem under examination. Such results should be taken in due consideration to assess the
stability of the excavation fronts.

4 DISCUSSION AND CONCLUSIONS

We have examined in this work the problem of the seismic amplification effects in the ancient
town of Pompeii with reference to the case study of the Insula dei Casti Amanti. The analysis
of seismic amplification effect carried out to evaluate the seismic demand in the Insula for the
life-safety ULS led to some interesting conclusions.

With regard to the new steel-truss covering, the spectral accelerations evaluated by means
of wave propagation analysis are significantly lower than that related to the code-specified
design spectrum. In the interval of structural periods of interest for the new roofing system,
the 1D calculation leads to the same seismic demand predicted by the 2D approach. On the
other hand, if the attention is shifted to the archeological ruins, the situation is reversed; in
this case, the seismic demand predicted by wave propagation analysis is much higher than that
evaluated according to the code-specified spectrum. Overall, the 2D approach is much more
appropriate for a reliable prediction of earthquake actions.

With regard to the stability of the new excavations fronts, seismic amplification effect are
particularly relevant. Surface accelerations predicted by the 2D analysis of wave propagation,
incorporating implicitly topographic effects, are much higher than the reference acceleration
imposed by the National Code. They vary dramatically along the sloping front with a max-
imum of about 0.9 g on its crest. In this case, the seismic demand predicted by the 1D calcula-
tion is smaller than that evaluated by the 2D analysis.

Finally, from a methodological point of view, the approach adopted in this work for assess-
ment of seismic amplification effects may be extended elsewhere in Pompeii for future restor-
ation works.

ACKNOWLEDGEMENTS

This research has been developed under the auspices of research projects ‘Ricerca Competitiva
2016’ and ‘Ricerca Individuale 2017’ granted by the University of Napoli Parthenope.

REFERENCES

Bilotta, E., de Sanctis, L., Di Laora, R., d‘Onofrio, A. & Silvestri, F. 2015. Importance of seismic site
response and soil-structure interaction in the dynamic behavior of a tall building founded on piles.
Géotechnique 65(5): 391-400.

D’Agostino, S. (2014) Pompei, dal terremoto del 1980 ad oggi: costi e strategie. Economia della Cultura
3-4:321-334.

de Sanctis, L., Maiorano R.M.S, Brancaccio, U., Aversa, S. (2018). Geotechnical aspects in the restor-
ation of the Insula dei Casti Amanti in Pompeii. Proc. Institution of Civil Engineers: Geotechnical
Engineering, published online June 5, doi: 10.1680/jgeen.17.00221.

NTC 2018. DM 17 Gennaio 2018. Norme Tecniche per le Costruzioni. Gazzetta Ufficiale della Repubblica
Italiana N. 42, 20 Febbraio 2018.

Vinale, F. 1988. Caratterizzazione del sottosuolo di un’area campione di Napoli ai fini di una microzona-
zione sismica. Rivista Italiana di Geotecnica 22(2): 77-100.

3731



	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


