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Abstract. The present research aims to investigate the influence of site amplification on the
seismic vulnerability of the historical centre of the municipality of Baranello in the Molise
Region of Italy. Structural and typological characterization of the investigated area has been
done according to the EMS-98 scale. The vulnerability assessment of the historical buildings
located there has been carried out through an appropriate survey form in order to identify the
buildings most susceptible at seismic damage. Furthermore, according to the AeDES form
implemented by the Italian Civil Protection Department, the calibration of the typological
vulnerability curves of the built-up area has been done based on the seismic motions recorded
after the 2002 Molise earthquake. Finally, the local amplification factor, which negatively
influences the severity of the seismic damage on the structures, has been taken into account
according to the time-domain method. To this purpose, a refined and simplified approach to
foresee the expected damage of the inspected urban sector has been proposed, so to use more
appropriately the achieved results for reliable seismic risk mitigation plans.

1 INTRODUCTION

The seismic vulnerability of a given built area indicates the expected amount of damage
triggered by an earthquake of a specific magnitude. The recent tragic earthquakes occurred in
Italy during the last decades are a living testimony of the bad seismic behaviour of the historical
centres of many municipalities [1]. Generally, the occurrence of near-field earthquakes has
required to adopt methods of predicting the expected damage taking into account the influence
of the local seismic response on inhabited areas. This is due to a series of hazardous factors,
such as the age of buildings, the poor quality of materials and the insufficient maintenance of
constructions, which lead towards the high seismic vulnerability of several built-up areas.
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Focusing on the urban scale, rapid urbanization has dramatically increased the vulnerability and
risk of urban dwellers in densely populated areas. The available strategies for seismic
vulnerability assessment usually have as starting point the compilation appropriate survey
forms, based on several parameters, i.e. the seismic-resistant system type to lateral loading, the
structural regularity and maintenance conditions and the presence of existing damages, to
collect information on historical centre buildings. The application of these survey forms allows
to fully understand the various structural types located within heterogeneous urban centres [2,
3]

Nowadays, the evaluation of geological effects has been taken into consideration in the
framework of risk assessment in order to have a better and correct forecast of the expected
damage. In this framework, it is recognised that soil layers amplify or reduce the seismic waves
on the crustal surface. Site effects are, thus, dangerous when the amplification of seismic waves
in surface geological layers occurs.

Based on these considerations, the municipality of Baranello, in the province of
Campobasso, has been selected as a case study to evaluate the possible damages under seismic
events considering site effects. The proposed work aims to evaluate the local amplification
effects considering the time domain of a 1D half-space ground model. The main goal of this
work is to investigate the influence of soil amplification on the seismic behaviour of typical
masonry aggregates with the final target to plot the damage scenarios expected under different
earthquake moment magnitudes and site—source distances.

2 THE MUNICIPALITY OF BARANELLO

2.1 Historical background

Baranello (Figure 1) is a small town located in the province of Campobasso in the Molise
Region of Italy. The municipality has 2759 inhabitants and rises at 610 m above sea level with
an extended area of 25 km?. The town has medieval origins and it is bordered by the towns of
Busso, Colle d’Anchise, Spinete and Vinchiaturo.
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Figure 1: Geographical localization of the municipality of Baranello.
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There are limited historical news about the evolution of the centre during time. The village
was mentioned for the first time in the fourteenth century as a possession of Capece Galeota’s
family dating back to Norman ages. Only in 1591 the feud was sold by the Carafa family, from
which the Pope Paul 1V descended, to the Marquis one and then to Angelo Barone. Nowadays,
the territory has the characteristics of a mountain centre: narrow and steep streets that enlarge
towards the area of new settlements. The urban centre is characterized by both houses
preserving their original appearance, which are located around the church and along the main
streets, and more modern buildings, that are placed in other districts belonging to the municipal
territory.

2.2 The 2002 Molise seismic event

The Molise earthquake was a significant event, occurred on 2002 October 31%, having the
epicentre localized in the province of Campobasso among the municipalities of San Giuliano
di Puglia, Colletorto, Santa Croce di Magliano, Bonefro, Castellino del Biferno and
Provvidenti. This seismic event, having magnitude Mw= 5.7, was perceived in a large area of
Central-Southern Italy, causing significant damage in a restricted area between Frentani, Sannio
and Foggia (Figure 2).

The aftershocks (more than 1900 seismic events) showed a predominantly vertical
seismogenic structure, having a depth between 10 and 25 km, which was oriented in an east—
west direction and consisted of two main segments, each with a length of about 15 km. Also, a
10.5x8.0 km? fault plan, that extended between 12 and 19.9 km in depth, was associated to the
October 31 event [4].
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Figure 2: Distribution of earthquakes in the Molise Region area: (a) macroseismic intensities; (b) focal
mechanisms of the fault model.

Figure 2a shows the macroseismic intensities occurred after the events previously
mentioned. In the area near the epicentre, the maximum intensity recorded was V1 according to
the MCS scale. Moreover, Figure 2b describes the surface projections and focal mechanisms of
the fault model for the Molise earthquake. In particular, in the central panel the accelerometric
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stations, that recorded the mainshocks of the seismic sequence, have been marked with
triangles, while dashed rectangle denotes the recording stations and the upper solid rectangle
points out the seismogenic sources which generated the seismic event.

3 TYPOLOGICAL AND STRUCTURAL DESCRIPTION OF THE BUILT-UP AREA

3.1 The CARTIS survey form

The structural and typological characterization of the built-up is considered indispensable
for the census of the buildings exposed at risk, which is a preliminary phase for their
classification into typological classes.

The CARTIS form has been conceived by both the PLINIVS research centre of the
University of Naples "Federico 11" and the Italian Civil Protection Department in the framework
of the ReLUIS 20142016 project "Development of a systematic methodology for the territorial
scale exposure assessment based on the typological/structural characteristics of buildings" [5].
The CARTIS form has been herein used in order to detect the prevalent ordinary building
typologies in municipal or sub-municipal territorial parts, called urban sectors, characterized by
typological and structural homogeneity. In the historical centre of Baranello one unique
compartment, labelled as CO1 and composed of 300 buildings, has been considered (Figure 3).

Most of the buildings have been built using rough-hewn stones assembled according to the
technique of either sack or mixed walls, which in some cases do not respect the “rules of art”
indispensable to guarantee a satisfactory behaviour of the masonry apparatus against seismic
actions.

The houses characterising the historical centre are composed of walls with an average
thickness of 0.65 m and an average inter-storey height of 3.50 m.

Other than masonry vaults, horizontal structures are represented by timber or steel floors,
which are also the main structure of coverages (Figure 4).

The data collected through the CARTIS form has allowed, through statistical elaborations,
to provide indications on the constructive age, number of storeys, average surface and wall type
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of the sample of buildings surveyed within the municipality examined. The results obtained are
summarized in the cumulative distributions reported in Figure 5.

Figure 4: Street views of the prevalent building typologies inside the inspected area.

300 —T1 300 — 1 =
270 1 £ 270 £
w 240 - 08 & ) 240 0,8 O
2 8 £ | [ 9° &
g 2101 E 3 20 £
= o 'S [
2 180 { 06 8 = 150 06 8
D 150 4 B 3 150, 5
5 1207 04z 5 120 04 2
£ 7 T £ 901 £
S 60 4 02 E 5 60 - _025
= 0, ] [ ] S8 % 5 - g
0 y T T T T 1] 0 i, ! '|—|' 0 o
A% @b o8 g aN a8t e o 1 2 3 4 5
Construction Age Number of Storeys
300 o—0— 1 ) 300 O- 1 =
270 A = 270 &
[} L] 0 o
o 240 A 08 @ D 240 - 0,8 ©
c 8 £ o]
T 210 1 s T 210 t
5 180 1 06 o 3 180 { 06 8
5 150 1 2 s 150 | g
5 120 4 042 5 120 L 04 ¢
o i fw :
S 60 1 -0,22 5 60 L 0,2 2
4 z E
%] s = s N :
0 0 0 v - 0
Q O O O a0 A0 0 O (O ‘2 %] b N .
S O S ® D O S & & & & @
DN N G S 5 5 5 .
REUNRCRR SRR R S SO
Average Surface Area [m?] Type of masonry

Figure 5: Preliminary characteristics of buildings surveyed in the municipality of Baranello.

From the data surveyed on the inspected buildings, the prevailing typological class is the
MUR?2 (rough-hewn stones) one, which has been detected in 73% of the cases (220 buildings).
The other classes detected in the study area are the MUR3 (rough-hewn masonry stones or
pseudo-regular stones, 2% of the building sample) and MUR4 (regular masonry with squared
or brick stones, 13% of the building sample) ones, whereas 12% of the building sample are
represented by unused constructions.
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3.2 Large scale seismic vulnerability assessment

A seismic vulnerability assessment at urban scale has been herein implemented in order to
evaluate the propensity at damage of buildings placed in the municipality of Baranello. In this
context, a vulnerability index-based method has been adopted. The proposed method has the
peculiarity of investigating the seismic vulnerability of buildings grouped in compounds
through a specific vulnerability form [6-9].

The used survey form, composed of 15 parameters, is appropriate for masonry building
aggregates, since it takes into account the effects of mutual interaction among aggregated
Structural Units (S.Us) under earthquakes.

Methodologically, the vulnerability index, lv, for each S.U., is intended as the weighted sum
of the class selected for each of the 15 parameters multiplied by the respective weight. Each of
the estimated parameters are grouped into four vulnerability classes (A, B, C and D, from the
best to the worst), characterised by a specific score (also with a negative sign in case of a
vulnerability reduction), to which a correspondent weight, Wi, is assigned. The weight of
parameters is variable from a minimum of 0.25 for the less important factors up to a maximum
of 1.50 for the most important ones.

The compilation of the survey forms for the aggregated S.Us of Baranello has provided the
distribution of the vulnerability indexes reported in Figure 6.
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Figure 6: Seismic vulnerability distribution in the examined area.

3.2 Seismic impact scenarios

The prediction of the seismicity of a specific site can be evaluated by adopting appropriate
seismic attenuation laws, which are empirical formulations calibrated on the statistical data
(instrumental or macroseismic) derived from earthquakes occurred. Generally, these laws are
based on simplified models in order to represent seismic propagation. In practice, an empirical
relationship is established between the parameter representative of the motion, which can be
given by the macroseismic intensity, and other factors, like the energy released at the source in
terms of magnitude (Mw) and the epicentre distance (R). In the current research, the severity of
the seismic effects has been analysed by predictive analyses using the Esteva and Harris’
seismic attenuation law [10].
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In detail, a deterministic approach has been used by selecting as reference earthquakes,
according to the Parametric Catalogue of Italian Earthquakes (CPTI15) [11], three events of
increasing moment magnitudes (4, 5 and 6) occurred in the past in the Molise region of Italy.

After these magnitudes have been selected, the selection of different epicentre distances,
namely 5, 17 and 35 Km, has allowed to plot the expected damage scenarios.

Based on the attenuation law above mentioned, the macroseismic intensities have been
correlated to the earthquake magnitudes and epicentre distances, leading towards the nine
damage scenarios reported in Table 1.

Table 1: Correlation between moment magnitude, My, and macroseismic intensity, lems-os.

Macroseismic Intensity lems-gs

Magnitude My

R =5km R =17 km R =35km
4 X Vil V
5 Xl VIl Vil
6 Xl X VIl

Therefore, the damage scenarios achieved according to the Esteva and Harris’ attenuation
law considering R=5 Km have been plotted in Figure 7 to show the most dangerous seismic
analysis case.
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Figure 7: The impact damage scenarios for variable magnitudes and epicentre distance of 5 Km in the
investigated urban area.
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Then, the correlation between the mean damage grade, Up, and the damage thresholds, Dk,
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have been developed according to the EMS-98 scale (Figure 8).

From the analysis results, it appears that for Mw= 4 about 61% of the buildings suffer damage
D2, while for M= 6, damage thresholds D4 (near-collapse) and D5 (collapse) are attained in
68% and 25% of the cases, respectively. Contrary, when My= 5, a more variable damage
distribution is achieved.
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Figure 8: Damage probability matrix (DPM) derived from the considered impact scenarios.

4 INFLUENCE OF LOCAL SITE EFFECTS ON THE VULNERABILITY
ASSESSMENT

From the physical point of view, the local seismic response can be intended as a set of
changes in amplitude, duration and frequency content that the seismic motion undergoes
through the overlying layers of soil up to the surface. In other words, the ground layers can
increase the amplitude of the seismic motion at some frequencies and reduce it for other ones.

The schematization of seismic motion can be represented in the domain of either time or
frequencies. In particular, considering the time domain, the parameters most frequently used to
describe the earthquake characteristics are the peak value of the acceleration, of the velocity, of
the displacement, and the duration. Contrary, in the frequency domain, the seismic motion
parameters are characterized by either the Fourier spectrum or the response spectrum.

The problem of geo-hazard effects has been already contemplated in [12] where, under a
macroseismic approach and on the basis of macroelement numerical analysis on clustered
buildings, the site effects were taken into account through a local amplification coefficient, fpga,
defined as the ratio between the maximum recorded acceleration at the ground surface (amax, s)
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and that at the bedrock (amax, r).

Focusing on the case study, the historic centre area of Baranello is characterized by a
geological structure mainly derived from covering tectonics related to the formation of the
Apennine chain and sub-Apennine reliefs.

The sedimentary series, variously displaced and dismembered, were poured into the Molise
basin causing anomalous overlaps and outcropping of very different units both for facies and
for age and paleogeographic genesis.

For the seismic microzonation of this historic centre, data from in-situ surveys were made
available by the Municipal Administration of Baranello. Furthermore, in-situ tests were carried
out to identify the stratigraphy. Figure 9 shows the areas where the Down-Hole geological
characterization tests were carried out. These tests provided the velocity of the propagation of
seismic compression and shear waves at different depths.
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Figure 9: In situ geological tests in the area of Baranello.

The evaluation of the local amplification coefficient due to soil conditions has been
estimated according to a time domain approach, since the main purpose of the work is to
characterize the maximum ground amplification deriving from local site effects to correctly
predict damage scenarios. Therefore, the accelerogram of the event occurred in Molise in 2002
with epicentre located in Bonefro has been used. The event was characterized by a magnitude,
M, equal to 6 and a maximum PGA of 0.55 g.

To this purpose, STRATA 1.0 software, developed at the University of Texas, was used for
simplified 1D numerical modelling of the geological conditions of seismic motion at bedrock
[13].

Thus, based on these considerations, starting from the accelerogram recorded after the
Molise earthquake, the accelerogram at the bedrock and the corresponding one amplified on
the crustal-surface have been derived (Fig. 10).
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Figure 10: The elaborated accelerograms.

In Table 3, the amplification coefficient frca derived from local site effects connected to the
examined ground layers has been proposed.

Table 2: Site amplification factor based on time domain.

Acceleration [g]

Time history Amplified Bedrock frea=
amax,s amax,r amax,s/ amax,r
10's 0.56 0.42 1.33

From the achieved result, the increment of the seismic motion from the bedrock basement to
the crustal surface is equal to 33%. Therefore, depending on the geologic conditions detected
for the case study area, the mean damage degree, Hp, of the investigated structural units
determined in Section 3.2 can be amplified by the above frga factor, leading to a more correct
expected damage grade pp,s according to the Equation (1).

Ups~™Hp Xfoca (1)

Finally, comparing the new damage scenario to that reported in Section 3.2 (Figure 8), it is
possible to estimate the damage increase due to site effects, as reported in Figure 11.
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Figure 11: The influence of local site conditions on the damage scenarios.

5 CONCLUSIONS

This study has proposed a simplified methodology to analyse the seismic vulnerability of
masonry building aggregates located in historic centres considering the influence of geo-hazard
conditions. An urban sector of 300 buildings in the historical centre of Baranello, in the district
of Campobasso (Italy), has been identified as study area for the application of the proposed
analysis method.

Firstly, the characterisation of the typological classes of the urban sector examined has been
done by means of the CARTIS form. From on-site recognition, it has been detected that the
prevailing typological class of masonry buildings is the MUR2 (rough-stone) one, which
represents 73% of the building stock examined.

The seismic vulnerability of the inspected urban sector has been estimated through a
vulnerability index method conceived for building aggregates. In the urban area, two distinct
typological classes, namely A and B, have been identified according to the EMS-98 scale with
an expected medium-high vulnerability enclosed in the range [0.4-0.6], while only 30% of the
building sample has a vulnerability index equal to 0.76. Contrary, for the analysed typological
class B, the expected frequency is in the range [0.2-0.4].

Finally, a local seismic amplification factor to consider local site effects has been defined
according to the time domain method. Looking at the analysis results, the esteemed
amplification factor has been found as equal to 1.33, which means that the seismic motion
increment from the bedrock basement to the crustal surface is equal to 33%. From the new
damage scenarios considering local effects, it has been detected a considerable damage
increment. In particular, it has been noted that for the epicentre distance of 5 km and moment
magnitude of 4, damage thresholds D2 and D3 have been attained with a damage occurrence
probability less than that of the basic case, in which the soil influence has been neglected.
Contrary, the D4 and D5 damage levels significantly increase due to the site effects. Instead,
considering the worst scenario (R=5 km and Mw= 6), the site effects have reduced drastically
the damage levels D3 and D4, but they have increased the D5 threshold with the collapse of
98% of the buildings in the analysed area.

In conclusion, the proposed work has represented an important starting point for large-scale
vulnerability and risk analysis considering site effects, so providing a comprehensive method
to predict more precisely damage scenarios into historical centres.
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