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Abstract

The seismic sequence started on the 24™ of August 2016 and concluded on January 2017 af-
fected four region of Central Italy causing casualties, widespread damage to residential and
heritage buildings and prolonged disruption. Among the many municipalities impacted by the
seismic events, the towns of Amatrice and Norcia suffered the major losses.

Although many similarities can be found in their urban layouts and comparison can be made
in terms of building materials, techniques and periods of construction, epicentral distances
from the fault of the relevant seismic events and categorization in terms of seismic zonation,
the significant shaking alone cannot justify the severe damage extent observed in Amatrice in
comparison to the very limited one recorded in Norcia.

The purpose of this paper is to investigate the different behavior of the two urban settlements
of Norcia and Amatrice under the relevant shakings, and to discuss the different damage extents
to their residential urban fabrics considering the specific structural features and vulnerability
factors. To accomplish this, a set of building data collected in Norcia during the EEFIT indi-
vidual research mission carried out in September 2017, is first analyzed using the vulnerability
assessment method FaMIVE; an extrapolation of the same data set is then ‘re-adjusted’ in terms
of material characteristics and strengthening elements to resemble the building stock of Ama-
trice: this is done on the basis of site observation collected by the authors during the 2016
Central Italy EEFIT mission. From the output of the FaMIVE procedure, capacity curves are
derived and compared with the spectra of the main shocks of the seismic sequence. Cloud of
performance points are generated for each event to be used to determine fragility curves, rep-
resentative of the percentage of buildings undergoing certain damage levels under the specific
seismic scenario. A discussion on the obtained results and the capability of the method to rep-
resent the observed damage extents concludes the paper.
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1 INTRODUCTION

The seismic sequence that hit the Central Italy area within the four regions of Abruzzo,
Marche, Lazio and Umbria from August 24", 2016 to January 18", 2017 was severely disrup-
tive in terms of damage to historic residential buildings and heritage structures and very onerous
in the consequent death toll. Within the time frame of the sequence, nine events have been
recorded with magnitude greater than 5, three of which considered particularly devastating for
the extensive damage they caused to sixteen municipalities which experienced a cumulative
European Macroseismic Scale (EMS ’98, Grunthal, 1998) lems > IX [1].

The sequence started with a My 6.2 event, with epicentre 5.6 km from the town of Accumoli:
as a consequence of the shaking, the near town of Amatrice was almost completely razed to
ground and nearly 300 people died. Two other main events occurred on 26" and 30" of October
with epicentres located respectively 18.40 km and 7.8 km from the town of Norcia, the second
of which, with a magnitude My 6.5, was the stronger event ever occurred in Italy after the
Irpinia earthquake in 1980 [2]. As a consequence, most of Norcia’s cultural heritage buildings
were severely damaged, while many residential buildings experienced structural damage.

Several factors can be considered influential in the stark difference in response of the ma-
sonry building stock in the two towns. According to the published shake maps [2], and as dis-
cussed further in section 4, the seismic demand for the first event was considerably larger in
Amatrice for stiffer structures, than in Norcia. Although the local soil is assigned the same class
B according to EC8 [3] the topography of the two towns is substantially different, with Ama-
trice laid out at the top of a hill, while Norcia lays in a valley, contributing to substantial differ-
ences in amplification of the seismic shaking [4].

The 2016 sequence took place in a territory with a long history of destructive earthquakes,
and historic events with similar patterns of shaking are recorded. Evidence proving that both
Amatrice and Norcia have been heavily hit by severe shakings date back to the 14™ century [5]
and are documented through the numerous instances of repair and reconstruction that their his-
toric centres have undergone [6]. Indeed, after the 1859 1,8-9 MCS, My 5.7 Norcia earthquake
a manual of “good a-seismic” building practice was produced for Norcia’s recovery. Following
this, Norcia’s urban fabric and its buildings underwent other systematic strengthening projects,
as a result of regional laws enacted after more recent seismic events [6]. A similar process did
not occur in Amatrice, even though it was recognized as a seismic territory in 1915 and classi-
fied in zone 2 in 1927, but construction was not subject to any specific seismic building regu-
lation until 1984 when, following the enactment of the first Italian seismic hazard map, the town
was classified as seismic zone 2, to be later upgraded to seismic zone 1 in 2003 [7]. This not-
withstanding the building stock in the historic centres of the two towns has substantial similar-
ities in terms of building size and geometry, while quality of materials, workmanship and extent
and type of retrofitting differed markedly as discussed in [7] and illustrated in section 3.

An important feature of this sequence was the sustained or increased magnitude of the sub-
sequent events producing strong shaking and causing cumulative damage to masonry buildings.
Research on effects of aftershocks has focused on steel, RC or timber frame structures
([9][10][11], respectively). The common assumptions are that the aftershocks will be of lesser
magnitude of the main shock, thus implying that a Markovian approach can be used [12], and
of shorter duration, thus becoming a function of the time elapsed after the mainshock [13].
Hence these models might not be directly applicable to the Central Italy 2016 sequence.

The effect of repeated event for masonry structure has been studied by [14]. For the Central
Italy 2016 sequence, the empirical evidence of such effects has been reported by [1], [15] and
[16]. However, to the authors knowledge, such effect has not been quantified by using an ana-
Iytical assessment approach for masonry buildings.
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The main aim of this paper is to compare the damage suffered by the two historic centres
Norcia and Amatrice under the two main events of the 2016 Central Italy earthquake sequence,
by considering the increased seismic demand to structures experiencing repeated shakings. This
paper presents in section 2 the methodology adopted and the steps followed to determine the
damage-state dependent capacity curves; in section 3 a brief description of the two main events
of the sequence considered in this study, the 24" of August Mw 6.2 and the 30™" of October My
6.5 events. Section 4 is dedicated to the description of the two building stocks of Norcia and
Amatrice. In section 5, the derived bilinear capacity curves for each of the buildings of the two
datasets undergoing the spectra of the two shocks are presented in terms of performance points.
A discussion on the results in terms of fragility functions concludes the paper.

2 PROPOSED METHODOLOGY

The proposed procedure to assess the cumulative damage of existing masonry structures
exposed to repeated shaking can be summarized as shown in Figure 1.
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Figure 1: Proposed methodology to assess the cumulative damage to masonry structures

Step (1) consists in the definition of a representative building sample, able to exhaustively
represents the variety of building typologies of the case study under consideration. Section 3
explain how the buildings are chosen in the two cases presently analysed.

Step (2) is to choose an appropriate analytical assessment procedure able to evaluate the
seismic vulnerability of the two samples. The procedure used in this work is the macro-element
modelling approach FaMIVE [17], which allows to analyse a large number of buildings in a
short time, producing simplified capacity curves based on ultimate lateral strength capacity and
elastic and ultimate displacement. Having chosen suitable strong motion records, a capacity
spectrum approach, such as N2 [18], can then be applied to determine the performance point
for each capacity curve, representative of the response of each facade [19].



One of the main advantages of the FaMIVE method, is the possibility to tailor the routines
to include specific characteristics of the building stocks considered which affect the mecha-
nisms that might develop. A new module accounting for the effects of ring beams has been
developed and included in the calculations. The work from [20] was used and further developed
to correctly represent the current case studies. Specific assumptions on the way the ring beams
are connected to the walls were implemented following the post-earthquake on site observations.

The procedure calculates the collapse load factor (1) associated to all possible in plane (IP),
out-of-plane (OOP), and combined (COM) failure mechanisms, then choses the one with the
minimum 2, associated with the most damaging consequences for the analysed facade. The
collapse load factor determines the lateral acceleration capacity of the structure.

The bilinear capacity curves are defined for each facade on the basis of three couple of points:
(0,0), (au, k*Dy), (au, Du), where a, represents the ultimate strength capacity and is defined as
the ratio A/a, namely the collapse load factor and the proportion of facade involved in the mech-
anism; the elastic limit displacement Dy is dependent on the natural period of the facade, which
accounts for the presence of concrete ring beams, and the yielding strength Ay which is the
value of acceleration which will cause the stress distribution of the critical cross section to be
triangular (elastic limit). The factor k accounts for the difference between the initial elastic limit
and the idealization of the curve, depending on each mechanism type. Finally, Dy represents the
ultimate displacement of the facade considered. This is defined as a proportion of the displace-
ment that determines the collapse of the fagade (Dc) and is defined in relation to the occurring
failure mechanism (i.e. IP, OOP or COM). More specifically, this is given as the ultimate dis-
placement occurring at the resisting section of the wall (i.e. the effective proportion of the wall
thickness in the case of OOP, the proportion of wall thickness and staggering ratio in the case
of COM, the minimum value between staggering and wall thickness for IP).

The following step (3) is to compare each of the bilinear curve to the natural records of the
events of interest in terms of spectral acceleration and displacement. Further information on the
two main shocks considered in this study is given in Section 4. The outcome of this interpolation
results is a cloud of representative performance points, Step (4), which, when compared with
predetermined damage thresholds, defines the damage state of each facade of the sample un-
dergoing the specific event. The final step (5) is to determine fragility functions for different
limit states by using median and standard deviation values of the limit state displacement and
deriving lognormal cumulative distributions. Three limit states are considered in agreement
with the three representative points of the capacity curves, namely 1) damage limitation 2)
structural damage and 3) collapse.

The novelty of the method lies in the way in which the cumulated damage due to consecutive
strong shaking events is accounted for. The spectral displacement calculated to find the first set
of performance points after the first event (i.e. interpolation with the first spectrum), is taken as
permanent drift of each fagade and used to determine its new stiffness and natural period. More-
over, the permanent drift is also accounted for as permanent leaning reducing the capacity of
the structure to withstand further flexure caused by lateral acceleration, hence affecting the
strength capacity determined by a new A factor. Each of the new capacity curves so constructed
is interpolated with the representative record of the new event in the sequence, to obtain a new
performance point which accounts for the previous damage condition.

This should be repeated for different building samples, for different spectra recorded at dif-
ferent locations for the same event. Depending on the number of iterations, which refer to the
number of events considered, it is possible to observe a shift in both capacity and fragility func-
tions, which clearly indicates the change in the overall sample’ capacity due to repeated shocks.
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3 NORCIA AND AMATRICE’S BUILDING STOCKS

During two consecutive EEFIT field missions the authors conducted two on-site investiga-
tions in Norcia and Amatrice and carried out a detailed post-event survey. Given the extensive
level of damage observed in Amatrice and the very restricted time allowance within the red
zone, it was preferred to collect very detailed chains of 360° images to document the damage
condition of the building constructions along the main Corso Umberto | (East-West) and the
perpendicular street (North-South) [8]. On the contrary, the damage condition of the residential
buildings in Norcia was limited, allowing to conduct a detailed survey for a set of 82 buildings,
corresponding to 110 facades (hereafter defined as N_sample) [6]. The sample was purposely
chosen to evenly match the variety of buildings’ heights observed: more specifically, 74% of
the sample is made of two-storeys buildings, with the remaining 26% distributed between three-
storeys (18%) and one-storey (8%). Given the similarities in building size and structural sys-
tems between the two historic centres [7], a ‘simil’ sample of the Norcia dataset was modified
to represent the Amatrice build-ing stock in terms of material properties, number of storeys,
horizontal structures (roof and flooring types) and traditional restraining elements applied
(hereafter defined as A_sample), as obtained by the onsite ODC survey [8]. N_sample is char-
acterized by 70% of buildings with a medium-high quality of masonry (M2), 17% of buildings
made with a high quality of masonry (M1) and the remaining 13% of buildings characterized
by a poor-quality masonry (M3). A_sample is characterized by 80% of the buildings with a
poor-quality masonry (M3) and 20% of buildings with a medium-high quality (M2). Since no
information is available to date on the mechanical properties test values for local masonry con-
struction, relevant reference values are taken from Table C8A.2.2. of the NTCO08 [22], summa-
rised in Table 1, for the masonry fabrics identified on site.

Masonry Typologies fm T E Weight
(N'/mm?)  (N/mm? (N/mm?) (kg/m)
Dressed rectangular stone masonry (M1) 6.0 0.090 2400 22
8.0 0.120 3200
Cut Stone with good bonding (M2) 2.6 0.056 1500 21
3.8 0.074 1980
Irregular stone masonry (pebbles) (M3) 1.0 0.020 690 19
1.8 0.032 1050

Table 1: Masonry types used in the case studies, retrieved from [22]

Given the general difference in fabric and mortar quality between the two towns’ buildings,
the upper bound values of E (Young Modulus) were used to identify the characteristics of Nor-
cia’s masonry typologies, while the lower bound were used to identify the ones of Amatrice. In
a similar manner the values of cohesion 1o have been assigned. Figure 2 a) b) and c) show
examples of masonry observed in Norcia, representative of the three typologies.

Figure 2: Details of the M1, M2 and M3 masonry types in Norcia



Owing to the widespread level of damage in Amatrice, it was possible to observe the inner
layers and the lack of connection in the thickness of the walls (Figure 3a)). The majority of
buildings were made of poorly dressed stones, mostly irregular and characterized by bad quality
of mortar as shown in Figure 3 b). Very often, the walls were covered with thick layers of wired
mesh and concrete jacketing [7], that would help bond the units together. Table 2 summarizes
the key parameters characterizing the two building stocks.

Figure 3: Details of the M2 and M3 masonry types in Amatrice

Given the limited number of collapsed buildings in Norcia, the inspection of the horizontal
structures was only partially possible, therefore the information regarding this specific aspect
of the building stocks’ characterization refers to [23]. The three main flooring typologies en-
countered were wooden floors (WF) made of traditional joists, barrel vaults (VF) and reinforced
wooden floors (RWF). In the case of Amatrice, additional presence of concrete floor slabs (CF)
is added to the list, as these have been observed on site and reported in Figure 4 a) and b).

Figure 4: Details of the concrete slabs observed in Corso Umberto | — Amatrice

For the roof structures, the more traditional case of timber joists with screed and tiles (R1)
was found only in 20% of the sample, while the remaining 80% showed to have roofs made
with concrete slabs (R2) [23]. These typologies were implemented following the post-1979
building prescriptions listed within the Regional Law no.34 1981, enacted after the Irpinia
earthquake [6]. While on site, it was possible to observe the lack of connection between these
elements and the underneath masonry walls as shown in Figure 5 a), taken in Amatrice and
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Figure b) taken in Norcia. With reference to the restraining elements, more traditional provi-
sions such as buttresses (B) shown in Figure 5 a), ties (T) in Figure 5 b) were observed in Norcia,
together with a number of buildings showing concrete ring beams (RB) (Figure 5 c)).

b) c)
Figure 5: Restraining elements observed in Norcia: a) buttresses, b) ties o ¢) concrete ring beams
Conversely during the site investigation, no buttresses were observed in Amatrice. The main

building stocks’ characteristics are summarized in Table 2

Building Stock ~ Masonry Type Floor Type Roof Type Restraining elements %

N_sample M1 17% WEF-VF 35% R2 80% T 25%
M2 70% RWF 65% R1 20% B33 %
M3 13% RB 65%
A_sample M2 30% WF-VF 35% R2 80% T 25%
M3 70% RWF 30% R1 20% RB 65%
CF 35%

Table 2: Parameters implemented in the FAMIVE procedure to reproduce Norcia and Amatrice’s building stocks.

In this section the characteristics of Norcia and Amatrice have been presented. The following
section will describe the selected main shocks of the Central Italy sequence which have been
considered relevant to describe the damage evolution of the two building stocks.

4 THE TWO MAIN EVENTS OF THE CENTRAL ITALY SEQUENCE

There are two different approaches to conduct seismic assessment at territorial scale that can
be used to establish the seismic hazard of a region, namely probabilistic seismic hazard
approach (PSHA) and deterministic scenario approach, directly correlated to the events
occurred in the region. As discussed by [19], a deterministic approach might be more relevant
for the assessment of historic centres, mainly because, if the seismicity of the area is well
known, a credible and reliable earthquake scenario can be developed and be directly correlated
to the building stock performance [24]. The 2016 Central Italy seismic swarm occurred in an
area with the highest seismic hazard in Italy, where the PGA values expected with a probability
of exceedance of 10% in 50 years are higher than 0.25 g [2][4]. The information on the records
of the two events, extracted from the ESM database [20], are reported in Table 3:



Station Station . . . . Distance to
Name Code Location  Longitude  Latitude  Soil Type city centre
Amatrice AMT Free Field 42.63246 13.28618 B 0.9881 km
Norcia NRC Free Field 42.79254 13.09648 B 0.1727 km

Table 3: Details of the recording stations

Acceleration response spectra are extracted from the ESM database [25] and shown in Figure
6 a) and 6 b) respectively showing the 24" of August and the 30" of October events recorded
at both AMT and NRC stations.
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Figure 6: Spectra of the 24/10/2016 event (a) and 30/10/2016 event (b) recorded at AMT and NRC stations

The August event (a) has the largest ever peak ground acceleration recorded on Italian soil
at the Amatrice instrument. It is also characterized by large amplifications in the 0.1-0.5 s period
range, with a large drop for larger values. On the contrary, the event of the 30™" of October (b)
shows amplification in the medium period range, with accelerations exceeding 1.0 g for periods
around 1.0, which can help explaining the collapse of all the churches in Norcia [1][4][7].

Very relevant to the understanding of the building stock performance in the two towns is the
demand in terms of spectral displacement imposed by the two seismic shocks considered as
shown in Figure 7 a). For natural period lower than 0.5 s, the Amatrice record of the first event
shows values of displacement demand up to 60 mm, while the demand recorded by the NRC
instrument is in the range of 20 mm.
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Figure 7: Seismic demand in terms of spectral displacement for: a) the 24/08/2016 event with records from AMT
and NRC station and the 30/10/2016 event with record from NRC station and b) close up of the same records in
the range of 0 <T1< 15
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A close up in the range of 0 <T1< 1 s [reported in Figure 7b)], which contains 97% of the
two building samples natural periods, shows that for values of up to 0.5 s (85% of the building
samples), the displacement demand of the 24th August event in Amatrice was substantially
greater than the one in Norcia, while the 30/10/2016 event imposed on the Norcia building stock
a demand twice as large as the one in August.

5 RESULTS AND DISCUSSION

The effect of the main shocks of the two events of 24" August 2016 and 30" October 2016
are represented in terms of performance points obtained by applying the N2 procedure [18] and
computing their cumulative distribution to produce fragility functions with respect to three
damage limit states: damage limitation, structural damage and collapse in accordance to EC8
part 3 [3]. For the present study, the EW direction of the earthquake ground motion record is
used for both events, as this results in the highest demand on the two building samples.

Figure 8 a) shows the cloud of performance points representative of all the facades of the
A_sample subjected to the 24™ August 2016 event, and Figure 8 b) the corresponding fragility
functions.
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Figure 8: Performance points (a) and Fragility Functions (b) for Amatrice after the 24/08/2016 event
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Figure 9: Performance points (a) and Fragility Functions (b) for Norcia after the 24/08/2016 event

Figure 9 a) and b) show the performance of N_sample and related fragility functions for the
same event. shows that the distribution of damage limitation performance points for A-sample
is confined to very modest lateral displacement, when compared with the N_sample. This is
due to the substantially greater strong ground motion experienced, but also to the stiffer and
lower strength capacity of the A_sample with respect to the N_sample. This is confirmed by



the much narrower range of strength demand for the N_sample (0.08 g to 0.57 g) when com-
pared to the A_sample (0.07 g to 0.92g) for a similar range of displacement demand. It should
be also noted that the performance points for collapse for A_sample are confined within a nar-
row range corresponding to the limit ultimate displacement of their capacity curves, which in
turn is a function of the masonry units’ size and masonry quality. No collapse was computed
for the N_sample.

Figure 10 a) shows the proportions of buildings in each damage state after the August event
in each of the two town, providing a good correspondence to the empirical onsite observations.
Figure 10 b) compares the corresponding fragility functions. While the structural damage con-
dition is not substantially different for the two samples, the larger proportion of buildings with
buttresses and ties, coupled with the lower level of acceleration and displacement demand for
the lower period range, ensure a much better performance of the N_sample with respect to the
damage limitation threshold.
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Figure 10: Comparison between the % of building stocks’ damage (a) and the two sets of fragility functions (b)
for the 24/08/2016 event.

Building Stock

Event Damage state Median (0) Standard deviation (f3)
A sample DL 0.011 1.023
i sD 0.912 0.915
C 3.542 0.228
N_sample DL 0.049 1.032
24/08/2016 =0 0.839 1.182
N samole DL 0.038 1.086
071012016 sD 0.422 1.198
C 3.358 0.811

Table 4: Values of median and standard deviation characterizing the two samples under the 24/08/2016 and the

30/10/2016 event.

Table 4 shows the values of mean (8) and standard deviation (B) of both samples after the
August 2016 event, and for the N_sample after the 30" October event, for each damage state.
Figure 11 a) and 11 b) show the condition of the N_sample after the 30" October event. The
performance points and fragility curves presented are obtained by running a second iteration to
the N_sample of Figure 9 a) as described in section 2.

Notwithstanding the clear increase in terms of lateral spectral acceleration demand Sa(T%*),
which now reaches 0.75 g, there is still a significant proportion of buildings remaining within
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the DL state. However, the distribution of performance points in SD is much sparser, and almost
20% of the buildings enter the collapse state. The cloud of performance points has a general
shift towards the right, indicating that the displacement demand has increased: some of the
points reach collapse for 20 cm displacement against the 6.5 cm recorded after the August event.
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Figure 11: Performance points (a) and Fragility Functions (b) for Norcia after the 30/10/2016 event

Figure 12 a) and b) show the comparison of the status of N_sample after the first and second
event, respectively. Beside the evident presence of collapses, the fragility functions for lesser
damage states are shifted towards the left, as the residual values of the damage thresholds for
each damage state is smaller than in the buildings exposed to the first event, and they have
greater variability. Such shift is evident in the reduction of the median (6) values and increase
of the standard deviation () of the N_sample for the two events, summarised in Table 4.
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Figure 12: Comparison between percentages of Norcia building stock’s damage between the two seismic events
(a) and the two sets of fragility functions (b) for the 24/08/2016 and the 30/10/2016 events.

6 CONCLUSIONS

A limit state analysis of two samples representative of the two building stocks of Amatrice and
Norcia, affected by the 2016/2017 Central Italy earthquake sequence has been conducted using
the FaMIVE approach and N2 method, with the aim of assessing their seismic capacity and
cumulated damage when exposed to sequences of high shaking, without being repaired. To this
end a simple methodology has been developed whereby the masonry structures are character-
ized by bilinear curves and a capacity spectrum approach s adopted to compute performance
point, using the natural spectra recorded at the sites for the various events.



Two samples with similar geometries and different mechanical characteristics are created on
the basis of an accurate survey conducted in Norcia, and analysis of extensive omnidirectional-
al camera records collected in Amatrice. The approach is successful in delivering buildings
samples representative of the two diverse building stock. The extents of damage observed on
site have been captured by the analytical method chosen and satisfactorily simulated via the
determination of performance points and the derivation of fragility curves. The use of updated
flexibility, reduced ductility and residual damage thresholds successfully capture the damage
evolution through the two main events of the seismic sequence. The updated fragility functions
show reduced median, higher standard deviation and an increase in damage probability of about
15% for the structural damage state.
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