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ABSTRACT

The seismic sequence which started on August 24", 2016, caused hundreds of casualties, damage and collapses in four
regions of Central Italy (Lazio, Umbria, Abruzzo and Marche). The strongest event, which occurred on October 30" (My
6.5), was forerun by four earthquakes with magnitude between 5.4 and 6.0. So far, a total of nine events with magnitude
greater than or equal to 5.0 have taken place in the affected area. The earthquakes were caused by normal faults, all of
them having NW-SE or NNW-SSE strike, approximately along the spine of the Apennine Mountains. The hypocentres
of the events were at a shallow depth, between 8 and 10 km. The building stock in the affected area is mainly characterised
by unreinforced masonry and reinforced concrete ordinary buildings, churches and historical constructions. Different
municipalities, severely damaged, were not classified as seismic prone until 1981, or were originally attributed to a
seismic zone with lower seismicity compared to the current one. This circumstance can explain, to a certain extent, the
observed seismic response. In this study, aimed at interpreting the observed damage, the assessment of the damage
potential of the ground motions recorded during the strongest events is performed by means of conventional and
unconventional parameters. Specifically, elastic spectral demands, in terms of pseudo-accelerations, energies (equivalent
velocity), displacements and rocking rotations are estimated, discussed and, whenever appropriate, compared with those
of Italian seismic codes. Finally, different parameters related to the ground motion records destructiveness are calculated
and compared with those obtained for other Italian earthquakes, highlighting how severe the 2016-2017 seismic sequence

was.
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1 INTRODUCTION

Between August, 2016, and January, 2017, nine events of magnitude greater than or equal to 5.0 struck the central part
of Italy (Table 1). The first two events, which took place on August 24", had My, 6.0 and 5.4, the third and the fourth (M,
5.4 and 5.9) occurred on October 26™, the fifth (My, 6.5) on October 30", and the other four on 18" January, 2017, (My
5.1, 5.5, 5.4, and 5.0). The earthquake of October 30" (M., 6.5) was the strongest that occurred in Italy after the 1980
Irpinia earthquake (My 6.9). The hypocentres of all events were at a shallow depth, approximately between 8 and 10 km.

Table 1. 2016-2017 Central Italy seismic sequence. Events with moment magnitude greater than or equal to 5.0. Id labels
are used in Figure 1.

Id | Date, UTC Mw | Epicentre Dept Latitude | Longitud

h °N e°E

(km)

a 2016-08-24, 02:36:32 | 6.0 | 1 km W of Accumoli (RI) 8 42.70 13.23
b | 2016-08-24,03:33:28 | 5.4 | 5 km E of Norcia (PG) 8 42.79 13.15
c 2016-10-26, 18:10:36 | 5.4 | 3 km SW of Castelsantangelo sul Nera (MC) 9 42.88 13.13
d 2016-10-26, 20:18:05 | 5.9 | 3 km NW of Castelsantangelo sul Nera (MC) 8 42.91 13.13
e 2016-10-30, 06:40:17 | 6.5 | 5 km NE of Norcia (PG) 9 42.83 13.11
f 2017-01-18,09:25:40 | 5.1 | 3 km NE of Montereale (AQ) 9 42.55 13.26
g 2017-01-18, 10:14:09 | 5.5 | 2 km W of Capitignano (AQ) 9 42.53 13.28
h 2017-01-18, 10:25:23 | 5.4 | 3 km S of Capitignano (AQ) 9 42.49 13.31
i 2017-01-18, 13:33:36 | 5.0 | 3 km N of Barete (AQ) 10 42.48 13.28

The main events of the seismic sequence took place in a territory that was affected by relevant earthquakes in the past.
Some of these earthquakes occurred within sequences, even though not equivalent to the present one. For example, the
long and complex sequence of the year 1703, with two main events of magnitude 6.9 and 6.7, that had a much more
widespread impact, occurred in the same area. The current earthquake sequence occurred in a gap between two earlier
damaging events, namely, the 1997 Umbria-Marche seismic sequence to the NW and the 2009 L’Aquila earthquake to
the SE. All the events occurred along the spine of the Apennine Mountain on a normal fault system, according to a NW-
SE or NNW-SSE strike and dip approximately towards SW. The system is extended between Colfiorito and Campotosto
and is potentially capable of earthquakes with magnitude up to 7.0.

The first event of August 24" caused severe damage to the municipalities of Amatrice, Arquata del Tronto and
Accumoli, with 299 fatalities and several hundreds of people injured. The October events produced significant damage
to the municipalities of Norcia and Castelsantagelo sul Nera, without additional fatalities (Tertulliani and Azzaro 2016).
On the whole, Amatrice and Norcia can be considered representative of what was observed during the seismic sequence.
Amatrice, which attracts a substantial touristic flow, suffered the highest toll of human lives, 229, due to a higher exposure
for a famous festival scheduled for the end of the week of the first event, combined with the very poor performance of
dwellings, whereas all the three heritage towers and a six-storey reinforced concrete building were damaged but did not
collapse during the August events (Figure 2a). The reinforced concrete building and the belfry of the towers collapsed at
the end of October, and the bell tower of Sant’ Agostino collapsed in January. Norcia, which is an important municipality
in the affected area, was not significantly damaged by the August events. This circumstance could be attributed to its
seismic history of the last centuries and, particularly, to its 1860 building code, as well as to repair and strengthening
interventions made after the 1979 Norcia and, to a lesser extent, 1997 Umbria-Marche earthquakes (Sorrentino et al.
2017b). However, during the October events, almost all churches in Norcia suffered extremely severe damage (Figure
2b). Such performances are certainly related to different buildings vulnerability (Borri et al. 2017), but are also a result
of the specific demands of the ground motion as will be shown in the following sections.

In this study, the accelerograms recorded at a number of station have been investigated, focusing on their damage
potential. To this aim, different Intensity Measures (IMs) have been estimated, and acceleration, energy, displacement
and rocking spectra have been calculated and analysed in detail. However, due to the extremely large amount of
information collected, only the most significant results are shown and discussed here. For this reason, different subsets of
records have been used to discuss the different features of the earthquake sequence by considering the records with the
highest demands of the corresponding IMs.
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Figure 1. Investigated area. Epicentres of the earthquakes listed in Table 1 (solid stars); surface projection of the faults of
the most severe events; accelerometer stations (dots, numbers refer to the station listed in Table 2). Empty stars represent
the epicentres of previous earthquakes.

Figure 2 a) Amatrlce after the August 24 event. Extensive damage and collapses in ordlnary unreinforced masonry
buildings and damage without collapses in tall buildings: six-storey reinforced concrete building, on the left, and Clock
Tower from Corso Umberto 1. b) Part of the historical centre of Norcia after the October 30" event in the snapshot of a
movie released by the Corps of Firefighters (www.vigilfuoco.tv). Limited damage to ordinary unreinforced masonry
buildings and extensive collapses to churches: 1) Santa Rita, 2) San Francesco, 3) Santa Maria Argentea, 4) San
Benedetto, 5) San Filippo.



http://www.vigilfuoco.tv/

2 RECORDS

The seismic sequence was recorded by the permanent and temporary stations of the Italian National Seismic Network,
managed by the Italian National Institute of Geophysics and Volcanology, as well as by the Italian National
Accelerometric Network, managed by the Department of Civil Protection. The records of all events are collected in the
Engineering Strong Motion database (Luzi et al. 2016).

In this study, stations that recorded the nine events reported in Table 1 and that are placed within about 40 km from
the respective epicentres are considered. Those stations whose records have been explicitly discussed are listed in Table
2, together with their geographical coordinates and site classification, according to the Italian Building Standard (DMIT
2018). It should be noted that the station of Forca Canapine (FCC) isnot included in the present study, although it recorded
high value of Peak Ground Acceleration (PGA), because it is currently under revision.

In Figure 1 there are shown the epicentres of the events, the recording stations considered, and the surface projection
of the faults of the three events with the largest magnitude (Tinti et al. 2016; Chiaraluce et al. 2017).

Table 2. Strong motion stations of Central Italy earthquakes of 2016-2017, explicitly mentioned in this study (Figure 1)

ID | Station Lat. °N Lon. °E | Station Name Site class
1| CMI 42.850 13.093 | Campi c*
2| NRC 42.793 13.096 | Norcia B
3| CNE 42.894 13.153 | Castelsantangelo Sul Nera C*
4| NOR 42.792 13.092 | Norcia Le Castellina B
5| ACC 42.696 13.242 | Accumoli A*
6 | T1201 42.657 13.251 | Domo B*
7| AMT 42.632 13.286 | Amatrice B
8| CLF 43.037 12.920 | Colfiorito D
9 FOC 43.026 12.897 | Foligno-Colfiorito C*

10| PCB 42.558 13.338 | Poggio Cancelli (Base Diga) B*

11| MSC 42.527 13.351 | Mascioni (Campotosto) B*

12 | MSCT 42.527 13.351 | Mascioni B*

13| NCR 43.112 12.785 | Nocera Umbra E

14| CLO 42.829 13.206 | Castelluccio di Norcia A*

15 | T1213 42.725 13.126 | Savelli PG A*

* Site classification is not based on a direct Vs 30 (average shear wave velocity in the top 30 m) measurement.

3 INTENSITY MEASURES

Table 3 shows the selected Intensity Measures (IMs) of the horizontal components considered in this study. With the
aim of comparison, the same IMs have been estimated for other Italian earthquakes. In addition to classical instrumental
PGA and Peak Ground Velocity (PGV), other parameters useful in the interpretation of the damage potential of ground
motion have been considered:

e  Maximum Incremental Velocity (IV), given by the area enclosed by the largest acceleration pulse (Anderson and
Bertero 1987).
e  Housner intensity (I4), defined as the area below the elastic pseudo-velocity spectrum between the periods of 0.1 s

. 25 1 25 . . .
and 2.5s: I, = Io.l S, (T E= 0_05) dT = 57 Jos S (T E= 0_05)-rd-|- ; Where Sy is the pseudo-velocity at the

undamped natural period T and damping ratio &= 0.05, and Spa is the pseudo-acceleration at the undamped natural
period T and damping ratio &= 0.05 (Housner 1952). Housner Intensity can also be considered as the first moment
of the area of Spa (0.1 s < T < 2.5 s) about the Spa axis. This implies that it is larger for ground motions with a
significant amount of low frequency content. Dimensionally, Housner Intensity is a displacement.

o  Effective Peak Acceleration EPA (ATC 1978), given by the mean pseudo-acceleration, Spam, in the period range
0.1-0.5 s, divided by 2.5 (EPA = Spam/2.5). The empirical constant 2.5 is essentially an amplification factor of the
response spectrum obtained from real peak value records. If the ground motion consists of high frequency
components, that generally have little effect on the seismic responses of structures, EPA will be obviously smaller
than the actual peak value.

e  Trifunac and Brady strong motion duration (tp): to = to.s5 — toos; Where to.05 and to.95 are the time values at which the
5% and 95% of the time integral of the history of squared accelerations are reached, respectively (Trifunac and
Brady 1975).



e  Avrias Intensity (1»), which represents the sum of the total energies, per unit mass, stored at the end of the earthquake

T

ground motion, in a population of undamped linear oscillators (Arias 1970): I, = gfot" az(t)dt . Arias Intensity,

that dimensionally is a velocity, can be correlated to the damage (Cabarias et al. 1997) but tends to overestimate the
intensity of an earthquake with long duration, high acceleration and broad band frequency content (Uang and Bertero
1988).

The highest PGA values for the most significant six events of the sequence are boldface in Table 3. They were recorded
in Amatrice, Campi, Savelli and Poggio Cancelli. These values, which range between 0.56 g to 0.87 g, have been hardly
reached in Italy during other recent events. Only the ANR_N record of the 1972 Ancona event (M. 4.7), the GMN_E
record of the September 1976 Friuli event (My 5.9), the NCR_E record of the 1997 Umbria-Marche event (M, 6.0) and
the AQV records of the 2009 L’Aquila earthquake (M, 6.3) show comparable values.

Compared to the PGA, the velocity-based parameters provide a better approach to the definition of the destructive
potential of earthquakes (Decanini et al. 2012). The highest PGV values (boldface in Table 3), measured in Amatrice,
Campi, Norcia, Domo, Castelluccio di Norcia and Savelli range between 43.6 and 83.0 cm/s. Looking at previous Italian
earthquakes, the largest PGV values recorded on Italian territory are related to the September 1976 Friuli event (My 5.9),
where a PGV of 68.4 cm/s was measured (GMN _E record), to the 1980 Irpinia earthquake (M, 6.9), where a PGV of 70
cm/s was measured (Sturno_E record) and to the 2012 Emilia earthquake (My 6.0), where a PGV of 57.5 cm/s was
recorded (Mirandola, MRN_N record).

Some interesting points arise when looking at the IV and I+ parameters. The largest values were found for the stations
located in the near fault areas. Particularly, for the October 30" event it is possible to observe the highest values ever
recorded in Italy: IV =94 cm/s and Iy = 253.8 cm for NOR_E record; IV = 84.5 cm/s and Iy = 203.4 cm for NRC_E
record; IV =123.7 cm/s and 1y = 212.7 cm for T1201 record; and IV = 94.6 cm/s and |y = 234.7 cm for CLO_E record.
High values of Iy, as already mentioned, indicate that the acceleration spectrum is shifted towards low frequencies, as
will be highlighted by acceleration and energy spectra. This is also an index of the presence of long duration pulses due
to directivity or soil amplification effects. Considering the extremely good correlation between damage to churches and
In (Marotta et al. 2017b), as well as the sensitivity of local mechanisms to long period pulses (Sorrentino et al. 2014),
systematic damage to churches in Norcia after the October 30™ event (Figure 2b) can find some explanation. In addition,
the comparison between PGA and EPA values highlights the presence of high frequency components. For example, it is
possible to observe for the records AMT_E (August 24", M,, 6.0), CMI_E (October 26™, M, 5.4), CMI_E (October 26™,
My, 5.9), and T1213 (October 30™, My, 6.5) the same EPA value (0.6 g) but different PGA values, i.e. 0.87 g, 0.72 g, and
0.65 g, and 0.79 g, respectively. It is also noted that EPA values in the 2016-2017 sequence are larger than the largest
value measured in Italian past earthquakes, which is equal to 0.51 g (Nocera Umbra NS record, 1997 Umbria-Marche
earthquake, My, 6.0).

As far as the effective duration of the motion is concerned, the Trifunac and Brady duration, tp, is in the range 1.2-20.4
s for the whole database. These values show that the significant phase of the motion was quite short. However, the duration
alone cannot be considered a suitable index for the characterisation of the damage potential because in some cases, due
to directivity effects, high destructive capacity of the ground motion corresponds to a short effective duration (Mollaioli
et al. 2006). The effective duration depends also on the soil type under the recording instruments and the magnitude of
the event. The largest Arias Intensity value, 1a, equal to 602.4 cm/s, was achieved for the T1213 N record (October 30™,
Mw 6.5). However, for this record it is possible to note a prominent high-frequency content with maximum spectral
amplification in the range of periods between 0.00 and 0.25 s.



Table 3. Intensity Measures of horizontal components of selected records. Boldface values for event maximum values.

Station Location Site De D¢ PGA PGV v In EPA o Ia
name class [ (km) (km) (9) (cm/s) | (cm/s) | (cm) (9) (s) | (cmis)
24™ August, 2016 - My 6.0

AMT_E Amatrice B 8.9 1.4 0.87 43.6 62.9 75.1 0.61 3.7 | 187.9
AMT_N Amatrice B 8.9 1.4 0.38 41.5 58.9 1129 | 0.29 3.2 72.0
NRC_E Norcia B 13.7 2.0 0.36 29.8 48.1 107.0 | 0.31 6.0 | 104.2
NRC_N Norcia B 13.7 2.0 0.37 23.7 28.9 80.1 0.30 6.3 82.3
26" October, 2016 - Mw 5.4

CMI_E Campi C* 4.4 - 0.72 55.7 95.5 129.9 | 0.60 2.6 | 2429
CMI_N Campi C* 4.4 - 0.34 18.6 32.7 40.5 0.27 4.6 59.9
CNE_E Castelsantangelo sul Nera | C* 2.6 - 0.56 17.3 28.8 33.5 0.35 3.9 | 117.6
FOC_E Foligno Colfiorito C* 25.3 - 0.34 13.0 21.5 15.8 0.23 3.9 49.6
NOR_E Norcia B 9.8 - 0.16 21.7 42.2 75.1 0.12 8.8 24.1
NRC_E Norcia B 10.3 - 0.30 25.8 27.6 65.0 0.21 5.6 36.5
26" October, 2016 - Mw 5.9

CMI_E Campi C* 7.1 3.5 0.65 43.8 69.4 1416 | 0.60 53 | 227.0
CMI_N Campi C* 7.1 3.5 0.31 25.9 34.2 62.7 0.29 7.8 98.6
CNE_E Castelsantangelo sul Nera | C* 3.1 0.0 0.54 23.1 37.4 79.2 0.39 45 | 116.2
CNE_N Castelsantangelo sul Nera | C* 3.1 0.0 0.38 36.5 48.9 98.3 0.32 5.2 | 102.0
FOC_E Foligno Colfiorito C* 23.0 175 | 0.62 20.0 39.6 31.5 0.45 52 | 201.8
NOR_E Norcia B 13.3 8.0 0.22 20.9 30.3 62.6 016 | 173 | 276
NRC_E Norcia B 13.9 7.8 0.25 16.2 27.6 51.3 0.16 11.8 | 30.4
30" October, 2016 — My 6.5

ACC_E Accumoli A* 19.4 0.0 0.43 44.1 74.1 140.3 | 0.39 55 | 200.5
AMT_E Amatrice B 27.2 7.1 0.53 37.9 50.9 89.8 0.40 5.3 | 1555
NOR_E Norcia B 4.9 2.5 0.31 56.3 94.0 2538 | 0.26 | 15.1 | 288.7
NRC_E Norcia B 5.4 2.2 0.49 48.3 84.5 2034 | 0.46 | 104 | 3624
T1201_N | Domo B* 23.3 3.3 0.48 83.0 1237 | 212.7 | 0.35 46 | 223.6
CLO E Castelluccio di Norcia A* 7.8 3.7 0.43 52.2 94.6 2347 | 0.33 9.6 | 245.4
CLO N Castelluccio di Norcia A* 7.8 3.7 0.58 66.1 102.7 | 203.7 | 0.50 9.1 | 422.3
T1213_E | Savelli PG A* 12 0.0 0.79 60.7 89.5 152.1 | 0.60 6.5 | 602.4
18" January, 2017 — Mw 5.5

AMT_E Amatrice B 11.5 - 0.31 16.1 23.5 31.9 0.23 2.9 34.8
AMT_N Amatrice B 11.5 - 0.33 15.8 25.8 43.6 024 | 22 36.8
MSCT_N | Mascioni (Campotosto) 2 | B* 5.6 - 0.27 16.5 26.0 31.4 0.21 3.9 36.2
MSC_N Mascioni (Campotosto) B* 5.6 - 0.25 15.7 25.1 30.2 0.20 3.9 32.7
PCB_E Poggio Cancelli B* 5.6 - 0.41 16.9 29.3 40.7 0.35 2.6 94.2
PCB_N Poggio Cancelli B* 5.6 - 0.59 21.0 35.0 48.3 0.48 2.2 | 1935
18" January, 2017 - My 5.4

AMT_E Amatrice B 15.5 - 0.16 10.2 15.7 19.9 0.14 | 3.7 15.0
AMT_N Amatrice B 15.5 - 0.17 9.2 10.5 18.4 0.09 4.2 5.9
MSCT_E | Mascioni (Campotosto) 2 | B* 4.9 - 0.23 17.0 23.8 50.0 0.16 4.0 26.5
MSC_E Mascioni (Campotosto) B* 4.9 - 0.21 16.1 22.5 47.7 0.15 4.0 23.0
PCB_E Poggio_Cancelli B* 7.4 - 0.39 11.8 22.5 35.7 0.21 4.1 45.2
PCB_N Poggio_Cancelli B* 7.4 - 0.56 19.3 36.0 46.3 0.37 3.8 | 120.0

e = epicentral distance; Dr = distance between the recording station and the surface projection of the fault; PGA = Peak Ground
Acceleration; PGV = Peak Ground Velocity; IV = maximum Incremental Velocity; Ia = Arias Intensity; to = Trifunac and Brady
duration; In = Housner Intensity; EPA = Effective Peak Acceleration.

4  CONVENTIONAL LINEAR-ELASTIC DAMPED SPECTRA

4.1 Pseudo-acceleration spectra of the horizontal components

In Figure 3, the 5% damped elastic pseudo-acceleration spectra are shown for the horizontal components of the six
events of the seismic sequence with largest ordinates (Table 3). Peak values of the August 24" event occur in the range
of period 0.1-0.5 s with a fast decrease for higher periods. The fundamental period of vibration of ordinary unreinforced
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masonry and reinforced concrete buildings can be estimated using the simplified formula in the Italian building standard
(DMIT 2018), which depends only on material and building height. Typical height of unreinforced masonry buildings in
the historical centre of Amatrice was about 10-12 m (Fumagalli et al. 2017), resulting in a fundamental period of about
0.3 s. The six-storey reinforced building that survived the August event results in a period more than double (Figure 2a).
A similar value can be estimated for the Clock Tower, based on the formula suggested by Curti et al. (2012). The AMT
station is located about 400 m from the Clock Tower and there is a difference of altitude of about 70 m, therefore the
actual shaking in Amatrice historical centre is unknown. Nonetheless, there is some indication that seismic demand has
been rather severe on ordinary unreinforced masonry buildings and somewhat more limited on taller structures.
Prevalence of high demand in the low periods range is observed also in all other events, with the exception of the
October 30" one, which exhibits a richest frequency content with secondary peaks at longer periods. For this event, values
of spectral acceleration exceeding 1.0 g are detected also for periods around 1.0 s, for both Norcia stations despite the
different position (about 400 m distance) and NOR station being housed within a massive structure. Such high demands
for medium-long periods can explain the extensive damage to churches observed in Norcia (Figure 2b), considering the
sensitivity of their local mechanisms to low frequencies (Marotta et al. 2017D).
Maximum values of spectral acceleration are close, or even greater than 2.0 g. Such values are higher than the spectral
accelerations of recent events occurred in the Central Apennine area (Decanini et al. 2000, 2012).
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Figure 3. Largest pseudo-acceleration spectra for the six main events of the sequence.

4.2  Comparison with Italian seismic codes

It is important to highlight that the wide majority, if not the entirety, of collapses or severe damage in recent earthquakes
involved buildings not complying with the requirements of current seismic codes. Therefore, in order to understand the
relation between the observed damage scenario and the intensity of the seismic sequence, it is important to look at the
updating of the seismic classification and seismic code.

The evolution of the Italian Seismic Code was characterized by various discontinuities since its first introduction
(Sorrentino 2007). An outline is presented in Table 4. Major modifications date back to 1975 (DMLP 1975), when the
response spectrum was introduced for the first time, and to 1996 (DMLP 1996), when the limit state method was included,
as alternative to the allowable stress method. Due to the introduction of additional coefficients to be used within the limit
state procedure (DMLP 1996), the comparison between design spectra prescribed before and after 1996 is possible only
by multiplying the seismic lateral coefficient of the former by a factor depending on the material (e.g. 2.25 for concrete)
and a coefficient to convert the design spectrum into an elastic one (behaviour factor). For example, with reference to a
seismic coefficient of 0.07 (year 1962 in Table 4) and assuming a behavior factor of 4, the plateau of the elastic design
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spectrum for seismic zone 2, is equal to 0.63 g for concrete structures (Decanini et al. 2012). Another important changes
occurred in 2003, with the introduction of the capacity design method (OPCM 2003). This updating process brought to
the release of a comprehensive building code in 2008 (DMI 2008), which has been recently revised (DMIT 2018).

The seismic classification has also been updated several times in the last century. From the 1908 Messina and Southern
Calabria earthquake to 1974, municipalities were classified as seismic prone and subjected to rigorous standards for
construction only after being severely damaged by earthquakes. In some cases, there has been a declassification under
local pressure to deregulate construction business. In 1981, it was proposed to classify the national territory in three
seismic zones, which, however, covered only half of the country. After the 2002 Molise earthquake, the whole country
was reclassified in four seismic zones (OPCM 2003). Finally, since 2008 (DMI 2008), the expected maximum
acceleration at the site is no longer defined by dividing the territory in seismic zones, but as a function of geographic
coordinates of the site, return period and different percentiles of the spectral ordinates confidence level (16™, 50" and
84t),

Table 4. Evolution of the Italian Seismic Code, main changes throughout the last century.

Year Major code changes

One seismic zone (small part of the Italian territory) with seismic coefficient equal to 1/8 or 1/6,
1909 depending on the building height. Prescriptions about building dimensions and distances.
Introduction of the second seismic zone, in which the prescribed seismic coefficient is 1/10 or 1/8,
1927 depending on the building height.

1937 Seismic coefficient equal to 0.10 and 0.05 in seismic zones 1 and 2, respectively.

1962 Seismic coefficient in seismic zone 2 increased to 0.07.

Introduction of the response spectrum, constant values (same values of the seismic coefficient as in
1975 1962) up to 0.8 s and decreasing hyperbolic curve for higher periods.

Introduction of the third seismic zone, significant increment of the number of municipalities
1984- classified as seismic prone. Spectral ordinates at low periods (0.0-0.8 s) equal to 0.10, 0.07 and 0.04
1986 gin zone 1, 2 and 3, respectively.

Introduction of the limit state method, as alternative to the allowable stress method (both methods
1996 were permitted).

Introduction of a fourth seismic zone. The whole territory is included in the seismic classification.
2003 Introduction of the capacity design method. Spectrum shape derived from EuroCode 8.
Comprehensive Building Code. Site specific peak ground and spectral accelerations defined for
2008 different probability of exceedance.

2018 Revision of the 2008 Building Code. Response spectra are the same as in the 2008 code.

Considering the municipalities affected by the earthquake sequence, the following observations can be made:

e  Several municipalities of the epicentral areas were classified as seismic prone only during the 1980s. For example
Nocera Umbra and Foligno (Umbria region) were classified in 1981, whereas the municipalities in the Marche
region, e.g. Ussita, Visso and Arquata del Tronto, were classified in 1983. The majority of the damaged buildings
were constructed before and, consequently, designed without any seismic prescription.

e  To some municipalities classified before the 1980s (e.g., Accumoli and Amatrice) a lower than current seismic
hazard was attributed;

e  For the municipalities classified before the 1980s no spectrum was used until 1975.

Finally, a particular attention should be devoted to Norcia, classified in the highest seismicity zone until 2008, when
the seismic zones were replaced by the current approach. After the 1859 earthquake, the buildings were reconstructed
with a limited number of storeys and specific details to improve earthquake performance (Sorrentino et al. 2017h).
Moreover, Norcia was subjected, in 1979, to an earthquake with Mercalli-Cancani-Sieberg (MCS) intensity VIII, with
source-to-site distances ranging from 15 to 20 km. Subsequently, buildings were repaired and reinforced. After the 1997
Umbria-Marche seismic sequence some damage was observed and new interventions were applied. Therefore, a large
part of the building stock in Norcia was strengthened (Sisti et al. 2017).

In Figure 4 the pseudo-acceleration response spectra associated to the most severe horizontal ground motions recorded
during the 24" August and 30" October events by the stations of Amatrice (AMT) and Norcia (NRC) are compared with
the elastic spectra provided by the Italian seismic code (DMIT 2018) at the corresponding sites for soil class B and three
different return periods Tr = 475, 975 and 2475 years, corresponding to probabilities of exceedance in 50 years equal to
10%, 5% and 2%, respectively. The comparison of individual records with code spectra is a delicate task (Crowley et al.
2009; lervolino 2013) due to a number of reasons, the first of which being the probabilistic nature of the latter, which are
based on uniform hazard spectra (Stucchi et al. 2011). Nonetheless, some valuable results can be highlighted by such a
comparison. In the same figure, the spectrum of the 1996 Italian Code (DMLP 1996) is also shown.

First of all, it is possible to observe that the AMT _E spectra largely exceed, in the plateau range of periods, the 2475
year return period spectrum. A similar circumstance is detected for the Norcia records (NRC) of August 24" and October
30t". Moreover, for the NRC_E component, and, to a lesser extent, for the NRC_N component, of the October 30" event,
it is also observed the presence of secondary peaks exceeding all the design spectra for vibration periods between about
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0.7 and 1.5 s (Figure 4b). This occurrence suggests the possible presence of pulses due to forward directivity effects (see
also 8§ 5), even though Bindi et al. (2011) highlighted that the Norcia sites are affected by strong amplifications in the
frequency range 0.5-5 Hz due to the particular soil characteristic. To identify the presence of pulses, further analyses
have been then performed using Baker’s method (2007), the variational mode decomposition technique (Dragomiretskiy
and Zosso 2014) and the approach suggested by Zhai et al. (2013), also reported in Chang et al. (2016). Such analyses
clearly identified the presence of pulses, although they cannot be directly related to the physical rupture process.
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Figure 4. Largest pseudo-acceleration response spectra of the horizontal ground motions recorded during the August 24
and October 30™ events compared to the elastic spectra provided by current (DMIT 2018) and mid 1990s (DMLP 1996)
Italian seismic codes. Stations of: a) Amatrice (AMT), and b) Norcia (NRC).

4.3 Vertical component

The acceleration spectra of the vertical component of the August 24™ and October 30" events are shown in Figure 5.
The spectra are grouped according to the distance between the recording station and the surface projection of the fault,
Dx. For the October 30" event, mean spectra are also shown. The vertical spectral accelerations are significant, especially
in the near fault. Peak values are generally attained in the period range 0.00-0.35 s. Nevertheless, in some cases large
vertical spectral accelerations are observed at longer periods. For example, with reference to the August 24™ event, the
AMT spectrum (Amatrice station) exhibits vertical acceleration of about 0.5 g at 0.5 s. Considering the October 30™ event,
the CLO spectrum shows two peaks: the first one at 0.2 s (2.20 g) and the second one at 0.45 s (1.26 g). The same trends
are observed in several stations for different events of the sequence.

Vertical elastic code spectra in Amatrice for three return periods, i.e. 475, 975 and 2475 years, are depicted in Figure
5 as well. Code spectra in Norcia are almost the same as those in Amatrice, due to the proximity of the two locations to
one another. Considering the near fault records (Ds < 5 km), the event of October 30" appears extremely severe, with the
mean spectral values significantly higher than those of the code spectra for the return period of 2475 years. For the stations
with distances Dy in the distance range 5-12 km, the mean spectra approximate fairly well the 2475 years return period
code spectrum. With reference to the August 24™ event, for some records the spectral accelerations in the period range
0.5-1.0 s exceeds the median elastic code spectra.

Finally, although not shown herein for the sake of conciseness, the most severe vertical acceleration spectra of the
Central Italy earthquake have been compared to those of the 2009 L’Aquila earthquake (Decanini et al. 2012) and the
2012 Emilia event, where the effect of the vertical component was significant (Liberatore et al. 2013). These other records
exhibit considerable vertical spectral accelerations at periods less than or equal to 0.1 s. The Central Italy record CLO is
shifted towards higher periods, showing to be the most severe for periods greater than 0.15 s. In this period range, due to
the simultaneous presence of a high horizontal seismic demand, the presence of the vertical component may negatively
affect the response of framed structures, due to the variation of the axial force in the columns and the consequent reduction
of their shear capacity (Decanini et al. 2002; Shrestha 2009).
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Figure 5. Vertical acceleration spectra grouped according to the distance to the fault. Code spectra (DMIT 2018) related
to Amatrice.

5 ENERGY SPECTRA (EQUIVALENT VELOCITY)

Various approaches to seismic design beyond the traditional force-based procedures in the context of Performance
Based Seismic Design were proposed. These include the displacement-based design methods and the energy-based
formulations. Energy-based procedures, wherein the energy imparted to the structure by the earthquake is balanced by
providing adequate energy dissipation capacity, can also form the basis of estimating expected seismic demands, assessing
in this way the destructive potential of earthquake ground motions. Two different input energies can be considered for a
single degree of freedom system (Uang and Bertero 1990): the absolute input energy,
E, = fotmu'adug, and the relative input energy, E,, = fotmilrdug, where m is the mass of the oscillator, ii, and ii, are

the absolute and relative accelerations, respectively, and u, is the ground displacement. These two energy parameters can
be converted into equivalent velocities using the following relations: Vi, = +/2 E;./m and Vg, = /2 Ep,./m.
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Figure 6. Comparison with Elastic Input Energy Design Spectra proposed in Decanini and Mollaioli (1998). a) 6.5 < My
< 7.1, distance Ds < 5 km, Soil S1 and S2. Sturno spectrum of the 1980 Irpinia earthquake (My 6.9) is also shown; b) 5.4
< My < 6.2, distance D < 5 km, Soil S1 and S2.

In the following, for the sake of brevity, only the case of absolute input energy is discussed. In Figure 6 and Figure 7,
a comparison is shown between Elastic Input Energy Design Spectra proposed by Decanini and Mollaioli (1998) and the
input energy spectra of significant records of the 2016 seismic sequence as well as the largest input energy spectra ever
obtained in recorded Italian earthquakes.

Decanini and Mollaioli design spectra, here presented for soil classes S1 an S2 corresponding approximately to A and
B-C classes of the Italian building code (DMIT 2018), are defined to match the mean plus a standard deviation of a set of
about 300 accelerograms. These figures highlight the severe damage potential of some records of the sequence. The
NOR_E and NRC_E, roughly oriented according to the fault-normal direction in the near fault area, present distinct peaks
in the range of periods between 0.85-1.50 s, which approximately correspond to the durations of the forward directivity
pulses (Mollaioli and Bosi 2012). Particularly, NOR_E exceeds the design spectra, even though only close to its maximum
value, which exceeds 72 000 cm?/s? and is the highest ever recorded in Italy. Thus, it is confirmed that, for near fault
records, maximum energy demands shift towards low frequencies with increasing magnitude (Mollaioli and Bosi 2012).
The high energy demand, E; max= 21 935 cm?/s?, for the CMI_E component of the My, 5.4 October 26™ event, is the highest
value observed in Italy for low magnitude events (Figure 6b). This value is also comparable, in the same range of periods,
with the maximum energy demand of the T0818_N component (Ejmax = 19 153 cm?/s?) recorded during the 2012 Emilia
earthquake on soil C (Figure 7).
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Figure 7. Comparison of Elastic Input Energy Design Spectra proposed in Decanini and Mollaioli (1998) with input
energy spectra of records obtained during the 2009 L’Aquila earthquake (AQK_N, AQK_E, AQV_E), the 2012 Emilia
earthquake (MRN_N and T0818_N), and the 1997 Umbria-Marche earthquake (R1168_E).
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Figure 8. Comparison of the prediction of elastic input energy equivalent velocities (Cheng et al. 2014) with AMT_E and
AMT _N components of the Amatrice recording station of August 24" (a) and with NOR_E and NCR_N components of
the two Norcia recording stations of the October 30™ (b). Input for calculation of these spectra are: distance = 0.5 km, Vs,
30 = 400 m/s, and My, 6.0 (a) and My, 6.5 (b).

The severity of the two strongest events of the sequence in the near fault region can also be appreciated in Figure 8,
where the AMT components (August 24" event) and the NOR_E and NRC_E components (October 30™ event) are
compared with the spectra obtained from recent proposed ground motion prediction equations of elastic input energy
equivalent velocity (Cheng et al. 2014). Mainly, while for the case of AMT the highest demand is concentrated in the
high-frequency range, the predicted spectra are significantly exceeded by the NOR_E and NRC_E spectra in the medium-
period range (between 0.85 and 2.00 s).

It was observed that the dynamic characteristics of ground shaking can significantly differ as a function of the location
of the recording station with respect to the fault and the evolution of the rupture process, particularly when the recording
station is placed in the near fault area. It is well known that, under certain conditions, earthquake ground motions can
consist of a limited number of distinct velocity medium-to-long duration pulses. Such impulsive characteristic of near-
source ground motions reflects on the maximum energy demand (Mollaioli et al. 2006, 2011; Mollaioli and Bosi 2012).
Moreover, the period corresponding to the energy peak in the medium-to-long duration range is strictly correlated with
the pulse duration (Mollaioli and Bosi 2012; Mollaioli et al. 2014).

The parameters of the finite-fault geometries shown in Figure 1 permit to infer that the pulse-like features of some
records could be due to forward directivity effect. The August 24" event shows substantially a bilateral rupture that started
below the town of Accumoli toward SE and then moved toward north. The bilateral rupture could explain some observed
effects, toward N-NW and toward SE in terms of peak values and frequency content. With reference to the August 24™
event, the Amatrice station, located at the south of the surface projection of the fault (Figure 1), shows the maximum
energy at periods of 0.35 s (10 179 cm?/s?) and 0.60 s (6747 cm?/s?) for the EW and NS components, respectively (Figure
6b). These peaks are then followed by a uniform energy demand decrease with increasing periods, without any other
secondary peaks that could suggest the presence of long duration pulses (Mollaioli and Bosi 2012). In fact, the AMT
ground motion shows evidence of polarization in the fault-normal direction only at short periods (< 0.80 s). On the
contrary, for the same event, the NRC motion (EW component) shows higher amplitudes in the energy spectrum at 0.25,
0.75, and 1.25 s, with comparable values around 5600 cm?/s? (Figure 6b). AMT has a shorter duration compared to NRC
and a higher energy content. The length of the NRC recording and the presence of secondary peaks at longer periods
could be ascribed also to possible site and soil effects (Lanzano et al. 2016).

In order to check the possibility of forward directivity effects, firstly, the energy demands have been evaluated for
multiple orientations, by projecting the two components according to different angles. It was found, for the near fault
records of the August 24™ event, neither polarization of the ground motions in the fault-normal direction nor the presence
of appreciable pulse-like characteristics of the signals in terms of maximum energy demands in the EW direction, except
for AMT station. However, using the techniques mentioned in § 4.2 (Baker 2007; Zhai et al. 2013; Dragomiretskiy and
Z0ss0 2014), the presence of pulses has been identified for the stations of NOR, NRC and AMT, as shown by Luzi et al.
(2017) and lervolino et al. (2017). As already underlined, it is more difficult to identify the presence of pulses in energy
spectra when, due to soil amplification, there are several peaks, as in the case of NOR and NRC stations.
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The October 26" events (M, 5.4 and 5.9), occurred nearby Castelsantangelo sul Nera, activated another sector located
to the NW of the first event, with a rupture propagation toward the N, i.e. toward Colfiorito, that released a moderate
amount of seismic moment (Pischiutta et al. 2016). For the CMI records the maximum energy demand was discovered
for the EW direction, nearly along the direction normal to the fault. For this station, at least two of the methods mentioned
above indicated the pulse-like characteristic of the motion. The periods related to the maximum energy demand
correspond approximately to the periods of the pulses shown in Figure 10, where the velocity time histories are reported
together with the pulses extracted according to Baker (2007), even though the Baker’s pulse indicator did not detect a
pulse-like signal for the My, 5.9 event.

Directivity effects were observed for the M,, 6.5 event of October 30", as shown in Figure 9. The maximum energy
demand (Eimax = 72 178 cm?/s?) is obtained for the NOR station (no. 4 in Figure 1) approximately along the fault-normal
direction. A pulse-like motion is recognised in this direction by using the variational mode decomposition technique
(Dragomiretskiy and Zosso 2014). The NRC station (no. 2 in Figure 1) presents its maximum energy demand nearly along
the EW direction. In this case the variational approach indicated a pulse-like motion as well. According to this approach,
the records are decomposed into different modes. Each extracted modes has been then analysed according to Baker’s
method, founding a score of the pulse indicator equal to 1 for the first mode, which indicates a pulse-like signal. It is
useful to mention that Baker’s method did not directly identify NOR and NRC original records as pulse-like for the
October 30" event, probably due to the fact that the pulse is a late arrival one and it is therefore disregarded. Finally,
records of the T1201 station (no. 6 in Figure 1) reach maximum values approximately along the NS direction (Figure 9),
as identified by Luzi et al. (2017) and lervolino et al. (2017). Other records with lower velocities were not considered for
these analyses.
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Figure 9. Plot of maximum energy demand for different orientations.
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Figure 10. Velocity time histories and pulses extracted according to Baker (2007) for the October 26" events, CMI
records.
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Near fault and directivity pulses, as those highlighted in Figure 10, should be taken into account by current codes. As
a matter of fact, even if the effects of moderate to large earthquakes in the near fault area are known, only some seismic
codes have considered them in their provisions (Somerville et al. 1997; lervolino and Cornell 2008; Almufti et al. 2015).
It is important to underline that when the effects of forward directivity and pulse-like ground motions are not included in
the building fragility curves, the probability of collapse can be significantly underestimated (Champion and Liel 2012).
The last two versions of the Italian building code (DMI 2008; DMIT 2018) do not consider near fault effects in the seismic
design of structures, even though such effects were observed after Italian medium-magnitude earthquakes (Grimaz and
Malisan 2014). Moreover, near fault effects are usually considered in seismic codes only for earthquakes with magnitude
greater than 6.5. Indication of near-fault effects and presence of pulses in the recorded ground motions have been observed
also after seismic events with lower magnitudes, such as the My, 6.3 L’Aquila earthquake (Chioccarelli and lervolino
2010).

Finally, the seismic behaviour of structures subject to pulse-like ground motions is still a matter of studies (Rodriguez-
Marek and Bray 2006; Baker 2007; Shahi and Baker 2011; Quaranta and Mollaioli 2018), and further research is needed
to define appropriate intensity measures capable to characterize the presence of pulses and their damage potential in
forward directivity ground motions (Mollaioli et al. 2006; Mollaioli and Bosi 2012; Chang et al. 2016).

6 DISPLACEMENT SPECTRA

Elastic displacement spectra, Sq, have been calculated for accelerograms with Dr < 40 km. Considering the event of
August 24", the largest spectral displacements are obtained in Amatrice and Norcia stations, where a peak value of about
15 cmis reached. No significant difference between the NS and EW components is noted in Norcia, whereas a prevalence
of the NS component is evident in Amatrice. For the event of October 26" spectral displacements are generally lower
than 10 cm, with the exception of the EW component of the accelerogram recorded in Campi, where a peak value of 14
cm is attained. Displacements estimated for the event of October 30'" are considerably larger, consistently with the larger
magnitude. Values as high as 45 cm are estimated in Norcia.

To investigate the influence of the source distance, displacement spectra have been grouped according to the distance
between the recording station and the surface projection of the fault, Dr. Four distance intervals are considered, namely
D <5km;5<Ds<12km, 12 < Ds < 30 km and D > 30 km. As expected, the attenuation of the displacement demand
with increasing distance is remarkable. Regarding the events occurred on August 24™ (M,, 6.0) and October 30" (M, 6.5)
displacement spectra are shown in Figure 11 for records having Dr <5 km. In the same figures there are presented: the
average spectra, the average plus and minus one standard deviation spectra, the displacement design spectra proposed by
Decanini et al. (2003) as well as the displacement response spectra based on the prediction equations by Cauzzi and
Faccioli (2008). The Decanini et al. design spectra are bi-linear curves defined so as to approach the mean plus a standard
deviation of a set of about 300 accelerograms. They are defined for two intervals of magnitudes, i.e. 5.4-6.2 and 6.5-7.1,
for different ranges of Dr and different soil types, namely S1, S2 and S3, roughly corresponding to A, B-C and D soils,
respectively. The spectra based on the prediction equations proposed by Cauzzi and Faccioli (2008), which are derived
by employing a very large data set (more than 1150 records), are continuous functions with coefficients depending on the
magnitude of the event, focal distance and soil type (A, B, C, D). The error term is explicitly considered in this model
and it is used herein for the estimation of the mean + one standard deviation spectra. Figure 11a highlights that the
Decanini et al. design spectra overestimate the displacement demand of the August 24™ event, whereas an opposite result
is obtained with the Cauzzi and Faccioli spectra. For the October 30™ event, in some cases the displacement demand in

the near fault (Dr <5 km) is underestlmated by both predrctrng models (Frgure 11b) %enthapda#ragetestrueturawnd

In Frgure 12, drsplacement spectra of Amatrlce (AMT statlon) and Norcra (NRC and NOR statrons) are compared with
the Italian code design spectra for 475, 975 and 2475 years return periods (DMIT 2018). Considering the October 30™
event, the displacement demand in Norcia exceeds the code spectra (Frgure 12b), especrally in the short to medrum perrod
range, up to about 2 s.

also-in-the-medium-period-range—A better agreement is obtarned in other cases (eg see Frgure 12a) vvhere the

displacement demand is generally near or below the design spectra.
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Figure 11. Displacement spectra for a distance from the fault Dr < 5 km: a) August 24", b) October 30" events.
Comparison to design spectra proposed by Decanini et al. (2003), for an intermediate soil (S2), and the spectra based on
the prediction equations by Cauzzi and Faccioli (2008).
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Figure 12. Comparison between records and code displacement spectra: a) Amatrice, August 24™ event; b) Norcia,
October 30™ event. Black lines refer to code design spectra (DMIT 2018), estimated for 475, 975 and 2475 years return
periods. Red lines are used for design spectra proposed by Decanini et al. (2003), estimated for different magnitude ranges,
blue lines represent the spectra based on the prediction equations by Cauzzi and Faccioli (2008).

Finally, in Figure 13, displacement spectra of the Central Italy earthquakes are compared to those of three previous
Italian seismic events: 1997 Umbria-Marche (Decanini et al. 2000), 2009 L’ Aquila (Decanini et al. 2012) and 2012 Emilia
(de Nardis et al. 2014). The shaking that occurred in Central Italy on October 30" is comparable or more severe to that in
L’Aquila and in Emilia for periods less than about 1.5 s. For longer periods, the NS component of MRN29 (Mirandola
station, May 29'", 2012 Emilia earthquake) exhibits a larger displacement demand. In Amatrice, the displacement demand
was generally lower than that recorded during the other earthquakes. However, the sequence of events contributed to
increase the damage, as frequent during Italian seismic swarms (Casolo 2017). An example is reported in Figure 14,
where the same column of a reinforced concrete building in Amatrice is shown after the August 24" event (Figure 14a)
and after the October 30" event (Figure 14b). A significant increase of the longitudinal reinforcement buckling and of the
concrete damage can be noticed, as well as the stirrup failure.
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Figure 13. Displacement spectra, comparison with other Italian earthquakes: a) E-W component; b) N-S component.
Spectra of the 2016 earthquake in Central Italy (black lines) are related to the October 30" event.
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Figure 14. Progressive damage to a reinforced concrete building in Amatrice: a) after the August 24™ event; b) after the
October 30" event.

7 ROCKING SPECTRA

The Central Italy earthquake sequence has affected many unreinforced masonry and monumental structures. When
connections are not effective or height/thickness ratios are large, these type of buildings may suffer out-of-plane
mechanisms and undergo rocking (Penna 2015; Abrams et al. 2017; Marotta et al. 2017a). Therefore, in addition to the
other response spectra presented herein, and considering the presence of rather slender bell gables that survived repeated
shaking (Figure 15a-b), it is worth calculating rocking spectra.
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Figure 15. Unreinforced masonry bell gable of San Cipriano in Amatrice. a) After the August 24" event, b) after the
October 30" event. Model of a rocking rigid body: ¢) parameters describing the model; d) angular displacement.
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A rocking spectrum is a plot of the maximum angular displacement (Makris and Konstantinidis 2003) undergone by a
rigid body rotating about its two base corners (Housner 1963). The body is described by its geometry (h / b ratio, Figure
15¢) and frequency parameter p, which is a function of mass, m, and shape of the body (p? = m g R / lo, with Io = polar
moment of inertia about the base corner, g = gravity acceleration, R shown in Figure 15c). In the case of rectangular
vertical cross section p2 = 3g / 4R and, consequently, the smaller the size the larger p. The rocking body can be assumed
to be representative of the behaviour of a number of artefacts, such as equipment, tombstones, parapet walls, crenellations,
isolated slender constructions, and so on (Lagomarsino 2015), while its extension to multiple-body kinematic chains is
only indirect (Sorrentino et al. 2017a). Because unreinforced masonry elements are the most relevant here, Housner model
has been fine tuned according to experimental evidence, involving a three branch restoring moment — angular
displacement law and an appropriate energy damping (Shawa et al. 2012).

In this study, the following ranges of values have been considered: 2z / p = 0-6 s, corresponding to homogeneous
bodies up to more than 13 m tall; h / b = 4-10. The response of a rocking body can be affected by marked dispersion of
output results for small variations of input data. Hence, for each combination of 2zt / p and h / b values, 25 non-linear
time-history analyses have been carried out, by multiplying each record by 25 amplitude scale factors belonging to a
Gaussian distribution with unity mean and 0.03 standard deviation. Since, once overturned, the angular displacement
increases without bound, it is not correct to compute an average value of maximum rotations of dynamic analyses and a
median value is considered hereinafter; max(|d|) characterizes the rotation demand (Figure 15d), whereas o is the
corresponding capacity (Figure 15c). A ratio max(|d] / &) = 1 involves instability under gravity.

Rocking spectra have been computed for the accelerograms recorded in Amatrice and in Norcia on August 24", M,
6.0 (Figure 16, a to d) and on October 30™, My, 6.5 (Figure 16, e to h). An increasing abscissa involves an increasing size
of the body, while an increasing ordinate involves a more severe response. As usual, for a given size of the body and apart
from outliers, the smaller the height/thickness ratio the smaller the response. Rocking bodies show a dynamic reserve of
stability, so rocking initiation does not necessarily imply overturning (Mauro et al. 2015). Moreover, they highlight a so-
defined “scale effect”, the larger the size (i.e., the smaller p) the smaller the response (Housner 1963). These phenomena
are evident in Figure 16 (first row), where it is possible to observe that in Amatrice, despite the dramatic difference in
PGA, the two horizontal components involve similar responses, whereas in Norcia there is a slightly more marked
difference in rocking. The comparison between the two locations shows a more severe response in Norcia. The October
30t event involves a similar level of displacement demand in Amatrice and a significant increase in Norcia Figure 16
(second row). In the case of the East-West component of Amatrice, for a height / thickness ratio equal to 10 an increase
of the response can be observed. This phenomenon is visible already for h/b = 9 (not shown for the sake of conciseness),
and is related to a lower level of ground motion acceleration able to trigger a significant rotation at about 14 s from the
beginning of the ground motion time history, thus making the rotated wall vulnerable to a pulse following about 3 s later.
Squatter walls (h/b < 9) are not displaced enough to suffer from this later pulse.

August 24

%

Me(max(|6)/ <)
I

October 3 Olh

4

27/p(s)

g)

Figure 16. Rocking spectra. First row: August 24" event. Second row: October 30" event. a-b), e-f) Amatrice station
records; c-d), g-h) Norcia (NRC) station records.
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Table 5. Cumulative frequency of overturning of the rocking spectra for horizontal component. 0 = no overturning, 1 =
100% overturning

Events Central Italy August 24"  Central Italy October 30" 2009 L’Aquila 2012 Emilia
Station AMT NRC AMT NRC AQK MRN (May 20t)
EW component 0.23 0.32 0.29 0.48 0.45 0.33

NS component 0.22 0.26 0.24 0.40 0.47 0.40

For comparison purposes, the spectra of the Central Italy earthquakes are compared to those of the 2009 L’Aquila
event, and of the 2012 Emilia earthquake. Records can be compared in terms of cumulative frequency of overturnings,
i.e., the number of overturnings divided by the number of analyses for all the aspect ratios. From Table 5 it is apparent
that the EW component of the October 30" record in Norcia is comparable or more severe than that in L’ Aquila and in
Mirandola. In Amatrice, expected rocking response has been less severe, thus contributing to explain why slender bell
gables survived (Figure 15a-b). However, rocking response is possible if masonry fragmentation is prevented, thanks to
appropriate bond or adequate mortar (Liberatore et al. 2016), but such fragmentation occurred in a large proportion of the
unreinforced masonry buildings in and around Amatrice (Sorrentino et al. 2017b).

8 CONCLUSIONS

Four regions of Central Italy (Lazio, Umbria, Abruzzo and Marche) were strongly affected by the seismic sequence
started at the end of August, 2016. In many villages of the affected area, masonry constructions, reinforced concrete
buildings and churches were severely damaged. Buildings vulnerability was not the same in the whole area also due to
the different seismic classification. Some municipalities were not classified as seismic prone until 1981 or 1983 (e.g.
Arquata del Tronto) or were originally attributed to seismic zone with lower seismicity compared to the current one (e.g.
Accumoli and Amatrice). In the past, changes to the seismic zonation were based on earthquake occurrences. Occurrences
of earthquakes also affected the buildings typology and resistance to seismic loads. For example, after the earthquake of
1859, buildings in Norcia were reconstructed limiting the number of storeys and adopting specific earthquake resistant
details, whereas after the earthquakes of 1979 and 1997, strengthening interventions were adopted for masonry buildings.
Different vulnerabilities may explain, to a certain extent, the seismic response surveyed in the area. In addition, structural
response was noticeably affected by the characteristics of ground motion. In this study, the damage potential of the
accelerograms recorded during the strongest events of the sequence was assessed. Different intensity measures related to
the ground motion records have been calculated, elastic spectral demands, in terms of pseudo-accelerations, energies
(equivalent velocity), displacements and rocking rotations have been estimated and discussed. Whenever appropriate, the
spectral demands are compared with those of Italian seismic codes and previous Italian earthquakes. The main inferences
of the study can be summarised as follows.

e The intensity measures related to velocities, such as the Incremental Velocity and Housner Intensity, provided
interesting information. Particularly, for the October 30™ event, the highest values ever recorded in Italy were attained
in Norcia, Domo and Castelluccio. Such large values denote that the acceleration spectrum is shifted towards low
frequencies and it is also an index of the presence of long duration pulses due to directivity or soil amplification
effects. The strong correlation between damage to churches and Housner Intensity, as well as the sensitivity of local
mechanisms to long period pulses, may contribute to explain the extensive damage to churches in Norcia, but
additional specific analyses are necessary. Damage in very stiff shear walls and in rubble masonry with poor mortar

can be related, instead, to the effect of high frequencies, which were highlighted by the comparison between Peak

Ground Acceleration and Effective Peak Acceleration values.

. | . .

e Pseudo-acceleration spectra showed high demands in the low periods range (up to 0.5 s) for all the events, with the
exception of that occurred on October 30", which exhibits secondary peaks at longer periods. This circumstance can
be associated with the severe damage to ordinary unreinforced masonry buildings and to low-rise infilled reinforced
concrete buildings observed in Amatrice after the August 24™ event, whereas damage was somewhat more limited
on taller structures. The vertical component of the ground motion was also extremely large in the near fault, especially
during the October 30" event.

e The comparison between the acceleration spectra and the design code spectra highlighted that, in some cases (e.g.,
in Amatrice during the August 24" event) the records’ spectra largely exceeded the 2475 years return period design
spectrum in the plateau range of periods. For the October 30" event, the design spectra are exceeded also for periods
between about 0.7 and 1.5 s, due to the presence of the above mentioned secondary peaks is-ebserved-the-presenece
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The possibility of forward directivity effects, suggested by the high values of the velocity related intensity measures
and by the presence of acceleration peaks at periods greater than 0.7 s, has been investigated. To this aim, the energy
demands have been calculated along different directions. Moreover, three different approaches have been used to
detect the presence of long duration pulses. Directivity effects were observed for the event of October 30", In this
case, the maximum energy demand is obtained for Norcia stations (NOR and NRC) approximately along the fault-
normal direction, where a pulse-like motion is also identified by using the variational decomposition method. For the
near fault records of the August 24™ and October 26™ events, neither polarization of the ground motions in the fault-
normal direction nor the presence of significant pulse-like characteristics of the signals in terms of maximum energy
demands were found, except for Amatrice station (AMT). However, using Baker (2007) and Dragomiretskiy and
Z0ss0 (2014) methods, the presence of pulses was found also for Norcia (NOR and NRC) and CMI stations.

e Elastic displacement spectra showed moderate values, with the exception of those obtained for the October 30" event,
where a peak value of 45 cm was obtained. Considering usual configurations of infilled reinforced concrete frame
buildings, this value can be associated to a high level of damage or to a near collapse condition depending on whether
the building is designed according to seismic criteria or not.

e Rocking spectra have been computed for the most severe accelerograms recorded in Amatrice and in Norcia on
August 24" and on October 30™. The comparison between the two locations shows a more severe response in Norcia.
This observation can contribute to explain the survival of rather slender bell gables in Amatrice.
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