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1. What’s New

This report was formerly titled PRELIMINARY STUDY OF RIETI EARTHQUAKE GROUND MOTION
DATA as it dealt with the event occurred on August 24 2016. This version contains informations regarding the
whole seismic sequence, with specific reference to the three largest earthquakes occurring until October 30 2016
(some analysis include the fourth largest-magnitude earthquake). In particular this report focuses on the
sequence as a whole and on the analysis of ground motions from different events recorded at sites in the vicinity
of the sources.

2. Introduction

The Italian Accelerometric Network (RAN), managed by the Department of Civil Protection (DPC), and the
Italian seismic network (RSN), managed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV) have
made available the records of the recent earthquakes with epicenters located in the area between the villages of
Amatrice and Visso, central Italy (24/08/2016 1.36:32 UTC, Mw 6.0; 26/10/2016 19:18:06 Mw 5.9; 2016-10-30
06:40:18, Mw 6.5; ref. Bollettino Sismico INGV).

About 650 accelerometric signals, manually processed using the procedure by Paolucci et al (2011), are

used to evaluate the peak ground motion, acceleration and displacement spectral ordinates, integral parameters
and measures of duration. Corrected records and details of correction are available on the Engineering

Strong-Motion database website (http://esm.mi.ingv.it). The unprocessed records are available at

http://ran.protezionecivile.it/IT/index.php?evid=340867 for the RAN network and at the European

Integrated Data Archive (http://www.orfeus-eu.org/data/eida/) for the RSN, that also distributes local

networks (University of Genova, University of Trieste, OGS, AMRA, among others).

In order to analyze peak values and spectral acceleration (Sa or PSA), data have been processed and
compared to the Ground Motion Prediction Equation (GMPE) by Bindi et al (2011) and Akkar et al (2014) for
rock and soil. The geometric mean of the horizontal components and the vertical component are used in the
analysis. The median of the GMPE (and its standard deviation) is compared to the observations at various
stations.

Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV) and Peak Ground Displacement (PGD),
Arias Intensity (1a) and Housner Intensity (or spectral intensity - SI) are calculated for the three components of
ground motion for the stations closest to the epicentre. Durations is also computed for each record as Significant
Duration, estimated between 5% and 95% (Ds.g5) and between 5% and 75% (Ds.7s) of the Ia.
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3. Geographic Information

The first strong earthquake of the sequence (Mw 6.0) struck central Italy on 2016-08-24 at 01:36:32 GMT, in
the vicinity of Amatrice, causing diffuse building collapse and about 300 casualties. After 2 months, on 2016-
10-26 two events of moment magnitude 5.4 (17:10:36 UTC) and 5.9 (19:18:06 UTC) extended to the NW the
seismogenic volume. After 4 days, on 2016-10-30 at 06:40:18 UTC an event of Mw 6.5, struck the area
corresponding to the Sibillini mountains with epicenter located in the vicinity of Norcia.

The four events have been caused by normal faulting, the prevalent style of faulting in the area, all of them
having NW-SE or NNW-SSE strike and dip towards SW. The location of the three epicentres together with

events having magnitude larger than 4.0 is shown in Figure 3.1.

43.5

43.0

Latitude [deg]

42.5

125 13.0 13.5 14.0

Longitude [deg]

Figure 3.1: Epicentres of the events with M >= 4.0 in period time from 24-08-2016 to 3-11-2016. The size of the
symbols is proportional to the magnitude. The grey stars represent the three mainshocks: Amatrice, 24-08-2016,
Mw 6.0; Ussita, 28-10-2016, Mw 5.9 and Norcia, 30-10-2016, Mw 6.5 (coordinates from http://cnt.rm.ingv.it/).

The seismic sequence struck an area where several large earthquakes occurred in the past; in particular, a long
lasting seismic sequence that affected the central-southern Apennines in the 18™ century is well documented.
According to the most recent historical catalog CPTI15 (Rovida et al., 2016 http://emidius.mi.ingv.it/CPT115-
DBMI15/, updated to 2015) the strongest earthquake of the area occurred on 1703 (Norcia, lo = 11) that

destroyed large part of the villages in the neighborhood of Norcia (Figure 3.2).
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Figure 3.2: macroseismic field of the 1703 (lo = 11) Norcia earthquake (from http://emidius.mi.ingv.it/CPTI15-
DBMI15/)

4. Strong Motion Data

The Italian Accelerometric Network (RAN), managed by the Department of Civil Protection (DPC), and the
Italian seismic network, managed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV) have made
available the records of about 650 accelerometric stations. Figure 4.1 shows the the distribution of the closest
strong-motion stations of the three main events. Each earthquake has been recorded by about 100 stations within

100 km from the epicentre and about 10 stations within 10 km.
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Figure 4.1: location of the epicentres (yellow star) and strong motion stations within 150 km from the epicenter
of a) 2016-08-24 Mw 6.0; b) 2016-10-26 Mw 5.9; c¢) 2016-10-30 Mw 6.5. The triangles indicate strong-motion
stations and the colors correspond to the PGA values (gal). The red boxes are the surface fault projections: the
fault geometries are preliminary for the Ussita and Norcia events.

Among data released officially so far, the largest Peak Ground Acceleration (PGA) among the three events have
been recorded at short epicentral distances (< 15 km) at the stations Campi (CMI, 638 gal, E-W processed
waveform), Norcia (NRC, 376.96, N-S component) and Arquata del Tronto (RQT, 447.87 gal, E-W component;
N-S component not available). Figures 4.2 to 4.5 are the maps showing the spatial distribution of the peak
ground values. Note however that the station of Forca Canapine (FCC shows PGA of about 1g) and although it

is going further revisions its spectrum is discussed in section 8.
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Figure 4.2 Map of the Peak Ground Acceleration (maximum between E and N components, cm/s?). The star
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Figure 4.3 Map of the Peak Ground Velocity (maximum between E and N components, in cm/s). The star
indicates the epicenter of the mainshocks. a) Amatrice, M 6.0, b) Ussita, M 5.9, ¢) Norcia M 6.5.
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Figure 4.4. Map of the Spectral Acceleration at T = 3s (maximum between E and N components, cm/s?). The
star indicates the epicenter of the mainshocks. a) Amatrice, M 6.0, b) Ussita, M 5.9, Norcia, M 6.5.



Figures 4.5 and 4.6 show the direction of the maximum horizontal and vertical peak displacements and
velocities for the Norcia, Mw 6.5, earthquake. The horizontal directions have been calculated rotating the E and

N components by steps of 10 degrees and identifying the largest value and the corresponding azimuth. The

largest horizontal displacements and velocities are observed in the fault normal direction.

e ) )

Figure 4.5. Map of the direction of the maximum peak dlsplacement for the NorC|a M 6.5, event. a) Horizontal
component; b) vertical component.

- ] 3 \ ”m
Figure 4.6. Map of the direction of the maximum peak velocny for the Norcia, M 6.5, event. a) Horizontal
component; b) Vertical component.

5. SHAKEMAPS

The distribution of the ground shaking has been determined using the ShakeMap software (Wald et al., 1999;
Michelini et al., 2008). Shakemaps are routinely calculated at INGV (http://shakemap.rm.ingv.it) using the same

accelerometric data described in the previous section and the non-saturated broadband recordings. Data

processing is performed through an automatic procedure and they are published in a few minutes from the
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earthquake occurrence. As the manually revised PGM data become available in the ESM DB, a procedure has
been implemented to update the maps using these better quality manually processed and revised data. For
relevant earthquakes (M>=5.5), fault finiteness is important and a manual procedure is in place to insert the fault
based on the parameters provided by the moment tensor inversion mechanism (Scognamiglio et al., 2009), the
moment magnitude and the scaling laws developed by Wells and Coppersmith (1994). The MCS instrumental
intensity (Faenza and Michelini, 2010, 2011), PGA and PGV shakemaps of the three main shocks (M6.0, M5.9
and M6.5) are shown in Figures 5.1-5.3.

The MCS instrumentally derived intensity maps show at a glance the different levels of ground shaking
produced by the three earthquakes. Specifically, the maps of Fig. 5.1 show remarkable differences although the
earthquakes are very close and feature very similar normal fault mechanisms.

The maps in MCS intensity (Fig. 5.1) identify well the areas most affected by the three main shocks (VI1+). For
the M6.5 August 24 earthquake, the PGA shakemaps show that the region close to the fault(s) experienced
PGAs larger than 40%g at the closest stations and PGVs larger than 20 cm/s. The pattern of the PGA ground
motion indicates a larger lobe toward the N-NW (Fig. 5.2) consistent with the preliminary findings obtained
from the rapid finite fault inversion of Tinti et al. (2016). To some degree the same pattern is observable also on
the PGV shakemaps (Fig. 5.3). The area that suffered VI-VIlI MCS intensities is approximately 100x100 km?2.
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Fig. 5.1. MCS instrumental intensity shakemaps of the three main shock of the sequence. M6.0 August 24, 2016
(left), M5.9 October 26, 2016 (center), M6.5 October 30, 2016 (right).

The shakemaps of the M5.9 earthquake on October 30 (center panels in Fig. 5.1, 5.2 and 5.3) show a pattern of
MCS intensities that differs significantly from that of the 6.0 August 24, 2016, main shock. Peak accelerations
larger than 50%g have been recorded at stations CNE and CMI (65%g) and peak ground velocities above 35
cm/s at the same stations, both very close or above the finite causative fault. Of importance are the larger peak
ground motion values (and associated instrumental intensities) observed north of the epicenter. The MCV
station to the north of the earthquake epicenter (~14 km) recorded PGA values ~53%g. The overall area affected
displaying intensities VI-VII is slightly smaller than that of the August 24 earthquake but the PGV maps

evidence a prominent lobe of the 9 cm/s contour line to the north of the causative fault.

10

5 Notfot | Woak | Ught |Moderate] Storg [Vory strong| Sever | Violent | Extrome
more | nowe | none |Veryight| Ught | Modermle |ModMewvy | Heavy | Very Heawy |
PeAxAcCone | 006 | 02 | 08 | 20 | 48 2 L
008 09 64 45
[=T] v Vit




INGV Peak Accel. Map (in %g) : Rieti
24 Aug 2016 01:36:32 UTC M 6.0 N4270 E13.24 Depth: 4.2km 1D:7073641

INGV Peak Accel. Map (in %g) : Macerata
260¢1 2016 19:18:05 UTC M59 N42.91 E13.13 Depth: 7.5km 1D:8669321

INGV Peak Accel. Map (in %g) : Perugia
30 Oct 2016 06:40:17 UTC M 6.5 N42.83 E13.11 Depth: 9.2km 1D:8863681

”43-%‘3'}’/ Z

5o >
.8 _,,.;«,

12" 13"
Map Version 23 Processed 2016-11-07 155234 UTC.

13"
Mep Version 13 Processed 2016-11-06 165031 UTC

. 13
Map Version 17 Processed 2016-10-07 10:08:18 UTC.

Fig. 5.2. PGA shakemaps of the three main shock of the sequence. M6.0 August 24, 2016 (left), M5.9 October
26, 2016 (center), M6.5 October 30, 2016 (right).

The shakemaps of the M6.5 October 30 earthquake - the largest shock of the sequence as the writing of this
report - show, because of the larger earthquake size (~8 and ~5 times bigger than the M5.9 and M6.0
earthquakes, respectively), an overall larger area affected by the VI-VII intensities when compared to the
previous earthquakes. The intensity VIII+ area is located toward the south of the fault displayed in the map.
PGAs close or larger than 50%g have been recorded at several stations next to the epicenter with a prominent
lobe of both the acceleration and peak ground velocities to the SE of the epicenter. Specifically, ground
velocities larger than 40 cm/s were recorded both next to the epicenter (NRC and NOR stations in Norcia) and

to the SE as far south as 20 km from the epicenter at ACC (Accumoli).
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Fig. 5.3. PGV shakemaps of the three main shock of the sequence. M6.0 August 24, 2016 (left), M5.9 October
26, 2016 (center), M6.5 October 30, 2016 (right).

In order to evidence the differences between the different ground shaking produced by the three main shocks of

the sequence, we have calculated the decimal logarithm of the ratio between the PGA and PGV shakemap (Fig.
5.4 and 5.5). In addition and in order to display the difference over a larger area, we have extended the
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shakemap calculation to include the whole central part of the Italian peninsula (top panels of Figs. 5.4 and 5.5).
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Fig. 5.4. PGA shakemap ratios calculated at regional scale (top) and at the same scale as the maps shown in
Figures 5.1-5.3 (bottom). The base 10 logarithm is applied to the ratios determined over PGA values 2 minutes
grid spaced.

For simplicity in the description below we will refer to the three main shocks according to their magnitude and
indicate M6.5/M6.0 the ratio between the events of October 30 and August 24, M6.5/M5.9 for ratio between the
events of October 30 and October 26 and M6.0/M5.9 the ratio between the August 24 and October 26 events.
We see that the shakemap ratios maps evidence quite well the main differences between the strong ground
motion shaking resulting from the three shocks. Overall we see that the M6.5/M6.0 PGA and PGV ratios
evidence overall larger values of the ground shaking throughout most of the area. There are zones, however, of
somewhat smaller relative values of the shaking produced by the M6.5 when compared to the M6.0 to indicate
that despite the larger magnitude and very similar focal mechanisms other factors can affect ground motion
locally. These include rupture directivity primarily. The M6.5/M5.9 ratio is quite interesting since, despite the
two epicenters occur less that 8 km away and the size of the two earthquakes is different, we observe that the
area NW of the M5.9 earthquake suffered higher levels of ground shaking (e.g., the historical town of Camerino
was severely damaged by the M5.9). This increased level of ground motion is likely the result of NW source

directivity. This difference in the level of ground shaking produced by the M5.9 is even more clear when
12



compared to the M6.0 that, however, was almost 25 km away. In general the two “< 0.0” ratio lobes observable
on NW of the M5.9 earthquake for both the M6.5 and M6.0 indicate more similarity between the two latter
shocks when compared to the M5.9.
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Fig. 5.5. Same as Figure 5.4 for the PGV shakemap ratios.
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6. Comparison with GMPE

Some horizontal GM parameters are compared to the predictions by Bindi et al (2011) Ground Motion
Prediction Equation (ITAL0), valid for Italian territory and Akkar et al. (2014) GMPE (ASB14), calibrated with
European strong motion data. The vertical components have been compared to the Bindi et al (2010) as Akkar et
al (2014) provides coefficients only for the horizontal components of ground motion. The predictions are
computed for moment magnitude values and for Joyner-Boore distances. The parameters of the fault geometries
adopted to compute the distances are reported in Table 1

Table 1. Parameters of the causative faults of the three main events

Amatrice Ussita Norcia
Strike/Dip [°] 156/50 159/47 151/47
Length/Width [Km] | 26/16 11/7.56 30/16
Mw 6.0 59 6.5
Reference Tinti et al., 2016a Tinti et al., 2016b ESM

The results of the comparison can still be considered as preliminary since: i) the Joyner-Boore distance has been
estimated using the preliminary fault plane geometries for Ussita and Norcia earthquakes; ii) the comparison at
3s is outside the range of validity of the Bindi et al (2010), as authors recommend its up to 2s.

We calculated the prediction for: PGA, PGV, SA at 0.3s, 1s and 3s (the intensity measures used for shakemaps)
for the geometric mean of the horizontal components and the vertical component. For the vertical component,
the SA at 3s was not implemented by the Bindi et al (2010), therefore we evaluated the goodness of fit at 2s.

Figures from 6.1 to 6.10 show the comparison between observations and GMPEs for peak ground acceleration

and velocity, for the Ec8 (CEN 2003) soil categories (class A: Vs30 > 800 m/s; class B: Vs30 = 360 — 800

m/s; class C: Vs30 = 180 — 360 m/s; class D: Vs30 < 180 m/s; class E: 5 to 20 m of C- or D-type alluvium

underlain by stiffer material with Vs30 > 800 m/s, where Vs30 is the average shear wave velocity in the
uppermost 30 m).
The main difference between GMPEs is the modelling of site effects. While Bindi et al (2010) accounts for
linear site effects, through soil classes, Akkar e al (2014) consider a nonlinear behaviour of soils. In particular,
the non-linear site term depends on the PGA at the reference site, that is the larger the PGA at the reference site
the larger the non-linear site effects. The major differences between GMPEs are in fact observed at large
magnitudes and at long periods.

For the horizontal components, there is a general good agreement between GMPEs and observations for
PGA and short periods (T = 0.3s) and rock and stiff sites. The observations for soft sites seems to be better

described by a linear model (Figure 6.1 and 6.2).
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At periods up to 1s and PGV rock and stiff sites are adequately represented by the two models, while for soft
soils and short distances the discrepancy between the two models are large. Observations are generally
underestimated by Akkar et al (2014) predictions.

At longer periods (T = 3s) both models underpredicts the observations.
The vertical components are well described by Bindi et al (2010) model at short periods (T = 0.04 - 1s),

whereas at long periods (T > 1 s) the fit with GMPEs is poor, especially at large distances.
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Figure 6.1: Observed horizontal PGA against ITAL0 (black curve) and ASB14 (grey line): left EC8 A sites,
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Middle EC8 B and E sites; right EC8 C and D sites. Top: Amatrice earthquake, Middle: Ussita earthquake,

Bottom: Norcia earthquake
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Figure 6.2: Observed horizontal SA (0.3s) against ITA10 (black curve) and ASB14 (grey line): left EC8 A sites,
Middle EC8 B and E sites; right EC8 C and D sites. Top: Amatrice earthquake, Middle: Ussita earthquake,

Bottom: Norcia earthquake
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Figure 6.4: Observed horizontal SA (1.0s) against ITA10 (black curve) and ASB14 (grey line): left EC8 A sites,
Middle EC8 B and E sites; right EC8 C and D sites. Top: Amatrice earthquake, Middle: Ussita earthquake,

Bottom: Norcia earthquake

18



M =6-EC8-A M =6-EC8-B M =6-EC8-C
w w w
& P R
-.Emz %102 %102-_-,\,‘_ aE
S S S, R
g 8 g o ‘
[] 1] ]
',7( 'Et Z —ITAt0
w 100 s [ TAT0 r, w 100 w 100 — ASB14
ASB14 o EC8C-C*
O ECBA-A* e EC8D-D*
10° 102 10° 10? 10° 10°
R g [km] R, [km] R, [km]
M =5.9-EC8-A M =5.9-EC8-B M _=509-EC8-C
w w i w
o o o
E ~.E 10° % 10°
S, L e S,
/2]
D & ITA10 &
7] & 40 ASB14 & 100
o EC8B-B*
_ EC8EE
10° 102 10° 102 10° 102
RJB [km] HJB [km] RJB [km]
M =6.5-EC8-A M =6.5-EC8-B M =6.5-EC8-C
w w w
o [ T _L ol
~E10‘?.~.—-—-~n %102. O 57T gmz
S, S S,
& @ &
i i Y S | A
E E — | TATO - |<T — [ TATO
5 B g0 |—— ASB14 B 10| |—— ASB14
o ECSB-B* a o EC8C-G*
EC8 E-E* e EC8D-D
10° 10 10° 10? 10° 102
R g [km] R, [km] R, [km]

Figure 6.5: Observed horizontal SA (3.0s) against ITA10 (black curve) and ASB14 (grey line): left EC8 A sites,
Middle EC8 B and E sites; right EC8 C and D sites. Top: Amatrice earthquake, Middle: Ussita earthquake,

Bottom: Norcia earthquake

19



M =6-EC8-A
w

M =6-EC8-B
w

& 10° & 107 & 10?
;] /2] w
S S )
£ £ £
L A 2
< 5 < ] o« :
g N g@ g :
100 ! 100+ [=——T1TAT0 e s 100+ |[=——=ITA10 -
— TAT0 foxt © ECSB-B’ ® o EC8C-C*
O ECBA-A “1 ECS E-E* 5 ® EC8D-D*
10° 10° 10° 10° 10° 10°
R g [km] R, g [km] R, [km]
M =59-EC8-A M =5.9-EC8-B M =509-EC8-C
w w w
G 10° & 10° —10°
@ @ o
£ £ £
2, 2 2,
< < < R
4 4 g iy
0 (4] 4] — | TATO ‘(I.\;C’
10 TA10 = 10 10 o EC8C-C*
O ECBAA ﬂ ¢ EC8D-D*
10° 102 10° 10° 10°
R g [km] R g [km]
M =6.5-EC8-A M =6.5-EC8-C
w w
o 10° & 10° 107
(2] W wn
= £ £
2, & L
< e S <
¢ Y 8 S
100 g 100 100} [——1mat0
—TAT0 ) o EC8C-C*
o EC8AA" ® EC8DD"
10° 102 10° 102 10° 10°
R g [km] R, [km] R, [km]
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Figure 6.9: Observed vertical SA (1.0s) against ITA10 (black curve) and ASB14 (grey line): left EC8 A sites,
Middle EC8 B and E sites; right EC8 C and D sites. Top: Amatrice earthquake, Middle: Ussita earthquake,
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Figure 6.10: Observed vertical SA (2.0s) against ITA10 (black curve) and ASB14 (grey line): left EC8 A sites,
Middle EC8 B and E sites; right EC8 C and D sites. Top: Amatrice earthquake, Middle: Ussita earthquake,

Bottom: Norcia earthquake
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6.1 Residual analysis

In order to estimate the overall performance of the GMPEs against the recording data, the residuals, calculated

as the natural logarithm of the difference between observations and predictions by Bindi et al (2010), have been

plotted in function of distance, for the geometric mean of the horizontal components (Figures 6.11- 6.12).
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Figure 6.11. Residuals of the three main events plotted against Joyner-Boore distance, for geometric mean of

horizontal components: PGA (left) and PGV (right)
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Figure 6.12. Residuals of the three main events plotted against Joyner-Boore distance, for geometric mean of
horizontal components: SA (0.3s) (left) and SA(1.0) (right).
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Figure 6.13. Residuals of the three main events plotted against Joyner-Boore distance, for geometric mean of SA
(2.0s) (left) and SA(3.0) (right) horizontal components.

The between event term, defined as the average of the residuals for each event, has been plotted in Figure 6.14.
The event term measures the overall misfit of recordings with respect to an attenuation model. In particular we
observe that the ground motion level generated by the Mw 6.5 event is, on average, lower than the predictions

by the Bindi et al (2010).
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Figure 6.14. Between-event term of the three main events plotted against period, for geometric mean of
horizontal components.
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7. Elastic and Inelastic Response Spectra from
24/08/2016 event

In this section, elastic and inelastic response spectra of the ground motions during the first event (M6.0
24/08/2016) are provided. With regard to elastic response the pseudo-spectral acceleration (PSA), pseudo-
spectral velocity (PSV) and spectral displacement (SD) are reported for all the available records for three

different values of damping ratio, (z), that is 2%, 5% and 10%. Additionally, constant-strength inelastic

displacement ratios Cr are provided for the horizontal components of ground motion. Cr is defined as the ratio
of maximum inelastic displacement response to maximum elastic displacement of the corresponding linear

infinitely elastic system, Eq. .

max
inelastic

" SD(T)

R

These spectra were calculated for 5% damped, elastic-perfectly plastic oscillators and are reported at three
values of reduction factor R=2,4,6, where R is defined as the ratio of elastic response spectral acceleration to

yield spectral acceleration, Eq. .

B PSA(T )
- PSA_vieM (T)

The relevant plots are provided below in sequence of increasing epicentral distance (first horizontal then vertical

components) and do not follow the rest of the report’s figure enumeration.
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Figure 7.1. AMT station, East-West component: pseudo-acceleration (PSA), pseudo-velocity (PSV) and
displacement (SD) elastic response spectra for different damping values (left); inelastic displacement ratios for
different reduction factors (right).
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Figure 7.2. AMT station, North-South component: pseudo-acceleration (PSA), pseudo-velocity (PSV) and
displacement (SD) elastic response spectra for different damping values (left); inelastic displacement ratios for
different reduction factors (right).
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Station Code: NRC(R_epi 13.7 km) Component: East-West
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Figure 7.3. NRC station,East-West component: pseudo-acceleration (PSA), pseudo-velocity (PSV) and
displacement (SD) elastic response spectra for different damping values (left); inelastic displacement ratios for
different reduction factors (right).
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Figure 7.4. NRC station, North-South component: pseudo-acceleration (PSA), pseudo-velocity (PSV) and
displacement (SD) elastic response spectra for different damping values (left); inelastic displacement ratios for
different reduction factors (right).
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