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measures in order to correlate them with the observed damage. To this purpose,
the present paper uses a procedure recently proposed in the literature to estimate
the ground-motion intensity for the 2012 Emilia mainshocks, considering differ-
ent ground motion intensity measures and directionality effects. Ground motion
prediction equations based on different site effect models, and spatial correlation
models are calibrated for the Emilia earthquakes. The paper discusses the accu-
racy of the shakemaps obtained using the different soil effect models considered
and presents the obtained shakemaps as supplementary material. The procedure
presented in the paper is aimed at providing ground motion intensity values for
seismic fragility assessment and is not intended as a tool to estimate shakemaps
for rapid emergency assessment.
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1 | INTRODUCTION

Shakemaps are quantitative estimates of the spatial distribution of the seismic ground-motion intensity in an area affected
by an earthquake. These maps are a necessary tool for the formulation of damage scenarios and may be used either in
the immediate aftermath of an earthquake to efficiently organise and distribute resources and personnel, or to implement
preventive measures against strong earthquakes.

Shakemaps can be computed either for possible future earthquakes or for past events. In the second case, which is of
interest for the present paper, recorded values of a ground-motion Intensity Measure (IM), obtained from Ground-Motion
Recording Stations (GMRS), are combined with predictions made with a Ground-Motion Prediction Equation (GMPE).
The classical approach used for computing shakemaps was proposed by Wald et al.;' it based on interpolating the data
recorded by GMRSs, modified to take account local soil characteristics. The calculation also makes use of estimates of the
shaking intensity provided by GMPEs. It is worth noticing that this method will not provide the IM recorded values at the
sites of GMRSs. Recently, new calculation methods based on the normal multivariate distribution theory and on spatial
correlation models have been proposed.”* A GMPE is first adopted to estimate the values of the IM of interest at the points

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Earthquake Engineering & Structural Dynamics published by John Wiley & Sons Ltd.

Earthquake Engng Struct Dyn. 2022;1-21. wileyonlinelibrary.com/journal/eqe | 1

85U0|7 SUOWIWOD aA 181D 3(cedl(dde au Aq pausenob ae sejonfe VO ‘@S JO s3I 10} A%eiq18ulluO 43I UO (SUORIPUOO-pUe-SWLRY/LI0O" A8 | 1m" AfeIq U1 |UO//:SANY) SUORIPUCD pUe SWe 1 84} 89S *[2202/TT/Tz] uo AriqiTauljuo Ae|im ‘Wewnooq 7 1edia IWeksIS ealy Aq 95.€8be/z00T 0T/10p/L0o A8 Aeiqjeul|uoy/Sdny wo.j pepeojumod ‘0 ‘S¥86960T


https://orcid.org/0000-0002-3785-2042
mailto:nicola.buratti@unibo.it
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/eqe
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feqe.3756&domain=pdf&date_stamp=2022-11-10

2_|_ BURATTI ET AL.
WILEY

of a regular grid; these values are then combined with recorded data, considering the spatial correlation of ground-motion
intensity.* The influence of spatial correlation on IM predictions was studied by Jayaram and Baker,” while Goda and
Atkinson investigated the same topic, with focus on Japanese earthquakes.* Esposito and Iervolino® evaluated the spatial
correlation for Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV) from European datasets and discussed
its application to regional seismic hazard analysis. Further studies are available for Iceland’ and the Groningen area in
the Netherlands.®® These works however, mainly focus on spatial correlation models rather than on their actual role in
the estimation of the IM distribution if the framework of shakemaps.

Up to date, shakemaps are automatically produced by the United States Geological Survey'” in terms of Macroseis-
mic Intensity, PGA, PGV and spectral acelerations at 0.3, 1.0 and 3.0 s. In Italy, shakemaps for the same IMs are instead
produced by the Istituto Nazionale di Geofisica e Vulcanologia (INGV).!! Until 2020, shakemaps in Italy were computed
using the method proposed Wald et al.,' adapted to the Italian territory.'> However, the maps computed by INGV before
2020, being automatically estimated right after the occurrence of earthquakes, relied on general GMPEs, used data from
permanent GMRSs only and did not consider the spatial correlation of the ground-motion intensity. With reference to the
2012 Emilia earthquake, Braga et al.' analysed the reliability of the shakemaps produced by the INGV, concluding that, in
some cases, their predictions did not correspond to the data recorded by the GMRSs. This difference was particularly evi-
dent for this earthquake because it is characterized by two mainshocks of similar magnitude, the first (Mw = 6.1) occurred
on 20 May 2012 and the second (Mw = 6.0) on 29 May 2012, and after the first mainshock many temporary GMRSs were
installed in the area; since their recordings were not used for computing the maps issued by INGV, it was possible to use
their data to investigate the reliability of the shakemap predictions.

After 2020, INGV publishes shakemaps using a procedure similar to that adopted here, by means of the software
Shakemap 4.0,'*'> with a configuration that uses specific GMPEs and a V; 3, map for Italy. Updated maps have been
recomputed for past events as well, for the same IMs listed above, overcoming most of the aforementioned limitations.
However, shakemaps for a restricted number of IMs, even if very useful for a rapid estimate of the severity of a seismic
event, may become a limitation if they are to be used as a basis for fragility analysis.'®'® The need for shakemaps in terms
of different IMs is justified by a vast literature on the efficiency of IMs, which shows that the inelastic behaviour (and dam-
age) of different types of structures correlates with different IMs,'*?° and that IMs that do no not depend of the natural
period of vibration of structures, such as PGA, even if widely used for developing observational vulnerability or fragility
models,'®?'->* have a very low efficiency.

The present paper presents shakemaps for the Emilia-Romagna 2012 main earthquakes in terms of several intensity
measures, using the procedure proposed by” and.®> They represent the first part of a project aimed at defining fragility
models from observed damage data and are not intended as an alternative to the automatically computed shakemaps
by INGV, which are a tool for obtaining rapid estimates of the ground motion intensity. First, attenuation relationships
are derived using available ground motion recordings for the 2012 Emilia earthquakes. Several models are defined for
a vast range of ground motion intensity measures, quantifying the amplification of site-effects with different empirical
approaches. Along with event-specific attenuation relationships, empirical spatial correlation models are obtained, and
both are then combined with ground motion recordings to calculate shakemaps. Maps are derived for the 20 May and
29 May earthquakes for all the considered IMs and their accuracy is evaluated by applying an iterative process in which
IM values predicted by certain GMRS are randomly removed from the dataset and used to check the goodness of the
shakemap prediction.

2 | ESTIMATION OF SHAKEMAPS BASED ON THE MULTIVARIATE NORMAL
DISTRIBUTION THEORY

The procedure used in this work for computing shakemaps is derived from Bradley’ and Worden et al.*> Given a GMPE,
the value of the logarithm of an IM induced by and earthquake e at a site of interest s can be assumed to have the following
normal distribution

log(IMe,s) ~N (:uloglMe‘s (Me’ Re,57 ee,s) s CJ'T,e,s (Me’ Re,sa ee,s) ) (1)

where the fogrn, (Mo, Re 5, Oe s) depends on earthquake magnitude M, source-to-site distance R, s and, eventually, on
other parameters 0., as soil type, bedrock depth, style of faulting, etc., and oy, is the total standard deviation of
the GMPE. Depending on the GMPE adopted, this latter parameter may either be constant or depend on some of the
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parameters on which g1y, | depends. Within the framework adopted in the present paper the IM distribution defined
by Equation (1) is named unconditional. In the present paper log(-) indicates base 10 logarithms.
Considering an IM, , value obtained from a GMRS r for an earthquake e it is possible to write

10g(IMe,r) = :ulogIMe,,. (Me’Re,r’ ee,r) + ge,r (2)

where ¢, is the total residual, which can be decomposed into its between- and within-event components, 8z, and dy, ,
also named inter-event and intra-event components, respectively,

ge,r = 5Be + SW”- ©)

The between-event component is common to all the GMRSs, and it is associated to the earthquake, that is it represents
the systematic difference between the residuals associated to ground-motions produced by different earthquakes. Instead,
the within-event component varies from site to site, and describes the variability within the ground-motion recordings
of the same earthquake. Within-event residuals have been demonstrated to be spatially correlated as a consequence of
GMRS sites sharing similarities among path and sites effects; this correlation is inversely proportional to the separation
distance.>*> Both the between- and within-event residuals are assumed to be samples from normally distributed random
variables with null mean and standard deviations o and oy, s respectively,

8p, ~ N (0,03) 4)

SWW ~N (0, UW,e,r) . (5)

According to Bradley” and Worden et al.,> a multivariate normal distribution is introduced to describe the joint distri-
bution of the logarithm of the ground-motion IM values at different sites produced by a given earthquake. Furthermore, a
spatial correlation model is used to estimate the distribution of the ground-motion IM conditional to the values recorded
at locations of a set of GMRSs. Given n values of the IM, recorded by n GMRSs, the value of the between-event residual,
85, is calculated as’

S = ITZE'}WRS—GMRS; 6)

’ 2 Ty—1
(1/03) + 1 E G rs—omrs]

where 1is a nx1vector, ¢ is a n x 1 vector containing the total residual at each of the n GMRSs, computed by subtracting the
IM values predicted by a GMPE (Equation 1) from the measurements of the GMRSs, while 2;p/rs_cprs iS @ 1 X n variance-
covariance matrix for the within-event residuals. The general component (Zgprs—g MRS);, i of this matrix represents the
correlation between the within-event residuals at the i-th and at the j-th GMRSs and is defined as?

(ZGMRS-GMRS); j = Pi,jOW ,iTW e,j @)

being p; ; the spatial correlation between the within-event residuals at the two GMRSs under consideration and oy, ; and
Ow e,j their within-event standard deviations as defined by a GMPE. Indicating with log(IM, ) the unconditional ground
motion intensity predicted by a GMPE at a site s and with log(IM,s\s) the n x 1 vector of measured IM values at the
locations n GMRSs, the conditional distribution of the IM at the site s given the measurement of the GMRSs is assumed
to have the following mean value?

_ -1
Miog(IM, )| logTM, gyrs) = Mlog(iM,s) + Zs—GMRSZGprs—oMrsWe, T+ OB, ®

where X,_sprs 1S @ 1 X n variance-covariance matrix describing the correlation between the ground motion intensity at
the site s and at the sites of the GMRS, computed as?

(ZS—GMRS)LV = PsrOW,e,sOW e,r (9)
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TABLE 1 Earthquakes from the Emilia 2012 sequence used for deriving GMPE and spatial correlation models

GMRSs
Earthquake ID  Date Municipality Latitude [°] Longitude [°]  Depth [km] My [-] used
IT-2012-0008 2012-05-20 02:03:50  Finale Emilia 44.89550 11.26350 9.50 6.1 82
1T-2012-0011 2012-05-29 Medolla 44.84170 11.06570 8.07 6.0 113
07:00:02
1T-2012-0010 2012-05-29 10:55:56 Cavezzo 44.86520 10.97950 4.35 5.5 95
1T-2012-0032 2012-05-29 San Possidonio 44.86600 10.97630 7.20 5.5 35
11:00:22

Latitude and longitude are referred to the epicentre while the depth is that of the hypocentre. Data were obtained from the ITACA database.”

and 8y,  is computed using Equations (1), (2) and (5). The variance of the conditional IM distribution at site s is computed
5 :
as

O-lzog(IMe,S)l log(IM Gyrs) GIZ/V,e,s - z“S-GMRS>:‘(_;11\4RS—GMRSEGMRS—S 10)

In’ the uncertainty in the between-event residual is included into the conditional variance of ground motions, as the
within- and between-event residuals are no longer independent when conditioned upon GMRS data. This is neglected
in the present paper because, as discussed in Section 3, the attenuation models used have very small between-event
uncertainties. An improvement on this conditioning has recently been proposed by Engler et al.>

It should be noticed that, according to the approach adopted, the conditional IM distribution at the location of one
of the GMRSs has a mean value corresponding the recorded IM value and zero variance. Therefore, the present model
does not consider any measurement error in GMRSs. If Equations (8) and (10) are applied to a grid of sites a shakemap
is obtained, but they may be applied also to irregularly spaced points, for instance to estimate IM values at the locations
of a set of buildings. When IM values are calculated on regular grid, the stations will generally never be coincident with
the grid mesh, therefore at their location the prediction error will not be zero, since the IM values will be obtained by
interpolation of the values at the neighbouring grid points.

3 | ATTENUATION MODELS FOR THE 2012 EMILIA EARTHQUAKE

As discussed in Section 2, in order to derive shakemaps for a certain ground-motion IM a GMPE and a spatial correlation
model are needed. In the literature there are models for some of the IMs that are considered in the present study”®2*
but we have chosen to fit new models using data from the 2012 Emilia earthquake for the following reasons: i) consider
IMs for which there are no attenuation or spatial correlation models available; ii) achieve an high level of consistency
among the different IM GMPEs, using the same dataset for all the attenuation models and the same functional form;
iii) consider directionality of ground motions in order to define orientation-independent values of the IMs; iv) consider
regional geological data in the calibration of the models (e.g. bedrock depth, V 30); v) achieve an high goodness of fit on
the IM values produced by Emilia earthquake; vi) obtain within-event standard deviations specific for the Emilia 2012
earthquake. Clearly, the models presented in the present work are specific to the 2012 Emilia earthquake and may not be
suited to predict the effects of other earthquakes. This section describes the derivation of the aforementioned models and
the processing of recorded accelerograms.

3.1 | Ground motion recordings

During the end of May 2012, the Emilia-Romagna region, in northern Italy, was affected by a series of moderate inten-
sity seismic events, which have mainly interested the provinces of Modena, Ferrara and Bologna. The strongest shocks
struck on 20 and 29 May and had moment magnitudes of 6.1 and 6.0, respectively.”’ In the present work, only earth-
quakes of the 2012 Emilia sequence with M, > 5 and with information about the geometry of the rupture plane were
considered, for a total of four events (Table 1). Figure 1 shows the location of their epicentres and the surface projec-
tions of their rupture planes. Earthquake and ground-motion data and rupture planes were obtained from the Italian
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FIGURE 1 Finite faults from the Emilia 2012 earthquakes. Temporary and fixed stations are coloured according to the associated soil
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class.'® Damage from these events affected the three provinces of Modena, Bologna and Ferrara.

Accelerometric Archive (ITACA),” this archive contains six events with My, > 5 but for two of them the geometry of the
rupture planes was not available when the data was downloaded and were not used. It is worth noticing that the num-

ber of GMRSs in the epicentral area is much higher for the events after the 20"

May, because many temporary GMRSs

were installed after the first mainshock. It is noted that the number of GMRSs reported in Table 1 accounts only for
those stations for which data on V; 3, were available, because this parameter was needed to calibrate ground motion
attenuation relationships, as explained in the following. Furthermore, given the purpose of the paper, only stations at dis-
tances shorter that 200 km were used. All the ground acceleration recordings used are filtered according to the procedure

described in.*°

3.2 | Ground motion IMs and directionality
In this work, the following ground-motion IMs have been considered:

- Peak Ground Acceleration (PGA)
PGA = max (|a (t)])

a(t) where a(t) is the ground acceleration;
- pseudo-spectra accelerations at the period T;

Sa(T,)

with T; equal to either 0.3, 0.7 or 1.5 s;
- the average spectral acceleration in the range 0.1s-0.5s

T<0.5s
Sap1-05 = Z Sa(Ty) | /n

T>0.1s

where T; is the i-th period at which the pseudo-spectral acceleration is computed;

(1)

(12)

(13)
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TABLE 2 Period spacing AT used in the different period intervals [T, T;] considered for computing elastic spectra

Ty, [s] 0.025 0.05 0.11 0.22 0.55 11 4.2
Ty [s] 0.025 0.1 0.2 0.5 1.0 4.0 10
AT [s] - 0.005 0.01 0.02 0.05 0.1 0.2

- Housner’s spectral intensity!

2.5

SIy = / Sv(T)dT (14)

0.1

where Sv(T) is the pseudo-spectral velocity;
- the geometric mean of the pseudo-spectral acceleration in the range of periods T;-2.0T;*

1/n

Sagugr1 (Ty, -+, 2T) = (H Sa (Ti)> (15)

i=1

- the IM proposed by Bojérquez and Iervolino*

0.4
Saavg (Tl’ ) 2T1)
1 = Sa(T 16
Np,T1 a(T,) [ Sa(Ty) ] (16)
— the IM proposed by Cordova**
Iver1 = VSa(T1)VSa2Ty) (17)
- the IM proposed by Kappos®
121,
0.8T,
- the IM proposed by Matsumura®®
2T,
SIy = / Sv(T)dT (19)
T,

The parameter T, in Equations (12)-(19) was set to either 0.3 or 0.7 or 1.5 s, in order to represent short-, medium- and
long-period structures. All IMs based on response spectra were computed considering a damping ratio of 0.05. All the
IMs considered are evaluated starting from discrete elastic spectra computed at the periods listed in Table 2. The IMs
considered were defined based on previous studies on their efficiency in predicting the inelastic behaviour of different
types of structures.'”

The vertical component of ground-motions was not considered in this work. As for the horizontal components, direc-
tivity effects were taken into account by means of the methodology proposed by Boore et al.*’ In particular, each IM was
computed for different horizontal directions, considering 5 degrees increments. As an example, Figure 2 shows the PGA,
in different horizontal directions at the MRN GMRS in Mirandola, for all the considered earthquakes. The minimum (0%
percentile), median (50% percentile) and maximum (100% percentile) values each IM among those associated to the dif-
ferent horizontal directions were used to derive GMPEs. According to Boore et al.,”” these values are named IMyorpo,
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Observed PGA PGA RotD50

PGARomo PGA ¢ D100

FIGURE 2 PGA in different horizontal directions at the MRN GMRS for the: (A) 20 May main event IT-2012-0008, (B) 29" May main
event, IT-2012-0011, (C) IT-2012-0010 and (D) IT-2012-0032 29" May aftershock events. For each plot maximum (PGAgp;q0), median
(PGARoipso) and minimum (PGAg.po) are shown. See Table 1 for the event codes.

IMRrotnso and IMgqpigo, respectively. It should be noticed that when considering orientation-independent IMs, as done
in the present study, it is not possible to use GMPEs for spectral accelerations at specific periods (i.e. Sa(T;)) in order to
define the attenuation of the geometric mean of spectral accelerations in a given range of periods, because the minimum,
median and maximum functions involved in the calculation of IMrorpg, IMroTD50 @and IMRip1go are non-linear.

3.3 | Geological data for the area of study
3.3.1 | Bedrock depth

Shakemaps and the GMPEs they rely on must describe site effects. In this study, data on the shear wave velocity in the
uppermost 30 m, V 303 and on the depth of the bedrock have been used to this purpose.
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FIGURE 3 Bedrock depth map, covering the areas affected by the 2012 Emilia earthquakes. Different range of colours and black lines
contour areas characterised by similarities in bedrock depth values. Epicentres for the 20" and 29" main events are marked with stars.
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FIGURE 4 Vg;, profiles investigation sites in the Emilia-Romagna region. V; 3, values associated with each survey have been divided
into soil categories according to the Italian building code (NTC2018) prescriptions, reported in Table 3.° It can be observed that the most
prevalent soil category in the epicentral area is type C. Epicentres for the 20" and 29" main events are marked with stars.

After the 2012 events, Mascandola et al.,*® have produced a detailed bedrock depth map for the area most severely
affected by the earthquakes (Figure 3) using passive seismic prospecting methods based on ambient vibration measure-
ments. This map is provided as a high-quality image with embedded georeferencing information. Therefore, through
direct linear interpolation of the data points it is possible to obtain bedrock depth values all over the area investigated. In
Figure 3, contour lines mark lines with constant bedrock depth, while its variation over the territory is mapped by means
of a colour scale. The maps show that in the area closer to epicentres (stars) the bedrock depth is almost uniform with a
depth of about 150 m.

Concerning data on Vj 3, values, the Emilia-Romagna region has collected the outputs of all the micro-zonation stud-
ies carried out since 2012,° for a total of 9406 data points (Figure 4). In the epicentral area Vj 3, values range from
around 200 m/s up to slightly lower than 400 m/s, which according to the Italian Building Code correspond to soil class
C (180 m/s < Vg 33 < 360 m/s).

Since these Vg 3 profiles, are point based and have an irregular spatial distribution, a proper continuum interpolation
model must be defined, in order to integrate these data in the shakemap estimation procedure. Two different approaches
were used to this aim; the first method is directly derived from the approach described for computing shakemaps, while
the second is based on a universal kriging.*!

Concerning the first method, the procedure described in Section 2 is used in order to estimate the distribution of
log;( (Vs 30) conditional to the values measured at the locations of the points depicted in Figure 4. To this purpose, the
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FIGURE 5 Empirical spherical semi-variogram fitted to residuals from the V3, linear regression.
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FIGURE 6 Conditional V3, distribution. This approach relies on a linear regression model calibrated on available data and a spatial
correlation model.

points at which V3 is available are considered here similarly to how GMRSs were used in Section 2 to estimate the con-
ditional distribution of log(IM). In place of a GMPE a linear regression model was defined for describing the dependency
of the measured Vg ;, values on geographical coordinates. The functional form adopted is

log (Vs30) = ¢+ ¢y - UTM, +¢3 - UTM, + ¢ (20)

where UTM, and UTM,, are the planar coordinates of each datapoint and ¢ is a normal error term. The origin of the
coordinate system used to measure these distances was set on the geographical centroid of the point data. Finally, a spher-
ical spatial correlation model was defined by analysing the residuals of the linear regression model in Equation (20).
The employed semi-variogram model is shown in Figure 5, while the conditioned distribution of log;;(Vy 30), obtained as
described in Section 2, is reported in Figure 6.

The second approach, instead, adopts a universal kriging model, that allows the prediction of a variable accounting
for a spatial correlation model and a trend characterising the observations. Universal kriging*? generally combines trend
surface analysis with ordinary kriging so that trends in the observations can be accounted for. The adopted trend is that
described by Equation (20) and the spatial correlation model is the same as that derived for the first method. The V3,
map obtained with kriging interpolation is presented in Figure 7.
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FIGURE 7 Vg3, map derived kriging interpolation, where the spatial trend of the data is assumed to be described by

3.4 | GMPE functional form

As the final objective of this work is to derive a strictly regional tool and given that, up to date, there are no GMPEs for all
the IMs under consideration with reference to the Emilia-Romagna region, specific attenuation relationships have been
defined. The functional form adopted is

log(IM) =c; + ¢, - My, + ¢ - log (\/RZ +ci> +c5 - log (R + 25) + SE + owey, + 0gEp (21)

where log(IM) is the base 10 logarithm of the intensity measure under consideration, M,, is the moment magnitude of
the earthquake, R is the Joyner-Boore distance in km, SE is a term representing site effects, while ¢,, and ¢, are standard
normal random variables, accounting for the within- and between-event errors, respectively. In this model the within-
event standard deviation is assumed as constant, given the limited number of earthquakes considered and their reduced
magnitude range.

Site conditions are often included in GMPEs through Vg3, values or soil classifications derived from V304
Recently, some authors have tried to consider the effect of deep geological; Chiou and Youngs***> for example, have
considered in addition to Vg3, the depth to the 1 km/s velocity horizon, Z;,. In this work four different formu-
lations for the site effect term in the GMPE have been considered. The first introduces a linear term proportional

to log(V30)
SF = ¢ - log(Vs 30) (22)
the second is based on the soil classification adopted by the Italian national building code
SF=C6'SB+C7'Sc+C8'SD (23)
where Sy is dummy variable equal to 1 for soil class B and 0 otherwise, S¢ is a dummy variable equal to 1 for soil class C
and 0 otherwise and Sp is dummy variable equal to 1 for soil class D and 0 otherwise. Soil classes are defined based on the
intervals reported in Table 3.

The third approach is derived from the non-linear site effect model proposed by the Italian building code for defining
elastic spectra on different soil classes®

SF =1 (Sap1-05.4Vs30) (24)
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TABLE 3 V3 ranges for each soil class according to the Italian Building Code™®
Soil class V30 range
A 800 m/s
B 360 m/s - 800 m/s
C 180 m/s - 360 m/s and bedrock deeper than 30 m
D 100 m/s - 180 m/s and bedrock deeper than 30 m
E 100 m/s - 360 m/s and bedrock shallower than 30 m

where f(Sag -9, Vs,30) is defined as

(1 for soil class A
Sa

1.0<14— 0.4%0'5’A < 1.2 for soil class B
Sa

0.1-0.5,A .
— 0<L£17-06—————<1.
f <Sao_1—o_5,A’Vs,3o> =J1.0<17-0.6 2 <1.5 forsoil class C (25)

SAy1_05.4

09<24— 1.5% < 1.8 for soil class D
Sa

1.0<20— 1.1%0'5’14 < 1.6 for soil class E

\

and Saj ;g 5 Ais the average spectra acceleration in the range 0.1 - 0.5 s on soil class A, and the soil classes are defined
according to Table 3.

Given a ground-motion recording on a soil class SC different from A its average spectral acceleration in the range 0.1
-0.5 s is computed (Sag 1-¢.5,5c) and the value of the site effect function is found by solving the equation

Sag1-0ssc = (Sap1-05.a:Vs30) SA01-0.5.4 (26)
The so obtained site amplification coefficient is then applied to all the intensity measures, being all based on either
pseudo-acceleration or pseudo-velocity response spectra.
The fourth approach is based on the site effect model proposed by ¢

SF=f (IMbedrock’ Vs,SO’Zl,O) (27)

where f(IMpegrocks Vs.30, Z1,0) is defined as

f(IMbedrock’ V100710 ) = o, min ( In (@) ,0> " ¢2(e¢3(min(vs,3o,1130)—360) _ #3(1130-360)y |y <1Mbedrock+fp4 )
, / 1130

(2 (28)
+ @5 (1 - e*AZLO/%)
with
4 4
—7.15 [ Vszo+571 :
Zy o — exp In 2 7 where Z, , is known
AZ = 4 1360" + 571 (29)

0 otherwise

Estimates of the regression coefficients ¢; in Equations (29) and (30), are provided by* but are available only for a
limited number of IMs, namely the PGA, PGV, PGD and spectral accelerations for different periods ranging from 0.01
to 10 s. Therefore, this approach could not be implemented for all the ground motion intensity measures evaluated in
this study. However, coefficients have been derived for a few additional IMs that are directly obtained from the spectral
acceleration, such as Sa,,, Sar; and Sa, ;¢ s using the formulas shown in Section 3. The site effect term was evaluated for

85U0|7 SUOWIWOD aA 181D 3(cedl(dde au Aq pausenob ae sejonfe VO ‘@S JO s3I 10} A%eiq18ulluO 43I UO (SUORIPUOO-pUe-SWLRY/LI0O" A8 | 1m" AfeIq U1 |UO//:SANY) SUORIPUCD pUe SWe 1 84} 89S *[2202/TT/Tz] uo AriqiTauljuo Ae|im ‘Wewnooq 7 1edia IWeksIS ealy Aq 95.€8be/z00T 0T/10p/L0o A8 Aeiqjeul|uoy/Sdny wo.j pepeojumod ‘0 ‘S¥86960T



12 Wl LEY BURATTI ET AL.
0.0 1.0 2.0
3 . [TT-2012-0011 [T1-2012-0008 | 3
q ° id do s 2
. ° ° o ° o ° ° o 1
732 : . % °8?“)°3°°°°o o5 % 3 g o5 4 B 0
2 L s 3 P RABARNE: NS °1
3 1 ° 1 o @ R o o © %o
= q NI A 1, o 8 LIRAC B L2
E ° ° °| e, 1 ° 5 :o E oo ° ° -3
g0 NIRRT S 5 [IT2012-0032[ [IT-2012-0010
5 oo ol [T 50 RN
E 1 ° ol %% g ° 00 A
g " e 1 " R
« ° N ﬁG b 26 °;9 °§v°°,,°° 8° | :
2 o -11 & o2 A o&q&qo .
3 B i
1 10 100 0.0 1.0 2.0
R [km] 10810 (PGApa) [ 1081y (cm/s?)]
(A) (B)

FIGURE 8 Residuals from the regression analysis for PGAgpso and AT3 model against Joyner Boore distance (A) and against fitted
values, grouped for different the different earthquakes considered (B).
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FIGURE 9 Residuals from the regression analysis for STHg,ps, and AT3 model against Joyner Boore distance (A) and against fitted
values, grouped for the different earthquakes considered (B).

each available ground motion recording station, noting that each station is assigned a Vy 3, value, while AZ, ;, is computed
according to Equation (29).

The V30 and the Z; ; values used in the development of GMPEs were not available for all the GMRSs. For stations
located inside the Emilia-Romagna region without data on either V3, or Z; o estimates from the models described in
Section 3 were used. Clearly, these models cannot provide estimates for GMRSs outside the Emilia region, therefore,
stations not covered by the models presented in Section 3, for which V3, values were not provided, were discarded,
whereas stations that did not have Z; , were kept using AZ; ; = 0 according to Equation (30). Combining Equation (21)
with one of the four different site effect models four different GMPEs can be obtained. These will be referred to as AT1,
AT2, AT3 and AT4.

The values of the regression coefficients of the GMPE in Equation (21) - and (22) and (23) for the models AT1 and AT2-
which can be classified as a non-linear mixed effects statistical model, were estimated by means of nonlinear regression,
using the software R.*® Various tests were carried out during the regression analysis, in order to check the quality of the
models, analysing the normality of the residuals and the absence of trends between the latter and either the covariates
or the fitted values of the models. As an example, Figure 8A shows a plot of the within-event residuals for the regression
analysis on PGAgpso With the AT3 model, while Figure 8B shows the same residuals plotted versus the fitted values,
grouped for the four earthquakes considered. Figure 9 shows the same plots with reference to the calibration of the AT3
model for SIy; gotpso. In both cases no trends can be observed. In general, no anomalies were observed during the regression
analysis. A summary of all the fitted models is provided in Table 4. Estimates of the regression parameters are provided
in Annex A.
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TABLE 4 Fitted attenuation models and ground motion intensity measures
IM AT1 AT2 AT3 AT4
Sag1-0s
Intcos
Ine,0.75
Ines
Inpo3
Inp0.75
Inpas
PGA
SQae03
SQavg0.75
Saag1s
Sari3

Sar07s

X X X X X X X

Sarys
Sl k0.3
Sl x.0.75

SIH,K,LS
SIy
SIm,0A3

X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X

SIma0.75
SIm,l.S

X X X X X X X X X X X X X X X X X X X X X

X
X

As described above, for each IM, IMqpg, IMponso, and IMgyp10o Were considered.

Figures 10 and 11 show examples of the fitted GMRSSs, for PGAg,pso and SIy ropso» respectively. In these figures the
circles indicate IM values as computed from the recordings of GMPESs, the black line indicates uogrns, , (see Equation 2),
while the red curve corresponds to Mog(iM, ;) + 8p,- In general, the between-event variability 55 was very small, since
all the earthquakes considered are part of the same seismic sequence. In the two examples in Figures 10 and 11, it can be
noticed that the p, terms are almost zero for all the earthquakes considered in case of PGAg,ps - the black and red curves
are overlapped - while they have slightly larger values for SIj; gops0, in particular for the aftershocks IT-2012-0032 and IT-
2012-0010. The within-event standard deviations, reported in Annex A, are small if compared to other models available in
the literature,?® because the models fitted in the present paper were calibrated using earthquakes from the same seismic
sequence, which feature very similar geometric attenuation. They range from 0.25 to 0.29 for most of the models.

In order to compare the GMPEs derived here with those available in the literature, Figure 12A shows, with reference
to the 29" May earthquake, the residuals for the AT3 model for log;o(PGAgypso) and those for.?® These latter residuals
are in terms of base-10 logarithm of the maximum recorded horizontal PGA, log;o(PGA,.x), and were derived from the
output of Shakemap 4.0 available on the INGV shakemap website.!! The two sets of residuals are similar, suggesting
similar goodness of fit for the two modes, even those for?® are slightly biased and present more outliers, probably due to
the different site effect model. It should be noticed that the bias does not affect the shakemaps because it is corrected when
calculating the between-event residual (Equation 6). Finally, Figure 12B shows a comparison of the two GMPEs in terms
of PGA attenuation of rock sites. It can be noticed that their main difference is in the corner distance, which is higher for
ATS3.

3.5 | Spatial correlation model
In this work, a spatial correlation model was derived empirically by constructing semi-variograms by analysing the resid-

uals of the regression analyses on data from the 29" May earthquakes; in fact for the 20 May event, there is a major
lack of stations in the epicentral area. The other events recorded after the 20" May event were not considered because
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FIGURE 10 Predictions of the median value of log(PGAg,pso) by the AT3 model against Joyner-Boore distance for the different
earthquake considered. Circles represent recorded IM values obtained from GMRSs.
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FIGURE 11 Predictions of the median value of 1og(SIj;,romso) by the AT3 model against Joyner-Boore distance for the different
earthquake considered. Circles represent recorded IM values obtained from GMRSs.
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FIGURE 12 29" May 2012 Earthquake, GMPE logarithmic residuals at the GMRSs for the AT3 model and,?® used for INGV shakemaps.

PGA attenuation on rock sites according to model AT3 and,* used by INGV shakemaps.
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FIGURE 13 Empirical semivariograms for the attenuation model AT3 considering PGAgpso (A) and SIHgypso (B).

the main focus of the present paper is deriving IM prediction for the 20™ and 29" May events, since they produced most
of the damage on buildings. To this purpose the approach described by Jayaram and Baker” is used. After the calculation
of empirical semi-variograms, different fitting models were tested; it is thought that the spherical semi-variogram model
better fitted to the sample semi-variograms. This model is expressed as:

3
3h 1/(h
y(h) = 55—5<5> Joroshsa (30)

1 forh>a

with a being the range and h the separation distance, whereas y(h) is the semivariance. The spatial correlation is obtained
by subtracting the semivariance from unity. As an example, Figure 13 shows the semivariograms obtained from the resid-
uals of the AT3 model for PGA,gqpso (Figure 13A) and Sl gopso (Figure 13B) with the corresponding fitted spherical
models. The estimates of the ranges for all the spatial correlation models are reported in the Annex B. They span from a
minimum of 16.81 km for Sarq ¢ 3 rotp100 (AT3 model) to a maximum of 57.70 km for Say ;1 5 rotno- In general it is observed
that IM based on longer spectral period are associated to higher values of the range and that on average the range decreases
passing from RotDO values to RotD100.
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FIGURE 14 Median value (A) and logarithmic standard deviation (B) of PGA p,pso produced by the 20 May mainshock, obtained using
the AT3 GMPE.
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FIGURE 15 Median value (A) and logarithmic standard deviation (B) of PGA gpso produced by the 29 May mainshock, obtained using
the AT3 GMPE

4 | SHAKEMAPS FOR THE EMILIA 2012 EARTHQUAKES

Shakemaps for both the 20 May and 29 May mainshocks were computed, considering all the ground motion IMs listed
in Section 3.1 and the different site effect models described in Section 3.4. The procedure described in Section 2 was
implemented by the authors using the Matlab programming language. Conditional IM values were computed at the
points of a regular grid with a spacing of 0.009 decimal degrees. Only these two earthquakes are considered because
they are the most relevant in the framework seismic fragility assessment, since they produced most of the damage on
buildings.?>*’

When using the AT2 and AT3 models, soil category C was assumed at all the grid points considered for computing the
maps. This assumption is justified by the widespread diffusion of this soil class at the locations of the GMRS closer to the
epicentre (see Section 3.3). The site amplification coefficient for the GMPE AT3 depends on the IM Sa, ;_¢ 5 on soil class
A. Therefore, a first shakemap was calculated for this IM and then its median values were used to compute the value of
site effect coefficient at each grid point. The shakemaps for all the other IMs under consideration were first computed
assuming soil class A and then scaled using the so obtained values of the site effect coefficient. For the maps based on the
ATI1 and AT4 models Vy 3, values at the grid-points were estimated using the continuum approximation models described
in Section 3.3. The adopted values of Z, ;, for the model AT4 are those reported in Figure 3. Similar to what was done for
the GMPE AT3, shakemaps were first computed assuming rock site conditions and then scaled considering the values of
V30, and for the model AT4 the values of Z, , at the different grid-points.

As examples of the shakemaps computed, Figures 14 and 15 show maps for the PGA associated to the 20 May and the
29 May mainshocks with the AT3 model, respectively, in the epicentral area of the earthquakes. Each figure shows the
conditional median value of the PGA (i.e. 10/1°8/Me)lloeI™. Gurs))and the corresponding conditional logarithmic standard
deviation, computed as the square root of the variance estimated by Equation (10). As discussed above, at sites far from
recording stations the logarithmic standard deviation tends to the within-event standard deviation of the GMPE. Clearly,
the shakemap associated to the 20 May event has a higher uncertainty due to the limited number of recording stations.
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This highlights the importance of a dense GMRS grid in order to obtain accurate predictions of the ground-motion
intensity.

With reference to the 29 May earthquake Fig. 16 shows maps in terms of Sagg03Rotns05
S0ag0.75,RotD5058avg,0..5Aavg 1.5,Rotps0 aNd SIH ropso. It is interesting to observe that the areas at which the highest
values of the average accelerations in the different period ranges are predicted are different. The highest values of
Saqug0.3,rotns0 (Figure 16A) are predicted south west of the surface projection of the fault surface and close to the
epicentre, high values are observed also north east of the fault area. Saye 075 rotnso Values are high on the west of
the fault area, with a peak also north west. Finally the highest Sa 1.5 Rotpso @nd SIH roipso figures are predicted within
the surface projection of the fault surface. The analysis of the correlation of the different IM values with damage data is
far beyond the scope of the present paper, but studies on observational fragility analyses can benefit from the predictions
provided in the present paper.

Finally, it should be noticed that it is not possible to directly compare the shakemaps presented in the present paper
with those computed by INGV because they consider the maximum of the two horizontal components as IM values,”
while in the present paper we consider rotation independent values. Furthermore, the scope of INGV maps is providing
a rapid assessment of the ground motion intensity in terms of a few IMs, using general GMPEs, calibrated on data from
many different earthquakes.

All the shakemaps obtained are provided if the form of tables as supplementary material to this paper.

4.1 | Analysis of the prediction error

To decide which Model provides the best estimates and should be preferred when computing the conditional ground
motion distribution, it is necessary to compare the accuracy of the prediction of each map for the different IMs.
At the same time, this process allows us to study the influence of the site effects term definition. To this purpose,
the shakemaps computed using AT1 and AT4 models are further differentiated based on the procedure implemented
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TABLE 5 Root mean square errors associated with shakemaps derived adopting the different attenuation models, listed in the first row
of the table. RotD50 IM values are conside

IM ATy, AT1,, AT2 AT3 AT4y 0. AT4,,,
Sag_s[cm/s?] 105.94 96.45 46.17 35.10 34.15 37.00
Ly [cm/s?] 91.71 90.44 4522 37.63 X X

Lyie 075 [cm/s?] 96.13 103.72 36.05 31.62 X X
Iyies [cm/s?] 98.98 103.09 35.42 25.30 X X
Inpos [cm/s?] 89.81 101.19 47.43 37.31 X X
Inpo.7s [cm/s?] 96.45 97.08 39.21 37.31 X X
Inp,is [cm/s?] 110.68 123.65 39.21 21.82 X X
PGA [cm/s?] 96.13 134.08 46.17 33.52 34.15 34.47
Sagyg03lcm/s?] 61.03 178.04 28.78 25.93 27.51 2214
Sagug075lcm/s?] 69.57 135.35 21.50 21.50 19.92 24.35
Sagyg1 slcm/s?] 81.59 171.40 18.02 18.66 18.34 104.04
Saryo3[lcm/s?] 69.57 111.00 25.30 25.30 25.30 28.46
Sary o7slcm/s?] 60.72 88.23 27.83 28.46 28.78 50.91
Saryys[em/s?] 80.32 157.80 18.66 18.66 18.97 36.05
STy 03, [cm] 60.40 74.95 42.69 3131 X X

STy k.75 [cm] 53.13 98.03 33.20 26.25 X X

ST 15 [cm] 69.57 69.57 35.42 23.08 X X
SIy; [cm] 107.83 85.07 36.05 27.20 X X
STy [cm] 67.36 74.31 37.00 25.61 X X
STyp0.75 [cm] 83.80 83.17 36.37 26.25 X X
STy [cm] 118.59 111.00 35.73 23.08 X X

to extend V3o values to the area of interest and subscripts krige and regr are for this reason added to the original
notation.
The following procedure is adopted to measure the accuracy of the predictions:

(i) ten GMRSs closer than 50 km from the epicentre and on C soil type are randomly selected and then removed from
the recording stations list;

(ii) the conditional distribution of the IM under consideration is estimated at the locations of these stations. It is worth
noticing that in this case the model described in Section 2 is applied considering as sites for the conditional IM
predictions the exact locations of the removed stations, without using a regular grid;

(iii) the IM measurements for the removed stations are compared with the conditional IM predictions

(iv) points from (i) to (iii) are repeated for one hundred times and then the Root Mean Square Error (RMSE) is computed

as:

100 10

1 N2
RMSE = 3| 15515 2 2 (M1~ 51 =
j=li=

with IM;; being the general IM value obtained from a GMRS and ITJ, the corresponding prediction. Given the limited
number of GMRSs for the 20 May event, and the purpose of the paper, this analysis was carried out with reference to
the 29 May mainshock only. The values of the RMSE, obtained for the different IMs under consideration are listed in
Table 5. It can be observed that IM predictions computed with the AT3 and the AT4 y ;. models are associated to the
lowest average RMSE with the second model performing slightly better than the first. The good performance of the AT4
krige Model, however, is shadowed by its limited range of applicability, as it can be adopted to estimate only a reduced set
of IMs because of the soil effect model adopted (see Section 3.4). At the same time, the predictions provided by the model
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FIGURE 17 Difference in the PGAg,pso predictions for the 29 May earthquake obtained using (A) the AT1 and the AT3 models and (B)

the AT2 and the AT3 models. AT3 is used as reference in both cases.

45.1 450
45 400
350
=449 300
E E
3 44.8 250
200
44.7
150

10.8 11 11.2 114 11.6
Longitude [°]

FIGURE 18 Vg3, values predicted in the area considered for the shakemaps by the Kriging model.

AT3, which uses the non-linear soil effect model by the Italian national building code, are only slightly less accurate and
cover a much wider set of IMs. Therefore, the AT3 model is to be preferred.

In order to better understand the discrepancies in the models considered, Figure 17 shows the absolute difference
between the predictions of PGAgpso obtained from the AT1y;, and the AT2 model and those from the AT3 model, used
as reference. Clearly, the largest differences are observed for the AT1y,, model which predicts lower (about 150 cm/ s%)
PGA values than AT3 in the south west corner of the surface projection of the fault and higher values (about 120 cm/s?)
at the south of the fault. The differences in the case of the AT2 model are lower; at the south of the epicentre, it pre-
dicts lower PGA values (bout 90 cm/s?), while at the south east corner of the fault surface projection it predicts higher
PGA values that AT3 (about 50 cm/s?). Since these differences cannot be justified by the variability of Vj 3, (Figure 18)
they suggest that, as expected, in the near source area there are strong non-linear soil effects, which are included
in AT3.

5 | CONCLUSION

The paper presented ground-motion intensity estimates for the two mainshocks of the 2021 Emilia earthquake that on the
20" and 29" May 2012 struck the provinces of Bologna, Modena and Ferrara. These maps rely on the assumption that the
logarithm of any IM values over a certain area follow a multivariate normal distribution with a certain spatial correlation.
Attenuation relationships and spatial correlation models have been calibrated for different IMs, computed considering
directionality effects, using data from four earthquakes of the 2012 Emilia sequence. Different site effect models have
been considered and compared in terms of root mean square error by contrasting shakemap predictions with recorded IM
values within an iterative procedure in which some ground motion recording stations were removed from the set of those
used for computing shakemaps. It was found that the lowest mean square error values were associated to the non-linear
site effect model by Chiou and Youngs® that considers both the effects of V 3o and Z, . Similarly low error values were
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observed also for the shakemaps computed with an attenuation model based on the nonlinear site effect model proposed by
the Italian National building code, based on Vy 3, only. It should be noticed that the area investigated is mainly associated
to soil type C and features a quasi-uniform bedrock depth, therefore, the conclusions on the accuracy of the IM predictions
related to the different site effect models may not apply to different soil types or site configurations.
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