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1 | INTRODUCTION

For ordinary structures, seismic actions for design are typically prescribed only in terms of horizontal ground motion
components, represented by a design response spectrum. According to the Italian Building Code - NTC18' and Eurocode
8 - EC8,” the vertical component of the seismic action shall be taken into account in a very limited number of cases, typ-
ically, for base-isolated structures and for selected building components (e.g. horizontal structural members with large
spans). Nonetheless, it has been recognized that the vertical ground motion may be significantly larger than its horizontal
counterpart in the near-source region of earthquakes, especially at periods less than about 0.3s, with potential impact for
short-period structures.® The relevance of the vertical ground motion has been clearly documented by the recent 2012 Po
Plain (northern Italy) and the 2016 Central Italy seismic sequences.*> As an example, some stations located on the sur-
face projection of the faults causative of the Norcia (30/10/2016, moment magnitude M,,6.5) and the Po Plain (29/12/2012,
moment magnitude M,,6.0) earthquakes recorded maximum ratios of Vertical-to-Horizontal (VH) response spectral accel-
erations (SA) as high as about 3 and 8, respectively (see Figure 1), at short periods.
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FIGURE 1 Vertical-to-Horizontal (VH) ratios of spectral acceleration (SA) at some near-source stations (CLO: Castelluccio di Norcia;
CNE: Castel Sant’Angelo sul Nera; MIRE and MIRH: Mirandola) during the Norcia (30/10/2016, M 6.5, left) and Po-Plain (29/05/2012, M 6.0,
right) earthquakes. Detailed information regarding the stations is available at the ITACA website: http://itaca.mi.ingv.it/

In such conditions, ignoring the vertical component may result in unsafe design assessments for special structures,
such as low-rise buildings, masonry constructions, and long-span bridges.® Vertical ground motion may play a crucial
role for unreinforced masonry constructions, prominent in countries such as Italy, whose dynamic behavior is essentially
governed by friction. As shown in Liberatore et al.,” for these constructions, cycles of increments of axial loads can induce
repetitive reductions of friction force, leading, therefore, to more extensive failures in small-cohesion structures. This find-
ing is also supported by Di Michele et al.® who concluded that fluctuations in the axial load strongly affect the flexural
and shear capacity of masonry walls and a higher incidence of such effects is found for near-source records of large mag-
nitude events. There are also evidences of the detrimental effect of vertical ground motion on Reinforced Concrete (RC)
precast/frame structures”'? as well as on bridge structures.'"'

The considerations above have motivated our research focused on the characterization of vertical ground motion for
engineering aims. In general, two main approaches can be used to develop vertical design seismic spectra in the frame-
work of a Probabilistic Seismic Hazard Assessment (PSHA): (1) perform hazard integrations using Ground Motion Mod-
els (GMM) specifically developed for the vertical response spectral ordinates,">~'° separately from those for the horizontal
components; (2) use a GMM for the VH response spectral acceleration ratios to scale the horizontal Uniform Hazard Spec-
trum (UHS). The main limitation of the first approach is that disaggregation of hazard may lead to different earthquake
scenarios controlling the horizontal and vertical spectral accelerations. Such inconsistency may pose obstacles to site-
specific engineering studies, such as in the selection of hazard-consistent three-component ground motions to be used
in dynamic time history analyses of structures. For these reasons, the most commonly used approach is to generate the
vertical spectrum by making use of empirical models for VH ratios."”2° This approach, although simplified, is effective
for seismic design purposes because it avoids performing vector-valued PSHA?’ including both horizontal and vertical
components and the full treatment of their correlation.

The main aim of this study is to develop an empirical GMM for VH ratios of SA, Peak Ground Acceleration (PGA)
and Peak Ground Velocity (PGV) for Italian shallow crustal earthquakes. The regression is calibrated using the strong
motion dataset specifically developed for Italy, named ITA18, to update the GMM by Lanzano et al.”® for the horizontal
components. To account for the amplification of VH spectral ratios typically found in the proximity of the earthquake
source, an adjustment factor is proposed to improve the median predictions and to avoid unsafe predictions when near-
source scenarios control the hazard at the site. Following the Referenced Empirical Approach,?®*° this factor is calibrated
from the residual analysis of the reference GMM (i.e., calibrated using the ITA18 dataset) with respect to the worldwide
NEar-Source Strong motion dataset (NESS1.0).>! The proposed VH model is compatible with the horizontal GMM by
Lanzano et al.,”® because the dataset, record processing and functional form are common to both models. Figure 2 shows

the conceptual framework at the basis of the methodology proposed to develop the Italian VH GMM adjusted for capturing
the increase of vertical spectral demand in near-source conditions.

2 | VHSPECTRA FROM SEISMIC NORMS

Most of the seismic norms allow to design conventional structures only for the horizontal seismic actions and prescribe
to consider the vertical excitation only in very limited cases. Specifically, according to EC8 - Part 1, the new draft of
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FIGURE 2 Flowchart of the methodology adopted for the empirical estimation of VH ground motion model

Eurocode 8*? and the NTC18,' these include specific structural members and structures, i.e., horizontal and nearly hori-
zontal structural spanning members more than 20 m, horizontal and nearly horizontal cantilever component more than
5m, horizontal pre-stressed components, beams supporting columns, and base-isolated structures. Furthermore, in some
codes, further requirements are given in terms of exceedance of threshold values of vertical peak ground acceleration
(PGA, > 0.25g for EC8) or maximum spectral acceleration (S, > 6.25 m/s* for EC8-Draft).

Historically, the simplest approach to derive vertical design spectra was to scale the horizontal spectrum by applying a
period-independent factor equal to two-thirds (2/3). The Regulatory Guide (RG) 1.60** was one of the earliest guidelines
to provide a design model for the VH spectral ratios, which is set equal to 2/3 for frequencies less than 0.25 Hz but equal
to 1.0 for frequencies above 3.5 Hz.

In the last 30 years, it has been acknowledged that horizontal and vertical ground motions differ in the spectral content,
magnitude scaling, attenuation rate with distance and site response. For these reasons, the VH ratio is sensitive to spectral
period, distance from the source, magnitude and local site conditions and it is characterized by a distinct peak at short
periods that typically exceeds 2/3 in the near-source region of an earthquake. These findings have been incorporated in
recent seismic codes, such as EC8, the U.S. Building Code,*** the Turkish building code*® and the EC8-Draft, where the
vertical design spectrum is defined in a way which reflects more realistically the variation of the VH ratio with period (see
overview in Kale and Akkar).>” EC8 was one of the first code to introduce a vertical design spectrum and it was mainly
based on the studies by Elnashai and Papazoglou.*®

The ASCE/SEI 7-16 norm in force accepts the 2009 NEHRP provisions,*® which are mainly based on the work by
Bozorgnia and Campbell.?* However, the 2020 NEHRP provisions, which are expected to be incorporated into ASCE/SEI
7-22, recommends a revised definition of the vertical design spectrum to approximately match the VH spectral ratios
from recent NGA-West 2 models.”*'>!740 The definition of the vertical spectrum was revised in the EC8-Draft, by
defining VH ratios variable with period and with ground motion intensity, consistently with the most recent empirical
studies.?’

The New Zealand norm NZS 1170.5*' prescribes a simple period-independent VH ratio of 0.7. However, it recognizes,
at least qualitatively, that the vertical component may be comparable to the horizontal one at short distances of 10 km or
less from the seismic fault, where VH ratio should be considered as one for short periods T < 0.3 s.

Figure 3 compares the VH spectra embedded in different international seismic codes, namely, EC8, EC8-Draft, NTC18,
ASCE/SEI 7-16, NEHRP 2020, TBEC18 and NZS 1170.5, for both rock (left) and soft (right) sites. Note that the VH spectra
are obtained by dividing the vertical design spectrum by the horizontal one, assuming a high seismicity arbitrary site.
Rock and soft sites refer to ground type A and C for the European and Italian norms and to type B and D for the Turkish
and U.S. standards. Detailed information on the most relevant parameters adopted in each seismic norm to define the
vertical design spectrum is reported in Table A.1 of the Appendix. In the same table the base hazard parameters selected
for the comparison of Figure 3 are provided.

At short periods (T < 0.1s), on rock sites, all norms tend to have similar VH ratios, except for EC8 which overesti-
mates significantly the VH peak giving a ratio of 1.8. On soft soil sites, especially at shorter periods (T < 0.2 s), the
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FIGURE 3 Design VH spectral ratios obtained from EC8 (Type 1), EC8-Draft, NTC18, ASCE/SEI 7-16, NEHRP 2020, TBEC18 and
NZS1170.5 norms for rock (left) and soft soil (right) site. See Table A.1 in the Appendix for further details

variability of design VH ratios is much higher, with peak VH ratios ranging from 0.7 (NTC18) to about 2 (ASCE/SEI
7-16). It is noted that, contrary to other norms, EC8 and NTC18 prescribe VH ratios which are more conservative for
rock than for soft sites. This is due to the different way through which site conditions are accounted for in the defi-
nition of the vertical design spectra. Specifically, in ECS8, the local site conditions do not enter directly in the defini-
tion of the vertical design spectrum. The latter is, in fact, anchored on the PGA, estimated as a fraction of the refer-
ence horizontal PGA, equal to either 90% (Type 1 spectrum) or 45% (Type 2), depending on the seismicity of the area
(for high and low seismicity, respectively), and it has constant corner periods regardless of the site conditions. A sim-
ilar rationale is behind the NTC18, where the vertical design spectrum is a function of the maximum vertical spec-
tral amplification factor, F,, which is defined as a non-linear increasing function of PGA. On the other hand, in U.S.
provisions, a vertical coefficient, C,, is defined to account for the dependence of the VH ratios on the site class and
on the seismicity of the area. In EC8-Draft, site classes are indirectly taken into account in the definition of the ver-
tical spectrum, because of the scaling of the site-dependent horizontal spectrum. The comparison between ASCE/SEI
7-16 and 2020 NEHRP provisions highlights two main aspects: first, the revised spectral shape somehow regularizes
the VH ratios recommended previously, providing a lower constant value in the range of periods between 0.025 and
0.05 s; second, the decay with period of the vertical design spectrum in the mid-period part has been updated from
T70.75 to TfO.S'

3 | EMPIRICAL MODELS FOR VH RATIOS

In literature, several models, the major of them empirically developed, are available to predict the VH ratios in regions
of shallow crustal seismicity. In this study four recent models are considered, namely, BC2016,"7 GA2011,° BO2011'° and
AK2014."

Table 1 provides an overview of the aforementioned empirical models, along with the model proposed in this study,
with indication of the main features of the predictive relationships in terms of reference dataset, tectonic context, range
of M, and of source-to-site distance, explanatory variables and type of modeling for site response. With reference to
the modelling of soil behavior, it is remarked that, while the BO2011 model accounts for linear ground response, a non-
linear behavior is taken into account in GA2011 (only the horizontal component), AK2014 and BC2016 (both vertical and
horizontal components).

Both BO2011 and AK2014 are suitable for predictions in Europe and Middle East (AK2014 updates the BO2011
model by making use of the RESORCE dataset consisting of 1041 recordings of My in the range from 4 to
8), while GA2011 and BC2016 are based on worldwide datasets including 2684 and 21332 recordings of My, =
[5-8.5] and [3.3-8.5], respectively. Although BO2011 is superseded by AK2014, we prefer to keep it for com-
parison purposes because, like our model, it does not introduce soil non-linearity into the modeling of site
response.
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TABLE 1 Main features of selected VH GMMs available in the literature
B02011 GA2011 AK2014 BC2016 This study
Dataset Strong-motion Subset of the Subset of the NGA-West2 ITA18
database for PEER-NGA RESORCE worldwide dataset
Europe and worldwide database: database for ground motion for Italy:
Middle East: 2684 recordings from Europe and Middle database: 5778
1267 records 127 worldwide events East: 1041 records 21’332 records records
from 392 from 221 events. from 599 from 156
events events. events
Tectonic Shallow crustal Shallow crustal Shallow crustal Shallow crustal Shallow
context seismicity seismicity seismicity (Europe seismicity crustal
(Europe and (worldwide) and Middle East) (worldwide) seismicity
Middle East) (Italy)
M, [4.5-7.6] [5.0-8.5] for strike-slip [4.0-8.0] [3.3-8.5] [3.5-7.5]
[5.0-8.0] for dip-slip
Source-to- R;5' up to R, up to 200 km R up to 200 km R,,,pup to 300 km Ryyp OT Ryp
Distance 100 km up to
200 km
Intensity PGA, PGA, PGV, SA(0.01-10s) PGA, PGV, PGA, PGV, PGA, PGV,
measures SA(0.02-3s) SA(0.01-4s) SA(0.01-10s) SA(0.01-
10s)
Explanatory M, R;p, SoF?, My, Ry, SOF & Vigzo* My, Reyp> SOF & Vg3 My, Revps Ry, VISR
variables Site class Ry, Ztor®, &, SoF &
SOF, Vg3, Z2.5% Vo
& Zhyp’.
Soil Linear Non-linear function for Non-linear function Non-linear Linear
behavior function H and linear for V for both Hand V function for function
both Hand V

R;5": Joyner-Boore distance; SoF?: Style of faulting; R,,,,: rupture distance; Vg3,* : time-averaged shear-wave velocity in the top 30 m; R; :closest distance to the
surface projection of the top edge of the co-seismic fault rupture plane measured perpendicular to its average strike; Z,,,°: depth to the top of the fault rupture
plane; §: average dip angle of the fault rupture plane measured from a horizontal plane; Z, s%: depth to the 2.5 km/s shear-wave velocity horizon beneath the site;
Zhypgz hypocentral depth of the earthquake measured from sea level.

4 | THE DATASET: ITA18

The VH GMM model calibrated in this study is based on the ITA18 dataset, built to develop the horizontal GMM by
Lanzano et al.?® for shallow active crustal regions in Italy. This dataset is composed of 5778 strong-motion records for
156 events in which about 90% are representative of Italian seismicity. The M, ranges between 3.5 and 8 and records are
selected from 1684 stations within a R;p up to 200 km (see Figure 4). Besides, the events are classified with normal (NF,
47% of total events), reverse (TF, 28%) and strike-slip (SS, 25%) focal mechanisms. We refer the reader to Lanzano et al.”®
for detailed information regarding the dataset processing.

In our analysis, at each period T, the VH ratio is computed by dividing the vertical SA(T) by the horizontal RotD50
component, defined as the median of the distribution of the SA, obtained from the combination of the two horizontal
components across all non-redundant azimuths.*” The observed trends of VH ratios are shown as a function of some
explanatory variables, such as magnitude and the source-to-site-distance, introduced by both the rupture distance R,
and the Joyner and Boore distance R;. These metrics are available for all the events with M,, > 5.5 for which the geometry
of the fault is known; when not available, the epicentral distance (R, ;) is regarded equivalent to R;z, and the hypocentral
distance (Ryyp) tO Ry p.

Figure 5 shows the empirical cumulative frequency distributions of VH ratios of SA (0.1s) and SA (1s) computed from the
entire ITA18 dataset. As expected, for a given fractile, higher amplitudes are found for short period spectral accelerations:
specifically, about 2% of ITA18 records has VH ratios at 0.1 s and 1.0 s exceeding 1.7 and 1.4, respectively. Furthermore, it
is found that about 15% of records has VH ratios at 0.1 s larger than 1.

Figure 6 shows the trends of the median VH ratios of the ITA18 dataset for two periods (T = 0.1s, left; T =15, right) asa
function of R;3 and My,. The median values are computed by grouping the VH observations in equally spaced distance and
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FIGURE 5 Cumulative frequency distribution (CD) of observed VH ratios of both SA(0.1s) and SA(1s) from ITA18 dataset

magnitude bins. The attenuation of short-period VH ratios with distance (Figure 6, top) is significant at distances within
30 km, especially for larger magnitude ranges; at longer periods, the VH ratios tend to increase mildly with distance, as
also found by other authors.!” The observed VH ratios, as well as the rate of decay with distance, do not show a strong
dependence on magnitude (Figure 6, bottom). The analysis of VH ratios also shows a limited dependence on soil condition
(Vg30) and focal mechanism (not reported here for sake of brevity).

5 | CALIBRATION OF THE ITA18 VH MODEL
5.1 | Functional form

On the basis of the data analysis shown in the previous section, the functional form adopted for the VH ITA18 median
model is defined as follows:

logloY = a+FM (Mw,SOF)+FD (Mw, R)+FS (Vs30) (1)
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FIGURE 6 Attenuation with distance (top) and magnitude scaling (bottom) of median VH ratios from ITA18 dataset for SA(0.1s), left,

and SA(1s), right. Dispersion bands are shown only for selected bins

where Y is the VH ratios for PGA, PGV and 36 ordinates of the 5% damping acceleration response spectra (SA) in the period
range 0.01-10 s, a is the offset, Fy;(Myy, SoF) is the source function, Fp(My,, R) is the distance function and Fg(Vg3) is
the site term. The functional form is consistent with the one adopted for the horizontal GMM of Lanzano et al.,” apart
from a minor modification regarding the source term owing to the more limited dependence of VH on My, (herein the
magnitude scaling is controlled by a simple linear function, whereas in Lanzano et al.?® by a stepwise linear function).
The almost negligible dependence on My, indicates that the source scaling of the horizontal component is very similar to
that of the vertical component. For the final regression, we decided however to keep the linear magnitude scaling term
because some sensitivity tests indicated a lower dispersion. Specifically, the source term consists of two terms:

where coefficient b controls the source scaling and the coefficients f; provide the correction for the Style of Faulting
(SoF) of the event. SoF ;s are dummy variables, introduced to specify strike-slip SS (j = 1), reverse TF (j = 2), and normal
NF (j = 3) focal mechanism types. The regression is performed constraining to zero the coefficient for normal faulting

(f3 = 0). The path term is defined as:

FD (Mw,R) = [Cl (M —Mref) + Cz] logIOR (3)

where the first term is the magnitude-dependent geometrical spreading and the second is the distance attenuation, M, is
the reference magnitude assumed to be constant for all periods with a value of 6.0, while ¢; and c, are the path coefficients.

The distance is computed as R = \/RfB + h?, in which Ry is substituted by R,,, when using the model coefficients
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related to R, and h is the pseudo-depth, assumed to be constant for all periods with a value of 5 km. The values of
M,.s = 6 and h = 5 km were calibrated from a first stage non-linear regression.
Finally, the site term is defined as a function of the time-averaged shear wave velocity in the top 30 meters (Vg3):

V
Fs (V30) = klog,, <—°> (4)

in which Vj; = V39 when Vg3y < 1500 m/s and V|, = 1500 m /s otherwise. Because the record sampling of very hard-
rock sites is poor, the upper bound of the V3, scaling, above which the amplification is independent on this explanatory
variable, corresponds to 1500 m/s according to Kamai et al.** The function is linearly dependent on Vg5, consistently with
the ITA18 horizontal model. In particular, the non-linear site response term in horizontal GMM was neglected because
there are insufficient records to robustly constrain these effects. Another strategy, followed in several works (GA2011;
AK?2014; BC2016) consists in calibrating the non-linear site scaling on the basis of numerical simulations; however, this
approach tends to over-estimate the effects of the non-linearity, especially at short periods.***>

5.2 | Regression analysis

A linear ordinary least-squares mixed-effects regression method is used. The method is suggested by Bates et al.*® and
composed of fixed effects and random effects. The fixed effects are applied to evaluate the source (b), path (¢; and c,),
and site term (k) coefficients and the random effects are applied to stations and events to perform the residual analysis
and estimate the partially non-ergodic sigma according to.*’

Following the procedure of Lanzano et al.?® and according to Wasserstein and Lazar,*® the statistical significance of
model coefficients (P-Values) is tested for each fixed coefficient. The smaller the P-Value is, the higher the possibility
to reject a null hypothesis is. In other words, coefficients with low P-Values (< 0.05) are considered to be significant
and meaningful to the model, instead, coefficients with high P-Values (> 0.05) are considered to be less significant and
meaningful to the model.

The regression coefficients obtained considering both R, , and R;p are reported in the Electronic Supplement S1, while
the Supplement S2 lists their corresponding P-Values at PGA, SA(0.1s) and SA(10s). It is noticeable that the site coefficient
(k) assumes values close to zero at short periods (0.1s), but the P-Value is quite high (> > 0.05). Consequently, the site
effect seems to be not effectively modeled at SA (0.1s) and it is expected to obtain high site-to-site variability at that period.
Furthermore, as for the horizontal model, SoF correction f; and f, mostly exhibit high P-Values, meaning that these
terms are not a meaningful addition to our VH model.

5.3 | Residuals analysis

According to Rodriguez-Marek et al.,** total residuals (R,,), defined as the difference between observed ground motion
parameters and the values predicted by the model (in logl0 units), are separated into a between-event term (6B, ), site-to-
site term (6S2S,) and site- and event- corrected term (§W'S,):

Ry = 6B, + 8525, + SWS,, (5)

where the subscripts denote an observation for event e at station s. The §B, (also called inter-event residual or event term)
represents the average shift of the observed ground motion of an individual earthquake, e, from the population median
predicted by the GMM. The 6S2S, represents the systematic deviation of the observed ground motion at site s (i.e., the site
term) from the median event-corrected ground motion predicted by the model, and SW'S, is the site- and event-corrected
residual.

Figure 7 shows the trend of 6B,, §S2S; and WS, residuals with respect to My, V39, and Rjp, respectively, for
both SA(0.1s), left, and SA(1s), right. The 8B, error (Figure 7, top) is within the range of [-0.1, 0.1] log 10 units, with
no trend with magnitude. The §S2S; (Figure 7, center) is within the range of [-0.5 0.5] log 10 units with unbiased
trend, especially in the range of Vg3, containing the largest number of records (300-800 m/s). The figure shows that
the 6S2S; has higher variability compared to dB, at both SA(0.1s) and SA(ls). This behavior is probably related to
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two factors. First, the ITA18 dataset used is composed by more than 2/3 of the records from stations with Vg3, esti-
mated indirectly by an empirical correlation with the topographic slope®® rather than being measured. The second
factor could be related to the assumed functional form for the site term, prescribed only by a linear dependence
on Vgso. As remarked by Laurendeau et al.,’' this short period variability should be explained through the use of
the high-frequency attenuation parameter (i.e. the kappa term x,), as additional explanatory variable for GMMs
calibration.

The SWS, (Figure 7, bottom) shows unbiased trend with distance. However, as the dataset includes a limited number
of records at short distances, the residuals at T = 0.1s are relatively higher for R;z < 20 km. The trend of WS, for soft
soil sites (Vg3 < 360 m/s) as a function of the horizontal PGA from Lanzano et al.”® on rock (Vg3 = 800 m/s) indicated a
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limited influence of non-linear site response effects for high levels of shaking, thus corroborating our assumption of linear
site response model (see Figure S3.1 in Supplement S3).

5.4 | Variability analysis of VH and V models

The total standard deviation oy of the VH GMM is homoscedastic and is given by:

OvH = \/T{Z/H + ¢12/H + ¢{2/H (6)

where 7y, Yy and, ¢y are the standard deviations of the terms B, §S2S, and W, respectively.

Furthermore, as the model is consistent with the ITA18 horizontal GMM, the vertical ground motion can be assessed by
adding the logarithmic prediction of VH ITA18 ratio to the logarithmic prediction of horizontal SA from Lanzano et al.,?®
as follows:

logio Yy =logip Yy +10g10Yv i @)

As regards the variability treatment, the standard deviations of the predicted vertical ground motion are computed from
the error propagation of the various components of the standard deviation, considering the correlation between VH and
H random variables under the assumption that they are log-normally distributed,'’ as:

Between-event variability

Ty = \/ril + Ty +20) yyTHTVE (8)

Site-to-site variability

By = V04 + ¥l + 200 v ©

Event- and site-corrected variability (remaining variability)

by = \[8% + 8L, + 265 budvi (10)

such that

oy =Ty +¥5 + ¢y 11

where: H, V and VH belong to horizontal, vertical and vertical-to-horizontal components respectively; 7, 1 and ¢ are
the various components of standard deviation as defined previously; ¢}, 1,1, gﬁyH and QZ,VH are the correlation coeffi-
cients between H and VH components of §B,, §S2Ss and §W S, respectively (provided in Supplement S1). A quantitative
discussion on the model uncertainties will be addressed in the sequel, see Figure 11.

5.5 | Verification against observations from ITA18 dataset

In Figure 8 the predictions of vertical SA(0.1s), left, and SA(1.0s), right, from the ITA18 model are compared with the
observations available for two magnitude levels (My,4.0 and My,6.3), for V39 = 450 + 100 m/s and for different SoF. It
is noted that, at both short and long periods, the observations (dots) are mostly included in the range of the empirical
predictions (continuous line: median, dashed line: + oy,). However, it is remarked that some discrepancies are observed
at longer distances: the ITA18 model (both H and VH), in fact, cannot be considered properly “regional” since the seismic
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Median (+ o) vertical SA(0.1s), left, and SA(1s), right, as a function of Rz, for My,4.0 and My, 6.3 scenarios (top: NF; center:
TF; bottom: SS) with Vg3, = 450 m/s, against observations from ITA18 dataset (superimposed dots, Vg3,+ 100 m/s, My + 0.3)

wave propagation features affecting the anelastic attenuation are significantly different among regions in Italy. Our model
captures an average attenuation, being slightly conditioned by the characteristics of the propagation medium in Central
Italy, where most events of the ITA18 dataset are located.

In addition, at T = 0.1s, the empirical model tends to underestimate the data at very short distances (less than
R;p <10 km), especially for larger magnitude events. As an illustrative example, Figure 9 shows the comparison between
the predicted and observed median VH ratios for a near-source My, = 6.3 scenario (normal fault) on stiff soil. The bias of
empirical predictions is apparent, with maximum underpredictions of about 40%, and it is related to the low proportion
of near-fault records in the ITA18, which makes the prediction poorly constrained at short distances.



4132 W l L E Y RAMADAN ET AL.

, MW 6.3, NF‘, R JB=5 Km, V$30=450 m/s
Recorded (Median)
——ITA18 Model
15}

0 L 1
1072 107" 10° 10’
T [s]

FIGURE 9 Comparison between recorded and predicted median VH spectral ratios for a near-source earthquake scenario with My, 6.3
(% 0.3 for records), NF, Rjz = 5 km (+ 5 km) and Vg3, = 450 m/s (+ 100 m/s)

This observation motivated our decision to introduce in the GMM an adjustment factor on the median ITA18 predictions
in near-source conditions, as described in the following section.

6 | ADJUSTMENT FOR NEAR-SOURCE EFFECTS

As commented previously, regional datasets, such as the Italian one, are mainly governed by far-field recordings and this
may produce biases in ground motion prediction in the proximity of the seismic source. The objective of this section is,
therefore, to propose a simplified approach to improve the median predictions of the ITA18 model in near-source condi-
tions, which are known to generally control the seismic hazard in Italy. Although more sophisticated approaches should
be grounded on the modeling and parameterization of near-source physical processes (e.g. forward directivity, hanging-
wall/footwall effects), we preferred calibrating a near-source factor to adjust the ITA18 predictions because of the inherent
issues related to the calibration of complex functional forms and to their use in practical applications. Following the Refer-
enced Empirical Approach,?”-* a near-source factor (F,,;) is proposed for the reference GMM (i.e. the GMM calibrated on
ITA18), based on the residual analysis of the reference GMM with respect to an independent dataset specifically developed
for near-source ground motions. In particular, F, has been calibrated using the NESS1.0 dataset, a worldwide strong-
motion dataset including only high-quality recordings obtained in near-source conditions,* see http://ness.mi.ingv.it/.
NESSI.0 consists of about 800 three-component waveforms relative to 700 accelerometric stations, caused by 74 crustal
earthquakes with My, > 5.5 and R;p up to 140 km. The Italian strong-motion data recorded in near-source region are also
archived in the NESSI1.0.

6.1 | Functional form for the near-source factor F,

The near-source factor is determined by fitting the residuals of ITA18 with respect to NESS1.0 data using a suitable func-
tional form. The ITA18-NESS residuals are computed as follows:

§c = logl0 (VHopsness) — 10g10 (VHra18) 12)

where VHppg npss Tepresents the observed VH from NESS1.0 dataset and V H;r 415 represents the predicted ratios from
the ITA18 model as in Equation (1).
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Figure 10 shows 8- as a function of R;p, V3o and focal mechanism. At short periods (0.1s, left), the depen-
dence of the residuals on the R;p, Vg3, (top and bottom) and My, (not reported here) is noticeable, and it is more
pronounced for SS and TF faults (center), whereas, at long period (Is, right), the residuals have an overall lower

variability.
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Based on these results, the regression function for the residuals is defined as follows:

8¢ = ag + Fyr (Myy, SOF) + Fpg (R) + Fsg (Vs30)




4134 Wl L EY RAMADAN ET AL.

where ay, is the offset, Fyr(My,, SoF) is the source function, Fpg(R) is the distance function, and Fgr(Vs3g) is the site
term:

Fyr (My,SoF) = br My, + ijSOFj (14)
FDR (R) = CR logloR (15)

v,
Fsr (Viss0) = kg logy <ﬁ> (16)

The coefficients, by, f iR> CR> and kg, and variables R, My, and V, definitions follow the VH ITA18 model. However, the
pseudo depth used herein is iz =1 km, obtained from some trial regressions.

Applying the same regression method described previously, we computed the regression coefficients (Electronic Sup-
plement S1) and the corresponding P-values (Electronic Supplement S2). Apart from the focal mechanism coefficients,
other coefficients are statistically meaningful at short periods. In particular, and differently from the VH ITA18 model, the
soil term coefficient, kp, has low P-Values (< 0.05) at both short and long periods.

Therefore, an adjusted VH model, referred to as VH ITA18-NESS hereafter, is proposed as follows:

log,, VHrra18-NEss = 10810V Hrra1g + Fps With Fpg = max (8¢,0) 17)

Note that F ¢ is set to zero when negative. This reflects the rationale behind the ITA18-NESS model: our aim is to improve
the baseline regional GMM by adjusting its median estimates and, hence, limiting possible unsafe biases in near-source
conditions.

6.2 | Model variability

The total variability of the ITA18-NESS model is simply estimated as the standard deviation of the residuals between
the logarithmic VH predictions and observations included in the reference ITA18 dataset. Accordingly, the total standard
deviation has been decomposed into the various components (7, 3 and ¢) and the propagation of errors (see Equations (8)-
(11)) is applied to compute the variability of V predictions of the VH ITA18-NESS. Standard deviations and correlation
coefficients of ITA18-NESS model are reported in Supplement S1.

Figure 11 shows the different terms of standard deviation for V, H and VH components for both ITA18 and ITA18-
NESS model. For comparison purposes, the total standard deviation of BO2011 is also shown. Referring to the VH
models, the between-event variability (7) contributes marginally to the total variability, being below 0.1 in loglO units,
because, as expected, the between-event terms of vertical and horizontal ground motion components (which are corre-
lated) cancel each other, yielding an overall reduction of the between-event variability of the VH model [see also Bommer
etal.””].

The main contribution to the VH variability comes from the site-to-site variability (z), owing to the large uncertainties
associated with the adopted model for site response. As a matter of fact, the inclusion of high-frequency attenuation term
and non-linear soil behavior may contribute to decrease the standard deviation.

Looking at the trend of the total variability of the VH model (o), a slight increase is found from PGA to SA(0.1s), where o
reaches a maximum value of nearly 0.4. After around 0.6 s, o tends to reach a constant value of around 0.3 independently on
the period. These results are in substantial agreement with BO2011. Furthermore, Figure 11 points out that the variability
components obtained for V and H models have comparable values, reflecting the consistency of the VH ratio model with
the reference horizontal model by Lanzano et al.”®

The variabilities of the ITA18-NESS models are generally slightly larger than the corresponding ones of ITA18. This
is expected, since ITA18-NESS does not correspond to the best fitting model against ITA18 dataset and, hence, to the
minimum variability. In essence, we should gain greater predictive power, paying the price of a small increase in standard
deviation.

The verification against NESS data is addressed in Figure S3.2 of the Electronic Supplement S3, where the predictions of
vertical SA(0.1s) from both the ITA18-NESS and ITA18 models are compared with the NESS recordings for two magnitude
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predictions. The o values from BO2011 are also shown for comparison

levels (M,,6.0 and M,,7.0), for rock and stiff sites (Vg39 = 700 & 100 m/s; V¢3¢ = 400 = 100 m/s) and for different SoF. The
site conditions are selected to get an appreciable number of records in the NESS1.0 dataset. As the residuals at long periods
are negative (so that the correction factor is null), only the spectral ordinate at 0.1s is shown, for which the ITA18-NESS
yields to an amplification of the ITA18 model.

It is apparent that the adjusted model (ITA18-NESS) amplifies the ITA18 predictions especially at R;p less than about
10 km, while at larger distances the correction term tends to be very limited. Such an increase is higher for larger magnitude
events. The introduction of F,; turns out to have a negligible effect for NF events, while it is relevant for TF and SS. With
respect to soil condition (V3(), the improvement is rather clear leading to higher vertical motions for lower V3 in the
ITA18-NESS model.

The comparison with NESS observations improves with the ITA18-NESS model, thus overcoming the bias previously
noted for the ITA18 model at near-source sites. Nevertheless, for TF and V¢3¢ = 300 m/s, and for My, 6.0, an underestima-
tion is still found, most likely because the H ITA18 model could underestimate the observations in near source conditions
for some scenarios, as for the VH ITA18 model.

7 | MEDIAN VH RATIOS OF THE PROPOSED MODELS

Figure 12 shows the median VH spectra of the proposed ITA18 and ITA18-NESS models for different scenario earthquakes,
obtained by varying the explanatory variables one at a time (Figure 12A: R;p; Figure 12B: My;,; Figure 12C: SoF; Figure 12D:
Vs30)- At short periods (less than 0.1 s), as expected, the VH ratios show a strong dependence on distance (Figure 12A),
with higher values, up to nearly 1.5, for near-source sites (< 15 km).



4136 W I L EY RAMADAN ET AL.

, MW 7, TF, V830=600 m/s , TF, RJB=15 Km, V330=600 m/s
A |- ITA18-RJB=5 Km B —— ITA1 8-MW 7.0
_— ITA18-NESS-RJB=5 Km —ITA1 8—NESS—MW 7.0
1.5 ———H+HH—A - ITA18-RJB=15 Km 15+ — ITA1 8—MW 6.0
—ITA18-NESS-RJB=15 Km —ITA1 B-NESS-MW 6.0
_____ ITA18-RJB=30 Km —-—-.ITA18-M , 5.0
T I w
S 1 —_— ITA18-NESS-RJB=30 Km S 1 —ITA1 8-NESS-MW 5.0

~~~~~

>
.....

_______

05 051

1072 107! 10° 10° 1072 107" 10° 10"

T [s] T[s]
) M, 7 R‘{B=15 Km, V¢, =600 m/s , M,, 7, TF, R ;=15 Km
cl it ITA18-SS D |- ITA18-V,,=150 m/s
—ITA18-NESS-SS ——ITA18-NESS-V_, =150 m/s
----- ITA18-TF S30
150 —— ITA18-NESS-TF | 150 =——=[TA1E-Voq,=300m/s
----- ITA18-NF —— ITA18-NESS-V, =300 m/s
—ITA18NESS-NF|| | NN | ITA18-V, =600 m/s
§ 1t —— ITA18-NESS-V, =600 m/s|j
05F
102 107" 10° 10" 102 107" 10° 10"
T[s] T[s]

FIGURE 12 Dependence of ITA18 and ITA18-NESS VH median spectra on (A) Ry, (B) My, (C) SoF and (D) Vg3

Furthermore, as regards the SoF, the correction factor introduces a stronger correlation with the focal mechanism
(which was not detected in the ITA18 model), with larger VH ratios for TF and SS compared to NF, which appears to be
sound from a physical point of view. With respect to soil condition (Figure 12D), contrary to the ITA18 model, the ITA18-
NESS model shows a stronger dependence on soil condition (V3), yielding, at short periods, to larger ratios for softer
sites. In general, it turns out that the model predictions are comparable and the dependence on the explanatory variables
tends to be preserved for My, and reversed for R;g, SoF and Vg3, in the long period range, but with lower variability.
However, it should be considered that in the period range, above around 1s, VH ratios tend to stabilize around an average
value of 2/3.

8 | COMPARISON WITH OTHER STUDIES

Figure 13 shows the comparison of VH spectra from ITA18 and ITA18-NESS models with other GMMs namely, BO2011,
GA2011, AK2014 and BC2016 (see Table 1), for My, 6.5 scenarios (TF) at both short (Figure 13A-C-E: R;p = 5 km) and large
(Figure 13B-D-F: R;p = 50 km) distances and for different soil conditions (Figure 13A-B: Vg3, = 800 m/s; Figure 13C-D:
V30 = 400 m/s; Figure 13E-F: Vg5, = 200 m/s). To estimate the unknown variables, the procedure of Kaklamanos et al.”
is applied: assuming a dip angle § = 40° and a hanging-wall site, for My, 6.5, R;g = 5 (50) km corresponds to R,,,, of about
10 (52) km. For BC2016, other variables are considered as the default values suggested by the model itself.

At large distance (R;p = 50 km) and for rock/stiff site conditions (Figure 13B-D), the models show comparable results,
while some differences become appreciable for soft soil site (Figure 13F), for which GA2011, BC2016 and ITA18-NESS show
a limited amplification with respect to other models. At short distance (R;z = 5 km) and soft sites, the spread of the GMM
predictions is significant due to the different modeling assumptions for linear (our models and BO2011) and non-linear
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FIGURE 13 Comparison of the proposed VH models with the ones available in the literature (see Table 1), for a reference NF scenario

with My, 6.5 at (A, C, E) R;z =5km and (B, D, F) R;z = 50 km, for (A, B) Vg3, = 800 m/s, (C, D) Vg3, = 400 m/s and (E, F) Vg3, = 200 m/s

(GA2011, AK2014 and BC2016) models. In general, at short distances, ITA18-NESS predictions are in broad agreement with
GA2011, although the latter provides higher values at soft sites most likely owing to the non-linear site response terms. On
the other hand, the ITA18 model tends to be in more agreement with BO2011, owing to the similarity of the seismotectonic
context.
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9 | CONCLUSIONS

This study presents an empirical GMM for VH response spectral accelerations (up to 10 s), PGA and PGV for shallow
crustal earthquakes in Italy. The proposed model is based on the same dataset as for Lanzano et al.,”® i.e. ITAIS,
and its predictions in near-source conditions are enhanced by the inclusion of an adjustment factor F,;, calibrated
using the near-source strong motion dataset NESS. It is worth highlighting that the compatibility of the VH and H
models is ensured also with regards to the near-source adjustment. Indeed, a near-source correction factor has been
proposed by Sgobba et al.>* also for the horizontal component of Lanzano et al.,”® using the same approach and
datasets used in this work. Thus, the VH model can be used in conjunction with the model by Lanzano et al.8 and
the adjusted near-source model by Sgobba et al.,”* to derive vertical response spectra compatible with the horizontal
ones.

The near-source factor allows for improving the prediction capability of a regional model calibrated solely on the ITA18
dataset, which is poorly constrained in the proximity of the earthquake source, and, therefore, it helps preventing biases
in ground motion modeling when moderate-to-strong events and short epicentral distances control the hazard at a site.
Although more sophisticated approaches should be grounded on the modeling and parametrization of the physical pro-
cesses which govern near-source ground motion, the calibration of F,; is regarded as a simplified but effective approach
suitable for engineering applications.

Vertical predictions of the proposed model, with and without the near-source adjustment factor, are verified against the
available observations from both ITA18 and NESS datasets for selected scenarios, confirming a good predictive capacity
of the model. The near-source adjustment is found to be significant especially at distances less than 10 km and for My,
larger than 6.5.

The comparison with independent empirical GMMs shows a comparable behavior both in terms of median estimates,
especially for rock and stiff soil sites, and of total variability. However, for very soft sites, the empirical models accounting
for non-linear site response exhibit a higher amplification of VH ratios for large My, and short distance scenarios. Future
improvements could be made to the proposed VH model by performing sensitivity studies on the functional form to
quantify the impact of some explanatory terms, such as linear Vs non-linear site amplification term. It should be however
remarked that the calibration of non-linear site terms is a difficult task due to scarcity of records from well characterized
seismic stations.

Furthermore, we underline that in this study the aspects related to the simultaneous occurrence of horizontal and verti-
cal peak ground motions are not addressed, although they deserve particular attention owing to their potential impact on
structural response. In this perspective, the GMM could be extended to a larger portfolio of ground motion intensity mea-
sures, including also parameters associated with the time shift between vertical and horizontal components, of potential
interest for seismic fragility studies on selected classes of structures.

Presently, in Italy, national seismic hazard maps are developed only for the horizontal ground motion. The availability of
a GMM for the VH ratios consistent with the horizontal model*® may be beneficial for PSHA of Italy to derive compatible
horizontal and vertical response spectral accelerations for engineering applications. Although this work does not propose a
rigorous approach for fully consistent horizontal and vertical hazard spectra, which should account also for the correlation
between the vertical and horizontal spectral accelerations (see e.g. Gulerce and Abrahamson 20), it represents a step for-
ward for further improvements for code-based VH spectral ratios. In the most simplified approach, the proposed VH model
could be used to scale the horizontal UHS, considering the magnitude and distance coming from the hazard deaggrega-
tion. The aspects related to the correlation between the H and V/H components across periods will be explored in future
studies.
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APPENDIX A

TABLE A.1

different seismic norms, namely: EC8, EC8-Draft, NTC18, ASCE 7-16, NEHRP 2020 and TBEC18

Seismic Norm
EC8

EC8-Draft

NTC18

ASCE 7-16 (NEHRP 2009)

NEHRP 2020

TBEC18

Main parameters for the definition of the vertical

5%-damped design spectrum

Spe(T) = f(PGAy, Tpy, Ty, Tow)

PGA, = vertical peak ground acceleration defined as a ratio of the
horizontal counterpart PGA:

PGA,/PGA = 0.9 for Type 1 spectrum (Mg>5.5)

PGA,/PGA = 0.45 for Type 2 spectrum (Mg < 5.5)

Tgy, Teys Tpy = vertical corner periods marking the beginning of
constant acceleration, constant velocity and constant
displacement branch, respectively:

Tgy =0.05s, Ty = 0158, Tp, = 1.0 s for both Type 1 and 2

Sve(T) = f(Sow’ S,Bw TBU’ TCU’ TD)

S,» = maximum response spectral acceleration corresponding to
the constant acceleration range defined as a function of
horizontal counterpart S_:

Sow = fuha . Sa with

0.6 if Sy <2.5m/s?
fone =30.04-S,+0.5 if 25m/s*> < S, < 7.5m/s?
0.8 if S,>7.5m/s?

Sg, = maximum response spectral acceleration at Ty = 1s defined
as a function of horizontal counterpart S:
Sgv = funp - Sp With f = 0.6

Tp, = 0.055, T, = Sﬁs”'Tﬁ , Tpy = Tp (horizontal)

SUE(T) = f(PGAa Fy,Tgy, Teos TDU)

F,: factor quantifying the maximum spectral acceleration as a
function of horizontal PGA and F,, (factor for maximum
spectral amplification > 2.2)

0.5
FU=1.35~F0.(@)

Ty, = 0.05s, Tey, = 055, Tp, =105

Sve(T) = f(SDS’ Cy, Tpos Tcys TDu)

Sps = design response spectral acceleration at short periods

C, = vertical coefficient defined as a function of site classes and
of Sg, which is the mapped Maximum Credible Earthquake
(MCE) response spectral acceleration at short periods

Ty (short period cut-off) = 0.025 s, Ty, = 0.05 s, T, = 0.15 s,
Tpy =205

Spe(T) = f(Sa> Cos Frnas Tpus Ty Tpo)

S, = design response spectral acceleration at the same period T as
for the vertical spectrum

C, = vertical coefficient defined as a function of site classes and
of Syis, which is the MCE response spectral acceleration at
short periods

F.q = period-dependent factor to convert the median-component
spectral ordinate to a maximum direction spectral ordinate

Tpy = 0.0255, Ty, = 0.058, Tey = 0.18, Tp, =2.08

Sue(T) = f(Spss Tsos Tews Tou)

Sps = design response spectral acceleration at short periods

Ty = Tp/3, Tey = Tc/3, Tpy = Tp/2, where Ty, T and Ty, are the
horizontal corner periods

Main parameters for the definition of the vertical design spectrum (for a reference damping ratio of 5%) according to

Assumed values for Figure 2

Type 1 spectrum

Values of S, and Sg for reference
rock site category:
Sarep =7.5 m/s?
S[j’,ref =3 Wl/S2

Base hazard parameters for
reference rock site category
PGA = 2.0 m/s?

F, =241

Tc* = 0.37s

MCE response spectral
acceleration at short periods and
atls:

Ss=17¢g
S, =07g
Ss=17¢g
$;=07g
SS =1.7g
$;=07g



	An empirical model for the vertical-to-horizontal spectral ratios for Italy
	Abstract
	1 | INTRODUCTION
	2 | VH SPECTRA FROM SEISMIC NORMS
	3 | EMPIRICAL MODELS FOR VH RATIOS
	4 | THE DATASET: ITA18
	5 | CALIBRATION OF THE ITA18 VH MODEL
	5.1 | Functional form
	5.2 | Regression analysis
	5.3 | Residuals analysis
	5.4 | Variability analysis of VH and V models
	5.5 | Verification against observations from ITA18 dataset

	6 | ADJUSTMENT FOR NEAR-SOURCE EFFECTS
	6.1 | Functional form for the near-source factor Fns
	6.2 | Model variability

	7 | MEDIAN VH RATIOS OF THE PROPOSED MODELS
	8 | COMPARISON WITH OTHER STUDIES
	9 | CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A


