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ABSTRACT
This paper addresses the definition of the vertical seismic action for design, within the progress studies for the next generation of
the European and Italian seismic norms, partly still in progress. Besides presenting the background of the vertical design spectra
according to the second generation of the Eurocode 8, a period-dependent factor for the Vertical-to-Horizonal (V/H) response
spectral ratios is introduced, following the findings from recent empirical studies. The proposed V/H factor is expressed in a
simple format as a function of relatively few parameters (i.e., seismicity level and site conditions), which are typically adopted in a
normative framework, being, at the same time, suitable to identify the main physical factors affecting the V/H ratios. This factor is
found to explain reasonably well the results of probabilistic seismic hazard analyses for both H and V components conducted for
selected test sites in Italy, with different approaches to account for the V component. A favorable comparison with probabilistic
results is also obtained for the V/H spectral ratios according to the new Eurocode 8.

1 Introduction

It was 1916 when, to guide the reconstruction after the catas-
trophic earthquakes of the Messina Straits (Southern Italy, 1908)
and of Southern Abruzzi (Central Italy, 1915), the Italian norms
first prescribed quantitatively the seismic forces to be applied to
structures as a percentage of their weight. Similar regulations
were later introduced in Japan after the Great Kanto earthquake
in 1923, and in the United States, after the 1933 Long Beach
earthquake.

In the 1916 norms, the horizontal forces were prescribed to
be 1/8 and 1/6 of the weight at the first floor and subsequent
floors, respectively, while, for the vertical force, the weight
of the structure was increased by 50%. Therefore, the vertical
component of motion was considered to be by far larger than
the horizontal one. Although seismometry had already been

developed by that time, especially in Japan and Italy [1], the
first instruments did not provide detailed information on ground
accelerations and no near-source record was yet available [2,
3]. Owing to the understanding that seismic waves originated
by the seismic source were predominantly longitudinal, it was
believed that the ground motion in the proximity of the epicenter
was prevailingly vertical (moto sussultorio in Italian), while
the horizontal components (moto ondulatorio) were expected
to become prevailing at larger distances from the epicenter
(Ravà et al. 1906, quoted by Penta [4]). Still, in one of the first
introductory texts of Earthquake Engineering [5], where the
pioneering concept of what was later referred to as the elastic
response spectrum [6, 7] was first introduced, the attention was
focused on the effects of the horizontal components of earthquake
ground motion on structures, because it was argued that the
vertical one was not of concern for well-connected structural
systems.
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As more strong motion records became available, Newmark and
Hall [8] introduced, in their seminal textbook, the 2/3 scaling
factor to obtain the vertical (V) spectrum from the horizontal (H)
one, as a rule-of-thumb to represent the observations from the
earthquake ground motions recorded at that time. They further
justified the standard assumption of neglecting the relevance of
V accelerations in design both by the high factors of safety com-
monly inherent to the building design under gravity loads and by
the fact that V componentsmay be significantly out-of-phasewith
the H ones. Indeed, Ambraseys and Douglas [9] observed that
the ratio of the V spectral response that occurs at the time of the
maximumH response, for the same period T, does not exceed 0.2
and is insensitive tomagnitude and distance. Note that, according
to the building code currently in force in the United States,
ASCE 7–22 [10], the seismic load effects on the V component are
proportional to 20% of the design spectral response acceleration
at short periods. The 0.2 factor is the result of the 100%–30%
combination rule proposed by Rosenblueth and Contreras [11],
with the rule-of-thumb V/H = 2/3, but it can also be viewed in
agreement with the findings by Ambraseys and Douglas [9].

Most norms for seismic design require specific consideration of
the vertical seismic action only for a relatively limited set of struc-
tures or structural elements that are sensitive to V accelerations,
such as horizontal cantilevers, long-span structural members,
base-isolated systems, bridge elements, vertically-sensitive indus-
trial structures and equipment such as tanks and vessels [10, 12].
For geotechnical structures the V component is typically consid-
ered for slope stability analyses, forwhich, in case of pseudo-static
verifications, the V acceleration is often considered as one-half
of the H one, acting in both upward and downward directions
(see e.g., Eurocodes 8 Part 5 [13]). Furthermore, the consideration
of the V component for design is often enforced upon the
exceedance of prescribed threshold values of the seismic action.

Recent empirical studies have pointed out some distinctive
features of the V component of ground shaking, compared to
the H one, in terms of spectral content, attenuation rate and site
response [14–21], such as:

∙ Vmotionmay be richer at higher frequencies (shorter periods
of vibration) than the H one, and such difference is more
pronounced at soft sites and at short distances from the
earthquake source;

∙ the attenuation rate with distance of V motion is faster,
owing to hysteretic damping that is more effective at high
frequencies;

∙ site response effects, including non-linear behavior at large
soil strains (e.g., in the near-field region), are more significant
on the H component than on the V motion.

As discussed in further detail in the following, such observational
evidences have been incorporated in recent international seismic
norms with different levels of detail and complexity: from the
simplest prescriptions of the 2024 New Zealand Standards [22],
where a constant V/H is assumed, regardless of site conditions,
up to the more detailed ASCE standards [23], where a refined,
period-dependent V/H spectrum is defined as a function of the
seismicity level and site conditions.

In the frame of such international normative context and, in
particular, of the studies for the next generation of the European
[24] and Italian seismic norms, still in progress in the second
case, the main objective of this paper is to introduce a simplified
parametrization of the V/H response spectral ratios as a function
of relatively few hazard parameters (such as the peak ground
acceleration or site response proxies) and to assess its perfor-
mance in comparison with different code-based formulations.
For this purpose, a period-dependent V/H factor is proposed on
the basis of the findings from a recent empirical study on the
V/H ratios from earthquake strong motions recorded in Italy.
Such factor is formulated in a format suitable to investigate easily
how the seismicity level, the source-to-site distance, and site
effects may affect the V/H ratio, in support to the definition of
the V seismic action in a normative context. Furthermore, the
performance of such simplified V/H factor is discussed, together
with other code-based ratios such as the ones recently issued
in the Part 1 of the Eurocode 8 of second generation [12], with
respect to the Uniform Hazard Spectra (UHS) obtained from
Probabilistic Seismic Hazard Assessment (PSHA) studies. To this
end, a simplified PSHA is perfomed at selected Italian sites,
representative of various seismicity levels, considering, on one
side, a separate PSHA for both the H and V components and,
on the other side, the H component alone, with the V spectrum
derived from a Ground Motion Model (GMM) for the V/H ratio,
with magnitude and distance obtained by disaggregation of the H
hazard.

The paper is organized as follows. After presenting an overview
of the V seismic action according to different international
standards, with emphasis on the design spectra defined in the
Eurocode 8 of second generation, our proposal for the V/H factor
is presented and discussed in detail, in relation to the main
findings from empirical studies. Then, the paper focuses on the
hazard consistency of the proposed factor by considering different
approaches to derive the V response spectra based on the PSHA
results.

2 Overview of V/H Spectral Ratios From
International Seismic Norms

As anticipated in the Introduction, different international stan-
dards have incorporated an elastic spectrum for the V component
with different levels of detail: from the simplest prescriptions of
the 2024 New Zealand Standards DZ TS 1170.5:2024 [22], where a
constant V/H = 0.7 is assumed for source-to-site distance larger
than 10 km, and = 1 for shorter distance, regardless of site
conditions, up to the more detailed ASCE 7–22 standards [10].
In the latter case, to obtain the V design spectrum for structures
sensitive to vertical motions, the H spectrum is multiplied by
a period-dependent V/H spectral ratio, mainly inspired by the
studies by Bozorgnia and Campbell [14]. Such design V/H ratio
has the following main features (Figure 1):

∙ the short-period portion is controlled by the parameter
Cv which depends both on site conditions (i.e., VS30,
average shear wave velocity in the top 30 m) and on
the level of seismic demand, with values typically rang-
ing from 0.7 (low seismicity) to 1.5 (high seismicity, soft
soils);
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FIGURE 1 Formulation of the V/H spectral ratios according to
ASCE 7–22, following NEHRP [26]. The V/H ratios are referred to the
geometric mean horizontal spectral ordinate (i.e., the Fmd conversion
factor to convert to a maximum direction spectral ordinate is neglected
herein). The values ofCv range from 0.7 to 1.5 depending on the seismicity
level and site conditions. Adapted from Figure C11.9-2 of ASCE 7–22.

∙ the intermediate part decays as a function of period as T−0.50

(note that, in the previous version of U.S. provisions, ASCE
7–16 [25], such decay was faster, as T−0.75);

∙ at periods larger than about 0.3–0.5 s, the V/H ratio tends to
saturate to a constant value which is taken equal to 0.5.

Figure 2 shows a comparison of the code-based V/H spectral
ratios according to different international standards, namely: the
new generation of Eurocode 8, hereafter referred to as EC8-
1-1 [12], the Italian Building Code NTC18 [27], ASCE 7–22,
the Turkish Building Earthquake Code TBEC18 [28], the New
Zealand norm DZ TS 1170.5:2024, and the new version of the
Indian seismic code CED 39/T-10 [29]. For this comparison, the
spectral parameters have been defined to ensure consistent elastic
design spectra corresponding to a high seismicity site on both
generic rock (left) and soft (right) site conditions, with base
hazard parameters and site categories, for each seismic norm,
as specified in the legend. Considering that full consistency
among the different design spectra and site conditions cannot
be achieved, an overall satisfactory agreement is found among
the V/H ratios for the various seismic norms for both rock and
soft soil: all the norms considered provide peak values of the
V/H ratios in the short period range, at periods less than 0.1 s,
and converge mostly to values around 0.6, on average, at long
periods. The dependence of the V/H ratios on site conditions
is generally taken into account by the seismic norms, in an
explicit (e.g., ASCE 7–22) or implicit way (e.g., EC8-1-1), except
for the New Zealand seismic code, with a slight-to-moderate
effect.

2.1 Elastic Vertical Response Spectrum in the
Eurocode 8 of Second Generation

In the EC8-1-1, the H elastic spectrum for design is defined
by a regularized functional form, defined as a function of two

parameters, Sα,RP and Sβ,RP, corresponding to the constant accel-
eration branch and to the 1 s (𝑇𝛽) spectral ordinate, respectively,
for different return periods (RP). Although values of Sα,RP and
Sβ,RP shall be provided by the National Annexes of the member
Countries, the informative Annex A of EC8-1-1 presents maps of
Sα ,475 and Sβ ,475 for the RP of 475 years obtained from the 2020
European Seismic Hazard Model ESHM20 [30]. According to the
site categorization and the calculation of the site amplification
factors Fα and Fβ [31], the spectral ordinates Sα = Fα Sα,RP and Sβ =
Fβ Sβ,RP are then obtained (aside from a topography amplification
factor FT that will not be considered hereafter).

Once Sα and Sβ have been defined, the expression of the elastic
5% damped H response spectrum in the EC8-1-1 is obtained by
the following equations:

0 ≤ 𝑇 ≤ 𝑇𝐴∶ 𝑆𝑒 (𝑇) =
𝑆𝛼
𝐹𝐴

(1)

𝑇𝐴 < 𝑇 ≤ 𝑇𝐵 ∶ 𝑆𝑒 (𝑇) =
𝑆𝛼

𝑇𝐵−𝑇𝐴

[
(𝑇 − 𝑇𝐴) +

𝑇𝐵−𝑇

𝐹𝐴

]
(2)

𝑇𝐵 < 𝑇 ≤ 𝑇𝐶 ∶ 𝑆𝑒 (𝑇) = 𝑆𝛼 (3)

𝑇𝐶 < 𝑇 ≤ 𝑇𝐷 ∶ 𝑆𝑒 (𝑇) =
𝑆𝛽𝑇𝛽

𝑇
(4)

𝑇 > 𝑇𝐷 ∶ 𝑆𝑒 (𝑇) = 𝑇𝐷
𝑆𝛽𝑇𝛽

𝑇2
(5)

where values of the corner periods TA, TB, TC, and TD, and
of FA should be defined by the different member countries
as Nationally Determined Parameters (NDP), with standard
reference values introduced in EC8-1-1. In the equations above,
𝑇𝛽 = 1 s.

The V component of the seismic action is obtained by the same
functional form as the H spectrum, defined by Equations (1)–
(5), where the parameters Sα, Sβ, TB, and TC are replaced by
their V counterparts, namely Sαv, Sβv, TBv, and TCv, as given by
Equations (6)–(9):

𝑆𝛼𝑣 = 𝑓𝑣ℎ𝛼𝑆𝛼 (6)

𝑆𝛽𝑣 = 𝑓𝑣ℎ𝛽𝑆𝛽 (7)

𝑇𝐶𝑣 =
[
𝑆𝛽𝑣𝑇𝛽

𝑆𝛼𝑣

]
(8)

𝑇Bv = 0.05 s (9)

where

𝑓𝑣ℎ𝛼 =
⎧⎪⎨⎪⎩
0.6 if 𝑆𝛼 < 2.5 m∕s2

0.04𝑆𝛼 + 0.5 if 2.5 m∕s2 ≤ S𝛼 ≤ 7.5 m∕s2

0.8 if S𝛼 > 7.5 m∕s2
(10)

and

𝑓vh𝛽 = 0.6 (11)

are the parameters representing the V/H response spectral ratio
at short periods and at 𝑇𝛽= 1 s.
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FIGURE 2 Overview of code-based V/H ratios according to different international seismic codes for generic rock (left) and soft soil conditions
(right). The base hazard parameters and site classes considered for each seismic norm are specified in the legend entries (SMS: risk-targeted maximum
considered earthquake spectral response acceleration at short periods according to ASCE 7–22; Sα and Sβ: short and 1 s spectral response acceleration
according to EC8-1-1; Ss and S1: short and 1 s spectral response acceleration according to TBEC18; ag: peak ground acceleration;R: source-to-site distance).

The rationale behind Equations (6)–(11) is to provide a sim-
ple expression for the V spectrum consistent with the same
regularized shape as the H spectrum, where the short and
intermediate spectral parameters (fvhα and fvhβ, respectively) and
the corner period TBv are tuned in a way to approach, albeit
in a simplified way, the observational findings introduced in
the subsequent section. Namely, the intermediate factor fvhβ is
equal to 0.6, independent of the seismicity of the area and of
the site conditions, while fvhα varies from low seismicity, where
it is 0.6, thus reproducing a constant V/H = 0.6 for all periods,
to high seismicity, where it attains a maximum value of 0.8.
Furthermore, again for sake of simplicity, TBv = 0.05 s. Therefore,
the V/H dependency on the period T and on site conditions is not
explicitly stated, as in the ASCE 7–22, but it is made implicit by
the dependence of Sαv and Sβv in Equations (6) and (7) on the H
spectral parameters Sα and Sβ through the factors fvhα, fvhβ andTBv.
The V/H dependence on period from EC8-1-1 is compared to the
other international standards in Figure 2.

As an illustrative example, Figure 3 shows the comparison of H
and V elastic design spectra at 5% damping according to EC8-
1-1 on reference outcropping rock conditions for both a high
seismicity (left) and low seismicity (right) ideal site. In the bottom
panel of this figure, pseudo-acceleration (PSA), pseudo-velocity
(PSV), and spectral displacements (D) of the EC8-1-1 design
spectra are illustrated using the well-known tripartite format.

3 V/H Ratios: Empirical Findings and Proposal
of a Simple Hazard-Related Factor

This Section aims at proposing a simple formulation for the V/H
ratios, having the twofold objective, on one side, to identify the
main trends of the V/H variability with magnitude, source-to-
site distance and site conditions, on the basis of recent empirical
evidences, and, on the other side, to be parametrized in terms of
relatively few parameters in a format suitable to be potentially

cast in a normative framework. For this purpose, after recalling
the main features of a recent empirical GMM based on Italian
records, which form the majority of strong motion recordings in
Europe, the proposed function and parameters for the V/H factor
are described in detail.

3.1 Findings from Recent Empirical Studies

To scrutinize the behavior of the V/H response spectral ratios as a
function of some basic explanatory variables, such as vibration
period, earthquake magnitude, source-to-site distance and site
conditions, the GMM recently proposed by Ramadan et al. [21]
and calibrated on the records from Italian crustal earthquakes,
referred to hereafter as ITA18 -NESS, is considered. This GMM
for the V/H ratios is fully consistent with ITA18, the GMM
developed by Lanzano et al. [32] for the H components, that
is the most updated reference for Italy, providing predictions
of Peak Ground Acceleration (PGA), Peak Ground Velocity
(PGV), and 5% damped spectral accelerations (PSA) over periods
ranging from 0.01 to 10 s. The ITA18 -NESS V/H model further
incorporates an adjustment factor, to account for near-source
effects using the NESS (NEar-Source Strong-motion) flat-file [33,
34]. The latter is a global dataset of near-source ground motion
recordings designed to capture source-related effects that are
typically under-represented in broader datasets like ITA18. As
explained in Ramadan et al. [21], the calibration of the ITA18-
NESS GMM required a high-quality manual processing of the
records, with consistent low-pass filtering frequencies for the H
and V components of ground motion, according to the procedure
by Paolucci et al. [35]. Note that this empirical model for the V/H
ratios serves as a basis for the parametrization and calibration of
the proposed V/H factor, as explained in detail in the following
section, in a simpler form than the one used in standard GMM.

Figure 4 shows a set of median V/H ratios from the ITA18-NESS
GMM for different values of moment magnitude (MW), Joyner-
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FIGURE 3 Comparison of H and V elastic design spectra according to EC8-1-1 on reference outcropping rock conditions for both a high seismicity
(left: Sα,RP = 7.5 m/s2, Sβ,RP = 3 m/s2) and low seismicity (right: Sα,RP = 2.0 m/s2, Sβ,RP = 0.4 m/s2) ideal site. The bottom panel shows the design spectra
using the tripartite format (PSA: pseudo-acceleration; PSV: pseudo-velocity; D: spectral displacement).

Boore distance RJB (referred to as R hereafter) and soil conditions
(in terms of VS30), namely:MW = 5.0 (left panel), 6.0 (center) and
7.0 (right); R = 5, 15 and 30 km; VS30 = 150 m/s; 270 m/s and
560 m/s. The average of the median V/H for the different focal
mechanisms (NF=Normal Fault; TF= Thrust Fault; SS= Strike-
Slip) is considered herein and in all analyses discussed in the
following sections, because of the limited dependence of the V/H
ratios on the style of faulting, as found by Ramadan et al. [21].
In line with other empirical studies based on worldwide datasets
[15, 17, 36–38], the trends of Figure 4 point out the following
distinctive features of the V/H ratios:

∙ at T = 0 (PGA), V/H lies typically within the range between
about 0.5 and 0.8, with larger values for increasing magnitude
and decreasing distances, thus suggesting a correlation with
the seismicity of the site;

∙ correlation with site conditions is reflected by larger V/H
values at short periods (between 0.05 and 0.1 s) and smaller
values at longer periods (beyond 0.3 s), as VS30 decreases;
however, these effects are significant only for very soft soils;

∙ V/H shows a distinct peak at very short periods, typically
between 0.05 and 0.07 s, with values that may exceed unity

in the near-source region of large magnitude events. While
the peak period is approximately constant, regardless of MW,
R and of site conditions, the peak amplitude is clearly affected
by site conditions. In line with previous studies [14, 15], the
peak of V/H tends to exceed unity for soil sites at closer
distance from the source and largermagnitudes, probably due
to the different impact of non-linear site effects that tend to
impact more the H motion (mostly related to shear strains of
deviatoric nature) than the V one.

∙ for periods longer than about 0.3–0.5 s, V/H tends to be
bounded within a relatively narrow range of values, with an
increasing trend with VS30, from about 0.3 to 0.75.

The variability of the V/H ratios with respect to that of the H
and V GMM, relevant, for instance, for those approaches aimed
at deriving the vertical Conditional Mean Spectrum [38], are
discussed thoroughly in Ramadan et al. [21].

3.2 Proposed V/H Factor

Aiming at making a synthesis of the previous empirical studies
in a simple format suitable to highlight the main physical factors

354 of 362 Earthquake Engineering & Structural Dynamics, 2026

 10969845, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.70086 by C

hiara Sm
erzini - PO

L
IT

E
C

N
IC

O
 D

I M
IL

A
N

O
 , W

iley O
nline L

ibrary on [29/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 4 Median V/H response spectral ratios from the ITA18-NESS GMM [21] for three magnitude levels,MW = 5 (left),MW = 6 (center), and
MW = 7 (right), as a function of the Joyner-Boore distance R = 5 km, 15 and 30 km (top panels) and of site conditions VS30 = 150 m/s, 270 m/s, and 560
m/s (bottom panels). The average of the median V/H for different focal mechanisms is considered.

FIGURE 5 The proposed V/H factor according to Equation (12).

affecting the V/H response spectral ratio and, at the same,
manageable to be cast in a normative framework, the following
functional form, as illustrated in Figure 5, is introduced:

VH (𝑇) =
⎧⎪⎨⎪⎩
𝑉𝐻0 +

(
𝐹𝑣−1

𝑇1

)
⋅ 𝑉𝐻0 ⋅ 𝑇 𝑇 ≤ 𝑇1

𝐹𝑣 ⋅ 𝑉𝐻0 −
(
𝐹𝑣⋅𝑉𝐻0−𝑉𝐻min

𝑇2−𝑇1

)
(𝑇 − 𝑇1) 𝑇1 < 𝑇 ≤ 𝑇2

𝑉𝐻min 𝑇 > 𝑇2
(12)

where:

T1 is the period corresponding to the peak of V/H;
T2 is the corner period defining the beginning of the long-period

branch of V/H which is assumed to saturate to a constant
value;

VH0 is the short-period value of V/H at T = 0, controlled by the
vertical PGA;

Fv is the maximum amplification factor of V/H ratio with
respect to 𝑉𝐻0 governing the dynamically amplified short-
period spectral plateau of the V spectrum;

VHmin defines the value of the long-period constant branch of
the V/H ratio at periods larger than T2.

It is worh noting that a similar effort to balance the accuracy
from observational evidences with the simplicity required by
normative applications, has guided the study by Kale and Akkar
[39], who proposed an empirically-based formulation to develop
the V design spectrum from the H one. In their expression, the
V spectral ordinates are computed from the short-period and 1.0
s H response accelerations on reference rock as a function of the
VS30. Moreover, the decay of the V spectrum in the intermediate-
to-long period range is capturedmore accurately through specific
parameters empirically calibrated (namely, the upper corner
period of the constant vertical acceleration plateau as well as the
decay rate as a function of T).

In the following, the background for calibrating the parameters,
T1, T2, VH0, Fv and VHmin, including their variability, is provided,
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FIGURE 6 Relationship between VH0 and PGAH (i.e., horizontal
PGA) as a function of site conditions (VS30 = 1000, 560, 270, and 150
m/s). For each site class, the scattered dots correspond to different
scenario earthquakes with MW in the range 4.7–7.2 and R in the range
5–50 km, while the dashed line represents the best-fitting least-squares
linear regression with intercept a and slope b (the values are given in the
legend). The thick gray line is the proposed relationship for VH0, with the
parameters denoted by Equation (13). All plotted VH0 values are averaged
on the focal mechanism.

as a function of MW, R and site class (the influence of the focal
mechanism is neglected, given its marginal influence).

3.2.1 Corner Periods: T1 and T2

As noted in Figure 4, the median V/H ratios from the ITA18-
NESS GMM indicate that both the period T1 corresponding to
the peak value and the period T2 corresponding to the start of
the constant V/H branch, have a limited dependence on (MW, R)
and on site conditions. T1 takes values typically around 0.05–0.07
s, while a limited variability of T2 is found between around 0.15
and 0.30 s, with increasing values as Mw increases. It is worth
noting that, unlike the functional form adopted in the ASCE 7–
22 provisions (see Figure 1), the proposed V/H factor assumes,
for simplicity, a single peak at 0.05 s, aiming at reducing the
number of model parameters. However, a spectral plateau in a
small interval around the period T1 may be easily introduced for
possible refinements.

3.2.2 Short-Period V/H Ratio: VH0

To express the dependency of VH0 on the seismicity of the target
site in a format suitable for normative use, its variability with
respect to the horizontal peak ground acceleration (PGAH) on
rock conditions is analyzed, as shown in Figure 6. For this
purpose, PGAH is computed using the ITA18 GMM for the H
components, while VH0, the latter being defined as the zero-
period value of the V/H spectral ratio, is derived from the
corresponding ITA18 GMM for V/H ratio. These predictions are
evaluated for varying earthquake scenarios, withMW in the range

TABLE 1 Proposed values for Fv and VHmin as a function of the
classification according to the EC8 site categories (representative values
of VS30 are provided in brackets).

EC8 site class 𝑭𝒗 𝑽𝑯𝒎𝒊𝒏

A (VS30 = 1000 m/s) 1.30 0.70
B (VS30 = 560 m/s) 1.40 0.55
C (VS30 = 270 m/s) 1.60 0.45
D-E (VS30 = 150 m/s) 1.75 0.35

4.2–7.2, R up to 50 km (averaged on focal mechanisms), and
variable site conditions (VS30 = 1000, 560, 270, and 150 m/s).

The results indicate that the variability of VH0 with PGAH can be
expressed by the following linear relationship:

𝑉𝐻0 = 𝑎 + 𝑏 ⋅ 𝑃𝐺𝐴𝐻 with 𝑎 = 0.6, 𝑏 = 0.65 (𝑃𝐺𝐴𝐻in g)

(13)
Note that best-fitting a and b parameters of the linear regression
vary slightly with site conditions, as shown in the legend of
Figure 6.However, as a reasonable simplification, the dependence
on site class is neglected and conservative values are assumed for
both the intercept and slope, as indicated in Equation (13).

3.2.3 Amplification Factor: Fv

The empirical V/H spectra from ITA18-NESS model suggest that
the parameter Fv is poorly correlated with MW, while it depends
moderately on distance R and on site conditions. This is shown in
Figure 7, where Fv, computed as the ratio between the peak V/H
ratio and VH0, is plotted, on the left hand side, as a function of
MW, for a reference distance R = 15 km, and, on the right hand
side, as a function of distance R for different soil classes (for the
same site classes as considered previously). Larger values of Fv
are found for decreasing soil stiffness (lower VS30) and also for
decreasing distanceR, that is, for near-source scenarios, while the
dependence on MW can be considered negligible. The negligible
dependence onMW indicates that the source scaling of the vertical
component is very similar to that of the horizontal both at
short and long periods, as also discussed in Ramadan et al. [21].
Given that in the European and Italian context, seismic hazard
is typically governed by local earthquakes, a reference distance
R = 15 km is considered so that the Fv values depend solely on
site conditions. Although not shown here for sake of brevity, the
dependence of Fv on PGAH is found to be very weak, especially in
the range of peak accelerations of engineering interest (i.e., larger
than 0.1 g approximately). The proposed values of Fv, as listed in
Table 1 and displayed by the superimposed dash lines in Figure 7
(right panel), range between 1.3 and 1.75, going from rock (site
class A) to soft soils (classes D–E), respectively.

3.2.4 Long-Period V/H Ratio: VHmin

Figure 8 shows the trends of VHmin, computed from the V/H
spectral ordinates averaged in the period range between 0.3 and
4 s, as a function of MW and for a reference distance R = 15 km
(left), and as a function of distance R for different soil classes
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FIGURE 7 Left: values of Fv as a function ofMW, for a reference distance R = 15 km, for different site classes (VS30 = 1000, 560, 270, and 150 m/s);
the superimposed dotted lines represent the values averaged on MW. Right: Values of Fv (crosses: values for each MW, dots: average values on MW) as
a function of R, for the different soil classes; the superimposed dashed lines represent the proposed values of Fv (see Table 1). All plotted Fv values are
averaged on the focal mechanisms.

FIGURE 8 Left: values of VHmin as a function ofMW, for a reference distance R = 15 km, for different soil classes (VS30 = 1000, 560, 270, and 150
m/s). The superimposed dotted lines represent the average values onMW. Right: Values of VHmin (crosses: values for eachMW, dots: average values on
MW) as a function of R, for the different soil classes. The superimposed dashed lines represent the proposed values of VHmin (see Table 1). All plotted
VHmin values are averaged on the focal mechanisms.

(right). VHmin turns out to be poorly dependent on the pair (MW,
R), while a moderate correlation with site conditions is found.
Similarly to Fv, given the limited dependence onMW and R, also
VHmin is found to be poorly correlated with PGAH. Therefore,
the proposed values of VHmin, as listed in Table 1 and displayed
by the superimposed dashed lines in Figure 8 (right panel),
account explicitly for the dependence on site conditions, ranging
between 0.35 and 0.7 for soft soils (class D) and for rock (class A),
respectively.

4 V/H Ratios From PSHA

The proposed V/H factor of Equation (12) is given in a simpler
format than the one of a GMM, because, instead of incorporating
the basic explanatory variables typically used in an empirical
predictive model, such as magnitude, source-to-site distance and

focal mechanism, it is defined solely as a function of PGAH
on reference rock conditions and of a site conditions proxy
(i.e., VS30 or ground category). These parameters are commonly
those adopted to define the seismic action within a normative
framework. In spite of the simplicity of this format, the pro-
posed V/H factor was found to reproduce reasonably well the
main features of its dependence on distance, magnitude and
site conditions. However, the agreement with the average V/H
response spectral ratios obtained from records does not imply
the agreement with the corresponding V/H ratio of the UHS
obtained from a PSHA. Indeed, as well known, the UHS are the
combined result of contributions from different earthquakes of
differentmagnitude and distance. The result of such combination
may be different when considering separately the UHS for the
H and V components. As a consequence, the V/H ratio of UHS
may be different from the average V/H ratio of records of specific
earthquakes. However, based on the relatively poor dependence
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on magnitude and distance of the parameters of Equation (12),
as pointed out in the previous section, it may be argued that the
V and H UHS may keep approximately the same spectral ratios
as the corresponding ground motions. This may be especially
true if, as in the case of most Italian and European sites, seismic
hazard, at least at the standard values of return period (i.e., 475
years), is mostly governed by earthquakes within a limited range
of magnitude and distance.

To check this argument, a simplified PSHA was carried out at
four sites in Italy with different seismic hazard levels, namely
L’Aquila (Abruzzi, Central Italy), Milano (Lombardia, Northern
Italy), Gemona (Friuli, NorthEastern Italy), Potenza (Basilicata,
Southern Italy). For this purpose, the area source model and the
corresponding seismicity parameters of the Gutenberg-Richter
relationship were taken from Visini et al. [40]. The software
R-CRISIS [41] was used for the PSHA calculations.

For the H and V ground motion predictions we adopted the
ITA18-based models, respectively, leveraging the full consistency
between the twomodels. Results shown here are limited to theRP
of 475 and 2475 years. For each test site andRP, PSHAare obtained
on both rock (VS30 = 800 m/s) and soft site category (VS30 = 270
m/s).

The results of these PSHA are used to derive the V response
spectrum using two approaches. In the first approach (A1), the
V and HUHS have been obtained separately from the PSHA for a
given RP, and the corresponding V/H ratios have been computed.
As noted previously, the V and HUHSmay be driven by different
earthquake scenarios, so that the corresponding V/H ratiomay be
different from that provided by records. Such inconsistency may
pose obstacles for some engineering applications, such as in the
selection of hazard-consistent three-component ground motions
to be used in dynamic time history analyses of structures. Indeed,
as recalled from the previous survey, in the international norms
it is generally preferred to consider the H spectrum as primary
intensity measure and derive from that the V spectrum based
on suitable V/H factors. As a second approach (A2), which is
more consistent with the current normative framework, the V
spectrum is obtained by scaling the H UHS. For this purpose, the
median V/H ratio is computed, at a selected set of spectral periods
from the ITA18-NESS GMM, using the magnitude and distance
(MW(T), R(T)) derived from the hazard disaggregation of the H
component. Although a rigorous solution would require a full
vector-based hazard analysis [42], this approach corresponds to
the conditional hazard approach, in which the H spectrum is the
primary intensitymeasure and theV/H ratio is the secondary one.

The V/H ratios obtained from the previous approaches are shown
in Figure 9, for the four sites under consideration (on reference
rock category) and for the two RPs (left: 475 years, right: 2475
years). As a reference, these ratios are compared in Figure 9
with:

1. the ratio of V and H elastic design spectrum according to
the current Italian seismic norm NTC18 using, for each site
and RP, the base hazard parameters as prescribed by NTC18;
note that, in terms of definition of V spectra, NTC18 closely
reproduces the EC8 regulation currently in force [43];

2. same as point 1), but according to the EC8-1-1 criteria, using
the spectral parameters Sα,RP and Sβ,RP corresponding to the
H NTC18 design spectrum and Equations (6)–(11) for the V
design spectrum;

3. the V/H factor of Equation (12), where𝑇2= 0.2 s is adopted for
all sites, although, as commented previously, a larger value
(say 0.3 s) may bemore suitable for high seismicity sites, such
as L’Aquila and Gemona, and a smaller one (say 0.15 s) may
be suitable for low seismicity, such as Milano.

The effect of site conditions on the V/H ratios is investigated
in Figure 10, where, for two sites, namely L’Aquila (top) and
Milano (bottom), for RP = 475 years, the same comparison as in
Figure 9 is shown but for both generic rock with VS30 = 1000
m/s (left) and soft site with VS30 = 270 m/s (right). In order to
extend the comparison to the international normative context,
besides NTC18 and EC8-1-1, the ASCE 7-22 design V/H ratios
are also included, using input parameters set in order to provide
consistency of the design spectral ordinates for the H component.
For the comparison on soft soils, consistency on the H design
spectrum is still assured and site effects on V spectrum are taken
into account by following the criteria prescribed in each seismic
norm for the corresponding ground category and, with reference
to the V/H factor of Equation (12), using the site-dependent
parameters in Table 1.

These comparisons point out that:

∙ results of the A1 and A2 hazard-based approaches are very
similar, as justified by the consistency of disaggregation results
for the V and H components for the different sites considered,
where, as noted previously, hazard is dominated by earth-
quakes in a small interval of magnitude and distance. Some
relativelyminor discrepancies are observed at short periods in
the case of L’Aquila, with hazard mostly contributed by large
magnitude and short distance earthquakes, in a range where
the empirical V/H ratios have the largest variability;

∙ the proposed V/H formulation of Equation (12) and the V/H
ratios from the hazard-based A1 and A2 approaches are in
reasonably good agreement, regardless of the hazard levels,
of the RP and of the site conditions (rock vs. soft), thus
supporting the argument that, in the Italian and European
context, it is reasonable to obtain the V design spectrum by
scaling the H spectrum by a simplified V/H factor;

∙ a good agreement is also found with the V/H ratios resulting
from the EC8-1-1, although there is a tendency of overestima-
tion in the intermediate period range, between 0.1 and 0.3 s
approximately;

∙ the comparison of the proposed V/H ratios with ASCE 7–22
is also satisfactory in spite of the very different geographic
contexts;

∙ while in reasonable agreement for short periods (up to 0.2 s)
and for moderate-to-high seismicity sites, the NTC18 design
ratios tend to deviate from both the V/H ratios of UHS and
from Equation (12), providing values of the spectral ratios
significantly lower in the intermediate to long period range
and for soft site conditions (see Figure 10, right, and discussion
at following point). For low seismicity sites, such as Milano,
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FIGURE 9 Comparison of the V/H factor of Equation (12) at the four test sites (1: Gemona, 2:Milano, 3: L’Aquila, 4: Potenza, see location on the top
left map), on outcropping rock conditions, for return periods RP = 475 years (left) and RP = 2475 years (right), with the V/H ratios from PSHA obtained
following the A1 and A2 approaches introduced in the text and with the code-based V/H ratios from both NTC18 and EC8-1-1. For Equation (12), T2 =
0.2 s is assumed.

the NTC18 V/H ratios underestimate significantly the A1 and
A2 hazard-based ratios in a broad period range;

∙ as regards the dependence of V seismic action on site con-
ditions, it should be noted that, while site conditions enter
directly in the functional form of the V/H ratio according
to Equation (12), as well as according to ASCE 7–22, for
both NTC18 and EC8-1-1 the V/H ratio are modulated by the
H spectral ordinates alone, therefore providing an indirect
dependence on site conditions.

5 Conclusions

In this paper, we have presented the background studies related
to the definition of the vertical seismic action in view of the next
generation seismic norms in the European and Italian context. To
this end, we have reviewed the V spectra for design in the EC8-1-1
for which, for ease-of-use, a simple regularized formwas adopted.
In these formulations, the fvhα and fvhβ factors, representing the
V/H ratio at the short period spectral plateau and at T = 1
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FIGURE 10 Comparison of Equation (12) with the V/H ratios of UHS (A1 approach) as well as with the V/H ratios from both NTC18, EC8-1-1 and
ASCE 7–22 design spectra, at L’Aquila (top) and Milano (bottom), for RP = 475 years, for generic outcropping rock with VS30 = 1000 m/s (left) and soft
soil with VS30 = 270 m/s (right).

s, respectively, are independent on site conditions, while they
depend only on the seismicity level in terms of fvhα according to
Equation (10). An indirect dependency of the resulting V/H ratio
on site conditions is related to the site-dependence of the design
H spectral parameters, Sα and Sβ, according to Equations (6) and
(7).

A more detailed alternative to the EC8-1-1 formulation was
explored, by the introduction of a simplified V/H factor that,
with a similar aim as in the ASCE 7–22, includes an explicit
dependence on the seismicity level (i.e., PGAH) and on the site
class. The rationale behind this proposal is to express the V/H
spectral ratios as a function of relatively few hazard parame-
ters, in a format suitable for potential implementation within
a normative framework, being, at the same time, capable of
capturing the variability of the V/H ratios with the main physical
factors (magnitude, distance, and site effects), as found in existing
empirical studies.

The hazard consistency of the proposed V/H factor has been
tested at some example sites in Italy, representative of both low
and high seismicity regions, through a comparison with the
hazard-based V/H ratios obtained considering, on one side, the
ratios of the H and V UHS obtained by two separate PSHA
for the corresponding ground motion components and, on the
other side, the median V/H ratios from the reference GMM
using the period-dependent magnitude and distance scenarios
from the disaggregation of the H hazard. The comparison has
been extended to include the code-based V/H ratios from the

EC8-1-1 vertical design spectra, from the Italian norms NTC18.
Results from ASCE 7–22 have also been included for reference.
It was found that the proposed V/H factor provides results in
reasonably good agreement with the V/H ratios from PSHA,
regardless of the seismicity conditions, of the return period and
of site conditions (rock vs. soft), being able to capture the main
features (peak values and decay with period) of the probabilistic
results. Such agreement can be explained because of the slight
dependence of the V/H response spectral ratio on magnitude and
distance, at least in the range of local earthquakes, typically with
small-to-moderate magnitude, that dominate hazard in Italy and
Europe.

A similar positive performance is also obtained both by using the
EC8-1-1 prescriptions, although the resulting V spectra tend to be
slightly overconservative especially for soft site conditions in the
intermediate (0.1–0.5 s) period range, and by using ASCE 7–22, in
spite of the different seismotectonic context. On the other hand,
NTC18 tends to underestimate the V/H ratios of UHS, especially
in the intermediate to long range of vibration periods and for
softer sites, posing potential issues in the definition of the seismic
action for design, such as for the selection of three-component
spectrum-compatible ground motion time series for non-linear
dynamic analyses of structures.

It can be concluded that, although inspired by an ease-of-use
motivation that suggested to avoid the direct dependence of the V
spectral parameters on site conditions, the formulation of vertical
design spectra according to the EC8-1-1 provides reasonably good
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results for both rock and soft soils. Introducing a dependency of
the V spectral parameters on site conditions, as adopted in the
ASCE 7–22 as well as considered in the factor of Equation (12),
provides a slight improvement, at the price of a slight increase of
complexity in the formulation.
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